VU Research Portal

Light-Harvesting Complexes in Chlamydomonas reinhardtii:
Natali, A.

2017

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Natali, A. (2017). Light-Harvesting Complexes in Chlamydomonas reinhardtii: from in vitro to in vivo. [PhDThesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl

Download date: 09. Jan. 2023

VRIJE UNIVERSITEIT

Light-Harvesting Complexes in Chlamydomonas reinhardtii:
from in vitro to in vivo

ACADEMISCH PROEFSCHRIFT
ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,
op gezag van de rector magnificus
prof.dr. F.A. van der Duijn Schouten,
in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de Faculteit der Exacte Wetenschappen
op woensdag 12 april 2017 om 11.45 uur
in de aula van de universiteit,
De Boelelaan 1105

door
Alberto Natali
geboren te Soave (VR), Italia

promotor:

prof.dr. R. Croce

This thesis was reviewed by:
prof. dr. Ralph Bock
prof. dr. Michael Hippler
prof. dr. Harald Paulsen
dr. Jan P. Dekker
dr. Tomas Morosinotto

to my parents,
achille and donatella

Contents
1.

Introduction ................................................................................................................. 9

1.1.

PHOTOSYNTHESIS ........................................................................................................ 9

1.2.

CHLAMYDOMONAS .................................................................................................... 11

1.3.

PIGMENTS IN HIGHER PLANTS AND GREEN ALGAE ....................................... 12

1.4.

LIGHT HAVESTING COMPLEXES............................................................................. 15

1.5.

PHOTOPROTECTION .................................................................................................. 18

2.
In vitro reconstitution of light-harvesting complexes of plants
and green algae .................................................................................................................... 25
2.1.

INTRODUCTION ........................................................................................................... 26

2.2.

PROTOCOL ..................................................................................................................... 27

2.3.

REPRESENTATIVE RESULTS ..................................................................................... 33

2.4.

DISCUSSION .................................................................................................................. 36

3.
Characterization of the Major-Light Harvesting complexes
(LHCBM) of the green alga Chlamydomonas reinhardtii ............................ 41
3.1.

INTRODUCTION ........................................................................................................... 42

3.2.

MATERIALS AND METHOD ...................................................................................... 43

3.3.

RESULTS ......................................................................................................................... 46

3.4.

DISCUSSION .................................................................................................................. 55

3.5.

SUPPORTING INFORMATIONS ................................................................................ 59

4.
Light-harvesting Complexes (LHCs) cluster spontaneously in
membrane environment leading to shortening of their excited state
lifetime ....................................................................................................................................... 61
4.1.

INTRODUCTION ........................................................................................................... 62

4.2.

RESULTS ......................................................................................................................... 63

4.3.

DISCUSSION .................................................................................................................. 71

4.4.

EXPERIMENTAL PROCEURES.................................................................................... 73

5.
Engineering a pH-regulated switch in the major lightharvesting complex of plants (LHCII): proof of principle ........................... 77
5.1.

INTRODUCTION ........................................................................................................... 78

5.2.

MATERIALS AND METHODS .................................................................................... 79

5.3.

RESULTS AND DISCUSSIONS ................................................................................... 80

5.4.

CONCLUSIONS ............................................................................................................. 84

5.5.

SUPPORTING INFORMATIONS ................................................................................ 85

Expression of recombinant LHCSR3 in C. reinhardtii and N.
tabacum ...................................................................................................................................... 91
6.

6.1.

INTRODUCTION ........................................................................................................... 92

6.2.

MATERIALS AND METHOD ...................................................................................... 93

6.3.

RESULTS ......................................................................................................................... 95

6.4.

DISCUSSION ................................................................................................................ 100

6.5.

CONTRIBUTIONS and ACKNOWLEDGEMENTS ............................................... 102

Bibliography ......................................................................................................................... 105
Summary ..........................................................................................................121
Acknowledgement ........................................................................................125

1.

Introduction

1.1.

PHOTOSYNTHESIS

P

hotosynthesis is the driving force that sustains life on Earth.
Without the action of photosynthetic organisms, that over the eons have
changed the composition of the atmosphere, the earth would not be the same
as today.
The basic chemical reaction that defines photosynthesis is:
𝐿𝑖𝑔ℎ𝑡

6H2 O + 6CO2 �⎯⎯� (CH2 O)6 + 6O2

which describes the use of solar energy by photosynthetic organisms to
assimilate atmospheric carbon dioxide (CO2) into organic carbon and
produce, as side-product, molecular oxygen (O2).
This process is divided in two parts: the light phase, in which the energy from
the sun is harvested and stored into chemical energy as ATP and NADPH;
and the dark phase, where ATP and NADPH are used in a series of redox
reactions (the Calvin-Benson cycle) which incorporate CO2 into organic
molecules. In plants and algae, photosynthesis occurs in a cell organelle called
the chloroplast (Figure 1A). This disk-shaped body consists of a double outer
membrane, a remnant of its incorporation from a free-living bacteria into a
symbiotic eukaryote organism. A third membrane system called the
thylakoids is present in a soluble phase (stroma) surrounding a second
compartment, the lumen. The thylakoid membrane is divided in two
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domains: a cylindrical stacked system called grana, and interconnecting
regions termed the stroma lamellae.
The key components involved in the first light phase of photosynthesis are
located in the thylakoid membrane and are Photosystem I (PSI), cytochromeb6f (Cyt-b6f), Photosystem II (PSII) and ATP synthase (Figure 1B). Together
these multi-protein complexes work to capture light energy (photons) from
sunlight and create an electron flow in the thylakoid membrane that results in
a pH gradient between lumen and stroma that ultimately produces ATP and
reducing power in the form of NADPH.
This linear electron flow (Figure 1C) begins with PSII, a protein complex
containing pigments, mainly chlorophylls, that capture photons and transfer
the energy as excited electron states through a series of cofactors and carriers
to a special pair of chlorophylls in the heart of the complex called the reaction
center (P680). These chlorophylls, after excitation, release an electron that
after several steps is ultimately transported to a plastoquinone molecule in
the QB of PSII . After two photochemical turnovers, PQ becomes fully reduced
(PQH2), after which it disconnects from PSII and is released into the thylakoid
membrane. The resultant P680+ is then reduced by an electron extracted from
water, which also releases a proton in the lumen together with the production
of O2. For a recent review of the mechanism of water oxidation see Linke &
Ho 2014 1.
PQH2 interacts with the cytochrome-b6f and donates its electrons to the
complex. The mechanism in which Cyt-b6f works is known as Q cycle; in
brief, two molecules of plastoquinone are oxidized and one plastoquinone is
reduced 2. At the end of the cycle, four protons are released into the lumen
and two electrons are transported to the PSI one by one by the blue copper
protein plastocyanin (PC).
Similarly to PSII, Photosystem I contains a reaction center composed of
special chlorophylls, P700, that utilize light energy captured by antennae
complexes to boost the energy level of the electron delivered by plastocyanin
to the higher reducing power necessary to reduce ferrodoxin (Fd). Reduced
ferrodoxin is subsequently used by NADP+-oxidoreductase (FNR) to convert
NADP+ in NADPH2.
The final goal of this electron flow is to generate reducing power and ATP.
Importantly, during electron transfer, protons are pumped across the
thylakoid membrane from stoma to lumen generating a proton gradient. This
energy potential is utilized by the ATP synthase to generate ATP from ADP
and inorganic phosphorus (Pi). This ATP will be consumed in the dark phase
to reduce atmospheric CO2 into carbohydrates. For a more detailed overview
of the process see the book Molecular Mechanism of Photosynthesis 3.
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Figure 1 A) Cartoon of the chloroplast showing the outer and inner membranes. B)
Structure of the major photosynthetic complexes in their native environment 232. C)
Representation of the linear photosynthetic electron flow (red arrows) and proton
translocation (dotted blue arrow) through the thylakoid membrane. After light induction
electron are generated from the RC of PSII and PSI and transferred to NADP+ on the
stromal side of the membranes. The intermediate electron carriers of this transport chain
consist of a pool of plastoquinone molecules, the transmembrane multiprotein complex
cytochrome b6f and the soluble protein plastocyanin. Protons translocated across the
membrane during linear electron flow are used by the ATP synthase to drive ATP
synthesis 232

1.2.

CHLAMYDOMONAS

The majority of the research in this thesis focuses on the unicellular green alga
Chlamydomonas reinhardtii. First isolated in 1945 by botanist Gilbert Smith, C.
reinhardtii has become over the years an important model for cell and
molecular biology studies such as photosynthesis 4. C. reinhardtii contains a
chloroplast that occupies up to 40% of the volume of the cell, several
mitochondria, a nucleus and all the other compartments present in an
eukaryotic system, similar to higher plants (Figure 2). However, compared to
most plants, C. reinhardtii requires little space for growth and has a short
generation time (~8 hours for cell division) 5. It may be cultivated in different
growth conditions: phototrophic, in which light energy is used to fix carbon
from atmospheric CO2; mixotrophic, where acetate is added to the media as
extra source of carbon; and heterotrophic, with acetate as the sole carbon
source (no light). Unlike plants, C. reinhardtii has the ability to synthesize
photosynthetic pigments in the dark while growing heterotrophically 6.
Transformation methodologies for C. reinhardtii chloroplast and nuclear
genomes have been established. In addition, the short time required between
the generation of initial transformants and the assessment of protein
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Figure 2 Cross-section picture of C. reinhardtii cell

expression facilitates engineering of the microalgae for a variety of purposes,
as an example, for industrial applications such as bioethanol or biohydrogen
production 7–9.

1.3.

PIGMENTS IN HIGHER PLANTS AND GREEN ALGAE

Biological pigments are produced by many organisms and possess the ability
to absorb light energy selectively. They have various functions such as
coloration, protection, and signaling. In plants and algae, pigments are mainly
employed in photosynthesis for light harvesting and photoprotection, and
these are divided in two classes: chlorophylls and carotenoids.
1.3.1.
CHLOROPHYLLS
Chlorophylls are the primary group of pigments in plants and are crucial for
photosynthesis. They absorb mainly in the blue and red regions of the light
spectrum while appearing green due to low absorption in this region.
Synthesized in a complicated pathway involving 17 enzymatic steps, these
pigments are composed of a chlorin ring containing a magnesium atom, with
various side chains and a hydrophobic tail of 20 carbon atoms. In nature, 5
groups of chlorophylls exist (chlorophyll a, b, c, d, f) differing in sidechains
that serve to tune their absorption properties. Vascular plants and green algae
contain two types of chlorophylls (Figure 3A): chlorophyll a (Chl a) and
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Figure 3 A) Molecular structure of chlorophylls a and chlorophylls b. B) Energy level
diagrams for chl a and chl b (left) with the absorption peaks (right). Kba and Kab represent the
rate of Excitation Energy Transfer (EET) between the connected pigments. Figure adapted
from 128.

chlorophyll b (Chl b). At the chemical level the difference between them is
represented by a different functional group at the C-7 position: methyl group
for Chl a; formyl group for Chl b.
Due to an extended system of conjugated double bonds, pigments absorb
light in the visible region. Chl a and Chl b have two major absorption bands:
one in the blue region (Soret transition) and one in the red region of the
spectrum (Qy transition) (Figure 3B). Red photons absorbed by the pigments
excite an electron from the ground state (S0) to the first exited state (S1)
generating an absorption that corresponds to the Qy transition. Another
absorption band, called Qx is also present in the red region, but is not well
resolved due to the Qy vibronic transitions and its low intensity. Excitations to
higher energy states via blue photons generate the Soret bands, visible in the
blue part of the absorption spectra.
Usually chlorophylls are primarily bound to proteins and some proteins are
not functional or stably folded in the absence of pigments 10. The protein
organizes the pigments and influences their spectroscopic properties,
favoring pigment-pigment interactions and modulating their energy levels
and their absorption properties.
1.3.2.
CAROTENOIDS
Carotenoids are a large diverse group of pigments, which occur in a wide
variety of organisms. Carotenoids are C40 isoprenoids, consisting of eight
isoprene units (phytoene) and in most cases they have a ring structure at each
end. These molecules can be divided in two groups: carotenes and
xanthophylls 11. Carotenes are simple hydrocarbon compounds such as alpha
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carotene and beta carotene; xanthophylls, instead, are oxygenated derivatives
of carotenes; for example: lutein, zeaxanthin or violaxanthin.
The quantity and the composition of these molecules can vary in the different
organisms. In C. reinahrdtii the principal carotenoids are β-carotene,
violaxanthin, neoxanthin, and lutein, all of which are found also in land
plants and other algae. Differently from plants, C. reinhardtii contains a
xanthophyll called loroxanthin (19-hydroxy-lutein), which has been detected
only in some families of green algae 12. The xanthophylls lutein and
violaxanthin are bound to the light-harvesting antennae of both
photosystems, while loroxanthin and neoxanthin appear to be confined to the
light-harvesting complexes of PS II 13. β-carotene is located in the core
complexes of the two photosystems 13, but it is also present in the lightharvesting antenna of photosystem I (PS I) 13 and in the cytochrome b6f 14.
Spectroscopically carotenoids differ drastically from chlorophylls. Their
absorption range is typically around 400-500 nm due to excitation from the
ground state (S0) to a single excited state S2, and appear primarily orange,
yellow or red due to unabsorbed light in these regions. Present primarily in
protein-pigment complexes along with chlorophylls, carotenoids increase the
absorption spectrum of the photosystems and transfer their excitation energy
to chlorophylls 15. In addition, they play critical roles in the stability of the
antenna. In fact, it has been demonstrated through the use of recombinant
proteins that the absence of carotenoids inhibits the folding of LHCII 10. A
third important function of carotenoids in LHCII is photoprotection. These
molecules can quench the potentially harmful Chl triplets formed during high
light exposure 16. In such circumstances, the excess of excitation energy
exceeds the capacity for charge separation and leads to an increase in the
lifetime of singlet excited chlorophyll. This increases the chances of the
formation of long-lived chlorophyll triplet states by inter-system crossing.
Chlorophylls in a triplet state are dangerous since they can react with
molecular oxygen to generate harmful reactive oxygen species (ROS). The
presence of carotenoids close to chlorophylls allows the rapid transfer of the
Chl triplet energy to carotenoids that can dissipate the energy harmlessly in
the form of heat, thus avoiding the formation of radicals 17.
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Figure 4 Molecular structures of common carotenes (left) and xanthophylls (right) found
in plant and green algae.

1.4.

LIGHT HAVESTING COMPLEXES

The core protein-pigment complexes that perform charge separation in
Photosystems I and II are complemented by additional pigment-protein
complexes that serve as antennae, increasing light capture and channeling
excitation energy to the reaction centers. The Light Harvesting Proteins
(LHCs) are integral thylakoid membrane complexes found in vascular plants
and many algae. They are further classified as LHCI or LHCII depending on
their primary association with Photosystem I or II, respectively.
1.4.1.
LIGHT HARVESTING COMPLEXES OF PHOTOSYSTHEM I
In vascular plants, the light harvesting system of PSI is composed of four
transmembrane proteins (Lhca1-4) which form a belt to one side of the
photosystem. Two additional antenna proteins (Lhca5-6) are present in a low
amount under normal growth conditions 18,19. In general, these antennas show
a red shifted spectrum, due to the presence of special long wavelength
chlorophylls called red forms, which expand the light absorption of PSI in the
far-red region of the solar spectrum. It was suggested that this feature is
useful for leaves at the bottom of the canopies 20.
Differently from plants, C. reinhardtii has nine genes coding Lhca proteins
(Lhca1-9) 21,22 that are constitutively expressed in normal conditions 23. All
gene products were shown to coordinate pigments 24. Based on their content
of red forms and on their fluorescence emission maxima, the Lhca complexes
were divided into three subclasses: “blue Lhca” (Lhca1, Lhca3, and Lhca7) with
emission maxima at 682.5– 683.5 nm, “intermediate Lhca” (Lhca5, Lhca6, and
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Lhca8) with maxima between 694.5 and 697.5, and “red Lhca” (Lhca2, Lhca4,
and Lhca9) with maxima between 707 and 715 nm 24.
Since the focus of this thesis is on LHCII, see related references for further
discussion of LHCI 24–28.
1.4.2.
LIGHT HARVESTING COMPLEXES OF PHOTOSYSTHEM II
The light-harvesting complexes of Photosystem II (LHCII) consists of
multimeric subunits largely organized in a trimeric form. They are the most
abundant membrane proteins in chloroplasts. The main role of LHCII is to
absorb light and transfer excitation energy to the reaction center of PSII. In C.
reinhardtii, LHCII subunits are encoded by nine genes (LhcbM1-9) and based
on sequence similarity are grouped further into different types: type I
(LHCBM3, -M4, -M6, -M8, -M9), II (LHCBM5), III (LHCBM2, -M7), IV
(LHCBM1) 29.
In the thylakoid membrane, LHCII can be found at the periphery of
supercomplexes formed by PSII and minor antennas (Figure 5A). Minor
antenna are present only in monomeric form and they act as linkers between
the peripheral LHCII and the core 30. In plants, there are three minor
complexes, CP29, CP26 and CP24, encoded by nuclear genes lhcb4.1-4.2 for
CP29, lhcb5 for CP26 and lhcb6 for CP24 31. In C. reinhardtii only CP29 and
CP26 are present 29.
The major LHCII trimers associated with the core can be distinguished in
three types, based on their position in the PSII supercomplex and their strong
(S), moderate (M) or loose (L) association with the core (C) (Figure 5A).
Recently a larger complexes containing a new trimer (N) has been identified
in C. reinhardtii 32,33.
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Figure 5 A Model of the structure of the C. reinhardtii PSII–LHCII supercomplex from Drop
B. et. al., 2014 33. Proteins of the PSII core (lime green), LHCII-S and -M (brown), novel
LHCII-N (red), CP29 and CP26 (magenta), Chls a (cyan), Chls b (green), neoxanthin (yellow
spheres), lutein L1 (orange), lutein L2 (dark-yellow sticks); B Structure of LHCII from Liu,
Yan et al. 2004 35. In orange are represented the luteins molecule, in yellow the neoxanthin
while in purple the violaxanthin carotenoids with the relative binding sites. In the picture
also shows the porphyrin ring of chl a (green) and chl b (blue).

In the last decades, much effort was spent to unveil the molecular structure of
LHCII, in order to comprehend the detailed mechanism of light harvesting in
an eukaryotic system. The first structural detailed data was obtained by
electron microscopy on 2D crystal at 3.3 Å in 1994 by Kühlbrandt and coworkers 34. This structure was used for 10 years by researchers to developed a
functional model of LHCII until, in 2004, the structure of LHCII was resolved
by X-ray crystallography with a resolution of 2.75 Å 35. This structure (figure
5B) shows important structural details. In brief, a monomeric antenna is
composed of three transmembrane alpha helices and two short amphipathic
helices. It binds 14 chlorophylls (8 Chl a and 6 Chl b) and 4 carotenoids (2
luteins, 1 violaxanthin, 1 neoxanthin). The pigments are organized in two
layers: 8 chlorophylls are close to the stromal surface (5 Chl a and 6 Chl b)
while the remaining 6 Chls form another layer closer to the lumenal side of
the membrane. The binding of the chlorophylls to the proteins involves amino
acid side chains that coordinate the central Mg of the Chl. In addition, water
molecules and lipids are involved in the binding of chlorophylls.
From the structure is possible to observe the presence of two luteins in the
center of the protein occupying two central binding sites called L1 and L2.
Neoxanthin instead is bound to the N1 site, localized in the domain between
helix C and the helix A/B 36. The fourth carotenoid (Violaxanthin) is localized
at the periphery of the protein, at the monomer-monomer interface of a
trimeric LHCII (site V1) where its binding is stabilized by hydrophobic
interactions. This creates a weak contact with the protein and in fact, it was
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shown that during the purification of LHCII the retention of violaxanthin
depends on the solubilization protocol, and in isolated monomers this
binding site is empty 37,38.
Although all LHCBMs have an highly conserved primary structure, they
seem to have evolved different functions. It has been demonstrated that in C.
reinhardtii the depletion of a specific antenna, LHCBM1, generates a
malfunction of the photoprotection mechanism called NPQ (see next
paragraph) 39. Diversity within the LHCII family can be observed by
monitoring the expression level of the individual antennas during stress. For
example, it has been shown that LHCBM9 is overexpressed in sulfurdeprivation conditions, suggesting an important role for this protein in the
resistance to such stress 40. The role of the individual LHCBMs and their
expression levels is discussed more in detail in chapter 3.

1.5.

PHOTOPROTECTION

Vascular plant and green algae have to cope with rapidly changing light
conditions. For example, land plants can experience changes in light
intensities due to clouds or sunlight variations during the day. High light
conditions for a photosynthetic organism could be dangerous because overexcitation of the photosynthetic apparatus may generate harmful reactive
oxygen species (ROS) 41 that can damage lipids and proteins. Plants and green
algae have developed several photoprotective mechanisms capable of acting
on different time-scale (Figure 6).
One of these mechanisms is called non-photochemical quenching (NPQ) and
consists of excess light energy dissipated as heat. When the absorption of
sunlight exceeds the capacity of carbon fixation (high light condition) the
lumen of the chloroplast becomes acidic by the action of the photosynthetic
electron transport chain. This triggers feedback regulation mechanisms that
protect the photosynthetic apparatus by decreasing the average lifetime of
1Chl* in PSII, thereby reducing the generation of singlet oxygen 42 and
preventing over-acidification of the thylakoid lumen 43.
The thylakoid membrane of plants and green algae contain proteins able to
sense the lumenal pH, such as PSBS and LHCSR3 (only in algae). Mutants
lacking these proteins cannot perform NPQ 44,45.
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LHCSR3 belongs to the LHC family and has the common three-helix structure
coordinating pigments. PSBS also belongs to the same family but has a unique
structure composed of four transmembrane helices. Moreover, previous
studies have showed that this protein is not able to bind pigments 46,
suggesting that is not the actual quenching site (differently from LHCSR3).
Instead, it has been proposed to promote a reorganization of the
photosynthetic membranes that induces the formation of quenching sites in
the Lhc antenna system 47. Experimental results have shown that both PSBS
and LHCSR3 can act as pH sensors 48–50. In particular, the existence of a
protonable amino acids in the C-terminus of LHCSR3 are responsible for
monitoring lumen pH and upon protonation induces a conformational switch
leading to fluorescence quenching 50. Although the trigger of the activation of
LHCSR3 seems to be clear, the mechanism of action in vivo and the
interactions with other proteins are not yet fully understood. LHCSR3 is
expressed only in high light conditions 49 and mainly when C. reinhardtii is
grown photoautotrohically 51. Recent studies have showed that LHCSR3

Figure 6 Time scale of major short-term and long-term acclimation processes in vascular
plants. Based on: 233. The diagram represent “consensus” time scales for regulation of lightharvesting capacity (the qE, qT, qZ and qI components of NPQ) as well as rates of electron
flow.

