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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 (s-rTRNA and l-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 b; COI-III, cytochrome ¢ oxidase subunits I-I1I; 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.

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 (MoriTzZ, 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 ¢t al. 1989); a bird, Gallus domesticus (DES-
JARDINS and MORAIs 1990); an amphibian, Xenopus
laevis (ROE ¢t 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 WOLSTENHOLME
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 I1-
I1I of cytochrome ¢ oxidase (COI-III), subunits 6 and
8, of the F, 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 [125
nucleotide pairs (ntp) to about 20 kb; JAcOBSs et al.
1988; BoycE, Zwick and AQUADRO 1989] 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 ¢t al. 1991).

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 al. 1988; CANTATORE et al. 1989).
In vertebrate mt-protein genes, AGA and AGG are
absent (B1BB 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 ¢t 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 (1990) 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 TA 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 TYC 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). The 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¥C arm
(WOLSTENHOLME et al. 1987, 1989; OkiMoTO and
WOLSTENHOLME 1990; OKIMOTO et al. 1991).

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. suum 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 (WOLSTENHOLME and FAURON 1976). C.
elegans (Bristol, N2 strain) were maintained, amplified and
harvested as given in BRENNER (1974) and SuLsTON and
BRENNER (1974), 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. suum, 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. suum and
C. elegans mtDNA restriction fragments were cloned into
the plasmids pBR325 or pUC9 and amplified using as hosts
E. coli K12 HB101 and JM101, respectively. Preparation
and identification of primary clones, restriction enzyme
digestions, electrophoresis, cloning of fragments into bac-
teriophage M13 vectors (M13 mp8, M13 mp9, M13 mpl8
and M13 mp19), purification of single-stranded and double-
stranded M13 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. (1982)
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 ef al. 1981; CLARY and WOLSTEN-
HOLME 1985a) using the TYPIN and SEARCH programs
(Jue, WoobpBuURrY 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 (13,794 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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Transcription, all genes ]

/--tRNA(pro) ------------------- B A\ /--tRNA(val) ------------------------
CAGTAAATAGTTTAAT-—AAAAATATAGCATTTGGGTTGCTAAGATATTATTACTGATAGAATTTTTAGTTTAATTTAGAATGTATCACTTACAATGATG
Teerr eyl PR b prreeer e b b e PEPRbtrresbrresst et bore ey

CAGTAGGTAGTTTATTTTTAAAATGTAGTATTTGGGTTACTGTGA- ATTTTTACTGA - - AAACTTTTAGTTTAATTTAGAATTTCTCGCTTACAATGAGA
\--tRNA(pro)------------------- BT o i / \--tRNA(val)-----------~-----~ -~ >e-----

ND6
--------------- \M V K V F F VL AV L s 8 I I s Y I ¥ I D P M K S8 s F F

GGGTT--TAAAATTCTATAGTAAAAGTGTTTTTTGTTTTAGCTGTTTTAAGTAGGATTATTAGATATATT AATATTGACCCTATARAAAGAAGTTTTTTT
e e el I R N N A N AR N R A e AN R NN e N e ey
GGGTTTATTAAGTTTTTTGTTGGGTAGTTTCTTTTTTTTGGCTATTATTAGCTGTGTTATAAGC TATATTAATGTGGACCCTATGAAGAGTAGCTTTTTT
--------------- /L L G S F F F L A I I 8 ¢C V M 8 Y I N V D P M K S 8 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 8§ G I F
CTTATCTTTTCACTACTTTTTAGTATACCAGTTATTTCAATGAGAATACATATTTGGTTTTCTTACTTTATTTGTTTATTATTTTTAAGTGGTATTTTTG
Fre el | | | N N AN | [N R RN R RN R R N R RN
TTAATTTTTTCTTTGTTGATGGTTATGCCTTTGATTTCTTTTTTTTTGCATGTATGGTTTTCTTACTTTATTTGTTTGTTATTTCTAAGTGGGATTTTTG
L 1 F 8§ L L M VvV M P L I 8 F F L HV WP F Ss88 Y F I ¢CL L F L s G I F

vV I L VYTFSSTUL S KTINVYVJVYJZ XKSTYHMAVYVYTFTLTILTLTLSTH¥TLJYTFS P T
TTATTTTGGTATATTTTTCTAGTTTATCTAAAATTAATGTAGTGAAAAGTTATATAGCTGTGTTTTTACTTTTGTTAAGAATGTTATATTTTTCTCCCAC
R N R T R R R R R A TR

TTATTTTGETTTATTTTTCTAGTTTATCTAAGATCGGTTATGTGGTAACACCTTTTTATTTTGTCGGAGGTG TTTTGTCTGTATTTTTTTTTTACCCTTT
v iLvVveyT FS s§esiL S EKTIGYTVVTTOPPFVYFUVGOGUYVYUL SV FTFEFTFJZYPP F

v LT yYssYLGLSGTFUYZYSTIVYOWEFTITFT CTFTITLJVT CTLTLTFTFHM
AGTATTAACTTATAGAAGATATTTAGGTTTAAGAGGTTTTTATTATAGTATTTACTGGTTTATTTTTTGTTT TATTTTAGTATGTTTATTATTT TTTATA
1| | | tr PEerrrrr teer oeerr oty [ | | | | PEbE vt
TPTTTATAGGGTAACTGATGTTGTTGCTGTTAATAATT TTTATTTTAGTGTTTATTGGATGT TG TTGGTCTGGGTGAT TT TTGTTTTAATTTT T TTTATA
F Y s v T pvvAav XNNTFTYTFTSUVYWMLTILVWVYTITFUVTELTITFTF M

ND4L
N F 8 8 ¥ F L N F §8 6 A L R K V ter I ¥ F L P vV 8 L F M F I F K W Q
AATTTTAGTAGTTATTTTTTAAATTTTTCAGGTGCTTTACGTAAAGTTTAA -AATTATGTTTTTATTTGTTAGATTATTTATATTTATTTTTAAATGACA
(R A NN A N e N N e N N A R N RN N | P e v bl
AATTTCACAAGTTATTTTTTAAACTTTTCGGGGGCTTTGCGAAAAGTTTAGTAATTATT TTTATTTTTATTAGATTTTTGTCATTGTTTTTTAAGTGGCA
N F T 8 ¥ F L NF 8 GG A L R K Vter I I F 1 F I 8§ F L 8§ L F F K W Q
ND4L

R L I F I L I 8 L E F M M L 8 L F L K F s Y VL G E M M F F Y F M
ACGTTTAATTTTTATTCTAATTTCTTTAGAATTTATAATGTTGAGATTATTTTTAAAATTTTCTTATGTTTTAGGGGAAATAATGTTTTTTTATTTTATG
RN N e N N e e e R N e I PEEer vrrrrrvvrrrery i
ACGTTTGATGTTTATTTTGATTTCATTGGAGTTTATTGTGATAAGGTTATTTATTTTATTTTCGGGTGATTTGAATGARATGATGTTTTTTTATTTTATG

R L M F I L I € L E F I VvV M 8 L F I L F 8 G DL N E MM F F Y F M

¢ F 8 v I § 8 I L ¢ M V V M VvV G N M K F F G § D N C I F ter /--tRNA(Lrp)
TGTTTTTCTGTTATTTCAAGAATCCTGGGTATGGTAGTTATAGTAGGTAATATAAAAT T TTTTGGTAGTGATAATTGTATTTTTTAGTAACAGATATAAG
(R R N NN R N NN N N e e A N B AN B N Prb e orerder et
TGTTTTAGTGTTGTTTCTAGTGTTTTAGGTATGGT TGTTATAGTTGGAAATGTTAAGTTTTATGGAAGAGATTTGTGTTTATTTTAG- -ACAGATTTAAG
cC F § vV V. 8§ 8§ VL G M V V M VvV G N V K F Y G 8 D L C L F ter \--tRNA(trp)

———————————————————— >——-—---—---———-——-——-\/-—tRNA(glu)——--——————-—--——————-—< L e
TTAAGTTTAAACTATTGATCTTCAAAATCAAAAATTTATTTCTGTAGAGATAATAGTATAAATAA-——GTAlblllLlLLLLubLAGAAALbGLLLLLLA
PR tet v v e TEEETEEreer rrtrerrid PEEE rrrrrrreest perer vy i
TTAAGTTTAAACTCTTGGTTTTCAAAACCAAAAATTTTACTCTGTAGAGATATTAGTATAAATTTTTTGTATATTTCTTTTTCGAAGAAAAGGTTTATTA
-------------------- < »mmmm—me-—o-—ememm o — o /\N--ERNA(GQlU) s e e e e e e e € B mm e

“o==\ l~~ B-TRNA ~memmmmmmmnn
TCTTA-TAAAGTTTT-CTTTCAGGGAATTAAARTTTGATCATGGTTTAAGATGAT - TTAAAATGGTATTATCTAAATTTGATTTACAGAGTAGGCAATAA
PEedE b rrerret et oLt Brrrereeenr e rred oo Loree rrrd boerennd e tree e el
TCTTATTTAAGTTTTACTTATAAGGATTTAAAATTTGATTATGGTTTTAGGTAGTGTTATAATGATGTTATC TGTTTTGGATTCATTGAATGGGCAATAR
=-==/l~~ 8-YRNA ~rm~mmmmmm~a

AAATTTACCTCGGCAATTTATCGCTTGTAAAATACTTGTTCCAGAATAATCGGCTAGACTTGTTAAAGC&TGTACTTTAATTGATGTTAATTATGAAAT%
VILLRE b vt ey b NN RN NN RN N N N N R RN RN RN A Il
TTTTTTACCCTGGCATTTTGTCGTTTGTATARAATTTTGTTCCAGAATAATCGGCTAGACTTTATAAA -CTTGAACTCTAATTGATGTTAGTTTAGGGTTT

ATTATATTTTCTTTTAGATCTATGGTAGAATTTGGATTTATATTAGTGAATTTTCATAATTTTAAGATT&GTTGAACAAAGCAGATTAG%ACCTGGTTA&
It 11 S N N N I e e e RN RN AN N R R R N A A N RN RN RN RN EN N
TGTAAATATATCTTGTTTTTTAGGGTGAAATCGGGAATTTTTATTGATAATGCTCTAATCTTTAAGATTTGGTGAATGAATCAGATTAGTACCTGATTAA

ACAAAAATTAAAAGAGCAGGAGTAAAGTTGTATTTAAACTGAAAAGATA%TGGCAGACA&TCTAAATTA%CTTTGGAGGéTGAGTAGTAACTGAGAACCé
PECRETERIEErreet e ety er ey ettt o it PELPT bbb e e et et
ACAAAAATTAAAAGAGCAGGAGTAAAGTTGTATTTAAACTGTAAGAATATTGGCAGGT - TTTTAAATTATCTTTGGAGGTTGAGTAGTAATTGAGAACCC

TCATTAACTACTTAATTTTTTGACTCGTGTATGATCGTTTATTTTATTC%TAAGGATTA%AAT--—-AAAAAATTTTTAATTTATTAAAATAGATATATA
PEEEEELr et Cr b P et ettt § trrey b et te et
TCATTAACAACTTTTACTGTAGGCGCATGTATGATCGT TTATTTTATTCTTAAGGATTGTAATTTTAGATTAATTTATTTTCTGTAAAAATAGATAAATA

CCCGGTTTATGATTTAAGAAAC-ATTTGGCCTACAATATTTTATATTATGGATTTTAGT%TTAGTTAAC%AAATGAAAT%GTAAAAGACAGTAAAAAAT+
| Ly rnn [REN FEELE Trerrrnnn L1 1y | [RRRREN | FELEE beirbni ity 1
CTTGGTGTATG -TAAAAGATTTAATTTGACCTACAATATGCTATCT TG TGGATACTT - TTTTAGTAGA- AGGTTGAAAATGTAAAAGACAGTAAGTTTTT

CTTAATGTATTTTTGAAGATTATCTAGAAGTGGTACAAATCATCCATCAATTGCCCAAAGGGGAGTAAGT TGTAGTAAAGTAGATTTAGGGGAACCTGAA
et PR e e PRV Lttty RN RN R RN A N RN RN
TTTTATATAAAGCTGAAGTTTATTTAAAAACGGTACAAATCATCCATCAATTGCCTTCAGGGGAGTAAGTTGTAGTAAAGTAGAGTTAGGGGAACCTGGC
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8-YRNA ~~| /--CLRNA(BEr:UCN) —-==--C > -—=- oo \/--tRNA(asn)-----
TCTAGTAAT-A-----~vemmmmmmm AAACTATTTTTAAATATGTTTTGAAAACATG-TTTTGAGG--TAACTCGTAGTTTTTAAGAGTTAGTTTAATA
[EEERRREEEN RN Frrrnreererrn [N RN AREEERRRARERERRRENERERNI
TCTAGTAATTAATAAGGTTGTCTTAATGAACTAGTTGT - -~ TTGTGTTTTGAAAACACAATTTAGGTT I TTAACCTATAGT T TTTAAGAGTTAGTTTAATA
S-rRNA ~~| N--tRNA(SE@Ir:UCN) ==~ >mm oo oo e e /\--tRNA(asn)-----

