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Sequence and organization of genes encoding
enzymes involved in pyruvate metabolism
in Mycoplasma capricolum
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Abstract

The region of the genome of Mycoplasma capricolum upstream of the portion encompassing the genes for En-
zymes 1 and IIA®*° of the phosphoenolpyruvate:sugar phosphotransferase system (PTS) was cloned and se-
quenced. Examination of the sequence revealed open reading frames corresponding to numerous genes involved
with the oxidation of pyruvate. The deduced gene organization is naox (encoding NADH oxidase)-Ip/4 (encod-
ing lipoate-protein ligase)-odpA (encoding pyruvate dehydrogenase Ela)-odpB (encoding pyruvate dehydrogenase
Elp)-odp2 (encoding pyruvate dehydrogenase Ell)-dldH (encoding dihydrolipoamide dehydrogenase)-pta (encod-
ing phosphotransacetylase)-ack (encoding acetate kinase)-orf4 (an unknown open reading frame)-kdtB-ptsI-crr.
Analysis of the DNA sequence suggests that the naox and Ip/A genes are part of a single operon, odpA and odpB
constitute an additional operon, odp2 and dIdH a third operon, and ptae and ack an additional transcription unit.
Phylogenetic analyses of the protein products of the odpA and odpB genes indicate that they are most similar to
the corresponding proteins from Mycoplasma genitalium, Acholeplasma laidlawii, and Gram-positive organisms.
The product of the odp2 gene contains a single lipoyl domain, as is the case with the corresponding proteins from
M. genitalium and numerous other organisms. An evolutionary tree places the M. capricolum odp2 gene product
in close relationship to the corresponding proteins from A. laidlawii and M. genitalium. The dldH gene encodes
an unusual form of dihydrolipoamide dehydrogenase that contains an aminoterminal extension corresponding
to a lipoyl domain, a property shared by the corresponding proteins from Alcaligenes eutrophus and Clostrid-
ium magnum. Aside from that feature, the protein is related phylogenetically to the corresponding proteins from
A. laidlawii and M. genitalium. The phosphotransacetylase from M. capricolum is related most closely to the cor-
responding protein from M. genitalium and is distinguished easily from the enzymes from Escherichia coli and
Haemophilus influenzae by the absence of the characteristic amino-terminal extension. The acetate kinase from
M. capricolum is related evolutionarily to the homologous enzyme from M. genitalium. Map position compari-
sons of genes encoding proteins involved with pyruvate metabolism show that, whereas all the genes are clustered
in M. capricolum, they are scattered in M. genitalium.

Keywords: acetate kinase; dihydrolipoamide dehydrogenase; lipoate-protein ligase; NADH oxidase; PTS; phos-
photransacetylase; pyruvate dehydrogenase

Mycoplasmas, the smallest free-living organisms, contain the
least complex genomes (Razin, 1985, 1992). They appear to have
evolved from Gram-positive bacteria by selective elimination of
nonessential genes (Maniloff, 1983). Growth of these organisms
requires complex media, reflecting the loss of many genes en-
coding anabolic enzymes, but retention of genes encoding cat-

Reprint requests to: Dr. Alan Peterkofsky, National Institutes of
Health, Building 36, Room 4C-11, Bethesda, Maryland 20892; e-mail:
alan@codon.nih.gov.

' Nucleotide sequence(s) reported in this paper has (have) been sub-
mitted to the GenBank™/EMBL Data Bank with accession number
(U62057).

abolic pathways (Miles, 1992). Mycoplasma capricolum has a
genome of 1,155 kb, sufficient to encode approximately 350 genes
(Miyata et al., 1991).

It was shown previously (Cirillo, 1979) that M. capricolum
can metabolize carbohydrates by the ubiquitous phosphoenol-
pyruvate:sugar phosphotransferase system (PTS) (for review,
see Cirillo, 1979). This system promotes phosphotransfer from
phosphoenolpyruvate to the heat-stable phosphocarrier protein
HPr in a reaction proposed to be catalyzed by the homodimeric
form of Enzyme I. Phosphorylated HPr then transfers a phos-
phoryl group to the sugar-specific acceptor proteins, referred to
as Enzymes I1. Each Enzyme II compiex consists of one or two
membrane embedded proteins or domains (IIC and IID), as well
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Fig. 1. Restriction and genetic maps of the region of the M. capricolum genome upstream of the ptsl-crr operon. The three
clones that were isolated and sequenced are (A) pPZ7, the 9,542-bp clone derived from a partial Hind I1I digest, (B) pPZ8, the
4,384-bp Spe 1 clone, (C) pPZ9, the 6,654-bp Xba I clone. The internal Xba I site is located at base 10209 (see Fig. 2). The in-
ternal EcoR I sites are located at bases 141 and 2396; The internal Spe I sites are located at bases 720, 3710, and 8094; the inter-
nal Hind III sites are at bases 1551, 2834, 3966, 7266, and 9992. Horizontal arrows indicate direction of transcription of the
indicated genes. --- aa, the number of amino acid residues of the deduced open reading frame. naox, the gene encoding NADH
oxidase; Ip/A, the gene encoding lipoate-protein ligase; odpA, the gene encoding the El« subunit of pyruvate dehydrogenase;
odpB, the gene encoding the EIf3 subunit of pyruvate dehydrogenase; odp2, the gene encoding the EII subunit of pyruvate de-
hydrogenase; dldh, the gene encoding dihydrolipoamide dehydrogenase; pta, the gene encoding phosphotransacetylase; ack,
the gene encoding acetate kinase; kd¢B, an open reading frame homologous to the E. coli KDTB protein product; pts/, the gene
encoding Enzyme I of the PTS; crr, the gene encoding enzyme I1A2* of the PTS.

as two cytoplasmic proteins or domains (IIA and IIB) that pass
the phosphoryl group from HPr to a specific sugar substrate
during its translocation across the membrane (Postma et al.,
1993).

In previous studies from this laboratory (Zhu et al., 1993,
1994), we reported the sequences of cloned pts genes from M.
capricolum. It was shown that the ptsH gene, encoding HPr,
constituted a unique monocistronic operon (the ptsH operon)
in contrast to the typical occurrence in all pts operons sequenced
to date of the ptsH gene immediately upstream of the pts/ gene,
encoding Enzyme I. It was also established that p#s/ is located
in a dicistronic operon containing the gene encoding the glucose-
specific Enzyme IIA (crr). In the present study, the region of
the M. capricolum genome upstream of the pts/-crr operon is
characterized. It is shown that this region includes essentially all
the genes necessary for the use of pyruvate.

Results

Cloning of the genes required for pyruvate metabolism

Previously we sequenced the region of the M. capricolum ge-
nome encoding the ptsl-crr operon (Zhu et al., 1994). Clones
that were isolated in the course of that sequencing project were
designated pPZ3, pPZ4, pPZ5, and pPZ6 (see Fig. 1). With the
intention of investigating the organization of genes located up-
stream of the ptsI-crr operon, further clones were isolated. A
partial digest with Hind III provided DNA for the isolation of
a 9,542-bp clone, designated pPZ7, which was screened using
an oligonucleotide based on the pPZ4 sequence (from bases 3466
to 3422 of the sequence published previously) (Zhu et al., 1994)
(see Materials and methods). Other DNA clones were isolated
by a similar approach. pPZ8 was isolated from an Spe I digest

and identified using an oligonucleotide sequence from pPZ7 cor-
responding to base numbers 8018-8062. The clone pPZ9 (from
an Xba 1 digest) was also detected with a pPZ7 probe corre-
sponding to bases 2882-2926 (see Fig. 1).

Sequence analysis of the genes required
Sfor pyruvate metabolism

Clones pPZ7, pPZ8, and pPZ9 were sequenced on both strands
and then analyzed for open reading frames to reveal the gene
organization illustrated in Figure 1. It was surprising to ob-
serve that a block of eight genes in this upstream region was in
some way involved with the metabolism of pyruvate. The
deduced gene organization, starting from the 5-end of the
sequence, is naox (encoding NADH oxidase), /p/A (encoding
lipoate-protein ligase), odpA (encoding the Ela subunit of py-
ruvate dehydrogenase), odpB (encoding the EIS subunit of py-
ruvate dehydrogenase), odp2 (encoding the EII subunit of
pyruvate dehydrogenase), didH (encoding dihydrolipoamide de-
hydrogenase), pta (encoding phosphotransacetylase), ack (en-
coding acetate kinase). The region downstream of ack (orfA,
kdtB, ptsl, crr, and orfB) has been described previously (Zhu
et al., 1994).

The combination of the three sequenced clones (pPZ7, pPZS8,
and pPZ9) allowed us to deduce a total of 10,214 bp of DNA
sequence (see Fig. 2). Bases 1-280 coded for an open reading
frame that is homologous to the carboxyl-terminal region of
the amino acid sequence of NADH oxidase from Enterobac-
ter faecalis (Genbank accession no. P37061) and M. genitalium
(MG275 from the TIGR database) (Fig. 3). Comparison (by
BESTFIT analysis) of the M. capricolum and E. faecalis se-
quences indicated 64% similarity and 39% identity of the com-
pared sequences over a length of 88 residues. When the M.
capricolum sequence was compared with the M. genitalium se-
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naox . . . . . . . . . . . .
TCTAGATAGACCAGAATTTATGTCAACAGCAAATGAAGTTTTATTCAAAGTTGTTTGAGATAAAAAAACAAGAAAAATCATTGGTGCTCAAGTAGCTAGTGAAAAAAACCATACTGAAGT
L DRPETFMSTA ANEVLTFI KV VYV WD E K KTRIEKTITIGA A QVASEIZKNUHTEUV

TANTATA’IG'H‘AGC’H‘I‘ AGGAATTCAAAAAGACTTAACTATTGATGAATTACCATTAGTTGACATTTTCTTC TTACCACACTTTARTAAACCATTTAACTTTATTTCGC TAGCAGGACT
ALGIQKDLTTIDETLGPLVDTITFTFLTPHTFRNTEKTPFENTFTISLAGL

lpla 3 P
Acmmmcnmwamammmmrmx'mmanmcmmamrmnm:;mmmcnmu. T AATTGA TTAACT
EVLGTLNTYTPIKTEKTETZK * N LLISKZYHDTPAMNILATILIETETYTLT

TATCATTATAAABCAAAAGAACCTATTGTATTTTTTTGACAAAA!GCTAATACTATAGTTGTTGGAAGAAATCAAAACG&TTTTGCTGAAATTAACTTA&AAGCTGCTCAAAAAGATAAC
Y HY KA KEZPTIVF FVFW QNANTTIVVGURNI QNATFAETINTLEA AAQIKTIDN

GTTAAGATTGTTAAAAGAAATAC GGGAACTGTTTA TTTAGGTAATGTTTGTTATTCTTT ACAATTCAACTGATGATGTTGATTATCAAAAAGCA
VKIVEKRNTG® G GTVTYS QDLGNS YV CTYSTLTIVDNSTDDTVDTYOQE KA ATLDQ

CCTATTATCACTTATTTAAATCAAAAAAATATTAATGCAATGTTTTCTGGAAGAAATGACATGG TGATTGATGG TTATAAGG TTTCAGGAAATGCTCARTTAAAAACTARTGAAAAAACA
PIITOYLNSGOTZKSNTINAMEPFSGRNTODMVYTIDGTYTZ KYVSGNA AR QLTEKTNTETK KT

CTAGTTCATGGTACATTGCTATTTGATGTTGATTTGTCTAAAATGCCTAAATATTTAGTTG TIGATCCAGAAAAATTAARACATCAACARATCAGATCAAAACCTGCCAGAGTTAGAAAT
LVHGTLTLTPFDVDTLTSTZKMPE KSTYTLVVDTPETEKTLEKTH SO QOQTIRTSTZKTPATRTYTRN

ATAAAAGAGTTCTTCAAAGACATTAATATTGATATTGATTTAAGTACTTTTATTAATGACGTAG T TAGTTCATATG TAAAAAATGAAAAAATTAAATGAATTGAATTAACTGATCARGAA
I KEFFKDTINTIDTIDTLTSTTFTINODTVVSSTYVZ KNTETKTEIZ KTMWITETLTTDRQE
AAGCAATACATTCAGTCAAGAARAGAAACTAAGTTTGATCAATGAGACTGAACTTTTGGAAAAAATACTG TATTTTCTC TG TTAAAAAACAATACCTTGAATCTAAAGGTTTTATTACC
K OYIOSRTEKTETTZKTFTDOWSDWTTFGE KNTTVTFSTLVE KTZ KGO OQYTLTESTZ KT GTFTIT

CTAAACTTAGATGTCGATAATGGAGTTATTACTAACATTAAAATTTATGGTGATTTTTTAGGAACTCAAGGAACTGAAAAATTAGAAGCAAAACTAATTGG TG TTAAGTTTGATAAAAAA
LNLDVDNSG VTITNTIEIZ KTIYGDTFTLGT® QOGTTETZKTLTEH ATZKTLTIGVEKTFDK K

GATGTTGAAAAAGTTTTAAATCAA CTTAGAAGCAATTTTTGCTRAGAATIITTA cmmmumcmmm'nmmcacrnnmnmmm_
DVEZEKVLNS QPFTDTLTEATILITPAKNTPFTSDDTITNTILTLTFZKTD *

lATAATCAAAATGACTTATTTAGGAAAA11ﬂGATCCTCTAAAAAATGAAAAAGTﬂTGﬂG1111!5ATAAAGATGGAAAAGTAATTAATCCTAAGCTAATGCCAAAAAﬁﬁTCTGATCAAGA
L G K FDPULIEKNETZ KV CVLDIEKDGI KV VTINPIKTLMMPIE KTISTDQE

AATTCTTGAAGCATACAAAATAATGAACTTATCTCGTAGACAAGATATTTATCAAAATACTATGCAACGTCAAGGAAGATTATTATCATTTTTATCTTCAACAGGACAAéAAGCTTGTGA
I L EAYXKTIMNDNILSU RRAOQDTIYOQNTMOQROQGHRTLTLST FILSSTGA QEA ATCE

