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Chapter 1

Introduction

This chapter will provide a quite broad spectrum of photosynthesis-related subjects. However,

each of the topics will be discussed briefly, just to introduce the reader, who is not an expert in

the field, with the photosynthesis processes occurring from the molecular to the whole mem-

brane levels. Only the light-driven events of photosynthesis will be addressed in this chapter

and, in general, in this work. Also, a few methodologies, which are used to study these processes

at different levels of the photosynthetic organisms, will be presented. The studies reported in all

the following chapters will be based on the discussed techniques. And at the end of this chapter,

the main goal of this thesis and short introduction to each of the chapters are provided, together

with the list of the publications this thesis are based on.
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CHAPTER 1. Introduction

1.1 Photosynthesis

1.1.1 General introduction

Photosynthesis is the process in which plants, algae, and some bacteria convert energy from

the sun into high-energy compounds using mainly membrane pigment-protein complexes. The

synthesized carbohydrates are then used to drive cellular processes in photosynthetic organisms

to keep them alive, and as a waste product, oxygen is released into environment, enabling

life to flourish on Earth. A large part of the World’s food and energy resources come from

photosynthesis. Oxygenic photosynthesis is the most common type of photosynthesis found in

nature in which carbohydrates (sucrose and starch) and oxygen are synthesized from carbon

dioxide and water using the energy of light. In oxygenic photosynthesis at least 4 photons are

required for one molecule of oxygen to be released1.

The main processes in photosynthesis are light absorption by antenna pigments and transfer

of this energy by antenna complexes to the reaction centres (RCs), where this energy is used

for chemical reactions (Fig. 1.1). These steps are then followed by energy stabilization, and

synthesis and export of the stable products. Antenna complexes transfer energy by the migra-

tion of the excited electronic states from higher to lower energy pigments towards the RC. To

enable such a process, pigments are specifically associated with proteins, and a wide variety of

antenna complexes can be found among different photosynthetic organisms depending on the

light environment they live in.

Antenna complex

𝐞−

𝐞−

Energy transfer Electron transfer

Donor

Acceptor

Pigment molecules

Fig. 1.1. Initial steps of photosynthesis: light absorption by the pigments, energy transfer by
antenna complex, and the charge separation reactions in the reaction center.

There are two types of RC complexes, located in photosystems I (PSI) and II (PSII), which

work together in oxygenic photosynthetic organisms. In a non-cyclic electron transfer chain,

PSII oxidizes water to molecular oxygen and electrons removed from water are transported
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Photosynthesis

via plastoquinone (PC), the cytochrome b6f complex (Cyt b6f) and plastocyanin (PC) to PSI

by light-driven reactions. Then, following the absorption of light, electrons are transferred

once again to reduce electron acceptor NADP+ (oxidized nicotinamide-adenosine dinucleotide

phosphate) to form NADPH (reduced nicotinamide-adenosine dinucleotide phosphate) and to

fuel the carbon-fixing reaction, for which adenosine triphosphate (ATP) is also required. ATP is

made by ATP synthase (ATPase) driven by the protonmotive force which is created during the

proton transfer processes in the non-cyclic and cyclic electron transport chains. In the cyclic

electron transport, electrons go back to Cyt b6f instead of reaching NADP+, and are transferred

back again to PSI to be used for ATP synthesis. ATP and NADPH are high-energy compounds

used for synthesis of sugars in the carbon fixation reactions. A schematic diagram of the non-

cyclic electron transfer chain is shown in Fig.1.2, which is also called the Z-scheme.
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Fig. 1.2. Z-scheme (non-cyclic electron transport chain) of photosynthesis showing the ener-
getic electron transport pathways.

1.1.2 Pigments

The radiation from the sun that arrives on the surface of the Earth has a broad spectrum (Fig.

1.3, left), however, photosynthetic pigments absorb a relatively small part of it (Fig. 1.3, right).

The visible spectral region (400–700 nm) is most actively used by organisms to run photosyn-

thetic chemical reactions. The two major types of pigments in plants and algae participating in

the photosynthetic processes are chlorophylls (Chls) and carotenoids (Cars), which will be dis-

cussed in this section. Other photosynthetic pigments, e.g. phycobilins found in cyanobacteria

and some algae, are out of the scope of this work, therefore, will not be discussed. Chls are

13



CHAPTER 1. Introduction

typical photosynthetic pigments, however, all organisms contain a mixture of several types of

pigments, each responsible for a specific function. The role of the proteins, which bind, tune,

orient, and influence the functional efficiency of the pigments in photosynthetic antennae, is

also very important.
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Fig. 1.3. Radiation from the sun outside the atmosphere and on the surface of the Earth (left),
and light used for photosynthesis activity (right). Adapted from Ref. [2].2

1.1.2.1 Chlorophylls

Most common pigments in oxygenic photosynthetic organisms are Chls. They appear green

because of their absorption of light mainly in the red and blue regions of the visible spectrum

and the partial reflectance of green light. There are five types of chlorophylls confirmed by

multiple experiments to date, in the order of their discovery, called Chl-a, -b, -c, -d, and -f,

differing in their chemical structures and spectral properties (Fig. 1.4). Chls have a complex

ring structure related to porphyrin groups found in hemoglobin and cytochrome. Chl molecule

is of a size of ca. 10 Å. The chlorin ring macrocycle contains loosely bound electrons and is

involved in electron transfer and redox reactions. The ring of Chl is the chromophore – light-

absorbing part, and it can also interact with protein environment of the antenna. For example,

Mg atom in the centre can strongly interact with the proteins. Most of the Chl molecules have

a long hydrophilic phytol tail attached to the chlorin ring. It is responsible for holding the

molecule in hydrophobic surroundings and interactions with phytols of other Chls.

Chl-a, which cannot use light beyond 700 nm, is found in all oxygenic photosynthetic or-

ganisms: higher plants, algae, cyanobacteria, and diatoms – in their RC complexes and antenna

complexes. This is by far the most important of all the Chls, because Chl-a molecules form

a special pair in nearly all RCs and are responsible for the charge separation. Chl-b is mainly

found in land plants and green algae, and is present only in light-harvesting antenna complexes,
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Photosynthesis

which are discussed in more detail in section 1.1.3. Chl-b differs from Chl-a only by the methyl

group instead of the formyl group, which causes shifts of the main Chl bands (for more details

see section 1.2.1.3). As the lowest excited state energy of Chl-b is higher than that of Chl-a,

energy transfer is efficiently occurring downwards.

Other Chls, absorbing further in the red spectrum, exist in organisms living under chal-

lenging environments, especially light conditions. Chl-c has few structural variants (Fig. 1.4)

and is found in diatoms, brown algae, cryptomonads, and dinoflagellates. Chl-d is found in

some cyanobacteria3,4, which is also the case for recently discovered Chl-f 5. Although it was

thought that Chl-a is a primary pigment in RCs for photochemical energy conversion, Chls-d

and -f were shown to replace Chl-a in the reaction centers of cyanobacteria, and extend the

absorption of light used for the charge separation to the red spectral range6,7. As Chls-d and

-f have their absorption maxima shifted to the longer wavelengths (up to 750 nm) compared to

Chl-a, they are attracting attention for bioenergy applications8.

Chlorophyll-a Chlorophyll-b Chlorophyll-c1

Chlorophyll-c2

x

y

Fig. 1.4. The structure of chlorophyll-a, -b and -c molecules.
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CHAPTER 1. Introduction

1.1.2.2 Carotenoids

Cars are found in all oxygenic photosynthetic organisms – the same as Chls. They are also found

in many non-photosynthetic organisms, for which, besides antioxidant and odor properties, Cars

give particular colour. For example, β -carotene gives orange colour to carrots, and lycopene

makes tomatoes to appear red9.

