N CASE Case Western Reserve University

WESTERN  Scholarly Commons @ Case Western Reserve

RESERVE : :
UNIVERSITY University

Faculty Scholarship

9-20-2022

Aster La Vista: Unraveling the Biochemical Basis of Carotenoid
Homeostasis in the Human Retina

Sepalika Swarnamali Bandara Bathana Mudiyanselage
Case Western Reserve University, sepalikaswarnamalibandara.baththanamudiyanselage@case.edu

Johannes von Lintig
Case Western Reserve University, johannes.vonlintig@case.edu

Author(s) ORCID Identifier:

Johannes Von Lintig

Sepalika Swarnamali Bandara Bathana Mudiyanselage

Follow this and additional works at: https://commons.case.edu/facultyworks

Recommended Citation
Bandara, S., & von Lintig, J. (2022). Aster la vista: Unraveling the biochemical basis of carotenoid
homeostasis in the human retina. BioEssays, 44, e2200133. https://doi.org/10.1002/bies.202200133

This Article is brought to you for free and open access by Scholarly Commons @ Case Western Reserve University.
It has been accepted for inclusion in Faculty Scholarship by an authorized administrator of Scholarly Commons @
Case Western Reserve University. For more information, please contact digitalcommons@case.edu.

CWRU authors have made this work freely available. Please tell us how this access has benefited or impacted you!


https://commons.case.edu/
https://commons.case.edu/
https://commons.case.edu/
https://commons.case.edu/
https://commons.case.edu/facultyworks
https://orcid.org/0000-0002-2079-2143
https://orcid.org/0000-0003-1029-1457
https://commons.case.edu/facultyworks?utm_source=commons.case.edu%2Ffacultyworks%2F108&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1002/bies.202200133
mailto:digitalcommons@case.edu
https://forms.gle/EDiNKeHpka9QijUt5

Received: 5 July 2022 Revised: 31 August 2022

Accepted: 5 September 2022

DOI: 10.1002/bies.202200133

REVIEW ESSAY

Prospects & Overviews

B?oEssays

Aster la vista: Unraveling the biochemical basis of carotenoid

homeostasis in the human retina

SepalikaBandara | Johannes von Lintig

Department of Pharmacology, School of
Medicine, Case Western Reserve University,
Cleveland, Ohio, USA

Abstract

Correspondence

Johannes von Lintig, Department of
Pharmacology, School of Medicine, Case
Western Reserve University, Cleveland, OH
44106, USA.

Email: johannes.vonlintig@case.edu

Funding information
National Eye Institute, Grant/Award Numbers:
EY028121,EY020551

KEYWORDS

INTRODUCTION

Carotenoids are a common sight in nature as yellow, orange, and
red colors of fruits, vegetables, and flowers. This class of pigments
comprises more than 1000 related compounds and is synthesized
in plants, fungi, and bacteria. A C40 backbone is the fundamental
structure of these isoprenoids. The initial steps in carotenoid syn-
thesis follow the common scheme known for isoprene synthesis in
many organisms.[] The first reaction specific to carotenoid synthe-
sis is the condensation of two geranylgeranyl pyrophosphate (C20)
molecules by phytoene synthase.l2! The double bonds of the color-

less phytoene are stepwise desaturated to generate the red-colored

Abbreviations: ACO, apo carotenoid oxygenase; BCO1, beta-carotene oxygenase 1 EC
1.13.11.63; BCO2, beta-carotene oxygenase 2 EC 1.13.11.71; CCD, carotenoid cleavage
dioxygenase; GRAM, GRAM-domain containing; GSTP1, glutathione S-transferase pi isoform
EC 2.5.1.18; HFL, Henle’s fiber layer; LTP, lipid transfer protein; MTS, mitochondrial targeting
sequence; PM, plasma membrane; SCARB1, scavenger receptor class B member 1; StARD3,
StAR related lipid transfer domain containing 3.

Carotenoids play pivotal roles in vision as light filters and precursor of chromophore.
Many vertebrates also display the colorful pigments as ornaments in bare skin parts
and feathers. Proteins involved in the transport and metabolism of these lipids have
been identified including class B scavenger receptors and carotenoid cleavage dioxy-
genases. Recent research implicates members of the Aster protein family, also known
as GRAM domain-containing (GRAMD), in carotenoid metabolism. These multi-domain
proteins facilitate the intracellular movement of carotenoids from their site of cellular
uptake by scavenger receptors to the site of their metabolic processing by carotenoid
cleavage dioxygenases. We provide a model how the coordinated interplay of these
proteins and their differential expression establishes carotenoid distribution patterns

and function in tissues, with particular emphasis on the human retina.

carotenoids, metabolism, mitochondria, transport, vision

lycopene. The terminal ends of the open-chain lycopene are con-
verted into either - or e-ionone rings by two types of lycopene
cyclases to generate a-carotene (one - and one e-ionone ring) and j3-
carotene (two B-ionone rings), respectively.3] The large diversity of
carotenoids emerges from chemical modifications such as shifting of
conjugated double bonds and addition of functional groups to the ter-
minal ionone rings. Additionally, geometric isomers add variations to
the chemical structures of carotenoids. Pure hydrocarbon carotenoids
are called carotenes and their oxygenated derivatives are called
xanthophylls.

In animals, carotenoids play important roles in vision as light filters
and precursors of visual chromophore (Figure 1).[4] The xanthophylls,
zeaxanthin and lutein, accumulate in high concentrations in the mac-
ula lutea of the fovea centralis of the primate eyes.[>¢! The macular
pigments filter short-wavelength light, decrease chromatic aberration,
and prevent light damage to the photoreceptors.[”) In bird and turtle
retinas, carotenoids are concentrated in oil droplets and color tune the

absorption spectra of the adjacent cone photoreceptors.!8-10]
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FIGURE 1 Chemical structures of major carotenoids and
retinoids of humans

The bright colors of carotenoids are important signals and expedite
communication even over evolutionary borders. They attract pollina-
tors such as birds and insects and advertise ripe fruits in exchange
for seed dispersal. Carotenoids serve as ornaments in feathers and
bare parts of the skin of amphibians, reptiles, and birds.[1112] They
are an important color trait that maintains ranks in schools of fish

[13.14] Even some tropical

and influences the mating choice of birds.
bats display yellow carotenoids in bare skin parts, indicating that the
pigments’ role in visual communication is conserved in mammalian
species.[ 1]

Though vertebrates acquire carotenoids exclusively from the diet,
they metabolically convert their chemical structures and generate a
set of unique metabolites.[18] For instance, birds and fish convert
yellow carotenoids to red keto-carotenoids such as echinenone and
astaxanthinl17-1%1 and some birds can even synthesize crimson and

burgundy colored carotenoids.[20]

Another critical metabolite of carotenoids are apocarotenoids.[21]
They derive from oxidative cleavage of double bonds in the car-
bon backbone of the carotenoid molecules. Apocarotenoids serve

as signaling molecules and chromophores in all kingdoms of living

nature.[22] |n vertebrates, carotenoids such as f-carotene are precur-
sors for vitamin A (all-trans-retinol). Vitamin A is converted to at least
two biologically active molecules, 11-cis-retinal and all-trans-retinoic
acid(16] 11-cis-Retinal is the chromophore of G protein coupled recep-
tors that mediate phototransduction in the retina.l23] All-trans-retinoic
acid binds to ligand-activated transcription factors of the nuclear
hormone receptor class and regulates gene expression.[ 24251 This func-
tion establishes carotenoids as hormone precursors in processes as
diverse as cell differentiation, embryonic development, immunity, and

metabolism.[26-28]

CAROTENOID TRANSPORTERS AND
METABOLIZING ENZYMES

The hydrophobic nature of carotenoids provides a barrier for dif-
fusion in the aqueous environment of the body. This property
requires a mechanism for the transportation of the pigments in
the extra- and intracellular space of the body. A nonsense muta-
tion in the coding region of a blind Drosophila mutant led to the
discovery of a gene that encodes a membrane protein that facil-
itates the cellular uptake of carotenoids.!230] Later, orthologous
genes were identified in vertebrates such as the scavenger recep-
tor class B member 1(SCARB1) and cluster determinant 36(CD36).[31]
Initially described as components in respectively, cholesterol and
fatty acid metabolism, class B scavenger receptors were shown to
mediate membrane transport of carotenoids and other fat soluble
vitamins.[32]

The scavenger receptors’ role in carotenoid metabolism was char-
acterized in cell lines of the intestine.133-35] |n the intestine, dietary
carotenoids and fat-soluble vitamins are extracted from the food
matrix and incorporated into mixed micelles with bile salts, choles-
terol, fatty acids, and phospholipids. Experiments in Scarb1~"" mice
established that the receptor is critical for uptake of carotenoids
from the diet.[36! The need for a protein-mediated uptake mechanism
for carotenoids was corroborated by genetic analyses in salmon!37]
and canary birds[38] The white recessive breed of the common
canary (Serinus canaria) displays a splice donor site mutation in the
gene encoding the SCARB1 receptor and lacks the yellow carotenoid
pigmentation.[38] In humans, genetic polymorphisms in the SCARB1
gene are associated with lower carotenoid concentration in the serum
and ocular tissues.!32! Consistently, it was shown that class B scav-
enger receptors also are involved in the cellular uptake of the pigments
from circulating lipoproteins into peripheral tissues, including the
eyes [31,39,40]

The molecular details of carotenoid uptake into cells are still incom-
plete. The crystal structure of the SCARB1 protein is not available,
therefore we modelled the structure based on the sequence using
SWISS-MODEL tool and CD36(PDB ID - 5LGD) as the template.[41]
According to the model (Figure 2A), the SCARB1 structure con-
sists of a large extracellular domain, which mainly follows an anti-
parallel -barrel scaffold. Three short alpha helices cover the top

of the p-barrel core and two other short helices connect the
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FIGURE 2 Homology models of class B scavenger receptor and carotenoid cleavage dioxygenases. (A) Extracellular domain model of human
SCARB1 receptor with proposed lipid entering and exiting tunnel highlighted with a grey color mesh (B) Structure alignment of BCO1 and BCO2
homology model (RMSD ~ 0.1 A), BCO1 is shown with cyan and BCO2 is shown with purple color. The enzymes’ substrate tunnel is shown as grey
color mesh. (C) Active site of BCO2 with parts of the substrate-binding cavity is displayed as grey color mesh. The active center contains a ferrous
iron (highlighted in red color) that is coordinated by four conserved histidine residues (green) and glutamate residues (sky blue). Additionally,
aromatic amino side chains are highlighted that interact with the carotenoid substrates

extracellular domain with the N-terminal and C-terminal alpha helices
that are embedded in the membrane. Variations in the length of
the B-sheets create an uneven S-barrel core with one extended side
compared to the other side. This irregularity forms the entrance of
a wide hydrophobic cavity for lipid transport. The elongated cav-
ity of the receptor can accommodate long chain carotenoids and
other lipids before loading them into the membrane bilayer. The
model of SCARB1 implicates that additional proteins must exist that
deliver carotenoids from the plasma membrane (PM) to other cellular
compartments as well as to metabolizing enzymes for further pro-
cessing of the pigments to biologically active metabolites, including
vitamin A.