GG11GCATACATTAATGCATTAAACAAAAAAACAGATCACTTTGTAAGTGGATATAGAAATAATGCTGCTTGATTAGCAATGGGTCAATTAGTAAGAAATATTATGCTATATTGAATTGG
VAY INALNJIEKIKTDUHT FUVSGYRNNAAWLA AMG QLU VR RNTIMLYWTIG

TMNMG" Mu. TCCT T nAA'l'l'GmACC‘lCCAMCAmﬂAmeCMTATl‘CMGCTACAGGTAHGCWNATMATATAGMAAACAGG
N EA GG KAUPEGVNTCLZPZPNIVIGS SO QY SQATSGTIA ATFA ADTEKYR T G
msmm‘ruc‘mc‘mc—‘ LAG'“" A AAL TTA" \GCAA’!’GAACTH’GCMAACMACGAAGTPCCANTATAWXGTFAMTMCM}\N

G VVYVTTTGDG GG GSSEGETYEA AMNTPFAKTLUHEUVEPTCTITFUVTIENNTIKW

AGCTATTTCAACAGCTAGAAGCGAACAAACTAAATCAATTAACTTTGCTGTTAAAGGAATTGCTACTGGTATTCCTTCAATTATTGTTGAEGGAAACGATTATTTAGCATGT%JTGGTGT
A I ST AR SEU QT KSTINTFA AV KGTIATGTIU PSTITI D GNDYTULATCTIGUV

ATTTAAAGAAGTTGTTGAGTATGTTAGAAAAGGAAACGGTCCTGTTTTAGTTGAATGTGATACTTATAGATTAGGTGCTCACTCATCTTCAGATAACCCAGATGCTTACCGTCCAAAAGG
F K E V V E v K G NG P VLV ECDTZ YR RILGA AHRSSSDNUPD Y R P K G

TGAATTTGAAGAAATGGCTAAATTTGATCCATTAATTAGATTAAAACAATATTTAAT1GATAAAAAAATATGATCTGATGAACAACAAGCACAATTAGAAGCTGAACAAGACAAAT11GT
E F EEMATZ KT FDUZPLTIRILIEKZ QYZLTIDI KTE KTIWSUDE S QO QA AQTLTEA ATETZ QDI KTFUV

mcnmmmcmmmwmnAmmmmaummﬂmAATAmA_;GAmmmmmmcmncmmumcuﬂ
ADETFAMWVYVTETZ KNI KNTYTDTLTITDTITFTE KT YO QYDIEK®MDTITFTLTETET QTYTZ KTEHA AT KTEF

. odpb - a . e
C'H'IGMMATACCCAGMTC‘I‘MAMCCACTMmTAﬂAﬂMTMTAﬂMAGCmTMm)\mcmmmCGCTATGCMCGCGANCMAm'XTAmTA
F E K P S KEGGHH*MATITINNTITKAVYVTDALTDTCAMG QRDTPNUVTIUV

mmAmmmmmmmmmcmm'Aﬂmm TTTGGAAATGACCGTTGCTTTAATGCTCCTATTAGTGAAGCAATG TTTGCTGGTGTT
FGEDVGTEGGUVFRATQGLAVKFGNDRCFNAPISERANFPEAGY
GGTTTAGGAATGGCTATGAA AACCAGTTTTAGAAATGCAATT AGGATTAGCTTCTTTACAAAATATTTTCACTAACATTTCAAGAATGAGAAACCGTACTCGT
G L GMAMNGOGMEKTPOVLEDMSGTPFE®GLG GTLASTLG OQNTIFTNTISRMERNERTR

GGTAAATACACTGCTCCAATGGTTATTAGAATGCCAATGG I TCGTGCTTTAGAACATCACAGTGAAGCTTTAGAAGCAGTATATGCTCATATTCCAGGAGTTCARATTGTT
GK\’TAPMVIRHPHGGGIRALEHHSEALEAVYAHIPGVQIV

N'ICCA'ICAPA. TCC CAAA T AnATTTTAu\, LMWMCCAGANCAGWAW‘I’IGTEGMCCMCMMCTATATAGAGCA’PPI‘MACAAGMG’I'N:CAGAT
C P S TPYDTI KOGLTIULAAIDSZPDZPVIVYVEZPTI KTLTYHR F K Q E V P D

GAACACTACATAGTACCAATTGGAGAAGGTTATAAAATTCAAGAAGGTAATGATCTAACTGTTGTTACTTATGGTGCTCAAACTGTTGATTGTCAAAAAGCTATTGCATTATTAAAAGAA
EHY IVUPIGESGT YU KTIOQEGNDTLTVVTYGAQTV VDT CQZ KA ATIATLTLTKE

ACTCATCCAAATGCAACTATTGATTTAATTGATTTGCGTTCTATTAAACCATGAGATAAAAAAATGG TAATTGAATCAGTTAAAAAAACAGGAAGATTG TTAGTTG TACATGAAGCTGTT
T HPNATTIDTLTIDTLTERTSTITEKTPWDTZKTEKM?VTIES ST VE KT KT GRLLVYTVHTEA AV

AAATCATTTTCAGTTTCAGCTGAAATTATTGCAACTG TTAATGAAGAATGTTTTGAATACATAAAAGCACCTT TATCAAGATGCACAGG TTATGATG TTATTACTCCATTTGATAGAGGA
K SFSVsSAETITLIATVNTETETCTFTESTYTIZ KAPLSTRCTGTYDVTITTPFTDTRG

. . . .odp2
GAAGGTTACTTCCAAGTTAACCHTAAAANAGTTCT:! AG'rcmmcMmmﬂwmrﬂmmmmmmnnﬂ—mummmmmcnmmc
EGY F QVNTPJEKTZKV VTLTYVTZ KM®OQETLTELTDTFKF * F KV K F A

TGACATAGG*GAAGGTCTAACAGAAGGAACAGTCGCTGAAGTTTTAGTTAAAGTTGGTGATGTTGTTAAA&AAGGACAA*CATTATACTTTGTTGAAACTGATAAAGTAAATAGTGAAAT
D I GEGULTEGTVAEVTLVI KVGDVVIKESGAQSLYFVETTUDI KU VNSETI

ACCTGCTCCAGTGGCTGGAAAAATTGCAGTAATTAACATTAAAGCTGGACAAGAAATTAAAGTTGGAGATGTAGTAATGGAAATTGAAGATGGATCGGATACATCTGCAACTAGTGAACC
P APV AGI KTIAVINTIZEKA AGA QETIZ KVGDVVMETITEDSGSTUDTSATSE

AAAAGCTGAAACTAAATCAGAAGCTAAAGT1GAAGTAGTﬂGAAGAAAATGCTAGTGTAGTTGGTGCTACTCCAGTTTCAAATGATGTAATTGTTAGAAAACAAACAACTACAGTTAATAA
K A ET XK S EAZKVEVVEENASVVGATZPUVSNDVIVRIEKTI QTTTVNK

ATCAAGTACTATCAAAGCTACACCTTTAGCAAGAAAAGTTGCTGCTGATTTAAATATTGATTTGTCTTTAGTTACTCCAACTGGACCARATCARAGAATTTTAGTTGCTGATATTARARA
s s T I KATTPLARTEKTYVAADTLONTEIDTLSTLVTTPTGTPNTO QRTITLYVATDTIEKN

TCATCAAGCTTCATCAACTCAATTAGCTAGTCAACCAATTAGTCAACCAGCTCCAACTCCAAGTCCATCTGCTCATCAAACAATTGCTCCAACAATTAAAGTTG .CAAGTGCACé
H QA S STQLA ASO QZPTISOQPAPTZPSUPSAHO QTTIAPTTII KUV VVETZPSATP

T TTATCTTGAGATGAAGTTCCAATGAATGGTGTTAGARAAGCTACAGTAAAAGCAATGACAAAATCACATACTGAAATTGCTGCATTTACTGG TATGAAAAACACTGACATTACTGARAC
LS WDETVTPMNGVR REKATVZ KAMTEKSHTETIAAFTGMEKNTODTITET

TCACAAAATGAGAACTGAATTAAAAGATCATGCTGCAGCTAGTGGAATTAAATTAACTTACTTAGCATTTATTATTAAAGC TG TTGCTAAATCATTACG TGATATGCCAAATATTAATGT
HEKXRTELKDEHAAAMSGIKLTYLAFIIKAVAKSLRDMEDNTINY

AAGAGGTGATTTTGCAAATAACAAAATCCAATTTATGCACAACATTAATATTGGAATTGCAG ACCAAACGGATTAATGGTTCCAGTTATTAAAGGTGCTGATCATTTAAGTGT
R GDFANNTKTLIGOQTPFMEHENTINTIGTIATVDTPNGTLMVYVPVTIEKGADTHTLSYV

Fig. 2A. (Figure continues on next two pages.)
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B AmGMAﬂGCMﬂMMﬂAGTGMC‘i‘AGCMATM‘GGC CmGATGGTAM‘N‘MCMGAGCTGAMTGACTGAAGCMCATTTACTGTHCMAC‘HTGGHCAGTAGGAHAGA 4560
F E I A I K I S ELANJIKAIKDGTE XKTZLTRAEMTEA ATTFTUVSNTFGS VG LD

HAMTAmﬂAﬂAﬂmmC CAGAG'PCK‘GCTA’I';‘NAGGAG’PP&GTACMTGT&TCM}\CTC C‘i"l‘TATATA‘l‘TAATGGTGAAT’i‘ACMMAAGAT’IT}\TMTG&C}\HATCM’;‘ 4680
Y ATPTIINSUPESA AIULSGV VG GTMSZQTZ?PULYTINSZGTETLTUGQIKR I M PL S M

. . . . . : . . . " g didh.
GACTTGTGATCATAGAATCATTGATGGTGCTGATGCTGGAAGATTTTTAATTAAAGTACAAGATTACTTATCAAAACCAGTTTTATTGT TTATGTAATTHENGMNBGGATAAAATATGTT 4800
T CDHRITIDGA ADA AGRTPFTLTIZKVAOQEDTYTLSZ KZPVTLTLTFM* M F

TMAGTAMA‘I'I'TGCTGACATAGGTGMGG‘!'PTAACAGA;\GGMCAGTCéCTGMGm‘i‘AGTTAMGTi‘GGTGATGTTGTTmGMGéACMCCTﬂATAC TTTGTI‘GMACTGATAA 4920
K VXK FADTIGEGTLTEGTVAEVLVI KV VGDVVKETGU QZPULYTFV ETDK

AMmTAmﬂCC’l"i‘CTCCGG‘I‘TG(..‘CGGAAAMT'i‘GCMTMTCAATATﬂﬂhémmﬂmmﬁthﬁhmmTﬂmmﬂé 5040
VNS ETI PSPV AGI KTIA ATITINISTG G QETIZ KU VGDUVVIETIDU DTG GSST S

TACAGCTTCAACTTCAAAAGTTGAAGTAGTTGAAGAAAATGCTAGTGTAGTTGGTGCTACTCCAGTTTCGAATGATGTTTTACCAAGTAGAGCACCARAGCCARAAGCTGAAGCTARAGT 5160
TASTSKXKVEVVETENASVYVGATEPVSNDVTLTPSRAPTEKTPEEKATEA AT K.YV

TGMGTAGT'I‘GMGMMNCTAGTGTAGTTGGTGCTACTCCAGTK‘TCMATGATGWACCAAGTAGAGCAC CMAGC CMAAGI"I’GMGCTCCMAAG‘I'!‘GATG’ITCMA’PI‘GAAGA 5280
E VV EENASVVGATUZPV S NDVLZP S A P K P KV EAPIKUVDV QTIETD

TACA'I'I‘NATG’I'ITGPGTAGTTGGTGCAGGM’ITGGTGGI‘TATG’PI‘ACTGCTATTMATCTGCACMHAGGATTMAMCTTPMNANGAAN\AGMTACTATGGTGGAG’I‘TTG’I‘TT 5400
T FDVCVVGAGTIGS GY YU VTA ATIIZ K SAQLGTLZI KTULTITIETZ KTEYYGGVCHL

memTAﬂCCTI.\CMMAC'l"l"i‘GTTAMAAC‘i‘TC'l’CA‘l‘GTT%‘ATCATGATA‘}AGTACATMAGCAMAGM&‘TAGGMTC G'i‘TﬂACMM’i’ACTGAAMTéTAGTMTTG}.\ 5520
N VGCIPTI KTULULIEKTSHVYVYHDTIUVHI KA AIEKTETLSGTIUVLOQNTENUVVID

TTGAGCTCAAGCAC ﬂGAMGMAAMTGé’rG’l'I‘GTTMéAMTTMCAéGGGGAGﬂmTAmACTAGATAMAATAAAGTMCTCAMTTMAGG&‘GMGCTA’H‘(’:CTI‘TAGATA& 5640
WAQALERIKNGUVVKI KTLTSGG GV K YLULDI KNI KU VT QTIZ KTGEA ATIATLDK

AMTACM’I';‘TCAGTAMTAATAMAATT}.\TCGTGTTM&‘MTTTAGTTATTGCTTCTG(::ATCAAC C ccmrca'r'rmé CAMCAGG‘FPTTGATCAAGGAAGMM(.;ATGGAATTA'E‘ 5760
N T I S VN NKNJYURUVNNTLVTIASSGSTU?PNU HTLZPULZPSGTFDUGQGRI KUDGTITI

TATTGACTCAACTGGAATTTTATCAGTTCCAAAAATTCCTGAAACTTTAGTTGTAATTGGT PTATTGGTATTGAGTTTAGCTGTTTATTTGCTAGTCTTGGTACAAAAGTTAC 5880
IDSTOGTITLSVPEKTITPETLVVTIG GG GTVTIGTIETF ST CTLTFHA ASTZLGTTZ KTUVT

TGTTTTACAAGGATTACCAACTATTTTAGAAATGCTAGATAAAGATATTATTGATGCAATGACTAAAGAGTTAAAAAACAGATACAATATCCAAGTTATTACAAATGCTTCAGTTAAAGA 6000
VLOQGLTPTTITLETMTLTDTEKT PDHTITIDAMTTE KETLTZEKNT RTYDNTIQ QU VTITNA ASTVEKE

