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Acetoin:dichlorophenolindophenol oxidoreductase (Ao:DCPIP OR) and the fast-migrating protein (FMP)
were purified to homogeneity from crude ex tracts of acetoin-grown cells of Alcaligenes eutrophus. Ao:DCPIP
OR consisted of a and , subunits (Mrs, 35,5 00 and 36,000, respectively), and a tetrameric a2,12 structure was
most likely for the native protein. The mole cular weight of FMP subunits was 39,000. The N-terminal amino
acid sequences of the three proteins were det ermined, and oligonucleotides were synthesized on the basis of the
codon usage of A. eutrophus. With these, the structural genes for the a and ,1 subunits of Ao:DCPIP OR and
FMP, which were referred to as acoA, aco)B, and acoC, respectively, were localized on one single EcoRI
restriction fragment which has been clonei recently (C. Frund, H. Priefert, A. Steinbuchel, and H. G.
Schlegel, J. Bacteriol. 171:6539-6548, 1989). The nucleotide sequences of a 5.3-kbp region of this fragment and
one adjacent fragment were determined, an d the structural genes for acoA (1,002 bp), acoB (1,017 bp), and
acoC (1,125 bp) were identified. Together woith the gene acoX, whose function is still unknown and which is
represented by a 1,080-bp open reading fr ame, these genes are probably organized in one single operon
(acoXABC). The transcription start site was identified 27 bp upstream of acoX; this site was preceded by a

region which exhibited complete homology to the enterobacterial a54-dependent promoter consensus sequence.
The amino acid sequences deduced from aco. 4 and acoB for the a subunit (Mr, 35,243) and the 0 subunit (Mr,
35,788) exhibited significant homologies to th e primary structures of the dehydrogenase components of various
2-oxo acid dehydrogenase complexes, whei 'eas those deduced from acoC for FMP (Mr, 38,941) revealed
homology to the dihydrolipoamide acetyltrarw,ferase of Escherichia coli. The occurrence of a new enzyme type
for the degradation of acetoin is discussed.

Alcaligenes eutrophus has been studied with respe ct to the
degradation of acetoin. Acetoin-grown cells of A. eb rtrophus
are devoid of 2,3-butanediol dehydrogenase and acetoin
dehydrogenase (diacetyl forming; EC 1.1.1.5), and mutants
which lack 2,3-butanediol dehydrogenase (73) are stilil able to
utilize acetoin as the sole carbon source for grovvth (72).
Therefore, this bacterium lacks the 2,3-butanedi oil cycle
which was described by Juni and Heym (36) in Aci netobac-
ter calcoaceticus. In contrast, A. eutrophus degr&Ldes ace-
toin directly by cleavage into two C2 compounds (2-31), like
Bacillus subtilis (35, 43, 44) or Pelobacter car binolicus
(48-50).
During growth of A. eutrophus on acetoin, forma.tion of at

least three different proteins is induced: (i) an ac etoin:2,6-
dichlorophenolindophenol oxidoreductase (Ao:DC PIP OR),
(ii) a fast-migrating protein (FMP) which exhibil :s a high
mobility toward amido black in polyacrylamide gels ;, and (iii)
acetaldehyde dehydrogenase II (EC 1.2.1.3). Ao:D CPIP OR
catalyzes 2,6-dichlorophenolindophenol-dependent cleavage
of acetoin into acetate and acetaldehyde. Howevei , it is not
known whether this reaction is an artifact that occu rs only in
vitro and whether in vivo coenzyme A (CoA)-d ependent
cleavage of acetoin to acetyl-CoA and acetaldehydie occurs

as in P. carbinolicus (48-50). Acetaldehyde is presumably
oxidized to acetate by acetaldehyde dehydrogeinase II,

which is one of three acetaldehyde-oxidizing enzymes in A.
eutrophus and exhibits a high affinity towards ace taldehyde

(33); acetate is subsequently converted to acetyl-CoA by
acetate thiokinase. The function of FMP is still unknown.

Recently, the gene loci which are essential for catabolism
of acetoin in A. eutrophus have been located on five different
genomic EcoRI restriction fragments (A, B, C, D, and E
[23]). The gene locus on fragment B was identical to the hno
gene and represents an rpoN-like gene (23, 59). As inser-
tional inactivation of this gene caused a pleiotropic effect and
as these mutants were unable to synthesize proteins which
are essential for degradation of acetoin, it was concluded
that expression of the corresponding genes is rpoN depen-
dent (23).

Physiological studies localized the genes for Ao:DCPIP
OR and FMP on restriction fragments A and C, which are
closely linked in the genome (23), whereas the gene for
acetaldehyde dehydrogenase II was localized on restriction
fragment D (52a). The present study was aimed at isolation
of FMP and Ao:DCPIP OR and identification and character-
ization of their structural genes. The results of this study are
consistent with our assumption that FMP has a catalytic
rather than a regulatory function (23), and the results indi-
cated striking similarities of the A. eutrophus and P. carbi-
nolicus acetoin-catabolic enzyme systems, which both rep-
resent a new type of dehydrogenase enzyme system.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains of A. eutrophus
and Escherichia coli and the plasmids, DNA fragments, and
bacteriophage used in this study are listed in Table 1.
Growth of bacteria. E. coli was grown at 37°C in Luria-* Corresponding author.
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TABLE 1. Bacterial strains, plasmids, bacteriophage, and DNA fragments used in this study

Strain, plasmid, bacteriophage, or Relevant characteristic(s) Source or reference
DNA fragment

A. eutrophus
H16 Wild type, autotrophic, prototrophic DSM 428, ATCC 17699; 83
N9A Wild type, autotrophic, prototrophic DSM 518

E. coli
DH1 recAl thi-J 24
S17-1 recA; harbors the tra genes of plasmid RP4 in the chromosome; 69

proA thi-I
JM83 ara A(lac-proAB) rpsL (Sm') thi-J, 4)80 lacZAI5 79
WL87 recBC Amersham Buchler
WL95 metB supE supF hsdRK trpR P2 Amersham Buchler
BHB2688 N205 recA(X imm434 cIts857 b2 red3 Eam4 Sam7/X) 28, 30
BHB2690 N205 recA(A imm434 cIts857 b2 red3 Daml5 Sam7/A) 28, 30
XL1-Blue recAl endAI gyrA96 thi hsdRJ7 (rK- mK+) supE44 relAl X- 13

lac (F' proAB lacIqZtAM15 TnlO [Tet])

Plasmids
pSUP5011 Cmr Apr Kmr; harbors TnS::mob 68
pSUP202 Tcr Cmr Apr 69
pHC79 Cosmid; Tcr Apr 29
pUC9-1 Apr lacPOZ' 25
pBluescript KS- Apr lacPOZ'; T7 and T3 promoter Stratagenea
pBluescript SK- Apr lacPOZ'; T7 and T3 promoter Stratagene
pVK101 Tcr Kmr 37
pHP1016 Tcr Kmr Cmr 23

Bacteriophage XL47 42

DNA fragments
A, B, C, D, E Genomic EcoRI restriction fragments of A. eutrophus harboring 23

genes essential for acetoin catabolism
ATHl098, ATNl230, ATN1236 ATN1239 Tn5-harboring genomic EcoRI restriction fragments A, B, C, D, 23

ATNl24O, ATNl24, ATN 24, ATN1247 and E from mutants of A. eutrophus affected in acetoin
BTHlO7o, BTN1242, CTH CT3,CTN1233 catabolism
CTN 245, CTN 24S, DTHlo74 ETHl04

a San Diego, Calif.

Bertani medium or in M9 mineral salts medium (60). A.
eutrophus was grown aerobically at 30°C in either a nutrient
broth medium (0.8% [wt/vol]) or a mineral salts medium (63).
To obtain bulk amounts of cells of A. eutrophus H16 as a
source for FMP and Ao:DCPIP OR, cells were cultivated in
4 or 280 liters of mineral salts medium with 0.3% (wt/vol)
acetoin as the carbon source in 5-liter glass fermentors (E.
Schuitt, Gottingen, Germany) or a 365-liter steel fermentor
(Giovaola Freres SA, Monthey, Switzerland), respectively.
The vessel was stirred at 500 rpm, and the cells were
harvested at the late exponential growth phase in a GLT
continuous centrifuge (Carl Padberg, Lahr, Germany). Cells
used as a source for purification of FMP or Ao:DCPIP OR
were washed with 50 mM potassium phosphate buffer, pH
7.0, or 100 mM potassium phosphate buffer, pH 7.2, con-
taining 0.1 mM EDTA and 0.1 mM phenylmethylsulfonyl
fluoride, respectively; the cells were stored at -20°C.

Purification of FMP. All steps were carried out at 4°C.
Approximately 30 g of wet acetoin-grown cells of strain H16
were suspended in 60 ml of 50 mM potassium phosphate
buffer, pH 7.0, and disrupted by sonication (2 x 3 min) by
using an MSE (150 W) ultrasonic disintegrator with a probe
19.0 mm in diameter. Crude extracts were obtained by 60
min of centrifugation at 130,000 x g in a Sorvall OTD 50B
ultracentrifuge (Dupont, Newton, Conn.). The resulting su-
pernatant was dialyzed for 2 h against 2 x 5 liters of buffer.

In step 1, the dialyzed crude extract was applied to a

column (5.0 by 10.0 cm; 20-ml bed volume [BV]) of DEAE-
Sephacel equilibrated with the buffer used for dialysis con-
taining 100 mM KCl. After the column was washed with 3
BV of buffer, the protein was eluted with a linear KCl
gradient (100 to 500 mM KCl; 2 x 800 ml). Fractions (each
6.0 ml) containing FMP were combined; the proteins in this
pool were concentrated by ultrafiltration in a diaflow cham-
ber by using a PM10 membrane and washed with buffer to
decrease the concentration of salts.

In step 2, approximately 5 ml of the concentrated DEAE-
Sephacel eluate was applied to a column (2.5 by 100 cm;
500-ml BV) of Sephadex G75 which was equilibrated with 50
mM potassium phosphate buffer containing 300 mM KCl.
Proteins were eluted with the same buffer at a flow rate of 15
ml/h. Fractions (each 5 ml) containing FMP were combined
and concentrated by ultrafiltration to a volume of 6 ml.

In step 3, the Sephadex G75 eluate was layered on top of
a column (1.5 by 29 cm; 50-ml BV) of Procion Brown
MX-5BR-Sephadex 4B-CL which was equilibrated with 20
mM potassium phosphate buffer, pH 7.0. After the column
was washed with 3 BV of buffer, the protein was eluted with
a linear KCI gradient (0 to 200 mM KCI; 2 x 100 ml).
Fractions (each 3 ml) which contained FMP at a high
concentration but were devoid of Ao:DCPIP OR activity
were combined, and the proteins were concentrated by
ultrafiltration as described above.

