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We have cloned, sequenced, and expressed the gene for a unique ATP- and NADPH-dependent carboxylic
acid reductase (CAR) from a Nocardia species that reduces carboxylic acids to their corresponding aldehydes.
Recombinant CAR containing an N-terminal histidine affinity tag had Km values for benzoate, ATP, and
NADPH that were similar to those for natural CAR, and recombinant CAR reduced benzoic, vanillic, and
ferulic acids to their corresponding aldehydes. car is the first example of a new gene family encoding
oxidoreductases with remote acyl adenylation and reductase sites.

Aromatic, aliphatic, and alicyclic aldehydes and alcohols are
useful intermediates in the chemical, pharmaceutical, and food
industries. Chemical methods for carboxylic acid reductions
are limited, and they usually require prior derivatization and
product deblocking with reactants containing competing func-
tional groups. Biocatalytic reductions of carboxylic acids are
attractive because the substrates are water soluble, blocking
chemistry is not necessary, reductions are enantiospecific, and
the scope of the reaction is very broad (24, 32).

Although microbial reductions of carboxylic acids, usually
producing the acids’ corresponding aldehydes or alcohols, have
been observed with whole-cell reactions of bacteria and fungi
(3, 4, 6, 8, 20, 22, 24, 25, 30, 36–38, 40), enzymatic reductions
of carboxylic acids are relatively new and unexploited biocata-
lytic reactions of great potential value in organic synthesis (12).

Aldehyde oxidoreductases, also known as carboxylic acid
reductases (CAR), require ATP, Mg2�, and NADPH as co-
factors (16, 17, 18, 21, 24). The reduction is a stepwise process
involving initial binding of both ATP and the carboxylic acid to
the enzyme in order to form mixed 5�-adenylic acid-carbonyl
anhydride intermediates (9, 15, 25, 27, 39) that are subse-
quently reduced by hydride delivery from NADPH to form
aldehyde products (16, 25) (Fig. 1). Aromatic CARs have been
purified to homogeneity only from Neurospora (17) and No-
cardia (21, 24) species. Although N-terminal and internal
amino acid sequences were reported for our Nocardia enzyme
(24), sequences have never been determined for any gene
coding for CARs. CAR from Nocardia sp. strain NRRL 5646
has an extremely wide substrate range, and it enantiospecifi-
cally reduces carboxylic acids (8, 24, 32). We report here the
cloning and expression of the first CAR gene, car, and the use
of cloned enzyme in vitro and in vivo to reduce carboxylic acid
substrates.

Strains, plasmids, media, and growth. Bacteria and plas-
mids used in this study are listed in Table 1. Nocardia sp. strain
NRRL 5646 (14) was grown at 30°C in Luria-Bertani (LB)
medium containing 0.05% Tween 80 (vol/vol [liquid medium
only]). With Escherichia coli as the recombinant host for
pHAT-based vectors, cells were grown at 37°C on solid or in
liquid LB medium. Ampicillin (100 �g/ml) was incorporated
into LB medium to select for recombinants, and isopropyl-�-
D-thiogalactopyranoside (IPTG) (1 mM) and/or 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (X-Gal) (80 �g/ml)
were included for recombinant identification.

Molecular biology techniques. DNA manipulations were
performed by standard protocols (33). Restriction enzymes,
T4 DNA ligase, and shrimp alkaline phosphatase were from
New England Biolabs (Beverly, Mass.); the pGEM-T easy vec-
tor kit was from Promega (Madison, Wis.); polyclonal rabbit
anti-histidine-affinity-tag (HAT) antibody, pHAT10 vector,
and Talon resin were from Clontech (Palo Alto, Calif.); goat
anti-rabbit immunoglobulin G-conjugated alkaline phospha-
tase and Immun-Star chemiluminescent substrate kit were
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FIG. 1. The reduction cycle of Nocardia sp. strain NRRL 5646
CAR. Brackets enclose a putative, covalently linked functional CAR-
carbonyl complex.
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from Bio-Rad (Hercules, Calif.); and Qiaprep Spin Miniprep
kit and Qiaquick kit were from Qiagen, Inc. (Chatsworth,
Calif.). All other chemicals were from Sigma (St. Louis, Mo.)
unless otherwise specified.

