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Abstract

Nonphotochemical quenching is an important protecthechanism of photosynthetic
proteins against excessive irradiation. In this kyasolation of native light harvesting
antennae from alg&€hromera veliawas optimized using methods of sucrose density
centrifugation, isoelectric focusing, ion exchargpgomatography and gel electrophoresis.
Moreover, the ability of light harvesting antenrtaetrigger nonphotochemical quenching

was studiedn vivo andin vitro.

Abstrakt

Nefotochemické zhasSeni jedldzitym ochrannym mechanismem fotosyntetickych
proteini pii vysoké intenzié oz&eni. V této préci byla optimalizovana izolace naitbh
swtloskernych antén 2asyChromera veliaza vyuZziti metod centrifugace na sachar6zovém
gradientu, izoelektrické fokusace, ionéovyménné chromatografie a gelové elektroforézy.
Dale byla studovana schopnostthsbirnych antén indukovat nefotochemické zhadeni

vivo ain vitro.
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1 Introduction

Photosynthesis is a complex chemical process ictwinght energy is converted into
the energy of organic compounds. The mechanismsreh efficient transfer of light energy
from light harvesting antennae into the reactiomtees. Plants are able to convert
approximately 500 trillion kg of carbon dioxide tarbohydrate each year (Karp, 2010),
from this reason, the process of photosynthesisobkaeme an object of study for possible
production of bio fuels etc. Consequently, a redeaoncentrated on all the mechanisms
accompanying photosynthesis and subsequent impeavenh the photosynthetic efficiency
is nowadays a very important and supported scierfifld.

One of the mechanisms controlling the excess engrgyhotosynthetic membrane
under high light illumination is nonphotochemicaleqpching (NPQ). Harmful excess energy
is dissipated safely as heat in this protectiveharism. Although the process of NPQ has
been intensively studied recently, the exact meshais still not completely clear in higher
plants and its understanding is even worse conugmisses and algae.

The first aim of this master thesis was to seleptaper photosynthetic strain useful
for isolation of native pigment-protein complexésunicellular algaChromera veliawas
chosen as a main model organism of the study. 3pexies forms an evolutionary link
between non-photosynthetic apicomplexan parasitégphototrophic algae. Moreover it can
be easily grown in lab conditions. From these reagd. velia is currently intensively
studied around a world among laboratories intedestegenetics, photosynthesis and also
parasitism.

The second task was to optimize the biochemicahaoust for isolation of native light
harvesting antennae from the thylakoid membranettis purpose, different techniques of
protein isolation were tested — sucrose densitdigra centrifugation, IsoElectric Focusing
(IEF) and lon Exchange Chromatography (IEC).

The third objective of the thesis was a biochemateracterization of the previously
isolated light-harvesting antennae. In this stefipwing techniques were employed in order
to get the information about pigment-protein conifpms. High Performance Liquid
Chromatography (HPLC), native gel electrophoresisd Sodium Dodecyl Sulfate —
Polyacrylamide Gel Electrophoresis (SDS-PAGE). Mesz the pigment-protein complexes
were tested by means of absorption and low temyrerapectroscopy to prove that antennae

proteins are intact and suitable for subsequensuorements and storage.
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The last aim of the project was to study nonphataubal quenching in native cells
and in isolated pigment-protein complexes usingoritscence techniques. The NPQ
measurements vivo were performed witlC. veliacells and the effect of proton-gradient
uncoupler (ammonium chloride) addition at differ@atriod of irradiation was tested. The
NPQ measuremenis vitro were performed in a reaction assay containingisdl antennae
complexes. In order to test the sensitivity of NRQprotein aggregation and to low pH,
reaction assay was diluted and then acidified iregdhydrochloric acid. The reversibility
of the process was subsequently proved by addibgdecyl$-D-maltoside §-DDM) into
the reaction.



2 Photosynthesis

2.1 Overview

Sunlight is a necessary source of energy for phmptbic organisms. This light energy
is used in a bioenergetical process called phothsgis. In this mechanism, the Sun light
provides energy for driving reactions producingamig substances from carbon dioxide
(COy) and water (HO). Whereas phototrophic organisms are able to ym®dorganic
substances during this process, heterotrophic @gsn require the supply of these
compounds from their environment. Moreover molecataygen (Q), which is necessary
for all higher organisms, is formed as a byproai¢he photosynthetic reactions.

A simplified model of photosynthesis is the follagi six molecules of Cfare
converted into one molecule of sugar (hexose). Watevides necessary electrons forLLO
reduction process when it is enzymatically splitligirt. A schematic reaction of the whole
process of photosynthesis is the following.

6 CQ, + 12H0 — CgH1.06 + 6H,0 + 6O

It is important to note that in the preceding schesach molecule of oxygen is not
derived from CQas it was originally estimated but from the waglitting reaction.

The mechanism of photosynthesis is historicallyid#id into two series of reactions
acting simultaneously: light-dependent reactiond bght-independent reactions, i.e. dark
reactions. During the first part, water molecules split into oxygen atoms, protons and
electrons, which are then used for re-reduction p@ments in reaction centers of
photosystems. The photosystems are excited by tight state, when pigments in reaction
centers reach energy level sufficient for redugtastoquinon or NADP The resulting
reactions mediate the formation of reduced plastmouand NADPH + H, when the latter
Is used during C® The second product of the light reaction requi@dCQO, fixation is
adenosine triphosphate (ATP). The whole dark pérplmtosynthesis is called Calvin-

Benson cycle and it requires appropriate enzymeées faresent.

2.2 Light reactions

Eukaryotic photosynthetic organisms (green algaghdn plants) contain specialized
organelles, chloroplasts. These organelles haveaapp during secondary endosymbiosis
together with other energetically important orgéase}l mitochondria. Therefore, they have

their own genetic information found in the DNA stture of ring. The structure of plant
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chloroplast is depicted in the Figure 1. It corssit two surrounding membranes, outer and
inner one enclosing chloroplast interior calledosta. Stroma contains inner thylakoid

membranes in a form of flattened membrane sacsatetstacked in grana. The granal
thylakoids are connected by unstuck stromal thylésd_umen is the interior of both, granal

and stromal thylakoid. The enzymes located in #oith membrane are necessary for
catalyzing the light reactions; dark reactions ttee place in stroma.

Similarly to the respiratory chain, during the ligieactions electrons are passing from one

redox system to the next one in the so called

CHLOROPLAST electron transport chain. However, direction
member o of this flow is different — in the respiratory
z5 /,,f,:,:f;n, chain, electrons flow from reduced
— NADH+H" to O, with the production of
e T W
-

.

|

water and energy. The process is reversed in
% Granum

photosynthesis: water molecule provides

W.
iV
s

electrons for “uphill” NADP reduction

Thylakoid
stroma .. .
Thylakoid requiring light energy from two
space
photosystems, photosystem | and 1l (PSI
Figure 1: The structure of chloroplast and PSII, respectively). Photosystems are
(http://www.s-cool.co.uk/a-level/biology/cells-and- huge pigment-protein  complexes that

organelles/revise-itforganelles) contain a lot of chlorophyll molecules

together with other pigments including carotenoids.

There is another very important player in photolsght electron transport chain,
cytochromebg/f complex. It is integral membrane protein superdempith several co-
factors including two cytochromes — cytochrome b%68 cytochrome f — and with other
electron carriers. The function of cytochrorbgf complex is to transfer electrons from
plastoquinol to plastocyanin and consequently ftbenreaction center of Photosystem Il to

Photosystem |, i.e. it functions as a proton pukpo{man and Roehm, 2005).
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Figure 2: A simplified overview of the processdsrtg place during light-dependent

reactions. RBgy = Reaction centre of PSII, L= Plastoquinones Rs= reaction centre of PSI

(http://www.britannica.com/EBchecked/media/3105#-laf-electrons-during-the-light-reaction-

stage-of-photosynthesis)

PSIl and cytochromdg/f transfer protons into thylakoid lumen and thusrfathe

electrochemical gradient through thylakoid membramkis gradient is then used for

synthesis of ATP catalyzed by enzyme ATP synthAsschematic overview of the light-

dependent stage of photosynthesis is representeadune 2.

ELASH Stroma

Thylakoid lumen

Oxygen-evolving
complex

Figure 3: The structural organization of the Photstem
Il together with the overview of the electron trpog in PSII.
PQ =Plastoquinone, D1, D2=polypeptides that form the
heterodimeric reaction center core of PS II,

harvesting complex Il (Karp, 2010)

LHC Sl light

2.3 Photosystem Il

Photosystem Il (Figure 3) is
the starting point of linear
photosynthetic electron transport
chain. PSIl consists of many
protein  subunits that contain
pigments molecules involved in
light absorption and in excitation
energy transfer. The  most
important co-factors of PSIlI are
chlorophyll molecules in light

harvesting antennae and in reaction



center P680 and two bound plastoquinones, Qa andT®® structural organization of the
photosystem Il together with important co-fact@slépicted in the Figure 3.

Electrons flow from water to plastoquinone and oabout 1 % of the chlorophyll
molecules are directly involved in charge sepanateking place in reaction centers. The
reason for this phenomenon is that the majorityhef pigments (chlorophylls, carotenoids
etc.) are components of the light harvesting argenrwhere these pigment — protein
complexes help to maximize the efficiency of phgtikesis and to transfer the absorbed
energy to the reaction centers for further util@atBuchel, 2015).

A simplified overview of the processes taking placd?Sll is the following: Firstly,
the chlorophyll reaction center is excited to higbeergetic level with the use of excitation
energy transferred from light-harvesting antenn@barge separation in reaction centre
forms electron that subsequently reduces pheopltytadified chlorophyll without Mg).
The reaction center is re-reduced by an electrom fthe water splitting reaction mediated
by oxygen evolving complex. The electron originaiedcharge separation flows from
pheophytin to the quinone acceptors, &hd @, where the semiquinone radical is formed.
Afterwards @ undergoes reduction by second electron originatethe second charge
separation event resulting in the hydroquinone fotinat is immediately exchanged for
oxidized plastoquinone from the plastoquinone péolurther process of electron transport

continues according to the scheme already explam#u light reactions chapter 2.2.

