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The 2-oxoglutarate dehydrogenase complex consists of three different subenzymes, the Elo (2-oxoglutarate
dehydrogenase) component, the E2o (dihydrolipoyl transsuccinylase) component, and the E3 (dihydrolipo-
amide dehydrogenase) component. In Bacillus subtilis, the Elo and E2o subenzymes are encoded by odhA and
odhB, respectively. A plasmid with a 6.8-kilobase-pair DNA fragment containing odhA and odhB was isolated.
Functional Elo and E2o are expressed from this plasmid in Escherichia coli. Antisera generated against B.
subtilis Elo and E2o expressed in E. coli reacted with antigens of the same size from B. subtilis. The nucleotide
sequence of odhB and the terminal part of odhA was determined. The deduced primary sequence of B. subtilis
E2o shows striking similarity to the corresponding E. coli protein, which made it possible to identify the
lipoyl-binding lysine residue as well as catalytic histidine and aspartic acid residues. An mRNA of 4.5 kilobases
hybridizing to both odhA and odhB probes was detected, indicating that odhA and odhB form an operon.

The 2-oxoglutarate dehydrogenase multienzyme complex
(ODHC) catalyzes the oxidative decarboxylation of 2-oxo-
glutarate to succinyl coenzyme A, a reaction which is part of
the citric acid cycle. In eucaryotes and eubacteria, this
enzyme complex is composed of three different enzymes,

present in nonequivalent stoichiometry. In Escherichia coli,
each ODHC contains 12 Elo (2-oxoglutarate dehydroge-
nase; EC 1.2.4.2), 24 E2o (dihydrolipoamide transsuccinyl-
ase; EC 2.3.1.61) and 12 E3 (dihydrolipoamide dehydroge-
nase; EC 1.8.1.4) subenzymes (32). Elo and E2o are unique
for ODHC, whereas E3 is shared between ODHC and the
analogous pyruvate dehydrogenase and the branched-chain
2-oxo-acid dehydrogenase complexes.

E. coli E2o polypeptides form a cubic core with octahedral
symmetry to which the Elo and E3 components are bound
(9). The substrate is transferred between the different active
sites by a lipoyl moiety, bound to a lysine residue in the E2o
polypeptide.

In E. coli, the genes encoding Elo and E2o are situated
adjacent to each other as part of an operon which also
contains the genes encoding the ot and i subunits of succinyl
coenzyme A synthetase. The gene encoding E3, however, is
part of another operon also encoding the pyruvate dehydro-
genase (Elp) and the dihydrolipoamide transacetylase (E2p)
subenzymes of the pyruvate dehydrogenase multienzyme
complex (35). The organization of the corresponding genes
in the gram-positive, endospore-forming bacterium Bacilluis
subtilis appears similar (6, 7, 13, 19), but has not been
analyzed in detail. In B. subtilis, Elo and E2o are encoded
by the odhA (formerly citK) and odhB (formerly citM) genes,
respectively (the genes have been renamed to let the desig-
nations more directly refer to the gene products). The aim of
this work was to analyze the primary structure of B. suibtilis
E2o and to determine the genetic organization of odhA and
odhB.
The nucleotide sequence of the previously cloned odhB (7)

is presented, and the deduced primary structure of B. subtilis
E2o is compared with that of other lipoyl-containing en-
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zymes. The complete odhA has been cloned and is shown to
express functional Elo in E. coli. Transcript and nucleotide
sequence analyses show that odhA and odhB constitute an

operon.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plas-
mids used are listed in Table 1.
Media and growth of bacteria. B. subtilis and E. coli strains

were kept on Penassay agar plates (17.5 g of Antibiotic
Medium no. 3 [Difco Laboratories, Detroit, Mich.] and 20 g
of Bacto-Agar [Difco] per liter). The Cit phenotype was

checked on purification agar plates (5). Antibiotics were

added to the following final concentrations: ampicillin, 35
jig/ml; chloramphenicol, 5 jig/ml (B. subtilis) or 12.5 .g/ml
(E. coli). Minimal glucose medium was prepared as de-
scribed by Spizizen (36) with the addition of MnCl2 to a final
concentration of 10 jiM.

