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Summary

a-Crustacyanin is the 320 kDa carotenoprotein complex from the
lobster, Homarus gammarus. It is a water-soluble complex consisting of
the carotenoid astaxanthin, stoichiometrically bound to the protein. Each
a-crustacyanin molecule consists of eight B-crustacyanin units (41 kDa),
while one B-crustacyanin unit is formed by the association of one 21 kDa
and one 19 kDa apoprotein in combination with two astaxanthin
molecules. Upon binding to the protein, the astaxanthin, which is
normally bright red (Amax = 488 nm) undergoes a large bathochromic shift
causing the blue colour of the a-crustacyanin complex (Amax = 632 nm).
This very large colour shift indicates that there is a strong interaction
between the astaxanthin chromophore and the surrounding apoprotein
subunit. Crustacyanin is therefore an ideal model with which to study
protein-chromophore interactions that, in general, play such an important
role in many biochemical and biological processes.

Although the main part of this project is focused on the study of the
protein-chromophore interactions in a-crustacyanin, the carotenoprotein
from the starfish Asterias rubens was also studied. Apart from
astaxanthin, asteriarubin also binds the acetylenic carotenoids 7,8-
didehydroastaxanthin and 7,8,7',8'-tetradehydroastaxanthin. The
asteriarubin complex has a molecular weight of approximately 43000 and a
characteristic purple colour (550 £ Amax < 570nm).

In the first Chapter a general introduction is given in which the
general structure, nomenclature, properties and functions of carotenoids
in vivo and in vitro are discussed. Furthermore the occurrence of
carotenoids in association with protein is highlighted, and a distinction is
made between type I and type II complexes.

To enable a comparison between the protein-chromophore
interactions in carotenoproteins and those in the extensively studied light-
transducing retinal-proteins, a short summary of the current knowledge of
retinal-opsin interactions in the visual pigment rhodopsin and the
membrane protein bacteriorhodopsin is presented.

Finally the aims of this project are briefly described.

After a concise account of the origin of the materials that were used
and a de.cription of the techniques, the extraction of a-crustacyanin from



the carapace of the lobster Homarus gammarus and its subsequent
purification are presented in Chapter 3.

The acetone/ether method was used in reconstitution studies of o-
crustacyanin with a range of different carotenoids. The results of previous
studies, which demonstrated the essential role of the keto groups at the
positions 4,4' in the B-ring and the central methyl groups (20,20") of the
polyene chain, were confirmed. Furthermore it was shown that both
central methyl groups are necessary for binding to the protein, since 13-
demethylastaxanthin failed to bind. Finally a general description of the
extraction, purification and reconstitution of asteriarubin from the starfish
Asterias rubens was given.

In Chapter 4, the results of Raman spectroscopic studies on
crustacyanin and asteriarubin are presented. After a thorough
introduction into the general concepts of Raman spectroscopy, its use to
study carotenoproteins is explained, an outline of the current state of
research in this area is given and the experimental set-up that was used to
record the resonance Raman and FT-Raman spectra of the carotenoids and
carotenoproteins as well as the necessary sample preparations, are
described.

The Raman spectra of the labelled astaxanthins are subsequently
presented; these spectra formed the basis for a qualitative assignment of
the vibrational modes of astaxanthin. The Fourier-transform Raman
spectra of the astaxanthins sometimes allowed the observation of separate
vibrations within one vibrational mode and assisted in this assignment.

The Raman spectra of the crustacyanins reconstituted with the
different labelled astaxanthins are then presented. These demonstrated
that the cental part of the polyene chain is more perturbed than the outer
parts. Furthermore the finger-print region indicates that a minor
distortion of the polyene chain does occur, but this alone would not be
sufficient to explain the bathochromic shift. This is further confirmed in
the spectra of the asteriarubins in which the fingerprint region is also
affected upon binding to the protein, but not in the same way as in
crustacyanin. This indicates that also in asteriarubin distortion occurs, but
that the details of binding are probably different.