The next critical players of carotenoid metabolism are carotenoid
cleavage dioxygenases (CCDs).[4243] These non-heme iron oxygenases
convert carotenoids to apocarotenoids and control carotenoid home-
ostasis in tissues.[44-46] Mammalian genomes encode three members
of this protein family.[*”] Among them are two canonical CCDs: B-
carotene oxygenase 1 - EC1.13.11.6(BCO1) and B-carotene oxygenase
2 - EC1.13.11.71(BCO2). The third family member is the retinoid iso-
merase retinal pigment epithelium specific 65 kDa protein (RPE65).1481]
RPE®65 is vital for chromophore metabolism in the eyes and we refer
to a recent review that describes RPE65’s chemistry and biology.[49]
The cytosolic enzyme BCO1 cleaves carotenoids and apocarotenoids
(> C20) with at least one unsubstituted $-ionone ring at C15-C15’
position.l445051] The cleavage results in the formation of all-trans-
retinal and a second short chain apocarotenoid (< C20) in case of
apocarotenoid cleavage.[44] A tight regulation of BCO1 activity in the
intestine prevents hypervitaminosis A when $-carotene is abundant in
the diet.!1652] This regulation was examined in mice and involves the
intestine specific homeodomain transcription factor ISX.[33] I1SX sup-
presses the mRNA expression of Bcol and Scarb1 gene in response to
retinoic acid signaling.!>] As a result, carotenoid absorption and vita-
min A production in the intestine is controlled by a negative feedback

loop.[36!

In contrast to BCO1, the mitochondrial enzyme BCO2 dis-
plays broad substrate specificity for various carotenoids and apo-
carotenoids and cleaves across the C9-C10’ position.[46:5556] Three
dimensional crystal structures of BCO1 and BCO2 are not available at
this time. Therefore, we used homology modelling for BCO1 and BCO2
using 3D structures of apocarotenoid oxygenases (ACOs)57! and
RPE65.158] Additionally, a recently solved structure of a bacterial ACO
with bound apocarotenoid substrate provided atomic insights about
the arrangement between substrate and enzyme.[>?] Generally, the
CCD scaffold is a seven-bladed -propeller structure connected with
alpha helices and loops on the top (Figure 2B). CCDs require ferrous
iron (Fe2*) as cofactors. The metal is coordinated by four conserved
histidine residues and three glutamate residues. The substrate-binding
cavity of CCDs mainly consists of hydrophobic amino acids that posi-
tion the scissile bond of carotenoids to the ferrous iron in the active
center (Figure 2C). Albeit the overall fold is conserved between BCO1
and BCO2, their substrate specificities are distinct. Our recent work
showed that BCO2 has a bipartite substrate-binding cavity that is
wide enough to accommodate a large panoply of carotenoid and apoc-
arotenoid substrates. The cleavage of a carotenoid by BCO2 occurs
in a stepwise process via a long-chain apocarotenoid intermediate.l¢0]
The narrow entrance of the substrate tunnel of BCO1 selects unsub-
stituted -ionone rings and contributes to the selectivity of vitamin A
production.[61]

The significance of CCDs for carotenoid and vitamin A homeostasis
has been demonstrated by several groups. A knockout mouse model
for BCO1 displays hypercarotenemia and vitamin A deficiency when
raised on -carotene containing diet.!4%] Mutations that affect BCO1
gene regulation can lead to hypervitaminosis A in mice.[5262] |
humans, non-synonymous single nucleotide polymorphisms (A379V
and R267S) in the BCO1 gene diminish the activity of the enzyme.[63]
Another study showed that common genetic variations in the BCO1
gene are associated with blood carotenoid levels and macular pig-

ment density in the human population,[64¢5] likely because of the
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BCO1-dependent negative feedback regulation of vitamin A produc-
tion and carotenoid absorption in the intestine.[36] Genetic variants
and polymorphism in BCO2 have been reported primarily in non-
primates such as rabbits,[66] sheep,¢”] and bovine.8] A partially
recessive W80X mutation in the bovine BCO2 gene affects fat and milk
color. Similarly, a nonsense mutation in the sheep BCO2 gene results
in a yellow fat phenotype. Furthermore, in domestic chicken, the
yellow skin phenotype is caused by genetic polymorphism in BCO2.169]
Additionally, color polymorphisms in lizards are associated with the
BCO2 gene.[70]

In humans, the contribution of BCO2 to carotenoid metabolism
has been the subject of a controversy.”!] However, mounting evi-
dence indicates that BCO2 is an active enzyme and plays a critical
role in carotenoid homeostasis.”!! A recent study focused on the
three main splice variants of human BCO2 encoding 579(BCO2a),
545(BCO2b), and 539(BCO2c) amino acid variants. The variants dif-
fer with regard to their N-terminal portion of the proteins. These
encode mitochondrial target sequences, which are removed during
mitochondrial import.[”%72] Importantly, recombinant human BCO2
without mitochondrial target sequence was soluble and enzymati-
cally active.l”2] The same study showed that a primate specific four
amino acid insertion in BCO2 does not abolish enzymatic activity of
this CCD. Considering all the above findings, BCO2 function is criti-
cal for carotenoid homeostasis of cells and is well conserved among

vertebrates.

DIFFERENTIAL EXPRESSION OF BCO2 AND
COLORATION

Carotenoids are highly concentrated in some cell types and tis-
sues of vertebrates. The yellow skin color in chicken and reptiles as
well as the sexual dichromatism in birds rely on various degrees of
carotenoid accumulation.[6%70.73] However, not only the total amount
of carotenoids differ between tissues but also their patterns of distri-
bution within tissues. For instance, the distribution of carotenoids in
the human retina in central versus peripheral regions are opposed.!74]
Recent genetic studies suggest that BCO2 is a major contributor in
the tissue distribution of carotenoids.[”172] BCO2 gene is associated
with sexual dichromatism in birds, including the European serin and
canary birds.[”3] A recent study showed that genetic variations in
BCO2 determines keto-carotenoid accumulation in Ranitomeya siren-
sis. The frog exists as red or yellow colored variants. Red frogs either
display a low expression of BCOZ2 or express a splice variant with no
catalytic activity when compared to yellow frogs.!”5] Similarly, BCO2
expression contributes to skin color difference in European lizards[7°!
and in chicken.[?] Eventually, single cell transcriptomics revealed that
BCO2 is one of the most regulated genes in cone photoreceptors of the
human retina with high expression in the periphery and low expression
in the central retina.l76] Thus, differential expression of BCO2 is seem-
ingly acommon mechanism that contributes to the cellular distribution

patterns of carotenoids in tissues of vertebrate species.

CAROTENOID BINDING PROTEINS

Cells acquire carotenoids by class B scavenger receptors that deposit
the pigments into the PM. Carotenoid processing by BCO2 occurs
in mitochondria.[4¢77] Additionally, other carotenoid metabolizing
enzymes exist in the organelles, such as carotenoid hydroxylases.!17:18]
Therefore, mechanisms must exist that transport carotenoids from
the site of entry to the organelles for enzymatic processing.78! In
principle, the transportation of carotenoids can be attained by two
mechanisms, known as vesicular transport and non-vesicular trans-
port via binding proteins. Vesicular transport of carotenoids involves
the packaging of the lipids into various lipoprotein classes such as
chylomicrons, very low density lipoproteins, low density lipopro-
teins, and high density lipoproteins as well as the receptor mediated
uptake of the lipoproteins’ cargo into cells of different tissues as
recently reviewed elsewhere.[1679] Representative, the structure of
Apo-lipoprotein A1, a major component of high denisty lipoproteins,
is displayed in Figure 3. The non-vesicular transport of carotenoids
involves specific binding proteins that transfer the pigments from one
to another membrane within cells. Previously, carotenoid binding pro-
teins have been identified in lobster and silkworm.[89-82] |n the human
retina, glutathione S-transferase pi isoform (GSTP1) was recognized as
zeaxanthin binding protein(83! and StAR related lipid transfer domain
containing 3 (StARD3) as lutein binding protein[84] (Figure 3). StARD3
is a homolog of the carotenoid binding protein of the silkworm.[82]
GSTP1 and StARD3 bind respectively zeaxanthin and lutein with dis-
sociation constants in the low micromolar range.[8384] However, their
mode of carotenoid binding has not been fully established at the
atomic level. GSTP1 is a globular enzyme that does not display a
specific lipid-binding cavity (Figure 3). StARD3 transports cholesterol
from endosomes to mitochondria and other membranes.[8] Its lipid-
binding cavity is too short to accommodate a long and rigid carotenoid
molecule (Figure 3), indicating that a larger portion of the carotenoid
exists outside of the binding cavity.!8¢!

