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Use of oligonucleotide probes, which were deduced from the N-terminal sequences of the purified enzyme
components, identified the structural genes for the a and B subunits of E1 (acetoin:2,6-dichlorophenolindo-
phenol oxidoreductase), E2 (dihydrolipoamide acetyltransferase), and E3 (dihydrolipoamide dehydrogenase)
of the Pelobacter carbinolicus acetoin dehydrogenase enzyme system, which were designated acoA, acoB, acoC,
and acoL, respectively. The nucleotide sequences of acoA (979 bp), acoB (1,014 bp), acoC (1,353 bp), and acoL
(1,413 bp) as well as of acoS (933 bp), which encodes a protein with an M, of 34,421 exhibiting 64.7% amino
acid identity to the Escherichia coli lipA gene product, were determined. These genes are clustered on a 6.1-kbp
region. Heterologous expression of aco4, acoB, acoC, acoL, and acoS in E. coli was demonstrated. The amino
acid sequences deduced from acoA, acoB, acoC, and acoL for Ela (M, 34,854), E18 (M, 36,184), E2 (M,
47,281), and E3 (M, 49,394) exhibited striking similarities to the amino acid sequences of the components of
the Alcaligenes eutrophus acetoin-cleaving system. Homologies of up to 48.7% amino acid identity to the primary
structures of the enzyme components of various 2-oxo acid dehydrogenase complexes also were found. In
addition, the respective genes of the 2-oxo acid dehydrogenase complexes and of the acetoin dehydrogenase
enzyme system were organized very similarly, indicating a close relationship of the P. carbinolicus acetoin

dehydrogenase enzyme system to 2-oxo acid dehydrogenase complexes.

Whereas much is known about the synthesis of 3-hydroxy-
2-butanone (acetoin or acetylmethylcarbinol), and although it
has been known for over 65 years (86) that many bacteria are
able to grow on acetoin, little is known about its catabolism.
For Acinetobacter calcoaceticus, a cyclic pathway for the deg-
radation of 2,3-butanediol, acetoin, and diacetyl to acetate was
postulated (42). In Bacillus subtilis and Alcaligenes eutrophus,
this 2,3-butanediol cycle is not present since mutants lacking
2,3-butanediol dehydrogenase, which is one of the key enzymes
of the cycle (48, 74), grew on acetoin. Instead, both aerobic
bacteria catalyze a direct oxidative cleavage of acetoin (21, 49),
as do acetoin-degrading bacteria that rely on a fermentative
metabolism, such as Streptococcus faecalis (19) and Pelobacter
carbinolicus (57).

The substrate range for growth of the strict anaerobe P.
carbinolicus Gra Bd 1 is restricted to acetoin, methylacetoin,
2,3-butanediol, and ethylene glycol (57, 71). During fermenta-
tion, acetoin is degraded to equimolar amounts of acetate and
ethanol (71). Recent studies revealed a thiamine pyrophos-
phate-, coenzyme A-, and NAD-dependent cleavage of acetoin
to acetaldehyde and acetyl coenzyme A; in P. carbinolicus, this
key catabolic reaction is catalyzed by the acetoin dehydroge-
nase enzyme system (56-58). This reaction was reconstituted in
vitro by combination of the purified components of the en-
zyme system, i.e., E1 (acetoin:2,6-dichlorophenolindophenol
[DCPIP] oxidoreductase), E2 (dihydrolipoamide acetyltrans-
ferase), and E3 (dihydrolipoamide dehydrogenase). The for-
mation of these proteins is induced during growth on acetoin
not only in P. carbinolicus (56-58) but also in the other
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anaerobic bacteria Pelobacter venetianus, Pelobacter acetyleni-
cus, Pelobacter propionicus, Acetobacterium carbinolicum, and
Clostridium magnum (50, 56). The three enzyme components
of the anaerobic acetoin dehydrogenase enzyme system are
similar to the corresponding components of 2-oxo acid dehy-
drogenase multienzyme complexes (56, 63-65). The difference
between oxidative acetoin cleavage and oxidative decarboxyla-
tion of 2-oxo acids seems to be based mainly on the different
substrate specificities of the respective E1 components (56).

The E1 component, which is a tetraheteromer of two
different subunits, and the E2 component from P. carbinolicus
resemble the acetoin:DCPIP oxidoreductase and the dihydro-
lipoamide acetyltransferase, respectively, of the A. eutrophus
acetoin-cleaving system (56, 65). In A. eutrophus, the structural
genes for these proteins (acoA, acoB, and acoC) as well as for
a transcriptional activator protein (acoR) and for a protein of
unknown function (acoX) are clustered (45, 65). The goal of
the present study was to identify and characterize the struc-
tural genes for the components of the acetoin dehydrogenase
enzyme system of P. carbinolicus. The molecular data obtained
will enable much more detailed comparisons with the acetoin-
cleaving system of A. eutrophus and with 2-oxo acid dehydro-
genase complexes.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1.

Growth of bacteria. P. carbinolicus cells were grown anaer-
obically in a mineral salts medium supplemented with 0.5%
(wt/vol) filter-sterilized acetoin (56). Escherichia coli cells were
grown at 37°C in Luria-Bertani (LB) (68) or lipoate-deficient
medium as described previously (32). Growth was monitored
spectroscopically by using a Klett-Summerson photometer.
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TABLE 1. Bacterial strains and plasmids used in this study
Strain or plasmid Relevant characteristics Reference(as)
Oor source
P. carbinolicus Gra Bd 1 Wild type, strictly anaerobic, prototrophic 71
DSM2380
E. coli
BHB2688 N205 recA(\ imm*3* cIts857 b2 red3 Eam4 Sam7/\) 38, 39
BHB2690 N205 recA(\ imm*** cIts857 b2 red3 Dam15 Sam7/\) 38, 39
$17-1 recA; harboring the tra genes of plasmid RP4 in the chromosome, proA thi-1 73
XL1-Blue recAl endAl gyrA96 thi hsdR17 (ry~ mg*) supE44 relAl N\~ lac [F' proAB lacI"ZAM15 12
Tnl0(Tet)]
DH5a recAI endAl gyrA96 thi-1 hsdR17 supE44 relA1 AlacU169 (680 lacZAM15) 24
JRG26 (W1485-lip2) lip-2 supE42 N~ 36
CGSC5782
JRG33 (AT1325 lip9) A(gpt-proA)62 lacYl lip-9 supE44? galK2 N~ purBI15 hisG4(Oc) rpsL35 xyl-5 mtl-1 thi-1 36
CGSC4286
Plasmids
pVK100 Cosmid; Tc" Km" 43
pBluescript KS™ and Ap® lacPOZ', T7 and T3 promoters Stratagene
pBluescript SK™
pUCS, pUCS8-1, and Ap" lacPOZ' 27
pUCS8-2
pVKH 14.6-kbp insert from P. carbinolicus DNA in pVK100 containing acoB, acoC, acoS, acoL, This study
and ORF5
pKSH48 and 4.8-kbp insert from pVKH in pBluescript KS™ containing acoB, acoC, and acoS colinear and This study
pKSH48-1 antilinear to lacZ’, respectively
pKSH64 6.4-kbp insert from pVKH in pBluescript KS™ containing ORFS5 colinear to lacZ’ This study
pKSE67 6.4-kbp insert from P. carbinolicus DNA in pBluescript KS™ containing ORF7, acoA4, and This study
acoB antilinear to lacZ’
pUCS8BP25, pUCS- 2.5-kbp insert from pKSE67 in pUCS, pUCS8-1, and pUCS-2, respectively, containing aco4 This study
1BP2S, and pUCS- and acoB colinear to lacZ’
2BP25
pUCSBN13 1.3-kbp insert from pUC8BP25 in pUCS containing acoA This study
pUC8BP25ASall 2.4-kbp insert from pUC8BP25 in pUCS containing acoB This study
pUC8BP25ASstI1 2.1-kbp insert from pUC8BP25 in pUCS8 containing acoB This study
pKSH48AEXxolIl 1.5-kbp insert from pKSH48 containing acoS This study
pSKD12 1.2-kbp insert from pKSH48 in pBluescript KS ™ containing acoS antilinear to lacZ’ This study
pKSHP12 1.2-kbp insert from pKSD12 in pBluescript KS~ containing acoS colinear to lacZ’ This study

“ DSM, Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany. CGSC, E. coli Genetic Stock Center, Department of Biology,

Yale University, New Haven, Conn.

Preparation of cell extracts. P. carbinolicus or E. coli cells
were disrupted by a twofold passage through a French press at
96 MPa or by sonication (for 1 min/ml of cell suspension with
an amplitude of 14 pum) by using an MSE (150-W) ultrasonic
disintegrator, respectively. The resulting extract was referred
to as cell extract. Soluble cell fractions were obtained as
supernatants from 50-min centrifugations at 100,000 X g and
4°C. Protein was determined as described by Lowry et al. (51).

Determination of enzyme activities. E1 (acetoin:DCPIP
oxidoreductase; acetoin dehydrogenase, thiamine pyrophos-
phate dependent), E2 (dihydrolipoamide acetyltransferase;
EC 2.3.1.12), and E3 (dihydrolipoamide dehydrogenase; EC
1.8.1.4) were determined spectrophotometrically as described
previously (56) by monitoring the initial rates of DCPIP
reduction at 578 nm, formation of S-acetyldihydrolipoamide at
240 nm, and oxidation of NADH at 365 nm, respectively.

Electrophoretic methods. Sodium dodecyl sulfate (SDS)-
and 2-mercaptoethanol-denatured proteins were separated in
11.5% (wt/vol) polyacrylamide gels in Tris-glycine buffer (25
mM Tris, 190 mM glycine, 0.1% [wt/vol] SDS) as described by
Laemmli (46). Proteins were stained with Serva Blue R. DNA
fragments were separated in 0.8% (wt/vol) agarose gels in
Tris-borate-EDTA buffer (50 mM Tris, 50 mM boric acid, 1.25
mM Na,EDTA [pH 8.5]) (68). DNA bands were stained with
ethidium bromide and visualized on a UV transilluminator.

Immunological methods. Antisera against purified E1 were

raised in a rabbit as described previously (56). Immunoglobu-
lins were purified from the serum by chromatography on
protein A-Sepharose CL-6B (37). Double-immunodiffusion
tests were performed in 1% (wt/vol) agarose gels in 50 mM
diethylbarbiturate-acetate buffer (pH 8.2) as described previ-
ously (55). For Western blot (immunoblot) analysis of soluble
cell fractions, electroblots were prepared with a semidry Fast
Blot B33 (Biometra GmBH, Géttingen, Germany) at constant
5 mA/cm? as instructed by the manufacturer, and antigenic
proteins were stained with anti-rabbit immunoglobulin G
(IgG)-alkaline phosphatase conjugate (81).

