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The gene ald, encoding aldehyde dehydrogenase, has been cloned from a genomic library of Escherichia coli
K-12 constructed with plasmid pBR322 by complementing an aldehyde dehydrogenase-deficient mutant. The
aid region was sequenced, and a single open reading frame of 479 codons specifying the subunit of the aldehyde
dehydrogenase enzyme complex was identified. Determination of the N-terminal amino acid sequence of the
enzyme protein unambiguously established the identity and the start codon of the aid gene. Analysis of the 5'-
and 3'-flanking sequences indicated that the ald gene is an operon. The deduced amino acid sequence of the ald
gene displayed homology with sequences of several aldehyde dehydrogenases of eukaryotic origin but not with
microbial glyceraldehyde-3-phosphate dehydrogenase.

In Escherichia coli, the metabolism of L-fucose and
L-rhamnose yields L-lactaldehyde as an intermediate metab-
olite (14). An NAD-dependent enzyme that oxidizes this
intermediate to L-lactate was initially named lactaldehyde
dehydrogenase (26). Mutants selected for growth on L-1,2-
propanediol express an NAD-dependent oxidoreductase
constitutively. This enzyme oxidizes L-1,2-propanediol to
L-lactaldehyde, which is then converted to L-lactate by the
same dehydrogenase involved in L-fucose and L-rhamnose
metabolism (14, 27). Such propanediol-positive mutants,
however, lost the ability to grow on L-fucose (11, 14). A
propanediol-negative mutant that lost the ability to grow on
propanediol was then isolated. This secondary mutant
(ECL40) lacked lactaldehyde dehydrogenase activity (26)
and the immunologically cross-reacting material (5). The
enzyme was later shown to be able to oxidize other x-hy-
droxyaldehydes such as glycoaldehyde, which is generated
in the metabolism of L-arabinose (20). More recently, it was
found that this enzyme was induced not only by growth on
fucose, rhamnose, or arabinose, but also by growth in the
presence of amino acids such as glutamate (5). It is uncertain
what role the enzyme plays in the metabolism of this amino
acid.

Since the dehydrogenase was found to act on a number of
aldehydes, it was renamed simply aldehyde dehydrogenase.
The mutation abolishing the enzyme activity was designated
as ald, which mapped at 31.2 min (13). The native enzyme is
a homotetramer with a subunit of 55,000 Da (5).

MATERIALS AND METHODS
Bacterial strains. The strains used are listed in Table 1.

Strain JA111 was constructed by transducing the recAl
mutation from strain JA120 (3) to strain ECL40 by selecting
for the closely linked marker srl::TnlO. Tetracycline-resis-
tant transductants were scored for UV sensitivity.
Growth media and preparation of cell extracts. Cells were

grown aerobically as described previously (7) on Luria broth
(LB) or minimal medium. For growth on minimal medium,
carbon sources were added to a basal inorganic medium (6)
in the following concentrations: DL-1,2-propanediol, 40 mM;

* Corresponding author.

casein acid hydrolysate, 0.5% (wt/vol). Ampicillin and tetra-
cycline, when used, were routinely added at final concentra-
tions of 100 and 15 p,g/ml, respectively. For screening of the
gene library, propanediol-ampicillin minimal agar plates
were used that contained 40 mM DL-1,2-propanediol and 20
,ug of ampicillin per ml. MacConkey-propanediol agar con-
tained 1% DL-1,2-propanediol.
For the enzyme assay, the cells were harvested at the end

of the exponential phase and the cell extract was prepared as
described previously (6) with 10 mM Tris-HCl buffer (pH
7.0). When the extracts were used for enzyme purification,
the buffer consisted of 10 mM phosphate buffer (pH 7.3)
containing 10 mM P-mercaptoethanol and 1 mM EDTA (10).
Enzyme assay. Aldehyde dehydrogenase activity was as-

sayed spectrophotometrically (at 340 nm) by monitoring the
increased rate of NADH formation at 25°C. Since this
enzyme was also reported to be responsible for the conver-
sion of glycoaldehyde to glycolate (10), glycoaldehyde was
used instead of lactaldehyde because of the commercial
unavailability of lactaldehyde. The assay mixture (1 ml)
consisted of 1 mM lactaldehyde or glycoaldehyde, 100 mM
sodium glycine buffer (pH 9.5), and 2.5 mM NAD.

