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SUMMARY

SUMMARY

Summary

Photosynthesis is the process by which plants Bbsolar energy and convert it to chemical energyg fnally
biomass. During this process, several key functiares carried out by Photosystem$io®S/stems | and Il are
multiproteic complexes responsible for light hatires charge separation and play essential pagtaaotron transport
from water to NADPH. These events lead to the fdionaof a transmembranapH that is used by the ATP-ase
enzyme to produce ATP. PSI and PSII represent@xtirzary machines for solar energy use, combinigd quantum
efficiency and the presence of inducible mechasisnorder to avoid photoinhibition which unavoitiaerives from
performing photosynthesis in oxygenic environment.

The peculiar organization of Photosystems is ddateant for function. Both Photosystems are composgdwo
moieties: a core complex, made up by several plastcoded proteins and an antenna system condtliyteonserved
number of members of theidht Harvesting_©mplex (LHC) protein family. LHC proteins play a kegle in
photosynthesis and are involved in both light hstimg and photoprotection. Among other photopratgct
mechanisms, antenna proteins of PSIl, so-calledbL&gbunits, are responsible for the mechanism efnihl
dissipation of excitation energy in excess (NP-pbotochemical quenching). Elucidating the molaculetails of
NPQ induction in higher plants has proven to beagomchallenge. In my phD work, | investigated teerganization
of the protein domains inside grana membranes umgh light treatment and verified its importance fill

functioning of NPQ. Below the main results obtaied summarized.

Section A. Zeaxanthin modulates energy guenchingeasties of monomeric Lhcb antenna proteins.

Among photosynthetic pigments, a special role &y@tl by zeaxanthin (Zea), which is only accumulatedier excess
light conditions. Zea is formed from ViolaxanthiNi¢la) under high light and returns to Viola in lolight thus
forming the so-called “xanthophylls cycle”. Zea dénto antenna complexes thus increasing resistantight stress
and this effect is obtained by up-regulating thpacity for quenching both triplet and singlet cbfhyll excited states
energy into heat and by scavenging ROS (Dall'Ostet kl. 2007, Noctor, G. et al. 1991).

We studied the dynamics of xanthophylls bindind-heb proteins upon exposure of leaves to excebs. e found
that Lhcb6 undergoes faster Zea accumulation timgnother thylakoid protein so far described. Wentlséudiedin
vitro modulation of Lhcb6 (CP24) functional propertiesdiydying the effects of binding different xanthglplspecies
by using several spectroscopic techniques. Reshtte $hat Zea binding to Lhcb6 not only quenchesomighyll
singlet excited states, but also facilitates ctpbsdl a triplet quenching efficiency. These resdtgygest for Lhch6 a
special role in binding Zea and enhancing photagtain under excess light. The Lhcb6 subunit iscent addition to
the photosynthetic apparatus of viridiplantae, geatrsent in algae and first appearing in mossegther with the
adaptation to the highly stressful conditions tgpiof land environment. Consistently, it is involvéd several
regulation mechanisms, as evidenced by genetiBiaechi, S. et al. 2008, Kovacs, L. et al. 2006) ammthemical
analysis (Ballottari, M. et al. 2007). Previouslyis reported to be involved in Non-Photochemioa¢iizhing (NPQ),
through carotenoid radical cation formation (AhnKT et al. 2008, Avenson, T. J. et al. 2008).

In the second part of this section we focuses worélscence quenching and compared the effect oégaipon, which

induces fluorescence quenching in many chlorophiyiting proteins, on the different members of thet. family
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binding or not Zea. Aggregation quenching has h@eposed to occur in vivo during NPQ due to afoonational
change allowing energy transfer from @gxcited states to the short lived carotenoid Sltexstate (Ruban, A. V. et
al. 2007). This aggregation-dependent quenching@ADas been proposed as an alternative to chaagsfar
guenching (CTQ) (Ahn, T. K. et al. 2008) mechanmmposed by other groups, including our laboratvi. studied
the properties, particularly dependence on zeakantiinding, of ADQ using time-resolved and steadptes
spectroscopy. We obtained evidence that monomérib Iproteins undergo ADQ even better than trimeHEII for
which this mechanism was originally proposed. lesth proteins the amplitude of the process is emihhy
zeaxanthin, while this is not the case for LHCII.veeheless, when LHCII is mixed with Lhcb6, this yides
zeaxanthin-deppendent enhancement. The site ofchumen within the Lhcb6 protein was studied by taege
mutagenesis of residues binding Chl ligands in difie domains of the protein (Ballottari, M. et a08). ADQ was
prevented by deleting Chl molecules proximal to lthebinding site L1. This result complements prexaastudies of
CTQ, which localized the quenching site to Chl 608l €9, and Zea in carotenoid-binding site L2 (AfnK. et al.
2008) and suggests that two different types of ghigxy may occur in Lhcb proteins.

Section B. Membrane dynamics during NPQ: PsbS amdarghin-dependent reorganization of Photosystenisl|

controlled by dissociation of a pentameric supenglex.

Antenna subunits heve been shown to host the fséeargy quenching, while the trigger of the medsmns mediated

by PsbS (Bonente, G. et al. 2008), a PSII subumdled in transducing the signal of over-excitatmmsisting into
lumen acidification (Li, X. P. et al. 2002, Li, ®. et al. 2004). Recently, it has been shown teaEmas influence in
the overall organization of grana membranes (KAsgZ. et al. 2008).

In this section we investigate the molecular meidmarby which PsbS regulates light harvesting edficy. We showed
that PsbS controls the association/dissociatica fofe-subunit membrane complex, composed of twaaenteric Lhcb
proteins, Lhcb4 and Lhcb6 and the trimeric LHCII-Mafnely Band 4 Complex - B4C). We demonstrated that the
dissociation of this supercomplex is indispensdbiethe onset of non-photochemical fluorescencengaimg in high
light. Consistently, we found that knock-out mutalaisking the two subunits participating to the B4@mely Lhcb6
and Lhcb4, are strongly affected in heat dissipatieull NPQ activation also requires zeaxanthintlsgsis and we
showed that this antenna-bound xanthophylls isctofaegulating the extent of B4C dissociation. Birebservation

of grana membranes upon treatment with excess figghtifferent timelengths by electron microscopydamage
analysis showed that B4C dissociation leads to tbistréoution of PSII within grana membranes, redgcaverage
distances between PSII core complexes. This phemmmewas reversible upon dark relaxation. We imtrghese
results proposing that the dissociation of BAC makasnching sites, possibly Lhcb4 and Lhcb6, avaldbl the
switch to an energy-quenching conformation. Thedenges are reversible and do not require protein
synthesis/degradation, thus allowing for changeRSh antenna size and adaptation to rapidly ctmgngnvironmental

conditions.

Section C. New insights on the role of the monomiehnich4 antenna subunit.

PSIl is surrounded by a external antenna systempeosed by trimeric LHCIl and monomeric minor antenna
complexes. Several evidences suggests that Lhebgaiticular, is a key factor in both light hartreg and

photoprotection: Lhcb4 is a) maintained under lemgn HL stresses condition (Ballottari, M. et 2007) or under
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chronic excitation of PSIl (Morosinotto, T. et 8D06), b) is able to perform charge transfer quirctAhn, T. K. et

al. 2008) and c) phosphorylation (Bergantino, Eale1995) affects its spectral properties (CrocestRal. 1996).

In the first part of this section we characteritied function of Lhcb4 subunits israbidopsis thalianaextending the

analysis to the different Lhcb4 isoforms. Lhcbh4 gbtworylation process iA. thalianais still unclear and not detectable

upon HL plus cold treatment as in monocots (Bergantt. et al. 1998). In order to determine the fiomcof Lhcb4 in

A. thaliang we have constructed knock-out mutants lacking onemore Lhcb4 isoforms and analyzed their

performance in photosynthesis and photoprotectidre absence of Lhcb4 also caused a destabilizatioRSI|

supercomplexes, modifying antenna system organizalihe distribution of PSII complexes within granambranes

is affected inkoLhcb4and LHCII enriched domains are formed. While naigant alteration in linear/cyclic electron

transport rate and maximal extent of state trasitiere unchanged, PSII quantum efficiency and NME®Wity were

affected. Photoprotection efficiency under hightigonditions was impaired ikoLhcb4plants with respect to either

WT or mutants depleted of any other Lhcb suburgéctton microscopy analysis reveal that PSIl supaplex from

koCP29 plants bears a hole in its structure. We ladecthat Lhcb4 is a fundamental component of R8lich is

essential for maintenance of both the function gtnattural organization of this photosystem.

Section D. Chlorophyll b reductase affected the laggnn of antenna complexes during light stress.

Light-harvesting chlorophylé/b-protein complexes are the most abundant membranteips in green plants, and its

degradation is a crucial process for the acclinmat@ high light conditions and for the recoverynitrogen (N) and

carbon (C) during senescence. However, the molecughanism of antenna breakdown is largely unknamait is

still unclear whether chlorophyll degradation pie® the degradation of the protein moiety or whettretein

degradation is the first event.

Recently chlorophyll b reductase mutant has bedatesh (Kusaba, M. et al. 2007). This enzyme isoasible for the

first step of chlorophyll degradation pathway, twaversion of Chlorophyll (Chl) b in Chl a and the amitis called

“stay-greefy because of PSIl antenna retention upon leaf smmee induction (Horie, Y. et al. 2009). We

characterized the response of Chl b reductase kanhtw acclimation in high light. The mutant showedlower

antenna size reduction with respect to WT. Thisyenz is upregulated during HL acclimatiom Vitro assay with

recombinant Chl b reductase demonstrated thatiigitg is higher when zeaxanthin, which accumuldteing stress,

is bound to PSII antenna complexes.
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1. OXYGENIC PHOTOSYNTHESIS

Most organisms on Earth depend directly or indigefitbm the solar energy. In particular autotropbiganisms as
plants, algae and some kind of bacteria, harvgist &nd convert it into chemical energy in ordeptoduce bio-mass,
which constitutes food for heterotrophic organisms.

Photosynthesis is the process that enables thepiosoof light energy and its conversion into chesthenergy.

In oxygenic photosynthesis, performed by greentplaslgae, and cyanobacteria, water is used asraiedonor to
reduce C@to carbohydrates, generating molecular oxygensecandary product of the reaction. The overall ggoa

of the photosynthetic reaction is the following:

nH,O + nCQ + light — (CH,0), + N0,

The whole photosynthetic process can be divided anlight and a dark phase. The light phase istitritependent
from the presence of solar energy, while dark phasmirs also in the dark, provided that ATP and NAD&e
available.

Light phase starts with sunlight absorption by phgtdhetic pigments (chlorophylls and carotenoidglipwed by
transfer of the energy to the reaction centre wkberge separation occurs, thus converting ligbtgninto chemical
energy. This event induces a set of electron teannsfactions across thylakoid membrane (see netibes), leading to
the formation of a trans-membrane proton gradM@fater is the primary electron donor during thisgess and oxygen
is formed as a consequence. Finally, free energlyraducing power, in the form of ATP and NADPH +, Hre
generated.

Light reaction can be summarized by the followinga@pns:

2 NADP" + 2 H,0 + light »~ 2 NADPH + Q + 2H"
ADP + R + energy— ATP

In dark reactions, ATP and NADPH produced during likt reactions are used to reduce ,A® the carbohydrate
GlycerAldehyde-3-Rosphate. GAP is then used for the synthesis abwsircellular compounds. The process of the

dark reactions can be summarised in the followingagion:

3CO + 9 ATP + 6 NADPH— GAP + 9 ADP + 8 P+ 6 NADP

I. The chloroplast

Chloroplast is a specialised organelle in photdsstid eukaryotes, in which both light and dark tiesrs take place
(Figure 1). This organelle is limited by two memlear(called togetheznvelopg the first one is highly permeable,
while the second one contains specific transpomgiich mediate the flux of metabolites with theaplasm. The
soluble phase delimited by tlemvelopemembranes is callestromaand it contains all enzymes catalysing the dark
reactions as well as the plastidial DNA, RNA arltbsomes. A third membrane system, tthydakoids is found in the
stroma and it confines a second compartment]uimen Thylakoids are organized into two membrane domdihs
cylindrical stacked structures calleggtana and 2) interconnecting regions, ts&roma lamellae The thylakoid
membranes carry a negative charge, but the preseincations, especially divalent cations like ¥]gkeeps the

thylakoid membranes stacked (Barber, J. 1980)abtwlar plants chloroplast are found especiallg@ves mesophyll
12
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cells and their number is variable between a fevaundreds per cell, depending on species, growtiditons and

developmental stage.

(A)
Inner

Chloroplast

= \
- Outer . Stroama-
— Cranal
envelope Stroma exposed
(B) | thylakoids thylakoids
|

. & (2o S

Figure 1. A. Schematic diagram of a plant chloroplast. Thylakoare distinguished in grana and stromal
thylakoids (or stroma lamellaeR. Electronic micrographs of a chloroplast. Imagesnir¢gMalkin, R. and
Niyogi, K. K. 2000).

IL. The light phase

The proteins involved in the photosynthetic lighdaons are located in the thylakoids and are gedupto four major
protein complexes: Photosystem I, cytochrorgiecbmplex, Photosystem 1l and ATP synthase (seerEi@). These
four complexes catalyse the processes of lightesting, electron transport and photophosphorylatesding to the
conversion of light energy to chemical free enefyP and NADPH). Light reactions are catalyzed by separate
photosystems (PSI and PSII), while ATP synthasdymmes ATP at the expense of the proton-motive f(pod) that is
formed by the light reaction. The cytochrommg&-complex mediates electron transport between R&IIRSI (Hill, R.
and Bendall, F. 1960) and has a role in convertireggredox energy into a high-energy intermedigtaf) for ATP
formation.

PSI and PSII bind the pigments responsible fortligibsorption and harvest the solar energy. Eneegyelsted is
transferred to the reaction centre and excite tpeciglized reaction-centre chlorophylls (primargatfon donor, a
special chlorophyll pair) which undergo charge $fan with consequent translocation of an electasnoss the
membrane through a series of cofactors.

13
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Taking account of the redox potential of reagentd products, the energy required for the generabbiNADPH
cannot be provided by only one photon in the vésitainge of light (Figure 2): this is the reason wilg photosystems

act in series, as described in the so called Zmseh@#lill, R. and Bendall, F. 1960).

[ ] \,u,q
"iu."|1
D8 ~F
"
- N
D4 A *p
- !~ NADPF
% L
oo
" Psl
04
08(-HO i
- ﬂf\@‘nm.‘
" A

Figure 2. The Z-scheme of Bendall and HillCofactors involved in electron translocation betwésO and NADP,
and theirredox potential, are indicated.

Water, the electron donor for this process, is iagid to Q and 4 protons by PSII. The electrons that have been
extracted from water are translocated, throughiaome pool and the cytochroniigk complex, to plastocyanin, a small,
copper-containing protein.

In the cytochromdssf complex, at the PQFbinding site, two protons are released on the haheside of the
membrane. An iron—sulphur cluster {6¢ attached to the Rieske protein {Kurisu, 2003d} fakes one electron from
PQH; (Q, site) and passes it to herhé cytochromef, where it is picked up by plastocyanin. The seceledtron
passes via hentg andby (b, andb,) to a PQ bound at a site near the stromal memlwariace (Q site). PQ binds a
proton, adding to the pH gradient across the mengbrk is the so-called Q-cycle (Figure 3). Overtile Q-cycle
oxidises two plastoquinols, reduces one plastoeginand translocates 4" Hor every 2 electrons transported to PSI.

Therefore, an electro-chemical gradient is formedsethe membrane.

Figure 3. The cytochromeb6fcomplex. A. 3D structure of cytochromesb from Chlamydomonas
reinhardtii {Stroebel, 2003 211 /id}. Schematic view of Q-cycle (Kuhlbra2®03)

14
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Light energy absorbed by PSI induces the translocatf an electron from plastocyanin at the innerefaf the
membrane (thylakoid lumen) to ferredoxin on the agife side (stroma). Reduced ferredoxin is subsetyuased in
numerous regulatory cycles and reactions, likeatdtrand C@ assimilation, fatty-acid desaturation and NADPH
production.

Both photosystems operate with a very high quanyigid: PSI works with an almost perfect quantumidief 1.0,
while PSII operates with a lower efficiency (abOug5).

The charge separation in PSI and PSIlI, togetherthételectron transfer through the cytochrdmfecomplex, leads to
the formation of an electro-chemical potential geatl between the stromal and the lumenal sidéhefmhembrane,

which powers ATP synthesis by the fourth protein ptax, the ATPase (Figure 4).

Inside

Rttty ===l
ol

Outside

Fo

ab,,
Stator

if Flotzur

H+

Figure 4. 3D structure of the multimeric complex ATP-ase(Abrahams, J. P. et al. 1994)Resolution of

the complex draws a representation of rotary amtiGbary subunits acting in ATP synthesis.

The ATP-ase enzyme is a multimeric complex with ksitbmal and transmembrane regions that are knov@aand
CFy, respectively, and represents a molecular motdrishdriven by gmf Proton movement through €8 coupled to
ATP synthesis/hydrolysis at sites in fhasubunits of CE In chloroplasts, Cfcontains four subunits I, II, [l and IV in

a probable stoichiometry of 1:1:14:1; the 14 llbsnits form a ring-like structure. The whole £EF, complex is
thought to function as a rotary proton-driven mptorwhich the stationary subunits are |, I, I&,a andp, and the
rotary subunits are 1l (c), ande {McCarty, 2000 24668 /id}.

When the NADPH/NADP ratio is high, the complex can run in a mannet emnerates a proton gradient (and thus
ATP) without producing NADPH or oxygen (PSIl is naivolved). This process is referred to as cyclic
photophosphorylation or cyclic electron flow, andinvolves the transfer of electrons from ferredoxo the
cytochrome bf complex, probably through the ex@arh ¢ (heme x) (Stroebel, D. et al. 2003), producingratqn
gradient while transferring the electron to plagtotn to regenerate thegpreaction centre (Harbinson, J. and Foyer,
C. H. 1991).
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III. The dark phase

During the dark phase of photosynthesis, atmospl@®) is reduced to carbohydrates, using the chemieal énergy
(ATP and NADPH) produced during the light reactighigyure 5). The enzyme RUBISCO is the enzyme nesipte
for CO, fixation to a molecule of Ribulose-bisphospatedpi@ing two molecules of 3-phosphoglycerate. A seag
reactions, indicated as “Calvin cycle”, (BensonAAand Calvin, M. 1950) allow the synthesis of ghgceraldehydes-
phosphate (GAP) from three G@olecules and the regeneration of Ribulose-5-patep(RuSP) to preserve the cyclic

character of the process. It can be summarisedthéthfollowing reactions:

3 CQO, + 3 RU5P + 9 ATP + 6 NADPH> 6 GAP + 9 ADP + 6 NADP+ 8 R

5 GAP— 3 Ru5P

Input

3@ (Entering one
co, atatime)

Phase 1: Carbon fixation

intermediate

CALVIN
CYCLE

s 2-0-90-9-®
1,3-Bisphosphoglycerate

[ex

Glucose and
other organic
compounds

Figure 5. Enzymatic steps involved in Calvin cycle

2. PHOTOSYNTHETIC PIGMENTS IN HIGHER PLANT

Chlorophylls and carotenoids are the two main elass pigments responsible for light absorptiorgrge separation

and energy transfer toward the reaction centreih photosystems.

I. Chlorophylls
Chlorophylls (Chls) are synthesized in a pathwaytistg from glutamic acid (Malkin, R. and Niyogi, K. 2000) and
are characterized by the presence of a cyclicpgtrale (porphyrin) in which the four nitrogen atsrof the pyrroles

coordinate a magnesium atom. A fifth ring and aircha 20 carbon atoms, called phytol, responsilde their
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hydrophobicity, are also present. In photosynthetganism 5 different types of chlorophylls aregem (chlorophyll
a, b, c1, c2, gdiffering in their substitutions. In higher planttwo types of molecules are present, differincgain
substituent in the second pyrrhole ring: a metbyltfie Chla, an aldehyde for the Chl(Figure 6A). The characteristic
ability of Chls to absorb light in the visible regiis due to the high number of conjugated doubledb present in
these molecules.

Light absorption by Chls lead to a transition ofedectron to excited states. The absorption spettilae visible of the
Chls are characterized by two main bands with h biginction coefficients (around 16m* M™): the Qy transition in
the red region of the spectrum and the Soret tiansih the blue region (Figure 6B). The transitimfian electron from
S0 to S1 (the first excited state) correspondh¢oQy transition and it is evident in the red regad the absorption
spectrum. Another absorption band, called Qx ikldsn the red region of the spectrum, even i§ ipartly masked by
the Qy vibronic transitions: it corresponds to thansition of a ground state (S0) electron to theoad excited state
(S2). The transition to higher states correspoadisé Soret band, visible in the blue region ofdghsorption spectrum.
Chlorophylls are mainly present in the chloroplasund by proteins. A key interaction for the stahifion of
chlorophyll binding to proteins, is the coordinatiof the central Mg: in most cases it is bound bgl&@ophilic amino
acids residues, like histidine (Jordan, P. et @012 Liu, Z. et al. 2004); however, chlorophylls bdun proteins by
water or lipid molecules was also shown (Liu, Zale2004). Chlorophyll a and b absorption propsréies well known

to be modulated by the protein environment in whieky are located. Moreover chlorophylls are ineiggable for the
proper folding of some photosynthetic proteinsth&sLhc proteins (Paulsen, H. et al. 1993).

B chla
A —— - chib

Chiorophyli a: §

Chlorophyll b: §

H CH, CH, CH, CH, CH, CH, 350 400 450 500 550 600
S NN N N

650 700 750
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CH, CH, CH, €H,

Figure 6. (A) Structure and (B) absorption spectran acetone 80% of chlorophylla and b

II. Carotenoids

Carotenoids are synthesized by bacteria, algagj a&md plants: they play many essential roles ganisms performing
oxygenic photosynthesis and they are especiallgiied in photoprotection (Moore, A. L. et al. 1982).

Carotenoids are poly-isoprenoid compounds contgidid carbon atoms. The atomic structure of thesmguds is
constituted by a long chain of conjugated doubladsoin the central part of the molecule and cyghoups and the
extremities. Different level of hydrogenation amdroduction of oxygen-containing functional groupeate a large
family of carotenoids, composed by over 600 natooahpounds. In higher plants, two different classmesfound into
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thylakoid: (i) carotenes (as for examgecarotene), which are hydrocarbons with linearcitme and with cyclic
groups in one or both extremities, and (ii) xanthdls (as for example lutein) which are oxygenadiedivatives of
carotenes.

In higher plants the most abundant carotenoidscagsd with thylakoid membranes are thandf carotene and the
xanthophylls lutein, violaxanthin, neoxanthin anehzanthin. Carotenoids are non-covalently boundh#o protein
complexes, probably involving hydrophobic interans (Gastaldelli, M. et al. 2003). Carotenes ammnbaoespecially to
the core complex of both photosystems, while xgpitigls are mainly located in the antenna compleee® next
sections for details) (Bassi, R. et al. 1993, Q&ffS. et al. 2001, Ruban, A. V. et al. 1999).

Carotenoids are all synthesised from the terpem@thway and they derive from the condensation ofPB
(isopentenyl diphosphate) molecules, thus produpmgoene (Figure 7). Phytoene undergoes sevetattien steps,
introducing four more double bonds and generatjiegpene. From lycopene the biosynthesis of carddergplits into
two branches: one leads to the formatioi-o€arotene, zeaxanthin, violaxanthin and neoxanthimle the other ta-
carotene and lutein (Pogson, B. et al. 1996).

The conjugated double bond system of carotenoidceutde determines their photochemical properties.ifélectrons
delocalisation in the conjugated double bonds sydtmds to the light absorption in the visible m0-500 nm.
When carotenoids absorb light, electrons are tearesd from ground state (S0) to the second exsiteglet state (S2);
this strongly dipole-dipole allowed transition asponsible for the characteristic absorption spectiThe first excited
singlet state S1 cannot be populated from the grstete by photon absorption due to symmetry reason

The absorption spectra of carotenoids are stroreglyshiftedin vivo, compared to their spectra in organic solvents.
This shift represents a lowering of the S2 energyllewhich has been ascribed to the mutual polaitisaof the
carotenoid and protein environment (Andersson, .Ret@l. 1991, Cogdell, R. J. et al. 1992). In casttto S2, the S1
level is little affected by the surrounding envinaent (Andersson, P. O. et al. 1991).

Carotenoids have several role in photosynthesistrapture stabilisation and assembly of proteimglexes in the
thylakoid membrane (Paulsen, H. et al. 1993, Plynte G. and Schmidt, G. W. 1987); b) light absiomptand excited
state energy transfer to the chlorophylls (Gradin&. C. et al. 2000, Mimuro, M. and Katoh, T. 198} protection
against photo-oxidative damages (Havaux, M. and§liyK. K. 1999). Caratenoids are important antiaxit in the
thylakoid membrane and they are involved in didsypaof excited states of chlorophylls in case ofiditions of over-

excitation.
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Figure 7. Biosynthetic pathway of carotenoids in hiker plants, with enzymes involved.

II1. Xanthophyll cycle

During long-term acclimation of plants to stressamgpdition, as well as rapidly changes followingctiuations of solar
light intensity (Demmig-Adams, B. 1990), the caraiiel composition in the thylakoids can undergo rficdiions.
This observation is well explained since differeatatenoids, even if sharing a similar structure, @raracterized by
specific functions (see next sections). An exangplearotenoids composition changing in response\ariation of the
environmental conditions is the xanthophylls cycle.

The xanthophyll cycle involves the three xanthomhyiblaxanthin, antheraxanthin and zeaxanthin, @msists in a
light-dependent, reversible de-epoxidation of wialthin to zeaxanthin via the intermediate anthamtxn.
Zeaxanthin lowers the light use efficiency by phgtdkesis and, if present constitutively, it decesaplant growth
(Dall'Osto, L. et al. 2005). Thus, the regulatiortiod xanthophyll cycle has an important physiolaginfluence. The
de-epoxidation reactions converting violaxanthinzeaxanthin are catalysed byolaxanthin_Be-Epoxidase (VDE)
(Yamamoto, H. Y. and Kamite, L. 1972), a lumenalyene activated by acidification of the lumenal compent
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(Gilmore, A. M. and Yamamoto, H. Y. 1992): this aveccurs when high illumination of leaf induce théld-up of a
high transmembrane proton gradient (Figure 8).

Xanthophyll cycle is a key component in the activatof several photoprotective mechanisms as takedissipation
of excitation energy in excess (Holt, N. E. et @02, Niyogi, K. K. 1999) (see next sections forads) or chlorophylls
triplets excited state quenching (see next secliimndetails). Carotenoids involved in the xanthdptoycle are
localized in the peripheral antenna proteins ofl B8 PSI (Bassi, R. et al. 1993, Bassi, R. anda@af S. 2000,
Ruban, A. V. et al. 1999), even if a certain phobtgctive role has been assigned also to zeaxamttihe free lipid
phase {Yokthongwattana, 2005 1 /id}.
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Figure 8. The xanthophyll cycle. Schematic representation of electron transfer esdeading to of4pH and
activation of enzymes involved in the cycle

3. THE LIGHT ABSORBING COMPLEXES: PHOTOSYSTEM | AND II.

Photosystems | and Il (PSI, PSII) are two multitpio complexes binding the pigments responsibldigbt harvesting
and charge separation. Moreover in PSI and PSlpesent some co-factors constituting the elecaceeptor and
donor in the electron transfer reactions from wadedADPH.

PSI and PSII are located in the thylakoids memtsrdma their distribution is not homogenous: PSlinginly located
in the stackegranamembranes, while PSl is present in the unstaskedha lamellaenembranes.

PSI and PSII are structurally different, howevebath complexes can be identified two moietiesa apre complex, in
which are located the chlorophyll special pair dne cofactors involved in electron transport; andabperipheral
antenna system, composed by chlorophylls binditgeprs responsible for light harvesting and energgsfer to the
reaction center. Chlorophylls and carotenoids arend both by core complex and antenna system, hewewre
complexes bind only Chl a and carotenes, whilerar@groteins bind Chl a, Chl b and xanthophylls.

Core complexes are composed by the polypeptidesntdieated Psa and Psb respectively for PSI and R8iltng Psa
and Psb proteins there are gene products encooiedbioth nuclear or plastidic genes. Their sequeacegenerally

well conserved during evolution and similar polyfidgs are found in bacteria and eukaryotic orgagism
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The antenna system is instead more variable inrdiffeorganisms: in higher plants, subject of tlhests, it is
composed by polypeptides belonging to the multigefaimily of light harvesting complexeflLhc). All these
polypeptides share the same evolutionary originaeaodmmon structural organization (Green and Duh1®99).

All these gene products are encoded by the nugkraosme and they are denominated Lhca and Lhchecteeply for
the antenna proteins of PSI and PSII (Janssor@9R)1In vascular plants 10 different isoforms hbeen identified to
be associated to Photosystem | and I, respectivebal-4 to PSI and Lhcb1-6 to PSIl (Jansson, S.)199%b1-3
proteins form LHCII trimers, the major PSII anteramanplex, with different combinations between the¢hisoforms.
Lhcb 4- 6 instead are present in PSIl supercomplasesonomers and they are also referred to as froomplexes”.
Depending on environmental conditions, a subpojmuiabf LHCII trimers can be phosphorylated and rafgrfrom
PSII, docking to PSI. This process is called STatnsition (Allen, J. F. 1992, Andersson, B. and émson, J. M.
1980): when electron transport between the twogaystems is inhibited because of an insufficiggtitliabsorption of
PSI, state transitions provide a mechanism forettpgilibration of the excitation energy between plgstems, thus
increasing the efficiency of the whole processhilgher plants this mechanism was demonstrated gjersefrom the
presence of the specific kinase Stn7 (Bellafiorest@l. 2005).

Four additional isoforms (Lhca5, Lhca6, Lhcbh7 and W8)¢c have been identified from gene sequences Hmit t
functional significance is still uncertain (Janss8n 1999, Klimmek, F. et al. 2006). Each group lbarcomposed by
one or more genes and their number depend on gogesp suggesting that they are the result of dapéication events
that occurred quite late in evolution. Genes codiimd_hcbl gene product comprise the largest ciagsict, 5 different
Lhcbl genes have been identifiedArmabidopsis thalianabut they are at least 14 in barley (CaffarrieBal. 2004,
Jansson, S. 1999).

The cladogram ofEhc genes sequence form Arabidopsis thaliana (fig@deshiows that Lhca and Lhcb cluster in two
different groups, with Lhcb6 and Lhcal located ia thiddle (figure 9A). In fact, evolutionary studigsggested that
antenna proteins of PSI and PSII diverged soomréehe separation of individual classes (Durnfdd,G. et al.
1999). This separated evolution leaded to diffeddratracteristics of PSI and PSIl antenna proteissp&cificity in
carotenoids binding or the presence/absence ofwanglength absorption forms. In between the twoalaond Lhcb
proteins group some proteins appeared at differesiutionary steps: Lhca4, Lhcb3 and Lhcb6 are nesgnt in green
algae, while are present in Bryophytes and Vasaqulkamts, indicating a possible role of this prosein water to land
transition of photosynthetic organisms (Alboresiefal. 2008).

Antenna complexes of PSI

B N

Stroma

lumen < m

. Chl binding vite :I o Helix

Antenna complexes of PSII
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Figure 9. A. Cladogram of Lhc sequences from Arabidopsis thalighout of the 5 Lhcbl and one out of 4 Lhch2
sequences are reported. The association to Phderay$ or 1l is indicated.B. Schematic representation of the
structure of Lhc complexes: helices and putative conserved Chl binding res&dare indicated

I. Photosystem |

Photosystem | of higher plants is a light-depengastocyanin-ferredoxin oxidoreductase. Highen@@aSI consists
of at least 18 polypeptides (Scheller, H. V. e801) and it binds about 180 chlorophylls and &®tenoid molecules
(Amunts, A. et al. 2007, Ben Shem, A. et al. 2&kema, E. J. et al. 2001). It is composed ofra complex (PSI
core) and the antenna system responsible for hghtesting (LHCI). In the core complex is bound g, special
chlorophyll pair which undergoes charge separaticeurs; core complex includes also the primarytedecacceptors
Aq (chlorophylla), A; (phylloquinone) and J(a Fe—$; cluster).

The reaction centre comprises 12 subunits that emetdd PsaA—Psal, PsaN and PsaO (Scheller, H. al. 2001).
PsaG, PsaH, PsaN and PsaO subunits are preserih qiéyts and green algae, not in cyanobacteria. A$aA—-PsaB
heterodimer forms the inner core of PSI, binding ®y special chlorophyll pair: here the light-drivenache
separation occurs, and it includes the primarytedacacceptors A(chlorophylla), A; (phylloquinone) and F(a Fa—
S, cluster). This heterodimer binds80 chlorophylls that function as inner light-hanweg antenna (Figure 10).

Carbon fixing
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cyclice
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Figure 10. Schematic model of photosystem ISubunits organization and cofactors involved irceta transfer are
indicated.

II. Photosystem | antenna system

Lhca 1-4 are the 4 polypeptides constituting LHCI ptax, the major component of PSI antenna system (&eem,
A. et al. 2003, Croce, R. et al. 2002b, Janssori,989). These polypeptide are assembled into tweminihcal-
Lhca4 and Lhca2-Lhca3, arranged in half-moon shae#tidBen Shem, A. et al. 2003), and they are bdorttie core
complex mainly through interactions with PsaG suiitnrhe characterisation of the individual LHCI cpoments has
been difficult, due to the inability to separatéfatient polypeptides in LHCI preparations. A recstudy allowed

22



INTRODUCTION

characterisation of individual Lhcal-4 complexesofeing a different method, expressing the apoproteiE.coli and
reconstituting the proteiim vitro (Croce, R. et al. 2002b).

Very recently, Lhca5 has been identified at the peptide level, with both mass spectrometry andifipemtibodies
(Ganeteg, U. et al. 2004, Storf, S. et al. 2004weVer, it was detected only in very low amountd aot tightly
associated to PSI and its physiological relevaacili under debate (Ganeteg, U. et al. 2004eneresults showed a
peripherally interaction between Lhca5 and Lhca2r3ed and possibly a presence of Lhca5 homodimeulstitute
of Lhcal-4 eterodimer (Lucinski, R. et al. 2006). Thea6 gene, instead, is expressed in very low levels thad
polypeptide has never been detected. Since itsesequis very similar to Lhca®hca6 could result from a recent
duplication (Jansson, S. 1999), being a pseudogeéti®ut any physiological function.

Photosystem | from both eukaryotic and prokaryotiganisms has a peculiar spectroscopic featureprbgence of
“red forms”, chlorophylls adsorbing at lower enegiwith respect to the reaction centkgyPGobets, B. and van
Grondelle, R. 2001). Red forms are generally foimthe PSI core complex, but higher plants are lpcin this
respect: in fact, while they still have red formsthe core complex, the red-most chlorophylls atendl in the antenna
complex LHCI (Mullet, J. E. et al. 1980). All Lhca cplaxes have low energy absorption forms, althouggh w
different energies (Morosinotto, T. et al. 2003jch3 and Lhca4 are the Lhca proteins with lowestggnabsorption
forms. The peculiar red forms located in Lhca3 andadhgroteins were demonstrated to be related tadahee of the
ligand of the chlorophyll present in A5 site (Kufdhdt, W. et al. 1994), as a mutational approaclealed
(Morosinotto, T. et al. 2003). Lhca3 and Lhca4 sutsupiesent an asparagine (N), while Lhcal and Lhcagept a
hystidine residue in A5 binding site: the presemdeasparagine induces reinforcement in A5-B5 clpbgdis
interactions the lower the energy required for &titin, thus originating the “red forms”. In LhcaBdaLhcal the
histamine presence in A5 chlorophyll binding sitessinduce an excitonic interaction between A5 Badchlorophyll
characterized by absorption at higher energy tHama8 and Lhca4, resulting from an higher distaretevéen the two
chlorophylls due to histamine respect to asparagiasence (Croce, R. et al. 2004).

In chapter | a time-resolved fluorescence analg$i$SI-LHCI supercomplex is described: our resaltsewed to
propose a kinetic model for energy transfer frorteana to reaction centre based on a trap-limitedehaoevealing a
slowing down effect of “red forms” in energy traesfrom antenna to reaction centre. This leadsigmast a possible
photoprotective role of “red forms”.

[ll. Supramolecular organization of Photosystem |

The structure of PSI-LHCI complex from higher plawtss resolved at 4.4 A (Ben Shem, A. et al. 2008)ragently at
3.4 A resolution (Amunts, A. et al. 2007) by 3D stallography giving details on the supramoleculaaaisation of
the complex (Figure 11).

It shows that only one copy of each Lhcal-4 polyideg is bound to one core complex and it has desrovered that
Lhca/PSI stoichiometry remains unchanged upon atdapt® different light intensities (Ballottari at. 2007).

3D structure of PSI-LHCI supercomplex revealed #t@presence of some pigments at the interfacecest PSI core
and LHCI gap pigments) and between the Lhca dimdirskér pigments). This was again unexpected, explainieg th
reason why the chlorophyll-based estimates wercurate.

PsaH is another PSI core subunit present only eergalgae and higher plants: it is located on pposite side with
respect to LHCI. Since this protein was shown taéeessary for state transition (Lunde, C. et @020ts localisation
suggests that LHCII should dock to PSI in this pathe core complex, on the opposite side of LHCI.
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Finally, PSI of higher plants are present as monmemehile in cyanobacterial PSI trimers are fouddrdan, P. et al.
2001).

Figure 11 Supramolecular organization of Photosystem from Pisum sativum (Ben Shem, A. et al. 2003)

IV. Photosystem Il

The PSII complex is a multiproteic complex whichatyges the electron transfer from water to plastame: PSIl is
thus defined as a water—plastoquinone oxidoredecSIl catalyses water oxidation producing oxydestl activity
appearance is thus a key feature for the evolutioaerobic organisms. During PSIl photosynthetiaction one
molecule of oxygen is produced after 4 light quatisorption.

The PSII core complex contains the reaction centrergva chlorophyll special pair, namegiPundergoes charge
transfer triggered by light energy absorbed. Aftesorption of the first of the light quanta, anceien is translocated
from Psgo to a pheophytin and then to the quinong Quinone Q is stably bound to PSII and reduces a mobile
quinone Q@ (Figure 12A-B). Upon an additional photochemicgtle, the doubly reduced gQQg*) takes up two
protons from the stroma to formgB, and is released into the lipid bilayer; it will tieen replaced by an oxidized
plastoquinone from the lipid-freemembrane pool.eAftwo more photochemical cycles, the manganesstetlus
provided with four oxidizing equivalents, which arged to oxidize two water molecules to produge{Drumpower,
1990 4 /id}.

Three subunits, D1, D2 and Cysbcoordinate the electron transport cofactasg @he reaction centre), pheophytin,
Qa and Q. The special pair is bound by D1 and D2 subunitsch are arranged in a symmetrical geometry. Phg'
oxidizes a nearby tyrosine (yron D1 polypeptide; the homologous tyrosine D ()yn the D2 polypeptide forms a
dark stable radical (Tyt) influencing the oxidation of the nearbygf{Diner, 2001 17 /id}. On the appendix section of
this thesis is reported a study of the propertfe$yoD* and the influence of the protein environment ansibility

based on FTIR spectroscopy.
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Y, species extracts an electron from a cluster of fisanganese ions (OEC, oxygen-evolving complex)cwhbinds
two substrate water molecules. On the lumenal sfdidhe complex, three extrinsic proteins of 33,881 17 KDa
(OEC1-3) compose the oxygen evolving complex (ZoAniet al. 2001), and have a calcium ion, a chloitdeand a
bicarbonate ion as necessary cofactors.

CP43 and CP47 form the inner antenna of PSII, amdl fespectively 14 and 16 Calmolecules (Ferreira, K. N. et al.
2004). Up to 12 other small subunits are associatdtdthe PSIl core; some are involved in the disaion or in Chl

and carotenoids binding stabilisation, but theyndball have a well clarified function.

% H,0 %0,+ H* Par David Joly, UQOTR

—— Manganese
cluster

Figure 12. (A) Schematic model for PSIl and (B) 3D ¢stal structure of PSIl core complex Crystal
structure of photosystem Il from cyanobacteriureldngatus were resolved by Ferreira et al. 2004.

V. Photosystem Il antenna system

The peripheral antenna of photosystem Il is compasesvo classes of light-harvesting complexes: e trimeric
major light-harvesting complexes of PSII, called UHThornber et al. 1967) and b) the monomeric miaotennae
(Bassi, R. et al. 1996).

PSII Antenna proteins bind Chl a, Chl b and xankiytlp and their function is to harvest light eneagyd transfer it to

the Rgq but they are also involved in photoprotectiore(sext section).
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Crystal structure of LHCII has been recently resdl{Liu, Z. et al. 2004) at 2.72A being a model tfa other antenna
protein encoded by the Lhc multigene family (Jans&n1999). LHCII trimers are heterotrimers coungtitl by the
subunits Lhecbl, Lheb2 and Lheb3, with the differesdforms present with different ratio depending froomerous
factor as environmental conditions and the plaptsgs (Caffarri, S. et al. 2001). In Arabidopsige products of these
genes have an average length of 232, 228 and 2i&®acids respectively (after removal of the chldasp import
signal).

In the trimeric complex of LHCII, each monomer @anstituted of 3 transmembrane domains wiitelix conformation
(helices A, B and C) (Kuhlbrandt, W. et al. 1994y,LZ. et al. 2004). The N-terminal and the C-termeptides are
exposed respectively on the stromal and lumenalespaN-terminal peptide is fully hydrophilic, thpsotruding into
the stroma space. Two amphipathic helix, named DEavaere found respectively on the C-terminal pbptnd in the
BC loop region; both helices lies on the lumenalaste (Liu, Z. et al. 2004) (Figure 13).

The trimerization domain covers the amino-termir@hdin, the carboxy terminus, the stromal end oikH&| several
hydrophobic residues from helix C and also pigmeamis lipid PG (phosphatidylglycerol) bound to thesets of the
polypeptide chain. Six cfa (two from each monomer) constitute the core ofttimer (Liu, Z. et al. 2004).

L2/lut621 e L1/Lut620

) A3/613 AS/603 B6/006 605

-

A7/607

Figure 13.3D Structure of the light-harvesting complex Il (LHCII). Structure of LHCII from spinach were resolved
by Liu et al. Cofactors bound (chlorophylls and @@noids) are indicated with nomenclatures fromhKiandt et al
1994) and (Liu et al 2004)

Each monomer binds 14 chlorophylls and 4 xanthophglll ligands of the 14 chlorophylls have beemiifeed as side
chains of seven amino-acid residues, two backbartgoayls, four water molecules and the phosphaatiegbup of a
PG. Part of the chlorophylls binding sites areestitve for chlorophyll a or chlorophyll b, while iother cases
chlorophyll binding sites with mixed occupancy present. The spectroscopic properties of each gtigibbound by
Lhcb1l monomer has been investigated through a rontdtapproach in the chlorophyll binding sites asbnstitution

in vitro of recombinant Lhcb1 mutants (Remelli, R. et ab9)9
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Two central lutein molecules are bound in the greome both sides of the helices A and B cross-bifacming the
internal L1 and L2 carotenoid binding sites; théypoe chains are firmly fixed in two hydrophobiositges, providing
strong linkage between helices A and B. The thadtRophyll, 9’-cis neoxanthin is located in the ®hiich region
around helix C in the carotenoid binding site Nileschains from helices B and C as well as phyhdies form a
hydrophobic space that accommodates the hook-shaqlgdne chain of neoxanthin, while ring on theeotends
stretches into the exterior solvent region. Regeafl'yr residue in the lumenal loop has been foonitm hydrogen
bound with neoxanthin, stabilizing N1 site {HobeQ0B 1 /id;Caffarri, 2007 24838 /id}. The fourth ctmooid is
located in a peripheral site named V1 (Caffarri,e.al. 2001, Liu, Z. et al. 2004). V1 site is consgéd by a
hydrophobic pocket at the interface monomer-mondimened by several chlorophylls, hydrophobic ressland the
PG; part of the xanthophyll is located inside thixket, while the opposite end group is locatesidatthe binding
pocket, toward the stromal surface.

Monomeric minor antennae, named also minor complexe constituted by three Chlb- and xanthophyll-binding
proteins: Lhcb4, Lheb5and Lheb6, named from thepaapnt mass in non-denaturing SDS-PAGE gels (BRst al.
1987, Peter, G. F. and Thornber, J. P. 1991).

The minor complexes are encoded respectively byntidear geneshcb4 Lhcbh5 and Lhcbg which are highly
homologous to each other and to the other memtetised_hc multigene family. The three subunits are probably
monomeric proteins that are present in one copyPfér unit, and bind about 10% of the total chldrgfs and 20% of
the violaxanthin of the total complex (Nield, J.at 2000). Single genes encode Lhcbh5 (CP26) anth@ i{CP24),
while three Lhcb4 genes are present in ArabidopBi® expression levels of minor antennae are sinaital the
proteins are found in equimolar amounts in theakgid (Jansson, S. 1999). However recently theesgion profile of
the third gene coding for Lhcb&hcb4.3 was shown to be different thamcb4.1andLhcb4.2 Lhcb4.3was then re-
named intd_hcb8 (Klimmek, F. et al. 2006). Another gene similarth@ genes coding for minor complexed. b7
however Lhch8 and Lhcb7 proteins are not presestibstantial amount into thylakoids membranes agit tble is
still unclear.

Lhcb4 is composed by 256-258 amino acids in its nediorm in Arabidopsis, and it is the largest amahg encoded
proteins. The overall sequence identity betweenbéhand LHCIl is 34%, but most of the substitutiomse
conservative, especially in the helix regions. Lhdiidds 6 chl a, 2 chl b: as for Lhcbl, Lhcb4 chldrgls
spectroscopic properties has been analyzed thrsitigtspecific mutagenesis on residues responsivletlorophyll
binding and in vitro reconstitution of recombinamitants (Bassi, R. et al. 1999). The results obthatemonstrated the
presence of 4 chlorophyll binding sites specific @l a, and 4 chlorophyll binding site with mixedcupancy. About
carotenoids Lhcb4 binds one molecule of lutein smbstoichiometric amounts of violaxanthin and nedixia (for a
total of 2 xanthophylls) (Dainese, P. and Bassi,1B91). Recently a third carotenoid binding sitpeci#fic for
neoxanthin, equivalent to the N1 site in LHCII, l&®n proposed also for Lhcb4, since the Tyr residsgonsible for
N1 stabilization is present. However native anadneginant Lhcb4 was found with only 2 carotenoidsrzhuevealing
a probable low stability of N1 due to the abserfomast of the chlorophyll binding sites nearby keli involved in N1
stabilization (Caffarri, S. et al. 2007). Lhcbh4nche phosphorylated, especially when plants ar@seg to low
temperature and high light stress (Croce, R. el @96), and it has been shown that the abilitydouenulate cold-
induced phosphorylated Lhcb4 is correlated to ¢oldrance(Mauro, S. et al. 1997). Recently it hasrbshown that
Lhcb4 phosphorylation is linked also to exposuresdéweral other environmental stresses, that howaffected the
photosynthetic apparatus (Liu, W. J. et al. 2009 N-terminal portion of the protein protrudes itfie stroma space
and can be reversibly phosphorylated on Thr83 (TektG. et al. 1996). CP29 phosphorylation is supda® induce

27



INTRODUCTION

conformational rearrangement or modification in Bl supercomplex that could facilitate thermagrggy dissipation
(Croce, R. et al. 1996).

Lhcb5 is 243 amino acids long in Arabidopsis, shé&% identity with respect to LHCII and coordinate€fl a, 3
Chl b and 2-3 xanthophylls (lutein, violaxanthirdameoxanthin) (Bassi, R. et al. 1996, Croce, Rl.e2002a). Lhcb5,
as Lhcbl and Lhcb4, presents a Tyr residue which ggesited to stabilize the third carotenoid bindiitg $11

(Caffarri, S. et al. 2007).

Lhcb6 is the smallest of Lhc proteins (211 amino sdrd Arabidopsis), due to the lack of the majort pdrthe C-

terminal region of the protein. Sequence homology absorption spectra suggest that 5 Chl a, 5 Chhdb 2
xanthophylls are bound (Bassi, R. et al. 1996, Raga. et al. 1998). Lhcb6, differently from otherdbthproteins
doesn’t bind neoxanthin, indeed the Tyr residue liveain N1 stabilization is absent in this proté@affarri, S. et al.
2007).

VI. Supramolecular organisation of Photosystem I

Photosystem 1l forms a supramolecular complex twgyetwith its antenna (Figure 14). Electron microscop
measurements provided 2D and 3D structures of Stfpktrcomplexes at around 2 nm resolution (Boek&ma, et al.
1999b, Nield, J. et al. 2000); from these measuntsnee have the better description of the PSlictting, due to
absence till now of a crystallographic structureediion micrographs show that organisation of PSMdry different
from PSI: PSII is dimeric, while PSI in higher pisiis a monomer.

Lhc subunits are organized into two layers arourgd R8Il core: the inner one is composed of Lhcb4 pbhand a
LHCII trimer (S-type LHCII), forming the so-called;§; particle together with PSII core (Boekema, E. Alel1999a,
Morosinotto, T. et al. 2006). The outer layer is mafl LHCII trimer (M-type LHCII) and Lhcb6, to builup the large
C,S;M, complex in which the number of LHCII-L trimers deqls on the light intensity during growth (Bail&y,et al.
2001). In particular Lhcb4, Lhch6 and a LHCII-Mntér form a stable supercomplex bound to PSII ddasgi, R. and
Dainese, P. 1992). Moreover part of LHCII-L trimeende phosphorylated by Stn7 kinase and move tpde8hg

the state transitions, in order to balance thetattan energy receipt by PSI and PSII.
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Figure 14. Schematic rappresentation of higher planPSII supercomplex Structural model shows the core dimmer,
trimeric outer antennae (LHCII) and the monomeriinan complexes (Lhcb4, Lhcb5 and Lhcb6) (Dekker and
Boekema, 2005). Different trimers L, S and M areaciaigd. Orange circles indicates the supramolecuamplexes
Lhcb6-Lhcb4-LHCII-M .

Recently, it has been shown that it is possiblpudfy omogeneous preparations of LHCII-PSII supenplexes with
increasing antenna size (Figure 15), which areblagtfor biochemical, structural and spectroscapialysis (Caffarri,
S. et al. 2009). This procedure is based on mildsiidation of grana membranes, thus preservingagsociation of

LHCII-PSII supercomplexes.
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Figure 15. Isolation and characterization of PSIlI gpercomplexes.Sucrose gradient of solubilized membranes,
showing 12 green bands, and following SDS-Pageabse gradient fraction (Caffarri, S. et al. 2009)

4. PHOTOINHIBITION AND PHOTOPROTECTION

Light is needed by plants in order to trigger thetplynthetic reactions. However light can also aegerous for the
photosynthetic apparatus, since its absorptionleaah to the formation of reactive intermediate®yproducts of the
photosynthetic process which can damage the thiglaknembranes. The whole process in which lightatrsome
photosynthetic structures is called “photoinhihbitiosince these photo-oxidative damages can dezreffisiency the
rate of photosynthesis (Aro, E.-M. et al. 1993, a4jdE. et al. 1998, Powles, S. B. and Bjorkman,982)L

Plants growth conditions are often dynamic, invadvidiurnal and seasonal fluctuations in light istdes,

temperatures and availability of nutrients. All gbesituations can lead to the absorption of higimeount of light
energy than needed. When absorbed light energyedsdbe capacity for light energy utilization fdrgbochemistry,
the excitation energy in excess can induce thedton of dangerous molecules as reactive speciegyafen (Prasil,
O. etal. 1992, Tjus, S. E. et al. 1998, Tjus, StBAl.€001).

Light is absorbed by chlorophyll and carotenoid moles, bound to the light-harvesting complexesitedmigments
rapidly (<ps time scale) transfer the excitatiorergy to the reaction centres, in order to drivectebn transport.

Absorption of excess photons can cause accumulafioexcitation energy in the LHCs and thereby insesthe
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lifetime of singlet Chl {Chl, lifetime ~ns time scale}Chl can thus convert into triplet chlorophyfChl), through
intersystem crossing. Triplet Chl excited state iwrag-lived state (~ms time scale) and thus cawctredth triplet
oxygen, converting it to singlet oxygetOg), a highly reactive oxygen specie (Knox, J. P. Budige, A. D. 1985,
Krieger-Liszkay, A. 2005). Production d®, within the Lhcs causes oxidation of lipids (Tardy,aRd Havaux, M.
1996), proteins and pigments (Formaggio, E. et @012 Thylakoid membrane lipids, with their abunckarin
unsaturated fatty acid side chains, are susceptibinglet oxygen attack: products are hydropetesiand peroxyl
radical chain reactions in the thylakoid membrgHhavaux, M. and Niyogi, K. K. 1999).

Another site for ROS production is the PSII reactaentre: after primary charge transfeg,Pand Ph species are
formed. Phis reconverted to Ph after electron transfer 1o @hile Ry is reconverted to ¢g, through Y, oxidation.
However if Q is already reduced and electron transport is l@ldckvhich is the case of excess light absorption, a
charge recombination can occur betwegg Rnd Ph producing a triplet &o (*Psso). *Psso can generate singlet oxygen
(Melis, A. 1999) inducing photoinhibition, and immicular photo-damages on the D1 subnunit of P&ib, E.-M. et
al. 1993). The following equations summarize trecebn transfer and dissipation events that oceuPRSII when Q

is reduced at the time of primary charge separation

P680* Ph @ — P680 PH Q) — *P680Ph Q~

%P680 0, — P680'0,

In the case of PSI, the oxidized reaction centgg I’ more stable thanggg” and behave as a quencher of excitation
energy (Dau, 1994). Nevertheless, at the acceptler of PSI, ferrodoxin can reduce molecular oxydenthe
superoxide anion (£). This short-living specie can be metabolised ydrbgen peroxide (¥D,) or hydroxyl radical
(OH®), the latter one being an extremely aggressive.ROS

Reactive oxygen species produced on the accepter i PSI| are able to damage key enzymes of phutostc
carbon metabolism such as phosphoribulokinase ahbFRNglyceraldehyde-3-phosphate dehydrogenase, #sawe
subunits of PSI reaction centre. There are evidetegsalso PSIl can be photoinhibited by PSI-preduBROS in vivo
(Tjus, S. E. et al. 2001).

