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Abstract Retinal, a precursor of vitamin A, has been used in
foods, cosmetics, pharmaceuticals, nutraceuticals, and ani-
mal feed additives. Carotenoid 15,15'-oxygenases, including
[3-carotene 15,15'-oxygenases from mammalians, chickens,
fruit flies, zebrafishes, the uncultured marine bacterium, and
the fungus Fusarium fujikuroi, and apo-carotenoid 15,15'-
oxygenases from cyanobacteria produce retinal from car-
otenoids. In this article, the biochemical properties, reaction
mechanism, and substrate specificity of carotenoid oxy-
genases are reviewed, along with a description of the
enzymatic biotransformation of carotenoids to retinal.
Retinal producing methods using metabolically engineered
cells and uncharacterized proteins are suggested.

Keywords Retinal - Carotenoid 15,15" oxygenase -
Biotransformation - Retinal producing enzyme - Enzyme
characterization - 3-Carotene

Introduction

The retinoids are a class of compounds that includes retinal,
retinol, and retinoic acid. Retinal is the aldehyde form of
vitamin A, retinol is the alcohol form of vitamin A, and
retinoic acid is the oxidized form of vitamin A. Retinal, a
precursor of retinol, is a necessary structural component of
the light-sensitive pigment, rhodopsin, which is found
within the rod and cone cells of the retina (Bates 1995);
retinal is known to be crucially important for development,
cell differentiation, cancer prevention, and membrane and
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skin protection (De Luca 1991; Fisher and Voorhees 1996;
Semba 1999). Animals cannot synthesize retinoids de novo.
Thus, animals generate retinoids from [3-carotene obtained
from plants or photosynthetic organisms, via the use of
retinoid producing enzymes. Retinoids and their derivatives
have been utilized in foods, cosmetics, pharmaceuticals,
nutraceuticals, and animal feed additives, owing primarily
to their anti-infective, anti-cancer, anti-oxidant, and anti-
wrinkle functions (De Luca 1991; Fisher and Voorhees
1996; Semba 1999).

Commerecial retinal production is currently conducted via
chemical synthesis through the acid or base reduction of a
pentadiene derivative followed by the acidification/hydrolysis
of the isomeric mixture to generate retinol (Mercier and
Chabardes 1994). However, this chemical process has some
disadvantages, including complex purification steps, the
formation of chemical wastes, and the formation of
undesired by-products. Thus, the biological manufacture of
retinal from carotenoids using carotenoid 15,15"-oxygenase
(CO), has been the focus of intensive study in recent years.

Carotenoids, as substrates of CO, are naturally occurring
pigments in plants and microorganisms and exist in their
hydrocarbon forms as carotenes, including lycopene, o-
carotene, and [-carotene, as well as in oxygenated
derivative forms as xanthophylls, including lutein, o-
cryptoxanthin, zeaxanthin, canthaxanthin, and astaxanthin.
Apo-carotenoids consist of apo-carotenals, apo-carotenols,
and apo-lycopenal (Scherzinger et al. 2006). Carotenoids
and apo-carotenoids are converted to retinal by (3-carotene
15,15'-dioxygenase (BCDO), (-carotene 15,15'-monooxy-
genase (BCMO), and apo-carotenoid 15,15'-oxygenase
(ACO), and their chemical structures with the cleavage site
are provided in Table 1.

The principal objective of this work is to elucidate the
enzymatic production of retinal using CO. The biochemical
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Table 1 Carotenoids as substrates for the production of retinal by CO

Carotenoid Chemical structure Enzyme source

o-Carotene W BCDO from marine bacterium, BCMO from rat and chicken

B Carotene &*ALA“T:Q ?’ilzguf:;:ﬂzj)i?e bacterium, BCMO from human, mouse, chicken, rat, rabbit, guinea pig, fruit fly, and
v-Carotene C(‘MW‘("Y"YVY BCDO from marine bacterium, BCMO from chicken and Fusarium Fujikuroi

B-Cryptoxanthin C(‘J"" J"“"Y‘"‘l");gﬂ BCDO from marine bacterium, BCMO from rat, human, and chicken

B-Apo-4’-carotenal C(‘)“ANY"Y"Y‘ BCDO from marine bacterium and chicken, ACO from Synechocystis sp.

