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Some mammalian tissues uniquely concentrate carotenoids, but the underlying bio-
chemical mechanism for this accumulation has not been fully elucidated. For instance,
the central retina of the primate eyes displays high levels of the carotenoids, lutein, and
zeaxanthin, whereas the pigments are largely absent in rodent retinas. We previously
identified the scavenger receptor class B type 1 and the enzyme f-carotene-oxygenase-2
(BCO2) as key components that determine carotenoid concentration in tissues. We
now provide evidence that Aster (GRAM-domain-containing) proteins, recently recog-
nized for their role in nonvesicular cholesterol transport, engage in carotenoid metabo-
lism. Our analyses revealed that the StART-like lipid binding domain of Aster proteins
can accommodate the bulky pigments and bind them with high affinity. We further
showed that carotenoids and cholesterol compete for the same binding site. We estab-
lished a bacterial test system to demonstrate that the StART-like domains of mouse and
human Aster proteins can extract carotenoids from biological membranes. Mice defi-
cient for the carotenoid catabolizing enzyme BCO2 concentrated carotenoids in Aster-
B protein-expressing tissues such as the adrenal glands. Remarkably, Aster-B was
expressed in the human but not in the mouse retina. Within the retina, Aster-B and
BCO2 showed opposite expression patterns in central versus peripheral parts. Together,
our study unravels the biochemical basis for intracellular carotenoid transport and impli-
cates Aster-B in the pathway for macula pigment concentration in the human retina.
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Carotenoids are a familiar sight as yellow, orange, and red colors in the natural world
and are beneficial for human health (1). These organic compounds retain an extended
polyene chromophore with distinct physical and chemical properties (2). The pigments
act as antioxidants in lipophilic environments and as filters of short wavelength light
(3). Many animals, including humans, concentrate carotenoids in specific cell types
and tissues (4). For instance, the macula lutea in the primate retina owes its yellow
color to the accumulation of the carotenoids lutein and zeaxanthin (5). These macula
pigments reduce chromatic aberration and light scattering in vision and protect the
photoreceptors against abiotic stress (6). Additionally, carotenoids such as B-carotene
are the metabolic precursors of vitamin A (all-transretinol) (7) that plays crucial roles
in mammalian physiology. The vitamin A metabolites retinaldehyde and retinoic acid
act as chromophore of G protein coupled visual receptors (rthodopsin) and as ligand of
nuclear hormone receptors (8), respectively.

Carotenoids are produced by plants, bacteria, and fungi, and animals acquire them
almost exclusively through their diets (9). Upon absorption in enterocytes of the intes-
tine, carotenoids are packaged in lipoproteins and delivered to target tissues (10). Once
in cells, carotenoids can move from the plasma membrane to the endoplasmic reticu-
lum (ER) and to the outer and inner mitochondrial membranes (11). In mitochondria,
carotenoids are converted to apocarotenoids by the enzyme P-carotene-oxygenase-2
(BCO2) (12). However, little is known about mechanisms that facilitate the intracellu-
lar transport of these lipids that contribute to either accumulation or catabolic turnover
in cells.

The scavenger receptor class 1 type 2 (SR-B1) mediates the bidirectional flux of choles-
terol between high density lipoproteins and cells (13) and also facilitates the uptake of
other terpenoids, including carotenoids (14). Recent research revealed that members of the
Aster protein family, also known as GRAM domain-containing (GRAMD), act down-
stream of SR-B1 and engage in nonvesicular cholesterol transport in cells (15). Mamma-
lian genomes encode three closely related family members Aster-A (GRAMDI1A), Aster-B
(GRAMDI1B), and Aster-C (GRAMDIC) (87 Appendix, Fig. S1) (16). Aster proteins are

anchored with their C-terminal transmembrane domain in the ER whereas the bulk of the
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Carotenoid pigments accumulate
in specific patterns in vertebrate
tissues and play important roles
as colorants, chromophores, and
hormone precursors. However,
proteins that facilitate
transportation of these lipophilic
pigments within cells have not
been identified. We provide
evidence that Aster proteins are
key components for this process
and show that they bind the
pigments with high affinity. We
observed in mice that carotenoids
accumulate in tissues that express
Aster-B and this accumulation can
be prevented by enzymatic
turnover by the BCO2 protein.
Accordingly, we found opposing
expression patterns of the Aster-B
protein and BCO2 in the human
retina that seemingly contribute to
the unique carotenoid
concentration in the macula lutea.
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Fig. 1. A bacterial test system for carotenoid binding proteins. (A) Bacterial zeaxanthin biosynthesis pathway. (B) Color comparison of the eluates of puri-
fied recombinant MBP-Aster-A, MBP-Aster-B, and MBP. (C) UV/Visible absorption spectra of recombinant murine MBP-Aster-A (orange trace), MBP-Aster-B
(green trace), and MBP (black trace) (D) HPLC traces at 460 nm of organic extracts from the zeaxanthin biosynthesizing E.coli cells (blue trace) and purified
MBP-Aster-A (orange trace) and MBP-Aster-B (green trace). (E) UV/Vis absorption spectra for the indicated peak 1 (B-cryptoxanthin) and peak 2 (zeaxanthin)
in the chromatograms. The absorption maximum of each peak is indicated in the panels.

