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Abstract 

The region of the genome of Mycoplasma capricolum upstream of the portion encompassing the genes for  En- 
zymes I and IIAg" of the phosphoeno1pyruvate: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)-lplA (encod- 
ing lipoate-protein ligase)-odpA (encoding pyruvate dehydrogenase EIa)-odpB (encoding pyruvate dehydrogenase 
EIP)-odp2 (encoding pyruvate dehydrogenase EI1)-dldH (encoding dihydrolipoamide dehydrogenase)-pta (encod- 
ing phosphotransacety1ase)-ack (encoding acetate kinase)-orfA (an unknown open reading frame)-kdtB-ptsl-crr. 
Analysis of the DNA sequence suggests that the naox  and IpIA genes are  part of a single operon, odpA and  odpB 
constitute an  additional  operon, odp2 and dldH a  third operon,  andpta  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. 
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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- 
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abolic pathways (Miles, 1992). Mycoplasma capricolum has a 
genome of 1,155 kb, sufficient to encode approximately 350genes 
(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 11. Each Enzyme I1 complex 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 111 digest, (B) pPZ8, the 
4,384-bp Spe I clone, (C)  pPZ9, the 6.654-bp Xba I clone. The  internal Xbu 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 I11  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; lplA, the gene encoding lipoate-protein ligase; odpA, the  gene encoding the EIa subunit of pyruvate dehydrogenase; 
odpB, the gene encoding the E1/3 subunit of pyruvate dehydrogenase; odp2, the gene encoding the Ell subunit of pyruvate de- 
hydrogenase; dldh, the  gene encoding dihydrolipoamide dehydrogenase; pta, the  gene encoding phosphotransacetylase; uck, 
the  gene encoding acetate kinase; kdtB, an open reading  frame homologous to the E. coli KDTB  protein  product; ptsf,  the  gene 
encoding Enzyme I of the PTS; crr, the gene encoding enzyme llAe" 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 ptsl gene, 
encoding Enzyme 1. It was also established that ptsl 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 ptsl-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 ptsl-crr operon,  further clones were isolated. A 
partial digest with Hind I11 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 I digest) was also detected with a pPZ7  probe corre- 
sponding to bases  2882-2926  (see  Fig. 1). 

Sequence  analysis of the  genes  required 
for 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), IplA (encoding 
lipoate-protein ligase), odpA (encoding the EIm subunit of py- 
ruvate dehydrogenase), odpB (encoding the E10 subunit of py- 
ruvate  dehydrogenase), odp2 (encoding the E11 subunit of 
pyruvate dehydrogenase), dldH (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, pPZ8, 
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- 



Mycoplasma pyruvate dehydrogenase  genes 1721 

~ ~ T ~ ~ ~ ~ ~ A ~ T ~ ~ ~ ~ ~ C . . T A ~  A ~ ~ D R ' P E P M S T ~ N E V ' L P K ~ V W D . K K T ~ K I ~ G A Q . V A S ' E K N ~ T E ~  

T A ~ A T A ~ ~ T ~ ~ ~ ~ M ~ A ~ A ~ ~ ~ . . ~ ~ A G ~ ~ A C C A ~ ~ C . . ~ M ~ A ~ ~  
~ Y ~ L A L G I Q K D L T I D E L P L V D I P P L P H € N K P P N P I S L A G L  

A O M O I ~ ~ T ~ S . ~ ~ ~ ~ A A A ~ A ~ ~ - T ~ A ~ A ~ ~ M ~ ~ ~ ~ A ~ A - ~ ~ ~ A ~ M ~ - ~ A ~ M ~  
1p1a 

E V L G L N Y P K K E K .  U I N L L I S K Y H D P A ~ N L A I E E Y L T  

~ ~ m n A ~ ~ ~ A ~ A ~ - ~ M T A C T A T A G ~ ~ A A A ~ ~ m n M ~ ~ A T M C  
Y H Y K A K E P I V P P W Q N A N T I V V G R N Q N A P A E I N L E A A Q K D N  

O A ~ ~ M ~ ~ A ~ A T A ~ ~ ~ ~ - m ~ A l T A ~ ~  
V K I V K R N T G G G T V Y Q D L G N V C Y S L I V D N S T D D V D Y Q K A L Q  

C C ~ ~ ~ ~ . . - A ~ A ~ m n A T ~ A A A ~ l T ~ ~ M ~ . .  
P I I T Y L N Q K N I N A ~ P S G R N D ~ V I D G Y K V S G N A Q L K T N E K T  

L V H G T L L P D V D L S K ~ P K K L V V D P E K L K H Q Q I R S K P A R V R N  
C T ~ ~ ~ T ~ ~ ~ l T ~ C A ~ ~ - ~ C ~ - l T ~ T  

A T ~ m l T ~ T A ~ ~ ~ m n ~ ~ - m n M ~ ~  
I K E P P K D I N I D I D L S T P I N D V V S S Y V K N E K I K W I E L T D Q E  

M C  
K Q Y I Q S R K E T K P D Q W D W T P G K N T V P S L V K K Q Y L E S K G P I T  

C ~ ~ ~ ~ ~ ~ l T ~ C T M ~ ~ T -  
L N L D V D N G V I T N I K I Y G D P L G T Q G T E K L E A K L I G V K P D K K  

~A~G~'~~~--.A~-~-c~~A~TAI~~MTI~T-T~~ 
~ ~ M ~ ~ P ~ ~ T - ~ ~ M ~ ~ M ~ M ~ M ~ ~ ~ ~ ~  

D V E K V L N Q P D L E A I P A K N P T S D D I T N L L P K D . .  
.oap. . 
~ T Y L G K P D P L K N E K V C V L D K D G K V I N ~ K L U P K I S D Q E  