B-Apo-8’-carotenal M BCMO from rat, chicken, and Fusarium Fujikuroi, ACO from Nostoc sp. and Synechocystis sp.
B-Apo-10-carotenal Ej:‘*’vk"’\"’\ BCMO from rat, ACO from Nostoc sp. and Synechocystis sp.

B-Apo-12’-carotenal W ACO from Synechocystis sp.

f3-Apo-4’-carotenol TEAr A ACO from Synechocystis sp.

B-Apo-8’-carotenol @\vawm ACO from Nostoc sp. and Synechocystis sp.

B-Apo-10’-carotenol VL,'L”]""J"‘""T“’“‘ ACO from Synechocystis sp.

B-Apo-12’-carotenol W"Y\- ACO from Synechocystis sp.

/ cleavage of carotenoid, CO carotenoid 15,15"-oxygenase, BCDO [3-carotene 15,15'-dioxygenase, BCMO [-carotene 15,15'-monooxygenase,

ACO apo-carotenoid 15,15"-oxygenase

properties, reaction mechanism, and substrate specificity of
retinal producing CO are reviewed. The biotransformation
of carotenoids to retinal by COs derived from various
sources and the enhanced retinal production resulting from
the optimization of detergent micelles of carotenoids under
aqueous conditions are introduced in this study. Moreover,
the production of retinal by metabolically engineered cells
and uncharacterized proteins, which have been proposed as
retinal producing BCDOs such as bacterioopsin-related
protein (Brp) and bacterioopsin-related protein-like homo-
log protein (Blh), is also discussed.

Retinal producing enzymes

The retinal producing enzyme, CO, which cleaves carotenoids
into retinal, includes 3-carotene 15,15-oxygenase (BCO) and
ACO. CO is classified into BCDO, BCMO, and apo-
carotenoid 15,15'-dioxygenase by the reaction mechanism.
BCOs catalyze the formation of retinal by the central
cleavage of 15,15" C—C double bond in 3-carotene (Nagao
and Olson 1994). Vertebrate BCMO, formally known as
BCDO, is an important enzyme in the vitamin A synthesis
pathway (von Lintig and Wyss 2001). This enzyme was
isolated from rats in the 1960s (Olson and Hayaishi 1965),
and its activity has been previously noted in the intestinal
mucosa (Lakshman et al. 1989), jejunum enterocytes, liver,
lung, kidney, and brain (During et al. 1996; van Vliet et al.
1996; Wyss et al. 2001) in vertebrata such as humans (Yan
et al. 2001; Lindqvist and Andersson 2002), mice (Paik et
al. 2001; Redmond et al. 2001; Boulanger et al. 2003;
Poliakov et al. 2005), chickens (Wyss et al. 2000), and rats
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(Grolier et al. 1997). Other BCOs have also been reported
in the fungus Fusarium fujikuroi (Prado-Cabrero et al.
2007), the fruit fly (von Lintig and Vogt 2000), and the
zebrafish (Lampert et al. 2003). Recently, BCDO (Blh
protein) from the uncultured marine bacterium has been
identified and characterized (Kim et al. 2009).

ACOs from cyanobacteria, such as Nostoc sp. PCC7120
(Scherzinger et al. 2006) and Synechocystis sp. PCC6803
(Ruch et al. 2005), cleave 15,15 C—C double bond in
[3-apo-8'-carotenal to form retinal.

Biochemical properties of CO

Vertebrata BCMOs and cyanobacteria ACOs exist as
tetramers composed of 54—60 kDa subunits (Lindqvist and
Andersson 2002; Ruch et al. 2005; Kim and Oh 2009),
whereas BCDO from the uncultured marine bacterium
exists as a dimer of 32 kDa subunits (Kim et al. 2009).
The calculated subunit molecular masses of BCO from F.
fujikuroi and the fruit fly are 78 and 70 kDa, respectively
(von Lintig and Vogt 2000; Prado-Cabrero et al. 2007).
The optimal pH values of BCOs are 8.0 for the
uncultured marine bacterium, humans, chickens, rabbits,
and F. fujikuroi, 7.7 for the rat, 8.5 for the guinea pig, and
9.0 for the mouse. The optimal temperature ranges of BCOs
from the uncultured marine bacterium and vertebrata are
37-40°C (Goodman et al. 1967; Fidge et al. 1969;
Lakshmanan et al. 1972; Singh and Cama 1974; Nagao et
al. 1996; Paik et al. 2001; Redmond et al. 2001; Poliakov et
al. 2005; Kim et al. 2007, 2009), whereas those from F.
fujikuroi and the fruit fly are 27-30°C (von Lintig and Vogt
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2000; Prado-Cabrero et al. 2007). The optimal pH and
temperature for ACOs are 6.8—7.0°C and 27°C, respectively
(Ruch et al. 2005; Scherzinger et al. 20006).

