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Summary. The sequence of the 16,019 nucleo-
tide-pair mitochondrial DNA (mtDNA) molecule
of Drosophila yakuba is presented. This molecule
contains the genes for two TRNAs, 22 tRNAs, six
identified proteins [cytochrome b, cytochrome ¢ ox-
idase subunits I, II, and I1I (COI-III), and ATPase
subunits 6 and 8] and seven presumptive proteins
(URF1-6 and URFA4L). Replication originates with-
in a region of 1077 nucleotides that is 92.8% A +
T and lacks any open reading frame larger than 123
nucleotides. An equivalent to the sequence found
in all mammalian mtDNAs that is associated with
initiation of second-strand DNA synthesis is not
present in D. yakuba mtDNA. Introns are absent
from D. yakuba mitochondrial genes and there are
few (0-31) intergenic nucleotides. The genes found
in D. yakuba and mammalian mtDNAs are the same,
but there are differences in their arrangement and
in the relative proportions of the complementary
strands of the molecule that serve as templates for
transcription. Although the D. yakuba small and
large mitochondrial rRNA genes are exceptionally
low in G and C and are shorter than any other
metazoan rRNA genes reported, they can be folded
into secondary structures remarkably similar to the
secondary structures proposed for mammalian mi-
tochondrial rRNAs. D. yakuba mitochondrial tRNA
genes, like their mammalian counterparts, are more
variable in sequence than nonorganelle tRNAs. In
mitochrondrial protein genes ATG, ATT, ATA, and
in one case (COI) ATAA appear to be used as trans-
lation initiation codons. The only termination co-
don found in these genes is TAA. In the D. yakuba
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mitochondrial genetic code, AGA, ATA, and TGA
specify serine, isoleucine, and tryptophan, respec-
tively. Fifty-nine types of sense codon are used in
the D. yakuba mitochondrial protein genes, but
93.8% of all codons end in A or T. Codon—anticodon
interactions may include both G—A and C-A pairing
in the wobble position. Evidence is summarized that
supports the hypothesis that A and T nucleotides
are favored at all locations in the D. yakuba mtDNA
molecule where these nucleotides are compatible
with function.
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Introduction

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



fm’s own protein-synthesizing system, and for six
ldentified proteins [cytochrome b, cytochrome ¢ 0x-
idase subunits I, II, and III, and ATPase subunits
6 and 8 (formerly URFA6L)]. In addition, there are
seven unidentified open reading frames (URF) that
also appear to code for proteins (Chomyn et al. 1983;
Mariottini et al. 1983; Michael et al. 1984). The
arrangement of genes in mammalian mtDNAs is
FOtally conserved. Introns have not been identified
11 any of the genes and there are few or no nucleo-
tides separating individual genes. The only excep-
tion to this is a region of approximately 1 kb that
lies between the tRNAP* and tRNAP™ genes and
contains the replication origin.

The relative locations of the rRNA genes, tRNA
genes, replication origin, and a number of poly-
adenylated RNAs have been mapped on the
mtDNA molecule of the amphibian Xenopus laevis
(Ohi et al. 1978; Ramirez and Dawid 1978; Rastl
and Dawid 1978), and nucleotide sequences of some
Segments of the molecule have been determined
(Wong et al. 1983). The gene content and arrange-
ment appear to be the same as in mammalian
mtDNA.

In this paper, we present the nucleotide sequence
of the mtDNA molecule of Drosophila yakuba. This
1s the first invertebrate mtDNA molecule to be se-
Quenced completely. Detailed descriptions and dis-
Cussions of the various sections of the D. yakuba
mMtDNA molecule and some discussion of the com-
Plete sequence have been presented elsewhere (Clary
€t al. 1982, 1983, 1984; Clary and Wolstenholme
1983a b, 1984a,b, 1985). Here we summarize what
Wwe have learned from analysis of the whole sequence
regarding gene structure, arrangement, and tran-
Scription; novel features of the genetic code; and
codon-anticodon interactions.

Materials and Methods

The D. yakuba strain (2371.6, Ivory Coast) used in this study
Was originally obtained from the species stock collection of the
Genetic Foundation, University of Texas at Austin. Mitochon-
drial DNA was obtained by cesium chloride-ethidium bromide
Centrifugation of sodium dodecyl sulfate (SDS) lysates of ovaries
Obtained by hand dissection of yeast-fed D. yakuba, as described
In Fauron and Wolstenholme (1976). EcoRI and HindIII restric-
tion fragments of D. yakuba mtDNA were cloned into pBR325
and pBR322, respectively, using Escherichia coli K12.HB101 as
host. These cloned fragments, or subfragments produced by fur-
ther restriction enzyme digestion, were recloned into bacterio-
Phage M13mp2, M13mp8, or M13mp9 (Gronenborn and Mess-
Ing 1978; Messing and Vieira 1982). Using the replicative forms
of M13 DNA molecules containing various restriction fragments
of D. yakuba mtDNA and DNasel digestion (Hong 1982), partial
deletions of the mtDNA fragments were generated. Viral DNAs
containing deletions of the original mtDNA restriction fragments
were selected by size using agarose gel electrophoresis.
Experimental details concerning restriction enzyme diges-
Yons, electrophoresis, cloning, and purification of M13 DNAs
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are given or referred to in Clary et al. (1982) and Clary and
Wotstenholme {1983a).

DNA sequences were obtained from M13-cloned fragments
by the extension—dideoxyribonucleotide termination procedure
of Sanger et al. (1977) using [a-32P]dATP.

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

(Jue et al, 1980; Doolittle 1981).

Results and Discussion
Genome Organization and Transcription

The 16,019 nucleotide-pair sequence of the D. yak-
uba mtDNA molecule is presented in Fig. 1, and
the relative arrangement of genes in the molecule is
summarized in Fig. 2. The molecule contains 13
open reading frames, which, based on comparisons
of nucleotide sequences and predicted amino acid
sequences with sequences of mouse mtDNA (Table
1), have been shown to be the genes for cytochrome
b, cytochrome c oxidase subunits I, II, and I (COI-
III), ATPase subunits 6 and 8 (ATPase 6 and
ATPase 8: the latter was formerly URFAGL, see
below), and the seven presumptive protein genes
that have been designated URF]I, 2, 3,4L, 4, 5, and
6. Two genes for mitochondrial rRNAs (mt-rRNAs)
have been identified within the D. yakuba sequence.
Also, there are 22 tRNA genes, which are found
either singly or in clusters of two to six genes be-
tween the protein and rRNA gengs. As in mam-
malian mtDNAs, none of the genes found in D.
yakuba mtDNA contain introns.

Between the tRNA#® gene and the small fRNA
gene occurs a sequence of 1077 nucleotides that is
92.8% A + T. This region constitutes the major
portion of the A + T-rich region of the D. yakubg
mtDNA molecule previously defined from electron
microscope studies (Fauron and Wolstenholme
1976, 1980) and shown to contain the molecule’s
origin of replication (Goddard and Wolstenholme
1980).

Except for the replication origin-containing re-
gion, nucleotides between genes in D. yakuba
mtDNA are either absent or occur in small numbers
(1-31). The total number of such nucleotides is 183,
which is greater than the total number of intergenic
nucleotides in the mtDNAs of mouse (64), human
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iA;TaAATTCCETCKTKAKAACCCTTACCYiczTACﬁETAAATTATGCAGTTTTCTGCATTCATTGACTGATTTATATATTATTTAAAAAGAAGGTTTTAT
TTACTTAACGGACTATTTTTCCCAATGGAACTATCCCATTTAATACGTCAAAAGACGTAAGTAACTGACTAAATATATAATAAATTTTTCTTCCAAEE::

. * ‘ f-met
tRNA —-
ATTTAATAGAATTAAACTATTTCTAAAAGTATCAAAAACTTTTGTGCATCATACACCAAAATATATTTATTATIAAAAAGATAAGCTAATTAAGCTACIGG

AAATTATCTTAATTTGATAAAGATTTTCATAGTTTTTGAAAACACGTAGTATGTGGTTTTATAﬁAAATAATATTTTTCTATTCGATTAATTCGATGACC
1n
~—tRNAB

URF 2 i
I F Y NS § K I L ¥ TTTIMTI I G T L

mmommu&mxmmm TTTTTTATAATTCATCAAAAATTTTATTTACCACAATTATAATTATTGGAACATTAA
CAAGTATGGGGTAAATATTTCCAATATTAGGAAAAGAAAAATTAAAAAATATTAAGTAGTTTTTAAAATAAATGCTGTTAATATTAATAACCTTCTAATT
1 T V T S N S W L G A W M G L E I N L L S F I P L L S D N N N L M 5
TTACAGTTACATCTAATTCTTGGTTAGGAGCTTGAATAGGTTTAGAAATTAATTTGTTATCTTTTATCCCCCTATTAAGAGATAATAATAATTTAATATC
AATGTCAATGTAGATTAAGAACCAATCCTCGAACTTATCCAAATCTTTAATTAAACAATAGAAAATAGGGGGATAATTCTCTATTATTATTAAATTATAG

T E A S L K Y F L T QAL ASTUVLLF S S§ I LLMLANNILNN
TACAGAAGCTTCTTTAAAATATTTTTTAACCCAAGCTTTGGCATCAACTGTTTTATTATTTTCTTCAATTTTACTTATATTGGCAAATAATTTAAATAAT
ATGTCTTCGAAGAAATTTTATAAAAAATTGGGTTCGAAACCGTAGTTCGACAAAATAATAAAAGAAGTTAAAATGAATATAACCGTTTATTAAATTTATTA

E I ¥ ES F T S M I I M § A L L L K S5 G A AP TFHF WF P HNMME
GAAATTAATGAATCTTTTACATCAATAATTATTATATCGGCCTTATTATTAAAAAGAGGAGCCGCTCCTTTTCATTTTTCATTTCCTAATATAATAGAAG
CTTTAATTACTTAGAAAATGTAGTTATTAATAATATAGCCGGAATAATAATTTTTCTCCTCGGCGAGGAAAAGTAAAAACTAAAGGATTATATTATCTTC

€ L TWMMDNATLMLMT®WOQGE KTIAPTLMLTISZYLNTIEKTSNTILTLTLTIS
GATTAACATGAATAAATGCTTTGATATTAATAACTTGACAAAAAATTGCTCCATTAATATTAATTTCTTATTTAAATATTAAAAATTTATTATTAATTAG
CTAATTGTACTTATTTACGAAACTATAATTATTGAACTGTTTTTTAACGAGGTAATTATAATTAAAGAATAAATTTATAATTTTTAAATAATAATTAATC

vV I L s§ vV 1 .I G A i G G L N QT S L R K L M A F § § 1 N H L G W M
TCGTAATTTTATCAGTTATTATTGGAGCAATTGGAGGTTTAAACCAAACTTCACTCCGAAAATTAATAGCATTTTCTTCTATTAATCATTTAGGATGAATA
ACATTAAAATAGTCAATAATAACCTCGTTAACCTCCAAATTTGE TTTGAAGTCACGCTTTTAATTATCGTAAAAGAAGATAATTAGTAAATCCTACTTAT

