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Abstract

Two dietary carotenoids, lutein and zeaxanthin, are specifically delivered to the human macula at
the highest concentration anywhere in the body. Whenever a tissue exhibits highly selective
uptake of a compound, it is likely that one or more specific binding proteins are involved in the
process. Over the past decade, our laboratory has identified and characterized several carotenoid-
binding proteins from human retina including a pi isoform of glutathione S-transferase (GSTP1) as
a zeaxanthin-binding protein, a member of the steroidogenic acute regulatory domain (StARD)
family as a lutein-binding protein, and tubulin as a less specific, but higher capacity site for
carotenoid deposition. In this article, we review the purification and characterization of these
carotenoid-binding proteins, and we relate these ocular carotenoid-binding proteins to the
transport and uptake role of serum lipoproteins and scavenger receptor proteins in a proposed
pathway for macular pigment carotenoid delivery to the human retina.

Introduction

The first report of the macula lutea or “yellow spot” in postmortem human retina was
published by Home in 1798,1 but its physiological significance, of course, was not
understood at the time. After examining the absorption spectrum of the macular pigment
(MP), Wald concluded in 1945 that the macula lutea's pigment was likely to be related to the
xanthophyll carotenoids found in green leaves,? but it was not until 1985 and 1993 that Bone
and Landrum chemically identified the macular pigmentasa 1 : 1 : 1 mixture of two dietary
carotenoids, (3R,3'R,6'R)-lutein and (3R,3'R)-zeaxanthin, and a non-dietary metabolite,
(3R,3’S-meso)-zeaxanthin (Fig. 1).3 4

Based on their known functions and chemical properties, two major biological roles of
macular pigment carotenoids have been proposed: (1) enhancement of visual acuity by
decreasing glare and chromatic aberrations; and (2) protection against light-induced
oxidative damage by filtering blue light incident on the retina and by scavenging reactive
oxygen species generated in retinal tissues. These latter mechanisms are particularly relevant
with respect to protection against visual loss from age-related macular degeneration
(AMD).>-10 An autopsy study has shown that MP is ~30% lower in AMD donor eyes
relative to age-matched control eyes,!! and a clinic-based case-control study using non-
invasive resonance Raman measurements came to a similar conclusion.12
Epidemiologically, it was reported that high carotenoid intake and serum levels are
associated with a 43% risk reduction for exudative AMD,13-16 and the AREDS |1 clinical
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study is testing the value of long-term lutein and zeaxanthin supplementation in high-risk
AMD patients in a randomized, placebo-controlled manner. In support for this mechanism,
Thomson et al. reported that when quail exposed to bright light were fed zeaxanthin-
supplemented diets, they had significantly less light-induced photoreceptor apoptosis than
those fed with carotenoid-deficient diets.1” Moreover, several oxidation products of lutein
and zeaxanthin are enriched in human retina, further supporting the antioxidant ability of
MP.18 Zeaxanthin shows a higher ability to protect model lipid membranes from oxidation
when bound to its binding protein,® and in vitro experiments have shown that carotenoids
can scavenge most reactive oxygen species,?% 21 suggesting that MP carotenoids can quench
free radicals generated in human retina.

The macular carotenoids are deposited at the foveal center at a concentration estimated to be
greater than 1 mM in many humans, and cross-sectionally the majority is concentrated in the
outer and inner plexiform layers (Fig. 2a).22-26 Their inner retinal localization is ideal for
them to act as light filters for incoming blue light, the most energetic light routinely incident
on the retina. Macular pigment concentration is much lower in the photoreceptor outer
segments, 28 a region rich in polyunsaturated lipids that are very susceptible to oxidation, but
even micromolar concentrations of MP carotenoids could play an important physiological
antioxidant role.