I. Photoprotection mechanisms

Plants evolved some mechanisms in order to usedighiding as much as possible ROS formation, @eoto prevent
photoinihibition.

These photoprotective mechanisms can be dividedhvdadifferent classes, depending on the time-schlgction: a)
short-term photoprotective mechanisms and b) lengrphotoprotective mechanisms.

In short-term photoprotective mechanisms the alesbdmergy is dissipated as heat, in order to ptd¥&$ formation,
while in long-term photoprotective mechanisms aadjust their photosynthetic machineries to tispasable light. In
particular short-term photoprotective mechanisms’'tdaeed synthesis of proteirde novg while in long-term
photoprotective mechanisms proteins are modulatedrder to adapt their amount and composition ® déhergy

requirements for photochemistry reactions.
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e Short term responses:
Non-Photochemical_ Quenching (NPQ)

Light fluctuations happen often in natural condisodeaves can be suddenly exposed to very high kEgha
consequence of clouds transit or wind induced leamevement. In order to avoid photoinhibition agemlants
evolved a rapidly light-inducible mechanism, termidlQ (Non-Photochemical Quenching), that allowsthbemless
thermal dissipation of excess absorbed photonsSih (Pemmig-Adams, B. and Adams, W. W. 1992). NRQireal
feed-back regulation mechanism for excitation eypdrg excess (Figure 16), since it's activation anddulation
depends from the extent of thylakoid transmembuespid deriving from photosynthetic electron transgétorton, P.
1996). Triggering of NPQ is accompanied by a changehl fluorescence lifetime distribution, that dsaPSll into a

guenched state.

“Chl

Figure 16. Scheme of de-excitation pathway fotChl*. Photochemistry, fluorescence emission, intersystessing
and thermal energy emission compete for de-exaitaif excited singlet state of Chls.

NPQ is a very complex phenomenon and it involveseise processes. Its fastest component is calledeqErgy

dependent quenching) and it is activated very tgpigon illumination (Muller, P. et al. 2001). NP&pxd in particular
its fastest component gE were demonstrated to eedpaith xanthophyll cycle activation (Demmig-AdarBs,1990,

Niyogi, K. K. et al. 1998) and the presence of fietein PsbS (Li, X. P. et al. 2000). The decreas@rnmenal pH

induces the activation of the xanthophyll cycléggering the violaxanthin de-epoxidase enzyme (V.[¥axanthin
production and accumulation into the thylakoidsen&een correlated to the NPQ extent for a wideetyaidf plants
(Demmig-Adams, B. and Adams, W. W. 1994, Niyogi KK et al. 1998).

PsbS instead is an integral membrane protein coemasf PSIl and member of the Lhc-protein superfiamihis

protein has a key role in gE induction, sincerpg4 mutant, missing PsbS, is impaired in NPQ (Li, XePal. 2000).
PsbS is able to sense the transmembrgsté induced by electron transport, through protamatf two conserved

glutamic acid exposed to the lumen (Li, X. P. et24l02). Substitution of these glutamic residuesiltesn PsbS
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inactivation. Recently PsbS was also suggestedoulate the interaction between PSIl and LHCIhtoalling PSII
organization (Kiss, A. Z. et al. 2008).

The molecular mechanism of NPQ is still unclear. §hestion about how is the “quencher” which shdagdable to
dissipate the excess energy absorbed still dokau# a clear and convincing answer. PsbS has lvepoged to be the
“quencher”, but this hypothesis seems not condissamce recently PsbS was shown not to bind anyneids
(Bonente, G. et al. 2007), and thus it's not cleaw PsbS could receive and dissipate the excitenérgy. Recently
PsbhS was demonstrate to interact with Lhc protdirardo, E. et al. 2007).

Low lumenal pH also results in the protonation ofesal Lhc subunits associated with PSIl. VDE enzymealso
activated by low lumenal pH activating the xanthgpbycle. Upon violaxanthin de-epoxidation, thenhe synthesized
zeaxanthin is distributed among LHCII and minor pteres: zeaxanthin is known to cause a conformationange
able to switch LHCs into a state with efficient timai dissipation (Dall'Osto, L. et al. 2005, Gilmpfe M. et al. 1995).
However zeaxanthin binding to LHCII is performed by peripheral, low affinity site and does not induce
conformational changes nor decrease of fluorescqnaatum yield of the complex (Caffarri, S. et 2001). In the
minor complexes, instead binding is operated bynénnsic site carotenoid binding site (L2) (Morosito, T. et al.
2002, Ruban, A. V. et al. 1999) and induces a aomdtional change of the protein, leading to de@eddluorescence
lifetime and quantum yield (Dall'Osto, L. et al. Z200Moya, |. et al. 2001). However zeaxanthin acdatimn in
thylakoids membranes by itself is not sufficient RPQ induction, since in absence of PsbS NPQtiackive, even in
presence of zeaxanthin (Niyogi, K. K. et al. 1998nreover isolated Lhc proteins enriched in zedxanare not able
to dissipate enough absorbed energy as leavegyddRQ induction.

The more consistent mechanism proposed for NPQ fimauinvolve binding of zeaxanthin to LHCs, actieat of PsbS
by low lumenal pH, eventually protonation of amtarsubunits: all these factors, combined with soseeganization
of the PSII supercomplexes may cause a confornatirange able to switch Lhcs into a state *&@id* de-excitation.
Recently the formation of a carotenoid radicalaratin thylakoids in a “quenched state” (Holt, N.e€E.al. 2005) was
strictly correlated with qE, since it requires Psbl zeaxanthin. This dissipation mechanism, calfedge transfer
quenching (CT quenching), involve minor antenna demgs activity, since there is no trace of zeaxanthdical
cation in isolated LHCII trimer (Ahn et al. 2008; éwson et al. 2008). In particular it has been ifledtthat the
excitonic interaction between chlorophylls A5 anliB minor complexes, modulated by zeaxanthinggponsible for

zeaxanthin radical cation formation and conseqgeratgy dissipation.

State Transitions

As previously described, short-term changes imatitenna size of both photosystems can occur, aydatte provided
by the state-transition mechanism, involving migratof Lhcb proteins from PSII to PSI, in order taldnce the PSI
and PSII excitation. Here LHCII can transfer thergy absorbed to PSI, rather than PSII. The statesition takes
several minutes to be activated, since it involdss the migration of LHCII from grana to stroma &iae.

The importance of state-transition mechanism in gprattection is still a subject of debates (WollmanA. 2001).

Non-Assimilatory Electron Transport Mechanisms

Especially under conditions of GQimitation, non-assimilatory electron transport ¢éxygen acts as important
photoprotection mechanism. In C3 plants, photoramiy metabolism can sustain linear electron parts and thus
allowing utilization of excitation energy; this teae has been verified showing that mutants blodgkethotorespiration

undergo inhibition of photosynthesis and photoxidatamages {Wallsgrove, 1987 24849 /id}.
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The so called pseudocyclic electron transport, deaater cycle, consists in an alternative electransport pathway
starting with direct reduction of {by PSI, that act as another important photopristechechanism (Ruuska, S. A. et
al. 2000). On the acceptor side of PSI, reductib@pleads to superoxide ¢ production; this aggressive ROS is
readily metabolised by thylakoid-bound superoxiggmiitase (SOD) and ascorbate peroxidase (APX)rergée HO
and monodehydroascorbate; the latter product cadirketly reduced by PSI to yield ascorbate. Thisupd®ecyclic
pathway, in which electrons produced from watedation into PSIl are used to reduce t® H,O, allows generation
of a ApH for ATP synthesis without production of, @r NADPH (Schreiber, U. and Neubauer, C. 1990§ th

mechanism allows dissipation of excitation energgicess through electron transport (Asada, K. 1999

Antioxidant species
ROS production is often unavoidable for plants. ddga species produced during photooxidative strems be
deactivated by several antioxidant species preserthe chloroplast as ascorbate, glutathione, tbheops and

especially carotenoids (Figure 17);

HO H hH, OH
oo OMO HO H,C_ CHy SHs CHy
Ho" | OH  H NH o l\\\\\\\\\
Na* -G on HS\)\“,NH\)LOH HaC "o o, H, Hy HiC' CHs
0
Ascorbate Glutathione o-tocopherol Zeaxanthin (Xanthophylls)

Figure 17. Molecular structures of the most commonkdoroplastic antioxidants.

Carotenoids play a key role as photoprotective sgéney are membrane-bound antioxidant able tmcfu®oth®*Chl
and '0,, thus stabilizing membrane by inhibition of lipjeroxidation. Carotenoids bound to Lhcs and PStkco
complex are involved in efficient quenching of restively °Chl of antenna proteins (Formaggio, E. et al. 2001
singlet oxygen produced B¥ss, (Telfer et al., 1994). Lutein, Neoxanthin and Zedabamin particular were shown to
be strongly involved in photoprotection (Baroligt.al. 2004, Dall'Osto, L. et al. 2006, Dall'Odtoet al. 2007, Muller-
Moule, P. et al. 2003).

* Long-term photoprotective mechanisms

When plants are exposed for a long time to stresslittons, long-term photoprotective mechanisms atvated.
These adaptations involve several phenomena, ftarios the expression or repression of specificeprst but also
chloroplast movements and modification of plant pmaiogy. One of the mechanisms involves adjustroéchanges
in Lhc gene expression or Lhc protein degradatioedsas, J. M. et al. 1995), yielding a reductiotigéft-harvesting
antenna size.

Another important long-term mechanism is the acdatian of antioxidant molecules during acclimatitmexcess
light (Foyer, C. H. et al. 1994). Carotenoids amgbarticular zeaxanthin are known to increase tleeil in high light
stressed plants, especially in overwintering enesng plants, inducing a constitutive not reversibsorbed light
guenching (Gilmore, A. M. and Ball, M. C. 2000).

The PSI and PSII antenna systems are charactenzdiférent behaviour upon acclimation in high ligtondition.

The number of antenna complexes bound to PSI isndified during growth oArabidopsisjnstead the PSIl antenna
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size is largely regulated following environmentahditions: in particular growth in high light cauaeeduction of the
amount of antenna complexes bound to PSII, insB@dantenna system is more stable upon long-telmosexe
(Ballottari, M. et al. 2007). Thus Lhc complexes amiorequires a very efficient regulation, but upnw little is
known about proteases involved in Lhc apoproteigraigation during long term exposure to high lighte
metalloprotease, Ftsh6, has been recently desciinezlved in LHCIlI degradation upon high light aicchtion
(Zelisko, A. et al. 2005). Other LHCII protease caladiés have also been reported {Yang, 2000 33 /mgaéopoulos,
2002 1 /id} .

Instead there are more informations about pigmdatgadation pathway. Many mutant has been idedtifiat are
unable to degrade Chl during leaf senescence. Rgcthre genetic defect of some of these mutants stewn to be
due to mutations in a gene call8thy GreenSgn mutants has been discovered, which retain intactcomplexes
upon senescence induction (Park, S. Y. et al. R00viginally, absence of Sgr was considered tabihhChl
breakdown, but these recent findings indicate 8@R is not directly in a Chl catabolic step; ingtgais required for
the dismantling of photosynthetic chl-protein coexas, thus allowing chl-breeakdown enzymes to actlesir
substrate (Hortensteiner, S. 2009). The first stehl catabolic pathway is the conversion of antemoemplexes
bound Chlorophyll b (Chlb) to Chlorophyll a (Chlayough the intermediate 7-hydroxymethyl chloropay{HMChla)
(Kusaba, M. et al. 2007). Mutants deleted in CleMbuctase codifying genes are not able to degrattea®id LHCII is
selectively retained during senescence (Yamajietval. 2009), suggesting that this enzyme partieifpa the initiale
step of LHCII degradation. Chl breakdown continugth the successive removal of phytol and Mg byoohphyllase
and metal chelating substances {Suzuki, 2005 5 fid&lly obtaining non fluorescent Chl catabolite.

5. ELECTRON MICROSCOPY

Microscopy techniques are among the most frequeanly useful investigation methods used in bioldgyplants
research the level of detail of the microscopy olmt@n increased with the development of imagimechhiques, from
anatomical details with early optical microscopy near-atomic resolution of single particle obsgovawith modern
electron microscopes.

The first electron microscope (EM) was built in tlaely 1930's and in a decade the technique resolyiassed from
that of the optical microscope to 10A, exploititg tdevelopment of better optical systems and electources. Today
instruments are commonly able of 10 A resolutiohilev1A resolution is occasionally still attainable particular for
protein observation, even if electron microscopyp c@t compete with X-ray crystallography or NMR terms of
resolution, it is still an invaluable method to éstigate structure, function and dynamic of macidemdes and their
supramolecular assemblies.

Infact obtaining clear pure crystallization of lmglcal proteins for X-ray imaging is a complex amttertain task and
this is particularly true for membrane proteins aven more for membrane protein supercomplexesshnie also
usually too large to be resolved using NMR spectpg. Hence electron microscopy have been extdysgiged in the
study of thylakoids membranes and even in the ifigation of singular antenna moieties.

The available models of supramolecular organizatib®SI-LHCI complex are based on electron microscdata
(Boekema, E. J. et al. 2001, Germano, M. et al. 0 this technique has been very useful alsthimanalysis of
PSII-LHCII supramolecular organization: PSIl is madynamic than PSI, forming large aggregates ofptexes

characterized by diverse PSIl core-antenna comgpléxeeractions. Electron microscopy was successfudlgd in
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revealing supramolecular geometric and stoichiomeéttails of these arrangements in isolated menasrgBoekema
et al. 1999b; Boekema et al. 1999a; Boekema &085).

Singular detectable masses of similar proteinsiavally not distinguishable with EM resolution, litus still possible
to identify them in some cases. It is noteworthy BSIl antenna proteins moieties identificatiorspite their very high
secondary structure omology (Barros and Kuhlbrét@fi9): a result attained analyzing with EM specifiatants,
lacking one or more PSII antennae (Morosinottol.e2@06; Caffarri et al. 2009) or using the cras&ihg (Bassi and
Dainese 1992; Harrer et al. 1998; Jansson et &6)1€chnique, where fluorescence signals are @dtiec on
selectively marked interacting proteins. The lagion of singular proteins helped to define tis#iuctural role and in
many cases also their functional contribution totphynthetic phenomena (de Bianchi et al. 2008ay).dR general
review on the microscopy applied to plant reseassh(Vacha et al. 2005).

Part of this work is focused on the study of thgamization of PSII complexes on grana membranessiponse to light
treatment. To this purpose transmission electromasgopy (TEM) on negatively stained samples were,ueed will

be thus outlined.

M Filament

Il

- Specimen

M Objective lens

m M Projection lens

Image plane

Condenser lens

=

Figure 1. Schematic structure of TEM.Schematic diagram showing the principle of imagendion in
Trasmission Electron Microscopy (TEM). The rhombdidpes indicate the scattered electrons. See texhdo
description.

In a transmission electron microscope, electroaspeeded up in a vacuum and then projected oatspécimen via a
set of condenser lens (see Figure 1), that rehaebeam parallel. Electrons scattered by the specimeract with the
magnetic field of the objective lens for a firstgnéication up to 30 times. The successive magrtificais obtained by
the passage through the projection lenses thatipeotte final image on the image plane.

If compared to other EM techniques, where specineface is scanned by the electrons beam, in TEMs@neple -a

few hundreds of nanometers thick- interacts reaalitii the beam and thus a specific preparationgismseeded.
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Specimen preparation

Biological specimen that undergo an electron mimopg measure are exposed to radiation, that casedanization as
a result of the inelastic interaction of the eleot with those in the orbitals of organic materidie collision leads to
the rearrangement of the molecule chemical cordigum, inducing the formation of free radical. Qtdamages to the
specimen can come from the dehydration, that iatlyreenhanced by the strong vacuum necessary ireldatron
microscope.

The technique of negative staining (Horne, R. W.1}9fhat is used in the present research workHherdetection of
PSIl inside grana membranes of thylakoids, aimsvErcome the aforementioned problems by enhanbimgisibility
of the biological specimen -due to their low weiglhtdms- by surrounding the sample with a heavy-hsetig that is
able to strongly scatter electrons. The salt issddd the specimen on a support film in carbongctviie magnetically-
treated to become hydrophilic, thus increasingntiitdure homogeneity and absorption (see Figure). S&its mainly

used are uranyl acetate, uranyl formate, but atsm@ium molybdate and others.

A B

Positive Contrast Negative Contrast

ll.ll lﬁl
INT T

¢ Q

Figurel9. A. Without negative stainingd. Negative staining. The electron-dense stain surtsuthe
specimen and embeds the particle in a matrix dhsfaue to density differences between the stath an
weakly scattering biological components of the demip appears as a transparent and detailed regers
(negative) image.

The negative staining technique is highly reprodecind relatively simple. The typical resolutioigvable is 10-20
A, as the salt introduction produces a grainy noigbe image and coating the sample enhancesplary its

quaternary structure, visually rendering protruditrgicture as brighter in a darker, more salt-fizhdscape.
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SECTION A

New evidences of zeaxanthin
modulation of monomeric Lhc

guenching properties.

Section A.1: Dynamics of zeaxanthin binding to the photosystem Il
monomeric antenna proteinLhcb6 (CP24) and modulation of its
photoprotection properties

Section A.2: Identification of the chromophores involved in

aggregation-dependent energy quenching of the monomeric
Photosystem Il antenna subunits.

42



SECTION A.1

Section A.1: Dynamics of zeaxanthin binding to the photosystem Il
monomeric antenna protein Lhcb6 (CP24) and modulation of its

photoprotection properties

Lhcb6 (CP24) is the less known complex among monicraetenna protein of Photosystem 11, due to ditfic

for native complex purification. In this section wkaracterize Lhcb6 functional propertiasvivo andin vitro

We show that this protein, upon activation of tlatkophyll cycle, accumulates zeaxanthin into iftrieding
sites faster and to a larger extent than any ofigment-protein complex. By comparative analysis of
violaxanthin or zeaxanthin binding Lhcb6 complexee, demonstrate that zeaxanthin not only down-eggal
chlorophyll singlet excited states, but also insesathe efficiency of chlorophyll triplet quenchingith
consequent reduction of singlet oxygen productind significant enhancement of photo-stability. Gese
bases we propose that Lhcb6, the most recent adddithe Lhcb protein family which evolved conctanily

to the adaptation of photosynthesis to land enwramt, has a crucial role in zeaxanthin-dependent

photoprotection.

This section is based on the pubblished articlgéteBe*, N., Ballottari*, M., Hienerwadel, R., DalUsto,. L.,
and Bassi, R. (2010); Archives of Biochemistry and Biggcs504 67-77. (*,these authors equally contributed
to the work)

1. INTRODUCTION

Higher plants absorb light and convert it into ciehenergy during photosynthesis. Two multi-subpnotein
complexes, Photosystems | and Il (PSI, PSIl), pigments and cofactors responsible for light hamgs
charge separation and electron transport durindighé phase of photosynthesis. Photosystems argaosed

by two moieties, a reaction centre and a periphantgnna system, responsible respectively for tmyersion

of light into chemical energy, and for extendirghli harvesting cross-section and ensuring photeption. The
antenna systems of PSI and PSII are composed I Hgrvesting Complexes (LHC), a multi-genic protein
family comprising 14 different members Arabidopsis thalianasharing high sequence similarity. Thus, these
proteins have a common structural model revealethbyesolution of LHCII complex (Kihlbrandt, W. at
1994, Liu, Z. et al. 2004), characterized by thteensmembrane and two amphipatic helices, named,
respectively, A-C and D-E (Liu, Z. et al. 2004). irhiéght harvesting and photoprotection function® a
catalyzed by up to 18 chromophores: 4-8 chloroghidhl) a, 4-6 Chl b and 2-4 xanthophylls. Two canote
binding sites, named L1 and L2 (Kuhlbrandt, W. letl894), are conserved in all LHC proteins, whilthiad
site, specific for neoxanthin (Neo), has been detkin Lhcb1-3, Lhcb5, Lheb4 but not in Lheb6 (CafifeS. et

al. 2007a, Croce, R. et al. 1999a). A fourth periphearotenoid binding site, named V1, has beenctiden
Lhcbl-3 only (Caffarri, S. et al. 2001, Liu, Z. dt 2004). Besides light harvesting, LHC proteins lyae&
multiple reactions, namely (i) Chl triplet quenchin@) Chl singlet quenching and (iii) Reactive Oxyge
Species (ROS) scavenging, in order to prevent/reghoto-oxidation and photoinhibition, two unavoitiab
effects of oxygenic photosynthesis (Niyogi, K. K. a. 1997, Niyogi, K. K. 1999). These functions ar
catalyzed by chromophores bound: Chl a and b avied in light harvesting; lutein (Lut) is speciadd in Chl
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a triplet quenching (Dall'Osto, L. et al. 2006); dNand violaxanthin (Vio) are involved in scavenging
superoxide and singlet oxygen, respectively (DattOL. et al. 2007).

Among photosynthetic pigments, a special role &/@tl by zeaxanthin (Zea), only accumulated undeesex
light conditions. Zea is formed from Vio in the salled xanthophyll cycle (Yamamoto, H. Y. et al6T% and
Zea binding leads to an increased level of resigtdo light stress. This effect is obtained by eguiating the
capacity for quenching singlet Chl excited statesrgy into heat. (Demmig-Adams, B. and Adams, W. W.
1992, Noctor, G. et al. 1991, Wentworth, M. et28100). Molecular details of the xanthophyll cyckvh been
elucidated recently: Vio, initially bound to a Iaffinity binding site named V1 of LHCII trimers (Caffi, S. et

al. 2001, Liu, Z. et al. 2004) is released to thallphase and converted to Zea by VDE. In thitestamay act
as ROS scavenger (Havaux, M. and Niyogi, K. K. 1989addition, Lhcb4-6 and Lhcal-4 subunits biné Ze
the high affinity inner site L2 (Jahns, P. et &l02, Morosinotto, T. et al. 2002, Wehner, A. et2804, Wehner,
A. et al. 2006) which has an allosteric nature (faggio, E. et al. 2001, Moya, I. et al. 2001). Reeeark has
elucidated the mechanistic basis of the activadiosinglet Chl excited state dissipation into hedir(, T. K. et

al. 2008, Dall'Osto, L. et al. 2005, Ruban, A. VVda&forton, P. 1999) thus revealing the effect of Bealing to
LHC proteinsin vitro (Ahn, T. K. et al. 2008, Dall'Osto, L. et al. 20@%illip, D. et al. 1996) anih vivo with
respect to photosynthetic efficiency, Non-Photocisamquenching (NPQ) induction, ROS production and
scavenging (Fiore, A. et al. 2006) (Dall'Osto, tak 2007) (Havaux, M. et al. 2004, Niyogi, K. & al. 1997)
(Dall'Osto, L. et al. 2006, Mozzo, M. et al. 2008).contrast, little is known about quenching ofachphyll
triplet excited states. Previous work has repoasesimilar (Passarini, F. et al. 2009) or reduced4&b, M. et

al. 2008) chlorophyll triplet quenching efficienay the presence of zeaxanthin in Lhcb6 and LHChéris
respectively, despite increased guenching of siryeited states.

In this work we have focused on one of the monoer@ntenna complex Lhch6 (CP24). This subunit iscare
addition to the photosynthetic apparatus of themgtaeage, being absent in algae and first appgamimosses
and hepaticas, together with the adaptation tditpely stressful land environment. Consistentlysiinvolved

in several regulation mechanisms, as evidencedebgta (de Bianchi, S. et al. 2008, Kovacs, L. eRab6)
and biochemical analysis (Ballottari, M. et al. ZD(Betterle, N. et al. 2009). Lhch6, together witicb4 and a
LHCII (S) trimer, forms a stable supercomplex (Bassi,and Dainese, P. 1992) whose dissociation, upon
treatment with high intensity light, is necessany tfiggering NPQ (Betterle, N. et al. 2009). Theiatlance of
Lhch6 was shown to be regulated by light intensitying growth (Ballottari, M. et al. 2007) throughet
reduction state of the plastoquinone pool (Morogmdr. et al. 2006). This subunit was recentlyorégd to be
involved in the photoprotective mechanism callednMhotochemical Quenching (NPQ), responsible for
singlet chlorophyll excited state quenching throeglotenoid radical cation formation upon Zea higdjAhn,
2008 24858 /id;Amarie, 2009 24896 /id;Holt, 200%24 /id}. Finally, time resolved spectroscopic s
demonstrated that, in detergent solution, 50% ahihcomplexes are quenched, with the quenchindositdéed
near the carotenoid binding site L2 (Passaringtfal. 2009).

We studied thén vivo xanthophyll composition of Lhcb proteins upon expesof leaves to excess light and
found that upon xanthophyll cycle activation, LhcbBdergoes faster Zea accumulation than any other
thylakoid protein so far described. We then studieditro modulation of Lhcb6 functional properties by the
binding of different xanthophyll species and werfduhat Zea binding not only quenches chlorophyll singlet

excited states, but also facilitates chloroplayttiplet quenching efficiency. This induces a retituet of singlet
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oxygen production and a significant enhancemenpludto-stability These results suggest that Lhcb6 is

specialized in binding Zea and enhancing photoptiate under excess light.

2. MATERIAL AND METHODS

2.1 DNA Cloning, Mutations and Isolation of Overeegeed Lhcb6 Apoprotein.

cDNA from Arabidopsis thalianaencoding Lhcb6 (GenBank accession number AF134%@8)supplied by
the Arabidopsis Biological Resource Centre (ABRC) at Ohé State University. Matubcb6 sequence was
amplified and cloned in the pQE-50 expression veatdescribed in (Dall'Osto, L. et al. 2005). L&iIdNT
apoprotein was overexpressed in SG13009 straliscifierichia coliand purified following a protocol described

previously (Paulsen, H. et al. 1993).

2.2 Reconstitution in vitro of recombinant Lhch6.

Reconstitution and purification of recombinant Lhgii§ment-protein complexes (froArabidopsis thalianp
were performed as in (Giuffra, E. et al. 1996) wilie following modifications: a total of 6y of carotenoids
and 250ug of chlorophylls with a Chl a/b ratio of 3 were addto 420ug of apoprotein. In the case of
complexes with a modified carotenoid compositioignent mixes were prepared from pure pigments and,
when more than one carotenoid was included, atispevere added in equal amounts, unless spedaifidte
text. Chl a, b were purchased from Sigma-Aldricidijle individual carotenoids were purified by HPL®mh

leaf acetone extracts.

2.3 Pigment analysis.

HPLC analysis was performed according to (Gilmore,MA and Yamamoto, H. Y. 1991). Chlorophyll to
carotenoid and Chl a/b ratios were independentlysomed by fitting the spectrum of acetone extragtthe
spectra of individual purified pigments (Croce, Rak 2002). De-epoxidation indexes (D.l.) werecaldted as

the ratio between the sum of Zea and half anthaethiaand the sum of Zea, Vio and antheraxanthin.

2.4 Plant material treatment and fractionation dfiC proteins.Arabidopsis thaliana plants were grown for 3
weeks at 23 °C at 100mol mi’s* (white light, 8 h light/16 h dark). Plants werethkept 1h in the dark and
then exposed to light stress at 15080l m?s® for different periods at 24 °C. After treatment aroplast
membranes were isolated from leaves as previowghprted (Betterle, N. et al. 2009). Thylakoids were
solubilised with 0,6%m-DM or 3-DM and fractionated by ultracentrifugation in sese gradient as previously
described (Caffarri, S. et al. 2001). Fractions @ dnwere then mixed and monomeric Lhcb subunitsewer
further fractionated through preparative isoelectdcusing (IEF) on acrylamide gel as previouslgaiied
(Jackowski, G. and Jansson, S. 1998), but using eapge of 3.5-5.5. Fractions from IEF were pudffeom
co-migrating free pigments by non-denaturing etgtioresis as previously described (MorosinottoetTal.
2005, Peter, G. F. and Thornber, J. P. 1991).

2.5 Gel electrophoresis.
SDS-PAGE was performed with Tris-Tricine buffertgys (Schagger, H. and von Jagow, G. 1987).

2.6 De-epoxidation Reaction in Vitr@HC proteins (3ug of chlorophyll) were incubated with recombinant
VDE enzyme in order to perform Vio de-epoxidationvitro assay, as described in (Morosinotto, T. et al.
2002).
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2.7 Spectroscopy.

Room temperature absorption spectra were recordad asSLM-Aminco DK2000 spectrophotometer, in 20
mM Hepes pH 7.5, 0.2 M sucrose and 0.03-#odecyle-D-maltopyranoside. The wavelength sampling step
was 0.4 nm. Fluorescence emission spectra were uneehsising a Jasco FP-777 spectrofluorimeter and
corrected for the instrumental response. Fluoreseguantum yields were calculated as the ratio detvthe
emission spectra area (650-800 nm) with excitadio®25 nm and the absorption at the same waveleusjtig

in both cases the same 3 nm bandwidth. CD spect@&measured at 10 °C on a Jasco 600 spectropolarimet
samples were in the same solution as describethémbsorption with an OD of 1 at the peak in the Q
transition. The measurements were performed ircen tuvette. Denaturation temperature measuremesres w
performed by following the decay of the CD signa#@ nm when increasing the temperature from ZDt&C
with a time slope of 1 °C/min and a resolution & C. The thermal stability of the samples was aeiged by
finding thety, of the signal decay. Carotenoid and chlorophyllliétiformation have been measured through
TmS kinetic decay measurements in anaerobic conditas described in (Mozzo, M. et al. 2008). Kiowebf
photobleaching in Lhch6 have been measured asildeddn (Croce, R. et al. 1999b) using a light intgnef

750umol m%s™,

2.8 Deconvolution of Spectra into Absorption Forms.

Absorption spectra were analyzed in terms of thardmution of individual pigments by using the alyg@n
spectra of pigments in LHC proteins as previousigorted (Croce, R. et al. 2000, Croce, R. et al. 2001)
order to increase the significance of our analgeid choose between multiple fitting solutions, ekested only
solutions consistent with biochemical pigment cosifian such as Chl a/b, Chl/Car ratios and carotenoid
content. Among the possible multiple solutions wese those with the lowest discrepancy with thgioai

absorption spectra.

2.9 Singlet oxygen production analysis.

Lhcb6 samples were diluted aug/ml concentration in a solution containing 0.08%M, 20 mM Hepes pH
7.5 and 1M Single Oxygen Sensor Green™ (Invitrogen)(FlorsetCal. 2006). Samples were illuminated with
red light at 75Qumol m?s® for different times. The increase of the conceittraof singlet oxygen in solution

was detected by measuring the Sensor Green spiutiescence at 530 nm, with a 480 nm excitation.

3. RESULTS

3.1 Kinetics of violaxanthin de-epoxidation and zedRkin binding to LHC proteins.

Dark adapted\rabidopsis thalianglants, grown for 3 weeks in control conditionsyevereated with high light
(1500 umol rits?) for different periods (5-10’-30") in order toigger xanthophyll cycle activity. Thylakoids
purified from light treated plants were solubiliseith 0.6% detergent, eitheDM or B-DM. The different
pigment-binding complexes were separated by suqyosgient ultra-centrifugation, thus obtaining Stufict
green bands (Figure 1A): free pigments (fraction,Bdpnomeric Lhcb proteins (B2), LHCII trimers (B3), a
supercomplex composed by Lhcb4, Lhcb6 and a LHGHer (B4), PSIl core (B5) and PSI-LHCI
supercomplex (B6) respectively, as previously descri(Caffarri, S. et al. 2001).
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Figure 1: Violaxanthin de-epoxidation analysisin vivo and in vitro. A. Thylakoid membranes from dark
adapted and 5’ light-treated leaves were solubilisedx-DM detergent and loaded on sucrose gradients.
Similar fraction pattern were obtained at differaithes of illumination (5’-10-30’). As previousheported
(Ballottari, M. et al. 2004) fraction 1(B1) is comged of free pigments, fraction 2 (B2) by monomkhicb
protein, fraction 3 (B3) by LHCII trimers, fractiod (B4) by a LHCII trimer-Lhcb4-Lhcb6 supercomplex,
fraction 5 (B5) by photosystem Il core and fraction(B6) by PSI-LHCI supercompleB. Each fraction
recovered from sucrose gradients was analysed byGiRar each fraction, de-epoxidation indexes (Dalnd
the ratio between zeaxanthin content and total waroid content (Zea/ Cars) are reported. In eachgbdhe
time of illumination is indicated (5-10'-30)C. SDS-PAGE analysis of fractions recovered from léestdgc
focusing and non-denaturing electrophoresis sepamnatin each lanes, names of the fractions recoveaee
indicated; in some cases (F3, F4, F7, F8), IEF fiaws were characterized by multiple bands in non-
denaturing electrophoresis: in those cases, eactul{&3.1-F3.2, F4.1-F4.2, F7.1-F7.4, F8.1-F8.2) ieaded
separately in SDS-PAGE. M: Molecular weight markil, Thylakoids.D. de-epoxidation indexes, and ratios
between zeaxanthin content and total carotenoidesdrdf fractions recovered by IEF separation (F;E0ter
HPLC analysis: E. de-epoxidation indexes (D.l.) and ratios betweeaxasthin and total carotenoids
(Zea/Cars) of Lhcb5 and Lhcb6 after in vitro de-égation assay, performed adding recombinant VDE/erez

to recombinant Lhcb5 and Lhcb6 complexes, as destrin (Morosinotto, T. et al. 2002). Errors barsea
indicated.
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It is worth noting that the B4 supercomplex progiresdy dissociates during white light treatment,rHgealmost
absent after 30’ of illumination with strong ligtds recently described (Betterle, N. et al. 2009) ianfully
dissociated in th@-DM solubilised sample. Pigment composition of firaes froma-DM sucrose gradients was
analysed by HPLC: their de-epoxidation index (Dahyl the amount of Zea per total carotenoids arerteg on
figure 1B. Already after 5’ of illumination Zea wascumulated on B1, B2, B3, B4 and B6, while B5 didn’t
contain Zea even after 30’. The Zea/Car ratio wghéri on the B1 fraction (free pigments) compareithéoLhc
containing fractions. At longer illumination timeke D.l. and Zea/Car ratio increased in all fraction
particularly B2-B6. When the experiment was repeaisdg 3-DM, the figure was similar but for the case of
B3 fraction, whose Zea content was close to zer6 and 10 minutes, reaching low values (Figure S1,
Supplemental data) after 30 minutes of illuminatisimcef3-DM was shown to selectively extract xanthophylls
from the site V1 with respect to site L2 {Matsuha2®08 24891 /id} this result implies that Zea lEn
different sites in trimeric LHCII (B3) compared to nmmeric LHC proteins contained in fractions B2, B4 and
B6 (Figure S2, Supplemental data). Zea bindingt®ls2 was shown to affect the functional propertesHC
proteins while binding to site V1 did not (Caffai®i, et al. 2001) we therefore focused to fractimsrgaining-
DM-resistant binding proteins in order to determntine sites of early binding of Zea to active sites.

In order to study their function, Lhch proteins aky are isolated by isoelectrofocusing (DainesegtPal.
1990), the mildest and most efficient method désctiso far. To this aim, we pooled fractions B2 BAdrom
the 5 illumination experiment and fractionated sttéample using non-denaturing IEF. During IEF free
xanthophylls distribute in the matrix in a wide pidnge (Caffarri, S. et al. 2001). In order to avoid
contamination of the Lhcb proteins by free xanthgdish fractions from IEF were submitted to a furthe
fractionation by non-denaturing Deriphat-PAGE whéee pigments run with the front, well separateshf
LHC proteins (not shown). Fractions obtained wemalfy identified by denaturing SDS-PAGE (Figure g
immunoblotting (not shown), and their pigment coifion was analyzed by HPLC. The ratio of Zea valtot
carotenoids and de-epoxidation index is reportelligure 1D. Fractions enriched in Lhcb5 (F6-F7.3R871-
F10) and Lhch6 (F5-F7.3-F7.4-F8.1-F8.2) were charamed by the highest de-epoxidation index andhérig
Zealtotal carotenoids ratios. A high level of Zeasvalso found in fraction F9, containing LHCI conxele
while the fraction enriched in Lhcb4 (F7.1 and f7tad a lower Zea content. It is important to nibtat the
fractionation procedure applied to samples fronveéeailluminated for 10’ and 30’ yielded a figuramalst
identical to that obtained after 5’ illuminatiomplying that the binding of Zea {@-DM-resistant sites was
virtually saturated upon 5’ illumination. A seconigteresting point was related to fraction, F4.2,ickh
contained a LHCII isoform and yet bound significantounts of Zea. When compared to other LHCII isoform
(F1, F2, F3.1, F3.2, F4.1), this fraction had ahbignumber of xanthophylls per polypeptide inclgdimo
luteins, one Neo (into site N1) and sub-stoichioioetmounts of Vio and Zea per 14 chlorophylls (l4u et al.
2004) (Table S1).

Since Lut and Neo bind to the L1/ L2 and N1 sitekHCIl respectively (Kuhlbrandt, W. et al. 1994 u.iZ. et

al. 2004), we conclude that in F4.2 fraction a $mamber of the Vio/Zea in V1 sites resisted eximacby (3-
DM. Fractionation of samples from dark adapted ésayielded complexes with no Zea but correspongingl
higher Vio content (data not shown). We concluds,ttipon exposure to excess light, Lhcb5 and LizzbGhe

subunits of the PSII antenna that more rapidlydod® and accumulate Zea in inner (L2) sites.
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3.2 Violaxanthin-zeaxanthin exchange in vitro: anparison between Lhcb6 and Lhcb5.

Native Lhcb5 and Lhcb6 proteins are difficult tgpaeate from each-other and from others LHC protelos,to
their similar molecular weights and isoelectricrsi In order to obtain a more complete comparativaysis
of the Vio to Zea exchange capacity of these twierama proteins, we proceeded to the use of recanbin
proteins, which have been widely used in ordentestigate Lhc protein function (Formaggio, E. let2@01,
Giuffra, E. et al. 1997, Paulsen, H. et al. 1998)] Vio de-epoxidation assay vitro according to a previously
reported procedure (Jahns, P. et al. 2001, Mortisin®. et al. 2002). ThArabidopsis thalianageneshcb5
andlhcb6 were cloned in an expression vector, and the apeps were overexpressed Bicoli. Lhcb5 and
Lhcb6 complexes were then reconstitutadvitro, (Dall'Osto, L. et al. 2005, Giuffra, E. et al.98). The
complexes obtained were stable and well foldedidggd by the efficient energy transfer from Chl d &nom
xanthophylls to Chl, determined by spectroscopidyaig(data not shown). Table 1 reports pigmentyasigof
Lhch6 recombinant complex (Lhcb6-LV), based on hbiwphylls per holo-protein, as previously repdrte
(Bassi, R. et al. 1993, Pagano, A. et al. 1998).

Den. T Chl Chla/b Chl/Car Chla Chlb Cars N \Y L Z

(°C)
Lhcb6-LV 59,1 10 1,48 4,72 597 403 212 0 088 124 O
SD 1,35 - 0,08 0,13 012 012 006 - 010 004 -
Lhcb6-LL 53,8 10 1,42 4,90 587 413 204 O 0 204 O
SD 2,31 - 0,09 0,17 015 015 007 - - 0,04 -
Lhcb6-VV 57,6 10 1,60 7,11 6,16 384 141 0 141 O 0
SD 1,67 - 0,19 1,28 032 032 034 - 010 - -
Lhcb6-2Z 54,6 10 1,34 6,20 573 427 142 O 0 0 142
SD 1,98 - 0,04 0,41 007 007 039 - - - 0,39
Lhcbh6-LZ 56,7 10 1,49 4,65 598 4,02 215 O 0 084 131
SD 1,85 - 0,10 0,12 016 016 006 - - 0,03 0,09

Table 1: Denaturation temperatures and pigments comint analysis of Lhcb6 samples having differing
carotenoid compositions.Pigment content of the different complexes was niiwethto 10 chlorophylls.
Denaturation temperatures (Den. T (°@)gre determined by measuring the decrease of thei@lsat 480
nm upon temperature increase. Abbreviations: Chiniper of chlorophylls per molecule; Chl a/b, Chl a /b
ratio; Cars, number of carotenoids per molecule; @hiChlorophyll a; Chl b: Chlorophyll b; Chl /Car: ratio
between total chlorophylls and total cars; N: neoxamt V: violaxanthin; L: lutein; Z: zeaxanthin. Stdard
deviations (SD) are indicated.

It is worth to note that both pigment binding prdjes and absorption spectra of recombinant preteiare
similar to the native ones isolated from thylakoi@@ainese, P. and Bassi, R. 1991). When the Vio de-
epoxidation assay was applied to reconstitutedeprsin vitro by adding recombinant VDE, ascorbate and
incubating at low pH some Chlwas lost, as previously described for other LHCtgins (Morosinotto, T. et

al. 2002). Moreover, a decrease in Vio content@mtomitant increase in Zea was observed in both%and
Lhcb6 (Figure 1E). The de-epoxidation index washhigin Lhcb5 as compared to Lhcb6. Nevertheless, th
ratio between Zea and total carotenoids was highére case of Lhcb6, consistent with an higher amof

Vio available for de-epoxidation in Lhcb6-LV, compd to Lhch5-LNV.
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3.3 Reconstitution of Lhcb6 complexes with diffexamthophyll composition

The biochemical and spectroscopic properties ofanaaric LHC proteins have been reported to be moedlat
by the xanthophyll species bound, in particulardasa (Ahn, T. K. et al. 2008, Avenson, T. J. et2408,
Avenson, T. J. et al. 2009, Ballottari, M. et al020Croce, R. et al. 2002, Frank, H. A. et al. 2@®-ssarini, F.
et al. 2009, Ruban, A. V. et al. 1996, Ruban, A. M &lorton, P. 1999). In order to investigate thiectfof
changing xanthophyll composition to Lhcb6, we prosii Lhcb6 complexes with differing xanthophyll cemis
as previously reported for Lhcb1 (Formaggio, EaleR001). In particular, the following samples eeefolded
in vitro: (i) Lhcb6 with only Lut (Lhcb6-LL), (ii) only Vio(Lhcb6-VV), (iii) only Zea (Lhcb6-27), (iv) Lut +
Zea (Lhcb6-LZ), (v) Lut + Vio (Lhcb6-LV). Neo didat bind to Lhcb6, as previously described (CaffeBrigt
al. 2007b, Pagano, A. et al. 1998). Pigment contiposbf complexes is reported in Table 1. They sbdw
similar thermal stability (Table 1) implying thefféirent xanthophyll species could occupy bindingsiwith
similar effects on folding. Chl a/b ratio (~1.45)dathe number of carotenoids bound (~ 2) are sinmilaall
different Lhch6-samples, except for the case of-less samples Lhcb6-VV and Lhcbh6-ZZ complexes,
characterized by a Chl a/b ratio of 1.6 and 1.3 eetiyely. Interestingly, under our conditions, augi
equimolar amounts of Lut and Zea during recon#titutesulted into production of a complex (Lhcb6}hidth
an excess of Zea over Lut (1.35 Zea vs 0.76 lujgénpolypeptide), suggesting that Zea, besidedirmno site

L2, can compete with Lut for site L1.

3.4 Spectroscopic analysis of Lhcb6 complexes wiiigreint xanthophylls

The function of LHC proteins consists of the absorpbf light energy by chromophores and energysfiento
nearby photosystem subunits and finally to reactienters; moreover, carotenoids bound to LHC pmetare
active in photoprotection by singlet and triplet @ktited states quenching and ROS scavenging. Dptisal
properties of these proteins are closely relateth&r functionin vivo. We first proceeded to analyze the
absorption spectra in the Soret region of the diffe Lhcb6-samples in order to obtain information the
properties of multiple binding sites for pigmerits.fact, the spectroscopic properties of Chls andteaoids
are tuned by their protein environment (Croce, RaleR000). Absorption spectra of recombinant comxgde
were fitted with a sum of chlorophyll and carotehaipectral forms in protein environment as previpus
described (Croce, R. et al. 2000). The result of sledtonvolution in the case of Lhcb6-LV is showrFigure

2: two lutein spectral forms , withgS S,,, transition at 491 and 497 nm, and two spectranfoof Vio,
peaking at 487 and 498 nm, were needed in orderojerly fit the absorption spectrum, together waithltiple
Chl a and Chl b forms. Since two xanthophyll bindsiigs are available for Lhcb6 complex, the presarice
xanthophyll spectral forms clearly implies that \aad Lut can both bind into L1 and L2 site, as fmesly
suggested (Wehner, A. et al. 2006). In other LHQging, xanthophylls binding to site L2 induces rarsger
absorption red shift than binding to L1 (Mozzo, &.al. 2008). According to this assumption, Lutq4and
Vio (498) are proposed to be located in binding k2 while Lut (491) and Vio (487) in binding sité. This
attribution is supported by the high amplitude (4X)io (498) and of the most blue-shifted formLaft (491),
which is consistent with the preferential bindirfd-at and Vio to sites L1 and L2 respectively, &sctibed for
all LHC proteins (Croce, R. et al. 1999b, Petermanl. et al. 1997). Similarly red-shifted Lut and \gpectral
forms were detected in Lhch6-LL and Lhcb6-VV (Figus3, Supplemental data). Spectra of Lhch6-ZZ and
Lhch6-LZ were fitted with two Lut (491 and 498 nrapd two Zea spectral forms (497 and 502 nm).

Nevertheless, the blue-most Zea spectral form (#Y has always a smaller amplitude than the red-mmwes
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(502 nm, Figure S3 Supplemental data) implying #ed preferentially binds to site L2. The preseoicevo
Zea spectral forms in Lhcb6-ZZ and Lhcb6-LZ impliesat Zea can bind to both L1 and L2 sites, but the
relative abundance of Lut and Zea spectral forndgcates that in Lhcbh6-LZ ~95% of L2 is occupied 2sa,
while 70% of L1 is occupied by Lut.

Spectral deconvolution was used in order to ingas#i if one or both xanthophyll binding sites inchb are
involved in xanthophyll cycle. Lhcb6 spectrum wamlgzed before and after the de-epoxidation adSaye

2).

—— Lhcb6-LV|

- Chlal

- Chla2
-- Chl bl

0,8 1

I~ N~ | Chib2

20,6 <o ChID3
<

400 420 440 460
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440 460 480 500 520
Wavelength (nm)

Figure 2: Deconvolution of absorption spectra of Lhb6 before and afterin vitro de-epoxidation assay.
Spectral deconvolution of Lhcb6 before (Lhcb6-Lahé& A) and after (Lhch6-LZV, Panel B) de-epoxiiain
vitro is shown. Fitting procedure was performed irttboases using 2 Chl a (Chl a 1, Chl a 2, dash), 3 Chl
b(Chlb 1, Chl b 2, Chl b 3, dot), 2 lutein (Lut 1ty dash) and 2 violaxanthin (Vio 1, Vio 2, dasit) épectral
forms protein environment properly shifted in tloee® region. One additional zeaxanthin spectrahfiaizea 2,
solid) is detected after de-epoxidation in vitro.

Following the de-epoxidation assay, five caroteamgectral forms were needed to achieve a besf fite
absorption spectra in the Soret region: two lu{@®l nm and 497), two Vio (487 and 498 nm) and fea
(502 nm). Thus, only the red-most form of Vio, wiecreased as compared to the control sample (Lheh6-
and only the red-most Zea (502 nm) observed. Thughcb6, irrespective of the location of xanthofphy
species, the ligands of site L2 undergo more rapahange during xanthophyll cycle.

In the following, we will concentrate on the anadysef the Lhch6-LZ complex which appears to be riast
representative of thia-vivo situation of the complex upon activation of thatkeophyll cycle. In fact, site L2 is

occupied by Zea and site L1 is mostly occupied by L
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The $- S transition of carotenoids is forbidden and consedjy it does not appear in the Qy region of the
Lhch6 absorption spectra. The changes in the 6@ri#0region of the complex thus represent modificatin
the energy levels of the Chl a and Chl b transitiadsiced by the protein and xanthophyll environm{@rbce,

R. et al. 1999b), or by changes in Chl a/b ratio. Dheb6-L minusLhcb6-LV difference spectrum (Figure 3A)
has negative/positive terms, respectively, at 673amd 654 nm, which represent partial substitugbChl a
with Chl b in this complex and is consistent witsraall reduction in Chl a/b ratio in Lhcb6-LL as elshined

by chemical analysis.
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Figure 3: Absorption and CD spectra in the visibleregion of Lhcb6 samples reconstituted with different
carotenoids. Absorption spectra of Lhcb6 recombinant complexesh&-L (A), Lhch6-LZ (B), Lhcbh6-ZZ (C)
and Lhcb6-LV (A,B,C,D) and difference absorptionciae (diff) in the Qy region obtained subtractiniget
Lhch6-LV spectrum from Lhcb6-L (A), Lhcb6-LZ (B)ch6-ZZ (C) absorption spectra. Difference absorptio
spectra were calculated after normalization to the &b ratio and multiplied 5 times. D) CD spectratire Qy
region of Lhcb6-LV and Lhcb6-LZ samples and diffeee spectrum (multiplied for 5 times), calculated
subtracting Lhcb6-LV from Lhcbh6-LZ. Difference dpam is characterized by a conservative signal @t 6+)
and 680 (-) nm.

When comparing Lhcb6-ZZ and -LZ to Lhcb6-LV no Giib ratio change was detected by chemical analysis,
while difference spectra showed negative/positrens with similar amplitude within Chl b forms (6888nm)
and Chl a (670/682 nm) (Figure 3B-C) implying theigimrated by the modulation of the Chl transition rggye
level by Zea binding. The red-shift of Chl a andpkectral forms imply an enhancement of the chlortigbw-
energy transitions, possibly due to increased emititinteractions between adjacent chlorophyllsi(Ah. K. et
al. 2008, Morosinotto, T. et al. 2003). This intefation is supported by the conservative shapsgofals in
difference CD spectra between LZ-Lhcb6 and LV-LhéBigure 3D). Similar results were obtained in tlase
of Lhcb6-ZZ complexes (data not shown).
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3.5 Light harvesting

Light harvesting in LHC proteins is mainly due te thbsorption of the chlorophylls (350-550 and 600+m);
xanthophylls, however, absorb in the blue (440-88() and can transfer absorbed energy to chloromphjhe
chlorophyll b / carotenoid to chlorophyla energy transfer efficiency can be calculated byngaring the
relative amplitude of each spectral form in 1-Tatpevs fluorescence excitation spectra (Croce, Bl &000).
The results, in terms of energy transfer efficiefaythe various forms of Lhcb6, Chl b>Chl a and Carb&;
are reported in Table 2.

Sample  Chlb >Chla ET (%) Car >Chla ET (%)

Lhcb6-LV 83.3 91.0
SD 21 2.3
Lhcb6-LL 82.7 65.4
SD 21 1.9
Lhcb6-VV 82.5 85.0
SD 2.4 1.7
Lhcb6-2Z 84.1 56.2
SD 29 338
Lhcb6-LZ 83.8 67.6
SD 3.0 34

Table 2: Energy transfer in Lhcb6 samples binding diférent carotenoid speciesEnergy transfer (ET)
efficiency, from chlorophyll b (Chlb>Chla ET (%)) earotenoids (Car>Chla ET (%9 chlorophyll a, were
calculated comparing the 1-T absorption and flumrase excitation spectra in the Soret region; Bbgorption
and fluorescence spectra were deconvoluted usangamme chlorophylls and carotenoids spectral fo@h&a >

Chla energy transfer efficiencies were considerd$d.(5tandard deviations (SD) are indicated.

The relative efficiencies of energy transfer Chl bb@hare similar in Lhcb6 with differing xanthophyll
complements. Car>Chl a energy transfer is maximalicncontaining Lhcb6, either Lhcb6-VV or Lhcb6-LV,
while it is reduced in complexes containing Lut/andea (Lhcb6-L, Lhcb6-LZ and Lhcb6-Z27).

3.6 Chlorophyll singlet excited states quenching

LHC proteins ensure photoprotection under interrseliation by multiple mechanisms: quenching osfiiglet
and (ii) triplet Chl excited states, and (iii) ROSagenging (Demmig-Adams, B. and Adams, W. W. 1992,
Havaux, M. 1993, Niyogi, K. K. 1999, Walters, R. &d Horton, P. 1991). In order to investigate ttigvey
and the xanthophyll-dependence of these mecharisitiscb6, we measured the fluorescence quantund,yiel
time-resolved triplet minus singlet (TmS) spectna ¢he production of singlet oxygen upon illumioatiof the
different Lhcb6 complexes.

The relative fluorescence quantum yield is propol to chlorophyll singlet excited state averaifetiine.
Fluorescence quantum yield of our Lhcb6 complexesewelearly different and dependant on the idemititthe
xanthophylls bound (Figure 4): Zea binding comptexehcb6-LZ, -Z) had a fluorescence vyield reducgd b
~50% as compared to the control (Lhcbh6-LV), implyithat Zea induced the activation of thermal dessim
pathway, as previously reported (Passarini, FL &099).
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Figure 4: Relative fluorescence quantum yield in Lhie6 having differing xanthophyll compositions.
Fluorescence quantum yieldas measured as the ratio between the absorptior2atrmn and area of the
fluorescence emission spectra between 650 nm andnB0@pon 625 nm excitation. Data are shown as
percentage of fluorescence quantum yield with radpechch6-LV sample. Error bars are indicated.

No major difference was observed for the preseriame versus two Zea in the complex consistent &iha
activating quenching in site L2, not in L1. A siarileffect was also observed for Lut, since in Lhthé 30%

reduction of fluorescence yield is observed as @mghto Lhch6-LV; yet LV and VV complexes had samil
fluorescence yield. Thus, xanthophyll compositidrsite L2 regulates average singlet excited stifetime in

Lhch6.