protein is exposed to the cytoplasm space. The central part of
Aster proteins contains a StART-like domain that binds sterols in
its lipophilic cleft (15). The N-terminal GRAM domain of the
Aster proteins interacts with phosphatidylserine residues of the
inner leaflet of the plasma membrane (87 Appendix, Fig. S1). The
domain-like structure allows Aster proteins to form bridges
between the ER and plasma membrane and to facilitate the
exchange of cholesterol (15). Studies in cell lines and mouse mod-
els revealed that Aster proteins play a critical role in cellular cho-
lesterol homeostasis and steroidogenesis by mobilizing cholesterol
from the plasma membrane to ER (17) and mitochondria (18).

The chemical similarities between cholesterol and carote-
noids led us to speculate that Aster proteins mediate the move-
ment of carotenoids between cellular compartments, including
their transportation to mitochondria. To test this hypothesis,
we established a bacterial test system to determine whether the
StART-like domain of Aster proteins can extract carotenoids
from membranes. By structural modeling and binding assays,
we demonstrate that this domain is large enough to accommo-
date the bulky pigments. In BCO2-deficient mice, we showed
that carotenoids accumulated in Aster-B-expressing tissues such
as the adrenal glands. Furthermore, we provide evidence that
Aster-B is expressed at high levels in the human but not in the
mouse retina. Consistent with the spatial distribution of carote-
noids, the Aster-B and the carotenoid catabolizing enzyme
BCO2 displayed opposite expression patterns in peripheral ver-
sus central parts of the human retina.

Results

The StART Domain of Aster-B Extracts Carotenoids from
Membranes. We cloned the ¢cDNA encoding the StART-like
domains from GramdlA (Aster-A) and GramdIB (Aster-B) from
mouse liver (SI Appendix, Fig. S1). We then expressed the MBP-
Aster-A and MBP-Aster-B fusion proteins in Escherichia coli cells
equipped with genes for zeaxanthin synthesis. This synthesis takes
place at bacterial membranes via the intermediates phytoene,
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lycopene, P-carotene, and P-cryptoxanthin (19) (Fig. 1A4). The
bacterial expression system allowed testing whether the StART-
like domain of Aster proteins can extract the membrane-born pig-
ments and form carotenoprotein complexes. As a control, we
expressed maltose binding protein (MBP) alone in this bacterial
strain. The eluate of the affinity chromatography purified recom-
binant MBP-Aster fusion proteins showed a characteristic yellow
hue whereas the MBP eluate was colorless (Fig. 1B). We recorded
ultraviolet/visible (UV/Vis) spectra of the putative carotenoprotein
complexes of the MBP-Aster fusion proteins and compared it to
purified MBP (Fig. 10). The MBP-Aster-A fusion protein dis-
played a peak maximum at 475 nm and the MBP-Aster-B fusion
protein at 420 nm with an additional peak shoulder at 478 nm
(Fig. 10). To demonstrate that the spectral properties of the puri-
fied fusion proteins resulted from carotenoid binding, we dena-
tured the complexes in organic solvent and extracted the bound
pigments. The organic phases were concentrated and subjected to
high-performance liquid chromatography (HPLC) analysis as
described in the experimental section. In lipid extracts from puri-
fied MBP-Aster-A, we detected P-cryptoxanthin and zeaxanthin
(Fig. 1 D and E). Lipid extracts of purified MBP-Aster-B con-
tained zeaxanthin as sole carotenoid (Fig. 1 D and E). MBP lipid
extracts did not contain any carotenoids. Thus, we established a
bacterial test system for the characterization of mammalian
carotenoid binding proteins and observed that the StART-like
domains of Aster-A and B can extract carotenoids from bacte-
rial membranes.

