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ABSTRACT 
The nucleotide sequences of the mitochondrial DNA (mtDNA) molecules of  two nematodes, 

Caenorhabditis elegans [13,794 nucleotide pairs (ntp)], and Ascaris suum (14,284 ntp) are presented 
and compared. Each  molecule contains the genes for two  ribosomal RNAs (+rRNA and 1-rRNA), 22 
transfer RNAs (tRNAs) and  12 proteins, all  of  which are transcribed in the same direction. The 
protein genes are  the same as 12 of the  13 protein genes found in other metazoan mtDNAs: Cyt b, 
cytochrome 6;  COI-111, cytochrome c oxidase subunits 1-111; ATPase6, F, ATPase subunit 6; ND1- 
6 and 4L, NADH dehydrogenase subunits 1-6 and 4L: a gene for ATPase subunit 8, common to 
other metazoan mtDNAs, has not been identified in nematode mtDNAs. The C. elegans and A. suum 
mtDNA molecules both include an apparently noncoding sequence that contains runs of AT dinucle- 
otides, and direct and inverted repeats (the AT region: 466 and  886  ntp, respectively). A second, 
apparently noncoding sequence in the C. elegans and A. suum mtDNA molecules (109 and 117 ntp, 
respectively) includes a single, hairpin-forming structure. There  are only 38  and  89  other intergenic 
nucleotides in the C. elegans and A. suum mtDNAs, and  no introns. Gene arrangements are identical 
in the C. elegans and A. suum mtDNA molecules except that  the AT regions have different relative 
locations. However, the arrangement of genes in the two nematode mtDNAs differs extensively from 
gene arrangements in all other sequenced metazoan mtDNAs. Unusual features  regarding nematode 
mitochondrial tRNA genes and mitochondrial protein gene initiation codons, previously described by 
us, are reviewed. In  the C. elegans and A. suum mt-genetic codes, AGA and AGG  specify serine, TGA 
specifies tryptophan  and  ATA specifies methionine. From considerations of amino acid and nucleotide 
sequence similarities it appears likely that  the C. elegans and A. suum ancestral lines diverged close to 
the time of divergence of the cow and human ancestral lines, about 80 million  years ago. 

T HE mitochondrial (mt-)  genomes  of  multicellular 
animals  (metazoa) are contained in a single, 

circular molecule  with a species-specific  size that varies 
from 14 to 39 kb (MORITZ, DOWLING and BROWN 
1987; SNYDER et al. 1987). The only  known excep- 
tions are found in the cnidarian genus Hydra where 
the mt-genomes occur as  two unique 8-kb linear mol- 
ecules (WARRIOR and GALL 1985). Complete nucleo- 
tide sequences and gene content have  been deter- 
mined for four mammals; human, cow,  mouse, and 
rat (ANDERSON et al. 1981, 1982a,b; BIBB et al. 1981; 
GADALETA et al. 1989); a bird, Gallus domesticus (DES- 
JARDINS and MORAIS 1990); an amphibian, Xenopus 
lamis (ROE et al. 1985); two  sea urchins, Strongylocen- 
trotus purpuratus, and Paracentrotus lividus (JACOBS et 
al. 1988; CANTATORE et al. 1989); and an insect, 
Drosophila  yakuba (CLARY and WOISTENHOLME 
1985a). Also, partial mtDNA  sequences  have been 
obtained from a number of other vertebrates and 
invertebrates (references in GAREY and WOLSTEN- 
HOLME 1989). 
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Each  completely  sequenced  metazoan  mtDNA  con- 
tains the genes for  the structural RNAs  of the mito- 
chondrion’s own protein synthesizing  machinery  (2 
rRNAs and 22  tRNAs), and 12 or 13 proteins. These 
proteins are all components of the oxidative  phos- 
phorylation system: cytochrome b (Cyt b ) ,  subunits 1- 
I11  of cytochrome c oxidase (COI-III), subunits 6 and 
8, of the Fo ATPase complex (ATPase6 and 
ATPase8), and subunits 1-6 and 4L of the respiratory 
chain NADH dehydrogenase (ND1-6 and 4L) (CHO- 
MYN and ATTARDI 1987). In each  metazoan  mtDNA 
molecule there is a region of  variable length 11 25 
nucleotide pairs (ntp)  to about 20  kb; JACOBS et al. 
1988; BOYCE, ZWICK and AQUADRO 19891 that lacks 
genes, and in  some  cases  has  been  shown to contain 
signals for the initiation of  replication and transcrip- 
tion (the control region; MONTOYA et al. 1982; CLAY- 
TON 1982, 1984). In some  mtDNA  molecules  seg- 
ments of  various  sizes, often within the control region, 
are duplicated (references in  OKIMOTO et al. 199 1). 

The genetic codes  used by metazoan mt-protein 
genes contain various  modifications (BARRELL, BAN- 
KIER and DROUIN 1979; BARRELL et al. 1980). In all 
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metazoan  mtDNAs, TGA specifies tryptophan  rather 
than  being a stop  codon. ATA has  been  interpreted 
as specifying methionine  rather  than isoleucine  in  all 
metazoan  mt-genetic  codes  except  those  of  echino- 
derms (JACOBS et ai. 1988; CANTATORE et al. 1989). 
In  vertebrate  mt-protein  genes,  AGA  and  AGG  are 
absent (BIBB et al. 1981) or are used  as rare  stop 
codons (ANDERSON et al. 1981,  1982b; ROE et al. 
1985).  However, in D. yakuba mtDNA,  AGA  (but  not 
AGG) specifies serine  and, in nematode, platyhel- 
minth,  and  echinoderm  mtDNAs  both  AGA  and  AGG 
specify serine (WOLSTENHOLME and CLARY  1985; 
WOLSTENHOLME et al. 1987; HIMENO et al. 1987; 
GAREY  and WOLSTENHOLME 1989). 

Both  translation  initiation and translation  termina- 
tion of  metazoan  mt-protein  genes  have  unusual fea- 
tures [see OKIMOTO, MACFARLANE and WOLSTEN- 
HOLME (1  990)  for  references].  Among  many  of  these 
protein  genes,  triplets  other  than  ATG  (AUG)  are 
used as translation  initiation  codons. These  include 
ATA,  ATT,  ATC,  GTG,  GTT  and  TTG. Also 
ATAA has been  suggested  as  the  translation  initiation 
codon of the Drosophila COI  gene.  Some  mt-protein 
genes in organisms from  different  metazoan phyla 
end in T or T A  rather  than a complete  termination 
codon.  UAA  codons  in  mature  transcripts  of  these 
genes  are  generated by precise  cleavage from multi- 
cistronic  primary  transcripts, followed by polyadenyl- 
ation (OJALA, MONTOYA and ATTARDI 1981). 

Because of  unusual wobble rules  the 22 tRNAs  that 
are encoded  in all metazoan  mtDNAs  are  apparently 
sufficient to  decode all of the  mtDNA-encoded pro- 
tein genes (BARRELL et al. 1980).  Modifications  in 
structure  are  found  among  metazoan  mt-tRNA genes. 
Variation  in  both size and  sequence  of  the  dihydrour- 
idine  (DHU)  and T q C  loops are  found in  many mt- 
tRNA genes  in  organisms  ranging  from platyhel- 
minths  to  mammals (discussion and  reference in WOL- 
STENHOLME et al. 1987;  GAREY  and WOLSTENHOLME 
1989).  In all metazoan  mtDNAs so far  examined  the 
tRNA"'(AGY/A/G) gene lacks a DHU  arm  (refer- 
ences in GAREY and WOLSTENHOLME 1989). T h e  mt- 
tRNA"'(UCN) gene  of  nematodes,  but  not  other me- 
tazoa,  has  a  similar  structure,  and  the  remaining  20 
mt-tRNA  genes of nematodes all lack a T 9 C   a r m  
(WOLSTENHOLME et al. 1987,  1989; OKIMOTO and 
WOLSTENHOLME 1990; OKIMOTO et al. 199 1). 

In this paper we present  and  compare  the  nucleo- 
tide sequences  of the free-living nematode Caenorhab- 
ditis elegans and  the pig  intestinal  parasitic  nematode 
Ascaris suum. Various  aspects  of  these  sequences re- 
garding  protein,  tRNA,  and  rRNA  gene  structure, 
modifications of the  nematode  mt-genetic  code,  codon 
usage, and some  evolutionary  considerations  are dis- 
cussed. 

MATERIALS AND METHODS 

Animals,  and  mtDNA  isolation: Adult A. mum were 
obtained from pig intestines at a local slaughterhouse. Mi- 
tochondria were  isolated from body  wall  muscle or from 
mature eggs by methods  previously  used to isolate  Drosoph- 
ila mitochondria (WOISTENHOLME and FAURON 1976). C. 
elegans (Bristol,  N2 strain) were maintained, amplified and 
harvested as  given  in BRENNER (1974) and SULSTON and 
BRENNER (1 974), except that Klebsiella aerogenes was  used 
as the food  source.  Worms  were ruptured with a Dounce 
homogenizer  (pestle A) and mitochondria  were  isolated as 
for A. mum,  except that mannitol was  used instead of  su- 
crose, and all solutions  contained 0.1-0.2% bovine  serum 
albumin.  Mitochondria  from both species  were  lysed  with 
10% Sarkosyl and mtDNAs  were  isolated by  cesium chlo- 
ride-ethidium bromide centrifugation (WOLSTENHOLME and 
FAURON 1976). 

Restriction  enzyme  digestions  and  cloning: A. mum and 
C. elegans mtDNA restriction fragments were  cloned into 
the plasmids  pBR325 or pUC9 and amplified  using  as  hosts 
E. coli K12 HBlOl and JMl0l , respectively. Preparation 
and identification of primary  clones,  restriction  enzyme 
digestions,  electrophoresis,  cloning of fragments into bac- 
teriophage M 13 vectors (M 13 mp8, M 13 mp9, M 13 mpl8 
and M 13 mplg), purification of single-stranded and double- 
stranded M 13 DNAs, and preparation of viral  DNAs  con- 
taining  partial  deletions of cloned  restriction  fragments of 
mtDNAs  were  as  given or referred to in CLARY et al. (1 982) 
and WAHLEITHNER and WOLSTENHOLME (1987). 

Sequencing  and  sequence  analyses: DNA sequences  were 
obtained by the extension-dideoxy-termination procedure 
(SANGER, NICKLEN and COULSON 1977) from  sets of deletion 
clones (HONG 1982; DALE, MCCLURE and HOUCHINS 1985) 
containing  overlapping  segments of the entire sequence of 
each  complementary strand of the A. suum and C. elegans 
mtDNA  molecules.  Consensus  sequences  were  assembled 
from individual  sequences using the compiling  program of 
STADEN (1982). Nucleotide  sequences  were  analyzed by the 
SEQ program (BRUTLAG et al. 1982). Nematode  mt-protein 
genes  were  identified by comparing predicted amino acid 
sequences with amino  acid  sequences of mouse and D. yakuba 
mt-protein genes  (BIBB et al. 198 1 ; CLARY and WOLSTEN- 
HOLME 1985a) using the TYPIN and SEARCH  programs 
(JuE, WOODBURY and DOOLITTLE 1980; DOOLITTLE 1981) 
and, in  some  cases, by hydropathic  profile  comparisons 
(KYTE and DOOLITTLE 1982). mt-rRNA  genes  were  identi- 
fied  from  sequence  similarities to mouse and D. yakuba mt- 
rRNA genes, and mt-tRNA genes  were  identified by eye, 
from their ability to fold into specific,  consensus  secondary 
structures. The nucleotide  sequences of the C. elegans and 
A. suum mtDNA  molecules  have  been  submitted  to the 
EMBL Data  Library under the accession numbers X54252 
and X52453. 

RESULTS AND  DISCUSSION 

Genome structure  and  organization: The  entire 
nucleotide  sequences  of  the  mtDNA molecules  of C.  
elegans (1 3,794  ntp)  and A. suum (14,284  ntp)  are 
given and  compared in  Figure 1 ; gene  content  and 
organization  in  the  two molecules are  summarized in 
the maps  shown  in  Figure 2. These  are  the smallest 
metazoan  mtDNA molecules so far  recorded. Each of 
the two nematode  mtDNAs  contains  the  genes  for  12 
proteins, 2 rRNAs  and  22  tRNAs.  The  protein genes 
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a Transcription. a l l  genes 

/--tRNA(prof-------------------~ ~ - - - - - - - - - - - - - - - - - - - - \  /--tRNA(val)------------------~ >------ 
C . e  CAGTAAATAGTTTAAT--AAAAATATAGCATTTGGGTTGCTAAGATATTATTACTGATAGAATTTTTAGTTTAATTTAGAATGTATCACTTACAATGATG 98 

I I I I I  I I I I I I I  I I I I I I  I l l  I I I I I I I I I  I I  I I  I l l  I I I I I I I  I I  I I I I I I I I I I I I I I I I I I I  I I I  I I I I O I I I I  
A . 9  CAGTAGGTAGTTTATTTTTAATGTAGTATTTGGGTTACTGTGA-ATTTTTACTGA--AAACTTTTAGTTTAATTTTAGAATTTCTCGCTTACAATGAGA 97 

\--tRNA(pro)--------------------< ~ - - - - - - - - - - - - - - - - - - - - /  \--tRNA(val)------------------~ +------ 

ND6 
"""""""- 

C . e  GGGTT--TAAAATTCTATAGTAAAAGTGTTTTTTGmTAGCTGTTTTAAGTAGGATTATTAGATATATTAATATTGACCCTATAAAAAGAAGTTTTTTT 196 

A . 9  GGGTTTATTAAGTTTTTTGTTGGGTAGTTTCTmTTTTGGCATAAGCTATAT~AATGTGGACCCTATGAAGAGAGTAGCTTTTTT 197 

\ M V K V F F V L A V L S S I I S Y I N I D P M K S S F F  

I I I I I  I I I  I I  I I I I I  I l l  I I I I  I l l  I1 I I I  I I I I I  I I  I I I I I I I I I  I I I I I I I I I  I I  I I   I I   I I I I I I  

__""""""_ / L L G S F F F L A I I S C V M S Y I N V D P M K S S F F  
ND6 

L I F S L L F S M P V I S M S M H I W F S Y F I C L L F L S G I F  
C . e  CTTATCTTTTCACTACmTTAGTATACCAGTTATTTCAATGAGAATACATATTTGGTTTTCTTACTTTATTTGTTTATTATTTTTAAGTGGTATTTTTG 296 

A . 9  TTAATTTTTTCmGTTGATGGTTATGCCTTTGATTTCTTTTTTTTTGCATGTATGGTTTTCTTACTTTATTTGTTTGTTATTTCTAAGTGGGATTTTTG 297 
L I F S L L M V M P L I S F F L H V W F S Y F I C L L F L S G I F  

I I I  I I I I I  I I I I l l  I I  I I I I I I  I I I l l  I I I1 l1111l1111111I I I I I l I  I I I I I I  I I I I I I I  I I I I I I I  

V I L V Y F S S L S K I N V V K S Y M A V F L L L L S M L Y F S P T  
C . e  TTATTTn;GTATATTTTTCTAGTTTATCTAAAATTAATGTAGTGAA~GTTTATATAGCTGTGTTTTTACTTTTGTTAAGAATGTTATATTTTTCTCCCAC 396 

A . 9  TTATTTTGGTTTATTTTTCTAGTTTATCTAAGATCGGTTATGTGGTAACACCTTTTTATTTTGTCGGAGGTGTTPTGTCTGTATTTTTTTTTTACCCTTT 397 
V I L V Y F S S L S K I G Y V V T P F Y F V G G V L S V F F F Y P F  

I I I I I I I I I I   I I I I I I I I I I I I I I I I 1 1 1 I  I I  I I l l  I I  I I I I I I I I I 1  I I I  I I I I I I   I I  

V L T Y S S Y L G L S G F Y Y S I Y W F I F C F I L V C L L F F M  
C . e  AGTATTAACTTATAGAAGATATTTAGGTTTAAGAGGTTTTTATTATAGTATTTACTGGTTTATT~TGTTTTATTTTAGTATGTTTATTATTTTTTATA 496 

I I  I I I I I I I I I I I I I I I I  I I I I  I I I I  I l l  I I I I  I I I I I l l 1  I I I I I I I I I I  
A . 9  TTTTTATAGGGTAACTGATGTTGTTGCTGTTAATAA~TTTATTTTAGTGTTTATTGGATGTTGTTGGTCTGGGTGATTTTTGTTTTAATTTTTTTTATA 497 

F Y S V T D V V A V N N F Y F S V Y W M L L V W V I F V L I F F M  

ND4L 
N F S S Y F L N F S G A L R K V t e r   I M F L F V S L F M F I F K W Q  

C.e AATTTTAGTAGTTATTTTPTAAATTTTTCAGGTGCTTTTACGTAAAGTTTAA-AATTATGTTTTTATTTGTTAGATTATTTATATTTATTTTTAAATGACA 595 

A . 9  AATTTCACAAGTTATTTTTTAAACTTTTCGGGGGCTTTGCGAAAAGTTTAGTAATTATTTTTTATTTTTATTAGATTTTTGTCATTGTTTTTTAAGTGGCA 597 
I I I I I  I I I I I I I I I I I I I I I  I I I I I   I I  I I I I I  I I  I I I I I I I I  I I I I I I  I l l  I I l l  I I I I I I I  I 1  I l l  I O I I I I  I I  I I  

N F T S Y F L N F S G A L R K V t e r   I I F I F I S F L S L F F K W Q  
ND4L 

R L I F I L I S L E F M M L S L F L K F S Y V L G E M M F F Y F M  
C . e  ACGTTTAATTTTTATTCTAATTTCTTTAGAATTTATAATGTTGAGATTATTTTTAAAATTTTCTTATGTTTTAGGGGAAATAATGTTT~TATTTTATG 695 

A . 9  ACGTTTGATGTTTATTTTGATTTCATTGGAGTTTATTGTGATAAGGTTATTTATTTTATTTTCGGGTGATTTGAATGAAATGATGTTTTTTTATTTTATG 697 
I I I I I I  I I  I I I O I  I I I I I I  I I  I 1  I I I I I  I I  I I I  I I I I I I  I I I I I I I   I I  I l l  I I I I I  I I I I I I I I I I I I I I I I I I  

R L M F I L I S L E F I V M S L F I L F S G D L N E M M F F Y F M  

C F S 'V I S k I L G' M V V 'M V G N M K F. F G S - D  N C F  ter  ;--tRNA(trp) 
C . e  TGTTTTTCTGTTATTTCAAGAATCCTGGGTATGGTAGTTATAGTAGGTAATATAAAATTTTTTGGTAGTGATAATTGTATTTTTTAGTAACAGATATAAG 795 

I I I I I I   I I I I  I I I I  I I  I I I I I I I I I I  I I I I I I I I   I I  I l l  I I I  I I I I  I l l  I I  I l l  I l l  I I I I I I I  I I I O I  I l l 1  
A . s  TGTTTTAGTGTTGTTTCTAGTGTTTTAGGTATGGTTGTTATAGTTGGAAATGTTAAGTTTTATGGAAGAGATTTGTGTTTATTTTAG--ACAGATTTAAG 795 

C F S V  V S S V  L  G M V  V M V  G  N  V K F  Y  G S D  L C L F t e r  \--tRNA(tTp) 

---------------------< 2"-------------------\/--tRNA(glu)---------------------~ >""""""""- 

C . e  TTAAGTTTAAACTATTGATCTTCAAAATCAAAAATTTA~TCTGTAGAGATAATAGTATAAATAA---GTATGTTTCTTTTTCGCAGAAATGGTTTTTTA 892 

A . 9  TTAAGTTTAAACTCTTGGTTTTCAAAACCAAAAATTTTACTCTGTAGAGATATTAGTATAAATTTTTTGTATATTTCTTTTTCGAAGAAAAGGTTTATTA 895 
I I I I I I I I I I I I I  I l l  I I I I I I I I  I I I I I I I I I  1 1 1 1 1 1 1 1 1 1 1 1  I I I I I I I I I I  I I I I  I I I I I I I I I I I  I I I I I  I I I I I  I l l  

---------------------< >"-------------------/\--tRNA(glu)---------------------~ 2""""""""- 

_"_ \ I - -  =-rRNA _-____----I_ 

C . e  TCTTA-TAAAGTTTT-CTTTCAGGGAATTAAAATTTGATCATGGTTTAAGATGAT-TTAAAATGGTATTATCTAAATTTGATTTACAGAGTAGGCAATAA 989 

A . 9  TCTTATTTAAGTTTTACTTATAAGGATTTAAAATTTGATTATGGTTTTAGGTAGTGTTATAATGATGTTATCTGTTTTGGATTCATTGAATGGGCAATAA 995 
I I I I I  I I I I I I I I  I l l  I I l l  1 1 1 1 l I I I I l I I  I I I I I I I  I I  I I I l l  I l l 1  I I I I I I I  I I  I I I I  I I 1  I I I I I I I I I  

_"_ / I - -  =-rRNA ------------ 
C . e  AAATTTACCTCGGCAATTTATCGCTTGTAAAATACTTGTTCCAGAATAATCGGCTAGACTTGTTAAAGCTTGTACTTTAATTGATGTTAATTATGAAATT 1089 

A . 9  TTTTTTACCCTGGCATTTTGTCGTTTGTATAAATTTTGTTCCAGAATAATCGGCTAGACTTTATAAA-CTTGAACTCTAATTGATG~AGTTTAGGGTTT 1094 
I I I I I I  I I I I  I l l   I l l  I I I I I  I I  I I I I I I I I I I I I I I I I I I I I I I I I I I  I l l 1  I I I I  I l l  I I I I I I I I I I I I  I I  I I 1  

C.e ATTATATTTTCTTTTAGATCTATGGTAGAATTTGGATTTATATTAGTGAATTTTCATAATTTTAAGATTTGTTGAACAAAGCAGATTAGTACCTGGTTAG 1189 

A . 9  TGTAAATATATCTTGTTTTTAGGGTGAAATCGGG~TTTTTATTGATAATGCTCTAATCTTTAAGATTTGGTGAATGAATCAGATTAGTACCTGATTAA 1194 

c .  e ACAAAAATTAAAAGAGCAGGAGTAAAGT~;TATTTAAACTGAAAAGATATTGGCAGACATTCTAAATTATCTTTGGAGGCTGAGTAGTAACTGAGAACC~ 12 89 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I  I I I I I I I I I I  I I  I I I I I I I I I I I I I I I I I  I I I I I I I I I I  I I I I I I I I I  

I 1  I I  I I I  I I I  I l l  I l l  I l l  I I  I I I I l l  I I  I I I I I I I I I I I I  I l l 1  I I  I I I I I I I I I I I I I I  I l l  

A . s  ACAAAAATTAAAAGAGCAGGAGTAAAGTTGTATTTATTTAAACTGTAAGAATATTGGCAGGT-TTTTAAATTATCTTTGGAGGTTGAGTAGTAATTGAGAACCC 1293 

C.e TCATTAACTACTTAATTTTTGACTCGTGTATGATCGTTTATTTTATTCTTAAGGATTATAAT----AAAAAATTTTTAATTTATTAAAATAGATATATA 1385 

A . S  TCATTAACAACTTTTACTGTAGGCGCATGTATGATCGTTTATTTTATTCTTAAGGATTGTAATTTTAGATTAATTTATTTTCTGTAAAAATAGATAAATA 1393 
I I I I I I I I  I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I  I I I I I I  I I I I I I I I I I I I I I  I l l  

c .  e CCCGGTTTATGATTTAAGAAAC-ATTTGGCCTACAATATTTTATATTATGGATTTTAGTTTTAGTTAACTAAATGAAATTGTAAAAGACAGTAAAAAATT 1484 
I I l l  I l l 1  I I I I I  I I I I I   I I I I I I I I I I  I l l  I I  I I I I I  I I I I I I I I  I I I I I I  l I l l I I l I I 1 1 1 l 1 1  I I  

A . S  CTTGGTGTATG-TAAAAGATTTAATTTGACCTACAATATGCTATCTTGTGGATACTT-TTTTAGTAGA-AGGTTGAAAATGTAAAAGACAGTAAGTTTTT 1490 

C . e  CTTAATGTATTTTTGAAGATTATCTAGAAGTGGTACAAATCATCCATCAATTGCCCAAAGGGGAGTAAGTTGTAGTAAAGTAGATTTAGGGGAACCTGAA 1584 

A . 9  TTTTATATAAAGCTGAAGTTTATTTAAAAACGGTACAAATCATCCATCAATTGCCTTCAGGGGAGTAAGTTGTAGTAAAGTAGAGTTAGGGGAACCTGGC 1590 

"""""_ 
I I   I I  I I  I I I I I  I I I I  I I  I1  I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I J I I  I I I 1 1 1 1 l 1 1 l 1 l  

"""""̂ 
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b 
C .  e 

A.s 

c. e 

A.S 

c .  e 
A. s 

c .  e 

A.S 

c. e 

d . s  

c .  e 

A.9 

c. e 

A.9 

c .  e 

A.S 

c .  e 

d . s  

c .  e 

d . s  

c .  e 

d . 9  

T-AGAATTGTTGACTGTTAATCAAAAGGTGTACCTCTTAATAT----- "AAGAGTTTAGTTTAA-GTTAAAACGTTAGATTGTAAATCTAAAGA-TTAT 
I I I I I I I I I I I I I I I I I  I I I I I  I I I I  I I I I I I  I I I I  I /  I I I I I I I I  I I I I I I  I I I I I I I I  
TTAGAATTGTTGACTGTTGATCAATGGGTGATTCTCTTAGTTTGTGTTGTAAAAGATTAGTTTA~ATTAAAATGTTAGATTGTAAATCTAAAGAATTTT 
"""""""-< 2""""""""""- / \--tRNA(tyr)--------------------< -,"""""""- 

ND1 - - - - - - - \ M I L V L L M V I L M M I F I V Q S I A F I T L Y E R H L L G  
TGCTCTTGATAATTTTAGTTTTACTTATAGTTATTTTAATGATGATTTTTATTGTTCAAAGAATCGC~TATTACTCTATATGAGCGTCATTTATTGGG 

TTCTTTTGTTGATTTTGATGTTGGTTCAGGTTATTTTAATTATGATTTTTGTTATTCAGTCTATTGCTTTTGTTACTTTGTATGAGCGTCATTTATTGGG 
I I I  I l l  I I I I I I  I I1 1 1  111111IItll I I I I I I I I I  1 1  I I I I  I I  I I I I I I  I I I I I  I I I I11111III I I I I I I I I I  

- - - - - - - / L I L M L V Q V I L I M I F V I Q S I A F V T L Y E R H L L G  
ND1 

AAGAAGACAAAATCGTCTAGGGCCCACCAAGGTTACATTTATGGGATTAGCACAAGCTTTAT~GATGGGGTTAAACTTTTAAAAAAAG~CAAATAACA 
S S Q N R L G P T K V T F M G L A Q A L L D G V K L L K K E Q M T  

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

I I I   I I  I I l l  I I I  I I  I I I I I I I I  I I I I I  I 1  I1  I I  I l l  I I 1  I I I I I  I I I I I I I I I I I I I I I I I  I I   I I  I I  I I  

P L N S S E V S F L L V P G I S F V V M Y L E W F T L P Y F F D F  
CCCTTAAATTCCTCTGAAGTATCATTTTTACTTGTACCAGGAATTTCTTTTGTTGTAATATATTTAGAATGATTTACGTTACCATATTTTTTTGATTTTA 

CCTCTGAATTCTTCGGAAATTTCTTTTATTTTGGTTCCTGGTATTTTTTTTATTGTTATGTATTTAGAGTGGmGTTTTACCTTTTTTTTATGATTTTA 
I I  I I I I I I  I I  I l l  I I I  I l l  I I I I  I I  I I  I I I I  I l l 1  I I I I  I I  I I I I I I I I  I I  I l l  I I I I I  I I I I I I  I I I I I I I I  

P L N S S E I S F I L V P G I F F I V M Y L E W F V L P F F Y D F  

I S F E Y S V L F F L C L I G F S V Y T T L I S G I V S K S K Y G M  
TTAGTTTTGAGTATTCAGTTTTATTTTTTTTATGTTTAATTGGATTTTCTGTTTATACAACTTTAATTAGCGGTATCGTAAGAAAATCAAAATATGGTAT 

TGACTTTTGAGTACTCTATTCTTTTTTTTTTGTGTTTGATTGGGTTTTCTGTATATACAACTTTGGTTAGTGGTATGGTAAGAAAGTCTAAGTATGGTAT 
M T F E Y S I L F F L C L I G F S V Y T T L V S G M V S K S K Y G M  

I I I I I I I I I I I  I1  I I  I I I I I I I I I  I I I I I  I I I I I  I I I I I I I I  I I I I I I I I I I I  I I I I  I I I I I  I I I I I I I I  I I  I I  I I I I I I I I  

AATTGGGGCCATCCGTGCTAGAAGACAAAGAATTTCTTATGAAATTGCTTTTTCTTTATATGTTTTGTGTATTATTATTCATAATAATGTTTTTAATTTT 

GGTAGGTGCTATTCGTGCTAGTAGTCAGAGGGTTTCTTATGAGATTGCTTTTTCTTTGTATTTGTTGGCTATTGTGATGCATATTAATATGTTTTGTTTT 
V G A I R A S S Q S V S Y E I A F S L Y L L A I V M H I N M F C F  

I G A I R A S S Q S I S Y E I A F S L Y V L C I I I H N N V F N F  

I I I  I I   I I  I I I I I I I I  I I  I I   I I  I I I I I I I I I I  I I I I I I I I I I I I I I  I l l  I I l l  I l l 1  I I1  I I I I  I I I I  I I l l  I I I I  

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

I1  I I I I I   I I  I I  I I I  I l l  I I I I  I I 1  I l l  I I I I I  I I  I I I  I I  I I I   I I   I I   I I  I I I I I I I I I  I I I I  I I I I  

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

GTTTCAAAATTTAATTTGAGACTTTTAATTATTTACATTTACATCCCATTTTTAATTATAGTAATTGCTGAACTTAACCGGGCGCCATTTGATTTTTCTGAAGGTG 

TTTAGGTTTTTTAACTTAAGTTTGTTTATTGTTTATTTACCTTTTCTTTTTATGGTTTTGGCAGAGTTAAATCGTGCTCCTTTTGATTTTGCTGAGGGTG 

E S E L V S G F N V E F A - S V A F V L L F L S E Y G S L I F F S V L  
AAAGGGAGTTAGTTAGAGGATTTAATGTGGAGTTTGCCAGAGTAGCTTTTGTTTTATTATTTTTAAGGGAATATGGAAGATTAATTTTTTTTAGGGTACT 

AGAGTGAGTTGGTTAGAGGCTATAATGTTGAGTATTCTAGAGTAGCTTTTGTGTTGTTGTTTTTAGGTGAATATGGGGCTTTGTTGTTTTTTAGGACTTT 
E S E L V S G Y N V E Y S S V A F V L L F L G E Y G A L L F F S T L  

I I 1  I I I I I  I I I I I I I I  I I I I I I I  I l l 1  I I I I I I I I I I I I I I I I  I I   I I  I I I I I I  I I I I I I I I I  I I  I I I I I I I I I I  I 

S S A M F F K F S I F M A F S I F S L L I F I R S S Y P R Y R Y D  
TTCTTCTGCTATATTTTTTAAATTTTCAATTTTTATAGCATTTAGTATTTTTTCATTATTAATTTTTATTCGTAGTTCATACCCTCGTTATCGTTATGAT 

I l l 1  I I I I I I I I I  I l l  I I I  I I I I I I I  I l l  I I I I  I I l l  I I I I I I I I I  I I  I I I I I I I  I I I I I I I I I I  . . .  . 
GACTTCGGTTTTGTTTTTTGGTTTTAGGTATGTTGTTATTTATTGTATGTTTACTATTTTGGTGTTTGTGCGTAGTTCTTATCCTCGTTTTCGTTATGAT 

. .  