3.7 Chlorophylls triplet excited states quenching

When energy is absorbed in excess, chlorophyletrgtates formation may occur through intersysteossing.
Carotenoids quench chlorophyll triplets by energngfer to the xanthophylls, whose triplet states siort-
lived and vibrationally decay to the ground stgeeventing singlet oxygen formation by reactionhwi€hl.
Carotenoids bound to LHC proteins have been showuénch 75%-95% of chlorophyll triplets, with diféet
efficiency on monomeric and trimeric Lhc subunitdogzo, M. et al. 2008). In order to verify if xaohyll
composition affects the Chl triplet quenching praiesrof Lhcb6, we measured flash-induced tripletfation
through TmS measurements, under anaerobic conglitioorder to avoid the competing reaction of oyl
triplets with oxygen (Knox, J. P. and Dodge, A.1B85), as described in (Mozzo, M. et al. 2008) (Fég5).
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Figure 5: Triplets minus Singlet spectra of Lhcb6 corplexes with differing xanthophyll compositions.The
spectral components were obtained by global fitbhthe kinetics in anaerobic condition. A) Lhcb6-Lhiplet
minus Singlet spectrum, black line: component @uthrepresenting carotenoid triplets; red line: compat in
the ms, representing chlorophyll triplet formatioB) us (7,5-8,8us) components of Triplet minus Singlet
spectra #OD) in the carotenoid triplets absorption region9570 nm) of Lhcbh6 complexes with different
xanthophyll composition; spectra were normalizedhi® total chlorophyll content in measured samp&sms
components of Triplet minus Singlet spectra of Bhmimplexes with different xanthophyll compositgpectra
were normalized to total chlorophyll content in maasl samples.

Briefly, difference absorptionAA) decay kinetics in the ns to ms time range afilinated and dark samples
were measured in a pump-probe laser system: theratitial absorptionAA) signal in dark samples is due to
formation of singlet excited states by chlorophytsd carotenoids, while the signal from the prenilinated
sample exhibits an additional transient componer tb triplet formation, a consequence of highriniey
illumination (pumping). Decay ofA, thus, accounts for triplets decay after pumpmhghe sample. In absence
of oxygen thisAA decay can be fitted by a bi-exponential functidmaracterized by a fast componam)(and a
slower component (ms): the former is associatel varotenoid triplets, appearing upon Chls triplegriching,
while the latter is associated with residual unghed Chl triplets (Mozzo, M. et al. 2008). The decay
associated spectra of carotenoigs) @nd chlorophyll (ms) triplets in Lhcb6-LV compées are shown in Figure
5. Carotenoid triplet lifetimes are similar for alhmples (7,5 - 8,8s, Table S2 Supplemental data) and
consistent with a previous report on monomeric LH®tgins (Mozzo, M. et al. 2008). No significant
differences can be resolved in the decay-associspedtra of Lhcb6-LV, -LL and -VV: the reconstrutte
spectra peak at 510 nm (Figure 5B). In the presehcgea, best evidenced by the spectrum of Lhc64ZZ i
which Lut and Vio are not present, a ~ 20 nm reiftesh component appeared relative to complexesirigck
Zea. In all samples, a small fraction of unquencti@drophyll triplets excited states was eviderig(ife 5C).

In the case of Lhcb6-LV we calculated the amountimfuenched chlorophyll triplets states correspdride

~20% of the total chlorophylls present in the coampIThe fraction of unquenched chlorophyll tript&ates was
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calculated as previously described (Mozzo, M. et28D8), by normalizing the proportion of residu@plet
Chls to the chlorophyll concentration in the samgdéher than normalizing to the total triplet abdgimnp
(Car+Chl), as previously reported (Passarini, l.e2009). The result obtained in the case Lhcb6id $imilar
in Lhcb6-VvV, and —LL complexes. However, in the €ad Lhch6-LZ and Lhcbh6-ZZ, unquenched chlorophyll
triplets were reduced from 20% to ~12% and ~13%eetvely. Since this reduction was observed irhbot
Lhcb6-ZZ and Lhcb6-LZ, with similar L2 compositiobut different L1 composition. Therefore the quéngh
of Chl triplet effect by Zea effect on Chl tripletenching is catalyzed by the occupation of the @ ksut not

the L1 site (see above for the localization of amtl Zea in these complexes).

3.8 Singlet oxygen production

In sections 3. 6 and 3.7 we demonstrated the rMotmmtenoids on both singlet and triplet Chl extigtates
guenching. However, unquenched chlorophyll triplets react with molecular oxygen, producing singlet
oxygen (Knox, J. P. and Dodge, A. D. 1985). Thedpmbion of singlet oxygen in Lhcb6 upon illuminatjovas
measured using a chemical probe named " Singleg@xysensor Green™ “(Flors, C. et al. 2006), added to
samples illuminated at 750 pmolgY. Increase of Singlet Oxygen Sensor Green™ fluersse at 530 nm is

correlated to production of singlet oxygen in theninated samples: results are reported in Figdte
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Figure 6: Singlet oxygen production and chlorophyliphotobleaching in Lhcb6 having differing carotenoid
compositions at different light intensities.A. Singlet oxygen production at different time poimsLhch6
samples: singlet oxygen accumulation was detectedumieg the increase of the 530 nm fluorescencesam

of the fluorescent probe Singlet Oxygen Sensor iGneermalized to the chlorophylls content of eaample.

B. Photobleaching of chlorophylls bound by Lhcb6 clexgs, measured as the decrease of the chlorophyll
absorption area in Qy region caused by high lighiniination. For both measurements samples weretdrba
with high intensity light at 750 pmolsi* for 10 minutes

Lhcb6-LV, -V, and -L are characterized by similangdet oxygen production. However, in the case bEh6-

LZ and Lhcb6-ZZ, we monitored a lower levels ofgdét oxygen production upon illumination.
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3.9 Photobleaching

Chlorophylls are very sensitive to singlet oxygeaduced upon illumination, since ROS quickly oxidigesm
leading to photobleaching. This effect can be nwad in vitro following decay of chlorophylls absorption
during illumination of Lhc complexes (Croce, R. et H999b). In Figure 6B photobleaching measuremeints o
Lhch6 are reported: Lhch6-LV, -VV, and -LL have 8an photobleaching kinetics, with a final loss~#5% of

the chlorophyll absorption. However, Lhch6-LZ anldch6-ZZ are characterized by slower kinetics, Viitial
loss of only 7% and 12% of the chlorophylls absorptespectively.

4. DISCUSSION

Lhcb6 is an antenna protein involved in photopriadec K.o. mutants in thihcb6 gene have a slower kinetic of
thermal dissipation of energy absorbed in excefX)N(de Bianchi, S. et al. 2008, Kovacs, L. et @06). This
subunit is part of a supramolecular complex ineigdalso Lhcb4 and LHCII-M (Bassi, R. and Dainese, P.
1992) whose dissociation is needed for the estabbsit of the quenching process (Betterle, N. eR@D9)
together with the synthesis of Zea. In this work amalyzedin vivo and in vitro the carotenoid binding
properties of Lhcb6 and in particular the tuningtefphysiological properties upon Zea binding. h&dhas 2
carotenoid binding sites with high affinity for hoLut and Vio whereas Neo is not bound, consisiétit the
non-conservation of a specific tyrosine residutioatdi for Neo binding, conserved in Lhcbl, Lhcb4ldrheb5
(Caffarri, S. et al. 2007b, Pagano, A. et al. 1¥¥85sarini, F. et al. 2009).

4.1 Zeaxanthin accumulation in Lhcb6

Analysisin vivo upon induction of Zea synthesis by high light tneent (Figure 1) show that PSI-LHCI and
Lhcb complexes have already accumulated Zea alratteliy only 5’ of illumination. Lhcb6, Lhcb5 and ICHI
are the fastest Zea-accumulating subunits in R&lIshow that this corresponds to Zea binding tariternal
site L2 in the case of Lhch5 and Lhch6. LHCII bintka to the peripheral site V1 without major effects
protein functional properties (Caffarri, S. et &02). Instead, Zea bindig induces a destabilizatfaime LHCII
complex (Croce, R. et al. 1999b). Furtireritro analysis using a de-epoxidation assay shows thett@ has a
higher capacity for Zea binding as compared to Bhdbe to higher amount of exchangeable Vio bourtthe¢o
complex prior to de-epoxidation. However, the deagation index is higher in Lhcb5 due to the presein
Lhcb6 of a fraction of Vio bound to site L1 whioksk accessible for exchange, in agreement witkexdqus
report (Wehner, A. et al. 2006) (Jahns, P. et@D12. Due to the lower fraction of exchangeable Mid.hcb5
(Morosinotto, T. et al. 2002, Wehner, A. et al. )the number of Lhcb6 molecules statisticallyatap of
accumulating Zea is higher than in the case of Bhde conclude that Lhcb6 undergoes binding of ibea
larger extent than any other PSIl antenna comgtggu(e 1E), upon xanthophyll cycle induction.

The localization of Vio (Zea) in both L1 and L2 Hing sites has been clearly established by theepoesof a
less red-shifted Zea spectral form (497 nm) in taldito the 502 nm Zea typical of site L2 (Morogioo T. et
al. 2002) for Zea binding complexes (Lhcb6-LZ, -ZZhe capacity of both the L1 and the L2 sitesitaliZea,
even when Lut is available, is a unique featurérafb6, implying a lower selectivity of site L1 iromtrast to
other LHC proteins where this site is completelyestve for Lut (Croce, R. et al. 2002) (Ruban, A. Yak
1999) (Gastaldelli, M. et al. 2003) (Caffarri, S.akt2004). At present, we cannot exclude that @eabind to
site L1 of Lhcb6in vivo although we do not have clear evidence for themevThis difference in L1 selectivity,

as compared to other LHC proteins, reflects a sipdgifin the properties of this carotenoid bindisie in
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Lhcb6. This is in agreement with the recent findihgt occupancy of this site is not indispensabiddlding in

Lhcb6 as is the case for all others LHC proteinsgBani, F. et al. 2009).

4.2 Zeaxanthin binding induces switching from lighatvesting to energy dissipation states.

Zea binding to Lhcb6 decreases its Chl fluoresceuemtum yield (Figure 4). The replacement of Vidhwiut
in site L2 has also a similar effect, while the ugancy of site L1 does not affect fluorescence tyuaryield of
Lhcb6 (Figure 4). This evidence implies that, whatethe mechanism which modulates energy dissipatio
pathways in Lhcb6, either carotenoid radical catiormation {Holt, 2005 24620 /id;Amarie, 2009 24896
/id;Ahn, 2008 24858 /id}, or direct energy transfiemm Chl a Qy transition to the xanthophyll S1 stéRuban,
A. V. et al. 2007) it takes place in site L2, asemly suggested by mutational analysis (Passdfingt al.
2009). Others events are controlled by the occuparfcsite L2: Vio induces maximal CarChl a energy
transfer efficiency, while the presence of Lut andZea in this site yields into a lower efficienchhese
findings are consistent with an allosteric role #wa binding at site L2, as previously proposedLfochl,
Lhcb5 and Lhcb4 (Crimi, M. et al. 2001, Croce, R.1e2802) (Ballottari, M. et al. 2009) (Formaggio, .al.
2001). Thus, a switch from light harvesting to gyedissipating state results when Zea or Lut arenddo site
L2. It appears that the xanthophyll cycle acts Wjtching LHC proteins between two states with costiray
energy conservation/dissipation properties. Biockahproof of this conformational change has beavided
by pl shift (Dall'Osto, L. et al. 2005), while fummnal characterization of the two states has shthahZea/Vio
binding modulates the excitonic interaction betwadjacent chlorophylls (Ahn, T. K. et al. 2008)¢r@asing
low energy excitons. Moreover, in zeaxanthin-bigdimncb6 a closest interaction between carotenold?iand
Chls as compared to violaxanthin binding complex weently shown (Passarini, F. et al. 2009). Here,
demonstrate a significant tuning in chlorophyll apescopic properties (Figure 3B) with enhancemériow
energy chlorophyll spectral forms (Figure 3D) uptea binding. This is consistent with the demonitnathat
Lhcb6 is directly involved in the transient fornmatiof carotenoid radical cations dissipating exigtaenergy
through charge recombination vitro {Holt, 2005 24620 /id;Amarie, 2009 24896 /id;AhB008 24858
/id;Avenson, 2008 24852 /id} and vivo (Li, Z. R. et al. 2009). The fractions of Lhcb6 moliles undergoing
formation of radical cation in detergent solutisrsimall with respect to that vivo (Avenson, T. J. et al. 2008)
while shift of the equilibrium towards energy-disaiion state has been proposed to be induced By &®stn
dissociation of the Lhcb4/Lhcb6/LHCII-M supercompl@etterle, N. et al. 2009). Our finding that Lhdb@he
most effective complex of Zea binding supportsitieel proposed and is consistent with the stroremptype
of koLhcb6 plants (de Bianchi, S. et al. 2008, Kavdc et al. 2006).

4.3 Zeaxanthin binding up-regulates chlorophyipleit quenching in Lhcbh6

Although dissipative mechanisms reduces exces$esi@dl excited states (Demmig-Adams, B. and Adams, W
W. 1992), this might not be enough to prevent RO$nation and additional photoprotection is providsd
3Chl quenching and up-regulation of ROS scavenging4tie, M. et al. 2004, Havaux, M. et al. 2007, Hayau
M. and Niyogi, K. K. 1999, Johnson, M. P. et al0ZD Singlet oxygen is produced by the reactionvbeh Q

of 3Chl* (Knox, J. P. and Dodge, A. D. 1985), producsdritersystem crossing frofChl* (Chauvet, J.-P. et
al. 1985). This reaction can be prevented by quiegobf the*Chl* by xanthophylls, mainly Lut (Dall'Osto, L.
et al. 2006). Recently, it has been demonstratdddlinough carotenoid are very efficient at chjrgll triplet
guenching within LHC proteins, fraction of the ctdphyll triplets (5% - 30%) cannot be quenched, tluthe

molecular organization of Lhcb proteins (Mozzo, #&t.al. 2008) while unquenched Chl triplets have been
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suggested to be a major source of photoinhibit®antabarbara, S. et al. 2002). Most of the unqueshch
chlorophyll triplets have been located in monoméhcb proteins (Santabarbara, S. et al. 2001).data show
that in Lhcb6-LV ~20% of the excited chlorophyliplets states cannot be quenched by xanthophyidgi(&
5C), and thus can react with oxygen producing straptggen (Figure 6A). Moreover, in Lhcb6-LV, Lhclb-
and Lhch6-VV about 20% of excited chlorophyll tefd states are not quenched by xanthophylls (FigGje
while in Lhcb6-LZ and Lhcbh6-ZZ this figure is redatt by 40%, resulting in a decreased singlet oxygen
production (Figure 6A). Unchanged triplet trangéficiency in Lhcb6-LV and Lhcb6-LZ was recentlypated
by Passarini and co-authors (Passarini, F. et @9 In that work, the fraction of unquenched l&tp
chlorophylls was calculated from the TmS spectraripiiet carotenoids and chlorophylls, using thelano
extinction coefficients of the singlet absorptioné each pigment in ethanol. Assuming the extinction
coefficients of carotenoid singlet and triplet st&d be proportional, identical triplet transfefi@éncies were
obtained for Lhcb6-LZ and Lhcb6-LV. However, thetiegtion coefficient of different xanthophyll spesi
differ significantly: (Vio, 6*10-5 at 490 nm; Lug*10-5 at 500 nm; Zea, 1.1*10-5) (Jhutti, C. S. let1898)
(Naqgvi, R. and Javorfi, T., personal communicatidy.normalizing the triplet yield to the total chbhyll
content of the sample (Figure 5B) the actual efficieof quenching can be estimated and an incretaipdet
transfer efficiency for Lhcb6-LZ and Lhcb6-ZZ aswoared to Lhcb6-LV and Lheb6-LL is evidenced. Tisis
consistent with the observed acceleration of trijpensfer in Lhcb6-LZ (Passarini, F. et al. 2009).

The decrease in the chlorophyll triplet level olisdrin Zea-containing Lhcbh6 samples (Figure 5C) ddd, in
part, ascribed to the decreased fluorescence hédplire 4); nevertheless, since this effect is detected in
Lhch6-LL, where Lut binding in L2 induces similduérescence quenching without a concomitant effache
chlorophyll triplet yield, we conclude that Zea haspecific effect in enhancing Chl a triplet quenghwith

respect to Lut and Viol.

4.4 Regulation of ROS scavenging by Zeaxanthin.

The last photoprotective effect of Zea consistthefscavenging of reactive oxygen species (Haviluxt al.
2004, Havaux, M. et al. 2007, Havaux, M. and NiydQiK. 1999, Muller-Moule, P. et al. 2003) (Havaum.

et al. 2007). Indeed, we measured a lower productfsinglet oxygen upon illumination in the casd._bcb6-

Lz, further reduced when both L1 and L2 sites ateupied by Zea (Figure 6, Lhcb6-ZZ complex). Since
Lhcb6-LZ and Lhcb6-ZZ do not differ in fluorescengeld nor in the level of unquenchéahl triplets (Fig. 4,

5), and yet the latter has slower kinetic'®, production, we conclude that Zea has also a sgivgreffect
with respect to the ROS produced within Lhcb6, prtippal to the amount of Zea bound. Zea is indeed

effective in scavenging irrespectively of its bimglito site L1 or L2.

5. CONCLUSIONS

Lhch6 carotenoid binding properties have been iya&t®ed in details; in particular this protein letLhcb
antenna subunit that accumulates Zea most rapidlinternal sites, activating photoprotection. Upodea
binding to site L2 we detected an increase in dpbyll-chlorophyll excitonic interaction(s), likelgas a
consequence of protein conformational change, bimigcthe protein to a dissipative state for singhetited
states (Ahn, T. K. et al. 2008). This conformatioctzange might also be involved in the recognitidrihcb6
by PsbS during triggering of NPQ (Betterle, N. et28l09). An up-regulation of Chl a triplet quenchiaglso
associated to Zea binding in site L2. A third effetZea binding to Lhcb6 is an increase of ROS/enging.

This is proportional to the amount of Zea bound_becb6 complex, irrespective from its binding sitdese
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combined effects explain the Zea-mediated increassidtance to high light stresvivo (Havaux, M. et al.
2007, Havaux, M. and Niyogi, K. K. 1999) and arensistent with the first appearance of Lhcb6 in reess

(Alboresi, A. et al. 2008) the first organisms tdanize terrestrial environment.
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SUPPLEMENTAL DATA

Fraction | Chl | Chla/b | Chl/Car | Chla | Chlb | Cars N \ L Z A B-car | D.l. | ZICars
F1 1100 | 117 | 532 | 5392 | 46.08 | 18.80 | 3.68 | 0.63 | 14.49 | 0.00 | 0.00| 0.00| 0.000| 0.000

F2 | 100| 100 | 485 | 49.88 | 50.12 | 2063 | 5.54 | 0.44 | 14.55 | 0.00 | 0.05| 0.02| 0.055| 0.000
F3.1 1100 | 129 | 471 | 5642 | 43.58 | 2122 | 5.67 | 0.26 | 15.18 | 0.00 | 0.03| 0.00| 0.056| 0.000
F3.2 | 100 | 103 | 478 | 5073 | 49.27 | 2091 | 5.96 | 0.62 | 14.32 | 0.00 | 0.01] 0.00| 0.007| 0.000
F41 1100 | 129 | 511 | 5641 | 43.59 | 1957 | 592 | 0.21 | 13.43 | 0.00 | 0.00| 0.00| 0.000| 0.000
F42 1100 | 112 | 420 | 5278 | 4722 | 23.80 | 7.62 | 0.89 | 14.88 | 0.31 | 0.09| 0.00| 0.287| o0.013
F5 | 100| 121 | 388 | 5467 | 4533 | 2578 | 830 | 2.66 | 1423 | 0.42 | 0.11| 001| 0152| 0016

F6 100 1.37 4.07 57.74 | 42.26 | 2455 | 6.22 | 6.05 | 11,62 | 0.33 | 0.30| 0.00| 0.074 0.014

F7.1 100 2.07 4.82 67.43 | 32.57 | 20.77 | 3.86 | 791 | 8.81 | 0.00 | 0.00| 0.00| 0.000 0.000

F7.2 100 2.34 4.08 70.08 | 29.92 | 2453 | 6.76 | 7.89 | 9.45 | 0.19 | 0.18| 0.01| 0.035 0.008

F7.3 100 1.75 4.05 63.68 | 36.32 | 24.67 | 740 | 3.23 | 12.73 | 0.40 | 0.79| 0.02| 0.198 0.016

F7.4 100 0.89 4.89 47.16 | 52.84 | 2045 | 0.96 | 933 | 948 | 041 | 0.16| 0.01| 0.050 0.020

F8.1 100 1.99 4.10 66.57 | 3343 | 2439 | 7.23 | 3.42 | 1261 | 036 | 0.72] 0.00| 0.174 0.015

F8.2 100 0.99 4.81 49.75 | 50.25 | 20.80 | 0.81 | 896 | 10.16 | 0.48 | 0.26| 0.01| 0.064 0.023

Fo 100 1.58 4.09 61.19 | 38.81 | 24.42 | 574 | 4.88 | 12.28 | 0.47 | 0.98| 0.01| 0.164 0.019

F100 | 100 | 1.97 385 | 6631 | 33.69 | 2594 | 7.69 | 4.26 | 12.99 | 0.36 | 0.40| 0.02| 0.117| 0.014

Table S1: Pigment analysis of LHC proteins fractionsseparated by IEF and non-denaturing electrophoresis.
HPLC pigments analysis was performed on fractiond~EQ; obtained through non-denaturing PAGE separatid
LHC complexes from leaves light treated for 5’ at1800umol m’s* (Figure 1 and Figure S2). Pigments were
normalized to 100 chlorophylls content. Composit@neach fraction is described in the text and imgufe 1.
Abbreviations: Chl, number of chlorophylls per maileg Chl a/b: Chl a /b ratio; Cars: number of caroteds; Chl a :
Chlorophyll a; Chl b: Chlorophyll b; Chl /Car: ratio beten total chlorophylls and total cars; N: neoxanthif
violaxanthin; L: lutein; Z: zeaxanthin; A: antheramnthin, 5-car: f-carotene, D.l.: de-epoxidation index, Z/Cars: ratio
between zeaxanthin and total carotenoids per modedrrors are less than 10% in each case.

Sample |MaxT-S | 1

nm us
Lhcb6-LV| 510,0 |8,7
Lhcb6-L | 510,0 |88
Lhcb6-V | 5100 |8,3
Lhcb6-LZ | 5125 |8,6
Lhcb6-Z 520,0 |75

Table S2: Triplet minus Singlet spectral features ad carotenoid triplet lifetimes (t) of Lhcb6

complexes reconstituted with different carotenoids.

Absorption peaks of the Triplet minus Singlet spe@ax T-S) and carotenoid triplet lifetimes werbtained by
global analysis of a data set consisting of timecés measured at different wavelengths in anaeroticlitions, as
described in (Mozzo, M. et al. 2008). Absorptiorxima of carotenoid triplets are similar for Lhcb8/LLhcb6-L and
Lhcb6-V complexes, while in presence of zeaxarfieipéaks are shifted. Triplet carotenoid lifetifi@sare indicated:
all Lhchb6 complexes show similar triplet carotenliiietimes.
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Figure S1: Violaxanthin de-epoxidation in chlorophyi binding fractions obtained after solubilization
of thylakoids with -DM Thylakoid membranes from dark adapted and leagbs treated for 5’ at at 150@mol

m?s* were solubilised i8-DM detergent and loaded on sucrose gradients. |Sirfiiaction pattern was obtained at
different times of illumination (5’-10'-30’). Frai@n composition is the same as described in Figukédmain text) with
the exception that B4 is not present ugbBM treatment (-- in the figure). Each fraction ma®red from sucrose
gradients was analysed by HPLC: de-epoxidation inslgkel.) and the ratios between zeaxanthin contet ttal
carotenoid content (Zea / Cars) are reported. Infepanel time (minutes) of illumination is indicat@&d-10’-30’).
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Figure S2: Absorption spectra of LHCII complexes islated from dark adapted and 5’ light treated
leaves.LHCII trimers composing B3 from sucrose gradientsesorted in Figure 1A. Black trace: LHCII trime(B83)
from dark adapted leaves; Red trace: LHCII trime88) from 5’ light treated leaves. LHCII trimers frdight treated
leaves bind zeaxanthin in V1. the presence ofamghin in V1 is suggested by the difference spettobtained
subtracting dark adapted LHCII spectrum to lightatred LHCII spectrum (inset). The difference spectimuthe 400 —
520 nm is characterized by a positive peak at 480 this peak is related to the presence of a zeaiamvith a small
red shift induced by protein environment: this isl@ar indication of zeaxanthin binding in V1 ight treated sample,
as previously reported (Caffarri, S. et al. 2001)
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Figure S3: Deconvolution of absorption spectra ofecombinant Lhch6 complexesDeconvolution of absorption
spectra of recombinant Lhcb6 complexes reconstitwi¢h chlorophyll a, b and i) lutein and violaxait{Lhcb6-LV,
panel A); i) only lutein (Lhcb6-L, panel B); iignly violaxanthin (Lhcb6-V, panel C); iv) lutein ardaxanthin (Lhcb6-
LZ panels D); v) only zeaxanthin (Lhcb6-Z, paneldt reported. Fitting procedure was performed ggmmoperly

Chl a, Chl b and carotenoids spectral forms as désctin (Croce, R. et al. 2000). Lutein, violaxanthind zeaxanthin
spectral forms were used for different spectraniiffibasing on carotenoid content of the differemhplexes.
Chlorophyll a (Chl a 1, Chl a 2, Chla 3) , Chlorophyl(®hl b 1, Chl b 2, Chl b 3), Lutein (Lut 1, Lut 2)pMxanthin
(Viola 1, Viola 2) and Zeaxanthin (Zea 1, Zeaf@®dral forms used are indicated.
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SECTION A.2

Section A.2: Identification of the chromophores involved in aggregation-
dependent energy quenching of the monomeric Photosystem Il antenna

subunits

Non-photochemical quenching (NPQ) of excess absoiight energy is a fundamental process that regsila
photosynthetic light harvesting in higher plantsnédng several proposed NPQ mechanisms, aggregatjoendent
quenching (ADQ) and charge transfer quenching (Ch@ye received the most attentidn. vitro spectroscopic
features of both mechanisms correlate with venylaimsignals detected in more intact systems iandvo, where full
NPQ can be observed. A major difference betweennbéels is the proposed quenching site, which ésigminantly
the major trimeric light harvesting complex Il (LHZin ADQ, and exclusively monomeric Lhcb proteimsCTQ.
Here, we studied ADQ in both monomeric and trimétieh proteins, investigating the activities of leaantenna
subunit and their dependence on zeaxanthin (Zeagjar modulator of NP@ vivo. We found that monomeric Lhcb
proteins undergo stronger quenching than LHCII riuaggregation, and that this is enhanced by bintinZea, as
occurs during NPQn vivo. Finally, the analysis of Lhcb5 mutants showed ttdorophyll (Chl) 612-613, in close

contact with lutein bound at site L1, are importiatilitators of ADQ.

This section is based on the pubblished articléloBari, M., Girardon, J., Betterle, N.,Morosinattd., and Bassi, R.
(2010); Journal of Biological Chemistr85. 28309-28321.

For the experiment done in this article | recongtitl PSII antenna complexas vitro, | performed the preliminary
experiments for aggregation quenching analysis laodntributed with the other authors with suggesdidn the
discussion of the experimental design and results.

1. INTRODUCTION
Plants fix CQ and synthesize sugars by absorbing light enermgue/o multiprotein complexes named photosystems
| and Il (PSI and PSII). Each complex has a coreratcharge transfer and electron transport ocaud, aalight-
harvesting antenna system composed of Lhc (lightdséing complex) proteins. Lhc proteins belongtsuperfamily
with a highly conserved amino acid sequence, suiggea common structure (Amunts, A. et al. 2007ns3$on, S.
1999, Kiuhlbrandt, W. et al. 1994, Liu, Z. et al02). Different members are associated with PSI épmteins) and
PSII (Lhcb proteins), and their potential for aggation also varies, such that they exist as trifigkClII is a trimer of
Lhcb1-3), dimers (LHCI exists as Lhcal/4 and Lhcadif@ers) or monomers (Lhcb4-6) (Bassi, R. et al. 1885h
Shem, A. et al. 2003).
Structural analysis of LHCII has shown that eachusittbcomprises three transmembrane helices (desigr®g B and
C) and two amphipatic helices exposed on the thydekmmen surface, designated D and E (Liu, Z. e2@04). Each
monomer coordinates four xanthophylls and 14 paipkyeither Chi or Chlb. Two carotenoid-binding sites, defined
in ref. (Kihlbrandt, W. et al. 1994) as L1 and U& close to helices A and B and usually bind lutgiut), whereas a
third site named N1, which specifically binds neatkén (Neo), lies near helix C (Croce, R. et al. 1J9%nally, a
peripheral and less stable binding site named \$lble@n shown to accommodate violaxanthin (Vio) @rziaxanthin
(Zea) (Caffarri, S. et al. 2001, Liu, Z. et al. 20®uban, A. V. et al. 1999), depending on the méiatstate of the
chloroplast.
There are no structural data on monomeric Lhc prsteso the structures are modeled on studies &ILkimers
(Kuhlbrandt, W. et al. 1994, Liu, Z. et al. 2004)daPSI-LHCI (Amunts, A. et al. 2007c, Amunts, A.akt2010b, Ben
Shem, A. et al. 2003). However, biochemical daticizte that Lhcb4 and Lhcb5 lack carotenoid bindiitg V1 and
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have a different selectivity at site L2 (which béndio rather than Lut), and that Lhcb6 lacks site (€affarri, S. et al.
2007b, Passarini, F. et al. 2009i, Ruban, A. V.1e1299, Schmid, V. H. R. 2008). These three prstdiind 8, 9 and
10 Chl molecules, respectively (Caffarri, S. et 802a, Dainese, P. and Bassi, R. 1991, Giuffra, &l. 4996, Pagano,
A. et al. 1998, Ruban, A. V. et al. 1996). One intgot feature of monomeric Lhcb proteins is theiligtto exchange
the Vio ligand at site L2 with newly-formed Zea, il is produced following lumen acidification undetcess light
conditions (Caffarri, S. et al. 2001, Jahns, P1.&2@01, Morosinotto, T. et al. 2002a, Wehner, Aale 2006), a process
strictly related to photoprotection (Alboresi, A. a. 2009, Horton, P. and Ruban, A. V. 1992). Exdéht energy
induces the accumulation of Chl singlet excitedestaincreasing the probability of Chl triplet formoat Such triplets
can react with @to form reactive oxygen species (ROS) resultingplimtoinhibition (Niyogi, K. K. 1999). Lhcb
proteins prevent photoinhibition by quenching Chplets (Dall'Osto, L. et al. 2006, Mozzo, M. et @008), by
scavenging ROS (Dall'Osto, L. et al. 2007, Dalli4dt. et al. 2010, Niyogi, K. K. 1999) and by pratiag their
formation by feedback de-excitation of singlet ¢adistates (Niyogi, K. K. 1999), a mechanism knoaa non-
photochemical quenching (NPQ). Lhcb subunits amnkmto play a key role in this process, as showmbyants with
a low Lhc protein content (Havaux, M. et al. 200Mechanisms proposed f&Ehl* quenching include charge transfer
guenching (CTQ) and aggregation-dependent quen¢ADQ).

CTQ involves the formation of a carotenoid radicaian and a Chl radical anion upon excitation, whistombine at
the ground state to dissipate the excitation enéddm, T. K. et al. 2008, Avenson, T. J. et al. 20Blolt, N. E. et al.
2005). ADQ may occur in the trimeric LHCII, whichtisought to undergo a conformational change tosfearenergy
from Chla excited states to the short-lived carotenoid Sited state, a conformational change that can p®deced
accuratelyin vitro during LHCII aggregation (Berera, R. et al. 2006, Ryl#arV. et al. 2007). Recently, quenching has
also been associated with the formation of Chl-Clargé transfer states during the aggregation of LHi@GHersin
vitro (Muller, M. G. et al. 2010b).

It is possible that ADQ occurs both in LHCII and rimonomeric Lhcb proteins, possibly by different maglms.
Indeed, two quenching sites have been identifietirbg-resolved fluorescence analysis/ivo, one located in the PSII
core and the other in the peripheral antenna syfttzwarth, A. R. et al. 2009e). Electron micrgsgaoupled with
reverse genetics has shown that the outer anteonaprising LHCII trimers and Lhcb6, detaches fromIPRSper-
complexes, segregating into LHCII + Lhcb6 enrichedndins (Betterle, N. et al. 2009, de Bianchi, S.|e2@08).
Spectroscopic changes induced by the aggregatieh Gl trimersin vitro, notably changes in Raman resonance and
low-temperature fluorescence spectra, were alsectitin leaves and chloroplasts under quenching comditio
(Johnson, M. P. et al. 2009, Miloslavina, Y. et 2008, Ruban, A. V. et al. 2007), suggesting thatilar
conformational changes can be inducedirbyitro aggregation and NPQ activatiom viva Zea was also shown to
increase fluorescence quenchingsitro in aggregated LHCII, Lhcb5 and Lhcb4 (Wentworth, élal. 2000), although
its role in LHCII trimers is currently unclear (Cafifia S. et al. 2001, Miloslavina, Y. et al. 2008 eWifworth, M. et al.
2000).

Although ADQ has been studied widely, there areerperimental data to show which chromophores arehmad.
Previous reports have suggested that ADQ occutsmihe protein domain encompassing carotenoidibindite L1
and Chl 610-611-612 through strong carotenoid/Chpling and energy transfer to the carotenoid exctiede S1
(Miloslavina, Y. et al. 2008, Pascal, A. A. et 2005, Rogl, H. and Kuhlbrandt, W. 1999, Ruban, AeWwal. 2007) or
through Chl-Chl charge transfer (Muller, M. G. et 2010a). This putative quenching site is highly semed in

trimeric and monomeric Lhcb proteins (Mozzo, Makt2008).
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Here, we report the localization and Zea-dependeh@®Q using time-resolved and steady-state spsctpy on the
different Lhcb proteins. In addition, targeted ngenesis of Lhcb5 (Ballottari, M. et al. 2009t) shdwbat ADQ is

strongly influenced by Chl molecules proximal to the-binding site L1. This result complements poems studies of
CTQ, which localized the quenching site to Chl 608l €09 and Zea in carotenoid-binding site L2 (ARnK. et al.

2008), and suggests that different types of quegchiay occur in different Lhc protein domains.

2. MATERIAL AND METHODS

2.1 DNA cloning, mutations and isolation of overegzed Lhcb4-6 apoproteinshe Arabidopsis thaliandhcb5,
Ihcb4.1 and Ihcb6 genes were cloned as previously reported (Ballpthdr et al. 2009s, Mozzo, M. et al. 2008,
Passarini, F. et al. 2009h). Mutationdhiob5 were generated as previously described (Ballottdriet al. 2009r) using
the QuickChange™ Site-Directed Mutagenesis Kit (&trane). Wild-type Lhcb4, Lhcb6 and Lhcb5, and mutdncbh5
apoproteins were overexpressedegtherichia colistrain SG13009, and reconstitutedvitro as previously described
(Giuffra, E. et al. 1996) with modifications (Baltati, M. et al. 2009q, Bassi, R. et al. 1999). Pugments were
purchased from Sigma-Aldri€H(Chla and Chlb) or purified by HPLC (xanthophylls). When more thare carotenoid

was present in the pigment mix, all species wededdn equal amounts.

2.2 LHCII isolation proceduredn order to induce Zea accumulation in LHCII trimdesaves were illuminated for 30
min at 1200umol n?s™. LHCII trimers were isolated from dark-adaptedlamiinatedA. thalianaleavesas previously
described (Caffarri, S. et al. 2001).

2.3 Pigment analysi$dPLC analysis was performed as described (Gilmaréd. and Yamamoto, H. Y. 1991). The
Chl/carotenoid and CHhd/b ratios were determined independently by fitting #pectrum of acetone extracts to the

spectra representing individual purified pigme@soce, R. et al. 2002).

2.4 Steady-state spectroscofamples were diluteicd 20 mM HEPES (pH 7.5), 0.2 M sucrose, 0.08%0odecyl$-D-
maltopyranoside}-DM) to maintain proteins in a hon-aggregated statdn 20 mM citrate (pH 5.5), 0.2 M sucrose,
0.003%[3-DM for the induction of aggregation. Room temperatabsorption spectra were recorded using a SLM-
Aminco DK2000 spectrophotometer, with a samplirgpswvavelength of 0.4 nm. Fluorescence emissiontispacre
measured using a Horiba Jobin-Yvon Fluoromax-3 tspfigorometer and corrected for the instrumentdponse.
Low-temperature (77 K) fluorescence was measurea éryostat with 80% glycerol added to each mixt@icular
dichroism (CD) spectra were measured at 10°C on@ B30 spectropolarimeter using a R7400U-20 phottipfier
tube and samples dissolved in the same solvents faseabsorption, with an OD of 1 at the maximumttie ¢

transition. The measurements were performed imd duvette.

2.5 Time-resolved fluorescence analysKCII trimers, Lhcb4-6 wild type proteins and Lhcbtutants with or without
bound Zea were diluted to the same chlorophyll eatration (80 ng/ml) in buffers promoting non-aggton or
aggregation, as described above. Mixtures of LH@Hdrs and Lhcb6 monomers (3:1 molar ratio), ednlibg either
Vio or Zea, were prepared in the same buffers.|@hel of aggregation in different samples was asstby measuring
the amplitude of light scattering at 750 nm. Tineealved fluorescence spectroscopy was carried buba@n
temperature using the single-photon-timing methaith & PicoQuant Fluotime 200. Kinetic analysis vpasformed
with a PicoQuant FluoFit, at an excitation wavelbngf 435 nm and detection wavelengths of 685 €&l rim. Each
sample was measured ten times in two independgmriexents. The fluorescence quantum yiefp Was calculated

from fluorescence decay lifetimes asts, wherer; is the average fluorescence lifetime afads the time constant of
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Chl spontaneous emission in a constant protein emvient (Moya, |. et al. 2001), extrapolated frore ttHCII

fluorescence quantum yield (Formaggio, E. et ab130

2.6 Dynamic light scatteringThe size of aggregates induced by detergentiaiiuwas determined by dynamic light
scattering using a ZETASIZER NANO S instrumentatisrdescribed in ref. (Cellini, B. et al. 2006).

3. RESULTS

3.1 Time-resolved fluorescence analysis of monanid¥ib4-6 subunits and LHCII trimers.

In order to investigate ADQ and its dependence @a, onomeric and trimeric Lhcb proteins were gefdin vitro or
isolated from thylakoids. Monomeric Lhcb proteingre reconstitutedn vitro after adding pigment mixtures, as
previously described (Ballottari, M. et al. 2009psBiaR. et al. 1999, Giuffra, E. et al. 1996, Moz¥b,et al. 2008,
Passarini, F. et al. 2009g, Plumley, F. G. and $thi®. W. 1987). All mixtures contained the sammoants of Chh,
Chl b, Neo and Lut, but each mixture contained either dii Zea but never both, so that two batches o é&ch
protein were prepared, consistently binding Lut aleb but differing according to whether Vio or Z®as bound at
site L2 (Ahn, T. K. et al. 2008, Connelly, J. Pakt1997, Morosinotto, T. et al. 2002a, Wehnergfal. 2006). Table
S1 (Supplemental Data) shows the pigment compaosiifoeach refolded or native complex, and dependimghe
subunits, each complex contained different reladweounts of Lut, Neo, Vio and Zea as previouslyorsggl and
consistent with the composition of complexes pedffrom thylakoid membranes (Bassi, R. et al. 1998n&se, P. et
al. 1992a, Giuffra, E. et al. 1996). All the comyie were stable and properly folded resulting iiicieht energy
transfer from Chb and the xanthophylls to Chlas determined by fluorescence spectroscopy (metrsh Vio-binding
LHCII trimers were purified from the thylakoid menalmies of dark-adapted leaves, whereas Zea-bindir@jiLtHimers
were obtained by illuminating the leaves (1200 pmdi s?) to induce partial substitution at the V1 siteoprto
isolation, with a final de-epoxidation index of 8.@Caffarri, S. et al. 2001) (Supplemental Data,|@&1).

All complexes were analyzed in both concentrataerdent (0.03%-DM) and in diluted detergent (0.00384DM),
the latter falling below the critical micelle comteation of 0.01% foB-DM and thus promoting aggregation (Horton,
P. et al. 1991). Furthermore, the pH of the solutieas adjusted to either 7.8 and or 5.5, generaamgples in
unquenched and quenched states, respectively (RAbah and Horton, P. 1994). Quenching was quatiby time-
resolved fluorescence (Miloslavina, Y. et al. 2088)llineaux, C. W. et al. 1993, van Oort, B. et &1@) with an
emission wavelength of 685 nm.

Figure 1 shows the fluorescence decay traces #ed fiurves for Lhcb5 and LHCII as examples, alttotige results

for all complexes are provided in Table 1.
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Figure 1: Fluorescence decay of Lhb5 and LHCIl unde “quenching” and “unquenching” conditions
Fluorescence decay traces (solid lines) of LHCII @id Lhcb5 (B) proteins recorded at 685 nm, undénee
“quenching” (Q) or “unquenching” (UNQ) conditionssge text for details). Decay traces were then fittsidg either
two or three exponential functions for “unquenchingf’ “quenching” samples, respectively: resultingtifig curves
(fit) are shown as dashed lines.

Two exponential components were sufficient to fittee decay traces for unquenched samples, withydeomponents
at 3.70-4.53 and 1.37-2.72 ns, respectively. Teeage fluorescence lifetime for Lhch4-6 proteinsweduced when
Zea rather than Vio was bound at site L2, in agergmwvith previous reports (Crimi, M. et al. 1998, o 1. et al.
2001, Passarini, F. et al. 2009f). In contrast, Heding at site V1 in trimeric LHCIl had no effeat the fluorescence
lifetime.

For the quenched samples, at least three expoheotigonents were needed to fit the decay tracefjding a short
component at 40-130 ps, an intermediate compon&@®0a-700 ps and a long-lasting component (in theange) with
a small amplitude. Average fluorescence lifetimeseasignificantly reduced in all aggregated samptespared to the
corresponding non-aggregated complexes, rangimg &e4 ns to 0.13-0.55 ns depending on the sampkesffongest
guenching induced by aggregation was observedHob& in the presence of both Vio and Zea (Figurd B¢ effect of
Zea differed according to which protein was analyZeHCIl + Zea had longer-lasting fluorescence (Ors) than
LHCII + Vio (0.28 ns), whereas the opposite trendswdserved for monomeric Lhcb4 and Lhcb5. For Lhdbh&
average fluorescence lifetime was 240 ps in thegmee of Vio and 130 ps in the presence of Zeaaltiee reduction

of time constants associated with all three exptaletomponents (Table 1).
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Ampr T AMP: T, AMPs T3 Tw X o

LHCITV ung 21.41% 142 785%% 401 - ~ 346 110 890

LHCII Z uno 17,31% 114 82,69% 392 - - 344 106 895

Lhcb4 Ving 40.72% 242 59.28% 4.56 - - 369 105 949

Lhcb4 Zono 57.94% 176 42.06% 4.18 - - 278 114 715

Lhcb5 Voo 33.10% 250 66.90% 4.15 - - 360 107 926

Lhcb5 Zung 56.13% 1.44 43.87% 370 - - 243 115 625

Lhcb6 Voo 4958% 182 50.42% 422 - - 3030 119 7.79

Lhcb6 Zung 69.78% 152 30.22% 433 - - 2369 113 6.09

LHCII V yng + Lhcb6 Ving (3:1) 25.96% 1.352 74.04% 3.969 - - 328978 1197 847
LHCII Z yng + Lhcb6 Zuno (3:1)  38.04% 1.227 61.96% 3.822 - - 28349 1135 7.30
LHCII V ¢ 66.85% 0.11 31.46% 050 1.69% 3.09 028 1.03 0.72

LHCII Z o 4523% 013 50.10% 070 4.66% 292 055 112 141
Lhcb4 Vg 67.18% 0.09 31.40% 049 142% 256 025 122 064

Lhcb4 Zq 70.42% 008 28.38% 048 120% 2.33 022 1.09 057

Lhcb5 Vg 65.30% 0.08 33.93% 050 0.77% 273 024 122 062

Lhcb5 Zg 84.40% 006 14.99% 043 061% 239 013 1.08 0.33

Lhch6 Vg 87.05% 007 12.05% 039 090% 3.52 014 098 0.36

Lhcb6 Zo 84.31% 005 1503% 0.37 0.66% 251 011 101 0.26

LHCII V g + Lhcb6 Vg (3:1) 87.36% 0.11 12.04% 0.50 0.60% 2.95 0.17 1.32 0.44
LHCII Z o + Lhcb6 Zg (3:1) 83.55% 0.12 16.00% 0.45 0.44% 3.70 0.19 1.31 0.49

Table 1: Time resolved fluorescence analysis on Lhcbrgieins in detergent or under conditions favoring
aggregation. Fitting results of fluorescence decay traces (elmisgletected at 685 nm) measured on recombinant
Lhcb4-6 proteins, native LHCII trimers and on a mit of Lhcb6 and LHCII trimers in a 3:1 molar rati8amples
were reconstituted (Lhcb4-6) or purified (LHCII trins¢ with violaxanthin (V) or zeaxanthin (Z). Diffetecomplexes
were diluted in presence of 0.0384OM and 20 mM HEPES (pH 7.8) or 0.0033490M and 20 mM citrate (pH 5.5), in
order to induce unquenching (UNQ) or quenching (@ditions, respectivelyAmp_ 3 amplitude of the exponential
components 1-3;.s decay time constants (ns) of the exponentialeu+3 used to fit the fluorescence decay curves;
Tav. average fluorescence decay lifetime (ng)fluorescence quantum yield. Errors are less thafo in each case.

By plotting the ratio of the average fluorescenéetitnes in the unquenched and quenched samplegfféet of Zea
and Vio on ADQ could be compared among the diffetdrtb proteins (Figure 2B). Lhcb6 showed the highato in
the presence of either Zea or Vio, indicating fhatrescence lifetime was highly dependent on aggfien, whereas
trimeric LHCIlI showed the lowest ratio, indicatirtat fluorescence lifetime was only minimally dedent on
aggregation, and in this context Zea appears twepteguenching rather than stimulating it.
Recently, NPQ was shown to be triggered by the diaon of the LHCII-M/Lhcb6/Lhcb4 super-complex abtzed
by protonation of PsbS (Betterle, N. et al. 2003} anhanced by Zea synthesis. This event segregatedomains in
grana membranes, one of which contains Lhch6 tegetith LHCII-M and LHCII-L trimers. Two different ganching
sites have been detected, one connected to thee®®llnd the other unconnected (Holzwarth, A. Rl.€2009d, van
Oort, B. et al. 2010).
In order to mimic the formation of the LHCII-Lhcb®mhain, we analyzed a 3:1 molar ratio mixture of LH@Eimers
and Lhcb6 monomers in the non-aggregated and aaigebgtates. Fluorescence lifetime data are shovrable 1.
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Two exponential components were sufficient to fiié tunquenched traces but at least three were eetor fit the
guenched traces, with decay components similahdset observed in samples containing a single praipécies.
Figure 2 compares the average fluorescence debetymies of the mixtures containing Vio and Zea witte

corresponding data from samples containing singbeisits.
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Figure 2. Average fluorescence lifetime ratios beteen samples in detergent and under conditions favioig
aggregation. A. fluorescence average lifetimes of monomeric Ligb#imeric LHCII proteins and of a mixture of
Lhcb6 and LHCII trimers (3:1 molar ratio) in detemfe(zay UNQ) or under aggregation conditionsy¢ Q). Time
resolved fluorescence analysis is reported in Tdblehcb4-6 and LHCII trimers average fluorescernitetimes were
measured either in violaxanthin binding (Vio) omlaxanthin binding (Zea) samples; calculated fluossse average
lifetimes of the LHCII and Lhcbh6 mixture is repor{gtheor”). B. average fluorescence lifetime ratios among samples
measured in detergenta( UNQ) or in aggregation conditiongf Q), showing actual and calculated fluorescence
average lifetimes of the LHCII and Lhc6 mixture uraggregation conditions.

Lifetimes predicted by computing linear combinasiaf individual samples are also shown to repregenabsence of
interactions between LHCII and Lhcb6. In the nonfaggted state, the observed and predicted lifetameshe same,
whereas in the aggregated state the observedridstare shorter than the predicted values (Figyrindicating that
the quenching of LHCII (the predominant specieshim $ample) is enhanced in the presence of Lhcb. éffect is
exacerbated in the presence of Zea. Similar resdte observed when fluorescence emission was mezhati 705 nm
(Supplemental Data, Table S2), with a higher amgétfor the shortest component (<170 ps), implyirggquenching

species has a greater far-red emission, in agreaesignpreviousin vivo data (Miloslavina, Y. et al. 2008).

3.2 77K steady state fluorescence analysis of Ligchdd LHCII trimers

The formation of excitation traps by aggregationLidCIl is associated with the appearance of longelength

emitting forms, reflecting the mixed excitation/cpa transfer state. These spectral forms have tlgdegen associated
with similar red-shifted forms detectad vivo in quenched leaves or chloroplasts (Johnson, MetPal. 2009,

Miloslavina, Y. et al. 2008). In order to verifyetappearance of these far-red emitting forms irbtroteins and their
dependence on Zea, we measured the 77K emissioredkkence spectra of non-aggregated and aggrebhtéd

proteins (Figure 3).
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Figure 3: 77K emission spectra of Lhcb proteins in etergent or under conditions favoring aggregation
Fluorescence emission spectra (recorded at 77K) hafbLproteins binding either violaxanthin (Vio) ogaxanthin
(Zea). Different samples were diluted with detergéhitQ) or under aggregation conditions (Q) as desedbn the
text. A. LHCII trimers, B. Lhcb4 complexe<C. Lhcb5 complexes). Lhcb6 complexes. Black traces: violaxanthin
binding complexes in detergent; red traces: zeaxanbinding complexes in detergent; blue tracesilakanthin
binding complexes under aggregation conditions; ncyeaces: zeaxanthin binding complexes under aggieq
conditions.

The emission spectra of all unquenched samplesahathracteristic single peak at ~680 nm, whereaadaitional
signal at 697 nm appeared in the quenched samiptespective of which carotenoid was bound at the Site
(Miloslavina, Y. et al. 2008). A broadening of thgyh-energy peaks was also observed. In the casggregated
Lhcb4, emission spectra were characterized by teakp at 681 and 698 nm, regardless of which casimtenas
present. Lhcb6 and Lhcb5 also showed significaetspl changes, although in both cases aggregatiotuced a
single broad peak encompassing both the 685/69%&M6599 nm ranges rather than the two discretkspelserved
for LHCII and Lhcb4. Nevertheless, the broad emissipectrum represents the convolution of two baadsnore
evident in the case of Lhch5. Carotenoid selectigityhe L2 site therefore contributed only smaffedences to the
spectra, and it is interesting to note that Lhdi@sed the most significant red-sift following aggation, regardless of

whether Zea or Vio was present.

3.3 In vitro refolding of Lhcb5 mutants lacking afdphyll-binding residues

The sites of energy dissipation in Lhc proteinstamight to be the Chl molecules with the lowestgition energies,
namely Chl 612-610-611 {Liu, 2004 24308 /id;Novodstkin, 2005 24860 /id;Calhoun, 2009 24900 /id;vanr@elle,

2006 24936 /id}, and Lut bound at the L1 site (kum M. P. et al. 2009, Miloslavina, Y. et al. 208&iban, A. V. et

al. 2007). To verify this model and/or identify ethchromophores involved in quenching, we analyaeskries of
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Lhcb5 mutants in which the Chl-binding residues waissupted by targeted mutagenesis (Ballottari, tvale20090).
Lhcb5 was chosen for a series of reasons: (i)dempes ADQ even more efficiently than LHCII (Figuk, Figure 2,
Table 1) {Wentworth, 2001 24909 /id;Wentworth, 204518 /id}, (ii) most Chl-binding sites can be dSfieally
targeted in Lhcb5, whereas LHCII and Lhcb6 havessitéghout a ligand that could be experimentally ified, (iii)
guenching in Lhcb5 is enhanced by Zea just like NiP@vo whereas LHCII and Lhcb4 show little dependencehis t
xanthophyll (Figure 2), and (iv) the occupancy ezfch Chl-binding site in Lhcb5 has been well charaxtd
(Ballottari, M. et al. 2009n). On this basis we @egal two samples for each Lhcb5 mutant (contaieitfier Vio or
Zea in addition to the standard GhIChlb, Lut and Neo). Our nomenclature for the mutanfieces the targeted Chl-
binding site as previously described (Kuhlbrandt, &/ al. 1994) with a suffix indicating whether Vay Zea are
present. For example mutant Agis mutant N179F described in ref. (Ballottari, Nlaé 2009m), which has a mutated
Chl-binding site A2 (Kihlbrandt, W. et al. 1994) edimating Chl 612 (Liu, Z. et al. 2004) (Table 2).