I L E A Y K I ~ N L S R R Q D I Y Q N T U Q R Q G R L L S P L S S T G Q E A C E  

V A Y I N A L N K K T D H P V S G Y R N ~ A A W L A U G Q L V R N I ~ L Y ~ I G  

M ~ M ~ T A - T M ~ ~ A ~ ~ A - T A ~ A ~ T A ~ A - ~ ~ l T A l T A ~ A ~ A ~ - ~  

O ~ T A T ~ T M ~ ~ m n ~ M ~ ~ m n ~ T ~ A A A T A m n A ~ A T A - ~  

T M ~ ~ ~ ~ A A A ~ ~ T A A A ~ ~ A C C  
N E A G G K A P E G V N C L P P N I V I G S Q Y S Q A T G I A P A D K Y R K T G  

A ~ ~ ~ T M C T A C T A ~ ~ ~ ~ ~ ~ A ~ ~ ~ C r r r o ~ - ~ ~ . . ~ A T A ~ A ~ T M ~ ~  
G V V V T T T G D G G S S E G E T Y E A U N P A K L H E V P C I P V I E N N K W  

A ~ A ~ C A G C T A ~ C ~ ~ M ~ ~ A ~ A ~ ~ m n A ~ ~ A ~ A A A ~ m n A ~ A ~ ~ ~  
A I S T A R S E Q T K S I N P A V K G I A T G I P S I I V D G N D Y L A C I G V  

A ~ ~ T T A ~ ~ ~ A A A ~ ~ ~ A G ~ - T A ~ A T ~ l T A ~ ~ ~ G A T M C C ~ ~ A C ~ ~ ~ 0  
P K E V V E Y V R K G N G P V L V E C D T Y R L G A H S S S D N P D A K R P K G  

' C A ~ M ~ A G A m n ~ ~ T A D A 1 T I V T  
E P E E ~ A K P D P L I R L K Q Y L I D K K I W S D E Q Q A Q L E A E Q D K P V  

- A ~ ~ ~ ' ~ G ~ T ~ ~ T A - ~ M ~ A C A ~ ~ T A ~ M T A ~ T A ~ ~ ~ . T A ~ ~ ~  
A D E P A W V E K N K N Y D L I ~ P K Y Q Y D K ~ D I P L E E Q Y K E A K E P  

C ~ ~ ~ ~ ~ T A C C C A - - A A A ~ C . . ~ M ~ A ~ ~ A ~ ~ M T M = A ~ ~ . M ~ A ~ ~ A - ~ A ~ ~ ~ A ~ A  
P E K Y P E S K E G G H H ~ ~ A I I N N I K A V T D A L V C A ~ Q R D P N V I V  

P G E D V G T E G G V P R A T Q G L A V K P G N D R C P N A P I S E A ~ P A G V  

G L G ~ A ~ N G ~ K P V L E ~ Q P E G L G L A S L Q N I P T N I S R U R N R T R  

~ A A A T A ~ ~ C ~ ~ ~ A ~ ~ ~ . . ~ ~ ~ A ~ ~ A T A ~ T A ~ ~ ~  
G K Y T A P ~ V I R ~ P U G G G I R A L E H H S E A L E A V K A H ~ P G V Q I V  

. e .  

T ~ C T A ~ A m n ~ T ~ ~ - C ~ M ~ ~ C T A l T A G ~ ~ ~ ~ m n  

G ~ ~ ~ - ~ m n ~ m n ~ A - T A ~ ~ M C A ~ ~ C ~ A -  

' P m r C A T C M C T r C A T A ~ A T A - ~ M ~ ~ ~ ~ C . . G A ~ ~ ~ A ~ ~ M C ~ - ~ A T A T ~ ~ C A ~ A A A ~ ~ C A G A T  
C P S T P Y D T K G L I L A A I D S P D P V I V V E P T K L Y R A P K Q E V P D  

~ ~ ~ A . . T A G T A C U T M ~ ~ M ~ ~ A ~ A ~ ~ ~ A ~ - ~ A ~ m n A m n ~  
E ~ Y I V P I G E G Y K I Q E G N D L T V V T Y G A Q T V D C Q K A I A L L K E  

T H P N A T I D L I D L R S I K P W D K K ~ ~ I E S ~ K K T G R L L ~ ~ ~ E A ~  
A ~ ~ ~ - ~ A ~ ~ M ~ A ~ ~ A m n A A A C C A - T ~ ~ M - ~ G l T ~ . . ~ ~ m n ~ ~ ~ . . ~  

A A A ~ ~ Q T ~ ~ m n M ~ ~ T A C A T ~ ~ A ~ ~ ~ C A ~ A ~ A ~ A m n A ~ . . ~ ~ ~  
K S P S V S A E I I A T V N E E C P E Y I K A P L S R C T G Y D V I T P P D R G  

-~TA--~T~CC~AG~--~~A'~'TMT'TA~TA~.?~~AAA~ 
E G K P Q V N P K K V L V K ~ Q E L L D P K P '  ~ P K V K P A  

.auEz . 

