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A DNA region of Clostridium acetobutylicum contiguous with the adc operon has been cloned and sequenced.
Structural genes encoding the acetoacetyl coenzyme A:acetate/butyrate:coenzyme A transferase (ctfB and ctf4)
and an alcohol/aldehyde dehydrogenase (adhE) could be identified. These three genes together with a small
open reading frame (ORF) of unknown function (upstream of adhE) formed an operon (sol operon), as shown
by mRNA analyses. The complete sol operon was transcriptionally induced or derepressed before the onset of
solventogenesis, thus confirming earlier results of Northern hybridizations with a c{/B gene probe (U.
Gerischer and P. Diirre, J. Bacteriol. 174:426-433, 1992). Upstream of the sol operon, we identified two putative
promoters that were located in regions with possible stem-loop structures formed by several inverted repeats.
The distal promoter P1 showed only minor transcription initiation in solventogenic C. acetobutylicum cells but
was recognized in Escherichia coli, presumably because of its high similarity to the ¢”° consensus sequence. The
adhE-proximal promoter P2 directed the major transcription start point in solventogenic C. acetobutylicum but
was not recognized in E. coli. The clostridial AdhE showed high similarity to a novel family (type III) of alcohol
dehydrogenases. Two other ORFs (ORF 5 and ORF 6) were found on the cloned DNA region that showed no
significant similarity to sequences in various available data bases. mRNA studies revealed that ORF 5 formed

a monocistronic operon and showed increased expression before onset of solventogenesis.

The formation of acetone and butanol by Clostridium ace-
tobutylicum is induced at the end of the exponential growth
phase, during which the organism produces considerable
amounts of acids in a typical butyric acid fermentation (for
reviews, see references 2, 22, and 38). The primary underlying
molecular mechanisms responsible for this metabolic shift
remain unknown. Significant progress has bcen made in the
last few years with regard to the structure and organization of
genes which encode the solvent-forming enzymes. Acetone
production is catalyzed by acctoacetyl coenzyme A:acetate/
butyrate:coenzyme A transferase (CoA transferasc) and ace-
toacetate decarboxylase. The respective genes of C. acetobu-
tylicum have been cloned and scquenced (9, 17, 35, 36).
Alcohol formation is catalyzed by several different aldehyde
and alcohol dehydrogenases. An NADPH-dependent alcohol
dehydrogenase of C. acetobutylicum that is responsible for
ethanol production in vivo (6) has been cloned and sequenced
(52, 53), as have two NADH-dependent butanol dehydroge-
nase isozymes (37, 47).

Genes for acetoacetate decarboxylase, NADPH-dependent
ethanol dehydrogenasc, butanol dehydrogenase A, and buta-
nol dehydrogenase B are ecach arranged in monocistronic
operons in C. acetobutylicum (17, 18, 25, 36, 47). However,
ctfB, which cncodes the large subunit of CoA transferase, was
found to be expressed from an approximately 4.1-kb transcript
(18). Since the two CoA transferase genes (ctf4 and ctfB) are
located next to cach other and cover roughly 1.4 kbp, approx-
imately 2.7 kbp of coding sequence remained unidentified (9,
36). In this report, we describe the cloning, sequencing, and
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nucleotide sequence analysis of this DNA region from C.
acetobutylicum which is coexpressed with the ctf4 and ctfB
genes.

(A preliminary account of the data presented here was given
at the Annual Meeting of the Vereinigung fiir Allgemeine und
Angewandte Mikrobiologie, Leipzig, Germany, 14 to 17 March
1993.)

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. C. ace-
tobutylicum DSM 792 and DSM 1731 were obtained from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany. Escherichia coli XL1-B (7)
and SURE (Stratagene GmbH, Heidelberg, Germany) were
used as hosts and pEcoR252 (kindly supplied by D. R. Woods,
University of Cape Town, Cape Town, South Africa) was usced
as the vector for the cloning experiments. pEcoR252 (3,349 bp)
is a derivative of pEcoR251, a positive selection vector con-
taining the EcoRI gene under the control of a temperature-
regulated A rightward promoter. At 37°C, the EcoRI genc
product is produced in high amounts and becomes lethal
unless insertionally inactivated (54). In pEcoR252, a point
mutation at position 2597 has destroyed the PstI site within the
B-lactamase gene, such that the plasmid contains a unique Pstl
cloning site in the EcoRI gene (in addition to the commonly
used Bgl/ll and HindlIlI sites).

In batch culture, C. acetobutylicum was grown under strictly
anaerobic conditions at 37°C in clostridial basal medium (32).
Continuous culture experiments were performed as described
by Bahl ct al. (1). C. acetobutylicum DSM 1731 was used in
these experiments because it can be reliably induced to pro-
duce solvents, whereas the type strain DSM 792 is more
sensitive to the lower pH values used for solventogenic initia-
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tion (18). It is interesting to note that so far, no differences at
the DNA level have been found between these two strains (18,
43). Solventogenesis was induced by lowering the pH control
set point from 6.0 to 4.3. Acid production resulted in a
decrease in the pH value of the culture medium to 4.3, at which
time solvent formation was established (18). E. coli was
routinely grown at either 30°C (for pEcoR252 maintenance) or
37°C in LB medium or M9 medium (40). These media were
supplemented with ampicillin (100 pg/ml) when necessary.

Nucleic acid isolation and manipulation. Chromosomal
DNA of C. acetobutylicum was isolated by the method of
Marmur (28) as modified by Bertram and Diirre (5). Plasmid
isolation from E. coli was performed with the Quiagen Midi kit
(Diagen GmbH, Diisseldorf, Germany). Total RNA of C.
acetobutylicum was isolated by the hot phenol-chloroform
procedure of Oelmiiller et al. (33) as modified by Gerischer
and Diirre (18).

DNA was manipulated by standard methods (40). Restric-
tion enzymes, T4 DNA ligase, and Tag DNA polymerase were
obtained from GIBCO/BRL GmbH (Eggenstein, Germany)
and used according to the manufacturer’s instructions.

Construction of a genomic library of C. acetobutylicum.
Chromosomal DNA of strain DSM 792 was partially digested
with Sau3AI (40). The resulting DNA fragments were sepa-
rated by sucrose density centrifugation (10 to 40% [wt/vol]).
Fractions containing fragments of the desired size were dia-
lyzed against TE buffer (10 mM Tris hydrochloride [pH 8.0], 1
mM EDTA), ethanol precipitated, and ligated into Bglll-
digested pEcoR252. Transformation of competent E. coli cells
with microdialyzed ligation mixtures (29) was performed by
electroporation with a Gene Pulser (Bio-Rad Laboratories
GmbH, Miinchen, Germany) as described by Dower et al. (15).
Colony hybridization using Hybond N nylon filters (Amersham
Buchler GmbH, Braunschweig, Germany) was used for screen-
ing the genomic library. The filters were prepared as described
by Buluwela et al. (8), whereas hybridization and washing were
carried out according to the protocol given below.