Separation of two forms of FMP. To separate FMP-I and
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FMP-II, 0.7 ml of the concentrated Procion Brown eluate
was applied to a Mono Q HR5/5 column (5-ml BV), which
was equilibrated with 50 mM potassium phosphate buffer
and connected to an LCC-500 controlled fast protein liquid
chromatography apparatus (Pharamcia LKB Biotechnologie
GmbH, Freiburg, Germany). After the column was washed
with 3 BV of buffer, the protein was eluted by washing with
(i) a linear KCl gradient (0 to 210 mM KCl; 5 BV), (ii) 5 BV
of buffer containing 210 mM KCl, and (iii) a linear KCl
gradient (210 to 1,000 mM KCl; 5 BV) at a flow rate of 0.4
BV/min. Elution of the protein was monitored by measuring
the A280. Fractions of 1 ml were collected and analyzed for
FMP content in polyacrylamide gels.

Purification of Ao:DCPIP OR. All steps were carried out at
4°C in 20 mM potassium phosphate buffer, pH 7.2, which
contained 0.1 mM EDTA and 0.1 mM phenylmethylsulfonyl
fluoride if not indicated otherwise. Ultracentrifugational
supernatants were obtained as described for purification of
FMP.

In step 1, the dialyzed crude extract was applied to a
column (2.6 by 15 cm; 80-ml BV) of DEAE-Sephacel. After
the column was washed with 5 BV of buffer, the protein was
eluted with a linear KCl gradient (50 to 350 mM KCl; 2 x 600
ml). Fractions (each 10 ml) containing Ao:DCPIP OR activ-
ity were combined, and the proteins were concentrated by
ultrafiltration by using a PM30 membrane.

In step 2, the concentrated DEAE-Sephacel eluate was
applied to a column (2.6 by 94 cm; 500-ml BV) of Sephadex
G-200 equilibrated with 100 mM potassium phosphate buffer,
pH 7.2. Proteins were eluted at a flow rate of 9 ml/h.
Fractions (each 5 ml) containing Ao:DCPIP OR activity
were combined.

In step 3, the resulting Sephadex G-200 eluate was dia-
lyzed for 14 h against 6 x 2 liters of 20 mM potassium
phosphate buffer, pH 7.2, and layered on top of a column
(2.6 by 9.7 cm; 52-ml BV) of Q-Sepharose. After the column
was washed with 2 BV of buffer, the protein was eluted with
a linear KCl gradient (50 to 350 mM KCl; 2 x 230 ml).
Fractions (each 5 ml) containing Ao:DCPIP OR activity
were combined, and the proteins were concentrated by
ultrafiltration.

Preparation of triacine affinity media. Procion Brown MX-
5BR, Procion Blue MX-2G, Procion Green HE-4BD, Pro-
cion Red HE-3B, Procion Yellow MX-8G, and Procion
Orange A were coupled to Sepharose 4B-CL by the proce-
dure of Atkinson et al. (5).

Determination of enzyme activities. Ao:DCPIP OR activity
was determined by measuring DCPIP reduction as described
recently (72). Dihydrolipoamide acetyltransferase (EC
2.3.1.12) activity was measured with a UV spectroscopic
assay at 240 nm as described by Schwarz and Reed (67). For
S-acetyldihydrolipoamide, an E240 of 1.46 mM-' cm-' was
determined by using the hydroxamate assay described by
Reed and Willms (55), and DL-dihydrolipoamide was pre-
pared by reduction of DL-lipoamide (54). In addition, dihy-
drolipoamide acetyltransferase was determined by employ-
ing the hydroxamate assay described by Reed and Willms
(55).

Electrophoretic methods. Polyacrylamide gel electrophore-
sis under nondenaturing conditions was performed in 7.4%
(wt/vol) gels as described by Stegemann et al. (71) and
described in detail recently (72) or in linear polyacrylamide
gradient (5 to 27.5% [wt/vol]) gels as described by Andersson
et al. (4). Sodium dodecyl sulfate (SDS)- and mercaptoeth-
anol-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 [41]). Alternatively, 10 mM
sodium phosphate buffer, pH 7.2, was used (82). The size of
the gel was 1.5 by 140 by 140 mm, and electrophoresis was
done for 5 to 6 h at a constant current of 40 mA.

Proteins were stained with Coomassie brilliant blue (81) or
by the silver stain procedure (11). Standard proteins from
commercially available molecular weight marker kits were
used as references. Dihydrolipoamide acetyltransferase
(DHLTA) was visualized in polyacrylamide gels by precip-
itation of Ca3 (PO4)2 in the presence of acetylphosphate,
CoA, phosphotransacetylase of Bacillus stearothermophi-
lus, and dihydrolipoamide during incubation of the gel at
30°C in 100 mM Tris hydrochloride buffer, pH 7.0, contain-
ing 50 mM CaCl2 (47a).

Determination of protein. Soluble protein was determined
as described by Lowry et al. (45).

N-terminal sequence analysis. Sequence analysis was per-
formed with a 477A pulsed liquid-phase protein-peptide
sequencer (27) and a 120A on-line phenylthiohydantoin
amino acid analyzer (58) (both from Applied Biosystems,
Weiterstadt, Germany) as recommended by the manufac-
turer. Prior to sequencing, disulfide bonds between cysteine
residues of the protein were reduced and alkylated by
treatment with dithioerythritol and iodoacetic acid in one
experiment as described by Allen (2). In one experiment, the
protein was treated with Staphylococcus aureus V8 protease
as recommended by the manufacturer (C. F. Boehringer &
Soehne, Mannheim, Germany).

Isolation and manipulation of DNA. Plasmid DNA was
isolated from crude lysates by the alkaline extraction proce-
dure (10, 60). X DNA from bacteriophage particles were
prepared by the method of Sambrook et al. (60) from plates
exhibiting confluent lysis of E. coli WL87, as described in
detail recently (65). Isolated plasmid DNA was digested with
various restriction endonucleases under the conditions de-
scribed by Sambrook et al. (60) or the manufacturer. DNA
restriction fragments were isolated from agarose gels by
using the Geneclean kit (80) or by electroelution into a
sodium acetate solution in an apparatus obtained from
Biometra (Gottingen, Germany). All other DNA-manipulat-
ing enzymes were used as described by the manufacturer.

Construction of an A. eutrophus genomic library. Genomic
DNA isolated from A. eutrophus H16 was partially digested
with BamHI and ligated to XL47-BamHI arms. The products
were packaged with X coat proteins by using an in vitro
packaging kit, which was prepared from E. coli BHB2688
and BHB2690, and transfected into E. coli WL95 and WL87
by established methods (29, 62).

Hybridization experiments. DNA restriction fragments
were separated electrophoretically in 0.8 or 2.0% (wt/vol)
agarose gels in TBE buffer (50 mM Tris hydrochloride, 50
mM boric acid, 1.25 mM disodium EDTA [pH 8.5] [60]). For
transfer of denatured DNAs from agarose gels or plaques to
positively charged nylon membranes (pore size, 0.45 ptm;
Pall Filtrationstechnik, Dreieich, Germany), for their hybrid-
ization with probes (labeled with biotin-16-dUTP or 32p), and
for detection of DNA, standard procedures (60) or recently
described methods (47) were employed.

Synthesis of oligonucleotides. Synthetic nucleotide oligo-
mers were synthesized in 0.2-,mol portions from deoxynu-
cleoside phosphoramidites (6) in a Gene Assembler Plus
apparatus as recommended by the manufacturer (Pharmacia-
LKB, Uppsala, Sweden). Oligonucleotides were released
from the support matrix, and protection groups were re-
moved by 15 h of incubation at 55°C in 25% (vol/vol)
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TABLE 2. Purification of Ao:DCPIP OR

Step Vol Protein concn Total protein Total activity Sp act Purification Recovery
(ml) (mg/ml) (mg) (U) (U/mg) (fold) (%)

Crude extract 138.0 24.8 3,428 552.0 0.16 1 100
DEAE-Sephacel (PM 30) 4.7 60.5 248.1 265.0 0.93 5.8 48
Sephadex G-200 27.0 1.08 29.2 55.3 1.90 11.9 10
Q-Sepharose (PM 30) 2.0 2.37 4.74 10.2 2.15 13.4 1.9

ammonium. Oligonucleotides were finally purified by pas-
sage through NAP-5 or NAP-10 columns (Pharmacia-LKB).
DNA sequence analysis. DNA sequencing was done by the

dideoxy-chain termination method of Sanger et al. (61) with
single- or double-stranded alkali-denatured plasmid DNA, 7-
deazaguanosine 5'-triphosphate instead of dGTP (46), and
[a-35S]dATP with a T7 polymerase sequencing kit as recom-
mended by the manufacturer (Pharmacia-LKB). Synthetic
oligonucleotides were used as primers, and the primer-
hopping strategy was employed. Products of the sequencing
reactions were separated in 6% (wt/vol) acrylamide gels in
buffer (pH 8.3) containing 100 mM Tris hydrochloride, 83
mM boric acid, 1 mM EDTA, and 42% (wt/vol) urea in an S2
sequencing apparatus (GIBCO/BRL, Bethesda Research
Laboratories GmbH, Eggenstein, Germany) and visualized
on X-ray films.

Analysis of sequence data. Nucleic acid sequence data and
deduced amino acid sequences were analyzed with the
Genetic Computer Group Sequence Analysis Software Pack-
age (GCG Package, version 6.2, June 1990) as described by
Devereux et al. (20).

Determination of the transcription start site. To determine
the transcription start site, a nuclease protection assay was
used. The hybridization conditions were as described in
detail by Berk and Sharp (8) and Sambrook et al. (60), and
the S1 nuclease reactions were conducted by the method
described by Aldea et al. (1). Total RNA was isolated as
described by Oelmuller et al. (47). DNA probes and dide-
oxynucleotide sequencing reactions for sizing the signals
were performed with Bluescript SK-::EE35 DNA as the
template. In the annealing reaction, an oligonucleotide (5'-
GGCCAGCTGCAGGCTGT-3') which was complementary
to positions 227 to 211 was used for 35S labeling. For all
mapping experiments, 40 ,ug of RNA was mixed with the
labeled DNA fragments; the specific labeling rate was higher
than 107 cpm/,g of DNA.

Chemicals. Restriction endonucleases, biotin-16-dUTP,
the nick translation kit, the DNA detection kit, T4 DNA
ligase, X DNA, S1 nuclease, S. aureus V8 protease, phos-
photransacetylase, and the substrates used in the enzyme
assays were obtained from C. F. Boehringer & Soehne or
GIBCO/BRL-Bethesda Research Laboratories. DEAE-
Sephacel, Sephadex G200, Q-Sepharose, RNase-free DNase,
and phospoamidites were obtained from Pharmacia-LKB,
and radioisotopes were from Amersham/Buchler (Braunsch-
weig, Germany).

