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Summary. The sequence of  the 16,019 nucleo- 
tide-pair mitochondrial DNA (mtDNA) molecule 
of  Drosophila yakuba is presented. This molecule 
contains the genes for two rRNAs, 22 tRNAs, six 
identified proteins [cytochrome b, cytochrome c ox- 
idase subunits I, II, and III (COI-III), and ATPase 
subunits 6 and 8] and seven presumptive proteins 
(URF1-6 and URF4L). Replication originates with- 
in a region of  1077 nucleotides that is 92.8% A + 
T and lacks any open reading frame larger than 123 
nucleotides. An equivalent to the sequence found 
in all mammalian mtDNAs that is associated with 
initiation of  second-strand DNA synthesis is not 
present in D. yakuba mtDNA. Introns are absent 
from D. yakuba mitochondrial genes and there are 
few (0-31) intergenic nucleotides. The genes found 
in D. yakuba and mammalian mtDNAs are the same, 
but there are differences in their arrangement and 
in the relative proportions of  the complementary 
strands of  the molecule that serve as templates for 
transcription. Although the D. yakuba small and 
large mitochondrial rRNA genes are exceptionally 
low in G and C and are shorter than any other 
metazoan rRNA genes reported, they can be folded 
into secondary structures remarkably similar to the 
secondary structures proposed for mammalian mi- 
tochondrial rRNAs. D. yakuba mitochondrial tRNA 
genes, like their mammalian counterparts, are more 
variable in sequence than nonorganelle tRNAs. In 
mitochrondrial protein genes ATG, ATT, ATA, and 
in one case (COI) ATAA appear to be used as trans- 
lation initiation codons. The only termination co- 
don found in these genes is TAA. In the D. yakuba 

Offprint requests to: D.R. Wolstenholme 
*Present address: Department of Biochemistry, Stanford School 
of Medicine, Stanford, California 94305, USA 

mitochondrial genetic code, AGA, ATA, and TGA 
specify serine, isoleucine, and tryptophan, respec- 
tively. Fifty-nine types of  sense codon are used in 
the D. yakuba mitochondrial protein genes, but 
93.8% of  all codons end in A or T. Codon-anticodon 
interactions may include both G-A and C-A pairing 
in the wobble position. Evidence is summarized that 
supports the hypothesis that A and T nucleotides 
are favored at all locations in the D. yakuba mtDNA 
molecule where these nucleotides are compatible 
with function. 
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Introduction 

All metazoa, from platyhelminthes to mammals, 
possess a mitochondrial genome that consists of  a 
single circular molecule ranging in size from 14.5 
to 19.5 kb (Altman and Katz 1976). Complete nu- 
cleotide sequences and gene contents have been de- 
termined for the mitochondrial DNA (mtDNA) 
molecules of  human (Crews and Attardi 1980; An- 
derson et al. 1981; Ojala et al. 1981; Montoya et al. 
1981), mouse (Van Etten et al. 1980, 1982; Bibb et 
al. 1981), and cow (Anderson et al. 1982b). Also 
various portions of  the sequences of  mtDNA mol- 
ecules of other mammalian species have been de- 
termined (Grosskopf and Feldmann 1981; Brown 
et al. 1982; Pepe et al. 1983; Taira et al. 1983). All 
mammalian mtDNA molecules contain the genes 
for two rRNAs and 22 tRNAs of  the mitochondri- 



on's own protein-synthesiz ing system, and  for six 
identified prote ins  [cy tochrome b, cy toch rome  c ox- 
idase subunits I, II, and III ,  and  ATP as e  subunits  
6 and 8 (formerly URFA6L)] .  In addit ion,  there are 
seven unidentif ied open  reading f rames  (URF)  that  
also appear  to code for proteins (Chomyn  et al. 1983; 
Mariot t ini  et al. 1983; Michael  et al. 1984). The  
ar rangement  o f  genes in m a m m a l i a n  m t D N A s  is 
totally conserved.  In t rons  have  not  been identified 
in any  o f  the genes and  there are few or no nucleo- 
tides separat ing individual  genes. The  only excep- 
tion to this is a region of  approx ima te ly  1 kb  tha t  
lies between the t R N A  ph~ and t R N A  pr~ genes and  
contains the replicat ion origin. 

The  relative locations o f  the r R N A  genes, t R N A  
genes, replication origin, and  a n u m b e r  o f  poly-  
a d e n y l a t e d  R N A s  h a v e  b e e n  m a p p e d  on  the  
rn tDNA molecule  o f  the a m p h i b i a n  Xenopus laevis 
(Ohi e t a l .  1978; R am i rez  and  Dawid  1978; Rastl  
and Dawid  1978), and nucleot ide sequences o f  some  
segments o f  the molecule  have  been de te rmined  
(Wong e t a l .  1983). The  gene content  and  arrange- 
ment  appear  to be the same as in m a m m a l i a n  
natDNA. 

In this paper,  we present  the nucleot ide sequence 
of  the m t D N A  molecule  of Drosophila yakuba. This  
is the first inver tebra te  m t D N A  molecule  to be se- 
quenced completely.  Detai led descr ipt ions and  dis- 
Cussions o f  the var ious  sections o f  the D. yakuba 
rn tDNA molecule  and some  discussion o f  the com-  
plete sequence have  been presented elsewhere (C law 
e ta l .  1982, 1983, 1984; Clary and Wolstenholme 
1983a,b, 1984a,b, 1985). Here  we s u m m a r i z e  wha t  
we have  learned f rom analysis o f  the whole sequence 
regarding gene structure, a r rangement ,  and t ran-  
scription; novel  features o f  the genetic code; and  
Codon-ant icodon interactions.  

Materials and Methods 

The D. yakuba strain (2371.6, Ivory Coast) used in this study 
was originally obtained from the species stock collection of the 
Genetic Foundation, University of Texas at Austin. Mitochon- 
drial DNA was obtained by cesium chloride--ethidium bromide 
centrifugation of sodium dodecyl sulfate (SDS) lysates of ovaries 
.Obtained by hand dissection of yeast-fed D. yakuba, as described 
in Fauron and Wolstenholme (1976). EcoRI and HindlII restric- 
tion fragments of D. yakuba mtDNA were cloned into pBR325 
and pBR322, respectively, usingEscherichia coli K12.HB101 as 
host. These cloned fragments, or subfragments produced by fur- 
ther restriction enzyme digestion, were recloned into bacterio- 
Phage M 13mp2, M 13rapS, or M 13mp9 (Gronenhorn and Mess- 
ing 1978; Messing and Vieira 1982). Using the replicafive forms 
ofM 13 DNA molecules containing various restriction fragments 
OfD. yakuba mtDNA and DNaseI digestion (Hong 1982), partial 
deletions of the mtDNA fragments were generated. Viral DNAs 
containing deletions of the original mtDNA restriction fragments 
Were selected by size using agarose gel electrophoresis. 

Experimental details concerning restriction enzyme diges- 
tions, electrophoresis, cloning, and purification of M13 DNAs 
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are given or referred to in C]ary etal. (1982) and C}ary and 
Wotstenholme (1983a). 

DNA sequences were obtained from Ml3-cloned fragments 
by the extension--dideoxyribonucleotide termination procedure 
of Sanger et al. (1977) using [et-32P]dATP. 

Individual sequences were assembled into a circular consen- 
sus sequence using the computer program of Staden (1982) in a 
Digital Equipment Corporation 20/60 computer. Transfer RNA 
genes were identified from their ability to fold into the charac- 
teristic cloverleaf structure of tRNAs and from the trinucleotide 
in the anticodon position in these structures either by eye or using 
the TRNA program of Staden (1980). Ribosomal RNA genes 
were identified by nucleotide sequence homologies to mouse mi- 
tochondrial rRNA genes (Bibb et al. 1981). Nucleotide sequences 
were analyzed by the SEQ program (Brutlag etal. 1982). Protein 
and presumptive protein genes (URFs) were identified by com- 
paring predicted amino acid sequences with amino acid se- 
quences of previously identified mouse mitochondrial protein 
genes (Bibb etal. 1981) using the TYPIN and SEARCH programs 
(Jue et al. 1980; Doolittle 1981). 

Results and Discussion 

Genome Organization and Transcription 

The 16,019 nucleot ide-pair  sequence o f  the D. yak- 
uba mtDNA molecule  is presented in Fig. 1, and  
the relat ive a r rangement  o f  genes in the molecule  is 
s u m m a r i z e d  in Fig. 2. The  molecule  contains  13 
open reading frames, which, based on compar i sons  
o f  nucleotide sequences and predicted a m i n o  acid 
sequences with sequences of  mouse  m t D N A  (Table 
1), have  been shown to be the genes for cy tochrome  
b, cy tochrome c oxidase subunits I, II, and I I I  ( C O I -  
III), ATPase  subunits  6 and 8 (ATPase  6 and  
ATPase  8: the latter was formerly U R F A 6 L ,  see 
below), and the seven p resumpt ive  prote in  genes 
that  have been designated URF1 ,  2, 3, 4L, 4, 5, and  
6. Two genes for mi tochondr ia l  r R N A s  (mt - rRNAs)  
have  been identified within the D. yakuba sequence. 
Also, there are 22 t R N A  genes, which are found 
either singly or in clusters o f  two to six genes be- 
tween the protein and  rRNA genes. As in m a m -  
mal ian  m t D N A s ,  none  o f  the genes found in D. 
yakuba m t D N A  contain introns. 

Between the t R N A  i~ gene and  the smal l  r R N A  
gene occurs a sequence o f  1077 nucleot ides tha t  is 
92.8% A + T. This  region const i tutes  the m a j o r  
por t ion  o f  the A + T-rich region o f  the D. yakuba 
m t D N A  molecule  previously  defined f rom electron 
microscope  studies (Fauron and Wols t enho lme  
1976, 1980) and  shown to contain  the molecu le ' s  
origin o f  replication (Godda rd  and  Wols t enho lme  
1980). 

Except  for  the replicat ion or igin-containing re- 
gion, nucleotides be tween genes in D. yakuba 
m t D N A  are e i ther  absent  or  occur  in small  numbe r s  
(1-31).  The  total n u m b e r  o f  such nucleotides is 183, 
which is greater  than the total n u m b e r  o f in te rgen ic  
nudeo t ide s  in the m t D N A s  of  mouse  (64), h u m a n  
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tRNAile.==D. 

~ATGAATTGCCTGATAAAAAGGGTTACCTTGATAGGGTAAATTATGCAGTTTTCTGCATTCATT~CTGATTTATATATTATTTAAAAAGAAGGTTTTAT 
TTA~TTAACGGACTATTTTTCC~AATGGAACTAT~CATTTAATACGTCAAAAGACGTAAGTAACTGACTAAATATATAATAAATTTTTCTTCCAA~..T-A 

tRNAf-met~ 

ATTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATTA~AAAAGATAAGCTAATTAAGCTACTGG 
TAAATTATCTTAATTTGAT~AGATTTTCATAGTTTTTGAAAACACGTAGTATGTGGTTTTATA~AATAATATTTTTCTATTCGATTAATTCGATGACC 

.q===tRNAgln 

URF2===~ 
-- I F Y N S S K I L F T T I M I I G T L  

GTTCATACCCCATTTATAAAGGTTATAATCCTTTTCTTTTTA~TTTTTTATAATTCATCAAAAATTTTATTTACCACAATTATAATTATTGGAACATTAA 
CAAGTATGGGGTAAATATTTCCAATATTAGGAAAAGAAAAATTAAAAAATATTAAGTAGTTTTTAAAATAAATGGTGTTAATATTAATAACCTTGTAATT 

I r V T S N S" W L G A W M G e E I N e L S F I P e L S D N N N e M S 
TTACAGTTACATCTAATT•TTGGTTAGGAG•TTGAATAGGTTTAGAAATTAATTTGTTAT•TTTTAT••C••TATTAAGAGATAATAATAATTTAATAT• 
AATGTCAATGTAGATTAAGAACCAATCCTCGAACTTATCCAAATCTTTAAT•AAACAATA•AAAATAGGGGGATAATTCTC•ATTATTAT•AAATTATAG 

T E A S L K Y F L T Q A L A S T V L L  S S I L L M L A N N L N N  
TACAGAAGCTTCTTTAAAATATTTTTTAACCCAAGCTTTGGCATCAACTGTTTTATTATTTTCTTCAATTTTACTTATATTGGCAAATAATTTAAATAAT 
ATGTCTTCGAAGAAATTTTATAAAAAATTGGGTTCGAAACCGTAGTTGACAAAATAATAAAAGAAGTTAAAATGAATATAACCGTTTATTAAATTTATTA 

E I N E S F T S M I I M S A L L  K S G A A Y F H F W F P N M M E  
GAAATTAATGAATCTTTTACATCAATAATTATTATATCGGCCTTATTATTAAAAAGAGGAGCCGCTCCTTTTCATTTTTGATTTCCTAATATAATAGAAG 
CTTTAATTACTTAGAAAATGTAGTTATTAATAATATAGCCGGAATAATAATTTTTCTCCTCGGCGAGGAAAAGTAAAAACTAAAGGATTATATTATCTTC 

G L T W M N A L M L M T W Q K I A P L M L I S Y L N I K N L L L I S 
GATTAACATGAATAAATGCTTTGATATTAATAACTTGACAAAAAATTGCTCCATTAATATTAATTTCTTATTTAAATATTAAAAATTTATTATTAATTAG 
CTAATTGTACTTATTTACGAAACTATAATTATTGAACTGTTTTTTAACGAGGTAATTATAATTAAAGAATAAATTTATAATTTTTAAATAATAATTAATC 

V l L S V I I G A  G G L N Q T S L R  L M A F S S I N H L G W M  
TGTAATTTTATCAGTTATTATTGGAGCAATTGGAGGTTTAAACCAAACTTCACTCCGAAAATTAATAGCATTTTCTTCTATTAATCATTTAGGATGAATA 
ACATTAAAATAGTCAATAATAACCTCGTTAACCTCCAAATTTGGTTTGAAGTGAGGCTTTTAATTATCGTAAAAGAAGATAATTAGTAAATCCTACTTAT 

L S S L M I E S I W L I Y F I Y S F L S F V L T F M F N I F K 
TTAAGATCTTTAATGATTAGAGAATCAATTTGATTAATTTATTTTATTTTTTATTCATTCTTATCTTTTGTATTAACATTTATATTTAATATTTTTAAAT 
AATTCTAGAAATTACT~TCTCTTAGTTAAACTAATTAAATAAAATAAAAAATAAGTAAGAATAGAAAACATAATTGTAAATATAAATTATAAAAATTTA 

�9 �9 

L F H L N Q L F S W F V N S K I L g F S L F N N F L S L G G L P P F  
TATTTCATTTAAATCAATTATTTTCTTGATTTGTAAACAGAAAAATTTTAAAATTTTCATTATTTATAAATTTTTTATCTTTAGGTGGATTAC•TCCATT 
ATAAAGTAAATTTAGTTAATAAAAGAACTAAA~ATTTGTCTTTTTAAAATTTTAAAAGTAATAAATATTTAAAAAATAGAAATC~ACCTAATGGAGGTAA 

~ 

L G F L P K W L V Q Q L T M C N Q Y F L L T L M M M S T L I T L 
TTTAGGATTTTTACCAAAATGATTAGTAATTCAACAATTAACAATATGTAATCAATATTTTTTATTAACATTAATAATAATATCAACTTTAATTACATTA 
AAATCCTAAAAATGGTTTTACTAATCATTAAGTTGTTAATTGTTATACATTAGTTATAAAAAATAATTGTAATTATTATTATAGTTGAAATTAATGTAAT 

F F Y L R I C Y S A F M L N Y F E N N W I M E M N M N S N N T N L  
TTTTTTTATTTACGAATTTGTTACTCAGCTTTTATATTAAATTATTTCGAAAATAACTGAATCATGGAAATAAATATAAATAGTAATAATACTAATTTAT 
AAAAAAATAAATGCTTAAACAATGAGTCGAAAATATAATTTAATAAAGCTTTTATTGACTTAGTACCTTTATTTATATTTATCATTATTATGATTAAATA 