Many lipid transfer proteins (LTP) adopt the characteristic StAR-
related lipid-transfer (StART) domain fold. Our recent study showed
that a novel class of LTP, the Aster proteins, can bind and transport
carotenoids.!87] The crystal structure of murine Aster A with bound
cholesterol was solved and provided critical insights into the proteins’
lipid binding properties.!88! Their lipid-binding cavity is large enough
to house an elongated rigid carotenoid molecule (Figure 3). Aster pro-
teins belong to the stARkin protein superfamily, and it was recently
shown that the LTP Anchored at a Membrane contact site/Lipid trans-
fer at contact site are a family of sterol transfer proteins in yeast.[8%:90]
The mammalian orthologous of these sterol transfer proteins were
identified as GRAM-domain-containing (GRAMD1/2/3) proteins and
some of these proteins locate at membrane contact sites between the
endoplasmic reticulum (ER) and mitochondria as well as contact sites
between ER and PM.[?1] The GRAMD1/2/3 proteins display an N ter-
minal GRAM domain, which directly interacts with phospholipids in
the PM. A C-terminal transmembrane helix is anchored in the ER. The
middle StART-like lipid transfer domain is absent in the GRAMD2 and
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Apo lipoprotein A1

FIGURE 3 Carotenoid binding proteins of mammals. The structures are shown as monomers and the putative lipid cavities inside the protein
are displayed in grey color. Left to right - GSTP1, zeaxanthin binding protein of the primate retina (PDB ID - 5X79), StARD3, lutein binding protein
of the primate retina (PDB ID - 519J). Apo-lipoprotein A, extra cellular carotenoid binding protein (PDB ID -1AV1). StARD lipid binding domain of
Aster (GRAM1D) proteins (PDB ID -6GQF). The lipid binding cavities of the proteins are shown with 7A cavity detection radius and visualized

using Pymol software

GRAMDS family members, suggesting that they lack lipid transferring
capability. In contrast, GRAMD1 gene products, Aster A, Aster B, and
Aster C, contain a StART-like domain. A recent study showed that Aster
proteins are crucial for non-vesicular cholesterol transport from PM in
to the ER.I88] The researchers also showed that Aster B is required for
sterol homeostasis in the adrenal gland. Consequently, Aster B knock-
out mice have impaired steroidogenesis.!88] A follow up study with
Aster proteins discovered that inhibition of Aster proteins by small
molecules hindered the transport of lipoprotein-derived cholesterol
from PM to the ER.[92]

Since Aster proteins work downstream of SCARB1[88] that facil-
itates sterol and carotenoid uptake, we hypothesized that they also
transfer carotenoids from PM to membranes of other cellular com-
partments. Interestingly, GRAMD1B possesses a mitochondrial target
sequence,[?3] which may assist carotenoid transport to mitochondria
where the BCO2 enzyme resides. To test our hypothesis, we estab-
lished a novel expression system for the StART-like domain of Aster
proteins in a zeaxanthin synthesizing E. coli strain.[?4?5] Our analysis
revealed that the recombinant StART-like domain of murine Aster pro-
teins A and B extracted carotenoids from the bacterial membranes.
The carotenoprotein complexes displayed a yellow color as well as
characteristic spectral properties indicative for carotenoid binding.
Furthermore, we analyzed whether the apo-Aster proteins can bind
carotenoids in in vitro assays. We were able to achieve binding curves
with a model carotenoid solubilized in Triton X-100 detergent. Two
tryptophan residues that reside in close proximity to the binding cav-
ity gave us a possibility to perform tryptophan fluorescence quenching
assays to monitor the binding. The assays revealed hyperbolic binding
curves with a dissociation constant in the micromolar range. We also
showed that carotenoids compete with cholesterol for the same bind-
ing site in Aster proteins using a fluorescent cholesterol analog named
22-NBD cholesterol.[87]

To gain insight into the in vivo role of GRAMD1 in carotenoid
transport, we correlated Gramd1 gene expression and carotenoid
distribution in mouse tissues. Our quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) data of mouse tissues showed
that Gramd1b has high tissue specific expression in the adrenal gland

and testis. Gramd1a did not show such tissue specific expression pat-

terns and was expressed in various tissues at comparable level. Next,
we determined the carotenoid distribution in tissues of the Bco2 gene
knockout (Bco2~/~) mice.[4¢] These mice accumulate zeaxanthin in tis-
sues when subjected to feeding with this carotenoid.[77:78] As expected
high levels of carotenoids accumulated in the adrenal glands with
high levels of GRAMD1b expression. Similarly, heart and testis with
high Gramd1b mRNA expression showed carotenoid concentration
over serum levels. These experiments indicated that carotenoids can
compete with cholesterol for their transport proteins, SCARB1 and

GRAMD1B, and are enriched in similar tissues.

GRAMD1B AND OCULAR CAROTENOID
TRANSPORT

Interestingly, Gramd1b expression and carotenoids accumulation was
low in the murine retina that unlike to primates do not accumu-
late carotenoids.[?¢] Even the BCO2-deficient mouse retina displays
carotenoid concentrations that are below serum concentrations,!36:71]
indicating that rodents lack a system to concentrate carotenoids in the
eyes. By contrast, human retina with macula pigment concentration
express high levels of GRAMD1b as revealed by our analysis of RNA
and protein samples from donor eyes.[87] Immunohistochemistry con-
firmed that GRAMD1B protein is expressed in central and peripheral
parts of the human eyes. GRAMD 1B was detected in both rod and cone
photoreceptors but also in other cell types of the retina.[87!

The pattern of GRAMD 1B immunostaining in the retina and mecha-
nism of action is consistent with a role as carotenoid transport protein.
Previous studies reported that carotenoids are delivered by SCARB1
to the retinal pigment epithelium.[3%] From these cells of the outer reti-
nal blood barrier, carotenoids are transported to the retina by the inter-
photoreceptor retinoid-binding protein.[?”] Our finding of GRAMD1B
staining in the photoreceptor outer segments suggests that it acts
downstream of interphotoreceptor retinoid-binding protein in this
transport process and helps photoreceptors to acquire carotenoids.
Additionally, the expression of GRAMD 1B in ganglion cells of the retina
implies that GRAMD1B also contributes to carotenoid transport at

vessels of the inner blood-retinal barrier. In fact, it has been previously
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FIGURE 4 Maculapigment distribution in the human eye. (A) Scheme of the human eye. (B) Scheme correlating macular pigment distribution
with BCO2 and GRAMD 1B gene expression in peripheral and central parts of the retina. (C) GRAMD1B and BCO2 mRNA expression in central and
peripheral regions of the retina of human donor eyes (for details see Ref. [87])

shown that carotenoids are present in various layers of the human

retina.l?8]

DIFFERENTIAL EXPRESSION OF BCO2 AND
GRAMD1B IN THE HUMAN RETINA

The macular pigment concentration is about 100 fold higher in the
fovea region than in the peripheral retina.l??! The distribution of zeax-
anthin and lutein was recently established by an elegant confocal
Raman spectroscopy approach.[?8] Zeaxanthin is amassed in the fovea
centralis of the human eyes!®! (Figure 4A) and enriched in the Henle’s
fiber layer (HFL) of the fovea.[>] The HFL contains bundles of unmyeli-
nated cone photoreceptor axons that connect to ganglion cells in the
outer plexiform layer of the retina. In contrast, lutein distributes more
diffuse in the central retina and at lower concentration. A recent
study suggests that inactivity of BCO2 contributes to this pattern of
distribution of carotenoids in the primate retina.l1%] However, such
inactivity would lead to an accumulation of the pigments throughout
the retina. More recently, differential BCO2 expression was impli-
cated in this process, being high in peripheral and low in central
cone photoreceptors.l76] A regulated expression of an enzymatically
active BCO2 in the retina provides the advantage that chemically
modified carotenoids can be removed from cells to prevent oxidative
stress and harm to cellular structures.[101.102] | fact, we previously
showed that BCO2 mRNA expression is induced by oxidative stress
and that the enzyme converts carotenoid oxidation products.[72103]
Therefore, we followed on the latter observation of a differential
expression of BCO2 in the retinal’¢! and added GRAMD1B as an
additional player to the scenario. We hypothesized that GRAMD1B
transport supplements macular pigments to cells and increases their
concentration in central regions. In peripheral regions, however, mito-
chondrial BCO2 cleaves the macular pigments to apo-carotenoids
and discard them. In fact, GRAMD1B expression level in the human
retina correlated with this model 871 being higher in central than in
peripheral parts of the retina.[8”] Moreover, our study showed that
BCO2 expression was opposed to GRAMD1B expression, being sig-

nificantly higher in peripheral retina when compared to the central

retina (Figure 4B,C). Therefore, we conclude that differential expres-
sion of BCO2 and GRAMD1B provide a mechanism that establishes
the distribution of carotenoids in the human retina. Furthermore, we
propose that induction of BCO2 expression by oxidative stress in dis-
eased retinas contribute to macular pigment turnover. Interestingly,
data from the Carotenoids in Age-Related Eye Disease Study supports
our proposal. Genetic polymorphism in BCO2 were unrelated to mac-
ular pigment density (BCO2 expression is very low in central parts of
a healthy retina)lé5] but related to higher odds of age related macular
degeneration that is known to be promoted by oxidative stress.[104105]

The zeaxanthin and lutein binding proteins GSTP1 and StARD3,
respectively, likely act downstream of GRAMD1B and retain the mac-
ula pigments in the respective cell types of the human retina.[83:84]
Accordingly, a recent study revealed that overexpression of human
GSTP1 increased the zeaxanthin concentration by 40% in the retina
of Bco2~/~ micel19¢] However, enormous quantities of these pro-
teins would be required if macular pigments exclusively exist bound to
GSTP1 and StARD3 in the central retina. Therefore, additional reten-
tion mechanisms, that is, membranous structures, may concentrate the
pigments in the macular region of the fovea.

FUTURE DIRECTIONS AND UNANSWERED
QUESTIONS

The recent advances of our understanding of carotenoid uptake, trans-
port, and metabolism provide a molecular framework for carotenoid
distribution and accumulation in tissues. However, many questions
remain open and need to be clarified. What are the dynamics
between the different involved protein components? What regula-
tory mechanism control carotenoid metabolism and integrate it into
the entire lipid homeostasis. Particularly, the intracellular transport
of carotenoids by Aster proteins from PM to mitochondria remains
to be established in biochemical detail. Furthermore, the mecha-
nisms for carotenoid concentration in different tissues and cell types
remain to be defined. Are StARD3 and GSTP1 the only players in
this process or does the HFL contains specific membranous struc-

tures that retain carotenoids in large quantities? Finally, rare inherited
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mutations exist in GRAMD1B, including Arg189Trp and Arg198X that
are linked with the intellectual disability.[207:208] However, it has not

been established whether the same mutations affect macular pig-

ment density and distribution in the eyes. It will be fascinating to

further study the interaction between Aster proteins and the estab-

lished protein components of carotenoid metabolism in health and

disease.