Propanediol oxidoreductase activity was assayed at 25°C
in the direction of L-lactaldehyde reduction by monitoring
the decrease in the concentration of NADH. Since the
oxidoreductase reduces not only lactaldehyde but also gly-
coaldehyde to ethylene glycol (8), glycoaldehyde was rou-
tinely used instead of lactaldehyde. The assay mixture (1 ml)
consisted of 0.5 mM glycoaldehyde, 200 mM sodium phos-
phate buffer (pH 7.0), and 0.125 mM NADH.
The protein concentration in cell extracts was determined

by the method of Lowry et al. (21) with bovine serum
albumin as the standard.
DNA manipulation. Plasmid DNA was routinely prepared

by the boiling method (22). For large-scale preparation, a
crude DNA sample was subjected to purification by cesium
chloride-ethidium bromide density gradient centrifugation or
on a column (Qiagen GmbH, Dusseldorf, Federal Republic
of Germany). Single-stranded DNA was isolated by using a
method outlined by Stratagene Corp., La Jolla, Calif. DNA
manipulations were performed essentially as described by
Maniatis et al. (22). The DNA sequence was determined by
using the dideoxy-chain termination procedure of Sanger et
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TABLE 1. E. coli strains used in this work

Strain Genotype Source or
reference

ECL3 HfrC fucO(Con) fucA(Con) 27
fucPIK(Non) phoA8 relAl
tonA22 T2r(lambda)

ECL40 HfrC ald-i fucO(Con) fucA(Con) 26
fucPIK(Non) phoA8 relAl
tonA22 T2r(lambda)

JA120 F- thi-i thr-i leuB6 lacYl 3
tonA21 supE44 X- recAl
srlA: :TnJO

JA111 HfrC ald-i fucO(Con) fucA(Con) This study
fucPIK(Non) phoA8 relAl
tonA22 T2r(lambda) recAl
srlA: :TnJO

al. (24). Double-stranded plasmid DNA was used as a
template. Plasmid purified by CsCl gradient centrifugation
was used for the construction of ordered deletions by using
the Erase-a-Base system (Promega Biotec, Madison, Wis.).
To resolve the numerous sequencing gel compressions, we
used 7-deaza-dGTP and 7-deaza-dITP instead of dGTP. In
some cases, treatment of the sequencing reaction with
methoxyamine and bisulfite, which eliminate the secondary-
structure effects in gels by modifying the cytosine residues,
was required (1).
Primer extension analysis. Primer extension analysis was

performed by using the procedure of Hu and Davidson (18).
The procedure involved hybridization of mRNA to a single-
stranded DNA template and annealing of a radiolabeled
DNA primer to the template at a site upstream from the 5'
end of the mRNA. Extension of the primer by T4 DNA
polymerase should stop at the 5' end of the hybridized
mRNA; therefore, the 3' end of the growing DNA chain
marks its position. Total RNA from strain ECL1 was ob-
tained as described previously (6). T4 DNA polymerase was
purchased from Promega.

Purification and amino-terminal determination of aldehyde
dehydrogenase. Aldehyde dehydrogenase was purified from
cells of strain ECL3 grown on casein hydrolysate (9). The
fraction of higher activity (1 ml) obtained from the agarose-
NAD column was exhaustively dialyzed against 0.5 liter of
0.1 M ammonium hydrogen carbonate. The process involved
10 buffer changes with a 15-min dialysis each time. The
dialyzed enzyme solution was concentrated in a vacuum
chamber, and the N-terminal sequence of the subunit was
determined by automated Edman degradation with an Ap-
plied Biosystems 470A gas-phase sequencer.

RESULTS
Cloning of the ald gene. As host strain, we used strain

JA111 (aldehyde dehydrogenase deficient, propanediol oxi-
doreductase constitutive, and fucose negative), which failed
to grow on propanediol. A previously constructed E. coli
genomic library (12) was used for transformation. The trans-
formants were plated on propanediol-ampicillin minimal
agar. Nineteen propanediol-positive clones were purified.
All were fucose negative, which was a trait of the host strain.
The plasmid DNA of six clones displaying more rapid
growth on propanediol was prepared and reintroduced into
strain JA111. All six of these plasmids were shown to
complement the ald mutation. Three of the transformants,
carrying plasmids pALD1, pALD2, and pALD3, were sub-

TABLE 2. Enzyme activities of E. coli JA111 containing
plasmids complementing the ALDH-negative phenotype

