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Background: The human enzyme �-carotene 15,15�-oxygenase (BCO1) produces vitamin A from carotenoids in food.
Results: BCO1 catalyzes the oxidative cleavage of the 15–15� double bond of major dietary provitamin A carotenoids,
�-apocarotenals, and lycopene.
Conclusion: BCO1 reacts only with carotenoids and apocarotenoids that yield retinal or acycloretinal.
Significance: Elucidating the substrate specificity of BCO1 is crucial for understanding how humans metabolize carotenoids.

Humans cannot synthesize vitamin A and thus must obtain it
from their diet. �-Carotene 15,15�-oxygenase (BCO1) catalyzes
the oxidative cleavage of provitaminAcarotenoids at the central
15–15� double bond to yield retinal (vitaminA). In this work, we
quantitatively describe the substrate specificity of purified
recombinant human BCO1 in terms of catalytic efficiency val-
ues (kcat/Km). The full-length open reading frame of human
BCO1 was cloned into the pET-28b expression vector with a
C-terminal polyhistidine tag, and the protein was expressed in
the Escherichia coli strain BL21-Gold(DE3). The enzyme was
purified using cobalt ion affinity chromatography. The purified
enzyme preparation catalyzed the oxidative cleavage of �-caro-
tene with aVmax � 197.2 nmol retinal/mg BCO1 � h,Km � 17.2
�M and catalytic efficiency kcat/Km � 6098 M�1 min�1. The
enzyme also catalyzed the oxidative cleavage of �-carotene,
�-cryptoxanthin, and �-apo-8�-carotenal to yield retinal. The
catalytic efficiency values of these substrates are lower than that
of�-carotene. Surprisingly, BCO1catalyzed the oxidative cleav-
age of lycopene to yield acycloretinal with a catalytic efficiency
similar to that of �-carotene. The shorter �-apocarotenals
(�-apo-10�-carotenal, �-apo-12�-carotenal, �-apo-14�-carote-
nal) do not show Michaelis-Menten behavior under the condi-
tions tested. We did not detect any activity with lutein, zeaxan-
thin, and 9-cis-�-carotene. Our results show that BCO1 favors
full-length provitamin A carotenoids as substrates, with the
notable exception of lycopene. Lycopene has previously been
reported to be unreactive with BCO1, and our findings warrant
a fresh look at acycloretinal and its alcohol and acid forms as
metabolites of lycopene in future studies.

Carotenoids are yellow and orange pigments found in fruits
and vegetables. They are amajor dietary source of vitaminA. In
humans and other animals, provitamin A carotenoids are con-

verted to retinal (vitamin A) via the oxidative cleavage of the
central double bond by the enzyme �, �-carotene 15,15�-oxy-
genase (BCO1)2 (1–7). Although it is clear that BCO1 cleaves
primarily at the central double bond, the possibility that it can
also perform eccentric cleavage has not been well studied.
BCO1 is expressed in several tissues, and high enzymatic

activity has been shown for homogenates of liver and intestine
(8–13). Early studies of substrate specificity of BCO1 used liver
and intestine homogenates to show the enzymatic production
of retinal from provitamin A carotenoids (�-carotene, �-caro-
tene,�-cryptoxanthin) and�-apocarotenals (�-apo-8�-,�-apo-
10�-, and �-apo-12�-carotenal) (14–17). These studies also
show that xanthophylls (lutein, zeaxanthin, and astaxanthin)
are not cleaved by BCO1.
In raw fruits and vegetables, �-carotene exists predomi-

nantly in the all-trans form, but processing leads to an increase
of cis isomers, particularly 9-cis and 13-cis forms (18). These
isomers have also been detected in human plasma (19, 20).
Cleavage activity with these �-carotene isomers have been
shown by incubation with intestine and liver homogenates (14,
21, 22).
However, the use of cell homogenates to study enzymatic

oxidation of carotenoids in vitro is problematic. Carotenoids
are relatively easy to oxidize, and even no-enzyme incubations
carried out for relatively long periods (1 h) with �-carotene
produces random cleavage products (23). The intestine con-
tains other enzymes that could potentially oxidize carotenoids
(reviewed byHansen andMaret (23)). Indeed, early studieswith
intestine homogenates have detected random cleavage prod-
ucts in addition to retinal (11, 24). Although the use of an anti-
oxidant such as �-tocopherol reduces the amount of random
cleavage products (25), it is difficult to determine whether the
enzymatic activity ismodulated by the other components of the
crude enzyme preparation.
The identification and cloning of BCO1 (5, 26) paved theway