Carotenoids are mostly linear molecules with multiple conjugated double bonds. Figure

1.5 shows some of the common Car molecules found in photosynthetic organisms, and more

of them will be discussed in the following chapters. A huge variety of carotenoid molecules

exists in nature due to the diversity of their chemical structure. They are divided into two

classes: carotenes, which consist of only hydrocarbons, e.g. lycopene, β -carotene (Fig. 1.5A,

B), and xanthophylls, which contain oxygen (Fig. 1.5C–G). Cars may possess end-ring groups

or functional groups, either conjugated or not with the polyene chain, which alters their spectral

properties and functions in vivo. Studies, based on this feature, are presented in Chapters 4

and 5. Cars usually exhibit an intense absorption in 400–500 nm region. This gives them a

yellow-to-orange colour and is defined by the number of conjugated carbon double bonds10.

Cars in photosynthetic organisms are closely associated with antennae and RCs. The light

absorbed by Cars in pigment-proteins is transferred to Chls – for this reason Cars are called

accessory pigments. For example, underwater the available light lies in the green spectral

range, because blue light is effectively scattered, and the red light is absorbed by water mo-

lecules. The main photosynthetic pigments, Chls, do not absorb well in the green light region,

therefore aquatic organisms possess additional photosynthetic pigments – particular carotenoid

molecules, which participate in expanding the absorption spectra of antenna complexes in oxy-

genic photosynthesis. Xanthophylls found in higher plant antennae are lutein (Lut), neoxanthin

(Neo), violaxanthin (Vio) and zeaxanthin (Zea) (Fig. 1.5C–F). Neo is the most polar of them

and possesses a very reactive allene group as does peridinin (Fig. 1.5G). The special properties

of Cars having alkyne and allene groups are discussed in Chapters 4 and 5. Vio is a symmetric

molecule with two epoxy oxygen atoms on the end-rings. Lut is less oxygenated than Vio and

has different end-groups – double bonds in the ring instead of the epoxy oxygen groups. Zea

is an isomer of Lut and is symmetric. Besides the light-harvesting properties, a very important

role of Cars in photosynthetic organisms is photoprotection, which will be discussed in more

detail in section 1.1.4.
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Fig. 1.5. Examples of common carotenoid molecules.

1.1.3 Thylakoid membrane structure and function

The light-initiated reactions of photosynthesis occur in polar lipid bilayer membranes, called

thylakoids, which in plants and algae are located in chloroplast organelles. Chloroplasts of dif-

ferent organisms vary in size and shape but are within a range of a few micrometers in diameter.

They are filled with an aqueous medium, stroma, and thylakoid membranes form a complex net-

work within it, as shown in Fig. 1.6A. This membrane network is different among organisms

(Fig. 1.6B–D) and is thought to have a particular function related to organism adaptation11–13.
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CHAPTER 1. Introduction

Photosynthetic membranes are often divided into grana thylakoids, which form closely asso-

ciated stacks, and stroma thylakoids, which are more loosely located between grana. Such

membrane organisation is more common to higher plant chloroplasts (Fig. 1.6B).

Fig. 1.6. Thylakoid membrane architecture in photosynthetic organisms. (A) Schematic repres-
entation of the photosynthetic membrane network within the chloroplast and approximate sizes
of the thylakoid structures14. Electron microscopy images showing different membrane organ-
ization in (B) tobacco plant15, (C) green algae Chlamydomonas reinhardtii16, and (D) diatom
Phaeodactylum tricornutum17 chloroplasts.

Thylakoid membranes bind four major pigment-protein complexes: PSI, PSII, Cyt b6f, and

ATPase (Fig. 1.7), which perform the photosynthesis processes of light-absorption and the sub-

sequent transformation of photon energy into chemical energy. The non-cyclic electron trans-

fer pathway in the thylakoids of oxygenic photosynthetic organisms is shown in Fig. 1.7. The

multi-subunit protein complexes, RCs, embedded in the photosynthetic membrane, contain pho-

tosynthetic pigments for light absorption, intermediate molecules (pheophytins and quinones)

for electron transfer, and the special heterodimer of pigments, which is the primary electron
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donor for the electron transfer chain. Molecules of the special pair are identical to the antenna

pigments Chls, however, their unique properties are obtained from their environment in the RC

proteins.The photosynthetic RCs work in the same manner, however, the detailed processes are

different in each of the photosystems.

As shown in Fig. 1.2, energy transfer between antenna pigments occurs in a downhill man-

ner – from blue to red pigments. At the end, this energy reaches the pigments of the RC het-

erodimer (they can also absorb photons directly), promoting them to the excited electronic state.

An excited pigment is a strong reductant, which is losing an electron to the electron acceptor

molecule located close by – an ion pair is created as the electronic excitation was transformed

to the chemical redox energy. In this state, energy can be lost as heat during the recombination

process. To avoid this, however, positive and negative charges are spatially separated by the

efficient secondary reactions occurring on the side of the acceptor in the ion pair – oxidized and

reduced species are separated before the recombination takes place. Then, slower processes of

energy stabilization and conversion can follow. Carbon metabolism reactions, occurring in the

chloroplast stroma, will not be discussed in this work. The photochemical quantum yield of

such a system in most cases is close to 1.

Stroma

Lumen

Thylakoid 

membrane

PSII Cyt b6f PSI

ATP synthase
λ < 690 nm

2𝐇𝟐𝐎
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Fig. 1.7. Scheme of the thylakoid membrane and the light initiated photosynthesis processes
occurring in the embedded pigment-protein complexes. Bold dark-green arrays show the non-
cyclic electron transport from water via PSII, PQ, Cyt b6f, PC, and PSI to Fd. Cyclic electron
transport is not shown. ATPase – ATP synthase, Cyt b6f – cytochrome b6f complex, PSI – pho-
tosystem I, PSII – photosystem II, PQ – plastoquinone pool, PC – plastocyanin, Fd – ferredoxin,
FNR – ferredoxin-NADP-reductase. For simplicity, light-harvesting complexes are not shown.
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CHAPTER 1. Introduction

A large number of types of photosynthetic antennae is found in the photosynthetic mem-

branes of plants and algae. Antennae differ in composition and concentration of pigments,

number of protein subunits and their interactions with the RC. The major antenna complexes

associated with PSI and PSII are light-harvesting complexes I (LHCI) and II (LHCII), respect-

ively. LHCII is one of the most important antenna complexes. Its structure in spinach was

determined by X-ray crystallography18. LHCII is a trimer; its monomer consists of three trans-

membrane helices that incorporate 8 molecules of Chl-a, 6 of Chl-b, and four xanthophylls.

Two carotenoid lutein molecules are crossed in the centre of the complex, and two other Cars,

neoxanthin and violaxanthin, are also present in the structure. Other rather important antennae

complexes are the minor and inner complexes. They are called chlorophyll-proteins (CPs) and

are distinguished by the number of their mass in kDa, for example, CP2419, CP2920, etc.

PSII

PSI

ATPase

Cyt b6f

Granum

Lumen

Thylakoid 

membranes

Stroma

Fig. 1.8. Scheme showing the distribution of photosynthetic protein complexes in grana and
stroma thylakoids. ATPase – ATP synthase, Cyt b6f – cytochrome b6f, PSI – photosystem I,
PSII – photosystem II. For simplicity, light-harvesting complexes are not shown.

The entire LHCII-PSII supercomplex contains D1 and D2 proteins, antenna complexes

CP43 and CP47, LHCIIs, some additional LHCs, and smaller proteins21. Protein subunits

D1 and D2 are the core of the RC and form two pigment branches in PSII monomer. On the

D1 protein, electron is transferred from the primary electron donor P680 (two Chl-a molecules

and two accessory Chls) to the pheophytin (Pheo), and further by plastoquinones (PQs) towards

the D2 protein21. PSII is unique by possessing the oxygen-evolving complex (OEC) in the RC.

The OEC is composed of Mn4CaO5 cluster, in which four light-induced electron removal acts

result in a release of four protons and one O2 molecule from two water molecules22.