Isolation and manipulation of DNA. Total genomic DNA
from P. carbinolicus was obtained as described by Marmur
(52). Plasmid DNA was isolated from E. coli crude lysates by
the alkaline extraction procedure (7). Restrictions of DNA
were performed with various restriction endonucleases under
the conditions described by Sambrook et al. (68) or the
manufacturer. For introducing unidirectional deletions, the
Stratagene Bluescript Exo/Mung DNA system was used ac-
cording to the instructions of the manufacturer. DNA frag-
ments were isolated from agarose gels by using the Geneclean
kit (84). All other DNA-manipulating enzymes were used as
described by the manufacturer.

Transformation. For transformation, E. coli was grown in
LB medium containing 10 mM MgCl, and 10 mM MgSO, (24).
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Competent cells were prepared and transformed by the cal-
cium chloride procedure (68).

Construction of P. carbinolicus genomic libraries. P. carbin-
olicus genomic DNA was partially digested with HindIII and
ligated to pVK100. The products were packaged with phage A
coat proteins by using an in vitro packaging kit, which was
prepared from E. coli BHB2688 and BHB2690 (38, 39, 43), and
transfected into E. coli S17-1. For the preparation of a partial
EcoRI library, fragments with desired length from totally
digested genomic DNA were separated electrophoretically and
were isolated from the agarose gel by using the Geneclean kit.
The fragments were subsequently ligated with EcoRI-re-
stricted plasmid pBluescript KS™ and transformed into E. coli
XL1-Blue.

Synthesis of oligonucleotides. Synthesis of oligonucleotides
was performed in 0.2-pmol portions from deoxynucleoside
phosphoramidites (3) with a Gene Assembler Plus apparatus
(Pharmacia-LKB Biotechnology, Uppsala, Sweden) according
to the instructions of the manufacturer. Release of the oligo-
nucleotides from the supports and removal of protection
groups were achieved by 15 h of incubation at 55°C in 32%
(vol/vol) ammonia solution. Oligonucleotides were purified by
gel filtration in NAP-5 columns. The following oligonucleoti-
des were synthesized according to the N-terminal amino acid
sequences of purified components of the P. carbinolicus ace-
toin dehydrogenase enzyme system (wobble positions are
shown in brackets; equimolar fractions of the different bases
were used at these positions): probe la, 3'-TT[CT]TAC[TG]
C[ACGT]CT[CT]TA[AGT][GT]C-5' (corresponding to amino
acid positions 16 to 21 of Ela); probe I, 3'-TA[AGT|TA
CAA[AGITT[CT]|CT[AG]CG-5' (corresponding to amino
acid positions 5 to 10 of E1B); probe II, 3'-TG[ACGT|TACCT
[CTICT[CT]CC[ACGT][AG]A-5' (corresponding to amino
acid positions 17 to 22 of E2); and probe III, 3'-CT[AG]
CT[CT]TA[AGT]AA[AG]CT[AG][AG]A-5’ (corresponding
to amino acid positions 2 to 7 of E3). For DNA-DNA
hybridizations, oligonucleotides were labeled by T4 polynucle-
otide kinase and [y->’P]ATP (68).

DNA-DNA hybridization. Transfer of denatured DNA from
agarose gels or cell colonies to nylon membranes, hybridization
with *2P- or biotin-16-dUTP-labeled probes, and detection of
DNA were performed by standard procedures (22, 47, 68).

DNA sequence analysis. Plasmids pKSH48 and pKSH48-1
were digested with Apal and Xhol and subsequently treated
with exonuclease III and mung bean nuclease to introduce
unidirectional deletions. By using pKSH48, pKSH48-1, and
their deleted derivatives as template DNAs, and by using
universal and reverse primers, the nucleotide sequence of the
4.8-kbp HindIII fragment was determined. In addition, parts of
pKSH64 and pKSH34 were also sequenced by using the
primer-hopping strategy with synthetic oligonucleotides as
primers (77). DNA sequences were determined from double-
stranded alkali-denatured plasmid DNA by using the dideoxy-
chain termination method (69) with the T7 polymerase se-
quencing kit and [a-**S]dATP as instructed by the
manufacturer (Pharmacia-LKB Biotechnology). Synthetic oli-
gonucleotides were used as primers. Products of the sequenc-
ing reactions were separated in 6% (wt/vol) polyacrylamide
gels in Tris-borate-EDTA-urea buffer (100 mM Tris, 83 mM
boric acid, 1 mM Na,EDTA, 42% [wt/vol] urea) in an S2
sequencing apparatus (GIBCO/BRL GmbH, Eggenstein, Ger-
many) and visualized on X-ray films.

Analysis of sequence data. Nucleic and amino acid se-
quences were analyzed with computer programs from the
Genetic Computer Group sequence analysis software package

(17).
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Insertion of deletions into aco4 and acoB. Deletions in acoB
were introduced by restriction with Narl, for which two restric-
tion sites were located in acoB and one was located in the
vector DNA downstream of lacZ’'. Religation resulted in
plasmid pUCBN13. To delete aco4, pUC8BP25 was digested
either with Sall, resulting in the loss of 85 bp from the central
region of acoA with a concomitant downstream frameshift, or
with SstII, resulting in a 396-bp deletion from the central
region of acoA including the thiamine pyrophosphate-binding
region. Religations of these derivatives resulted in plasmids
pUC8BP25ASall and pUC8BP25ASstII, respectively.

Chemicals. Restriction endonucleases, biotin-16-dUTP, the
nick translation kit, the DNA detection kit, T4 DNA ligase, S1
nuclease, anti-rabbit IgG-alkaline phosphatase conjugate, and
the substrates used for enzyme assays were obtained from
GIBCO/BRL, C. F. Boehringer & Soehne (Mannheim, Ger-
many), or Stratagene Cloning Systems (San Diego, Calif.).
RNase-free DNase, phosphoramidites, NAP-5 columns, and
protein A-Sepharose CL-6B were obtained from Pharmacia-
LKB Biotechnology, radioisotopes were from Amersham/
Buchler (Braunschweig, Germany), and polyvinylidene fluo-
ride membranes were obtained from Millipore (Bedford,
Mass.). All other chemicals were from E. Merck AG (Darm-
stadt, Germany), Fluka Chemie (Buchs, Switzerland), Serva
Feinbiochemica (Heidelberg, Germany), or Sigma Chemie
(Deisenhofen, Germany).

Nucleotide sequence accession number. The nucleotide and
amino acid sequence data reported in this study have been
submitted to the National Center for Biotechnology Informa-
tion under accession number U01100.

RESULTS

Identification and cloning of acoA4, acoB, acoC, and acoL.
Oligonucleotide probe I, which was synthesized on the basis
of the N-terminal amino acid sequence of the E18 component
of the P. carbinolicus acetoin dehydrogenase enzyme system,
was used to screen a P. carbinolicus HindIII genomic library in
the cosmid pVK100 by colony hybridization. From approxi-
mately 1,500 colonies, three clones gave strong signals. Each
hybrid cosmid (designated pVKH) contained three genomic
HindIII fragments of 6.4, 3.4, and 4.8 kbp, respectively. The
latter fragment gave hybridization signals with any of the four
probes (Fig. 1), indicating that the corresponding N-terminal
regions of both subunits of the E1 component, as well as the E2
and E3 components of the acetoin dehydrogenase enzyme
system, were encoded on the 4.8-kbp HindlIII fragment. The
4.8-kbp HindIIl fragment and the 6.4- and 3.4-kbp HindIII
fragments, which are presumably linked in the genome, were
ligated to pBluescript KS™, resulting in plasmids pKSH48,
pKSH64, and pKSH34 (Fig. 2A).

Nucleotide sequences of acoA, acoB, acoC, acoL, and adja-
cent regions. The nucleotide sequence of a region of 7,251 bp,
which was obtained from both strands of pKSH48, pKSH64,
and pKSH34, revealed 50 open reading frames (ORFs) with a
minimum length of 120 bp (Fig. 2B). The sequenced region
exhibited a G+C content of 55.3 mol%, which was close to 52.3
mol% G+C determined for the total genomic DNA (71).
Knowledge of the N-terminal amino acid sequences of the
acetoin dehydrogenase enzyme system components allowed
identification of the corresponding structural genes. The
amino acid sequence deduced from the 5’ region of ORF1 was
identical to the N-terminal amino acid sequence of purified E2
(56) except for two previously uncertain amino acid residues
and the terminal methionine residue, which was removed by
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'FIG. 1. Localization of P. carbinolicus aco genes. HindIlI digests of
hybrid plasmid pVKH and of P. carbinolicus genomic DNA were
separated in 0.8% (wt/vol) agarose gels, blotted onto nylon mem-
branes, and hybridized with the 3?P-labeled oligonucleotide probe Ia,
IB, II, or III (see Materials and Methods). (A) Agarose gel stained
with ethidium bromide; (B) autoradiograms of blots hybridized with
probe Ia (B1), I (B2), II (B3), or III (B4). Lanes: 1, HindIlI-restricted
P. carbinolicus genomic DNA; 2, Hindlll-restricted pVKH; Std, A
HindIII standard. The 4.8-kbp fragment, which gave signals with any of
the four probes, is indicated by an arrow. The sizes of standard
fragments are indicated at the left.

posttranslational modification (Fig. 3). The latter occurred
also for the N termini of E3 and of E1B, which matched exactly
the amino acid sequences deduced from the 5’ regions of
ORF2 and ORF®, respectively. The translational start codons
of these genes were preceded by putative Shine-Dalgarno
sequences (Fig. 3). Therefore, ORF1, ORF2, and ORF6
represent the structural genes for E2 (acoC), E3 (acoL), and
E1B (acoB), respectively. Plasmid pKSH48 contained the
entire sequences of acoB and acoC but only 243 nucleotides of
the 5’ region of acoL. The 3’ region missing from acoL was
identified at one end of the 6.4-kbp HindIIl fragment in
pKSH64. Plasmid pKSH48 also lacked the 5’ region of the
structural gene for Ela (acoA) encoding the N-terminal 12
amino acid residues. Since this region was also not detectable
in pKSH34 or pKSH64, a partial EcoRI genomic library was
screened with a biotinylated 2.8-kbp EcoRI fragment of
pKSH48-1, which included the 3’ coding region of acoA4, the
entire coding sequence of acoB, and part of the 5' coding
region of acoC. Four of 200 transformants gave strong signals
after hybridization, and each of them harbored a single 6.7-kbp
EcoRI fragment, which was oriented antilinearly to lacZ'.
From the resulting plasmid, pKSE67 (Fig. 2A), a region of
approximately 700 bp including the 5’ region of acoA was
sequenced. The amino acid sequence of purified Ela corre-
sponded to the amino acid sequence deduced from the nucle-
otide sequence downstream of the third ATG codon of ORF3
(position 683 in Fig. 3). Because, in addition, only this and not
the first (position 422) and second (position 650) ATG codons
of ORF3 was preceded by a reliable Shine-Dalgarno sequence,
acoA starts at position 683.

