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Abstract

The macula of the primate retina uniquely concentrates high amounts of the xanthophyll
carotenoids lutein, zeaxanthin, and meso-zeaxanthin, but the underlying biochemical mechanisms
for this spatial- and species-specific localization have not been fully elucidated. For example,
despite abundant retinal levels in mice and primates of a binding protein for zeaxanthin and meso-
zeaxanthin, the pi-isoform of glutathione S-transferase (GSTP1), only human and monkey retinas
naturally contain detectable levels of these carotenoids. We therefore investigated whether or not
differences in expression, localization, and activity between mouse and primate carotenoid
metabolic enzymes could account for this species-specific difference in retinal accumulation. We
focused on [3,3-carotene-9’,10’-dioxygenase (BCO2; also known as BCD02), the only known
mammalian xanthophyll cleavage enzyme. RT-PCR, western blot analysis, and
immunohistochemistry confirmed that BCO2 is expressed in both mouse and primate retinas. Co-
transfection of expression plasmids of human or mouse BCOZ2 into E. coli strains engineered to
produce zeaxanthin demonstrated that only mouse BCO2 is an active zeaxanthin cleavage enzyme.
Surface plasmon resonance (SPR) binding studies showed that the binding affinities between
human BCO2 and lutein, zeaxanthin, and meso-zeaxanthin are 10- to 40-fold weaker than those for
mouse BCO2, implying that ineffective capture of carotenoids by human BCO2 prevents cleavage of
xanthophyll carotenoids. Moreover, BCO2 knockout mice, unlike wild-type mice, accumulate
zeaxanthin in their retinas. Our results provide a novel explanation for how primates uniquely

concentrate xanthophyll carotenoids at high levels in retinal tissue.
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Significance Statement

Among mammals, only primates can accumulate high levels of xanthophyll carotenoids in
their retinas. We discovered that unlike most other mammals, the major xanthophyll cleavage
enzyme, 3,3-carotene-9’,10’-dioxygenase (BCO2), is inactive in humans, explaining the unique
accumulation of lutein, zeaxanthin, and meso-zeaxanthin in the primate macula. We confirmed this

discovery by demonstrating that BCO2 knockout mice accumulate zeaxanthin in their retinas.
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paper.
\body

The macular pigment of the human retina consists of the xanthophyll carotenoids, lutein,
zeaxanthin, and their metabolite, meso-zeaxanthin (1-3). Macular pigments are highly concentrated
in the foveal area of the human retina. Their highest concentration can reach 1 mM, making the
macula a visible yellow spot at the center of the human retina. These xanthophylls are known to
play antioxidant and light-screening roles in nature (4-6). Clinical studies have shown that lutein
and zeaxanthin supplementation can reduce the risk of age-related macular degeneration (AMD), a
leading cause of blindness in the developed world (4, 7, 8). Recently, the Age-Related Eye Disease
Study 2 (AREDS2) showed that daily oral supplementation with 10 mg of lutein and 2 mg of
zeaxanthin was associated with 10%-18% reduced progression to advanced AMD over the 5-year
study relative to original AREDS formulations without lutein and zeaxanthin, and the authors
recommended adding lutein and zeaxanthin to replace -carotene in the formulation for safety and

efficacy reasons (9, 10).
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The spatially and chemically specific accumulation of high concentrations of xanthophylls in
the retina is a unique feature of the primate retina relative to other mammals, but the biochemical
basis for this high degree of specificity is unclear. High-affinity binding proteins might drive this
process. Mice and humans express a zeaxanthin-binding protein, the pi-isoform of glutathione-S-
transferase (GSTP1), abundantly in the retina, yet only the human retina naturally contains
zeaxanthin and meso-zeaxanthin (11, 12). Thus, other biochemical mechanisms underlying

accumulation of the human macular pigment need to be considered.

B,B-Carotene-9’,10’-dioxygenase (BCO2; also known as BCD02) is a xanthophyll carotenoid
cleavage enzyme which can cleave carotenoids in many animals eccentrically at the 9-10 or 9’-10’
carbon-carbon double-bonds into C13- and C27-apo-carotenoids, or further into C14-dialdehyde
(13, 14). Its physiological function is supported by genetic evidence from several species. A
nonsense mutation in the sheep BCOZ gene that introduces a stop codon at amino acid 66 of the 575
amino acid full-length protein is strongly associated with a yellow fat phenotype due to the high
amount of lutein that deposits in tissue (15). Cis-acting and tissue-specific regulatory mutations
that inhibit the expression of BCO2 in domestic chickens can cause them to have yellow skin
secondary to carotenoid accumulation (16). Genetic variations in the BCOZ gene have been reported
to increase carotenoid levels in bovine adipose tissue and milk (17). In vitro biochemical studies

have also demonstrated that ferret BCO2 can cleave lutein and zeaxanthin (13).

BCOZ2, BCO1 and RPE65 are members of the polyene oxygenase gene family. BCO1, which is
also known as BCMO1, cleaves -carotene symmetrically at the 15-15’ position to yield two
molecules of retinal, the key pigment in the visual cycle, and it is inactive with xanthophyll
(oxygenated) carotenoids such as lutein and zeaxanthin (18, 19). RPE65, an essential enzyme in the
visual cycle, participates in the conversion of all-trans-retinyl palmitate to 11-cis-retinol, and

various mutations are associated with Leber's congenital amaurosis type 2 (LCA2) and retinitis
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pigmentosa (18, 20-22). BCO2 may also play important roles in ocular tissues, but a physiological
function has not been established. Based on the fact that high amounts of lutein and zeaxanthin
exist in the human macula, we hypothesized that either human BCO2 is not expressed in human
retina, or it is an inactive carotenoid cleavage enzyme. In this study, we tested these proposed
hypotheses by investigating the expression, distribution, and activity of BCO2 in human, monkey,

and mouse retina.

