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Carotenoid-binding proteins; accessories to carotenoid function*
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Understanding of the widespread biological importance
of carotenoids is increasing. Accompanying this is the
developing recognition that the interaction of carot-
enoids with other molecules, such as proteins, is also
essential. Here the significance of carotenoid-protein in-
teractions with respect to biological function is reviewed
for three well characterised carotenoprotein complexes;
crustacyanin, the orange carotenoid protein and glu-
tathione-S-transferase P1. In addition a preliminary re-
port is made on the recent partial purification of an echi-
nenone-binding protein extracted from a New Zealand
sea urchin, Evechinus chloroticus.
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An ever-increasing number of carotenoids (over 700
(Britton e al., 2004)) have been discovered in nature rep-
resenting a diverse range of biological functions. These
include: pigmentation for camouflage or display, photo-
protectants and accessories to light harvesting complexes,
antioxidants and precursors to visual pigments. There is
also increasing evidence that carotenoids may have roles
in the protection against many serious diseases such as
cancer, heart disease and age-related macular degenera-
tion (AMD) (Britton, 1995; Bernstein e a/., 2002).

Despite their highly hydrophobic nature carotenoids are
ubiquitous in aqueous cellular environments. This presents
a challenge for the organism, as it is desirable to prevent
inappropriate aggregation and crystallisation in order to
maintain functionality. To enhance solubility, carotenoids
form complexes with other molecules, often proteins,
or with lipids as in membranes. Immersed in the hydro-
phobic core of the lipid bilayer the carotenoid is solvent
protected by the amphiphilic nature of the phospholipids
(Britton, 2008). Similarly, when transported through plas-
ma carotenoids are incorporated into lipoproteins (Erd-
man e/ al., 1993). Numerous carotenoids may also assem-
ble with lipo(glyco)proteins forming high molecular weight
complexes such as the lipovitellins (Zagalsky, 1976).
Conversely, water-soluble carotenoprotein complexes are
usually of comparatively lower molecular weight, most
varying between less than 20 kDa (Chdberra ez al, 2011)
and 100 kDa (Britton & Halliwell, 2008). In addition, the
ligand-protein interaction is highly specific and generally
stoichiometric (Britton & Halliwell, 2008).

The environment of a carotenoid can significantly af-
fect its chemical and physical properties (Britton & Hal-
liwell, 2008). The lipocalin protein family, to which most
carotenoid-binding proteins (CBPs) belong, have a ter-
tiary structure that buries the chromophore deep within

a pocket of hydrophobic residues (Flower, 1996). The
strong non-covalent ligand-protein interactions can re-
sult in perturbation of the carotenoid electronic struc-
ture (Britton & Halliwell, 2008). Such interactions may
have originated out of necessity, but it now appears
that evolution has produced a complex cooperative and
functionally interdependent relationship. The subtleties
of this symbiosis are manipulated by organisms, provid-
ing a number of elegant systems that uniquely exploit
and enhance the properties of carotenoids. The orange
carotenoid protein (OCP), glutathione-S-transferase pi
isoform 1 (GSTP1) and crustacyanin are examples of
lipocalin type CBPs that have been well characterised.
These three complexes illustrate the complexities of the
ligand-protein relationship and its importance for bio-
logical function.

The OCP was first described by Holt and Krogmann
in 1981 and is one of few well-characterised caroteno-
protein complexes. It is involved in nonphotochemical-
quenching (NPQ) in cyanobacteria, which is crucial to
the continuation of photosynthesis under high light con-
ditions (Wilson e# al., 2006). The 35 kDa protein consists
of an N-terminal all helical domain and a C-terminal nu-
clear transport factor 2 domain. The ligand, 3’-hydroxy-
echinenone (hECN), is non-covalently bound within a
hydrophobic pocket spanning both domains (Kerfeld ez
al., 2003). Upon binding, hECN adopts a 6-s-frans con-
formation in contrast to 6-s-cs when free in solution
(Polivka ez al., 2005).

Under conditions of high illumination, OCP is rapidly
converted to a stable, red form of the complex (OCP)
(Wilson ez al., 2008). The mechanism responsible for this
conversion is unknown but structural rearrangements
occur in both protein and carotenoid, though hECN
remains in the #ans conformation (Wilson ez al., 2008).
The changes are reversible however, as under low light
conditions OCP* slowly reverts back to OCP. Mutagen-
esis experiments indicate that OCP* is the active form of
the complex providing fluorescence-quenching activity to
protect against photoinhibition (Wilson e# a/., 2008).

The 16 kDa red carotenoid protein (RCP) was first
identified during OCP purification (Holt & Krogmann,
1981). It is the product of the removal of the entire C-
terminal domain and a short fragment of the N-terminus
of OCP by proteolytic cleavage. This results in exposure
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of nearly half of the hECN molecule which re-isomeris-
es to the 6-s-cis conformer (Chabera e al., 2011). How-
ever, RCP is a biologically relevant complex and not just
an artefact of OCP purification. The exposed portion
of hECN may insert into the lipid bilayer anchoring the
protein to the membrane. Instead of light quenching, the
primary role of the RCP is likely to be scavenging of re-
active oxygen species (ROS) (Chabera ez al., 2011).