The codon preferences of acod, acoB, acoC, and acolL
corresponded to that of the colinearly oriented ORF4 (Fig.
2B), which is preceded by a tentative Shine-Dalgarno sequence
(Fig. 3). The G+C contents of acoA, acoB, acoC, acoL, and
ORF4 were 56.7, 56.9, 56.3, 58.3, and 56.2%, respectively. The
G+C contents for the different codon positions followed the
rules of Bibb et al. (6): the G+C contents for the first codon
position of acoA, acoB, acoC, acoL, and ORF4 were 64.1
(theoretical value, 61.6), 59.9 (61.8), 63.6 (61.3), 63.7 (62.7),
and 62.3 (61.3) mol%, respectively. For the second position,
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the following values were calculated: 42.5 (42.3), 43.4 (42.3),
42.9 (42.1), 39.6 (42.9), and 44.7 (42.1) mol%. For the third
position, the values were 64.7 (66.4), 68.0 (66.8), 63.4 (65.7),
71.1 (69.5), and 63.7 (65.5) mol%. GGU and GGC were the
preferred codons for glycine, whereas UUA (leucine), CUA
(leucine), CGA (arginine), and CCA (proline) were avoided;
UAG was not used as a stop codon. These data provided
evidence that ORF4, like acoA, acoB, acoC, and acoL, repre-
sents a coding DNA sequence.

Nucleotide sequence of the downstream region of acoL. At a
distance of 308 bp downstream and colinear to acoL, ORF5
was identified (Fig. 2B). A tentative Shine-Dalgarno sequence
was located upstream of the putative start codon (Fig. 3). The
protein deduced from the nucleotide sequence comprised 58
amino acid residues, and the primary structure showed strong
similarities to several low-molecular-weight 2[4Fe-4S] ferre-
doxins, such as those from Clostridium pasteurianum (79)
(33.3% identical amino acids at 54 positions), C. perfringens
(72) (31.5% identity at 54 positions), and C. butyricum (5)
(32.7% identity at 52 positions). Therefore, ORFS5 presumably
encodes a 2[4Fe-4S] ferredoxin with a calculated M, of 6,381.
A putative ferredoxin with an estimated M, of 4,900 was
previously identified in the soluble cell fraction of P. carbinoli-
cus in both acetoin- and ethylene glycol-grown cells (58).

Putative transcriptional termination signals. In the 5’ flank-
ing regions of acoA4, acoB, acoC, and acoL as well as of ORF4,
ORF5, and ORF7 (the latter did not exhibit significant re-
semblance to any protein stored in the data libraries), no
sequences which exhibited significant homologies to the
enterobacterial —35/—10 or —24/—12 promoter consensus
sequences (1, 30) were identified. In cell extracts of recombi-
nant LB-grown E. coli harboring plasmid pKSE67 with aco4
and acoB in an antilinear orientation to lacZ’ (Fig. 2A), no E1
proteins and no activity were detected, indicating that no
functional promoter was present for acoA and acoB transcrip-
tion in the host cells. Closely downstream of acoC, an inverted
repeat which may represent a factor-dependent transcriptional
terminator (88) was found (Fig. 3). According to Tinoco et al.
(80), the free energy of this structure is 81.6 kJ/mol. In
addition, two inverted repeats were identified at distances of 58
and 131 bp downstream of acoL (exact positions are shown in
Fig. 3); the values for free energy were 82.5 and 75.8 kJ/mol,
respectively. As both hairpin-like structures were followed by a
run of 5 or 6 U residues in the RNA, which is sufficient to
destabilize the RNA-DNA hybrid, they may represent factor-
independent transcription factors (88).

Properties of the acoA and acoB gene products. The M, of
37,500, which had been determined previously for E1B (56),
corresponded with the calculated value of the acoB product
(36,184), whereas the calculated value of 34,854 for the acoA
gene product differs slightly from the M, of 38,500 determined
for Ela (56).

Comparisons of the amino acid sequences deduced from
acoA and acoB with the primary structures of proteins col-
lected in the data libraries revealed striking homologies of P.
carbinolicus Ela and E1B to the corresponding subunits of the
A. eutrophus acetoin:DCPIP oxidoreductase (65). Strong sim-
ilarities to the corresponding subunits of E1 components of
2-oxo acid dehydrogenase multienzyme complexes from differ-
ent sources were also found (Table 2; Fig. 4). Similarities of P.
carbinolicus E1B to the corresponding subunits of different
2-oxo acid dehydrogenases were found to be greater than those
of Ela to the corresponding subunits of 2-oxo acid dehydro-
genases. This coincides with previous findings (29) that the
homologies between a subunits of different 2-oxo acid dehy-
drogenases were weaker than those between B subunits. The
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FIG. 2. Molecular organization of the P. carbinolicus aco gene cluster. (A) Restriction map of the region analyzed in this study and of relevant
inserts of plasmids. (B) ORFs detected in the sequenced region comprising more than 120 bp. (C) Relevant restriction sites of the sequenced region
(sites which are also shown in panel A are in boldface). (D) Structural genes of the aco gene cluster. The positions of hairpin-like structures are
symbolized by loops. (E) Plasmid clones of subfragments used for heterologous expression of acoA4, acoB, and ORF4 (acoS).

amino acid sequence of P. carbinolicus Elo. contained the
putative thiamine pyrophosphate-binding motif (20, 28), which
is a central region of the consensus sequence depicted in Fig.
4A.

Heterologous expression of acoA and acoB in E. coli. To
delete most of the regions upstream and downstream of aco4
and acoB, pKSEG67 was restricted with BamHI and PstI (Fig.
2C and D). The resulting 2.5-kbp fragment was ligated with
BamHI-plus-PstI-restricted pUCS8, pUCS-1, and pUCS8-2 (27,
83) and transformed into E. coli DH5«, resulting in plasmids
pUC8BP25, pUCS8-1BP25, and pUCS-2BP25, respectively
(Fig. 2E). After incubation for 12 h in LB medium in the
presence of either 1.0 mM isopropyl-B-D-thiogalactopyrano-
side (IPTG) or 0.6% (wt/vol) glucose, soluble cell fractions
from all transformants were subjected to SDS-polyacrylamide
gel electrophoresis and tested for E1 enzyme activity and for
immunological reaction with anti-E1 IgG. In the presence of
IPTG, plasmids pUC8BP25, pUC8-1BP25, and pUC8-2BP25
conferred E1 activity to the recombinant cells. The specific

activities in the soluble cell fractions of E. coli(pUC8BP25), E.
coli(pUC8-1BP25), and E. coli(pUC8-2BP25) were 0.20, 0.004,
and 0.15 U/mg of protein, respectively, which were much lower
than in acetoin-grown P. carbinolicus (2.85 U/mg) (56). In the
presence of glucose, only residual enzyme activities (<0.001
U/mg) were measured. Two dominant protein bands appeared
in the protein pattern of the IPTG-induced recombinant E. coli
cells, which exhibited the same electrophoretic mobility as Ela
and E1p purified from P. carbinolicus (Fig. 5A1l, lanes 1 to 5).
In IPTG-induced cells of E. coli(pUC8BP2S5), the acoA and
acoB products represented the major fraction (>50%) of the
soluble proteins (Fig. 5A1, lane 2). This recombinant E. coli
synthesized even more Ela and E18 than did P. carbinolicus
during growth on acetoin (56). The reason for the relatively
low specific activity of expressed E1 in the recombinant E. coli
cells is not clear. The reaction with anti-E1 IgGs, which was
strongest with soluble cell fractions from IPTG-induced E.
coli(pUC8BP25), revealed that heterologous expressed E1 was
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40 30 20 10
G HTVFQVTULAAGENTILGI KA ATILUZPZSSRIRILNU QRS GTLIKEQ
TACCGTGTGTGAACTGGACCGTCAGTGCCGCGCCCTCATTTAAGCCTTTCGCTGTGAGTGGCGAACTTCGGCGAAGGTTTTGTCTGCCAAGTTTTTCCTG

W T V E P I M
CCACGTTACTTCCGGGATCATTCTCTTCTTTCCCTGGATGACATTTCTCTCTAGTCCTTACGCAGGCCAGGCCGTTGTGCTTTGCCTGTTTTTTTGCTTT
<- ORF7 -

TCTACGAGCATTGCCCGGGGTGAAAAGCGAAGCCTCGCAAACCTGTCTCAATTCCTCAACCGGGGTTTTGCGACAGATGTTTGTCTTGCCGTAAGACACT
TGTATCAAAATTATCAAAACCTCTGAGAACCAGTGCTCTCAAATACTTGCAATGCAAACATTCAGGATTGTTCAGATCTTTTTTTGAAAAACTTTTACAT
CTGAAATCCCTCGCAAAAACAATGTTTTGCGAATTGCTTTTAGGGATTTGGGAGTGTTTGTTTTTTGCGATCCGGATCCTTGGCACCTGTTGTGCTCTAA

BamHI

CACATGACCGTGAGACCAAGCGCGGCCGTATCAAGAGCCTGTCTTGCGGTCATCGATTCAGCAGCGGCTTGCCACCTCCAGGCGGGCGTGAGGCAGGTCG

M K T QL
GGATCGACTA‘I‘CACAGGTGAAGATCGGTCAATCGT‘I‘ACCCTATCGT‘I‘T'I’ATGGCACGATCCAAAGGAAGAAGGCAAATGAAGACACAACTGTCG
[ s/D] acoA ->

10 20 30 40

K E DL L KA Y RIKMRPRETIRETFETUDI RVHVETFAI KSGTULUZPGF V

AAAGAGGATCTTCTCA%AGCTTATCGCAAGATGCGGGAGATTCGGGAGTTTGAAGACCGTGTGCATGTTGAGTTCGCGAAAGGGACTCTCCCCGGCTTCG
HindIII

50 60 70
HL Y S G EEAVA AV GV CsSHLNDTILUDU RTIA ASTHIRGHGHC
TTCATCTGTATTCAGGTGAGGAAGCTGTGGCTGTTGGTGTTTGTTCACACCTCAACGATCTGGACCGTATCGCCAGTACCCACCGCGGCCATGGACACTG
SstIl
80 90 100
I A K GV ELEGMMAETIYGIZ K KT GTU CS G GI K GG S MHTIATD
CATCGCCAAGGGTGTTGAGCTCGAAGGCATGATGGCCGAGATCTACGGCAAGAAAACCGGTACCTGCGGCGGTAAGGGCGGTTCCATGCATATTGCCGAC

110 120 130 140
L DK GMMGANGTIUVGAGT?PZPTLTIA AGAA AL ASZ KU LRI KUDGS SV
CTCGACAAAGGTATGATGGGTGCAAACGGTATCGTCGGTGCCGGTCCCCCGCTGATCGCTGGTGCTGCTCTGGCTTCCAAACTGCGCAAAGACGGCAGCG

150 160 170
G VvV FF GDGASNOQGTNTFE SMNTFAVTILIDILUPMTITFVL
TCGGTGTGGTTTTCTTCGGCGACGGTGCTTCCAACCAGGGTACCAACTTCGAGTCGATGAACTTCGCCGTTACCCTGGATCTGCCGATGATCTTCGTTCT

