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Themacula 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 elu-
cidated. 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 ca-
rotenoids. We therefore investigated whether or not differences in
expression, localization, and activity between mouse and primate ca-
rotenoid metabolic enzymes could account for this species-specific
difference in retinal accumulation. We focused on β,β-carotene-
9′,10′-dioxygenase (BCO2, also known as BCDO2), the only known
mammalian xanthophyll cleavage enzyme. RT-PCR, Western blot
analysis, and immunohistochemistry (IHC) confirmed that BCO2 is
expressed in both mouse and primate retinas. Cotransfection of
expression plasmids of human or mouse BCO2 into Escherichia
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 hu-
man BCO2 prevents cleavage of xanthophyll carotenoids. Moreover,
BCO2 knockout mice, unlike WT 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.

The macular pigment of the human retina consists of the
xanthophyll carotenoids, lutein, zeaxanthin, and their me-

tabolite, 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 supplemen-
tation with 10 mg lutein and 2 mg zeaxanthin was associated with
10–18% reduced progression to advanced AMD over the 5-y
study relative to original Age-Related Eye Disease Study
(AREDS) formulations without lutein and zeaxanthin, and the
authors recommended adding lutein and zeaxanthin to re-
place β-carotene in the formulation for safety and efficacy
reasons (9, 10).
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 bio-
chemical 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.
β,β-Carotene-9′,10′-dioxygenase (BCO2, also known as BCDO2)

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-apocarotenoids, or
further into C14-dialdehyde (13, 14). Its physiological function is
supported by genetic evidence from several species. A nonsense
mutation in the sheep BCO2 gene that introduces a stop codon
at amino acid 66 of the 575-aa 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 do-
mestic chickens can cause them to have yellow skin secondary to
carotenoid accumulation (16). Genetic variations in the BCO2
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).
BCO2, β,β-carotene-15,15′-monooxygenase (BCO1), and retinal

pigment epithelium-specific 65 kDa protein (RPE65) are members
of the polyene oxygenase gene family. BCO1, which is also known
as BCMO1, cleaves β-carotene symmetrically at the 15–15′ posi-
tion 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 en-
zyme in the visual cycle, participates in the conversion of all-trans-
retinyl palmitate to 11-cis-retinol, and various mutations are
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associated with Leber congenital amaurosis type 2 and retinitis
pigmentosa (18, 20–22). BCO2 may also play important roles in
ocular tissues, but a physiological function has not been estab-
lished. Based on the fact that high amounts of lutein and zeax-
anthin 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 pro-
posed hypotheses by investigating the expression, distribution,
and activity of BCO2 in human, monkey, and mouse retina.