Fe”" is essential cofactor for CO family and is inhibited
by iron-chelating agents (Goodman et al. 1967; Lakshmanan
et al. 1972; Kim et al. 2009). According to the crystal
structure of Synechocystis sp. ACO, Fe*" is bound by four
histidine residues (His183, His238, His304, and His484) in
the active site (Kloer et al. 2005). These histidine residues
are absolutely conserved across all of COs including
BCMO, BCDO, ACO, and uncharacterized Blh and Brp
proteins, based on amino acid sequence alignment. Four
histidine residues (H172, H237, H308, and H514 in mouse
and human BCMOs and H21, H78, H188, and H192 in
BCDO from the uncultured marine bacterium) are deter-
mined as the iron binding residues by side-directed
mutagenesis, molecular modeling, and ICP-AES analysis
(Poliakov et al. 2005; Kim et al. 2009, 2010a).

Human BCMO exhibits above 70% amino acid sequence
identity to mouse, chicken, and rat BCMOs. Synechocystis
sp. ACO shows 57% and 28% amino acid sequence identity
to Nostoc sp. ACO and human BCMO, respectively. These
results suggest that BCMO is genetically related to ACO
with a low similarity. BCDO from the uncultured marine
bacterium exhibits no extensive homology with BCMO and
ACO, which is genetically different with other COs.
However, the metal-binding residues (four histidine resi-
dues) of BMDO, BCMO, and ACO are completely
conserved, which were involved in the catalytic center of
active pocket. Thus, the homology models of the active site
residues in human BCMO and BCDO from the uncultured

Fig. 1 Two different a

marine bacterium based on the determined structure of
Synechocystis sp. ACO have been used in docking studies
(Kim et al. 2009, 2010a).

Reaction mechanism of CO

The reaction mechanism for the conversion of 3-carotene to
retinal can be divided into mono- and dioxygenases on the
basis of oxygen provision (Fig. 1). The oxygen atom of the
product from the monooxygenase is provided by molecular
oxygen and water via an epoxide intermediate, whereas that
from the dioxygenase is provided by molecular oxygen rather
than from water via a dioxetane intermediate (Leuenberger et
al. 2001; Borowski et al. 2008). The reactions of vertebrata
BCOs follow the monooxygenase mechanism (Leuenberger
et al. 2001), whereas the reaction of BCO from the
uncultured marine bacterium follows the dioxygenase mech-
anism (Kim et al. 2009). Although BCO from the uncultured
marine bacterium and vertebrata BCMOs catalyze the same
biochemical reaction of [(3-carotene to retinal, the two
enzymes are unrelated; this conclusion is supported by
observed differences in the properties of these two enzymes,
including the DNA and amino acid sequences, molecular
masses, forms of association, reaction mechanisms, and
substrate specificities. The reactions of ACOs follow the
dioxygenase mechanism exploited in the cleavage of apo-
carotenoids (Kloer et al. 2005; Borowski et al. 2008).
Synechocystis sp. ACO contains Fe* —four His arrange-
ment at the axis of a seven-bladed beta-propeller chain fold
covered by a dome formed by six large loops (Fig. 2). Fe**
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Fig. 2 Structure of active
pocket in Synechocystis
sp. ACO

is accessible through a long nonpolar tunnel that holds the
substrate carotenoid (Kloer et al. 2005). In the reaction
mechanism of the dioxygenase, the active site exhibits
coordination of Fe** with four conserved histidine residues.
According to the cleaving mechanism of apo-carotenoid
oxygenase (Borowski et al. 2008), the O, molecule in the
active site of the dioxygenase binds to the coordination
shell of Fe*" in a side-on fashion. The side-on complex of
Fe—0O, then attacks and cleaves between the 15,15" C-C
atoms when bound to the dioxygenase. The three-
dimensional structure of BCMO has not been reported
yet, but four histidine residues in iron coordination are
absolutely conserved and its active sites are similar to
ACO-based sequence alignment and homology modeling.
Thus, the reaction mechanism of the monooxygenase seems
to be similar except the oxygen source for intermediate.