In vitro DNA and RNA techniques. Agarose gel electro-
phoresis was performed by the method of Maniatis et al.
(25). B. subtilis chromosomal DNA was prepared by using
the plasmid preparation procedure of Canosi et al. (4).
Plasmid DNA was prepared as described by Ish-Horowicz
and Burke (21). Restriction endonucleases and T4 DNA
ligase were purchased from Boehringer Mannheim (Mann-
heim, Federal Republic of Germany) and used as recom-

mended by the manufacturer. Preparation of RNA and
Northern (RNA) blot analysis were performed as described
by Melin et al. (26).

Transformation. E. coli cells were made competent by the
CaCl2 method of Mandel and Higa (24). B. subtilis was

grown to competence as described by Arwert and Venema
(1).
DNA sequence analysis. Nucleotide sequence determina-

tion was performed using the dideoxy chain termination
method of Sanger et al. (33). DNA fragments were cloned
into M13mpl8 and mpl9 (29) and sequenced using Seque-
nase (U.S. Biochemical Corp., Cleveland, Ohio), [ot-
35S]dATP, universal M13 primers, and odhB-specific oligo-
nucleotide primers (see Fig. 2). Computer analysis of the
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TABLE 1. Bacterial strains and plasmids used

Bacterial strain Genotype or Source Refer-
or plasmid phenotype' ence

B. subtilis
3G18 trpC2 ade met G. Venema
CU1693 trpC2 LS(SPI3 kaitA T. P. lismaa 20

odhA odhB gItB
gitA)

E. coli
5K hsdM hsdR rpsL thir L. 0. Heden 23

thiA
JRG72 (W1485 sucAl supE42 iciR M. E. Spencer 15, 18

sucI)
JM83 arIa A(Ia(c-proAB) 40

rpsL +80 iacZ
M1S

Plasmids and phages
pHV14 Ap' Cm" S. D. Ehrlich 12
pHV32 Apr Tcr Cm' S. D. Ehrlich 28
pUC18 Ap' 29
M13 mpl8 29
M13 mpl9 29
pLUC3 Apr Cmr odhB 7
pLUC5 Apr Cmr odhA odhB This work
pLUC51 Apr odhA This work

" Ap, Ampicillin; Cm, chloramphenicol; Tc, tetracycline.

nucleotide sequences obtained was performed with the GCG
Sequence Software Package, version 5.3 (10).

Preparation of cell extracts. B. subtilis cell extracts were
prepared as described by Ohne et al. (30) from bacteria
grown in Penassay broth (17.5 g of Antibiotic Medium no. 3
per liter) at 37°C. E. coli cell extracts were prepared from
spheroplasts (22), which were lysed in 50 mM potassium
phosphate buffer (pH 7.4). Cell membranes were removed
by centrifugation at 35,000 x g, at 4°C, for 30 min.

Generation of antisera. To generate an Elo-specific anti-
serum, a cytoplasmic extract of E. coli JRG72(pLUC5) was
fractionated at 4°C on a Sephacryl S-300 (Pharmacia, Upp-
sala, Sweden) gel filtration column equilibrated and eluted
with 50 mM NaCI-30 mM Tris hydrochloride (pH 8.0).
Fractions containing Elo were identified by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
pooled. The pooled fractions were dialyzed against water,
lyophilized, suspended in phosphate-buffered saline, and
used for immunization.

E2o-specific antiserum was obtained as follows. An E. coli
JRG72(pLUC3) cytoplasmic extract was subjected to pre-
parative SDS-PAGE. The E2o polypeptide was localized in
the gel and isolated according to a procedure described in
detail previously (17).