Results
Expression and Localization of BCO2 in Mammalian Retina. To de-
termine if BCO2 is expressed in the human retina, Western blots
were performed using an anti-BCO2 antibody. A ∼63-kDa
polypeptide was detected in the total protein preparation of
human retina (Fig. 1A). The human BCO2 gene expresses five
protein splice variants: a, b, c, d and e, which are composed of
579, 545, 539, 506, and 474 aa, respectively [National Center for
Biotechnology Information (NCBI) database] that differ only at
the N terminus, and all of which, except for isoform d, preserve
the enzymes’ active sites. According to the mobility of BCO2
revealed on Western blot, isoforms a, b, and c are the most likely
candidates. RT-PCR detected the mRNA of isoform a but not
b or c (Fig. 1B). By immunohistochemistry (IHC), BCO2 is lo-
calized throughout the monkey retina, especially in the inner
segments, inner retina, and ganglion cells (Fig. 1C). We also ex-
amined BCO2’s expression in mouse retina and identified
a ∼63-kDa polypeptide (Fig. 2A) on a Western blot with mouse
retina lysates. A single ∼640-bp amplicon (Fig. 2B) suggested
that mouse retina expresses only one BCO2 isoform. As ob-
served in monkey retina, IHC results showed that mouse
BCO2 is expressed throughout the retina and retinal pigment
epithelium (RPE) (Fig. 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 used to test the activity of
many carotenoid oxygenases with zeaxanthin, β-carotene, and
lycopene (23–28). In our 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 (Fig. 3A), demonstrating that mouse BCO2 can
cleave zeaxanthin. Human BCO2 isoform a (human BCO2a) failed
to cleave zeaxanthin, retaining the yellow color. The cleavage
products of each assay were then analyzed by HPLC (Fig. 3B).
Chromatograms of the human BCO2 experiments were identical
to those of the control experiments, consistent with absence of
cleavage activity. In the chromatogram of the mouse BCO2 ex-
periment, the elution peak of zeaxanthin almost disappeared,
whereas a new peak appeared at 14.22 min whose diode-array
spectrum was consistent with C14-dialdehyde (also known as
rosafluene dialdehyde; Fig. 3B, Inset), a previously reported
major cleavage product of zeaxanthin by BCO2 (14). These
experiments demonstrate that human retinal BCO2 is an in-
active enzyme, whereas 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 ana-
lyzed the amino acid sequences of human BCO2a and mouse
BCO2. Sequence alignments (Fig. 4, Upper) show that the major
difference between human BCO2a enzyme and mouse BCO2 is
the presence of 4 aa residues, GKAA, in human BCO2 (Fig. 4),
suggesting the loss of an alternate splice site in the human gene.
An NCBI protein database search revealed that this GKAA in-
sertion 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 (Fig. 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 enzymatic
cleavage domains, as all four key histidine residues are conserved
(shaded red in Fig. 4, Upper). We also compared the 3D ho-
mology 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 (Fig. 4,
Lower). As expected, the GKAA deletion in the N-terminal half
of human BCO2 caused a structural rearrangement (boxes in
Fig. 4, Lower). Next, the activity of human BCO2 enzyme with its
GKAA sequence deleted was tested using the cell-based carot-
enoid cleavage assay to determine if enzymatic activity could be

Fig. 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 ∼65 kDa [calculated molecular weight
(MW) = 65,674 for the BCO2a isoform]. (B) RT-PCR with human retina cDNA
and isoform-specific oligonucleotide primers. Human BCO2 isoform a (1) but
not isoforms b (2) or c (3) could be identified. (C) IHC of perfusion-fixed
monkey retina cryosection probed with antibody directed against BCO2
(green). Propidium iodide (red) permits visualization of nuclear layers. GCL,
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS,
inner segment layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
Scale bar: 20 μm.

Fig. 2. Expression and localization of BCO2 in the mouse retina. (A) West-
ern blot of mouse retina lysate with anti-mouse BCO2 antibody. The mobility
of the mouse BCO2 polypeptides is ∼60 kDa (calculated MW = 60,142). (B)
RT-PCR with mouse BCO2-specific primers and mouse retina cDNA. (C) IHC 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 RPE is specific, as it was absent in the negative
control (omission of primary antibody). Scale bar: 20 μm.
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restored. The modified expression vector of human BCO2 in
which the nucleotides encoding GKAA were deleted was
transfected into Escherichia 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 aa of human BCO2a with the N-terminal 150 aa of mouse
BCO2 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 (Fig. S2 and
Table S1). Conversely, insertion of GKAA into mouse BCO2
inactivated the enzyme, demonstrating that the GKAA insertion
alone was 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. The 3D protein structure of an apocarotenoid cleav-
age oxygenase 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 af-
finities between human and mouse BCO2 by surface plasmon
resonance (SPR). Fig. S3 shows the recombinant proteins used
for SPR experiments. Table 1 and Fig. S4 show that human
BCO2a has much weaker binding affinity for xanthophylls than

Fig. 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 zeax-
anthin. (B) HPLC analysis on a cyano column of extracts from E. coli engi-
neered to synthesize zeaxanthin which had been cotransformed with BCO2
or control vectors (blue trace, mouse BCO2; red trace, human BCO2a; green
trace, control; Inset, absorption spectra of a cleavage product). The identity
of zeaxanthin was confirmed by comparison with PDA spectra and by coe-
lution with authentic standard. The PDA spectrum of the peak labeled as
C14-dialdehyde (rosafluene dialdehyde) was consistent with a previous re-
port of a major cleavage product of zeaxanthin by mouse BCO2 (14). Re-
tention times of the late eluting peaks are slightly offset due to variations in
HPLC chromatographic conditions.