Nocardia sp. strain NRRL 5646 chromosomal DNA (gDNA)
was purified as described previously by Pelicic et al. (29),
with modifications. Briefly, ampicillin (0.2 mg/ml) and glycine
(1.5%, vol/vol) were added into 100-ml stationary-phase cul-
tures 2 h before harvest. Cells (wet weight, 1.5 g) were resus-
pended in 5 ml of 25% sucrose in 50 mM Tris-HCl (pH 8.0)
containing 50 mM EDTA and 12 mg of lysozyme per ml and
incubated at 37°C with shaking at 50 rpm for 1.5 h. Next, 3 ml
of 100 mM Tris-HCl (pH 8.0) (containing 1% sodium dodecyl
sulfate [SDS] and 700 �g of proteinase K per ml) was added,
and the sample was incubated at 55°C for 4 h. Then, 45 �l of
RNase (500 �g/ml) was added, and the lysate was incubated
with shaking at 50 rpm and 37°C for 1 h and then extracted
with phenol-chloroform-isoamyl alcohol (25:24:1 [vol/vol/vol];
Invitrogen), followed by ethanol precipitation, yielding 90 �g
of gDNA. Recombinant plasmids from E. coli were purified
with a Qiaprep Spin Miniprep kit, and Qiaquick kits were used
for PCR cleanup and gel extractions of vector constructs. PCR
cloning amplification was done either with Platinum TaqDNA
polymerase or Platinum Pfx DNA polymerase (Invitrogen).

Oligonucleotides (Table 2) corresponding to N-terminal and
internal amino acid sequences from purified CAR (24) were
constructed. Degeneracy was minimized by taking advantage
of reported Nocardia codon preferences (11). A typical 50-�l
reaction in 1� PCR buffer contained 500 ng of Nocardia DNA,
5 mM Mg2�, a 500 �M concentration of each deoxynucleotide
triphosphate, a 0.5 �M concentration of each primer, 1% di-
methyl sulfoxide (vol/vol), and 3.5 U of TaqDNA polymerase.
Reaction mixtures were subjected to the following cycles: 1
cycle at 94°C for 4 min; 30 cycles at 94°C for 45 s, 56°C for 45 s,
and 72°C for 2 min; and finally 1 cycle at 72°C for 10 min. PCR
products were separated on a 1% agarose gel. The desired
band was excised, extracted, and ligated into pGEM-T; it was
then transformed by heat shock into E. coli JM109. Following
selection and identification of clones on LB-X-Gal-ampicillin
plates, colonies were used to inoculate to LB-ampicillin broth
and incubated overnight. Following culture harvest and a plas-
mid miniprep procedure, recombinant plasmid was sequenced
in both directions with sequencing primers (Table 2).

Inverse PCR was used to obtain the entire car sequence.
Nocardia gDNA (1 �g) was completely digested with 20 U of
SalI or Acc65I and was then diluted fivefold, ligated, and used
as the template for inverse PCR. PCR primers CA-5 (forward)
and CA-6 (reverse) were used for inverse PCR with TaqDNA
polymerase for a total of 30 cycles with the following cycling
pattern: 94°C for 45 s, 57°C for 45 s, and 72°C for 2 min. The
amplified PCR product was cloned in pGEM-T and trans-
formed into E. coli JM109. Plasmid preparations from inde-
pendent clones were sequenced in both directions. The result-
ing sequence combined with the above part of Nocardia car
gave a 4.6-kb sequence containing the entire Nocardia car gene
(with Acc65I-digested and subsequently religated gDNA used
as the template). A sequence of 2.5 kb upstream from car was

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant propertiesa Source or reference

Strains
Nocardia sp. strain NRRL 5646 Wild type 24
E. coli JM 109 RecA�, recombinant vector host strain Promega
E. coli BL21 (DE3) Inducible T7 RNA polymerase, Ampr Stratagene
E. coli BL21-CodonPlus (DE3)-RP Has argU and proL tRNA genes to provide tRNA for rare codons found in

many GC-rich bacteria
Stratagene

Plasmids
pGEM-T easy T/A PCR cloning vector, Ampr Promega
pHAT10 Cloning vector for in-frame addition of HAT tag (MTMITPSLKDHLIHNVH

KEEHAHAHNKIDDDDKVDGS) to the N terminus of CAR, pLac for
expression, Ampr

Clontech

pHAT-305 pHAT-10 with car insert This study
pHAT-DHFR Positive control expression vector with dihydrofolate reductase gene

tagged with HAT at the N terminus
Clontech

a Ampr, ampicillin resistance.