19

20

Introduction

interacts with PSII 52,53 probably via other LHC like LHCBM1 or directly to
the PSII core through the PSBR subunit 54. In addition to LHCSR3, C.
reinhardtii contain a homologous protein, LHCSR1, that shares an amino
acidic identity of 87% with LHCSR3 44. The properties and function of this
protein are not as well characterized as LHCSR3, but recently it was shown
that LHCSR1 is also able to respond to pH changes and induce quenching in
LHCII 55. In addition, a transient accumulation of PSBS in C. reinhardtii during
high light condition was recently reported 56. These data suggest that PSBS
may have a role during the activation of NPQ not only in plants, as we
previously believed, but also in C. reinhardtii.
In addition to the proteins essential for photoprotection, specific carotenoids
play a role. During high light, the decrease of the lumen pH induces a change
of the carotenoid composition in the thylakoid membrane, which is
manifested by an accumulation of zeaxanthin. This is due to the operation of
the xanthophyll cycle (VAZ cycle), that consists of a light-dependent and
reversible de-epoxidation of violaxanthin to zeaxanthin via the intermediate
antheraxanthin 57. A first link between zeaxanthin accumulation and
florescence quenching was proposed by Demming in 1987 on various
vascular plants such Populus balsamifera, Hedera helix and Monstera deliciosa 58.
During the following years, several studies confirmed this relationship and it
became clear that zeaxanthin is important for the fast developing component
of NPQ, called qE. In addition, the presence of zeaxanthin seems to induce
and influence a slowly relaxing quenching component, termed qZ, which is
observed in low light adapted plant that are pre-illuminated with high light
59.
In addition, aggregation of light-harvesting complexes could influence the
level on NPQ in plants and algae. During the early 1990s several works from
Horton, Ruban and co-workers demonstrated a tight link between
aggregation of LHCII and variation of the fluorescence yield. LHCII was
studied by 77K fluorescence emission spectroscopy, and a long wavelength
emission band was discovered to be associated with the aggregated state of
LHCII. The aggregation state of LHCII is influenced by the low pH and by the
presence of zeaxanthin in the thylakoid membrane 60,61. Moreover, aggregated
antenna shows a strong reduction of the fluorescence yield, i.e quenching of
the Chl a fluorescence. These results led to the assumption that the variation
of the aggregation state in the thylakoid membrane can have an active role
during the development of NPQ 61.
Aggregation-dependent quenching is not restricted to LHCII but can also
occur in the minor PSII antenna proteins CP29 and CP26 62, which are
enriched in VAZ cycle pigments compared to the major LHCII 63. Additional
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Figure 7 A The LHCII aggregation model of NPQ based on 133. According to the model there
are four different structural/functional states in the LHCII antenna, I, II, III and IV. All four
states have different degrees of heat dissipation proportional to the degree of aggregation; B
The two quenching site model proposed by Holzwarth and co-workers 68. Arrangement and
composition of the supramolecular PS II complex in wild-type plants under dark- acclimated
(left-hand side) and light-adapted (right-hand side) conditions. Binding of Vx to trimeric
LHCII and minor LHCs in the dark is indicated by green and yellow color, Zx-containing
LHCII and minor LHCs in the light by red color. Interaction with PsbS causes detachment,
migration and aggregation/deaggregation of LHCII (possibly associated with some minor
antenna component) depending on the lumen pH. L, M and S denote loosely coupled,
moderately coupled and strongly coupled trimers of LHC II.

data show that in vitro aggregation of LHCII is caused by a complex mixture
of different effects such as dielectric and electrostatic properties of the
solution, surface charges, proteins like PSBS, temperature, etc. 47,64–66.
Although these results give a clear indication of aggregation and quenching in
vitro, the role of aggregated antenna in vivo is still under discussion.
Based on this information two models of NPQ have been proposed. One
model supported by Horton and Ruban is based on the LHCII conformational
change 67 (Figure 7A). Briefly, in this model LHCII switches between four
different states. In State 1, LHCII is in a non-aggregated state due to the
absence of protonation and the presence of violaxanthin (dark-adapted
plants). In this conformation LHCII is non-quenched and the light absorbed is
mainly used to drive the photosynthetic electron transport. In State 4, which
occurs in high light conditions when excess energy is absorbed, LHCII
becomes strongly aggregated as a result of the protonation of special amino
acid residues and the accumulation of zeaxanthin bound to LHCII. The LHCII
conformation model describes two further states: State 3 is characterized by
LHCII complexes that are protonated but still contain violaxanthin in the
VAZ binding pocket, and LHCII in State 2 consists of un-protonated
complexes with zeaxanthin present in the VAZ binding site. This latter
situation is found in thylakoid membranes after a transition from high light to
darkness or low light.
A second compelling model has been put forward by Holzwarth and coworkers 68 (Figure 7B). According to this model, two distinct quenching sites
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are responsible for NPQ in the thylakoid membrane. The first quenching site
called Q1 is formed in LHCII that detaches from PSII during high light and
forms aggregates. In plants, the formation of the Q1 site requires the
interaction with the protonated PsbS protein, which regulates the detachment,
migration and aggregation/disaggregation of LHCII. The second quenching
site Q2 is formed in the minor LHCII protein (CP24, CP26, CP29), which do
not detach from the PSII core complex. This quenching has a slower kinetic
(10 – 15 min). The observations that the minor LHCII antenna proteins are
enriched in the VAZ cycle pigments led to the theory that NPQ at the Q2 Site
strongly depends on the VAZ cycle.
Another important effect that contributes to the slow kinetic development of
NPQ is related to the movement of LHCII from PSII to PSI and vice-versa
(called also qT, or state transitions). Since the light harvesting antenna of
Photosystem I and Photosystem II have different absorption spectra,
variations in the light composition could overexcite one photosystem over the
another. In order to equilibrate the energy absorbed by PSII and PSI, plants
and algae have developed a system in which a portion of LHCII moves from
PSII to PSI reversibly. The general mechanism is based on the fact that upon
over-excitation of PSII, the PQ pool is reduced. This trigger a protein kinase,
Stt7/STN7 for C. reinhardtii and A. thaliana respectively, that phosphorylates a
portion of the LHCII antenna 69,70. These phosphorylated LHCII move from
PSII and bind to PSI, rebalancing the excitation energy between them (State
2). Conversely, when PSI is preferentially excited, LHCII are
dephosphorylated by a specific phosphatase which inducing the movement of
LHCII to PSII (State 1) 71.
In C. reinhardtii this is an important process that has been proposed to be
actively involved in NPQ 53. Although a significant amount of LHCII antenna
proteins dissociate from PSII in State 2, the extent of their association with PSI
is a matter of debate 72–74. It has been suggested that part of LHCII remains as
a free pool in the membrane in a quenched state contributing to qT,
supporting the quenching model mentioned above 53,74.
PSII is particularly susceptible to oxidative damage, which targets primarily
the D1 protein of the reaction center 42,75. Photodamage to PSII exhibits a
linear correlation with light intensity in plants 76. This effect is always
counterbalanced by a repair mechanism that involves the disassembly and the
replacement of the damaged D1 42. Under severe and prolonged high light
conditions, the repair rate is not sufficient to regenerate the PSII activity. This
leads to a fluorescence quenching that shows a very slow relaxation kinetics,
in the range of hours, in darkness (qI). The origin of this quenching is still
unclear, but it has been associated with the accumulation of photoinhibited
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reaction centers and it has been proposed the photoinhibited PSII protects the
residual active photosystems by dissipating the absorbed photon energy 77.
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2.

In vitro reconstitution of

light-harvesting complexes of
plants and green algae

I

n plants and green algae, light is captured by the light-harvesting complexes
(LHCs), a family of integral membrane proteins that coordinate chlorophylls and
carotenoids. In vivo, these proteins are folded with pigments to form complexes
which are inserted in the thylakoid membrane of the chloroplast. The high similarity
in the chemical and physical properties of the members of the family, together with
the fact that they can easily lose pigments during isolation, makes their purification
in a native state challenging. An alternative approach to obtain homogeneous
preparations of LHCs was developed by Plumley and Schmidt in 198778, who
showed that it was possible to reconstitute these complexes in vitro starting from
purified pigments and unfolded apoproteins, resulting in complexes with properties
very similar to that of native complexes. This opened the way to the use of bacterial
expressed recombinant proteins for in vitro reconstitution. The reconstitution method
is powerful for various reasons: (1) pure preparations of individual complexes can be
obtained, (2) pigment composition can be controlled to assess their contribution to
structure and function, (3) recombinant proteins can be mutated to study the
functional role of the individual residues (e.g. pigment binding sites) or protein
domain (e.g. protein-protein interaction, folding). This method has been optimized in
several laboratories and applied to most of the light-harvesting complexes. The
protocol described here details the method of reconstituting light-harvesting
complexes in vitro currently used in our laboratory, and examples describing
applications of the method are provided.

This chapter is based on the following publication:
Natali A., Roy L.M.., Croce R. (2014) Journal of Visualized Experiments 92 e51852
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2.1.

INTRODUCTION

The photosynthetic apparatus of plants and algae include integral membrane
proteins that bind chlorophyll a (chl a), b (chl b) and carotenoids (car). These
pigment-protein complexes are active in harvesting light energy and
transferring that excitation energy to the reaction centers, where it is used to
promote charge separation79. They are also involved in regulatory feedback
mechanisms that protect the photosynthetic apparatus from high light
damage80,81. The light harvesting complexes (LHCs) are comprised of a large
family of related proteins in plants and algae82.
The homogeneous purification of each member of the family has been
complicated by the highly similar chemical and physical properties of the
complexes. In addition, purification procedures often result in loss of
pigments or other potential cofactors such as lipids. In vitro reconstitution
represents a powerful method to overcome these problems. The LHC
associated with Photosystem II (LHC-II) was first reconstituted in vitro by
Plumley and Schmidt in 198778. The researchers extracted delipidated protein
and pigments separately from plant chloroplasts, and then combined the heat
denatured protein with pigments in the presence of Lithium Dodecyl Sulfate
(LDS), followed by three cycles of freezing and thawing78. They showed that
the spectral properties of the reconstituted LHC complexes were very similar
to complexes purified from plants. The ease of reconstituting LHC pigmentprotein complexes, likely due to some inherent self-assembly feature, along
with the difficulty in isolating purified complexes from organisms, led to the
quick adoption of the method by other researchers. The reconstitution of
photosynthetic proteins overexpressed in Escherichia coli (E. coli) was achieved
by Paulsen and colleagues in 199083. In E. coli, overexpressed membrane
proteins are typically contained in inclusion bodies, which facilities their
purification. Reconstitution is achieved through heat denaturation of the
inclusion bodies containing recombinant protein in the presence of LDS,
followed by the addition of pigments which initiates the protein folding.
Folding of the LHCII complex is a two-step process: first, chlorophyll a is
bound in less than one minute; second, chlorophyll b is bound and stabilized
over several minutes84.
In addition to providing insight into the folding dynamics, in vitro
reconstitution combined with site-directed mutagenesis has allowed the
identification of specific amino acids important for stability (e.g 85,86) or
pigment coordination (e.g87). Manipulation of refolding conditions by
adjusting parameters such as pigment composition or detergents have also
identified elements critical for proper folding, such as the requirement of
Xanthophylls for the LHCII complex (e.g.10,78). In addition, investigation of
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the properties of individual pigments bound to the complexes has been
possible using complexes reconstituted in vivo (e.g.87).
The method described here begins with isolation of pigments (chlorophylls
and carotenoid) from spinach and the green alga Chlamydomonas reinhardtii.
The expression and purification of a LHC protein from E. coli in the form of
inclusion bodies is then detailed, followed by the reconstitution of LHC and
subsequent purification by Ni affinity column. In the final step, the
reconstituted complexes are further purified by sucrose gradient
centrifugation to remove free pigments and unfolded apoprotein. This
protocol represents an optimized procedure incorporating several
modifications that have been introduced by different laboratories over
time78,83,87–90.

2.2.

PROTOCOL

2.2.1.
TOTAL PIGMENT EXTRACTION FROM SPINACH LEAVES
a. Homogenize one handful of spinach leaves (~20 g) in 100 ml of cold
Grinding Buffer (see table 1) using a blender for 20 sec.
b. Filter the solution through a two layers of nylon cloth with a pore
diameter of 20 μm and centrifuge the filtrate at 1500 x g for 10 minutes at
4°C.
c. Resuspend the pellet containing the chloroplasts with a soft artists paint
brush in 1 ml of cold Wash Buffer (see table 1). Once the pellet is
resuspended, add 50 ml of Wash Buffer and centrifuge the solution at
10000 x g for 10 minutes at 4°C.
d. Remove the supernatant and gently resuspend the pellet (thylakoids) in 50
ml of Wash Buffer (see table 1).
e. Centrifuge the solution at 10000 x g for 10 minutes at 4°C and remove the
supernatant completely. At this point, carry out the following steps in the
dark, to avoid pigment oxidation.
f. Add ~20 ml of 80% acetone buffered with Na2CO3 (see table 1) to extract
the pigments. Leave the solution on ice for 10 minutes, vortexing
occasionally.
g. Pellet the cellular components by centrifugation at 12000 x g for 15’ at 4°C.
Note: If the pigments are not totally extracted, the pellet will have a green
color and step 1.6 should be repeated.
h. Collect the supernatant into a separatory funnel. Add 0.4 volumes of
diethylether, shake vigorously and open the valve to vent the gas.
i. Add 0.8 volumes of 0.33 M NaCl and mix vigorously. Allow ~10 minutes
for the layers to separate. The ether phase on top contains the extracted
pigments. Remove the clear lower phase.
Note: If the separation is not clear, freeze and thaw the solution to
improve the phase separation.
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j.

k.
l.
m.
n.
o.

Remove the ether by pouring it from top of the separatory funnel into a
suitable glass container. Dry by adding a spoonful of granular anhydrous
sodium sulfate. Swirl the solution and allow ~5 minutes for the desiccant
to absorb water from the ether.
Note: Repeat this step if the sodium sulfate appears completely clumped
together; there should be some free-floating crystals when the ether is
sufficiently dried. If a water layer forms, remove this with a Pasteur pipet
before adding additional anhydrous sodium sulfate.
Decant the ether to a new glass container, leaving the sodium sulfate solid
behind.
Evaporate the ether in a rotary speedvac or under a stream of N2.
Dissolve the pigments completely in 10 ml of 100% acetone.
Dilute a small amount (~3 μl) into 1 ml of 80% acetone and measure the
absorption spectra and determine the Chl a/b ratio and the Chl
concentration with the method described by Porra et al (1989)91.
Aliquot and dry the pigments in a rotary speedvac or under N2 stream
until the acetone is completely evaporated. Store the dried pigments at 80°C.

2.2.2.
EXTRACTION OF CAROTENOIDS FROM SPINACH
a. Follow steps (a) to (e) from the previous section. At this point, carry out
the following steps in the dark, to avoid pigment oxidation.
b. Resuspend the thylakoid pellet in ~50 ml 96% ethanol buffered with
Na2CO3 (see table 1) to extract the pigments. Leave the solution on ice for 5
minutes.
c. Pellet the cellular components by centrifugation at 12000 x g for 15’ at 4°C.
Note: If the pigments are not totally extracted, the pellet will have a green
color and step 2.2 should be repeated.
d. Collect the supernatant and add 0.1 volume of 80% KOH (w/v) to initiate
saponification.
e. Leave the solution at 4°C overnight, tightly capped and protected from the
light.
f. Collect the solution into a separatory funnel. Add 1 volume of diethyl
ether and mix gently.
g. Add 0.8 volumes of 0.33 M NaCl and mix gently. Allow ~10 minutes for
the layers to separate. The orange ether phase on top contains the
saponified carotenoids. Remove the green lower phase by draining
through the stopcock of the funnel.
h. Add 3 volumes of water and mix gently to remove the potassium
hydroxide. Allow the layers to separate. Note: If the upper phase appears
cloudy, add a small amount of NaCl (e.g. 3 g of NaCl in 200 ml of solution)
and swirl gently to dissolve.
i. Remove the lower phase by draining through the stopcock of the funnel.
j. Follow steps j to m from the previous section.
k. Dilute a small amount (~3 ul) into 1 ml of 80% acetone and measure the
absorption spectra at 440 nm in 80% acetone. To determine the
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concentration, use the average coefficient extinction for the carotenoids
(ε440 = 255)92 in the following formula: Car [mg/ml] = (Abs440 nm/225)*1
(optical path) = 1 cm.
l. Aliquot and dry the carotenoids in a speedvac or under N2 stream until all
diethylether has been evaporated. Store the dried pigments at -80°C.
2.2.3.
a.

b.

c.
d.

e.

TOTAL PIGMENT AND CAROTENOID EXTRACTION FROM
CHLAMYDOMONAS REINHARDTII
Grow C. reinhardtii on solid TAP medium93 in a petri dish by spreading a
small amount of liquid culture onto the surface. Grow under continuous
illumination flux of 20 μmol photos PSA m-2 s-1 until a green layer of cells
is visible.
Using a sterile inoculating loop, harvest a small amount of C. reinhardtii
from the solid TAP medium and put the cells into 500 ml of TAP
medium93 in a 1 liter flask. Grow the culture at 25°C with 170 rpm
agitation under a continuous illumination flux of 20 μmol photos PSA m-2
s-1.
After 5-6 days, the culture should reach the end of the logarithmic phase
(6x106 cell/ml or 2-2.5 optical density at 750 nm). Centrifuge the culture at
4000 x g for 15’ at 4 °C.
For total pigment extraction, follow steps described in the total pigment
extraction section.
Note: The yield of total pigment extract starting from 500 ml of full growth
culture of C. reinhardtii is around 5 ml of solution with a concentration of
0.5 mgchla+b/ml.
For carotenoids extraction, follow steps described in the carotenoids
extraction section.

