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The Lactococcus lactis adhE gene, which encodes a multifunctional alcohol dehydrogenase, has been cloned
and characterized. A DNA fragment encoding the putative alcohol dehydrogenase domain of the AdhE protein
was cloned by screening an L. lactis genomic library in a fermentative mutant of Escherichia coli and selecting
for the ability to grow anaerobically. Further analysis of the clone obtained allowed the cloning of the entire
adhE gene sequence. Analysis of adhE expression in L. lactis during anaerobiosis showed induction at the
transcriptional level, especially in medium containing glucose. Constructed mutant strains produced reduced
amounts of ethanol under anaerobic conditions. With the L. lactis gene as a probe, adhE homologs were found

in other industrially relevant lactic acid bacteria.

During fermentation in Lactococcus lactis, pyruvate metab-
olism leads to the predominant formation of lactate and a
number of minor metabolites. Anaerobic growth in milk re-
quires the presence of pyruvate formate-lyase (PFL) and lac-
tate dehydrogenase (LDH) for growth, acidification, and the
regeneration of reduced cofactors. Pyruvate is converted into
acetyl coenzyme A (CoA) and formate via PFL. In Escherichia
coli, acetyl-CoA is further metabolized to acetaldehyde and
ethanol by a multifunctional dehydrogenase encoded by the
adhE gene (15). AdhE is also responsible for deactivation of
PFL, to ensure protection against irreversible inactivation of
PFL in the presence of oxygen (14). To date, only one adhE
homolog has been reported for Clostridium acetobutylicum (20)
based on functional analysis, and putative homologs have been
identified for Salmonella typhimurium and Actinobacillus pneu-
moniae (5, 25). Eukaryotic adhE genes have also been charac-
terized for amitochondriate protozoan parasites (21).

E. coli AdhE is a multifunctional protein of 890 amino acids
(aa) that catalyzes the conversion of acetyl-CoA into ethanol
and has acetaldehyde dehydrogenase and alcohol dehydroge-
nase (ADH) activities. Additionally, AdhE shows PFL-deacti-
vase activity, which is involved in the inactivation of PFL, a key
enzyme in anaerobic metabolism (14). L. lactis is an aerotol-
erant anaerobic gram-positive bacterium in which the presence
of a PFL-deactivase may represent a selective advantage. We
have recently reported the cloning and characterization of the
L. lactis pfl gene (4). Gene inactivation of pfl resulted in en-
hanced production of diacetyl without formate under anaero-
bic conditions.

It has recently been postulated that Streptococcus thermophi-
lus does not have an ADH and that production of acetalde-
hyde, characteristic of this organism, may be obtained via con-
version of threonine to glycine with equimolar production of
acetaldehyde (18). However, if the presence of an adhE ho-
molog in lactic acid bacteria could be demonstrated, metabolic
and genetic engineering could be applied to increase levels of
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acetaldehyde, a relevant component in yogurt production (18),
during fermentation and to modulate PFL activity.

We report here the cloning of the ADH domain of the L.
lactis adhE gene by genetic complementation of a fermentative
mutant of E. coli and characterization of the complete adhE
gene. We also report the presence of adhE homologs in other
lactic acid bacteria, including S. thermophilus.

MATERIALS AND METHODS

Bacteria and plasmids. E. coli MC1000 (7) and DH5a (Stratagene) were used
for cloning. E. coli NZN111 (pfl Idh), also referred to as FMJ39 (19), was used
for genetic complementation experiments. L. lactis subsp. cremoris MG1363 (11)
and L. lactis subsp. lactis biovar diacetylactis DB1341 (kindly provided by Chr.
Hansen A/S, Hgrsholm, Denmark) were used in this study. S. thermophilus
ATCC 19258, Leuconostoc mesenteroides subsp. mesenteroides ATCC 10878, and
Lactobacillus acidophilus ATCC 4796 were used for the identification of adhE
homologs. PCR fragments were cloned into pBluescript KS+ (Stratagene) or
PSMAS500 (17).