—————————————————————————————————— \ /--tRNA(LYY) —mmmemmmcmcemmme o T
? A?AATTGTTGACTGTTAATCAAAAGGTGTACCTCTTAATAT ——————— AAGAGTTTAGTTTAA- GTTAAAACGTTAGATTGTAAATCTAAAGA TTAT
FERVTTEEr e el i RN Lo e PEEEEr rrrrreit
TTAGAATTGTTGACTGTTGATC AATGGGTGATTCTCTTAGTTTGTGTTGTAAAAGATTAGTTTATTATTAAAATGTTAGATTGTAAATCTAAAGAATTTT
-------------- < P mmeeemmmmcm e/ N--tRNA{LYr) -==-mmmm e mmmmmm e B mmmmmomm—mmmoo
ND1 ’ ’
------- \'¥ I L VvV L L M V I L M M I F I V Q 8§ I A F I T L Y E R H L L G
TGCTCTTGATAATTTTAGTTTTACTTATAGTTATTTTAATGATGATTTTTATTG TTCAAAGAATCGCTTTTATTACTC TATATGAGCGTCATTTATTGGG
Poreoreb boeneer oy PRVLEEEEE D e vy gy PELULEED 10eee 0 ittt
TTCTTTTGTTGATTTTGATGTTGGTTCAGGTTATTTTAAT TATGATTTTTGTTATTCAGTCTATTGCTT T TGTTACTTTGTATGAGCGTCATTTATTGGG
------- /L I L M L VvV Q V I L I M I F V I Q 8 I A F V T™ L Y E RUHUL L G
ND1

§ $s Q N R L G P T K V TF M GL A Q A L L DGV K VL L K KE QM T'
AAGAAGACAAAATCGTCTAGGGCCCACCAAGGTTACATTTATGGGATTAGCACAAGC TTTATTGGATGGGGTTAAACTTTTAAAAAAAGAACAAATAACA
[ N A R R RN N AR L O T T I I O 1 T I T I O I A AN O I A N
TGGTAGCCAGCAGCGTATTGGTCCTAATAAGGTTAGTTTTATAGGTTTCTTGCAGGCTATTTTTGATGGTGTTAAACTTTTAAAAAAGGAGCAGATGACT
G S Q Q R I G P N KV S F M GF L Q A I F DG V KL L K KTEQMT

P L N 8 §s E V § F L L VvV P G I § F V V ¥ Y L E W F TL P Y F F D F
CCCTTAAATTCCTCTGAAGTATCATTTTTACTTGTACCAGGAATTTCTTTTGTTGTAATATATTTAGAATGATTTACGT TACCATATTTTTTTGATTTTA
N N e N e e N N N RN AR R AR N R R R N R P L
CCTCTGAATTCTTCGGAAATTTCTTTTATTTTGGTTCCTGGTATTT TTTTTATTGTTATGTATTTAGAGTGGTTTGTTTTACCTTTTTTTTATGATTTTA

P L N S$ 8§ E I § F I L Vv P G I F F I VvV ¥ Y L E W F V L P F F Y D F

I1 s F E Y § VL F F L ¢ L I G F S v Y T T L I s G I V S K § K Y G M
TTAGTTTTGAGTATTCAGTTTTAT TTTTTTTATGTTTAATTGGATTTTCTGTTTATACAACTTTAATTAGCGGTATCGTAAGAAAATCAAAATATGGTAT
AN N AN N AN NN N NN N A N e A N R N AR RN A A RN
TGACTTTTGAGTACTCTATTCTTTTTTTTTTGTCTTTGATTGGGTTTTCTGTATATACAACTTTGGTTAGTGGTATGGTAAGAAAGTCTAAGTATGGTAT
M T F E Y € I L F F L ¢ L I 6 F 8 VvV Y T T L V 8§ G M V 8 K 8 K Y G M

I G A I R A S§ s Q s I s Y E 1 A F S L Y VL ¢ I I I H NN 9 F N F
AATTGGGGCCATCCGTGCTAGAAGACAAAGAATTTCTTATGAAATTGCTTTTTCTT TATATGTTTTGTGTATTATTATTCATAATAATGTTTTTAATTTT
R N N A O N R R NN A NN NN N RN O N N e N RN RN R R R A B RN AR N
GGTAGGTGCTATTCGTGCTAGTAGTCAGAGGGTTTCTTATGAGATTGCTTTTTCTTTGTATTTGTTGGCTATTGTGATGCATATTAATATGTTTTGTTTT
vV 6 A I R A S s ¢ s VvV s Y E I A F §L YL L A I V M H I NMT F C F
vV § K F N L § L L I I ¥ I P F L I M Vv I A E L N R A P F D F S E G
GTTTCAAAATTTAATTTGAGACTTTTAATTATTTACATCCCATTTTTAATTATAGTAATTGCTGAACTTAACCGGGCGCCATTTGATTTTTCTGAAGGTG
Il AR RN et i i e i IR It e b et rerreretrt et iy
TTTAGGTTTTTTAACTTAAGTTTGTTTATTGTTTATTTACCTTTTCTTTTTATGGTTTTGGCAGAGTTAAATCGTGCTCCTTTTGATTTTGCTGAGGGTG
F § F F N L 8§ L F I Vv ¥ L P F L F ¥ V L A E L N R A P F D F a E ¢

E S E L VvV § G F N V E F A~-858 V A F vV L L F L 8 E Y 6 8 L I F F S8 V L
AAAGGGAGTTAGTTAGAGGATTTAATGTGGAGTTTGCCAGAGTAGCTTTTGTTTTATTATTTTTAAGGGAATATGGAAGATTAATTTTTTTTAGGGTACT
R R RN N N e R N A R AR R R R R AR R RN 1 (AR RR RN [
AGAGTGAGTTGGTTAGAGGCTATAATGTTGAGTATTCTAGAGTAGCTTTTGTGTTGTTGTTTTTAGGTGAATATGGGGCTTTGTTGTTTTTTAGGACTTT
E §$s E L V §$ G ¥ NV E Y § S8 V A F VL L F L 6 E Y G AL L F F S T L

$ §$ A M F F K F 8§ I F M A F s I F L L I F I R $§ S8 Y P R Y R Y D
TTCTTCTGCTATATTTTTTAAATTTTCAATTTTTATAGCATTTAGTATTTTTTCATTATTAATTTTTATTCGTAGTTCATACCCTCGTTATCGTTATGAT

[ N R N (N [ et et 1ot R N R RN NN N
GACTTCGGTT T TGT T T T TTGGTT TTAGGTATG TTGTTATT TAT TGTATGTTTACTATTTTGGTGTTTGTGCGTAGTTCTTATCCTCGTTTTCGTTATGAT

T §8s v L. F F G F 8 ¥ vV 1 ¥ ¢ M F T I L V F V R S s ¥ P R F R Y D

ATPase6
L M M 8 L F W F K L L P I $ L I M L ¢ F Y A V I F Y * I N Q Vv
TTAATAATAAGTTTATTTTGATTTAAACTTTTACCAATCTCTTTAATTATATTGTGTTTTTACGCAGTTATTTTTTATT--------~- - ATTAATCAAGT
[RERERN NN R N e R N R R NN NN Il FEeerrerr i tril 111
CTAATAATGTATTTTTTTTGGTTTAAGTTGTTACCGGTGTCTTTAATTTTTTTGGGT - - ~TATTTTGTTATTTTTCTTTTTTAGTTTATATTACTAATGT
L M M Y F F W F XK L L P VvV 8§ L I F L G Y F v I F L F ter I T N V
ATPaseb

Y ¥ L b I F M F vV F v L ¢ F L F ¥ F K E 8 ¥ L N T L VvV X K F L N s
TTATTTTTTAGACATTTTTATATTTGTTTTTGTTTTACAATTTTTGTTTTATTTTAAAGAAAGTATATTAAATACTTTAGTGAAAAAATTTCTTAATAGG
frorrere ve creeetrr e rrryyy b rre e b ekl Py b e
TTATTTTTTGGATATTTTTATGTTTGTTTATGTTTTGCAGTTTTTGTTTTATTTTAAGGAGAGTATGTTGGGAGTTTTGGTTAATAAATTTTTAGGACTT

Yy FP L D I F M F VY VL QF L F Y F KE S ML GV L V N KTFL G 1L

L V G .V F 8 & T N T. L P L & s Vv 1 s I F TV F I VL L T CC F G G Y
TTAGTAGGAGTATTTAGATATACAAATACTTTACCATTAAGGTCAGTAATTTCTATTTTTACTTTTATTGTTCTTTTA?CTTGTTGTTTT??A??TT?TT
(R N N R R N N N N N N R e Tt
TTGGTGGTGGTTTTTAGTTATACTGATAGTTTACCTTTAAGTTCTGTAATTTCAGTTTTTACTTTTTTGGTATTGTTGACTTGTTGTTTTGGGGGTTATT

L V VvV vV FP 8 Y T D SL PL 88 V I s$§ V F T F L VL L TCCTF G G Y

F T ¥ 8 F ¢ P C G M V E F TV F V Y A A V A W UL s TULL TV F I 8 S E K
TTACTTACTCTTTTTGTCCTTGTGGAATGGTTGAATTTAC TTTTGTTTATGCTGCTGTAGCGTGATTAAGTACTTTGTTAACTTTTATTTCAAGAGAAAA
11 PULrretrrrecrnrrere ot vt ribibri e VP oy ot oo et
TTATGTATTCTTTTTGTCC TTGTGGTATGATTGAGTTTACTTTTGTTTATGCTATGGTGGCTTGATTAAGAACTCTTCTTACTTTTATTACGAGTGAAAA
F M Y 8§ F ¢ P C G M I E F T F V Y A M V A W L 8 T UL L T F I T S E K

F s V. Y M s .K P G b T Y L K T L S M L L 1 E I v $ E F 8§ R P L A L
ATTTTCAGTTTATATAAGAAAACCAGGAGACACATATTTGAAAACTCTTAGAATGC TATTAATTGAAATCGTTAGAGAATTTTCTCGTCCACTTGCTTTA

PELer bl L T T T T e I O I e R I O A B e e N R e R N NN N e R
GTTTTCTATTTATATTTCTAAAGC TGGGGATAGGTTTTTGAAAACTTTTAGTATGTTGTTGGTAGAGTTGGTTAGAGAGGTTTCTCGTCCGTTGGCTTTA

F 8 I ¥ I 8 K A 6 D 8 F L XK T F 8 M L L v EL VvV $ E VvV § R P L A L

1664
(2574)

1754
2674

1854
2774

1954
2874

2054
2974

2154
3074

2254
3174

2354
3274

2454
3374

2554
3474

2644
3571

2744
3671

2844
3771

2944
3871

3044

3971
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T V R ‘L T V ﬁ I T V. G H L V s M M L ¥ Q G L EL S M G D Q Y I W L
ACAGTGCGTTTAACAGTTAATATTACTGTTGGTCATTTAGTTAGAATAATGCTTTATCAAGGATTAGAATTAAGAATAGGTGATCAGTATATTTGATTAT 3144
Prorbrrerreser vy (AR N e N A e N | RN ey e
ACGGTGCGTTTAAC TGTTAATGTTTTGGTTGGGCATGTTATTAGTATGATATTGTATCAGTTGC TGGAGTTATATTTGGGTATTTTTTATGTTTGGATTG 4071

T v R L T V N Vv L vV ¢ H V I 8§ M M L ¥ ¢ L L E L Y L G I F Y V W I

S T L A I M M ECPF VFTFTIO QSJTYTITFS= RTLTITFTILTYTL N Ecter /

CAATTTTAGCC ATTATAATAGAATGTTTTGTTTTCTTC ATTCAAAGTTATATTTTCTCTCGTTT AATTITTT TATATCTTAATGAGTAATAAAAAAAAAR 3244
COLE BT L C i T e e 0 e e Cennn vy v et g b v |

PTGTTTTCECT ATTGTTAT AGAGTGTTTTG TTTTT TTTATTCAAAGTT ATATTTTT TCGCGTTTGATTTATT TGTATTTAAATGAATAGTTTTGTTT- -G 4169

v V L A I v M E ¢C F VvV F F I Q S Y I F S R L I Y L Y L N E ter \

--tRNA(lys)-—-~-=-~-=--+o--—~—-—~— T e et \ /--tRNA(leu:UUR) - ~--=-~--=---— ~< >
AGATGTTAACTTAAGTTTTAAAGTGCCAAACTTTTAATTTGGAAATGGTGGACCACATCTTA----~ GTTGATATAGCATAAGAAGTGCATTTGTTTTAA 3339
Portrreert et rererret oy vt iy PEEiry (RSN RN AR R RN RN RN
GGGTGTTAACTTAAG-TTTAAAGTGTTAGATTTTTAATCTGGAAATGGGTTGTC ACATCCTGGTTTTGTTGTTATAGCATAAGAAGTGCATTTGTTTTAA 4268
--tRNA(lyB) ----=====-~==-~o-—~— B e e el bt e / \--tRNA(leu:UUR) -~-~-v----—-- - >
ND2
————————————————————— \/--tRNA{ger:AGN)-----—< > =---=----e-r--—we——s----=--—--=-\L I Vv ¥ I S L

