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SUMMARY 

 
Biological functions of carotenoids involving interaction with light, such as coloration 

and in photosynthesis, are determined by the electronic properties of the conjugated 

polyene chain that is characteristic of carotenoid molecules. Molecular interactions with 

proteins in vivo, in the specific environment of the carotenoid binding pocket, can tune 

the electronic properties of the carotenoid, thereby changing the light absorption 

properties so that a spectral red-shift is observed relative to the molecule in vitro. 

Understanding how these properties are tuned in vivo is essential for understanding the 

mechanisms underlying carotenoid function, and is a major challenge for carotenoid 

research.  

 

This challenge is addressed in this thesis, which aims to investigate the possible 

molecular factors that determine or contribute to the absorption spectral shifts in vivo. 

This study has used resonance Raman spectroscopy associated with electronic 

absorption spectroscopy to characterize the structure of the electronic ground state of 

the carotenoid molecule in vivo by the selective enhancement of the vibrational modes 

coupled to the S0 → S2 electronic transition. 

 

In Chapter 2, the electronic properties of nine relatively simple linear and β-ring cyclic 

carotenoids molecules are addressed. A systematic investigation in vitro of the 

correlations between the position of the S0 → S2 electronic transition, the frequency of 

ν1 Raman band and the conjugation chain length N is presented. Excellent correlations 

were found for linear carotenoids. For the β-ring cyclic carotenoids, whereas the two 

spectroscopic parameters also exhibit an excellent correlation, a deviation from the 

linear correlations with the nominal conjugation chain length N was observed, 

consistent with the conclusion that β-carotene and β-ring cyclic carotenoids display an 

effective conjugation chain length shorter than that expected from their formal chemical 

structure, due to twisting of the β-ring out of the plane.  

Furthermore, the effect of solvent properties on the two spectroscopic parameters for 

four molecules was also addressed. Linear correlations between these parameters and 



 

solvent polarizability, expressed as R(n) = (n2-1) / (n2+2), where n = refractive index, 

were observed. No such correlation was found as a function of solvent polarity (ε, 

dielectric constant). The correlations obtained between the position of the S0 → S2 

electronic transition and the frequency of the ν1 Raman band expressed as (i) function 

of change in the effective conjugation chain length (different carotenoids in same 

solvent(in hexane) or (ii) function of solvent polarizability (same carotenoid in different 

solvents), exhibit very different slopes. Such different correlations can be useful to 

distinguish between these two mechanisms as possible causes of the shifts in S0 → S2 

electronic transition, the absorption shifts, in vivo. Consequently, this information was 

applied to the example of the absorption shifts of carotenoid bound to light-harvesting 

(LH) proteins in photosynthetic purple bacteria. The average polarizability of the 

protein environment, predicted to be similar for these three LH proteins, can fully 

account for the spectral shifts of these carotenoids.  

This chapter provides groundwork for the spectroscopic studies of carotenoid 

absorption properties in vivo presented in the following Chapters 3 and 4, which 

represent two very different biological systems of carotenoid interactions with proteins. 

 

Chapter 3 present a spectroscopic study of feathers from the brilliant red scarlet ibis 

(Eudocimus ruber, Threskiornithidae), the orange-red summer tanager (Piranga rubra, 

Cardinalidae) and the violet-purple feathers of the white-browed purpletuft (Iodopleura 

isabellae, Tityridae). All these plumage patches contain canthaxanthin as their major 

carotenoid. In order to investigate the structural changes and molecular interactions, 

responsible for the different colors of canthaxanthin in these feathers, a comparative 

study was made between the resonance Raman and electronic absorption spectra 

deduced from reflectance spectra of canthaxanthin bound in situ, and data recorded 

from canthaxanthin in solution. The results show that canthaxanthin binds differently to 

the feather keratin proteins in the different species of birds. A significant variation was 

observed in the frequency of the ν1 Raman band among the birds, and this correlates 

well with the red-shifts in the absorption spectra exhibited by canthaxanthin in each of 

the feathers. The most significant of these is seen in I. isabellae. The entire extent of the 

red-shift in the violet feathers, however, cannot be explained by the 



 

polariability/refractive index of the binding site nor by the coplanarity of the β-rings. It 

is proposed that, along with these two factors, a head-to-tail molecular aggregation of 

the bound carotenoid molecules is likely to be an important additional factor responsible 

for the violet color of I. isabellae. Additional work will be required to confirm the 

presence of molecular aggregates in this feather and also to define whether the 

carotenoid binds directly to β-keratin or to another protein or molecule and to assess the 

possibility of other interactions with the protein, e.g. via the C=O groups of 

canthaxanthin. 

 

In Chapter 4, the absorption shifts of the two β-carotenes in PSII-RC and those of the 

two luteins in LHCII were investigated. The evaluation of the molecular factors 

underlying these absorption shifts was complemented by the structural information on 

the carotenoid binding pocket provided by the three-dimensional structure of these 

proteins as determined by X-ray crystallography. The results show that the carotenoid 

molecules with lowest absorption maximum, here named blue-absorbing carotenoids, 

are mainly influenced by the local environment associated with the protein, since they 

fit on the linear correlations obtained for β-carotene and lutein expressed as function of 

solvent polarizability. This observation is shown to be consistent with the structural 

information of the binding sites. Concerning the red-absorbing molecules (with 

relatively highest absorption maximum), the shift in the S0 → S2 electronic transition is 

proposed to be due to an increase of the effective conjugation chain length N due to 

coplanarization of the β-end rings with the polyene chain induced by local steric 

hindrances.  

 

The research work presented in this thesis represents a considerable contribution to the 

understanding of how the electronic properties of carotenoids in situ may be tuned by 

the conditions of the protein binding site in vivo. Addressing the possible factors 

responsible for the absorption behaviour of carotenoids in birds and higher plants may 

help in the elucidation of absorption tuning in other living organisms, and provide 

useful information on how the electronic properties of carotenoid molecules are tuned to 

optimise their different functions. 



 

In addition, a general survey of the existing knowledge on the carotenoid breakdown 

products- the norisoprenoids- and their higly sensorial impact on wine aroma, is 

reviewed and presented in Chapter 5. Key information extensively reported in the 

literature for the last decades is considered. Particular focus is given on the several 

parameters that affect both qualitative and quantitative profile of carotenoids in grapes, 

the relevance of norisoprenoids to the wine aroma, their chemical and sensorial 

characterization, and the proposed realistic mechanisms for their formation involving β-

carotene and neoxanthin as norisoprenoids precursors. The overall contribution to the 

wine aroma and some of the open challenges for carotenoid research and wine aroma 

were proposed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