Sp act (U/mg of protein) of:
Straina Aldehyde Propanediol

dehydrogenase oxidoreductase

JA111(pBR322)b 0.01 0.410
JA111(pALD1) 1.74 0.390
JA111(pALD2) 1.59 0.400
JA111(pALD3) 1.67 0.370

a Cells were grown in casein hydrolysate aerobically.
b Control plasmid.

jected to determination of aldehyde dehydrogenase and
propanediol oxidoreductase activities; all three showed re-
stored aldehyde dehydrogenase activity and constitutive
propanediol oxidoreductase activity (Table 2). The aldehyde
dehydrogenase and the propanediol oxidoreductase activi-
ties were also determined in strain JA111 transformed with
the plasmid pBR322 as a negative control. The transformant
remained deficient in aldehyde dehydrogenase and constitu-
tive in propanediol oxidoreductase.

Determination of ald coding region and direction of tran-
scription. One of the cloned plasmids, pALD1, having ap-
proximately 9.2 kb of insert DNA, was chosen for further
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FIG. 1. (A) Fragment of the restriction map of Kohara et al. (19)
encompassing the ald gene. The restriction sites for several cleaving
enzymes are indicated in the horizontal open bars, which are labeled
as follows: B, BamHI; H, HindlIl; E, EcoRI; EV, EcoRV; Bg, BglI;
K, KpnI; P, PstI; Pv, PvuII. (B) Restriction map of the insert of
plasmid pALD1 and its correspondence to the map of Kohara et al.
(19). The insert was cloned from a Sau3A library, which generated
the restriction site BamHI marked Sau3A. (C) Deletion analysis of
the 3.7-kb EcoRI-HindIII insert of pALD1.1. The solid line repre-
sents the DNA fragment of pALD1.1. Thinner lines below pALD1.1
represent the fragments of the subclones constructed by deletion of
pALD1. 1. The fragments complementing the ald mutation are
marked by an asterisk. The solid bar represents the ald coding
region. The arrow represents the direction of transcription.
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AAAAA7TGCCCGT?GG

-180 AACCACTTGTTTGCAAACGGGCATGACTCCTGAr CTGTTATCTGCTAlCA ros-.LATAmAGCCCAGA

-90 TTGTCC JCGCCACGATTCCGTCTCTCTGACACGATGTAATAACAATGTATTCACCGAAAACAACATATATCACGCCC

1 ATGTCAGTACCCGTTCAACATCCTATGTATATCGATGGACAGTTGTTACCTGGCGTGGAGACGCATGGA TG AAACCTGCT
Met*rVa1proVa1GflHiSiPrOMetTyrIleAspGlyGlnPheValThrTrpArgGlyAspAlaTrpIllAspValValAsnProAla

10 20 !o

9 1 ACAGAGGCTGTCATTCCCGCATACCCGATGGTCAGGCCGAGGATGCCCGTAAGGCAATCGATGCAGCAGAACGTGCACAACCAGAATG
ThrGluAlaValI1leSerArgI1leProAspGlyGlnAlaGluAspAlaArgLysAlaI leAspAlaAlaGluArgAlaGlnProGluTrp

40 50 60

181 GAAGCGTTGCCTGCTATTGAACGCGCCAGT GGTrGCGCAAAATCTCCGCCGGGATCCGCGAACGCGCCAGTGAAATCAGTGCGCTGATY
GluAlaLeuProAlaIleGluArgAlaSerTrpLeuArgLysIleSerAlaGlylleArgGluArgAlaSerGlulleSerAlaLeuIle

70 80 90

271 GTTGAAGAAGGGGGCAAGATCCAGCAGCTGGCTGAAGTCGAAGTGGCTITTACTGCCGACTATATCGATTACATGGCGGATGGCACGG
ValGluGluGlyGlyLysIleGlnGlnLeuAlaGluValGluValAlaPheThrAlaAspTyrIleAspTyrMetAlaGluTrpAlaArg

100 110 120

361 CGTTACGAGGGCGAGATTATTCAAAGCGATCGTCCAGGAGAAAATATT1'1?GTTTAAACGTGCGCTGTGACTACCGGCATrCTG
ArgyrGluGlyGluleIleGlnSerAspArgProGlyGluAsnIleLeuLeuPheLysArgAlaLeuGlYValThrThrGlyIllLeu