ACKNOWLEDGMENTS

The authors wish to thank the members of the von Lintig laboratory for

insightful comments and discussions. This research was supported by
grants from the National Eye Institute (EY028121 and EY020551).

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.

DATA AVAILABILITY STATEMENT
Data supporting this review paper are available in the Proceedings
of the National Academy of Sciences https://doi.org/10.1073/pnas.
2200068119 and the other cited articles.

ORCID

Johannes von Lintig

https://orcid.org/0000-0002-2079-2143

REFERENCES

1

Moise, A. R, Al-Babili, S., & Waurtzel, E. T. (2014). Mechanistic
aspects of carotenoid biosynthesis. Chemical Reviews, 114(1), 164-
193. https://doi.org/10.1021/cr400106y

. von Lintig, J.,, Welsch, R., Bonk, M., Giuliano, G., Batschauer, A, &

Kleinig, H. (1997). Light-dependent regulation of carotenoid biosyn-
thesis occurs at the level of phytoene synthase expression and is
mediated by phytochrome in Sinapis alba and Arabidopsis thaliana
seedlings. Plant Journal, 12(3), 625-634.

. Hirschberg, J. (2001). Carotenoid biosynthesis in flowering plants.

Current Opinion in Plant Biology, 4(3), 210-218.

. von Lintig, J., Moon, J., & Babino, D. (2021). Molecular compo-

nents affecting ocular carotenoid and retinoid homeostasis. Progress
in Retinal and Eye Research, 80, 100864. https://doi.org/10.1016/j.
preteyeres.2020.100864

. Bone, R. A, Landrum, J. T,, Friedes, L. M., Gomez, C. M., Kilburn, M.

D.,Menendez, E., & Wang, W. (1997). Distribution of lutein and zeax-
anthin stereoisomers in the human retina. Experimental Eye Research,
64(2),211-218. https://doi.org/10.1006/exer.1996.0210

. Bone, R. A, Landrum, J. T,, & Tarsis, S. L. (1985). Preliminary iden-

tification of the human macular pigment. Vision Research, 25(11),
1531-1535.

. Bernstein, P. S, Li, B., Vachali, P. P, Gorusupudi, A., Shyam, R,

Henriksen, B. S., & Nolan, J. M. (2016). Lutein, zeaxanthin, and meso-
zeaxanthin: The basic and clinical science underlying carotenoid-
based nutritional interventions against ocular disease. Progress
in Retinal and Eye Research, 50, 34-66. https://doi.org/10.1016/j.
preteyeres.2015.10.003

. Toomey, M. B., & Corbo, J. C. (2017). Evolution, development and

function of vertebrate cone oil droplets. Frontier Neural Circuits, 11,
97. https://doi.org/10.3389/fncir.2017.00097

. Twyman, H., Valenzuela, N., Literman, R., Andersson, S., & Mundy, N.

1. (2016). Seeing red to being red: Conserved genetic mechanism for
red cone oil droplets and co-option for red coloration in birds and tur-
tles. Proceedings. Biological Sciences, 283(1836), 20161208. https://
doi.org/10.1098/rspb.2016.1208

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Arteni, A. A, LaFountain, A. M., Alexandre, M. T. A., Fradot, M.,
Mendes-Pinto, M. M,, Sahel, J. A,, Picaud, S., Frank, H. A., Robert,
B., & Pascal, A. A. (2019). Carotenoid composition and conforma-
tion in retinal oil droplets of the domestic chicken. Plos One, 14(5),
e€0217418. https://doi.org/10.1371/journal.pone.0217418

Toews, D. P, Taylor, S. A, Vallender, R., Brelsford, A., Butcher, B. G,,
Messer, P.W., & Lovette, I. J. (2016). Plumage genes and little else dis-
tinguish the genomes of hybridizing warblers. Current Biology, 26(17),
2313-2318. https://doi.org/10.1016/j.cub.2016.06.034

Toews, D. P. L., Hofmeister, N. R., & Taylor, S. A. (2017). The evolution
and genetics of carotenoid processing in animals. Trends in Genetics,
33(3), 171-182. https://doi.org/10.1016/j.tig.2017.01.002

Blount, J. D., Metcalfe, N. B., Birkhead, T. R, & Surai, P. F.
(2003). Carotenoid modulation of immune function and sex-
ual attractiveness in zebra finches. Science, 300(5616), 125-
127.

Faivre, B., Gregoire, A., Preault, M., Cezilly, F., & Sorci, G. (2003).
Immune activation rapidly mirrored in a secondary sexual trait.
Science, 300(5616), 103.

Galvan, ., Garrido-Fernandez, J., Rios, J., Perez-Galvez, A., Rodriguez-
Herrera, B., & Negro, J. J. (2016). Tropical bat as mammalian model
for skin carotenoid metabolism. Proceedings of the National Academy
of Sciences of the United States of America, 113(39), 10932-10937.
https://doi.org/10.1073/pnas.1609724113

von Lintig, J., Moon, J,, Lee, J., & Ramkumar, S. (2020). Carotenoid
metabolism at the intestinal barrier. Biochimica et Biophysica Acta -
Molecular and Cell Biology of Lipids, 1865(11), 158580. https://doi.org/
10.1016/j.bbalip.2019.158580

Lopes, R. J., Johnson, J. D., Toomey, M. B., Ferreira, M. S., Araujo, P. M.,
Melo-Ferreira, J., Andersson, L., Hill, G. E., Corbo, J. C., & Carneiro,
M. (2016). Genetic basis for red coloration in birds. Current Biology,
26(11),1427-1434. https://doi.org/10.1016/j.cub.2016.03.076
Mundy, N. I, Stapley, J., Bennison, C., Tucker, R., Twyman, H., Kim,
K. W., Burke, T, Birkhead, T. R., Andersson, S., & Slate, J. (2016).
Red carotenoid coloration in the Zebra finch lis controlled by a
cytochrome P450 gene cluster. Current Biology, 26(11), 1435-1440.
https://doi.org/10.1016/j.cub.2016.04.047

Hill, G. E., Hood, W. R, Ge, Z., Grinter, R., Greening, C., Johnson, J. D.,
Park, N.R., Taylor, H. A., Andreasen, V. A, Powers, M. J., Justyn, N. M.,
Parry, H. A, Kavazis, A. N., & Zhang, Y. (2019). Plumage redness sig-
nals mitochondrial function in the house finch. Proceedings. Biological
Sciences, 286(1911), 20191354. https://doi.org/10.1098/rspb.2019.
1354

Berg, C. J.,, LaFountain, A. M., Prum, R. O, Frank, H. A., & Tauber,
M. J. (2013). Vibrational and electronic spectroscopy of the retro-
carotenoid rhodoxanthin in avian plumage, solid-state films, and
solution. Archives of Biochemistry and Biophysics, 539(2), 142-155.
https://doi.org/10.1016/j.abb.2013.09.009

Harrison, E. H., & Quadro, L. (2018). Apocarotenoids: Emerging roles
in mammals. Annual Review of Nutrition, 38, 153-172. https://doi.org/
10.1146/annurev-nutr-082117-051841

Giuliano, G., Al-Babili, S., & von Lintig, J. (2003). Carotenoid oxyge-
nases: Cleave it or leave it. Trends in Plant Science, 8(4), 145-149.
Kiser, P. D., Golczak, M., & Palczewski, K. (2014). Chemistry of the
retinoid (visual) cycle. Chemical Reviews, 114(1), 194-232. https://doi.
org/10.1021/cr400107q

Duester, G. (2008). Retinoic acid synthesis and signaling during early
organogenesis. Cell, 134(6), 921-931. https://doi.org/10.1016/j.cell.
2008.09.002

Petkovich, M., Brand, N. J.,, Krust, A, & Chambon, P. (1987). A
human retinoic acid receptor which belongs to the family of nuclear
receptors. Nature, 330(6147), 444-450.

Rhinn, M., & Dollé, P. (2012). Retinoic acid signalling during devel-
opment. Development (Cambridge, England), 139(5), 843-858. https://
doi.org/10.1242/dev.065938

d ‘11 °TTOT 8LYIITST

:sdny woy papeoy

ASUOOIT SUOWWO)) dANLAI) d[qedrjdde oy Aq PauIdA0S dIB SAOTUE V() 05N JO SO[NI 10f ATRIqIT duI[uQ) AJ[IA\ UO (SUOTIIPUOD-PUB-SULId} W0 KA[IM ATRIqI[our[uo//:sd)y) SUonIpuoy) pue swd [, 9y 998 [£207/+0/07] uo Areiqry auruQ AdIAY ‘ANSIOATUN SAIISIY WINSIAN 958D Aq €€ 100TZ0TSIG/T00T 0 1/10p/W0d" AIM”


https://doi.org/10.1073/pnas.2200068119
https://doi.org/10.1073/pnas.2200068119
https://orcid.org/0000-0002-2079-2143
https://orcid.org/0000-0002-2079-2143
https://doi.org/10.1021/cr400106y
https://doi.org/10.1016/j.preteyeres.2020.100864
https://doi.org/10.1016/j.preteyeres.2020.100864
https://doi.org/10.1006/exer.1996.0210
https://doi.org/10.1016/j.preteyeres.2015.10.003
https://doi.org/10.1016/j.preteyeres.2015.10.003
https://doi.org/10.3389/fncir.2017.00097
https://doi.org/10.1098/rspb.2016.1208
https://doi.org/10.1098/rspb.2016.1208
https://doi.org/10.1371/journal.pone.0217418
https://doi.org/10.1016/j.cub.2016.06.034
https://doi.org/10.1016/j.tig.2017.01.002
https://doi.org/10.1073/pnas.1609724113
https://doi.org/10.1016/j.bbalip.2019.158580
https://doi.org/10.1016/j.bbalip.2019.158580
https://doi.org/10.1016/j.cub.2016.03.076
https://doi.org/10.1016/j.cub.2016.04.047
https://doi.org/10.1098/rspb.2019.1354
https://doi.org/10.1098/rspb.2019.1354
https://doi.org/10.1016/j.abb.2013.09.009
https://doi.org/10.1146/annurev-nutr-082117-051841
https://doi.org/10.1146/annurev-nutr-082117-051841
https://doi.org/10.1021/cr400107q
https://doi.org/10.1021/cr400107q
https://doi.org/10.1016/j.cell.2008.09.002
https://doi.org/10.1016/j.cell.2008.09.002
https://doi.org/10.1242/dev.065938
https://doi.org/10.1242/dev.065938

goftt | B?oEssays

27.
28.
29.
30.
31
32.
33.