LSS LMTISEST STIUWLTIYTFTITFZYSTFTLSTFUVTILTTFUMEFNTITF K
TTAAGATCTTTAATGATTAGAGAATCAATTTGATTAATTTATTTTATTTTTTATTCATTCTTATCTTTTGTATTAACATTTATATTTAATATTTTTAAAT
AATTCTAGAAATTACTAATCTCTTAGTTAAACTAATTAAATAAAATAAAAAATAAGTAAGAATAGAAAACATAATTGTAAATATAAATTATAAAAATTTA

L F HLNG QTLTPFSWPFUVNSTZ KTITLTETFSLTFMNTFTLTSTLEGGEGLTPTEPTF
TATTTCATTTAAATCAATTATTTICTTCATTTGTAAACAGAAAAATTTTAAAATTTTCATTATTTATAAATTTTTTATCTTTAGGTGGATTACCTCCATT
ATAAAGTAAATTTAGTTAATAAAAGAACTAAACATTTGTCTTTTTAAAATTTTAAAAGTAATAAATATTTAAAAAATAGAAATCCACCTAATGGAGGTAA
L e FLPEKWLVIQQLTMCECDNGQYTFTLTLTTLMMMSTTLTITL
TTTAGGATTTTTACCAAAATGATTAGTAATTCAACAATTAACAATATGTAATCAATATTTTTTATTAACATTAATAATAATATCAACTTTAATTACATTA
AAATCCTAAAAATGGTTTTACTAATCATTAAGTTGTTAATTCTTATACATTAGTTATAAAAAATAATTGTAATTATTATTATAGTTGAAATTAATGTAAT
FFYLRTIZG CZYSATFMLSNTYTFTEHSNNMWTIMEM®NMNSNTNTN L.
TTTTTTTATTTACGAATTTGTTACTCAGCTTTTATATTAAATTATTTCGAAAATAACTCAATCATGGAAATAAATA TAAATAGTAATAATACTAATTTAT
AAAAAAATAAATGCTTAAACAATGAGTCGAAAATATAATTTAATAAAGCTTTTATTGACTTAGTACCTTTATTTATATTTATCATTATTATGATTAAATA
Y L I MTPFTFSTIFGGLTFTLTISTLTFTFTF M LY*CRNA Pomtn ) —
ATTTAATTATAACTTTTTTTTCAATTTTCGGATTATTTTTAATTTCTTTATTTTTTTTTATACT T TRAGGE TTTAAGTTAACTAAACTAATAGCCTTCAR
TAAATTAATATTGAAAAAAAAGTTAAAAGCCTAATAAAAATTAAACAAATAAAAAAAAATATGAAATICCGAAATTCAATTCATTTGATTATCGGAACTT

AGCTGTAAATAAAGGGTATTCCTTITAAGTCTTAGTAAAAATTTACTCCTTCAAAATTGCAGTTTGATATCATTATTGACTATAAGACCTAGATTTAATTT
TCGACATTTATTTCCCATAAGGAAATTCAGAATCATTTTTAAATGAGGAAGTTTTAACGTCAAACTATAGTAATAACTGATATTCTGGATCTAAATTAAA

— = tRNACY®

COL et
M S R Q WL F § TN
ATTCATTAAGAAGAATAATTCTTATAAATAGATTTACAATC TATCGCCTAAACTTCAGCCACTTAATCCATAATCGCGACAATGGTTATTTTCTACAAAT

AAcTAATTcTTCTTATTAAGAATATTTA1CTAAATG1TAGATAGcccATTTGAAQEEEEEQEEEfEGGTATTAccccTGTTACCAATAAAAGATGTTTA

< tRNASYT )

H KDI1GTTLTYTFTITFTGAWAG GMYGTSTULS 1LTIRATETLGTH®P
CATAAAGATATTGCAACTTTATATTTCATTTTTGCAGCTTGAGCCGGAATAGTAGGAACATCTTTAAGAATTTTAATTCGAGCAGAATTAGGTCATCCAG
GTATTTCTATAACCTTCAAATATAAACTAAAAACCTCGAACTCGGCCTTATCATCCTTCTAGAAATTCTTAAAATTAAGCTCGTCTTAATCCAGTAGGTC
G A LI GDODOGQTIZYNVYTIVTA ATHEHATFTIMTITFTFEFMVYVMPIMIGE GTF
GAGCATTAATTGGAGATGATCAAATTTATAATGTAATTGTTACTGCACATGCTTTTATTATAATTTTTTTTATACTAATACCTATTATAATTGGGGGCTT
CTCGTAATTAACCTCTACTAGTTTAAATATTACATTAACAATGACGTGTACCAAAATAATATTAAAAAAAATATCATTATGGATAATATTAACCCCCCAA

G N WLV PLMLGAPTDMATFTPRMENNMSTFWLILEPTPATLSL
TGGAAATTGATTAGTGCCTTTAATATTAGGAGCTCCTGACATAGCATTCCCACGAATAAATAATATAAGATTTTGATTACTACCTCCTGCTCTTTCTTTA
ACCTTTAACTAATCACGGAAATTATAATCCTCGAGGACTGTATCCTAAGGCTGCTTATTTATTATATTCTAAAACTAATGATGGAGGACGAGAAAGAAAT

L LV S S MV ENGAGTGWTUV Y PPLS S GI A HGTGAS VD
TTATTAGTAAGAAGAATAGTTGAAAACGGAGCTGGTACAGGTTGAACTGTTTACCCTCCTTTATCTTCAGGTATCGCTCATGGTGGAGCTTCTGTAGATT
AATAATCATTCTTCTTATCAACTTTTGCCTCGACCATGTCCAACTTGACAAATGGGAGGAAATAGAAGTCCATAGCGAGTACCACCTCGAAGACATCTAA
L A1 ¥ S L HL AOGI S S 1 L G AV HNTFTITTUVI1INMRISTG G 11 TIL
TAGCTATTTTTTCTCTTCATTTAGCTGGAATTTCTTCAATTTTAGGAGCTGTAAATTTTATTACGACTGTAATTAATATACGATCAACTGGAATTACATT
ATCGATAAAAAAGAGAAGTAAATCGACCTTAAAGAAGTTAAAATCCTCGACATTTAAAATAATGCTGACATTAATTATATGCTAGTTGACCTTAATGTAA

DRMGPLEFOVWS VYV ITATLTLTILTLTLSTL®PVLAGA ATITMLTLT
AGACCGAATACCTTTATTTGTATGATCAGTAGTTATTACTGCTTTATTACTTTTACTATC TTTACCAGTTCTTGCCOGAGCTATTACTATATTATTAACA
TCTGGCTTATGCAAATAAACATACTAGTCATCAATAATCACGAAATAATGAAAATCATAGAAATGCTCAAGAACGCCCTCGATAATGATATAATAATTGT

DRNLNTSTFTFDTPAGS GG GDTPTITLYQHLFUWEFTFGHTEPETV VY.
GACCGAAATTTAAATACTTCTTTTTTTGATCCAGCTGGAGGAGGAGATCCTATTTTG TACCAACATTTATTTTGATTTTTTGGTCACCCTGAAGTTTATA
CTGOCTTTAAATTTATGAAGAAAAAAACTAGGTCGACCTCCTCCTCTAGCATAAAACATGGTTGTAAATAAAACTAAAAAACCAGTGGGACTTCAAATAT
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TTTAATTTTACCGGEATTTGCAATAATTTCTCATATTATTAGACAAGAATCTGGTAAAAAGGAAACTTTCGGTTCTTTAGGAATAATCTATGCTATACT
AAAATTAAAATGGCCCTAAACCTTATTAAAGAGTATAATAATCTGTTCTTAGACCATTTTTCCTTTCAAAGCCAACAAATCCTTATTAGATACGATATGA

i L ¢ L LGFIVWATEHEHMTTUYVGMDOYVDTRAYFTSATMI
GCTATTGGATTATTAGGATTTATTGTTTGAGC TCATCATATATTTACAGTTGGAATAGACCTTCATACACGAGCTTATTTTACTTCTGCTACTATAATT
ACGATAACCTAATA&TCCTAAATAACAAACTCGAGTAGTATATAAATGTCAACCTTATCTCCAACTATGTGCTCGAATAAAATGAAGACGATGATATTAA

! A v PTOGI XK I1F SWULATTL BHRHGSGTI QZLSYS®P?PATITLTWALTGTEF
ATTGCGGTTCCTACAGGAATTAAAATTTTTAGATGATTAGCTACTTTACATGGAACTCAACTTTCTTATTCTCCAGCTATTTTATGAGCTTTAGGATTTG
TAACGCCAAGGATGTCCTTAATTTTAAAAATCTACTAATCGATGAAATGTACCTTGAGTTGAAAGAATAAGAGGTCGATAAAATACTCGAAATCCTAAAC
VFLFTVGEGLTGV VILANTST SV VDTITITLHDTTYZYV YV AHTFRH
TTTTTTTATTCACAGTAGGAGGATTAACAGGAGT TG TATTAGCTAATTCATCAG TTGATATTATTTTACATGATACTTATTATGTAGTAGCTCATTTCCA
AAAAAAATAAGTGTCATCCTCCTAATTGTCCTCAACATAATCGATTAAGTAGTCAACTATAATAAAATGTACTATGAATAATACATCATCGAGTAAAGGT

YV L S MGAV F A5 I MMAGT F 11 H WY PLFTGLTLHNNTEKUWLEK
CTACGTTTTATCAATAGGAGCTGTATTTGCTATTATAGCAGGTTTTATTCACTGATACCCATTATTTACTGGATTGACATTAAATAATAAATGGTTAAAA
GATGCAAAATAGTTATCCTCGACATAAACGATAATATCGTCCAAAATAAGTGAC TATGGGTAATAAATGACCTAACTGTAATTTATTATTTACCAATTTT

S Q F11MFPF 16V NLTTFTFT®POQQHHTFTLTGEGCTLUASGMPTRRTYSTDTYT®
AGTCAATTTATTATTATGTTTATTGGAGTAAATTTAACATTTTTCCCCCAACATTTTTTAGGATTAGCAGGAATACCTCGACGTTATTCAGATTACCCTG
TCAGTTAAATAATAATACAAATAACCTCATTTAAATTGTAAAAAGGGGCTTGTAAAAAATCCTAATCGTCCTTATGGAGCTGCAATAAGTCTAATGGGAC

