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ABSTRACT

A novel bacterial aldehyde dehydrogenase (ALDH) that converts retinal to retinoic acid was first identified in Bacillus cereus.
The amino acid sequence of ALDH from B. cereus (BcALDH) was more closely related to mammalian ALDHs than to bacterial
ALDHs. This enzyme converted not only small aldehydes to carboxylic acids but also the large aldehyde all-trans-retinal to all-
trans-retinoic acid with NAD(P)�. We newly found that BcALDH and human ALDH (ALDH1A1) could reduce all-trans-retinal
to all-trans-retinol with NADPH. The catalytic residues in BcALDH were Glu266 and Cys300, and the cofactor-binding residues
were Glu194 and Glu457. The E266A and C300A variants showed no oxidation activity. The E194S and E457V variants showed
15- and 7.5-fold higher catalytic efficiency (kcat/Km) for the reduction of all-trans-retinal than the wild-type enzyme, respectively.
The wild-type, E194S variant, and E457V variant enzymes with NAD� converted 400 �M all-trans-retinal to 210 �M all-trans-
retinoic acid at the same amount for 240 min, while with NADPH, they converted 400 �M all-trans-retinal to 20, 90, and 40 �M
all-trans-retinol, respectively. These results indicate that BcALDH and its variants are efficient biocatalysts not only in the con-
version of retinal to retinoic acid but also in its conversion to retinol with a cofactor switch and that retinol production can be
increased by the variant enzymes. Therefore, BcALDH is a novel bacterial enzyme for the alternative production of retinoic acid
and retinol.

IMPORTANCE

Although mammalian ALDHs have catalyzed the conversion of retinal to retinoic acid with NAD(P)� as a cofactor, a bacterial
ALDH involved in the conversion is first characterized. The biotransformation of all-trans-retinal to all-trans-retinoic acid by
BcALDH and human ALDH was altered to the biotransformation to all-trans-retinol by a cofactor switch using NADPH. More-
over, the production of all-trans-retinal to all-trans-retinol was changed by mutations at positions 194 and 457 in BcALDH. The
alternative biotransformation of retinoids was first performed in the present study. These results will contribute to the biotech-
nological production of retinoids, including retinoic acid and retinol.

Retinoic acid can be formed in the body by two sequential oxi-
dation steps which convert retinol to retinaldehyde to retinoic

acid. Retinol has been utilized in the manufacturing of food prod-
ucts, cosmetics, pharmaceuticals, nutraceuticals, and animal feed
additives (1–3). Retinoic acid, a metabolite of vitamin A (retinol),
is essential for a wide range of biological processes in mammals,
including cell proliferation, differentiation, and morphogenesis
(4, 5). Retinoic acid deficiency impairs vestibular functions (6, 7)
and is associated with Parkinson’s disease (8). Retinoic acid is also
one of the most important ingredients of skin care products in
cosmetics because it is effective against UV radiation-induced skin
damage (9). Therefore, high demands for retinoic acid have arisen
from the cosmetic and pharmaceutical industries. However, reti-
noic acid is commercially produced only by chemical synthesis.
Biotechnological production of retinoic acid is limited, however,
because a selective production route has not been developed.

In mammals, the biosynthesis of retinoic acid from retinol oc-
curs by two sequential enzyme reactions: retinol is converted to
retinal by the oxidation reaction of retinol dehydrogenase, and
retinal is then converted to retinoic acid by the additional oxida-
tion of retinal dehydrogenase (RALDH), which belongs to the
aldehyde dehydrogenase (ALDH) family. ALDHs (EC 1.2.1) have
been well studied in mammals for their biochemical properties
and catalytic mechanisms (10–12). The oxidation of retinal to
retinoic acid with NAD(P)� has been catalyzed by mammalian
ALDHs (Fig. 1A); however, the reduction of retinal to retinol by

these enzymes has not been reported (Fig. 1B) thus far. In spite of
numerous studies on mammalian ALDHs, there are no reports of
bacterial enzymes involved in the conversion of retinal to retinoic
acid. Since the bacterial ALDHs showed diverse and versatile cat-
alytic power for oxidation, we searched bacterial homologs of hu-
man ALDH (ALDH1A1) involved in the oxidation of retinal to
retinoic acid. Among bacterial ALDHs, ALDH from Bacillus cereus
(BcALDH) was selected because the enzyme exhibited the highest
sequence identity with human ALDH.