130 140 150

451 CCGTGGAAC TTCCC CCTCATTGCCCGCAAAATGGCTCCCGCTCTTGACCGGTAATACCATCGTCATYAAACCTAGTGAA Tr
ProTrpAunPheProPhePheLeuIleAlaArgLysMetAlaProAlaLeuLeuThrGlyAsnThrIleVal1leLysPrQSerGluPhe

160 170 180

541 ACGCCAAACAATGCGATTGCATTCGCCAAAATCGTCGATGAAATAGGCCTTCCGCGCGGCGTGTTTAACCT5GTACTGGGGCGTGGTGAA
ThrProAsnAsnAlaIleAlaPheAlaLysIleValUpGluG1leGlyLeuProArgGlyValPheAsnLeuValLeuGlyArYGlyGlu

190 200 210

631 ACCGTTGGGCAAGAACTGGCGGGTAACCCAAAGGTCGCAATGGTCAGTATGACAGGCAGCGTCTCTGCAGGTGAGAAGATCATGGCGACT
ThrValGlyGlnGluLeuAlaGlyAsnProLysValAlaMetValSerMetThrGlySerValSerAlaGlyGluLysIleMetAlaThr

220 230 240

721 GCGGCGAAAAACATCACCAAMGTGTGTCTGGAATTGGGGGGTAAAGCACCAGCTATCGTAATGGACGATGCCGATCTTGAACTGGCAGTC
AlaAlaLysAsnIleThrLysValCysLeuGluLeuGlyGlyLysAlaProAlalleValMetAspAspAlaAspLeuGluLeuAlaVal

250 260 270

811 AAAGCCATCGTTGATTCACGCGTCATTAATAGTGGGCAAGTGTGTAACTGTGCAGAACGTGTTTATGTACAGAAAGGCATTTATGATCAG
LysAlaIleValAspSerArgValIleAsnSerGlyGlnValCysAsnCysAlaGluArgValTyrValGlnLysGlylleTyrAspGln

280 A 290 300

901 TTCGTCAATCGGCTGGGTGAAGCGATGCAGGCGG?1CAATTTGGTAACCCCGCTGAACGCAACGACATTGCGATGGGGCCGTTGATrAAC
PheValAsnArgLeuGlyGluAlaMetGlnAlaValGlnPheGlyAsnProAlaGluArqAsnAspIleAlaMetGlyPrQLeuIleAsn

310 320 330

991 GCCGCGGCGCTGQAAAGGGTCGAGCAAAAAGTGGCGCGCGCAGTAGAAGAAGGGGCGAGAGTGGCGTFCGGTGGCAAAGCGGTAGAGGGG
AlaAlaAlaLeuGluArgValGluGlnLysValAlaArgAlaValGluGluGlyAlaArgValAlaPheGlyGlyLysAlaValGluGly

340 350 360

1081 AAGGATATTATTATCCGCCGACATTGCTGCTGGATGTTCGCCAGGAAATGTCGATZATGCATGAGGAAACCTTTGGCCCGGTGCTGCCA
LysGlyTyrTyrTyrProProThrLeuLeuLeuAspValAxgGlnGluMetSerIleMetHisGl4GluThrPheGlyProValLeuPro

370 380 390

1171 GTTGTCGCATTTGACACGCTGGM^GATGCTATCTCAATGGCTAATGACAGTGATTACGGCCTGACCTCATCAATCTATACCCAAAATCTG
ValValAlaPheAspThrLeuGluAspAlaIleserMetAlaAsnAspserAspTyrGlyLeuThrSerSerIleTyrThrGlnASnLeu

400 410 420

1261 AACGTCGCGATGAAAGC CATCAACCGTGAAAACTSCGAAGCTATOCAGGCTICCACGCC
AsnValAlaM.tLyuAlaIleLysGlyLeuLysPheGlyGluThrTyrIleAsnArgGluAsnPh.GluAlaMetGlnGlyPheMisAla

430 440 450

1351 GGATGGCGTAAATCCGGTATTGGCGGCGCAGATGGTAAACATGG GCATGAATATCTGCAGACCCAGGTGGArTACAGTCTTAA
GlyTrpArgLysserG1y11eG1yGlyAlaAspGlyLysHisGlyLeuisGluTyrLeuGlnThrGlnValValTyrLeuGlnSer

