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Abstract

Plants require light for the process of photosysithebut excess of light absorption can
cause photooxidative damage. To avoid this danpgets have evolved a photoprotective
mechanism to dissipate excess light energy asiheafprocess called nonphotochemical
guenching (NPQ). This regulatory mechanism of lightvesting involves both pigment
and protein constituents of antenna complexes. Xarghophylls, lutein and zeaxanthin,
have been implicated to contribute to the rapielkgxing gE component of NPQ, acting as
guenchers of the chlorophyll excitation energy.determine the molecular mechanism of
NPQ and role of these xanthophylls in it, the kiteebf gE and qE-related conformational
changes were measured Amabidopsis thalianamutant plants with altered xanthophyll
contents. The effect of xanthophyll compositiontbe chlorophyll excited state lifetime
was also compared - in leaves and native isolatéshaa complexes. The data reveal that
the replacement of lutein by either zeaxanthiniofaxanthin in the internal binding sites
of the antenna complexes affects the qE kinetick amnplitude as well as the absolute
chlorophyll fluorescence lifetime. This demonstsatee role of lutein in maintaining the
efficient photoprotective state. The PsbS protein pbotosystem 1l has also been
demonstrated to play a significant role in coningllthe qE component of NPQ. Thereby,
enhancement of PsbS and resultant increase in diBmelated conformational changes
was achieved irArabidopsis by physiological and genetic means in the absesice
zeaxanthin. This helps to dissect the relationdlgtween zeaxanthin and PsbS in NPQ,
suggesting both as independent entities. The sesufport allosteric role of zeaxanthin
and not as the direct quencher alone or in combimatith the PsbS in the process, whilst
the role of PsbS is suggested as kinetic modutd#teonformational change which results
in NPQ.
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Abbreviations

ADP adenosine diphosphate

ATP adenosine triphosphate

ATPase ATP synthase

bp base pair

BSA bovine serum albumin

Chl chlorophyll

Chla chlorophyll a

Chlb chlorophyll b

Cyt b559 cytochromeb559complex

Cyt b6f cytochromeb6fcomplex

DCCD N,N’-dicyclohexylcarbodiimide

DCMU 3-(3,4-dichlorophenyl)-1,1-dimethylurea
DGDG digalactosyldiacylglycerol

a-DM n-dodecyla-D-maltoside

S-DM n-dodecylg-D-maltoside

DNA deoxyribonucleic acid

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

ELIP early light inducible protein

EM electron microscopy

FAD flavin adenine dinucleotide

Fd ferredoxin

FeS iron-sulphur centre

FNR ferredoxin NADP reductase

FPLC fast protein liquid chromatography
HEPES N-2-hydroxyethylpiperazine-N’-2-ethane sulphoadd
HLIP high light inducible protein

HPLC high performance liquid chromatography
IEF iso-electric focusing



IgG immunoglobulin G

kDA kilodalton

LED light emitting diode

LHCI light harvesting antenna complex of photosystem |
LHCII light harvesting antenna complex of photosystem |l
LHCIIb major light harvesting antenna complex of PSI|

Lut lutein

MGDG monogalactosyldiacylglycerol

NADP nicotinamide adenine dinucleotide phosphate
NADPH nicotinamide adenine dinucleotide phosphate (retjuce
Neo neoxanthin

NPQ non-photochemical quenching of chlorophyll fluorsce
oD optical density

OEC oxygen evolving complex

OHP one helix protein

PAGE polyacrylamide gel electrophoresis

PAM pulse amplitude modulated

PC plastocyanin

Pheo pheophytin

PG phosphatidylglycerol

PQ plastoquinone

PQH2 plastoquinol

PSI photosystem |

PSII photosystem Il

ApH trans-thylakoid pH gradient

RC reaction centre

ROS reactive oxygen species

Rubisco ribulose-1,5-bisphosphate carboxylase/oxygenase
gE rapidly relaxing, energy dependent non-photochelngiganching
o] very slowly relaxing, photoinhibitory non-photochieal quenching



gP
qT

SDS
SEP
TEMED
Vio
VDE
WT

XC

Zea

ZE

photochemical quenching
slowly relaxing non-photochemical quenching relatedtate
transitions
sodium dodecyl sulphate
stress enhanced protein
tetramethylethylenediamine
violaxanthin
violaxanthin de-epoxidase
wild type

xanthophyll cycle
zeaxanthin

zeaxanthin epoxidase
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1.1 Photosynthesis

Solar energy is the ultimate source of all metabehergy on earth, and capturing this
radiant energy and making it available for biochmahireactions is prerequisite for life.
Photosynthesis is the metabolic pathway wherebytplaise light to convert simple,
inorganic and energy-poor compounds, carbon dioXide,) and water (KO), into
complex, organic and energy-rich compounds carbi@tgd, releasing oxygen {Oas a
by-product. This process can be represented bytuation:

H.O + CQ+ solar energy~ (CHz)xO + O,

1.2 Photosynthetic apparatus

Photosynthesis is a highly efficient process whighps an immense amount of
approximately 100 terawatts (fOwatts) of energy per annum, a quantity seven times
larger than the annual energy consumption by huomahsation (Nealson and Conrad,
1999). Plants perform this energy converting pregeshe specialised mesophyll cells of
leaves (Fig. 1.1. A). These cells are packed witbcgl organelles called chloroplasts.
There are ten to hundred chloroplasts in a tygtait cell. A chloroplast is comprised of a
system of flattened vesicles called thylakoids esdiee in a colourless matrix called
stroma, all contained within a double membrane e The thylakoid membrane is a
continuous double membrane system, which is diffiéeméed into stacked grana and
unstacked stroma lamellae regions (Fig. 1.1. B)s Hystem is organised into a three
dimensional network with an interior aqueous phasewn as the lumen. There are four
major protein complexes embedded in the thylako@gmiranes which are important for
light harvesting and electron transport functiopbptosystem | and Il (PSI and PSII),
cytochromeb6/f complex (Cyt6/f) and adenosine tri-phophosphate (ATP) synthase.
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Xylem
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oroplast Envelope
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Figure 1.1 The higher plant leaf and chloroplast (A) Struetwf the higher plant leaf (B)
organisation of the thylakoid membranes within¢h®roplast (Allen and Forsberg, 2001).

1.3 Two phases of photosynthesis

Photosynthesis comprises of two phases; light i@ectand light-independent or dark
reactions. The thylakoid membrane with its pigmerattein complexes is the site of light
reactions while the dark reactions occur in strowtach contains the enzymes responsible
for carbon fixation. In the light reactions lightexgy is captured and used to oxidise water
generating the energy-storage molecules AAamd reduced nicotinamide adenine
dinucleotide (NADPH.. During the dark reactions, the products of ligkdactions are used

to fix and reduce carbon dioxide.
18


http://en.wikipedia.org/wiki/ATP
http://en.wikipedia.org/wiki/NADPH

1.3.1 Overview of light reactions and photosynthetielectron transport

Plants harness light energy in the form of photopghe help of pigments, chlorophylls
and carotenoids. A photosystem has two physioldlgicdistinct components, light
harvesting complex (LHC) and reaction centre (Rtbg light energy harvested and
funnelled by the former to the latter (Melis anddénson, 1983). Photon absorption excites
a chlorophyll or carotenoid molecule by raisingedectron from a ground triplet state to an
excited singlet state. This excitation energy Isiadpout oxidation, an exit of electron or
exciton from the pigment molecule. The RC utilishe excitation energy delivered by
LHC to drive a charge separation reaction betwespesial chlorophyll molecule, called
P680 in PSII and P700 in PSI, and an acceptor migled@he electron generated during
charge separation in PSIl is passed along a sefiescceptor molecules to reduce
plastoquinone (PQ). The PQ is in turn oxidisedhwy €yt b6f resulting in a simultaneous
translocation of protons across the thylakoid memerinto lumen. This translocation
generates chemiosmotic potential to synthesise ATR.Db6f then passes the electron
through a mobile electron carrier, plastocyanin)(R€ P700 special pair within the RC of
PSI. A second charge separation event liberatesleantron, this time from P700 special
pair, which is passed along a series of carrietbeéderminal electron acceptor ferredoxin
(Fdx). Fdx is used by ferredoxin NADP reductaseRff reduce NADPto NADPH.

The deficiency of electron in the P680 special p&iPSll is completed by the photolysis of
water, yielding protons and Gs by-products of the reaction. Translocation m@ftgns
across the thylakoid membrane occurs concomitamtly the transport of electrons from
water to NADP. A pH gradient is formed by the release of protonts the thylakoid
lumen by the photolysis of water in the oxygen-giraj complex of PSII, by the reduction
of Cyt b6f complex during the electron transport and by tp&ake of protons for the
reduction of plastoquinone and NADFig. 1.2).
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Figure 1.2 The Z-scheme shows linear electron transport fiater to NADPH in the thylakoid
membrane. Abbreviations: Mn, Manganese clustetyrdsine z; P680, PSII reaction centre special
pair chlorophyll; P680*, excited singlet state @fesial pair (Primary donor); Pheo, Pheophytin
(primary acceptor); QA, Plastoquinone A, QB Plagiogne B, PQ Plastoquinone pool, Cyt b
Cytochrome b6 complex; PC, Plastocyanin; P700, PSI reaction eeggrecial pair chlorophyll;
P700*, excited singlet state of special pair (Pritdonor); AO, Primary acceptor chlorophyll; Al,
secondary acceptor phylloquinone; Fx, iron sulpbluster; FAFB, iron sulphur cluster; Fdx,
ferredoxin (Berget al, 2003).

1.4 Photosynthetic pigments: chlorophylls and car@noids

The photosynthetic pigments of plants are resp&nddr capturing the light energy and
converting it into the chemical energy. The maignpénts are chlorophylls, which absorb
in the blue and red visible regions of the electgnetic spectrum. These are substituted
tetra pyrroles, constituting a porphyrin ring systef alternating double and single bonds,
also called conjugated double bonds, which playpontant role in light capture. The
magnesium atom in the centre of porphyrin ring iearrthe electrons involved in
photosynthesis. Attached to the porphyrin ring nsester of a long-chain phytol, which
makes chlorophyll hydrophobic and aids the pignemding within protein complexes of
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Figure 1.3 The light absorbing chlorophyll pigments. (A) Stre of chlorophylla and
chlorophyllb the primary photosynthetic light absorbing pignsenft the chloroplast. (B) The room
temperature absorption spectra of chlorophy(magenta) and chlorophwi (blue). Berget al,
(2002).

the membrane (Fig. 1.3.A). The critical and ess¢rghotosynthetic pigment in all the
plants is chlorophylla, which also constitutes P680 and P700 speciak pHirthe two
photosystems. There are also accessory pigmengdaiis, such as chlorophyi and
carotenoids, which increase the absorption crostese by absorbing light energy in
different areas of the visible spectrum and pass$ din to chlorophylla. Chlorophyllb
differs from chlorophylla by the presence of a formyl group (-CHO) attachedhe
porphyrin ring instead of a methyl group (-g§Hound in the latter. The differences
between the absorption spectra of these two chiptisp(Fig. 1.3.B) are significant: the
red-most absorption band in the absorption spectfalso known as the Qy band) of
chlorophylla is located at ~662 nm, whereas the red most atisorpand for chlorophyll

b is located at ~642 nm; and the so-called Sored lfsnthe blue region of the spectrum)
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for chlorophylla is situated at ~430 nm and at 460 nm for chlortipghyAll chlorophylls
present in the thylakoid membrane are bound byepret which provide a specific local
environment, resulting in red shifts of the absorptspectra, further increasing the

absorption cross-section.

Carotenoids are yellow pigments which are also atsag of extended conjugated double
bond systems and cyclic ring structures, most coniyn@€40. They are derived from
isoprenoid precursors and are of two types, theteaes (cyclic hydrocarbons) and
xanthophylls (oxygenated derivatives of the caret#nMuch of the early work on the
biosynthesis of carotenoids in higher plants wdsea®d through traditional biochemical
approaches of purification and characterisatiothefenzymes involved. More recently a
new approach has been taken in which mutants lggkanticular carotenoids have been
isolated through screenings and subsequently mlalegenetics is used to identify the
mutated gene. The branching point of the caroteb@dynthesis is defined by the action
of the homodimeric lycopengp-cyclase complex which converts lycopenditoarotene,
or the heterodimeric lycopeffies-cyclase complex, which converts lycopenertcarotene
via 6-carotene (Cunninghaet al, 1996; Cunningham, 2002).

The a-xanthophyll branch involves the hydroxylationcetarotene by a two step process
involving two cytochrome mono-oxygenases, the fiste (CYP97a3) catalyses the
hydroxylation of thep-ring to form zeinoxanthin, and then the second (D¥P97cl)
catalyses the-ring hydroxylation to yield lutein, the most commganthophyll in nature
(Pogsoret al, 1996, Tiaret al, 2004, Kim and DellaPenna, 2006).

The B-xanthophyll branch involves hydroxylation pfcarotene primarily by the action of
two ferredoxin dependent non-haem di-iron mono-exase enzymes encoded by the
chyB1 and chyB2 genes to form zeaxanthin (Bouviet al, 1998, Tianet al, 2003).
Zeaxanthin is then converted into violaxanthin, thie intermediate antheraxanthin, by the
activity of zeaxanthin epoxidase enzyme which as epoxy groups across tifiering
double bonds (Yamamotet al, 1962, Bouvieret al, 1996, Niyogiet al, 1998). The
reverse reaction is also possible to convert varidixin back into zeaxanthin, via the

intermediate antheraxanthin, by the activity oflax@nthin de-epoxidase which removes
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two epoxy groups from botR-rings (Yamamotoet al, 1962, Avridssoret al, 1996,
Niyogi et al, 1998). Together these two reactions constithie xanthophyll cycle
(Yamamotoet al, 1962). The final major xanthophyll that accuntedain thylakoids is
neoxanthin which is formed by dlansviolaxanthin. 9eis neoxanthin is an isomer of
violaxanthin and differs from the latter as its gpgroup with the conjugated double bond
chain forms a hydroxyl group on tifering and an allene (= C =) group, this modificatio
of violaxanthin has recently been ascribed as tlection of neoxanthin synthase
(Dall'Ostoet al., 2007).

WCDPE“E LCY-e LCYb
(2 / \

$-carmotene * LOYb p-carotene ¢ CYPQTaS (1ut5)
a-carotene ¢ CYP97a3 (t5) z“-’a““t“h ot ‘ ? s
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= 2 = (o)
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zeinoxanthin ‘cwg?m (7.3/ - xanthin (g ¢ ? (neqf)
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OH
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Figure 1.4 The carotenoid biosynthetic pathway in higher fdarkKey enzymes are in bold,
Arabidopsismutants that led to their identification in italicLCY-e= lycopene-cyclase ut2),
LCY-b= lycopenef-cyclase, Chyl/ Chy2 $-carotene hydroxylases, ZEP= zeaxanthin epoxidase,
VDE = violaxanthin de-epoxidase, NXS = neoxanthintease, CYP97a3Iut5) = B-ring
hydroxylase activity, CYP97c1ufl) = ¢-ring hydroxylase activity (Fioret al, 2006).
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Carotenoids are involved in light harvesting, absag light of different wavelengths to
that of chlorophyll, and passing the energy on kdomphyll. A major function of
carotenoids is in photoprotection, removing chldrgp triplet states, quenching singlet
oxygen species and dissipating chlorophyll singlates under excess light conditions. The
role of carotenoids in photoprotection will be dissed in detail later.

1.5 The pigment-protein complexes of the thylakoichembrane

There are four major pigment-protein complexes, edded in the thylakoid membrane of
the chloroplast, which are responsible for lighaat®n of photosynthesis. The structural
and functional features of these complexes, PSI, Byt b6/f and ATP Synthase, are
discussed in this section:

1.5.1 Photosystem Il

Photosystem Il (PSII) is a multi-subunit proteirfsamor complex found abundantly in the
stacked or granal regions of the thylakoid membréinkeas a water-plastoquinone oxido-
reductase function (Hankamet al, 1997; Barber, 1998). It can be separated inteeth
main regions- the oxygen evolving complex, the tieaccentre and the core antenna. The
structure of the PSII core complex of the cyanadr@ein, Synechococcus elongatusas
been resolved to a 2.5A resolution (Zoenial, 2001). Situated at the centre of PSII, the
RC incorporates the chloroplast encoded D1 and @gppptides (products gisbAand
psbDgenes, respectively), which form a heterodimee @imer contains 35 chlorophwy|

11 B-carotene molecules and 14 lipid molecules (kolal, 2005). Each of the D1 and D2
subunits contains five membrane spanning helic#s the n-termini on the stromal side of
the membrane. The D1 and D2 subunits are homologu#dse L and M subunits of the
purple bacterial RC (Deisenhofer al., 1985; Rheet al, 1998). The cofactors involved in
charge separation and electron transport bind ¢oR&’s dimeric core, and include the
primary electron donor P680 reaction centre chloyip(probably PD1), PD2, ChID1,
ChiD2, ChizD1, ChlzD2 chlorophylls, two pheophytii®heoD1 and PheoD2), the
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secondary electron acceptors plastoquinones QAQBIdsituated close to pheophytins),
two B-carotenes and finally a non-haem iron moleculeas#d between the plastoquinones
molecules. The RC also contains cytochrome b55@iateid at the periphery), which
consists of two subunits (9kDa and 4kDa) encodethéyhloroplaspsbEandpsbFgenes,
respectively. These polypeptides ligate a singlenhgroup. The function of cytochrome
b559 is still not proved but it is considered to ibgortant in the protection of the RC
against photodamage (Whitmarsh and Pakrasi, 1986;a® and Brudvig, 1998).

Several other small subunits are present in thé d@®ler, the roles of most of them also
being unclear. It is thought that PsbL, PsbM, askiTPare involved in dimer formation and
that PsbJ, PsbK, PsbN and PsbZ might facilitatectr®tenoid binding since they are
located close t@-carotene molecules (Ferreied al, 2004). Cross-linking experiments
(Tomo et al, 1993; Shiet al, 1999; Zouniet al, 2001) have located the low molecular
weight Psbl and PsbX proteins close to the reactientre D2 and cytochrome b559
proteins, perhaps having a role in stabilising theripheral ChlZzD1 and ChlzZD2
chlorophylls (Ferreirat al, 2004).

The D1 and D2 proteins bind the core antenna pret€iP43 and CP47, products of the
psbC (CP43) andpsbB (CP47) genes binding 14 and 16 chlorophglimolecules,
respectively. These pigments form two layers ctosthe stromal and lumenal sides of the
membrane. This is consistent with the observatip®Barry et al. (1994) that the majority
of conserved histidines, known to coordinate the aflgms in the chlorophyll molecules,
are located towards the stromal and lumenal partiseoproteins. CP43 and CP47 are also
considered to bing¢-carotene and lutein (Bassi, 1996), although strattdata does not
confirm the latter (Zounet al, 2001; Kamiya and Shen, 2003). The 2.5 A strectfr
CP47, from Zounet al (2001) shows six membrane spanning helices aligbed by the
topology of both CP43 and CP47 (Rheteal, 1998). CP47 and CP43 function not only in
light harvesting, but also in transferring exctatenergy from the peripheral antenna to the
RC, via the ChlzD1 and ChiZD2 chlorophylls (Ferestaal, 2004).
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Figure 1.5 Structural organisation of the Photosystem Il caomplex. View perpendicular to the
membrane plane, showing the minor lumenal exposbdrsts (top). Helices are represented as
cylinders with D1 in yellow; D2 in orange; CP47 ned; CP43 in green; cyt b559 in red; PsbL,
PsbM, and PsbT in medium blue; and PsbH, Psbl, PshK, PsbX, PsbZ, and PsbN in gray. The
extrinsic proteins are PsbO in blue, PsbU in mageamd PsbV in cyan. Chlorophylls of the D1/D2
reaction centre are light green, pheophytins ave,bthlorophylls of the antenna complexes are
dark greenp-carotenes are in orange, hemes are in red, nonkerizered, QA and QB are purple.
The oxygen-evolving centre (OEC) is shown as thie(oxygen atoms), magenta (Mn ions), and
cyan (C4&") balls. View vertical from the membrane plane tbuot). Colouring is the same as for the
top view (Ferreirat al, 2004).
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On the lumenal side of the PSII complex close ® @1 subunit, there are three extrinsic
proteins, PsbO, PsbP and PsbQ (Zaitral, 2001), which form a ‘cap’ over the OEC (De
Las Rivaset al, 2004). The OEC splits water into molecular oxygsectrons and protons.
The extrinsic proteins play a structural role byep@g the peripheral antenna at an
appropriate distance from OEC (Boekeetaal, 2000b), but their main role is in oxygen
evolution. The Mn and Ca ions seen in the cyan@biattPSIl structure form a cuban-like
Mn4CaG; cluster that acts like a catalyst in the wateittapy (Ferreiraet al, 2004). The
PsbO subunit is critical for the stability of Mruster (Ono and Inoue, 1984) and has been
suggested to form a hydrophilic “pore” connectilg tOEC with the lumenal surface
(Ferrieraet al, 2004). PsbO attaches to the PSII core via tlge lextrinsic loops of CP43
and CP47 (Bricker and Frankel, 2002). The catalyyide of water oxidation involves five
intermediate oxidation statess ® S, each transition driven by a photon of light (Kek
al., 1970; Goussias, 2002). Each of the four incorpingtons results in a charge separation
event, thus removing four electrons from the Mnstdu in total, with simultaneous de-
protonation of two water molecules which ultimatedgults in liberation of one Qor each
completed cycle.

1.5.2 Photosystem |

Photosystem | (PSI) is a large pigment-protein dempwhich comprises of a reaction

centre core and a peripheral antenna. It is lodatéae unstacked stromal lamellae regions
of the thylakoid membrane (Dekker and Boekema, 20@5mediates the light driven

electron transport from plastocyanin to ferredoxihys functions at the end of the
photosynthetic electron transport chain as a ptgstan-ferredoxin oxidoreductase

(Scheller and Moller, 1990). Reduced ferredoxinged in numerous regulatory cycles and
reactions including nitrate assimilation, fattycadesaturation and NADPH production. In
turn NADPH is used with ATP to reduce €@ carbohydrates in the Calvin Cycle. This
complex is composed of a core complex and a peadphentenna system. The 3-
Dimensional crystal structure of PSI from pB#&sum sativumhas been resolved to 4.4 A

showing 12 core subunits and 4 different light leating antenna complexes (LHCI),
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which are assembled together in a half-moon shapene side of the core. The complex
binds 167 chlorophylls, 3 iron-sulphur clusters @nghylloquinones, and comprises of 45
transmembrane helices (Ben-Shemal, 2003). The core complex is made up of 14
subunits and binds about 100 chlorople/land 22B-carotene molecules (Jordan al.,
2001). The structure of PSI is shown in Figure 1.6.

Figure 1.6 Structural model of the plant photosystem I. Vieem the stromal side of the thylakoid
membrane (a) and view from the LHCI side (b). Lhotenna proteins are shown in green, PSI core
proteins (PsaA and PsaB) in grey and the minormitsin red (Ben-Sherat al, 2003).

The large subunits PsaA and PsaB form the catatytre and bind the majority of the
chlorophylls, including the P700 special pair, whiorms the primary electron donor.
Subunits PsaA and PsaB each contain 11 transmeexptaglices and share similarities in
protein sequence and structure. The structuraht@tiens of the carboxy-terminal regions
of PsaA and PsaB have been found to be similanabdf the D1/D2 heterodimer in PSII
(Hankametret al, 1999). Six helices from each of the core polyjes were also found to
be arranged in a similar manner to CP43 and CP#Bihleading to suggestions that both
photosystems may share common evolutionary origlankameret al, 1999). Light
absorption causes charge separation in reactidrecevhere the P700 transfers an electron

to the electron acceptor AO (a chlorophgZlmolecule). The electron then passes to Al (a
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phylloquinone) and then through 3 iron-sulphur cen{FX, FA and FB), to ferredoxin on
the stromal side of the membrane (Joréaral, 2001). The electron reduces ferredoxin,
which binds in a pocket on the stromal side of PagA is surrounded by PsaC, PsaD and
PsaE. Oxidised P700s reduced by an electron from plastocyanin onldineenal side of
PSI.

1.5.3 Cytochromeb6/f complex

The Cytochroméd6/f complex (Cytb6/f) links the two photosystems, PSII and PSI, by a
linear electron flow. It is located in both grareld stromal regions of the membrane
(Dekker and Boekema, 2005). It functions as a ptashol-plastocyanin oxidoreductase,
simultaneously translocating protons into the lurffenreview, see Capet al, 2006). The
complex is dimeric, consisting of 4 large (cytoaheh6, cytochromd, Rieske iron-sulfur,
and subunit IV) and 4 small (PetG, PetM, PetL aatNP polypeptide subunits (Widget
al., 1984; Kurisuet al, 2003). Each of the Cyb6/f monomers is made up of 13
transmembrane helices and binds four haem molec(Kesisu et al, 2003), one
chlorophylla (Pierreet al, 1997) and on@-carotene (Zhangt al, 1999). The ferredoxin
NADP reductase (FNR) binds to the @y8/f complex, thus enabling the cyclic electron
transport around PSI (Joliet al., 2004).
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Figure 1.7 Structure of cytochromie6/f (a) and cyt be(b) from Capeet al, (2006). Colour scheme
for protein subunits: the Rieske ISP (orange); Eywvith subunit IV in the bBstructure) (slate);
Cytf (red).

1.5.4 ATP-synthase complex

The ATP-synthase complex is a large macromolecutaultisubunit enzyme of
approximately 600 kDa. It is responsible for thengyation of ATP by phosphorylation,
utilising the chemiosmotic proton gradient creabsdelectron transport. ATP is formed
from adenosine diphosphate (ADP) and inorganic piag (Pi). The complex is
composed of nine polypeptides organised in theadid Ck main subunits (for review, see
Groth and Pohl, 2001). The €Bubunit is found on the stromal surface of thdatkyid
membrane, where it is associated with the @Einsic membrane subunit. €k water
soluble while CF is hydrophobic (Mc Cartyet al, 2000). Ck is the large component
which contains the active site and is composeddifférent polypetides in a stoichiometry
of a3B3yde (Abrahamset al, 1994; Groth and Pohl, 2001). £iE made up of 4 subunits
(IIV) and its function is to use a proton drivingrée to rotate the subunit of Ckr (Jungeet
al., 1997), a process that is a key part of the Ayfthase activity (Nojiet al, 1997).
Muller et al (2000) found by atomic force microscopy that fine subunits are present in
a 1:1:14:1 stoichiometry.
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1.6 The peripheral light harvesting antenna compless

Both the photosystems, PSII and PSI, are equipp#dtieir own additional membrane-
bound peripheral light harvesting antenna compleXdsese antennae are meant for
efficient light collection by increasing the abstop cross-section by many folds and then
delivering the excitation energy to their photosyss. The peripheral antenna is a
chlorophyll a/b binding protein complex which is of two types withference to its
respective photosystem, light harvesting complékHCI) delivers excitation energy to
PSI while light harvesting complex Il (LHCII) is sponsible for delivering excitation
energy to PSII. The proteins of both the complexes encoded by the Lhc super-gene
family (Jansson, 1994) The 10 most commonly expiesdc genes encode polypeptides
with molecular weights between 20-30 kDa, and tlyh ldegree of sequence homology
among them indicates a common evolution (Green Rictiersky, 1994). All the Lhc
polypeptides share significant sequence homologl) significant conservation amongst
chlorophyll binding residues with a predicted staue comprising 3 transmembrane helices
(Greenet al, 1991). These polypeptides have also tendencgpiace one another, which
is an evidence of robust molecular design of thasenna complexes and hence their

functional significance (Rubagt al.,2003).

1.6.1 LHCI

Four light-harvesting proteins (Lhcal-4) with piatenasses of around 25 kDa form LHCI.
These are arranged to form two heterodimers (LHZ-&And LHCI-680) that bind
asymmetrically to the RC, via associations betwaemumber of different subunits. The
crystal structure of 4.4 A resolution has revedédchlorophylls bound by this complex
(Ben-Shemet al, 2003). Biochemical work has also proposed tla@hendividual Lhca
protein binds 12-14 chlorophyl and b molecules in total, along with 2-3 lutein, 1-1.5
violaxanthin and 1-1.3-carotene molecules (Klimme&t al, 2005). In addition to the
chlorophylls bound directly by Lhca polypeptide®, dhlorophylls are considered to be
localised between the PSI core and LHCI proteitngs€ ‘gap’ chlorophylls are suggested

to optimize energy transfer from LHCI to the comdaalso to stabilise the structural
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interaction between core and antenna. The chlotbptlly ratio has also been found as
higher in PSI-LHCI complexes, which is around 10o¢bkinottoet al., 2005) as compared

to PSII particles with this ratio as 2 (Rubahat, 1999). The red shifted fluorescence
emission spectrum of PSI is caused by a few sedaled’ chlorophylls of antenna, which

have an energy level lower than the RC. These ‘cddorophylls are able to transfer
excitation energy ‘up-hill’ to the reaction centithough this does not affect the efficiency
of energy trapping by the core (Gobetsl, 2001).

The LHCI-730 dimer (named after the 77K fluoreseeamission maximum) is formed by
association of the Lhcal and Lhca4 polypeptidesienwthca2 and Lhca3 form the LHCI-
680 dimer (Klimmelet al, 2005). A recent study has suggested LHCI stracs rigid, as
the docking sites for the individual polypeptides highly specific, except for Lhca4 being
replaced by Lhca5 (Wientjext al, 2009). The antenna serves to capture light anddl it

to the PSI core. The amount of LHCI bound to thé &8e has been demonstrated to
fluctuate with various light conditions (Bailest al, 2001), however another study has
suggested that the LHCI polypeptide content isaftected by environmental conditions
(Ballottari et al, 2007). PSl is also the binding site for phosgladed LHCII following the
state 1 to state 2 transitions (Luretel., 2000).

1.6.2 LHCII

The LHCII polypeptides bind chlorophyd, chlorophyllb and xanthophylls (Melis and
Andersson, 1983), and these are found to be indrimembrane proteins. LHCII is made
up of four distinct complexes: the major trimeri¢iCllb complex and the three minor
monomeric CP24, CP26 and CP29 complexes. LHCIl d¢exag were conclusively
resolved and identified using native deriphat-PA@®Eter and Thornber, 1991). Trimeric
LHCIIb was found to be comprised of various comhbovas of three very similar
polypeptides; Lhcbl (28 kDa), Lhcb2 (27 kDa) andh® (25 kDa). The monomeric minor
antenna complex polypeptides are Lhcb4 (29 kDagbbh(26 kDa) and Lhcb6 (24 kDa),
which are also called as CP29, CP26 and CP24 riagggc(Peter and Thornber 1991,

Jansson, 1994). It is considered that the atomictsires of Lhcb4-6 will be similar to that
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of a monomer of LHCIIb, as there has been foundga degree of sequence homology
among the six Lhcb proteins (Jansson, 1994; Grewh kuhlbrandt, 1995). These
polypeptides have tendency to substitute each ,o#fiseshown by the replacement of two
main components by another protein to attain thenabassembly and function, this is an
evidence of robust design of antenna and henceaniportance in highly efficient
photosynthesis (Rubaat al, 2003). All these complexes increase the capadi®Sll for
light capture, the minor antenna forming a linkwetn the PSII core and the LHCII outer
antenna. This function of the light-harvesting ange is subject to regulation by a number
of processes including state transitions and notgghemical quenching, both discussed in
more detail below.

1.6.2.1 The major LHCII antenna (LHCIIb)

Early biochemical work has shown that trimeric LHC(often called as LHCII) has a
molecular weight of 72 kDa and a chlorophglb ratio of 1.33 and that each monomer
binds 3.5-4 xanthophylls in total, this includesn®lecules of lutein, 1 of neoxanthin and
0.5-1 of violaxanthin (Peter and Thornber, 1991pb&net al., 1999). The Lhcbl, Lhch2
and Lhcb3 polypeptides usually occur in a ratioabbut 8:3:1 and join to form trimers
which are not unique in composition (Jansson, 19@hsson, 1999). Among these three
polypeptides, only Lhcbl can form homotrimers anid also present in all heterotrimeric
forms such as Lhcb1(2)/ Lhcb2, Lhcb1(2)/ Lheb3 amdbl/Lhcb2/Lhcb3 (Jackowslat
al., 2001). The first structural information about timonomeric subunit suggested 3
transmembrane helices to constitute each subunitg(Eet al, 1987), which was later
confirmed by the structural model of trimeric LHCiesolved at 6 A by electron
crystallography of 2-Dimensional crystals, howetrere was insufficient evidence for the
precise location of the chlorophyll molecules (Kautaihdt and Wang, 1991). The structure
was further refined by the same method (Kuhlbrandil, 1994) to a 3.4 A resolution, this
time elaborating the interaction between two ofttiree membrane-spanninghelices. An
additional short helix was also located at therfatee between the membrane and the

lumen. Pigments, 12 chlorophylls and 2 xanthophylisre also located in the centre of the
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complex. The positions for chlorophyland chlorophyllb were not distinguished in this
model but only designated by considering their gndransfer efficiencies. Later, the 3-
Dimensional structures of LHCII from spinach at2 X resolution (Liuet al, 2004), and
from pea at 2.5 A (Standfuss al, 2005) provided a detailed account of protein and
pigment orientation. The spinach structure confadme binding of 14 chlorophyll
molecules and 4 xanthophylls by each monomeric LH@&hich was in conformity with
earlier biochemical results suggesting 13-15 clgbytl a and chlorophyllb molecules
(Peter and Thornber, 1991) and 3-4 xanthophyllsbéRwet al, 1999). The structure is

shown in Figure 1.8.
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Figure 1.8 Structural model of the LHCII obtained by X-rayystallography (a). Side view of
monomer showing the pigments: lutein (yellow), reemtkin (orange), violaxanthin (purple),
chlorophyll a (green), chlorophyll b (blue) (b)gRient pattern in an LHCII monomer at the stromal
and lumenal sides, respectively, displaying thengily coupled chlorophyll clusters shown by
green ovals (a610-a611-a612, a602-a603 and a613-&6dl). Top view of LHCII trimer (e),(Liu
etal, 2004).

All the 14 chlorophyll molecules of monomer werentified as 8 chlorophyla and 6

chlorophyll b. The 4 xanthophylls were designated as Zrafis luteins in the form of a
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cross-brace, 1 molecule ofcgs neoxanthin localised in a highly selective bindsig and

1 all4ransviolaxanthin at the monomer-monomer interface. Glhierophylls were located
at specific binding sites for either chlorophglbr chlorophyllb molecules, with no mixed
binding sites available for both (Liet al, 2004). The chlorophylls formed two layers
within the membrane, one layer of 8 chlorophylighe proximity of stroma and the other
one of 6 chlorophylls near the lumen. In the trimghlorophylls form two rings on the
stromal side, the inner one considered to be resiplenfor energy transfer between
monomers (Gradinarat al, 1998) while the outer one thought to broaderom di®n of
light energy and to transfer energy to the RC @tial, 2004).

The chlorophylls on the lumenal side were suggegigdnction upstream of the stromal
chlorophylls (Liuet al, 2004). Three clusters of strongly coupled chpbsdl a molecules
were found, to which energy could be transferregidtg from chlorophyll b (Figure
1.8.c.d): the a610-a611-a612 trimer and thea602-a603 and a613-a614 dimers
(Novoderezhkinet al, 2005). Thea610-a611-a612 cluster facilitated a good connection
with other PSII subunits a$ was found at the periphery of the LHCII trimérhis
peripheral chlorophylls’ cluster, together with theéjacent lutein (lut 620) constituted the
terminal emitter domain, which was proposed aspbssible energy quenching site in
LHCII (Wentworthet al, 2003; Pascadt al, 2005).

This structural model not only confirmed the presenf the three transmembrane helices
(A-C), and thex-helix along the lateral plane of the membrane (i}, also revealed a new,
short amphipathic helix (E) inclined to the memiaraplane by 30 In the native
membrane, LHCII is arranged as a trimer (Figuree)},&nd the trimerisation region was
found to cover both the N-terminal and C-terminaingins, the stromal end of helix B and
some residues of helix C. Trimer stability in thrgstal structure seemed to be dependent
on the presence of a phosphatidylglycerol (PG) oude(Liu et al, 2004; Standfusst al.,
2005), confirming the earlier reports (Remiyal, 1982; Nussbergeat al, 1993) which
suggested role of this lipid as significant foe ttability of trimer, while monomerisation
of this trimer could be achieved by hydrolysisR§s with phospholipase A2 (Remay al,
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1982). Another lipid digalactosyl diacylglycerol @G) was found to join the adjacent
trimers through van der Waals forces (Nussbeggat, 1993; Liuet al, 2004).

The high resolution crystal structure also confidntiee biochemical results for xanthophyll
binding. Earlier biochemical studies proposed fganthophyll binding sites for LHCII,
two internal ones for lutein (L1 and L2) bound tighwithin the complex, a neoxanthin
binding site (N1) and one peripheral violaxanthinding site (V1) bound only loosely
(Rubanet al, 1999). Lutein had been found to perform varigtractural and functional
roles likein vitro correct folding and stability of LHCII protein atture (Plumley and
Schmidt, 1987; Crocet al, 1999; Phillipet al, 2002) and non-photochemical quenching
(Loksteinet al, 2002). Contrarily the neoxanthin molecule hatlbeen found essential for
protein folding (Crocest al, 1999), although a photoprotective role for itsveaiggested in
protection of the chlorophyll against photodamageidfusset al, 2005). The neoxanthin
was located in a chlorophydlrich region close to helix C, a site which waglseviously
designated to be selective for it. Thus, both futend neoxanthin were considered to be
functional in light harvesting and photoprotectiuhlbrandtet al, 1994). The loosely
bound violaxanthin was considered to be significantnon-photochemical quenching
(Demmig-Adams, 1990) through the xanthophyll cymlg its light harvesting role was not

clear.

1.6.2.2 CP29 (Lhcb4)

CP29 is the largest of the minor antenna complesestaining about 257 amino acids,
with a molecular weight of 29 kDa (Peter and Themid991,; Bassi, 1996). This complex
is always found as a monomer and is the produitteof.hcb4 genes (Jansson, 1994). There
are three Lhcb4 genes Arabidopsis two (Lhcb4.1 and Lhcb4.2) with similar expression
levels while the third (Lhcb4.3) with lower express level (Jansson, 1999). CP29 has
been found to bind 8 chlorophyll molecules in toteth 6 chlorophylla and 2 chlorophyll

b (Sandoneet al, 1998; Bassket al, 1999). Isolation by native deriphat PAGE found
approximately 3 xanthophylls: one lutein molec@&,7 neoxanthin and 1.54 violaxanthin

(Peter and Thornber, 1991). However, this raticabtenoid binding was disputed, ias
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vitro pigment reconstitution of recombinant CP29 produoeEscherichia colshowed that
only 1 lutein and 1 violaxanthin could bind thisngolex (Bassiet al, 1999). The work
using isoelectric focussing by Rubant al. (1999) showed that there were two types of
violaxanthin that are differentially bound to thengplexes, one tightly bound which cannot
be de-epoxidised, and the other loosely bound @wailfor de-epoxidation. CP29 has been
proposed to be functional in light harvesting alawith a regulatory role. Its capacity to
bind dicyclohexylcarbodiimide (DCCD) indicates thhts protein can be protonated and
for this a putative protonation site has been Bdain the lumenal loop (Pesaresial,
1997). These results together with the evidendbefelative abundance of violaxanthin in
CP29 as compared to the LHCII suggest a significate¢ for the former in non-
photochemical quenching. Moreover, under certairot@hhibitory conditions, this

complex can also be phosphorylated in the N-terhdomain (Bergantinet al, 1995).