There are over 600 carotenoids in nature, 30-50 of which are found in the typical human
diet, but only 10-15 are usually measurable in human serum, and of these only two, lutein
and zeaxanthin, are detectable in the human retina.2’-2% Within the retina there is additional
specificity, as the carotenoid concentration at the foveal center exceeds other areas of the
retina just a few millimetres away by a factor of 100, and the lutein : zeaxanthin : meso-
zeaxanthin ratio changes progressively from 1 : 1 : 1 to a ratio approaching 3 : 1 : 0.25: 30
Whenever a tissue exhibits highly selective uptake for a compound, it is likely that one or
more specific binding proteins are involved in the process. For instance, retinoids are highly
concentrated in the retina as a result of the combined actions of retinoid-binding proteins
and a membrane receptor recognizing plasma retinol-binding protein on the basal surface of
the retinal pigment epithelium (RPE).31 Among mammals, this selective uptake of high
concentrations of xanthophyll carotenoids in specific regions of the retina is unique to
primates, while birds, amphibians, reptiles, and fish employ an alternative strategy to
concentrate carotenoids in ocular tissues that involves esterification to fatty acids and
deposition into oil droplets.32: 33 Our laboratory has devoted considerable effort to the
delineation of the physiological processes underlying the selective uptake of lutein,
zeaxanthin, and their metabolites in the primate macula for more than a decade in order to
understand further the role of these macular carotenoids in the maintenance of ocular health
with special emphasis on the prevention and treatment of age-related macular degeneration.
Here, we review the progress on the identification and characterization of the proteins
related to the transport and uptake of MP carotenoids into the human retina.

Our initial attempts to identify the first vertebrate carotenoid-binding protein utilized bovine
retinal tissue because this animal, like humans, takes up lutein and zeaxanthin selectively
into its retinal tissue, albeit at much lower concentrations and without spatial specificity, and
the tissue is readily available in large quantities.3* As reported in 1997, soluble bovine
retinal proteins were incubated for an hour in the dark with a photoactivatable 14C-labeled
carotenoid, canthaxanthin, which is known to accumulate in retinal tissues after excessive
dietary intake.3® After removal of unbound ligands by passing through a hydrophobic
column in the dark, the retinal protein solution was purified on an anion exchange column,
and the fractions containing the most radioactive label were exposed to intense light to
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covalently link the bound ligand to associated protein. Photoaffinity-labeled fractions were
passed through a gel-filtration column, and the labeled 55 kDa protein was identified to be
beta-tubulin by autoradiography and mass spectroscopy. Based on these encouraging results,
we subsequently switched to soluble protein extracts of human macula where the
endogenous carotenoid content is around 5-40 ng per macula. Therefore, exogenous
carotenoids were not required during the purification process, lessening the potential to
generate artifactual carotenoid-protein interactions. We demonstrated that lutein and
zeaxanthin co-purified with human macular tubulin; however, despite molecular modeling
evidence that lutein is likely to bind at tubulin's paclitaxel binding site,36 subsequent binding
affinity and specificity studies in our laboratory have shown that many carotenoids besides
lutein and zeaxanthin can bind to tubulin,3” indicating tubulin was unlikely to be the
mediator of the specific uptake of the macular carotenoids. More likely, tubulin is a site for
high capacity deposition of carotenoids after specific uptake by other more specific binding
proteins especially since it is found in abundance in the photoreceptor axon layers of the
fovea (Henle fiber layer), the same of site of maximal carotenoid concentration in the
primate retina.23

Glutathione S-transferase P1 (GSTP1)

Many carotenoid-binding proteins of plants and invertebrates are membrane-associated
proteins, so it made sense to turn our attention to potential membrane-associated carotenoid-
binding proteins in human macula. After first confirming that a substantial proportion of
macular lutein and zeaxanthin was associated with membrane fractions, a protocol for
purification of membrane-associated carotenoid-binding proteins was developed.3” Yellow,
carotenoid-enriched macular membranes were initially prepared by differential
centrifugation and subsequently solubilized by a zwitterionic detergent. Further purification
was achieved using two ion-exchange chromatography steps and a gel-filtration
chromatography step coupled with continuous photodiode-array monitoring to identify
fractions enriched in endogenously associated macular carotenoids. We obtained a highly
purified preparation containing one major protein band at 23 kDa that consistently co-eluted
with endogenous lutein and zeaxanthin ina 1 : 2.5 ratio. Four protein spots with molecular
weight of around 23 kDa were present on 2-D gels, and the most prominent spot with an
isoelectric point of 5.7 was identified as a pi isoform of human glutathione S-transferase
(GSTP1). Recombinant human GSTP1 exhibited high affinity for macular zeaxanthins with
an equilibrium two-site average Kp of 0.33 pM for (3R,3’R)-zeaxanthin and 0.52 .M for
(3R,3’S-mesn)-zeaxanthin and only low-affinity interactions with lutein. When closely
related human GST proteins were tested, GSTM1 and GSTA1 exhibited no appreciable
affinity for lutein or zeaxanthin, further confirming the specificity of interaction between
GSTP1 and macular zeaxanthin. Immunolocalization of GSTP1 in the human and monkey
retina revealed that GSTP1 was concentrated in the outer and inner plexiform layers of the
fovea and in the photoreceptor inner segment ellipsoid region (Fig. 2b).3”

