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Abstract: a-Crustacyanin, the 320 kDa astaxanthin-protein from the carapace of the 
lobster, Homarus gammarus, is the best known of the blue-purple carotenoproteins 
found in marine invertebrate animals. Reconstituted a-crustacyanin complexes have 
been prepared from a range of natural and synthetic carotenoids. Only normal C ~ O  
carotenoids in the all-E configuration fit into the binding site, though some variation in 
the ring size, shape and methylation pattern is tolerated. The C(20) and C(20’) methyl 
groups must be present; presumably these are involved in essential steric interactions. 
The main structural requirement is the presence of keto groups at C(4) and C(4’); 
these must be conjugated with the main polyene chain. Circular dichroism shows that 
the carotenoid chromophore experiences a chiral twist, but this is not a major factor in 
the spectral shift, and that the two astaxanthin molecules in the P-crustacyanin dimer 
are close together and show some interaction in the excited state. Resonance Raman 
and NMR spectroscopy of complexes containing I3C-labelled astaxanthins shows that 
the blue colour can be attributed to perturbation of the ground-state electronic 
structure of the carotenoid, caused by polarization of the chromophore. The results 
are consistent with protonation of the C(4) and C(4’) keto groups, but the magnitude 
of the polarization effect is not the same in the two halves of the molecule. 

INTRODUCTION 

Interactions between carotenoids and proteins are of great physiological importance in living organisms. 
The carotenoids are usually much more stable in vivo than when they are isolated, and can be transported 
and function in a predominantly aqueous environment. In photosynthetic systems, the carotenoids are 
located, with chlorophylls or bacteriochlorophylls, in pigment-protein complexes to ensure the precise 
positioning and orientation that are essential for efficient energy transfer. In these complexes, the electronic 
structure of the carotenoid chromophore, as indicated by A,,, shows little change. The relationship 
between structure of pigment-protein complexes and functioning of carotenoids in photosynthesis has been 
discussed in many reviews including progress reports presented at these Symposia (refs. 1-4). 

This review concentrates on the carotenoproteins, which are commonly found in marine invertebrate animals 
and are responsible for green, purple or blue colours, in contrast to the yellow, orange or red of the free 
carotenoid. A familiar and striking example is provided by the lobster Homarus gammarus which, when 
alive, is slate-blue in colour but, on cooking, becomes bright orange-red. The red colour is due to the 
carotenoid astaxanthin (3,3’-dihydroxy-P,P-carotene-4,4’-dione) ( I )  which is liberated when the cooking 
process denatures the natural blue pigment of the carapace, the astaxanthin-protein a-crustacyanin. 
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Although such complexes are well 
known, the nature of the molecular 
interactions by which the protein causes 
the large shift in the absorption 
spectrum of the carotenoid has 

HO remained a mystery. The effect on the 
absorption spectrum is substantial; a- 
crustacyanin has Amax at ca 630 nm 
compared with ca 480 nm for free 

astaxanthin, i.e. a bathochromic shift of ca 150 nm (Fig. 1). In energy terms, this corresponds to a 
difference of 4960 cm-', which is comparable to that in the similar retinal-proteins, such as the visual 
pigments and bacteriorhodopsin. In the latter complexes, the chromophore molecule, retinal, is bound to 
the protein covalently as a protonated Schiff base. In crustacyanin and the other carotenoproteins, however, 
the interactions are non-covalent, but are nevertheless stable so that the isolated complexes maintain their 
blue colour almost indefinitely. 
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Fig. I .  UVNisible spectra of astaxanthin (in 
dirnethylforrnamide) and of a-crustacyanin and p- 
crustacyanin (in 0.05M sodium phosphate pH 7.0). 
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Details of the protein structure of crustacyanin have been described in previous Symposia (refs. 5,6). The 
natural a-crustacyanin is a 320 kDa protein consisting of eight P-crustacyanin units (ca 41 kDa), each of 
which contains two apoprotein subunits. Of the five electrophoretically distinct subunits, A,, CI and CZ are 
ca 21 kDa, A2 and A3 each ca 19 kDa. One P-crustacyanin molecule is formed by the association of one 21 
kDa and one 19 kDa subunit in combination with two molecules of astaxanthin (refs. 7,s). The most 
abundant subunits, Az (CRTA) and C1 (CRTC), show significant sequence homology (about 25%) with 
mammalian retinol-binding protein and other hydrophobic ligand carrier proteins and are considered to 
belong to the lipocalin superfamily of proteins (refs. 9-1 1). From the primary sequences, Zagalsky and 
coworkers (refs. 6- 12) have described a computer-generated model of P-crustacyanin, in which each subunit 
contains four P-pleated sheet regions that form a P-barrel, and the astaxanthin molecule is positioned with 
one end in the apolar interior of the barrel. According to this model, the other end of the astaxanthin 
projects out into the surrounding medium so that, when the two subunits combine, the dimer forms a 
capsule-like structure enclosing the two astaxanthin molecules. 