However, antisense inhibition studies do not suppor essential role of CP29 in
photoprotection and suggest a more likely functiothe coordination of the major antenna
(Anderssoret al, 2001). Evidence for this hypothesis has beenigeovby the observation
that in absence of CP29, no intact PSII-LHCII sgpewplexes could be prepared from the
thylakoid membrane proposing a crucial stabilizioge for CP29 (Yakushevsket al,
2003).

1.6.2.3 CP26 (Lhcb5)

This minor antenna protein is about 247 amino aridength with a molecular weight of
26 kDa protein, which binds pigments to form the2€Romplex (Peter and Thornber,
1991, Bassi, 1996). It binds 9 chlorophyll molesulencluding 6 chlorophyll and 3
chlorophyll b, with three chlorophyllb specific binding sites (Crocet al, 2002).
Regarding xanthophylls, CP26 has been found to kimteoxanthin, 2 luteins and 0.5
violaxanthin. Rubaret al (1999) reported 7-8 molecules of chlorophglland 3 of
chlorophyllb along with a molecule each of the three xanthdpHytein, neoxanthin and
violaxanthin, a scheme later confirmed by the d&t&/ehneret al (2006). However, these

results contrast with the findings of reconstitatiowork carried out by Sandoret al
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(21998), which suggest existence of only 2 binditgssL1 and L2 in CP26, occupied by
lutein and by violaxanthin, respectively. On thesibaf this, a key role has been suggested
for violaxanthin at L2 in non-photochemical quemzhi(NPQ) (Dall'Ostoet al, 2005).
CP26 shares the most sequence homology with Lhotuih@ the three minor complexes
(Janssoret al, 1999), and consequently it has been found to yaith Lhcb3 to form
trimers substituting for LHCII trimers in antisengkants lacking both Lhcbl and Lhcb2,
which is also indicative of functional robustnesghe light harvesting antenna (Ruban
al., 2003).

1.6.2.4 CP24 (Lhcb6)

CP26 is the smallest of the Lhcb proteins whiclal®ut 210 amino acids long, with a
molecular mass of 24 kDa (Morishig¢ al, 1990). This minor complex is considered to
bind 5 each of chlorophyld and chlorophyllb molecules (Peter and Thornber, 1991;
Pagancet al, 1998), thus possessing the lowest chloropdiilratio among all the antenna
complexes. It has also been found to bind only xanthophylls, lutein and violaxanthin,
hence possibly no neoxanthin (Bassial, 1993, Rubart al, 1999). Reconstitution work
has also suggested in conformity the absence ofamtloin in this complex, with lutein and
violaxanthin occupying L1 and L2 sites respecti@andonat al, 1998; Wehneet al.,
2006). CP24 has also been found to play regulandystructural roles similar to the case
for CP29. In the plants with an antisense Lhcb6egand knock-out Lhcb6 mutants,
absence of CP24 complex resulted in partial inioibitof NPQ and disruption of the
macroorganisation of the PSII-LHCII supercomplefésvacset al, 2006).

1.6.2.5 Other LHC-related proteins

Other than the light-harvesting complexes of the ptotosystems, there are also many
‘LHC-like’ proteins, sharing some sequence homolagth LHC proteins (Grimmet al,
1989; Janssomet al, 2000). These include the one-helix proteins (DHFe two-helix

stress enhanced proteins (SEP), the three-helix kggint induced proteins (ELIP) and the
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four-helix PsbS protein. ELIPs appear to bind lutend chlorophylla and these stress-
induced proteins are are produced under high dghtitions (Adamskat al., 1999) along
with SEPs and HLIPs (high light inducible proteirfsleddad and Adamska, 2000). The
light harvesting antenna complexes of photosynthetganisms are considered to be
evolved from one-helix proteins which first undenvgene duplications forming a four-
helix complex (PsbS-like) and then by the loss pé dielix present three three-helix
proteins were evolved (Green and Pichersky, 199htshe and Kloppstech, 2000).

1.6.2.6 PsbS

The PsbS protein has been found to be essentizhdorapidly reversible component of
NPQ (Li et al, 2000). This membrane protein is widely distrdzuitamong plants, both
angiosperms and gymnosperms (Schultes and Pet@@®n), mossRhycomitrella patens
and in two green alga€hlamydomonas reinhard@indVolvox carter) (Anwaruzzamaret
al., 2004). The precursor polypeptide is encoded lpleanpsbSgene and comprises of
274 amino acids. This hydrophobic protein has framsmembrane helices (Figure 1.9).

Stroma

Thylakoid
membrane

npq4-4

Figure 1.9 Schematic representation of the PsbS protein. ddwtions of single amino acid
mutations are indicated (kt al, 2000).
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Despite its similarity with other pigment-bindingogeins, PsbS has been shown to lack
potential chlorophyll binding histidines and asggmas residues (Green and Pichersky,
1994), however certain dual motifs have also beeatéd in it similar to those associated
with chlorophyll binding sites of LHCII (Schultesi@ Peterson, 2007). Various conflicting
reports of pigment-binding properties of this pnoteakes it controversial, however it has
been shown as stable in the absence of pigmentk wal, 1995) and has also been
found to loosely and transiently bind zeaxanthiwvitro (Aspinall O’'Deaet al, 2002), by
means of glutamate residues. However, in anotlielyshe binding of zeaxanthin to PsbS
has been doubted (Bonemteal, 2008). The exact location of this protein in thglakoid
membranes has also been found as elusive, as hid®msfound associated with multiple
locations (Teardet al, 2007) in the grana as well as stroma lamell&e. distribution of
PsbS seems to be highly dependent on the envirdatreamditions. It has also been shown
that the PsbS protein can exist in dimeric formgeteing on the light and pH (Bergantino
et al, 2003), thereby monomers associate with LHCII airders with the PSII core.
Forward genetics studies helped to identify thaiS@ant role of PsbS in photoprotection
(Li et al, 2000), which will be discussed later in sectioh0.4.

1.7 Macromolecular organisation of the photosystert

The first description of macromolecular structufé>8l1l from barley came from Peter and
Thornber (1991) who employed the deriphat-PAGEweagjels to find two copies each of
CP26 and CP29 and an LHCIIb trimer for each dim&&il core. The similar isolation
approach was used to produce an oligomeric LHCdimmlex of approximately 250kDa
molecular mass which was found more heavily phogpaied than the PSII associated
LHCIIb (Peter and Thornber 1991). The evidenceligfooneric LHCII association and the
fact that the minor complexes CP26 and CP29 rerdaattached to the core complex
despite LHCIIb dissociation led the way to the egd of a model describing the PSII
organisation (Peter and Thornber, 1991). This matbgicted association of up to 4
peripheral LHCIIb trimers on both sides of a centlianeric PSIl core complex, with the

help of ‘linker minor complexes CP24, CP26 and @PZhese findings were further

40



supported by 2D-electrophoresis of detergent stdeili PSII particles and cross-linking
studies which also confirmed existence of PSII d&eer core connected with the LHCIIb
trimers on the periphery of the complex, by thephel minor antenna CP29, CP24 and
CP26 (Bassi and Dainese, 1992; Jansson, 1994).

Further details of the macro-organisation of P&t #ds associated light-harvesting antenna
were revealed by the techniques of electron mia@g¢EM) and single particle analysis
of mildly solubilised PSll-enriched particles frapinach (Boekemat al., 1995). The PSII
supercomplex was observed in the shape of a rdetangich was proposed to be a dimer
formed from two PSII cores (C) and two strongly hdu HCII trimers (S), along with two
copies each of CP29 and CP26 monomers. This umérsamplex was referred to a C2S2.
However, there was no information about the Lhob3taining trimer and the Lhcb6 gene
product. More gentle approach was employed in er latudy on partially solubilised
membranes to isolate the PSII particles by gehfihn chromatography. This time all the
three minor complexes were located and an extragbanoderately bound LHCII trimers
(M) symmetrically associated within the supercompleas also found. This new
supercomplex was called C2S2M2 complex.

Further detailed analysis revealed binding of adtype of loosely bound LHCII trimers
(L) (Boekemaet al, 1999) (Figure 1.10). However, no supercompleshvaix LHCII
trimers bound (C2S2M2L2) has been observed, and é@vkas been found as case of
extremely low frequency to observe a supercomplgix five trimers (C2S2M2L) attached
to it. Thein situ particle analysis on grana membranes gently sadeblilby using the mild
detergent n-dodecyl;D-maltoside showed that mainly the C2S2M superdergs form
the basic motifs of the large semi-crystalline mesmle domains in spinach. By analyzing
the pairs of membranes with large-spaced crystaitiacrodomains, it was shown that PSII
complexes in one layer face the LHCIlI complexesopposite layer (Boekemat al,
2000a), this suggests that the organisation o$tipercomplex membranes is arranged in a
way to enhance transfer of energy between the daf@ekker and Boekema, 2005). An

assembly of 7 LHCII trimers to form an oligomer haso been shown to represent the
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native structure in the LHCII-only domains of grastathe peripheral margins (Dekketr
al., 1999).

Figure 1.10 Top view of the spinach C2S2M2 supercomplex (Dekked Boekema, 2005). “S”
and “M"refer to strongly and moderately bound LHCi&spectively. “L” indicates the loosely
bound trimer,found only in spinach. The centraltpiadicates the protein backbone in the
membrane-intrinsic part of the PSII core complealdglated from the structure of the PSII core
complex fromS. vulcanup Also shown the minor complexes CP29, CP26 an24CFX” denotes a
possible small peripheral subunit according tanfittand a comparison of slightly different types of
supercomplexes (Boekemaal., 1999b).

Similar C2S2M2 type supercomplex composition wa® albserved irabidopsisin the
form of a larger unit cell (Figure 1.11c). The Higlordered semi-crystalline fragments
(Yakushevskat al, 2001) were aligned and an average of such 4satrfragments was
revealed as a unit cell as shown within the reatlrxgnarking in Figure 1.11a. A density
map was used to locate the likely positions of LlH&Eand M trimers (shown as yellow)
and the minor complexes, CP29, CP26 and CP24 (slasvgreen) in Figure 1.11b, which
was further modeled to draw an individual isolatesnplex (Figure 1.11c) (Yakushevska
et al, 2001).
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Figure 1.11 Electron Microscopy images of grana fragments frArabidopsisshowing PSII-
LHCII macrostructure, containing C2S2M2 PSII-LHCHupercomplex as the basic motif.
(Yakushevskaet al.,, 2001). Sum of 450 aligned crystal fragments;uhi cell is indicated by the
rectangular shape (a). Image of (a) showing thexds M trimers (yellow) and CP29, CP26 and
CP24 (green) in (b) and a marked C2S2M2 superconiple).

The location of minor, monomeric light-harvestingoteins in the macromolecular
organisation was determined by studies involvingsstinking and antisense plants of
these proteins. Cross-linking studies revealed CB29 CP47 in close contact to one
another on one side of the supercomplex while CR5CP43 in proximity to each other
on the other side (Hankamet al,, 1997). Studies of antisense plants lacking ei@R26

or CP29 revealed the exact positions of the minonglexes within the supercomplex by
process of elimination (Yakushevsktaal, 2003). CP24 (Lhcb6) was located near CP29
(Lhcb4) as revealed by study of antisense plar@®29, while a decrease in the level of
CP24 was also observed in this plant (Anderssbral, 2003). A later study of the
knockout mutant lacking CP24 confirmed the positigrof CP24 and further identification
of its role in binding the M trimer to the superqaex (Kovacset al, 2006). CP29 has
been considered as essential for the formatiorupéromplexes, as no supercomplexes
are recovered following membrane solubilisation time absence of this protein

(Yakushevskat al, 2003). Contrarily, the supercomplexes remaiadnin the absence of
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CP26, although an increase in the solubility oflakgid membranes and the resulting
instability of supercomplexes is also noticed (Ystkevskaet al, 2003).

In case of major light harvesting proteins, absesfdencb3 protein has been found to have
little effect on trimer stability or macro-organisdion as compared to wild type (Damkjaer
et al, 2009). Interestingly, the supercomplexes withotliter two major light harvesting
proteins Lhcbl and Lhcb?2, isolated from antiselsdbidopsisplants (asLhcb2) have also
been found to maintain apparently unchanged maaiste as that observed in case of
wild type plants (Rubaret al, 2003). These antisense plants are devoid of batjor
LHCII proteins, but this appears to be compenshiedn enhanced expression of the minor
antenna protein Lhcb5 (CP26), without any changkewels of other Lhcb proteins. The
LHCIIb trimers seems to be replaced by minor Lhédisning trimers with Lhcb3, binding
at both the S and M binding sites. Though, thassets were found less stable than those
in the wild type plants. The plants also show tame extent of grana stacking as the wild
type and similar photosynthetic characteristicjaalgh non-photochemical quenching is
reduced (Anderssomt al, 2003). An increase in photosystem | antenna sias also
observed in these antisense plants, implying aexted compensatory response in the
composition of both photosystems as result of tddhie phosphorylated LHCIIb. All this
demonstrates the significance of PSII and LHCIl rmaoolecular organisation and
assembly to maintain light-harvesting and electransport, by means of extreme plasticity
at the level of its composition and hence functisabustness (Rubaet al, 2006).

1.8 Acclimation and adaptation to the light enviroment

In nature, plants face large temporal and spaaahtions in the intensity and quality of
light. For instance, plants exposed to direct gimlireceive more than hundred times
higher daily photon flux as compared to that awddaor plants growing under the deep
shade in the tropical forest. Similarly, light sppatquality varies between full sunlight and
shade conditions, with reduced red light in théelaby virtue of filtering by the canopy

(Anderson and Osmond, 2001). These fluctuationgimt environment necessitate the

development of an entire multilevel network of aoetions and adaptations in plants to
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regulate light harvesting, ranging from systemicntolecular level. At systemic level
changes are slow and involve leaf orientation (Bjian and Powles, 1987) and
morphological measures to curtail light absorptignglossy cuticle, salt deposition, air-
filled trichomes (Ruban, 2009). Changes at cellidael, like chloroplast movements
(Chowet al, 1988), are relatively fast and can affect lighsorption by 10-20% (Brugnoli
and Bjorkman, 1992).

The changes at molecular level are most profound,these can be categorised as long-

term photoacclimation and short-term adaptation.

1.8.1 Photoacclimation

Photoacclimation can be defined as adjustment adtqsynthesis to different light
conditions by altering the composition of the Iésfurchie et al, 2002, 2005; Walters,
2005). The long-term photoacclimation is mainly elepmental change, considered to be
regulated by complex light-induced gene expressibtranscriptional, translational and
post-translational levels. Photoacclimation haslEmonstrated to be adapted at both leaf
and chloroplast levels (Murchie and Horton, 1997hese processes result in
morphological and anatomical changes at leaf léweadptimise light absorption, such as
changes in thickness and orientation of leaveshidroplast level, the compositional and
structural changes in thylakoid membrane are broajghut, which are mainly changes in
antenna size and alteration of the ratio betwedraR& PSII (Murchie and Horton, 1998).
The PSII antenna size is reduced under high ligtensity due to proteolysis (Anderson
and Aro, 1997). Similarly high light can alter tre¢io between various PSI and PSII units,
for instance by inactivating a subpopulation of IP@haction centres (Anderscet al,
1988).
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1.8.2 Photoprotection

The short-term photoprotection is not generallyamgene control. These adaptations are
meant to counteract fast fluctuations in the lightironment, like diurnal variations in the

light quality and quantity, sun flecks and canoffg& (Anderson and Osmond, 2001).

1.8.2.1 Photoprotection under low light: state trasitions

Changes in the spectral quality of light environimefluence the activity of photosynthetic
electron transport. In order to compensate for fteguently occurring imbalance in the
photosystems excitation, plants have evolved a-$Bon adaptation mechanism, known as
state transitions (State 1-State 2 transitionshéentura and Mayers, 1969). The need for
state transitions arises from the fact that thetiea centres of photosystem | and Il have
different chlorophyll excited state energies, 70d &30 nm, respectively. The process of
state transitions is based upon LHCII phosphotatmechanism (Alleret al, 1981,
Bennett, 1983; Horton, 1983). When the efficien£y&Il to absorb excitation energy is
higher than that of PSI, this causes the reduaifdhe plastoquinone pool. Reduced PQ in
turn activates a kinase to phosphorylate some maiCIl polypeptides from PSIl which
can migrate to get attached to PSI complex. Thi€gss enhances the PSI efficiency to
absorb excitation energy by 20-35% to restore tiergy imbalance (Kyle et al., 1983).
When PSI gains relatively more excitation energg, tesultant oxidation of PQ this time
activates a phosphatase to dephosphorylate LH&t #SI, which migrate and incorporate
back into PSII (Fig 1.12). The use of low-temperatexcitation fluorescence spectroscopy
has suggested that phosphorylated LHCII is likelyoe a trimer in the quenched state.
Moreover, this Lhcllb binds and interacts effeciyvevith PSI to enhance light harvesting
under limiting light conditions (Ruban and Johnsa009).
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Figure 1.12The LHCII phosphorylation model of the state tiioss (Ruban and Johnson, 2009)

1.8.2.2 Photoprotection under high light: PhotoinHbition

Under the conditions of excess light intensity, thelance between excitation energy
absorption by light harvesting antenna and its egbsnt use in photochemistry is
disturbed. This leads to photoinhibition, a sustdindecline in the photosynthetic
efficiency, mainly associated with the damage attion centres (Powles, 1984). The high
susceptibility of PSII reaction centres is due twrsy oxidation potential of the P680
required to oxidise water. When electron donatiortie P680 is less efficient than its
oxidation, the powerful oxidant P680+ inevitablyargs oxidising and degrading nearest
proteins and pigments (Barber, 1995). On the ofterd, when acceptor side is less
efficient this results in recombination of radigalir to form the P680 triplet. This triplet
state P680 is highly prone to combine with moleca=aygen to create highly reactive
species of singlet oxygert@,), which in turn can bleach P680 (Telfet al, 1990).
Reactive oxygen species can also cause irrepataiiage to pigments, proteins and lipids.
Therefore a decline in the number of active PSitsuand the slow D1 repair both cause a
decrease in electron transfer even when excessidigio longer there (Ohaet al, 1984).
The rate of light energy utilisation can also beymbed by other environmental factors like

low temperature and GAimitation (Hortonet al., 2001).
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In addition to the above mentioned mechanismsseayic and cellular levels, plants need
to regulate their light-harvesting efficiency at le@ular level in a dynamic way, so that a
balance can be achieved between the absorptiorutdlistion of light energy to avoid
photoinhibition. Thus, under the conditions of esséight, protective mechanisms such as
non-photochemical quenching facilitate the de-atiwh of the singlet excited chlorophyll
molecules to dissipate excess excitation enerdyeas, and hence curtailing the formation
of triplet states of chlorophylls to avoid photoktative damage (Ruban, 2009).

1.9 The role of carotenoids in photoprotection

In higher plants, carotenoids perform various ingolr functions. These functions can be
categorized in four different sections:

1. harvesting the light as accessory pigments by ifatilg the absorption in the
region of the electromagnetic spectrum where thercphyll absorption is low;

2. scavenging of highly reactive triplet chlorophytichsinglet oxygen species;
3. dissipating the excess absorbed energy;
4. stabilising the structure.

As discussed earlier, photoinhibition and photadakve damage of the photosynthetic
apparatus are the result of formation of highlyctea *Chl and'O, species. Carotenoids
can quench botiChl and'O, species by energy transfer to form the tripletest the
carotenoid {Car) (Krinsky et al, 1971), which is accomplished by the non-desivact
thermal dissipation of the triplet energy (Math®6®, Mathiset al, 1979, Cogdell and
Frank, 1987). Such a photoprotective role of cawitt appears to be universal in
chlorophyll-based photosynthetic organisms. On thasis of mutant studies,
photoprotective roles have been described in higtamts forp-carotene (Telfeet al,
1994)), lutein (Kuhlbrandet al, 1994; Pogsoret al, 1998; Niyogiet al, 2001), and
neoxanthin (Locksteiet al, 2002; Dall’'Ostcet al., 2007).
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These photoprotective roles of carotenoids relynuipeir specific chemical structures and
electronic properties. Energy level diagrams foptznoids comprise of at least two singlet
excited states denoted ag &d $ according to their symmetry (Figure 1.13). Althbug
direct transition from the ground state)(® the first excited state {Sis forbidden due to
symmetry properties, however transition frogit& the Sexcited state can occur. Thig S
to S transition is followed by internal conversion beem $ and S states from where
carotenoids can subsequently return to its groumnct&e by dissipating the acquired
energy as heat or by transferring this energy tjiiowesonance to the chlorophyll
molecules (Cogdell and Frank, 1987; Rietal, 1996).
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— — relaxation
Absorption Internal
conversion
S P TR —
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Intersystem
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Figure 1.13 Jablonsky diagram of pathways for formation andagteof excited states.,ground
state, § S,...S, excited singlet and iTexcited triplet electronic states. Dotted linesowh
vibrational levels within each electronic stater@a and Nagaranjan, 2003).

Variations in the length of the conjugated doubdmd system of carotenoids have been
found to affect their Sand S energies, longer the conjugated double bondintesysf a

carotenoids lower will be its singlet excited stateergies. This suggests that a longer
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conjugated double bond system is more likely to enalcarotenoid reactive to inhib®,
(Edge and Truscott, 1999). The structural diffeesn@among the carotenoids are also
responsible for other physical properties suchodaripy (Rubaret al, 1993a).

1.9.1 Xanthophyll cycle carotenoids

The xanthophyll cycle (XC) was discovered by Yam#amet al (1962) as a reversible
process involving the de-epoxidation of violaxantta zeaxanthin in two steps by forming
another intermediate xanthophyll molecule calletharaxanthin. The XC is located across
the thylakoid membrane with the involved xanthoshipbund to the LHC proteins of both
photosystems mainly at the peripheral V1 site (Bnagnd Bjorkmann 1992, Lee and
Thornber, 1995, Rubast al, 1999) though some fraction of the pool may eftesgly in
the thylakoid membrane lipid phase under conditminghoto-oxidative stress (Havaux and
Tardy 1997, Morosinotteet al, 2002). Within thylakoid membranes, the forware- d
epoxidation reaction (violaxanthin to zeaxanthiogurs on the lumenal side and it involves
removal of an epoxy group from each of flrengs of violaxanthin to yield zeaxanthin via
formation of a mono-epoxy intermediate antheraxan{iamamotoet al, 1962, Hager
1969). The reverse epoxidation reaction (zeaxarthiriolaxanthin) occurs on the stromal
side of the thylakoid membrane in which an epoxyugris added to eadhring occurs,
again involving intermediate antheraxanthin inpinecess (Yamamotet al, 1962).

Violaxanthin de-epoxidation occurs in the light alsdcatalysed by the nuclear encoded
enzyme violaxanthin de-epoxidase (VDE). VDE wastfpurified from spinach (Arvidsson
et al, 1996) and then from lettuce (Rockholm and YamamtO96) and the enzymes from
both species have been found with an apparent mlaleweights of approximately 43 kDa
by the help of SDS-PAGE. VDE requires acidificatiohthe thylakoid lumen to become
active, with optimum activity between pH 4.8 — 5uwhilst becomes completely inactive
over pH 6.3 (Esklingt al, 1997). VDE also requires the build-up of ascteba addition

to acidification (Neubauer and Yamamoto, 1994)rfarximal activity. The conditions for
VDE activity can be mimicked in the dark by the yisiton of ATP which gets hydrolysed

by the thylakoid ATP-ase to formApH gradient across the thylakoid membrane (Gilmore
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and Yamamoto 1992). The activated VDE binds tontleenbrane at low pH conditions by
virtue of a conformational change within it aftéetprotonation of its four key histidine
residues (Hager and Holocher, 1994, Gisselssah, 2004). This enzyme exhibits an even
distribution between the grana and stromal lamelja@n membrane binding, with a very
low stoichiometry of only one VDE protein per 20 1®0 electron transport chains
(Arvidssonet al,, 1996, Arvidssort al, 1997).

The Violaxanthin Cycle

Lumen Thylakoid membrane Stroma
De-epoxidation § oH M Epoxidation
VDE HO violaxanthin ZE
pH<5.8 1 OH pH7.5

HO antheraxanthin O,, NADPH
ascorbate .
1 FAD, ferredoxin
OH
high light HO SSERATRIN Low light

Figure 1.14The scheme of xanthophyll cycle in higher pladehfset al, 2009).

The XC is completed by the reverse reaction, tfexamethin epoxidation, which occurs in
the dark or under weak illumination. It is catalydey another nuclear encoded enzyme
zeaxanthin epoxidase (ZE). This enzyme has not peeified directly, however cDNA
encoding ZE has been extracted from tomato andguepml then expressed in Escherichia
coli to synthesise it successfully (Bouvigral, 1996; Burbridgeet al, 1997). Similar to
VDE, ZE also demonstrates a strong pH dependeni, aptimum activity occurring
between pH 7.0 — 7.5 (Siefermann and Yamamoto, J19v%reover, the epoxidation
reaction also requires additional components likelegular oxygen (Takeguchi and

Yamamoto, 1968) and the cofactors NADPH (Siefermamh Yamamoto, 1975) and FAD
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(Buchet al, 1995), together with the presence of ferredaxifferredoxin’ like reductants
(Yamamoto, 1999).

Both the enzymes, VDE and ZEP, are members of e ppocalin family (Bugo<t al.,
1998) and structurally possess a conserved nai@h-fike’ cavity which enables them to
catalyse only altrans xanthophyll substrates but not theci8-ones (Yamamoto and
Higashi, 1978). This ‘well like’ cavity structurs iconstituted by an eight stranded anti-
parallel B-barrel that is considered to act like hydrophobinding pocket for the
xanthophyll substrates (Bugesal,, 1998).

The xanthophyll cycle pool size can vary by founds depending upon growth conditions,
as found in field-grown cotton and mazie leavesaf@r and Bjorkmann, 1992). Plant
growth in high light enhances the demand for dex&lation as compared to low light
growth conditions (Demmig-Adams, 1990). Thus a @mgked exposure to high irradiance
and/or cold induced stress has been demonstratettrease the size of the xanthophyll
cycle pool in a number of plant species (Demmig+Adal990, Johnsoet al, 1994,
Verhoevenet al, 1999). Despite an increase in de-epoxidatioa, lével of VDE itself,
however, decreases by 15-30% in high light (Esklargl Akerlund, 1998). Though
majority of the violaxanthin pool is bound to thetenna complexes at readily accessible
sites, not all of it can be converted into zeaxantRubanet al, 1999). The de-epoxidation
state (DES) can be calculated as DES=A+0.5 Z/A+Z4#Nere A, Z, V are antheraxanthin,
zeaxanthin and violaxanthin, respectively. DES besn typically calculated as around
60%, however values as high as up to 90% havelsso found specially under stress
conditions in certain plant species (Demmig-Adaansgl Adams, 1992). As a result of
light-induced de-epoxidation, the zeaxanthin buiful has been shown to have a strong
correlation with NPQ (Demmig-Adams, 1990). Furthetails of the XC role in NPQ will
be discussed in section 1.10.4.

In addition to its active role in non-radiative heldssipation of excitation energy in the
PSIl antenna, the XC appears to have a numberher omportant roles as well. The
zeaxanthin is evident to play a significant rolepiotection against the peroxidation and

degradation of thylakoid lipids under high lightests conditions (Havauet al 1991).
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Work on anArabidopsismutant ofnpql which is unable to de-epoxidise violaxanthin to
zeaxanthin, has demonstrated it as highly pronkpid peroxidation, pigment loss and
photoinhibition, whilst the rate of photosynthesmsmains unaffected in this mutant
(Havaux and Niyogi, 1999). On the other hand, a t@ld increase in the size of the XC
pool has also been made possible in ancMnabidopsismutant by overexpression of the
chyB gene encoding thp-carotene hydroxylase enzyme, which is a compooérihe
zeaxanthin biosynthetic pathway (Davisenal, 2002). Thus increase in XC pool size
enhanced the tolerance to excess light conditidnys,means of reduction in lipid
peroxidation, along with decline in leaf necrosml aanthocyanin levels (Johnsen al,
2007). These evidences highlight a strong link leetwzeaxanthin and the protection of
thylakoid lipids from photodegradation. Moreovegazanthin has also been shown to
reduce the membrane fluidity, thus providing a @ctibn against the heat-induced
increases in lipid bilayer permeability (Havaeikal, 1996). This final piece of evidence
suggests a regulatory role of the XC in membraakilgly. The XC has also been shown to
influence the oligomerisation of the LHCII. Zeastsin has shown stimulatory effect on
formation of LHCII oligomers with reduction in fluescence while violaxanthin inhibits
such aggregation with enhancement of fluorescemye.these opposing actions of
xanthophylls, macro-organisation of LHCIl and hengeysiological control of light
harvesting system can be manipulated by the actoviXC (Rubaret al, 1997).

1.10 Chlorophyll fluorescence and non-photochemicauenching (NPQ)
1.10.1 Chlorophyll fluorescence

When a chlorophyll molecule absorbs light energythe form of a photon, it results in
promotion of its electron, present in the conjudatelocalisedt-electron system, from the
ground state §to one of number of higher energy levels. Thiiowed by rapid decay
of electron to its first excited singlet statg ®irough the loss of vibrational energy as heat.
The electron from S1 state eventually decays backeé ground state {Eby either re-
emitting the absorbed energy as fluorescence {k&i)sferring the energy to a nearby low

or non-fluorescent chlorophyll molecule (kT); wdilig the energy in photochemistry for
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charge separation (kP); or by dissipating the gnerghe form of non-radiative heat (kD).
Chlorophyll can emit up to 30% of the absorbed tlighvitro, butin vivo this value is
reduced to around 3% (Krause and Weis, 1991). Thatgm yield of fluorescence®F) of
either single chlorophyll or a group of its molezsilcan be calculated as the fraction of
energy remained after competing with all the ab@vecesses, as expressed in the
following equation:

| N
OF= r

+kptk

kp +k H

T P

Equation 1.1 ®F= chlorophyll fluorescence yield, kF= rate constiam fluorescence, kT=
rate constant for energy transfer to an adjacemt fheorescent or low fluorescent
chlorophyll, kP= rate constant for photochemicabgamsses, kD= rate constant for heat
dissipation.

It is evident from the above equation that a desgea the fluorescence yield is possible by
two processes. The first process involves enhangkdtochemical quenching of
chlorophyll fluorescence or qP, which is derivednir an increase in kP, as a result of
photosynthetic electron transport. The second psdeappens as an increase in the
nonphotochemical quenching (NPQ) or gN, which is ttuan increase in KT or kD. All the
fluorescence changes observed at room temperaésidt rfrom effects of these two
processes on PSIl only, since the PSI fluorescgiete is much lower than PSII.

Separation of the photochemical and non-photoch@miomponents of chlorophyll
fluorescence quenching has been made possible plogng two techniques. The first
technique involves use of 3-(3,4-dichlorophenyl)-dimethylurea (DCMU) to block gP,
which inhibits electron transport from QA to QB RSIlI (Krauseet al, 1982). In the
second method, ‘light doubling’ technique is empgldyn which a strong light pulse is used
to saturate PSII photochemistry (Bradbury and Baké&x81). Moreover, the use of
modulated fluorescence along with application & flaturating pulses, allows continuous

visualization of the fluorescence vyield, to facilé the relative measurement of qP and gN
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contributions (Quick and Horton, 1984). The sammgwple forms the basis of PAM
(Pulse-Amplitude-Modulation) fluorimetry (Schreih&©86).

Horton and Hague (1988) classified NPQ on the bafstheir work involving a range of
inhibitors and monitoring the relaxation of NPQtire dark following illumination. They
found it to be comprised of three distinct compdeeqE (the rapid relaxing phase), qT
(slow relaxing phase) and gl (very slow relaxinggd), each representing the regulation of
light-harvesting.

The chlorophyll fluorescence quenching analysimésant to resolve these components and
gP (Figure 13). When a dark adapted leaf or chloybhwontaining sample is illuminated
with a weak measuring light, a minimum level ofdfascence or As achieved, with all
the RCs open at this stage performing photochegmiStthen an actinic light (AL) in
moderate to excess range (50-2000 pmol photoffssed’) is applied, a surge in
fluorescence is observed as the PSIl RCs get cloA#dn exposed to excessive light,
photochemistry is reduced to its minimum as allR@s are closed, thus the fluorescence
level reaches its maximumJ= This is followed by a decline in fluorescenceiathis due

to an increase in photochemical quenching thatnsegis the rate of photosynthesis
increases, and the slow induction of non-photochahguenching. The extent of gP and
NPQ can be measured here by applying saturatiig figlse/s in the presence of actinic
light. The maximum fluorescence (Jattained here by saturating light pulse shows the
extent of qP and difference betwegpdhd F; is used to calculate the value of NPQ. After
switching off the actinic light, recovery of,Fover a variable span of time, ranging from a
few seconds to hours, reflects relaxation of vaxi@@mponents of NPQ (Horton and
Hague, 1988; Walters and Horton, 1991).

The quantum vyield of PSII during the actinic liglimination can be calculated asw(F
F9/Fmr, where Ry and k are the maximum fluorescence and the steady fitaescence
during actinic light, respectively. This trace afsovides information on the proportion of
the light used in photochemistry. qP can be medshye(R,-Fs)/Fn-Fo, where i is the
minimum fluorescence level at weak measuring ligiteér dark adaptation (Figure 1.15).
NPQ is calculated as Fm)/Fr.
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Figure 1.15A typical fluorescence trace used for quenchinglyais. kis the minimum
and R, maximum fluorescence nFrepresents maximum fluorescence during actiniat lig
and Kk the steady state fluorescence in actinic light.” Fsnthe maximum fluorescence
during dark relaxation. AL=actinic light;, gP=photmmical quenching; gE=energy
dependent; gT=state transition; gl=photoinhibiticomponents of NPQ (Mulleet al,
2001).

1.10.2 Non-photochemical quenching of chlorophylldorescence
1.10.2.1 Photoinhibition dependent irreversible queching — gl

The gl or photoinhibitory component of quenchingither irreversible or slowly reversible
and may sustain for several hours. It relaxes avenger period, often with a half time of
greater than 10-20 minutes, however part of it banrapidly reversed on addition of
uncoupler nigericin (Ruban and Horton, 1995).ctistribution depends on the degree of

light stress. A part of gl occurs as the photodaedd@C quenches fluorescence, reflecting
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photoinhibition. However, a significant proporti@nises even in the absence of PSIl RC
activity and is referred to as sustained quencbintpe antenna (Gilmore and Bjorkman,
1994; Hortonet al, 1996). It has been suggested that gl is a redudtructural change
caused by illumination (similar to qE), but thisadge is sustained during the dark for a
longer period of time than the one responsiblegg®(Ruban and Horton, 1995). gl has also
been correlated with the presence of zeaxanthirgchnib only slowly epoxidised back into
violaxanthin during darkness (Demneg al, 1987; Jahns and Miehe, 1996). Later, it was
found that some of this persisting zeaxanthin isnobto the CP26 minor complexes which
led to the proposal of minor antenna complexebt@sites for gl (Dall'Ostet al, 2005).

1.10.2.2 State transitions dependent quenching— qT

The QT or state transition related component of NRQ a rather small proportion (15-
20%) of the maximum quenching, although its comntitn can become major under very
low light conditions which promote state transitidnalso relaxes slower than gE, with a
half time of around 5-10 minutes (Horton and Hagl@88; Walters and Horton, 1993).
This component was first identified as an increasehe rate of non-radiative heat
dissipation, which was postulated to be a photagtote mechanism, that actually
guenched both Fo and Fm but unlike gE was not dégerupon the\pH (Demmig and
Bjorkman 1987). Horton and Hague first resolved ajid ql by using sodium fluoride
(NaF), a thylakoid phosphatase inhibitor. The propo of reversible quenching found
sensitive to NaF was designated as qT. The sensitof qT to NaF suggested the
involvement of state transitions that were knowrdépend on phosphorylation of LHCII
(Horton and Black 1981). This phosphorylated LH{SIthen moved to PSI in order to
redistribute the energy between PSIl and PSI hkirsty a balance between the rates of
delivery of quanta to the two RCs for maximal pisyttthetic efficiency (Allen, 1992).
State transitions are inhibited in high light cdmatis (Aro et al, 1993) and are only
significant in the adaptation of plants at low lightensities to balance the excitation rates
between the two photosystems in order to maintagh guantum efficiency (reviewed in

Mullineaux and Emlyn-Jones, 2004). Consistent whils, T does not make a significant
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contribution to quenching under high light. Howeviéis hard to measure qT exclusively
as it overlaps not only with the slower componesftg|E (Walters and Horton, 1991), it
also depends on dark-induced inactivation stateeiwédoxin-NADP(+)-reductase (FNR)
on the acceptor side of PSI (Schanskeal, 2006).

1.10.2.3 Energy dependent quenching — gE

The gE or energy dependent quenching is the laggesponent of NPQ which is formed
during illumination as a proton gradient is develdpacross the thylakoid membrane
(Briantais et al, 1979). The qE is formed rapidly with a relaxatitalf-time of

approximately 30-60 seconds in the dark (Hortonldadue, 1988). It is usually estimated
as Fm/Fm’-Fm/Fm”, where Fm” is the maximum flusgence after about 10 min of dark

relaxation (as shown in Figure 13).

The contribution of nonphotochemical components firas explained as the second wave
of fluorescence quenching in the green daliorella pyrenoidosalt was suggested that
gE is not dependent on the photosynthetic electransport rate (Wraight and Crofts,
1970). It was also proposed that alteration infiherescence yield might be a result of a
change in the arrangement of chlorophyll a moleculader the influence of variable
conformation of supporting lamella. Moreover disation of non-fluorescing chlorophyll
a aggregates was considered to be a mechanism fexdation of energy from the
photosynthetic unit (Papageorgiou and Govindjee68).9 A decline in chlorophyll
fluorescence yield has also been described to belated to photochemistry and rather
influenced by high energy state of phosphorylatioat may affect the state of chlorophyll
a molecules in the chloroplasts. The process was speculated to be a way to reduce the
inactivation of the chloroplasts in excessive ligiiurata and Sugahara 1969).

Further investigation of fluorescence quenchinga&rpd the inhibitory role of uncouplers
to abolish ‘energy-dependent’ quenching, suggestsndependence on the trans-thylakoid
proton gradient formed during photosynthesis. Itswaso proposed that chlorophyll

fluorescence quenching occurs by an increase inatieeof non-radiative dissipation of the
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chlorophyll excited singlet state by means of thermegradation (Wraight and Crofts,
1970). These results were corroborated by anothetysto firmly establish a linear
correlation between the energy dependent chlorbfibgrescence quenching (qE) and the

intra-thylakoid proton gradient in the broken peatpplasts (Briantaist al.,, 1979).

Later on, it was discovered that the influx of pr into the lumen is accompanied by
efflux of magnesium cations. These simultaneousam@nts cause certain changes in the
thylakoid membrane structure which were proposedaffect both fluorescence and
absorption band around 535 nm (Krause, 1973). kransl Behrend (1986) first proposed
a physiological role of gE by discovering the irase in photoinhibition as a direct
consequence of abolishing the rapidly relaxing comemt of NPQ. Horton and Hague
(1988) later confirmed by their work on isolatedlocbplasts that photoinhibition was
inversely proportional to the level of gE. It wasggested that under high light conditions
gE impedes the build-up of reduced QA, thereby @néimg photoinhibition. It has also
been observed that, with the increase in lightnisity, a steady decrease in the PSII
guantum yield continues, however the level of giams high which keeps QA oxidised
(Weis and Berry, 1987; Genét al, 1989). This demonstrates that the decreaseantgm
yield of PSIl is not a consequence of feedback freeduced components of the
photosynthetic electron transport system; rathes result of NPQ that is reflected as an
increase in dissipation of the energy absorbedhleyantenna. All the above mentioned

findings suggest that qE is a regulatory mechammgant to provide photoprotection.

