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The full-length DNAs for two Saccharomyces cerevisiae aldehyde dehydrogenase (ALDH) genes were cloned
and expressed in Escherichia coli. A 2,744-bp DNA fragment contained an open reading frame encoding
cytosolic ALDH1, with 500 amino acids, which was located on chromosome XVI. A 2,661-bp DNA fragment
contained an open reading frame encoding mitochondrial ALDHS5, with 519 amino acids, of which the
N-terminal 23 amino acids were identified as the putative leader sequence. The ALDHS gene was located on
chromosome V. The commercial ALDH (designated ALDH2) was partially sequenced and appears to be a
mitochondrial enzyme encoded by a gene located on chromosome XV. The recombinant ALDH1 enzyme was
found to be essentially NADP dependent, while the ALDHS enzyme could utilize either NADP or NAD as a
cofactor. The activity of ALDH1 was stimulated two- to fourfold by divalent cations but was unaffected by K*
ions. In contrast, the activity of ALDHS5 increased in the presence of K™ ions: 15-fold with NADP and 40-fold
with NAD, respectively. Activity staining of isoelectric focusing gels showed that cytosolic ALDH1 contributed
30 to 70% of the overall activity, depending on the cofactor used, while mitochondrial ALDH2 contributed the
rest. Neither ALDHS nor the other ALDH-like proteins identified from the genomic sequence contributed to the
in vitro oxidation of acetaldehyde. To evaluate the physiological roles of these three ALDH isoenzymes, the
genes encoding cytosolic ALDH1 and mitochondrial ALDH2 and ALDHS were disrupted in the genome of
strain TWY397 separately or simultaneously. The growth of single-disruption Aaldl and Aald2 strains on
ethanol was marginally slower than that of the parent strain. The Aaldl Aald2 double-disruption strain failed
to grow on glucose alone, but growth was restored by the addition of acetate, indicating that both ALDHs might
catalyze the oxidation of acetaldehyde produced during fermentation. The double-disruption strain grew very
slowly on ethanol. The role of mitochondrial ALDHS in acetaldehyde metabolism has not been defined but

appears to be unimportant.

Yeast aldehyde dehydrogenase (ALDH) has been studied
for many years. In the 1950s it was found that a K" ion-
activated enzyme existed, and many kinetic properties of the
enzyme were studied by different investigators (2, 3, 21). Most
of the interest was focused on understanding the metabolism
of acetaldehyde derived from the oxidation of ethanol during
the aerobic growth of the organism. More recently, a different
form of ALDH was identified which primarily oxidized long-
chain aldehydes and was not involved in acetaldehyde oxida-
tion (1, 25).

Our laboratory reported on the cloning and sequencing of a
yeast ALDH (19) and suggested it was mitochondrial in origin.
When we started to reinvestigate the project, we came to
realize that the DNA we sequenced could not have been totally
correct. Hence, we rescreened our libraries and found two new
DNAs which would code for different enzyme forms. The com-
plete Saccharomyces cerevisiae genome has recently been pub-
lished (7), and it verified that our original clone was not correct
but that the two new genes we had found were present. Here
we report data on the cloning, expression, purification, and
characterization of these two enzyme forms. Neither is the
commercially available K™ -activated enzyme.
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During growth on ethanol it is necessary for S. cerevisiae to
convert two carbons from ethanol to acetate so they can be
used by the glyoxylate system to incorporate the carbons into
usable metabolites. The total genomic sequence of S. cerevisiae
S288C revealed that seven genes could code for proteins which
appear to be members of the ALDH family. The recombi-
nantly expressed enzymes encoded by the two genes we cloned
appeared to have properties similar to enzymes found by other
investigators. One enzyme was shown to be localized to the
mitochondria, with properties somewhat similar, but not iden-
tical, to those reported by Black in 1951 (2). This enzyme was
also shown to exhibit properties different from those of the
commercially available enzyme. The second enzyme was local-
ized to the cytosol, and had properties very similar to those of
the enzyme described by Seegmiller (20) and Dickinson (4).
The data also suggest that the acetaldehyde produced during
ethanol oxidation could be converted into acetate in the cy-
tosol as well as in the mitochondria. The contribution of the
enzymes may be influenced by the NADP/NAD ratio in the
cells.

Investigators have suggested that mitochondrial ALDH was
involved in the oxidative metabolism of ethanol while cytosolic
ALDH was responsible for the oxidation of acetaldehyde pro-
duced during fermentation (15, 18), although the bulk of ac-
etaldehyde is reduced to ethanol. We have used the nomen-
clature previously adopted (31) to identify the yeast enzymes
described in this study based on their amino acid sequence
homologies with and enzymatic similarities to the mammalian
enzymes. We have disrupted the cytosolic ALDH gene (des-
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype

XK25-1B
S288C

MATo ura3-52
MATa SUC2 mall gal2 CUP1
Parent TWY397 MATo ura3 his7 trpl leu2

Single disruption

HWT6 MATa ura3 his7 trpl leu2 Aaldl::TRPI

HWLI1S8 MATo ura3 his7 trpl leu2 Aald5::LEU2

HWHI11 MATa ura3 his7 trpl leu2 Aald2::HIS7

Double

disruption

HWTH2 MATa ura3 his7 trpl leu2 Aald1::TRPI Aald2::HIS7
HWHLI1 MATo ura3 his7 trpl leu2 Aald2::HIS7 Aald5::LEU2
HWTLI1 MATa ura3 his7 trpl leu2 Aald1::TRPI Aald5::LEU2

Triple disruption
HWTHL10

MATa ura3 his7 trpl leu2 Aald1::TRPI Aald2::HIS7
Aald5::LEU2

ignated ALDI) and two mitochondrial ALDH genes (designat-
ed ALD2 and ALD?S) in the S. cerevisiae genome and found
that ALDH1 and ALDH2 were indeed important for the me-
tabolism of ethanol. Both ALDHs might be involved in the
oxidation of acetaldehyde formed during fermentation. The
physiological role of ALDHS in acetaldehyde metabolism was
not completely elucidated in this study.