~ C A T A 0 m M 0 m M ~ ~ ~ A ~ ~ G ~ - ~ ~ A A A G M ~ A ~ ~ l T A T A C r r r o ~ ~ ~ A T ~ A A A T ~ T  
D I G E G L T E G T V A E V L V K V G D V V K E G Q S L Y P V E T D K V N S E I  

A C ~ ~ ~ ~ ~ ~ A G ~ ~ ~ G = M ~ ~ M C A ~ ~ A - G A A A ~ ~ - ~ - ~ M ~ ~ M ~ ~ ~ A = A . . ~ ~ A - C ~  
P A P V A G K I A V I N I K A G Q E I K ~ G D ~ ~ ~ E I E D G ~ D T ~ A T ~ E P  

~ ~ A A A ~ ~ A A A G ~ A G ~ ~ ~ ~ T A ~ A ~ . . ~ ~ A ~ T M ~ A G ~ ~ ~ ~ A ~ M T M  
K A E T K S E A K V E V V E E N A S V V G A T P V S N D V I V R K Q T T T V N K  

A ~ G T A ~ A ~ A ~ C ~ ~ C ~ ~ ~ ~ A A A T A ~ ~ A ~ ~ ~ C ~ ~ M ~ ~ T A l T ~  
S S T I K A T P L A R K V A A D L N I D L S L V T P T G P N Q R I L V A D I K N  

~ ~ ~ ~ m n ~ ~ ~ C ~ m n ~ ~ C ~ G ~ C M ~ ~ G ~ C A ~ ~ ~ ~ ~ ~ m n ~ ~ C C  
H Q A S S T Q L A S Q P I S Q P A P T P S P S A H Q T I A P T I K V V E P S A P  

m A ~ ~ G ~ V ~ A ~ T ~ ~ - ~ C A T A ~ ~ C A ~ A ~ T A ~ - ~ ~ . . m n A ~ C  
L S W D E V P ~ N G V R K A T V K A ~ T K S H T E I A A P T G ~ K N T D I T E T  

X K ~ R T E L K D H A A A S G I K L T Y L A ~ I I K A V A K S L R D ~ P N I N V  

M ~ A ~ ~ ? ~ A ~ ~ ~ ; C ~ - A ~ - C A ~ ~ M ~ A ~ . G T ~ T A C A ~ ~ ~ ~ ~ ~ ~ A ~ ~ ~ ~ ~ ~  

T ~ ~ - m n A A A m n ~ ~ A ~ ~ ~ A l T A l T ~ ~ A A A ~ A m n ~ - T A ~ ~ T A m n M m T  

R G D P A N N K I Q P U H N I N I G I A V D T P N G L U V P V I K G A D H L S V  

120 

240 

360 

480 

600 

720 

840 

960 

1080 

1200 

1320 

1440 

1560 

1680 

1800 

1920 

2040 

2160 

2280 

2400 

2520 

2640 

2760 

2880 

3000 

3120 

3240 

3360 

3480 

3600 

3720 

3840 

3960 

4080 

4200 

4320 

4440 

Fig. 2A. (Figure continues on next two pages.) 



1722 P.-P. Zhu and A. Peterkofsky 

B A ~ ~ M ~ - ~ A - ~ A ~ T M ' ~ o A ~ ~ ~ M ~ M o A ~ ~ T o A - - c A ~ A ~ ~ ~ ~ ~ ~ ~ -  
F E I A I K I S E L A N K A K D G K L T R A E M T E A T F T V S N F G S V G L D  

~ A ~ A ~ C T A 1 T I \ T T A R C T C A C C A M d C M C T A m T  
Y A T P I I N S P E S A I L G V G T M S Q T P L Y I N G E L Q K R F I M P L S M  

adh. 
O A ~ ~ T A ~ ~ ~ ~ ~ ~ ~ A R ~ ~ ~ A ~ O A ~ A C T T ~ T ~ - ~ A ' A ~ A ~ M " . - T A T G T T  

T ~ ~ - ~ ~ T A ~ ~ ~ ~ ' ~ ~ ~ ~ ; ~ ~ ~ ~ ~ ~ A ~ A ~ ~ ~ T ~  

A ~ ~ T A ~ ~ c ~ T E T E C ~ O T M C E O O R ~ U M ~ T  

T C D H R I I D G A D A G R F L T K V Q D Y L S K P V L L F M *  M F  

K V K F A D I G E G L T E G T V A E V L V K V G D V V K E G Q P L ' Y F V E T D K  

V N S E I P S P V A G K I A I I N I S T G Q E I K V G D V V I E I D D G S S T S  

T A ~ ~ ~ ~ ~ A ~ - ~ T A ~ ~ ~ A C ~ ~ ~ ~ ~ A ~ ~ A ~ ~ ~ ~ ~ ~ ~ ~  
T A S T S K V E V V E E N A S V V G A T P V S N D V L P S R A P K P K A E A K V  

T ~ A ~ c ~ ~ ~ A c ~ ~ A ~ ~ A c ~ ~ ~ ~ ~ ~ ~ ~  
E V V E E N A S V V G A T P V S N D V L P S R A P K P K V E A P K V D V Q I E D  

T A C ~ ~ A ~ ~ ~ A ~ ~ A ~ ~ T o ~ ~ ~ A ~ ~ - ~ M ~ A ~ ~ T A ~ A ~ ~  
T F D V C V V G A G I G G Y V T A T K S A Q L G L K T L I I E K E Y Y G G V C L  

~ ~ ~ A ~ T ~ A ~ ~ T A T A ~ A ~ T ~ ~ - ~ ~ A ~ T C ~ ~ ~ T A ~ ~ A ~ M -  
N V G C I P T K T L L K T S H V Y H D I V H K A K E L G I V L Q N T E N V V I D  

1 ~ ~ ~ ~ ~ A ~ m A O A T M  
W A Q A L E R K N G V V K K L T G G V K Y L L D K N K V T Q I K G E A I A L D K  

A ~ ~ M T M m A ~ A ~ ~ C ~ ~ T o A ~ A C C ~ C A ~ T ~ G - O A - ~ A T  
N T I S V N N K N Y R V N N L V I A S G S T P N H L P L P G F D Q G R K D G I I  