SAMPLE Mutated Chl Amp, T Amp, T, AmMps T3  Tay X2 ¢
residues coo;c(ijlnat 109
WT Vioyng - - 33.10% 250 66.90% 4.15 - - 3.60 1.07 9.26
A2 Vioyng N179F Chl 612 29.99% 2.18 70.01% 4.17 - - 357 10118
A3 Vioyng Q193L Chl 613 65.06% 2.77 34.94% 4.87 - - 3.50 1.03800
A4 Vioyng E65V/R181L Chl602 73.98% 3.16 26.02% 5.25 - - 3.71161 9.54
A5 Vioyng H68F Chl603 61.08% 3.07 38.92% 4.98 - - 3.81 1.14809
B3 Vioyng H208L Chl614 37.20% 252 62.80% 4.19 - - 3.57 1.09.18
B5 Vioyng E137V Chl609 41.29% 2.54 58.71% 4.07 - - 344 1.1885
B6 Vioyng E129V Chl606 47.70% 2.38 52.30% 4.74 - - 3.62 10831
WT Zeayng - - 56.13% 1.44 43.87% 3.70 - - 243 115 6.25
A2 Zeayng N179F Chl 612 49.29% 1.75 50.70% 4.07 - - 293 1.0B54
A3 Zeayng Q193L Chl 613 52.05% 1.71 47.95% 4.69 - - 314 1.0808
A4 Zeayng  E65V/R181L Chl602 59.20% 1.94 40.80% 4.57 - - 3.01131 7.74
A5 Zeayng H68F Chl 603 59.94% 2.37 40.06% 4.70 - - 3.30 1.08498
B3 Zeayng H208L Chl614 64.29% 180 35.71% 4.51 - - 277 1.1813
B5 Zeayng E137V Chl609 50.68% 1.69 49.32% 3.88 - - 277 1.0A13
B6 Zeang E129V Chl606 60.94% 1.79 39.06% 4.73 - - 294 1.0656
WT Viog - - 65.30% 0.08 3393% 050 0.77% 2.73 0.24 1.22620.
A2 Viog N179F Chl 612 50.26% 0.11 49.74% 0.73 3.13% 3.082083.20 1.34
A3 Viog Q193L Chl 613 60.82% 0.08 34.74% 0.71 4.44% 2.98430.1.17 1.11
A4 Viog E65V/R181L Chl602 7491% 0.06 23.17% 0.57 1.92% 2.9823 1.07 0.59
A5 Viog H68F Chl603 81.74% 0.19 16.53% 0.60 1.73% 3.17 0.3120 0.80
B3 Viog H208L Chl 614 80.22% 0.03 18.15% 0.69 1.63% 3.11200.1.12 0.51
B5 Viog E137V Chl609 73.14% 0.05 25.24% 0.58 1.62% 2.78220.1.28 0.57
B6 Viog E129V Chl606 80.83% 0.04 1818% 0.47 1.00% 3.22150.1.26 0.39
WT Zeag - - 84.40% 0.06 1499% 043 0.61% 2.39 0.13 1.08330.
A2 Zeag N179F Chl 612 73.45% 0.09 23.16% 0.49 3.40% 2.1350.2.00 0.64
A3 Zeag Q193L Chl 613 70.54% 0.24 2247% 112 6.99% 3.06630.1.16 1.62
Ad Zeag E65V/R181L Chl602 78.94% 0.06 18.60% 0.46 2.46% 2.6020 0.96 0.51
A5 Zeag H68F Chl603 83.23% 0.07 16.15% 041 0.62% 2.71 0.1405 0.36
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B3 Zeq, H208L Chl614 79.11% 0.05 20.42% 0.35 0.48% 2.34120.0.99 0.31
B5 Zea, E137V Chl609 65.05% 0.09 32.86% 0.47 2.09% 2.33260.1.02 0.67
B6 Zea, E129V Chl606 87.93% 0.04 11.69% 0.29 0.39% 2.18080.0.95 0.21

Table 2: Time resolved fluorescence analysis on Lhclfhlorophyll binding site mutants in detergent or urder
conditions favoring aggregation.Fitting results of fluorescence decay traces (eimisdetected at 685 nm) measured
on recombinant Lhcbh5 complexes mutated at differ@rorophyll binding sites, reconstituted in presenof
chlorophyll a, b, lutein, neoxanthin and violaxantl{Vio) or zeaxanthin (Zea). Samples were dilutegbriesence of
0.03% #DM and 20 mM HEPES (pH 7.8) or 0.003%DM and 20 mM citrate (pH 5.5), in order to induce
unquenching (UNQ) or quenching (Q) conditions, extjwely. Fluorescence emission was recorded at 685 nm.;Amp
5: amplitude of the exponential components %;:3; decay time constants (ns) of the exponentialezid+3 used to fit
the fluorescence decay curves;. average fluorescence decay lifetime (gg)Fluorescence quantum yield. Mutations
and chlorophylls coordinated by mutated residuesiadicated. Errors are less than 12% in each case.

All the pigment-protein complexes folded corredtiyvitro in the presence of either Zea or Vio, resultingfficient
energy transfer from CH) and xanthophylls to Chh as previously reported (Ballottari, M. et al. 2009Table S3
(Supplementary Material) summarizes the resulisigrhent analysis for each of the mutants as condp@arevild-type
Lhcb5. In samples containing Vio, our results avasistent with previous studies, with most mutdossng one Chl,
but mutants Ado and A5, each losing two: Chl 611 and 609, respectivelyddition to Chl 602 and 603 (Ballottari,
M. et al. 2009k). The carotenoid content was coreskin all mutants, although a marginal loss of antd Neo was
observed in A¢o, ASvi0, B5vio and B&,o (Ballottari, M. et al. 2009j). Samples containingaZand Vio had similar
pigment contents, although A3 and B5gs presumably lose more than one Chl, since the Ibassmgle chlorophyll
would imply that only Chla is bound at these sites, a situation not foundlHob5-Vio or any other Lhc protein
analyzed thus far (Ballottari, M. et al. 2009i, Msirwtto, T. et al. 2002b, Morosinotto, T. et al080Mozzo, M. et al.
2008, Passarini, F. et al. 2009e, Remelli, R. el®09). We suggest that A3 and B5ga lose Chl 614 and 603
respectively, similar to Lhcal (Morosinotto, T.adt 2002b). It is worth noting that, as previousdyported (Ballottari,
M. et al. 2009h), it was not possible to produdehab5 complex with a mutation in the A1 Chl-bindisige, as the

refolded complex was extremely unstable in thegores of both Vio and Zea.

3.4 Time-resolved fluorescence analysis of Lhch&ntsi

Each mutant Lhcb5 protein was prepared in the getdrsolutions described above to yield non-aggeggand
aggregated samples, and each was prepared indbenge of either Vio or Zea. Time-resolved fluoeese analysis
(Table 2) revealed that the fluorescence decayesrad unquenched samples could be fitted to cuunssg two

exponential functions, with time constants in the range similar to the wild-type Lhcb5 protein. Albbmplexes
containing Vio had average fluorescence lifetimeslar to the wild type protein (~3.6 ns), exceptitant A5 which

showed a slight delay in both decay componentsthnd an average fluorescence lifetime of 3.8 nssdmples
containing Zea, the average fluorescence lifetimese reduced to 2.2—-2.8 ns, with A8 and A5ga mutants having
the longest lifetimes (Table 2). Interestingly, #ie mutants had longer fluorescence lifetimes tthen wild-type

protein. This suggests that delocalized quenchighpted by Zea is not specifically dependent on exgicular Chl

and instead is likely to reflect multiple weak irstetions.

The fluorescence decay traces of mutants in theeggted state in the presence of either Vio or r2eaired three
exponential curves, characterized by two short amepts (< 100 ps and 300-730 ps) and a longer coemp@n the ns
range with small amplitude, similar to the wild ¢&/pAll samples showed at least five-fold more gbémg after

aggregation, irrespective of which Chl site was.ld$te decay kinetics and average fluorescencentiést of Vio-

binding mutants A4-Aho, B30 and B5,c were similar to the wild type in the presence ab ¥0.24—0.30 ns),
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whereas B@o showed even faster decay (0.15 ns). In contrasfof@hd A3o mutants had a longer fluorescence
lifetime (0.52 and 0.43 ns, respectively) due te pinevalence of the intermediate component from t60B00 ps. A
similar, but smaller, effect was observed fo,B3which lacks Chl 614 (the closest chlorophyll to 6h8). Almost all

the quenched Zea-binding mutant complexes wereactaized by decay components similar to wild tgpmplexes

in the presence of Zea, with minor differenceseetfhg small changes in the amplitude of the lohgesponent.
Clear differences in the decay time constants wetected in Agea, with the two short components delayed to 240 ps
and 1.12 ns, implying that the loss of Chl 613 reduhe efficiency of ADQ. The florescence decay mase rapid in
B6zea compared to the wild type under quenching conditicand similar results were obtained when fluonesee

emission was detected at 705 nm, although the ardpliof the faster component (<100 ps) was higher.

3.5 77K steady state fluorescence analysis of Lhalants

We recorded 77K emission fluorescence spectra liebh mutants in the aggregated state in orderetify the Chl

molecules responsible for the red-shifted fluoraseeemission, i.e. those involved in the formatimi mixed

excitation/charge transfer states. Figure 4 consp#re emission spectra for Lhcbh5 mutants in theuenghed and
guenched states, showing that all unquenched nsuteatte fluorescence emission spectra similar towte type,

although AZ,0 and A3gs have 77K fluorescence emission peaks that aredilifted by 2 nm compared to the wild

type.
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Figure 4: 77K emission spectra of Lhch5 WT and mutarg in detergent or under conditions favoring aggreg#on

77K fluorescence emission spectra for Lhcb5 wilee tygpd chlorophyll binding mutants. Different sansplbinding
either violaxanthin (Vio) or zeaxanthin (Zea), welikited with detergent (UNQ, dashed traces) or uraggregation
conditions (Q, solid lines) as described in thet.téx wild type (black traces), A2 (red traces), A3 (btteces), B3
(cyan traces) violaxanthin binding complex8s;wild type (black traces), A4 (red traces), A5 (biteces), B5 (cyan
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traces), B6 (green traces) violaxanthin binding pteres;C. wild type (black traces), A2 (red traces), A3 étraces),
B3 (cyan traces) zeaxanthin binding complex®syild type (black traces), A4 (red traces), A5 (biltaees), B5 (cyan
traces), B6 (green traces) zeaxanthin binding cexgs.

Under conditions promoting aggregation, mutantsb{d; B5,0 and B&,o still present emission spectra similar to the
wild type protein in the presence of Vio (Figure 48jth two main peaks at 685 and 700 nm. In cohttae amplitude

of the 700 nm broad component is strongly reducethé AZ,0 and A3,o mutants, and the 685 nm peak is blue-
shifted to 680 nm, possibly due to the missing Ewvergy band (Figure 4A). Mutant &g is intermediate, showing a
slight reduction in the far-red fluorescence enoisgail. With Zea bound to the L2 binding site,yoBI6ze4 and Adea
show emission spectra similar to the wild typehia presence of Zea, with a broad peak at 698 rpnesenting the
sum of the red and far-red components (Figure 4CFb¢ amplitude of the far-red tail was reducethim spectra from
mutants A2ea, B3zea, B5ea and ASea, particularly in the case of Ags, where the single peak showed a significant

blue shift and the far-red component was compleabgent.

3.6 Conformational changes induced by aggregation inblshc

Conformational changes induced by aggregation in ILKiGirelate with specific changes in circular dimkm (CD)
spectra (Ruban, A. V. et al. 1997a). In order tdficonthe involvement of specific Chl binding sitesADQ, we used
CD spectroscopy to investigate the occurrence ofocorational changes induced by aggregation in Witk Lhcb5
and mutants, with Vio or Zea bound at site L2. Asvgn in Figure 5, when the unquenched spectrunbobhb + Vio is
subtracted from the equivalent quenched spectrtimracteristic components were observed at 68369 (-), 500 (-

), 491 (+), 475 (+), 459 (-) and 434 (-) nm.

20

---WT VIO,

@ ACD (WT VIOQ -WT VIO

UNQ)

204 433nm

---WTZEA,

e A\CD (WT ZEAQ -WT ZEA

UNQ)

Py
7

| o
|I 1
|‘ 1
V 1
-30 1
Nl
v
T T T T T T T T T T T T T T T 1 1 T T T T T T T T T T T T T T 1
350 400 450 500 550 600 650 700 750 350 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
s C . AWT VIO « D SN 881 JwT vio
680 nm o === AA2VIO
S AA3 VIO ) === AWT ZEA
P ' ----- AA3 ZEA
Y s
104 . '\ 10
; 3 681 nm 678 nm
S » S
E E
Q 51 " Q 5
g g
0
S
\,

s 0 i
A, .
- [ 3
> s =
., l" \"-‘/
.860nm *
D\ o’ 4 _—— 669nm
v v T v T
670

&

54 665nm
nm\

650

T T T T T
660 680 690 700

Wavelength (nm)

\
T T T T T T T
670 680 690 700

Wavelength (nm)

80



SECTION A.2

Figure 5: Circular dichroism spectra of Lhcb5 WT and mutants A. circular dichroism spectra of violaxanthin (Vio)
binding Lhcb5 wild type in detergent (UNQ, dashextklline), under aggregation conditions (Q, soliddk line); and
the difference between them (gray dashed tracedjerBice spectrum peaks are indicat&. circular dicroism
spectra of zeaxanthin (Zea) binding Lhcb5 wild typedetergent (UNQ, dashed black line), under aggtem
conditions (Q, solid black line); and the differenioetween them (gray dashed traces). Differencerspe@eaks are
indicated.C. circular dicroism difference spectra in the 65007%gion of violaxanthin (Vio) binding Lhcb5 wildoty
(solid black line), A2 (dashed black line) and Aaghed gray line) mutants, calculated by subtragctine spectrum
measured in detergent (UNQ) from the spectrum nredsunder aggregation conditions (Q@). circular dicroism
difference spectra in the 650-750 region of violatkén (Vio) binding Lhcb5 wild type (solid blackéi), zeaxanthin
binding Lhcb5 wild type (dashed black line) and #eaxanthin binding mutant A3 (dashed gray linejcudated by
subtracting the spectrum measured in detergent (JUin the spectrum measured under aggregationitiond (Q).

In Lbcb5 + Zea, these components were shifted Id#38665(-), 503(+), 490(-), 474 (+), 455 (+) a@B (-) nm and
two additional signals appeared at a 411nm (-)&381(-) nm. These results demonstrate that confitonal changes
induced by the aggregation of Lhch5 are partiaipehdent on which carotenoid binds at the L2 Site. CD spectra
of Lhcbh5 mutants + Vio showed similar modulatioqmn aggregation (data not shown), with the excapbibA2y0
and A3/0. In these cases, the differences resulted in gpshaignal at 680 nm (+), with the red-most cdmition
eliminated. The CD spectra of Lhcb5 mutants + Zeeevedso similar to the wild type, with the exceptiof A3zea
where differences in the red region of the spectweme blue-shifted, with negative components at &88 665 nm,

and a positive peak at 678 nm (Figure 5).

3.7 Aggregation states of different Lhcb proteins

The results presented above show that differentbLpmteins undergo similar conformational chang@®nu
aggregation, and these conformational changessaaciated with fluorescence quenching. To determinether the
efficiency of quenching relates quantitatively he tlegree of aggregation, we measured the distibaf particle sizes

by dynamic light scattering, under the same coontiused for fluorescence lifetime measurements.oéerved
particles of two different sizes, 100 nm anqurh, under conditions promoting aggregation (Figutg. $hcb6 and
LHCII formed 1pum particles. It should be noticed that by aggrematiHCIl monomers or trimers the same aggregated
size is obtained, implying a determinant role @& firotein monomers in this process. Lhcb4 forme@l i particles,
and Lhcb5 switched from 100 nm touin particles depending on whether it bound Viol&Zea (Figure S1). Single

point mutations in Lhcb5 did not influence partisiee distribution (Figure S1).

4. DISCUSSION

We have analyzed the behavior of different Lhckigins undergoing ADQ, in the light of multiple refmover the last
20 years suggesting a correlation between fluorescquenching induced Iy vitro aggregation of LHCII trimers and
the induction of NPQn vivo {Horton, 1991 15577 /id;Mullineaux, 1993 16425;Bdrzda, 1994 24910 /id;van Oort,
2007 24907 /id;Wentworth, 2001 24909 /id;Ruban, 199614 /id;Miloslavina, 2008 24898 /id;Johnson, 2@3902
/id;Ruban, 1997 20952 /id;Wentworth, 2000 23534Rlihan, 2007 24842 /id}. In particular, changes i@ Raman
resonance spectrum of LHCII trimers during aggregatiorrelate with similar signals detected in leawden NPQ is
induced, suggesting that Lhc proteins undergostilee conformational change during aggregatiovitro and NPQ
activationin vivo (Ruban, A. V. et al. 2007). Similarly, far-red flescence in quenched leaves is associated with red-
shifted emission forms in LHCII oligomeis vitro (Johnson, M. P. et al. 2009, Miloslavina, Y. et2408). However,
these reports focused primarily on LHCII, in eititsrmonomeric or trimeric aggregation state, wherearlier reports
suggested that Lhcb4 and Lhcb5 were even moreieftidacilitators of ADQ than LHCII {Ruban, 1996 1911

/id;Wentworth, 2004 24518 /id;Wentworth, 2001 249@. Moreover, although Zea is a strong inducémM&Q in
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vivo (Demmig-Adams, B. 1990), its role in ADQ has nelveen clarified. Finally, the precise location of tjuenching
sites, i.e. the identity of the chromophores inedhn NPQ, has yet to be determined.

4.1 ADQ in Lhcb proteins.

Comparing the average fluorescence lifetime of dbffié Lhcb proteins before and after ADQ (Table ei)ealed that
monomeric Lhcb4-6 and trimeric LHCII are stronglyegahed following aggregation (Figure 2), with a 3@-old
reduction in fluorescence quantum yield (TableThe effect appears to be greater in monomeric aatgrwith Lhcb6
showing the shortest fluorescence lifetime andItivgest quantum vyield (Figure 2B). The amplitudegoienching
appears unrelated to particle size in solutionstainimg 0.003%p-DM because Lhcb proteins that differ in the
amplitude of quenching and its dependence on Zgal(hacb6 and LHCII) have the same particle sizetdad, the size
of the aggregates appears to depend on the pepeftindividual Lhcbh monomers, since both monomanid trimeric
LHCII have similar-sized aggregates (SupplemetalaP&igure S1). Furthermore, wild-type Lhcb5 and h$¢Chl-
binding mutants with different fluorescence lifeéisnexhibit the same aggregation behavior, and godarswitch
between small and large aggregates when Zea bintlie aL2 site, consistent with a previously repdrchange in
conformation (Dall'Osto, L. et al. 2005). We comtduhat the observed changes in aggregate pasirdeare unrelated
either to changes in the fluorescence propertiekeotomplexes under aggregating conditions oneéccbnformational
changes detected by CD spectroscopy. This is censistith previous reports showing that strong CBcs@m and
fluorescence lifetime changes are observed whenpadng proteins dissolved in buffers containing edgént
concentration above and below the critical miceltancentration, whereas a further reduction in rdeta
concentration, although increasing particle sizesdnot significantly affect either the CD spectromthe fluorescence
lifetime (Bassi, R. and Wollman, F.-A. 1991). We ocaneompletely exclude the possibility that changeghe
fluorescence lifetime of Lhcb5 induced by Zea miighpart reflect changes in aggregation size.

The formation of a quenched state in aggregated ILM@s previously correlated with the presence ed-shifted
forms due to the formation of mixed excitation/g@®@transfer states (Miloslavina, Y. et al. 2008, &ybA. V. et al.
1991). Here, we observed a similar red-shift andalening of emission spectra in all Lhcb complexesn
aggregation. LHCII and Lhcb4 show two peaks with ktonghes at 680 and 697-698 nm, whereas red-shiftiinthe
emission peaks is even more pronounced in Lhcb5 Ldmh6. Another spectroscopic signature of LHCIItire
guenched state induced by aggregation is a confamnah change that can be monitored by CD spectms@uban,
A. V. et al. 1997a). We observed similar changethénCD spectra for Lhcb5 (Figure 5), which sugg#sas all Lhch
proteins have the ability to undergo similar confational changes in response to aggregation. litiaddo these
common features, we also observed unique propextiels as the red-most emission forms and the loagegiegation-
induced fluorescence yield in Lhcb6. These resutigly that, whenever processes similar to ADQ odouplants
during the induction of NPQ, monomeric Lhcb prosegan be involved along with LHCII and show highéiciency
excitation energy quenching. In this context, iiriteresting to note that the addition of Lhch6 mmers to LHCII
trimers enhances the intensity of quenching contperé HCII alone. Moreover, Zea binding enhances é#ifect even
further (Tablel, Figure 2). The simplest explamai® that, upon aggregation, excitation energyeil®chlized among
the LHCII/Lhcb6 aggregates and is quenched in thstrafficient manner, namely by Lhcb6 (Table 1 ardhl& S2).
The formation of specific domains within grana meames enriched in LHCIl and Lhcb6 oligomers hamlreeently
demonstrateth vivo following NPQ (Betterle, N. et al. 2009, de Bianchi,et al. 2008, Holzwarth, A. R. et al. 2009c,
van Oort, B. et al. 2010). Although it is ratherikely that membrane proteins can aggregate inighé phase of the

thylakoid membrane due to the inaccessibility oé thydrophobic membrane surfaces, multiple proteatgn
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interactions between antenna proteins have beewnshio induce quenching in liposomes likely by inithac

conformational change(s) by their cooperative ¢ffstoya, I. et al. 2001).

4.2 Effect of zeaxanthin on ADQ in Lhcb proteins

All Lhcb4-6 complexes undergo a reduction in flismence yield in solution when Zea binds to the [i8, sas
previously reported (Crimi, M. et al. 2001, Dall'@st. et al. 2005, Wentworth, M. et al. 2000). hetingly, Zea
present in the LHCII purified from plants exposedetaess light does not affect the complex fluoreseeyield in
solution nor upon aggregation (Caffarri, S. et &0D). Previously, Zea has been shown to have diymsiffect on
ADQ in both monomeric Lhcb proteins (Ruban, A. Vakt1997b) and LHCII trimers isolated frof thaliananpg2
mutants (Miloslavina, Y. et al. 2008). This appe@r<onflict with our results but the apparent dégpancy can be
explained because of the different pigment comjosiof LHCII trimers fromnpg2 mutants and wild-type plants
exposed to intense light. Tigpg2 mutant lacks the enzyme zeaxanthin epoxidasesatigtiefore unable to synthesize
Neo or Vio. LHCII proteins must therefore fold iretpresence of Lut and Zea as the only xanthoptaid,these are
incorporated into the inner L1 and L2 sites and #xternal V1 site, respectively, leaving the Nile s@mpty
(Miloslavina, Y. et al. 2008, Mozzo, M. et al. 200& wild-type plants, LHCII is synthesized in theesence of Vio
and Neo, whereas Zea is only produced under eXiggsstress and binds to the only accessible ratev1 site
(Caffarri, S. et al. 2001). The absence of Neoairtipular, may have a strong influence on ADQ), iasuksed below.
We used LHCII isolated from plants exposed to exdight and the N1 site therefore correctly occdpgig Neo. Hence
we found that Zea, solely occupying the V1 sites ha effect in ADQ in agreement with previous res(Caffarri, S.
et al. 2001). The LHCII-Zea preparation used iniauestigation has a de-epoxiation index of 0.38, it.is not highly
enriched in Zea, suggesting this might be the medspthe poor quenching effect. However, the absesf a Zea-
guenching effect in LHCII has been reported bef&@affarri, S. et al. 2001, Wentworth, M. et al. 20@0)d we
observed an increase in the average fluorescefetienkk compared to LHCII-Vio (Table 1) supportingtiiew that
Zea accumulation is ineffective in promoting quengtin LHCII.

In contrast to LHCII, the monomeric Lhcb4-6 protemls bind Zea at the L2 siten vivo (Jahns, P. et al. 2001,
Morosinotto, T. et al. 2002a, Ruban, A. V. et al999Wehner, A. et al. 2006). The same site is declm our
recombinant proteins, making them representativéhefnative proteins when plants are exposed tessxtightin
vivo(Ballottari, M. et al. 2009g, Gastaldelli, M. et 2003, Passarini, F. et al. 2009d). Zea-Lhcb5 wgaks ADQ much
more efficiently than Vio-Lhcbh5, whereas the diéfetial for Lhcb6 is smaller, possibly due to thetfénat this protein
is already quenched in the presence of Vio (Figird hese results imply that the capacity of indiindl Lhcb proteins
to undergo enhanced ADQ upon Zea binding is sadlifi dependent on the properties of the individierie product.

4.3 ADQ is regulated by chlorophylls located neat hound at the L1 site.

Site-specific mutation allows the functions of diént Chl-binding sites to be determined (Ahn, T.eKal. 2008,
Ballottari, M. et al. 2009f, Formaggio, E. et al020Q Passarini, F. et al. 2009c¢), and this has beed to investigate the
architecture of the CT quenching site (Ahn, T. Kak 2008) and the origin of the red-shifted flescence emission
forms in LHCI (Morosinotto, T. et al. 2003). We dsthis approach with Lhcb5 to identify the chromogds involved
in ADQ. First, we showed that mutations do not Bigantly affect the fluorescence lifetimes of LEeWio in solution,
implying that quenching is only triggered upon aggtion. The only exception was mutant A5, whoseréiscence
lifetime exceeded that of wild-type Lhcb5-Vio reftang its involvement in a different type of queirah mechanism
localized in the L2 domain (Ahn, T. K. et al. 20@&llottari, M. et al. 2009e, Passarini, F. et &02b). The strongest

effects on fluorescence decay were observed iMEg, and A3 o mutants, and 77K fluorescence emission analysis
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showed the same mutants were unable to produakshifted emission band, a signature representiagarmation of
guenching sites (Ahn, T. K. et al. 2008, JohnsonPMet al. 2009, Miloslavina, Y. et al. 2008, Msirwtto, T. et al.
2003). This result is consistent with the absenicéeatures induced by aggregation in the CD speatrthe same
mutants (Figure 5). It is important to note thas thffect is specific, since other mutants withagitChl 612 and 613
show similar spectral properties to the wild typetgin. In mutant Bgo, small differences in fluorescence and CD
spectra were observed, consistent with the proyiofithe mutation to Chl 613 (Liu, Z. et al. 200®n this basis, we
conclude that Chls 612 and 613 are both involvetiénconformational changes induced by ADQ. Chl &i#4n if not
indispensable, might be involved in modulating #reergy level of the Chl 613 S1 transition throughability to
establish excitonic interactions (Ballottari, M.akt2009d, Liu, Z. et al. 2004).

When Zea is bound to Lhcb5, multiple Chl bindin@sitegulate the singlet chlorophyll excited statthe unquenched
and non-aggregated protein, since average fluaneschfetimes are in all cases longer than thos¢éhefwild type
protein + Zea. However, the A5 mutant has a longer fluorescence lifetime than ather mutant (Table 1),
suggesting a preferential role for Chl 603. Upogragation, the florescence lifetime of thesA3mutant is far longer
than the wild type or any other mutant, the moskgkifted 77K fluorescence emission is absent {eigl), and
aggregation-specific CD signals are lost (Figure(s).this basis we conclude that Chl 613 becomepgadicipates in
the formation of, the major quenching site in Zé&adng Lhcb5. It has been suggested that effiogm@rgy quenching
by aggregation requires the S1 transition energgl lebtained through the establishment Chl-Chl exaitinteractions
to be repressed, probably creating a mix of chdrgesfer state and exciton delocalization, resgasior 77K
fluorescence emission red-shift (Figures 3 andJdhiison, M. P. et al. 2009, Miloslavina, Y. et2008). Excitonic
interactions are therefore essential for effici@BXQ whereas a lone Chl cannot achieve the quendifiiegt. Indeed,
Chl 613 is known to share a strong excitonic intéoacwith Chl 614, whereas Chl 612 forms excitonitefactions
with Chl 611 and Chl 610. All these chlorophylls yeated close to Lut in L1 site and our resultsdfm@e support the
hypothesis that the domain containing L1 is preféadly involved in ADQ (Kuhlbrandt, W. and Wang,. Dl. 1991,
Liu, Z. et al. 2004). Chl 612 and 613 play a promirmle, especially the latter when Zea is bounth®L1 site. It is
worth noting that, although some mutants are afféatore than others, the average fluorescenceniéatf all of them
is reduced at least five-fold following aggregatisnggesting that Lhcb proteins in this state ugaleonformational
changes to multiple dissipative states with thetrifaution of all Chl molecules bound to the proteinterestingly,
mutant B6 in both its Vio and Zea-binding forms skancreased fluorescence quenching compared twittigype.
Since this mutant has lost Chl 606 and, partiatig,Mleo bound at site N1, we conclude that, althaCigh606 and Neo
are not needed for ADQ, Neo somehow prevents thglade transition to the dissipative conformatidhis, in turn,
is consistent with the fact that a larger ADQ efffiscobserved in Lhch6 (Figure 2), the only PSliemma protein that
cannot bind Neo (Caffarri, S. et al. 2007c). We higpsize that the conformational change induced dgregjation
involves helix C twisting with respect to helicesadd B, and this is prevented when Neo binds in tioewg in
between these two domains (Croce, R. et al. 1999 Z.iat al. 2004).

The identification of the chlorophylls and carotetsoprimarily responsible for ADQ does not providecomplete
explanation of the molecular mechanisms faciligtéamergy dissipation following aggregation, whids hpreviously
been attributed to energy transfer to carotenoitlted state S1 or the formation of a Chl-Chl chamgadfer state
(Miloslavina, Y. et al. 2008, Ruban, A. V. et al.a#). Our results cannot exclude either of thesehagisms. Strong
ChlI-Chl excitonic interactions are detectable in guenched samples by examining CD and 77K fluoregcepectra,
as previously reported (Miloslavina, Y. et al. 2D0&lthough our data suggest that Chl-Chl excitonietiactions may

be involved in ADQ, possibly through their ability reduce the energy level of S1 transition(s) fit@ quenching site
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is likely to be the Lut molecule bound to L1. Femimore, the induction of NP@® vivo has been positively correlated
with the S1 carotenoid excited state (Bode, S..&10419).

4.4 ADQ versus CTQ in vitro.

The physico-chemical nature of the NPQ mechanissridray been debated, owing to the importance effitbcess for
photosynthesis and plant life (DemmigAdams, B. addis, W. W. 1996, Horton, P. and Hague, A. 198&ttp G.
et al. 1991). Full induction of NPQ requires a snylakoid pH differential, the protonation of Bslihe accumulation
of Zea or Lut and the presence of Lhcb proteinsr{dég-Adams, B. 1990, Havaux, M. et al. 2004, Li,X.et al.
2000, Li, X. P. et al. 2002, Li, Z. R. et al. 20084yogi, K. K. et al. 1998, Niyogi, K. K. et al. BQ, Pogson, B. J. et al.
1998). Evidences supporting both ADQ and CTQ cagdyeeratedn vitro using native or recombinant Lhcb proteins
(Ahn, T. K. et al. 2008, Avenson, T. J. et al. 20@8rton, P. et al. 1991, Ruban, A. V. et al. 200Ve have previously
shown that CTQ is localized in monomeric Lhch4-8wits, and does not occur in LHCII (Ahn, T. K. &t 2008,
Avenson, T. J. et al. 2008, Avenson, T. J. et GD9). Zea bound at site L2 has a dual role in Cdligactly
participating in the reaction, and also playingadlosteric role, allowing the formation of a Lutieal cation in the L1
site of Lhcb5 (Ahn, T. K. et al. 2008, Avenson JT et al. 2008, Avenson, T. J. et al. 2009a). Heeshave shown that
all Lhcb proteins can undergo ADQ, but the prodsssiuch more efficient in Lhcb5-6 and much lesscedht in
LHCII (Figure 2). Zea is not indispensable for ADGQut enhances the process in Lhcb5 and Lhcb6. AdthdiiTQ
involves Chl 603 and 609, and strongly depends aot&aoids occupying site L2 (Ahn, T. K. et al. 2R08DQ mainly

involves chlorophylls proximal to Lut occupyingesit1.

4.5 Relevance of CTQ and ADQ for NPQ in vivo.

The mechanism responsible for NR@ vivo is difficult to determine since it is impossible perform detailed
spectroscopic analysis in optically challenging eniats such as leaves and unicellular algae. Negkds, CTQ has
been demonstrated in isolated thylakoids (HoltENet al. 2005, Li, Z. R. et al. 2009a) and, althotlte aggregation of
proteins within a lipid membrane might appear wlijk the induction of NPQ in leaves gives risefiectral signatures
similar those of Lhc proteins aggregatimgvitro (Miloslavina, Y. et al. 2008, Ruban, A. V. et a0, Ruban, A. V.

and Johnson, M. P. 2009). It has also been difficuestablish whether NPQ occurs in the monomignich proteins

(Ahn, T. K. et al. 2008, Avenson, T. J. et al. 2088 Bianchi, S. et al. 2008, Kovacs, L. et al. 230)6in the major

LHCII (Ruban, A. V. et al. 2007, van Oort, B. et a801D). The recent discovery that the PSIlI super-¢exngissociates
during NPQ and its components segregate into diffemembrane domains (Betterle, N. et al. 2009)leathio distinct

guenching sites are activated (Holzwarth, A. R1.2@09b), suggests that NPQ may involve multipechanisms.

Our results indicate that wherever ADQ occurs anfg during the induction of NPQ, both monomerich.lproteins

and trimeric LHCII can be involved, but the formewntribute more efficiently to excitation energy quahing.
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5.SUPPLEMENTAL DATA

SAMPL Chl Chl/ Chls, Tot Neo Vio Lut Zea

E a/b Car n° Cars

LHCII 1.31 3.66 14 3.82 091 0.65 2.26 -
VIO

LHCII 1.28 3.70 14 3.78 090 049 215 0.24
ZEA

Lhcb4 2,39 3,64 8 2,20 0,80 0,27 1,13 -
VIO

Lhcb4 2.21 3.68 8 2.17 0.77 - 0.81 0.59
ZEA

Lhcb5 2.09 3.32 9 2.71 0.84 0.39 148 -
VIO

Lhcb5 2.17 3.43 9 2.62 1.04 - 0.98 0.61
ZEA

Lhcb6 1,48 4,72 10 2,12 - 0,88 1,24 -
VIO

Lhch6 1,48 5,03 10 1,99 0,00 0,00 0,94 1,05

ZEA

Table S1: Pigment binding properties of different Lhd subunit violaxanthin or zeaxanthin binding. Monomeric
Lhcb4, Lheb5 and Lhech6 subunits were reconstitutedtio adding chlorophylls and carotenoids as disexd in ref.
(Giuffra, E. et al. 1996), with modifications repedtin ref. (Ballottari, M. et al. 2009c, Bassi, ®.al. 1999, Passarini,
F. et al. 2009a). Two batches were produced for eatiunit, one in presence of violaxanthin, the othgresence of
zeaxanthin. LHCII trimers were instead purified nativom dark adapted or high light treated Arabidispthaliana
leaves, in order to induce violaxanthin or zeaxamthinding into V1 site, as described in (Caffai@, et al. 2001).
Pigments binding properties of each sample wereyaeal through a combined approach of fitting analydipigment
acetone extract absorption spectra and HPLC. Data mormalized to the number of chlorophylls preseneach
samples according to (Dainese, P. et al. 1992b)nfionomeric LHch4-6 and (Liu, Z. et al. 2004) for@IHtrimers.
Chl a/b: molar ratio between Chl a and Chl b; Chl/canplar ratio between chlorophylls and carotenoid; §hh°:
number of chlorophylls bound by each complex; TotsCaumber of carotenoids bound by each complex;: Neo
neoxanthin, Vio: violaxanthin, Lut: lutein; Zea:a@nthin. Relative standard deviations should hesaered less than
15% in each case.

Amp; T1 Amp, T2 Amps T3 Tav X2 Qi 10
)

LHCH V yno 33.45% 058 66.55% 3.86 - - 2.76 1.14 7.11

LHCIl Z yno 33.84% 0.29 66.16% 4.02 - - 2.76 1.08 7.09

Lhcb4 Vyng 33.75% 1.26 66.25% 4.21 - - 3.22 1.20 8.27

Lhcb4 Zyng 51.13% 1.09 48.87% 3.83 - - 2.43 1.29 6.25

Lhcb5 Vyng 26.93% 0.76 73.07% 3.81 - - 299 119 7.69

Lhcb5 Zyng 53.23% 0.99 46.77% 3.53 - - 2.18 1.26 5.60

Lhcb6 Vyng 43.07% 1.32 56.93% 4.25 - - 2.99 1.11 7.68

Lhcb6 Zyng 62.44% 1.58 37.56% 4.76 - - 2.78 1.36 7.15

LHCH V yng + Lheb6 Vg (3:1) 38.00%  0.73  63.00%  3.95 - - 277 110 7.12

LHCIHl Z yng + Lheb6 Zyng (3:1) 41.00% 0.66 58.00%  4.11 - - 2.65 1.20 6.83
LHCII'V o 82.21% 0.09 16.83% 057 097% 2.98 0.20 1.00 0.52
LHCI Z 4 64.83% 0.17 31.58% 0.74 3.59% 2.85 0.44 1.05 1.14
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LHCII V o + Lhcb6 Vg (3:1)
LHCII Z o + Lhch6 Zg (3:1)

Lhcb4 Vg
Lhch4 Zq
Lhcb5 Vg
Lhch5 Zq
Lhcb6 Vq
Lhcb6 Zq

83.28%
81.87%
78.55%
93.49%
89.13%
96.48%
90.77%
88.99%

0.08
0.07
0.07
0.04
0.07
0.04
0.10
0.10

15.90%

17.27%

21.00%

6.32%
10.33%
3.20%
9.05%

10.80%

0.48
0.45
0.44
0.41
0.40
0.43
0.38
0.51

0.82%
0.86%
0.46%
0.18%
0.54%
0.32%
0.18%
0.21%

241
2.14
2.61
2.66
1.69
3.12
3.57
3.00

0.16

0.16

0.16

0.07

0.12

0.06

0.13

0.15

1.02
1.04
1.08
1.01
0.93
0.95
1.23
1.22

0.41
0.40
0.41
0.17
0.30
0.16
0.33
0.38

Table S2: Time resolved fluorescence analysis on Lhgivoteins in detergent or in aggregation Fitting results of
fluorescence decay traces (emission detected atni)smeasured on recombinant Lhcb4-6 proteins,vaatiHCII
trimers and on a mixture of Lhcb6 and LHCII triménsa 3:1 molar ratio. Samples were reconstitutedcth4r6) or
purified (LHCII trimers) with violaxanthin (V) or zganthin (Z). Different complexes were diluted ingamce of
0.03% DM and 20 mM HEPES (pH 7.8) or 0.003%DM and 20 mM citrate (pH 5.5), in order to induce
unquenching (UNQ) or quenching (Q) conditions, exdjvely.. Amp1-3: amplitude of the exponential gonents 1-3;
71-3: decay time constants (ns) of the exponentiates 1-3 used to fit the fluorescence decay cum/®g: average
fluorescence decay lifetime (ng);fluorescence quantum yield. Errors are less thafo in each case.

Mutated Chl Chl Chl/ Chls Tot Neo Vio Lut Zea Chl  Chl  AChl ACHI
residues coordi al/b Car , n° Cars a b a b
nated

WTy 2.09 3.32 9 2.71 0.84 0.39 1.48 - 6.09 291 -
Az(zno N179F Chl 1.83 2.88 8 2.78 0.86 034 158 518 2.82 0.91 090.
A3vio Q193L 6i:lhzl 2.02 3.18 8 2.52 0.67 0.35 15 535 2.65 0.74 60.2
Ady o EB5V/R181L 6(]2-ﬁl 1.94 3.11 7 2.25 0.44 0.16 1.65 461 238 1.47 520.
AS5vio H68F 6(?I’?I 1.97 3.17 7 2.2 0.52 0.1 1.53 464 2.36 1.45 0.55
B3vio H208L (z:orﬁ 2.13 3.01 8 2.66 0.75 048 167 545 256 0.64 360.
B5vio E137VvV %ﬁl 2.08 3.13 8 2.56 0.85 0.24 1.44 540 2.60 0.69 310.
B6vio E129V 6COP?I 3.19 3.65 8 2.19 022 035 164 6.09 1.91 0.00 00 1.
WT 2 6?6 2.17 3.43 9 2.62 1.04 0.98 0.61 6.16 2.84 -
AZAZEA N179F Chl 1.83 3.17 8 2.52 1.02 1.01 0.49 517 2.83 0.99 O010.
A3zea Q193L 6C:lhzl 1.84 2.63 7 2.66 1.06 1.08 0.51 453 247 163 370.
Adzen  E65V/ R181L 6éﬁ| 2.33 3.46 7 2.02 0.79 0.78 0.46 489 211 1.27 730.
AS5zen H68F 6Cg)hzl 1.94 3.98 7 2.35 0.95 0.90 0.50 462 238 1.55 450.
B3zea H208L 6005; 1.88 297 8 2.70 1.03 1.06 0.61 522 278 0.94 060.
B5zea E137V G(élﬁl 1.87 3.1 7 2.26 0.97 0.79 0.49 456 2.44 161 903
B6zea E129Vv ngfZI 3.01 3.35 8 2.09 0.65 0.91 0.53 6.00 1.99 0.16 850.

Table S3: Pigment binding properties of mutants inndividual Chl binding residues. Lhcb5 mutants in specific
chlorophyll binding sites were obtained as desatiba (Ballottari, M. et al. 2009b), including viotanthin or
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zeaxanthin in the pigment mixture added to holagnst for protein refoldingTwo batches were thus produced for
each mutant, one in presence of violaxanthin, theroin presence of zeaxanthin. Pigment bindingoprties of WT
and mutant-Lhcb5 were analyzed through a combineorageh of fitting analysis of acetonic pigment arts
absorption spectra and HPLC. Data are normalizedhie® number of chlorophylls present in each mutaft. a/b:
molar ratio between Chl a and Chl b; Chl/car. molarimabetween chlorophylls and carotenoid; Chlis, n°: hemof
chlorophylls bound by each Lhcb5 complex; Tot Caranber of carotenoids bound by each Lhcb5 complex:
neoxanthin, Vio: violaxanthin, Lut: lutein; Zea:a@nthin; Chl a,b: number of Chl a and Chl b boundelgh Lhcb5
complex. Variations of Chl a and Chl i Chla; 4 Chlb) with respect to WT are also shown: these waluere
calculated subtracting the number of Chl a(b) bobgdeach mutant to the number of Chl a(b) bound by RéTative
standard deviations should be considered less 14 in each case. Mutated residues and chlorogiodtdinated by
amino acids subject to mutations are indicatedefach mutant.

SAMPLE  Mutated residues Chl coordinated Amp Ty Amp, T, Amps T3 Tav XZ

€ 109
WT Vio ung - - 26.93% 0.76 73.07% 3.81 - - 299 119 7.69
A2 Viogng N179F Chl 612 66.66% 4.04 33.34% 0.49 - - 2.85 1.217.35
A3 Vioyng Q193L Chl 613 60.47% 4.11 39.53% 1.55 - - 3.10 1.067.97
A4 Viogng E65V/R181L Chl 602 31.85% 0.79 68.15% 4.16 - - 3.08021 7.94
A5 Viogng H68F Chl 603 24.43% 0.96 75.57% 4.06 - - 3.30 1.03 .508
B3 Vioung H208L Chl 614 30.30% 0.46 69.70% 3.87 - - 284 1.147.30
B5 Vioung E137V Chl 609 70.36% 3.73 29.64% 063 - - 281 1.157.24
B6 Vioyng E129V Chl 606 59.70% 4.34 40.30% 1.53 - - 3.21.14 8.26
WT - - 53.23% 0.99 46.77% 3.53 - - 218 1.26 5.60
A27'=Z=e“é\:NQ N179F Chl 612 43.83% 1.03 56.17% 3.60 - - 2.47 1.176.36
A3 Zeayng Q193L Chl 613 55.52% 1.63 44.48% 4.64 - - 2.97 1.207.64
A4 Zeayng E65V/R181L Chl 602 49.86% 3.96 50.14% 1.18 - - 257161 6.61
A5 Zeagng H68F Chl 603 59.47% 4.03 40.53% 1.36 - - 295 115 .597
B3 Zeajng H208L Chl 614 47.04% 3.75 52.96% 1.12 - - 2.36 1.176.07
B5 Zeang E137V Chl 609 53.49% 3.68 46.51% 1.12 - - 2.48 1.146.40
B6 Zeang E129V Chl 606 45.22% 4.04 54.78% 1.04 - - 2.40 1.216.17
WT Viog - - 78.55% 0.07 21.00% 0.44 0.46% 261 0.16 1.08 410.
A2 Viog N179F Chl 612 59.05% 0.11 36.71% 0.57 4.24% 2.196 0.2.09 0.94
A3 Viog Q193L Chl 613 73.10% 0.11 2550% 0.68 1.40% 3.2700.3.20 0.78
A4 VioQ E65V/R181L Chl 602 83.07% 0.08 15.12% 0.57 1.81% 2.8620 1.11 0.51
A5 Viog H68F Chl 603 91.21% 0.15 7.88% 0.72 0.91% 3.26 0.221 0.57
B3 Viog H208L Chl 614 78.27% 0.07 19.90% 0.68 1.84% 3.01 40.2.04 0.62
B5 Viog E137V Chl 609 78.39% 0.06 19.78% 0.68 1.83% 3.0140.2.05 0.62
B6 Vioo E129V Chl 606 86.95% 0.06 12.39% 048 066% 3.3840.1.12 0.35
WT Zeao - - 93.49% 0.04 6.32% 041 0.18% 2.66 0.07 1.01 70.1
A2 Zea, N179F Chl 612 88.19% 0.06 9.83% 047 1.99% 1.87 0.0P5 0.35
A3 Zea, Q193L Chl 613 80.05% 0.11 14.34% 079 562% 2.6850.8.93  0.90
A4 Zeag E65V/R181L Chl 602 88.78% 0.11 9.30% 0.72 1.92% 2.9M22 0.94 0.57
A5 Zeag H68F Chl 603 90.60% 0.08 8.87% 0.43 0.54% 2.39 O0.0387 0.32
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B3 Zea, H208L Chl 614 91.74% 0.07 8.02% 0.42 0.24% 2.46 0.0098 0.26
B5 Zea, E137V Chl 609 88.54% 0.12 10.72% 0.65 0.75% 2.60 9 0.0.97 0.50
B6 Zeay E129V Chl 606 4449% 0.10 54.85% 0.11 0.66% 1.7010.0.92 0.29

Table S4: Time resolved fluorescence analysis on Lhclghlorophyll binding site mutants in detergent or n
aggregation.Fitting results of fluorescence decay traces (eimisdetected at 705 nm) measured on recombinant
Lhcb5 complexes mutated on different chlorophyitiliig sites, reconstituted in presence of chlordiyb, lutein,
neoxanthin and violaxanthin (Vio) or zeaxanthingdZeamples were diluted in presence of 0.¢g82M and 20mM
HEPES pH 7.8 or 0.003%-DM and 20mM Citrate pH 5.5, in order to induce uagohing (UNQ) or quenching (Q)
condition respectivelyrluorescence emission was recorded at 705 nm.Amamplitude of the exponential
components 1-3;_3 decay time constants (ns) of the exponentialesd+3 used to fit the fluorescence decay curves;
Tav. average fluorescence decay lifetime (gg)-luorescence quantum yield. Mutations and chlbndls coordinated

by mutated residues are indicated.
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Figure S1: Size distribution from Dynamic light scatering measurements of Lhc proteins in aggregation
condition. The size of aggregates induced by detergent dilwtias determined by dynamic light scattering using a
ZETASIZER NANO S instrumentation as describedfir{@ellini, B. et al. 2006). LHCII monomers were paegd
from violaxanthin binding LHCII trimers as describied(Ruban, A. V. et al. 1999).

Figure S2: Model structure of Lhcb5 with chromophores bound.Model structure of Lhb5 complex is reported:
chlorophyll (Chl), carotenoids and alpha helicesigioas are from LHCII (Liu et al. 2004, pdb 1rwt).fixrent
chlorophylls are shown in green: chlorophyll numisemdicated according to (Liu, Z. et al. 2004). Gtanoid binding
sites are indicated: according to (Ballottari, M.&. 2009a) and (Caffarri, S. et al. 2007d), carute site L1 (orange)
is occupied by lutein, site L2 is occupied by lut@eoxanthin and violaxanthin or zeaxanthin, Bifeis occupied by

neoxanthin.

Reference List

Ahn,T.K., Avenson,T.J., Ballottari,M., Cheng,Y.C.,
Niyogi,K.K., Bassi,R., and Fleming,G.R(2008)
Architecture of a charge-transfer state reguldiif
harvesting in a plant antenna protein. Sci&3R@&794-797.

Alboresi,A., Ballottari,M., Hienerwadel,R.,
Giacometti,G.M., and Morosinotto,T. (2009) Antenna
complexes protect Photosystem | from photoinhihitio
BMC.Plant Biol.9:71.

Amunts,A., Drory,O., and Nelson,N.(2007a) The structure
of a plant photosystem | supercomplex at 3.4 aogstr
resolution. Naturd47.58-63.

Amunts,A., Toporik,H., Borovikova,A., and Nelson,N.
(2010a) Structure Determination and Improved Madel

Plant Photosystem I. Journal of Biological Chemistry
285:3478-3486.

Avenson,T.J., Ahn,T.K., Niyogi,K.K., Ballottari,M.,
Bassi,R., and Fleming,G.R(2009b) Lutein Can Act as a
Switchable Charge Transfer Quencher in the CP26 Light
harvesting Complex. Journal of Biological Chemistry
284:2830-2835.

Avenson,T.J., Ahn,T.K., Zigmantas,D., Niyogi,K.K.,

Li,Z., Ballottari,M., Bassi,R., and Fleming,G.R.(2008)
Zeaxanthin radical cation formation in minor ligigrvesting
complexes of higher plant antenna. J.Biol Ch2&&3550-
3558.

Ballottari,M., Mozzo,M., Croce,R., Morosinotto,T., ard
Bassi,R.(2009t) Occupancy and Functional Architecture of
the Pigment Binding Sites of Photosystem Il Antenna
Complex Lhcb5. Journal of Biological Chemis284:8103-
8113.

90



Bassi,R., Croce,R., Cugini,D., and Sandona,[1999)
Mutational analysis of a higher plant antenna pnote
provides identification of chromophores bound imtoltiple
sites. Proc.Natl.Acad.Sci.US#6:10056-10061.

Bassi,R., Hoyer-hansen,G., Barbato,R., Giacometti,G.M
and Simpson,D.J(1987) Chlorophyll-proteins of the
photosystem-II antenna system. J.Biol.Ch26213333-
13341.

Bassi,R., Pineau,B., Dainese,P., and Marquardt,J1993)
Carotenoid-Binding Proteins of Photosystem-II.
Eur.J.Biochem212297-303.

Bassi,R. and Wollman,F.-A.(1991) The chlorophyll-a/b
proteins of photosystem Il in Chlamydomonas reintiiard
Isolation, characterization and immunological cross

reactivity to higher-plant polypeptides. Plat&8423-433.

Ben Shem,A., Frolow,F., and Nelson,N2003) Crystal
structure of plant photosystem |. Natd26630-635.

Berera,R., Herrero,C., van Stokkum,l.H.M., Vengris,M,,
Kodis,G., Palacios,R.E., van Amerongen,H., van
Grondelle,R., Gust,D., Moore, T.A., Moore,A.L., and
Kennis,J.T.M. (2006) A simple artificial light-harvesting
dyad as a model for excess energy dissipationygenic
photosynthesis. Proceedings of the National Acadeimy
Sciences of the United States of Amerd€@85343-5348.

Betterle,N., Ballottari M., Zorzan,S., de Bianchi,S.,
Cazzaniga,S., Dall'Osto,L., Morosinotto,T., and BasdR.
(2009)Light-induced dissociation of an antenna hetero-
oligomer is needed for non-photochemical quenching
induction. Journal of Biological Chemistr384:15255-
15266.

Bode,S., Quentmeier,C.C., Liao,P.N., Hafi,N., Barros,T.
Wilk,L., Bittner,F., and Walla,P.J. (2009) On the
regulation of photosynthesis by excitonic interaiesi
between carotenoids and chlorophylls. Proceedihgseo
National Academy of Sciences of the United Stafes o
Americal0612311-12316.

Caffarri,S., Croce,R., Breton,J., and Bassi,R(2001) The
major antenna complex of photosystem Il has a xguftil
binding site not involved in light harvesting. JBChem.
276:35924-35933.

Caffarri,S., Passarini,F., Bassi,R., and Croce,R2007b) A
specific binding site for neoxanthin in the monoimer
antenna proteins CP26 and CP29 of Photosystem I$. Feb
Letters581:4704-4710.

Caffarri,S., Passarini,F., Bassi,R., and Croce,R2007a) A
specific binding site for neoxanthin in the monoimer
antenna proteins CP26 and CP29 of Photosystem I$. Feb
Letters581:4704-4710.

Caffarri,S., Passarini,F., Bassi,R., and Croce,R2007c) A
specific binding site for neoxanthin in the monoimer
antenna proteins CP26 and CP29 of Photosystem I$. Feb
Letters581:4704-4710.

Caffarri,S., Passarini,F., Bassi,R., and Croce,R2007d) A
specific binding site for neoxanthin in the monoimer

SECTION A.2

antenna proteins CP26 and CP29 of Photosystem I$. Feb
Letters581:4704-4710.

Cellini,B., Bertoldi,M., Montioli,R., Laurents,D.V.,
Paiardini,A., and Voltattorni,C.B. (2006) Dimerization and
folding processes of treponema denticola cystaly&ie role
of pyridoxal 5 '-phosphate. Biochemis#$:14140-14154.

Connelly,J.P., Muller,M.G., Bassi,R., Croce,R., and
Holzwarth,A.R. (1997) Femtosecond transient absorption
study of carotenoid to chlorophyll energy transfethe light
harvesting complex Il of photosystem Il. Biochemnyistr
36:281-287.

Crimi,M., Dorra,D., Bosinger,C.S., Giuffra,E., Bassi,R,
and Holzwarth,A.R. (1998) Zeaxanthin-induced
fluorescence quenching in the minor antenna CP29. In
Photosynthesis: Mechanism and Effects / XI. Int. @on
Photosynthesis Budapest 1998, G.Garab, ed (Dordrecht
Kluwer Academic Publishers), pp. 333-336.

Crimi,M., Dorra,D., Bosinger,C.S., Giuffra,E.,
Holzwarth,A.R., and Bassi,R.(2001) Time-resolved
fluorescence analysis of the recombinant photosysite
antenna complex CP29. Effects of zeaxanthin, pH and
phosphorylation. Eur.J.Biocher®68260-267.

Croce,R., Canino,g., Ros,F., and Bassi,R002)
Chromophore organization in the higher-plant phattey I
antenna protein CP26. Biochemistry;7334-7343.

Croce,R., Remelli,R., Varotto,C., Breton,J., and BasR.
(1999) The neoxanthin binding site of the majohtig
harvesting complex ( LHC Il ) from higher plants.B%&
Lett. 456.1-6.

Dainese,P. and Bassi,R1991) Subunit Stoichiometry of the
Chloroplast Photosystem- Il Antenna System and
Aggregation State of the Component Chlorophyll-a/b
Binding Proteins. J.Biol.Chen266.:8136-8142.