460 470

1441 TAGT AcGTcTAGCGAATT CGAGGGTGATAAGC CGAG

1531 ccATATrcGrTATCGTACCAGGCGACCG cACC

FIG. 2. Nucleotide and deduced amino acid sequences of the ald gene. The deduced amino acid sequence is shown below the nucleotide
sequence. The putative Shine-Dalgarano sequence is boxed. The transcriptional start point is marked by a solid triangle. The -10 region
(Pribnow box) is underlined. The putative rho-dependent terminator is underlined twice. The cysteine of the active center is marked by an
open triangle.

physical mapping with various restriction enzymes. Several containing the EcoRI-HindIII fragment of 3.7 kb in the
subclones were then constructed and tested for complemen- vector Bluescript plasmid (Stratagene), was introduced into
tation in strain JA111. The restriction map of the ald region JA111 and showed complementation of the ald mutation by
is shown in Fig. 1A. One of the subclones, plasmid pALD1.1 restoring the enzyme activity.
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FIG. 3. Identification of the 5' end of the ald transcript. The
primer-extended products (lane 1) were coelectrophoresed with a

sequencing ladder (lanes A, C, G, and T) generated by using the
same template and primer. A control reaction without RNA was run

in lane 2. A portion of the nucleotide sequence deduced from the
sequencing lanes is shown on the right, with the transcriptional start
point indicated by an arrow at position -43.

Deletion analysis of the 3.7-kb EcoRI-HindlIl fragment by
use of exonuclease III delimited the region that comple-
mented the ald mutation to 1.8 kb (Fig. 1B). By comparing
the restriction map of the cloned ald region with the corre-

sponding region of the physical map of Kohara et al. (19), we
found that the ald gene is located between 1504 and 1506 kb
on the physical map and around 31.8 min on the chromo-
somal map (2). Sequencing data of the ald region (see below)
have shown that the start codon of the open reading frame
(ORF) of the ald gene is proximate to the EcoRI site and
distal to the HindIII site on plasmid pALD1 (Fig. 1).
Accordingly, the ald gene is transcribed clockwise on the E.
coli chromosome.

Sequencing of the region coding for aldehyde dehydroge-
nase. When the nucleotide sequence of plasmid pALD1.1
was completely sequenced for both strands of DNA, a single
long ORF was found. This ORF, presented in Fig. 2,
encodes 479 amino acids with a predicted molecular mass of
52,278 Da, which is close to that of the enzyme subunit
(about 55,000 Da), as indicated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (5). The amino acid com-
position deduced from the nucleotide sequence was in close
agreement with the experimentally determined composition
of the enzyme protein reported previously (5).
The ORF starts from the ATG initiation codon at position

1 of the sequenced region, with a potential Shine-Dalgarno
sequence at position -11. There is a set of 9-bp inverted
repeats 10 nucleotides after the TAA translational stop
codon that could form a stable stem-loop structure with a
calculated free energy of stabilization of -25.8 kcal (ca.
-107.9 kJ) (underlined twice in Fig. 2). This structure is
likely to correspond to a rho-dependent transcriptional ter-
mination signal.
A possible consensus sequence of 7 amino acids for

coenzyme specificity was found starting at amino acid 207.
This sequence, G-X-G-X-X-X-G, is highly conserved among
aldehyde dehydrogenases (see Fig. 4). A cysteine at position
285 most probably corresponds to the highly conserved
cysteine of the active center of the aldehyde dehydrogena-
ses. A decapeptide of sequence V-T-L-E-L-G-G-K-S-P,
which is highly conserved among other aldehyde dehydrog-
enases (28), was also found in the E. coli enzyme: starting at
position 248, the sequence was V-C-L-E-L-G-G-K-A-P.

N-terminal amino acid sequencing of aldehyde dehydroge-
nase. Aldehyde dehydrogenase was purified from E. coli
K-12 strain ECL3, and the amino acid of the N terminus was
sequenced by automated Edman degradation. The sequence
yielded was S-V-P-V-Q-H-P-M-Y-I. This corresponded ex-
actly to the deduced amino-terminal sequence of the ORF,
except that the initial Met was lost in the mature protein.
This correlation unambiguously showed that the cloned and
sequenced gene in fact encoded the aldehyde dehydrogenase
protein.

