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A gene (aad) coding for an aldehyde/alcohol dehydrogenase (AAD) was identified immediately upstream of
the previously cloned ctf4 (J. W. Cary, D. J. Petersen, E. T. Papoutsakis, and G. N. Bennett, Appl. Environ.
Microbiol. 56:1576-1583, 1990) of Clostridium acetobutylicum ATCC 824 and sequenced. The 2,619-bp aad codes
for a 96,517-Da protein. Primer extension analysis identified two transcriptional start sites 83 and 243 bp
upstream of the aad start codon. The N-terminal section of AAD shows homology to aldehyde dehydrogenases
of bacterial, fungal, mammalian, and plant origin, while the C-terminal section shows homology to alcohol
dehydrogenases of bacterial (which includes three clostridial alcohol dehydrogenases) and yeast origin. AAD
exhibits considerable amino acid homology (56% identity) over its entire sequence to the trifunctional protein
encoded by adhE from Escherichia coli. Expression of aad from a plasmid in C. acetobutylicum showed that AAD,
which appears as a ~96-kDa band in denaturing protein gels, provides elevated activities of NADH-dependent
butanol dehydrogenase, NAD-dependent acetaldehyde dehydrogenase and butyraldehyde dehydrogenase, and
a small increase in NADH-dependent ethanol dehydrogenase. A 957-bp open reading frame that could

potentially encode a 36,704-Da protein was identified upstream of aad.

The strict anaerobe Clostridium acetobutylicum is a gram-
positive, spore-forming, saccharolytic bacterium capable of
fermenting a wide variety of sugars, oligosaccharides, and
polysaccharides to butanol, acetone, ethanol, butyrate, and
acetate. Advances in the science of metabolic engineering
coupled with today’s better understanding of the regulation of
key acidogenic and solventogenic genes may potentially lead to
the development of superior solvent-producing industrial
strains.

Butyraldehyde dehydrogenase (BYDH) catalyzes the con-
version of butyryl coenzyme A (butyryl-CoA), a key interme-
diate in the formation of butanol, to butyraldehyde, accompa-
nied by the oxidation of NAD(P)H and the release of CoA
from butyryl-CoA. Previously, a BYDH with a subunit molec-
ular mass of 56 kDa was purified from C. acetobutylicum B643
(35). However, no genes encoding this or any other BYDH
have yet been cloned from C. acetobutylicum.

Acetoacetyl-CoA:acetate/butyrate:CoA transferase (CoA-
transferase) is the first enzyme in the acetone formation
pathway. This enzyme catalyzes the transfer of the CoA moiety
from acetoacetyl-CoA to either butyrate or acetate and thus is
responsible for the uptake of the two acids during the non-
growth-associated solventogenic phase of the fermentation.
The two genes (ctf4 and ctfB) encoding the CoA-transferase
have recently been cloned and sequenced (4, 38). The end of
an open reading frame (ORF) was identified 32 bp upstream of
ctfA (38). Northern (RNA) analysis revealed that the czf genes
were contained within a 4.1-kb transcript in C. acetobutylicum
DSM 792 (12). A terminator has been identified immediately
downstream of ctfB, and the coding region of the c#f4 and ct/B
genes spans only ~1.4 kb. It is thus believed that at least one
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other gene is encoded on the remaining ~2.7 kb of transcript
upstream of ctf4. Enzymatic studies had indicated that BYDH
has an induction pattern similar to that of CoA-transferase
(19), which plays a critical role in both acetone formation and
acid uptake leading to butanol and ethanol formation. It thus
appears likely that the gene encoding BYDH is cotranscribed
with the ctf genes.

Here we report the identification, sequencing, and charac-
terization of a gene, designated aad, upstream of ctf4. This
gene encodes a protein that demonstrates at least two different
activities (aldehyde and alcohol dehydrogenase). Both of these
activities are necessary for the formation of the two alcohols,
butanol and ethanol, from butyryl-CoA and acetyl-CoA, re-
spectively.

(Preliminary results of this study have been presented
elsewhere [32a].)

MATERIALS AND METHODS

Bacterial strains. C. acetobutylicum ATCC 824 was obtained
from the American Type Culture Collection (Rockville, Md.).
Escherichia coli JM109 [endAl recAl gyrA96 thi hsdR17 (1~
my™*) relAl supE44 N~ A(lac-proAB) (F' traD36 proAB
lacI"ZAM15)] was obtained from Promega Corp. (Madison,
Wis.) and used in all cloning steps. E. coli BL21(DE3) (48) [F~
ompT (rg~ mg~ ) (DE3)] was purchased from Novagen, Inc.
(Madison, Wis.) and used as the host in T7 expression studies.
E. coli ER2275 (recA mcrBC) was purchased from New
England Biolabs (Tozer, Mass.) and used as the methylation
host.

Growth conditions and maintenance. All E. coli strains were
grown aerobically, unless otherwise stated, at 37°C in Luria-
Bertani medium supplemented when necessary with ampicillin
[50 pg/ml for IM109 cultures and 200 pg/ml for BL21(DE3)
cultures]. Both recombinant and wild-type strains were stored
at —85°C in 15% (vol/vol) glycerol (41). For [**S]methionine
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GCGGTGGCAAGTACTGCATCATTATTATCTCGAAATACTTCTCTAAAGGAACCTAGACTTAAATTAAAAGTAAAAATTAAAAACCATATCAGAAACACTT

TTTAACTTTTTTTTCATTTTTTATCCCCCTTATAGAATGTAATAATAACATTCTTATCTAATT TAGTTTTCTATT TTTAACTGGCAGTAATAAAGTTTTT

GCATTGCAATGGTCGGCGTTAATACGTGAACAATTGTTATTTAGCAAAAATTATGTTCAATACAAATGACTTTGAAAACATTTTCTTATATACCACATTA

TATATTAATTTGAAATTAATGTAAACGTTTCTTGTTACAATTTTCTCTCTTAATTTTTAATTAAAAAAACTCGATAATTTTCTTTGTATGTGGTATTATT

ORF1
=
TGTGTACATAAGTATAAAAAAAGGAAAGAGTTGAATTTAGCATGAATTTATTAAATCTTITTACATATGTCATACCTATTGCGATATGTATAATACTTCC

GAAGCTATATCTTAATTCAAAATTAAGATATAGCTTCTTTTATGTAGTATTATT TCAGAAGTCTACAAATTAAGTTTATATTTAGACCCTGGGGTGTAAC
R T T S o aAAaas s

TATAGTATTTAATATTGGTACTATTAATTAGGGTTATATATACTAGAACTTATCATGGTAAACATAAATATAAACTCAATTCTATTTATGCTCCTATAAA

ATTTTATAATATAGGAAAACTGCTAAATGTAAATTATACGTTTACATTTAGCAGTTTATTTTAAACCTTCATATTTTTCTAAATATACTGATAATTCCTA
B SRS RS B s

AATATATATTATTACGCCAAAATATTAGATACCATTTTGTAAAAGTTGCTATTTACATTTAAATACACAGCTGTTATATTTIIGACCTATGCTTTTTATT

[
GAACTATAATAAAAGCATAGTAATTAGTAATTAATAATTTATATTATTAATTATCATAAAATT TATGATCCTTTAAAGTAACATTTTTATTTACTTCATA

4
AATTGATGTTATTTTTTTCTTGATGTATTGTAAACCTTGTTTTGTTITGCAGTTTACAATATCTATCTCCAAATCTGCTTTCAAGAATAATATCTATACT

aad
=
M K VT TV K E L D E K L
AAAAACAATATAGACATTATTTTTAAAATATAATAAATATTTTAGAAAGAAGTGTATATTTATGAAAGTCACAACAGTAAAGGAATTAGATGAAAAACTC