Dainese,P., Marquardt,J., Pineau,B., and Bassi,R1992a)
Identification of violaxanthin and zeaxanthin bingdliproteins
in maize photosytem Il. In Research in Photosyngheel.l,
N.Murata, ed (Dordrecht: Kluwer Academic Publishepp.
287-290.

Dainese,P., Santini,C., Ghiretti-Magaldi,A.,
Marquardt,J., Tidu,V., Mauro,S., Bergantino,E., and
Bassi,R.(1992b) The organization of pigment-proteins
within photosystem Il. In Research in Photosynth¥sisl|,
N.Murata, ed (Dordrecht: Kluwer Academic Publishepp.
13-20.

Dall'Osto,L., Caffarri,S., and Bassi,R.(2005) A
mechanism of nonphotochemical energy dissipation,
independent from Psbs, revealed by a conformaticimahge
in the antenna protein CP26. Plant A&tl1217-1232.

Dall'Osto,L., Cazzaniga,S., Havaux,M., and Bassi,R.
(2010) Enhanced photoprotection by protein-bounftes
xanthophyll pools: a comparative analysis of chrgl b
and xanthophyll biosynthesis mutants. moleculant8z576-
593.

91



Dall'Osto,L., Cazzaniga,S., North,H., MArion-Poll A,

and Bassi,R.(2007) The arabidopsis aba4-1 mutant reveals a
specific function for neoxanthin in protection ausi
photoxidative stress. Plant C&B:1048-1064.

Dall'Osto,L., Lico,C., Alric,J., Giuliano,G., Havaux,M.,
and Bassi,R.(2006) Lutein is needed for efficient
chlorophyll triplet quenching in the major LHCII @&nina
complex of higher plants and effective photopratecin
vivo under strong light. Bmc Plant Bioloy32.

de Bianchi,S., Dall'Osto,L., Tognon,G., Morosinotto,T.,

and Bassi,R.(2008) Minor antenna proteins CP24 and CP26
affect the interactions between Photosystem Il sitband

the electron transport rate in grana membranes of
Arabidopsis. Plant Cef20:1012-1028.

Demmig-Adams,B.(1990) Carotenoids and photoprotection
in plants: A role for the xanthophyll zeaxanthin.
Biochim.Biophys.Actal02Q1-24.

DemmigAdams,B. and Adams,W.W(1996) Chlorophyll
and carotenoid composition in leaves of Euonymus
kiautschovicus acclimated to different degreesgittistress
in the field. Australian Journal of Plant Physiol®3:649-
659.

Formaggio,E., Cinque,G., and Bassi,R2001) Functional
architecture of the major Light-harvesting Compleoai
Higher Plants. J.Mol.Biol314:1157-1166.

Gastaldelli,M., Canino,g., Croce,R., and Bassi,R2003)
Xanthophyll binding sites of the CP29 (Lhcb4) subwii
higher plant photosystem Il investigated by donsaiapping
and mutation analysis. Journal of Biological Chenyistr
27819190-19198.

Gilmore,A.M. and Yamamoto,H.Y. (1991) Zeaxanthin
Formation and Energy-Dependent Fluorescence Quagchi
in Pea Chloroplasts Under Artificially Mediated ear and
Cyclic Electron Transport. Plant Physi®b:635-643.

Giuffra,E., Cugini,D., Croce,R., and Bassi,R(1996)
Reconstitution and pigment-binding properties of
recombinant CP29. Eur.J.Bioche®38112-120.

Havaux,M., Dall'Osto,L., and Bassi,R.(2007) Zeaxanthin
has Enhanced Antioxidant Capacity with Respect to All
Other Xanthophylls in Arabidopsis Leaves and fumtdi
independent of binding to PSII antennae. Plant Bhys
1451506-1520.

Havaux,M., Dall'Osto,L., Cuine,S., Giuliano,G., and
Bassi,R.(2004) The effect of zeaxanthin as the only
xanthophyll on the structure and function of the
photosynthetic apparatus in Arabidopsis thaliana.
J.Biol.Chem27913878-13888.

Holt,N.E., Zigmantas,D., Valkunas,L., Li,X.P.,
Niyogi,K.K., and Fleming,G.R. (2005) Carotenoid cation
formation and the regulation of photosynthetic figh
harvesting. Sciencg07:433-436.

Holzwarth,A.R., Miloslavina,Y., Nilkens,M., and Jams,P.
(2009a) Identification of two quenching sites agtin the
regulation of photosynthetic light-harvesting sadiby time-

SECTION A.2

resolved fluorescence. Chemical Physics Le#t8(262-
267.

Horton,P. and Hague,A.(1988) Studies on the induction of
chlorophyll fluorescence in isolated barley protgbs. V.
Resolution of non-photochemical quenching.
Biochim.Biophys.Acté932107-115.

Horton,P. and Ruban,A.V.(1992) Regulation of
photosystem Il. Photosynth.R&gL:375-385.

Horton,P., Ruban,A.V., Rees,D., Pascal,A.A., Noctd®.,
and Young,A.J.(1991) Control of the light-harvesting
function of chloroplast membranes by aggregatiothef
LHCII chlorophyll-protein complex. FEBS Le®921-4.

Jahns,P., Wehner A, Paulsen,H., and Hobe,§£001) De-
epoxidation of violaxanthin after reconstitutiondrdifferent
carotenoid binding sites of light-harvesting comxgle
J.Biol.Chem276:22154-22159.

Jansson,S(1999) A guide to the Lhc genes and their
relatives in Arabidopsis. Trends Plant Sc236-240.

Johnson,M.P., Perez-Bueno,M.L., Zia,A., Horton,P., ah
Ruban,A.V. (2009) The zeaxanthin-independent and
zeaxanthin-dependent gE components of nonphotochémi
guenching involve common conformational changehiwit
the photosystem Il antenna in Arabidopsis. Playski
1491061-1075.

Kovacs,L., Damkjaer,J., Kereiche,S., llioaia,C.,
Ruban,A.V., Boekema,E.J., Jansson,S., and Horton,P.
(2006) Lack of the light-harvesting complex CP24eff§ the
structure and function of the grana membranesgiferiplant
chloroplasts. Plant Cell8:3106-3120.

Kihlbrandt,W. and Wang,D.N. (1991) Three-dimensional
structure of plant light-harvesting complex deteread by
electron crystallography. Natugs0:130-134.

Kihlbrandt,W., Wang,D.N., and Fujiyoshi,Y. (1994)
Atomic model of plant light-harvesting complex dgaron
crystallography. Naturg67.614-621.

Li,X.P., Bjorkman,O., Shih,C., Grossman,A.R.,
Rosenquist,M., Jansson,S., and Niyogi,K.K2000) A
pigment-binding protein essential for regulation of
photosynthetic light harvesting. Natut83391-395.

Li,X.P., Muller-Moule,P., Gilmore,A.M., and Niyogi,K .K.
(2002) PsbS-dependent enhancement of feedback de-
excitation protects photosystem Il from photointidai.
Proc.Natl.Acad.Sci.U.S.A9:15222-15227.

Li,Z.R., Ahn,T.K., Avenson,T.J., Ballottari,M., Cruz,J.A .,
Kramer,D.M., Bassi,R., Fleming,G.R., Keasling,J.D.and
Niyogi,K.K. (2009b) Lutein Accumulation in the Absence of
Zeaxanthin Restores Nonphotochemical Quenchingein th
Arabidopsis thaliana npgl Mutant. Plant Ci1798-1812.

Li,Z.R., Ahn,T.K., Avenson,T.J., Ballottari,M., Cruz,J.A .,
Kramer,D.M., Bassi,R., Fleming,G.R., Keasling,J.D.and
Niyogi,K.K. (2009a) Lutein Accumulation in the Absence of
Zeaxanthin Restores Nonphotochemical Quenchingein th
Arabidopsis thaliana npgl Mutant. Plant G11798-1812.

92



Liu,Z., Yan,H., Wang,K., Kuang,T., Zhang,J., Gui,L.,
An,X., and Chang,W.(2004) Crystal structure of spinach
major light-harvesting complex at 2.72 A resolutiblature
428287-292.

Miloslavina,Y., Wehner,A., Lambrev,P.H., Wientjes,E.,
Reus,M., Garab,G., Croce,R., and Holzwarth,A.R(2008)
Far-red fluorescence: a direct spectroscopic mddter
LHCII oligomer formation in non-photochemical quemzh
FEBS Lett.5823625-3631.

Morosinotto, T., Baronio,R., and Bassi,R(2002a)
Dynamics of Chromophore Binding to Lhc Proteins ind/i
and in Vitro during Operation of the Xanthophyll Gy.c
J.Biol.Chem277:36913-36920.

Morosinotto,T., Breton,J., Bassi,R., and Croce,R(2003)
The nature of a chlorophyll ligand in Lhca proteins
determines the far red fluorescence emission typica
photosystem |. J.Biol.Cherd7849223-49229.

Morosinotto,T., Castelletti,S., Breton,J., Bassi,R.,r&d
Croce,R.(2002b) Mutation analysis of Lhcal antenna
complex. Low energy absorption forms originate from
pigment-pigment interactions. J.Biol.Che27.7:36253-
36261.

Morosinotto, T., Mozzo,M., Bassi,R., and Croce,R(2005)
Pigment-pigment interactions in the higher plants
Photosystem | antenna complex Lhca4. A mutagesasiy.
submitted.

Moya,l., Silvestri,M., Vallon,O., Cinque,G., and Basi,R.
(2001) Time-Resolved Fluorescence Analysis of the
Photosystem Il Antenna Proteins in Detergent Mésefind
Liposomes. Biochemistr§0:12552-12561.

Mozzo,M., Dall'Osto,L., Hienerwadel,R., Bassi,R., and

Croce,R.(2008) Photoprotection in the antenna complexes of

photosystem lI: role of individual xanthophyllsdhlorophyll
triplet quenching. J.Biol Cher2336184-6192.

Muller,M.G., Lambrev,P., Reus,M., Wientjes,E.,
Croce,R., and Holzwarth,A.R.(2010a) Singlet Energy
Dissipation in the Photosystem Il Light-Harvestidgmplex
Does Not Involve Energy Transfer to Carotenoids.
Chemphyscherti1:1289-1296.

Muller,M.G., Lambrev,P., Reus,M., Wientjes,E.,
Croce,R., and Holzwarth,A.R.(2010b) Singlet Energy
Dissipation in the Photosystem Il Light-Harvestidgmplex
Does Not Involve Energy Transfer to Carotenoids.
Chemphyscher1:1289-1296.

Mullineaux,C.W., Pascal,A.A., Horton,P., and
Holzwarth,A.R. (1993) Excitation energy quenching in
aggregates of the LHC Il chlorophyll-protein compléx
time-resolved fluorescence study. Biochim.BiophysaAct
114123-28.

Nilkens,M., Kress,E., Lambrev,P., Miloslavina,Y ..,
Muller,M., Holzwarth,A.R., and Jahns,P. (2010)
Identification of a slowly inducible zeaxanthin-eegylent
component of non-photochemical quenching of chlbytip
fluorescence generated under steady-state corglition

SECTION A.2

Arabidopsis. Biochimica et Biophysica Acta-Bioenergeti
1797466-475.

Niyogi,K.K. (1999) Photoprotection revisited: Genetic and
molecular approaches. Annu.Rev.Plant Physiol.Plant
Mol.Biol. 50:333-359.

Niyogi,K.K., Grossman,A.R., and Bjérkman,O.(1998)
Arabidopsis mutants define a central role for taathophyll
cycle in the regulation of photosynthetic energgvarsion.
Plant Cell10:1121-1134.

Niyogi,K.K., Shih,C., Chow,W.S., Pogson,B.J.,
DellaPenna,D., and Bjorkman,0.(2001) Photoprotection in
a zeaxanthin- and lutein-deficient double mutant of
Arabidopsis. Photosynth.Re&7:139-145.

Noctor,G., Rees,D., Young,A., and Horton,R1991) The
Relationship Between Zeaxanthin, Energy-Dependent
Quenching of Chlorophyll Fluorescence, and trans-
Thylakoid pH Gradient in Isolated Chloroplasts.
Biochim.Biophys.Actal 057.320-330.

Pagano,A., Cinque,G., and Bassi,R1998)

In vitro reconstitution of the recombinant photdsys I
light-harvesting complex CP24 and its spectroscopic
characterization. J.Biol.Cher27317154-17165.

Pascal,A.A., Liu,Z.F., Broess,K., van Oort,B., van
Amerongen,H., Wang,C., Horton,P., Robert,B.,
Chang,W.R., and Ruban,A.(2005) Molecular basis of
photoprotection and control of photosynthetic light
harvesting. Naturd36134-137.

Passarini,F., Wientjes,E., Hienerwadel,R., and CrogR.
(2009a) Molecular Basis of Light Harvesting and
Photoprotection in CP24 UNIQUE FEATURES OF THE
MOST RECENT ANTENNA COMPLEX. Journal of
Biological Chemistry284:29536-29546.

Plumley,F.G. and Schmidt,G.W.(1987) Reconstitution of
chloroform a/b light-harvesting complexes: Xanthylph
dependent assembley and energy transfer.
Proc.Natl.Acad.Sci.US84:146-150.

Pogson,B.J., Niyogi,K.K., Bjorkman,O., and
DellaPenna,D.(1998) Altered xanthophyll compositions
adversely affect chlorophyll accumulation and
nonphotochemical quenching in Arabidopsis mutants.
Proc.Natl.Acad.Sci.U.S.A5:13324-13329.

Remelli,R., Varotto,C., Sandona,D., Croce,R., and
Bassi,R.(1999) Chlorophyll binding to monomeric light-
harvesting complex. A mutation analysis of chrormaph
binding residues. J.Biol.Chera74:33510-33521.

Rogl,H. and Kuhlbrandt,W. (1999) Mutant trimers of light-
harvesting complex Il exhibit altered pigment contend
spectroscopic features. Biochemis3&16214-16222.

Ruban,A.V., Berera,R., llioaia,C., van Stokkum,I.H,
Kennis,J.T., Pascal,A.A., Van Amerongen,H., Robert,B.
Horton,P., and van Grondelle,R.(2007) Identification of a
mechanism of photoprotective energy dissipationigmer
plants. Naturé50575-578.

93



Ruban,A.V., Calkoen,F., Kwa,S.L.S., van Grondelle,R.
Horton,P., and Dekker,J.P.(1997a) Characterisation of
LHC Il in the aggregated state by linear and cincula
dichroism spectroscopy. Biochim.Biophys.A&#2161-70.

Ruban,A.V. and Horton,P. (1994) Spectroscopy of non-
photochemical and photochemical quenching of ciployt
fluorescence in leaves Evidence for a role of ittt |
harvesting complex of Photosystem Il in the regoiteof
energy dissipation. Photosynth.R48:181-190.

Ruban,A.V. and Johnson,M.P.(2009) Dynamics of higher
plant photosystem cross-section associated with sta
transitions. Photosynthesis Resedd6173-183.

Ruban,A.V., Lee,P.J., Wentworth,M., Young,A.J., and
Horton,P. (1999) Determination of the stoichiometry and
strength of binding of xanthophylls to the photdsys ||
light harvesting complexes. J.Biol.CheR7410458-10465.

Ruban,A.V., Phillip,D., Young,A.J., and Horton,P.
(1997b) Carotenoid-dependent oligomerization ofrtizgor
chlorophyll a/b light harvesting complex of photetam Il of
plants. Biochemistr$6:7855-7859.

Ruban,A.V., Rees,D., Noctor,G.D., Young,A., and

Horton,P. (1991) Long-wavelength chlorophyll species are

associated with amplification of high-energy-stateitation

SECTION A.2

qguenching in higher plants. Biochim.Biophys.At@59355-
360.

Ruban,A.V., Young,A.J., and Horton,P.(1996) Dynamic
properties of the minor chlorophyll a/b binding f@ias of
photosystem I, an in vitro model for photoproteetenergy
dissipation in the photosynthetic membrane of gggants.
Biochemistry35:674-678.

Schmid,V.H.R. (2008) Light-harvesting complexes of
vascular plants. Cellular and Molecular Life Science
65:3619-3639.

van Oort,B., Alberts,M., de Bianchi,S., Dall'Osto,L.,
Bassi,R., Trinkunas,G., Croce,R., and Van Amerongen,H
(2010) Effect of antenna-depletion in Photosysteaml
excitation energy transfer in Arabidopsis thaliana.
Biophysical Journa®8:922-931.

Wehner,A., Grasses,T., and Jahns,F2006) De-

epoxidation of violaxanthin in the minor antennatpins of
photosystem Il, LHCB4, LHCB5, and LHCB6. J.Biol.Chem.
281:21924-21933.

Wentworth,M., Ruban,A.V., and Horton,P. (2000)
Chlorophyll fluorescence quenching in isolated light
harvesting complexes induced by zeaxanthin. FEBS Let
47171-74.

94



SECTION B

SECTION B

Membrane dynamics and reorganization
for the quenching events: PsbS and
zeaxanthin-dependent dissociation of a

PSIl pentameric supercomplex.

95



SECTION B

PsbS plays a major role in activating the photaaradn mechanism known as “Non Photochemical Quagthvhich
dissipates chlorophyll excited states exceeding#pacity for photosynthetic electron transporhJPactivity is known
to be triggered by low lumenal pH. However, the eealar mechanism by which this subunit regulagst Inarvesting
efficiency is still unknown. Here we show that Pgaitrols the association/dissociation of a fiveimit membrane
complex, composed of two monomeric Lhcb proteinscfi4 (CP29) and Lhcb6 (CP24)) and the trimeric LH@II-
Dissociation of this supercomplex is indispensdbiethe onset of non-photochemical fluorescencenghimg in high
light, strongly suggesting that protein subunitsabaing the reaction of heat dissipation are lhiigo the complex,
thus not available for interaction with PsbS. Caesitly, we show that knock out mutants on two siufisysarticipating
to the B4C complex are strongly affected in heatiplig®n. Direct observation by electron microscamd image
analysis shows that B4C dissociation leads into gestization of PSII distribution within grana memtea.

We interpret these results as the dissociation & Bvaking available quenching sites, possibly Lhchd Bhcb6, to
the interaction with structures inducing switchatoenergy quenching conformation, possibly Psb8&sdlthanges are
reversible and do not require protein synthesigatdsgion, thus allowing for changes in PSIl antesime and

adaptation to rapidly changing environmental caodg.

This section is based on the pubblished articleteBlet, N., Ballottari*, M., Zorzan S., de Bianchi,$azzaniga S.,
Dall'Osto,. L., Morosinotto T. and Bassi, R. (2010purnal of Biological Chemistr84 15255-15266. (*,these
authors equally contributed to the work).

This article has been selected by Alexey Amuntsidaithan Nelson for “Faculty of 1000" as new findard
interested hypothesis.

1. INTRODUCTION

Photosynthetic reaction centers (RC) exploit solargyfor driving electrons from water to NADPThis transport is
coupled to H transfer from chloroplast stroma to thylakoids & building a proton gradient for ATP synthesis
(Nelson, N. and Ben Shem, A. 2004). The capacitylifght absorption is increased by pigment bindingtgins
composing the antenna system. In higher plantgnaatis composed of the nuclear-encoded aihbinding Light
Harvesting Complexed ic). The major constituent of the Photosystem Il (P&lter antenna is LHCII, a heterotrimer
composed by different combinations Idficbl, Lhcb2 andLhcb3 gene products (Jansson, S. 1999). Three additional
monomeric antenna complexes (Lhcb4, Lhcb5, and &hebcoded byhcb4, Incb5andlhch6 genes respectively, are
localized in between the core complex and LHCII (Boea, E. J. et al. 1999a). Similarly, PSI has fdura antenna
proteins, yielding a total of 10 distinct Lhc isofts (Jansson, S. 1999). Differences between theioned isoforms
have been largely conserved in all higher plantinduat the last 350 million years of evolutiorrpstgly indicating that
each pigment—protein complex has a specific fundfidboresi, A. et al. 2008), although the specifite of each gene
product in light harvesting and/or photoprotectisnstill under debate (Horton, P. et al. 2005). iThepological
organization into the supercomplex has been andliggeslectron microscopy and biochemical methods¢B&. and
Dainese, P. 1992, Boekema, E. J. et al. 1995, BogkEma et al. 1999a, Nield, J. et al. 2000) shgwiimat Lhch
subunits are organized into two layers around BB €ore: the inner one is composed of CP29, CP26tkem®-type
LHCII trimer, forming, together with PSII core, tise-called GS, particle (Boekema, E. J. et al. 1999b, Morosinotto,
T. et al. 2006). The outer layer is made of LHCiim&rs and Lhcb6, to build up the largesSaM,L, complexes
(Boekema, E. J. et al. 1999b) in which the numbektld€ClI-L trimers depends on the light intensity dwgigrowth
(Bailey, S. et al. 2001, Ballottari, M. et al. 2007).
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This structural organization responds to requiramenlight harvesting regulation: in high lighthen absorbed energy
is not limiting growth, PSIl antenna loses the comgnts of the external antenna layer, namely Lhtb&11-M and
LHCII-L (Ballottari, M. et al. 2007) while the inteah antenna components, Lhcb5, Lhcb4 and LHCII-S,ahmays
retained in 1:1 stoichiometry with PSIl core compl&his is consistent with the composition of a amitexhibiting
chronic plastoquinone reduction, mimicking overitatton (Morosinotto, T. et al. 2006). Such an anation to
contrasting light conditions, however, requiresdayweeks (Ballottari, M. et al. 2007, Lindahl, &t.al. 1995), while
plants are often exposed to rapid changes in liglensity, temperature and water availability. lrege conditions,
incomplete photochemical quenching leads to ine@azhl excited staté¢Chl*) lifetime and increased probability of
Chl a triplet formation ¥Chl*) by intersystem crossing. Chl triplets reacthwdxygen {02) and form harmful reactive
oxygen species (ROS), responsible for photoinhibidad oxidative stress (Barber, J. and Anderssoh982). These
harmful events are counteracted by photoproteati@thanisms consisting either in scavenging of geéedrROS
(Asada, K. 1999) or in prevention of their prodantithrough dissipation of th&Chl* in excess (Kulheim, C. et al.
2002, Niyogi, K. K. 2000). This latter process isokvn as_Mn Fhotochemical Qenching (NPQ) and is observed as
light-dependent quenching of Chl fluorescence. NP&3 whown to be composed by at least two componeitits
different activation timescale: one, feedback deitation quenching (qE), is rapidly activated ugooreasing light
intensity while a second component (ql) is sloviredl NPQ activation requires zeaxanthin syntheBmsnimig-Adams,
B. 1990, Niyogi, K. K. et al. 1997) and the PsbStgiro(Li, X. P. et al. 2000) which senses low luatipH through
two lumen-exposed protonable residues (Li, X. Rl.e2002, Li, X. P. et al. 2004). Mutants lacki@bl b, thus lacking
Lhc proteins, or exhibiting alterations in the topatad organization of PSIl antenna also underga@nstreduction in
NPQ, demonstrating the involvement of antenna prsti its activation (Briantais, J.-M. 1994, de BRihih S. et al.
2008, Kovacs, L. et al. 2006).

In this work we have analyzed the changes in thardzation of PSIl antenna during exposure to gti@it and NPQ
development. We found that a supramolecular compteaxned B4C, composed of Lhcb4, Lhcb6 and LHCII-M,
connecting the inner and the outer antenna mojeti&ssociates during light exposure and re-assexialuring
subsequent dark recovery. Dissociation of the B4Cptexnappears to be necessary for the establishofenbn-
photochemical fluorescence quenching. Upon illuriiimg PSII distribution within grana membranes a0 affected
and we observed a shorter distance between PSitioracenters, implying enrichment in,% complexes and
depletion in the outer LHCII components. These tessliggest that the NPQ process includes a rapideversible
change in the organization of grana membranes disttonnection of a subset of Lhcb proteins fromRIsl reaction

Centre.

2. MATERIAL AND METHODS

2.1 Plants growth, light treatment and thylakoidslasion. WT plants ofArabidopsis thalianacotype Columbia and
mutantsnpgl, npqg2, npg4, koLhcb3, koLhch6 and koLhatére obtained from thArabidopsisStock center; the
complementedpg4 mutant with PsbS WT and E122Q, E226Q and doubR281E226Q mutants were obtained as
described in (Li, X. P. et al. 2002); thpg2/npg4double mutant was obtained crossimgy2 andnpg4 mutants; the
triple mutantkoLhcb4was obtained crossing the single mutdtitsb4.1 Lhcb4.2 Lhcb4.3obtained fromArabidopsis
thaliana Stock center. Plants WT and mutants were growndf6rweeks at 10umol photons nf s, 21 °C, 90%
humidity, and 8 h of daylight. Detached leavesr® weeks grown plants were adapted for 1 houhéndark and
eventually treated for 30’ at 15Q@mol photons i¥ s?, or for different times as indicated in the teidnstacked
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thylakoids were isolated from leaves dark adaptedight treated as previously described (Bassi, Ralet1988).
Membranes corresponding to 150 mg of chlorophybsemvashed with 5mM EDTA and then solubilized viit6%a-
DM. Solubilized samples were then fractionated kyaoentrifugation in a 0.1 to 1 M sucrose gradieahtaining
0.03%0-DM and 20 mM HEPES, pH 7.5 (rotor SW60ti, 5 h 3 et 60,000rpm, 4°C).

2.2 Membranes isolationGrana membranes have been isolated from dark ghtl didapted samples usingDM

solubilization of stacked thylakoids, as descrire(Morosinotto, T. et al. 2006).

2.3 Quantification of B4C dissociatioiihe image of each sucrose gradient fractionatienbiegen analyzed by using
Gel-Pro Analyze? software to determine the integrated optical dgn@iOD) of the different bands. B4C was
guantified as the ratio between the 10D of the e&gponding band and the sum of all bands correspgridi antenna
proteins (band 2, 3 and 4).

2.4 Pigment analysePRigments were extracted from leaf discs or granaionanes (see below) with 80% acetone (v/v)
and then separated and quantified by HPLC (Gilm&ré). and Yamamoto, H. Y. 1991).

2.5 In vivo fluorescence analysion-photochemical quenching of Chl fluorescence maasured on whole leaves at
RT with a PAM 101 fluorimeter (Walz, Effeltrich, Gaany). Minimum fluorescence {fFwas measured with a 0.15
pumol m? s* beam, maximum fluorescence jFwas determined with a 0.6 sec light pulse (456®um?s?), white
continuous light (100-2000 umols™) was supplied by a KL1500 halogen lamp (SchottinglaGermany). NPQ was
calculated according to the following equation (\Kooten, O. and Snel, J. F. H. 1990): NPQ #F,)/F ., where K

is the maximum Chl fluorescence from dark-adaptedds, F, the maximum Chl fluorescence under actinic light
exposition. For photoinhibition analyses, Fv/Fm watermined after 5 or 15 dark incubation followliggt treatment,
with equivalent results.

2.6 Electron microscopy and image analy&tectron microscopy (EM) on isolated grana memésawas conducted
using an FEI Tecnai T12 electron microscope opegadt 100 kV accelerating voltage. Samples werdiepfo glow-
discharged carbon coated grids and stained withug8yl acetate. Images were recorded using a CCDreaamest
stained grana patches were identified and PSII poséion identified using Boxer software, manuatited in case of
uncertain attributions. Distribution of PSII coregthin the image distribution have been analyzedabljomemade
procedure written in Matlab© (available upon redquetetermining the distance between each cordlandlosest (on
closest) neighbor. In total around 1000 pointsultesy from at least 3 independent biological reations, have been

considered for the analysis for each sample.

3. RESULTS

3.1 A pentameric Lhcb complex (B4C) is dissociafmmhuight treatment.

PSII antenna organization has been shown to beafonadtal for a full establishment of NPQ, which, fatt, is

significantly impaired in plants depleted of antammoteins or where the antenna organization ectdtl (Briantais, J.-
M. 1994, de Bianchi, S. et al. 2008, Kovacs, L. et2806). In order to test whether a re-organizatid grana
membranes is involved in NPQ, we have analyzedirttezactions between the PSII-LHCIl supercomplexusiiis

using sucrose gradient ultracentrifugation upordrslubilization of thylakoid membranes. To thismaArabidopsis

plants were either dark adapted or illuminated wg#turating light for 30’. Upon illumination, leaevere cooled in
iced-water slurry and thylakoids were isolatedubtized witha-DM and fractionated by ultracentrifugation. Diféeit

pigment-protein complexes migrated as green baegsriling on their sizes, as shown in Figure 1A.
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Figure 1. Light dependent dissociation of B4C proie complex in Arabidopsis thaliana. A. Sucrose gradient
fractionations of mildly solubilized thylakoids menanes purified from dark and light adapted (301&00uE) leaves.

In dark thylakoids pigment binding complexes sefgr@to seven distinct bands, the fourth one (B#EM)g depleted

in light treated sampleB. Distribution of monomeric antenna proteins in sag& gradients between bands no. 2, 3 and
4 from dark and light adapted samples. Westerntibfptanalysis was carried on using specific antilesdagainst
Lhcbh6 (CP24), Lhcb5 (CP26) and Lhcb4 (CP29), Lhcbhi@ lahcb3 respectively. Samples from different baneie
loaded in amounts proportional to their abundaneehie sucrose gradient. In Lhcb1-2 blotting eachdavas loaded
with five time less protein to avoid antibody sigsaturation.C. Coomassie stained SDS PAGE loading equal Chl
amounts (2 pg) of sucrose gradient bands no 2,B4from dark adapted samples. Bands corresponttifghcb4,
Lhcb5, Lheb1/2, Lheb3 and Lheb6, as identified bgtera blotting, are indicated. Only the gel regiwere antenna
polypeptides are migrating is shown.
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Grana
Sample Chl neo viola antera Iut zea B-car
a/b

WT Dark 219 49 31 0.0 121 00 6.5
SD 004 04 0.2 0.0 03 00 04

WT Light (30" 2.16 5.3 1.6 0.5 12.0 0.9 6.0
SD 003 05 0.2 0.1 03 01 0.6

WT Light (90" 233 48 1.4 04 112 11 5.9
SD 003 03 01 0.1 02 01 0.2

WT Recovery (90" 2.42 4.8 1.9 0.8 109 0.7 6.2
SD 0.07 04 01 0.1 05 00 01

N4 Dark 2.37 52 24 0.0 120 00 6.6
SD 0.02 0.7 01 0.0 00 00 01

N4 light (30") 2.31 5.7 15 0.3 122 0.6 6.1
SD 0.04 11 0.2 0.1 01 01 0.3

N4 light (90" 2.22 6.2 15 0.3 125 08 55
SD 0.04 1.3 0.2 0.1 04 01 03

Leaves
Sample Chl neo viola antera Iut zea B-car
a/b

WT Dark 3.12 4.5 4.3 0.2 12.7 0.0 7.1
SD 026 04 03 0.0 11 0.0 0.0

WT Light (30 331 49 15 09 115 23 76
SD 0.02 04 01 0.1 01 01 0.3

WT Light (90" 320 43 1.2 0.6 123 24 6.5
SD 0.07 03 0.0 0.0 1.0 0.2 15

WT Recovery (90) 320 43 29 14 125 1.1 6.7
SD 003 01 04 0.3 11 0.1 0.3

Table 1. Pigment binding properties of light treatedleaves and isolated grana membrane®igment composition
of leaves during the light treatment was analyzetiBy.C (neo, neoxanthin; vio, violaxanthin; anteasteraxanthin;
zea, zeaxanthi-car, s-carotene). Values are reported as normalized 1 tb@al Chl molecules.

Light treatment affected the band pattern and tieose band n° 4 (B4) disappeared. This band is méadelLhc
supercomplex composed by monomeric Lhch6 (CP24)b4HCP29) and a LHCII trimer (Bassi, R. and Dainese, P
1992). From now on we will refer to this pentamérie complex as B4C. The distribution of individdiddcb proteins
among different green bands was analyzed in deyailsing specific antibodies. As shown in figure &Barge fraction

of Lhcb6 and Lhcb4 subunits are present in the B4@ fthe dark adapted sample, while the rest, inamaric form,

is found in fraction n°2 (B2). After light treatmenthcb6 and Lhcb4 are barely detectable in the igradraction
corresponding to B4C, while they are now increasddiriraction. These results show that the reduaifoB4C in the
gradients is indeed due to the dissociation ofaligiomeric antenna complex. Among the other pghyigles analyzed,

it is very interesting to observe that Lhcb3 iseaniched component of B4C in the dark. Upon lighatiment, Lhcb3 is
instead found in the monomeric fraction, confirmthgs subunit is participating to light dependeisisdciation of B4C
supercomplex. Lhcbl-2, the major components of LHtithers are mostly found in B3, as expected, and in

monomeric, B2, fraction. A fraction of Lhcbl1-2 isaldetected in B4C: their relative abundance apgedne rather

100



SECTION B

low. However, this is only due to their high enriodnt in B2 and B3 fractions. In fact, by loading ddCial amounts of
B2, 3 and 4 in a Coomassie stained gel, it is clear thcb1-2 are indeed present in significant ansum B4C
according to a previous report (Bassi, R. and Dajnesd.992). As a further confirmation that Lhcbh®2 genuine
B4C components we can observe that their content @ iB4educed upon light treatment as all the othevipusly
mentioned components of this complex (figure 1Bk instead, is not involved in B4C formation, asveh by the
fact that it is found in B2, in a monomeric stategspective from the treatment.

We thereafter analyzed the dependence of B4C dig®urian light intensities: dissociation increaseithvthe level of

illumination, reaching saturation above 1500 (figure 2A).

100 4 ’,é
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.2 0 3 0. 4 0 5 O.
% B4 Dissociation

c 0.86

0.85
0.84 4
0.83
0.82
0.814
0.80
0.79 4
0.78 <
0.77 4

0.76 4
0.75 4
0.74 4
0.73

Fv/Fm

T T T T T
00 01 02 03 04 05 06 07
% B4 Dissociation

Figure 2. A. Comparison of B4C dissociation (solid line, squar®dd?Q (dashed line, circles) and PSiII yield (Fv/Fm,
dotted line, triangles). All parameters were evatuhafter 30 minutes of light treatment with the éagied intensity.
B4C is quantified as the ratio of the band with resge the sum of all bands containing antenna upeparation of
pigment binding complexes in sucrose gradient or denaturing gel. NPQ values in order to have coraphbr scale
with B4C dissociation is expressed as fraction ofimakvalue, 3.1. Fv/Fm values where measured afemihutes of
dark incubation following light treatment to allowrfBSII reduction and NPQ relaxation but not recovégm photo-
inhibition. B. Correlation between B4C dissociation and NPQ measwigitl different light intensities is analyzed in
more detail. Linear fitting of reported points isasvn in red (R value is 0.997. Correlation analysis of Fv/Fm and

101



SECTION B

B4C dissociation determined using different illuntioa intensities. Best linear fitting of reportedipts is shown in
red (R value is 0.71).

State transitions are known to involve dissociattbh HCIl subunits from PSIIRC (Wollman, F. A. 2004hd cannot
be excluded as the cause of B4C complex dissocidtiowever, state transition are saturated at lot {gOOuE) and
are inhibited by high light, in agreement with thele in balancing PSI vs. PSII photon trappinglemlimiting light
conditions (Bellafiore, S. et al. 2005, Tikkanen, Bt. al. 2006) and thus are unlikely to be correlatéth B4C
dissociation.

Also, we did not observe any increase in phosphtedl Lhcb4 in light treated samples, consistenily wrevious
results (Tikkanen, M. et al. 2006), an indicatibattthis phenomenon is also unrelated to B4C dissocia

At least two processes can be active in high ligitiditions leading to B4C dissociation: one is phdidiition,
meaning light induced damages in PSII, and theraghidon Photochemical Quenching. In order to vdstther one of
these processes (or both) are involved in B4C diaoni, we have measured the recovery of variablerdiscence, a
marker of photoinhibition, upon illumination withfférent intensities (150QE, Figure 2A). It clearly appears that
Fv/IFm is significantly affected only with the higidight intensity, while B4AC dissociation, insteamtcurs with
weaker illuminations, suggesting the two phenomare not correlated. Instead, the level of BAC disgimi at
different light intensity closely matches the arhie of NPQ obtained in the same light conditidrigifre 2A); in fact,
both NPQ and B4C shows activation with increasingriihation. This correlation is evidenced in fig@®, where it
can appreciated how B4C dissociation and NPQ hawmitasdependence on light intensity, differenthprh Fv/Fm
(figure 2C). We thus tentatively conclude that B4Ga@ation correlates with NPQ rather than with phrdtibition.

We analyzed the time dependence to light of B4C diation: as shown in figure 3A dissociation inceswith time.
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Figure 3. Time dependence of B4C dissociation and gessociation inArabidopsis thaliana. A. B4C dissociation
was determined from sucrose gradients after illumiamawith different duration of 150QE illumination. B4C is
guantified as aboveB. Re-association of B4C complex in samples left éndidrk dissociation for 15, 30, 45 and 60’
after a 30 minutes long illumination at 1508.

This process is reversible and, following dark im&tion, B4C slowly re-associates: upon a lag phass ahin, B4C
can be again detected at 30’ and the dark corgvel lis reached upon 45 minutes of dark adapt¢E@n3B). We also
verified that these results were not due to théakoid fractionation technique we used, by analgzine kinetic of
B4C dissociation by non-denaturing Deriphat-PAGE:obtained results fully consistent with sucrose gnaidanalysis

(data not shown).

3.2 Pharmacologic and genetic analysis of B4-comgissociation.

To investigate in more detail the correlation betwdNPQ and B4C dissociation, light treatment wasoperéd on
leaves treated with nigericin, a NPQ inhibitor tigb its uncoupler effect for the trans-membranegphtiient (Figure
S1A). As shown in figure 4A, in nigericin-treateglal’es, the B4C complex is stable, implying its ligependent

dissociation requires the presence of a trans-memetpH gradient.
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Figure 4. Dependence of B4C dissociation apH, PsbS and ZeaxanthinA. light dependent B4C dissociation in
nigericin treated leaves (left) and PsbS depletedamts (npg4, right)B. Quantification of B4C in leaves either dark
adapted (white) or treated with 15Q& for 30 minutes (grey). WT is compared with mutafiscted in zeaxanthin
biosynthesis (npgl) or accumulating constitutivaaxanthin (npg2) and in npg2npg4 double mutantairk adapted
(white). C. Quantification of B4AC in leaves either dark adap(edhite) or treated with 1500E for 30 minutes (grey).
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WT is compared to npg4, also complemented with REb®r mutated E122Q and/or E226Q. Quantificatiaon®+C
are done as in figure 1. All genotypes where daik laght treated samples are significantly differépt0.05, n=3) are
indicated with *. NPQ measurements for all genotygresreported in supplemental figure S1.

To dissect the components of the relation betweed &4d NPQ, we analyzed a series of mutants affectdldPQ at
different levels, namelynpg4impaired in gE, the NPQ fastest component, dubeacabsence of PsbS (Li, X. P. et al.
2000); npgl (no zeaxanthin and reduced NPQ (Niyogi, K. K. 1etl898)) anchpg2 with constitutive zeaxanthin and
accelerated NPQ (Niyogi, K. K. et al. 1998) as veallthe doublepg2/npgdmutant. NPQ kinetics of these genotypes
have been reported in earlier work and are hergvishio Figure S1 (Dall'Osto, L. et al. 2005, Li, R. et al. 2000,
Niyogi, K. K. et al. 1998). Results in figure 4B afdshow that thexpg4 mutation completely abolishes the light
dependent B4C dissociation, even in the presencenstitutive zeaxanthin, implying a key role of Pgiy8tein in the
process. Zeaxanthin is also a factor for B4C dissiodiain fact, in its absence, tmpgl mutant undergoes only 30%
dissociation of B4C upon illumination, while, wherepent constitutively, as in thgqg2 mutant, B4C is dissociated
faster than in WT (not shown).

PsbS activity in NPQ has been reported to be degerah protonation of two lumen-exposed glutamasédues (Li,
X. P. et al. 2002, Li, X. P. et al. 2004). The gs@ of B4AC dissociation on mutants at these Glidves, thus, allows
verification of the hypothesis that the PsbS amtivih B4C dissociation and in NPQ is mediated by #aene
mechanism, i.e. the protonation of E122 and E22#lues. To this aim, we analyzepgg4 mutants complemented with
PsbS-encoding sequences carrying either WT, E1E2Q6Q or double E122Q/E226Q mutant sequence (LR.>et
al. 2002, Li, X. P. et al. 2004). Data in figure dl@w that the double mutant is unable to disso@&4te, while each of
the single glutamate mutants undergoes approxignd@do B4C dissociation. The complementation with Wsb®
sequence, instead, fully restored the capacitjyigot dependent B4C dissociation. Thus, the exte84 dissociation
was completely correlated with NPQ activity of eanotype (all kinetics are shown in additionaufig S1). It is
worth mentioning that PsbS protein was detecteduarose gradients in several of the pigmented ifnast as
previously reported (Dominici, P. et al. 2002, TarE. et al. 2007) and that this distribution dat change upon light

treatment.

3.3 Specific Lhcb mutants show constitutive dissiociaf BAC

PsbS crucial role in NPQ is known since severats/éla, X. P. et al. 2000); upon an intense debiatis, now widely
recognized that its role is to sense the low lurh@hhthus inducing a quenching conformation of $fie@antenna
complexes where the quenching reaction(s) occun(AhK. et al. 2008, Bonente, G. et al. 2008a, RuBalV. et al.
2007). Since antenna polypeptides are involved bostructurally building the B4C and in catalyzidge tquenching
reactions, we have investigated the effect of kimglout individual components of the PSIl antengpstem on the
levels and kinetics of NPQ and on the structurabitity of the B4C. In figure 5A sucrose gradientactionation
patterns of thylakoids purified from dark adaptéahps depleted in Lhcb6, Lhcb5 (de Bianchi, S. e2@08), Lhcbh1+2
(Andersson, J. et al. 2003), Lhcb4 and Lhcb3 (tusk) are shown.
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Figure 5. Dependence of B4C and NPQ on the presengkindividual Lhcs. A. The capacity of B4C formation was
analyzed, in plants depleted in individual Lhcbhtpios, by separating different pigment binding ctaxes from dark-
adapted thylakoid membranes. Genotypes analyzed We&rekoLhcb3, koCP24 (Lhcb6), koCP29 (Lhcb4) (which is
triple KO in all Lhcb4 Arabidopsis isoforms, LhcbAlhcb4.2, Lheb4.3) and koCP26 (LhcbhB®. NPQ dependence on
antenna composition, analyzed by comparing WT laith plants depleted in CP26 (green), CP24 (bl@®?29 (KO
in Lhcb4.1, Lhcb4.2 and Lheb4.3, cyan), Lheb3 (red)

We observe that KO mutants for some B4C componaatsiely Lhcb4, Lhcb6 and Lhcb3, do actually miss B4C.
Instead, depletion of Lhcbh1+2 does not affect B4Cndhuce in the sucrose gradient, implying that Lhisb®ot
equivalent to the other LHCII components as focdatribution for the building of B4C. On this basie wropose that
B4C complex formation requires the direct interactbhhcb3, Lhch4 and Lhcb6. On the contrary, Lhemtl Lhcb2,
although participating to the trimeric LHCII M compment, are not indispensable for the B4C formation.sizbently,
B4 is present itkoLhcb5plants.

Analysis of the above genotypes by pulse fluoroynetaring light treatment showed that the mutants B#C
components were not equivalent as for their NPQabieln: ko-Lhcb3 did not show any effect while Lhcadd Lhcb6
were deeply affected, showing significant decreéasbhe NPQ amplitude and slower induction kinethile the effect
of Lhcb6 depletion on NPQ process was recently desicribed (de Bianchi, S. et al. 2008, Kovacs lal.2006), the
NPQ kinetics okoLhcb4reveals that also this subunit has a relevantanl®&lPQ induction, differently from previous

suggestions coming from antisense plants (Anderskoat al. 2001). Lhcb1+2 depleted plants showeny gimilar
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kinetic but slightly lower amplitude of NPQ withsgect to WT (not shown), in agreement with previogigorts
(Andersson, J. et al. 2003). CP26 is the only Lhminlex not directly involved in B4C assembly, in agnent with
its location in a different domain of the PSII stqmmplex (Boekema, E. J. et al. 1999a). The NPQtikird koLhcb5
plants is unaffected in the onset during light timeent but has a faster recovery of fluorescendbeardark implying an
effect in the gl component (figure 5B). We concldidat the presence of a stable B4C complex is no¢-aqauisite for
NPQ and that the NPQ properties of the mutantsrikpa the residual composition in Lhcbh complexethefdifferent

genotypes. However, when B4C complex is presendjssociation is needed for NPQ expression.

3.4 NPQ upon prolonged illumination

NPQ and B4C dissociation have in common a dependamdight intensity and presence of PsbS. Theseqgrhena,
however, are activated with different timescaléerature data show that onset of NPQ requires éaly minutes,
while B4C dissociation needs a longer illuminationotder to compare the two processes over the tamespan, we
measured NPQ kinetics using longer exposure tamiadight with respect to what is usually reporiadhe literature.

In figure 6 we show the NPQ kinetic in WArabidopsisplants upon illumination for 8, 30 and 90 minutes.
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Figure 6. Long term NPQ induction and recovery.A. NPQ kinetics in WT leaves was recorded using diftere
durations of actinic light. For all samples NPQ wasorded in 12 points during illumination. Curves wth36 and
108 minutes of actinic light are shown respectivelgolid line and squares, dashed and circles,atbtind triangles.
In all samples six points were recorded during tlaekdrecovery with the same time intervas. Enlargement of
recovery kinetics shown in A, after normalizatiomrtaximal NPQ.

These kinetics show that the largest part of NP@ctvated within a few minutes from illuminatiofy/{ is 3 minutes)

but continues to rise for up to 30 minutes. Aftérrainutes of illumination NPQ amplitude is stabteita saturated
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level. However, the kinetic of dark relaxation vedswer upon 90’ illumination with respect to whéserved after 8 or
30 minutes light. This is evidenced in figure 6B,enda NPQ decay curves are normalized to the maxXiR&) value:

while relaxation kinetics are similar upon 8 orr8thutes of illumination, they are slower upon 9(hotes treatment.
We can exclude that this effect is due to the néimadon procedure, since the level of quenchingeésy similar

following 30 and 90 minutes of illumination.

The possibility that photoinhibition could be asen for the slowdown of fluoresce recovery wasye$dy measuring
dark recovery of PSII quantum yield after lightatment. Since this was essentially the same inplayht treated for
30 or 90 minutes, we conclude that differential tolrthibition is not the cause of the different Kine of fluorescence
recovery after NPQ (supplementary figure S2). Alaétively, sustained quenching could be due to zd#hka

accumulation (Dall'Osto, L. et al. 2005); howevwsy,difference was observed in Zea content in le&readed with 30
or 90 minutes of actinic light and the recoveryigiaxanthin content was very similar (supplemepnfigure S2).

We conclude that, besides the two well known phas@$PQ consisting into a rapidly developing stepnihated by
gE and by a slower phase depending on zeaxanthihesis (Demmig-Adams, B. 1990) we can distinguidater

phase with sustained quenching during which theentes of the photosynthetic apparatus undergmgds that
cannot be explained in terms of photoinhibitionzeexanthin quenching and yet significantly afféet tecovery of

fluorescence.

3.5The organization of grana membranes is modifjgoh PsbS-dependent dissociation of B4C complex.

In order to test the hypothesis that the slowlyedgping changes of the NPQ slowest phase descabede involve a
reorganization of the thylakoid membrane, we hawtedied the organization of the PSII components iang
membranes through direct observation by electroarascopy. In grana partitions, the PSIlI complexnfoC,S,
particles (Boekema, E. J. et al. 1999a) constitaéeinner antenna system which is maintained evedlLiradapted
plants (Ballottari, M. et al. 2007) and include dset of the BAC complex, namely CP29. The rest of B4poments
are part of the outer antenna which is assembléalnifight conditions and leads to the formationlarger GS,M,L
particles (Boekema, E. J. et al. 1999a). This suggiémt integrity of B4AC is required for the formatiof large
supercomplexes and its dissociation could leadremeganization of the antenna system with a carssigeduction of
antenna size. In order to test this hypothesishexe analyzed the organization of grana membramé&/T and
selected mutants upon light treatment. To this winisolated grana membranes from plants illuminébedifferent
periods, using a mild solubilization wittxDM, which preserves the interaction between P$tgonents and the
overall mutual organization of PSII units (Moroditeo T. et al. 2006). Photosystem Il forms tighglgcked domains in
grana partition membranes with very little lipidgerspersed between protein complexes (Tremoliérest al. 1994).
When observed by TEM upon negative staining, P@inforanes are characterized by stain-excludingghestivith a
tetrameric structure which can be readily idendifass PSIl cores (Figure 7). Lhcs protrude less ftbenmembrane
plane with respect to PSIl RC and are thus coveredldxstron-dense stain. Observation of grana menebreolated

from leaves treated with different light intensitidid not show any eye catching difference (Fighre
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Figure 7. EM of grana membranes isolated upon lightreatment. EM micrograph of grana membrane isolated from
WT leaves either dark adapted (A), treated with BY) 00 light (C) or with 90 minutes of light and 90Ddark (D).
Space bar represents 100 nm.

Searching for more subtle differences, we idertifie each image the position of the PSII cores eadulated the
distance of the closest neighbor. The distributibthe distances is reported in figure S3: in noastes, the closest PSII
core is located at 16-17 nm. Two shoulders in fk&idution are also visible, one at 14 nm and@gd one at 20-21
nm. This distribution with one main peak and twansyetric shoulders, is close to that obtained preshio using
different microscopic methods: AFM and freeze fuaet(Kirchhoff, H. 2008a, Kirchoff, B. K. et al. 28) This allows
concluding that, despite the use of a differentraepph, results we obtained for dark adapted saamglevell consistent
with published data, strongly supporting the religbof grana isolation and image analysis proaegu

In order to reduce the dependence of the resultpassible imprecise assignment of PSIl cores, wpeatd the
analysis by calculating for each core the averaggamte from the four closest PSII cores, rathan thiom the closest
neighbor only. As shown in figure 8, data deviationthis case is smaller, since the error in P$Heclocation is
partially compensated by the larger sampling. Thethod was thus employed to analyze grana membisolesed

from light treated leaves (data considering ontydlosest neighbor are shown in supplementary magter
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Figure 8. Analysis of PSII distribution in isolatedgrana isolated from dark/light treated leavesA. Distribution of
PSII complexes in grana membranes from dark adaptees, expressed as the average distance frofodh@earest
PSII core complexe®. Comparison of PSII distribution in samples dark piga (black squares) or treated with 30
(red circles) and 90 minutes (green triangles)ight before grana isolationC. Comparison of light adapted sample
(green triangles) with sample treated successivetly 99 minutes of dark following light treatment @Ildiamonds)D.
Effect of light treatment on PSII distribution ipgd grana membranes. Dark adapted sample is inkbiidangles, 90
minutes light treated in green diamonds. SD indage of X axes is maximum 1.5 nm

As shown in figure 8B, upon 30 minutes of illumimeatithe PSII distribution shows a decrease in thaufadion with
average distance of 22 nm and a compensating serefathe 18-19 nm population. The difference gmiicantly
larger in the sample illuminated for 90 minutesthis case, there is a far lower abundance of &8Hs with 22 nm of
average distance, while the highest frequencyuadat 18 nm.

We also verified the reversibility of the phenomery analyzing samples that, after 90 minuteslofmination, were
further incubated at dark for 90 minutes beforengrisolation. In this case (figure 8C), we obsertret the average
distance between PSII increased, showing a decreasmtent of PSII cores <17 nm and an increasbimdance for
all points >19 nm. Thus, although the recoveryastipl and likely requires longer time to be conwgtk these data
strongly suggest the phenomenon is reversible. Asrdrol, it is interesting to observe the phenetyb PsbS less
mutantsnpg4 Data from mutant grana isolated before and &®eminutes of light treatment are shown in figuix 8
remarkably, the distribution is substantially ueated by light treatment. These results, thuspwattoncluding that
light induces a redistribution of PSII cores witlgiriana membranes but only in the presence of P<iiSip.

4. DISCUSSION

4.1 B4C complex has a key role in building the B8Hercomplex.
Lhcb4 and Lhcb5 are located in direct contact whida PSIlI core complex (Boekema, E. J. et al. 199@tkker, J. P.
and Boekema, E. J. 2005, Yakushevska, A. E. etO@i3Rand interact with the LHCII-S trimer to formetlso-called
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C,S; particles (Boekema, E. J. et al. 1999b). This &thplex organization is found in plants grown ity @onditions,
even very intense light and in mutants with constiely reduced plastoquinone where PSII is coriktaver-excited
(Morosinotto, T. et al. 2006).,S; particles thus represents the minimal PSIl supeptex.

Growth in low or moderate light leads to the acclation of additional antenna complexes, Lhcb6, LHEIland
LHCII-L trimers (Ballottari, M. et al. 2007, Frigeri&. et al. 2007) and formation of an outer antesyséem in GS;M,
particles or higher mass supercomplexes (Boekemd, &t al. 1999b). PSII-LHCII supramolecular compkesthus
appear to include two layers of Lhc proteins: tmeer, composed by Lhcb5, Lhcb4 and LHCII-S trimed #re outer,
including Lhcb6 and at least two LHCII trimers (Mdah).

The B4C is a Lhc supercomplex composed by Lhcb4 (ilayer), Lhcb6 and LHCII-M (outer) (Yakushevska, . et
al. 2003). B4C was described (Bassi, R. and Dainesd,992) as a product of incomplete solubilizatadnPSII
membranes with mild detergents. It was later shtavrepresents a structural brick of PSII-LHCII sugmenplexes as
shown by electron microscopy and cross-linking igtsighowing the interactions of these subunits (Bogk E. J. et
al. 1999a, Boekema, E. J. et al. 1999b, Harrer, Rl.€1998). Its presence is fundamental for thecstire of PSl|
supercomplexes with larger antenna sizes. A furtibafirmation of this view comes from the observatthat green
algae, which do not have Lhcbh6 and Lhcb3 subuartsnot able to form B4C complex and showed the ptedfeC,S,
particles only (Dekker, J. P. and Boekema, E. J5200 can be asked if all Lhcb4 and Lhcb6 subuaits organized
into a B4 supercomplex with a LHCII trimer. Figurstows that a non negligible amount Lhcb4 and Lhsliéund as
monomers. However, in a previous report fraea mays100% of Lhcb4 and Lhch6 were found in the B4C (BdRsi
and Dainese, P. 1992). These consideration sugjggtstnonomerization of Lhcb6 and Lhcbh4 is mostlikdue to a

partial destabilization of B4C supercomplex due tedgent treatment during thylakoids solubilization.