Hybridization. Total chromosomal DNA of C. acetobutyli-
cum or plasmid DNA from E. coli was digested to completion
with the appropriate restriction enzymes, and the obtained
fragments were separated on agarose gels. Southern blots on
nylon membranes (GeneScreen Plus; Dupont, NEN Research
Products, Dreieich, Germany) were prepared according to the
manufacturer’s instructions. Membranes were prehybridized in
0.15% (wt/vol) polyvinylpyrrolidone, 0.15% (wt/vol) bovine
serum albumin, 0.15% (wt/vol) Ficoll, 0.9 M NaCl, 10%
(wt/vol) dextran sulfate, 1% (wt/vol) sodium dodecyl sulfate
(SDS), 6 mM EDTA, 90 mM Tris hydrochloride (pH 7.5), and
100 pg of denatured salmon sperm DNA per ml (80 wl/cm?
of membrane) for 1 to 3 h at 60°C. DNA probes were
generated by the polymerase chain reaction (PCR) with a
thermocycler (Trio-Thermoblock, Biometra biomedizinische
Analytik GmbH, Gottingen, Germany), using synthetic oligo-
nucleotides (17-mers) prepared for the sequencing reactions
described below. Oligonucleotides (0.5 upM each), chromo-
somal or plasmid DNA (20 to 500 ng), a deoxynucleoside
triphosphate mixture (200 wM), and Tag DNA polymerase (2.5
U) in reaction buffer (final volume, 100 pl) underwent 35
temperature cycles of 94°C for 1 min, 37°C for 30 s, and 72°C
for 45 s. Resulting DNA fragments were phenol extracted and
ethanol precipitated (40). Radiolabeling with [a-**P]dATP
(DuPont, NEN Research Products) was done by using a
random primers DNA labeling kit (GIBCO/BRL), and the
labeled probes were purified by using Sephadex G-25 columns
(NAP-5; Pharmacia LKB GmbH, Freiburg, Germany). The
appropriate radiolabeled probe (0.2 to 0.5 nCi/ml) was added
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to the prehybridization solution and incubated at 60°C for 10
to 15 h. Membranes were then washed twice in 2 SSC for 15
min at room temperature (1 X SSC is 0.15 M NaCl plus 0.015
M sodium citrate), washed once in 2X SSC plus 1% (wt/vol)
SDS for 5 min at room temperature, and subjected to autora-
diography.

RNA for Northern (RNA) blots was separated in denaturing
formaldehyde gels and transferred to nylon membranes (Gene
Screen Plus) according to the manufacturer’s instructions. An
RNA ladder (0.24, 1.4, 2.4, 4.4, 7.5, and 9.5 kb; GIBCO/BRL)
was included as standard for size determination. Hybridization
and washing were performed according to the protocol de-
scribed above for the DNA hybridization procedure.

DNA sequencing. Double-stranded plasmid DNA was se-
quenced by the dideoxy-chain termination method (41), using
[**S]dATP (DuPont, NEN Research Products) and a '7 Se-
quencing kit from Pharmacia LKB GmbH according to the
protocol given by the manufacturer. The entire scquence
(6,352 nucleotides) of the C. acetobutylicum DNA inscrt of
pK9 was determined for both strands. Sequencing started
within the vector, upstream and downstream of the Bg/ll
cloning site of pEcoR252, using the newly designed pEcoR
Bglll sequencing forward primer (pEcoRBg/11-USP, 5'-TGGG
AAAAGAGGAGATCA-3") and reverse primer (pEcoRBg/11-
RSP, 5'-AAGGAAAGTGGCTCTCA-3"). Further sequencing
was carried out by using sequentially synthesized oligonucle-
otides (17-mers) fitting to the ends of the already determined
DNA sequences (primer walking). Oligonucleotides were syn-
thesized on a Gene Assembler Plus (Pharmacia LKB GmbH)
according to the manufacturer’s instructions. The dideoxy-
terminated fragments were separated on 55-cm wedge-shaped
thickness gradient gels (0.2 to 0.4 mm, 6% [wt/vol] polyacryl-
amide) with a Macrophor sequencing unit (Pharmacia LKB
GmbH) as recommended by the manufacturer.

Primer extension analysis. Primer extension analysis was
carried out as recently published (18), with the modifications
of Sauer and Diirre (43), using oligonucleotides of 17 to 20
nucleotides which were complementary to the 5’ ends of the
respective primary transcripts. The length of cach primer
extension product was calculated by running a sequenc-
ing reaction with the identical primer on the same gel.
The oligonucleotides J14 (5'-TCCAAAACAGCTGCTTT-3’),
JI14PE (5'-CTTCTTTAATTACCTTGAGT-3"), and LORF1
(5'-AGATTTGGAGATAGATATTG-3") were used for deter-
mination of transcription start points of the sol operon; J21
(5'-TTCTATCACCCTTATTA-3') and J21PE (5'-TTATA
CATATCGCAATAGGT-3") were used for determination of
the transcription start point of open reading frame 5 (ORF 5);
GORF1 (§'-TTCCGGTTCTGAGGTTACTC-3") and GORF2
(5'-AGAATGTTGGTCCAAAACAT-3") were used for anal-
ysis of the antiparallel ORFs with divergent direction of
transcription within adhE.

Computer analysis. The DNA sequence data and the de-
duced amino acid sequences were analyzed by using the DNA
Strider (27) and GeneWorks (IntelliGenetics, Inc., Mountain
View, Calif.) programs on a Macintosh Ilsi computer (Apple
Computer, Inc., Cupertino, Calif.). Further sequence analyses
were carried out on a VAX 9000 computer, using the Genetics
Computer Group Inc. sequence analysis software package
(version 6.0) (13).

Nucleotide sequence accession number. The sequence data
shown in Fig. 2 were submitted to the EMBL data base and
assigned accession number X72831.
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FIG. 1. Schematic ORF map of the chromosomal DNA region from C. acetobutylicun DSM 792 containing the sol operon. The 6.352-kbp
insert of pK9 is shown, as well as the overlapping inserts of pUG80 or pUGY3 (17). Arrows and arrowheads represent lengths, locations, and
orientations of ORFs; lines with arrows indicate primary mRNA transcripts of genes induced before the onset of solventogenesis (adhE, ctfA, cifB,
adc). Dark-shaded ORFs belong to the sol operon, which is marked by the dashed line. A ' at the end of an ORF indicates that the ORF is

truncated. Putative promoter sequences are indicated by P,, P,, and P,

RESULTS

Cloning and sequencing of a DNA region of C. acetobutyli-
cum involved in solventogenesis. Partially Sau3Al-digested
chromosomal DNA fragments (5 to 20 kbp) of C. acetobutyli-
cum DSM 792 were ligated into Bgl/ll-cut pEcoR252 and
transformed into E. coli SURE. The resulting library of 1,052
clones was screened by hybridization with a radiolabeled ctfB
gene probe (18). Three of the clones on recombinant plasmids
(pK9, pK16, and pK17) showed a positive hybridization signal.
The recombinant plasmids pK16 and pK17 both contained the
samc (ca. 5.5-kbp) C. acetobutylicum DNA insert in opposite
orientations. This inscrt covered the previously described adc
gene region (17), extending only 1.4 kbp downstream of ctfB.
However, restriction analysis of pK9 showed that it carried a
larger contiguous DNA region, and this clone was therefore
chosen for further analysis. Sequencing revealed that pK9
contained a 6,352-bp clostridial DNA insert (Fig. 1) that
overlapped with 1,022 bp of clones pUG80 and pUGY93. This
fragment encoded seven ORFs, three of which represented
previously cloned genes. With respect to the sequence data
presented, the 3’ end of the insert contained the end of the adc
gene, which is known to form a monocistronic operon. Fur-
thermore, the adc gene has been shown to be contiguous to the
cifB gene (17, 18, 36) used as a probe. The ctfB (663-bp) and
ctfA (654-bp) genes are located directly upstream of adc, with
a convergent direction of transcription.