" AY T TWNVYVSTIGCSTTI?SLLGTIULFTFETFTYTITIWESTLVS
ATGCTTACACTACATGAAATGTTGTGTCTACTATIGOGTCAACTATTTCATTATTAGCAATTTTATTTTTTTTCTATAT TATTTGAGAAAGTTTAGTGTC
ACGAATGTGATCTACTTTACAACACAGATCATAACCCAGTTGATAAAGTAATAATCCTTAAAATAARAAARAGATATAATAAACTCTTTCAAATCACAG

TCQ R Q ViIyY P11 QQLUNJSSTIIETUWTYTSOQQNTT®PZ®PAEHRSTYSETLTFPLL
AACGACAAGTAATTTATCCAATTCAATTAAATTCATCTATTGAATGATATCAAAATACACCCCCAGCTGAACATAGATATTCTGAATTACCACTTTTA
AGTTGCTGTTCATTAAATAGGTTAAGTTAATTTAAGTAGATAACTTACTATAGTTTTATGTGGGGGTCGACTTGTATCTATAAGACTTAATGGTGAAAAT
01 T
T N %%x CRNA%JSF:J_’" - glé T W AN
ACAAATTAATTIICTAATATGGCAGATTAGTGCAATGGATITAAGCTCCATATATAAAG TATTTTACT I TTATTAGABAATAAATGTCTACATGAGCTAAT
TGTTTAATTAAAGATTATACCGTCTAATCACGTTACCTAAATTCGAGGTATATATTTCATAAAATGAAAATAATCTTTTATTTACAGATGTACTCGATTA

LGLqoDs$ASPLMET QLTITEFFHDHALTLTILYMITUVLUVG.
TTAGGTTTACAAGATAGAGCTTCTCCTTTAATGGAACAATTAATTTTTTTTCATGATCATGCATTATTAATTTTAGTAATAATTACAGTATTAGTAGGAT
AATCCAAATCTTCTATCTCGAAGAGGAAATTACCTTCTTAATTAAAAAAAAGTACTAGTACGTAATAATTAAAATCATTATTAATGTCATAATCATCCTA

YL M FMLPFTPFUNNZYVNRTFILLUHBEG LTTEMTIUWWTTITLTPATITIL
ATTTAATGTTTATATTATTTTTTAATAATTATGTAAATCGATTTCTTTTACATGGACAACTTATTGAAATAATTTGAACTATTCTCCCAGCTATTATTTT
TAAATTACAAATATAATAAAAAATTATTAATACATTTAGGTAAAGAAAATGTACCTGTTGAATAACTTTATTAAACTTGATAAGAGGGTCGATAATAAAA

L F 1 AL 9P SULURULULYTILULDETINET®PSUVTTILI KS ST GGHQWYW
ATTATTTATTGCTCTTCCTTCATTACGATTACTTTATTTATTAGATCAAATTAATGAACCATCAGTAACTTTAAAAAGTATTGGTCATCAATGATACTGA
TAATAAATAACGAGAAGGAAGTAATGCTAATGAAATAAATAATCTACTTTAATTACTTGGTAGTCATTGAAATTTTTCATAACCAGTAGTTACTATGACT

S Y EYSsSDpFNNTIETFTDSYMI1IPTNETLATILIDTGTFTRTULTLDUVD
ACTTATGAATATTCAGATTTTAATAATATTGAATTTGATTCATATATAATTCCTACAAATCAATTAGCAATTGATGGATTTCGAT'I‘ATTAGACGTTGATA
TCAATACTTATAAGTCTAAAATTATTATAACTTAAACTAAGTATATATTAAGGATGTTTACTTAATCGTTAACTACCTAAAGCTAATAATCTGCAACTAT
NRv i1 LpPMNGSQIRTITILUVTAATDU VYVTIIUHSUWTVZPALTGTYVEKVTD
ATCGAGTAATTTTACCAATAAATTCACAAATTCCAATTTTAGTAACAGCCCCAGATGTAATTCATTCTTGAACAGTCCCAGCTTTAGGAGTAAAGGTTGA
TAGCTCATTAAAATGGTTATTTAAGTGTTTAAGCTTAAAATCATTGTCGGCGTCTACATTAAGTAACAACTTGTCAGGGTCGAAATCCTCATTTCCAACT

¢ T P 6 RLNGQT® NTFTFTIOHNRTPGCLFTYGOQCSETICGATENTIHSTF
CGGAAGTCCTGGACGATTAAATCAAACTAATTTTTTTATTAACCCACCAGGGTTATTTTATGGTCAATG TTCAGAAATTTGCGGGGCTAATCATAGTTTT
GCCTTGAGGACCTGCTAATTTAGTTTGATTAAAAAAATAATTGGC TCGTCCCAATAAAATACCAGTTACAAGTC TTTAAACGCCCCGATTAGTATCAAAA

M P 1V IEGSUVPVNNTTIEKUWTISSDND NS RNAY S’ —_
ATGCCAATTGTAATTCAAAGTGTTCCTGTAAATAATTTTATTAAATGAATTTC TACAAATAATTC TTEATTAGATGACTOAAAGCAAGTACTGCTCTCTT
TACGGTTAACATTAACTTTCACAAGGACATTTATTAAAATAATTTACTTAAAGATCTTTATTAAGAAGTARTCTAGTGACT TTCGTTCATGACCAGAGAA

£RNAS S P

AAACCATTTTATAGTAAATTAGCACTTACTTCTAATESTAAI‘EAAAAATTAGTTAAATTATATAACATTAGTATGTCAAACTAAAATTATTAAATTATTA
TTTGGTAAAATATCATTTAATCGTGAATGAAGATTACTATTATTTTTTAATCAATTTAATATATTGTAATCATACAGTTTGATTTTAATAATTTAATAAT

ATPaseB8 (URFAGL)wmi

1 P QM AP I S WILLLFTIVFSIT F I L F ¢C S I N Y Y §
ATATTTTTTBATTCCACAAATAGCACCAATTAGATGATTATTACTATTTATTGTTTTTTCTATTACATTTATTTTATTTTGTTCTATTAATTATTATTCA
TATAAAAAATTAAGGTGTTTATCGTGGTTAATCTACTAATAATGATAAATAACAAAAAAGATAATGTAAATAAAATAAAACAAGATAATTAATAATAAGT

‘ ' ATPéseG—b
M MTDNTULTEGSUVFDEP S
Y M P T S P K S N E L K NTI NILNSMDNW R W
TATATACCAACTTOACCTAAATCTAATCAATTAAAAAATATTAATTTAAATTC TATAAACTGAAAATGATAACAAATTTATTTTCTGTATTTGACCCTTC
ATATATCOTTCAACTGOATTTAGATTACTTAATTTTTTATAATTAAATTTAAGATATTTGACTTTTACTATTGTTTAAATAAAAGACATAAACTGGGAAG
A 1 FNLSLNWILSTEFTLG GLTLMTIPSTIYWLMPSTRYNTIF
AGCAATTTTTAATTTATCATTAAATTGATTAAGAACATTTTTAGGACTTTTAATAATTCCTTCAATTTATTGATTAATACCTTCTCGTTATAATATTTTT
TCOTTAAAAATTAAATAGTAATTTAACTAATTCTTCTAAAAATCCTGAAAATTATTAAGGAAGTTAAATAACTAATTATGGAAGAGCAATATTATAAAAA
W N S$1 L LTLHEKTETFTEKTLLGEPSGCHNGSTTFTITFTISTLTF S
TCAAATTCAATTTTATTAACACTTCATAAAGAATTTAAAACTTTATTAGGACCTTCAGGTCATAATGGATCTACTTTTATTTTTATTTC TTTATTTTCAT
ACTTTAACTTAAAATAATTOTCAAGTATTTC TTAAMTTTTCAAATAATCCTGGAAGTCCAGTATTACCTAGATCAAAATAAAAATAAAGAAATAAAACTA

. .

LI L ¢ NNGVFHMGLFPGYI1FTSTSHLTLTTLS AL P LWL GC
TAATTTTATTTAATAATTTTATAGGTTTATTTCCTTATATTTTTACAAGAACAAGTCATTTAACTTTAACTTTATCTTTAGCTCTTCCTTTATGATTATG
ATTAAAATAAATTATTAAAATATCCAAATAAAGGAATATAAAAATGTTCTTGTTCAGTAAATTGAAATTGAAATAGAAATCGAGAAGGAAATACTAATAC
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F ML Y GW 1 NUHTAGQEHMEFATHTLVYTEPOQGTT P?ATLITLHMEPTFMVYVC.I
TTTTATATTATATGGTTGAATTAATCATACACAACATATATTTGCTCACTTAGTACCTCAAGGTACACCTGCAATTTTAATACCTTTTATAGTATGTATT
AAAATATAATATACCAACTTAATTAGTATGTCTTGTATATARACGAGTGAATCATGGACTTCCATG TOGACGTTAAAATTATCGAAAATATCATACATAS

E T 1 S N 1 1 P GTLAUVRLTANMIAGHTLTLTLTTLTLGNT
GAAACTATTAGAAATATTATTCGACCGGGAACTTTAGCTCTTCCATTAACAGCTAATATAATTCCTGGACATCTTCTATTAACCTTATTGGCAAATACAG
CTTTGATAATCTTTATAATAAGCTGGCCCTTGAAATCGACAAGCTAATTGTCGATTATATTAACGACCTGTAGAAGATAATTGGAATAACCCTTTATGTC
G P SMSVYLLVTGFTLTLTVAGQ QTIA ALTLTYTLEST S AVTMIGQSVYVF
GACCTTCTATATCTTACTTACTAGTAACATTTTTATTAGTAGCCCAAATTGCTTTATTAGTTTTAGAATCAGCTGTAACTATAATTCAATCCTATGTATT
CTGGAAGATATAGAATGAATGATCATTGTAAAAATAATCATCGGGTTTAACGAAATAATCAAAATCTTAGTCGACATTGATATTAAGTTAGGATACATAA

COIII—>
AV L $ T L Y S S E V N*M § TH S NH P F HL V DY S P WP LT
TGCTGTTTTAAGAACTTTATACTCTAGAGAAGTAAATTAATGTCTACACACTCAAATCACCCTTTTCATTTAGTTGATTATAGCCCATGACCTTTAACAG
ACGACAAAATTCTTGAAATATGAGATCTCTTCATTTAATTACAGATCTGTGAGTTTAGTGGGAAAACTAAATCAACTAATATCGGGTACTGGAAATTGTC