ATTTAAAGATGGTTCTGTAGTATATCAAATTGATGGTCAAGATCAAATGATTAAAGGAGAATATGT TTTAGAATCAGTTGGACGTAAAACTTCATTAACTGGATTTGAAAACATTGGTTT 6120
FKDGSVV&YOGQTIDOGO QDO OMTITZKTEGETYVTLEST VG GRIEKTSTLTGTFTENTIGTL

AGAATTAACTCCAAGAAAAGGTGTTGTTGTTAACGAGTATCAAGARACTAACTTAGATGGTGTTTATGCAATTGGTGATGTTGTTGGAAAGTCAATGTTAGCTCAAACTGCAGTTAAAGG 6240
ELTPRTEKGVVVNTETY QETNTLTDTGTVTYA ATILIGDVTVSGE KT SHMLARQTA ATYVTZKG

AGC‘I‘ATTG’K'I‘GCTGCTMTAGAA’X"PGCTMGC TM'i‘AAGGCTCATéCTGMGATA’i‘TG'I"I‘A‘l‘GAA'i"I‘ATGACMA(‘;'H.‘CCATCATGI‘AT‘I‘TATACACACCCAGAAG'I"K'PCMTGAT 6360
A I VA ANRTIAIKIKA ANIKA AHAEUDTIVMNYUDI KV P S CTIZYTHZPEUVSMI

TGGTAAGACAGAACAACAATTAARACAAGAAAATATTGAATACAAAGCCTTTAAATTCCCATTTTCAGCAATTGGTAAGGCTTTAGCTGATGATGATACTTCAGGATTTGTAAAAATTAT 6480
G KTEGO OGO OTLTKTGOENTILITETYTKA ATFTKTFTPTFSATILIGEKA ATLADTEDT DTS GFVKTITI

TGTAGAACCTAAATACAAAACTATTTTAGGTGCACATATTATTGGAAATAGAGCTACTGARATGATTTCRGARATIT ACTGCTGTTATTGAATGTGAAGGAACAATCACAGAAATTGCTAA 6600
VEZPIEKTYI KTTITLTGA ATHTITIGNTE RATEMTISTETITA AVTIETCETGTTITTETIAN

. . . . . . . . pta. .
CPACAATIGAGCGAAGCAATTGGAGAAGCAGCTGAAGCTCTAGAAACAGGAAAAGCTATTCATT TTTAATTAATTTATHBNBBBBATAATATGTATACATTAGA 6720
T I H P HPTMSTEA ATITGTEA AA AMEA ALTETTGTZ KA ATIHTF * M Y T L E

TACMmAéCCTCACC q

AGW"MWMNAWMT&AGMNTAWCCAmGémMNmﬂAﬂmemCTmCmAmTMﬂmAﬂACC 6840
E I K N Q L GL K S EKIKSTIVFUPEA AESETITIOQ QSUVAIKTULUVDTETI KTLGTLP

AATTCTATTATTTAAATCTTCAAAAGAAGTTCCAAGTGAAATTAAAAATAATTCATCAATTAAAACTATT TGTTTAGATGAATTTGACACAAAAGAATTTGAAGAAGAATTTGTAAAACT 6960
I L LFKSSTZKETVTPSETLITZ KSNNSSTIEKTTICLDETF DTTE KTETFTETETETFV KL

TAGAMAGGTAMGCMCTATTGAAG'!'I‘G(‘:ACACCAAGT}’\ATGCAATTA(’: CMA’I‘TATA’i‘TGGAGCTAT(’;CTAG'I']‘AM’&‘TMATCAGGéTGATTGPATG’l'!‘ATCTGGATI‘AAACMTAC 7080
R K G KA TTIEVAHSO QVMOQLUPNYTIGAMTLVYI KTLNUO QADU CMTLSGTULNNT

MCAGCTGA‘&‘ACM‘ITAGA(’:CAGCTTTACmﬂAmG(.EACAMACCA(:?GATATMTA’;’PGCMGTAG“‘AWGTT}.\NTCAAMGGPAATGAAM‘E‘TATATTTTTACTGATTGTGé 7200
T ADTTIURUPALAGQTITIGTI KU®PGYNTIASSTITFUVMSKGNENYTITFTUDTCA

'l'r’l‘AAATATTAAACCAACAAGTGMCMﬁAGﬂGAAAﬁACACAMTGéCAGPTGAmTGCMMGC’i’ITmT GTAAMMTG‘PTGAAGCAGCT’I'!‘ATTMGTK‘ATTCAACAMTGG 7320
L NI KPTSEOQULVETITA QMAVDTFAIZ KA ALNVI KNVEA AATLTLSYSTNG

TAGTGGTAAAGGTGAAGATGTTGATAGAGTACATCAAGCAGTTGAAATTTTAAAATCTAAAGAAAAAGATTATGTTTGTGAAGGTGAAATTCAATTTGATGCAGCCTTTGATARAARAAC 7440
S GKGETDTVDRTYVHOQAYVETITLTEKSTZ KETEKTDTYVC CETGETILIGQTFTDA ASATFTDTEKTKT

TAGAGATMGMATTTAAMATTG’I'I‘CATTAWAMACMACAC CAGATAWWCAGATATAMTGCTGGNTATCGGTTATAMATC GCTCAMGAATGGGTGGTTI‘NA 7560
R DK KF KNCSLULIKOQTZ®PDTITFVFUPDTINAGNTIGYIZ KTIA AQRMGSGTFE

AGCAATTGGACCTTTTGTTTTAGGGTTAAATCAACCAGTTAATGACCTAAGTAGGGGTGCAACATTTGTAGATGTATTAAATACAGCTATTATGACACTATACTTATCTTATTAANEERE 7680
AIGPTFVLGLNSO OTPVNDTLST RGATTFVDVTLNTATIMTTLTYTLSY *
ack
-AGTI‘AMTGA'I'I‘TTAGTMTTAATTCAGGAAGTAGTTCMNAAAT'I'I‘MATTAWPGATACHCTAAAGCAATTGAACCMTAT'I‘AGA’I'GGT'I"I‘AGCAGMCGAATTGGMTTGATG 7800
M LVINSGSSSTIZKTFT EKTLTFDTSTZ KA ATILIETPTILDTGTLA AETRTISGTITDG

GAmTTmGTﬂGMCA’i‘MTMTCAMAATATMAﬂTGAAGATCCACTTCCAGATCATGAACATGCTATTCMTTMT’I'I‘TAMTAAA’ITGCTTGMTTMTTATTTCAMTA 7920
F L KPFEHNNUG QI KT YK FETDZPLZPDUHEUHATI QLTIULNIEKTLTLETLI KTITISNTI

ﬂGATGMA’i‘AMAGGTGTAGG'I"I‘TTAGA&’l"l‘GTTCATG(‘;TGGTGAM'l"i"l’C)\CATTCA‘i‘CMTMTTAA’PGAAGMGTA’!'PACAMMATTCMGAM(’;TG‘PI‘MATTAGCTCCTTTAC 8040
D EI KGVGFRUVVHGS GETIS SHSSTITINETEVLQ QI KTIZOQESVI KTLAZPTLH

ATAATCCTGCTGCAATTATTGCAATAAAAGCAGT TAAAAAACTAATGCCAAACACTAGTATGATAGCTTGTTTTGATACAGCATTTCATCAAACAATGCCACAAGTAAATTACTTATATT 8160
N PAATITIATLIZEKATVYVEKTEKTLMTPNTSMTIACTFEFTDTA ATFTHGOQTMZPGO QU VNTYTLZYS

CTGTTC CTTATAMTGATATGMGM’I'I"PGGCG‘!‘MGAAMTATGG‘l'l"l'l‘CACGGMT‘I‘AGPTATGMTATATAGTTMTMATGTGMGAAATATTAMTMGMAMAGMCACTTGA 8280
V PY KWYEETFGVRIEKYGFHGTISYZETYTIU VNI KTCETETI K K K E H L N

A’I"I'PMTAG'I"I'I‘GTCATTTAGGAAATGGCGCMGTA’I'I‘TCATGTA’I'X‘AMGATGGPAMTCT‘TATGATAC 'l"l‘CMTGGGAHMCCCCATTGGCTGGATTGATGATGGGMCAAGMGTG 8400
L I VCHILGNGA ASTISCTII KDSGI KSYDT SMGLTUPLAGTLMMGTRS G

GAGATATTGATGTTTCTA'!'I‘TGTGAATATG’ITGCMCAMCAMTTCAGATATC MTGCAAWACTCAMTTTTMACAAACMTCAGGGCWAGGPTTMGTCAMCTTC AGCAG 8520
DI DV S ICEYUVAI K QTNS FAITQ QTIULNI KU Q@SS GLULGTULSOQT S ATD

ATATGA&@thmmTATGACAGAAATGATAMAAAGCTA’I'I‘ATTGCTGTTGAAMATATGTTCMGTTG'I'PGCTGATPTTATAGTTMATATGCMATTATTTAGATAGCA 8640
M R DV LEUGQYD RNDIKI KA ATITIAVETZKYUVQVVADTFTIUVI KYANTYT LU DSTI

'I'PGATGCAGTAGTCTTTACAGCAGGAAM&GTGAAMTG&AGATGTCAT‘i‘AGAGAT‘I‘TMTI‘TGTMAAGAGTTAMCMAGWACAMWGATCMGWWAATCTMAT 8760
D AVYV FTAGTIGENADVTIRIDILTITCGCI KA RVYVI KTILLSGLAGQTIDUG QEIZKNESTIKY

ATTCAGACTATAAATTAATTTCTAGTGAGAAATCAAAAATTCCAGTTTATGCTATTAGAACAAATGAAGAAAAAATGATT TGTTTAGATACTT TAAACTTANTTARRTAAAAGATATAAT 8880
S DYKTLTISSETZKST KTITPVTYA ATIRTNETETEKHMTICLDTTLNTLTIEK *

Fig. 2B.
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AGTTAAAAAACTTAGCTTAAATAGCTAAGTTTTTAATGTTAATAAARGEAAGEATAAATGAAAAGAACAATAAAGTATTTAAGTTTTTTAGGTTTAATTCCATTTTTATCAATAACAACT 9000
M KRTIKG YTLSTFTLGTELTITPTFTILSTITT
ATAAGTTGTGTTAAACAAGCTAAAGAAAATAATAATAAAAATCAATTAATTAGTCAATTTAAACAACTTATTTTTATCTTAAACAGCTTTGATTTAGATAATAAAAAACTAGAATCAAAA 9120
I SsCcCVEKGOQAEKENSNNTEKINGOTLTISG QTPFZE KGO QTLTITFTILNSTFDTELTDNTEKTEKTELTES K
ATCATAAAAGCTATTGAAAAAAGTGATTTTAATAAAATTAGTAATATAAATTTAGAATTAACTATAAAGTTTTTAACTAGAATAAAAAATGAATTGGAAACTAAAACAATTAGTCAGTTA 9240
I I KATIETEKTSTDTFTNTEKTISN NLETLTTITZKTFTLTRTIZKINETLTETTEKT s oL
MTAAMATGATAAGCTAGAT}\TK"M‘MCTAAMTAMAG'I'PCAT'H‘AGGTTCATTAMTTTM’Z‘TGAmAGTMATAmﬂGATGAGﬂAGTTMTAMTTmTCAAMAGMGM 9360
N KNDEKTELTDTI T K I KV HLG STLNTELTIETLVNTIVDTETLTVNZE KTLNTQOTEKEE
ATTAAAAATACTCATAAAGATAAAATAGAAAAAAATAAAGATAATATAGAAGATATTGATGATTCAAAACTTGAGATTTTAGAATCAAAATATATACCTAATCAGCACAACTACCCAGAT 9480
I KNTHEKDTKTITET KNTEKTDNTIETDTIDTDSZ KTELTETITLTESTE KTYTITPNGO OQHTNTYPD
nmnumcmmcmmcmcAmcmmmmmccmmmmcncmmcuﬂncmmﬂmmmcnccmcmAnMcTumwcr 9600
Y VKNTFTZ KTVSAETETLIYZ KETLTYDRTTFSTIE KTPFTLVTZEKTLTEKTDT GG GTLTLS G
GGAACTGGTTGATTATTAGATTATCATAAATATAGTAATACTAATAAATATAAAATGTTTATTGCAACAAACT TACATG T T TGGCAGATTTTAGCAATTCATTAACTGATGAACAARAT 9720
G TGWLTLDTYTHE KTYSNTNTEKTYTZ KMTFTIATNTLTEHTYTLATDTFETSNTSTLTDTET QN
AAAGAATTTAATTACTATGATCCATCAGGTAATAAAGTGATAGGTCTTGGTTTAGGAAAAGCTGATAATGTTACTGATTTTAGTAGAAAAAATAATAATTCAAAATCAGAAAATAATATA 9840
KEFNTYTYDTPSGNTZ KT YVTIGELGTLGE KA ADNVTTDTFTSTREKTNENNSTZEKTSTENNTI
GCTAATTATTATTTAAATAATCAAGATTTTGAAAATTATCTTAAAAATGATTTTTGAAGTGTAAATAAATTTTCTAAAGGTATTTCAGAACCCAAAATTGTATTTGGTGCAGTTGATTTT 9960
ANYYLNNSO QDTPFTENTYTLTEKNTDTFWS VNTE KTFSTZ KTGTISETPE KTIVFGA ATVTDF
ATGAMGATCGTGCTATTAAAAATCA’H‘ATGAAGCT’I'I‘ACMAMGMGCAA'I"I‘M'I‘I‘A’I‘TATAACTATAMMMATAATMTGMATTMTGATGACAATAAGATAGCTTGAMTMT 10080
M KDRATITEKPNTBHTYTEA ATLTG OE KTEA ATIN Y N Y K NNNETINTDTDONTEKTIATHWNN
10200

TT'K'I'!‘AAATAATAAAGATAT’I‘CC'l‘ATMTGATAGAT']."I‘TGCAGTATT'I‘GAA’.\'I‘TGATGTTGACC'1‘AGATTTGGTTGATTATAATTPAAAA’I‘CATGAAWCTMTGCTATTAGTGGTTTA
I M I

F L N N K D FAVFETVFDUVDLUDILVDYNTZLIZ KSWTISNA ATISGTL

GATAA'I‘TATCTAGA 10214
D N Y L

Fig. 2. Nucleotide sequence of the region of the Mycoplasma genome encoding genes involved with pyruvate metabolism.' A
partial sequence of naox and the entire nucleotide sequences of /plA, odpA, odpB, odp2, dldH, pta, ack, and an ORF desig-
nated orfA (Zhu et al., 1994), as well as the deduced amino acid sequences, are shown. The putative promoter regions [i.e.,
35 regions (underlined) and 10 regions (boxed)] are shown for the /pl/A, odpA, odpB, odp2, pta, and orfA genes. A sequence
corresponding to a likely transcription termination site downstream of ack is marked with diverging arrows. Shine-Dalgarno
ribosome binding sites for Ip/A, odpA, odpB, odp2, dldH, pta, ack, and orfA are highlighted with shaded boxes. Asterisks de-
note translation stop codons.

quence, it showed 77% similarity and 52% identity over a length
of 92 residues.