K VI K E A Q KKF S CY S QEMVDETLITFRNAAMAMAABATIDATRI
AAGGTAATTAAAGAAGCTCAAAAAAAATTCTCTTGTTACTCGCAAGAAATGGTTGATGAAATCTTTAGAAATGCAGCAATGGCAGCAATCGACGCAAGGA

E L A KAAUVULETSGMGTLVEDI KV VI KNI HFAGETYTITYNEK:Y
TAGAGCTAGCAAAAGCAGCTGTTTTGGAAACCGGTATGGGCTTAGT TGAAGACAAGGTTATAAAAAATCATTTTGCAGGCGAATACATCTATAACAAATA

K DEXKTCGTITIZERNETPYGTITI KTIAETZPTIGVVAATITITPUV
TAAGGATGAAAAAACCTGCGGTATAATTGAACGAAATGAACCCTACGGAATTACAAAAATAGCAGAACCTATAGGAGTTGTAGCTGCTATAATCCCTGTA

T NP T S TTTITFIKSULTIOSTLIKTHRNUNGTITFTFSZPHZPRAIKIKTSTI
ACAAACCCCACATCAACAACAATATTTAAATCCTTAATATCCCTTAAAACTAGAAATGGAATTTTCTTTTCGCCTCACCCAAGGGCAAAAAAATCCACAA

J. BACTERIOL.

FIG. 1. Nucleotide sequence of aad. The translation in the single-letter amino acid representation is placed above the first nucleotide of each
codon. The transcriptional start sites of aad at nucleotide positions 1819 (S,) and 1979 (S,) are indicated (). Putative promoter —10 and —35
regions corresponding to these start sites are underlined, as are the nucleotide sequence of the upstream ORF1 and a portion of the downstream
ctfA. Two inverted repeat segments downstream of ORF1 are underscored (+).

labeling studies, both recombinant and wild-type strains of
BL21(DE3) were grown aerobically or anaerobically in M9
minimal medium (41) supplemented with 1% (wt/vol) glucose,
20 pg of thiamine hydrochloride per ml, and 0.01% (wt/vol) 18
amino acids (minus Cys and Met). For recombinant strains, the
medium was supplemented with carbenicillin (50 pg/ml). C.
acetobutylicum was grown in clostridial growth medium (56),
supplemented when necessary with 100 g of erythromycin per
ml, and maintained as previously described (32).

Fermentor experiments. For enzyme assay experiments,
batch fermentations of C. acetobutylicum were performed in a

BioFlo II fermentor (New Brunswick Scientific, Edison, N.J.)
with a culture volume of 5 liters (clostridial growth medium
with glucose at 80 g/liter instead of 50 g/liter). For fermenta-
tions of recombinant C. acetobutylicum, the medium was
supplemented with 75 pg of clarithromycin (Abbott Laborato-
ries, North Chicago, Ill.) per ml (31). The reactor medium
(initial pH of 6.2) was inoculated with 500 ml of preculture at
an optical density at 600 nm (ODjq) of ~0.2. The pH dropped
with culture progression until it reached a value of 4.5, at which
point it was maintained through additions of 6 M NH,OH or
2 M HCl. Growth was monitored through ODgy, measure-
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L AAKTTIULUDA AA AV K S GAZPENTITIGWWTIDETZ PSTIETLTQY
TACTAGCAGCTAAAACAATACTTGATGCAGCCGTTAAGAGTGGTGCCCCGGAAAATATAATAGGT TGGATAGATGAACCTTCAATTGAACTAACTCAATA

L M Q KADTITTULATGTGTZPSILVZ KSA AYSSGZXKU?PATIGVGZ?PGC
TTTAATGCAAAAAGCAGATATAACCCTTGCAACTGGTGGTCCCTCACTAGTTAAATCTGCTTATTCT TCCGGAAAACCAGCAATAGGTGTTGGTCCGGGT

N TPV IIDESAHTITZ KMAV S S IITILSIKTYDNGV VIO CASE
AACACCCCAGTAATAATTGATGAATCTGCTCATATAAAAATGGCAGTAAGT TCAATTATATTATCCAAAACCTATGATAATGGTGTTATATGTGCTTCTG

@ s VIVILIE KSTIZYNTZEKVZE KDTETFU QERSGAYTITIZ KT KNETLTDTIKYUV
AACAATCTGTAATAGTCTTAAAATCCATATATAACAAGGTAAAAGATGAGTTCCAAGAAAGAGGAGCTTATATAATAAAGAAAAACGAATTGGATAAAGT

R EV I F KDG SV NZPIE KTIUVGSOQSAYTTIAAMRMAGTII KV VZPKT
CCGTGAAGTGATTTTTAAAGATGGATCCGTAAACCCTAAAATAGTCGGACAGTCAGCTTATACTATAGCAGCTATGGCTGGCATAAAAGTACCTAAAACC

T R I L I G E V T S L GETZETEZPTFAHETZ KTULSUZPVLAMYEATDNTF
ACAAGAATATTAATAGGAGAAGTTACCTCCTTAGGTGAAGAAGAACCTTTTGCCCACGAAAAACTATCTCCTGTTTTGGCTATGTATGAGGCTGACAATT

D DALIXKI KA AVTULTINILSGS GTULSGUHTSGIYADTETITKA R D K I
TTGATGATGCTTTAAAAAAAGCAGTAACTCTAATAAACTTAGGAGGCCTCGGCCATACCTCAGGAATATATGCAGATGAAATAAAAGCACGAGATAAAAT

D RF S SAMTEKTUVRTT FUVNTIPTSOQGASSGDULYNTFRTITZPP
AGATAGATTTAGTAGTGCCATGAAAACCGTAAGAACCTTTGTAAATATCCCAACCTCACAAGGTGCAAGTGGAGATCTATATAATTTTAGAATACCACCT

s F TLGG CGTFWSGGNSUVSsSENJVSGZ?PI KU HLTZLUNTIIZ KTVAETRTR RE
TCTTTCACGCTTGGCTGCGGATTTT GGAAATTCTGTTTCCGAGAATGTTGGTCCAAAACATCTTTTGAATATTAAAACCGTAGCTGAAAGGAGAG

N M L WF RV PHIKUVYT F KT FSGO CULOQFATLIZ KU DT LI KT DTLIZ KIEKZEKRA
AAAACATGCTTTGGTTTAGAGTTCCACATAAAGTATATTTTAAGTTCGGTTGTCTTCAATTTGCTTTAAAAGATTTAAAAGATCTAAAGAAAAAAAGAGC

F I Vv T D S D P Y NLNY VD s I I KTIULEUHTLTUDTIUDTFIZXKUVTFNK
CTTTATAGTTACTGATAGTGACCCCTATAATTTAAACTATGTTGATTCAATAATAAAAATACTTGAGCACCTAGATATTGATTTTAAAGTATTTAATAAG

V GREADTULIEKTTIIZ K KA ATTETEMSS ST FMZPDTTITIALSGSGTU?PEWM
GTTGGAAGAGAAGCTGATCTTAAAACCATAAAAAAAGCAACTGAAGAAATGTCCTCCTTTATGCCAGACACTATAATAGCTTTAGGTGGTACCCCTGARA