Immunization of rabbits with the partially purified Elo
(0.6 mg per immunization) and with isolated E2o (2.5 p,g per
immunization) was done as described previously (17). The
immunoglobulins were purified and stored as described by
Harboe and Ingild (16) except that the DEAE-Sephadex step
was omitted.
SDS-PAGE and immunoblotting. SDS-PAGE was per-

formed as described by Neville (27). The proteins, separated
in a 10% (wt/vol) acrylamide-0.27% (wt/vol) bisacrylamide
gel, were transferred to nitrocellulose filters (BA85; Schle-
icher & Schull, Dassel, Federal Republic of Germany) by the
method of Towbin et al. (38). The filters were blocked,
probed with primary and secondary antibodies, and devel-
oped as described by Blake et al. (2). The partially purified
immunoglobulin fraction of rabbit antisera was used as

odhB

B
FIG. 1. Schematic map of pLUC5. The boxed region corre-

sponds to cloned B. sutbtilis DNA, and odhA and odhB are indicated.
The plasmid is a pHV32 derivative. Restriction sites: P. PstI; E,
EcoRI; H, HindIll; B, BaimHI; S, Sall. P, E, and H sites in the
cloned fragment are shown in Fig. 2. ApR, Ampicillin resistance
gene; CmR. chloramphenicol resistance gene.

primary antibody. The secondary antibody, affinity-purified
alkaline phosphatase-conjugated goat anti-rabbit immuno-
globulin G (Sigma Chemical Co., St. Louis, Mo.), was used
at a 1:1,000 dilution.

RESULTS AND DISCUSSION

Cloning of odhA. The previously described plasmid
pLUC3 is a derivative of pHV32 that contains odhB and the
terminal part of odhA on a 3.4-kilobase-pair (kbp) BamHI
fragment (7). It cannot replicate in B. subtilis, and in order to
express the vector-coded chloramphenicol resistance, the
plasmid has to integrate in the B. slibtilis chromosome by
homologous recombination (Campbell-like mechanism). To
clone the complete odhA, B. subtilis 3G18 was transformed
to chloramphenicol resistance with pLUC3. Chromosomal
DNA from one such transformant was isolated and digested
with Sall, which cuts only once in the vector part. Trans-
formation of E. coli 5K to ampicillin resistance with the
digested and then ligated chromosomal DNA was predicted
to result in clones containing both odhA and odhB. Plasmid
pLUC5 was isolated from one ampicillin-resistant E. coli
transformant (Fig. 1).
The positions of the SalI and BamHI restriction sites in

the 6.8-kbp cloned fragment in pLUC5 are in good accor-
dance with the restriction map of this part of the chromo-
some established by Weiss and Wake (39). Subcloning of the
5.7-kbp SalI-KpnI DNA fragment (Fig. 2) of pLUC5 into
pUC18 resulted in pLUC51, which lacks odhB.

Expression of odhA in E. coli. B. subtilis E2o expressed in
an E2o-deficient E. coli mutant can complement the Odh-
phenotype of the mutant (7). Expression of functional odhA
gene product (Elo) from pLUC5 and pLUC51 was similarly
determined. An E. coli Elo-deficient mutant, JRG72, was
transformed with the two plasmids selecting for the wild-
type ODHC phenotype (ability to grow on minimal glucose
plates) as described previously (7). The wild-type phenotype
was restored in both E. co/i JRG72(pLUC5) and E. coli
JRG72(pLUC51), which shows that functional B. subtilis
Elo can be expressed from both plasmids.
A 60- and a 110-kilodalton (kDa) polypeptide were the

most abundant proteins in cytoplasmic extracts of E. coli
5K(pLUC5). These polypeptides were not found in E. coli
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FIG. 2. Map of the cloned 6.8-kbp B. suibtilis DNA fragment containing odlhA and odhB. The boxes indicate the open reading frames of
odhA and odhB as determined from nucleotide sequences and the size of Elo (this work and unpublished results). Restriction sites: S, SaIl;
H, HindlIl; B, BainHI; Ss, Sstl; E, EcoR1; P, P.stI; K. KpnIl. H and P sites in the dashed S-H fragment are not presented. P indicates the
odhAB promoter (Melin et al., in preparation). The strategy and extent of nucleotide sequencing are shown by arrows. Open circles indicate
that specific oligonucleotides were used as sequencing primers. Double lines show DNA fragments used as probes in DNA-RNA hybridization
(Fig. 5). Note that the 0.2-kbp Hindlll fragment in odlhB is misplaced in the maps in reference 7.