After a gap of 11 bases, an open reading frame (from bases
292 to 1312) was identified. The end of this sequence was char-
acterized by the presence of four in-frame stop codons (all
TAA). Use of FASTA analysis of the deduced protein product
led to its identification as the gene encoding lipoate-protein li-
gase. Alignment of the sequence with the lipoate-protein ligases
from M. genitalium (MG270 from the TIGR database?) and
Escherichia coli (Genbank accession no. P32099) is shown in

2The M. genitalium sequence MG279 is hsted in the TIGR database
as unknown in function. The FASTA analysis reported here identifies
the sequence as the gene encoding lipoate-protein ligase.

Mycge
Entfa
111
Mycge
Entfa SPGAVPFELD IPGK...... ..........
221
Mycge
Entfa ANNITIATGE TVERYEGDGR ..
331
MPOOR: vown o on aaes sEams SEseRRESORNE TRV AREENE TFEESEeRSE 1 e LDRPE
Mycge LVAAMHIIGS NQVKLQSIVG TNALHIFGLN LAACGLTEQR AKKLGFDVGI SVVDDNDRPE
Entfa RFAVKNLEEP VK.PFPGVQG SSGLAVFDYK FASTGINEVM AQKLGKETKA VTVVEDYLMD
441 478
Mycca D LVEIFF 1S LNYFKKEK
Mycge THIGL' F VLA ALG FSYYIPKK
Entfa Y 34 4 I INT: V. ....KQER

Figure 4. BESTFIT analysis of the Mycoplasma sequence (334
amino acid residues) with the lipoate-protein ligase from E. coli
(337 amino acid residues) showed 55% similarity and 32% iden-
tity over a length of 335 residues (data not shown). A similar
analysis with the enzyme from M. genitalium (336 residues)
showed 62% similarity and 36% identity over a length of 335
residues.

After a gap of 19 bases, an open reading frame (from bases
1331 to 2443) was observed. FASTA analysis showed the pro-
tein product to be the a-subunit of pyruvate dehydrogenase
Enzyme I. Figure 5 shows an alignment of the sequence from
M. capricolum with those from other sources recovered from
the Genbank and TIGR databases. It is clear that the regions
of total amino acid conservation (shown in reverse shading) are

110

MKKVIVIGIN HAGTSFIRTL LSKSKDFKVN AYDRNTNISF LGCGIALAVS GVVKNTDDLF YSNPEELKQM GANIFMSHDV TNIDLIKKQV TVRDLTSNKE FTDQFDQLVI
-MKVIVLGSS HGGYEAVEEL LNLHPDAEIQ WYEKGDFISF LSCGMQLYLE GKVKDVNSVR YMTGEKMESR GVNVFSNTEI TAIQPKEHQV TVKDLVSGEE RVENYDKLII

220

ASGAWPICMN VENKVTHKPL EFNYTDKYCG NVKNLISCKL YQHALTLIDS FRKDKTIKSV AIVGSGYIGL ELAEAAWLCK KQVTVIDLLD KPAGNNFDHE FTDELEKVMQ
DLDNIYLMRG RQWAIKLKQK .TVDPEVNNV VVIGSGYIGI EAAEAFAKAG KKVTVIDILD RPLGVYLDKE FTDVLTEEME

330

KDGLKLMMGC SVKGFVVDST NNVVKGVETD KGIVNADLVN QSIGFRPSTK FVPKDONFEF IHNGSIKVNE FLQALNHKDV YVIGGCAAIY NAASEQYENI DLATNAVKSG
. VQKVVTD KNAYDADLVV VAVGVRPNTA WL..KGTLEL HPNGLIKTDE YMRT.SEPDV FAVGDATLIK YNPADTEVNI ALATNARKQG

440

T IMGAQ KNHTEVMYML LTI
QMLL
PDKQ T

Fig. 3. Alignment of sequences of characterized NADH oxidase proteins from various bacteria. Numbering above the aligned
sequences corresponds only to the residue in the alignment rather than to a residue number in any of the aligned proteins. Resi-
dues that are conserved in the listed NADH oxidase proteins are shown in reverse shading. Abbreviations used and references
to published sequences are: M. capricolum (Mcapr) (this work); M. genitalium (Mgeni) (MG275 from the TIGR database);
E. faecalis (Entfa) (Ross & Claiborne, 1992).
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110
Mycca LTYHYKA KE..PIVF EAAQ KALQP
MNycge TP TEFRK NELVKVIY! KELE. QTTRN
Ecoldl IFRQMPA TQ. .RVLF! RRME! KTIST

220
Nycca OLK TNEKTL!' P LKHQQI F K.DINIDIDLS TFINDVVSSY
Mycge JEYI AKDRLL' IASKS .A KFLEEMINFF
Ecoldl VVK'I'VEGD YSYRE TKDRGF! LAAKGI! PGI’I’HEQVCE AITEAFFAHY

Mycca KWIE L'I'DQEKQYIQ SRKET. .KFD QU VFSLVKKQYL ES;
Nycge TIV LTKDALAKVE KRAKE,.HFQ i EYNFKNKRYF NN
Ecold VEAET ISPNKTPDLP NFAETFARQS SEFINZSOAP AFSHLLDERF

LGTQ GTEKL FD....K KD QF
LSVV DIT! KYD....Y K FNEL
LNPA PLEALAGI LYRADMLQ QE LVDF

ITLNL ITNI KIY
FECNV I KFY!
-VELHF ITRA QVF

331 353
Mycca DLEAIFARNF TSDDITNLLF KD.
Mycge DHFSDYFGSL KPEQLLGVIF DNK
Ecoli PEQEKELREL SAWMAGAVR. ...

Fig. 4. Alignment of sequences of characterized lipoate-protein ligase proteins from various bacteria. Numbering above the
aligned sequences corresponds only to the residue in the alignment rather than to a residue number in any of the aligned pro-
teins. Residues that are conserved in the listed lipoate-protein ligase proteins are shown in reverse shading. Abbreviations used
and references to published sequences are: M. capricolum (Mcapr) (this work); M. genitalium (Mgeni) (MG270 from the TIGR
database); E. coli (Ecoli) (Morris et al., 1994).

Fig. 5 (on next page). Alignment of sequences of characterized Enzyme I-« proteins of the pyruvate and a-ketoacid dehydrog-
enases and acetoin catabolism complexes from various bacteria. Numbering above the aligned sequences corresponds only to
the residue in the alignment rather than to a residue number in any of the aligned proteins. Residues that are conserved in all
listed Enzyme I- proteins are shown in reverse shading. Abbreviations used and references to published sequences are: M. capri-
colum (odpa-mycca) (this work); M. genitalium (odpa-mycge) (MG274 from the TIGR database); A. laidlawii (odpa-achla)
(Wallbrandt et al., 1992); B. subtilis (odpa-bacsu) (Hemila et al., 1990) and (odba-bacsu) (Wang et al., 1993); B. stearothermo-
philus (odpa-bacst) (Borges et al., 1990); A. thaliana (odpa-arath) (Luethy et al., 1995); yeast (odpa-yeast) (Behal et al., 1989);
human (odba-human) (McKean et al., 1992), (odpa-human) (Ho et al., 1989), and (odpt-human) (Dabhl et al., 1987); pig (odpa-pig)
(Sermon et al., 1990); mouse (odpa-mouse) (Fitzgerald et al., 1992) and (odpt-mouse) (Fitzgerald et al., 1992); rat (odba-rat)
(Zhang et al., 1987), (odpt-rat) (Cullingford et al., 1993), and (odpa-rat) (Cullingford et al., 1994); Ascarus suum (odpt-ascu)
(Johnson et al., 1992) and (odpa-ascu) (Johnson et al., 1992); C. magnum (acoa-cloma) (Kruger et al., 1994); A. eutrophus (acoa-
alceu) (Priefert et al., 1991); Pelobacter carbinolicus (acoa-pelca) (Oppermann & Steinbuchel, 1994); K. pneumoniae (acoa-klepn)
(Deng et al., 1994); bovine (odba-bovin) (Hu et al., 1988); Pseudomonas putida (odba-psepu) (Burns et al., 1988). odpa and
odpt designations correspond to pyruvate dehydrogenase, whereas odba designations correspond to a-keto acid dehydrogenase

complex gene products, respectively, and the acoa designation corresponds to acetoin catabolism complexes.

also shared by the sequence from M. capricolum. The signature
sequence (shown as residues 250-280) G(D/E) (G/A) (X26)NN,
characteristic of thiamine diphosphate-dependent enzymes, is
also found in the M. capricolum sequence. A phylogenetic tree
(Fig. 6) of the sequences of the a-subunit family shows that the
M. capricolum protein is related closely to the correspond-
ing proteins from M. genitalium, Acholeplasma laidlawii, and
those from Gram-positive organisms (Bacillus subtilis and B.
stearothermophilus).

The last base of the termination codon (TAA) of the sequence
encoding the a-subunit of pyruvate dehydrogenase Enzyme I is
also the first base of an open reading frame (from bases 2443
to 3432) that codes for the B-subunit of pyruvate dehydrogenase
Enzyme 1. Figure 7 shows an alignment of the sequence from
M. capricolum with those from other sources recovered from
the Genbank and TIGR databases. The alignment shows that
residues that are totally conserved (shown as reverse shading)
are also identical in the sequence from M. capricolum. It is note-
worthy that all the bacterial sequences are from 40 to 70 resi-
dues shorter at the amino-terminal end than those sequences
from eukaryotes. A phylogenetic tree (Fig. 8) shows a similar
pattern to that observed for ODPA; the protein from M. capri-
colum is most closely related to those from M., genitalium (MG273,
TIGR, database) and A. laidlawii.

After a gap of 28 bases, a new open reading frame (from bases
3461 to 4877), corresponding to the Enzyme II subunit of py-

ruvate dehydrogenase, was identified. An alignment of the M.
capricolum sequence with other Enzyme II sequences (Fig. 9)
shows clearly that the conserved residues (reverse shading) are
found in the M. capricolum sequence. Boxes shaded in grey cor-

odpa_bacsu
odpa_bacst

odpa_achla
odpa_mycca
odpa_mycge

acoa_alceu
acoa_pelca

acoa_klepn
acoa_cloma
odba_bacsu

odpa_| “human
odpa_pig

odpt_human
odpt_rat

odpt_mouse

1000 500 200 100 50 20 10 5 2 1 O
Fig. 6. Phylogenetic tree of sequenced proteins of the Enzyme I-« sub-
unit family. Relative evolutionary distances are shown on the horizontal
scale. Abbreviations are as in the legend to Figure 5.
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Fig. 7. Alignment of sequences of members of the Enzyme 1-3 subunit family. Numbering above the aligned sequences corre-
sponds only to the residue in the alignment rather than to a residue number in any of the aligned proteins. Residues that are
conserved in the listed Enzyme 1-8 proteins are shown in reverse shading. Abbreviations used and references to published se-
quences are: M. capricolum (odpb-mycca) (this work); M. genitalium (odpb-mycge) (MG273 from the TIGR database); A. laidlawii
(odpb-achla) (Wallbrandt et al., 1992); B. subtilis (odpb-bacsu) (Hemila et al., 1990) and (odbb-bacsu) (Wang et al., 1993);
B. stearothermophilus (odpb-bacst) (Borges et al., 1990), human (odbb-human) (Nobukuni et al., 1990a) and (odpb-human)
(Ho & Patel, 1990); bovine (odbb-bovin) (Nobukuni et al., 1990b); rat (odbb-rat) (Zhao et al., 1992); P. putida (odbb-psepu)
(Burns et al., 1988); A. suum (odpb-ascu) (Wheelock et al., 1991); yeast (odpb-yeast) (Miran et al., 1993); A. thaliana (odpb-
arath) (Luethy et al., 1994); A. eutrophus (acob-alceu) (Priefert et al., 1991); P. carbinolicus (acob-pelca) (Oppermann & Stein-
buchel, 1994); K. pneumoniae (acob-klepn) (Deng et al., 1994); C. magnum (acob-cloma) (Kruger et al., 1994). odpb, odbb,
and acob refer to the genes encoding the 8-subunits of Enzyme | of the pyruvate dehydrogenase, 2-oxoisovalerate dehydrog-

enase, and acetoin catabolism complexes.

respond to the lipoyl domains (approximately 70 residues). The
proteins from E. coli and Azotobacter vinelandii contain three
such domains; those from E. faecalis, A. laidlawii, Alcaligenes
eutrophus, Haemophilus influenzae, Pseudomonas aeruginosa,
Dictyostelium discoideum, Arabidopsis thaliana, and human
contain two; and all the others shown, including the Mycoplasma

sequences, contain one lipoyl domain. Each one of the lipoyl
domains contains a conserved lysine residue (the site of lipoyl-
ation), generally preceded by an aspartyl residue. In the case of
A. vinelandii, the aspartate of the first lipoyl domain is replaced
by alanine. For Klebsiella pneumoniae, the conserved aspartate
is replaced by serine. All the lipoyl domains are also character-
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Fig. 8. Phylogenetic tree of sequenced proteins of the Enzyme 1-3 sub-
unit family. Relative evolutionary distances are shown on the numeri-
cal scale. Abbreviations are as in the legend to Figure 7.

ized by the presence of a conserved GD pair. In the case of odp2
from B, subtilis, the G is replaced by N. For odo2 of 4. vinelan-
dii, odp2 of rat, and odp2 of human, the D is replaced by E.
In approximately half of the proteins (odb2-psepu, odo2-azovi,
odp2-rat, odo2-rat, odo2-human, odp2-entfa, odpa-achla, odp2-
alceu, odp2-haein, odp2-pseae, odp2-dicdi, odp2-arath, odp2-
human, odp2-ecoli, and odp2-azovi), the lipoyl domain is
separated from the remainder of the protein by an A,P-rich
linker. It is worth noting that the linker in odp2-dicdi is enriched
in serine. The central portions of the proteins contain an E3
binding domain of approximately 50 residues and the carboxyl-
terminal 250 residues corresponds to the catalytic domain, which
effects the acyl transfer reaction. The conserved histidine (at res-
idue 753) acts as the general base catalyst (Mattevi et al., 1992).
A phylogenetic tree (Fig. 10) shows the preservation of the evo-
lutionary relationship of the proteins from M. capricolum, M.
genitalium, and A. laidlawil.