In this study, the mammalian-gene-like aldH gene from B. ce-
reus was cloned, and its purified enzyme was characterized. Mu-
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tations of the conserved catalytic and cofactor-binding residues
involved in the oxidation and reduction with cofactor selectivity
of BcALDH were performed, and the variants with increased ac-
tivity for oxidation and reduction were obtained. The alternative
biotransformation of all-trans-retinal to all-trans-retinol or all-
trans-retinoic acid by the wild-type and variant enzymes was first
attempted with a cofactor switch.

MATERIALS AND METHODS
Gene cloning and site-directed mutagenesis. The bcere0002_25940 gene
(1,485 bp), encoding an ALDH from B. cereus, and the aldH1a1 gene
(1,506 bp), encoding an ALDH1A1 from humans, were amplified by PCR
using the genomic DNA isolated from B. cereus and human cDNA as a
template, respectively. The primer sequences used for gene cloning were
based on the DNA sequence of BcALDH (GenBank accession no.
ACLT01000061.1), and forward (5=-GGATCCGATGTTAAAGACAAAT
ATTGAGCTG-3=) and reverse (5=-GCGGCCGCTTACTTTATTACTTT
ATATTTACCCAAACA-3=) primers were designed to introduce the
BamHI and NotI restriction sites (underlined), respectively. The se-
quences of the oligonucleotide primers used for gene cloning were based
on the cDNA sequence of human ALDH (GenBank accession no.
AAP35567.1), and forward (5=- GTCGACATGTCATCCTCAGGCACGC
CA-3=) and reverse (5=-CTCGAGTGAGTTCTTCTGAGAGATTTTCAC-
3=) primers were designed to introduce the SalI and XhoI restriction sites
(underlined), respectively. The amplified DNA fragments were purified
using a QIAquick gel extraction kit (Qiagen, Germany), and the purified
DNA fragments were ligated into the pRSFDuet-1 vector (Novagen, San
Diego, CA) digested with the same restriction enzymes. The resulting
plasmid was transformed into Escherichia coli ER2566 (New England Bio-
Labs, Hertfordshire, United Kingdom). Site-directed mutagenesis was
performed using a QuikChange kit (Stratagene, La Jolla, CA).

Protein purification and molecular mass determination. The
BcALDH protein and human ALDH were expressed and purified as de-
scribed by Ngo et al. (13) and Morgan and Hurley (14), respectively. The
subunit molecular mass of BcALDH was determined by SDS-PAGE under
denaturing conditions, using prestained protein makers as reference proteins.
The molecular mass of the native enzyme was determined using Sephacryl
S-300 high-resolution gel filtration chromatography (GE Healthcare, Pitts-
burgh, PA). The purified enzyme solution was applied to the gel filtration
column and eluted at a flow rate of 0.3 ml min�1 with 50 mM PIPES [N,N=-
bis(2-ethanesulfonic acid)] buffer (pH 7.0) containing 150 mM NaCl. The
column was calibrated using thyroglobulin (689 kDa), ferritin (453 kDa),
aldolase (158 kDa), and conalbumin (75 kDa) as reference proteins. The mass

of the native enzyme was calculated by comparing the migration time of the
enzyme with that of the reference proteins.

Enzyme assay. Unless otherwise stated, the enzymatic reaction of
BcALDH for the conversion of all-trans-retinal to all-trans-retinoic acid
or all-trans-retinol was performed at 37°C in 50 mM PIPES buffer (pH
7.0) or at 40°C in 50 mM EPPS [4-(2-hydroxyethyl)-1-piperazinepro-
panesulfonic acid] buffer (pH 7.5), respectively, containing 0.2 mM all-
trans-retinal, 0.4 unit ml�1 (1 mg ml�1) enzyme, 5% (vol/vol) methanol,
4 mM 2-mercaptoethanol (2-ME), and 1 mM NAD� or NADPH, respec-
tively, for 30 min. Methanol at 5% (vol/vol) was used to solubilize all-
trans-retinal (15). One unit was defined as the amount of enzyme required
to produce 1 pmol of all-trans-retinoic acid or all-trans-retinol per min
from all-trans-retinal at 37°C and pH 7.0 or at 40°C and pH 7.5, respec-
tively, for BcALDH activity, and at 25°C and pH 7.0 for human ALDH.
The Km (micromolar) and kcat (per minute) were determined by the Lin-
eweaver-Burk plot derived from the Michaelis-Menten equation. To de-
termine the kinetic parameters for the aldehyde substrates, the concentra-
tions of retinoids were in the range of 2 to 40 �M, and those of
acetaldehyde and benzaldehyde were in the range of 20 to 1,000 �M with
1 mM NAD�. To determine the kinetic parameters for cofactors, the
concentrations of cofactors were in the range of 1 to 200 �M with 200 �M
all-trans-retinal.