S S A K LMWV LY EHUPEV KT FEVDTILATIZ KT FMDTIRIEKI RTITYT
TGAGCTCTGCAAAGCTAATGTGGGTACTATATGAACATCCAGAAGTAAAATTTGAAGATCTTGCAATAAAATTTATGGACATAAGAAAGAGAATATATAC

F P KL GKKAMTLUVATITTSAGSSGSEUVT?®PFA ALV VTUDNN
TTTCCCAAAACTCGGTAAAAAGGCTATGT TAGTTGCAATTACAACTTCTGCTGGTTCCGGTTCTGAGGTTACTCCTTTTGCTTTAGTAACTGACAATAAC

T G N K YMULADYEMTUPNMATIVDAETILMMEKMMEPIKGTLTAY
ACTGGAAATAAGTACATGTTAGCAGATTATGAAATGACACCAAATATGGCAATTGTAGATGCAGAACTTATGATGAAAATGCCAAAGGGATTAACCGCTT

s G I DAL VNSTIEAYTSVYASZEYTNSGTULATLTEA ATITRTILTI
ATTCAGGTATAGATGCACTAGTAAATAGTATAGAAGCATACACATCCGTATATGCTTCAGAATACACAAACGGACTAGCACTAGAGGCAATACGATTAAT

F K YL P EAYJ KNG RTNEI KA AREI KMAUHBASTMMAGMMASA
ATTTAAATATTTGCCTGAGGCTTACAAAAACGGAAGAACCAATGAAAAAGCAAGAGAGAAAATGGCTCACGCTTCAACTATGGCAGGTATGGCATCCGCT

N A FLGLCHSMATII KULS S EHNTIZPSGTIANATLILTITETEUVTI
AATGCATTTCTAGGTCTATGTCATTCCATGGCAATAAAATTAAGTTCAGAACACAATATTCCTAGTGGCATTGCCAATGCATTACTAATAGAAGAAGTAA

K F NA VDNZPVKOQAUPUCPOGQYIKY?PNTTIT FU RYA AT RTIA ATDIYTI
TAARAATTTAACGCAGTTGATAATCCTGTAAAACAAGCCCCTTGCCCACAATATAAGTATCCAAACACCATATTTAGATATGCTCGAATTGCAGATTATAT

K L GG NTDEEI KV VDI LIULTINIZ KTIHETLIZKI KA ATLNUNTIZ®PTSTIIKST?D
AAAGCTTGGAGGAAATACTGATGAGGAAAAGGTAGATCTCTTAATTAACAAAATACATGAACTAAAAAAAGCTTTAAATATACCAACTTCAATAAAGGAT

A G VL EENTFYsSs s LDRTIsSELALTUDUDU QT CTS GANUPRTFU®PILT
GCAGGTGTTTTGGAGGAAAACTTCTATTCCTCCCTTGATAGAATATCTGAACTTGCACTAGATGATCAATGCACAGGCGCTAATCCTAGATTTCCTCTTA

S E I K EM Y I NVF VL KNNILIKUZPS YV FNYFL *
CAAGTGAGATAAAAGAAATGTATATAAATTTTGTTTTAAAAAACAACCTTAAACCTTCATATTTCAACTACTTTi TATAATTTTAATAAAGAATTTAAAA

FIG. 1—Continued.
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ments with a Beckman DU-65 spectrophotometer (Beckman
Instruments, Fullerton, Calif.).

DNA isolation, transformation, and manipulation. Isolation
of C. acetobutylicum chromosomal DNA was performed as
described previously (32). Plasmid isolation from E. coli was
done by the method of Birnboim and Doly (2), with additional
steps of the procedure of Wu and Welker (59) when the DNA
was to be sequenced. Previously published methods were used
for electrotransformation of E. coli (11) and C. acetobutylicum
(30, 32), using a Bio-Rad Gene Pulser (Bio-Rad, Hercules,
Calif.). Restriction endonucleases and T4 DNA ligase were
purchased from New England Biolabs and used according to
the manufacturers’ specifications.

Southern blots. Appropriately digested DNA was trans-
ferred from agarose gels to nitrocellulose filters (Schleicher &
Schuell, Inc., Keene, N.H.) as yreviously described (47). DNA
probes were labeled with [a->’P]dATP (Du Pont Co., NEN
Research Products, Wilmington, Del.), using the a nick trans-
lation system (Bethesda Research Laboratories [BRL], Life
Technologies, Inc., Gaithersburg, Md.). Unincorporated radio-
nucleotides were removed by using Select-D, G-25 spin col-
umns (5 Prime—3 Prime, Inc., Boulder, Colo.).

DNA sequencing. Both DNA strands were sequenced by the
dideoxy-chain termination method (42), using synthetic oligo-
nucleotide (20-mer) primers. Double-stranded plasmid DNA
was prepared for use as a template, and sequencing reactions
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FIG. 2. Transcriptional organization of aad and the acetone formation genes. ctf4 and c#fB encode CoA-transferase, and adc encodes acetoacetate
decarboxylase. The restriction map of the 6.7-kb Sall-Xbal fragment of C. acetobutylicum DNA in pHXS5 containing the genes is shown. The
orientation of transcription of aad, ctfA, and c#fB is indicated by arrowed boxes. Intergenic spans are 663 bp between ORF1 and aad, 32 bp between
aad and ctf4, 27 bp between ctfA4 and ctfB, and 65 bp between ctfB and adc. Thin baselines indicate regions where the DNA has been sequenced. Thick
baselines indicate regions which have not been sequenced, and consequently, restriction sites within these regions were physically mapped.
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Biochemical Corp., Cleveland, Ohio) as specified by the man-  butanol for 5 h, at which point the butanol concentration was
ufacturer. 30% of the final culture concentration.
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TABLE 1. ALDHs with high identities to AAD

aad GENE FROM C. ACETOBUTYLICUM ATCC 824 875

TABLE 2. ADHs with high identities to AAD

Identity Size

Organism and protein (%) (aa) Reference
Mus musculus cytosolic ALDH 23 500 40
(AHD-2)
Vibrio cholerae ALDH 23 506 37
Aspergillus nidulans ALDH 22 497 39
Escherichia coli ALDH 22 495 17
E. coli succinate semialdehyde 22 482 34
dehydrogenase
E. coli lactaldehyde 21 478 18
dehydrogenase
Bos taurus mitochondrial 20 520 15
ALDH
E. coli betaine ALDH 20 491 3
Pisum sativum ALDH-related 20 508 16
turgor-responsive protein
Pseudomonas oleovorans ALDH 17 483 23

leukemia virus reverse transcriptase (U.S. Biochemical Corp.).
Two different end-labeled oligonucleotides, PE-1 (5'-TTT
ACTGTTGTGACTTTCAT-3') and PE-2 (5'-TTACCTTG
AGTTTTTCATCT-3'), complementary to the N-terminal re-
gion of aad were used in separate primer extension reactions.
To map the exact transcriptional start sites, sequencing reac-
tions were performed on the corresponding DNA by using the
same primers that were used for the primer extension reac-
tions.

PCR. DNA fragments were amplified by PCR in a reaction
mixture which included 300 pM each dATP and dTTP, 200
pM each dGTP and dCTP, 4 mM MgSO,, 0.01 pg of each
primer per pl, 100 pg of nonacetylated bovine serum albumin
per ml, template DNA, and 0.05 U of Vent DNA polymerase
(New England Biolabs) per pl. A total of 15 cycles were
executed in a DNA Thermal Cycler (Perkin-Elmer Cetus,
Norwalk, Conn.), with each cycle consisting of annealing at
40°C for 1 min, extension at 72°C for 3.5 min, and denaturation
at 94°C for 1 min.