T A ~ ~ C - ~ A T o A ~ ~ ~ ~ ~ A ~ M ~ ~ ~ ~ A ~ A ~ ~ A ~ A m ~ A ~ A ~ ~ A C  
I D S T G I L S V P K I P E T L V V I G G G V I G I E F S C L F A S L G T K V T  

~ A C M M j A 1 T A C C M ~ A ~ A G W ~ L R c T A ? m A o R A A T o c T A O A T  
V L Q G L P T I L E M L D K D I I D A M T K E L K N R Y N I Q V I T N A S V K E  

A m ~ O A ~ A ~ A T A T o ~ - ~ O A T o ~ T ~ ~ ~ ~ ~ T A ~ A ~ ~ ~ C ~ - ~ A ~ M C ~ ~ - C ~  
F K D G S V V Y Q I D G Q D Q M I K G E Y V L E S V G R K T S L T G F E N I G L  

A O M T T A A C P C C M - ~ M C O A ~ A ~ G ~ C T M ~ A O A ~ A ~ ~ ~ ~ ~ M ~ A ~ ~ ~ A ~ ~ f f i  
E L T P R K G V V V N E Y Q E T N L D G V Y A I G D V V G K S M L A Q T A V K G  

A D C T A T T ( . T F O C T ~ ~ ~ ~ M T M ~ ~ ~ G A T A ~ A T ~ ~ A ~ A C ~ ~ C A ~ A T ~ A ~ A T A C A C A C C C - ~ T G A T  
A I V A A N R I A K K A N K A H A E D I V M N Y D K V P S C I Y T H P E V S M I  

T O O T M O A ~ ~ C M ~ ~ - C M - T A - T A ~ ~ L W I P I C P 3 r C A R T T A A R R C A ~ A o c A R ~ M ~ A ~ A T O A T G A T A C T T ~ ~ ~ ~ ~ A T  
G K T E Q Q L K Q E N I E Y K A F K F P F S A I G K A L A D D D T S G F V K I I  

~ T A ~ c ~ ~ T A C - ~ A ~ A ~ ~ T ~ ~ A ~ T A O A ~ T A ~ ~ T G A ~ A ~ A - ~ ~ ~ ~ ~ C ~ ~ ~  

T A ~ A A ~ C A ; ' C C T ~ A C C L ~ ~ ~ ~ ~ ~ ~ A - ~ ~ ~ T A ~ ~ M ~ M ~ A - A M T A ~ T A T A ~ ~ A ~  

V E P K Y K T I L G A H I I G N R A T E M I S E I T A V I E C E G T I T E I A N  
pea. 

T I H P H P T M S E A I G E A A E A L E T G K A I H F *  M Y T L E  

A G W ~ ~ ~ C T A ~ A ~ ~ ~ ~ ~ A ~ ~ T - ~ A - ~ ~ ~ A C C  
E I K N Q L G L K S E K K S I V F P E A E S E I I Q S V A K T L V D E K L G L P  

M ~ A ~ A m ~ ~ ~ ~ ~ ~ ~ - T M ~ A - ~ ~ A ~ ~ A O A ~ - ~ ~ ~ ~ ~ G M ~ - C T  
I L L F K S S K E V P S E I K N N S S I K T I C L D E F D T K E F E E E F V K L  

T A - ~ ~ o c A R ~ A - G ~ A C A C C A R G T A  
R K G K A T I E V A H Q V M Q L P N Y I G A M L V K L N Q A D C M L S G L N N T  

M C A O C T G A T A C M ~ A O A C ~ ~ A ~ ~ A ~ C - C C A ~ T A T M T A ~ ~ A ~ A ~ A ~ - ~ M ~ ~ A T A ~ A ~ ~  
T A D T I R P A L Q I I G T K P G Y N I A S S I F V M S K G N E N Y I F T D C A  

m ~ T A T A M C C G W ~ A C A C ~ ~ C - ~ ~ ~ T ~ ~ ~ M ~ A ~ A ~ M ~ A ~ M ~ ~  
L N I K P T S E Q L V E I T Q M A V D F A K A L N V K N V E A A L L S Y S T N G  

T A O T O O T A A A G O T G A R G A T G ~ T A O A ~ A C ~ ~ ~ ~ ~ ~ ~ ~ O A ~ A ~ ~ ~ ~ ~ O A ~ ~ ~ T ~ C  
S G K G E D V D R V H Q A V E I L K S K E K D Y V C E G E I Q F D A A F D K K T  

T A O A ~ T M - m - ~ ~ A ~ - C ~ C A C C O A T A ~ ~ O A T A T ~ ~ T A T C f f i ~ A T ~ ~ ~ ~ ~ ~ A  
R D K K F K N C S L L K Q T F D I F V F P D I N A G N I G Y K I A Q R M G G F E  

A ~ ~ A R ~ C C ~ A - - T ~ M C C A . M ~ ~ T A R ( ; T A G G G D T G ~ A R C ~ A O A ~ A ~ ~ T A C A ~ A ~ A T G A ~ ~ A T A C T T A ~ A ~ ~  

~ ~ ~ T G A ~ ~ A ~ M ~ ~ ~ ~ ~ A ~ T A c ~ ~ G ~ ~ A R c c M T A ~ A ~ ~ A ~ ~ c ~ ~ - ~  

A I G P F V L G L N Q P V N D L S R G A T F V D V L N T A I M T L Y L S Y *  
ack 

M I L V I N S G S S S I K F K L F D T S K A I E P I L D G L A E R I G I D G  

C C ~ C O A T o A ~ C A A R A A T A T A R R m G A R O A r r  
F L K F E H N N Q K Y K F E D P L P D H E H A I Q L I L N K L L E L K I I S N I  