for the production and purification of recombinant BCO1. Two
studies have used purified recombinant BCO1 preparations to
study substrate specificity and, for themost part, agree with the
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suggestion of previous studies that BCO1 only cleaves carote-
noids with at least one unsubstituted �-ionone ring (1, 7). Spe-
cifically, both studies showed that purified recombinant BCO1
does not cleave lycopene. Yan et al. (27) using extracts from Sf9
cells expressing recombinant human BCO1, also report that
lycopene is not a substrate. These studies are in contrast with
the study of Redmond et al., who observed that expression of
murine BCO1 in lycopene-accumulating Escherichia coli
results in bleaching of the red lycopene pigment, indicating
cleavage of lycopene (4). Kim andOh (7) also showed that puri-
fied recombinant chicken BCO1 cleaves �-apo-8�-carotenal
but not �-apo-12�-carotenal, suggesting that BCO1 will not
cleave the shorter �-apo-14�-carotenal.

In this work, we investigated the activity of purified recom-
binant human BCO1 with major dietary carotenoids and
�-apocarotenals. We show that purified recombinant human
BCO1 catalyzes the cleavage of lycopene to produce acycloreti-
nal (apo-15-lycopenal) and �-apocarotenals as short as �-apo-
14�-carotenal to produce retinal. We also find that it does not
catalyze the cleavage of 9-cis-�-carotene.

EXPERIMENTAL PROCEDURES

Carotenoids and Retinoids

�-Carotene (�97%), all-trans-retinal (�98%), 9-cis-retinal
(�95%), 13-cis-retinal (�85%), �-carotene (�95%), �-cryptox-
anthin (�97%), zeaxanthin (�95%), lutein (�90%), and �-apo-
8�-carotenal (�96%) were purchased from Sigma-Aldrich. The
lycopene standard (92% all-trans, 6% 5-cis, 2% other isomers)
was a gift from Dr. Steven J. Schwartz of The Ohio State Uni-
versity. �-Apo-10�-carotenal, �-apo-12�-carotenal, and �-apo-
14�-carotenal were synthesized according to published meth-
ods (28). The synthesis of acycloretinal (apo-15-lycopenal) used
similar methods and will be reported in a future publication.
The structures of synthesized substrates and standards were
confirmed by mass spectrometry, ultraviolet-visible spectro-
photometry, and nuclear magnetic resonance spectroscopy,
and purity (�95%) was further assessed by HPLC analysis. All
experiments involving carotenoids and retinoids were done
under amber lights.

Isolation of 9-cis-�-Carotene from Betatene�

Betatene� is a supplement of carotenoids extracted from the
alga Dunaliella salina that is known to have relatively high
amounts of 9-cis-�-carotene (29). Five capsules of Betatene�
(Swanson Vitamins) were sliced open under methanol, and the
resulting slurry of carotenoids was transferred to a conical glass
centrifuge tube. The mixture was centrifuged, and the residue
was washed three times with 5 ml of ethanol per wash. The
residue was transferred to a separatory funnel with 1:1 (v/v)
hexane-methanol. The volume of themixturewas then brought
up to �100 ml of 1:1 (v/v) hexane-methanol, and 5 ml of water
was added, producing two phases. The hexane layer was evap-
orated under argon, and the residuewas dissolved in 75:25 (v/v)
methanol-methyl t-butyl ether. The sample was separated
using HPLC method C described below. The 9-cis-�-carotene
fraction was collected, evaporated under argon, and stored at
�80 °C until used. The product is �95% pure by HPLC.