Another important role of thapH formation in qE is the activation of the xanthgl
cycle, detailed in section 1.8.2. The de-epoxigatd violaxanthin to zeaxanthin has been
linked to the level of gE in numerous plant speciader various environmental conditions
(Demmig-Adams, 1990) as well as in isolated chlasis (Gilmore and Yamamoto,
1992). The inhibitor dithiothreitol (DTT) has beamsed to block both VDE and
consequently qE (Bilgest al, 1989; Adamet al, 1990). Study of NPQ mutants has also
provided important insights to understand the meisma of qE. TheArabidopsismutant of
npgl which is unable to convert violaxanthin to zedkam exhibits much reduced gE.
Another mutaninpg2 which is unable to epoxidise zeaxanthin and hemorestitutively
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accumulates zeaxanthin, has faster qE inductiom ithéhe wild type plants (Niyoget al,
1998).

Spectroscopic studies of isolated thylakoids aral/de have indicated that high light
induction of gE correlates with two separate absoce changes. One absorbance change
at 505 nm is considered as a result of the zeaxafdhmation from violaxanthin by de-
epoxidation (Yamamotet al, 1972), consequently this change is a quantgatieasure of
the de-epoxidation reaction (Siefermann and Yamambt®74). The second absorbance
change, which is frequently referred to as a Iggtdttering change, has a maximum at 530-
540 nm and is designated &835. It is considered to be dependent on pH angriégence

of zeaxanthin (Bilgeret al, 1989). As both pH and zeaxanthin are considécette
significant prerequisites for the induction of qEJISAAS535 has been correlated with qE in
both leaves and chloroplasts, (Noatbial, 1993; Rubart al, 1993b) and no such change
has been observed in npg4 mutants, without PsleXjna gE (Li et al, 2000). As
mentioned earlierAA535 was initially thought to be a light scatterioange resulting
from a ApH-dependent conformational change in the thylakon@mbrane (Heber, 1969;
Krause, 1973) and it was also considered to benpetly related to aggregation of LHCII
(Rubanet al, 1993b). Further studies proved that this absard@&hange is a “real” one, at
least in part, and reflects a change in the ele@rabsorption of zeaxanthin. Moreover, it
was suggested that this change results from thevégion” of zeaxanthin molecules under
the influence of some change in their local enwvinent, thus it was regarded as a complex
change (Rubart al, 2002b). Change in the local environment of zathka has been
possibly speculated in the form of head-to-tailraggtion (Polivkaet al, 2002). A similar
absorption spectral shift giving rise to /A535 has been replicateth vitro upon
association between isolated PsbS and zeaxantlggesting that this interaction may be
crucial for the functioning of zeaxanthin in NPQsfAnall O’'Deaet al, 2002).

The PsbS protein plays an essential role in gE. niggel mutant, which lacks PsbS, has
been found to be deficient in the gE componentBOQNLI et al, 2000a). However, some
NPQ still occurs in this mutant but rate of indoatiand relaxation remains very slow.
Correspondingly, the absorbance changes associaittd AA535 also show slower
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formation and smaller amplitude (Johnson and Rul2d9). On the basis of these
observations, the role of PsbS has been proposagesmoter of conformational changes
within LHCII to bring about NPQn vivo (Horton et al, 2000; Horton and Ruban, 2005,
Johnson and Ruban, 2009). An in depth study ofadleeof PsbS has been made possible
by a number of site-directed mutations of this @irmtMost significant were those in which
mutation of certain lumen-facing glutamate residressilted in the inhibition of qE (let

al., 2002c; Liet al, 2004). It was proposed that protonation of thres@lues is a key event
in the pH-dependent induction of qE, which is cetesit with DCCD binding to this
protein (Rubaret al, 1992; Dominiciet al, 2002). The PsbS over-expressor lines of
Arabidopsisplants (L17) have also been generated, and tHasés @xhibited gE of larger
amplitude than that found in the wild type @i al, 2002b). Although this evidence has
been used to suggest a direct role of PsbS in MPIipg as the binding site for zeaxanthin,
however it was subsequently demonstrated thattimellatory role of PsbS is independent
of the presence of zeaxanthin (Crouchratal, 2006). Therefore, the exact mode of PsbS
action remains elusive to date. In fact the loecatd this protein is still ambiguous: some
reports suggest its association with either LHE®Ih{ et al, 1994) or the PSII core (Funk
et al, 1995; Dominiciet al, 2002; Bergantinet al, 2003); and some others even suggest
it as highly mobile within the thylakoid membrari¢i€ld et al, 2000; Yakushevskat al,
2001; Teandret al, 2007).

1.10.3 The site of qE

Various studies have attempted to suggest whetheakps place in the RC or in the light
harvesting antenna. Weis and Berry (1987) and léatexgeret al (1992) suggested the
PSIl RC as site of quenching on the basis of olasexv that the quantum yield of PSIl was
correlated with the amount of qE. It was propodeat tjuenching occurs in the PSIl RC
itself, due to the increased population of vhich facilitates rapid recombination via a
back reaction with P680This charge recombination and hence RC quendkipgpmoted

by inactivation of electron donation to P680, caubg low pH-induced release of Ca

from the OEC (Krieger and Weis, 1993). Howeverrehare some results indicating that
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guenching process can occur in RC (Finatzal., 2004), most of the evidence suggests
that the gE component of NPQ takes place in thensat (Horton and Ruban, 1992; Ruban
and Horton, 1995; Wentwortt al, 2000). Some of these evidence are as follows:

a) the gE-related heat emission occurs withinus.4Mullineauxet al, 1994), significantly
faster than the rate of QAnd P680 recombination (~120Qs);

b) the 77K PSII fluorescence spectral analysis laftpchemical and non-photochemical

guenching shows variations of pigment populationbath processes, as qP preferentially
guenches the PSII core at 688nm whereas gE queatmeaxima of 683 nm and 698 nm

(Ruban and Horton, 1995);

c) the XC carotenoids, which have been implicatedplay a significant role in qE
(Demmig-Adams, 1990), are only associated withgéepheral light harvesting antennae
(Peter and Thornber, 1991; Rubetral,, 1999);

d) quenching demonstrated by isolated antenna emplresembles many featuresrof
vivo gE observed in leaves and chloroplasts, sucheakitietics of fluorescence induction,
the enhancement by zeaxanthin, and the absorb&aoges accompanying the quenching
process (Ruban and Horton, 1992; Wentwetthl, 2000; Wentwortket al, 2001);

e) the gE inhibitor DCCD (Rubaet al, 1992) binds antenna polypeptides (Waltgral,
1994; Rubaret al, 1998a), later on DCCD has also been shown td @wnPsbS protein
(Dominici et al, 2002).

The above mentioned approaches strongly suggesghaccurs in the light-harvesting
antenna; however the RC could be involved unddaicephysiological conditions, such as

low pH or inhibition of antenna quenching.
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1.10.4 The mechanism of qE

Recently evidence has been provided for two distyypes of mechanisms to account for
guenching in the antenna. One of the mechanismgestg) zeaxanthin while the other
lutein as the quencher of excitation energy, howdah assign a substantial role for
zeaxanthin in the NPQ either as a direct quenchall@steric regulator of the process. The
first mechanism, suggesting zeaxanthin as the atiolig quencher of chlorophyll excited
states, is based on the evidence of strong caoeléetween gE and the formation of
zeaxanthin (Demmig-Adamst al, 1989a,b,c; Demmig-Adams, 1990). The essential
prerequisite of pH gradient for gE was explaineditsyrole to activate the zeaxanthin
binding site within PSII light-harvesting anteni@ltnoreet al, 1995).

An idea was proposed to explain correlation betwawmiuction of quenching and
violaxanthin de-epoxidation, based on the extramolaof various singlet excited state
properties of zeaxanthin in comparison with thosei@axanthin, as depicted in the Figure
1.16 (Owens, 1994). This was later named as thdetntar gear shift model” (Frard¢ al.,
1994). As discussed earlier (see section 1.9.i9,ttodel is based on the understanding
that chlorophyll can dissipate its excitation eryelyy transferring it to a carotenoid
molecule with the S1 level lower than that of form#&eaxanthin has lower; 3evel than
the chlorophyll Qy band, so it can act as quencoifiexcited singlet chlorophyll to bring it
back into ground state. Since thelé&vel of violaxanthin is higher than that of chiphyll

a, which makes it a good candidate as light hamgstigment. Thus the antenna can be
modulated to efficiently harvest light energy oreffectively dissipate excess excitation
energy, by converting violaxanthin into zeaxanthumder conditions with light energy

surplus of photochemistry.

Carotenoids exhibit at least two excited statesjethas $and S. As S to S transition is
possible and carotenoids use it as a measure rieféraenergy to chlorophylls. The S
energy level of carotenoids, zeaxanthin and vial#xa, relative to the chlorophyll a Qy
band can be calculated or extrapolated by usingetie¥gy gap law (Fran&t al, 1994).
Thus the $ energy levels of violaxanthin and zeaxanthin, @amparison with that of

chlorophyll, were found as higher and lower, regspety. Later a relationship was
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established between the length of the conjugatedbldadbond chain of the molecule and
ability to induceApH dependent quenching in LHGH vitro (Phillip et al, 1996). The de-
epoxidation of violaxanthin to zeaxanthin resultsincreasing the number of conjugated
double bonds from 9 to 11, and thereby promotes ILIgGenching. Thus the molecular
gear shift model suggests that differences inefergy states between zeaxanthin and
violaxanthin are sufficient to account for theirla® as quencher and light harvester,
respectively. This model also explains the actibriolaxanthin as an accessory pigment
during low light conditions, whilst its conversianto zeaxanthin makes possible the
dissipation of excess energy under high light coonis.
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Figure 1.16 The molecular gear shift model for non-photochainimenching (after Owens, 1994)

Some serious doubts were raised on the validitynolecular gear shift model, when the
direct measurements of violaxanthin and zeaxarghgrgy levels were performed, using
transient absorption (Polivkat al, 1999) and fluorescence (Frarét al, 2000)

spectroscopy. These measurements demonstratatighadlues of S1 energy states of both
xanthophylls were far lower than the extrapolatadsocalculated earlier; actually the basic
tenet of this hypothesis was negated as both valees found to be lower than the level of

chlorophyll a Qy band. A subsequent study, usinw ltemperature fluorescence
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spectroscopy, measured thee®ergy levels of the xanthophyll cycle carotenpfaeding
similar values with those previously reported (kraet al, 1994), however it was
considered to be a result of significant distortadrihe carotenoids, caused by a change in

protein at low temperature.

The relationship between the length of conjugatedbte bond chain and the pH induced
guenching in LHCIlin vitro was used as evidence to support the molecular gatr
model. However, subsequent studies suggesteddtaisonship was likely to be based on
differences in carotenoid configuration and notllo®m § excited state energy level (Ruban
et al, 1998b; Phillipet al, 1996). Direct evidence was obtained, using thdicaal
conjugated dyad model system, that energy trariisier a chlorin ring of chlorophyll to
the § state of a carotenoid, coupled with an internargh transfer state may cause energy
dissipation. Moreover, this study also showed #uatition of only one double bond to the
conjugated double bond chain of the carotenoid edawhe non-quencher carotenoid into
a strong quencher (Beresaal.,, 2006).

1.10.4.1 The carotenoid radical cation model

The transfer of electrons between carotenoids &horaphylls has been presented as a
mechanism for chlorophyll fluorescence quenching,aa alternative to singlet-singlet
energy transfer. The transient formation of caroigncation radicals as a result of
photoexcitation has been observed in both bactégia harvesting complexes (Frank and
Brudvig, 2004) and thylakoid membranes (Hetlal, 2005). On the basis of these studies,
a new model accounting for direct quenching wasgsstgd (Figure 1.17). This model
proposes direct quenching of the major light hamgsantenna chlorophylls following the
ApH-induced formation of a zeaxanthin/PsbS compléigure 1.17a). The excitation
energy can be transferred from chlorophyll to camotds if the lowest excited state of the
chlorophyll (Qy band) is higher than the carotenestited state. The carotenoid excited
energy state was measured by transient absorgiextrescopy of isolated thylakoids, and
was theoretically calculated as lower than the rdpbyll Qy band (Maet al, 2003).

Subsequently it was proposed that quenching ocasira result of energy transfer from
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chlorophyll to a carotenoid (zeaxanthin) or altéikredy by the formation of a chlorophyll
xanthophyll heterodimer. The formation of zeaxamshS complex was considered to
give rise to an exclusive signal depicting qE deleert changes (Ho#ét al,, 2004).

a
Zeaxanthin
- Protonation hinding
(=) -7 D) 7 ()
§7%
qE state
b

N\

*

— [chi-zea —l'- e — [ chi-Zea

Energy Radical Charge

transfer catlu_n recombination
formation

Photochemistry

Figure 1.17The PsbS-zeaxanthin complex model for non-photoata quenching (a) (Hokt al.,
2004). The hypothesis for the zeaxanthin catiom#&dion and the dissipation of energy by charge
transfer and recombination (b) (Heltal, 2005).

The model suggests that exposure to intense ligidetrs the formation of zeaxanthin

molecules in PSII. This mechanism involves tranefeenergy to a chlorophyll-zeaxanthin

heterodimer. This heterodimer undergoes chargeratema and subsequent recombination,
while transiently producing a zeaxanthin radicdlara In charge transfer mechanism, the
zeaxanthin molecules interact with excited chlogdishto dissipate the excess energy, by
giving up an electron to the chlorophyll to brirgetlatter’'s energy back down to ground
state and to turn itself into a cation radical.sThréaxanthin cation radical, unlike an excited

chlorophyll, is a non-oxidising agent.
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Application of near-infrared absorption spectroscdemonstrated the appearance of a gE
related absorption band (at approximately 1,000, nimjicating the formation of a
carotenoid cation. The signal, which appears omlychloroplasts showing gE and
containing zeaxanthin (Hokt al, 2005), was interpreted as arising from a chloytlp
zeaxanthin (Chl-Zea) heterodimer formed when qEinduced (Figure 1.15b). The
heterodimer quenches the bulk of chlorophylls (gdlvia the formation of a charge
separated ground state Chhd Ze4 which decay further to the ground state by charge
recombination. Consistent with this model, it wafcalated that zeaxanthin has the lowest
ionization potential of the xanthophyll cycle caobids (Dreuvet al, 2003). A zeaxanthin
radical cation was found exclusively at the L2 lmgdsite of all the three isolated minor
light-harvesting proteins, CP29, CP26 and CP24clwhiere either reconstitutaal vitro or
expressed in bacteria. As all the three minor cemgd showed quenching, therefore it was
suggested that no single antenna protein was gplyifrequired for quenching and these
complexes might be the site of @& vivo (Ahn et al, 2008; Avensoret al, 2008). The
effect of this carotenoid radical cation on theiedstate lifetime of the minor antenna
complexes has only been demonstrateditro and found as very small. Moreover, the
tightly bound violaxanthin in minor complexes hdsoabeen found as inaccessible for
deepoxidation. It has been proposed thativo, under the influence of thpH, a large
population of minor complexes can adopt a confoiomato account for substantial

reduction of excitation lifetime (Avensat al, 2008).

1.10.4.2 The allosteric model

The LHCII aggregation model of qE was first presenby Hortonet al (1991) as an

alternative to the direct quenching model. It wa®ppsed that protonation causes
aggregation of LHCII. As isolated aggregated angemvas found in quenched state,
therefore aggregation model was considered to $eornsible for the change in antenna
underlying NPQ. The extent of aggregation and heéwie® was found to be controlled by
peripheral xanthophylls, violaxanthin and zeaxan#s inhibitor and promoter respectively

(Hortonet al, 1996). Indeed, earlier studies on isolated dplasts already demonstrated
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that qE could occur both in the absence or presarficeeaxanthin only with the
requirement of different pH. Interestingly, gE we#en observed in isolated chloroplasts
devoid of zeaxanthin (Reext al, 1989; Noctoret al, 1991). These results show that
zeaxanthin itself is not the quencher; rather iffqgens an indirect role to lower the pH
requirement for gE. This initial model has beenatpd (Hortoret al, 2000; Hortoret al.,
2005) describing 4 LHCII states, depending on thegoxidation state of the xanthophyll
cycle and the lumenal pH (Figure 1.18).
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Figure 1.18 The LHCIl model for NPQ. LHCII is represented iregn; violaxanthin in yellow;
zeaxanthin, red; orange arrows indicate energyipdissn; H denotes protonation; (Hortenm al,
2000; Hortoret al, 2005).

State | depicts the unquenched, light harvestiate stf the antenna complex with bound
violaxanthin at no or minimal pH difference betweale stroma and the lumen. State Il
shows a partially quenched state of protonated tampith violaxanthin still bound to it.

In the light activated state Il, the LHCII is paity quenched in unprotonated and
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zeaxanthin bound condition. The final state IV esgnts the maximum quenching as both
protonation and zeaxanthin binding to the LHCIlwrcdn isolated LHCII, aggregation of
the protein and hence quenching can be inducetidyetmoval of the detergent (Rubestn
al., 1991), by the addition of Mg ions (Arntzen anit® 1976) or low pH (Briantaist al,
1979).

Several lines of evidence lend support to the ithest LHCIl aggregation was a “first
approximation” of the conformational change leadiogquenching. However, further
investigations revealed that the quenching progse&$iCIl was not a direct consequence
of protein-protein interactions during the procefaggregation, rather a result of intrinsic
conformational transition within the monomeric uoit the complex brought about by
protonation (llioaiaet al, 2008). This also suggests gE as inbuilt propeftyHCII
proteins, thus a protein conformational changersaltiee configuration of bound pigments
(Rubanet al., 2007).

Evidence has also been found that difference iviacbf violaxanthin and zeaxanthin in
gE can be a result of difference in their strudtuather than in their excited energy levels,
as proposed by the molecular gear shift model (Rebal, 1993a). It has been found that
the ability to induce quenching is not merely defent on the number of conjugated
double bonds. Auroxanthin, an isomer of violaxamthaving only 7 double bonds, can
induce quenching in the isolated LHCII with evereaer efficiency than zeaxanthin
(Rubanet al, 1998b). The explanation for this observation esrby finding a structural
similarity between auroxanthin and zeaxanthin bath, the head groups are in the same
plane with respect to the double bond chain, bay thre twisted in violaxanthin. This
structural orientation of the head group has tleeefbeen suggested to control the
interaction of the xanthophyll molecules with LH@Hortonet al, 1999). This observation
is in contradiction to the direct quenching modelg&, but fully endorses the indirect
model.

All the PSII light harvesting complexes have ingim ability to undergo transition to a
highly dissipative state vitro quenching. This may provide a feasible molecubsidto

relate conformational changes to qE (Horé&tral, 1996). However, the minor complexes
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have been demonstrated to affect both amplitudekaradics of quenching more than does
the major trimer LHCII (Rubaet al, 1996; Wentwortret al, 2001). Hence, quenching
was proposed as a collective property of the wianltenna, rather than of one particular
complex (Hortonet al,, 1996). Studies of various Lhc mutants have piediimportant
insights to this question. These mutants were edeaither by expression of anti-sense
Lhcb genes or T-DNA insertions in Lhcb genes. Thst ftwo antisense mutant lines
obtained were without Lhcb4 (CP29) and Lhcb5 (CPB6jh showed NPQ reduction by
only a 30% and 10%, respectively. The mutant lagki#29, however, was found to have
perturbation in macro-organisation with the absesfd@SII-LHCII supercomplexes, while
slightly unstable supercomplexes were found in cafe CP26-deficient mutants
(Yakushevskat al, 2003). Major effect on NPQ was observed in tlamts with antisense
and knock-out of Lhcb6 (CP24) with a maximum gEuetn of 60%. The macro-
organisation was also drastically altered as onBSZ complexes were observed,
implicating the exclusion of M trimers in addititm CP24. Plants without major Lhcbl and
Lhcb2, forming major constituents of trimeric LHCWere also created by an antisense
Lhcb2 line (Anderssoet al, 2003). This mutant type also showed a 30% réaluah gE,
but macrostructure remained unchanged as Lhcb%icamg trimers replaced trimers with
Lhcbl and Lhcbh2 to preserve PSII macro-organisati®ubanet al, 2003). In case of
plants without Lhcb3 as a result of gene mutatiba,NPQ remained unaffected with only
minor deviation in macro-structure from wild tyd@amkjeeret al, 2009). All these results
together suggest that no single Lhcb protein catusively regarded as the unique site of
gE and show, moreover, the significance of the matmcture of the LHCIl antenna
system for maximal NP@ vivo (Hortonet al, 2005; Kovacet al, 2006).

Spectroscopic studies of quenched LHCII help toeustind the mechanism of quenching.
The significance of the terminal emitter domainmpoising of Chla611, Chla612, Chl
b608 and lutein 1, has been emphasised by propasqgenching interaction between the
chlorophylls and lutein as a result of conformasibchange (Wentwortbt al 2001). The
first elaborate insights into the understandingwénching mechanism were made possible
by the studies of LHCII crystal structure (Léu al, 2004). Later spectroscopic analysis of
these crystals by Pascztlal (2005) demonstrated these crystals to be in adnesl state.
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The lifetime of these quenched crystals was meddoyethe help of fluorescence lifetime
imaging technique (FLIM) and found as 0.89 ns asiregj 4.2 ns measured in case of
isolated trimers. A characteristic 680 nm band @laith another maximum band at around
700 nm was observed in the fluorescence emissientisp similar to the results found
previously in the quenched aggregated LHCII. Simdhanges in pigment interactions
were also observed between crystals and trimethanResonance Raman analysis; the
neoxanthin molecule in each monomer in the cryistalvisted relative to its state in the
trimer. Similarly, changes were also found in thdowmphyll b region of the crystal,
indicating formation of an extra hydrogen bond lestw a formyl group of chlorophyii
and a water molecule in the crystal (Pasedlal, 2005). These observations indicate a
change in the LHCII conformation upon its transitio the quenched state. On the basis of
pigment orientation in the crystal structure, fallng three putative quenching sites have
been proposed (Pasalal, 2005):

- terminal emitter domain comprises of chlorophylhl a611, Chla612, Chlb608 and
lutein 1 (lut 620);

- neoxanthin domain: neoxanthin, lutein 2 (lut 6Z21hIb606 and Chb607;
- xanthophyll cycle binding domain (V1): violaxamhChla611 and Cha601;

The difference in interaction strengths of luteirarid lutein 2 with adjacent chlorophylls
was further elaborated by a subsequent study stalrgtructure; suggesting the interaction
of lutein 1 molecule with the Cld611 and Chbh612 molecules is likely to constitute the
potential quenching site (Yaet al, 2007). Recently it has been suggested that ¢prgmnc
of excitation energy does not require an intringdmformational change, and it can be
rather a result of interaction with external pignsen vitro or with Psb3n vivo (Barroset
al., 2009). However, studies showing the gE inducethtiinsic conformational change in
the absence of LHCII aggregation and hence ext@igalentsn vitro (llioaia et al, 2008)
and without PsbS botin vitro andin vivo (Crouchmaret al, 2006; Bonentet al, 2007,
Johnson and Ruban, 2009) are not supportive oéfitlve mentioned exclusion of LHCII

conformational change role in gE.
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Figure 1.19Structural modebf an LHCII monomer, depicting the molecular medsamof
gE. Lutein 1 (red) is in proximity with chlorin @s of chlorophylla 610, 611 and 612
(blue). The neoxanthin (Neo, pink) twist is shovencarved broad yellow arrow; while the
white broad arrow demonstrates the putative moveéwigltein 1 towards the chlorophyll
cluster (broad yellow arrows) (Rubenhal, 2007).

The intrinsically bound xanthophyll at the L1 sitrmally lutein, has been proposed as an
efficient quencher of chlorophyll excited statedg(ffe 1.19). Femtosecond transient
absorption spectroscopy on the trimeric LHCIl aggtes revealed that energy dissipation
occurred by energy transfer from chlorople/lio the low-lying excited state of lutein 1. A
corresponding change in the conformation of anotkenthophyll, neoxanthin, was
detected by resonance Raman spectroscopy and atedelith both LHCIlin vitro
guenching andh vivo gE. Therefore this quenching mechanism demonsteateduction in
the chlorophyll excited state lifetime by a magdéuwhich fully accounts for gk vivo.
This molecular insight into the mechanism of quamglre-affirms the allosteric model in
which qE is initiated by a conformational changetlie LHCII, induced by the light-
dependentApH. The conformational change thus gives rise tdnarease in the rate of
energy transfer from chlorophyl to lutein 1. Considering gE as a heterogeneousegs)

guenching by lutein lin LHCII may only be a par§ #his model does not rule out
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contribution of minor antenna complexes in the ahémy, which bind zeaxanthin at
internal sites occupied by lutein in LHCII (Rubatnal, 2007).

1.11 Project outline

The main focus of the work presented in this thissike identification and characterisation
of molecular factors that regulate the photoprotecicapacity of the photosynthetic
membrane and the efficiency of light energy utlima The role of two major
xanthophylls, lutein and zeaxanthin, which havenbmeplicated to play main role in the
NPQ, was investigated. Effect of xanthophyll compas on the regulation of light
harvesting was studied using available xanthophyitants ofArabidopsisand methods of
fluorescence and absorption spectroscopy. iFheitro biochemical and spectroscopic
investigation was carried out to investigate theb#ity of macro structure of thylakoid
membranes obtained from these mutants. Furtherrhbl@|l complexes from xanthophyll
mutants were isolated and characterised by means witro chlorophyll fluorescence
guenching and chlorophyll excitation life time mei@smnents. Finally, a double mutant with
over-expression of PsbS protein and devoid of zethka was generated and characterised
to further shed light on the role of PsbS and zetiia in energy dependent quenching gE.
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Chapter Two

Materials and Methods
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2.1 General laboratory chemicals

Chemicals and reagent used for all the analyseseapériments were obtained from
Sigma-Aldrichunless stated otherwise.

2.2 Plant material and growth conditions

Arabidopsis Arabidopsis thalianacv Columbig and mutant and transgenic lines derived
from it were grown for 8 to 10 weeks BanyoVersatile Environmental Test Chambers
(MLR-351) with an 8 hours photoperiod under a ligtiensity of 100Qumol photons i s*
(also known asiE) and day/night temperatures maintained AC28°C. The seeds were
sown in 19 x 15 cm seed germination traysJohn Innesseed compost and then were
transferred for stratification at°@ immediately after sowing, for 12 hours (overnjght
before being transferred to the growth chambers Weeks after planting, the seedlings at
4-6 leaf stage were replanted in 7.5 x 7.5 cm jglagbts in commercial peat free
multipurpose compost. Vermiculite, a commercialaiéable naturally occuring non-toxic
mica mineral, was also mixed in the compost at @4 concentration, to improve water
holding capacity and aeration of the compost. Thentp for thylakoid and BBY
preparation were grown in the plant growth room 8to 10 weeks under controlled
day/night temperatures of 2Z2/18°C and 8 hours photoperiod, provided by a bank of co
white Polylux XL fluorescent tubes (150nol photons i s?). The plants for high light
acclimation experiment were grown initially undéetcontrolled growth conditions as
mentioned above and then well-established pottedtplwere moved under high light
intensity of 700pumol photons M s* provided by HPI-T400W incandescent lamps
(Philips), for either short (one week) or long term (fouzeks). Plants were hand watered
periodically by either sprinkling or sub-irrigation

The xanthophyll mutants used were as follom@gl (mutated in violaxanthin deepoxidase
and therefore unable to synthesize zeaxanthindassxlight)npg2 (mutated in zeaxanthin
epoxidase and constitutively containing zeaxantéuen in low light, while lacking

violaxanthin and neoxanthin; Niyogt al.,1998);lut2 (lacking the expression of functional
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lycopene e-cyclase and lacking lutein; Pérez-Bueno and Hort@A08); lut2npg2
(possessing zeaxanthin as the only xanthophyll;adawet al., 2004); andlut2npgl
(lacking lutein and unable to deepoxidate violakanto zeaxanthin; Niyoget al, 2001).
The mutant lines oArabidopsisdeficient in PsbSpg4-1 (Li et al., 2000) and PsbS
overexpresser L17 (Let al., 2002b) were also used. All the mutants were frames
background (Col-0) and seeds were obtained fronowsircollectionsnpgl npg2 and
npg4 (Nottingham Arabidopsis Stock Cerjtreut2 (Patrick Romano)lut2npql lut2npg2
and L17 (Kris Niyogi). Plant material was alwaysllected for analyses and sample
preparation at the beginning of the photoperiotera® hr of illumination. Fully expanded

rosette leaves were used for all measurements.

2.3 Chlorophyll fluorescence induction

Room temperature chlorophyll fluorescence was nredswith a pulse amplitude
modulated PAM-101 or Dual-PAM-100 Chlorophyll Flescence Measuring System
(Heinz Walz, Effeltrich All the fluorescence measurements were perfortmgdising
DualPAM software. For analysis of NPQ, the plantsevadapted in the dark for 30 min
prior to measurement. Fluorescence quenching vaaged by two periods of 5 min actinic
illumination at 700pmol photons M s*, provided by arrangement of 635 nm LEDs
illuminating both the adaxial and abaxial surfacdsthe leaf. Each period of actinic
illumination was followed by 5 minutes of dark neddéion period. The maximal
fluorescence in the dark-adapted state (Fm), duhegourse of actinic illumination (Fm’)
and the subsequent dark relaxation period were uneédy a 0.8 s saturating (400Mol
photons rif s?) light pulse applied at 1 to 2 min intervals. NR@s determined as ((Fm-
Fm’)/Fm’). Fv/Fm was measured at the beginninghef analysis in the dark adapted state.
The reversible component (relaxing within 5 min)swassigned to energy dependent NPQ
(QE) and was calculated as ((Fm/Fm’) — (Fm/Fm”"hete Fm” is the maximal yield of
fluorescence after 5 min of dark relaxation follogiithe actinic illumination. To obtain
complete inhibition of violaxanthin de-epoxidatid@aves were vacuum infiltrated with a 5

mM dithiothreitol (DTT) solution. For the measuramef state transitions, interference
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filters were used to transmit light of 650nm PSght of 40 umol photons i s* and
715nm PSI light of 10umol photons i s, using 650FS10-25 and 715FGO7 filters
respectively. To analyse fluorescence quenchingtiis, a SigmaPlot software curve-
fitting procedure $PSSChicago, IL) was used.

2.4 Chlorophyll fluorescence lifetime measurement

Time-correlated single photon counting measuremest® performed using a FluoTime
200 picosecond fluorometelPiCoQuant GmbM Excitation light was provided by a laser
diode at 470 nm with 10 MHz repetition rate. Flism@nce was detected with 2 nm slit
width at 685 nm for leaves and 680 nm for isolatétCll and CP26. The instrumental
response function was in the range of 50 ps. Hetirhe analysis, FluoFit software
(PicoQuan} was used. To measure the chlorophyll lifetimghmotosynthetic state of the
dynamic range (unquenched state, Fm), detacheédeaere vacuum infiltrated with 50
uM nigericin to completely inhibit NPQ. The excitati light intensity was carefully
adjusted to completely close all PSIl reaction Entwithout causing photoinhibitory
guenching of Fm and to be far below the onsetmglst-singlet annihilation. White light
intensity of 700umol photons i s was used to induce the NPQ state (quenched state,

Fm’) in vivo.

Fluorescence
“ —N Sample

Detection 680 nm

Excitation

Laser pulses ®— 4
470 nm

Figure 2.1 Diagrammatic presentation of time-correlated srghoton counting setup to measure

chlorophyll fluorescence lifetime, using a picosetdluorometer.
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2.5 Preparation of thylakoid membranes

Unstacked thylakoids were prepared by homogenisipgroximately 50g fresh dark
adaptedArabidopsisleaves in 300 ml of ice-cold grinding medium (38 sorbitol, 10
mM Na,P,Ox10H,0O, 2 mM D-iso-ascorbate, pH 6.5) with a Polytréingématicg. The
homogenate was then filtered through four layersnoflin followed by two layers of
muslin containing a central layer of absorbentaotivool. The filtrate was centrifuged
using Harrier 18/80MSE centrifuge for 10 min at 4000 x g, and the chidast-enriched
pellet was resuspended in wash buffer (330 mM sadflli0 mM MES, pH 6.5) and again
centrifuged for a further 10 minutes at 4000 x lye Pellet was then resuspended in 30 ml
of resuspension medium (330 mM sorbitol, 50 mM HEPRH 7.6) and osmotically
shocked by mixing with 50 ml break medium (10 mMRMES, pH 7.6) for 30 s to lyse any
remaining intact chloroplasts. The osmotic potémntes returned to normal immediately by
addition of an equal volume of 50 ml osmoticum medi(660 mM sorbitol, 100 mM
HEPES, pH 7.6). The thylakoids were centrifugedeoagain for 10 min at 4000 x g and
resuspended in the resuspension medium. Stackkdkadigs were prepared using the same
protocol with the addition of 5SmM Mggin all the media.

2.6 PSII membrane preparation (BBYSs)

Preparation of PSIl particles preparations wasiedrout following the protocol of
Bertholdet al (1981). Approximately 40g of fresh leav@mbidopsiswere homogenised

in 300 ml of ice cold grinding medium (330 mM sddbi 10 mM NaP,O.x10H0, 5 mM
MgClz, 2 mM sodium D-iso-ascorbate, pH 6.5) with 2-3rsharsts from a Polytron. The
homogenate was initially filtered through 4 layefsnuslin followed by 2 layers of muslin
containing in between a central layer of highlyabgnt cotton wool. The sample was then
centrifuged at 4000 x g for 5 minutes, the supamatliscarded and the pellet resuspended
in washing medium (330 mM sorbitol, 10 mM MES, p#)before centrifugation for 7.5
minutes at 4000 g. The resulting pellet was requdpe in 30 ml of resuspension medium
(330 mM sorbitol, 5 mM MgGl 40 mM MES, pH 6.5) and osmotically shocked by the

addition of 50 ml of breaking medium (5 mM MgCpH 7.6). The osmotic potential was
78



restored after 30 seconds by the addition of 5®@ihd double osmotic strength medium
(660 M sorbitol, 5 mM MgGl 40 mM MES, pH 7.6). The thylakoids were then
centrifuged for 10 minutes at 4000 x g and thegpettsuspended in stacking medium (5
mM MgCl,, 15 mM NaCl, 2 mM MES, pH 6.3). A 0.5 ml aliquotsvused for chlorophyll
determination, and the rest of the sample was pesued to a final chlorophyll
concentration of 3 mg/ml in stacking medium. Thengke was left on ice in the dark
without stirring for a minimum period of 45 minutés promote membrane stacking.
Following this, the sample was then diluted withf lita volume of 10 % (v/v) Triton X-
100 in stacking medium to give a final detergemtasmtration of 3.33 % (v/v). The sample
was then incubated on ice for 30 minutes with oocad gentle inversions to help
membrane digestion. After this step, the digestias stopped by dilution of the detergent
with the addition of at least 6 ml of stacking madi The sample was then centrifuged for
30 minutes at 30000 x g (4 °C) irBa&ckmanJ2 centrifuge using a J2-21 rotor. The pellet
was resuspended in particle wash medium (2 mM EPFA\/.5) and again centrifuged as
in the previous step (30000 x g, 30 minutes at ¥ T@e supernatant was discarded and the
final pellet resuspended in deionised water. Sasplere used as required or frozen in
liquid nitrogen and stored at —80 °C.

2.7 Sucrose gradient separation

Sucrose density gradient centrifugation was peréarrfor further purification (removing
PSI and free pigments) of BBY PSII particles. Sest&p exponential sucrose gradients
from 0.15 to 1.0 M sucrose were used. Two 60 miase stock solutions of 0.1 M and 1.5
M in 20 mM HEPES buffer containing 20 mM n-dode@yD-maltoside (pH 8.0) were
prepared for a total of six tubes. 1.5 ml of 0.1sidtrose was pipetted into each of the six
tubes (9 ml total). Subsequently, 9 ml of the 1.5tdck solution was added to the 0.1 M
stock and mixed. Again, a total of 9 ml of the datstock are added to the tubes. This
process was repeated six times to form the grad2®tto 500 ml of sample were loaded
onto each tube and centrifuged at 200 000 x gSkv& 1 rotor for 18 h at 4°C.
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2.8 LHCII isolation

Major and minor antenna complexes were isolateth fumstacked wild-type and mutant
thylakoid membranes using non denaturing IEF (sscek focussing). The procedure was
carried out using a Multiphor Il Electrophoresistgyn Pharmacig following the protocol

of Bassiet al. (1991) as modified by Rubaat al (1994). A number of gels and ampholites
were used to analyse their suitability, as previousescribed Ultrodex 50 gel and
Ampholine pH 3.5-5.0 carrier ampholite were no mareailable. Therefore various
alternative Sephadex gels (G-50, G-75, G-100, G-Wde used and G-75 was found as
most suitable among the available types. SimilBHgrmalytes with various pH ranges like
25-5.0,4.2-4.9, 4-6.5, 3.5-9.5 carrier amphokisre used one with pH 2.5-5.0 was found
as an alternative to Ampholine pH 3.5-5.0.

A slurry of volume 100 ml containing 4.6% Sepha@eX5 (GE Healthcare Bio-Sciencgs
2% Pharmalyte pH 2.5-5.0GE Healthcare Bio-Sciencgsl% glycine and 0.06% n-
dodecylp-D-maltoside was prepared. Electrode strips weakesd in 2 % (w/v) pharmalyte
solution (pH range 2.5-5.0), excess solution wasoneed with tissue and the strips placed
at each end of the glass gel tray with dimensioh2405 x 11.0-cm. The slurry was
carefully poured into the gel tray, avoiding airbbles. The tray was then placed on a
balance, with a small fan installed about 70 cnvalto evaporate the excess water. The set
up was left for approximately 2-3 hours in ordeet@porate 37g of water. The anode and
cathode strips were prepared by soaking the gstripither anode solution (5.6 % (v/v)
HsPQy) or cathode solution (1 M NaOH). The excess sofutvas removed with a tissue
and the strips were carefully placed at either @inithe gel on top of the electrod strips. A
0.1 % (v/v) solution of Triton X-100 was appliedttee surface of the Multiphor Il cooling
plate to ensure good thermal contact with the rggl. fThe gel tray was then placed on the
cooling plate and the electrodes connected to ldgrede strips. Pre-focusing of the gel
was carried out at ~8 W (13 mA, 600 V) for 30-6hai2 ml of freshly prepared unstacked
thylakoids or PSII particles, with a total chlorgtiftconcentration of 2.5mg/ml, were used.
Then from 10% n-dodecy-D-maltoside stock solution, 0.5 ml for thylakoiois0.3 ml for
BBY samples was added and the sample was inculmateide for 30-60 minutes with
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occasional stirring. The sample was centrifuge80fi0 x g for a minute to remove any
insoluble material, and then the supernatant wpsep2 cm from the cathode on the pre-
cooled and pre-focussed gel using a sample applicdf0 x 2 cm). After sample
application the gel was allowed to equilibrate3aninutes before the start of focusing. The
focusing procedure was carried out for 18 h (oght)iat a constant power of 8W at 4 °C.
The initial and final current values were normats and 5 mA, respectively. Each green
band corresponding to the different light harvestoomplexes was carefully collected
using a spatula. The samples were eluted usingnemm volume of a solution containing
100 mM HEPES (pH 7.6) and 0.01% n-dodefyD-maltoside using a plastic Pasteur
pipette. The samples were then loaded onto a degalblumn to remove the ampholine,
using a desalting buffer (25 mM HEPES and 0.01-G©8w/v) n-dodecyB-D-maltoside

as required).