There is a demand for a water-soluble, natural blue pigment for commercial use as a colorant for food 
products, etc. Other natural blue pigments, such as anthocyanins, generally have poor colour stability. The 
idea of reproducing the effects that produce the blue colour of the carotenoproteins is therefore attractive. 
With this in mind, an interdisciplinary study has been undertaken to elucidate the nature of the protein- 
carotenoid interactions that are responsible for the large bathochromic shift in a-crustacyanin. This review 
mainly describes a summary of progress achieved by this study. It builds upon an earlier report presented at 
the 6th Symposium at Liverpool in 1981 (ref. 13) and complements the surveys of the protein structure of 
crustacyanin presented by Zagalsky at the Boston and Trondheim meetings (refs. 5,6). 
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STRUCTURAL AND SPECTROSCOPIC PROPERTIES 

Reconstitution: structural reauirements for Drotein binding 

Information obtainable from spectroscopic studies on natural a-crustacyanin is limited and is insufficient to 
reveal details of the important molecular interactions. Binding of the carotenoid to the protein is not 
covalent, and methods have been devised for removing the carotenoid under mild conditions and then 
forming reconstituted a-crustacyanin complexes with added carotenoids or with labelled astaxanthins for 
detailed spectroscopic study (ref. 14). The availability of a range of natural and synthetic carotenoids (2-27) 
has enabled a detailed study of the structural features that are essential for the carotenoid to be bound to the 
apoprotein, for the apoprotein subunits to aggregate to form a multimeric complex, and for the interactions 
that cause the bathochromic shift, as assessed from the yield, size and UV/visible absorption spectrum of the 
product. 

Molecular size and shape 

No great variation in the overall shape and size of the carotenoid molecule is tolerated. Some carotenoid 
homologues with astaxanthin or astacene end groups but with longer or shorter polyene chains (e.g. (238, 
C42, C44, C45 analogues) may be able to associate with the apoprotein, but no aggregation to P-crustacyanin 
or a-crustacyanin occurs and no products with bathochromically shifted spectra are formed. Only all-E (all- 
trans) isomers can be bound; the binding site will not accommodate Z (cis) isomers. The acetylenic 
derivatives 7 &didehydroastaxanthin (2), 15,15 ’ -didehydroastaxanthin (3) and 7,8,7’ ,8 ’ -tetradehydro- 
astaxanthin (4), in which the main carbon skeleton deviates from linearity, can form a-crustacyanin 
complexes, but in low yield and with a reduced spectral shift. Because of the altered molecular shape these 
molecules are not positioned optimally in the binding site. 

Oxygen functions 

The keto groups at C(4) and C(4’) are essential for the formation of a-crustacyanin-type complexes. 
Hydroxy groups at these positions are not effective. Adonixanthin (5, with only one C(4) keto group), the 
3,3’-diol zeaxanthin (6), the 4,4’-diol isozeaxanthin ( 7 )  and the 3,4,3’,4’-tetrol crustaxanthin (8) do not give 
blue complexes. The efficiency with which the 4,4’-diketocarotenoids bind is greater when hydroxy groups 
are present at C(3) and C(3’). Thus astaxanthin binds more efficiently that adonirubin (9, one C(3) hydroxy 
group) and canthaxanthin (10, no hydroxy groups). The orientation of these hydroxy groups, i.e. the 
chirality at C(3), is not important; (3R,3’R)-, (3R,3’S)- and (3S,3’S)-astaxanthin all give similar a- 
crustacyanin products in similar yields. The hydroxy groups are not involved in the spectral shift mechanism 
but the increased polarity may make it easier for the end group to be positioned correctly in the binding site. 
The keto groups must be conjugated with the polyene chain; in the retro analogues (11,12) of astaxanthin 
and canthaxanthin, respectively, conjugation is broken, and these compounds do not form spectrally shifted 
complexes. Keto groups at C(3) and C(3’) are not effective, even when conjugated; P,P-carotene-3,3’- 
dione (13), rhodoxanthin (14), and 
isoastaxanthin (15), an analogue in which the 
keto groups are at C(3) and C(3’) and the 
hydroxy groups at C(4) and C(4’), do not 
form blue complexes. P,P-Carotene-2,2’- 
dione (16) does not form a complex but 
when conjugation extends to the C(2) keto 
groups, i.e. in 3,4,3’,4’-tetradehydro-P,P- 
carotene-2,2’-dione (13, a blue complex is 
given. By rotation about the C(6,7) bond it 
is possible for this compound to adopt a 
conformation in which the C(2) keto group 
can occupy the same spatial position as the 
C(4) keto group of astaxanthin (Scheme 1). 