Expression and Purification of Recombinant Human BCO1

A pET-28b plasmid vector containing the cDNA of human
BCO1 with a C-terminal hexahistidine tag was a gift from Dr.
WilliamBlaner of ColumbiaUniversity. The plasmidwas trans-
formed into E. coli BL21-Gold(DE3) (Stratagene) according to
the manufacturer’s instructions. The transformed bacterial
cells were grown in LB broth (Sigma-Aldrich) to an A600 of
0.5–0.7 at 30 °C, and expression of the recombinant protein
was induced by adding isopropyl �-D-1-thiogalactopyranoside
(Gold Biotechnology) to a final concentration of 0.1 mM. Five
liters of culture were grown for 24 h, and the cells were har-
vested by centrifugation. The cell pastes were frozen at �80 °C
and thawed prior to lysis. The cells were lysed by gentle stirring
with lysis buffer (50 mM phosphate, 50 mM NaCl, 10% (v/v)
glycerol, 1% (v/v) Triton X-100, 1 mM �-mercaptoethanol, 2.5
mM imidazole, 10 mg/ml chicken egg white lysozyme (Sigma),
0.1 �l/ml benzonase nuclease HC (Novagen), 1 mM phenyl-
methanesulfonylfluoride, and 1 tablet of EDTA-free protease
inhibitor mixture (Roche Diagnostics)/50 ml), using 5 ml of
lysis buffer per gram of wet cell paste. The lysis was conducted
in ice for 1 h. The lysate was centrifuged at 15,600 � g for 25
min, and the supernatant was filtered through a 0.22-�m
syringe-driven filter. The NaCl concentration of the filtered
supernatant was brought up to 300 mM using salt adjustment
buffer (50 mM phosphate, 2,500 mM NaCl, 10% (v/v) glycerol,
1% (v/v) Triton X-100, 1 mM �-mercaptoethanol, 2.5 mM imid-
azole) and stirred with 0.5 ml of HisPur resin (Pierce) that has
been previously washed with equilibration buffer (50mM phos-
phate, 300 mMNaCl, 10% (v/v) glycerol, 1% (v/v) Triton X-100,
1 mM �-mercaptoethanol, 2.5 mM imidazole) for 1 h in an ice
bath. The resin was harvested by centrifugation at 700� g for 2
min and transferred to a gravity column. The resin was then
eluted with the following solutions, which were prepared by
combining the calculated amounts of equilibration buffer (2.5
mM imidazole) and elution buffer (same composition as equil-
ibration buffer except for 150 mM imidazole): 4 ml of 2.5 mM

imidazole (equilibration buffer), 1.5 ml of 10 mM imidazole, 1
ml each of 30, 60, 90, 120, and 150 mM imidazole (elution
buffer). The fractions with pure protein were transferred into
the final storage buffer (50 mM phosphate, 50 mM NaCl, 10%
(v/v) glycerol, 1% (v/v) TritonX-100, 1mM �-mercaptoethanol)
using a PD-10 desalting column (GE Healthcare). SDS-PAGE
was used to assess the purity of the protein throughout the
purification process. The concentration of the protein solution
was measured using the reducing agent-compatible bicin-
choninic acid protein assay kit (Pierce). The protein was stored
at �80 °C until used.

In Vitro BCO1 Activity Assay

The in vitro BCO1 enzyme assay was based on themethod of
During et al. (13) with the following exceptions. First, 500 �l of
1:1 (v/v) acetonitrile-isopropyl alcohol (instead of acetonitrile
alone) was added after quenching the reaction with formalde-
hyde. Second, the resulting mixture was filtered through a
0.22-�m syringe filter instead of centrifugation to remove the
insoluble particles. Third, only 100 �l of the sample, instead of
200 �l as in the original method, was injected into the HPLC.
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Five hundred ng of purified recombinant BCO1 are used per
reaction, and the reaction time is 15min, unless otherwise indi-
cated. Standard curves were generated by dissolving various
amounts of standard compounds (retinal or apo-15-lycopenal)
in a solution of 200:0.3:50:250:250 (v/v/v/v) water, Tween 40,
37% formaldehyde acetonitrile, isopropyl alcohol, which has
the same ratio of solvents as the samples obtained from the
reaction mixtures.
The assay is sensitive to Triton X-100 concentration. We

have found the optimum enzyme activity at 0.1% (v/v) Triton
X-100, and all assays are carried out at this constant concentra-
tion of Triton X-100.

Analytical HPLC Methods

Method A—The reaction products were analyzed using an
Agilent 1200 Series HPLC system and a Zorbax Eclipse XDB-C18
LC column (4.6 � 50 mm, 1.8 �m, Agilent) with a Zorbax
EclipseXDB-C18 guard column (4.6� 12.5mm, 5�m,Agilent)
or a Nova-Pak C18 reverse-phase analytical column (3.9 � 150
mm, 4 �m,Waters) with a Nova-Pak C18 guard column (3.9 �
20 mm, 4 �m, Waters). The column thermostat was set to
35 °C, and the flow rate was 1 ml/min. The following elution
profile was used with 75:25 (v/v) acetonitrile and water with
0.1% NH4CH3COO (solvent A) and 72:18:10 (v/v) isopropyl
alcohol and acetonitrile water with 0.1% NH4CH3COO (sol-
vent B): gradient from 100% solvent A-100% solvent B over 10
min, 100% solvent B for 10 min, gradient from 100 solvent
B-100% solvent A over 6 s, and 100% solvent A for 4 min. Elu-
tion was monitored at 380, 414, and 453 nm.
Method B—Retinal isomers were separated on a YMCCarot-