2.2.4.
PURIFICATION OF INCLUSION BODIES
a. Clone the coding sequence of the LHC protein of interest into an
expression vector that results in a fused C-terminal His tag using standard
molecular biology procedures. Transform this construct into E. coli host
strain such as BL21 (DE3).
b. Prepare Lysis buffer, Detergent buffer, Triton buffer, TE (table 1), 1M
Isopropyl β-D-1-thiogalactopyranoside (IPTG) and LB medium94 with the
appropriate antibiotics.
c. Pick a single E. coli colony containing the expression clone from a freshly
streaked plate into ~5 ml of LB medium with the appropriate antibiotics
using standard procedures83. Grow at 37˚C with 220 rpm agitation for at
least 16 hours.
d. Add 2.5 ml of the overnight culture into a 1 liter Erlenmeyer flask with 250
ml of LB supplemented with the appropriate antibiotic.
e. Grow the cells for 2-3 hours (or until the OD600 is ~0.6) at 37˚C at 220 rpm.
f. Add IPTG to a final concentration of 1 mM. Continue to grow the cells at
37 °C with 220 rpm 3-4 hours.
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g. Centrifuge the culture for 10 min at 5000 x g at 4 °C in a pre-weighed
centrifuge tube. Discard the supernatant thoroughly and determine the
weight the pellet by weighing again and subtracting the centrifuge tube
weight.
h. Resuspend the E. coli cell pellet in 0.8 ml/g of Lysis buffer by vigorous
vortexing.
Note: Alternatively, the cell pellet can be frozen at -80°C for later use. If
starting with a frozen pellet, allow to thaw completely before adding the
lysis buffer.
i. Add 2 mg of lysozyme per gram of cells, and incubate on wet ice with
occasional vortexing for 30 min.
j. Add 20 μg/ml DNAse, 10 mM MgCl2, 1 mM NaCl, 20 ug/ml RNAse.
Vortex and put on ice for 30 min.
k. Add 2 ml of cold Detergent buffer per gram of cells. Mix well and keep
room temperature for 5 min.
l. Transfer to 2 ml centrifuge tubes (split into two tubes if necessary).
Centrifuge for 10 min at 12000 x g at 4°C to pellet the inclusion bodies.
m. Add 1 ml of cold Triton buffer and completely resuspend the pellet by
sonification (3 pulses x 5 seconds x 50% power with 20 second intervals).
Note: Have the tube in a small beaker surrounded by ice water to keep it
cold during the sonification. In the case of multiple tubes, combine the
resuspended inclusion bodies into one tube after resuspension.
n. Centrifuge for 10 min at 12000 x g at 4°C to pellet the inclusion bodies.
o. Repeat step 4.13 and 4.14 two times.
p. Resuspend the inclusion bodies in 1 ml of cold TE with sonification for a
final wash to remove the Triton buffer. Centrifuge for 10 min at 12000 x g
at 4°C to pellet the inclusion bodies.
q. Resuspend the pellet in 1 ml of cold TE by sonification.
r. Assess the protein concentration by standard methods such as the
Bradford assay95. Store aliquots of the inclusion bodies at -20°C.
2.2.5.
RECONSTITUTION
Note: This protocol typically yields 1-2 ml of reconstituted protein with an
OD of 4 when absorbance is measured in the Qy region (600-750 nm).
Quantity can be adjusted as desired, although care should be taken to
maintain the proper ratios during the procedure.
a. Prepare the following solutions as described in table 1: 2x Reconstitution
Buffer, 20% OG, 2M KCl, TE. Perform the following steps in dim light.
b. Resuspend 800 μg of LHC Inclusion Bodies in a total of 400 μl TE in a 2ml
microfuge tube. Add 400 ul of the 2x Reconstitution Buffer and vortex
briefly.
c. Add 0.6 μl of β-Mercaptoethanol (stock 14.8 M) to have a final
concentration of 10mM. Heat the protein for 1 minute at 98°C. Vortex
briefly and place at room temperature for 3 minutes.
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d. Resuspend 500 μg of total dried chlorophyll pigments plus 80 μg
carotenoid pigments in 30 μl 100% EtOH by vigorously vortexing for 1
minute or place in a bath sonicator for 1-2 minutes.
e. Spin the pigment mix ~30 seconds at 15,800 x g at 4°C and confirm that
there is no pellet. If there is a pellet, repeat vortexing and/or sonification.
IMPORTANT: After the resuspension and spin, immediately add pigment
to the protein, or it can aggregate and will need to be resuspended again.
f. Slowly add the pigment mix to the cooled protein while vortexing.
Continue to vortex 5-10 seconds and place tube on wet ice. Be careful not
to vortex too vigorously as the protein can overflow the top of the tube.
g. Add 94 μl of 20% Octyl β-D-glucopyranoside (OG) (final concentration
2%), vortex briefly and keep on ice 10 minutes.
h. Add 90 μl of KCl 2M (final concentration 150-200 mM), vortex briefly and
keep on ice 20 minutes. Note: column preparation (Section 6) can be
initiated at this time.
i. Spin for 10 minutes at 15800 x g at 4°C. Remove the supernatant without
disturbing the pellet (precipitated LDS) to a 10 ml tube. Keep cold and
protected from light.
2.2.6.
NICKEL COLUMN PURIFICATION
a. Prepare the following solutions as described in table 1: OG buffer, OG
rinse buffer, Elution buffer.
b. Connect a Ni-sepharose column (1 ml) or equivalent to a peristaltic pump
ensuring that no air gets inside the column during this step and the
following steps.
c. Set the speed of the pump to 1ml/min and rinse the column with 5-10 ml
of water to remove the storage solution.
d. Equilibrate the column with 3-4 ml of OG buffer.
e. Add 3-4 ml of OG buffer to the protein sample and load to the column.
Note: if the protein has been sitting on ice for longer than 10 minutes after
removal of LDS, spin again at 15800 x g at 4°C for one minute to remove
any additional LDS precipitation.
f. Rinse the column with 5 ml of OG buffer.
g. Rinse the column with 2 ml of OG rinse buffer.
h. Elute the bound protein with 3 ml elution buffer. Collect the green elute
which contains the reconstituted protein. Note: This is usually about 1 ml
in total.
2.2.7.
SUCROSE GRADIENT CENTRIFUGATION
a. Prepare the following solutions as described in table 1: Sucrose solution,
0.06% β-DM, 0.01 M HEPES pH 7.6.
b. Fill ultracentrifuge tubes with the sucrose solution and freeze at -20°C
overnight or -80°C for at least one hour.
c. Remove the tube from freezer and allow to thaw undisturbed at 4°C. Note:
The freeze/thaw process creates a gradient from 0.1 to 1M sucrose. A 15
ml tube typically thaws in about 3 hours.
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d. Carefully remove from the top the same volume as the green fraction
eluted from the nickel sepharose column in step 6.8. Then load the
reconstituted sample on top slowly to avoid disturbing the gradient.
e. Balance tubes and spin at 40,000 x g at 4°C in an ultracentrifuge using a Ti40 or Ti-60 swinging bucket rotor for 18 hours, set to slow acceleration and
stopping without brakes.
f. Carefully take out the gradient from the tube holder with forceps. Use a
syringe with a long needle that has a blunt opening to collect the fraction
from the top. Note: Alternately, collect fractions from the bottom by
piercing the tube with a needle and collecting drops.
All the buffers can be stored at 4°C.
Components
Final Concentration
Sorbitol
0.4 M
Tricine
0.1 M
NaCl
10 mM
Grinding Buffer
MgCl2
5 mM
0.5% w/v
Milk Powder
Sorbitol
50 mM
Tricine
5 mM
Wash Buffer
EDTA
10 mM
Tris
50 mM
Sucrose
2.5% w/v
Lysis Buffer
EDTA
1mM
NaCl
200 mM NaCl
Deoxycholic acid
1% w/v
NONIDET P-40
1% w/v
Detergent buffer
Tris
20 mM
EDTA
2 mM
beta-mercaptoethanol
10 mM
Triton X-100
0.5% w/v
20 mM
Tris
Triton Buffer
beta-mercaptoethanol
1mM
Tris
50 mM
Buffer TE
EDTA
1mM
HEPES
200 mM
Sucrose
5% w/v
4% w/v
Reconstitution Buffer Lithiumdodecylsulfate (LDS)
Benzamidine
2 mM
Aminocaproic Acid
10 mM
Octylglucoside
1% w/v
Sucrose
12.5% w/v
NaCl
0.2 M
OG Buffer
HEPES
20 mM
Imidazole
10 mM
n-Dodecyl-beta-D-Maltoside (β-DM)
0.06% w/v
HEPES
40 mM
OG Rinse Buffer
NaCl
0.2 M
Imidazole
0.5 M
n-Dodecyl-beta-D-Maltoside (β-DM)
0.06% w/v
Elution Buffer
HEPES
40 mM
NaCl
0.2 M
Sucrose
20% w/v
n-Dodecyl-beta-D-Maltoside (β-DM)
0.06% w/v
Sucrose Solution
HEPES
0.01 M
Acetone 80% buffered with Acetone
80% v/v
Sodium Carbonate
1M
Sodium Carbonate
96% v/v
Ethanol 96% buffered with Ethanol
1M
Sodium Carbonate
Sodium Carbonate

Additional notes
pH 7.8

pH 7.8
pH 8
pH 8
pH 8

pH 7.5
pH 8

pH 7.5
pH 8
pH 8

pH 7.5-9

pH 8

pH 7.6

Table 1 List of buffers and solutions used in this protocol.
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2.3.

REPRESENTATIVE RESULTS

This protocol details a method to reconstitute chorophyll a/b binding proteins
in vitro. This technique permits the folding of these pigment-protein
complexes in vitro starting from the apoprotein, which can be obtained by
overexpression in a heterologous system, and pigments extracted from plant
or algae. After reconstitution, the refolded pigment-protein complex is
purified from the excess of pigments and the unfolded apoprotein in two
steps. The first step (fig. 1 A-B) is based on the presence of His-tag at the Cterminal of the protein, which permits the removal of large part of the
unbound pigments.
The second purification step utilizes sucrose density gradient centrifugation,
(fig. 1 C) where the unfolded protein usually migrates slower than the green
band containing the reconstituted protein. The goal of the reconstitution in
vitro is to obtain complexes with the same properties as the native ones. To
illustrate this outcome, the spectroscopic properties of an in vivo lightharvesting complex is compared with the same LHC complex reconstituted in
vitro 26,89,96. The absorption spectrum of the LHCs in the visible range (350 nm
and 750 nm) depends on the pigment composition of the complex, as well as
on the pigment’s environment (which includes the protein) and it is thus a

Figure 1 Representation of the purification of recombinant LHC proteins with a His tag
using a nickel column. (A) During the purification, His-tagged protein, comprised of both
reconstituted complexes (green hexagon) and un-reconstituted/aggregated protein (orange
hexagon) are bound to the surface of the Ni-sepharose (blue spot), while unbound pigments
(small colored spots) flow through. (B) When the column is washed with the elution buffer
containing imidazole, the reconstituted and un-reconstituted proteins are collected in the
flow through. (C) Sucrose gradient of reconstituted LHCII after purification by nickel
column. The reconstituted complexes are separated from the free pigment by the density
gradient. The dark green band represents reconstituted LHCII and the pale green
background is composed of free pigments.
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Figure 2 Absorption spectra of reconstituted protein CP24 (rCP24, red line) and the
native one (nCP24, black line) isolated from Arabidopsis thaliana. In both spectra, it is
possible to recognize the Qy and the Soret transition of Chl a (peaks at 671/439 nm) and
Chl b (peaks at 649/466 nm). This figure has been modified from Passarini et al. 201496

sensitive tool to check the quality of the reconstitution. In figure 2, the
absorption spectrum of CP24, a chlorophyll a/b binding protein from
Arabidopsis thaliana, reconstituted in vitro, is compared with the spectrum of
the same complex purified from Arabidopsis thylakoids96. In the spectra, it is
possible to recognize the Qy and the Soret transition of Chl a (peaks at
671/439 nm) and Chl b (peaks at 649/466 nm). The native and reconstituted
complexes show identical absorption spectra, indicating a virtually identical
pigment composition and organization.
Fluorescence spectroscopy can be used to assess the quality of the
reconstituted complex. The fluorescence emission spectra is measured upon
excitation at different wavelengths, which excite preferentially different
pigments: Chl a at 440 nm, Chl b at 475nm, and Xanthophylls at 500 nm. In a
properly folded protein-pigment complex, Chl b and Xanthophylls transfer
their excitation energy primarily to Chl a within a few ps, and the
fluorescence originates from a thermally equilibrated system resulting in a
single peak with the same shape and maxima at all three excitation
wavelengths (fig. 3A–B).
The presence of Chl b not coordinated to the protein can be recognized by an
additional peak or shoulder around 650 nm upon 475 nm excitation (fig 3C).
The presence of free Chl a instead leads to additional emission around 675
nm, which is mainly present upon 440 nm excitation. The fluorescence
emission spectra upon 475 nm excitation of both reconstituted and the native
CP24 complexes (fig. 3D) show a single peak at 681 nm, indicating that
reconstituted complex is correctly folded. An additional confirmation that the
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pigment-protein complex is correctly reconstituted comes from circular
dichroism (CD) measurements. The CD signal in the visible region depends
on the excitonic interactions between pigments and it is thus very sensitive to
even small changes in the organization of the chromophores97. Figure 4 shows
the CD spectra of reconstituted and native CP24, with the typical fingerprint
peaks at 681 nm, 650 nm and 481 nm. In conclusion, the high similarity
between the spectroscopic properties of native and the reconstituted CP24
confirms that the reconstitution procedure yields native-like complexes
suitable for in vitro study of light-harvesting proteins.

Figure 3 Fluorescence emission spectra. The fluorescence emission spectra of
reconstituted CP24 wildtype complex (A) and normalized to the maximum (B) showing
efficient energy transfer from Chl b and Xanthophyls to Chl a. (C) Fluorescence emission
spectra of reconstituted CP24 (rCP24) and the native complex (nCP24) isolated from
Arabidopsis thaliana. The spectra are normalized to the maximum of the peak (D).
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Figure 4 Circular Dichroism Spectra. Reconstituted CP24 (rCP24, red line) and the native
complex (nCP24, black line) isolated from Arabidopsis thaliana shows very similar spectra.

2.4.

DISCUSSION

Membrane proteins are not so easy to study. Isolation of native membrane
proteins is complicated by the need to solubilize the lipid bilayer with
detergents, which can damage the protein and remove essential cofactors.
These proteins might also be present at low levels in biological membranes, or
be mixed with closely related proteins, as in the case of the light harvesting
complexes, that makes purification of single complexes difficult.
Heterologous protein expression in E. coli and in vitro reconstitution offers the
possibility to avoid these problems. In vitro reconstitution and purification of
folded proteins results in complexes that possess characteristics very similar
to those of the native complexes26,96,98 and thus can be used to study
complexes that cannot be purified to homogeneity 24,99–101.
This method uses spinach, which is easily attainable year-round, as a source
for the total pigment and carotenoid preparations. For some reconstitutions of
proteins native to algae, use of pigments purified from algae is preferred due
to different pigment compositions. The Chl a/b ratio and Chl/car ratio
remains the same regardless of pigment source.
It is important to realize that the efficiency of the reconstitution is usually
around 35%102. Thus it is necessary to remove the non-bound pigments and
the unfolded apoprotein from the solution after the reconstitution. A two-step
purification protocol is presented in this protocol (see also results). However,
it should be noted that the sucrose gradient step does not allow the complete
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separation of apo- and holo-protein. For most analyses this is not a problem,
as the apoprotein does not contain pigments and thus does not interfere with
the functional measurements. However, in case it is necessary to fully remove
the apoprotein from the fraction containing the reconstituted complex (for
example, to calculate the pigment to protein stoichiometry), an anionic
exchange column can be used (see Passarini et al. 2009103 for details).
1The capacity to refold recombinant light harvesting proteins with isolated
pigments in vitro provides an opportunity to “manipulate” the complexes by
modifying the reconstitution “environment” in various ways, thereby
changing the characteristics of the resulting complex. For example, changing
the pigment composition during reconstitution can result in a complex with
altered pigment composition. This feature can be utilized to study the
influence various pigments have on the structure and stability of the complex.
Usually the pigment preparation obtained from spinach has a Chl a/b ratio of
3:1 and a Chl/car ratio of 2.9:1. This ratio typically produces a reconstituted
protein with the same properties as the native one. However, adjustment of
the Chl a/b ratio by the addition of purified Chl a or b can influence the
binding of different pigments due to varying selectivity of the binding
sites25,104–106. This is possible because most of the pigment binding sites are not
completely selective for Chl a or Chl b, but can accommodate both, although
with different affinity87,104,107. In a similar way, the carotenoid binding sites
were also shown to be able to accommodate more than one Xanthophyll
species85,108–111. Different reconstitutions of CP26, another pigment-protein
complex of higher plants, using various pigment compositions are shown in
table 2 112. These reconstitutions were used to assess the affinity of binding
sites for particular pigments112. It is interesting to note that in order to obtain a
complex with the same pigment composition as the native one, the Chl a/b
ratio of pigment mix must be 3:1. This seems to be the case for all Lhc
complexes of higher plants26,113.

Table 2 Pigment content of CP26 native complex compared to reconstituted protein-pigment
complexes with different Chl a/b Ratios112.
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Figure 5 Absorption spectra of CP29 wild type (CP29_WT) and mutated CP29 (CP29_A2).
The green line shows the differences between the two plots.

The combination of molecular biology with the reconstitution technique
allows the properties of a Chl-binding complex to be studied in more detail.
The importance of different protein domains on the stability and folding of
the complexes, or their involvement in the protein-protein interactions, have
been determined by truncating the apoprotein or performing random
mutagenesis85,114–117. Single amino acid residues important for the
coordination of different pigments can be altered through site-directed
mutagenesis in order to analyze the properties of individual pigments or
assess their contribution to the function and stability of the complex87,102,103,118–
125. Figure 5 shows reconstituted Lhcb4 (CP29) with a mutation of the
histidine at position 216126. A comparison of the pigment composition of
wildtype and mutant complexes shows that the mutation induces the loss of
one Chl a molecule, indicating that the targeted site accommodates a Chl a in
the WT complex. The differences of the absorption spectra of WT and mutant,
upon normalization to the pigment content, also shows the absorption
properties of the lost pigment. In this case, the difference can be seen in the
main peak at 680 nm, indicating that the Chl a coordinated by His216 absorbs
at this wavelength (for more details about this mutant and the spectroscopic
properties see Mozzo et al. 2008126). Mutation analysis can also be used to
determine the effect of the environment on the spectroscopic properties of the
pigments127.
In conclusion, light harvesting proteins can readily be reconstituted in vitro
resulting in pigment-protein complexes with very similar properties to native
complexes. In this way, the difficulties of isolating native proteins are
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eliminated, while also delivering protein preparation with high yield and
purity for further study. The importance of a 3:1 Chl a/b ratio in producing an
authentic complex is emphasized, and examples of reconstituted wildtype
and mutant LHCs are provided to illustrate applications of the technique.
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3.

Characterization of the Major-Light
Harvesting complexes (LHCBM) of the
green alga Chlamydomonas reinhardtii

N

ine genes (LHCBM1-9) encode the major light-harvesting system of
Chlamydomonas reinhardtii. Transcriptomic and proteomic analyses have shown
that those genes are all expressed albeit in different amounts and some of them only
in certain conditions. However, little is known about the properties and specific
functions of the individual gene products because they have never been isolated.
Here we have purified several complexes from native membranes and/or we have
reconstituted them in vitro with pigments extracted from C. reinhardtii. It is shown
that LHCBM1 and -M2/7 represent more than half of the LHCBM population in the
membrane. LHCBM2/7 forms homotrimers while LHCBM1 seems to be present in
heterotrimers. Trimers containing only type I LHCBM (M3/4/6/8/9) were also
observed. Despite their different roles, all complexes have very similar properties in
terms of pigment content, organization, stability, absorption, fluorescence and
excited-state lifetimes. Thus the involvement of LHCBM1 in non-photochemical
quenching is suggested to be due to specific interactions with other components of
the membrane and not to the inherent quenching properties of the complex.
Similarly, the overexpression of LHCBM9 during sulfur deprivation can be
explained by its low sulfur content as compared with the other LHCBMs.
Considering the highly conserved biochemical and spectroscopic properties, the
major difference between the complexes may be in their capacity to interact with
other components of the thylakoid membrane.

This chapter is based on the following publication:
Natali A., Croce R. (2015) PloS one 10 e0119211
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3.1.

INTRODUCTION

Photosynthetic light harvesting and electron transfer involve three complexes
embedded in the thylakoids membrane: photosystem II (PSII), cytochrome b6f
complex (Cytb6f) and photosystem I (PSI). These complexes drive a linear
electron flow (LEF) from water to NADPH that is coupled to the transfer of
protons from the stromal to the lumenal side of the membrane, creating a
proton gradient that is used by the ATP synthase to produce ATP.
In plants and green algae PSII and PSI are composed of the core complex,
which contains the co-factors of the electron transport chain, and the lightharvesting complexes (LHC). The LHCs absorb light and transfer the
excitation energy to the reaction centers in the core, where charge separation
occurs 128. In plants, the major LHCII, which acts as an antenna of both
photosystems 129, is organized in trimers 130. Each monomer is composed of
three transmembrane helices and coordinates eight chlorophylls (Chl) a, six
Chls b and four xanthophyll molecules (in average 2.4 luteins, 0.6
violaxanthins and one neoxanthin) 35. Vascular plants contain three major
light-harvesting proteins (type 1-3), which in Arabidopsis thaliana are encoded
by five, four and one genes respectively (Lhcb1.1-1.5; Lhcb2.1-2.4; Lhcb3.1)31.
Seasonal and diurnal changes, clouds and wind make the photosynthetic
organisms constantly exposed to environmental changes. Plants and algae
have evolved several strategies to optimize the photosynthetic machinery
under different conditions 131 and most of them involve the LHCs. In high
light the excess absorbed energy is dissipated as heat through a process called
non-photochemical quenching (NPQ) at the level of the LHCs 132,133. This
process limits the formation of reactive oxygen species (ROS) that can damage
the photosynthetic apparatus 134,135. Photosynthetic organisms are also able to
modulate the amount of light absorbed by PSII and PSI to optimize the linear
electron flow. In short term, a process called state transitions regulates the
association of LHCII to the two photosystems via phosphorylation 131,136.
Transcriptional and translational gene regulation, instead, belong to the long
term acclimation responses and regulate the amount of outer antenna in
plants, in particular Lhcb1 and Lhcb2, depending on growth conditions 137,138.
In summary, the LHCs have different functions depending on the
environmental conditions. They can act as antennas, harvesting light and
transferring excitation energy to the RCs or as quenchers, dissipating the
energy absorbed in excess to avoid photodamage.
The completely sequenced genome, the vast collection of mutants, easy
maintenance and simple life cycle make the unicellular green alga
Chlamydomonas reinhardtii a popular model system to study biological
processes, and especially photosynthesis 4,139 and H2 production 140. The
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photosynthetic apparatus of C. reinhardtii is similar to that of plants and the
core complexes of PSI and PSII are highly conserved. The outer antenna is
also composed of LHC proteins, but their number and organization differ
compared to plants 22,33,141,142. In contrast to A. thaliana, C. reinhardtii has nine
genes (LHCBM1-9) encoding for the major LHCII components. They are
divided in four groups based on their sequence homology: Type I (LHCBM3,
LHCBM4, LHCBM6, LHCBM8, LHCBM9), Type II (LHCBM5), Type III
(LHCBM2, LHCBM7) and Type IV (LHCBM1)142. In this manuscript we use
the LHCBM nomemclature every time it is possible to directly identify the
gene product present in the fractions we analyze, while in the other cases we
only indicate the type. Several studies have suggested a different role for each
complex. It was shown that the expression of LHCBM9 increases in response
to sulfur deprivation and more recently it was suggested that LHCBM9 acts
as a quencher in those conditions 40,143. The absence of LHCBM1 caused a
decrease of thermal dissipation (NPQ) but did not affect state transitions 39; in
contrast, LHCBM2/7,LHCBM5 and LHCBM6 were suggested to be involved
in state transitions 144–146, although recent results have shown that all LHCBM
types can be associated with PSI in state 2 147. LHCBM1, -M2 and -M3 are the
most abundant LHC in C. reinhardtii and were found associated with the PSII
supercomplexes 33. LHCBM5 was not observed in the PSII supercomplexes
indicating that it is part of the “extra” LHCII population, which is not
physically connected to the core 33.
In summary, the data suggest different roles for the individual LHCBMs
implying that the complexes have different properties. However, little
information is available regarding the individual gene products. In this work
we have purified from the membrane the most abundant LHCII subunits in
their native state, and we have reconstituted the LHCBMs in vitro using the
pigments of C. reinhardtii and the apoproteins overexpressed in E. coli. A
comprehensive biochemical and spectroscopic characterization of the
LHCBMs is presented.

3.2.

MATERIALS AND METHOD

3.2.1.
GENE SEQUENCES
The sequence data is based on the C. reinhardtii genome sequence v5.3.1
(Phytozome 10). Chloroplast transit peptides were identified using ChloroP
prediction software (http://www.cbs.dtu.dk/services/ChloroP/). The
accession number of the genes based on Phytozome nomenclature (NCBIGenBank accession numbers indicated in parentheses) is: LHCBM1,
Cre01.g066917 (AY121229.1); LHCBM2, Cre12.g548400 (XP_001693987.1);
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LHCBM3, Cre04.g232104 (XP_001703699.1); LHCBM4, Cre06.g283950
(XP_001695344.1); LHCBM5, Cre03.g156900 (XP_001697526.1); LHCBM6,
Cre06.g285250 (XP_001695353.1); LHCBM7, Cre12.g548950 (XP_001694115.1);
LHCBM8, Cre06.g284250 (XP_001695467.1); and LHCBM9, Cre06.g284200
(XP_001695466.1).
3.2.2.