T S V L F F G F S Y V V I Y C M F T I L V F V R S S Y P R F R Y D  

L M M S L F W F K L L P I S L I M L C F Y A V I F Y '  
ATPase6 

TTAATAATAAGTTTATTTTGATTTAAACTTTTACCAATCTCTTTAATTATATTGTGTTTTTACGCAGTTATTTTTTATT----------ATTAATCAAGT 
I N Q V  

CTAATAATGTATTTTTTTTGGTTTAAGTTGTTACCGGTGTCTTTAATTTTTTTGGGT---TATTTTGTTATTTTTCTTTTTTAGTTTATATTACTAATGT 
L M M Y F F W F K L L P V S L I F L G   Y F V I F L F t e r  

ATPase6 
I T N V  

I I I I I I I  I l l  I I I I I  I I I I I  I I I I I I  I I I I I I I I I I  I I l l  I I   I I   I I I I I I I I I  I I  I l l 1  I I I I  

1664 

(2574) 

1754 

2674 

1854 

2774 

1954 

2874 

2054 

2974 

2154 

3074 

2254 

3174 

2354 

3274 

2454 

3374 

2554 

3474 

2644 

3571 

Y F L D I F M F V F V L Q F L F Y F K E S M L N T L V K K F L N S  
C . e  TTATTTTTTAGACATTTTTATATTTGTTTTTGTTTTACAATTTTTGTTTTATTTTAAAGAAAGTATATTAAATACTTTAGTGAAAAAATTTCTTAATAGG 2744 . . . . . ~ ~ ~  

I I I I I I I I I  I I   I I I I I I I I  I I I I I I I  I I I I I I   I I  1 1 1 1 1 1 1 1 I I I I I I I I I  I I  I I I I I  I I  I l l  I I  I I  I I I I I I  I 
d . 9  TTATTTTTTGGATATTTTTATGTTTGTTTATGTTTTGCAGTTTTTGTTTTATTTTAAGGAGAGTATGTTGGGAGTTTTGGTTAATAAATTTTTAGGACTT 3611 

Y F L D I F M F V Y V L Q F L F Y F K E S M L G V L V N K F L G L  

L V G ' V  F S T N T ' L  P L ' S  S V S I F ' T  F I ' V  L L C C F ' G  G Y '  
C . e  TTAGTAGGAGTATTTAGATATACAAATACTTTACCATTAAGGTCAGTAATTTCTATTTTTACTTTTATTGTTCTTTTAACTTGTTGTTTTGGAGGTTATT 2844 

A.S TTGGTGGTGGTTTTTAGTTATACTGATAGTTTACCTTTAAGTTCTGTAATTTCAGTTTTTACTTTTTTGGTATTGTTGACTTGTTGTTTTGGGGGTTATT 3771 
I I  I I  I I I  I I I I I  I I I I I  I l l  I I I I I I  I I I I I  I I  I I I I I I I I  I I I I I I I I I I I  I I I  I I I   I I I I I I I I I I I I I I   I I I I I I I  

L V V V F S Y T D S L P L S S V I S V F T F L V L L T C C F G G Y  

F T Y S F C P ' C  G M ' V  E F F V Y - A  A V'A W L S T L L'T F 1 . S  S E 
C . e  TTATTTACACTTACTCTTTTTGTCCTTGTGGAATGGTTGAATTTACTTTTGTTTATGCTGCTGTAGCGTGATTAAGTACTTTGTTAACTTTTATTTCAAGAGAAAA 2944 

d . S  TTATGTATTCTTTTTGTCCTTGTGGTATGATTGAGTTTACTTTTGTTTATGCTATGGTGGCTTGATTAAGAACTCTTCTTACTTTTATTACGAGTGAAAA 3871 
F M Y S F C P C G M I E F T F V Y A M V A W L S T L L T F I T S E K  

I l l  I I  I I I I I I I I I I I I I I I I I  I l l  I I I I   I I I I I I I I I I I I I I I I I I  I I  I I  I I I I I I I I  I l l  I I I I I I I I I I I  I I I  I I I I I  

F S V Y M S K P G D T Y L K T L S M L L I E I V S E F S R P L A L  
C . e  ATTTTCAGTTTATATAAGAAAACCAGGAGACACATATTTGAAAACTCTTAGAATGCTATTAATTGAAATCGTTAGAGAATTTTCTCGTCCACTTGCTTTA 3044 

A.S GTTTTCTATTTATATTTCTAAAGCTGGGGATAGGTTTTTGAAAACTTTTAGTATGTTGTTGGTAGAGTTGGTTAGAGAGGTTTCTCGTCCGTTGGCTTTA 3971 
F S I Y I S K A G D S F L K T F S M L L V E L V S E V S R P L A L  

I I I I I  I I I I I I I   I l l  I I I   I I  I I I I I I I I I I I I  I I I I  I l l  I I I  I I I  I I I I I I I I I  I I I I I I I I I I  I I I I I I I  



C 
c .  e 

A . S  

c. e 

A . 3  

c .  e 

A . s  

c. e 

X . S  

c. e 

A . S  

c .  e 

A . S  

c. e 

A . s  

c. e 

A . 9  

c. e 

A . S  

c .  e 

A . s  

c. e 

A .  s 

c. e 

A . S  

c. e 

A . S  

c .  e 

A.9 

c .  e 

A . S  
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T V R L T V N I T V G H L V S M M L Y Q G L E L S M G D Q Y I W L  
ACAGTGCGTTTAACAGTTAATATTACTGTTGGTCATTTAGTTAGTTAGAATAATGCTTTATCAAGGATTAGAATTAAGAATAGGTGATCAGTATATTTGATTATTAT 

ACGGTGCGTTTAACTGTTAATGTTTTGGTTGGGCATGTTATTAGTATGATATTGTATCAGTTGCTGGAGTTATATTTGGGTATmTTATGTTATGTTTGGATTG 
I1 I l 111111 l1 l  I I I I I I  I1  I I I I I  I l l  I I l l 1  I I  I I  I I I I I I  I I I  I l l  I I l l  I I l l  O I I  I 

s I L A I M M ' E  c F ' V  F F i Q s Y ' I  F S ' R  L I i L Y L ' N  ~ t e r '  i 
CAATTTTAGCCATTATAATAGAATGTTTTGTTTTCTTCATTCAAAGTTATATTTTCTCTCGTTTAATTTTTTTATATCTTAATGAGTAATAAAAAAAAAA 

TTGTTTTGGCTATTGTTATAGAGTGTTTTGTTTTTTTTATTCAAAGTTATATTTTTTCGCGTTTGAT~ATTTGTATTTAAATGAATAGTTTTGTTT--G 
V V L A I V M E C F V F F I Q S Y I F S R L I Y L Y L N E t e r  \ 

I I I I  I I  I l l  I I I I I I  1 1 1 l I I I l l I I  I I  I I J I I I I I I I I I I I I I I  I1  I I I I I  I l l 1  I l l  I l l  I I I I I I  I1 I 

--tRNA(lys)--------------------~ r------------------------ 
AGATGTTAACTTAAGTTTTAAAGTGCCAAACTTTTAATTTGGAAATGGTGGACCACATCTTA-----GTTGATATAGCATAAGAAGTGCATTTGTTTTAA 

GGGTGTTAACTTAAG-TTTAAAGTGTTAGATTTTTAATCTGGAAATGGGTTGTCACATCCTGGTTTTGTTGTTATAGCATAAGAAGTGCATTTGTTTTAA 

\ /--tRNA(leu:UUR)--------------< > 

I I I I I I I I I I I I I  I I I I I I I I I  I I O I I I I I  I I I I I I I I I  I I I I I I  I I l l 1  1 l1 l l111111 l l111111 l11111 l11  

--tRNA(lys)---------------------< r-------------------------/ \--tRNA(leu:UUR)--------------< 5 

ND2 
- - - - - - - - - - - - - - - - - - - - - \ / - - t R N A ( s e r . A G N ) "  r-----------------------------\ L I V F I S L  
GCGCAAAAGATATCCGTCAACTAACGAGTTCATAAAGCAAGTCTTCTAAATTTGTTCTAGGTTAAATCCTGCTCGTTTTTGATTGTTTTTA~TCTTTAT 

GCGTAAAAGATATGGGACAACTGACAAATGTTTT---CAGGTCTTCTAAATCTGTTTT-GGAGAAATCC-GTTTGTTTTTGTTGCTTTTTTTTTGTATTT 
I l l  I I I I I I I I I  I I I I I I  I I  I I I I1  I I I I I I I I I I I  I l l 1  I I I  I I I I I I  I I I I I I I I I  I I I I I I  I l l  I I I 

---------------------/\--tRNA(ser:AGN)-----~ >" - - - - - - - -~ - - - - - - - - - - - - - - - - - - - /  L 
ND2 

L L F F C I  

F T L F L T L L S I L T N N V I V W W S I F L L M T V V F I L L N K  
TTACCTTGTTTTTAACATTATTAAGAATTTTGACTAATAACGTTATTGTTTGATGAAGAATTTTTTTATTGATAACTGTAGTTTTTATTCTATTAAATAA 
I1 I I l l  I I I I  I I I I I  I I I I  1 1  I I I  I I I I I I I I I  1 1  I I I I I I  I I I I I I I I I I I  i i l l i i  I i "  I I I I  

~~~~~ ~~~~~~. 

TTGTGGTTTTTCTTTGTGTTTTGAATTTTTTTACTAGAAATGTTTTGGTTTGATGGAGTGTGTTT~GTTGATAACTGTTGTTTTTGTTTGTCTGTCTAA 
F V V F L C V L N F F T S N V L V W W S V F L L M T V V F V C L S K  

S S K S Y T S I F N Y F V I Q E S L G L L F L L C S G G L L Q F F  
AAGCAGCAAGAGATATACCAGAATTTTTAATTATTTTGTTATTCAAGAGTCTTTAGGTTTATTATTTCTTCTTTGTAGAGGAGGTCTATTACAATTTTTT 

I 
GGGGTCTGGTTCTTATGTGGGTATTTTAAATTATTTTGTTATTCAAGAAAGTTTGGGGTTATTTTTTTTGGTGTTTAATGTTTTTTTGTTACAATTTTTT 

G S G S Y V G I L N Y F V I Q E S L G L F F L V F N V F L L Q F F  

I l l  I I I I I I   1 1 1 1 1 1 1 l 1 1 1 1 l 1 l I I I I I  I l l  I I  I I I I I  I l l  I I I I I  I I I I I I I I I I I I I I I  

ATTATTTTATTGAAAATTGGTGTAGCACCGCTCCACTTTTGAATTTTTAATGTAACAAATAACATTTTTAATTATGGGCTAATGTGGTTTTTAACATTTC 

ATTGTTATGATGAAGGTTGGTGTGGCTCCTTTTCATTTTTGGGTTTTTAGTGTAACCGGATCTCTGTATGATTGGTTGTTGATGTGGTTTTTGACTTTTC 

. . . .  "" 

I l l  I I  I I l l 1  I I I I I I I  I I  I1  I I I  I I I I I  I I I I I I  I I I I I I  I I I I l l  I I I I I I I I I I I I I  I I  I I I I  

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

Q K L P F L T I L L Q I F W L S S V Y I L L F G L L I C Y V Q I F V  
AAAAATTACCATTTTTAACTATTTTATTACAAATTTTTTGGTTAAGATCCGTGTATATTTTGTTATTTGGTTTATTGATTTGTTATGTTCAAATTTTTGT 

AGAAGTTACCTTTTTTGCCTGTTTTGGTCCAGTTGTTTGATTTTAGGGCTTTTTTTATTTTTTTGTTTGGAATTTGTGTGTGTTATTTTCAGTTGTTTGT 
Q K L P F L P V L V Q L F D F S A F F I F L F G I C V C Y F Q L F V  

I I I  I I I I I  I I I I I  I I  I I I I  I I 1  I I l l  I I  I I  I I I I I I I I I  I I  I I I I I  I I I I I I I I I  ( I l l  I I I I I I  

M K S Y K N L L I I S S T E S F N W I V L G V F F S M F N T F Y L  
CATAAAAAGTTATAAAAATTTGTTAATTATTTCATCCACAGAGTCTTTTAATTGGATTGTTTTGGGAGTATTTTTTTCAATGTTTAATACATTTTATTTA 

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

I I I  I I I I I I  I I I I  I I I I I I I I  I 1  1 1 1 l I l I I I I I I I l I I I  I I I I I I I  I I I I I  I I  I I I I I I  I I I I I I I I  

F I Y Y F V L M V L L I S K F S K T S G Y N F I N W E T T L V F L  
TTTATTTATTACTTTGTATTAATAGTTTTATTAATTTCTAAGTTTTCTAAAACTAGGGGTTATAATTTTATTAATTGAGAAACAACATTAGTATTTTTAA 

TTTTTTTATTATGTTGTTTTAATGGCTTTTTTAATACCGAATTTT---AATGTTAAGGATTTTAATTTTGTTAATTGGGAAGTCTTGTTGGTTTTTTTAA 
I l l  I I I I I I I  I l l 1  I I I I I  I I l l  I I I I I  I I I  I l l  I I  I I  I1  I I  I I I I I I I  I I I I I I I  I l l  I I  I I  I I I I I I I  

F F Y Y V V L M A F L M P N F   N V K D F N F V N W E V L L V F L  

N I P F S V S F F V K I F S L S E I F K Y D S F F T L F L L F T M F  
ATATTCCATTTAGAGTTTCATTTTTTGTAAAAATTTTCTCATTGAGGGAAATTTTTAAATATGATAGATTCTTTACTCTATTTTTGCTTTTTACAATATT 

N V P F S V S F F I K I F V L S E V F K L D G L F L L F L L L M M F  
ATGTTCCTTTTAGTGTTTCTTTTTTTATTAAGATTTTTGTTTTGAGGGAGGTTTTTAAATTGGATGGGTTGTTTTTGTTGTTTTTGTTGTTGATGATGTT 
1 1  I l l 1  I I I I I  I I I I I  I I I I I I  I I I  I I I I I  I I I I I I I I  I I I I I I I I I  I l l  I I I  I l l  I I I I I I I  I I I  I I /  I 1  

L S V L A F S F W L I N L S M K N N E E T S N N N K M N Y F I I F  
TTTATCTGTATTGGCATTTAGATTTTGATTAATTAACTTGAGAATGAAAAATAATGAAGAAACTTCAAATAATAATAAAATAAATTATTTTATTATTTTT 

TTTATCTATGTTGTGTTTTAGTTTGTGATTGGTTAATATGAGTGTTAAAAATATGAAGATGTTGGGTGATAATTTTAAGGTTTTATTTTTTTTGGTGTTT 
I I I I I I I  I I l l  I I I I I  I I  I I I I I   I I I I  I l l 1  I I I I I I I I  I I I I I I  I l l  I I I I I I  I I I l l  

L S M L C F S L W L V N M S V K N M K M L G D N F K V L F F L V F  
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3 1 4 4  

4 0 7 1  

3 2 4 4  

4 1 6 9  

3 3 3 9  

4 2 6 8  

3 4 3 9  

4 3 6 3  

3 5 3 9  

4 4 6 3  

3 6 3 9  

4 5 6 3  

3 7 3 9  

4 6 6 3  

3 8 3 9  

4 7 6 3  

3 9 3 9  

4 8 6 3  

4 0 3 9  

4 9 6 0  

4 1 3 9  

5 0 6 0  

4 2 3 9  

5 1 6 0  

"- \  /--tRNA(phe)---------------------< r---------------------\ L Cyt b 
GCATTTAG--------TTTACTCTTTTAGTTTATAA-TTAAAATATGGCCCTGAAGAGGCTAAG-AATATTAGGAGTATTGAAAATTAATAATAGATTAT 4 5 2 5  

ATAGAGAGAGGGAGAGGTTACTCTGTTAGTTTATGTTTTAAAATATGACTTTGAAGAAGTT~GGAAATGTTAGGAGTGATTAAG---------------T 5 4 3 9  

K I N N S L  

I I I  I I I I I I I  I I I I I I I I I  I I I I I I I I I I  I I I I I I I  I I I I l l  I I I I I I I I  I I1  I 
" - /  \--tRNA(phe)--------------------~ ~ - - - - - - - - - - - - - - - - - - - - - /  1 

Cyt b 
K 
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d 
c .  e 

d.S 

C. e 

A . 9  

c. e 

A . S  

c .  e 

A . S  

c .  e 

A . 9  

c .  e 

d . S  

c .  e 

A. s 

c. e 

A . 9  

c. e 

A .  s 

c. e 

A . S  

c .  e 

A . s  

L N F V N G M L V T L P S S K T L T L S W N F G S M L G M V L I F Q  
TAAATTTTGTTAATGGGATGTTGGTGACATTGCCATCTAGAAAAACTTTAACATTAAGATGAAATTTTGGTAGTATATTGGGTATAGTTTTAATCTTTCA 

TGGATTTTGTTAATTCTATGGTTGTTAGGTTACCGTCTAGTAAGGTTTTAACTTATGGTTGGAATTTTGGTAGTATGTTGGGCATGGTTTTGGGTTTTCA 
L D F V N S M V V S L P S S K V L T Y G W N F G S M L G M V L G F Q  

I I I I I I I I I I I I  I l l  I I I  I I I   I I  I I I I I  I I  I I I I I I  I I I I  I I I I I I I I I I I I I I  I I I I I  I I  I I I I I  I I I I I  

I L T G T F L A F Y Y T P D S L M A F S T V Q Y I M Y E V N F G W  
GATTTTAACAGGTACATTTTTAGCATTTTATTATACGCCCGATAGGTTAATAGCATTTTCAACAGTGCAGTATATTATGTATGAGGTAAATTTTGGATGA 
I I I I I I  I I  I I I I I  I I I I I  I I   I I I I I I I I I  I I l l  1 I I1  I l l 1  I I I  I I   I 1   I I I I I   I I I I I   I I  I I I I I I I I  1 1  

GATTTTGACTGGTACTTTTTTGGCTTTTTATTATTCTAATGATGGTGCTTTGGCCTTTTTGAGTGTTCAATACATTATATATGAAGTTAATTTTGGTTGG 
I L T G T F L A F Y Y S N D G A L A F L S V Q Y I M Y E V N F G W  

V F R I F H F N G A S L F F I F L Y L H I F K G L F F M S Y R L K  
GTATTTCGAATTTTTCATTTTAATGGGGCCAGGTTATTTTTTATTTTTTTGTATTTACATATTTTTAAAGGGTTATTTTTTATAAGATATCGTTTAAAAA 

ATTTTTCGTGTTTTACATTTTAATGGTGCTAGTTTGTTTTTTTATTTTTTTGTATTTGCATTTATTTAAGGGATTGTTTTTTATGAGTTATCGTTTGAAGA 
I I I I I I  I l l 1  I I I I I I I I I I I  I I  I I  I I  I I I I I I I I I I I I I I I I I I I I  I l l  I I I I I I   I I   I I   I I I I I I I I  I I  I I I I I I I I  I I  I 

I F R V L H F N G A S L F F I F L Y L H L F K G L F F M S Y R L K  

K V W M S G L T I Y L L V M M E A F M G Y V L V W A Q M S F W A A V  
AAGTATGAATGTCTGGTTTAACAATTTATTTATTAGTAATAATAGAAGCTTTTATAGGTTATGTTTTAGTTTGAGCTCAAATAAGATTTTGAGCAGCAGT 

AGGTTTGGGTATCTGGTATTGTAATTCTTCTTTTGGTTATAATGGAGGCTTTTATGGGTTATGTTTTAGTGTGGGCACAAATGAGGTTTTGGGCTTCTGT 
K V W V S G I V I L L L V M M E A F M G Y V L V W A Q M S F W A S V  

V  I T ' S  L L ' S  V I i I W G ' P  T I ' V  T W W S G ' F  G V'T G A L K F '  
AGTTATTACTAGACTTTTAAGAGTTATTCCAATTTGAGGGCCAACTATTGTTACTTGAATTTGAAGAGGTTTTGGTGTTACAGGGGCAACATTAAAATTC 

GGTTATCACTAGTTTATTGAGTGTAATTCCTGTCCTGTCTGAGGTTTTGCTATTGTTACTTGAATCTGAAGTGGGTTTACGGTTTCTAGTGCTACTTTGAAATTT 
V I T S L L S V I P V W G F A I V T W I W S G F T V S S A T L K F  

I I I   I I  I I I I I I I  I I l l 1  I I I I  I I  I I I I I  I I   I I I I I I I I  I I I I I I I I I I I I I I   I I   I I  I I I I I  I I  I I I I I  I I  I I I  

I I I I I  I I I I I  I I I  I I  I I  I I I I I  I I I I I I  I I I I I I I I I I I I I I I I  I I I I I  I I  I l l   I l l  I I I I   I I  I I  I I I I I  

F F V L H F L L P W A I L V I V L G H L I F L H S T G S T S S L Y  
TTTTTTGTATTACATTTTTTATTGCCGTGAGCTATTCTAGTTATTGTATTGGGGCATTTAATTTTTTTACACAGAACTGGTAGAACATCTAGGTTATATT 

TTTTTTGTTTTGCATTTTTTGGTGCCTTGGGGGTTGTTGTTATTAGTTTTATTACATTTGGTTTTTTTGCATGAGACTGGAAGAACTTCTAAATTGTACT 
I I I I I I I I  I I   I I I I I I I I   I I I I   I I  I I I I I I I   I I  I I I I I  I I I I I I I  I1  I I I I I  I I I I I   I l l 1  I I  I1  I 

F F V L H F L V P W G L L L L V L L H L V F L H E T G S T S K L Y  

C H G D Y D K V C F S P E Y L G K D A Y N I V I W L L F I V L S L I  
GCCACGGTGATTATGATAAAGTTTGTTTTAGACCTGACCTGAGTAC~AGGTAAAGATGCTTATAATATTGTTATTTGATTATTATTTATTGTGTTAAGGTTGAT 

GTCATGGTGATTATGATAAGGTTTGTTTTTATCCTGAGTATTGGGTCAAGGACTTTTTGAATGTGGTAGTTTGGTTTGTTTTTATTTTTTTTTCTTTGGG 
C H G D Y D K V C F Y P E Y W V K D F L N V V V W F V F I F F S L G  

Y P F ' N  L G ' D  A E M F I E . A  D P ' M  M S i V H I ' V  P E ' W  Y F L F A Y' 

I I1 I I I I I I I I I I I I I I  I I I I I I I I l  I I I I I I I I  I I I I  I I  I I  I I I  I I1  I I I I  1 1  I I I I I I I  I I I  I l l  

TTACCCGTTTAATTTAGGTGATGCAGAGATGTTTATTGAAGCTGACCCTATAATGAGGCCAGTTCATATTGTTCCAGAGTGATATTTTTTATTTGCTTAT 

TTACCCGTTTCTTTTGGGTGATCCTGAAATGTTTATTGAGTCTGATCCTATAATGAGGCCTGTTCATATTGTGCCTGAGTGATATTTTTTGTTTGCTTAT 
I I I I I I I I I I  I l l  I I I I I I  I I I  I I I I I I I I I I I  I I I I  I I I I I I I I I I I I I I  I I I I I I I I I I I  I I   I I I I I I I I I I I I I I  I I I I I I I I I  

Y P F L L G D P E M F I E S D P M M S P V H I V P E W Y F L F A Y  

A I L R A I P N K V L G V I A L L M S I V T F Y F F A L V N N Y T  
GCAATTTTGCGTGCTATTCCAAATAAAGTCTTAGGGGTAATTGCTTTATTAATAAGGATCGTAACATTTTATTTTTTTGCTTTAGTTAATAATTATACCT 

GCTATTTTGCGTGCTATTCCTAATAAGGTTTTGGGGGTTGTGTCTTTGTTTGCTAGTATTTTGGTTCTTGTTGTTTTTGTTTTGGTGAATAACTATGTTT 
I 1  I I I I I I I I I I I I I I I I I  I I I I I  I I  I 1   I I I I I  I I I I I  I I  I I  I I  I I I  I I I I I I I  I l l  I I  I I I I I  I l l  I 

A I L R A I P N K V L G V V S L F A S I L V L V V F V L V N N Y V  

S C L T K L N K F L V F M F I I S S T I L S W L G Q C T V E D P F T  
CTTGTTTAACCAAATTAAATAAATTTTTAGTATTTATATTTATTATCTCATCTACTATTTTAAGATGACTAGGTCAATGCACTGTAGAAGACCCTTTTAC 
I I  I I I I I I I  I I I I I  I l l  I I I  I l l  I I I I I I I  I I I l l 1  I1  I I I I I   I I   I I   I I   I 1  I 1  I I  I I  I l l  
CTGTGATGTCTAAATTGAATAAGTTTCTTGTTTTTGTTTTTATTTTTGTTTTGGTGGTTTTGAGTTGACTTGGGCAGTGTTTGGTTGAGGATCCGTTTGT 
S V M S K L N K F L V F V F I F V L V V L S W L G Q C L V E D P F V  

I L S P L F S F I Y F G L A Y L M L F I F M S S K L L F K ~ ~ ~  

I I I I I I I  I I I I I I I I I I  I I I I I I I  I I I 1  I I I I  I I I I   I I  I I I I I I l l 1  I I  I 

F L S M V F S F L Y F F V I F L L F L V Y Y F A G R V F M ~ ~ ~  

AATTTTAAGACCTTTATTTTCTTTTATTTATTT~;GTTTAGCTTATTTAATATTGTTTATTTTTATAAGAAGTAAATTGTTATTTAAATAATAA------ 

TTTTTTAAGTATGGTTTTTTCTTTTTTGTATTTTTTTGTTATTTTTTTATTATTTTTGGTGTATTATTTTGCTGGTCGTGTTT~ATGTAG~GGTTTAG 

4625 

5539 

4725 

5639 

4825 

5739 

4925 

5839 

5025 

5939 

5125 

6039 

5225 

6139 

5325 

6239 

5425 

6339 

5525 

6439 

5619 

6539 

COIII 
/--tRNA(le":CuN)-------------"< r---------------------\ M 

AACATGTCTAGTATAAGTTAATACATTAGATTTAGGTTCTAAAGATTTGTGATATGTTATATTTCATAATTTTCATATTTTAAGACTTTCAAGGTA 5715 

A . S  TTGGTGTATATATAGTATAAAA-AATATGATAGATTTAGGTTCTATAGATGGTTTGTATACTGTTTTTCATAATTTTCATATTTTAAGTCTTTCTAGGTA 6638 

F H N F H I L S L S S Y  
c . e  - - - -  

I I  I I I I I I I I I  I l l 1  I I I I I I I I I I I I I I I  I l l 1  I I l l  I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I  I I I I I  

\--tRNA(leu:CuN)-------------"< 2"--------------------/ V F H N F H 1 L S L S S y 
COIII 

A Y N L F F A S A G M L S S L V M F F K F G L Y E L F I F T L F S  
C.e TGCATATAATTTATTTTTTGCCTCAGCCGGAATGTTAAGATCTTTAGTAATATTTTTTAAATTTGGACTATACGAATTATTTATTTTTACACTATTTTCT 5815 

d . S  CCCAATTTTGATTTTTTGTAGTTCTTTGGGTTTTACTAGTTCTTTAGTAGTTTTTTTTAAGAATGGTATTTTTGGTGGTTTGTTGTTTTGTTTATTTTCT 6738 
P I L I F C S S L G F T S S L V V F F K N G I F G G L L F C L F S  

I I  I I I I I I  I I I  I I  I I I  I I I I I I I I I  I I I I I I I I I  I l l  I I I 1 1  I I l l   I I I I I I I I  

V L F I S F A W G K D I A M E G L S G Y H N F F V M D G F K F G V  
C.e GTGTTATTTATTTCTTTTGCTTGAGGTAAGGATATTGCTATAGAAGGTTTAAGAGGTTACCATAATTTTTTCGTTATAGACGGGTTTAAATTCGGAGTAA 5915 

A.S  ATTTTTTTGGTTTCTTTTGCTTGGGGTAAAGATATTGTTATGGAGGGTCTTAGTGGTTACCATAATTTTTTTGTTATGGATGG~TTAAGTTTGGTGTTT 6838 

I L F 6 F S E ' F  M F ' F  F C F W T ' F  F D ' A  A L P V H ' E  L G ' E  T W S 
C.e TTTTATTTGTGTTTAGGGAGTTTATATTCTTCTTTTGTATTTTTTGAACATTTTTTGATGCTGCTCTAGTACCAGTACACGAGTTGGGAGAGACTTGATC 6015 

A . 9  TAGTGTTTATTTTTAGTGAGTTTATGTTTTTTTTTGGTATTTTTTGGACTTTTTTTGATGCTGCATTGGTTCCTGCTCATGATGTTGGTGGTGTCTGGTC 6938 
I I  I I  

L V F I F S E F M F F F G I F W T F F D A A L V P A H D V G G V W S  

I I I  I I  I I I I I I I I I I I I I  I I I I I  I I I I I I I  I l l  I I  I l l  I I I   I I I I I I I I I I I I I I I I I   I I I I I  I I  I1  I I I I I  I I  I I  I1  

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

I I I l l  I I I I I I   I I I I I I I I  I I  I I  I l l  I I I I I I I I I I  I I  I I I I I I I I I I I I I I  I I 1  I I  I I 1  I I  I I I  I 

P F G M H L V N P F G V P L L N T I I L L S S G V T V T W A H H S  
C . e  ACCTTTTGGAATGCACTTAGTTAATCCATTTGGTGTACCGTTATTAAATACAATTATTTTATTAAGGAGTGGTGTTACAGTAACTTGAGCACATCACAGA 6115 

d . S  TCCTATTGGTATACATTTGGTGAATCCTTTTGGGGTACCTTTGTTGAATACTATTATTCTTTTAAGTAGTGGTGTGTCTGTTACTTGAGCTCATTATAGA 7038 
P I G M H L V N P F G V P L L N T I I L L S S G V S V T W A H Y S  

I l l  ( I l l  I I  I I   I I  I I  I I I I I  I I I I I  I I I I I  I I  I I  I I I I I  I I I I I I  I I I I I I  I I I I I I I I  I I I   I I I I I I I I  I l l  I I l l  
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e 
c .  e 

A . s  

c .  e 

A . 9  

c .  e 

A . 9  

c.  e 

d.S 

c .  e 

A . 9  

c .  e 

A . 9  

c .  e 

d . S  

c .  e 

A . S  

c.  e 

d . s  

c .  e 

A . s  

c .  e 

A . 9  

C. e 

d.9 

TTACTTAGAAATAAAAGATGTACTAATAGTATAATTTTAACATGTTTTATTGGCAGCTTATTTTACAGGMTTCAATTAATAGAGTATATAGAAGCTAGAT 
L L S N K S C T N S M I L T C L L A A Y F T G I Q L M E Y M E A S  

I I I I  I I I I I  I I l l  I I I I I I I I  I I I  I I I I I  I l l  I I I I I I  I I I I I I I I I I  I I  I I I I I I I I  I 1  I I I I I I I  I I  I I I I I  I 
CTTTTGAGTAATAAGGGGTGTGCTAATAGTTTGATATTAACCTGTATTTTGGCTGTTTATTTTAC~GTATTCAATTGATGGAGTATAAGGAGGCTAGTT 
L L S N K G C A N S L M L T C I L A V Y F T G I Q L M E Y K E A S  

F S I A D G V F G S I F Y L S T G F H G I H V L C G G L F L A F N F  
TTTCTATTGCAGACGGAGTATTTGGAAGGATTTTTTATTTATCTACGGGATTTCACGGAATTCATGTCTTGTGTGGTGTTTGTTCTTAGCATTTAATTT 

TTTCTATTTCTGATGGTATTTTGGTAGTATCTTTTATTTATCTACCGGTTTTCATGGGGTTCATGTGTTGTTTGGTGATTATTT~GTTTTTAATCT 
I O I I I I I  I I I  I I  I I I I I I  I I  I I  I I I I I I I I I I I I I I  I 1  I I I I I  I I  I I I I I I I   I l l 1  I I I I I I  I1 I I  I 1  I I I I I I  I 

F S I S D G I F G S I F Y L S T G F H G V H V L F G G L F L F F N L  

L R L L K N H F N Y N H H L G L E F A I L Y W H F V D V V W L F L  
TTTACGTCTTCTAAAAAATCATTTTAATTATAATCATCATCTGGGGTTGGAATTTCTATTTTATATATTACA~TTTGATGTAGTTGATTATTTTTA 

A T T A C G T T T A T T A A T G T C T C A T T T T A A T T A T A A T C A T C A T C T T G G T T T G G A G T T T C C A T T A T T T A T T G G C A T T T T T T G  
I I I I I I  I I l l  I I I I I I I I I I I I I J I I I I I I I I I I  I1  I I I I I   I I I I I  I l l  I I I I I I  I I I I I I I I  I I O I I I I  I I  I I   I I I I I  

L R L L M S H F N Y N H H L G L E F A I I Y W H F V D V V W L F L  

F V F V y W W S y tey / - - t R N A ( t h r ) - - - - - - - - - - - - - - - - - - ~  r-------------------- 
ND4 

TTTGTGTTTGTTTATTGATGATCTTACTAATATAGCTATGATAGTTTAATTTAGAATATATAAC~TAATTATAAGGTTTCTAGTAGCTTTGTTAGAAT 

T T T G T T T T T G T T T A T T G A T G A T C T T A T T A A - - - - G C C A T G T T A G T T T A T G T G A A A A T G T G T G A T T T G T A A T C T G T T A G A T A  

\ L  L E 

I I I I I  I I I I I I I I I I I I I I I I I I I I  I l l  I I  I l l   I I I I I I I  I I I l l  I I I I I I I I I I  I I l l  I I I  I I I I I I I I I I I  

F V F V y W W S y ter \ - - t R N A ( t h r ) - - - - - - - - - - - - - - - - - - ~  . . . . . . . . . . . . . . . . . . . . .  / L  L D 
ND4 

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

TTTTGTTATTTTCTTTATATTTTTTTTTGAGCCGGTTTTGTTTTTTTTTTTTATAGTAGTGTTTGGGTTTGTGGCTTTGAATAATTATTCGTGGTTAGG 
I L L F S L Y F F F E P V L F F F F M V V F G F V A L N N Y S W L G  

I1  I I 1  I I I  I l l 1  I I I I I I  I I I  I l l  I I I I I  I I  I l l 1   I l l  I I I I I  I I I I I  I I l l  I I I I I I I  I l l  1 1  I1 

L F L V L D S Y S F I L L I V M S L F I L G I I V I S E K N N N L  
ACTATTTTTAGTATTAGATTCATATAGATTTATTTTATTTTATTGATTGTTATAAGATTAT~ATTTTAGGTATTATTGTTATTAGAGAAAAAAATAATAATTTA 

TTGTTTTTACTTTTTTGACTCTTTTTCTTTTATTTTTGTTGATTGTTATGAGTCTGTTTATTGGGGGn;GTTTTTATTGAGGG~GTAATTTTATGCTT 
C F Y F F D S F S F I L L I V M S L F I L G V V L L S E S N F M L  

I I I I  I I I  I1 I I  I I I I I I I I I I  I I I I I I I I I I I  I I  I I I I I I I I I  I I  I I I  I I I 1  I l l 1  I l l  I1 I 

L I L S E I L V F I C I I F F I P S N M M M L Y M F F E L S M F P  
TTGATTTTATCTGAAATTTTAGTATTTATTTGTATTATTTTTTTTATTCCTAGTAATATAATAATATTATATATGTTTTTTGAATTATCTATATTTCCAA 

CTTTTGTTGTCAGAAGTTTTGGTTGTTGTTTGTGTGTTTTTTTTTGTTCCTTCTAATGTAATTTTAATATATATGTATTTTGAGTTGTCCATGTTTCCTA 
I I I I  I I  I l l  I I I I  I 1  I I  I I I I I  I I I I I I I I I   I I I I I  I I I I  I I I I  I I  I I I I I I I I I  I I I I I I  I1 I I  I I  I I I I I  I 

L L L S E V L V V V C V F F F V P S N V I L M Y M Y F E L S M F P  

I L V M I L G Y G S Q I E K I N S S Y Y L M F Y A A F C S F P F L F  
TTTTGGTTATAATTCTAGGTTATGGTTCTCAAATTGAAAAAATTAACTCCTCTTATTATTTAATATTTTATGCAGCTTTTTGTTCATTCCCATTTTTATT 

T T T T G G T T A T A A T T C T T G G T T A T G G T T C C C A G A A C T T G T T  
I L V M I L G Y G S Q I E K I N S S Y Y L I F Y A A L C S F P F L F  

V Y F K S N F L L V F T Y Y N F V I S W E M F F I L S L S F M M K  
TGTATATTTTAAGAGTAATTTTTTATTGGTTTTTACTTACTATAAT~TGTTATTTCTTGAGAAATATTTTTTATTCTTAGTTTAAGATTTATAATAAAA 

TGTTTATTTTAAGAGGTTTTTTTTTATTAGTTTGGTTTAT~TGATTTTAA~TATCTTGGGAAATGGTTTTTT~GAGTTTAAGATTTATGATAAAA 
V Y F K S F F F I S L V Y F D F N L S W E M V F V L S L S F M M K  

I I I I I I I I I I I I I I I I  1 1 1 1 1 1 1 1 1 1 1  1 1  I I I I I  I I I I I I I I  I I  I I I I I I I I I I I I I I  I I I I I I I I  I l l  I I I I I I I  I I I I I  I I   I I  I I  

I l l  I I I I I I I I I I I  I I I I I I  I I l l  I l l  I I I I I I I  I I I I I I I  I I I I I  I I I I I  I I  I I I I I I I I I I I I I I I  I I I I I I  

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

TTTCCTGTTTATTTTCTTCATTTATGGTTACCTAAGGCTCATGTAGAAGCTCCTACTACGGCTAGTATGTTGTTGGCTGGTTTGTTACTTAAGTTGGGAA 
I I I I I  I I I I I I I I  I I l l  I I I  I I I I I I I I  I I I I I I I I I I I  I I I I I I I I  I I  I I I I I  I I  I I I   I I I I I   I I  I I  I I I  I I  I I  I 

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

T A G F L R I L G S L S F V H N N V W I L I A F L G M I L G S F C C  
CAGCGGGATTTTTACGTATTTTAGGTAGTTTAAGATTTGTACACAACAATGTATGAATTTTAATTGCATTTTTAGGGATAATTTTAGGATCTTTTTGTTG 

CTGCTGGATTTTTACGTATTTTGGGTTGTTTGAGTTTTGTGCACAATAATGTGTGGATTGTATTGGCTTTTTTGGGGATAATT~GCTTCTTTTTGTTG 
T A G F L R I L G C L S F V H N N V W I V L A F L G M I L A S F C C  

V F Q S D S K A L A A Y S S V T H M S F L L L S L V F I T M S S K  
TGTGTTTCAAAGAGATTCAAAGGCTTTAGCAGCTTATTCTTCAGTCACTCATATAAGGTTTTTATTATTATCACTGGTATTTATCACAATGAGTAGTAAA 

TATGTTTCAAAGTGATGCTAAGGCTTTAGCCGCTTATTTATTTCTTCTATTACTCATATAAGGTTTG~TTGATGGCTCTTGTTTTTATTATTATGTCTGGTAAA 

I I I  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I l l  I I I I   I I  I I I I I  I I I I I  I I I I I  I I  I l l  I I  I I I  I I I I I  I I I I I I I I I I I  I I I I I I I I I I I I  

I I I I I I I I I I I  I l l  I I I I I I I I I I I I  I I I I I I I I I I I  I I I I I I I I I I I I I I I I  I I1  I I I1  I I  I I I I I  I I l l  I I I I I I  

M F Q S D A K A L A A Y S S I T H M S F V L M A L V F I I M S G K  

C. e 

d . S  

T G G V I L M L A H G Y T S T L M F Y L  
~~~~ . ..~ """" 