2.4 Dark reactions: Calvin-Benson cycle

Calvin-Benson cycle is a process involving chemiealktions leading to the synthesis
of hexoses from C£® This reaction is catalyzed by the enzyme ribulbgshosphate
carboxylase/oxygenase — “RuBisCO”, which is the traimundant enzyme on our planet.
This enzyme is able to convert ribulose 1,5-bisphage together with C{and HO into the
two molecules of 3-phosphoglycerate. These molscudge then converted into
glyceraldehyde 3-phosphate through 1,3-bisphospherite and 3-phosphoglycerate.

As a result, twelve molecules of glyceraldehydeh8gphate are formed from six
molecules of C@ Two of these synthesized molecules are utilizadnd a process of
gluconeogenesis to produce glucose 6-phosphate.rdin@ining ten molecules of the
intermediate (glyceraldehyde 3-phosphate) are tsedgenerate six molecules of ribulose
1,5-bisphosphate, which are used in the cycle again

It is important to note, that ATP is needed fore tphosphorylation of 3-
phosphoglycerate and ribulose 5-phosphate. Moretiversecond product of the light
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reaction - NADPH+H - is consumed when reducing 1,3-bisphosphoglyeertat
glyceraldehyde 3-phosphate.

2.5 Pigments

The first step of photochemical reactions is theoagtion of light, which enables
photosynthetic organisms to use the energy froht.lig is important to note that formation
of the energetically rich molecules (ATP, NADPH%HIuring photosynthesis is a complex
procedure which requires pigments. These compoargi€oloured molecules due to their
ability to absorb visible light.

Chlorophylls, for instance, appear green as thesodibblue and red part of visible

spectrum, consequently only green light

CHaZHg Ok

Hat - \)\f,\\ N0 is transmitted. Due to evolution of special
N N becoon, chlorophyll properties, these
Y Chlarophyll
SN B orephyf a chromophores became major
FoCaCH Sy AN

Y "
s CH.ZH ?CCIZCH CH=C(CH,CH CHECJI) DI—E . . .
Gy A oy C z ':ng 2 |3H: photosynthetic pigments. For instance,

their excited lifetimes in dilute solutions

Figure 4: Structure of the chlorophyll a can be up to three orders of magnitude

(http://www.food-info.net/uk/colour/chlorophyll.htm longer than the rate of energy transfer,
moreover their energy of first excited state isiegjent to the energy of almost six ATP
molecules, which makes them possible to drive tloegsses ending with accumulation of
; ATP (Ruban, 2013).

Chiorophyll &

Chlorophyll molecule (Figure 4)

—

3” \l_ Chlorophyll b . .
N\ consists of two parts — a porphyrin

— Carotenoids

ring, which is responsible for light

Amount of light absorbed

absorption, and a hydrophobic phytol
——— | chain, which helps to integrate
Figure 5: A typical absorption spectrum of chlorofiy chlorophyll into the photosynthetic

and carotenoids.hitp://www.ledgrowlightshq.co.uk/ membrane. Absorption spectrum of

chiorophyll-plant-pigments) chlorophylls shows two regions in the
visible light spectrum as you can see in FigureTlhe first one corresponds to the first
excited state and it is found in the red part efspectra. The second maximum is located in
the blue region and it corresponds to the absorptito the second excited state.
Chlorophylls are common light-harvesting pigmehtsyever, photosynthetic organisms use

also orange and red accessory pigments.



Xanthophylls (or oxygenated carotens) are commdmiyd in nature with versatile
functions from powerful antioxidants, natural calots to vitamin precursors. The most
abundant plant antenna xanthophylls are luteinxahin, violaxanthin and zeaxanthin.
Violaxanthin, carotenoid found also i@. velig is a symmetrical molecule which is de-
epoxidized to zeaxanthin in the photosynthetic mambé through the intermediate
antheraxanthin. A summary absorption spectrum witeaoids and chlorophylls is depicted

in Figure 5.

2.6 Photosynthetic antennae

All photosynthetic organisms require light harvegtsystems to improve absorption
cross section of their photosystems and to widersfiectral range used for photosynthesis.
Many different light harvesting systems evolvedidgrevolution. These systems commonly
contain chlorophylls and xanthophylls, but theimgete pigment composition, number of
protein subunits and also the interactions withtpsystem reaction centers are different.
The light harvesting function of antennae is englilg pigments with high light harvesting
properties (chlorophylls, carotenoids, etc.), bmgdipigments with relatively broad
absorption bands and by extremely high pigment eotnations. There are three crucial
properties of light harvesting antennae (Ruban,3R20Absorption cross-section — which
depends on the number of pigments and their ahititfeed the reaction centers with
excitation energy; Excitation energy lifetime — htomg the energy is stored in the antennae
complexes till it is delivered to the reaction @st and Energy migration efficiency — which
is influenced by positioning, mutual orientatiordaspectral properties of pigments.

We can distinguish between two major types of ligatvesting antennae (see Figure
6): integral antennae composed of integral membpao®ins; and peripheral antennae that

are associated  with
Flhotosynthetic antennac membrane and reaction

Integral antennae Peripheral antennae centers th rough non

Fused Core Accewory covalent (usually
electrostatic)
RC+Antenna . .
Membrane interactions. Integral
_ o _ antennae can be further
Figure 6: Classification of photosynthetic antennéRuban,
classified into three

types: fused, core and accessory antennae. Fusenaa are integrated into the reaction

center and they also share the same polypeptidg.-P8I reaction center of higher plants
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with two polypeptides that bind photochemicallyiaetreaction center chlorophyll together
with large number of chlorophyla molecules functioning solely as light harvesting
pigments. Core antennae are also associated vaithior centers of photosystems; however
they do not share the same polypeptides — e.gnraxeof PSIl, CP43 and CP47 which bind
only chlorophylla. The last type of antennae are accessory anteamplexes composed of
proteins that can be found in various localizatifnosn the reaction center and which are
arranged separately from it — e.g. major LHCII ctewpof PSIl and LHCI complexes of
PSI. The schematic overview of photosynthetic ameris depicted in Figure 6.

The membrane intrinsic light harvesting proteinBd)lLare found throughout majority
of eukaryotic photosynthetic organisms (Wolfe ef #B94). Proteins of this family have
usually three membrane
spanning a-helices that are
connected by loops of
different sizes. The overall
structure of one

representative of this group

CP29 — one of the minor

Figure 7: Stereo view of CP29 in parallel with tmembrane antenna proteins from PSII -
plane. Helices A—E are labeled in the same wayhag are in spinach is shown in Figure 7.
LHCII. Chl phytol chains are not shown. Color exption: Green = . .
Chl a, blueFi z:hl b, yellow = Lut, orange = Vio, g)::?a = Neo, light However, the protein family
pink = G3P (Pan et al., 2011) contains also one or two

helices proteins as well as
four helices proteins — e.g. PsbS (Engelken et28110). All Lhc are nuclear encoded
proteins binding chlorophylls and carotenoids. Thalices (A and B) are homologous,
possibly originated from gene duplication eventg@r and Pichersky, 1994) and form a
kind of cross. They also comprise conserved chloybinding sites leading to symmetric
location of chlorophylls around them. The spacevieeh helix C and the pair of helices A

and B is full of pigments responsible also for 3fisture of the whole complex.



The genes of the Lhc family are divided into twouwgrs, one group coding for the Chl
a/b binding proteins of green algae, mosses and higlaet and the second group coding for
other Lhc sequences (Neilson and Durnford, 20108¢. former group can be further divided
into the two main branches: théca genes coding for PSI antenna, dfatb genes coding
for PSII antennae. The remaining group is subddideo Lhcf (dinoflagellates),Lhcr
(cryptophytes, dinoflagellates)l.hcx (some dinoflagellates) andlhcz (cryptophytes).
Haptophytes, brown algae and diatoms contain akgyof former mentioned genes (see
review Buchel, 2015). Phylogenetic relationshipswieen light harvesting systems of
different algal groups are depicted in Figure 8.

B, (1]
Cvanophvia
Prokaryota Cyanophyta
Euk:ar:.-ma Green ﬂ"-.|!;|;=|!= -
Glaucophyta ‘Pg g [%
* e B - o /%) WIDSSES

loro rascular Plants

Rhodmphym

Tels|gh

KN

\“\‘ Dinoph [ﬁ Dinophyta
&'
Haptophyta Heterokontophyta \ /
Ky K A

* phyoohilisame r'ﬂ sotubla Paeridinén Chl protain (PCP)
LHC

- UI[]]]
0 primary . SECondary . teriary endosymblosis

Figure 8: Overview of phylogenetic relationshipyeen light harvesting systems of different

Cryptophyta

== lumenal located phycobiing | |

algal groups. Circle = relationships under debatgtted lines = possible routes for tertiary
endosymbiosis (Buchel, 2015)
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3 Nonphotochemical quenching

3.1 Introduction

Photosynthetic organisms are exposed to differght intensities during a day. These

changes are either temporal (day cycle) or sp@ialds shading the Sun etc.) and they can

be very fast. Planktonic algae, for instance, aq@osed to varying light conditions due to

water mixing especially in a period of a few mirsu@lacintyre et al., 2000). Excessive

light cannot be used in photosynthesis properly iamdsults in the formation of reactive

balance dissipation

Absorbed energy
Excess light

Utilised energy

~| Low light

High light

=

X . Light Intensity X

min max

oxygen species (ROS), which can be
harmful or even fatal to the proteins
in the photosynthetic machinery.
Consequently, plants and algae had
to evolve several protective
mechanisms to survive and
overcome periods of excessive light.
One of these mechanisms is
called nonphotochemical quenching
(NPQ) that can be characterized as a

safe dissipation of excess energy in

Figure 9: The energy workflow in dependence to lightthe form of heat (Horton et al.,

intensity (Ruban, 2013)