PSI is organized in two parallel branches of pigments embedded in a protein similarly as

PSII. However, differently from the latter system, electron can be transferred in both pathways

with equal probability. In PSI, energy from antenna pigments reaches the special pair of Chls-a,

which is called P700, and excites it to the P700*. An electron is then transferred by two other

adjacent Chl-a molecules in one of the branches to quinones, and further to ferredoxin, and a
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radical pair is formed21. Other additional ca. 90 Chl-a molecules in PSI serve only for the light

absorption. Oxidized P700+ regains electron from plastocyanin (PC). P680 absorption is red

shifted from P700 by a few tens of nm.

Extensive studies based on various methods show that pigment-protein complexes are not

uniformly distributed within the membrane23–26. A schematic representation of such an organ-

isation is shown in Fig. 1.8, where PSI and relatively large ATPase are localized in stroma

thylakoid membranes, PSII can mostly be found in stacked membranes in grana, and Cyt b6f is

rather uniformly distributed in both regions. The purpose of such a distribution of membrane-

bound complexes in higher plants is still not fully understood. Moreover, cyanobacteria, algae,

and some plant mutants do not exhibit such a strictly organized thylakoid membrane stacking

and related distribution of photosynthetic complexes27. Some studies show that such an archi-

tecture depends on the environment of the organism and is highly dynamic25 in order to regulate

photosynthesis13,24.

1.1.4 Adaptation of photosynthetic organisms

The light wavelengths and intensity available for photosynthetic organisms strongly depend

on their habitat. Besides different environments, other relatively slow regular changes occur,

e.g. day and night time, when the light amount is dramatically different. Rapid changes, such

as appearance of clouds, also affect available light. In high-light conditions, organisms must

dissipate excess energy to avoid damage; on the other hand, in scarce light they must adapt to

survive. Figure 1.9 shows that in low-light conditions, all of the absorbed light is utilized for

photosynthesis. However, as light intensity increases, photosynthetic rate reaches saturation,

meaning that the large amount of the absorbed light energy cannot be utilized by the organisms.

To cope with this and ensure proper energetic balance in the environments of varying quantity

and quality of the available light, photosynthetic organisms developed fascinating mechanisms

at different levels which will be discussed further.

1.1.4.1 At the molecular level

Regulation of photosynthesis is performed in many different ways. The antennae and RCs have

developed sophisticated regulation, protection and repair mechanisms to avoid damage of the

photosynthetic apparatus. The first important mechanism is called state transition28,29 (ST). In

oxygenic photosynthesis, this regulatory mechanism is related to the different absorption prop-

erties of the photosystems. ST is necessary for balancing the energy distribution between PSI

and PSII: to not overexcite one photosystem while the other is under-excited for optimal elec-

tron transport. ST is based on monitoring the redox state of the PQ pool and Cyt b6f, which are

located between photosystems. Cyt b6f has two binding sites for plastoquinone/plastoquinol:
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Fig. 1.9. The amount of absorbed light with respect to the amount of light used in photosyn-
thesis. Excess energy has a potential to harm the photosynthetic organism.

p – on lumenal side, and n – on stromal side. Redox sensing takes place on the p side30,31.

If PSII is receiving excess light, it reduces the PQ pool and plastoquinol molecule binds to

the p side in Cyt b6f. This activates LHCII kinase31. The same process can occur on the lu-

minal side by acidification. Activated kinase phosphorylates mobile LHCs, associated with PSII

core32. These LHCs then detach from PSII, diffuse, and attach to PSI. Detachment is enabled

by the repulsion of negative charges on LHCs, which carry an extra negative charge after phos-

phorylation. This situation is called state two (ST2), as it is initiated by the light favouring PSII

absorption. ST2 results in reduced energy coming to PSII and more energy being delivered to

PSI. When PQ pool is oxidized, LHCs bound to PSI are dephosphorylated by phosphatase and

return to PSII. System then goes to the state one (ST1) – it was initiated by the light corres-

ponding to the PSI absorption. Fluorescence yield of the ST1 is much higher than that of the

ST2. State transitions are advantageous under low light conditions and for organisms in the

environment with long-wavelength light, for example, plants which are partly in shade33.

In high-light conditions it is important to dissipate the excess energy to avoid photodam-

age. For this, several mechanisms exist in photosynthetic organisms involving pigments in the

antennae and RCs. Carotenoids participate in photoprotection, as they rapidly quench excited

triplet states of Chls before they react with oxygen and form very reactive and damaging ex-

cited singlet states of oxygen. However, if the latter are formed, they are also quenched by

Cars34,35. Processes to avoid photoinhibition and generation of reactive oxygen species (ROS),

during which excess excitation energy is lost as heat, are called non-photochemical quenching

(NPQ)36–38. NPQ processes are of high importance for photosynthetic organism productivity,

which may be enhanced by limiting photodamage38.
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NPQ works by switching PSII antenna LHCII between light-harvesting and dissipative

states. In the light-harvesting state, excitation energy is efficiently transferred to the RCs, and

in dissipative state, excitation is released as a heat39. The latter avoids overreaction of the PSs.

The trigger for NPQ is low pH of the thylakoid lumen induced by electron transport. LHCII

contains significant amount of xanthophylls – Vio and Zea – located on the periphery of the

complex. Under NPQ conditions, Vio containing epoxide is converted to the antheraxanthin

and further to Zea, which has no epoxide. This conversion is initiated by the de-epoxidase

enzyme associated with the thylakoid membrane. Such a process is reversible and called the

xanthophyll cycle40,41. The role of Zea is to quench the excited state of Chl-a in the antenna.

Possible scenarios to achieve it are structural and conformational changes of xanthophyll cycle

Cars to accept energy from Chls-a, and/or promotion of LHCII aggregation, when the antenna

complex is quenched42. Many studies show that antenna-related protein PsbS is also involved in

conformational change and aggregation of LHCII43. Several types of xanthophyll cycles exist

in plants and algae, for example, lutein epoxide cycle44 in some higher plants, diadinoxanthin

cycle45 in diatoms.

The regulation processes discussed above are considered fast-term processes (< minutes).

Processes occurring in the long-term (days, weeks) involve compositional changes – the control

of the amount of pigments in the thylakoid membrane. This regulates the size of the light-

harvesting antennae and ratio of photosystems, and will be discussed in the following section.

1.1.4.2 From the whole organism to the membrane

The amount of incident and subsequently absorbed light are well regulated by plants at the level

of the whole organism, for example, by changing the direction of leaves with respect to the

incident light46. These movements are called phototaxis. Plants maximize exposure of light by

orienting leaves perpendicularly and minimize it with leaf orientation parallel to the direction of

light. The mechanism for this regulation is the use of pigment sensors which absorb blue-light

and the pulvinar motor tissue to control leaf orientation. Other ways how plants manage light

absorption are the changes in their structure, for example, possession of reflecting leaf surface.

Light absorption is also regulated by the movement of chloroplasts or their amount in the

mesophyll cell (Fig. 1.10A). By moving, chloroplasts can control the amount of light reach-

ing the thylakoid membranes in high-light conditions47,48. Particular positioning of the plastid

within a cell adjusts the orientation of the membranes with respect to the incident light. In

this way, light absorption can be increased or decreased depending on the environmental condi-

tions. Thylakoids distributed parallel to the incident light absorb less light, while perpendicular

arrangement enhances absorption, as shown in Fig. 1.10. In higher plant such movements are

controlled by the UV-A/blue light photoreceptors phototropins. In arabidopsis these phototro-
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pins regulate not only chloroplast movements for light adaptation, but also leaf flattening and

positioning, photopropism, and some other processes48.

A B

Fig. 1.10. Multilevel adaptation of plants to the varying light environments: (A) at the level of
the plant mesophyll, cell chloroplasts are moving respectively to the incident light, (B) at the
level of the membrane network, changes occur in the thylakoid structure and organization.