Transcriptional start site of the ald gene. The site of
transcription initiation of the ald gene was determined by
primer extension analysis. Total mRNA was prepared from
strain ECL1 grown aerobically on rhamnose. The DNA
template used in these experiments was derived from plas-
mid pALD1.1 with an insert containing the ald gene and a
200-bp DNA fragment upstream from the nucleotide 1.
Single-stranded DNA of this template was hybridized with
the total mRNA preparation. After annealing with 32p_
labeled sequencing primer that was complementary to the
Bluescript polylinker region, the primer was extended with
T4 DNA polymerase. The samples were subjected to poly-
acrylamide gel electrophoresis in parallel with sequencing
mixtures prepared with the same template and primer. Two
major products differing in 2 bp were observed (Fig. 3, lane
1) that were absent when the primer extension reaction was
carried out without mRNA (lane 2). Of the two observed
products, the first termination of the primer extension would
be the most likely to represent the transcriptional start point,
and it corresponded to the adenine at position -43 (Fig. 3).
A putative TATA box appears at -10 of the transcriptional
start point (underlined in Fig. 2).
Amino acid sequence homology with other aldehyde dehy-

drogenases. The availability of the amino acid sequence of
the E. coli aldehyde dehydrogenase gave us an opportunity
to determine the amino acid sequence homology between
this enzyme and eukaryotic and prokaryotic aldehyde dehy-
drogenases already determined. Our sequence was intro-
duced and compared with the EMBL data bank. Scores of
high homology appeared for all eukaryotic aldehyde dehy-
drogenases in the bank. Comparison of the sequences of the
enzymes with the highest scores was performed by using the
Microgenic (Beckman) computer program (Fig. 4). Overall
amino acid identities between the entire E. coli aldehyde
dehydrogenase protein and various aldehyde dehydrogena-
ses showed similar percentages of homology: 35.0% for the
horse cytoplasmic enzyme (4); 34.5% for the Aspergillus
niger enzyme (23); 34.1% for a plant betaine enzyme (28);
and 33.5% for the human liver cytoplasmic (15) and mito-
chondrial (16) enzymes.

DISCUSSION

Identification of the cloned ORF as the structural gene
encoding aldehyde dehydrogenase has been established by
several criteria. First, the cloned region complements strain
JA111 deficient in aldehyde dehydrogenase. This strain was
made recA negative to avoid misleading recombination in the
complementation experiments. The complementation was
assessed by analyzing the restoration of aldehyde dehydro-
genase activity and the retention of the constitutivity of
propanediol oxidoreductase as a control trait of the host.
Second, the N-terminal sequence deduced from the ORF
matched that of the experimentally determined sequence of
the purified protein. Third, the molecular weight of the
subunit and the amino acid composition of the protein
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EC 1
HO 1
AN 1
PB 1
HM 1
HC 1

SSSGTPDLPVLLTDLKFQYTKIFINNEWHDS. SGKKFPVFNPATEEKLCEVEEGDKEDVNK. VA. ARQ. FQIGSP. .T- -
MSDLFATITI PNGCKYEQPLGLFIDGEFVKGAEGKTFETINPSNEKPIVAVHEATEKDVDTAVAAARKAFEGS. RQ- -

MAFPIPARQLFIDGEWREPIKKNRIPV.NPSTEEIIGD.PAATAEDV.V. W.ARR.F.RNNWSATSG
AAAATQAVPAPNQQPEVFCNQIFINNEWHBA. SRKTFPTVNPSTGEVICQVAEGDKEDVDK.V. . AR. .FQLGSP. RR--
SSSGTPDLPVLLTDLKIQYTKIFINNEWHDS. SGKKFPVFNPATEEELCQVEEGDKEDVDK . V.. ARQ. FQIGSP. RT- -

EC 63 LPAIERASWLRKISAGIRERASEISALIVEEGGKIQQLAEVEVAFTADYIDYMAEWARRYEGEIIQSDRPGENILLFKRA
HO 79 MD.S ..GRL.Y.LADLVERDRLILATMESMN... LFSN.YLMDLGGCLKTLRYCAGWADKIQGRTIPSGDNFFTYTRHEP
AN 77 VTPST.GRM.T.LADLFERD.EILASIEALDN .. SITM-AHGDIAGAAGCLRYYGGWADKI.HQTIDTNSETLNYTRHEP
PB 69 AHRATYLRAIAAKITEKKTHFVKLETIDSGKTFDEAVLDIDD. SCFE.FAGQ ..ALDGKQKAPVTLPMERFKSHVLRQP
HM 79 MD. -H.GRL.NRLADL.ERDRTYLA. .ETLDN. .PYVISYLVDLDMVLKCLRYYAGWADKYHGKTIPIDGDFFSYTRHEP
HC 79 MD.S ..GRL.Y.LADL. DRLLLAThESMN... LYSN.YLNDLAGCIKTLRYCAGNADKIQGRTKPIDGNFFTYTRHEP