T T G A T G A R A T A I U R G G T G T A ~ A ~ A T f f i ~ T I T C A C ~ A ~ T M ~ M ~ ~ G T A ~ A C ~ ~ ~ ~ ~ ~ A ~ ~ A C  
D E I K G V G F R V V H G G E I S H S S I I N E E V L Q K I Q E S V K L A P L H  

A T M T o C M T - ~ ~ ~ ~ M ~ ~ C ~ A G T A T G A T A ~ T A ~ ~ ~ ~ ~ ~ C ~ ~ ~ ~ A C T T A T A ~  
N P A A I I A I K A V K K L M P N T S M I A C F D T A F H Q T M P Q V N Y L Y S  

~ C T T A T ~ T G A T A - ~ ~ ~ M - T A ~ C ~ ~ A ~ A ~ M T A T A T A ~ M T ~ ~ ~ T A ~ ~ T M ~ ~ ~ -  
V P Y K W Y E E F G V R K Y G F H G I S Y E Y I V N K C E E I L N K K K E H L N  

A m M T A ~ m A - ~ ~ A ~ A ~ A ~ ~ O A ~ ~ ~ A T G A T A ~ ~ ~ ~ M C C C ~ ~ ~ - T G A ~ M ~ ~ ~ G  
L I V C H L G N G A S I S C I K D G K S Y D T S M G L T P L A G L M M G T R S G  

O A ~ T A T T G A ~ T I T C T A ~ T A ~ ~ - ~ ~ ~ O A T A ~ ~ A ~ ~ ~ ~ C ~ C M ~ ~ ~ M ~ ~ ~ A ~ G  
D I D V S I C E Y V A K Q T N S D I F A I T Q I L N K Q S G L L G L S Q T S A D  

A T A T G A O A O A ~ A ~ C O A C ~ ~ T ~ ~ A ~ A ~ ~ T A ~ M ~ ~ A T A G ~ ~ T A ~ ~ ~ A m A ~ T A ~ A  
M R D V L E Q Y D R N D K K A I I A V E K Y V Q V V A D F I V K Y A N Y L D S I  

? T D A T D C A O P A D T C m A C ~ A ~ ~ ~ A O A ~ ~ ~ A O A O A m M ~ - O A G ~ ~ C ~ A ~ A ~ ~ T o M ~ - T o T ~ T  
D A V V F T A G I G E N A D V I R D L I C K R V K L L G L Q I D Q E K N E S K Y  

A T T C A D A C T A T ~ ~ M ~ A ~ - T ~ ~ ~ ~ ~ A ~ A ~ A G M ~ ~ ~ T G A ~ A O A T A C ~ ~ ~ ~ ~ T A T M T  
S D Y K L I S S E K S K I P V Y A I R T N E E K M I C L D T L N L I K *  

Fig. 2B. 

4560 

4680 

4800 

4920 

5040 

5160 

5280 

5400 

5520 

5640 

5760 

5880 

6000 

6120 

6240 

6360 

6480 

6600 

6720 

6840 

6960 

7080 

7200 

7320 

7440 

7560 

7680 

7800 

7920 

8040 

8160 

8280 

8400 

8520 

8640 

8760 

8880 



Mycoplasma pyruvate dehydrogenase genes 1723 

C A G T T ~ ~ ~ - T ~ ~ ~ ~ M - M T ~ c T ~ T G - - ~ T - ~ A ~ M ~ ~ ~ M . c ~  goo0 
ora 
M K R T I K Y L S F L G L I P F L S I T T  

A T M O M ~ ~ ~ ~ A ~ A ~ ~ C A ~ G k ~ A ~ T M T ~ ~ A - ~  91 20 
I S C V K Q A K E N N N K N Q L I S Q F K Q L I F I L N S F D L D N K K L E S K  

A ~ T ~ ~ T A ~ ~ ~ M T ~ T T A ~ M T A T - ~ A - T T M ~ A T - ~ M ~ A - T ~ ~ ~ ~ ~ ~ T T A ~ ~ A  9240 
I I K A I E K S D F N K I S N I N L E L T I K F L T R I K N E L E T K T I S Q L  

M T ~ ~ T M ~ A ~ T A ~ M ~ ~ T ~ ~ ~ A ~ T T - ~ M T T ~ ~ A ~ - T A ~ ~ ~ A ~ M T - T T ~ ~ - -  9360 
N K N D K L D I L T K I K V H L G S L N L I E L V N I V D E L V N K L N Q K E E  

A T T A R A R A T A C T C ) r T A I I M A T I V V V L T A O A A A A I V V \ T A ~ A T A C ~ M ~ ~ ~ ~ A C C ~ G k T  9400 
I K N T H K D K I E K N K D N I E D I D D S K L E I L E S K Y I P N Q H N Y P D  

T A ~ ~ ~ ~ ~ ~ A ~ A - ~ ~ A T - ~ ~ ~ A ~ T A ~ ~ M T T M ~ A ~ ~ T T ~ G k ~ A T T M ~ M ~ ~  9600 
Y V K N F K T V S A E E I Y K E L Y D R T F S I K F L V K L K D G G L L S N G T  

O O A I L C " T P A T T A O A T T M T ~ T A T ~ ~ A ~ M C - ~ A ~ ~ G k ~ A ~ T T ~ T T M - ~ - T  91 2 0 
G T G W L L D Y H K Y S N T N K Y K M F I A T N L H V L A D F S N S L T D E Q N  

A R A G M ~ M T T A C F A T G A T C C A T C A ~ M ~ - ~ T A ~ ~ A ~ ~ T M ~ A - ~ A ~ A ~ T M T M T T ~ ~ ~ T M T A T A  9 0 40 
K E F N Y Y D P S G N K V I G L G L G K A D N V T D F S R K N N N S K S E N N I  