At the membrane level, regulation occurs by compositional and structural changes. First of

all, the amount of the antennae, photosystems, electron transport complexes, and ATPases in

the thylakoid membrane is modulated26. Many studies show that PSI and PSII antennae sizes

are changing depending on the light intensity24,49. Plants, grown under high-light conditions,

exhibit smaller antennae than those grown in the low-light26. PSII antenna size was shown to

be regulated by the adjustment of the amount of the loosely bound LHCII trimers24,50. Other

long-term acclimation regulates the ratio of PSs depending on the quantity and quality of light

the thylakoid membrane is exposed to50,51. Plants grown in far red light enriched environments

exhibit a higher PSII/PSI ratio to compensate for less light exciting PSII52. Reducing of the

antennae size could possibly lead to a higher organism productivity53.

The thylakoid membrane network responds dynamically to the light quality and quant-

ity12,54–56. This is followed by the pigment-protein complex reorganization under changing

light conditions, thylakoids obtain particular rearrangements (Fig. 1.10B). First of all, the num-

ber of membrane layers in grana varies: in high-light, the number is reduced, and in low-light

it is increased26,55,57. Secondly, high-light exposure is followed by the reduced grana diameter,

while in low-light, the grana appears to have a larger diameter24,54,57. Thirdly, intense light

causes partial unstacking of grana cylinders54,58,59. Reduced diameter and the unstacked struc-

ture of grana under photo-damaging conditions induce PSII repair processes. Embedded within

grana stacks, the damaged PSII complexes in the aforementioned conditions can access the re-

pair centres more easily54,60; LHCII mobility is also increased from the PSII, located in grana,

to PSI in unstacked stroma thylakoid membranes56. Under medium light intensities, thylakoid
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lumen was observed to swell, which enhances PC diffusion rate and concomitant electron trans-

port rate between photosystems61. However, it should be kept in mind that low, medium, and

high-light conditions described above are relative, and for different photosynthetic organisms

have different values25.

1.2 Tools to study the photosynthetic apparatus

1.2.1 Absorption spectroscopy

1.2.1.1 Brief introduction

Absorption of light leads to the change of the state of the molecule – transition from its lower-

energy state to the higher-energy excited state, which has a different electron distribution. En-

ergy states are described as having electronic, vibrational, and rotational energy levels. The

transition between electronic levels is interpreted as a movement of the electrons from one or-

bital to another. Vibrational levels are associated with vibrational motions of the molecules and

will be discussed in more detail in the next section. Rotational levels are related to molecular

rotations. Electronic transitions result in larger changes in energy compared to the other two,

and belong to the optical range of light approximately from 200 to 1500 nm. Vibrational and

rotational transitions correspond to the infrared and far-infrared light range of low energy. How-

ever, all of these transitions contribute to the absorption spectrum of the molecules in the range

of visible light relevant for photosynthesis.

Molecules possess multiple energy levels, but not all transitions between these levels are

allowed. Energy states are divided into singlet (S) and triplet (T) states, depending on their

spin multiplicity. Spin conservation law forbids transitions between S and T states, therefore

their occurrence probability is very low. Usually, transitions take place from the lowest ground

state S0 to the excited state Sx. Then, the molecule relaxes to the ground state by emitting

a photon – a fluorescence event occurs. The non-radiative transition between two electronic

states with different spin multiplicity is called inter-system crossing (ISC). If the ISC takes

place and emission occurs from the excited T state, this process is called phosphorescence.

Phosphorescence occurs in much longer time scales than fluorescence. Another non-radiative

mechanism, while the molecule is relaxing to the lower state of the same spin multiplicity, is

called internal conversion (IC).

Studies on absorption changes of photosynthetic systems in vivo and in vitro provide inform-

ation on light-harvesting, excitation energy migration between pigments and electron transfer

processes. The most common methods are based on the VIS–UV steady-state and time-resolved

absorption measurements. In this work, VIS steady-state absorption spectroscopy is used to
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identify the composition, structure, and biological function of isolated carotenoids and their

characteristics in pigment-protein complexes. Fluorescence is another broadly applied mechan-

ism to study structure and function of the photosynthetic membrane. In this work, fluorescence

phenomenon was used for high-resolution imaging, which will be discussed in section 1.2.3.

1.2.1.2 Absorption of carotenoids

For Cars, the lowest excited state, S1, is optically forbidden (in one-photon absorption) due

to the same symmetry as the ground state of the molecules63. The strong absorption of Car

molecules arises from S0→ S2 transition from the ground state to the second excited state. S2

decays to S1 in less than 200 fs, and S1 decays to the S0 in picoseconds, both transitions –

by IC (Fig. 1.11B). Therefore, the fluorescence yield is very low. Cars are efficient antenna

pigments due to the energy transfer process even faster than the IC decay rates. The S0 → S2

Car transition usually exhibits a characteristic three-peak structure corresponding to the three

lowest vibronic bands of this electronic transition, termed: 0–0, 0–1, and 0–2 (Fig. 1.11A). The

position of the lower-energy 0–0 vibronic sub-level is frequently used to describe this transition.

Energy of S0 → S2 transition is inversely correlated with the number of conjugated double

bonds of the Car64. This correlation is established well for linear carotenoid molecules with no

conjugated substituents. However, as shown in Fig. 1.11A, lycopene absorption is red-shifted in

respect to the β -carotene62, despite their nominal conjugation length is 11. In this case effective

conjugation length should be taken into account, which in the case of β -carotene is 9.6, as

conjugated double bonds of the end rings are involved only partly in the conjugation of the

polyene chain64. Optical properties of Cars are also significantly affected by their environment,

for example, the polarizability of the solvents. As the refractive index increases, 0–0 transition

of Cars shifts to the longer wavelengths65. Such a spectral sensitivity of Cars to the medium is

a very useful property for gaining information on their binding sites and dynamics in pigment-

protein complexes64.

1.2.1.3 Absorption of chlorophylls

Chls are essential for light-harvesting and conversion of the absorbed photons into chemical

energy. They capture light effectively because they have a very large molar extinction coeffi-

cient and absorption cross-section. Blue light excites the Chl molecule to a higher energy state

(contrary to the red light), where it is very unstable and rapidly (~picoseconds) transfers some

energy to the environment as heat, subsequently occupying the lower energy state. The lower

excited state is used for electron transfer and energy storage in photosynthesis (Fig. 1.12, B).

The absorption spectra of Chls exhibit two regions in visible light range: one located on the

red side, corresponding to the first excited state S1, and second located in the blue region, cor-
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Fig. 1.11. (A) β -carotene and lycopene absorption spectra at room temperature and (B) typical
energy diagram of a carotenoid molecule: energy states are denoted 11A−g , 21A−g and 11B+
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to describe their symmetry. Ground state is of A−g symmetry, therefore one-photon transition
between the ground state and the 21A−g state is forbidden, and between the ground state and the
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responding to the second excited state S2 (Fig. 1.12, A). Blue region bands are called Soret

(or B bands), while red region bands are called Q bands, or more often Qy, because Qx trans-

itions are much weaker. Figure 1.12 shows how a slightly different molecular structure of Chl-b

and -c results in a red-shift of the Soret band and a blue-shift of the Qy band compared to the

corresponding bands in the Chl-a spectrum.

Alteration of the pigment environment results in changes of the absorption spectrum. Chls

bound to antenna proteins possess a red-shifted (up to 15 nm) and a broader absorption com-

pared to the pigment extract in acetone. Such spectral changes are caused by the heterogeneity

of pigment binding and pigment-pigment coupling in proteins67,68. The red and blue absorption

maxima of isolated pigments red-shift with increasing polarity of the solvent69.