Glutathione-S-transferases (GSTs) are members of a family of Phase Il detoxification
enzymes that catalyzes the conjugation of glutathione (GSH) to a wide variety of
endogenous and exogenous electrophilic compounds. GSTs are classified into two
superfamilies: the membrane-bound microsomal family and the cytosolic family. Human
cytosolic GSTs can be divided into six classes: a, j1, o, 7, 0 and £.38 Only the pi isoform of
GST, GSTP1 (formerly GST ) is known to be expressed abundantly in human tissue, and
its gene is localized to chromosomal locus 11g13-qter.3? GSTP1 is widely expressed in
human epithelial tissue and is composed of two identical 23 kDa subunits.*? GSTP1 cDNA
contains an open reading frame of 630 nucleotides, encoding 210 amino acids.*! The first 77
amino acids are thought to be the conserved glutathione-binding domain.*? It has been
reported that GSTP1 can act as a retinoic acid cis-transisomerase in a glutathione-
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independent manner.#3 The GSTP1 gene is up-regulated during the early stages of
oncogenesis, and it is the most significantly overexpressed GST gene in many human
tumors.** Recently, GSTP1 was identified as a nitric oxide scavenger protein, and it also can
serve as a regulator of protein S-glutathionylation caused by reactive oxygen and nitrogen
species.*>: 46 Our identification of GSTP1 as a zeaxanthin-binding protein in the macula of
human eye37 and our subsequent finding that they can synergistically protect lipid
membranes from oxidation!® assign additional important roles to this well known protein.

Three polymorphic GSTP1 genes have been cloned from malignant glioma cells.** More
recently, it has been suggested that certain gene polymorphisms of glutathione S-
transferases including GSTP1 may be associated with the subsequent developments of
neovascular AMD*’ and cortical cataracts.*8

Steroidogenic acute regulatory domain (StARD) proteins

During the purification processes of GSTP1 from human macular membranes, we noted the
presence of another potential xanthophyll-binding protein also with a three-peak absorbance
pattern typical of many xanthophyll carotenoids. In contrast to the macular zeaxanthin-
binding protein, this membrane-associated protein bound to the cation-exchange column and
exhibited a much larger bathochromic shift (90 nm versus 10 nm).4? HPLC analysis
demonstrated that lutein was the dominant carotenoid in this fraction, suggesting that this
fraction probably contains a lutein-binding protein. 2-D gels of the purified lutein-rich
fraction revealed that it was composed of two major protein spots at ~55 kDa and at ~29
kDa. Mass spectral identification of these proteins proved unrevealing, so we tested for
immunoreactivity with a series of antibodies against plant and invertebrate-carotenoid
binding proteins. We observed immunoreactivity of the purified lutein-binding protein
fraction with an antibody raised against the silkworm lutein-binding protein (CBP) identified
by Tsuchida's laboratory in Japan,%- 51 and this same antibody specifically labeled the
mitochondrion-rich ellipsoid region of monkey photoreceptors, a region of the retina
subjected to considerable oxidative stress. Silkworm CBP belongs to the steroidogenic acute
regulatory domain (StARD) protein family®? StARD proteins have conserved sequences and
structures in a variety of organisms ranging from plants to higher animals.>2: 53 They all
share a domain of ~210 amino acid residues which can bind numerous small hydrophobic
molecules including sterols, so it is not unreasonable to hypothesize that human homologs of
CBP could also bind carotenoids. The human genome has 15 genes encoding StARD
proteins that can be divided into six subfamilies.>3 Silkworm CBP exhibits 29% sequence
identity to StARD3, its closest human homolog.>? Definitive identification of which of the
15 human StARD proteins is the human retinal lutein-binding protein is still in progress in
our laboratory.