Nucleotide sequence accession number. The nucleotide and
amino acid sequence data reported here have been submitted
to the EMBL, GenBank, and DDBJ nucleotide sequence
data bases under accession no. M66060.

RESULTS

Purffication of Ao:DCPIP OR. The Ao:DCPIP OR of A.
eutrophus H16 was purified 13.4-fold to homogeneity from
cells harvested in the late-exponential growth phase (Table

2) in a three-step procedure by chromatography on DEAE-
Sephacel, Sephadex G200, and Q-Sepharose. Enzyme activ-
ity was eluted from DEAE-Sephacel and Q-Sepharose at
approximately 100 to 200 mM KCI (maximum activity at 140
mM KCl) or 210 to 260 mM KCI (maximum activity at 240
mM KCI), respectively. As indicated by the recovery of only
1.9% of the activity, the Ao:DCPIP OR of A. eutrophus
seems to be very labile. Instability of the Ao:DCPIP OR of
P. carbinolicus during purification was also reported re-
cently (48). The Ao:DCPIP OR preparation appeared homo-
geneous in polyacrylamide gels under nondenaturing condi-
tions, as well as in SDS-polyacrylamide gels prepared in
sodium phosphate buffer. Amino acid sequence analysis of
the protein transferred from an SDS-polyacrylamide gel to a
polyvinylidene difluoride membrane revealed the N-terminal
sequence 1-Ala-(Arg)-Lys-Leu- Ser- Ile-Lys-Leu-Ala-Ile-
Asn - Glu - Ala - Ile - Asp - Gln - Glu - Met - (Thr) - ? - (Asp) -
Pro-22 (NTAAS1). Little background signals appeared, in-
dicating the presence of a second protein species on the
polyvinylidene difluoride membrane.

In contrast, in SDS-polyacrylamide gels prepared in Tris-
glycine buffer and with a stacking gel, two protein bands of
identical intensity appeared after staining with, e.g.,
Coomassie brilliant blue. These bands represented proteins
with Mrs of 35,500 and 36,000 (±1,000), which were referred
to as the a and ,3 subunits of Ao:DCPIP OR, respectively
(Fig. 1). In contrast, the nondenatured protein exhibited an
Mr of 136,000 + 10,000 in linear polyacrylamide gels. By
centrifugation in sucrose density gradients, an Mr of 165,000
was determined recently for the partially purified enzyme
(22a). From these data it was concluded that Ao:DCPIP OR
of A. eutrophus was isolated as a tetrameric protein with an
%2IB2 structure.
As it was not possible to separate both subunits suffi-

ciently and to obtain partial amino acid sequences of each
subunit, an alkylated sample of the Q-Sepharose pool was
treated with S. aureus V8 protease, which hydrolyzes at
glutamic acid residues. After 18 h of incubation, two major
protein species with Mrs of 32,000 (V8/1 protein) and 16,000
(V8/2 protein) appeared as major products of partial cleavage
in SDS-polyacrylamide gels besides some minor species.
Amino acid sequence analysis revealed identical N-terminal
sequences 1-(Thr)-Ala-Arg-Ala-Ser-Gln-Asp-Ser-Ala-Ala-
Leu-Pro-Leu-Asp-Lys-Glu-Thr-Leu-Leu-Thr-?-(Tyr)-Arg-
Lys-Met-?-?-Ile-Arg-Asp-Phe-31 (NTAAS2) for the V8/1 and
V8/2 proteins. NTAAS2 had appeared partly as weak back-
ground during determination of NTAAS1. Later it was
shown that NTAAS1 and NTAAS2 represent parts of the ,B
and a subunit primary structures, respectively.

Purification of FMP. FMP often appeared as a double band
in polyacrylamide gels close to the tracking dye amido black
(Fig. 1 [72]). As the function of FMP was not known, no
enzymatic assay was available for this protein. However, as
FMP was distinguished from most other proteins by its high
electrophoretic mobility, electrophoresis in minigels in com-
bination with silver staining provided a rapid and sensitive
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FIG. 1. Electropherograms of purified proteins of A. eutrophus and of cytoplasmic fractions obtained from recombinant strains of E. coli.
(A) Purified FMP. A 7.4-,ug sample of FMP-I (lane 1) and 5.5 p.g of FMP-II, which had been separated by fast protein liquid chromatography,
and 11.5 ,ug of protein of the Sephadex G75 eluate containing both FMP species (lane 3) were separated in a polyacrylamide gel under
nondenaturing conditions. (B) Heterologous expression of FMP in E. coli. Crude extracts from acetoin-grown cells of A. eutrophus H16 (lane
4), E. coli XL1-Blue (KS-::EB30) (lanes 5 and 6), and E. coli XL1-Blue (SK-::EB30) were separated in a polyacrylamide gel under
nondenaturating conditions. E. coli was grown in LBApTc medium in the absence (lane 6) or presence (lanes 5 and 7) of 10 mM
isopropyl-,-D-thiogalactopyranoside. (C) Heterologous expression of Ao:DCPIP OR in E. coli. Crude extracts from E. coli XL1-Blue (SK-)
(lane 8) and E. coli XL1-Blue (SK-::ES25) (lanes 9 and 10) were separated in an SDS-polyacrylamide gel. E. coli was grown in LBApTc
medium in the absence (lane 9) or presence of 10 mM isopropyl-p-D-thiogalactopyranoside (lanes 8 and 10). The molecular masses of standard
proteins (lane 11) are given on the right in kilodaltons. Purified Ao:DCPIP OR from A. eutrophus was separated in lane 12. SU, subunit.

method for detection of even small quantities of FMP and for
rough and rapid estimation of its concentration. A three-step
procedure was developed to purify FMP to homogeneity.
FMP was eluted from DEAE-Sephacel in close relation to
Ao:DCPIP OR at 170 to 220 mM KCI (maximum at approx-
imately 190 mM). Fractions which contained high amounts
of FMP were combined. The 5.5-ml pool contained approx-
imately 600 mg of protein and a high proportion of the
Ao:DCPIP OR activity. As the molecular weight of FMP
was assumed to be rather low, gel filtration on Sephadex G75
was chosen as a second purification step. When 50 mM
potassium phosphate buffer, pH 7.0, was used, FMP was

already eluted with the voided volume of the column to-
gether with Ao:DCPIP OR. Separation of FMP and Ao:
DCPIP OR was achieved when KCI was added to the buffer
at a concentration of 300 mM.
Of six different triazine affinity media, only Procion Brown

MX-5BR retarded FMP. Procion Blue MX-2G, Procion
Green HE-4BD, Procion Red HE-3B, Procion Yellow MX-
8G, and Procion Orange A did not bind FMP when the
Sephadex G75 pool was applied. Although binding was very

weak, purification of FMP to approximately 90% homoge-
neity and its separation from Ao:DCPIP OR were achieved
when the Sephadex G75 eluate was subjected to chromatog-
raphy on Procion Brown MX-5BR Sepharose 4B-CL. Elu-
tion of FMP started after the column was washed with one

BV of buffer and continued until the second BV of buffer had
been applied. Fractions containing mainly FMP but no other
proteins were combined and used for further experiments.

Separation of FMP-I and FMP-II. During the purification
of FMP, there was no indication for separation of the two

forms of FMP. It was not possible to separate FMP-I and
FMP-II on a preparative scale by varying the acrylamide
concentration in the gels from 4 to 10% (wt/vol). Even in
linear polyacrylamide gradient gels (5 to 27.5% monomer,
wt/vol), separation was not achieved. However, separation
of FMP-I and FMP-II occurred during fast protein liquid
chromatography on Mono Q HR5/5. Whereas FMP-I was

eluted from the column at 200 mM KCl, FMP-II was eluted
immediately after the KCl concentration in the elution buffer
had increased slightly (Fig. 1).

Differences between FMP-I and FMP-II. A slight difference
in migration in native polyacrylamide gels (relative mobili-
ties towards amido black of 0.95 and 0.93 for FMP-I and
FMP-II, respectively) and a difference in binding to Mono-Q
HR5/5 were the only differences between the two forms
detected in this study. Various electrophoretic techniques
revealed no differences between the two forms of FMP.
Electrophoresis in linear polyacrylamide gradient gels (5 to
27.5% monomer, wt/vol), in linear SDS-polyacrylamide gels
(5 to 30% monomer, wt/vol), or in uniform SDS-polyacryl-
amide gels (7.4% monomer, wt/vol) revealed Mrs of 36,500 +

2,000, 46,500 + 2,000, and 36,500 + 2,000 for the native or

denatured proteins. Isoelectric focusing in agarose gels
revealed an isoelectric point of 4.4 for both forms of FMP. In
addition, the N-terminal amino acid sequences determined
for FMP-I and FMP-II by Edman degradation were identi-
cal: 1-Ala-Thr-Glu-Ile-Ser-Pro-Thr-Ile-Ile-Pro-Ile-Val-Met-
Pro Lys ? Gly Leu Ser- Met -Lys - (Glu) -Gly -Thr - (Val)-
(Asn)-(Ala)-27 (NTAAS3).

Identification of the structural gene for FMP. On the basis
of the primary structure of FMP, a 47-mer oligonucleotide

A
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FIG. 2. Molecular organization of the A. eutrophus aco operon. (a) Physical map of the region analyzed in this study. Abbreviations: B,
BamHI; S, Sall; El, EcoRI; EV, EcoRV. (b) Relevant restriction fragments used in this study. (c) ORFs detected in this study. (d) Structural
genes of the aco operon. Triangles indicate the positions of Tn5: :mob in acetoin-negative mutants. The promoter (PN) upstream of acoX and
the hairpinlike structure downstream of acoC are indicated. (e) Proteins encoded by the genes of the aco operon. The molecular masses were

calculated from the deduced amino acid sequences.

(3'-TGGTAGTAGGGGTAGCACTACGGGTTCTTCCCGG
ACAGGTACTTCCT-5') and a 17-mer oligonucleotide (3'-
TA[TGA]GG[TGAC]TA[TGA]CA[TGCA]TACGG-5') (var-
iations of nucleotides at a single position are shown in
brackets), which exhibited less variability in the wobble
position and were based on the codon usage ofA. eutrophus,
were synthesized and labeled with 32P by the T4 polynucle-
otide kinase reaction. These oligonucleotides were hybrid-
ized at 37°C with DNA restriction fragments A, B, C, D, and
E, which had been cloned recently in plasmids pSUP202,
pVK101, and pHP1016 (23), and with EcoRI digests of
genomic DNA of A. eutrophus which had been transferred
to a nylon membrane. With both oligonucleotides, specific
hybridization signals were obtained with fragment C and a

genomic fragment of identical size after the membrane was
washed at 42°C with 6x SSC (lx SSC is 0.15 M NaCl plus
0.015 M sodium citrate) containing 1% (wt/vol) SDS to
diminish heterologous hybridizations. Fragment C was iso-
lated from a pHC79 hybrid cosmid harbored by a recombi-
nant clone of E. coli DH1 (23). With the 47-mer oligonucle-
otide, the structural gene of FMP was localized on various
subfragments of C. One of these subfragments was the
3.0-kbp EcoRV-BamHI restriction fragment EB30 (Fig. 2),
which was ligated to EcoRV-BamHI-treated plasmids Blue-
script KS- and SK- and transformed into E. coli XL1-Blue.