1.2.2 Resonance Raman spectroscopy

1.2.2.1 Molecular vibrations

Molecular vibrations are periodic movements of atoms in a molecule when nuclei move with

respect to each other in a way that the centre of the mass of the molecule does not change

its position in space. In other words, all the nuclei in the molecule vibrate with the same

frequency and pass through their equilibrium position simultaneously. Multi-atom molecules

have 3N–6 vibrational degrees of freedom, with an exception for linear molecules, where we

have 3N–5 vibrational degrees of freedom. These independent vibrations are called normal

modes. Figure 1.13A shows an example of normal modes for three-atomic CO2 molecule. It is

a linear molecule, therefore it has four vibrational modes: two stretching modes, symmetrical

and anti-symmetrical, and two bending modes, in- and out-of-plane. Other modes, wagging,

scissoring, rocking, twisting, etc., also exist in different molecules.

The easiest way to model molecular vibrations is to consider the atoms in a molecule as

balls, and the chemical bonds between them as massless springs (Fig. 1.13B). If we assume that

masses of the two atoms are m1 and m2, and the restoring force of the spring is proportional to

the displacement of the atoms from their equilibrium, then, a simple harmonic motion in such a

system follows Hook’s law. Such a model is a harmonic oscillator with the classical vibrational

frequency equal to:

v =
1

2π

√
k
m
, (1.1)

where k – force constant, m – reduced mass, in terms of classical mechanics. On the left of

Fig. 1.13C, the vibrational energy levels for a quantum equivalent of such an oscillator are

shown. Applied assumptions simplify the solution of Schrödinger equation, however, in reality,

vibrating molecules exhibit anharmonic motion. Vibrational energy levels for anharmonic os-
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A B

C

Fig. 1.13. Molecular vibrations. (A) Vibrational modes of CO2 molecule: going from the top
– stretching (symmetric, antisymmetric) and bending (in-plane, out-of-plane). (B) Scheme of
ball-spring system to model molecular vibrations. (C) Potential energy surfaces with vibrational
energy levels of the molecule considered as a harmonic (left) and anharmonic (right) oscillator.
ν – vibrational quantum number, De – dissociation energy, U – potential energy, r – distance
between atoms. Panel (C) is adapted from Šablinskas V. & Čeponkus J., Modernioji molekulių
virpesinė spektrometrija (Vilnius, 2014).

cillator are shown on the right of Fig. 1.13C, where at large vibrational amplitudes Hook’s law

is not valid any more and molecule can dissociate.

Why are we interested in molecular vibrations and why do we study them? Vibrational

levels of a particular molecule depend on its structure, more precisely on its constituent atoms,

chemical bonds between them, and the symmetry of the molecule. Therefore, from molecular

vibrations recorded for some sample, we can get information about chemical structures, their

conformations, and even the interactions they are involved in.

1.2.2.2 Raman scattering and spectroscopy

Raman spectroscopy is an excellent tool for accessing molecular vibrations. It is based on

the Raman effect – a change in light frequency after spontaneous scattering by polyatomic

molecules. It is called inelastic scattering. In the description of Raman scattering, polarization

is induced in a molecule by oscillating the electric field of incident light. The induced dipole

then radiates isotropically scattered light with or without exchanging energy with vibrations of

the molecule (Fig. 1.14).

In detail, the scattering mechanism can be described by using the theory of quantum mech-

anics. However, for basic principles it is enough to use classical mechanics, which gives the

following expression for induced dipole moment:
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µind = α0E0 cos(2πν0t)+
(

dα

dx

)
x0E0 cos[2π(ν0 +νvib)t +ϕ0]+

+

(
dα

dx

)
x0E0 cos[2π(ν0−νvib)t +ϕ0].

(1.2)

Here E0 is the incident electric field, α – the polarizability of the molecule, ν0 – the fre-

quency of the laser light, νvib – frequency of the molecule’s nuclei vibration, x – the deviation

from equilibrium distance between nuclei, x0 – the amplitude of the vibrations, ϕ0 – the initial

phase of the vibrations, α0 – the polarizability in the absence of electric field. Eq. 1.2 shows that

the induced dipole moment scatters light at three different frequencies: the same frequency as

incident laser light – elastic Rayleigh scattering, a higher frequency – anti-Stokes Raman scat-

tering, and a lower frequency – Stokes Raman scattering (Fig. 1.15). The anti-Stokes Raman

signal is usually lower than Stokes, because the transition is occurring from excited vibrational

energy levels, which are less populated in equilibrium than the lower vibrational levels. The

Rayleigh signal is usually 3–6 orders of magnitude more intense than Raman scattering70. In

Raman spectroscopy this change in energy between incident and scattered light is measured

and called the Raman shift. It gives us a direct access to the vibrational energy levels of the

molecule. In a Raman spectrum the intensity of the scattered light is a function of the energy

shift. For small molecules not all of the vibrational modes appear as bands in the spectrum due

to the selection rules – only vibrations that change polarizability yield Raman scattering. On

the other hand, for big molecules, selection rules only determine the intensity of the bands.

Besides the difficulty in optical alignment of the sample, Raman spectroscopy gives us nar-

row bands, non-invasive recording of the spectrum, an easy and fast sample preparation and

Laser light

Molecule

E

Isotropic scattering

P = αE

Fig. 1.14. Inelastic spontaneous scattering of photons by a molecules. E – incident electric
field, P – polarization, α – polarizability. Adapted from McCreery R. L., Raman Spectroscopy
for Chemical analysis (Ohio, 2000).
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Fig. 1.15. Classical description of Raman scattering: induced dipole moment scatters light at
three different frequencies. They are Anti-Stokes, Rayleigh and Stokes signals which differ in
frequency as shown from optical transitions. Adapted from Ref. [70].70

compatibility with aqueous samples. However, spontaneous Raman scattering is a weak pro-

cess (1 out of 107 photons) and Raman bands can be lost in a strong fluorescence background.

To overcome these drawbacks, linear and non-linear optical methods can be applied to enhance

Raman signal.

One of these techniques is resonance Raman spectroscopy based on the resonance effect

when incident excitation light energy matches the electronic transition of the excited state of

the molecule70–72. Then, a dramatic enhancement of Raman signal of several orders of mag-

nitude can be observed. Resonance Raman spectroscopy yields high selectivity on individual

molecules in a complex medium based on their absorption properties – bands are arising from

vibrational modes coupled with the electronic transition. The resonance effect enables observa-

tion of each class of pigments in pigment-protein complexes in vivo. This technique has been

extensively applied to study biological chromophores and photosynthetic complexes containing

Chls and Cars73,74. Selectivity increases at low temperature, as the higher molecular vibra-

tional levels are less populated and the bands of electronic transitions become narrower. This is

why the resonance Raman studies on photosynthetic complexes are usually performed at liquid

nitrogen temperature.
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1.2.2.3 Resonance Raman spectroscopy of carotenoids

Carotenoids display a particularly intense resonance Raman cross-section, and their signal dom-

inates the spectra for excitations between 450 and 600 nm74. Carotenoid resonance Raman

spectra display four main groups of bands, denoted ν1–ν4
75 (see Fig. 1.16), which can be

satisfactorily modelled by quantum chemical calculations76,77. Each region provides specific

information on the conformation and configuration of Car molecules. In the high-frequency

region of the spectra, the intense ν1 band around 1515–1530 cm−1 arises from stretching vi-

brations of the conjugated C=C bonds in the polyene chain. Its spectral position depends on the

length of the π-electron conjugated chain and on the molecular configuration of the Car64,78.