Results

Expression and Localization of BCOZ in Mammalian Retina. To determine if BCO2 is
expressed in the human retina, western blots were performed using an anti-BCO2 antibody. A
polypeptide of ~63 kDa was detected in the total protein preparation of human retina (Figure 1a).
The human BCOZ2 gene expresses five protein splice variants: a, b, ¢, d and e, which are composed of
579, 545, 539, 506 and 474 amino acids, respectively (NCBI database) which differ only at the N-
terminal, and all of which, except for isoform d, preserve the enzymes’ active sites. According to the
mobility of BCO2 revealed on the western blot, isoforms a, b and c are the most likely candidates.
RT-PCR detected the mRNA of isoform a, but not isoforms b or ¢ (Figure 1b). By
immunohistochemistry (IHC), BCOZ2 is localized throughout the monkey retina, especially in the
inner segments, inner retina and ganglion cells (Figure 1c). We also examined BCO2’s expression in
mouse retina and identified a polypeptide of ~63 kDa (Figure 2a) on a western blot with mouse
retina lysates. A single amplicon of ~640 bp (Figure 2b) suggested that mouse retina expresses only
one BCO2 isoform. As observed in monkey retina, IHC results showed that mouse BCO2 is

expressed throughout the retina and retinal pigment epithelium (RPE) (Figure 2c).

Carotenoid Cleavage Assays. Next, we investigated the enzyme activity of human and mouse
BCO2 using a cell-based carotenoid cleavage assay. These assays have been employed to test the

activity of many carotenoid oxygenases with zeaxanthin, B-carotene, and lycopene (23-28). In our
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first experiments, a plasmid of various BCO2 constructs was transfected into a bacterium that had
been engineered to carry a zeaxanthin synthesis plasmid. If following transfection, the bacterium
remains yellow in color, it indicates that the enzyme is inactive; if the carotenoid coloration
disappears, it suggests that the enzyme is a functional enzyme. The yellow color of zeaxanthin was
faded in the bacteria transfected with mouse BCO2 plasmids (Figure 3a), demonstrating that mouse
BCOZ2 can cleave zeaxanthin. Human BCO2 isoform a (human BCOZ2a) failed to cleave zeaxanthin,
retaining the yellow color. The cleavage products of each assay were then analyzed by HPLC (Figure
3b). Chromatograms of the human BCO2 experiments are identical to those of the control
experiments, consistent with absence of cleavage activity. In the chromatogram of the mouse BCO2
experiment, the elution peak of zeaxanthin almost disappeared, while a new peak appeared at
14.22 minutes whose diode-array spectrum and retention time were consistent with C14-
dialdehyde (also known as rosafluene dialdehyde; Figure 3b, inset), a previously reported major
cleavage product of zeaxanthin by BCO2 (14). These experiments demonstrate that human retinal

BCOZ2 is an inactive enzyme, while mouse BCO2 is an active carotenoid cleavage enzyme.

Protein Sequence and Structure Analysis. To explain the functional difference between
human BCO2 and mouse BCO2, we analyzed the amino acid sequences of human BCO2a and mouse
BCOZ2. Sequence alignments (Figure 4, upper panel) show that the major difference between human
BCOZ2a enzyme and mouse BCO2 is the presence of four amino acid residues, GKAA, in human BCO2
(Figure 4), suggesting loss of an alternate splice site in the human gene. An NCBI protein database
search revealed that this GKAA insertion is apparently unique to primates and is absent in cows,
sheep, rats, mice, and ferrets. GKAA is also absent in human and mouse RPE65 that can actively
cleave all-trans-retinyl esters. Inspecting the human and mouse BCO2 genes reveals that GKAA
represents an extension of human BCO2 exon 3 caused by use of an alternate donor splice site
(Figure S1). Deletion of GKAA between P125 and M127 and replacement of A126 by T are expected

to induce a substantial change in structure in this area, but no significant difference is found at their
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enzymatic cleavage domains, as all four key histidine residues are conserved (shaded red in Figure
4, upper panel). We also compared the 3-D homology structure of human BCO2a with that of mouse
BCO2 using RPE65 crystal structure (PDB 3fsn.1.a) as a template, and we confirmed that there are
no significant differences between human BCO2a and mouse BCO2 cleavage domains (Figure 4,
lower panel). As expected, the GKAA deletion in the N-terminal half of human BCO2 caused a
structural re-arrangement (boxes in Figure 4, lower panel). Next, the activity of human BCO2
enzyme with its GKAA sequence deleted was tested using the cell-based carotenoid cleavage assay
to determine if enzymatic activity could be restored. The modified expression vector of human
BCOZ2 in which the nucleotides encoding GKAA were deleted was transfected into E. coli carrying a
zeaxanthin synthesis plasmid. These bacteria retained their yellow color, indicating that simple
deletion of GKAA cannot convert human BCO2 into an active carotenoid cleavage enzyme. Replacing
the N-terminal 197 amino acids of human BCO2a with the N-terminal 150 amino acids of mouse
BCOZ2 or substitution of a wide range of amino acid residues of human BCO2 with the
corresponding residues of mouse BCO2 could not restore human BCO2’s cleavage activity (Figure
S2 and Table S1). Conversely, insertion of GKAA into mouse BCOZ2 inactivates the enzyme,
demonstrating that the GKAA insertion alone is sufficient to inactivate mouse BCO2. Further studies
in which we combined deletion of GKAA from human BCO2 with several key amino acid
substitutions selected from the mouse BCO2 sequence still could not rescue human BCO2'’s
function, implying that there has been considerable genetic drift since primate BCO2 first acquired

the GKAA insertion and lost its xanthophyll cleavage function.