MATERIALS AND METHODS

Materials. NAD, NADP, uracil, tryptophan, leucine, and histidine were pur-
chased from Sigma Chemical Co.; isopropyl-B-p-thiogalactoside (IPTG) was
purchased from Fisher Scientific; propionaldehyde and acetaldehyde were pur-
chased from Aldrich Chemical Co., Inc.; isoelectric focusing (IEF) standards and
prestained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) standards were purchased from Bio-Rad Laboratories, Inc.; agarose IEF
gel and Pharmalytes were purchased from Pharmacia Biotech Inc.; a Sequenase
version 2.0 kit was purchased from United States Biochemical Corp.; commercial
K" ion-activated ALDH was purchased from Boehringer Mannheim; Freund’s
adjuvant was purchased from Behring Diagnostics; restriction enzymes were
purchased from Promega Corp. or New England Biolabs; a Frozen-EZ yeast
transformation kit was purchased from Zymo Research. The GenBank accession
numbers for ALD1, ALD2, and ALDS5 are U56604, 275282, and U56605, respec-
tively.

S. cerevisiae strains and growth conditions. S. cerevisiae XK25-1B (MAT«
ura3-52) and S288C were kindly provided by Gunter Kohlhaw of the Department
of Biochemistry at Purdue University. S. cerevisiae TWY397 (33) was obtained
from Ted A. Weinert’s laboratory at the University of Arizona. The yeast strains
used and constructed in this study are listed in Table 1. Overnight cultures were
grown in YEPD (1% yeast extract, 2% peptone, and 2% glucose) medium. The
cultures were serially diluted the next day with SD medium (0.67% yeast nitrogen
base without amino acids and 2% glucose), and a volume containing approxi-
mately 100 colonies was spread on SD plates. Colony sizes were estimated from
the measurement of five separate colonies after growth for the indicated time
periods. In some experiments 2% glucose in SD medium was replaced with 2%
ethanol, 2% acetate, or 2% glycerol, as indicated. Uracil (20 wg/ml), tryptophan
(40 pg/ml), leucine (60 pg/ml), and histidine (20 pwg/ml) were added to the media
to support the growth of the strains when needed. Escherichia coli IM109(DE3)
and BL21(DE3) were used for expression of S. cerevisiae cytosolic ALDH1 and
mitochondrial ALDHS, respectively.

PCR to amplify a fragment encoding ALDHL. S. cerevisiae chromosomal DNA
was prepared according to the method of Hoffman (14). PCR was performed
with a DNA thermal cycler (Perkin-Elmer) for 30 cycles at 94°C for 30s, 46°C for
30's, and 74°C for 1 min. S. cerevisiae chromosomal DNA served as the template,
and the following two degenerate oligonucleotides served as primers: 5’ primer,
TTTGAACATATGGCT(C or A)TTCACA(C)GGT(C)TCC(T or G)ACT, con-
taining a Ndel site (underlined), and 3’ primer, TTTGGATCCA(C)ACTGGA
(C or T)CCGAAA(G)ATT(C)TCT(C)TC, containing a BamHI site (under-
lined).

The 0.5-kb fragments were digested with Ndel and BarmHI and subcloned into
the pT7-7 vector (34). The fragments were sequenced with the Sequenase version
2.0 kit and was labeled with [a-*?P]dCTP by the Prime-a-Gene labeling system,
following the instructions from Promega.
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S. cerevisiae library screening. Approximately 3 X 10° cells from the S. cerevi-
siaze YEP 24 genomic library, RB366, which was constructed from S. cerevisiae
DBY939 (suc2-215am), were screened by using [a-*>P]dCTP-labeled probe, fol-
lowing the methods described previously (8-10). Plasmids isolated from positive
colonies were digested with a series of restriction enzymes and cloned into a
vector for DNA sequencing in both directions, using the Sequenase version 2.0
kit.

Cloning the full-length DNAs encoding S. cerevisiae cytosolic and mitochon-
drial ALDHs into expression vectors. PCR was used to generate the coding
regions of ALDHs from the vectors carrying the genes for the S. cerevisiae
cytosolic and mitochondrial ALDHS, respectively. The two primers for cytosolic
ALDH1 were 5'TTTGAATTCCATATGACTAAGCTACACTTTGAC3' (5'
primer containing an Ndel site [underlined]) and 5'TTTGGATCCTTACAACT
TAATTCTGACAGC3' (3’ primer containing a BamHI site [underlined]). The
1.5-kb PCR product was digested with Ndel and BamHI and was cloned into the
Ndel/BamHI sites of the pT7-7 expression system (designated pT7-7-yALDHI1)
as described previously (34). The full-length DNA for ALDH was sequenced to
verify the absence of any misincorporations produced by the PCR.

To construct the expression vector for the S. cerevisiae mitochondrial ALDHS
lacking 23 amino acids of the leader sequence, a 1.8-kb fragment was synthesized
by PCR with 5'-CCAGATCCATATGTCTCAAGCACCATTACGCGTTCC (5’
primer containing an Ndel site [underlined]) and 5'-CCATCGATTCAACGAA
TTGGCTTGTCAATG (3' primer containing a Clal site [underlined]). The
purified 1.8-kb Ndel-Clal fragment was then inserted into the plasmid pT7-7
previously digested with Ndel and Clal. The resulting plasmid (designated pT7-
7-yALDHS) was transformed into E. coli BL21(DE3).

Cloning of S. cerevisiae HIS7 gene. The coding sequence of HIS7 was cloned by
PCR and sequenced by following standard procedures.

Cloning of S. cerevisiae gene encoding ALDH2. Based on the ALD2 sequence
published in GenBank, two primers were designed to amplify the coding region
of ALD2 plus 387-bp upstream and 155-bp downstream sequences. The 5’
primer, 5'-CCGGAATTCACCGTTTTGTGTAACA, contained an EcoRI site
(underlined), and the 3’ primer, 5'-CGCGGATCCGAAAATTGATTATCGG
GAG, contained a BamHI site (underlined). PCR was performed with S. cerevi-
siae chromosomal DNA as the template. A 2.1-kb PCR product was digested
with EcoRI and BamHI and then cloned into the EcoRI/BamHI site of plasmid
pSP72 (Promega). The new plasmid was called WA1. About 200 bp from the
cach end of the PCR product was sequenced to verify that we had cloned the
ALD?2 gene. No misincorporations were detected.