Scheme 1 
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Ring size and shape 

The size and shape of the cyclic end groups can be modified to some extent without greatly affecting the 
binding. Thus astacene (18), in which the rings are more nearly planar than those of astaxanthin, gives a 
similar blue complex. Actinioerythrol(19) and violerythrin (20), which have planar Cs rings, bind efficiently 
and give products with a large spectral shift. In the case of violerythrin (A,, 578 nm) the spectral shift of 
5354 cm-’ (259 nm) results in a product with I,,,, in the near infra-red, at 837 nm. Substantial modification 
of the ring methylation pattern can be tolerated. ‘Isonorastaxanthin’ ( 2 1 )  gives a blue complex, though in 
low yield and with a reduced spectral shift of 104 nm. In the appropriate conformation of the 2-keto-3,4- 
didehydro-P-ring mentioned above (Scheme I ) ,  the methyl groups are positioned differently from those of 
astaxanthin. Steric constraints in the vicinity of the rings therefore appear not to be great. 

Sidechain methyl groups 

The methyl substituents at C(9) and C(9’) (i,e. C(19), C(19’)) are not important for binding; 19,19’- 
dinorastacene (22) and 19,19’-dinorcanthaxanthin (23) form blue complexes. The methyl substituents at 
C(13) and C(13’) (i.e. C(20), C(20’)), however, must both be present and in the correct positions in order 
for a blue complex to be formed. 20-Norastaxanthin (24), 20,20’-dinorastacene (25), 20,20’- 
dinorcanthaxanthin (26) and 14,14’-dimethyl-20,20’-dinorcanthaxanthin (27) do not form spectrally shifted 
complexes. Presumably these C(20) and C(20’) methyl groups are involved in essential steric interactions 
that maintain the molecule and chromophore in the correct position and conformation to maximize the 
interactions responsible for the spectral shift. 

Circular dichroism 

The CD of a free carotenoid is a property of the whole molecule and is determined by the chirality of the 
helical twist of the chromophore (ref, 15). In astaxanthin, the chirality at C(3) and C(3’) determines the 
preferred ring conformation which in turn determines the ring-chain torsion angle. This generates a helical 
twist in the chromophore which is of opposite chirality for (3R,3’R)-astaxanthin and (3S,3’S)-astaxanthin. 
Under the same conditions, these isomers therefore have opposite (mirror-image) CD spectra while the 
meso (3R,3’S) isomer is optically inactive, For free carotenoids, including astaxanthin, CD in the main 
visible region absorption bands is generally very weak but the spectra are characterized by a series of bands 
of alternating sign in the UV region (Fig. 2). In the CD spectrum of natural a-crustacyanin there are again 
several bands of alternating sign in the UV region but the main feature is now strong CD in the main visible 
region absorption band (Fig. 2). The CD spectrum of the P-crustacyanin dimer is similar to that of a- 
crustacyanin, allowing for the difference in A,,, but is of somewhat lower amplitude. In both cases, the 
main CD band shows a change of sign at A,, that is attributed to exciton splitting and shows that the 
chromophores of the two astaxanthin molecules in each P-crustacyanin dimer are in close proximity and 
interact energetically. Asteriarubin, a purple, 43 kDa carotenoprotein from the starfish Asterias rubens 
(refs. 16-18) contains only one carotenoid molecule, and shows no such exciton interaction; the CD 
spectrum matches the absorption spectrum closely in the visible region. 