Carotenoid Binding Affinity Measurements by Surface Plasmon Resonance (SPR). The 3-D
protein structure of an apo-carotenoid cleavage oxygenase (ACO) from the cyanobacterium
Synechocystis sp. PCC6803 demonstrates that a substrate-binding tunnel is present near the
cleavage domain (29). Without access to the substrate-binding tunnel, carotenoids cannot be

cleaved. This led us to investigate whether or not there is a difference in carotenoid binding
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affinities between human and mouse BCO2 by SPR. Figure S3 shows the recombinant proteins used
for SPR experiments. Table 1 and Figure S4 show that human BCO2a has much weaker binding
affinity for xanthophylls than mouse BCOZ2. For example, the Kp of meso-zeaxanthin to human
BCOZ2a is around 40-fold higher than that of mouse BCOZ2. These data demonstrate that the binding
affinities between xanthophylls and mouse BCO2 are stronger than those associated with human
BCOZ2a, implying that weak binding of carotenoids may be the reason why human BCO2 has lost its

cleavage function.

Detection of Zeaxanthin in the Retina of BCO2 Knockout (BCO2+/-) Mouse. Finally, we tested if
induced inactivity of BCO2 can cause the retinal accumulation of xanthophyll carotenoids by
feeding zeaxanthin to BCO2~- mice. Carotenoid contents were extracted from the retinas,
RPE/choroids, and lenses of BCO2 knockout mice, respectively, and zeaxanthin was identified
according to zeaxanthin standard’s retention time and UV-visible spectrum from HPLC-PDA
detectors on two different chromatographic column systems (cyano and chiral) and by mass
spectrometry. Figure 5 shows that 0.66 ng of zeaxanthin were detected per BCO2-/- mouse’s retinas,
while zeaxanthin cannot be detected by HPLC in the retina of WT mice, demonstrating that BCO2 is
a key enzyme for preventing xanthophyll accumulation in most mammalian retinas. Zeaxanthin
levels in RPE/choroid of BCO2/-mice are around three times higher than that of the WT mice. No

zeaxanthin was detected in the lenses of BCO2-/- mice or WT mice.

Discussion

The yellow pigment of the human retina’s macula lutea (yellow spot) was first noted by
anatomists over two hundred years ago (30), and the pigment was chemically identified to be
lutein, zeaxanthin, and meso-zeaxanthin about thirty years ago (1). Many clinical studies have
already indicated that lutein and zeaxanthin supplementation may reduce the risk of AMD;

however, the protective mechanisms and physiological functions of the macular carotenoid
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pigments have generally been studied only in vitro because no other non-primate mammals
accumulate carotenoids at high levels in their retinas. Birds, amphibians, and reptiles accumulate
their ocular carotenoids through a distinct mechanism involving xanthophyll esterification to fatty
acids. In the past, our laboratory has focused on the identification and characterization of specific
binding proteins for lutein, zeaxanthin, and meso-zeaxanthin. While these proteins may be required
for the uptake and stabilization of these compounds in the human retina, they are not sufficient to
explain why xanthophylls are not found in other mammalian retinas because these binding proteins

are often found in these animals’ retinas, too.

Recent investigations on various mammalian BCO2 enzymes have shown that BCO2 can
generally cleave xanthophylls such as lutein and zeaxanthin, and BCO2 mutations can cause the
tissues of chickens, cows, and sheep to develop a deep yellow color due to carotenoid deposition. To
explain the unique deposition of xanthophyll carotenoids in the primate retina, we hypothesized
that either human BCO2 is not expressed in human retina, or it is an inactive carotenoid cleavage
enzyme. We found that a ~63 kDa polypeptide was strongly labeled by anti-BCO2 antibodies when
probed against human, monkey, or mouse retinal total protein preparations and tissue sections,
and RT-PCR also detected mRNA of human and mouse BCO2, demonstrating that BCO2 is expressed
in both the human and mouse retina. Subsequently, we employed a cell-based carotenoid cleavage
assay which showed that human BCOZ2 is an inactive carotenoid cleavage enzyme, while mouse
BCO2 can clearly cleave zeaxanthin. Our finding that human BCOZ2 is an inactive carotenoid cleavage
enzyme is consistent with other published reports. In an investigation on carotenoid uptake
mechanisms, human ARPE-19 cells specifically took up high amounts of xanthophyll carotenoids,
but no xanthophyll cleavage products were identified in these cells (31). Moreover, no eccentric
cleavage products were detected in human subjects given labeled [3-carotene supplements (32, 33).
Recent genetic analyses have reported no association between SNPs of human BCO2 and macular

pigment optical density (MPOD), also implying that human BCO2 cannot cleave macular pigments
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(34). Furthermore, our mouse feeding studies showed that BCO2 knockout mice accumulate
zeaxanthin in their retinas, but wild-type mice do not (Figure 5), and our SPR results revealed that
the binding affinities between a variety of carotenoids and mouse BCO2 are around 10- to 40-times
stronger than those between the same carotenoids and human BCO2, demonstrating that the
inability to bind potential substrate carotenoids in the active site may be the reason that human
BCOZ2 is an inactive xanthophyll cleavage enzyme. Persistent expression of BCO2 in the human
retina despite lack of carotenoid cleavage activity implies that it may serve an as yet unknown
enzymatic and/or regulatory function akin to the retinoid isomerohydrolase activity acquired by its

relative in the retinal pigment epithelium, RPE65.