GCGCAAAAGATATCCGTCAACTAACGAGTTCATAAAGC AAGTCTTCTAAATTTGTTCTAGGTTAAATCCTGCTCGTTTTTGATTGT TTTTATTTCTTTAT 3439
RN AR A R A R e | RN R R e R RN R e N R R
GCGTAAAAGATATGGGACAACTGACAAATGTTTT- - ~CAGGTCTTCTAAATCTGTTTT - GGAGAAATCC - GTTTGTTTTTGTTGCTTTTTTTTTGTATTT 4363
--------------------- /N--tRNA(SEr:AGN) -- === > -=mmm-—m=——==—emoee——e--oo/ L L L F F C I

ND2

F T L é L 7T L' L § I .L T N N V I V WW s I F L L M TV YV F I L L N K
TTACCTTGTTTTTAACATTATTAAGAATTTTGACTAATAACGTTATTGTTTGATGAAGAATTTTTTTATTGATAACTGTAGTTTTTATTCTATTAAATAA 3539
M P el rrrr ot Phorer o orniirny 1t Porrirrornrnirenr o arirnr M i tr!
TTGTGGTTTTTCTTTGTCTTTTGAATTTTTTTACTAGAAATGTTTTGG T TTGATGGAGTCTGTTTTTGCTTGATAACTGTTGTTTTTGTTTGTCTGTCTAA 4463
F vV v F L, ¢ VvV L N F F T S N V L V W W S V F L L ¥ T V V F V ¢ L § K

S S K. §s ¥ T $§ I F N Y F Vv I Q E §s L 66 L L F L L ¢ § 66 G L L Q F F
AAGCAGCAAGAGATATACCAGAATTTTTAATTATT TTGTTATTCAAGAGTCTTTAGGTT TATTATTTCTTCTTTGTAGAGGAGGTC TATTACAATTTTTT 3639
[ (A ey bttt PO 1 bvere el [ | RN
GGGGTCTGGTTCTTATGTGGGTATTTTAAATTATTTTGTTATTCAAGAAAGTTTGGGGTTATTTTTTTTGGTGTTTAATGTTTTTTTGTTACAATTTTTT 4563
G 8 6 §$s ¥ v 61 L N Y F VI QE S$UL G L F F L VF NV F L L Q F F

I I L .L K I é v A P' L HF W IFINUVTNINTITFWNJYGTULMWTFTLTF
ATTATTTTATTGAAAATTGGTGTAGCACCGCTCCACTTTTGAATTTTTAATGTAACAARTAACATTTTTAATTATGGGCT AATGTGGTTTTTAACATTTC 3739
[EEE R 11 Prreery e 1y Lo i (RN [ RN Pl e il
ATTGTTATGATGAAGGTTGGTGTGGCTCCTTTTCATTTTTGGGTTTTTAGTGTAACCGGATCTCTGTATGATTGGTTGTTGATGTGGTTTTTGACTTTTC 4663

I V M M K V ¢6 v A P FH F WV F s VTG S L ¥ DW L L M W F L T F

Q K L. P F L T1I1 L L Q I F WL &€ 8 V Y I L L F 6L L I ¢ Y V Q I F V
AAAAATTACCATTTTTAACTATTTTATTACAARATTTTTTGGTTAAGATCCGTGTATATTTTGTTATTTGGTTTATTGATTTGTTATGTTCAAATTTTTGT 3839
[ R N O A B N N R L L T T T T O T O T T T T T A B Poabbrer vk b o
AGAAGTTACCTTTTTTGCCTGTTTTGGTCCAGTTGTTTGATTTTAGGGCTTTTTTTATTTTTTTGTTTGGAATTTGTGTGTGTTATTTTCAGTTGTTTGT 4763
Q K L P F L P V L V Q L F D F 8 A F F I F L F G I ¢ V ¢ Y F @ L F V

M K S' Y K N L L I I 8 s T E 8 F N W I VvV L 6 VvV F F 8 M F N T F Y L
CATAAAAAGTTATAAAAATTTGTTAATTATTTCATCCACAGAGTCTTTTAATTGGATTGTTTTGGGAGTATTTTTTTCAATGTTTAATACATTTTATTTA 3939
[ Porrerr et | FRITEEE b bbbl [LRNRAN TEIEE ) | [RRRE (R RRRRA
TTTGAAGGGCTATAAGAGTATGATGGTTATTTCTTCTACAGAGTCTTTTAATTGAGTTGTTTTAACTTGTTTTTTATCTGTTGTTAATGTTATTTATTTA 4863
L K G Y K §s M M v I 8§ s T E $§$ F N W V V L T C F L 8 VvV V. N V I Y L

F I Y Y F V L M V L L I § K F S K T s GG Y N F I N W E T T L V F L
TTTATTTATTACTTTGTATTAATAGTTTTATTAATTTC TAAGTTTTCTAAAACTAGGGGTTATAATTTTATTAATTGAGAAACAACATTAGTATTTTTAA 4039
AR A AR N N A N e e Ay ) PV b it bbrrrrr rhd (REREERRRARE
TTTTTTTATTATGTTGTTTTAATGGCTTTTTTAATACCGAATTTT- - - AATGTTAAGGATTTTAATTTTGTTAATTGGGAAGTCTTGTTGGTTTTTTTAA 4960

P F Y ¥ VvV V. L M A F L ¥ P N F N ¥ XK D F N F V N W E V L L VvV F L

N I P % $ VvV s F F V K I F 8§ L 8 E I F X Y b $§$ F F T L F L L F T H %
ATATTCCATTTAGAGTTTCATTTTTTGTAAAAATTTTCTCATTGAGGGAAATTTTTAAATATGATAGATTCTTTACTC TATTTTTGCTTTTTACAATATT 4139
FCTTUE rrrey bever rerbir b v vl PEbeteee bt e e et i vt
ATGTTCCTTTTAGTGTTTCTTTTTTTATTAAGATTTTTGTTTTGAGGGAGGTTTTTAAATTGGATGGGTTGTTTTTGTTGTTTTTGTTGTTGATGATGTT 5060
N V P F § V § F F 1 XK 1 F v L 8 E V F K L DG L F L L F L L L M M P

L § vV L A F $ F WL I NL 8 M R NNEET S NNNI KMN Y F I I F
TTTATCTGTATTGGCATTTAGATTTTGATTAATTAACTTGAGAATGAAAAATAATGAAGAAACTTCAAATAATAATAAAATAAATTATTTTATTATTTTT 4239
feereer v PErve 1 e [REN RN [EEERRRRE | [RREN [RR ) IIRERN AN
TTTATCTATGTTGTGTTTTAGTTTGTGATTGGTTAATATGAGTGTTAAAAATATGAAGATGTTGGGTGATAATTTTAAGGTTTTATTTTTTTTGGTGTTT 5160

L $s M L ¢ F S L WL V NM S V KNMM KM L G DNTF K VL F F L V F

P L MV I S I 1 ter /-—tRNA(lle) -------------------------------------------- \/-—tRNA(arg)
CCGTTAATAGTTATTTCTATTATTTAATTACTTTTCTAGTAAAATA~ TATTATATTATCTTGATAAGGTAAAGTTCCAGTTGGGAGAAGTAAGATGTAAA 4338
et e rrnnel LR A N N N N e N N R AR AR [RENN Pt b e e e
CCTATAATGGTGTTTTCTGTTATTT~- - ~ATTATTTTAGTAAAATTTTATTATGTCGTCTTGAT AAGGCGGAGTTC-TTTTTGAAATAATAGGACGTTAA 5255
P M M V F S V I* \--tRNA(ile)--------ocmmmm e I e e LT T PR /\--tRNA{arg)
————————————————————— >————---~———~——-—-——-—\ /——tRNA(gln)-——-——————--———---< S

ATAGATATTACTATGTTTGGTTACGGTCCAAAAAGATGCACATCTT-—-TGCGATCTAGTTTAGAAAAAATATTTGTTTTTGGTGCAAAAGAGTTTGATT 4435
[ERRRRN! LIt by [N [ | A N N N N RN RN R A N R N N |
ATAGATA~AGCTATGCCTAGTTACGGTCTGGGAAGAGAGTCGTCTT TTTTATAC TTTAGTTTAGGAAGAATATTTATTTTTGGTGTAAAAGGGTTGTAGT 5354

————————————————————— T i 4 N--LRNA(GIN) - ===~ mmmmmmmm oo oo ome oo
Cyt b
-~-\ /--tRNA(phe) -~---~---cmmm oo ¢ e eeeeee VL K I N N § L
GCATTTAG-------- TTTACTCTTTTAGTTTATAA- TTAAAATATGGCCCTGAAGAGGCTAAG ~AATATTAGGAGTATTGAARATTAATAATAGATTAT 4525
1 b PEEEEEL i R N N e e e R R R NN R | |
ATAGAGAGAGGGAGAGGTTACTCTGTTAGT TTATGTTTTAAAATATGACTT TGAAGAAGTTGGGAAATGTTAGGAGTGATTAAG -~~~ - —mm———— == T 5439
~~-/ \--tRNA(phe)~----~---mm o e e e /I K
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L N F V N G M L V T L P § é K T L. T L S 'W N F é s M L. G M V .L I F
TAAATTTTGTTAATGGGATGTTGGTGACATTGCCATCTAGAAAAACTTTAACATTAAGATGAAATTTTGGTAGTATATTGGGTATAGTTTTAATCTTTCA

[ERREENANAS FOL 00 e v vy i [IEAEE ot rrerrerererrrt rrete v it [N
TGGATTTTGTTAATTCTATGGTTGTTAGGTTACCGTCTAGTAAGGTTTTAACTTATGGTTGGAATTTTGGTAGTATGTTGGGC ATGGT TTTGGGTTTTCA
L D F VN S M V V § L P $§$ S KV L T™Y GWNVF G S M L G M V L G F Q

I LT 6T F L A F Y YT P D S L ¥ A F 85 T V Q Y I ¥ 'Y E V & F G W.
GATTTTAACAGGTACATTTTTAGCATTTTATTATACGCCCGATAGGTTAATAGCATTTTCAACAGTGCAGTATATTATGTATGAGGTAAATTTTGGATGA
PEVELE 00 v tvre e iy 1 L N N A N R R N N R N AN NN R A B
GATTTTGACTGGTACTTTTTTGGCTTTTTATTATTCTAATGATGGTGC TTTGGCCTTTTTGAGTGTTCAATACATTATATATGAAGTTAATTTTGGTTGG

I L. T 6 T F L A F Y Y 8N D G AL A F L $§V Q Y I M Y E V N P G W

vV F R I F H F N G A S L F F I F L YL HIVF K OGULF F M S Y R L XK
GTATTTCGAATTTTTCATTTTAATGGGGCCAGGTTATTTT TTATTTTT TTGTATTTACATATTTTTAAAGGGTTATTTTTTATAAGATATCGTTTAAAAA
R NN N O S O N N RN RN RN NN R N N NN N NN RN A BN RN R N AR N
ATTTTTCGTGTTTTACATTTTAATGGTGCTAGTT PG TTTTTTATTTTTTTGTATTTGCATTTATTTAAGGGATTGTTTTTTATGAGTTATCGTTTGAAGA
I F R V. L HF NG A S 1L F F I F L Y L HL F K G L F F M S Y R L K

K vV w M 8§ 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 é
AAGTATGAATGTCTGGTTTAACAATTTATTTATTAGTAATAATAGAAGCTTTTATAGGTTATGTTTTAGTTTGAGCTCAAATAAGATT TTGAGCAGCAGT
(B el RN I R R NN N R R R RN R R R N R R RN N [
AGGTTTGGGTATCTGGTATTGTAATTC TTCTTTTGGTTATAATGGAGGCTTTTATGGGTTATGTTTTAGTGTGGGCACAAATGAGGTTTTGGGCTTCTGT
K v wvs I VI L L L VMMEA ATFMG Y VL V W AOQWM S F W A s V

v i1 T™ s$ L L § Vv I P I WG P T I V T W i W S G' F G V .T G A % L K F.
AGTTATTACTAGACTTTTAAGAGTTATTCCAATTTGAGGGCCAACTATTGTTACTTGAATTTGAAGAGGTTTTGGTGTTACAGGGGCAACATTAAAATTC
FEirr et Fore ot [ERERER PEEEVECERT e gy e e NN (R RN
GGTTATCACTAGTTTATTGAGTGTAATTCCTGTCTGAGGTTTTGCTATTGTTAC TTGAATCTGAAGTGGGTTTACGGTTTCTAGTGCTACTTTGAAATTT

v IiTs L L S VI PV WG F A IV TW I WS GF TV S S AT L K F
F F v LH F L L P W & I L Vv I V L G H L' I F L 'H s T é s T S' s L Y
TTTTTTGTATTACATTTTTTATTGCCGTGAGCTATTCTAGTTATTGTATTGGGGCATTTAATTTTTTTACACAGAACTGGTAGAACATCTAGGTTATATT
PREELLEE b et e (L L LEEEE ey b L 2 T I T 0 e A
TTTTTTGTTTTGCATTTTTTGGTGCCTTGGGGGTTGTTGTTATTAGTTTTATTACATTTGGTTTTTTTGCATGAGACTGGAAGAACTTCTAAATTGTACT
F F vV LH F L V P W ¢ L L L L VL L HL VF L HET G S T S K L Y