Characterization of the Interaction of Aster Proteins with
Carotenoids. Recent structural analysis of the StART-like
domains of mouse Aster-A (PDB ID: 6GQF) and Aster-C
(PDB ID: 7AZN) revealed that in addition to cholesterol
(C27), the binding cavity accommodated a glycerol molecule
(ST Appendix, Fig. S1) (15). This finding suggested that the
dimensions of the binding cavity are large enough to accommo-
date the rigid and elongated structure of a carotenoid (C40). In
silico analysis revealed that a carotenoid can be modeled into
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Fig. 2. Recombinant MBP-Aster-A binds carotenoids and sterols. (A) Two-side view (in 180° angle) of the structure of the StART-domain of murine Aster
A (PDB ID- 6GQF) with a bound carotenoid (orange) modeled into the binding cavity. Tryptophan residues in close vicinity to binding cavity are shown as
dark-pink color sticks. (B) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the protein purification of recombinant MBP-Aster-A. Cell
pellet (insoluble) fraction and affinity purified MBP-Aster-A were resolved by SDS-PAGE. The black arrow indicates the size of the MBP-Aster-A protein
(67 kDa). (C) UV/Vis absorption spectrum of the p-apo-10'-carotenal (Apo10) bound to recombinant MBP-Aster-A and MBP. (D) Tryptophan fluorescence
quenching of MBP-Aster-A in the presence of increasing concentrations of Apo10. (E) Bound over free fraction of binding assays with MBP-Aster-A and
Apo10. (F) Competition assays with MBP-Aster-A with NBD cholesterol and carotenoids. MBP-Aster-A was incubated in the presence of increasing amounts
of NBD cholesterol (black curve); the purified Apo10-MBP-Aster-A caroteneoprotein complex was incubated in the presence of increasing amounts of NBD
cholesterol (orange curve). The purified zeaxanthin-MBP-Aster A caroteneoprotein complex was incubated in the presence of increasing amounts of NBD

cholesterol (purple curve).

the binding cavity of mouse Aster A without steric clashes
(Fig. 2A4). To further characterize the binding of carotenoids,
we focused on MBP-Aster-A because we were able to express
significant amounts of the fusion protein in soluble form in
E. coli BL21 and to purify the apo-protein by affinity chroma-
tography (Fig. 2B). To establish an in vitro binding assay, we
used 10’-apo-B-carotenal (Apol0). Apol0Q is a carotenoid
metabolite that can interact with recombinant proteins when
dissolved in Triton X-100 detergent solution. Previously, we
used this in vitro system to characterize the interaction of
Apol0 and other apo-f-carotenoids with the enzyme BCO2
(20). Thus, we incubated MBP-Aster-A with detergent solubi-
lized Apol0 and purified the resulting carotenoprotein com-
plexes by affinity chromatography. The purified proteins
displayed characteristic spectral properties with a maximum of
absorption at 445 nm (Fig. 20). To further examine the inter-
action between MBP-Aster-A and Apol0, we took advantage of
two tryptophan residues in the lipid binding cavity of the
StART-like domain of Aster A (Fig. 24). We observed in the
test tube that the binding of Apol0 to MBP-Aster-A led to a
dose-dependent quenching of the tryptophan fluorescence of
these residues (S/ Appendix, Fig. S2). By recording the quench-
ing at different concentrations of Apol0 in a fluorimeter, we
generated binding curves with MBP-Aster-A protein (Fig. 2D).
Plotting the ratio of the bound over free fraction with increas-
ing Apol0 concentrations revealed that the binding approached
a maximum as indicated by the hyperbolic binding curve (Fig.
2E). Using a curve fitting program, we determined the dissocia-
tion constant of the Apol0 carotenoprotein complex to be in
the micromolar range.

PNAS 2022 Vol.119 No.15 2200068119

We next wished to confirm that carotenoids and sterols bind
to the same binding site of Aster-A. In competition assays for
protein binding, we used 22-(/N-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino)-23,24-bisnor-5-cholen-3f-ol (NBD cholesterol) as
ligand. NBD cholesterol emits a characteristic fluorescence
upon protein binding. Thus, we incubated apo-MBP-Aster-A
in the presence of increasing amount of NBD cholesterol and
plotted the data in a semi logarithmic dose-response curve
(Fig. 2F). The binding curve displayed a sigmoidal shape with
an estimated dissociation constant of 0.27 pM. To determine
whether carotenoids compete with NBD cholesterol for the
same binding site, we purified MBP-Aster-A with bound zea-
xanthin and Apol0, respectively. We then incubated the caro-
tenoprotein complexes in the presence of increasing amounts of
NBD cholesterol and monitored the fluorescence in a fluorime-
ter. The binding curves showed a significant right shift when
compared to the NBD cholesterol binding curve with apo-
MBP-Aster-A. With increasing concentration, NBD cholesterol
replaced the carotenoids from the carotenoprotein complexes and
reached maximum binding. The increased dissociation constant
and the shape of the curve indicated a competition between the
sterol and the carotenoids for the same binding site.