c .  e 

A . S  

C. e 

A . s  

c .  e 

d .9  

Y F M S S F F S S S M I M G I L F S V V F L S N S G V P P S L S F L  
ATTTTATAAGTAGATTTTTTAGATCTAGAATAATTATAGGTATTTTGTTTTCAGTTGTATTTTTATCAAATAGGGGTGTACCACCTTCTTTGTCATTTTT 

ATTATATGAGTAGATTTTTTGGTTCTGGTATGATTATGGCGCTTCTTTTTGCTGTGGTG~TTATCTAATATGGGTACCCCTCCTTCTTTGTCTTTTTT 
Y Y M S S F F G S G M I M A L L F A V V F L S N M G T P P S L S F L  

S E F L V I S N S M L I S K S M F V M I F I Y F V V S F Y Y S L F  

I l l  I l l  I I I I I I I I I I I I  I I l l  I I1 I I I I I  I I 1  I I l l  I I I  I I  I I I I I I I I  I I I I  I l l 1  I I  I I I I I I I I I I I   I l l 1 1  

ATCAGAATTTTTAGTTATTTCTAATAGTATATTAATTAGAAAAAGTATATTTGTAATA~TTTTTTATTTATTTATTTTGTAGTATCTTTATTTTTTACTATTCTTTATTT 

ATCAGAATTTATTGTAATTTCTTCGTCTTTAAATATATGAAATTTAGTTTTTGGGTGTTATTTGTTTATTT~C~GGCTTTTTATTACTCTATTTAT 
S E F I V I S S S L N M M K F S F W V L F V Y F F S A F Y Y S I Y  

I I I I I I I I I I  I I I  I I I I I I  I I I   I 1  I I l l  I I  I l l  I I I l l  I I I I I I I I  I I I I I I I I  I 1  I l l  I I I 

TTGATTACAAGATCTTTAATAGGAAAAGGTTACCATAATTTTAATACTTGAAATGTAGGG~TTCAGCACCATTAGTCTTAATAATATATAATGTATTTT 

TTGTTAACCAGATCTGTTATGGGAAAAGGTTATGTAAATT~AGGATTTGAAATGTGGGATTTTCTG~CTTTGGTGTTTATAATGTATAATATTTTTT 

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

I l l  I I1 I I I I I I  I I I  I I I I I I I I I I I  I I I I I I I  I I I I I I I I I I  I I  I I I I I  I I I  I I  I I  I I  I I I I I  I I I I I I  I I IO 

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

6215 

7138 

6315 

7238 

6415 

7338 

6515 

7433 

6615 

7533 

6715 

7633 

6815 

7733 

6915 

7833 

7015 

7933 

7115 

8033 

7215 

8133 

7315 

8233 

7415 

8333 

7515 

8433 

7615 

8533 

7715 

8633 
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f W L S V F Y t e r  I LNC 1 .- * -  
C. e 

d.s  

C. e 

d . s  

C. e 

A . S  

C. e 

d . s  

c. e 

A . s  

C. e 

A . S  

C. e 

A . S  

C. e 

A . S  

C. e 

A.s 

c. e 

A.s 

c. e 

d . S  

C. e 

A . S  

c. e 

A.s 

C. e 

A.s 

c. e 

A.s 

C. e 

A . S  

GATTAAGTGTGTTTTACTAA- - - - -TAATCTAGAGATCTATCTCTTTTTGAGCACGTTAGTACATTATTTTTAATAATGTGCTAATAATTATGTTTAAA 
I I I I I I I I  I I I I  I l l  
GGATAAGTGTTTTTTTTTAAAAAAGTAAGGTTTAGGTTCT~CGAAAGGTT~TTTTCGTTAG~~~TAATTGCTAMAATGT~GATTTTTAG 
W M S V F F t e r  [LNCI +"---( 

COI 
I N L Y K K Y Q G G L A V W L E S S N H K  

AGTAAAATTTTTATTTTAAGTATTCAACTTTTAA---ATTAATCTTTATAAAAAATATCAAGGAGGATTGGCAGTTTGATTAGAGAGATCTAATCATAAA 

GACTAAATTTAGGTTTTGAATGTGATAGTT~AATTGATTAGTGGTTTTTATAAATA~AAGGTGGGTTGTCTGTTTGATTGGAAAGTTCTAATCATAAG 
I I I I  I I I  I I 1 1 1 1 1 1 1 1 1 1 l  I I  I l l  1 1l11111I I I   I I  I I I I I I I I I I I  

co1 
I S G F Y K Y Q G G L S V W L E S S N H K  

D I G T L Y F I F G L W S G M V G T S F S L L I R L E L A K P G F  
GATATCGGAACTCTTTATTTTATTTTTGGACTTTGATCTGGTATGGTTGGTACTAGATTTCTTTATTAATTCGTTTAGAATTAGCTA~CCAGGTTTTT 

GATATTGGTACTTTGTATTTTTTGTTTGGTTTGTGGTCTGGTATGGTTGGTACTAGGTTGTCTT~GTGATTCGTTTGGAATTGGCTAAACCTGGTCTTC 
D I G T L Y F L F G L W S G M V G T S L S L V I R L E L A K P G L  

F L S N G Q L Y N S V I T A H A I L M I F F M V M P T M I G G F G N  
TTCTTAGGAATGGACAGTTGTATAATTCAGTTATTACAGCTCATGCTATTTAATAATTTTTTTATGGTAATACCTACTATAATCGGTGGTTTTGGTAA 

TTTTGGGTAGTGGTCAGTTATACAATTCTGTTATTACTGCGCATGCTATTTTGATGATTTTTTTATAGTTATACCTACTATGATTGGTGGTTTTGGTAA 
L L G S G Q L Y N S V I T A H A I L M I F F M V M P T M I G G F G N  

I I I I I  I I  I l l  I I I I I I I  I I I I I I  I I I  1 1 l I I I I I l I I I l l I I I l l l  I1  I I I I I  I I I I I I I I I  I I I I I  I I I I I I I I  I l l  I I  

I I  I I I I l l  I I I I I  I I  I I I I I  I I O I I I I  I1 I I I I I I I I I I I  I I  I I I I I I I I I I I  I I  I I I I I I I I I I I  I 1  I I I I I I I I I I I I I I  

CTGATTATTACCACTTATGTTAGGAGCACCTGATATAAGATTTCCACGTTTAAATAATTTAAGATTTTGG~ATTACCTACATCTATATTATTAATTTA 
W L L P L M L G A P D M S F P R L N N L S F W L L P T S M L L I L  

I l l  I I I  I I  I I I I I I  I I  I I  I I I I I I I I  I I  I I I I I  1111111111111IIII I I I I I I I I  I1  I I I I I  I l l  I I I  I I I I I I I I  
TTGAATGTTGCCTTTGATGTTGGGGGCCCCTGATATGAGTTTTCCTCGTTTAAATAATTTAAGTTTTTGGTTGTTGCCTACTGCTATGTTTTTAATTTTG 

W M L P L M L G A P D M S F P R L N N L S F W L L P T A M F L I L  

D A C ' F  V D M G C G ' T  S W ' T  V Y b P L S ' T  M G ' H  P G S S V D ' L  A I '  
GATGCTTGTTTTGTAGATATAGGTTGTGGGACTAGGTGAACAGTCTACCCACCTTTAAGAACAATGGGGCACCCTGGAAGTAGAGTAGATTTAGCTATTT 

GATGCTTGTTTTGTTGATATGGGTTGTGGTACTAGTTGGACTGTTTATCCTCCTTTGAGTACTATGGGTCATCCTGGTGGTAGGGTTGATCTTGCTATTT 
I I I I I I I I I I I I I I  I I I I I   I I I I I I I I  I I I I I  I I  I I  I I   I I   I I  I I I I I  I I  I I  I I I I I  I I  I I I I I  I I I I  I I  I l l  I I I I I I I I  

D A C F V D M G C G T S W T V Y P P L S T M G H P G G S V D L A I  

F S L H A A G L S S I L G G I N F M C T T K N L R S S S I S L E H M  
TTAGTTTACATGCAGCAGGGTTAAGATCTATCTTAGGTGGTATTAATTTTATGTGTACTACTAAAAATTTACGTAGAAGTTCTATTTCATTAGAACATAT 

TTAGTTTGCATTGTGCTGGGGTTAGATCTATTTTGGGTGCTATTAATTTTATGACTACTACTAAGAA~GCGTAGTAGTTCTATTTCTTTGGAACATAT 
F S L H C A G V S S I L G A I N F M T T T K N L R S S S I S L E H M  

I I I I I I I  I l l  I1  I l l  I I I I I I I O  I I  I I I I  I I I I I I I I I I I I I  I I I I I I I I I   I I I I I   I I I I I  I I I I I I I I I I I  I I  I I I I I I I I  

T L F V W T V F V T V F L L V L S L P V L A G A I T M L L T D R N  
AACTTTATTTGTTTGAACTGTATTTGTAACAGTGTTTTTACTGGTTTTATCTCTACCGGTTTTAGCAGGGGCTATTACTATGTTGTTAACTGATCGTAAT 

I I I  I I I I I I I I I I I I I I  I I I I I  I I  I I  I I I I I  I I I I I I I I I I I  I I I I  I I I I I  I I  l l l l l l l l l l l 1 1 l l l l l l I I I I I I I l l l l l l l  
GAGATTGTTTGTTTGAACTGTTTTTGTTACTGTTTTTTTGTTGGTTTTATCT~ACCTGTTTTGGCTGGGGCTATTACTATGTTGTTAACTGATCGTAAT 

, , .  . . . . . . . . . .  . . .  _ _ .  . . . 

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

L N T S F F D P S T G G N P L I Y Q H L F W F F G H P E V Y I L I  
TTAAATACTTCATTTTTTGATCCAAGAACTGGAGGTAATCCTCTTATTTATCAACATTTGTTTGAT~TTGGTCATCCTGAAGTATATA~TGATTT 

CTTAATACTTCTTTTTTTGATCCTAGGACTGGTGGTAACCCTTTGATTTATCAACATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTGATTT 
I I I O I I I I  I I I I I I I I I I I  I I  I I I I I  I I I I I  I l l  I 1 l l 1 1 1 1 1 1 1 1 I I I  I I I I I  I I I I I I I I I I I I I I I I I  I I  I I I O I I I I I I I I  

L N T S F F D P S T G G N P L I Y Q H L F W F F G H P E V Y I L I  

TACCAGCTTTTGGTATTGTCAGACAATCTACACTTTATTTAACAGGAAAAAAAGAAGTTTTTGGTGCTTTGGGTATAGTTTATGCAATTTTAAGAATTGG 
I l l 1  I I I I I I I I I I I I  I I I  I I  1 1  I I l l  I I I   I I   I I I I I   I 1   I I I I I I I I  I I I I I I I I I I  I I I I I I I I  I I I I I  I I  I I I I I  
TACCGGCTTTTGGTATTATTAGTCAGAGTAGTTn;TATCTGACTGGTAAAAAGGAGGTTT~GGGTCTTTGGGTATGG~TATGCTATTTTGAGTATTGG 
L P A F G I I S Q S S L Y L T G K K E V F G S L G M V Y A I L S I G  

L I G C V V W A H H M Y T V G M D L D S R A Y F S A A T M V I A V  
TTTAATTGGTTGTGTAGTATGAGCTCACCATATGTATACAGTAGGTATAGATTGGATTCACGTGCTTATTTTTCGGCTGCTACTATAGTTATTGCAGTG 

TTTAATTGGTTGTGTTGTTTGAGCTCATCATATGTATACTGTTGGTATGGATCTTGACTCTCGGGCTTATTTTACTGCTGCAACTATGGTTATTGCTGTT 
L I G C V V W A H H M Y T V G M D L D S R A Y F T A A T M V I A V  

I I I I I I I I I I I I I I I  I I  I I I I I I I I  I I11l111111 I I  I I I I I  I l l  I I I  I I  I I  I I I I I I I I I  I I I I I I  I I I I I  I I I I I I I I  I I  

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

CCTACTGGTGTTAAGGTTTTTAGTTGGTTGGCTACCTTGTTn;GTATAAAGATGGTTTTTCAACCTTTACTTTTATGAGTTATGGGTT~ATTTTTTTGT 
P T G V K V F S W L A T L F G M K M V F Q P L L L W V M G F I F L  

I I  I I  I I I I I I I I  I 1  I I I I I  I I  I I I I I I I I  I I  I 1 1 1 1 l I I I I l  I I I I I  I l l  I I I  I I I I  I I I I I  I I I l I I I I I 1 1 1 1 1 1 l I I  

F T L G G L T G V V L S N S S L D I I L H D T Y Y V V S H F H Y V L  
TTACTTTAGGTGGGTTGACAGGTGTTGTATTATCTAATTCAAGATTGGATATTATTTTACATGATACTTATTATGTAGTTAGACATTTTCATTATGTTTT 
I I I I I  I I I O I I I I  I1  I I  I l l  I I I I I I I I I I  I I  I I I I I I I I I I I  I I  I I I I I I I I I I I I I I I I I  I I I I I  I I I I I I I I I I I I I I  I 

T T A C T A T T G G T G G G T T A A C C G G G G T T A T G C T T T C T A A T T C T A G T T T G G A T A T T A T C T T G T C A T T A T G T C C T  
F T I G G L T G V M L S N S S L D I I L H D T Y Y V V S H F H Y V L  

S L G ' A  V F ' G  I F G V T ' L  W W - S  F I T G Y V ' L  D K ' L  M M S A V F' 
AAGTTTAGGAGCTGTTTTTGGGATTTTCACGGGTGTTACACTATGATGAAGATTTATTACAGGGTATGTGTTAGATAAACTTATGATATCTGCAGTATTT 

TAGTTTGGGGGCTGTTTTGGTATTTTTACGGGTGTGACTTTGTGGTGAAGTTTATTACTGGTTTTGTTTA~;ATAAGATGATAATGAGAAGTGTTTTT 
I1  I l l  I I I I I   I I  I I I I I I I I I I I  I I I I I  I I I I I I I I  I I  I I I  I I I I I  I I I I I I I I  I I  I I l l  I I I I I I  I I I  I I  