Identification of the structural gene for the 13 subunit of

Ao:DCPIP OR. On the basis of the N-terminal amino acid
sequence of the P subunit of Ao:DCPIP OR, a mixture of 18-
mer oligonucleotides (3'-CG[AGTC]TA[AGT]CT[AG]GT
[TC]CT[TC]TAC-5') was synthesized and labeled with 32p.
This probe was hybridized at identical conditions to the
same membranes, which were used for identification of the
structural gene of FMP. Again, only with fragment C was a

signal obtained. In a separate hybridization experiment, the
structural gene was located on various subfragments of
fragment C, e.g., on the 2.5-kbp EcoRI-SalI restriction
fragment ES25 (Fig. 2). This fragment was ligated to Blue-
script KS- and SK- DNAs which had been treated with
EcoRI plus SalI and transformed into E. coli XL1-Blue.

Nucleotide sequences of acoA, acoB, acoC, and adjacent
regions. To determine the nucleotide sequences of the struc-
tural gene for FMP, which was referred to as acoC, and the
structural genes for the subunits of Ao:DCPIP OR, which
were referred to as acoA and acoB, the above-mentioned
hybrid plasmids Bluescript KS- and SK-, harboring DNA
fragments EB30 and ES25, were used as DNA templates. By
employing universal primers and then synthetic primers, the
nucleotide sequences of both strands of these fragments
were determined by the dideoxy-chain termination method
and the primer-hopping strategy. Several open reading
frames (ORFs) were identified (Fig. 2).
The amino acid sequences deduced from the 5' regions of
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N1240

GGATCCGACCGGCTGATACCCCTGTTTCCGCTGTTTTCACTGCCTGCGCGCA TGGCACAGCCATTGCI ATACGCCTGGCAAGACAACGACAACArLr-Ar
-24 -12 D

acoX
ACAGGCAATGGGGCACGCAGCAGGCGCCAGCGCGCAGATCGCGCCAGTGGTCGGCATCATCGCCAACCCGATTTCCGCGCGCGACATCCGTCGTGTGATC

MetGlyHlsAlaAlaGlyAlaSerAlaGlnIleAlaProValValGlyIleIleAlaAsnProloeSerAlaArgAspIleArgArgValIle
1 10 20 30

GCCAACGCCAACAGCCTGCAGCTGGCCGAC'CGCGTCAATATCGTGCTGCGCCTGCTGGCCGCGCTGGCCTCCTGCGGCGTGGAGCGCGTGCTGATGATGC
AlasAnAlaAsnSerL.uGlnL.uAlaAspArgValAsnIleValLuArgL.uLeuAlaAlaLeuAlaSerCysGlyValGluAr9ValLeuMetMetPro

40 50 60
N1239
V

CCGACCGCGAAGGCTGCGCGTCATGCTGGCGCGG'CACCTGGCACGCCGGCAGGGGCCGGACTCGGGCCTGCCCGCGGTCGACTACCTCGACATGCCGGT
AspArgGluGlyL.uArgValMetLeuAlaArgHisLeuAlaArgArgGlnGlyProAspSerGlyLeuProAlaValAspTyrLeuAspMetProVal

70 80 90

CACCGCGCGCGTCGACGACACCCTGCGCGCCGCGCGCTGCATGGCCGATGCGGGCGTGGCCGCGATCATCGTGCTGGGCGGCGACGGCACCCACCGCGCG
ThrAlaArgValAspAspThrLeuArgAlaAlaArgCysMetAlaAspAlaGlyValAlaAlaIleIleValLuGlyGlyAspGlyThrHisArgAla

100 110 120 130

GTGGTGCGCGAGTGCGGCGCGGTGCCGATCGCGGGCCTGTCGACCGGCACCAACAATGCCTACCCCGAAATGCGCGAGCCCACCATCASCGGGCTGGCAA
ValValArgGluCysGlyAlaValProIleAlaGlyL uSerThrGlyThrAsnAsnAlaTyrProGluMetArqGluProThrIleIleGlyLeuAlaThr

140 1S0 160

CCGGCCTCTATGCCACGGGCCGCATTCCTCCTGCGCAGGCGCTGGCGTCGAACAAGCGGCTCGACATCGTCATCCGTGACGGCAACGGCGGCTTTCGCCG
GlyLeuTyrAlaThrGlyArgIleProProAlaGlnAlaL.uAlaS.rAsnLysArgLeuAspIleValIleArgAspGlyAsnGlyGlyPheArgArg

170 180 190

CGATATTGCGCTGGTGGATGCGGTGATCTCGCACGAGCACTTCATCGGCGCGCGCGCCCTGTGGAAGACCGACACGCTTGCCGCCGTCTACGTGTCCTTT
AspIleAlaL uValAspAlaValIleSerHisGluRHsPheIl*GlyAlaArqAlaL.uTrpLysThrAspThrLeuAlaAlaValTyrValSerPhe

200 210 220 230

GCCGACCCCGAGGCCATCGGCCTGTCATCCATCGCCGGGCTGCTGGAGCCGGTGGGCCGGCGTGAGGAGGGCGGCCTCGCGATCGAACTGGCCGCGCCCG
AlaAspProGluAlaIleGlyL uSerSerIleAlaGlyL*uLeuGluProValGlyArgArgGluGluGlyGlyLeuAlaIleGluLeuAlaAlaProGly

240 250 260

GCGAAGGCGAATTCGACCTGTGCGCGCCGATCGCACCCGGCCTGATGTGCACCGTGCCGGTGGCCGGCTGGCAGCGGCTCGAACACGGCCGGCCCCATCG
GluGlyGluPheAspL.uCysAlaProIleAlaProGlyL.uMetCysThrValProValAlaGlyTrpGlnArgLouGluHisGlyArgProlisArg

270 280 290
N1248

CGTGCGCCAGGAGGCTTGTCGCGCTGGACGGAGAGCGCGAGCTGGCCTTCGGCCCGGACGACGAAGTCACGGTCACCCTGCATGACCACGCCTTT
ValArgGlnArgSerGlyIleValAlaL.uAspGlyGluAr9GluL.uAlaPheGlyProAspAspGluValThrValThrLouHisAspHisAlaPhe

300 310 320 330

CGCAGCATCGACGTCGCGGCCTGCATGCGCCATGCCGGGCGCCACCACCTGATGCGCAGCCTGCCGCAGCCCGCGGCGGTGGGATGACGCGCGGGCACCG
ArgSerIleAspValAlaAlaCysMetArqtisAlaGlyArgqisHisLeuMetArgSerLeuProGlnProAlaAlaValGly *

340 350 359
acoA

CGTCCGCCCGCTTTTCCCCTTTCTTGAAGTGCAACACCTGAAAACGM CAGACATGACAGCCAGAGCTTCTCAAGATTCCGCCGCGCTGCCGCTC
7S/D M4t__etThrAlAA

1 NTAAS2 10

GACAAGGAGACGTTGCTGACGGTGTACCGGAAGATGCGCACCATCCGCGATTTCGAAGAACGCCTGCACGTGGACTTCGGGCGCGGCGACATCCCGGGCT
1; _ _ VT _ _ luGluArgLouHisValAspPh GlyArgGlyAspIleProGlyPhe

20 30 40

TCGTCCATCTATACGCGGGCGAGGAAGCCIsCGGGCGTCGGCATTCTGCACCACCTGAACGATGrGCGACCGCATCGCCAGCACACACCGCGGCCACGGCCA
ValisaLeuTyrAlaGlyGluGluAlaAlaGlyValGlyIllLeuBisgisLeuAsnAspGlyAspArgIleAlaSerThrfisArgGlyuisGlyHis

S0 60 70 80

TTGCATTGCCMAGGGCGTCGATCCGGTGGCGATGATGAAGGAGATCTACGGCAAGAAGGGCGGCTCGTGCAATGGCAAGGGTGGCTCGATGCATATCGCC
CysIl-AlaLysGlyValAspProValAlaM tMetLysGluIleTyrGlyLysLyaGlyGlySerCysAsnGlyLysGlyGlyS*rMetHisIleAla

90 100 110

GACCTGTCCAGGGCATGATGGGCGCCAACGGCATCCTGGGCGCAGGCGCGCCGCTGATCTGCGGCGCCGCGCTGGCTGCCAAGTTCCGCGGCAAGGGCG
AspLeuS-rLysGlyMetM tGlyAlaAsnGlyIleLeuGlyAlaGlyAlaProL ull CysGlyAlaAlaL uAlaAlaLysPheArgjGlyLysGlyGlu

120 130 140

AGGTCGGCATCACCTSCGG ACGCC$CAACCAGGGCACTTTCCTGGAAAGCCTGAACCTGGCCGCGGTCTGGAACCTGCCGGTGATCTTCGT
ValGlyIleThrPh CysGlyAspClyAlaS*rAsnGlnGlyThrPhoL uGluSerL uAsnL uAlaAlaValTrpAsnLeuProVaIll-PhoVal

1so 160 170

100
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FIG. 3. Nucleotide sequence of the A. eutrophus aco operon. Amino acids deduced from the nucleotide sequence are specified by standard
three-letter abbreviations. The amino acid sequences determined for the N termini of the isolated a and , subunits ofAo:DCPIP OR (NTAAS2 and
NTAAS1) and FMP (NTAAS3) are underlined. Putative ribosome-binding sites are indicated by boxes labeled S/D. The positions of hairpinlike
structures downstream of acoX and acoC are indicated by opposed arrows. Triangles indicate insertions of TnS: :mob in acetoin-negative mutants.
The putative promoter is boxed, and highly conserved nucleotides (-12 and -24) are indicated by boldface letters. A dot and arrow labeled mRNA
indicate the transcription start site, as determined by Si nuclease protection assay, and the direction of transcription.
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GATCGAGAACAACGGCTATGCCGAATCGACCTCGCGCGATTACGGCACCGCGGTGGACAGCTACGTGGACCGCGCCGCCGGCTTCGGCATCCCGGGCGTG 1900
IleGluAsnAsnGlyTyrAlaGluSerThrSerArgASPTyrGlyThrAlaValAspSerTyrValAspArgAlaAlaGlyPheGlyIleProGlyVa