Media and growth conditions. E. coli strains were grown in Luria-Bertani
medium at 37°C. Erythromycin (250 pg ml™'), kanamycin (50 pg ml™'), or
ampicillin (50 pg ml™') was added as required. L. lactis strains were grown in
1.5X M17 (24) supplemented with 0.5% (wt/vol) glucose (GM17), galactose
(GalM17), or lactose (LacM17). The media were supplemented with 10 mM
citric acid for growth of L. lactis subsp. lactis biovar diacetylactis DB1341 and
transformants derived from this strain. We also used a defined medium, SA
(13a), which was supplemented with 1% (wt/vol) glucose or lactose and is re-
ferred to as GSA or LSA, respectively. Acetate was omitted, and 100 mM lipoic
acid was added to SA for fermentation to allow the synthesis of acetyl-CoA via
pyruvate dehydrogenase during aerobic growth (23). Erythromycin (1 pg ml™")
was added as required. Fermentation was carried out with six benchtop fermen-
tors (Applikon), each containing 1 liter of medium and set to operate at 30°C.
Stirring was applied with a supply of air (aerobic conditions) or nitrogen (anaer-
obiosis). Oxygen levels were monitored with an Ingold oxygen electrode (Mettler
Toledo) and were kept above 20% saturation with air. The fermentors were
inoculated with 1 to 10 ml of a fresh overnight culture grown in GM17 or GSA.
Growth was monitored by measuring the optical density at 600 nm (ODg), and
samples were taken at an ODg, of 1.0 = 0.1 for RNA studies and metabolite
analysis. Additionally, cultures were grown statically in tightly closed 50-ml tubes
containing 50 ml of medium without shaking and were considered anaerobic.
Aerobic cultures were grown in 50 ml of medium in 250-ml flasks with shaking
(250 rpm). Cultures grown in flasks or tubes were used for metabolite analysis
and in mRNA studies to compare the levels of expression observed in fermen-
tors. S. thermophilus, Leuconostoc mesenteroides, and Lactobacillus acidophilus
were grown in MRS as specified by the procedures of the American Type Culture
Collection.

Protein extraction and NADH oxidation measurement in E. coli. Protein
extraction was carried out by adding 100 wl of 100 mM MOPS (morpholinepro-
panesulfonic acid) buffer (pH 6.5)-2% Triton X-100 to the cell pellets from
1.5-ml overnight cultures, which had been washed in fresh ice-cold medium and
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FIG. 1. Genetic maps of the adhE chromosomal regions of L. lactis MG1363 and DB1341. Only relevant restriction sites are shown. E, EcoRI; H, HindIII; N, Nsil;
Nd, Ndel; P, Pstl; S, Sau3Al. The DNA fragments included in pC1 are shown, indicating the three different Sau3AI DNA fragments that were ligated together under
library construction and that included an rRNA gene sequence (rRNA box in clone 1). The position of the consensus E. coli expression signals (Shine-Dalgarno
sequence and promoter region) in pCl is shown as a bent arrow (see also Fig. 2). The fragment used for gene inactivation of the MG1363 adhE gene is depicted as
a filled box (plasmid construction pKAS15 [see Materials and Methods]). Putative transcriptional terminators for orfB and adhE are shown as open circles.

frozen at —80°C for 15 min. The pellets were dissolved and transferred to
Eppendorf tubes. Lysozyme (5 mg) was added, and samples were incubated on
ice for 30 min. Subsequently, glass beads (diameter, 100 wm; Sigma) were added
and samples were vortexed for 30 s and kept on ice for 30 s. This step was
repeated 10 to 15 times, and samples were centrifuged in an Eppendorf centri-
fuge at maximum speed for 2 min. Supernatants were transferred to a new
Eppendorf tube and kept at —80°C until assayed. To measure NADH oxidation,
the following components were mixed in a quartz cuvette: 700 wl of 100 mM
MOPS (pH 6.5), 100 wl of 120 mM Na-pyruvate, 50 pl of 2.56 mM NADH, and
50 pl H,O. The decrease in ODsy, as a result of the oxidation of NADH to
NAD, was monitored after the addition of 100 wl of sample. As a control,
pyruvate was omitted from the reaction. No significant decrease in OD was
observed in the control.

Measurement of metabolites. The amounts of acetaldehyde and ethanol pro-
duced after overnight growth were analyzed by headspace gas chromatography
with a flame ionization detector (Perkin-Elmer model HS-40, Chrompack
CP9000).

DNA manipulations and transformation. Chromosomal DNA was isolated
from L. lactis, S. thermophilus, Leuconostoc mesenteroides, and Lactobacillus
acidophilus as previously described (3). Plasmid DNA was isolated from E. coli
with Jet Prep kits (Genomed). DNA restriction, dephosphorylation, and cloning
were performed according to standard procedures (22). DNA fragments were
purified from agarose gels with Jet Sorb kits (Genomed). Probe labeling was
carried out with a Ready-to-go kit (Pharmacia). Unincorporated nucleotides
were removed with Nick columns (Pharmacia). Heterologous hybridization ex-
periments were carried out overnight at 65°C. Filters were washed twice in 5X
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at room temperature
for 30 min and subsequently once in 3X SSC-0.1% sodium dodecyl sulfate at
65°C for 30 min.

DNA sequencing was carried out with T3 and T7 primers and subsequently
with primers derived from the obtained sequences. Sequencing primers were
Cy-5 labeled, and reactions were run on an ALF Express sequencer (Pharmacia).
E. coli was transformed by electroporation as described previously (22). L. lactis
strains were transformed essentially as described previously (13).