S L G A V F G I F T G V T L W W S F I T G F V Y D K M M M S S V F  

I L L'F I G N L T ' F  F P'L H F n G L H ' G  F P ' R  K Y t D Y P ' D  V Y '  
ATTTTATTATTTATTGGGGTAAATTTAACATTTTTCCCGCTACATTTTGCAGGACTACACGGGTTCCCACGTAAATATTTAGATTACCCTGATGTTTATT 

GTTTTAATGTTTGTTGGGGTTAATTTAACTTTTTTTCCTTTACATTTTGCTGGTATTCATGGTTATCCTCGTAAGTATTTGGATTATCCTGATGTTTATT 
I I I I I  I I l l  I I I I I I I  I I I I I I I I   I I I I I   I I  I I I I I I I I I I  I I  I I I  I I  I I1 I I I l l  I I I I I  I I I I I  l l i l l l l l l l l l l  

V L M F V G V N L T F F P L H F A G I H G Y P R K Y L D Y P D V Y  

S V W N I I A S Y G S I I S T A G L F L F I Y V L L E S F F S Y R L  
CGGTATGAAATATTATTGCCTCTTATGGTTCTATTATTAGAACTGCAGGACTATTCTTATTTATTTATGTATTATTAGAGTCTTTCTTTAGTTATCGTTT 

CTGTTTGAAATATTATGGCTTCTTATGGGTCTATAATTAGTGTGTTTGCTTTGTTTTTGTTTATTTATGTTTTGTTGGAGTCTTTTGTGGGTCATCGTAT 
I I I  I I I I I I I I I I I   I I  I I I I I I I I   I I I I I  I I I I I  I I I I  I I  I I I I I I I I I I I  I I  I 1  I I I I I I I I  I I I  I I I I I  I 

S V W N I M A S Y G S M I S V F A L F L F I Y V L L E S F V G H R I  
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A . 9  
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A . 9  

c. e 

A . S  

c .  e 

A . 9  

c.  e 

A . 9  

c.  e 

A.S 

c.  e 

A . 9  

V I S D Y Y S N S S P E Y C M S N Y V F G H S Y Q S E I Y F S T T  
AGTAATTAGAGATTATTATTCTAATAGAAGACC~AGTATTGTATGAGTAATTATGTATTTGGTCACAGTTATCAGrrTGAGAn"PATn"PAGAACTACT 

TTTTTTGTTTGATTATTATGTAAATAGTGGCCCTGAGTATAGTCTTAGTGGCTATGTTTTTGGTCATAGTTACCAGTCTGAGA~TTTATAGGTCTATT 
F L F D Y Y V N S G P E Y S L S G Y V F G H S Y Q S E I F Y S S I  

I I I I I I I I I I I  I I I I I  I I I I I I I I I I  I I  I I l l   I I I I I  I I I I I I I I  I I I I I  I I I I I I I I I I I I I  I I  I l l  I l l  I 

s L K N **/--tRNA(cys)--------------------< >----------------------\  /--tRNA(f-met)---------- 
AGATTAAAAAATTAGAAACCTTAGTATAATTTTAGTATATTTAATTGCAAATTAAATGGTAT--TGGTTTTT----AGTAAGATAGGATAA-TTAAGTCT 

I I  I 1  I I I I I  I I I I I I I I I  I I I I I I I I I   I I I I I I I I I   I I I I  I l l  I I l l  I l l  I I I I I I I I I I I I I I  I I  I I I I I  
GTTTTTAAGTTTTAGAGTCTTTAGTATATTTTTAGTATGCTTAATTGCAGATTAGGTGGATTTGTGGGCTTTGTTGAATAAGATAGGATAAGTTGAGTCT 
V F K F .*\--tRNA(cys)--------------------< +- - - - - - - - - - - - - - - - - - - - - /  \--tRNA(f-met)---------- 

-------< >-------------------------\/--tRNA(==~)---------------------< >"-------------------- 

GTAAGGTTCATACCCTTGAGGTGGTTTTCTCTTATTAAAAGTTTAGTATAAAAA---AGTATATTTTATTGTCAATAAAAAG--GTAAAAACTTTA--- 
\ 

I I  I I I I I I I I I I I I I  I I I I  I I I I I I I I I I I I  I l l  I 1 I I I I I I I  
GTGAGGTTCATACCCTCTTGGTGTTTTTCTCTTATTGAAAACTATAGTATAATTTTTTATTATACCTTATTGTCGATGGGGAGAATTTGGTGTGTTTAGTTGGTGTGTTTATGT 

I I l l 1  I I I I I I I I  I1 I I  I I I I I I  

/ --------.< > - - - - - - - - - - - - - - - - - - - - - - - - - / \ - - t R N A ( a s p ) "  ~- - - - - - - - - - - - - - - - - - - - -  
COI I 

/--fRNA(gly)-------------------< ~ - - - - - - - - - - - - - - - - - - - - \  1 
-GATTCTTTAGTATAATTCAGTATGTTTGACTTCCAATCAAAAGGTTTCTGCCTGAGGATTAATTAATAATTTTTTTCAAGGATATAATTTACTATTTCAGCATA 

TGATCTTTTAGTATATTTTTGTACATTTGACTTCCAATCAGATAGTTTTAAAGGTTATTGAATAATTTTTTTCAAGATTTTAATTTGTTGTTTTCTAGTA 

N N F F Q G Y N L L F Q H  

I l l  I I I I I I I I I  I 1  I l l  I I I I I I I I I I I I I I I  I I I I I I  I I I l l  I I I I I I I I I I I I I I I I I  I I I I I I I  I I l l  I I  

\--tRNA(gly)-------------------< >-- - - - - - - - - - - - - - - - - - - - /  L 
C O I I  

N N F F Q D F N L L F S S  

S L F A S Y M D W F H S F N C S L L L G V L V F V T L L F G Y L I F  
GTTTATTTGCTAGTTATATAGATTGATTTCATAGG~AATTGTAGTTTATTGTTGGGAGTTTTAGTGTTTGTTACTTTA~GTTTGGATATT~AA~TTT 
I l l 1  I l l  I I I I I I I I I I I I I I I I  I l l  I l l  I I I I I I I I I I I  I I 1  I I   I I   I I I I I I   I I I I I I  I I  I I I I I I   I l l  I I I I  
GTTTGTTTTCTAGTTATATAGATTGGTTTTATAATmAATTGTAGGCTTTTATTTGGTGTTTTATCTTTTGTTTCTACTATG~GTTTATCTTTTGTT 
S L F S S Y M D W F Y N F N C S L L F G V L S F V S T M F V Y L L L  

G T F Y F K S K K I E Y Q F G E L L C S I F P T I I L L M Q M V P  
TGGTACTTTTTATTTTAAAAGAAAAAAAATTGAGTATCAGTTTGGTGAATTATTGTGTAGTATTTTTCCAACTATTATTTTATTAATACAAATAGTTCCT 

AAGTAGTTTTTATTTTAAGAGTAAGAAGATTGAGTATCAGTTTGGTGAGTTATTATGTAGGGTGTTTCCTACTTTGATTTTGGTTATGCAAATGGTGCCT 
I l l  I I I I I I I I I I I I  I I  I I  I I  I I I I I I I I I I I I I I I I I I I I  I I I I I  I I I I I  I I I I I I  I l l  I I I I I I  I I I  I I I I I  I1  I l l  