Plasma lipoproteins, scavenger receptor proteins, metabolic enzymes

Plasma lipids such as cholesterol, triglycerides, and phospholipids along with low levels of
other hydrophobic compounds such as vitamin E and retinoids, are carried in the blood by
water-soluble lipoproteins, and the same holds true for the various carotenoids.10 54
Lipoproteins have a polar outer shell of protein and phospholipid and inner core of neutral
lipid. Lipoproteins can be divided into six groups: chylomicrons, chylomicron remnants,
very low-density lipoproteins (VLDL), intermediate-density lipoproteins (IDL), low-density
lipoproteins (LDL), and high-density lipoproteins (HDL).%> HDL is the smallest and densest
of all plasma lipoproteins. It plays a critical function in cholesterol metabolism with an
important role in removing cholesterol from peripheral tissues, a process known as “reverse
cholesterol transport,” and in directly delivering cholesteryl esters to other lipoproteins and
to tissues.?® HDLs are a group of lipoprotein particles containing nearly equal amounts of
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lipid and protein. The major apolipoproteins of HDL are apoA-1 and apoA-I1. It has been
observed in many large-scale prospective studies that there is an inverse relationship
between HDL levels and premature cardiovascular disease.5” HDL can inhibit the oxidation
of LDL, promote endothelial repair, and improve endothelial functions.>® HDL also plays a
role in the promotion of lesion regression in animals.5? In the bloodstream, all carotenoids
are detectable in all lipoprotein classes to varying degrees, but lutein and zeaxanthin are
primarily associated with high-density lipoprotein HDL 60 consistent with their less
hydrophaobic nature relative to the carotenes. The specific components of HDL responsible
for carotenoid binding remain to be identified, however. The Wisconsin hypoalpha mutant
(WHAM) chicken has very low levels of HDL due to a mutation in the ABCA1 transporter
gene.51 When these chickens are fed a high-lutein diet, lutein levels increase in plasma,
heart, and liver, but not in retina, suggesting that HDL is critical for delivery of carotenoids
to retinal tissue.

SR-BI, a cell surface glycoprotein that binds HDL, mediates selective cholesteryl ester
uptake from lipoprotein into liver and steroidogenic tissues as well as chlolesterol efflux
from macrophages.52 %3 SR-BI is a member of CD36 superfamily.54 The SR-BI gene is
located on chromosome 1224, encoding a 509-amino-acid protein.>* SR-BI contains two
trans-membrane domains on both the N- and the C-terminals and a large extracellular
domain.5® The predicted size of SR-BI is 57 kD, but it usually behaves as an 82 kD
membrane protein in vivo, as it is heavily N-glycosylated.®6 SR-BI is highly expressed in
liver, adrenals, and ovaries, with the highest amounts in the liver.5” Female SR-BI knockout
mice are infertile, suggesting SR-BI may play an important role in normal ovarian
function.88 As SR-BI is involved in the initial step of reverse cholesterol transport, it could
influence atherosclerosis and coronary artery disease.®? It has also been shown that SR-BI
participates in intestinal cholesterol absorption, embryogenesis, and vitamin E transport.”®