190 200 210

ACGGTGGACGGCACCGATTTCTTCGCCGTCCATGAAGCGGCCGGCGAAGTGATCCGGCGCGCGCGCGAAGGCGGCGGGCCGTCGCTGCTCGAATGCAAGA 2000
ThrValAspGlyThrAspPhePheAlaValHisGluAlaAlaGlyGluValIleArgArgAlaArgGluGlyGlyGlyProSerLeuLeuGluCysLysMet

220 230 240

TGGTCCGCTTCTATGGCCACTTCGAGGGCGATGCGCAGACCTACCGCGCCGCCGGCGAACTCGACGACATCCGCGCCAACAAGGATTGCCTGAAGCTGTT 2100
ValArgPheTyrGlyHisPheGluGlyAspAlaGlnThrTyrArgAlaAlaGlyGluLeuASpAspIleArgAlaAsnLysAspCysLeuLysLeuPhe

250 260 270 280

TGGCCGCGCCGTGACCCAGGCGGGAGTGGTCGCTCGCGAAGAACTCGACACCATCGACCGCGAGGTCGCCGCGCTGATCGAGCATGCCGTGCAGGAAGCC 2200
GlyArgAlaValThrGlnAlaGlyValValAlaArgGluGluLeuAspThrIleAspArgGluValAlaAlaLeuIleGluHisAlaValGlnGluAla

290 300 310
acoB

AAGGCCGCGCCGCAGCCGGGTCCCGAAGACCTGCTCACCGACGTCTACGTCAGCTACTGATCTGCCACGCGCTAACCCAATATCjtAACAAACCATGG 2300
LysAlaAlaProGlnProGlyProGluAspLeuLeuThrAspValTyrValSerTyr * S/D MetAIa

320 330 333 1

CTCGCAAACTGAGCATCAAGCTGGCGATCAACGAGGCGATCGACCAGGAAATGACCCGCGACCCCAGCGTCATCATGCTGGGCGAAGATATCGTCGGCGG 2400
gT,XnT,nuSc%rTlPT,X AlaTlpAqnCluAlaTIPAs2GInCluMetThrArgAsnPrSerValIleMetLeuGlyGluAsplIeValGlyGly

NTAAS1 10 20 30

CGCCGGCGCGGACGGCGAGAAGGACGCCT'GGGGCGGCGTGCTGGGCGTGACCAAGGGTCTTTACGCCAAGCACGGCGACCGGCTGCTGGACACGCCGCTG 2500
AlaGlyAlaAspGlyGluLysAspAlaTrpGlyGlyValLeuGlyValThrLysGlyLeuTyrAlaLysHisGlyAspArgLeuLOuAspThrProLeu

40 50 60

TCTGAATCCGCTTACGTGGGCGCCGCCATCGGCGCCGCGGCCTGCGGCATGCGCCCGATCGCCGAGCTGATGTTTATCGATTTCATGGGCGTTTGCTTCG 2600
SerGluSerAlaTyrValGlyAlaAl a IleGlyAl aAlaAlaCysGlyMet ArgProIleAlaGluLeuMetPheIleAspPheMetGlyValCysPheA3p

70 80 90 100

ACCAGATCTTCAACCAGGCGGCCAAGTTCCGCTACATGTTCGGCGGCMG~GCGGAGACGCCGGTGGTGATCCGCGCGATGGTCGGCGCGG'GCTTTCGCGC 2700
GlnIlePheAsnGlnAlaAlaLysPheArgTyrMetPheGlyGlyLySAlaGluThrProValValIleArgAlaMetValGlyAlaGlyPheArgAla

110 120 130

AGCCGCGCAGCACAGCCAGATGCTGACGCCGCTGTTCACGCATATCCCCGGCCTGAAGG'TGGTGTGCCCGTCCACGCCGTACGACACCAAGGGCCTGCTG 2800
AlaAlaGlnHisSerGlnMetLeuThrProLeuPheThrHisIleProGlyLeuLysValValCysProSerThrProTyrAspThrLysGlyLeuLeu

140 150 6

ATCCAGGCGATCCGCGACAACGACCCGGTGATCTTCTGCGAGCACAAGAACCTGTACGGCCTGGAAGGCGAGGTGCCCGAAGGCGCCTACGCGATCCCGT 2900
IleGlnAlaIleArgAspAsnAspProValIlePheCysGluHisLysAsnLeuTyrGlyLeuGluGlyGluValProGluGlyAlaTyrAlaIleProPhe

170 180 190 200

TCGGCGAGGCCAATATCGTGCGCGACGGCAAGGACGTGTCGATCGTCACCTACGGGTTGATGGTGCATCGCGCGCTCGAAGCGGCGGCAACGCTGGCCAA 3000
GlyGluAlaAsnIleValArgAspGlyLysAspValSerIleValThrTyrGlyLeuMetValHisArgAlaLeuGluAlaAlaAlaThrLeuAlaLys

210 220 230
H1053

GGAGGGCATCGAGGCCGAGATCGTGGACCTGCGCACGCTCTCGCCACTGGACATGGACACGGTGCTGGAGTCGGTCGAGAACACCGGCCGCCTGGTGGTG 3100
GluGlyIlGluAlaGluIleValAspLeuArqThrLeuSerProLeuAspMetAspThrValLeuGluSerValGluAsnThrGlyArgLeuValVal

240 250 260

GTGGACGAGGCCAGCCCGCGCTGCAATATC'GCCACCGATATCTCCGCGCAGGTTGCGCAGCAAGCCTTCGGCGCGCTCAAGGCCGGCATCGAGATGGTGT 3200
ValAspGluAlaSerProArgCysAsnIleAlaThrAspIleSerAlaGlnValAlaGlnGlnAlaPheGlyAlaLeuLysAlaGly3leGluMetValCys

270 280 290 300

GCCCGCCGCACACGCCGGTGCCGTTCTCGCCGACGCTGGAGGACCTGTACATCCCCAGCGCCGCGCAGATCGCGGCCGCCGCGCGCAGACCATGAAG 3300
ProProHisThrProValProPh.SerProThrLeuGluAspLeuTyrIleProSerAlaAlaGlnIleAlaAlaAlaAlaArgLysThrMetLysWty

310 320 330
N1245
V . acoC
nCAAGCACTGATGGCAACCGAAATTTCCCCCACGATTATCCCGATCGTGATGCCCAAGTGGGGCCTGTCGATGAAGGAAGGCACGGTCAATGCGTGGC 3400
GlyLysHis* MetAThrCluTreSurProThrTl.T1.PrTI1VA1M.toLvaTrRGlyLauSarMotLvnC1uG1vThrVa1AsnA1ATrpL.u
S/D 335 1 NTAAS3 10 20 30

TGGTCGACGA^GGACCGAGATTACCGTGGGCCTGCCGATCCTGGATGTGGAAACCGACAAGATCGCCAATGCGGTGGAGGCGCCCGACGCCGGCACGC; 3500
ValAspGluGlyThrGluIleThrValGlyLeuProlleLeuAspValGluThrAspLysIleAlaAsnAlaValGluAlaProAspAlaGlyThrLeu

40 50 60

GCr.CCGCAAGGTGGCGCAG'GCCGGCGACGTGCTGCCGGTGAAGGCGCTGCTGGGCGTGCTGGCACCTGCGGAGGTGAGCGATGCGCAAATCGATGACTAT 3600
ArgArqLysValAlaGlnAlaGlyAspValLeuProValLysAlaLeuLeuGlyValLeuAlaProAlaGluValSerAspAlaGlnlleAspAspTyr

70 80 90

FIG. 3-Continued
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GTCGCGGCTTATGAAACGCCGGCGGACGACGCTGGCGAAGAGGACGCCGCTGCCGCGTACCAGTTTGCCGACGTCGACGGCATCCGGGTCCGCTATGCCC
ValAlaAlaTyrGluThrProAlaAspAspAlaGlyGluGluAspAlaAlaAlaAlaTyrGlnPheAlaAspValAspGlyIleArgValArgTyrAlaArq

100 110 120 130

GCAAGGGTGGCGGCGCCGAAACCGTGCTCTTCATCCACGGATTTGGCGGAGACCTGGACMCTGGCTGTTCAACCTCGATCCCCTGGCCGACGCGTACAC
LysGlyGlyGlyAlaGluThrValLeuPheIleBisGlyPheGlyGlyAspLeuAspAsnTrpLeuPheAsnL.uAspProLeuAlaAspAlaTyrThr

140 150 160

CGTGGTGGCGCTCGACCTGCCCGGCCACGGACAGTCGTCGCCGCGGCTCGCGGGCACGACGCTGGCGCAGATGGCCGGCTTTGTAGCGCGCTTCATGGAC
ValValAlaL.uAspLeuProGlylisGlyGlnSerSerProArgL.uAlaGlyThrThrLeuAlaGlnMetAlaGlyPheValAlaArgPheMetAsp

170 180 190

GAGACCGGGATCGAGGCGGCGCATGTGGTCGGCCATTCGATGGGCGGCGGCGTGGCGGCGCAACTGGCCGTGGATGCACCGCAGCGGGTGCTGTCGGTGG
GluThrGlyIleGluAlaAlallisValValGlyHisSerMotGlyGlyGlyValAlaAlaGlnLeuAlaValAspAlaProGlnArqValLeuSerValAla

200 210 220 230
N1233

CGCTGGTGTCGCCGGTGGGCTTTGGCGACGCCGTCAACAGCGGCTATACCGAAGGCTTCGTCAGTGCCCAGTCCCGGCGCGAGCTCAAGCCCGTGGTCGA
L.uValSerProValGlyPheGlyAspAlaValAsnSerGlyTyrThrGluGlyPheValSerAlaGlnSerArgArgGluLeuLysProValValGlu

240 250 260

ACTGCTGTTCGCCGACGCGGGGCTGGTCAGCCGCCAGATGCTGGACGACCTGCTGCGCTACAAGCGGCTGGACGGCGTCACCGAGGCGCTGACGGCGCTG
L.uLeuPheAlaAspAlaGlyLeuValSerArgGlnMetLeuAspAspL@uLeuArgTyrLysArgLeuAspGlyValThrGluAlaLeuThrAlaL.u

270 280 290

GGGCAGGGACTCTTCGGCGGCGGCCGCCAGAGCGAGCAGCCTGGCCAGCGGCTGGCCAACAGCGGCAAGCGCGTGCTGGTGGTGTGGGGCGGTCAGGACC
GlyGlnGlyL uPheGlyGlyGlyArgGlnSerGluGlnProGlyGlnArgLeuAlaAsnSerGlyLysArgValLeuValValTrpGlyGlyGlnAspGln

300 310 320 330

AGATCATCCCGGCCGCGCACGCTGAAGCCGCGCCGCCGGGAGCAACCGTCAAGGTCTTTGCCGATGCTGGCCACATGAGCCAGATGGAGAAGGCCAATGA
Ilell3ProAlaAlaRisAlaGluAlaAlaProProGlyAlaThrValLysValPh4A05AspAlaGlyHis36tS0rGlnMetGluLysAlaAsnAsp