Carotenoids Accumulate in GRAMD1B-Expressing Mouse Tissues.
We performed quantitative reverse transcription—polymerase
chain reaction (QRT-PCR) analysis for GramdIA and GramdiB
mRNA expression in dissected mouse tissues using fB-actin as
housekeeping gene. Plots of the ACr values revealed that
GramdIA did not display a pronounced tissue-specific expression
pattern (Fig. 34). By contrast, Gramdlb mRNA expression was
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particularly abundant in the adrenal glands, testis, and heart (Fig.
3B) as previously reported by others (15). Western blot analyses
confirmed high expression of Aster-B protein in the adrenal gland
(Fig. 3Cand SI Appendix, Table S1). In contrast, Aster-B protein
was not detectable in the murine retina consistent with its far
lower mRNA expression (Fig. 3 Band O).

In adrenal glands, the scavenger receptor SR-B1 acquires
cholesterol from circulating high density proteins for steroido-
genesis (13, 21). We and others showed that similar to choles-
terol, carotenoids are transported in high density lipoproteins
(11) and acquired via SR-B1 by cells (14). In cells, carotenoids
such as zeaxanthin are transported to mitochondria where they
can be catabolized by the enzyme BCO2 (11, 12). Notably,
Aster-B contains an N-terminal mitochondrial target sequence
and facilitates uptake of cholesterol into mitochondria for ste-
roidogenesis (18). We now assumed that similar to cholesterol,
carotenoids will be transported to mitochondria in an Aster-B-
dependent manner. In fact, the adrenal glands of zeaxanthin
supplemented Bco2™'~ mice showed a characteristic yellow
color when compared to glands of nonsupplemented mice (Fig.
3D). HPLC analysis of extracted lipids revealed that zeaxanthin
accumulated as oxidized (B,B-carotene-3,3'-di-one) metabolite
in the gland as seen by the shift in the retention time and the
characteristic spectral properties of the compound (Fig. 3 £ and
F). The concentration of the zeaxanthin metabolite in the
adrenal gland exceeded the plasma concentration by threefold
(Fig. 3G). The heart also displayed a higher concentration of
the oxidized zeaxanthin metabolite than the serum, consistent
with high expression levels of Aster-B in this organ (Fig. 3 B
and G). The highest concentration of unmodified zeaxanthin

was found in the testis whereas the concentration of oxidized
zeaxanthin in this tissue was comparable to the plasma concen-
tration. Notably, neuronal tissues including the retina with low
Aster-B mRNA and protein expression (Fig. 3 B and ()
showed concentrations that were well below the serum concen-
tration of zeaxanthin and 1ts oxidized metabolite (Fig. 3G).
Thus, we observed in Bco2~'~ mice that zeaxanthin was con-
centrated in tissues with high Aster-B expression.

GRAMD1B and BCO2 Display Distinct Expression Patterns in
the Human Retina. Rodents do not concentrate carotenoids to a
large extent in the retina even in the absence of BCO2 (22). In
contrast, the human retina displays a high concentration of the
pigments, particularly in the macula lutea (5). Therefore, we won-
dered whether this difference is associated with Aster protein
expression. To analyze GRAMDI expression in the human retina,
we performed Western blot and qRT-PCR analysis with human
donor eyes. In Western blot analysis, we used the human lung
cancer cell line A549 with high GRAMDIB expression as a con-
trol. In the human retina, we detected three different isoforms of
GRAMDIB protein in peripheral and central parts (Fig. 44,
asterisks). In gqRT-PCR analysis, we observed more than tenfold
higher mRNA expression of GRAMDIB when compared to
GRAMDIA both in peripheral and central parts of the retina of
human donor eyes (Fig. 4B). Thus, we concluded that
GRAMDIB is expressed at high levels in the human retina.