In Chapter 5 are presented computational studies of the
carotenoproteins, which were used for comparison with the results of the
spectrosc 'pic investigations. An introduction to the field of computational
chemistry is first presented, and the emphasis is laid on the distinction



between quantum mechanical semi-empirical and ab-initio calculations.
The results of the quantum mechanical semi-empirical calculations are
then described. In this the optimized geometries of several different
carotenoids are presented and compared with the X-ray structure if that
was available. The optimized geometry formed the basis for further
calculations, such as the simulations of the vibrational and electronic
spectra, calculations of molecular orbital patterns and of the electronic
charge density profiles.

In Chapter 6 the results of a 13C MAS NMR spectroscopy study of
the crustacyanins is presented. Here the 13C CP/MAS NMR spectra of the
free astaxanthins are compared with the spectra of the protein-bound
astaxanthins. The spectra of o-crustacyanin reconstituted with [14,14' 13C]
and [12,12' 13C;] astaxanthin clearly exhibit two different label signals,
which strongly suggests that the astaxanthin molecule is asymmetrically
bound to the protein. Furthermore the chemical shift differences between
free and protein—bound astaxanthin at the positions 44'; 13,13; 15,15’ and
20,20' are presented.

This results in a pattern of chemical shift differences, which is
subsequently compared with the results of semi-empirical quantum
mechanical calculations on several astaxanthin-like structures, which
leads to the proposition of doubly protonated astaxanthin as a possible
model for protein-bound astaxanthin.

Finally in Chapter 7 the results of the previous chapters are
summarized and compared with previous work. It shows that the
rejection of a protonation mechanism by Buchwald and Jencks and Salares
et al. was based on the wrong assumptions and that this mechanism could
well be responsible for the bathochromic shift of astaxanthin upon binding

to a-crustacyanin.
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General Introduction



1.1 Introduction

Carotenoids are the most widespread class of pigments in both
plants and animals. Currently, the chemical structures of more than 600
naturally occurring carotenoids are known (Straub, 1987; Kull and Pfander,
1995) of which around 150 have been found in photosynthetic organisms.
However by no means do they solely play a role in photosynthesis and
their presence has been demonstrated in bacteria, fungi, algae, higher
plants, invertebrate animals, fishes and birds.

Free carotenoids absorb light in the visible region of the absorption
spectrum below 500 nm and are often responsible for the wide variety of
bright yellow, orange or red colours in nature. When bound within a
carotenoid-protein complex, they can absorb light up to the long
wavelength region of the visible spectrum and even into the near infrared
so that they appear green, purple and blue.

In this chapter a concise overview of the occurrence and general
functions of carotenoids in several organisms will be presented as well as a
discussion of their light absorption properties in terms of the general
structure. To enable a comparison between the carotenoproteins and the
intensively studied visual pigments, an outline of the structural studies of
the retinal-binding proteins will be given. Finally the aims of this project
are presented in which the general approach and separate steps to
accomplish these final goals are described.

1.2 General Structure and Nomenclature of Carotenoids

Initially, carotenoids were given trivial names which reflected their
natural origin, or a particular property, such as wavelength of maximal
light absorption. Although these names are still frequently used, especially
in biological sciences, they give no structural information. Therefore, a
semi-systematic nomenclature was developed in 1971, which was
approved by the International Union of Pure and Applied Chemistry
(IUPAC) and the International Union of Biochemistry (IUB) and is now in
general use (IUPAC Commission on the Nomenclature of Organic
Chemistry and IUPAC-IUB Commission on Biochemical Nomenclature,
1975).

In this thesis, when a carotenoid is mentioned for the first time in
the text, the semi-systematic name will be given in parentheses but from
then on the trivial name will be used. The conventional numbering



system of the carotenoids is illustrated by the chemical structure of B-
carotene (B,p-carotene) in Figure 1.1.

Each carotenoid is considered as being symmetrical and identical
atoms in both halves of the molecule are distinguished by an accent or
'prime’.

Carotenoids consist of a long polyene chain (the chromophore)
derived from a tetraterpene (Cgq) skeleton precursor which is
biosynthesized by the basic isoprenoid pathway common to all terpenes
(Britton, 1983). The majority of carotenoids contain one or more functional
groups. Carotenoids containing oxygen functions are called xanthophylls,
whereas hydrocarbon carotenoids are known as carotenes.