The group of bands around 1160 cm−1, called ν2, arise from stretching vibrations of C–C

modes coupled with C–H in-plane bending modes. These modes constitute a fingerprint re-

gion for determining Car isomerization states (trans/cis)78. The ν3 bands, appearing around

1000 cm−1, arise from a combination of in-plane rocking vibrations of methyl groups attached

to the conjugated chain and in-plane bending modes of the adjacent C–H groups79. It was re-

ported to be a fingerprint of the configuration of conjugated end-cycles80,81, a hypothesis which

was supported by theoretical modelling76. Finally, the ν4 bands around 960 cm−1 arise from

out-of-plane wagging motions of the C–H groups coupled with C=C torsional modes of the

polyene chain (out-of-plane twists of the carbon backbone)77–79. When the Car conjugated sys-

tem is planar, these out-of-plane modes are not coupled with the electronic transition (which is

oriented along the plane); thus, they exhibit little resonance enhancement. However, distortions

around C–C single bonds increase the coupling of some of these modes with the electronic

transition, resulting in the increase in their intensity78. As these modes are not coupled with the

in-plane electronic S0–S2 transition of the molecule, their intensity yields information about the

planarity of the C=C conjugated chain.

1.2.2.4 Resonance Raman spectroscopy of chlorophylls

Classically, in Chl-Car systems like LHCs, Chl-a resonance Raman contributions may be ob-

served by exciting at 406.7 and 413.1 nm, while Chl-b vibrational modes are measured using

441.6 and 457.9 nm excitations82,83. These excitation wavelengths are located on the higher en-

ergy side of the Soret absorption bands of Chls (in LHCII ca. 440 and 470 nm for Chl-a and -b,

respectively)84–86. Resonance Raman spectra of Chls contain a large number of modes delocal-

ized over the whole conjugated dihydrophorbin macrocycle, some of which are highly sensitive

to molecular conformation87. However, due to the large number of Chls present in LHC pro-

teins, the diversity of Chl conformations usually induces only non-homogeneous broadening of

these modes, which is difficult to interpret with any precision.

Stretching modes of the Chl conjugated carbonyls contribute in the higher frequency (1550–
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Fig. 1.16. Typical resonance Raman spectrum of the carotenoid molecule exhibiting four main
groups of bands named ν1–ν4. Adapted from Ref. [70].70

1750 cm−1) range of the spectra: keto for Chl-a, and keto and formyl of Chl-b86. The frequency

of these modes depends on their interaction state, and to a lesser extent, on the polarity of their

environment. The keto group stretching frequency may vary from 1705 cm−1, when free-from-

interactions in an apolar environment88, to ca. 1660 cm−1, when strongly-H-bonded73,82, while

smaller downshifts (5–10 cm−1) are induced when the C=O is present in a polar environment88.

This region is one of the most informative in the resonance Raman spectra. The keto stretching

vibration occurs along the Chl y-axis, and so it is strongly coupled with electronic transitions

aligned along this axis (By and Qy). As a result, for excitations in the blue (Soret) region, the

resonance effect is only observed for keto vibrations when exciting into the By transition, on the

blue side. This is why keto contributions are usually obtained at these excitations. Conversely,

contributions of the formyl carbonyl groups of Chl-b should be best observed by exciting on the

red side of the Soret band, where Bx is the dominant transition, due to their position along the x-

axis of the macrocycle. This was observed in chlorosome containing BChl-e, which like Chl-b

possesses a formyl carbonyl on the x-axis of the molecule89. In these complexes, the increase of

the intensity of the BChl-e formyl carbonyl stretching mode could be observed by shifting the

excitation towards the red side of the BChl-e Soret transition. However, in LHCs Car molecules

exhibit much more intense resonance than Chls, and their contribution usually dominates those

of Chl-b above 460 nm – and even at 457.6 nm, these contributions may become relatively very
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weak and unusable86.

Modes in the high-frequency region (1500–1700 cm−1) are of particular interest in assessing

the conformation and state of interaction of protein-bound Chl molecules. A mode from the

conjugated macrocycle, appearing around 1550 cm−1, is sensitive to macrocycle distortions87

– for example, if it is located at 1550 or 1540 cm−1, when the central Mg is five- or six-

coordinated, respectively. A second band, arising mainly from methine bridge stretching modes,

appears around 1600 cm−1 when the central magnesium is six-coordinated, and is up-shifted

to 1610–1615 cm−1 for the less planar five-coordinated magnesium87,89. Further up-shifts to

values higher than 1615 cm−1 indicate a further loss of planarity.

1.2.3 Fluorescence microscopy

1.2.3.1 Brief introduction

The microscope is an instrument that produces enlarged images of relatively small objects; it

can be based on different physical processes like, for example, light, acoustic waves, X-rays

or electron beam. The enlarged images can be obtained directly or by digital methods. It is

important to distinguish between magnification and resolution. The former is the number of

times the object of interest appears enlarged and the latter is a measure of the smallest detail of

the object that can be observed. Modern conventional optical microscopes can magnify up to

2000 times with the resolution of 200–300 nanometres.

Fluorescence microscopy is based on the fluorescence of molecules. In most cases, a laser

beam excites electrons in the molecule of interest to the higher states and when they relax to the

ground state, photons are emitted. This emission can be spontaneous or stimulated (Fig. 1.17).

In fluorescence microscopy, in general, this emission is collected and the excitation light is

blocked by using a dichroic mirror. A dichroic mirror is important in microscopy as it directs

higher energy light coming from the laser to excite the sample and transmits lower energy light

towards the detection system, which is emitted by the molecules in the sample.

Another important thing in fluorescence microscopy is labelling. To observe single biolo-

gical molecules, a fluorescent molecule, called a label or fluorophore, can be attached to the

molecule of interest. There are several important parameters which must be considered while

choosing a proper label. The first is photostability. For certain experiments, photoblincable la-

bels are used. In such molecules, after excitation, relaxation to a non-emissive state occurs, and

then the molecule relaxes to the ground state, and can be excited again. Also, photobleachable

labels can be used, which lose their fluorescence permanently due to the changes in chem-

ical structure. These two types of labels are widely applied in super-resolution microscopy90.

Other parameters, like brightness, size, quantum yield, compatibility with living cells, etc., also
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Fig. 1.17. Jablonski diagram depicting spontaneous (left) and stimulated (right) emission.
Solid-line arrows represent transitions of the molecule from the ground state to the excited state
after photon absorption, and from the excited state to the ground state after photon emission.
Dashed-line arrows – relaxation between vibrational levels called internal conversion. Wave-
like arrows show incoming light with the colour corresponding to the wavelength.

need to be taken into consideration. Some examples of labels for fluorescence microscopy are

quantum dots, fluorescent proteins (e.g. Green-fluorescent-protein (GFP)), organic dye mo-

lecules (e.g. Rhodamine 6G), etc., which all produce strong fluorescence and are used for

different applications.

1.2.3.2 Imaging techniques

Light microscopy is fundamentally limited by the wave nature of the light to the smallest object

that can be observed. The so-called diffraction limit was derived by Abbe91. It states that any

two objects can be resolved if the distance between them is approximately larger than half of

the excitation wavelength:

d =
λ

2NA
, (1.3)

where NA – numerical aperture of the objective lens (1.4–1.6 in modern optics), λ – wavelength

of the light. For example, considering numerical aperture of 1, and using green excitation light,

the two objects cannot be distinguished if they are closer than 250 nm (Fig. 1.18). How-

ever, in the last decades many super-resolution techniques were developed to overcome the

diffraction limit. Therefore, fluorescence microscopy is divided into diffraction-limited and

super-resolution techniques92,93.

One of the diffraction-limited fluorescence microscopy techniques is epi-illumination mi-

croscopy, which is also referred to as conventional microscopy. Epi-illumination microscopy is
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Fig. 1.18. Diffraction limit principle. Adapted from Ref. [92].92

considered as any orthogonal scheme of illumination where the excitation source is directed per-

pendicular to the plane of the sample (Fig. 1.19A). Illumination of the sample can be performed

using many different light sources: xenon arc lamps, mercury vapour lamps, tungsten-halogen

lamps, powerful LEDs, lasers. However, strong divergence and incoherence of these sources

allow effective imaging only for relatively thin samples (up to 1 µm of thickness). Acquisition

time to obtain an image for this microscopy is set by the frame rate of the detector.