Construction of plasmid pCADEXI. aad, together with its
two putative promoters, was amplified by PCR using plasmid
pHXS5 DNA (which contains aad; see Results) as a template.
The upstream primer, 5'-AAATATACTGAGAATTCCTAA
ATATATA-3' was generated by substituting a G for a T at
nucleotide position 1692 (Fig. 1) to provide an internal EcoRI
site (underlined). The downstream primer, 5'-AATCTAATT
ATTCTAGAGTTCATTTTAA-3’, resulted from a substitu-
tion of a C for a T at nucleotide position 4723 (Fig. 1) on the
complementary strand to provide an internal Xbal site (under-
lined). The amplified product was sequentially digested with
EcoRI and Xbal and ligated into the similarly digested vector
pT7/T3a-18 to yield plasmid pCADEX1 (see Fig. 7). The
precise orientation of aad with respect to the T7 promoter was
verified by sequencing the region upstream of aad in the
construct pPCADEX1 by using primer PE-1.

Construction of plasmids pCAAD and pCCL. Accl-digested
pCADEXI1 was ligated to Clal-digested pIM13 (28) to yield
the 8.1-kb plasmid pCAAD (see Fig. 8a). The Bacillus subtilis
plasmid pIM13 provides MLS™ and a gram-positive origin of
replication (28). Plasmid pCAAD was digested sequentially
with BamHI (position 2923; Fig. 1) and Bg/II (position 4434;
Fig. 1) and religated to generate the control plasmid pCCL
(see Fig. 8b), which contains a truncated aad (58% of the
structural gene deleted).

T7 expression. For T7 expression studies, aad was inserted

Organism and protein Identity (%)  Size (aa) Reference

Clostridium acetobutylicum 42 388 62
P262 ADH1

Zymomonas mobilis ADH2 34 382 8

Bacillus methanolicus methanol 33 382 10
dehydrogenase

Saccharomyces cerevisiae ADH4 32 382 57

Escherichia coli 1,2-propanediol 30 383 5
oxidoreductase

Clostridium acetobutylicum 25 390 52
ATCC 824 BDH 1

C. acetobutylicum ATCC 824 22 391 52
BDH II

into the vector pT7/T3a-18 (BRL). For assay experiments, 500
ml of E. coli BL21(DES3) cultures were grown to an ODy, of
~0.7. The T7 RNA polymerase under the control of the
isopropylthiogalactopyranoside (IPTG)-inducible lacUV5 pro-
moter was then induced for 2 h with 0.4 mM IPTG (49) at 37°C
under either aerobic or anaerobic (Forma Scientific Anaerobic
System, Forma Scientific, Inc., Marietta, Ohio) conditions with
another addition of 200 pg of ampicillin per ml. For the
rifampin studies, rifampin (200 p.g/ml; Sigma Chemical Co., St.
Louis, Mo.) was added to cultures 30 min after the start of the
induction. The cells were harvested by centrifugation at 5,000
X g for 5 min at 4°C. For [**S]Met (Du Pont) labeling
experiments, BL21(DES3) cells were grown to an ODg, of 0.4
and then subjected to IPTG induction for 20 min and a further
30-min incubation subsequent to rifampin addition.

Enzyme assays. Cells from 500 ml of C. acetobutylicum
culture were harvested, and the pellets were stored at —85°C
until used (always within 3 weeks). Cells were suspended in 15
mM potassium phosphate buffer (pH 7.0) containing 1 mM
dithiothreitol and 0.1 mM ZnSO, (1 g of frozen cells per 5 ml
of cell lysis buffer). The cell suspension was sonicated on ice
with an ultrasonic cell disruptor (model W-225R; Heat Sys-
tems-Ultrasonics, Farmingdale, N.Y.) at level 10 for 18 min
with a pulse setting of 90%. The cell debris was removed by
centrifugation at 35,000 X g for 20 min at 4°C. Crude extracts
were prepared from E. coli in a similar manner, with the
following modifications: the cell lysis buffer contained 1 mg of
lysozyme per ml, cells were incubated for 1 h on ice in cell lysis
buffer prior to sonication, and cells were sonicated at level 5 for
5 min at a pulse setting of 90%. Butyraldehyde dehydrogenase
(BYDH) and acetaldehyde dehydrogenase (ACDH) assays
were performed in the reverse physiological direction as
previously described (19). One unit is defined as the amount of
enzyme necessary to reduce 1 pmol of NAD(P) per min.
Butanol dehydrogenase (BDH) assays were performed in the
physiological direction as previously described (54), with bu-
tyraldehyde at a final assay concentration of 25 mM. An
identical procedure was adopted for ethanol dehydrogenase
(EDH) assays, with acetaldehyde at a final assay concentration
of 50 mM. One unit is defined as the amount of enzyme
necessary to oxidize 1 pmol of NAD(P)H per min.

[>°SImethionine labeling. Five milliliters of E. coli cell
samples was withdrawn prior to induction, at the end of the
induction period, and after incubation with rifampin addition.
Five milliliters of C. acetobutylicum cultures was withdrawn at
the early exponential (ODg, of about 0.6) and late exponen-
tial (onset of solventogenesis) stages of growth. These samples
were then transferred to prewarmed tubes containing [>*S]Met
(final concentrations of 50 pwCi/ml for E. coli cultures and 100
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4. Amino acid alignment of nine ALDHs. Boxed positions indicate conservation in at least six of the nine proteins. Abbreviations: aad,

C. acetobutylicum AAD (this study); adhE, E. coli ADH/ACDH/PFL deactivase (13, 21); l-ald, E. coli lactaldehyde dehydrogenase (18); vibch,
Vibrio cholerae ALDH (37); aspni, Aspergillus nidulans ALDH (39); ald, E. coli ALDH (17); s-ald, E. coli succinate semialdehyde dehydrogenase
(34); bovin, Bos taurus mitochondrial ALDH (15); mouse, Mus musculus cytosolic ALDH (40).
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FIG. 4—Continued.

wCi/ml for C. acetobutylicum cultures) and mixed. Labeling by
incubation at 37°C for 10 min was followed by a chase of
unlabeled Met (300 wg/ml), and the tubes were then chilled on
ice. The cells were washed thrice with 1.5 ml of cold buffer (50
mM Tris-HCl [pH 8.0]-2 mM EDTA for E. coli samples and 25
mM Tris [pH 5.5] for C. acetobutylicum samples), and cell
pellets were stored at —85°C until used.

SDS-polyacrylamide gel electrophoresis (PAGE). Cells from
[>*S]Met experiments were suspended in sample buffer (41)
and placed in a 100°C water bath for 5 min. Cell debris was
spun out twice, and an aliquot of the resulting supernatant was
subjected to liquid scintillation counting (Model 1900CA Tri-
Carb liquid scintillation analyzer; Packard Instrument Co.,
Meriden, Conn.). Samples were loaded at 500,000 cpm per
lane in a sodium dodecyl sulfate (SDS)-8% polyacrylamide gel
(25) alongside '*C-labeled high-molecular-weight protein stan-
dards (BRL). Upon electrophoresis, gels were dried on What-
man 3MM paper, and imaging plates (exposed for at least 24
h) were scanned in a model 400S PhosphorImager (Molecular

Dynamics, Sunnyvale, Calif.). C. acetobutylicum samples from
bioreactor runs (early exponential, late exponential, and sta-
tionary stages of growth) were suspended in sample buffer,
boiled, and loaded as described above. High-range (BRL) and
mid-range (Promega) protein molecular weight markers were
loaded alongside. Gels were stained with 0.25% (wt/vol)
Coomassie brilliant blue R-250 (Sigma).