Following a gap of 18 bases, an open reading frame (from
bases 4796 to 6686) was found; it corresponds to the gene en-
coding dihydrolipoamide dehydrogenase. The alignment shown
in Figure 11 emphasizes a unique feature of the dihydrolipo-
amide dehydrogenase from M. capricolum. This protein con-
tains an aminoterminal lipoyl domain (shown as a boxed grey
area), a feature observed previously only in the DLDH proteins
from A. eutrophus (Hein & Steinbuchel, 1994) and Clostridium
magnum (Kruger et al., 1994). These lipoyl domains contains
the characteristic conserved lysine residue (the site of lipoylation)
(Mattevi et al., 1992), preceded by an aspartyl residue (residues
42 and 43). There are a number of totally conserved residues
(shown in reverse shading) characteristic of dihydrolipoamide
dehydrogenase sequences. The region from residues 171 to 180
corresponds to the motif GXGXXGYXXA, which is a possible
nucleotide binding site. The conserved region from residues 206
to 218 corresponds to the signature GGXCLNXGCXP(S/T)K.
In this region, the combination of the flavin ring with an adja-
cent disulphide bridge forms the redox center, which is involved
with the transfer of the reducing equivalents from dihydrolipo-
amide to NAD™. The vicinal cysteines in this region may bind
lipoic acid and undergo reversible oxidation-reduction. The ac-
tive species (dimeric) of E3 has four domains: FAD binding,
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NAD binding, central, and interface (Mattevi et al., 1992). A
phylogenetic tree (Fig. 12) documents the consistency of the re-
lationship of the M. capricolum, M. genitalium, and A. laid-
lawii sequences.

A space of 21 bases separates the coding sequence for dihy-
drolipoamide dehydrogenase from the next open reading frame.
The region from bases 6707 to 7675 corresponds to the gene en-
coding phosphotransacetylase. The seven known sequences for
phosphotransacetylase are aligned in Figure 13. The proteins
from E. coli and H. influenzae are unique in that they have
amino-terminal extensions of approximately 400 residues. All
of the sequences show characteristic regions of total conserva-
tion, highlighted by reverse shading. A phylogenetic tree (Fig. 14)
shows clearly a distinct branch for the proteins from H. influen-
zae and E. coli and a separate branch for the proteins from M.
genitalium and M. capricolum.

A 13-base spacer separates the pta gene from the next open
reading frame, encoding acetate kinase (from bases 7689 to
8866). The alignment shown in Figure 15 compares the six
known acetate kinase sequences. The amino-terminal regions are
characterized by a highly conserved sequence (residues 12-17,
shown in reverse shading), GSSS(I/L)K, that may be involved
in nucleotide binding. The phylogenetic tree shown in Figure 16
demonstrates the sequence relatedness of the M. capricolum and
M. genitalium proteins, as well as the E. coli, H. influenzae sim-
ilarities. Seventy-one bases separate the end of the sequence en-
coding acetate kinase from the one encoding orfA.

The sequence shown in Figure 2 was examined for regulatory

features. Upstream of the /p/A gene, within the coding sequence
of naox, there is a possible —35 (TTGACA, bases 180-185, un-
derlined) and —10 (TTTAAT, bases 204-209, boxed) promoter
sequence. Upstream of the odpA gene, within the /p/A coding
sequence, there is a possible —35 (TTGACT, bases 1226-1231,
underlined) and —10 (AAGAAT, bases 12491254, boxed) se-
quence. Upstream of odpB, within the odpA coding sequence,
is found the potential —35 (TTGACA, bases 2328-2333, under-
lined) and —10 (CAAAAT, bases 2353-2358, boxed) sequence.
Within the odpB coding sequence, upstream of odp2, potential
—35 (TTGATA, bases 3350-3355, underlined) and —10 (TAAA
AA, bases 3384-3389, boxed) sequences are located. Within the
dldH coding region, upstream of pta, there are two potential
—35 sequences (TTGGAA, bases 6523-6528 and TTGCTA,
bases 6594-6599, underlined) and two potential — 10 (AGAAAT,
bases 6550-6555 and AACAAT, bases 6619-6624, boxed) se-
quences. Near the end of the ack coding sequence is located a
potential —35 (TTGTTT, bases 8841-8846, underlined) and —10
(TTAAAT, bases 8864-8869, boxed) sequence. The spacer be-
tween the end of the ack gene and the beginning of orf4 (71
bases) is AT-rich (marked with diverging arrows) and may form
a stem-loop structure that plays a role in transcription termina-
tion of the ack-containing message.

Probable ribosome-binding sites are recognizable at appropri-
ate positions before coding sequences. AGGAAAA (bases 270-
276, shaded) is found before /p/A; AGAAAGG (bases 1315-1321,
shaded) is found before odpA; AGGAGGA (bases 2425-2431,
shaded) is localized preceding odpB; AGAAAGG (bases 3447-
3453, shaded) precedes odp2; AGTGAAG (bases 4781-4787,
shaded) is localized in front of dldH; AGAAAGA (bases 6696
6702, shaded) precedes pra; AGGAGAA (bases 7675-7681,
shaded) is found in front of ack; AGAAAGC (bases 8927-8933,
shaded) is found in front of orfA.
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SNDVI..... VNKSSTIKAT PLARKVAADL NIDLSLVTPT G.
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VDAVAPNAPA .. AGPNRRVIAM PSVRKYAREK GVDIRLVQGT G.
AQEPAKATGA . VDPNKRVIAM PSVRKYAREK GVDIRKVTGS G.
SEAKSRTI. . te aseenans AS PSARKLAREK GIDLSQVPTG D.
PAASEAAENP . ADQPNKKRYS PAVLRLAGEH GIDLDQVTGT G.
B e et raals .KQOGKVKAS PAAKKLAAEN NIDITLVEGT G
KPASVVSPPS NSPEPPVGQT DVTQVN. .AT PHALRLSARW GVDLKKVAAA GAGIVSLFLI WKARSLPRGR
IYELTMPKWG LTMEEGTISS IDEGDE. .VE VGTEIMEVET DKIAQPVEST VAGVLRRKIG EEDEEYPVKA
PAAYQASASH EAAPIVP... RQPGDKPLAS PAVRKRALDA GIELRYVHGS G.
«ARABAPI.. .ccovecoene PAARKIAEEN AIAADSITGT G.
LEEQNNDA.. .. . PAIRRLLAEH NLDASAIKGT G.
PAEQAPVATQ TE....E PSVRKYAREK GVNIKAVSGS G.
APTPAP.TPA PEPENTSFTG RFQTALE... PAAKRLAREK GIDLRNVKGS G.
APAEETKTSA PEAKKSDVAA PQGRIF.... PLAKTIALEK GISLKDVHGT G.
PIPQPLAPTP SAA....PAG PKGRVF.... PLAKKLAAEK GIDLTQVKGT G.
MPPVPSPS.. .. PSSKPV.... . .SAIKPT ..
vie KGQKTLAT PAVRRLAMEN NIKLSEVIGS G.
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AQAPQAAAPD TTAQAAQSNN NVSGLSQEQV EASTGYAHAT PVIRRLAREF GVNLDKVKGT G.
TPAPVGAPSR DGAKVHAGPA VRMLAREFGV ELSEV..... ........00 tenevonnan .e
STPSQSSSQQ TTRKSG.... ..ERIF.... oo PAARFEASSK GYDLSAINGT G.
EVPDSVVDKP TERKAG . PAAKLLILEH GLEASSIEAS G.
PTPQPLAPTP SAPCPATPAG PKGRVF PLAKKLAVEK GIDLTQVKGT G.
AEAP.AAAPA AKAEG..... ...... PLIRRLAREF GVNLAKVKGT G. . .
PAPAPVGAP. .....cvuee socssacsan SRGAKVHAG PAVRQLAREF GVELAAINST G.........
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'KEDIDA FLAGGAKPAP . .AAARE EKAAPAAAKP FPETREKMSG
KEDIDS FVNGGAQEAA PO .ETAAPQ ETAAKPAAAP FPETREKMSG
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RKDIQR LIETGGVQEQ NPEELKTAAP APKSASKPEP KEETSYPA AGDKEIPVTG
TEDVEK YIEDSKNASK ASPMASKVAA ELNVDLSTIE KDGRIMKEDV LSLCKGNAPE ECKVNPSEDK YTEKIVPMTQ
RLAGKLGINL HDCRSSGSRG RVSRDDVLAA ALLLDEHPQT SPVQESAP. APFESIPMSG
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FVPQK..... ... .QEVAQQ QQTTTTTK KPTTPTSS GEFTDIPHSN
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...KEDVQA YVKAMMOKAK EAPAAGAASG AGIP...... PIPPVD.. ‘vcaccaces GEIEEVPMTR