Recently, there have been several reports that SR-BI is involved in the process of carotenoid
uptake and transport to human and fly retina. During et al. demonstrated that macular
carotenoids lutein and zeaxanthin, especially zeaxanthin, can be better taken up by RPE cells
than beta-carotene through an SR-BI-dependent mechanism.” When macular carotenoids or
beta-carotene were incubated with fully differentiated ARPE-19 cells, the quantity of the
macular carotenoids taken up by the cells was two times higher than beta-carotene. Blocking
SR-BI by its antibody or knocking down SR-BI expression by small interfering RNA
reduced the absorption of carotenoids by RPE cells, especially for zeaxanthin. Similarly,
Kiefer et al. showed that the molecular basis for the blindness of a Drosophila mutant,
NinaD, is a defect in the celluar uptake of carotenoids caused by a mutation in the NinaD
gene which has high similarity to mammalian SR-BI.”2 While it seems likely that SR-BI is
important for carotenoid uptake into the RPE in living humans, its role in the retinal uptake
of the macular carotenoids is less clear, as its immunolocalization in the primate retina does
not match lutein's or zeaxanthin's distribution in the retina.’2 Its scavenger receptor relative,
CD36, is a better match?3 Interestingly, Cameo2, a CD36 homolog in silkworms, is required
for uptake of lutein into the silk gland.’

Enzymes that metabolize ocular carotenoids clearly must bind their carotenoid substrates,
but relatively few of these enzymes have been identified. Two carotenoid cleavage enzymes
have been immunolocalized to human RPE: BCO1 cleaves carotenes symmetrically, an
essential step for generation of vitamin A, while BCO2 catalyzes eccentric cleavage of
carotenes and xanthophylls.”® The mechanism underlying in vivo production of meso-
zea.xa.nthm from lutein in the primate retina is still unclear. Despite considerable effort, no
such enzyme has yet been identified.”®
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Discussion

The human macula may be considered as a “carotenoid sink,” as MP carotenoids are
concentrated in the human macula at the highest concentration anywhere in the human body.
Humans are not able to synthesize carotenoids and must obtain them from dietary sources
such as fruits and vegetables. Therefore, the human diet is the “carotenoid source” for the
human body, especially the retina. Although our understanding of the transport processes of
carotenoids from the source to the sink is still incomplete, the currently available data
suggest that the uptake of carotenoids probably shares the transport pathway with
cholesterol, and that HDL and the receptors of HDL such as SR-BI may be involved in this
process for delivery to the RPE, a tissue with a moderate concentration of a diverse range of
carotenoids.3? Although not yet proven, we speculate that carotenoids are delivered from the
RPE to the retina by a pathway analogous to the one used for retinoid transport that employs
interphotoreceptor retinoid-binding protein (IRBP) to facilitate transport of hydrophobic
ligands across the interphotoreceptor space. Within the retina, specific deposition of lutein
and zeaxanthin may occur in a manner analogous to the mechanism employed by silkworms
to deliver lutein to the silk gland where both a specific cell-surface uptake protein, Cameo2,
and a specific binding protein, CBP, are obligatory.”* In the human macula, the
corresponding process appears to involve specific binding proteins for zeaxanthin (GSTP1)
and lutein (a StARD family protein) and CD36 as a possible transport protein. Tubulin may
serve as a secondary high capacity deposition site for carotenoids within the Henle fiber
layer.

In Fig. 3 we provide a brief schematic to describe our current understanding of the whole
process of uptake, transport, and accumulation of macular pigment carotenoids in the human
retina. Dietary carotenoids are released from ingested foods after ester saponification if
necessary and incorporated into lipid micelles. SR-BI located on the surface of intestine cell
then facilitates uptake and transport to the portal circulation in the chylomicron

fraction.””: 78 Although it is still not known if carotenoids are modified in the liver before
release into the bloodstream, supplying carotenoids to animals can increase their content in
the liver.”® 80 Most hydrophobic carotenoids such as lycopene and beta-carotene are
transported on LDL, whereas the more hydrophilic xanthophyll carotenoids, such as lutein
and zeaxanthin, are primarily carried by HDL.81 RPE SR-BI facilitates uptake of lutein,
zeaxanthin, and other carotenoids into the cell. IRBP may facilitate transport of lutein and
zeaxanthin to the retinal cells via CD36, but specificity and uptake are ultimately driven by
selective binding proteins such as GSTP1 and a StARD family protein, possibly in
conjunction with tubulin. The process by which carotenoids and their oxidation and
degradation products are removed from the retina is much less clear, but it is known that
macular carotenoid levels are remarkably stable even in the face of large fluctuations in
plasma levels that might occur during supplementation. Moreover, non-human primates
placed on carotenoid-deficient diets typically take several years to achieve non-detectable
macular pigment.82