Separated by a 63-bp intergenic region, a large ORF of 2,586
bp was found upstream of the ctf genes. The deduced amino
acid sequence from this ORF showed a high degree of
similarity (76%) to the AdhE protein of E. coli. The E. coli
adhE gene encodes for both alcohol and aldehyde dehydroge-
nase domains (19). The clostridial gene was accordingly des-
ignated adhE. The combined lengths of adhE, ctf4, and cifB
covered 3,903 bp, matching the expected size of ca. 4.1 kb
(taking into account the space necessary for intergenic regions
and sequences for transcription initiation and termination)
which had been found earlier for a transcript containing ctfB
(18). Since this newly identified C. acetobutylicum adhE gene
has been previously shown to be transcribed together with the
ctf genes induced before the onset of solventogenesis (18), we
designate the complete transcription unit of adhE, ctfA, and
ctfB as the sol (for solvents) operon. This designation is meant
to emphasize the involvement of this operon in solventogen-
esis; however, it does not imply that it is the only DNA region
encoding genes responsible for acetone and butanol produc-
tion. Directly upstream of the adhE gene is a small ORF of

5 Possible stem-loop structures are indicated by hairpin symbols.

only 108 bp which overlaps with three possible stem-loop
structures formed by inverted repeats. This potential ORF
(designated ORF L) showed no significant homology to any
sequence in the EMBL, GenBank, and Swissprot data bases.
The DNA sequence of ORF L has a much lower G+C content
(22.2 mol%) than has been reported for the total genomic
DNA of C. acetobutylicum (28 mol%) (12). Upstream of ORF
L and separated by a large intergenic region (524 bp) with two
typical rho-independent transcription terminators (AG =
—90.9 and —93 kJ/mol) (46), another open reading frame
(ORF 5) was identified. ORF 5 is 954 bp in length and has the
same direction of transcription as the sol operon. A truncated
ORF (ORF 6) found upstream of ORF 5 has a divergent
direction of transcription. Like ORF 5, ORF 6 showed no
significant similarity to any sequence in the EMBL, GenBank,
and Swissprot data bases.

Since the C. acetobutylicum DNA insert of pK9 contained
nine internal Sau3Al sites, it was necessary to prove that the
original location of the fragments was indeed as shown in Fig.
1. This arrangement could be verified by restriction analysis of
chromosomal clostridial DNA with Hhal, Hincll, HindIll,
Ncol, Sau3Al, and Scal, yielding fragments of the expected
sizes after hybridization with a radioactively labeled ctfB gene
probe (data not shown). The 5.59-kbp Scal fragment was
found to cover almost the whole DNA insert of pK9 and to
contain all of the internal Sau3Al sites in the expected
locations. PCR studies with chromosomal DNA and various
primers used for sequencing also unequivocally confirmed the
sequence shown in Fig. 1 (data not shown).

Nucleotide sequence comparisons. The complete nucleotide
sequence of the C. acetobutylicum DNA insert of pK9 is given
in Fig. 2. Putative ribosome binding sites with reasonable
homology to both E. coli (44) and C. acetobutylicum ribosome
binding sites (18, 30, 31, 43, 47, 51) could be identified in front
of all ORFs except ORF L. The adhE sequence also contained
two long internal antiparallel ORFs that both showed a
divergent direction of transcription with respect to adhE. The
first covered 447 bp (nucleotides 3097 to 3543) and would
encode a protein of 149 amino acids; the second covered 378
bp (nucleotides 3676 to 4053), corresponding to a putative
protein of 126 amino acids. Several inverted repeats that
partially overlapped with the possible promoter regions and
with each other were found upstream of adhE and ORF L (Fig.
2). The sequence of ctf4 showed only minor differences from
the recently published sequence of the same gene from C.
acetobutylicum ATCC 824 (36). Most important is an addi-



1 . . 100
GATCTACCGCTGCTGTATTTG’!'GTCACTTGATGACCAGGTTACACCTTTATTTGMGCATTATCAGGTGTMCTACABCCGTMGCGTGTCTGTCTGATT

101 . 200
TACTMMGCTTATCTTCATTMTGCTTMAGTTATTGCGGTG&MGTACTGCATCATTATTATCTGCMATACTTCTCTAAAGGAACCTAGACTTAM

201 . . . . . 300

TTAMAGTAMMTTAMMCCATATCAGMCLC TTTTTAAC TTTTTTTTCATTTTTTATCCCCCMATAGMTGTMTMTMCATTC TTATCTAATTT
<——— ORF6

301 . . 400

AG’I.‘TT'I.‘CTATT‘I"I"I'AACTGGCAGTAATMAGTTTT’I‘GCATNCM’!‘GQTCOGCGMMTACMTTGTTAT’!TAGCAMMATGTTCMTACA

401 . : 500
MTGACTTTGMMCATTTTC TTATATACCACATTATATATTMTTTGAAATTMTGTMACGTTTC TTGTTACMT‘I‘TTC TCTCTTAATTTTTAATTAA

501 B . . . 600

AMAACTCOATAATTTTCTTTG'I'ATGTGGTATTATTTGTGTACATAAGTATMAMGGMAGAGTTGAATMAGCATGMTTTATTMTCTTTTTAC
+ mMRNA ORFS5 -----» ORF5 ——»

601 . . . . 700

ATATGTCATACCTATTGCGATATGTATMTACTTCCMTATTTATM‘I‘AGTMCGCATTTTCMATCAMTCTCTTMCAMGCTGTGACMGCTTTAAT

701 . . 800
AAGGGTGATAGAAGCAATOC CCTAGAAATAC TATCMAATTAGTAMMG’I‘CCTATTMAMTGT‘I‘AMGCMATGCCTACATCACMGAGAMGMTCT

801 . . . 900
ACTTCTATTCMGAGACT‘I‘TGAAC TTTCTTTMBAGATTTATTACAGGCTATTMATTMGAC CAMMCMTAAATGATGTTTACAGCTTTGCACTTAG

901 . . 1000
CTATCACATTCT‘I‘GGAGAGCC TGAMGAGCATTMTATTTTTTMGCAGTMCTCCAGCCTMTGTAGGTATATCC TACGAGAACTTAGCCTGG

1001 . . 1100
TTTTACTACTTMCAGGCAMTACGATMGGCMTAGMAACTTTGAAMAGCTATTTCCATGOGCAGTACMACTCTGTCTATAGAAGTTTAGGAATTA

1101 . . . 1200
CC'I.‘ATGCCMAATAGGAGATTATMAMATCCGAAGMTATCTTMGAAAGCTTTAGACGCAGMCC TGMAAACCCTCAAC TCATATATACTTTTCGTA

1201 . . 1300
TTTAAAAAGAAAGAC CMTGATATTMACTAGCAMOGMTATGCTC TMAAOCAATTGAGC TTMTMAAATMTTTTGATOGTTATAMAATCTTGCT

1301 . . 1400
GAAGTAAACC‘I'TGCTGAGGATGATTATQACGOCTTCTATAMAATCTTGMATAMTTTAMTMATTTTGTMCTAATGGAGAAGACTT‘.I.‘AATG

1401 . . 1500
ATGAAGTTTATGLTMAGTTMAGATMTGAAMGTTTMGGAM TTATAGCTMAACCAMGTMTTAMTTTMAGAMAGGCATAGMATC GATGA

1501 . 353>3>3>>>>3>>>>>>> <€<CLLLLLLLLLLLL<< . . 1600

TAMMAATACT‘I‘AACOGMM’M‘TTTAGTATAMAGAAGC TATATCTTAATTCAAAATTAAGATATAGCTTCTTTTATGTAGTATTATTTCAGAAGTCT
—— ORF5 END

1601 . . 1700

ACAAATTAAGTTTATATTTAGAC CC! TGGGGTGTAACTATAGTA’I'I‘TMTATTGGTACTAT‘I‘AATTAGGGTTATATATAC TAGAACTTATCATGGTAAACA

1701 . . D32X33233333>3>>>> €<LLLLLLLLLLLLLL<LK 1800
TAAATATAAACTCAATTC TM."H‘ATGC TCCTATAAMTTTTATMTATAGGAAAAC TGCTAAATGTAAATTATACGTTTACATTTAGCAGTTTATTTTAA