Conversion of all-trans-retinal into all-trans-retinoic acid or all-
trans-retinol. The conversion of all-trans-retinal to all-trans-retinoic acid
or all-trans-retinol by the wild-type and variant enzymes of BcALDH was
performed under the same conditions as were used in the enzyme assay
except that 0.4 mM all-trans-retinal and 4 mM NAD� or NADPH, respec-
tively, were used for 240 min. The conversion by human ALDH was per-
formed in 50 mM EPPS buffer (pH 8.0) containing 0.4 mM all-trans-
retinal, 0.4 unit/ml of enzyme, 1 mM dithiothreitol (DTT), and 4 mM
NAD� or NADPH at 25°C for 80 min.

Analytical methods. The same volume of methanol was added to the
reaction solution, and the resulting solution was mixed with hexane and
kept on ice for 5 min. After centrifugation at 10,000 � g for 30 min at 4°C,
the substrates and products in the supernatant were analyzed by a high-
performance liquid chromatography (HPLC) system (Agilent 1200;
Agilent, Santa Clara, CA) equipped with an Atlantis difunctional C18

column (4.6 by 150 mm; Waters, Milford, MA) and a UV detector at
350 nm for retinal and retinoic acid, at 210 nm for acetaldehyde and
acetic acid, and at 250 nm for benzaldehyde and benzoic acid. The
column was eluted with a mixture of acetonitrile and 1% ammonium
acetate in water, with 80:20 (vol/vol) as the mobile phase, at a flow rate
of 1.2 ml min�1 at 30°C.

FIG 1 Schematic diagrams of reactions catalyzed by aldehyde dehydrogenase. (A) Oxidation reaction of all-trans-retinal to all-trans-retinoic acid reported by
mammalian ALDH. (B) Oxidation reaction of all-trans-retinal to all-trans-retinoic acid as well as reduction reaction of all-trans-retinal to all-trans-retinol
identified by BcALDH and human ALDH in this study.
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RESULTS
Sequence alignment of ALDHs. The amino acid sequence of
BcALDH was compared with those of mammalian and bacterial
ALDHs using ClustalX2 (16). The proposed catalytic residues
Glu266 and Cys300 were completely conserved for all of the
ALDHs. The Glu194, Glu246, Ser247, and Glu457 residues were
conserved for all of the ALDHs among the proposed cofactor-
binding residues Glu194, Gly246-Lys252, and Glu457 (17) (Fig.
2A). The amino acid sequence of BcALDH had 54.2, 54.0, 51.1,
50.9, 49.9, 49.7, 48.9, and 48.6% identity with ALDHs from eu-
karyotes, including orangutan, Aspergillus nidulans, human,
sheep, monkey, bovine, rat, and mouse, respectively, and had 42.2,
41.7, 41.6, 41.2, 40.4, and 22.1% identity with ALDHs from bac-
teria, including Cronobacter sakazakii, E. coli, Shigella flexneri, Ser-
ratia proteamaculans, Klebsiella pneumoniae, and Crocosphaera

watsonii, respectively. A phylogenic tree based on genetic charac-
teristics was constructed using ClustalW and MEGA6 (18), and
BcALDH showed a closer relationship to mammalian ALDHs
than to bacterial ALDHs in the phylogenic tree (Fig. 2B).