1.3 Spectral Properties of Carotenoids

The carotenoids owe their characteristic light-absorption properties
to the long, conjugated polyene chain, which is referred to as the
chromophore and which consists of alternate single and double bonds
causing a delocalization of the n-electrons along the length of the polyene
chain. The higher the degree of delocalization of the n-electrons, the lower
the energy difference between the electronic ground state and the electronic
excited state. This is illustrated in Table 1.1, in which the number of
conjugated double bonds and the corresponding wavelength of maximum
absorption (Amax) of several carotenoids are listed.

The presence of functiona! groups often alters the degree of
delocalization and thus also the wavelength of maximum absorption.
When a C-4 carbonyl group is present, which is conjugated with the
polyene chain e.g. in echinenone (B, B-caroten-4-one) and astaxanthin (3,3'-
dihydroxy-ﬂ,B«carotene-4,4‘-dione), the absorption maximum shifts to
longer wavelengths due to the effective extension of the conjugated
polyene system. Furthermore the geometry of the polyene chain can affect
the degree of delocalization. In B-carotene, for example, the B-rings are
twisted about the C-6,7 single bonds out of the plane of the polyene chain
due to the steric hindrance between the C-5 methyl group and the C-8
hydrogen atom as well as the C-1 methyl groups and the C-7 and C-8
hydrogen atoms (see Figure 1.2). Since the 5,6-double bonds are no longer
coplanar with the polyene chain, the degree of m-electron delocalization is
decreased. This is illustrated by a lower Amax Of p-carotene in comparison to
lycopene (y,y-carotene), which has the same number of conjugated double



ring system of p-carotene

Figure 1.1 Structure and numbe



number of conjugated

carotenoid double bonds Amax (nm)
phytoene 3 285
phytofluene 5 348
{—carotene 7 400
neurosporene 9 439
lycopene 11 470

Table 1.1. UV/Vis absorption maxi

number of conjugated double bonds.

mum (Amax) of several carotenoids and their




Figure 1.2 Steric hindrance encountered with cyclic carotenoids



bonds, but is in a conformation that is closer to planarity.

The characteristic absorption properties of carotenoids, absorbing
light in the wavelength range of 400-500 nm are attributed to a strongly
allowed electronic transition from the Sp (11Ag) ground state to the second
excited Sy (11By) singlet state. Excitation from the Sp ground state to the first
excited 21Ag state is symmetry forbidden and population of this state
generally occurs through internal conversion from the vibronically
coupled 11By state (see Figure 1.3).

In Figure 1.4 are shown the UV/Vis absorption spectra of B-carotene
and lycopene which are both characterized by a typical three-peaked
spectrum. The three main absorption peaks result from electronic
transitions from the lowest ground vibrational state to either the lowest
vibrational level of the excited state (referred to as the 0-0 transition) or the
first or second excited vibrational level of the electronic excited state
(referred to as the 0-1 and 0-2 transitions respectively). Broadening of the
vibrational energy transitions is caused by the presence of rotational
sublevels.

The UV/Vis spectra of xanthophylls, which contain conjugated
carbonyl groups, are often characterized by a complete loss of spectral fine
structure leading to a single broad band. This is the result of a decrease in
the number of vibrational energy levels in the excited state due to the
presence of the functional groups.

1.4 General Functions of Carotenoids

The various functions of carotenoids in plants and animals have
been reviewed extensively by Goodwin (1980, 1984). In general, a division
can be made into photofunctions, non-photofunctions and metabolic
functions.

(1) Photofunctions

(a) Photosynthesis

Carotenoids (xanthophylls) play an essential role in photosynthesis
where they function as accessory light-harvesting pigments. They absorb
the incident light in the ~450-570 nm wavelength range, where the
chlorophylls do not absorb efficiently, and subsequently transfer the energy
to the chlorophylls where charge separation takes place (Cogdell and Frank,
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Figure 1.3 Energy level diagram for carotenoids (a, absorption; ic, internal
conversion; f, fluorescence)
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Figure 1.4 UV/Vis absorption spectra of B-carotene and lycopene (in acetone)



1987; Siefermann-Harms, 1985).