34.
35.

36.
37.

38.

39.

40.

41.

BANDARA anp VON LINTIG

Hall, J. A, Grainger, J. R, Spencer, S. P, & Belkaid, Y. (2011).
The role of retinoic acid in tolerance and immunity. Immunity,
35(1), 13-22. S1074-7613(11)00270-6[pii]10.1016/j.immuni.2011.
07.002.

Blaner, W.S. (2019). Vitamin A signaling and homeostasis in obesity,
diabetes, and metabolic disorders. Pharmacology & Therapeutics, 197,
153-178. https://doi.org/10.1016/j.pharmthera.2019.01.006
Kiefer, C., Sumser, E., Wernet, M. F,, & Von Lintig, J. (2002). A class
B scavenger receptor mediates the cellular uptake of carotenoids
in Drosophila. Proceedings of the National Academy of Sciences of the
United States of America, 99(16), 10581-10586. https://doi.org/10.
1073/pnas.162182899162182899 [pii]

Voolstra, O., Kiefer, C., Hoehne, M., Welsch, R., Vogt, K., & von
Lintig, J. (2006). The Drosophila class B scavenger receptor NinaD-
| is a cell surface receptor mediating carotenoid transport for visual
chromophore synthesis. Biochemistry, 45(45), 13429-13437.
Harrison, E. H. (2019). Mechanisms of transport and delivery of vita-
min A and carotenoids to the retinal pigment epithelium. Molecular
Nutrition & Food Research, 1801046. https://doi.org/10.1002/mnfr.
201801046

Borel, P, & Desmarchelier, C. (2018). Bioavailability of fat-soluble
vitamins and phytochemicals in humans: Effects of genetic Vvaria-
tion. Annual Review of Nutrition, 38, 69-96. https://doi.org/10.1146/
annurev-nutr-082117-051628

During, A., & Harrison, E. H. (2007). Mechanisms of provitamin
A (carotenoid) and vitamin A (retinol) transport into and out of
intestinal Caco-2 cells. Journal of Lipid Research, 48(10), 2283-2294.
M700263-JLR200[pii]10.1194/ jlr. M700263-JLR200.

Moussa, M., Landrier, J. F., Reboul, E., Ghiringhelli, O., Comera, C.,
Collet, X., Frohlich, K., Bhm, V., & Borel, P. (2008). Lycopene absorp-
tion in human intestinal cells and in mice involves scavenger receptor
class B type | but not Niemann-Pick C1-like 1. Journal of Nutrition,
138(8), 1432-1436.

Reboul, E., Abou, L., Mikail, C., Ghiringhelli, O., Andre, M., Portugal,
H., Jourdheuil-Rahmani, D., Amiot, M. J,, Lairon, D., & Borel, P. (2005).
Lutein transport by Caco-2 TC-7 cells occurs partly by a facilitated
process involving the scavenger receptor class B type | (SR-BI).
Biochemical Journal, 387(Pt 2), 455-461.

Widjaja-Adhi, M. A,, Lobo, G. P, Golczak, M., & Von Lintig, J. (2015).
A genetic dissection of intestinal fat-soluble vitamin and carotenoid
absorption. Human Molecular Genetics, 24(11), 3206-3219. https://
doi.org/10.1093/hmg/ddv072

Sundvold, H., Helgeland, H., Baranski, M., Omholt, S. W., & Vage, D.
I. (2011). Characterisation of a novel paralog of scavenger receptor
class B member | (SCARB1) in Atlantic salmon (Salmo salar). Bmc
Genetics, 12, 52. https://doi.org/10.1186/1471-2156-12-52
Toomey, M. B, Lopes, R. J., Araujo, P. M., Johnson, J. D., Gazda, M. A,
Afonso, S., Mota, P. G., Koch, R. E., Hill, G. E., Corbo, J. C., & Carneiro,
M. (2017). High-density lipoprotein receptor SCARB1 is required for
carotenoid coloration in birds. Proceedings of the National Academy of
Sciences of the United States of America, 114(20), 5219-5224. https://
doi.org/10.1073/pnas.1700751114

During, A., Doraiswamy, S., & Harrison, E. H. (2008). Xanthophylls are
preferentially taken up compared with beta-carotene by retinal cells
via a SRBI-dependent mechanism. Journal of Lipid Research, 49(8),
1715-1724.M700580-JLR200[pii]10.1194/ jlIr. M700580-JLR200.
Shyam, R., Vachali, P, Gorusupudi, A., Nelson, K., & Bernstein, P. S.
(2017). All three human scavenger receptor class B proteins can bind
and transport all three macular xanthophyll carotenoids. Archives of
Biochemistry and Biophysics, 634, 21-28. https://doi.org/10.1016/j.
abb.2017.09.013

Hsieh, F. L., Turner, L., Bolla, J. R., Robinson, C. V., Lavstsen, T., &
Higgins, M. K. (2016). The structural basis for CD36 binding by the
malaria parasite. Nature Communication, 7, 12837. https://doi.org/10.
1038/ncomms12837

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Dela Sena, C., Riedl, K. M., Narayanasamy, S., Curley, R. W. Jr.,,
Schwartz, S. J., & Harrison, E. H. (2014). The human enzyme that
converts dietary provitamin a carotenoids to vitamin a is a dioxyge-
nase. Journal of Biological Chemistry, 289(19), 13661-13666. https://
doi.org/10.1074/jbc.M114.557710

Sui, X, Golczak, M., Zhang, J., Kleinberg, K. A, von Lintig, J.,
Palczewski, K., & Kiser, P. D. (2015). Utilization of dioxygen by
carotenoid cleavage oxygenases. Journal of Biological Chemistry,
290(51), 30212-30223. https://doi.org/10.1074/jbc.M115.696799

Amengual, J., Widjaja-Adhi, M. A., Rodriguez-Santiago, S., Hessel, S.,
Golczak, M., Palczewski, K., & von Lintig, J. (2013). Two carotenoid
oxygenases contribute to mammalian provitamin A metabolism. Jour-
nal of Biological Chemistry, 288(47), 34081-34096. https://doi.org/10.
1074/jbc.M113.501049

Hessel, S., Eichinger, A., Isken, A., Amengual, J., Hunzelmann, S.,
Hoeller, U,, Elste, V., Hunziker, W., Goralczyk, R., Oberhauser, V., von
Lintig, J., & Wyss, A. (2007). CMO1 deficiency abolishes vitamin A
production from beta-carotene and alters lipid metabolism in mice.
Journal of Biological Chemistry, 282(46), 33553-33561. https://doi.
org/10.1074/jbc.M706763200

Amengual, J., Lobo, G. P, Golczak, M., Li, H. N., Klimova, T., Hoppel,
C. L., Wyss, A., Palczewski, K., & von Lintig, J. (2011). A mitochon-
drial enzyme degrades carotenoids and protects against oxidative
stress. Faseb Journal, 25(3), 948-959. fj.10-173906[pii]10.1096/ fj.
10-173906.

von Lintig, J, & Wyss, A. (2001). Molecular analysis of vita-
min A formation: Cloning and characterization of beta-carotene
15,15-dioxygenases. Archives of Biochemistry and Biophysics, 385(1),
47-52.

Poliakov, E., Gentleman, S., Cunningham, F. X. Jr., Miller-Ihli, N. J., &
Redmond, T. M. (2005). Key role of conserved histidines in recombi-
nant mouse beta-carotene 15,15’-monooxygenase-1 activity. Journal
of Biological Chemistry, 280(32), 29217-29223.

Kiser, P. D. (2022). Retinal pigment epithelium 65 kDa protein
(RPE65): An update. Progress in Retinal and Eye Research, 88, 101013.
https://doi.org/10.1016/j.preteyeres.2021.101013

dela Sena, C., Narayanasamy, S., Riedl, K. M., Curley, R. W. Jr,,
Schwartz, S. J., & Harrison, E. H. (2013). Substrate specificity of puri-
fied recombinant human beta-carotene 15,15'-oxygenase (BCO1).
Journal of Biological Chemistry, 288(52), 37094-37103. https://doi.
org/10.1074/jbc.M113.507160

Lindgvist, A., & Andersson, S. (2002). Biochemical properties of
purified recombinant human beta-carotene 15,15’-monooxygenase.
Journal of Biological Chemistry, 277(26), 23942-23948.

Widjaja-Adhi, M. A. K., Palczewski, G., Dale, K., Knauss, E. A., Kelly,
M. E., Golczak, M., Levine, A. D., & von Lintig, J. (2017). Transcrip-
tion factor ISX mediates the cross talk between diet and immunity.
Proceedings of the National Academy of Sciences of the United States
of America, 114(43), 11530-11535. https://doi.org/10.1073/pnas.
1714963114

Seino, Y., Miki, T,, Kiyonari, H., Abe, T, Fujimoto, W., Kimura, K.,
Takeuchi, A., Takahashi, Y., Oiso, Y., Iwanaga, T., & Seino, S. (2008).
Isx participates in the maintenance of vitamin A metabolism by regu-
lation of beta-carotene 15,15’-monooxygenase (Bcmo1l) expression.
Journal of Biological Chemistry, 283(8), 4905-4911.