TABLE 2. Oligonucleotides used in this study

Oligo-
nucleotide Sequence (5�–3�)a Source or

reference

Cloning primers
CA-1 GTSGATTCACCSGATGAG This study
CA-2 CCSGATGARCGSCTACAG This study
CA-3 TGSGCSACSGTSACGAAC This study
CA-4 SACGAAYTCSCCCTGSGAC This study
CA-5 GGTCGGGATCAATCTCAACTACATG This study
CA-6 CCTGCTCATCTTCTGCAAACAACTG This study
carF CGCGGATCCGCAGTGGATTCACCG

GATGAG
This study

carR CGGGGTACCCCTGATATCCGTCAG
AGCAGCTG

This study

Sequencing primers
T7 TAATACGACTCACTATAGGG
SP6 CATACGATTTAGGTGACACTATAG Sigma-Genosys
M13 reverse CAGGAAACAGCTATGAC Sigma-Genosys
Scar-1 CTCGACCTGGCCGATATCCAC This study
Scar-2 GAGGACGGCTTCTACAAGAC This study
Scar-3 GACGCGCACTTCACCGACCTG This study
Scar-4 GTCGACCTGATCGTCCATCC This study
Sacr-5 GACCTACGACGTGCTCAATC This study
Scar-6 CGTACGACGATGGCATCTC This study
Scar-7 GTGGATATCGGCCAGGTCGAG This study
He-32 GGTGGCAGGATGGAATCGG This study
He-33 CGTCGATTCGCGATTCCCTG This study

a Restriction cleavage sites are underlined. R represents A or G, Y represents
C or T, and S represents G or C.
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obtained with SalI-digested and subsequently religated gDNA
used as the PCR template.

Nocardia car was generated by PCR using the primers carF
and carR with Nocardia gDNA used as the template, which
resulted in a BamHI site and a KpnI site, respectively, at the 5�
and 3� ends of car. PCR was performed using Platinum Pfx
DNA polymerase for a total of 30 cycles as follows: 94°C for
18 s, 59°C for 30 s, and 68°C for 4 min. PCR products digested
with BamHI and KpnI were separated on a 1% agarose gel,
purified, and then subcloned into pHAT10 to form pHAT-305.

Open reading frames were identified with the National Cen-
ter for Biotechnology Information (NCBI) orf finder (http:
//www.ncbi.nlm.nih.gov). Derived amino acid sequences were
compared to those of database proteins by the NCBI BlastP
program (2). Protein sequence relationships were examined by
the NCBI CD program. The Sanger Centre TBLASTN pro-
gram was used to locate and analyze the Mycobacterium bovis
and Mycobacterium leprae sequences that were homologous
with car and the surrounding regions (http://www.sanger
.ac.uk). CAR homologue sequences were compared by using
the Clustal W multiple-alignment program (35) with default
settings available at the Baylor College of Medicine search
launcher (http://dot.imgen.bcm.tmc.edu). Alignments were
prepared for examination or presentation by shading with
the Boxshade program at the Swiss Institute for Experimental
Cancer Research (http://www.ch.embnet.org/software/BOX
_form.html).

A 100-ml culture of E. coli [BL21(DE3) or BL21-Codon-
Plus(DE3)-RP] harboring pHAT-305 was grown overnight in
LB-ampicillin medium, diluted 20-fold in fresh medium, and
then incubated at 170 rpm in a rotary shaker at 37°C to an
optical density at 600 nm of 0.6, which was followed by the
addition of 1 mM IPTG and further incubation for 4.5 h. The
cells were harvested by centrifugation and stored at �65°C.

Enzyme assays, gel analysis, and HAT-CAR purification
methods. The standard reaction mixture contained 1 mM ATP,
0.15 mM NADPH, 5 mM sodium benzoate, 10 mM MgCl2,
and enzyme in 0.05 M Tris buffer (pH 7.5) containing 1 mM
EDTA, 1 mM dithiothreitol, and 10% glycerol (vol/vol), all in
a final volume of 1.4 ml. The reference cuvette contained all
components except enzyme and benzoate, and the background
control cuvette contained all components except benzoate.
The background control was subtracted from the complete
reaction to give the true enzyme activity. Reactions were ini-
tiated by adding enzyme and were monitored at 340 nm at
25°C. Enzyme kinetics were examined as previously described
(10). One unit of the enzyme catalyzed the reduction of 1 �mol
of benzoate to benzaldehyde � min�1 under standard assay
conditions.