enoid S-3 column (4.6� 250mm, 3 �m). The following elution
profile was used with water (solvent A) and 75:25 (v/v) acetoni-
trile, methyl tert-butyl ether (solvent B): 55% B for the first 5
min, followed by a gradient from 55% to 62.5% B over 25 min.
The flow rate used was 1 ml/min, and the column thermostat
was set to 35 °C. Elution was monitored at 380 nm.
MethodC—�-Carotene isomerswere analyzed using aYMC-

carotenoid S-3 column (4.6 � 250 mm, 3 �m), with 75:25 (v/v)
methanol-methyl t-butyl ether as mobile phase, a flow rate of
1.4ml/min, and a column temperature of 35 °C. This was based
on the HPLC method of Maeda et al. (31). Elution was moni-
tored at 450 nm.
Method D—For multiple reaction monitoring analysis, the

BCO1-lycopene reaction mixture was separated by an Agilent
1200 SL HPLC system (Agilent Technologies) using a YMC
C30 column with dimensions 150 mm � 4.6 mm, 5 �m
(Waters). The flow rate was 1.3 ml/min, and the column tem-
perature was 35 °C. The composition of solvents was as follows:
A � 80:20, methanol/water with 0.04% (w/v) ammonium ace-
tate; B � 78:20:2 methanol-methyl t-butyl ether/methanol/
water with 0.04% (w/v) ammonium acetate. A linear eluting
gradient was applied as follows: 0–35.6% B for over 9 min,
35.6–100%B over 6.5min, isocratic 100% B for 2.5min, 100% B
to 100% A over 0.1 min, and re-equilibrated for 3.4 min.
HPLC-MS/MS Method for Confirmation of Acycloretinal

Produced from the Reaction of BCO1 and Lycopene—The
BCO1-lycopene reaction mixture was separated using the
HPLC method D described in the previous section. The HPLC

was interfaced with a QTrap 5500 mass spectrometer (ABSciex),
operated as a triple quadrupole, using an atmospheric pressure
chemical ionization source in positive ion mode. Additional
settingswere as follows: nebulizer current, 5�A; nebulizer tem-
perature, 500 °C; declustering potential, 80 V. MS/MS transi-
tions were optimized for acycloretinal using authentic standard
prepared by organic synthesis. The multiple reaction monitor-
ing sequence included transitionsm/z 285 � 69, 119, 135, and
161 using collision energies of 28, 15, 15, and 14 eV,
respectively.
Kinetic Data—Data from plots of reaction velocity versus

substrate concentration were fit to the Michaelis-Menten
equation using GraphPad Prism (version 4).

RESULTS

Expression and Purification of Recombinant Human BCO1—
The pET-28b-human BCO1 plasmid was sequenced to verify
the alignment with the sequence reported in PubMed (acces-
sion no. NM_017429.2, corresponding to a 547-amino acid
peptide). The clone has an additional eight amino acids at the C
terminus corresponding to the hexahistidine tag. The theoret-
ical mass of the protein including the hexahistidine tag is
63,702 Da.
The protein tends to form inclusion bodies under conditions

that favor high rate of expression (high isopropyl 1-thio-�-D-
galactopyranoside and high growth temperature). Five liters of
culture grown under the conditions described above yields 2–3
mg of purified protein. Sample purification gels are shown in
Fig. 1. The enzyme is soluble in detergent-free phosphate
buffer. However, we found greater activity if detergent is main-
tained through purification and storage. The average specific
activity of our enzyme preparation is 132.1 � 23.8 (mean �
S.D., n � 5) nmol retinal/mg BCO1/h, measured using 20 �M

�-carotene and 500 ng of BCO1 per reaction. Our BCO1 prep-
aration is active even without the addition of Fe2�, and all
enzyme incubations are performed without addition of the
latter.
The kinetic data for �-carotene is shown in Fig. 2. The pro-

duction of retinal is linear up to 15 min and 500 ng of enzyme/
200 �l reaction (Fig. 2, A and B).

FIGURE 1. Purification of recombinant human BCO1 using cobalt affinity
column chromatography. The SDS-PAGE gel on the left shows the elution of
recombinant His-tagged human BCO1 (theoretical molecular mass � 63,702
Da) from the cobalt column by increasing concentrations of imidazole. Only
the fractions that show a single band were combined and desalted into the
final storage buffer (lanes 5– 8). The SDS-PAGE gel on the right shows the
combined fractions and the protein obtained after desalting.
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Purified Recombinant Human BCO1 Cleaves �-Carotene
Solely at the Central Bond—We found trace amounts of �-apo-
carotenals in the �-carotene-BCO1 reactionmixtures.We first
conducted experiments to see whether BCO1 catalyzed cleav-
age of �-carotene at positions other than the 15–15� bond.
However, there was no evidence of enzyme-dependent forma-
tion of these�-apocarotenals (Fig. 3). Even at the higher protein
concentrations tested when making the BCO1 protein curve
(Fig. 2B), there was still no evidence that �-apocarotenals are
formed enzymatically. Thus, BCO1 cleaves solely at the central
15–15� bond.
Purified Recombinant BCO1 Cleaves �-Apocarotenals to