(Figure continues on facing page.)
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B odp2-mycca VRKATVKAMT KSHTEIAAFT GMKNTDITET HKMRTELKD. HAAAS.GIKL TYLAFIIKAV AKSLRDMPNI IQFMHNINIG
odp2-mycge MRKAIAEAMT KSHAIIPTTV LTFYVNATKL KQYRESVNGY ALSKY.SMKI SYFAFFVKAI VNALKKFPVF IVLNDDINVG
odp2-bacst IRRAIAKAMV HSKHTAPHVT LMDEADVTKL VAHRKKFKA. IAAEK.GIKL TFLPYVVKAL VSALREYPVL IIQKHYYNIG
odp2-pacsu IRKAIAKAMV NSKHTAPHVT LMDEVDVTNL VAHRKQFKQ. VAADQ.GIKL TYLPYVVKAL TSALKKFPVL VIQKHYFNIG
odo2-bacsu RRQTIAKRLV EVQQTSAMLT TFNEVDMTAV MNLRKRRKDQ FFE.QNEVKL GFMSFFTKAV VAALKKYPLL LIVKKFYDIG
odb2-bacsu VRKAIASNMK RSKTEIPHAW TMMEVDVTNM VAYRNSIKDS FKKTE.GFNL TFFAFFVKAV AQALKEFPQM IIQKKDINIS
aco¢—cloma IRKIISARMH ESWITSPTVT YDIKVDMTSL KRFKDALKDV ....... CKV TYTDLIVKIV SKVLLQFPLL LITRNYVNMG
acoc—klepn MRRAIASRLQ TSKQQSPHFR LSVDLODLERL LALRQDINRE SVNDLLVKAC ALALVAVPDV IRRFTDADIS
acoc-pelca IGAAISNTVT NSW.TIPQFP VIMGIEMGAA KEFRAGLKAA . ..V SMNDMVIRAC GKAIEQYPMV L. .NADVNIA
odb2-psepu LRRKIAQRM() DAKRRVAHFS YVEEIDVTAL EALRQQOLNS. KHGDS.RGKL TLLPFLVRAL VVALRDFPQI ITRHGAVHVG
odoZ-azovi LRAKVAERLY EAQSSMAMLT TFNEVNMKPV MELRAKYKDL FEKTHNGVRL GFMSFFVKAA VEALKRQPGV IVYHGYQDIG
odc2-eco2l{ LRKRVAERLL EAKNSTAMLT TFNEVNMKPI MDLRKQYGEA FEKRH.GIRL GFMSFYVKAV VEALKRYPEV VVYHNYFDVS
odp2—staan MRRAIAKAMV NSKHTAPHVT LMDEIDVQAL WDHRKKFKE. IAAEQ.GTKL TFLPYVVKAL VSALKKYPAL IVHKHYWNIG
odp2-neucr MRKTIAARLK ESVTENPHFF VSTNLSVSKL LKLTQALNSS ADGR...YKL SVNDFLIKAM GIASKRVPTV IRQFETVDVS
odp2-yeast MRSIIGERLL QSTQGIPSYI VSSKISISKL LKLRQSLNAT ANDK. .. YKL SINDLLVKAI TVARKRVPDA TRKFKNVDVS
odp2-rat IRRVIAQRLM QSKQTIPHYY LSVDVNMGEV LLVRKELNKM LEGK...GKI SVNDFIIKAS ALACLKVPEA 3 IRQNHVVDVS
odo2-rat MRQRIAQORLK EAQNTCAMLT TFNEVDMSNI QEMRARHKDA FLKKHN.LKL GLMSAFVKAS AFALQEQPVV VVYRDYIDIS
odb2-bovin FHKAMVKTMS AA.LKIPHFG YCDEVDLTEL VKLREELKPI AFAR..GIKL SFMPFFLKAA SLGLLQFPIL ITYKASHNIG
odb2_human FOKAMVKTMS AA.LKIPHFG YCDEIDLTEL VKLREELKPI AFAR..GIKL SFMPFFLKAA SLGLLQFPIL k& ITYKASHNIG
odoz-human MRQRIAQRLK EAQONTCAMLT TFNEIDMSNI QEMRARHKEA FLKKHN.LKL GFMSAFVKAS AFALQEQPVV WAVIDDTTKE VVYRDYIDIS
odo2_yasst MRLRIAERLK ESONTAASLT TFNEVDMSAL MEMRKLYKDE IIKK.TGTKF GFMGLFSKAC TLAAKDIPAV WGAIEG..DQ IVYRDYTDIS
odp2—entfa TRKAIAKAMY NSKHTAPHVT LHDEVEVSKL WDHRKKFKD. VAAAN.GTKL TFLPYVVKAL TSTVQKFPIL WASIDDAARQE IVYKNYFNIG
odp2-achla LRKAVSNAMT RSKSIIPETV LMDEINVDAL VNFRNEAKG. LAESK.GIKL TYMAFIAKAV LIALKEFPMF WASFNHDTDE VYIKKFINLG
odp2—alceu TKKISGANLH RNWVMIPHVT NHOEADITEL EAFRLQLNKE NEKS..GIKV TMLAFMIKAT VAALKKFPNF QASLDGONLV ..LKKYFNIG
odp2-haein INKISGANLH RNWVIIPHVT HFDKADITDL EAFRKEQNAL REKQKLGVKI TPVVFIMKAV AKALEAYPRF QSSITEDAQR LILKKYINIG
odp2-psesas LIEVGAANLH RSWLNVPHVT QFDOSDITDM EAFRVAOKAA AEKA ., GVKL TVLPILLKAC AHLLKELPDF QSSLAPSGKA LIRKKYVHIG
odp2-dicdi IRKVTAARLT ESKQTIPHYY LTMECRVDKL LKLRSELNAM ..NT...VKI SVNDFIVKAS LPALRDNPVV @STW..TDQF IRRYHNIDIN
odp2—arath QIRKITAKRL LESKQKIPHL YLQSDVVLDP LLAFRKELQE ..NHG..VKV SUNDIVIKAV AVALRNVRQA SAFWDAEKGD IVMCDSVDIS
odp2_human IRRVIAQRLM QSKQTIPHYY LSIDVNMGEV LLVRKELNKI LEGR...SKI SUNDFIIKAS ALACLKVPER 2iSSWM, .DTV IRQONHVVDVS
odp2_ecoli IQKISGANLS RNWVMIPHVT HFDKTDITEL EAFRKQONEE AAKRKLDVKI TPVVFIMKAV AAALEQMPRF MISSLSEDGQR LTLKKYINIG
odp2-azovi IMQIGATNLH RSWLNVPHVT QFESADITEL EAFRVAQKAV AFKA..GVKL TVLPLLLKAC AYLLKELPDF JSSLAPSGQA LIRKKYVHIG
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odp2-mycca SVFEIAIKIS ELANKAKDGK LTRAEMTEAT . GLDYATPIIN .SAILGV GTMSQTPLYI NGELQKRF.. ...IMPLSMT AGRFLIKVQD
odp2-mycge SVVEIAQAIV DLANKARTKK IKLTDLNKGT . GAAVGTPIIK .MCIVAT GNLEERIVKV ENGI.AVH.. ..TILPLTIA A VGRFGKEIAK
odp3-bacst PIFALAQEIN ELAEKARDGK LTPGEMKGAS . GGQWFTPVIN .VAILGI GRIAEKPIVR DGEIVBAP.. . .MLALSLS AQKALNHIKR
odp2-bacsu SVFEISDEIN GLATKAREGK LAPAEMKGAS - GGQWFTPVIN .VAILGI GRIAEKAIVR DGEIVAAP.. .. VLALSLS AQNALNHIKR
odo2-bacsu TFAGIEKEIG ELAKKARNNK LTLSELEGGS . GSLMSTPILN .VGILGM HKIQLRPVAI DEERFENR.. ..PMMYIALS AVGFLVTIKN
odh2-bacsu TIKGIAKDIT GLAKKVRDGK LTADDMQGGT . GSVQSMGIIN .AAILQV ESIVKRPVVM DNGMIAVR.. ..DMVNLCLS CGRFLGRVKQ
acoc-clomse GLKEISTEVK DLAKKAKSNQ LKPENMTGGT . GIEYFSPIIN QZE.VAILGV NKITETPVVQ NGEIVIKP.. ...LMNLSLT A ARQFLSKVKE
acoc-klepn SISDISNEIH SLVTRAKAGT LKPEEFQGGT . GVRQFDAIIN .SAILAI GAGEVRAVVR DGQIVARQ.. ...QMTVSLS A GAAFLRNSSD
acac—p ‘a SLEEVASASR AVIDKVKAGT CGPAEMAGGN . GVD.SFGALV PGMSAILAV GGIKDEVVVK DGEMVP.... .VSTMKVTLV A SAQFLVELKR
odb2-psepu SLWANAGEIS RLANAARNNK ASREELSGST . GGIVSTPVVN .VAIVGV NRMVERPVVI DGQIVVRK.. ...MMNLSSS AALFIQAVRG
odo2_azxovl SLAEIEGGIN EFGKKAKAGK LTIEEMTGGT . GSLLSTPIVN .TAILGM HKIQERPMAV NGQ.VVIL.. ..PMMYLALS AVTFLVTMKD
odo2_acoli GMADIEKKIK ELAVKGRDGK LTVEDLTGGN . GSLMSTPIIN -SATLGM HAIKDRPMAV NGQ.VEIL.. ..PMMYLALS SVGFLVTIKE
odp2-staan SIFQISDEIN ELAVKARDGK LTADEMKGAT . GGQWFTPVIN VAILGI GRIAQKPIVK DGEIVAAP.. ...VLALSLS GONAMNHIKR
odp2--neucr GLESISAAVK ELAKKARDGK LKPEEYQGGS AVQSFTAIIN RZ).AAILAV GAPQKVAVPV ENEDGTTGVS WDEQIIVTAS GAEWIRELKK
odp2-yeast GLSQISNEIK ELVKRARINK LAPEEFQGGT AVNMFTSIIN RZ0.STILAI ATVERVA..V EDAAAENGFS FDNQVTITGT GAEFMKELKT
odp2—rat GLETIASDVV SLASKAREGK LOPHEFQGGT . GIKNFSAIIN .ACILAI GASEDKLIPA DNE...KGFD VASVMSVTHS ... IIELWM
odo2-xrat NYADIERTIN ELGEKARKNE LAIEDMDGGT . GSLFGTPIIN P .SAILGM HGIFDRPVAV GGK.VEVR.. ..PMMYVALT AVTFLRKIKA
odb2-bovin SIFEIATELN RLQKLGSAGR LSTNDLIGGT . GGTYAKPVIL P .VAIGAL GTIKALPRFN EXGEVCKA.. ..QIMNVSWS A VSRFSNLWKS
odb2-human SIFDIATELN RLQKLGSVGQR LSTTDLTGGT . GGTFAKPVIM .VAIGAL GSIKAIPRFN QKGEVYKA.. ..QIMNVSWS A MSRFSNLWKS
odo2-human NFADIERTIT ELGEKARKNE LAIEDMDGGT . GSLFGTTIIN .SAILGM HGIFDRPVAI GGK.VEVR.. . PMMYVALT AVTFLRKIKA
odo2-yeast SVLDIENEIV RLSHKARDGK LTLEDMTGGT . GSLYGTPIIN . TAVLGL HGVKERPVTV NGQIVS.R.. .. PMMYLALT LLSFLKTVKE
odpl-entfa SMFAIADEIN EKAALAIEGK LTAQDMRDGT . GGGWFTPVIN .VAILGV GTIAQEPVVN ADGEIVVG.. , RMMKLSLS AQKAMNNIKR
odp2—achla SVFELASQVR SLADDTIARK ISMDQQTGGT . GIAFGTPVIN .LAILGI GKIDRKPWVV GNEIKIAH.. ...TLPLSLA GGRFLMRVKE
odp2-alceu GVLEISQEMS ELAKLARDGK LKPDOMQGGC . GGTYFTPIIN A .VAIMGV CKSYQKP.VW DGKQFAPR.. ..LTLPLSLS ARRFNTYFGQ
odp2-haain GIIELSRELM EVSKKAREGK LTASDMQGGC . GTTHFAPIVN A .VAILGV SKSSMEP.VW NGKEFAPR.. ..LILPMSLS AD GARFISYLGS
odp2-psese SLLOLAAEAA DLADKARNKK LSADAMQGAC . GGTGFTPIVN ANE . VAILGV SKATMQP.VW DGKAFQPR.. ..LMLPLSLS A AARFTKRLGE
odp2-dicdi GLNSISTSVK QLAEKAQNGK LHPSEFESGT . GIKQFAAVIN AAILAL VP..QKLVSF LSNKPDSPYE TATILSVTLS GAEWLKSFKD
odp2-arath SISAISLEVK ELAQKARSGK LAPHEFQGGT . PVDNFCAIIN .AGILAV GRGNKEVEPV IGLDGIEKPC VVTKMNVTLS A GASFMSELRS
odp2-human GVETIANDVV SLATKAREGK LQPHEFQGGT . GIKNFSAIIN .ACILAI GASEDKLVPA DNE...KGFD VASMMSVTLS GAQWLAEFRK
odp2-ecoli GIIELSRELM TISKKARDGK LTAGEMQGGC . GTTHFAPIVN AME.VAILGV SKSAMEP.VW NGKEFVPR.., ..LMLPISLS AD GARFITTINN
odp2-azrovi SLLOLAAEAA ELAEKARSKX LGADAMQGAC . GGTAFTPIVN AE.VATLGV SKASMQP.VW DGKAFQPR.. ..LMLPLSLS A AARFTKRLGD
771 793
odp2-mycca YLS...KPVL N
odp2-mycge QIEELIDLTV
odp2-bacst LLS...DPEL
odp2-bacsu LLN...DPQL
odo2-bacsu LLEDPEQ. ..
odb2-bacsu ILESIDEKTS
acoc—cloma
acoc—klepn
acoc—pelca ..
odb2-psapu .. .QPAC
odo2-azovi LLEDPAR...
odo2—aecoli LLEDPTR...
odp2-staauy LLN...NPEL
odp2-neucr VIENPLELLL .
odp2-yeast VIENPLEMLL -
odp2-xat EQLEPSGL..
odo2-rat AVEDPAV, ..
odb2 bovin YLENPAFMLL
odb2-human YLENPAFMLL DLK.. .
odo2d-human AVEDPRV... ..LLLDL... ...
odo2-yeast LIEDPRKCCY GDLKFAAHTN LIS
odp2-entfa LLA...DPEL LLMEG
odp2-achla LLT...NPTL LLLS......
odp2-alceu LLADFRRILL
odp2-haein VLADLRRLVM ..........
odp2—pseae LLADIRTLLL
odp2-dicdi YVENPIKLIL ..........
odpl—arath NFEDVRRLLL
odp2-human YLEKPITMLL ..
odp2-ecolli TLSDIRRLVM ..
odp2—axovi LLADIRAILL

Fig. 9. Alignment of sequences of members of the Enzyme 11 family. Numbering above the aligned sequences corresponds only
to the residue in the alignment rather than to a residue number in any of the aligned proteins. Residues that are conserved in
the listed Enzyme 11 proteins are shown in reverse shading. Boxed shaded regions correspond to lipoyl domains. Abbreviations
used and references to published sequences are: M. capricolum (odp2-mycca) (this work); M. genitalium (odp2-mycge) (MG272
from the TIGR database); B. stearothermophilus (odp2-bacst) (Borges et al., 1990); B. subtilis (odp2-bacsu) (Wang et al., 1993),
(odb2-bacsu) (Wang et al., 1993), and (odo2-bacsu) (Carlsson & Hederstedt, 1989); C. magnum (acoc-cloma) (Kruger et al.,
1994); K. pneumoniae (acoc-klepn) (Deg et al., 1994); P. carbinolicus (acoc-pelca) (Oppermann & Steinbuchel, 1994); P. putida
(odb2-psepu) (Burns et al., 1988); A. vinelandii (0do2-azovi) (Westphal & de Kok, 1990) and (odp2-azovi) (Hanemaaijer ¢t al.,
1988); E. coli (odo2-ecoli) (Spencer et al., 1984) and (odp2-ecoli} (Guest, 1987); Staphyilococcus aureus (odp2-staur) (Hemila,
1991); Neurospora crassa (odp2-neucr) (Kreader et al., 1989); yeast (odp2-yeast) (Niu et al., 1988) and (odo2-yeast) (Repetto
& Tzagoloff, 1990); rat (odp2-rat) (Gershwin et al., 1987) and {odo2-rat) (Nakano et al., 1991); bovine {(odb2-bovin) (Lau
et al., 1988); human (odb2-human) {Lau et al., 1992), (odp2-human) (Thekkumkara et al., 1988), and (0odo2-human) {(Nakano
et al., 1993); E. faecalis (odp2-entfa) (Allen & Perham, 1991); A. laidlawii (odp2-achla) (Wallbrandt et al., 1992); A. eutrophus
(odp2-alceu) (Hein & Steinbuchel, 1994); H. influenzae (odp2-haein) (HI232 from the TIGR database); P. aeruginosa (odp2-
pseae) (Genbank accession no. U47920); D. discoideum (odp2-dicdi) (Genbank accession no. u06634); A. thaliana (odp2-arath)
(Guan et al., 1995). odp2, odb2, and odo2 refer to the genes encoding the Enzyme lis of the pyruvate dehydrogenase; «-oxo
acid dehydrogenase and 2-oxoglutarate dehydrogenase complexes, respectively; and acoc refers to acetoin dehydrogenase Ell.
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Fig. 10. Phylogenetic tree of sequenced proteins of the Enzyme Il fam-
ily. Relative evolutionary distances are shown on the numerical scale.
Abbreviations are as in the legend to Figure 9.