5K(pHV32) (Fig. 3). E. coli JM83(pLUC51) extracts con-

tained only the 110-kDa polypeptide. E. (oli Elo has a

molecular mass of 105 kDa (8). The 60-kDa polypeptide has
previously been identified as B. slibtilis E2o (7). Thus, the
110-kDa polypeptide was concluded to be B. siibtilis Elo.
This conclusion was confirmed by immunoblotting analyses.
Antisera against the 60- and 110-kDa polypeptides expressed
in E. coli reacted with B. slibtilis wild-type cytoplasmic
antigens of the same size (Fig. 4). These antigens were not
present in B. siibtilis CU1693, which has a deletion spanning
odhA and odhB (20). The results show that pLUC5 and
pLUC51 contain the complete odliA and that they encode
functional Elo in E. /oli.

Nucleotide sequence of odhB. The nucleotide sequence of
the odhB region, including part of odhA, was determined
using subcloned DNA fragments from pLUC3. The sequenc-
ing strategy is shown in Fig. 2. The odhB sequence contains
an open reading frame consisting of 1,251 base pairs (bp)
(including ATG) (Fig. 5). This open reading frame is pre-

ceded by a putative ribosome-binding site, d(AAGGGGG),

1 234

110k

10 bp from the ATG translational start codon. The nucleo-
tide sequence of the open reading frame shows 56% identity
to E. coli sucB, which encodes E2o (34). The deduced amino
acid sequence shows 66% similarity to E. coli E2o, including
conserved exchanges.

Genetic mapping experiments (6, 7, 13, 19) and comple-
mentation studies (e.g., with pLUC51) demonstrate that
od1/A is located adjacent to and upstream of odhB. The open

reading frame of odhA was identified by comparing the
deduced C-terminal amino acid sequence with that of E. coli
Elo (8). Only 15 bp separates the odhA translational stop
codon from the odhB translational start codon (Fig. 5).

Transcription analysis of odhA and odhB. To determine
whether the odhA and odhB genes are members of one

operon as are their counterparts in E. 0oli, RNA-DNA
hybridization experiments (Northern blots) were performed
(Fig. 6). Internal odhA and odhB DNA fragments were used
as DNA probes (Fig. 2). Both probes hybridized to an

mRNA species of approximately 4.5 kilobases (kb) (Fig. 6),
suggesting that odhA and odhB are transcribed from the
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FIG. 3. SDS-PAGE of E. co/i extracts. Total cytoplasmic ex-

tracts were fractionated on an SDS-10% (wt/vol) acrylamide gel and

stained for protein with Coomassie blue R250. Lanes: 1.

5K(pHV32); 2, 5K(pLUC3) (pLUC3 contains only the 3.4-kbp

Ba,nHl fragment, i.e., only odlhB [Table 1;, 7]): 3. JM83(pLUC51): 4.

5K(pLUC5). Approximately 80 ptg of protein was loaded on each

lane. k, Kilodaltons. The ability of the respective plasmid to

transform E. coli JRG72 (Elo deficient) to the Odh' phenotype is

indicated by + or -.

E2o-

FIG. 4. Immunoblotting analyses of cell extracts from B. suibtilis
strains and E. coli plasmid-containing cells. Cytoplasmic extracts of
E. coli 5K(pLUC5) (lane 1), E. coli 5K(pHV32) (lane 2), B. silbtilis
3G18 (lane 3), and B. sihbtilis CU1693 (which lacks odhiA and odihB)
(lane 4) were fractionated on an SDS-10% (wt/vol) acrylamide gel,
blotted onto nitrocellulose filters, and probed with antibodies
against B. suibtilis Elo (panel A) and B. subtilis E2o (panel B). About
100 pLg of protein was loaded on each lane except for lane 1, where
only 2 pg of protein was loaded. No cross-reactivity between E. (oli
and B. siH/tilis E2o antigens was detected despite their high similar-
ity in primary structure.