Protein was measured by the Bradford protein microassay
(5) with bovine serum albumin used as the standard. Gel anal-
ysis of proteins was carried out with SDS–10% polyacrylamide
gel electrophoresis (PAGE) (23).

E. coli CodonPlus cells (wet weight, 4.3 g) transformed with
pHAT-305 were suspended in 26 ml of 0.05 M K2HPO4 (pH
7.5) buffer containing 0.3 M NaCl, 10% (vol/vol) glycerol, 0.2
mM phenylmethylsulfonyl fluoride, and 3 mM �-mercapto-
ethanol, and the cells were disrupted twice by a French press
cell at 12,000 lb/in2. Cell debris was removed by centrifugation
for 60 min at 25,000 � g and 4°C. The resulting supernatant (27

ml) was referred to as cell extract and used for HAT-CAR
purification. Cell extract (24 ml) was loaded onto a 6-ml bed
volume column of Talon resin (cobalt-complexed resin made
by Clontech that specifically binds the HAT tag) equilibrated
with 0.05 M K2HPO4 buffer (pH 7.5) containing 0.3 M NaCl
and 10% (vol/vol) glycerol and then washed with the same
buffer. The HAT-CAR was eluted sequentially by 16-ml por-
tions of 5, 7.5, 10, and 20 mM concentrations of imidazole in
the same buffer. Active fractions were pooled and concen-
trated by ultrafiltration in an Amicon concentrator (PM-10
membrane) and then diluted with 100 ml of 50 mM Tris buffer
(pH 7.5) containing 1 mM EDTA, 1 mM dithiothreitol, and
10% glycerol. This preparation was loaded onto a DEAE
Sepharose column (dimensions, 1.5 by 20 cm; bed volume, 24
ml) equilibrated with the preceding Tris buffer. The column
was then washed with 30 ml of this buffer and eluted with a 0 to
0.5 M NaCl linear gradient (total, 100 ml). Active 2-ml frac-
tions (fractions 29 to 34) were combined for analysis (Table 3).

Western blot samples were subjected to SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. The mem-
brane was incubated with 2% fat-free milk in Tris-buffered
saline, polyclonal anti-HAT antibody (diluted 1:20,000), and
finally polyclonal goat anti-rabbit immunoglobulin G conju-
gated to alkaline phosphatase (diluted 1:20,000), which was
used with the Bio-Rad Immuno-Star chemoluminescent sub-
strate. Tagged proteins were identified with photographic film.
E. coli JM 109 carrying a vector expressing HAT-tagged dihy-
drofolate reductase (DHFR; Clontech) was used as a positive
control, and E. coli CodonPlus carrying the pHAT10 vector
was used as a negative control.

Large-scale in vitro enzyme reactions were carried out in
50 ml of 50 mM Tris-HCl buffer (pH 7.5) containing 0.1 mmol
of substrate, 12.5 mg of NADPH, 55 mg of ATP, 101 mg of
MgCl2, 33.6 mg of glucose-6-phosphate, 3 U of glucose-6-
phosphate dehydrogenase, and 1 mg of purified HAT-CAR
(0.1 U). Reaction mixtures were incubated at 30°C with gentle
shaking at 50 rpm for 24 h. In vivo reactions were conducted
with 100-ml cultures of E. coli CodonPlus carrying pHAT-305.
Cultures were induced by treatment with 1 mM IPTG for 4 h
before receiving 1 mg of benzoic acid, vanillic acid, or ferulic
acid per ml. Samples (�2 ml) were removed at intervals, the
pH was adjusted to pH 2.0 with 6 N HCl, and samples were
extracted with 1 ml of ethyl acetate; centrifugation for 2 min at
1,000 � g followed. Organic phases were removed and used for
silica gel GF254 thin-layer chromatography. A solvent system of
hexanes-ethyl acetate-formic acid (12:6:0.03) was used for ben-
zoic acid (Rf, 0.7) and benzaldehyde (Rf, 0.4). Hexanes-ethyl
acetate-formic acid (18:6:0.03) was used for vanillic acid (Rf,