The importance of carotenoids in vision has been
well established. Retinal is a derivative of B-carotene and
plays a central role in the visual process when bound
to opsin, forming the visual pigment rhodopsin. There
is also a high concentration of lutein and zeaxanthin
within the foveal region of the retina (Bernstein e al,
2001). Glutathione-S-transferase (GST) proteins are well
known for their role as phase II detoxification enzymes.
However the report of a pi isoform, GSTP1, specifically
binding to zeaxanthin in the human macula presented
a new functional role for the ubiquitous protein family
(Bhosale e al, 2004). This is the first report of GSTs
interacting with carotenoids (Bhosale ef al., 2004), though
interaction with other small hydrophobic ligands through
xenobiotic processing is common.

Although the specific function of GSTP1 in the mac-
ula remains to be elucidated, several roles have been
postulated such as transport of xanthophylls to the site
of deposition. Protein binding may increase the efficacy
of ROS scavenging by zeaxanthin and GSTP1 may pos-
sess metabolic activity towards carotenoids (Bhosale ez
al., 2004). Furthermore, there is an inverse correlation
between xanthophyll levels in the fovea and age-related
macular degeneration (AMD), which is a leading cause
of blindness amongst aged populations (Bernstein e al,
2002). This suggests carotenoid-protein interactions may
have a pivotal role in maintaining eye health.

Crustacyanin is widespread amongst crustaceans, pro-
ducing the dark blue/slate colouration of the carapace
which is common in this phylum. Crustacyanin provides
the molecular basis for camouflage patterning and pig-
mentation and therefore plays an essential role in the
protection against predators (Rao, 1985). Crustacyanin
exists in various different forms, such as a-crustacyanin,
a large complex of eight heterodimeric B-crustacyanin
units (Buchwald & Jenks, 1968). Two astaxanthin mol-
ecules interpenetrate the dimer interface (Cianci e al,
2002), but canthaxanthin is also tolerated (Velu e al,
2003; Czeczuga ef al., 2005). Formation of this complex
results in a red shift of over 100 nm, in the absorption
spectrum of the carotenoid (Britton & Helliwell, 2008).

The large bathochromic shift is due to a combination
of effects induced by ligand-protein interactions (Cianci
et al., 2002). Firstly, the keto-groups at the 4 and 4' po-
sitions on the B-ionone rings of the carotenoids are held
in a co-planar orientation with respect to the polyene
chain, extending the conjugation of the chromophore.
The carotenoids are also constrained so that the polyene
chain is slightly bowed. However the greatest effect is
attributed to the close proximity of the two carotenoid
molecules at the dimer interface, which are minimally
separated by just 7 A (Cianci ez al, 2002). Thus protein
interaction provides the biochemical basis for the change
in colour from the red of free astaxanthin to darker hues
that are more useful for camouflage.

Carotenoids play a pivotal role in the development
of many marine invertebrates. Larvae inhabit the pelagic
zone close to the sea surface and therefore the photopro-
tective and antioxidant activity provided by carotenoids is
critical. Accordingly, carotenoids are often present in the
gonads of marine invertebrates (Gilchrist & Lee, 1972),

such as the sea urchin. Echinenone is the most abundant
carotenoid present in the sea urchin gonad accounting for
up to 80% of the total (Griffiths & Perrott, 1976; Tsu-
shima & Matsuno, 1990; Symonds ¢ @/, 2007; Symonds
et al., 2009). The high concentration suggests that selec-
tive deposition of echinenone is occurring which would
require the involvement of specific binding proteins.

Here we report the preliminary work on an echi-
nenone-binding protein from the gonad of an indigenous
New Zealand sea urchin, Evechinus chloroticus. A protein
has been partially co-purified with a yellow pigment
through anion exchange chromatography, monitoring the
absorbance at 280, 450 and 474 nm. The pigment was
extracted from the sample by solvent phase separation
and analysed by reversed phase-high performance liquid
chromatography. The yellow pigment was identified as
echinenone by comparison of the retention time with
that of a commercial standard in accordance with the
method reported by Symonds ¢z al. (2007). The protein-
carotenoid complex, which is readily soluble in aqueous
media, was analysed by polyacrylamide gel electrophore-
sis (PAGE); a concentrated yellow band was visible in
the gel following electrophoresis. This band was excised
and electrophoresed onto SDS-PAGE resulting in the
detection of a protein 12 kDa in size.

It is clear that carotenoids have a variety of essential
biological functions, although precise roles remain elu-
sive in many instances. Complexes such as carotenopro-
teins are likely to be much more abundant in biology
than the current literature suggests as there are few well-
characterised examples. Although it is likely that they are
widespread throughout nature they may not be extraor-
dinarily abundant, particularly if acting as transporters as
is typical of lipocalins (Flower, 1996). Low abundance
of carotenoid-binding proteins may make initial detec-
tion and also purification difficult, as has been report-
ed by Okoh e al. (1993) and Rao ¢ al. (1997). In both
studies a cellular B-carotene-binding protein could only
be purified from liver tissue of rodents after feeding a
B-carotene supplemented diet to increase the abundance
of the carotenoid-binding protein isolated.

There are also practical difficulties to be overcome
when working with carotenoprotein complexes. Though
it may not be specifically associated with the complex-
es, lipid is omnipresent when working with carotenoids.
Whilst this may be of functional importance i vivo it
creates a further challenge to purification.

Despite these difficulties, great advances have been
made in recent years with crystal structures solved for
crustacyanin (Cianci e/ al., 2001; Cianci e/ al., 2002) and
the orange carotenoid protein (Kerfeld ez al, 2003). It is
predicted that this trend will continue as the domain of
carotenoid research is continually expanding and with it
recognition that interaction with molecules such as lipids
and proteins is fundamental to carotenoid biochemistry.
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