Analysis of fermentation products. The concentrations of
butanol, acetone, ethanol, butyrate, and acetate were deter-
mined by gas chromatography as described previously (29).

Computer programs. Sequence comparisons and homology
searches of the GenBank (release 75.0, February 1993) and
SwissProt (release 24.0, January 1993) data bases were done by
using the Wisconsin Genetics Computer Group (9) sequence
analysis software package (version 7.2). The programs used
included FastA, TFastA, BestFit, StemLoop, Fold, Termina-
tor, Composition, PeptideStructure, and PlotStructure. Phos-
phorImager scans were performed by using ImageQuant ver-
sion 3.15 (Molecular Dynamics).
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FIG. 5. Amino acid alignment of nine ADHs. Boxed positions indicate conservation in at least six of the nine proteins. Abbreviations: aad, C.
acetobutylicum AAD (this study); adhE, E. coli ADH/ACDH/PFL deactivase (13, 21); bdhA, C. acetobutylicum BDH 1 (52); bdhB, C.
acetobutylicurn BDH 11 (52); adhl, C. acetobutylicum ADH]1 (62); mdh, Bacillus methanolicus methanol dehydrogenase (10); zymmo, Zymomonas
mobilis ADH2 (8); fucO, E. coli 1,2-propanediol oxidoreductase (5); yeast, Saccharomyces cerevisiae ADH4 (57).
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aad GENE FROM C. ACETOBUTYLICUM ATCC 824 879

aad 768 NTIP-YARID!I--KLGGNTD--EBKVDLLENKIHEKKAL rs1kpafeve
adhE 770 QARR|R|-YAEI|AIDHL--GLSAPGDRTAAKIEKLLAWLET|LKAEL KSIREAB|G|Ve
bdhA 310 INVWG-IDKNKDNY--EIAREA-=-=---===-= GlxksrreYFrNst s k[L]r E v]|6|1 ¢
bdhB 310 VNVWG-IDKEKNHY=--DIAHQAI--QKTRDYFVN--~---=- VL SRRDVGIB
adhl 291 '.I.‘SI.E-YAKI KQI--SLAGNTN--tEELVvDsLfIl[NLvkE[]vxkxmg T rlLik E Y|G|I &
mdh 297 ----|R|-FAHI|AIELLGENVSGLST--AAAAERA|I[VALERYNKNF S G YAEM|G|V K
zymmo 305 - - - - - - - - - vjaAl]MeL--DIANLGD--KXKEGAEAT|IloAVRD[L]AAST a N[L|T E L]|c|a k
fuco 297 GBK!D ARVMG—V--KVBGMSL--EBARNAAVEAVFANRDV PHRDVGVR
yeast 2908 KAKK[R|-LGEI[A]------ LHCGAS--QEDPEET[IJkALAV[LINRTM R N|L]k D L]G]V K
aad 818 E[E[]NFyssiporiserfalupfolefcT|ca[NPRlFPLTS[E]lt kKEMY INFVLKNNLKEPSYFNYFL
adhE 822 EADFLANVDKLSED|A|lFDIpjejc Tl AN P RIY PLIS|EJLKQILLDTYYGRDYVEG -~~~ - =
bdhA 352 KDK----LELMAKQA[lVRNSGGTIGSLRPEINAE|-------- DVLEIFKKSY-----
bdhB 353 E KLDIMAKBSVKLL---Gr_GJ?IGNILIRPVNASEV'LQIFKKSV --------------
adhl 341 EQEFKNKVDLISER[A|Igp|alcTlc s[NP RIQCLNKD|[EJ]MKKIFECVYYGTEVD - === - - -
mdh 345 E|ElD----IELLAKN|[A|FE|p|vjcTjos[NPRl[VATVOQDIAQ-~--- ITKNAL=-=--------
zymmo 347 K|E|D - - --VPLLADH[A|LK|D|a|lc[aL T[NP RIQGDQK[EJVEELFLS - - ===
fucO 347 K|E|D----IPALAQA[AILDID|VICT|GGIN P RIEATLEDIVELY == === === oo ___
yeast 344 T|E]pF----prLAEH[alME[p|alcfh LN [~ VQFT---KEQVVATIIKKA-=~~---- -

FIG. 5—Continued.

Nucleotide sequence accession number. The 4,800-bp se-
quence (Fig. 1) that includes aad and the upstream ORF1 has
been submitted to GenBank (1) and has been assigned acces-
sion number L14817.

RESULTS

Plasmid pHXSS. Previously, a bacteriophage lambda
EMBL3 library of C. acetobutylicum DNA was screened by
using both ctf4 and ctfB subunit probes to identify a positive
phage isolate, H1 (4). A ~6.7-kb Sall-Xbal DNA fragment
(Fig. 2) from this phage isolate, which was later found to
contain intact ctff4 and ctfB genes and a ~5.0-kb region
upstream of ctf4, was cloned into the similarly digested pUC19
vector to yield plasmid pHXSS5. The Sall end of this fragment
corresponds to that of the 2.0-kb Sall-Bgl/II DNA fragment
(containing both ctf genes) previously cloned on plasmid
pCoAT9 (4).

Southern blotting. Ncol-digested C. acetobutylicum chromo-
somal DNA was probed with nick-translated pHXS5. The
resulting Southern blot (not shown) showed that up to 3.8 kb
of DNA upstream of ctf4 was intact. Figure 2 shows the
locations of the Ncol sites.

Sequence analysis. Both strands of a 4,712-bp segment of C.
acetobutylicum DNA upstream of ctf4 were sequenced (Fig. 1)
from pHXSS5. Two large complete ORFs were identified on
this segment (Fig. 2). The 2,619-bp ORF immediately up-
stream of ctf4 was designated aad. On the basis of homology
searches of protein and DNA data bases, this ORF was found
later to encode an aldehyde/alcohol dehydrogenase (AAD).
This AAD is a 873-amino-acid (aa) protein with a calculated
molecular mass of 96,517 Da. A putative ribosome binding site
(RBS) (44) (5'-AAGAAG-3') was found 9 bp upstream of the
aad start codon. The sequence and spacing of the RBS are
similar to those of other C. acetobutylicum genes (36).

The function of the second ORF (ORF1) upstream of aad is
unknown. If this were a gene, the encoded 319-aa protein
would have a molecular mass of 36,704 Da. A putative RBS
(5'-GGAAAGAG-3'), similar in sequence and spacing to
those of other C. acetobutylicum genes (36), was found 11 bp
upstream of the ORF1 start codon. Two inverted repeat
segments (Fig. 1) were identified in the region of DNA
between ORF1 and aad (AG = —20.0 kcal [1 kcal = 4.184

kJ}/mol [63], positions 1399 to 1439; AG = —19.4 kcal/mol,
positions 1617 to 1657).

Amino acid comparison. Data base searches revealed that
AAD shares a high amino acid homology (56% identity and
75% similarity) with the trifunctional 96,008-Da protein en-
coded by adhE from E. coli K-12 (13, 21). Identity was
observed over the entire spans of these proteins except for the
last 22 aa at the C-terminal end of AAD (Fig. 3).