Substrate specificity of CO

The specificity for carotenoids as substrates of CO, which
produce retinal, is summarized in Table 1. Vertebrate
BCDO and BCMO from the uncultured marine bacterium
convert the 3-carotene substrate into two molecules of
retinal and convert some carotenoids and apo-carotenoids
such as «-carotene, y-carotene, [3-cryptoxanthin, and f3-
apo-4'-carotenal into one molecule of retinal (Lakshmanan
et al. 1968; Singh and Cama 1974; Kim et al. 2009; Kim
and Oh 2009). However, the enzymes show no activity for
[3-apo-12'-carotenal, lutein, zeaxanthin, and lycopene.
Vertebrate BCMO exhibits activity for (3-apo-8'-carotenal
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and (-apo-10'-carotenal (a C,; compound), whereas
BCDO from the uncultured marine bacterium exhibits no
such activity. The difference in the substrate specificity
between BCMO and BCDO does not be explained
because the structures of these enzymes have not been
determined.

[3-Carotene, «-carotene, y-carotene, [3-cryptoxanthin,
and (-apo-carotenals harbor one or two [3-ionone rings.
Zeaxanthin contains hydroxyl e-ionone and hydroxyl f3-
ionone rings, lutein contains two hydroxyl (3-ionone rings,
and lycopene contains no {3-ionone ring. The presence of
one unsubstituted {3-ionone ring in the substrate with a
molecular mass of greater than C,; for BCMO or C;5 for
BCDO is critically important for enzyme activity. The
substrate specificity of carotenoid oxygenase (CarX) from
F. fujikuroi is similar to vertebrate BCMO (Prado-Cabrero
et al. 2007). The enzyme exhibits activity for (3-carotene,
[3-apo-8'-carotenal, and <y-carotene, but no activity for
lycopene, thereby demonstrating that the presence of one
[3-ionone ring in the substrate is also required for enzyme
activity.

Apo-carotenoids are formed from carotenoids by carot-
enoid cleavage dioxygenases from Arabidopsis thaliana and
Nostoc sp. (Marasco et al. 2006; Schmidt et al. 2006). ACO
from Nostoc sp. converts apo-carotenoids, such as [3-apo-
8'-carotenal, [3-apo-10'-carotenal, and [(3-apo-8'-carotenol,
into one retinal molecule (Scherzinger et al. 2006). ACO
from Synechocystis sp. shows cleavage activity for (3-apo-4'-
carotenal, [(3-apo-8'-carotenal, [3-apo-10'-carotenal, (3-apo-
12'-carotenal, [(3-apo-8'-carotenol, and {3-apo-12'-carotenol
(Kloer et al. 2005; Ruch et al. 2005). However, both ACOs
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cannot cleave 3-carotene. The substrate specificity of ACO
from Synechocystis sp. is broader than that from Nostoc sp. It
was previously reported that the undetermined structure of
Nostoc sp. ACO did not allow explaining the two different
cleavage patterns (Scherzinger and Al-Babili 2008).

The kinetic parameters of carotenoid 15,15’-oxygenase
for carotenoids as substrates including «-carotene, [3-
carotene, y-carotene, (3-cryptoxanthin, (3-apo-4’-carotenal,
[3-apo-8'-carotenal, (3-apo-10'-carotenal, 3-apo-12’'-carotenal,
and (-apo-8'-carotenol are presented in Table 2. The
affinity and maximum velocity of BCO for {3-carotene are
the highest, thereby indicating that (3-carotene is an
authentic substrate for the enzyme. ACO exhibits the
highest affinity and maximum velocity for (-apo-8'-
carotenal among the tested 3-apo-carotenals and shows a
higher maximum velocity for (3-apo-8'-carotenol than for
[3-apo-8'-carotenal.

Table 2 Kinetic parameters of CO for carotenoids as substrates

Retinal production by CO

The reaction catalyzed by BCO requires water (Leuenberger
et al. 2001; Woggon 2002); however, in vitro, 3-carotene is
largely insoluble because of its hydrophobic nature (During
and Harrison 2004). Thus, low levels of retinal are
produced from {3-carotene by BCO under aqueous con-
ditions. To dissolve [(-carotene in an aqueous reaction
solution, it must be formed into detergent micelles using an
organic solvent. The enzymatic production of retinal from
[3-carotene by BCO has been previously evaluated in
detergent micelles under aqueous conditions, and the
increased production of retinal has been achieved by
selecting solvent and by optimizing the detergent, substrate,
and enzyme concentrations (El-Gorab 1973; Devery and
Milborrow 1994; During et al. 1996; Lindqvist and
Andersson 2002; Kim et al. 2007, 2008, 2010b).