Construction and screening of an L. lactis genomic library. A genomic library
was constructed with partially Sau3Al-digested DNA of L. lactis subsp. lactis
biovar diacetylactis strain DB1341 and cloning into BamHI-digested plasmid
PSMAS500 (17). The genomic library consisted of approximately 10,000 indepen-
dent recombinant clones with an average insert size of 4 kb. A mixed culture,
containing all clones obtained, was grown in Luria-Bertani medium supple-
mented with erythromycin, and plasmid DNA was isolated for genetic comple-
mentation with E. coli NZN111 (pfl::Tn5 Idh Km"). This strain is unable to grow
in the absence of O,, due to mutation in the pfl and Idh genes (19). Additionally,
a NZAP Express genomic library of strain DB1341 (4) was used to characterize
the full-length adhE gene. Plasmid DNA isolation from positive clones followed
in vivo excision (Stratagene), and sequence analysis (ALF Express; Pharmacia)
was carried out.

PCR amplifications. With the adhE sequence of strain DB1341 obtained from
pCl, an adhE DNA fragment was amplified from L. lactis MG1363 with primers
adhe-mgl (5'-CGCAAGCCCTCTCGGTGTACTT-3' [positions 2211 to 2232 in
Fig. 2]) and adhe-mg2 (5'-ACGTTCAAGGTGAGCTTTACG-3" [positions
4452 to 4431 in Fig. 2]). The fragment was sequenced with the relevant primers
derived from the sequence of the DB1341 adhE fragment. Subsequently, inverse
PCR was carried out on HindIII-digested and religated chromosomal DNA from
strain DB1341 with primers adhe-350 (5'-CTGTTGATGTTGGATTAGTC-3’
[positions 2269 to 2250 in Fig. 2]) and adhe-700 or adhe-1300x (respectively,

5'-AAGGTCTTCTTCGGCACGTTCAAT-3' [positions 2613 to 2590 in Fig. 2]
or 5'-GAGATTGTACGTAGCTTACTTGC-3' [positions 2986 to 3008 in Fig.
2]) to clone the upstream region of the adhE gene (Fig. 1). Sequence analysis of
the obtained PCR products, with primer adhe-1300x, allowed the identification
of the upstream region of the adhE gene. A second inverse PCR was also carried
out with PstI-digested DNA from strain DB1341 to clone the upstream region
including orfB (Fig. 1), and primers derived from the sequence obtained were
used to sequence the corresponding chromosomal region of strain MG1363.
Primers adhe-mgl and adhe-1697 (5'-TGACGAGCGATTGCAATTGCTT-3'
[positions 3491 to 3512 in Fig. 2]) were used to amplify a 1.5-kb fragment from
this strain, including the 5’ region of the adhE gene, and primers adhe-1300x and
adhe-mg2 (5'-ACGTTCAAGGTGAGCTTTACG-3' [positions 4452 to 4431 in
Fig. 2]) were used to amplify an overlapping 1.5-kb fragment that included the 3’
region of this gene. PCR amplifications were carried out with 50-ul samples and
a GeneAmp DNA amplification reagent kit from Perkin-Elmer Cetus, with the
addition of 0.5% Tween 20.

DNA sequence analysis. Analysis of the DNA sequence data and homology
searches were performed with the Genetics Computer Group (University of
Wisconsin) program package, version 8.

Northern blot and primer extension analysis. RNAs isolated from exponen-
tially growing cultures (ODgq, = 1) were separated on 0.8 to 1.2% agarose-
formaldehyde gels. Blotting, hybridization, and washes were carried out as de-
scribed previously (3). Strain-specific adhE probes were used for hybridization
(see below; Fig. 1). Induction (mRNA) levels were estimated with an Instant
Imager 2024 (Packard) by measuring the radioactivity in each full lane directly
from the nylon membrane. Primer extension analysis was carried out with 10 pg
of total RNA; the 3?P-end-labeled primers mgadhe-PE1 (5'-AAGAACAGCAG
CTTGTGCTTT-3' [positions 1974 to 1954 in Fig. 2]), mgadhe-PE2 (5'-AACT
TTCTTTGCAGCTGGAGCGG-3' [positions 1887 to 1865 in Fig. 2]), and
mgadhe-PE3 (5'-AAAGAAGTCAAGCGATATTGTGATGAAATTT-3' [lo-
cated 106 bp further upstream from mgadhe-PE2 in the orfB-adhE intergenic
region, which is highly divergent between DB1341 and MG1363]); and the avian
myeloblastosis virus reverse transcriptase primer extension system (Promega).
Products of the primer extension reactions were separated on sequencing gels.
Sequencing reactions were performed simultaneously with a Thermosequenase
radiolabeled terminator cycle sequencing kit (Amersham) on an 864-bp PCR
product that included the upstream region of the adhE gene. The gene was
amplified with primers adhe-268 (5'-GGCTGGACAAATACTGAAGG-3' [po-
sitions 1428 to 1447 in Fig. 2]) and adhe-350, their corresponding primers, and
a-33P-labeled dideoxynucleotides (Amersham).