Y L I M T F F S I F G L F L I S L F F F M L * tRNAtrp.==~ 
ATTTAATTATAACTTTTTTTTCAATTTTCGGATTATTTTTAATTTCTTTATTTTTTTTTATACTT~AGGCTTTAAGTTAACTAAACTAATAGCCTTCAA 
TAAATTAATATTGAAAAAAAAGTTAAAAGCCTAATAAAAATTAAAGAAATAAAAAAAAATATGAAATTCCGAAATTCAATTGATTTGATTATCGGAAGTT 
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AGCTGTAAATAAAGGGTATTCCTTTAAGTCTTA~TAAAAATTTACTCCTTCAAAATTGCAGTTTGATATCATTATTGACTATAAGACCTAGATTTAATTT 
TCGACATTTATTTC CCATAAGGAAA~TCAGAATCATTTTTAAATGAGGAAG TTTTAACG TCAAACTATAGTAATAAC TGATATTCTG~ATCTAAATTAAA 

-~=== tRNAC Y s 

COl-==o~ 
(M) S R Q W L F S T N 

ATTGATTAAGAAGAATAATTCTTATAAATAGATTTACAAT~TATCGCCTAAACTTCAGCCACTTAATCCATAATCGCGACAATGGTTATTTTCTACAAAT 
TAACTAATTCTTCTTATTAAGAATATTTAI 'CTAAATGTTAGATAGCGGATTTGAAGTC GGTGAATTAb]G TATTAGCGC TGTTACCAATAAAAGATGTTTA 

-- .q.=.tRNA t yr 

H K D "I G T L Y F I F G A "W A G M V G T" S L S "I L I R A E L" G H P 
CATAAAGATATTGGAACTTTATATTTCATTTTTGGAGCTTGAGC CGGAATAGTAGGAACATCTTTAAGAATTTTAATTCGAGCAGAATTAGGTCATCCAG 
GTATTTCTATAAC CTTGAAATATAAAGTAAAAACC TCGAACTCGGC CTTATCATCC TTGTAGAAATTCTTAAAATTAAGC TCGTCTTAATC CAGTAGGTC 

G A L G D D Q I Y N V I V T A H A F I M I F F M V M P I M I G G 
GAGCATTAATTGGAGATGATCAAATTTATAATGTAATTGTTAC TGCACATGC TTTTATTATAATTTTTTTTATAGTAATACC TATTATAATTGGGGGGTT 
CTCGTAATTAACCTCTACTAGTTTAAATATTACATTAACAATGACGTGTACGAAAATAATATTAAAAAAAATATCA TTATGGATAATATTAACCCC CCAA 

G N W L V P L M L G A P D M A F P R M N N M S F W L L P P L S L" 
TGGAAATTGATTAGTGCC TTTAATATTAGGAGC TCCTGACATAGCATTCCCACGAATAAATAATATAAGATTTTGATTACTACCTCCTGCTCTTTCTTTA 
ACCTTTAACTAATCACGGAAATTATAATCCTCGAGGAC TGTATCGTAAGGGTGCTTATTTATTATATTCTAAAAC TAATGATGGAGGACGAGAAAGAAAT 

L L V S S M V E N G A G T G W T V Y P P L S S G I A G G A S V D 
TTATTAGTAAGAAGAATAGTTGAAAACGGAGCTGGTACAGGTTGAACTGTTTACCCTCCTTTATCTTCAGGTATCGCTCATGGTGGAGCTTCTGTAGATT 
AATAATCATTCTTCTTATCAACTTTTGC CTCGACCATGTCCAACTTGACAAATGGGAGGAAATAGAAGTCCATAGCGAGTACCACCTCGAAGACATCTAA 

L A I F S L H L A G I S S I L G A V N F I T T I N M R S T G I T L 
TAGCTATTTTTTCTCTTCATTTAGCTGGAATTTCTTCAATTTTAGGAGCTGTAAATTTTATTACGACTGTAATTAATATACGATCAACTGGAATTACATT 
ATCGATAAAAAAGAGAAGTAAATCGACCTTAAAGAAG TTAAAATCC TC GACATTTAAAATAATGC TGACATTAATTA TATGCTAGTTGACCTTAATGTAA 

D R M P L F V W S V V I T A L L L L L S L P V L A G A 1 T M L L T" 
AGACCGAATACCTTTATTTGTATGATCAGTAGTTATTAC TGCTTTATTAC TTTTACTATC TTTACCAGTTCTTGC CGGAGCTATTACTATATTATTAACA 
TCTGGCTTATGGAAATAAACATACTAGTCATCAATAATGACGAAATAATGAAAATGATAGAAATGGTCAAGAA•GGCCTCGATAATGATATAATAATTGT 

D R N L N T S F F D P A G G G D I L Y Q H L F W F F G H P E V Y 
GACCGAAATTTAAATAC TTCTTTTTTTGATCCAGCTGGAGGAGGAGATCCTATTTTG TACCAACATTTATTTTGATTTTTTGGTCACCC TGAAGTTTATA 
CTGGCTTTAAATTTATGAAGAAAAAAACTAGGTCGACCTCCTCCTCTAGGATAAAACATGGTTGTAAATAAAACTAAAAAAC CAGTG~GAC TTCAAATAT 
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I L l  P G F G M I S H I I S Q E S G K K E T  G S L G M I Y A M L  
TTTTAATTTTACCGGGATTTGGAATAATTTCTCATATTATTAGACAAGAATCTGCTAAAAAGGAAACTTT•GGTT•TTTAGGAATAATCTATGCTATACT 
AAAATTAAAATC•C•CTAAACCTTATTAAAGAGTATAATAATCTGTTCTTAGACCATTTTTCCTTTGAAAGCCAAGAAATCCTTATTAGATACGATATGA 

A I G L L G F I V W A H H M F T V G M D V D T R A Y F T $  T M I  
TGCTATTGGATTATTAGGATTTATT•TTTGAGCTCATCATATATTTACAGTTGGAATAGACGTTGATACAC•AGCTTATTTTACTTCTGCTACTATAATT 
ACGATAACCTAATAAT•CTAAATAACAAACTCGAGTAGTATATAAATGTCAACCTTATCTG•AACTATGTGCTCGAATAAAATGAAGACGATGATATTAA 

I A V p T G K I F S W L A T L B G T Q L S Y S P A L W A L G F 
ATTGCGGTT•CTACAGGAATTAAAATTTTTAGATGATTAGCTACTTTACATGGAACTCAACTTTCTTATTCTCCAGCTATTTTATGAGCTTTAGGATTTG 
TAACGCCAAGGATGTCCTTAATTTTAAAAATCTA~TAATCGATGAAATGTACCTTGAGTTGAAAGAATAAGAGGTCG~TAAAATACTCGAAATCCTAAAC 

V F L F T V G G L T G V V L A N S S V D I I L  D T Y Y V V A H F  
TTTTTTTATTCACAGTAGGAGGATTAACA•GAGTTGTATTAG•TAATTCATCAGTTGATATTATTTTACAT•ATACTTATTATGTAGTAGCTCATTTCCA 
AAAAAAATAAGTGTCATCCTCCTAATTGTCCTCAACATAATCGATTAAGTAGTCAACTATAATAAAATGTACTATGAATAATACATCATCGAGTAAAGGT 

Y V L S M G A V F A I M A G F I H W Y P L F T G L T L N N K W L K  

CTACGTTTTATCAATAGGAGCTGTATTTGCTATTATAGCAGGTTTTATTCACTGATAC~CATTATTTACTGGATTGACATTAAATAATAAATGGTTAAAA 
CAT~AAAATAGTTATC~TCGACATAAACGATAATATC~TCCAAAATAAGTGACTATGGGTAATAAATGACCTAA~TGTAATTTATTATTTA~CAATTTT 

S Q F "I I M I G V N L T F F p Q H F L G L A "G M P R R Y S D Y P 
AGTCAATTTATTATTATGTTTATTG~AGTAAATTTAACATTTTTCCCCCAACATTTTTTAGGATTA~CAGGAATACCTCGA~GTTATTCAGATTACCCTG 
TCAGTTAAATAATAATACAAATAAC•TCATTTAAATTGTAAAAA•GGGGTTGTAAAAAAT•CTAATCGTCCTTATGGAGCTGC•ATAAGTCTAATGG•AC 

0 A Y T T W N V V S T I G S T I S L L G I L F  F Y I I W E S L V  
•TGCTTACACTACATGAAAT•TTGTGTCTACTATTG••TCAACTATTTCATTATTAGGAATTTTATTTTTTTTCTATATTATTT•A•AAAGTTTAGTGTC 
TACGAATGTGATGTACTTTACAACAC~GATGATAAC~CACTTGATAAAGTAATAATCCTTAAAATAAAAAAAAGATATAATAAACTCTTTCAAATCACAG 

T Q R Q V I Y ' P I Q  N S S I E W Y Q N T P P A E H S ' Y S E  P L L  
uAA~GACAAGTAATTTATC~AATTCAATTAAATTCATCTATTGAATGATATCAAAATACACCC~CAGCTGAA~ATAGATATTCTGAATTACCACTTTTA 

A~TTGCTGTTCATTAAATAGGTTAAGTTAATTTAAGTAGATAACTTA~TATA~TTTTATGTGGGG~TcGACTTGTATCTATAAGACTTAATGGTGAAAAT 

T N *** tRNA "==q~ -- M S T W A N 
ACAAATTAAT~CTAATATGGCAGATTAGTGCAATGCATTTAAGCTCCATATATAAAGTATTTTACTTTTATTAGA~ATAAATGTCTACATGAGCTAAT 
TGTTTAATTAAAGATTATACCGTCTAATCAC~TTACCTAAATT~GAGGTATATATTT~ATAAAATGAAAATAATCTTTT~TTTACAGATGTACTCGATTA 

L G L Q D S A S P L M E Q L I F F H D H A L L I L V M I T V L V G  
TTAGGTTTACAAGATAGAGCTTCTCCTTTAATG•AACAATTAATTTTTTTTCATGATCATG•ATTATTAATTTTAGTAATAATTACAGTATTAGTAGGAT 
AATCCAAATGTTCTATCTCGAAGAGGAAATTACCTTGTTAATTAAAAAAAAGTACTAGTACGTAATAATTAAAATCATTATTAATGTCATAATCATCCTA 

. . . .  
Y L M F M L F F N N Y V N R F L L H G Q L I E M I W T I L P A I I  
ATTTAATGTTTATATTATTTTTTAATAATTATGTAAATCGATTTCTTTTACATGGACAACTTATT0AAATAATTTGAACTATTCTCCCAGCTATTATTTT 
T•AATTACAAATATAATA•AAAATTATTAATACATTTAGCTAAA•AAAATGTACCTGTTGAATAACTTTATTAAACTTGATAAGA•GGTCGATAATAAAA 

L F I A L P S L R  L Y L L D E I N E P S V T L K S I G H Q W Y W  
ATTATTTATTGCTCTT~CTTCATTACGATTA~TTTATTTATTAGATGAAATTAATGAA~CAT~AGTAACTTTAAAAAGTATT~GTCATCAATGATACTGA 
TAATAAATAACGAGAA•GAAGTAATGCTAATGAAATAAATAATCTA•TTTAATTA•TTGGTAGTCATTGAAATTTTT•ATAA•CAGTAGTTACTATGACT 

8 Y E y S D F N N I E F D S y M P T N E L A I D G F R L L D V D 
AGTTATGAATATTCAGATTTTAATAATATTGAATTTGATTCATATATAATTCCTACAAATGAATTAGCAATTGATGGATTTCGATTATTAGACGTTGATA 
TCAATACTTATAAGTCTA~AATTATTATAACTTAAACTAAGTATATATTAAGGATGTTTACTTAATCGTTAA~TACCTAAAG~TAATAATCTGCAACTAT 

N R v  L P M N S Q I R I  V T A A D V I H S W T V P A L G V K V B  
ATC~AGTAATTTTACCAATAAATT~ACAAATTCGAATTTTAGTAA~AGCCGCAGATGTAATTCATTCTTGAACAGTCCCAGCTTTAGGAGTAAAGGTTGA 
TAGCTCATTAAAATGGTTATTTAAGTGTTTAAGCTTAAAAT~ATTGTCGGCGTCTACATTAAGTAAGAACTTGTCAGGGTCGAAATCCTCATTTCCAACT 

G T P G R L N Q T N F F I ' N R P G L F Y G Q C S E I C G A N H S F  
~GGAACTCCTGGACGATTAAATCAAACTAATTTTTTTATTAACCGAC~AGGGTTATTTTATGGTCAATGTTCAGAAATTTG~GGGG~TAATCATAGTTTT 
~CTTGAGGACCTGCTAATTTAGTTTGATTAAAAAAATAATTGG~TGCTCC~AATAAAATACCAGTTACAAGTCTTTAAACGCCCC~ATTAGTATCAAAA 

M p I V I E S V P V N N F I K W S S N N S * tRNAIYs-=e ~ ----c. 
ATG~CAATTGTAATTGAAAGTGTTCCTGTAAATAATTTTATTAAATGAATTTCTAGAAATAATTCT~ATTAGATGACTGAAAGCAAGTACTGGT~TC~ 
~CGGTTAACATTAACTTTCACAAGGACATTTATTAAAATAATTTACTTAAAGATCTTTATTAAGAA~TAATCTACTGACTTTCGTTCATGACCAGAGAA 

~--~CACc tRNAaSp'e~ -- "' 
ATTTTATAGTAAATTAGcACTTACTTcTAATG~AA~AAAAATTAGTTAAATTATATAA~ATTAGTATGTCAAACTAAAATTATTAAATTATTA 

TTTGGTAAAATATcATTTAATCGTGAATGAAGATTACTATTATTTT~AATCAATTTAATATATTGTAATCATACAGTTTGATTTTAATAATTTAATAAj 

2300 

2400 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

ATPase8 (URFA6L)--=e~ 
I P Q M A P I S W L L L F I V F S I T F I L F C S I N Y Y S  

TATAAAAA%TTAAGGTGTTTATCGTGGTTAATCTACTAATAATGATAAATAACAAAAAAGATAATGTAAATAAAATAAAACAAGATAATTA TAAGT 

ATPase6--.o.~ 
M M T N L F S V F D P S  

Y M P T S P K S N E L K N I N L N S M N W K W * * *  
TATATA•CAACTTCACCTAAATCTAAT•AATTAAAAAATATTAATTTAAATTCTATAAACT•AAAATGATAACAAATTTATTTTCTGTATTTGACC•TTC 4100 
ATATATGGTTGAAGTGGATTTAGATTA•TTAATTTTTTATAATTAAATTTAAGATATTTGACTTTTACTATTGTTTAAATAAAAGACATAAACTGG•AAG 

A I F N L S L N W L S T F L G L L M I P S I Y W L M P S R Y N I F" 
AGCAATTTTTAATTTA•CATTAAATTGATTAAGAACATTTTTAGGACTTTTAATAATTCCTTCAATTTATTGATTAATA•CTTCTCGTTATAATATTTTT 4200 
T•GTTAAAAATTAAATAGTAATTTAACTAATTCTTGTAAAAATCCTGAAAATTATTAAGGAAGTTAAATAACTAATTATGGAAGAGCAATATTATAAAAA 

�9 . . . . . 

W N S I L L T L H K E F K T L L G P $ G H N G S T F i F I S L F S  
TGAAATTCAATTTTATTAACACTTCATAAAGAATTTAAAACTTTATTAGGACCTTCAGGTCATAATGGATCTACTTTTATTTTTATTTCTTTATTTTCAT 4300 
A•TTTAAGTTAAAATAATTGTGAAGTATTTCTTAAATTTTGAAATAATCCTGGAAGTCCAGTATTACCTAGATGAAAATAAAAATAAAGAAATAAAAGTA 

�9 �9 . ~ . 

