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Abstract: The spectacular colour change that occurs when a
lobster is cooked is due to the release of the orange -carotene
derivative astaxanthin from its protein-bound state when the
protein is thermally denatured; conformational changes and a
change in tautomeric form are contributing factors. Unravelling
the chemistry behind this phenomenon combines spectrosco-
py, crystallography, model-compounds, and theory, making this
a pertinent example to include in the classroom.
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Changes in colour are among the first introductions that high-
school students have when observing chemical reactions; in a
previous Chemical Education Column in this series about
Chemistry and Nature, we introduced the visible spectrum and
the relationship between the wavelengths of absorbed and ob-
served light (colour).['l Some crustaceans undergo a characteris-
tic colour change from grey-blue to orange-pink during cooking,
and Fig. 1 illustrates the striking visual change that occurs upon
cooking a lobster tail. How does this happen?

Fig. 1. The colour changes in the shell of a lobster-tail during cooking:
(@) raw lobster, and (b) after 15 minutes cooking at 200 °C.

In 1933, the Heidelberg chemists Richard Kuhn and Edgar
Lederer reported that the blue colour of raw lobster shells arises
from a carotenoprotein, now known as ¢-crustacyanin.[?! Orange
carotenoid pigments are ubiquitous in nature,!34land Fig. 2 shows
the structure of B-carotene along with the derivative astaxanthin
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(3,3'-dihydroxy-B-carotene-4,4'-dione) which is present in
a-crustacyanin. While hexane solutions of astaxanthin absorb
light with A, =472 nm and appear orange, binding astaxanthin
within o-crustacyanin results in a shift in the absorption maxi-
mum to 632 nm and a change in the observed colour to grey-blue.
The origins of this large bathochromic or red shift to longer wave-
length (lower energy) have been debated for nearly 70 years, and
protein crystallography combined with spectroscopic and theoret-
ical studies have been central to understanding the phenomenon.
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Fig. 2. The structures of B-carotene and astaxanthin
(3,3'-dihydroxy-B-carotene-4,4'-dione).
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Fig. 3. Representation of the dimeric structure of B-crustacyanin show-
ing the two protein domains in ribbon representation, and the two as-
taxanthin molecules in stick-representation.

(Data: https://www.rcsb.org, PDB code 1GKA; structure drawn using
the Cambridge Structural Database program Hermes 2025.3.18]).

o-Crustacyanin comprises eight -crustacyanin subunits,!!
each consisting of two protein units and two astaxanthin mole-
cules. B-Crustacyanin can be isolated by dissociation of ¢t-crusta-
cyanin and retains the blue colour of the larger carotenoprotein.
Fig. 3 illustrates the dimeric structure of B-crustacyanin,!® with
the two protein domains shown in gold and blue ribbon rep-
resentations. The two astaxanthin molecules reside in a pock-
et between the protein units. In the crystal structure, they were
modelled in the o-hydroxyketone tautomeric form known for the
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free polyene (Fig. 2). The crystal structure of free astaxanthin!’!
is shown at the top of Fig. 4 and the terminal 6-membered rings
are twisted approximately 50° with respect to the polyene chain.
This conformation is a consequence of steric crowding induced
by the methyl substituents on the rings. Interactions between as-
taxanthin and the protein in B-crustacyanin result in the astaxan-
thin molecules being flattened, i.e. rotations about the Ccham—Cri“g
bonds (indicated in Fig. 4 by the blue arrows) render the molecular
scaffold flatter than in the free molecule (Fig. 4). As a result, the
m-conjugation in the polyene is extended into the m-bonds of the
terminal rings. This in turn results in a bathochromic shift in the
light absorption.

Although the structural explanation given above is satisfying,
it is only part of the story. Theoretical studies reveal that con-
formational changes alone cannot explain the magnitude of the
bathochromic shift. The final piece of the puzzle was solved in
2015.0101 As Figs. 2 and 4 illustrate, free astaxanthin exists as
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Fig. 4. The structure of free astaxanthin (top graphic, CSD ref. code
BAHYEPO1) and the structural effects of protein binding in B-crustacy-
anin (bottom two graphics, PDB code 1GKA). The blue arrows signify
bond rotation about the C,,  -C,, - 'bonds. Structures drawn using
Mercury 2025.3.2.19

the a-hydroxyketone tautomer. However, once the molecule is
bound within the protein cavity, intermolecular interactions with
histidine and tyrosine residues in the protein backbone lead to
deprotonation and the formation of a resonance-stabilized enolate
as shown in Fig. 5; the negative charge is delocalized along the
polyene chain. The formation of the enolate is thus associated
with a red shift in the absorption spectrum.

Now we return to Fig. 1, and the question of how does the
colour change occur? Cooking results in thermal denaturation of
the protein in the lobster’s shell. As a result, molecules of astax-
anthin are no longer strongly hydrogen-bonded to the protein and
astaxanthin returns to its o-hydroxyketone tautomeric form as it
is released from the protein cavity. Additionally, astaxanthin mol-
ecules undergo a conformational change, returning to the twisted
conformation shown at the top of Fig. 4. A combination of the
change in tautomer and decrease in the conjugation through the
molecular chain leads to the large hypsochromic or blue shift in
the absorption maximum and a consequent change in observed
colour from grey-blue to orange. The orange colour is that of free
astaxanthin.

By now, you might be wondering: why would an orange pig-
ment be present in a lobster and then be chemically and structur-
ally perturbed to produce a large bathochromic shift rendering
the crustacean grey-blue? The answer to this question remains
unclear. Astaxanthin is a powerful antioxidant, possibly provid-
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Fig. 5. Protein-bound astaxanthin interacts with a histidine residue (base
B) and a water-tyrosine pair (acid A) resulting in the formation of a reso-
nance-stabilized enolate.

ing health benefits. At the same time, being bright orange draws
attention to the lobster. Possibly, the change to grey-blue is as-
sociated with camouflage on the sea-bed, and one may surmise
that evolution and natural selection have played their part in the
development of the protein—astaxanthin interactions and change
to a more discrete colour.

In summary, this article has described factors that result in
the vivid colour change we observe when a lobster is cooked. A
combination of spectroscopic studies, crystallographic data, mod-
el-compound solution studies and theoretical investigations have
been required to arrive at an understanding of the phenomenon,
making this well-known cooking spectacle a valuable discussion
point for the classroom.
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This CHIMIA column is one in a series designed to attract
teachers to topics that link chemistry to Nature and stimulate stu-
dents by seeing real life applications of the subject.