As mutant LHCII exists in the monomeric rather thiameric form (Loksteiret al.,2002;
Havauxet al., 2004), monomers were prepared from wild-type trsn@ccording to the
method described in Nussbergeal. (1993), Mutant samples were treated in the sanye wa
as a control. For monomer preparation, the trimeHEIl was treated with phospholipase
A2 from bee venom for 48 h at room temperaturehm ggresence of 20 mM CaGh a
sterilized eppendorf tube at a chlorophyll concaidn of 500 dmol/ml. Immediately after
the treatment, the sample was tested for monontensdy FPLC and absorption
spectroscopy. The monomeric LHCIlI were loaded oatdesalting column as for the

trimers onto a desalting column, and then usedifiatysis.

2.9 Pigment analysis - High Pressure Liquid Chromaigraphy (HPLC)

For analysis of pigments in leaves, 1 cm leaf diskse taken from fully expanded mature
leaves and immediately frozen in liquid Aihd stored at -80 °C until use. Leaf disks were
ground in 400uL cold 100% acetone. The samples were centrifuge8080 x g and

filtered before collecting in the sample insertgynients from various antenna protein
samples were detected by first subjecting to a els&paration- for concentrated major

LHCII 40 pl and for diluted minor complexes 200 qgflsample was mixed in mini glass
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tube with 340 pl water, 0.5 ml ethanol and 1 mLtlde ether. The hazy mixture was
formed by inverting the tube few times and themmwaéd to stand. The coloured organic
phase on top containing the pigment was then diyrefutracted using a fine syringe. The
collected sample was taken in a small conical fes#t then dried down under a jet of N
The dried pigment was resuspended in gD@old 100% acetone and collected in sample
inserts. These inserts were placed in brown glass and sealed with caps containing
PTFE (polytetrafluoroethylene) septa. Pigment cositmm was determined by HPLC
using a LiChroCART RP-18 columrMeérck) and Dionex chromatography system. Two
solvents system was used (solvent A: 87% acetleniftd% methanol, 3% 0.1 M TRIS pH
8; solvent B: 80% methanol, 20% hexane). The gradirem solvent A to solvent B was
run at a flow rate of 1 mL/min with the followingm profile.

0 —rihutes: 100% Solvent A
18 —@utes: 0% to 100% Solvent B
25 —Bhutes: 100% Solvent B
36 —Butes: 100% to 0% Solvent B

38 —hhutes: 100% Solvent A

Spectra were recorded between 280 and 750 nm ashanexPDA-100 photodiode array
detector. Each peak was integrated at its optimbsorance and analysed usiDmnex
Chromeleon software. The system was calibrated gusinlorophyll and carotenoid
standards of known concentration obtained fr@hl, Hgrsholm (Denmark). The
conversion factors allowing the calculation of pgrh concentration from the integrated

peak area were determined by calibration with tve pigments.
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2.10 Polypeptide analysis

The LHCII proteins were analyzed using immunobhgtiessentially as described by
Ganeteget al, (2004). Protein fractions were solubilised in @guolume of 2 x Laemmli
buffer, the samples were incubated at 85 °C fom#®and then proteins were separated by
15% denaturing SDS-PAGE mini gels (Laemmli, 19%@}h or without 6M Urea, using
Bio Rad Mini Protean Tetra Cell and PowerPac Badif uL of sample were loaded in
each lane, alongside broad-range molecular weigdrkens ‘Benchmark’ IQvitrogen).
Protein bands were stained using Coomassie btiliare stain (0.25 % (w/v) Coomassie
brilliant blue-R250, 10 % (v/v) methanol, 7 % (viagetic acid, 83 % (v/v) dH20). Gels
were de-stained for 10 hours in 10 % (v/v) methandb acetic acid 83 % (v/v) dB.

The PsbS detection was carried out by Western omunoblotting of thylakoid membranes
as described by Jansseh al., (1997). The sample preparation and separation @$-S
PAGE was performed as mentioned above. Sampleinorge.2 to 2ug of chlorophyll
was loaded per lane. Chlorophyll concentration determined using the method of Porra
et al, (1989). The gels were blotted onto Hybond ngiludose membraneAfnersham
Biosciencek with the help of Bio Rad Mini Trans-Blot Cellrifary antibodies for PsbS
immunodectectionAgriserg), raised in chicken, were detected by a seconiifDye 680
donkey anti-chicken IgG antibody. The Odyssey Ieftlalmaging System with Odyssey
software [I-COR Biosciencgsvas used to obtain high resolution images.

2.11 Determination of chlorophyll concentration

The chlorophyll concentration in various samples waeasured following the protocol of
Porraet al. (1989). Pigments were extracted with 80 % (v/v)tace and centrifuged at
3000 x g for 5 minutes to remove insoluble mateis&mple absorption was measured at
663 nm (A663) and 645 nm (A645) using U2800A UV-¥ectrophotometeH(tachi).
Chlorophyll concentration and chlorophylb ratio were estimated using the following

equations.
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[Chl a]= 12.7 (A663)-2.69 (A645) (Equation 2.1)
[Chi b]= 22.9 (A645)-4.68 (A663) (Equation 2.2)
Total [Chl]= 20.2 (A645)-8.02 (A663) (Equation 2.3)

Chla/bratio = [Chla] / [Chl b] (Equation 2.4)

2.12 Room temperature absorption spectra

Absorption spectroscopy of samples was performéngus U-3310 UV/Visible scanning
spectrophotometer. The absorption spectra wergdeddor standard measurements from
380-750 nm with a 2 nm slit width and data interedl 1 nm. Data analysis and

manipulation was done using UV Solutions software.

2.13 Low temperature fluorescence

Low temperature fluorescence spectroscopy was fmmeeid using a Jobin Yvon
FluoroMax-3 spectrophotometer with the help of grti€at DN LN-2 cooled bath cryostat
(Oxford Instrumenis The thylakoid samples were diluted in a mediwntaining 20 mM
HEPES buffer, pH 7.8, 5 mM Mggland 0.33 M sorbitol. The chlorophyll concentratio
was 12 ug/ml. The excitation light was provided from a Xendight source. For
fluorescence emission spectra, excitation was ddfiat 435 nm with a 5 nm spectral
bandwidth. The fluorescence spectral resolution wasm. In fluorescence excitation
measurements fluorescence was detected at 680688%nd 735 nm for thylakoid and at
680 and 740 nm for LHCIlI samples. The excitatioec$fal resolution was 1 nm. The
spectra were automatically corrected for the spédistribution of the exciting light during
data acquisition.
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2.14 Absorbance changes in leaves

Absorbance measurements were performed, in the #0B60-nm range, using &LM
Aminco DW2000 dual wavelength spectrophotometeaflsamples detached from dark
adapted plants and petioles wrapped in moist fpiagver were placed in leaf holder. The
leaf holder was inserted in the pre cooled’C)6sample chamber, facing at°4%oth the
actinic light and the measuring beams. A 250-W sterg halogen lampdefined by a
Corning 5-58 Filter, was used to deliver the red actiigbt intensity (700 pmol PAR
s') with a water filled cuvette in the light path asahéliter along with a long focus lens in
between the sample and light source. The photoptieitiwvas protected by @orning 4-96
filter and a 585nm short pass filter. The instrutr&it width was 5 nm and the scan rate
was 2 nm/s. For measuring light and recovery spet@af sample was illuminated for 1
min and then kept in dark for 4-5 mins, respectiv&hese spectra were recorded with two
monochromatic beams of 435 and 565 nm, within #mge of 410 to 565 nm, at scan rate
of 5.0. Filter set-up has been shown in the Fig. 2.

Measuring
beams

Diaphragm/switch 2 cm thick 16.C water
water filled
cuvette (heat
filter)

cooled
sample
chamber

Leafholder

Light source Pl D Cyan corning 4-96 filter
Long focus lens
Red Corning 5-58 filter

585 nm shortpass filter

Photo-
multiplier
tube

Figure 2.2Filter setup for Soret region spectra / kinetics.
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2.15 Gelfiltration- Fast Protein Liquid Chromatography (FPLC)

For FPLC analysis, stacked thylakoid membranes wigded to a final chlorophyll
concentration of 1.0 mg mland solubilised by the addition efdodecyla-D-maltoside to
three final detergent concentrations of 0.5%, 0a8% 1.1%. The samples were vortexed
thoroughly for 1 min, left to stand on ice for 3dnmand then centrifuged for 1 min at
16,000g. The supernatant was then filtered through a @s4Minisart nylon filter and
subjected to gel filtration chromatography usin§uperdex 200 HR 10/30 column in an
Amersham BioscienceSKTA purifier system run at a flow rate of 0.4 mthin™ using a
running buffer containing (20 mM Bis-TRIS, 5 mM MgC 0.03% n-dodecyl o-D-
maltoside, pH 6.5). Three wavelengths were setenprogramme for UV-900, 280 nm for
proteins, 670 nm for chlorophylls and 480 nm forot@noids. By using Unicorn software,
composition of supercomplex protein fractions, deépg the stability of membrane

macrostructure, was estimated.

2.16 Genetic crossing

Genetic crosses were performed according to stdnutacedures (Somerville and Ogren,
1982). Fully grown floweringhpgl and L17 plants were selected. For emasculation, a
cluster of buds on the main flowering stem wasciet removing all side branches. All
flowers, open buds and tiny central buds were redpleaving behind only 2-3 closed
buds to be emasculated on the floral stem. UBnmontbiology tweezers no.5 dumostar
(Agar Scientifig, floral buds were opened to remove all anthersesgé floral buds
containing only carpels were cross pollinated aketays,i.e. emasculatechpgl carpels
were pollinated by L17 pollens andce versa When the tips of siliques turned yellow,
they were harvested to be stored in eppendorf tidvelying out.
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Chapter Three

Effects of xanthophyll composition on the regulatia of

light harvesting in plants

87



3.1 Introduction

Xanthophylls have been implicated to perform thmegor roles in the light harvesting
antenna, photoprotection against excess excitaéinargy, structural stabilization of
proteins and light harvesting. Any change in thetkaphyll complement of the antenna is
therefore likely to affect these functional andistural roles. The xanthophyll composition
of each protein member of the LHC family is unigumgwever the highly conserved
secondary structure among these proteins sugdestpresence of similar xanthophyll
binding sites in all of them. In various xanthophyiutants ofArabidopsis thalianaa high
variability in occupation of the xanthophyll bingjrsites even unden vivo conditions
provides a good opportunity to explore the role aeed of these xanthophylls. Since
binding of xanthophylls has been indicated to bgrerequisite for the stability of LHC
proteins (Plumley and Schmidt, 1987), any chang¢he xanthophyll complement can
accordingly alter the organisation of the antenrgins in the membrane. These changes
can lead to structural anomalies as well as vaiabictional capacities for photoprotection
and light harvesting in photosystem Il. In thisapter, photoprotective, light harvesting
and structural roles of xanthophylls will be eladted by study of gE and related
conformational changes, photochemical parametedsstate transitions, respectively. As
this study deals with investigating the moleculachnism of photoprotection in higher
plants, therefore functional role of xanthophytighis regard is studied in detail.

There is strong evidence that the site of photegtote E is located in the light-harvesting
PSIl antenna and that xanthophylls are involvethis function, though the knowledge of
the mechanism of energy dissipation remains coatss@. Two distinct quenching
mechanisms have been suggested, one involving z#exgtype I) and the other lutein
(type II). The type | mechanism proposes qE tolblegatorily dependent upon zeaxanthin,
which acts as a quencher of chlorophyll excitatmergy via the formation of a charge
transfer state. Evidence for this quenching medmrns the formation of a carotenoid
radical cation that correlates with the extent &f showing absorption at approximately
1,000 nm (Holtet al.,2005). Further evidence in this regard was inféine of report of a
zeaxanthin radical cation formation which occurslesively at the L2 binding site of the
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minor antenna complexes (Alat al., 2008; Avensoret al., 2008), suggesting reversible
insertion of zeaxanthin into this internal siteaaprerequisite for quenching. The type Il
mechanism presents the xanthophyll bound at th&tkelin the major antenna complexes as
an effective quencher gE of chlorophyll excitedestacontrolled by the intrinsic property
of LHCII proteins to undergo a conformational charadtering the configuration of bound
pigments (Rubaet al.,2007; llioaiaet al.,2008). In this mechanism, the role of zeaxanthin

has been suggested as an allosteric modulatoe aftH sensitivity.

There is possibility for both the above mentioneechanisms to contribute to vivo gE,
since the quenching occurs in both the presenceabsence of zeaxanthin (Adamtsal.,
1990; Crouchmaet al.,2006). Despite the involvement of different xampthglls operating
at discrete sites, both mechanisms have been mdposevolve similarly as a result of a
ApH-triggered, PsbS-mediated conformational charRgbénet al., 2007; Ahnet al.,
2008). Here a crucial question arises as whethakarghin-dependent and zeaxanthin-
independent gE arise from two different mechanidyyses | and Il, respectively) or from
the same mechanism (type IlI). The formation of @i grises of two components: the
initial rapidly formed component is zeaxanthin ipdadent; while the second slowly
formed component is zeaxanthin dependent as iteledes with violaxanthin de-
epoxidation (Adamet al., 1990; Ruban and Horton, 1999). Both the componehtsE
relax rapidly in the dark (Adanet al.,1990)

The formation and relaxation kinetics of qE canirbeestigated to determine whether two
mechanisms can account for two components of gle,Hee test the hypothesis that the
two components arise from different mechanismswat discrete sites: the zeaxanthin-
dependent component originates in the minor monignagtenna by a type | mechanism
(Gilmore et al., 1998; Ahnet al., 2008; Avensonet al., 2008), and the zeaxanthin-
independent component originates in the major tieneHCII by the type Il mechanism.
The PSII reaction centre quenching has also beggested to contribute towards the
zeaxanthin-independent component of qE, at leasteurow-light conditions when
transient gE is formed (Finazet al.,2004). This hypothesis gives rise to some preahisti
First, the two components could not compensatehferloss of one another because their
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effect would be additive (Niyoget al.,1998; Pogsoet al.,1998) and each of them should
contribute a discrete component to the kineticgbfformation and relaxation. Second, in
the mutants lacking lutein, zeaxanthin-dependemhpmment should remain unaltered,
while the capacity of the type Il mechanism wouddreduced. Finally, the two components
may be anticipated to correlate with different apton changes in the Soret region. These
absorption changes are result of conformationahgbs within the PSII antenna upon qE
formation and depict the variation in the absorptgpectra of bound pigments as a
consequence of conformational changes (Rudtaal., 1993a, 1993b, 2002b; Bilger and
Bjorkman, 1994). In this work, the investigation g formation and relaxation kinetics,
gE-related absorption difference spectra and abschlorophyll fluorescence lifetimes has
been carried out to test the above mentioned hgg®hContrary to the above predictions,
the data demonstrates that qE, in both steadyrandiént forms, is controlled by a single

common mechanism within the PSII antenna, irrespectf zeaxanthin.

As mentioned earlier, xanthophylls are also bellet@ play significant role in structural
stability and light harvesting of LHCII antenna. éfbby any change in xanthophyll
composition is likely to influence these two rolgsite similarly to the effect on
photoprotective capacity and dynamics. For thigppse various fluorescence parameters
related to photochemistry were also investigatedh @he hand, parameters like
photochemical quenching (gP), yield of PSBlIj and electron transport rate of PSIl (ETR
II) indicate towards the light harvesting efficignaf the antenna as a result of any change
in the spectral cross section influenced by xartiyhgomposition. On the other hand role
of a particular xanthophyll in the assembly andbiity of antenna can be assessed by state
transition parameter, demonstrated by migration amachment of LHCII antenna under
low light conditions. All these methods are nonasiwe and insightful, thus can provide
reliable and ample information regarding role ofmtkephyll in the photosynthetic

membrane system.
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3.2 Results
3.2.1 Pigment composition of xanthophyll mutants

Xanthophyll mutants were analysed for their pigmssrhposition in comparison to that of
the wild type plants. Wild type and xanthophyll @awit plants were grown for 8 to 10
weeks under similar control growth conditions ghli and ambient temperature (1,0®o0l
photons rif s, day/night temperature of 22°CPt8 8 hr photoperiod). Leaf discs were
collected from these plants to analyse their pigneemposition by HPLC in both light-
treated and dark-adapted conditions. The expeardrgl differences were found between
the xanthophyll mutants and the wild-type plantal{fé 3.1) as reported previously (Niyogi
et al, 1998; Havauet al, 2004; Pérez-Buerand Horton, 2008).

Both antheraxanthin and zeaxanthin were absenhpgl, while npg2 was lacking
neoxanthin, violaxanthin and antheraxanthin. Bat@ andlut2npglmutants were lacking
lutein, whereas itut2npg2all the xanthophylls were absent except zeaxanftbsence of
any xanthophyll in these mutants was compensatezhhipcrease in the quantity of other
xanthophylls, for example all lutein deficient mutss maintained their total xanthophyll
contents by an almost similar increase of xanthtbgygle pool size. All lutein mutants
and npg2 were found to have larger xanthophyll cycle pdart wild type, however no
significant difference in pool size was observetiMeennpqgl and wild type despite the

fact thatnpgl lacked antheraxanthin and zeaxanthin. In thernateL1l and L2 Lhcb

protein-binding sites of lutein mutants, violaxanthas been suggested to replace lutein in
case oflut2 and lut2npgl mutants, whereas zeaxanthin being the sole xanytioph
lut2npg2 substitutes lutein at these sites. Notably, bbtt? and lut2npql retained
significant amounts of their zeaxanthin and antkemnthin components even in the dark-
adapted condition, implying that a fraction of thede-epoxidised xanthophylls is not
available for epoxidation. The light-induced de-gdation was absent in botipgl and
lut2znpgl, whereas 100% de-epoxidation was constitutivelsent in case afipg2 and

lut2npg2
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Plant Typt Nec Lut Vio Ant Zet DEPs

Wild-type,daek  52+0%f 171 44+0. 0.210. 0 4+0.€

Wild-type, lighr 51+0¢ 16+1 20+0.« 08#0.! 1.7+0.« 46%1.z

npqgl-dark 53+1.. 18+xz 44=+1. 0 0 0

npqgllight 57+0f¢ 20+1 53+0.3 0 0 0

npqgz-dark 0 18+1.¢ 0 0 9.5+0.¢ 10C

npgZzlight 0 18+1.t 0 0 9.2 +0.f 10C

lut2-dark 49+0.¢ 0 13.7 3.6x0.. 1.0+0.1 12+2./
1.4

lut2-light 48+1. 0 82+0.8f 45+0¢ 4.1+1.0 38+2.¢

lut2npqgl-dark 49+0. 0 146 26+0.0. 09+0.f 12+1¢
1.2

lut2npI-light 52+0. 0 151 280 120z 3542
+0.4

lut2npgz-dark 0 0 0 0 15 +0.¢ 10C

lut2npqzlight 0 0 0 0 15.4+0.8  10C

Table 3.1 Pigment composition of wild-type and xanthophyll temt plants. Leaf discs were
collected from plants either dark-adapted for 3@ orilight-treated for 10 min at 700 umol photons
m? s*. Data are normalized to 100 chlorophglt b molecules and are means + SE from four
replicates. No differences were detectedrpg2 npql, lut2npql, andlut2npg2between light and
dark conditions. Neo, Lut, Vio, Ant, Zea and DERpresent neoxanthin, lutein, violaxanthin,
antheraxanthin, zeaxanthin and de-epoxidation stafé [(zeaxanthin + 0.5
antheraxanthin)/(violaxanthin + antheraxanthin axamthin)], respectively.
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Total chlorophyll contents per unit leaf area df tak genotypes were measured using
spectrophotometer and found as similar with no iB@mt differences. However, a
significant increase in chlorophydl/b ratio was observed particularly in lutein defidien
double mutants (Table 3.2). As Ohis attached particularly to LHCII, so this may ypide

an evidence of decrease in antenna size in ak tmegants.

Plant Typt Total Chl Chla/b
(mg/ml)

WT 314+ 022 3.14+0.0¢
npq1 290+032 3.1€+0.1¢
npgz 3.05+02C 3.32+0.1¢
lut2 275+ 038 3.44+0.12
lut2 npgl 326+025  3.4€+0.0€¢*
lut2 npg2 311+032  3.6(+0.1%*

Table 3.2 Chlorophyll concentration measurements of wildetyjWwT) and xanthophyll mutants.
Pigments were extracted with 80 % (v/v) acetonmfleaf discs, using UV-Vis spectrophotometer.
Mean values of four replicates (xSE) are shownStignificantly different to WT (Student’s t-test
p=0.05).

3.2.2 Effect of xanthophyll composition on gE andelated conformational changes

In order to investigate the effect of varying xamghyll composition on various
fluorescence parameters, fluorescence inductiomesuwere recorded on dark adapted
wild-type and xanthophyll mutant plants. All of #eemutants possess unchanged levels of
ApH compared with the wild-type plants (Pérez-Buehal, 2008), the kinetics of NPQ
should therefore be affected only by the differenae the xanthophyll contents among
these genotypes. Two actinic light intensities,hhand moderate (1600 and 7Qfol
photons rif s, respectively), were initially used to compare tesponse of xanthophyll
mutants by studying following parameters of PAMacbphyll fluorescence analysis: qE,
gP, ql, quantum vyield of PSII, regulated and nayutated NPQ ®ll, ®NPQ, ®NO,
respectively); and electron transport rate of RSTR II). The magnitude of NPQ
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(A) NPQ maximum amplitude during first illumination
at 70QuE and 160QE actinic lights
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Figure 3.1 Maximum amplitudes of NPQ measured at the endirsf 5 min illumination(A),
followed by 5 min dark relaxation and then by timgl @f second 5 min illuminatio(B). All data
are meant SE for at least three plants. All data are sigaiftly different to WT (Student’s t-test

p=0.05).

increased with the use of higher actinic light ih the plants, as high light might be
expected to induce high&wpH and/or extra zeaxanthin formation. However, osaigh

actinic light also resulted in the increase of sloweversible components of NPQ, as
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indicated by the effect of uncoupler nigericin ¢gat 3.2.3.5). NPQ amplitude among all
the xanthophyll mutants was found lower than tHati@ type, at both actinic lights used
(Fig. 3.1 A,B).

3.2.2.1 gE Formation Kinetics

To compare the kinetics of both zeaxanthin-indepahdand zeaxanthin-dependent
components of qE, NPQ formation was measured dutmg successive periods of
illumination. The actinic light intensity of 70@mol photons i s*was selected in order to
enhance the reversible gE component of NPQ andinimize the slowly reversible gl
component. During the first illumination, NPQ fortiwea was found as more rapid pg?2
lut2npg2 andnpqglthan in the wild type, while it was observed asn&r in case olut2,
however all the xanthophyll mutants showed loweN\&mplitude than that of wild type.
These differences in the kinetics of NPQ formatigre found similar to those observed by
others (Niyogiet al, 1998, 2001; Pogsoet al, 1998) (Fig. 3.2 A; Table 3.3). The de-
epoxidation rates irut2 and wild-type plants had been found as virtuatheniical
(Loksteinet al, 2002), therefore difference in rates of NPQ fation could not be ascribed
to this factor. The NPQ amplitude int2npgl plants was very small, whilst gE was
virtually absent in this double mutant at modegatgnic light; this shows the inhibition of
zeaxanthin-independent qE in the absence of lw@eth zeaxanthin. Considering this fact,
the slower NPQ formation ilut2 could similarly be assigned to the absence of aethin-

independent gE.

The kinetics of NPQ reformation were also obtaimedeaf samples that had previously
been subjected to illumination for 10 min at §0fol photons i s*, followed by 5 min
of dark period in order to achieve gE relaxationribg the second illumination, the NPQ
reformation kinetics were accelerated in all theesacompared with the first illumination
cycle (Fig. 3.2 B; Table 3.3). The reformation & gas more rapid in the wild type, taking
less than 20 s to reach saturation, and was now fagter than that of thepgl mutant.
Contrarily, NPQ formation was still at faster ratehenpg2as compared to the wild type.
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Figure 3.2 Kinetics of NPQ at 70Qumol photons i s* in wild-type and xanthophyll mutant
leaves. NPQ formation kinetics in dark-adapteddsaduring first 5 min illuminatiofA), followed
by 5 min dark relaxation NPQ formation kinetics idgrsecond 5 min illuminatio(B) and final
NPQ relaxation kinetics during 5 min dark peri@d). Average NPQ formation and relaxation
curves were fitted in all cases with a Hilhction (y = [aX]/[c® + X] and a hyperbolic decay (y
= yo + [ab]/[b + X], respectively. Wild-type (black starsipg2 (white circles),npql (black
triangles) andut2 (black squares)ut2npg2(white diamonds). Data is average of 3 experiments
standard error.
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However the effect of lutein replacement by zeaxanon gE was intriguing as gE
formation in lut2npg2 was found to be slower and with lower amplitude biath

illuminations compared withnpg2 In the similar way, the lutein replacement by
violaxanthin inlut2 mutant affected gqE formation by reducing both ratel amplitude

compared with the wild type, despite the fact thate was no difference in de epoxidation
state between the two. Therefore in the internadlibg sites of the Lhcb proteins, lutein
replacement by either violaxanthin or zeaxanthiduoes the rate and amplitude of gE

formation, independent of the differenced\ipH or de-epoxidation state.

Plant NPQ, Dark Formation Relaxation NPQ Reformation
Adapted 2 (s) t2 (s) Preilluminated t*2 (s)
Wild type 1.82+0.1 4410.9 12.941.2 1.75+0.1 7.5£0.4
npql 0.58+0.1 1942 5.8+2 0.48+0.1 10.50.5
npq2 1.54+0.1 16+0.8 5315.5 1.32+0.1 6.5+0.1
lut2 1.2540.1 9612 10.50.5 1.0940.1 9.5+0.5
lut2npq1 0.370.1 12043 8013.5 0.350.1 16+2
lut2npq2 0.82+0.1 22+1 77134 0.54+0.1 7.510.5

Table 3.3 Kinetic parameters of NPQ in wild-type and xantigpmutant plants. Half time ?)
was calculated manuallpata are averages of three independent experimte®iEs and obtained as
for Figure 3.2.
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3.2.2.2 gE Relaxation Kinetics

During the dark phase following the first illumirat, the kinetics of qE relaxation were
also monitored in the wild type and xanthophyll emis. In all cases, the relaxation of gE
could be fitted to a single hyperbolic decay (R C; Table 3.3). The mutants with
constitutive presence of zeaxanthmpg2 andlut2npg2 were found to have much slower
relaxation kinetics than all others. The rate déxation of qE in thenpgl mutant was
measured as twice as fast as in the wild typehigsniutant is without zeaxanthin so gE
comprises only of the zeaxanthin-independent compbrContrarilynpg2 mutant, which
contains both zeaxanthin-dependent and zeaxamttigpendent components, relaxed at
much slower rate than wild type. The hypothesisarégg involvement of one or two
mechanisms in gE can be tested by comparing thgatdn kinetics ohpgqlandnpg2 If
separate type | and type Il mechanisms exist, tpEgnshould have relaxed with two
components impg2 one - fast zeaxanthin-independent component Igirnto npql and
the other - slower zeaxanthin-dependent one. Howelefying this prediction, it was
observed that the additional constitutive zeaxanithnpg2 slowed down the relaxation of
all of g, and not just the zeaxanthin dependemhpmment. Indeed, the rate of qE
relaxation innpg2 was monitored as three times slower than thahefwild type. The
relaxation of gE was further slowed downut2npg2where additional zeaxanthin replaces
the internally bound lutein. In contrast, replacaemef lutein by violaxanthin inut2
resulted in a marginally faster relaxation of g&rthn the wild type. In case bft2npql as
photoinhibitory components have most contributionttee NPQ was slowest to relax. In
summary, the amount of zeaxanthin seemed to madthat rate of qE relaxation, which
behaved kinetically as a single process.

3.2.2.3 Transient gE Formation

At low light intensity, qE is transiently formed,heh is suggested to form in the PSII
reaction centre (Finazat al, 2004). In this work, effect of alteration in xaaphyll
composition on this type of transient qE was alsalysed using actinic light of low

intensity (100umol photons M sY). It was observed that similar to steady state gE
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generated at high light intensity, the transientfqined at low light intensity was also
affected by alteration in the xanthophyll compasiti The similar dependence on
xanthophyll composition was exhibited in transigkt at low light intensity in the form of
its strong reduction impgl lut2, andlut2npg2mutants compared to wild type and a total

absence in case bft2npglmutant (Fig. 3.3).

NPQ

0 200 400 600 800
time (seconds)

Figure 3.3 Kinetics of transient NPQ at 10@mol photons i s* in wild type and xanthophyll
mutant leaves dark adapted for 30 minutes. Wilde tiplack stars)npg2 (white circles),npql
(black triangles) andut2 (black squares)ut2npg2 (white diamonds)jut2npql (white squares).
Data is average of 3 experiments + standard error.

3.2.2.4 gE-Related Conformational Changes

A linear correlation has been found between thefagBhation and a positive absorption
change in leaves at 535 nmwA535), which monitors a conformational change iae BSII
antenna that accompanies quenching (Heber, 196§erBand Bjorkman, 1990; Ruban
al., 1993b, 2002b; Bilger and Bjérkman., 1994). Timekics ofAA535 were measured in
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the dark adapted leaves of wild type and xanthdphykant plants to investigate the qE-
related conformational changes. When %535 kinetics of wild type were compared
with those ofnpqgl, a smaller amplitude in latter case correspondkedower level of qE

in this mutant and it confirms that thé\535 amplitude is influenced by the de-epoxidation
state (Fig. 3.4 A). Similar to qE formation durifigst illumination, AA535 kinetics were
formed slower in wild type as compared to the acdsgql In npg2 theAA535 formation
was found faster while relaxation in dark was slow®n the corresponding kinetics of
wild type, again in agreement with the differencaenitored during the gE kinetics.
However, the amplitude oAA535 in npg2 was found similar to that of the wild type
despite the lower gE amplitude of the mutant.

The AA535 signal was completely absent in th&npql mutant, which displayed only
slowly reversible photoinhibitory component ql vatit any contribution of gE, also
confirms that this signal is only correlated to (f&g. 3.4 B). This is also in compliance
with the data obtained in thgpg4 mutant lacking PsbS, where no such535 signal was
detected in the absence of qE étial, 2000; Rubaret al, 2002b). TheAA535 formation
was found faster and relaxation slower in m2npg2as compared to the corresponding
kinetics of the wild type and quite similar to tbees ofnpg2 Once again, a much larger
than anticipated amplitude of the signal was detk¢like the case afpg?, given the fact
that the gE amplitude was again less than thatefild type. TheAA535 kinetics inlut2
were detected with lower amplitude and slower fdromarate than those of the wild type,
in agreement with the smaller gE measured in theambuThus, the discrepancy between
the amplitudes oAA535 and qE was only observed in case of two msatasith larger de-
epoxidation states than that of the wild type.

The absorption difference spectra reveal the naifitke absorption changes that relate to
the zeaxanthin-independent component of qE. Anft shithe peak position of various
bands provides clues about the involvement of #spective xanthophylls. Thus, the
absorption difference spectra of the gE-relatedfaramational changes were recorded in
the xanthophyll mutants (Fig. 3.4, C and D).
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Figure 3.4 Light dependent kinetics of qE relatad\535 conformational changes at 7{ifnol

photons it s* and qE absorption difference spectra of wild-tgmel xanthophyll mutant leaves
dark adapted for 30 minutes. (A and B) KineticsA#535, traces as labeled, 6-10 kinetic traces

were averaged, error + 5%. (C and D) gE absorgdifierence spectra (5 minutes lightinus5

minutes dark relaxation), Wild-type (solid lin&pg2 (short dashed linefpql(long dashed line),

lut2 (dashed dotted linelyt2npg2(medium dashed linelyt2npgl(dotted line).
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The difference spectra of wild type angdgl were found nearly identical to one another
with previously observed negative bands at 438, 468 495 nm (Fig. 3.4 C). However,
the positive band of 535 was blue-shifted to aroG28 nm innpgl consistent with the
absence of de-epoxidation in this mutant. This tp@siband of 535 also shifts similarly
when the wild-type leaves are infiltrated with dotiieitol (DTT) to inhibit de-epoxidation
(Noctoret al, 1991). In correlation with the much reduced glBpql, all the bands were
observed with lesser amplitudes than those founthenwild-type spectrum. In case of
npg2 the absorption difference spectrum showed feverihces from the wild type. A
similar amplitude was observed for the positive -588% as in the wild type, however a
slight red shift to around 537 nm was also deteatethis mutant. Interestingly, all the
three negative bands in the difference spectrunpgRwere of lower amplitude than those
of the wild type spectrum, consistent with the lowelues of gE impg2 In the 495-nm
negative band aipg2 a slight red-shift and noticeable broadening alas observed.

In case ofut2, the absorption difference spectrum revealedadeation of all the negative
and positive bands in comparison to those in tHd-type spectrum, consistent with the
lower gE amplitude in this mutant (Fig. 3.4 D). kght red shift in the 495-nm negative
band to 497 nm was revealed. In the differencetgp@cof the double mutahit2npg2 the
535-nm positive band showed similar amplitude ® tbrresponding bands opg2 and
wild type difference spectra, with a slight redftsta 537 nm as observed mpg2 The 535-
band of double mutant was, however, enhanced c@adpgarthe corresponding band in the
lut2 mutant difference spectrum, consistent with theilar difference observed in the
AA535 kinetics data of these two mutants. Once agegative bands of smaller amplitude
were recorded in this double mutant, in agreemerth the lower gE amplitude.
Interestingly, there was a strong red shift of 488-nm negative band to around 501 nm.
Similar to the kinetics of gE andA535, the absorption difference spectrum of other
double mutantut2npgl was found entirely featureless without any negativ positive
bands, demonstrating that all the features of Hs®mtion difference spectrum are entirely
related to the gE. Interestingly, the transientlynfing electro-chromic shift (pigment

polarization in membrane only during initial illun@tion, shown af\A 518 nm) was
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barely visible in the steady-state spectrunut#npql consistent with a previous study (Li
et al, 2000).

A similar correlation was also noticed between dftetransiently generated at low light

intensity and the transient increase in 535-nm igtem. The absorption difference

spectrum of light minus recovery exhibiting thens®nt absorption change at low light
intensity (Fig. 3.5) was found virtually identictl the steady-state absorption difference
spectrum observed at high light intensity.
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Figure 3.5.Kinetics ofAA535 conformational changes and gE absorptionreiffee spectra at 100
umol photons m-2 s-1 measured on wild type leavesipusly dark adapted for 30 minutes.
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3.2.3 Effect of xanthophyll composition on major pbtosynthetic parameters of PSlI
3.2.3.1 PSilI efficiency Ev/Fm):

The intrinsic photosystem Il (PSIl) efficiency iseasured as Fv/Fm. In all genotypes, it
was found as >0.8 except in the two zeaxanthin raatating mutants ohpqg2 and
lut2npg2with lower Fv/Fm values (Fig 3.6, Table 3.4). Tibever values of NPQ impg2
and lut2znpqg2 have also been attributed to the pre-quenching~raf the maximum
fluorescence in the dark adapted state, due taisest zeaxanthin-mediated quenching
(Dall'Osto et al., 2005; Kalituhcet al, 2006).

To further explore this pre-quenching phenomenozeaxanthin-accumulating mutants,
chlorophyll fluorescence lifetimes were measuredha leaves of wild type and these
mutants in the dark adapted Fm state when all R&ittion centres were closed by
saturating light, along with the use of uncouplagencin to block any gE formation. In
wild type leaves, the average fluorescence lifetimas 2.0 ns in the dark adapted Fm state,
which was consistent with the previously reportedugs (Gilmoreet al, 1998). In dark
adaptednpg?2 and lut2znpg2 leaves, the average fluorescence lifetimes werasored as
1.73 and 1.52 ns, respectively. These shorterttheanvild type lifetime values confirm the
presence of pre-quenching in these mutants. Theecése chlorophyll fluorescence
lifetimes were also measured, during the coursaatihic illumination Fm’ state in the
presence of NPQ. In wild-type leaves, an averdgértie of 621 ps was measured with an
NPQ value of 2.2, also similar to the previouslgaged values (Gilmoret al, 1998). For
npg2mutant, the fluorescence lifetime in the Fm’ states slightly longer (637 ps with an
NPQ of 1.8) while folut2npg2mutant it was significantly longer (724 ps with [dRQ of
0.95). Thushpg2 has similar final extent of Fm’ quenching to tlrathe wild type, this
demonstrates that pre-quenching is responsiblehtordecrease in observed NPQ in this
case without any lesion in the NPQ formation. Cailly, in lut2npq2 the final extent of
Fm’ quenching is much reduced, which shows a reatahse in the amplitude of NPQ in

this mutant.

104



Fv/Fm of xanthophyll mutants
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lut2 npql pq2 npqllutz npq2|ut2

Figure 3.6 Fv/Fm of xanthophyll mutants (measured as RffR). All data are mearr SE for at
least three plants.

Plant F./Fiy ratio TFm NPQ max tFm’
(ns) ®s)
Wild-type 0.82=0.01 20=0.02 2201 621=13
npq2 0.78 =0.01 1.73£0.02%* 1.85=0.05 63732
lut2npql 0.75=0.01 1.52+0.01%* 0.95+0.05 724=8*

Table 3.4 Average chlorophyll fluorescence lifetimes and maxin quantum vyield of PSII
(Fv/Fm) in wild-type and zeaxanthin accumulatingtamis. Average Fm and Fm’ state lifetimes of
dark adapted leaves from wild-type and xanthopiytants under saturating light. Experiments are
means x S.E.M. from 10 replicates. *=Significardifferent to wild-type (Student’s t-test p=0.005)
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3.2.3.2 Photochemical quenchingyP):

Utilisation of light energy for photochemical pataywis generally measured in the form of
fluorescence quenching and called gP. gP is depéngh®n the fraction of open reaction
centres (RC). Xanthophylls are believed to acta@essory pigments, complementing the
chlorophyll light absorption and hence increasiig tspectral cross section of light

harvesting antenna.

A ¢P of xanthophyll mutants
at 700uE actinic light

0.25

0.2
0.15
0.1

0.05 I I
0

WT lut2 npql npg2 npqllut2npqg2lut2

B qP of xanthophyll mutants
at 1600uE actinic light

0.25

0.2

0.15

0.1 mqgP

e s

WT lut2 npql npg2 npqllut2npqg2lut2

Figure 3.7 (A,B) Photochemical (gP) of xanthophyll mutants at twiffecent actinic lights,
calculated as gP= Fm'-Fs/Fm’-Fo’. Data are averagehree independent experiments + SE. All
data are significantly different to WT (Studenttest p=0.05), except fapg2at 70QE.
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It was observed that extent of qP was decreaseablain all the mutants, as compared to
wild type (Fig.3.7). gP was lowest in both the zm#hkin deficient mutants afpql and
npgllut2 while highest qP values were foundnpg2 and wild type. This may indicate
towards more reduction of Qn the zeaxanthin deficient mutants which also destrate
inefficient NPQ, while presence of zeaxanthin kelly to reduce excitation pressure in PSII
hence leading to higher oxidation of.Q

With the increase in actinic light, utilisation bfht energy for photochemical pathway
decreases as excess energy is dissipated througphetochemical quenching. As qP
depends on the relative fraction of open reactemtres, so these data may show the less
fraction of open RC in all cases when high actlight is used, diverting most of the light
energy for NPQ. Decline in gP also shows the imedaeduction of QA upon saturation of
linear electron transport from PSII to PSI.

3.2.3.3 Yields of PSII, regulated NPQ and non-regated NPQ:

A new method has been suggested to estimate pflatodown both photochemical and
non-photochemical pathways. In addition to fractitoeasurement of excitons utilised for
photochemistry as quantum yield of PS#Ij, remaining fraction going via the NPQ
pathway can be calculated as energy-dependentpaissi (PNPQ) and other non-

regulatory losses due to basal intrinsic dissipaid@NO). By this way, the energy absorbed
by PSII can be shown as sum of all yields for gave processes (Kramet al, 2004).