Construction of an L. lactis adhE mutant in MG1363. A PCR fragment con-
taining an internal upstream region of the adhE gene was amplified with primers
mgadhe-null2-X%01 (5'-CATGCCTCGAGCCGCAAAATTCCAAGAAG-3 [Xhol
site underlined, positions 1906 to 1924 in Fig. 2]) and mgadhe-BamHI (5'-CAT
GCGGATCCAACAGAACCAGCAACTTTGTT-3" [BamHI site underlined,
positions 2206 to 2185 in Fig. 2]) and with genomic DNA from strain MG1363 as
the template. The expected 300-bp DNA fragment was digested with Xhol and
BamHI, cloned into similarly digested pSMAS500, and transformed into E. coli
MC1000. The plasmid construction pKAS15 (Fig. 1) was introduced into L. lactis
MG1363, which resulted in strain MGKAS15 (Fig. 2). PCR was used to verify the
integration of pKASI5 into the adhE gene in MGKASI5 by Campbell-like
recombination (16).

Nucleotide sequence accession numbers. The sequences of the adhE regions of
strains MG1363 (4,741 bp) and DB1341 (4,896 bp) have been deposited in
EMBL under accession no. AJ001007 and AJ001008, respectively.
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FIG. 2. Sequence of the L. lactis DB1341 adhE gene. The sequence begins
upstream of orfB and includes the adhE gene and ca. 350 bp of sequence
downstream of adhE. +1 mRNA refers to the adhE transcription start site.
Ribosome binding sites (RBS) for orfB and adhE are shown in boldface type.
Promoter regions, —35 and —10, are indicated with double underlines. Pairs of
arrows depict putative transcriptional terminator sequences. The deduced pro-
tein sequences are shown in single-letter code. The region included in pCl1 is
shown (Clone-1 Start to Clone-1 Stop) above the sequence. Consensus E. coli
expression signals (Shine-Dalgarno sequence [SD; boldface type] and —35 and
—10 promoter regions [underlined]) just upstream of the ADH domain in pC1
[ADH-domain (clone-1)] are shown. An inverted triangle above the sequence
depicts the position of gene inactivation in the adhE strain MGKASI15.
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RESULTS

Genetic complementation in E. coli NZN111 with an L. lactis
genomic library. E. coli NZN111 harbors mutations in the pfl
and Idh genes (19). This strain cannot grow under strict anaer-
obic conditions, under which PFL and LDH activities partici-
pate in the fermentative regeneration of NAD. NZN111 can
therefore be used for the cloning of genes involved in fermen-
tation from other organisms, if the gene is expressed in E. coli
and the product is functional. Thus, enzymatic activities that
convert NADH into NAD should complement the defect in
NZN111. We decided to study the presence of such activities in
L. lactis using genetic complementation. E. coli NZN111 was
transformed with 200 ng of plasmid DNA from a genomic
library made from L. lactis subsp. lactis biovar diacetylactis
strain DB1341 (see Materials and Methods). Transformation
mixtures were incubated at 37°C in anaerobic jars. As a con-
trol, pSMAS500-transformed strain NZN111 was used. After 2
days, transformation plates were incubated aerobically a fur-
ther two days, to allow weak complementing clones to grow.
One clone, clone 1, was identified in the library-transformed
plates, but no transformants were obtained in the pSMAS500
control. In a preliminary screening, protein extracts of clone 1
were used in a modified LDH assay (9), where the pyruvate-
dependent conversion of NADH to NAD was monitored to
demonstrate that complementation of the fermentative defects
in strain NZN111 occurred. A relatively high rate of conver-
sion (approximately twofold compared to that of the
NZN111::pSMAS00 control) was observed for clone 1.

The plasmid present in clone 1, pC1, was isolated and used
to retransform E. coli NZN111. Duplicate plates were incu-
bated aerobically for 4 days or anaerobically for 2 days and
then for 2 days aerobically at 37°C. Similar numbers of trans-
formants, ca. 7 X 10° per pg of DNA, were obtained by both
procedures, compared with 1 X 10° transformants per ug of
DNA obtained with pSMAS500 under aerobic incubation. No
transformants were obtained with pSMAS500 under anaerobic
selection as indicated above for clone 1. These results clearly
indicated that pCl complements the mutations in strain
NZNI111.