B

I odhA IF OdhB I

VOL. 171, 1989



3670 CARLSSON AND HEDERSTEDT

2 TGCAGCACATCATTTGCTGTTCATAACAGCCCGCTGTCTGAAGGATCGGTTCTCGGTTTT 61
CysSerThrSerPheAl aValHi sAsnSerProLeuSerGl uGlySerVal LeuGlyPhe

62 GAATACGGCTATAACGTGCATTCACCGGAAACGCTTGTTTTGTGGGAAGCACAGTACG6A 121
G1 uTyrGlyTyrAsnValHisSerProGluThrLeuVal LeuTrpGl uAl aG1nTyrGly

122 GATTTTGCCAACGCTGCTCAAGTGTATTTTGACCAATTTATTTCTGCCGGACGCGCGAAA 181
AspPheAl aAsnAl aA1 aGi nValTyrPheAspGlnPheIIeSerAl aGlyArgAl aLys

182 TG6GGCCAAAAATCCGGATTAGTCATGCTGCTCCCGCACGGTTACGAGGGACAGGGGCCT 241
TrpGlyGl nLysSerGlyLeuValNetLeuLeuProHi sGlyTyrGl uGlyGi nGlyPro

242 GAGCACTCAAGCGGAAGAATTGAGCGATTCCTGCAGCTTGCAGCGGAAAACAACTGGACG 301
G1 uHi sSerSerGlyArglIeGl uArgPheLeuGl nLeuAl aAl aGi uAsnAsnTrpThr

302 GTTGCCAACCTGACAAGCGCGGCACAGTATTTCCATATTTTAAGAAGACAGGCTAAAATG 361
ValAl aAsnLeuThrSerAl aAl aGi nTyrPheHi sIl eLeuArgArgGl nAl aLysMet

362 CTGCTTCGTGAAGAAATCAGACCGCTCGTCATTATGACGCCGAAGAGCCTTCTTCGCAAC 421
LeuLeuArgGl uGl u I1eArgProLeuVal IeeMetThrProLysSerLeuLeuArgAsn

422 CCAAATACGGIGTCGGAAGTGCAGGAGCTCAGCG6AAGCCGCTTCCAGCCTGTTTATGAA 481
ProAsnThrVal SerGl uVal G1 nGl uLeuSerGl uSerArgPheGl nProVal TyrGl u

482 CAGTCGGGACTTTCTCATGACTATGAAAAAGTAACCAGACTTGTATTATCCAGCGGTAAA 541
G1 nSerGlyLeuSerHi sAspTyrGl uLysVallhrArgLeuVal LeuSerSerGlyLys

542 GTGTCTATAGACATTGACGTACATTTTAATAAGTTAGAAGACGGTAAAGAGTGGCTTCAC 601
ValSerl1eAspIleAspValHisPheAsnLysLeuGluAspGlyLysGluTrpLeuHis

602 ATTGCGAGAATCGAACAGCTGTATCCATTCCCGGCAAAAGGAGTCAAAGAATTATTTGCA 661
I leAl aArgIleGl uGinLeuTyrProPheProAl aLysGlyVal LysGi uLeuPheAl a

662 AAACTTCCGAACCTGAAAGAAATCGTTTGGGTGCAGGAAGAGCCGCAGAACATGGGGGCT 721
LysLeuProAsnLeuLysGl uIu eValTrpVal G1 nGl uGl uProGi nAsnMetGlyAl a

-35 -10
722 TGGGGTTATATCAGCCCGTATTTGACAGAGATTGCACCAGAGGGAGTAAGCGTTCAATAT 781

TrpGlyTyrIl eSerProTyrLeuThrGl ull eAl aProGi uGlyVal SerValGi nTyr

782 ATTGGACGAAGAAGACGATCCAGCCCTGCAGAGG6AGATCCGACGGTTCATAAAAAAGAA 841
11 eGlyArgArgArgArgSerSerProAl aGi uGlyAspProThrValHi sLysLysGl u

stop Elo RBS start E2o
842 CAGGAACGTATTGTATCTGATAGCTTGACTCGCAAAAACTAAGGGGGAAATGAAAAAATG 901

G1 nGl uArgI 1 eVal SerAspSerLeuThrArgLysAsn*** Met 1

902 GCGGAAATTAAGGTACCTGAATTAGCAGAATCAATCTCAGAAGGAACAATAGCCCAATGG 961
2 AlaGlulleLysValProGluLeuAlaGluSerIleSerGluGlyThrIleAlaGlnTrp 21