4.2 Dissociation of the B4C complex is correlatetNtm Photochemical Quenching.

In this work we report on a light-dependent disationh of the supramolecular pentameric complex amsed of Lhcb4,
Lhcb6 and the LHCII-M trimer (Bassi, R. and Dainesel#2) which is connecting the inner and outeraties of the
light harvesting system. We noticed that the faawiion pattern of PSII subunits in sucrose gradier non-

denaturing PAGE was modified upon strong illumioatian oligomeric green band, B4C, present in dddpted

leaves, dissociated in its monomeric and trimesimponents (Figure 1).

Pharmacologic and genetic analysis showed that Bdsbdation fully correlates with NPQ. In fact, wieserved that
this event is sensitive to the uncoupler nigeriind is up-modulated by zeaxanthin, as shown byngtgl mutant,

which cannot synthesize Zea and is inefficient gthbB4C dissociation and NPQ. The most striking ena® of this
correlation, however, comes from the phenotypestiS?depleted plants, which are unable to activé® ldnd do not
show the light dependent dissociation of B4C (FigdireFurthermore, the mutation of each of two luregposed
glutamate residues in PsbS, essential for NPQadiv (Li, X. P. et al. 2000, Li, X. P. et al. 2Qd2aded to a NPQ
decrease of approximately 50% (Li, X. P. et al. 20Mere, we show that the same mutations impasadiation of
B4C by approximately the same extent (Figure 4), ntakiery unlikely the possibility that these two pbeena are

independent but occurring simultaneously upon ilhation.

4.3 Functional role of BAC dissociation in Non Phdtemical Quenching.

The above results suggest a tight relationship éetmB4C dissociation and NPQ. It is, however, undfedissociation
of B4AC is sulfficient for feed-back de-excitation badditional operations are involved in the prodisg might well be
fulfilled by PsbS. One way to address this questioip compare WT with mutants in which B4C is cdnstely
dissociated such deolLhcb6 (Figure 5). In this mutant dark adapted plantseham higher fluorescence level with

respect to WT, implying that the disconnected LH@&#s not efficiently quenched (de Bianchi, S. e2@D8, Kovacs,
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L. et al. 2006). Furthermore, koCP24 plants are, algspite the complete absence of B4C, to activat@, dRhough to
a reduced level with respect to WT. By analyzindedént mutants depleted in antenna protdinthcb3andkoLhcb4
in figure 4, we noticed that the absence of BAC mumber of mutants does not abolish completely N&ough
kinetics are differently affected depending onrésidual complement of Lhcb proteins in each mutant

B4C dissociation by itself is not thus sufficient foPQ; however, in all cases where the B4C is prasaht dark, we
never observed NPQ without B4C dissociation: thigyests that BAC is stabilizing an unquenched statettatdts
dissociation is required for quenching activati@®n these bases, we hypothesize that the quencluiigtya is
performed by one or more B4C components. IntegritB4€ prevents quenching, which can be triggered aiign
this is dissociated. It is not clear at presenttiwiethe role of PsbS is limited to the dissociatd BAC or if it extends
to establishing an interaction with the resultingsdciated Lhcb subunits. We favor the latter higpsis since in
koCP24 the disconnected LHCII-M+L are clearly deteltahowever, they are not quenched (Kovacs, kal.e2006).
Indeed the koCP24 genotype mimics the constitutissodiation of B4C and the EM analysis of its grareamiranes
clearly shows that in the absence of B4C PSIlI corishomogeneously distributed in grana membrasies dvith
PSiIlI rich areas and LHCII-enriched stain depletadalos (Supplementary figure S4).

It might be asked which of the different subunitgylmh be the “quenching site”. Considering the sinijabetween
antenna proteins it is unlikely that quenching @sdo only one subunit and they may well all cdnite. Nevertheless,
recent reports are helpful in the identification stfme preferential quenching sites based onirthévo effect of
knocking out individual gene products on NPQ ampl/kinetics and on the capacity of catalyzing titamsient
formation of carotenoid radical cation, a chemagacies which has been proposed to be responeibéxdéess energy
guenching (Holt, N. E. et al. 2005), by isolategment-protein complexes. Thus, depletion of Lhcb{A@dersson, J.
et al. 2003) or Lhcb3 (Supplementary Figure S1)damall effect on NP@ vivo and these antenna subunits cannot
producein vitro any carotenoid radical cation (Avenson, T. J1.€2@08).

Monomeric Lhcb4, 5 and 6 do indeed perform chargester quenchinin vitro (Ahn, T. K. et al. 2008, Avenson, T. J.
et al. 2008) while depletioim vivo strongly affects NPQ components: gE in the cadenob6 and Lhcb4 (de Bianchi,
S. et al. 2008)(figure S1) and gl in the case ofdth The involvement of two components of B4AC compiegkE,
together with the NPQ depletion in all mutants/abads where B4C complex cannot be dissociated isreng

evidence for a direct interaction of a PsbS-minec complexes in triggering NPQ.

4.4 A NPQ model based on the rearrangement of pkrcomplex antenna.

A possible discrepancy between B4C dissociation aR@ Man be found in their activation timescaledabt, a large
fraction of NPQ is activated within few minuteseafdark to light transition {¢ is around 3 minutes, figure 6), while
we observed that B4C dissociation is developed witifp af 12-15 minutes (figure 3). This phenomenon, tlaypears
to have the same timescale of the slow phase of Bi®t@ation. However, the method we have used ifochHemical
detection, of B4C dissociation i.e. sucrose gradidinacentrifugation, is all but rapid and sensitilteis likely that
dissociated B4C need to be accumulated in ordee tdebected by biochemical fractionation and/or thedtable B4C
dissociation is involved in the fastest phase o\ fact, after light treatment thylakoids is@dat and solubilization
requires about 60 minutes and thus, despite allatipes were performed in ice, we cannot excludty edanges to
revert before thylakoids solubilization and gradievading. On the contrary, the physiological eféeeliciting NPQ
might be activated in a few seconds by a partidl @mstable B4C dissociation which, if the high ligbnditions are
maintained, is increased by a complete B4C dissodiad stabilized by the structural redistributaincomplexes

within the grana membrane.
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Our results provide experimental support to presisuggestion that i) PsbS functions by interaatiith other antenna
proteins; ii) PsbS controls the grana membranenizgdon and iii) structural modification in Phoyssems are implied
in NPQ (Bonente, G. et al. 2008b, Johnson, M. Rl.€2008, Kiss, A. Z. et al. 2008, Teardo, E. e2807). Such an
extensive PSII re-organization might appears ssirgyj nevertheless recently reported data are siem$iwith such a
model: FRAP measurements showed that the largesvipesmplexes (75%) within grana membranes arstantially
immobile. However, the remaining complexes, likalgntified as antenna complexes, have instead fa diffusion
coefficient. According to this hypothesis, an an@rcomplex might travel from the centre to the tiofi the grana
membrane in about 2 seconds (Kirchhoff, H. 2008ih)ese results thus suggest that a rearrangemeantefina
complexes, also implying protein displacement, wdut compatible with NPQ kinetics. Furthermore, [Hteer study
suggests this movement is not only diffusion driven it is likely to be “oriented”: in this respeatrole could be
played by PsbS activity, which might help in cregtthe so-defined diffusion channels (Kirchhoff, éi.al. 2008a).
Concerning the role of PsbS, it interesting to nmemthat we observed a small but significant diffiee between WT
andnpg4in PSII core distribution in the dark. This is ststent with the observation thgpg4 mutants grows better in
low light conditions with respect to WT (Dall'Ostb, et al. 2005), suggesting PsbS activity is niyfrestricted to
excess light conditions.

4.5 B4C dissociation induces a fast decrease iratitenna size of PSIl supercomplex.

Structural analysis of grana membranes clearly shinat light treatment induces a decrease in thamie between
PSII reaction centers. This effect is reversiblerupark recovery in parallel to the dissociationl ae-association of
B4C. Grana membranes are densely packed with PSlbaoents and contain little free lipids (TremmelGl. et al.

2003, Tremolieres, A. et al. 1994); thus the distabetween PSII core complex is mainly determingdhie Lhcb

protein complement of Photosystems (Dekker, JnB.Boekema, E. J. 2005, Kirchhoff, H. et al. 2008byacs, L. et

al. 2006, Morosinotto, T. et al. 2006). We concldlat light treatment, with the involvement of Psi@ivity, leads

into a reversible dissociation of the outer layeP8Il antenna system from the reaction centre ¢exnphus reducing
the size of the antenna system feeding excitati@ngy to PSII reaction centers.

We observed that such a PSII redistribution reguimere than 30 minutes (figure 8) and thus it dates with the

stabilization of NPQ occurring in the 30 to 90 ntemiinterval (figure 6), suggesting that NPQ stadilon occurs by
rearranging PSII complexes and their antenna.

The advantage of such a regulatory mechanismas ifleve consider that over-excitation of PSlltie tmajor source of
photoinhibition (Barber, J. and Andersson, B. 1992)ng term acclimation to high light is well known tead to

reduction of peripheral antenna size (Bailey, %l.€2001, Ballottari, M. et al. 2007). However, #exlimatory process
requires protein degradation and takes several daglss not useful nor energetically affordable wiight intensity

varies within minutes. NPQ, which is instead thganeegulatory mechanism acting within these tinadss (Kulheim,

C. et al. 2002), could, thus, work by functionallgsibciating part of the antenna from the core cempthile avoiding

degradation and re-synthesis.

4.6 The fate of Lhchs upon disconnection from Rittion centers.

It might be asked where do antenna complexes triavelon disconnection from the PSIl core particlegssible
destinations are the grana periphery and the sttamellae. The former hypothesis is likely foreddt a fraction of the
antenna, since the PSII distribution was showretoelversible. In the case kdLhcb6it was also observed that regions
with lower PSII core density were generally foumdthe grana periphery (Supplementary figure S4).a0onger
timescale (hours or even days), it is also possitdeantenna complexes might migrate even furteanrly work in fact

showed that in light treated leaves LHCII isofornsagpeared from grana membranes are found in stnoemabranes
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(Kyle, D. J. et al. 1983). Since proteolysis istjgatarly active in stroma membranes, antenna rtilggehere might be
degraded, leading to a stable down-sizing of P&lerma size. This hypothesis suggests the idea divaain
segregation process described here under prolatgetination contributes to the acclimatory modidat of the PSII

antenna size.

4.7 Evolution of NPQ mechanisms in Viridiplantae

It is interesting pointing out that CP24 and Lhctv@ of the three components of BAC complex, areddtéition to the
PSIlI antenna system, being only present in lanatplgAlboresi, A. et al. 2008) and never detectedaigae.
Arabidopsismutants missing any of these polypeptides miss B4guf€ 5), demonstrating they are fundamental for
the formation of the supercomplexes. Algae andtplafso differ for their PsbS content: in facthaligh the gene is
present in several algal genomes, the corresponuilygeptide is not accumulated in any algal speaialyzed so far
(Bonente, G. et al. 2008b, Morosinotto, T. et al0®0 Furthermore, in algae, only$% supercomplexes have been
found, while larger supercomplexes, such as thbknd plants have never been observed (DekkéY, dnd Boekema,
E. J. 2005). This suggests the hypothesis thatetalatory mechanism we described in this work migve evolved
upon land colonization in order to defend plantsrfrthe highly variable conditions found in the lagavironment
(Kulheim, C. et al. 2002). On the contrary, algatavanvironment is more stable for temperaturédtland CQ supply

thus making a fast quenching mechanism less impiiriaalgae with respect to plants (Wollman, F2801).

4.8 Conclusion

We have here described new experimental evideneeR®sbS function, consisting into the reorganizatbrmrotein
domains in grana membranes as recently suggested, (K. Z. et al. 2008). This is obtained by coliimg the
assembly of a pentameric complex, called B4C, whithutdes components of both the inner (Lhcb4) antkrou
(Lhcb6, LHCII-M) moieties of PSII antenna system.ldmv light the complex is assembled and PSII ardesiae is
maximal; in high light the complex dissociates amel proposed that 4S, particles dissociates from CP24/LHCII-
M/LHCII-L complexes which migrates to the peripharythe grana. Upon dissociation of PSII supercorgdethe
formation of quenching sites in PSIl antenna, whighpropose to be Lhcb6 and Lhcb4, is allowed Isgatiation of
B4C and accessibility of these minor Lhcs to theratton with PsbS.

We also suggest that this regulation of PSIl suprapdexes assembly is part of a control cycle cotingshort term

energy  dissipation to long term regulaton of PSllantenna size  upon  acclimation.
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5. SUPPLEMENTAL DATA
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Figure S1. NPQ kinetics dependence from nigericinend genotype A. NPQ measured in leaves infiltrated with
nigericine (red), an uncoupler dissipatiapH across the thylakoids membranes, as comparedcaiitrol leaves
infiltrated with buffer only (black)B. NPQ Dependence on carotenoid composition, analggesbmparing plants
depleted (npgl, red) or accumulating constitutiaaxanthin (npg2, greer. NPQ dependence on PsbS is analyzed
by comparing PshS-less plants (npg4, blue) with mdgAts complemented with PsbS in the WT form (npg$,

black) and PsbS where either one or both lumen expghlitamate residues binding DCCD were mutated into
glutamine (E122Q, E226Q and E122Q/E226Q, respdgtyreen and red and purple).
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Figure S2. PSIl recovery and zeaxanthin content ineaves after prolonged NPQ measurement#. PSII yield
(Fv/Fm) in dark adapted conditions was measuredeimvés treated with 30 (black squares) and 90 min(rexs
circles) of high light following light treatment leas were incubated in the dark for 60 minutes beaitgasuremenB.
Zeaxanthin content in leaves was also analyzed dutie prolonged NPQ measurements. Values for sanele®d
for 30 and 90 minutes of actinic light are shown.
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Figure S3. Analysis of PSII core distribution, conglering only the closest neighborDistribution of PSII complexes
in grana membranes was analyzed as shown in figofele main text, but considering only the distaocthe closest
PSII core rather than the average of the closest.fA. Distribution in dark adapted samplB. Comparison of PSlI
distribution in samples dark adapted (black squamegreated with 30 (red circles) and 90 minutese@n triangles) of
light before grana isolationC. Comparison of sample either light adapted (greéantyles) or incubated in the dark
for 90 minutes following light treatment (blue diamis). D) effect of light treatment in PSII distrilun in npg4 grana.
Dark adapted sample is shown in black triangles,dartight treated for 90 minutes in green diamonds.
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Figure S4. EM images fromKOLhch6. EM pictures of negatively stained grana membranggipd from KOLhch6
plants. Regions with high or low density of PSIl cooenplexes are indicated with H and L respectively.
{Bonente, 2008 2 /id{Kirchoff, 2008 1 /id{Kirchoff 2008 1 /id{Kirchhoff, 2008 21 /id{Kiss, 2008 Gd}
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New Iinsights on the role of minor subunit

antenna Lhcb4 in photoprotection.
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SECTION C

The role of the light-harvesting complex Lhcb4 (Gp2n photosynthesis and photoprotection was inyastd in
Arabidopsis thalianeby characterizing knockout lines for each of thee¢ Lhcb4 isoforms (Lhcb4.1/4.2/4.3). Plants
lacking all isoformsKoLhcb4 showed a compensatory increase of Lhcbl andureedPhotosystem Il/Photosystem |
ratio with respect to wild-type plants. The abseot&hcb4 results in a lower Non-Photochemical Qunéng activity
with respectto either WT or mutants retaining a single Lhcbdfasm. KoLhcb4 plants were more sensitive to
photoinhibition under stress, while this effect wad observed in knockout lines for any other Phgatem Il antenna
subunit. Interestingly, deletion of either Lhcb4d Lhcb4.2 was compensated by over-accumulaticthefemaining
subunit, while the double mutakbLhcb4.1/4.2id not accumulate Lhcb4.3. Ultrastructural arialgs thylakoid grana
membranes showed a lower density of PSIl compléxdsoLhcb4.Moreover analysis of isolated supercomplexes
showed a different overall shape of thgSCparticles due to a different binding mode of th&ri®er to the core
complex. Also, an empty space was observed withenRSIl supercomplex at Lhcb4 position, implying thissing
Lhcb4 was not replaced by other Lhc subunits. $higgests that Lhcb4 is unique among subunits oP8ikantenna

and determinant for PSII macro-organization andg@hmtection.

This section is based on the submitted paper: dadBi*, S., Betterle*, N., Kouril, R., Cazzaniga, Boekema, E.,
Bassi, R., and Dall’Osto,. L. (2011); (*,these authequally contributed to the work).

For the experiments done in this chapter | conteétbu by analyzing and characterizing PSII superdexas of
koLhcb4 mutant, by observing PSII distribution insi#t®Lhcb4 grana membranes with EM microscope and by
contributing with the other authors with suggessionthe discussion of the experimental designrasdlts.

1. INTRODUCTION

Oxygenic photosynthesis is performed in the chltastby a series of reactions that expldight as an energy source
to fuel ATP and NADPH production for GQixation and synthesis of organic compoundgiht harvesting is the
primary process in photosynthesis and consistbsdration of photons by an array of hundreds obmghylls (Chls),
which are structurally organized into a light-hatieg system. Excitons are transferred among Chib ta the
photosynthetic reaction centre (RC), where chaegarsition occurs. In the case of Photosystem IljP&ectrons are
transferred to the quinonic acceptor plastoquir{®t@) leading to charge accumulation in the oxygenvng complex
and water splitting (Nelson, N. and Ben Shem, AQ0RC of PSII consists of the D1/D2/cyt b559 ctergarrying
the co-factors for electron transport, which formegether with the nearest subunits CP43 and Ci7homologous
plastid-encoded proteins binding Ghland 3-carotene, to form a “core complex” (Ferreira, K. & al. 2004). Core
complexes form dimers @ which bind an extended system of nuclear-encdigétharvesting proteins (Lhc), each
binding Chla, Chlb and xanthophylls. Near to the core Lhcb4 (CP24€)ldicb5 (CP26) are located, which mediate a
binding of a trimeric antenna complex, made by l1h8bgene-products called LHCII-S (strongly bounthe above
components form the basic PSIl supercomplex stractalled GS, (Boekema, E. J. et al. 1999), which is the major
PSIl form found in plants grown under high lightLj-tonditions (Frigerio, S. et al. 2007, MorosimotT. et al. 2006).

In plants cultivated under low/moderate light, @aelitional monomeric subunit, Lhcb6 (CP24) and tMEII trimers
(LHCII-M and LHCII-L, moderately and loosely boundspectively) are accumulated to extend the liginzesting
capacity of PSII (Ballottari, M. et al. 2007). Undbese conditions, larger supercomplexes are forcaied GS;M,
(Caffarri, S. et al. 2009) with LHCII-L trimers Igely associated to the supercomplex (Boekema, éf.al. 1999). In
Arabidopsis single genes encode Lhcb5 (CP26) and Lhch6 (CB&4)nits, while Lhcb4 (CP29) is encoded by three,
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highly conserved genes. Namdljacb4.1andLhcb4.2are similarly expressed, while thacb4.3messenger level is 20
times lower under control condition (Jansson, 89 9The polypeptide encoded blgcb4.3is predicted to lack a large
part of the C-terminal domain, a peculiar featurélcb4.1 and Lhcb4.2 isoforms, but it has notlyeén detected in
thylakoids. Because of these differences, the malpeas made to rename it as Lhcb8 (Klimmek, Bl.€2006).

A remarkable property of the antenna system isathiéty to actively regulate PSII quantum efficigria order to avoid
the damaging effects of excess light. Indeed, umdeistant moderate light conditions, the efficierafyenergy
conversion is high, due to photochemical reactiarsch efficiently quench Chl singlet excited stgafeChl*). On the
other hand, fluctuations of light intensity/tempara/water availability may yield into the excitati of PSII over the
capacity for photochemical quenching'@hl*. The consequent lifetime increase enhanceptiability of Chl triplet
(Chl*) formation by intersystem crossing and yieldto single oxygen'(,) production (Melis, A. 1999). Since
formation of*Chl* is a constitutive property of Chls (Mozzo, kt al. 2008), photoprotection mechanisms are aetiva
in order to prevent damage and improve fitheshéngver-changing environment experienced by pl&#fety systems
have evolved to either detoxify the reactive oxygpecies (ROS) that are produced (Asada, K. 1989%p prevent
their formation (Niyogi, K. K. 2000) by (i) down-gelating*Chl* lifetime through a process called non-photautual
quenching (NPQ) that dissipates excess excitedssiato heat (Horton, P. 1996); (ii) by quenchi@hl*; (iii) by
scavenging ROS. Sustained over-excitation is coacted by the long-term reduction of PSIl anterina allottari,
M. et al. 2007). Additional regulation is activatiedimiting light conditions by transferring LHCHomplexes between
photosystems, which balances excitation delivedfy$band PSII (Allen, J. F. 1992, Haldrup, A. et24101).

The conservation of the different Lhcb gene prosiubtough evolution suggests each has a specifictiinal role
which, however, is not yet fully clarified. Two noajapproaches have been used to this aim: nanhe\artalysis of
individual gene products either purified from thiydéds (Bassi, R. et al. 1987, Caffarri, S. et &I02), or recombinant
(Caffarri, S. et al. 2004, Formaggio, E. et al. 2p@nd the reverse genetics, by which plants lgckime or more Lhcbs
have been produced and characterized (Anderssen,all. 2001, Damkjaer, J. et al. 2009, de Biarhiet al. 2008,
Kovacs, L. et al. 2006). These studies have praveledence for differential roles of LHCIl compoterf{Lhcbl-3)
with respect to monomeric subunits (Lhcb4-6). Aetise lines oArabidopsisdevoid of Lhcb1+2 (Ruban, A. V. et al.
2003) showed a reduced fitness for plants growfielid, while only minor differences were observed frowth rates,
PSIl quantum yield, photosynthetic rate at satogairradiances and capacity for NPQ in controlledimnment
(Andersson, J. et al. 2003). Similar consideratapy to Lhcb3: the major effect of its depletmmsisting of a faster
kinetic of state I-state Il transitions (Damkjaéret al. 2009). More specific effects have be@onted for monomeric
Lhcb4 and Lhcb5, which have been shown to (i) camtonatable (DCCD-binding) sites (Pesaresi, Pal.ei 997,
Walters, R. G. et al. 1996); (ii) undergo conforimatchanges upon exchange of violaxanthin (Viotajgéaxanthin
(Zea) in their L2 xanthophyll binding site (Morosito, T. et al. 2002), an important feature sinesa 4s only
synthesized in excess light conditions and comslatith NPQ (Demmig-Adams, B. et al. 1989). The-dependent
allosteric change was shown to produce profoureteffon the properties of these pigment-proteididing decrease
in fluorescence lifetime (Crimi, M. et al. 2001, Mp |. et al. 2001) and formation of carotenoidealdcations (Ahn,
T. K. et al. 2008, Avenson, T. J. et al. 2008),gasting a major role in NPQ. The strong decrea$¢hi@ observed in
koLhcb6 plants (de Bianchi, S. et al. 2008, Kovacs, Lakt2006)is consistent with the above suggestidm|ew
koLhcb5 plants were affected in a different, slowly retaxicomponent of NPQ called gl. Nevertheless, many
properties of Lhcb proteins, which are essentialpiaotoprotection, appear to be redundant. In fatije the total
depletion of Lhcb proteins clearly induces photasgerity in chl mutants (Dall'Osto, L. et al. 2010), no individual
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knockout (KO) lines have showed major impairmenthigir capacity to resist HL treatment so far (denBhi, S. et al.
2008, Ruban, A. V. et al. 2003).

ArabidopsisKO lines that completely lack either Lhcb5, Lhal6both, have recently been described. As for Lhitls4
role in light harvesting and energy dissipation wagestigated using antisense RNAi lines depletedhe target
protein: NPQ kinetic and amplitude, photosynthetictron transport rate (ETR) and light sensitivitgre similar to
the wild type (Andersson, J. et al. 2001). Howes#rce this work only employed mild stress condisicthe question is
open for the role of Lhcb4 in photoprotection. ledeseveral evidence suggests that Lhcb4 might kesydactor in
both light harvesting and photoprotection: Lhcb4maintained in HL stress conditions leading to teduction of
Lhcb6 and LHCII (Ballottari, M. et al. 2007), whiléncb4 phosphorylation in both monocots (Testi,®4.et al. 1996)
and dicots (Hansson, M. and Vener, A. V. 2003, dilén, M. et al. 2006) affects the spectral propeiif the protein
(Croce, R. et al. 1996) and correlates with higlesistance to HL + cold (Bergantino, E. et al. 199&uro, S. et al.
1997) and water stress (Liu, W. J. et al. 2009)ha\igh the mechanism of this protective effectriknown, there is
evidence for a link between Lhcb4 and NPQ, sineepifotein has been identified as an interactiotnparof PsbS
(Teardo, E. et al. 2007), the pH-dependent trigdegE (Li, X. P. et al. 2000) and it is part of enpameric complex
whose dissociation is indispensable for the esthiient of NPQ (Betterle, N. et al. 2009). Finallyp Chl ligands in
Lhcb4 have been identified as components of theahieg site, catalyzing the formation of xanthophatiical cation
(Avenson, T. J. et al. 2008, Holt, N. E. et al. 2D0

In the present work, we have addressed the functidincb4 isoforms imrabidopsis thalianaTo this aim, we have
constructed KO mutants for Lhch4 isoforms and areadytheir performanda photosynthesis and photoprotection. We
found that PSII quantum efficiency and capacityM&Q were affected by lack of Lhcb4 and that déghedf Lhcb4,
unlike that of any other Lhcb subunit, does afteetcapacity of resisting excess light conditiokihough depletion of
Lhcb subunits is usually complemented by the owesmulation of other members of the subfamily (denBhi, S. et
al. 2008, Ruban, A. V. et al. 2003), this is nat tdase for Lhcb4. In fact, PSIl supercomplexesatsdl fromkoLhcb4
although retaining their £, organization, showed a low density region at Lhpb4ition, consistent with a missing
subunit, which was confirmed by protein analysisisTcaused a different mode of binding of LHCIl¥Bner within
the PSII super-complex and changed the overalleskédighe GS, particle. The three isoforms were not equivalent,
since, while deletion of Lhcb4.1 isoforms yieldedoi a compensatory accumulation of Lhcb4.2 and varsa, the
double mutankoLhcb4.1/4.2vas unable to accumulate Lhcb4.3. We concludeltheth4 is a fundamental component

of PSII, which is essential for maintenance of kb function and structural organization of tHesystem.

2. MATERIAL AND METHODS

2.1 Plant material and growth conditiodgabidopsis thalianal-DNA insertion mutantsGolumbiaecotype) GK Line
ID282A07 (insertion into théhcb4.1gene), SAIL 910 D12 (insertion into théicb4.2 gene) and SALK 032779
(insertion into thd_.hcb4.3gene) were obtained from NASC collections (Alonkayl. et al. 2003). Homozygous plants
were identified by PCR analysis using the followprgmers: forward 5’-TCACCAGATAACGCAGAGTTTAATAG-
3 and reverse 5-CACATGATAATGATTTTAAGATGAGGAG-3' dér Lhcb4.1 sequence, 5-
CATCATACTCATTGCTGATCC ATG -3 for the insertion; fovard 5-
GCGTTTGTGTTTAGCGTTTCGACATCTGTCTG-3' and reverse BGTACCCGGGTGGTTTCCGACATTAGC-3’
for Lhcb4.2 sequence, 5-GCCTTTTCAGAAATGG ATAAATAGCCTTGCTTCC-3or the insertion; forward 5'-
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GTGAGCTGATCCATGGAAGGTGG-3' and reverse 5-GGCCGGTIFAACGATTGATGTGAC-3’ for Lhch4.3
sequence, and 5-GCGTGGACCG CTTGCTGCAACT-3' for thmesertion. GenotypekolLhcb4 kolLhcb4.1/4.2
koLhcb4.2/4.3and koLhcb4.1/4.3were obtained by crossing single mutant plants seldcting progeny by PCR
analysis. For reverse transcriptase-mediated-P@&, RNA was isolated from 4-weeks old plants vilitizol protocol
for RNA extraction. Reverse transcription was perfed using M-MLV reverse transcriptase with oligb{gtimer and
1,5 ug of total RNA from wild type and mutant plants.rfF@rmalization purposes, actin2 (At3g18780) wasseh as
an endogenous control. The primers used were adewml 5-GTGGCTCCCGGTATCCATCC-3' and 5'-
TTGAACCGCGAATCCCAAGAAGG-3’ for Lhch4.1 cDNA; 5-GGTTTCCGACATTAGCTCCAATTC-3' and 5'-
CTGAACCGCAAAACCCAAGAATC-3' for Lhcb4.2 cDNA; 5-CCGGTTCGGGTTCAGTTTCGG-3' and 5'-
GGCAAGGAAGCTGACAGGGC-3" for Lhcb4.3 cDNA; 5-CCTCATGCCATCCTCCGTCTTG-3' and 5'-
GAGCACAATGTTACCGTACAGATCC-3 for actin2 cDNA.

ArabidopsisT-DNA insertion mutantkolLhcb3 (SALK_020342) from NASC was obtained by selectprggeny by
western-blotting using specific antibody againstth® subunit; asLHCII (Andersson, J. et al. 20033 whtained by
NASC. Double mutankoLhcb4 npglwas obtained by crossing single mutants and sedegrogeny by western-
blotting (0-Lhcb4) and HPLC. Insertion mutatsLhcb6andkoLhcb5/LhcbGvere isolated as previously described (de
Bianchi, S. et al. 2008). Mutants were grown fordeks at 10@umol photons nf s, 23°C, 70% humidity, and 8 h of
daylight.

2.2 Stress condition§hort-term high-light (HL) treatment was perfornad 200umol photons nis?, 45’,RT (24° C)
in order to measure kinetic of zeaxanthin accunaton detached leaves floating on water. Sampla® rapidly
frozen in liquid nitrogen prior to pigment extrami Longer photo-oxidative stress was induced lposixg whole
plants to either 55@mol photons nf st at 4°C for 2 days, 90@mol photons nis® at 4°C, for 10 days or 16Q@nol

photons rifs* at 24°C, for 10 days. Light was provided by hatoigenps (Focus 3, Prisma, Italy) and filtered thyloa

2-cm recirculation water layer to remove infraradiation.

2.3 Pigment analysis Pigments were extracted from leaf discs, eithek-ddapted or HL-treated, with 85% acetone
buffered with NaCO;s, then separated and quantified by HPLC (GilmordylAand Yamamoto, H. Y. 1991).

2.4 Membrane isolatiordnstacked thylakoids were isolated from dark-aeldmr HL-treated leaves as previously
described (Bassi, R. et al. 1988).

2.5 Gel Electrophoresis and ImmunoblottiBDS-PAGE analysis was performed with the Tris-Tecbuffer system
(Schagger, H. and von Jagow, G. 1987), with thetiaddof 7M urea to the running gel in order to @ege Lhcb4
isoforms. Non-denaturing Deriphat-PAGE was perfatredlowing the method developed by (Peter, G.tFale1991)
with modification described in (Havaux, M. et al0@). Thylakoids concentrated at 1 mg/ml chlorolshylere
solubilised with a final 1%/B-DM, and 25 mg of chlorophyll were loaded in eaahd. For immunotitration, thylakoid
samples corresponding to 0.25, 0.5, 0.75, and bfjoplorophyll were loaded for each sample andtedétotted on
nitrocellulose membranes. Filters were incubateith whtibodies raised against Lhcbl, Lhcb2, Lhcd®b4, Lhcb5,
Lhcb6, or CP47 (PsbB) and were detected with alkatihosphatase-conjugated antibody, accordingdwligih, H. et
al. 1979). Signal amplitude was quantified (n =udihg GelPro 3.2 software (Bio-Rad). In order toiewany deviation

between different immunoblots, samples were congpanty when loaded in the same slab gel.

2.6 In Vivo Fluorescence and NPQ MeasuremeRSll function during photosynthesis was measureduigh

chlorophyll fluorescence on whole leaves at roomperature with a PAM 101 fluorimeter (Heinz-Wal&n@ersson,
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J. et al. 2001); saturating light pulse: 45000l photons rifs?, 0.6 s; white actinic light: 100-11Q@nol photons nis
!, supplied by a KL1500 halogen lamp (Schott). NRRs;, and relative ETR were calculated according to the
following equation (Van Kooten, O. and Snel, JHF1990): NPQ=(Fm-Fm’)/Fm’ges=(Fm’-Fs)/Fm’, relETR g, -
PAR, gP=(Fm’-Fs)/(Fm’-f) where k is the fluorescence determined in darkness byakweeasuring beam, Fm is the
maximum chlorophyll fluorescence from dark-adagestlies measured after the application of a satgrdash, Fm’
the maximum chlorophyll fluorescence under actiigbt exposure, Fs the stationary fluorescencenguitiumination,
and PAR the photosynthetic active radiations.

State transition experiments were performed usihglevplants according to established protocolssglenP. E. et al.
2000). Preferential PSII excitation was providedllynination with blue light (4Qumol photons ni? s1), excitation of
PSI was achieved using far-red light from a LEDhiigource (Heinz-Walz; 102-FR) applied for 15 mimwdtaneously
with blue light. Fm level in state | (Fm’) and &dt (Fm”) was determined at the end of each cynyehe application

of a saturating light pulse. The parameter qT (RBiss section changes) was calculated ag-ffm)/Fm, (where
Fmy/, is the maximal fluorescence yield in state I/ 11).

Fluorescence induction kinetics was recorded wittome-built apparatus in order to measure functiantgenna size
on leaves. Ftrmax Was calculated from variable fluorescence curvesided with green light (110@mol m? s?)
according to (Strasser, R. J. et al. 1995). Forsmreanents of PSII functional antenna size, leaverg wifiltrated with

30 uM DCMU and 150 mM sorbitol, and variable fluoresoenvas induced with a green light ofuhol m? s*. The
reciprocal of time corresponding to two-thirds e tfluorescence rise 4% was taken as a measure of the PSII
functional antenna size (Malkin, S. et al. 19819r measurements of the PSII repair process, whialet were
illuminated at 90Qumol m? st 4° C for 4 h to induce photoinhibition of PSlhdarestoration of the A, ratios was

subsequently followed at irradiances ofi@fol m? s, 4° C (Aro, E. M. et al. 1994).

2.7 Analysis of P700 redox stafpectrophotometric measurements were performed) @sictED spectrophotometer
(JTS10, Biologic Science Instruments, France) inctvrabsorption changes are sampled by weak monoettio
flashes (10-nm bandwidth) provided by light emgtitiodes (LED). P700reduction following a flash was assayed as
detailed by (Golding, A. J. et al. 2004). Leavesenifiltrated with 50pM DCMU in 150 mM sorbitol. A 400-ms
saturating flash of red lighk (=630 nm; 3,00umol m? s%) was delivered to the leaf, and changes in abscebat
705 nm were used to measure the kinetic of P78@uction Oxidized P7004Amay) Was recorded during far-red light
illumination (1500pmol mi? s, Ama=720 nm). The level of oxidized P700 in the leAA( was determined during
illumination with red light (from 100 to 980mol m?2 s, Ana=720 nm) as previously described (Zygadlo, A. et al
2005). Antenna size of PSI was estimated accotdifgim, E. H. et al. 2009).

2.8 Determination of the sensitivity to photooxidatstressPhotooxidative stress was induced in detached $claye
strong light treatment at low temperature. Detadbades floating on water were exposed to HL (156®| m? s* for

8 hours) in a growth chamber at low temperature@i°then immediately frozen in liquid nitrogen. ddbxidative
stress was assessed by measuring malondialdehyda)(Frmation, as indirect quantification of lipjgeroxidation
(Havaux, M. et al. 2005). Lipid peroxidation wasasered on whole plants by thermoluminometry witbtom-made
apparatus (Ducruet, J. M. 2003). The amplitudehef TL peak at 135°C was used as an index of lipidxidation
(Havaux, M. 2003). Measurements of singlet oxygesdpction from leaves were performed with SOSG @dala
Probe, Eugene), ®,-specific fluorogenic probes, as described in (Dalo, L. et al. 2010).

2.9 Electron microscopgamples were negatively stained with 2% uranyladeedn glow discharged carbon-coated

copper grids. Electron microscopy was performeddthilips CM120 electron microscope equipped wittaB6 tip
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operating at 120 kV. Images were recorded with 80654000 SP 4 K slow-scan CCD camera at 80,000 ifiegion
at a pixel size (after binning the images) of 0.8ibat the specimen level with GRACE software fEmsautomated
specimen selection and data acquisition (Oostdrgetel. et al. 1998). Single particle analysisaoflata set of 1350
PSII particles was performed using GRIP (Groningraage Processing) software, including multirefeeeand no-
reference alignments, multivariate statistical ggia) classification, and averaging of homogenedasses (van Heel,
M. et al. 2000).

2.10 Accession Numbe3equence data from this article can be found in Arebidopsis Genome Initiative or
GenBank/EMBL databases under accession numbersORAE39 (Lhcb4.1), At3g08940 (Lhcb4.2), At2g40100
(Lhcb4.3), At5g54270 (Lhcbh3), At4g10340 (Lhcb5),1415820 (Lhcb6), At1g08550 (npgl). The KO lines timered

in the article can be obtained from the NASC untler stock numbers N37647ko(hch4.), N877954 KoLhch4.2,
N532779 koLhcb4.3, N520342 KoLhcb3, N514869 KoLhchg, N577953 KoLhch§, N6363 (asLHCII).

3. RESULTS

3.1 Isolation of koLhch4 mutant

The construction of a plant without CP29 complesréafter name&olLhchb4 requires the isolation of KO mutants at
three distinct loci, namellyhcb4.1, Lhcb4.2andLhcb4.3(Jansson, S. 1999). We identifiedLhcb4.] koLhcb4.2 and
koLhcb4.3homozygous plants in T-DNAsFseed pools, obtained from NASC, by PCR analysigeobmic DNA using
isoform-specific primers (Figure 1A).
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Figure 1. Genetic and biochemical characterizatioof koLhcb4 mutant (triple mutant for the three isoforms of
Lhcb4). A. Amplification of Lhcb4.1, Lhcb4.2, Lhcb4.3 locitwiéllele-specific PCR primer. Top panel: amplificat
using gene specific primers: 1378 bp, 520 bp, @ @or the amplification respectively of Lhcb4.heh4.2, Lhch4.3
locus. Bottom panel: amplification using a T-DNpesific primer: 685 bp, 661 bp, 773 bp for the aifigation
respectively of Lhcb4.1, Lhcb4.2, Lhcb4.3 knockoait Details of primer sequences are reported intdfial and
Methods.B. RT-PCR measurement of gene-specific transcriptpiéees of the oligonucleotides used are reported i
Material and Methods. Top panel: for each gene, RXiacted from WT and the corresponding mutant sudgected
to reverse transcription, followed by 30 cycledP@R amplification. Bottom panel: amplification bkethousekeeping
gene actin2 transcript from the same RNAs usedadirig control. M: molecular weight marker. The esjed sizes of
the PCR products are: Lhcbh4.1: 724 bp; Lhcb4.2: Bp5 Lhcb4.3: 730 bp; actin: 384 bg.. SDS-PAGE analysis of
WT and koLhcb4 mutant thylakoid proteins performeth the Tris-Tricine buffer system (Schégger, Hd ason
Jagow, G. 1987). Selected apoprotein bands are edarlurified thylakoid sample, corresponding to ;i of
chlorophylls, was loaded in each larie. SDS-PAGE analysis performed with the Tris-Trididfer system with the
addition of 7M urea to the running gel in order $eparate Lhcb4 isoforms in the Lhch4 KO mutanttecgl
apoprotein bands are marked. Fifteen microgramshtdrophylls were loaded in each lane.

The triple KO mutankoLhcb4was obtained by selection of the progeny from sirgs single mutants. PCR analysis
confirmed that all Lhcb4 coding regions carried W insertion in both alleles (Figure 1A), while erse-
transcriptase — mediated PCR showed that mRNAsdamgd hcb4isoforms were absent in mutgfigure 1B).

During the course of this work, two additional Bn¢N124926 and SK32480) with a T-DNA insertion megp
respectively to thd_.hcb4.1and Lhcb4.2 genes became available. Both lacked the corresmpmuotein. The lines
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showed very similar phenotypic characteristicshiie WN376476 KoLhcb4.) and N877954koLhcb4.2, respectively.
Below, we present data from the N376476 and N87Ti864, unless otherwise stated.

By screening F generation, it was possible to isolate double mtstaxpressing single Lhcb4 isoforms, namely
koLhcb4.2/4.3(retaining Lhcb4.1)koLhcb4.1/4 . 3(retaining Lhcb4.2) an@oLhcb4.1/4.Xretaining Lhcb4.3). All the
isolated genotypes did not show significant reductin growth with respect to the wild type undemtol light
condition (100umol photons nf s?, 24°C, 8/16 day/night) (not shown). Electron mgmopy analysis of plastids from
mesophyll cells of wild-type and mutants was perfed to verify if the thylakoid structure was chamge an effect of
the missing Lhcb (Supplemental Figure 1). All thatamts showed a membrane organization very sirtolahat of
wild-type chloroplasts. All genotypes formed wedfided grana, containing about 6 discs per grarasmwell as
showed similar amounts of grana, stroma lamell@ieegid membranes per plastid (Supplemental Table I).
Thylakoid membranes isolated frokoLhcb4 mutant lacked the corresponding gene product (Eidi). A better
resolution in the 22-35 kDa MW range was obtaingdising a gel incorporating 7M urea, by which Lhahds split
into a doublet in WT thylakoids, the upper bandresponding to Lhcb4.2 as shown by comparison wighgattern
from double KO genotypes (Figure 1D). The gel witharea (Figure 1C), however revealed that an iaddit band
with lower MW was also missing, which correspontedlhcb6, as revealed by immunoblotting (Figure BA,

A WT koLhcb4

PsbB

PsaA

Lhcebl

Lhcb2
Lhcb3

Lhcb4 G ——

Lhcb5

Lhcb6 ——— SE——

WT koLhcb4

B C
160 Cwr *

I koLhch4 B8. PSII-LHCII

supercomplexes|
1404 4 20

- B7. PSHLHCI |y Jr——

15 B6. PSII core
1004 = "

BS. PSII core
80

B4. LHCII-Lhcb4-
Lhcb6 supercomplex

PSI/PSII ratio
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protein amount / CP47

404 i i
- B3. trimeric LHCII --

20

B2. monomeric
oL 0.0
2 Lhebs

B1. free pigments

Figure 2. Polypeptide composition of thylakoid meraranes from wild-type and koLhcb4 mutant. A. Western
blotting used for the quantification of photosytithesubunits in WT and koLhcb4 thylakoids. Immuobbhalyses
were performed with antibodies directed againstivitial gene products: minor antenna proteins, LH8Ubunit,
PSII core subunit PsbB (CP47) and PSI core subiitsaA). Thylakoid samples corresponding to 0.25, @.75, and
1 ug of chlorophyll were loaded for each sample. Alhples were loaded on the same SDS-PAGE slaB geksults
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of the immuno-titration of thylakoid proteins. DathPSIl antenna subunits were normalized to thre emnount, PsbB
content (Ballottari, M. et al. 2007) and expressada percentage of the corresponding wild-type eaniSignificantly
different values from wild type membranes are niaskith an asteriskC. Thylakoid pigment-protein complexes were
separated by non-denaturing Deriphat-PAGE upon lsbgation with a-DM. Thylakoids corresponding to 2 of
chlorophylls were loaded in each lane.

As for the pigment content, tHeLhcb4mutant did not differ from WT in either chlorophgontent per leaf area or

Chl/Car ratio. InsteadkoLhcb4plants showed a small but significant decreasdenChla/Chl b ratio with respect to

WT (Table I).

Chl a/b Chl/Car Mg Chl/cm2 Fo Fv/Fm
WT 3.06 +0.07 3.63 £0.08 20.7+£3.0 0.195 + 0. 002 0.790 + 0.007
koLhcb4 2.83+0.06 * 3.58 +0.03 19.0+1.1 0.253 £0.021 * 0.747 £0.021 *
koLhcb4.2/4.3 2,97 £0,03 3,70+£0,13 225+12 0.213 £0.012 0.796 + 0.004
koLhcb4.1/4.3 2,97 £0,03 3,61 +0,09 22,6 +4,5 0.231+0.012 * 0.777 £0.007 *
koLhcb4.1/4.2 2,83+0,09 * 3,63 +0,08 22,9+25 0.266 + 0.004 * 0.745 +0.007 *

Table I. Chlorophyll content and fluorescence induction paeters determined for leaves of Arabidopsis wiftkty
koLhcb4 plants and mutants retaining a single Lhideform. Data are expressed as mean = SD (n>gnificantly
different values (Student’s t test, p=0.05) withprect to WT are marked with an asterisk.

To determine whether the capacity of the antenstery and its ability to transfer absorbed energg&tion centers
was affected in the mutant, the functional antesina of PSIl was measured on leaves by estimatiagise time of
chlorophyll florescence in the presence of DCMU. $ignificant differences were observed ip Fnax (See material
and methods for details) betweerl_hcb4and WT (Table 1), suggesting that Lhcb4 depleti@hnot impair the overall
light-harvesting capacity. Analysis of the fluoresce induction in dark-adapted leaves (Butler, Warid Strasser, R.
J. 1978) revealed a highep Falue and a significant decrease of maximum quargdficiency of PSIl (FFy) in
koLhcb4with respect to WT. Thus, a larger fraction ofabgd energy is lost as fluorescence in the muitauplying
that the connection between the major LHCII compler PSII RC is less efficient in the absence afidh(Table ).
Nevertheless, parametet/&na, Which is used for quantifying PSII electron tjamg (ET) activity, was essentially the
same irkoLhcb4and WT, thus implying that ET was not limited destveam from @ in mutant leaves.

3.2 Organization and stoichiometry of pigment-piomplexes

The organization of pigment-binding complexes waalyed by non-denaturing Deriphat-PAGE upon sdikdtion

of WT andkoLhcb4thylakoid membranes with 0.7% dodecylb-maltoside ¢-DM). Seven major green bands were
resolved (Figure 2C). In WT, the PSI-LHCI compleasifound as a major band (B7) in the upper patt@fel, while
the components of the PSII-LHCII migrated as midtigreen bands with different apparent masses; lyatine P S|
core dimer and monomer (B6 and B5, respectively) de antenna moieties, including the Lhcb4-Lhclh8CL-
Msupercomplex (B4) (Bassi, R. and Dainese, P. 1992¢ 1l trimer (B3) and monomeric Lhcbs (B2). Fdamt green
bands with high apparent molecular mass were @eta@atthe upper part of the gel (B8) containingdissociated PSII

128



SECTION C

supercomplexes with different LHCII composition€Timajor differences detectedkalLhcb4with respect to WT were
in the lack of B4 and a reduced level of PSII supemplexes. Secondly, band B2 appears to be onlycsed of one
sub-band irkoLhcb4 which indicates that the lower sub-band of B2eobsd in WT, contains Lhcb4 and/or Lhcb6.
Finally, densitometric analysis of the Deriphat-FA&owed a higher PSI/PSII ratiokoLhcb4mutant (1.38 + 0.11)
with respect to WT (1.04 = 0.03).

In order to detect possible alterations in thetietaamount of pigment-protein components, we deied the
stoichiometry of photosynthetic subunits by immuotting titration using CP47 (PsbB) as internal nskard
(Ballottari, M. et al. 2007)KoLhcb4plants lacked both Lhcb4 and Lhcb6 proteins (Fegzi), while there was a 30%
increase in Lhcbl (Figure 2B) with respect to th& &vel. The other examined proteins were presemwiid-type
amounts. A quantitative immunoblotting using Psal #sbB specific antibodies also confirmed a high®i/PSlI
ratio inkoLhcb4compared to WT (Figure 2B) detected by DeriphaGEAFigure 2C).

We also analyzed the Lhc protein composition and/FS3l ratio in double mutants expressing individitacb4
isoforms (Supplemental Table 1l, Figure 1D and $empental Figure 2). A high resolution gel incorgorg 7M urea
allowed separating Lhcb4.1 from Lhcb4.2 (Figure 1Dh)e koLhcb4.2/4.3mutant which only has Lhcb4.1, retained
87% of WT Lhcb4 whilekoLhcb4.1/4.3retaining isoform Lhcb4.2, had a significantlyier amount of Lhcb4 (59%)
with respect to WT (Supplemental Table Il). Tha_hcb4.1/4.2mutant retaining thehcb4.3gene did not show any
band with mobility similar to Lhcb4.1 and Lhcb4 Rigure 1D). Nevertheless, théncb4.3gene product is expected to
have a MW significantly lower than the .1 and @f@ms. We cannot exclude, therefore, that it magdogether with
the bulky LHCII band. Immunoblotting analysis atewealed that the level of Lhcb6 polypeptide undgitwchanges in
agreement with the amounts of Lhcb4.1 + Lhcb4.2qino In thekoLhcb4.1/4.2mutant, Lhcb6 was not detectable
(Supplemental Table I).

3.3 Photosynthesis related functions: electron $pamt rate, state transition and P700 redox state

Since pigment-protein complexes participate in ntatthg electron transport between photosystems| Bl PSI

function during photosynthesis was further analybgdchlorophyil fluorometryKoLhcb4 showed no significant
differences with respect to WT plants neither i@ phhotochemical quenching activity (qP) nor inEieR through PSII,

as measured at different light intensities in trespnce of saturating GOn leaves (Figures 3A, B).
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Figure 3. Characterization of photosynthetic elegbn flow on WT and koL hcb4 plants. Dependence of the relative
electron transport rate (rel. ETR) on light intetyson wild-type and koLhcb4 leaves. Relative ETéalisulated as rel.
ETR=@s - PAR, wherapyg) is the quantum yield of electron transfer at P&lineasure of the overall efficiency of
PSII reaction centers in the light; PAR is the msynhthetic active radiatioB. Amplitude of photochemical quenching
(gP) at different light intensities on wild-typedakoLhcb4 leaves. gP reflects the redox state eptimary electron
acceptor of PSIl, @ C-D. Measurement of State 1-State 2 transition on WT larchcb4. Upon 1 hour dark
adaptation, plants were illuminated with blue lid0 zmol photons it s, wavelength <500 nm) for 15 min to reach
State Il. Far-red light source was then superimpbteblue light in order to induce transition toagt I. Values of F,
Fn, and F,” were determined by light saturation pulses (45080l photons it s, 0.6 s).E. Dependence of the
P700 oxidation ratioJ/A/AAy4y) on light intensity.

The capacity for state transitions (Allen, J. F92Pwas measured from the changes in chlorophytiriscence on
leaves (Jensen, P. E. et al. 2000). The final angdiof the state transitions (qT) after a 15 riimmination was the
same in both genotypes (0.091 + 0.002 and 0.09Da60respectively in WT v&kolLhcbg (Figure 3C, D). However,
the kinetic of the transition from state | to stitepon switching off far-red light was three tismfaster irkoLhcb4(ty,
=71 = 5 sec) with respect to WT£=204 + 17 sec) (Figure 3C, D). Furthermore, it whserved that the switching on

of far-red light produced a sudden decrease ofrélscence intensity in WT but not koLhcb4 In fact, fluorescence
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level in the latter was already very low, consitigith a faster reoxidation of the PQ poolkioLhcb4with respect to
WT under low intensity blue light.

Fluorescence induction analysis on intact leavesvet a I value up to 40% higher ikoLhcb4vs. WT, implying the
absence of Lhcb4 caused a lower efficiency in enéransfer between LHCIl and PSII reaction cenffable ).
Photosynthetic electron flow through PSI duringadie state photosynthesis vivo, was measured from the
dependence of the P70B700 ratio on light intensity (Figure 3E). In Wthjs value approached a saturation level at
>1000umol photons nf s. In koLhch4 the saturation was observed already at @@6! photons nf s* in koLhcb4,
which implies a lower electron supply rate from togasm complexes. In order to investigate the origfnthis
difference, cyclic electron flow (CEF) was deteradnby following the re-reduction of P700pon far-red saturating
flashes, on leaves infiltrated with DCMU using afismce changes at 705 nm (Supplemental Figure BAg.fast
decay component of P70@hat has been attributed to CEF was the sametm W andkolLhcb4 Analysis of the
functional antenna size of PSI, measubgdthe rate coefficient of P700 oxidation in steéayred light following a
saturating flashglid not reveal any difference between both geregtyBupplemental Figure 3B). These results suggest
that the different kinetics of P700 oxidation canditributed to the higher PSI/PSII ratiolkmiLhcb4with respect to
WT, as shown in Figure 2B.

3.4 Non-photochemical quenching of chlorophyll feszence

Thermal energy dissipation is a major photoprodecthnechanism in plants. Although a quenching corapbhas been
localized in PSII core (Finazzi, G. et al. 2004psinquenching activity was associated to the aatsyatem (Havaux,
M. et al. 2007, Horton, P. and Ruban, A. 2005)oilder to identify the role of Lhcb4 in NPQ, we ma&sl NPQ
activity of koLhcb4plants (Figure 4A).
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Figure 4. Kinetics of the formation and relaxationof photoprotective energy dissipationA. Measurements of
NPQ kinetics on WT and koLhcb4 leaves illuminati#d §200mol photons is?, 24°C.B. NPQ kineticof WT and
koLhcb4 plants during two consecutive periods lafrilnation with white light (120Qumol photons A s?, 25 min,
24°C) with a 18 min period of darkness in betwessndicated by the white and black ba@s. Time course of
violaxanthin de-epoxidation in wild-type and koL#igidants. Leaf discs from dark-adapted leaves wkeminated at
1200umol photons it s, 24° C (white actinic light). At different timegiscs were frozen in liquid nitrogen and total
pigments extracted before HPLC analydis. NPQ kinetics of WT, koLhcb4 and mutants retainimgle Lhcb4
isoforms. The expression of the isoform Lhcb4.ILKklb4.2/4.3) leads to complete compensation oRNfP@ phenotype
of koLhcb4; instead the expression of the Lhck®bform partially recovered the quenching abilitytlire first minutes
of induction, nevertheless mutant failed to fullgtch the WT quenching capacity within 8 min ofnillmation. The
presence of the Lhcb4.3 gene did not contribuféR® activity. Symbols and error bars show mean®£5> 3).