1996), (Goss and Lepetit, 2014). A
mechanism of NPQ can be studied

by means of variable fluorescence methods, as N&@evs reflected in the quenching of

the chlorophyll a fluorescence. NPQ can be stinedldast and that is why it is able to

overcome sudden changes in light intensities. NP€zhanism is still not completely

understood but it consists of multiple processegureé 9 demonstrates energy workflow

dependence on light intensity.
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Figure 10: A typical chlorophyll fluorescence me@suent, the values of gl, qT, qE, qR, F
Fv and Ry, are depicted (Niyogi et al., 2001)

NPQ can be kinetically divided into the three comgas: high-energy-state
guenching ¢E), the photoinhibitory quenchingl) and fluorescence quenching caused by
state transitionsq(T’). A typical procedure for measurements of thes€@NBmponents by
chlorophyll fluorescence is depicted in Figure A3. one can see, if there is only weak
measuring light, minimal fluorescendey) is observed. However, when the saturating pulse
of light is induced, photosynthetic reaction cesteecome closed and a maximum level of
fluorescence in dark is observdel). Subsequent continuous illumination with moddyate
excess light causes combining of the effects oftqaiemical quenchinggP) and NPQ
which results in decrease in fluorescence yielce Value of NPQ can be calculated as a
difference betweenyFand maximal fluorescence measured during illunonag=y ). NPQ
is a sum of its componentsE, gl andqT that can be resolved from kinetics of NPQ

recovery in dark. (Niyogi et al., 2001)

3.2 Energetic gE quenching

The gE quenching is the major, rapid and usually-plr light energy dependent
component of NPQ. It is triggered at excessivetligha decrease in pH in thylakoid lumen.
Recent research shows tiagtH in lumen induces gE through protonation of lightvesting
antennae proteins and de-epoxidation of xanthophyll xanthophylls cycle. These two
processes are able to cause a conformational chiarige light-harvesting antennae of PSlI
— in other words, they switch the antennae intauenghed state with a low fluorescence
yield (Gilmore, 1997).

There are two main types of xanthophyll cycle inotolthrops. The first type,

violaxanthin cycle, typically present in plantsegn algae and brown algae, catalyze of
12



violaxanthin into zeaxanthin via antheraxanthin.eTlsecond xanthophyll cycle is
diadinoxanthin cycle catalyzing the conversion @idchoxanthin to diatoxanthin - it can be
found in diatoms and other algae. Interestinglyyals observed that some eukaryotic algae
are able to use both cycles under certain conditiwohr, 1999). Additionally, another
xanthophyll, lutein, is also able to increase tfiigiency of g (Pogson, 2000furthermore,
third type of xanthophyll cycle, which involves din-5,6-epoxidase has been observed in a
parasitic plant - escutaspecies (Bungard et al., 199%ere is a variety of proteins that are
necessary to control qE. For example PsbS proteihis a member of the LHC protein
super family is essential for qE in plants (Li bf 2000).

As it was already stated, there are different meishas of NPQ throughout the
photosynthetic organisms. | would like to introdutee basic models of this form of

photoprotection throughout the higher plants, mesgeeen algae and diatoms.

3.3 NPQ mechanism in higher plants

A model for NPQ in higher plants has been firstadticed in 1992 (Ruban et al.,
1992) and although it has been changed sinceithata lot, its basics are still valid. NPQ
in higher plants relies on triggeAH), xanthophyll cycle, PsbS protein and the stdte
LHC aggregation. The induction of NPQ in highernpéais dependent on the violaxanthin
cycle that catalyzes reversible de-epoxidation iofaxanthin through antheraxanthin to
zeaxanthin (Yamamoto et al., 1962). The forwardtiea takes place under high light and it

Is catalyzed by the enzyme violaxanthin de-epoxad@4DE). The drop of pH in lumen

am

l.urnen (pH 7-8)

during the period of intensive

Stroma

irradiation causes VDE

” “ " " ” activation and the enzyme is
noo eon

able to bind to the thylakoid

o

low light

Stroma

& . membrane. The  backward

- "'?'-’ ]f‘ t reaction occurs under low light
high light i "

00 ¥ Vo g ore o or in darkness and it is catalyzed

e (g3} by zeaxanthin epoxidase (ZE)
Y 2+ Violaxanthin .
@ it @"S"C“ = usually working at neutral or
O Galactolipid: o o Zeaxanthin
M ovrecva T et slightly basic pH-values. The

@ dimeric, active VDE @ monameric, inactive VDE

synthesis of zeaxanthin from
Figure 11: A schematic overview of the NPQ procdess

higher plants (Goss and Lepetit, 2014)

violaxanthin in leaves takes

minutes, but the backward
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reaction takes hours. Therefore, zeaxanthin acatedilat high light is present in the dark
for a longer period (Ruban, 2012eaxanthin importance for NPQ mechanism was redeale
already in 1990 (Demmig-Adams, 1990). The currendeh of NPQ in higher plants is
summarized in Figure 11. Terms Q1 and Q2 corresporde two quenching sites varying
in the amount of zeaxanthin bound, red arrows $igméhe dissipation of heat.

Apart from the zeaxanthin, there is another cruomahponent of NPQ in higher plants
— PsbS protein. The structure of this protein aimst four very hydrophobic transmembrane
helixes and it does not bind pigments. It has andtec effect on NPQ - mutants lacking
PsbS protein showed no rapidly forming NPQ (Li ket 2000). It has been proposed that

PsbS functions as/pH transducer on the antennae.

3.4 NPQ mechanism in mosses

Mosses can be understood as an evolutionary litkdes land plants and aquatic
species.Physcomitrella patensa model organism of mosses, contains PsbS —iprote
necessary for NPQ in higher plants, together witit@R protein, which have similar
function as PsbS in higher plants. It could be ietgpthat land plants evolved a mechanism
dependent only on the presence of PsbS beforeltis¢yLhcSR protein (Alboresi et al.,
2010). Moreover it was proven that mutants laclang of these proteins have reduced NPQ
values, consequently these two proteins must someboperate during the mechanism of
NPQ in mosses. The mechanism of NPQPinpatensis also highly dependent on the
presence of zeaxanthin (Pinnola et al., 2013). Otheasurements proved that NPQ
mechanism results in reduced probability of triglelorophyll state formation (Carbonera et
al., 2012).

3.5 NPQ mechanism in green algae

The basic mechanism of NPQ in green algae is gintolanigher plants. It includes
violaxanthin cycle, formation of the proton gradiemd LHCII aggregation. In contrast to
vascular plants, there is a higher importance aflestransitions in green algae, and their
primary function is to balance the excitation eeogtween PSII and PSI. Moreover state
transitions play a crucial role in the regulatidriioear and cyclic electron flow throughout
chloroplasts (Allen, 1995).

There are other important differences in the meisharof NPQ between green algae
and vascular plants. For example most of the tlothknembranes of green algae are not

differentiated into grana and stroma region. (Gognil999)and also some PSII antenna
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proteins are missing. The biggest difference i& laicPsbS protein in most green algae; its
function is substituted by the proteins from Lhcfamiily. Additionally, the model organism
of green algaeChlamydomonas reinhardtshowed NPQ only in high light acclimated cells,
in contrast to constitutively induced NPQ in higp&ants. There are also differences in NPQ
between the green algae themselves. For instapesjes ofChlorella saccharophila
Chlorella vulgarisand Bracteacoccus minohave the mechanism of NPQ dependent on
zeaxanthin, whereas in species dfetracystis aeria Pedinomonas minorand
Chlamydomonas Reinhardtio violaxanthin de-epoxidation is exhibited oisiunrelated to
the formation of NPQ. It could be concluded thatONiA green algae is related or unrelated
to the xanthophyll cycle, even though the spec@&sehcomparable pigment composition
(Goss et al., 2015).

3.6 NPQ mechanism in diatoms

- Tow NPQ cells TPETETIN Diatoms  chloroplasts
)

are of secondary
endosymbiosis origin from a
red algal ancestor (Keeling,
2013). The mechanism of

NPQ in diatoms differs from

above mentioned
mechanisms. It is hard to
differentiate the qE and ql

components of NPQ in

BN ‘ diatoms due to extremely
) C K

o) ; o i ig : : ;
FCP trimer o) FCP ohomer_ detached FCP oligomer (Q1) rapld relaxation of N PQ in
&) FCP trimer with Dd binding Lhcx & FCP trimer with Dt binding Lhcx (Q2) Comparison to hlgher plants

Figure 12: Model of NPQ in diatoms depicting severa TN€ proton gradient is
structural rearrangements in the PSII antennae raftansfer from involved in NPQ formation,
low light intensities to excessive light (Goss aegetit, 2014) but in contrast to green algae
and higher plantsppH is unable to trigger NPQ without presence oftlaphyll cycle
(Lavaud et al., 2002). Photoprotective xanthoplayitle is represented by conversion of
diadinoxanthin to diatoxanthin (Dd-Dt cycle) by anzyme diadinoxanthin de-epoxidase.
The NPQ process depends on the antenna compldyesxanthin-chlorophylb/c proteins
(FCPs). Moreover the measurements performed @itblotella meneghinianghows two
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NPQ components: qE(1) relaxing rapidly in the dankl gE(2) which is present in darkness
and it is connected to the presence of Dt (van Amgen et al., 2014)Phaeodactylum
tricornutum is capable of forming NPQ three to five times &rgn comparison with
vascular plants (Ruban et al., 2004). The mechaofdiPQ in diatoms is depicted in Figure
12.