Substrate Enzyme  Source Kpn (UM)  Viax (nmolflmgflminfl) Vimax/Km References
«-Carotene BCDO Marine bacterium 169 0.78 4.6x107° Kim et al. 2009
BCMO  Rat 6.2 43%107° 6.9x10°  Goodman et al. 1967
Chicken 370 9.4 2.5x1072 Kim and Oh 2009
[3-Carotene BCDO Marine bacterium 37 45 1.2 Kim et al. 2009
BCMO Human 7.1 10 1.4 Lindqvist and Andersson 2002
Mouse 6.0 0.04 6.7x107° Redmond et al. 2001
Chicken 26 32 1.2 Kim and Oh 2009
Rat 5.7 1.7x10°7 6.7x10°  Goodman et al. 1967
Rabbit 67 0.05 7.5x107* Ershov Iu et al. 1993
Guinea pig 9.5 0.06 6.3x107° Singh and Cama 1974
Fruit fly 5.0 - - von Lintig and Wyss 2001
y-Carotene BCDO Marine bacterium 382 0.26 6.9x107* Kim et al. 2009
BCMO  Chicken 690 9.2 1.3x1072 Kim and Oh 2009
[3-Cryptoxanthin BCDO Marine bacterium 29 10 0.34 Kim et al. 2009
BCMO  Rat 6.7 1.8x107* 2.69x107°  Goodman et al. 1967
Human 30 0.90 0.03 Lindqvist and Andersson 2002
Chicken 290 38 0.13 Kim and Oh 2009
[3-Apo-4'-carotenal BCDO Marine bacterium 147 7.9 5.4x1072 Kim et al. 2009
BCMO  Chicken 180 17 9.4x1072 Kim and Oh 2009
B-Apo-8'-carotenal ~BCMO  Rat 8.5 1.8x107 2.1x10  Goodman et al. 1967
Chicken 190 21 0.11 Kim and Oh 2009
ACO Nostoc sp. 16 48 2.92 Scherzinger et al. 2006
Synechocystis sp. 2.5 20 8.0 Ruch et al. 2005
[3-Apo-10'-carotenal BCMO Rat 9.2 1.4x107* 1.5x107° Goodman et al. 1967
ACO Nostoc sp. 17 14 0.83 Scherzinger et al. 2006
[3-Apo-12'-carotenal BCMO Rat 7.7 2.1x107* 2.7x107° Goodman et al. 1967
[3-Apo-8'-carotenol ACO Nostoc sp. 25 157 6.4 Scherzinger et al. 2006
Synechocystis sp. 43 325 7.6 Ruch et al. 2005

CO carotenoid 15,15-oxygenase, BCDO [3-carotene

15, 15'-oxygenase

15,15'-dioxygenase, BCMO [3-carotene

15,15’-monooxygenase, 4CO apo-carotenoid
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The solvents employed in the detergent micelles were
acetone (Devery and Milborrow 1994; During et al. 1996;
Paik et al. 2001), hexane (Lindqvist and Andersson 2002),
chloroform (Kim et al. 2007), and toluene (Kim et al. 2008,
2010b). The detergents used in the detergent micelles were
Tween 20 (Kim et al. 2010b), Tween 80 (Paik et al. 2001;
Kim et al. 2008), and 1-S-octyl-{3-D-thioglucopyranoside
(Lindqvist and Andersson 2002).

Among the tested solvents, toluene was identified as the
optimum solvent for retinal production by BCO (Kim et al.
2008, 2010b). The optimum detergent for retinal production
is Tween 80 for human BCMO and Tween 20 for BCDO
from the uncultured marine bacterium. The optimum
concentrations of detergent, enzyme, and substrate by
human BCMO were 2.4%, 0.2 Uml ™', and 200 mglfl,
respectively. Under optimal conditions, human BCMO
produces 98 mgl™' retinal with a conversion yield of 49%
(w/w) (Kim et al. 2008; Table 3). The optimal concen-
trations of detergent, enzyme, and substrate for retinal
production by BCDO from the uncultured marine bacteri-
um are 2.4%, 0.15 Uml™' enzyme, and 350 mgl™' pB-
carotene. Under optimal conditions, the enzyme produces
181 mgl™', which is the highest reported concentration,
with a conversion yield of 52% (w/w) (Kim et al. 2010b).
The highest reported conversion yield, 60% (w/w), was
noted with the chicken BCMO (Kim and Oh 2009).
Although ACO converts apo-carotenoids into retinal, the
detailed quantitative data for the enzymatic production of
retinal have not been reported.