STRAIN, GROWTH CONDITIONS AND THYLAKOIDS
PREPARATIONS
The growth of C. reinhardtii (strain JVD-1B[pGG1]) cells and the isolation of
the thylakoid membrane were performed as described in 148 with the
modification described in 22. Briefly, the cells were grown in liquid TrisAcetate-Phosphate medium (TAP) at room temperature (25°C) shaking at 170
rpm in 50 μmol photons PAR m-2 s-1.
For thylakoid preparation, the cells were disrupted by sonication (60W power
in 10 cycles of 10s on/30 s off) and centrifuged at 15000 rpm at 4°C for 20 min.
Purification of thylakoid membrane was made using a discontinuous gradient
in a SW41 swinging bucket rotor (24000 rpm, 1 h, 4°C).
3.2.3.
ISOLATION OF PSII LIGHT HARVESTING COMPLEXES
Thylakoids were pelleted, unstacked with 5mM EDTA and washed with
10mM HEPES (pH 7.5). Membranes were then resuspended in 20mM Hepes
(pH 7.5), 0.15M NaCl and solubilized at the final Chl concentration of 0.5
mg/ml by adding an equal volume of 0.6% α-dodecylmaltoside (α-DM).
Unsolubilized material was eliminated by centrifugation (12000 rpm for 10
min at 4°C). Solubilized thylakoids were loaded on a sucrose density gradient
made by freezing and thawing 0.65 M sucrose, 10mM Tricine (pH 7.8), 0.03%
α-DM buffer, and separated by ultracentrifugation in a SW41 rotor at 41000
rpm for 14 hours at 4°C. The green bands were harvested with a syringe.
3.2.4.
NON-DENATURATING ISOELECTROFOCUSING (ndIEF)
The gradients bands containing monomeric and trimeric Lhcs were subjected
to non-denaturing flat-bed iso-electro-focusing (ndIEF) as described in 149.
Briefly, a bed (100 ml) of 5% ultrodex (LKB), 2% ampholites carrier (pH 3.5-5),
1% glycine and 0.06% β-DM was prepared and dried to form a 4 mm gel
layer. Samples, mixed with 2% of ampholites were loaded on the gel and
focused with a constant power of 9 W for 15 hours at 4 °C. The green bands
were harvested with a spatula and the sample eluted from the gel using a
solution containing 50 mM HEPES pH 7.6 and 0.03 % α-DM. The fraction
were loaded on sucrose density gradients, made by freezing and thawing 0.5
M sucrose, 0.06 % β-DM and 20 mM Hepes (pH 7.5) and centrifuged at 41000
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rpm for 14 hours at 4°C using a SW60 swinging bucket rotor. The green bands
were harvested with a syringe.
3.2.5.

DNA CLONING AND RECOMBINANT PROTEIN
OVEREXPRESSION
LhcbM1, -M2, -M5, -M6 and -M9 genes of C. reinhardtii were amplified from a
cDNA library (Chlamydomonas Resource Center Database) by PCR and
cloned into a pET-His expression vector. Primers were designed to remove
the stop codon and create recombinant proteins carrying 6 his residues at the
C-terminal (Table S1). Heat shock transformation was used to transform E.
coli DH5-α cells (New England Biolabs) with the recombinant vectors. Histagged apoproteins were overexpressed by growing the bacteria with
Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 37 °C overnight. Finally,
inclusion bodies were purified as described in 83 with the modifications
reported in 150.
3.2.6.

IN VITRO RECONSTITUTION AND PURIFICATION OF
REFOLDED LHCII
These procedures were performed as described previously 150. Briefly, the
apoprotein was denatured by heat in the presence of lithiumdodecylsulfate
(LDS), followed by the addition of pigments (extracted from C. reinhardtii)
with a Chl a/b ratio of 2.5 and Octyl β-D-glucopyranoside (OG). LDS was
then removed by precipitation upon addition of KCl. The refolded LHC was
purified from free pigments and unspecific products by Ni-affinity
chromatography and sucrose gradient centrifugation. We performed three
biological replicas per each sample. The same procedure was applied to
reconstitute LHCBM1 using pigments extracted from spinach leaves.
3.2.7.
SDS-PAGE
Proteins were analyzed by SDS-6M urea PAGE with Tris-Tricine buffer
system as in 151 using 14% acrylamide concentration in the running gel. The
Coomassie stained gels were imaged with ImageQuant LAS-4000 (GE
Healthcare).
3.2.8.
PIGMENT EXTRACTION AND HPLC ANALYSIS
The pigment composition of the complexes was analysed by fitting the
spectrum of the pigments extracted in 80% acetone with the spectra of the
individual pigments in the same solvent and by HPLC, as described
previously 112. The reported values are the average of three repetitions.
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3.2.9.

ABSORPTION, CIRCULAR DICHROISM AND STEADY STATE
FLUORESCENCE MEASUREMENTS
Room temperature absorption spectra were recorded with a Cary 4000
spectrophotometer (Varian). The CD spectra were measured using a
Chirascan CD Spectrophotometer (AppliedPhotophysics). The fluorescence
emission spectra were recorded using a Fluorolog 3.22 spectrofluorimeter
(Jobin Yvon-Spex). The excitation wavelengths were 440nm, 475nm and
500nm and emission was detected in the 600-800nm range. Excitation and
emission bandwidths were set to 3 nm. All fluorescence spectra were
measured at OD 0.05 at the maximum of the Qy absorption band. Room
temperature measurements were performed in 0.5M sucrose, 20mM Hepes
(pH 7.5), 0.06% β-DM buffer. For 77K measurements a liquid nitrogen cooled
device was used (Nitrogen Cryostat, Oxford Instruments). The samples were
in 70% glycerol (w/v), 20 mM Hepes (pH 7.5), 0.06 % β-DM buffer.
3.2.10.
TIME-CORRELATED SINGLE PHOTON COUNTING (TCSPC):
Time-resolved fluorescence measurements were performed using a FluoTime
200 fluorometer (PicoQuant). The samples were diluted to an OD of 0.05 cm−1
at the Qy maximum, stirred in a cuvette with a path length of 1 cm.
Concerning the pH-dependent experiments on LHCBM1, the pH exchange
was performed as reported previously 50 by loading the reconstituted protein
on a sucrose gradient containing 20 mM MES pH 5.5. Excitation was provided
at 10 MHz repetition rate by a 470nm laser diode. The instrument response
function was obtained with pinacyanol iodide in methanol, which has 6-ps
fluorescence lifetime 152. Fluorescence emission was collected at 90° with
respect to the excitation, at 680 nm. All measurements were performed at 283
K, and the maximum number of counts in the peak channel was 20000.

3.3.

RESULTS

The LHCII proteins forming the major antenna system of Chlamydomonas
reinhardtii (LHCBM1-9) show high homology (between 75 and 80%) (Figure 1).
It should be noticed that LHCBM2 and M7 encode for the same mature
protein, which makes it impossible to know which of the two is present in our
purified fractions. In the following we will then indicate this complex as
LHCBM2/7.
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The nine LHCBMs also show high homology with the LHCII of plants: All
chlorophyll ligands observed in the structure of plant LHCII 35 as well as the
tyrosine that is essential for the binding of neoxanthin 113, are conserved in the
9 LHCBMs. The WYxxxR sequence at the N-terminus which is necessary 114
for the trimerization of LHCII in plants, is fully conserved in LHCBM1 and
LHCBM2/7, while W is replaced by F in the other LHCBMs.

Figure 1 In silico analysis of LHCBM proteins. Multiple sequence alignment of C.
reinhardtii LHCBM proteins (Clustal OMEGA). Red-colored amino acids indicate the
conserved Chl a and Chl b binding sites and the neoxanthin binding site (tyrosine, N1)
[36]; green c colored amino acids indicate the transit peptide; blue colored amino acids
indicate the region of the trimerization motif.
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LHCBM1
LHCBM2
LHCBM3
LHCBM4
LHCBM5
LHCBM6
LHCBM7
LHCBM8
LHCBM9
LHCII

pI
4.99
4.71
5.27
4.88
5.42
4.88
4.71
4.88
4.87
5.17

N° of sulfur atoms
7
7
6
7
7
7
7
7
4
7

Table 1. Isoeletric point and number of sulfur atoms of the LHCBM proteins. LHCII
refers to Arabidopsis thaliana antenna complex LHCB2.

The theoretical pI values of the individual LHCBMs were calculated based on
the
mature
protein
sequence
of
each
complex
(http://web.expasy.org/compute_pi/). The pI values were found to range
between 4.71 and 5.42 with LHCBM5 exhibiting the highest value (Table 1).
Atomic composition analysis shows that LHCBM9 contains only 4 sulfur
atoms whereas this number is 6 or 7 for the other LHCBMs (Table 1).

3.3.1.

PURIFICATION AND CHARACTERIZATION OF THE NATIVE
COMPLEXES
In order to study the properties of the individual LHCBM subunits, the
thylakoid membranes were solubilized and fractionated on sucrose gradient
33. Bands 2 and 3 of the gradient contained a combination of different
LHCBMs in their monomeric and trimeric states, respectively (data not
shown). To purify the individual complexes we took advantage of the
expected differences in their pIs and we subjected the bands harvested from
the gradient to non-denaturing iso-electrofocusing (ndIEF). For both
monomeric and trimeric complexes three well separated green fractions with
similar intensity were obtained (Figure 2A-B), which run as single bands
when loaded onto sucrose gradients. Neither pellet nor free pigments were
present in the sucrose gradient. The protein composition of each band was
analyzed by SDS-PAGE (Figure 2C) and the identity of each band attributed
on the bases of previous work in which the individual bands were analyzed
by mass spectrometry 23,33,146. The most acidic monomeric fraction (B2FI)
contained LHCBM2/7 (type III), the second (B2FII) LHCBM1 (type IV) and
the third one (B2FIII) some of the type I LHCBMs (M3/4/6/8/9) (Figure 2C).
In the case of the trimers, the most acidic fraction (B3FI) contained mainly
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Figure 2 Tricine SDS-PAGE of the ndIEF fractions. (A) Monomeric LHCII and (B)
Trimeric LHCII separated by ndIEF. (C) Monomeric LHCII and (D) Trimeric LHCII
ndIEF fractions separated by SDS-PAGE. MM: Molecular Marker; Mon LHCII:
Monomeric LHCII isolated from a sucrose gradient purification. B2FI, B2FII, B2FIII:
Different fractions from the LHCII monomer. B3FI, B3FII, B3III: Different fractions from
the LHCII trimers.

LHCBM2/7 and some traces of type I LHCBMs; the second (B3FII) type I,
LHCBM2/7 and LHCBM1 in 0.7/1/0.2 ratio (calculated on the basis of the
stain) and the third (B3FIII) type I and a small amount of LHCBM2/7 (Figure
2D). We were not able to detect LHCBM5, in the monomeric or in the trimeric
form, probably due to the low amount of this complex in the membrane.
The absorption spectra of all fractions are reported in Figure 3. The maximum
in the Qy region is at 671.5-672nm for both monomers (Figure 3A) and trimers
(Figure 3B), thus 2 nm blue-shifted as compared to LHCII of higher plants. A
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second peak at 651 nm, typical of LHCII 153 and representing mainly Chl b
absorption, was observed in all samples (Figure 3A-B).
The fluorescence emission spectra at low temperature (77K) of monomeric
and trimeric complexes exhibited a maximum around 677 nm. Small
differences in the spectra could be observed between the individual LHCBMs:
The spectrum of both monomeric and trimeric LHCBM2/7 (B2FI and B3FI)

Figure 3 Spectroscopic analysis of the ndIEF fractions. (A) and (B): Absorption spectra of
ndIEF fractions. (C) and (D): Fluorescence emission spectra at 77K (excitation at 440 nm). (E)
and (F): Circular dichroism spectra at 10°C. B2FI, B2FII, B2FIII: Different fractions from the
LHCII monomer. B3FI, B3FII, B3III: Different fractions from the LHCII trimers.
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Table 2. Pigment composition of the LHCII fractions generated by ndIEF.

was 1-1.5 nm blue-shifted, while that of B3FIII (Figure 3C-D) was slightly redshifted and showed increased intensity above 690 nm.
Circular dichroism (CD) in the visible region is sensitive to the coupling
between pigments 154 and can thus be used to determine differences in the
pigment organization between complexes. The spectra of the monomeric and
trimeric LHCIIs are presented in Figure 3E and 3F, respectively. In the Qy
absorption region all spectra showed the typical -+- signal of LHCII. The
relative intensities of the bands were also similar, indicating a conserved Chl
organization. Small differences were visible in the blue region dominated by
Chl/carotenoid interactions 97. It can be noticed that the spectra of monomer
and trimers are more similar than observed for the complexes of higher
plants, 97 suggesting that the trimerization does not have a large effect on the
carotenoid organization/spectral properties in C. reinhardtii.
The pigment composition of the purified fractions was analyzed by HPLC
and fitting of the acetonic extract (Table 2). The Chl a/b ratio of all fractions
was lower (around 1.1) as compared to that of the starting LHCII preparations
(1.30). The amount of violaxanthin was also lower after IEF (0.1-0.2
vio/monomer vs 0.5 vio/monomer) (Table 2). These differences indicate loss
of pigments, in particular Chl a and violaxanthin, during IEF. Similar results
were obtained for LHCII from barley 37.
To determine if the proposed role in quenching of some of the complexes was
due to their intrinsic properties, as previously suggested 143, the excited state
lifetimes of the complexes were measured by time-resolved fluorescence.
After excitation at 470 nm we recorded the emission at 680 nm for all fractions
(Figure 4A-B). The fluorescence decay kinetics could be satisfactorily
described with three components (Table 3): a fast component with lifetime
around 0.5 ns, which was present in all samples and accounted for ~10% of
the amplitudes; a second component of ~3.2 ns with the largest amplitude
and a longer component of 4-5 ns. The average lifetime was around 3.2-3.3 ns
for all fractions remaining practically identical to the value observed before
ndIEF. This indicates that violaxanthin in the V1 site does not influence the
excited state lifetimes of the complexes that remains compatible with the light
harvesting conformation.
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Figure 4 Time-Resolved Fluorescence Decay kinetics of the ndIEF fractions. (A)
monomeric complexes; (B) trimeric complexes.

Table 3. Excited state Lifetimes of the LHCBM monomeric and trimeric fractions.

3.3.2.
IN VITRO RECONSTITUTION OF THE INDIVIDUAL LHCBMs
Although several fractions containing different LHCBMs could be separated
by ndIEF, due to the high sequence homology and the low abundance of most
complexes only LHCBM1 and LHCBM2/7 could be purified to homogeneity.
To study the individual complexes, we have then reconstituted them in vitro
using the pigments extracted from C. reinhardtii and the apoprotein
overexpressed in E. coli .
We reconstituted five complexes: LHCBM1 and LHCBM2 that can be directly
compared with the native complexes purified by ndIEF; LHCBM5,LHCBM6
and LHCBM9, which were suggested to have different roles and different
properties 33,39,143,146. The quality of the reconstitution was assessed by
measuring the fluorescence emission spectra of the LHCBMs upon
preferential excitation of Chl a, Chl b and carotenoids. The shape of all spectra
was identical, demonstrating efficient excitation energy transfer within the
complexes (see supplementary data, Figure S1).
The absorption spectra of the reconstituted complexes are reported in Figure
5A. In general, all complexes show similar features, with the Qy peaks at
671.5 and 651 nm and the Soret transitions at 439 nm and 466 nm as for the
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Figure 5 Absorption spectra (A)–(B), Fluorescence emission spectra at 77K (excitation at
440 nm) (C) and Circular Dichroism (D) of the LHCBM reconstituted complexes. The
absorptions are normalized to theQy peaks. Fluorescence emission spectra are normalized to
the maximum, while theCD signals are normalized on the absorption spectra.

Table 4 Pigment composition of the LHCBM reconstituted proteins in vitro.

isolated complexes. The presence of small differences in the spectra could
indicate changes in the pigment content, and/or in pigment-protein and
pigment-pigment interactions. LHCBM5 showed lower intensity at 650 nm as
compared to the other LHCBMs.
The Chl a/b ratio of the individual LHCBMs ranges from 1.08 of LHCBM9 to
1.26 of LHCBM5 (Table 4).
The differences in the pigment composition between the complexes were
observed in three biological replicas, although the absolute values changed
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slightly. It should be mentioned that the reconstitutions of all complexes were
done simultaneously using the same pigment mix to be able to directly
compare the properties of the complexes. All LHCBMs contain lutein,
loroxanthin and neoxanthin and a small amount of violaxanthin. To
determine in which site loroxanthin binds, we reconstituted LHCBM1 with
the pigments isolated from spinach, which do not contain loroxanthin. The
Chl a/b ratio and the Chl/car ratio were very similar to those of the complex
reconstituted with C. reinhardtii pigments, but in the LHCBM1-spinach the
amount of lutein was strongly increased, indicating that loroxanthin is
substituting lutein in one of the two internal binding sites, as suggested
previously 33. Interestingly, the absorption spectrum of LHCBM1-spinach
shows the maximum in the Qy at 673.5 nm in line with that of the plants
LHCII (Figure 5B).
The 77K fluorescence emission spectra of most reconstituted complexes are
very similar, peaking around 677 nm and showing a similar FWHM (Figure
5C). Only the spectrum of LHCBM5 is slightly red shifted (max 679 nm) and
broader, with increased emission in the red region as compared to the other
complexes (Figure 5C). The spectrum of LHCBM1-spinach is 1 nm red-shifted
and shows a smaller FWHM compared to LHCBM1-Chlamy.
As observed for the native complexes, the CD spectra of the reconstituted
proteins show the typical LHCII features (Figure 5D). LHCBM1, -M2, -M6 and
-M9 are almost identical in the Qy absorption region and LHCBM1, -M6 and M9 are also almost identical in the blue region, indicating a very similar
pigment organization. LHCBM2 differs from the other complexes in the
intensity of the band at 480 nm. The spectrum of LHCBM5 shows a different
ratio between the 650 nm and 680 nm, and the 475 nm and 490 nm
components, which probably reflects its lower Chl b content (Figure 5D).
The stability of the complexes was tested by measuring the temperature
denaturation curve as obtained by monitoring changes in the CD spectra
between 630 nm and 700 nm while increasing the temperature from 20 °C to
90 °C (supplementary data, Figure S2). As shown in Figure 6 all complexes
show a denaturation temperature of ~55 °C.
The fluorescence decay kinetics of the reconstituted complexes were
measured in the same conditions as described above for the isolated fractions.
The average lifetime for most of the complexes was around 2.7-2.9 ns, the
only exception being LHCBM5 that showed an average lifetime of 2.4 ns
(Table 5). The lifetimes of LHCBM1 reconstituted with either lutein or
loroxanthin were identical.
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Figure 6 Changes in the CDsignal of the LHCBMreconstituted proteins at 680nmas
a function of temperature. Lines represents the fitting of the denaturation.

Table 5 Decay kinetics of the different LHCBM reconstituted proteins

3.4.

DISCUSSION

To study the properties of the LHCBMs of C. reinhardtii we have taken
advantage of the differences in pI between the LHCBMs to purified them
from solubilized membranes. This procedure has allowed us to obtain
homogeneous preparations of monomeric LHCBM1 and monomeric and
trimeric LHCBM2/7. However, the high sequence homology and the low
amount of the other LHCBM complexes prevented us from purifying them
from the membranes. To overcome this problem we have reconstituted them
in vitro 78, a procedure that in plants was shown to lead to complexes identical
to the native ones 26,96. The comparison of the properties of LHCBM1 and
LHCBM2/7 (the mature proteins of -M2 and -M7 have identical sequence)
purified from the membrane, with those of the same complexes reconstituted
in vitro allow us to check the validity of the reconstitution procedure also for
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Figure 7 Comparison of the absorption (A–C) and Circular Dichroism (B–D) of LHCBM1,
LHCBM2 reconstituted and the purified fractions from ndIEF containing LHCBM1 and
LHCBM2/7. The absorptions are normalized to theQy peaks, while theCDsignals are
normalized on the absorption spectra.