3.7 NPQ mechanism in other algae

Chrysophytes exhibit functional NPQ dependent ataxianthin cycle (Dimier et al.,
2009) and additionally in some of these algae Bidavas found, but no conversion from Dd
to Dt was detected (Tanabe et al., 2011). The RfeGhanism relying on violaxanthin cycle
was also found in recently discovered afgavelia (Kotabova et al., 2011). Dinophytes
shows Dd-Dt cycle involved in NPQ (Brown et al.99%. In contrast to all above mentioned
algae, Cryptophytes exhibit completely different QNAmechanism. While lacking a
xanthophyll cycle, they show a rapidly inducibledaeversible proton gradient — dependent
NPQ located in LHC antennae. Consequently, CryptigplspeciesR. salinaexhibit fast
induction and relaxation kinetics similarly to theoton gradient-dependent gE component
of NPQ in higher plants. (Kana et al., 2012)
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4 Chromera velia

4.1 Life cycle

C. veliais a unicellular photosynthetic organism whichdogls to the superphylum

Alveolata. This alga has been isolated from stoosal Plesiastrea versipodanear the

eastern coast of Australia (Moore et al., 20@)veliais a close relative od apicomplexan

parasites, organisms which have unpigmented chimsbpalled apicoplast. From this reason

it constitutes an important evolutionary link beemephotosynthetic algae and heterotrophic

parasites (e.g?lasmodium falciparuin The life cycle ofC. veliainvolves three life stages.

The coccoid form (spherical, immotile but multiplgi cells) is predominant when the

culture is found in the stationary phase. If théwe is growing exponentially, the second

form — flagellate occurs. When there is unfavorasieironment an organism is found in the

cystic form (Obornik et al., 2011). The chloropladt this species is bound by four

%"

5 um

Figure 13: Cells of C. velia —

magnification 100 x (Photo by Ing.

Jaroslav Krafl

4.2 Evolution

membranes and each cell usually contains one or
two of them with the thylakoids in the stack of
three or more. The major pigmentsGn veliaare
chlorophyll a, violaxanthin and isofucoxanthin-
like carotenoid. Additionally under certain
conditions also zeaxanthin was detetected
(Kotabova et al., 2011).C. velia can be
endosymbiotic in coral larvae (Cumbo et al.,
2013), but it can also become parasitic in the
flagellate state when the organelles needed for
invasion into the host are formed (Obornik et al.,
2011).

Chloroplasts ofC. veliaare supposed to origin from secondary endosynthatent

from the free-living photosynthetic alga (Caval&mith, 1999), they are related to the red

algal chloroplast (Janouskovec et al.,

2010). Heweit is important to note th&hromera

light harvesting complexes (CLH) complexes are dedoin nucleus from where antennae

peptides migrate to function in the chloroplasterfore they can have a different evolution

origin compared to proteins encoded in chloroplast.
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A research with EST sequences has shownGhatelia contains peptide sequences
closely related to diatoms, brown algae and digeflates. Twenty three LHC homologs
obtained fromC. veliawere aligned with other algal species. Seventdd@d were closest
to FCPs of diatoms, brown algae and dinoflagelladese sequence of L11818/L11818-like
proteins (function as environment stress-inducedepn complexes (Zhang et al., 2004) was
related to green algae and chromalveolates, byt tbnée LHC homologues grouped with
LHCs of red algae (Pan et al., 2012).

In other study focused on light harvesting compéexeo different antenna complexes
were observed and named Chromera Light Harvest@igd] complexes (Tichy et al.,
2013). The first one was related to FCP antenndiatboms and xanthophytes, and the
second one (PSI with bound LHC) was similar to ¢he found in red algae (Tichy et al.,
2013).

4.3 NPQ

Although C. velia lacks any other chlorophylls except chlorophyland uses only
primitive type of RuBISCO, its photosynthesis regaats highly efficient system (Quigg et
al., 2012) that shows some similarities to highl@npphotosynthesis (e.g. the presence of
violaxanthin cycle (Kotabova et al., 2011Y). veliacells are able to acclimate to a wide
range of light intensities and tend to perform plsghthesis in maximal rates under various
conditions. It has been suggested fBatweliacan stimulate photorespiration (Quigg et al.,
2012) and NPQ (Kotabova et al., 2011) in ordenmichphotoinhibition. It is supposed that
high CQ assimilation rates (under sinusoidal light regirag enabled by activation of the
oxygen consuming mechanism, which helps to mainssaible efficiency of RuBISCO.
(Quigg et al., 2012). The cells grown under higjhti(300 photons ifs) exhibit a slight
increase of isofucoxanthin accompanied with a sgframcrease in violaxanthin when
compared to the culture grown under medium ligB0(fumol photons ifs?) regime (Mann
et al., 2014). Moreover NPQ i€. velia is connected with very fast violaxanthin de-
epoxidation to zeaxanthin (Kotabova et al., 20ZBaxanthin can be detected already one
minute after light exposure and it is almost imgassto observe the intermediate of the de-
epoxidation, antheraxanthin. The transformatiotrigen by proton gradient in the thylakoid
membrane and is unusually fast in comparison teulas plants. The forward reaction is
reversible in the dark, when zeaxanthin is partgvwerted back to violaxanthin during 20

minutes of relaxation.

18



When NPQ ofC. veliawas compared with NPQ ddannochloropsis limneticeC.
velia exhibited very high dissipation of energy, wher@&aslimneticahad limited NPQ
capacity and subsequently the excessive irradiataused photoinhibition of PS Il in this
species (Kotabova et al., 2011). Zeaxanthin foromatind NPQ irC. veliaexhibit similar
features: comparable kinetics and pH dependendgcinthere is linear correlation between

NPQ and zeaxanthin formation, therefore an intohibf the VDE lead to equal reduction in
NPQ (Kotabova et al., 2011).
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5 Materials and Methods

5.1 Cell growth

Chromera veligstrain RM12), was grown in artificial sea waterdien with addition
of f/2 nutrients (Guillard and Ryther, 1962). Cellere cultivated in glass tubes at 28°C, in
the continuous light regime of 100 pmof*ra* and bubbled with air. The cell density was
measured from three biological samples every sedagdThe cells were sonicated for 45 s
using ultrasonic bath prior to analysis on Beckmanlter (Multisize 4, USA) equipped with
50 pm aperture. Specific growth rates (jf) tvere calculated from p = (In ¢ — Ig)kt-to,
wherec is the finalamount of cells in the exponential phase afnd the start amount of
cells in the exponential phades the end time of exponential phase #hds the start time

of the exponential phase.

5.2 Membrane solubilization

Culture ofC. velia (OD at 750 nm 0.5-0.8)as centrifuged (4 °C/ 7000 rpm/ 10 min)
and the resulting pellet was resuspended in thaumedut into the 2 ml vials and again
centrifuged (4 °C/ 5000 rpm/ 5min, Eppendorf cdage 5804 R, USA). The following
procedure was performed in the dark and on ice. Jdiket was resuspended in 400 ml
25mM HEPES - pH 7.8. Ballotini beads (0.1 — 0.2 nBimspec, USA) and zircon beads
(0.1 mm, Biospec, USA) were added in the ratio:@fdnd the cells were broken using bead
beater (Mini Bead Beater, BioSpec, USA) 15 shakingles, in the intervals of 10 s with 2-
min breaks for cooling the suspension on ice. Teads were washed with HEPES and
membranes were separated from the cell extracebyritugation (4°C/ 18000 rpm/ 20 min,
Sigma3K30, Germany). Supernatant was discardedtangellet of thylakoid membranes
was resuspended in HEPES. Membranes were centilifugeer the same conditions,
supernatant discarded and then thylakoid membnraees solubilized wit3 — DDM (1-2
%) in HEPES and incubated for 1 hour on ice. Afemde the solubilized membranes were
centrifuged (4°C/ 13000 rpm/ 10 min) and superrtataas ready to use in isolation
techniques.

5.3 Sucrose density centrifugation

The fresh continuous 5%-15%/(20%) sucrose densigignt was prepared ip —
DDM/HEPES buffer (25mM HEPES, pH 7.8, 0.0486— DDM) using a locally made
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gradient mixer system or by pouring the solutiorb® sucrose on top of the solution of
15% sucrose and putting the tubes into the hor&@agusitions for 3 hours at 5°C. The final
supernatant from section S5aas loaded on top of the gradient. The ultracargafion was
performed with rotor SW 28 (for 40ml tubes) ancbrddW 40 Ti (for 12ml tubes) by L8-M
ultracentrifuge (Beckmann, USA) at 4°C/ 20 h at #ipeed of 141118 g and 284061 g,

respectively. Resulting bands after centrifugati@me pipetted into the separated vials.

5.4 IEF

Separation of membrane proteins by isoelectricogu(IEF) was done by Multiphor
Il system (GE Healthcare Life Sciences, USA). Eigletctrode strips were cut to fit into the
inner width of the apparatus tray. These stripsewsyaked in 10 ml of 2% ampholine
solution and placed three on top of each othem#t bnds of the tray. Afterwards the gel-
ampholyte slurry was prepared from@®(97.5 mL), ampholytes (2.5 ml), glycine (1 §),
DDM (600 ul of 10% solution) and Sephadex 75 (4.6Ttpe tray was placed on the balance
scales and the ampholyte slurry was poured intottéye and air bubbles were gently
removed. Excess water (37 g) was evaporated finentray during three hours by fan. 30 ml
of 0.1% Triton X-100 solution was applied in a thayer onto the gel and the tray was
placed on the cooling plate (9°C). One electrode stas soaked in anode solution of 5.3%
HsPO, and another electrode strip was soaked in catholigien of 1M NaOH. Both of
them were correspondingly applied on the stripghm tray. After applying the electrode
holder with electrodes to the tray, the pre-focgdid5 min — 2 hours) was done with the
current of 13 mA and voltage of 600V to stabilihe eipparatus at 8 W.

The sample was prepared according to section hi@.sample applicator was placed
approximately two cm from the cathode and all teefgom it was removed and mixed with
the sample. Subsequently, the gel was put backhetapplicator area and IEF (pH range of
2.5 — 5) was run for 17 hours. The bands were deitk using a thin spatula and elution
buffer (25mM HEPES and 0.1 $sDDM) was used to elute the protein complexes.