The light-harvesting function involves singlet-singlet energy
transfer from the carotenoids to the chlorophylls (see Figure 1.5). To
maximize this energy transfer, carotenoids and chlorophylls are in close
proximity within pigment-protein complexes and the efficiency of transfer
can be as high as 50% in plants (Cho and Govindjee, 1970) and even up to
90% in phototrophic bacteria such as Rhodobacter sphaeroides.

(b) Photoprotection

Another important function of carotenoids involves the protection
of photosynthetic organisms in plants and bacterial species against excess
light energy. This is illustrated by the carotenoidless mutant Rhodobacter
sphaeroides R-26 which sensitizes its own death in the presence of light
and oxygen (Griffiths et al., 1955), whereas this combination is completely
harmless to the wild-type (carotenoid-containing) Rhodobacter
sphaeroides.

In the D1/D2/Cyt-b559 photosystem (PS) II reaction centre, which
was prepared from higher plant chloroplasts, photoprotection is provided
by the presence of two B-carotene molecules per reaction centre complex
(van Dorssen et al., 1987; Newell et al., 1991). Photosystem I, isolated from
higher plants, is not as well documented as PSII, but is also believed to
contain mainly B-carotene (often with small amounts of a-carotene) as the
photoprotective pigment (Young, 1993). The carotenoids protect against the
effect of excess light by quenching both triplet state chlorophyll (Krinsky,
1979) and singlet molecular oxygen (Foote and Denny, 1968). The
destruction of the carotenoidless mutant strain is caused by triplet excited
chlorophyll or bacteriochlorophyll which sensitizes the formation of
singlet molecular oxygen. Singlet molecular oxygen is a very reactive
oxygen species and can destroy chlorophylls, proteins, nucleic acids and
lipids. The quenching of triplet state chlorophyll involves triplet-triplet
energy transfer from the chlorophylls to the carotenoids, whereas the
scavenging of singlet oxygen is brought about by the energy transfer from
the singlet molecular oxygen to the ground state carotenoid.

(2) Non-photofunctions

(a) Piotein and membrane stabilization
When carotenoids are bound within a protein or membrane, both
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the carotenoid and protein/membrane exhibit greater stability (Cheesman
et al.,, 1967). The carotenoid is less sensitive to light and oxygen when
bound than when free in solution (Buchwald and Jencks, 1968) while the
protein or membrane structure is less sensitive to denaturing agents when
complexed with carotenoids (Zagalsky and Herring, 1977).

(b) Coloration

In animals carotenoids are important for coloration which plays a
role during courtship (episemasis), in concealment or camouflage (crypsis)
and warning (aposemasis). No animal has yet been shown to be capable of
synthesizing carotenoids de novo and the only way in which animals can
acquire the carotenoids is through dietary intake.

(c) Reproduction
The frequent occurrence of carotenoids in the reproductive organs
and eggs of some animals suggests a possible role in reproduction.

(d) Antioxidants

It has been shown that carotenoids can act as antioxidants in organic
solution (Burton and Ingold, 1984). At the moment much research is
focused on the issue whether carotenoids could also play an antioxidative
role in vivo and thereby influence the oxidation processes that are
involved in many of the most serious human diseases, such as cancer and
heart disease. However, the situation in vivo is not quite clear, since the
concentrations of carotenoids are generally much lower than those that are
used in model systems to demonstrate antioxidant behaviour (Woodall,
1994). Therefore care should be taken when relating carotenoids with the
prevention or protection of cancers and heart diseases to avoid any false
expectations among the general public.

(3) Metabolic functions

(a) Some carotenoids, such as B-carotene, can be cleaved to give vitamin A,
which plays a fundamental role in vision and in growth and development.
Two mechanisms have been proposed for this conversion. The first
mechanism envisages a central cleavage, i.e. at the 15,15' double bond,
whereas the second mechanism suggests that the carotenoid may be
attacked simultaneously at different double bonds (random cleavage). The



second mechanism would yield products ranging in size from Cjg to C3g
and the larger fragments would subsequently be broken down further to
give retinal.

(b) It was shown (Austin et al., 1969) that, in the mould Blakeslea trispora,
B-carotene is converted into trisporic acid which acts as a hormone to
stimulate carotenogenesis.