¢ H 6 DY D KV CF s P E Y L G K D A Y NI VI WL L P I VL $§ L I
GCCACGGTGATTATGATAAAGT TTGTTTTAGACCTGAGTACTTAGGTAAAGATGCTTAT AATATTGTTATTTGATTATTATTTATTGTGTTAAGGTTGAT
0 P reerrgyed rerrreet boor 1o R A A R N AR A Pt
GTCATGGTGATTATGATAAGGTTTGTTTTTATCCTGAGTATTGGGTCAAGGACTTTTTGAATGTGGTAGTTTGGTTTGTTTTTATTTTTTTTTCTTTGGG
¢ H 6 b Y D K V ¢ F Y P E Y Ww VvV XK D F L NV V VWV F V F I F F 8 L &
Y P F N L G D A E M F I E A D P M M 8 P V H I V P E W Y F L F A Y
TTACCCGTTTAATTTAGGTGATGCAGAGATGTTTATTGAAGCTGACCC TATAATGAGGCCAGTTCATATTGTTCCAGAGTGATATTTTTTATTTGCTTAT
[EEARRREAR PR L e AR R N N N N N R A R NN N RN Ry
TTACCCGTTTCTTTTGGGTGATCCTGAAATGTTTATTGAGTCTGATCCTATAATGAGGCCTGTTCATATTGTGCCTGAGTGATATTTTTTGTTTGCTTAT
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 VL GV I AL L M $ 1 Vv T"™ F Y F F A L V NN Y T
GCAATTTTGCGTGCTATTCCAAATAAAGTCTTAGGGGTAATTGCTTTATTAATAAGGATCGTAACATTTTATTTTTTTGCTTTAGTTAATAATTATACCT
T 2 T T A I Y S I O N A I [ I N RN R N R R RN 1
GCTATTTTGCGTGCTATTCCTAATAAGGTTTTGGGGGTTGTGTCTTTGTTTGCTAGTATTTTGGTTCTTGTTGTTTTTGTTTTGGTGAATAACTATGTTT
A I L R A I P N K VL 6V Vv §$8 L F A S I L Vv L VvV V F VL V N N Y V

s ¢ L T K L NK F L VF M F I I 8 s T I L &8 WL G Q C TV E D UP F T
CTTGTTTAACCAAATTAAATAAATTTTTAGTATTTATATTTATTATCTCATCTACTATTTTAAGATGACTAGGTCAATGCACTGTAGAAGACCCTTTTAC
I R R R N e e A N AN ! PECE e rreer rr b e e v

CTGTGATGTCTAAATTGAATAAGTTTCTTGTTTTTGTTTT TATTTTTGTTTTGGTGGTTTTGAGTTGACTTGGGCAGTGTTTGGTTGAGGATCCGTTTGT
S V M 8 K L N K F L VvV F v F I F Vv L, Vv VL § WL GG Q ¢ L V E D P F V

I L s P L F 8 F I ¥ F G L A Y L M L F I F M 8§ $ K L L F Kter
AATTTTAAGACCTTTATTTTCTTTTATTTATTTTGGTTTAGCTTATTTAATATTGTTTATTT T TATAAGAAGTAAATTGTTATTTARATAATAA-- -~~~
[N NN | T T I I I T CE ot e i [ | [N et
TTTTTTAAGTATGGTTTTTTCTTTTTTGTATTTTTTTGTTATT T T T TTATTATTTTTGGTGTATTATTTTGCTGGTCGTGTTTTTATGTAGTGGGTTTAG
F L 8§ M Vv F § F L Y F F v I F L L F L VvV Y Y F A G R V F M ter

COIII
/--tRNA(leu:CUN)-----vumecummm - P> msmmmo—-———m-m— -~ \M F H N F H I L § L § 8§ Y
----AACATGTCTAGTATAAGTTAATACATTAGATTTAGGTTCTAAAGATTTGTGATATGTTATATTTCATAATTTTCATATTTTAAGACTTTCAAGGTA
VLt [NEE trrrriterrerere reel [ FEE 1t rrrertrrrreeeerrererees v reetl
TTGGTGTATATATAGTATAAAA-AATATGATAGATTTAGGTTCTATAGATGGTTTGTATACTGTTTTTCATAATTTTCATATTTTAAGTCTTTCTAGGTA
\--tRNA{leu:CUN}------—-mw----— e A /v F H N F H I L §$ L S 8§ Y
COIII
A Y N' L F F A S A G M L $ $ L VM F F K F 6L ¥ E L F I F T L F S8
TGCATATAATTTATTTTTTGCCTCAGCCGGAATGTTAAGATC TTTAGTAATATTTTTTAAATTTGGACTATACGAATTATTTATTTTTACACTATTTTCT
I | ey Il 1 | FEobrrerreey oyt [N [ | Al 1)) INRARERE!
CCCAATTTTGATTTTTTGTAGTTCTTTGGGTTTTACTAGT TCTTTAGTAGTTTTTTTTAAGAATGGTATT TTTGGTGGTTTGTTGTTTTGTTTATTTTCT
P I L I F ¢ S 8 L G F T S $8$ L v Vv F F XK N G I F 666G L L F € L F s

v L F I 8 F A W 6 K D I A M E 6 L 8 G Y H N F F V M D G F K F G V
GTGTTATTTATTTC TTTTGCTTGAGGTAAGGATATTGCTATAGAAGGTTTAAGAGGTTACCATAATTTTTTCGTTATAGACGGGTTTAAATTCGGAGTAA
I EERE AR R A R R A R A N R A e N AR R R NN R AN RN N N N N A R N
ATTTTTTTGGTTTCTTTTGCTTGGGGTAAAGATATTGTTATGGAGGGTCTTAGTGGTTACCATAATTTTTTTGTTATGGATGGTTTTAAGT TTGGTGTTT
I F L, V S F AW G K D I VvV M E G L 8 G Y H N F F V M D G F K F G V

1 L F v F s E F M F F F ¢ I F W T F F D A A L V P V HE L G E T W 8§
TTTTATTTGTGTTTAGGGAGTTTATATTCTTC TTTTGT ATTTTTTGAACATTTTTTGATGCTGC TCTAGTACCAGTAC ACGAGTTGGGAGAGACTTGATC
[ N N R e N R N N R A O e (A
TAGTGTTTATTTTTAGTGAGTTTATGTTTTTTTTTGGTATTTTTTGGACTTTTTTTGATGCTGCATTGGTTCCTGCTCATGATGTTGGTGGTGTCTGGTC
L VvV F I F 8 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

P F G' M H L 'V N P é G V P' L L N T I I L L 8 § G V T V T W A H H s
ACCTTTTGGAATGCACTTAGTTAATCCATTTGGTGTACCGTTATTAAATACAATTATTTTATTAAGGAGTGGTGTTACAGTAACTTGAGCAC?TC?CAGA

AR R N N N R R AN R N N N A RN RN e rrrrrrsy i (BN
TCCTATTGGTATAC ATTTGGTGAATCC TTTTGGGGTACCTTTGTTGAATACTATTATTC TTTTAAGTAGTGGTGTGTCTGTTACTTGAGCTCATTATAGA

P I 6 M HL V NP PF GV P L L NT I I L L S S8 G V S V T WA AH Y s

4625
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4825
5739

4925
5839

5025
5939

5125
6039

5225
6139

5325
6239

5425
6339

5525
6439

5619
6539

5715
6638

5815
6738

5915

6838

6015

6938

6115
7038
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L L s .N K § é T N S' M I L ‘T C L L A A Y F TG I QL M E Y M E A S
TTACTTAGAAATAAAAGATGTACTAATAGTATAATTTTAACATGTTTATTGGCAGCTTATTTTACAGGAATTCAATTAATAGAGT?T?TA??A??T??AT
T I I R R N R N A N A A N N N N Ny
CTTTTGAGTAATAAGGGETGTGCTAATAGT TTGATATTAACCTGTATTTTGGCTGTTTATTTTACTGGTATTCAATTGATGGAGTATAAGGAGGCTAGTT
L L 8 N K G C A N S 1L ML T CTI1 UL AV YT FTSGTI QL M E Y KE A S

F S I A DGV F G 8 I F YL STGTFHGTIHVILCGSGULFLATFNF
TTTCTATTGCAGACGGAGTATTTGGAAGGATTTTTTATTTATC TACGGGATTTC ACGGAATTCATGTCTTGTGTGGTGGTTTGTTC TTAGCATT TAATTT
I O R R R R R A N R R A R R O A R R A A RN AR AR R AN AR
TTTCTATTTCTGATGGTATTTTTGGTAGTATC TTTTATTTATCTACCGGTTTTC ATGGGGTTCATGTGTTGTTTGGTGGATTATTTTTGTTTTTTAATCT
F S 1 §s p G I F G § 1 F YL 8T GF HG UV HVULFGGULFULTFTFNIL

L R L L KX NH F N Y N H H
TTTACGTCTTCTAAAAAATCATTITAATTATAATCATCATCTGGGGTTGGAATTTGCTATTT TATATTGACATT

L G L E F A I L Y WHV F V DV V WL F L
TTGTTGATGTAGTGTGATTATTTTTA
P (N NI ERE R RN R R AN R R R A RN A R R N R N R R RN NN R B N RN NN Ay
ATTACGTTTATTAATGTCTCATTTTAATTATAATCATC ATCTTGGTTTGGAGTTTGCCATTATTTATTGGCATTTTGTAGATGTAGTTTGGTTGTTTTTG
L R L L M S HF N Y N HHUL G L EF A I I YWUHT F VDV VWL FL
ND4
F V F V Y W W 8 Y ter /--tRNA(thr)----~--~-w--r-c-e- B e e o VL L OE
TTTGTGTTTGTTTATTGATGATCTTACTAATATAGCTATGATAGTTTAATTTAGAATATATAACTTGTAATTATAAGGTTTCTA?TA??TTT?TT???AT
PR e rer e rrter et (AR R A e e RN | I
TTTGTTT%TGTTTATTGATGATCTTATTAA-—--GCCATGTTAGTTTATGTGAAAATGTGTGATTTGTAATCGTG-GGTAGTTTGTGGCTTTGTTAGATA
F V F V ¥ W W S Y ter \-~tRNA{thr) ~---~-r~eemmm oo - I e ettt / ngL D

F L F I 8 L L. W L F XK P I ¥ F L L F T V M F § F L I F N N F 8 W G G
TTCTTTTTATCTCCTTATTATGACTTTTTAAACCTATTTATTTTTTATTATTTACAGTGATGTTTAGGTTTTTAATTTTTAATAATTTTTCATGAGGCGG
[N R RN 1 (AR R N RN A N N R AN A NN PEErrrerre e i bl
TTTTGTTATTTTCTTTATATTTTTTTTTTGAGCCGGTTTTGTTTTTTTTTTTTATAGTAGTGTTTGGGTTTGTGGCTTTGAATAATTATTCGTGGTTAGG
I L L F 8 L ¥ F F F E P VvV L F F F F M V V F GG F V A L NN Y s W L @G

L F L VvVLDSSTYSFPFTILTLTIVMSTLTFTITELGTITIVTISETZ KHNNINL
ACTATTTTTAGTATTAGATTCATATAGATTTATTTTATTGATTGTTATAAGATTATTTATTTTAGGTATTATTGTTATTAGAGAAAAAAATAATAATTTA
(AEN! I I I S I IO B [ T T TN T T 2 T T I e O o e O A I R N I O R B Y
TTGTTTTTACTTTTTTGACTCTTTTTC TTTTATTTTGTTGATTGTTATGAGTCTGTTTATTT TGGGGGTGGTTTTATTGAGGGAAAGTAATTTTATGCTT
¢ F Y F F D s F 8 F I L L. I VvV M 8 L F I L GV V L L 8 E S8 N F M L

L 1 L s E I L v F I ¢ 1 I F F I P S N M M ML Y M F F EL & M F P
TTGATTTTATC TGAAATTTTAGTATTTATTTGTATTATTTTTTTTATTCCTAGTAATATAATAATATTATATATGTTTTTTGAATTATCTATATTTCCAA
[ R R R RN N R R R N RN AR AN
CTTTTGTTGTCAGAAGTTTTGGTTGTTGTTTGTGTGTTTTTTTTTGTTCCTTCTAATGTAATTTTAATATATATGTATTTTGAGTTGTCCATGTTTCCTA
L L L 8§ E V L VvV VvV VvV ¢CcCV F F F V P SNV I L M Y M Y F E L 8 M F P

I L v M I L 6 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
[RERRE RN N AR NN e e RN RN RN N NN RN N R N A RN A N A
TTTTGGTTATAATTCTTGGTTATGGTTCCCAGATTGAGAAAATTAATTCTTCTTATTATTTAATTTTTTATGCTGCTCTTTGTTCTTTCCCTTTCTTGTT
I L v M I L G Y G S Q I E K I N S 8§ Y Y L I F Y A A L ¢ S8 F P F L F
vV Y F K 8 N F L L, Vv F T Y Y NTF V I $§$WEWMTFTF I L S$ L 8 F M ¥ K
TGTATATTTTAAGAGTAATTTTTTATTGGTTTTTACTTACTATAATTTTGT TATTTCTTGAGAAATATTTTTTATTCTTAGTTTAAGATTTATAATAAAA
FEL LRt et ! 1t it Fororreer it LELEL beporeeeenpreetecy teety
TGTTTATTTTAAGAGGTTTTTTTTTATTAGTTTGGTTTATTTTGATTT TAATTTATCTTGGGAAATGGTTTTTGTTTTGAGTTTAAGATTTATGATAAAA
vV ¥ F K § F F F I s L VvV ¥ F D F N L 8§ W E M V F V L 8 L S F M M K