U i L F N N F" M G m F p Y I F T S T S H U T L T m S U A L P m W L C 
TAATTTTATTTAATAATTTTATAG•TTTATTT•CTTATATTTTTACAAGAACAAGTCATTTAA•TTTAACTTTATCTTTAGCTCTT•CTTTATGATTATG 4400 
ATTAAAATAAATTATTAAAATAT••AAATAAA•GAATATAAA•AT•TT•TTGTTcA•TAAATTGAAATT•AAATA•AAAT••AGAA•GAAA•A•TAATA• 
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F M L Y G W  I N H T Q H M F  AH LV P Q G T P  A I L M P  F t 4 V C  I 
TTTTATATTATATGGTTGAATTAATCATACACAACATATATTTGCTCACTTAGTAC C TCAAGGTACACCTGCAATTTTAATACCTTTTATAGTATGTATT 4500 
AAAATATAATATACCAACTTAATTAGTATGTGTTGTATATAAACGAGTGAATEATGGAG TTCCATGTGGACGTTAAAATTATGGAAAATATCATACATAA 

E T 1 S N I I R P G T L A V R L T A N M I A G H L L L T L L G N T 
GAAACTATTAGAAATATTATTCGACCGGGAACTTTAGCT•TTC•ATTAACAGCTAATATAATTGCTGGACATCTTCTATTAACCTTATTGG•AAATACAG 4600 
CTTTGATAATCTTTATAATAAGCTGGCCCTTGAAATCGACAAGCTAATTGTCGATTATATTAACGACCTGTAGAAGATAATTGGAATAACCCTTTATGTC 

G P S td S Y n g V T F n g V A Q I A m g V n E S A V T M I Q S g V F 
GACCTTCTATATCTTACTTACTAGTAACATTTTTATTAGTAGCCCAAATTGCTTTAT•A•TTTTAGAATCAGCTGTAACTATAATTCAATCCTATGTATT 4700 
C•GGAA•ATA•AGAA•GAATGA•CATTGTAAAAA•AA•CATC•GGTTTAACGAAA•AATCAAAATCTTAGTC•ACATT•ATA•TAAGTTA•GA•ACATAA 

COIII~ 
A V L S T L Y S S E V N*~ M S T H S N H P F H L V D Y S P W P L T 

TGCTGTTTTAAGAACTTTATACTCTAGAGAAGTAAATTAAT•TCTACACACTCAAATCACCCTTTTCATTTAGTTGATTATAGCCCATGACCTTTAACAG 4800 
ACGACAAAATTCTTGAAATATGAGATCTCTTCATTTAATTACAGATGTGTGAGTTTAGTGGGAAAAGTAAATCAACTAATATCGGGTACTGGAAATTGTC 

G A 1 G A M T T V S G M V W F H Q Y D I S L F L L G N I I T I L 
GTGCTATTGGAGCTATAACAACTGTATCAGGTATAGTAAAATGATTTCATCAATATGATATTTCATTATTTTTATTA••TAATATTATTACTATTTTAAC 4900 
CA CGATAACCTCGATATTGTTGACATAGTCCATATCATTTTACTAAAGTAGTTATAC TATAAAGTAATAAAAATAATCCATTATAATAATGATAAAATTG 

V Y Q W W R D V S R E G T Y Q G L H T Y A V T I G L R W G M I L F 
AGTTTATCAATGATGACGAGATGTTTCACGAGAAGGAACTTACCAAG GATTACATAC TTACGCAGTAAC TATTGGTTTACGATGAGGAATAATTTTATTT 5000 
TCAAATAGTTACTACTGCTCTACAAAGTGCTCTTC•TTGAATGGTTCCTAATGTATGAATGCGTCATTGATAACCAAATGCTACTCCTTATTAAAATAAA 

I L $ E V L F F V S F F W A F F H S S L S P ~A I E L G A S W P P M 
ATTTTATCAGAAGTTTTATTTTTTGTTAGATTTTTTTGAGCATTTTTTCATAGAAGTTTATCTCCAG•AATTGAATTAGGAGCTTCATGACCTCCTATGG 5100 
TAAAATAGTCTTCAAAATAAAAAACAATCTAAAAAAACT•GTAAAAAA•TATCTTCAAATAGAGGTCGTTAACTTAATCCTCGAAGTACTGGAGGATACC 

G I I S F N P F Q I P L L T A I L L A S G V T V T W A H H S L M F 
GAATTATTTCATTTAATCCATTTCAAATTCCTTTATTAAATACAGCTATTCTTTTAGCTTCAGGAGTTACAGTAACTTGAGCTCATCATAGATTAATAGA 5200 
CTTAATAAAGTAAATTAGGTAAAGTTTAAGGAAATAATTTATGTCGATAAGAAAATCGAAGTCCTCAATGTCATTGAACTCGAGTAGTATCTAATTATCT 

S N H S Q T T Q G F F T V L L G I Y F T I L Q A Y E Y I A P F 
AAGAAATCATTCACAAACTACTCAAGGATTATTTTTTACAGTTTTACTT•GGATTTATTTCACAATTTTACAAGCTTATGAATATATTGAAGCTCCATTT 5300 
TTCTTTAGTAAGTGTTTGATGAGTTCCTAATAAAAAATGTCAAAATGAACCCTAAATAAAGTGTTAAAATGTTCGAATACTTATATAACTTCGAGGTAAA 

T I A D S V G S T F Y M A T G F H G V H v L I G T T F L L V C L 
ACTATTGCTGATTCAGTTTATGGTTCAACTTTTTATATGGCCACTGGATTCCATGGAGTTCATGTTCTAATTGGAACAACTTTCTTATTAGTATGTTTAT 5400 
TGATAACGACTAAGTCAAATACCAAGTTGAAAAATATACCGGTGACCTAAGGTACCTCAAGTACAAGATTAACC TTGTTGAAAGAATAATCATACAAATA 

L R H L N N H F S K N H H F G F E A A A W Y W H F V D V V W L F L 
TACGTCATTTAAATAATCATTTTTCAAAAAATCATCATTTTG GATTTGAAG 0 AGC TGCATGA TACTGACATTTTGTTGATGTAGTTTGATTATTTTTATA 5500 
ATGCAGTAAATTTATTAGTAAAAAGTTTTTTAGTA•TAAAACCTAAACTTCGTCGACGTACTATGACTGTAAAA•AACTACATCAAACTAATAAAAATAT 

I T I" Y W W G G *** tRNAgly~ ' -- 
TATCACAATTTACTGATGAGGAGGGTAACCTTTTATTATTAATTACAT~TCTATATAGTATAAAAGTATATTTGACTTCCAATCATAAGGTCTATTAATA 5600 
ATAGTGTTAAATGACTACTCCTCCCATTGGAAAATAATAATTAATGTATAGATATATCATATTTTCATATAAACTGAAGGTTAGTATTCCAGATAATTAT 

URF3.-~ 
I F S I I I I A S V I L L I T T V V M F L A S I L S K K A 

AATAGTATAGAT~ATTTTTTCTATTATTATTATTGCTTCAGTAATCTTATTAATCACAACTGTTGTTATATTTTTAGCTTCAATTTTATCAAAAAAAGCT 5700 
TTATCATATCTATTAAAAAAGATAATAATAATAACGAAGTCATTAGAATAATTAGTGTTGACAACAATATAAAAATCGAAGTTAAAATAGTTTTTTTCGA 

L I D R E K S P F E C G F D P K S S S R L P F S L F F L I T I 
TTAATTGATCGAGAAAAAAGATCACCTTTTGAATGTGGATTTGACCCTAAATCTTC TTCTCGATTACCATTTTCATTACGATTTTTTTTAATCACTATTA 5800 
AATTAACTAGCTCTTTTTTCTAGTGGAAAACTTACACC TAAACTGGGATTTAGAAGAAGAGCTAATGGTAAAAGTAATGCTAAAAAAAATTAGTGATAAT 

1 F L F D V E I A L I L P M I I I L K Y S N M I W T I T S I I F 
TCTTTTTAATTTTTGATGTAGAAATTGCTTTAATTCTTCCTATAATTATTATTTTAAAATATTCTAATATTATAATTT•AACAATTACTTCGATTATTTT 5900 
AGAAAAATTAAAAACTACATCTTTAACGAAATTAAGAAGGATATTAATAATAAAATTTTATAAGATTATAATATTAAACTTGTTAATGAAG C TAATAAAA 

1 L I L L I G L Y H E W N Q G M L N W N *** nRNAala-'~ 
TATTTTAATTTTATTAATTGGGCTATACCATGAATGAAATCAAGGTATATTAAATTGATCAAATTAATAAATATTTAA~GGGTTGTAGTTAATTATAACA 6000 
ATAAAATTAAAATAATTAACCCGATATGGTACTTACTTTAGTTCCATATAATTTAACTAGTTTAATTATTTATAAATTTCCCAACATCAATTAATATTGT 

__ tRNAarg~ -- 
TTTGATT-T-G-C-ATTCAAAAAG TATTGAATATTCAATC TACC TT~TATATATA TATATATATATATATAAT3]GAATA TGAAGCGATTAATTCCAGTTAG TTT 6100 
AAACTAAACGTAAGTTTTTCATAACTTATAAGTTAGATGGAATATATATATATATATATATATATATTAACTTATACTTCGCTAATTAACGTCAATCAAA 

tRNAasn~ 
CGACCTAACCTTAGGTATTATATACCCTTATTT~TTAATTGAAGCCAAAAAGAGGCGTATCACTGTTAATGATATAATTGAGTATAAACTCCAATTAAC.~/ 6200 
GCTG•A•TGGAA•ccA•AA•ATATGGGAATAAAAAAT•AAcT•cGGTTTTTCTccGcA•AGTGAcAAT•Ac•ATATTAA••cATA•TTGAGGTTAA•Tcc 

tRNA~'--~- tRNAglU---I~ 

AAGTATGGTGATCAAGTAAAAGCTGCTAACTTTTTTCTTTTAATGGTTAAATT~CCATTTATACTTC~ATTTATATAGTTTAAAATAAAACCTTACATTTT 6300 
TTCATACCACTAGTTCATTTTCGAC~ATTGAAAAAAGAAAATTACCAATTTAAGGTAAATATGAAGATAAATATATCAAATTTTATTTTGGAATGTAAAA 

~ATTGTAATAATAAAATAATTTATTTTTATAAAT~CTATAATTAATTCACTATATTCAAAGATTAATTAATCTCCATAACATCTTCAGTGTCATACTCT 6400 
~TAACATTATTATTTTATTAAATAAAAATATTTAATGATATTAATTAAGTGA~TAAGTTTCTAATTAATTAGAGGTATTGTAGAAGTCACAGTATGAGA 

AAATATAA~CTATTTGAATA~AAAATAATAAAAAACTAAATAAAATTATAATTCAAAATACAAATAATATTAAATAAATTTTTAAACTATTATTATGTA 6500 
TTTATATTCGATAAACTTAJ'TATTTTTATTATTTTTTGATTTATTTTAATATTAAGTTTTATGTTTATTATAATTTATTTAAAAATTTGATAATAATACAT 

.o..tRNAPhe * L F L L F S F L I M I W F V F L M L Y I K L S N N H M 

TCAGAAATAAAGTTTTAGAATAATTTGATAACTT~TAATATAAATGTT~ACCCCCAAAATATTCTGACCAACCTTGATCAAAACTTTTTACAACTAATTG 6600 
AGTCTTTATTTCAAAATCTTATTAAACTATTGAACATTATATTTACAACTGGGGGTTTTATAAGACTGGTTGGAACTAGTTTTGAAAAATGTTGATTAAC 

L F L T K S Y N S L K Y Y L H Q G G F Y E S W G Q D F S K V V L Q 
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~ CCATAATTTAAAGGATAAAAAATTATTCCATAA~TTCTAATATAAG~TATAAATCATATTGAACCTAAAAATAATGTTAAATTATAATTTAATAGAGAT 
GGTATTAAATTTCCTATTTTTTAATAAGGTATTCAAGATTATATTCCATATT~AG~ATAACTTGGATTTTTATTAC~ATTTAATATT~ATTATCTCTA 
G Y N L P Y F I M G Y T S I Y P M F W M S G L F L T L N Y N L L S  

TTATTCAAAGAATATAAATTTCTGATAGAAATTA~ATACCCAAATAAACCCCCAACAATACAAACAAATAATGTTAATATTTTTAAATACCCAGGTAAAC 
AA~AGTTTCTTATATTTAAAGACTATCTTTAATCTATGGGTTTATTTG~G~GTTGTTATGTTTGTT~TTACAATTATAAAAATTTATG~GTCCATTTG 
K N L S Y L N S I S I L Y G F L G G V I C ~ F L T L M K L Y G P L C  

AAAT~TA~AGGAAAAGGAAAAATTAACCAATTTAACATTCTACCTCCAA~ATTCTTATAAATAA~AGCCTAGTATACCCCGAAGTATTACTCAACT 
TTTAATATATTCCTTTTCCTTTTTAATTGGTTAAATTGTAAGATGGAGGTTATTAAGAATATTTATTATTCGGATCATATGGGGCTTCATAATGAGTTGA 

I M Y P F P F I L W N L M S G G I I S M F L L G L M G R L M V W S  

TTCATCATTTAATATATTTAAACTTCcACAATTTAAATCTCCAGTTATTGAATAATATACTAACC~AAAAGAATAACTTACTGTTAAAC~TGTGGAAAAA 
AAGTAGTAAATTATATAAATTTGAAGGTGTTAAATTTAGAGGT•AATAACTTATTATATGATTGG•TTTTCTTATTGAATGACAATTTGGACACCTTTTT 
E D N L M N L S G C N L D G T M S Y Y V L R F S Y S V T L G T S F  

AAGTATAAAAAAAATGAAAATATATTAATATTTCTAATTCTAACAATTTCTAAAATTATATCCTTA~AATAAAATCCAGCTAAAAATG~TATTCCACATA 
TTCATATTTTTTTTACTTTTATATAATTATAAAGATTAAGATTGTTAAAGATTTTAATATAGGAATCTTATTTTAGGTCGATTTTTACCATAAGGTGTAT 
F Y L F F S F M N I N S  I V I E L I M D K S Y F G A L F P M G C  

AAGCCAAATTAGAAACATTAAAACAAGCTGAA~TTAAAGGTATATGAATTCTCAACCCTCCTATTAACCGAATATCTTGAGAATTATTTATATTATGAAT 
T~GGTTTAATCTTTGTAATTTTGTTC~ACTTCAATTTCCATATACTTAAGA~TTG~GAGGATAAT~GCTTATAGAACTCTTAATAAATATAATACTTA 

A L N S V N F C A  T L P M H I S L G G M L R I D Q S N N M N H I  

~A~GCTCCTGCACATATAAATAATAAAGCTTTAAATAAAGCATGAGTTAATAAATGAAATATAGCTAATTTATAAAATCCCATAGATAAAATTCTTATT 
TTATCGAGGACGTGTATATTTATTATTTC~AAATTTATTTCGTACTCAATTATTTACTTTATATCGATTAAATATTTTAGGGTA~TATTTTAAGAATAA 
I A G A C M F L L A K F L A H T L L H F M A L K Y F M S L I S M 

AT~ATCCTAATTGACTAAGAGTTGACAACGCAATAATTTTCTTTAAATCAAACTCAAAATTAGcCCCCA~TCCTGCTATAAATATAGT~AACC~ATA 
T~ATTAGGATTAACTGATTCTCAACTGTTGCGTTATTAAAAGAAATTTAGTTTGAGTTTTAATCGGG~GT~AGGACGATATTTATATCAATTTGGACTAT 
M L G L Q S L T S L A I I  K L D F E F N A G  G A M F M T L G S L  

A~ACAACAA~ATTGTCCTAATCAAGAAGTACTTAAAACAATATTAAATCGAATTAATAAATAAACTCCTGCTGTTACTAAAGTAGAAGAATGGACTAA 
TATTGTTGTTATTAACAGGATTAGTTCTTCATGAATTTTGTTATAATTTAGCTTAATTATTTATTTGAGGACGACAATGATTTCATCTTCTTACCTGATT 

L L L L Q G L W S  S L V ] N F R I L L Y V G A T V L T S  H V L  

AGCAGAGACAGGAGTAGGGGCA~CTATAGCAGCTGGTAATCAAGAAGAAAAAGGAATTTGAGCTCTTTTA~TTATAGCAGCTAATATAACTAAACTACCA 
TCGTCTCTGTCCTCATCCCCGTCGATATCGTCGACCATTAGTTCTTCTTTTTCCTTAAACTC~AGAAAATCAATATCGTCGATTATATTGATTTGATGGT 
A S V P T P A A H A A P L W S S F P I Q A S K T M A  L M V L S G  