G C T M T T A T T A ~ - T M ~ M ~ ~ T T A ~ ~ T G k ~ ~ G T ~ T ~ ~ - ~ A ~ - C C C " A ~ ~ - A ~  9 9 60 
A N Y Y L N N Q D F E N Y L K N D F W S V N K F S K G I S E P K I V F G A V D F  

A T O R A R O A T C G ~ A ~ ~ ~ M T T M T T A ~ A T M ~ A T ~ T M T M - T T M ~ ~ C M T M G A T A ~ T M T  10080 
M K D R A I K N H Y E A L Q K E A I N Y Y N Y K K N N N E I N D D N K I A W N N  

- T M T ~ ~ T A T P C C P A T M T ~ T A G A m T G C A C  102 0 0 
F L N N K D I P I M I D F A V F E F D V D L D L V D Y N L K S W I S N A I S G L  

G A T M T T A k A G k  102 14 
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 nuox and  the entire nucleotide sequences of lplA,  odpA,  odpB, odp2, dldH, pfa,  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 lplA,  odpA, odpB, odp2, pfu,  and orfA genes. A sequence 
corresponding to a likely transcription  termination  site  downstream of uck is marked with diverging arrows. Shine-Dalgarno 
ribosome binding sites for lplA,  odpA,  odpB, odp2, dldH, plu, uck. 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 TlGR  database2)  and 
Escherichia coli (Genbank accession no. P32099) is shown in 

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 

as unknown in function. The FASTA analysis reported here identifies the Genbank and T1GR databases* It is c1ear that the regions 
the sequence as the gene encoding  lipoate-protein ligase. of total  amino acid conservation (shown in  reverse shading) are 

2 The M. genifulium sequence MG279 is listed in the TlGR database 

1 
-98 MW3JWIGIN III\DTSPIRTL LSKSKDPKVN AYDWltiISF LGCOIALAVS GWIWIVDLP YSNPEELKQU GZNIPXSHW l?JIDLIKKW TVRDLTSNKE pTWpWLV1 

110 

mtfm .MKVIVLGSS HWXILWEEL LNLHPDAEIQ WEKGDPISP LSCGnQLYLE GI(VKDVNSVR YWIGEKMESR GVNVPSNTEI TAIQPKMQV  TWDLVSGEE R m K L I I  

-0V ASGAWPIWS mPL EPNYlQKYCG NVKNLISCKL YQXALTLIDS PRKDKTIKN AIVGSGYIGL EWLEIUWI.CK KQVTVIDLLD KPAGNNFDHE PTDELEKVWQ 
ISUtfa SFGAVPPELD IPGK...... .......... DLDNIYLMRG RQWAIKLKQK .TVDPEVNNV WIGSGYIGI EAAEAPAKAG KKVTVIDILD R P W L D K E  PRnnTEEME 

111  220 

-98 KDSLKLIMX SVKGPVVDST NNVIKGVElQ KGIVNADLVN QSIGPRPSTK FVPmNPEP IHWSIKVNE PLQ- WIGGCAAIY NAASEQYEKI DLARIAVKSG 
B l t f m  ANNITIATGE TVWYEGiXjR ... VQKVIITD KNAYDADLW VAVGVRPWTA WL..KGTLEL HPNGLIKTDE YMRT.SEPDV PAVGMTLIK YNPADTEV?iI ALATNARKQG 

Mrcc. .......... .......... .......... .......... .......... . . . . . LDRPE Era 440 
rYC98 LVAAUHIIGS NQVXLQSIVG ~ I F G L N  IAACGLTEQR AKKLGFDVGI SnmLNDRPE 

KNHTevmwL 

B l t f E  RPAVKNLEEP VK.PPPGVQG SSGLAVPDYK FASEINEW4  AQKLGKETM  VTWEDYLW ADLTANINAI 
TNHSEIIPII 

221  330 

331 

E; EJEJE 
441 

WPKKEK 
478 

Xntfa E * PP zaii? :?%: 
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. cupricolum (Mcupr) (this work); M. genitulium (Mgeni) (MG275 from the  TIGR  database); 
E. fueculis (Enffu)  (Ross & Claiborne, 1992). 
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W C C A  
221 
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XCOli  I ISPNKTPDLP NFAETFARQS RADMLQ  QE LVDP 

3 3 1  
JWCCa DLEAIFAKNF TSDDITNLLF KD. 

3 5 3  

NyCm DHFSDYPGSL KPEQLLGVIP DNK 
=Coli PEQEKELREL SAWAGAVR. . . _  

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 nextpage). Alignment of sequences of characterized Enzyme I-a 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-CY 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) (Dah1  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 a]., 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 a]., 1994); A .  eutrophus (acoa- 
alceu) (Priefert et al., 1991); Pelobucter carbinolicus (acoa-pelca) (Oppermann & Steinbuchel, 1994); K.  pneumoniae (acoa-klepn) 
(Deng et al., 1994); bovine (odba-bovin) (Hu et al., 1988); Pseudomonasputidu (odba-psepu) (Burns et al., 1988). odpa and 
odpt designations correspond to pyruvate dehydrogenase, whereas odba designations correspond to cy-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 0-subunit of pyruvate dehydrogenase 
Enzyme I. 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 I1 subunit of py- 

ruvate  dehydrogenase, was identified. An alignment of the M. 
capricolum sequence with other Enzyme I1 sequences (Fig. 9) 
shows clearly that  the conserved residues (reverse shading) are 
found in the M. capricolum sequence. Boxes shaded in  grey cor- 

odba-bovin 
odbachuman 

odba-rat 
odba-psepu 

acoagelca 
acoa-alceu 

odpt-rat 
odpt-mouse 

I '  I I I I I I I I  
1000 500 200 100 50 20 10 5 2 1 0 

Fig. 6. Phylogenetic tree of sequenced proteins of the Enzyme I-a 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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. . . .  
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. 