C. reinhardtii gene products. The absorption spectra of recombinant and native
LHCBM1 are almost identical, with the CD spectrum, which is highly
sensitive to pigment organization and coupling, being very similar in the red
region and showing only small differences in the Soret region (Figure 7A-B).
The same similarity is visible for LHCBM2/7 (Figure 7C-D). Only the excitedstate lifetimes of the recombinant complexes are 10-15% shorter than those of
the native monomers. The multi-exponential fluorescence decay observed for
the Lhcs of plants were ascribed to the presence of different conformations
with different degrees of quenching 155,156. It is thus likely that the
reconstitution in vitro slightly moves the equilibrium towards more quenched
conformations. However, in general we can conclude that the recombinant
complexes have the same properties as the native ones and can be used for
the characterization of the low abundant complexes.
The pigment complement of all LHCBMs is very similar and it is also similar
to that of LHCII from plants. The data indicate that ndIEF leads to loss of
violaxanthin and lutein, suggesting that they are accommodated in the V1
site, as in plants 37. Interestingly, upon ndIEF also a loss of Chl a was
observed, again as in plant LHCII 37. One possible candidate is Chl 614, which
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is located at the periphery of the complex. Indeed, the ligand for Chl 614 is a
histidine that can thus be protonated at low pH leading to the loss of Chl
coordination. After ndIEF, 1 neoxanthin, 1 loroxanthin and 1 lutein are still
associated with each complex, with neoxanthin in the N1 site, as suggested by
the presence of the Tyr which stabilizes its binding 113 and lutein and
loroxanthin in L1 and L2.
The high similarity between the LHCBM of C. reinhardtii and LHCII of plants,
suggests that also the Chl binding sites are conserved. However, the
absorption spectra of all LHCBMs is 2 nm blue-shifted as compared to that of
LHCII of plants, suggesting differences in the lowest energy site of the
complexes. Interestingly, this blue shift was not observed when LHCBM1 was
reconstituted with the pigments of spinach, and accommodated lutein in both
L1 and L2 sites. The difference spectrum between LHCBM1 with lutein and
with loroxanthin (Figure 5B) shows a main positive component at 682 nm,
indicating that the presence of loroxanthin affects the lowest energy Chls. In
all plants Lhc the lowest energy Chls are associated with Chl 610, 611 and 612,
which are located close to the L1 site 102,126,157. We therefore speculate that
loroxanthin in LHCBMs is located in the L1 site and influences the
environment of these Chls.
Different roles in light harvesting and photoprotection, have been proposed
for the individual LHCBMs, which might depend on their intrinsic properties.
However, the excited-state lifetimes are very similar for all complexes with
the exception of that of LHCBM5, which has a somewhat shorter lifetime (2.4
ns), accompanied by a red-shifted fluorescence spectrum. On the contrary, we
could not see significant differences between LHCBM1 and -M9, which are
suggested to be involved in quenching, and the other complexes, which
should mainly be involved in light harvesting. As the absence of LHCBM1
strongly reduces the NPQ level in vivo 39, we have also tested its capacity to
respond to pH changes, which in vivo represents the trigger for the activation
of NPQ 50,133. However, no differences in the lifetimes of the complex at
different pHs were observed (Table 6), confirming what previously found for
the homologous LHCII of higher plants 50. We should thus conclude that the
quenching properties of LHCBM1 in the membrane are not the result of a
direct influence of pH or due to intrinsic properties of the protein as
previously proposed 143, but most probably the result of interactions with
other complexes, e.g. LHCSR 44.
LHCBM9 was shown to be over-expressed during sulfur deprivation 40 and it
was suggested that it quenches PSII supercomplexes 143. Here we show that
LHCBM9 is not quenched in solution which should imply that its switching
to a quenched state occurs upon association with the PSII supercomplex.
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Table 6 Decay kinetics of LHCBM1 reconstituted in vitro at different pH

However, the lower sulfur content of LHCBM9 also indicates that the
expression of this protein is part of the acclimation response of C. reinhardtii
aimed at preventing the consumption of sulfur 40 and we speculate that this is
the main reason for its overexpression during S deprivation. We conclude that
the two methionines conserved in the mature sequence of LHCBM9 are
essential for the functionality (and probably the stability) of the LHCs.
Finally, the purification of the complexes from the membrane indicates that
LHCBM1, LHCBM2/7 and type I LHCBM (3/4/6/8/9) are present in
comparable amounts in C. reinhardtii. Due to the very high sequence
homology it was not possible to separate the individual type I complexes;
however, previous mass spectrometry analysis has shown that the most
abundant type I complex is LHCBM3 33.
In the monomeric state the different LHCBM types could be purified to
homogeneity, while for the trimers this was only possible for LHCBM2/7 and
type I LHCBMs, indicating that they can form homotrimers. Instead LHCBM1
was found in a fraction containing also other LHCBMs, suggesting that it
forms heterotrimers.
After having thoroughly characterized the individual LHCBMs, the next step
is to understand their capacity to interact with other components of the
membrane that can be done using liposomes or model membrane systems.
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3.5.

SUPPORTING INFORMATIONS
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gene
name
LHCBM1
LHCBM2
LHCBM5
LHCBM6
LHCBM9

Forward primer

Reverse primer

Restriction
site

tGAATTCGCCTTCGCTCTGGCGT

attGTCGACGGCCGAGGGGGTGAA

EcoRI/SalI

attGGATCCGCCGCCATCATGAAGTCCGCT

ataaCTCGAGGGCCGAGGGGGTGAACTTG

BamHI/XhoI

tGAATTCGCCTTCGCTCTGGCGT

attGTCGACGGCCGAGGGGGTGAA

EcoRI/SalI

attGGATCCATGATGCTGTCTCGCACCGT
attGAATTCGCATTCGCTCTGGCCTC

ataaCTCGAGCTGAGGGGTGAACTTCTGG
ataaGTCGACCGCCGAGGGAGTGTA

BamHI/XhoI
EcoRI/SalI

Table S1. Primer list of the different LHCII amplified by PCR. In red the restriction site added
during the cloning procedure.

4.

Light-harvesting Complexes (LHCs)
cluster spontaneously in membrane
environment leading to shortening of
their excited state lifetime

T

he light reactions of photosynthesis, which include light-harvesting and charge
separation, take place in the amphiphilic environment of the thylakoid
membrane. The light-harvesting complex II (LHCII) is the main responsible for light
absorption in plants and green algae, and is involved in photoprotective mechanisms
that regulate the amount of excited states in the membrane. The dual function of
LHCII has been extensively studied in detergent micelles, but recent results have
indicated that the properties of this complex differ in a lipid environment. In this
work, we checked these suggestions by studying LHCII in liposomes. By combining
bulk and single molecule measurements, we monitored the fluorescence
characteristics of liposomes containing single complexes up to densely packed
proteoliposomes. We show that the natural lipid environment per se does not alter
the properties of LHCII, which for single complexes remain very similar to that in
detergent. However, we show that LHCII has the strong tendency to cluster in the
membrane and that protein interactions and the extent of crowding modulate the
lifetimes of the excited state in the membrane. Finally, the presence of LHCII
monomers at low concentrations of complexes per liposome is discussed.

This chapter is based on the following publication:
Natali A.1, Gruber J.M., Dietzel L.1, Stuart M.C.A., van Grondelle R., Croce R. (2016) Journal
of Biological Chemistry Issue 291
1contributed equally to this work
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4.1.

INTRODUCTION

Photosynthetic organisms evolved the capacity to harvest the energy of solar
radiation and store it into chemical compounds. In vascular plants and green
algae, sunlight is absorbed by a series of membrane proteins called lightharvesting complexes (LHC). The most abundant of these pigment-protein
complexes is LHCII. The LHCs have a dual function: in low light conditions
they absorb solar energy and efficiently transfer the excitation energy to the
reaction center; in high light they additionally play a role in photoprotection
by dissipating the energy absorbed in excess as heat 128,131. This last process
called Non-Photochemical Quenching (NPQ) leads to a decrease of the
excited state lifetime of Chlorophyll a (Chl a), limiting the possibility of Chl
triplet formation and thus the production of singlet oxygen 158. The fast, on
the timescale of seconds, and fully reversible part of NPQ is called qE. This
mechanism is triggered by the acidification of the lumenal space of the
thylakoids, which activates PsbS 45 and LhcSR 44, the proteins responsible for
NPQ in plants and green algae, respectively, and the violaxanthin deepoxidase, which converts violaxanthin into zeaxanthin (for reviews see
132,133). Although the precise molecular mechanism of quenching has not been
fully elucidated yet, a prominent idea discussed in literature is that NPQ is
regulated via conformational changes of LHCII. Those changes could be
correlated to, or even caused by, LHCII aggregation 110,159. It was observed
that low pH and zeaxanthin, both occurring in high light, enhance LHCII
aggregation 61. Aggregation of LHCII in vitro is accompanied by a decrease of
the Chl a fluorescence yield, indicating an increased rate of energy dissipation
159,160. The generation of new quenching sites is assumed to occur either via
pigment-pigment interactions at the protein-protein interface or within the
protein as a result of conformational changes 133,161. Although the effect of
aggregation on fluorescence quenching in vitro is clearly demonstrated, its
role in NPQ in vivo is still under debate 68,162.
The study of NPQ in vivo is complicated by the presence of many parallel
processes that make it difficult to extract its molecular details. A large part of
the studies on NPQ has then been performed in vitro on isolated complexes in
detergent micelles. However, these preparations represent an over-simplified
system in a non-native environment. To overcome these problems, several
approaches have been put forward: (i) reducing the number of components
involved in NPQ in the thylakoid membrane by using mutants lacking PSI
and PSII core complexes or blocking the chloroplast translation that leads to
membranes enriched in LHCII 163,164; (ii) studying isolated LHCII in
detergent-free environment using nanodisks 165, SMA 166, amphipoles 50 or
liposomes 167–169. These methods have revealed that the lifetime of LHCII in
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the membrane differs substantially from its lifetime in detergent micelles,
suggesting that in the natural environment the antennas assume a different
and more quenched conformation.
The advantage provided by liposomes in the study of light-harvesting is their
flexibility: they permit the analysis of the characteristic of the antennas by
varying lipid composition 168 and protein/lipid ratio 167. They give the
possibility to change the composition of the membrane in a controlled way
and study the effect of the presence of different pigments or proteins on the
properties of the complexes 64,170. These characteristics make proteoliposomes
an attractive system to investigate in detail the mechanism of NPQ in a lipid
bilayer environment. Liposomes containing zeaxanthin and PsbS, which are
two essential factors in NPQ, in addition to LHCII were described 170,171,
opening the way to the study of the molecular mechanism of NPQ in vitro.
However to be able to disentangle the effect of lateral aggregation,
conformational switches and protein-lipid interactions, all of which have been
suggested to play a role in NPQ, it is essential to know how the lipid
environment is influencing the properties of the complex and to have full
control of their organization in the proteoliposome.
In this work, we investigated in detail the relation between protein crowding
and the fluorescence decay, which is the reporter for the quenched state of the
complexes, by generating a series of proteoliposomes with different lipid/Chl
ratios. Using a combination of ensemble and single molecule (SMS)
measurements we show that the different properties observed in LHCII in the
membrane, as compared to detergent micelles, are not due to a different
conformation of single complexes caused by the lipid environment, but to the
clustering of LHCII. The latter most likely leads to conformational changes
due to protein-protein interactions. The similarity with the results in cells
suggests that this is what happens in vivo.

4.2.

RESULTS

INCORPORATION OF C. REINHARDTII LHCII INTO LIPOSOME
VESICLES
In order to mimic the thylakoid membrane of C. reinhardtii we generated
liposome vesicles composed of an identical mix of lipids: MGDG (41.2%),
DGDG (26.7%), SQDG (15.6%) and the phospholipids PG (11.5%) and PC (5%)
172. Antenna complexes (LHCII) isolated from the membranes (Fig 1) or
reconstituted in vitro with pigments (Fig 2) were incorporated into liposome
vesicles by the removal of detergent via dialysis. The initial preparation
consists of a lipid/protein molar ratio of ~230:1. The resulting
4.2.1.
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FIGURE 1. Spectroscopic analysis of proteoliposomes. A, Absorption spectra of isolated
LHCII solubilized in detergent and incorporated into lipid vesicles. The spectra are
normalized to the maximum in the Qy region; B, Fluorescence emission spectra normalized to
the maximum; C, Fluorescence excitation spectra recorded at very low concentration (when 1T is equal to the absorption) compared to the absorption spectrum normalized to 1; D, CD
spectra normalized to the negative signal at 679 nm.

proteoliposomes show absorption maxima at 672 nm and 436 nm with
shoulders at 651 nm and 473 nm. The absorption spectrum is shown in Fig 1A
where it is compared to that of detergent-isolated LHCII trimers. In general,
no large differences are observed between the spectra indicating that the
incorporation into liposomes does not lead to loss of pigments. These features
are in agreement with previously published works on LHCII incorporated
into liposomes 168,171,173.
The fluorescence emission spectrum of the LHCII-containing liposomes at
room temperature (Fig 1B) consists of a single peak with maximum at 680 nm
upon excitation of Chl a (440 nm), Chl b (475 nm) and carotenoids (500 nm).
This indicates that the excitation energy is efficiently transferred from Chl b
and carotenoids to Chl a, which confirms the correct folding of the complexes.
The high efficiency of excitation energy transfer is further supported by the
fluorescence excitation spectrum (Fig 1C).
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FIGURE 2. Spectroscopic characterization of reconstituted monomeric LHCBM1
incorporated into liposomes. A, Absorption (in detergent and in liposome) and fluorescence
excitation spectra of the recombinant protein. The spectra are normalized to the maximum in
the Qy region; B, Fluorescence emission spectra normalized to the maximum.

The CD spectrum depicted in Fig 1D confirms that LHCII in liposomes and
detergent have the same pigment organization. The spectrum clearly shows
the typical -+- signal in the Qy absorption region and the negative CD feature
in the blue region associated with Chl-Chl and Chl-carotenoid interactions 97.
4.2.2.
AGGREGATION OF LHCII IN LIPOSOMES
It is known that in vitro aggregation of LHCII is accompanied by a decrease of
the fluorescence quantum yield 64,159. This phenomenon, which is induced in
vitro by the removal of detergent, may also occur during or after the
incorporation of the complexes into liposomes, complicating the
interpretation of the results. We note that the topology of aggregation might
be different in solution and in the plane of a lipid bilayer, where mainly
lateral aggregates are expected. However, the topology of insertion of the
complexes in the liposomes is undetermined and we cannot exclude the
presence of interactions between complexes with opposite orientation. The
formation of lateral aggregates in liposomes (at a lipid/protein molar ratio of
~230:1) is confirmed by the fluorescence emission spectra at 77K (Fig 3A),
which shows a peak at 696 nm typical of aggregated antennas 174.
Aggregation, quantified by the relative intensity of the 696 nm band,
decreases by reducing the amount of LHCII per liposome (Fig 3B). By
recording the fluorescence decay kinetics of LHCII at different levels of
aggregation, we could also confirm the tight relation between lateral
aggregation and fluorescence quenching. Fig 3B clearly illustrates that the
peak at 696 nm increases with the increase of the amount of chlorophyll per
liposome. At the same time, the fluorescence lifetime decreases down to a
minimum of 0.97 ns (Table 1). On the other hand, the lifetime of the sample in
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FIGURE 3. Fluorescence emission spectra of LHCII-liposomes at 77K. A, Comparison with
LHCII in detergent (234:1 lipid/protein molar ratio) after excitation of Chl a (440 nm), Chl b
(475 nm) and carotenoids (500 nm). The spectra are normalized to the maximum; B,
Fluorescence emission spectra of LHCII in liposomes at different concentrations after
excitation of Chl b (475 nm). The lipid/protein molar ratio are showed in the legend with the
amount of Chl a used for each preparation. The spectra are normalized at 680 nm.

TABLE 1. Excited state lifetimes of proteoliposomes with different amount of LHCII. The
amplitudes (Ai) of the different lifetimes (τi) to the fluorescence decay, and the average
fluorescence lifetime (τave) are given.

liposomes with a high lipid/protein molar ratio of ~7000:1 (0,1 µg Chl a) has a
similar value compared to isolated monomeric LHCII in detergent (Table 1)
33,175. A further decrease in the amount of protein per liposome (0,05 µg Chl a
equal to a lipid/protein molar ratio of ~14000:1), induces the appearance of
free Chls in the sample. This is indicated by the presence of a shoulder at 650
nm in the fluorescence emission spectrum upon selective Chl b excitation (Fig
3B) and by a long lifetime component above 4 ns in the time-resolved data,
typical of free chlorophylls (Table 1).
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4.2.3.

ELECTRON MICROSCOPY (EM) AND SINGLE MOLECULE
SPECTROSCOPY (SMS)

FIGURE 4. Electron micrographs of proteoliposomes showing the size and the shape of
the vesicles (black arrows). A, Proteoliposomes containing LHCII; B, Proteoliposomes
containing reconstituted LHCBM1.

The structure and size of liposomes were investigated by Electron microscopy
(EM). In Fig 4 EM images of proteoliposomes containing LHCII (Fig 4A) and
recombinant LHCBM1 (Fig 4B) show a homogeneous morphology and size
distribution. The average diameter of the proteoliposomes was about 50 nm
and no indication of multi-lamellar structures was observed.
To acquire more quantitative information on the composition of
proteoliposomes and hence on the level of protein aggregation, we performed
single molecule confocal fluorescence experiments and analyzed the
fluorescence intensity, the fluorescence spectrum and the fluorescence
lifetime of single immobilized proteoliposomes. The information about the
absolute fluorescence intensity together with the average fluorescence lifetime
allows us to approximate the absorption cross section σ of the fluorescence
particle within the confocal excitation (see Experimental Procedures). This
effectively provides the size of the cluster via the number of absorbing
pigments. By dividing the absorption cross section of a single fluorescent
particle (i.e. a single proteoliposome) by the absorption cross section of a
LHCII trimer at 633 nm (𝜎𝐿𝐻𝐶𝐼𝐼 = 1.4 ⋅ 10−15 cm2) we can estimate the number
of incorporated LHCIIs. Fig 5A shows the resulting distribution of
proteoliposomes with a low and high protein concentration and a control
experiment on LHCII trimers in detergent. To make sure that we were
measuring LHCII in liposomes and not random aggregates in solution, we
performed a control experiment without lipids at detergent concentrations
below the CMC, which leads to protein aggregation in solution. This
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FIGURE 5. Single molecule fluorescence measurements. A, Histogram of the estimated
number of trimeric LHCII complexes associated with one bright spot found in confocal
fluorescence images of surface-bound proteoliposomes. The red histogram represents a
control experiment on trimeric LHCII complexes in detergent. The first peak at about 30
complexes of proteoliposomes with a high concentration of protein can be assigned to
single proteoliposomes; larger values might also represent multiple liposomes within the
confocal excitation spot. The blue histogram clearly shows the presence of monomeric
LHCII complexes. The black dotted line indicates the hypothetical surface area of a
sphere (diameter of 50 nm) purely made out of LHCII complexes. The inset illustrates a
typical fluorescence image; B, Exemplary fluorescence intensity traces of three LHCII
proteoliposomes corresponding to the indicated protein concentration. The light- and
dark-blue traces correspond to two different proteoliposomes from the same sample
concentration of 0.1 μg Chl a. The black dotted lines indicate exemplary intensity levels
used for the lifetime analysis in Fig 5D; C, The corresponding fluorescence decays of the
fluorescence traces in Fig 5B. The blue dotted line indicates a mono-exponential fit; D,
The average lifetime corresponding to individual intensity levels for liposomes with the
highest and lowest protein density. The slope in such a graph is an indication of the
absorption cross and therefore clearly demonstrates the difference in the number of
incorporated complexes. A smaller slope corresponds to a larger absorption cross section
as indicated by the red arrow. The dotted lines show the calculated slopes for an LHC
monomer and LHCII trimer for comparison.

experiment yielded different results than LHC complexes within liposomes
(data not shown). In particular, large protein aggregates were formed in
solution as indicated by a significantly increased fluorescence intensity
compared to proteoliposomes at an identical protein-liposome ratio. In
agreement with this, the density of detected fluorescent particles per imaging
area decreased for aggregates in solution.
These results indicate that it is possible to discriminate between lateral
aggregation of LHCII in liposomes and random aggregates in solution and
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that all the experiments reported below were conducted on LHCII in
liposomes. The high concentrated sample contains dozens of LHCII trimers
with a peak at about 30 trimers. The dotted black line in Fig 5A indicates the
hypothetical situation in which the complete surface of a liposome with 50 nm
diameter is fully covered with LHCII. This implies that LHCII complexes
constitute a significant fraction of the surface area of a single proteoliposome
and explains the aggregation features observed in bulk measurements.
The fluorescence intensity of those large aggregates shows a gradual decrease
over time most likely caused by bleaching and light-induced formation of
energy traps that can influence a large number of connected complexes.
Proteoliposomes with the lowest protein concentration of ~7000:1
lipid/protein molar ratio instead show clear reversible intensity steps, often
referred to as ‘blinking’, characteristic for individual light-harvesting
complexes. Fig 5B illustrates some typical examples of such fluorescence time
traces for the highest (black line) and lowest protein concentration (light- and
dark-blue line). It should be noted that at very low concentration the number
of LHC complexes per liposome varies from 1 to 3 but in all cases the LHCII
blink individually. The corresponding fluorescence lifetimes are plotted in Fig
5C. The decrease in lifetime for a larger number of incorporated LHC
complexes matches the trend seen in ensemble measurements. Fig 5D shows a
distribution of the measured fluorescence intensity and fluorescence lifetime
for proteoliposomes at the indicated protein density. The slope of such a
distribution depends among other parameters on the absorption cross section
and therefore also indicates the size distribution of the measured particles. A
decreasing slope corresponds to a larger absorption cross section as indicated
by the red arrow in Fig 5D. The lifetimes of proteoliposomes with 7 μg Chl a
(lipid/protein molar ratio of 100:1) are shorter (~ 450 ps) than measured in the
ensemble due to the much higher excitation intensity, which can generate
light-induced traps. The lifetime of single complexes instead matches very
well with the dominating 3 ns lifetime component found in bulk. The long
lifetime shown for the light-blue example in Fig 5B demonstrates that
individual complexes are either poorly connected or more likely floating in
the bilayer completely isolated from each other. Blinking events, partial
quenching and bleaching of individual complexes instead results in an
additional shorter lifetime component but the long lifetime component of
other isolated complexes is not affected.
A surprising outcome was the low absolute fluorescence intensity of single
complexes (at 0.1 μg Chl a) that is only about 35% of the expected value for
LHCII trimers. It actually better matches the fluorescence intensity of
monomeric LHC complexes than that of the trimer. The absorption cross
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FIGURE 7. Monomers vs. Trimers. A, Exemplary fluorescence intensity traces of monomeric
LHCBM1 complexes in detergent (black line) and incorporated into a liposome (blue line).We
want to note that the apparent difference in blinking rates is random and cannot be
interpreted from the behavior of a single complex; B, Circular Dichroism analysis of LHCII in
liposome and in detergent. Normalized to the negative peak at 679 nm.

section distribution for that sample in Fig 5A also clearly shows a peak at less
than half a trimeric complex. Interestingly, most of the proteoliposomes with
0.1 μg Chl a (~7000:1 lipid/protein molar ratio) show a fluorescence intensity
equivalent to about one to three monomeric complexes. To further clarify this
monomerization effect we measured proteoliposomes that were loaded
directly with monomeric LHCBM1 (~7000:1 lipid/protein molar ratio) and
here we indeed found a matching fluorescence intensity between isolated
monomeric complexes in detergent and single complexes in liposomes (see
Fig 6A). Finally, we confirmed the monomeric state of incorporated LHC
complexes using LHCII from plants, the CD spectrum of which differs for
monomers and trimers 97: LHCII trimers of tobacco inserted into liposomes
show a CD spectrum typical for the monomeric state (Fig 6B) 97.
A remaining question concerns the presence of free pigments in
proteoliposomes. To that end, we recorded multiple fluorescence spectra (one
second integration time) of single proteoliposomes, which allows us to follow
the spectral evolution over 30 seconds. The majority of measured
proteoliposomes (LHCII; 7000:1 lipid/protein molar ratio) indeed exhibits a
small blue shoulder below 680 nm as illustrated in Fig 6. The amplitude of
that shoulder varies between different particles but always decreases
exponentially in time and only the main emission peak at 681 nm remains.
Control experiments on liposomes that contained only free Chl (not shown)
displayed the same exponential bleaching feature and had a fluorescence
peak emission of 678 nm, matching the blue shoulder peak found in
proteoliposomes.
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FIGURE 7 Fluorescence spectra of single molecules. Top: Contour plot of the spectral
evolution of a single complex over a time period of 30 second. The integration time of one
spectrum was one second. Bottom: Extracted fluorescence spectra as indicated in the top
contour plot by the red and black line. The difference spectrum to the right shows the
emission peak of free chlorophyll.