180 190 200
E NNG Y A E S T S P K Y S A KV G SDNTIADU RARGT FGMUPA
GGAGAACAACGGTTACGCCGAG$CGACTTCTCCCAAGTACTCCGCCAAAGTCGGTTCCGACAATATCGCTGACCGCGCCCGC?GTTTCGGCATGCCCGCA
Sall SstII
210 220 230 240
vV T v D GNUDT FVFA AV YEA AAGEA ATIUEIRARIKGS GG GU®PTT FTIE CK
GTCACCGECGACGGCAACGATTTCTTCGCCGTTTACGAAGCTGCCGGGGAAGCTATTGAGCGCGCCCGCAAAGGCGGCGGCCCTACCTTCATCGAGTGCA
Sall
250 260 270
T M R Y F GH F E G DAOQT Y RUPI KNUEUV KD AR ANDTCUPTUL KR
AGACCATGCGTTATTTCGGTCACTTCGAAGGTGATGCCCAGACTTATCGTCCCAAGAACGAAGTTAAGGACGCCCGTGCCAATGATTGCCCTCTGAAGCG

280 290 300
F ADAAI SAGULV EAADTIEA ATIUDI KU DV VL AOQV EIKAV KD
CTTTGCTGACGCTGCGATCTCCGCCGGCCTGGTGGAAGCCGCTGATATCGAGGCCATCGATAAGGATGTTCTGGCCCAGGTCGAAAAGGCTGTCAAGGAC

310 320
A E V A P Q P DMEA ALMATDUV YV S Y *
GCCGAGGTCGCACCGCAGCCTGATATGGAAGCGTTGATGGCCGACGTGTATGTA'I’CT'I‘ACTGATCCCTTTTTGACGAAAAGATATAGTAAGAC

10 20 30
M A R K I M F KDAULNEA AMRPBRILEMMEU RUDES SV VL I GL DV A
GATGGCTAGAAAGATTATGTTCAAGGACGCACTGAACGAAGCGATGCGTTTGGAGATGGAACGTGACGAGTCCGTTGTCCTCATCGGGCTCGACGTTGCC
acoB ->

40 50 60
G GAGTVTULDI KEIZRIDSWSGGVL GV S K GULYUPULTFZPUDI RTITI
GGCGQFGCCGGTACCGTTACTCTGGACAAGGAGCGCGATTCCTGGGGCGGCGTTCTCGGCGTCAGCAAGGGTCTGTATCCGCTGTTCCCCGACCGTATCA
Narl
70 80 90 100
D TPI S ESAYIGAA AV GASACGLU RAIGETLMMTF S DF M
TCGATACTCCGATCTCCGAGTCCGCTTATATCGGTGCTGCCGTCGGCGCTTCGGCTTGTGGATTGCGCGCCATCGGCGAGCTGATGTTCTCCGACTTCAT

110 120 130
GV CF D QLY NOQA AATZ KT FRYMTFGG G KA AV TU?PVTTIIZRTMTISG
GGGCGTCTGCTTTGACCAGCTGTACAACCAGGCTGCCAAGTTCCGTTACATGTTCGGTGGCAAGGCTGTTACCCCGGTAACCATCCGCACCATGATCGG?
Narl
140 150 160
A G F S A A A QH S QS PY S MV FAHUVUPGIL-K CTITI P S NUPY DA
GCCGGTTTCAGCGCCGCCGCTCAGCATTCCCAGAGTCCTTACTCGATGTTCGCTCATGTGCCGGGTCTGAAGTGCATCATCCCCTCCAACCCCTACGATG

170 180 190 200
K G L L. AASIADUDTU DU PTCVF FTF FEUHIZ KA ALYTMZ K GEV P EE H
CCAAAGGTCTGCTGGCCGCTTCCATTGCGGATGACGATCCCTGCGTGTTCTTCGAGCACAAAGCTCTTTACACCATGAAGGGCGAGGTTCCTGAAGAGCA

210 220 230
Y T I PL G KA ANVV QESGI KDV VTTIUVALARMMVYVQFA AEIKAA
CTACACCATTCCTCTGGGCAAAGCCAATGTTGTTCAGGAAGGTAAGGACGTTACCATCGTTGCTCTGGCCCGCATGGTTCAGTTCGCCGAAAAGGCTGCC

240 250 260
K K L AKDGTIETCTTITIDU®PRTTISPMDWUDA ATIYS S V EK KT G
AAGAAGCTGGCCAAAGACGGTATCGAGTGCACCATTATCGATCCCCGTACCATCTCGCCGATGRACTGRGACGCCATCTACTCCAGCATCGAGAAGACCR

FIG. 3. Nucleotide sequence of the P. carbinolicus aco gene cluster. Amino acids deduced from the nucleotide sequence are specified by
standard one-letter abbreviations. The amino acid sequences determined for the N termini of purified P. carbinolicus Ela, E1B, E2, and E3 are
overlined (differences between the amino acid sequence obtained by microsequencing of E2 and E3 and those deduced from the nucleotide
sequence are indicated by parentheses). Putative ribosome-binding sites (S/D) are symbolized by boxes. The positions of hairpin-like structures are
marked by inverted arrows. Relevant restriction sites are indicated below the nucleotide sequence.
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270 280 290 300
R L VVVDESYDULT CGVASDTIT CGTTZ CSAOQNUVF FGATLIKAA
GTCGCCTGGTGGTTGTTGACGAAAGCTATGACCTCTGCGGCGTTGCTTCCGATATCTGCGGCACGTGTTCCCAGAATGTGTTCGGCGCTTTGAAGGCAGC

310 320 330
P Q MV TAUPVF VP TP F A ANTLEAAYTLUPDA AIZKI KTIEAAUV R
TCCCCAGATGGTAACGGCTCCGTTCGTTCCTACGCCTTTTGCAGCCAATCTTGAGGCCGCTTACCTGCCTGACGCTAAGAAAATCGAAGCGGCTGTACGT

10 {K) 20 (L)
K T M E * M S D NRTITIALTMZPI KW GILTMEETGTTI S S WL
AAAACCATGGAGTAAGTATCATGAGTGACAATAGAATCATAGCTCTCACCATGCCCAAGTGGGGCCTGACCATGGAAGAAGGCACCATCTCTTCCTGGCT
acoC ->
30 40 50 60

M D EGDTTIEV G S EILEVETUDI KTIA AQZ®PVESAVETGTIITL
GATGGACGAGGGCGACACTATCGAAGTCGGGAGTGAAATTCTCGAAGTCGAAACCGACAAGATCGCGCAGCCCGTTGAAAGTGCTGTCGAAGGTATCCTG

70 80 90
R R K I G EEDEEYPV KALTIGTITIAAETDUVTETETETITDATFTI
CGTCGCAAGATCGGTGAAGAAGACGAAGAATACCCTGTGAAGGCTCTGATCGGGATCATCGCTGCASAGGATGTCACCGAAGAGGAAATCGACGCGTTTA
PstI
100 110 120
A S Y GG EGA AEGSDETDEA APAETAA AAZPESGTIYETLTMFP
TCGCCAGCTACGGCGGCGAAGGTGCTGAGGGTTCCGATGAAGATGAAGCTCCTGCAGAAACCGCTGCTGCACCTGAAGGTATCTATGAGCTGACCATGCC

130 140 150 160
K W G6L TMEEGTTI S S WL I DEGDEVEV GTETIMEUVET
CAAGTGGGGCCTGACCATGGAAGAAGGCACCATCTCTTCCTGGCTCATCGACGAAGGGGATGAAGTCGAAGTCGGTACCGAGATCATGGAAGTTGAGACG

170 180 190
D K I AQ?PV ESTVAGVL RIRIKTISGEEUDTEEY?PV KA ATLTISGTI
GATAAGATCGCTCAGCCGGTTGAAAGTACCGTGGCAGGTGTGTTGCGTCGCAAGATCGGTGAAGAGGACGAGGAATATCCGGTAAAAGCCTTGATCGGTA

200 210 220
I A DAsSs Vs DADTIUDAYT LA ASUZ RS GG GEA AASGDEEEEAAA
TTATTGCCGATGCCTCGGTATCCGATGCCGATATCGATGCTTACCTTGCCAGCCGTGGTGGCGAAGCCGCCTCGGGTGACGAGGAAGAAGAAGCTGCAGC

230 240 250 260
P A Q PT S K PMSAIGAATISNTVTNSWTTIUPOQF PV TM
TCCGGCGCAGCCGACCAGCAAGCCGATGTCGGCCATCGGTGCCGCCATCTCCAATACGGTGACCAACTCGTGGACTATTCCCCAGTTCCCGGTCACCATG

270 280 290
G I E MG A A KEVFRAGI LI KA AAGI KA AV S MNUDMVIRATCGIK A
GGCATCGAGATGGGTGCGGCCAAGG?ATTCCGTGCCGGTCTCAAGGCTGCAGGCAAGGCTGTTTCCATGAACGATATGGTAATCAGGGCCTGTGGCAAGG
EcoRI
300 310 320
I EQ Y P MV NATULG G G I KEY GLNADUVNTIAVAUV G TDD A
CCATCGAGCAGTACCCGATGGTTAACGCCACTCTGGGCGGCAAGGAATATGGCCTTAATGCCGATGTAAACATCGCCGTTGCCGTCGGCACCGACGATGC

330 340 350 360
L MMPVV KGCQAL SLEEVASASRA AV IDI KV KA ASGTC
TCTGATGATGCCGGTTGTCAAGGGCTGTCAAGCCCTCAGCCTTGAAGAAGTTGCCAGCGCTTCCCGCGCTGTAATCGACAAGGTTAAGGCCGGTACCTGC

370 380 390
G P A EMAGGNTFAI SNILGMLGVDSVFGA ALV PPGMS A I
GGCCCTGCTGAAATGGCTGGTGGTAACTTCGCCATTTCCAACCTGGGTATGCTCGGGGTCGATTCATTCGGTGCCCTGGTGCCCCCGGGAATGTCTGCGA

400 410 420
LAV GG I KDEVVYV KDGEMV PV S TMZI KV TULV ADUHR RV
TCCTGGCAGTTGGCGGCATCAAAGACGAAGTCGTAGTGAAAGATGGCGAAATGGTTCCCGTGTCAACGATGAAGGTGACCCTGGTAGCCGACCACCGGGT

430 440 450
v D GL Y S A Q F LV ETLI K RILILENUZPEETL * —_—
GGTGGACGGGTTGTACTCCGCCCAGTTCCTGGTGGAACTGAAGCGTCTTCTGGAAAATCCCGAAGAGCTTTAATTTTAGATAGCAAAAAGCCGGCACCCC