To demonstrate that the StART-like domain of human
Aster-B binds carotenoids, we cloned its cDNA. Additionally,
we cloned the cDNA of the GSTP1 (pi isoform) protein that
has been implicated as zeaxanthin binding protein of the

A Gramdila B Gramd1b C D Zeaxanthin diet
Ad | gland o kDa Mouse Mouse
renal gland : J I
Muscleje——> - o GRAMDip  Tetina:Adrenal /
Lymph node+ ——<— Lymph node- — — gland
Spleen- —p< Spleen A S 150
C‘é’:,g%':ﬂm: . Cérebillum- I - 100== ey
‘?W?T- (;,» er;vr,}-ﬂ?'r: C_S.:ﬂ::,_ " Zeaxanthin-free diet
estis tis = -
lleum- <o |ﬁ,_su,'ﬁ_ i 75— 5
Jejunum- < Jejunum- —Tp— .
Duo eLnum- <D Duo onum 1 | <o ~
uni <D= ung- < i §
Heart- 4 Heart+ @ P actin — \ ;
Eye —~==<p- Eye- T ky
Liver- % Liver i <
5 10 15 0 5 10 15
ACt ACt
D 44 0.45
E 501 E
2 " — - o
g ~. Beo2” Eye Peak 1 c . 2 0.3
N 40+ ',- — WTEye = 80 445 E & €
= %, — BcoZ"Adrenalgland < {i7s £ £
2 304 "1 £ 60 © c 0.2
g ! — WTAdenalgland 42 x 27 £
g 207 : £ 40 & ) §
£ | 2 T 1 3 0.1
8 10- A S 20 3 N
g = = 3 g ﬂ ﬁ
2 0 T T T T T T 1 0 O 0—7-T1-71-1 0.0——T—T-T1-71 T
0 5 10 15 20 25 30 35 300 400 500 600 RYF PR GO S & c} %\ @
Time (min) Wavelength (nm) \(,\"’ 4 L & \o\e R «Ge-& ‘o
& &(@
> &

Fig. 3. Carotenoids accumulate in Gramd1-expressing tissues of Bco2 '~ mice. (A and B) gRT-PCR analysis of mRNA expression of (4) Gramd7a gene (encod-
ing Aster A) and (B) Gramd1b (Aster-B) in tissues of wild-type mice. The ACt values are normalized to the p-actin housekeeping gene (lower ACt values indi-
cate higher mRNA expression levels). The tissues with the highest mRNA expression are highlighted by red circles. (C) Western blot with protein extracts (20
ug per lane) of mouse retina and mouse adrenal gland with anti-GRAMD1b antibody. p-actin was used as the loading control. Three different isoforms (red
asterisks) were detected in the adrenal gland. (D) Comparison of the color difference between freshly dissected adrenal glands collected from Bco2~'~ mice
fed with the zeaxanthin diet (upper photograph) and with zeaxanthin-free diet (lower photograph). The glandular parts are indicated with an arrow. (E)
HPLC traces at 460 nm of lipid extracts of adrenal glands and eyes of wild-type (WT) and Bco2~'~ mice subjected to feeding with zeaxanthin-rich diet. (F) UV/
Vis spectra of the eluted oxidized zeaxanthin (peak 1). (G) The contents of oxidized zeaxanthin (Left) and zeaxanthin (Right) of different tissues of Bco2~'~

mice (n =
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3) fed with zeaxanthin. The dashed lines indicate the serum concentration of the carotenoids.
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Fig. 4. Opposite expression patterns of GRAMD1B and BCO2 in the human retina. (A) Western blot for GRAMD1B with protein extracts of A549 cells (posi-
tive control), and human peripheral and central retina. 20 pg of protein was separated in each lane. p-actin was used as loading control. (B) Relative mRNA
expression of GRAMD1A and GRAMD1B in central and peripheral parts of human retinas (n = 3 individual donor retinas). (C) UV-Vis absorption spectrum of
purified recombinant purified human MBP-ASTER-B and MBP-GSTP1 as well as MBP expressed in zeaxanthin synthesizing E. coli cells. (D) Relative mRNA
expression of GRAMD1B and BCO2 in peripheral and central parts of the human retinas (n = 3 individual donor retinas). In (B) and (D), GAPDH was used to

normalize the expression.

primate eyes by others (23). We expressed both proteins as
MBP fusion proteins in zeaxanthin producing E. coli and puri-
fied the recombinant proteins (S Appendix, Fig. S3 A and B).
Spectral analysis of the eluate of the purified recombinant pro-
teins showed that human MBP-Aster-B displayed an absorption
maximum at 447 nm (Fig. 4C). The MBP-GSTP1 showed dif-
ferent spectral properties with maxima at lower wavelength
(400 nm and 312 nm) that likely resulted from bound ferrous
iron (Fig. 4C) (24). To confirm carotenoid binding, we dena-
tured the purified protein complexes in organic solvent and
extracted lipids. HPLC analysis confirmed that zeaxanthin was
present in purified human MBP-Aster-B solution (SI Appendix,
Fig. S3 Cand D), whereas the pigment was largely absent in
organic extracts of purified human MBP-GSTP1 fusion protein
preparations. Thus, recombinant human Aster-B, but not
GSTP1, was capable to extracting the pigment from mem-
branes in the bacterial test system.