5.5 FPLC - lon Exchange Chromatography

Thylakoid membranes df. veliawere solubilized according to section 5.2 from 600
ml of C. veliaculture with 1.5 %3-DDM used for solubilization. The solubilized mar
was loaded into the 2ml sample loop of FPLC sydqteharmacia, Biotech, Sweden). Protein
separation by IEC was performed on continuous bedne& exchange column UnoQ-6
(volume 6 ml, BIO-RAD, Italy) and FPLC system caflied by programmer GP — 250 Plus
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(Biotech, Sweden) equipped with the FPLC flow tlylowV/Vis detector (Shimadzu — SPD
—20AV prominence, USA), where absorbance was decbwith at two wavelengths — 450
and 670 nm. The following method was applied: rst ficolumn was equilibrated with buffer
A (20 mM HEPES, 0.04 9%6-DDM, pH 8), afterwards sample was eluted with raedr
gradient of MgCJ formed by mixing of buffer A with buffer B (20 mMEPES, 0.04 %-
DDM, 0.5 M MgCh, pH 8) during 45 min, 50% of buffer B was appli@a the end of this
phase. Then, 100% buffer B was used for 20 minist&nsure compete elution of proteins.
The whole procedure was done at 4°C with the flosvod 0.8 ml mift.

5.6 Absorption spectra

Absorption spectra of the isolated pigment-proteomplexes were analyzed by
Unicam UV /VIS 500 spectrometer (Thermo spectrobi) in quartz cuvettes (Type 18/B,
Path length 10, match code 6, Chromspec, CZ) wilaradwidth of 1.0 nm and scanning
speed of 120 nm mih

5.7 Low temperature fluorescence spectra

Low temperature fluorescence spectra of isolatedtisns from sucrose density
gradients (section 5.3) were measured in a reflectimode by diode array
spectrofluorometer SM-9000 (PSI, Czech rep.). Huaied complexes were fixed in the
sample holder and immersed into the dewar vesed fivith liquid nitrogen (T = 77 K).
The fluorescence spectra were measured using 42&ndmd57 nm excitation light (spectral
bandwidth 20 nm) with absolute emission accurady.8im.

Low temperature fluorescence spectra of IEF frasti(section 5.4) were measured
using a Jobin Yvon FluoroMax-3 spectrophotometearilph, USA) equipped with nitrogen
bath bath cryostat. The diluted sample (OD<<0.13 warefully injected between two glass
windows (separated by a spacer and kept in place fmgtal spring) that was then quickly
immersed in the liquid nitrogen bath. After few mmi@s (time necessary for the sample to
reach 77 K) the nitrogen bath was aligned to tlextspfluorometer. Spectra were measured
for excitation at 435 nm (5 nm spectral bandwidthdl detected with spectral resolution of 1
nm. The spectra were corrected for different intgreaitomatically.

Low temperature fluorescence spectra of IEC frastidsee section 5.5) were
measured by Aminco Bowman series 2 spectrofluorerm(@hermo Fisher Scientific, USA)
with the excitation of 440 and 455 nm (4 nm bandiidand recorded with spectral

bandwidth of 1 nm between 650 nm and 800 nm.
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5.8 SDS-PAGE

The protein composition of the isolated complexess wletermined by SDS-PAGE
using 12% polyacrylamide SDS gel in the BIO-RAD aqgtus (Mini — Proteam Cell, Italy).
The gels were stained either by Coomassie BrillBloie or by silver stain (ProteoSilver
Silver Stain Kit, Sigma-Aldrich, USA). The moleculaeights were estimated according to
the applied ColorPlus Prestained Protein MarkeoaBrRange (7-175 kDa) (New England
Biolabs.

5.9 Pigment analysis by HPLC

Isolated pigment protein complexes were extractsthgu 100% methanol and
separated on Phenomenex column (Luna 3u C8, stxe 2060 mm) at gradient of 0.028M
ammonium acetate/MeOH (20/80) (flow rate of 0.8nmtY, t = 35°C see (Jeffrey and Vesk,
1997)). Pigments were quantified based on theiortion at 440 nm and their extinction

coefficients.

5.10 Nonphotochemical fluorescence quenching in nativeetts

In vivo quenching was measured by chloroplayffluorometer FL 3000 (PSI, Brno,
Czech rep) with a pre-setup measuring protocol.n@galight (intensity of 600UE,
wavelength of 625 nm) was applied to induce nonmtteemical quenching of fluorescence
in the whole cells oChromera veliawhich were previously dark adapted for 20 mine Th
effect of uncoupler on the fluorescence quenchiag wxamined by adding NI (final
concentration of 0.7 mM) during a different perioidthe measuring protocol (start - dark,
10%, 20%, 30%, 40% of the protocol duratioB).veliacells with optical density of 0.615
(for A = 750 nm).

5.11 Nonphotochemical fluorescence quenching in isolatezhtennae

The extent of nonphotochemical fluorescence queagcim the isolated CLH complex
from sucrose gradient was measured using chlorbphfluorometer FL 100 (PSI Czech
rep., blue excitation at 464 nm, intenslf§4 YE). Fluorescence quenching was induced by
dilution of 24 ul sample (CLH antennae fraction iR25 mM HEPES, pH 78, 0.04 %
Dodecylp-D-maltoside) in the 948 ul buffer (10mM HEPES, M sodium citrate, pH 7.6)
during continuous stirringFinal concentration off-DDM was 15 uM. The pH of the
solution was reduced to pH 5.5 (Figure 23) by 5% K9 pl) addition to trigger pH —
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induced quenching. In the pH — dependency NPQ @rpet (Figure 24) the pH of the
solution was gradually (in the 25 %, 40 % and 55%e protocol) reduced to pH 6.5, 6 and
5.5 by adding 5% HCI in the amount of 2.2 ul, 1.83and 1.4 ul, respectively. The
reversibility of quenching was tested pyDDM addition (final concentration of 200 uM) at

the end of the protocol.
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6 Results

6.1 C. veliagrowth curve

Before protein isolation, optimal growth @f veliacells was testedVe have found
out that C. velia cells grew exponentially till approximately 12 hah cells per ml;
afterwards they went into the stationary phase [Bgere 14). The sudden change into the
stationary phase (day 6) was caused by high pHiltdre (pH of 9.5). The experiment was
repeated three times, the third repetition (C.\é8hibited smaller number of cells due to
presence of stacked cells which were impossibteparate even after the sonication.

Specific  growth

rates (4, H) were

/ calculated from p = (In
LSE+07 ]

c — In @)/ tto. The
doubling time @ = Ln

(Log) Number of cells

—CV1 2)/n) of C. veliagrowth
CV2
V3 was determined to be
15406 32 hours (see Tab. I).
0 2 4 6 8 10 12 14 16 . .
Day Cells for isolation and

measurements were

Figure 14: C. velia growth curves from three bidtj samples )
always harvested either

(C.V.1-C.V.3), number of cells measured using Baokooulter (Multisizer
4. USA on day 4 or on day 5 to
ensure the exponential
phase. For further measurements the culture wasyaliarvested eithef"4r 5" day after
dilution.
Tab I: Specific growth rates df. veliaunder the continuous light regime of 100 pumol

m?s?t

CvV.il |[CV.2 |[CV3

i [hours™] 0.02| 0.02| 0.01
taounie[NOUrS] | 32.04] 28.00| 48.78
U [days?] 0.52| 0.59 0.34
taouble [dayS] 1.33 1.17 2.03

6.2 Protein isolation by sucrose density gradient centiugation

Thylakoid membrane antennae proteins were sepamtetinear sucrose density

gradient (see section 5.3). Two methods have bested for isolation and we observed
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separation of antennae proteins into two distinpgen bands (see representative results in
Figure 15) in both of them. In the first isolati@fo f-DDM used for solubilization — see
section 5.2, linear 5-20 % sucrose gradient in 26 HEPES, 0.04 9%3-DDM, 40ml- tube,
SW 28, 141118 g, 20 h) we obtained 3 main fractibipper fraction F1 contains many free
pigments (section 6.2.2), fraction F2 correspomdShromeral ight Harvesting complexes
(CLHc) and fraction in the lower part of the gradiénot named in Figure 15) corresponds
to bigger complexes possibly containing photosyster®nly the upper two bands (F1 and
F2) were used for further measurements. F2 was fosedeasurement of nonphotochemical
guenching in isolated complexes (refer to sectié). 6

We have optimized the method in the following atinds —the amount of-DDM
required to solubilize the antennae proteins whseae after experiments with dilution series
and it was lowered to 1 - 1.5 %;
smaller ultracentrifugation  tubes
(212ml) were used for better distinction
of the bands and increased g-force of
284061 g lead to better resolution.
The setup resulted in the improved
pigment-protein separation as you can
see in Figure 15 panel B. These data
represents sucrose density gradient of
C. velig which was subsequently used

for further identification of pigment-

protein complexes by means of SDS-

PAGE (refer to section 6.2.4). The
Figure 15: Isolation of thylakoid membrane pigment-

. . . . gradient showed again separation into
protein complexes on linear sucrose density gradieanel

A: Isolation of proteins on sucrose gradient rargilom 5 (WO upper bands, but the third one
to 20% in 40 nm tube, solubilization was done v@th g~ was almost not visible, which is
DDM; Panel B: Isolation of proteins on linear sus® cgused by insufficient amount of
gradient ranging from 5 to 15% in 12 ml tube, sdlizhtion

was done with 1.598-DDM

detergent for  solubilization  of

photosystems.
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6.2.1 Absorbance spectra of antennae fractions

The isolated antennae

| 436

fractions from sucrose gradients
(Figure 15) were further
characterized. @ The  absorbance

spectra  (Figure 16) showed

Absorbance

differences in composition of

studied complexes. In both fractions,

pres s e e 555 the maximum peak of 436 nm
Wavelenght [nm]

together with maximum of 673 nm

Figure 16: The absorbance spectra of fractions ol an (675 nm) corresponds to the
isolated from sucrose density gradient (see Figl®A). absorption of chlorophylla. The

Spectra were measured by Unicam UV /VIS 500 spaetar other two maxima of 480 nm and

(Thermo spectronic, UK) 520 nm correspond to carotenoids
absorption, namely violaxanthin and isofucoxanth@spectively. All spectra are normalized
to the chlorophylla maximum in the red part of the spectra and zeraed@30 nm.