1801 . . 1900
ACCTTCATAT’H."I“I‘CTAMTATAC TGATMTTCC TAM’I‘ATATA‘I‘TAT‘I‘ACOCCMMTATTAGATACCATTMGTMMOTTOC TATTTACATTTAAAT

1901 . o DXXXD2232> >3>> . €< . . 2000
ACACAGCTGTTATATTTTTGACCTATGCTTTTTATTGAAC TATM‘!‘MOCATABTAA'M‘AGTAATTMTMT‘I‘TATAMAMAATTATCATM’M‘T
+ mMRNAl-----»

2001 . e>323>3>>>>> 2222 22 222 2N
ATGATCC TTTAMGTAACATT’H.‘TATTTACTTCATMATTGATMTATHTMTCTTGANTATTGTMCTTGTTTTGTTTTGCWTTACMTATC'l‘
ORF L ——»

>>>>>>>>>>>> <<<<LL<C<<<<<
2101 . 33> 3>>3>>>>> >>>>>> << <LK << . 2200
A'l‘cTCCAMTCTGCT'M‘CMGAATMTATC'J.‘ATACTAMAACMTATAGACATTATTTTTM‘I‘ATAATAAATAT’H‘TAGAAAGAAGTGTATA’M‘TATG
+ MRNA2----— —ORF L END M
AdhE
2201 . 2300

momcnmcrmmmmmcmnmnﬂmmocmﬂmmﬂmmmmmr
K VT TV K EL DEXKTULI KV YVTII KEA AQZKTI KT PFSTCY S QEMUVDETITF

2301 . . 2400
TTAGAAATGCAGCMTGGCAOCMTCGAC GCALMATAGAGCTAGCMGCAGCTGTMTMCGGTATGGGCTTMTTGMGACMGGMATMA
R N A A M AAIDA ARTITETLA AIKAAYVLETSGMGTUL V ETDI KTV TIK

FIG. 2. Nucleotide sequence of the 6,352-bp insert of pK9 representing the region of chromosomal DNA from C. acetobutylicum that contains
the sol operon genes adhE, ctfA, and ctfB. Only one strand is shown. The so/ operon genes have been translated by using the one-letter amino acid
code; amino acid symbols are written below the first nucleotide of the corresponding codon. Putative ribosome binding sites are underlined;
potential promoter regions are marked by thick solid bars below the —10 and —35 regions joined by a line; putative secondary structures are
marked by open arrows indicating the lengths and orientations of the stems. Determined mRNA starting points are marked by a + below the first

base of the mRNA transcript.
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2401 . . . . . . . 2500
mTCA'l‘T'l‘TGCAGGCGAATACA’I'CTATAACMATATMGGATMCCTGCGGTATMTTGMCGAAATGAACCCTACGGMTTACMMATAGCA
N H F A G E Y I Y NIKVYIKDTEIZ KTT GCGTITIUEU RNEUZPYGTITI KTIA

2501 . . 2600
GAACCTATAGGAGT’I‘GTAGCTMTATAA'I'CCCNTMCMACCCCACATCMCAMMTATTTAMTCCTTMTATCC CTTAMAC‘I‘AGAAATGGAATTT
E PI GV V AATITIUPVTNUPTSTTTIUZFI K STLTIUSULI KTU®RNGTITF

2601 . . B . 2700
TCT’I‘TTCGCC'I.‘CACCCMGGOCAAMMATCCACMTACTAGCAGCTMTMMGAWCGMMGAGNGTOCCCCOGMTATMTAGG
F 8 PH PRAIKIKSTTIULA AAIKTTITLUDA AAYVIKSGA AUZPENTITISG G

2701 . B 2800
TTGGATAOATGAACCTTCMTNAAC TAACTCMTAMTMTGCAMMOCAOATATMCC CTTGCMCTGGTGGTCCC 'I‘CAC TAGTTAAATCTGCTTAT
W I D EP S I ELTOQYULMOQIKA ADTITT LA AT G GU?PSTUL VK S AY

2801 B . 2900
TCT'I'CCGGAMACCAGCMTAGGTGTTGOTCCOGGTMCACCCCAGTMTMTTGATGAATCTGC TCATATAMMTGOCAGTMGTTCMTTATAMAT
S 8 G K P A I GV G P GNTUPVITIUDESA AIHTIIZ KMEMAYV S s I TTITUL s

2901 . . 3000
CCAAAACCTATGATAATGGTGT‘I‘ATATGTGCmTGAACMTCTGTAATAGTCTTAAAATC CATATATMCAAGGTAMAGATGAGTTC CAAGAAAGAGG
K T Y D NGV I CA S EQ S8V I VL KZSTIZ YNI KVTYVI KDTETFUOQETRSG

3001 . . 3100
AGCTTATATMTAMGAAMACGAATTGGATAMGTCCGTGAAGTGATTT‘I‘TMATGGATCCGTMACC CTMAATAGTCGGACAGTCAOCTTATACT
A Y I I K K NEIL DKV REUVTIVFIKDUG S VNUZPI KTIUVGU QS ATYT

3101 . . 3200
ATAGCAGCTA‘I'OGCTGGCATMMGTACC TAAAACCACMGMTATTMTAGGAGBAGTTACCTCCTTAGGTGAAGAAGMC CTTTTGCCCACGAAAAAC
I A AMAGTI KV P KTTTR RTIILTIGEVTSULGETETEU?PTFA AHTETIKIL

3201 . . 3300
TATCTCC TGTTTTGGCTATGTATGAOGCMCMTTTTGATGATGCTMMAGCAGTMCTCTMTAAAC 'I.‘TABGAGGCC TCGGCCATACCTCAGG
S P VL A M Y E A DNV PFDDA ALI KU KAV TULTINILGS GTLUGHTS GG

3301 . . 3400
MTATATGCAGATGAABTMAAGCACGAGATAAMTAGATAGATTTAGTAGTOCCATGAAAAC CGTAAGAACCTT‘I‘GTAAATATCCCAAC CTCACAAGGT
I Y A DETIIKARDIKTIUDU RUPFS S A NI KTV VR RTUPFUVNTIUPTSAQG

3401 . . 3500
GCMGTGGAGATCTATATMTTTTAGAATACCACCTTCTTTCACGC TTGGCTGCGGATTTTGGGGAGGAMTTC TGMTCCGAGMTGTTGGTCCMMC
A 8 G DL YNUPRTIU®PUZPSV FTILGU CGT FWGGNSV S ENUVGU?PKH