We next performed immunohistochemistry to determine the
spatial distribution of Aster-B expression in the human retina.
Consistent with the expression pattern observed by gRT-PCR
(Fig. 4B), GRAMDIB was expressed in the central and periph-
eral retina with similar localization patterns (Fig. 5). In the
foveal region (Fig. 54, arrow) that is occupied with cone photo-
receptors, their outer segments were immunopositive for anti-
GRAMDI1B (Fig. 5 B and O). Both in central (Fig. 5B) and
peripheral regions (Fig. 54), anti-GRAMDI1B antibody demon-
strated particularly strong labels in photoreceptor outer seg-
ments, inner plexiform layer, and ganglion cell layer (Fig. 5 4
and G, Lefi). Weaker signals were observed in photoreceptor
inner segments, outer nuclear layer, inner nuclear layer, as well
as outer plexiform layer. We also detected Aster-B in cone outer
segments of the fovea and the peripheral retina (Fig. 5C, Fovea
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and far peripheral, arrowheads). Cone outer segment demon-
strated signal intensities similar to those of rod outer segments.
In the outer segment layer, matrices surrounding cone outer
segments (cone sheathes) were negative to GRAMDI1B anti-
body, consistent with the idea that GRAMDIB is an intracellu-
lar protein and not secreted by cones (Fig. 5D). As negative
control, purified rabbit immunoglobulin G (IgG) from unim-
munized animals did not demonstrate significant staining in
the human retina (Fig. 5 C and D, Control). Therefore, we
concluded that GRAMDIB is expressed in cones of both cen-
tral and peripheral retina, as well as rods throughout the retina.
Macular regions, including the fovea, are known to demon-
strate  photoreceptor and ganglion cell densities and ratios
higher than those in the periphery (25). These high cell densi-
ties might have contributed to the high expression of
GRAMDIB in the central region (Figs. 4D and 5 B and C
Lefi). The distribution of GRAMDI1B in different retinal cell
types is in line with its putative role as carotenoid transport
protein and is consistent with the presence of zeaxanthin in dif-
ferent cellular layers of the human retina (26).

Carotenoids exist in different cell types but are dispropor-
tionately concentrated in the retina. They exist in low concen-
tration in the peripheral and high concentration in the central
foveal parts (27, 28). In lizard skin, the expression pattern of
the carotenoid catabolizing enzyme BCO2 determines colora-
tion patterns (29). Thus, we compared the expression of BCO2
and GRAMDIB mRNA in peripheral and central parts of
human donors. This analysis showed that BCO2 mRNA levels
were tenfold higher in peripheral than in central parts of the
retina (Fig. 4D). The opposite picture emerged when we ana-
lyzed GRAMDIB mRNA expression that was higher in central
than in peripheral parts of the retina. These findings implicated
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Fig. 5. Immunofluorescence localization of GRAMD1B (Aster B) in the human retina. (A) Low magnification image of human retina labeled with
anti-GRAMD1B antibody (red). Foveal and far peripheral regions are indicated by arrows. (B) High magnification image of macula region labeled with anti-
GRAMD1B antibody (red). The direction of the foveal region is indicated by an arrow. (C) High magnification images of the foveal region (Left) and far periph-
eral retina (Middle). Cones in the far peripheral region are indicated by arrowheads. As control, IgG from unimmunized rabbits was applied to human retina
(Right). Significant immunofluorescence signals were not detected throughout the retina. RPE demonstrated autofluorescence. (D) In the outer segment layer
of the peripheral retina, anti-GRAMD1B antibody labeled rod and cone (arrowhead) outer segments (Top Row and Bottom Left). Images at three different
z-heights (relative positions of 0, 1.6, and 3.2 um) are shown. Control rabbit IgG does not demonstrate significant signal within the photoreceptor inner and
outer segments (Bottom Right). In (A), (C), and (D), nuclei were labeled with hoechst33342 dye (blue). Scale bars are 600 pm for (4), 60 pm for (B), and 6 pm
for (C and D). Abbreviations: RPE, retinal pigment epithelium; OS, photoreceptor outer segments; IS, photoreceptor inner segments; ONL, outer nuclear

layer; OPL, outer plexiform layer, INL, inner nuclear layer; IPL, outer plexiform layer; GCL, ganglion cell layer.

that a differential expression of BCO2 and GRAMDIB exists in
the human retina (Fig. 4D). In central parts, low expression of
BCO2 would allow for GRAMD1B facilitated accumulation of
the pigments whereas in peripheral parts carotenoids would be
catabolized by BCO2 when transferred to mitochondria (30).