TABLE 3. Purification of recombinant HAT-CAR from
E. coli CodonPlus carrying pHAT-305

Step
Total

protein
(mg)

Total
activity

(U)a

Sp act
(U/mg)

Yield
(%)

Purifi-
cation

(n-fold)

Crude extract 600 5.21 0.009 100 1
Talon matrix 69.1 4.57 0.066 87.7 7.3
DEAE Sepharose 40 4.43 0.11 85 12.2

a One unit of enzyme catalyzed the reduction of 1 �mol of benzoate to
benzaldehyde per min at 25°C.
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0.33) and vanillin (Rf, 0.5). Hexanes-ethyl acetate-formic acid
(12:6:0.035) was used for ferulic acid (Rf, 0.2), coniferyl alde-
hyde (Rf, 0.3), and coniferyl alcohol (Rf, 0.15). Developed
thin-layer chromatography plates were examined under 254-
nm-wavelength UV light before being sprayed with 0.5%
phosphomolybdic acid in 95% ethanol and warming with a
heat gun to visualize spots. Reduction products were isolated
by adjustment of incubation mixtures to pH 2.0 with 6 N HCl
and extracting them each three times with half-volumes of
ethyl acetate. After removal of solvent by rotary evaporation,
reduction products were purified by preparative thin-layer
chromatography for comparison with authentic standards, and
yields were estimated by weighing dried extractions.

Sequence of Nocardia car. Degenerate primers (two forward
[CA-1 and CA-2] and two reverse [CA-3 and CA-4]) were used
to amplify sequences between the known N-terminal and in-
ternal amino acid sequences (24). PCR products were cloned
into pGEM-T, and 1.6 kb of sequence was determined. Gene
sequence-specific primers (CA-5 and CA-6) based on this
identified fragment were synthesized for inverse PCR to clone
the entire Nocardia car gene. The sequence derived from two
inverse PCR experiments and the above-obtained sequence
gave a total of 6.9 kb of data, which included the entire No-
cardia car gene and its flanking regions. The DNA sequence

and the deduced amino acid sequence of Nocardia car have
been deposited in the GenBank database (accession number
AY495697). Nocardia car consists of 3,525 bp, corresponding
to a protein with a length of 1,173 amino acid residues with a
calculated molecular mass of 128.3 kDa and a pI of 4.74. The
N-terminal amino acid sequence of purified Nocardia CAR
exactly matched the deduced amino acid sequence of the N
terminus, with Ala as the first amino acid (24). The assignment
of ATG as the start codon is supported by analysis of the 5�
flank region: 6 bp upstream from the start codon ATG lies a
conserved Streptomyces ribosomal binding site (GGGAGG)
(28, 34).

The deduced amino acid sequence of Nocardia CAR was
60% identical to the putative acyl-coenzyme A synthase–
substrate-coenzyme A ligase fadD9 of Mycobacterium tubercu-
losis and M. bovis and was 57% identical with its M. leprae
homologue. This finding suggests that the mycobacterial pro-
teins function in carboxylic acid reduction, but this supposition
remains to be tested. Three open reading frames were found
adjacent to car, all coding for putative membrane proteins
(data not shown). BLAST analysis showed that CAR contains
two major domains and a possible phosphopantetheine attach-
ment site. The N-terminal domain (amino acids 90 to 544) has
high homology with AMP-binding proteins. The C-terminal

FIG. 2. SDS-PAGE and Western blot analysis of Nocardia CAR expression in E. coli carrying pHAT10-based vectors. Samples were taken from
the lysates of E. coli cells carrying different vectors and were separated in duplicate by SDS–10% PAGE and either stained with 0.1% Coomassie
blue R-250 (A) or subjected to Western blotting using a HAT-specific antibody (B). Lane 1, molecular mass markers for myosin (209 kDa),
�-galactosidase (124 kDa), bovine serum albumin (80 kDa), ovalbumin (49.1 kDa), carbonic anhydrase (34.8 kDa), soybean trypsin inhibitor (21.5
kDa), lysozyme (20.6 kDa), and aprotinin (7.1 kDa). Lane 2, E. coli CodonPlus cells carrying pHAT-DHFR. Lane 3, E. coli BL21(DE3) cells
carrying pHAT-305 (induced); lane 4, E. coli CodonPlus cells carrying pHAT-305 (induced). Lane 5, purified HAT-CAR. Lane 6, E. coli
CodonPlus cells carrying pHAT10.
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domain has high homology with NADPH binding proteins. We
suggest that if a 4�-phosphopantetheine prosthetic group exists
in active CAR, it may act as a “swinging arm” for transferring
acyl-AMP intermediates to the C-terminal reductase domain.
This arrangement of the CAR protein would reflect a sequen-
tial catalytic mechanism wherein the N-terminal domain cata-
lyzes substrate activation by formation of an initial acyl-AMP
intermediate, while the C-terminal portion then catalyzes the
reduction of acyl-AMP by NADPH to finish a catalytic cycle
(Fig. 1). We are attempting to establish the existence of a
possible 4�-phosphopantetheine prosthetic group for the cata-
lytic process as with aminoadipic acid reductase (13).