Confirmation of the ALDHS5 gene DNA sequence. Alan B. Rose’s laboratory
(Princeton University) kindly provided us with a plasmid containing a gene
encoding a possible ALDH (18a). To prove whether this was really an unknown
S. cerevisiae ALDH gene, a 2.6-kb fragment that contained the putative ALD
gene was subcloned onto a Bluescript II SK plasmid and sequenced from both
directions. A 1.44-kb Smal-BamHI fragment was synthesized by PCR amplifi-
cation with 5'-GGTGACAAGATAGGTACCCGGGTCAGTGCA (including a
Smal site [underlined]) and 5'-GCACAAAACAATGACTTACCAGGATCCA
TTGACTCAATG (including a BamHI site [underlined]) as the two primers.
This fragment included 1.05 kb of the 5" upstream region and 129 amino acids of
the ALDS coding region.

Disruption of ALD1, ALD2, and ALD5 genes from S. cerevisiae chromosomes.
A 1.2-kb fragment of the coding sequence for ALDH1 was removed from the
expression plasmid and replaced by a 1.2-kb fragment containing the selectable
TRPI gene. The fragment used for the subsequent transformation and disruption
of the yeast ALDI gene contained 0.4 kb of 5" and 0.8 kb of 3’ homologous
sequences for integration. A 0.55-kb fragment of the coding sequence for
ALDH2 was removed from the expression plasmid and replaced by a 2.0-kb
fragment containing the selectable HIS7 gene. The fragment used for the sub-
sequent transformation and disruption of the yeast ALD2 gene contained 1.0 kb
of 5" and 0.6 kb of 3" homologous sequences for integration. A 1.2-kb fragment
of the coding sequence for ALDHS was removed from the expression plasmid
and replaced by a 2.3-kb fragment containing the selectable LEU2 gene. The
fragment used for the subsequent transformation and disruption of the yeast
ALDS gene contained 0.6 kb of 5’ and 0.4 kb of 3’ homologous sequences for
integration.

Expression of DNA encoding S. cerevisiae cytosolic or mitochondrial ALDHs.
Vectors which carried the DNAs encoding S. cerevisiae cytosolic or mitochon-
drial ALDHs were expressed in JM109(DE3) and BL21(DE3), respectively. YT
medium (2X) (19a) containing 50 wg of ampicillin/ml was inoculated with an
overnight culture. The cells were grown for about 5 h at 37°C, and then IPTG was
added to a final concentration of 0.4 mM. Growth was continued for about 16 h
at 16°C after the addition of IPTG.

Purification of recombinantly expressed S. cerevisiae ALDHs. The crude ly-
sates of E. coli cells harboring the expression vectors for S. cerevisiae cytosolic
and mitochondrial ALDHs were first treated with 5% protamine sulfate. After
dialysis, samples were chromatographed on DEAE-cellulose equilibrated with 10
mM sodium phosphate, pH 7.4, containing 10% glycerol, 1 mM EDTA, and
0.025% B-mercaptoethanol. After the column was washed with equilibration
buffer, ALDH was eluted with a NaCl gradient (0 to 200 mM NaCl in equili-
bration buffer). The fractions containing ALDH (as measured by enzyme activ-
ity) were collected; dialyzed against a solution containing 50 mM sodium phos-
phate (pH 7.0), 10% glycerol, 1 mM EDTA, 0.5 mM dithiothreitol, and 50 mM
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NaCl; and then applied to Blue Sepharose CL-6B. The column was eluted with
a sodium chloride gradient (0.05 to 1.05 M). Fractions containing the enzyme
were pooled and dialyzed against 100 mM sodium phosphate (pH 7.4)-0.1 mM
dithiothreitol to remove NaCl and stored in 50% glycerol at —20°C. The con-
centration of protein was determined by the Bio-Rad protein assay with bovine
serum albumin as a standard.

Preparation and isolation of antibodies against S. cerevisiae cytosolic and
mitochondrial ALDHs. ALDHs partially purified through DEAE-cellulose were
subjected to SDS-PAGE. The ALDH bands were excised, sliced, and lyophilized
following the methods described previously (11). After mixing with Freund’s
adjuvant, two 2-mg/ml samples were used to immunize two rabbits through
subcutaneous injections. After the immunization was boosted twice, serum was
collected. Antibody was purified by ammonium sulfate precipitation and batch
separation on DEAE-cellulose (12).

Dehydrogenase activity assay. The dehydrogenase activity assay was per-
formed with an Aminco filter fluorometer and 100 mM sodium phosphate buffer,
pH 7.4 (30). The activity was recorded as the formation of NADPH or NADH
as a function of time. Metal ion effects on the dehydrogenase activity of cytosolic
ALDHI1 were determined in 100 mM Tris buffer, pH 7.4, with different concen-
trations of NaCl, KCl, MnCl,, MgCl, ZnCl,, and CaCl,, while K* ion effects on
the mitochondrial ALDHS5 were determined in 100 mM sodium phosphate
buffer, pH 7.4.

IEF slab gel. IEF was performed on a Pharmacia flatbed electrophoresis
apparatus at 10°C (5), using Pharmalyte, pH 4.5 to 5.4. After electrophoresis was
completed, the IEF agarose gel was stained for activity with 100 mM sodium
phosphate (pH 7.4)-20 mM KCl containing 5 mM NADP and 5 mM propional-
dehyde. The IEF standards were stained with Coomassie blue.

Western blot analysis. The crude lysates of strains were applied to SDS-
polyacrylamide gels. After electrophoresis, proteins were transferred to nitrocel-
lulose membranes and probed with antibodies prepared against ALDHI or
ALDHS.

MALDI mass spectroscopy. The matrix for mass spectroscopy was made up as
a solution of 10 mg of sinapinic acid/ml in 50% acetonitrile-0.1% trifluoroacetic
acid. Purified ALDHI and ALDHS in phosphate buffer were dialyzed against
double-deionized water. Protein samples (1 pl) at a concentration of about 1
pmol/ul were mixed with 1 pl of matrix on the sample well and allowed to dry.
MALDI mass spectra were obtained on a Voyager biospectrometry workstation
(Perseptive Biosystems, Framingham, Mass.). The experiments were performed
at the Mass Spectrometry Laboratory in the Department of Biochemistry, Pur-
due University.