1.5 Carotenoproteins

Carotenoids often occur in association with proteins, forming water-
soluble carotenoprotein complexes, which will be discussed in more detail
later in this thesis. Here only an introductory outline is given.

Carotenoproteins are found widely in invertebrate phyla and
especially in marine organisms. When the carotenoid binds to the
apoprotein the absorption spectrum of the carotenoid is frequently altered.
Usually a large bathochromic shift occurs (Amax increases) and gives rise to
the blue and purple complexes of the lobster, Homarus gammarus and the
starfish, Asterias rubens respectively. Sometimes, though less commonly,
a hypsochromic shift occurs (Amax decreases) as is the case with the yellow
protein of the lobster.

Carotenoprotein complexes of animals have been reviewed by
Zagalsky et al. (1967); Zagalsky (1976, 1983); Britton et al. (1982) and Findlay
et al. (1990). A recent review of carotenoprotein complexes of invertebrates
has been given by Zagalsky et al. (1990).

Carotenoproteins are divided into two groups depending on their
chemical composition and properties. However, some of them possess
properties of both groups.

1.5.1 Type I Complexes

Type I complexes are mainly found in eggs, ovaries, blood and stalk
fluid of crustaceans and exhibit much variety in spectral properties and
nature of carotenoid binding. Also no specificity for a particular carotenoid
is often seen. For example, the red lipovitellin in the eggs of the crab
Cancer pagarus contains all the carotenoids that are present in the whole
tissue (Zagalsky et al., 1967). This lack of selectivity is also observed in the



eggs of Ementa analoga and Pagurus prideauxi (Zagalsky, 1976).

On the other hand there are complexes which only contain one
carotenoid. Astaxanthin is the sole carotenoid in the lipovitellins isolated
from the eggs of the lobster Homarus sp. (Kuhn and Sorensen, 1938),
Acanthephyra sp. (Herring, 1975) and Plesionika edwardsi (Zagalsky et al.,
1967). The lipovitellins of the brine shrimp Artemia (Zagalsky et al., 1983;
Warner et al., 1972 and De Chaffoy et al., 1980) only contain the carotenoid
canthaxanthin (B,B-carotene-4,4'-dione).

A wide variety of different carotenoids is found in type I
carotenoproteins, e.g. f-carotene occurs in the lipovitellin from Callinectus
sapidus (Kerr, 1969), alloxanthin (7,8,7',8'-tetradehydro-$,B-carotene-3,3'-
diol) and pectenolone (3,3'-dihydroxy-7',8'-didehydro-,B-caroten-4-one)
are present in the ovary of Pecten maximus (Zagalsky, 1976), whereas
lutein (B,e-carotene-3,3'-diol), canthaxanthin and other, unidentified
xanthophylls are all present in lipovitellins from the cuticle of the isopods
Idotea montereyensis (Lee, 1966) and Idotea resecata (Lee and Gilchrist,
1972).

Spectral properties of type I carotenoprotein complexes also exhibit
great variation, ranging from complexes with absorption spectra similar to
those of the free carotenoid as in Artemia salina (Amax = 470 nm) (Warner
et al., 1972), Acanthephyra sp. (Amax = 490 nm) (Herring, 1975) and
Polymerus sp. (Amax = 470 nm) (Holker, 1968) to pink, violet, purple and
blue complexes with bathochromically shifted absorption spectra.

These features argue against a common type of binding site for
carotenoids in the type I complexes. It is thought that, for most of the
orange/red type I complexes, the carotenoid is only loosely bound to the
protein and that simple dispersion of the carotenoid in the lipid
component of the lipoprotein is occurring. For those type I complexes with
a much larger bathochromic shift, the carotenoid is probably bound into a
carotenoid binding site which exhibits greater specificity in binding.

Possible functions of type I carotenoproteins (Zagalsky, 1976) are
protective coloration as well as provision of chromatophore and eye
pigments for developing embryos.

1.5.2 Type II Complexes
In type II complexes, the carotenoid is stoichiometrically bound to
the protein. These complexes are found in marine invertebrates, especially



crustaceans and occur mainly in the carapace and hypodermis.