962 TTAAAGCAGCCTGGTGACTATGTAGAACAGGGTGAATATCTGCTTGAACTAGAAACGGAT 1021
22 LeuLysGlnProGlyAspTyrValGluGlnGlyGluTyrLeuLeuGluLeuGluThrAsp 41

1022 AAAGTGAATGTTGAATTGACAGCAGAAGAATCGGGTGTACTTCAAGAGGTATTGAAAGAT 1081
42 LysValAsnValGi uLeuThrAl aGl uGl uSerGlyVal LeuGi nGl uVal LeuLysAsp 61

1082 TCGGGTGATACCGTCCAGGTC6GAGAAATTATCGGTACGATTTCAGAAGGCGCGGGTGAA 1141
62 SerGlyAspThrValGlnValGlyGlullelleGlyThrl1eSerGluGlyAl aGlyG1u 81

1142 AGTTCTGCCCCTGCTCCTACAGAGAAAACAGAAAGCAAGGAAAGCGTAAAAGAAGAGAAA 1201
82 SerSerAlaProAlaProThr6luLysThrGluSerLysGluSerVal LysGluGl uLys 101

1202 CAGGCTGAACCAGCTGCACAAGAGGTGAGCGAGGAAGCACAATCTGAAGCAAAATCAAGA 1261
102 GlnAlaGluProAlaAlaGlnGluValSerGluGluAlaGlnSerGluAlaLysSerArg 121

1262 ACGATCGCTTCTCCGTCGGCCCGTAAGCTTGCGAGAGAAAAAGGAATTGACCtGTCTCAA 1321
122 ThrIleAlaSerProSerAlaArgLysLeuAlaArgGluLysGlylleAspLeuSerGln 141

1322 GTTCCAACTGGAGATCCGCTTGGAAGAGTGCGCAAGCAGGATGTCGAAGCGTACGAAAAA 1381
142 ValProThrGlyAspProLeuGlyArgYalArgLysGlnAspValGluAlaTyrGluLys 161

1382 CCGGCATCAAAACCGGCTCCTCAGCAAAAGCAGCAGCCTCAGGCTCAAAAAGCACAGCAA 1441
162 ProAl aSerLysProAl aProGi nGl nLysGl nGl nProGlnAl aGi nLysAl aGi nGl n 181

1442 AGCTTTGACAAACCTGTTGAAGTGCAAAAAATGTCACGCCGCAGACAAACGATTGCAAAA 1501
182 SerPheAspLysProValGluValGlnLysMetSerArgArgArgGlnThrIleAl aLys 201

1502 CGCCTTGTAGAGGTACAGCAAACATCAGCGATGCTGACTACATTTAATGAAGTGGACATG 1561
202 ArgLeuVal G1 uValGi nGi nThrSerAlaMetLeuThrThrPheAsnGl uValAspHet 221

1562 ACGGCTGTCATGAATCTCAGAAAACGCCGCAAAGATCAATTTTTTGAGCAAAATGAAGTG 1621
222 ThrAl aValMetAsnLeuArgLysArgArgLysAspGl nPhePheGl uGl nAsnGl uVaI 241

1622 AAGCTCGGCTTTATGTCTTTCTTCACGAAAGCGGTCGTGGCTGCATTGAAAAAATATCCG 1681
242 LysLeuGlyPheMetSerPhePheThrLysAlaValValAlaAlaLeuLysLysTyrPro 261

1682 CTGTTGAATGCAGAAATTCAAGGCGATGAGTTGATCGTTAAAAAATTCTACGATATCGGA 1741
262 LeuLeuAsnAlaGluIleGlnGlyAspGluLeuIleValLysLysPheTyrAspIleGly 281