RESULTS

Cloning studies. (i) PCR to find the DNA sequence encoding
a S. cerevisine ALDH. It has been reported that S. cerevisiae
contains both mitochondrial and cytosolic ALDH, identified by
the ALDH activity assay after cell fractionation (15). In an
attempt to clone cytosolic ALDH, PCR was performed with S.
cerevisiae chromosomal DNA as the template. Based on the
highly conserved regions found in all ALDHs sequenced so far
(13), two degenerated primers were designed to amplify a
0.5-kb fragment. Sequence homology analysis revealed that the
fragment was 60% identical to rat and human mitochondrial
ALDH2 and cytosolic ALDHI1. Thus, it appears that we iden-
tified the DNA encoding a S. cerevisiee ALDH which corre-
sponded to a gene on chromosome XVI (Genbank accession
no. U56604).

(ii) Nucleotide sequence of S. cerevisiae ALDI gene. A S.
cerevisiae genomic library was screened by using the fragment
labeled with [a-*?P]dCTP. Positive colonies were identified
after the second screening. The plasmids isolated from positive
colonies were digested with different restriction enzymes to
determine the size of the insertion which was subcloned into
the plasmid pYEP24. Finally, the insertion (about 7.8 kb) was
digested with Ndel and Xbal and fragments from the digestion
were cloned into the pT7-7 vector for protein expression. The
three fragments from the Ndel digestion were sequenced, and
the middle 2.9-kb fragment (called pS20) was found to contain
the S. cerevisiae cytosolic ALDI gene. DNA sequencing was
performed from both directions, and a 2,744-bp sequence was
found to contain the full-length sequence of a S. cerevisiae
enzyme, which we called ALDH1 (Fig. 1).

The open reading frame was predicted to encode 501 amino
acids, including the initiation methionine, with a calculated
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FIG. 1. Differences between nucleotide and deduced amino acid sequences
for ALDI and ALDS5 from this study and GenBank. Deduced amino acids for
each nucleotide sequence are shown below their respective codons.

molecular mass of 54,582.6 Da. Inspection of the sequence
showed that the protein did not contain a putative leader
sequence; hence, we assumed the enzyme was of cytosolic
origin.

(iii) Nucleotide sequence of the S. cerevisiae ALD5 gene. The
plasmid sent by A. B. Rose’s laboratory was sequenced and
found to contain a full-length DNA encoding an ALDH gene
we designated ALDS5. The sequence of ALDS was almost iden-
tical (Fig. 1) to a S. cerevisiae sequence published in GenBank
(accession no. U56605), which was located on chromosome V.
Analysis of this sequence revealed a longer open reading frame
of 1,560-bp predicted to encode a polypeptide of 519 amino
acids with a calculated molecular mass of 56,540 Da. Inspec-
tion of the sequence showed that the protein contained a
putative mitochondrial leader sequence. This was confirmed by
fusion of the putative leader sequence to (-galactosidase and
its subsequent import into mitochondria by using an in vitro
assay system (data not shown). From these combined data, we
have assumed that the native ALDHS5 enzyme was localized to
the mitochondria.

(iv) Identification of the gene encoding commercial ALDH.
The commercial enzyme was subjected to cyanogen bromide
cleavage, followed by high-performance liquid chromatogra-
phy purification and amino acid sequencing. Two peptides,
ANDSEY and SVDALQ, were found to be identical to resi-
dues 442 to 447 and 500 to 505 encoded only by a gene located
on chromosome XV (GenBank accession no. Z75282). Anal-
ysis of the DNA sequence data also suggested that this protein
contained a putative leader sequence and was most likely lo-
cated in the mitochondria (data not shown).

Disruption studies. (i) Identification of strains with ALDH
genes disrupted. The disruptions in each of the three ALDH
genes were confirmed by PCR at the DNA level (data not
shown), and Western blot analysis was used to confirm the
presence or absence of the individual proteins within each
strain. As shown in Fig. 2, TWY397 had ALDH1, ALDHS,
and ALDH?2 proteins; the single-disruption strains, HWT6,
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FIG. 2. Western blot analysis to identify ALDH disruptions. S. cerevisiae
strains were grown on YEPD and harvested at late log phase. The cells were
broken with glass beads and then centrifuged at 5,000 rpm for 10 min in a Sorvall
GSA rotor. The same amount of protein from the crude lysates was loaded into
each lane. The proteins were transferred to nitrocellulose membranes after
electrophoresis and probed with either anti-ALDH1 (A) or anti-ALDHS (B)
antibodies. (A) Lane 1, TWY397; lane 2, HWLIS; lane 3, HWT6; lane 4,
HWHI11; lane 5, HWTLI; lane 6, HWHLI1; lane 7, HWTH2, lane 8, HWTHLI10;
lane 9, recombinant ALDHI. (B) Lanes 1 to 8, same as those in panel A; lane 9,
recombinant ALDHS5; lane 10, commercial ALDH. The subunit molecular
masses of ALDH1, ALDH2, and ALDHS5 were estimated to be 57, 55, and 51
kDa, respectively.

HWLI18, and HWHI11, were missing ALDH1, ALDHS, and
ALDH2, respectively; the double-disruption strains, HWTLI,
HWHLI1, and HWTH2, did not have ALDH1 and ALDHS,
ALDHS and ALDH2, and ALDH1 and ALDH?2, respectively;
and the triple-disruption strain, HWTHL10, was missing all
three ALDHs. It should be noted that antibody raised against
ALDHS also cross-reacted with ALDH2. However, the anti-
ALDHS antibody could still be used to identify disruptions of
both ALDHS and ALDH2, since the proteins migrated differ-
ently under SDS-PAGE. The anti-ALDH1 antibody had no
cross-reactivity with the other two proteins.