Sequence analysis of pC1 and identification of a DNA frag-
ment homologous to the E. coli adhE gene. Plasmid pCl was
further characterized by restriction enzyme analysis and in-
cluded a 2.1-kb insert. Sequence analysis determined that it
included a 1.8-kb Sau3AlI fragment. The 1.8-kb fragment in-
cluded an open reading frame (ORF) homologous to the E.
coli adhE gene (12) (Fig. 1 and 2). Two additional Sau3Al
fragments, 0.1 and 0.2 kb in size, that were ligated together
during library construction were also present in pCl1 (Fig. 1).
The 0.2-kb fragment corresponded to a fragment of the L.
lactis 23S rRNA gene (data not shown). As shown in Fig. 1 and
2, pCl included the ADH domain of an L. lactis AdhE ho-
molog, and it contained by chance the necessary signals for
expression in E. coli (Shine-Dalgarno sequence and —35 and
—10 regions) (Fig. 2). The putative gene product encoded in
pCl, a 427-aa protein, is highly homologous to a number of
other iron-dependent ADHs. Comparison at the protein level
showed 41.4% identity (78% similarity) with E. coli AdhE, in
addition to significant homology to the C. acetobutylicum
AdhE homolog, Aad, and other ADHs of both eukaryotic and
prokaryotic origin.

Characterization of the full-length L. lactis adhE sequence.
Sequence comparison of pCl with the two previously cloned
bacterial adhE genes indicated that approximately the first 300
bp and the last 600 bp of the putative L. lactis adhE homolog
were not present in this DNA fragment (Fig. 1 and 2). There-
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fore, a AZAP genomic library of strain DB1341 was screened
with a 0.8-kb Sau3Al fragment from pCl1 (positions 2198 to
3062 in Fig. 2) as a probe. Two positive clones (named AadhE1
and AadhE3) were selected for characterization. Following in
vivo excision of the pBK plasmid version of the clones (Strat-
agene), restriction mapping and sequencing were carried out.
Clone AadhE1 included a 1.8-kb Sau3AlI insert that was iden-
tical to the adhE fragment of pCl (positions 2198 to 3993 in
Fig. 2). Clone AadhE3 contained a 4-kb insert that included the
region starting from the Sau3Al site at position 3231 in Fig. 2.
Sequence analysis of this clone confirmed that it included the
3’ end of the L. lactis adhE gene, which ends with a double stop
codon (TAATAA; positions 4557 to 4562 in Fig. 2). Down-
stream from this position, a putative transcription terminator
was found with an estimated AG of —12.8 kcal/mol (10) (po-
sitions 4587 to 4609 in Fig. 2). To obtain the upstream se-
quence of the adhE gene of strain DB1341, inverse PCR was
used (see Materials and Methods). PCR and sequencing with
primers derived from this sequence were used to obtain the
entire sequence of the adhE gene of strain MG1363. A limited
sequence variation at the DNA level was observed (202 base
changes in the adhE coding region, corresponding to 92.5%
sequence homology), resulting in only 18 amino acid substitu-
tions (or 98% identity).

The L. lactis adhE gene of strain DB1341 encodes a 903-aa
protein, as was deduced from the DNA sequence (Fig. 2), with
an estimated molecular mass of 98.2 kDa. A putative ribosome
binding site (AAAGGAG:; positions 1831 to 1837 in Fig. 2) is
found 11 bp upstream of the start codon (10). Homology com-
parisons showed 44% identity of the L. lactis AdhE to the E.
coli protein and 42.4% identity to the C. acetobutylicum Aad
protein throughout an approximately 750-aa-long fragment
(Fig. 3). A significantly lower level of homology was observed
in the C-terminal regions of these three proteins.

An ORF, named orfB, that may encode a putative 341-aa
protein was identified upstream of adhE. A consensus ribo-
some binding site (AGGAG; positions 580 to 584 in Fig. 2) and
—35 and —10 promoter regions (positions 542 to 547 and 566
to 571, respectively, in Fig. 2) were found upstream from the
orfB start codon. A putative transcriptional terminator was
found downstream of orfB (AG of —12.9 kcal/mol; positions
1652 to 1696 in Fig. 2), suggesting that orfB and adhE are
independently transcribed in L. lactis (Fig. 2 and 3). The E. coli
adhE gene is transcribed independently (8), whereas the C.
acetobutylicum homolog, aad, is transcribed as part of an
operon together with three acetone formation genes (20). An
OREF, orfl, that encodes a putative protein similar in size (319
aa) to L. lactis OrfB was also found upstream of the aad gene,
and it is placed in the same orientation as the aad gene in the
C. acetobutylicum chromosome (20). However, no homology
was found between orfB and orfl. Only a putative 36.3-kDa E.
coli protein without a known function, YbhE (6), showed
34.4% identity to OrfB. Thus, the function of orfB remains to
be elucidated.