S S F Y F K S K K I E Y Q F G E L L C S V F P T L I L V M Q M V P  

S L S L L Y Y Y G L M N L D S N L T V K V T G H Q W Y W S Y E Y S  
TCACTTAGGCTTTTATATTATTACGGATTAATAAATTTAGATAGAAATTTAACAGTTAAGGTTACAGGACATCAGTGATA~GAAGATATGAATATAc-:Ac-: 
I I  I I I  I I I  I I I I I I I I   I I  I I I I I  I I I I I  I I I I I  I I l l  I I  I I I I I I I I  I I  I I I I I I I I I I I I I I I I I I I I  I I I I I I I  I l l  I 

~~~~~~ 

TCTTTAAGTTTGTTGTATTATTATGGTTTAATGAATTTGGATAGGAGTTTGACTGTTAAGGTAACTGGACATCAGTGATA~AAGTTATGAATTTAGGG 
S L S L L Y Y Y G L M N L D S S L T V K V T G H Q W Y W S Y E F S  

D I P G L E F - D  S Y ' M  K S i D Q L'S L G ' E  P R L L E V ' D  N R ' C  V I 
ATATTCCTGGGTTAGAATTTGACTCTATATAAAATCACTAGATCAATTAAGTTTAGGTGAACCACGTTTATTAGAAGTTGATAATCGTTGTGTTATTCC 

ATATCCCTGGTTTGGAATTTGATTCTTATATGAAGTCTTTGGATCAGTTGGAGTTGGGTGAACCTCGTCTTTTGGAGGTTGATAATCGTTGTGTTGTGCC 
D I P G L E F D S Y M K S L D Q L E L G E P R L L E V D N R C V V P  

C D T N I R F C I T S A D V I H A W A L N S L S V K L D A M S G I  
TTGTGATACTAACATTCGTTTTTGTATTACATCTGCTGATGTTATTCATGCTTGGGCATTAAATTCTTTATCTGTAAAATTAGATGCTATAAGAGGAATT 

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

I l l 1  I I I I I  I I  I I I I I I I I  I I I I I I I I  I I  I I  I I I I I I  I I   I I  I I I I I I I I   I l l  I I I  I I  I I I I I I I I I I I I I I I I I I  I I I  

I 1 I I I I I  I l l  I1 I I I I I I I I I I I I I I  I l l1 I I I I I I I I I I I I I  I I I I I l 1  I l l  I I 1 I l l  I I I  l l l l I I I1111 1 1  I I I I I I  
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L S T F S Y S F P M V G V F Y G Q C S E I C G A N H S F M P I A L  
C.e TTAAGAACATTTAGTTACAGGTTTCCTATAGTGGGAGTTTTTTATGGTCAATGTTCAGAGATTTGTGGAGCAAATCATAGTTTTATACCAATTGCTTTAG 10291 

I I   I I  I 1  I I  I l l  I I  I I I I I I  I I I   I I   I 1  I I I I I I I I I I I I I I I I I  I I  I I I I I I I I  I I  I I I I I I I I I I I I I I I I I  I I I I I I  I 
A . s  TTGAGTACTTTGTCTTATAGTTTTCCTGTGGTTGGTGTATTTTATGGTCAATGTTCTGA~TTTGTGGTGCTAATCATAGTTTTATACCTGTGGCT~GG 11233 

L S T L S Y S F P V V G V F Y G Q C S E I C G A N H S F M P V A L  

E V T L L D N F K S W C F G T M E ter /--tRNA(his)-------------------< +------ 
C . e  AGGTAACATTATTGGTGTGTGGATAATTTTAAAAGATGATGTGGTACTATA---GAATAATTTAGCTTAATAGTTTATATTAAAATGTTTACTTGTGGTGTAAG 10388 

A . S  A A G T T A C T C T T T T G G A T A A T T T T A A G A G T T G G T G T G T G G G G T T T G T G A T A T G A G  11331 
I I I  I I  I I I I I I I I I I I I I I I  I 1  I I  I l l  I I1  I I I  I I  I I I I I  I I I I I I I I  I I I I I I I  1 1  I I I I I  I I I I  

E V T L L D N F K S W C V G L L S D ter \--tRNA(his)------------------< >------- 

C . e  AGAATATAGAGCTTTAAATTTTACTTGTTTAAATATTGGTATTGCATACTATTACAATAAAATTTCAT--GTTAATGAAAAATAGAAACAAAGGGTAGAG 10486 

A . 9  TGAAATTGGAGCTTTAGTATTTTTTTTTTCATTTTTTAGTATTGTGTACTATTTAGGGAAAATAACATTTGTTTCTGCCATGTTAAATAGAAAGAAAAGGTAGAA 11431 
I l l  I I I I I I I I I  I l l  I1  I I  I I I I   I I I I I I  I I I I I I I  I I I I I  I l l  I l l  I l l  I I I I I I I I I  I l l   I I I I I I  

-"""""" / I - -  1 - r R N A  ------------ 
C.e TAAATATTAGTTTTATTGTTTCATACTAAAAATTATATTTATTAGAGTTGATATGTCGACCTTTGTGATAACTGTTTTTATTTTTATATTAGAAAATTAT 10586 

I I 1  I I I I I  I I I I I I I I  I I I I I I I I I  I I I I  I I1111111111111 I l l  I1  I1  I I I I I I  I I I I I I   I I I I I I I I I  I I I I  
A . s  GATTAATAAGTTTATTTGTTACAAATAAAATTAmGTTTTGGTGTTGATATGTCGACTTTT~TTATCTGTTTATTTTTTTTTATTAGAAAGTTAT 11531 

c.  e ATATTATATAATTATTTTAGGAAATTTAAAATTTGAAGTGATGTTTTACAACATTTTCCTAATTTTATTTAAGTTTGGTGTGTAATTTTTAATTTAA 10  686 
A . 9  ATGGTTTGTTTGTATGTTAGGAAGTTAAGATTTTGTAGTGTTCTTTTTTTGTGTTTTATAACGTTTTCTTTTTTTTTAATTGGATGG-TTTTGTTTTTAT 11630 

I I  I I I I l l  I I I I I I I  I I  I I I I I I  I I I I I I  I I l l  I I I I I I I  I l l  I l l 1 1  I I I I I  I I I I I I I  I I I I  

c. e TAAAGTTTTATTAAATAAATAATTTGTAAATTAGTAAATTT-TATAAATTT-AATTTATTATTAAAATATAATTGAA-GAACTTGAAGTCTTGATCAAAT 10783 
I l l  I I I O  I I I I I  I I I I I I I   I I   I I I I I I  I l l  I I I I I I I I  I l l   I I I I I   I l l  I I l l  I I I I I I I  I I l l   I I I I I I  

I I I I I I I I I I I I I I I I I I  I I  I / I  I I I I I I  I I I I I  I I I I I  I 1 1  I I I l 1 1 1 1 1 1 1 1 1 1 l I l I I I l I I I l l I I I I I I I I I I I I I I I I I l l I  

I I I I I I I I I  1 1  I l l 1  I I I I I I I I I I  1 1 1 1  I l l  I 1  I 1  I I I I I I  I I I I I I I I  I l l  I I I I I I I I I I  1 1 1  I I I  

I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I  I I I 1  I I   I I  I I I I I I  I I I I I I I I I I  I I I I I  I I  I I l l  I I l l  I l l 1  I 

A.9 TAATTTTTTAATAAATTTATAATTTGAATTTAGTAGTTTTGTTTAAATTTTTCTGCCGTTTTTTATTTTAATTTTTTTGTGTGAACTTG-TCTTTTGGTCAAAT 11729 

C.e GTTTTTTAAAGACTTAGGCTTTATATTAAAGCTGGCTTCTGCCCTGCCCTATGATATT-TAAATGGCAGTCTTAGCGTGAGGACATTAAGGTAGCAAAATAATTT 10882 

A . 9  GTTTTTTAAAGACTTAGGTCTTTT-TTGAGACTGAGACTGGCCTCTGCTCTATGTTTTTATAAATGGCAG~TTAGCGTGAGGACA~AAGGTAGCAAAATAATTT 11828 

C . e  GTGCTTTTATTGAGTTCCAGTATGAATGAAGTTATTGGTTAGTTCTATTTATGTTTTATGTTTGAATTTCTGCCAATTTTTATTTAAGAAAAAATAAATATATTT 10982 

A . S  GTGCTTTTAATGGGTTCTAGTATGAATGGGGTTAGTGGCTAATTTTTTACTTTTAT~T-TATGAATTAGTTTTGTGTTTAAGAAATAATGGTTGATATT 11927 

C.e ATACAAAGATAAGTCTTCGGAAATTCTGTTATTACACAATTAAATAATTGTGTAATAAATTTTCTAGGGCAGAATATTATATAATAGTATTTCACTATAT 11082 

A . 9  ACACAAAGATAAGTCTTCGGAAATTTTTATTAAATATTTTTTTATTTTTTTAATATGTTTTCTAGGGTAGAATGTTTTGTAACTTTTTTT-ACTAATT 12026 
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A . 9  

c .  e 

A . 9  

c. e 

A . 9  

c .  e 

A.S 

c. e 

A . 9  

c. e 

A . S  

c. e 

A . 9  

c .e  

A . S  

c. e 

A . 9  

c. e 

A . S  

c. e 

A . S  

c. e 

A.S 

c. e 

A . 9  

c. e 

A . S  

c. e 

A . S  

TTAATTTAMGAATTACTCCGGAGTTAACAGAAAATCATACCTAATCTAGTACTTATAGTAA-GGTAAGTTTTACATCGATGTTGTATTCAGATAATCTA 

TTAATTTAAAAAATTACTTCGGAGTTAACAGAAAGTCATATCTGATTTAGTTCTTATAATAATGATAAGTTTTACATCGATGTTGTATTTTAGTTCTTAA 

AGAGAGGAGAAGGCTTAGTAGTTTAGACn;TTCTTCTTCTATTAATTAATCTGACGTGATATTAGTTT~TTCATTGTGAGATAGAATTGTTTATCTTGATAA 

AGGGAGGAGAGGATTTTAGGTTTTAGACTGTTCTTCTATTATTAAACTAAACGTGATATTAGTTT~TTCATCGTGAGATAGAATTGTTTATCTTGGTAA 

I I I I I O I I I  I I I I I I I  I I I I I I I I I I I I I I I   I I I I I  I I  I I  I l l 1   I I I I I I  I l l  I I I I I I I I I I I I I I I I I I I I I I I I I  I I I 

I I  I I I I I I I  I I I  I I I I I I I I I I I I I I I I I I I I  I I1 I I I I I I I I I I I I I I I I I I I I I I  l l l l I I I I I I I I I I I 1 1 1 1 1 1 1 l  I l l  

N D 3  
1-rRNA "1 1 L V L L M V 

ATATTTATATTTAA-TACATTTAGTACGAAAGG~CATTGTAAAAGTTTTA-AACTTT---AAAGATTTTGAAATCTTTAmTAGTGCTAGTGCTATTAATAGTT 

TGTCTTMTTTTAATTACTGAAAGTACGAAAGGAAATTTGTTGGAGTTTGATAACTTTTTGAAAGTGTTAGTACTTTTTTTGTTGGTTTTGGTTATGGTT 
I l l  I I I I I  I l l  llIII11111111 I I I I  I I I I I  I I I I I I I  I I I I  I I  I I I I l l  I I1 I I  I I I 1  I l l  

"""""" 1-rRNA - - I  L L V L V M V 
ND3 

L V F T L V L L F A F Y L I N F L L S I K D M G K N K I S A F E C  
TTAGTGTTTACGCTAGmTATTATTTGCTTTTTATTTGATTTGATTAATTTTTTATTAAGAATTAAGGATATAGGAAAAAATAAAATTAGAGCGTTTGAATGTG 

I I I I I I I I  I I I I I I I  I I I I I I I  I l i l I I  I I I I I I I I  I I I  I l l  I I I I I I I  I I I  I I I I I  I l l  I I I I I I  I I I I  
GTTTTATTTACGTTAGTTTTGTTATTTGTGTTTTATATATTGGTAATTTTGTTTTGAGATGTAAGGATTTTTATAAGAATAAGATTTCTTCTTTTGAGTGTG 
V L F T L V L L F V F Y I G N F V L S C K D F Y K N K I S S F E C  

G F V S V G K I Q N S F S I H F F I M M L M F V I F D L E I V M F L  
GTTTTGTAAGAGTTGGAAAAATTCAAAATTCTTTTAGAATTCATTTTTTTATTATGATATTGATATTTGTTATTTTTGATTTAGAAATTGTTATGTTTTT 

GTTTTGTTAGGATTGGTAAAATTCAGAATTCTTTTAGTATTCATTTTTTTATTATGATGCTTATGTTTGTTATTTTTGATTTGGAGGTGGTGATGTTTCT 
I I I I I I I  I I  I l l 1  I I I I I I I I  I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I  I I I  I I I I I I I I I I I I I I I I I  I I  I I I   I I I I I I  I 

G F V S I G K I ~ N S F S I H F F I M M L M F V I F D L E V V M F L  

G I L V S D L S S Y I S F L M M F I F I F G G F Y M E W W Y G K L  
AGGTATTTTAGTATCAGATTTAAGTTCGTATATCAGGTTTTTATTTGAATAATATTCATCTTCATCTTGGGAGGATTTTACATAGAGTGATGATATGGTAAATTA 

TGGGATTTTGGTTTCTGATTTAAATTCTTTGATTAGATTTTTTATGTTGTTAATATTTATTTTTGGTGGTTTTTATATGGAGTGGTGGTATGGTAAGTTG 
G I L V S D L N S L I S F F M L L M F I L G G F Y M E W W Y G K L  

I I  I I I I I  I I  I I  I I I I I I I  I l l  I I I  I I  I I I I I   I I  I I 1   I I  I I  I I   I I  I I  I I   I I I I I   I I  I I I I I  I I  I I I I I I I I  I I  

ND5 
V W V I * * I N I S I F L I G F V F F   M G G I S V W L M P T F K L  
GTTTGAGTAATTTA-ATTAATATTTCTATTTTTTTGATTGGATTTGTTTTTTTT---ATAGGTGGAATTAGTGTTTGGCTTATACCCACATTTAAATTAG 

GTTTGGTTGATTTAGATTGATATTTCTATTTTTTTGATGGTTTTTTTATTATTTTGTGTTTCTTTGTTTTTGATTTTTTTTGTTTCTTGTGTTAAGTTGT 
I I I I I  I I I I I I  I l l  I J I I I I I I I I I I I I I I I I I  I I l l  I I1  I l l  I I I I  I l l  I I  I I I l l 1  I1  
"""".. ~ . . ~ ~  ~ ~~~~~~ ~ 

V W L I t e r I D I S I F L M V F L L F C V S L F L I F F V S C V K L  
ND5 

G I F F L E W D F L S L K F N F Y F N S I L F S F I L F L V T F S V  
GAATCTTTTTTTTAGAATGAGATTTTTTAAGGTTAAAATTTAATTTTTATTTTAATAGAATCTTATTTTCGTTTATTCTTTTTTTGGTAACGTTTAGAGT 

CATTTTTTTTTGTGGAATGGGATTTTTTGTCTTTTAAAATTTCTGTTTATTTTAATAGAATTATGTTTTCTTTAATTTTGCTTTTGGTTACTATTAGAGT 
S F F F V E W D F L S F K I S V Y F N S I M F S L I L L L V T I S V  

L V F S T Y Y L N S E L N F N Y Y Y F V L L I F V G S M F S L N F  
TTTAGTTTTTAGTACTTATTATTTAAATAGTGA~TTAAAC~TAATTATTATTATTTTGTATTGTTAATTTTCGTAGGTAGAATGT~AGGCTAAA~TT 

TTTGGTTTTTAGTACTTATTATTTAAGAGGGGAACTTAATTTTAATTATTATTACTTTATGTTACTTGTTTTTGTGGGTAGAATGTTTAGGTTGATTTTC 
L V F S T Y Y L S G E L N F N Y Y Y F M L L V F V G S M F S L I F  

I I I I I I I I  I I I I I I  I I I I I I I I  I1 I l l  I 1  I 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 l  I I I I I I  I I  I l l  I I I I I I I I  I I  I I I I I I I  

I l l  I I I I l l l I I I I I l l l I I I I I I I  I I I  I I I  I I l I l i l l I I I I I I  I l l  I I I  1 I I I I  I I  I I I I I I I I I I I I I I I  I I I l l  

S N S I F T M L L S W D L L G I S S F F L V L F Y N N W D S C S G  
AGAAACAGTATTTTTACAATGTTACTAAGATGAGATTTATTGGGTATTTCTAGGTTTTTTTTAGTTTTATTTTATAATAATTGAGATAGATGTAGGGGTG 

AGTAGTGGTTGTTTTTCTATATTAGTTAGTTGGGATTTGTTGGGTATTTCTAGTTTTTT~AGTTTTGTTTTACAATAATTGAGATAGGTGTAGAGGGG 
I I  I I I  I l l 1  I I I  I l l  I I1  I I  I I I I I  I I I I I I I I I I I I I I  1 1 1 1 1 1 1 1 1 1 1 1 1 1  I I I I I  I I I I I I I I I I I I I I  I I I I I  I I  I 

S S G C F S M L V S W D L L G I S S F F L V L F Y N N W D S C S G  

A M N T A L T N R L G D Y F M F V F F G L S V F S G Y Y F L S F S M  
CAATAAATACAGCATTAACTAATCGTCTAGGTGATTATTTTATATTTGTCTTTTTTGGTTTATCGGTTTTTAGAGGTTATTATTTTTTAAGATTTAGAAT 

CTATGAATACTGTTTTGACAAACCGTTTAGGTGATTTTTTTTTATTTGTTTTTTTTTCTAGAACAATCTTATTAGTAGTTATTATTTCTTGAGGTTGTCTTT 
A M N T V L T N R L G D F F L F V F F S S T I F S S Y Y F L S L S F  

I I I   I I I I I  I I I   I I  I I  I l l  I I I I I I I I I  I I I I  I I I I I I I  I I I I I I  I I I I I I I I I   I I I I I I I I I I  I I  I I   I I  I 

F S S ' Y  M S ' L  L L L L T A ' F  T K ' S  A Q F P F S ' S  W L ' P  K A M S A F' 
ATTTAGAAGTTATATATCTTTATTATTACTTTTAACAGCTTTTACTAAAAGAGCACAATTTCCATTTAGATCTTGGTTACCCAAAGCTATAAGAGCCCCC 

TTTTTGTTGATTATCGTCTTTGATACTTTTATTGGCATCTTTTACTAAGAGTGCTCAGTTTCCTTTTAGAGGTTGATTACCTAAAGCTATGAGAGCTCCG 
I l l  I I I I I I I I  I I  I I I I  I I  I I I I I I I I I I  I I   I I  I I  I I I I I  I I I I I I  I l l  I I I I I  I I I I I I I I  I I I I I  I I  

F C W L S S L M L L L A S F T K S A Q F P F S G W L P K A M S A F  

T P V ' S  S L G H S S ' T  L V ' T  A G i I L L ' M  N F'N N L M Q K ' D  F I '  
ACACCGGTGAGGTCTTTGGTTCATAGTAGAACTTTAGTTACAGCAGGATTAATTCTATTAATAAATTTTAATAATTTAGTAATACAGAAAGATT~ATCA 

ACTCCTATTAGTTCTCTTGTACATAGAAGTACmGGTTACAGCTGGTTTGGTTTTGATTATAAATTTTTCTGAGATAATCCTTAATAAGGATGTGATTA 
I I  I I  I I I  I l l  I I I  I I I I I  I I  I I I I I  I I I I I I I I  I I   I I   I I  I I I I I I I I I I I  I I I I  I I I I I  I l l  I I I  I 

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

S F V I I G ' L  F T'M F F k S L A ' S  L V ' E  E D i K K V ' V  A L ' S  T L s 
GTTTTGTTCTGATTATTGGCCTATTTACTATATTTTTTTCTAGCTTAGCAAGTTTGGTCGAAGAAGATTTGAAGAAGGTGGTAGCCTTGAGGACACTTTC 

TGATCATTATAGTTGTGGGTGTTTTTACTATGTTTTTTTCTAGTATAGCTGCTTTGGTTGAGGAGGATTTGAAAAAAGTTGTAGCCTTAAGAACTTTATC 
M I I M V V G V F T M F F S S M A A L V E E D L K K V V A L S T L S  

I I I  I I I  I I I  I I I I I I I I I  11111111l l1  I I I I   I I I I I I  I I  I I  I I I I I I I I  I 1   I I  I I I I I I I I  I I  I I  I I I  

~ M G F S M V T L G L G L ~ F I ~ F I H L V S H A L F K ~ C L F M  

I I  I I I I I  I t I I I  I I  I I I  I I1 I I I  I I I  I l l  I I I I  1 1 1 1 l 1 1 1 1 1 1  I I1 I I I I I I  I I I  I I I I I  I l l  I I I I I I I  
ACAAATAGGTTTTTCAPiTAGTTACTTTGGGCCTAGGGCTTAGGTTTATTTCATTTATTCATTTAGTTAGACATGCTTTGTTCAAAAGATGTTTATTTATA 

TCAGATAGGGTTTTCTATGTTGACAGTTGGTATTGGTTTGAGT~GTTTCTTTTATTATTTGCATTTGTTAAGGCATGCTCTTTTTAAAAGGTGTCTTTTTATA 
Q M G F S M L T V G I G L S F V S F I H L L S H A L F K S C L F M  

Q V G Y I I H C S F G Q Q D G R N Y S N N G N L P N F I Q L Q M L  
CAAGTAGGTTACATTATTCATTGTTCATTTGGACAACAAGATGGACGTAATTATAGGAATAATGGTAATTTACCAAAT~TATTCAGTTACAAATATTAG 

CAGGTTGGTTATTTGATTCATTGTTCTTTAGGTCAACAAGATGGCCGTAATTATAGTAATTTGGGTAATGTACCTTATTTTATTCAACTTCAGTTGTTAG 
I1  I I  I I I I I  I I1111111111 I I  I I  1 l l 1 1 1 1 l I I I  I I I I I I I I I I I  I l l   I I I I I I  I l l 1  I I I I I I I I I I  I I I  I I I I I  

Q V G Y L I H C S L G Q Q D G R N Y S N L G N V P Y F I Q L Q L L  

1 1 1 8 1  

1 2 1 2 6  

1 1 2 8 1  

1 2 2 2 6  

1 1 3 7 6  

1 2 3 2 6  

1 1 4 7 6  

1 2 4 2 6  

1 1 5 7 6  

1 2 5 2 6  

1 1 6 7 6  

1 2 6 2 6  

1 1 7 7 2  

1 2 7 2 6  

1 1 8 7 2  

1 2 8 2 6  

1 1 9 7 2  

1 2 9 2 6  

1 2 0 7 2  

1 3 0 2 6  

1 2 1 7 2  

1 3 1 2 6  

1 2 2 7 2  

1 3 2 2 6  

1 2 3 7 2  

1 3 3 2 6  

1 2 4 7 2  

1 3 4 2 6  

1 2 5 7 2  

1 3 5 2 6  

1 2 6 7 2  

1 3 6 2 6  
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C. e 
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c. e 
A . S  

c. e 
d.S 

C. e 

A . S  

c .  e 

A . S  

c. e 

A . S  

c. e 

d.S 

A . S  

d.s 

d.S 

A . S  

V T L F C L C G L I F S S G A V S K D F I L E L F F S N N Y M M F F  
TAACCCTATTTTGTTTATGTGGATTAATTTTGGT~TCAAGGGGTGCTGTAAGAAAAGATTTTATTTTAGAATTATTTTTCTAATAACTATATAATGTTTTT 1 2 7 7 2  

TAACTTTGTTAGGGGGTTGTTTATGTGGTTTGGTGTTTTCCAGTGGTGCTGTAAGTAAGGATTATATTTTAGAGTT~~~TCTAAT~TTTATGGTGGTTTT 1 3 7 2 6  
V T L F C L C G L V F S S G A V S K D Y I L E F F F S N F F M V V F  

I I I I  I I I I I I I I I I I I I I I  I I  I I I  I I  I I  I I I I I I I I I I I  I 1  I I I I  I I I I I I I I I  I I  I I O I I I I I I I I  I I l l  I I   I I I I  

s L M ' F  F v ' s  v F i T F G ' Y  s F ' R  L w K s F F ' L  s F ' N  K v i N n Y' 
TAGATTAATATTTTTTGTTTCAGTGTTTTTGACTTTTGGTTGGTTACAGTTTTCGTCTTTGAAAAAGATTTTTTTTAAGGTTTAATAAAGTAATAAATCATTAC 1 2 8 7 2  

TGCTTTTGGGTATGTTTTTCTTTTTGGTCTGTTTTTTTAACTTTTGGTTATAGGTACCGTTTATGGAAGGGATTTTTTATAAGTTTTAGACGTCCTGTCTTTTGTTTT 1 3 8 2 6  
I I I I  I t I I i  / I l l  I /  I I I I I  I I I I I I I I I I I  I1 I I l l  I I I  I I  I I I I I I I I  I l l 1  1 1 1 1  I I I 1  

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

S S T V F M N F L S L V L V I F S I S F L W W M N F N L L N I P S  
AGTAGCACAGTATTTATAAATTTTTTAAGTTTAGTATTAGTTATTTTTTCTA~AGATTTTTATGATGAATAAATTTTAATCTTCTTAACATCCCAAGAC 1 2 9 7 2  
I I I I I  I I1 I l l /  I I I I I I I I I I I I I I  I I I I I I I  I I I I I I I I I I  I l l  I I I  l / I I I I l I l l l l I I I  I I I 1  I I  I I 
AGTAGTAGGGTTGTTATGAATTTTTTAAGTTTGTTGTTAGTTTTGT~TCTA~TTTTTTATTTGGTGAATAAATTTTAATATGTTGTGTATACCGTGTC 1 3 9 2 6  
S S S V V M N F L S L L L V L F S I F F I W W M N F N M L C M P C  

L F L Y V D F F G P L V F L F M M I F L S F L I L K M L F K E L M Y  
TTTTCTTATACGTAGATTTTTTTGGCCCTCTAGTATTTTTATTTATAATAATTTTTTTATCT~TTTAATTTTAAAAATATTATTTAAGGAGTTTTGGAATATA 1 3 0 7 2  

TTTTTTTGTATGTGGACTTTTTTGTTCCTTTTGTTTTTTGTTGTTATAATTATGGTTGTTGGGTTTTATGTGTTAAATTGTTACTAAAGGAGTTTGTATA 1 4 0 2 6  
L F L Y V D F F V P L F F V V M I M V V G F L C V K L L L K E F V Y  

I I I I   I I  I I  I I  I I  I I I I I I I  I l l  I I I l l  I I I I I I I I  I 1   I I  I I I I I I I  I I I l l  I I l l  I I I I I I I I I  I I I I  

K F L V D Y L A K N S I Y K M K N L K F M D L F L N N I N S K G Y  
CAAGTTTTTAGTTGATTATTTGGCTAAAAATAGTA~TATAAAATAAAGAATTTAAAATTTATAGAT~ATTTTTAAATAATATTAATTCTAAGGGGTAC 1 3 1 7 2  

TAAGTTTTTGGTTGACTTTTTTGCTAAAGGTTGGGTTTATGGATTGAAGAATTATAAGTTTTTTGATTTGTTTTAGGGGGTAGGGGGTATTAATTCTCTTGGTGTA 1 4 1 2 6  
I I I I I I I I  I I I I I  I I l l  I I I I I I  I I I I I I I  I I I I I I I I I  I I  I l l  I I I I I I  I I I I I I  I I I I I I I I I I  I I  

K F L V D F F A K G W V Y G L K N Y K F F D L F L G G I N S L G V  

T L F L S S G M F K N Y Y L K S L N F N S V V V L I F I F F M I C t e r  
A C C T T A T T T T T A A G C A G T G G T A T A T T T A T T T A G T T T T A A T T T T T A T T T T T T T T A T A A T T T G T T  
I1  I I  I I I I  I I I I I  I I I I l l  I l l  I I I I I I   I I  I I I I I I I I  I l l  I I  I I  I I I I  I I I I I I I  I. I I I  . . . . . . . . . . . . . . . . . .  
ACTTTTTTTTCTTTTACTGGTTTTTGAAGTAATAGTTATATGAAAAGTTTGTATTTTAATTCTGTTGTGATTGTTTTGGTTTTGTTTTT~TTTTAGTTT 
T F F S F T G F W S N S Y M K S L Y F N S V V I V L V L F F F L V '  

/ - - C R N A ( a l a ) - - - - - - - - - - - - - - - - - - - ~  2"------------------\ 
AT Region 
" 

AAGGGATTTTAGTTTAA--TAAAAATATATGTTTTGCATACATAAGATAATAATTCTAGATAGTTTTACACGCGCGTATACGCGCGTTATAAATATATAT 

--GGGGCTGTATTTTAAGTTTAAAATATGCGCTTTGCAAGCGGATGATTCTGGCTCTATG 1 4 2 8 4  
I l l  I I I  I I I I I  I I I I I I I I  I I I I I I I  I I I l l  I I I I I  

\ - - C R N A ( a l a ) - - - - - - - - - - - - - - - - - - - ~  ~ - - - - - - - - - - - - - - - - - - - /  
TTTTGTTGACAGGGGGGGACCTGTCAATATTTTTTATTTA 

( 1 6 7 2 )  1. suum AT Region 
I -  - 

"4-1 
I.. CR1 ................................ . . . . . . . . . . . . . .  

ATATATATATATATATATATATATATATAATAATAATATTATATTTATATTATAAATATAATATTTATTATAAATTATATATTATATTTATATTATAAAT 
..,/.. CR2 

GGGTATTTTTATATTTTTTTTATTTTGTTTCTATTTTAGGGTACTTTTATAATTAATTTATTTGAGTATCTATGAAAAAAAATTTTTGATTATTAAGTTT 

. . . . . . . . . . . . . . . . . . .  . \ / . .  C R 3  ................................. ............................ 
ATAATATTTATTATAAATTATATATTATAT~ATATTATAAATATAATATTTATTATAAATTATATA~ATATTTATATTA~AAATATAATATTTATTAT 

TTAAATTAGTTTTAACTTGTTTTGTCTTTTATATAGGTTATTTTGTGATAACCCTAATTTTTGTATATTTCTGGGTGTGTCTTTTGTGGTGAATAAAAA 

. \ / . .  CR4 

...... \ / . .  CRS ................................. 1 . -  CR6 .................................. \+ 

CGTTATGTGTGGATATATATATATATATATATATGTATATATATATATATATACGTATATATA~ATGTATATATATACGTATATATACATATATGTATAT 
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FIGURE I---ComParison of the nucleotide sequences of the mtDNA molecules of the two nematodes, Cuenorhubditis  elegans (C.e; 13,794 
ntp)  and Ascaris suum (14,s; 14,284 ntp). All of the 12 protein genes (Cyt b, cytochrome b; ATPase6, subunit 6 of the F, ATPase; COI-111, 
cytochrome C oxidase subunits 1-111; ND1-6 and 4L, subunits 1-6 and 4L of the respiratory chain NADH dehydrogenase), two rRNA genes 
and 22 tRNA genes in each sequence are transcribed in the same direction, from left to right (5'-3'). The strand  of each gene shown is 
therefore the sense strand. In each sequence the  numbering  (right) begins with the first nucleotide of the tRNAp'" gene, proceeds through 
that gene continuously around the entire molecule and terminates with the last nucleotide of the A T  region in the C. eleguns molecule, and 
with the second intergenic nucleotide following the tRNA"'" gene in the A. suum molecule. A dash indicates the absence in one nematode 
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FIGURE 2.-Gene  maps  of the C. elegans and A. suum mtDNA molecules. Both  molecules contain the genes for twelve proteins, the small 
and large subunit rRNAs (s-rRNA and I-rRNA) and 22 tRNAs (hatched areas). Each tRNA gene is identified by the one letter  amino acid 
code. Serine and leucine tRNA genes are also identified by the codon family that  the tRNAs recognize. All genes are transcribed in the 
direction shown  by the arrows. Numbers at  gene boundaries on the  inner side  of the map indicate apparently noncoding nucleotides between 
genes. An asterisk indicates an incomplete termination codon: T or TA.  The A T  region is a sequence of 466 ntp  (93% A+T) in C. elegans 
mtDNA, and 886 ntp (85% A+T) in A. suum mtDNA, in  which genes have not been identified. The region between the ND4 and COI genes 
(1 09 ntp in C. elegans and 1 17 ntp in A. suum) includes a sequence with the potential to form a stable hairpin structure (Figure 3), but again 
this region lacks genes. Gene order is identical in the two nematode mtDNA molecules, except for the relative locations of the A T  regions. 

are  the same as 12 of the 13 protein  genes  found in 
vertebrate, Drosophila  yakuba, and sea urchin mt- 
DNAs. A  gene  for  ATPase8  that  precedes  the 
ATPase6  gene in other metazoan mtDNAs has not 
been located in either of the two nematode mtDNAs. 
Both the C.  elegans and A. suum mtDNA molecules 
include  a  sequence  that contains runs of AT dinucle- 
otides, and  direct  and  inverted  repeats,  but in  which 
genes have not been identified. This sequence  (466 
ntp in C. elegans, and  886  ntp in A. suum) has been 
designated the AT region,  and may be the control 
region of the molecule (see below). Between the ND4 
and COI genes is a  sequence (109  ntp in C.  elegans 
and 11 7 ntp in A. suum) that includes a  region with 
the potential to  form  a  hairpin  structure  (Figures  1 
and 3). Gene  arrangement is identical in the C .  elegans 
and A. suum mtDNA molecules, except that in C. 

elegans the AT region is located between the tRNA”’” 
and tRNAP“ genes and in A. suum it is located between 
the tRNA””(UCN) and tRNA”’” genes. 

In A.  suum and C.  elegans mtDNAs all genes are 
transcribed in the same direction. This again contrasts 
to the situations found in other totally sequenced 
metazoan mtDNAs where  different  proportions of 
protein,  and  tRNA  genes are transcribed in opposite 
directions (ANDERSON et al. 1981; ROE et al. 1985; 
CLARY  and WOLSTENHOLME 1985a; JACOBS et ai. 
1988;  CANTATORE et al. 1989; DESJARDINS and Mo- 
RAIS 1990). As  in all other previously sequenced me- 
tazoan mtDNAs, none of the C.  elegans and A. suum 
mt-genes contain  introns,  and  other  than  the AT 
region and  the  109 ntp/ll7  ntp hairpin-containing 
regions, there  are very  few nucleotides between genes: 
38 in C .  elegans and  89 in A. suum (Figures  1  and 2). 

nucleotide sequence of a nucleotide that occurs in the corresponding, other nucleotide sequence. Vertical lines indicate similarities between 
the C. elegans and A. suum nucleotide sequences. The predicted amino acid sequence of each of the 12 protein genes in each  molecule are 
shown above the C. elegans sequence and below the A. suum sequence. Complete termination codons are indicated by ter, and presumptive 
incomplete termination codons, T or T A ,  are indicated by * and **, respectively. Modifications of the  standard genetic code used  in 
translation of the nematode mt-protein gene sequences are: AGA and AGG = serine; TGA = tryptophan; A T A  = methionine. Sequences of 
tRNA genes are identified by dashed overlines and underlines within  which brackets identify the anticodons. The terminal regions of the 
small and large rRNA genes are indicated with  wavy overlines and underlines. The location of the AT region in the A. suum molecule 
(between tRNA”’(UCN) and tRNA”””: nucleotides 1672-2559) is indicated, and the 886 ntp sequence of this segment is shown at the  end of 
the A. suum molecule in the location corresponding to the C. elegans (466 ntp) A T  region. Six copies of a  43 ntp repeated sequence (CRl- 
CR6) within the C. elegans AT region are identified by dotted overlines. Nucleotides within repeats CR5  and CR6 that are variant relative 
to the identical CRI to CR4 repeats are indicated by inverted arrowheads below the sequence. Arrow pairs above and beneath the C. elegans 
and A. mum sequences, respectively, identify inverted repeat sequences in both  the AT regions and the 109 ntp (C. elegans) and 117 ntp (A. 
suum) long, noncoding (LNC) regions located between the ND4 and COI genes. The C. elegans and A .  m u m  AT regions and LNC regions 
have not been aligned with regard to nucleotide sequence similarity. 
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FIGURE 3.-Potential hairpin structures  found within the long, 
noncoding (LNC) regions located between the ND4 and COI genes 
of C. elegans and A. mum (Figure l) ,  compared to the hairpin 
structure in  which L strand synthesis originates in mouse mtDNA 
(CHANG et ul. 1985). 

Also, it is not necessary to predict  overlaps  between 
any of the genes in either of the  nematode  mtDNA 
molecules. 

Gene  arrangements: The various protein,  rRNA 
and tRNA  genes have identical arrangements in am- 
phibian,  bird and mammalian mtDNAs, except that 
in  bird  mtDNA,  segments of the molecule comprising 
the Cyt 6, tRNAp" and tRNAth'  genes, and  the  ND6 
and tRNAg'" genes have been  transposed  relative to 
each other (DESJARDINS and MORAIS 1990).  Limited 
protein-rRNA  gene  rearrangements  and  more  exten- 
sive tRNA  gene  rearrangements  have  occurred in D. 
yakuba and sea urchin  mtDNA molecules relative to 