~TTATTAATATTGAAAATTCATTTTGTATAACTTCTAAATAAAAAATATAATTTCATCTACCATAATTTAATATTCAAGCAATAGCAAGAAGAAGAGCTA 
rAATAATTATAACTTTTAAGTAAAACATATTGAAGATTTATTTTTTATATTAAACTAGATGGTATTAAATTATAAGTTCGTTATCGTTCTTCTTCT~GAT 
I M L M S F E N Q H V E L  F I Y N W S G Y N L M W A I A L L L A V  

CA~TCCAATTCGATTAGATAATGCAGTTAATATTCCA~CATTGTAAGATTTGATATTTTGAAAATAAATTACTAAACAATAAGAAACAAGTCCTAATCC 
~GAGGTTAAGCTAATCTATTACGTCAATTATAAGGTCGTAACATTCTAAACTATAAAACTTTTATTTAATGATTTGTTATTCTTTGTTCAGGATTAGG 

D G I R N S L A T M G A N y S K I N Q F Y I V L C Y S V L G L G 

~AGAGTGGGATTATCTTAAGAGTGATTTAAACCAGACTATTAATTATTATAATAACTGTTTTGTTTATAATTATGATTATATTATTTGGCTAATT 
0 W G L L I V L N p S I I L L M M S L V F M L V L M I F R N I N 

TCATCACTTTCTATATATTCTTTTCTATAAAAAATTACTAAAGAAGCAATTATAA~AACAAAAGATATAAATAATAAACTTATT~AATCAAATAA~ 
AGTAGTGAAAGATATATAAGAAAAGATATTTTTTAATGATTT~TTCGTTAATATTCTTGTTTTCTATATTTATTATTTGAATAAGTTAGTTTATTTT TU 
E D S E M Y E K S Y F I V L S A I M L V F S M  L L S M W D F L F T  

T~TCACAATTCTTATAGAATTTAAAGATACTACTTCTCATTCAATAAAATAAACTATATTATTTAATAAATAATATAAACTTAATAAAAAACATGTTAA 
AA~GTGTTAAGAATATCTTAAATTTCTATGATGAAGAGTAAGTTATTTTATTTGATATAATAAATTATTTATTATATTTGAATTATTTTTTGTACAATT 

M V I S M S N L S  V E W E I F Y V M N N L L Y Y L S L L  C T L  

6700 

6800 

6900 

7000 

7100 

7200 

7300 

7400 

7500 

7600 

7700 

7800 

7900 

8000 

8100 

8900 

~ CTAATAGAAATTAAATTA~TAAATCTAATTCTACAAATT~ATAAATATTTCACGATCTAAAATGAATAACTTCATATCACTAACACCACAAATT~TA ~ 8200 
GATTATCTTTAATTTAATTATTTAGATTAAGATGTTTAACTATTTATAAAGT~TAGATTTTACTTATTGAAGTATAGTGAT TGTCG~TT~aa~aL~ 
S I S I L N I F S I S C I  

-.,~.,-URF5 
8300 

~ATTTGATAAATTT~ATTAGTATTTTATGTACTAAG AGAAAAATTTTAATTATTTAAATTTCCATTAGTTACATTATTA~aA 
.~...tRNAhiS . L W L I C S E .S K L i L L N L p L W H L M L L Y E 

CGAATTTTACCTCTTCTAAATGAATATACCCCAGAAAATAATTTACCATGTTGACTAAAAGAATATAAATATAAAGTATAGGCTGCTCTAAAGAAAGATA 8400 
~CT~AAATGGAGAAGATTTACTTATATGGGGTCTTTTATTAAATG~TACAACTGATTTTCTTATATTTA~TTTCATATCCGACGAGATTTCTTTCTAT 
R I K G S S F S y V G S F L K G H Q S F S Y L Y L T Y A A S F F S 

T~TT~TATTATATTAATAA~TTTAAGTA~TGGTTCTTT~TTAAGATAAATTATTTCTTTAAAGAGGATTATTTAAATTuua~~L~S~W~WSV~SNLLS E G L L N L T P P  A M N  

AGCTGATCTTAATAAAAATCATCATAAAGTTATAGCAGGTATAAAATTTAATAACCr 8600 
T~GACTAGAATTATTTTTAGTAGTATTTCAATATCGTCCATATTTTAAATTATTGGGGAATEKTTAATTATAAGAAGCAGAAGGATTAGCAAGTATTCTT 
A S S L L F W W L T M A P M F N L L G K N I L M S R  G L R E Y S  

ACATTTGCTAAACAAAATAAACCAGAAGAACATAAACCATGAGCAATTATTAATGTATAAGATCCACATAATCCTCAATAAGTTATTGTTAATAAACCAG 8700 
TG~AACGATTTGTTTTATTTGGTCTTCTTGTATTTG~TACTCGTTAATAATTACATATTCTAGGTGTATTAGGAGTTATTCAATAACAATTATTTGGTC 
V N A L C F L ~ $ S C L G H A i M L T y S G C G W Y T M T L L G A 

C~AAACAATTCCTATATG~GCAACTGATGAATATGCAATTAAA~CCTTTAAATCAGTTTGTCGTAAACATACTAATCTTATTAACACACCTCCTACTAA 8800 
~ATTTTGTTAAGGATATACTCGTTGACTACTTATACGTTAATTTCGGAAATTTA~TCAAACAGCATTTGTATGATTAGAATAATTGTGTGGAGGATGATT 

L V i G M H A V S S y A I L A K L D T Q R L C V L S M L V G G V L 

TCTAATTCTAATTCAAACAAATCTATATTTTAAATTTATTAATTGTAAAAAATTAATTACTCGTAATAAACCATAACCTCCTAATTTTAATATAATACCA 
~ATTAAGATTAAGTTTGTTTAGA~TAAAATTTAAATAATTAACATTTTTTAATTAATGAGCATTATTTGGTATTGGAGGATTAAAATTATATTATGGT 
S I S I W V F S Y K L N M L Q L F N I V R L L G Y G G L K L M I G  
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GCTAAAATTATAGAACcAGATACAGGAGCTTCAACATGAGCTTTAGGTAATCATAAATGTACTAAAAATATTGGTATTTTCACTAAAAAAG~A~ATAATA 9000 
CGATTTTAATATCTTGGTCTATGTCCTCGAAGTTGTACTCGAAATCCATTAGTATTTACATGATTTTTATAACCATAAAAGTGATTTTTTCGTGTATTAT 
A L I M S G S V P A E V H A K P L W L H V L F M P M K V L F A C L 

AACAAAAATATAATAAATcATAATTAAACATAAAATTATTTATTAAATAAAAATTTATTGACccAGTTTTATTTATTACATAAAAAATTCCAATTAATAT 9100 
TTGTTTTTATATTATTTAGTATTAATTTGTATTTTAATAAATAATTTATTTTTAAATAACTG••TCAAAATAAATAATGTATTTTTTAAGGTTAATTATA 

C F Y L L D Y N F M F N N M L Y F N M G T K N M V Y F I G I L M 

AGGTAAAGAAACTAATAAAGTATAAAATAATAAATAAACACCAGCTTGCAATCGTTCCGGTTGATAACCTCATCCTAAAATTAAAAATAATGTAGGAATT 9200 
TCCATTTCTTTGATTATTTCATATTTTATTATTTATTTGTGGTCGAACGTTAGCAAGGCCAACTATTGGAGTAGGATTTTAATTTTTATTACATCCTTAA 
P L S V L L T Y F L L Y V G A Q R E P Q u G W G L I L F L T P I 

AATCTTCTTTCAAAAAATAAATAAAATATAAATAATCTTATTCTAGAAAAAGTTAAAACCAATAATAATAACAAAATAACAATATTTAATAAAAATAAAT 9300 
TTAGAAGAAAGTTTTTTATTTATTTTATATTTATTAGAATAAGATCTTTTTCAATTTTGGTTATTATTATTGTTTTATTGTTATAAATTATTTTTATTTA 
L S S E F F L Y F M F L S M S S F T L V L L L L L I V I N L L F L  

TTTTGTAATTATTATATTTATTAATTcTTTCTCTAGCTAATAATATcAATGAAcAAATTCATAAACTAAGcAAAAcCAAAccATAAGATAATATATcACA 9400 
AAAACATTAATAATATAAATAATTAAGAAAGAGATCGATTATTATAGTTACTTGTTTAAGTATTTGATTCGTTTTGGTTTGGTATTCTATTATATAGTGT 

K Y N N Y K N I S E S A L L M L S C I W L S L L V L G Y S  M D C  

TCCTAAAAAATAAGAAATTTCTGATCAATAATTTATAAAATTATTTATTAATAAAAAAATAAATCTAATAAAAAATAGTATAATTTGTACCATTCAATAT 9500 
AGGATTTTTTATTCTTTAAAGACTAGTTATTAAATATTTTAATAAATAATTATTTTTTTATTTAGATTATTTTTTATCATATTAAA•ATGGTAAGTTATA 
G L F Y S I E S W Y N M F N N M L L F I F S I F F L M I Q V M W Y  

ATATTATTAATAAAACAAACAGGAGTTAAAAATAATAAAAATAAAATAATTTTTAACATTATATAATTCTAAAAGATTGAAAATAATCATTACCATGAGT 9600 
TATAATAATTATTTTGTTTGTCCTCAATTTTTATTATTTTTATTTTATTAAAAATTGTAATATATTAAGATTTTCTAACTTTTATTAGTAATGGTACTCA 
M N N I F C V P T L F L L F L I I K L M * * M I S F S Q F Y D N G H T  

-I---URF4 

AcGAATTA~GAAAcCAAAATTGATAAAcCTAAAGcTcCTTcAcATAcTCTAAATGTTAAAAATATTATTcTAAAATAATTTTCATAATTTAGTATATTT 9700 
~cT~A~A~c~GGT~TTAAcTAT~T~A~T~c~A~AA~A~A~TTAcAAT~TTA~AATAA~A~r~TA~AAAA~AT~AAA~cATA~A~ 
R I M S V L I S L G L A G E C V S F T L F M M S F Y N E Y N L M N 

AAATAAATAAATAgTATAAAAAATAATATTAAAACAATAAATrr 9800 
TTTATTTATTTATTATATTTTTTATTATAATTTTGTTATTTAAGATTTGAATTTTCATAACTTTCATTTACAAAAGCTAATCTTTGTTTTGTTTTATTTG 
L Y I F L M F F L M L V I F E L S L L M S L L H K R N S V F C F L G 

tRNAthr..~ 
~TAAAATAAATAAAATTATAGGTAAACTT~AATATAAAATTATAATCATT~TTTTAATAGTTTAATAAAAACATTGGTCTTGTAAATCAAAAATAAGAT 9900 
GATTTTATTTATTTTAATATCCATTTGAAGTTATATTTTAATATTAGTAATCAAAATTATCAAATTATTTTTGTAACCAGAACATTTAGTTTTTATTCTA 

L I F L I M P L S W Y L I M I M  
-~---URF4L 

URF6~ 
I I Q L M  

TATTTCTTTTAAAAC~CAAGAGAAAAGAAATTTCTTTTTCATTAATCCCCAAAATTAATATTTTATAAATAAACTACCTCTTGAAATTATTCAATTAAT 10000 
ATAAAGAAAATTTTG~GTTCTCTTTTCTTTAAAGAAAAAGTAATTAGGGGTTTTAATTATAAAATATTTATTTGATGG~AACTTTAATAAGTTAATTA 

- -  .o..tRNAPrO 

L Y S L I I T T S i l F F N N I H P L A L G L T L L I Q T I F V C  
ATTATA~TcATTAA~AT~Ac~AcATcrATTA~TTTT~AATATAA~cAcccA~A~cT~AG~TTAAcTT~A~AA~TcA~A~AATTrT~GrATG~ 10100 
TAATATAAGTAATTAATAATGATGTAGATAATAAAAAAAATTATATTAAGTGGGTAATCGAAATCCTAATTGAAATAATTAAGTTTGTTAAAAACATACA 

L L S ' G L M T K S F W Y S Y I L F L I F L G G M L V L F I Y V T S  
TTACTTTCAGGATTAATAACTAAAAGTTTTTGATACTCATACATTTTATTTTTAATTTTTTTAGGAGGAATACTTGTTTTATTTATTTATGTTACATCAT 10200 
AATGAAAGT•CTAATTATTGATTTTCAAAAA•TATGAGTATGTAAAATAAAAATTAAAAAAATCCTCCTTATGAACAAAATAAATAAATACAATGTAGTA 

L A S N E M F N L S I K L T L F S M F I L F F M F I L S M I L D K T  
TAGCTTCTAATGAAATATTTAATTTATCAATTAAATTAACTTTATTTTCCATATTTATTTTATTTTTTATATTTATTTTATCAATAATTcTTGATAAAAC 10300 
ATCGAAGATTACTTTATAAATTAAATAGTTAATTTAATTGAAATAAAAGGTATAAATAAAATAAAAAATATAAATAAAATAGTTATTAAGAACTATTTTG 

S I T L F L M N N E M Q S I I E M N S Y F T E N S L S L N K L Y N  
TTCTATTACTTTATTTTTAATAAATAACGAAATACAATCTATTATTGAAATAAATTCTTATTTTACAGAAAATTCTTTAT•TTTAAATAAATTATATAAT i0400 
AAGATAATGAAATAAAAATTATTTATTGCTTTATGTTAGATAATAACTTTATTTAAGAATAAAATGTCTTTTAAGAAATAGAAATTTATTTAATATATTA 

F P T N F V T I L L M N Y L L I T L I V V V K I T K L F K G P I R  
TTTCCAACAAATTTTGTAACAATTTTATTAATAAATTATTTATTAATTACTTTAATTGTTGTAGTAAAAATTACTAAACTATTTAAAGGTCCTATCCGAA 10500 
AAAGGTTGTTTAAAACATTGTTAAAATAATTATTTAATAAATAATTAATGAAATTAACAACATCATTTTTAATGATTTGATAAATTTCCAGGATAGGCTT 

Cytb--e~ 
M M S  e** M H K P L R N S H P L F K I A N N A L V D L P A P I N I S  
TAATATCTTAATTAATGCATAAACCTTTACGAAATTCCCACCCTTTATTTAAAATTGCTAATAATGCTTTAGTTGATTTACCAGCTCCAATTAATATTTC 10600 
ATTATAGAATTAATTACGTATTTGGAAATGCTTTAAG~TGGGAAATAAATTTTAACGATTATTACGAAATCAACTAAATGGTCGAGGTTAATTATAAAG 

S W W N F G S L L G L C L I I Q I L T G L F L A M H Y T A D V N L  
AAGATGATGAAATTTTGGATCATTACTT•GATTATGTTTAATTATTCAAATTTTAACTGGATTATTTTTAGCTATACA•TA•ACAG•AGATGTTAACTTA 10700 
TTCTACTA•TTTAAAA••TAGTAATGAA•CTAATACAAATTAATAAGTTTAAAATTGACCTAATAAAAATCGATATGTGATGTGTCGTCTACAATTGAAT 

A F Y 'S V N H I C R D V N Y G W L L R T L H A N G A S F F F I C I 
GCTTTTTATAGTGTTAATCATATTTGCCGAGATGTAAATTATGGTTGATTATTAC•AACTTTACACGCTAACGGTGCATCATTTTTTTTTATTTGTATTT 10800 
CGAAAAATATCACAATTAGTATAAACGGCTCTACATTTAATACCAACTAATAATGCTTGAAATGTGCGATTGCCACGTAGTAAAAAAAAATAAACATAAA 

y L H i G R G" i u y "G S u L F T p" T W U "V G V I l L F" L V M �9 T A F 
A•TTACATATTGGTCGAGGAATTTATTACGGATCATATTTATTTACACCAACTTGATTAGTAGGAGTAATTATTTTATTTTTAGTAATAGGAACAGCTTT 10900 
T•AATGTATAACCAGCT•CTTAAATAATGCCTAGTATAAATAAATGTGGTTGAACTAATCATCCTCATTAATAAAATAAAAATCATTATCCT•GTCGAAA 