F P I Y F L HL W UL P K AHV E AP T T A S M L L A G L L L K L G
TTTCCAATTTATTTTTTACATCTTTGATTACCTAAAGCTCATGTAGAGGCTCCTACAACAGCTAGAATACTTTTAGCTGGATTACTATTAAAATTAGGCA
[RERN [EE IR e e RN e RN N N A R R N N vt i | T I A O N
TTTCCTGTTTATTTTCTTCATTTATGGTTACCTAAGGCTCATGTAGAAGCTCCTACTACGGCTAGTATGTTGTTGGCTGGTTTGTTACTTAAGTTGGGAA

F P Vv Y F L HL W UL P XK A HV EAUPTTTA S M L L A G L L L K L G

T A G F L R I L 6 S L $$ F V H N NV W I L I A F L G M I LG 8 F C C
CAGCGGGATTTTTACGTATTTTAGGTAGTTTAAGATTTGTACACAACAATGTATGAATTTTAATTGCATTTTTAGGGATAATTTTAGGATCTTTTTGTTG
IR N R R N N R R R R NN e e e N N A N R RN RN
CTGCTGGATTTTTACGTATTTTGGGTTGTTTGAGTTTTGTGCACAATAATGTGTGGATTGTATTGGCTTTTTTGGGGATAATTTTGGCTTCTTTTTGTTG
T A G F L R I L ¢ C L 8 F VHNNWUVW I VL AP L G M I L A S F C C
vV F Q § b §$ K A L A A Y $§$ 8§ V T HM § F L L L § L V F I T M S8 8§ K
TGTGTTTCAAAGAGATTCAAAGGCTTTAGCAGCTTATTCTTCAGTCACTCATATAAGGTTTTTATTATTATCACTGGTATTTATCACAATGAGTAGTAAA
RN R R AN N NN N N NN NN RN R N AR NN N e N R R N e B RN RN
TATGTTTCAAAGTGATGCTAAGGCTTTAGCCGCTTATTCTTCTATTACTCATATAAGGTTTGTTTTGATGGCTCTTGTTTTTATTATTATGTCTGGTAAA
M F Q 8 D A K A L A A Y €8 8 I T H M § F V L ¥ A L VvV F I I M s G K
I 8 s v M L M L A H G Y T 8 TL M F Y L I G E F Y HT S G S R M I
?TTA?AAGAGTTATGCTTATGCTAGCACACGGTTATACATCTACACTTATGTTTTACCTTATTGGTGAATTTTATCATACATCTGGGAGGCGTATAATTT
[ N A A e e R N R e N R NN RN RN PEREE v iy I
ACTGGTGGTGTTATTTTAATGTTGGCTCATGGGTACACTTCTACTCTTATGTTTTATCTTGTAGGGGART TTTATCATGTTTCTGGTAGGCGGATGGTTT
T 6 G Vv I L ML A H G Y T S$ T L M F Y L V GEF Y HV S G S R M V

Y F M § § F F § § § M 1 M 6 1 L F 8 VvV V F L 8 N 8 G V P P 8 L 8 F L
ATTTTATAAGTAGATTTTTTAGATC TAGAATAATTATAGGTATTTTGTTTTCAGTTGTATTTTTATCAAATAGCGGTGTACCACCTTCTTTGTCATTTTT
I N N N O A O R A R P AR b e b i v PR i
ATTATATGAGTAGATTTTTTGGTTCTGGTATGATTATGGCGCTTCTTTTTGCTGTGGTGTTTTTATC TAATATGGGTACCCCTCCTTCTTTGTC TTTTTT
Y Y M § 8 F F G § G M I M A L L F A VvV V F L S N M G T P P S L & F L

S E F L VvV I 8 N $§ M L I 8 K 8 M F VvV M i F I Y' F vV Vv -S F Y Q s L F.
ATCAGAATTTTTAGTTATTTCTAATAGTATATTAATTAGAAAAAGT AT ATTTGTAATAATTTTT ATTTATTTTGTAGTATCTTTTTACTATTCTTTATTT
treeedsvetr o beened (BN Mt [N | Forer ey [ T T T I I R I A |
ATCAGAATTTATTGTAATTTCTTCGTCTTTAAATATGATGAAATTTAGTTT TTGGGTGTTATTTGTTTATTTTTTC TCGGCTTTTTATTACTCTATTTAT

S E F I v I 8 $ §$ L N M M K F 8 F W VL F V Y F F 8§ A F Y Y s I ¥

L I T 8§ § L M G K G Y H N F N T W NV G F S A PL V L M M Y N V F
TTGATTACAAGATC TTTAATAGGAAAAGGTTACCATAATTTTAATACTTGAAATGTAGGGTTTTCAGCACCATTAGTC TTAATAATATATAATGTATTTT
I A R R R R RN [RENNEE Porerrrreer vt FERD 0 0 e e 0 b
TTGTTAACCAGATCTGTTATGGGAAAAGGTTATGTAAATT PTTAGGATT TGAAATGTGGGATTTTCTGTTCCTTTGGTGTTTATAATGTATAATATTTTTTY

L L. T s & V M G K G Y V N F € I W NV G F S V PL V F M M Y N I F
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WL SV F Yter [LNC) —_— —
("SA'I‘ﬂIZ‘ll\AI\?"II‘(I;'er'I‘TTl TACTAA-~ - - TAATCTAGAGATCTATCTCTTTTTTGAGCACGTTAGTACATT ATTTTTAATAATGTGCTAATAATTATGTTTAAA
TR

GGATAAGTGTTTTTTTTTAAAAAAGTAAGGTTTAGGTTCTAACGAAAGGTTTTTTTTTCGTTAGTTT TG TTTAATTGCTAMAAATGT TTTGATTTTTAG
W M 8§ V F F ter [LNC]) ———— —

i . . . .

I N L Y K X Y Q GG L AV WOLESSNEHEK
AGTAAAATTTTTATTTTAAGTATTCAACTTTTAA- - -ATTAATCTTTATAAAAAATATC AAGGAGGATTGGC AGTTTGATTAGAGAGATCOT AATCATAAA

EEVL T 00 6 0 CCPErrir b0 H0r 0 bR ity 03 10 b1 10119
GACTAAATTTAGGTTTTGAATGTGATAGTTTTAATTGATTAGTGGTTTTTATAAATATC AAGGTGGETTGTC TGTTTG AT TGGAAAGT TCTAATCATAAG

s @ F Y K Y 0 G GL SV WTILETSSSUNBHK

co1
D I 6 T L Y F I F GLWSGMVGTSTFSTILTULJITERTELTETLTA ATEKT PG F
GATATCGGAACTCTTTATTTTATTTTTGGACTTTGATC TGGTATGGTTGGTACTAGATT TTC TT TATTAATTCGT TTAGAATT AGCTAAACCAGGTTTTT
EVEVE 0T T i 0 o trr 0 r EE U R E T LT it e iyt err
GATATTGGTAC PTTGTATTTTTTGTTPGETTTGTGGTC TGGTATGGTTGGTACTAGGTTGTC TTTGG TGATTCOT TTGGAATTGGCTAAACCTGGTCTTC
P I 6 T L Y F LFGTLTWSGMVYVSGTSTZLSTZLOYTITU RTILTETLATEKFP G L
FL SV G QL Y NSV I T™AHA ATITLTMTITFTFMTYMZPTMTIG GTFEG N
TTCTTAGGAATGGACAGTTGTATAATTCAGTTATTACAGCTCATGCTATPTTAATAATT TTT PTTATGGTAATACCTACTATAATCGG TGGTTTTGGTAA
IR R R R R R R A Y
TTTTGGGTAGTGGTCAGTTATACAATTCTGTTATTACTGCGCATGCTATTTTGATGATTTTT TTTATAGT TATACCTACTATGATTGGTGGTTTTGGTAA
L'L GG s 6 g L YNGSUVTITATHTA ATITLTMTITFTFEMOVHMGPTMTIOG GTF G N

w L L P L M L G A P DM S F P RL N NT1L S F WUL L P T S ML L I L
CTGATTATTACCACTTATGTTAGGAGCACCTGATATAAGATTTCCACGTTTAAATAATTTAAGATTITGGTTATTACCTACATCTATATTATTAATTTTA
N NN N A NN NN A A NN R RN R N R RN R R RN NN RN N RN O RN NN AR RN
TTGAATGTTGC CTTTGATGTTGGGGGCCCCTGATATGAGTTTTCCTCGTTTAAATAATTTAAGTTTTTGGTTGTTGCC TACTGCTATGTTTTTAATTTTG
W M L P L M L G A P DM S F PRLNNUILSF WL L P T AMTF L I L

D A CF V DM GCGT S W TV Y P PL S T M G H P G S 8V D L A I
GATGCTTGTTTTGTAGATATAGGTTGTGGGACTAGGTGAACAGTCTACCCACCTTTAAGAACAATGGGGCACCCTGGAAGTAGAGTAGATTTAGCTATTT
AR R AN R A R e R R A AR RN RN Bt 1 v ettt
GATGCTTGTTTTGTTGATATGGGTTGTGGTACTAGTTGGACTGTTTATCCTCCTTTGAGTACTATGGGTCATCCTGGTGGTAGGGTTGATCTTGCTATTT

o A C F V D M G C G T S W TV Y P P L S T M G H P G G S V DL A I
F s L H A A G L $ 8§ I L G G I N F M C T T KNILI RS S S I S L E H M
TTAGTTTACATGCAGCAGGGTTAAGATCTATCTTAGGTGGTATTAATTTTATGTGTACTACTAAAAATTTACGTAGAAGTTCTATTTCATTAGAACATAT
Lhrrrel 1l LOTEE b b e e e ey e et b e b vt bk
TTAGTTTGCATTGTGCTGGGGTTAGATCTATTTTGGGTGCTATTAATTTTATGACTACTACTAAGAATTTGCGTAGTAGTTCTATTTCTTTGGAACATAT
F §$ L HC A G V s § I L 6GA I N F M T TTI XKNILIR S s s I 8 L E H M

T L F V. w T vV F VvV T VvV F L L v L § L P V L A G A I T M L L T D R N
AACTTTATTIGTTTGAACTGTATTTGTAACAGTGTTTTTACTGGTTTTATCTCTACCGGTTTTAGCAGGGGCTATTACTATGTTGTTAACTGATCGTAAT

| Pronprrreerrreavrorerte re o re bt PECCLELEEEE vy e e et bpy et nnrteenrrrriesntd
GAGATTGTTTGTTTGAACTGTTTTTGTTACTGTTT TTTTGTTGGTTTTATC TTTACCTGTTTIGGCTGGGGCTATTACTATGTTGTTAACTGATCGTAAT

$ L F v w TV F VvV T V F L L VvV L 8L P VL A G A I T ¥ L L T D R N

L N T $ F F D P § T G G N P L I Y Q HL F WVF F GH P EV Y I L I
TTAAATACTTCATTTTTTGATCCAAGAACTGGAGGTAATCCTCTTATTTATCAACATTTGTTTTGATTTTTTGGTCATCC TGAAGTATATATTTTGATTT
IR R AR R R A A R R RN N R AR RN RN N NN RN N AN R R R R NN R RN R R A N B R R RN AN RRERN
CTTAATACTTCTTTTTTTGATCCTAGGACTGGTGGTAACCCTTTGATTTATCAACATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTGATTT
L N T S F F D P S T G G N P L I ¥ Q HL F WVPF F G HUPEV Y I L I

L P A F G I V 8 Q 8§ TUL YL T GG K KE UV F GG AL G M V Y A I L s I G
TACCAGCTTTTGGTATTGTCAGACAATCTACACTTTATTTAACAGGAAAAAAAGAAGTTTTTGGTGC TTTGGGTATAGTTTATGCAATTTTAAGAATTGG
PErr prrreienyeel i H N A R R AN R RN N O NN RN RN SRR N N s
TACCGGCTTTTGGTATTATTAGTCAGAGTAGTTTGTATCTGACTGGTAAAAAGGAGGTTTTTGGGTCTTTGGGTATGGTTTATGCTATTTTGAGTATTGG
L P A F G I I §8 Q $ L YL TG K KU EV F G S L 6 MV Y A I L s I G
L I 6 ¢ VvV V W A HH MY TV G M DL D S R A Y F 8 A A T MV I AV
TTTAATTGGTTGTGTAGTATGAGCTCACCATATGTATACAGTAGGTATAGATTTGGATTCACGTGCTTATTTTTCGGC TGCTACTATAGTTATTGCAGTG
(RN N AR N N N AN N R N N R N N RN RN S SN Y|
TTTAATTGGTTGTGTTGTTTGAGCTCATCATATGT ATACTGTTGGTATGGATCTTGACTCTCGGGCTTATTTTACTGC TGCAACTATGGTTATTGC TGTT
L I G ¢ vV V W A HH MY TV G M DL D s RAYF T AATMV I AV

