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Summary

Photosynthesis is one of the most important processes in the World – it provides a large part of

food and energy resources. The light-initiated reactions of oxygenic photosynthesis in plants,

algae and some bacteria occur in thylakoid membranes located in the plastids of the organ-

ism. Despite the same goal to synthesize carbohydrates and oxygen from carbon dioxide and

water using the energy of light, these organisms possess a highly diverse structures of their

photosynthetic apparatus determined by their habitat. The structural changes are observed at

the molecular level, where pigment-protein complexes are involved in the initial steps of pho-

tosynthesis, as well as at the level of thylakoid membrane network, which appears to be highly

dynamic system not only dependent on the environment conditions but also very diverse among

different species. The elucidation of the structural changes and their function at different levels

of the photosynthetic apparatus is crucial for the utilization of these processes for the benefit of

the humankind to construct efficient artificial photosynthetic systems and improve the yield of

crop plants.

In this thesis, the composition of the light-harvesting complexes from a relatively little

studied algae is addressed. These studies led to the observation of interesting properties of

carotenoid molecules which possess additional functional groups conjugated to the polyene

chain. Therefore, these molecules are investigated isolated from the light-harvesting complexes

by using experimental and theoretical methods, in order to reveal the characteristics which are

able to tune the electronic and vibrational properties of carotenoids. And finally, several photo-

synthetic species are studied at the membrane level in order to obtain their thylakoid structure

within the organism.

Chapter 1 provides a brief introduction on photosynthetic apparatus at the molecular and

membrane levels, and on possible methods to study it. Resonance Raman spectroscopy and

fluorescence nanoscopy are presented in detail in this chapter.

Chapter 2 shows the absorption and resonance Raman study on pigment configuration in

the light-harvesting protein of the recently characterized xanthophyte alga Xanthonema debile,

which contains only non-carbonyl carotenoids and Chl-a. The pigment ratio obtained is 8 : 1

: 2 : 1 for Chl-a : heteroxanthin : diadinoxanthin : vaucheriaxanthin. Also, the presence of

8–10 Chls-a is determined: 1–2 with free or weakly bound keto groups, 3–4 with medium-

strength H-bonds provided to this group, and 3–4 with strongly H-bonded keto groups. Three

populations of carotenoids in all-trans configuration is unravelled: vaucheriaxanthin absorbing

at 500–530 nm, diadinoxanthin – at 494 nm, and the heteroxanthin – at 487 nm at 4.5 K. The

effective conjugation length for heteroxanthin and diadinoxanthin is determined as 9.4.

Chapter 3 presents a similar study on pigment structure in the light-harvesting protein from
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other unique alga Codium fragile. This siphonous green alga binds the carotenoid siphonax-

anthin and/or its ester siphonein, chlorophylls a/b and neoxanthin. The pigment ratio obtained

is 2.5 : 1 : 6 : 8 = siphonaxanthin + siphonein : 9’-cis neoxanthin : Chl-a : Chl-b. Absorption

and resonance Raman studies revealed the presence of two non-equivalent siphonaxanthin mo-

lecules with absorption peaks at 501 and 535 nm, and neoxanthin – at 489 nm in the trimeric

light-harvesting complex of this alga. The Raman modes of Chls-b were observed unusually

intense allowing the description of seven to nine non-equivalent Chls-b and six distinct Chl-a

populations in this protein, together with the analysis of H-bonding states of the formyl and

keto groups of these pigment molecules.

Chapter 4 discusses the non-minimum conformations of the alkyne carotenoids as their

spectral properties obtained by experiments cannot be precisely predicted by theoretical ap-

proaches. The carotenoids, diadinoxanthin and alloxanthin, are investigated in detail by the

resonance Raman spectroscopy and quantum chemical calculations. It is shown that both mo-

lecules display an unusual double-peaked ν1 band, which is associated with the presence of

the alkyne group in the conjugated C=C chain. Three conformations are revealed in these mo-

lecules for the alkyne-end-group dihedral angles at 0, 90 and 180 degrees with respect to the

conjugated polyene chain. The 90-degrees-conformation is not stable during the minimization

procedures: an approach is presented for stabilization of such dynamic conformations. This the-

oretical approach is based on the solvation of the carotenoid by water molecules – stabilization

by hydrogen-bond interactions.

Chapter 5 presents a study on other functional group, allene, keto and acyloxy, influence

on the carotenoid spectral properties. Three allene-containing carotenoids – vaucheriaxanthin,

fucoxanthin, and 19’-butanoyloxyfucoxanthin – are studied by a combined experimental/theore-

tical approach: resonance Raman spectroscopy and quantum chemical calculations. It is shown

that all molecules display an atypical double-peaked ν1 and ν2 bands, however, the calculated

high-energy barriers reveal that the appearance of conformers in dynamic equilibrium at room

temperature is impossible. It is shown that all-trans conformation for vaucheriaxanthin and

fucoxanthin exhibits symmetric and antisymmetric modes in ν1 and ν2 regions; the higher

intensity of the antisymmetric mode in allene-containing molecules compared to the regular

carotenoids allows this frequency to be observed experimentally as a doublet in resonance Ra-

man spectra.

Chapter 6 shows a detailed characterization of the novel fluorescence nanoscopy technique

– pixel reconstruction nanoscopy (PRN). PRN is implemented in a standard fluorescence ima-

ging system and applied for a 3D visualization of Escherichia coli nucleoid. PRN is shown to

require minimal sample preparation for labelled and/or living-organism imaging and is much

less susceptible to phototoxicity and photobleaching compared to current nanoscopy methods.
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At least 30 % increase in resolution in all three dimensions is shown compared to the confocal

microscopy. In addition, PRN method exhibits extremely low lateral-to-axial FWHM aspect

ratio, which is a considerable improvement for 3D fluorescence imaging of cellular structures.

Chapter 7 presents applications of PRN for the imaging of the photosynthetic organisms,

as a well-suitable technique to observe the 3D thylakoid organization. Intricate membrane

network is obtained by recording the chlorophyll autofluorescence of intact plant (pea, spinach,

arabidopsis) chloroplasts, green algae (Chlamydomonas r.) and diatom (Cyclotella m.) cells in

vivo, and isolated diatom plastids (Thalassiosira p.) at several planes. Complex 3D thylakoid

structures shown for green algae and diatom cells in vivo are the first such examples, while the

structure obtained for arabidopsis is addressed to be highly improved from what we can find in

the current literature. Also, grana diameter evaluation by PRN is presented for spinach grown

under different light conditions.

Chapter 8 discusses all the research presented in this thesis and possible directions for future

studies. It is suggested that the combined nanoscopic-spectroscopic systems could provide both

the structural information and the data on the molecular events simultaneously, resulting in a

breakthrough of understanding how photosynthetic processes occurring at different levels of the

organism are interconnected. This knowledge together with theoretical approaches, thus would

allow us to employ photosynthesis to fulfil additional food and energy needs.
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