To explore the reasons underlying the difference of enzymatic activities between human
and mouse BCOZ2, we examined their primary structures. Sequence alignment (Figure 4) showed
the four key histidine residues responsible for enzyme activity and carotenoid cleavage are
conserved. The 3-D homology structures of human and mouse BCO2 show that the insertion of
GKAA in human BCO2 unfolds a short -stranded loop present in mouse BCO2 into a much larger
unstructured loop (box in Figure 4, lower panel). As this is the only major structural change
between human and mouse BCOZ2, disruption of this loop may be key in preventing human BCO2
from cleaving zeaxanthin by disrupting access to the substrate binding tunnel, and, indeed,
insertion of GKAA into mouse BCO2 inactivated the carotenoid cleavage enzyme. On the other hand,
deletion of GKAA from human BCO2, replacement of the N-terminal domain of human BCO2 with
mouse BCO2, or various substitutions of mouse BCO2 amino acids into corresponding residues of
human BCO2 did not restore cleavage function to human BCOZ2 alone or in combination with the
GKAA deletion. All these data suggest that there has been considerable genetic drift since primate
BCOZ2 became inactive which complicates genetically engineered reconstitution of human BCO2’s
active site. Further attempts to restore human BCO2 activity should be guided by crystallography,

but unfortunately, the 3-D structures of BCO2s have not been solved, and the 3-D structure of the
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RPEG65’s binding site for all-trans-retinyl palmitate is not well characterized (35, 36). Solving the
crystal structures of human BCO2 and mouse BCO2 will facilitate our understanding of these two

enzymes’ interactions with xanthophylls.

This work reveals that the inactivity of BCO2 with xanthophylls such as zeaxanthin causes
primates to be the only mammals that highly accumulate xanthophyll carotenoids in their retinas. It
appears that many, if not all, non-primate mammals break down xanthophylls in ocular and non-
ocular tissues, but this alone would not account for the selective uptake and the specific localization
of just lutein, zeaxanthin, and meso-zeaxanthin in the primate retina when there are around 50
carotenoids in the human diet and 15 to 20 in the serum. Several transport proteins such as SR-B1,
ABCA1 and HDL are known to be involved in the process of macular pigment uptake (31, 37-39),
and the effects of their regulators, PPAR and ISX, also need to be considered in the carotenoid
absorption process (40, 41). During et al. reported that SR-B1 is involved in xanthophyll uptake into
cultured retinal cells (31). Carotenoid supplementation did not elevate the carotenoid levels in the
retina of the WHAM chicken whose ABCA1 transport protein is defective, and many studies have
shown a significant positive association between the concentration of serum HDL and that of serum
lutein and zeaxanthin. The other known carotenoid cleavage enzyme, BCO1, also could be
considered a contributor to this selective uptake process. The expression of human BCO1 was
detected in the cytoplasm of most human tissues (18, 21, 24, 42), and enzymatic assays show that
BCO1 prefers to cleave the major carotenoids in human serum such as -carotene, lycopene, and [3-
cryptoxanthin but not lutein or zeaxanthin (18, 19). Thus, BCO1 can also be considered a
participant in the selective targeting of just lutein and zeaxanthin to the human retina. Within the
retina itself, the specific binding proteins, StARD3 (lutein) and GSTP1 (zeaxanthin and meso-
zeaxanthin), appear to drive the spatial localization to the foveal region because the human retinal
distribution of these binding proteins matches well with that of the macular carotenoid pigments

(12, 43).
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In summary, human BCO2 is present in the human retina, but it showed no carotenoid
cleavage activity, while mouse BCO2 is clearly an active carotenoid cleavage enzyme. Losing the
ability to capture lutein and zeaxanthin efficiently appears to cause human BCO2 to become an
inactive xanthophyll carotenoid cleavage enzyme whose other physiological functions in the human
retina remain to be elucidated. Thus, inactivity of BCO2 facilitates xanthophyll deposition in the

macula of the human and monkey retina.

Materials and Methods

Tissue Procurement and Preparation. Human donor eyes were procured through the Utah
Lions Eye Bank in compliance with tenets of the Declaration of Helsinki. Dissection of the globes
was performed within 24 h post-mortem on ice and under dim light. Mouse retinas were also
harvested under dim light. Human and mouse tissues were washed twice with PBS and
homogenized in 10 mM Tris-HCl buffer (pH 7.4) containing 0.2 mM PMSF and 10 pg/mL aprotinin

to prepare total protein extracts.

Western Blots. Proteins were separated and transferred to membranes as described before
(43). The membranes were washed and incubated overnight with the primary anti-BCO2 antibody
(Proteintech Group, Inc., Chicago, IL) at a dilution of 1:5000. The membranes were incubated with
horseradish peroxidase-conjugated secondary antibody [1:1000 polyclonal goat anti-rabbit IgG
(H+L)-HRP] for 2 h at room temperature. Membranes were developed using ECL Plus Western blot

detection reagents (Amersham Biosciences, Pittsburgh, PA).