P T 6 V K V F s w L A T 0L F G ¥ KM V F N P L L L W VL G F I F L
CCAACAGGTGTTAAAGTGTTTAGATGATTGGCTACATTATTTGGTATAAAAATGGTATTTAATC CACTTTTATTGTGAGTATTGGGTTTTATTTTTTTGT
AR R R RN R N R N R N | e (EERRRRERRARRRRERN
CCTACTGGTGTTAAGGTTTTTAGTTGGTTGGCTACCTTGTTTGGTATAAAGATGGTTTTTCAACCTT TACTTTTATGAGTTATGGGTTTTATTTTTTTGT

P T 6 V K V F S W L A T L F G M K ¥ V F Q P L L L W V M G F I F L

F T L 6 G L T GG V VL 88N S SL DI I L HDP T Y Y V V § HF H Y V L
TTACTTTAGGTGGGTTGAC AGGTGTTGTATTATCTAATTCAAGATTGGATATTATTTTACATGATAC TTATTATGTAGTTAGACATTTTCATTATGTTTT
RN N e N e e AR RN A N NN AN A NN RN RN R R RN NN RN RN A R R N AN NN AR NN
TTACTATTGGTGGGTTAACCGGGGTTATGCTTTCTAATTC TAGTTTGGATATTATC TTGCATGATACTTATTATGTTGTTAGTCATTTTCATTATGTCCT
F T I G G L TG V M L 8§ N S§ s L DI I L HDT Y Y ¥V V § H F HY V L

S L 6 A v F G 1FTGUV TLW®WSFTITOGYUVLDTZEKTLUMMSESAVF
ARG TAGGAGC TG TT T TGGG AT T TCACGGGTG T TACACTATGATG AAG AT T TATTACAGGG TAT TG TTAGATAAACTTATGATATCTGCAGT ATT T

R R R R T I D R A T R R (
TAGTTTGGGEGCTGTTTTTGGTATTTTTACGGGTG TGACT TTGTGGTG AAGTT T TATTACTGGT TTTGTTTATGATAAGATGATAATG AGAAGTGTTTTT

S L G A Vv F G I F T G V T L W W S F I T G F VvV Y D K M ¥ M S S v F

I L . F I 6 V N L T F F P L HPF A G L H G F P R K Y L DY P D V Y
ATTTTATTATTTATTGGGGTAAATTTAACATTTTTCCCGCTACATTTTGCAGGACTACACGGGTTCCCACGTAAATATTTAGATTACCCTGATGTTTATT
PRIET b b drnnntd prnnnry 1 [RERREN RN RN RN N RN R R R R R R R R R RN
GTTTTAATGTTTGTTGGGGTTAATTTAACTTTTTTTCCTTTAC ATT PTGCTGGTATTCATGGTTATCCTCGTAAGTATTTGGATTATCCTGATGTTTATT
V L M F vV 6 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 vV W & I 1 A s Y 68 I I 8§ TA G L F L F I ¥ Vv L L E S F F 8§ Y R L
CGGTATGAAATATTATTGCCTCTTATGGTTCTATTATTAGAACTGCAGGACTATTCTTATTTATTTATGTATTATTAGAGTCTTTCTTTAGTTATCGTTT
P v b e rrbnl ot ! Pore e ety b v i et

CTGTTTGAAATATTATGGCTTC TTATGGGTCTATAATT AGTGTGTTTGCTTTGTTTTTGTTTATTTATGTTTTGTTGGAGTCTTTTGTGGGTCATCGTAT
$ Vv W N I M A S Y G S M I § V F AL F L F I ¥ Vv L L E S F V 6 H R I
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vV I S' D Y ¥ 8§ N s é P E Y‘ C M S N Y VF GH S Y Q s E I Y F S T T
AGTAATTAGAGATTATTATTCTAATAGAAGACCTGAGTATTGTATGAGTAATTATGTATTTGGTCACAGTTATCAGTCTGAG??TTATTTT??AA?T?CT
| | [RAERENER T e o 4ol Perre et ey Py |
TTTTTTGTTTCATT AT TATGTAAATAGTGGCCCTGAGTATAGTCTTAGTGGCTATGTTTTTGGTCATAGT TACCAGTCTGAGATTTTTTATAGGTC TATT
F L F D Y Y V N §S G P E Y 8 L 8 G Y V F G H S Y Q s E 11T F Y 8 § 1

S L K N *%/--tRNA(CYE)-rnmmmmommm=mmmmnn= T \ /--CRNA (f-meE)—---------
AGATTAAAAAATTAGAAACCTTAGTATAATTTTAGTATATTTAATTGCAAATTAAATGGTAT——TGGTTTTT--——AGTAAGATAGGATAA TTA??T?T
1ot RN RN RN RN N RN N R N R N N N N B ARREEEARRNAR!
CTTTTTAAGTTTTAGAGTC TTTAGTATATTTTTAGTATGCTTAATTGCAGATTAGGTGGATTTGTGGGCTTTGTTGAATAAGATAGGATAAGTTGAGTCT
V F K F **\--tRNA(cys)-------=--=--------- ~C Bmmmmmemmmmmmmm—ooo---- / \--tRNA(f-met)----------

------- —< >~—~---«—---—~—~~--~—-——~'\/-»tRNA(asp)‘~—‘—~‘—‘——-————-‘~‘——< Srrmecm e m e e — -
GTAAGGTTCATACCCTTGAGGTGGTTTTCTCTTAT TAAAAGT TTTAGTATAAAAA- - - AGTATATTTTAT TGTCAATAAAAAG - -GTAAAAACTTTA- - -
SRR RRE RN Prppoppornrrronrrorrr ot it hrrinid b 1l I |NERERR
GTGAGGTTCATACCCTCTTGGTGTTTTTCTCTTATTGAAAACTATAGTATAATTTTTTATTATACCTTATTGTCGATCGGGAGAATTTTTAGTTTTATGT
——————— < S mmmme—vmwm——ew—m-—-------/\--tRNA(@8p)-----c--------------- X > o---oo-o-e-oeeomeeen/

COoII
/- ~CRNA(Gly) —-mmmmmmmmmmemmm e R e \I N N F F Q G Y NL UL F Q H
~GATTCTTTAGTATAATTCAGTATGTTTGACTTCCAATCAAAAGGT TTTGAGGATTAATTAATAATTTTTTTCAAGGATATAATTTACTATTTCAGCATA
N RN N R R A RN N e N A e N R N A RN N N RN N N e N N ey 11
TGATCTTTTAGTATATTTTTGTACATTTGACTTCC AATCAGATAGTTTTAAAGGTTATTGAATAATTTTTTTCAAGATTTTAATTTGTTGTTTTCTAGTA
\=-tRNA(Qly)-—---===========-= < e ee— oo /L N NF F QDFNTILTLF S8 S
coI11

s L F A s Y M- D W F -H s F ﬁ ¢ 8 L L L6 VL V F V TUL L F G Y L I F
GTTTATTTGCTAGTTATATAGATTGATTTCATAGGTTTAATTGTAGTTTATTGTTGGGAGTTTTAGTGTTTGTTACTT TATTGTTTGGATATTTAATTTT
FECE e bevrrrerreerdbrrr v e verrerreret o g el e i Perrrr et
GTTTGTTTTCTAGTTATATAGATTGGTTTTATAATTTTAATTGTAGGCTTTTATTTGGTGTTTTATCTTTTGTTTCTACTATGTTTGTTTATCTTTTGTT
S L F 8 S Y M D W F Y N F N ¢C 8 L L F GV L 8 F V $§ T M F V Y L L L

G T F Y F K 8 K K I E Y Q F G E L L € s I F P T I I L L M Q M V P
TGGTACTTTTTATTTTAAAAGAAAAAAAATTGAGTATCAGTTTGGTGAATTATTGTGTAGTATTTTTCCAACTATTATTTTATTAATACAAATAGTTCCT

PEE et eree v e e reirereryrtrenr e veery reeet et o e e el
AAGTAGTTTTTATTTTAAGAGTAAGAAGATTGAGTATCAGTTTGGTGAGTTATTATGTAGGGTGTTTCCTACTTTGATTTTGGTTATGCAAATGGTGCCT

S 8§ F Y F K § K K I E Y Q F G E L L ¢ s V F P T L I L V M Q M V P

S L § L L ¥ Y Y G L M NL D S NILTV KUV T GHOQ W Y W S Y E Y S
TCACTTAGGCTTTTATATTATTACGGATTAATAAATTTAGATAGAAATTTAACAGTTAAGGTTACAGGACATCAGTGATATTGAAGATATGAATATAGAG
[ N R R N N AR N R N N N N RN R RN R N NN A
TCTTTAAGTTTGTTGTATTATTATGGTTTAATGAATTTGGATAGGAGTTTGACTGTTAAGGTAACTGGACATCAGTGATATTGAAGTTATGAATTTAGGG

s L § L L ¥ ¥ ¥ G L M NL DS SL TV KV T G H Q W Y W S Y E F s
D I P 6 L E F D S Y M K $ L D QL § L G E PR RUL L EV DNIRCV I P
ATATTCCTGGGTTAGAATTTGACTCTTATATAAAATCACTAGATCAATTAAGTTTAGGTGAACCACGTTTATTAGAAGTTGATAATCGTTGTGTTATTCC
SRR A N NN N e e R | (RN N e RN RN AN A N
ATATCCCTGGTTTGGAATTTGATTCTTATATGAAGTCTTTGGATCAGTTGGAGTTGGGTGAACCTCGTCTTTTGGAGGTTGATAATCGTTGTGTTGTGCC
p 1 P G L E F D S8 Y M K s L D Q L EL G E P RUL L E V DN RCV VP

¢ D T N I R F C I T S A DV I HA W AULNSIL S V KL D aA M S G I
TTGTGATACTAACATTCGTTTTTGTATTACATCTGCTGATGTTATTCATGC TTGGGCATTAAATTCTTTATCTGTAAAATTAGATGCTATAAGAGGAATT

[EERERE! PEL 00 babnn it e 1 e | RN R R A A R R R R R R R R RN

TTGTGATGTTAATATCCGTTTTTGTATTACTTCTGCTGATGTTATTCATTCTTGGGCTTTACCTAGTATGTCTATTAAGTTAGATGCTATGAGTGGAATT
¢ DV N I R F C I T $ 6D V I H s Ww A L P S M s§ I K L D A M S8 G I

L §s T F s Y 8 F P M vV G V F Y G Q ¢ 8§ E I € G A N H s F M P I A L
TTAAGAACATTTAGTTACAGGTTTCCTATAGTGGGAGTTTTTTATGGTCAATGTTCAGAGATTTGTGGAGCAAATCATAGTTTTATACCAATTGCTTTAG
It e (RN N R N N N O A R R R R RN |
TTGAGTACTTTGTCTTATAGTTTTCCTGTGGTTGGTGTATTTTATGGTCAATGTTCTGAAATTTGTGGTGCTAATCATAGTTTTATACCTGTGGCTTTGG

L §s T L 8§ Y §$ F PV V G V F Y G Q ¢ s E I € G A NH S F M P V A L

E V T L L D N F K § W c P G T M E ter /--tRNA(hlS) ------------------------
AGGTAACATTATTGGATAATTTTAAAAGATGATGTTTTGGTACTATA---GAATAATTTAGCTTAATAGTTTATATTAAAATGTTTACTTGTGGTGTAAG
(BN RN RN N N R | | BB R A R e R R |
AAGTTACTCTTTTGGATAATTTTAAGAGTTGGTGTGTGGGGTTATTGAGTGATTAG - - AAGCTTTGTAGTTTATGTGAAAATGCTTGTTTGTGATATGAG
E vV T L L D N F K S W C V G L L S Dter \-‘tRNA(his) —————————————————— - > eme---
------------- \f~~ 1- "YRNA mmmmmmm e
AGAATATAGAGCTTTAAATTTTACTTGTTTAAATATTGGTATTGCATACTATTACAATAAAATTTCAT--GTTAATGAAAAATAGAAACAAAGGGTAGAG
[N ER R RN [N NN RN R RN R R R R R N N R R R

TGAAATTGGAGCTTTAGTATTTTTTTTTTCATTTTTTAGT ATTGTGTACTATTTAGGGAAAATAACATTTGTTTATGTTAAATAGAAAGAARAGGTAGAA
————————————— /{~~ 1-TRNA ~~ommmmmmmn

TAAATATTAGTTTTATTGTTTCATACTAAAAATTATATTTATTAGAGTTGATATGTCGACCTTTGTGATAACTGTTTTTATTTTTATAT&AGAAAATTAT
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I [ N RN e RN RN R PRIV ey e et | (NN i [ Frrl RN
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TAAAGTTTTATTAAATAAATAATTTGTAAATTAGTAAATTT-TATAAATTT-AATTTATTATTAAAATATAATTGAA—GAACTTGAAGT&TTGATCAAA%
R R NN N N e A R R N B RN R R RN P vy brr 0 i [RERA NN torre reeent
TAATTTTTTAATAAATTTATAATT TTGAATTTAGT AGTTTTGTTTAAATTT TTGTTTTTTAT T TAATTTTTTTG TGTGAACT TG~ TCTTTTGGTCAAAT