vertebrate  mtDNAs  (CLARY  and WOLSTENHOLME 
1985a; JACOBS et al. 1988; CANTATORE et al. 1989). 
In contrast, in C. elegans and A. suum mtDNAs  (Figure 
2) there is a  profound paucity of conservation of gene 
arrangements relative to those found in vertebrate, 
sea urchin and D. yakuba mtDNAs. The most notable 
exception is that  the  COI  and  COII genes are adjacent 
to each other  and transcribed in the same direction in 
C. elegans and A. suum mtDNAs as they are in D. 
yakuba and  vertebrate mtDNAs. 

The AT (putative control) regions: The  AT re- 
gions of the C. elegans and A. suum mtDNA molecules 
are 93.1 % A+T  and 84.7% A+T respectively, and in 
the  AT region of each species there is a run of 18 AT 
dinucleotides. In  addition, in the A. suum A T  region, 
there  are eight other  runs of between four  and sev- 
enteen AT dinucleotides  (Figure 1). 

Approximately half (55.4%) of the AT region of 
the C.  elegans mtDNA molecule comprises six copies 
of a directly repeated  sequence of 43  ntp  (that does 
not include the  18 AT dinucleotide  run). This re- 
peated  sequence is 100%  A+T,  and  the first  29 ntp 
of each copy is a  pair of 14  ntp inverted  repeat 
sequences separated by a single ntp. The six, 43  ntp 
copies are strictly tandemly arranged except that two 
ntp  (AT) separate copies five and six (CR5  and  CR6, 

Figure 1). The first four copies (CR1-CR4) have 
100% similarity to each other,  but  the fifth and sixth 
copies have one  ntp  and two ntp substitutions, respec- 
tively. Two  inverted  repeat sequence pairs that in- 
clude  C and G nucleotides  occur in the C.  elegans AT 
region  outside of the  direct repeat-containing region: 
a  9-ntp  pair  upstream  from the  repeat  region,  and  a 
14-ntp  pair  separated by 1 ntp immediately down- 
stream  from the  direct  repeat region,  that has an  11/ 
14 match to  the  inverted  repeat within the  43-ntp 
direct  repeats. Other  inverted repeats of various sizes 
that lack G and C nucleotides also occur in the C.  
elegans AT region. 

The A. suum AT region  contains  eight pairs of 
inverted  repeat sequences that  include G and C nucle- 
otides. The two sequences of each repeat  pair vary  in 
length  from 8 to 23  ntp,  and  are  either immediately 
adjacent to each other or are separated by up  to  50 
ntp.  There is an overlap  between two of the  repeat 
pairs, and  one  inverted  repeat pair is located within 
the sequence  that  separates  a second pair.  A set of 
directly repeated sequences similar to  that  found in 
the C.  elegans AT region  does  not  occur in the A. 
suum AT region. 

Both inverted  and directly repeated sequences have 
been  found in a  large,  apparently  noncoding  segment 
of a variety of metazoan mtDNA molecules, including 
those of the  root  knot  nematode Meloidogyne javanica 
(see OKIMOTO et al. 1991  for references). In some 
cases this segment has been shown to be the control 
region  (CLAYTON 1982, 1984). At this time we have 
no information beyond that discussed above  relating 
to whether or not  the AT regions of the C. elegans 
and A. suum mtDNA molecules contain sequences 
necessary for the initiation of transcription and/or of 
replication. 

The sequence  between  the ND4 and COI genes: 
The second long,  apparently  non-coding  region 
(LNC,  Figure  1) in each of the C.  elegans and A. suum 
mtDNA molecules, that lies between the ND4 and 
COI genes (1 09  and 1  17  ntp, respectively), contains  a 
sequence  that can fold into  a  hairpin  structure  (Figure 
3). The loop in both of these  potential  hairpins has a 
run of T nucleotides: six  in A. suum and  four in C.  
elegans. A similar hairpin  structure with a run of Ts 
in the loop, has been located in an apparently non- 
coding  segment of mtDNAs  from three Drosophila 
species, Xenopus  laevis and a number of mammals 
(CHANG et al. 1985; ROE et a l .  1985;  CLARY  and 
WOLSTENHOLME 1987; MONNEROT, SOLIGNAC and 
WOLSTENHOLME 1990).  In mouse and human 
mtDNA, synthesis of the second (L)  strand of the 
molecule has been shown to initiate within the  run of 
T s  (acting as the template  strand) of the loop (CHANG 
et al. 1985). These observations regarding C.  elegans 
and A. suum mtDNA leave open  the possibility that 
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the association of initiation of second strand synthesis 
of mtDNA within a  T-rich  loop of a  hairpin structure 
may have been highly conserved throughout much or 
all of the evolution of the metazoa. 

Protein  genes: Nine of the mt-protein  genes of C.  
elegans and A. suum were identified solely from simi- 
larities of their  predicted  amino acid sequences to 
those of mouse and D. yakuba mt-protein  genes  (Figure 
4). The remaining three  nematode  mt-protein  genes, 
ATPase6,  ND6  and ND4L  were  identified  from con- 
siderations of amino acid sequence similarities and 
hydropathic profile comparisons with mouse and D. 
yakuba ATPase6, ND6 and ND4L  genes  (Figures 4 
and 5), and size (Table 1). Between the  corresponding 
C. elegans and A. suum mt-protein genes, nucleotide 
sequence and predicted  amino acid sequence similar- 
ities averaged ’72.3% [range  64.1%  (ND6)  to  79.3% 
(COI)], and 73.7%  [range  57.5%  (ND2)  to  88.2% 
(COI)], respectively. Eight of the homologous pairs of 
C .  elegans and A. suum mt-protein  genes have similar 
lengths, three pairs each differ by 3 ntp,  and  one pair 
(Cyt b )  differ by 15  ntp. However,  ten of the  nematode 
mt-protein genes are considerably smaller (range 
2.4%  to  18.6%,  Table 1) than  the  homologous  genes 
of mouse and D. yakuba. The exceptions are  the  COI 
and  COII genes that  are  both approximately 2% 
larger in C. elegans than in mouse (Table 1). 

Translation initiation and  termination  codons: 
We have reported evidence obtained  from  alignment 
of the C.  elegans and A. suum nucleotide sequences 
indicating that in  six  of the mt-protein  genes of A. 
suum (COII, ND1,  ND2,  ND3, ND4 and ND6) and 
three of the mt-protein  genes of C.  elegans (Cyt b, 
ND2 and ND4), TTG is used as the translation initi- 
ation codon (OKIMOTO, MACFARLANE and WOLSTEN- 
HOLME 1990). Also, G T T  seems to be the translation 
initiation codon of the A. suum COIII gene. The 
translation initiation codons of  all  of the five remain- 
ing A. suum mt-protein genes appear  to  be ATT,  and 
the remaining  nine C. elegans mt-protein  genes seem 
to begin with either ATT or ATA. In many of the 
protein genes of mtDNAs  from other metazoan phyla, 
triplets other  than  ATG  are  often used as translation 
initiation codons. Some or all ATN codons are used 
in this way among mammals, Drosophila and echino- 
derms (ANDERSON et al. 1981,  1982a,b; BIBB et al. 
198 1 ; CLARY  and WOLSTENHOLME 1985a; JACOBS et 
al. 1988; CANTATORE et al. 1989). GTG  and  GTT 
have been reported as rare mt-protein  gene transla- 
tion initiation codon in various metazoa (BIBB et al. 
1981;  CLARY  and WOLSTENHOLME 1985a; JACOBS et 
al.  1988; GADALETA et al. 1989),  and  ATAA has been 
suggested as a translation initiation codon of the Dro- 
sophila COI gene (DE BRUIJN 1983;  CLARY and WOL- 
STENHOLME 1983b). Only in X .  laeuis do all of the mt- 
protein genes begin with ATG (ROE et al. 1985). C. 

elegans and A. suum mt-protein genes are  the first to 
be reported  to use TTG as a  putative  translation 
initiation codon,  and  to be the only sets of protein 
genes among completely sequenced metazoan mt- 
DNAs that totally lack ATG translation initiation co- 
dons. 

Nine of the C.  elegans mt-protein genes and nine of 
the A. suum mt-protein  genes end with a  complete 
translation  termination  codon; TAA or TAG (Figure 
1). Each of the remaining A. suum mt-protein genes 
ends with either  a T (ND2  and  ND5) or with TA 
(COI) which in each case is followed by a  tRNA  gene 
(Figure 1). The C.  elegans COI  gene also ends with 
TA, followed by a tRNA  gene. T A  occurs at  the  end 
of the C.  elegans ND3  gene  but this T A  is immediately 
adjacent to  the putative ATT initiation codon of the 
downstream  ND5  gene. The C. elegans NDl gene 
appears to terminate with a single T that is followed 
by the putative ATT translation initiation codon of 
the  ATPase6  gene. Similar, apparent  partial  termi- 
nation  codons (T or TA)  are found  at  the  ends of 
some mt-protein  genes  from other metazoa (ANDER- 
SON et al. 198 1 ; CLARY and  WOL~TENHOLME  1985a; 
CANTATORE et al. 1989). In mammals it is known that 
the primary  transcription  products of mtDNA are 
multicistronic RNAs, that individual gene  transcripts 
are  produced by precise cleavage, and  that those 
protein  gene  transcripts  ending in U acquire  a com- 
plete  termination  codon by polyadenylation (OJALA, 
MONTOYA and ATTARDI 198 1). The finding  that some 
of the C.  elegans and A. suum mt-protein genes end 
with T or T A  is therefore consistent with the view 
that  the  nematode  mitochondrial  transcription mech- 
anism also  involves production of mature  protein  gene 
transcripts  from  primary, multicistronic transcripts, 
followed by polyadenylation. 

It has been argued  that in those metazoan mtDNAs 
(mammals, amphibia, Drosophila) in  which tRNA 
genes are located  between most pairs of protein genes, 
the secondary structure of the  tRNA is important  for 
the precise cleavage of the  mature  protein  gene  tran- 
script  from  primary multicistronic transcripts (OJALA 
et al. 1980;  OJALA, MONTOYA and ATTARDI 198 1). 
Consistent with this view  is the finding  that in these 
mtDNAs the sequence  adjacent to  the  3”terminus  of 
a  protein  gene, followed immediately by another  pro- 
tein gene  (rather  than a  tRNA  gene), may have the 
potential to form  a  hairpin  structure (BIBB et al. 198 1 ; 
CLARY and WOLSTENHOLME 1985a). In C.  elegans and 
A. suum mtDNAs there  are  three cases  in  which a 
protein  gene is followed directly by another protein 
gene  (Figures  1 and 2). For two of these, the ND3 
gene followed by the ND5  gene  and  the ND6  gene 
followed by the ND4L  gene,  the sequences upstream 
from  the  translation  termination  codon-transcription 
initiation codon  junctions  have  the  potential to form 



Nematode Mitochondrial Genomes 485 

a 
COI 
C . e  INLYKKYQGGLAVWLESSNHKDIGTLYFIFGLWSGMVGTSFSLLIRLELAKPGFFLSNGQLYNSVITA~AILMIFFMVMPT~IGGFGNWLLPLMLGAPDM 

D.Y 
n.m 

A . ~  * ~ G F ~ * * * " ' S " " " " " ' * " " L " " * * . * * L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ L ~ ~ V * * * * * * * * * L L * G ~ * * * * * * " ~ * * * * " * * * * * " * " " ~ ~ * ~ * * * * * M ~ * * * * * ~ * * *  
M ~ ~ Q ~ ~ F ~ T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " A ' A * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " " " ~ ~ * * ~ ~ ~ * * * ~ * " * *  

M F I N R ~ ~ F . T " " " " ' L L ~ ~ A * A ~ ~ * * * A L * I * * * A ~ * G Q " * A L ~ G D D * I ~ * V I V * * ~ * F V * ~ * * ~ * * * M * * * * * * * ~ * V * * * I * * * * *  

C . e  SFPRLNNLSFWLLPTSMLLILDACFVDMGCGTSWTVYPPLST-MGHPGSSVDLAIFSLHAAGLSSILGGINFMCTTKNLRSSSISLEHMTLFVWTVFVTV 
A . ~  +rttt+ttt+rtttt~t~~~~ttrrr+tt*+ttt~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~*~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~*~~~*~ 

M . m  ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ p ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " ~ ~ * ~ ~ ~ ~ * * ~ * * ~ ~ " " " * ~ * " ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Q ~ Q ~ ~ ~ ~ " " ~ " ~ ~ " ~  
D.y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ p ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " " " " ~ " ~ ~ ~ * ~ " ~ ~ ~ ~ ~ " " ~ ~ " " ~ ~ ~ ~ ~ * ~ " * ~ ~ ~ ~ * ~ ~ " ~ " " " " ~ " ~ ~ " ~  

C . e  FLLVLSLPVLAGAITMLLTDRNLNTSFFDPSTGGNPLIYQHLFWFFGHPEVYILILPAFGIVSQSTLYLTGKKEVFGALGMVYAILSIGLIGCVVWAHHM 
A , S  t t t t t t t t t t t t t t t t t * t * t t t t t t t t t t t t t t t t t t t t . * * * * * . ~ * * ~ * ~ ~ * * * * * * * ~ . * . ~ ~ ~ ~ * ~ ~ * ~ ~ ~ * ~ * ~ ~ * ~ ~ ~ * ~ * ~ ~ * * * ~ * ~ ~ * ~ *  

D , y  L ~ ~ L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " . * ' * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Q ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
M . m  V * * L * " * * * ' * A G * * * * * * * * * * * * T * * * * A G * * D * I L * * * * * * * * * * * * * * ~ ~ * * * G * * * I * ~ V V T * ~ ~ * * * * p ~ ~ y M * * * W * M M * * * F L * F I * * ~ " * *  

C . e  YTVGMDLDSRAYFSAATMVIAVPTGVKVFSWLATLFGMKMVFNPLLLWVLGFIFLFTLGGLTGVVLSNSSLDIILHDTYYVVSHFHYVLSLGAVFGIFTG 
A . s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N . m  Ft**L'V'T"C'TS"'I'~I~~********.**~~GNI~W~*AM**A.*******V*****I~*~*****.V.".".*."A*"***"*M****A*MA* 
D.y F * * * * * V * T * . ~ + T S * * * I I * ~ * * * I * I * * * * * * * ~ * T Q L ~ y ~ ~ A I ~ ~ A ~ . . V " " " * V * * * * * * * * A * * * V * * * * * * * * * * * A * * * * ~ ~ * M ~ ~ ~ ~ A ~ M A ~  

C . e  VTLWWSFITGYVLDKLMMSAVFILLFIGVNLTFFPLHFAGLHGFPRKYLDYPDVYSVWNIIASYGSIISTAGLFLFIYVLLESFFSYRLVISDYYSNSSP 
A . s  t * * * * + + t t + ~ t y . . ~ * * ' ~ " M . V ' * * * * * . * * * * * * ~ * * y * ~ * * * ~ ~ ~ . * ~ * * ~ ~ ~ ~ " * ~ . . ~ * * ~ ~ ~ ~ ~ ~ * ~ ~ * ~ * * * , ~ ~ ~ ~ ~ ~ ~ ~ ~ " * ~ , " ~ ~  

D.y F1H*YPLF**LT8NNKWLKSQ**1M**'****'**Q~*L**A*M**R*S**''A'TT**VVST1**T**LL*1LF*F411W~*LV*Q*Q**YP1QL***1 
N . m  FVH'FPLFS'FT'*DTWAK*H*AIM*V***M****Q**L**S~M**R~S*'*~A"TT**TVS*M~~F**LTAVLIM*FMIW*A*A*K~E*M*VS*ASTNL 

A . 9  t'SL'G""**""'FY*SIVF*F 525 
c . e  EYCMSNYVFGHSYQSEIYFSTTSLKN 525 

D.y *WYQNTPPAE*"-"LPLL'N 512 
n.m *WLHGCPPPY*TF-E*-PTYVKVK 514 

COII 
C . e  INNFFQGYNLLFQHSLFASYMDWFHSFNCSLLLGVLVFVTLLFGYLIFGTFYFKSKKIEYQFGELLCSIFPTIILLMQMVP~LSLLYYYGLMNLD~N~~V 
A . S  L ' * * * * D F ~ * * * S ~ * " S " * ~ " " ~ ~ * " * * " * ~ * ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * * * * ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

N . m  MAYP'*-LG*QDAT'PIMEELMN..DHTL"LYIIS-'MLT*KLTHTSTMDA*EV~TIWT*L*AV**I*IAL~*~RI**MMDEI~-NPV~** 
D.y MSTWAN-LG'QDSA*PLMEQLIF**DHALLI*VMIT"L"GY"MF-ML*FNN'VNRFLLHG*LI*MIWT*L*A****FIAL***RL~~LLDEI~-~~~~~~ 

c . e  KVTGHQWYWSYEYSDIPGLEFDSYMKSLDQLSLGEPRLLEVDNRCVIPCDTNIRFCITSADVIHAWALNSLSVKLDAMSGILSTFSYSFPMVGVFYGQCS 
A . 9  * * * * ~ * + ~ * + t * F * * * * ~ ~ ~ * ~ * * * * E * + t + t t t t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ p ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

M . m  * T M " ' * * " * * * T * Y E D L C * ~ ' ' * I P T N D * K P " L * * * * * * * * V * L * M E L P * ~ M L * S S E * * L ~ S * A V P S ~ G L ~ T ~ ~ ~ p * ~ * ~ Q ~ ~ ~ ~ ~ ~ ~ p ~ ~ * * ~ * * *  
D . Y  ' S I * * * * " ' * " " F N N I * * * ~ * * I P T N E ~ A I D G F * ~ ~ D ~ ~ * ~ V I L * M N S Q * ~ I L V T A ~ * * * * S * T V P A * G ~ ~ V ~ G T P * R * N Q T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ * * ~  

C . e  EICGANHSFMPIALEVTLLDNFKSWCFGTM-E 231 
A . 9  r * t t t + t * * * + v " * " * * * " * * * * * V * L L s D  232 

N . m  ****S*******V'*MVP*KY*EN*SASMI 227 
D.y  ************VI*SVPVN**IK*ISSNNS 228 

100 
100 
91 
92 

199 

191 
199 

192 

299 
299 
291 
292 

399 
399 
391 
3 92 

499 
499 
491 
492 

100 
100 
97 
97 

200 
200 
197 
197 

COIII 
C . e  MFHNFHILSLSSYAYNLFFASAGMLSSLVMFFKFGLYELFIFTLFSVLFISFAWGKDIAMEGLS-GYHNFFVMDGFKFGVILFVFSEFMFFFCIFW 
A . S  

D.y MSTHSN'P**LVDY*PWPLTGAIGAMTTV*GM*KW"HQYDIS*'LLGNIITILTVYQ"WR*VSR**TYQ~L*TYA*TI"LRW*M***IL*"VL*'VSF"" 
N . m  M T H Q T ' A Y ' M V N P * P W P L T G A ~ S A L L L T * G ~ ~ M W ~ H Y N S I T * L T L G * L T N I L T M Y Q * W R * V I R * * T Y Q ~ H ~ T P I * Q K * L R Y * M ~ * * I V ~ ~ V F ~ ~ A G F ~ ~  

C . e  TFFDAALVPVHELGETWSPFGMHLVNPFGVPLLNTIILLSSGVTVTWAHHSLL-SNKS-CTNSMILTCLLAAYFTGIQLMEYMEASFSIADGVFGSIFYL 

V * ' * * * * * ' . " * P I L I ' C S ~ L * F T * * * * V . * * N * I F G G L L * C * * * I F L V * * * * * * * * V ~ * * * * - * * ~ ~ ~ ~ ~ * * * * * ~ ~ ~ L V ~ I ~ * * * ~ ~ ~ ~ G ~ ~ ~  

A . s  t ~ * * * * * * * A ~ D V * G V * * * I * * ~ " " ~ * ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ * ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
D , y  A ~ * ~ ~ ~ * ~ ' A I * * ~ ~ ~ * P * M * I I ~ ~ * ~ ~ Q ~ * * * * * ~ ~ ~ ~ ~ ~ ~ * * * * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Q ~ ~ Q ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ p ~ ~ ~ ~ ~ ~ ~ y ~ ~ ~ ~ ~ ~  
N.m A'YHSS~**T*D*'GC'P'T*1SPL**LE*****'SV"A~**S1*'**~*'MEGKRNHMNQALL1~1M*GL***1L*AS*~F*T~~**S**1Y~~T*FM 

95 

100 
95 

99 

193 

200 
193 

199 

A . 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  255 
C . e  STGFHGIHVLCGGLFLAFNFLRLLKNHFNYNHKLGLEFAILYWHFVDVVWLFLFVFVYWWSY 255 

D.y A t t r + * V * * * I * T T ' * L V C L " H * N * * ~ * N * * * s ~ * * ~ F * F ~ A * A W ~ * * * * * * * * ~ * * ~ I T I * * * G G  262 
M . ~  A**".L**II'ST**IVCL**Q''P**F**T~~**F*F*A*AW****~*~~****~*S~***GS 261 

Cytb 
C . e  LKINNSLLNFVNGMLVTLPSSKTLTLSWNFGSMLGMVLIFQILTGTFLAFYYTPDSLMAFSTVQYIMYEVNFGWVFRIFHFNGASLFFIFLYLHIF 96 
A . S  I " - - - - * D " * S * V ' S ' . . ~ ~ V * * y G * * ~ ~ ~ * * * * ~ ~ G * * * * * * ~ ~ " * * * * ~ N * G A L * * L ~ " ~ * * * * ~ ~ " * * * I * ~ V L * * * * * ~ " " " * * * ~ ~ " L *  91 
D.y MHKP*RNSHP*FKIA*NA"D**APINISSW*****L"LC**I*'***L***MH**A*VNL**YS*NH'CRD~"Y*'LL~TL*A****F**'CIY~**G 100 
N . m  MTN-MRKTHP'FKII*HSFID""APSNISSW~~***L~*VC*MV~*I**L**~MH**S*TMT"**S'TH*CRD**Y~"LI'YMgA"**~M*~*C~F**VG 99 

C . e  KGLFFMSYRLKKVWMSGLTIYLLVMMEAFMGYVLVWAQMSFWAAVVITSLLSVIPIWGPTIVTWIWSGFGVTGATLKFFFVLHFLLPWAILVIVLGHLIF 196 

D.y R*IYYG**LFTPT*LV'VI*LF**'GT*********P*G***~*G"T***N***A**YL*MDL*Q*L'G**A*DN***TR~*TF**I~*FIV*AMTMI**L* 200 
N . m  R~*YYG**TFMET'NI*VLLLFA~*AT*******P*G***'~G*T***N***A**YI~T*L*E***G**S*DK***TR**AF**I**FI*AALAIV**L* 199 

C . e  LHSTGSTSSLYCHGDYDKVCFSPEYLGKDAYN-IVIWLLFIVLSLIYPFNLGDAEMFIEADPMMSPVHIVPEWYFLFAYAILRAIPNKVLGVIALLMSIV 295 

N . m  "E~'*NNPTGLNS'A"1P"TI1*ILGILGIL1MF'1LMT*V'FF*DM***PDNYMP*N~LNT*P**K*'******4*~**S****LG**L**1L*"L 299 
D . y  " Q * * * N N P I G L N S N I " I P * H . Y P T F " I V G P * " I P I L * S * V " S * N L * " P D N * * P * N " L V T * A ' ~ Q * * * * * " * ~ * * * * * S * " * L G " " * * ~ V L " " A  300 

C . e  TF---YFFALVNNYTSCLTKLNKFLVFMFIISSTILSWLGQCTVEDPFTILSPLFSFIYFGLAYLMLFIFMeSKLLFK 370 
A . S  VL---VV*V"'*'V'VMS***'++****~~V*'FVLVV~****~~L**~~~VF*~MV***L~*FVIF~LFLVYYFAGRV~M 365 
D.y ILMILPfYNasKFRGIQFYPI.QI*FWS"T*I*ARP**E~YVLIGQILTI***LYYLI-NPLVTKWWDNLLN 378 
N . m  ILALMP*LHTSKQRSLMFRPITQI'YWILVANLL**T'I*GQP**H**I*IGQ*A"IS~~SIILILMP*SGIIEDKMLKLYP 381 

A . 9  + t t ~ * * * * t t t + * * V * ~ ~ V * L * * * ~ * * t * t + t t * * * ~ * ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  191 

A . s  " E * * " * ~ * * 1 * * * " " * " y * * * ~ ~ " . ~ ~ . ~ ~ * ~ * ~ ~ ~ ~ ~ ~ " * ~ * . * ~ * " . p * * * * * ~ * * * " * * ~ ~ ~ . " * * ~ ~ ~ ~ " * * * ~ ~ * * * ~ * ~ * * . ~ ~ * ~ ~ ~ " ~  290 



486 R. Okimoto et al. 

b 
ATPase6 
C.e INQVYFLDIFMFVFVLQFLFYFKESMLNTLVKKFLNSLVGVFSYTNTLPL-------SSVISIFTFIVLLTCCFGGYFTYSFCPC~MVE 
A . 9  
D . y  MMTNLFSVFDPSAIFNLSLNWLST~LGLLMIPSIYWLMPSRYNI*W**ILLTLHKEFKTL*GPSGHNG*TF*F*SL~SLI*FNNgM~L*P*I*TSTSHLT 
M . m  MNENLFASFITPTMMG'PIVVAIIMFPSI**PSSKRLI*NRLHS*QHW**KLIIKQMM4IHTPKGRTWTLM~-VSLIMFIGSTNLL~LLPHT*T~TTQLS 

~ T N * ~ * ~ * ~ * ~ ~ " ~ " " " " * * . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ V ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

C.e FTFVYAAVAWLSTLLT-FISSEKFSVYMSKPGDTYLKTLSML-LIEIVSEFSRPLALTVRLTVNITVGHLVSMMLYQGLELSMGDQY------IWLSILA 
A , g  t t + + + + M ' * " ' * " " * * T * * * * * I * I * * ~ * * ~ F * * * F * ~ * - * V ~ L * ~ * V ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ V L . ~ . V I ~ ~ ~ ~ ~ ~ L ~ ~ ~ y L . I ~ ~ - - - - - - V ~ I V V ~ ~  

M . m  M N L S M * I P L * A G A V I * G * R H K L * S ~ L A H F L ~ Q G ~ P I S L I P * * I I * * T I ~ L ~ I Q * M * * A * ~ * * A ~ ' ~ A ~ * ~ L M H L I G G A T L V L * N I S P P T A T I T F I I L L * L  
D . y  L*LSL'LPL"*CFM*YGW*NHTQHMFAHLV"QG"PAILMPFMVCR*TI~NII~*GT"A****A*MIA***LLTL~GNTGP---SMS*LLVTFLLVAQ*AL 

82 
82 

100 
99 

174 
174 
197 
199 

C.e IMMECFVFFIQSYIFSRLIFLYLNE  199 
A . s  tV*""**********"y***** 
D . y  LVL'SA'TM**"V'AV'ST**SS*VN 224 
M . m  T I L * F A * A L ' * A " V * T L * V S " H D N T  226 

199 

N D 1  

C.e MILVLLMVILMMIFIVQSIAFITLYERHLLGSSQNRLGPTKVTFMGLAQALLDGVKLLKKEQMTPLNSSEVSFLLVPGISFVVMYLEWFTLPYFFDFI 

M . m  IN**T**VP**I------AM**L**V**KI**YM"L*K**NI~GPY*IL*PFA*AM**FM**P*R**TT*MSL*IIA*TL*LTLALSL~VP*"MPHPL* 
D . y  MEF**S*IGSL*LI*CVLV*V**L**L**KV**YI*I~K**N**GL**IP~PFC~AI**FT~~*TY**L*NYL*YYIS*IF*LFLSLFV~MCM*F~VK LY  

c.e SFEYSVLFFLCLIGFSVYTTLISGIVSKSKYGMIGAIRASSQSISYEIAFsLYVLCIIIHNNVFNFVSKFNLS----LLIIYIPFLIM----VIAELNRA 

M . m  NLNLGI*~I*ATSSL"*SI*W**WA*N***SLF**L~*VA*T~***VTMAIIL*SVLLM~GSYSLQTLITTQEHMW**LPAW*MAM*WFISTL'*T""" 
D . y  *"NLGG***~'CTSLG***VMVA*WS*N"ALL*GL~*VA*T***~VSLA*IM~SF~FLIGSY*MIYF*YYQIYMWF"R*LF*MSLVWLTISL""T*'T 

C.e PFDFSEGESELVSGFNVEFASVAFVLLFLSEYGSLIFFSVLSSAMFFKFSIFMAFS-------------IFSLLIFIRSSYPRYRYDLMMSLFWFKLLPI 

A . s  ~ ' . ~ ' ~ Q " + ~ * * * ~ ~ * * * * * ~ " " " " " " " * ~ ~ * * Q * ~ ~ ~ ~ * ~ ~ * * ~ ~ ~ * ~ ~ ~ ~ * * ~ ~ * . " ~ ~ , , , " " . " " ~ * " ~ * * * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ . ~ * y " " ~  

A . S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A . 9  *++tA""*"**y***yS***""h*L*..T~T~VL~~G~~yVvIyC-.~~..~-~----~~TI~V*V******F"****~~F~***.**V 

n.m ***LT*******~~****Y*AGP*A*F*MA**TNI~LMNA*TTII*LGPLYYINLPELYSTNFMMEALLLS*TFLW**A**~*F***QL*H*LgKNF'*L 
D . y  * * * * A * * * + * * + * * ~ * ~ * Y S * G G * ~ ~ I ~ ~ ~ ~ ~ A ~ I L * M * n * F C V I * L G C ~ V ~ N L L F Y V K L T - - - - - - - F * S F V F * W A ~ G T L * * F * * * K L * Y ' A ' K C F * S F  

A . 9  ***F'G-*F***LF 290 
C.e  SLIMLCFYAVIFYY 291 

D . y  **NY*L*FIGFKILLFSFLLWIFFSKKLMEN 324 
M . m  T*-A**MWHISLPIFTAGVPPYM 315 

98 
98 

100 
93 

190 
190 
200 
193 

277 
277 
293 
293 

N D 2  

C.e LIVFISLFTLFLTLLSIL---TNNVIVWWSI-FLLMTVVFILLNKSS-KSYTSIFNYFVIQESLGLLFLLCSGGLLQF------------------- 73 
A . 9  'LL'FCI'VV**CV'NFF-.-"~""L****V-**""*"""VC*~*G*-~**VG*L"*.~~******F""VFNVF*~**------------------- 73 
D . y  IFYNSSK*LFT'IMIIGTL'TVTSNSWLGA*MGLEIN*LSFIPL~SDNNNLM*TEASLK~~LT"ALASTVL*FS"IL--LMLANNLNN~INESFTSMIIM 98 
M . m  MNPITLA'IY**I*-LGPV*TMSS**LMLM*VGLE'S*LAIIPM'I**KNPR*TEAATK***T'ATASMII**AIVLNYKQLGTWMFQQQTNGLILNMTL 99 

C.e FIILLKIGVAPLHFWIFNVTNNIFNYGLMWFLTFQKLPFLTILLQIFWLSSVYILL--------FGLLICYVQIFVMKSYKNLLIISSTESFNWIVLGVF 1 6 5  
A . 9  **VM~'V"'*F*'"V'S"G~LyDWL"**'"**.*******pV*V*L~DF*~FF"F"------~~*.ICV*"F*L**L*G**~MMV"~***~~~*V""TC* 165 
D.y SAL**'S'A'*F***FP'MMEGLTWMNALMLM*W*'IAP*---ML"SY~NIKNL**ISVILSVII*AIGGLN"TSLR*----'MAF"~INHLG*MLSSLM 191 
M . m  MALSM'L*L**F**'LPE*'QG*PLHMGLIL**W"*IAP*S**I*'YP~LNST*I~MLAITSIFM*AWGGLN*TQMR"----IMAY**IAHMG*MLAILP 195 

C.e FSMFNT-FYLFIYYFVLMVLLISK--------------FSKTSGYNFINWETTLVFLNIPFSVSFFVKIFSLSEIFKYDSFFTLFLLFTMFLSVLAFSFW 249 

D . y  I*ESIWLI*FIF*S*LSF~~TFMFNIFKLFHLNQLFSWgVNSKILK*SLFMNF*SLGGL*PFLG*LP*WLVIQQLTMCNQY*L~T*MMMST*IT*F*YLR 291 
A . 9  L * V V ~ V - ~ * ~ ~ F ~ ~ V ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ * ~ ~  248 

M . m  YNPSLTLLNLM**IILTAPMFMALMLNNSMTINSISLLWN*~PAMLTMISLML*SLGGL"PLTG4LP*WIIIT'LM*NNCLIMAT*MAM~A*LN*F*YIR 295 

C.e LINLSMKNNEETSNNNKM------------------NYFIIFPLMVISII 282 
A . 9  'V*M'V"MKMLGD*F'V------------------LF*L"~*M"*F*V* 281 
D . y  ICYSAFML*YFEN*WIMEMNMNSNN-TNLYLIMTFFSI*GL*LISLFFFML 341 
M . m  '~YSTSLTMFP*N**S*'MTHQTKTKPNLMFSTLAIMSTMTL~*APQLnT 345 

N D 3  

C.e ILVLLMVLVFTLVLLFAFYLINFLLSIKDM-GKNKISAFECGFVSVGKIQNSFSIHFFIMMLMFVIFDLEIVMFLGILVSDLSSYISFLM----MFIFI 94 
A . ~  L ~ ~ ~ v ~ ~ v ~ ~ ~ ~ ~ ~ ~ ~ v ~ ~ I ~ ~ ~ F - y * " " s ~ ~ ~ ~ y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * *  94 

M . m  IN*YTVIFINIL~S*T--LI~VA*W*PQMNL-YSE-ANPY~***DPTSSARLP~*MK**LVAIT*LL*g*~*ALL*PLPWAIQTIKT*TM"IMAFILVT* 96 

C.e  LG-GFYMEWWYGKLVWVI 111 

M . m  *SL*LAY**TQKG'E'TE 114 
D.y 'LI*L*K**NQ*M*N*SN 117 

D.Y IFSIIIIAS'IL'ITTVVMF*-ASI**K*ALIDRE*S'P'****DPKSSSRLP**LR**LITII*L***V**ALI*PMIIILKY*NIMIWTITSII**L' 99 

A . s  F*-********"'**L* 111 

N D 4  
C.e LLEFLFI-SLLWLFKPIYFLLFTVMFSFLIF------------NNFSWGGLFLVLDSYSFILLIV----MSLFILGIIVISEKNNN----LLILSE 
A . 9  
D . y  MLKII*FL**LTPVCFINNMYWMVQIMLF~ISF**L-----LMNNFM*YW*EISYR~GC*ML*YG*VLLSLWIC*~ML~ASES-IN*Y'*YKNLF'LNIV 
M . m  MLKII*PS'MLLP*T*~SS*KKTWTNVTSY***~SLTSLTLLWQTDE*YKNFSNM*-SS"PL*TP*I*LTAWLLP*MLMASQNHLK~D**VLQK"Y'SML 

**DI'LF-**yFF'E'VL*FF.M*V*G*VAL------------**y**L*c*yFF**F****~.*----".~****VVLL**S"FM----*"L*.* 

C.e I-LVFICIIFFIPSNMMMLYMFFELSMFPILVMILGYGSQIEKINSSYYLMFYAAFCSFPFLFVYF--------KSNFLLVFTYYNFVISWE---MFFIL 
A . 9  V-..VV*VF..V."VILM**~****".'***~~~****I"*~~L*~~**"~~.*~------~*~~"FI~LV*FD*NL**.---*V~V* 
D . y  *-*LLLLVLT'SSMSLF*F'L***S'LI*T*FL'.'W'Y*P"RLQAGV*"L'*TLLV*L'M*IGI*YVMNKTGSMNFY*MNNFMF*YD------LLY'C* 
M . m  *S*QILL*MT*SATELI*F*IL..bTLI*T*II'TRW*N*T*RL*AGI~FL'*TLIG*I~L*IALILIQNHVGTLNLMI*S~'TKTLDA*~SNNLLWLAC 

C.e SLSFMMKFPIYFLHLWLPKAHVEAPTTASMLLAGLLLKLGTAGFLRILGSLSFVHNN----VWILIAFLGMILGSFCCVFQSDSKALAAYSSVTHMSFLL 
A . S  * * + . t t t * * ~ . * * * " * * * * * * * * * t t t t t t t * t * t t ~ ~ ~ * * * * ~ * ~ ~ . * * " ~ ~ " " * * ~ ~ ~ ~ ~ * . " * * ~ * ~ ~ " ~ ~ * * * ~ " * * ~ . * * " ~ ~ * ~ * " ~ *  

D.y L C A * L V * M * M F L V * * * * * ~ * ' * * * * * V S G * * I * * * I M ~ * ~ ~ G Y * L ~ g V I N F ~ Q L M N L K Y - S F * ~ ~ S * S L V * G V ~ M ~ L V ~ L R ~ T ~ L ~ ' ' I * * ~ * ~ A * * G I V '  