Yield Retinal and Lycopene to Yield Acycloretinal—Six major
dietary carotenoids (�-carotene, lycopene, �-carotene, �-cryp-
toxanthin, zeaxanthin, and lutein) as well as �-apocarotenals
(�-apo-8�-carotenal, �-apo-10�-carotenal, �-apo-12�-carote-
nal, and �-apo-14�-carotenal) were tested for activity with
BCO1, comparing peak areas from 15-min reactions with time
zero, boiled enzyme, and no enzyme controls. We detected
enzymatic cleavage activity with all of the test substrates except
for zeaxanthin and lutein. For the asymmetrical provitamin A
carotenoids �-carotene and �-cryptoxanthin, two product
peaks were detected, one corresponding to all-trans-retinal,
and the other corresponding to the non-retinal half of the mol-
ecule. However, we only quantified the amount of all-trans-
retinal produced in the reaction. For lycopene, acycloretinal
was detected as product (Fig. 4), and synthetic acycloretinal was
used to generate standard curves for quantification.
Time courses were run for all other substrates using a 500 ng

of BCO1/200 �l reaction, and the production of retinal (or acy-

loretinal in the case of lycopene) was linear within the first
15–25 min (data not shown). The dependence of reaction
velocity on substrate concentration is shown in Figs. 2C, 5, and
6. The carotenoids and �-apocarotenals vary in solubility, and
this affects the range of concentrations that can be tested.
The kinetic data for all substrates were tested, and their val-

ues relative to �-carotene are shown in Fig. 7. With the excep-
tion of �-apo-8�-carotenal, the substrate curves for the �-apo-
carotenals do not fit well with the Michaelis-Menten equation
(Fig. 6).
The kinetic data with the full-length carotenoids suggest that

a �-ionone ring conjugated to the rest of the polyene chain is
essential for activity. Hydroxylation of the ring (as in �-cryp-
toxanthin) or loss of conjugation between the ring and the rest
of the polyene chain (as in �-carotene) result in a decrease in
catalytic activity. Hydroxylation of both rings (as in zeaxanthin
and lutein) results in a loss of activity. Surprisingly, lycopene is
cleaved by BCO1 at a catalytic efficiency similar to �-carotene.
Although the Vmax of lycopene is low, the Km is also low, thus
resulting in a relatively high kcat/Km value.
Purified Recombinant Human BCO1 Does Not Cleave 9-cis-

�-Carotene—Fig. 8, A–C, shows the chromatograms for the
Betatene� hexane extract, all-trans-�-carotene standard, and
the purified 9-cis-�-carotene. We incubated 9-cis-�-carotene
(20 �M) with BCO1 under standard conditions (500 ng/200 �l
reaction, 15 min reaction time) but did not detect any differ-
ence between the amount of retinals in the 15-min reaction and
time zero control (data not shown). We then incubated 9-cis-
�-carotene (15 �M) with 2500 ng of BCO1 and 60 min of reac-
tion time (Fig. 8D). There were trace amounts of 9-cis and all-

FIGURE 2. Kinetic data for purified recombinant BCO1 with �-carotene at 37 °C. Each data point represents the difference between the average of
duplicate measurements at a given reaction time and the average of duplicate time zero controls. A, time course using 5 �M �-carotene incubated with 250 ng
of BCO1. B, protein curve using 20 �M �-carotene and 15 min of reaction time. C, plot of reaction velocity as a function of �-carotene concentration using 500
ng of BCO1/200 �l reaction and 15 min of reaction time. The red trace is the best-fitting Michaelis-Menten curve generated by GraphPad Prism (version 4). Three
independent substrate-velocity plots were generated to calculate the average kinetic parameters stated in Fig. 7.
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trans-retinal detected in the reaction mixture, but their
amounts are the same as those detected in the controls (time
zero, no enzyme, heat-denatured enzyme). Incubation of all-
trans-�-carotene under the same conditions yields a significant
amount of retinal compared with the same controls (Fig. 8E).
Thus, purified recombinant human BCO1 does not cleave
9-cis-�-carotene.