AAD also showed homology to several aldehyde dehydro-
genases (ALDHs) (Table 1) and alcohol dehydrogenases
(ADHs) (Table 2). The 10 ALDHs listed in Table 1 (six
bacterial, two mammalian, one fungal, and one plant) have a
17 to 23% identity (41 to 46% similarity) to AAD. Homology
of these 10 ALDHs (average size = 496 aa) is restricted to
within ~460 aa residues at the N-terminal end of AAD. The
amino acid alignment of seven of these proteins which show
the best identities to AAD and the adhE gene product
(ADH/ACDH) is shown in Fig. 4. There are 10 amino acid
positions that are conserved in all nine proteins and an
additional 16 positions that are conserved in eight of nine
proteins.

The seven ADHs, which include three clostridial ADHs (52,
62), that show homology to AAD are listed in Table 2 (six
bacterial and one yeast). Here the identities to AAD are higher
than those of the ALDHs, with the range being 22 to 42% (46
to 65% similarity). Homology of the seven ADHs in Table 2
(average size = 385 aa) is restricted to within ~420 aa residues
of the C-terminal section of AAD. The amino acid alignment
of these seven proteins with AAD and ADH/ACDH is shown
in Fig. 5. There are 19 amino acid positions that are strictly
conserved and an additional 20 positions that are conserved in
eight of nine proteins.

Transcriptional start sites. It was shown previously that the
ctfA and ctfB genes were contained on a 4.1-kb transcript in C.
acetobutylicum DSM 792 (12). These genes have also been
found on a similar-size transcript in strain ATCC 824 (51).
These findings indicate that aad, ctf4, and ctfB are expressed as
an operon, since the corresponding size of the transcript based
on sequence analysis agrees with the Northern blot results.

A primer extension experiment was performed to identify
the precise 5’ end of the aad-ctf operon. The results are shown
in Fig. 6. Two bands were observed that corresponded to
positions 83 bp (S,; intense band) and 243 bp (S,; faint band)
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FIG. 6. Primer extension analysis. Primer extension products made
by using primer PE-1 complementary to aad are shown in lane 5. The
arrows indicate bands corresponding to transcriptional start sites S,
and S, (83 and 243 bp, respectively, upstream of the aad start codon).
RNA used in this experiment was obtained from C. acetobutylicum
cells which had been producing butanol for 5 h. Regions of plasmid
pHXSS were sequenced by using the same primer, and the resulting
DNA sequences are shown in lanes 1 to 4.

upstream of the aad start codon. To rule out the possibility of
nonspecific hybridization of the PE-1 primer with different
mRNA, the experiment was repeated (not shown) with a
second primer (PE-2) complementary to a different N-terminal
region of aad. Both experiments revealed identical dual start
sites with the same relative band intensities. The —10 and —35
regions of the apparent promoters, along with those of other C.
acetobutylicum solventogenic genes, are shown in Table 3. The
distal, apparently weaker, aad-ctf promoter was similar to that
previously identified as a consensus clostridial promoter (61).

J. BACTERIOL.

Bglll  Bglll
BamH | ; q ol
! Bglll
aad Nco |
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Bgl Il
Pvu ll Hind Il
pCADEX1
1 Xba |
Pwil — AL, (5.9 kb) Sal VAco|
Pstl
EcoR | Pr) Sph |
Apr Hind Il

FIG. 7. Plasmid pCADEXI1. The 3.0-kb insert (shaded region)
containing aad and its two natural promoters (P, and P, upstream of
transcriptional start sites S, and S,, respectively) was amplified by
PCR, using single-base-substituted primers to generate EcoRI and
Xbal ends, and cloned into the T7 expression vector pT7/T3a-18. The
T7 promoter is designated P.

However, the other aad-ctf promoter differed from those of
other solventogenic genes, especially in the — 10 region.

As expected, no terminator structures could be located in
the 32-bp intergenic region between aad and ctfA or the 27-bp
intergenic region between ctf4 and ctfB. The presence of a
bidirectional terminator has been identified downstream of
ctfB (38).

ALDH and ADH activities of AAD in E. coli and C. acetobu-
tylicum. Cell crude extracts were assayed for BYDH, ACDH,
BDH, and EDH activities. Preliminary attempts to detect
ALDH and ADH enzyme activities in JM109(pCADEX1)
crude extracts were unsuccessful, suggesting either that the
natural promoters could not function in E. coli or that the
protein itself was not functional. To overcome this potential
difficulty, pPCADEX1 (Fig. 7), whereby aad is transcribed from
the T7 promoter, was used to transform E. coli BL21(DE3).
Under aerobic growth conditions, low activities were detected
for NAD-specific BYDH, NAD- and NADP-specific ACDH,
and NADPH-specific BDH (results not shown). Previously, an
ALDH from Clostridium beijerinckii NRRL B592 was found to
be sensitive to oxygen (60). Moreover, adhE-lacZ fusion
studies have indicated a 10- to 20-fold induction of ADH/
ACDH under anaerobic conditions (26). Hence, the assays
were repeated with cells grown anaerobically. Rifampin was
also added to these cultures to selectively inhibit the host RNA
polymerase (50) and thereby reduce any background activity of
the host. Under these conditions, more pronounced activities
were detected for NAD-specific BYDH and NADH-specific
BDH, with both vector and host controls yielding no detectable

TABLE 3. Mapped promoter regions of solventogenic C. acetobutylicum genes

Sequence
Gene Reference
— 35 region —10 region -1
aad-ctf TTATATTT TTGACC TATGCTTTTTATTGAAC TATAAT AAAAGCAT(S,)< This study
GTTTTGTT TTGCAG  TTTACAATATCTATCT CCAAAT CTGC(S,;)? This study
adc TGTAAAAA TTTACT TAAAAAAACAATATGTGT TATAAT GTAAAT 12
Consensus clostridial sequence T TtgAcA ———-T--———- AAtATga TAtAAT —--T--- 61
bdhA TTAGATGC TTGTAT  TAAAATAATAAAATAG TAAAAT ATAAGTA 52
bdhB AAATATTA TTGTAA  TAATTTTAAGTAGGTT TAAAAT ATATATA 52

28, and S, are the transcriptional start sites referred to in Fig. 6.
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FIG. 8. (a) Plasmid pCAAD. Accl-digested pCADEX1 was ligated
to Clal-digested B. subtilis plasmid pIM13 (28) (which confers MLS*
and a gram-positive origin of replication). (b) Plasmid pCCL. pCAAD
was sequentially digested with BamHI and Bg/II and religated (BamHI
at position 2923 [Fig. 1] and Bg/II at position 4434 [Fig. 1]) to yield this
control plasmid carrying a truncated aad (58% of structural gene
deleted).

activities (results not shown). Under no conditions could
NADH- or NADPH-specific EDH activity be detected from
plasmid pCADEX1.