Reconstituted a-crustacyanin complexes containing the (3R,3’R), (3R,3’S) and (3S,3’S) forms of 
astaxanthin gave CD spectra that were virtually identical in position, sign and amplitude and were very 
similar to the spectrum of natural a-crustacyanin. A range of reconstituted a-crustacyanin complexes 
containing different carotenoids all gave very similar CD spectra, including complexes containing the 
optically inactive compounds astacene (18) and canthaxanthin (12). Structural modifications such as 
alterations in ring shape and size (e .g .  actinioerythrol, 19) or absence of sidechain methyl groups (19,19’- 
dinorastacene, 22) made virtually no difference to the CD spectrum. In the complexes, therefore, the CD 
must be a property of the chiral twist imposed on the chromophore by the protein; the intrinsic chirality of 
the carotenoid is no longer a decisive factor. 

When heated to 60°C, a-crustacyanin undergoes a reversible colour change from blue to red as Am;lx shifts 
from 630 nm to ca 460 nm. A similar shift in wavelength was seen for the main CD band, which remained 
strong and retained the exciton splitting. The interactions responsible for the spectral shift can therefore be 
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disrupted by heating even though the two astaxanthin molecules remain in close proximity within the protein 
and the interactions responsible for the chiral twist of the chromophore are not disrupted. 
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Fig. 2. CD spectra of (a) (3S,3'S)-astaxanthin, (b) natural a-crustacyanin, (c) P-crustacyanin and (d) natural asteriarubin. The 
UV-Vis spectra are shown (.....) for comparison. 

Resonance Raman sDectroscoDv 

Resonance Raman spectroscopy provides a method for investigating the structure of the chromophore 
within the complex. Raman intensities are a property of both the ground and excited electronic states, but 
the Raman frequencies are a property only of the electronic ground state of the molecule and therefore 
provide information about ligand-protein interactions that affect the ground state structure of the 
chromophore. 

Features of  the resonance Raman spectrum o f  free astaxanthin 

Excitation into the 7c-7c* transition of the conjugated polyene chain with monochromatic light of 488.1 nm 
wavelength gives rise to very intense spectral features in the resonance Raman spectrum of astaxanthin (Fig. 
3). The most intense line, at 1523 cm-l (vl mode), is assigned to C=C stretching vibrations of the polyene 
chain; all C=C bonds stretch approximately in-phase and displacements are longer in the central part of the 
polyene chain and smaller towards the ends (ref. 19). Other main features are the vz mode at 1159 cm-l, the 
v3 mode at 1008 cm-' and the 'fingerprint region' (1 150-1400 cm-') containing weak lines that are sensitive 
to the nature of the carotenoid end groups and the geometry of the polyene chain (refs. 19,20). There is an 
inverse correlation between the V I  mode, i.e. the C=C stretching vibration frequency of the polyene chain 
and the UV/visible absorption maximum (Lwa) of the carotenoid chromophore (refs. 21-23). 

Resonance Raman spectrum o f  natural a-crustacvanin 

For natural a-crustacyanin and P-crustacyanin, the V I  mode is shifted from 1523 to 1492 cm" and 1498 
cm-', respectively ( Fig. 3). These values fit the 1/ I,, vs VC=C plot, showing that it is the electronic ground 
state which is perturbed by increased 7c-electron delocalization. Changes in the v2 and v3 modes are small. 
The absence of hydrogen out-of-plane modes in the 800-950 cm-' region argues against a large protein- 
induced distortion of the central part of the polyene chain, but marked differences are seen in the fingerprint 
region, indicating that binding causes a change in the geometry of the molecule overall. 
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Fig. 3. Resonance Raman spectra of (a) astaxanthin (excitation wavelength 488 nm) and (b) a-crustacyanin (excitation 
wavelength 647 nm). 