DISCUSSION

Eccentric cleavage products of �-carotene (�-apocarote-
noids) have been detected in foods such as melons (32) and
peppers (33) and in human plasma (34). They have also been
shown to have an effect on cell differentiation and proliferation
(35, 36) and to modulate the activity of nuclear receptors (28,

37, 38). Thus, there is great interest in their origins and metab-
olism. Carotenoids are susceptible to non-enzymatic oxidation
that yields �-apocarotenoids, but the assay system that we
adapted from During et al. (13) has two features to avoid this.
First, an antioxidant, �-tocopherol, is used, and this has been
shown to reduce the occurrence of eccentric cleavage products
in incubations of�-carotenewith tissue homogenates (25). Sec-
ond, the assay is much shorter because there is no liquid-liquid
extraction of reaction products, evaporation of solvent, and
reconstitution with an organic solvent. A mixture of acetoni-
trile and isopropyl alcohol is added to the aqueous reaction
mixture, and the resulting solution is filtered and injected into
the HPLC. This makes processing even faster than the original
method, which calls for centrifugation for 10min after addition
of organic solvent. Filtration ismade easier because of themuch
lower amounts of purified enzymeused (250–2500ng) compared
with the amounts of protein used in tissue homogenate incuba-
tions (0.5–1 mg) (13, 21). Our HPLC method was also able to
separate the four �-apocarotenals that could be potentially pro-
duced by eccentric cleavage (Fig. 3). Thus, we easily identified the
peaks in our chromatograms, compared the amounts present in
the reaction mixture with three controls (time zero, no enzyme,
and heat-denatured enzyme), and determined that purified
recombinant human BCO1 does not produce �-apocarotenals,
even with increased enzyme concentrations.
We also show that the �-apocarotenals of 22 carbons or

greater are substrates for BCO1. The �-apocarotenals aremore
water-soluble than full-length carotenoids, which is why we
were able to test higher concentrations for constructing sub-
strate-reaction velocity curves. However, we did not determine
the loading capacity of the Tween 40micelles used in the assay.
It is possible that at higher concentrations, some of the �-apo-
carotenal substrate molecules are in micelles, whereas the oth-
ers are dissolved in water and thus introduces variability in the
way the substrate is presented to the enzyme. This could
explain why the substrate-reaction velocity curves for �-apoc-
arotenals 27 carbons or shorter do not fit well with theMichae-
lis-Menten equation (Fig. 6).
The experiments reported here show that purified recombi-

nant human BCO1 does not cleave 9-cis-�-carotene. Again, the
shorter processing time of our assay and use of amber lights
minimized non-enzymatic isomerization, and the use of puri-
fied protein and three controls make the interpretation of
results straightforward. We expected some activity based on
previous studies where 9-cis-�-carotene was incubated with
supernatants of rat liver and intestine homogenates (21) and
the extract from E. coli expressing recombinant murine BCO1
(31). Also, the incubation of 9-cis-�-carotene with the post-
nuclear fraction fromhuman intestinalmucosawas reported to
yield 9-cis-retinoic acid, suggesting that 9-cis-�-carotene was
cleaved, producing 9-cis-retinal, whichwas then oxidized to the
acid (22). It is possible that because we are using purified
enzyme, we are missing cofactors/coenzymes present in crude
enzyme preparations, and we cannot discount the possibility
that BCO1 might still cleave 9-cis-�-carotene in vivo. On the
other hand, results with tissue homogenates should also be
interpreted with caution, as the substrate might be acted on by
enzymes other than BCO1.

FIGURE 3. Purified recombinant BCO1 cleaves �-carotene solely at the
central 15–15� bond. A, chromatograms from the reaction mixture of �-car-
otene (20 �M) and BCO1 (500 ng/200 �l reaction) at 37 °C. Blue trace, 15 min
reaction; red trace, time zero control. The product peak has the same reten-
tion time and UV-visible spectrum as standard all-trans-retinal. The following
chromatograms are for standards all-trans-retinal (B), �-apo-14�-carotenal (C),
�-apo-12�-carotenal (D), �-apo-10�-carotenal (E), and �-apo-8�-carotenal (F).
Chromatography was performed using Zorbax Eclipse XDB-C18 LC-Column
(4.6 � 50 mm, 1.8 �m, Agilent) and HPLC method A as described under
“Experimental Procedures.” Signal was monitored at 380 nm.
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It has been reported that intraperitoneal administration of
9-cis-�-carotene does not increase the amount of 9-cis-reti-
noids measured in the eyes and livers ofWT and BCO1 knock-
out mice (31). Several human studies have shown that oral