When assays were performed with crude extracts of C.
acetobutylicum samples from fermentor experiments at pH 4.5
of wild-type and recombinant strains carrying plasmid pCAAD
(Fig. 8a) or pCCL (Fig. 8b), activities were detected for
NAD-specific BYDH and ACDH and for NADH-specific
BDH and EDH (Table 4). While BDH and ACDH activities
from pCAAD were higher than those of the wild-type strain
(up to 2.5- and 70-fold, respectively) and ATCC 824(pCCL)
control strain (up to 2- and 60-fold, respectively), the pCCL
control also reflects some degree of enhancement of these
activities (up to 2- and 45-fold higher, respectively). EDH
activities were lower, but the same trend can be observed.
However, BYDH specific activity indicates a more selective
amplification in the strain carrying the intact aad on pCAAD.
Although the control 824(pCCL) fermentation shows higher
final butanol and acetone concentrations, the ethanol-to-
acetone and butanol-to-acetone ratios (Table 5) indicate that
the recombinant strain carrying aad (on pCAAD) produces
alcohol with improved selectivity compared with either of the
controls. In addition, the 824(pCAAD) fermentation shows 2-

aad GENE FROM C. ACETOBUTYLICUM ATCC 824 881

TABLE 4. ALDH and ADH specific activities in C. acetobutylicum
from fermentor experiments at pH 4.5

Sp act” (mU/mg of protein)

C. acetobutylicum Growth . NADH
ATCC 824 phase® NAD specific specific
BYDH ACDH BDH EDH
Wild type A <1 <1 120 <1
B <1 3 161 <1
C <1 <1 372 <1
Harboring pCCL A <1 1 268 4
B <1 138 329 1
C <1 16 166 <1
Harboring pCAAD A <1 63 252 5
B 69 224 426 3
C <1 60 418 2

@ A, early exponential growth phase; B, late exponential growth phase; C,
stationary phase.

& NADP-specific BYDH and ACDH activities and NADPH-specific BDH and
EDH activities were very low and hence are not reported. Errors in activity
numbers are typically of the order of 20% (53).

and 2.7-fold-higher ethanol concentrations compared with the
control fermentations 824(pCCL) and 824, respectively.

Detection of AAD. Amplification of aad in C. acetobutylicum
ATCC 824(pCAAD) revealed a strong induction of a ~96-kDa
protein during the onset of solventogenesis (late exponential
stage) in Coomassie blue-stained denaturing gels (Fig. 9, lane
7) and in gels (not shown) with [>*S]Met-labeled proteins. In
strain 824, this band is seen faintly at the onset of solvento-
genesis (lane 3). Strain 824(pCCL), like strain 824, has only a
single intact copy (chromosomal) of aad. However, plasmid
(pCCL)-imposed metabolic stress (see Discussion) seems to
lead to elevated expression of chromosomal aad (lane 12).
Gels (not shown) run with [>*S]Met-labeled proteins from T7
expression studies in E. coli did not reveal overexpression of a
~96-kDa protein which would be expected from the molecular
weight of the translated aad. Coomassie blue-stained gels of
total protein also confirmed this finding. However, an intense
band corresponding to ~42 kDa was observed (gel not shown)
in the rifampin-treated sample of cells carrying pCADEX1.
Several fainter bands corresponding to higher-molecular-
weight proteins were observed for both aerobically and anaer-
obically grown E. coli cells (results not shown).

DISCUSSION

C. acetobutylicum AAD, which demonstrates both aldehyde
and alcohol dehydrogenase functions, shows high identity to
the trifunctional adhE from E. coli. Under anaerobic condi-
tions, the adhE gene product has ACDH and ADH activities,
which are responsible for ethanol formation (13), and pyru-
vate-formate-lyase (PFL) deactivase activity (21). PFL deacti-
vase inactivates PFL, which is required in the nonoxidative
cleavage of pyruvate to form acetyl-CoA and formate (6, 22).
The anaerobically induced PFL deactivase exists as an iron-
dependent homopolymeric rod-shaped protein (~40 X 96
kDa) (21). Amino acid alignment of AAD and ADH/ACDH
(Fig. 3) revealed that identity is established at the very
N-terminal end and the loss in identity is in the C-terminal
region (22 aa residues of AAD and 37 aa residues of ADH/
ACDH). E. coli ADH/ACDH is 19 aa residues longer than
AAD. The presence of PFL deactivase activity has not been
verified for AAD, since no evidence exists for the presence of
PFL in C. acetobutylicum. PFL activity has been detected in
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TABLE 5. Final product levels in C. acetobutylicum fermentor experiments at pH 4.5

C. acetobutylicum Concn (mM) Ratio
ATCC 824 Butanol Acetone Ethanol Butyrate Acetate Butanol/acetone Ethanol/acetone
Wild type 74 66 15 36 53 1.12 0.23
Harboring pCCL 138 95 21 6 12 1.45 0.22
Harboring pCAAD 118 72 41 5 31 1.64 0.57

Clostridium butyricum (a species substantially different from C.
acetobutylicum). In contrast to the PFL of E. coli, the C.
butyricum PFL functions mainly to furnish formate for ana-
bolic C,-unit formation (58).

The location of the 957-bp ORF1 upstream of the aad-ctf
operon suggested that it could perhaps encode a regulatory
protein. However, data base searches did not reveal homology
to DNA-binding proteins.

As previously observed (18), the N-terminal ends of ALDHs
appear to be poorly conserved; however, ALDH domains
(N-terminal regions) of AAD and ADH/ACDH show homol-
ogy to several ALDHs (Fig. 4). Strictly conserved residues are
found in 10 positions, half of which are Gly residues. The two
strictly conserved Pro residues are present as part of a highly
conserved 15-aa peptide (starting at position 102 [Fig. 4] in
AAD). The dodecapeptide that includes the last 12 of these 15
residues has previously been reported to be conserved among
ALDHs (18). Proteins which demonstrate only ALDH func-
tion have the highly hydrophobic residues Phe and Trp be-

824 824 824
(PCAAD)  (pCCL)
i BC| ABC| ABC|
123 4 56 7 8 9 101112 13
200:0—

FIG. 9. SDS-PAGE. Cell samples from C. acetobutylicum con-
trolled-pH (4.5) batch fermentations of both wild-type and recombi-
nant strains were taken at the early exponential (A), late exponential
(B), and stationary (C) stages of growth, and proteins were electro-
phoresed in SDS-8% polyacrylamide gels and Coomassie blue stained.
Lanes 2 to 4 correspond to the wild-type strain, lanes 5 to 8 correspond
to the recombinant strain carrying intact aad on plasmid pCAAD, and
lanes 9 to 12 correspond to the recombinant control strain carrying a
truncated aad on plasmid pCCL. Lanes 5 and 9 represent early
acidogenic stages (prior to stage A) of the corresponding recombinant
strains. The ~96-kDa band representing AAD is indicated. The
prominent ~39-kDa-band protein observed in lanes 2 to 12 is probably
the butyrate kinase (36). High-range (lane 1) and medium-range (lane
13) protein molecular weight markers are shown alongside.

tween the Pro residues. AAD and ADH/ACDH have hydro-
philic (Thr) to moderately hydrophobic (Val) residues in this
region of unknown function. A decapeptide of sequence
VTLELGGKSP (starting at position 261 in the protein desig-
nated aspni in Fig. 4) is highly conserved among ALDHs (55)
but not in AAD or ADH/ACDH. The heptapeptide EExXFGPV
(starting at position 382 in the protein designated l-ald in Fig.
4; x is any amino acid) is also conserved among several ALDHs
(18), but the corresponding sequence in AAD and ADH/
ACDH is a poor match. These comparisons clearly indicate
that the N-terminal regions of AAD and ADH/ACDH, while
related to ALDHs, have diverged in some ways from this
group.