M G Y V L P W G Q M S F W G A T V I T N L L S A I P Y L G M D L V  
TATAGGTTATGTTTTA•CTT•AGGACAAATATCATTTT•AGGAGCAACTGTAATTACTAATTTATTGTCAG•TATCC•TTATTTAGGTATAGACTTAGTA 11000 
ATATCCAATACAAAATGGAACTCCTGTTTATAGTAAAACTCCT~GTTGACAT~AATGATTAAATAACAGTCGATAGGGAATAAATCCATAT~TGAATCAT 



CQ W L W G G F A V D N A T L T R F T F H F I L P F I V L A" M T M " 
•AATGATTATGAGGAGGATTTGCT•TAGATAATGCTACTTTAACTCGATTTTTCACATTTCATTTTATTTTACCTTTTATTGTT•TTGCTATAACTATAA iii00 
TTACTAATACTCCT•CTAAACGACATCTATTA•GATGAAATTGAGCTAAAAAGT•TAAAGTAAAATAAAATGGAAAATAACAAGAACGATATTGATATT 

I H L  F L H Q T G S N N P I G L N S N I D K  P F H P Y F T F K D  
TTCATCTACTATTTTTACATCAAACAGGATCTAATAACCCTATTGGTTTAAATTCTAATATTGATAAAATT•CTTTTCACCCATACTTCACATTTAAG•A 11200 
AAGTAGATGATAAAAATGTAGTTTGTCCTAGATTATTGGGATAACCAAATTTAAGATTATAACTATTTTAAG•AAAAGTGGGTATGAAGTGTAAATTCCT 

I V G F I V M I F I L I S L V L I S P N L L G D P D N F I P A N P  
TATTGTAGGATTTATTGTAATAATTTTTATTCTAATTTCATTAGTTTTAATTAGACCAAATTTATTGGGAGACCCAGATAACTTTATTCCT~CTAATCCT ll300 
ATAACATCCTAAATAACATTATTAAAAATAAGATTAAAGTAATCAAAATTAATCTGGTTTAAATAACCCTCTGGGTCTATTGAAATAAGGACGATTAGGA 

L V T P A H I Q P E W Y F n F A A 1 U R S I P N K L G G V I A m 
~TACTAACACCAGCTCACATTCAACCAGAATGATATTTTTTATTTG~TTACG~AATTCTTCGTTCAATTCCTAATAAATTAGGAGGAGTTATTGCATTAG 11400 
A~ATT~TGGTCGAGTGTAAGTTGGTCTTACTATAAAAAATAAACGAATGCGTTAAGAAGCAAGTTAAGGATTATTTAATCCTCCTCAATAACGTAATC 

V L S A I L M I L P F Y N L S K F R G Q F y P I N Q I L F W S M ~ TTTATCAATTGCAATTTTAATAATTTTA~CTTTTTATAATTTAAGAAAATTCCGAGGAATCCAATTTTATCCAATTAA~CAAATTTTATTTTGATCTAT 11500 
AAATAGTTAACGTTAAAATTATTAAAATGGAAAAATATTAAATTCTTTTAAGGCTCCTTAGGTTAAAATAG~TTAATTGGTTTAAAATAAAACTAGATA 

L V T V I L L T W  G A R P V E E P Y V L I G Q I L T I I Y F L Y  ~ TTAGTTACAGTAATTTTATTAACATGAATTGGAGCTCGACCAGTTGAA~AA~CTTATGTATTAATTGGACAAATTTTAACTATTATTTATTTTTTATAT 11600 
~T~AATGTCATTAAAATAATTGTACTTAACCTCGAGCTGGTCAACTTCTTGGAATACATAATTAACCTGTTTAAAATTGATAATAAATAAAAAATATA 

�9 s e r  
Y L I N P L V T K W W D N L L N *** tRNAucN ''e" 

TATTTAATTAACCCACTAGTTACAAAATGATGAGATAATTTATTAAATTAATTAAT~GTT~ATGAGCTTGAACAAGCGTATGTTTTGAAAACATAAGA ~ 11700 
A~AATTAATTGGGTGAT~AATGTTTTACTACTCTATTAAATAATTTAATTAATTAATCAATTACTC~AA~TTGTTCGCATACAAAACTTTTGTATTCTA 
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~ TTAATTTTCTATTAAC TI~FTTACTAAAAAAAATTCACAATAAAAAAGAAAA TAATAAAATTTTAAAC C CAA TAAAAAATAATAAATAATTTAAAG 11800 
TTAAATTAAAAGATAATTGAAAAA TGATTTTTTTTAAGTGTTATTTTTTC TTTTA TTATTTTAAAA TTTGGGTTA TTTTTTA TTATTTA TTAAATTTC 

*** N E M L K K S F F I W L L F S F L L I K F G I F F L L Y N L S 

AAAAT~ATAAAAAACATTTTCAAGCTAAATATATTAATTTAT~ATAACGAAA~CGAGGTAATGTACCTCGAGCTCAAATAAATACAAATGAAATAAAAGT i1900 
TTTTAC TATTTTTTGTAAAAGTTCGA TTTATATAATTAAATAG TATTGCTTTGGCTC CA TTACA TGGAGC TCGAGTTTATTTA TO TTTAC TTTA TTTTCA 

F S L F C K W A L Y M L K D Y R F R P L T G R A W 1 F V F S l F T 

TAATTTTACATAAAATAATAAATTAAATACATCACAACCTAAAAAAATTACACAAAACAATATTCTTATAAATAAAATTCTAGCATATTCTGCTATAAAA 12000 
ATTAAAATG TATTTTATTATTTAATTTATGTAGTGTTGGATTTTTTTAATGTGTTTTG TTATAAGAATA TTTATTTTAAGATCGTATAAGACGATATTTT 
L K V Y F L L N F V D C G L F I V C F L M S M F L I S A Y E A M F 

ATTAAAGCAAAAC~ACCTCTTCTATATTCTACATTAAATCCTGAAACTAATTCTGATTCACCTTCAGCAAAATCAAAAGGAGTTCGATTAGTTTCAGCTA 12100 
TAATTTCGTTTTGGTGGAGAAGATATAAGATGTAATTTAGGACTTTGATTAAGACTAAGTGGAAGTCGTTTTAGTTTTCCTCAAGCTAATCAAAGTCGAT 
I L A F G G S S Y E V N F G S V L E S E G E A F D F P T m N T m A L 

ATGAAATTGTTAATCAAACTAAACTTATACGAAATAAAATAATTAAAAATCATATATAAATTTGGTAATAAAAAAAATAAATTATATTATAACTCCCAAT 12200 
TACTTTAACAA TTAG TTTGATTTGAATATCCTTTATTTTATTAATTTTTAGTATATA TTTAAA C CA TTATTTTTTTTATTTAA TA TAA TA TTGAGGG TTA 

S I T L W V L S M P F L I I L F W M Y 1 Q Y Y F F Y 1 M N Y S G 

TAAAAAAATAAATGATAATATAATTAAA~CTAATCTAACTTCATAAGAAATAGTTTGAGCCACAGCTCGTAAACCCCCTAATAAAGCATAATTAGAATTA 12300 
ATTTTTTTATTTACTATTATA TTAATTTCGATTAG A TTGAAGTATTC TTTA TCAAACTC GOTG TCOAGCATTTGGGGGATTA TTTCGTATTAA TC TTAAT 
L F I F S L M I L A L S V E Y S T Q A V A R L G G L L A Y N S N 

GAAGATCAGCCAGCTACTATAACTGTATAAACTCC TAATCTTGTACAACATAAAAAAAATAATCCACCTAAATTAAAAGAGTATAATTTAACAAAAAAAG 12400 
CTTCTAGTCGGTCGATGATATTGACATATTTGAGGATTAGAACATGTTGTATTTTTTTTATTAGGTGGATTTAATTTTCTCATATTAAATTGTTTTTTTC 
S S W G A V H V T Y V G L S T C C L F F L G G L N F S Y L K V F F 

GTATACATATTCAAA~AAATAAAGATAAAAATAAAGAAAAAATAGGAGAAATATAATATCTTAAATAATTTGATAATAATGGATAAGTTTGTTCTTTTGT 12500 
CATATGTATAAGTTTGTTTATTTCTATTTTTATTTCTTTTTTATCC TCTTTATATTA TAGAA TTTA TTAAAC TATTA TTA CCTA TTCAAACAA GAAAACA 

M C M W V F L S L F L S F 1 P S I Y Y S L Y N S L L P y T Q E K T 

AAATAATTTAATTG~ATCACAAAAAGGTTGAGGAATTCCTATTAAACCAACTTTATTAGGTCCTTTACGAATTTGAATATACCCTAAAACTTTACGTTCT 12600 
TTTATTAAATTAACGTAGTGTTTTTCCAACTC•TTAAGGATAATTT•GTTGAAATAATCCAGGAAATGCTTAAA•TTATATGGGATTTTGAAATGCAAGA 
F L K I A D C F P Q P I G M n G V K N P G K R I Q I Y G L V K R E 

AATAAAGTTAAAAAAGCTACACTTACTAATACACAAATAATTAATAATAAACTTCCAATTAATGATAAAATAAATTCTATATAAAACAAGTACTATTTGT 12700 
TTATTTCAATTTTTTCCATG TGAATGATTATGTGTTTATTAATTATTATTTG AAGG TTAATTA CTATTTTATTTAAGATATATTTTGTT(~ATGATAAAC..A- 
L L T L F A V S V L V C I I L L L S G I L S L I F E M 

.4~..-URFI 

A A-~TAAAAATTACATATATAAATTCTAAATTTATTGCACTAATCTGCCAAAATAGTTTATTATATATTAATAAT-ATTCTTATATAAAAATATAATTATTTT 12B00 
TT-~'TTTTAATG TA TATATTTAAGA TTTAAATAA-~TGA TTAGACGG TTTTA TC~A_-A-T_-_A~-T_-~_A_-A_-T--_T~T_-T--A--TAAGAATATATTTTTATATTAA TAAAA 

AATATTTG~TCCTTTCGTACTAAAATATTATAATTTTTTAAAGATAGAAACCAACCTG~TTACACCGGTTTGAACTCAGATCATGTAAGAATTTAAAAG 12900 
TTATAAACCAGGAAAGCATGATTTTATAATATTAAAAAATTTCTATCTTTGGTTGGACCGAATGTGGCCAAAC TTGAGTCTAGTACATTCTTAAATTTTC 

TCGAACAGACTTAAAATTTGAACGGCTACACCCAAAATTATATCTTAATCCAACATCGAGGTCGCAATCTTTTTTATCGATATGAACTCT~CAAAAAAAT 13000 
AGCTTGTCTGAATTTTAAACTTGCCGATGTGGGTTTTAATATAGAATTAGGTTGTAGCTCCAGCGTTAGAAAAAATAGCTATACTTGAGAGGTTTTTTTA 

TACGCTGTTATCCCTAAAGTAACTTAATTTTTTAATCATTATTAATGGATCAATTATTCATAAATTAATGTTTTTTAAAATTAAAA~TTTTTTAAATTTT 13100 
ATGCGACAATAGGGATTTCATTGAATTAAAAAATTAGTAATAATTAC•TAGTTAATAAGTATTTAATTACAAAAAATTTTAATTTTCAAAAAATTTAAAA 

AATATCACCCCAATAAAATATTTTAATTTATTAAAATTAAATTAATCTTTATAATTAAAATAAATAAAATATAAAGATTTATAGG~TCTTCTCGTCTTTT 13200 
TTATAGTGGGGTTATTTTATAAAATTAAATAATTTTAATTTAATTAGAAATATTAATTTTATTTATTTTATATTTCTAAATATCCCAGAAGAGCAGAAAA 

AAATTAATTTTAGCTTTTTG~CTAAAAAAT`AAAATTCTATTTTAAATTTAAATGAAACAGTTAATATTTCGTCCAACCATTCATTCCAGCCTTCAATTAA 13300 
TTTAATTAAAATCGAAAAACTGATTTTTTATTTTAAGATAAAATTTAAATTTACTTTGTCAATTATAAAGCAGGTTGGTAAGTAAGGTCGGAACTTAATT 
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AAGACTAATGATTATGCTACCTTTGCACAGTCAAAATACTGCGGCCATTTAAAATTTTCAGTGGGCAGCTTAGACTTTATATATAATTCAAAAAGACATG 
TTCTGATTACTAATACGATGGAAACGTGTCAGTTTTATGACGCCGGTAAATTTTAAAAGTCACCCGTCCAATCTGAAATATATATTAAGTTTTTCTGTAC 

TTTTTGTTAAACAGGCGAACATTATTTTTGCCGAATTCTTTATTTAAACTTTTCATAAAAATTTATTTTAACAATATTATATACTAATTCTATCATTATT 
AAAAACAATTTGTCCGCTTGTAATAAAAACGGCTTAAGAAATAAATTTGAAAAGTATTTTTAAATAAAATTGTTATAATATATGATTAAGATAGTAATAA 

ACTTAATTTTAAATATTAAAATTAATATTTTAATAAATAATTAAAATTTAATAAATAATTTAATTTATAAAATAAATTATAACACATTTTTTAATAATTG 
TGAATTAAAATTTATAATTTTAATTATAAAATTATTTATTAATTTTAAATTATTTATTAAATTAAATATTTTATTTAATATTGTGTAAAAAATTATTAAC 

CTAATTCTAAGCATATATTTATTAAATTTATTTATTATTTTTAAAAATTTATTTTATAGCTTATCCCATAAAATATTAAAATTATAAATTATTTAATTAA 
GATTAAGATTCGTATATAAATAATTTAAATAAATAATAAAAATTTTTAAATAAAATATCGAATAGGGTATTTTATAATTTTAATATTTAATAAATTAATT 

ATAAATAATTAAATAAATTTATAATTTCTAAATTAAATTTATTTCTTAAAAAACTAGATACCTTTAAAAACGAATAACATTTCATTTCTAATATAATATT 
TATTTATTAATTTATTTAAATATTAAAGATTTAATTTAAATAAAGAATTTTTTGATCTATGGAAATTTTTGCTTATTGTAAAGTAAAGATTATATTATAA 

ATAAATAATTTTGTCACATTAACTTAAATATTATATTAACTCTTTTAAAATCGAGAAAAATAAATATTTATTTTTTATTTAATAAACGCTGATACACAAG 
TATTTATTAAAACAGTGTAATTGAATTTATAATATAATTGAGAAAATTTTAGCTCTTTTTATTTATAAATAAAAAATAAATTATTTGCGACTATGTGTTC 

GTACAATAAATTAAATTTTCTTTTAAAATAAAATTTTTTCAAATTATTTCAATTTTCTTTTACAATACTAATATACTATTATTAAAATTATTTTTTCTTT 
CATGTTATTTAATTTAAAAGAAAATTTTATTTTAAAAAAGTTTAATAAAGTTAAAAGAAAATGTTATGATTATATGATAATAATTTTAATAAAAAAGAAA 

AAAcAATA•TAAAAcTTT•AAATTTA•AGTTATTTcTAATATTTTTATATAAAATAATTAAAATTAATAAATAAAA•ATAATcAATTTATATTGA••Tcc 
T T TG T TATG A TTTTG A AAATTTAAATATCAATAAAG A T T A T AAAAA T ATA T T T TA TTA A T T ~ T~I%~ ~_T_-~s ~I~T %~A G T T AAATATAA C T AAAC G 

-q--large rRNA 

ACAAAAATCTTTTCAATGTAAATGAAATGCTTTACTTAATAAGCTTTAAATTGTCATTCTAGATACACTTTCCAGTACATCTACTATGTTACGACTTATC 
TGTTTTTAGAAAAGTTACATTTACTTTAC~AAATGAATTATTCGAAATTTAAC~A~T~T~-T--~TCATGTAGATGATACAATGCTGAATAG 

-- .o..tRNAVal 

TTACCTTAATAATAAGAGCGACGGGCGATGTGTACATATTTTAGAGCTAAAATCAAATTATTAATCTTTATAATTTTACTACCAAATCCACCTTCAAAAA 
AATGGAATTATTATTCTCGCTGCCCGCTACACATGTATAAAATCTCGATTTTAGTTTAATAATTAGAAATATTAAAATGATGGTTTAGGTGGAAGTTTTT 

