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An ORF (OrfT) of 1911 base pairs, upstream of the hip operon in Escherichia coli at map position 33.82 has been identified. 
The protein encoded by this sequence is predicted to have a molecular mass of 68 249 Da and the carboxyterminal 276 residues 
shows 26.8% and 25.4% identity with the import site proteins ISP42 and MOM38 from the mitochondrial outer membrane of 
Saccharomyces cerevisiae and Neurospora crassa, respectively. These mitochondrial membrane proteins have been shown to be 
essential components of the protein translocation apparatus in yeast. These similarities raise the possibility that OrfT might 
represent the bacterial gene from which these eukaryotic genes evolved. 

I t  is now widely  accep t ed  that ,  in the  course  of  
evolu t ion  of  the  eukaryot ic  cell,  m i t o c h o n d r i a  have 
evolved f rom endosymbio t i c  bac t e r i a  [1]. The  s u p p o s e d  
evolu t ion  of  the  m i t o c h o n d r i a  requ i res  tha t  a system 
for p r o t e in  impor t  be  e s t ab l i shed  in the  o u t e r  mem-  
b r a n e  of  the  ances t ra l  endosymbion t ,  s ince most  of  the  
p ro t e ins  in m i t o c h o n d r i a  a re  now n u c l e a r - e n c o d e d  and  
synthes ized  in the  cytosol.  T h e  mi tochondr i a l  p ro t e in  
impor t  mach ine ry  is loca l ized  in the  mi tochondr i a l  
o u t e r  m e m b r a n e s  and  consists  of  a n u m b e r  of  p ro t e ins  
which inc lude  r ecep to r - l ike  c o m p o n e n t s  and  impor t  
si te pro te ins ,  some of  which  have now been  iden t i f i ed  
in the  fungi,  Saccharomyces cereuisiae and  Neurospora 
crassa [2]. O n e  of  the  impor t  site p ro t e ins  ( ISP42 in 
yeas t  [3]; M O M 3 8  in Neurospora [4]) has been  shown 
to be  essent ia l  for cell  viabili ty.  A n u m b e r  o f  genes  
involved in p ro t e in  t r ans loca t ion  in E. coli have also 
been  iden t i f i ed  ( rev iewed in Ref.  5). Surpris ingly,  to 
da t e  t he re  is l i t t le  ev idence  for homology  be tw e e n  
c o m p o n e n t s  of  the  bac te r i a l  and  mi tochondr i a l  t rans lo-  
ca t ion  mach ine ry  [2]. 
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T h e  yeas t  and  Neurospora o u t e r  m e m b r a n e  p ro te ins  
ISP42 and  M O M 3 8  show an  overal l  s equence  homol-  
ogy of  53.2%, bu t  in some regions  a lmost  100% ident i ty  
is obse rved  (Fig.  3). Based  on  the  assumpt ion  tha t  
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Fig. 1. Relationship of OrfT to the hip locus of E. coli. The 
overlapping 3.9 kb EcoRI-HindlII and 3.5 kb HindlII-BamHI frag- 
ments contained the 1.9 kb OrfT. The hip operon is between 3.8 and 
3.9 kb downstream of the initiating ATG in OrfT, at map position 
33.90. A second open reading frame (off*) is located between OrfT 
and hip, but only the 5' and 3' ends of this off has been sequenced. 
The promoter elements identified for Off/" are shown by the solid 
arrow. The portions of the E. coli DNA sequenced is shown by 
( . . . . . .  ). The 590 bp probe, generated by PCR, used to isolate the 
3.9 kb fragment and the 1396 bp EcoRI-BamHI fragment used to 

obtain upstream sequences for OrfT are also shown. 
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these highly conserved regions are essential for the 
structure and function of these proteins, oligonucleo- 
tide primers were designed corresponding to two such 
regions (ISP42 residues 126-134 and 300-309) and 
these were used in a PCR, with E. coli chromosomal 
DNA template, to produce a 590 bp probe. This probe 
was subsequently used to screen an E. coli genomic 
library and a fragment of approx. 3900 bp was isolated, 
bounded by unique EcoRI and HindlII sites. A 1390 
bp EcoRI-BamHI subfragment from the 5' end of the 
3.9 kb clone was used to obtain an overlapping frag- 
ment of approx. 3.5 kb with HindlII-BamHI ends (Fig. 
1). Nucleotide sequence was obtained for the overlap- 
ping fragments from approx. 600 bp upstream of the 
EcoRI site to approx. 2.2 kb downstream of the EcoRI 
site (Fig. 1). The sequence contained an ORF of 1911 
base pairs (OrfT) (Fig. 2) and the start of a second 
ORF approx. 44 bp downstream from OrfT. Using 
DNase to prepare deletion fragments the nucleotide 
sequence at the 3' end of the 3.9 kb clone was deter- 
mined and revealed that the fragment extends into the 

hip locus [6] which has been mapped to position 33.90 
on the E. coli chromosome [7]. Since this locus is 
between 3.8 and 3.9 kb downstream of OrfT, we pro- 
pose that the map position of OrfT is 33.82. The 
initiation codon ATG (at position 1, Fig. 2) is preceded 
by a ribosome binding site (AGG) and promoter ele- 
ments at positions - 3 5  (TTGGCG) and - 1 0  (TT- 
TAAT) with respect to the transcription start site which 
show the basic characteristics of E. coli promoters [8]. 
There are no obvious promoter elements between OrfT 
and the second ORF, raising the possibility that these 
two genes are polycistronic. 