1742 ATCGCTGTTGCTGCTGTAGAAGGTCTTGTCGTTCCGGTTGTACGGGATGCGGATCGCCTG 1801
282 IleAl aValAl aAl aValGl uGlyLeuValVal ProVal ValArgAspAl aAspArgLeu 301

1802 ACATTTGCAGGAATCGAAAAAGAGATCGGCGAGCTTGCGAAAAAAGCAAGAAACAATAAA 1861
302 ThrPheAlaGlyIleGluLysGlulleGlyGluLeuAlaLysLysAlaArgAsnAsnLys 321

1862 TTAACCCTTAGCGAGCTTGAGGGAGGCTCCTTCACGATTACAAACGGAGGGACTTTCGGT 1921
322 LeuThrLeuSerGluLeuGluGlyGlySerPheThrlleThrAsnGlyGlyThrPheGly 341

1922 TCATTGATGTCAACTCCAATTTTAAACAGCCCGCAAGTCGGTATACTGGGCATGCATAAG 1981
342 SerLeuMetSerThrProlleLeuAsnSerProGlnValGlylleLeuGlyMetHi sLys 361

1982 ATTCAGCTGCGCCCTGTAGCCATTGATGAAGAGCGTTTCGAAAACCGTCCGATGATGTAT 2041
362 I1eGlnLeuArgProValAlalleAspGluGluArgPheGluAsnArgProMetftetTyr 381

2042 ATCGCTTTATCTTATGATCACCGAATTGTAGACGGTAAAGAAGCGGTTGGTTTCCTCGTG 2101
382 I1eAl aLeuSerTyrAspHi sArgIleValAspGlyLysGluAlaValGlyPheLeuVal 401

stop E2o
2101 ACAATCAAAAATTTACTGGAAGATCCTGAACAGCTTTTATTAGAAGGATAATAAAAAAGG 2161
402 ThrI 1 eLysAsnLeuLeuGl uAspProGl uGl nLeuLeuLeuGl uGly*** ------- 417

terminator
2162 GTACATCACGATAAAGTGATGTACCCTTTTTGATGCAATATTTAAAGTGATAGATTGCTG 2221
---><-

2222 CTTTTGGATCC 2232

FIG. 5. Nucleotide sequence of B. subtilis odhB. The 2.2-kbp sequence contains the end of odhA and the complete odhB. The deduced
amino acid sequences are shown below the nucleotide sequence. Potential promoters, transcription terminators, and ribosome binding
sequences (RBS) are indicated. The nucleotide at position 1 is not shown and corresponds to the first nucleotide in the PstI recognition
sequence.

same promoter, producing a dicistronic mRNA. The size of
the transcript indicates that no additional genes are included
in this odhAB operon. This is in agreement with the presence
of a potential [rho]-independent transcriptional termination
signal located just after odhB (Fig. 5).
The odhAB promoter has been identified (L. Melin, L.

Hederstedt, A. von Gabain, and P. Carlsson, manuscript in
preparation) and located to the HindIII-BamHI fragment
containing the 5' end of odhA (Fig. 2). E2o was previously
found to be expressed in the absence of that promoter; e.g.,
E2o can be expressed in B. subtilis and E. coli from plasmids
containing the 3.4-kbp BamHI fragment (7). An odhB tran-
script originating from within odhA was not detected in the
Northern blot experiments, but the nucleotide sequence just
upstream of odhB contains a possible CrA promoter (11) (Fig.
5).

Structure of B. subtilis E2o. The E2o polypeptide, as
deduced from the nucleotide sequence of odhB, consists of
417 amino acid residues including the N-terminal methio-
nine, is acidic with a net charge of -13, and has a calculated
molecular weight of 45,988. A consensus sequence for the
attachment site of lipoate in various lipoylated proteins has
been found (3), and one such sequence is found in the
N-terminal part of B. subtilis E2o. This suggests that the E2o