G A 1 G A M T T V S G M V K W F H Q Y D ‘I S L F L L ¢ N T 1 T 1 L T
GTGCTATTGGAGCTATAACAACTGTATCAGGTATAGTAAAATGATTTCATCAATATGATATTTCATTATTTTTATTAGGTAATATTATTACTATTTTAAC
CACGATAACCTCGATATTGTTGACATAGTCCATATCATTTTACTAAAGTAGTTATACTATAAAGTAATAAAAATAATCCATTATAATAATGATAAAATTG

vV Y QWWSRRDVSRETETJTYG G®EULHTVY AV TIGLERY¥GMTILF
AGTTTATCAATGATGACGAGATGTTTCACGAGAAGGAACTTACCAAGGATTACATACTTACGCAGTAAC TATTGGTTTACCATGAGGAATAATTTTATTT
TCAAATAGTTACTACTGCTCTACAAAGTGCTCTTCCTTGAATGGTTCCTAATGTATGAATGCGTCATTGATAACCAAATGCTACTCCTTATTAAAATAAA

1 LS EVLTFTFEFVSFTFWATFTFTIHTSTSTLSUPAITETLTSGASTUWE®PEPHM
ATTTTATCAGAAGTTTTATTTTTTGTTAGATTTTTTTGAGCATTTTTTCATAGAAGTTTATCTCCAGCAATTGAATTAGCAGCTTCATGACCTCCTATGG
TAAAATAGTCTTCAAAATAAAAAACAATCTAAAAAAACTCGTAAAAAAGTATCTTCAAATAGAGGTCGTTAACTTAATCCTCCAAGTACTGGAGGATACC

¢ 1 1 $F NUPFQ QI PLLUNTA ATILITLTLGASG GCVYVTVTWAHIHSTLHME
GAATTATTTCATTTAATCCATTTCAAATTCCTTTATTAAATACAGCTATTCTTTTAGCTTCAGGAGTTACAGTAACTTGAGCTCATCATAGATTAATAGA
CTTAATARAGTABATTACGTAAAGTTTAAGGARATAATTTATGTCGATAAGARAATCOAAGTCC TCAN TG TCATTGAACTCGAGTAGTATCTAATTATCT

S NH S QTTGQGLTFTFTVLLGIYTFTTILOQATYETYTTESHATPF
AAGAAATCATTCACAAACTACTCAAGGATTATTTTTTACAGTTTTACTTGGGATTTATTTCACAATTTTACAAGCTTATGAATATATTGAAGCTCCATTT
TTCTTTAGTAAGTGTTTGATGAGTTCCTAATAAAAAATGTCAAAATGAACCCTAAATAAAGTGTTAAAATGTTCGAATACTTATATAACTTCGAGGTAAA
T 1 ADSVUYGSTFOYMATGTHGVYHY L1GTTTFTLTLVCHL
ACTATTGCTGATTCAGTTTATGGTTCAACTTTTTATATGGCCACTGGATTCCATGGAGTTCATGTTCTAATTGGAACAACTTTCTTATTAGTATGTTTAT
TGATAACGACTAAGTCAAATACCAAGTTGAAAAATATACCGGTGACCTAAGGTACCTCAAGTACAAGATTAACCTTGTTGAAAGAATAATCATACAAATA

L R HL NN HT F S K NHUHT F G PF E A A A W Y WHU F VDV V W L F L Y
TACGTCATTTAAATAATCATTTTTCAAAAAATCATCATTTTGCATTTGAAGCAGCTGCATGATACTCACATTTTGTTGATGTAGTTTGATTATTTTTATA
ATGCAGTAAATTTATTAGTAAAAAGTTTTTTAGTACTAAAACCTAAACTTCGTCGACGTACTATGACTGTAAAACAACTACATCAAACTAATAAAAATAT
I T I Y W W G G %k £RNABL Y —
TATCACAATTTACTCGATGAGGAGGGCTAACCTTTTATTATTAATTACATATCTATATAGTATAAAAGTATATTTGACTTCCAATCATAAGGTCTATTAATA
ATAGTGTTAAATGACTACTCCTCCCATTGGAAAATAATAATTAATGTATAGATATATCATATTTTCATATAAACTGAAGGTTAGTATTCCAGATAATTAT

URF3—>

1 F $ 1 1 1 1 A SV 1l L LI TTUVVMTFILASTIILS KK A
AATAGTATAGATAATTTTITTCTATTATTATTATTGCTTCAGTAATCTTATTAATCACAACTGTTGTTATATTTTTAGCTTCAATTTTATCAAAAAAAGCT
TTATCATATCTATTAAAAAAGATAATAATAATAACGAAGTCATTAGAATAATTAGTGTTGACAACAATATAAAAATCGAAGTTAAAATAGTTTTTTTCGA

L 1 DRETEKTGSS S S?®PFETCGEFDTPTEKSSSRLPTFSTL®RTFFTLTITTI
TTAATTGATCGAGAAAAAAGATCACCTTTTGAATCTCCATTTCACCCTAAATCTTCTTCTCGATTACCATTTTCATTACGATTTTTTTTAATCACTATTA
AATTAACTAGCTCTTTTTTCTAGTGGAAAACTTACACCTAAACTGGGATTTAGAAGAAGAGCTAATGGTAAAAGTAATGCTAAAAAAAATTAGTGATAAT
I F LI FDVETLSATLTITLTPHMITI1IIL1LKYSNTIMTIWTTITSTITI1F
TCTTTTTAATTTTTGATGTAGAAATTGCTTTAATTCTTCCTATAATTATTATTTTAAAATATTC TAATATTATAATTTGAACAATTACTTCGATTATTTT
ACAARRATTAAAAACTACATCTTTAACGAAATTAAGAACCATATTAATAATARAATTTTATAAGATTATAATATTAAACTTCTTAATGARGC TARTAARA

I L 1 L L 31GULYHETWDNG GG GMTLNW S N tRNA®12
TATTTTAATTTTATTAATTGCGCTATACCATGAATGAAATCAAGGTATATTAAATTGATCAAATTAATAAATATTTANRGGGTTGTAGTTAATTATAACA
ATAAAATTAAAATAATTAACCCGATATGGTACTTACTTTAGTTCCATATAATTTAACTAGTTTAATTATTTATAAATTTCCCAACATCAATTAATATTGT

LRNACTE g

TTGATTTGCATTCAAAAAGTATTGAATATTCAATCTACCTTdTATATATATATATATATATATATAATHQAATATGAAGCGATTAATTCCAGTTAGTTT
AAACTAAACGTAAGTTTTTCATAACTTATAAGTTAGATGGAATATATATATATATATATATATATATTAACTTATACTTCGCTAATTAACGTCAATCAAA

£RNA?ST o
CCACCTAACCTTACCTATTATATACCCTTATIT TAATTGAAGCCAAAAAGAGGCGTATCACTGTTAATGATATAATTGAGTATAAACTCCAATTA
GCTGGATTGGAATCCATAATATATGGGAATAAAAAATTAACTTCGGTTTTTCTCCGCATAGTGACAATTACTATATTAACTCATATTTGAGGTTAATTCC
ser .
CRNA  y ==t — tRNAS! Ve
AAGTATGGTGATCAAGTAAAAGCTGCTAACTTTITICTTTTAATGGTTAAATTCCATTTATACTTC lléTTTATATAGTTTAAAATAAAACCTTACATTTT
TTCATACCACTAGTTCATTTTCGACGATTGAAAAAAGAAAATTACCAATTTAAGGTAAATATGAAGATAAATATATCAAATTTTATTTIGGAATGTAAAA

CATTGTAATAATAAAATAATTTATTTITATAAATTACTATAATTAATTCACTATATTCAAAGATTAATTAATCTCCATAACATCTTCAGTGTCATACTCT
GTAACATTATTATTTTATTAAATAAAAATATTTAATCATATTAATTAAGTGAﬂKTAAGTTTCTAATTAATTAGAGGTATTGTAGAAGTCACAGTATGAGA

AAATATAAGéTATTTGAATATAAAAATAAfAAAAAACTAAATAAAATTA%AATTCAAAATACAAATAATATTAAATAAATTTTTAAACTATTATTATGTA
TTTATATTCGATAAACTTATATTTTTATTATTTTTTGATTTATTTTAATATTAAGTTTTATGTTTATTATAATTTATTTAAAAATTTGATAATAATACAT
- tRNAphe *, F L L F S F L I M 1 WPFUVF LMILJYTIZ KTULSNNHM

TCAGAAATAAAGTTTTAGAATAATTTGATAACTTGTAATATAAATGTTGACCCCCAAAA%ATTCTGACCAACCTTGATCAAAACTTTTTACAACTAATTG
AGTCTTTATTTCAAAATCTTATTAAACTATTGAACATTATATTTACAACTGGGGGTTTTATAAGACTGGTTGGAACTAGTTTTGAAAAATGTTGATTAAC
L F L TZX S YNJSULIEKYYTLHOQGGT FYESWGAQDTFS KV VLDQ
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%gCATAATTTAAAGGATAAAAAATTATTcéATAAcTTcTAATATAAGGTATAAATCATA%TGAAccTAAAAATAATGTTAAATTATAAT%TAATAGAGA%
GTATTAAATTTCCTATTTTTTAATAAGGTATTCAAGATTATATTCCATATTTACTATAACTTGGATTTT TATTACARTTTAATATTAAATTATCTCTA
Y NLPYPFI1MGYTSTIVYPMFWMSGELFLTLNYNLLS

EEATTCAAAéAATATAAATiTCTGATAGAAATTAGATAcéCAAATAAACéccCAACAATAcAAACAAATAATGTTAATATTTTTAAATA&CCAGGTAAAé
. TAAGTTTCTTATATTTAAAGACTATCTTTAATCTATGGGTTTATTTCGGGGTTGTTATGTTTGTTTATTACAATTATAAAAATTTATGCGTCCATTTC
N L s Yy L. NSTI181LZYGTPFTLTG GG VYT I1IC®YTFLTILMEKTLTYSGPLC

?%ATTATATAAGGAAAAGGAAAAATTAAC&AATTTAACA%TCTAccchAATAATTCTTATAAATAATAAGCCTAGTATACCCCGAAGTATTACTCAACT
TAATATATTCCTTTTCGTTTTTAATTGGTTAAATTCTAAGATCGAGGTTATTAAGAATATTTATTATTCGGATCATATGGGGC TTCATAATGAGTTGA
MY PF PFILWNTLMMKSG G GTI?ITISMTFTLTLTSGTLMHMEGRILMNVWS

TTCATCATTTAATATATTTAAACTTCCACAATTTAAATCTCCAGTTATTGAATAATATACTAACCGAAAAGAATAACTTACTGTTAAACCTGTGGAAAAA

AAGTAGTAAATTATATAAATTTGAACGTGTTAAATTTAGAGGTCAATAACTTATTATATGATTGGCTTTTCTTATTGAATGACAATTTGGACACCTTTTT
E N LMNLTGSGCNTLTGDTGTMSTYJYJVTLRTFSYSVTLGT S F