Ramkumar, S., Moon, J., Golczak, M., & von Lintig, J. (2021).
LRAT coordinates the negative-feedback regulation of intestinal
retinoid biosynthesis from beta-carotene. Journal of Lipid Research,
62, 100055. https://doi.org/10.1016/j.jIr.2021.100055

Kiefer, C., Hessel, S., Lampert, J. M., Vogt, K., Lederer, M. O,,
Breithaupt, D. E., & von Lintig, J. (2001). Identification and char-
acterization of a mammalian enzyme catalyzing the asymmetric
oxidative cleavage of provitamin A. Journal of Biological Chemistry,
276(17), 14110-14116. https://doi.org/10.1074/jbc.M011510200.
M011510200 [pii]

d ‘11 °TTOT 8LYIITST

:sdny woxy

ASUOOIT SUOWWO)) dANLAI) d[qedrjdde oy Aq PauIdA0S dIB SAOTUE V() 05N JO SO[NI 10f ATRIqIT duI[uQ) AJ[IA\ UO (SUOTIIPUOD-PUB-SULId} W0 KA[IM ATRIqI[our[uo//:sd)y) SUonIpuoy) pue swd [, 9y 998 [£207/+0/07] uo Areiqry auruQ AdIAY ‘ANSIOATUN SAIISIY WINSIAN 958D Aq €€ 100TZ0TSIG/T00T 0 1/10p/W0d" AIM”


https://doi.org/10.1016/j.pharmthera.2019.01.006
https://doi.org/10.1073/pnas.162182899162182899
https://doi.org/10.1073/pnas.162182899162182899
https://doi.org/10.1002/mnfr.201801046
https://doi.org/10.1002/mnfr.201801046
https://doi.org/10.1146/annurev-nutr-082117-051628
https://doi.org/10.1146/annurev-nutr-082117-051628
https://doi.org/10.1093/hmg/ddv072
https://doi.org/10.1093/hmg/ddv072
https://doi.org/10.1186/1471-2156-12-52
https://doi.org/10.1073/pnas.1700751114
https://doi.org/10.1073/pnas.1700751114
https://doi.org/10.1016/j.abb.2017.09.013
https://doi.org/10.1016/j.abb.2017.09.013
https://doi.org/10.1038/ncomms12837
https://doi.org/10.1038/ncomms12837
https://doi.org/10.1074/jbc.M114.557710
https://doi.org/10.1074/jbc.M114.557710
https://doi.org/10.1074/jbc.M115.696799
https://doi.org/10.1074/jbc.M113.501049
https://doi.org/10.1074/jbc.M113.501049
https://doi.org/10.1074/jbc.M706763200
https://doi.org/10.1074/jbc.M706763200
https://doi.org/10.1016/j.preteyeres.2021.101013
https://doi.org/10.1074/jbc.M113.507160
https://doi.org/10.1074/jbc.M113.507160
https://doi.org/10.1073/pnas.1714963114
https://doi.org/10.1073/pnas.1714963114
https://doi.org/10.1016/j.jlr.2021.100055
https://doi.org/10.1074/jbc.M011510200.M011510200
https://doi.org/10.1074/jbc.M011510200.M011510200

BANDARA anp VON LINTIG

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Mein, J. R, Dolnikowski, G. G., Ernst, H., Russell, R. M., & Wang, X.
D. (2010). Enzymatic formation of apo-carotenoids from the xan-
thophyll carotenoids lutein, zeaxanthin and beta-cryptoxanthin by
ferret carotene-9’,10’-monooxygenase. Archives of Biochemistry and
Biophysics, 506(1), 109-121. SO003-9861(10)00465-0[pii].10.1016/
j.abb.2010.11.005.

Kloer, D. P, Ruch, S., Al-Babili, S., Beyer, P, & Schulz, G. E. (2005).
The structure of a retinal-forming carotenoid oxygenase. Science,
308(5719),267-269.

Kiser, P. D., Golczak, M., Lodowski, D. T., Chance, M. R, &
Palczewski, K. (2009). Crystal structure of native RPE65, the
retinoid isomerase of the visual cycle. Pnas, 106(41), 17325-17330.
0906600106[pii]10.1073/ pnas. 0906600106.

Daruwalla, A, Zhang, J., Lee, H. J., Khadka, N., Farquhar, E. R., Shi,
W.,, von Lintig, J., & Kiser, P. D. (2020). Structural basis for carotenoid
cleavage by an archaeal carotenoid dioxygenase. Proceedings of the
National Academy of Sciences of the United States of America, 117(33),
19914-19925. https://doi.org/10.1073/pnas.2004116117

Bandara, S., Thomas, L. D., Ramkumar, S., Khadka, N., Kiser, P. D.,
Golczak, M., & von Lintig, J. (2021). The structural and biochemical
basis of apocarotenoid processing by beta-carotene oxygenase-
2. Acs Chemical Biology, 16(3), 480-490. https://doi.org/10.1021/
acschembio.0c00832

Kelly, M. E., Ramkumar, S., Sun, W., Colon Ortiz, C., Kiser, P. D.,
Golczak, M., & von Lintig, J. (2018). The biochemical basis of vitamin
A production from the asymmetric carotenoid beta-cryptoxanthin.
Acs Chemical Biology, 13(8), 2121-2129. https://doi.org/10.1021/
acschembio.8b00290

Lobo, G. P, Amengual, J., Baus, D., Shivdasani, R. A,, Taylor, D., & von
Lintig, J. (2013). Genetics and diet regulate vitamin A production via
the homeobox transcription factor ISX. Journal of Biological Chemistry,
288(13),9017-9027. https://doi.org/10.1074/jbc.M112.444240
Leung, W. C., Hessel, S., Meplan, C., Flint, J.,, Oberhauser, V.,
Tourniaire, F., Hesketh, J. E., von Lintig, J., & Lietz, G. (2009). Two
common single nucleotide polymorphisms in the gene encoding beta-
carotene 15,15’-monoxygenase alter beta-carotene metabolism in
female volunteers. Faseb Journal, 23(4), 1041-1053. https://doi.org/
10.1096/fj.08-121962

Ferrucci, L., Perry, J. R.,, Matteini, A,, Perola, M., Tanaka, T, Silander,
K., Rice, N., Melzer, D., Murray, A., Cluett, C., Fried, L, P, Albanes, D.,
Corsi, A. M., Cherubini, A., Guralnik, J., Bandinelli, S., Singleton, A.,
Virtamo, J., Walston, J,, ... Frayling, T. M. (2009). Common variation
in the beta-carotene 15,15’-monooxygenase 1 gene affects circulat-
ing levels of carotenoids: A genome-wide association study. American
Journal of Human Genetics, 84(2), 123-133.

Meyers, K. J., Johnson, E. J., Bernstein, P. S., lyengar, S. K., Engelman,
C.D., Karki, C. K, Liu, Z., Igo, R. P. Jr,, Truitt, B., Klein, M. L., Snodderly,
D.M,, Blodi, B. A., Gehrs, K. M., Sarto, G. E., Wallace, R. B., Robinson, J.,
LeBlanc, E. S., Hageman, G., Tinker, L., & Mares, J. A. (2013). Genetic
determinants of macular pigments in women of the Carotenoids
in Age-Related Eye Disease Study. Investigative Ophthalmology &
Visual Science, 54(3), 2333-2345. https://doi.org/10.1167/iovs.12-
10867

Strychalski, J., Brym, P, Czarnik, U., & Gugolek, A. (2015). A novel
AAT-deletion mutation in the coding sequence of the BCO2 gene in
yellow-fat rabbits. Journal of Applied Genetics, 56(4), 535-537. https://
doi.org/10.1007/s13353-015-0290-9

Vage, D. |, & Boman, I. A. (2010). A nonsense mutation in the
beta-carotene oxygenase 2 (BCO2) gene is tightly associated with
accumulation of carotenoids in adipose tissue in sheep (Ovis
aries). Bmc Genetics, 11, 10. https://doi.org/10.1186/1471-2156-11-
10

Tian, R, Pitchford, W. S., Morris, C. A, Cullen, N. G., & Bottema,
C. D. (2009). Genetic variation in the beta, beta-carotene-
9’ 10’-dioxygenase gene and association with fat colour in

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

B?oEssastm

bovine adipose tissue and milk. Animal Genetics, 41, 253-259.
AGE1990[pii].10.1111/j.1365-2052.2009.01990.x.

Eriksson, J., Larson, G., Gunnarsson, U., Bed’hom, B., Tixier-Boichard,
M., Stromstedt, L., Wright, D., Jungerius, A., Vereijken, A., Randi, E.,
Jensen, P, & Andersson, L. (2008). Identification of the yellow skin
gene reveals a hybrid origin of the domestic chicken. Plos Genetics,
4(2),e1000010.

Andrade, P, Pinho, C., Perez, I. d. L. G., Afonso, S., Brejcha, J., Rubin,
C. J., Wallerman, O., Pereira, P, Sabatino, S. J., Bellati, A., Pellitteri-
Rosa, D., Bosakova, Z., Bunikis, |., Carretero, M. A,, Feiner, N., Marsik,
P, Paupério, F,, Salvi, D., Soler, L.,... & Carneiro, M. (2019). Regulatory
changes in pterin and carotenoid genes underlie balanced color poly-
morphisms in the wall lizard. Proceedings of the National Academy of
Sciences of the United States of America, 116(12), 5633-5642. https://
doi.org/10.1073/pnas.1820320116

Babino, D., Palczewski, G., Widjaja-Adhi, M. A, Kiser, P. D., Golczak,
M., & von Lintig, J. (2015). Characterization of the role of beta-
carotene 9,10-dioxygenase in macular pigment metabolism. Journal
of Biological Chemistry, 290(41), 24844-24857. https://doi.org/10.
1074/jbc.M115.668822

Thomas, L. D., Bandara, S., Parmar, V. M, Srinivasagan, R., Khadka, N.,
Golczak, M., Kiser, P.D., & von Lintig, J. (2020). The human mitochon-
drial enzyme BCO2 exhibits catalytic activity toward carotenoids
and apocarotenoids. Journal of Biological Chemistry, 295(46), 15553-
15565. https://doi.org/10.1074/jbc.RA120.015515

Gazda, M. A, Araujo, P. M,, Lopes, R. J., Toomey, M. B., Andrade, P,
Afonso, S., Marques, C., Nunes, L., Pereira, P, Trigo, S., Hill, G. E.,
Corbo, J. C., & Carneiro, M. (2020). A genetic mechanism for sexual
dichromatism in birds. Science, 368(6496), 1270-1274. https://doi.
org/10.1126/science.aba0803

Snodderly, D. M., Handelman, G. J., & Adler, A. J. (1991). Distribu-
tion of individual macular pigment carotenoids in central retina of
macaque and squirrel monkeys. Investigative Ophthalmology, & Visual
Science, 32(2), 268-279.