@Il + DNPQ +®NO = 1

Maximum yields of PSIl were measured in case oflwype andnpg2 which shows the
higher fraction of excitons going down the photauleal pathway and hence an enhanced
PSIl yield in these two genotypes, consistent withir higher values of qP found earlier in
this work. The results of regulated NPQ yields alsmonstrate a similar value in wild type
and npg2 which is consistent with the outcome of comparmtstudy of chlorophyll
fluorescence lifetimes of these two cases. In tieoxanthophyll mutants, the yields of

both PSII and regulated NPQ are reduced variahBldYof non-regulated NPQ, indicating
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slowly reversible components of NPQ, has been falsnd lower in wild type andpg2as
compared to all other xanthophyll mutants. MorepJgighest non-regulated NPQ in
npqgllut2 supports the view of maximum photoinhibition ar@hthge to antenna in this
double mutant. Increase in actinic light decreaB&il yield and increases energy-
dependent NPQ in all cases (Fig.3.8 A,B).

(A)@ll, @NPQand ®NO of xanthophyll mutants
at 700uE actinic light
B Y(NO)
Y(NPQ)
mY(Il)
WT lut2 npqgl npa2  npqgllut2 npg2lut2
(B) @II, ¥NPQ and ®NO of xanthophyll mutants
at 1600uE actinic light
1.2
1
0.8
mY(NO)
06 —
04 - — | || || | Y(NPQ)
02 — - || - || - o myY(ln)
O L — — —
WT lut2 npql apg?2  npgllut2 npg2lut2

Figure 3.8 (A,B) Yields of PSII, regulated NPQ and non-regulated N#PQwn asbll, ®NPQ and
®NO respectively, in xanthophyll mutants measuretivat different actinic lights, and calculated
asoll = Fm'- Fs/Fm',®NO =1/ NPQ + 1 + gL [NPQ = Fm-Fm'/Fm’ and qL = Afo-1] and
®NPQ=1 -®ll - ®NO. All data are mearr SE for at least three plants.
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3.2.3.4 Electron Transport Rate in PSII, ETR (l1):

The extent of photochemistry can be demonstratedldgtron transport rate in PSII. As
utilisation and dissipation of energy are compefmgcesses, so any decrease in ETR (ll)
can be attributed to increase in NPQ thereby eattmlable light energy is dissipated (as
NPQ) instead of being utilised for photochemis®@yher factors like photoinhibition and
smaller antenna size may also affect ETR (Il),rasase ohpqgl mutant both NPQ and
ETR (ll) are reduced. ETR (Il) of all the xanthofihputants have been affected in the
order wild type mpg2>lut2>npqgl> lut2npg2>lut2npgl Double mutants are more affected
than the single ones. Xanthophylls also play sigaift role in the stability of
supercomplexes and macro organisation of the memabréherefore any structural or
organisational disruption may also result in reaucof ETR (ll). Increase in actinic light
has inversely affected ETR (ll) in all cases vdyigxceptlut2 (Fig.3.9), which is difficult
to explain as this mutant has not shown any siniilarease in gP and PSII yield under
higher light.

ETR(Il) of xanthophyll mutants at 708 and 160QE actinic
lights
50
40
30 -
B 700uE
20 -
1600pE
10 -
O .
lut2 npql npg2  npqllut2 npq2lut2

Figure 3.9 Electron transport rate in PSIl or ETR(ll) of xaophyll mutants using two different
actinic lights and measured as 0®N (Yield of PSIl) x PFD (photon flux density). Atlata are

mean+ SE for at least three plants. All data are sigaifitly different to WT (Student’s t-test
p=0.05), except fonpg2at 70QE.
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3.2.3.5 Effect of Inhibitors on xanthophyll mutants

The uncouplers like nigericin removgH, so abolish gE and also de-epoxidation. This
may help to measure the extentAgfH-independent, irreversible and non-relaxing péart
NPQ, also called as photoinhibition (gl). No sigraht difference was observed in the
extent of gl between wild type ardt2, however the absence of zeaxanthin, aspql,
shows enhancement of gl. In the mutants with ctuiste presence of zeaxanthimpg2
and lut2npg2 photoinhibitory gl is reduced (Fig.3.10 A). Thedfect of zeaxanthin on
photoinhibition may be attributed to its antioxitlaature, as it provides protection against
damage to RC’s. In case of omission of both zedwarand lutein fpqllut?, all the NPQ
seems to be sustained and irreversible by virtwg.ofhis may indicate the structural and

functional anomalies caused by missing lutein arakanthin in LHCII antenna.

(A) Effect of nigericin on NPQ of xanthophyll mutants
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Figure 3.10 (A) Effect of 5mM nigericin andB) 50uM DTT infiltrations on NPQ of xanthophyll
mutants, measured using {@actinic light. All data are meafr SE for at least three plants. All

data are significantly different to respective colst (Student’s t-test p=0.05), except figrgliut2
(A) npg2 npgllut2zandnpg?2lut2(B).
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The use of dithiotheitol (DTT) helps to identify ethzeaxanthin-independent and
zeaxanthin-dependent components of NPQ, as DT biishdeepoxidation. Obviously most
affected NPQ levels were observed in those wittvactanthophyll cycle (wild typdut2),
whilst zeaxanthin containing mutantgp|2 andnpg2lutd remained unaffected. However,
effect of DTT on NPQ ohpqllut2and even ohpgl (which were also expected to remain
unaffected due to absence of XC activity) showkegitadditional impact of DTT apart
from blocking zeaxanthin synthesis or to inhibitazanthin-independent NPQ in both
npgllut2zandnpql (Fig.3.10 B). This may indicate the role of DTTageneral reductant,
because this effect of NPQmpqlis evidence of its non-specific activity.

3.2.4 Effect of xanthophyll composition on state &insitions:

Under light limiting conditions, state transitio@se meant to optimise light utilisation.
Phosphorylation of LHCII complexes causes theirratign from PSII to PSI to balance
the distribution of excitation energy between th® tphotosystems (Allert al, 1981,
Bennett, 1983; Horton, 1983). As xanthophylls hdeen implicated to maintain the
structural integrity of the antenna complexes, tthisnges in xanthophyll composition are
predicted to affect the process of state transiirability of LHCII to migrate and attach
are changed. State transition is a short-term atlaptstrategy, which can be measured as
chlorophyll fluorescence using low light intensftyr selective excitation of PSII or PSI.
Assessment of state transitions is based uponveeltiiorescence measurements. Several

parameters characterising this process can beediefRuban and Johnson, 2009):

As low light conditions induce an imbalance betwdba energy absorbed by the two
photosystems, thus this imbalance can be measyneshioval of far-red light as:

Imbalance or IB = (Fsl” - Fsl) /,F

Another useful parameter is qS, which shows thieieffcy of state transition in a simple
way. It demonstrates the optimisation of electramdport with the changing quality of
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light. This parameter ranges from 0 to 1, whereficds 100% efficiency of state transition
to rebalance electron transport rate after thegdsm the spectral quality of light.

gS = (FslI" = Fsll") / (Fsl” — FslI)

The results show that state transitions are distlldy the absence of lutein alone but not of
zeaxanthin alone. The level of imbalance and S wmraffected in the absence of
zeaxanthin impglas compared to wild type. In casengig2 similar gS is also observed
however extent of imbalance is almost half of #nel of wild type which can be attributed
to pre-quenched state or smaller PSII antennairsités zeaxanthin accumulating mutant.
It can also be inferred that presence of zeaxandmid/or absence of violaxanthin or
neoxanthin impg?2 affect state transitions, as this genotype doé¢sespond to turning on
the PS Il light. This indicates complete state dion or particular effect of any of these
xanthophylls on LHCII function. Interestingly, thesults show that both gS and imbalance
are reduced in the absence of lutein alone. Thigsuggest that LHCII antenna structural
disturbances can be caused by violaxanthin atnimiding sites, but not at its original
site. Similarly, inlut2npglvalues of qS and imbalance are reduced lLit2. Moreover,
binding of zeaxanthin at lutein-binding sites atui2npg2has most pronounced impact, as
no measurable state transitions and imbalancekaerged. This indicates the deleterious
structural effect of zeaxanthin at lutein bindintgs or protein conformational disturbances
caused by absence of lutein, leading to smalleeraa size and/or lack of imbalance
between PSIl and PSI (Fig.3.11).
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Figure 3.11 State transitions traces of wild type and xanthdptmutants measured using PAM
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3.3 Discussion

In this work, effect of various xanthophyll compamns is studied to perform three major
functional and structural roles of photoprotectibght harvesting and stabilization in light
harvesting antenna. As this work is focused on ggbrotective role of xanthophylls
therefore more detailed analysis is carried ouhis regard. The hypothesis is tested here
that NPQ, with its zeaxanthin-independent and zettwadependent components, takes
place by two distinct mechanisms. Type | mechaniswolves zeaxanthin as quencher,
while lutein is considered as quencher in type échanism. Both mechanisms have been
proposed to occur in different LHCIl antenna compke (Ahnet al, 2008; Rubaret al,
2007). A thorough investigation of various fluoresce parameters, in particular g and
gE-related absorption changes, was performed uk@awild type and xanthophyll mutants
with various xanthophyll compositions. The wild ¢&pcomposition of xanthophylls
demonstrated not only the maximum gP, ETR Il @dbut also most efficient qE as
compared to all the mutants, implying its suitapifor a fully functional NPQ, in which
the conformational dynamics are tuned to createirmax flexibility between efficient
light harvesting in low light and rapid formatiomd relaxation of photoprotection in

fluctuating light.

Type | mechanism of quenching has been suggestadk® place in minor antenna
complexes by means of zeaxanthin radical catiomdarexclusively at L2 internal binding
site. As L2 site is occupied by violaxanthin in ttmnor complexes therefore a reversible
insertion is required at this site for the exeautid this radical cation formation event. The
biochemical analysis oflut2 mutant has suggested that extra pool of violaxanth
attached to internal L1 and L2 sites along withnmalr peripheral V1 site. Xanthophyll
pigment analysis of light and dark states demotestrinat only part of violaxanthin pool, at
peripheral site, is de-epoxidised, while majorifyitademains inaccessible to de-epoxidase
enzyme (Kalituhcet al, 2006). Moreover, the effect of this vitro cation formation was

even found to be quite small to accountifovivo qE (Avensoret al, 2008).

It can be argued that if type | and type Il mechkars both contribute to gE, then each

mechanism would behave like a discrete kinetic camept. Contrary to this prediction,
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only a single component of qE relaxation was maedothe rate of which was controlled
by the de-epoxidation level. In the type | mechamizeaxanthin is regarded as the
guencher and its level would not influence the xafimn kinetics. In contrast, type Il
mechanism proposes zeaxanthin role as an alloségiidator and it aptly justifies its effect
on relaxation kinetics. This effect of zeaxanttonstow down the gE relaxation has also
been reported earlier (Noctet al, 1991). Here in this study, it was observed that
relaxation of qE impglwas faster than that in the wild type, whilening2 andlut2npg2

gE relaxation was significantly delayed. These x&tian kinetics offer evidence for the

allosteric role of zeaxanthin.

Lower Fv/Fm in zeaxanthin accumulating mutanfsj2andlut2npqg2 was suggested to be
caused by pre-quenching of Fm, due to the consatuybresence of extra zeaxanthin
(Dall’Osto et al, 2005; Kalituhoet al, 2006). This study confirms this suggestion by
measuring the absolute chlorophyll fluorescencetitifes. In type 1l mechanism of
guenching, the zeaxanthin-binding L2 site in thenoni LHCII complexes has been
implicated to be the quenching site.npg2andlut2np2 mutants, zeaxanthin replaces all of
the violaxanthin, including that bound to the LEsin the minor antenna complexes. In
some reconstitution studies, a slight quenchinfensimilar minor antenna complexes with
similar xanthophyll composition to that of thesetamis has been reported (Crigti al,
2001; Dall'Ostoet al, 2005). However, it is important to note that firesence of extra
zeaxanthin does not confer any additional capdoityNPQ. Contrarily, NPQ capacity is
significantly reduced itut2npg2as confirmed by the lifetime measurements. Thigests
that zeaxanthin is not necessarily the best querazheng the xanthophylls.

However, qE formation occurs in the form of twotiist components unlike its relaxation
kinetics. Both zeaxanthin-independent and zeaxasttbpendent components of qE can be
discretely observed in the gqE formation kineticswald type and various xanthophyll
mutants. Fast initial zeaxanthin-independent corapbis shown bypgl as the total gE
while this component seems to be missing in caskit@f mutant which only exhibits
second zeaxanthin-dependent component as its Bol&tee perturbed kinetics and lower
capacity of NPQ formation in lutein-deficient mutsjnalso found in the previous studies,
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lends some support for the validity of a type llamanism. The zeaxanthin-independent
component of gE was almost completely eliminatedlensie zeaxanthin-dependent gE
was also affected. However, the presence of zelaxadépendent component of qE in the
absence of lutein negates the obligatory requirérfeeniutein, though this component in
the lutein mutants is still kinetically differenom that of the wild type. It is quite evident
that replacement of lutein by either of zeaxanthinviolaxanthin in the internal binding
sites of Lhcb proteins negatively affects both dlypamics and amplitude of gE, though
guenching still occurs. Therefore, this work adushie previous work implying the role of
lutein for fully functional qE (Pogsoet al, 1998; Pogson and Rissler, 2000). It can also be
suggested from this study that the already knowrciral destabilization of PSII antenna
proteins in the absence of lutein (Lokstetral, 2002; Havawet al, 2004) may impair the
intrinsic conformational changes within the indiwvad monomers, which lead to the

formation of quenched state.

Further insight into the impact of xanthophyll carsfiion on the conformational changes
can be explored by study of the absorption chang®selated with qE formation.
Zeaxanthin has been shown previously to enhancg lwavelength LHCII 700 nm
fluorescence emission bands in the gE state (Rebal, 1991; Rubaret al, 1993a),
indicative of LHCII aggregation, which it promotesvitro (Rubanet al, 1998b). Here a
further evidence of zeaxanthin’s ability to promateuctural changes within the PSII
antenna that lead to the quenching is provided stitative zeaxanthin enhanced thAs3s
signal in npg2 and lut2npq2 despite the fact the qE capacity was no largdre T
enhancement of the signal in the zeaxanthin acatingl cases is consistent with its
identification by Raman spectroscopy as the soofcthe band (Rubaet al, 2002b).
However, inlut2npg2a non-linear and significant increaseAlIA535 was observed albeit a
reduction in amplitude of gE. All other mutants amdd type demonstrate a linear
correlation between the amplitudesA®535 and gqE (Fig. 3.12 A). On the other hand if a
similar graph is plotted between the amplitudeAA495 and qE shows a linear correlation
in all cases (Fig. 3.10 B), which demonstrates ahraken correlation between qE and
change in 495 absorption change, which corresptand$ site. It also lends support to the
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Figure 3.12Relationship between gE amplitude and qE relabestiption changes in the wild-type
and xanthophyll mutant leaves. (MJA535 vs. qE, deviation ofut2npg2 from the linear
relationship is highlighted with a circle. (BYA495 vs. qE. Data obtained as in Figures 3.2 a#d 3.
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formation of quenching species at L1 site as idly correlates with gE amplitude in all
the cases. The deviation lat2npg2in the form of broken correlation betweAA535 and
gE indicates that the absorption change may netthr correspond to the formation of
guenching species, consistent with a previous tg@lituho et al, 2006). Therefore, it
can be suggested thatA535 monitors the conformational change associatetth
amplification of qE as a result of de-epoxidatiMoreover, the origin of the red-shifted
zeaxanthin accounting fatA535 has been attributed to the formation of a di(Reibanet
al., 1993a; Bonentet al, 2008) between two zeaxanthin molecules at \Assif the two
neighbouring LHCIl complexes.

In case ofnpql lacking the zeaxanthin, the position of positigs Sand is shifted to
around 525 nm, similar to a previous study invadvieolated chloroplasts (Noctet al,
1993). This band cannot be assigned to any otheicplar xanthophyll in the wake of
present understanding. The same 535 band is sligad shifted to 537 in zeaxanthin
accumulatingipg2andlut2npg2mutants, which are in 100% de-epoxidation statbey/1
site. Based on the observation of a broad rangiei®Epan, it can be suggested thab35
may be comprised of a mixture of bands ranging 26 to 540 nm, indicative of the
occupancy of the V1 site by different xanthophyfisolaxanthin, antheraxanthin and
zeaxanthin) depending upon the de-epoxidation.state

The gE-related absorption difference spectra alobé specific negative bands at 495,
468, and 438 nm. Improved resolution of these megditands provides an insight into the
complexity of the variations in pigment configuaats upon the establishment of gE. In
resonance Raman spectroscopy, light minus recoddfgrence spectra of leaves and
chloroplasts also show resonance only above 508howing exactly the similar positive
and negative features of the gqE absorption difiszespectra, while resonance is lost below
500 nm (Rubaret al, 2002b). The 495-nm negative band has been &skigm L1 lutein
band (Rubaret al, 2000), thereby replacement of lutein by zeaxandin violaxanthin in
lut2npg2andlut2 mutants caused a red shift in this band. In cehteathe behaviour of the
535-nm band, the amplitudes of these bands wereeedinlut2npg2compared with the
wild type, therefore being better correlated witk. grhus, it is suggested that this
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observation provides support for the involvementhef L1 domain in gE, as in the type II

mechanism.

During transiently formed gE at low light intensithe analysis of accompanied 535-nm
absorption change also suggests that this formEoélgo involves similar conformational
changes within the PSII antenna, as demonstratedgdine steady state gE. The transient
gE formed under such low light conditions was poesly ascribed to quenching in the
PSII reaction centre (Finazet al, 2004), but here this work indicates that bo#sthtypes
of gE are accompanied by similar absorption chamgfethe same spectrum irrespective of
high or low light conditions. Moreover, any alteoat in the xanthophyll composition
affects the transient qE in a similar fashion asady-state gE is influenced, adding to
previous results (Kalituhet al, 2007); hence, in either case the qE was strarglyced in
lut2 andlut2znpg2and completely absent in the2npglmutant. It has also been suggested
that transient qE is dependent on activity of P@b8azziet al, 2004; Kalituhoet al,
2007), these data strongly suggest that it orig;g&iom the same common PSII antenna-
based mechanism as steady-state gE in high liglguinmary, the evidence that both the
zeaxanthin-independent and zeaxanthin-dependenpamnts of qE arise from the same
mechanism within the PSIl antenna has been strength Both are enhanced by PsbS
overexpression (Let al, 2002; Crouchmaet al, 2006), and both preferentially quench
LHCII fluorescence emission bands (Rubainal, 1991). Both components of qE are
reduced in amplitude in the absence of lutein (Bogd al, 1998; Niyogiet al, 2001).
Despite different xanthophyll compositions, gE viasnd to consistently relax as a single
component even though the half-times differed bgatgr than 15-fold. All of these
findings are consistent with a type Il mechanismolaing the xanthophyll at the L1
binding site, which is activated by the LHCII confational change that leads to
neoxanthin distortion (Rubaet al, 2007) and is allosterically regulated by de-agaton
state at the V1 site (Hortoet al, 2005). This may take place in some or all of theb
containing antenna complexes (Rubsnal, 1996; Mozzoet al, 2008). The alternative
possibility is that a type | mechanism occurs irthbé&rimeric LHCIlI and the minor
monomeric antenna and that, in the absence of mdaraa lutein cation can take its place

as the quencher. However, irrespective of which haesm is involved and which
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xanthophyll acts as direct quencher, it is aburigdatear from the data shown here that the
natural xanthophyll composition of the PSII antemassential for a fully functional NPQ.
All the xanthophylls have a role to play in thei@ént light harvesting in low light and
effective photoprotection under fluctuating liglaihditions. This may indicate the need and
purpose of retaining a variety of xanthophylls dgrthe course of evolution in the higher
plants.

3.3.1 Hydrophobicity index

A novel approach of hydrophobicity index is applied this study to determine how
xanthophyll polarity collectively tunes the abilityf the PSII antenna to undergo a
conformational change. Differences in the head grouentation and hydrophobicity
between violaxanthin and zeaxanthin have been shiowmderlie the differences in their
allosteric effects upon quenching in LH@il vitro (Horton et al, 1999). Hydrophobicity
values for each xanthophyll have previously beerrdaned by their solubility mid-point
in water ethanol mixes (Rubast al, 1993b). Therefore, to rationalize the effecttioé
other xanthophyll binding sites within the PSllemta upon gE kineticstaydrophobicity
index for each mutant was calculated based upon biodadisnidetermined xanthophyll
binding and Lhcb protein stoichiometries as showfable 3.5 (Rubaat al, 1994; Ruban
et al, 1999; Loksteiret al, 2003; Havawet al, 2004; Dall’ Osteet al, 2005).

When these calculated hydrophobicity indexes fol BBtenna from each mutant were
plotted against the kinetic rates of formation aethxation a clear correlation was seen
(Fig 3.13 A and B). As the hydrophobicity of xanphgll complement in the PSIl antenna
increased in a mutant so correspondingly the ratermation increased and the rate of
relaxation decreased in that mutant. It is intemgsib note that the dependence for the two
processes is very different, a change in hydromiyhindex of 45 to 54 caused an increase
in the rate of qE formation of 1.7 times, yet icoEased the rate of qE relaxation by 17
times, a factor of ten difference. This novel fimgliadds tremendous insight into the role
the natural xanthophyll complement plays in tunthg dynamics of the photoprotective

switch in antenna function. The allosteric effecsabstituting violaxanthin for zeaxanthin
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Plant typt LHCIIb stoichiometn | Hydrophobicity inde
Wild type NLLZ 48.7¢
npql NLLV 44t
npqz -LLZ 54
lut2 NVVZ 46.2¢
lut2npgz -2727 62
lut2npq? NVVV 42

Table 3.5Calculation of hydrophobicity index of wild typ@@xanthophyll mutants on the basis of
their respective LHCIIb stoichiometry and hydroplely values of constituent xanthophylls,
previously determined as the solubility midpoints the % ethanol/water mixture. Hence, the
hydrophobicity values for each xanthophyll wererfdwas: Z (zeaxanthin) 62%, L (lutein) 50%, V
(violaxanthin) 45% and N (neoxanthin) 33% (Rulmral, 1993b). The respective values of each
plant type were added according to its stoichiometry. for wild type (NLLZ) = (33+50+50+62/4)
and fornpg2(-LLZ) = (50+50+62/3)

upon the wild-type LHCII xanthophyll hydrophobicitgdex is clear, allowing reversible
change insensitivity of the complex to the Pgqyfbt driving force. The significance of
disturbing the natural xanthophyll composition bwtation is also clear- a xanthophyll
complement is ‘too polar’ as ilt2npglreduces the sensitivity to tigH to the extent
that no qE is possible while one that is ‘too hydrobic’ would cause only a slight
acceleration of gE formation (3-4 seconds) but iBantly retard relaxation (60+ S).
Hence innpg2 and lut2npqg2 the ‘positive’ dynamic effect on gE formation owing
increased zeaxanthin content compared to wild-igpalmost certainly mitigated by the
‘negative’ effect it has upon gE relaxation. A damiconclusion was recently reached in
plants overexpressirfiy carotene hydroxylase and therefore containingrahophyll cycle
pool size three times larger than that seen in-tyied (Johnsoet al, 2008). The dynamics
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Figure 3.13 Relationship between (A) NPQ formation and (Blaxeltion rates (1/t) and PSII
antenna xanthophyll hydrophobicity index % of thédwype and xanthophyll mutants. Data
obtained as in Figures 3.2.

122



of the PSIl antenna can therefore be considerée fmely tuned by xanthophyll content to
allow the maximum flexibility between allowing rapinduction of photoprotection on one
hand and rapid reversal to a light harvesting stateanother. The varying xanthophyll
complements in each PSIl antenna complex wouldhgpsy, further increase the dynamic
flexibility of the process. Thus when sustainedgi#s of illumination cause de-epoxidation
at L2 sites within the minor antenna in additionrépid de- epoxidation at the V1 sites
(Farber et al, 1997; Wehneret al, 2006) the gE phase becomes more and more
‘allosterically locked’ and thus gE relaxation bews slower like that seen in diatom algae
(Rubanet al, 2004). Xanthophyll hydrophobicity may also offar alternative explanation

of their role as structural co-factors of the antenomplexes.

To summarise the data presented in this chaptemitrk suggests following outcomes:
1. There exists a single quencher and/or quenchingpamesm.

2. Xanthophyll complement affects the kinetics of ginfation and relaxation, and
hence is significant for photoprotection.

3. Polarity of xanthophylls collectively tunes PSlta@nna dynamics.

4. Xanthophylls also influence the light harvestingaeity and structural stability of

antenna.
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Chapter Four

Effect of xanthophyll composition on the chlorophyll excited

state lifetime in plant leaves and isolated LHCII
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4.1 Introduction

Biological regulatory mechanisms involve a switdtvizeen two alternative functions, most
simply between active and inactive states. An irtgrdgraspect of this regulatory route is its
dynamics ranging from the capacity for maximumhatytiin one state to minimum in the
other. In the course of evolution, biomoleculesénaptimized this dynamic regulation in
order to adapt to their particular set of physiatag and environmental circumstances.
Albeit this tendency of biomolecules for a dynardisign is apparent it remains poorly
explored. Like many regulatory biomolecules, thghti harvesting complexes of
photosystem Il (LHCII) have such type of dual fuact they efficiently utilise absorbed
light energy for photosynthesis at limiting lightensity and they dissipate excess energy at
saturating light for photoprotection. The dynanoéshis functional range is controlled by
a change in the pathway of energy transfer in LH®@Hilst the light energy is efficiently
funnelled down to reaction centres in the photdssttally-active state it is swayed into a
new channel for non-radiative decay of chloropleftited states in the photoprotective
state. This switch from the light harvesting state the photoprotective state is termed as
nonphotochemical quenching (NPQ) (Hor&tral, 1996).

LHCII is composed of the major trimeric and minopmameric complexes. All these
complexes variably bind chlorophylandb, and a conserved complement of xanthophylls:
lutein, neoxanthin, violaxanthin and zeaxanthiru(&t al, 2004). In major complexes, two
lutein molecules are located at L1 and L2 sitethencore of each monomer, both having
distinct absorption spectra at the two siiRaibanet al, 2001) The L1 site is located in the
proximity of chlorophylla610, a611, a612, constituting a ‘terminal emitter domain’ as
there is highest probability for excitation energy be localised in this domain
(Novoderezhkiret al., 2005) The L2 site is also located near to the chlordpla02,a603,
a604. The third xanthophyll, neoxanthin, is locateda domain rich in chlorophyl. The
neoxanthin is far more polar (Rubant al, 1993) than lutein by virtue of its increased
number of oxygenated groups and different confoionatAll these three xanthophylls are
tightly bound to the LHCII (Rubaret al, 1999). The fourth more loosely bound
xanthophyll is located at the V1 site near thepeety in the chlorophyt613,a614,b601
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domain (Liuet al, 2004; Rubamet al, 1999). The V1 site is specified for the bindofghe
xanthophyll cycle carotenoids. Violaxanthin occugileis site in low light conditions, while
as a result of enzymatic de-epoxidation it is repthby zeaxanthin under excess light
conditions causing acidification of the thylakoidrlen. Both violaxanthin and zeaxanthin
adopt a distorted configuratiom vivo (Rubanet al, 2002), indicating their interaction with
the protein matrix despite loose binding patterth tidese xanthophylls located at different
binding sites have structural and biochemical viams in terms of a number of conjugated
double bonds and oxygenated groups, cyclic heagpgooientation and polarity (Rubaxt
al., 1993). On the basis of these differences, kiunctional roles of these xanthophylls
have been proposed in the light harvesting antéfrsanket al, 1994; Younget al, 1997;
Ruban, 2009)

Recent studies have suggested the xanthophyllsdbturthe internal L1 and L2 sites
within the complexes are involved in the mechan&NPQ by quenching chlorophyll
excited states via energy transfer to the xanthibi@1y or via formation of a radical state
(Rubanet al, 2007; Holtet al, 2005; Avensoret al, 2008; Ahnet al, 2008). This switch
to the quenched photoprotective state has also Beemnstrated to involve an intrinsic
change in the LHCII conformation (Pasealal, 2005; llioaiaet al, 2008), which increases
the interaction between the quenching xanthophytl ahlorophylla. This process is
triggered by the build up of the trans-thylakaidH under saturating lighhivivo (Briantais

et al, 1979). Although interactions between complexesthe highly-conserved PSII
macrostructure of the grana membranes has beemrstedgto modulate NPQ (Hortan
al., 2008), the quenching process itself seems tathasic to the light harvesting complex
(llioaia et al, 2008). The native isolated major and minor LH&Implexes can readily and
reversibly switch between the unquenched and highBnched states by manipulation of
detergent concentration and pH in the reaction omd{Rubanet al, 1994). The low
detergent concentration and low pH induce fluomesee quenching followed by
aggregation of LHCII complexes and this vitro process possess many of the same
spectroscopic features as NR@Qvivo (Rubanet al, 2007; Johnson and Ruban, 2009;
Rubanet al, 1992). Transient absorption studies have rede#iat in low detergent

aggregated LHCII the excited state of the xanthdphyein 1 (S) was populated as a
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result of chlorophyll excitation (Rubat al, 2007), indicating that this xanthophyll plays a
role of the quencher in NPQ process. In additiorecent two photon excitation study has
also demonstrated an enhanced coupling betweehogmntll S and chlorophyll $states

in LHCII aggregates (Bodet al, 2009).

The intrinsic molecular features of LHCII govergithe efficiency and dynamic range of
the switching process are not well understood.&the energy transfer efficiency depends
upon the configuration of the quenching xanthoplayitl its partner chlorophyli(s), it is
predicted that the type of the xanthophylls boumdhe internal L1 and L2 binding sites
would be important. Various fluorescence measurésneresented in the Chapter Il have
demonstrated that variation in xanthophylls bourmd the internal LHCIl sites in
Arabidopsismutants affect photosynthetic efficiency and NRQazity, in agreement with
other studies (Pogsoet al, 1998; Niyogiet al, 1998; Pérez-Bueno and Horton, 2008).
However, these studies have been based upon Hiereefluorescence measurements and
hence can only give arbitrary measures of the éso#nce quenching. Therefore, we
performed chlorophyll fluorescence lifetime measwgats in order to get an absolute value
of the excited state lifetime in each of light hesting and photoprotective states and also
to distinguish direct impact of xanthophylls on tiirinsic function of light harvesting
complexes from various indirect effects of the miates in the carotenoid biosynthesis
pathways of theArabidopsis mutants used for this study. These measuremests al
provided additional information on the number antphtude of fluorescence components.
First, we measured the chlorophyll fluorescencetifife in both the efficient light
harvesting and photoprotective (NPQ) stategivo. Then, the similar measurements were
also performed on native isolated LHCII major anthon complexes with and without
fluorescence quenching mimicking tire vivo NPQ. In order to evaluate the impact of
specific xanthophylls bound to L1 and L2 internigés on the LHCII functional dynamics,
we used wild typelut2 and lut2npg2 mutants with lutein, violaxanthin and zeaxanthin,
respectively, bound into the L1 and L2 internaésitAnother mutampg2was also used
which has lutein in L1 and L2 sites and zeaxanétiached to the neoxanthin-binding site.
The LHCII complexes isolated from mutants show Emchlorophyll composition and

pigment ratio to the complexes isolated from thiel wype plants. The content of peripheral
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V1 binding site of xanthophyll cycle carotenoidsshiaeen significantly decreased in
conformity with the earlier reports (Sandoetaal, 1998; Rubaret al, 1999), indicative of
weaker xanthophyll binding or detergent sensitivitherefore, here we have investigated

exclusively the role of internally-bound xanthopkyh the fluorescence quenching.

4.2 Results

4.2.1 In vivo chlorophyll fluorescence lifetime decays in photosynthetic and
photoprotective states

Time-correlated single photon counting measuremest® performed using a FluoTime
200 picosecond fluorometer. Excitation light wasypded by a laser diode at 470 nm with
10 MHz repetition rate. Fluorescence was detectegd % nm slit width at 685 nm for
leaves and 680 nm for isolated LHCII and CP26. ifBeumental response function was in
the range of 50 ps. For lifetime analysis, Fluottftware (PicoQuant) was used. To
measure the chlorophyll lifetime in photosynthetiate of the dynamic range (unquenched
state, Fm), detached leaves were vacuum infiltratgld 50 uM nigericin to completely
inhibit NPQ. The excitation light intensity was eérlly adjusted to completely close all
PSII reaction centres without causing photoinhilyipuenching of Fm and to be far below
the onset of singlet-singlet annihilation. Whilghit intensity of 70Qumol photons i s*
was used to induce the NPQ state (quenched staut¢,ir vivo. Figure 4.1 A shows the
fluorescence lifetime decays in the form of curvesorded in leaves of wild typé&yt2,
lut2npg2andnpg2in both photosynthetic and NPQ states. LHCII Hesdbility to switch
between these two states- one with long lifetineeaasing the chance of energy transfer to
neighbouring chlorophyll and eventually the RC atherefore is efficient for light
harvesting; the second photoprotective state iffierent with a short lifetime- and is
highly quenched. These curves are semi-expongmt&sentations: as in case of a single
exponential they should be straight lines, butfda that they are not (particularly for the
NPQ quenched states). This suggests that thersegezal components involved; hence a
curve fitting procedure was used. The amplitudescomponents resolved in the

fluorescence decay are shown in Figure 4.1 B.
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In wild type, the average intensity weighted flsmence lifetime was 1.95 ns in
photosynthetic state in the absence of NPQ, camistith the previous measurements in
leaves and thylakoids (Gilmoet al, 1995; Gilmore, 2001; Moise and Moya, 2004). Ehre
components were resolved in fluorescence decayhim tase. An additional longer
component of ~3.0-3.5 ns was not found here, wiiak previously been reported in
several studies involving thylakoids (Wagmee¢al, 1996; Richteet al, 1999; Vasil'ev and
Bruce, 1998). As this component has also been Ios¢reed in another studies on leaves
(Moise and Moya, 2004), it can be suggested th&t daused as a result of preparative
disruption to the natural system via osmotic shockletergent effects in thylakoids and
PSIl particles. This disruption may lead to thenfation of free chlorophyll or
free/detached antenna components, which can causegdiving component. Another
shorter lifetime component of around 0.35-0.5 nsswadso absent here which has
previously been reported and is considered to appdg when the excitation energy is not
high enough to saturate all PSIl reaction centiephotoprotective state, induced as a
result of illumination the average fluorescencetirhe in the wild-type leaves was reduced
to 0.61 ns, consistent with a similar decreasertegd@reviously in thylakoids (Gilmoret
al., 1995). The decays in this state could againttezlfwith three components, which show
the appearance of a new decay with a lifetime 3. and the loss of a 2.3 ns component
as the main effect of NPQ. This may demonstrate N0 is a process of transformation
of one type of antenna state into another, andanptocess of emergence of a totally
new/additional lifetime state. In both photosyniheind photoprotective states of all the
plant types, a very short (~0.1 ns) lifetime witirlly constant amplitude was observed,
which is consistent with the reported lifetime did®system | (Wagneet al, 1996;
Richteret al,, 1999; Vasil’ev and Bruce, 1998).

In the lut2 mutant, with violaxanthin at internal L1 and L2esif the average lifetime was
significantly longer than in the wild type in baghates: in the photosynthetic state its value
was 2.17 ns, which was decreased to 0.84 ns inpkisdoprotective state. The two
photosynthetic state components of 1.7 ns and £\8are replaced by those of 0.6 ns and
1.2 ns in photoprotective state. Thus in this muytam increase in lifetime in the

photosynthetic state indicates an enhanced ligivelséing efficiency, and lifetime increase
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in the photoprotective state demonstrates a reddBP@ capacity. These data are
consistent with the slight increase in the maximR81l quantum efficiency (Fv/Fm) and
the decrease in NPQ capacity in the leaves oftlutant compared to the wild type, which

has previously been discussed in Chapter .
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Figure 4.1 Chlorophyll fluorescence lifetime decays (A) arfdtime component amplitudes (B) in
leaves from wild typelut2, lut2npg2 and npg2 mutant Arabidopsisplants. The photosynthetic
(unquenched) state (vacuum infiltrated with B nigericin) appears in blue, the photoprotective
(quenched) state (in presence of 0 photons rif s light after 10 mins preillumination) appears
in red. The intensity weighted average fluorescdifeime +SEM (n=10) of each decay is also
displayed.
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In the lut2npg2 mutant, with zeaxanthin as the sole xanthophyle fifetime in the
photosynthetic state was significantly shorter thian the wild type, at 1.52 ns,
demonstrating a less efficient light harvestingisTil also consistent with the lower value
of Fv/Fm found in this mutant with a constitutiexél of energy dissipation (Pogsenal,
1998). Interestingly, the decrease in lifetime dgrphotoprotective state was only to 0.71
ns in this zeaxanthin-only mutant, which actualyresponds to its lower NPQ capacity
than in wild-type. The increase in average lifetiasecompared to wild type is mainly due
to the appearance of a higher relative populatioth® ~0.9 ns lifetime compared to the
0.4-0.5 ns component. These data suggest thatcespémt of lutein by zeaxanthin
undermines both photosynthesis and photoprotedaticthese leaves. Howevdyt2npg2
double mutant not only lacks lutein and violaxantbut neoxanthin is also absent in it.
Therefore, thepg2single mutant was analysed to determine the effect of aethin and
violaxanthin exclusion while lutein is retained rdowith zeaxanthin.

In npg2 mutant the average lifetime in the photosynthstade was at 1.71 ns which was
again lower than that for wild type, but not as lasvinlut2npg2 However, the lifetime in
the photoprotective state was the same as in thktyge, at 0.6 ns. The analysis of decay
components of photosynthetically efficient statehis mutant showed a similarity to the
lut2npg2mutant with the only difference of 2.0 ns componenmpared to one at 1.8 ns.
However, in the photoprotective state, the dataahrest indistinguishable from the wild
type. This shows that the constitutive presenceeaikanthin impg2does not confer any
additional photoprotective capacity compared to theld-type. However, the
photosynthetic efficiency gets impaired with theambination, consistent with the reduced

photosystem Il quantum efficiency in this mutant.

All these data recorded in both efficient light Vesting (photosynthetic) and
photoprotective states combined from each of thattlpes reveals a correlation between
the quantum efficiency of PSIl and the chlorophiillorescence lifetime (Figure 4.2).
Moreover, the data shows that in the photosynthetate both maximum quantum

efficiency of PSII and the fluorescence lifetimevdasalues above as well as below the
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wild-type levels, which demonstrates the dynamimgeain the light harvesting capacity as

influenced by various xanthophylls.
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Figure 4.2 Relationship between chlorophyll fluorescence ilifiet and photosystem Il quantum
efficiency measured simultaneouslyAnabidopsisleaves with different xanthophyll complements
in photosynthetic (unquenched) and photoprotediinenched) states. The arrows highlight how
the PSII quantum efficiency can be both increabgdéplacement of lutein by violaxanthinlirt2)
and decreased (by replacement of lutein by zeakrimbut2npg2 compared to the wild type level
(dashed line).

In the above data, the most efficient photoprotectbility in wild type andpg2can also
be partly attributed to the presence of zeaxardhiW1 site, althoughut2 did not show a
similar ability despite de-epoxidation state simila that of wild type. Nonetheless, to
further explore the role of only internal bound ttaphyll on lifetime measurements,
vitro fluorescence quenching of LHCII major and minor pdemes was performed. This

can also help to determine whether these obsenlerethices are result of direct
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xanthophyll effects on the state of LHCII or otladirect effects, for example altered PSII
macrostructure (Loksteiet al, 2002)

4.2.2 Isolation and characterisation of major and rmor LHCIl complexes

Major LHCIlI and minor CP26 complexes were isolattdm unstacked thylakoid
membranes prepared froArabidopsiswild type and mutant plants. Detergent (n-dodecyl
B-D-maltoside) solubilised thylakoids were fractidrigy isoelectric focusing (IEF) and the
respective bands were collected as shown in ther&ig.3.