TTTTTTCATAATTTTATCCGTTTAAATAAATTTATTGTAACCCATTATTACTTAAATATAAGCTACACCTTGATCTGATATAAATTTTTATTAAAATTAT 
AAAAAAGTATTAAAATAGGCAAATTTATTTAAATAACATTGGGTAATAATGAATTTATATTCGATGTGGAACTAGACTATATTTAAAAATAATTTTAATA 

TGAATATTATTATTCTTATAAAATATTCTGATAACGACGGTATATAAACTGATTACAAATTTAAGTAAGGTCCATCGTGGATTATCGATTACAAAACAGC 
ACTTATAATAATAAGAATATTTTATAAGACTATTGCTGCCATATATTTGACTAATGTTTAAATTCATTCCAGGTAGCACCTAATAGCTAATGTTTTGTCC 

TTCCTCTGGATAGACTAAAATACCGCCAAATTTTTTAAGTTTCAAGAACATAACTATTACTACTTTAGCAATTTATTTACATTTTAAATAATAGGGTATC 
AAGGAGACCTATCTGATTTTATGGCGGTTTAAAAAATTCAAAGTTCTTGTATTGATAATGATGAAATCGTTAAATAAATGTAAAATTTATTATCCCATAG 

TAATCCTAGTTTTTTATTAAAATTTTTTAACTTCAATTATTATTTTATAAAATAATTTAAATATAAAATTTCACTTAATATATTTAATTTTATTTTTAAA 
ATTAGGATCAAAAAATAATTTTAAAAAATTGAAGTTAATAATAAAATATTTTATTAAATTTATATTTTAAAGTGAATTATATAAATTAAAATAAAAATTT 

TAAATCAATTTAATTCATACTAAAAAAATTTATTTGTATTATTGGTATAACCGCGACTGCTGCCACCAATTTGGTCAATACTTTTTAATATTGCTATTTC 
ATTTAGTTAAATTAAGTATGATTTTTTTAAATAAACATAATAACCATATTGGCGCTGACGACCGTGGTTAAACCAGTTATGAAAAATTATAACGATAAAG 

TAAATTTCTTTAATTAATAATATTAATTACTGCGAATAAATAATTTATAATATATTTATTTTTTAAATAAATATAAATTCACACAAAAATTTACATATAA 
ATTTAAAGAAATTAATTATTATAATTAATGACGCTTATTTATTAAATATTATATAAATAAAAAATTTATTTATATTTAAGTGTGTTTTTAAATGTATATT 

13400 

13500 

13600 

13700 

13800 

13900 

14000 

14100 

14200 

14300 

14400 

14500 

14600 

14700 

14800 

14900 

A+T rich region 
ATCAAA•TAATAACAAATTTTTAAGCCAAAATAAAA•TTTAAAAATATACAATAAAAAAAT•TA•TTA•AATATAAA•TTAATAAAATT•ATCAAAATAA 15000 
TAGTTTGATTATT~TTTAAAAA~%%~@~-~TTTATATGTTATTTTTTTAAATAAATATTATATTTAAATTATTTTAAATAGTTTTATT 

-~---small rRNA 

TTTTTATAAArAATAAATAAAA~AAAAAATAATAGATAATTrAAATAATAATTAATAAATAAAAACTTTATAAACAAAAATAATT~AATTTATATA~ATA 15100 
AAAAATATTTATTATTTATTTTATTTTTTATTATCTATTAAATTTATTATTAATTATTTATTTTTGAAATATTTGTTTTTATTAAATTAAATATATATAT 

TATATATATTAGTATATTAAATAAAATTCAAATTATTTTTTATCATAAATAATTAATAATTAAAATTAGTAAAATTTTTAAAAAAATAATAAAATTTGTA 
ATATATATAATCATATAATTTATTTTAAGTTTAATAAAAAATAGTATTTATTAATTATTAATTTTAATCATTTTAAAAATTTTTTTATTATTTTAAACAT 

ACTTATAATAAACTATTTAAATAATTATTTTTAATCACTAAATCTGATAACTTATTCCCCTATAATAAAATATAATAATTTCTTAAATTAAATACCTTAT 
TGAATATTATTTGATAAATTTATTAATAAAAATTAGTGATTTAGACTATTGAATAAGGGGATATTATTTTATATTATTAAAGAATTTAATTTATGGAATA 

TTACATATTTATTTTTTAATATTTATACAAATAAAATTATTTTTTTTATACATTAAAATAATAAAAATTAAAATTAATAAAATTTACTATATTTATTAAA 
AATGTATAAATAAAAAATTATAAATATGTTTATTTTAATAAAAAAAATATGTAATTTTATTATTTTTAATTTTAATTATTTTAAATGATATAAATAATTT 

CAAAATAATTATTTATAAATAAAAATTATAAAACAATATTTGTTAATTAAATAAATTAAAAAATTTTATAAATTAATTAATAAATTATAATAATTTTTAA 
GTTTTATTAATAAATATTTATTTTTAATATTTTGTTATAAACAATTAATTTATTTAATTTTTTAAAATATTTAATTAATTATTTAATATTATTAAAAATT 

15200 

15300 

15400 

15500 

AATATTAATTTTAAAATTATATTAATTAAATAAATTTTTCTAATTAATAATTATTTATAAAATAATAAAAAACCTATTCTTTTTTTTTTTTTAAAAAAAA 15600 
TTATAATTAAAATTTTAATATAATTAATTTATTTAAAAAGATTAATTATTAATAAATATTTTATTATTTTTTGGATAAGAAAAAAAAAAAAATTTTTTTT 



AATTTTTGTATACTAAGTTCTAAATTAATAGATAATCTATATATATATAAATGTTTAATATATTATAATATAGTTAACAATTTAAATAAAAAATTTCACA 
TTAAAAACATATGATTCAAGATTTAATTATCTATTAGATATATATATATTTACAAATTATATAATATTATATCAATTGTTAAATTTATTTTTTAAAGTGT 
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15700 

ATCCAAAAATGGTAACATAATTTGTAAAAAAAAATCTATATTCAAATATTTATATAACATTCTTGGATTTATATAAATAATATAATAATTTAATTAATTA 15800 
TAGGTTTTTACCATTGTATTAAACATTTTTTTTTAGATATAAGTTTATAAATATATTGTAAGAACCTAAATATATTTATTATATTATTAAATTAATTAAT 

TTATATATTTATATATTTATATATAGTTGAAGATTTATATTACATATATATCTATATAGAAAAATAAAATTATTTTAATAATTTTTATAAAAATATTTTA 15900 
AATATATAAATATATAAATATATAT•AACTTCTAAATATAATGTATATATAGATATATCTTTTTATTTTAATAAAATTATTAAAAATATTTTTATAAAAT 

TGAATTCCTAAAATGTGTTATCTAATATAAATCAATTAATTTTTAAAAATTGTAATCTTTTAAAAAAAAAATAGTAAATAATAAAAAAAAAAAAAAAAAA 16000 
ACTTAAGGATTTTACACAATAGATTATATTTAGTTAATTAAAAATTTTTAACATTA•AAAATTTTTTTTTTATCATTTATTATTTTTTTTTTTTTTTTTT 

AGATGAGTTTTTTATTATT 
TCTACTCAAAAAATAATAA 

Fig. 1. The 16,019 nucleotide sequence of the circular D. yakuba mtDNA molecule. The numbering shown begins with the first 
nucleotide of  the tRNA "~ gene, proceeds through that gene continuously around the entire molecule, and terminates with the last 
nUcleotide of the A + T-rich region adjacent to the tRNA i~ gene (see Fig. 2). Transfer RNA genes are boxed and the anticodon of  
each is underlined. The terminal regions of the two rRNA genes are marked with broken lines above and below. The predicted amino 
acid sequence (one-letter code) of each protein gene is shown above the sense strand of the gene. An arrow indicates the direction of 
transcription of each gene. Asterisks indicate partial or complete termination codons. AGA codons are shown corresponding to serine. 
The "(M)" at the beginning of the COl sequence reflects uncertainty regarding translation initiation of this gene (see text). Cyt b, 
eytochrome b 

~D --o 
g~'Pase8 ---7 
{,URFA6L'} 

20 

x ~ 

14 
1 

0 

MQI 

0 / 

Drosophila yakuba 

27 
00 18 

~ 15 

10 

3.., 

c 

Fig. 2. Gene map of  the D. yakuba mtDNA 
molecule. The location of the origin of repli- 
cation (O) within the A + T-rich region 
(shaded) and the direction of replication (R) 
were determined by electron microscope stud- 
ies (Goddard and Wolstenholme 1980). The 
identities and arrangement of the various 
genes were determined from nucleotide se- 
quence studies (Clary et al. 1982, 1983, 1984; 
Clary and Wolstenholme 1983a,b, 1984a, 
1985). Each tRNA gene (hatched areas) is 
identified by the one-letter amino acid code, 
and individual serine and leucine tRNA genes 
are identified by the codon family (in paren- 
theses) that their transcription products recog- 
nize. Arrows within and outside the molecule 
indicate the direction of transcription of each 
gene. The numbers of apparently noncoding 
nucleotides that occur between the genes are 
shown at the gene boundaries on the inner 
side of  the map. Negative numbers indicate 
overlapping nucleotides of adjacent genes. An 
asterisk indicates an incomplete termination 
codon (T or TA) 

(87), and cow (57) (Anderson et al. 1981, 1982b; 
Bibb et al. 1981). 

The relative arrangements and transcriptions of  
the genes within the D. yakuba and mouse m t D N A  
molecules are compared in Fig. 3. Five protein genes, 
the two rRNA genes, and 11 tRNA genes are ar- 
ranged differently relative to adjacent genes in the 
1), yakuba and mammalian m t D N A  molecules (Fig. 
3). One major difference in gene order between the 
two molecules could have resulted from transloca- 
tion and inversion of  a single segment containing 

the URF1, small rRNA, tRNA v"l, and large rRNA 
genes in a molecule ancestral to either the present- 
day D. yakuba or the present-day mouse m t D N A  
molecule. Alternatively, this difference in gene order 
could have resulted from a single inversion of  the 
segment containing the U R F 1 ,  small  rRNA,  
tRNA va~, and large rRNA genes and the adjacent 
replication origin-containing region. However, the 
latter explanation requires that following the inver- 
sion there occurred a change in the direction of  rep- 
lication around the molecule in either the line lead- 
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Fig. 3. Comparison ofgene arrangements in the mtDNA molecules ofD. yakuba and mouse. In the diagram the circular molecules 
have been linearized and aligned at the 3' ends of the tRNA ~~ genes. The solid bars linked by two-headed arrows indicate three 
segments comprising the URFI, tRNA v=~, and the two rRNA genes; the URF4L, URF4, URF5, and tRNA "~' genes; and the URF6 
gene, respectively, each of which has been translocated and/or inverted (circular arrows) between the two molecules. Transfer RNA 
genes that are in different locations in the two molecules relative to adjacent protein genes are shown as open squares and are connected 
by lines. In the mouse map [derived from that given by Bibb et al. (1981)], "OH" and "OL" indicate the origins of heavy- and light- 
strand synthesis, respectively. All other details are as given in Fig. 2 

ing to D. yakuba or that  leading to m a m m a l s .  A 
further ma jo r  difference in gene order  between D. 
yakuba and m a m m a l i a n  m t D N A  molecules seems 
to have  resulted f rom a single invers ion of  a segment  
containing the U R F 4 L ,  URF4 ,  t R N A  his, and  U R F 5  
genes. An independent  invers ion involving only the 
U R F 6  gene mus t  have  occurred in order  to explain 
why this gene is t ranscr ibed in opposi te  direct ions 
in the two molecules.  Compar i son  o f  the D. yakuba 
and m a m m a l i a n  m t D N A  gene m a p s  (Fig. 3) indi-  
cates that  nine t R N A  genes have  been indepen-  
dently t ranslocated during evolut ion.  Also, the 
t R N A  'h~ and  t R N A  pr~ genes appear  to have  been 
t ranslocated as a single segment.  

All o f  the genes in that  ha l f  o f  the D. yakuba 
m t D N A  molecule to the right o f  the A + T-r ich 
region, except for cy tochrome b, URF6 ,  and two 
t R N A  genes [ser (UCN) and  thr], are t ranscr ibed in 
the same direct ion as that  in which replication pro-  
ceeds a round  the molecule  (Fig. 2). All o f  the genes 
in the other  ha l f  o f  the molecule,  with the exception 
o f  three t R N A  genes (gly, cys, and tyr), are t ran-  
scribed in the other  direction. In contrast ,  in m a m -  
mal ian  m t D N A s  the r R N A  genes, 14 t R N A  genes, 
and all o f  the prote in  genes except U R F 6  are tran- 
scribed in the same direction, which is opposi te  to 
the direct ion o f  replicat ion (Anderson et al. 1981, 
1982b; Bibb et al. 1981). 

There  are three cases o f  genes over lapping in the 
D. yakuba m t D N A  molecule.  Two o f  these involve  

over lapping o f  the 3' ends o f  adjacent  genes ( tRNA t~p 
and  t R N A  cy" over lap  by  eight nucleotides; URF1 
and tRNA~Y~N by 18 nucleotides; Fig. 1). The  third 
case is the out-of-phase  over lapping o f  the 5' end 
o f  the ATPase6  gene by the 3 ' - te rmina l  seven nu- 
cleotides of  the ATPase8  gene. Small  over laps  also 
occur  between some  genes in m a m m a l i a n  m t D N A s ,  
the largest o f  which is a 40- to 46-nucleot ide over lap 
o f  the 3' end o f  the ATPase8  gene and  the 5' end of  
the ATPase6  gene (Anderson et al. 1981, 1982b; 
Bibb et al. 1981). 

Protein Genes 

Eleven o f  the D. yakuba mitochondr ia l  protein genes 
differ in size by less than  3% f rom the corresponding 
mouse  genes (Table 1). A deficiency in codons  in 
the 5' end o f  the D. yakuba U R F 5  gene relative to 
the mouse  U R F 5  gene is the ma in  c o m p o n e n t  o f  an 
overall  difference o f  6% between these genes. 

The  open reading f rame originally designated 
U R F A 6 L  in m a m m a l i a n  m t D N A s  has recently been 
shown to have  amino  acid sequence homology  and 
similari ty in t ranscript ional  control  to the ATPase8  
gene of  Saccharomyces cerevisiae (Macreadie et al. 
1983). Because U R F A 6 L  in D. yakuba m t D N A  has 
considerable nucleotide and a m i n o  acid sequence 
homology  to the mouse  U R F A 6 L  gene (Clary and 
Wols tenho lme  1983a), it has been r enamed  the 



Table 1. Comparisons of protein genes of D. yakuba and mouse 

Gone 

Number of 
amino acids % 

D. Differ- 
yakuba Mouse ence 

% 

% Amino 
Nucleo- acid 
tide se- 
sequence quence 
homol- homol- 
ogy~,, b ogy t' 

(D. (D. 
yakubaJ yakuba/ 
mouse) mouse) 

Cyt b 378 381 0.79 65 67 
CO1 512 514 0.39 72 75 
COIi 228 227 0.44 64 56 
COIII 262 261 0.38 67 64 
ATPase6 224 226 0.89 49 36 
ATPase8 53 67 20.90 59 26 
URFI 324 315 2.86 52 46 
URF2 341 345 1.16 47 35 
URF3 117 114 2.63 52 42 
URF4L 96 97 !.03 34 40 
URF4 446 459 2.83 51 42 
URF5 573 607 5.60 42 33 
URF6 174 172 1.16 38 17 

"These  values do not include nucleotides concerned with ter- 
mination 
These values include all deduced insertions/deletions. The mouse 
data are taken from Bibb etal .  (1981) 

ATPase8 gene. The ATPase8 genes of  D. yakuba 
and mouse show a 20% difference in size, which 
results mainly from the D. yakuba gene lacking the 
equivalent of  a segment of  12 codons at the 3' end 
of the mouse ATPase8 gone that overlaps the 5' end 
of the ATPase6 gene. 