3501 . . 3600
A'I'CTTTTGMTATTAAMCCGTAGCTGAMGGAGAGMAACATGCTTTGGTTTAGAGMCCACATAMGTATATTTTMGTTCGGTTGTC TTCAATTTGC
L L NI KTV AEURI RENMMLWTP FRUYVPHI KV YVYVFI KU FG GO CTLQF A

3601 . B 3700
TTTMMGAT‘I"PMGATCTAMGMAGAGCCTTTATAGTTACTGATAGTGACCCCTATAATTTAAAC TATGTTGATTCMTMTAAAAATACTT
L K DL KDULIKI KK RAFTIUVTDSDP Y NTILNYVD SsS ITII KTITIL

3701 . . 3800
WCTMATAMGAMMTATMMTMGGMGAGAAGC TGATCTTMMCCATMMAAAGCMCTGAAGAMTGTCCTCCTTTATGC
H L DI DVPF K YV F NI KUVGRE A ADILIZ KTTIIZ KI KA ATETEM S ST FNT©?P

3801 . 3900
CAGACAC TATAATAGCT‘I‘TAGGTGGTACCCCTGAMTGAGCTC TGCMAGCTAATGTGGGTACTATATGMCATC CAGAAGTAMATTTGAAGATCTTGC
D T I I AL GGTPEMS S AKTULMWVYVY L Y EUHUPUEV KV FETUDTULA

3901 . . . . . . . . . 4000
AATAAAATTTATGGACATAAGAAAGAGAATATATACTTTCCCAAAACTCGGTAAAAAGGCTATGTTAGTTGCAATTACAACTTCTGCTGGTTCCGGTTCT
I K F M DIRIK RTIYGYTUV FU?PIKILUGI KI K ANMT LTV YA ATITTSA AGS G s

4001 . 4100
GAGGTTAC 'I‘CCTTTTGCTTTAGTMCTGACMTMCACTGGAAATMGTACATGMAGCAGAMAMTGACAC CAMTATGGCAATTGTAGATGCAG
E VTP PF A L YV T DNNTGNI KT YMULADYEMTUPNMMMATIUVDAE

4101 . 4200
AAC MATGAMAMMCCMABGGATTMCC GCT’PAT‘I'CAGGTATAGATOCACTAGTMATAGTATAGAAGCATACACA’I‘CCGTATATGCTTCAGAATA
L M M K M P XK GL T A Y S GG I DALUVNSTIUEA A AYTYTSV Y A S8 E Y

4201 B . 4300
CACAAACGGACTAGCAC TAGAGGCAATACGATTAATATT‘I‘MATATTTGCCTGAGGCTTACMAAACGGAAGMCCAATGAMGCMGAGAGAAMTG
T NG L A L E A I RVLTIVFKYULPEAYI KNGU RTNEI KA ARETI KM

4301 . . 4400
GCTCACGCTTCAAC TATGGCAGGTATGGCATCCGCTMTGCATTTCTAGGTCTATGTCATTC CATGGCMTAMATTAAGTTCAGMCACMTATTCC TA
A H A 8 T M A G M A S A NAF L GLCH S MATII KT LS S EHNTIU®P s

FIG. 2—Continued.
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4401 B . . . 4500
cmacymccmmmmmrmmrmmmocmmrurccmnaucuaccccnocccmrumuccm
G I A NALLTIZEEVIKU FNAVYV DNUPVXKOQAZPTCUPAOGQYI KT YUPN

4501 . . 4600
CACCATAT‘I‘TAGATATOCTCGAAMOCAGAMATATMWTMMWWTCTC TTMTTMCMTACATGAAC TA
T I FR Y ARTIADTYTIXKXTULGUGNTUDETEI K TYVDILIULTINI KTIUHEL

4601 . . B . 4700
MGCMTMATATACCMTNAATAMGGATGCAGGWWCMTAMCCTCCC TTGATAGAATATCTGAACTTGCACTAGATG
K XK AL NTIUPTS8TIIXKDA AGV YVULUETENTVPFY S S L DU RTISETULA ATLTUDTD

4701 . . . 4800
ATCAATGCACAGGCGC! TMTCC‘!‘ABATTTCCTCTTACMGTGAGATMGAMTGTATATMATTGTTTTWCC TTAAACCTTCATATTTCA
Q ¢C T G A NPRUVF P LTS ETIIKTEMKYTINTGCTEPI KT KOQ P END

4801 . . 4900

ACTACWATMMMTWWMGGAGGGAMMMTMMTMTTAGATTTOAAMTTTMGGTCATTCTTTMAGATGGG
M N 8 K I I R F E NL R S F F K D G
Ctfa

4901 . . 5000
AmcnﬂAmmocmmrmcmmacAc NWMMMWMMWMTATAMGMNTMCGAMATMGTA
N T I M I 6 G F L NCG TUPTIXKULTIUDUZ PLUVNTLNTIIKNILTTITISN

5001 . . . 5100
ATOATACA’I‘G’I‘TATCCTMTACAGGTATTGOTMMMTATCAMTMTCMGTWTTATTGCTTCATATATAGOCAGCAACCCAGATACTGG
D T CYPNTOGTIGI KT LTISNNAGQV VI KTI KTLTIMA AMSYTIGSNUPUDTG

5101 . . 5200
CmcTTTTTMTMTGAACTNAAGTAGAGCTCTCTCCCCAAOGMCTCTABTGGAAAGAATACGTGCAGGCGGATCTGGCTTAGGTGGTGTACTA
K KL F NNZEILEVELSZPQGTTULVETZRTIIRAGSGS S GILGG GV L

5201 . . 5300
AC TAAMCAOGT’I‘TAGGAACWWWTANTATMWCMTAMTGMAM TAC CTCTTACAGCCGATGTAG
T X T 66 L 6T UL TIEXKXKGIKI KT KTISTINGTET YTLULETULUPTULTA ATUDV A

5301 . . . . . 5400
CATTAATTMAGG‘PAGTATTGTAGATGAGGCC GGAMCACCTTCTATAMGG‘I‘ACTACTMMAC TTTMTCC CTATATGGCAATGGCAOCTAAAACC GT
L I K G 8 I VD EAGNTUZ FYIKGTTI KNTFNUPTYMAMMAARATKTUV

5401 . . 5500
MTAG’I‘TGAAGCTGMAATT’I‘MTTAGCTGTGAMMC TAWMTGACCCCCOGAGTTCMATMAMATATAGTAMGGAOCCTGCA
I V EA ENULV 8 CEKULEIZKEIKAMTU?PGV VL INYTI VI KTEUPA

5501 . . 5600

TAMATGATTMTGATAMMCCTAOCMMTMTAMCMMWMMMMCMTMCMWWTCM

ENDM I N D K N L A K E I I A KRV ARELI KNGO QLUVNILGVG G L
CtfB

5601 B . 5700
CCTACCATGOT'I‘OCAGAT'I‘ATATAC CAAAAAA'M.‘TCMAATTACTTTC CMWCGGAATMTTOGMTGOGCOCTAGTC CTAAAATAAATGAGG
P T N VA D Y I P KNVFIKTITUPOQSENUGTIUVGNMUGASUPXKXKTINTENA-A

5701 . . 5800
CAGATAMGATGTAGTMATGCAMAGGAGACTATACMCAGTACTTCCTGACG&ACATTTT‘I‘CGATAOCTCABT’ITC GTTTTCAC TAATCCGTGGTGG
D XK DV VNAGGDYTTTVULUPDGTU? FV FDS S V S F 8 LI RGG