GTTTTTTAAAGACTTAGGC%TTATATTAAAGCTGGCTTC%GCCCTATGA%ATT-TAAATéGCAGTCTTAéCGTGAGGACATTAAGGTAG&AAAATAATT*
RN N N N e N AN R N N R N N A NN RN R RN R R NN R RN R RN RN RN R A N R N R RN R RR NN
GTTTTTTAAAGACTTAGGTCTTTT~-TTGAGACTGGCCTCTGCTCTATGTTTTTATAAATGGCAGTCTTAGCGTGAGGACATTAAGGTAGCAAAATAATTT

GTGCTTTTATTGAGTTCCAGTATGAATGAAGTTATTGGTTAGTTCTATTTATGTTTTATGTTTGAATTTAATTTTTATT&AAGAAAAAA%AAATATATT&
[N N AN R N e N NN R | [ RN AR R AR R } I
GTGCTTTTAATGGGTTCTAGTATGAATGGGGTTAGTGGCTAATTTTTTACT TTTAT TTT - TATGAATTAG T PTTGTGTTTAAGAAATAATGGTTGATATT

ATACAAAGATAAGTCTTCGGAAATTCTGTTATTAC ACAATTAAATAATTGTGTAATAAATTTTC TAGGGC AGAATATTAT ATAATAGT ATTTCACT ATAT
R I O I R T T A R T R
ACACAAAGATAAGTCTTCGGAAATTTTTTTATTAAATATTTTTTTATTTTTTTAATATGTTTTC TAGGGTAGAATGTTTTGTAACT T TTTTT - ACTAATT
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TTAATTTAAAGAATTACTCCGGAGTTAACAGAAAATCATACCTAATCTAGTACTTATAG%AA-GGTAAG&TTTACATCGATGTTGTATT&AGATAATCTA
PERTLERTEE CE et e be ettt et 0r i bbb b 0 L Er et [ ! |
TTAATTTAAAAAATTACTTCGGAGTTAACAGAAAGTCATATCTGATTTAGTTCTTATAATAATGATAAGTTTTACATCGATGTTGTATTTTAGTTCTTAA

AGAGAGGAGAAGGCTTAGTAGTTTAGACTGTTCTTCTATTAATTAATCTGACGTGATAT&AGTTTAATT&ATTGTGAGAiAGAATTGTTéATCTTGATAA
LErrinnen Il PErreerreeerrrrerere ool TURRPERRVEEEI Rt ey cor i bbbt 14y
AGGGAGGAGAGGATTTTAGGTTTTAGACTGTTCTTCTATTATTAAACTAAACGTGATAT TAGTTTAATTC ATCGTGAGATAGAATTGTMTATCTTGGTAA

ND3
~~~~e~~m~~ne 1-YRNA ~~1 I L VvV L L M V
ATATTTATATTTAA -TACATTTAGTACGAAAGGAACATTGTAAAAGTTTTA~AACTTT- - - AAAGATTTTGAAATCTTTATTTTAGTGCTATTAATAGTT
L e AR ERRAREE] AN (AREREE AR |3 18 1 LA I 1 I O I RO Pl
TGTCTTAATTTTAATTACTGAAAGTACGAAAGGAAATTTGTTGGAGTTTGATAACTTTTTGAAAGTG T TAGTACT TTTTTTGTTGGTTTTGGTTATGGTT
~~~~~~ ~~~~~~ 1-rRNA ~~] L L V L V M V
ND3
L v F T L VL L F AVF Y L I NF L L S I K DMGI KUNIKTI S ATFEC
TTAGTGTTT???CT?TtLllATTAlllTLxxixxATTTGATTAATTTTTTATTAAGAATTAAGGATATAGGAAAAAATAAAATTAGAGCGTTTGAATGTG
T IREARE PEEVEEE 0 e i it FErerer it [EERRARERERE!
GTTTTATTTACGTTAGTTTTGTTATTTGTGTT TTATATTGGTAATTTTCTTTTGAGATGTAAGGATT TPTATAAGAATAAGATTTC TTCTTTTGAGTGTG
vVL.L.FTULVLLFV F Y I GNVFV UL S CEKUDTF Y XK NI KTI s S F EC

G F Vs VG K I QN S F § 1 HF F I M M L M F V I F D UL E I V M F L
GTTTTGTAAGAGTTGGAAAAATTCAAAATTCTTTTAGAATTCATTTTTTTATTATGATATTIGATATTTGTTATTTTTGATTTAGAAATTGTTATGTTTTT
LEELEEL PEAL T ea b bbbt ey teirb et Porroreeerrrrrrrrrenre e
GCTTTTGTTAGGATTGGTAAAATTCAGAATTCTTTTAGTATTCATTTTTTTATTATGATGCTTATGTTTGTTATTTTTGATTTGGAGGTGGTGATGTTTCT
G F v 5 I 6 K I Q N 8 F 8§ I H F F I M M L M F V I F DL E V V M F L

G I L VS DULS S Y I SFTLMMEPFTITFTITFTGSGTETYUMET®W®MWZYG KL
AGGTATTTTAGTATCAGATTTAAGTTCGTATATCAGGT TT TTAATAAT ATTCATCTTC ATCTTGGGAGGATT T TACATAGAGTGATGATATGGTAAATTA

IR N R R N R R R R N R R N R R
TGGGATTTTGGTTTCTGATTTAAATTCTTTGATTAGATTT TTTATG TTGT T AAT AT TTATTT TTGGTGGTTT TTATATGGAGTGGTGGTATGGT AAGTTG
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ND5
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L
T
|
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CAATAAATACAGCATTAACTAATCGTCTAGGTGATTATTTTATATTTGTCTTTTTTGGT TTATCGGTTTTTAGAGGTTATTATTTTTTAAGATTTAGAAT
e e | (A N R NN N [ [EEE RN [ T I T I O B I |
CTATGAATACTGTTTTGACAAACCGTTTAGGTGATTTTTTTTTATTTGTTTTTTTTTCTAGAACAATCTTTAGTAGTTATTATTTCTTGAGGTTGTCTTT
A M N T V L TN R L G D F F L F V F F s 8 T I F 8 8 Y Y P L § L S F

F 8 § ¥ M 8 'L L L L L T A PF T K S A Q F P F S S WL P K A M S A P
ATTTAGAAGTTATATATCTTTATTATTACTTTTAACAGCTTTTACTAAAAGAGCACAATTTCCATTTAGATCTTGGTTACCCAAAGCTATAAGAGCCCCC
[ [ [RERAL I R PO vr v v et FEELeire reereeer e il
TTTTTGTTGATTATCGTCTTTGATACTTTTATTGGCATCTTTTACTAAGAGTGCTCAGTTTCCTTTTAGAGGTTGATTACCTAAAGCTATGAGAGCTCCG
F ¢ WL $ §$S L M L L L A S F T K S A QF P F 8 G WL P K A M S A P

T PV -S S L Q H § 8§ T L V T A G i I L L‘ M N F N N L V M Q K D F I
ACACCGGTGAGGTCTTTGGTTCATAGTAGAACTTTAGTTACAGCAGGATTAATTCTATTAATAAATTTTAATAATTTAGTAATACAGAAAGATTTTATCA
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| 11 el Lot eyl 1 (R A A AR R e e e A R N AR A | {
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vV T L F ¢ L € 6 L I F § S G AV s K DVF I L EL F F § NNUYMMTFF
TAACCCTATTTTGTTTATGTGGATTAATTTTC TCAAGGGGTGCTGTAAGAAAAGATTTTATTTTAGAATTATTTTTTTCTAATAACTATATAATGTTTTT
N AR AN AN AR N R A RN NN R AN N NN N SN O N NNy Lotk el
TAACTPTGTTTTGTTTATCTGGTTTGGTGTTTTCC AGTGGTGCTGTAAGTAAGGATTATAT T TTAGAGT T TTTTTTTTCTAATTTTTTTATGGTGGTTTT
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TGCTTGTATGTTTTTCTTTTCTGT TTTTTTAACTTTTGGTTATAGGTACCGTTTATGGAAGGGATTTTTTATAAGTTTTAGACGTCCTGTCTTTTGTTTT
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AGTAGCACAGTATTTATAAATTTTTTAAGTTTAGTATTAGTTATTTTTTCTATTAGATTTTTATGATGAATAAATTTTAATCTTCTTAACATCCCAAGAC
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VL T0 0 I 0 0 o ey iy e QO T 0 L g il
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K F L' vV D ¥ L A XK N s I ¥ K M K N L X F M D L F L N N I N S K G Y
CAAGTTTTTAGTTGATTATTTGGCTAAAAATAGTATTTATAAAATAAAGAATTTAAAATTTATAGATTTATTTTTAAATAATATTAATTCTAAGGGGTAC

PUErerer v b i [ (RN et POPEC L bbbt [ARAARENAN Il
TAAGTTTTTGGTTGACTTTTTTGCTAAAGGTTGGGTTTATGGATTGAAGAATTATAAGTTTTTTGATTTGTTTTTAGGGGGTATTAATTCTCTTGGTGTA
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FIGURE 1.—Comparison of the nucleotide sequences of the mtDNA molecules of the two nematodes, Caenorhabditis elegans (C.e; 13,794
ntp) and Ascaris suum (A.s; 14,284 ntp). All of the 12 protein genes (Cyt b, cytochrome b; ATPase6, subunit 6 of the F, ATPase; COI-I1I,
cytochrome ¢ oxidase subunits I-I11; 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 AT region in the C. elegans 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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Ascaris suum
mtDNA
14,284 ntp

mtDNA

13,794 ntp

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 -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 AT region is a sequence of 466 ntp (33% 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
(109 ntp in C. elegans and 117 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 AT regions.

are the same as 12 of the 13 protein genes found in
vertebrate, Drosophile 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 117 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 ¢t al. 1981; ROE et al. 1985;
CrarRY and WOLSTENHOLME 198ba; JACOBS et al.
1988; CANTATORE ¢t 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/117 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 TA, 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; ATA = 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) AT region. Six copies of a 43 ntp repeated sequence (CR1-
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 CR1 to CR4 repeats are indicated by inverted arrowheads below the sequence. Arrow pairs above and beneath the C. elegans
and A. suum 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. suum 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. suum (Figure 1), compared to the hairpin
structure in which L strand synthesis originates in mouse mtDNA
(CHANG et al. 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 b, tRNAP™ and tRNA™ genes, and the ND6
and tRNA®" genes have been transposed relative to
each other (DESJARDINS and MoORAIS 1990). Limited
protein-rTRNA 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 AT 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 (109 and 117 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 al. 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
Ts (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, NDI1, 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, GTT seems to be the translation
initiation codon of the A. suum COIIl 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.
1981; 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 ¢t al. 1989), and ATAA has been
suggested as a translation initiation codon of the Dro-
sophila COI gene (DE BrRuN 1983; CLARY and WoL-
STENHOLME 1983b). Only in X. laevis do all of the mt-
protein genes begin with ATG (ROE ef 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. TA occurs at the end
of the C. elegans ND3 gene but this TA is immediately
adjacent to the putative ATT initiation codon of the
downstream ND5 gene. The C. elegans ND1 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. 1981; CLARY and WOLSTENHOLME 1985a;
CANTATORE ¢f 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 1981). The finding that some
of the C. elegans and A. suum mt-protein genes end
with T or TA 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; OjaLAa, MONTOYA and ATTARDI 1981).
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. 1981;
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
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FIGURE 4.—Comparisons of the amino acid sequences of the 12 mtDNA-encoded proteins of C. elegans (C.¢) with the amino acid sequences
of the corresponding proteins of A. suum (A.s), D. yakuba (D.y; CLARY and WOLSTENHOLME 1985a) and mouse (M.m; BiBB et al. 1981). All
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 AGG 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. yekuba (BiBB et al. 1981; CLARY and

WOLSTENHOLME 1985a)].

a hairpin structure (Figure 6). However, in the re-
maining case, the ND1 gene followed by the ATPase6
gene, although a stem of 7 ntp and a loop of 4 nt can
be formed by a sequence separated by 11 ntp from
the 3’-terminus of the C. elegans ND1 gene, no equiv-

alent or other stable secondary structure potential is
found near the 3’-end of the A. suum ND1 gene. Also,
although the large sequences that separate the C.
elegans and A. suum ND4 and COI genes each include
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.
suum, 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 >0, and hydrophilic regions have hydropathy of <0. 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*

Percentage nucleotide sequence  C. elegans/  C. elegans/  C. elegans/  D. yakuba/

Gene C. elegans  A. suum  D. yahuba® Mouse® similarity® C. elegans/A. suum A. suum D. yakuba mouse mouse
CO1I 525 525 512 514 79.3 88.2 61.6 58.6 75.0
Ccoll 231 232 228 227 76.7 83.2 39.0 39.4 56.6
co1il 255 255 262 261 74.5 79.6 46.6 42.9 64.5
Cyt b 370 365 378 381 68.8 72.4 43.1 41.7 67.5
ATPaseb 199 199 224 226 74.3 79.4 22.5 22.5 34.4
ATPase8 NF* NF 53 67 NF NF NF NF 26.0
ND1 291 290 324 315 71.9 73.2 36.4 35.1 45.3
ND2 282 281 341 345 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. yakuba and mouse are from CLARY and WOLSTENHOLME (1985a) and BIBB ¢t al. (1981), respectively.
* These values are calculated from data in Figure 1, and include all deduced insertions/deletions.
¢ These values are calculated from Figure 4, and include all deduced insertions/deletions.