—
CTCAAAGGGGTGCCGGTCGATAAAAGATTTCGCGGAATAGCGTTTGTGTATATTTGGTATAGTCGGATCATGAAAAAAGAGTCAGGGGTTGTTGGTCTTG

C?CAGGATTTCATGTGCCGGGGATGACAGCCCATGTTGAGCTGCTGATCGAAGGCGATTGGGTCGGTCAGGTTCGAAGAGTTGTGATGATTCTGCACGAG
Ddel
10
M DV G Q K K R G A DI KTAL
ACGGTATTACGGGTTTGATGCCGCACAAAGGGCATCGGGAAGATAAGGGTCACGATCATGGATGTTGGACAAAAAAAACGTGGTGCCGATAAAACGGCCC
ORF4 (acoS8) ->

20 30 40
A T TDEQGA AL S K PTWTIIRAZ KA APTISUPEUVGI RILTGTITUL R
TAGCGACGACTGATGAGCAAGGCGCTTTGTCCAAGCCGACCTGGATCCGCGCCAAGGCGCCGATCTCGCCGGAGGTTGGCAGGTTGACGGGAATCCTGCG

50 60 70 80
DL HLHTV VCZEUEA ASTCZPNILSGET CTFI KW RGTA ATV FMMTIMGT DUV
TGATTTGCATCTGCATACGGTGTGCGAAGAGGCCAGCTGTCCCAACCTCGGCGAATGTTTCAAGCGTGGGACGGCAACCTTCATGATCATGGGCGATGTC

90 100 110
¢ T RRCUPUFCDVAHGI RUPAALUDTETEUZPGUHT LA ADA ATIGA aAMK
TGTACGCGTCGTTGTCCCTTTTGCGACGTGGCACATGGCCGGCCTGCTGCCTTGGATACCGAAGAGCCGGGACATCTGGCGGACGCCATCGGCGCCATGA

120 130 140
L K YyvvVv 1T SV TIRUDUDILEUDSGS GAA AHT FAQ QT CTIUES STIT RIKI KT
AGCTCAAATACGTGGTGATCACCTCGGTGACCAGGGACGATCTGGAAGATGGCGGCGCCGCACATTTCGCACAGTGTATCGAATCCATCCGCAAGAAAAC

150 160 170 180

R RV Y KV EIULVPDVFRGHVDAALI I KNTIZLSGNTZ CTLU®PDV F N
CCGTAGGGTGTACAAGGTGGAGATCCTGGTGCCTGATTTCCGGGGGCATGTCGATGCCGCCCTCAAGAACCTCGGCAACTGTCTGCCCGACGTGTTTAAC

FIG. 3—Continued.
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190 200 210
H NLETVPRULYAESURUP GARYUHES ST LR RILILA QRTFIKETY P
CATAATCTTGAAACGGTACCGCGTCTTTATGCGGAGTCACGACCTGGTGCCCGTTATCACGAATCTTTGCGGTTGTTGCAGCGGTTTAAGGAAACCTATC

220 230 240
G I PTK SGLMULGLGETUDETETITLEVMRBRIDILIRVHGT CT DM
CCGGTATACCGACCAAATCCGGCCTGATGCTGGGATTGGGCGAAACAGACGAAGAGATCCTTGAAGTTATGCGGGATTTGCGGGTGCACGGTTGCGATAT

250 260 270 280
L T I GQ YL RP S RHHLUPVQRYVTUPETU QFEAFI RUVAGIL
GCTGACCATCGGACAGTATCTGCGACCCAGTCGCCATCATCTGCCGGTTCAGCGCTATGTAACCCCGGAGCAGTTCGAGGCGTTTCGGGTTGCCGGTTTA

290 300 310
K M G F S QVASGU?PULVU RS S YHADTULA QA ATZ KEUVLHT *
AAGATGGGCTTTTCCCAGGTCGCTTCAGGGCCGCTGGTGCGTTCTTCCTATCACGCCGATCTACAGGCAAAAGAAGTTTTGCATACATGACAAGCCGCGG

10 20
M ADETIV FDTLTIVILGAGZPG GG GY YV G A
TTAAAACCCAGGAGTTTTGCCGCATAAGGAGAATATAAAATGGCTGACGAAATTTTCGATCTTATCGTATTGGGTGCCGGTCCCGGAGGTTATGTCGGGG

acoL ->

30 () (?2)__ 40 50
I R A A QL GMZIKVAVVYV ES SR RZPTILSGS GV CLNETGT CTIU®PS K A
CGATCCGCGCAGC%‘CAGCTCGGCATGAAGGTCGCCG'I‘GGTGGAAAGTCGTCCGACCCTCGGCGGTGTGTGCCTTAACGAAGGCTGCAT’I‘CCGAGTAAAGC
Ddel
60 70 80
L L DS S EHV FALA ARUDIKT FDMHGTIUETIU®PAZPI KT LNTLA AI KMMM
GCTGCTCGACTCCAGCGAACATTTCGCTCTGGCGCGGGACAAGTTCGATATGCACGGCATCGAGATCCCTGCACCGA%\GC'I'I‘AACCTGGCCAAGATGATG
HindIII
90 100 110 120
ERKEGVVSDLTS GG GTIA ATFTLTFI KI KNI KV VT TWTII KSGT RTGTI KT LTLG
GAGCGCAAGGAAGGCGTTGTCAGCGATCTTACCGGCGGCATCGCGTTCCTTTTCAAAAAGAATAAAGTTACCTGGATCAAGGGCCGCGGCAAGCTGCTCG

130 140 150
A GGDGLQQVEVT G KNAGVYVVYV K GI KNV LILATS GG GI KV A
GAGCCGGTGGCGACGGTCTGCAGCAGGTTGAAGTGACCGGTAAGAACGCCGGCGTGGTCAAGGGCAAGAATGTTCTGCTGGCTACCGGCGGCAAGGTTGC

160 170 180
vV PGITVDNDUVITIUDNVGALJSTIDI KV VUPEUHTLMMTITISGA
GCAGGTTCCCGGCATTACCGTAGACAACGATGTGATCATCGACAACGTCGGCGCCCTGAGCATTGATAAAGTCCCCGAACATCTGATGATCATCGGCGCC

190 200 210 220
G Y I GL ELGSVWULRULGSI KVTVVEMTLUPI KMTLUPI KTDATD
GGCTATATCGGTCTGGAGCTCGGATCCGTGTGGTTGCGCCTCGGCTCCAAGGTTACCGTGGTCGAAATGTTGCCCAAAATGCTGCCTAAGACCGACGCCG

230 240 250
T T Q AL Q R S L KX QGMTT FNMGTTVGGTIEVSGSGI KA AT
ATACCACTCAGGCGCTGCAGCGCTCCCTGAAAAAACAGGGCATGACCTTCAACATGGGCACCACCGTCGGCGGTATCGAAGTGTCCGGCGGTAAGGCGAC

260 270 280
V KL V KNUDIKEIZ KEVV CDI KVLMSIGRIKUZPNTUDSGTULGTLE
CGTGAAATTGGTCAAAAACGATAAAGAAAAAGAAGTTGTGTGCGACAAGGTGCTCATGTCCATCGGTCGCAAGCCCAATACCGACGGCCTCGGTCTGGAA

290 300 310 320
E L GV EMGEURGTTII KUVDUDNYATNVZPGTIVYATIGT DT LTIUPG
GAACTCGGTGTGGAAATGGGCGAGCGCGGAACCATCAAGGTCGATGACAATTACGCCACCAATGTCCCGGGTATCTACGCTATCGGCGACCTGATCCCCG

330 340 350
P ML AHI KA ASETEAUVV FVERILVGI KNS SEVHYG GTTIU®PSGV
GCCCCATGCTGGCGCACAAAGCCTCCGAAGAAGCCGTGGTTTTCGTGGAGCGCCTGGTCGGGAAAAATTCCGAAGTTCACTACGGTACCATCCCCGGTGT

360 370 380
C Y TWUPEVASVGIKTE QA QLIOQEESGTU®PV KV GKFNTF VG
CTGCTATACCTGGCCGGAAGTGGCTTCCGTCGGCAAAACCGAGCAGCAGCTGCAGGAAGAGGGTACCCCCGTCAAAGTCGGTAAATTCAATTTCGTCGGC

390 400 410 420
N GR AR AMAETETGT FV KIIAHAENGO QVULGVHTITFGPR
AACGGTCGTGCCCGCGCCATGGCGGAAACCGAAGGTTTCGTCAAGATCATCGCCCATGCCGAGAACGGGCAGGTGCTGGGTGTGCACATCTTCGGGCCTC

430 440 450
A S DM I AEA AV AVMSYGGTAHUDTIGAMTFHGHUZPTTL S E
GCGCTTCCGATATGATTGCTGAAGCCGTGGCGGTTATGAGCTACGGCGGTACGGCCCACGACATCGGTGCCATGTTCCACGGTCATCCGACCCTGTCCGA

460 470
AV KEAALUDUVDGA AA AUVHTC *
AGCGGTCAAGGAAGCCGCTCTGGATGTGGACGGCGCCGCCGTACACTGCTGATAAATCTAAACGTGAAAATAACTGTTTTAGGCTAGTCCTGCGAGGGCT

- - —_—— —_—
GACCTGCTTGCCGGGAGGTGGACCTCCTAGCCGCCTCCCGGTCTTTTTACCGTTTTATTCTTCCTCTCCAAGTTCCTCCTGTACCAAGTGGAAACGATTC

————
GGGTCCGTTTCCACTTGGATTTTTTCCATGGGGAGATGGGTAGAGGACAGGTTGTTTGTGGAAATCCGGCAAGCGTATCGTGGCGCTTGCCTTCATGGCC

10
M K Q F KV DI KSURTZCTAQZC
GGGGTGAT‘I‘GTCATGCCGCCGATGCCATGACCATAATTCAAACGGGAAACACCATGAAACAG'I‘I’CAAGGTGGATAAATCACGTTGTACCCAAT
ORF5 ->

20 30 40
G ECI QDG CVV FGLTULS SMEG QGYU®PALUZPADTEKES SV CTIEC
GTGGCGAATGTATTCAGGATTGTGTGTTCGGGTTGCTCAGCATGGAGCAAGGTTATCCGGCATTGCCCGCCGATAAAGAGTCTGTCTGCATCGAATGCCA

50

H CMAV CZ K P GAE *
GCACTGTATGGCGGTTTGCAAACCCGGTGCCGAATAAGTATTTTAGGATTG

FIG. 3—Continued.
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AODH P.car.

4 ERLHVDEGRGDI: AODH A.eut.
TRAEALKYYR! ELKADQLYKQKF IR PDH mouse
SFESYMLEPPDLSYESSKATH £OMYKDMV I|l RRMEMACDALYKAKK IRGH! PDH S.cere.
ILNEKGEVVNEAAMPDLTODOLKELMRRMVF TRVLDQRST SLNRQGRLGEY APTAL PDH B.subt.
L K LLK YRM IRRE I GF HL GQEA CONSENSUS

AODH P.car.
AODH A.eut.
% PDH Mouse
PDH S.cere.
PDH B.subt.
CONSENSUS

AE G K G GKGGSMH

110 AODH P.car.

119 Gl AoDH A.eut.
160 KN PDH mouse
179 i AHQYKNEDACSFTL PDH S.cere.
139 LKKHGKKAVAITY' PDH B.subt.
ALAKR GV T GDGASNQG F CONSENSUS

* %k

AODH P.car.
AoDH A.eut.
Ri PDH mouse
PDH S.cere.
PDH B.subt.
CONSENSUS

AODH P.car.
AODH A.eut.
PDH mouse
PDH S.cere.
PDH B.subt.
CONSENSUS

AODH P.car.