5801 . 5900
'I'CACGTAGA’I‘GTTACNTTTTAOGGOCTCTCCAGGTAGATGAMAGGGTMTATAGCCMTTGGATTOTTCC TGGAAAMTOCTC TCTGGTATGGGTGGA
H VvV DV T VL G AL QV DEIKGNTIANU WIVUZPGI KMML S G M G G

5901 . . 6000
GC TATGGATTTAGTAAATGGA&TMGAAAGTMTMTTGCMTGAGACATACAMTMAOGTCAACC TAAAA’I‘TTTAAMAMTGTACACTTCCCCTCA
A M DL V NG AIKI K Y TITIA AMZPBRIHETNI KG QTP KTITLI KT KT GCTTULU®PULT

6001 B . 6100
CGGCAAAGTC NMGCMA‘I‘CTMTTGTMCAGAAC TTGGAGTMTTGAGGTTATTMTGATGGTMAC T‘I‘CTCACTGAAATTAATAMAACACMCCAT
A K 8 Q A NLTIVTEVLGYVYVYTIZEVTINDUGT LTLULTETINI KNTTTI

6101 . . 6200
TGATGAM‘I‘AAGGTCTTTAACTGCTGCAGATTTAC TCATATCCAATGAAC TTAGACCCATGGC TGTTTAGAMGMATACTATGAAACAATATTM
D E I R S L TAADTULIULTISNETLURUPMMAYV END

333>>>>>>>> <<<<C<<<<<<, . 6300
ATAAGAG‘M‘ACCAT’I‘TMGGTAAC'I'CTTATT‘MTATTACTTA&GATAATCATATM.‘MCTTCAOC TCTAGOCMTATTATATC TGCAAGAATGTGAGAGC
END Adc «——

6301 . 6352
TAGAAACAATCTCTTTTAC mmTCATTMGTGOCGCCATABCOTGATC

FIG. 2—Continued.
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Organism Gene Location of amino acid sequence Reference
identity / similarity [%]

E.coli adhe | 56.6 / 75.5 ] 19

C.acetob. adhE | 100.0 / 100.0 ]

C.acetob. adhl 52

Z.mobilis adh2 11

B.methan. mdh ’

32.5 / 54.4 14

S.cerev. adh4 31.7 / 54.7 49

E.coli fuco 29.4 / 54.9 10
C.kluyv. 4hbd 26.1 / 51.5 20
C.acetob. bdhA 24.1 / 49.6 47

C.acetob. bdhB 21.2 / 45.9 47

C.kluyv. sucD 41.8 / 58.8 20

) L
o
S
m

1 2 3 4

x 102 amino acid residues

FIG. 3. Amino acid alignment (percentage of protein identities and
similarities) of the adhE gene product compared with alcohol dehy-
drogenase (AdhE) of E. coli, alcohol dehydrogenase (Adhl) of C.
acetobutylicum, alcohol dehydrogenase (Adh2) of Zymomonas mobilis,
methanol dehydrogenase (Mdh) of Bacillus methanolicus C1, alcohol
dehydrogenase (Adh4) of Saccharomyces cerevisiae, 1,2-propanediol
oxidoreductase (FucO) of E. coli, 4-hydroxybutyrate dehydrogenase
(4Hbd) of C. kluyveri, the two butanol dehydrogenase isoenzymes
(BdhA and BdhB) of C. acetobutylicum, and succinate semialdehyde
dehydrogenase (SucD) of C. kluyveri. The boxes indicate the domain of
the adhE gene product of C. acetobutylicum where the homologies are
found.

tional C found in the ctf4 genc of strain DSM 792 at position
5465, which leads to a frameshift resulting in a 10-amino-acid
longer ctfA4 gene product. Three further nucleotide exchanges
were noticed: at position 5092 (A instead of T in strain ATCC
824, silent exchange), at position 5297 (G instead of A, causing
the incorporation of valine instead of isoleucine), and at
position 5341 (C instead of A, silent cxchange). In the ctfB
gene sequence, two differences were apparent (17, 36). At
position 5564, an A was found in DSM 792 instead of a G in
ATCC 824 (silent cxchange); at position 5986, a G was found
instead of an A. The latter represents an exchange of a cysteine
for a tyrosine. However, the last three differences mentioned
were found only by comparing our sequence with the data base
sequence entry for these genes from strain ATCC 824 (Gen-
Bank accession number M93363). The sequence originally
published (36) differed from the data bank entry at the
respective positions (corresponding to nucleotides 5341, 5564,
and 5986 in Fig. 2) by showing exactly the same nucleotides as
given in Fig. 2 for strain DSM 792.

The gene products of adhE, ctfA, and ctfB as deduced from
the nucleotide sequence are composed of 862, 218, and 221
amino acids, respectively, with molecular masses of 95.2, 23.6,
and 23.6 kDa, respectively. The latter two values are very close
to the data determined for the purified protein subunits (48).
The N termini of purified CtfA and CtfB from strain ATCC
824 (9) were identical to the deduced amino acid sequences of
the respective gene products from strain DSM 792.

Protein sequence comparisons. The amino acid sequence
deduced from adhE was compared with deduced amino acid
sequences from several alcohol dehydrogenase genes available
in the EMBL and GenBank data bases. Figure 3 shows an
alignment of AdhE from C. acetobutylicum to the analogous
proteins from other organisms. Only the C-terminal part of the
deduced protein showed significant similarity to a novel family
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Consensus  .......... @xx@xx@x@xxxx@j

S.cerev. HALRAH SFYH

Z.mob. Al A YYN.

E.coli FISN 5 GAFYN
C.acetob. ; A GAVFHI] ; 2
E.coli AGH > GSQFHI] ; :
C.acetob. IKLSSEHNIPSGIANALLIEHV.  this study
B.methan. FINDN I VYKL 1 VNMPHV: 14
C.kluyv. LSYPIGGNYH NYLFFTET 20
C.acetob. BdhA GLLSLGKDRKWS MEHELSAYYDI GLAILTPNW 47
C.acetob. BdhB GLLTYGKDTNWS MEHELSAYYDI GLAILTPNW 47

FIG. 4. Amino acid alignment of the protein regions of different
alcohol dehydrogenases containing the putative iron-binding motif
proposed as a typical feature of class III alcohol dehydrogenases (4).
Dark-shaded amino acids indicate the core motif postulated by Bai-
roch (4); lighter-shaded amino acids show extended identities in at
least six of the given sequences. For abbreviations, sce the legend to
Figure 3.

of alcohol dehydrogenases (type 111) that are distinct from the
long-chain zinc-containing (type 1) or short-chain zinc-lacking
(type II) enzymes (14). The two recently sequenced butanol
dehydrogenase isozymes of C. acetobutylicum are likely to
form a subclass of this family (47). A 4-hydroxybutyrate
dehydrogenase of C. kluyveri that has recently been cloned and
sequenced also seems to belong to this group (20). No alde-
hyde dehydrogenase sequences that showed high similarity
(more than 25% identity) to AdhE of C. acetobutylicum could
be found in the data bases. However, a recently cloned and
sequenced succinate semialdehyde dehydrogenase of C
kluyveri (20) showed 42% identity and 59% similarity to the N
terminus of AdhE, thus supporting the hypothesis that the
adhE gene product contains two different domains. The 5’ end
of the gene therefore seems to encode the aldchyde dehydro-
genase domain, while the 3" end harbors the information for an
alcohol dehydrogenase. Computer searches also revealed the
presence of a more or less conserved iron-binding motif (4) in
all mentioned type 111 alcohol dchydrogenases (Fig. 4). AdhE
of E. coli has been reported to use Fe?* as a cofactor for all of
its catalytic activities (23). However, despitc the general high
similarity to this consensus sequence, AdhE of C. acetobutyli-
cum lacked two of the three histidines of the iron-binding
motif, leaving the question for the required metal cofactor still
unanswered.