Resonance Raman svectra of "C-labelled astaxanthins 

The availability of "C-labelled astaxanthins has allowed the normal mode analysis made by Saito and 
Tasumi (ref. 19) to be refined, and new, localized modes to be identified and used to derive information 
about the effect of protein binding on parts of the astaxanthin chromophore. The "C-labelled samples that 
were prepared for the NMR study (refs. 24,25) (see below), were also used in the resonance Raman work. 
For the free astaxanthins, the v l  mode vibrations involving the heavier I3C atoms shift to lower frequency 
and are revealed as new, localized vibrations, allowing more precise assignment. In particular, the spectra 
of [13,13'-"C2]-, [14,14'-"C2]- and [15,15'-''C2]-astaxanthin (Fig. 4) showed that the "C(13)=C(14), 
C( 14')=''C( 13') vibration frequency shifted downfield to 1509 cm-l, the C( 13)="C( 14), 13C( 14')=C( 13') 
frequency to 1500 cm-' and the "C(15)= 13C(15') frequency to 1508 cm-l. The remaining C=C stretch 
vibrations showed a small upfield shift, to 1527, 1529 and 1529 cm-l for the three labelled species, 
respectively. Little change was evident in the v~ and v3 modes for the labelled astaxanthins, though the 
participation of the C( 15)=C( 15') stretch vibration in the vz mode was confirmed. 

Resonance Raman mectra of a-crustacyanin containing '"C-labelled astaxanthin 

For [13,13'-"C2]-, [14,14'-"C2]- and [15,15'-1'C2]-astaxanthin (Fig. 4) the lower frequency component of 
the V I  mode showed a greater shift (20,27 and 22 cm-', respectively) upon complexation than did the higher 
frequency component (ca 13 cm-'). This, together with the reduction in the intensity of the higher frequency 
component in the complexes, leads to the conclusion that, in the ground state, the electronic structure of the 
central part of the polyene chain, in particular around the C(13)=C(14) and C(13')=C(14') region, is much 
more perturbed than the outer parts. However, no information is given about the extreme peripheral parts 
of the chromophore or the end groups. No significant information about the polyene-chromophore 
interactions was revealed by analysis of the v2 or v3 modes of the labelled samples. 

The Raman data generally support an electron-redistribution (polarization) mechanism as suggested by 
Salares e f  al. (ref. 26) and provide evidence against a major distortion and strain of the polyene chain to 
explain the spectral shift, as proposed by Buchwald and Jencks (ref. 27) though minor changes to the 
geometry of the chain do occur due to binding. The general features of the resonance Raman spectrum of 
the starfish protein asteriarubin are similar to those of a-crustacyanin, though distinct differences are 
apparent in the fingerprint region (ref. 28); the geometry of the carotenoid must be different in the two 
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carotenoproteins. A Raman line at 1450 cm-l in the spectrum of 15,15’-didehydroastaxanthin (4) ,  attributed 
to the lateral methyl group vibrations (refs. 19,29), is split into two components at 1445 cm-’ and 1465 cm-‘ 
in the reconstituted asteriarubin, indicating that the C(19) and C(20) lateral methyl groups are affected 
differently by protein binding (ref. 28). 
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-r 8-1 I 
1400 1500 1500 1500 1,500 1600 

ikjLj( (a) 1492 (b) (4 [ 
1516  

---7- 
1400 1500 1500 1500 1500 1600 

wavenumber (cm-1) wavenumber (cm-1) 

Fig. 4. Effect of ”C-labelling on the v I  mode in the resonance Raman spectra of free and complexed astaxanthins. I - free 
astaxanthin; I1 - astaxanthin incorporated into a-crustacyanin. (a) unlabelled, (b) [13,13’-’3C2], (c) [14,14’-’’C~2], (d) [15,15’- 
”c21. 

NMR Spectroscow 

The strategy adopted was one which had been used successfully with the retinal-proteins, rhodopsin and 
bacteriorhodopsin, and with photosynthetic pigment-protein complexes in bacteria (refs. 30-32), namely to 
synthesize the carotenoid, in this case astaxanthin, with “C enrichment in specific positions, to incorporate 
it into the crustacyanin and then to investigate the reconstituted complex by solid state MAS ”C-NMR 
spectroscopy. The NMR work is described in more detail in the following paper (ref. 33). 