EC 143 LGVrGILPWNFPFFLIARKMAPALLTGTVIKPSEPNNAIAFAKIVDEIGLPRGVFNLVI G LETVGELAGNPKV
HO 159 V . CGQ... LMLW.I .... SC . V.V ..A.Q ..LS.LHV.TLIK.AL.P .cV.I. .Y.P.A. AISSHMDI
AN 156 I ..CGQ. ... LLMWAW.IG ..IA .. V... TA.Q ..LSGLYA.NVIK.A.I.A. .V.VI. F.GVA. AISHHMDI
PB 148 ...-V.S . Y.LLMATW .I ....AA.C.A.L. .S.LASVTCLE.GEVCN.V.L.P. .L.L. L.PDA .P. VSH.D.
HM 158 V .CGQ.I. LLMQ.W.LGA...A... VV.M.VA.Q ..LT.LYV.NLIK.A.F.P ..V.I. .FP.A. I.SHED.
HC 159 I. .CGQ.I... LVMLIW.IG... SC.. V.V ..A.Q ..LT.LHV.SLIK.A.F.P ..V.I. .Y.P.A. ISSHMDI

EC 223 AMVSMTGSVSAGEKCIMATAAK-NITiVCLLGAAIVMDDADLELAVKAIVDSRVINSGQVCNCAERVYVQKGIYDQF
HO 239 DK.AP.... TEV.KL.KEA.G.S.LKRTV......S .F..FA. T.LEVTHQALFYHQ. .C.V..IF. E....E.
AN 236 DK...... ........ ... S.LK..T.. S.N .N....1IDN.ISWANFGIFY.H. .C.CAGS.IL. ..... EK.
PB 229 DKIAF...SAT.S.V..S..Q-LVKP.T...... S.IV .FE.V.IDKV.EWTIFGCFTN ..I.SATS.LL.HES.AAE.
HM 238 DK.AF....TEI.RV.QVA.GSS.LKR.T...... S.N.I.S ....IW.EQAHFASFF.Q. .C.CAGS.TF ....... E.
HC 239 DK.AF.... TEV.KL.KEA.G.S.LKR.T. S.C.......DN. .EFAHHGVFIHQ C. IAS.IF.EES... E.

EC 302
HO 319
AN 316
PB 308
HM 318
HC 319

EC 380
HO 396
AN 393
PB 387
HM 395
HC 396

EC 460
HO 466
AN 473
PB 467
HM 475
HC 476

VNRLGEAMQAVQFGNPAERNDIAMGPLINAAALERVIQLVARAvVEGARVAFGGKAV--EGGYiXXXYrrU-bVRWElSI
.R.SV.RAKKYVL....LT-PGVSQ..Q.DKEQYDKILDLYESGKX.. .KLEC..GPW--GN.. .FIQ..VFSN.SD..R.
IA..K.RALQNKV.D.FA-K.TFQ..QVSQLQFD. IMEYIQHGKDA..T..V..ERH--GTE..FIQ..VFT..TSD.K.
.DK.VKWTKNIKISD.F. -EGCRL..VLSKGQYDKIMKFIST.KS ... TILY ..SRPEHLK.... IE .. IVT. ISTS.Q.
.E.SVARAKSRYV .. .FD-SKTEQ. .QVDETQFKILGYINTGKQ .. .KLLC. .GIA--ADR. .FIQ. .VFG,. .QDG.T.
.R.SV.RAKKYIL ... .LT-PGVTQ. .Q.DKEQYDKILDLIESGIK ... KLEC. .GPW--GN . .. FIQ. .VFSN.TD. .R.