Heterologous expression of car. After Pfx DNA polymerase
amplification, car was cloned in frame into pHAT10 to form

the expression vector pHAT-305. Lysate from E. coli BL21
(DE3) and CodonPlus cells carrying pHAT-305 had moderate
CAR activity (0.003 and 0.009 U/mg, respectively) compared
to that of Nocardia wild-type cells (0.03 U/mg of protein) (24),
although SDS-PAGE showed that recombinant CAR is over-
expressed in CodonPlus cells. This enzyme activity definitively
established that we cloned active CAR. When these cultures
were examined by SDS-PAGE, the Coomassie blue-stained
band with an apparent molecular mass of 132.4 kDa was con-
firmed to be HAT-CAR by Western blot analysis (Fig. 2). The
DHFR-positive control and empty pHAT10 negative control
showed the absence of a 132.4-kDa band by SDS-PAGE and
Western blot analysis.

The HAT-CAR protein from E. coli was purified to SDS-

FIG. 3. Alignment of the deduced amino acid sequence of Nocardia CAR with a representative sample of putative homologous molecules from
other organisms. Identical amino acids are highlighted in black, and similar amino acids are highlighted in gray. The Clustal W program was used
to align the above sequences, and Boxshade (setting, 0.7) was used to determine the degree of residue shading. Accession numbers for the other
protein sequences above are as follows: MtfadD, M. tuberculosis (Z77724); MlAcS, M. leprae (NP_301424); Msmeg, Mycobacterium smegmatis
(Contig 3313); MBCG, M. bovis BCG (unnamed hypothetical protein at bases 2,885,319 to 2,888,822).
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FIG. 3—Continued.
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PAGE homogeneity by Talon and DEAE chromatography
(85% recovery). Recombinant CAR bound weakly to the
Talon affinity matrix, being eluted from columns by 10 mM
imidazole rather than the 100 mM usually required for HAT-
tagged proteins. Minor impurities occurring after the affinity
step were removed by DEAE Sepharose column chromatog-
raphy. Trace impurities not detected by SDS-PAGE were de-
tected by Western blot analysis (Fig. 2). These impurities were
HAT tag-containing proteins that are likely hydrolyzed frag-
ments of HAT-CAR cleaved by metal proteases. Metal pro-
tease inhibitors were not used to prevent protease cleavage
during cell disruption because they would be incompatible with
Talon matrix chromatography. The purified HAT-CAR showed
a specific activity of 0.11 �mol � min�1 � mg�1 of protein, which
was less than that of CAR purified from Nocardia (5.89 U/mg
of protein) (24). Km values for benzoate, ATP, and NADPH
were 852 � 82, 69 � 6.6, and 57 � 3.6 �M, respectively (10).
These are similar to the native enzyme Km values. The Vmax

was 0.135 � 0.004 �mol � min�1 � mg�1 of protein, which is
less than that of the natural enzyme (0.902 � 0.04 �mol �
min�1 � mg�1 of protein) (24).

In vitro, nonoptimized biotransformation reactions showed
that pure HAT-CAR reduced several carboxylic acids to their
corresponding aldehydes. In 24-h in vitro reactions, 10.2 mg of
benzaldehyde (82% yield), 7.5 mg of vanillin (48% yield), and
4 mg of coniferyl aldehyde (23% yield) were obtained by pre-
parative layer chromatography. In vivo biotransformations of
the same substrates showed that benzoate was rapidly con-
verted to benzyl alcohol in 2 h, while vanillin and coniferyl
aldehyde observed at 2 h were converted to their correspond-
ing alcohols in 24 h.