Reverse Transcription-Polymerase Chain Reaction (RT-PCR). Total RNA (2 pg) was prepared
from human retina and mouse retina. cDNA was synthesized using SuperScript Il reverse
transcriptase (Invitrogen, Carlsbad, CA). PCR amplification was performed using a 1 pL reaction
mixture as a template. PCRs were performed using the following primer pairs: human BCO2a

forward, 5-AGG AGT CAT TCT GCC ACT GC-3'; and human BCOZ2a reverse, 5-TCT CTG GAG GAA CCC
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GAA TAA CC -3’; human BCO2b forward, 5’-GAC ATG GCA ACT GGA TCT TGA AGG -3’; and human
BCO2b reverse, 5'-TCT CTG GAG GAA CCC GAA TAA CC -3’; human BCO2c forward, 5'-ATG GAA CGA
TCT GGT GCT CTC ATG-3’; and human BCOZc reverse, 5'-TTC TCT CCA AAC CAC ATC AAC C -3’;
mouse BCOZ forward, 5- TGA CCC ATG CAA GAG CAT CTT TGA ACG -3’; and mouse BCOZ reverse,
5'-AGC CCT GGT CCT CAA AGG CAT TGA TTT G -3’. Products were evaluated by electrophoresis on
an ethidium bromide-stained 1% agarose gel in 1x TBE buffer. The amplicons were cloned and

sequenced for verification.

Immunohistochemistry (IHC). Confocal microscope images were derived from a Macaca
mulatta monkey or from mouse eyes as described earlier (43). Monkey retinas were chosen
because of the availability of high quality perfusion-fixed tissue and the 96% homology of human
and monkey BCO2. Shortly after fixation, cryosections (12 um thick) were cut, rinsed in 0.1 M
phosphate buffer containing 0.1% Triton X-100 (PBT), and blocked for 1 h using 10% normal
donkey serum in PBT. Antibodies directed against human BCO2 (1:2000 dilution) or mouse BCO2
(1:2000 dilution) were applied overnight at 4 °C. After the samples had been rinsed in PBT (3 x 10
min FITC-conjugated secondary antibodies (Jackson InmunoResearch Laboratories, West Grove,
PA) were applied for 2 h at room temperature. Immunolocalization was imaged using a Zeiss LSM
510 confocal microscope set to an optical slice of <0.9 pm. Control sections, which were not

incubated in primary antibodies, were processed in parallel and found to be negative.

Carotenoid Cleavage Assays. The expression vectors, EX-Z2826-B05 (human BCO2a) and EX-
Mm13746-B05 (mouse BCO2), were purchased from GeneCopoeia (Rockville, MD). The cDNAs
were cloned into pReceiver-B05 vector with a Tac promoter, N-GST tag, and TEV protease site. EX-
NEG-B05 (Empty pReceiver-B05) was used as a negative control. All three vectors were
transformed into E. coli BL21 carrying an expression plasmid for zeaxanthin biosynthesis (44, 45).

The transformed E. coli were grown overnight at 37°C on LB solid medium containing 100 ug/ml of
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ampicillin and 35 pg/ml of chloramphenicol. Selected colonies were picked into 5 ml of LB medium
containing 100 pg/ml of ampicillin and 35 pug/ml of chloramphenicol and grown at 37°C with
shaking until the ODgoo was 0.5-0.7. Then, protein expression was induced by adding IPTG to a final
concentration of 1 mM. After growing the cultures for an additional 3-5 h, they were then streaked
on the same LB solid medium and incubated at 25°C for 2-3 days in darkness. In this system,
carotenoid cleavage activity is visualized qualitatively by the lack of accumulating carotenoids
which results in the absence of the yellow color characteristic of the control cells containing
carotenoid synthesis enzymes but no cleavage enzymes. The bacteria on the plates were collected
for HPLC analysis to confirm the presence of typical carotenoid cleavage products such as C14-
dialdehyde. The extracted carotenoid contents were dried and re-dissolved in the HPLC mobile
phase. HPLC separation was carried out on a C30 column (YMC Europe GmbH, Dinslaken, Germany;

25 cm length 4.6 mm i.d.) as before (46).

In order to try to restore the carotenoid cleavage activity of human BCOZ2, substitution of
amino acid residues of human BCO2 with the corresponding residues of mouse BCO2 was
performed according to Figure S2 and Table S1. All the chimera constructs were generated using
human BCO2a, human BCO2b, or mouse BCO2 expression vectors as templates, respectively. All the
primers as shown in Table S1 were designed using QuikChange® Primer Design Program of Agilent
Technologies. The mutagenesis experiments were carried out by QuickChange II XL Site-Directed
Mutagenesis Kit or QuickChange Multi Site-Directed Mutagenesis Kit (Agilent Technologies). After
confirmation by DNA sequencing, all the constructs were co-transfected with the zeaxanthin

synthesis plasmid into BL21 to assay for carotenoid cleavage activity as described above.

Surface Plasmon Resonance (SPR) Binding Studies. SPR analyses were conducted as before
(47, 48). Briefly, the proteins (human BCO2a, mouse BCO2 and human serum albumin (HSA)) at 10-

50 pg/ml in 10 mM sodium acetate (pH 5.0) were immobilized on the sensor chip surface using
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standard amine-coupling to obtain a density of 10-12 kRU. Each of the three carotenoids was
dissolved in DMSO to achieve a high concentration, and 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES pH 7.4) with 0.01% Tween-20 and 3% DMSO was used as
the running buffer. Typically, the analyte concentration series spanned 0.01-50 pM. Five of these
blanks were analyzed at the beginning of the analysis, and the remaining blanks were interspersed
throughout the analysis for double-referencing purposes. Each of the analytes was run in triplicate.
The analyte concentration series was injected as two-fold dilutions (seven dilutions) in running

buffer using the FastStep™ gradient injection mode.