mRNA analysis. Total RNA was isolated from acidogenic
and solventogenic C. acetobutylicum cells as well as from
acrobically and anacrobically grown E. coli(pK9) and subse-
quently used for Northern blot analyses. Probes complemen-
tary to the alcohol dehydrogenase domain of adhE (probe
ADHI1, 663 bp, nucleotides 4083 to 4745), the aldehyde
dehydrogenase domain of adhE (ACDH2, 739 bp, nucleotides
2120 to 2858), and the structural gene of ORF 5 (ORFS5.1, 643
bp, nucleotides 750 to 1392) were prepared by PCR and
radiolabeled as described in Materials and Methods. With both
adhE-complementary probes, a single signal 4,100 to 4,200
nucleotides in length could be detected only in solventogenic
C. acetobutylicum cells (Fig. 5). We were unable to show
hybridization of these probes to RNA from acidogenic cells.
These results are in full accordance with the results reported
carlier for expression of ctfB (18) and provide conclusive
evidence that adhE, ctfA, and ctfB are arranged in a common
operon. RNA derived from cither aerobic or anacrobic E.
coli(pK9) cultures yielded no hybridization signals with the
ADHI1 and ACDH2 probes. The probe complementary to
OREF 5 gave positive signals with acidogenic as well as solven-
togenic C. acetobutylicum RNA, although the hybridization
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44k > |

1.4kb

FIG. 5. Northern hybridizations using radiolabeled PCR-generated
fragments which are complementary to the adhE gene and ORF 5.
Each lane contained 10 ug of total RNA from acid-producing C.
acetobutylicum DSM 1731 (lane 1), solvent-producing C. acetobutyli-
cum DSM 1731 (lane 2), anaerobically grown E. coli SURE (M9
medium) (lane 3), anaerobically grown E. coli SURE(pK9) (M9
medium) (lane 4), aerobically grown E. coli SURE (LB medium) (lane
5), and aerobically grown E. coli SURE(pKY) (LB medium) (lane 6).
Northern hybridizations were performed by using the radiolabeled
probe ADHI (663 bp, representing the region at the end of the adhE
gene (A), the radiolabeled probe ACDH2 (739 bp, located within the
first third of the adhE gene (B), and a PCR fragment (ORF5.1; 642 bp,
complementary to ORF 5) (C and D). In panel C, lanes 1 and 2 were
autoradiographed for 4 h and lanes 1+ and 2+ were photographed for
48 h; and in panel D, lanes 3 to 6 were autoradiographed for 4 h. All
probes were generated by using sequencing primers in the PCRs. The
sizes of selected marker bands (RNA ladder) are indicated at the left.

was more intense with RNA from solventogenic cells, and two
distinct bands were visible (Fig. 5). The lengths of these
transcripts were determined to be 1.3 and 1.0 kb, which
correspond to transcription termination of a monocistronic
OREF 5 operon at the two stem-loop structures marked in Fig.
2. As mentioned previously, both of these structures resemble
typical rho-independent transcription terminators. ORF 5 was
highly expressed in the E. coli clone, irrespective of whether
the strain was grown aerobically or anaerobically.
Determination of transcription start points. The RNA used
for the Northern hybridizations mentioned above was also
subjected to primer extension analysis in an effort to determine
the exact start point of the transcripts. The oligonucleotides
J14 and J14PE, which are complementary to scquences in the
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FIG. 6. Mapping of the 5' end of the transcripts from the sol
OPeron and from ORF 5 by primer extension analysis. (A) The
32p_radiolabeled oligonucleotide J14PE, complementary to the mRNA
of the adhE gene, was hybridized to 10 g each of total RNA isolated
from cells of acid-producing C. acetobutylicum (lane 1), solvent-
producing C. acetobutylicum (lane 2), anaerobically (lane 3) or aero-
bically (lanc 4) grown E. coli SURE(pK9), or E. coli SURE (lanes 5
and 6). (B) The 17-mer J21, complementary to the transcript of ORF
5, was used for primer extension analysis. The sources of RNA were
acid-producing C. acetobutylicum cells (lane 1), solvent-producing C.
acetobutylicum cells (lane 2), cells of anaerobically cultured E: coli
SURE(pKY) (lane 3), and cells of anaerobically cultured E. coli SURE
(lane 4). The sequencing ladders were obtained by using the same
oligonucleotides in sequencing reactions.

5' region of adhE (J14, nucleotides 2348 to 2364; J14PE,
nucleotides 2233 to 2252) and LORF1 which is complementary
to a part of ORF L (nucleotides 2093 to 2112) were used to
map the start of transcription of the sol operon (Fig. 6). As
expected from the Northern experiments, no signals could be
obtained from acidogenic C. acetobutylicum. However, two
bands of different intensity were observed with use of RNA
from solventogenic cells. The major start point could be
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located at nucleotide 2114, which is 84 nucleotides upstream of
the ATG start codon of the adhE gene. A minor initiation site
could be mapped at nucleotide 1952, which is 107 bp upstream
of the ORF L start codon and 246 bp upstream of the
beginning of adhE. In E. coli(pK9), the major signal (position
2114) could not be found. In this case, initiation started at
nucleotide 1952, which has been shown to be a minor start
point in C. acetobutylicum. A second signal could be detected
in the E. coli clone at position 2164, directly at the base of a
large stem-loop structure. It is therefore likely that this signal
is an artifact caused by secondary structure inhibition of
rcadthrough by the reverse transcriptase. We constructed two
further primers that were complementary to the 5' regions of
the two antiparallel ORFs internal to adhE (GORFI, nucle-
otides 3991 to 4010; GORF2, nucleotides 3483 to 3502). No
signals could be obtained in primer extension analyses with
these oligonucleotides, indicating that the adhE-internal anti-
parallel ORFs are not genes, as has also been found for the
adhE gene of E. coli (19).

A single start point of transcription was mapped 35 bp
upstream of the ATG start codon of ORF 5, using two
oligonucleotides complementary to the beginning of this ORF
(J21PE, nucleotides 610 to 629; J21, nucleotides 697 to 713).
As expected from the results of the Northern blots, the signal
was more intense with RNA isolated from solventogenic C.
acetobutylicum cells (Fig. 6). In E. coli(pK9), this position also
proved to be the predominant transcription start point. Shorter
transcripts of low intensity were identified, but it is likely that
these represent degradation products or are the result of less
specific initiation in E. coli. A similar phenomenon was shown
for adc transcription initiation in E. coli (18).