The labelled species used were [4,4’-I3C2I-, [12,12’-”C2]-, [13,13’-’3C~1-, [14,14’-”C21-, [15-’3C~l-, 
[ 15, 15’-”C2]- and [20,20’-1’C2]-astaxanthin; synthesized as reported elsewhere (refs. 24,25). Each was 
incorporated into reconstituted a-crustacyanin complexes and investigated by NMR. The first example 
studied was [ 14, 14’-’3Cz]-astaxanthin (Fig. 5) (ref. 34). Significant differences were seen between the 
spectra of the free and complexed astaxanthin. In particular, the signal for C(14), C(14’) of the complex 
was split into two components and showed a significant downfield shift compared with that of free 
astaxanthin, from 134.1 ppm to 138.0 and 140.9 ppm. The linewidths of the two components were 
different. In the complex, therefore, C(14) and C(14’) of astaxanthin are in dissimilar environments, 
showing that the astaxanthin is influenced asymmetrically by the protein; the electron charge densities at 
C(14) and C(14’) are not identical and both differ significantly from those in free astaxanthin. A similar 
result was obtained with [ 12,12’-’3C~]-astaxanthin in crustacyanin (Table 1). In contrast, the signals for 
[13,13’-’3C2]-, [15-13C~]- and [15,15’-”C2]-astaxanthin all showed a small upfield shift due to protein 
binding. 

Protein binding thus causes significant differences in electronic charge density and an alternating effect along 
the polyene chain, reversed at the centre. This is consistent with polarization from both ends of the 
molecule. The effect is quantitatively different in the two halves, showing that the molecule is influenced 
asymmetrically. As discussed in the following paper (ref. 33), calculations show that the results are 
consistent with a structure in which the keto groups at C(4) and C(4’) are both protonated. Differences 
between the signals for the free and complexed forms of [4,4’-1’C2]-astaxanthin are small, but calculations 
have shown that this corroborates the proposed structure. Unfortunately, no experimental data are yet 
available for the C(5) to C(10) region where changes in electronic charge density are now predicted to be 
greatest. 
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Fig. 5 .  MAS "C-NMR spectra of a-crustacyanin; (a) natural abundance, (b) reconstituted with [14,14'-'3C2]-astaxanthin. 

Table 1.  Comparison of the isotropic chemical shifts (oi) for several "C-labelled astaxanthins in the free form 
and in a-crustacyanin, 

Astaxanthin Reconstituted 
Solution Solid state a-crustacyanin Aoi (ppm) 

q ([4,4'-1"z]) 200.3 201.0 203.4 2.4 
(3, ([ 12,12'- "C,]) 139.7 140.2 145.1 147.2 4.9 7.0 

0, ([14,14'-1"2]) 133.8 134.1 138.0 140.9 3.9 6.8 
(3, ([ 13,l 3'-l3Cz]) 136.7 137.1 135.2 -1.9 

(3, ([ 15,15+C2]) 130.7 130.1 129.5 -0.6 
(3, ([15-"C,]) 130.7 130.2 129.7 -0.5 
(3, ([20,20'-"Cz]) 12.8 11.5 11.1 -0.4 

CONCLUSIONS 

To fit into the binding site of the crustacyanin protein, the carotenoid must be a normal Cd0 size and in the 
linear a l l 3  configuration, but some limited variation in the ring size, shape and methylation pattern is 
possible. Other structural features such as the C(20) and C(20') methyl groups are required for the 
formation of a spectrally-shifted complex, and are presumably involved in some essential steric interactions. 
The carotenoid chromophore experiences a chiral twist, but this is not a major factor in the spectral shift. 
The two astaxanthin molecules encapsulated in the P-crustacyanin dimer are close together and interact 
energetically. In asteriarubin only one carotenoid is present but a bathochromic shift is again generated, 
showing that chromophore-chromophore exciton interactions are not essential to the spectral shift. The 
main structural requirement for binding is the presence of keto groups at C(4) and C(4'); these must be 
conjugated with the main polyene chain. The bathochromic shift can be attributed to perturbation of the 
ground state electronic structure of the carotenoid, caused by polarization of the chromophore, e.g. by 
protonation of the C(4) and C(4') C=O groups, The magnitude of the polarization effect is not the same in 
the two halves of the molecule. 
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According to the proposed model of the P-crustacyanin dimer (refs. 6- 12), one astaxanthin end group 
would be in an apolar, aprotic environment. This is not consistent with the data presented here, which 
would require a charged amino acid residue in close proximity to the C(4) keto group to bring about the 
protonation. The involvement of a water molecule in the protonation process, as in the retinal-proteins, is 
also highly likely. 
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