340 350 360

CTTCAACGCGCTGCTGAAGAAGCATCTGGGCGGCTGATGCCGCGCGCGGATGGCGCCGCCCAGGGCGCCATCCGCTCGGCCAGCTCGCCTTGTTCCAATT
Ph.AsnAlaL.uLouLysLysHisLeuGlyGly - -

370 374

CAAGACpGGiGCCTCATGACCACAGACCTGAAGACCCGCCTGACCGAGATCAACAGGCAATTCGGTGCGCTCGGCCAGGCCCAGCCCGCCGCCATGAGC
ORF7

GCCTTCCAGGGCGTGATGAAGGCCGCCACGCAGGACGGCAGCCTGCCCGCCGCCGTCAAGGAACTGATTGCCGTCGCGCTGGCGGTGCAGAAGGGCTGCG

ACGACTGCGTGCTGTTCCACACCAGCCAGGCGCTGCGCCATCGCGCCACGCGCGAGCAGCTCGCCGAAGTGCTGGCCATCAATATCGAGATGGGTGGCGG

CGGCGCCATTACzGCG;CAGGCGCTGGCGTACTTCGATGCGCTCAATGCCTAGTGTTGCTAGACTCGGCACGTTGCTATCCGGAGGTTGGTGCCA
ORFS

TCCCATGCCGTTTGAATTTATTGATGCGGCCCATGCCGGGCAGGCGGGCAGCGACCCGCTGCAGGATGAGCTGGCCTTGCTCGACCTCGCGGCACAAGGC

CGGCAGGTGGCGCAGCTGTGGGAGGCGCCGCTGTCGCTGGTGGTGCCGCGCACCTACCTGCGCCATGCCGCGCTGGAAACCGCGCGCGCCGACTTCGCGC

AGCAGGGATGC CGGTATT CCTGCATGTGCGG GGTCCCGGCCCCGGCATCCTCAACCTGAGCCTGGCCTACACAGTGGAACAGCC

GCCGGGCGCG = AGCGACGCGGTCTACCTGCACTTGTGCGAGGTCATCGGCGACGCGCTGCAATCGCTGGGCGTCGAC

FIG. 3-Continued

ORF5 and ORF6 were identical to the amino acid sequences,
which had been determined by Edman degradation of puri-
fied ,B subunits of Ao:DCPIP OR and purified FMP, respec-
tively, except that they lacked the methionine residues (Fig.
3). Therefore, ORF5 represents acoB and ORF6 represents
acoC. The translation start codons of both genes were
preceded by reliable Shine-Dalgarno sequences which were
located 7 or 9 nucleotides upstream of acoB or acoC,
respectively.
The amino acid sequence, which had been determined by

Edman degradation of the purified a subunit of Ao:DCPIP
OR, corresponded to the amino acid sequence deduced from
the nucleotide sequence downstream of the second ATG
codon of ORF4 (position 1259 in Fig. 3). As only this and not
the first ATG codon of ORF4 (position 1184) was preceded

by a reliable Shine-Dalgarno sequence and as the second
ATG codon was not preceded by a glutamate codon, acoA
starts at position 1259. This also indicates that during treat-
ment of Ao:DCPIP OR with S. aureus V8 protease peptides
were removed from the C terminus rather than from the N
terminus of the a subunit.

Cloning of the intact aco operon. The cocloning of fragment
A and TnS-labeled fragments C (23) had already provided
first evidence that fragments A and C are closely linked in
the genome of A. eutrophus. Further evidence for linkage of
the two fragments was obtained in this study when BamHI-
digested wild-type genomic DNA was hybridized either with
ES25 DNA (subfragment of C) or with the 0.9-kbp EcoRI-
BamHI restriction fragment (subfragment of A) as DNA
probes and when only one signal appeared respectively,
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representing a restriction fragment of identical size (6.1 kbp
[BB61 in Fig. 2], results not shown in detail). The polar effect
exerted by insertions of Tn5 in fragment A on expression of
the genes for Ao:DCPIP OR and FMP (23), which were
clearly localized on fragment C in this study, provided
further evidence. These results also indicated that the aco
genes are organized in one single operon whose transcrip-
tional start site is located on fragment A. This assumption
was confirmed by the lack of sequences typical for ok'- or
o70-dependent promoter sequences upstream of acoA, acoB,
or acoC.
To clone the region, which comprises the entire aco

operon, plaques of a XL47 gene bank of BamHI-digested
genomic DNA from A. eutrophus H16 were hybridized with
biotinylated ES25 DNA. From one recombinant phage, a
6.1-kbp BamHI restriction fragment (BB61 [Fig. 2]) was
isolated and ligated to BamHI-digested Bluescript SK-
vector DNA. By DNA sequencing, it was demonstrated that
this fragment contained only one EcoRI restriction site and
that fragments A and C are therefore directly linked in the
genome.

Nucleotide sequence of the 5'-upstream region of the gene
cluster. To obtain information about the region upstream of
acoA, fragment A was isolated from a clone of E. coli S17-1
harboring a hybrid plasmid of pSUP202 (23). A 3.5-kbp
EcoRV-EcoRI subfragment of fragment A, which was re-
ferred to as EE35, was ligated with Bluescript SK- vector
DNA which had been treated with EcoRV plus EcoRI and
was transformed into E. coli XL1-Blue. The primer-hopping
strategy and synthetic oligonucleotides were applied to
obtain the nucleotide sequence of this fragment. In Fig. 3,
only the nucleotide sequence of fragment A between the
BamHI and EcoRI sites is shown. A 1,080-bp ORF, referred
to as ORF3, was identified. ORF3 was separated by 71
nucleotides from acoA (Fig. 2). It was preceded by a
tentative Shine-Dalgarno sequence which was separated by
6 nucleotides from the putative translational start codon.
The deduced amino acid sequence exhibited no significant
homologies to the primary structures of approximately
25,000 proteins included in the NBRF data bank. Hydropho-
bicity plots provided no evidence that the gene product is a
membrane protein indicating a function as a protein for the
uptake of, e.g., acetoin.
Codon usage. For the region which was sequenced in this

study, a G+C content of 67.4 mol% was determined, which
was close to the G+C content determined for the total
genomic DNA of this bacterium (66.3 to 66.9 mol% [18]).
The G+C contents of ORF3, acoA, acoB, acoC, ORF7, and
ORF8 were 70.8, 66.1, 66.6, 67.7, 67.3, and 70.2 mol%,
respectively. A highly biased choice between codons with
either G or C at position 3 occurred for acoA (86.3 mol%),
acoB (90.1 mol%), and acoC (84.8 mol%), as well as for
ORF3 (86.5 mol%), ORF7 (89.5 mol%), and ORF8 (82.0
mol%). According to Bibb et al. (9), the theoretical value is
84.5 mol%. In contrast, the G+C contents at position 2 were
45.8 (acoA), 43.7 (acoB), 44.8 (acoC), 50.8 (ORF3), 45.6
(ORF7), 48.7 (ORF8), and 46.0 (theoretical value) mol%; the
G+C contents at position 1 were 67.4 (acoA), 64.8 (acoB),
73.6 (acoC), 75.0 (ORF3), 66.7 (ORF7), 75.3 (ORF8), and
67.0 (theoretical value) mol%.
As with the rbcL (3) and adh (34) genes of A. eutrophus,

the bias toward the use of codons with G or C in position 3
of all of the genes and ORFs investigated in this study was
not as extreme for the glutamate codons. Furthermore, GGC
is preferred to GGG as a codon for glycine, and CGC is
preferred to CGG for arginine, whereas CUG is preferred to

a CTGGYAYRNNNNTTGCA
IIIIIIII IIIII

b CTGGCACAGCCATTGCA
IIII II III

c TTGGCGCACATCCTGCG

FIG. 4. Comparison of the putative promoter of the aco operon
with other U54-dependent promoters. The E. coli a54 promoter
consensus sequence (a [56]), the putative promoter of the acoXABC
operon (b [this study]), and the putative promoter of the hoxFUYH
operon (c [78]) were aligned. Vertical lines (I) connect identical
nucleotides. The invariant base pairs at positions -24 and -12 are
in boldface.

CUC for leucine in all of the genes and ORFs investigated in
this study.

Identification of the promoter. A region which exhibited
maximum possible homology (13 of 13 possible matches) to
the enterobacterial (r54 promoter consensus sequence (56)
was located 38 bp upstream of ORF3 (Fig. 4). By an Si
nuclease protection assay with total RNA isolated from
acetoin-grown cells, the transcription start site was located
at nucleotide 82 (Fig. 3 and 5).

Putative termination signals. Immediately downstream of
acoC, an inverted repeat which may represent a factor-
dependent transcription terminator was localized (Fig. 3).
According to Tinoco et al. (77), the free energy of this
structure is approximately -104.2 kJ/mol. A short inverted
repeat with four T residues was identified immediately
downstream from ORF3 (Fig. 3). The free energy of this
structure is approximately -86.9 kJ/mol; the function of this
hairpinlike structure is not known.
Mapping of TnS insertions. The insertions of TnS: :mob in

various acetoin-negative mutants had already been mapped
roughly on EcoRI restriction fragments A and C (23). In this
study, we ligated the Sall restriction fragments of fragments
ATN1240, ATN1239, CTH1053, CTN1248, CTN1245, and CTN1233
to pUC9-1 DNA and transformed the ligation mixtures into
E. coli JM83. Recombinant clones exhibiting kanamycin
resistance, mediated by the respective fraction of Tn5 in one
of these Sall restriction fragments, were selected. By em-
ploying a synthetic oligonucleotide (5'-GTTAGGAGGTCA
CATGG-3') which hybridized at a distance of 63 to 79 bp
from the end of ISSOL for nucleotide sequencing, the exact
locations of TnS in each of the mutant fragments mentioned
above were identified (Fig. 3). In mutant strain N1233,
TnS::mob had inserted into acoC, whereas Tn5::mob was
localized in acoB in mutant strains H1053 and N1245. No
TnS insertion was identified in the gene for the cx subunit of
Ao:DCPIP OR. Two additional insertions of TnS of acetoin-
negative mutants were localized in ORF3, which encodes a
still unknown protein. In mutant N1240, TnS: mob had
inserted approximately 40 bp upstream of the promoter of
the aco operon. This mutant synthesized, for instance,
active Ao:DCPIP OR but was impaired in utilization of
acetoin as the sole carbon source for growth. The reason for
this is still unknown, and the mutant has to be studied
further.