3-D Structure of BCOZs. Using RPE65 (PDB 3fsn.1.a) as their templates, the protein
homology structures of human and mouse BCO2 were prepared through PyMol (Schrédinger, LLC,

Portland, Oregon).

Mouse Feeding Studies. Twenty five three-month-old BCO2 knockout (BCO2-/-) mice (bred at
the University of Utah vivarium using founders from Case Western Reserve University), and twenty
five three-month-old wild type (WT) C57/BL6 mice were fed with DSM ActiLease zeaxanthin
beadlets mixed with their chow (~2.6 mg per mouse per day) for four weeks after first receiving a
vitamin A deficient chow (AIN-93) for four weeks to help promote carotenoid uptake. Retinas,
RPE/choroid, and lenses of the mice from each feeding group were pooled together in batches of
five pairs of tissue, respectively. Zeaxanthin levels in the mouse ocular tissues were analyzed by
HPLC on a cyano column (Microsorb 250 mm x 4.6 mm, Rainin Instrument Co. Woburn, WA, USA)
as before (49) with confirmation of identity by retention time and UV /visible spectrum, and mass
spectrum versus authentic zeaxanthin standard. Chiral HPLC analysis confirmed the presence of

3R 3’R-zeaxanthin and absence of 3R, 3’S-meso-zeaxanthin.
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Figure legends:

Figure 1. Expression of BCO2 in the human retina and localization in monkey retina. (a)
Western blot of human retina lysates probed with anti-BCO2. The BCO2 polypeptide has a mobility
of approximately 65 kDa (calc. MW = 65,674 for the BCO2a isoform). (b) RT-PCR with human retina
cDNA and isoform-specific oligonucleotide primers. Human BCOZ isoform a (1), but not isoform b
(2) or isoform c (3), could be identified. (c) Immunohistochemistry of perfusion-fixed monkey
retina cryosection probed with antibody directed against BCO2 (green). Propidium iodide (red)
permits visualization of nuclear layers. Abbreviations: IS, inner segment layer; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion

cell layer. Scale bar = 20 pm.

Figure 2. Expression and localization of BCO2 in the mouse retina. (a) Western blot of mouse
retina lysate with anti-mouse BCO2 antibody. The mobility of the mouse BCO2 polypeptides is
approximately 60 kDa (calc. MW = 60,142). (b) RT-PCR with mouse BCOZ-specific primers and
mouse retina cDNA. (C) Immunohistochemistry of albino mouse retina cryosection probed with
polyclonal anti-BCO2 antibody (green) and contrasted with propidium iodide (red) which binds
nucleic acids. Labeling of retina and retinal pigment epithelium (RPE) is specific, as it was absent in

the negative control (omission of primary antibody). Scale bar = 20 um.

Figure 3. Enzymatic activity assays of human and mouse BCO2. (a) Expression of human, mouse
BCO2 cDNA, or empty expression vector in E. coli strains engineered for zeaxanthin production.
Yellow color indicates absence of enzymatic cleavage activity. White color demonstrates cleavage of
zeaxanthin. (b) HPLC analysis on a cyano column of extracts from E. coli engineered to synthesize
zeaxanthin which had been co-transformed with BCO2 or control vectors (blue trace, mouse BCOZ;
red trace, human BCO2a; green trace, control; inset, absorption spectra of a cleavage product).

Identity of zeaxanthin was confirmed by comparison with photodiode-array spectra and by co-
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elution with authentic standard. The photodiode-array spectrum of the peak labeled as C14-
dialdehyde (rosafluene dialdehyde) was consistent with a previous report of a major cleavage
product of zeaxanthin by mouse BCO2 (14). Retention times of the late eluting peaks are slightly

offset due to variations in HPLC chromatographic conditions.

Figure 4. Sequence and structure alignment of human and mouse BCO2. Upper panel,
alignment of human BCO2 isoform a, mouse BCO2, and human RPE65 amino acid sequences.
Histidine residues that coordinate the iron required for activity in RPE65 are shaded red; hatched
box denotes the deletion of GKAA in mouse BCO2. Lower panel, comparison of 3D structures of (A)
human BCOZ2a (green) and mouse BCO2 (cyan), and (B) chimeric human BCO2 (green) and mouse
BCO2 (cyan). The boxes identify the structural differences between human BCO2a and mouse BCO2.
Histidine residues (blue in human, white in mouse BCO2) coordinating iron (orange) in human and

mouse BCO2s are shown as spheres in the center of BCO2.

Figure 5. Zeaxanthin levels in the ocular tissues of BCO2 knockout (BCO2-/-) and wild type
(WT) mice. Zeaxanthin contents in lens (blue), retina (red) and RPE/choroid (green) were
measured by normal phase HPLC; n.d., not detectable. Each experiment was repeated five times on

batches of five mice. Error bars represent standard deviations (SD).
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Table 1 Equilibrium dissociation constants (Kp) determined by surface plasmon resonance

(SPR)

Human Serum

Human BCOZ2a Mouse BCO2 .
(uM) (uM) Albumin
(uM)
Lutein 25.00 £ 2.00 1.17 £ 0.02 2.40+ 0.20
Zeaxanthin 19.00 + 2.00 1.39 £ 0.03 2.20+0.20
meso-Zeaxanthin 46.00 +4.00 1.10 £ 0.02 4.50+ 0.40
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Fig. 3
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Supplementary figure legends

Figure S1. Splice junctions of exon 3/intron 3 and intron 3/exon 4 of the human and mouse
BCO2 genes. The insertion of GKAA in the human gene is caused by a change in the donor splice

site in the human gene. Intron sequences are in lower case, 5’ and 3’-ends are printed in red.