Another diffraction-limited technique is confocal microscopy94. To improve thicker sample

imaging in this technique, the laser beam is focused on the sample, and the micrometer-sized

pinhole of the emission path passes only fluorescence from the focal plane, while out-of focal

plane light is eliminated (Fig. 1.19B). To image one plane, spot of interest is scanned across

the sample. Few different techniques can be used for the scanning, such as electronically con-

trolled mirrors for displacing the laser beam or the spinning disc with multiple holes for the

deflection of the beam across the sample. Confocal microscopy exhibits a better resolution

than the conventional approach. Acquisition time for confocal imaging is set by the scanning

speed95,96.

One more technique is total internal reflection microscopy (TIRF). It is based on the total

internal reflection of light: when the light is incident at a boundary between two different media,

it changes its direction of propagation – refraction occurs. If the incidence angle reaches a par-

ticular value of critical angle, light does not enter into the second medium but undergoes total

internal reflection. At the spot of this reflection, the evanescent field is created, which propag-

ates parallel to the plane of the boundary into the second medium for a few hundred nanometres.

The distance for the evanescent field to propagate is determined by the light incidence angle and
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Fig. 1.19. Simplified microscopy schemes. (A) Epi-illumination, (B) confocal, (C) TIRF
sample illumination.

the refractive indices of the media. In TIRF microscopy, this field is used to excite fluorophores,

which are close to the boundary (deeper fluorophores are not excited) (Fig. 1.19C). Such a way

of sample excitation gives an excellent signal-to-noise ratio, and TIRF microscopy is widely

applied in biology (especially for the lipid membrane imaging) at the single molecule level.

However, the emission is limited to a thin imaging plane and acquisition – by the camera frame

rate95.

As diffraction-limited microscopy does not give access to nanoscopic cellular structures,

which can be of tens of nanometres in size, super-resolution microscopy is a helpful tool to

visualize the smallest objects. One of the most popular super-resolution fluorescence micro-

scopy techniques is single molecule localization microscopy (SMLM). An example of SMLM

is photo-activated localization microscopy (PALM) (Fig. 1.20A). In PALM, a weak short-

wavelength laser beam randomly activates inactive fluorophores in the sample. Then, another

longer wavelength and higher intensity beams are used to excite these activated fluorophores

– the emission is then collected. The position of fluorophores is precisely located by using

specialized localization algorithms. The next step in PALM is to photobleach these localised
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active fluorophores. The cycle is then repeated: activation, excitation, localization, and pho-

tobleaching. The images of localized fluorophores are overlapped until the super-resolution im-

age is complete. In PALM, photo-convertible or photoactivatable fluorescent proteins or organic

fluorophores (one or few activation cycles before photobleaching) are usually used. Acquisition

in PALM is limited by the total number of frames90,96.

Fig. 1.20. Super-resolution fluorescence imaging techniques. (A) PALM, (B) STED, (C) SIM.
(D) A combination of nanoscopy techniques: labeled actin cytoskeleton of COS-7 cell imaged
using TIRF (left), TIRF-SIM (middle) and STORM-SIM (right). Resolution of these methods
is 220, 97 and 62 nm respectively. Scale bar is equal to 3 µm. Panel (D) is reproduced from
Ref. [97].97

Another localization technique is a stochastic optical reconstruction microscopy (STORM).

It operates in a similar principle as PALM – based on random activation and localization of

emitting fluorophores. However, the photobleaching of active fluorophores is eliminated for
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faster imaging as it is a time-consuming step – in STORM, photoswitchable fluorophores are

used instead of photobleachable ones. Photoswitchable organic fluorophores can be activ-

ated/deactivated, and the total super-resolution image acquisition time is shortened. Fluoro-

phore pairs can be used – emission of an activator excites (activates) photoswitchable reporter90.

Stimulated emission depletion (STED) microscopy is different from the above techniques

(Fig. 1.20B). It is a spatially targeted technique based on the wavelength difference between

spontaneous and stimulated emission (Fig. 1.17). In STED, a laser beam excites a large num-

ber of fluorophores (spontaneous emission), and then, a second doughnut-shaped laser beam of

longer wavelength, centred with the excitation beam, forces the majority of the fluorophores to

go back to the ground state (stimulated emission). Fluorophores in the middle of the second

beam emit spontaneously while those affected with the beam are depleted and emit stimulat-

ingly. Both emissions have different wavelengths, therefore they can be separated and emitting

molecules localized. The size of the doughnut-shaped beam can be adjusted down to molecular

scales. By scanning across the sample, a super-resolution image is obtained localizing spontan-

eously emitting fluorophores96. The drawback of this technique is the use of high laser powers,

which requires special fluorophores90.

Another, quite different technique from previously mentioned, is structured illumination mi-

croscopy (SIM) (Fig. 1.20C). In SIM the sample is illuminated through a periodically structured

pattern, typically a grid-like high-frequency striped pattern. Then patterned light interferes with

the structures of the sample, the so-called Moire patterns are created. Different images are

formed by scanning the sample and rotating the illumination grid. The obtained interference

patterns contain high-frequency spacial information about the sample. A super-resolution im-

age is then reconstructed after non-trivial computational treatment of the obtained interference

patterns. SIM is suitable for 2D and 3D imaging, and for capturing the whole cell or an organ-

elle by using multiple fluorophores96.

To summarize, fluorescence microscopy is a powerful tool to study minute objects, es-

pecially biological molecules and processes. The sample itself does not necessary need to

fluoresce – we can use fluorescent labels for imaging particular structures. To image tens of

nanometres-sized objects, we can use a wide variety of super-resolution imaging techniques.

However, for a high spatial resolution, we might need much longer acquisition times that go

beyond the time scale of biological processes. Also, high laser powers used for some tech-

niques might not be compatible with biological samples. A promising way to overcome these

drawbacks seems to be the combination of few fluorescence microscopy techniques97. Fig-

ure 1.20D shows such an example of biological sample imaged with diffraction-limited TIRF

and then with a combination of super-resolution techniques which gives us valuable gain in

resolution.
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1.3 Research presented in this thesis

Photosynthetic organisms must permanently adapt to their varying light environments to en-

sure their proper energetic balance. This involves structural reorganisations at different levels,

which tune the fate of the absorbed solar energy in the photosynthetic membrane. However,

mechanisms behind this flexibility of photosynthetic organisms remain only partly understood.

A number of molecular events related to non-photochemical quenching and state transitions

have been characterised, but the precise description of these changes at the membrane level is

still missing.

At the molecular level, pigment-protein complexes are involved in the initial steps of photo-

synthesis. Binding the pigments to their proteins induces the tuning of their electronic and vibra-

tional properties. To obtain the information about the chemical structure of the molecules, their

conformations, and interactions, one needs to access the molecular vibrations of the sample. For

this, resonance Raman spectroscopy is an excellent tool to study molecular vibrations. In a part

of this work, I focus on the pigment-protein complexes of algae that are relatively little studied,

and more precisely on the composition of their light-harvesting complexes and their pigment

stoichiometry. Another part of this work comprises the studies on isolated Car molecules in or-

der to disentangle the parameters which are able to tune the electronic and vibrational properties

of these molecules.

Chapters 2 and 3 contain studies on pigment configuration in unique light-harvesting com-

plexes from two types of algae performed by absorption and resonance Raman spectroscopies.

In Chapter 2, the xanthophyte light-harvesting complex (XLH), from the soil chromophyte alga

Xanthonema debile, is studied. This alga was recently characterised and contains the caroten-

oids diadinoxanthin, heteroxanthin, and vaucheriaxanthin. It is interesting due to a unique

light-harvesting system possessing two allene Cars and no Chl-c. In this study, the pigment

stoichiometry for XLH was determined. In Chapter 3, the light-harvesting siphonaxanthin-

siphonein-Chl-a/b-protein (SCP), purified from the siphonous green alga Codium fragile – is

studied. This alga contains a specific antenna protein, binding both Chl-a and Chl-b, and Cars –

neoxanthin (Neo), and in a place of lutein – siphonaxanthin (Sx). The unique pigment property

of this siphonous green alga LHCII is the relative number of Chl-b to Chl-a, which is larger

than that of the higher plant LHCII. Therefore this marine algae raises a question – how those

Chls bind to the complex? In this study, the pigment stoichiometry for SCP is presented.