%?GTATAAAAAAAATGAAAATATATTAATATTTCTAATTéTAACAATTTéTAAAATTATATCCTTAGAA%AAAATCCAGéTAAAAATGGTATTCCACATA
r CATATTTTTTTTACTTTTATATAATTATAAAGATTAAGATTGTTAAAGATTTTAATATAGGAATCTTATTTTAGGTCGATTTTTACCATAAGGTGTAT
L FFSFMNTINSTISVTIETLTIEIDHMNDTEKST STYTFTGALTFPMEGECL

%%GCCAAATTAGAAACATTAAAACAAGCTéAAGTTAAAGéTATATGAATfCTCAACCCTéCTATTAACCéAATATCTTGAGAATTATTTATATTATGAAT
CGGTTTAATCTTTGTAATTTTG TTCGAGTTCAA TTTCCATATACTTAACAG TTGGGAGGATAATTGGCTTATAGAACTCTTAATAAATATAATACTTA
LN S VN FCASTTILT PMEHITSTLEGGHMLTERTIDOQQSNNBMDNHI

;%TAGCTCC%GCACATATAAATAATAAAG&TTTAAATAAAGCATGAGTTAATAAATGAAATATAGCTAAiTTATAAAATéCCATAGATAAAATTCTTATT
ATCGAGGACCTOTATATTTA TTATTTCGAAATTTATTTCGTACTCAATTATTTACTTTATATCGATTAAATATTTTAGGGTATCTATTTTAAGAATAA
A GACMTPFTLTLAEKTFTLTABHRTTLTLTEHETFMATLTEKT YT FGMSTLTISH

?XTAATCCTAATTGACTAAGAGTTGACAAécCAATAATTchTTTAAATéAAACTCAAAATTAGcccccAGTCCTGCTA%AAATATAGT%AAACCTGATA
M ATTAGGATTAACTGATTCTCAACTGTTGCGTTATTAAAAGAAATTTAGTTTGAGTTTTAATCGGGGGTCAGGACCATATTTATATCAATTTGGACTAT
6 L QS LTS TLATITITEKTEKTLTDTFTETFDNA AGLTGAMTFMTIL 6 5 L

%TAACAACAATAATTGTCC%AATCAAGAA&TACTTAAAA&AATATTAAAicGAATTAATAAATAAAcrcéTGCTGTTAc%AAAcTAGAAéAATGGACTAA
ATTGTTGTTATTAACAGGATTAGTTCTTCATGAATTTTGTTATAATTTAGCTTAATTATTTATTTGAGGACGACAATGATTTCATCTTCTTACCTGATT
L'L L L Qgeé L " TS LVINFRTIEILLZYVGATV VLTSS SHVL

%GCAGAGACAGGAGTAGGG&CAGCTATAGéAGCTGGTAA%CAAGAAGAAAAAGGAATTTéAGCTCTTTTAGTTATAGCAéCTAATATAAéTAAACTACCA
CETOTOTOTOOTCATOCCCOTCOATATCO TCOACCATTAGTTC TTCTTTTTCCTTAAACTCGAGAAAATCAATATCGTCGATTATATTGATTTGATGGT
S v P T P A AMGAGBATPTILTWHW S SSFPT1QASTEKTHMAATLOMTYTLSG

%TTATTAATATTGAAAATT&ATTTTGTATAACTTCTAAA%AAAAAATATAATTTCATCTACCATAATTTAATATTCAAcéAATAGCAAGAAGAAGAGCTA
IAATAATTATAACTTTTAAGTAAAACATATTGAAGATTTATTTTTTATATTAAAGTAGATGGTATTAAATTATAAGTTCGTTATCCTTCTTCTTCTCGAT
L M §FEDNS QMUVETLTYTFETITYNWSGCYNLMUWATILATLTLTL ALV

gATCTCCAAchcATTAGA%AATGCAGTTAATATTCCAG&ATTGTAAGA%TTGATATTT&GAAAATAAA&TACTAAACAATAAGAAACAAGTcCTAATcé
TAGAGGTTAAGCTAATCTATTACCTCAATTATAAGOTCETAACATTCTAAACTATAAAACTTTTATTTAATGATTTGTTATTCTTTGTTCAGGATTAGG
D e 1 R N s LAETLMEEADNTYSKINQFUYIVLCTYSVL ¢

%TCTCACCCfAATAGAATTéTCACTAAATTTGGTCTGATAATTAATAATATTATTGACAAAACAAATATfAATACTAATATAATAAACC&ATTAATATT%
AGACTCOOATTATCTTAAGAGTCATTTAAAGCAGACTA TTAATTATTATAATAACTGTTTTGTT TATAATTATGATTATATTATTTGGCTAATTATAAA
D Wedlitwi1s Vv wnpPsi1i1L1LLM4MMSTULUVTFEMLVYVILMTITFRINTIN

ECATCACTT&CTATATATT&TTTTCTATAAAAAATTACTAAAGAAGCAA%TATAAGAAcAAAAcATATAAATAATAAAC%TATTCAATCAAATAAAAAAG
GTAGTCAAACATATATAAGAAAAGATATTTTTTAATGATTTCTTCCTTAATATTCTTGTTTTCTATATTTATTATTTGAATAAGTTAGTTTATTTTTTC
D S EM Y EZXKSTYTFTIGVLSATIMLTYVTFSMTFTLTLTSMUWWDTFLFT

TTATCACAATTCTTATAGAATTTAAAGATACTACTTCTCATTCAATAAAA TAAACTATATTATTTAATAAATAATATAAACTTAATAAAAAACATGTTAA
AATAGTOTTAAGAATATCTTAAATTTC TATGATGAACAGTAAGTTATTTTATTTCATATAATAAATTATTTATTATATTTGAATTATTT TTTGTACAATT
vVIis M §NLSVVEWEILIFGYVMNNLLTYJYLSLLFCT.L

ACTAATAGAAATTAAATTAATAAATCTAATTCTACAAATTGATAAATATTTCACGATCTAAAATGAATAACTTCATATCACTAACACCACAAATTAGTAT
TGATTATCTTTAATTTAATTATTTAGATTAAGATGTTTAACTATTTATAAAGTGETAGATTTTACTTAT'I‘GAAGTATAGTGATTGTGGTGTTTAATCATA
I s 1 L N I F S I 8§ C 1 —_—
~gu=URF5

TITTTTTAAACTATTTAAA TATAATCATAAAATACATGATTCTCTTTTTAAAATTAATAAATT TAAAGGTAATCAATGTAATAATATTAATAAATATTCC

EQAAAAATTTGATAAATTTEHATTAGTATTTTATGTACTAAGAGAAAAATTTTAATTATTTAAATTTCCATTAGTTACATTATTATAATTATTTATAAGG
- tRNAhis *L W 1.1 1 C S8 ES X L I L L NLP L WHILTLH L L Y E

CGAATTTTAéCTCTTCTAA;\TGAATATACéCCAGAAAATAATTTACCATE;TTGACTAAAAGAATATAAATATAAAGTATAGGCTGCTCTAAAGAAAGATA
GCTTAAAATGGAGAAGATTTACTTATATGGGGTCTTTTATTAAATGGTACAACTGATT'I‘TCTTATATTTATATTTCATATCCGACGAGATTTCTTTCTAT
1 K ¢S S F S YV €€ S$ F L KXKGHOQSTFSYLYL T Y A A S F F S L

AAAAAGATAATATAATTATTGAAATTCATCACCAAGAAACAATTCTATTTAATAAAGAAATTTCTCCTAATAAATTTAACGTTGGAGGAGCTGCTATATT
TTTTTCTATTATATTAATAACTTTAAGTACTGCTTC TTTG TTAAGATAAATTATTTCTTTAAAGAGGATTATTTAAATTGCAACCTCCTCGACGATATAS
S L M I M 8 I W S W s V I § N L L § I E ¢ L L N L T P P A A M N

AGCTGATCT%AATAAAAAT&ATCATAAAcirATAGCAGcfATAAAATTTAATAACCCCT%ATTAATTAA%ATTCTTCGTCTTCCTAATCGTTCATAAGAA
TCGACTAGAATTATTTTTAG TACTATTTCAATATCGTCCATATTTTAAATTATTGGGGAATAATTAATTATAAGAAGCAGAAGGATTAGCAAGTATTCTT
g g W L T M APMPEFRNTLTLTGEKNTITLMSRSGLRETYS

ACATTTGCTAAACAAAATAAACCAcAAGAACATAAAcCAicAGCAATTA%TAATGTATAAGATCCACATAATCCTCAATAAGTTATTGTTAATAAACCAé
TCTAAACGATTTOTTTTATTTCOTCTTCTTG TATTTGG TACTCGTTAATAATTACATATTC TAGGTG TATTAGGAGTTATTCAATAACAATTATTTGGTC
NalLcCFLeE S SSsSCcCLGHAIMLTYSGCLGWYTMTLLGA

CTAAAACAA%TCCTATATGAGCAACTGATéAATATGCAAiTAAAGCCTT%AAATCAGTT%GTCGTAAACATACTAATCTTATTAACACA&CTCCTACTAA
AT TP TG T AAGGA TATACTOCTTOACTACTTATACCTTAATTTCCGAAATT TAGTCAAACAGCATTTG TATGATTAGAATAATTGTGTCGAGGATGATT
A S s Yy A1 L AKLDTQ QRLCVLSMLVEGVL

TCTAATTCTAATTCAAACAAATCTATATT%TAAATTTAT%AATTGTAAAAAATTAATTAéchTAATAAACCATAAcCTéCTAATTTTAATATAATAccA
AGATTAAGATTAACTTTCTTTAGATATAAAATTTAAATAATTAACATTTTTTAATTAATGACCATTATTTGGTATTGGAGGATTAAAATTATATTATGGT
g g AR A LN M L Q L FNT VRLLGYGGLEKTLMTIGEG
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GCTAAAATTATAGAACCAGATACAGGAGCTTCAACATGAGCTTTAGGTAATCATAAATGTACTAAAAATATTGGTATTTTCACTAAAAAAGCACATAATA
COATTTTAATATCTTGGTCTATGTCCTCCAAGTTGTACTCGAAATCCATTAGTATTTACATGATTTTTATAACCATAAAAGTGATTTTTTCGTGTATTAT
4L 1M S G SV ©PAETVHATRKTPLTWLIBHVYVLTFMEPMEKTYILTFATCTLL

AACAAAAATATAATAAATCATAATTAAACATAAAATTATTTATTAAATAAAAATTTATTGACCCAGTTTTATTTATTACATAAAAAATTCCAATTAATAT
TTGTTTTTATATTATTTAGTATTAATTTGTATTTTAATAAATAATTTATTTTTAAATAACTGGGTCAAAATAAATAATGTATTT TTTAAGGTTAATTATA
C FYLLDTYT NTFMTFNONMTLTZYTFEIDNMSGTT KU NMV?YTFTIGTITLM