Fig. 4. Sequence and structure alignment of human and mouse
BCO2. (Upper) Alignment of human BCO2 isoform a, mouse
BCO2, and human RPE65 amino acid sequences. Histidine resi-
dues that coordinate the iron required for activity in RPE65 are
shaded red. The hatched box denotes the deletion of GKAA in
mouse BCO2. (Lower) Comparison of 3D structures of (A) human
BCO2a (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.
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mouse BCO2. For example, the KD of meso-zeaxanthin to human
BCO2a is around 40-fold higher than that of mouse BCO2 and
even human serum albumin (HSA). These data demonstrate that
the binding affinities between xanthophylls and mouse BCO2 are
stronger than those associated with human BCO2a, 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 Mice. Finally,
we tested if induced inactivity of BCO2 can cause the retinal ac-
cumulation of xanthophyll carotenoids by feeding zeaxanthin
to BCO2 knockout (BCO2−/−) mice. Carotenoid contents were
extracted from the retinas, RPE/choroids, and lenses of BCO2−/−

mice, respectively, and zeaxanthin was identified according to
zeaxanthin standard’s retention time and UV–visible spec-
trum from HPLC-photodiode array (PDA) detectors on two
different chromatographic column systems (cyano and chiral)
and by mass spectrometry. Fig. 5 shows that 0.66 ng zeax-
anthin were detected per BCO2−/− mouse’s retinas, whereas
zeaxanthin cannot be detected by HPLC in the retina of WT mice,
demonstrating that BCO2 is a key enzyme for preventing xantho-
phyll accumulation in most mammalian retinas. Zeaxanthin levels
in RPE/choroid of BCO2−/− mice are around three times higher
than that of the WTmice. 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 200 y ago (30), and the
pigment was chemically identified to be lutein, zeaxanthin, and
meso-zeaxanthin about 30 y ago (1). Many clinical studies have
already indicated that lutein and zeaxanthin supplementation
may reduce the risk of AMD (4, 7–10); however, the protective
mechanisms and physiological functions of the macular carot-
enoid pigments have generally been studied only in vitro because
no other nonprimate mammals accumulate carotenoids at
high levels in their retinas (31). Birds, amphibians, and reptiles
accumulate their ocular carotenoids through a distinct mecha-
nism involving xanthophyll esterification to fatty acids. In the
past, our laboratory focused on the identification and charac-
terization of specific binding proteins for lutein, zeaxanthin, and
meso-zeaxanthin. Although 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 pro-
teins 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 (13–17). To explain the unique de-
position 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 used a cell-based carotenoid
cleavage assay, which showed that human BCO2 is an inactive
carotenoid cleavage enzyme, whereas mouse BCO2 can clearly
cleave zeaxanthin. Our finding that human BCO2 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 xan-
thophyll carotenoids, but no xanthophyll cleavage products were
identified in these cells (32). Moreover, no eccentric cleavage
products were detected in human subjects given labeled β-carotene
supplements (33, 34). Recent genetic analyses have reported no
association between SNPs of human BCO2 and macular pigment
optical density, also implying that human BCO2 cannot cleave
macular pigments (35). Furthermore, our mouse feeding studies
showed that BCO2−/− mice accumulate zeaxanthin in their retinas,
but WT mice do not (Fig. 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 in-
ability to bind potential substrate carotenoids in the active site may
be the reason that human BCO2 is an inactive xanthophyll cleavage
enzyme. Persistent expression of BCO2 in the human retina de-
spite 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
RPE, RPE65.
To explore the reasons underlying the difference of enzymatic