The amino acid sequence homology between the 
D. yakuba and mouse URF6 genes is less than that 
between any of  the other corresponding D. yakuba 
and mouse mitochondrial protein genes. However, 
the D. yakuba and mouse URF6 genes are almost 
identical in length (Table 1) and there is a striking 
similarity in the hydropathy profiles of  their amino 
acid sequences (Fig. 4). The latter observation sug- 
gests that in spite of  extensive divergence in the 
Primary sequences of  the D. yakuba and mouse 
URF6 genes, the function of  protein products of  
these genes has been conserved. 

Translation Initiation and Termination Signals 

An ATG, ATT, or ATA codon occurs at the begin- 
ning of  all of  the D. yakuba mitochondrial protein 
genes except the COl gene. In each case this codon 
either immediately follows the previous gene or is 
Separated from it by no more than 15 nucleotides. 
The view that, as in mammalian mtDNAs, ATT 
and ATA are used in addition to ATG as initiation 
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Fig, 4. Comparison of  the hydropathy profiIes of  the proteins 
predicted from the URF6 genes ofD. yakuba and mouse. Each 
profile was calculated by the method of Kyte and Doolittle (1982) 
using an 1 I-amino-acid window. Hydrophobic regions have hy- 
dropathy of  >0, and hydrophilic regions have hydropathy of <0. 
Corresponding hydrophobic domains in the two polypeptides are 
indicated as I-V 

codons is supported by the findings that the URF1, 
URF3, URF6, and ATPase8 genes totally lack ATG 
codons and that the first ATG codon in both the 
URF2 and URF5 genes occurs near the center of  
the gene. 

In D. yakuba mtDNA, as in mammalian mt- 
DNA, only one gene for a tRNA (anticodon CAT) 
expected to recognize methionine-specifying codons 
(AUG and AUA) has been located, and there is 
evidence that in mammals both mt- tRNA m~ and 
mt-tRNA r'met are specified by that gene (discussed 
in Van Etten et al. 1982). 

In both D. melanogaster and D. yakuba mtDNAs 
(Fig. 1), the COI gene lacks an ATN translation 
initiation codon and it has been reasoned that the 
tetranucleotide ATAA may serve this function (Clary 
and Wolstenholme 1983b; de Bruijn 1983). 

In a small number of  prokaryotic genes, G T G  
functions as a translation initiation codon (Stormo 
et al. 1982). G T G  occurs as the first in-flame triplet 
of  the open reading frames of  both the URF5 gene 
of D. yakuba (Fig. 1) and the URF 1 gene of  mouse 
(Bibb et al. 1981). Since the first ATN codon in both 
of  these genes is separated from the preceding tRNA 
gene by a greater number ofnucleotides than is found 
for any other mitochondrial protein gene (15 for D. 
yakuba URF5 and nine for mouse URF1), it seems 
worth considering the possibility that in these genes 
G T G  serves as a translation initiation codon. 

TAA is the only termination codon found in 
mouse mitochondrial protein genes. Some bovine 
and human protein genes also end in TAA but others 
end in TAG or AGA, and AGG appears to be the 
termination codon of  the human URF6 gene. A 
number of  mammalian mitochondrial protein genes 
end in a T rather than a termination codon, and this 
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Fig. 5. Potential stem and loop configurations of  the nucleotides of the junctional sequences of  the ATPase6 and COIII genes of 
mouse (Bibb et al. 1981) and D, yakuba, and of  the URF4L and URF4 genes ofD. yakuba. The number of nucleotides in each loop 
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T is immediately adjacent to the 5'-terminal nu- 
cleotide of the sense strand of a tRNA gene. It has 
been shown that the primary transcription products 
of  mammalian mtDNAs are multicistronic RNA 
molecules and that following precise cleavage to yield 
individual gene transcripts, those protein gene tran- 
scripts ending in U acquire a complete termination 
codon by polyadenylation (Ojala et al. 1980, 1981; 
Anderson et al. 1981). The only termination codon 
found in D. yakuba mtDNA is TAA (seven genes), 
although TAG is the termination codon of the D. 
melanogaster COIII gene (Clary et al. 1983). Four 
D. yakuba mitochondrial protein genes end in a T 
(Fig. 1). It seems plausible that a cleavage-polyade- 
nylation mechanism also operates in Drosophila mi- 
tochondria, as both polyadenylated mRNAs and 
mRNAs that could contain multiple gene transcripts 
have been obtained from D. melanogaster and D. 
virilis mitochondria (Spradling et al. 1977; Battey 
et al. 1979; Merten and Pardue 1981). 

The presence or absence of complete termination 
codons in corresponding mitochondrial protein genes 
of different mammals and D. yakuba is poorly con- 
served. The only protein genes that have the same 
terminal nucleotide(s) in mtDNAs of D. yakuba, 
mouse, human, and cow are URF2 and URF4 (a T 
in each case) and ATPase6 (a TA). 

The dinucleotide TA at the end of the D. yakuba 
ATPase6 and URF4L genes is in each case adjacent 
to the ATG codon of the following protein gene 
(COIII and URF4, respectively). An identical sit- 
uation is found for the ATPase6 and COIII genes 
in mouse and other mammalian mtDNAs, but in 
these molecules there is a seven-nucleotide out-of- 
phase overlap between the 3' end of  the URF4L 
gene and the 5' end of the URF4 gene. In HeLa cells 
there appears to be precise cleavage between the 
terminal UA of the ATPase6 transcript and the AUG 
initiation codon of the COIII transcript, but the 
regulatory signal by which this is facilitated has not 
been established (Anderson et al. 1981; Ojala et al. 

1981). However, as first pointed out by Bibb et al. 
(1981), the 3' end region of the ATPase6 genes of 
mouse, human, and bovine mtDNAs has the po- 
tential to form a hairpin structure with a stem of 
eight nucleotide pairs (with one or two mismatches) 
and a loop of 31 nucleotides, with the 5' terminus 
of the COIII gene lying at the base of the stem on 
the 3' side. A similar hairpin can be formed from 
the 3' end region of the D. melanogaster (de Bruijn 
1983) and D. yakuba (Fig. 5) ATPase6 genes, al- 
though in each of these species the stem would be 
expected to be less stable than in the proposed mam- 
malian structures and the loop is 44 nucleotides. 
Interestingly, however, the 3' end region of  the D. 
yakuba URF4L gene can also form a hairpin struc- 
ture with an 11-nucleoticte-pair stem (with one mis- 
match) and a 33 nucleotide loop (Fig. 5). These ob- 
servations are consistent with the view that the 
potential to form a secondary structure is in some 
way involved in cleavage site recognition in tran- 
scripts of genes with a TAATG junctional sequence. 

Ribosomal RNA Genes 

Unlike in mammalian mtDNAs, a tRNA gene is 
not located at the 5' end of the D. yakuba small 
rRNA gene. The 5' end of this gene was located by 
S1 protection analysis (Clary and Wolstenholme 
1985). The 3' end of the small rRNA gene and both 
the 5' and 3' ends of  the large rRNA genes (Fig. 1) 
have been identified by sequence homologies to the 
sequenced end regions of mosquito mt-rRNAs (Du- 
bin et al. 1982; HsuChen et al. 1984) and, in the 
case of the 3' end of  the large rRNA gene, from 
secondary structure comparisons (Clary et al. 1984). 

The D. yakuba small and large rRNA genes con- 
tain only 789 and 1326 nucleotides, respectively, 
and are the smallest metazoan rRNA genes reported 
to date. As first shown by Klukas and Dawid (1976) 
for D. melanogaster mt-rRNAs, the D. yakuba 



small and large mt-rRNA genes are unusually low 
in G + C content (21% and 17%, respectively). The 
3' 418 nucleotides of the D. yakuba small mt-rRNA 
gene are 60.1% homologous to the corresponding 
region of the mouse small (12S) mt-rRNA gene. 
Also, within the 3' 683 nucleotides of the D. yakuba 
large mt-rRNA gene are two sequences of 272 and 
302 nucleotides that are 67.7% and 67.9% homol- 
ogous, respectively, to correspondingly located se- 
quences in the mouse large (16S) mt-rRNA gene. 
However, the remaining 5' portions of the D. yak- 
uba small and large mt-rRNA genes are exception- 
ally low in G + C content (14.3% and 9.5%, re- 
Spectively) and convincing sequence homologies 
between these regions and corresponding regions of 
mouse mt-rRNA genes were found for only a few 
Short segments (Clary and Wolstenholme 1985). 

In spite of the small size and low G + C content 
of the D. yakuba mt- rRNA genes, segments 
throughout the ent.~re lengths of  both of  these rRNA 
genes can be folded into secondary structures that 
show remarkable resemblance to the secondary 
Structures proposed by Zweib et al. (1981) and Glotz 
et al. (I 98 I) for the corresponding segments of  mouse 
mt-rRNA genes. Also, the few convincing homol- 
ogous sequences in the 5' region of each of  the cor- 
responding D. yakuba and mouse rRNA genes occur 
at similar structural locations. Of particular interest 
is that many of the predicted helices in both D. 
yakuba genes, particularly in the 5' regions, are com- 
Posed either totally of A-T pairs or of mixtures of 
A-T and G-T pairs (Clary and Wolstenholme 1985). 

Differences in size between corresponding D. 
yakuba and mouse mt-rRNA genes result from the 
absence in the D. yakuba genes of specific blocks of 
Contiguous nucleotides that in the mouse genes form 
distinct loops, or stem and loop structures. These 
findings are consistent with data from comparisons 
of rRNA genes from a variety of organelle and non- 
organelle sources that indicate that variations in size 
are accounted for by deletion/insertion of blocks of 
Contiguous nucleotides (Chan et al. 1983; Ware et 
al. 1983; Woese et al. 1983; Clark et al. 1984; Gray 
et al. 1984). 

The high degree of conservation of secondary 
Structure in the D. yakuba and mouse mt-rRNA 
genes, particularly in the regions of  low sequence 
homology, provides strong support in favor of  dis- 
tinct functional significance for each of  the com- 
Ponent stems, loops, and interconnecting regions 
that are conserved in the secondary structure models 
of these genes. The secondary structures of the mouse 
rat-rRNA genes were based on a general model of  
secondary structure derived from comparisons of 
various organdie and nonorganelle rRNA genes 
(Woese et al. 1983; Noller 1984). The secondary 
structures proposed for Drosophila rRNA genes fit 
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the general model and in turn contribute to its va- 
lidity. 

Transfer RNA Genes 

Interpretation of sequences that lie between protein 
genes as tRNA genes is based primarily on the pos- 
sibility of  folding these sequences into the charac- 
teristic secondary structure oftRNAs. Further strong 
support for the interpretation of  these sequences as 
tRNA genes is the finding that six of them [ile, lys, 
arg, ser (AGY), asp, and f-metJ are between 84% 
and 96% homologous to corresponding mitochon- 
drial tRNAs (mt-tRNAs) from mosquito (Aedes at- 
bopictus) tissue culture cells (HsuChen et al. 1983a, 
b; Dubin and HsuChen 1984; Dubin et al. 1984). 
D, yakuba mt- tRNA genes are between 32% 
(tRNA "~) and 70% (tRNA ~sp, tRNA thr) homologous 
to their mouse counterparts. 

The general structure shared by 21 of  the D. yak- 
uba mt-tRNA genes resembles that shared by the 
21 corresponding mammalian mt-tRNA genes (Bar- 
tell et al. 1979; Crews and Attardi 1980; Van Etten 
et al. 1980, 1982; Anderson et al. 1982a; Roe et al. 
1982). The D. yakuba mt-tRNA genes vary in size 
from 63 nucleotides (tRNA cys) to 72 nucleotides 
(tRNAva~). There is strict conservation of the size of  
the aminoacyl stem (seven nucleotide pairs), the an- 
ticodon stem (five nucleotide pairs), and the anti- 
codon loop (seven nucleotides). The stem of  the 
dihydrouridine arm is either three or four nucleotide 
pairs and the loop is between three and eight nu- 
cleotides. The variable loop that lies between the 
anticodon and T~bC arms is always four or five nu- 
cleotides. Within the T~C arm, the stem varies in 
length from four to five nucleotide pairs and the 
loop from three to eight nucleotides. The trinucleo- 
tide sequence CCA, which occurs at the 3' end of  
prokaryotic and eukaryotic nuclear-encoded tRNA 
genes, is absent in this position from the D. yakuba 
mt-tRNA genes, as it is from mammalian mt-tRNA 
genes. 

There is considerable variation among D. yakuba 
mt-tRNA genes in regard to the presence of various 
nucleotides that are conserved in prokaryotic and 
eukaryotic nuclear-encoded tRNAs (see Sprinzl and 
Gauss 1984a,b). Only the conserved T33 and Pu37 
nucleotides that lie immediately 5' and 3', respec- 
tively, to the anticodons are found in all the D. 
yakuba mt-tRNA genes. Pu26 is found in all but the 
D. yakuba tRNA ~u gene, where it is a C. Also, the 
conserved nucleotide pair PY~ I-Pu24 occurs in all D. 
yakuba mt- tRNA genes except tRNA f-m~' and 
tRNA t~, where a G-C pair is found in this position. 

Some of the conserved nucleotides in the dihy- 
drouridine and T~bC arms of prokaryotic and eu- 
karyotic nuclear-encoded tRNAs are involved in 
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tertiary bonding (Kim 1979). The lack of conser- 
vation ofnucleotides in the dihydrouridine and TffC 
arms in D. yakuba mt-tRNA genes indicates that in 
the tRNAs transcribed from these genes, tertiary 
bonding is different and possibly weaker than in 
prokaryotic and eukaryotic nuclear-encoded tRNAs. 
Nucleotides that are conserved in the dihydrouri- 
dine and T~kC arms of eukaryotic nuclear-encoded 
tRNAs have been shown to function as recognition 
sites in the control of transcription of  individual 
tRNA genes (see Rajput et at. 1982 for references). 
Little is known concerning transcriptional control 
of D. yakuba mtDNA. However, as noted above, 
in mammalian mtDNAs transcripts of individual 
tRNAs (in which the nucleotide contents of dihy- 
drouridine and TffC arms are also variable) are 
cleaved from primary multicistronic transcripts that 
are initiated in or close to the heavy-strand repli- 
cation origin-containing region of the molecule 
(Montoya et al. 1982, 1983; Bogenhagen et al. 1984; 
Chang and Clayton 1984). Thus in mammalian 
mtDNAs, at least, the lack of conservation of  nu- 
cleotides in the dihydrouridine and TffC arms of the 
tRNA genes can be correlated with the absence of 
primary transcripts of individual tRNA genes. 

The t R N A ~ v  encoded by D. yakuba mtDNA is 
structurally different from the other tRNAs encoded 
in this genome (Clary and Wolstenholme 1984a). 
The dihydrouridine arm is replaced by an 1 l-nu- 
cleotide loop within which secondary structure for- 
mation seems unlikely. Also, both the variable loop 
(six nucleotides) and the T~kC loop (nine nucleo- 
tides) are larger than in other D. yalcuba mt-tRNAs. 
The identification of  the D. yakuba m t - t R N A ~ v  
gene is supported by the isolation of a mt-tRNA 
from mosquito tissue culture cells that is 91% ho- 
mologous to the D. yakuba m t - t R N A ~ v  gene, and 
can be folded into a structure similar to the one we 
have proposed, with a GCU anticodon (Dubin et 
al. 1984). Mammalian mtDNAs also contain un- 
usual t R N A ~ v  genes, in which the dihydrouridine 
arm is replaced by a five-nucleotide loop, and the 
corresponding tRNAs from bovine and human mi- 
tochondria have been identified (Arcari and Brown- 
lee 1980; de Bruijn et al. 1980). Proposed tertiary 
interactions between nucleotides of the bovine 
mt - tRNA~v  (de Bruijn and Klug 1983) could also 
occur in the tRNA predicted from the D. yakuba 
m t - t R N A ~ v  gene (Clary and Wolstenholme 1984a). 

Codon Usage and the Genetic Code 

Codon usage among the 13 protein genes olD. yak- 
uba mtDNA is shown in Table 2; 93.8% of all co- 
dons end in A or T. Among the individual protein 
genes the percentage of codons ending in A or T 

ranges from 91.6% for the CO1 gene to 98.1% for 
the ATPase8 gene. 