Absorbance spectra have indicated that fraction cbitains higher amount of both

carotenoids.

6.2.2 Low temperature fluorescence spectra of antennaedctions

Low temperature fluorescence emission spectra aatisd antennae fractions from
sucrose gradients (Figure 15A) have shown typicapgrties. Fraction F1 had maximum at
680 nm, F2 was red-shifted with maximum of 682 nm.
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Figure 17: Fluorescence emission spectra of frawti®1 and F2 isolated from sucrose gradient at 77K,
excitation with wavelengths of 425 nm and 457 nraswmed by Optical spectrometer SM-9000 (PSI, Czech
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rep.; Panel A: Fluorescence emission spectra ottfem F1; Panel B: Fluorescence emission spectra of

fraction F2

6.2.3 Pigment composition of isolated antennae fractions

HPLC method was used to find the differences immggt composition in isolated
complexes from sucrose gradients (section 6.2). fblewing pigments were detected:
chlorophyll a (retention time 25.1 min), violaxanthin (retentiagmme 11.7 min) and
isofucoxanthin (retention time 14.2 min). Number2 And 3 (Figure 18A) correspond to the
violaxanthin, isofucoxanthin and chlorophwgll respectively. Figure 18B shows the relative
content of violaxanthin, isofucoxanthin and chidrgl a to the total pigment content of
antennae fractions F1 and F2. F1 contained relgtiigher amount of violaxanthin in
comparison to other pigments. In contrast, the arhof other carotenoid, isofucoxanthin

was comparable in both fractions. F2 was enrichathiorophylla content. .

30

F2, DAD 440 nm 3 A 05 | BEL . B
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Figure 18: The results of HPLC analysis of isolatadtennae fractions F1 and F2 from sucrose
gradient, the analysis was performed on Phenomeoéxmn (Luna 3y C8, size 100x4.60 mm) — refer to
section 5.9; Panel A: A representative chromatog@fraction F2, number 1 corresponds to violaxamth

number to corresponds to isofucoxanthin and nun3eorresponds to chlorophyll a.; Panel B: the relat

content of violaxanthin, isofucoxanthin and chidrgiba to the total pigment conteént

6.2.4 Protein composition of antennae fractions

Isolated bands from sucrose gradient (Figure 15&Eweharacterized by SDS PAGE.
Resulting zones on the gradient were furtherlyditdi — F1 into S1, S2 and F2 into S3, S4,
S5, the lower fraction of the gradient was namedusbthe bottom S7 (see Figure 19, panel
A). In order to characterize the pigment-proteimptexes more precisely, border fractions
S2 and S4 were discarded to avoid mixing of thedbaand all the fractions were
approximately ten times concentrated using Amiclbers (100 kDa). Fractions were loaded

on the 12% polyacrylamide gel. The first zone (®bntained several proteins with
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molecular weight between 30 and 46 kDa. Furtheerarde protein zones (S3 and S5)
showed two groups of antenna proteins. The moleeuight of larger antenna protein was
around 20 kDa, smaller antenna protein was aro@kDh. Fraction S6 did not reveal any
protein pattern and fraction S7 was full of difiereroteins, which could correspond to

some insolubilized material.

20 e mdd
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Figure 19: Protein composition of thylakoid memkearseparated on linear sucrose density gradient
(5-15% sucrose; Panel A: Sucrose density gradiéimjufe 15B) with depicted fraction division to SI;S
Panel B: Protein separation by SDS-PAGE (12% palylamide gel), stained by Coomassie Brilliant Blive,
corresponds to protein ladder, numbers 1, 3, 5 @ndkpresents fractions (S1, S3, S5 and S7) isolated

sucrose gradient.

6.3  Protein separation by isoelectric focusing

Proteins from solubilized thylakoid membranes (B¥DM, see section 5.2) of.
velia were separated by isoelectric focusing on thedBIF The resulting pattern on the gel
from IEF is depicted in Figure 20A. The materialsweell solubilized and the gel shows two
main groups of proteins (I and Il). The first gro(p contained 4 fractions 11-14 which
correspond to the pl of 4 - 4.25 and the secondm(t) contained 2 fractions 15 and 16 that
exhibit pl around 5. The proteins with differentya¢re weakly visible within the groups as

the concentration of the sample was too low fonptmced identification of the bands.
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Figure 20: Separation of solubilized thylakoid meam® proteins (solubilization by 2%-DDM) by
isoelectric focusing, Panel A: Complete picturelleF gel that has been done by Multiphor Il systeBft (
Healthcare Life Sciences, USA; section 5.4), twinrngaoups of proteins, | and Il are marked; Panel@el

section characterizing bands : Magnification of thesulting protein bands, numbers 1-4 correspondh®

first group of proteins with putative isoelectrioipts (pl) of 4-4.25, numbers 5 and 6 belongs tmsd group

of proteins with pl around 5.

6.3.1 Low temperature fluorescence spectra of proteins adated by IEF
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Figure 21: Low temperature fluorescence spektrarofeins
isolated by IEF (Figure 16), fractions 11-16 measdr with
excitation wavelength of 435 nm recorded by JobimonY

FluoroMax-3 spectrophotometer (Horiba, USA)
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The low temperature
fluorescence  spectra  were
measured (see section 5.7) for
proteins isolated by IEF (see
Figure 20). The spectra showed
the same profile for fractions
[1-14 and fractions 15-16 as
depicted in Figure 21, which
supports the fact that these
fractions have similar
biophysical properties and they
differ only slightly, maybe in

amino acid composition. The



maxima were blue-shifted in comparison to fractiss®ated on sucrose density gradient
(see Figure 17), which usually indicates less irdgamples.

6.3.2 SDS-PAGE of protein fractions isolated by IEF

Proteins isolated from IEF were ten times concéadrasing Amicon filters (100 kDa)
and then characterized by SDS-PAGE electrophofesisl2% acrylamide gel, for details
see section 5.8). The resulting protein pattertlE6ffractions (Figure 22) revealed different
proteins considering their molecular weight. Fractill with the lowest pl, was very
different from fractions 12-14. These fractions tamned a protein doublet at between 18-20
kDa resembling doublet hypothetical antennae pmstéiom Fig. 19. The other hypothetical

antennae protein of 30kDa was missing in Fracthnahd present in fraction 11 and 13.

Hypothetical
I 2 3 4 5 6 antennae protein

kD:
‘ e T R A doublet (18-20 kDa)

175 - . .
in fractions 13 and 14

was enriched mostly

80 -

( - by antenna proteins
of 20 kDa, band 14

had also proteins of

58 -

46 -

a lower molecular
weight  (~18kDa).
— Fractions 15 and 16
o with higher pl at
‘ around 5 (see Fig.

S BV VR

20) seemed to be

Figure 22: 12% polyacrylamide gel of C. velia piiotisolated by means enriched in low

of IEF, protein visualization was done by silveaising, numbers of wells 1-6 .
molecular proteins

(< 18 KDa).

corresponds to the numbers of bands on IEF ge6l{s¢e figure 20B)
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6.3.3 Protein isolation by ion exchange chromatography
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Figure 23: Elution profile of IEC method for C. ielthylakoid
membranes (196-DDM used for solubilization. Absorbance was reemfcht

the wavelength of 450 nm and 670 nm — refer toi@se&.5, proteins were
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separated into four fractions E1-E4
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pigment composition (see section 6.4.1 and 6.4.2).

6.3.4 Absorbance spectra of fractions from IEC
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Solubilized
thylakoid  membrane
proteins of C. velia
were separated by
FPLC with anionic-

exchange
chromatography
column (see section
5.5). The column
separated  membrane
proteins into  four
fractions E1-E4. The
isolated fractions were
subsequently
characterized to resolve

their  protein and

Fractions from IEC

...... B> (Figure 23) were

350

Figure 24: Absorbance spectra of fractions E1-Edlased by

means of ion exchange chromatography (see Figuje Sf9ectra were

450
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Wavelenght [nm]

650

characterized by
absorbance spectra. Data
| 678 indicated that fraction E1
had higher violaxanthin to

¥

¢

. chlorophyll  ratio in
v
\}

3 comparison to  other
o] . .
— fractions as it was seen

from 440 nm (chlorophyll
a)

and 483 nm

measured by Unicam UV /VIS 500 spectrometer (Thespextronic,
UK) and normalized to 730 nm and chlorophyll a maxin.
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(E2-E4) had similar absorbance spectra with redativhigher amount of isofucoxanthin
absorbing at 523 nm in comparison to E1. The malxenassion in red region had shifted

chlorophylla maximum to 678 nm.

6.3.5 Low temperature fluorescence spectra of proteins edated by IEC

Low temperature fluorescence spectra of fractiobhtained from IEF (figure 23)
showed that E1 is composed mostly from free pigmé€nsually peaking at 675 nm) but
there are also some antennae proteins with maxiofuinorescence at 679 nm (see Figure
25). On the other hand, E2-4 had very similar #isocence with the maximum of 685 nm
which could suggest complexes of PSI and PSII. foHewing characterization by SDS-
PAGE and CN-PAGE is required for better understagdif the pigment-protein complexes.
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El 678
18 A less L e | B 79 680 El 440
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Figure 25: low temperature fluorescence spectrdraftions E1-E4 obtained from ion exchange
chromatography, excitation wavelength 440 nm. P&nelummary low temperature fluorescence spectra
of fractions. Panel B: Low temperature fluorescespectra of fraction E1 recorded at two excitation
wavelengths (440 and 455 nm). Data were recordédgusminco Bowman series (Thermo Fisher

Scientific, USA) — see section 5.7; spectra werenabzed to the wavelength of 730 nm
6.4 Nonphotochemical fluorescence quenchinign vivo

Nonphotochemical quenching of fluorescence (NPQ wduced by orange light (see
Figure 26) in the whole cells @hromera velia(see section 5.10). The value of NPQ was
calculated according to the formula,(Hwu)/Fv’ with the result of 0.723. The kinetics of the
fluorescence decrease was fast, whereas obsemwedtence recovery in the dark was
slow.