The reason for selection of minor band CP26 is@R26 has been presented as unique site
of quenching in a recent study with the formatidrz@axanthin radical cation (Ahet al,
2008). The reason for not studying the other twmom complexes was also poor
resolution of CP24 and CP29Iut2 andlut2npg2which may indicate less stability of these
complexes in these lutein deficient mutants. Treafsnew commercially available gel and
Pharmalyte materials may also be another reasothépoor resolution obtained for the
minor antenna complexes as materials reportedeawiquis studies are no more available.
As LHCII in lut2 and lut2npg2 mutants exist in monomeric forms rather than trime
forms (Havauwet al, 2004; Loksteiret al, 2002), monomers were also prepared from wild
type andhpg2trimers. Mutant samples were also treated in #meesway as control.

For the characterisation of these complexes, pignsemposition was determined by
HPLC (Table 4.1) which showed the absence of luieithe lut2 and lut2npg2 mutants,
and its replacement by violaxanthin and zeaxanti@spectively. In LHCII, the reduction
in total xanthophyll bound impg2 and lut2npg2 was mostly due to the absence of
neoxanthin. In the case of CP26, there was soméiaua loss of xanthophyll. The
absorption spectra of the samples were also mahsand found same as previously
published (Figure 4.4). In the case of LHCII frommetlut2npg2 mutant there was a
reduction in prominence of the chlorophydlband around 650 nm, consistent with the

pigment analyses.
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Figure 4.3 Separation of major (LHCIIb) and minor (CP24, CR28&d CP26) light harvesting
antenna complexes of PSIl in discreet bands frostasked thylakoids of wild typepg?2 lut2 and
lut2npg2 mutant by isoelectric focusing. Only LHCIl and CP2& well resolved in all the four
genotypes.
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LHClb
Wild-type
npg2
lutZ2npg2

fut2

CP26
Wild-type
npg2
lutZnpg2

fut2

Neo

61+1.1

533+2.2

Neo

59+ 2.2

0

0

51+5.1

Vio

12+ 1.6

0

0

100+ 9.8

Vie

24+ 1.6

0

0

128+ 6.7

Ant

26t 3

Ant

0

0

0

28t 8

Lut

132+ 2.6

131+ 4.2

0

0

Lut

135 8.6

92+ 4.2

0

0

Zea

45+ 6.6

120+ 9.1

Zea

30+6.6

94+ 0.1

Xan/ chl

0.22
0.18
0.14

0.20

Xan/ Chl
0.24
0.15
0.11

0.22

chl a/b
1.3+x0.1
1.5+0.1
1.86+ 0.1

1.42+0.1

chl a/b
2.0+01
2.1+0.1
2.3x0.1

2.1+0.1

Table 4.1Pigment composition of isolated LHCIlb and CP26.ndmeric LHCIIb and CP26 were
prepared by IEF from dark-adaptédabidopsiswild-type and mutant plants. Data are mmoles
carotenoids per mole chlorophgll+ b molecules and are means + S.E. from four replicies,
Vio, Ant, Lut, Zea, and chd/b: neoxanthin, violaxanthin, antheraxanthin, luteieraxanthin, and
chlorophylla/b ratio. Xan/Chl is the molar ratio of total xanthgfié to total chlorophylls.
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Figure 4.4 Absorption spectra of isolated LHCII (A) and CPXH) proteins from the wild-type,
lut2, npg2andlut2npg2mutants.
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4.2.3 In vitro chlorophyll fluorescence lifetime decays of isolad LHCIl in
unquenched and quenched states

It is known that aggregation of LHCII complexesinsibited in detergent micelles, thus
fluorescence remains unquenched in this condit@rorophyll excited lifetime of native

LHCII and CP26, isolated from leaves of plants wietrying xanthophyll composition, was
first compared in detergent micelles. To measteértie decays in unquenched state,
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Figure 4.5 In vitro fluorescence quenching in isolated (A) LHCII and @P26 from wild-type
(green)Jut2 (blue) npg2(black) andut2npg2(red) mutants. Samples were diluted intou30 DM
(LHCII) or 60 uM DM (CP26)/ 10 mM HEPES / 10 mM Sodium Citrate @8, the pH is then
lowered to 5.5 (shown by downward arrow) to indowximum fluorescence quenching. Recovery
from the fluorescence quenching was induced bymetg detergent concentration to 2081 DM
(shown by upward arrow with +DM).
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isolated complexes were subjected to 200 [jtBIM detergent concentration in a HEPES
buffer of pH 7.8. These complexes can also showncjuag of fluorescence under low
detergent and low pH (5.5) condition (Rubanal, 1994) by forming aggregates, this
process mimics many of the features of NiAGyivo (Horton et al, 2005). Thereby, the
lifetimes were also recorded following threvitro quenching of isolated complexes. kor
vitro quenching, the isolated complexes were diluted 3@ pMp-DM (LHCII) or 60 puM
B-DM (CP26) detergent concentrations in a similaffdruas above. To induce maximum
guenching diluted HCI was added to lower the pi3.toafter the initiation of spontaneous
guenching. Reason for using higher detergent cdraten in CP26 quenching was to
avoid induction of irreversible fraction of quenagiin mutant CP26 samples upon dilution
to lower (30 pMpB-DM) detergent concentration. Thia vitro quenching of isolated
complexes is a reversible process hence quenchiag mecovered by returning the
detergent concentration to 200 VDM, this recovery also shows that complexes ate no
denatured during the quenching process (Figure. £&)a collected from lifetime
measurements in unquenched and quenched statespmmrd and explain the differences
observedn vivoduring the photosynthetic and photoprotectiveestaespectively.

The fluorescence lifetime decays recorded in isdldtHCIl of wild type,lut2, lut2znpqg2
andnpg2in both unquenched and quenched states are shoWwigure 4.6 A, while the
amplitudes of components resolved in the fluoreseatecay are shown in Figure 4.6 B.
The average lifetime of LHCII from wild type wasufod as 3.52 ns in unquenched state,
while in lut2 it was measured as 3.7 ns, the longer value oldarvdatter case was
consistent with thén vivo result. The extent ah vitro fluorescence quenching induced in
LHCII from the wild type was much larger than thedtlut2 under identical conditions,
consistent with then vivo NPQ data. Accordingly, the average lifetime in thi& type
was 0.33 ns as compared to 0.98 ns in case of tltantn Comparison of the lifetime
component amplitudes of the decay curve fits shoted around ~80% of wild type
LHCII population was converted to a state with @-8L2 ns lifetime, consistent with
previous reports (Mullineauat al, 1993; van Ooret al.,, 2007), while inut2 LHCII even
the shortest lifetime was longer (~0.3 ns) with mudess (~55%) conversion at this

component and a significant population of a lor@y@ms lifetime remaining.
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Figure 4.6 Chlorophyll fluorescence lifetime decays (A) arfdtime component amplitudes (B) of
isolated monomeric LHCII complexes from wild typet2, lut2npg2andnpg2 mutantArabidopsis
plants. The photosynthetic (unquenched) state r@isgnce of 200 uN-DM, pH 7.8) appears in
blue, the photoprotective (quenched) state (ingmes of 30 pM3-DM, pH 5.5) appears in red. The
intensity weighted average fluorescence lifetim&MIn=3) of each decay is also displayed.
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Similarly, the results of lifetime analysis of LHGtom lut2npg2also mirrored those found
in vivo. The average lifetime was shorter in unquenchat $iut longein the quenched
state of LHCII which contained zeaxanthin as ordnthophyll. Thus, similar to tha vivo
finding, zeaxanthin confers reduced light harvestefficiency without increasing the
capacity for energy dissipation. Similarltd2, the component amplitudes lunt2npg2also
showed less efficient conversion to the shortetitiies than in wild-type with a significant
population of a ~0.7 ns lifetime.

The LHCII from the npg2 mutant in unquenched state showed similar but emall
reductions in average lifetime compared to thosenfthelut2npg2 However, the average
lifetime of the quenched state pg2 was found identical to that of wild type, considten
with the in vivo results. Thus the reduction in quenching was oothgerved when
zeaxanthin replaced either lutein and/or neoxanthirthe internal LHCII sites as in
lut2npg2andnpg2 Moreover, no impact on photoprotective capaciaswbserved in the

absence of only neoxanthin.

4.2.41n vitro chlorophyll fluorescencelifetime decays of isolated CP26 in unquenched
and quenched states

The fluorescence lifetime decays were also sinyilleecorded in isolated minor complex
CP26 of wild type and mutants in both unquenched! guenched states (Figure 4.7 A),
along with the amplitudes of components resolvetthénfluorescence decay (Figure 4.7 B).
This minor antenna complex has been reported tm flutein and zeaxanthin radical
cations, which are implicated in the quenching recm (Avensoret al, 2008; Avenson
et al, 2009). However, the results obtained here detratrsa similar pattern to that found
for LHCIL.

In wild type, once again a significantly shorteeege lifetime in the quenched state and
only slightly lower value was measured in unquedclstate, as compared to the
corresponding values ddt2. Interestingly, the fluorescence decays obtairmedCiP26 in
unquenched state show 20% contribution from a stetime component in wild type and
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Figure 4.7 Chlorophyll fluorescence lifetime decays (A) arfdtime component amplitudes (B) of
isolated CP26 complexes from wild typet2, lut2npg2andnpg2 mutantArabidopsisplants. The
photosynthetic (unquenched) state (in presenced0ffdM B-DM, pH 7.8 appears in blue, the
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all mutants, indicating some of it was already aunedl as reported previously (Avensgn
al., 2008; Crimiet al, 2001). A clear difference between wild type &n@ in unquenched
state can however be achieved by excluding the §feirme component, thus considering
only the longer lifetime components of wild typeZa® ns and 4.2 ns and thoselaf2 at
2.4 ns and 4.5 ns can cause a shift to longeintié&ein the latter case.

In the case dlut2npq2 a significant reduction in average lifetime oé tnquenched state
but only a small increase in that of the quenchetesvas observed as compared to the
wild type. The cause of this reduction in quenchim@ut2npg2seemed to be the presence
of a slightly longer lifetime components of ~0.25 and ~1 ns compared to the
corresponding components of ~0.2 ns and 0.7 riseinvild-type.

Similar results were also found in case of CP2énftbe npg2 mutant to those found for
LHCII. In the quenched state, almost similar life¢i to that of wild type was observed,
while a small decrease in lifetime of the unquedck&ate. This reduction in lifetime of
unquenched CP26 is in fact consistent with thehdiigower fluorescence vyield reported
earlier in the same complex mpg2mutant (Dall'Ostcet al, 2005).

4.2.5 Room temperature fluorescence spectra of istéd LHCII and CP26

The room temperature fluorescence spectra were ralsorded under unquenched and
guenched states for both LHCII and CP26 complesalated from wild type and mutants
(Figure 4.8 A, B). This exercise was performed ¢e siny evidence of denaturation or
unfolding of protein complexes in the low detergand low pH conditions, which would
manifest under such conditions in the form of bdhéted fluorescence arising from
uncoupled chlorophylls (llioaiat al, 2008). No such evidence was found in any of the
complexes, spectrum of an LHCII denatured by trittetergent was also recorded for
references, as shown in Figure 4.7 A. These spaldarevealed the same characteristic,
albeit smaller, red-shift known to accompany quamghn LHCII under low detergent
conditions (llioaieet al., 2008).
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Figure 4.8 Fluorescence spectra of isolated LHCII (A) and CEpproteins from the wild-type,
lut2, npg2andlut2npg2mutants, dashed lines represent samples quenci3&d.at DM / pH 5.5,
solid lines are same samples following restoratbrdetergent concentration to 20 DM.
Dashed-dotted spectrum (marked ‘D’) is that of agtat denatured LHCII achieved by 10 minutes
incubation with 3% triton X-100.

4.3 Discussion

The dynamic behaviour of LHCII, ranging from eféait light harvesting at limiting light
for photosynthesis to effective excess energy pid®in at saturating light for
photoprotection, has been studied for the firstetinere. Effect of varying xanthophyll
composition on the optimisation of light harvestisganalysed in particular, by means of
chlorophyll fluorescence lifetime measurements hkotlivo andin vitro. The resulting
data also adds to the existing knowledge of thalatign and optimisation of the efficiency
of both light harvesting and photoprotection. Tlignamic activity demonstrates its
optimum range by having maximum light harvestinglgmgest lifetime in the unquenched
state) and maximum photoprotection (or shortestiife in the quenched state) at the same
time.

The optimum dynamic range was achieved by haviegaitd type native complement of
internal xanthophylls, with two luteins and one xeathin occupying the internal sites. The

replacement of lutein with violaxanthin increaskd tight harvesting efficiency; however
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the photoprotective capacity was reduced on therahd, restricting the dynamic range in
lut2. Therefore the positive impact of increase in tightliharvesting efficiency is clearly
offset by the reduction in capacity of photoprotact The replacement of all internal
xanthophylls with zeaxanthin resulted in most dcashpact on dynamic activity as both
the light harvesting efficiency and photoprotectoapacity were jeopardized in this case,
as shown idut2npg2 Absence of another internal xanthophyll, neoximthlso affected
the dynamic range by impairing the light harvestirgfficiency, however the

photoprotective capacity remained maximum simgathie wild type.

Similar pattern, observed in boith vivo andin vitro analyses, suggests that the origins of
these effects of xanthophyll complement on lightveating and photoprotection reside in
the altered properties of the light harvesting clenxps. Remarkably, all the effects on
lifetimes of changes in xanthophyll composition elved in leaves were manifested as
altered properties of the isolated LHCII. The Ife¢ of isolated LHCII is not fixed but can
be manipulated, by varying detergent concentratibrmsn ~4 ns down to ~1.0-0.3 ns
(Pascalket al, 2005; llioaiaet al,, 2008; Moyaet al, 2001; van Ooret al, 2007). Than
vitro quenching induced by low detergent and low pH d@mrds mimics the NPQn vivo.
The similarities between the effects of xanthopsubstitutions on leaves and LHCII
suggests that the quenching mechanism is the sabw@h, consistent with much previous
data that highlighted the similarity between NPQ@ ajuenching in LHCII aggregates
(Hortonet al, 1996; Hortoret al, 2005).

The results described here show that the xanthbmoyhplement affects the excited
chlorophyll lifetimes in both unquenched and quetthstates of LHCIl antenna
complexes. Lutein is clearly an essential cofacfotHCIl and when it is replaced at its
internal binding sites by violaxanthin or zeaxanththe lifetimes either increase or
decrease, respectively, in unquenched light hangsttate. However in quenched or
photoprotective state, incorporation of violaxanttand zeaxanthin in place of lutein
suggests the fromer two as weaker quenchers tiedattier one. It has been suggested that
excess energy is transferred by the S1 excite@ sththlorophylla to the S1 state of
xanthophyll at L1 site and hence dissipated (Rubkaral, 2007). The variations in
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guenching capacity of these xanthophylls are uhlike be explained by differences in
their excited state energy levels since both viafditin and zeaxanthin possess similar S1
lifetimes and energies to lutein when incorporated these sites in LHCII, which are
already below those of chlorophyll (Polivka et al, 2002) Thus, the differences in
molecular geometry and polarity of each xanthopliglilbanet al, 1993a) may instead
determine how well it is able to interact with tteeminal emitter chlorophylls in the L1
binding site. Alternatively, xanthophylls bound thtese internal sites may control the
structural flexibility needed for the transitiontiween the different states of quenching
(Rubanet al,, 2007; llioaiaet al, 2008). Thus, the identity of the xanthophyll bduo the
L1 and L2 sites determines the extent of dynamitgeabetween the quenched and
unquenched states, which are believed to origifiata intrinsic conformational changes,
as originally suggested (Hortan al., 2000; Bassi and Caffarri, 2000).

Major and minor LHCII complexes have been showrunoergoin vitro quenching by
aggregate formation, as there is high degree o€tstral homology among all these protein
complexes. The minor complex CP26 has been repaoteafjgregate and quench more
readily than the LHCIlin vitro (Rubanet al, 1996), however the protein-to-protein
interactions and conformational changes cannot teorded in vivo, where these
complexes are organised in a strict stoichiomatryhe PSII complex (Hankamet al,
1997; Rheeet al, 1997). The CP26 has recently been implicateal ieconstituted study as
unique site of NPQ whereby quenching occurs by feerént mechanism involving a
zeaxanthin radical cation (Ahet al, 2008). There is no direct evidence that the mino
complex can quench more efficiently than the LH@Ilvivo. In the present work, the
similar behaviour of the minor antenna complex CR2@ LHCIlI does not lend any
support to the above mentioned idea. Indeed, theltseshown here provide no evidence
for an important direct quenching role for zeaxantfihe presence of extra zeaxanthin in
the npg2 andlut2npg2mutants causes constitutive quenching which is Isamal does not
increase the maximum quenching capacity, in leawnesHCII or in CP26; indeed, for the
zeaxanthin only mutant it was actually decreased.
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In this study, the native isolated LHCII and CP28nplexes seem to be devoid of any
peripheral binding xanthophylls at V1 site, as aated by the pigment analysis. The
chlorophyll fluorescence lifetimes measured in ¢hesolated complexes followed the
similar pattern as observed during the similar mesasents performeth vivo, despite
absence of peripheral xanthophylls. The well-docue® impact of de-epoxidation of
violaxanthin to zeaxanthin on enhancement of NP@n{mig-Adams, 1990) can therefore
be explained by an indirect, regulatory role frone tperipheral V1 site, allosterically
modulating the pH sensitivity of NPQ, as has beescdbedn vitro andin vivo (Hortonet
al., 2000).In vivo, the quenching state of LHCII is controlled witlarrange which is less
than that achievable in isolated complexes. Herd€lLacts rather like a dimmer switch,
whichin vivois never fully turned off or on. In light harvegiistate, the lifetime is already
reduced to around 2-2.5 ns, consistent with tlegiife of LHCIl when incorporated into
liposomes (Moyeet al, 2001), while in photoprotective state, NPQ igrfed by further
action of the dimmer switch to yield a lifetime €0.4-0.6 ns. Resonance Raman analysis
also shows that LHCII is in a partially quenchedfoomation in the absence of NPQ and
in an incomplete state of switching at maximum NfRubanet al, 2007). Clearly,
external factors in the thylakoid membrane tune ¢hpacity of LHCIl to express its
potential states: e.g. interaction with neighbogriproteins in the LHCII-PSII
macrostructure, such as PsbS (Hora&gnal, 2008). Thus, nature exploits the inherent
flexibility of LHCII function by adopting a compleemt of xanthophylls that optimizes the
maximum dynamic range between its light harvestimgd photoprotective states.
Optimisation of photosystem Il quantum efficiendyetefore occurs at the level of
individual LHCII proteins.
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Chapter Five

Dissecting the relationship between PsbS and zeaxaim

in nonphotochemical quenching
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5.1 Introduction

Nonphotochemical quenching (NPQ) is a regulatorgtgbrotective process, by which
excess light energy absorbed by the light harvgstitenna of photosynthetic organisms is
dissipated as heat (discussed in section 1.10adae and plants, the major fraction of
NPQ is called gE or energy-dependent quenchingchwisi rapidly reversible in dark. gE
depends upon the thylakoid lumen pH and the preseasic specific de-epoxidised
xanthophylls (reviewed in Hortoat al, 1996; Gilmore, 1997; Mulleet al, 2001). The
low-lumen pH (pH 5.2-6.0) is the result oA@H formation across the thylakoid membrane
caused by light-driven electron transport (Briasial, 1979). This lumen acidification is
required for activation of the violaxanthin de-ept@se enzyme (VDE) and protonation of
PSIl protein(s). The de-epoxidation of xanthophylésjuired for gqE is a part of the
xanthophyll cycle in which violaxanthin is de-epadigsied by VDE to yield antheraxanthin
and zeaxanthin in excess light (Demmig- Adams, 199his zeaxanthin has been
suggested to act as an acceptor and hence agliether of excitation energy transferred
from chlorophyll excited states (M# al, 2003; Holtet al, 2004).

gE has also been shown to be affected by the t#velphotosystem Il subunit S (PsbS)
protein, as its absence can strongly reduce thenexif qE (Liet al, 2000). The site-
directed mutagenesis of PsbS has proposed theaihpH sensor protein possessing two
proton-binding lumen-exposed glutamate residuesweéder, the exact mechanism by
which PsbS regulates NPQ is yet to be elucidatad grotein with twofold symmetry has
been suggested to be directly involved in NPQ byviding two quenching sites which
include two proton-active domains and two zeaxanbinding sites (Let al, 2004). The
evidence for this proposed quenching mechanismbaasd on the observation iafvitro
binding of two zeaxanthin to PsbS (Aspinall O’Deaal, 2002). Moreover, this binding of
zeaxanthin to PsbS resulted in a strong red shtfie pigment absorption spectrum, which
may explain the origin oAA535 absorption change from a sub-pool of red-sdift
zeaxanthin (Rubaet al, 2002a). An inhibitor of gE, dicyclohexylcarbadide (DCCD),
has also been shown to bind proton active domdiRsieS (Dominicket al, 2002). On the
basis of these observations, it has been suggelstedPsbS binds zeaxanthin and/or

protons, both of which are necessary for gE.
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Alternatively, an allosteric model for NPQ was portward to explain the indirect role of
both zeaxanthin and PsbS protein in regulatiorhefguenching site which is localised in
the light harvesting antenna complexes (Hortral, 2005). A conformational change
within these complexes would result in a changeimgment configuration, creating a
guenching interaction between bound pigments. Twideace for such conformational
changes has not only been provideditro in LHCII crystals (Pascadt al, 2005), but also

in thylakoid membranem vivo by the use of Raman spectroscopy (Rueaal, 2007).
Evidence for the indirect role of zeaxanthin as @dmator of NPQ has come from the
ApH-dependent quenching formed immediately uponmithation in the absence of
zeaxanthin (Noctoet al, 1991; Rubamt al, 1999); this has also been demonstrated in the
gE formation kinetics ohpgl mutant in Chapter 3. Thus, NPQ is not entirelyahefent
upon the formation of zeaxanthin, as presence afxa®hin only lowers theApH
requirement for NPQ without increasing the magretodit, in pre-illuminated leaves and
isolated chloroplasts (Rees al, 1989; Noctoet al, 1991, Rubaret al, 2001) as well as
upon the second illumination of dark-adapted leawvben zeaxanthin is already present
(Rubanet al, 1999). The latter has also been shown in théogBation kinetics study of
npg2 mutant in Chapter 3. Zeaxanthin can also promiéeinduction of quenching in
isolated light harvesting complexes by accelerativegrate of formation of the quenched
state, indicative of its role to regulate the queng kinetics (Rubaet al, 1994; 1999). In
the allosteric model of NPQ, the role of PsbS hasnbsuggested to bind protons and
zeaxanthin or to act as a regulator of conformatiarhanges in one or more antenna

complexes to cause quenching (Hor&dral, 2005).

Study of PsbS-lacking mutanpg4 showed that both components of rapidly forming NPQ
zeaxanthin-independent and zeaxanthin-dependeng, gveatly reduced in the absence of
PsbS (Liet al, 2000). Whilst, the extent of NPQ was increasgdlimost two fold by over-

expression ofpsbSgene in L17 plants with higher levels of PsbS dtial, 2002c).

Interestingly, both the above mentioned plant typleswed such a stark contrast in their
NPQ despite having no differences in zeaxanthimédion as both possessed normal
xanthophyll cycle. However the role of PsbS for hateaxanthin-independent and

zeaxanthin-dependent quenching was only demondtiate later comparative study of
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L17 and wild type plants, showing similar increa$e\NPQ, in the presence or the absence
of zeaxanthin (Crouchmaet al, 2006). This study indicated towards the rolésbS as a
trigger of intrinsic conformational change in amancomplexes resulting in NPQ, with
zeaxanthin as an allosteric regulator and not tleetdquencher. To avoid violaxanthin de-
epoxidation, the zeaxanthin-inhibitor dithiotheitdDTT) was used to measure only
zeaxanthin-independent component of NPQ in botkegy plants. However, observation
of an additional impact of DTT apart from blockingaxanthin synthesis in casenpigl,

as mentioned in Chapter 3, necessitates the uaenafural system for this experiment by
enhancing the PsbS levels in absence of zeaxawithiout using any exogenous chemical
inhibitor. To achieve this, PsbS can be increasedeiaxanthin-lackingnpgl mutant by
employing physiological measures like acclimationhigh light and/or low temperature
treatment (Demmig-Adamt al, 2006). Similarly, availability of both PsbS over
expressor L17 andpglmutant can also be genetically exploited to creatieuble mutant
possessing both over-expressiopsihSgene along with mutation in VDE gene.

The work presented in this chapter deals with agsgthe role of zeaxanthin as a direct
guencher or allosteric regulator by enhancing theell of PsbS in the absence of this
xanthophyll. This can also help to dissect the rofeboth zeaxanthin and PsbS by
identifying if quenching can be increased in theeaite of zeaxanthin only by the increase
in amount of PsbS. As a result of genetic croswéen PsbS overexpressor L17 apajl
with two copies of thgpgsbSgene we also envisage observing the dosage eff@shs on
NPQ, which has also been demonstrated in an eatigly involving a cross between
PsbS-lackingypg4 and wild type containing two copies of thebSgene (Liet al, 2002a).
This can help to identify a correlation between ¥sdnd zeaxanthin-independent and
zeaxanthin-dependent components of quenching. Teeteof PsbS on NPQ is well
established, but its mechanistic role is not cksait has been suggested either as a direct
guencher by binding zeaxanthin @tial, 2004; Holtet al, 2005) or otherwise indirectly as
regulator of the conformational change in anteroraplexes leading to quenching (Ruban
et al, 2001; Wentworthet al, 2001; Hortonet al, 2005). The quenching would be
expected to be increased by PsbS enhancementrotitg ipresence of zeaxanthin in case
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of its direct role, while quenching would be entethdoth in the presence or absence of
zeaxanthin in case of indirect role of PsbS.

Furthermore, observation of the kinetics of NPQrfation and relaxation in plants with
altered PsbS levels would give insight into thepps®ed mechanism of qE quenching and
support either a direct or indirect role of PsbSgirenching. If PsbS acted as a direct
guencher, whilst the level of NPQ would be gredtes,rate of formation and relaxation of
the quenched state would only be affected by theceatration of the protein in the
presence of deepoxidation. However, if PsbS was@adllosterically to regulate the
transition to the quenched state, the rate of Hotmation and relaxation would be
expected to differ depending on the concentratibmhe protein, and these differences
would be seen both in the presence and absence-gbakidation. The level and rate of
non-photochemical quenching in leaves and chlostpldoth in the presence and absence
of de-epoxidation, was therefore analysed in arengit to establish how PsbS
concentration influences both the amount and leseaif NPQin vivo.

5.2 Results

The fact, that overexpression of PsbS increasesathgitude of NPQ even after using
zeaxanthin-inhibitor dithiotheitol (DTT), supportelis view (Crouchmaret al, 2006).
Further work is required to elucidate the exact fl PsbS and zeaxanthin in the molecular
mechanism of NPQ. To achieve this, PsbS levelsbmamanipulated by physiological
means such as acclimation to high light (Demmig+Adat al, 2006). A similar increase
in NPQ in thenpgl mutant lacking zeaxanthin is also envisaged assaltrof enhanced
PsbS by high light acclimation, without using DAIternatively, a double mutant can also
be generated by crossing the zeaxanthin lackingumnpglwith PsSbS overexpressor L17,
to obtain a line with potentially higher NPQ letleéin that ohpgl The resultant findings
thus can elucidate the role of zeaxanthin as aaperralone or in combination with PsbS,
or alternatively as an allosteric regulator of NPQ.
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5.2.1 High light (HL) acclimation to increase NPQédvels

To determine the temporal effect of high light &oetion,npgland wild type plants were
exposed to 50Qumol photons i§ s* high light (HL), with 8h photoperiod at room
temperature (Z£) for two acclimation treatments of 8 days andetks durations. By the
end of both HL treatments, plants of same age,8 weeks, were obtained for further
analyses. For 8 days acclimation, 7-week- old plamre used, while 4-week-old plants
were used for further 4 week HL acclimation. Pi@orHL exposures, plants were grown
under controlled conditions of 8h of 1Qéhol photons i s* light at 22C alternating with

a 16h dark period at 8. Shorter duration of HL exposure (8 days) wasébto have
more pronounced effect to increase NPQ level whdesignificant increase in NPQ was
observed as a result of prolonged HL exposures €ékyv This may explain the two
contrasting strategies of short term photoprotectiod long term photoacclimation adapted
by plants for the regulation of light harvestingl fhe data presented here is therefore
obtained from short term (8 days) HL acclimation pdnts, as this work is aimed at
increasing the extent of NPQ.

Both wild type anchpqlplants showed no apparent growth differences, vengosed to
HL. This shows that both plant types were capableadapt to the HL and zeaxanthin
formation does not limit the energy utilisation atidis plant growth. However, minor
changes in leaf morphology were observed in allddtlimated plants. Leaves with darker
colour, coarse texture, curly edges, more thickaessshorter petioles were observed after
HL acclimation, in comparison to those grown unctamtrolled growth conditions.

5.2.1.1 Effect of HL acclimation on Pigment composon
5.2.1.1.1 Chlorophyll content

Total chlorophyll concentration per unit leaf aecreased in both wild type amgpql
after HL acclimation, but no significant differerscerere observed between both plant types
grown at the same light intensity. Moreover, in Htclimated plants, relatively stronger

decrease in chlorophytl than that of chlorophylh resulted in increase of chlorophwgilb
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ratio. Since the major light harvesting complexdsP&Il (LHCII) are enriched in
chlorophyllb, this may indicate a likely reduction in the amarsize under HL conditions.
The availability of excess light energy eliminatbe need for higher capacity of light
harvesting and hence a large-sized antenna. Amart LHCIl, some less pronounced
changes in other chlorophyll binding componentse Iminor LHCIlI complexes, LHCI
complexes and reaction centres, have also beemtedptnat may also contribute to the
values of chlorophyla/b (Baileyet al, 2001).

Plant Typ Total Chl (mg/ml Chla/b

Wild type-100uE 2.67+0.3% 2.86+0.12
Wild type-500uE 1.56+0.12* 3.28+0.14
npgl-100uE 2.81+0.2( 3.2+ 0.0¢€
npgl-500uE 1.62+0.1% 3.3540.1C

Table 5.1 Chlorophyll concentration measurements of wildetygndnpgl grown at 100umol
photons rif s* (control) and 50@mol photons i s* (high light). Pigments were extracted with
80 % (v/v) acetone from leaf discs, using UV-Vigsipophotometer. All data are meanSE for at

least three plants. *= Significantly different &spective controls (Student’s t-test p=0.005).

5.2.1.1.2 Xanthophyll composition

To determine the effect of HL acclimation on xamthgll composition, leaf discs were
collected from wild type andpglplants to analyse their pigment composition by BRh
both light-treated and dark-adapted conditions I@ab.2). The expected general
differences between wild type angglwere found as both antheraxanthin and zeaxanthin
were absent in the latter due to inactivity of VDEhe light-induced de-epoxidation was
also absent impgl while in case of wild type it was measured as9%6 After HL
acclimation, xanthophyll cycle pool was signifidgnincreased in wild type, but no
significant increase in de-epoxidation was obsenasd a result of HL acclimation.
Interestingly, a similar significant increase i thiolaxanthin quantity was also measured
in npgl, despite the fact that xanthophyll cycle was ivacin this mutant. This increase in
xanthophyll cycle pool has been suggested to aclauenun the lipid phase of the

152



membrane, as the antenna size and hence the nwhlaaailable xanthophyll cycle-
binding sites is expected to be reduced under Hiditions (Kalituhoet al, 2006).

Plant Nec Lut Vio Ant Zea p-Car DEPs
WT 52+0f 171 44+0:]102+£0..1]0 1217 | 3£0.€
100uE

dark

WT 51+£0¢| 161 2001 08+0.0|1.7£0..|198+£0.8 |46£1.C
100uE

light

WT 47+0f]|1146 +£/60x£06]|03x0..|0 119 |4+£1/4
500uE 2.5 1.2

dark

WT 45+£0.7 152 £(28+0.|14+£04|24+£0.¢]|105 (472
500uE 2.2 0.6

light

npql 53+1..|18+zZ 44+1..10 0 12+1.¢ |0
100uE

dark

npql 57+£0¢] 201 53x0.:10 0 9200
100uE

light

npql 50+£0.¢ (175 /795 <«£|0 0 9+0.6 0
500uE 1.7 0.2

dark

npql 48+0.7]182 £/78x0.L]|0 0 7520510
500uE 2.4

light

Table 5.2 Pigment composition of wild type (WT) amghgl grown at 100umol photons M st
(control) and 50Qumol photons m st (high light). Leaf discs were collected from putither
dark-adapted for 30 min or light-treated for 10 nain 1000 pE. Data are normalized to 100
chlorophylla + b molecules and are means + SE from three replichties, Lut, Vio, Ant, Zea-
Car and DEPs represent neoxanthin, lutein, violdanantheraxanthin, zeaxanthip-carotene
and de-epoxidation state % [(zeaxanthin + 0.5 aatamthin)/(violaxanthin + antheraxanthin +
zeaxanthin)], respectively.
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The additional xanthophyll-binding proteins, likeIBs, HLIPs and SEPs formed during
HL exposure have also been proposed to bind sufmtamounts of xanthophylls, as
mentioned earlier in chapter | (Adamska, 1997; Aslkaret al, 1999; Heddad and
Adamska, 2000).

5.2.1.2 Effect of HL acclimation on PsbS enhancemen

For the confirmation of PsbS enhancement among ¢&ttlimated wild type andpql
plants, the western blots were performed usingrdiRPsbS primary antibody specific for
Arabidopsis Unstacked thylakoids were prepared from the plgndwn at HL (50GQumol
photons rif s) and at moderate light (1@0nol photons i s*) along withnpg4and L17
plants as control. Figure 5.1 shows a typical bibere PsbS band of 22 kDa is identified
by the help of marker and is confirmed by the abseof this band in PsbS-lespg4
mutant. The band appears to be noticeably densease of HL acclimated plants as
compared to those grown at moderate light.

WT-500pE npql-500pE WT-100pE npgi-100pE  L17-C npg4-C

Figure 5.1.Western blot probed with anti-PsbS antibody fodviglpe (WT) andhpglplants grown
at 50Q.E and 10QE. L17 andnpg4 were used as controls, denoted by “-C". Unstackgthkoids
(1ug chl/lane) were run on a 15% SDS PAGE gel andgatatith anti-PsbS primary antibody.

5.2.1.3 Effect of HL acclimation on fluorescence pameters

In order to investigate the effect of HL acclimation various fluorescence parameters,
fluorescence induction curves were recorded on dddpted wild type andpql plants.

Three different actinic light intensities (700, D08nd 2000umol photons i s?, also
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known as pE) were initially used to compare th@oease of both plant types as a result of
HL exposure by studying the parameter of chloropfiybrescence like NPQ and its two
components gE, gl.

5.2.1.3.1 NPQ magnitude

Average NPQ for both first and second illuminatiperiods were recorded, as shown in
Table 5.3 A and B, respectively. In all the castsady state values of NPQ were reached.
As a result of HL acclimation, NPQ magnitude waséased in both wild type amghglat

all the three actinic light intensities used (Tabld A, B). However, the use of 200fMol
photons rif s* (LE) actinic light caused more pronounced NPQ diffees in case of wild
type between HL-acclimated plants and controls,hagher actinic light ensures the
saturation of photosynthetic electron transportanimize photochemical quenching, and
therefore the contribution of NPQ would be maxim@ontrarily fornpql, the use of 700
umol photons M s* (LE) proved more useful to exhibit clearer NPQ déferes between
HL acclimated and control plants, as this mutardwskd higher contribution of slowly
reversible gl component. This may also suggest tipatl is unable to cope with HL
intensities due to absence of zeaxanthin causing mpbotoinhibition, which ultimately
affects the amplitude and kinetics of NPQ. Thisadaso shows higher level NPQ during
the second illumination, in wild type this increasm be attributed to the “light activation”
and the formation of zeaxanthin during first illuration which is retained during the short
dark period (Demmig-Adams, 1990), while mpgl either the first factor or enhanced
susceptibility to high light can be responsiblefas contribution of gl also increases during

the second illumination.

An increase of 34% in NPQ levels was recorded ugb@uE actinic light for 8 days HL-
acclimatednpgl While for wild type of similar HL acclimation, 40 increase in NPQ
levels was observed using 2000 E actinic lightrdase in NPQ levels of wild type plants
after HL acclimation can be attributed to physiadad) factors like increase in PsbS
concentration and xanthophyll cycle pool. In caSdloacclimatednpgl, the only apparent
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Plan Actinic Light NPQ F'lllumination NPQ 2" lllumination
Wild type 100uE 700uE 1973 £0.1 2.094 0.1
Wild type 500uE 700puE 2.207 £ 0.2 2459 +0.2
Wild type 100uE 1000uE 2016 £0.1 2217 £0.2
Wild type 500uE 1000uE 2476 £0.2 2.638+0.2
Wild type 100uE 2000pE 2.237 £0.1 2.259+0.1
Wild type 500uE 2000pE 2.849 £ 0.2 3.171x+0.1

B

Plan Actinic Light NPQ F'lllumination NPQ " lllumination
npgl100puE 700uE 0.515£0.0: 0.568 0.0
npg1500puE 700uE 0.706 £ 0.0 0.762 £ 0.0
npgl1100puE 1000puE 0.677 £ 0.0 0.871+£0.0
npgl1500puE 1000uE 0.750 £ 0.0 1.075£0.1
npcl 100puE 2000pE 0.842 £ 0.0 1.028 £0.0
npg1500puE 2000pE 0.948 £0.0: 1.210+£0.1

Table 5.3 NPQ magnitudes of wild typeAj andnpql (B) grown at 10QE (control) and 500E
(high light). NPQ was measured by the end of firsmin illumination, followed by 5 min dark
relaxation and then by the end of second 5 mimithation, using three actinic lights of 700, 1000
and 2000puE. NPQ was calculated as (Fm-Fm')/Fm', where Frthésmaximum dark-adapted
fluorescence and Fm' is the maximum fluorescenceappiication of a saturating pulse during
actinic illumination. All data are meah SE for at least three plants.

physiological factor causative of NPQ enhancemantlze increase in PsbS concentration,
as zeaxanthin is missing in this case. This shbasNPQ can be enhanced due to increase
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in PsbS, even in the absence of zeaxanthin. Thiseuindicates that role of zeaxanthin in
NPQ is unlikely to be direct but an indirect angulkatory one. The magnitude of NPQ
increased with use of higher actinic light in bolle plant types, as high light might be
expected to induce highapH and/or extra xanthophyll cycle pool. Howevere a$ high
actinic light also resulted in the increase of djoreversible photoinhibitory components
of NPQ, which were more pronouncednipql mutant after HL acclimation. The increase
in amount of xanthophyll cycle carotenoid violaxant in npgl as a result of HL
acclimation may explain this inhibitory effect onPR. Violaxanthin is an allosteric
inhibitor (Rubanet al, 1996); hence this can explain why under highamiz light
intensities (1000 and 2000M) the NPQ is not that enhanced npgl as under lower
actinic light of 700uM.