(ii) Growth of strains with ALDH genes disrupted on glu-
cose and ethanol. To evaluate the physiological function of
each of the three ALDH proteins, the strains were grown on
different medium plates containing 0.67% yeast nitrogen base
in the presence of uracil, tryptophan, leucine, and histidine on
2% glucose, 2% glucose plus various concentrations of acetate,
or 2% ethanol. The parent strain and strains with single ALDH
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gene disruptions all grew to similar colony sizes on glucose
(Table 2), with the HWL18 (Aald5) strain just slightly smaller
after 6 days. Only two of the double-disruption strains,
HWTL1 (Aadll Aald5) and HWHLL1 (Aald2 Aald5), grew well
on glucose. The other double-disruption strain, HWTH2
(Aaldl Aald2), and the triple-disruption strain failed to grow
on glucose. To test if acetate formation was blocked in the two
strains which grew poorly on glucose, different concentrations
of acetate (0.05, 0.1, and 0.5%) were added to 2% glucose.
Addition of acetate restored the growth of HWTH2 and
HWTHLI10 to levels similar to those of the parent and single-
disruption strains grown on glucose alone (Table 2). In our
preliminary experiments, similar results were obtained when
overnight cultures grown in YEPD were streaked out on plates
under similar growth conditions (data not shown).

In contrast, the growth on 2% ethanol as a carbon source
with a little different (Table 2). The growth of the strain with a
single Aald2 disruption, HWHI11, was similar to that of the
parent strain, TWY397, while the growth of the strain with a
single Aaldl disruption, HWT6, was a little slower. The strain
with a single Aald5 disruption, HWLI18, grew very slowly on
ethanol. This result contrasts with our initial experiments,
which suggested that this strain could grow as well as the
parent strain when streaked out on plates from a YEPD over-
night culture (data not shown). The ability of this strain to
grow on ethanol in earlier experiments may have been an
artifact due to available glucose coming from the streaking
process that allowed the cells to come out of a longer lag
phase. This lag phase is even apparent when this strain is
grown on 2% glucose (Table 2). The growth of all three dou-
ble-disruption strains was slower than those of the parent or
single-disruption strains, with the AaldI Aald2 strain, HWTH2,
being the slowest. The triple-disruption strain, HWTHLI10,
failed to grow on ethanol at all. Thus, when disruption of any
of the ALDI, -2, or -5 genes occurred, growth on ethanol was
altered. Impaired growth was most pronounced when both
ALDI and ALD?2 were simultaneously disrupted in the double-
or triple-disruption strains.

Protein characterization. (i) Expression and purification of
recombinant ALDH1 and ALDHS. S. cerevisiae ALDH1 and
the mature ALDHS without the N-terminal 23 amino acids
were expressed in E. coli. Recombinantly expressed ALDHs

TABLE 2. Growth of yeast strains on 2% glucose (with or without 0.5% acetate) or 2% ethanol

Colony size (mm)

Strain ALDH genotype Glucose Glucose + 0.5% acetate Ethanol
Day 3 Day 6 Day 3 Day 6 Day 3 Day 6 Day 9

TWY397 aldl ald5 ald2 1.0 2-25 1-1.5 1.5-2 1.0 1.5 1.5-2
Single disruption

HWT6 Aaldl1 1.0 2.5 1.5 2-2.5 0.5-1 1.5-2 2-3

HWL18 Aald5 ND“ 1-1.5 vs? 1.5 ND ND VS

HWHI11 Aald?2 0.5-1 2.5 1-1.5 1.5-2 1.0 1.5-2 2-2.5
Double disruption

HWTH2 Aaldl Aald2 ND ND 1.0 2.0 ND VS 0.5-1

HWHLI1 Aald2 Aald5 0.5-1 2-2.5 1.5 2-2.5 VS 1.5 2.0

HWTL1 Aaldl Aald5 0.5-1 2.5 1.5-2 2.0 VS 1.5 2.0
Triple disruption Aaldl Aald2 Aald5 ND ND 2-25 34 ND ND ND

HWTHLI10

“ND, none detected (<0.01 mm).
> VS, very small (<0.5 mm).
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FIG. 3. IEF of the crude lysate of S288C. The cells were harvested at late log
phase. Pharmalyte, pH 4.5 to 5.4, was used to make the IEF gel. After focusing,
the gel was stained for activity with 5 mM NADP, 5 mM propionaldehyde, and
20 mM KCI (A); 20 mM NAD, 5 mM propionaldehyde, and 100 mM KCI (B);
5 mM NADP, 5 mM benzaldehyde, and 20 mM KCI (C); or 20 mM NADP, 5
mM benzaldehyde, and 100 mM KCI (D). Lanes 1, crude lysate grown on YEPD;
lanes 2, crude lysate grown on SDj; lanes 3, recombinant ALDHI; lanes 4,
recombinant ALDHS; lanes 5, commercial yeast ALDH.

4 5 1

were purified to apparent homogeneity, as judged by Coomas-
sie blue-stained SDS-PAGE.

The subunit molecular masses of ALDH1 and ALDHS were
estimated to be 57 and 51 kDa, respectively, as judged by
SDS-PAGE. Mass spectrophotometric analysis was used to
obtain more precise subunit molecular masses. It was found
that the subunit molecular masses of ALDH1 and ALDHS
were 54,570.7 and 53,904.8 Da, respectively, which is within
instrumental error range of the calculated values of 54,582.6
and 53,883.0 Da based on the amino acid sequences.

(ii) How many active ALDHs were present in S. cerevisiae?
To identify active ALDH enzymes in S. cerevisiae, crude lysate
from S288C cells was subjected to IEF agarose gel electro-
phoresis followed by a gel activity staining assay with either
NADP or NAD and either propionaldehyde or benzaldehyde
(Fig. 3). We used propionaldehyde for staining instead of ac-
etaldehyde, due to the high evaporation rate of acetaldehyde.
Five bands appeared on the gels stained with propionaldehyde
and NADP in the presence of K" ions; their pI values were
approximately 5.05, 5.15, 5.2, 5.35, and 5.4. The recombinant
cytosolic ALDHI corresponded to the major band of activity,
with an estimated pI of 5.2. However, the other two bands, with
pI values of 5.05 and 5.15, also reacted with anti-ALDH1
antibodies after Western blotting even though only one band
appeared on SDS-PAGE, thus ruling out proteolytic degra-
dation. These results suggested that the purified cytosolic
ALDHI1 preparation may have contained microheterogene-
ities, such as deamination of glutamine or asparagine residues,
that gave rise to the different pI forms.