In spite of the very high use of codons ending in 
A or T, all codons except CAG, CGC, AGG, and 
TAG are found among the protein genes, and it has 
been shown, as mentioned above, that TAG is uti- 
lized as the termination codon of  the D. melano- 
gaster COIII gene (Clary et al. 1983). Peculiar to 
Drosophila mtDNA is the use of  AGA codons to 
specify serine. The triplets AGA and AGG specify 
arginine in the standard genetic code and are used 
only as rare termination codons (in human and bo- 
vine) or not at all (in mouse) in mammalian mt- 
DNA. In D. yakuba mtDNA, intemal AGA codons 
(a total of 73) are present in all protein genes except 
URF6. It is clear that these AGA codons do not 
specify arginine. None of  the AGA codons in the 
D. yakuba mitochondrial protein genes correspond 
in position to arginine-specifying codons (CGN) in 
the equivalent genes of  mouse mtDNAs. Also, none 
of the AGA codons of the D. yakuba cytochrome 
b, COI, COII, COIII, and ATPase6 genes corre- 
spond to arginine-specifying codons (AGA) in the 
equivalent mitochondrial genes of  yeast (Clary and 
Wolstenholme 1983b). 

Three related observations support the view that 
AGA specifies serine. Of the seven AGA codons 
found in the D. yakuba COI gene (which has the 
greatest homology to an equivalent mouse gene; Ta- 
ble 1) five correspond in position to serine-speci- 
fying codons in the mouse COI gene. Also, five of 
these seven D. yakuba AGA codons correspond in 
position to serine-specifying codons in the yeast CO1 
gene (Clary and Wolstenholme 1983b). Although 
the 73 AGA codons in D. yakuba mtDNA corre- 
spond in position to codons specifying 14 different 
amino acids in the equivalent mouse genes, AGA 
codons correspond to more than twice as many 
serine-specifying codons (23 total) than to codons 
specifying any other amino acid (10 for alanine), 
Similar arguments have been made by de Bruijn 
(1983) for corresponding nucleotide sequences of 
four complete and two partial genes of mtDNAs of 
D. melanogaster and human. The third and stron- 
gest line of evidence that AGA specifies serine in 
the D. yakuba mitochondrial genetic code was ob- 
tained from consideration of frequencies of nucleo- 
tide substitutions between AGA codons and AGT 
codons in six mitochondrial protein genes (URF2, 
COI, COII, COIII, ATPase6, and ATPase8) of D. 
yakuba and D. melanogaster (Wolstenholme and 
Clary 1985). As in all other known genetic codes, 
AGT is expected to specify serine in the Drosophila 
mitochondrial genetic code. The frequency of  third- 
position substitutions between AGA and AGT co- 
dons was 21.2%, which was close to the mean fre- 
quency (20.60/0) of A ~ T third-position substitu- 
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Phe TTT 313 Set TCT 120 Tyr TAT 142 Cys TGT 40 
TTC 17 (GAA) TCC 4 TAC 28 (GUA) TGC 2 (GCA) 

Leu TTA 542 TCA 102 (UGA) TER TAA 7 Trp TGA 96 
TTG 25 (UAA) TCG 3 TAG 0 TGG 6 (UCA) 

Leu CTT 36 Pro CCT 79 His CAT 65 Arg CGT 8 
CTC 2 CCC 3 CAC 12 (GUG) CGC 0 
CTA 19 (UAG) CCA 45 (UGG) Gin CAA 70 CGA 45 (UCG) 
CTG 2 CCG 3 CAG 0 (UUG) CGG 6 

lie ATT 345 Thr ACT 97 Asn AAT 193 (GUU) Ser AGT 34 
ATC 15 (GAU) ACC 3 AAC 13 AGC I 

Met ATA 195 ACA 85 (UGU) Lys AAA 76 AGA 73 (GCU) 
ATG ! 8 (CAU) ACG 2 AAG 9 (CUU) AGG 0 

Val GTT 90 Ala GCT I25 Asp GAT 54 (GUC) Gly GGT 67 
GTC 3 GCC 9 GAC 10 GGC 2 
GTA 93 (UAC) GCA 37 (UGC) Glu GAA 82 GGA 129 (UCC) 
GTG 8 GCG 2 GAG ! (UUC) GGG 22 

Table shows the number of occurrences of each codon. The total number of codons in the 13 D. yakuba protein genes is 3735, which 
includes 7 TAA codons. TGA, AGA, and ATA are assumed to specify tryptophan, serine, and methionine, respectively (see text). 
AGG, CAG, CGC, and TAG have not been found in D. yakuba mtDNA (Clary et al. 1984). The anticodon corresponding to each 
two- and four-codon family is shown in parentheses 

tions that  did not result in an amino  acid replacement  
(silent substi tutions) a m o n g  codons  in the six cor- 
responding genes. I f  in Drosophila m t D N A  A G A  
COded for a different amino  acid than  A G T ,  then a 
frequency of  th i rd-posi t ion A ~ T subst i tut ions be- 
tween A G A  and A G T  codons o f  approximate ly  0.5% 
Would have  been expected; that  value is the mean  
frequency found for  th i rd-posi t ion rep lacement  A 
T subst i tut ions a m o n g  all codons  in the six corre- 
Sponding genes o f  D. yakuba and D. melanogaster. 
These data  indicate,  therefore,  tha t  A G A  and A G T  
Specify the same  a m i n o  acid. 

Similarly, the frequencies o f  interchange o f  A T A  
and A T G  codons  in corresponding D. yakuba and  
13. metanogaster genes are fully consistent  wi th  the 
interpretat ion that  in the Drosophila mitochondr ia l  
genetic code, as in the m a m m a l i a n  and fungal mi-  
tochondrial  genetic codes (Barrell et al. 1979, 1980; 
t tudspe th  et al. 1982), A T A  specifies meth ion ine  
rather  than  isoleucine (Wols tenholme and Clary 
1985). 

Internal  T G A  codons  are found in all 13 protein 
genes o f  D. yakuba m t D N A .  O f  a total  o f  96 T G A  
Codons, 70 cor respond in posi t ion to t ryp tophan-  
Specifying codons ( T G A  or T G G )  in mouse  mi to-  
chondrial  genes, indicat ing that  in D. yakuba 
m t D N A ,  as in m a m m a l i a n  and  fungal m t D N A s  
(Barrell et al. 1979, 1980; Fox 1979; Bonitz et al. 
1980; H e c k m a n  et al. 1980), T G A  specifies tryp- 
tophan.  

Codon-Anticodon Interactions 

The 22 t R N A s  encoded by  m a m m a l i a n  and  Dro- 
sophila m t D N A s  appear  to be sufficient to decode 

the mi tochondr ia l  protein genes (Barrell et al. 1980; 
Anderson  et al. 1981, 1982b; Bibb et al. 1981; Clary 
et al. 1984). When  all four  codons  in a box o f  the 
genetic code (Table 2) specify the same amino  acid 
( four-codon families) these codons are recognized 
by a single tRNA.  Codons  o f  each of  the two-codon  
families are also recognized by a single tRNA.  
Transfer  R N A s  that  recognize codons o f f o u r - c o d o n  
families have  a U in the wobble posit ion. However ,  
t R N A  f-met contains a C A U  anticodon.  It  appears  that  
this ant icodon can recognize bo th  A U G  and A U A  
as methionine-specifying codons when they occur  
internally, and  all four A U N  codons as specifying 
meth ion ine  when they occur  as init iat ion codons  
(Anderson el al. 1981; 1982b; Bibb el al. 1981). I t  
is not  known whether  A T T  or A T C  init iat ion co- 
dons  specify isoleucine or methionine ,  since no  
m e t a z o a n  m i t o c h o n d r i a l  p r o t e i n  has  b e e n  se- 
quenced that  is encoded by  a gene beginning wi th  
these codons.  

A gene for a t R N A  with a U C U  ant icodon,  which 
would specifically recognize A G A  codons,  has not  
been identified in D. yakuba m t D N A .  I t  seems rea- 
sonable to assume therefore that  the G C U  ant ico-  
don o f  t R N A ~ v ,  which is expected to recognize 
A G U  and A G C  codons,  also recognizes A G A  co- 
dons.  This  would necessitate ei ther  selective two out  
o f  three nucleotide pair  recognition (Lagerkvist  1981) 
or effective pairing o f  the G in the wobble  posi t ion 
o f  the an t icodon with C, U, or  A. 

In bo th  m a m m a l i a n  and  D. yakuba m t D N A s ,  for 
codons o f  two-codon  families ending in a pyr imi -  
dine, the corresponding t R N A  has a G in the wobble  
posi t ion (Table 2), whereas  for  those ending in a 
purine the corresponding t R N A  has a U in the wob-  
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ble position. There is one exception to this latter 
rule in Drosophila mtDNA. Although protein genes 
contain both AAA and AGA codons, only a tRNA tys 
gene wtih a CTT anticodon has been located (Clary 
and Wolstenholme 1983a; de Bruijn 1983). Thus if 
all three nucleotides in the anticodons of  this tRNA 
and tRNA f-m~t are contributing to codon-anticodon 
recognition, then C-A pairing is indicated. In this 
regard it is interesting to note that the C in the 
wobble position was found to be unmodified in the 
tRNA f'met of bovine mitochondria (Roe et al. 1982) 
and in both a tRNA f'm~t and a tRNA ~y* isolated from 
mitochondr ia  of  mosqui to  tissue culture cells 
(HsuChen et al. 1983b; Dubin and HsuChen 1984). 

Replication Origin-Containing Regions 

Replication of the D. yakuba mtDNA molecule has 
been shown to originate in the half of the A + T- 
rich region closest to the tRNA ij* gene and to pro- 
ceed unidirectionally toward the rRNA genes (Figs. 
1 and 2; Goddard and Wolstenholme 1980). How- 
ever, the nucleotide location at which nascent DNA 
synthesis begins has not been determined. The 
A + T-rich region lacks open reading frames longer 
than 123 nucleotides. Also, RNA-DNA hybridiza- 
tion studies have failed to demonstrate a transcript 
complementary to any portion of  the A + T-rich 
region (Bonner et al. 1978; Battey et al. 1979; Mer- 
ten and Pardue 1981). 

In both Drosophila and mammalian mtDNAs 
replication of the complementary strands is highly 
asymmetrical (Robberson et al. 1972; Wolsten- 
holme et al. 1974; Goddard and Wolstenholme 1978, 
1980). In mtDNAs of cultured mammalian cells 
replication begins with synthesis of the heavy-strand, 
which proceeds for two-thirds of the molecule length 
before synthesis on the second (light) strand com- 
mences (Robberson et al. 1972; Kasamatsu and Vin- 
ograd 1974; Nass 1980). Initiation of light-strand 
synthesis in all mouse L cell and most human KB 
cell mtDNA molecules occurs within a specific se- 
quence of  32 (mouse) or 31 (human) nucleotides that 
has the potential to fold into a hairpin loop and is 
located between the tRNA a~n and tRNA cys genes (see 
Clayton 1982). This 31- or 32-nucleotide sequence 
is highly conserved in other mammalian and am- 
phibian mtDNAs (Anderson et al. 1982b; Taira et 
al. 1983; Wong et al. 1983). However, such a se- 
quence is not found in the corresponding region of 
D. melanogaster and D. yakuba mtDNA (Clary and 
Wolstenholme 1983b; de Bruijn 1983) or in any 
other intergenic region of the D. yakuba mtDNA 
molecule. From data obtained by electron micros- 
copy evidence for a highly preferred site of  initiation 
o f  second-strand synthesis in D. melanogaster 
mtDNA molecules was found (Goddard and Wol- 

stenholme 1978), but this site maps close to the 
expected boundary of  the tRNA "* gene and the 
A + T-rich region of the molecule. 

Nucleotide Composition 

Drosophila mtDNAs are distinguished by a high (74- 
80%) A + T content (Bultmann and Laird 1973; 
Polan et al. 1973; Peacock et al. 1974; Fauron and 
Wolstenholme 1976). The average nucleotide corn-. 
positions of the sense strands of the protein genes 
encoded by D. yakuba, mouse, and human mtDNAs 
are compared in Table 3. The frequency of  G and 
A nucleotides is similar in all three species, but D. 
yakuba mtDNA has a much higher T and much 
lower C content than mouse and human mtDNAs. 
Most of  these differences clearly result from different 
frequencies of nucleotides in the third position of 
codons (Table 3). Of codons in D. yakuba mito- 
chondrial protein genes, 48.4% end in T and 45% 
end in A. In the third position of codons in human 
and mouse mitochondrial protein genes, C and A 
nucteotides are the most frequent, but Cs predom- 
inate (43.1%) in human and As predominate (46.6~ 
in mouse. In D. yakuba, mouse, and human mt- 
DNA-encoded proteins, leucine accounts for 16.8%, 
15.5%, and 17.3%, respectively, of all amino acids. 
However, there are striking differences among the 
three species in regard to the use of TTPu and CTN 
codons that correlate with the differential use of  T 
and C nucleotides in the third position of codons 
(Table 3). 

Both tRNA genes and rRNA genes in the D. yak- 
uba mtDNA molecule have high A + T contents. 
The 22 tRNA genes range from 66% A + T (in 
tRNA i~) to 91% A + T (in tRNA asp and tRNA~u), 
with a mean of 76%. Also, the dihydrouridine loops 
and the TCJC loops, the primary sequence functions 
of which may have been lost, average 88.9% A + 
T. As discussed above, large portions of  the D. yak- 
uba small and large mt-rRNA genes are extremely 
A + T-rich, particularly in the 5' regions. Although 
these nucleotide sequences show little homology to 
sequences o f  corresponding regions o f  mouse 
mtDNA, there is a high degree of conservation of 
secondary structure. The apparent ly nontran-  
scribed, replication origin-containing region of the 
D. yakuba mtDNA molecule has a higher A + T 
content (92.8%) than any other region of the mol- 
ecule. 

The above observations are consistent with the 
suggestion that there has been selection in the D. 
yakuba mitochondrial genome for A + T nucleo- 
tides in all positions where primary nucleotide se- 
quence is of secondary or little importance. We have 
obtained strong evidence in further support of  this 
hypothesis from analyses of patterns of  substitution 
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Percentage nucleotide 
composition of  the sense strand 

T C A G T C A G 

Percentage of codons Percentage Percentage of  
leucine codons of  codons 

ending in: that specify beginning with: 

leucine T C 

D. yakuba 44.4 11. ! 32.3 12.2 48.4 3.3 45.4 2.9 16.8 90.6 9.4 
Mouse b 29.4 26.0 33.2 11.4 22.9 27.4 46.6 3.2 15.5 21.9 78.1 
Human~ 25.6 33.1 29.3 12.0 15.3 43.1 36.5 5.1 17.3 12.0 88.0 

a Data for mammalian mtDNAs are derived from all protein genes except URF6. The URF6 gene in these mtDNAs is the only gene 
transcribed from the light strand, and both the nucleotide composition of this strand and the frequencies of  nucleotides in the third 
positions of  codons are complementary to those of  the other 12 genes. The D. yakuba data are derived from all protein genes, as 
there is no clear distinction between the nucleotide compositions of the sense strands of genes transcribed from the two complementary 
strands 

bData from Bibb et al. (1981) 
c Data from Anderson et al. (1981) 

in prote in-coding genes in corresponding segments  
of  D. yakuba and D. melanogaster m t D N A  mole-  
cules. The  observed  frequency o f  th i rd-posi t ion si- 
lent A .-. T subst i tut ions was too high to be ac- 
COunted for s imply  by the high frequency o f  codons  
ending in A or T. However ,  it could not  be  deter-  
mined whether  the anomalous ly  high frequency o f  
A .-, T subst i tut ions was due to a high A ~ T m u -  
tat ion rate or  to selection in favor  o f  fixation o f  the 
products  o f  A ~ T muta t ions .  We have  suggested 
as a possible  basis  for selection in favor  o f  A + T 
nucleotides in Drosophila m t D N A s  that  once D N A  
has b e c o m e  A + T rich during long- term evolut ion 
(for reasons that  are obscure), the var ious  enzymes  
responsible for t ranscr ipt ion and  replicat ion o f  the 
D N A  b e c o m e  adap ted  to funct ion opt imal ly  on that  
DNA,  and  therefore less than opt imal ly  on a more  
G + C-rich D N A  (Wols tenholme and  Clary 1985). 
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