The low solubility of the hydrophobic substrate [3-
carotene is a limitation to high-level production of retinal
under aqueous conditions. To overcome the limitation, the
enzyme reaction systems, such as two-phase and co-solvent
systems, should be developed, the immobilization methods
of BCO should be investigated for continuous retinal
production, and the structure analysis and mutation studies
should be performed to increase the specific activity of
BCO.

Table 3 Enzymatic conversion of 3-carotene into retinal by BCO

Further research
Microbial production of retinal

The production of carotenoids has previously been con-
ducted using metabolically engineered Escherichia coli,
which was prepared from the introduction of the foreign
carotenoid synthesizing genes into non-carotenogenic E.
coli (Misawa et al. 1990). E. coli was identified as an
appropriate host for the production of carotenoids such as
lycopene, 3-carotene, canthaxanthin, zeaxanthin, and astax-
anthin because it has a powerful genetic tool system for
metabolic engineering (Cunningham et al. 1993; Ruther et
al. 1997; Ye et al. 2006). However, the production of retinal
using metabolically engineered cells has never been
reported. Retinal producing metabolically engineered E.
coli can be made by introducing the foreign CO gene into
carotenogenic E. coli. Thus, we introduced the BCDO gene
from the uncultured marine bacterium into [3-carotene-
producing E. coli (Yoon et al. 2007b). The resultant E. coli
produced 137 mgl™" of retinal on 2YT medium containing
glycerol in a flask. Alternative retinal production may be a
possible use of metabolically engineered E. coli.

The proposed biosynthesis pathway of retinoids from
glucose or glycerol is shown in Fig. 3. The 2-C-methyl-D-
erythritol 4-phosphate and mevalonate pathways generate
isopentenyl diphosphate (IPP) and its isomer of dimethy-
lallyl diphosphate (DMAPP), the building blocks for
carotenoid synthesis (Rohmer et al. 1993; Maury et al.
2005). Farnesyl diphosphate (FPP) synthase (IspA) synthe-
sizes geranyl diphosphate (C,y) and FPP (C;s5) and
geranylgeranyl diphosphate (GGPP) synthase (CrtE) syn-
thesize GGPP (C,p) via the consecutive condensation
reaction of IPP to DMAPP. Phytoene synthase (CrtB)
catalyzes two molecules of GGPP to produce phytoene,
which is subsequently converted into lycopene by phytoene
desaturase (Crtl; Yoon et al. 2007a). A lycopene 3-cyclase
(CrtY) catalyzes the cyclization of lycopene ends to

Enzyme source B-Carotene (mgl™')  Retinal (mgl™")  Time (h)  Conversion yield  Productivity =~ References

(%, wiw) (mgl'h™h
Guinea pig 0.15 1.13x107* 2.0 0.08 5.65x107°  Devery and Milborrow 1994
Rat 2.67x107° 4.66x10°° 0.5 17 9.32x10°°  During et al. 1996
Mouse 200 72 2.0 36 4.80 Kim et al. 2007
Human 4.45x1073 7.10%x107° 1.0 1.6 7.10x107° Lindqvist and Andersson 2002
Human 200 98 16 49 6.13 Kim et al. 2008
Chicken 5.37 32 16 60 1.06 Kim and Oh 2009
Fruit fly 0.71 0.13 2.0 18 6.50x1072 von Lintig and Vogt 2000
Marine bacterium 350 181 20 52 9.05 Kim et al. 2010b

BCO 3-carotene 15,15'-oxygenase
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Fig. 3 Proposed biosynthesis pathway of retinoids in the metabolically
engineered E. coli. dxs 1-deoxy-D-xylulose-5-phosphate synthase, dxr 1-
deoxy-D-xylulose-5-phosphate reductoisomerase, cms 4-diphosphocytidyl-
2C-methyl-p-erythritol synthase, cmk 4-diphosphocytidyl-2-C-methyl-D-
erythritol kinase, mecps 2C-methyl-D-erythriol-2,4-cyclodiphosphate
synthase, atoB acetyl-CoA acetyltransferase, mvad HMG-CoA
reductase, mvaS HMG-CoA synthase, mvak! mevalonate kinase, mvak2

generate [3-carotene (Yoon et al. 2007b), which is converted
into two molecules of retinal by BCO. Retinal is converted
to retinol and retinoic acid by retinol dehydrogenase (Liden
and Eriksson 2006) and retinal dehydrogenase (Lin et al.
2003), respectively.