9-cis-�-carotene is absorbed poorly or not at all (19, 29, 39, 40).
These studies suggest that 9-cis-�-carotene is poorly metabo-
lized by humans, and our results are consistent with this pic-
ture. This calls into question the value of supplementation with

FIGURE 4. A, sample chromatograms for reaction mixtures of BCO1 (200-�l reaction) with lycopene (2.2 �M) at 37 °C. The chromatograms shown are for the
reactions with 2500 ng of BCO1 at 15 min (blue), 500 ng of BCO1 at 15 min (violet), 500 ng of BCO1 at time zero (red), no enzyme at 15 min (orange) and 500 ng
of heat-denatured BCO1 at 15 min (green). B, chromatogram for acycloretinal standard. Chromatography was performed using Zorbax Eclipse XDB-C18 LC
column (4.6 � 50 mm, 1.8 �m, Agilent) and HPLC method A as described under “Experimental Procedures.” Signal was monitored at 380 nm. The acycloretinal
product of the reaction of lycopene and BCO1 was confirmed by multiple reaction monitoring (MRM). Multiple reaction monitoring chromatograms are shown
for the reaction of 2.2 �M lycopene with 2500 ng of BCO1/200 �l at 15 min and 37 °C (C) and the acycloretinal standard (D). The chromatography was performed
using HPLC method D, and MS/MS conditions are as described under “Experimental Procedures.” Four transitions were monitored: m/z 285 � 69 (blue), 119
(red), and 135 (green), and 161 (gray). The matching retention times and relative intensities of the transitions confirm the identity of the product as acycloretinal.
mAU, milli-absorbance units; cps, counts/s.

FIGURE 5. Substrate-velocity plots for other substrates that display Michaelis-Menten behavior. The reactions were performed using 500 ng of BCO1/200
�l reaction and 15 min of reaction time at 37 °C. Each data point represents the difference between the average of duplicate measurements at a given reaction
time and the average of duplicate time zero controls. The red traces are the best-fitting Michaelis-Menten curves generated by GraphPad Prism (version 4).
Three independent substrate-velocity plots were generated to calculate the kinetic parameters stated in Fig. 7.
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Betatene� or other similarDunaliella extracts, especially in the
context of vitamin A supplementation. Furthermore, the inac-
tivity of 9-cis-�-carotene with human BCO1 also suggests that
the increase of cis isomers of�-carotene during food processing
decreases its provitamin A value.
The discovery of 9-cis-retinoic acid as a ligand for retinoid X

receptors (41, 42) has, of course, led to the question of its bio-
synthesis. The central cleavage of 9-cis-�-carotene to produce
9-cis-retinal and subsequent oxidation to 9-cis-retinoic acid has
been proposed as a possible mechanism (43). However, our
results argue against this, and it is more likely that the all-trans-
retinoic acid/retinol that originated from all-trans-�-carotene

is isomerized to the 9-cis form. It has been reported that all-
trans-retinoic acid can be isomerized to 9-cis-retinoic acid by
thiolate radicals (44, 45). Another study suggests that an
isomerase converts all-trans-retinol to 9-cis-retinol (46).

Our results with the major dietary carotenoids are largely in
agreement with other in vitro studies that used recombinant
BCO1, with the notable exceptions of our detection of activity
with lycopene and �-apocarotenoids shorter than �-apo-10�-
carotenal (1, 7). During our initial attempts to generate a lyco-
pene substrate curve, we used the same concentration range as
�-carotene (2.5–20 �M). We observed the highest activity for
the lowest substrate concentration, and above 10 �M, the sub-
strate solutions were cloudy, meaning lycopene was not suc-
cessfullymicellarized. Thus, we decided to expand the low con-
centration range from 0.3–2.5 �M, and generated a substrate
curve that showsmaximum activity at 2.2 �M. It is possible that
other in vitro studies were not able to detect activity with lyco-
pene because they used relatively high concentrations that
favored precipitation. We also found that exposure of the sub-
strate solution to low temperatures at any point during the sub-
strate preparation leads to a cloudy mixture. Examples of such
conditions include evaporative cooling during removal of the
organic solvent, and storage of the substrate solution in ice.
Thus, in order to maximize activity as well as minimize non-
enzymatic isomerization and oxidation, the substrate should be
prepared just before use and be kept no lower than room tem-
perature (�22 °C) until used.

FIGURE 6. Substrate-velocity plots for �-apocarotenals. The reactions
were performed using 500 ng of BCO1/200 �l reaction and 15 min of reaction
time at 37 °C. Each data point represents the average of three independent
experiments. Only �-apo-8�-carotenal displays Michaelis-Menten kinetics
(shown in Fig. 5) in the assay conditions used.