Gene transcription analyses

The cloned sequence encodes 13 genes that might be transcribed
in the same direction (see Fig. 1). The only significant gap be-
tween sequences occurs between the ack and orfA open read-
ing frames. The program TERMINATOR was used to search
the cloned sequence for potential transcription termination se-
quences (designated by diverging arrows in Fig. 2). Nineteen
bases downstream of the translation termination codon for ack,
there is a possible transcription termination region (from nucle-
otides 8886-8914). Using the program FOLDRNA, the stability
of this stem-loop structure was calculated to be —11.8 kcal/mol.
The stem-loop structure formed contains a perfectly matched
stem 12 bases long. It is therefore possible that the region from
naox to ack is transcribed as a single mRNA. Evidence was pre-
sented previously (Zhu et al., 1994) that the ptsl and crr genes
constituted an operon. Consequently, it may be the case that the
orfA and kdtB genes are cotranscribed.

Discussion

The sequence analysis presented here (see Figs. 1, 2} demon-
strates the presence in M. capricolum of a unique arrangement
of genes involved in the metabolism of pyruvate. In other bac-
terial species where gene mapping has been performed (£. coli,
H. influenzae, M. genitalium), the genes are somewhat scattered
throughout the genome. For example, in E. cofi, the genes en-
coding the pyruvate dehydrogenase complex are located at 3 min
on the genetic map, whereas the ack, pta and ptsH, ptsI and crr
genes are in the 50-52-min region. In contrast, in M. caprico-
{um, all the relevant genes are clustered in a single region. The
positioning of these genes close to the pts/-crr operon (whose
products use PEP to form pyruvate) may also be of some reg-
ulatory significance. The scheme shown in Figure 17 indicates
that all the enzymes required for the conversion of PEP to ace-
tate and ATP, including those activities used for lipoylation of
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the pyruvate dehydrogenase and regeneration of NAD from
NADH, are accounted for in the region of the M. capricolum
genome sequenced in this study (see Fig. 1).

We reported previously (Zhu et al., 1993) that the HPr pro-
tein from M. capricolum has an unusually high isoelectric point.
Using the computer program PEPTIDESORT, we calculated the
pls of the protein sequences deduced in this study. The pls of
the EI and ElI proteins of the pyruvate dehydrogenase complex
were in the range 5.3-6.75 and were similar for both M. caprico-
lum and M. genitalium. However, several of the proteins from
M. genitalium showed significantly higher pls than the corre-
sponding proteins from M. capricolum. For DLDH, the pls for
M. capricolum and M. genitalium were 5.35 and 7.08, respec-
tively. For lipoate-protein ligase, the pls for M. capricolum and
M. genitalium were 6.97 and 9.29, respectively. For phospho-
transacetylase, the pls for M. capricolum and M. genitalium
were 5.24 and 7.48, respectively. For acetate kinase, the pls for
M. capricolum and M. genitalium were 6.67 and 9.09, respec-
tively. The significance of the widespread occurrence of proteins
with high isoelectric points in M. genitalium remains to be
clarified.

In order to evaluate the possibility that the genes encoding the
enzymes involved in pyruvate metabolism are part of a polycis-
tronic operon(s), northern blotting and primer extension exper-
iments using probes derived from the plasmids described in
Figure 1 were performed. No detectable mRNA species were
found. Similar lack of success in detecting ack- or pta-specific
mRNA species was reported for Methanosarcina thermophila
(Latimer & Ferry, 1993) and it was suggested that the mRNAs
may have a short half-life or be degraded rapidly during the
RNA preparation. Consequently, the nature of the transcripts
encoding the enzymes for pyruvate metabolism remains to be
established.

The dihydrolipoamide dehydrogenase from M. capricolum is
atypical, containing an amino-terminal lipoyl domain (see Fig. 11).
This structure is also shared by the enzymes from A. eutrophus
and C. magnum. This observation opens the possibility that ef-
fective function of the pyruvate dehydrogenase complex may be
possible with the association of lipoate residues with either the
E2 or E3 components. It is interesting to note that a recent de-
scription of an outer membrane protein from Neisseria menin-
gitidis (de la Sierra et al., 1994) indicated that it contained an
amino-terminal lipoyl domain and was otherwise homologous
to lipoamide dehydrogenases.

The M. capricolum pyruvate dehydrogenase and C. magnum
acetoin dehydrogenase complexes show a unique similarity. Each
of these complexes contain an E2 with a single lipoyl domain,
as well as an E3 with a single lipoyl domain. Comparison of the
sequences of these lipoyl domains (see Figs. 9, 11) show that they
are almost exact duplicates. This suggests that the lipoyl domains
in the E3 proteins of these organisms arose by a duplication of
the preexisting domain in the genes encoding the E2s.

In contrast, the pyruvate dehydrogenase complex of A. eutro-
phus is characterized by an E2 with two lipoyl domains, as well
as an E3 with a single lipoyl domain. In this case, the two lipoyl
domains of E2 are essentially identical, consistent with the idea
that they arose by a duplication mechanism. However, the sin-
gle lipoyl domain in the E3 diverges considerably from the se-
quences in the E2. Therefore, it seems unlikely that the lipoyl
domain of the E2 in this organism arose by a simple duplica-
tion of the sequences in the gene encoding the E2.



Mpycoplasma pyruvate dehydrogenase genes
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NNNCKVTRIE
LTKAEVKKVD
ITNAHVVRAE
HTQTLVTQVQ
KLKTKVVGV.

VPMTGIEGVN
KLNTKVIGAT
KLNTKVTGAT
KLSTKVISAK
KLGSKVTQAT
RLGARVTASE
LLGARVTGTE
KLGARVTGSK
NMGTTVGGIE
MLETKVTAVE
MLETKVTAVE
VTNALAKGAE
HTNAMAKGVE
VTEAMAKSAE
HLGEGATGWR
IALHLGHSVE

ANKAHAEDIV

440
DGSVVYQI.
AKPDGIYVKF
QGEDGLKVSF
DHKVTYSL. .
NNQLFYTV. .
LTDTGVRCTL
DTSGDGVKLT
GTNNGSIALT
KKSDGN. IDV
KKSDGK. IDV
RNDDKNVVEI
ASADG. .VSL
VKKKQVTVTF
VKNKQVTVKF
VNGNEVEVTY
VSGGKATVKL
AKEDGIYVTM
AKDDGIYVSM
EREDGVTVTY
ERPDGVTVTF
ETDNGVKVTY
EEDDGIMVTT
GYENGCLLAN

MNYDKVPSCI
FDAKQIPSVA

. MDYKTVPACV

.NKCPACI
LDRDYVPGCT

.. VDYDKVPGVV
. VNYDVIPGVI

IDYNCVPSVI
IDYNCVPSVI

.. VNYNNIPSVM
.. VNYNLIPGVI
.. MNYDLIPSVI
.. MNYDLIPAVI
.. MNYDLIPSVY

. VHYGTIPGVC

FDPKVIPSIA
FDPKVIPSIA

.. VDYVAIPAVV

IDYLGIPAVV

. VDYIGMPAVC

FDSQAVPAAV
FEPAATAAVC

660
IGEAAEALET
IGMAA.EIYE
MKEAALAVN.
VTDVCKKAIF
MHESILAAC.
IKEAAMAT.Y
VKEACMAC.F
FREANLAASF
FREANLAASF
FKEANMAA.Y
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€661

dldh-mycca
dldh—alceu
acol-cloma
dldh-achla
d1dh-mycge
acol-klepa
dldh-pea
d1dh—trybb
dldh-pig
didh-human
dldh-yeast
d1d3-psepu
dldh-psefl
dldh-azovi
dld2-psepu
acol-pelca
dldh—ecoli
dldh-haein
dldh-bacst
dldh-bacsu
dldh-staau
dldb—halvo
dldl-psepu

GTCTDVPPPR KR.
NQATHMMNK. ...

GHAIHIANRK KR.
GHAIHVANRK K. .
GGATHVANRK KR.

GSITDLPNPK AKKK....
GSITDLPNAK AKEKIISI
GTPIHIITK.

GHALHI

Fig. 11. Alignment of sequences of members of the dihydrolipoamide dehydrogenase family. Numbering above the aligned
sequences corresponds only to the residue in the alignment rather than to a residue number in any of the aligned proteins. Resi-
dues that are conserved in the listed Enzyme Il proteins are shown in reverse shading. Boxed shaded region corresponds to
a lipoyl domain. Abbreviations used and references to published sequences are: M. capricolum (dldh-mycca) (this work);
A. eutrophus (dldh-alceu) (Hein & Steinbuchel, 1994); C. magnum (acol-cloma) (Kruger et al., 1994); A. laidlawii (dldh-achla)
(Wallbrandt et al., 1992); M. genitalium (dldh-mycge) (MG271 from the TIGR database); K. pneumoniae (acol-klepn) (Gen-
bank accession no. U30887); pea (dldh-pea) (Bourguignon et al., 1992); Trypanosoma brucei (dldh-trybb) (Else et al., 1993);
pig (dldh-pig) (Otulakowski & Robinson, 1987); human (dldh-human) (Pons et al., 1988); yeast (dldh-yeast) (Browning et al.,
1988); P. putida (dld2-psepu) (Palmer et al., 1991a), (dld1-psepu) (Burns et al., 1989), and (dld3-psepu) (Palmer et al., 1991b);
Pseudomonas fluorescens (dldh-psefl) (Benen et al., 1989); A. vinelandii (dldh-azovi) (Westphal & de Kok, 1988); P. carbinolicus
(acol-pelca) (Oppermann & Steinbuchel, 1994); E. coli (dldh-ecoli) (Guest, 1987); H. influenzae (dldh-haein) (HI1231 frrom the
TIGR database); B. stearothermophilus (dldh-bacst) (Borges et al., 1990); B. subtilis (dldh-bacsu) (Hemila et al., 1990); S. aureus
(dldh-staau) (Hemila, 1991); Haloferax volcanii, (dldh-halvo) (Vettakkorumakankav & Stevenson, 1992). dldh, dld1, and dld2
refer to the genes encoding dihydrolipoamide dehydrogenases from the pyruvate, 2-oxoglutarate, and branched chain a-ketoacid
dehydrogenase complexes, respectively. dld3 refers to the third dehydrogenase isolated from P. putida and acol refers to the

dihydrolipoamide dehydrogenase of the acetoin dehydrogenase complex.

Mycoplasmas are generally believed to be descendants of
Gram-positive bacteria. All the M. capricolum proteins involved
with the metabolism of pyruvate described here show phylo-
genetic relatedness to the homologous proteins from Gram-posi-
tive bacteria and M. genitalium.

The complete genome of M. genitalium has been reported re-
cently (Fraser et al., 1995). Because it might be expected that
these two species are closely related, the question was posed con-
cerning the genomic locations of the genes encoding enzymes of
pyruvate metabolism. Figure 18 shows a comparison of the lo-
cation of the genes of interest in M. capricolum and M.

didh_bacsu
didh_bacst
didh_staau

didh_halvo
did1_psepu
didh_haein
didh_ecoli

didh_aiceu

didh_mycge

didh_mycca

didh_achla*
acol_klepn
acol_cloma

didh_human
didh_pig

didh_yeast
didh_pea

didh_trybb

dld3_psepu

acol_pelca

didh_psef|

didh_azovi

did2_psepu
T T | T T l T T
200 100 50 20 10 5 2

1202.0
I T
1000 500 10
Fig. 12. Phylogenetic tree of sequenced proteins of the dihydrolipo-
amide dehydrogenase family. Relative evolutionary distances are shown
on the numerical scale. Abbreviations are as in the legend to Figure 11.
* corresponds to a partial amino acid sequence (see Fig. 11).

genitalium. It is most surprising to see that, whereas all the genes
involved with pyruvate metabolism are clustered in M. caprico-
lum, this is not the case in M. genitalium. In both organisms,
the ptsl genes are located approximately 500 kb from the repli-
cation origin. Further, the gyrA, B complex is separated from
the naox, odpA, odpB, odp2, didH, [plA complex by approxi-
mately 300 kb in both organisms. Clearly, there have been ex-
tensive rearrangements in the genomes of these organisms during
evolution, resulting in resolution of gyrA, B from the replication
origin in the case of M. capricolum and scattering of genes in-
volved with pyruvate metabolism in M. genitalium.

In summary, the present work has demonstrated the unique
arrangement of the genes encoding enzymes involved with py-
ruvate metabolism in M. capricolum and described some unique
properties of the products of these genes.

Materials and methods

Growth of cells

M. capricolum (kid strain) were grown in modified Edwards me-
dium at pH 8, as described previously (Mugharbil & Cirillo,
1978). After harvesting, cells were stored as frozen pellets for
future use.