4.3.

DISCUSSION

One of the main challenges in studying the mechanisms of photoprotection
and the related regulatory components is the tradeoff between in vivo
measurements, which are hard to interpret on a molecular scale, and in vitro
experiments that usually fail to mimic the native and possibly essential
thylakoid membrane environment. Proteoliposomes, where light-harvesting
complexes are embedded in a lipid bilayer that contains the lipids of the
thylakoid membrane, are becoming a popular system to study antenna
complexes in vitro 167,168,170,171,173,176,177. With the aim to mimic the thylakoid
membrane, highly concentrated proteoliposomes with a lipid/protein molar
ratio between ~30-600:1 are used. Here we show that the aggregation feature
in the fluorescence emission spectra at 77K disappears only at a lipid/protein
molar ratio of ~7000:1 (equal to 0.1 µg Chl a in our liposome preparation)
while lower lipid/protein ratios result in different levels of aggregations,
which are characterized by different fluorescence lifetimes. It is thus
important to closely monitor the lipid/protein ratio in the liposomes to avoid
complications due to differences in the aggregation states of the samples.
By coupling bulk and single molecule measurements, we show that it is
possible to control the amount of incorporated complexes from dozens of
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proteins down to a single complex per liposome, demonstrating that LHCII in
a lipid environment, but in the absence of aggregation/clustering, is in an
unquenched state. In fact, the fluorescence decay of most single complexes in
the light harvesting state (“on-state” in blinking) can be fitted with a single
lifetime component of about 3 ns, equivalent to that of detergent isolated
complexes. Even proteoliposomes that contain up to three or four monomeric
complexes show this long lifetime component as the complexes are
apparently not connected and emit individually. This clearly demonstrates
that the lipid environment and the interaction of the complexes with lipids do
not per se lead to a quenched conformation. Our results instead suggest that
protein-protein interactions and crowding, are the main reasons for the
shorter lifetime observed for LHCII in the membrane.
A somewhat surprising result is that trimeric LHCII disassemble to
monomers upon incorporation into liposomes. This effect is unexpected as
LHCII trimers are very stable even in detergent environment 108 and it has
been shown that trimerization is favored by the presence of lipids 178. One
possibility is that the surface curvature of liposomes, which corresponds to an
angular change of about 10° within 5 nm, facilitates monomerization. Indeed,
it has been shown that the curvature represents a stress that induces
modification in some membrane proteins 179. Interestingly, such degree of
curvature is similar to that of the grana margin of the thylakoid membrane 180.
These regions are particularly important for the regulation of association of
LHCII with the two photosystems 181 and for the disassembling/repairing of
PSII 182. It is thus tempting to speculate that the membrane curvature helps in
the dissociation of multiprotein complexes. Indeed monomerization of LHCII
has been observed in high light 183. Contrary to detergent micelles that
effectively constrain and therefore facilitate the trimeric structure, reversible
binding rates of monomeric subunits in a freely floating trimer might very
well lead to the stochastically determined disassociation of the trimeric
structure.
Finally, the fact that the ‘blinking’ feature of single LHC complexes, well
described for detergent isolated complexes and assumed to be involved in
NPQ 184, is confirmed in a lipid bilayer environment supports its functional
relevance in native systems. Even proteoliposomes with a high protein
density (black line in Fig 5) show reversible intensity fluctuations that can be
caused either by a few isolated complexes or more likely by switching events
that affect a whole domain of connected complexes.
In conclusion, based on the controlled variation in lipid/protein ratio and the
concomitant determination of the LHCII aggregation together with its
spectroscopic properties, we conclude that LHCII has the tendency to cluster
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in the membrane and we suggests that this clustering induces a
conformational change of LHCII that controls the concentration of the excited
states. We observe clustering already in the presence of a molar lipid to
protein ratio of ~700:1, a condition in which LHCII is much more diluted than
in the thylakoid membrane. This suggests that in vivo in its native membrane
LHCII are normally clustered, which explains their shorter lifetime compared
to isolated complexes.

4.4.

EXPERIMENTAL PROCEURES

STRAIN, GROWTH CONDITIONS AND THYLAKOID
PREPARATIONS
C. reinhardtii cells (strain JVD-1B[pGG1]) were grown in TAP liquid medium
93 at 25 °C under mild agitation (170 rpm) and 50 μmol photons PARm-2 s-1.
Thylakoid membrane isolation was performed as described in 148 with
modifications reported in 22. Briefly, the cells were disrupted by sonication (60
W power in 10 cycles of 10 s on/30 s off) and centrifuged at 17000 g at 4°C for
20 min. Purification of thylakoid membranes was performed using a
discontinuous gradient in a SW41 swinging bucket rotor (24000 rpm, 1 h, 4
°C).
4.4.1.

4.4.2.
ISOLATION OF LIGHT HARVESTING COMPLEXES
The isolation of LHCII was achieved following the protocol described in 33. In
brief, unstacked thylakoids were solubilized in α-dodecylmaltoside (α-DM)
detergent. The sample was fractionated by sucrose gradient density
centrifugation. The green bands (LHCII) were harvested with a syringe.
4.4.3.
IN VITRO RECONSTITUTION OF RECOMBINANT LHCII
The reconstitution of LHCBM1 was done as described in 150. In short, the apoprotein overexpressed in E. Coli and purified from inclusion bodies was
mixed with pigments extracted from C. reinhardtii. The reconstituted protein
was then purified by Ni affinity chromatography, taking advantage of a Histag on the C-terminus of the protein and by sucrose density gradient
centrifugation.
4.4.4.
LIPOSOME PREPARATION AND INCORPORATION OF LHCII
For liposome preparation we used a modified protocol from Gundermann
and Büchel 185. The thylakoid lipids MGDG, DGDG, SQDG, PG and PC, were
purchased from Larodan Fine Chemicals (Malmö, Sweden) already dissolved
in chloroform. Lipids were mixed in the following relative molar ratios: 41.2%
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MGDG, 26.7% DGDG, 15.6% SQDG, 11.5% PG, and 5% PC 172. The chloroform
was slowly removed under N2 vapor in order to form a thin film of lipids on
the inner wall of the vial. 85µg of lipids were rehydrated using 29 µl of 10%
OG (Octyl-glucoside) solution and mixed overnight at 4 °C. Then, 221 μl of 20
mM Tricine solution (pH 7.5) and 250 µl Dialysis Buffer 4x (80 mM Tricine pH
7.5, 20 mM MgCl2, and 0.04% Sodium Azide) were added to the lipid
solution. Extrusion was performed 10 times through a 0.2 µm filter using the
Extruder set (Avanti Polar Lipids, Inc.). The sample was diluted in a total
volume of 125 µl Dialysis Buffer 1X and mixed with 125 µl of the lipid
suspension. The final solution was then subjected to 3 cycles of vortexing (5
min) and incubation on ice (5 min). Finally, in order to remove the detergent
and incorporate the protein into liposomes, the sample was dialyzed (14 KDa
Viskin dialysis membrane) for 2 days in a Dialysis Buffer in ice. During the
second day Biobeads-SM2 (Biorad) were added to the Dialysis Buffer to
remove the remaining detergent. The sample was then centrifuged for 30
minutes at 25000 g at 4°C. The supernatant was collected and transferred in
another tube.
4.4.5.

ABSORPTION, CIRCULAR DICHROISM (CD) AND STEADY
STATE FLUORESCENCE MEASUREMENTS
Room temperature absorption spectra were recorded with a Cary 4000
spectro-photometer (Varian). The CD spectra were measured using a
Chirascan CD spectro-photometer (Applied-Photophysics). Fluorescence
emission spectra were recorded using a Fluorolog 3.22 spectro-fluorimeter
(Jobin Yvon-Spex). The excitation wavelengths were 440 nm, 475 nm and 500
nm and emission was detected in the 600–800 nm range. Excitation and
emission bandwidths were set to 3 nm. All fluorescence spectra were
measured at an OD of 0.05 cm−1 at the maximum of the Qy absorption band.
Room temperature measurements were performed in 0.5 M sucrose, 20 mM
Hepes (pH 7.5), and 0.06% β-DM buffer. For 77K measurements a liquid
nitrogen cooled device was used (cold finger).
4.4.6.
TIME-CORRELATED SINGLE PHOTON COUNTING (TCSPC)
Time-resolved fluorescence measurements were performed using a FluoTime
200 fluorometer (PicoQuant). The samples were diluted to an OD of 0.05 cm−1
at the Qy maximum and stirred in a cuvette with a path length of 1 cm.
Excitation was provided by a 470 nm laser diode with a repetition rate of 10
MHz and a power of 5 μW. Fluorescence emission at 680 nm was collected
under an angle of 90° with respect to the excitation. All measurements were
performed at 283 K and the maximum number of counts in the peak channel
was 20000. Kinetics were analyzed, after deconvolution from the Instrument
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Response Function (IRF), measured with a pinacyanol iodide‐dye dissolved in
methanol, whose lifetime is ~6 ps 152. Full Width at Half Maximum (FWHM)
of the IRF was ~80 ps. Global analysis was made using the TRFA Data
Processor Advanced software.
4.4.7.
ELECTRON MICROSCOPY
3 ul sample was applied on a holey carbon coated grid (Quantifoil 3.5/1),
blotted and vitrified using a Vitrobot (FEI). Frozen hydrated samples were
observed in a FEI Technai T20 electron microscope, operating at 200 keV,
equipped with a Gatan model 626 cryo-stage. Images were recorded on a
slow-scan CCD camera under low-dose conditions.
4.4.8.
SINGLE MOLECULE SPECTROSCOPY
Proteoliposomes were immobilized on poly-L-Lysine coated microscope
cover glasses and the measuring solution (1x Dialysis buffer) within the
closed sample chamber contained an oxygen scavenging mix (2.5 mM
protocatechuic acid, 25 nM protocatechuate-3,4- dioxygenase;) to avoid
photo-bleaching via singlet oxygen formation. The concentration of
proteoliposomes was empirically adjusted to achieve a surface density of less
than ten particles per fluorescence image (5x5 μm). The rupture of vesicles
upon nonspecific surface binding cannot be excluded but surface coating with
PLL has been reported to prevent disruption of lipid vesicles on the bare glass
interface and is a standard technique for cell and protein adhesion 186,187.
Single particles were excited at 633 nm with a repetition rate of 76 MHz
(Coherent Mira 900F coupled to a Coherent MIRA OPO) and fluorescence
spectra, intensities and lifetimes were measured at room temperature on a
home-built confocal fluorescence setup as described in detail earlier 188. In
short, the fluorescence intensity was detected with avalanche photodiodes
(Micro Photon Devices, PDM series, IRF of 38 ps or SPCM-AQR-16, PerkinElmer Optoelectronics, IRF of 304 ps) and fluorescence decay histograms were
obtained via TCSPC (PicoHarp 300, PicoQuant) and fitted with a
deconvolution algorithm in FluoFit (PicoQuant). Fluorescence intensity traces
were binned into 30 ms time steps and the fluorescence decay traces into 4 ps
intervals. Fluorescence spectra with an integration time of one second were
obtained by dispersing the collected fluorescence via a grating
(HR830/800nm, Optometrics LLC) onto a CCD camera (Spec10:100BR, Roper
Scientific). The relative absorption cross section of identified particles can be
calculated as
𝜎=

𝑘𝑎𝑏𝑠
,
𝐼𝑒 /𝐸𝑝ℎ𝑜𝑡𝑜𝑛
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kabs is the photon absorption rate, Ie is the excitation intensity, Ephoton is the
energy of a fluorescence photon (680 nm), η is the overall detection efficiency
of the confocal setup, tacq is the acquisition time, tbin is the binning time of the
fluorescence decay histogram, and Ai and τi are the amplitudes and lifetimes
of the fitted multi-exponential fluorescence decay.

5.

Engineering a pH-regulated switch in the
major light-harvesting complex of plants
(LHCII): proof of principle

U

nder excess light, photosynthetic organisms employ feedback mechanisms, to
avoid photodamage. Photoprotection is triggered by acidification of the lumen
of the photosynthetic membrane following saturation of the metabolic activity. Low
pH triggers thermal dissipation of excess absorbed energy by the Light-Harvesting
Complexes (LHCs). LHCs are not able to sense pH variations and their switch to a
dissipative mode depends on stress-related proteins and allosteric cofactors. In green
algae the trigger is the pigment-protein complex LHCSR3. Its C-terminus is
responsible for a pH-driven conformational change from light harvesting to
quenched states. Here we show that by replacing the C-terminus of the main plants
LHC with that of LHCSR3, it is possible to regulate its excited state lifetime solely via
protonation demonstrating that the protein template of LHC complexes can be
modified to activate reversible quenching mechanisms independent from external
cofactors and triggers.

This chapter is based on the following publication:
Liguori N.1,Natali A.1, Croce R. (2016) Journal of Physical Chemistry B
1contributed equally to this work
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5.1.

INTRODUCTION

Everyday photosynthetic organisms are exposed to the hazards of irregular
changes in sunlight intensity. Sudden shifts to high light may lead to excess
excitation in the photosynthetic membrane (thylakoids) and consequently to
photodamage80. To respond to the fluctuating environment, plants and algae
have developed a series of photoprotective mechanisms working on different
timescales and at different levels of organization within the thylakoid131.
These processes are altogether known as Non-Photochemical Quenching
(NPQ)132,133.
The fastest response within NPQ is known as qE and is activated in plants
and algae by the acidification of the thylakoid lumen that results from the
high rates of proton pumping via water splitting and cytochrome b6f
activity131. Following NPQ activation, thermal dissipation (quenching) of
chlorophyll (Chl) fluorescence is achieved in vivo to prevent reactions with
oxygen, resulting in an overall shortening of Chl fluorescence lifetime189. The
main site of Chl fluorescence quenching is located at the level of the LightHarvesting Complexes (LHCs)133. LHCs are the antennae of plants and algae
and consist of ~25 kDa membrane proteins, each binding up to 18 pigments
(Chls and carotenoids). In low light, LHCs collect solar photons and deliver
excitations to the photosystems, where it drives photochemistry79. In high
light, they switch to a quenched conformation, dissipating a large part of the
absorbed energy as heat. However, these complexes do not have the intrinsic
ability to sense pH variations50, and for this they rely on other proteins acting
as pH sensors such as LHCSR3 in algae44,49 or PsbS in plants48. Also, the low
pH in the lumen is known to trigger the synthesis of a new carotenoid species,
zeaxanthin190, whose role in the quenching at the level of single LHCs is still
under debate191,192. NPQ represents an efficient stress response, enabling
circumvention (at least partially) of the costs of repairing the proteins
eventually damaged by photo-oxidation193. However, this mechanism is
known to have slow relaxation kinetics once normal light conditions are
restored, and this lag in recovery has been estimated to cause up to 32% loss
in carbon (CO2) uptake194. Slow recovery from NPQ has therefore been
pinpointed as one of the inefficiencies of photosynthesis to be overcome in the
quest for future high-yield biomass production. Engineering new plants
capable of rapid recovery from photoprotected state has been proposed as a
possible solution to this issue194,195. Prime targets for optimizing NPQ
recovery could then be the LHCs themselves. Engineering LHCs with a
reversible structural switch able to induce different fluorescence states
triggered directly by pH-changes could, in principle, speed up the response of
the organisms to the changes in light intensity. Previous studies have shown
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that LHCs are dynamic and can exist in different conformations155,196,197, and
amongst these conformations some correspond to dissipative states198.
However, up to now it has not been possible to lock individual LHCs in
quenched states. A pH-sensitive switch to quenched states was recently
implemented into an artificial antenna system199. This approach succeeded in
mimicking activation of NPQ in single antennas without the need of “slow”
allosteric factors199. Based on a similar perspective, but with the additional
drive of future application in photosynthetic organisms, we have here
engineered a plant antenna complex mimicking the mechanism of the switch
of NPQ distinctive for green algae.

5.2.

MATERIALS AND METHODS

5.2.1.

GENE SYNTHESIS, CLONING AND EXPRESSION OF
INCLUSION BODIES
The sequences used in this work are lhcb1.3 (AT1G29930) and lhcSR3.2
(Cre08.g367400) that encode, respectively, for the mature protein LHCII type I
and LHCSR3 from A. thaliana and C. reinhardtii. The gene encoding for the
LHCSII-SR chimera was synthetized de novo (GenScript). During the synthesis
a histidine tag was added at the C-terminus to help purification as described
in the following paragraph. The DNA sequence was cloned in the pUC57
vector and transformed into E. coli BL21 cells (New England Biolabs). The
recombinant protein was purified as inclusion bodies from bacterial lysate as
described in 150.
5.2.2.
IN VITRO RECONSTITUTION
The reconstitution in vitro of the LHC-apoprotein with pigments was
performed as described in 150. In brief, denaturation of the apoprotein was
achieved with a strong detergent (lithiumdodecylsulfate, LDS). After the
addition of pigments and a mild detergent (Octyl β-D-glucopyranoside, OG),
LDS was removed by precipitation with KCl. The purification of the refolded
protein was performed by Ni-affinity chromatography and sucrose gradient
centrifugation. The pH experiments were performed either in 10 mM HEPES
(pH 7.5) or 50 mM citrate buffer (pH 4.4).
5.2.3.
PIGMENT EXTRACTION AND HPLC ANALYSIS
The pigment composition of the complexes was analysed by fitting the
spectrum of the pigments extracted from the pigment-protein complexes in
80% acetone with the spectra of the individual pigments in the same solvent
and by HPLC, as described previously 112. The values reported in Table S1 are
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averaged over three biological replicas and three technical repetitions per
LHC complex.
5.2.4.

ABSORPTION, CIRCULAR DICHROISM AND STEADY STATE
FLUORESCENCE MEASUREMENTS
Room temperature absorption spectra were recorded on a Cary 4000
spectrophotometer (Varian®). CD spectra were acquired on a Chirascan CD
Spectrophotometer (Applied-Photophysics) at 10°C. Fluorescence emission
spectra were recorded at room temperature using a Fluoromax 3 (Horiba®)
after diluting the samples to an optical density of ~0.05 at the maximum of the
red absorption (Qy absorption band). Time-resolved fluorescence
measurements were performed at 10°C using a FluoTime 200 (PicoQuant).
Excitation was provided at 10 MHz repetition rate by a 470nm-laser diode
(chlorophyll b preferential excitation). The instrument response function (IRF)
was obtained by measuring the decay of a pinacyanol iodide-dye dissolved in
methanol, which has 6-ps fluorescence lifetime 152. The resulting IRF full
width at half maximum (FWHM) was about ~88 ps. Global analysis of the
decay traces was run via TRFA Data Processor Advanced software
(http://www.sstcenter.com/).

5.3.

RESULTS AND DISCUSSIONS

In the model green alga C. reinhardtii, NPQ induction relies on the expression
of a specific pigment-protein complex, LHCSR3, that acts as pH-sensitive
trigger44,49. Expression of LHCSR3 reaches its maximum level about two
hours after stress-induction44,200. Low pH then triggers a conformational
change of LHCSR349,50 that activates quenching in the membrane.
LHCSR3 and plant LHCs share 38% sequence identity (SI)201, a value very
close to the SI scored among other LHCs which, as evidenced by their crystal
structures, show high structural homology128,202. This suggests that the
structure of LHCSR3 can be expected to be similar to that of related LHCs.
Also, by modelling energy transfer pathways and dynamics within LHCSR3,
we have recently shown that the pigment organization of LHCSR3 can be
approximated with that of LHCII201. However LHCSR3 possesses a structural
difference which is important for its regulation: a pH-sensitive domain
localized at its C-terminus that contains a high concentration of acidic
residues (see Fig. 1.A, B)50.
Altogether, the evidence that (i) LHCs can switch between different
conformations characterized by different fluorescence states50,198 and (ii) the
high similarity between LHCSR3 and LHCs201, suggest that a reversible and
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Figure 1.A, B. (A) Protein sequence alignment of LHCII-SR and related LHCs of the higher
plant A. thaliana (LHCII, CP29, CP26, CP24) and the stress-related LHCSR3 of the green
alga C. reinhardtii. The conserved binding sites for Chl a and b are highlighted,
respectively, in blue and green. The residues responsible for pH-sensing in LHCSR3 are in
red. (B) Molecular architecture of a LHC antenna. Top: the secondary structure of LHCII35
is shown. The domain of LHCII that has been removed (25 amino acids) and replaced by
the C-terminal domain of LHCSR3 (35 amino acids) is highlighted in red. The HIS
coordinating Chl 614 in LHCII wildtype (B3 site) is rendered in the structure with red
sticks. Bottom: the Chl a (in green) and b (in purple) and the carotenoids (in orange) bound
to a LHCII monomer are shown.

pH-inducible switch such as the one found in LHCSR3 might be implemented
in LHCs as well.
We tested this hypothesis by engineering a hybrid LHC (or chimera)
incorporating the C-terminus of LHCSR3 into LHCII of plants (A. thaliana).
This chimera, named LHCII-SR, was designed by replacing the last 25 amino
acids of LHCII with the C-terminus of LHCSR3, a longer sequence of 35
residues. The sequence added to LHCII contains 8 protonable amino acids50,
as shown in red in Fig. 1.A. The resulting chimeric complex maintains the
structural elements important for folding of wildtype LHCII, such as the Nterminus, which is necessary for the trimerization of LHCII (in case of future
mutational analysis in vivo) and the transmembrane helixes, necessary for the
stability of the complex and for maintaining the correct organization of the
pigments (distances and orientations). From the sequence alignment it can be
predicted however that, due to the C-terminus replacement, LHCII-SR is
missing the binding site of Chl 614 (site B3 as shown in Fig. 1.A, B)35 which is
indeed absent in LHCSR3201. The comparison with the absorption spectrum of
a mutant of LHCII lacking Chl 614 (LHCII-a614) with that of the chimera
suggests that this is indeed the case (see Fig. S1 in the Supplementary
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Information). Assuming that 3 carotenoids per complex are conserved in
LHCII-SR as in most related monomeric LHCs203, we obtained a LHCII-SR
complex that binds less Chls than LHCII wildtype. This assumption is
supported by an identical carotenoid composition in LHCII and LHCII-SR (2
luteins and 1 neoxanthin per complex), that suggests that the C-terminus of
LHCSR3 does not affect the carotenoid’s binding sites35. Steady state spectra
show that LHCII-SR has the typical features of an antenna, i.e. a large
absorption cross section (Fig. 2.A), a fluorescence emission at 680 nm (Fig. 2.B)
and excitonic interactions between the Chls, as shown by the CD spectrum
(Fig. 2.C)97. Fluorescence emission spectra collected at different excitation
wavelengths testify that the complex folds stably with only a small fraction of
Chls b not well connected (Fig. S2), similar to LHCSR349.
To verify whether the hybrid tail conferred to LHCII-SR the ability to switch
between different conformations in a pH-dependent manner, we recorded the
fluorescence decay kinetics of the chimera at physiological (7.5) and in acidic
pH (4.4). To prevent the presence of aggregates, which could eventually form
due to the acidic environment50, we loaded the samples on sucrose density
gradients buffered at pH 7.5 and 4.4. From the sucrose density gradient tubes
we collected and analysed the monomeric bands and compared their pHresponse to the one of LHCII wildtype monomers. It should be noted that
fractions with mobility in the gradient corresponding to dimeric and trimeric
LHCII-SR are also present at both pHs (Fig. S3) and their relative amount
increases at low pH. This is not the case of LHCII, suggesting that that the
change in the C-terminus has an effect on protein-protein interaction.
As shown in Fig. 3.A, the fluorescence decay of the wildtype is not affected
by acidification, confirming our previous results50. The average lifetime of the
wildtype (over 4 biological replicas) is 2.66 ± 0.19 ns, at pH 7.5, and 2.68 ± 0.19
ns at pH 4.4 (Fig. 3.A and Table S2). LHCII-SR chimera (Fig. 3.B) has lifetime
of 2.19 ± 0.12 ns (over 4 biological replicas) at the more neutral pH (pH 7.5).