activities between human and mouse BCO2, we examined their
primary structures. Sequence alignment (Fig. 4) showed the four
key histidine residues responsible for enzyme activity and ca-
rotenoid cleavage are conserved. The 3D homology structures of
human and mouse BCO2 show that the insertion of GKAA in
human BCO2 unfolds a short β-stranded loop present in mouse
BCO2 into a much larger unstructured loop (boxes in Fig. 4,
Lower). As this is the only major structural change between
human and mouse BCO2, 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 BCO2 alone or in combi-
nation with the GKAA deletion. All these data suggest that there
has been considerable genetic drift since primate BCO2 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 un-
fortunately, the 3D structures of BCO2s have not been solved,
and the 3D structure of the RPE65’s binding site for all-trans-
retinyl palmitate is not well characterized (36, 37). Solving the

Table 1. Equilibrium dissociation constant (KD) determined by
SPR in micromolars

Carortenoids Human BCO2a Mouse BCO2 HSA

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

Fig. 5. Zeaxanthin levels in the ocular tissues of BCO2−/− and 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 SDs.
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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 xantho-

phylls such as zeaxanthin causes primates to be the only mam-
mals that highly accumulate xanthophyll carotenoids in their
retinas. It appears that many, if not all, nonprimate mammals
break down xanthophylls in ocular and nonocular 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 15–20 in the serum. Several transport proteins,
such as scavenger receptor class B, member 1 (SR-B1), ATP-
binding cassette, subfamily A, member 1 (ABCA1), and HDL,
are known to be involved in the process of macular pigment
uptake (32, 38–40), and the effects of their regulators, PPAR and
ISX, also need to be considered in the carotenoid absorption
process (41, 42). During et al. reported that SR-B1 is involved in
xanthophyll uptake into cultured retinal cells (32). 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 (38–40). The other known ca-
rotenoid 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, 43), and enzymatic assays show that BCO1
prefers to cleave the major carotenoids in human serum, such as
β-carotene, lycopene, and β-cryptoxanthin but not lutein or
zeaxanthin (18, 19). Thus, BCO1 can also be considered a par-
ticipant in the selective targeting of just lutein and zeaxanthin to
the human retina. Within the retina itself, the specific binding pro-
teins, StARD3 (lutein) and GSTP1 (zeaxanthin andmeso-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, 44).
In summary, human BCO2 is present in the human retina, but it

showed no carotenoid cleavage activity, whereas 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 en-
zyme whose other physiological functions in the human retina re-
main 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 postmortem 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 μg/mL aprotinin to prepare total protein extracts.
All animal procedures and experiments were approved by the University
of Utah Institutional Animal Care and Use Committees.

Western Blots. Proteins were separated and transferred to membranes as de-
scribed before (44). The membranes were washed and incubated overnight
with the primary anti-BCO2 antibody (Proteintech Group, Inc.) at a dilution of
1:5,000. The membranes were incubated with horseradish peroxidase-conju-
gated secondary antibody [1:1,000 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).

RT-PCR. Total RNA (2 μg) was prepared from human retina and mouse retina.
cDNA was synthesized using SuperScript II reverse transcriptase (Invitrogen).
PCR amplification was performed using a 1-μL reaction mixture as a template.
PCRs were performed using the following primer pairs: human BCO2a for-
ward, 5′-AGG AGT CAT TCT GCC ACT GC-3′; and human BCO2a reverse, 5′-TCT

CTG GAG GAA CCC 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 BCO2c reverse, 5′-TTC TCT CCA AAC CAC ATC AAC
C -3′; mouse BCO2 forward, 5′- TGA CCC ATG CAA GAG CAT CTT TGA ACG -3′;
and mouse BCO2 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 1× TBE buffer. The amplicons were cloned and sequenced
for verification.