Astaxanthin is the most common carotenoid found in type II
carotenoprotein complexes. It is the only carotenoid present in
crustacyanin, the blue carotenoprotein of the lobster, Homarus gammarus
(Cheesman et al., 1966). Occasionally type II carotenoproteins show less
specificity; asteriarubin, the purple carotenoprotein of the starfish Asterias
rubens binds three different carotenoids, astaxanthin and two acetylenic
derivatives of astaxanthin, namely 7,8-didehydroastaxanthin (3,3'-
dihydroxy-7,8-didehydro-B,B-carotene-4,4'-dione) and 7,8,7'8' tetradehydro-
astaxanthin (3,3'-dihydroxy-7,8,7',8'-tetradehydro-f,p-carotene-4,4'-dione)
(Serensen et al., 1968; Francis et al., 1970).

Type II complexes are usually accompanied by a larger bathochromic
shift than type I complexes and appear purple (e.g. asteriarubin; 550 < Amax
< 570 nm) or blue (a-crustacyanin; Amax = 632 nm). The largest
bathochromic shifts have been reported in the Antarctic krill Euphausia
superta (Czeczuga, 1981; Amax = 708 nm), and the echinoderms Astropecten
spinulosus (Amax = 716 nm) and Echinaster speositus (Czeczuga, 1983; Amax
= 720 nm).

1.6 Retinal-Opsin Interactions

It is very useful to relate the results of the study of interactions in
carotenoproteins to those in other systems. The most intensively studied
protein-chromophore interactions probably occur in the visual pigment
rhodopsin and in bacteriorhodopsin, the photoreceptor in the purple
membrane of halobacteria. In the following a short outline of the current
state of research in this area is given (for more background reading see also
special issue of Biophysical Chemistry, 56 (no. 1 and 2), ed. De Grip, W.J.
and Watts, A. (1995) dedicated to the retinal proteins).

1.6.1 The Visual Pigment Rhodopsin

Rhodopsin is the photoreceptor in vertebrate rod cells and is
responsible for vision at low light intensities (Nathans, 1992). It belongs to
a large and growing family of G-protein-coupled receptors that possess
seven transmembrane helices (Oprian, 1992; Strader et al., 1994).

The chromophore of rhodopsin is the photoreacti-'c 11-cis-retinal
protonated Schiff base (PSB) with a non-planar 6-s-cis conformation



(Mollevanger et al., 1987). The retinal is bound to the protein via the
protonated Schiff base to the €-amino group of lysine 296 (Oseroff and
Callender, 1974; Dratz and Hargrave, 1983). The absorption spectrum of 11-
cis-retinal is bathochromically shifted from 370 nm to approximately 440
nm after formation of the protonated Schiff base linkage, which
subsequently shifts to 506 nm upon binding to the opsin. This last shift is
referred to as the opsin shift and varies from about zero (Amax of the blue
visual pigment equals the Amax of the protonated Schiff base in solution) to
140 nm (Amax of the red visual pigment is about 580 nm). In energy terms
the opsin shift amounts to approximately 5500 cm! in the case of the red
visual pigment and is thus of the same order of magnitude as the spectral
shift when astaxanthin is bound to a-crustacyanin.

Honig et al. (1979) proposed an 'external point charge mechanism' to
account for the bathochromic shift of the protonated Schiff base (see Figure
1.6) In this mechanism, for bovine rhodopsin, a negative counter-ion is
present in the direct vicinity of the protonated nitrogen thus balancing its
positive charge. A second negative charge is located near to C-12 of the 11-
cis-retinal and causes a polarization of the m-electron system. Several
research groups, using site directed mutagenesis of charged residues in
rhodopsin, have shown that glutamate 113 serves as the counter-ion to the
positively charged protonated Schiff base (Zhukovsky and Oprian, 1989;
Sakmar et al., 1989; Nathans, 1990). This has recently been confirmed by
data from solid state NMR spectroscopy (Han and Smith, 1995) which, in
addition, confine one of the carboxylate oxygens of Glu 113 to be ca. 3A
away from the C-12 position of the retinal with the second oxygen oriented
away from the conjugated chain.