Twomey, E., Johnson, J. D., Castroviejo-Fisher, S., & Van Bocxlaer,
1. (2020). A ketocarotenoid-based colour polymorphism in the Sira
poison frog Ranitomeya sirensis indicates novel gene interactions
underlying aposematic signal variation. Molecular Ecology, 29(11),
2004-2015. https://doi.org/10.1111/mec.15466

Voigt, A. P, Whitmore, S. S., Flamme-Wiese, M. J,, Riker, M. J., Wiley,
L. A, Tucker, B. A, Stone, E. M., Mullins, R. F., & Scheetz, T. E. (2019).
Molecular characterization of foveal versus peripheral human retina
by single-cell RNA sequencing. Experimental Eye Research, 184, 234~
242. https://doi.org/10.1016/j.exer.2019.05.001

Palczewski, G., Amengual, J., Hoppel, C. L, & von Lintig, J.
(2014). Evidence for compartmentalization of mammalian
carotenoid metabolism. Faseb Journal, 28(10), 4457-4469.
https://doi.org/10.1096/fj.14-252411

Palczewski, G., Widjaja-Adhi, M. A., Amengual, J., Golczak, M., & von
Lintig, J. (2016). Genetic dissection in a mouse model reveals inter-
actions between carotenoids and lipid metabolism. Journal of Lipid
Research, 57(9), 1684-1695. https://doi.org/10.1194/jlr.M069021
Miller, A. P, Coronel, J., & Amengual, J. (2020). The role of beta-
carotene and vitamin A in atherogenesis: Evidences from preclinical
and clinical studies. Biochimica et Biophysica Acta - Molecular and
Cell Biology of Lipids, 158635. https://doi.org/10.1016/j.bbalip.2020.
158635

Cianci, M., Rizkallah, P. J., Olczak, A., Raftery, J., Chayen, N. E.,
Zagalsky, P. F, & Helliwell, J. R. (2002). The molecular basis of
the coloration mechanism in lobster shell: Beta-crustacyanin at
3.2-A resolution. Proceedings of the National Academy of Sciences of
the United States of America, 99(15), 9795-9800. https://doi.org/10.
1073/pnas.152088999

Slonimskiy, Y. B., Egorkin, N. A., Ashikhmin, A. A., Friedrich, T,
Maksimov, E. G., & Sluchanko, N. N. (2022). Reconstitution of the

d ‘11 °TTOT 8LYIITST

:sdny woxy

ASUOOIT SUOWWO)) dANLAI) d[qedrjdde oy Aq PauIdA0S dIB SAOTUE V() 05N JO SO[NI 10f ATRIqIT duI[uQ) AJ[IA\ UO (SUOTIIPUOD-PUB-SULId} W0 KA[IM ATRIqI[our[uo//:sd)y) SUonIpuoy) pue swd [, 9y 998 [£207/+0/07] uo Areiqry auruQ AdIAY ‘ANSIOATUN SAIISIY WINSIAN 958D Aq €€ 100TZ0TSIG/T00T 0 1/10p/W0d" AIM”


https://doi.org/10.1073/pnas.2004116117
https://doi.org/10.1021/acschembio.0c00832
https://doi.org/10.1021/acschembio.0c00832
https://doi.org/10.1021/acschembio.8b00290
https://doi.org/10.1021/acschembio.8b00290
https://doi.org/10.1074/jbc.M112.444240
https://doi.org/10.1096/fj.08-121962
https://doi.org/10.1096/fj.08-121962
https://doi.org/10.1167/iovs.12-10867
https://doi.org/10.1167/iovs.12-10867
https://doi.org/10.1007/s13353-015-0290-9
https://doi.org/10.1007/s13353-015-0290-9
https://doi.org/10.1186/1471-2156-11-10
https://doi.org/10.1186/1471-2156-11-10
https://doi.org/10.1073/pnas.1820320116
https://doi.org/10.1073/pnas.1820320116
https://doi.org/10.1074/jbc.M115.668822
https://doi.org/10.1074/jbc.M115.668822
https://doi.org/10.1074/jbc.RA120.015515
https://doi.org/10.1126/science.aba0803
https://doi.org/10.1126/science.aba0803
https://doi.org/10.1111/mec.15466
https://doi.org/10.1016/j.exer.2019.05.001
https://doi.org/10.1096/fj.14-252411
https://doi.org/10.1194/jlr.M069021
https://doi.org/10.1016/j.bbalip.2020.158635
https://doi.org/10.1016/j.bbalip.2020.158635
https://doi.org/10.1073/pnas.152088999
https://doi.org/10.1073/pnas.152088999

~
w11 | BioEssays

82.

83.

84.

85.

86.

87.

88.

89.
90.
91.

92.

93.

94.

BANDARA anp VON LINTIG

functional Carotenoid-Binding Protein from silkworm in E. coli. Inter-
national Journal of Biological Macromolecules, 214, 664-671. https://
doi.org/10.1016/j.ijbiomac.2022.06.135

Sakudoh, T., Sezutsu, H., Nakashima, T., Kobayashi, I., Fujimoto, H.,
Uchino, K., Banno, Y., Iwano, H., Maekawa, H., Tamura, T., Kataoka,
H., & Tsuchida, K. (2007). Carotenoid silk coloration is controlled
by a carotenoid-binding protein, a product of the Yellow blood
gene. Proceedings of the National Academy of Sciences of the United
States of America, 104(21), 8941-8946. https://doi.org/10.1073/
pnas.0702860104

Bhosale, P, Larson, A. J., Frederick, J. M., Southwick, K., Thulin, C. D.,
& Bernstein, P. S. (2004). Identification and characterization of a Pi
isoform of glutathione S-transferase (GSTP1) as a zeaxanthin-binding
protein in the macula of the human eye. Journal of Biological Chemistry,
279(47),49447-49454.

Li, B., Vachali, P, Frederick, J. M., & Bernstein, P. S. (2011). Identi-
fication of StARDS as a lutein-binding protein in the macula of the
primate retina. Biochemistry, 50(13), 2541-2549. https://doi.org/10.
1021/bi101906y

Ridgway, N. D., & Zhao, K. (2018). Cholesterol transfer at endosomal-
organelle membrane contact sites. Current Opinion in Lipidology, 29(3),
212-217. https://doi.org/10.1097/MOL.0000000000000506
Horvath, M. P, George, E.W., Tran, Q. T., Baumgardner, K., Zharov, G.,
Lee, S., Sharifzadeh, H., Shihab, S., Mattinson, T., Li, B., & Bernstein, P.
S. (2016). Structure of the lutein-binding domain of human StARD3
at 1.74 A resolution and model of a complex with lutein. Acta Crys-
tallographica. Section F, Structural Biology Communications, 72(Pt 8),
609-618. https://doi.org/10.1107/52053230X16010694

Bandara, S., Ramkumar, S., Imanishi, S., Thomas, L. D., Sawant, O. B.,
Imanishi, Y., & von Lintig, J. (2022). Aster proteins mediate carotenoid
transport in mammalian cells. Proceedings of the National Academy
of Sciences of the United States of America, 119(15), e2200068119.
https://doi.org/10.1073/pnas.2200068119

Sandhu, J,, Li, S, Fairall, L., Pfisterer, S. G., Gurnett, J. E., Xiao, X,,
Weston, T. A., Vashi, D., Ferrari, A., Orozco, J. L., Hartman, C. L.,
Strugatsky, D., Lee, S. D., He, C., Hong, C., Jiang, H., Bentolila, L.
A., Gatta, A. T, Levine, T. P, & Tontonoz, P. (2018). Aster proteins
facilitate nonvesicular plasma membrane to ER cholesterol trans-
port in mammalian cells. Cell, 175(2), 514-529.e20. https://doi.org/
10.1016/j.cell.2018.08.033

Elbaz-Alon, Y., Eisenberg-Bord, M., Shinder, V,, Stiller, S. B., Shimoni,
E.,Wiedemann, N., Geiger, T., & Schuldiner, M. (2015). Lamé regulates
the extent of contacts between organelles. Cell Reports, 12(1), 7-14.
https://doi.org/10.1016/j.celrep.2015.06.022

Balla, T, Kim, Y. J,, Alvarez-Prats, A., & Pemberton, J. (2019). Lipid
dynamics at contact sites between the endoplasmic reticulum and
other organelles. Annual Review of Cell and Developmental Biology, 35,
85-109. https://doi.org/10.1146/annurev-cellbio-100818-125251
Besprozvannaya, M., Dickson, E., Li, H., Ginburg, K. S., Bers, D. M.,
Auwerx, J., & Nunnari, J. (2018). GRAM domain proteins special-
ize functionally distinct ER-PM contact sites in human cells. Elife, 7.
https://doi.org/10.7554/eLife.31019

Xiao, X,, Kim, Y., Romartinez-Alonso, B., Sirvydis, K., Ory, D. S.,
Schwabe, J. W. R,, Jung, M. E., & Tontonoz, P. (2021). Selective Aster
inhibitors distinguish vesicular and nonvesicular sterol transport
mechanisms. Proceedings of the National Academy of Sciences of the
United States of America, 118(2), e2024149118. https://doi.org/10.
1073/pnas.2024149118

Andersen, J. P, Zhang, J., Sun, H., Liu, X,, Liu, J., Nie, J., & Shi, Y. (2020).
Aster-B coordinates with Arfl to regulate mitochondrial choles-
terol transport. Molecular Metabolism, 42, 101055. https://doi.org/10.
1016/j.molmet.2020.101055

Misawa, N., Nakagawa, M., Kobayashi, K., Yamano, S., lzawa, Y.,
Nakamura, K., & Harashima, K. (1990). Elucidation of the Erwinia
uredovora carotenoid biosynthetic pathway by functional analysis of