Role of pH in NPQ triggering was studied by addangroton-gradient uncoupler (final
concentration of 0.7 mM) to the whole cells ©f velia (see Figure 27) during a different
period of the measurement (start - dark, 10%, 280%, and 40% of the protocol duration).

The addition of uncoupler before light period lg¢adnhibition of NPQ and the fluorescence
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value stayed constant. Addition of uncoupler dutigbt phase of the measuring protocol
lead to slow increase in fluorescence no mattevhath time the uncoupler was added into
the cells. The results correspond to the previesgsits with effect of pH (Kotabova et al.,
2011).
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Figure 26: Fluorescence induction of C. Velia cétlark adapted for 20 min) recorded on orange light
Data were measured by FL 3000 (PSI, Czech Fgp)s a maximum level of fluorescence in dark caused
closed reaction centers after saturating light jul§, maximal fluorescence measured during illumination
with orange light (600 WE), the bars depict thefadiént phases of protocol, the dark phase at thk @rthe
protocol leads to recovery of fluorescence quergliiar explanation of the protocol, refer to seati®.1 and

5.10, Figure 10.
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Figure 27: Changes in fluorescence induction aftéding NHCI into the sample with whole cells of C.
velia (dark adapted for 20 min). Data were recordgdFL 3000 (PSI, Czech rep); The arrows in theocol
corresponding to lines indicate the time when,8Hfinal concentration of 0.7 mM) was added — §ta0%,
20%, 30% and 40% of protocol duration; the barsidethe different phases of protocol, the dark ghasthe
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end of the protocol leads to recovery of fluoreseegquenching (for explanation of the protocol, refe
section 3.1 and 5.10, Figure 10).

6.5 Nonphotochemical fluorescence quenchinign vitro

Antennae fractions isolated by sucrose gradiengnipnt protein complexes F2,
section 6.2) were used to study the mechanism @& MRvitro. The method was described
previously (Kana et al.,, 2012; Ruban et al., 199Me F2 fraction containing light
harvesting antennae @f. velia(see Figure 15A) was diluted in a buffer withoatatgent of
pH 7.6 (24 ul of antennae in 948 pl 10mM HEPES sodium citrate, pH 7.6) to test
the role of protein aggregation in NPQ stimulatidfterwards different amount of 5% HCI

(see section 5.11) was

0-6 p—— added to decrease the pH
0.5 e (see Figure 28). The same
E 0.4 o amount of antennae fraction
g 03 was diluted in the buffer of
3 pH 5.5 (24 ul of antennae in
§ 0.2 948 ul 10mM HEPES, 10
= o1 ——pH 7.6 mM sodium citrate, pH 5.5)
sty pHS.5 and the same protocol was
’ 0 50 100 150 200  Performed. The

Time [s] fluorescence in pH 7.6 was

higher than in buffer of pH
Figure 28: Effect of pH on NPQ in isolated CLHcfadction

F2 from sucrose gradient; green line represent thwrescence of

antennae diluted in the buffer with original pH 5f5; brown line acidifying the buffer of pH
represents the antennae diluted in the buffer of 6, which was 7.6 to pH 5.5, the decrease
subsequently reduced by HCI to pH 5.5; Arrow CLidpresents the jn fluorescence was visible

5.5, however, after

time when antennae fraction were added into théehuirrow HCI on .
and it reached the same

the brown line represents the time when the pHehasged to 5.5 by

HCI addition and arrow DDM represents the time witeBDDM was value as in the buffer with

introduced into the cuvette to induce fluoresceremvery; the data Ofiginal  pH 5.5.  The
were recorded by FL 100 (PSI Czech rep., see sebtibi) reversibility of this process
has been confirmed bwy-

Dodecyl B-D-maltoside addition (to the final concentratioh200 mM), which caused full
recovery of initial fluorescence value (Fig. 28 &@#j. This increase was not induced by a
release of chlorophyl&d from pigment-proteins, as controlled by kineticamgrements of

fluorescence spectra (data not shown).
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In the second experiment, antennae fraction wastedil in the buffer (24 ul of
antennae in 948 pl 10mM HEPES, 10 mM sodium citiate7.6) and the pH of the solution
was stepwise reduced by adding HCI (see FigureQ®3nching was observed already at the
pH 7.6, but with lower pH, the quenching was high&hese results from titration
experiment showed clear dependence of NPQ on plriaking what happen# vivo
during building up of light-inducedpH. The decrease in pH increased NPQ with saturatio
for pH of 4.5. The role of pH and aggregation wasfcmed by these experiments.
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Figure 29: The analysis of NPQ of F2 from sucrosedity gradient containing CLHc. Response to pH
change angs-DDM addition was tested and chlorophyll a fluaresce was recorded by FL 100 (PSI Czech
rep.) — see section 5.11, arrow with CLHc represdhe time, when the antennae fraction F2 from aser
gradient was added into the buffer, arrows with yilues represents time when corresponding amourGHf
(see section 5.11) was added into the reactioretluce the pH to the value above the arrow (pH &.%,and
5.5), arrow with DDM represents the time whe-DDM was introduced into the cuvette to induce

fluorescence recovery
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7 Discussion

The main goal of this diploma thesis was isolatbnative light harvesting complexes
from thylakoid membranes in a selected strain grtdrozation of biochemical methods of
their isolation. The ultimate goal was then chagazation of nonphotochemical quenching
in these isolated complexes (pH dependence andipraggregation) in comparison with
vivo measurement<C. velia turned out to be a good model organism due tainigue
features — it is evolutionary related to apicompleyarasites and algae and it has a specific
regulation of photosynthesis (Kotabova et al., 20Moreover its genome has been already
sequenced and it will be soon fully accessible Wwhigll enable a complex research on
antennae proteins and regulation of photosynthiesigs species.

The first task of this thesis was to ensure t@Gatvelia cells are harvested in the
exponential phase. We estimated specific growtesraf C. velia under continuous light
regime (100 pmol fAs?) for three biological samples (see table I, secfid) We observed
higher specific growth rates in first two biolodicamples (C.V.1 and C.V.2) than in the
third sample (C.V.3). Generally, we observed fagtemwth rates in comparison to previous
results (Foster et al., 2014; Quigg et al., 20A)ly in the “C.V.3” sample was p = 0.34
days' comparable to the previous results of u = 0.2&U&koster et al., 2014) (12:12 light-
dark cycle and 165 umol frs) and also to the result of p = 0.37 dayQuigg et al., 2012)
(sinusoidal regime 12:12 light-dark cycle, max 30@ol ni* s%). The profile of “C.V.3”
sample on the coulter counter (data not shown)aledestacks of cells of bigger diameter
then those in other two samples (C.V.1 and C.\é2¢n though the samples were treated all
the time the same and all of them were sonicatied fir analysis on coulter counter in order
to separate the cells. Successful sonication doelldn explanation for faster specific growth
rates of our two samples (C.V.1 and C.V.2), becans¢hese samples the cells were
separated properly and that could be the reasordiffarent results from other studies
(Foster et al., 2014; Quigg et al., 2012) as wetdarow how did they treated the cells prior
to analysis. For further measurements the celt® whvays harvested off' #r 5" day after
dilution. For optimization ofC. vela growth we suggest sonication of the cells proor t
analysis and also trial of modified buffered mediombasic artificial sea water with /2
additives (Guillard and Ryther, 1962) and 25 mM HSPwhich was successfully used for
diatoms (Ewe, 2015).
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The antennae proteins from the cell were isolatgdsbcrose density gradient
centrifugation, the first isolation technique westesl. SolubilizedC. velia thylakoid
membranes (in 298-DDM) were loaded on the linear (5-20%) gradientsotrose that
showed mildly differentiated antennae bands (sgerEi15A). The technique was further
optimized when a different concentrations BDDM were tested, however it did not
improved the separation (data not shown). Thereftre concentration of sucrose was
refined to 5-15% in order to see borders in betw&encomplexes. Unfortunately, even in
this case it was not possible to separate the beomipletely (see Figure 15B). Absorption
spectra (section 6.2.1) and low temperature flmese spectra (section 6.2.2) showed
different biophysical properties in between fractid-1 and F2. F1 contained higher amount
of uncoupled pigments (mainly carotenoids) than &l they had different emission
maximum. The pigment analysis by HPLC (section3.2f fractions F1 and F2 (Figure
15A) showed that F1 in comparison to F2 containgtidr amount of violaxanthin, similar
amount of isofucoxanthin and less amount of chloytim in the ratio to the total pigments
that is in line with our previous results (k&et al., 2015).

Fractions F1 and F2 from sucrose gradient (Figb#) Ivere used for measurements
of absorbance spectra (section 6.2.1), low temperdtuorescence spectra (section 6.2.2),
HPLC analysis (section 6.2.3) and also for measengsnof NPQ on isolated antennae
(section 6.6). Fractions F1 and F2 from sucroselignh (Figure 15B) were for further
characterization divided into more fractions (F1lois1 and S2; F2 into S3, S4, S5) and
studied by means of SDS-PAGE (see Figure 19). iera&1 from the sucrose gradient (see
figure 19) did not contain proposed CLHc antennatgins usually found in C. velia with
molecular weight between 18 kDa and 20 kDa (Binalet2014; JanouSkovec et al., 2013;
Quigg et al., 2012; Tichy et al., 2013). These @rat were present in fractions S3 and S5
(Figure 19). Fraction S1 contained larger protéieisveen 30 and 46 kDa which origin is not
clear. Previous results could indicate that thegsfay correspond to split psaA proteins of
PSI (namely psaA-2) that is divided into 4-helixapg and 7-helix conserved psaA-2
(Janouskovec et al., 2013). Fractions S3 and S5vhad similar composition containing
previously mentioned antennae proteins of approxka. The protein pattern of antennae
in our isolation (Figure 19) was similar to the @reviously isolated from sucrose gradients
(Mann et al., 2014), however the molecular mas$gwaieins in this study do not match
with our data (although our data match with all greviously mentioned studies). As one
could expect, fraction S6 (Figure 19) containingnptexes of the highest molecular weight

probably contains supercomplex of photosystemsI+HSI (Tichy et al., 2013). However,
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there was nothing on the SDS-PAGE gel (Figure 19Bybe due to little amount of the
sample we loaded. Finally, fraction S7 containddtaf proteins and some of the proteins
even did not enter the gel (see nr.7 on Figure 198y can speculate that this fraction
correspond to some insolubilized material or to sgmeat complexes.