Molecular mass of BcALDH and identification of all-trans-
retinoic acid. The purified BcALDH showed a single band by SDS-
PAGE, with a molecular mass of approximately 54 kDa (see Fig.
S1A in the supplemental material), which is consistent with the
calculated value of 54 kDa based on the 494 amino acids plus the
hexa histidine tag. The native protein existed as a tetramer with a
molecular mass of 216 kDa (Fig. S1B), as determined by gel
filtration chromatography based on the masses of the reference
proteins. Liquid chromatography-mass spectrometry (LC-MS)
analysis was performed to identify the product obtained from
all-trans-retinal by the reaction of BcALDH (Fig. S6A). The

FIG 2 (A) Sequence alignment of bacterial and mammalian ALDHs. The amino acid sequences of ALDHs from B. cereus, E. coli, Shigella flexneri, Klebsiella
pneumoniae, Cronobacter sakazakii, Serratia proteamaculans, and Crocosphaera watsonii and of bovine ALDH1A1, sheep ALDH, human ALDH1A1, mouse
ALDH1A1, rat ALDH1A1, human ALDH1A2, human ALDH1A3, and human ALDH8A1 are aligned. The GenBank accession numbers of these ALDHs are
KFL74159.1, BAA14869.1, ABF03518.1, ABR76453.1, ABU77332.1, ABV41168.1, CCQ55365.1, AAI05194.1, AAA85435.1, AAP35567.1, AAH54386.1,
AAC53305.1, BAG54714.1, AAH69274.1, and BAD96568.1, respectively. The proposed catalytic and active-site residues are highlighted with a black box.
Cofactor-binding residues are presented with white letters in black backgrounds. The asterisks, colons, and dots represent identity, conserved substitutions, and
semiconserved substitutions, respectively. (B) Phylogenetic tree of mammalian and bacterial ALDHs. The evolutionary history was inferred using the unweighted
pair group method using average linkages (UPGMA) method (35). The optimal tree, with the sum of branch lengths equal to 3.73188906, is shown. The tree is
drawn to scale, with branch lengths (next to the branches) measured in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Poisson correction method and are in the units of the number of amino acid substitutions per site. The
analysis involved 18 amino acid sequences. All positions containing gaps and missing data were eliminated. There were a total of 421 positions in the final data
set. Evolutionary analyses were conducted in MEGA6 (18).
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total molecular mass of the product was shown as a peak at m/z
301.19, corresponding to exactly the same molecular mass of
the all-trans-retinoic acid standard (Fig. S6B) (19), indicating
that the peak was all-trans-retinoic acid.

Effects of metal ions, temperature, pH, and antioxidants on
BcALDH’s activity. The effects of metal ions on the activity of
BcALDH were evaluated in the presence of metal ions at 1 mM.
The oxidation activity of BcALDH that produces all-trans-retinoic
acid (see Fig. S2A in the supplemental material) and the reduc-
tion activity (see Fig. S3A in the supplemental material) that
produces all-trans-retinol from all-trans-retinal were not acti-
vated by divalent cations. The maximum activity was observed
at 37°C and pH 7.0 for oxidation (see Fig. S2B and C in the
supplemental material) and 40°C and pH 7.5 for reduction (see
Fig. S3B and C in the supplemental material). The effects of
antioxidants in preventing the disruption of retinal and restor-
ing the catalytic residue cysteine (20, 21), such as butylated
hydroxytoluene (BHT), DTT, hydroquinone (HQ), and 2-ME,
on the activity of BcALDH were investigated. The enzyme ac-
tivity for both oxidation and reduction was the highest when
2-ME was used as the antioxidant (see Fig. S4A in the supple-
mental material), and its optimal concentration was 4 mM (see
Fig. S4B in the supplemental material). Thus, 4 mM 2-ME was
used for the enzymatic reactions. A cysteine residue in ALDH
with a thiol group as a functional group has been involved in
the catalytic activity. The addition of DTT or 2-ME reduces the
thiol group of cysteine to a thiolate group by changing the
antioxidant to the oxidized form (20, 21). 2-ME has a reducing
power and increased enzyme solubility, which may result in the
increased activity for ALDH by 2-ME.