AGGTAAAGAAACTAATAAAGTATAAAATAATAAATAAACACCAGCTTGCAATCGTTCCGETTGATAACCTCATCC TAAAATTAAAAATAATGTAGGAATT
TCCATTTCTTTGATTATTTCATATTTTATTATTTATTTGTGCTCGAACCTTAGCAAGGCCAACTATTCGAGTAGCATTTTAATTTTTATTACATCCTTAA
P LSV LLTJ YTFTLTLTYVGA AT© QLTERTETPQ QT Y¥YESECEW®WECECLTITLFTLTFP ]I

AATCTTCTTTCAAAAAATAAATAAAATATAAATAATCTTATTCTAGAAAAAGTTAAAAC&AATAATAATAACAAAATAAéAATATTTAAfAAAAATAAAf
TTAGAAGAAAGTTTTTTATTTATTTTATATTTATTAGAATAAGATCTTTTTCAATTTTGGTTATTATTATTGTTTTATTGTTATAAATTATTTTTATTTA
L § $ EF F L Y FMPF L SMSSTFTLVLLULILULTIUVINILILTFILN

TTTTGTAATTATTATATTTATTAATTCTTTCTCTAGCTAATAATATCAATCAACAAATTCATAAACTAAGCAAAACCAAACCATAACATAATATATCACA
AAAACATTAATAATATAAATAATTAAGAAAGAGATCGATTATTATACTTACTTGTTTAAGTATTTGATTCGTTTTGGTTTGGTATTCTATTATATAGTGT
K Y NN Y K N1 SETGS ATLTLTMTILT ST CTIW®WLSLLVULSGTYSTLMTDGC

TCCTAAAAAATAAGAAATT%CTGATCAATAATTTATAAAATTATTTATTAATAAAAAAAiAAATCTAATAAAAAATAGTATAATTTGTACCATTCAATA%
AGGATTTTTTATTCTTTAAAGACTAGTTATTAAATATTTTAATAAATAATTATTTTTTTATTTAGATTATTTTTTATCATATTAAACATGGTAAGTTATA
G L F Y S 1 E S W Y NMT FNNMLULT F I F S I TFPFPLMIAOQVMWY

ATATTATTAATAAAACAAACAGCAGTTAAAAATAATAAAAATAAAATAATTTTTAACATTATATAATTCTAAAACATTGAAAATAATCATTACCATGAGT

TATAATAATTATTTTCTTTCTCCTCAATTTTTATTATTTTTATTTTATTAAAAATTGTAATATATTAAGATTTTC TAACTTTTATTAGTAATGGTACTCA

M NNTITFCVP PTTLTFTLTLTFTLTITITEKTLTM*DMTISSTFSOQFT YDINTGHT
e URF 4

ACGAATTATAGAAACCAAAATTGATAAACCTAAAGCTCCTTCACATACTCTAAATGTTAAAAATATTATTCTAAAATAATTTTCATAATTTAGTATATTT
TGOTTAATATCTTTGGTTTTAACTATTTGGATTTCCAGGAAGTGTATCAGATTTACAATTTTTATAATAAGATTT TATTAAAAGTATTAAATCATATAAA
R I M S VLII1SULOGTLAGETCS VST FTTLTFEMMSTFTYHNETYNTLMN

AAATAAATAAATAATATAAAAAATAATATTAAAACAATAAATTCTAAACTTAAAAGTATTGAAAGTAAATGTTTTCGATTAGAAACAAAACAAAATAAAC
TTTATTTATTTATTATATTTTTTATTATAATTTTGTTATTTAAGATTTGAATTTTCATAACTTTCATTTACAABAGCTAATCTTTGTTTTGTTTTATTTG
LY I FLMTFTFTULMLTU YTITFTETLTESTLTLMSTLLH EKT RIDNTSUVTFT CTFTLG
tRNASPT e —
CTAAAATAAATAAAATTATAGGTAAACTTCAATATAAAATTATAATCATTAGTTTTAATAGT TTAATAAAAACATTGCTCTTCTAAATCAAAAATAAGAT
GATTTTATTTATTTTAATATCCATTTGAAGTTATATTTTAATATTAGTAATCAAAATTATCAAATTATTTTTGTAACCAGAACATTTAGTTTTTATTCTA
L 1 F L I MPLSMWZYTLTIMTIEIM
~—URF4L
URF6 m—te
1 1 Q L M
TATTICITTTAAAACTIICAAGAGAAAAGAAATTTCTTTTTCATTAATCCCCAAAATTAATATTTTATAAATAAACTACCTCTTGAAATTATTCAATTAAT
ATAAACAAAATTTTGAAGTICTCTTITCTTTAAAGAAAAAGTAATTAGGGGTTTTAATTATAAAATATTTATTTGATGGAGAACTTTAATAAGTTAATTA
- <t RNAPT®

LY s&L11I1TTSTI1I1F FNMNMNTIHTPTLALGSETLTTILLI g T 1 F V¥ C.
ATTATATTCATTAATTATTACTACATCTATTATTTTTTTTAATATAATTCACCCATTAGCTTTAGGATTAACTTTATTAATTCAAACAATTTTTGTATGT
TAATATAAGTAATTAATAATGATGTAGATAATAAAAAAAATTATATTAAGTGGGTAATCGAAATCCTAATTGAAATAATTAAGTTTGTTAAAAACATACA

L L S GLMTIKSF WY S Y 1L F L1 FLGGMUL VL FTIY VTS
TTACTTTCAGGATTAATAACTAAAAGTTTTTGATACTCATACATTTTATTTTTAATTTTTTTAGGAGGAATACTTGTTTTATTTATTTATGTTACATCAT
AATGAAAGTCCTAATTATTGATTTTCAAAAACTATGAGTATGTAAAATAAAAATTAAAAAAATCCTCCTTATGAACAAAATAAATAAATACAATGTAGTA
L A S NEMTVFNULS5 I ¥ L TILVF S MYF I LF FMF 1T L S MTILDIEKT
TAGCTTCTAATGAAATATTTAATTTATCAATTAAATTAACTTTATTTTCCATATTTATTTTATTTTTTATATTTATTTTATCAATAATTCTTGATAAAAC
ATCGAAGATTACTTTATAAATTAAATAGTTAATTTAATTGAAATAAAAGGTATAAATAAAATAAAAAATATAAATAAAATAGTTATTAAGAACTATTTTG

S 1 T L F L M N N E M Q S 1 1 E M N § Y F T E N § L S L N K L Y N
TTCTATTACTTTATTTTTAATAAATAACGAAATACAATCTATTATTGAAATAAATTCTTATTTTACAGAAAATTCTTTATCTTTAAATAAATTATATAAT
AAGATAATGAAATAAAAATTATTTATTGCTTTATGTTAGATAATAACTTTATTTAAGAATAAAATGTCTTTTAAGAAATAGAAATTTATTTAATATATTA

F P T N F ¥V T I L L M N ¥ L L I T L I ¥V VvV VvV ¥ I T X L F XK 66 P I R
TTTCCAACAAATTTTGTAACAATTTTATTAATAAATTATTTATTAATTACTTTAATTGTTGTAGTAAAAATTACTAAACTATTTAAAGGTCCTATCCGAA
AAACGTTGTTTAAAACATTGTTAAAATAATTATTTAATAAATAATTAATGAAATTAACAACATCATTTTTAATGATTTGATAAATTTCCAGGATAGGCTT

Cyt b-—-»
M M § #Fx M H K P L R XN S B P L F K1 A NNAILV DLUP AP 1 K 1 8§
TAATATCTTAATTAATGCATAAACCTTTACGAAATTCCCACCCTTTATTTAAAATTGCTAATAATGCTTTAGTTGATTTACCAGCTCCAATTAATATTTC
ATTATAGAATTAATTACGTATTTGGAAATGCTTTAAGGCTGGGAAATAAATTTTAACGATTATTACGAAATCAACTAAATGCTCGAGGTTAATTATAAAG

S W W N F G S L L G L C L 1 1 Q I L T G L F L A M H Y T A D V N L
AAGATGATGAAATTTTGGATCATTACTTGGATTATGTTTAATTATTCAAATTTTAACTGGATTATTTTTAGCTATACACTACACAGCAGATGTTAACTTA
TTCTACTACTTTAAAACCTAGTAATGAACCTAATACAAATTAATAAGTTTAAAATTGACCTAATAAAAATCGATATGTGATGTGTCGTCTACAATTGAAT

A F Y S Vv N H I C R D vV N Y G W L L R T L H A N G A S F F F 1 € 1
GCTTTTTATAGTGTTAATCATATTTGCCGAGATGTAAATTATGGTTGATTATTACGAACTTTACACGCTAACGGTGCATCATTTTTTTTTATTTGTATTT
CGAAAAATATCACAATTAGTATAAACGGCTCTACATTTAATACCAACTAATAATGCTTGAAATGTGCGATTGCCACGTAGTAAAAAAAAATAAACATAAA

Y L % i 6RGI Y YOGS YLFTEPTWZLV GV I1LFTULTYMGTAT
ACTTACATATTGGTCGAGGAATTTATTACGGATCATATTTATTTACACCAACTTGATTAGTAGGAGTAATTATTTTATTTTTAGTAATAGGAACAGCTTT
TGAATGTATAACCAGCTCCTTAAATAATGCCTAGTATAAATAAATGTGGTTGAACTAATCATCCTCATTAATAAAATAAAAATCATTATCCTTGTCGAAA

M G Y v L P w G Q M S F W G A T V 1 T N L L S A 1 P Y L G M D L V
TATAGGTTATGTTTTACCTTGAGGACAAATATCATTTTGAGGAGCAACTGTAATTACTAATTTATTGTCAGCTATCCCTTATTTAGGTATAGACTTAGTA
ATATCCAATACAAAATGGAACTCCTGTTTATAGTAAAACTCCTCGTTGACATTAATCATTAAATAACAGTCGATAGGGAATAAATCCATATCTGAATCAT
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QW LW g F AV DNGATTLTRTEFTFTTFHEFTIULPEFTIUVLAMTHM
GAATGATTATGAGGAGGATTTGCTGTAGATAATGCTACTTTAACTCGATTTTTCACATTTCATTTTATTTTACCTTTTATTGTTCTTGCTATAACTATAA
TTACTAATACTCCTCCTAAACGACATCTATTACCATGAAATTCAGCTAAAAAGTGTAAAGTAAAATAAAATGGAAAATAACAAGAACGATATTGATATT