Discussion

Carotenoids are responsible for some of the most spectacular
colors in animals (4) and play important roles as chromophores
and hormone precursors (8). In humans, high tissue carotenoid
concentrations have been associated with beneficial health
effects and the prevention of chronic diseases (31). Almost
exclusively acquired from the diet, carotenoids must be trans-
ported, distributed through the circulation, taken up by cells,
and metabolically modified or converted to apocarotenoids,
including retinoids (8). Identifying the genes underlying this
metabolism is an essential step in clarifying carotenoid pheno-
types and their association with disease states. Based on the
work on blind Drosophila mutants, members of carotenoid
cleavage oxygenase family and class B scavenger receptors were
identified as key components for animal carotenoid metabolism
(32, 33). Studies from various laboratories confirmed that these
genes account for many carotenoid phenotypes including the
plumage coloration of birds (34, 35) and the coloration of ver-
tebrate skin (29, 36). Moreover, mutations and polymorphisms
in these genes are associated with macular pigment density of
the retina in the human eyes (37), vitamin A deficiency (38),
and retinitis pigmentosa (39).

Previously, we and others observed that carotenoid metabo-
lism shares similar features with mammalian cholesterol
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metabolism, including the transport in HDL and its cellular
uptake by SR-B1. Recently, the Aster protein family was
shown to act downstream of SR-B1 and to move excessive
amounts of cholesterol from the plasma membrane to the ER
(15, 17) and mitochondria (18). Here, we speculated that
Aster proteins also facilitate intracellular carotenoid transport.
We established a bacterial test system to demonstrate that the
StART-domain of mouse and human Aster proteins can
extract carotenoids from membranes. The bacterial test system
for carotenoid binding proteins allowed us to isolate caroteno-
protein complexes with specific spectral proprieties. Our anal-
ysis in this test system indicated that GRAMDI proteins pre-
fer zeaxanthin and P-cryptoxanthin over other intermediates
produced in the carotenoid synthesis path in the bacteria. In
Bco2”'™ mice, we observed that zeaxanthin accumulated in
the adrenal glands that express high levels of SR-B1 and
Aster-B. This finding indicated that carotenoids and choles-
terol use the same transport protein machinery and accumu-
late in the same tissues when the BCO2 function is inacti-
vated by genetic means. The association of carotenoid
accumulation with Aster-B expression is remarkable. Aster-B
contains a mitochondrial target sequence that is not present
in other Aster protein family members. Aster-B facilitates the
transport of cholesterol and fatty acids to mitochondria to
support steroidogenesis (18). Similar to cholesterol, carote-
noids are transported to mitochondria where they accumulate
or are metabolically converted to oxidized metabolites by
BCO2 (11, 12). Currently, we lack direct genetic proof that
carotenoid transport in mitochondria is impaired in Aster-B
protein deficiency. Thus, the consequences of loss-of-function
mutations in the Gramdlb gene in mice should be further
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studied to firmly establish the interplay between Aster-B, cho-
lesterol, and carotenoid metabolism.

Molecular modeling revealed that the StART-like domain of
Aster proteins can accommodate the rigid and elongated struc-
ture of a carotenoid without steric clashes. Our in vitro binding
assays revealed a dissociation constant in the lower micromolar
range for the model carotenoid Apol0 and provided evidence
that carotenoids and cholesterol compete for the same binding
cavity of Aster-A. We also compared the carotenoid binding
properties of the StART-like domain of the Aster proteins with
human GSTP1. GSTP1 is a small globular protein with a sin-
gle glutathione-binding site located within the thioredoxin-like
domain. GSTP1 has been associated with xanthophylls in the
fovea and was proposed as putative zeaxanthin-binding protein
(23). However, the GSTP1-MBP fusion protein was not able
to extract significant amounts of carotenoids from membranes
in the bacterial test system.