Figure 2.A-C. Steady-state spectra of LHCII, LHCSR3 and LHCII-SR. (A) Room
temperature absorption spectra normalized to the most red maximum; (B) the fluorescence
emission spectra after excitation at 500 nm, normalized to the maximum, and (C) the
circular dichroism acquired at 10°C, normalized to the optical density of the samples.
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Notably, LHCII-SR is more quenched at low pH showing an average lifetime
of 1.83 ± 0.14 ns (over 4 biological replicas) at pH 4.4 (Figure 3.B and Table
S2). This switch is not induced by the loss of Chl a614 as the LHCII-a614
mutant, does not undergo any pH-induced switch to quenched states (Fig.
S4). These results indicate that the fluorescent state of LHCII-SR is controlled
by a pH-sensitive conformational change driven by protonation of the Cterminus as in LHCSR3.
One essential property of the switching mechanism of LHCSR3 is its
reversibility50, which ensures restoration of efficient energy transfer from
LHCs to the photosystems in light-limiting conditions. This is therefore a
desirable property of LHCII-SR chimera as well. We then checked the
reversibility of the switch in LHCII-SR by setting the pH back to pH 7.5. As
we show in Fig. S5 the switch is indeed reversible, indicating that the Cterminus of LHCSR3 confers to LHCII-SR the same mechanistic properties as
the original NPQ trigger in C. reinhardtii. It should be noticed that LHCII-SR
switches reversibly in every oligomeric state retrieved via sucrose density
gradient ultracentrifugation (Fig. S3).
Overall, our results show that by replacing the C-terminus of LHCII with the
pH-sensitive domain of LHCSR3, it is possible to obtain a stable pigmentprotein complex that can undergo a pH-driven and reversible switch between
a light-harvesting and a dissipative state. This strongly suggests that the
quenching mechanism in LHCSR3 and LHCII-SR depends on a common
motif in the pigment architecture of these two complexes. This is in
agreement with the evidence that all LHCs can exist in conformations
correlated to quenched states197,204, although these states are not regulated
directly by pH as in LHCSR350,175. However, the extent of quenching in

Figure 3.A-C. pH-dependent fluorescence decay. (A) Time-resolved fluorescence as
measured and fitted at different pHs for LHCII monomer (A), and LHCII-SR (B). (C)
Histogram showing the average lifetimes of LHCII and LHCII-SR at different pH. The values
are the results of 4 replicas per different complex.
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LHCSR3 is higher (~30%50) than what observed for the chimera (16 ± 2 %).
Differences in the occupancy of the Chl binding sites may account for this
effect. Indeed, we have recently shown that in LHCSR3 the lowest energy
form is associated with Chl 613201, which is located at the C-terminus (site A3
in Fig. 1.A). This is at variance with LHCII102. Chl 613 could then serve as an
energy trap in the quenched conformation of LHCSR3, while it is not as
efficient in the case of LHCII-SR. This Chl-binding site is thus a primary target
for improving the quenching performance of the chimeric complex.

5.4.

CONCLUSIONS

In conclusion, our results show that LHCs can be engineered to be “locked” in
different fluorescent states in response to external signals, such as pH. This
permits the control of the ability of LHCs to undergo conformational changes
and paves the way to engineer a fast and reversible response to sudden
variation in light-intensity in vivo, by applying the design of an NPQ-trigger,
such as LHCSR3, to proteins expressed constitutively in the thylakoid, such as
LHCII. This would make the regulatory mechanism independent from factors
such as protein overexpression44,48 or synthesis of new molecules190. Clearly
the quenching in this chimeric complex is only equal to 16 ± 2 % and needs
thus to be improved before it can use effective for in vivo quenching.
However, we should also notice that up to now all the mechanisms proposed
to lead to quenching in vivo, were responsible for very small quenching in
vivo, from the 1% of the radical cation in CP29192 to the 18% of the zeaxanthin
in LHCII205. It is thus possible that the native environment employs molecular
switches that at the level of single LHCs correspond to rather small
dissipation of excess energy, but that in the membrane are enhanced. Indeed
even for LHCSR3 itself, where the ~30% quenching registered for isolated
complexes50,52 correspond to ~50% in vivo in C. reinhardtii systems containing
the homolog of LHCSR3, LHCSR155. This effect of enhancement has been
suggested to be due to the membrane which stabilize the switch of LHCs to
their quenched conformations55. Finally, considering that LHCII proteins
account for up to 50% of the membrane proteins of the thylakoid31 we expect
to have a strong effect on the final NPQ level and a faster switch based on the
evidence that, in plants and algae, where NPQ activation depends mainly on
proteins such PSBS or LHCSR3, both these triggers are present only in
substochiometric amounts44,206.
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5.5.

SUPPORTING INFORMATIONS

Nucleotide and peptide sequences:
>LHCII (LhcB1.3- Locus name: AT1G29930):
Nucleotide (CDS) sequence:
ATGGCCGCCTCAACAATGGCTCTCTCCTCCCCTGCCTTCGCCGGTAAGGCCGTCAAG
CTTTCCCCCGCGGCATCTGAAGTCCTTGGAAGCGGCCGTGTGACAATGAGGAAGAC
TGTTGCCAAGCCAAAGGGCCCATCAGGCAGCCCATGGTACGGATCTGACCGTGTCA
AGTACTTGGGTCCATTCTCTGGCGAATCACCGAGCTACCTTACCGGAGAGTTCCCCG
GAGACTACGGATGGGACACCGCCGGACTTTCAGCTGACCCCGAGACATTCGCAAG
GAACCGTGAACTAGAAGTTATCCACAGCAGGTGGGCCATGCTCGGAGCCCTAGGC
TGCGTCTTCCCTGAGCTTTTGGCTAGAAACGGAGTCAAGTTCGGAGAGGCGGTTTG
GTTCAAGGCCGGTTCACAGATCTTCAGCGATGGAGGGCTCGATTACTTGGGAAACC
CTAGCTTGGTTCACGCTCAGAGCATTTTGGCCATTTGGGCCACACAAGTTATTTTGA
TGGGAGCCGTTGAAGGCTACAGAGTCGCAGGAAATGGGCCATTGGGAGAGGCCG
AGGACTTGCTTTACCCCGGTGGCAGCTTCGACCCATTGGGTTTGGCTACCGACCCA
GAGGCATTCGCTGAGTTGAAGGTGAAGGAGCTCAAGAACGGAAGATTGGCTATGT
TCTCTATGTTTGGATTCTTCGTTCAAGCCATCGTCACTGGTAAGGGACCGATAGAGA
ACCTTGCTGACCATTTGGCCGATCCAGTTAACAACAACGCATGGGCCTTCGCCACCA
ACTTTGTTCCCGGAAAGTGA
Peptide sequence:
MAASTMALSSPAFAGKAVKLSPAASEVLGSGRVTMRKTVAKPKGPSGSPWYGSDRVK
YLGPFSGESPSYLTGEFPGDYGWDTAGLSADPETFARNRELEVIHSRWAMLGALGCVF
PELLARNGVKFGEAVWFKAGSQIFSDGGLDYLGNPSLVHAQSILAIWATQVILMGAVE
GYRVAGNGPLGEAEDLLYPGGSFDPLGLATDPEAFAELKVKELKNGRLAMFSMFGFFV
QAIVTGKGPIENLADHLADPVNNNAWAFATNFVPGK*
The transit peptide for chloroplast translation is shown in green
(predicted using ChloroP software software 207), the C-terminus tail
deleted for the generation of the recombinant protein LHCII-SR is
shown in blue.
>LHCSR3 (LhcSR3.2- Locus name: Cre08.g367400):
Nucleotide (CDS) sequence:
ATGCTCGCGAACGTCGTTTCCCGCAAGGCTTCTGGCCTGCGCCAGACCCCCGCTCGT
GCCACTGTGGCCGTCAAGTCCGTGTCTGGCCGTCGCACAACTGCCGCTGAGCCGCA
GACTGCTGCGCCGGTCGCAGCGGAGGACGTCTTCGCATACACGAAGAACCTTCCCG
GCGTGACCGCTCCCTTTGAGGGTGTGTTCGACCCCGCTGGCTTCCTCGCCACTGCCT
CCATCAAGGATGTGCGCCGTTGGCGTGAGAGCGAGATCACCCACGGCCGCGTGGC
TATGCTTGCCGCCCTGGGCTTCGTCGTGGGCGAGCAGCTGCAGGACTTCCCCCTGT
TTTTCAACTGGGACGGCCGCGTGTCTGGCCCCGCCATCTATCACTTCCAGCAGATCG
GCCAGGGCTTCTGGGAGCCCCTGCTGATCGCCATCGGTGTGGCCGAGTCCTACCGT
GTCGCCGTCGGTTGGGCCACCCCCACCGGCACCGGTTTCAACTCCCTGAAGGACGA
CTACGAGCCCGGTGACCTGGGCTTCGACCCCCTGGGCCTCAAGCCCACCGACCCCG
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AGGAGCTCAAGGTCATGCAGACCAAGGAGCTGAACAACGGCCGCCTGGCCATGAT
CGCCATCGCCGCCTTCGTGGCCCAGGAGCTGGTGGAGCAGACCGAGATCTTCGAA
CACCTGGCTCTGCGCTTCGAGAAGGAGGCCATTCTGGAGCTGGACGACATTGAGC
GTGACCTTGGCCTGCCCGTCACCCCCCTGCCCGACAACCTCAAGAGCCTGTAA
Peptide sequence:
MLANVVSRKASGLRQTPARATVAVKSVSGRRTTAAEPQTAAPVAAEDVFAYTKNLPG
VTAPFEGVFDPAGFLATASIKDVRRWRESEITHGRVAMLAALGFVVGEQLQDFPLFFN
WDGRVSGPAIYHFQQIGQGFWEPLLIAIGVAESYRVAVGWATPTGTGFNSLKDDYEP
GDLGFDPLGLKPTDPEELKVMQTKELNNGRLAMIAIAAFVAQELVEQTEIFEHLALRFE
KEAILELDDIERDLGLPVTPLPDNLKSL*
The C-terminus tail used to replace the C-terminus in LHCII for the
generation of the chimera LHCII-SR is shown in orange. Underlined
letters represent the amino acids responsible for pH-sensing in
LHCSR3 50.
>LHCII-SR:
MRKTVAKPKGPSGSPWYGSDRVKYLGPFSGESPSYLTGEFPGDYGWDTAGLSADPET
FARNRELEVIHSRWAMLGALGCVFPELLARNGVKFGEAVWFKAGSQIFSDGGLDYLG
NPSLVHAQSILAIWATQVILMGAVEGYRVAGNGPLGEAEDLLYPGGSFDPLGLATDPE
AFAELKVKELKNGRLAMFSMFGFFVQAIVTGKGPIEHLALRFEKEAILELDDIERDLGLPV
TPLPDNLKSLHHHHHH*
The six histidine residues used as a protein purification tag are shown
in red (see in the main text).
The generation of the B3 mutant was done by site directed mutagenesis of the
recombinant gene Lhcb1.3 previously cloned in the pETMHis vector using the
Q5 Site-Directed Mutagenesis Kit (New England Biolabs). Custom
mutagenic primers were used to create the substitution H212L:
LHCB1-For
gaaccttgctgacctattggcggatccagttaacaacaacg
LHCB1-Rev
cgttgttgttaactggatccgccaataggtcagcaaggttc
Highlighted letters represent the base pairs substituted in the sequence.
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Figure S1. Absorption spectra of LHCII and of the mutants LHCII-SR and LHCII mutant
missing chlorophyll 614 (LHCII-614). Absorption spectra of LHCII wildtype and mutants
normalized based on the chlorophyll content. From the difference absorption spectra
(wildtype minus mutant) reported in the figure, it is possible to infer the similarity between
LHCII-SR and the mutant lacking chlorophyll 614 (Chl 614), due to the fact that this putative
chlorophyll binding site (binding site B3, see Fig. 1.A in the main text) is missing in both
complexes.

Figure S2. Fluorescence emission spectra (normalized to the maximum) of LHCII-SR at
different excitation wavelengths corresponding to preferential excitation of Chl a (440 nm),
Chl b (475 nm) and carotenoids (500 nm).
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Figure S3. (left) Sucrose density gradients showing the separation of the different LHC
oligomeric states indicated as M (monomers), D (dimers), T (trimers). As indicated on top, the
left tube contains native LHC monomers and trimers at pH 7.5, the central and right ones
LHCII-SR at different pHs. (right) Results of the global fit of the fluorescence decay traces
measured at different pHs for the three bands collected of LHCII-SR (M, D and T as indicated
in the table) at different pHs as reported on the left. The abbreviation “rev” in the table
indicates that the pH of the solution of LHCII-SR has been changed from 4.4 to 7.5 to test
whether the switch to quenched states is reversible for each band. All the traces were fitted
with 3 decay-components. The amplitudes (Ai reported in %) associated to the individual
components (Ti reported in ns with i=1-3) are shown together with the average fluorescence
lifetime (Tave).

Figure S4. Fluorescence decay kinetics of the LHCII-a614 mutant. As shown in the figure,
LHCII-a614 mutant does not undergo a pH-induced switch to quenched states. The average
lifetime of this mutant is 2.41 ± 0.04 ns at pH 7.5 and 2.42 ± 0.11 ns at pH 4.4 (average on 2
biological replicas).
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Figure S5. Fluorescence decay kinetics of LHCII-SR showing the reversibility of the
quenching after changing the pH of the solution from pH 4.4 back to 7.5 (LHCII-SR rev).

Table S1. Pigment analysis of the LHCII-SR complex.
The pigment composition as computed by pigment extraction in 80% and HPLC analysis (over 3
biological replicas and 3 technical repetitions per LHC complex).
a/b ratio
LHCII

Chls/Cars neo/mon

vio/mon

lut/mon

chl b/mon chl a/mon cars/mon

1.23±0.03 4.35±0.03 0.96±0.01 0.19±0.01 1.83±0.02 5.81±0.05 7.18±0.05 2.99±0.02

n
chls
for
normaliz
13.0

LHCII-SR 0.70±0.01 3.44±0.04 0.91±0.01 0.14±0.01 1.90±0.01 5.99±0.06 4.20±0.02 2.95±0.02

10.2

LHCII B3 0.86±0.06 3.98±0.04 0.56±0.01 0.17±0.01 2.03±0.03 5.91±0.18 5.08±0.18 2.75±0.02

11.3

Table S2. pH-dependent fluorescence decay of LHCII and LHCII-SR
Results of the global fit of the decay traces reported in Fig. 3.A, B in the main text. All the traces
were fitted with 3 decay-components. The amplitudes (Ai reported in %) associated to the
individual components (Ti reported in ns with i=1-3) are shown together with the average
fluorescence lifetime (Tave).
LHC Complex
LHCII pH 7.5
LHCII pH 4.4
LHCII-SR pH 7.5
LHCII-SR pH 4.4

Tave

A1

T1

A2

T2

A3

T3

2.70

16

0.74

66

2.72

18

4.36

2.68

15

0.57

59

2.55

26

4.19

2.08

13

0.23

39

1.29

48

3.21

1.71

24

0.27

45

1.32

31

3.40
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6.

Expression of recombinant LHCSR3 in
C. reinhardtii and N. tabacum

I

n a photosynthetic organism, photoprotection is essential to prevent the formation
of radical species, which are extremely dangerous for the cell. The energydependent quenching machinery (qE) is part of a photoprotective process called
Non-Photochemical Quenching (NPQ), in which the energy absorbed in excess is
dissipated as heat. In the green alga C. reinhardtii, LHCSR3, a pigment-protein
complex expressed in high light, is a key factor for qE. However, its action
mechanism is not yet clear. In order to be able to purify this protein and to identify
its interaction partners, we generated C. reinhardtii cells able to constitutively express
recombinant LHCSR3 in the thylakoid membrane. Although the accumulation
remains low compared to the maximum expression of native LHCSR3 in high light
conditions, the presence of LHCSR3 generates higher levels of NPQ in cells grown in
normal light (non-stressed) conditions. This suggests that LHCSR3 does not need
cofactors expressed/synthetized in high light for its action. In addition, we also
tested the functionality of this protein in vascular plants (N. tabacum) that have lost
LHCSR3 during evolution. We could show that LHCSR3 accumulates in the
thylakoid membrane of N. tabacum, but its amount was too low to permit an
assessment of its functionality.
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6.1.

INTRODUCTION

Photosynthetic organisms have the unique ability to use light as a source of
energy, however, excess light can be dangerous. When the absorbed energy
cannot all be used to drive photochemistry, the chlorophylls remain for a
longer time in their single excited state (1Chl*), which increases the
probability of triplet formation (3Chl*). Reaction of 3Chl* with oxygen causes
formation of reactive oxygen species (ROS), leading to photodamage 208. It is
therefore essential for photosynthetic organisms to prevent the formation of
such lethal compounds.
The photoprotective mechanisms collectively indicated as NPQ (NonPhotochemical Quenching), are activated upon exposure to high light and
lead to the dissipation of the excess absorbed energy as heat (for a recent
review see 209). NPQ has three main components: a fast one, called qE that is
active within 1 minute 210, an intermediate one that is activated in few
minutes (qT or qZ) 68,211 and a third one, called qI, active on longer timescales
59. Among these quenching components, the most studied is qE, whose
mechanistic details are still a matter of intense debate 50 years after its first
report (for a complete overview see 209,212). The generation of mutants
defective in this mechanism helped to identify its key factors: PSBS and
LHCSR3, which are proteins able to induce qE activation in vascular plants
and green algae, respectively 44,45.
It has been shown that the expression of LHCSR3 in the green alga
Chlamydomonas reinhardtii is induced by high light and that the accumulation
of this protein correlates with the NPQ activity 44. A recent work has also
established that the expression of LHCSR3 is not only dependent on light
intensity but also on its wavelength 213, suggesting a tight connection between
photoreception, photosynthesis and photoprotection in C. reinhardtii.
So far, it has not have been possible to purify native LHCSR3 from the cells.
However, the reconstitution of this protein in vitro has helped to elucidate its
mechanism of activation. It has been shown that LHCSR3, differently from
the other LHCs, contains a particular C-terminal domain able to sense the
eventual acidic pH of the lumen during high light 50. In this situation the
antenna has the capacity to switch conformation from a light harvesting state
to a photoprotective state characterized by a fast fluorescence decay 50.
It has been suggested that LHCSR3 can interact with other LHCs like
LHCBM1 (also important for NPQ 146) or directly with the PSII core through
the PBSBR subunit 29,54,132, but direct evidences are still lacking. In order to
fully characterize LHCSR3 and elucidate its partners and action mechanism
during photoprotection, we generated transformed lines of C. reinhardtii able
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to express constitutively, even in low light conditions, this antenna fused to a
His-tag.
Finally, LHCSR3 is part of a family called Lhcx 214, which is mainly found in
green algae and mosses. In higher plants, the full LHCSR3 sequences were so
far only found in gymnosperms, and only incomplete copies can be found in
some angiosperms 215, suggesting that they were probably lost during
evolution. On the other hand, the photosystems and their antennas are highly
conserved between plants and green algae. It is therefore interesting to test if
LHCSR3 could still be active in light-harvesting and photoprotection in
higher plant. We have therefore attempted to over-express LHCSR3 in
vascular plants (N. tabacum) via chloroplast transformations.

6.2.