Chapters 4 and 5 contain studies on alkyne and allene Car molecules. Chapter 4 shows an

approach to model dynamic conformations of alkyne Cars in solutions. This study is based

on two complex carotenoids, diadinoxanthin and alloxanthin, bearing alkyne groups within the

linear conjugated chain. A strategy is described for stabilizing non-minimum conformations,

40



Research presented in this thesis

allowing to calculate properties of these Cars. Chapter 5 presents a study on the allene and keto

functional group effect on the properties of Car molecules. In more detail, the vibrational and

electronic properties of three different allene carotenoids of increasing complexity: vaucheri-

axanthin (allene group), fucoxanthin (allene and keto group), and 19’-butanoyloxyfucoxanthin

(allene, keto and acyloxy group), are shown. Together with experimental characterization, an

extensive modelling is shown to explain the experimental observations and the role played by

each substituent.

At the level of membrane, the organisation of thylakoid network within photosynthetic or-

ganisms is of great interest, as it appears to be a highly dynamic system dependent not only

on the environment conditions but also very diverse among organisms. Up to now, most of the

insights into thylakoid architecture were obtained from electron microscopy-based studies. It

has led to detailed models of the thylakoid organisation in plants, however, other organisms

have been barely addressed. Moreover, electron microscopy-based models represent snapshots

of highly treated samples and do not exhibit information on the dynamics of the thylakoid sys-

tem. The best way to obtain such information is the fluorescence microscopy, as photosynthetic

organisms contain naturally fluorescent chlorophyll in thylakoid membranes. However, the

visualization of thylakoids in vivo at physiological conditions experience technical limitations

related to resolution and the complexity of the imaging system. The most common approaches

to image thylakoid membranes comprise diffraction-limited confocal microscopy and super-

resolution fluorescence imaging techniques. Confocal microscopy does not satisfy the required

resolution to obtain images of the thylakoid network in photosynthetic organisms and super-

resolution techniques are either not compatible with living-samples or expensive and complex.

Chapters 6 and 7 show an approach of application of a recently developed fluorescence

nanoscopy system for thylakoid membrane imaging in photosynthetic organisms. Chapter 6

presents an extensive description of the new Pixel Reconstruction Nanoscopy (PRN) method,

which overcomes the drawbacks of most of the super-resolution fluorescence imaging tech-

niques. It is shown theoretically and experimentally that the PRN technique exhibits much

higher resolution than confocal microscopy, is easy to implement to a common fluorescence

imaging system, and yields a considerable improvement in 3D fluorescence imaging of cellular

structures due to unprecedented lateral-to-axial resolution ratio. Chapter 7 contains an extensive

study of PRN applications for photosynthetic organisms. Thylakoid membrane network is im-

aged for higher plants (spinach, pea, arabidopsis), green algae Chlamydomonas reinhardtii, and

diatoms Cyclotella meneghiniana and Thalassiosira pseudonana. The PRN method is applied

for grana size evaluation in intact spinach chloroplasts dependent on the plant growth condi-

tions, as well as 3D thylakoid membrane structures of intact plant chloroplast, and, algae and

diatom cells in vivo.
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Finally, Chapter 8 provides a general discussion on all the research presented in this thesis

(Chapters 2–7). The relationship between the presented studies is addressed: resonance Raman

spectroscopy and PRN techniques used in this work help to reveal structural information on the

pigments in the light-harvesting complexes and on the thylakoid architecture of the photosyn-

thetic organisms. The possible directions for the future research are discussed in this chapter as

well.

Publications this thesis is based on:

Chapter 2: Simona Streckaite, Zdenko Gardian, Fei Li, Andrew A. Pascal, Radek Litvin,

Bruno Robert, Manuel J. Llansola-Portoles, Pigment Configuration in the Light-harvesting Pro-

tein of the Xanthophyte Alga Xanthonema debile, Photosynth. Res. 138, 139–148 (2018), DOI:

10.1007/s11120-018-0557-1.

Chapter 3: Simona Streckaite, Manuel J. Llansola-Portoles, Andrew A. Pascal, Cristian

Ilioaia, Andrew Gall, Soichiro Seki, Ritsuko Fujii, Bruno Robert, Pigment Structure in the

Light-harvesting Protein of the Siphonous Green Alga Codium Fragile, Biochim. Biophys.

Acta - Bioenergetics, accepted.

Chapter 4: Simona Streckaite, Mindaugas Macernis, Fei Li, Eliška Kuthanová Trsková,

Radek Litvin, Chunhong Yang, Andrew A. Pascal, Leonas Valkunas, Bruno Robert, Manuel J.

Llansola-Portoles, Modeling Dynamic Conformations of Organic Molecules: Alkyne Caroten-

oids in Solution, J. Phys. Chem. A 124 (14), 2792-2801 (2020), DOI: 10.1021/acs.jpca.9b11536.

Chapter 5: Simona Streckaite, Mindaugas Macernis, Eliška Kuthanová Trsková, Radek

Litvin, Andrew A. Pascal, Bruno Robert, Leonas Valkunas, Manuel J. Llansola-Portoles, Func-

tional Groups Effect on Carotenoids Properties: Allene Substituents, under preparation.

Chapter 6: Simona Streckaitė, Dmitrij Frolov, Jevgenij Chmeliov, Andrius Gelzinis,

Cristian Ilioaia, Sylvie Rimsky, Rienk van Grondelle, Leonas Valkunas, Andrew Gall, Bruno

Robert, Pixel Reconstruction Nanoscopy: Taking Confocal Imaging to the Extreme, submitted.

Chapter 7: Publication is under preparation.

Other publications obtained during PhD but not included in this thesis:

1. Manuel J. Llansola-Portoles, Kipras Redeckas, Simona Streckaite, Cristian Ilioaia, An-

drew A. Pascal, Alison Telfer, Mikas Vengris, Leonas Valkunas and Bruno Robert, Lycopene

Crystalloids Exhibit Singlet Exciton Fission in Tomatoes, Phys. Chem. Chem. Phys. 20, 8640-

8646 (2018), DOI: 10.1039/C7CP08460A.

2. Manuel J.Llansola-Portoles, Fei Li, Pengqi Xu, Simona Streckaite, Cristian Ilioaia,
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Chunhong Yang, Andrew Gall, Andrew A. Pascal, Roberta Croce, Bruno Robert, Tuning An-

tenna Function Through Hydrogen Bonds to Chlorophyll a, Biochim. Biophys. Acta - Bioener-

getics 1861 (4), 148078 (2020), DOI: 10.1016/j.bbabio.2019.148078.

3. Célia Chenebault, Encarnation Encarnación, Xavier Kammerscheit, Sigrid Gorgen, Cris-

tian Ilioaia, Simona Streckaite, Andrew Gall, Bruno Robert, Elodie Macron, David- Alexandre

Buisson, Karim Benzerara, Jean-Francois Sassi, Corinne Cassier-Chauvat, Franck Chauvat, A

Genetic Toolbox for the new Model Cyanobacterium Cyanothece PCC 7425: a Case Study

for the Photosynthetic Production of Limonene, Front. Microbiol. 11:586601 (2020), DOI:

10.3389/fmicb.2020.586601.

4. Fei Li, Cheng Liu, Simona Streckaite, Chunhong Yang, Pengqi Xu, Manuel J. Llansola-

Portoles, Cristian Ilioaia, Andrew A. Pascal, Roberta Croce, Bruno Robert, Conformational

Changes and Excitation Energy Quenching in LHCII, submitted.
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