A search of the EMBL/GenBank Data Libraries 
revealed that part of the OrfT sequence (from residue 
1740 to 2130) shows 98.0% identity with a fragment of 
DNA from landmark loops of lampbrush chromosomes 
from the amphibian newt, Pleurodeles waltlii [9]. Since 
the OrfT sequence is contiguous with that of the E. 
coli hip operon, it appears likely that the newt se- 
quence is in fact an E. coli sequence and therefore a 
cloning artefact. The 1911 bp Orff sequence encodes 

-281 GG~AG~CTCTCTTCTTGAAACATTC~TATGTACG~GG 
-240 GAcATCTG~TAcGGGTACGTT~C~TGAcG~T~cGGTAcG~TG~TGT~AAGGTGGAG~GTTTA~TTAGGTGTTT~AG~CT~CTGTAGG~CG~TAAAcATTGGTGcTG~TcA 

(C) (b) (a) 
-120 c~TGAG~GGcGcAGATGCCGGATTTATCACc~TGcGA~GAAAGTGGAGTTTGGTCTT~G~G~GGCGTTTTT~T~TT~TcATACC~T~AGCGATGcCGG~TACCA~T~GAT 

I ATG~TGATTA~AGGTGAcGATAAAGAcGGAAAAGTGAT~CATGATGCAGGccATACGGTGTT~TGcAGGG~TAcTTATAGCGGTAAAAcGCTGGTC~TGAcGGCCTCcTGACCATT 
M L I T G D D K D G K V I H D A G H T V F N A G N T Y S G K T L V N D G L L T I 4 0  

121 G~GT~TcATA~GGcAGAT~T~cGGGCATGGGGTCGAGTG~GT~CCATTGCAAACc~cGGTAC~TcGACATTCTcGCATC~cG~CAGTGCAGGAGATTACACGCTGAcc~T 
A S H T A D G V T G M G S S E V T I A N P G T L D I L A S T N S A G D Y T L T N 8 0  

241 GCGcTCAAAC.GCGAT~CTTGATGcGAGTGCAGCTGTcATCcTCcGAC~GATGTTT~cTTTA~ccATGC~cAGGGACTG~TT~G~CGGTGTTGCCc~cTGAAAGACAGTAccTTc 
A L K G D G L M R V Q L S S S D K M F G F T H A T G T E F A G V A Q L K D S T F 1 2 0  

361 AcT~GG~cGCGAC~CAcCG~T~TTAcT~A~GCGATGTTGcAGTcTGACAGTGAAAATAC~A~ATCGGTAAAAGTTGGAGAG~AATCCATTGGTGGAcTGG~ATG~TGGAGGT 
T L E R D N T A A L T H A M L Q S D S E N T T S V K V G E Q S I G G L A M N G G 1 6 0  

481 A~cATCATTTTCGATA~GGATATTcCT~T~GAcGcTcGcGGAGGGATATATcA~GTCGATAcGCT~TTGTCGGcGCG~TGAcTA~AC~TGGAAAGGC~GT~GTATcA~TAAAc 
T I I F D T D I P A A T L A E G Y I S V D T L V V G A G D Y T W K G R K Y Q V N 2 0 0  

601 GGGACGGGCG~CGTGC~T~TCG~CGTGC~T~V~`~CGT~TGATC~CATGGCG~T~CCCT~TGACGA~G~TC~TTTG~TGG~CACGACG~TAGCCATGT~G~GTTC~CTGGTG 
G T G D V L I D V P K P W N D P M A N N P L T T L N L L E H D D S H V G V Q L V 2 4 0  

721 ~GGc~AAACGGTTATTG~Tc~GTG~TCATT~GTTA~GTGATTTAcAGG~GAcGA~TGG~GGAcAAAACGTTAcACATTGcGCAAAA~GG~CGGTGGTCGcCGAGGGT 
K A Q T V I G S G G S L T L R D L Q G D E V E A D K T L H I A Q N G T V V A E G 2 8 0  

841 GATTATGGATTCC~CTCAcGAcCGcA~cAGGT~T~TTTGTA~GTT~TATGGGCTGAAAGc~TG~CATc~T~TGG~AAAAGCTGAcGTTAGccG~cAT~CGGAGCCTAT 
D Y G F R L T T A P G N G L Y V N Y G L K A L N I H G G Q K L T L A E H G G A Y 3 2 0  

961 GGC~CG~cGATATGT~GGcAAAAATC~TGGTG~GGGGATcTGGC~TC~TAcGGT~GACA~TTTCG~TTTCC~CGGTCAG~CGAcTATCAGGGGGC~CCTA~GTTcAG 
G A T A D M S A K I G G E G D L A I N T V R Q V S L S N G Q N D Y Q G A T Y V Q 3 6 0  