In agreement with previous reports (Niyogi, K. 1R99), upon exposure of WT to saturating light istgn(1200umol
photons nf s, 24°C) NPQ showed a rapid rise to 1.4 in the fitstute followed by a slower raise, reaching a gaifi
2.3 after 8 minutes. Induction of NPQHKmmLhcb4was slower (0.7 at t=1 min) and reached a lowepliénde (1.6 t=8
min). Recovery in the dark was faster and more d¢etepnkoLhcb4compared to WT (Figure 4A). NPQ activity of
koLhcb4recovered to WT level upon longer light treatm@ min). When a second illumination period wasliagp
(Figure 4B) the delay in NPQ rise was less evidethije a recovery in the dark remained still fagtekoLhcb4 It
should be noted that zeaxanthin synthesis hadahe kinetic in WT andkoLhcb4 (Figure 4C), implying that the
delayed NPQ onset was not due to a delayed zeaxantithesis or slower acidification of the thylaktumen.

We also investigated whether the three Lhcb4 isn$olnad the same activity in NPQ by analyzing thetic of NPQ
rise in double mutants retaining one singheb4gene. The results reported in Figure 4D showrthaants conserving
the Lhcb4.1gene had slightly faster onset of NPQ than WT levttiose retaining.hcb4.2gene were unable to reach
the final NPQ level of WT plants. Mutant plantsaieing onlyLhcb4.3behaved lik&koLhcb4 The faster fluorescence
recovery observed ikoLhcb4 compared to WT is present in the mutants retaiinky Lhcb4.2 or Lhcbh4.3 genes,

whereas mutant retainindicb4.1recovered with the slower WT-type kinetic.

3.5 Photosensitivity under short- and long-ternessrconditions

Treatment of plants with strong light produces phatative stress, whose severity is enhanced bytEmperature.
Under these conditions, enhanced release'@f leads to a bleaching of pigments, lipid oxidatiand PSII
photoinhibition, which is accompanied by a decraase,/F, (Zhang, S. and Scheller, H. V. 2004). The sensjtitd
photoxidative stress of WT and Lhcbh4-depleted plavds assessed upon transfer from control condit@miiL + low
temperature (50Qmol photons nf s, 4°C). The level of F,,, was monitored for 2 days (Figure 5A). In WT plants
the R/F, parameter gradually decreased from 0.8 to 0.3mgldine treatment, while ikoLhcb4plants the decrease
was stronger, reaching a value of 0.15 at the endhe treatment period. As a reference, we compahed
photosensitivity of different antenna mutants, nignk@Lhcb5/LhcbgkoLhcb3and LHCII antisense plants (asLHCII).
Interestingly, mutants lacking antenna componettierdahan Lhcb4, namely Lhcb6, Lhcb5, LHCII or LB¢lshowed
the same level of photoinhibition as WT plants, liymg that Lhcb4 is the only antenna componentspdnsable for
full level of photoprotection under photoxidativieess conditions (Figure 5A). Measurements @Ff& recovery after
photoinhibitory treatment (Supplemental Figuredi@arly showed that WT andLhcb4leaves had the same capacity
of PSII quantum efficiency recovery, implying tlahigher photosensitivity of mutant plants is do@tess effective
photoprotection rather than to impaired PSII repagchanism (Aro, E. M. et al. 1994). Loss of Lhatelsed a
decrease in PSII quantum yield (Figure 5A) thatiddne caused either by damage of the PSII core gy by an

incomplete excitation transfer to PSII RC.
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Figure 5. Photo-oxidation of Arabidopsis WT andkoLhcb4 mutant exposed to high-light and low temperatureA.
PSII photoinhibition (FFn, decay) was followed on WT, koLhcb4 and antennéetkep mutants (koLhcb5/Lhch6,

koLhch3 and LHCII antisense) plants, treated at B8®| photons M s, 4°C for 30 hours with a 6-hour period of low
light (20 zmol photons f s?) between the 12 hours of HL stress; low light rivaié permitted the PSII efficiency
recovery.B, C. Detached leaves floating on water were treated%@0.mol photons M s* at 4° C, and kinetics of
chlorophyll bleaching (B) and MDA formation (C) eecorded. D. WT and mutant detached leaves were vacuum-
infiltrated with 54M SOSG, &0,-specific fluorogenic probes. SOSG increaseslitsréiscence emission upon reaction
with singlet oxygen. The increase in the probe siomswas followed with a fiber-optic on the leaffaoe during
illumination with red actinic light (55@mol photons ris?) at 4°C.

In order to provide a more complete characteriratb the photodamage, leaf discs from WT &ad hcb4 were
submitted to HL + cold stress (15@@nol photons nf s, 4° C), and the time-course of pigment photoblearhnd
lipid peroxidation were measured (Figure 5B, C).alAmis indicates that chlorophyll bleaching wastdasand
malondialdehyde (MDA) production was higherkim_hcb4with respect to wild-type leaves, implying a higkevel of
lipid peroxidation (Havaux, M. et al. 2005). Phatathge can be caused by the production of diffdRéfb species,
including singlet oxygentQ,) (Triantaphylides, C. et al. 2008),® and superoxide anion (Asada, K. 2000). In order
to identify if one or more of these species wenmived in the preferential photodamagekail_hcb4 we quantified
production of different ROS species directly in VEhd koLhcb4 leaves using vacuum-infiltrated ROS-specific
chemical probes (see Methods for details). Afieimination with strong light at 4°G&oLhcb4leaves clearly showed a
significantly higher release of singlet oxygen cangal to WT (Figure 5D), whereas the productionenfuced ROS
species was unchanged (data not shown).

An interesting question was whether the differeimtii4 isoforms had a specific importance in phottgmtion. To get
the answer, we measured the level of PSIl photbitibn on KO mutants retaining individuahcb4 genes. Plants
retaining eithel_hcb4.1or Lhcb4.2showed WT level of resistance to HL+cold streslilevthose retainindg.hcb4.3
gene koLhcb4.1/4.2nutant) were similar tkoLhcb4(Figure 6).
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Figure 6. Photoinhibition of WT and mutants retaining a single Lhcb4 isoform exposed to high-light andbw
temperature. Kinetics of E/F, decay were measured on WT, kolLhcb4, koLhcb4.1kbPhch4.1/4.3 and
koLhcb4.2/4.3. Whole plants were treated as desdribr Figure 5A.

More detailed analysis was performed after 3 amthys of treatment by determining the leaf chlordipbgntent, a
target of photoxidative stress. Mutakts_hcb4andkolLhcb4.1/4.2inderwent a significant reduction of leaf chlorgph
content (Table 1), while mutants retaining eithécb4.1 or 4.2 did not show this effect.

Mg Chl/cm?
WT koLhcb4 koLhcb4.2/4.3 koLhcb4.1/4.3 koLhcb4.1/4.2
g 0 21.7+2.86 19.5+0.16 225+1.2 215+2.1 222 +2.6
7
5 3 19.1+0.7 16.5+1.6* 18.9+2.6 17.7+0.9 17.2+1.4*
2
8 8 20.3+2.2 13.7+1.7* 19.7+2.0 18.1+2.3 15.8 +1.8*

Table Il. Chlorophyll content determined for WT and Lhcb4ants after 3 and 8 days of stress (900l photons m
251 4° C). Data are expressed as mean = SD (n=5):dach genotype, significantly different valuesig®nt’s t test,
p=0.05) with respect tgyare marked with an asterisk.
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This indicates that a compensatory accumulatiobhab4.1 or Lhcb4.2 isoforms can restore photoptatemf the
koLhcb4.1landkoLhcb4.2mutants to WT level. Interestingly, the presentevitd type alleles of Lhcb4.3 as the only
Lhcb4 isoform did not restore photoprotection. Tatter observation prompted us to get further imsigto the
Lhcb4.3 expression. We investigated accumulatiothefLhcb4.3 isoform upon several stress conditioamely: (a)
500 pmol photons Ms?, 4° C for 2 days; (b) 90Amol photons nis?, 4° C for 10 days; (c) 160@mol photons nis?,
24° C for 10 days. At the end of these treatmehidakoids were isolated from WKpLhcb4andkoLhcb4.1/4.2and
analyzed by SDS-PAGE / immunoblotting using a polyal antibody. Under all experimental conditiores Ichch4
immune-reactive bands were detected inkibiehcb4.1/4.Zample from all the tested conditions. In ordevedfy that
our antibody was indeed able to detect Lhch4.3cheed the three Lhch4 isoforms and expressedpbprateins in
bacteria. When the three apoproteins were assayédbebanti-Lhcb4 antibody, they were recognizechwite same
efficiency (Supplemental Figure 5). Based on thegseriments we conclude that plants retainingltheb4.3 gene

only were unable to accumulate the encoded prtaearsignificant level in the conditions assayethia work.

3.6 Role of the zeaxanthin—Lhcb4 interaction irgldarm membrane lipid photoprotection

Earlier work has shown that Lhcb4 exchanges Vidth #ea bothn vitro (Bassi, R. et al. 1997, Morosinotto, T. et al.
2002) andin vivo upon HL treatment (Bassi, R. et al. 1993), whieads to an increased activity of several
photoprotection mechanisms, including ROS scavengmproved Chl triplet quenching (Mozzo, M. et 2008) and
formation of carotenoid radical cations (AvensonJTet al. 2008, Holt, N. E. et al. 2005). In ortteinvestigate the
role of Zea on Lhcb4-dependent photoprotectionciessedolLhcb4lines withnpgland selected a genotype lacking
both the capacity of producing Zea and Lhcb4. Ehvellof stress caused by HL + cold treatment in WpG1, koLhcb4
and koLhcb4 npgl was measured from the extent of lipid peroxidatidetected by high-temperature
thermoluminescence (HTL) at 135 °C (Ducruet, Jaktd Vavilin, D. 1999). Figure 7 shows plots of Hainplitudes
at different time points during exposure of leasadi to HL stress (80Qmol photons nf s?, 4°C). In koLhcb4
genotypes, HL treatment produced higher levelsipl Iperoxidation with respect to WT whilgpql behavior was
intermediate. Experimental points were fitted usingjrst-order exponential function (Y = A% and the resulting

equations were used to obtain the differentialoti®é Zea in the presence or absence of Lhcb4 (Eiguinset).
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Figure 7. Kinetics of lipid peroxidation of Arabidopsis detached leaves exposed to high-light stresgvT, npql,
koLhcbh4 and koLhcb4 npgl mutant leaves floatingvater were exposed to HL (8@énol photons M s, 4° C) and
photo-oxidation was estimated from the extentpad [peroxidation measured by high-temperature tltduminescence
(HTL). Each experimental point corresponds to dedént sample. The kinetic of oxidized lipid acclation was
described by fitting the dataset with first-ordepenential functions: differential kinetics npqWT and koLhcb4npql
- koLhch4 were calculated on the basis of the-brsier exponential functions obtained by fittingpesmental points
(error bars, 95% confidence level).

Clearly, a much stronger differential effect of thpql mutation was observed ikoLhcb4vs. WT background,

implying that photoprotection mediated by Lhcbémhanced in the presence of Zea.

3.7 Structural analysis of isolated grana membranes

The above results suggest tkat hcb4mutant was more strongly affected than genotypedrg other components of
the PSII antenna system. Previous work Wwidhhcb6(koCP24) (de Bianchi, S. et al. 2008, Kovacs,tlale2006) and
koLhcb3(Damkjaer, J. et al. 2009) has shown that mutatioomembers of the Lhcb sub-family can affectrtieecro-
organization of PSIl supercomplex and PSll-assediaegulatory functions. In order to verify whetteerstructural
effect was induced by lack of Lhcb4, we analyzethlihe organization of PSII supercomplexes in gramebranes
and a structure of isolated PSII supercomplexes koLhcb4plants by transmission electron microscopy angdlsin
particle analysis. Analysis of negatively staingdng membranes from wild-type akdLhcb4 plants, isolated as
previously described (Morosinotto, T. et al. 201&}hibit randomly distributed tetrameric stain-exithg particles,
corresponding to the PSII-OEC complexes exposetheruminal surface of dimeric PSIl core complexEgure
8A,B) (Betterle, N. et al. 2009, Boekema, E. JleP000).
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kolLhcb4 kolLhcb4

Figure 8. Electron microscopy of grana membranes ahPSIl particles. A,B. EM of negative staining grana
partition membranes were obtained by partial sdigation of thylakoids from koLhcb4 (A) or wild-gplants (B)
with a-DM. High-resolution micrographs show the distritout of stain-excluding tetrameric particles (arrow&rana
partitions from koLhcb4 (A) were characterized bg presence of tetrameric particles more widelycepahan wild-
type membranes (B). Arrows indicate PSIl core cemgd (magenta) and LHCII region (violeQ:D. Average
projection map of a set of 1024 projections g&upercomplexes from plants lacking Lhcb4 (C, O) eiild-type (E).
Contours representing PSII dimeric core (green)ch4 (yellow) and whole wild-type,& supercomplex (red) are
superimposed.

In case of WT, a density of PSIl complexes in theng membrane was about 1.5 PSIl per 1009 (figure 8B).
Samples fronmkoLhcb4were clearly different (Figure 8A), being charaiated by a wider spacing of the tetrameric
particles (0.9 PSII particles per 10009 nTo investigate a lack of Lhcb4 on a structuré8fl supercomplex in more
details, purified PSII supercomplexes were analyzedingle particle analysis. To this aim, fresisiglated thylakoids
of koLhcb4were mildly solubilized with 0.3%-DM followed by rapid fractionation by gel filtrath (Damkjaer, J. et
al. 2009). The first eluted fractions, containingmbrane fragments and P Sl supercomplexes, welgzadaby EM.
Single projections of PSIl supercomplexes imagiemntified on the basis of their shape as determiyeearlier work
(Caffarri, S. et al. 2009); supercomplexes werdectedd, and subjected to image analysis, inclutfiagslational and
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rotational alignments, multivariate statistical lgaes and averaging of homogeneous classes. FigGreshows the
average projection map from a set of 1024 projastiof GS, supercomplexes from plants lacking Lhcb4. CledHs,
projection map is rather similar to the projectioap of the WT @S, supercomplex (Figure 8E). In both genotypes,
typical features of the core complex were resoltegether with the S-trimer within the peripheralenna. However, a
detailed comparison between the complexes fkaivhcb4 (Figure 8C, D) and from WT (Figure 8E) (adoptedniro
(Boekema, E. J. et al. 2000)) showed a differentlenof binding of the S-trimer to the core complex ahus a
different overall shape of the,§ particles. Indeed, the S-trimerkolLhcb4has a different position with respect to the
core complex than in WT. In addition the electramsity at the position where Lhcb4 binds in WIS{particles is
localized much closer to the core complekaihcb4and thus space between the core complex and LEG#ems to
be too small in order to accommodate an Lhcb suwbsnggesting it could represent a lipid-filled aardhe simplest
way to interpret this result is that PSIl superctaxmssociates in the absence of Lhcb4 leadingrémmanization of
the overall shape of the particle with partial osobn of the Lhcb4 area and bending of the LHChiv&ss towards the
CP47 complex of the core. In order to verify thigpdthesis, we determined the polypeptide compasitiad relative
amounts in the PSII particles from WT w®lLhcb4 In particular, we aimed at determining whethey Bhcb subunit
could substitute Lhcb4 in the complex from mutdrd. this aim, grana membranes from WT and mutanttplevere
solubilized with a very low concentration efDM (0.3%) and fractionated by non-denaturing DeaipPAGE
(Supplemental Figure 6A), yielding a pattern suppoasable to that previously reported (Caffarri,eSal. 2009).
Fractions containing the &M (Band 10) and €5,M, (Band 11) supercomplexes were still detectablikobhhcb4
albeit their amounts were reduced compared to WiB4land 9% of €&5;M and GS,M,) (Supplemental Figure 6A).
We chose to analyze,§M supercomplexes (Band 10) since this fraction asnbgeneous with respect to other
fractions with higher mobility (Caffarri, S. et #009) (see Supplemental Figure 7). Band 10, ahdrdiands as a
reference, were eluted from the gel and their motemposition and relative abundance were detexdnly SDS-
PAGE (Supplemental Figure 6B), densitometry andntjtadive western blotting analysis (not shown).the GS;M
supercomplex (Band 10) from WT, polypeptides ofIRSte were found along with Lhcb4, Lhch5 and LHG# the
same fraction fronkoLhcb4 the amounts of Lhcb5 and LHCII with respect tdIR8re subunits were the same while
Lhcb4 was not found, implying that this$M supercomplex, although exhibiting a similar oYlecaganization and
mobility in green gels, missed one of its innerwits. Lhcb4 was not substituted by any other pnatemponent that

we could confirm by Coomassie staining or immunttbig. (see Supplemental Figure 6 for details).

4. DISCUSSION

4.1 The role of Lhcb4/Lhcb6 in the topology of granembranes and in the assembly of the PSII-LH@i¢écomplex
Lhcb4 is one of the six homologous Lhc proteins posing the PSIl antenna system. These pigmentiprote
complexes are expected to share a common 3D osgamizon the basis of the structural data availdbtefive
members of the Lhc family ((Ben Shem, A. et al. 200iu, Z. et al. 2004). Previous work with antiserlines has
evidenced a high degree of redundancy among Lhdonsts; in fact, the PSII supercomplex organizativas
maintained in the absence of Lhcb1+2 componentsviey-accumulating Lhcb5 (Ruban, A. V. et al. 20@&nilarly,
plants lacking Lhch5 and/or Lhcb6 over-accumuldtedbl or Lhcb4 gene products, leading to mainte@avicthe
C,S; central architecture of the PSII supercomplexydhle organization of the outer shell of PSIl anterbeing
affected in thekoLhcb6plants (de Bianchi, S. et al. 2008). In the caskahhcb4 structural redundancy is broken as
shown by the de-stabilization of all supercomplaxds in green gels (Figure 2C, Supplemental Figlnd by the
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differences in structure of,S; particles with respect to WT (Figure 8). Thesailtssare consistent with Lhcb4 being
the only Lhc subunit that can occupy the positi@ween CP47 and LHCII-M building blocks within tfiSlI
supercomplex (Figure 8 C-E). This conclusion isrggty supported by the polypeptide composition g5,M particles
isolated fromkoLhcb4that lack this subunit without a compensation theo gene products (Supplemental Figure 6B-
C).

Our ability to isolate €5, supercomplex frorkoLhcb4grana membranes shows that antenna proteins cassbeiated

to the core complex in the absence of Lhch4 asckinip subunit, which is consistent with a receipiort showing that

a complex of a monomeric core with CP26 and LHCtH&er was stable enough to be isolated (Caff&riet al.
2009). Supercomplexes with a similar shape arohedlLhcb4 position were previously found after gedtatment
(Boekema, E. J. et al. 2000). We conclude thahendbsence of Lhcb4, PSIl does assemble in gramsbraees.
However, because of the missing subunit, the coxiipléess stable and assumes a different overalitsire with a low
density area located in the position where Lhchgrésent in WT, likely occupied by lipids. As fdretorganization of
the outer shell of PSII antenna system, formed HZ I-M, LHCII-L and Lhch6, it appears to be stropgiffected in
koLhcb4 Titration of the different Lhcb proteins with pesct to PSII RC showed that the Lhcb6 complex was
completely missing ikkoLhcb4(Figure 2B). Since thehcbh6 messenger level was unchanged with respect totMisT,
implies that removal of Lhcb4 decreases Lhch6 ktpbihis is consistent with Lhcb4 being the dawakisite for Lhcb6
(Andersson, J. et al. 2001, Caffarri, S. et al. D0®oth participating to a pentameric complexeshlB4C (band 4
complex), which connects inner and outer antenneeties (Bassi, R. and Dainese, P. 1992, BetterlestMl. 2009).
One component of B4C, interacting with Lhcb4 and/beb6, is Lhcb3 (Betterle, N. et al. 2009) whieh,variance
with Lhcb6, is still present ikoLhcb4membranes; it is consistent with the observatiam, tbesides Lhcb4, Lhcb3 can
interact with Lhcb1 and Lhcb2 in complexes contagniHCII-M (Supplemental Figure 6B, lanes B9-B1djile it is
absent in complexes containing only LHCII-S suclC& complexes (lanes B6). Less stabj&M, supercomplexes
can still form inkoLhcb4mutant lacking both Lhcb4 and Lhcb6, althoughrtinedlecular interactions are rather weak
and the abundance of this complex is only 5% wetpect to WT. Previous work wikkoLhcb6has shown that a large
part of the outer antenna formed by LHCII-M and UHCis not directly bound to PSIl supercomplexesther, they
form LHCII-only domains segregating from arrays@fS, particles (de Bianchi, S. et al. 2008). No suclhyar were
observed irkoLhcb4membranes (Figure 8A), nor was PQ diffusion retstd (Figure 3B), suggesting that the altered
shape of €S, particles and/or their instability prevents co@pee interactions into arrays. Besides this, tistadce
between neighbor PSII centers is higher than in (Mgure 8A-B) implying a higher number of LHCII tners is
interposed between PSII centers, consistent wéldémsitometric analysis of green gels (Figure &) ultrastructural

analysis of thylakoid grana membranes (Figure 8A,B)

4.2 Consequences for photosynthesis: light hamngstnd electron transport.

The loss of Lhcb4 ir. thalianadid not strongly affect growth rate, pigment cosigons and growth of plants under
control light conditions (Figure 3, Table I). Indkdinear and cyclic electron transport rates wenglar to wild-type
plants as well as the functional antenna size rétiens in the PSII macrostructure in mutant plantsvever, did result
in differences in chlorophyll fluorescence paramse{d@able ). Increased,KTable 1) clearly showed that the efficiency
of excitation energy transfer from the antennah®e PSII reaction centre is decreased in mutanttgldn grana
membranes from the wild type (Figure 8B), the disttion of PSII particles is homogeneous throughwtiole surface.
This is not the case fokoLhcb4 whose grana membranes contained discrete patfheBICII trimers that are
interspersed by fewer PSII core complexes, thataavdomly distributed (Figure 8A); therefore, imsodiscrete areas

of koLhcb4grana membranes the LHCII/PSII core ratio is iasegl. In these domains, LHCII fluorescence is gyba
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not efficiently photochemically quenched, thus diey higher i (Table I). This is consistent with the resultsamied

in KO mutants for Lhcb5 and Lhcb6 (de Bianchi, Sale 2008, Kovacs, L. et al. 2006) while no suoheffect was
observed in Lhcb1/Lhcb2 (Andersson, J. et al. 2088¢ording to previous evidence (de Bianchi, SaleP008) this is
likely due to LHCII domains that are not coordirthtey PSIl core complexes. Increasegdsbggests that vacancy of
Lhcb4 site in mutant PSII-supercomplex causes @&xoit energy transfer from the peripheral antenghé core to
follow restricted pathways; indeed, the migratiome of excitations from antenna to PSIl reactiomtee was
significantly reduced irkoLhcbh4with respect to the wild-type (van Oort, B. et 2010). Thus, despite fluorescence
induction in the presence of DCMU it showed no geanin functional antenna size, yet the numberHEIL per PSII
RC in grana membranes was higher (Figure 8A,B).caf&lude that in the absence of a well organizeld-BECII
supercomplex, the efficiency of excitation enemgypping inkoLhcb4was lower than in WT and that the compensatory
increase in peripheral LHCII complexes (Figure 2ReBntributed with lower efficiency to light hariew).

Although functional measurements indicate thatethveas no major perturbation of PSIl and PSI fumstan increase
in the PSI/PSII ratio was observedkimLhcb4 both densitometric analysis of Deriphat-PAGE amchunotitration with
specific antibodies revealed that, while the mutsag a full complement of LHCII and PSI-LHCI (Psa#f)e PSII
(PsbB) content is decreased by 25% in Lhcb4-lemstpl(Figure 2). The consequences of a lower tharP®l level
were not very strong: the parametgytSn., expressing the average fraction of open read@nters during the time
needed to complete their closure, was simildtabhcb4and WT plants, thus making unlikely ET restrictionP SlI.
However, the lack of fluorescence quenching inréatight (Figure 3 C-D) and the higher level of0B7accumulation
(Figure 3E) imply that, at both HL and limiting kg PSII activity was lower ikoLhcb4than in WT.

4.3 Consequences for regulation of light harvestBigte Transitions.

State transition is the mechanism by which the dempnt of LHCII bound to PSII vs. PSl is balancegehding on
the reduction state of the intermediate electramiaraplastoquinone (PQ) through its reversibl@gghorylation,
which induces its disconnection from PSII and hbigdio PSI (Allen, J. F. and Nilsson, A. 1997, Jans® E. et al.
2000). Lhcb4 can be phosphorylated in monocotsg@emo, E. et al. 1995, Bergantino, E. et al. J9%hd in
Arabidopsis(Hansson, M. and Vener, A. V. 2003).0n reinhardtii P-Lhcb4 was found to be connected to PSI-LHCI
supercomplexes in state Il conditions only (Takhhald. et al. 2006). Thus, changes in state treomsit can be
expected in Lhcb4-less plants. Results displayed-ignre 3C-D show thakoLhcb4was not affected in its state
transition total activity, in agreement with thengar reduction state of the plastoquinone poadlbtight intensities
(Figure 3B), (Bellafiore, S. et al. 2005). We obeet that inkoLhcb4the fluorescence changes, upon switching off the
far-red light, are faster than the wild-type, imply that the transiently reduced state of the €2 pool is more
promptly relaxed by migration of the LHCII to PSlhe same state transition phenotype has been bedcfor
koLhcb6 and koLhcb5/Lhcb6plants (de Bianchi, S. et al. 2008), and this islemr indication that the connection
between PSII core and the bulk trimeric LHCII areaker in these mutants with respect to WT. In #eeoof the
koLhcb6 plants, the faster state transition was attributedthe displacement of the M-trimer from the PSII
macrostructure, thus enhancing its migration to. & suggest that, in theLhcb4mutant, the weaker binding of S
trimer (and, possibly, of the M trimer) and theh@g amount of weakly connected LHCII trimers ava#aincreases
the probability of migrating towards PSI upon pHaspylation. InC. reinhardtii state transitions do not only fulfill the
role of balancing light absorption between phottesys, they also increase PSI electron flow at #perse of PSII,
acting as a switch between linear and cyclic edecpathways (Vallon, O. et al. 1991). This was ti@ case in
Arabidopsissince, despite a clear effect on state transitipigure 3C, D) no changes in linear (Figure 3A) aiglic

electron transport rates (Supplemental Figure 3)atserved.
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The major effect of the mutation on electron tramsmctivity was faster saturation of the P700 akimh ratio in
koLhcb4with respect to WT (Figure 3E). This can be dué)t@a smaller PSI antenna size, (ii) a lower @t&T from
cytochrome pf complex or (iii) a higher PSI/PSII ratio. As tRSI functional antenna size that was measuredheas
same in both genotypes (Supplemental Figure 3)cyctic ET was also unaffected, differential kinstiof P700
oxidation ratio can reasonably be attributed tohilger P SI/PSII ratio dfoLhcb4with respect to WT (Figure 2B).

4.4 Non-photochemical fluorescence quenching

Non-photochemical dissipation of excess energyfected inkoLhcb4plants with respect to the wild-type, consisting
into a delayed rise and a lower NPQ amplitude &tenin light: a clear plateau was observed in theQNkinetic
between 1 and 3 min, after which the curve roséna@@gure 4A). Upon prolonged illumination andigpon repeated
light treatments (Figure 4B) the amplitude of NP@svsimilar to WT. A similar effect was previouslgserved in
koLhcb5/Lhcb6double mutant (de Bianchi, S. et al. 2008). Sibkeb6 is de-stabilized ikoLhcb4(Figure 2), this
mutant phenocopies a doulileLhcb4/Lhcb@nutant as for the lack of Lhcb6. NPQ kinetic camtodified by changes
in the trans-thylakoidpH gradient (de Bianchi, S. et al. 2008), by charigehe level of the pH sensor PsbS (Li, X. P.
et al. 2002, Li, X. P. et al. 2004) or by changethe number/relative abundance of protein subidnissing quenching
sites (Bonente, G. et al. 2007). Changes in lunmpiélappear unlikely: in fact, the kinetic of zeattan synthesis,
catalyzed by the pH-dependent enzyme VDE (Yamantdid(. and Higashi, R. M. 1978) was the same in ®id
mutant leaves (Figure 4C). Moreover, the level eb® was unchanged (Figure 2B), leaving modificaiiorihe
abundance and identity of quenching sites localized.hcb proteins as the most likely cause for tieserved
phenotype. We interpret our results in the framéwair the recently proposed model (de Bianchi, Salet2010,
Miloslavina, Y. et al. 2008) based on the formatiopon lumen acidification, of quenching sites withach of two
distinct protein domains in grana discs: (pSgparticles (containing PSII RC, Lhecb4, Lheb5 anddIHS) and (ii) the
peripheral antenna including Lhch6, LHCII-M and LHC (Betterle, N. et al. 2009, Miloslavina, Y. ei. 2008),
which segregates because of the action of PsbhSdefaendent quenching activity, has been detect#dnanonomeric
Lhcb 4, 5 and 6 in detergent solution (AvensonJTet al. 2008) while, in LHCII, quenching was wated by
aggregation and was independent from Zea (Rubah,. &t al. 2007). The similar NPQ kinetics kdLhcb4and of
koLhcb5/Lhcb6can thus be explained because they both retaimeactiing site within the 45, domain; the faster
guenching kinetic upon repeated illumination is tiuéhe enhancement by Zea of the quenching ag{iMityogi, K. K.
et al. 1998) associated to Lhcb4 or Lheb5. Thisoissistent with the capacity of exchanging VioléhwAea in binding
site L2 observed in monomeric Lhcbs (Morosinottoefral. 2002, Wehner, A. et al. 2006) rather thatrimeric
LHCII. In koLhcb5/Lhchethe recovery of NPQ upon the initial delay is éashind more complete than koLhcb4
implying that Lhcb4 is more active as a quenchanthhch6, consistent with the little impact of Lbcteletion on
NPQ amplitude and kinetic when Lhcb4 is unaffeddsl Bianchi, S. et al. 2008). If there are two idigtquenching
domains within PSII antenna (Miloslavina, Y. et 2008) and monomeric Lhcb4-6 proteins are the aitlgs of
guenchingn vivo, the peripheral antenna domain should remain urahes in bottkoLhcb5/Lhcbgde Bianchi, S. et
al. 2008) andkoLhcb4,because they both lack Lhch6. Since both genotygmesh NPQ levels similar to WT, although
with a delayed kinetic, it is likely that some kiref quenching does occur in the peripheral antedoanain
disconnected from £5, particles, which, in these genotypes, only costditCIl isoforms. Previous work with
koLhcb6has shown that this component has a quenchingteffethe major LHCII antenna (van Oort, B. et2f110);
here, we observe that, even in the absence of | thb6overall quenching activity is high, consistetith quenchers
being activated in both PSIl antenna domains, andlade that LHCII is likely to contribute to NA@vivo, in spite of

the fact that it does not exhibit spectroscopic stnakctural features of quenching sites (Ahn, Tekal. 2008, Avenson,
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T. J. et al. 2008). Thus it is likely to activateenching by a different mechanism (Ruban, A. \aleP007). Consistent
with this view is the finding that a red-shiftedidirescence lifetime component was obsemvedivo under NPQ
conditions (Holzwarth et al. , unpublished resutigying properties similar to LHCIl aggregatedvitro. A more
detailed fluorescence lifetime analysis is neededrder to distinguish between quenching activitnethe two protein
domains.

While differences in g were minimized by prolongedeated illumination, we observed that the ql ponent,
responsible for the slowly relaxing component oémghing, is equally decreased upon short/long peated light
treatments (Figure 4B). Previous work suggestetigheas specifically due to Zea binding to Lhclal'Osto, L. et
al. 2005); instead, removal of Lhcb6 has a nedkgdifect on gl amplitude, since double mutkathcb5/Lhcbéedid
not further decrease its gl level (de Bianchi,tSle2008). Here, we show that removal of Lhchduces the extent of
gl, implying that gl is catalyzed by both Lhcb4 drttb5.

4.5 Consequences for photoprotection: resistangehtgoxidative stress is decreased in koLhcb4 plarith respect to
wild-type

Lhcb4-less plants showed a reduced photoprotectipacity when exposed to high irradiance at lowperature. The
highest sensitivity to photoxidative streskof.hcb4 amongst all other Lhcbh KO mutants, is consistdgtt the higher
reduction in fitness of plants lacking Lhcb4 (Arsan, J. et al. 2001, Ganeteg, U. et al. 2004 )pastipg the
importance of this gene product for PSIl perfornearand chloroplast photoprotection. Structural intggof
photosynthetic supramolecular complexes is ess¢datidhe resistance to photoxidative stress (Horf®. and Ruban,
A. 2005) although the reasons are not completelgrcDepletion of light harvesting antenna has lveparted to favor
photoinhibition of both PSI (Alboresi, A. et al. @8 and PSII (Dall'Osto, L. et al. 201®oLhcb4 mutant plants are
more sensitive to photoxidative stress than WTuFég5) and this effect is associated to increasedugtion of'O,
rather than other ROS species. This effect cana@isbribed to a pleiotropic effect on photosynthekectron transport
efficiency, since lack of Lhcb4 does not signifidaraffect either the rate or the regulation of synthetic electron
transport (Figure 3 A-D). A putative mechanism fdiotoinhibition is the reduction dChl* dissipation (qE and ql)
(Johnson, M. P. et al. 2007); howeverkalhch4 gE activity is affected at the onset of illumioat while it is similar
to WT on a longer timescale. Since our photoinbiyitlight treatment was performed at constant ligkensity, we
conclude that photosensitivity kbLhcb4plants is not due to differences on gE or gl.

Connection between PSII core complex and outer LM@s partially impaired, indeed a steady incraasg, was
measured irkoLhcb4 plants with respect to wild type (Table I); a heghChl* level than WT might lead t6Chl*
formation through intersystem crossing. Although aagnot exclude that the inefficient connectiorLBICII to PSII
RC could contribute to the higher photosensitivifyjkoLhcb4 we notice that th&oLhcb5/Lhcb6double mutant was
clearly as resistant as wild-type plants (Figurg, espite a FF,, reduction comparable to that of Lhcb4-less plants
(de Bianchi, S. et al. 2008). Since photoproteciioioLhcb5/Lhcb6plants was similar to wild-type (Figure 5A),
neither the increase inyper se nor the absence of Lhcb6 can be the cdusgher photosensitivity dfoLhch4plants.
Instead, this effect appears to be specific for dhsence of Lhcb4 implying this gene product ispafticular
importance in providing PSIl photoprotection witbspect to all other Lhcb proteins (Figure 5A). kdlelLhcb4
appears to be the most conserved among Lhc prasgexiated with PSII (Koziol, A. G. et al. 200&)d it maintains
its stoichiometry with respect to the reaction oergven under stressing growth conditions leadinglépletion of
Lhcbl, 2 and 6 (Ballottari, M. et al. 2007) andxemthophyll mutants that destabilizes other Lhc fmens, such as
Lhcb5 (Havaux, M. et al. 2004). The most obviousubiarity of Lhcb4 is that it cannot be replaced RSl

supramolecular architecture by other Lhcbs anbdus tequired for allowing structural integrity dbP(Boekema, E. J.
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et al. 1999) (Figures 8C-E). Thus, the higher psensitivity in koLhcb4 could be the effect of a less stable PSII
supercomplex: indeed the extreme photosensitivirabidopsismutants such ashl (Dall'Osto, L. et al. 2010) can be
ascribed to the absence of light-harvesting comng@esurrounding the PSII reaction centre, leavirg RISII core

complex exposed to the lipid phase, where raditaincreactions of peroxy-lipids occur during photadative stress.

4.6 The role of Zeaxanthin-Lhcb4 interaction in IR$lotoprotection.

Measurement of lipid peroxidative damage by theumohescence in intact leaves of WT ksl hcb4andkolLhcb4
npglplants showed that Zea and Lhcb4 are synergiaatlye in protection from photodamage (Figure Her€fore, it
appears that a specific effect for Zea in providfificient photoprotection is preferentially amjgd when bound to
Lhcb4. This observation is consistent with a prasioeport of a protective effect of Zea (Dall'Osdtoet al. 2010)
additional to gE enhancement (Niyogi, K. K. et 98) and to ROS scavenging in the lipid phasedlBar et al.
2003, Baroli, I. et al. 2004, Havaux, M. et al. Z0Blavaux, M. and Niyogi, K. K. 1999). Upon liginiduced synthesis,
Zea enters the protein-bound xanthophyll pool Ioglivig to the L2 site of minor Lhc (Avenson, T. tlak 2008) and to
the V1 site of LHCII (Caffarri, S. et al. 2001), addition to the accumulation in the lipid phasée Tmolecular
mechanism of enhanced resistance to photoxidatjodela is not yet clear. The hypotheses include:digining
excitation energy from PS core complexes by xarfiiig bound at the interface with Lhcbs; (i) quieimg 3Chi*
energy from RC, possibly by the Dexter exchangehaeism (Nayak, L. et al. 2002) by Zea located te &2 on
specific Lhcs; (iii) preferential scavenging , by zeaxanthin into site V1 of LHCIl (Johnson, M. & al. 2007).
Although we cannot exclude any of these hypothesedavor the view that it forms a protective stiphrtly covering
the PSII reaction centre, thus subtracting PSIeamymplexes from radical chain reactions of peigpgs during

photo-oxidative stress.

4.7 Effect of the accumulation of the individualf@®ems on koLhcb4 phenotype

The attenuation of thegFand NPQ phenotypes produced by the tri¢hcb4 mutations is different depending on
which Lhcb4 gene is in doubl&olLhcb4mutants. Retention of Lhcb4.1 restorgdF and NPQ to WT levels, while
Lhcb4.2is only partially effective in this function; Lhci8tis completely inefficient (Figure 4D, Figure Bable I).
Indeed, plants retaininghcb4.3only show the same reduction in Glib ratio (Table 1), increased photosensitivity
(Figure 6) and delayed NPQ kinetic as measuredple koLhcb4 Although we cannot exclude that Lhcbh4.1, 4.2 and
4.3 gene products are intrinsically different, gemetration of the phenotype appears to be eskgniti to the level of
the gene product: indeed, levels of Lhcb4.1, Lhekehd Lhcb4.3 in plants retaining only the corresjpog genes
reacahes the stoichiometry of 1, 0.6 and 0, resseégtper PSII RC (Supplemental Table I). In fagithoughLhcb4.3

is transcribed under stress conditions (Alboresialet2010 unpublished results), we were unable tctlethe
corresponding protein even by keeping plants uadariety of stress conditions, implying it is eitthon translated or
rapidly turned-over. It should be noted that ouitardy is effective in detecting recombinant Lhébéxpressed k.
coli (Supplemental Figure 5).

TheLhcb4.3gene appeared recently in plant genome. Its sequs not present in algal genomes and no ortbakog
were found in the mod8hyscomitrella patengherefore, it appeared only at later stages énetvolution of the green
lineage (Alboresi, A. et al. 2008). It seems urijikbat a new gene conserved in higher plants basimction or is not
translated at all. EST data frofnabidopsisshow that_hcb4.3is expressed at very low levels (Jansson, S. 1%9%)
its transcription seems to be confined to dicotef{GS. A. et al. 2002, Yu, J. et al. 2002); furnere, clustering
analysis of Lhc superfamily expression data (KlirkmE. et al. 2006) confirmed thathcb4.3is regulated in an
opposite way with respect tchcb41 andLhcb4.2 The putative Lhcb4.3 protein is shorter than ottieb4 isoforms
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and its sequence is considerably different fronmliditcb4.1 and Lhcb4.2 isoforms, suggesting it mighte a different
function in the stress conditions in which this gés actively transcribed. We cannot, however, wdelthat Lhcb4.3
isoform might be accumulated in special and stilinvestigated environmental/developmental condfjcso far, the
role of this isoform remains elusive.

We have shown that Lhcb4 has a specific functioprimtecting PSII from photoinhibition, which accdsirior the
koLhcb4higher sensitivity to high-light stress. This wasssible as this gene product, different from atineoPSII
antenna component, cannot be replaced by homolcggdusnits as a building block of the PSII-LHCII saipolecular
complex. This leads to the formation of incomplBt8ll particles with a gap in the position normadigcupied by
Lhcb4, they also have a modified shape and a lstagility in favor of the dissociated form of pigntgrotein
complexes in green gels. This is consistent witldence that a “core” group of antenna proteins ke prior to
green algal diversification (Koziol, A. G. et aD@7) and included Lhcb4 protein associated witH RSl The weaker
interaction between PSII-LHCII components leada faster migration of LHCII complexes to stroma rbesmne upon
phosphorylation, similar to the casekafLhcb6andkolLhcb3 Although PSII activity is not impaired in modexdight
conditions, there is a lower level of PSII RC imigs membranes probably because PSIl core complessistrongly
retained within grana discs, because one of thent@nomeric Lhcbs that bridges it to LHCII is miggsitUnder stress
conditionskoLhcb4is photoinhibited and this effect is selectivehhanced in the absence of Zea, which is active in
preventing synthesis of ROS species and promotieg scavenging. We propose that Lhcb4, by bindingetween
LHCII trimers and the CP47 subunit of PSII, is ¢alidor the protection of PSIl RC from ROS produagaring
photosynthesis either by neighbor damaged PSII xap (Krieger-Liszkay, A. et al. 2008) or by ovaiged light
harvesting antennas (Mozzo, M. et al. 2008, Sarbaba, S. et al. 2002). We show that the absenca specific
antenna subunit, although it does not restrictt llgirvesting and photosynthetic electron transpaid, produces and
impairs PSII photoprotection capacity through ffed in the assembly of supercomplexes. This d¢tear example of
optimization of the building blocks of photosynticetomplexes and the tuning of their interactionthveach other
towards overcoming the inhibitory effect of incriegsoxygen concentration over evolution time. Nghwtochemical
guenching is affected ikoLhcb4 because two of the quenching sites, namely Lh¢ddfiand Lhch6 which is
destabilized inkoLhcb4 (Avenson, T. J. et al. 2008), are missing. Newetss, although a quenching activity is
delayed, it is still high suggesting that LHCIlethnly component remaining in the outer antennaaiionmight have a

guenching activityn vivo. A detailed fluorescence lifetime analysis is iieggiin order to further clarify this issue.
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5. SUPPLEMENTAL DATA

1000 nm
_1000nm M

Supplemental Figure 1. Transmission electron microgphs of plastid from mesophyll cells of wild typeand
mutants. Ultrastructure of chloroplasts from 5 weeks old WA), koLhcb4 (B), koLhcb4.2/Lhcb4.3 (C),
koLhcb4.1/Lhcb4.3 (D) and koLhcb4.1/Lhcb4.2 (Enawas analyzed by electron microscopy. Repreteattnin
sections are shown. The scale bar indicates 1 Jm.nimber of grana, discs per grana stack, strcanaellae and end
membranes was counted (at least 15 chloroplastge®eotype) and reported in Supplemental Table |.
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WT koLhcb4  koLhcb4.1 koLhcb4.2  koLhcb4.3 koLhcb4.2/ koLhcb4.1/ koLhcb4.1/
koLhcb4.3  koLhcb4.3  koLhcb4.2
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supercomplexes .
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Supplemental Figure 2. Biochemical characterizatiorof koLhcb4 mutants. Thylakoid pigmented complexes were
separated by non-denaturing Deriphat-PAGE upon lsithation with 0.6%a-DM. 25 mg of chlorophyll were loaded
in each lane.
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Supplemental Figure 3 P700 measurements: cyclic electron transport (CERnd PSI functional antenna sizeA.
The reduction of P700was followed upon a 400-ms flash of saturatingligiat (3000zmol photons it s) in leaves
of WT and koLhcb4 infiltrated with 5 DCMU. Leaves were infiltrated in the presenc&®@ mM sorbitol, to avoid

146



SECTION C

osmotic effects. The decay followed a complex cuasedescribed previously (Johnson, G. N. 2005k Wst
component in this decay has previously been atethto CEF and the slower reduction phases areghoto indicate
the slower processes of redox equilibration ocagtin the chloroplastB. P700 oxidation of leaves illuminated with a

far-red background light (14@mol photons it s?) after the application of a saturating flash ofiréght (3000:zmol
photons i s%).

| 850 pE 15 UE
0.8 ~
0.6
S
L
S
L
0.4 -
—o— WT
~-O- koLhcb4
0.2
0 2 4 6 8 10 12 14 16

Time (h)
Supplemental Figure 4. PSII repair efficiency undephotoxidative stressPSII repair efficiency was quantified on

WT e koLhcb4 plants by measuringFr, recovery in low light (15:mol photons f s?, 4°C) after photoinhibitory
treatment (90Q:mol photons M s?, 4° C). Data are expressed as means +S.D. (n.= 4)
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Supplemental Figure 5. Insights on the Lhcb4.3 expssion and function.Thylakoids were isolated from WT,
koLhch4 and koLhcb4.1/4.2 plants either grown intaal conditions (10Qumol photons fs?, 24° C) or at the end of
stress treatments (50@mol photons is?, 4° C for 2 days; 90@mol photons ffs?, 4° C for 10 days; 160@mol
photons nf s, 24° C for 10 days); protein content was analyzgdmmunoblotting using an antibody that recognize

all Lhcb4 apoproteins. Thylakoid samples correspogdo 1 4g of chlorophyll were loaded for each sample. Top
panel: Ponceau-stained nitrocellulose filter foreck of equal loading; Lower panel: immunoblot assaycb4.x,
recombinant proteins.
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A B WT koLhcb4
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Supplemental Figure 6. Insights on the PSII superaaplexes compositionGrana membranes were isolated from
WT and koLhcb4 plants as described in methodsiderdo determine the protein composition of P8ercomplexes
found in koLhcb4, grana membranes from WT and ntydlants were solubilized with a very low concetitia of a-
DM (0.3%a-DM) and different complexes were separated bydematuring Deriphat-PAGE (Panel A); a pattern of
green bands similar to that recently described Ggffarri, S. et al. 2009) was obtained. Fractionsni B6 to B11
contained PSII supercomplexes with increasing Ldmtent, as determined by SDS-PAGE (Panel B) andratien
spectra of bands 6-11 (not shown). Lanes contaihlmga complexes are marked (*). According to presicesult of
single particle image analysis (Caffarri, S. et 2009), bands 10 and 11 in wild-type contained hgeneous PSII
populations, respectively,§M; and GSM, supercomplexes; the amount of these complexesexteenely reduced
in koLhcb4, showing a 86% decrease &1, and 91% reduction in £5,M, amounts. Residual ;SM; complexes
were extracted from acrylamide matrix and proteimposition were determined by quantitative westéot (Panel
C). In the fraction from koLhcb4, the amounts of26Rand LHCII are not significantly different thanildvtype,
suggesting that these subunits are bound in aairsibichiometry to the PSII core of both genotypes
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Supplemental Figure 7. Schematic panel of WT anlloLhcb4 P SIl supercomplexes compositiorModel based on
the results described in (Caffarri, S. et al. 2009PSII supercomplexes from WT and koLhcb4 geastigy bands 6—
12. C, core; S, LHCII trimer strongly bound; M, LH@&imer moderately bound.

No. of grana No. of discs No. of stroma No. of end
per granum lamellae membranes

wT 36.1+3.7° 65+2.7° 42.5+4.9° 26.5 + 4.2°
koLhcb4 33.5+4.7° 6.3+3.2° 41.6 +7.8° 27.6 +7.6°
koLhcb4.2/4.3 35.2+4.1% 6.5+3.0° 38.1+7.3° 25.4 + 4.4°
koLhcb4.1/4.3 35.3+6.0° 6.2+25° 39.2 +6.5° 24.8 +1.9°
koLhcb4.1/4.2 34.1+45°% 6.4 +35° 40,2 +7.8° 25.5 +5.0°

Supplemental Table I. Quantitative analysis of thydkoid morphological traits. Data were obtained by analysis of
transmission electron micrographs of plastid fromsophyll cells of wild type and mutants. ValueOff confidence
interval in a single column with the same supeptciétters a, b,c or d do not differ significan{$tudent’s t test,

n>15).

Lhcb4 Lhcb5 LHCII Lhcb6
wT 100.0 + 10.0 100,0 12,0 100,0 + 14,4 100,0 + 4,6
koLhcb4.1/4.3 58,4 +3,7 * 111,1+11,4 118,0+19,9 53,3+5,1*
koLhcb4.2/4.3 87,8+8,8 103,7+ 15,7 112,0+22,8 102,1+115
koLhcb4.1/4.2 nd 99,0 + 25,0 122,0£11,0 nd

Supplemental Table II.

Polypeptide composition of lylakoid membranes from wild-type and KO mutant
expressing single Lhcb4 isoformWestern blotting used for the quantification of f@lsynthetic subunits in WT and
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koLhcb4 thylakoids. Immunoblot analysis were penked with antibodies directed against individual ggmoducts:
minor antenna proteins, LHCII subunit, PSII cordsnit PsbB (CP47). Thylakoid samples correspontin@.25, 0.5,
0.75, and 1ug of chlorophyll were loaded for each sample. Alinples were loaded on a single SDS-PAGE slab gel.
Data of PSII antenna subunits were normalized ®dbre amount, PsbB content. For each sample, flifieaf points
were verified. Significantly different values (Stotis t-test) with respect to WT are marked (*).
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Chlorophyll b reductase affected the
regulation of antenna complexes during

light stress.
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Light-harvesting chlorophylé/b-protein complexes are the most abundant membranteips in green plants, and its
degradation is a crucial process for the acclinmat@ high light conditions and for the recoverynitrogen (N) and
carbon (C) during senescence. However, the molecutghanism of antenna breakdown is largely unknamadhit is
still unclear whether chlorophyll degradation pie® the degradation of the protein moiety or whetretein
degradation is the first event.

Recently chlorophyll b reductase mutant has begatisd (Kusaba, M. et al. 2007). This enzyme isarsjble for the
first step of chlorophyll degradation pathway, ttmaversion of Chlorophyll (Chl) b in Chl a and ttmaitant is called
“stay-greefy because of PSIl antenna retention upon leaf smmee induction (Horie, Y. et al. 2009). We
characterized the response of Chl b reductase karmto acclimation in high light. The mutant showaedlower
antenna size reduction with respect to WT. This evzys upregulated during HL acclimatiom Vitro assay with
recombinant Chl b reductase demonstrated thatiigitst is higher when zeaxanthin, which accumuldteing stress,

is bound to PSIl antenna complexes.

1. INTRODUCTION

Photosynthesis is a indispensable process for pl@ngenerate chemical energy for biological preessn which
chlorophyll plays a central role by harvesting tighergy (Green, B. R. and Durnford, D. G. 1996) driving electron
transfer (Fromme, P. et al. 2003). This pigmertidand to proteins, forming complexes that can édd into two
groups (Barber, J. et al. 2000). The first groupsists of the core antenna complexes, which inclDBd3/CP47 of
Photosystem 1l (PSIl) and P700-chlorophgHprotein complexes of Photosystem | (PSI). The omsiin and
organization of these complexes is conserved igemic phototrophs. The second group consists dgblpenal antenna
moieties, which harvest and transfer light enemyhte core antenna complexes. These proteins, datike (Light
Harvesting Complexes) are less conserved andagligiiversity depending on evolutionary and envirental issues
(Alboresi, A. et al. 2008, Jansson, S. 1999). LH&qins bind chlorophyld andb and account for >60% of the total
chlorophyll in plants and green algae. Nevertheldksir relative amount with respect to Core prommplexes varies
depending on developmental stages and on lightsitte (Ballottari, M. et al. 2007). Biogenesis ategradation of
antenna proteins appear to be crucial for the metion of plants allowing survival in their highlyvariable
environment.

Besides chlorophylls, oxygenated carotenoids, dadenthophylls: Lutein, Lut; Violaxanthin, Vio; Zeaxhm, Zea are
also ligands for LHC proteins, acting in modulgtintenna function and favoring energy dissipatip quenching
(Dall'Osto, L. et al. 2005, Formaggio, E. et al. 20Moya, |. et al. 2001). Zeaxanthin plays a spe# in this
dynamic behaviour because it accumulates onlyuexteess light conditions, upon synthesis from idithe so-called
xanthophyll cycldYamamoto, H. Y. et al. 1967and its presence leads to an increased levekistaace to light stress
(Ballottari, M. et al. 2007, Niyogi, K. K. et al998).

Antenna proteins biogenesis has been extensivadijest by using ko mutants and/or transgenic pldatn-regulated
in LHC accumulation in various species. LHCs carammtumulate in chlorophyl-less mutants, because Chl a-only
complexes are unstable (Havaux, M. et al. 2004yolmtrast, LHCII level of accumulation increases wishlorophyll
b synthesis is accelerated by the overexpressichlofophyllidea oxygenase (Tanaka, A. et al. 1998).

Conversely, LHC degradation mechanisms are largeknown. Several evidences indicated that suchgaadation

occurs when photosystems re-organizes upon chasfgéght intensity and during leaf senescence. Rdgtion of
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antenna complexes implies two distinct processas: is the proteolitic degradation of the proteiniehg and the
second is chlorophyll degradation. It is still wral whether chlorophyll degradation precedes thyzadiation of the
protein moiety or whether protein degradation osdirst (Hortensteiner, S. 2009).

Chlorophyll degradation pathway is common in highkants and all chlorophyll catabolites derive frohiorophyll a
(Krautler, B. et al. 1991). The conversion of chgrgll b to 7-hydroxymethyl chlorophyla is the first step of
chlorophyll degradation and is catalyzed by Chlbgdpb Reductase (CbR) enzyme. Tihen-yellow coloringl(nycl)
stay-green mutant was recently isolated (Kusabagtval. 2007a, Takahashi, S. et al. 2009), whi¢himred PSII
antenna complexes after induction of leaf senesceniais mutant is defective in tidycl gene encoding CbR and
phylogenetic analysis has revealed the presenblyaf-like (Nol) protein as the most closely relafgdtein to Nycl
in plants.