AODH A.eut.
: H PDH mouse
355 APEEAK PDH S.cere.
317 EAKVIEDAKEEIKQATK BKQKVT PDH B.subt.
ID D VE AV A AAP P EDL W CONSENSUS

fKER AoDH P.car.
EMTROPSVIMLGED: DGEK AoDH A.eut.
QMTMVQAITDALRIELKNDPNVLIFGEDV PDH B.stea.
QOMTMIQAITDALRTELKNDENVLVFGEDV PDH B.subt.

MAAVSGLVRRPLREVSGLLKRRFHWTAFAAVQVTVRIAINQGMDEELERDEKVFLEGEEV PDH Human
AM Q T RDAI

L EL D V GEEV CONSENSUS

AODH P.car.
>E AoDH A.eut.
PDH B.stea.
PDH B.subt.
PDH Human
CONSENSUS
AODH P.car.
AoDH A.eut.
PDH B.stea.
PDH B.subt.
PDH Human
CONSENSUS
165 AAS - - - ~TMKi RAODH P.car.
162 1Q ----GLEG] AoDH A.eut.
152 IS R---SFRQ PDH B.stea.
152 T SA! BHMKLYR - - -SFRQ] PDH B.subt.
181 EPARGLIKSA} PV VLENELMYGVPFEFPEEAQSKDF L PIX PDH Human
YDAKGLLISAIRDNDPVVFLEH LY F EVPE YTIP GKA I REGKD CONSENSUS
221 A AODH P.car.
218 T AODH A.eut.
209 | PDH B.stea.
209 \G PDH B.subt.
241 “3 PDH Human
CONSENSUS
281 AODH P.car.
278 RODH A.eut.
269 PDH B.stea.
269 ) VLET PDH B.subt.
301 EDNSTHQVKDEIEEIKKSL--- PDH Human
LP KDI AARKTM CONSENSUS

FIG. 4. Amino acid sequence comparisons of P. carbinolicus Ela and E1B with other proteins. Sequences have been aligned by the program Multalign (44). Amino acids are specified by
standard one-letter abbreviations, and numbers on the left side indicate positions of the respective amino acids within the protein. Regions of identity to P. carbinolicus amino acid sequences
shown in the corresponding top line are shaded. Amino acids present in three of five aligned sequences are written as consensus. Amino acids conserved among all aligned sequences are shown
in boldface. Conserved amino acids of the thiamine pyrophosphate-binding region (28) are marked by asterisks. (A) Multialignment of P. carbinolicus Ela with Ela subunits from different sources
(4, 20, 35, 65); (B) multialignment of P. carbinolicus E1 with E1 subunits from different sources (29, 35, 41, 65). AoDH, E1 of the P. carbinolicus acetoin dehydrogenase enzyme system or
the A. eutrophus acetoin-cleaving system; PDH, El1 of the pyruvate dehydrogenase complex; P. car., P. carbinolicus; A. eut., A. eutrophus; S. cere., S. cerevisiae; B. subt., B. subtilis; B. stea., B.

stearothermophilus; mouse, house mouse testis; human, human liver.
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FIG. 5. Expression of P. carbinolicus aco genes in E. coli. If not
otherwise stated, extracts from recombinant E. coli were obtained from
cells grown for 12 h in LB in the presence of 1.0 mM IPTG. Cell
extracts and purified P. carbinolicus enzymes were separated in
SDS-11.5% (wt/vol) polyacrylamide gels and were also subjected to
immunological tests. Polyacrylamide and agarose gels were stained
with Serva Blue R. Molecular masses of standard proteins (Std) are
given in kilodaltons. Protein bands corresponding to purified P.
carbinolicus proteins are marked by arrows. (Al to A3) Expression of
acoA and acoB, encoding Ela and E1B, respectively, in E. coli DH5a.
(A1) SDS-polyacrylamide gel. Lanes: 1, purified P. carbinolicus E1, 7.5
g of protein; 2, soluble cell fraction from E. coli DH5a(pUC8BP25),
20 png; 3, soluble cell fraction from E. coli DH5a(pUCB8P25) grown in
the absence of IPTG, 20 pg; 4, soluble cell fraction from E. coli
DHS5a(pUCS8-1BP2S), 20 pg; 5, soluble cell fraction from E. coli DH5«
(pUCB8-2BP25), 20 pg; 6, cell extract from E. coli DH5a(pUC8BN13),
20 pg; 7, cell extract from E. coli DH5a(pUC8BP25ASall), 20 pg; 8,
cell extract from E. coli DH5a(pUC8BP25ASst11), 20 ug; 9, soluble cell
fraction from E. coli DH5a(pUC8BN13), 20 pg. (A2) Immunodiffu-
sion tests with soluble cell fractions from recombinant E. coli. (A3)
Immunodiffusion tests with soluble cell fractions from recombinant E.
coli grown in the absence of IPTG. Central well, anti-E1 IgGs (38 pg
of protein); well 1, E. coli DH5a(pUC8BP2S), 10 pg; well 2, E. coli
DH5a(pUC8-2BP25), 20 ng; well 4, E. coli DH5a(pUCS8-1BP25), 20
wg; well 5, E. coli DH5a(pUCS8), 30 pg; wells 3 and 6, purified P.
carbinolicus E1 (12 pg each). (Bl and B2) Expression of acoC,
encoding E2, in E. coli XL1-Blue. Soluble cell fractions from recom-
binant E. coli and purified P. carbinolicus E2 were separated in an
SDS-polyacrylamide gel, blotted onto polyvinylidene difluoride mem-
branes, and incubated with anti-E2 IgGs. (B1) SDS-polyacrylamide
gel; (B2) Western blot stained with anti-rabbit IgG-alkaline phos-
phatase conjugate. Lanes: 1, E. coli XL1-Blue(pBluescript KS ™), 18 pg
of protein; 2, E. coli XL1-Blue(pKSH48-1), 15 pg; 3, E. coli XL1-
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identical with purified P. carbinolicus enzyme (Fig. 5A2 and
A3).

Separate heterologous expression of aco4 and acoB in E.
coli. To determine whether both subunits of E1 or only one is
needed for enzyme activity, aco4 and acoB were expressed
separately in E. coli. For this purpose, deletions were intro-
duced in both genes in pUC8BP25 as described in Materials
and Methods. Transformants of E. coli DHS5a harboring
pUCBN13, pUC8BP25ASall, or pUC8BP25ASs:11 (Fig. 2E)
were incubated for 12 h in the presence of IPTG. Cell extract
from E. coli(pUC8BN13) contained large amounts of protein,
which exhibited the same electrophoretic mobility as P. carbin-
olicus Ela (Fig. 5A1, lane 6). No protein band representing
E1B was visible. In the soluble cell fraction from the same cells
of E. coli(pUC8BN13), only traces of the aco4 gene product
were visible (Fig. 5A1, lane 9), indicating that most of the
synthesized Ela protein had presumably aggregated to inclu-
sion bodies. In SDS-denatured cell extracts of E.
coli(pUC8BP25ASall) and of E. coli(pUC8BP25ASst1l), a pro-
tein band which had the same electrophoretic mobility as P.
carbinolicus E1B appeared in significant amounts. Concomi-
tant with the loss of a protein band representing Ela, new
protein bands which corresponded to proteins with M.s of
26,500 and 24,500 + 2,000 were visible (Fig. 5A1, lane 7 and
8). These M,s agreed with those calculated for the deleted
acoA gene products, which were 25,554 (Sall deletion) and
21,425 (SstII deletion). E1 activity was not detectable in the
cell extract or in the soluble cell fraction of either transfor-
mant. Mixing of the different cell extracts from the three
IPTG-induced transformants and preincubation under various
conditions did not reconstitute E1 activity. Addition of cell
extract from the transformants to that of the parent E. coli
strain, which expressed active El, or to soluble cell fractions
from acetoin-grown P. carbinolicus had no effect on E1 activity.
These results and the high portion of Ela aggregated in
inclusion bodies during separate expression indicated that both
subunits of E1 must be coexpressed for correct assembly into
functional E1 tetraheteromers, as was previously described for
the E1 subunits of mammalian branched-chain 2-oxo acid
dehydrogenase complex (16, 87).

Properties of the acoC gene product. The E2 polypeptide, as
deduced from the nucleotide sequence of acoC, consisted of
450 amino acid residues and was highly acidic, with a net
charge of —51 at pH 7.0. The calculated molecular weight of
47,281 was significantly lower than the M, of 60,000, which had
been estimated from SDS-denatured purified P. carbinolicus
E2 (56). Similar discrepancies had been observed for dihydro-
lipoamide acyltransferases from different sources and had been
explained by the anomalous electrophoretic migration of SDS-
denatured E2, which is caused by elongated or swollen lipoyl
domains (9, 26, 53, 76).

Further analysis of the primary structure of the N-terminal
region of E2 revealed two repeating units (amino acid posi-

Blue(pKSH48-1) grown in the absence of IPTG, 15 ng; 4, E. coli
XL1-Blue(pKSH48), 20 pg; 5, E. coli XL1-Blue(pKSH48) grown in the
absence of IPTG, 20 pg; 6, purified P. carbinolicus E2 (2.5 pg). (C1
and C2) Expression of acoL, encoding E3, in E. coli S17-1. Soluble cell
fractions were obtained from cells grown in the absence of IPTG. (C1)
SDS-polyacrylamide gel. Lanes: 1, purified P. carbinolicus E3 (1.5 pg
of protein); 2, E. coli S17-1(pVKH), 35 pg; 3, E. coli S17-1(pVK100),
35 pg. (C2) Immunodiffusion test against anti-E3 IgGs. Central well,
anti-E3 IgGs (80 pg of protein); well 1, E. coli S17-1(pVKH), 220 pug;
well 2, E. coli S17-1(pVK100), 300 png; wells 3 and 6, purified P.
carbinolicus E3 (20 pg).
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FIG. 6. Putative domain structure of P. carbinolicus E2 and partial amino acid sequence comparisons. Sequences were aligned by the program
Gap (17). Amino acids are specified by standard one-letter abbreviations, and the numbers indicate positions of the respective amino acids within
the protein. Regions of identity to P. carbinolicus amino acid sequences shown in the corresponding upper line are shaded. (A) Sequence
comparisons between both putative lipoyl domains from P. carbinolicus E2 and with the lipoyl domains of other dihydrolipoamide acyltransferases
(13, 35, 65). Lysine residues, which are according to the literature (11) presumably lipoylated, are marked by asterisks. Conserved glycine residues,
which flank covalently modified lysine residues (11), are in boldface. (B) Putative domain structure of P. carbinolicus E2. The relative size of each
domain is according to the length of the corresponding amino acid sequences. Zigzag lines indicate potential flexible regions in the C-terminal
flanking sequences of the putative lipoyl domains as deduced from the program Peptidestructure (17). (C) Sequence comparison with the catalytic
sites of different dihydrolipoamide acetyltransferases (34, 76). Putative active-site histidine and aspartate residues (23, 64, 67) are indicated by dots.
(D) Sequence comparison with the interdomain linker segments of different dihydrolipoamide acyltransferases (13, 63, 65, 85). AoDHS, P.
carbinolicus acetoin dehydrogenase enzyme system or A. eutrophus acetoin-cleaving system; ODHC, 2-oxoglutarate dehydrogenase complex;
PDHC, pyruvate dehydrogenase complex.