Substrate and cofactor specificities of BcALDH. The oxida-
tion activities for aldehyde substrates were measured in the pres-
ence of 1 mM NAD�. The specific activities occurred in the order
benzaldehyde, acetaldehyde, and all-trans-retinal, and no activity
was observed for 9-cis-retinal and 13-cis-retinal (Table 1). All-
trans-retinal showed the lowest Km, which was 14- and 29-fold
lower than the Km values of acetaldehyde and benzaldehyde, re-
spectively. The kinetic parameters of BcALDH with a cofactor
were determined using all-trans-retinal (Table 2). All-trans-reti-
nal was oxidized to all-trans-retinoic acid with NADP�, as well as
NAD�. The Km and kcat of NAD� for the oxidation of all-trans-
retinal were similar to those of NADP�. BcALDH reduced all-
trans-retinal to all-trans-retinol with NADPH, although the re-
duction activity was much lower than the typical oxidation
activity. However, the reduction activity for all-trans-retinal was
not detected with NADH. For other substrates, including benzal-
dehyde, acetaldehyde, 9-cis-retinal, and 13-cis-retinal, the atypical
reduction activity of BcALDH was not found with NADH or
NADPH.

The production of all-trans-retinoic acid and all-trans-retinol
was investigated by supplementing NADH with NAD� or
NADP� with NADPH at ratios ranging from 0:4 to 4:0 mM to
make up a total concentration of 4 mM. All-trans-retinoic acid
increased as the ratio of NAD� to NADH increased. However,
all-trans-retinoic acid decreased and all-trans-retinol increased as
the ratio of NADPH to NADP� increased (see Fig. S7A and B in
the supplemental material). When NADH was added to 4 mM
NAD�, all-trans-retinoic acid decreased as the concentration of
additional NADH increased (Fig. S7C). However, all-trans-reti-
noic acid increased and all-trans-retinol decreased as the concen-
tration of additional NADP�, which was supplemented with 4
mM NADPH, increased (Fig. S7D). Thus, all-trans-retinoic acid
production is stimulated by decreasing the ratio of NADPH to
NADP�, whereas all-trans-retinol production is stimulated by in-
creasing the ratio.

The effect of cofactor concentration on the conversion of all-
trans-retinoic acid or all-trans-retinol from all-trans-retinal by
BcALDH was performed by varying the concentration of NAD�

or NADPH, respectively (Fig. 3). The conversion of all-trans-ret-
inal to all-trans-retinoic acid or all-trans-retinol was increased up
to approximately 5 mM cofactor. However, above this concentra-
tion, the formation of products did not increase. Thus, the opti-
mal concentration for the conversion of all-trans-retinal to all-
trans-retinoic acid or all-trans-retinol was 5 mM.

Catalytic and cofactor-binding residues of BcALDH are in-
volved in the oxidation and reduction of all-trans-retinal. Site-
directed mutagenesis for the catalytic and cofactor-binding resi-
dues involved in the oxidation and reduction of all-trans-retinal
was performed, and the kinetic parameters of the wild-type and
variant enzymes were determined (Table 3). The E266A and
C300A variants for the catalytic residues abolished the oxidation
activity, and the catalytic efficiency (kcat/Km) of the C300S variant
for the oxidation of all-trans-retinal with NAD� was 23.5% of that
of the wild-type enzyme. The catalytic efficiencies of the E194S
and E457V variants for the cofactor-binding residues for the re-

TABLE 1 Kinetic parameters for aldehyde substrates of BcALDH in oxidation activity using NAD� as a cosubstratea

Substrate Product Sp act (U/mg) Km (�M) kcat (min�1) kcat/Km (mM�1 min�1)

All-trans-retinal All-trans-retinoic acid 461 � 10 7 � 0.1 0.28 � 0.03 40 � 0.2
9-cis-Retinal 9-cis-Retinoic acid NC NC NC NC
13-cis-Retinal 13-cis-Retinoic acid NC ND ND ND
Acetaldehyde Acetic acid 2,550 � 10 95 � 2 11 � 0.4 111 � 5
Benzaldehyde Benzoic acid 3,370 � 16 200 � 5 13 � 0.8 65 � 4
a Data represent the means � standard deviations of the results from three experiments. NAD� at 1 mM was used as the cosubstrate in each reaction mixture. NC, not calculated by
the analytical methods used in this study due to limits of sensitivity; ND, not detected by the analytical methods used in this study.