It will be a very important task to explore the potential role of MP carotenoid proteins in
AMD and other eye diseases. The association between polymorphisms of glutathione S-
transferase (GST) M1, T1, and P1 and risk of AMD has been investigated, and the primary
results showed that the variants of GSTP1 combined with GSTPM1 (null) and GSTTL1 (null)
are associated with exudative AMD.#” SR-BI has been found to be a potential new AMD
genetic factor because genotyping results have shown an association between variants of the
SR-BI gene and AMD.83 It has also been demonstrated that zeaxanthin associated with its
binding protein shows a higher ability to prevent lipid oxidation.1® All of these findings
together indicate that there is a high possibility that human variation in ocular carotenoid-
binding protein expression and function may be risk factors for AMD. Based on the inverse
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relationship between MP levels and risk of AMD, we speculate that the expression of the
ocular carotenoid-binding proteins, GSTP1, StARD, and tubulin probably is lower in AMD
than normal subjects. In addition, Issa and colleagues more recently reported that acquired
deficiencies and abnormal distributions of macular pigments are prominent features of
macular telangiectasia (Mac-Tel), an eye disease which can result in loss of visual acuity,
reading difficulties and/or metamorphopsia.84 This suggests that further investigations on
human ocular carotenoid-binding proteins will also help to better understand the
pathophysiological processes of other eye diseases as well.

In the future, in addition to further investigation of the role of the known ocular carotenoid-
binding proteins in ocular health and diseases, efforts should be continued to identify
additional ocular carotenoid-binding proteins, carotenoid receptors, metabolizing enzymes,
and transporters until the pathways for uptake and accumulation of MP carotenoids are
completely understood. To identify new MP carotenoid-related proteins, molecular
biological, cell biological, and proteomic methods also should be employed to complement
traditional biochemistry approaches. For example, through comparison of gene and protein
expression patterns of human fovea and peripheral retina, fovea-enriched genes and proteins
may be identified that could be candidates to be new ocular carotenoid-binding proteins. We
also can test if additional families of proteins which are known to interact with carotenoids
in other species are present in human ocular tissues, as we have successfully demonstrated
with StARD family proteins.#9 In the past, we have assessed binding interactions between
potential carotenoid-binding proteins and their ligands through overnight equilibrium
binding studies that are cumbersome and consume large amounts of valuable proteins. More
recently, we have optimized surface plasmon resonance (SPR) methods that allow real-time
assessment of on- and off-rates of ligands with proteins immobilized on gold surfaces. This
facilitates higher throughput screening of a variety of ligands in shorter amounts of time in a
reproducible and sensitive manner. It is anticipated that these newer techniques will
accelerate elucidation of the role of the macular pigment carotenoids in maintaining macular
function in health and disease.
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Fig. 1.

Ophthalmoscopic view of a human retina (left) showing the boundaries of the human macula
as a 5 mm diameter dashed white circle centered on the fovea. The macular carotenoid
pigment is concentrated in the central 500 microns of the macula at the fovea. The chemical
structures of the major macular pigment carotenoids are shown on the right.
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(a)

Fig. 2.

(a) Vertical section (vitreous side down) through a monkey fovea showing the distribution of
the yellow macular carotenoids. Image courtesy of D. Max Snodderly, PhD. (b) GSTP1
labeling of foveal cones in the macula of a 3-year-old monkey. The orientation of the section
is the same as in (a). This montage shows strongest labeling by antibody against GSTP1
(red) over the myoid and ellipsoid regions of cones identified by monoclonal antibody 7G6

(green).
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Fig. 3.

Possible pathway for MP carotenoid uptake, transport, and accumulation in the human
retina. Choroicapillaris (CH); Bruch's membrane (BM); retinal pigment epithelium (RPE);
inner segments (1S); outer plexiform layer (OPL); inner plexiform layer (IPL).
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