Analysis of adhE expression in L. lactis MG1363. In E. coli,
adhE expression is anaerobically induced (8). The expression
of the L. lactis adhE gene was studied in exponentially growing
cultures of strain MG1363 in M17 medium, containing either
glucose or galactose, under anaerobic or aerobic conditions in
a fermentor. Northern blot analysis showed a very low level of
expression during aerobiosis and a sevenfold induction during
anaerobiosis in glucose. In medium containing galactose, a
very high level of expression was observed during aerobiosis
(20-fold higher than that observed under aerobiosis in glucose)
and a slightly higher (1.2-fold) level of expression was observed
during anaerobiosis (Fig. 4). A single transcript (2.9 kb) was
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FIG. 3. Multiple alignment of AdhE proteins. The lactococcal AdhE se-
quence from strain DB1341 was aligned with the sequences of all AdhE entries
in the databases by using the Clustal alignment of the MEGALIGN program
(DNAstar, Lasergene). Shaded boxes show positions of residues identical to the
consensus. Abbreviations: dbadhe, strain DB1341 AdhE; ecadhe, E. coli AdhE;
caaad, C. acetobutylicum Aad; ehadhe, E. histolytica AdhE; gladhe, G. lamblia
AdhE.

detected in all samples tested (Fig. 4A). The size of the tran-
script corresponded to the size of the adhE gene, confirming
that transcription is independent of orfB. Primer extension
studies were carried out with three different primers, mgadhe-
PE1, mgadhe-PE2, and mgadhe-PE3. Single primer extension
products of 167 and 80 bp were detected with mgadhe-PE1 and
mgadhe-PE2, respectively (Fig. 4B and C). No extension prod-
ucts were observed with primer mgadhe-PE3 (data not shown).
Thus, the transcription start site (¢ss) of the L. lactis adhE gene
is located 41 bp upstream of the start codon (Fig. 2 and 4). A
much larger nontranslated region (292 bp) has been reported
for the E. coli adhE mRNA, which is involved in modulation of
translation efficiency (2).

Construction and analysis of adhE mutant strains in L.
lactis MG1363. As described recently, the introduction of
PSMAS00 derivatives to achieve gene inactivation in L. lactis
DB1341 resulted in apparent genetic instability of the endog-
enous plasmids (4). Therefore, genetic inactivation of the adhE
gene was carried out with L. lactis MG1363 (16). In order to
ensure a null mutant, an adhE strain, MGKASI15, that is ex-
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FIG. 4. Northern blot and primer extension analysis of the L. lactis adhE gene. (A) Northern blot analysis of total RNA from L. lactis MG1363 grown in fermentors.
Lane 1, aerobic growth in GM17; lane 2, anaerobic growth in GM17; lane 3, aerobic growth in GalM17; lane 4, anaerobic growth in GalM17. The size of the adhE
transcript is shown on the left in kilobases. (B and C) Primer extension carried out with primers mgadhe-PE1 (B) and mgadhe-PE2 (C) on total RNA of strain MG1363.
Lanes 1 to 4, MG1363 grown as described for panel A. A sequence ladder was run, in each case, with the corresponding primer. The adhE transcription start site is
indicated with a box in the sequence line. Extension products are indicated with arrows.

pected to synthesize a truncated AdhE protein at residue
Val''? was constructed. The position of genetic disruption of
the adhE gene in MGKASIS is shown in Fig. 2 and was verified
by PCR analysis (data not shown). The truncated AdhE pro-
duced in MGKASI15 should lack both acetaldehyde dehydro-
genase and ADH activities, judging from the location of con-
served dehydrogenase motifs in the primary sequence (Fig. 3).
Acetaldehyde and ethanol levels from overnight cultures
grown in GM17 or GalM17 with and without aeration were
determined (Table 1). Relatively small amounts of acetalde-
hyde and no ethanol were produced during aerobic growth in
either MG1363 or the adhE strains, regardless of the carbon
source. Interestingly, a large amount of ethanol was observed
in MG1363 growing anaerobically in GalM17. Under these
conditions, expression of the L. lactis pfl and adhE genes is
maximal, which may account for the high levels observed (4)
(Fig. 4). A larger amount of acetaldehyde was produced by the
adhE strain under anaerobic conditions in GM17 than by
MG1363. The levels observed, however, are similar to the
amounts of acetaldehyde produced by both strains during aer-
obiosis (Table 1). Thus, it is likely that these amounts represent
the acetaldehyde generated elsewhere in the metabolism of L.
lactis, especially when it grows in GM17. Under anaerobic
conditions, the activity of wild-type AdhE may convert the
acetaldehyde produced into ethanol, accounting for the lack of
acetaldehyde observed in MG1363. MGKASI15 did not pro-
duce ethanol during anaerobic growth in GM17 (Table 1),
demonstrating that the cloned gene encodes an ADH. The
differences in the amounts of ethanol produced were not due