TABLE 2 Kinetic parameters for cofactors of BcALDH in oxidation and
reduction reactions using all-trans-retinal as a cosubstratea

Substrate Reaction Km (�M) kcat (min�1)
kcat/Km

(mM�1 min�1)

NAD� Oxidation 4.0 � 0.2 0.10 � 0.01 25 � 0.1
NADP� Oxidation 4.2 � 0.3 0.11 � 0.02 26 � 0.2
NADPH Reduction 40 � 1.0 0.033 � 0.00 0.83 � 0.05
NADH Reduction ND ND ND
a Data represent the means � standard deviations of the results from three
experiments. All-trans-retinal at 0.2 mM was used as the cosubstrate in each reaction
mixture. ND, not detected by the analytical methods used in this study.
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duction of all-trans-retinal with NADPH were 15- and 6.2-fold
higher than the catalytic efficiency of the wild-type enzyme, re-
spectively. The catalytic efficiency of the E194S variant for the
oxidation with NAD� was 1.3-fold lower than that of the wild-
type enzyme, whereas the catalytic efficiency of the E457V variant
for the oxidation was 7.5-fold higher.

Conversion of all-trans-retinal to all-trans-retinoic acid or
all-trans-retinol by the wild-type, E194S variant, and E457V
variant enzymes of BcALDH with cofactor switching. Time
course reactions for the production of all-trans-retinoic acid or
all-trans-retinol were performed from 400 �M all-trans-retinal in

the presence of 5 mM NAD� using the wild-type, E194S variant,
and E457V variant enzymes of BcALDH. After 240 min, the con-
centrations of all-trans-retinoic acid produced from 400 �M all-
trans-retinal by the wild-type E194S and E457V variant enzymes
were the same as those produced at 210 �M, with a molar conver-
sion yield of 53% (Fig. 4A). The concentrations of all-trans-retinol
produced from 400 �M all-trans-retinal by the wild-type, E194S
variant, and E457V variant enzymes were 20, 90, and 40 �M,
respectively, with molar conversion yields of 5, 24, and 11%, re-
spectively (Fig. 4B). Glu194 of BcALDH corresponded to Glu196
of human ALDH. The production of all-trans-retinoic acid or
all-trans-retinol from all-trans-retinal by the wild-type and E196S
variant enzymes of human ALDH was performed. After 80 min,
the concentration of all-trans-retinoic acid produced by the wild-
type enzyme was almost the same (5 �M) as that produced by the
E196S variant (see Fig. S5A in the supplemental material). How-
ever, the concentration of all-trans-retinol produced by the E196S
variant (13 �M) was 4.6-fold higher than that produced by the
wild-type enzyme (3 �M) (Fig. S5B). Therefore, the effect of the
E194S variant of BcALDH on the production of all-trans-retinol
or all-trans-retinoic acid was similar to that of the E196S variant of
human ALDH.

DISCUSSION

ALDHs catalyze the oxidation of aldehydes to carboxylic acids,
which are given from EC 1.2.1.1 to EC 1.2.1.97. EC 1.2.1.1 and EC
1.2.1.2 are S-(hydroxymethyl)glutathione dehydrogenase and
formate dehydrogenase, respectively. EC 1.2.1.3, EC 1.2.1.4, and
EC 1.2.1.5 are dependent on NAD�, NADP�, and NAD(P)�, re-
spectively. Other fourth EC digits are specified by preferred alde-
hydes. Among them, retinal dehydrogenase (RALDH) (EC
1.2.1.36) catalyzes the oxidation of retinal to retinoic acid.
BcALDH was identified as EC 1.2.1.5 (22) because it converted
aldehydes to carboxylic acids using both NAD� and NADP�.
BcALDH also exhibited RALDH activity, with a high sequence
identity to RALDH. Although retinol dehydrogenase (EC
1.1.1.300) catalyzes the conversion of retinal to retinol using
NAD(P)H, the enzyme belongs to subclass groups (EC 1.1) differ-
ent from alcohol dehydrogenases.