tions 9 to 82 and 124 to 197, respectively; Fig. 3 and 6A), both
of which were flanked at their C termini by segments rich in
alanine, proline, and charged amino acid residues (Fig. 6D). A
comparison with the consensus sequence for the attachment
site of lipoate (11) revealed one lysine residue in the center of
each repeating unit (Fig. 6A), which is lipoylated in E2
components of 2-oxo acid dehydrogenase complexes. Both

repeating units are highly homologous to the putative lipoyla-
tion site of the E2 component from the A. eutrophus acetoin-
cleaving system (65). In addition, homologies to the sequences
of the lipoyl domains of the E2 component of the 2-oxoglut-
arate dehydrogenase complex (13) and of the pyruvate dehy-
drogenase complex (35) from B. subtilis were found (Fig. 6A).
The C-terminal flanking regions of the putative lipoyl domains

TABLE 2. Similarities of P. carbinolicus E1 subunits to other proteins”

Identity to analogous P. carbinolicus Overlap (no. of

Subunit” Source Reference subunit (mol% amino acids) amino acids)®
Ela subunit from:
AoDHS Alcaligenes eutrophus 65 64.9 322
PDHC House mouse testis 20 36.3 322
PDHC Saccharomyces cerevisiae 4 36.0 322
PDHC Bacillus subtilis 35 30.7 322
BCDHC Human 52a 31.8 321
BCDHC Bovine liver 40 31.2 321
E1B subunit from:
AoDHS A. eutrophus 65 60.1 336
PDHC B. stearothermophilus 29 39.0 310
PDHC B. subtilis 35 39.8 309
PDHC Human liver 41 40.6 303
BCDHC Human placenta 54 41.6 298
BCDHC Bovine liver 87 413 298

“ Amino acid sequences from Ela and E1B of the P. carbinolicus acetoin dehydrogenase enzyme system were compared with those from the corresponding E1
subunits of the 4. eutrophus acetoin-cleaving system and of 2-oxo acid dehydrogenase complexes from different sources.

® AoDHS, acetoin-cleaving system; PDHC, pyruvate dehydrogenase complex; BCDH, branched-chain 2-oxo acid dehydrogenase complex.

¢ The lengths of the amino acid sequences of P. carbinolicus Ela and E1B are 326 and 337, respectively.
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FIG. 7. Amino acid sequence comparisons of P. carbinolicus E3 with other proteins. Sequences have been aligned by the program Multalign
(44). Amino acids are specified by standard one-letter abbreviations, and the numbers indicate positions of the respective amino acids within the
protein. Regions of identity to P. carbinolicus E3 amino acid sequence shown in the corresponding top line are shaded. Amino acids present in
three of five aligned sequences are written as consensus. Amino acids conserved among all aligned sequences are in boldface. Putative regions for
the redox-active disulfide site, for the interface, and for flavin adenine dinucleotide (FAD)- or NADH-binding sites are indicated above the aligned
sequences. Conserved active-site cysteine, histidine, and glutamate residues are marked by asterisks and dots. Sequences are from references 59,
61, 62, and 85. AoDHS, acetoin dehydrogenase enzyme system; E3P/O/BCDHC, common E3 component of pyruvate, 2-oxoglutarate, and
branched-chain 2-oxo acid dehydrogenase complexes; P. carb., P. carbinolicus; A. vin., A. vinelandii; P. put., P. putida; Hu, human liver.

resembled those of the interdomain linker segments of dihy-
drolipoamide acyltransferases from gram-positive bacteria
(Fig. 6D), which in addition to the characteristic alanine and
proline residues contain many charged and polar residues (13,
35, 63). Similarities to the corresponding linker segments of
the E2 components from the A. eutrophus acetoin-cleaving
system (65) and from the Azotobacter vinelandii 2-oxoglutarate
dehydrogenase complex (85) were also found. Because of their
elongated lengthy structure, these linker segments are excel-
lent substrates for proteases, resulting (under the condition of
limited proteolysis) in the cleavage of the protein into distinct
fragments (8, 25, 67). This had been also demonstrated for P.
carbinolicus E2 as a result of limited tryptic digestion (56). The

C-terminal region of P. carbinolicus E2 exhibited significant
homologies to the corresponding regions of the catalytic
domain of E2 components, such as from the pyruvate dehy-
drogenase complexes of Staphylococcus aureus (34) and E. coli
(76), including the putative active-site histidine-aspartate cou-
ple (Fig. 6C).

Heterologous expression of acoC in E. coli. Overexpression
of E2 was achieved in strains of E. coli XL1-Blue(pKSH48),
which contained acoC in a colinear orientation to lacZ’ (Fig.
2A). In the soluble fraction from cells which were grown in LB
medium for 12 h, E2 activity was determined to be 146 U/mg
of protein, which was sevenfold higher than the activity deter-
mined in the soluble cell fraction from acetoin-grown P.
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FIG. 8. Pairwise comparison of the deduced amino acid sequence
of P. carbinolicus ORF4 and the sequence of the E. coli lipA gene
product (LIPA). Amino acids are specified by standard one-letter
abbreviations, and the numbers indicate positions of the respective
amino acids within the deduced amino acid sequences (for LIPA,
positions are indicated as published by Hayden et al. [31]). Lowercase
letters represent the N-terminal amino acid sequence as published by
Reed and Cronan (66). Identical amino acids are shaded. Potential
conserved active-site amino acid residues of LIPA (31) are marked by
asterisks. P. carb., P. carbinolicus.

carbinolicus (56). The protein pattern of the SDS-denatured
soluble cell fraction of E. coli XL1-Blue(pKSH48) revealed
one dominant protein band, which exhibited the same electro-
phoretic mobility as E2 purified from P. carbinolicus and gave
a strong reaction with anti-E2 IgGs on a corresponding
Western blot (Fig. 5SB1 and B2). Only low activity (5.3 U/mg)
and weak immunological reaction were obtained with the
soluble cell fractions from E. coli XL1-Blue(pKSH48-1), which
contained acoC in an antilinear orientation to lacZ'.
Properties of the acoL gene product. Analysis of the nucle-
otide sequence revealed that acoL encoded a protein with an
M, of 49,394 comprising 470 amino acid residues. Recently an
M, of 54,000 had been determined for E3 purified from P.
carbinolicus (56). Comparisons of the deduced amino acid
sequence with the primary structures of proteins collected in
the data libraries revealed striking similarities to various
dihydrolipoamide dehydrogenases. Greatest homologies were
obtained with the E3 component, which is shared by the
pyruvate and 2-oxoglutarate dehydrogenase complex in A.
vinelandii (85) (48.7% identity in a 470-amino-acid overlap),
with the third dihydrolipoamide dehydrogenase (LPD-3) of
Pseudomonas putida (62) (50.1% identity in a 467-amino-acid
overlap), with the E3 component, which is shared by the three
human 2-oxo acid dehydrogenase complexes (59) (48.7%
identity in a 460-amino-acid overlap), and with LPD-glc, which
is the E3 component shared by the pyruvate dehydrogenase
and 2-oxoglutarate dehydrogenase complex in P. putida (61)
(46.6% identity in a 470-amino-acid overlap). The consensus
sequence deduced from the multialigned amino acid sequences
(Fig. 7) contains several sequence motifs of known function
(14, 70). The N-terminal region of P. carbinolicus E3 con-
tained, for example, the flavine adenine dinucleotide-binding
motif (from Asp-7 to Glu-35), whereas the NADH-binding
domain, which is similar to the former, was identified in the
central region (from His-181 to Glu-209). Furthermore, the
conserved disulfide active-site motif including both essential
cysteine residues was localized between Thr-39 and Ala-54.
The redox-active cysteine residues of one subunit from the
dimeric enzymes are thought to interact during catalytic action

P ORF4.P.carb.
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Bl ORF4 P.carb.
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with a histidine-glutamate couple from the conserved interface
region at the C terminus of the other subunit (14, 70). Both
were also identified as His-449 and Glu-454 in the correspond-
ing region of P. carbinolicus E3.

Heterologous expression of acoL in E. coli. Expression of P.
carbinolicus E3 was determined in the soluble cell fraction of
E. coli S17-1 harboring plasmid pVKH after 12 h of growth in
LB with 0.35 U/mg of protein, which was significantly higher
than the activity of the host enzyme (0.01 U/mg). On SDS-
acrylamide gels, one faint protein band appeared in the protein
pattern of the SDS-denatured soluble cell fraction of E. coli
S17-1(pVKH), which exhibited the same electrophoretic mo-
bility as purified P. carbinolicus E3 (Fig. 5C1); an immunodif-
fusion test revealed an immunologically identical protein (Fig.
5C2).

Properties of the ORF4 gene product. The polypeptide
deduced from the nucleotide sequence of ORF4 (Fig. 2B)
comprised 310 amino acids, and an M, of 34,421 was calcu-
lated. In contrast to the aco gene products mentioned above, it
is slightly basic, with a net charge of +2 at pH 7.0. The primary
structure of the putative protein encoded by ORF4 is strikingly
homologous to that deduced from the E. coli lipA gene (31)
(64.7% identity in a 278-amino-acid overlap). The pairwise
alignment exhibited an almost complete overlap, with only
some minor discrepancies in the N-terminal region (Fig. 8),
which may be caused by some uncertainties regarding the
translational initiation site of E. coli lipA (31, 32, 66). Signifi-
cant homologies to any other protein sequence stored in the
data libraries were not obtained. Molecular genetic studies
provided strong evidence that the E. coli lipA gene product is
involved in the conversion of octanoate into lipoic acid (32,
66).