5.2.1.3.2 gE and gl components of NPQ

As NPQ comprises of two major components, one hapélaxing gE component depends
on ApH also involving PsbS and zeaxanthin, the othmwlylrelaxing ql component caused
by photoinhibitory effect. The measurement of qEthsrefore essential to depict any
change in the PsbS levels. Rapidly reversible gt dowly reversible gl components of
NPQ were also measured for both wild type ammfjl at all the three actinic light

intensities.

Figure 5.2 shows the contribution of these two magmponents of NPQ during first and
second illumination each for wild type ((A and Bjdanpgl (C and D). The rapidly
reversible qE of wild type plants has higher cdmttion in total NPQ, whereas as slowly
reversible gl ohpglforms major part of NPQ, particularly in contrdapts grown at lower
light intensity (80 uE) and upon use of higher actinic light intensiti@he data
demonstrates that qE, the major component of NR€Qeased variably as a result of HL
acclimation at all the three actinic light interestused in both wild type ambql, which
can be attributed to the predominant factor of &ighsbS concentration for the increase in
NPQ in case of both wild type amgpql
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(A) The gE and gl components of NPQ measured for wild type plants acclimated at
2 different light intensities using 3 actinic lights (1%tillumination)
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(B) The gE and gl components of NPQ measured for wild type plants acclimated
at 2 different light intensities using 3 actinic lights (2"illumination)
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(C) The gE and gl components of NPQ measured for npgl plants acclimated at
2 different light intensities using 3 actinic lights (1%tillumination)
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(D) The gE and gl components of NPQ measured for npg1 plants acclimated at
2 different light intensities using 3 actinic lights (2"?illumination)
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Figure 5.2 Separation of qE and gl components of NPQ duiiirsg &nd second illumination each
in wild type A, B) andnpql(C, D) grown at 10QE (control) and 500E (high light). Plants were
illuminated as described in Table 5.3, using tlaetinic lights of 700, 1000 and 20Q&. gE and
gl were calculated as (Fm / Fm’) — (Fm / Fm”) afth(— Fm”) / Fm”, respectively. Fm, Fm' and
Fm” are the maximum fluorescence values after @daldgptation, during actinic illumination and
after a period of dark relaxation, respectivelyl. ddta are mear:- SE for at least three plants. All

data are significantly different to respective colst (Student’s t-test p=0.05).

In HL acclimated wild type plants, maximum of 51%crease in gE component was
measured using actinic light of 20Q(E intensity, with only 6 % increase in slowly
reversible gl component. The gE component alsotitotesd 82% of the total NPQ in this
case. Remarkably, in HL-acclimatadglan almost two times maximum increase (97%) in
gE component was observed using actinic light sitgrof 700 uE, which accounted for
59% of the total NPQ. In contrast to wild type,dardecrease in ql component by 8% was
measured impglas a result of HL acclimation. Though the increimsgl component of
HL acclimatedhpglwith use of higher actinic lights was quite simiia that in wild type.

The two fold rise in qE of zeaxanthin-lackimgpqgl mutant can mainly be accredited to
enhanced PsbS levels as a result of HL acclimatworeover, this enhancement in qE
magnitude may also demonstrate that zeaxanthinotao@ a direct quencher in this
component of NPQ and PsbS can modulate the confimmah change in antenna
complexes responsible for quenching without invadvizeaxanthin. Similarly, the gE
increase in HL-acclimated wild type can also beribed to enhanced PsbS levels, as no
significant increase in de-epoxidation state waseoked in the xanthophyll analysis. The
increase in xanthophyll cycle pool may only be cesible to check the photoinhibitory
effects as a result of HL exposure, in both wildetyandnpgl which maintained their gl
levels to almost same level as in their respecor@rols. Thereby, both NPQ and its major
component rapidly reversible gE can be increasethowi involving zeaxanthin by
enhancing the amount of PsbS as a result of HLiraatibn in both wild type andpql.
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5.2.1.3.3 Chlorophyll fluorescence quenching traces

For an in depth study to quantify the differenaeNPPQ as a result of HL acclimation, a
detailed analysis of chlorophyll fluorescence fotiora and relaxation kinetics was carried
out. The NPQ formation kinetics were obtained fralark-adapted plants during two
successive light cycles of 5 minutes illuminatieaparated by a dark period of 5 minutes
for qE relaxation. The effect of HL acclimation cha compared by the representative
fluorescence traces for both wild type anpql, as shown in Figure 5.3 A and B,
respectively. In wild type, biphasic quenching waisserved as first rapid zeaxanthin-
independent induction phase was followed by secslower zeaxanthin-dependent
guenching phase. A higher light intensity of 2000wks used in this case to obtain
maximum NPQ differences. In casengfql, quenching with one phase was monitored as
only the first rapid zeaxanthin-independent comporad qE was formed, due to lack of
zeaxanthin in this mutant which is responsible tfer second slower component. Lower
actinic light intensity of 700pE was used for tmsitant to enhance the gE component of
NPQ, as there is higher contribution of slowly neigle gl component of NPQ in it as
compared to wild type at similar actinic light. $hcomparative analysis of quenching

shows that HL acclimation induces more quenchingaith wild type anahpql.

161



1.2

——  Wild type 500 pE
1.0 1 — Wild type 100 puE

0.8

0.6

Fluorescence, relative

I
o

0 200 400 600 800 1000 1200 1400

Time (s)

1.2

npg1 500 pE
1.0 ~ — npgl100 pE

0.8 1

0.6 1

i

0.2 L < ng QL

A

0 200 400 600 800 1000 1200 1400

Fluorescence, relative

Time (s)

Figure 5.3 Comparison of chlorophyll fluorescence traces ahp grown at 1Q€E (control) and
500uE (high light) for both wild typeX) andnpql(B). Dark adapted plants were subjected to two
cycles of 5 minutes actinic illumination (20Q(E for wild type and 70QuE for npql), each
followed by 5 minutes of dark relaxation to allomcovery of the fast qE component of NPQ-
actinic light on,| - actinic light off, (refer also to figure 1.13).
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5.2.1.3.4 NPQ formation and relaxation kinetics

To measure rate of formation and relaxation of NR@ng the chlorophyll fluorescence
guenching as shown in comparative traces in Fi§u2e their respective half times were
recorded from kinetics. For statistical fitting BNPQ formation and relaxation kinetics,
Sigmoidal Hill 3 and Hyperbolic Decay 3 parameté®sgmaplot, Systat Software Inc,

USA were used, respectively. The half times were measas the time taken to reach
50% of total NPQ during formation and relaxation.

Figure 5.4 shows that in HL-acclimated wild tygee guenching was formed slower during
the first illumination as compared to control, heeethe relaxation was faster. During first
illumination, the kinetics can be limited by de-gation of violaxanthin, and additional
complications are brought in by the changes ingRethat result from the induction of
carbon assimilation. These factors make it dificalascertain the effect of HL acclimation
during the first cycle of NPQ formation and relazat Thereby, as a result of second
illumination, both the presence of zeaxanthin dred“light activation” allow to achieve the
maximum NPQ. As discussed earlier the higher lesENPQ were obtained as a result of
HL acclimation. Interestingly, the rate of NPQ faton as a result of HL acclimation was
also faster than that of the control. On the otmand, the rate of NPQ relaxation was
slower in the HL acclimated wild type plants. Zeatken has been shown to increase the
rate of formation and to slow down the relaxatiater as discussed in Chapter 3. No
differences in the final NPQ relaxation levels weleserved between the HL-acclimated

plants and control.

Figure 5.5 shows similarly the NPQ formation anthxation kinetics and half times for
HL-acclimatednpql It is significant as it may help to understana@ #ffect of PsbS
enhancement alone on these kinetics without anyarfain contribution. As a result of
xanthophyll cycle activity, zeaxanthin formation shalready been demonstrated to
accelerate formation kinetics and inhibit relaxatlanetics in the wild type plants. In the
absence of violaxanthin de-epoxidation and henexahin, the rate of formation was
faster in both illuminations as a result of HL aweltion. The half time for relaxation as a
result of HL acclimation was faster as fractioracfecond, therefore hard to be measured in
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Figure 5.4 Time course of NPQ for wild type (WT) plants groah10QE (control) and 500E
(high light). NPQ was calculated as (Fm-Fm')/Fmheve Fm is the maximum dark-adapted
fluorescence and Fm' is the maximum fluorescenceappiication of a saturating pulse during
actinic illumination. Plants were illuminated asdébed in Table 5.3. Half time (t %) for formation
and relaxation of NPQ in small graphs for each ca%ewas calculated as the time taken for NPQ
to reach 50% of total NPQ during formation andxat&n.

A NPQ formation during 1st illumination;
B NPQ relaxation during 1st dark period;
C NPQ formation during 2nd illumination;
D NPQ relaxation during 2nd dark period
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Figure 5.5 Time course of NPQ fanpql plants grown at 1Q{E (control) and 500E (high light).
NPQ was calculated as (Fm-Fm')/Fm’, where Fm isnth&imum dark-adapted fluorescence and
Fm' is the maximum fluorescence on application siturating pulse during actinic illumination.
Plants were illuminated as described in Table B&f time (t ¥2) for formation and relaxation of
NPQ in small graphs for each case. t %2 was cakulas the time taken for NPQ to reach 50% of

total NPQ during formation and relaxation.
A NPQ formation during 1st illumination;
B NPQ relaxation during 1st dark period;
C NPQ formation during 2nd illumination;

D NPQ relaxation during 2nd dark period

165



this case, as compared to ~ 1 second in contra. 8ffect of PsbS on quenching has
previously been reported by PsbS-leggi4 mutant, in which the absence of this protein
slows down the quenching formation as well asataxation in the darkness, as compared
to the wild type (Liet al, 2000). Similarly, another study involving Psb&prexpressor
L17, which contains ~ 4 times the amount of thist@in as the wild type, has shown
greater extent of quenching induction in comparisorthe wild type (Liet al, 2002c).
However, the effect of PsbS protein on the NPQxetlan was not clear from this study.

The data shown in the Figure 5.4 may help to gaithér understanding of the role of PsbS
in the mechanism of NPQ and of the effects of enbiarent in the levels of this protein as
a result of HL acclimation. This role is independerd factors like violaxanthin de-

epoxidation and zeaxanthin, as this mutant lacksa®thin formation by de-epoxidation.

Apart from showing the effect of enhanced PsbShtwelase the extent of NPQ without
involving zeaxanthin, it also indicates towardsegulatory role of PsbS protein as it
promotes both the rate of formation and relaxatibNPQ. This regulatory role of PsbS is
not similar to that of zeaxanthin, which only prae®the rate of NPQ formation without
increasing its extent, and inhibits the relaxatidhis data does not support the direct
involvement of PsbS as a quencher, since quenchiowgd rely on the association of

zeaxanthin-bound PsbS with the quenching compléis data, however, indicates that
PsbS may facilitate the rapid switching betweemghed and unquenched conformations.

5.2.2 Genetic Manipulation to increase NPQ levels

The extent of NPQ has been demonstrated to beasedeby enhancing the levels of PsbS
protein, achieved by over-expression of nuclearegesbS The L17 overexpressor line,
which has been found to possess ~ 4 times the anoduPsbS protein as the wild type,
clearly demonstrates a much greater extent of duegen comparison to the wild type leaf
(Li et al, 2002c). The absence of this protein on the dthed severely reduces the extent
of NPQ, as demonstrated in PsbS mutgd4 (Li et al, 2000). As discussed earlier in this
chapter, the mechanistic role of this protein ia fuenching process is not clear, as it is

considered to be involved directly in this procéss acting as quencher or providing
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guenching site by binding protons and zeaxanthins tthe resultant PsbS-zeaxanthin
complex de-excites the singlet excited chlorophylenergy transfer (Mat al, 2003; Holt

et al, 2004). Alternatively, PsbS has also been prapdsect indirectly as modulator of
the NPQ by controlling the conformational changesntenna complexes, this model also

suggests an indirect allosteric regulator roleziaxanthin (Hortoet al., 2005).

The role of zeaxanthin is also not clear in quemglas it has also been considered as direct
guencher or indirect regulator in NPQ, as mentioaledve. Thenpgl mutant defective in
nuclear gene encoding violaxanthin de-epoxidaseEMB also available, which is unable
to convert violaxanthin to zeaxanthin in excesdigat (Niyogi et al, 1998). The over-
expression of PsbS in this zeaxanthin-lacking ntutam help to elucidate the molecular
mechanism of NPQ with respect to the roles assigoestaxanthin and PsbS. The single
recessive nuclear mutation of VDE gemeql results in absence of zeaxanthin in strong
light and the partial inhibition of the quenchind singlet excited chlorophylls in the
antenna complexes (Niyogt al, 1998). This gene is located on chromosome 1 of
Arabidopsis(Bugos and Yamamoto, 1996), at location 2,706 209,534 Arabidopsis
has 5 pairs of homologous chromosomes, the chrom®dgbis the longest among all of
them with 30,432,563 base pairs (bps) and 5,96 7vknprotein-coding genes. The co-
dominantpsbSgene is also located on chromosome 1 at locatio@&7%4,136-16,875,823.
The expression of PsbS protein has been enhanaetirftes above the wild type level, by
transformation of wild type with thpsbSgenomic clone. A 3,198 bp clone fragment with
the psbSgene under the control of its own promoter wasckuted in anAgrobacterium
tumefaciensvector to transformArabidopsiswith single insertion. The resultant over-
expressor line L17 of PsbS has demonstrated adldoiricrease in NPQ as compared to
that of wild type (Liet al, 2002b,c).

Though insertion of transgene is a random eventielrer genetic recombination of two

genes present on the same chromosome is possildmésing-over and the frequency of
this event depends on the relative distance betvleertwo genes. The longer distance
between two linked genes increases the frequenggwétic recombination. The distance

betweennpql and psbStransgenes on the chromosome 1 is needed to geelvough to
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allow genetic recombination which can be possiasaering the total length of this
chromosome. Therefore it is likely to obtain a hghbwith both mutanthpql and over-
expressopsbSgenes, as a result of cross betwepgland L17 parents. To obtain such a
mutant deficient in zeaxanthin with over-expressadrPsbS, a reciprocal cross was made
betweennpgland L17 first parental lines (P1). However, thieston ofnpglas female
line proved to be more successful and useful, axtbsses involving L17 as female line
did not produce viable pods and hence seeds. Witii as female line, screening of the
heterozygous hybrids in resultant first filial gestgon (F1) was also convenient as much
higher NPQ was observed in all the heterozygousa$tompared tapgl homozygous
plants. A ratio of 7 successful crosses out ofl tbtawas recorded, yielding heterozygous
F1 generation. Four plants were emasculated fdn eathe genotype to be considered as
female lines. Each female line with 3-4 emasculdteders was cross-pollinated with
pollens from opposite male line. Seeds from eatbngtted cross were germinated to
obtain F1 generation, whereby the heterozygous I[Ele wscreened by chlorophyll
fluorescence quenching and pigment analysis. Alglants were grown under controlled
conditions of 8h of 100U E light at 22 alternating with a 16h dark period afC8

5.2.2.1 Screening and characterisation of F1 gendian

The chlorophyll fluorescence quenching was perfarnmedark adapted P1 and F1 plants
(Figure 5.6), using two successive illumination legc for P1, however only one
illumination followed by dark relaxation was usedr fscreening purpose in F1 and
subsequent generations. The actinic light interefiff00umol photons i s*was selected

in order to enhance the reversible g componemii® and to minimize the slowly
reversible gl component. Fopql, the quenching was formed in one rapid phase a@hd d
not relax fully due to higher contribution of glihis mutant, as discussed earlier. The NPQ
was measured as 0.58 % 0.05, with ~ 60% of reviersig innpql P1. The L17 over-
expressor line clearly showed a much greater eptesienching in comparison to the
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Figure 5.6 Chlorophyll fluorescence traces of dark-adaptpd1 (A) and L17 B) P1 plants, with
resultant F1 heterozygou€) plant. The leaves were subjected to actinic lgfhf00 LE intensity
for two cycles of 5 minutes, each followed by 5 utés of dark relaxation to allow recovery of the
fast qE component of NPQ. For screening of F1 betgous plants, only one illumination cycle
was used.

npgl The quenching was induced in typical biphasic Viles wild type, with initial rapid
zeaxanthin-independent component controlled ApH and final slower zeaxanthin-
dependent component influenced by de-epoxidatiten fidhe relaxation of quenching was
also faster and to a much higher extent as compargayl The NPQ was measured as 3.7
+ 0.1, with ~ 90% of reversible gE in L17 P1. Foreening of F1 heterozygote, only first
illumination was used and higher magnitudes NPON&Q with biphasic formation
kinetics were recorded which resembled to L17 Hie @verage NPQ as a result of one
illumination cycle was measured as 3.0 + 0.5 wi®0% reversible gE.

Leaf discs were collected from P1 and F1 plantartalyse their pigment composition by
HPLC in both light-treated and dark-adapted coodgi The expected general differences
were found betweenpgland L17 (Table 5.4), as reported previously (Niyeigal, 1998;

Li et al, 2002c). Both antheraxanthin and zeaxanthin \@bsent impgldue to inactivity

of VDE. The light-induced de-epoxidation was alacking innpgl while in case of L17 it
was measured as ~ 49%. Despite much higher NP(sleweasured in L17, there have
been no significant differences in xanthophyll eygool and de-epoxidation state as
compared to the wild type. In case of F1 heteromgono significant differences were
observed in xanthophyll composition and de-epolotastate from those of L17 parental

line.
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Plant Nec Lut Vio Ant Zea p-Car DEPs
P1-npq] 5.3+0.0 18+72 44+1. 0 0 12 +1.¢ 0
dark

P1-npq] 5.7 +£0.¢ 201 53+0.1 0 0 9.2+0.¢ 0
light

P1-L17 59+0. |20.2+1.¢| 6.0+0.f | 049+0.: 0 129+0.c | 3.8+0.t
dark

P1-L17 55+0.f |198+0.!| 24+0« | 046+0..|233+0.:]106+0.!| 49+1
light

F1- 6.0+0.2 | 226+1 | 6.2+0.f | 0.6+0.: 0 125+1 | 44+0.
heterozygote

dark

F1- 6.1+0« | 11+1t% | 22402 | 05+0.2 | 24+0. 11+1 52 £z
heterozygote

light

Table 5.4. Pigment composition afipgland L17 parental lines and F1 heterozygous liheaf
discs were collected from plants either dark-adhfde 30 min or light-treated for 10 min at 1000
ME. Data are normalized to 100 chlorophylt- b molecules and are means + SE from three
replicates. Neo, Lut, Vio, Ant, Ze@-Car and DEPs represent neoxanthin, lutein, viagltxa,
antheraxanthin, zeaxanthinp-carotene and de-epoxidation state % [(zeaxanthin0.%
antheraxanthin)/(violaxanthin + antheraxanthin axamthin)], respectively.

5.2.2.1.1 Explanation of P1 genetic cross to yiefd genetic make up

As elaborated in the Figure 5.7, the parent lin@mfl possesses two copies of recessive

npglmutant gene (denoted by “n”) along with two copé¢psbSnormal gene (denoted by

“I"), both genes located on the same chromosome. ather parental line of L17 has two

copies of dominant and normdPQ1 gene for VDE (N) with two copies of co-dominant

over-expressopsbS transgenes (L). Only one set of genes is tramsfeto the next

generation through meiotic gametogenesis, therefopitative heterozygote in F1 can be
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obtained with a gene combination of “nN IL” whemd™“dominant gene will dominate over
its recessive counterpart “n” gene to expressfitsdiile “L” over-expressor gene will

LLIH

remain co-dominant with “I” gene to yield dosagteef. As a result of gene expression, the
resultant F1 heterozygote would have normal agtieft VDE and xanthophyll cycle and
hence zeaxanthin concentrations similar to thodel@fparental line. The over-expression
of one psbS gene and the other normal gene wosldtran intermediate PsbS protein
concentrations, which are higher thgpglbut lower than L17. However, it is interesting

finding that high NPQ levels were achieved in hetggote quite similar to those of L17.

The PsbS protein amount has been shown to directhglate with the NPQ levels, a ~ 4
times increase in PsbS protein level in L17 overessor as compared to wild type can
almost double the level of NPQ (et al, 2002c). This increase in NPQ may appear to be
smaller than anticipated, as we have measuredasiMPQ levels in L17 and heterozygote
despite the differences between thpsbSgene expression. This may suggest that activity
of this protein is limited by maximum capacity ofapts for NPQ, or it may also be
proposed that only a part of this protein is reegiifor NPQ, while the rest of PsbS remains

as inactive and excess for this process.
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Figure 5.7 Diagrammatic explanation of genetic architecturaha® Chromosome 1 afpql and

L17 parental lines and F1 heterozygous F1 generaBene combination in gametes has also been
shown for both P1 and F1 generations, with all ipdessgene combinations shown for F1
gametogenesis, where “linked gene” combinatioméabsence of crossing-over and “recombinant
gene” combination as a result of crossing-over.

5.2.2.2 Screening and characterisation of F2 gendi@an

The F1 heterozygous generation was allowed topsdiihate to produce seeds, which were
sown to obtain F2 generation. During the gametagjsrie F1 generation, the homologous
pairs of chromosomes may exchange their genetiermahin a process synapsis during
prophase 1 of meiosis. The frequency of this cmmsewver resulting in genetic
recombination depends on the distance between éwesy As discussed earlier, bafigl
and psbShas a long distance between them, so the frequehggnetic recombination
would be high in this case. In the Figure 5.8,Rhegametogenesis has been shown with all

possible gene combinations, assuming both occugrehcrossing-over or otherwise.
173



Possible outcome of all the gene combinations whah be obtained in F2 generation has
been shown diagrammatically in Figure 5.8, whickolmes all the possible gametes
produced by F1 generation. Considering only crosae&d gene combinations, it can be
predicted that genes will assort independently th dgénes. In fact, the linked gene
combinations cannot be ruled out in this case,dl the genes are located on the same
chromosome. For F2 generation, a total of 120 plamtre screened again using the
combination of two methods, chlorophyll fluorescemgienching and xanthophyll analysis.
As shown in Table 5.5, majority of plants showeeémtype like L17 with higher extent of
NPQ (2.0-3.4) during one illumination cycle. Thgdants showed over 90% of reversible
gE, similar to L17. Plants having slightly lower @Revels (1.3-2.0) with reversible gE ~
86% of total NPQ were considered as wild type likbere was no clear demarcation
between these two groups, most probably due toggostiect ofpsbSgene. Remarkably,
there were no F2 plants in the NPQ range of 1.04hi8s it creates a clear boundary line
between all the plants demonstrating NPQ levelbdrighan 1.3 (L17-like and wild type-
like) and all those with NPQ lower than 1.0. Tharm$ exhibiting NPQ levels lower than
1.0 can again be divided into two sub groups, ork very low NPQ along with lowest
reversible gE resembling tmpqgl parent, and the other with substantially higheQ\&hd
more reversible gE than tmpgl Only 8npgllike plants were observed with NPQ 0.55-
0.65 and ~ 58% reversible gE. The other sub-granich can be putativepglL17 double
mutants, consisted of 19 plants with NPQ 0.65-h0 eeversible gE ~ 68%. There was
also no distinction between these two sub-grougainamost likely because of thesbS
dosage effect. The ratio among various F2 sub-graiges not strictly follow the one
obtained as a result of Mendelian independent @msat which is unsurprising as
statistical probability does not influence the e@vehcrossing-over. Despite this, the ratio
obtained here was exactly 8:3:2:1, which is notdewiated from the theoretical 9:3:3:1,
considering a comparatively small sample populatipn statistical standards in this

experiment.

The putativenpglL17 double mutants from F2 generation were selettexbtain two pure
homozygous lines in F3 generation by screening odkdt fluorescence quenching.
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Figure 5.8. Diagrammatic explanation of the possible outcomegehe combination in F2

generation. The expected Mendelian independenttassat ratio among F2 genotypes with all
possible gene combinations has also been presérhtedputativenpqlL17 double mutants were

finally grown for F3 generation to select pure haygous lines, with all homozygous plants.
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F2 Number NPQ Reversible
phenotype | of plants qE %
L17-like 65 2.0-34 | 92.2+0.2
Wild type- 28 1.3-2.0 86+0.6
like
Putative 19 0.65-1 68+1.4
npqlll7
double
mutant
npql-like 8 0.55-0.65 | 58.2+1.9

Table 5.5 Characterisation of F2 generation by quenchinghptymes. NPQ was measured by the
end of first 5 min illumination, followed by 5 midark relaxation, using actinic light intensity of
700puE. NPQ and gE were calculated as (Fm-Fm')/Fm'(end/ Fm’) — (Fm / Fm”), respectively.
Fm, Fm' and Fm” are the maximum fluorescence vahfésr dark-adaptation, during actinic
illumination and after a period of dark relaxatioaespectively. Reversible gE % was gE / NPQ x
100. All data are meatt SE for the respective number of plants in eachgro

Availability of a sample population with a broadhge of NPQ values with a concomitant
variability in reversible qE % provided an oppoityrto find a correlation between the
values of these two measurements (Figure 5.9),hnlis not been established before. The
extent of NPQ in this population has a range fromest value of 0.55 to a maximum of
3.4, measured at the end of 5 minutes illuminatadndark adapted F2 plants. A
concomitant increase in reversible g % of totalQNRas also noticed which was
measured at the end of 5 minutes long dark pedtboviing the illumination. A non-linear
regression shows a correlation between NPQ and g&f %tal NPQ which is rapidly
reversible and is measured after 5 minutes of gamkod following first illumination. It
demonstrates that extent of qE increases withrtbeease in NPQ; moreover this increase
in gE is also dependent on amount of zeaxanthinRat® just like NPQ. This correlation
also shows that increase in NPQ in F2 generatidiiésto increase in rapidly reversible gE
and not because of photoinhibition.
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Figure 5.9 Correlation between NPQ and reversible qE % ofl tdf2Q presented in the form of
non-linear regression from sample population ofgeleration with NPQ ranging from a lower
value of 0.55 to as high as 3.4 and gE % pool frd50% to ~ 100%.

The representative quenching traces of the F2 phlarith average NPQ from each of the
four sub-groups have been shown in Figure 5.1@darparison. In all the plants with NPQ
levels higher than 1.3, the typical biphasic quémghnduction was observed with initial
rapid zeaxanthin-independent phase followed byl Bi@ver zeaxanthin-dependent phase,
quite similar to those of L17 and wild type. On titBer hand, all those plants having lower
than 1.0 NPQ magnitude, showed only single rapakaethin-independent phase during
guenching formation, controlled bXpH. The extent of relaxation upon darkening is
distinctly higher and faster in plants with highéf?Q (>1.3) than those with lower NPQ
values (<1.0). It is difficult to ascertain anyfdiences in the rate of relaxation between the

sub-groups with variable PsbS amounts by thesegrdmwever data in Table 5.5 shows
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Figure 5.10 Representativehtorophyll fluorescence traces of F2 plants fromrfsub-groups,
L17-like (A) and wild type-like B) with biphasic formation kinetics, putativgpqlL17 double
mutant C) andnpqZllike (D) with single phase formation kinetics. The darkted leaves were
subjected to actinic light of 700E intensity for one cycle of 5 minutes, followed Byninutes of
dark relaxation to allow recovery of the fast qEnpmnent of NPQ. The relaxation during dark
period was more reversible in plants with highetNP
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F2 Nec Lut Vio Ant Zea p-Car DEPs

phenotype

L17-like 53+1 18+25 | 44+1 0 0 12+1.8 | 40+0.E

dark

L17-like 5.7 £0.¢ 20 +1 5310 0 0 9.2 +£0.¢ 50+1

light

WT-like 53+0.2| 202+ | 6.0+0.t| 049+ 0 1291 | 44+0u«
1.6 0.1 0.4

dark

WT-like 5.1+ 0.2 198+ | 24+0.4 | 046+ 233+ 106 + 52 £z

. 05 0.1 0.2 0.5

light

Putative 6.1+0 226+ | 6.3+0.C 0 0 119+ 0

npqll7 18 0.7

dark

Putative 50+£0.0 | 11+£1f | 53+0. 0 0 9.1+0.. 0

npqll7

light

npgllike 5.7+0.E 202 | 6.8+0.8 0 0 9.3+0.5 0

dark

npgltlike 47+0.2 18.&+ 5.1+0.E 0 0 125+ 0
2.4 1.2

dark

Table 5.6 Pigment composition of F2 generation for screemhglants lacking antheraxanthin and
zeaxanthin. Leaf discs were collected from plaiiteee dark-adapted for 30 min or light-treated for
10 min at 1000 puE. Data are normalized to 100 oployll a + b molecules and are means + SE
from all the plants available in each sub-groupoNait, Vio, Ant, Zeap-Car and DEPs represent

neoxanthin, lutein, violaxanthin, antheraxanthiegxzanthinp-carotene and de-epoxidation state %

[(zeaxanthin + 0.5 antheraxanthin)/(violaxanthiartheraxanthin + zeaxanthin)], respectively.
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higher extent of relaxation in PsbS over-expreskaislike and putative double mutant, if
compared to wild type-like andpqgl-like plants, respectively. Another significant uls
from the average NPQ of each sub-group demonstth&gsthe proportional increase in
NPQ as a result of PsbS over-expression was alimestame. A two fold increase in NPQ
was measured in L17-like plants over the wild tyige-plants, and similarly in putative
npglL17 double mutant over thepql-like F2 plants.

The F2 generation was also screened by measuengatithophyll composition. All those
plants with NPQ levels lower than 1.0 and monopghgaenching formation were expected
to be devoid of both antheraxanthin and zeaxardhm tonpgl mutant gene, and all the
plants with higher NPQ (>1.3) and biphasic quenghinduction were anticipated to
possess xanthophyll cycle pigments along with fighdticed de-epoxidation. Leaf discs
were collected from all the F2 plants to analysartpigment composition by HPLC in

both light-treated and dark-adapted conditions. @he&a shown in Table 5.6 shows the
results confirming above mentioned statements o#fs bl 7-like and wild type-like plants

showed almost similar de-epoxidation states aloritp wanthophyll cycle pool, while

putativenpqlL17 double mutant andpqZllike plants demonstrated inactivity of VDE to

yield antheraxanthin and zeaxanthin and lackindesépoxidation, similar topglmutant.

5.2.2.2.1 Spectral analysis of F2 generation

The role of PsbS has been suggested to induce faro@tional change in antenna
complexes which changes the configuration of bopiggnents to result in quenching of
chlorophyll excitation possibly via chlorophyll-x#wophyll interaction, as discussed in
Chapter Il in detail. Therefore, the effect of oexpressed PsbS would be predicted to
result in more pronounced conformational changeles& conformational changes
associated with NPQ can be monitored by accompgrafasorption change in the range of
520-540 (Rubaet al, 1993; Bilger and Bjorkman, 1990). This absorlgadcange consists
of a 535 nm band, which has been related to a ehimngroperties of zeaxanthin (Rubain
al., 2002). A blue shift in this 535 nm band towas®® nm in the absence of zeaxanthin

suggests that it may arise from other xanthopl{ilisctoret al, 1993). The effect of PsbS
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on conformational change has also been demonstbgtedstudy involvingipg4 mutant
lacking AA535 (Li et al, 2000), however a recent work has shown A#&i35 is only very
slow to form and not completely abolished in thistamt (Johnson and Ruban, 2009).

Figure 5.11 shows the light minus recovery absorpspectra for all the four sub-groups of
F2 generation, which were recorded in the Sorabre@10-565 nm). These spectra also
provide information about pigment changes as altredfuconformational changes, as
discussed in detail in Chapter lll. In both L17elind wild type-like plants (Figure 5.11
A), the presence of de-epoxidation and hence z#ixaresulted in a light-minus recovery
difference spectrum with the maximum absorptiorb8 nm band. The other two sub-
groups with lower NPQ values (< 1.0) showed maximalmsorption at 525 nm (Figure
5.11 B), which is blue shifted in comparison topee of sub-groups with higher NPQ (>
1.3). The reason for this blue shift is absencezedxanthin, as mentioned earlier. In
addition to this blue shift, the amplitude of thesarption spectra was also reduced in the
absence of zeaxanthin, which is consistent withldalaer extent of NPQ in plants lacking
zeaxanthin. This demonstrates the ability of zetiianto enhance the conformational
changes associated with gE in the antenna. Theefigiso shows the effect of enhanced
PsbS on maximum absorption at both 535 and 525asnthis protein can increase the
absorption in each case by almost similar properfithe three negative bands were present
in all the spectra at 495, 468, and 438 nm; how¢hweramplitude of these bands was
smaller in plants with lower NPQ values, consistevith the correlation between
absorption changes and the NPQ. This data sugtestshe gE-related conformational
change can be induced by PsbS independent of zdaxan
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Figure 5.11Light minus recovery absorption difference specfrieaves from F2 generation, L17-
like and wild type-like A), putative double mutamipqlL17 andnpqllike (B). The spectra were
recorded using the Aminco DW2000 spectrophotomettr actinic light intensity 70QE. Each
spectrum is the average of at least 3 separateungzasnts.
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In Figure 5.12, the kinetics of absorbance changend light and dark periods have been
shown, in a similar way as chlorophyll fluorescegeenching was measured earlier. The
dark-adapted leaves were subjected to actinic bi00 pE intensity, followed by dark
period. The absorbance was measured at 535 nrhdaepresentatives of all the four sub-
groups of F2 plants, L17-like and wild type-likeigére 5.12 A), putative double mutant
npglLl7 and npqgllike (Figure 5.12 B). The absorbance change ise@aupon
illumination and relaxed during the dark periodalhcases. The amplitude of absorbance
change shows that PsbS over-expression increasextbnt of absorbance, and hence the
conformational change in antenna complexes. Thetikm of the 535 nm absorbance
change also reflects the differences in NPQ kisetioserved earlier. In plants with de-
epoxidation (L17-like and wild type-like), the kines of 535 absorbance changes are faster
to form and slower to relax during the second cadeompared to the first one because of
more zeaxanthin presence in the former cycle. Wirlecase of plants lacking de-
epoxidation 1GpgqlL17 andnpgZlike), the differences in kinetics of first andcsed cycle
were not as pronounced as in plants with activepe«idation. The effect of PsbS was also
apparent in these 535 nm kinetics, as the overesgmn of this protein seemed to
accelerate both the formation and relaxation rates.

The absorbance measurements revealed thatAB85, showing the extent of qE-related
conformational change, was enhanced by over-expres§ PsbS, both in the presence and
absence of zeaxanthin. These results provide sufgpdhe NPQ model involving PsbS as
modulator of conformational change resulting in reieng and zeaxanthin as allosteric
regulator of the process.
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Figure 5.12Kinetics of light-induced absorption changes invEsaof F2 generation, L17-like, wild
type-like @), putative double mutampqlL17 andnpqgllike plants B). Spectra were recorded
using the Aminco DW2000 spectrophotometer withréctiight intensity 70QuE. The absorption
change A565 minus A535 nm was used for L17-like aaid type-like plants, while absorption
change A565 minus A535 nm was used for putativédbomutannpqll17 andnpqgZlike plants.t
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5.2.2.2.2 Measurement of PsbS over-expression bystern blots

For the confirmation of PsbS over-expression anféhgeneration, the western blots were
performed using an anti-PsbS primary antibody dgedor Arabidopsis Unstacked
thylakoids were prepared from all the four sub-gwof F2 plants along withpg4 L17
and wild type plants as control. Figure 5.13 shawtypical blot where PsbS band of 22
kDa is identified by the help of marker and is ¢onéd by the absence of this band in
PsbS-lessipg4 mutant. The band appears to be noticeably densease of L17-like and
putative double mutanipqll17 as compared to wild type-like angql-like plants. This
difference is also comparable to one observed katwbe L17 and wild type used as

controls.

F2 generation

)
( \

npq4-C L17-C L17-like putative  putative = WT-like npql-like
npqlll7 npgllLl7

F—___

Figure 5.13.Western blot probed with anti-PsbS antibody for geéheration L17-like, putative
double mutanhpqlL17, wild type (WT)-like, andchpqgllike plants. L17 andpg4 were used as
controls, denoted by “-C”. Unstacked thylakoidadXhl/lane) were run on a 15% SDS PAGE gel
and probed with anti-PsbS primary antibody.

5.3 Discussion

The aim of the work presented in this chapter wasacterisation of the role of zeaxanthin
and PsbS in the mechanism of NPQ by dissecting thetual interaction. This aim was
achieved through enhancement of PsbS in the absehceaxanthin in the plant
Arabidopsisthaliana The work was analysed mainly by chlorophyll flescence and
absorption spectroscopy. The observations presémtéds work clearly demonstrate that
an increase in the PsbS contents can enhance NeQeindent of zeaxanthin. This shows
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that xanthophyll cycle activity is not an absoluguirement for quenching process, and
hence cannot play a direct role in the initial dapomponent of NPQ formation controlled
by ApH. Rather, the data lends support to the view #eaixanthin acts as an indirect
regulator of the process, as it enhances the fat¢P® formation during illumination,
inhibits the rate of relaxation in dark and enhandbe extent of the qE-related
conformational changes. This work also suggestsRBRS, on the other hand, plays a key
role as a kinetic modulator of the NPQ, as it noyancreases the extent of NPQ but also
seems to accelerate both the formation and retaxasf NPQ, in conformity with the
earlier finding (Crouchmaset al, 2006). The PsbS has also been suggested td #feec
macro-organisation of the thylakoid membranestaslsence induces more rigidity and
less flexibility (Kisset al, 2008). A quite recent study has also shown MR® is not
abolished in the absence of PsbS, it is formed amueh slower timescale, however can
reach to the same extent as in the wild type. Magethis slowly NPQ formation iapH
sensitive and only partially zeaxanthin-dependentlar to that in wild type and relaxes in
the dark (Johnson and Ruban, 2009).

The activity of PsbS involves binding of protonsdém zeaxanthin, however the
mechanistic role of this protein is not well knowrhis protein has shown to affect the
extent and rate of NPQ kinetics, as the over-exgwasof its gene has shown two-fold
increase in NPQ extent (it al, 2002c) which is quicker to form and relax, ascdssed
earlier. The enhancement of PsbS amount as a msHlt exposure (Demmig-Adanet

al., 2006) can also elevate the NPQ. On the badikeske findings, this protein has been
proposed to play a direct role as quenching s§ebibding of protons and zeaxanthin.
Contrarily, the indirect role of PsbS presentssitraducer of the conformational change in
antenna complexes leading to quenching (Hoebal, 2000), acting as sensor of pH by
means of its proton-binding sites (&i al, 2004). In this work, the enhancement in NPQ
levels along with gE components was also achieyddlbacclimation both in the presence
and absence of zeaxanthin. As mentioned aboveerihiancement is believed to be a result
of elevated PsbS levels as a result of HL exposlihe. enhanced PsbS thus not only
increases the extent of NPQ and its rapidly relsérjE component, but also induces faster

rates of induction and relaxation. This enhancen@®@nNPQ cannot be explained by
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differences in the xanthophyll cycle pool and desegation state. It was also observed that
PsbS enhancement as a result of HL acclimatioredsed the extent of slowly reversible
gl component part of which is photoinhibitory intmie, again independent of zeaxanthin.
This may suggest that protection from photoinhalpitis accorded by the larger NPQ in the
presence of enhanced PsbSdtal, 2002).

The enhancement of PsbS was also made possibiggthgenetic manipulation, obtaining
a genetic combination of mutanpgland over-express@sbSgenes. This double mutant,
lacking zeaxanthin and possessing enhanced Psb®edhan almost similar two-fold
increase in the extent of NPQ, as comparedpipl mutant. Thus the similar proportional
increase in the extent of NPQ both in the presemzk absence of zeaxanthin cannot be
credited to violaxanthin de-epoxidation yielding theaxanthin. The results obtained in this
work demonstrate in a more natural system thatiacof PsbS is not reliant on zeaxanthin
to induce quenching, as it can enhance NPQ equmllhe presence and absence of
zeaxanthin. This finding contradicts a direct rolezeaxanthin-bound PsbS in NPQ, as
proposed by Holet al, 2005.