We confirmed that sucrose density gradient cergafion can be successfully used for
separation ofC. veliaantennae complexes in line with previous resi{aé et al., 2015;
Tichy et al.,, 2013). In the previous work (Tichy &k, 2013) the continual sucrose
concentration of 0-1.0M was used, where properragipa of PSI and PSIl from antennae
complexes was achieved but antennae bands wesepatated well in line with our results
(Figure 15). In this study, higher concentratiorpef DDM (5% per 1 mg of Chl) was used
(compared to our 2% or 1% — DDM), which better fits for solubilization of dpjer
complexes (PSI+PSIl) in greater amount. The sucomsesity gradient centrifugation is
commonly used for separation of higher plants arderproteins and complexes (Caffarri et
al., 2009). The method was also used for isolatioantennae proteins of aliRhodomonas
salina (Kana et al., 2012), thylakoid proteins of cyantdbaum Synechocysti®CC 6803
(Daddy et al., 2015) and in diatoms (Buchel, 20@®)ere different oligomeric states of
antennae where observed on the contrary with aultee The method of sucrose density
gradient centrifugation for separation ©f velia complexes was not suitable for obtaining
pure antennae proteins and it needs to be follomedther purification steps — e.g. ion
exchange chromatography or gel filtration (Binalgt2014).

To improve antennae separation, the isoelectricidiog (IEF) was tested. This
technique has been successfully used for isolaifotme proteins fronSpinacia oleracea
(Ruban et al., 1994), Arabidopsis thaliana (Behedrad., 2013; Moffatt et al., 1991) adeéa
mays(Bassi and Dainese, 1992). The IEF gel (Figuredz§p)layed two groups of proteins
containing further sub-bands: the first group | ¢bl4-4.25) differentiated into four sub-
bands and the second group Il (pl around 5) int bands. However the separation inside
of those two groups (I and Il) was not proper daensufficient amount of solubilized
thylakoid membranes used for this technique. Frioat teason the bands are poorly visible
on the photo (Figure 20). As we did not have enaugkerial to follow the typical protocol
(when IEF bands are usually cleaned by gel chrognapiy), the absorption spectra (not
shown) and low temperature fluorescence spectigeet.3.1) were affected by presence
of ampholytes. Low temperature fluorescence sp€Ettare 21) had shifted maxima of 678
and 677 nm in comparison to spectra of fractionmfisucrose gradient (Figure 17), which

could be caused by presence of ampholytes.
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Protein composition of IEF bands was analyzed Hyguoylamide gel electrophoresis
followed by silver staining, because the conceiunst of the proteins were too low. We
obtained relatively good separation showing difiérerotein content in particular 1EF
fractions (Figure 22). All fractions from the firgiroup (Figure 20) contained different
pattern of supposedly antennae proteins (18-30 ,kida) were concentrated mostly on
possible antennae proteins in between 18-25 kDactiBn 11 was different from fractions
I2-14 and contained a doublet (between 18-20 kBegction 12 contained a 20 kDa protein
similar to the antenna complex from F2 (S3 and &53ucrose gradient (see Figure 19).
Fraction 13 and 14 were both enriched in antenrragems of approx. 20 kDa, however there
was a lower molecular weight band present in fomstil4 and maybe also 15 and 16 (see
Figure 22). The pl of the first group is similargbof LHCII isolated from higher plants —
zea mayswith LHCII pl of 4.24, 4.28 and 4.33 (Bassi andim¥se, 1992) or Arabidopsis
thaliana with LHCII pl of 4.00, 4.05 and 4.10 (Jaalski et al., 2000). The pl (around 5) of
the second group Il (see Figure 20) correspondbeaql of PSII reaction center complex
(Jackowski et al., 2000).

Technique of isoelectric focusing was found to litable for isolation of light
harvesting proteins, however for our purpose idsde be optimized. Firstly, more material
is needed to be loaded on the gel. Secondly, lesseatration of the detergent is needed
throughout the gel — | would recommend 0.04 % (sssfully used for sucrose gradient
centrifugation) instead of 0.06 %. Moreover it wibtielp to use a narrower pH window of
ampholytes — e.g. pH 3-4.5 instead of pH 2.5 —&rder to obtain better separation.

The third method we have tested for isolation deanae proteins forr@. veliawas
anion exchange chromatography (see section 5.53. f€bhhnique seems to be promising,
because it is fast and relatively easy to handleamparison to sucrose gradients and
isoelectric focusing. The resulting chromatogranmgyfe 23) showed a separation of
thylakoid membrane proteins into four fractions EA.-- Fraction E1 and E2 were properly
separated from fractions E3 and E4, whereas E3 Eéhdormed a double peak. The
absorbance spectra (Figure 24) of fraction E1 skostdorophyll maximum of 673 nm, but
fractions E2-4 had almost the same spectra withctilerophyll maximum of 678 nm.
Similarly, in low temperature fluorescence spe¢kigure 25) — fraction E1 peaking at 679
nm differed from fractions E2-4 with the maximumG&5 nm. This fraction was enriched in
free pigments similarly to the F1 from sucrose gratd(see Figure 25B and Figure 17). Red-
shifted spectra indicated that this method yield®dmost intact sample.
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Anion exchange chromatography was successfully deedsolation of C. Velia
proteins (Bina et al., 2014; Tichy et al., 2013)for purification of extracellular phenol
oxidase fromTetracystis aerigOtto and Schlosser, 2014lhe best results were obtained
when IEC is coupled to gel chromatography. Howewer still need to optimize the proper
detergent concentration in order to solubilize th# antennae complexes from thylakoid
membrane. Therefore, for future experiments | waqurtthose to try affinity chromatography
with immobilizedC. veliathylakoid membranes and linear gradienfef DDM in mobile
phase, in order to clearly see in which concemmnabf § — DDM are certain complexes
solubilized. Moreover we should try to optimize @@ion gradient during the procedure to
obtain proper separation also in between the rastE3 and E4.

Nonphotochemical quenching was measured on theewtells ofC. velia Orange
light induced NPQ leading to fast decrease in #3oence as already observed in other
studies (Kotabova et al., 2011; Mann et al., 200C4)veliais able to develop higher NPQ
value e.g. in comparison . tricornutum (Schumann et al., 2007) and it exhibits fast
fluorescence quenching followed by slow recoveryhia dark (see Figure 26). The role of
pH on the fluorescence quenching vivo was tested by addition of uncoupler of
fluorescence quenching — NEl (see section 6.5). Analysis of NPQ on int@ctveliacells
after uncoupler addition has showed different rafiema kinetics in comparison to higher
plants (Ruban et al., 2004). The uncoupler wadhiced to the cells during a different
period of the protocol. When it was added befoeegériod light, no NPQ was observed and
fluorescence stayed the same. When it was addeagdie light illuminationC. veliawas
locked in NPQ state in contrast to intact spinabloroplasts with immediate response to
uncoupler (NHCI). The situation in diatomd>( tricornutun) is somewhere in between the
response of higher plants add veliawhich is supposed to be caused by the fact, that
NH4CI accelerates not only the reversibility of NPQt lalso the rate of epoxidation of
xanthophylls (Ruban et al., 2004).

We have tested three methods for antennae isoldimmever only sucrose gradient
provided us with enough material of relatively-weharacterized antennae proteins for
further measurements of NPQ. Role of pH and pas<ithiHc aggregation was then studied
in vitro onisolated CLHc (F2 from sucrose gradient — see [EidLh).In vitro quenching
showed dependence of NPQ on pH and CLHc aggregatitre lower was the pH, the
higher was the NPQ. This process was fully revéesib fast fluorescence recovery was
observed after addition @ — DDM into the reaction, displaying similar behavto that of

isolated antenna from higher plants. However, theorto study only the effect of pH, we
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need to refine the initial concentration of detettgat the beginning of the experiment. |
would suggest following the procedure already dbedrfor recombinant apoproteins from
E. coli mixed with pigments (Belgio et al., 2014have 0.003%% — DDM was used to study
the effect of pH.

We have identified nonphotochemical quenching irHGIntennae which is dependent
on the pH and aggregation. These data are impoftanfurther characterization and
determination of NPQ locus in CLH antennae. Thapaglvantage for this project is already
sequenced genome @f. veliawhich will be soon accessible. It is already knothat C.
velia has many antennae genes - twenty three LHC homabtained fronC. veliawere
aligned with other algal species giving the resiibhylogenetic relationships with diatoms,
brown algae, dinoflagellates, green algae, chroamdétes red algae (Pan et al., 2012). For
further study we would like to test which antenrngenes are expressed under which
conditions and we would like to determine the lootNPQ. Further goals are: to study of
zeaxanthin role in NPQ and isolation of pure andento make further NPQ experimeits

vitro and possibly in proteoliposomes.
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8 Conclusion

Chromeravelia Light Harvesting Antennae (CLH) were isolated byee different
methods, by sucrose density centrifugation, isdetedocusing and by anion exchange
chromatography. These methods were further optoinizend isolated CLHc were
characterized spectroscopically by means of lowpenature fluorescence spectroscopy and
by absorbance spectroscopy. Pigment compositiordesaibed by high performance liquid
chromatography and proteins content by polyacrydi@mgel electrophoresis. The results
were compared to previous studies and our data $slaoen expected protein and pigment
composition. The proper biochemical isolation akolus to explore a unique mechanism of
nonphotochemical quenching in this species on aaetevel. We have studied role of pH
and CLH aggregation that both were identified todpecial. These experiments enable
future study of NPQ locus in CLH antennae, functtdrCLH antennae in light-harvesting,

and construction of model of photoprotective nortpblbemical quenching i€. velia
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