FIG 3 Effect of cofactor concentration on the conversion of all-trans-retinal
to all-trans-retinoic acid or all-trans-retinol. The cofactor concentrations used
for investigating the effect were significantly higher than the Km values. The
conversion of all-trans-retinal to all-trans-retinoic acid using NAD� (�) or
NADP� (�) was performed in 50 mM PIPES buffer (pH 7.0) containing 0.4
mM all-trans-retinal, 0.4 unit/ml of enzyme, and 1 mM 2-ME at 37°C for 30
min. The conversion of all-trans-retinal to all-trans-retinol using NADPH (�)
was performed in 50 mM EPPS buffer (pH 7.5) containing 0.4 mM all-trans-
retinal, 0.4 unit/ml enzyme, and 1 mM 2-ME at 40°C for 30 min. The data
represent the means of the results from three experiments and the error bars
represent standard deviations.

TABLE 3 Kinetic parameters of the wild-type and variant enzymes of BcALDH related to catalytic and cofactor-binding residues for all-trans-retinal
in oxidation and reduction activitiesa

Enzyme Cofactor Sp act (U mg�1) Km (�M) kcat (min�1) kcat/Km (mM�1 min�1)

Wild-type NAD� 461 � 10 7.0 � 0.13 0.28 � 0.03 40 � 0.2
NADPH 136 � 6 130 � 5 0.12 � 0.01 0.90 � 0.08

E194S variant NAD� 493 � 3 10 � 0.5 0.30 � 0.01 30 � 0.1
NADPH 408 � 11 29 � 0.9 0.39 � 0.01 14 � 0.1

E266A variant NAD� ND ND ND ND
NADPH 80 � 2.0 920 � 5 0.07 � 0.003 0.07 � 0.005

C300A variant NAD� ND ND ND ND
NADPH 68 � 2.0 38 � 2.0 0.04 � 0.003 1.1 � 0.05

C300S variant NAD� 38.6 � 2 3.70 � 0.05 0.04 � 0.002 9.4 � 0.05
NADPH 12 � 0.5 420 � 3 0.04 � 0.002 0.08 � 0.01

E457V variant NAD� 2,536 � 11 6.25 � 0.5 1.54 � 0.1 246 � 6
NADPH 260 � 2 34 � 0.5 0.23 � 0.02 6.76 � 0.2

a Data represent the means � standard deviations of the results from three experiments. ND, not detected by the analytical methods used in this study.
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Retinoic acid has been synthesized by the oxidation activity of
mammalian ALDHs from retinal (Fig. 1A). Retinoic acid plays a
key role in embryonic development, and the formation of retinoic
acid is generally considered to be a mammal-specific reaction
(23). Bacterial ALDHs are known for being enzymes that trans-
form small aldehydes, such as acetaldehyde and benzaldehyde,
into their corresponding carboxylic acids for detoxification (24).
Thus, so far, no evidence for the formation retinoic acid by bac-
terial ALDHs has been provided. To find a bacterial ALDH that
converts retinal to retinoic acid, the sequences of bacterial ALDHs
were aligned with those of mammalian ALDHs showing all-trans-
retinal conversion (Fig. 2A), and a phylogenic tree with bacterial
and mammalian ALDHs was constructed (Fig. 2B). As a result,
human ALDH1 and B. cereus ALDHs were grouped in the same
branch of the ALDH1 family in the phylogenic tree. The ALDH1
family has been known to be involved in the conversion of the
large aldehyde all-trans-retinal to all-trans-retinoic acid (17), sug-
gesting that BcALDH can transform retinal to retinoic acid. This
suggestion was verified by determining the converting activity of
BcALDH for retinal. Therefore, this enzyme is the first retinoic
acid-producing enzyme among bacterial ALDHs.

Glu266, Cys300, Glu194, and Glu457 of BcALDH were selected
based on sequence alignment with mammalian ALDHs (Fig. 2A),
because the Glu266 and Cys300 residues are known to be catalytic
residues for the oxidation activity for all-trans-retinal (25, 26), and
the Glu194 and Glu457 residues are the cofactor-binding residues
in mammalian ALDHs (13, 26–28). The E266A and C300A vari-
ants of BcALDH completely lost their oxidative activity (Table 3).
ALDHs favor NADPH if the residue at position 194 has a short
polar side chain, like Ser or Thr, and prefer NAD� if the residue at
position 194 has a longer side chain, like Glu (29). The substitu-
tion of a smaller residue at position 194 might help the reduction
of BcALDH by the higher usage of NADPH. Thus, the reduction
activity of the E194S variant with NADPH was significantly in-
creased compared to that of the wild-type enzyme (Table 3). The
acidic residue of Glu at position 457 of BcALDH is uncommon in