The activity of PsbS also differs from that of zaathin in two ways,

(a) Firstly, the extent of NPQ can be elevated by PshBancement (L17) while
increase in zeaxanthin content does not increas&BQ levelipg? and rather it
results in its decrease due to pre-quenching olefvel, as discussed in Chapter Ill.

(b) Secondly, PsbS enhancement induces NPQ formatidmedaxation at faster rate,
while zeaxanthin increase only enhances the ratlrafation and relaxation is

inhibited by its increase.

The data presented in this chapter cannot explaindel involving PsbS-bound zeaxanthin
as direct quencher of chlorophyll excited statethBiesbS and zeaxanthin affect the extent
and kinetics of NPQ, however their role in thispeg is likely to be indirect and
regulatory. However the allosteric model for NP@d#y explains the results presented in
this chapter. This model suggests quenching asn#&insic of the antenna protein

complexes, where zeaxanthin acts as allostericlatguand PsbS as modulator of this
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process. Protonation of PsbS and/or antenna cosgpleiggers the conformational change
in the antenna. Here PsbS can play its role inddgrenof zeaxanthin, by inducing the
conformational change leading to quenching. Howexeaxanthin can regulate this event
by lowering the pH requirement for it (Rubanhal, 1996). Binding of zeaxanthin by PsbS
and/or PsbS antenna complex maintains this contwna change and hence the
guenched state. The mechanistic role of PsbS praggpears to be as an effective switch
between the unquenched and quenched states of lam¢ thylakoid membrane, by

controlling the dynamics of the macro-organisatidrthe PSIl membranes. The role of
zeaxanthin in this switch is to enhangeH sensitivity of NPQ and thus its extent and rate.
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Chapter Six

General Discussion
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The success and survival of life on earth has brade possible by virtue of oxygenic
photosynthesis, and this vital biological phenonmerpedestals on the efficient light
harvesting mechanism. The light harvesting anteisnan assembly of pigments and
proteins which collects the light energy quanta &mdsfers it for charge separation and
water splitting to the reaction centre. The pigmesftantenna are involved in interception
and transfer of light energy while the proteinsimge and tune these functions. The role
of antenna is dynamic and crucial for light regolatunder both low and high light
conditions. In case of low light, the antenna iases the excitation rate of the reaction
centre to match its turnover rate, for an efficiemtergy conversion. In high light
conditions, the same antenna undergoes a confamahtthange to channel the excessive
and potentially harmful energy into heat dissipatia process commonly measured and
referred to as nonphotochemical quenching. Theréhby,antenna acts like a dynamic
switch between photosynthetic and photoprotectiates.

The scope of this project was to determine the oudde factors controlling the
photoprotective capacity of thylakoid membraneshigher plants. The light harvesting
antenna binds about 70% of the photosynthetic pagnmeolecules, chlorophylls and
xanthophylls. The process of light harvesting isimlyaperformed by chlorophylls, in
which a chlorophyll molecule in ground state absdight energy to form singlet-excited
chlorophyll, the de-excitation of this excited aiphyll occurs by the release of absorbed
light energy in various ways. In photosynthetidestdhe excitation energy of chlorophyll
molecule is transferred to another acceptor moéeaulthe electron transport chain. The
excess of light energy and chlorophyll over-exmtatresults in production of triplet-
excited chlorophyll by intersystem crossing whian dnteract with molecular oxygen to
generate singlet oxygen, a lethal species for [@yothetic apparatus. This necessitates a
need for photoprotective state which enables plemtavoid this oxidative damage by a
suite of measures; among these the heat dissipdtyomeans of nonphotochemical
chlorophyll fluorescence quenching (NPQ), is bad¥o be the most significant one. The
NPQ is kinetically heterogeneous process whichnuced under high light by low
thylakoid lumen pH.
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The xanthophylls are accessory photosynthetic pigsnewvhich are implicated in
complementing light absorption, photoprotection atrdctural stability of antenna. By the
help of xanthophyll mutants, this study demonsttatee role of xanthophylls in
accomplishing all these three assigned functiormvéver the main focus here was the
elucidation of photoprotective role of xanthophyfishigher plants, which is considered as
their essential function. The xanthophylls are aered to limit the destructive reactions
of singlet reactive oxygen species either by diggotnching of excitation in antenna or
indirectly by eliminating the triplet chlorophylltates. The light harvesting antenna
possesses four types of xanthophylls: lutein, netwa, violaxanthin and zeaxanthin.
These xanthophylls are oxygen-containing carotenaith two terminal hydrophilic cyclic
groups joined together by hydrophobic long carbwairc (Figure 6.1), possession of both
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Figure 6.1 Chemical structures of the four xanthophylls, eabbwing two terminal hydrophilic
cyclic groups joined together by hydrophobic carbbain with conjugated carbon double bonds.
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hydrophilic and hydrophobic characteristics makéent similar to detergents and
guinones. The photosynthetic xanthophylls vanheirtphotophysical properties as a result
of variations in their symmetry, hydrophobicity, mber of oxygen atoms and number of

conjugated double bonds which affects their delsedlexcited state-electron energy.

Both zeaxanthin and lutein have been implicateddiasct quenchers of chlorophyll
excitation in antenna, using ultrafast transiergoaption spectroscopic studies (Hettal,
2005; Rubaret al, 2007). These two xanthophylls are isomers ohesdhber and are more
hydrophobic and less oxygenated as compared to other two photosynthetic
xanthophylls, neoxanthin and violaxanthin. The figfarvesting antenna is made up of
major trimeric and three minor monomeric pigmemidig protein complexes. Lutein, the
most abundant xanthophyll pigment of higher plantgsupies exclusively the central L1
binding site of all the antenna complexes. The rotleatral L2 binding site is occupied by
lutein in major antenna complexes and by violaxanith some of the minor complexes
(CP29). The remaining two xanthophylls neoxanthm aiolaxanthin bind to N1 and
peripheral V1 sites, respectively, in major and mo$ minor antenna complexes.
Violaxanthin loosely bound to peripheral site isaesibly replaced by zeaxanthin in the
light by xanthophyll cycle activity; however thisplacement has not been demonstrated
vivo at internal L2 site of the minor antenna, the &sggd site of zeaxanthin cation
guenching. The retention of a variety of xanthdishin light harvesting antenna during
evolution points towards their indispensable fumeal and structural role. It is also
interesting to mention here that both lutein analxaathin, which are considered to play a
central role in photoprotection in plants, are ajs@sent in retinal macula of eye
performing there a similar function of filteringetfnigh energy wavelengths of visible light
and acting as antioxidants (reviewed in Robetsl, 2009).

Two mechanisms have been proposed for the quendtiegcited chlorophyll in plants.
One mechanism suggests quenching as intrinsic gyopkantenna complexes and lutein
at L1 site has been demonstrated in major anteanglexes as quencher of chlorophyll
excitation energy (Rubaat al, 2007). This mechanism suggests zeaxanthin gihgesal

binding site V1 as allosteric regulator of the qeheng process. The other mechanism
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proposes zeaxanthin at L2 site of minor complexegha direct quencher of excited
chlorophyll through charge transfer. Transient aedxin radical cation formation has been
demonstrated as evidence in the minor antenna ex@pin the reconstituted forms (Holt
et al, 2005).

In this work, NPQ formation and relaxation kinetltave been studied in the plant types
with different xanthophyll composition. From thetaat can be inferred that xanthophyll
composition affects both the amplitude and kinett&lPQ, as the absence of any of the
constituent xanthophylls decreases the NPQ amplitddng with influencing the kinetics.
However,no single xanthophyhas been found as obligatory for this processuasching
occurs variably in all the cases. The NPQ formatoretics consists of an initial rapid
zeaxanthin-independent and a second slower zeanatgpendent phase. The zeaxanthin-
less mutants show only initial phase, those withatgin exhibit only a second one and
those lacking both zeaxanthin and lutein are lagkiny rapidly reversible NPQ. This may
indicate that NPQ comprises of two discrete medmsiinvolving lutein and zeaxanthin as
guenchers at two different sites of major and memotenna complexes, respectively. This
must also be reflected in the NPQ relaxation kasethowever observation of a single
component here does not support the assumptiamoofitenching mechanisms. Moreover,
the relaxation kinetics is expected to be influehlog a regulator and not the quencher, and
the data in this study suggests zeaxanthin asteiosregulator of the process. The
zeaxanthin—-independent quenching is also usualbpgsed to occur by a different
mechanism, for example by transient reaction—ceajuenching caused by inactivation of
PSII electron transport (Finazet al, 2004). This work suggests role of xanthophytis i
both steady state and transient quenching, bothlatsgl by the same mechanism involving
the same conformational changes in LHCII bound pigts

In addition, the results presented here also stiggaszeaxanthin concentration does not
regulate the state of antenna. It is rather dedidptinn state, the relative proportion of
zeaxanthin to violaxanthin, which influences thepétande of NPQ. The constitutive
presence of zeaxanthin though accelerates the NB@afion; nevertheless it results in
decrease in NPQ amplitude due in part to quencbingm and also slows down the
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relaxation kinetics. It is also interesting thatlatewe proportion of zeaxanthin to
violaxanthin cannot enhance the photoprotectiveaciyp beyond wild type level, as
studied in one of the over-expressors of xanthdplsChyB plants (Johnsat al, 2007).
The saturation of NPQ here can be explained bylithgation of PsbS concentration.
Therefore, the de-epoxidation state by means otheghyll cycle activity seems to
allosterically regulate the conformational statettog LHCIl antenna system. Zeaxanthin
enhances the conformational change in antenna dayngimg the sensitivity to the pH,
while violaxanthin allosterically inhibits this chge by making LHCII more resistant to
pH. It has also been demonstrated inmawitro quenching study that exogenous zeaxanthin
promotes both the rate and amplitude of pH indugednching in isolated antenna
complexes, while violaxanthin had an opposite éff@ubanet al, 1996). This stark
difference in the activity of these two xanthopbyNvhich can replace and substitute one
another at the same binding site by xanthophyllecyctivity, can be attributed to the
differences in their polarities and head group rdagons which also influences their
binding ability (Hortonet al, 1999). More hydrophobic zeaxanthin is considdeetbrm
stronger interactions with LHCII and had been shdéwvoffer more resistance to extraction
by detergent (Rubaet al., 1999).

The differences between the NPQ formation kinebicdark-adapted and pre-illuminated
leaf samples can be understood by the differencéisei de-epoxidation states. In the dark
adapted samples, NPQ formation kinetics is shownbipfasic with initial fast pH
dependent phase followed by slower zeaxanthin dkpermphase as violaxanthin is slowly
de-epoxidised to yield zeaxanthin. Contrarily, NRf®mation is rapid and monophasic
during the subsequent illumination because of zsthxa presence and light activation in
the previous illumination event. Even a relativébyv de-epoxidation state of 10-20%
suffices to significantly enhance the rate of NP@rfation kinetics. This can be explained
by the organisation of antenna complexes actingsetyo and co-operatively, thus
conformational change in one complex may lead t@eling of the activation energy
barrier for a similar change in the adjacent cogoags. This may lead to a rapid sequential
allosteric transition at rather lower de-epoxidatgiates. High light acclimation results in

reduction of antenna size, thus co-operativity isnall system would likely be enhanced
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resulting in further increase in the extent ance raf NPQ. Similarly, the impact of
aggregation may also enhance the interaction antbege complexes to promote the

guenching signal in antenna.

Retention of zeaxanthin and light-activated NPQ ac#ty also has physiological
significance. During intermittent high light expess which are common in nature due to
sun flecks and shading by canopy, plants can ditsgxcess absorbed energy instantly and
efficiently while maintaining their photosynthetctivity simultaneously. Moreover, this
may also act as molecular memory to keep the todckverage light conditions in a
particular time period. Thus the amplitude and @te&NPQ can be tuned accordingly to
match the light conditions without interfering withe linear electron transport and ATP
synthesis. Zeaxanthin thus seems to promote intendsetween antenna complexes which
leads to the quenched conformation, and NPQ issaltref a co-operative progressive
event (Hortoret al, 2008).

A photoprotective system solely reliant on xanthgishwould have its own disadvantages
as the slower kinetics of NPQ formation and relaxatannot be favourable for efficient
photoprotection and effective photosynthesis resgdyg. Slower NPQ formation can yield
into photodamage to the photosynthetic machinerynieyns of reactive oxygen species,
whilst slower NPQ relaxation can hamper photosyithectivity and cumulative effect of
both of these events can ultimately be in the fofdower crop productivity. It is suggested
that this disadvantage was overcome by the evoldfd®sbS protein in the higher plants.
This hydrophobic protein can reversibly bind wiither the PSII core or LHCII antenna,
which demonstrates its mobile nature in the thyidkmembranes. The evolutionary
advantage of this dynamic protein seems to be mdedcwith facilitating the swift
transitions between quenched and unquenched sfates antenna. NPQ is not completely
abolished in the absence of PsbS; rather it isédrand relaxed over a much longer period
of time (Johnson and Ruban, 2009). Presence optbigin also does not seem to limit the
photosynthetic activity albeit provides efficienhda rapid photoprotection. PsbS is
suggested to act like a biological catalyst by lomg the activation energy of the

conformational change, as it stimulates the rat&ll®e@ formation as well as relaxation.
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This helps to achieve optimum responsiveness ifigihé harvesting system towards the
fluctuating light exposure without bringing largeanges in the xanthophyll pool size.

Like other biological regulatory processes, NPQoimised to meet the conflicting
demands of environment and development. Both tignitle and rate of NPQ need to be
at optimum levels, so that none of light harvestamgd light dissipation modes are
jeopardised. This balancing approach explains whgntp do not maintain a large
xanthophyll cycle pool under the light limiting atitions. A larger xanthophyll cycle pool
can make system less responsive by slowing downtrdresitions between the above
mentioned modes (from protective to efficient). Thason for maintaining the xanthophyll
cycle is essentially to use light in an efficieraynin photosynthesis, which is vital to plant
fitness in the field conditions (Kulheinet al, 2002). The constitutive presence of
zeaxanthin can significantly limit the efficientage of light in low or fluctuating light by
maintaining a perpetual heat dissipation mode (bligd al, 1998; Kalituhcet al, 2007).

Observation of zeaxanthin formation during hightig@xposure indeed revealed a strong
correlation between zeaxanthin and NPQ, which dhe suggestion of its role as
guencher in the process. This mechanism also stgggesor complexes as site of
guenching which link the light harvesting major guexes with reaction centre; this
ideally presents a division of labour among themamexes. Thus light is harvested mainly
by major complexes and transferred through linkimgor complexes into reaction centre;
and in case of excess light the latter complexesine the quenching site. However, it is
also interesting to mention here that photopratectian be considered to be the intrinsic
property of all the light harvesting complexes asheof them exhibits quenchinmgvitro. It

is photoprotectionwhich should be considered to be the “originalhdtion of these
complexes instead dfght harvesting as the presumed ancestors to all these protein
complexes, the cyanobacterial one-helix proteinsiewmeant for photoprotection and/or
pigment metabolism. The light harvesting antenmetion could have evolved later, which
then led to the diversification of the complexesngkon, 2005). The universal binding of
conserved lutein at L1 site of all the complexegld@dondicate a strong correlation with the
original photoprotective function. The control dig photoprotective process necessitated
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the evolution of an indicative and regulatory evehkanthophyll conversions in the form
of xanthophyll cycle.

The binding of different xanthophylls at L2 sitencalso be presented as indicator of
division of labour among the antenna complexedyi@n of major complexes is replaced
by violaxanthin in minor complexes at this partanaite. The violaxanthin has been known
to play an inhibitory role for quenching processl @s conversion into zeaxanthin under
high light stimulates the photoprotective quenchaighlorophyll excitation. It has been
clearly demonstrated here in this work by xanthdipbigment analysis of light and dark
states that this conversion is not fully accom@din wild type and a significant pool of
violaxanthin (40-50%) persists after light exposutieis suggests that VDE enzyme
responsible for this conversion can only bring almartial de-epoxidation, most probably
by accessing the peripheral pool of violaxanthite Treplacement of violaxanthin by
zeaxanthin at internal L2 binding site has onlyrbdemonstrated in reconstitution studies
and notin vivo. Nevertheless the results obtained in this workhwnutants binding
zeaxanthin at L2 site clearly show that presencextra zeaxanthin does not impart any
additional photoprotective capacity, rather it innpahe “original” photoprotective role of

these complexes.

The antenna complexes have evolved an efficieht hgrvesting function along with their
conserved original photoprotective role. The varieinong these complexes might have
developed to build up a dynamic structure and macganisation of photosystem II, which
is considered to play a regulatory role betweenwueafore mentioned functions. Thereby
all the interacting antenna complexes act as a gotoaswitch from one function to the
other. The alteration of antenna composition byetjermanipulation has demonstrated that
exclusion of certain minor complexes like CP29 @RP4 disturbs the organisation of the
LHCII-PSII super-complexes in the grana membraneridh et al, 2008). This structural
anomaly also perturbs the amplitude and kineticsN&fQ. However, the antenna
composition and organisation also seems to be t@mgsdynamic in nature as absence of
other major and minor complexes does not signifigachange the macrostructure and
hence the NPQ remains more or less unaffectedeTibalso evidence for the involvement
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of PsbS in the macro-organisation of the antenntha@ad HCII-PSIl association during
restacking of thylakoid has been correlated to RisbS level (Kisst al, 2007). This
suggests that PsbS is likely to have a dynamiciroPQ by priming the LHCII antenna

for conformational change into the quenched state.

The intrinsic conformational change in the majod amnor antenna complexes leading to
the formation of a highly quenched state has besnotistratedn vitro, which provides a
molecular basis for link between conformational rdiea and quenching event. Although
this event is accompanied by the protein aggregatiuenching itself originates from
within each complex as a result of pigment inteosst (Pascaet al, 2005; llioaiaet al.,
2008). The excess of light energy prompts the aomdtional change in the light harvesting
antenna leading to a decrease in the amount ofa¢ieti energy delivered to the reaction
centre. A new energy dissipative pathway is createthe antenna to achieve this down
regulation, which competes with the transfer ofrgnefor photosynthetic activity. The
conformational change is induced by acidificatidi.idCll amino acid residues, as a result
of the establishment of the transmembrane protadignt under excess of light conditions.
This also promotes interactions among the complée@ding to aggregate formation, as
demonstrated by aggregation of isolated complexesharesults in lower fluorescence and
shorter excited state lifetime as compared to tlwgemeric or monomeric forms (Ruban
and Horton, 1992; Mullineaust al., 1992).

Further evidence in this regard has been provided pump-probe femtosecond transient
absorption spectroscopic study probing the possitdkecular cause of the decrease in the
excited state lifetime. This has also showed alamuonformational change in LHCilh
vivo upon formation of NPQ (Rubaet al, 2007). The change in conformation is however
monitored indirectly by twisting of neoxanthin molde detected by resonance Raman
spectroscopy. This conformational change is sugddstfacilitate the energy transfer from
chlorophylla to one of the low lying xanthophyll excited statdsorbing in 490-495 nm
region. The absorption of lutein 1 within same oagimplies this xanthophyll to be the
most likely quencher of the chlorophyll excitatiofhis is made possible by distortion in
the lutein 1 molecule in such a way that it comese enough to the three chlorophgll
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molecules, Ch&610,a611 anda612 (Figure 6.2), of terminal emitter domain to ete the
excitation energy. The excitation energy is tramst from the chlorophyll Qy band to the
S1 state of the Lutein 1, whereby it is ultimatdigsipated as heat via decay to the ground
state. A similar distortion in Lutein 1 domain halso been reported in the crystals of
LHCIlI upon dehydration, and this event is also agpanied by a red shift in the
chlorophyll emission maxima from 680 nm to 700 nvarf et al, 2007). The conservation
of Lutein 1 in all the major and minor antenna ctemps may also validate the particular
role of quenching species played by this xanthdpdtythis specific position to maintain
the original photoprotective function in all thengplexes. The data presented in chapter 3

also suggests a direct correlation betwadd95, a luteinl 0-0 absorption maximum, and

energy-dependent quenching, confirming the roletein 1 as quenching species.

Figure 6.2 Lutein 1 (Lutl) and terminal emitter domain witreach LHCIlb monomer (grey). The
formation of a quencher is proposed to arise framirderaction between Lutein 1 (red) and
chlorophyllsa610,a611 anda612 (green) that constitute the terminal emittemdim. The LHCIIb
conformational change induced by thpH is proposed to distort lutein 1, bringing it sdoto the
terminal emitter domain. The close proximity of tkenthophyll cycle carotenoid at the V1 site
from the same (orange), or adjacent monomer V1Hdye has been suggested to allosterically
modulate this interaction. (Image created in PyMol)
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The regulation of this significant event also nedeses the existence of a specific
molecular mechanism. The allosteric model suggemtshophyll cycle as the regulator of
this conformational change, whereby zeaxanthin wiothxanthin act as promoter and
inhibitor, respectively. The peripherally bound ttasphyll cycle molecule at V1 binding
site may affect the lutein 1 domain within the sam@nomer or the adjacent monomer in
the form of an allosteric effect. It has also bseggested that the thylakoid membranes
become thinner, more hydrophobic and dehydratedch ypdH formation (Murakami and
Packer, 1970), these changes may also involve Réb&h is also a very hydrophobic
protein. Such a reduction in volume in the membrangironment of LHCII, could
compress the pigments within the structure increpiie interaction between the quencher
and chlorophyll. Indeed, the LHCII fluorescenceetitine in vitro was found to be very
sensitive to even a small change in volume induxedigh hydrostatic pressure (van Oort
et al, 2007).In vivo this compression of LHCII structure would be fettlenhanced by the
exchange of the polar xanthophyll violaxanthin, ebhbehaves rather like a detergent, for
the hydrophobic zeaxanthin, which behaves moredikpid, at the V1 binding site (Ruban
etal, 1997).

It is quite interesting that all the xanthophyllavie ability to quench the chlorophyll
excitation energy as shown by tinevitro quenching and lifetime measurements in Chapter
IV, however this ability is not similar. Lutein atternal binding sites has been found as
most efficient quencher, whereas its replacemerzidayxanthin and violaxanthin at internal
L1 and L2 binding sites impairs the quenching cépaaf the complexes. Since the
guencher in wild-type LHCIl aggregates has beemtiled as the & state of lutein 1,
therefore it can be argued here that the obsenféstethces between the photoprotective
capacities upon varying the xanthophyll composiaoa due to the fact that zeaxanthin and
violaxanthin both make ‘weaker quenchers when ipocated into the L1 ‘quencher’
binding site. The differences are unlikely to belained by differences in excited state
energy levels since both violaxanthin and zeaxanfiossess similar;Sifetimes and
energies to lutein when incorporated into thesessih LHCII, which are already below
those of chlorophylba (Polivka et al, 2002). It is therefore more likely that the difhg
polarities and head group orientations of eachhapttyll (Rubanret al, 1993; Younget
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al., 1997) dictate how close the interaction betwé#®n xanthophyll and the terminal
emitter chlorophylls in the L1 site can be anddpon the constriction of the protein matrix
itself how much each xanthophyll can be distort@dtentially, distortion of the
xanthophyll can alter its excited state proper{ieéslivka et al, 2002), for instance, by
giving rise to an intermolecular charge transf&€T(l state which could influence the
likelihood of energy transfer/ excitonic couplingtlyeen the chlorophyll;Sstate and the
forbidden xanthophyll Sstate Yan Amerongen and van Grondelle, 20@ndeet al, 2009;
Bereraet al, 2006). Indeed, in both LHCII aggregates andhioioplasts the excited state
energy of the emitting chlorophylls is modified fine NPQ state (Johnson and Ruban,
2009), given that the red shift of the terminal #img fluorescence correlates with the

lifetime.

Violaxanthin was found to be the strongest promoftehe light harvesting mode in LHCII
antenna. It can be suggested here that lutein abihding site conserves the original
photoprotective characteristic in all the antenoaglexes whilst the minor complexes
with violaxanthin at L2 site may have evolved tonfew additional light harvesting
characteristic to the antenna. It can be also bpgsed that nature exploits the inherent
flexibility of LHCII function by adopting a compleemt of xanthophylls that optimises the
maximum dynamic range between its light harvestimgd photoprotective states.
Optimisation of photosystem Il quantum efficiendyetefore occurs at the level of
individual LHCIl complexes.

The chlorophyll fluorescence lifetime measuremevith varying xanthophyll composition
have been carried out for the first time in thise@ch. The resulting data furthers our
understanding of the regulation and optimisationhef efficiency of both light harvesting
and photoprotection. The optimum performance of tleigulation, with largest dynamic
range, is having the longest lifetime in the ungimen state (giving maximum light
harvesting efficiency) and shortest lifetime in theenched state (giving the most effective
photoprotection). Clearly the maximum dynamic ramges achieved by having the native
complement of xanthophylls (Figure 6.3). Whereagla@ng lutein with violaxanthin
increased the lifetime of the unquenched statecépacity of NPQ was reduced, giving a
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restricted dynamic range. The advantage of a patemicrease in light harvesting
efficiency is clearly offset by the reduced levélptotoprotection. Similarly, when lutein
was replaced by zeaxanthin, the dynamic range Vgascampromised, since there was a

reduced lifetime in the unquenched state withoyteathancement in the quenched state.

The origins of these effects of xanthophyll compdemt on light harvesting and
photoprotection were shown to reside in the altgreaperties of the light harvesting
complexes. Remarkably, all the effects on lifetiméshanges in xanthophyll composition
observed in leaves were manifested as altered pgiepef the isolated LHCII. The results
also suggest that the xanthophyll complement detesrthe lifetime of both quenched and

Light Harvesting ?hntoprntectlnn

Wild-type (Lut, Neo, Vio, Zea) "¢

M

npq2 (Lut, Zea)

P I

lutZnpq2 (Zea)

e

lut2 (Vio, Neo, Zea)

sttt 11—+
2.0ns 1.5ns 1.0 ns 0.5 ns

Chlorophyll fluorescence lifetime

Figure 6.3 Model depicting the relationship between chlorophfliorescence lifetime and
xanthophyll composition idrabidopsisieaves. The xanthophyll complement of LHCII detiews
the dynamic equilibrium between light harvestingl grhotoprotective functional stat@s vivo,
which possess different average fluorescencertifgi Note in all cases the difference in lifetime
between the two states in the mutants is lessithtdme wild type.
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unquenched states. Lutein was clearly shown assenégal cofactor of LHCII and when it
is replaced at its internal binding sites by vi@athin or zeaxanthin the lifetimes either
increase or decrease respectively. The similaritiesveen the effects of xanthophyll
substitutions on leaves and LHCII suggest thatghenching mechanism is the same in
both, consistent with the previous data that hgiitkd the similarity between NPQ and
guenching in LHCIl aggregates (Hort@t al, 1996; Hortonet al, 2005). The similar
behaviour of the minor antenna complex CP26 and ILHG=s not support the idea that the
former is the unique site of NPQ or that quenchimghis complex occurs by a different
mechanism involving a zeaxanthin radical catiodekd, the results presented here in this
work provide no evidence for an exclusive directmghing role for zeaxanthin. The well-
documented enhancement of NPQ by de-epoxidationiadéxanthin to zeaxanthin is
therefore best explained by an indirect, regulatorle from the peripheral V1 site,
allosterically modulating the pH sensitivity of NPQ

The remarkable reduction in the rapidly reversitdenponent of NPQ in the absence of
PsbS protein and the two-fold enhancement of NP@nihade achieved by over-
expression of this protein, both demonstrate therkée of PsbS in photoprotection (&t
al., 2000; Liet al, 2002). Currently, two models have been propaskith attempt to
explain the role of PsbS in NPQ. A brief summaryhaise two models is as follows:

The first modelsuggests that direct quenching of chlorophyll edtistates takes place by
zeaxanthin bound to PsbS. This model was suppbsexvidence that PsbS is able to bind
zeaxanthin (Aspinall O’'Deat al, 2002) and subsequent studies suggested a qugnchi
mechanism of direct energy transfer from chlorophgl zeaxanthin (Maet al, 2003;
Dreuwet al, 2003; Holtet al, 2004, 2005; Bererat al, 2006). The second is allosteric
model which presents PsbS as a biological catalyst mé&antowering the activation
energy for the transition from the unquenched &dbenched state (Hortet al, 2000).
According to this model, the quenching arises assalt of conformational change within
the light harvesting antenna and this transitioregulated by zeaxanthin which acts as an
allosteric effector. The initial support for thisodel came from the observation of
aggregation event which accompanies the quenchioceps of light harvesting proteins
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(Hortonet al, 1991). Both the processes were shown to hawepardlency onpH which
was found remarkably similar to an enzyme — catalyseaction (Noctoet al, 1991;
Horton et al, 2000). Moreover it was also demonstrated that guenching process is
independent of zeaxanthin (Noctet al, 1991) and this xanthophyll is only meant to
potentiate the process by lowering the pH requirdr(fRuban and Horton, 1999).

These two models suggest different mechanisticsrolePsbS and zeaxanthin; however
they are by no means mutually exclusive. For ircgait can be possible that zeaxanthin
influences both direct quenching in LHCII (L&t al, 2004), probably by accounting for
photoinhibitory ql, and the indirect quenching bgtiag as an allosteric effector
(Wentworthet al, 2000; Hortoret al, 2005). The enhancement of rapidly reversible NPQ
attained by fortification of PsbS protein both Iretpresence and absence of zeaxanthin,
achieved in the present study, is also strong ecielén support of the allosteric model. The

main features of this evidence are outlined below.

It has conclusively been demonstrated in earliediss that increase in PsbS amount leads
to enhancement of thiepH-dependent NPQ capacity (&t al, 2000, 2002b, 2002c). This
corresponding dosage effect of PsbS on the queggirocess supports the critical role of
this protein in energy dissipation; however it does aptly explain its mechanistic role,
since the similar effect would be exhibited if Pgx$ed in the direct or indirect model.

It has previously been shown by the analysis ofdeaand isolated chloroplasts treated with
dithiothreitol that over-expression of PsbS carultem the enhancement of NPQ in the

absence of de-epoxidation. This was a firm evidgheé xanthophyll cycle had no direct

role in PsbS — dependent quenching, validating pitegposed role of zeaxanthin as an
allosteric effector in the indirect quenching modéie use of an exogenous inhibitor of de-
epoxidation process can be speculated to have salirapact on other biological activities;

this necessitated the need for development of & matural system for enhancement of
NPQ in the absence of zeaxanthin. This was achibyethcreasing the PsbS amount in
zeaxanthin-less mutantngql by both physiological and genetic means, theesfor
reversible NPQ was enhanced in similar proportiothldn the presence and absence of

zeaxanthin. Both the amplitude and rate of NPQ &tiom was enhanced by increase in
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PsbS level, nevertheless both the values werefisgnily higher in the presence of de-
epoxidation. This again presents zeaxanthin agdgelator of the process and not as an
absolute requirement. The enhancement of magnitmdelevel of NPQ, as a result of
increased PsbS levels, does not necessarily exiblaidirect role of this protein, as NPQ
still occurs in the absence of PsbS. However, it lba suggested here that PsbS acts to
somehow induce conformational changes in light éstimg subunits which leads to the
guenching of chlorophyll excited states, whilst firesence of zeaxanthin enhances both
the rate and extent of these changes, perhapsdingi PsbS, as has been shamwwitro
(Aspinall-O’Deaet al,, 2002).

As PsbS has been suggested as a catalyst foritded$Q, thus increase in the levels of
this catalyst is expected to enhance the rateadftien up to certain level. Therefore over-
expression of PsbS in L17 plants allows the con&tional changes to happen more
efficiently, which results in a faster transitiam the quenched state. However, an increase
in PsbS level of 4 times in the over-expressordaeompared to wild type only resulted in
a NPQ increase by 2 fold, which may indicate thithiee the reaction (NPQ) has reached its
ceiling or the activity of the catalyst (PsbS) mnited by substrate concentration
(zeaxanthin and/or antenna proteins). On the dthed, the direct quenching model has no
explanation for these changes in kinetics, sincehen absence of de-epoxidation there
would be no PsbS—zeaxanthin quenching complextaurgithe rate of quenching would be
expected to remain unaffected. As mentioned earttés model suggests zeaxanthin—
independent quenching to occur by a different meisina of transient type, which takes
place in reaction centre due to inactivation oflRSctron transport (Finazet al, 2004).

Further analysis of NPQ kinetics also demonstratieat PsbS over-expression also
enhanced the rate of relaxation in the dark. Howehe presence of zeaxanthin made this
recovery slower as compared to that in the absehake-epoxidation. This observation
indicates towards a key role played by PsbS if\fR® kinetics independent of zeaxanthin.
Thus it can be suggested that PsbS acts as aibdeensitch between the quenched and the
unquenched states, facilitating both the rapid atida and relaxation of quenching by
inducing conformational changes in the thylakoidnmeane. This activity to induce the
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formation of the quenched state is in an alloste&aghion. The presence of zeaxanthin
appears to enhance the function of PsbS by incrg&sith the magnitude and rate of NPQ
formation; however it inhibits the rate of relaxatiof quenching.

The differences in kinetics between wild type amuhl mutant plants have also been
demonstrated in plants which accumulate PsbS dusit@imation to growth at high
irradiance. High light acclimated plants had apprately twice the level of PsbS protein
and exhibited an increase in the rate of NPQ attinan both the presence and absence of
zeaxanthin. The control plants grown under norroalelr light conditions showed lower
levels of PsbS and an associated small NPQ whichskeaver to form. This indicates that
high light exposure demands the need the needl&rge, rapidly forming NPQ which can
be met by the accumulation of PsbS. Conversely light conditions require avoidance of
unnecessary wastage of absorbed energy in thedbgquenching, and this is achieved by
reducing the level of PsbS protein. The relaxakimetics were also observed as faster in
the presence of enhanced PsbS levels, thus it woelldeasonable to assume that the
requirement for a rapidly forming quenched stag® akquires the corresponding ability to
relax back to the unquenched state equally rapgtythat an unnecessary dissipation of
harvested energy can be avoided. This proposedofosbS as a “molecular switch”
between the quenched and unquenched transiti@mansstent with the field studies which
showed the essential requirement of PsbS for fileetss under conditions of fluctuating
light (Kihlheimet al, 2002). A recent field study of plants with difat levels of PsbS
expression has demonstrated that this photopre¢egirotein also affects metabolite
profiles as up to ten-fold differences were meaduire the concentrations of some
carbohydrates and amino acids among these plamsedver, transcriptomes of such
plants were also varied as certain stress-relagt@@gfor the jasmonate biosynthesis were
up-regulated in the PsbS-lacking mutants, whenestbgl to herbivory. Ironically, these
profile changes were not observed under constdiardsory conditions (Frenkedt al,
2009). It would be interesting to employ a simiamophysiological approach towards the
study of xanthophyll mutants as the xanthophyllgehanly been implicated so far for the
regulation of light harvesting in controlled conalits, while their physiological role to

influence metabolite and transcriptome profilesemfteld conditions is yet to be explored.

206



Further analysis of the effects of PsbS level orQNfapacity and kinetics is needed to
clarify the role of PsbS in the transition betwdlea light harvesting and energy dissipation
states. It would also be interesting to study mistavhich over-express PsbS along with
enhanced pool of xanthophyll cycle, as this wouldva better understanding of the
maximum potential of NPQ and further investigatiofi the zeaxanthin-dependent

guenching mechanism.

The measurement of NPQ kinetics in two illuminatioycles allowed making certain
interesting observation as the rate of formatioth @pacity of NPQ was always enhanced
during the second illumination after a period ofkdeelaxation, even in the absence of
zeaxanthin as this promoting effect is mainly htited to the zeaxanthin formation. The
increase in NPQ was shown to be of reversible rafgE) and not photoinhibitory (ql).
These differences were small however significarth weference to the previously thought
influence of the de-epoxidation state (Demmig-Adad®90; Rubaret al, 1993). This
observation suggests that the thylakoid membrang unaergo zeaxanthin-independent
transition during illumination which is “memoriseduring the dark period and “prime” the
system for quenching during the subsequent illuttongoeriod. This increase in the NPQ
capacity during the second illumination period nsaggest that that PsbS is involved in
such a process, by inducing the conformational gaan antenna complexes which does
not fully relax during the dark period. The propdg®iming of thylakoid membranes can
be understood further by in depth study of NPQ mxéad kinetics in the plants with PsbS

over-expression subjected to various regimes cfljpr@ination.

Absorption changes in the broad region of 520 nf®4 nm have been correlated with the
conformational changes in the thylakoid membran&kvlead to the quenching (Nocter
al., 1993; Rubaret al, 1993, 2002). The spectral analysis of leaves stow that the
magnitude and kinetics of 535 nm absorbance chawges enhanced in the PsbS over-
expressor, suggesting that the conformational amsnghich lead to quenching, result
from PsbS-dependent alterations in the light haivgsantenna. This is a further support
for the proposed role of PsbS in acting as a “mad&cswitch” facilitating the transition
between the unquenched and quenched states ofhtitesgnthetic apparatus, which is
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most likely proceeded by induction of conformatibctaanges in the membrane. Moreover,
these absorbance changes were also enhanced pretence of zeaxanthin similar to the
fluorescence quenching, providing further suppothie model where zeaxanthin regulates

the rate of formation and extent of the quenchatesby acting like a positive effector.

It can also be interesting to mention here thatatilitude of 535 nm absorbance change
does not apparently match the extent of NPQ leasl,at least 3 times increase in
absorbance change was observed against the 2 greater NPQ increase in L17 as
compared to the wild type. This discrepancy magxaained by assuming that the 535nm
absorbance change does indeed arise as a resBEb& binding zeaxanthin (Aspinall
O'Deacet al, 2002; Rubaret al, 2002). Since the availability of PsbS proteinmach
higher in the over-expressor as compared to nowildl type levels, therefore obviously
more zeaxanthin molecules would bind to the protieiget activated, resulting in the more
pronounced increase in th®#A535. However, this increase in the amount of PsbS-
zeaxanthin associations would not necessarily Ipec®d to lead to a similar increase in
the level of NPQ, as it can be limited by the amaafmavailable antenna complexes with

the ability to quench chlorophyll excited states.

In summary, the PsbS-zeaxanthin binding event wats confirmed in this study by
observation of the absence of linear correlatioifnan increase in NPQ. The enhancement
of the similar absorbance change in the absenezeafanthin also demonstrates that this
change may also be solely dependent upon Psb8ughhts origin is not well understood.
The involvement of more than one xanthophyll ha® &leen speculated in the 520 nm to
540 nm absorbance region, possibly lutein. Thussait be suggested that absorbance
change depicting conformational change is resultpa@ment interactions between
chlorophyll and lutein, also proposed as a mechafes energy dissipation (Rubat al,
2007). Further investigation of the origin of thi®ad absorbance band can provide insight
into the changes taking place in the thylakoid mesmé during the quenching process and

the role of PsbS to influence these changes.

Since PsbS appears to equip plants with the adyarhlarge extent of NPQ with rapid
formation and relaxation rates, it can be consilleas a strategy to optimise the
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photoprotective capacity of plants. The constitigxpression of higher PsbS level can be
significant at high light intensities, as revealsdhigh light acclimation studies (Bailey

al., 2004; Ballottariet al, 2007), the enhanced photoprotective capacityacanmally be a
real disadvantage at low light intensities, whemnacessary wastage of absorbed light
energy can easily be carried on by heat dissipafibas a delicate balance must be reached
whereby protection from harmful excess excitatisravoided, but not at the expense of
photosynthetic capacity. It seems therefore thatrtiost crucial function of PsbS is to
provide flexibility in photosynthesis under fluctirgy light conditions, and to allow control

over photoprotective capacity during acclimation.
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