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

gene products expressed in Escherichia coli. Journal of Bacteriology,
172(12),6704-6712.

von Lintig, J., & Vogt, K. (2000). Filling the gap in vitamin A research.
Molecular identification of an enzyme cleaving beta-carotene to
retinal. Journal of Biological Chemistry, 275(16), 11915-11920.
Widjaja-Adhi, M. A. K., Ramkumar, S., & von Lintig, J. (2018). Protec-
tive role of carotenoids in the visual cycle. Faseb Journal, 6305-6315.
https://doi.org/10.1096/fj.201800467R

Vachali, P. P, Besch, B. M., Gonzalez-Fernandez, F., & Bernstein, P. S.
(2013). Carotenoids as possible interphotoreceptor retinoid-binding
protein (IRBP) ligands: A surface plasmon resonance (SPR) based
study. Archives of Biochemistry and Biophysics, 181-186. https://doi.
org/10.1016/j.abb.2013.07.008

Li, B., George, E. W.,, Rognon, G. T.,, Gorusupudi, A., Ranganathan, A.,
Chang, F. Y., Shi, L., Frederick, J. M., & Bernstein, P. S. (2020). Imaging
lutein and zeaxanthin in the human retina with confocal resonance
Raman microscopy. Proceedings of the National Academy of Sciences of
the United States of America, 117(22), 12352-12358. https://doi.org/
10.1073/pnas. 1922793117

Bone, R. A, Landrum, J. T., Dixon, Z., Chen, Y., & Llerena, C. M. (2000).
Lutein and zeaxanthin in the eyes, serum and diet of human subjects.
Experimental Eye Research, 71(3), 239-245.

Li, B., Vachali, P. P, Gorusupudi, A., Shen, Z., Sharifzadeh, H., Besch,
B. M., Nelson, K., Horvath, M. M., Frederick, J. M., Baehr, W., &
Bernstein, P.S. (2014). Inactivity of human beta,beta-carotene-9’,10’-
dioxygenase (BCO2) underlies retinal accumulation of the human
macular carotenoid pigment. Proceedings of the National Academy
of Sciences of the United States of America, 111(28), 10173-10178.
https://doi.org/10.1073/pnas.1402526111

Khachik, F., Bernstein, P. S, & Garland, D. L. (1997). ldentifica-
tion of lutein and zeaxanthin oxidation products in human and
monkey retinas. Investigative Ophthalmology & Visual Science, 38(9),
1802-1811.

Khachik, F., de Moura, F. F., Zhao, D. Y., Aebischer, C. P, & Bernstein,
P. S. (2002). Transformations of selected carotenoids in plasma,
liver, and ocular tissues of humans and in nonprimate animal
models. Investigative Ophthalmology & Visual Science, 43(11), 3383-
3392.

Lobo, G. P, Isken, A., Hoff, S., Babino, D., & von Lintig, J. (2012).
BCDO2 acts as a carotenoid scavenger and gatekeeper for the
mitochondrial apoptotic pathway. Development (Cambridge, England),
139(16),2966-2977. https://doi.org/10.1242/dev.079632

Meyers, K. J,, Mares, J. A, Igo, R. P. Jr,, Truitt, B., Liu, Z., Millen, A.
E., Klein, M., Johnson, E. J., Engelman, C. D., Karki, C. K., Blodi, B.,
Gehrs, K., Tinker, L., Wallace, R., Robinson, J., LeBlanc, E. S., Sarto, G.,
Bernstein, P.S,, ... lyengar, S. K. (2014). Genetic evidence for role of
carotenoids in age-related macular degeneration in the Carotenoids
in Age-Related Eye Disease Study (CAREDS). Investigative Ophthal-
mology, & Visual Science, 55(1), 587-599. https://doi.org/10.1167/
jovs.13-13216

Mares, J. (2016). Lutein and zeaxanthin isomers in eye health and
disease. Annual Review of Nutrition, 36, 571-602. https://doi.org/10.
1146/annurev-nutr-071715-051110

Li, B.,Rognon, G. T., Mattinson, T., Vachali, P. P, Gorusupudi, A., Chang,
F. Y., Ranganathan, A., Nelson, K., George, E. W., Frederick, J. M., &
Bernstein, P. S. (2018). Supplementation with macular carotenoids
improves visual performance of transgenic mice. Archives of Biochem-
istry and Biophysics, 649, 22-28. https://doi.org/10.1016/j.abb.2018.
05.003

Reuter, M. S., Tawamie, H., Buchert, R., Hosny Gebril, O., Froukh,
T, Thiel, C, Uebe, S., Ekici, A. B., Krumbiegel, M., Zweier, C.,
Hoyer, J.,, Eberlein, K., Bauer, J., Scheller, U., Strom, T. M., Hoffjan,
S., Abdelraouf, E. R., Meguid, N. A., Abboud, A, ... Abou Jamra,
R. (2017). Diagnostic yield and novel candidate genes by exome
sequencing in 152 consanguineous families with neurodevelopmen-

d ‘11 °TTOT 8LYIITST

:sdny woxy

ASUOOIT SUOWWO)) dANLAI) d[qedrjdde oy Aq PauIdA0S dIB SAOTUE V() 05N JO SO[NI 10f ATRIqIT duI[uQ) AJ[IA\ UO (SUOTIIPUOD-PUB-SULId} W0 KA[IM ATRIqI[our[uo//:sd)y) SUonIpuoy) pue swd [, 9y 998 [£207/+0/07] uo Areiqry auruQ AdIAY ‘ANSIOATUN SAIISIY WINSIAN 958D Aq €€ 100TZ0TSIG/T00T 0 1/10p/W0d" AIM”


https://doi.org/10.1016/j.ijbiomac.2022.06.135
https://doi.org/10.1016/j.ijbiomac.2022.06.135
https://doi.org/10.1073/pnas.0702860104
https://doi.org/10.1073/pnas.0702860104
https://doi.org/10.1021/bi101906y
https://doi.org/10.1021/bi101906y
https://doi.org/10.1097/MOL.0000000000000506
https://doi.org/10.1107/S2053230X16010694
https://doi.org/10.1073/pnas.2200068119
https://doi.org/10.1016/j.cell.2018.08.033
https://doi.org/10.1016/j.cell.2018.08.033
https://doi.org/10.1016/j.celrep.2015.06.022
https://doi.org/10.1146/annurev-cellbio-100818-125251
https://doi.org/10.7554/eLife.31019
https://doi.org/10.1073/pnas.2024149118
https://doi.org/10.1073/pnas.2024149118
https://doi.org/10.1016/j.molmet.2020.101055
https://doi.org/10.1016/j.molmet.2020.101055
https://doi.org/10.1096/fj.201800467R
https://doi.org/10.1016/j.abb.2013.07.008
https://doi.org/10.1016/j.abb.2013.07.008
https://doi.org/10.1073/pnas.1922793117
https://doi.org/10.1073/pnas.1922793117
https://doi.org/10.1073/pnas.1402526111
https://doi.org/10.1242/dev.079632
https://doi.org/10.1167/iovs.13-13216
https://doi.org/10.1167/iovs.13-13216
https://doi.org/10.1146/annurev-nutr-071715-051110
https://doi.org/10.1146/annurev-nutr-071715-051110
https://doi.org/10.1016/j.abb.2018.05.003
https://doi.org/10.1016/j.abb.2018.05.003

BANDARA anp VON LINTIG

108.

tal disorders. JAMA Psychiatry, 74(3), 293-299. https://doi.org/10.
1001/jamapsychiatry.2016.3798

Santos-Cortez, R. L. P, Khan, V., Khan, F. S., Mughal, Z. U., Chakchouk,
I, Lee, K., Rasheed, M.,Hamza, R., Acharya, A., Ullah, E., Sagib, M. A.N,,
Abbe, |., Ali, G., Hassan, M. J., Khan, S., Azeem, Z., Ullah, |., Bamshad,
M. J,, Nickerson,D.A.,,... Leal,S.M.(2018). Novel candidate genes and
variants underlying autosomal recessive neurodevelopmental disor-
ders with intellectual disability. Human Genetics, 137(9), 735-752.
https://doi.org/10.1007/s00439-018-1928-6

~
BioEssays | '

How to cite this article: Bandara, S., & von Lintig, J. (2022).
Aster la vista: Unraveling the biochemical basis of carotenoid
homeostasis in the human retina. BioEssays, 44, e2200133.
https://doi.org/10.1002/bies.202200133

d ‘11 °TTOT 8LYIITST

:sdny woy papeoy

ASUOOIT SUOWWO)) dANLAI) d[qedrjdde oy Aq PauIdA0S dIB SAOTUE V() 05N JO SO[NI 10f ATRIqIT duI[uQ) AJ[IA\ UO (SUOTIIPUOD-PUB-SULId} W0 KA[IM ATRIqI[our[uo//:sd)y) SUonIpuoy) pue swd [, 9y 998 [£207/+0/07] uo Areiqry auruQ AdIAY ‘ANSIOATUN SAIISIY WINSIAN 958D Aq €€ 100TZ0TSIG/T00T 0 1/10p/W0d" AIM”


https://doi.org/10.1001/jamapsychiatry.2016.3798
https://doi.org/10.1001/jamapsychiatry.2016.3798
https://doi.org/10.1007/s00439-018-1928-6
https://doi.org/10.1002/bies.202200133

	Aster La Vista: Unraveling the Biochemical Basis of Carotenoid Homeostasis in the Human Retina
	Recommended Citation

	Aster la vista: Unraveling the biochemical basis of carotenoid homeostasis in the human retina
	Abstract
	INTRODUCTION
	CAROTENOID TRANSPORTERS AND METABOLIZING ENZYMES
	DIFFERENTIAL EXPRESSION OF BCO2 AND COLORATION
	CAROTENOID BINDING PROTEINS
	GRAMD1B AND OCULAR CAROTENOID TRANSPORT
	DIFFERENTIAL EXPRESSION OF BCO2 AND GRAMD1B IN THE HUMAN RETINA
	FUTURE DIRECTIONS AND UNANSWERED QUESTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