4 NF = not found.

ntp, respectively, from the 5’-end (Figure 1), the 3’-
ends of both of these intergenic sequences and the 3’-
ends of the ND4 genes again lack stable secondary
structure potential.

Ribosomal RNA genes: The C. ¢legans and A. suum
mt-sTRNA and mt-lrRNA genes were identified

from similarities to the corresponding genes in other
metazoan mtDNAs and in prokaryotic organisms
(BIBB et al. 1981; CLARY and WOLSTENHOLME 1985b;
NOLLER ¢t al. 1986). In both nematode mtDNAs the
s-TRNA and I-rRNA genes are separated from each
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. elegans 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. suum) and for the hairpin structures between the ND6
and ND4L genes are —2.7 kcal/mol (C. elegans) and —11.3 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
tRNA®" and tRNA*"(UCN) genes are located next to
the 5’- and 3’-ends, respectively, of the s-rRNA, and
the tRNA™ and ND3 genes are located next to the
5’- and 3’-ends, respectively, of the -rRNA gene.
That the nucleotides immediately adjacent to the 3’-
end of the tRNA"* gene and the tRNA®" gene in C.
elegans mtDNA are the 5’-terminal nucleotides of the
ssTRNA and I-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 I-rRNA gene. The C.
elegans and A. suum mt-s-TRNA genes (697 and 701
ntp, respectively) and mt--rRNA genes (953 ntp and
960 ntp, respectively) as defined above are the smallest
metazoan mt-TRNA 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-TRNA 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-TRNA genes (GUTELL ¢t al. 1985; ZwIEB, GLOTZ
and BRIMACOMBE 1981), 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 (1984).

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. OkmMoTO, J. L.
MAGFARLANE 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-s-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¥C
arm are together replaced with a loop of between 6
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amino-acyl arm
C-G:1.75/1.70

DHU-arm
C-G:0.4/0.4

anticodon arm
C-G:1.15/1.45

FIGURE 7.—The consensus secondary structure of the TV (T¥C
arm-variable loop)-replacement loop-containing C. elegans and A.
suum mt-tRNA genes. The number of nucleotides shown in the
DHU (dihydrouridine)-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. elegans/
A. suum 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. elegans/A. suum mt-tRNA genes with frequencies (as
percentages) shown by the accompanying numbers. Ten of these
nucleotides (1, 9, 10, 13, 22, 25, 26, 27, 43 and 72) are considered
semi-invariant in prokaryotic and eukaryotic nuclear-encoded
tRNAs (DIRHEIMER ¢t al. 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 tRNAP™
(SPRINZL et al. 1989). L1-L12 denote the maximum of 12 nt that
occur in the TV-replacement loop of the C. elegans and A. suum
mt-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. suum 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. suum,
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. suum,
tRNA*"), a DHU loop of between 5 and 8 nt in C.
elegans and 5 and 9 nt in A. suum, 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¥C 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. suum are in the
range 58% (tRNA*P) to 91% [tRNA'**(UUR)], with a
mean of 75%.

The following considerations (discussed previously
in detail for A. suum, see WOLSTENHOLME e¢¢ 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. suum 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. suum tRNA genes are unique,
are the same for each species, are compatible with
codon usage in the C. elegans and A. suum 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; SINGHAL and
FaLLIs 1979), are conserved with a frequency of be-
tween 90 and 100% in the C. elegans and A. suum 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. suum 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 100%, and 95% (C. elegans) or 90% and 90%
(A. suum), respectively, of these genes. Eighteen of the
C. elegans and A. suum mt-tRNA genes contain the
pyrimidine;,-purinegs pair which is highly conserved
in standard tRNAs. However, in the mt-tRNA™ and
mt-tRNA"P genes of each nematode, a G-C pair is
found in this position. A G-C pair is also found in
place of a pyrimidine,;-purineg; pair in the mt-
tRNA™* and mt-tRNA"P genes of other metazoa.

Each of the two DHU-replacement loop-containing
mt-tRNA genes from C. elegans and A. suum contain
the conserved R,, Ygs, Yo7, Rys, Y39, T35 and Rasy
nucleotides. In three of these structures (C. elegans
tRNA*(AGN) and tRNA*(UCN) and A. suum
tRNA*"(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 T V-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

491

C.e. As Ce As Ce A.s Ce As

Phe TTT 429 484 Ser TCT 84 144 Tyr TAT 144 154 Cys TGT 45 60
(GAA) TTC 23 9 (UGA) TCC 5 3  (GUA) TAC 29 16 (GCA) TGC 2 0
Leu TTA 356 142 TCA 51 6 TER TAA 8 2 Trp TGA 62 27
(UAA) TTG 81 304 TCG 5 9 TAG 1 7 (UCA) TGG 9 48
Leu CTT 51 57 Pro CCT 27 72 His CAT 45 53 Arg CGT 29 30
(UAG) CTC 1 0 (UGG) CCcC 7 0 (GUG) CAC 13 1 (ACG) CGC 0 0

CTA 36 4 CCA 39 1 Gin CAA 34 17 CGA 1 1

CTG 5 6 CCG 8 10 (UUG) CAG 10 26 CGG 1 2
Ile ATT 257 200 Thr ACT 62 86 Asn AAT 139 107 Ser AGT 61 127
(GAU) ATC 23 10 (UGU) ACC 7 7 (GUU) AAC 12 5 (UCU) AGC 6 4
Met ATA 134 44 ACA 69 8 Lys AAA 95 29 AGA 126 29
(CAU) ATG 44 131 ACG 6 6 (UUU) AAG 14 65 AGG 39 34
Val GTT 118 263 Al GCT 62 92 Asp GAT 55 70 Gly GGT 93 144
(UAC) GTC 9 9 (UGQ) GCC 9 (GUCQC) GAC 8 6 (UCC) GGC 5 6

GTA 98 37 GCA 39 Glu GAA 52 25 GGA 60 18

GTG 28 67 GCG 4 (UCC) GAG 26 50 GGG 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. laevis, mouse, cow and human

Percentage nucleotide composition of the sense

Percentage of
leucine

f ding in: od
strand Percentage of codons ending in Percentage of b :gin?,?f, .
codons that with

specify J—

T C A G A+T G+T T C A G A+T G+T leucine T C
C. elegans 46.0 93 295 153 755 61.3 49.7 4.7 36.6 9.0 86.3 58.7 15.5 825 17.5
A. suum 51.9 80 185 215 704 73.4 62.7 24 115 234 742 86.1 15.0 86.9 13.1
D. yakuba 44.4 11.1 323 122 76.7 56.6  48.4 3.3 454 2.9 938 51.3 16.8 90.6 9.4
P. lividus 31.0 236 286 16.8 59.6 47.8 25,5 225 399 121 654 37.6 15.4 28.7 713
X. laevis 31.7 245 31.1 127 628 444 293 232 435 4.0 728 334 16.1 37.8 622
Mouse 294 260 332 114 626 40.8 229 274 46.6 3.2 695 26.1 15.5 21.9 781
Cow 28.0 277 319 124 599 40.4 19.8 319 437 4.7 635 24.5 16.0 19.0 81.0
Human 256 33.1 293 120 549 37.6 153 43.1 36.5 5.1 51.8 20.4 17.3 12.0 88.0

Data for P. lividus (CANTATORE et al. 1989), X. laevis (ROE et al. 1985), mouse (BIBB et al. 1981), cow (ANDERSON ¢t 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
WOLSTENHOLME 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 miDNAs all protein genes are transcnbed from the
same strand (Figure 1). Nucleotides concerned with termination are excluded.

and A. suum 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. suum)
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. suum
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. suum 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 tRNAP™ 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. suum are transcribed (OXIMOTO 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-tRNA®", 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. suum mt-protein genes.

Both C. elegans and A. suum mtDNAs, like D. yakuba
mtDNA are A+T rich; C. elegans 75.5%; A. suum
70.4%. Other metazoan mtDNAs have A+T contents
in the range 54.9% to 62.8% (Table 3). Between C.
elegans and A. suum 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 (21.5%) 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. elegan

total A. suum
No. of

occurrences ATAs ATGs ATAs ATGs

C. elegans A. suum

ATA e ATA 21 15.7 48.0
ATA e ATG 62 46.3 47.3
ATG e ATG 24 54.5 18.3
ATG e ATA 7 159 159
ATT/C e ATA 6 13.6
Other & ATA 10 22.7
ATT/C & ATG 9 6.9
Other & ATG 36 27.5
ATA & ATT/C 6 4.5
ATA & Other 45 33.6
ATG & ATT/C 3 6.8
ATG e 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. suum 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.
suum are 134 and 44, and 44 and 131, 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. yakuba (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. suum
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:

Total TGA

Corresponding codons in D. yakuba mtDNA specifying:

codons Tryptophan Other amino acid” Tryptophan 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), 1(2),
R(2),L, N, V, K] N(2),R(2), L, M, Y, ES, d]
A, suum 27 19 (70.4%) 8[P(2),F,I,.L,R, T,N] 20 (74.1%) 7[F(2).L(2),R,IM]
Total TGG

codons
C. elegans 9 5 (55.6%) 4{Y,M,L,N] 4 (44.4%) 5[L,P,Y,L,V]
A. suum 48 28 (58.3%) 20[F(4), 1{(4), T(2), $(2), 29 (60.4%) 19[M(3), N(3), V(2),

L(2), V(2), H, K, P, R}

F2), 1(2), L2), T,E, S, R, d)

@ 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 2 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. suum with codons
other than ATA, 3 (7%) are replaced with ATT or
ATC. Of the 131 ATG codons in the A. suum 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 (14%) of these codons are ATT 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 ATT 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. suum mt-protein genes but only in the C. elegans
COI, COII, NDI1, 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. yakube mt-protein genes are
even higher for the three overall most conserved
genes, COI, COII and COIIl. 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. suum 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. suum, (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. suum
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
WOLSTENHOLME 1983a,b; DE BRUIJN 1983; WOLSTEN-
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
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BrupN 1983; GARESSE 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; Jacoss 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. suum
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. suum genes (Table 6). Of 126
AGA codons in the C. elegans genes, only 18 (14%)
and 16 (13%) 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. suum 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. suum genes (Table 3). Also, a high
frequency of third position A & T substitution is

TABLE 6

Correspondence in position of AGA and AGG cadons in the 12
C. elegans mt-protein genes with the different AGN, TCN and
other codons in the 12 homologous A. suum mt-protein genes

Codon Percentage of total
correspondence C. elegans:
- No. of -
C. elegans A. suum occurrences AGAs AGGs
AGA & AGA 18 14.3
AGG 16 12.7
AGT 54 429
AGC 2 1.6
AGG & AGA 4 10.3
AGG 6 15.4
AGT 17 43.6
AGC 0 0
AGA & TCN*® 7 5.6
Other? 29 23.0
AGG & TCN* 2 5.1
Other* 10 25.6

® All are TCT.

* Codons for glycine (10), phenylaline (4), asparagine (3), cysteine
(3), alanine (2), tyrosine (2), glutamamic acid (1), methionine (1),
threonine (1), valine (1) and one deletion.

‘ Codons for glycine (4), lysine (2), leucine (1), methionine (1)
cysteine (1), 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. suum 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 mtDN A-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. suum proteins. Also, if
AGR codons specified an amino acid other than serine
then the relative amount of serine in the A. suum 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
2).

A further observation consistent with the view that
AGR and AGY codons specify serine is that neither
the C. elegans nor the A. suum 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
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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 (JACOBS 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 6.7:1 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. lividus 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. suum and H. sapiens

Percentage nucleotides

Codon
position T C A G
1 C. elegans  38.7 (25.9)° 9.0 (6.2)° 32.0 20.3
A. suum 41.2 (28.0) 8.2(6.2° 26.1 245
H. sapiens  20.5 (18.4)° 27.9 (12.7 31.8 19.8

2 C. elegans  49.5
A. suum 51.7
H. sapiens 41.0

14.2(9.9¢ 19.8 16.6
13.4(8.6) 183 16.7
98.2(22.3) 19.5 11.4

3 C. elegans  49.7 4.7 366 9.0
A. suum 62.7 24 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
NDB6 (see footnote to Table 3).

* 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 Cin 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 TTY (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: 1.1-1.5:1 and 1.1:1, 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 (31.8 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
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TABLE 8

Comparisons of mean nucleotide sequence and amino acid sequence similarities of the 12 mt-protein genes of C. elegans and A. suum,
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. suum Human/cow C. elegans/A. suum Human/cow
Nonadjusted® 72.3 72.1 73.7 75.2
Adjusted’ 72.6 72.5 74.5 78.0

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

for C. elegans and A. suum and for human and cow.

* The mean similarities for the nucleotide sequences and amino acid sequences of the gene sets joined end to end.

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. elegans/A. 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-]-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. ¢legans 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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