Figure S2. Protein sequences of human BCO2 and mouse BCO2 used to design primers of
mutagenesis experiments. Green underline shows the fragments switched between human BCO2
and mouse BCOZ2, vertical line shows the connection position. Blue underlines show the substituted
amino acid positions between human BCO2Z and mouse BCO2, and they were numbered.

Corresponding numbers were given to the primers in Table S1.

Figure S3. SDS-PAGE (a) and Western blot (b) of recombinant human BCO2a (1), and mouse

BCO2 (2) used for SPR.

Figure S4. SPR sensor grams of carotenoids with human BCO2a, mouse BCO2, and human

serum albumin (HSA).




Table S1. Primers used in the mutagenesis experiments to restore the carotenoid cleavage function of human BCO2
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5'-aaatttgctccaatctaccttttetgttctttccageatttcaatgtccactttattcataaagttg-3'

L T17IM+K174R 5'-caactttatgaataaagtggacattgaaatgctggaaagaacagaaaaggtagattggagcaaattt-3'
9 L197pP 5'-cacatcctcattatgacccggatggaacagcatacaa-3'

' 5'-ttgtatgctgttccatccgggtcataatgaggatgtg-3'
3. F208Y,Y211R,F213S, S214C(, 5'-ccttctctggaggaacccgaataatattatagcagcetaccacgtggeccataggagttceccatattgtatgetg-3'
K216N,V2171 5'-cagcatacaatatggggaactcctatgggccacgtggtagctgctataatattattcgggttectccagagaagg-3'
4 E223K V225K D226E,L227P 5'-ggattgtctccccaggctecttcttetttggaggaacccgaataaccttatagga-3

5'-tcctataaggttattcgggttcctccaaagaagaaggagectggggagacaatece-3'

5. V234,1237L

5'-agaagcaatagaacataacacctgggctccatggattgtctcc-3'
5'-ggagacaatccatggagcccaggtgttatgttctattgettct-3'

5'-aaagctatggtagtaagaaggtttcattttctctgtagaagcaatagaacat-3'

6. G246M 5'-atgttctattgcttctacagagaaaatgaaaccttcttactaccatagcettt-3'
7 R258K 5'-gttgttcaatgaaaattatatagttctttgtcattccaaagctatggtagtaa-3'

' 5'-ttactaccatagctttggaatgacaaagaactatataattttcattgaacaac-3'
5'-ctttccccgaattttagaagtgataattttccacaggttcatctttagag-3'
5'-gttcatctttagaggttgttcaacgaaaattatatagttccttgtcattc-3'

g 1264V, L268V, N271K,A2761 5'-tagaagtggcaattttccacagcttcatctttacaggttgttcaatgaaaattata-3

5'-tataattttcattgaacaacctgtaaagatgaagctgtggaaaattgccacttcta-3'
5'-gaatgacaaggaactatataattttcgttgaacaacctctaaagatgaac-3'
5'-ctctaaagatgaacctgtggaaaattatcacttctaaaattcggggaaag-3'

9. A284P,S286A

5'-ccagcttatcccatctgcaaagggctttccecgaattttag-3'
5'-ctaaaattcggggaaagccctttgcagatgggataagetgg-3'
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10.

C295Y

5'-catgaaaccgcgtattatactggggttcccagcett-3'
5'-aagctgggaaccccagtataatacgcggtttcatg-3'

11.

E303D, R305H

5'-gaaggagctgtccagtgtgtttatccaccacatgaaaccg-3'
5'-cggtttcatgtggtggataaacacactggacagctccttce-3'

12.

R313M, K317M, V320L, F322Y

5'-aaaggcattgatttgatgatatgtaagaaaaggcatgctgtagtacatccctggaaggagctgtccagt-3'
5'-actggacagctccttccagggatgtactacageatgecttttcttacatatcatcaaatcaatgecttt-3'

13.

V3341, 1335V

5'-ttgacagcacaaatcaattacaatacagccctggtcctcaaagg-3'
5'-cctttgaggaccagggctgtattgtaattgatttgtgctgtcaa-3'

14.

N343D, T346S, E348D,V349L

5'-ctgagattctgtaactggtaaagatctaggcttcttccatcatcttgacagcacaaatcaatt-3'
5'-aattgatttgtgctgtcaagatgatggaagaagcctagatctttaccagttacagaatctcag-3'

15.

H366Y, N367E, S368L,A369K

5'-caaaccttcgagggaaagatttggcttttaactcatagacctgatcaagcccttccccagect-3'
5'-aggctggggaagggcttgatcaggtctatgagttaaaagecaaatctttcectcgaaggtttg-3'

16.

N382D, L385V, N386D, P388A, D391K

5'-tcgaaggtttgttttgcctttagatgtcagtgtggatgecgetgagggaaagaacctgagtceca-3'
5'-tggactcaggttctttccctcageggeatccacactgacatctaaaggcaaaacaaaccttega-3'

17.

T399S

5'-cagcactggctgaagaataggacaatggactcagg-3'
5'-cctgagtccattgtcctattcttcagccagtgetg-3'

18.