. AEVIDLRSLW  HEATRTKGFG  AELVSLVQE.  HCFHHLEAPI ERWWDT.. . YFPGPSRVGA ALKKVMEV.. 

EGGWPQFGVG  AEICARIMEG  PAFNFLDAPA  VRVTGADVPM . . 

. . . .  
. L WIFGVERIEA  AVRQVLED.. 

Y VIPASKDIVN  WVKGLF . . . .  

Fig. 7. Alignment of sequences of members of the  Enzyme 1-6 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 1-0 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); 
E .  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 .  pneurnoniae (acob-klepn)  (Deng et al., 1994); C. magnum (acob-cloma)  (Kruger et al., 1994). odpb,  odbb, 
and  acob  refer  to  the  genes  encoding  the  P-subunits of Enzyme I of  the  pyruvate  dehydrogenase,  2-oxoisovalerate  dehydrog- 
enase,  and  acetoin  catabolism  complexes. 

respond  to  the lipoyl domains  (approximately 70 residues). The sequences,  contain  one lipoyl domain.  Each  one of the lipoyl 
proteins  from E. coli and Azotobacter vinelandii contain  three domains  contains a conserved lysine residue  (the site of lipoyl- 
such domains;  those  from E. faecalis, A .  laidlawii, Alcaligenes ation), generally  preceded by an  aspartyl residue. In the case of 
eutrophus, Haemophilus influenzae, Pseudomonas aeruginosa, A .  vinelandii, the  aspartate of the first lipoyl domain is replaced 
Dictyostelium discoideum,  Arabidopsis thaliana, and  human by alanine. For Klebsiellapneumoniae, the conserved aspartate 
contain  two;  and all the  others  shown, including theMycoplasma 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 1-0 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 A .  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. I t  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. IO) shows  the  preservation  of  the evo- 
lutionary  relationship of the  proteins  from M. capricolum, M .  
genitalium, and A .  laidlawii. 

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 1 1  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 17 I 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, 

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 lpU 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 IplA coding 
sequence,  there is a possible -35 (TTGACT, bases 1226-1231, 
underlined)  and -10 (AAGAAT, bases 1249-1254, 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 orfA (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)isfoundbeforelplA;AGAAAGG(bases1315-1321, 
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 pta;  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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OduZ-rchIa LLT ... NPTL  LLLS . . . . . . . . .  
odp2-rlC.u LLADFRRILL 
odp2Aain VLADLRRLVM . . . . . . . . . . . . .  

. . . . . . . . . .  
odoZ2- AVEDPRV . . . . .  LLLDL . . . . . .  
odpz-mtra  LLA...DPEL LLMEG 

odpa-9s.a. LLADIRTLLL 
o d p Z J i c d i  WENPIKLIL . . . . . . . . . . . . .  
odpluath NFEDVRRLLL 
odpldlmarl YLEKPITMLL . . . . . . . . . . . . .  
odp2GArOri LLADIRAILL ............. 
odpa-coli TLSDIRRLVM . . . . . . . . . . . . .  

Fig. 9. Alignment of sequences of members of the  Enzyme I 1  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 I I  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 TlGR database); B. sieurothermophilus(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. pneumoniue  (acoc-klepn)  (Deg  et  al., 1994); P. carbinolicus  (acoc-pelca)  (Oppermann & Steinbuchel, 1994); P. puiida 
(odb2-psepu)  (Burns  et al., 1988); A. vinelandii(odo2-azovi)  (Westphal.3~  de  Kok, 1990) and  (odp2-azovi)  (Hanemaaijer  et  al., 
1988); E. coli (odo2-ecoli)  (Spencer  et  at., 1984) and (odp2-ecoli)  (Guest,  1987);  Staphyfococcus a u r a s  (odp2-staur)  (Hemila, 
1991); Neurospora crassa (odptneucr)  (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  (odo2-human)  (Nakano 
et al., 1993); E. faecalis  (odp2-entfa) (Allen & Perham, 1991); A. laidfawii  (odp2-achla)  (Wallbrandt et al., 1992); A. eufrophus 
(odp2-alceu)  (Hein & Steinbuchel, 1994); H .  influenzue (odp2-haein)  (HI232  from  the  TlGR  database); P. aeruginosa  (odp2- 
pseae)  (Genbank  accession  no. U47920); D. discoideum  (odp2-dicdi)  (Genbank  accession  no. 1106634); A. thaliana  (odp2-arath) 
(Guan  et  al., 1995). odp2,  odb2,  and  odo2  refer  to  the  genes  encoding  the  Enzyme 11s of the  pyruvate  dehydrogenase;  CY-oxo 
acid  dehydrogenase  and  2-oxoglutarate  dehydrogenase  complexes,  respectively;  and  acoc  refers  to  acetoin  dehydrogenase  ElI. 
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odpZ..rat 
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Fig. IO. Phylogenetic  tree of sequenced proteins of the Enzyme 11 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. I ) .  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 -1 1.8 kcal/mol. 
The  stem-loop  structure  formed  contains  a perfectly matched 
stem 12 bases long. I t  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 err 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 (E .  coli, 
H.  influenzae, M. genitaliurn), the genes are somewhat  scattered 
throughout  the  genome. For example, in E. coli, the genes en- 
coding  the  pyruvate  dehydrogenase complex are located at 3 min 
on  the genetic map,  whereas  the ack, p f a  and ptsH,  ptsl and err 
genes are in the 50-52-min region.  In  contrast, in M. caprico- 
lum, all the relevant  genes are  clustered in a single region.  The 
positioning  of these  genes  close to  the ptsl-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 P E P  to ace- 
tate  and  ATP,  including  those activities  used for  lipoylation  of 