A B

45pI
238

*..16S W
1 2 1 2

FIG. 6. Analysis of odh mRNA. Total RNA of B. subtilis 3G18
(lane 1) and B. subtilis CU1693 (lane 2) was fractionated on a
denaturing agarose gel, blotted to nylon filters, and probed with
od/iA (A)- and odhB (B)-specific 32P-labeled DNA probes. DNA
fragments used as probes are indicated in Fig. 2. Autoradiographs of
hybridized filters are shown. 23S and 16S indicate 23S and 16S
rRNAs, respectively. The odliAB mRNA is indicated as 4.5, the size
given in kilobases. 23S and 16S rRNAs of strain 3G18, but not that
of CU1693, which lacks codhAB, seemingly hybridized to both DNA
probes. The same phenomenon, which probably is a result of
trapping of mRNA degradation products, was observed when B.
subtilis sdhlCAB mRNA was analyzed in a wild-type strain and a
mutant with a sdhCAB deletion (26).
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A.
B.subtilis E2o L E T D K VN V E L TF1E E S -53
Ecoli E2o I E T D KVV L D VPLAJS A DIG
Bovine kidney E2o I E S V Q V P S P A N

Lipoyl-binding E3-binding domain El- and E2-binding, catalytic domain
domain

N-C-c

B.

B.subtilis E2o R P M MY I A LSYDHRTVDGK[ A V G F L V T I KNL L E D P|E Q |L L LE G -417
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FIG. 7. Drawing of the general domain structure of E2o and amino acid sequence comparisons. The relative size of the respective domains
in the drawing is not according to scale. Zig-zag lines indicate potential flexible regions. Lipoate is most probably covalently bound to the
lysine residue indicated in panel A (*). Panel B shows the C terminus with potential active site histidine and aspartic acid residues indicated
(#). The sequence data for E. coli E2o and E2p and bovine kidney E2o are from references 34, 37, and 3, respectively.

subenzyme contains one lipoyl residue covalently bound to
the lysine at position 42 (Fig. 7A).
E2o in assembled ODHC functionally binds Elo and E3 as

well as other E2o polypeptides. From studies of dihydroli-
poamide acyltransferases from E. coli and other organisms,
different functions of E2o can be attributed to protein
domains identifiable in the primary structure (31). These
proteins have an N-terminal lipoyl domain consisting of
about 100 residues, followed by an E3-binding domain
flanked by flexible segments and a C-terminal Elo- and
E2o-binding domain which also contains active site residues
(Fig. 7). B. suibtilis Elo and E2o can form a functional
ODHC together with E. (oli E2o-E3 and Elo-E3, respec-
tively, as shown by complementation analyses of mutants (6,
7; this work). This means that B. siibtilis Elo can be bound
to E. coli E2o and probably vice versa. However, from these
complementation data we cannot determine whether E3 can
be bound to heterologous E2o or not. The interfunctionality
of E. coli and B. sifbtilis E2o is also supported by the primary
sequence comparisons. The respective lipoyl and C-terminal
domains show a high degree of similarity (65 and 74%,
including conserved exchanges), whereas the E3-binding
domains with flanking putative flexible regions are less
similar (47%). A difference between these flexible segments
in E. coli and B. siubtilis E2o is that the first segment is
shorter in B. stibtilis E2o. Furthermore, the second segment,
which in E. c oli E2o contains mainly proline and alanine, in
B. slibtilis E2o has glutamine as the predominant amino acid.
The considerable difference between the molecular mass of
60 kDa estimated from SDS-PAGE (7) and the molecular
mass of 46 kDa deduced from the nucleotide sequence may
be explained by the structure of the flexible segments (34).

B. si(btilis and E. coli E2o polypeptides are very similar at
the C terminus (Fig. 7B), which most likely contains active
site residues as discussed by Guest (14). This similarity
indicates that histidine 388 and aspartate 392 in B. siubtilis
E2o are active site residues. Short regions in the C-terminal

domain of E. (0oli E2o which show poor homology to E. (oli
E2p can be proposed to prohibit the respective E2 compo-
nent to bind inappropriate El components. These sequences
in E. coli E2o also show poor homology to those in B.
siibtilis E2o. Since B. siubtilis and E. coli E2o are function-
ally exchangeable, these differences may not reflect sorting
of E2 polypeptides to different multienzyme complexes.
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