MATERIALS AND METHOD

6.2.1.
PLASMID PREPARATION
The vector used for the nuclear transformation of C. reinhardtii is based on the
pDBle vector, which is derived from the pGenD expression vector constructed
by Fischer and Rochaix 216. pDBle differs from pGenD in that it contains a
selectable marker for nuclear transformation of C. reinhardtii (the BLE marker)
immediately downstream of the PsaD-based expression cassette. The LHCSR3
gene was amplified from Stress III cDNA library (Chlamydomonas Resource
Center) with primers 5’AGAGAATTCTCAGTGGTGGTGGTGGTGGTG 3’
and 5’ AGGCATATGATGCTCGCG AACGTCGTTTC 3’. The product then
was digested with EcoRI and NdeI and cloned into pDBle. The stop codon of
the gene was removed to provide a fused C-terminal his-tag. The plasmid
was expressed in E.coli DH5-alpha strains.
For chloroplast transformation of N. tabacum, the gene of LHCSR3 was codon
optimized for expression in N. tabacum after the removal of the chloroplast
transit peptide. The gene was inserted in the vector pZF7lox under the
constitutive promoter of the gene T7g10 217.
6.2.2.
TRANSFORMATIONS TECHNIQUE
Chlamydomonas reinhardtii strain used in this work is the mutant UVM4, which
was found to be suitable for protein accumulation 218. Transformation was
achieved via electroporation according to 219 with some modifications. In
brief, 200 ml of culture in growth phase (~50 μE light intensity, TAP medium
93) was centrifuged at 4000 g for 7 minutes at room temperature. The pellet
was then resuspended in 900 μl of ToS (40 mM Sucrose resuspended in TAP
medium) to a final cell density of 108 cells/ml. 2 μg of linearized plasmid
(digested with SmaI) was added to 300 μl of the solution. The electroporation
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was performed using Gene Pulser XCell (Biorad) using the following
parameters: 750 mVolt; Capacitance: 10 μF. After the pulse the cuvette was
incubated at 16°C for 20 minutes. The cells, after being diluted in 25 ml of
ToS, were placed on a rotator shaker at 125 rpm in the dark for 18 hours to
allow the expression of the resistance gene. Finally, the cells were centrifuged
at 5000 g for 5 min at room temperature and resuspended in 500 μl TSA (250
g/l autoclaved corn starch in TAP medium). The cells were plated in TAP
agar plate containing the antibiotic (Zeocin 20 μg/ml) and left in dark for 10
days.
The chloroplast transformation of N. tabacum was performed as described in
220. Southern hybridization analysis was carried out for the confirmation of
homoplastomic line, based on 221.
6.2.3.
THYLAKOID PURIFICATION
Thylakoid extraction and solubilisation was performed as described in 148
with the modifications described in 22. Briefly, the cells were grown in liquid
Tris-Acetate-Phosphate medium (TAP) at room temperature (25°C) shaking at
170 rpm in 50 μmol photons PAR m-2 s-1. For thylakoid preparation, the cells
were disrupted by sonication (60W power in 10 cycles of 10 s on/30 s off) and
centrifuged at 17000 x g at 4°C for 20 min. Purification of thylakoid membrane
was made using a discontinuous gradient in a SW41 swinging bucket rotor
(24000 rpm, 1 h, 4°C). The solubilisation and the isolation of the different
complexes was made as described in 175.
The isolation and purification of the thylakoid of N. tabacum was performed
as described in 191.
6.2.4.
SDS-PAGE AND WESTERN BLOT:
Proteins were analyzed by SDS-6M urea PAGE with Tris-Tricine buffer
system as in 151 using 14% acrylamide concentration in the running gel. The
Coomassie stained gels were imaged with ImageQuant LAS-4000 (GE
Healthcare). The presence of LHCSR3 in the mutant was confirmed via
western blot using a polyclonal antibody raised against LHCSR3 (Agrisera).
6.2.5.
NPQ MEASUREMENTS
Chl fluorescence of N. tabacum leaf disks of WT and mutants was measured at
room temperature using a PAM fluorimeter (Waltz, Germany), with
saturating light at 5000 µE and actinic light at 660 µE. Before measurements,
plants were dark adapted for 40 min at room temperature. For C. reinhardtii
different parameters were used: cells were dark adapted for 40min and preilluminated for 5 min with 50μE far-red light prior to NPQ measurements.
NPQ was induced by 1028 μE actinic light with 250 msec - long 3000 μE
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saturating pulses, applied every 2 min during light, and every 3 min during
dark recovery. Far-red light was ON during all the duration of the
measurement. TAP medium was replaced by HSM prior dark adaptation.
Data are presented as means ± SD of at least three independent experiments.

6.3.
6.3.1.

RESULTS
EXPRESSION OF LHCSR3 IN C. REINHARDTII

In Chlamydomonas reinhardtii LHCSR3 is a stress-inducible protein associated
with the photoprotective mechanism. In this study we induce a constant
expression of recombinant LHCSR3 (r-LHCSR3) in order to study the effect of
the accumulation of this antenna in non-stress conditions. The protein also
carries an His-tag that can be used in the future for protein purification.
The insertion of the vector was performed via nuclear transformation on the
mutant strain UVM4 which is suitable for accumulation of exogenous
proteins 218. For detailed information regarding the generation of the plasmid
and the transformation, see Materials and Methods. After 10 days, the Zeocin
resistant colonies were harvested and refreshed in a new plate containing the
antibiotic (Fig. 1A). With colony PCR we screened ~150 colonies for the
presence of the r-LHCSR3 in the genome. During the screening we noticed
that ~70% of the colonies were false positives, i.e. not showing amplification
of the LHCSR3 cassette (Fig 1B). In C. reinhardtii there is a high frequency of
vector rearrangement during nuclear transformation, including deletions of
genomic DNA. Recent works have shown that this phenomena is likely due
to the action of specific endonucleases before or during entry of the DNA into
the cells 222,223. This may point to an unique genetic defence ability of C.
reinhardtii, but the exact mechanism remains unclear and large scale screening
is still required to obtain a sufficient number of positive transformants for
analysis.
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Figure 1 A. TAP plate (with Zeocin) showing a sampling of cells lines resistant to the
antibiotic; B. Agarose gel showing the results of colony PCR of the antibiotic resistant
strains. The area inside the red framework represents the size of the expected amplified
band of r-LHCSR3. The asterisk corresponds to the positive colonies; C. Immunoblot
analysis showing the signal from r-LHCSR3 in the mutant strains. UVM4 the parental
strain grown in high light (HL) is used as positive control and grown in normal light (NL)
as negative control.

Eleven colonies were tested for the expression of r-LHCSR3 (Fig. 1C). In order
to discriminate the native LHCSR3 from the one expressed from the
integrated cassette, we grew the mutants in non-stress conditions (TAP
medium, ~25 μE light intensity). In this situation, only the introduced
LHCSR3 driven by the strong promoter (PsaD) accumulated. Immunoblotting
showing the expression of LHCSR3 in the colonies is reported in figure 1C.
The negative control represented by UVM4 grown in normal conditions
confirmed that the signal from the transformed strains is specifically due to
the presence of the recombinant protein. Although the total protein extract is
equally loaded in the gel, the intensity of the signal varies among the strains.
This could be explained by a silencing effect and/or different positions of the
vector in the genome that influence the expression level of the protein 218.
As other members of the thylakoid antenna family, the native LHCSR3 is
encoded by the nuclear genome and transported to the chloroplast with final
assembly occurring in the thylakoid membrane 224,225. To determine if rLHCSR3 is also localized in the thylakoids and if it is part of larger
complexes, the thylakoid membranes were purified from the transformant
line #SR31 and parental strain UVM4 and fractionated via sucrose gradient
centrifugation (Fig 2A, Top). The green bands were collected and immunoblot
analyses with antibodies against LHCSR3 was performed (Fig 2A, bottom). rLHCSR3 is present mostly in the B1 fraction, which contains free pigments
and small monomeric proteins. Lower amounts of LHCSR3 are present in the
LHC monomeric (B2) and trimer (B3) bands. Such localization is in agreement
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with that of the native LHCSR3 expressed during high light in the parental
strain (Fig. 2B).
Quantification of the recombinant protein was performed via
immunotitration (Fig 2C) using as a reference full length LHCSR3
reconstituted in vitro. We loaded several dilutions of the reconstituted protein
and compared the signal with that of the thylakoids extracted from the
transformant #SR31 grown in normal light condition and from the parental
strain grown in high light. The data show that r-LHCSR3 in the highest
expressing transformed line #SR31 is only ~12% (0.01 mg of Chl of
LHCSR3/mg of Chl) of the maximum expression of the native LHCSR3 from
UVM4 grown in high light (0.08 mg of Chl of LHCSR3/mg of Chl).
It has been demonstrated that the accumulation of LHCSR3 in C. reinhardtii
correlates with the extent of NPQ 44,200. In order to determine if the presence
of r-LHCSR3 is sufficient to alter the photoprotective response in non-stress
conditions, we monitored the quenching of the fluorescence via NPQ. The
plot in figure 3A shows the NPQ signal of the cells pre-adapted in low light
under mixotrophic conditions. Although these are still preliminary that and
more measurements have to been done to confirm this value, the data show
that #SR31 has higher NPQ compared to the parental strains, which suggests
a constitutive active quenching mechanism present in the cells. To avoid

Figure 2 A Thylakoid membranes from the #SR31 transformant were solubilized and
separated on sucrose gradient (top) and corresponding fractions were immunoblotted
with antibody to LHCSR3 (bottom); B Thylakoid membranes from UVM4 grown in high
light were separated via sucrose gradient (top), and fractions were immunoblotted with
antibody against LHCSR3 (bottom); C Quantification of r-LHCSR3 in the thylakoid (thy)
of the mutant #SR31 and of the parental strain (UVM4) grown in high light.
Reconstituted full length LHCSR3 is used to construct the calibration curve. Loading
based on total chlorophylls.
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photoinhibition we repeated the experiment using a weak saturating light
pulse and we focused on the first 3 minutes of NPQ induction, where the
largest changes are expected (Fig 3B). Again we observed an higher level of
NPQ compared to the parental strain. The level of NPQ is however clearly
lower than that reached in cells grown in high light (data not shown), in
agreement with the smaller amount of LHCSR3 in the transformant.

Figure 3 NPQ measurements. A NPQ induction with dark recovery. Mutant and parental
strain were grown under mixotrophic condition in normal light. Based on 2 technical
replica; B NPQ induction of the first 3 minutes. Based on three biological replica.

6.3.2.

LHCSR3 EPXRESSION IN N. TABACUM

The expression of LHCSR3 in N. tabacum was achieved via chloroplast
transformation using a vector carrying the aminoglycoside resistance gene
(see Materials and Methods). Seven homoplastomic lines were rescued after
several rounds of selection (Fig 4A). The transformed plant did not show any
obvious phenotype compared to the WT in normal light conditions. The
presence of LHCSR3 was evaluated via immunoblotting. LHCSR3 was
present in the transformed lines (Fig. 4B) while the negative control (WT)
does not show any signal.
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Figure 4 A Southern Blot of the different homoplastomic mutants. The higher band
represents the recombinant cassette in the chloroplast genome; The band at 4.4 kb in the
WT indicate the absence of the insertion cassette in the chloroplast genome; B Immunoblot
of the total protein extract using the antibody against LHCSR3; WT: Wild Type; C
Immunoblot analysis of the thylakoid membrane revealing the presence of LHCSR3 in the
mutant. Thy: thylakoid, Su: Different supernatant fractions collected during the thylakoid
preparation, Rec: Reconstituted LHCSR3; D Sucrose gradient of solubilized thylakoid of
the mutant 6A; E Sucrose gradient and immunoblot of fractions probed with antibody
against LHCSR3. Note that the low molecular weight signal appearing in the fraction
containing LHCII trimers (B3) is due to cross-reaction, as it is present also in WT plants
(data not shown).

Thylakoid membranes obtained from the plant corresponding to lane 6A in
Fig. 4B were extracted and tested for the presence of LHCSR3 in the
membrane (Fig. 4C). Then, the thylakoid preparation was solubilised and
fractioned via sucrose gradient ultracentrifugation (Fig. 4D) followed by
immunoblot analysis of the different fractions (Fig. 4E).
Similarly to C. reinhardtii grown in high light, LHCSR3 is present in Band 1
and Band 2, indicating that it is in monomeric form.
In order to evaluate if the presence of LHCSR3 in tobacco can induce an
increase of the photoprotective response, we evaluated the NPQ level in
several lines (Fig. 5A). However, despite the presence of LHCSR3 in the
thylakoid no variation in NPQ intensity was detected. To quantify the
expression level of LHCSR3 in the plants, we compared it with that of C.
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reinhardtii grown in high light and phototrophic conditions (maximum
expression of LHCSR3).
The accumulation of LHCSR3 in the thylakoid membrane of N. tobacum is
very low compared to the amount of LHCSR3 in C. reinhardtii cells treated in
high light (0.001 mg of Chl of LHCSR3/mg of tot Chl). It is thus very likely
that such a low amount is not sufficient to induce a detectable alteration of the
NPQ levels.

Figure 5 A NPQ measurements of the different transformants of N. tobacum; B
Quantification of LHCSR3 in the thylakoid (thy) of the line 6A compared with
reconstituted LHCSR3 and the thylakoids obtained from C. reinhardtii (loaded based on
total chlorophylls).

6.4.

DISCUSSION

LHCSR3 is a transmembrane protein that is essential for qE in C. reinhardtii44 .
In vitro it is able to switch from a light harvesting state to an photoprotective
(quenched) conformation following acidification that mimics the lumen
acidification in vivo 50. However, the mechanism of quenching and how this
quenching is extended to the other components of the thylakoid membrane
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are not known. Differently from the light harvesting antennas that are
constitutively present regardless the growing conditions, LHCSR3 is
expressed in C. reinhardtii only in high light 49,200. High light also triggers
other processes, for example the depoxidation of violaxanthin to zeaxanthin
209, and a gradual change in the composition of the photosynthetic apparatus
51. It is thus possible that the activity of LHCSR3 depends on other
components which are also induced by high light. To disentangle the direct
effect of LHCSR3 from other high light effects, we generated a transformed
line of C. reinhardtii able to accumulate LHCSR3 constitutively in low light
conditions.
The coding region of LHCSR3 was fused to a his tag and cloned into the pBle
expression plasmid under the control of the strong constitutive promoter
PsaD. C. reinhardtii was transformed via electroporation and resistant colonies
were grown in low light and evaluated for expression of LHCSR. The highest
expressing line #SR31 was able to accumulated about 12% of LHCSR3
compared to the parental line in high light. Several factors may cause this
relatively low accumulation level. First of all, complementary DNA (cDNA)
was used as the source of LHCSR3 gene. The lack of introns may generate
problems during the maturation and the regulation of RNA 226 and as a
consequence the accumulation of the protein. Introns are also known to carry
enhancer elements which can greatly affect the expression of the gene 227.
Another reason can be the incorporation of the antenna in the thylakoid
membrane. It is known that the thylakoid membrane is crowded 228 and the
amount of pigment-binding complexes decreases in high light condition 51,229.
In non-stressed condition, this reduction does not occur and the incorporation
of LHCSR3 might be prevented due to the densely packed proteins in the
thylakoid. It is also important to consider that the integration of membrane
proteins in the thylakoids is an active process that requires the works of
several proteins 225. Finally, the lower expression level may suggest that
LHCSR3 does need cofactors expressed/synthesized in high light for its
accumulation and/or stability. Nevertheless, despite its low amount, the
expression of LHCSR3 in C. reinhardtii induces a small increase of NPQ in
cells grown in non-stress conditions. This result suggest that the presence of
LHCSR3 alone is sufficient to induce an increase of non-photochemical
quenching and that no other proteins/factors expressed specifically in high
light are needed for the functionality of LHCSR3 .
Differently from green algae, vascular plants rely on the presence of the
subunit PSBS to activate NPQ 45 and they do not contain LHCSR. However,
the composition and organization of the photosystems is largely conserved
between C. reinhardtii and vascular plants. To test if LHCSR3 is able to
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contribute to NPQ in higher plants, we transformed chloroplasts from N.
tabacum with an expression cassette containing mature LHCSR3. Our results
show that LHCSR3 was expressed in the chloroplasts and correctly localized
in the thylakoid membrane. In addition, the fractionation of the thylakoid
membrane showed that the protein is present mainly in the monomeric LHCII
fractions, similarly to C. reinhardtii. However, although chloroplast
transformations often result in high accumulation of exogenous proteins, the
level of expression was lower than that of the C. reinhardtii transformant
#SR31, which itself is only 12% compared to native expression under optimal
conditions, and probably too low to induce any detectable changes in the
NPQ levels. Higher levels of expression are needed to reach a firm conclusion
about the ability of LHCSR3 to influence quenching in plants. In this respect it
is interesting to compare our results to a similar experiment recently
described in which LHCSR1 of the moss Physcomitrlella patents was
introduced in two Nicotiana species 230. The authors report that 13% of the
Chls in the membrane is associated with LHCSR1 upon transient
transformation of N. benthamiana and 3.6% following nuclear transformation
of N. tabacum. Indicating also a slightly increase of the NPQ level in the plant.
Considering that only 6-7 Chls are bound to LHCSR1, this means that this
protein is present in very high amounts in the membranes of those plants,
reaching concentrations comparable to LHCII and minor antennas in the two
species, respectively. These results suggest that the low amount of LHCSR3
from C. reinhardtii that we observe in the membranes of N. tobacum may be
due to its greater evolutionary distance from plants compared to P. patents 231.
We can conclude that the constitutive expression of LHCSR3 in C. reinhardtii
and tobacco yielded a stable accumulation of the complex in the thylakoid
membrane, although in both cases the amounts are rather small. However,
preliminary results suggest that the presence of recombinant LHCSR3 in C.
reinhardtii induce a fast rise of NPQ also in cells grown in normal light,
indicating that the protein is active and does not need additional
partners/cofactors expressed in high light for its function. Purification of
LHCSR3-His from those cells is in progress, while the effect of LHCSR3 in
plants remains to be tested conclusively.
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Summary

T

he purpose of this thesis is to study in detail and unveil the differences
within the single light-harvesting complex (LHC) present in the green
alga Chlamydomonas reinhardtii. Due to this organism’s simple life cycle, the
ease with which mutants can be isolated from it, and the fact that its genome
has been fully sequenced, it has been used for years as a model system to
study fundamental process such as photosynthesis.
In a photosynthetic organism, LHCs have the crucial role of capturing
photons and transporting the excitation energy to reaction centers in which
light energy is converted into chemical energy. In vascular plant and green
algae several complexes are present that belong to the LHC family. However,
it is difficult to study these individually due to their highly similar
biochemical and physical properties. To bypass this problem many
researchers, during the past 20 years, have used an in vitro approach in which
the apoprotein previously expressed in E. coli is folded in vitro in the presence
of pigments. Chapter 2 describes in detail the in vitro reconstitution technique
and analyzes the pros and cons of this method, giving also a detailed protocol
for this technique.
LHCs are a protein family composed of several members with different
functions. The green alga, C. reinhardtii contains nine genes (LHCBM1-9)
encoding for the major light-harvesting complexes of Photosystem II. These
antenna proteins are further divided into four groups based on their sequence
homology: Type I (LHCBM3, LHCBM4, LHCBM6, LHCBM8, LHCBM9), Type
II (LHCBM5), Type III (LHCBM2, LHCBM7) and Type IV (LHCBM1). As
reported in Chapter 3, using the in vitro reconstitution procedure and
exploiting the different isoeletric point of the proteins, we managed to isolate
and analyze some of these complexes. We found that in general, all the
LHCBMs share the same features, although small differences in their
fluorescence decay kinetics are present, in particular for LHCBM5. In
addition, we conclude that LHCBM2/7 tend to form homotrimers while
LHCBM1 seems to be present in heterotrimers.
Another important feature present in these antennas is protein-protein
interactions, which have a crucial role in regulating light-harvesting activity.
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Many studies have been performed in vitro on isolated complexes in detergent
micelles. However, these preparations represent an over-simplified system in
which the complexes are solubilized in a non-native environment. In this
condition is not possible to fully describe behavior during protein-protein
interactions. To overcome this problem, complexes are studied in a system
called a liposome. This makes it possible to combine the advantages of
studying the LHCs in a thylakoid-like environment (lipid bilayer) while
maintaining complete control over external conditions such as protein/lipid
ratio. Based on this, in Chapter 4 we studied the interactions between
multiple LHCII proteins of C. reinhardtii by varying the amount of antenna
per liposome. We describe the tendency of LHCII to cluster in the membrane
when the number of complexes per liposome is increased. This clustering also
produces a shortening of the LHCII excited state lifetime, indicating that in
vivo in their native membrane LHCIIs are usually clustered, which explains
their shorter lifetime compared to isolated complexes.
Finally, Chapter 5 and 6 are focused mainly on photoprotection. In general,
plants and green algae must always be able to cope with stress conditions,
like high light, that can cause molecular damage. Photosynthetic organisms
have developed several mechanisms of photoprotection, such as nonphotochemical quenching (NPQ). In particular, C. reinhardtii’s capacity for the
fast component of NPQ is due to a specific antenna called LHCSR3 that is able
to sense the lumen acidification caused by high light condition. It has been
demonstrated in vitro that the C-terminus of LHCSR3 is responsible for a pHdriven conformational change of the complexes in which it can go from a
light-harvesting to a photoprotective state. Chapter 5 describes our work in
which we replaced the C-terminus of LHCII with the C-terminus of LHCSR3.
We demonstrated that the new “chimera” acquired the ability of LHCSR3 to
sense the pH in the environment and, in addition, is able to switch from a
light-harvesting state to a quenched state. In this way, we demonstrated that
is possible to implement a new feature on LHCII. This can also open new
ways to engineer a fast and reversible response to sudden variations in lightintensity in plants or green algae.
In contrast to the other LHCII, LHCSR3 is expressed only in stress conditions
such as high light. Unfortunately, due to its sub-stoichiometry it is still
unclear how this protein interacts with other complex in vivo. In Chapter 6 we
demonstrated lines of C. reinhardtii that are able to express LHCSR3
constitutively. Our results indicate that the constitutive expression of this
antenna leads to a stable accumulation in the thylakoid membrane. Although
the amount is rather small, the presence of recombinant LHCSR3 in C.
reinhardtii grown in normal light induces a fast rise of NPQ. This indicates
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that the protein is active and doesn’t need additional partners expressed in
high light for its function. Finally, we also tested the ability of LHCSR3 to be
active in a more evolved organism such as tobacco. In this case the
accumulation of LHCSR3 seems to be so low that it has no effect on the
phenotype and especially at NPQ level. Various assumptions in this regards
are discussed in Chapter 6.
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