IHC. Confocal microscope images were derived from a Macaca mulatta
monkey or from mouse eyes as described earlier (44). 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-μm thick) were cut, rinsed in 0.1 M phosphate buffer con-
taining 0.1% Triton X-100 (PBT), and blocked for 1 h using 10% (vol/vol)
normal donkey serum in PBT. Antibodies directed against human BCO2
(1:2,000 dilution) or mouse BCO2 (1:2,000 dilution) were applied overnight
at 4 °C. After the samples had been rinsed in PBT (3× 10 min), FITC-conju-
gated secondary antibodies (Jackson ImmunoResearch Laboratories) 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 μm.
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 Gene-
Copoeia. 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 (45,
46). The transformed E. coli were grown overnight at 37 °C on LB solid
medium containing 100 μg/mL ampicillin and 35 μg/mL chloramphenicol.
Selected colonies were picked into 5 mL LB medium containing 100 μg/mL
ampicillin and 35 μg/mL chloramphenicol and grown at 37 °C with shaking
until the OD600 was 0.5–0.7. Then, protein expression was induced by adding
isopropyl-β-D-thiogalactopyranoside 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 d 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 redissolved
in the HPLC mobile phase. HPLC separation was carried out on a C30 column
(YMC Europe GmbH; 25 cm length and 4.6 mm i.d.) as before (47).

To try to restore the carotenoid cleavage activity of human BCO2, sub-
stitution of amino acid residues of human BCO2 with the corresponding
residues of mouse BCO2 was performed according to Fig. S2 and Table S1. All
of the chimera constructs were generated using human BCO2a, human
BCO2b, or mouse BCO2 expression vectors as templates, respectively. All of
the primers as shown in Table S1 were designed using the QuikChange
Primer Design Program (Agilent Technologies). The mutagenesis experi-
ments were carried out with a QuikChange II XL Site-Directed Mutagenesis
Kit or QuikChange Multi Site-Directed Mutagenesis Kit (Agilent Technolo-
gies). After confirmation by DNA sequencing, all of the constructs were
cotransfected with the zeaxanthin synthesis plasmid into BL21 to assay for
carotenoid cleavage activity as described above.

SPR Binding Studies. SPR analyseswere conducted as before (48, 49). Briefly, the
proteins (human BCO2a, mouse BCO2, and HSA) at 10–50 μg/mL in 10 mM
sodium acetate (pH 5.0) were immobilized on the sensor chip surface using
standard amine coupling to obtain a density of 10–12 kilo-response units. Each
of the three carotenoids was dissolved in DMSO to achieve a high concen-
tration, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes
pH 7.4) with 0.01% Tween-20 and 3% DMSO were used as the running buffer.
Typically, the analyte concentration series spanned 0.01–50 μM. Five of these
blanks were analyzed at the beginning of the analysis, and the remaining
blanks were interspersed throughout the analysis for double-referencing pur-
poses. Each of the analytes was run in triplicate. The analyte concentration
series was injected as twofold dilutions (seven dilutions) in running buffer using
the FastStep (SensiQ Technologies, Inc.) gradient injection mode.
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Three-Dimensional Structure of BCO2s. Using RPE65 (PDB 3fsn.1.a) as their
templates, the protein homology structures of human and mouse BCO2 were
prepared through PyMol (Schrödinger, LLC).

Mouse Feeding Studies. Twenty-five 3-mo-old BCO2−/− mice (bred at the Uni-
versity of Utah vivarium using founders from Case Western Reserve University),
and twenty-five 3-mo-old WT C57/BL6 mice were fed with DSM ActiLease
zeaxanthin beadlets mixed with their chow (∼2.6 mg per mouse per day) for
4 wk after first receiving a vitamin A-deficient chow (AIN-93) for 4 wk to help
promote carotenoid uptake. Retinas, RPE/choroid, and lenses of mice from each
feeding group were pooled together in batches of five pairs of tissue, re-
spectively. Zeaxanthin levels in mouse ocular tissues were analyzed by HPLC on
a cyano column (Microsorb 250 mm × 4.6 mm; Rainin Instrument Co.) as before

(47), 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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