Properties of the acoA and acoB gene products. The molec-
ular weights of the proteins, which were calculated from the
amino acid sequences deduced from acoA and acoB, were
35,243 and 35,788, respectively. These values correlated
well with the molecular weights determined for the purified
proteins by SDS-polyacrylamide gel electrophoresis (35,500
and 36,000, respectively). If fragment ES25 was ligated to
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FIG. 5. Si nuclease protection assay of the transcript of the aco
operon. Lanes: A, C, G, and T, standard sequencing reactions used
to size the mapping signals; 1, RNA from A. eutrophus H16
(gluconate-grown cells); 2, control without RNA; 3, RNA from A.
eutrophus (acetoin-grown cells, exponential growth phase); 4, RNA
from A. eutrophus (acetoin-grown cells, early stationary growth
phase). The dot and arrow show the origin and direction of tran-
scription. The -12 and the -24 regions are boxed.

Bluescript SK- vector DNA with acoA and acoB down-
stream and colinear with the lacZ promoter, recombinant
strains of E. coli XL1-Blue expressed Ao:DCPIP OR activ-
ity. In SDS-polyacrylamide gels, two protein bands ap-
peared which exhibited the same electrophoretic mobility as
the proteins of the Ao:DCPIP OR purified from A. eutrophus
(Fig. 1). No expression occurred when acoA and acoB and

1 MTARASQDSAALPLDK .................. ETLLTVYRKMRTIRDF
I 11

25 VASRNFANDATFEIKKCDLHRLEEGPPVTTVLTREDGLKYYRMMQTVRRM

33 EERLHVDFGRGDIPGFVHLYAGEEAAGVGILHHLNDGDRIASTHRGHGHC

75 ELKADQLYKQKIIRGFCHLCDGQEACCVGLEAGINPTDHLITAYRAHGFT

83 IAKGVDPVAMMKEIYGKKGGSCNGKGGSMHIADLSKGMMGANGILGAGAP
111 1111111 111 11

125 FTRGLSVREILAELTGRKGGCAKGKGGSMHM. . YAKNFYGGNGIVGAQVP

133 LICGAALAAKF ITFCGDGASNQGTFLESLNLiAVWNLPVIFVI

173 LGAGIALACKYrKDEVCLTLYGDGAANQGQIFEAYNMAALWKLPCIFIC

183 E§GYAES GTAVDSYVDRAAGFGIPGVTVDGTDFFAVHEAAGEVI
111i 11 111 111 11

223 ENNRYGMGTS AAASTDYYKRGD. . FIPGLRVDGMDILCVREATRFAA

233 RRAREGGGPSLLECKMVRFYGHFEGDAQ. TYRAAGELDDIRANKDCLKLF
ll11 11 1 1I 11 11

271 AYCRSGKGPIILMELQTYRYHGHSMSDPGVSYRTREEIQEVRSKSDPIMLL

282 GRAVTQAGVVAREELTDIDREVAALIEHAVQEAKAAPQPGPEDLLTDVYV
111 II II II

321 KDRMVNSNLASVEELKEIDVEVRKEIEDPAQFAAADPEPPLEELGYHIYS

332 S

371 S

FIG. 6. Pairwise alignments of the deduced amino acid se-
quences of the at subunit of Ao:DCPIP OR of A. eutrophus (upper
line) and the human a-subunit precursor protein of the pyruvate
dehydrogenase complex (bottom line). Amino acids are specified by
standard one-letter abbreviations, and the numbers indicate the
positions of the respective amino acids within the proteins. The
putative thiamine PPi-binding region is boxed, and the positions of
highly conserved amino acids in thiamine PP1-binding regions of
other 2-oxo acid dehydrogenases (26) are marked by asterisks.

the lacZ promoter were ligated antilinearly in the Bluescript
KS- vector.
The amino acid sequences deduced from acoA and acoB

were compared with the primary structures of the proteins
collected in the NBRF data bank. These studies revealed
that the a and I8 subunits of A. eutrophus Ao:DCPIP OR
exhibit striking homologies to the a and ,3 subunits of 2-oxo
acid dehydrogenase components of various multienzyme
complexes (Table 3). The greatest homology for the a
subunit was obtained with the a chain of human pyruvate
dehydrogenase (38.7% identical amino acids). The alignment
of the two peptide chains is shown in Fig. 6. The P subunit
exhibited the greatest homology with the I subunit of the
dehydrogenase component of the branched-chain 2-oxo acid
dehydrogenase complex of Pseudomonas putida (41.4%
identical amino acids). Interestingly, the N termini of both
subunits of A. eutrophus Ao:DCPIP OR also exhibited
homologies to the corresponding subunits of Ao:DCPIP OR
of P. carbinolicus (Fig. 7). Like other thiamine PPi-depen-
dent enzymes, the at subunit of Ao:DCPIP OR also has the

TABLE 3. Comparison of the a and P subunits of A. eutrophus Ao::DCPIP OR with the subunits of El components of 2-oxo acid
dehydrogenase complexes from different sources

Proteina Source Reference a-Subunit i-Subunit% identity % identity

El of PDHC (EC 1.2.4.1), precursor of the a subunit Human 19 38.7 18.8
El of PDHC (EC 1.2.4.1), precursor of the p subunit Human 38 15.4 40.9
El of BCOADHC (EC 1.2.1.25), a subunit P. putida 14 28.4 20.0
El of BCOADHC (EC 1.2.1.25), p subunit P. putida 14 17.1 41.4
El of BCOADHC (EC 1.2.4.4), precursor of the a subunit Cattle 31 26.4 21.0
El of BCOADHC (EC 1.2.4.1), precursor of the at subunit Norwegian rat 84 26.4 22.0
El of OGDHC (EC 1.2.4.2) E. coli K-12 17 21.8 18.5

a PDHC, pyruvate dehydrogenase complex; BCOADHC, branched-chain oxo acid dehydrogenase complex; OGDHC, oxoglutarate dehydrogenase complex.
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2 13 Pro Lou Asp Lys Glu Thr Lou Leu Thr Val Tyr Arg Lys Met Arg Thr Ile Arg Asp Pho Glu Glu Arg Lou His Val Asp 39
I I I I I I I I I I I I I I I I I

4 Lys Leu Ser Lys Glu Asp Lou Leu Lys Ala Tyr Arg Lys Met Arg Glu Ile Arg Glu Pho Glu Asp Arg Val His (Val) Glu 30

b 2 Ala Arg Lys Leu Ser Ile Lys Leu Ala Ile Asn Glu Ala Ile Asp Gln Glu Met Thr Arg Asp Pro Ser Val I1e Met Lou Gly 29
I I I I I I I I I I I I I I I

1 Ala Arg Lys Ile Met Phe Lys Asp Ala Leu Aan Glu Ala Met Arg Lou Glu Met Glu Arg Asp Glu Sor (Val) (Val) Lou Ile Gly 28

C 6 Ser Pro Thr Ile Ile Pro Iie Val Met Pro Lys Trp Gly Leu Ser Met Lys Glu Gly Thr Val 26
I I I I I I I I I I I

2 Asp Asn Arg Ile Ile Ala Lou Thr Met Pro (Lys) Trp Gly Leu Thr Met Glu Glu Gly Lou I1e 22

FIG. 7. Comparison of the N termini of proteins involved in acetoin catabolism in A. eutrophus and P. carbinolicus. The N-terminal amino
acid sequences of the proteins of P. carbinolicus (bottom lines) had been determined recently by Edman degradation (48), whereas those of
A. eutrophus (upper lines) were deduced from the nucleotide sequences of the corresponding genes and were aligned pairwise. Vertical lines
(I) connect identical amino acids. Amino acids are specified by standard three-letter abbreviations, and the numbers indicate the positions of
the respective amino acids within the proteins. a, a subunits of Ao:DCPIP OR; b, P subunits of Ao:DCPIP OR; c, DHLTA and FMP.

GDG-n7-8-E-n4-A-n5-6-P-n6-NN motif for a thiamine-binding
region (26; Fig. 6). This motif was not detected in the
sequence of the P subunit, indicating that only the a subunit
is the catalytic active subunit; the function of the a subunit
remains to be elucidated.

Properties of the acoC gene product. The molecular weight
of FMP calculated from the amino acid sequence deduced
from acoC was 38,941, and it correlated well with the
molecular weight obtained under denaturing and nondena-
turing conditions by electrophoretic methods. This indicated
that FMP was isolated as a monomeric protein. From the
deduced amino acid sequence, an isoelectric point of 4.55
was calculated.
A computer-assisted search for homologies with proteins

collected in the NBRF data bank revealed weak similarities
between FMP and the DHLTA of E. coli (19% identical
amino acids). Further evidence for the function of FMP as a
DHLTA was provided by detection of a region close to the
N terminus of the protein which was very similar to the
lipoyl-binding regions (12) of other proteins that include
Lys-50 (Fig. 8) and by significant homology of the N-termi-
nal amino acid sequences of FMP and DHLTA of P.
carbinolicus (Fig. 7). Only weak similarities were obtained
with the alanine-proline-rich region located downstream of
the lipoyl-binding region of DHLTAs.
For heterologous expression of FMP in E. coli, fragment

EB30 was cloned in both orientations in Bluescript vectors.
Recombinant strains of E. coli XL1-Blue harboring KS-::

EB30 (acoC downstream from and colinear with the lacZ
promoter) synthesized a protein which, e.g., in nondenatur-
ing polyacrylamide gels exhibited the same electrophoretic
mobility as FMP-I in A. eutrophus (Fig. 1). Expression of
acoC was stimulated by isopropyl-(3-D-thiogalactopyrano-
side and did not occur in strains harboring plasmid SK-::
EB30 (acoC antilinear towards the lacZ promoter). FMP-II
never did appear. The occurrence of only FMP-I might
indicate that FMP-I represents the unlipoated form of this
protein, whereas FMP-II represents the lipoated form.