The recombinant yeast mitochondrial ALDHS enzyme had a
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plI of 5.5. Immunoreactions showed that the ALDHS protein
was present, but no corresponding activity band was found in
the crude lysate. Although the ALDHS enzyme was present in
the cells, it appears to make only a minor contribution to the
overall ALDH activity (based on enzyme activity with the al-
dehyde substrates tested in this study). The other two bands
had pI values of 5.35 and 5.4, similar to those of the commer-
cial potassium-activated ALDH?2 protein. Both ALDH1 and
ALDHS showed little activity with benzaldehyde, while the
commercially available potassium-activated ALDH2 was very
active. When NAD and benzaldehyde were used for the activ-
ity assay, two new bands (pI 5.9 and 6.1) appeared. The activity
of cytosolic ALDH1 when assayed with NADP and propional-
dehyde contributed about 70% of the total activity, as esti-
mated by gel scanning. However, when NAD was used, the
contribution of ALDH1 decreased to about 30%, with ALDH2
(the commercially available enzyme) responsible for the other
70%.

(iii) Subcellular location of S. cerevisiae ALDHI1. After cell
disruption, the cytosolic and mitochondrial fractions were sub-
jected to IEF gel electrophoresis followed by activity staining
and Western blot analysis (data not shown). The active band
and the immunoreactive ALDH1 were found in the cytosolic
fraction. ALDHS was localized to the mitochondria by using a
LacZ fusion protein and in vitro import experiments (data not
shown). ALDH2 has been previously localized to the mito-
chondria (15).

(iv) Kinetic properties of purified recombinant ALDHI1,
ALDHS5, and commercial ALDH2. The K, value for NAD with
ALDHI1 was 170-fold higher than that of NADP even though
the V.. value differed by a factor of only 2 (Table 3). Thus, we
have concluded that ALDHI is essentially an NADP-depen-
dent enzyme. When acetaldehyde was used as the substrate,
the K,,, values for NADP and aldehyde were similar to those
found with propionaldehyde.

The V,,,, for the S. cerevisiae mitochondrial ALDHS was
much lower than that of cytosolic ALDHI, and the K,,, values
for NADP and propionaldehyde were much higher. Mitochon-
drial ALDHS could use either NAD or NADP as the cofactor
and did not show a preference. When acetaldehyde was used as
a substrate, the K,,, for NADP decreased about fivefold and the
V hax increased about 2.5-fold compared to the values obtained
with propionaldehyde as the substrate.

Like ALDHS, the commercial ALDH2 enzyme used either
NAD or NADP as a cofactor. The V,, was only twofold higher
with NAD as the cofactor than it was with NADP. The V,,
values for ALDH2 were two- to fourfold lower than those of

TABLE 3. Kinetic constants for recombinantly expressed S. cerevisiae ALDHs"

Propionaldehyde-NADP?

Acetaldehyde-NADP¢

Propionaldehyde-NAD?

Enzyme K, K, K,
Vimax Vimax Vimax
NADP Aldehyde NADP Aldehyde NAD Aldehyde
ALDH1 99 30 14 40 24 24 17,400 700 8.3
ALDHS5 3,470 390 0.45 640 58 1.1 6,430 830 0.011
ALDH?2¢ 447 17 2.1 1,400 10 52 1,100 13 4.2

“ The unit for K,, was uM, and V., was presented as wmol/min/mg of protein. The assays were performed in 100 mM sodium phosphate, pH 7.4.

? The K,,,s for NADP of cytosolic ALDH1, mitochondrial ALDHS, and commercial ALDH2 were obtained with 0.7, 5.6, and 0.28 mM propionaldehyde, respectively.
The K,, values for propionaldehyde were determined with 2, 20, and 15 mM NADP.

< The K,,,;s for NADP of ALDH1, ALDHS, and ALDH2 were obtained with 0.9, 1.2, and 0.18 mM acetaldehyde, respectively. The K,,, values for acetaldehyde were

determined with 2, 10, and 15 mM NADP.

9 The K,,s for NAD of ALDHI1, ALDHS, and ALDH2 were obtained with 7, 5.6, and 0.28 mM propionaldehyde, respectively. The K,, values for propionaldehyde

were determined with 20 mM NAD. The standard deviation was less than =15%.

¢ The commercial yeast ALDH2 was estimated to be about 60% pure.
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TABLE 4. Aldehyde activities of the three ALDHs with different
aldehydes as the substrate

Activity (%)

Enzyme
Propionaldehyde pL-Glyceraldehyde Benzaldehyde
ALDHI1 100 12 0.9
ALDHS 100 33 24
ALDH?2 100 68 36

“ The activity of each ALDH with propionaldehyde as the substrate (Table 3)
was assigned as 100%. The activities obtained with pL-glyceraldehyde and benz-
aldehyde were compared to that assayed with propionaldehyde for each ALDH.
The assays were performed at V. conditions.

cytosolic ALDH1. However, the commercial ALDH2 was not
homogeneous. We estimated by SDS-PAGE that only about
60% of the total protein corresponded to ALDH2.

The three ALDHs could use glyceraldehyde and benzalde-
hyde as substrates. However, the activities were very different
(Table 4). ALDHI1 showed some activity with glyceraldehyde
and little activity with benzaldehyde. ALDHS had low activity
with benzaldehyde but was active with glyceraldehyde. How-
ever, ALDH2 was very active with both glyceraldehyde and
benzaldehyde.

(v) Metal ion effects on the activity of S. cerevisiae ALDHs. It
has been reported that the S. cerevisiae mitochondrial ALDH
could be activated by potassium ions (2, 3, 15, 21). It was found
that the activity of ALDHS increased maximally (about 40-
fold) in the presence of 120 mM potassium chloride with NAD
as the cofactor. In contrast, the enzyme activity increased only
about 20-fold in the presence of 16 mM potassium chloride
with NADP as the cofactor. Contrary to what was found with
ALDHS, potassium chloride did not stimulate the activity of
ALDHI. Recently, Dickinson (4) reported that S. cerevisiae
cytosolic ALDH was stimulated by Mg®" ions. To determine if
ALDHI was activated by Mg>* ions, we tested the effects of
various concentrations of divalent cations on the activity of
ALDHI1. We found that the activity of ALDH1 was stimulated
2.8-, 3.8-, and 2.1-fold with 20 mM MgCl,, 30 mM CaCl,, and
2 mM MnClL, respectively, while ZnCl, inhibited the activity of
ALDHI. The concentration for 50% inhibition was 0.035 mM.
The activity of commercial potassium-stimulated ALDH2 was
increased fourfold in the presence of 100 mM KCI and NAD
with propionaldehyde as the substrate.