1.6.2 Bacteriorhodopsin

Bacteriorhodopsin (BR) is a 26 kDa purple membrane protein, found
in the bacterium Halobacterium halobium. Trimers of bacteriorhodopsin
molecules are arranged into hexagonal arrays within the membrane of the
Halobacterium, where they function as light-driven, trans-membrane
proton pumps (Mathies et al., 1991; Lanyi, 1993). When light is absorbed by
a bacteriorhodopsin molecule, a cyclic photochemical reaction occurs
which drives the transport of protons across the bacterial cell membrane.
The resulting electrochemical proton gradient is subsequ-ntly utilized in
the production of ATP, providing an alternative to oxidative



Figure 1.6 The external point-charge model for the formation of the opsin shift in
bovine rhodopsin (Honig et al., 1979)



phosphorylation (Danon and Stoeckenius, 1974).

The light-sensitive prosthetic group in bacteriorhodopsin is the
protonated Schiff base of all-trans retinal with a planar C6-C7 s-trans-
conformation and is covalently bound to the €-amino group of lysine 216
(Birge, 1981). On binding of retinal to opsin the Amax of the free protonated
Schiff base is shifted from 440 nm to 568 nm (an energy shift of ~ 5200 cm™1)
giving rise to the characteristic purple colour of the complex.

A similar mechanism to that of the visual pigments has been
proposed to account for the bathochromic shift that occurs upon binding of
the all-trans-retinal protonated Schiff-base to bacteriorhodopsin. Again the
positive protonated nitrogen of the Schiff base is balanced by a negative
charge in the direct vicinity of the nitrogen, and a second negative charge is
proposed to be close to the C-5 of the B-ring (Nakanishi et al., 1980). This
was confirmed by solid state 13C MAS NMR spectroscopy which showed
that a large downfield shift occurs at position C-5 of all-trans-retinal upon
binding to the protein. Furthermore the absence of a large chemical shift at
the positions C-6 and C-7 suggested the presence of a positive counter-ion
near position C-7 (Harbison et al., 1985).

15N NMR studies of bacteriorhodopsin indicated that the
bathochromic shift can predominantly be ascribed to weak hydrogen-
bonding interactions between the protonated Schiff base and its negative
counter-ion (Lugtenburg et al., 1986; Spudich, J.L., 1986; De Groot et al.,
1990).

1.7 Aim of this Thesis

The aim of this thesis is to study the interactions between proteins
and the carotenoid molecules that they bind in the carotenoprotein
complexes of invertebrate animals. The emphasis in this study is on the
crustacyanin carotenoprotein complex from the carapace of the lobster,
Homarus gammarus. The huge bathochromic shift upon binding of free
astaxanthin (Amax = 488 nm) to the a-crustacyanin protein complex (Amax =
632 nm) indicates that significant changes are imposed upon the
astaxanthin molecule after binding to the protein. This is what makes
crustacyanin a particularly interesting complex to study; an attempt can be
made to translate observed spectroscopic changes upon going from free to
proteir -bound astaxanthin into contributions to the colour shift.

However, also other carotenoproteins that are feasible for
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investigation and might give new information about the presence of
different binding mechanisms in different carotenoproteins are to be
studied. An example of this is asteriarubin, the purple carotenoprotein
from the starfish Asterias rubens.

Use will be made of a completely new approach in this study, which
involves the synthesis of specifically 13C labelled astaxanthins (synthesized
at the University of Leiden by Mr. F.J.H.M. Jansen and Prof. J. Lugtenburg).
First, the carotenoproteins are to be isolated and purified from the marine
invertebrates. Secondly the specifically 13C labelled astaxanthins will be
incorporated into the carotenoproteins, yielding complexes that are
identical to the native ones apart from the presence of the specifically 13C
labelled chromophore. The carotenoprotein is subsequently studied by
isotope-sensitive spectroscopic techniques such as Raman and 13C solid
state NMR spectroscopy. From the results of these spectroscopic techniques
in combination with the information obtained from semi-empirical
quantum mechanical calculations, conclusions will be drawn about the
binding site of astaxanthin in the different carotenoprotein complexes.

11























































































































































































































































































































































































































































































































































