Conclusions. CAR differs from coniferyl aldehyde dehydro-
genase, which uses NAD� to oxidize aldehydes to acids, does
not use ATP, and has no homology with CAR (1). ATP-depen-
dent CAR catalyzes the energetically unfavorable reduction of
acids to aldehydes by using ATP for energy to drive the reac-
tion. It can also catalyze the oxidation of aldehyde to acid
without ATP, but the cofactor for CAR is NADP(H) instead of
NAD(H). The size of car (3.5 kb) is much larger than that of
aldehyde dehydrogenase genes (1.5 kb) (1). CAR also differs
from fatty acid reductases in luminescent bacteria, which con-
tain three polypeptide components (31).

CAR was only moderately expressed in E. coli BL21(DE3)
carrying pHAT-305. This low expression might be due to co-
don bias that can cause early termination and slow transcrip-
tion since the G�C content of the sequence is 66%, and
expression of pHAT-305 improved about threefold when it was
carried out in E. coli CodonPlus cells. The HAT-CAR protein
bands from CodonPlus cells were more clearly seen on SDS-
PAGE than was extract from normal BL21 (DE3) cells
(Fig. 2).

We speculate that two forms of the enzyme exist in E. coli.
One form (holo-CAR) is active, while the other (apo-CAR) is
inactive. Conversion of apo-CAR to catalytically active holo-
CAR might occur by posttranslational modification, e.g., phos-
phopantetheinylation at a position such as Ser688 to function
as a swinging arm (13). In holo-CAR, the SH of the phospho-
pantetheine prosthetic group would react with acyl-AMP to
form an acyl-S-pantotheine-CAR intermediate (shown as
C6H5-CO-CAR in brackets in Fig. 1). The C-terminal reduc-

tase domain would finish the catalytic cycle by delivering hy-
dride from NADPH to the acyl-S-pantotheine-CAR interme-
diate, freeing an aldehyde product. This may explain the
different specific activity observations between the wild-type
and recombinant enzyme, in which the majority of the latter
enzyme may be in the form of apo-CAR.

	-Aminoadipate reductase is well studied, and motifs re-
sponsible for adenylation of 	-aminoadipate, reduction,
NADPH binding, and attachment of a phosphopantetheinyl
group have been identified previously (7, 19). While traditional
BLAST analysis does not reveal the expected common motifs
in the N-terminal portion of CAR, they do appear in the
C-terminal portion. As with 	-aminoadipate reductase, a phos-
phopantotheine attachment site, domain J, is clearly present in
CAR (LGGxSxxA), as are the reduction domain (GYxxSKW)
and the NADP binding domain (GxxGxLG). These motifs are
fully conserved in the Mycobacterium CAR homologues (Fig.
3). Whether benzoate induction (21, 24) increases CAR ex-
pression or increases the conversion of an inactive form of the
enzyme to an active form by a posttranslational modification
remains to be established, as does the possible involvement of
a Lys5-like protein (13) catalyzing posttranslational 4�-phos-
phopantetheinylation of apo-CAR.

Biotransformation reactions using IPTG-induced whole
E. coli CodonPlus cells carrying pHAT-305 were simple to
conduct and resulted in the smooth conversion of carboxylic
acids to aldehydes—and subsequently to alcohols. With whole
cells, expensive cofactors are unnecessary (26), rendering the
biocatalytic reaction more practical at large scales. Reduction
of aldehydes formed by CAR to alcohols by an endogenous
E. coli alcohol dehydrogenase similar to that observed in No-
cardia (26) is relatively slow. Biochemical engineering ap-
proaches with the recombinant organism might be exploited to
diminish this unwanted side reaction.

The unique car sequence for the CAR enzyme may be used
to produce easily grown recombinant E. coli cultures for direct
use in whole-cell biocatalytic conversions of natural or synthe-
tic carboxylic acids (24, 32). Alternatively, this gene sequence
or its homologues may be incorporated into the genomes of
multiply recombinant strains through pathway engineering to
be used in combinatorial biocatalytic syntheses of useful com-
pounds.

Nucleotide sequence accession number. The nucleotide se-
quence encoding Nocardia CAR has been deposited in the Gen-
Bank-EMBL database under accession number AY495697.

A. He and T. Li are grateful for financial support through Center for
Biocatalysis and Bioprocessing fellowships.
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