From the thus determined transcription start points, pro-
moter sequences could be deduced. Both putative promoters
of the sol operon are located in regions with stem-loop
structures (Fig. 2). P2, the major promoter employed during
solventogenesis in C. acetobutylicum, showed only little homol-
ogy to the consensus of gram-positive and gram-negative
bacteria. A second possible structure of this promoter region is
TTGTAA(21 bp)TACAAT (nucleotides 2064 to 2096, 17 bp
upstream of the transcription start point). The spacing of such
a promoter would be rather atypical. It would be completely
located within a stem-loop structure, with the loop showing the
motif TTG-TT-TTG-TT-TTG (Fig. 2). The minor transcrip-
tion initiation start in C. acetobutylicum was controlled by the
putative promoter P1. This structure showed high similarity to
the consensus of gram-positive and gram-negative bacteria,
thus also explaining why this site was recognized in E. co-
li(pK9). The putative promoter identified upstream of ORF 5
also showed reasonable homology to the consensus sequence
(Fig. 2). This is probably a reason for the high expression of
ORF 5 in E. coli.

DISCUSSION

In a previous study, the ctfB gene, encoding the large subunit
of the CoA transferase, had been cloned and sequenced (17).
Recent experiments showed that this gene was part of a longer
operon induced or derepressed before the onset of solvento-
genesis (18). In this study, the remainder of this operon has
been cloned and sequenced. Directly upstream of ctfB, the
gene encoding the small subunit of CoA transferase (czf4)
could be found, as was expected from data reported for strain
ATCC 824 (9, 36). A large gene with high similarity to an
alcohol/aldehyde dehydrogenase-encoding gene of E. coli was
detected upstream of ctfA. This clostridial adhE gene most
probably encodes both alcohol and aldehyde dehydrogenase
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domains, as indicated by the high degree of homology to type
III alcohol dehydrogenases and an aldehyde dehydrogenase
from C. kluyveri (Fig. 3). We assume that in vivo, the C.
acetobutylicum AdhE is active in butanol production. This
hypothesis is supported by the following findings. (i) adhE is
induced or derepressed only before the onset of butanol
formation, whereas ethanol is produced constitutively through-
out the fermentation (18). (ii) The adhE gene was found to
contain an ACG codon, as did all other sequenced acetone- or
butanol-forming enzymes (acetoacetate decarboxylase, CoA
transferase, and butanol dehydrogenases A and B [17, 36, 47]).
Expression of the tRNA (thrA gene product) recognizing this
codon was hampered by insertion of Tn9/6 close to the gene in
C. acetobutylicum mutant AA2 (6, 42). This mutation rendered
the mutant unable to produce acetone and butanol. No
activities of the above-mentioned enzymes could be detected in
this mutant (6), and thus ACG-containing genes werc not
expressed. This finding also indicates that no AdhE was
synthesized; however, this mutant was still able to form etha-
nol. Activities of a specific acetaldehyde dehydrogenase and an
NADPH-dependent alcohol dehydrogenase could be detected.
The gene of the latter enzyme has been sequenced (52) and
does not contain an ACG codon. (iii) Spontancous butanol-
negative mutants of C. acetobutylicum have been isolated in
the presence of the suicide substrate allyl alcohol (16). In E.
coli, such a selection has led to mutants defective in adhE (26).
Surprisingly, all C. acetobutylicum mutants were still able to
make ethanol and showed high butanol dehydrogenase activ-
ity. However, the strains were devoid of butyraldehyde dehy-
drogenase activity. An explanation for this phenomenon is now
possible, assuming that the clostridial AdhE is active in butanol
formation. A gene defect would lead to loss of both of its
functions. However, the loss of butanol dehydrogenase activity
could be compensated for by action of the two other butanol
dehydrogenases A and B that are present in C. acetobutylicum
(47).

A third activity of AdhE of E. coli is the deactivase function
of pyruvate formate lyase (24). Several Clostridium species (C.
beijerinckii, C. butyricum, and C. kluyveri) have been reported
to perform a pyruvate formate lyase reaction that in contrast to
other organisms was readily reversible (45). Inactivation and
reactivation of the C. butyricum enzyme was similar to that of
E. coli (45, 50). However, the metabolic function of the
clostridial pyruvate formate lyase is to catalyze formate forma-
tion for C, unit synthesis in anabolism, in contrast to the E. coli
enzyme, which mediates acetyl-CoA production needed for
ATP synthesis in catabolism (45). It is not known whether C.
acetobutylicum also contains a pyruvate formatc lyase that
eventually might be negatively regulated by the clostridial
AdhE.

The results of the Northern experiments indicate that there
is no processing of the adhE transcript. So far, no data have
been reported on an alcohol or acetaldehyde dehydrogenase
with a size of more than 95 kDa. The analogous protein in E.
coli is even known to form spirosome-like high-molecular-
weight complexes (21, 23). Butyraldehyde dehydrogenase has
been purified from C. acetobutylicum NRRL B643 (34). The
enzyme consists of two identical subunits with a molecular
mass of 56 kDa. The aldehyde dehydrogenase-encoding do-
main of the clostridial adhE would permit formation of a
protein of that size. However, we have no data indicating that
AdhE from strain DSM 792 is processed into two proteins with
cither aldehyde or alcohol dehydrogenase activity. Experi-
ments are in progress to purify the adhE gene product of C.
acetobutylicum DSM 792. It could also be possible that in
strain NRRL B643, the genes and gene products responsible
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for butanol formation are different from those in strain DSM
792. Support for this idea comes from the observation that in
NRRL B643, allyl alcohol-resistant mutants were able to make
acetone and butanol but could not form ethanol (39). This is in
contrast to the analogous mutants of strain DSM 792 men-
tioned above.

The organization of genes encoding three important enzy-
matic activities for solventogenesis (i.e., alcohol dehydroge-
nase, aldehyde dehydrogenase, and CoA transferase) in onc
transcription unit has led to its designation so/ operon. Com-
parison of its regulatory region including the putative promot-
ers P1 and P2 with that of the adc operon (18) did not reveal
any striking sequence similarities. This is not too surprising,
since it is known that the ratio of acetone and butanol
formation can be dramatically altered (3), which is possible
through differential expression of the respective genes. The
positions of P1 and P2 in regions with stem-loop structures
raise questions as to additional transcription factors. The
finding that no transcription of the sol operon could be
observed in the E. coli clone is most probably due to the fact
that the RNA polymerase in this organism is unable to read
through the secondary structures formed by the inverted
repeats in front of adhE. However, as shown by the Northern
blots, C. acetobutylicum is capable of some form of antitermi-
nation. Similar mechanisms might be responsible for expres-
sion of several heat shock genes found in this organism that
have an upstream conserved inverted repeat structure (30, 31)
which, however, shows no similarity to the stem-loop se-
quences upstream of adhE. The putative ORF L overlaps P2 as
well as the three different inverted repeat structures. Transla-
tion of this ORF might lead to blocking of the hybridizing
regions, thus preventing the formation of termination struc-
tures, thereby providing to an attenuation mechanism. So far,
we do not have any evidence for the existence of a leader
peptide in ORF L. It was surprising to find transcription
initiation at P1 in the E. coli clone, as the Northern blot
experiments did not reveal any transcription products. One
explanation might be that only a limited number of transcripts
were produced by the E. coli RNA polymerase which had to
read through the various secondary structures. The difference
in the methods used then led to signals in the primer extension
analysis, whereas not enough transcription products were
synthesized to be visible in the Northern blots.

ORF 5, whose function is still unknown, is organized in a
monocistronic operon, according to the sequence data and
mRNA analysis. This gene showed increased expression before
the onset of solventogenesis, although a basal level was already
observed in the acidogenic growth phase. Future experiments
will be aimed at elucidation of the ORF 5 function, the
regulation of the so/ operon, and the reactions catalyzed by the
adhE gene product at the enzymatic level.
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