In crude extracts from recombinant strains of E. coli
which expressed acoC and in crude extracts of acetoin-
grown cells of A. eutrophus, DHLTA activity was not
detectable with the UV spectroscopic assay or the hydrox-
amate assay. However, when these crude extracts were
separated in native polyacrylamide gels and the gels were
subjected to activity staining for DHLTA, faint precipitin
bands of calcium phosphate were visible at the positions in
the gels were FMP-I and FMP-II were located, as revealed
by subsequent protein staining. Three and five additional
faint bands became visible with crude extracts of A. eutro-
phus and E. coli, respectively, indicating the presence of
further proteins exhibiting DHLTA activity. Unfortunately,
evidence that FMP represents a DHLTA came up when
purified FMP was completely used up for N-terminal amino
acid sequencing and other experiments. Therefore, it was
not possible to assign DHLTA activity directly to the
purified protein.

a 43 Ile Leu Asp Val Glu Thr Asp Lys* Ile Ala Asn Ala Val Glu Ala Pro Asp Ala Gly Thr Leu 63

b 136 Leu Ile Thr V ial Gly AU LYa* Ala Ser Met Glu Yal Pro AlU kx= Phe A" 1S =h Val 156

C 39 lig Ala Glu yAl la hr A&U.]A* Ala Thr Val Gly Phe 1.u Ser Leu Glu Glu Cys Tyr Met 59

d 35 Leu Li Glu Leu$lu= AUL.* Val Asn Val Glu Leu Thr Ala Glu Glu SerQ1Y Val Lau 55

0 36 Val Ala VaY et Ch, Ul$U*Ala Thr Val Glu Ile ProS Ser 2XLy Val 56

FIG. 8. Alignments of the putative lipoyl-binding site of FMP with approved sites of selected dihydrolipoamide acyltransferases from other
sources. a, FMP of A. eutrophus (this study); b, site LII of the E2 component of the E. coli pyruvate dehydrogenase complex (75); c, site
LI of the E2 component of the human liver pyruvate dehydrogenase complex (76); d, E2 component of the B. subtilis 2-oxoglutarate
dehydrogenase complex (15); e, E2 component of the branched-chain 2-oxo acid dehydrogenase complex of P. putida (14). Amino acids are
specified by standard three-letter abbreviations, and the numbers indicate the positions of the respective amino acids within the proteins. The
amino acids of E2 components which are identical to the residues at the corresponding positions of FMP are underlined. Putative lipoyllysyl
residues are indicated by asterisks.
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Probing for structural genes of DHLDH. In dihydrolipo-
amide dehydrogenases (DHLDH), the FAD-binding region
(G-n1-GP-n1-GY-n2-A-n5LG [21]) and the catalytic domain
(TLGGTCLNVGCIPSK [16]) are highly conserved. The
amino acid sequences of the putative proteins deduced from
the ORFs detected in the region sequenced in this study
exhibited no homology to these domains. To map a struc-
tural gene(s) for DHLDH, we synthesized a mixture of
oligonucleotides (3'-GGGATGCA[83% G+17% C][67% C+
33% G]AC[87% G+13% G]TT[87% C+13% G]AGGCA-5')
whose sequence was deduced from the consensus amino
acid sequence for the catalytic domain of DHLDH on the
basis of the codon usage of A. eutrophus. These oligonucle-
otides were labeled with 32p, and a Southern blot containing
EcoRI restriction fragments A, B, C, D, and E, which are
essential for catabolism of acetoin in A. eutrophus, and
EcoRI-digested genomic DNAs of strains H16 and N9A was
hybridized. Whereas fragments A, B, C, D, and E did not
give specific hybridization signals, two genomic fragments
(6.8 and 3.5 kbp) gave strong hybridization signals. In
addition, two weaker signals appeared which represented
genomic fragments of 5.2 and 4.9 kbp. These results indi-
cated that no gene for dihydrolipoamide dehydrogenase is
located on one of the fragments analyzed.
Growth of acetoin-negative mutants on branched amino

acids. The growth of mutant strains N1236, N1230, H1098
(subclass A), N1248, N1245, H1053 (subclass C), H1074
(subclass D), and H1094 (subclass E) on mineral agar plates
containing valine, leucine, or isoleucine (each 0.2%, wt/vol),
pyruvate (0.3%, wt/vol), or succinate (0.5%, wt/vol) as the
sole carbon source was not distinguished from the growth of
the wild type. As these mutants exhibit no pleiotropic
effects, it is unlikely that Ao:DCPIP OR is a side activity of
one of the enzymes for oxidative decarboxylation of 2-oxo
acids.

Interestingly, the colony growth of mutants H1070 and
N1242 (subclass B) on isoleucine was much slower than that
of the wild type. In contrast, the growth of these mutants on
valine or leucine was not affected. These results indicate that
in A. eutrophus one protein for uptake of isoleucine or its
conversion to acetyl-CoA is encoded by an ntrA-dependent
gene. Therefore, an additional marker different from those
described by Romermann et al. (59) was detected.

DISCUSSION

The A. eutrophus structural genes for Ao:DCPIP OR
(acoA and acoB), which is composed of two different sub-
units, and for FMP (acoC) were identified and sequenced.
These genes and three additional ORFs (ORF3, ORF7, and
ORF8) are clustered on a 5.3-kbp region of the genome. The
codon usage and a strong bias for G+C in codon position 3
of acoA, acoB, acoC, ORF3, ORF7, and OFR8 are in good
agreement with corresponding data on other genes of A.
eutrophus (3, 34, 51, 52, 78). Therefore, the data confirm that
ORF3, ORF7, and ORF8 represent protein-coding se-
quences. The functions of the putative genes which are
represented by these ORFs are still unknown, as comparison
of the deduced amino acid sequences revealed no significant
homologies to known proteins. ORF7 and ORF8 are proba-
bly not relevant for catabolism of acetoin; no insertions of
TnS were identified in these two ORFs, and they are sepa-
rated from ORF3 and the genes by a strong hairpinlike
structure. In contrast, the gene which is represented by
ORF3 and which was referred to as acoX is essential for
acetoin catabolism in A. eutrophus. The molecular data and

the polar effect of TnS insertions within acoX and acoB on
the expression of Ao:DCPIP OR and/or FMP provided
multiple evidence that all four aco genes are organized in one
operon (acoXABC).

All four aco genes are preceded by tentative ribosome-
binding sites. Whereas acoX and acoA and acoA and acoB
are separated by 71 and 36 nucleotides, respectively, the
translational stop codon of acoB and the translational start
codon of acoC share the A. Similar close relationships were
also detected in A. eutrophus between hoxF and hoxU and
hoxU and hoxY (78). Only acoX was preceded by a region
which exhibited maximum homology with the E. coli con-
sensus sequence for c4-dependent promoters. By S1 nucle-
ase protection assay, the transcription start site was identi-
fied downstream of this promoter sequence. Such a
promoter was expected, since it was shown that expression
of the genes essential for catabolism of acetoin was depen-
dent on an ntrA-like gene (23). "54-dependent promoters
were also identified upstream of the hoxFUYH operon (78)
and the structural gene for acetaldehyde dehydrogenase II
(52a). These promoters are distinguished from c&0-depen-
dent promoters which were recently identified for the alco-
hol dehydrogenase gene (32) and the poly(3-hydroxybu-
tyrate) synthesis operon (64) in A. eutrophus. Transcription
of acoXABC is probably terminated at the hairpinlike struc-
ture downstream of acoC, and formation of a 4.4-kb tran-
script is most likely to occur.
The deduced amino acid sequences for both subunits of

Ao:DCPIP OR exhibited striking homologies to the corre-
sponding subunits of dehydrogenase components of various
2-oxo acid (pyruvate, 2-oxoglutarate, and branched-chain
2-oxo acids) dehydrogenase complexes from other bacteria
and even eukaryotes (Table 3). Detailed sequence analysis
identified a putative thiamine-binding domain in the acoA
gene product. This is consistent with the observation that
2,6-dichlorophenolindophenol-dependent oxidative cleavage
of acetoin is thiamine PPi dependent (23, 72). No extended
homology was observed with, e.g., the pyruvate dehydroge-
nase component of the E. coli pyruvate dehydrogenase
complex, which is composed of one rather than two types of
subunits (74).
The amino acid sequence deduced from acoC for FMP

exhibited weak homology to DHLTA of E. coli (75), includ-
ing the presence of a lipoyl-binding domain (12). DHLTA
activity was conferred directly on the protein by activity
staining for DHLTA after separation of the proteins in a
polyacrylamide gel. This and the low molecular mass indi-
cate that FMP represents DHLTAs which possess only one
lipoyl domain (53). That FMP represents a DHLTA is also
obvious from the similarity in molecular organization be-
tween the aco genes and the genes of 2-oxo acid dehydro-
genase complexes. The genes of the pyruvate dehydroge-
nase complex from E. coli (74, 75) or the 2-oxoglutarate
dehydrogenase complex from E. coli (17, 70), B. subtilis (15),
Azotobacter vinelandii (66), or Pseudomonasfluorescens (7)
and the genes of the branched-chain 2-oxo acid dehydroge-
nase complex from P. putida (14) are clustered. Whereas the
gene for DHLDH is not always included in these clusters,
the genes for the 2-oxo acid dehydrogenase components and
the acyltransferases seem to be organized principally in one
operon, with the latter as the distal gene.

Recently, a mechanism for oxidative cleavage of acetoin
related to the oxidative decarboxylation of 2-oxo acids was
proposed for the strictly anaerobic bacterium P. carbinolicus
(49). In this bacterium, formation of Ao:DCPIP OR, which
likely also has an X2a2 structure, a DHLTA and a DHLDH
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are induced during growth on acetoin (50). CoA-, thiamine
PPi-, and NAD-dependent oxidative cleavage of acetoin
concomitant with the formation of acetyl-CoA has been
demonstrated to occur with crude extracts or with the
purified protein components (48). A similar reaction was
suggested for the cleavage of diacetyl by Streptococcus
faecalis (22). Similarities between the components of the two
enzyme systems from P. carbinolicus and A. eutrophus
support our assumption that acetoin is oxidatively cleaved
by a similar mechanism in A. eutrophus.

Future studies will focus on several interesting questions.
(i) It has to be shown whether a DHLDH is also essentially
involved in the cleavage of acetoin in A. eutrophus. As A.
eutrophus possesses dehydrogenase complexes for pyru-
vate, 2-oxoglutarate, and branched-chain 2-oxo acids, in
addition to acetoin dehydrogenase, this bacterium may need
more than one DHLDH. On the other hand, the product of
the gene(s) may be shared by several enzyme systems. In E.
coli, for instance, only one DHLDH is present for the
pyruvate and the 2-oxoglutarate dehydrogenase complex,
although a second DHLDH was detected recently (57). As a
consequence, insertional inactivation of such a gene may
cause major pleiotropic effects and may even be lethal to the
cells. If a DHLDH is involved in the cleavage of acetoin in
A. eutrophus at all, then we expect that its structural gene
will most probably be clustered with the genes for the
pyruvate or 2-oxoglutarate dehydrogenase complex. Other-
wise our extended analysis of TnS-induced acetoin-negative
mutants (23, 39) should have revealed the identification of a
DHLDH gene specific for catabolism of acetoin. (ii) The
function of the acoX gene product has to be evaluated. (iii) It
has to be shown whether the proteins involved in oxidative
cleavage of acetoin are structurally organized in a multien-
zyme complex such as 2-oxo acid dehydrogenase com-
plexes. During purification of the components, we observed
some weak association of the components of the acetoin
dehydrogenase enzyme system, as it also occurred in P.
carbinolicus (48). (iv) Initiation of transcription of ntrA-
dependent genes usually requires an activator protein (for a
review, see reference 40). For the A. eutrophus hox genes,
such an activator (HoxA) was identified recently (cited in
reference 40). In our laboratory, we have molecular evi-
dence for the essential involvement of an activator protein in
the expression of the acoXABC operon (38a).
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