IHLLFLHQTGSNNPTIGLNSNTIDEK i1 PFHPYFTTFKD
P ICATCTACTATTTTTACATCAAACAGGATCTAATAACCCTATTGGTTTAAATTCTAATATTGATAAAATTCCTTTTCACCCATACTTCACATTTAAGGA
AGTAGATGATAAAAATGTACTTTCTCCTAGATTATTCGGATAACCAAATTTAAGATTATAAGTATTTTAAGGAAAAGTGGGTATGAAGTGTAAATTCCT
ey € F 1 VM I F 1L 1§ LV LISP N LLGDGPDNTFTITPADNETE
AATTGTAGGATTTATTGTAATAATTTTTATTCTAATTTCATTAGTTTTAA TTAGACCAAATTTATTGGGAGACCCAGATAACTTTATTCCTGCTAATCCT
TAACATCCTAAATAACATTATTAAAAATAACATTAAAGTAATCAAAATTAATCTCGTTTAAATAACCCTCTGGGTCTATTGAAATAAGGACGATTAGGA
ey TR oA H 1 QP EWYFTLTFATYATILILR RSTIZPNEKTLGS GGV I AL
AAAGTAACACCAGcTCACATTCAAccAGAATGATATTTTTTATTTGCTTACGCAATTCTTCGTTCAATTCCTAATAAATTAGGAGGAGTTATTGCATTAG
TCATTGTGGTCGAGTGTAAGTTGGTCTTACTATAAAAAA TAAACCAATCCGTTAAGAAGCAAGTTAAGGATTATTTAATCCTCCTCAATAACGTAATC
Yok S 1 A 1 L M1 L PF Y NLSEKF@RGTI1IQFTYTPTIDNGQTILTFWSHM
A TTATCAATTGCAATTTTAATAATTTTACCTTTTTATAATTTAAGAAAATTCCGAGGAATCCAATTTTATCCAATTAACCAAATTTTATTTTGATCTAT
AAATAGTTAACGTTAAAATTATTAAAATGGAAAAATATTAAATTC TTTTAAGGCTCCTTAGGTTAAAATAGGTTAATTGGTTTAAAATAAAACTAGATA

ATL VTVI1LULTUWIGART PVETETPTYSUVLTIGOGQE?1LTTITIIYTFTLY
2 TAGTTACAGTAATTTTATTAACATGAATTGGAGCTCGACCAGTTGAAGAACCTTATGTATTAATTGGAGAAATTTTAACTATTATTTATTTTTTATAT
AATCAATGTCATTAAAATAATTCTACTTAACCTCGAGCTGGTCAACTTCTTCCAATACATAATTAACCTGTTTAAAATTGATAATAAATAAAAAATATA
TY L I NP L V T KWWD N L L N ¥ L —
AATTTAATTAACCCACTAGTTACAAAATGATGAGATAATTTATTAAATTAATTAATTEEEIAéIEAQQIIQAAQAAQQQIAEQIIIIQAAAAEAIAAQéI
TAAATTAATTGGGTGATCAATGTTTTACTACTCTATTAAATAATTTAATTAATTAATCAATTAC TCGAACTTGTTCGCATACAAAACTTTTGTATTCTA

%QAATTTAAALIIblATTAA01q111ACTAAAAAAAATTCACAATAAAAAAGAAAATAATAAAATTTTAAACCCAATAAAAAATAATAAATAATTTAAAG
CTTAAATTAAAAGATAATTCAAAAATGATTTTTTTTAAGTGTTATT T T TTCTTTTATTATTTTAAAATTTGGGTTATTTTTTATTATTTATTAAATTTC
*k% N E M L K K $ F F I W LL L F $ F L L 1 K F 6 I F F L L Y N L 8§

%AAATGATAAAAAACATTT&CAAGCTAAATATATTAATT%ATCATAACGAAACCGAGGTAATGTACCTCéAGCTCAAATAAATACAAAT&AAATAAAAGT
TTTACTATTTTTTGTAAAAGTTCGATTTATATAATTAAATAGTATTGCTTTGGCTCCATTACATGGAGCTCGAGTTTATTTATGTTTACTTTATTTTCA
F 8§ L F ¢C K WAL Y MULJIKUDTYR RT FRUPLTGIRA®WIITFVF s 1FT

TAATTTTACATAAAATAATAAATTAAATACATCACAACC%AAAAAAATTACACAAAACAATATTCTTATAAATAAAATTéTAGCATATT&TGCTATAAAA
ATTAAAATGTATTTTATTATTTAATTTATGTAGTGTTGGATTTTTTTAATGTCTTTTGTTATAAGAATATT TATTT TAAGATCGTATAAGACGATATTTT
K v Yy FLLNTFUVDCGULT FTIUVCFIULMH®MSMTFILTISAYEAMTF

ATTAAAGCAABACCACCTCTTCTATATTCTACATTAAATCC TGAAACTAATTCTGATTCACC TTCAGCAAAATCAAAAGGAGTTCGATTAGTTTCAGCTA
TAATTTCGTTTTGGTCGAGAAGATATAAGATCTAATTTAGGACTTTGATTAAGACTAAGTGGAAGTCGTTTTACTTTTCCTCAACCTAATCAAAGTCGAT
L A F G 6 S S Y E VNV FOG SV L ESEGEATFUDTFU?PTI RNTE AL

ATGAAATTGTTAATCAAACTAAACTTATACGAAATAAAATAATTAAAAATCATATATAAATTTGGTAATAAAAAAAATAAATTATATTATAACTCCCAAT
TACTTTAACAATTAGTTTGATTTGAATATCCTTTATTTTATTAATTTTTAGTATATATTTAAACCATTATTITTTTTATTTAATATAATATTGAGGGTTA
$ 1 T L WUVUILSME®PTPFLlLTI1II1LFUWMYTIQYTYTFTF?YTIMZNTZYSGC I

TAAAAAAATAAATGATAATATAATTAAAGCTAATCTAACTTCATAAGAAATAGTTTGAGCCACAGCTCGTAAACCCCCTAATAAAGCATAATTAGAATTA
ATTTTTTTATTTACTATTATATTAATTTCGATTAGATTGAAGTATTC TTTATCAAACTCCC TG TCGACCATTTGGGGGATTATTTCGTATTAATCTTAAT
F 1 F § L M I L A LSV EZYSTI1TO QAUYVA ARTELTGTEGTLTLATYN NS SN

GAAGATCAGCCAGCTACTATAACTGTATAAACTCCTAATCTTGTACAACATAAAAAAAATAATCCACCTAAATTAAAAGAGTATAATTTAACAAAAAAAG
CTTCTAGTCGGTCGATGATATTGACATATTTGACGATTAGAACATGTTGTATTTTTTTTATTAGGTGGATTTAATTTTCTCATATTAAATTGTTTTITTC
S W6 A VMVYTTYOVGELSTOCCLTFTFTLTG GG GTLNTFSTYTLEKTVTFTFFP

GTATACATATTCAAACAAATAAAGATAAAAATAAAGAAAAAATAGGAGAAATATAATATCTTAAATAATTTGATAATAATGGATAAGTTTGTTCTTTTGT
CATATGTATAACTTTOTTTATTTCTATTTTTATTTCTTTTTTATCCTCTTTATATTATAGAATTTATTAAACTATTATTACCTATTCAAACAAGAAAACA
Cc MWV FULSTLTPFTLSTFTITPSE§ITYJYSTLUYNSTLTLTPZYTSQ QETZXKT

AAATAATTTAATTGCATCAéAAAAAGGTTéAGGAATTCCiATTAAACCAACTTTATTAGGTCCTTTACGAATTTGAATA%ACCCTAAAACTTTACGTTCT
TTTATTAAATTAACCTAGTGTTTTTCCAACTCCTTAAGGATAATTTGGTTCAAATAATCCAGGAAATGCTTAAACTTATATGGGATTTTGAAATGCAAGA
F L x 1 A DCFU&POQPTIGMTLTG GV KNZTPSGE KU RTIAOQTIYSGLYVKHR E

AATAAAGTTAAAAAAGCTAéACTTACTAA%ACACAAATAATTAATAATAAACTTCCAAT%AATGATAAAATAAATTCTATATAAAACAAGTACTATTTGT
TTATTTCAATTTTTTCGATGTGAATCATTATGTGTTTATTAATTATTATTTGAAGGTTAATTACTATTTTATTTAAGATATATTTTGTT [ATGATAAACA

L TLFAUV S VLV CTITII1L.LLLSGGT1ULSULTITFEM
-a—JRF1

AATAAAAATTACATATATAAATTCTAAATTTATTGCACTAATCTGCCAAAATAGTTTATTATATATTAATAATATTCTTATATAAAAATATAATTATTTT
TTATTTTTAATGTATATATTTAAGATTTAAATAACG TCATTAGACGC TTTTATCAAATAATATATAATTATTATAAGAATATATTTTTATATTAATAAAA

—— CRNALEY . . : :
AATATTTGGTCCTTTCGTACTAAAATATTATAATTTTTTAAAGATAGAAACCAACCTGGCTTACACCGGTTTCAACTCAGATCATGTAAGAATTTAAAAG
TTATAAACCAGCAAAGCATOATTTTATAATATTAAAAAATTTCTATCTTTGGTTGGACCCAATGTGGCCAAACTTGAGTCTAGTACATTCTTAAATTTTC

TCGAACAGAéTTAAAATTTéAACGGCTACACCCAAAATTATATCTTAATéCAACATCGAéGTCGCAATC%TTTTTATCGATATGAACTCTCCAAAAAAAT
AGCTTGTCTGAATTTTAAACTTGCCGATGTGGGTTTTAATATAGAATTAGGTTGTAGCTCCAGCGTTAGAAAAAATAGCTATACTTGAGAGGTTTTTTTA

TACGCTGTTATCCCTAAAG TAACTTAATTTTTTAATCATTATTAATGGATCAATTATTCATAAATTAATGTTTTTTAAAATTAAAAGTTTTTTAAATTTT
ATGOGACAATAGCCATTTCATTCAATTAAAAAATTAGTAATAATTACCTAGTTAATAAGTATTTAATTACAAAAAATTTTAATTTTCAAAAAATTTAAAA

AATATCACCéCAATAAAATATTTTAATTTATTAAAATTAAATTAATCTTTATAATTAAAATAAATAAAATATAAAGATTTATAGGGTCTTCTCGTCTTT%
TTATAGTGGGGTTATT TTATAAAATTAAATAATTTTAATTTAATTAGAAATATTAATTTTATTTATTTTATATTTCTAAATATCCCAGAAGAGCAGAAAA