In this work we show that CbR activity is upregetatin HL acclimated plants &rabidopsis thalianaln order to
analyze the molecular details of the mechanismsgamstructed & vitro system using isolated thylakoid membranes
using which, we could determine the effect of xaedhin on the activity of CbR. We conclude thagsides it
important for photoprotection zeaxanthin has a nolap-regulating the CbR activity and thus inciegshe turnover

rate of antenna complexes.

2. MATERIAL AND METHODS

2.1 Plant Materials and Growth Conditions Arabidop#iigliana (Columbia ecotype) was grown at 23 °C under
continuous light in a chamber equipped with whitefescent lamps at a light intensity of 100 umdE™. For the
dark-induced leaf senescence experiments, 4-wekkdalbidopsisplants were kept in darkness at 23 °C for 2, 4, 6,
and 8 days. The T-DNA insertion mutants, lackinghesitAT4G13250 (SALK 091664)N(YC]) or AT5G04900
(AL759262) NOL) or both in the case of the double mutants, widredly provided by prof. Ayumi Tanaka (Institute
of Low Temperature Science, Hokkaido University, dapa

2.2 Expression and Purification of Recombinant No¢ expression plasmid containing the coding regioNol gene,
kindly provided by prof. Ayumi Tanaka (Horie et aR009) was introduced int&scherichia coliRosetta DE3
(Novagen) cells. Two milliliters of an overnight tue of the transforme#. coli was diluted with 300 ml of Luria-
Bertani medium containing kanamycin (50 pg/ml) @htbramphenicol (10 pg/ml). The culture was growr83at’C
until the optical density at 600 nm reached 0.6. &ression of thélol gene was induced with 0.1 mM IPTG for 2 h.
After incubation, the culture was harvested by gimgation at 8000y for 10 min at 4 °C. The collected cells were
resuspended in 100 mM phosphate buffer (pH 7.8jaiing 300 mM NaCl and disrupted by sonicationtdfriX-100
was added at a final concentration of 1%, and théune was incubated for 1 h at room temperaturevds then
centrifuged at 800@ for 20 min at 4 °C to remove the cell debris. Tbiikle fraction containing recombinant NOL
was loaded onto a nickel column (Novagen) pre-éarailed with the buffer (20 mM Tris-HCI, pH 7.9, 56tM NacCl,

5 mM imidazole, and 0.8% Triton X-100). The unboyndteins were washed out with the buffer used duiildration

of the column.

Subsequently, the recombinant proteins were elittd20 mM Tris-HCI, pH 7.9, 500 mM NacCl, 300 mM idaizole,
and 0.8% Triton X-100. The purified protein wasretbat 4 °C and used within 24 h of purification.
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2.3 Pigment analysisHPLC analysis was performed as described (Gilmaréyl. and Yamamoto, H. Y. 1991). The
Chl/carotenoid and Chi/b ratios were determined independently by fitting 8pectrum of acetone extracts to the

spectra representing individual purified pigmesoce, R. et al. 2002).

2.4 Membrane isolationUnstacked thylakoids were isolated from dark-sglwr HL-treated leaves as previously
described (Bassi, R. et al. 1988).

2.5 Gel Electrophoresis and ImmunoblottiB®S-PAGE analysis was performed with the Tris-Tridindfer system
(Schagger, H. and von Jagow, G. 1987). For wedtlenanalysis, antibodies against Nol and Nyc pnstevere kindly
provided by prof . Ayumi Tanaka.

3.RESULTS

It has been recently reported (Ballottari, M. et 2007) thatArabidopsis thalianamodulates the PSIlI antenna size
depending on light exposure: in particular, acctiora to high light (HL) conditions causes a redastiof the
abundance of antenna complexes per PSII core.r&irza system, instead, is unaffected by growtlditions.

We investigated the relation between HL stress respand degradation of PSIl antenna complexesidlyzng the
pigment composition of HL acclimated leaves Arfabidopsis thalianaWT. In these conditions we observed the
emergence of a new peak in the HPLC chromatogragul&ilA-B), that is not detectable in plants grawrcontrol
conditions. This pigment is hydroxy-methyl chlorghha (HMCa), an intermediate produced by the first tieacof
chlorophyll degradation pathway, that is the cosigar of Chlorophyll b (Chib) to Chlorophyll a (ChléKusaba, M. et
al. 2007b, Takahashi, S. et al. 2009): indeed tmeespigment is found upoim vitro enzymatic assay with the
chlorophyll b reductase (CbR) enzyme (Horie et281Q9), which will be discussed further below.

2000000 Hydroxy-Methyl Chl a
i Chl a
------- Enzymatic assay
1500000 —— Total pigments from
HL acclimated leaves

1000000 — b

500000

04

Time (min)
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Figure 1. HPLC-chromatogram of thylakoid pigments at430nm A. Analysis of the pigments extracted from high
light acclimated leaves (straight line) leads te thmergence of a new species from the ellipseliggted peak. The
same pigment is produced after the enzymatic asgifnythe Chlorophyll b Reductase enzyme, whose ptsdare
represented by dotted chromatogram. This correspdachydroxy-methyl chlorophyll a (HMCa) pigmenbl{iF and
Engel, 1999)B. Absorption spectra of HMCa between 350 and 750 nm.

This finding suggests that HMCa is detected in adittom where plants are subjected to prolongedsstand it is
linked to antenna complexes degradation. We thussiigated the ability of CbR enzyme mutants tdimedte to
different light conditions.

The chlorophyllb reductase enzyme is encoded by two homologoug)diutedundant, genes Arabidopsis thaliana
NyclandNol (Takahashi, S. et al. 2009). The corresponding m®tEre expressed at different stages of plant tijrow
Western blot analysis indicates that Nol protancharacterized by a basal level of expressionommal growth
conditions, and gradually disappears during semesc@-igure 2A, Tanaka A. personal comunicatiorycNenzyme is
instead involved in the senescence response (Horad., 2009), indeed it is not present during tmwment, but
accumulated during leaf senescence, as shown biemvdslot analysis, determining senescence indueedenna

degradation (Figure 2B-C).
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Control plants Senescent plants

Figure 2. Nyc and Nol functonal role upon senescenaeduction A. Western blot analysis of leaf extracts at different
time of growth in light or dark adaptation usingté@odies against Nol (above) and Nycl (below) grst€Tanaka A.,
personal comunication). The first part (left, liylof the figure shows the signal from plants grawi00xE for 10, 20
and 30 days. On the right (dark) the expressiothefsame proteins in senescent plants, which areepl in the dark
for 2, 4, 6, 8 days is shown. DDI = Day Dark Aftaduction.B. Comparison between control plants (left) and 7sday
senescent plants (right). In each panel startirgrfrthe top left with anti-clockwise sense: WT, ngtl and nol/nycl
double mutant plants.

Figure 2B clearly shows that mutants deletetiiycl gene are characterized by pale green leaves wtigredlowing
upon 7 days of dark-induced senescence, due toremtmmplex retention. Instead, WT amal mutant leaves looks
older because of chlorophyll degradation duriniyirsd senescence.

In order to further investigate the role Nol enzywiéh respect to light acclimation, we investigatedexpression in

HL acclimated plants (2 weeks — 1000 WE). Thus wéiedrthylakoid membranes and then proteins has laealyzed
using western-blot technique, with an antibody #pmetor Nol protein. Nol had a basal expressioncontrol plants
grown at 100uE and it is upregulated during HL treatment, usingaaeference CP47 amount, a component of PSII
(Figure 3).

ANt-CP47 st st ‘ :
]

Anti-NOL

—~

ctrl high
light

Figure 3. Nol protein expression in HL acclimated mnt. Western-blot analysis on thylakoids extracted fAafh
plants grown in control conditions (1Q@) and held for 2 weeks in high light (~100B) using anti-Nol and anti-
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CP47 antibody, a component of the PSII core usedragesence. A range of chlorophyll concentrationswaaded in
order to have a linear signal (between 1.4 andu@%f Chls).

Up-regulation ofNol upon HL acclimation with respect to control plasiggested that this protein could be important
for antenna size regulation under environmentakstconditions. We investigated CbR function duHihgacclimation

by analyzing the behavior of mutant lacking the fvaomologous enzyme3he seeds of double knock-out insertional
mutants foNol (At5g04900) andNyc (At4g13250) genes (Horie et al. 2009) were kinglgvided by the laboratory of
Professor Tanaka (Institute of Low Temperature ScieHodkaido University, Kita-ku, Sapporo) and thesatants
were grown in growth-chamber under controlled ctadishowing no defects in growth or changes of photogy
with respect to WT plants (data not shown).

WT and thenol/nyc double mutant have been acclimated to different iktiensities as described before and the
stoichiometric Chla / Chlb ratio by RP-HPLC systeraswdetermined. This parameter is directly relatedht®o
stoichiometry between photosystems core complerdsaamtenna moieties, since Chl b is bound to tkterlanly
(Figure 4).

*
354 I
- *
o 3.0
"‘E 2.5
-
-Q 2.0 1
L 54
Q
m 1.0+
5 0.5
0.0 T T T
WT nol/nyc1
control 10 days 15 days

wild type 253+0.1 3.35+0.26 3.05+0.38

nol/nycl 2.51+0.03 2.84+0.12 2.67 +£0.47

Figura 4. HL acclimation of nol/nyc double mutant. Plot and table of Chla/Chlb ratio of wild type (Wandnol/nyc
double mutant plants in control condition (100 pBnteol) and acclimated to HL for 10 and 15 days (LQE),
determined by HPLC analysis
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After 10 days of acclimation mutant shows a mimmréase in Chla / Chlb ratio as compared to WThénlong term,
after 15 days of acclimation, Chla / Chlb ratioatleas WT level, indicating that the lack of CbR slavs rate of
acclimation process but does not prevent it..

Zeaxanthin (Zea) has a fundamental role in plantgqunotection activity (Dall'Osto, L. et al. 200504, 1. et al.
2001, Niyogi, K. K. et al. 1998), by determiningd_proteins conformational change between energgeroing and
energy-dissipative (quenching) conformations. Wanthophylls is strongly accumulated during HL anekion, thus
we decided to investigate if Zea-induced confororal change can also affected Nol activity.

The plasmid containinjol coding sequence was kindly provided by the workjngup of Professor Tanaka (Institute
of Low Temperature Science, Hokkaido University, Kita Sapporo) and the recombinant Nol protein watsioed
by expression iikE. coli. Because of the inability to conserve the enzymigsiactive form (it is denatured by freezing),
we had to use it immediately after purificationthat it was impossible to carefully quantify therifiad protein in
order to use the enzyme at a constant concentriiraihe different essays. We thus decided to statige synthesis
and purification steps in order to obtain approxghathe same amount of enzyme in different prepana. In order to
make comparison possible, samples to be compareel tneated with aliquots from the same expressi@mnie It
should be noted that the results were very repibtum different repetitions of this experimem. dérder to study the
degradation of pigment-protein moieties, the asgay performed on native complexes, inserted inmtbenbranes or
purified by sucrose gradient fractionation of sdiabd thylakoid complexes.

We compared complexes binding Vio or Zea in the afbtenoid binding site of antenna complexes (Fogitade. et
al. 2001). The enzymatic reaction occurred at 256rGimes of 15 and 45 minutes, following which waealyzed the
aceton extracts by RP-HPLC in order to determinenpiggs stoichiometry in samples subjected to enzgnassay.
Thylakoids from WT andhpg2plants were isolated and further quantified byrthklorophyll content using a Unicam

spectrophotometer. The assay was performed usingMtAas cofactor (Takahashi, S. et al. 2009).

% Chlorophyll b degraded

control 15 min 45 min

Figura 5. Enzymatic assay on unstacked thylakoids isolated from WT anchpg2 plants incubated with
concentrated Nol for 15 and 45 minutes at 25°C (@uGhls). Control samples have been incubated$omin at 25°C
without enzyme. Data are normalyzed to the amoluctilorophyll b of the untreated sample.

Plot in Figure 5 shows, that enzyme is able tovedrChl b bound to native complex inserted in thylakoid mesmies
to HMCa. Samples isolated fronpg2plants are also characterized by a faster cororerdi chlorophyll b with respect

to WT. This higher activity of CbR is not due talifferent level of the endogenous enzyme presetitinvihylakoid
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from WT andnpqg2 plants. Figure 6, in fact, shows that there issigmificant difference in protein accumulation

between the two genotypes.

Anti-CP47

Anti-NOL

WT npq2

Figure 6. Western blot on thylakoids extracted fromwild type and npg2 plants. The immunodetection was
performed with anti-Nol and anti-CP47 antibody (usedeference).

Thus, the differential activity of Nol is not assateid to different level of the endogenous enzyrmeteed there is no
detectable activity of endogenous Nokhe condition used for the enzymatic assay gtakwoids (data not shown). We
conclude that the observed conversion of chlordghy$ associated to the unique activity of thegamous enzyme
that we used for enzymatic assay.

The relation between presence of Zea and Nol acthdty been more deeply studied by comparing WT rggg2
samples treated for different time lengths with HtL,order to analyze Nol activity using samples eletarized by

different level of bound zeaxanthin (Figure 7).
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Figure 7. Relation between presence of Zea and Nottavity. A. Enzymatic assay on unstacked thylakoids (2ug of
Chils) isolated from WT and npg2 plants, dark add§€m) or treated for 30 minutes (30m) or 5 houts)(at 1000 uE,
incubated with concentrated Nol for 15 and 45 masuat 25°C. Control samples have been incubated3omin at
25°C without enzyme. Data are normalyzed to theuminof chlorophyll b of the untreated sample. B. r€lation
between Nol enzyme activity and amount of zeaxaptiesent in samples treated for 15 minutes
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The activity of Nol enzyme is directly dependentZz@a amount, as evidenced in Figure 7. In partidgulsas observed
a faster Zea-related activity of Nol after 15 mirsuté reaction, instead after 45 min the reactios wlase saturation
and the differences between the analyzed samplessasller.

We finally analyzed samples containing mixture afnomeric Lhcbs (monLhcbs)or trimeric LHCII, purifieghan
sucrose gradient centrifugation of WT angq2 solubilized thylakoid membranes. Monomeric Lhchacfions are
composed by monomeric antenna proteins Lhcb4, LHdiéh6 and by components of trimeric LHCII monomenic b
the detergent treatment (Bassi and Dainese, 199gure 8 shows that monomeric antenna fraction racee

susceptible to CbR activity with respect to trimerHCII, confirming that Zea affected the activity bl enzyme.

90—- —— monLhcbs. WT

© 80 1 —&— monLhcbs.npqg2
L 77 |-a-Honwr
© 704 —w— LHCIl.npqg2
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c ]
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control  15min 45 min

Figura 8. Comparison between monomeric and trimeric Lhcb frations. Enzymatic assay on sucrose gradient
fractions from solubilized WT and npq2 thylakoidnmbeanes. Fractions containing mixture of monomeriech
complexes (monLhcb) and trimeric LHCII are inculobtgth concentrated Nol for 15 and 45 minutes &i®&ug of
Chls). Control samples have been incubated for #ban25°C without enzyme. Data are normalizedh® amount of
chlorophyll b of the untreated sample.

4. DISCUSSION

Nol and Nyclare two closely related genes that encode ChlgibphReductase enzyme (Fromme, P. et al. 2003,
Horie, Y. et al. 2009, Hortensteiner, S. 2009, KieauB. et al. 1991, Kusaba, M. et al. 2007b, P&KY. et al. 2007,
Takahashi, S. et al. 2009); Horie et al. 2009), Whécresponsible for the first step of Chlorophhl) degradation
pathway, promoting Chlb conversion into Chial andnyc mutant are calledstay greely because of their retention of
antenna complexes upon induction of senescencedifteiner et al., 2009).

Preliminary expression data of CbR protein (Figdfe Tanaka A. personal communication) lead to hypsitte a
specific expression of Nycl during leaf senescentgle the enzyme Nol would be expressed in aljesaof plant
development but senescenbbiclinvolvement in senescence is evident in Figure#gause plants deleted for this
gene retained antenna complexes during senesceitbheut yellowing of leaves. Based on these resiilseemed
interesting to further investigatenctional properties dflol with respect to light response, in order to sttidyrelation
between high light (HL) stress and PSII antennapleres degradation. We verified by western blottihgt Nol

accumulates under HL acclimation (Figure 3), thuemgjthening the idea that this enzyme is involvedHiL
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acclimation and its HL-related upregulation pronsdtee mobilization and conversion of Chlb in Hydrerethyl Chla
(HMCa) (Figure 1).

Thus we testedhol/nycl double mutant for its ability to acclimate to HLdait was grown for 15 days at 1QdD

together with WT and we evaluated HL acclimationrgitgpe, observing no significant differences inrterof plants
dimension and anthocyanins synthesis (data notshbatween WT and mutant. We then measured Chld /@lib,

indicative of the ratio between reaction centerpladtosystems and antenna complexes: the ratguslly increased in
HL acclimated plants following the reduction of thetenna associated to the photosystems, whichdbitadophyll b

in

(Bailey et al, 2004; Ballottari et al., 2007). lmetcase ohol /nyclmutant, the relationship grows more slowly than
the wild type, indicating slower antenna reductfbigure 4). These data support the hypothesislkafyarole of Chlb
mobilization in promoting antenna proteins degrimfatnot only during senescence but also duringataimation
(Kusaba et al. 2007).

Despite this, in the continuing adaptation, doublgant reached a Chla / Chlb ratio comparable to Wils indicates
the presence of degradation mechanisms that comgefs the lack of Chlorophyll b Reductase (CHR)particular,
it is known that chlorophyllase enzymes are ablednvert, although with lower efficiency, Chlb¢hlorophyllide b
and phytol, a different substrate for the enzynanthla (Hoértensteiner S. 1999). It can be assuthedefore, that
chlorophyllase reacts also with Chlib, althoughhvidss efficiency, due to a) the low affinity fohld than Chla, b) its
stromal localization, which requires the transpdrpigment out from thylakoid membranes. ChloropiwReductase
(CbR) is instead anchored to thylakoid membranesélia et al., 2007), allowing a high efficiencyttirir functional
role.

Furthermore, despite much research, very littkniswn about the proteases involved in antenna iesieegradation.
Chlorophyll degradation is a necessary step fagrard degradation, as determined by the analysisvafraltay green
mutants (Hortensteiner, S. 2009, Krautler, B. efl@b1, Kusaba, M. et al. 2007b, Park, S. Y. eR@l7, Sener, M. et
al. 2003, Yamaji, M. et al. 2009); however we canexclude that proteases are able to degrade anteithout
pigments destabilization upon prolonged stress, for instance HL acclimation.
Plants exposed to HL convert violaxanthin (Vio) Zz@axanthin (Zea), which increases their photopratecibility
(Demmig-Adams, B. 1990). Zea is also accumulatethduiiL acclimation, in which antenna complexes a¥grdded
to obtain antenna size reduction (Ballottari, Makt2007). It is well known that Zea binding causeaformational
change of antenna complexes into a quenched gtate T. K. et al. 2008, Dall'Osto, L. et al. 2005¢pMsinotto, T. et
al. 2003). It could be hypothesized that this Zehiged conformational reorganization could affec gubstrate
properties such as the interaction with CbR agfjthe first step known for chlorophyll degradati@ee above). It is
clear, in fact, that in HL the Zea binding to anteroomplexes favors their degradation: this has lmdeserved for
example by analysis of mutants that constitutiv@tgumulate Zea (npg2, npg2lut2): they have a loweousat of
antenna complexes, particularly LHCII trimers (HaxjaM. et al. 2004).

Thein vitro enzymatic assay by using recombinant Nol protejressed irE. coli and thylakoid membranes from
npg2and WT plants (Figure 5) was useful to assess whetie binding of Zea to the complexes makes theme mo
sensitive to ChR activity. We could first show thglity of CbR to work with natural complexes inset in thylakoid
membranes implying that CbR activity is not dependm denaturation on antenna complexes or to thdnaction
from the membrane. We further observed that théakiojds fromnpg2 were more susceptible to degradation of
chlorophyll b bound, as compared to WT, suggestirad Zea-induced conformational change could fatditCbR
activity. A more detailed experiment allowed toetatine thain vitro CbR activity is really affected by the presence of

Zea and it is characterized by a direct relatioshasvn in Figure 7.
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Subsequently, CbR activity was evaluated on comidebated from sucrose gradient fractions, parsidylfractions
containing mixtures of monomeric Lhcb proteins (mbels) and LHCII trimers (LHCII) (Caffarri, S. et &001). The
enzyme is active on both fractions, demonstratisgbility to degrade chlorophyll b bound to thenpdex, as reported
in Horie Y. et al.,, 2009. The activity was sign#itly higher for fraction containing monomeric LhchEhus,
monomers are more susceptible to degradation ofapthyll b bound than LHCII trimers. Moreover, tlsperiment
confirmed that fractions purified frompg2 are more sensitive to the activity of CbR, as carag to fractions from
WT: thus, Zea binding seems to promote Chlb degmmiain particular in monomeric antenna complexese T
monomerization of LHCII trimers is, in fact, thedfi step necessary for their proteolytic degradatitang, D.-H. et al.
2000), and it is promoted during HL acclimationiwéccumulation of Zea (Ballottari, M. et al. 200@udux, M. et al.
2004). LHCII are probably made more accessible # dttack of CbR upon monomerization and protedaijitic
degraded because of Chlb removal. This hypothesispported by the results of vitro LHC protein renaturation
experiments, which determine that Chlb is fundaietot obtain a stable complex (Giuffra, E. et aP@Pand the Lhc

complexes instability in Chlmutant, that
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CONCLUSIONS

Thylakoid membranes are the site in which light isabed and converted into chemical energy. Photbstic
organisms like higher plants are subjected to aemely wide range of environmental conditions whéotiend to
stress. Plant need to develop ad-hoc mechanisorslén to cope with these stresses and survive.
One important conclusion of this thesis work is thederstanding that plants evolved rapid and dyoasefense
systems for reversibly switch from an energy coviegrto an energy-dissipating physiological corditiof their
photosynthetic apparatus. The common issue of rragsing conditions is the production of ROS,ipaldrly singlet
oxygen, in all conditions in which photosynthetieatron transport cannot use all the energy asteatia the absorbed
light. In these conditions the lumenal pH decredmEmuse ATPase is blocked by lack of ADP and Pstsates. This
pH drop is the trigger by at least two signalinthpaays starting with:

A) Violaxanthin_Be-Epoxidase activation

B) PsbS protonation
VDE is responsible for zeaxanthin synthesis whemtsl are exposed to stress. This xanthophyll @agentral role in
the response to high light stress. Mechanisms bighnits function is fulfilled are several:

i) Up-regulates g and gl components of NPQ. This tminbd by binding to site L2 of monomeric Lhcbh

complexes, particularly Lhcb6 and Lhch5.

i) Up-regulates Ros scavenging activity with respethé molecule (violaxanthin) present in low light.
In section A.1, | investigate the role of zeaxamtigpon binding to the PSIl antenna complex Lhcb&d}POur results
showed that, upon activation of the xanthophyllleyzeaxanthin rapidly accumulates and Lhcb6 binhitgo inner L2
site faster and to a larger extent than any otiggngnt—protein complex. The higher affinity of Litcfor zeaxanthin
and the faster exchange of violaxanthin with respethe other antenna complexes is important ieustanding the
functional role of Lhcb6. This minor antenna comple an evolutionarily recent addition to the playtathetic
apparatus, appearing only in land plants. In palaic Lhcb6 is absent in photosynthetic organisitts algae, which
grow in water environments which are not subje¢tecontinuous variations like emerged land. Thes@nee of Lhcb6
into plant photosynthetic apparatus appears torbeiat for the concurrent activation of defensiwsponses upon
exposure to stress. In fact, Lhch6 is essentiatferreorganization of PSII which both triggers g alecreases the
antenna size of PSII (Section B). The mechanisngEbenhancement has been elucidated recently (Abh 2008):
zeaxanthin binding to site L2 is needed for thevatittn of Charge Tansfer quenching process, which is characterized
by a zeaxanthin radical cation«Z) formation and subsequent charge recombinatidheaground state, dissipating
excitation energy. The special arrangement of thlorophyll a and one zeaxanthin interacting is found in mondner
Lhcbs while the more abundant LHCII trimers cannatartake this mechanism since one of the chlorogligliolved
is chlorophyllb thus making difficult the formation of Charge tséer states.
Recently, other molecular models has been propfmsegk, which are based on different principles witbpect to CT
quenching. Agregation_[@pendent @enching is a mechanism based on experimental rsédethat similar spectral
changes has been observed ujpovitro aggregation of isolated LHCII trimers and upon NiBQuctionin vivo. So far
this model has been developed focusing mainly #dCLl. One major objection is that while zeaxantigna major
factor modulating qE, LHCII is unable to bind thigrthophyll on site L2 but only to site V1. It shdude noticed that
binding to site V1 is not efficient in quenchingaftarri et al. 2001).
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This problem was discussed in section A.2 in whighstudied ADQ in both monomeric and trimeric Lhcbtpins,
investigating the activities of each antenna subdmivitro analysis showed that monomeric Lhcb proteins uralerg
stronger quenching than LHCII. In addition it ishanced in the presence of zeaxanthin, as it odwniag NPQin
vivo. We also showed that ADQ in LHCII becomes zeaxarntlependent when Lhcb6 is added to the systens Thi
result is interesting because the process of domerganization that we have studied (Section Byds LHCII
together with Lhcb6, implying that Lhch6 might be tlement conferring quenching properties to thimain.

Findings shown in Section B can help to answehi® question. We observed that PsbS, which isrthger of NPQ
activated by the protonation of two lumenal expogletamate residues, is responsible for the ligtced dissociation
of a specific pentameric PSII supercomplex, comgdsethe minor antenna complex Lhcb4 and Lhcb6 ana foimer
LHCII. This dissociation, which is also promoted byaxanthin binding to Lhc proteins, leads to a raoization of
complexes insidgrana membranes. Our suggestion, strenghtened by camisfgtelings by prof. Alfred Holzwarth
research group, is that upon dissociation of thegmeeric supercomplex two distinct quenching dosaire formed:
one associated to the antenna complexes that remsictly bound to PSII core (one LHCII trimer, Id&cand Lhcb4,
which are constitutively associated to PSIl corggeneunder chronic PSII over-excitation) and one posed by
segregated LHCII trimers associated to Lhcb6, andml mechanisms including CT quenching and ADQ &

involved for fully induction of energy dissipati@tate.

+
)

H
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lumen A @v
® \
H) ~t
H
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Figure 1 Scheme of NPQ induction based on the resulshown in this work of thesis.Upon light exposure
Violaxanthin De-Epoxidase is induced by lumenal acidification an@mote zeaxanthin binding to Lhcb6 (CP24),
inducing a conformational change that is recognibgd®sbS, which interact with PSII, determining asdéation of a
penthameric supercomplex and the formation of twenghing domains, one associated to PSIl core arel to
detached antenna complexes.
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Minor antenna complexes that remain associated 4 Pore during stress exposure are essential & P
phototoprotection. In section C, we deeply charamtd Lhcb4 (CP29) functional propertiesAnabidopsisthaliana:
this antenna protein, which is part of the pentéecr®ipercomplex described in the previous sechas,a fundamental
role for protecting PSII from photo-inhibition, dinmed by the evidence that lack of Lhcb4, unlikattbf any other
Lhcb subunit, increases photosensitivity to straghtlstress. These data further support the vieat thonomeric
antenna complexes are essential for photoprotediaos Lhcb4, in particular; acts as a defensiveldtice PSII core,
protecting from ROS diffusing in the lipid membrame non stressing conditions, Lhcbh4 is importamt structurally
bridging dimeric PSII core complexes to the majonéric LHCII antenna. Indeed in its absence, addrgction of the
LHCII becomes badly connected to the reaction camtePSIl supercomplexes are destabilized.

In the last section of this thesis, we studiedréiationship between antenna degradation and plastbprotection. Our
data shows that the first enzyme of the chloroptgtiradation pathway, chlorophydlreductase, is important for the
regulation of PSII antenna size upon acclimatiomiggh light, indeedArabidopsis thalianamutants that lack of this
protein show a higher retention of antenna protémsexcess light conditions, leading to overexwmiatand
photodamage. These findings suggest that antennplexas degradation relies firstly on destabilizatid chlorophyll
ligands and only subsequently on apoprotein detjaddt should be noticed that this area of reseas still very far
from being elucidated: in continuous strong liglenditions antenna complexes degradation proceees &vthe
absence of chlorophyb reductase, although more slowly. Interestingly, akserved that the presence of zeaxanthin
determined a higher activity of chlorophplireductase. Thus this xanthophylls is not only ingat as a modulator of
NPQ, but appears also to be important for thelagigm of protein turnover as it was previously gegted based on the
strong reduction of antenna size in zeaxanthin-oniyants (Havaux et al. 2004).

In conclusion, in this work of thesis | describedahanisms that are essential during short and tlenmg response to
excess light exposure, involving a strict interactbetween protein subunits, small molecules apersomplexes of
the photosynthetic apparatus, acting at differemels. Indeed, | showed the importance of the psef zeaxanthin,
which modulates antenna complexes properties andulaies the PsbS-related reorganization of PSlinulpght
exposure. We also suggest that this regulatiorStif fupercomplex assembly is part of a control&ydnnecting short
term energy dissipation to long term regulatiofP811 antenna size upon acclimation. This networktrhasigorously

regulated in order to be the most effective as iptessand to ensure plant survival in unfavorablenditions.
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GLOSSARY

Antenna system: component of photosystems
responsible for light harvesting and energy trantfe

the reaction centre. For both PSI and PSII tworarde
systems are present: an inner antenna system doicate
the core complex and a peripheral antenna system
composed by LHC proteins. In particular the peripher
antenna systems are formed by Lhca and Lhcb proteins
for PSI and PSIlI respectively. Antenna systems are

responsible for light harvesting and photoprotettio

ATP: Adenosine 5'-triphosphate. It is a multifunctional
nucleotide that is most important in intracelludaergy
transfer. In this role, ATP transports chemical gger
within cells for metabolism. It is produced as aergy
source during the processes of photosynthesis and
cellular respiration and consumed by many enzymes
and a multitude of cellular

processes including

biosynthetic reactions, motility and cell division

ATP-ase: a multimeric complex involved in the light
phase of photosynthesis: this complex is respoasibl
for ATP production, coupling ATP synthesis with
transmembrane proton movement. During
photosynthetic electron transport, protons are mtnp

in the lumen compartment: the transmembramp
formed constitutes a proton motive force used by ATP
ase to produce ATP. ATP-ase is characterized by
stromal and transmembrane regions that are known as
CF, and Ch, respectively, and represents a molecular
motor that is driven by proton movement across the
membrane. Proton movement through, @&~ coupled

to ATP synthesis/hydrolysis.

PSII-C2S2: the basic unit of PSIlI supercomplex
composed by a PSII dimer, and the subunits CP26,
CP29 and a trimeric LHCII bound to each PSII core.

Calvin cycle: the series of reactions in which
atmospheric C@is reduced to carbohydrates, using the

chemical free energy (ATP and NADPH) produced

GLOSSARY

during the light reactions. These reactions ocouhée

stroma compartment of the chloroplast.

Car*®": carotenoid radical cation. The formation of this
species, and in particular zeaxanthin radical nat@as
been correlated to gE induction and belongs to egeha
separation in a heterodimer composed by a chlotbphy
The

recombination allows the thermal dissipation of the

a and a carotenoid. subsequent charge
energy used for charge separation, in a mechanism
called Charge Transfer quenching. Carotenoid radical
cation is characterized by absorption in the NIR at

~1000nm

Chl: mutant of Arabidopsis thaliana lacking the
chlorophyll a oxygenase, resulting in absence of
chlorophyll b production. Absence of chlorophyll b
leads to an impairment in the assembly of ®©hl

containing light-harvesting complexes.

chl’: singlet chlorophyll excited states. This specie is
formed upon light absorption or excitonic energy
transfer; singlet chlorophyll excited states canageto

the

fluorescence emission, heat production, intersystem

ground states through several pathways:

crossing or photosynthetic reactions

3Chl’: triplet chlorophyll excited states. This specie is
formed through intersystem crossing from singlet
chlorophyll excited states. Triplet Chl excited stit a
long-lived state (~ms time scale) and thus cantreac
with triplet oxygen, converting it to singlet oxyge
(*0,), a highly reactive oxygen specie. Carotenoid have

a determinant role i*Chl" quenching

Core complex: the inner part of the photosystems
binding the reaction centre and the co-factors lirech
in electron transport. Core complexes are compbged
the products of the genes denominaksh and Psb

respectively for PSI and PSIl. Among them there are
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both nuclear and chloroplast encoded polypeptides.
the reaction centre level a chlorophyll specialr pai
undergo charge separation after being excited by th
excitonic energy. Core complexes have also an inner
antenna system responsible for light harvesting and

energy transfer to the reaction centre.

CP24: Lhc antenna protein, named also Lhcb6. This
protein is one of the PSII antenna minor complexes

it's found in monomeric form in Photosystem I1.

CP26: Lhc antenna protein, named also Lhcb5. This
protein is one of the PSIl antenna minor complees

it's found in monomeric form in Photosystem II.

CP29: Lhc antenna protein, named also Lhcb4. This
protein is one of the PSIl antenna minor complees

it's found in monomeric form in Photosystem II.

CP43: PSIl core complex subunit encoded by the
binds 14

chlorophylls a and forms with CP47 the inner anéenn

plastidial gene psbC. This subunit

of photosystem Il

CP47: PSII subunit encoded by the plastidial gene
psbB This subunit binds 14 chlorophylls a and forms

with CP47 the inner antenna of photosystem I

CT quenching: mechanism of thermal dissipation of
light
carotenoid radical formation. When this mechanism i

absorbed energy by chlorophylls trough
activated the absorbed energy is used for charge
separation in a heterodimer composed by a chlgtbph
a and carotenoid heterodimer. The subsequent charge
recombination allows the thermal dissipation of the

energy.

Cyclic electron transport. electrons from ferredoxin
are transferred (via plastoquinone) to a proton gaum
cytochrome bgf. They are then returned (via

plastocyanin) to P700. This cycle does not produce

reducing power, NADPH, but ATP.

GLOSSARY

Cytochrome-bef: a multiproteic complex involved in
the light phase of the photosynthesis. Cytochrdghe-

is a plastoquinol—plastocyanin reductase locatatién
thylakoids. It transfers electrons between the two
reaction center complexes of oxygenic photosyntheti
membranes, photosystem | and photosystem IlI, and
participates in formation of the transmembrane
electrochemical proton gradient by transferringtqms
from the stromal to the internal lumen compartmént.
is minimally composed of four subunits: cytochrome
be, carrying a low- and a high-potential heme groups
(b, andby); cytochromef with one covalently bound
hemec; Rieske iron-sulfur protein (ISP) containing a

single [FeS;] cluster; and subunit IV (17 kDa protein).

D1: PSII subunit forming dimers with D2 subunit. D1
and D2 subunits bind the PSII reaction cenygg B®1
subunit is encoded by the plastidisbAgene.

D2: PSII subunit forming dimers with D1 subunit. D1
and D2 subunits bind the PSII reaction centg P1
subunit is encoded by the plastidisbDgene.

Dark phase: the photosynthesis phase in which the
ATP and NADPH produced during light phase are used
in order to produce biomass trough Cixation. The
reactions constituting the dark phase are indicated

the Calvin cycle.

Ferredoxin: iron-sulfur protein that mediate electron
transfer during light phase of photosynthesis. The
chloroplast ferredoxin is involved in both cycliada
non-cyclic  photophosphorylation  reactions  of
photosynthesis. In non-cyclic photophosphorylation,
ferredoxin is the last electron acceptor, beingiced

by PSI, and reduces the enzyme NADfRductase,
which finally produces NADPH. Ferredoxins are small
proteins containing iron and sulfur atoms organiasd
iron-sulfur clusters. These biological "capacitocsin
accept or discharge electrons, the effect beingngdha

in the oxidation states (+2 or +3) of the iron asom
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Ferredoxin-NADP" reductase: enzyme that catalyzes
the reduction of NADPto NADPH. This enzyme is
present in the stroma compartment and it's rediged

ferredoxin.

Gap chlorophylis: chlorophylls found at the interface

between LHCI complex and PSI core complex.
Grana: the stacked structures formed by thylakoids

L1: carotenoid binding site, located in the innert @ér
antenna proteins close to helix A. L1 site is plently
filled by lutein in all plant species and in all LHC
proteins.

L2: carotenoid binding site, located in the inner drt
antenna proteins close to helix B. L2 sites is
prevalently filled by lutein in LHCII trimers, whil&
monomeric antenna proteins L2 can be occupied by
lutein,

violaxanthin, neoxanthin and zeaxanthin,

depending by several factors, as environmental
condition, plant species, protein properties. L2HCI
and Lhcb minor complexes binds the product of the

xanthophyll cycle.

LHC proteins: antenna proteins of photosystem | and
Il. These proteins are responsible for light hatings
and photoprotection; LHC proteins bind chloroplayll
chlorophyll b and xanthophylls. Lhc proteins are
encoded by nuclear genes forming a multigenic famil

The structure of Lhc proteins is similar.

Lhcb proteins: members of the Lhc antenna proteins
family associated to Photosystem II. Lhcb proteirns
divided into two classes: the more abundant LHCII
trimers, constituted by Lhcbl, 2, 3 subunits and th
monomeric minor complexes constituted by Lhcb4, 5,
6 subunit. The amount of Lhcb protein associated to
PSII depends from environmental conditions and the
plant species. The subunit Lhcb7 and Lhcb8 are only

rarely expressed and their role is still uncertain.

GLOSSARY

Lhcbhl: Lhc antenna protein associated to PSII. It's a

subunit of the heterotrimeric antenna complex LHCII

Lhcbh2: Lhc antenna protein associated to PSII. It's a

subunit of the heterotrimeric antenna complex LHCII

Lhcb3: Lhc antenna protein associated to PSII. It's a

subunit of the heterotrimeric antenna complex LHCII

Lhcb4: Lhc antenna protein, named also CP29. This
protein is one of the PSII antenna minor complees

it's found in monomeric form in Photosystem II.

Lhcb5: Lhc antenna protein, named also CP26. This
protein is one of the PSIl antenna minor complees

it's found in monomeric form in Photosystem II.

Lhcb6: Lhc antenna protein, named also CP24. This
protein is one of the PSII antenna minor complees

it's found in monomeric form in Photosystem 1.

Lhch7: rarely expressed antenna protein similar to the
Lhcb4-6 subunit associated to PSII

Lhcb8: rarely expressed antenna protein similar to the
Lhcb4-6 subunit associated to PSII

LHCI:

composed by Lhcal, 2, 3 and 4 subunits and it's

antenna complex associated to PSI. It's

positioned in a half-moon shape at one side of PSI.

LHCII:
associated to PSIl. Each trimmer is a heterotrirmigr w
different levels of Lhcbl, 2, 3 subunits. The stoue

of each

the trimeric more abundant antenna complex

monomer is constituted by three
transmembrane and one amphypathic helices, indicate
respectively as A-C and D. Each monomer binds 14

chlorophylls and 4 carotenoids.

LHCII-L:

antennae protein bound to PSII core. LHCII-L amount

LHCII trimers forming the outer layer of

per PSII core depend from environmental condition.
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LHCII-S: LHCII trimers bound to the basic unit of
PSII, the C2S2 particle. LHCII-S amount per PSllecor

doesn’t depend from environmental condition.

Light phase: the photosynthesis phase in which
sunlight is absorbed by photosynthetic pigments
(chlorophylls and carotenoids); absorbed energy is
subsequently transferred to the reaction centreravhe
charge separation occurs, thus converting lightggne
into chemical energy. Photosystems | and |,
Cytochrome Kf and ATP-ase are the proteic complexes
involved in the light phase. During light phase atev
molecule is consumed in order to produge &P and

NAPH

Linker: chlorophylls found at the interface between
LHCI subunits.

Lumen: the soluble compartment in the chloroplast
delimited by thylakoids: in the lumen protons are
pumped during photosynthetic light phase, forming a
transmembranépH which constitutes the force used
by ATP-ase to produce ATP.

Minor complexes: monomeric antenna proteins

associated to PSII. Minor complexes are composed by
CP24, CP26 and CP29 antenna proteins and bind 2-3
carotenoids per molecule. They are located between

PSII core and the peripheral LHCII trimers.

N1: carotenoid binding site, located close to heligfC
antenna proteins. N1 site is present in LHCII arsl i
specific for neoxanthin, even if violaxanthin otdin
binding was found therein. N1 site is stabilized &y
Tyrosine residue which can form hydrogen bounds
with the carotenoid therein. N1 site is also stabd in
LHCII by the chlorophylls located near Helix C and D
The presence of N1 site also in CP26 and CP29 has
been suggested recently and it's discussed in this

thesis.

GLOSSARY

NADPH: Nicotinamide  adenine  dinucleotide
phosphate. This specie is used in anabolic reagtion
such as lipid and nucleic acid synthesis, as aciadu
agent. NADPH is the reduced form of NADP+, and
NADP+ is the oxidized form of NADPH. In
chloroplasts, NADPis reduced by ferredoxin-NADP
reductase in last step of the electron chain oflitid
reactions of photosynthesis. The NADPH produced is
then used as reducing power for the biosynthetic

reactions in the Calvin cycle of photosynthesis.

NPQ: Non Photochemical Quenching. It's a light-
induced photoprotective process by which plants are
able to rapidly dissipate the excess absorbed greerg
When light the
photosynthetic electron transport establish a low

heat. is absorbed in excess
lumenal pH, which activate the mechanisms inducing
NPQ. NPQ is detectable monitoring the decrease of
NPQ is

characterized by a fast component called qE with

leaf fluorescence during illumination.

relaxation time within minutes, and a slower
component called ql, correlated to photoinhibition,

which has relaxation time of hours.

Npql: double mutant of Arabidopsis thaliana lacking
the Violaxanthin de-epoxidase enzyme. This mutant is
impaired in xanthophyll cycle and cannot convert

violaxanthin to zeaxanthin.

Npg2: mutant of Arabidopsis thaliana lacking the
This

zeaxanthin

mutant
but

Zeaxanthin  epoxidase enzyme.

constitutively accumulates not

violaxanthin and neoxanthin.

Npg4: double mutant of Arabidopsis thaliana lacking
the PsbS protein. This mutant is constitutively dingd
on NPQ induction.

OEC: Oxygen Evolving Complex. It's a multiproteic
complex characterized by the presence of four
manganese ions cluster. This complex it's assatiate

PSIl and extracts electrons from water producing O
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and H , through redox reactions with the manganese
cluster. Electrons extracted from water reduce the
oxidized Rgy. On the lumenal side of the complex,
three extrinsic proteins of 33, 23 and 17 KDa (OEC1-
3) compose the oxygen evolving complex and have a
calcium ion, a chloride ion and a bicarbonate isn a

necessary cofactors.

Peso  the chlorophyll special pair constituting the
reaction centre of PSIl. These chlorophylls are
characterized by absorption at 680nm and upon
excitation undergo charge transfer, transferring on
electron to the electron acceptors located in PBie

oxidized Rgo' is reduced by a Tyrosine residue named
Tyrz, which was previously reduced by the Oxygen

Evolving Complex (OEC).

P.oo the chlorophyll special pair constituting the
reaction centre of PSI. These chlorophylls are
characterized by absorption at 700nm and upon
excitation undergo charge transfer, transferring on
electron to the electron acceptors located in FBé

oxidized B, is reduced by a plastocyanin which was

previously reduced at the cytochromglbvel.

Photoinhibition: reduction of  photosynthetic
efficiency in plants due to damages deriving fragt
energy absorbed in excess. When light is absonbed i
excess and photosynthetic pathway become saturated,
the energy can diverted to produce ROS, which cause
damage through oxidation of lipids, proteins and

pigments, reducing the photosynthetic efficiency

Photoprotection: the whole mechanisms developed by

photosynthetic organisms in order to avoid
photoinhibition. Photoprotective mechanisms can be
divided into two different classes, depending oa th
time-scale of action: a) short-term photoprotective
and b)

mechanisms long-term  photoprotective

mechanisms.

GLOSSARY

Photorespiration: an alternate pathway for production
of glyceraldehyde 3-phosphate, an intermediatehef t
Calvin cycle, by RuBisCO. Although RuBisCO favors
carbon dioxide to

oxygen, (approximately 3

carboxylations per oxygenation), oxygenation of
RuBisCO occurs frequently, producing a glycolatd an
a glycerate. This usually occurs when oxygen leasds
high; for example, when the stomata (tiny poreshen
leaf) are closed to prevent water loss on dry déys.
involves three cellular

organelles: chloroplasts,

peroxisomes, and mitochondria.
produces no ATP, but consumes ATP and NADPH: it

may function as a "safety valve", preventing excess

Photorespiration

NADPH and ATP from reacting with oxygen and

producing free radicals.

Photosystems multiproteic complexes involved in the

light phase of photosynthesis. Photosystems are
responsible for light absorption and its conversito

chemical energy trough charge separation at the
reaction centre level. In higher plants are present

photosystem : photosystem | (PSI) and photosystem |
(PSIl). Both photosystem are composed by a core
complex where is located the reaction center and an

antenna system.

Plastocyanin: a monomeric copper-containing protein

involved in photosynthetic  electron-transfer.
Plastocyanin functions as an electron transfer tagen
between cytochromé of the cytochrome db complex

from photosystem Il and;R’ from photosystem I.

PsbS: an integral membrane protein component and
member of the Lhc-protein superfamily, even if it
doesn’t bind pigments. Its presence is fundamedotal
NPQ induction, and in particular for the gE compdnen
PsbS has two conserved glutamic acid exposed to the
lumen (Li, X. P. et al. 2002) which substitutionuks

is PsbS inactivation.
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Pseudocyclic electron transport:called also water-

water cycle, consists in an alternative electrons
transport pathway with direct reduction of 6y PSI.
This pseudocyclic pathway, in which electrons
produced from water oxidation into PSIl are used to
reduce @to H,O, allows generation of ApH for ATP
synthesis without production of,@r NADPH that act

as another important photoprotective mechanism.

PSI:

complexes responsible for the light phase of the

Photosystem I. It's one of the multiproteic
photosynthesis and it is mainly located in the aclstd

stroma lamellaemembranes. PSI is a light-dependent
PSI is

composed by a core complex and a peripheral antenna

plastocyanin-ferredoxin  oxidoreductase.
system. The core complex is constituted by 12 about
subunits, encoded by thpsa genes and binds the
reaction center {3, and the primary electron acceptors
Ao (chlorophylla), A; (phylloquinone) and (a Fe—

S, cluster). The oxidized ¢g is reduced by the
plastocyanin at the lumen exposed side, while
ferrodoxin is reduced at the stroma exposed sitle. T
inner antenna system of PSI is constituted of 97
chlorophylls a while the outer antenna system, the
LHCI complex, is constitutes of 56 Chls bound by
Lhcal-4 subunits. 9 “gap” chlorophylls are present a
the interface between LHCI ad PSI core. PSI is

characterized by the presence of the “red forms”.

PSIl: Photosystem II. PSII iswvater—plastoquinone
oxidoreductase. It's one of the multiproteic comple
responsible for the light phase of photosynthest ia

is mainly located in the stackegrana membranes.
PSIl is composed by a core complex and a peripheral
antenna system. The core complex is constitutedéby 1
subunits, encoded by thpsb genes and binds the
reaction center dg, and the primary electron acceptors:
pheophytin and the quinones, @nd Q. The oxidized
Psgo’ is reduced by a Tymresidue, which is reduced by

electrons extracted from water by the Oxygen Evigvi

GLOSSARY

Complex. The final electron acceptor of PSIl is the
Reduced

(plastoquinols) migrates to cytochromg. brhe inner

plastoquinone  pools. plastoquinones
antenna system of PSII is constituted by CP43 and
CP47 subunits, while the outer antenna system is

composed by the Lhcb proteins. The amount of Lhch

proteins bound to PSIl core depends from
environmental conditions and plant species.
PSI-LHCI": PSI-LHCI complex with a reduced

amount of Lhca antenna proteins bound. PSI-LUHCI
complex is mainly found in mutants of Arabidopsis
thaliana lacking Lhcal, Lhca2, Lhca3 or Lhca5
proteins Aal, Aa2, Aa3, Aa5 plants). Lhcad depleted

plants Aa4) have a PSI supercomplex with almost no

Lhca proteins bound.

gE: the faster component of leaf fluorescence decrease
due to NPQ induction; it's associated to the reiduact

of lumenal pH upon extreme electron transport
reactions as a consequence of light absorption in
excess. qE depends from the presence of the PSII
PsbS and

accumulation. g€ component of NPQ has relaxation

associated protein from zeaxanthin

time of few minutes.

gl: the slower component of NPQ. When leaves are
placed to dark, after being illuminated to activisifeQ,
their fluorescence level is lower than the initievel:

this difference represents the gl component of NPQ,
which has a relaxation time of hours. gl is asgedido
photoinhibition events and to zeaxanthin accumarati
which takes hour to be re-converted to violaxanthin
and activates

some long-term photoprotective

mechanisms.

Red forms: low-energy absorption forms associated to
photosystem |. Photosystem |, respect to Photasyste
Il, is characterized by absorption forms at long-
wavelengths, over 700 nm. This absorption forms are

called “red forms” and are mainly located in the
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antenna system LHCI. “Red forms” originate from an
excitonic interaction between chlorophylls locaied

A5 and B5 chlorophyll binding sites. In particular
Lhca3 and Lhca4 show the shifted

absorptions, determined by the modulation of the A5

red-most

B5 excitonic interaction given by the presence of a

asparagine residue in A5 chlorophyll binding sites.

ROS: Reactive Oxygen Speci€Bhese reactive species
are byproduct of photosynthesis and their prodigts
increased during abiotic stresses which impair the
photosynthetic reactions. The main classes of ROS
present in the chloroplast are: singlet oxygen,
superoxide anion, hydrogen peroxide or hydroxyl
radical. ROS production has mainly three different
sites in the thylakoidsLHC proteins of PSII, PSII
reaction centre and PSI acceptor side. Singlet exyg

produced mainly at LHC proteins level when light is

absorbed in excess and cannot be transferred to the

reaction centre: in this cadéhl’ is formed, which can

convert Q to singlet oxygen. Singlet oxygen can be
produced also atg¢R level, since it can become a
triplet Psgo (Psgg) due to charge recombination and
other back-reactions of PSIl. Superoxide anion,
hydrogen peroxide or hydroxyl radical are mainly

produced at PSI acceptor side. ROS accumulation
causes damages to the photosynthetic apparatughthou
oxidation of lipids, proteins and pigments. Their

accumulation induce a situation known as oxidative

stress

RuBisCO:Ribulose-1,5-bisphosphate carboxylase/
oxygenase. It is an enzyme that is used in theiCalv
cycle to catalyze the first major step of carbosation,

a process by which the atoms of atmospheric carbon
dioxide are made available to organisms in the fofm
energy-rich molecules such as sucrose. RuBisCO
catalyzes either the carboxylation or oxygenatibn o
ribulose-1,5-bisphosphate (also known as RuBP) with

carbon dioxide or oxygen.

GLOSSARY

State transitions: migration of Lhcb proteins from
PSIl to PSI, in order to balance the PSI and PSII
excitation here LHCII can transfer the energy absdrb
to PSI, rather than PSIl. The state transition sake
several minutes to be activated, since it involakE®

the migration of LHCII from grana to stroma lamella

Stroma lamellae: the interconnecting regions of

thylakoids between grana.

Stroma: the soluble compartment of the chloroplast. In
the stroma are present the enzymes involved idahle
phase of photosynthesis, that use the ATP and NADPH
produced during light phase in order to produce

biomass.

Thylakoids: the inner membranes of the chloroplast.
The complexes involved into the light phase of the
photosynthesis (PSI, PSIl, ATP-ase, Cytochrom b6
are located in the thylakoids membranes. Thylakoids
are organized into two membrane domains: 1)
cylindrical stacked structures callegrana, and 2)
interconnecting regions, thestroma lamellae
Thylakoids confine a compartment calledhen in the
lumen protons are pumped during photosynthetic ligh
phase,

forming a transmembrandpH which

constitutes the force used by ATP-ase to produce ATP.

Transfer-to-Trap limited kinetics: theoretical model

in order to explain the energy trapping kinetics of
photosystems. Light is absorbed by photosystems and
converted into chemical energy through charge
separation at the reaction center level (the “gnerg
trap”). The energy trapping kinetic is “transferttap-
limited” when the diffusion of the absorbed enetgy
the reaction center is the slowest phase of thelavho

process from light harvesting to charge separation.

V1: carotenoid binding site, located at the peripheral
part of antenna proteins LHCII. V1 site is a specifi
site for violaxanthin and it's involved in xanthgph

cycles product binding in LHCII.
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This
enzyme catalyzes the xanthophyll cycle reactiohs: i

VDE: Violaxanthin de-epoxidase enzyme.

de-epoxidates violaxanthin to antheraxanthin and
finally to zeaxanthin. VDE has a maximum active at
low pH (~5.2 pH): in this way the xanthophyll cysle
and the photoprotection mechanisms correlated, are
activated only when photosynthesis reaction are
saturated, inducing a strong reduction of the lushen

pH, the compartment where VDE enzyme is localized.

Xanthophyll cycle: a series of enzymatic reactions by
which the carotenoid violaxanthin is de-epoxidated
zeaxanthin, through the intermediate antheraxanthin
These reactions are catalyzed by the Violaxanthin de
epoxidase enzyme (VDE), which is activated at acid
pH around 5.2. When photosynthetic reactions are
pH

pumping: this event activates VDE enzyme which

saturated the lumenal is reduced by proton

GLOSSARY
induces the xanthophyll cycle. Accumulation of
zeaxanthin is responsible for activation of several
photoprotective mechanism as NP@hHI quenching
and ROS scavenging.

Z*": zeaxanthin radical cation. The formation of this
species has been correlated to qE induction and
belongs from charge separation in a heterodimer
composed by a chlorophyll a and zeaxanthin
heterodimer. The subsequent charge recombination
allows the thermal dissipation of the energy used f

charge separation, in a mechanism called Charge
cation is

Transfer quenching. Zeaxanthin radical

characterized by absorption in the NIR at ~1000nm

ZE: Zeaxanthin epoxidase enzyme. This enzyme
catalyzes the zeaxanthin epoxidation to produce
intermediate.

violaxanthin through antheraxanthin
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