DISCUSSION

In addition to ALDHI and ALDHS, it appears from the
genome sequence that five more ALDH genes are present in
yeast. Amino acid sequence alignments of the cytosolic and
mitochondrial ALDHs described in this study along with the
five other possible ALDHs are shown in Fig. 4. The S. cerevi-
siae cytosolic ALDH1 and mitochondrial ALDHS contained
all 23 conserved amino acids found in other ALDHs (23). A
gene on chromosome XV also had all 23 conserved amino
acids and had an N-terminal extension with four positively
charged amino acids. Amino acid sequence data showed that
this protein was the commercially available mitochondrial
ALDH2. Two ALDH genes located on chromosome XIII
(chrom13 and chrom13i; GenBank accession no. Z49705 and
749700) were adjacent to each other and were almost identical
(92%). 1t appears that they represent gene duplication. The
N-terminal 20 amino acids of the two presumed duplicate
proteins encoded by these genes did not have properties asso-
ciated with a mitochondrial leader sequence (16, 28). A gene
found on chromosome VIII (cos8179; GenBank accession no.
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U00062) would code for an ALDH-like protein, but it would
be much longer than the other ALDHs (644 amino acids).
Another gene on chromosome XIII (2c0s9718; GenBank ac-
cession no. Z49702) would code for a protein with only 17 of
the conserved amino acids within its 532 amino acids. None of
the four proteins corresponding to these genes have been iden-
tified and studied.

All mitochondrial ALDHs have an N-terminal leader se-
quence needed for the import of the protein into mitochondria
(16). The leader sequence usually contains 17 to 25 amino
acids, has some positive charges, and can form an amphiphilic
helix (28). The N-terminal amino acids of ALDH1 were not
indicative of a mitochondrial leader sequence. Cell fraction-
ation confirmed that ALDHI1 was found only in the cytosolic
portion. In contrast, the ALDHS5 sequence had features at its
N-terminal in common with a mitochondrial leader sequence.
Gavel and von Heijne (6) suggested that RXY | S/A is a cleav-
age site motif for the processing of a precursor protein. Ac-
cording to this cleavage pattern, we deduce that the first 23
amino acids code for a putative mitochondrial leader se-
quence. The experiments with ALDH5-LacZ fusion protein
and in vitro import into isolated mitochondria confirmed that
ALDHS was located in mitochondria (data not shown). The
first 24 amino acids of ALDH2 appeared to be similar to a
typical mitochondrial leader sequence.

When S. cerevisiae grows on glucose, pyruvate is formed
during glycolysis. Pyruvate then could be converted to acetyl-
coenzyme A through two pathways. The three strains with
single ALDH disruptions and the parent strain grew equally
well on glucose. It appeared that either the three ALDH genes
are not involved in the fermentative metabolism in a pathway
generating acetyl-coenzyme A from pyruvate or the action of
any one enzyme can be replaced by that of another. It was
found that the double-disruption strain HWTH2 (Aald1 Aald2)
and the triple-disruption strain, HWTHL10 (Aaldl Aald2
Aald5), grew very slowly on glucose while the other two strains
with double ALDH disruptions, HWTL1 (Aald! Aald5) and
HWHLI (Aald2 Aald5), grew well. The slow growth on glucose
suggested that both ALDH1 and ALDH2 could contribute to
the formation of acetate from acetaldehyde produced in the
fermentative pathway. To confirm this, 0.05, 0.1, or 0.5% ace-
tate was added, and indeed, the growth of the double-disrup-
tion strain HWTH2 (Aaldl Aald2) and the triple-disruption
strain, HWTHL10 (Aaldl Aald2 Aald5), was restored. This
suggests that acetate formation in these strains was impaired
when both the ALDI and ALD?2 genes were missing and that
the ALDS5 gene product alone could not produce enough ace-
tate to support growth.

During fermentation, the bulk of acetaldehyde produced
from pyruvate could be reduced to ethanol by alcohol dehy-
drogenase, resulting in ethanol accumulation. After glucose
was exhausted from the medium, the accumulated ethanol
could be used aerobically to serve as a sole carbon and energy
source. The disrupted strains were grown on ethanol to deter-
mine the roles of ALDI, ALD2, and ALDS5. The growth of
strains with single ALDI1 (HWT6) and ALD5 (HWLI18) dis-
ruptions on ethanol was slower than that of TWY397, with the
slowest growth found with HWL18. The growth on glucose and
ethanol indicated that the cytosolic ALDHI1 is involved in
oxidation of acetaldehyde produced during fermentation and is
also involved in the aerobic oxidation of acetaldehyde. The
mitochondrial ALDH?2 can perform these two roles as well, but
ALDHI1 might be more important in the oxidation of ethanol
than is ALDH2. The role of mitochondrial ALDHS has not
been identified. Our in vitro enzyme kinetic data (Tables 3 and
4) suggest that ALDHS is a relatively poor enzyme compared
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FIG. 4. Amino acid sequence alignments of seven possible ALDHs in S. cerevisize. Yaldhl, cytosolic ALDHI1; Yaldh5, mitochondrial ALDHS5; Chromxv,
commercial ALDH2, encoded by ALD2, located on chromosome XV; Chrom13 and Chrom13i, two adjacent potential ALDHs encoded by genes located on
chromosome XIII. Cos8179 is a potential ALDH encoded by a gene located on chromosome VIII; it would consist of 644 amino acids. Neither the first 39 amino acids
(MSKVYLNSDMINHLNSTVQAYFNLWLEKQNAIMRSQPQI) at the N terminal nor the last 19 amino acids (TNSTWQRIKSLFSLAKEAS) at the C terminal are
shown. 2c0s9718 is a potential ALDH also encoded by a gene located on chromosome XIII and sequenced from cosmid 9718; it would contain 532 amino acids. The
last 30 amino acids (NGNNKWGLRQYFSLSAAVILISTIYAHCSS) at the C terminal are not shown. The underlined residues are those conserved in all known
ALDHEs. The sequences for ALDHI1 and ALDHS were from this study, while the others were from GenBank.

to the other two. This is also reflected in our in vivo data for
the strain with a single ALDS5 disruption grown on ethanol
(Table 2).