M . m  MMA*LI*M*L*GV******'*'***IAG**I**AI~*~**SY*MI'*SII*DPLT-KYMAYPF"'LSLW~'*MT*SI~LR*T"L'S'I~'~*~S**ALVI 

75 
75 
95 
9 9  

163 
163 
188 
199 

259 
259 
287 
298 



Nematode  Mitochondrial Genomes 487 

C 
ND4 Continued 
C.e LSLVFITMSSKISSVMLMLAHGYTSTLMFYLIGEFYHTSGSRMIYFMSSFFSSSMIMGILFSVVFLSNSGVPPSLSFLSEFLVISNSMLISKSMFVMIFI 3 5 9  
A . ~  M A * " . I . . G * T G G * I . . * * ~ ~ * * * * * * . ~ . ~ * * * * ~ ~ . * * * * ~ * ~ * * * * ~ G * G * * * ~ L * * ~ ~ * ; ~ ~ * M * T * * ~ ~ ~ ~ ~ ~ * * I * * * ~ ~ L N M M ~ ~ ~ * W * L ~ V  3 5 9  
D.y A G * L T M * Y W G L C G * Y T ~ * I . " L C " E R L * ~ ~ S M L I N K G L L N F M P A a T L W W F L L S S A ~ M A A * * T ' N L ' G * I S L L N S I V S W ' W I S M I ~ L S F  3 8 7  
M . m  A ~ I H I Q * P W ~ F M G A T * * * I * . ' L " 8 . L * C . A N S N . E R I H A S * A * L A L ' * * I N L M G ' L F I T M S L F S W " N F T I I L ~ G *  3 9 8  

C.e YFVVSFYYSLFLITSSLMGKGYHNFNTWNVGFS----------APLVLMMYNVFWLSVFY 4 0 9  
A , ~  **gg~++..~y 'L*.*V....*V*.~I~"*~** ----------~..*F*~**I.*~*.*F 4 0 9  
D.y LSFF'AAaT*Y*YSF*QH"LFSGVYSFSSaKIREYLLMLLHWL*~N'LILKSESCILWL 4 4 7  
M . m  NIIITGM**MYM*ITTQR"LTNHMINLQPSHTRELTLMALHMI~*I*LTT-SPK~ITGLTM 4 5 9  

ND4L 
C.e I~FLFVSLFMFIF---------KWQRLIFILISLEFMMLSLFLKFSYVLGEMMFF------YFMCFSVISSILGMVVMVGNMKFFGSDNCIF 7 7  
A . 9  .I.I'I'PLSLP"--------~~~**~**~'*.*~IvM*~*IL**GD~N*****------**~~*.~V..V~********V*~y.~*L*L* 7 7  

M . m  MPST~FN'T'-A*SLSLLGTLMFRSH*MST*LC~'G~V"""*IMT'VTSLNSNSMSSMPIPITLV~AACEAAV*LALL*K'S*TY*T*YVQNLNLLQC 9 7  
D.y M*'I'YW*4P*IL'ILGLFCFVSNRKH'LSM*L**'~IV*M~*FMLFIY-LNgLNYENYFSMM'LT***CEGA*aLSIL'S~IRTH~N*YFQSFSIM 9 6  

ND5 
C.e INISIPLIGPVF------------------------------- F-MGGISVWLMPTFKLGIFFLEWDFLSLK-------FNFYFNSILF-SFILFLVTFS 60 
A . 9  * D * " . * M V * L L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  *CVSLPLIPPVSCV'.SF*'V***..*F*-------IsV**,*~M*-*L*~L***I~ 6 1  
D.y *C-~gSF'NLISISL-----------------------------TCFLL~LYYLL-NNMVY*I-~~EVVggNSMSIVMT'L"DWM"L'*M*~V*M-IASL 6 7  
I . m  "'FTTS*LLI'ILLLSPILIS~SNLIKHINFPLYTTTSIKFS~IISLLPLLMFFHNNMEY~ITT'HWVT~NS~ELK~S*KTD'F**~*T'VA**-**W* 9 9  

C.e VLVFSTYYLNSELNFNYYYFVLLIFVGSMFSLNFSNSIFTMLLSWDLLGISSFFLVL-FYNNWDSCSGAMNTALTNRLGDY---FMFVFFGLSVFSGYY- 1 5 5  
A . 9  t * + + . . + + r g G * * * ' * * * * ' ~ * ~ V * . * * * * * ~ I * * ~ G C ~ ~ * * V ~ ~ * * * * * * * ~ ~ * * ~ - ~ * ~ ~ ~ ~ ~ ~ * * ~ ~ * * V * * ~ * * ~ * ~ - - - ~ L ~ * ~ * ~ ~ T I ~ ~ ~ ~ ~ -  1 5 6  

M . m  IMQL*SW'MH*DP"I'RFIKY*TL~LIT"LI*TSA*NM*QLFIG"EGV*'~~*L*IGWW~GRT*ANTA~LQAI*Y'*I'*IGFILAM*W~S*NMN*WELQ 1 9 9  
D.y *IFY*KE'~EaDE"I"RFIMLV'M~~L**ML"II*PNLVSI~~G'*G""LV*YC~*I-YFQ~IK*YNAG*L***S**I~~VALLLAIAW~-*NYG*WN*I 1 6 5  

C.e FLSFSMFS----SYMSLLLLLTAFTKSAQFPFSSWLPKAMSAPTPVSSLVHSSTLVTAGLILLMNFNNLVMQKDFI-SFVLIIGLFTMFFSSLASLVEED 2 5 0  
A . P  ...L.P " C - - - - W L S ' * M ' * * ~ S ~ ~ ~ ~ ~ ~ ~ ~ * & G ~ * . . * ~ * ~ * * * I ~ ~ * * * ~ ~ ~ * * * * * * V * I * * * ~ E ~ I L N ~ * V * - M I I M V V . V . ~ ~ ~ . * . M ~ ~ ~ ~ ~ ~ *  2 5 1  
D.y * Y L E V ~ ~ ~ ~ F S ~ ~ ~ I G S ~ V ~ ~ A ' M * ~ ~ * * I ~ ~ ~ ~ ~ ~ * A ~ ' A ' " ' * * * A ~ ~ ~ * * * * ~ * * * V Y ~ ~ I R * ~ I V L S T S W L G - Q L L ~ L L S G ~ ~ ~ ~ M A ~ ~ ~ ~ ~ ~ * ~ *  2 6 4  
M . m  QIM'~NNNDNLIPL'G~"IA'TG*r"'GLHP'''S"EG""*~A*L*"'~'V'~IF''VR'HP*TTNNN'4LTTM'CL'AL'TL'TAICA~TQN* 2 9 7  

C.e LKKVVALSTLSQHGFSMVTLGLGLSFISFIHLVSHALFKSCLFMQVGYIIHCSFGQQDGRNYSNNGNLPNFIQLQMLVTLFCLCGLIFSSGAVSKDFILE 

D.y * * * 1 1 * * * * * * * L * L M ' S 1 L S M ~ F Y K L A M F * * L T * ~ ~ * * A L ~ * * C A * A ~ " ~ N M N N S * ~ 1 * L M G G L S 1 H M P L T S A C F N * S N L A ~ ~ * M P " L A ~ F Y * * ~ ~ * * ~  
M . m  I"'IIgF'*S~*L'LM""aMNQPHLA*LgICT~'F**AM~'~CS4S***SLADE~*I*KMG*ITKIMP4TSSCLVIGSLA'TgMP'LT*FY***L~I" 

C.e LFFSNNYMMFFSLMFFVSVFLTFGYSFRLWKSFF-"------LSFNKVnNHYSSTVFMNFLSLVLVIFSIS-FLWWMNFNLLNIPSLFLYVDFFGPLVF 

D.y 1VS1S'1N*'SFFLY'P'TG**VS*****VYYS~TGD---LNCG*L*~L-*DE*WVMLRG~*G*LFMS11GGS~*N'L1'PFPY~1C*PG*LKMLT-*FV 
M . m  AINTC'TNAWAL'ITLIATS~*AM*IIYPVTnTKPRPPPLI*I*ENDPDLMNPIKRLAFGSIFAG~V~'YNIPPTSIPV'TM*---WFLKTTA-'II 

C.e LFMMIFLSFLILKMLFKELMYKFLVD--------------------YLAKNSIYKMK-NLKF~DL-FLNNINSKGYTLFLSS-----GMFKNYYLKSLNF 

D.y CIVGGLFGY"S-ISNLYSLN'S'LNgNLTLFLGSMWFMPYISTYGMIFYPLN~G-QLVV*SF*QGWSEYFGGQHLYYK'*NYSKTLFLMH*NS**IYLM 
M . m  SVLGFLIALELNNLTMgLS*N~ANPYSSFSTLLG---FFPSIIHRITP~gSLNLSL*TS*TLL'~IW*EKTIP*STSTLHTNMT-TLTTNQKGLI*LYFM 

C.e NSVVVLIFIFFMIC 5 2 7  
A . 9  ***'IVLVL"FLV 5 2 8  

M . m  SFLINI'L'IILYSINLE 6 0 7  
D.y LF*F-W*M*L*SFLLFL 5 7 3  

A . s  * t t * ' t * * r t * * * * . * + ~ ' ~ * ~ * * V ' * " * ' * ' . ~ . * * ~ * ~ ~ ~ ~ ~ ~ ~ ~ " ~ * " " * ~ * * ~ ~ * * ~ . y ~ ~ ~ ~ * ~ ~ ~ * ~ ~ ~ . ~ * . ~ ~ ~ * ~ * * * ~ * y * ~ *  

11.9 P . . . . F p " V V * A C * * * p ' . . ' + + . . , * * * y * * * * G * *  - - ~ - - - - - - M " * s ~ p V ~ C ~ * ~ ~ ~ V * ~ * * * * L * * L * . * ~ - * I * " " " * * M . C M ~ C * " " * ~ * * * V * * ~ *  

A . 8  V V * ~ ~ V V G * ' C V * L . L * * ~ V ' + " " - - - - - - - - - - - - - - - - - - - - - - - - ~ ~ * * G W V * ~ L * - ~ ~ * * ~ * * - * * G G * * * L * V * ~ * ~ ~ T - - - - - * ~ W ~ . ~ * ~ ~ * * y *  

3 5 0  

3 6 4  
3 5 1  

3 9 7  

4 4 0  

4 5 9  
4 4 1  

4 9 3  

5 1 3  
5 1 4  
5 5 7  
5 8 8  

ND6 

A . 9  L L ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ - ~ C V ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ * ~ * ~ * ~ * * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~  9 3  
C.e MVKVFFVLAVL---SSIISYINIDPMKSSFFLIFSLLFSMP-VISMS~HIWFSYFICLLFLSGIFVILVYFSSLSKINVVKSYMAVFLLLLS~LYFS--- 9 3  

M . m  'NNYI"'SS'FLVGCLGLALKPS~IYGGLG''V'GFVGCL~*LGFGGSFL-GL~VF*IY*G*~L*VFG~TTA~ATEEYPETWGSNW"I*GFLVLGVIME 9 9  
D.y IIQL~'YS*IITT"*FFNMIH~LALGLT*LIQTI~VCLLSGL*TKSFgY~~ILF~I*~G*ML*LFI*VT**ASNE~FNLSIKLT'FSMFI*FgMFIL 9 8  

C.e -----------------------PTVLTYSSYLGLSGFYYSIYWFIFCFILVCLLFFnNFSSYF--LNFSGALRKV 1 4 4  

D.y SMILDKTSITLFLMNNEMQSIIEMNSYFTENS'S'NKL*NFPTN*VTILLMNY*~ITLIVVVKITK*-*KoPI*MMS 1 7 4  
* F F Y S V T D V V A V N N * ~ F ' V * n M L L V W V I F V ~ I a ~ ~ * ~ T a * ~ - - * k * ~ * * 4 * * *  1 4 4  

M . m  VFLICVLNYYDEV--GVINLDGLGDW*~*EVDDVGV~LEGG*GVAAMYSCATWMMVVAGW*LFAGIFIIIEIT'D 1 7 2  
M . m  VFLICVLNYYDEVGVINLDGLGDWLMYEVDDVGVMLEGGIGVAAMYSCATWM~VVAGWSLFAGIFIIIEITRD 1 7 2  

A . 9  _ - _ - _ - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

FIGURE 4.-Cornparisons of the amino acid sequences of the 12 mtDNA-encoded proteins of C. elegans (C.e) with the amino acid sequences 
of  the corresponding  proteins of A. suum (A.s), D. yahuba (D.y; CLARY and WOISTENHOLME 1985a) and mouse (M.m; BIBB et al. 1981). A11 
amino acid sequences are  the predictions of nucleotide sequences. An asterisk indicates an  amino acid that is conserved relative to C. elegans. 
A dash indicates the absence in one sequence of an amino acid that occurs in one or more of the corresponding, other amino acid sequences. 
Genetic  code modifications used for translation of mtDNA nucleotide sequences are as follows. ATA  and  TGA specify methionine and 
tryptophan, respectively, in all  species;  AGA and ACG specify serine in C. elegans, A. suum; AGA  specifies serine in D. yakuba [AGA and 
AGG do not specify an  amino acid in mouse and AGG does not specify an  amino acid in D. yahuba (BIBB et al. 1981 ; CLARY and 
WOISTENHOLME 1985a)l. 

a hairpin structure (Figure 6).  However,  in the re- alent or  other stable  secondary structure potential is 
maining  case, the NDl  gene followed by the ATPase6 found near the 3'-end  of the A. suum NDI gene. Also, 
gene, although a stem  of 7 ntp  and  a loop of 4 nt can although the large sequences that separate the C. 
be formed by a sequence separated by 1 I ntp from elegans and A. suum ND4 and COI genes  each  include 
the 3"terminus of the C. elegans NDl gene, no equiv- a hairpin-forming sequence, beginning 27 ntp and 19 
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FIGURE 5.-Comparisons of the hydropathic profiles of the  proteins  predicted from the ATPase6, ND4L and ND6 genes of C. elegans, A. 
mum, D. yakuba and mouse. Each profile was calculated by the method of KYTE and DOOLITTLE (1982) using an 11 amino acid window. 
Hydrophobic regions have hydropathy of >O, and hydrophilic regions have hydropathy of <O. Corresponding hydrophobic domains in 
homologous proteins from the different species are indicated by Roman numerals. 

TABLE 1 

Amino  acid  and  nucleotide  sequence  comparisons concerning the C. elegans and A. suum mt-protein genes 

No. of amino acids  Percentage amino acid sequence similarity" 

Gene C. elegans A. suum D. yakuba" Mouse"  similarity" C. clcgansjA. suum A. suum D. yakuba mouse mouse 
Percentage nucleotide sequence C. clegansj C. clegansj C. elegansj D.  y a b b a j  

COI 525 525 512 514 79.3 88.2 61.6 58.6 75.0 
COII 23 1 232 228 227 76.7 83.2 39.0 39.4 56.6 
COIII 255 255 262 26 1 74.5 79.6 46.6 42.9 64.5 
Cyt b 370 365 378 38 1 68.8 72.4 43.1 41.7 67.5 
ATPase6 199 199 224 226 74.3 79.4 22.5 22.5 34.4 
ATPase8 N F ~  NF 53 67 NF NF NF NF 26.0 
NDl 291 290 324 315 71.9 73.2 36.4 35.1 45.3 
ND2 282 28 1 34 1 345 66.0 57.5 16.9 20.6 34.0 
ND3 111 111 117 114 74.1 80.2 30.5 25.6 43.2 
ND4 409 409 446 459 73.7 72.9 29.5 28.1 42.2 
ND4L 77 77 96 97 74.4 70.1 26.8 21.4 35.7 
ND5 528 528 573 607 70.1 69.1 31.3 25.4 39.7 
ND6 145 144 174 172 64.1 58.3 18.6 12.6 17.0 

Data for D. yahuba and mouse are from CLARY and WOUTENHOLME (1985a) and BIBB et 01. (1981), respectively. 
These values are calculated from data in Figure 1, and include all deduced insertions/deletions. 

NF = not found. 
' These values are calculated from Figure 4, and include all deduced insertions/deletions. 

ntp, respectively, from the 5'-end (Figure l), the 3'- from similarities to the corresponding genes in other 
ends of both of these intergenic sequences and  the 3'- metazoan  mtDNAs and in prokaryotic organisms 
ends of the ND4  genes  again  lack  stable  secondary (BIBB et al. 1981; CLARY and WOLSTENHOLME 1985b; 
structure potential. NOLLER et al. 1986). In both nematode mtDNAs the 

Ribosomal RNA genes: The C. elegans and A.  suum s-rRNA and 1-rRNA  genes are separated from each 
mt-s-rRNA and mt-1-rRNA  genes  were  identified other by protein genes,  as is found in  sea urchin 
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FIGURE 6.-Potential  hairpin  configurations of the nucleotides 
of the junction sequences of the ND3 and ND5 genes, and of the 
ND6 and ND4L genes of C. eleguns and A. suum. Arrows  indicate 
the direction of transcription.  Translation  initiation codons are 
boxed, and the first nucleotide of each  translation  termination 
codon or incomplete  termination codon (TA, at the end of the 
ND3 gene) is identified  with  an  asterisk.  In  transcripts, the predicted 
free energy  changes  [calculated  using the free energy increments 
given by FREIER et al. (1986)], for the hairpin  structures  between 
the  ND3 and ND5 gene are -1.7 kcal/mol (C. elegans) and -0.4 
kcal/mol (A. mum)  and  for the hairpin  structures  between the ND6 
and ND4L genes are -2.7 kcal/mol (C. elegans) and -1 1.3 kcal/ 
mol (A. suum). 

mtDNAs. In contrast, in vertebrate and Drosophila 
mtDNAs, the two rRNA genes are found adjacent to 
each other (BIBB et al. 1981; CLARY  and WOLSTEN- 
HOLME 1985a). In  both nematode mtDNAs, the 
tRNAg'" and tRNA"'(UCN) genes are located next to 
the 5'- and 3'-ends,  respectively, of the s-rRNA, and 
the tRNAhis and ND3  genes are located next to  the 
5'- and 3'-ends, respectively,  of the 1-rRNA gene. 
That the nucleotides  immediately adjacent to  the  3'- 
end of the tRNAhis gene and  the tRNAg'" gene in C. 
elegans mtDNA are  the 5"terminal nucleotides of the 
s-rRNA and 1-rRNA  genes,  respectively, was con- 
firmed by primer extension  analysis  (R. OKIMOTO, J. 
L. MACFARLANE and D. R. WOLSTENHOLME, unpub- 
lished  results). 

The nucleotide immediately proceeding the 
tRNA"'(UCN) gene in C.  elegans mtDNA, and  the 
corresponding nucleotide in A. suum mtDNA  (sepa- 
rated from the tRNA"'(UCN) gene by 16  ntp, Figure 
1) are tentatively defined as the 3'-ends of the nema- 

tode s-rRNA  genes. In both C.  elegans and A. suum 
mtDNAs the nucleotide immediately preceding the 
translation initiation codon of the ND3 gene (ATA in 
C.  elegans and TTG in A. suum) (Figure. 1)) is inter- 
preted as the 3'-end  of the 1-rRNA gene. The C. 
elegans and A. suum mt-s-rRNA  genes (697 and 701 
ntp, respectively) and mt-l-rRNA  genes (953  ntp and 
960  ntp, respectively)  as defined above are  the smallest 
metazoan mt-rRNA genes so far recorded. Similarity 
between the two nematode mt-s-rRNA  genes is 76.2% 
and between the two nematode mt-l-rRNA  genes is 
74.4%. 

We  have constructed a consensus  secondary struc- 
ture model for the  entire C.  elegans and A. suum mt- 
s-rRNA  genes (R. OKIMOTO, J. L. MACFARLANE and 
D. R. WOLSTENHOLME,  unpublished results). This 
model, which is based on  a comparison of the C.  
elegans and A. suum rRNA gene sequences,  secondary 
structures previously proposed for  other metazoan 
mt-s-rRNA  genes (GUTELL et al. 1985; ZWIEB,  GLOTZ 
and BRIMACOMBE 198 l), and  the locations  within the 
model  of short conserved, primary sequences,  has a 
remarkable resemblance to the core structure model 
for  the s-rRNAs used by GRAY, SANKOFF and CEDER- 
GREN (1 984). 

From similar primary and secondary structural con- 
siderations we have  also  built a consensus  secondary 
structure model for the 3', 63% of the predicted C.  
elegans and A. suum mt-l-rRNAs (R. OKIMOTO, J. L. 
MACFARLANE and D. R. WOLSTENHOLME, unpublished 
results). This model  again  fits well the previously 
proposed models for  the corresponding regions of 
other metazoan  mt-l-rRNAs (GLOTZ, ZWIEB and BRI- 
MACOMBE 1981; CLARY and WOLSTENHOLME 1985b; 
GUTELL and FOX 1988). However, although the 5', 
37% of the C.  elegans and A. suum mt-l-rRNA  se- 
quences share 70% similarity,  they are approximately 
270 and  445  ntp  shorter than the corresponding 
regions of the predicted D. yakuba and mouse  mt-l- 
rRNAs, respectively, and we have  been  unable to 
construct a satisfactory  secondary structure model for 
this portion of the nematode mt-l-rRNAs. In view of 
the unusual structure of the C.  elegans and A. suum 
mt-tRNAs, it is interesting to note that, with one 
exception, the proposed secondary structures for the 
mt-+rRNAs and the 3', 63% of the mt-l-rRNAs of 
these  organisms include all  of the secondary structure 
element-forming sequences that in Escherichia coli 
rRNAs contain nucleotides important for interactions 
with  tRNAs (NOLLER et al. 1986; DAHLBERG 1989; 
MOAZED and NOLLER 1989). The exception is the 
A2169-containing element that is also absent from 
secondary structure models  of other metazoan  mt-l- 
rRNAs. 

Transfer RNA genes: In 20  of the mt-tRNA  genes 
of C.  elegans and A. suum the variable  loop and T W  
arm  are together replaced with a loop  of  between 6 
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FIGURE 7.-The consensus secondary structure of the T V  ( T W  
arm-variable loop)-replacement loop-containing C. elegans and A. 
m u m  mt-tRNA genes. The number of nucleotides shown in the 
DHU (dihydr0uridine)-loop and the TV-replacement loop are the 
maximum numbers observed. Letters in solid squares identify nu- 
cleotides or nucleotide combinations that occur among C. elegunsl 
A .  mum mt-tRNA genes with frequencies (as percentages) shown 
by the accompanying numbers and are also constant nucleotides in 
prokaryotic and eukaryotic nuclear-encoded tRNAs. Letters in solid 
circles identify other nucleotide or nucleotide combinations that 
occur in C. eleguns/A. mum mt-tRNA genes with frequencies (as 
percentages) shown by the accompanying numbers. Ten  of these 
nucleotides (1 ,9 ,  10, 1 3 , 2 2 , 2 5 , 2 6 , 2 7 , 4 3  and 72) are considered 
semi-invariant in prokaryotic and eukaryotic nuclear-encoded 
tRNAs (DIRHEIMER et ul. 1979; SINGHAL and FALLIS (1979).  The 
numbering system used (1-43 and 66-73, given in the  open circles) 
reflects the conventional numbering system used for yeast tRNAph' 
(SPRINZL et ul. 1989). L1-L12  denote the maximum of 12 nt that 
occur in the TV-replacement loop of the C. elegans and A. mum 
rnt-tRNA genes (Figure 2).  A, adenine; T, thymine; R, adenine or 
guanine; Y, cytosine or thymine; W, adenine or thymine. The mean 
number of C-G bonds/stem for each of the three stems of the C. 
elegans and A. mum mt-tRNA genes are shown. 

and 12  nt (designated the TV-replacement loop; WOL- 
STENHOLME et al. 1987; OKIMOTO and WOLSTEN- 
HOLME 1990). The secondary structure  potentials of 
these  tRNA  genes, which are between 54  and  63  ntp 
in C. elegans, and between 54  and  62  ntp in A. m u m ,  
are summarized in Figure 7.  Each  of the tRNAs 
predicted  from these genes has an aminoacyl stem of 
7 ntp, a  DHU stem of 4 ntp (3 ntp in A.  m u m ,  
tRNAasn),  a  DHU  loop of between 5 and 8 nt in C. 
elegans and 5 and 9 nt in A.  m u m ,  an anticodon stem 
of 5 ntp  and  an anticodon  loop of 7 nt.  In each 
nematode  mtDNA  there  are two further sequences 
that have been interpreted as tRNA  genes  for 
ser(AGN) and  ser(UCN). The predicted  secondary 

structures of each of these sequences contains a vari- 
able  loop (always 4 nt)  and a T W  arm (stem of 3 or 
5  ntp; loop of  3-6 nt), but  the DHU arm is replaced 
with a  loop of between 5  nt  and 8 nt. Nucleotide 
sequence similarity between the corresponding  puta- 
tive tRNA  genes of C. elegans and A. m u m  are in the 
range  58% (tRNAasp) to  91% [tRNA""(UUR)], with a 
mean of 75%. 

The following considerations (discussed previously 
in detail  for A. m u m ,  see WOLSTENHOLME et al. 1987) 
supported our interpretation  that  the  structures men- 
tioned above are  the complete set of tRNA genes of 
each of the C. elegans and A.  m u m  mt-genomes. The 
number of putative  tRNA  genes  found in each mole- 
cule,  22, is the same as that  found in vertebrate  and 
higher  invertebrate (D. yakuba and sea urchin) mt- 
DNAs. The trinucleotides in the anticodon positions 
of the C. elegans and A. m u m  tRNA genes are unique, 
are  the same for each species, are compatible with 
codon usage in the C. elegans and A. m u m  mtDNAs 
(Table 2), and have a high correspondence to antico- 
dons of vertebrate  and higher  invertebrate  mt-tRNA 
genes. Eight nucleotide or nucleotide combinations, 
considered  invariant in prokaryotic and nuclear-en- 
coded  eukaryotic  tRNAs  (standard  tRNAs) (SPRINTZL 
et al. 1989; DIRHEIMER et al. 1979; SINCHAL and 
FALLIS 1979),  are conserved with a  frequency of be- 
tween 90  and  100% in the C. elegans and A. m u m  mt- 
tRNA  genes  (Figure 7). Ten  other nucleotides or 
nucleotide  combinations  that are considered semi- 
invariant in standard  tRNAs  occur in the C. elegans 
and A. m u m  mt-tRNA  genes with a  frequency of 
between 85  and  100%.  In  addition, of the 20 C. 
elegans and 20 A. suum mt-tRNA genes that contain a 
TV-replacement  loop, all have an  A-T pair or a T-A 
pair in the  DHU  arm  at position 12-23, and a  purine 
occurs at positions L2 and  L3 in the  TV-replacement 
loop in loo%, and  95% (C. elegans) or 90%  and 90% 
(A.  suum), respectively, of these genes. Eighteen of the 
C. elegans and A. m u m  mt-tRNA  genes  contain the 
pyrimidinel I-purine24 pair which is highly conserved 
in standard tRNAs. However, in the mt-tRNA""'" and 
mt-tRNA'v  genes of each nematode,  a G-C pair is 
found in this position. A G-C pair is also found in 
place of a pyrimidinell-purine24 pair in the mt- 
tRNAf""" and mt-tRNA'v genes of other metazoa. 

Each of the two DHU-replacement loop-containing 
mt-tRNA genes from C. elegans and A.  m u m  contain 
the conserved R1, YSS, Y27, R43, Yx, T 3 3  and R37 
nucleotides. In  three of these structures (C. elegans 
tRNA"'(AGN) and tRNA"'(UCN) and A.  m u m  
tRNAser(UCN) there  are possible secondary  interac- 
tions between nucleotides in the  DHU-replacement 
loop and  the variable loop. 

The frequencies of C nucleotides in the TV-replace- 
ment loop-containing mt-tRNA genes of C. elegans 
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TABLE 2 

Codon  usage in the 12 mt-protein  genes of C. elegans and A. suum 

C.c. A s  C.e A.s C.e A.s C.e A.s 

TTT 
TTC 
TTA 
TTG 

CTT 
CTC 
CTA 
CTG 

ATT 
ATC 
ATA 
ATG 

GTT 
GTC 
GTA 
GTG 

429 484 
23 9 

356 142 
81 304 

51 57 
1 0  

36  4 
5 6  

257 200 
23 10 

134 44 
44 131 

118  263 
9 9  

98 37 
28 67 

TCT 
TCC 
TCA 
TCG 

CCT 
ccc 
CCA 
CCG 

ACT 
ACC 
ACA 
ACG 

GCT 
GCC 
GCA 
GCG 

84 
5 

51 
5 

27 
7 

39 
8 

62 
7 

69 
6 

62 
9 

39 
4 

144 
3 
6 
9 

72 
0 
1 

10 

86 
7 
8 
6 

92 
5 
5 
2 

TAT 
TAC 
TAA 
TAG 

CAT 
CAC 
CAA 
CAG 

AAT 
AAC 
AAA 
AAG 

GAT 
GAC 
GAA 
GAG 

144  154 
29 16 
8 2  
1 7  

45 53 
13 1 
34 17 
10 26 

139 107 
12 5 
95 29 
14 65 

55 70 
8 6  

52 25 
26 50 

TGT 
TGC 
TGA 
TGG 

CGT 
CGC 
CGA 
CGG 

AGT 
AGC 
AGA 
AGG 

GGT 
GGC 
GGA 
GGG 

45 60 
2 0  

62 27 
9 48 

29 30 
0 0  
1 1  
1 2  

61  127 
6 4  

126 29 
39 34 

93 144 
5 6  

60 18 
29 39 

The numbers of occurrences of each codon in the 12 mt-protein genes of C. elegans (C.e; total 3,430 codons) and A. suum (A.s; total 3,425 
codons) are given. Assumed modifications relative to the standard genetic code are, AGA and AGG  specify serine; ATA species methionine 
and  TGA specifies tryptophan (see text). The anticodon corresponding to each two- and four-codon family is shown  in parentheses. 

TABLE 3 

Nucleotide  composition  data for the  mt-protein  genes of C. elegans, A. suum, D. yakuba, P. lividus, X. i d ,  mouse, cow and  human 

Percentage nucleotide composition of the sense 
strand 

Percentage of 
leucine 

Percentage of codons ending in: codons 
Percentage of beginning 
codons that with ..._.. 

T C A G A + T  C+T T C A G A + T  G + T  leucine 
specify 

T C  

C. elegans 46.0 9.3 29.5 15.3 75.5 61.3 49.7 4.7 36.6 9.0 86.3 58.7 15.5 82.5 17.5 
A. mum 51.9 8.0 18.5 21.5 70.4 73.4 62.7 2.4 11.5 23.4 74.2 86.1 15.0 86.9 13.1 
D. yakuba 44.4 11.1 32.3 12.2 76.7 56.6 48.4 3.3 45.4 2.9 93.8 51.3 16.8 90.6 9.4 
P. lividus 31.0 23.6 28.6 16.8 59.6 47.8 25.5 22.5 39.9 12.1 65.4 37.6 15.4 28.7 71.3 
X. lamis 31.7 24.5 31.1 12.7 62.8 44.4 29.3 23.2 43.5 4.0 72.8 33.4 16.1 37.8 62.2 
Mouse 29.4 26.0 33.2 11.4 62.6 40.8 22.9 27.4 46.6 3.2 69.5 26.1 15.5 21.9 78.1 

Human 25.6 33.1 29.3 12.0 54.9 37.6 15.3 43.1 36.5 5.1  51.8 20.4 17.5 12.0 88.0 
cow 28.0 27.7 31.9 12.4 59.9 40.4 19.8  31.9 43.7 4.7 63.5 24.5 16.0 19.0 81.0 

Data for P. lividus (CANTATORE et al. 1989), X. laeuis (ROE et al. 1985), mouse (BIBB et al .  1981), cow (ANDERSON et al. 1982b) and human 
(ANDERSON et al. 1981) mtDNAs are derived from all protein genes except the ND6 genes. The ND6 gene in each of these mtDNAs is the 
only gene transcribed from the light (L) strand, and both the nucleotide composition of the sense strand and  the frequencies of nucleotides 
in the  third positions of codons are complementary to those of the  other 12 mt-protein genes of each species. The D. yakuba (CLARY and 
WOISTENHOLME 1985a), C. elegans and A. suum data are derived  from all protein genes. In D. yakuba mtDNA nine protein genes are 
transcribed from one stand and  four from the  other, but there is no clear distinction between the nucleotide compositions of the sense strands 
of genes transcribed from  the two complementary strands. In C. elegans and A. suum mtDNAs all protein genes are transcribed from the 
same strand  (Figure 1). Nucleotides concerned with termination are excluded. 

and A. mum are 8.6 and 7.9%, respectively, close to 
the frequencies of this nucleotide in the C. elegans and 
A. suum mt-protein genes: 9.3 and 8.0%, Table 3. 
However, in spite of this low use of C in tRNA genes, 
there  are between one  and  three C-G nucleotide  pairs 
in 100% (C. elegans) and 95% (A, suum) of the amino- 
acyl stems, and in 85% (C.  elegans) and 90% (A.  mum) 
of  the anticodon stems. Also 35% of  the DHU stems 
of these  tRNA genes in both C.  elegans and A. suum 
contain one or two C-G pairs. The differences in 

average  frequencies of C-G pairs in the amino-acyl, 
anticodon,  and DHU stems of C.  elegans and A.  mum 
mt-tRNA  genes, 1.7 and 1.8/stem, 1.2 and 1.5/stem 
and 0.4 and 0.4/stem, respectively (Figure 7), suggest 
that C-G pairs contribute to differential stem stability 
that may be  important  to some aspect of tRNA  func- 
tion. 

Ten of the 20 TV-replacement loop-containing 
tRNA  genes of A.  mum contain  a single mismatched 
pair of nucleotides in the amino-acyl stem and  one 
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(phe) contains two mismatched nucleotide  pairs in this 
stem. Nine of the  12 mismatches are T T pairs at  the 
base of the stem (position 7). Of  the remaining three 
mismatches A  G is found  at position 7 of the 
tRNA""(UUR) gene  and G  A and T C  occur at posi- 
tion 6 of the tRNAph' and tRNA"P genes, respectively. 
The rather constant location of these mismatches 
suggests that they may have some functional signifi- 
cance.  However,  although eleven of the 20 TV-re- 
placement loop-containing  tRNA  genes of C. elegans 
also have a mismatched pair in position 6 or 7 of the 
amino-acyl stem, only eight of these C. elegans tRNA 
genes are  the homologues of the mismatch pair-con- 
taining  tRNA genes in A.  suum, and only in three  are 