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 El and E11 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 PIS 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 PIS for M. capricolum and M .  genitalium 
were 5.24 and  7.48, respectively. For acetate kinase, the P I S  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  thegenes 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 Mefhanosarcina  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. I t  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  uniquesimilarity. 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. 
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Fig. 1 IA .  (Figure coniinues on following puge.) 
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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 11 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 .  laidluwii (dldh-achla) 
(Wallbrandt  et  al., 1992); M .  genitulium (dldh-mycge)  (MG271  from  the  TIGR  database); K .  pneumoniue (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. putidu (dld2-psepu)  (Palmer  et  al.,  1991a),  (dldl-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)  (HI123 I frrom  the 
TIGR  database); B. steurothermophilus (dldh-bacst)  (Borges  et  al., 1990); B. subtilis (dldh-bacsu)  (Hemila et al., 1990); S. aureus 
(dldh-staau)  (Hemila, 1991); Huloferax volcanii, (dldh-halvo)  (Vettakkorumakankav & Stevenson, 1992). dldh,  dldl,  and  dld2 
refer to the  genes  encoding  dihydrolipoamide  dehydrogenases  from  the  pyruvate,  2-oxoglutarate,  and  branched  chain  a-ketoacid 
dehydrogenase  complexes,  respectively.  dId3  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 .  

dldhkrnycge 

dldh-yeast 

I '   ! I ,  I I I I I l  
1000 500 200 100 50 20 10 5 2 1 0 

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,  dldH, IplA 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. capricolurn 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-HC1, 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 
pta-baain  MSRTIILIPV  SEVGLTSIS  LGLIHSLEQK GTKVAFMKW SQPSTGEDKL DRmSIIRTS TSLET.AEPF  MLSVAESLIG  QNQSDVLLEK IVMQQLTK NND1-L 
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ptadCOli .SRIIMLIPT  GTSVGLTSVS  LGVIFAMERK  GVRLSVFKPI  AQPRTGGDAP DQl'lTIVRAN SSTTPAREPL  KMSYVEGLLS  SNQKDVLMEE  IVANYHUJTK  DAEFJLVEGL 

pta-baain  IPTRKHGYAN  SINYEIAQAL  DAEIVLVAAP  ATETPTELKD  RVEAAASLFG  GKNNPNLLGV WNKFNAPVD ESGRTRPDLA  EIFDSFQHNH  ISETEVNKLF  AGSAIKLLAC 
2 2 0  
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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 .  cupricolum (pta-mycca)  (this  work); M .  genitulium (pta-mycge)  (MG299 from the 'TIGR database); 
furacoccusdenitrificans (pta-parde)  (Van  Spanning et ai., 1995); M .  thermophilu (pta-mette)  (Latimer & Ferry, 1993); B. sub- 
tilis (pta-bacsu)  (Glaser et al., 1993); H .  influenzue (pta-haein) (HI1203 from the  TIGR  database); E.  co/i(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). 

fragment), or Spe 1 (4,384-bp  fragment) were cloned  into  the 
vector pBluescript I I  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 lo6 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 6x SSPE/O.l%  SDS/lOx 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/IO%  SDS solution  containing  1.4 X IO6 cpm of [32P]- 
labeled oligonucleotide/mL.  The  membrane was finally washed 
in 0 . 5 ~  SSPE/l%  SDS solution at 40 "C  for 30 min. Positive 
clones were detected by autoradiography. 

Cloning and  screening 

Genomic  DNA  fragments  produced by digestion  of M. caprico- 
lum DNA  with  Hind I I I  (9,542-bp  fragment), Xba I (6,654-bp 

Hinfluenzae 
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Mgenltallum 

Mthermophlla 

Pdenltriicans 
1707 0 

1000 500 200 100 50 20 10 5 2 I 0 

DNA sequencing 

DNA  sequencing  on  both  strands of the  DNA was performed 
by the dideoxy  chain termination  method of  Sanger  et al. (1977), 
with [ U ~ ~ S ] ~ A T P ,  using Sequenase 2.0 (United  States Biochem- 
icals) DNA sequencing  kits.  M13 forward or reverse primers or 

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. 
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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) (HI1204 from  the  TIGR  database). 
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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. 
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Fig. 17. Metabolic  scheme  for  conversion of phosphoenolpyruvate  to 
acetate in M. capricolum. 

dnaN 
dnaA 

dnaN g w  
dnoA gm 

specific primers  complementary  to previously determined se- 0 

quences were used. 

Computer analyses 900 OJO0 a:~+o150 
Analyses of  DNA  and  protein sequence  were performed using naox 

the GCG programs, version 7.2 (Devereux et al., 1984). Isoelec- 
tric points were calculated using the  PEPTIDESORT  program. O ~ P B  600 gyrB 

A  search for  transcription  termination sites used the  TERMI- dl,-+ 

NATOR  program.  Stem-loop  structures were analyzed  using ,"+& 
FOLDRNA.  Translation  frames were detected using the  MAP ptsl 

program. Phylogenetic  trees  were constructed using the MEG- 
ALIGN  module  of  the  LaserGene  program  (DNAStar,  Madi- Fig. 18. Comparison of positions  on  the  genetic  map  of  various  genes 
son, Wisconsin) by the  method  of  Hein (1990). in M. capricolum and M. genitalium. 
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