Nucleic acid preparations

DNA was prepared from frozen cells as previously described
(Ausubel et al., 1990). RNA was prepared by suspension of cells
(100 mg) in buffer (1 mL) containing 50 mM Tris-HCI, pH 6.8,
2 mM EDTA, and 1% SDS; the suspension was mixed with
5 mL of 4 M guanidium thiocyanate homogenization buffer
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1 110
pta-haein MSRTIILIPV STGVGLTSIS LGLIHSLEQK GTKVAFMKPV SQPSTGEDKL DRTTSIIRTS TSLET.AEPF MLSVAESLIG QNQSDVLLEK IVANHQQLTK NNDIVVVEGL
pta-ecold SRIIMLIPT GTSYGLTSVS LGVIRAMERK GVRLSVFKPI AQPRTGGDAP DQTTTIVRAN SSTTTAAEPL KMSYVEGLLS SNQKDVIMEE IVANYHANTK DAEVVLVEGL

111 220
pta_haein IPTRKHGYAN SINYEIAQAL DAEIVLVAAP ATETPTELKD RVEAARASLFG GKNNPNLLGV VVNKFNAPVD ESGRTRPDLA EIFDSFQHNH ISETEVNKLF AGSAIKLLAC
pta—ecoli VPTRKHOFAQ SLNYEIAKTL NAEIVFVMSQ GTDTPEQLKE RIELTRNSFG GAKNTNITGV IVNKLNAPVD EQGRTRPDLS EIFDDSSKAK VNNVDPANVQ ESSPLPVLGA

221 330
pta—haein VPWNANLIAT RAIDLVKHLG ASIINEGEIN .RRIRGITFC ARSLPNMVEH FRAGSLLVAS ADRPDVLVAA ALAASNGIEI GGILLTGGYK IDAQINKLCR PTFEKAKLPI
pta—ecoli VPWSFDLIAT RATIDMARHLN ATIINEGDIN TRRVKSVTFC ARSIPHMLEH FRAGSLLVTS ADRPDVLVAA CLAAMNGVEI GALLLTGGYE MDARISKLCE RAFATG.LPV

331 440
PEAMYCCR . . . .. .. ... i e e i s MYTL EEIKNQLG. . VAKTLVDEKL GLPILLFKSS
PEA-MYCGO® . . . ... e e e e aee e MSVI DIFKKRLQ. . AVEMLNESKL IQPAVIFHNR
PEA-DATAB® . . . ... e e e eaaa e e e MKPLDRIHEA AARRLLAAGL A.RVTLMGGP
Pta-metE@® . . L e e eee e et s M VTFLEKISER AAAKILERGI A.DIVLVGNE
PEA-DACEU ... ... .. .. e et e e e M ADLFSTVQEK AVSKLAGNKV L.NPIVIGNE
pta_haein FRIEGNTWQT ALSLQSFNLE VPVDDKERIE NIKQYISQHF NADFINNLVA DSSRLPRLSP PAFRFQLTEL AAVLCAERGI A.ECVLLADP
pta—ecoll FMUNTNTWQT SLSLOSFNLE VPVDDHERIE KVQEYVANYI NADWIESLTA TSERSRRLSP PAFRYQLTEL AAAICAERGI A.TCVLLGNP

441 550
pta-mycca KEVPSEIKNN SSIKTICLDE FD...... TK 2t HQVMOLPNYI GAMLVKLNQA IIGTKPGYNI 1 S. .
pta-mycge QEIPANF..D KKITHYVIDE MD...... LT Y OKFVRDPSSL AATLVALKVV LLATG. . .NF IME. .
pta-parde EI........ ..... PGAGR IDPAGGPDLA 4 LTEMRDPIRQ AAMRVRLGOA IIGKAPGAGI SC
pta-mette ADIKALAGDL D..LS.KAKI VDPKTYEKKD 4 AEIMSDYVYF AVMMAKLGEV IVKTAKGAAL 1ISVP
pta-bacsu NEIQAKAKEL NLTLG.GVKI YDPHTYEGME 1 RKALLDENYF GTMLVYKGLA TIKTKEGVKK TMA. .
pta-haein ASVQRVAEAQ GVKLGKGITI INPA..DVRE 1 REQLEDTVVL GTMMLEANEV IIKTAPGSSI 1 LP
pta-ecoli AEINRVAASQ GVELGAGIEI VDPE..VVRE 2 REQLEDNVVL GTLMLEQDEV LIKTAPGSSL LP

551 660
pta—mycca ... KGNENY IFTDCALNIK |3TSEQL! QMAVDFAXAL EDVDRVHQAV EILKSKEKDY ... KNCSLL
pta-mycge . ...KGEERL YFTDCAFAVY [aNSQELA' ENTFNFAKSL EMVDKVVLAT KLFLEKHPEL PQ.LTW
pta—parde GPGAPVRGGM IFADCGLVIQ JYDAREI LSAADSCRRI PSLGRIREAL ALTIRAAAPGL ... PESPL
pta-mette DCEYGSDGTF LFADSGMVEM (j3SVEDV. VISAKTFELL KLTEATIAST KLAQELAPDI PGSPV
pta_bacsu . VFADCAINTIA BEDSQD] IESANTAKMF DETEKVADAV KIAKEKAPEL ... PDSEI
pta-haein VYGDCAVNPD [HTAEQ IQSADSAKAF ADVEKVKEAT RIAKEKRPDL ... PNSPV
pta—ecoli VYGDCAINPD [YTAEQLA IQSADSAAAF SDVEKVREAT RLAQEKRPDL ... PNSPV

730
pta-mycca YLSY. ...
pta—mycge QAIK. ..
pta-parde OTK. ...
pta-—mette VQAAAQDK
pta—bacsu QAL. ...
pta-haein IQATQ. . .
pta-ecoli IQSAQQQ.

Fig. 13.

Alignment of sequences of members of the phosphotransacetylase family. Numbering above the aligned sequences cor-

responds only to the residue in the alignment rather than to a residue number in any of the aligned proteins. Residues that are
conserved in the listed phosphotransacetylase proteins are shown in reverse shading. Abbreviations used and references to pub-
lished sequences are: M. capricolum (pta-mycca) (this work); M. genitalium (pta-mycge) (MG299 from the TIGR database);
Paracoccus denitrificans (pta-parde) (Van Spanning et al., 1995); M. thermophila (pta-mette) (Latimer & Ferry, 1993); B. sub-
tilis (pta-bacsu) (Glaser et al., 1993); H. influenzae (pta-haein) (H11203 from the TIGR database); E. coli (pta-ecoli) (Kakuda

et al., 1994).

(Sambrook et al., 1989). The cell suspension was frozen in dry
ice-ethanol, then warmed briefly in a 64 °C water bath (Salser
et al., 1967). Total RNA was purified by ultracentrifugation
through 5.7 M CsC1/10 mM EDTA (Sambrook et al., 1989).

Cloning and screening

Genomic DNA fragments produced by digestion of M. caprico-
{fum DNA with Hind 111 (9,542-bp fragment), Xba 1 (6,654-bp

Ecoli
EHinfluenzae
| Bsubtilis

—{—— Meapricolum

Mgenitalium
I——— Mthermophila
Pdenitrficans
1707.0
I T | I T [ T I I 1
1000 500 200 100 50 20 16 5 2 1 o}

Fig. 14. Phylogenetic tree of sequenced proteins of the phosphotrans-
acetylase family. Relative evolutionary distances are shown on the nu-
merical scale. Abbreviations are as in the legend to Figure 13.

fragment), or Spe 1 (4,384-bp fragment) were cloned into the
vector pBluescript 11 KS* (pKSII*). Recombinant plasmids were
used to transform Epicurean coli XLI-Blue Competent cells (Strata-
gene). Colonies were lifted onto nylon membranes (NEN Research
Products, NEF-978). [3?P]5’-end-labeled oligonucleotide probes
(1 x 10 cpm/mL of hybridization solution) were used for select-
ing positive clones. Oligonucleotide probes, synthesized as trityl-
off derivatives on an Applied Biosystems 380B DNA synthesizer,
were labeled with [y3?P]ATP by the DNA 5’-end-labeling method
(Sambrook et al., 1989). Prehybridization was performed at 40 °C
for 4 h in 6 x SSPE/0.1% SDS/10x Denhardt’s solution contain-
ing 20 mg/mL tRNA and 50 mg/mL of denatured heterologous
DNA. Hybridization was performed at 42 °C for 16 h in 6x
SSPE/10% SDS solution containing 1.4 x 10° cpm of [**P)-
labeled oligonucleotide/mL. The membrane was finally washed
in 0.5x SSPE/1% SDS solution at 40 °C for 30 min. Positive
clones were detected by autoradiography.

DNA sequencing

DNA sequencing on both strands of the DNA was performed
by the dideoxy chain termination method of Sanger et al. (1977),
with [a**S]dATP, using Sequenase 2.0 (United States Biochem-
icals) DNA sequencing kits. M13 forward or reverse primers or
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1 50
Mcapricolum ... MILVI] FDTSKAIEPI DG. .FLKFEH
Mgenitalium MQSHKIL FN. .DKKQVL DG. . FFKLEF
Bsubtilis . .MSKIIA: FEMPSE.TVL ADSVFT. ISV
Mthermophila ...MKVLV. IDMTNE. SAL DNSIITQKKF
Ecoll MSSKLVLV] IDAVNGEEYL . PEARIKWKMD
Hinfluenzae .MSKLVLI LDPATGEEKL . S PEARIKWKLN
Mcapricolum NNQKYKFEDP LPOEEHQIQL ILNKLL..EL KIISNIDEIK
Mgenitalium NQKKIEEKVQ FI X/KH FLNALKKNK. .IITELSEIG
Bsubtilis NGEKNTEVTD IP! W/KM LLNKLT..EF GIIKDLNEID
Mthermophila DGKKLEKLTD LP ALEE VVKALTDDEF GVIKDMGEIN
Ecold GNKQEAALGA GAARIS F IVNTILAQKP ELS...AQLT
Hinfluenszae GEKGNADLGA G. F IASNILND.. ELK...NSIA
101
Mcapricolum E.ISHSSIIN EEVLQKHEQES VK [PA AITATKAVKK
Mgenitalium NYFTDAVLVD THS EF IK P EADVIEIFLK
Bsubtilis EKFSDSVLLT DETIKEMEDI SE. [PA NIVGIKAFKE
Mthermophila EKFTTSALYD EGVE! DC FE! PP NMMGISACAE
Ecoli EKYTSSVVID ESVI DA AS PA HLIGIEEALK
Hinfluenzae EKYTQSVIVT DEVVKGMEDA AQ) PA HLIGIREAFK AFPHLRDKNV
200
Ncapricolum WVNYLf§SV EYKWYEEFGV EYIVNKCEEI
Ngenitalium ENYL§AV IZENWEKNNLYV KYINEFLEKK
Bsubtilis [EQSY L EYYEKFGI [JKK KYVTERAAEL
Nthermophila PYA DLYEKHGV KYVAERAALM
Ecold ESY. LYKEHGI FYVTQEAAKM
Hinfluenzae EEAF] SLYKEHGV YFVSREVAKY
201
Mcapricolum LNKKKEHLNL ISCIKDEKSY
Mgenitalium FNK..KPLNL VCAIKS SL
Baubtilis LGRPLKDLRL IAAV! SI
Mthermophila LGKPAEETKI ITAV] SV
Zcoli LNKPVEELNI VSAT cv
Hinfluanzae VGKPADQUNA Vs CT
251 300
Mcapricolum SICEYVA KQTNSDIFAI LGLSQTSADM IDVLEQYDRN
Mgenitalium PALIVSYIA EQQKLSCNDV FAITG.S5SDM PIDIFDKPEIN
Bsubtilis PALIPYIM EKTGQTADEV LGISGFSSDL RDIVEATKEG
Mthermophila PSNPATVPFLM EKEGLTTREI LGVSGLSNDF E‘D"L/DEAASKG
Ecoli PAITFHLH DTLGMSVDAT LGLTEVTSDC EDNY. .A
Hinfluenzae PAIVFYLY KTLGMSMDQI LGLTEVTSDC |JYAEDNYDDE
301
Mcapricolum DK.KAIIAVE KYVQVVADF] VKYANYLDS. .
Mgenitalium D..... IAIK MYVNRVADYM AKYLNQLSGE .
Bsubtilis NE.RAETALE VFASRTHKYM GSYAARMSG. .VlEA
Mthermophila NR.KAELALE IFAYKVKKFM GEYSAVLNG. .AlA
Ecoli TKEDAKRAMD VYCHRLAKYM GAYTALM.DG
Hinfluenzae SKPETRRALN VYSYRLAKYR GAYMAVLGDD

351

Mcapricolum LICKRVKL SKYSDYKLHS SEKSKIPVYA IR ~
Myenitalium LIIEKVAS GNYQDSS] TNESKYQIFR VR TNEE
Bsubtilia RVLRGLEF! VR.GEEAI YPHSPVKVMI IP
Nthermophila RILTGLDGI] IR.GQEIL TPDAKVRVFV
Ecold LSLGKLGV] ARFGKSG] KEGTR . PAVV
Hinfluenzae LALNHLKL TRFGKI TDDSAFKAIV

401
Mcapricolum LDTLNLIK
Mgenitalium EDALRVSTNI
Bsubtilis RDVVRLAK.. .
Mthermophila RETKEIVETE
Ecoll QDASRLTA.. ...

Hinfluenzae QDTAKLCF.. .......

Fig. 15. Alignment of sequences of members of the acetate kinase fam-
ily. Numbering above the aligned sequences corresponds only to the res-
idue in the alignment rather than to a residue number in any of the
aligned proteins. Residues that are conserved in the listed phosphotrans-
acetylase proteins are shown in reverse shading. Abbreviations used and
references to published sequences are: M. capricolum (Mcapricolum)
(this work); M. genitalium (Mgenitalium) (MG357 from the TIGR data-
base); B. subtilis (Bsubtilis) (Grundy et al., 1993); M. thermophila
{(Mthermophila) (Latimer & Ferry, 1993); E. coli (Matsuyama et al.,
1989); H. influenzae (Hinfluenzae) (H11204 from the TIGR database).

specific primers complementary to previously determined se-
quences were used.

Computer analyses

Analyses of DNA and protein sequence were performed using
the GCG programs, version 7.2 (Devereux et al., 1984). Isoelec-
tric points were calculated using the PEPTIDESORT program.
A search for transcription termination sites used the TERMI-
NATOR program. Stem-loop structures were analyzed using
FOLDRNA. Translation frames were detected using the MAP
program. Phylogenetic trees were constructed using the MEG-
ALIGN module of the LaserGene program (DNAStar, Madi-
son, Wisconsin) by the method of Hein (1990).

Bsubtilis
£ Mthermophila
Ecoli
——C—— Hinfluenzae

Mgenitalium

Mcapricolum
545.0
I I T T T 1

500 400 300 200 100 0

Fig. 16. Phylogenetic tree of sequenced proteins of the acetate kinase
family. Relative evolutionary distances are shown on the numerical scale.
Abbreviations are as in the legend to Figure 15.

lipoate

@ .,

DH
NAD

pyruvate  acetyl-CoA

|@®

acetyi-
phosphate

l\AATP

acetate

PEP

Fig. 17. Metabolic scheme for conversion of phosphoenolpyruvate to
acetate in M. capricolum.

dnaN
dnaA
dnaN
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M. capricolum
900 1155 kb

M. genitalium
580 kb

300

NAOoX

IplA
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ong 600 gy naox 300
odp?2 odpA
didH odpB

pta odp2
kA diH

ptsl IpIA
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Fig. 18. Comparison of positions on the genetic map of various genes
in M. capricolum and M. genitalium.
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