GSTP1 is expressed both in the human and also in the
mouse retina, although rodents do not accumulate the pig-
ments (6). In contrast, GRAMDIB showed a species-specific
expression pattern and is expressed at high levels in the human
but not in the mouse retina. The expression patterns of
GRAMDIB in different retinal layers corresponded to the dis-
tribution of carotenoids in the human retina that is not
restricted to a single neuronal cell type (26, 28). For instance,
expression in photoreceptor outer segments suggests that
GRAMDI1B acts downstream of interphotoreceptor binding
protein that has been implicated in intercellular transport of
carotenoids from the retina pigment epithelium to photorecep-
tor cells (40). Expression of GRAMDIB in ganglion cells
suggests that carotenoids are not only delivered via the retinal
pigment epithelium and interphotoreceptor retinoid-binding
protein (41) but also taken up at the inner blood-retinal bar-
rier. SR-B1 has been implicated in carotenoid uptake at the
outer blood-retinal barrier in the RPE (42). It remains to be
investigated whether SR-B1 is expressed at the inner retinal
blood barrier and facilitates carotenoid uptake from circulating
lipoproteins. In all retinal cell types, however, GRAMDI1B
would facilitate nonvesicular transport of carotenoids and cho-
lesterol between cellular membranes.

The concentration of carotenoids in the fovea region of the
macula exceeds 100-fold the concentration in the peripheral
retina (43). Consistently, we observed that GRAMDIB is
expressed at higher levels in the central than in the peripheral
retina. However, this expression difference alone would likely
not explain the high concentration of carotenoids in the fovea.
Differential expression of BCO2 establishes distinct patterns of
carotenoids in tissues of other vertebrates, including lizards
(36). In fact, we observed that BCO2 is expressed at high levels
in the peripheral and significantly lower levels in the central
human retina. This finding confirmed previous transcriptomic
studies by Voigt et al. (44) and has significant implication on
the distribution of carotenoids in the retina.

Photoreceptors largely rely on aerobic glycolysis for energy
production (45). Nevertheless, they are packed with clusters of
mitochondria. Our findings suggest that mitochondria contrib-
ute to carotenoid metabolism in these specialized neurons.
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High expression of BCO2 in the peripheral retina would accel-
erate carotenoid turnover in mitochondria whereas low expres-
sion of BCO2 in central parts would assure carotenoid concen-
tration in mitochondria. Notably, histological analysis of the
fovea of a patient suffering from macular telangiectasia (Mac-
Tel) type 2 revealed damaged mitochondria with disrupted
inner membranes (46). Mitochondrial inner membranes are the
place of carotenoid accumulation (11) and MacTel type 2 is
characterized by dramatically decreased macula pigment density
(47).

In conclusion, we provide biochemical and genetic evidence
that Aster proteins can bind carotenoids. Among these proteins,
Aster-B protein is highly expressed in carotenoid-rich tissues of
human and mice, suggesting its critical role in carotenoid trans-
fer and retention. Thus, our study ends the quest for carotenoid
transport proteins in mammals and highlights the close rela-
tionship between the metabolism of different isoprenoid com-
pounds. It remains to be investigated whether Aster proteins
also engage in other aspects of carotenoid metabolism and func-
tion. It will be fascinating to further study the role of the Aster
protein family in the metabolism of the various dietary isopre-
noids, including carotenoids and fat-soluble vitamins.

Materials and Methods

All materials used in the study, including descriptions of the plasmids, antibod-
ies, oligonucleotide primers, and chemical can be found in the S/ Appendix. The
protocols for protein production (e.g.,, MBP-Aster-A, MBP-Aster-B, and MBP-
GSTP1), the description of their purification and spectroscopic analysis can be
found in the SI Appendix. The qualitative and quantitative HPLC analysis of caro-
tenoids is described in the S/ Appendix. We used a zeaxanthin-producing E. coli
strain (19) to establish an in vivo carotenoid binding assay which is described in
the SI Appendix. The in vitro binding assays (APO10), tryptophan fluorescence
assays, and the NBD-cholesterol competition assays with murine MBP-Aster-A
protein are described in the SI Appendix. The preparation of protein and RNA
samples from mouse tissues and from retina of human donor eyes are outlined
in the SI Appendix. The molecular modeling approach for determining caroten-
oid binding to the StART domain of Aster A (PDB ID égqf), the qRT-PCR protocols,
and the statistical analyses are described in the S/ Appendix. Last, immunohisto-
chemistry and microscopic analysis of the ocular tissue were conducted as previ-
ously described (48), and the modifications of this protocol are outlined in the S/
Appendix.

Data Availability. All study data are included in the main text and the
SI Appendix.
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