TABLE 1. Characterization of the L. lactis MG1363 adhE
strain MGKAS15

Result under:

Aerobic conditions Anaerobic conditions

. Growth
Strain medium A 1 A 1
e Ethanol  Final %4 Ethanol  Final
(ml}\l/l) (mM)  ODgqq (ml}\//I) (mM)  ODggo
MG1363 GM17 0.05 =0.001 4.1 =0.001 1.4 3.7
GalM17 0.04 =0.001 3.6 0.01 12.97 3.6

MGKAS15 GM17 0.06
GalM17  0.05

=0.001 3.8  0.05 0.05 3.7
=0.001 32 =0.000 018 32

to growth differences, since both strains reached identical
ODy, values (Table 1). Growth in GalM17 was generally
poorer, especially for MGKASI15. The high level of lactate
produced under these conditions by MGKAS15 might account
for the observed differences (not shown). It remains unclear
whether the low level of ethanol produced by the adhE strains
in GalM17 resulted from residual ADH activity of the trun-
cated AdhE protein or was generated by an alternative ADH
(Table 1).

Identification of adhE homologs in other lactic acid bacteria
with an L. lactis adhE probe. Two Sau3Al fragments including
most of the L. lactis subsp. lactis biovar diacetylactis DB1341
adhE coding sequence contained in pCl (Fig. 1) were used as
probes in Southern hybridization experiments with EcoRI-di-
gested total DNA from S. thermophilus, Leuconostoc mesen-
teroides subsp. mesenteroides, and Lactobacillus acidophilus. As
shown in Fig. 5, a single EcoRI DNA fragment, approximately
5 kb in size, including the L. lactis MG1363 adhE sequence was
detected, as was expected from the genetic map of the adhE
locus in this strain (Fig. 1). Strongly hybridizing bands were
detected in S. thermophilus (5 kb) and Leuconostoc mesen-
teroides (5 and 0.4 kb). More weakly hybridizing bands (4.2 and
2 kb) and two minor bands (5 and 2.3 kb) were identified in
Lactobacillus acidophilus. These results suggest that an adhE
homolog is present in these three industrially relevant lactic

FIG. 5. Detection of an adhE homolog in other lactic acid bacteria. Southern
blot analysis of genomic DNA digested with EcoRI by using the L. lactis adhE
probe (Fig. 1). Lane 1, L. lactis MG1363; lane 2, S. thermophilus; lane 3, Leu-
conostoc mesenteroides; lane 4, Lactobacillus acidophilus. Bands sizes are shown.
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acid bacteria, and experiments are in progress to clone their
respective genes.

DISCUSSION

We have cloned the L. lactis adhE gene, which encodes a
multifunctional ADH. A plasmid library clone, pC1, containing
the putative ADH domain of the L. lactis ADHE was able to
complement the fermentative mutant E. coli NZN111, restor-
ing its ability to grow anaerobically. The primary structure of
the known AdhE homologs might contain separate functional
domains as previously suggested (20). The putative lactococcal
gene product encoded in the obtained pCl clone showed a
high degree of homology to a large number of iron-dependent
ADHs, including all cloned AdhE homologs (Fig. 3).

Limited sequence variation was observed between the adhE
gene of DB1341 (a diacetylactis strain) and MG1363 (an L.
lactis subsp. cremoris strain), representing a 2% protein se-
quence divergence. The deduced L. lactis AdhE showed a high
degree of identity to the previously characterized AdhE ho-
mologs, with over 40% sequence identity. Interestingly, the
degree of homology of the C-terminal regions of the different
AdhE proteins was significantly lower (Fig. 3). It is tempting to
suggest that this region may be involved in recognition and
deactivation of PFL. The N-terminal region of the lactococcal
AdhE is homologous to known aldehyde dehydrogenases, de-
spite the sequence variation observed for this class of enzymes.
L. lactis AdhE shows the conserved 15-aa peptide (positions
123 to 137 in Fig. 2), including two strictly conserved Pro
residues that are found in other aldehyde dehydrogenases (20).
Additionally, two unique features found in other known ADHs
are present in L. lactis AdhE: (i) a conserved glycine-rich
region with a GXGXXG pattern located in the NADH-binding
domain (20) (positions 446 to 451 in Fig. 3) and (ii) a highly
conserved GXGXXVXXA motif (GTGSEVTPFA; positions
636 to 645 in Fig. 3), present in other ADHs, including all
known AdhE homologs with the exception of Giardia lamblia
AdhE (21), where a serine is found at the last position (Fig. 3).