mammalian ALDHs, which have the hydrophobic residue Val or
Leu at the corresponding position (Fig. 2A). The residue at posi-
tion 457 is located in the substrate-binding channel for the long
hydrophobic chain of all-trans-retinal (17). The activity of the
E457V variant increased in both the oxidation and reduction of
all-trans-retinal (Table 3). Thus, we speculate that the increased
hydrophobicity via the substitution of Glu to Val at position 457
may facilitate the substrate binding.

Mammalian-ALDH-like BcALDH catalyzes not only the oxi-
dation of all-trans-retinal to all-trans-retinoic acid but also the
reduction of all-trans-retinal to all-trans-retinol with a cofactor
switch. Although the production of all-trans-retinoic acid by the
E457V and E194S variants of BcALDH was the same as that by the
wild-type enzyme (Fig. 4A), the production of all-trans-retinol by
the E457V and E194S variants was higher (Fig. 4B). The results
imply that we can engineer BcALDH to be more suitable for the
specific production of all-trans-retinol. All-trans-retinal has been
produced from �-carotene by �-carotene 15,15=-oxygenases (30–
32) and from glycerol by metabolically engineered E. coli express-
ing carotenoid-synthesizing enzymes and carotenoid oxygenase
(33, 34). However, the biotechnological production of retinoic
acid from retinal has not been attempted yet, because a convincing
metabolic pathway or specific enzyme related to retinoic acid pro-
duction in prokaryotes has not been identified. We first found
BcALDH to be an effective enzyme for the conversion of retinal to
retinoic acid. BcALDH can be used with carotenoid oxygenase to
produce all-trans-retinoic acid from �-carotene by enzymatic re-
actions or in whole-cell production with a cofactor regeneration
system. Its gene can be introduced into all-trans-retinal-produc-
ing, metabolically engineered cells for the production of all-trans-
retinoic acid from a relevant substrate, such as glucose or glycerol,
for cost-effective industrial production.

In summary, BcALDH, which was found to be a mammalian-
ALDH-like ALDH in the phylogenic tree of mammalian and bacterial
ALDHs, was first identified as a bacterial retinoic acid-producing en-
zyme from retinal. We newly found that BcALDH and human ALDH

FIG 4 Biotransformation of all-trans-retinal to retinoic acid or retinol by the wild-type, E194S variant, and E457V variant enzymes of BcALDH with cofactor
switching. (A) Time course reactions for the conversion of all-trans-retinal to all-trans-retinoic acid by the wild-type (�), E194S variant (Œ), and E457V variant
(Œ) enzymes of BcALDH using NAD�. The reactions were performed in 50 mM PIPES buffer (pH 7.0) containing 0.4 mM all-trans-retinal, 0.4 unit/ml enzyme,
4 mM 2-ME, and 5 mM NAD� at 37°C for 240 min. (B) Time course reactions for the conversion of all-trans-retinal to all-trans-retinol by the wild-type (�),
E194S variant (Œ), and E457V variant (Œ) enzymes of BcALDH using NADPH. The reactions were performed in 50 mM EPPS buffer (pH 7.5) containing 0.4 mM
all-trans-retinal, 0.4 unit/ml enzyme, 4 mM 2-ME, and 5 mM NADPH at 40°C for 240 min.
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also could reduce retinal to retinol with a cofactor switch. The reduc-
tion activity of BcALDH was increased by its E457V and E194S vari-
ants. Wild-type BcALDH and its variants can be used for the alterna-
tive biotransformation of retinal to retinoic acid or retinol, and the
genes can be introduced in retinal-producing metabolically engi-
neered cells for retinoic acid or retinol production. Our work is an
initiative for the biotechnological production of retinoids, including
retinoic acid and retinol, using a specific bacterial enzyme. Our ap-
proach can also contribute to finding a novel biocatalyst that has not
yet been discovered from prokaryotic origins based on the informa-
tion of eukaryotic biocatalysts.
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