A407G, T410E, H415P,Q420H, K425E

5'-caatgcctccttectcttctaggtectectgatgt-3'
5'-acatcaggaggacctagaagaggaaggaggcattg-3'
5'-tctcatgaaaatctacatcatgaggacctagaaaaggaagg-3'
5'-gaacgatctggtgctctcctgaaaatctacatcagga-3'
5'-cagtgctgtgaaacagggtgatggagagatctggtgctctcatg-3'
5'-catgagagcaccagatctctccatcaccctgtttcacagcactg-3'
5'-ccttccttttctaggtcctcatgatgtagattttcatgaga-3'
5'-tcctgatgtagattttcaggagagcaccagatcgttc-3'

19.

Y435N, D437G, S440N, H445S

5'-ccacagccataaaagaaactatactttttgccactgaatcgatcatagtagat-3'
5'-atctactatgatcgattcagtggcaaaaagtatagtttcttttatggctgtgg-3'
5'-aaaagaaatgatactttttgccattgaatcgaccatagttgatctgaggaaattcaatgcctc-3'
5'-gaggcattgaatttcctcagatcaactatggtcgattcaatggcaaaaagtatcatttetttt-3'
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20.

V466T, K471R, D476E

5'-gagggataaaagccctcttctctccaaaccttcagtg-3'
5'-ccaaaccttcagtgtcttattcgtcacatcaaccttgatcagagaa-3'
5'-ttctctccaaaccctcagtgtcttattcaccacatcaac-3'
5'-ttctctgatcaaggttgatgtgacgaataagacactgaaggtttgg-3'
5'-cactgaaggtttggagagaagagggcttttatcccte-3'
5'-gttgatgtggtgaataagacactgagggtttggagagaa-3'

21.

A488V, T491A, N492D, G496S

5'-agaataaccccactatcttcttcattggttcctggtge-3'
5'-cccaccatcttcttcatcggctcctggtactggaacaaaaacaggt-3'
5'-gcaccaggaaccaatgaagaagatagtggggttattct-3'
5'-acctgtttttgttccagtaccaggagccgatgaagaagatggtggg-3'

22.

N509S, 1514L

5'-catccaaaactaggagaaaattgctttcattctggttgggagtga-3'
5'-ggataaaattgctttcactctggttgggagtgatcacca-3'
5'-tggtgatcactcccaaccagagtgaaagcaattttatcc-3'
5'-tcactcccaaccagaatgaaagcaattttctcctagttttggatg-3'

23.

N521S, E523T

5'-acctctgctcggeccagetecgtaaagcetettggeatccaaaactagg-3'
5'-cctagttttggatgccaagagctttacggagctgggccgagcagaggt-3'

24,

1543V

5'-ctcgagctagatgggtacgaaggtaccatggaacc-3'
5'-ggttccatggtaccttcgtacccatctagctcgag-3'

25. Mouse BCO2+GKAA

5'-atgtcaaggtttgagccacctggtaaagctgcaactatgactgacaacac-3'
5'-gtgttgtcagtcatagttgcagctttaccaggtggctcaaaccttgacat-3'

26. Human BCO2-GKAA+A>T

5'-gtccaggtttgagctgcctatgactgacaatactaatg-3'
5'-cattagtattgtcagtcataggcagctcaaacctggac-3'
5'-tccaggtttgagctgcectaccatgactgacaata-3'
5'-tattgtcagtcatggtaggcagctcaaacctgga-3'

27. N-terminal switch

5’-atgaataaggtggacattgagatgc-3’

5’-ccccgggctcetttettttttg-3°
5’-ttcgaaggaattcggtaccatgggaaatactcctcagaaaaaagce-3’
5’-agcatctcaatgtccaccttattcataaagttggtctcagtgcag-3’
5’-aaaacctgtattttcagggcgaaggagttcgaaccatgttgggaccgaagcaaag-3’
5’-tctgttttttccagagtttcaatgtccactttattcataaaattagtctetgtgetce-3’
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28. Human BCO2-GKAA with N122S

5'-tctcccggatccatgcaagagtatttttgaacgtttcatgtec-3'
5'-ggacatgaaacgttcaaaaatactcttgcatggatccgggaga-3'

29. Human BCO2-GKAA with L133P

5'-atgtccaggtttgagccgectaccatgactgac-3'
5'-gtcagtcatggtaggcggctcaaacctggacat-3'

30. Human BCO2-GKAA with Y435N, D437G

5'-ggcattgaatttcctcagatcaactatggtcgattcagtggcaaaaagta-3'

5'-tactttttgccactgaatcgaccatagttgatctgaggaaattcaatgece-3'

31. Human BCO2-GKAA with S440N

5'-ttcctcagatcaactatggtcgattcaatggcaaaaagtatc-3'
5'-gatactttttgccattgaatcgaccatagttgatctgaggaa-3'

32. Human BCO2-GKAA with L133P and S440N

5'-atgtccaggtttgagccgcctaccatgactgac-3'
5'-gtcagtcatggtaggcggctcaaacctggacat-3'
5'-ttcctcagatcaactatggtcgattcaatggcaaaaagtatc-3'
5'-gatactttttgccattgaatcgaccatagttgatctgaggaa-3'
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Fig. S1
exon 3 exon 4
LPGKAAJ intron 3 A M T
hBCO2a..CTG CCT GGT AAA GCT GCA Ggtgat..... gtttcagl CC ATG ACT..
mBC0o2z ..CCA CCT Agt aagtag............. cctggtttcag| CT ATG ACT..
P P intron 3 T M T...

exon 3 exon 4
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Fig. S3
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Fig. S4
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