FIGURE 7. Kinetic data for purified recombinant BCO1 and various carotenoids and apocarotenals. Results are calculated from three independent
experiments. The Vmax and Km values shown are the means � S.D.
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The cleavage of lycopene to produce acycloretinal suggests
that it is possible to obtain acycloretinol and/or acycloretinoic
acid in vivo. Acycloretinoic acid has been shown to induce apo-
ptosis in human prostate cancer cell lines (47), activate the
DR-5 retinoic acid response element in MCF-7 cells (Michigan
Cancer Foundation-7 (a human mammary cancer cell line)
(48), and stimulate gap junction communication (49).However,
these studies show that supraphysiological concentrations are
necessary for activity (47) or that acycloretinoic acid is less
effective than retinoic acid (48) or lycopene (49).
However, acycloretinal and its alcohol and acid forms have

not been detected in vivo (50–53). It is possible that very small
amounts of acycloretinal are generated in vivo because of the
low solubility of lycopene, an echo of our experience with the in
vitro assays. Furthermore, the substrate that we used is 92%
all-trans-lycopene, whereas a significant proportion (25–70%)
of the lycopene in human body fluids and tissues are various cis
isomers (54). Human BCO1 might cleave these cis isomers less
efficiently or not at all.
Our results with lycopene show that the presence of an

unmodified �-ionone ring is not crucial for activity with BCO1.
For �-carotene and lycopene, there is a conjugated system
starting from the 5-carbon to the 5�-carbon. In �-carotene,
which is cleaved less efficiently than �-carotene and lycopene,
the conjugated system is disrupted. Apparently, it is the struc-
ture of the conjugated system rather than the ring itself that is
important for activity of BCO1 with the molecule. As of the
time of writing, there is no crystal structure available for BCO1.
There is only one structure of a retinal-forming carotenoid oxy-

genase known, that from the cyanobacterium Synechocystis sp.
PCC 6803 (55). In this structure, the pocket where the carote-
noid is held is lined with numerous nonpolar residues, mainly
with aromatic side chains. It is thus possible that the conjugated
system in the carotenoid forms�-� interactionswith these side
chains, and an alteration of the conjugated system, as in �-car-
otene, interferes with the binding. This is supported by the
higher Km observed for �-carotene. Also, the �-ionone ring is
free to rotate about the 6–7bond, unlike the�-ionone ring. The
loss of the planarity in this part of the molecule may also con-
tribute to the lower binding observed.Hydroxylation of the ring
significantly also affects the activity of BCO1with themolecule,
as shownby the lower activitywith�-cryptoxanthin, and lack of
activity with zeaxanthin and lutein. This might be due to unfa-
vorable interaction of the hydroxyl group with the nonpolar
residues in the substrate binding pocket.
As shown by this work and earlier studies, �-carotene is still

the most effective provitamin A carotenoid in the context of
BCO1 cleavage. However, there are other factors that will affect
the effectiveness of provitamin A carotenoid to be converted
into vitamin A in vivo. The molecular structure is only one of
the many factors that influence the bioavailability and biocon-
version of carotenoids (30, 56). Nevertheless, an in vitro sub-
strate specificity study using purified enzyme is an important
component of interpreting what is observed in vivo.
In summary, human BCO1 is, with the notable exception of

its ability to cleave lycopene, mostly a provitamin A carotenoid
oxygenase. It catalyzes the oxidative cleavage of major dietary
provitamin A carotenoids and �-apocarotenals solely at the

FIGURE 8. Purified recombinant human BCO1 does not cleave 9-cis-�-carotene. Chromatograms for Betatene� extract obtained from liquid-liquid extrac-
tion with the �-carotene isomer peaks indicated (A), all-trans-�-carotene standard (B), 9-cis-�-carotene obtained using HPLC method C as described under
“Experimental Procedures” (C). Signal was monitored at 450 nm. The test carotenoids (15 �M) were incubated with 2500 ng of purified recombinant human
BCO1 for 1 h and analyzed using HPLC method B as described under “Experimental Procedures.” No enzyme-dependent production of retinal was observed for
9-cis-�-carotene (D), in contrast to all-trans-�-carotene (E).
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15–15� bond to produce retinal. Lutein and zeaxanthin, which
will not yield retinal with central cleavage, do not react with
BCO1. BCO1 does not catalyze the cleavage of 9-cis-�-caro-
tene. The production of acycloretinal from lycopene by BCO1
is contrary to the majority of previous reports. This warrants a
fresh look at acycloretinal and its alcohol and acid forms as
metabolites of lycopene in future studies.
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