MHEETFGPVLPVVAFDTLEDAISMANDSDYGLTSSIYTQNUNVANKAIKGLKFGETYINRENFEAMQGFIAGWRKGSGIGG
AK..I ....QQIMK.KS.D.V.KR..NTT ... FAGSF4.ID.DK.ITVSAA.QA.TVWVNCYGVVSA.CPFG.FKM. .N.R
NQ. .I ... VT.QK..KDV .KIG.STE . AAG.H.KDVTT.IRVSNA.RA.TVWVNSY.LIQY.VPFG.FKE .R. R
WK..V.. C.KT.SSEDE. ....TE...TAAAVFSND.ERCERIT.A.EV.AVWVNCSQPCFV.APWG.IKR. .F.R
A......IMQILK.K.I.EVVGR..N.T... AAAVF.KD.DK.NYLSQA.QA.TVWVNCYDVFGA.SPFG.YKM..S.R
AK. .1... .QQIMK.KS.D.V.KR..NTF...SAGVT.KDIDK.ITISSA.QA.TVWVNCYGVVSA.CPFG.FKM..N.R

ADGKHGLHEYLQTQVVYLQS
EM.EY.F....TEVKT.TVKISQKNS
EL.SYA.EN.T.IKA.HYRLGDALF
EL.EW.IQN..NIKQ.TQDISDEPWGWYKSP
EL.EY..QA.TEVKT.TVKVPQKNS
EL.EY.FH..TEVKT.TVKISQKNS

FIG. 4. Comparison of amino acid sequences of several aldehyde dehydrogenases. From top to bottom: E. coli K-12, horse cytoplasm,
Aspergillus niger, betaine-aldehyde dehydrogenase of Spinacia oleracea, human liver mitochondria, and human liver cytoplasm. Numbers
refer to the amino acid of the E. coli protein. Dots indicate amino acid identity with the corresponding amino acid in E. coli aldehyde
dehydrogenase. Dashes indicate spaces inserted in sequences to give best alignments. Conserved peptides reported in the text are indicated
by overlines. The consensus sequence for coenzyme binding is boxed.

purified by Baldoma and Aguilar (5) are in accord with those
predicted by the sequence of the structural gene. Finally, the
deduced amino acid sequence displays important homolo-
gies with other aldehyde dehydrogenases that have highly
conserved regions, such as the coenzyme-binding domain
and other regions of unknown function.
The presence of a transcriptional start point (determined

by primer extension) at the -43 position and the stem-loop
structure found at the 3' end of the ald gene are in accor-
dance with an individually transcribed gene. The specifica-
tion of this transcriptional start point permitted us to deter-
mine the RNA polymerase-binding site. The Pribnow box
was partially conserved (GTTAAT), whereas no consensus
site was found in the -35 region.

In addition to the typical decapeptide (28) occurring in
aldehyde dehydrogenase (see Results), some other se-
quences, such as the dodecapeptide situated between amino
acids 144 and 155 and the heptapeptide between positions

382 and 388 of aldehyde dehydrogenase, also highly con-
served in our case, have not been pointed out so far. Even
though homologous sections are spread all over the se-
quences of the five representative aldehyde dehydrogenases
(Fig. 4), the most conserved regions are confined to the
central part of the protein (from amino acids 144 to 412). Not
surprisingly, glycines are conserved not only in the consen-
sus sequence for the coenzyme binding but also frequently
throughout the protein. The N-terminal part of aldehyde
dehydrogenase, on the other hand, is poorly conserved.
The coenzyme-binding consensus sequence found in alde-

hyde dehydrogenases contains an additional amino acid
between the second and third glycines when compared with
that of the other NAD(H) general dehydrogenases reported
(25). Unexpectedly, glyceraldehyde-3-phosphate dehydroge-
nase has the general type of coenzyme-binding consensus
sequence (9, 25). In this context, it is worth pointing out that
no homology with other prokaryotic or eukaryotic aldehyde
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dehydrogenases appears in the complete sequence of glyc-
eraldehyde-3-phosphate dehydrogenase.
The general dehydrogenases, such as alcohol dehydroge-

nases, with a coenzyme-binding consensus sequence G-X-
G-X-X-G catalyze reactions that are normally reversible,
whereas aldehyde dehydrogenases with a coenzyme-binding
consensus sequence G-X-G-X-X-X-G catalyze reactions that
are normally irreversible. Interestingly, glyceraldehyde-3-
phosphate dehydrogenase, although having an aldehyde as

the substrate, catalyzes a reversible reaction and has the
consensus sequence of the enzymes catalyzing reversible
reactions.
Many sequences of glyceraldehyde-3-phosphate dehydro-

genase of different species have been shown to be highly
conserved and have been used for phylogenetic comparison

(17). Sequences of aldehyde dehydrogenases also seem to be
promising for this purpose. Unfortunately, no sequences are

yet available for other microbial aldehyde dehydrogenases
with a wide spectrum of metabolic functions.
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