Starter cultures with increased acetaldehyde production could
be obtained by alteration of the AdhE primary sequence. We
constructed strains with a genetic disruption in the adhE gene
at different positions further downstream than in MGKASIS.
These strains showed very similar phenotypes, i.e., reduced
ethanol amounts and no acetaldehyde production (not shown).
Interestingly, E. coli AdhE forms a multimeric structure that
can be visualized by electron microscopy (14). This multimeric
conformation has been suggested as a requisite for activity.
Our results with the constructed disruption mutants support
this hypothesis, since a truncated AdhE protein is not expected
to form multimers.

A large promoter region with an unusually long nontrans-
lated region that requires cleavage by RNase III for translation
has been reported for the E. coli adhE gene (2). These features
are not evident in the promoter region of L. lactis adhE, as
confirmed by mapping of a unique transcription start site for
the adhE mRNA (Fig. 4). A consensus FNR box, the recogni-
tion site for the global transcriptional activator FNR, is present
just upstream of the —35 promoter region of E. coli adhE,
although no alteration in gene expression was observed in an
fnr strain (8). We have recently suggested the presence of
FNR-like boxes in the promoter region of the L. lactis pfl gene
on the basis of its sequence and location being similar to those
of the E. coli pfl gene. However, sequence variation was ob-
served between the different putative FNR-like boxes in the L.
lactis pfl promoter region (4). A sequence with homology to the
proposed lactococcal consensus FNR box is present upstream
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of the adhE gene in DB1341 [TTGTC(N,)ATCAA (where N is
any base); positions 1495 to 1508 in Fig. 2]. Further work is
required to elucidate the role of these sequences in the expres-
sion of the L. lactis pfl and adhE genes. A gene, orfB, that is
transcribed in the same orientation was found upstream of
adhE. The presence of a transcriptional terminator down-
stream of the orfB coding region (Fig. 2) together with North-
ern blot analysis of adhE expression (Fig. 4) indicated that
adhE is transcribed independently of orfB. We have studied
adhE transcription during exponential growth with glucose or
galactose in rich medium. Anaerobic induction in medium
containing glucose and high levels of expression during both
aerobic and anaerobic growth with galactose was observed.
Interestingly, no ethanol formation was detected in aerobiosis,
in spite of the high level of transcription of the adhE gene
(Table 1; Fig. 4). NADH and other cofactors needed for AdhE
activity might be present at low concentrations, precluding
enzymatic activity. Oxygen and carbon source dependence
have also been observed for the expression of the L. lactis pfl
gene, although strong anaerobic induction was detected also
during growth in galactose (4).

In E. coli PFL activation occurs via free-radical formation
through an activase that contains an Fe-S cluster (26). Thus,
PFL activity and AdhE-mediated NAD regeneration require
iron. Milk, the growth medium for L. lactis during industrial
fermentation, is a poor source of iron. Therefore, the activities
of L. lactis AdhE and activase (and consequently PFL) in milk
remain to be demonstrated. Indirect evidence for activity has
been obtained by comparison of wild-type and pfl mutated
starter strains (4), since the mutant produced a higher level of
diacetyl and acetoin than the wild type and no formate during
anaerobic growth in milk (not shown), indicating a certain
degree of PFL activity in the wild type.

The absence of ethanol production in GM17 of the adhE
strain MGKASI1S5 confirmed that the L. lactis adhE gene en-
codes an ADH. For the bacterium Zymomonas mobilis, two
nonrelated ADHs, ADH-I and ADH-II, respectively encoded
by the adhA and adhB genes, have been characterized. ADH-II
has been identified as a major stress protein in Z. mobilis and
is synthesized in response to heat shock and exposure to eth-
anol (1). Experiments are in progress to characterize the en-
zyme(s) responsible for the limited ethanol production ob-
served during anaerobic growth of the mutants in GalM17 and
to study whether L. lactis contains a protein with a role similar
to that of Z. mobilis ADH-II.

The presence of putative adhE homologs was detected in
other industrially relevant lactic acid bacteria by Southern blot
analysis (Fig. 5). Our results strongly indicate the presence of
adhE homologs in all three species investigated. Further work
to clone and characterize the adhE genes of these bacteria is
being carried out.

Site-directed mutagenesis of the conserved ADH consensus
regions present in L. lactis AdhE will be carried out to attempt
the engineering of AdhE for increased acetaldehyde forma-
tion. Current work concerns the study of the putative PFL-
deactivase function of L. lactis AdhE. Physiological analysis of
the constructed adhE strains to study the effect of a truncated
AdhE on the activity of PFL in L. lactis grown under anaerobic
and aerobic conditions will be carried out.
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