Construction of CO library is important for enhanced
retinal production by metabolic engineered cells. An
effective retinal producing enzyme can be selected from
CO library. The gene encoding the effective retinal
producing enzyme can be introduced into carotenogenic
E. coli. The culture conditions such as media, temperature,
pH, and culture time in a fed-batch culture of the
metabolically engineered E. coli should be optimized for
enhanced retinal production. Moreover, carotenoids and
retinoids decomposed over time in the reaction solution

Retinal Retinol

phosphomevalonate kinase, mvaD diphosphomevalonate decarboxylase,
idi IPP isomerase, isp4 famesyl diphosphate synthase, crtE geranylger-
anyl diphosphate synthase, crtB phytoene synthase, crt/ phytoene
desaturase, crtY lycopene (3-cyclases, BCO [3-carotene oxygenase, G3P
glyceraldehydes-3-phosphate, HMG-CoA 3-hydroxy-3-methylglutaryl-
CoA, IPP isopentenyl diphosphate, DMAPP dimethylallyl diphosphate,
FPP farnesyl diphosphate, GGPP geranylgeranyl diphosphate

because they are unstable compounds (Osuna-Garcia et al.
1997; Han et al. 2003), which are sensitive to oxygen and
light. The supplementation of additives, such as fatty acids
and detergents, in culture medium should be performed for
preventing the degradation of carotenoids and retinoids.

Sources of bacterial retinal producing enzymes

We suggest the uncharacterized microbial Brp and Blh
proteins, which have been proposed as good sources for
catalyzing the conversion of (3-carotene to retinal (Peck et
al. 2001; McCarren and DeLong 2007). The sources of brp
genes have been previously reported in Haloarcula mar-
ismortui (Baliga et al. 2004), Halobacterium sp. NRC-1
(Ng et al. 2000), Halobacterium halobium (Shand and
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Betlach 1994), Haloquadratum walsbyi, and Salinibacter
ruber (Mongodin et al. 2005), and the sources of bl/h genes
have been previously reported as Halobacterium sp. NRC-1
(Ng et al. 2000), H. marismortui (Baliga et al. 2004),
Halobacterium salinarum (Pfeiffer et al. 2008), uncultured
marine bacterium 66A03 (Sabehi et al. 2005), and the
uncultured marine bacterium HF10 19E08 (Martinez et al.
2007). However, the Brp and Blh proteins have not been
characterized except only one Blh protein from the uncul-
tured marine bacterium 66A03 (Kim et al. 2009). The
cloning of brp and blh genes and characterization of their
expressed BCO such as the Brp and Blh proteins should be
conducted in order to produce retinal from {3-carotene.

Application of retinal producing enzymes

Golden rice (provitamin A rice) is produced via genetic
engineering to biosynthesize {3-carotene, a retinal precursor,
in the rice plant (Ye et al. 2000). Golden rice 2 was
developed via the introduction of a phytoene synthase from
maize, which has been previously derived from different
sources and was the limiting protein in [3-carotene
accumulation. The [(-carotene content of golden rice 2
(37 ng/g) was 23-fold that of the original golden rice (Paine
et al. 2005). If the CO gene should be introduced in crops
such as rice, the vitamin A crops will be obtained. Vitamin
A crops are expected to help prevent vitamin A deficiency
and to promote human health.

In conclusion, we described the enzymatic biotransfor-
mation of carotenoids to retinal, which has been used in
foods, cosmetics, pharmaceuticals, nutraceuticals, and
animal feed additives. Retinal producing methods using
metabolically engineered cells and uncharacterized proteins
are suggested. However, these biological methods are still
in early stage. In the future, CO will be able to produce
industrially retinal because the biotransformation has some
advantage over the chemical process, such as mild reaction
conditions and retinal production without by-products.
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