1081 ATGGGGAcATTAcGTACCGAT~GGATGGTGCACTTG~AcCcGGG~cTG~cATCA~cGcGGc~ATCGTCGATcTT~TGGATcGACGCAGACGGTAGAGACATTCACCGGG 
M G T L R T D A D G A L G N T R E L N I S N A A I V D L N G S T Q T V E T F T G 4 0 0  

1201 ~AGAT~G~GAcTGTTTTGTTcAAAGAGGGGGCGCTGAC~TAAATAAAGGTG~ATcAGT~AGGGTG~CTGACAGGTGGCGGAAAC~TG~TGTTACA~GGG~cGcTGG~TATc 
Q M G S T V L F K E G A L T V N K G G I S Q G E L T G G G N L N V T G G T L A I 4 4 0  

1321 GAGGGGCTT~TGCAC~TACAAT~GTT~cCAGCATTAGcCcAAATGCGG~GT~TCGAT~TAcT~AGGGGTTAGGCAGAGGAAATATTGCc~TGAC~TCTGTT~C~TA 
E G L N A R Y N A L T S I S P N A E V S L D N T Q G L G R G N I A N D G L L T L 4 8 0  

1441 AAAAAcGTGA~G~G~GT~TA~AT~GCGGG~G~TAT~GTGAGcG~CcGCcAGGACAGATGTAGAGTTGGATGG~GAT~TAGcCGcTTTGTGG~C~TTcAACATT 
K N V T G E L R N S I S G K G I V S A T A R T D V E L D G D N S R F V G Q F N I 5 2 0  

1561 GATACAG~AG~GCGCTCAGcGTc~cGAGCAGAAAAACCTGGGTGATGCTTCcGTTATC~T~TGGCcTGcTCAcCATCTCCACTGAGCGTAGCTG~GATGACGCAcAGTATCAGC 
D T G S A L S V N E Q K N L G D A S V I N N G L L T I S T E R S W A M ~ H S I S 5 6 0  

1681 GGTA~GGTGATGTGACAAAAcT~GTACcGGGATc~TGACTCTT~C~CGATTcCGcGGCGTATcAGGGTACGACGGATATCGTGGG~GGGAAATTGCTTTCGGTTC~GACTCTG~ 
G S G D V T K L G T G I L T L N N D S A A Y Q G T T D I V G G E I A F G S D S A 6 0 0  

1801 ATT~TATGGCAAGTC~ATTAATATTCAT~cAGC~TGTGATGTCGGG~ATGT~AC~AcTGCAGGTGATATGAACGTTAGTccTGGGGG~G~ACTGcGTGTCGcTAAAA~cAc 
I N M A S Q H I N I H N S G V M S G N V T T A G D M N V S P G G G T A C R  637 

1921 TATC~CcTGGAG~TGGcGGCAcGGTTc~ATG~TA~CG~GG~A~Cc~GG~AAT~TACTGACCGTT~CGCAACTAT~cG~Ac~T~CcT~ATGACGTTC~G 
2041 CGACGTT~GGcAT~TTCG~CAC~AT~GATGAACG~GAAAGGCGATA~C~GGG~ACTCGCGT~CG~GTTGAT~ATT~C 

Fig. 2. Nucleotide sequence and deduced amino acid composition of Or~. The translated sequence is given in the single letter code. The 
numbering of nucleotides is shown on the lea  hand side and amino acid residues on the right hand side. The ini t ia t~n codon at position 1 is 
preceded by a putative ribosome binding site (a) and promoter  elements  at - 10 (b) and - 35 (c). The  potential transcription start site is approx. 

10 bases down-stream of (b). 
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Fig. 3. Amino acid similarities between E. co// ORFT, yeast ISP42 
and Neurospora MOM38. Sequences starting with residue 361 of 
OrfT, 13 of ISP42 and 1 of MOM38 were compared. Identical 
residues and conservative replacements defined as T/S,  D / E ,  

K / R / H ,  1 /L /V ,  G / A  and Q / N  are shaded grey. 

a protein of 637 amino acids (Fig. 2) with an estimated 
molecular mass of 68249 Da. The protein is very 
acidic, having a predicted pI of 4.26. Comparison of 
the protein sequence encoded by OrfT (ORFT) with 
ISP42 from S. cerevisiae and MOM38 from N. crassa 
shows that the carboxyterminal half of the molecule 
(residues 361 to 637) is 26.8% and 25.4% homologous, 
respectively (Fig. 3). This compares with a similarity of 
53.2%, between ISP42 and MOM38. As is the case 
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with the integral membrane protein ISP42, ORFT also 
has no obvious a-helical transmembrane domains. 

ORFT represents the first example of a bacterial 
protein with a similarity to the membrane components 
of the mitochondrial translocation machinery. In the 
absence of functional data, we cannot assume that the 
protein encoded by OrfT functions in bacterial protein 
translocation, but the similarity between ORFT and 
ISP42 and MOM38 suggests a potential relationship 
between these genes. We believe that the identification 
of OrfT provides further support for the hypothesis 
that genes from an endosymbiont ancestor were trans- 
muted by the host cell to create a system for protein 
import into mitochondria. 
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