Even though seven genes in S. cerevisiae could encode
ALDH-like proteins, how many of these genes are actually
expressed in S. cerevisiae is not known. Three different pI forms
of ALDH1 were found after IEF. Only one band appeared on
the SDS-polyacrylamide gels, indicating that these forms were
not proteolytic products. These could result from deamination,
since after ALDH1 gene disruption, those three bands were
absent. The enzyme activities of both ALDHS and the com-
mercially available yeast ALDH2 were stimulated by potas-
sium. However, they had different pl values and exhibited
different staining properties, with the commercial ALDH
showing high activity with benzaldehyde while ALDHS had low
activity. A completely different band of activity, with a pI value
of 5.9, was identified when benzaldehyde and NAD were used
in the activity staining. The other three ALDH gene products
might be expressed in S. cerevisiae, but if they were, their
activities were too low to be detected under the assay condi-
tions employed in this study or their substrate specificities were
very different from those of the other enzymes.

The kinetic properties of the S. cerevisiae cytosolic ALDH1
were similar to those of the cytosolic enzyme found by Seeg-
miller in 1953 (20) and recently studied by Dickinson (4).
Seegmiller reported that the K,,,s for NADP and acetaldehyde
were 14 and 34 wM, respectively, while Dickinson found that
K,,s for NADP and acetaldehyde were 66 and 100 wM, respec-
tively. The K,,s for NADP and acetaldehyde of the recombi-
nantly expressed ALDH1 in this study were found to be 99 and
24 uM, respectively. The recombinantly expressed ALDHI1
was also activated by Mg?™ ions, consistent with the data re-
ported by Seegmiller (20) and Dickinson (4). Thus, it appears
that we established the relationship between the sequence and
the kinetic properties of a major S. cerevisiae cytosolic ALDH.

Black (2, 3) found a potassium-activated ALDH in yeast.
Jacobson and Bernofsky (15) found that this ALDH was lo-
cated in mitochondria. The recombinant mitochondrial
ALDHS is potassium stimulated and used both NAD and
NADP as the cofactor, consistent with what was found by
previous investigators. Black reported that the K,,s for NAD
and acetaldehyde were 30 and 80 wM, respectively. Steinman
and Jakoby (21) also found that the potassium-stimulated
ALDH had low K,,;s for NAD, NADP, and acetaldehyde (20,
50, and 3 pM, respectively). However, in this study, we found
that the mitochondrial ALDHS5 had much higher K,,s for
NAD(P) and aldehyde. Furthermore, investigators reported
that the mitochondrial potassium-stimulated ALDH was very
active with benzaldehyde (2, 3) and was repressed 99% by
glucose (15), while we found that the mitochondrial ALDHS
had low activity with benzaldehyde and most likely was a con-
stitutive enzyme. The properties reported by others were more
similar to those we found to be associated with the commer-
cially available K" -activated ALDH2, which is encoded by a
gene on chromosome XV.

Investigators previously reported that S. cerevisiae cytosolic
ALDH was active exclusively with NADP and no dehydroge-

nase activity was observed with NAD as the cofactor (20). It
was found that the recombinant S. cerevisiae cytosolic ALDH1
was active with NAD. However, the K, value for NAD was
more than 170 times higher than that of NADP and the en-
zyme activity, like that of mammalian ALDH]1, was inhibited at
very high concentrations of NAD (29). The investigators usu-
ally considered that all dehydrogenase activity was due to S.
cerevisiae mitochondrial ALDH when they used NAD as the
cofactor (17). When NAD is used for dehydrogenase assay, the
contribution of the cytosolic ALDHI to the total activity can-
not be excluded, as indicated by activity staining of IEF gels.

ALDHL1 is present at a higher level in the cells than ALDHS,
as estimated by SDS-PAGE followed by Western blot analysis.
Thus, their kinetic properties in vitro might provide insight into
their functions in ethanol metabolism in vivo. To investigate
the possible roles in ethanol metabolism of ALDHs in yeast,
S288C grown on either YEPD or SD was harvested at late log
phase, in which accumulated ethanol was used as a carbon
source. When assayed in the presence of K* ions, the contri-
bution of ALDHI1 to the total ALDH activity was estimated to
be between 30 and 70% (data not shown), depending on the
cofactor used. This showed that ALDH1 contributes to ethanol
metabolism, provided that NADP is available. It appeared that
acetaldehyde oxidation in the cytosol can range from 70 to
30% depending on the NADP/NAD ratio. The contribution of
ALDH2 was only about 30% with NADP. However, the con-
tribution was increased to about 70% when NAD was used for
staining. Thus, it appeared that ALDH2 was a major mito-
chondrial ALDH. Its contribution to the oxidation of acetal-
dehyde, like that of ALDH1, may depend on the NADP/NAD
ratio.

The kinetic properties of S. cerevisiae ALDH enzymes were
different from those of mammalian ALDHs. The dehydroge-
nase activities of mammalian mitochondrial ALDHs were en-
hanced about twofold by Mg**, Mn?*, and Ca®" ions, while
the cytosolic ALDHI1 was inhibited by those divalent ions (23,
24, 26, 27, 32). In contrast to what was found with mammalian
liver enzymes, the activity of S. cerevisiae cytosolic ALDH1 was
stimulated, not inhibited, by Mg®*, Mn?", and Ca** ions while
yeast mitochondrial ALDHs were stimulated by K" ions. In
mammals, mitochondrial ALDH?2, rather than cytosolic
ALDH]I, is the major enzyme responsible for ethanol metab-
olism (22). S. cerevisiae cytosolic ALDHI1 appears to play a
major role in acetaldehyde oxidation.
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