The ADH domains (C-terminal regions) of AAD and ADH/
ACDH show homology to several ADHs (Fig. 5). Of the 19
positions that are strictly conserved, there are four Gly and
three Pro residues. This overrepresentation in conserved Gly
residues has been suggested as typical of ADHs with largely
conserved conformation (20). Cys and His residues have been
implicated as metal-binding ligands in zinc-containing long-
chain ADHs (20). A comparison of AAD and ADH/ACDH
(Fig. 3) reveals seven His (four in the N-terminal part) and
four Cys (two in the N-terminal part) residues that are
conserved throughout both proteins.

The coenzyme specificity of dehydrogenases has been fairly
well documented (20, 24, 43). A highly conserved glycine-rich
region with a GxGxxG pattern within a Baf Rossmann fold
was found to be common to the NADH-binding domain of
many ADHs (20, 43). A GxGxxGG pattern is observed in the
central regions (Fig. 3) of AAD (starting at residue 418) and
ADH/ACDH (starting at residue 420). With the exception of
glyceraldehyde-3-phosphate dehydrogenase (43), a coenzyme-
binding consensus sequence among ALDHs seems to contain
an additional amino acid between the second and third glycines
(18). Such a sequence is observed in several ALDHs (Fig. 4;
aligned to initiating Gly-168 in AAD) but not in AAD and
ADH/ACDH. However, a similar sequence is present in AAD
starting at position 362 in a region that is not very well
conserved in the initiating glycine. A GxGxxA sequence within
a Bap fold (with another alanine almost always present a
further four residues downstream) is conserved among some
NADP(H)-binding proteins (43). However, some significant
differences among NADPH-binding domains (24, 43) prevents
identification of such a region on the basis of sequence
comparisons alone. A GxGxxVxxxA sequence exists in AAD
starting at position 598 (Fig. 5) in a region highly conserved
among ADHs. The ADH portion of AAD has a 42% identity
(65% similarity) with the NADPH-dependent ADHI1 from the
industrial strain C. acetobutylicum P262 (62).

It appears that in strain ATCC 824, ALDH (both BYDH
and ACDH) functions are present as part of a multifunctional
~96-kDa (monomer size) protein (Fig. 9 and Table 4) which is
the product of aad. Earlier, a CoA-linked BYDH (monomer
size of 56 kDa and native size of 115 kDa) was purified from C.
acetobutylicum B643 (35), and a CoA-acylating ALDH (mono-
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mer size of 55 kDa and native size of 100 kDa) was purified
from C. beijerinckii NRRL B592 (60). It is not known whether
proteins similar to these proteins exist in strain ATCC 824.
However, different genetic organizations and coenzyme spec-
ificities of similar enzymes in different strains of clostridia is
not an unusual phenomenon. Of the three CoA-linked ALDHs
isolated from Clostridium kluyveri, an NAD-specific enzyme
from the soluble fraction (45) has a molecular mass of 290
kDa, an enzyme (NAD and NADP specific) from the particu-
late fraction of strain DSM 555 has a molecular mass of 194
kDa composed of 55- and 42-kDa subunits (27), and an
NADP-specific succinate semialdehyde dehydrogenase from
C. kluyveri DSM 555 has a monomer size of 55 kDa and native
size of 115 kDa (46). :

Table 5 shows that AAD confers a superior ethanol forma-
tion capability compared with both the wild-type strain and the
824(pCCL) plasmid control strain. This is possibly due to
elevated activities (Table 4) of the NAD-specific ACDH and to
a lesser extent the NADH-specific EDH. Since no attempt was
made to enhance acetone pathway genes, it is meaningful to
compare ethanol-to-acetone and butanol-to-acetone ratios ob-
tained in wild-type and recombinant strain fermentations
(Table 5). The ethanol-to-acetone ratio for the recombinant
strain carrying intact aad (on pCAAD) is more than double
that for either control (Table 5). The butanol-to-acetone ratio
also reflects an enhancement (Table 5) although not quite as
pronounced. As observed earlier (31), host-plasmid interac-
tions also lead to elevated final solvent levels and decreased
final acid levels (Table 5) due to a possible induction of stress
proteins upon plasmid-imposed metabolic stress. We have
found this to be a general effect with several other plasmid
constructs, as we shall report shortly (52a). We also note the
appearance of a strong band at ~65 to 66 kDa, which parallels
in intensity the AAD band and solvent production in all three
fermentations (Fig. 9; Table 5). This band could represent
DnaK, a 65.6-kDa C. acetobutylicum stress protein (33). This
would be consistent with the proposed connection between the
stress protein induction and solventogenesis (33).

The high BDH activities observed in C. acetobutylicum
(Table 4), which are likely in large part due to BDH I and
BDH 1II isozymes (52), coupled with the use of the same
substrate (butyraldehyde) in both BYDH and BDH assays,
leads to a masking of BYDH activities due to an uptake by
BDH of the NAD(P)H generated in the BYDH reaction. This
could explain the low BYDH activities detected (Table 4).
However, detectable ACDH activities are higher, possibly
because of low detectable levels of EDH (Table 4), which
would minimize such a masking effect on the ACDH activities.

Expression of aad in E. coli from its natural promoters was
undetectable even though one of the natural promoters (Table
3) shows conservation to the E. coli ¢’° RNA polymerase
promoter in 11 of 12 positions in the —10 and —35 regions.
Also, the T7 expression system described in this report did not
lead to the expected high ALDH and ADH activities of AAD
in E. coli. Since no overexpressed ~96-kDa-band protein was
detected in any of the E. coli BL21(DE3) gels, the question
remains as to whether AAD exists in E. coli as a 96.5-kDa
protein or whether it undergoes posttranslational processing
into an ALDH (average size of ~55 kDa [Table 1]) and an
ADH (average size of ~42 kDa [Table 2]). The idea that the
42-kDa band observed in E. coli protein gels is perhaps a
truncated AAD could be explained by the presence of a
consensus E. coli RBS starting at position 3395 (Fig. 1)
upstream of a Met start site at position 3406 (Fig. 1), which is
precisely where the ADH homology region is initiated (Fig. 5).
However, this does not explain the observed ALDH activities
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in E. coli. These ambiguous results in E. coli prompted the C.
acetobutylicum studies described in this report. Internal trans-
lation initiation at position 3406 could also occur in C.
acetobutylicum, and the prominent bands of ~43 to 44 kDa
appearing in lanes 3, 6 to 8, and 10 to 12 of Fig. 9 could
represent such a translated product from the chromosomal aad
[for 824 and 824(pCCL)] and the chromosomal and plasmid
aad [for 824(pCAAD)].

The aad-ctf operon seems to play a very important role in
solvent formation. CoA-transferase and AAD are induced and
derepressed simultaneously at the onset of solventogenesis.
Activity data suggest that AAD could provide both ALDH and
ADH functions in butanol and ethanol formation pathways.
Specific mutations in ALDH and ADH regions of AAD would
be necessary to verify that these are mutually exclusive func-
tions of the same protein. Coregulation of butanol and acetone
formation genes implies that a mutation in a key regulatory
region in this common locus could lead to loss of several
solventogenic enzyme functions. The existence of a common
regulatory factor for acetone and butanol formation has been
proposed (14). Chemical mutagenesis of ATCC 824 has re-
sulted in a mutant, M5, which lacks BYDH (NAD and NADP
specific) and CoA-transferase activities but expresses both
NADH- and NADPH-specific BDH activities (7). The pres-
ence of the BDH isozymes (BDH I and BDH II) in ATCC 824
(52) in a different region on the chromosome could perhaps
explain the BDH activities detected in mutant M5.
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