To investigate the protein-coding function of ORF4, plasmid
pKSH48AExollI (Fig. 2E) was digested with Ddel, resulting in
a 1.2-kbp fragment harboring ORF4. The fragment was treated
with mung bean nuclease and ligated with EcoRV-linearized
pBluescript SK™. Four transformants of E. coli XL1-Blue
harboring plasmid pSKD12, which contained the 1.2-kbp frag-
ment in an antilinear orientation to lacZ’, were obtained. To
express ORF4 from the lacZ promoter, pSKD12 was restricted
with HindIII plus Pstl. The resulting 1.2-kbp fragment was
ligated to HindIII-plus-PstI-restricted pBluescript KS™, and
the resulting plasmid, pKSHP12 (Fig. 2E), was transformed
into E. coli XL1-Blue. The transformants were incubated for
12 h in LB medium in the presence of either 1.0 mM IPTG or
0.6% (wt/vol) glucose. On polyacrylamide gels with SDS-
denatured cell extract obtained from cells grown in the pres-
ence of IPTG, a faint but distinct protein band appeared with
an estimated molecular weight of 34,000 =+ 2,000, which
corresponded well to the value calculated from ORF4 (data
not shown). Such a protein band appeared neither in cell
extract from glucose-repressed recombinants nor in cell extract
from E. coli harboring only the vector. To investigate the
physiological function of the putative ORF4 gene product in
lipoate biosynthesis, pPKSHP12 and pSKD12 were transformed
into cells of the lipoate auxotrophic E. coli strains JRG33 and
JRG26 (36), which both are affected in lip4 (32). After lag
phases of 10 and 22 h, respectively, E. coli JRG33(pKSHP12)
and E. coli JRG26(pKSHP12) grew in lipoate-deficient me-
dium, whereas transformants harboring pSKD12 or the vector
did not grow without DL-lipoate as a supplement. Growth of
the pKSHP12-harboring strains in lipoate-deficient medium
was only slightly slower (with growth rates of 0.28 and 0.27
h™!, respectively) than growth in medium supplemented with
35 or 70 nM pL-lipoate (0.29 h~'). The restoration of lipoate
prototrophy in pSKHP12-harboring transformants demon-
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strated that ORF4 encodes a protein that is most probably
involved in lipoic acid biosynthesis of P. carbinolicus.

DISCUSSION

The structural genes for the E1 component (acoA and
acoB), which is composed of two different subunits, for the E2
component (acoC), and for the E3 component (acoL) of the P.
carbinolicus acetoin dehydrogenase enzyme system were iden-
tified, sequenced, and expressed in E. coli. These four genes
and ORF4 are clustered on a 6.1-kbp region of the genome.
The codon preferences of acoA, acoB, acoC, acoL, and ORF4
are in good agreement, and all aco genes and ORF4 are
preceded by tentative ribosome-binding sites. The organization
of P. carbinolicus acoA, acoB, and acoC is similar to that of the
corresponding structural genes of the acetoin-cleaving system
from the strictly respiratory A. eutrophus (65). In A. eutrophus,
upstream of acoA, the structural gene acoX, which encodes a
protein of unknown function, a —24/— 12 promoter, and acoR,
which encodes presumably a regulatory protein for the o>*-
dependent transcription of acoXABC (45, 65), were identified.
Similar genes or promoter-like structures were not identified in
the aco region of P. carbinolicus. The regions downstream of
the respective acoC genes were also different in both acetoin-
utilizing bacteria: whereas in A. eutrophus no other genes
relevant for acetoin catabolism were identified in this region
(65), in P. carbinolicus, ORF4 and acoL were localized in the
downstream region. The molecular organization of both aco
gene clusters is similar to that of the genes for the components
of 2-oxo acid dehydrogenase complexes, especially those that
are composed of E1 components with a heteromeric structure,
e.g., the pyruvate dehydrogenase complexes from gram-posi-
tive bacteria (13, 29, 34). Whereas the gene for the respective
E3 component is not in all cases included in those clusters, the
genes for the respective E1 and E2 components were found to
be organized in one operon, with the latter as the distal gene.

The deduced amino acid sequences of both subunits of P.
carbinolicus E1 exhibited striking homologies to the corre-
sponding E1 subunits of the A. eutrophus acetoin-cleaving
system (65). Furthermore, high degrees of homologies oc-
curred with the corresponding subunits of various 2-oxo acid
dehydrogenases. The amino acid sequence of P. carbinolicus
Ela contains the thiamine pyrophosphate-binding motif (28),
which is consistent with previous findings that the DCPIP-
dependent oxidative hydrolytical cleavage of acetoin and the
physiological overall reaction of the acetoin dehydrogenase
enzyme system are thiamine pyrophosphate-dependent reac-
tions (56-58). In analogy to the proposed catalytic function of
2-oxo acid dehydrogenase a subunits (29), P. carbinolicus Ela
may catalyze the initial nucleophilic attack on acetoin. Less is
known about the function of 2-oxo acid dehydrogenase B
subunits. The increased formation of Ela-containing inclusion
bodies during separate heterologous expression of aco4 may
indicate that the B subunit is required for correct assembly of
the E1 heterotetramers or for binding of E1 to the E2 core (16,
29, 87). No extended homology was obtained with the second
structural type of E1 components from 2-oxo acid dehydroge-
nase complexes, which is composed of one rather than two
types of subunits, e.g., the E1 component of the pyruvate
dehydrogenase complex of E. coli (75).

The amino acid sequence deduced from acoC for the E2
component revealed striking similarities to the unique mul-
tidomain structure of dihydrolipoamide acyltransferases (67).
The N-terminal portion is dominated by two highly homolo-
gous domains, which each presumably contain one lipoylated
lysine residue. The C-terminal region of the remainder is
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similar to the corresponding regions from different dihydroli-
poamide acyltransferases, including a conserved histidine-
aspartate couple, which is thought to be involved in the
E2-catalyzed acetyl transfer (23, 64, 67). Between the putative
catalytic domain and the N-terminal remainder as well as
between both putative lipoyl domains, there are regions which
show significant resemblance to the interdomain linker seg-
ments (hinge regions) of different dihydrolipoamide acyltrans-
ferases (Fig. 6D). These hinge regions are thought to provide
flexibility to the lipoyl domains, facilitating active-site coupling
within the multienzyme complexes (67). From the number of
lipoyl domains, the enzyme from P. carbinolicus resembles the
E2 components of the mammalian pyruvate dehydrogenase
complexes (63, 64). Most dihydrolipoamide acyltransferases
contain only one lipoyl domain per subunit, whereas the E2
components of the pyruvate dehydrogenase complexes of E.
coli and A. vinelandii contain three highly similar lipoyl-bearing
domains (63). The high degree of homology of parts of the
amino acid sequences of P. carbinolicus E2 to corresponding
regions of A. eutrophus E2 confirms the postulated catalytic
function of the latter as a dihydrolipoamide acetyltransferase
(65).

The amino acid sequence deduced from acoL for P. carbin-
olicus E3 exhibited striking homologies to dihydrolipoamide
dehydrogenases from various prokaryotic and eukaryotic
sources and shares with them the characteristic features of the
enzyme group of pyridine nucleotide-disulfide oxidoreductases
(14, 18). Interestingly, a very high degree of homology was
obtained with the third dihydrolipoamide dehydrogenase of P.
putida (LPD-3), the physiological function of which is un-
known (62). As it is known that strains of P. putida grow on
2,3-butanediol (60) and on acetoin (33), LPD-3 may be
involved in the oxidative cleavage of acetoin. The involvement
of a dihydrolipoamide dehydrogenase in the A. eutrophus
acetoin-cleaving system is still under investigation in our
laboratory.

A comparison of the amino acid sequence deduced from
ORF4 revealed an almost perfect overlap to the amino acid
sequence of the E. coli lipA gene product. Together with lipB,
lipA belongs to the lip locus (66, 82), which is involved in lipoic
acid biosynthesis. lip4 was independently sequenced and char-
acterized by two groups (31, 66), resulting in slightly different
interpretations concerning the size and the function of the lip4
gene product. Hayden et al. (32) suggested that lipA codes for
a protein of 281 amino acids and that it catalyzes the two-step
incorporation of both sulfur atoms into octanoic acid. In
contrast, Reed and Cronan (66) had determined a transla-
tional start site 40 codons upstream of that published by
Hayden et al. (Fig. 8), and the authors suggested that the lip4
gene product is involved in the incorporation of only one sulfur
atom either at C-6 or at C-8 of octanoic acid. The /ip locus is
located on the E. coli chromosome at ca. 14.5 min (15) between
rna (14 min, encoding RNase I [78]) and dac4 (15 min,
encoding D-alanine carboxypeptidase [10]), which is part of a
gene cluster involved in peptidoglycan synthesis. Therefore,
lipA is located far from aceF (3 min) and sucA (17 min [2]),
which encode the final target proteins of lipoic acid biosyn-
thetic enzymes in E. coli. In contrast, in P. carbinolicus, ORF4
is located in a colinear orientation downstream of acoC, which
encodes a potential target protein of the P. carbinolicus lipoic
acid biosynthetic apparatus. The localization of a gene for
lipoate synthesis within the aco genes in P. carbinolicus may
indicate that the restricted catabolic metabolism of this bacte-
rium requires no further enzyme system, which contain lipoy-
lated proteins (56-58, 71). As ORF4 encodes information able
to restore lipoate synthesis in different E. coli strains mutated
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in lipA, and as ORF4 is located between acoC and acoL in a
colinear orientation to the aco genes, ORF4 was referred to as
acoS.

Further studies must focus on the following. (i) From the
data presented for the P. carbinolicus acetoin dehydrogenase
enzyme, it is obvious that a close relationship exists between
this and the acetoin-cleaving system of 4. eutrophus as well as
between the acetoin-degrading enzyme systems and the 2-oxo
acid dehydrogenase complexes, which consist of heteromeric
E1 components. As the P. carbinolicus acetoin dehydrogenase
enzyme system does not accept 2-oxo acids as substrates (56),
this system did not evolve from 2-oxo acid dehydrogenase
complexes by a simple broadening of the substrate spectrum of
the E1 component. For investigation of the phylogenetic
relationship to the 2-oxo acid dehydrogenase complexes, it is
necessary to obtain molecular data about acetoin-degrading
enzyme systems from other phylogenetically more distant
organisms, i.e., gram-positive bacteria. For this reason, molec-
ular analysis of the genes of the acetoin dehydrogenase enzyme
system from Clostridium magnum (50) is in progress. (ii) As
significant heterologous expression of the P. carbinolicus aco
genes occurred only if these genes were localized in a colinear
orientation close to an E. coli promoter, and as no homologies
to known promoter structures were obtained in the sequenced
region, the initiation site(s) of transcription of the aco genes
from this strictly anaerobic bacterium remains to be identified.
From the localization of the genes and of hairpin-like struc-
tures, it is likely that acoA, acoB, and acoC constitute a single
operon that is transcribed from a promoter upstream of acoA,
whereas acoS and acoL constitute a second operon. (iii) The
molecular data presented in this and in a previous study (65)
offer the possibility of investigating the compatibility of the
components of the anaerobic P. carbinolicus acetoin dehydro-
genase enzyme system and of the aerobic A. eutrophus acetoin-
cleaving system. This effort will also contribute to an under-
standing of the enzymology of acetoin cleavage in 4. eutrophus
and the genetic control of the P. carbinolicus acetoin dehydro-
genase enzyme system.
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