both  nucleotide  and position specificity conserved. 

Only two A.  suum and  one C.  elegans tRNA  genes 
(ala and f-met, and asn, respectively), contain  a mis- 
match in the  anticodon  stem, and two A.  suum tRNA 
genes (ala and asp) contain  a mismatch in the  DHU 
stem. 

Data from Northern blot hybridization experiments 
has provided  direct  evidence  that  both the  TV-re- 
placement loop-containing tRNA genes and  the  DHU- 
replacement loop-containing tRNA genes  of C. elegans 
and A. mum are transcribed (OKIMOTO and WOLSTEN- 
HOLME 1990). Further, these  transcripts were shown 
to be the same size as the respective tRNA  gene, to 
which three nucleotides (presumably CCA), are added 
following transcription. The only exception  among 
those tested was C. elegans mt-tRNAasn, most mole- 
cules of  which had  one  nucleotide (plus CCA) more 
than predicted  from the  gene.  These results fully 
support  the view that  the unusual mt-tRNA  genes of 
nematode worms encode  tRNAs  that are active in mt- 
protein synthesis. 

Codon  usage  and  genetic  code  modifications: Co- 
don usages among  the  12 mt-protein  genes of C. 
elegans and A. suum are given in Table 2. Comparisons 
of nucleotide compositions of the sense strand,  and of 
nucleotides in the  third positions of codons of mt- 
protein  genes of C.  elegans, A.  suum and  other meta- 
zoan mtDNAs are given in Table 3. In  the C. elegans 
mt-protein genes all codons are used except CGC 
(Arg). This codon,  together with three  others [all also 
ending in  C: CTC (Leu); CCC (Pro); and  TGC (Cys)] 
are not  found in A.  m u m  mt-protein genes. 

Both C.  elegans and A. m u m  mtDNAs, like D. yakubu 
mtDNA are  A+T rich; C. elegans 75.5%; A. m u m  
70.4%. Other metazoan mtDNAs have A+T  contents 
in  the  range 54.9% to  62.8%  (Table 3). Between C.  
elegans and A. mum mtDNAs both  the  nucleotide 
composition of the sense strand  and  the nucleotides 
in the  third position of codons  differ in that  A is more 
frequent in C. elegans than in A. suum, and T and G 
are more  frequent in A. suum than in C. elegans. The 
frequency of G in the sense strand  (2  1.5%)  and in the 

TABLE 4 

correspondence  in  position between  ATA  and  ATG  codons, 
and  between  these  codons  and  ATT,  ATC  and other codons in 

the 12 mt-protein genes of C. elegans and A. suum 

Codon Percentage of Percentage of 
correspondence total C. elcgan total A. suum 

C. degans A. suum occurrences ATAs  ATGs  ATAs  ATGs 
No. of 

ATA - ATA 21 15.7  48.0 
ATA-ATG 62 46.3  47.3 
ATG c, ATG 24 54.5  18.3 
ATG c, ATA 7  15.9  15.9 

ATT/C c, ATA 6 13.6 
Other c, ATA 10  22.7 

ATT/C c, ATG 9 6.9 
Other c, ATG 36 27.5 
ATA c, ATT/C 6 4.5 
ATA c, Other 45 33.6 
ATG c, ATTIC 3 6.8 
ATG c, Other 10 22.7 

third position of codons  (23.4%) of A. suum mtDNA 
is much  higher  than in other completely sequenced 
metazoan mtDNAs. Only for  three sequenced  protein 
genes of the platyhelminth, Fasciola hepatica have 
higher  corresponding values (26.7 and  27.8%) been 
reported  (GAREY  and WOLSTENHOLME 1989). 

ATA specifies  methionine: The differential use of 
A and G in the  third position of codons of C.  elegans 
and A. m u m  mt-protein  genes have provided the basis 
for  arguments  favoring  the  interpretation  that in the 
nematode mt-genetic code ATA specifies methionine 
(as in  most other metazoan mt-genetic codes) rather 
than isoleucine. The number of ATA  and  ATG co- 
dons in the  12 mt-protein genes of C. elegans and A.  
mum are  134  and 44, and  44  and I 3  1 ,  respectively. 
Therefore, if both  ATA  and  ATG specify methionine 
then  the  percentage of methionine would be  approx- 
imately equal in the C.  elegans and A.  suum mt-proteins 
(5.2 and  5.1 %), and these  percentages would be simi- 
lar to those found in D. yukuba (5.7%) and  vertebrate 
mt-proteins  (5.2-6.9%).  However, if ATA specifies 
isoleucine rather  than methionine,  then there would 
be 3.0 times less methionine in the C. elegans than in 
the A.  suum mt-proteins, and  the methionine  content 
of these  proteins would be only 1.3  and  3.8%, respec- 
tively. 

Further  data  supporting  the view that ATA speci- 
fies methionine rather  than isoleucine in the nema- 
tode  mt-genetic  code was obtained by examining the 
correspondence in position between ATA  and  ATG 
codons, and between each of these codons and  ATT, 
ATC  and  other codons in the C. elegans and A. suum 
mt-protein  genes (Table 4). Of  the  134  ATA codons 
in C. elegans mt-protein genes only 21 (16%) ATAs 
are found at corresponding position in the A. mum 
genes, but 62  (46%)  are replaced with ATG. Although 
51 (38%) of the  ATA codons in C.  elegans mt-protein 
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TABLE 5 

Data concerning the specificity of codons in mouse  and D. yakuba mt-protein  genes  that  correspond  to TGA  and  TGG  codons in C. 
elegans and A. suum mt-protein  genes 

Corresponding codons in 
mouse mtDNA specifying: Corresponding codons in D. yahba mtDNA specifying: 

Total  TGA 
codons TrvDtoDhan Other amino acid" TrvDtoDhan Other amino acid" 

C. elegans 62  43  (69.4%) 19 [F(5), P(3), 1(3), T(2), 43  (69.4%) 19[F(5), V(2), I(2), 

A. suum 27 19 (70.4%) 8[P(2),F,I,L,R,T,N] 20  (74.1%) 7[F(2),L(2),R,I,M] 
R(2), L, N,  V, K] N(2), R(2), L, M, Y, E.S, dl 

Total TGG 
codons 

C. elegans 9 5 (55.6%) 4[Y,M,L,N] 4 (44.4%) 5[I,P,Y,L,V] 
A. suum 48 28  (58.3%) 20[F(4), I(4), T(2), S(2), 29  (60.4%) 19[M(3), N(3), V(2), 

L(2),  V(2), H, K, P, R] F(2), I(2), L(2), T, E, S, R, dl 

Specification of amino acids given in the one letter code.  d indicates the absence in D. yakuba mtDNA of a codon corresponding in 
position to a TGA or TGG codon-in a  nematode mtDNA. 

genes are replaced in the A. suum genes  with  codons 
other than ATG, isoleucine-specifying ATT and  ATC 
codons account for only 6  (5%) of these. In compari- 
son, of the  13  (30%)  ATG codons in C. elegans mt- 
protein genes that are replaced in A. m u m  with  codons 
other than ATA,  3 (7%) are replaced with A T T  or 
ATC. Of the 131 ATG codons in the A. m u m  mt- 
protein genes,  only  24 (18%) ATGs are found at 
corresponding positions in the C. elegans genes, but, 
as noted above, 62  (47%)  are replaced with ATA. Of 
the 16 (36%) ATA codons  in the A. suum mt-protein 
genes that are replaced in C. elegans with  codons other 
than  ATG, only 6 (1 4%) of  these  codons are A T T  or 
ATC. This compares to  the finding that of the  45 
(34%)  ATG codons in A. suum that are replaced in C. 
elegans with  codons other  than  ATA,  9  (7%)  are 
replaced with A T T  or ATC codons. 

Taken together these data strongly support the 
argument  that in the nematode mt-genetic code, ATA 
specifies the same amino acid  as ATG, presumably 
methionine. 

TGA  specifies tryptophan: The codon TGA, that 
specifies translation termination in the standard ge- 
netic code, is found internally in  all  of the nematode 
mt-protein genes except the C. elegans ND6 gene and 
the A. suum ND6 and ND3  genes. TGG is found in 
all A. mum mt-protein genes but only  in the C. elegans 
COI,  COII, ND1,  ND5 and ND6  genes. The follow- 
ing considerations support the view that, as  in other 
metazoan, protozoan and fungal  mtDNAs examined 
to date,  TGA, together with TGG, specify tryptophan 
in the nematode mt-genetic  code. 

Of the 62 and 27 TGA codons among the C. elegans 
and A. suum mt-protein genes, 43  (69%)  and 19 (70%), 
correspond in  position to tryptophan-specifying  co- 
dons in  mouse mt-protein genes, and  43  (69%)  and 
20 (74%) correspond in position to tryptophan-speci- 
fying  codons in D. yakuba mt-protein genes (Table 5). 
[These data compare favorably  with data from such 

comparisons for  TGG codons  in C. elegans and A. 
suum mt-protein genes (Table 5), in regard to sup- 
porting the interpretation of TGA as a tryptophan- 
specifying codon.] The frequencies of correspondence 
in  position  of TGA codons in nematode mt-protein 
genes, and tryptophan-specifying  codons  in the ho- 
mologous  mouse and D. yakuba mt-protein genes are 
even higher for  the  three overall  most  conserved 
genes, COI,  COII  and  COIII. Twenty-two (92%) of 
the 24 TGA codons in the C. elegans COI,  COII and 
COIII genes and all  of the 17 TGA codons in these 
A. m u m  genes correspond in  position to tryptophan- 
specifying  codons  in the homologous  genes of both 
mouse and D. yakuba. 

Of the 71 and  75  TGR codons that occur in the 
mt-protein genes  of C. elegans and A. mum,  (Table 2), 
68 occur at corresponding positions in the two  sets of 
genes, and  TGA codons  in the C. elegans mt-protein 
genes replace 79% of  all TGG codons in the A. m u m  
mt-protein genes (Figure 1). Also, if TGG alone spec- 
ified tryptophan in the nematode mt-genetic  code 
then the A. suum mt-protein genes  would contain 5.3 
times more tryptophan (48:9) than the C. elegans mt- 
protein genes, rather than 1.1  times more (75:71) if 
both TGA  and  TGG specify tryptophan (Table 2). 

AGA and AGG specify serine: The codons AGA 
and AGG,  which  specify arginine in the standard 
genetic code, do not occur internally in  any  of the 
vertebrate mt-protein genes sequenced so far. It has 
been argued that in  some vertebrate mtDNAs, AGA 
and AGG are used  as rare translation termination 
codons (ANDERSON et al. 1981, 1982b; ROE et al. 
1985). In contrast, substantial  evidence  has  been pre- 
sented favoring the conclusion that AGA specifies 
serine in the Drosophila  mt-genetic code (CLARY and 

HOLME and  CLARY 1985). AGG codons do not occur 
in mt-protein genes of D. yakuba and D. melanogaster 
(CLARY and WOLSTENHOLME 1983a, 1985a; DE 

WOLSTENHOLME 1983a,b; DE BRUIJN 1983; WOLSTEN- 
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BRUIJN 1983; GARFSSE 1988). Also, it appears  that in 
the mt-genetic codes of echinoderms and platyhel- 
minthes  both AGA and AGG specify serine  (HIMENO 
et  al. 1987; JACOBS et al. 1988; CANTATORE et al. 
1989; GAREY and WOLSTENHOLME 1989). The inter- 
pretation of AGA and AGG as serine-specifying co- 
dons in the  nematode mt-genetic code  (mentioned in 
WOLSTENHOLME et al. 1987) is based on  the following 
arguments. 

AGA and AGG codons  occur  internally in  all C. 
elegans and A. suum mt-protein  genes with the excep- 
tions that AGA codons are absent  from the A. mum 
COII  and ND6 genes, and AGG codons are absent 
from  the C. elegans ND4L  gene.  Of the 42 AGA and 
12 AGG codons in the C. elegans COI,  COIII  and Cyt 
b genes (the  three most highly conserved mt-protein 
genes between C. elegans and mouse, and C.  elegans 
and D. yakuba), none  correspond in position to argi- 
nine-specifying codons in the homologous mouse and 
D. yakuba genes. Rather, 17 (41%)  and 21 (50%) of 
the C. elegans 42 AGA codons  correspond  to  serine- 
specifying codons in the mouse and D. yakuba genes, 
respectively. The remaining C. elegans AGA codons 
correspond to eleven other codons in the mouse genes 
and to twelve other codons and a  deletion in the D. 
yakuba genes. The most prevalent of these other co- 
dons are those that specify alanine (five)  in the mouse 
genes, and alanine and valine (four  each) in the D. 
yakuba genes. Four of the twelve AGG codons in the 
C. elegans COI,  COIII  and Cyt b genes  correspond  to 
serine-specifying codons in both  the homologous 
mouse and  the D. yakuba genes. The remaining  eight 
C .  elegans AGG codons  correspond  to  codons speci- 
fying five other  amino acids in the mouse and  the D. 
yakuba genes, the most prevalent of which are glycine 
and valine (two each) and glycine, valine and proline 
(two each), respectively. 

Further evidence that AGA and AGG specify serine 
in  the C.  elegans and A. suum mt-genetic code was 
obtained by examining the frequencies of correspond- 
ence of  AGA and AGG codons in the 12 C. elegans 
mt-protein genes with AGN, TCN,  and  other codons 
in the homologous A. mum genes  (Table 6). Of 126 
AGA codons in the C. elegans genes, only 18 (14%) 
and 16 (1 3%) are AGA and AGG, respectively, in the 
A. suum genes. However, 56  (44%) of these C. elegans 
AGAs are  AGT (54) and AGC (2) in the A. suum 
genes. Also,  of the 39 AGG codons in the C. elegans 
genes, only four (10%) and six (15%) are AGA and 
AGG, respectively, but 17 (43%) are AGY codons (all 
AGT) in the A. suum genes. The substitution of AGT 
in A.  mum for AGA  in C.  elegans is in line with the 
general prevalence in the  third position of codons of 
A nucleotides in the C. elegans genes and of T nucle- 
otides in the A. mum genes  (Table 3). Also, a  high 
frequency of third position A t, T substitution is 

TABLE 6 

Correspondence in position of AGA and AGG codons in the 12 
c. degam mt-protein genes with the different AGN,  TCN and 
other codons in the 12 homologous A. SUUIII mt-protein genes 

Codon Percentage of total 
correspondence C. elegans: 

C. elegans A. suum occurrences AGAs ACCs 
No. of 

AGA c, AGA 18 14.3 
AGG 16 12.7 
AGT 54  42.9 
AGC 2 1.6 

AGG c, AGA 4 10.3 
AGG 6 15.4 
AGT 17 43.6 
AGC 0 0 

AGA c, TCN" 7 5.6 
Otherb 29 23.0 

AGG c, TCN" 2  5.1 
Other' 10 25.6 

All are TCT. 
Codons  for  glycine (1 0),  phenylaline (4), asparagine (3), cysteine 

(3), alanine (2), tyrosine (Z), glutamamic  acid (l), methionine (l) ,  
threonine (l), valine (1) and one deletion. 
' Codons for glycine (4), lysine (2), leucine (I ) ,  methionine (1) 

cysteine (I), asparagine (1). 

found  for  the TCN family of serine-specifying codons. 
Of  the 56 TCR codons (51 TCA, 5 TCG) in the C. 
elegans genes, 40 are TCY  codons (39 TCT, 1 TCC) 
in the A.  mum genes. 

Taken  together  the  above  data strongly support the 
conclusion that in the C.  elegans and A. suum mt- 
protein genes AGA and AGG specify the same amino 
acid as AGT (and AGC) codons, which  in  all known 
genetic codes is serine. If it were the case that in 
nematode  mitochondria AGR codons specify a  differ- 
ent  amino acid than AGY codons,  then in the C.  
elegans mtDNA-encoded  proteins the  amino acid spec- 
ified by AGR codons would substitute 44% of the 
time for  the  amino acid specified by  AGY (serine) 
codons in the homologous A. mum proteins. Also, if 
AGR codons specified an amino acid other  than serine 
then  the relative amount of serine in the A. mum and 
C.  elegans mt-protein  genes would be 1.4 rather than 
0.9, the value expected if both AGR and AGY codons 
specify serine in the  nematode mt-genetic code  (Table 

A further observation consistent with the view that 
AGR and AGY codons specify serine is that  neither 
the C. elegans nor  the A. mum mtDNA molecules 
contain the two tRNAs  that would be necessary to 
decode AGR and AGY codons if they specified differ- 
ent amino acids. Rather,  there is a single tRNA,  the 
anticodon of which, TCT, could  be  expected to rec- 
ognize all AGN codons. However, although  the T 
nucleotide in the first position of this anticodon is the 

2). 
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same  as that found in the first  position  of other anti- 
codons of mt-tRNAs that recognize all members of a 
four codon family,  it is noted that the anticodon GTC, 
that occurs in vertebrate mt-tRNAs that decode AGY 
(serine) codons, can apparently decode AGY and AGA 
codons in Drosophila  mtDNAs  (CLARY and WOLSTEN- 
HOLME 1985a) and all  AGN  codons  in echinoderm 
mtDNAs (JACOS et al. 1988; CANTATORE et al. 1989). 

Differential  nucleotide  usage in nematode  and 
human  mt-protein  genes: The frequency of leucine 
is  high and remarkably constant, in the range 15.0 to 
16.9%, among mt-proteins of different metazoa. 
Among  mammalian,  insect (D. yakuba) and platyhel- 
minth (F.  hepatica) mtDNAs the  ratio of TTR  to CTN 
triplets used  as  leucine-specifying  codons is positively 
correlated with the differential use  of T and  C nucle- 
otides in the  third position  of  codons (Table 3; CLARY 
and WOLSTENHOLME 1985a; GAREY and WOLSTEN- 
HOLME 1987). Data from C.  elegans and A.  suum mt- 
protein genes add to the generality of  this correlation; 
the ratio of TTR:CTN codons is 4.’7:1 and 6.7:l for 
the mt-protein genes of C. elegans and A. suum, re- 
spectively, and  the corresponding ratios of T:C nucle- 
otides in the  third positions  of codons are 10.1 : 1 and 
26.1: 1 (Table 3). However,  this correlation is not 
found for  either P. lavidus or X. laevis mt-protein genes 
(Table 3) suggesting that in both of  these  cases the 
constraints on synonymous T and  C nucleotides in the 
first positions of codons are different from those of 
synonymous T and C nucleotides in the  third positions 
of codons. 

Between nematode and human mt-protein genes, 
there is a T:C bias regarding both the first position of 
codons (other than leucine-specifying  codons) and in 
the second  position  of codons, similar to the bias found 
for codon third positions and leucine-specifying codon 
first positions (Table 7): that is, a  greater average use 
of C in humans and  a  greater average use  of T in 
nematodes. The higher average C in human first 
(replacement) positions  results from greater use  of  all 
codons that begin  with C (and, therefore,  the amino 
acids  they  specify): that is,  codons for proline (CCN), 
histidine  (CAY), glutamine (CAR) and arginine 
(CGN). The higher average T in the first (replace- 
ment) position  of nematode codons results from 
greater use of codons  specifying  phenylalanine (TTY), 
tyrosine (TAY) and cystine (TGY). The differential 
occurrence of phenylalanine in nematode mtDNA- 
encoded proteins (C. elegans, 13.2%; A. suum, 14.4%) 
and  the homologous human proteins (5.7%) is greater 
than for any other amino acid. 

There is a higher frequency of TCN (serine) codons 
in human (5.9%) than in C.  elegans (4.2%) and A. suum 
(4.7%) mt-protein genes (Table 2). However, the 
much higher frequency of  serine-specifying AGN  co- 
dons in nematode mt-protein genes (C .  elegans, 6.8% 

TABLE 7 

Frequencies  of  nucleotides in the  different  positions in codons 
of the  mt-protein  genes of C. elegans, A. mum and H. sapiens 

Percentage nucleotides 

position 
Codon 

T C A G  

1 C. elegans 38.7  (25.9)” 9.0(6.2)” 32.0 20.3 
A. mum 41.2(28.0)” 8.2(6.2)” 26.1 24.5 
H. sapiens 20.5 (18.4)” 27.9  (12.7)” 31.8 19.8 

2 C. elegans 49.5 14.2 (9.9)b 19.8 16.6 
A. mum 5  1.7 13.4 (8.6)b 18.3 16.7 
H. sapiens 4  1 .O 28.2 (22.3)b 19.5 11.4 

3 C.  elegans 49.7 4.7 36.6 9.0 
A. suum 62.7 2.4 11.5 23.4 
H. sapiens 15.3 43.1 36.5 5.1 

Nucleotides concerned with termination are excluded. The sets 
of mt-protein genes in the  three species are the same except  that 
the human set (ANDERSON et al. 1981) includes a  gene  for ATPase8 
not  found in the nematode mtDNAs, and excludes the gene  for 
N D 6  (see footnote to  Table 3). 

a The numbers in parentheses are frequencies that exclude leu- 
cine-specifying codons (see text). 

The numbers in parentheses are frequencies that exclude TCN 
(serine-specifying) codons. 

and A. suum 5.7%), than AGY, serine-specifying  co- 
dons (1.3%) in  human mt-protein genes  results in an 
overall serine ratio of between 1.4: 1 and 1.5: 1 for the 
nematode:human mt-protein genes. 

The frequency of each codon family  with a  C in the 
second  position (CCN, proline; ACN, threonine; 
GCN, alanine), except TCN (serine, as noted above), 
is at least 2.0 times greater in  human than in nematode 
mt-protein genes (Table 7). The higher average T in 
the second  position  of nematode codons (other than 
leucine-specifying  codons)  results from remarkably 
higher frequencies in nematode than in human  mt- 
protein genes  of T T Y  (phenylalanine) and  GTN (va- 
line)  codons: 2.3-2.5: 1 and 1.7-2.5: 1, respectively. 
The frequencies of the remaining two  codon  families 
with T in the second  position: ATY (isoleucine) and 
ATR (methionine) are both higher in humans than in 
nematodes: 1.1-1.5:l and l.l:l, respectively. 

In contrast to the biases for C  and T nucleotides in 
positions 1 and 2 of  codons of nematode and human 
mt-protein genes, no such  overall  bias  exists regarding 
A  and  G nucleotides in position 1, or of A nucleotides 
in  position 2 of nematode and human mt-protein 
genes (Table 7). The frequencies of A nucleotides in 
positions 1 and 2 in the human codons (3  1.8 and 
19.5%) is in  each  case  within the range of frequencies 
of A nucleotides in the corresponding positions in 
nematode codons (26.1-36.0% and 18.3-19.8%) and 
the frequency of G nucleotides in  position 1 in human 
codons (19.8%) is close to the frequency of G nucle- 
otides in position 1 (20.3 and 24.5%) in nematode 
codons (Table 7). The noticeably  lower frequency of 



496 R. Okirnoto et al. 

TABLE 8 

Comparisons of mean nucleotide  sequence  and  amino  acid  sequence  similarities of the 12 mt-protein  genes of C. elegans and A. wum, 
and of the  homologous 12 mt-protein  genes of human  and  cow  (Anderson  et al. 1982a,b) 

Mean nucleotide sequence similarity Mean amino  acid sequence similarity 

C. elegans/A. mum Humanlcow C. elegans/A. suum Humanlcow 

~ 

Nonadjusted” 72.3 72.1 73.7  75.2 
Adjustedb 72.6  72.5 74.5  78.0 

a The means of the percentage similarities for the nucleotide sequences and amino acid sequences of the 12 mt-protein gene comparisons 

* The mean  similarities for the nucleotide sequences and amino acid sequences of the gene sets joined  end to end. 
for C. elegans and A. suum and for human and cow. 

G nucleotides  in  position 2 of human  codons than in 
nematode codons  mainly reflects the much higher use 
of AGN (serine) codons  in nematodes than of  AGY 
(serine) codons in humans,  as noted above. 

It can  be argued that the bias  in the use  of T and C 
nucleotides at synonymous  positions  in  codons  of ne- 
matode and human mt-protein genes  has resulted 
from differential selection of these  nucleotides.  How- 
ever, both differential nucleotide selection and selec- 
tion for the amino acids that have C and T in the first 
and/or second  codon  position  could  have contributed 
to the similar T and C bias found at replacement 
positions. 

Evolutionary  considerations: In Table 8, mean 
nucleotide sequence and predicted amino acid  se- 
quence similarities  of the twelve C. elegans and A. 
suum mt-protein genes are compared with those of 
the homologous  twelve human and cow mt-protein 
genes (ANDERSON et al. 1982a,b). Interestingly, both 
the non-adjusted and adjusted (for gene length) means 
of nucleotide  sequence  similarity for the C. elegans/A. 
suum and the human/cow  comparisons differ by only 
0.1 %. However, the nonadjusted and adjusted means 
of predicted amino acid  sequence  similarities are 1.5% 
and 3.5%) respectively, higher for  the human/cow 
comparison than for  the C. eleganslA. suum compari- 
son. This indicates that, in spite of the apparently 
greater nucleotide biases at codon third positions be- 
tween the C. elegans and A. suum genes than between 
the human and cow genes (Table 3), third position 
differences are of higher frequency between the hu- 
man and cow genes. 

It has  been proposed that the ancestral lines  of 
human and cow diverged approximately 80 million 
years ago (WILSON,  CARLSON and WHITE 1977). If, 
therefore, it is assumed that the mean rates of  mt- 
protein gene amino acid sequence evolution have  been 
the same  in the C.  elegans and A. suum lines, and in 
the human and cow lines, then the data in Table 8 
indicate that divergence of the C. elegans and A. suum 
lines occurred close to, but before, the divergence of 
the human and cow  lines. This conclusion is supported 
by data from comparisons  of nucleotide sequence 
similarities  of  s-rRNA genes and of I-rRNA genes 

between  these nematodes and mammals: the mt-s- 
rRNA and mt-l-rRNA  genes  of C. elegans and A. suum 
are 76.2% and 74.4% similar,  respectively, compared 
to corresponding values  of 78.0% and 77.0% for 
human and cow. However, data from comparisons of 
amino acid  sequences  of the most  highly  conserved 
mt-protein genes  of  organisms in different metazoan 
phyla indicate that  the  rate of  evolution of the mt- 
protein genes  have been greater in nematodes than in 
vertebrates (R. OKIMOTO and D. R. WOLSTENHOLME, 
unpublished  results). The magnitude of  this differ- 
ence suggests the possibility that  the divergence of the 
C. elegans and A. suum lines occurred more recently 
than that of the human/cow  lines, rather than earlier. 

The time of separation of the C. elegans and A. suum 
ancestral lines  has  been a point of contention among 
nematode systematists. One view is that these  lines 
diverged in the early  Cenozoic,  less than 65 million 
years ago (MAGGENTI 1983). A contrasting view is 
that they diverged much earlier, in the mid-Cambrian, 
550 million  years ago (POINAR 1983). The above 
compared similarities of nucleotide and amino acid 
sequences  between C. elegans and A. suum mt-genes 
clearly support the more recent divergence time.  In 
further support of  this  conclusion is the observation 
that  the mean nucleotide and amino acid  sequence 
similarities  of the mt-protein genes  of  mouse and D. 
yakuba, whose ancestral lines diverged about 600 mil- 
lion  years ago (WILSON et al. 1978), are 53.2 and 
44.7% respectively, compared to 72.3 and 73.7% for 
C. elegans and A. suum. 
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