AAATTAATT’i‘TAGCTTTTTéACTAAAAAA'.EAAAATTCTA'i”TTTAAATTTAAATGAAACAGTTAATATTTCGTCCAACCATTCATTCCAG(:,CTTCAATTAA
TTTAATTAAAATCGAAAAACTGATTTTTTATTTTAAGATAAAATTTAAATTTACTTTGTCAATTATAAAGCAGGTTGGTAAGTAAGGTCGGAAGTTAATT
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AAGACTAATGATTATGCTACCTTTGCACAGTCAAAATAC%GCGGCCATT%AAAATTTTCAGTGGGCAGGfTAGACTTTA%ATATAATTCAAAAAGACATé
TTCTGATTACTAATACGATGGAAACGTGTCAGTTTTATGACGCCGGTAAATTTTAAAAGTCACCCGTCCAATCTGAAATATATATTAAGTTTTTCTGTAC

TTTTTGTTAAACAGGCGAACATTATTTTTGCCGAATTC TTTATTTAAACTTTTCATAAAAATTTATTTTAACAATATTATATACTAATTCTATCATTATT
AAAAACAATTTGTCCGCTTGTAATAAAAACGGCTTAAGAAATAAATTTCAAAAGTATTTTTAAATAAAATTGTTATAATATATGATTAAGATAGTAATAA

ACTTAATTTTAAATATTAAAATTAATATTTTAATAAATAATTAAAATTTAATAAATAATTTAATTTATAAAATAAATTATAACACATTTTTTAATAATTG
TGAATTAAAATTTATAATTTTAATTATAAAATTATTTATTAATTTTAAATTATTTATTAAATTAAATATTTTATTTAATATTGTGTAAAAAATTATTAAC

CTAATTCTAAGCATATATTTATTAAATTTATTTATTATT%TTAAAAATT%ATTTTATAG&TTATCCCATAAAATATTAAAATTATAAAT%ATTTAATTAA
GATTAAGATTCGTATATAAATAATTTAAATAAATAATAAAAATTTTTAAATAAAATATCGAATAGGGTATTTTATAATTTTAATATTTAATAAATTAATT

ATAAATAATTAAATAAATTTATAATTTCTAAATTAAATTTATTTCTTAAAAAACTAGATACCTTTAAAAACGAATAACATTTCATTTCTAATATAATATT
TATTTATTAATTTATTTAAATATTAAAGATTTAATTTAAATAAAGAATTTTTTGATCTATGCAAATTTTTGCTTATTG TAAAGTAAAGATTATATTATAA

ATAAATAATTTTGTCACAT%AACTTAAATATTATATTAAéTCTTTTAAAATCGAGAAAAATAAATATTTATTTTTTATT%AATAAACGC%GATACACAA&
TATTTATTAAAACAGTGTAATTGAATTTATAATATAATTGAGAAAATTTTAGCTCTTTTTATTTATAAATAAAAAATAAATTATTTGCGACTATGTGTTC

GTACAATAAATTAAATTTTCTTTTAAAATAAAATTTTTTCAAATTATTTCAATTTTCTTTTACAATACTAATATACTATTATTAAAATTATTTTTTCTTT
CATGTTATTTAATTTAAAAGAAAATTTTATTTTAAAAAAGTTTAATAAAGTTAAAAGAAAATGTTATGATTATATCATAATAATTTTAATAAAAAAGAAA

AAACAATACTAAAACTTTTAAATTTATAGTTATTTCTAATATTTTTATATAAAATAATTAAAATTAATAAATAAAATATAATCAATTTATATTCATTTGC
TTTGTTATGATTTTGAAAATTTAAATATCAATAAAGATTATAAAAATATATTTTATTAATTITAATTATTIATTTTATAT TAGTTAAATATAACTAAACG
-=——large TRNA

ACAAAAATCTTTTCAATGTAAATGAAATGCTTTACTTAATAAGCTTTAAATTGTCATTCTAGATACACTTTCCAGTACATCTACTATGTTACGACTTATC
TGTTTTTAGAAAAGTTACATTTACTTTACGAAATGAATTATTCGAAATTTAAGAG TAAGATC TATG TGAAAGGTCATGTAGATGATACAATCCTGAATAG
~—tRNAVE!
TTACCTTAATAATAAGAGCGACGGGCGATGTGTACATATTTTAGAGCTAAAATCAAATTATTAATC TTTATAATTTTACTACCAAATCCACCTTCAAAAA
AATGGAATTATTATTCTCGCTGCCCGCTACACATGTATAAAATCTCGATTTTAGTTTAATAATTAGAAATATTAAAATGATGETTTAGGTGGAAGTTTTT

TTTTTTCATAATTTTATCCGTTTAAATAAATTTATTGTAACCCATTATTACTTAAATATAAGCTACACCTTGATCTGATATAAATTTTTATTAAAATTAT
AAAAAAGTATTAAAATAGCCAAATTTATTTAAATAACATTGGGTAATAATGAATTTATATTCGATGTGCAACTAGACTATATTTAAAAATAATTTTAATA

TGAATATTATTATTCTTATAAAATATTCTGATAACGACGGTATATAAACTGATTACAAATTTAAGTAAGGTCCATCGTCCATTATCGATTACAAAACAGE
ACTTATAATAATAAGAATATTTTATAAGACTATTGCTGCCATATATTTGACTAATGTTTAAATTCATTCCAGGTAGCACCTAATAGCTAATGTTTTGTCC

TTCCTCTGGATAGACTAAAATACCGCCAAATTTTTTAAGTTTCAAGAACATAACTATTACTACTTTAGCAATTTATTTACATTTTAAATAATAGGGTATC
AAGGAGACCTATCTGATTTTATGGCGGTTTAAAAAATTCAAAGTTCTTGTATTGATAATGATGAAATCGTTAAATAAATGTAAAATTTATTATCCCATAG

TAATCCTAGTTTTTTATTAAAATTTTTTAACTTCAATTATTATTTTATAAAATAATTTAAATATAAAATTTCACTTAATATATTTAATTTTATTTTTAAA
ATTAGGATCAAAAAATAATTTTAAAAAATTCAAGTTAATAATAAAATATTTTATTAAATTTATATTTTAAAGTCAATTATATAAATTAAAATAAAAATTT

TAAATCAATTTAATTCATACTAAAAAAATTTATTTGTATTATTGGTATAACCGCGACTGCTGCCACCAATTTGOTCAATACTTTTTAATATTGCTATTTC
ATTTAGTTAAATTAAGTATGATTTTTTTAAATAAACATAATAACCATATTGGCGCTCACCACCGTGGTTAAACCAGTTATGAAAAATTATAACGATAAAG

TAAATTTCTTTAATTAATAATATTAATTACTGCCAATAAATAATTTATAATATATTTATTTTTTAAATAAATATAAATTCACACAAAAATTTACATATAA
ATTTAAAGAAATTAATTATTATAATTAATGACGCTTATTTATTAAATATTATATAAATAAAAAATTTATTTATATTTAAGTGTGTTTTTAAATGTATATT

’ ) ’ ’ A+T rich region ’ ' ' ‘
ATCAAACTAATAACAAATTTTTAAGCCAAAATAAAACTTTAAAAATATACAATAAAAAAATTTATTTATAATATAAATTTAATAAAATTTATCAAAATAA

TAGTTTGATTATTGTTTAAAAATTCGGTTT

TTTTTATAAATAATAAATAAAATAAAAAATAATAGATAATTTAAATAATAATTAATAAATAAAAAGTTTATAAACAAAAATAATTTAATTTATATATATA
AAAAATATTTATTATTTATTTTATTTTTTATTATCTATTAAATTTATTATTAATTATTTATTTTTCAAATAT TTGTTTTTATTAAATTAAATATATATAT

TATATATATTAGTATATTAAATAAAATTCAAATTATTTTTTATCATAAATAATTAATAATTAAAATTAGTAAAATTTTTAAAAAAATAATAAAATTTGTA
ATATATATAATCATATAATTTATTTTAAGTTTAATAAAAAATAGTATTTATTAATTATTAATTTTAATCATTTTAAAAATTTTTTTATTATTTTAAACAT

ACTTATAATAAACTATTTAAATAATTATTTTTAATCACTAAATCTGATAACTTATTCCCCTATAATAAAATATAATAATTTCTTAAATTAAATACCTTAT
TGAATATTATTTGATAAATTTATTAATAAAAATTAGTGATTTAGACTATTGAATAAGGGGATATTATTTTATATTATTAAAGAATTTAATTTATGGAATA

TTACATATTTATTTTTTAATATTTATACAAATAAAATTATTTTTTTTATACATTAAAATAATAAAAATTAAAATTAATAAAATTTACTATATTTATTAAA
AATGTATAAATAAAAAATTATAAATATGTTTATTTTAATAAAAAAAATATGTAATTTTATTATTTTTAATTTTAATTATTTTAAATGATATAAATAATTT

CAAAATAATTATTTATAAATAAAAATTATAAAACAATATTTGTTAATTAAATAAATTAAAAAATTTTATAAATTAATTAATAAATTATAATAATTTTTAA
GTTTTATTAATAAATATTTATTTTTAATATTTTGTTATAAACAATTAATTTATTTAATTTTTTAAAATATTTAATTAATTATTTAATATTATTAAAAATT

AATATTAATTTTAAAATTATATTAATTAAATAAATTTTTCTAATTAATAATTATTTATAAAATAATAAAAAACCTATTCTTTTTTTTTTTTTAAAAAAAA
TTATAATTAAAATTTTAATATAATTAATTTATTTAAAAACGATTAATTATTAATAAATATTTTATTATTTTTTGGATAAGAAAAAAAAAAAAATTTTTTTT
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AATTTTTGTATACTAAGTTCTAAATTAATAGATAATCTATATATATATAAATGTTTAATATATTATAATATAGTTAACAATTTAAATAAAAAATTTCACA
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15700

TTAAAAACATATGATTCAAGATTTAATTATCTATTAGATATATATATATTTACAAATTATATAATATTATATCAATTGTTAAATTTATTTTTTAAAGTGT

ATCCAAAAATGGTAACATAATTTGTAAAAAAAAATCTATATTCAAATATTTATATAACATTCTTGGATTTATATAAATAATATAATAATTTAATTAATTA

15800

TAGGTTTTTACCATTGTATTAAACATTTTTTTTTAGATATAAGTTTATAAATATATTGTAAGAACCTAAATATATTTATTATATTATTAAATTAATTAAT

TTATATATTTATATATTTATATATAGT'I‘GAAGATTTATA'I‘TACATATATATCTATATAGAAAAATAAAATTATTTTAATAATTTTTATAAAAATATTTTA

15900

AATATATAAATATATAAATATATATCAACTTCTAAATATAATGTATATATAGATATATCTTTTTATTTTAATAAAATTATTAAAAATATTTTTATAAAAT

TGAATTCCTAAAATGTGTTATCTAATATAAATCAATTAATTTTTAAAAATTGTAATCTTTTAAAAAAAAAATAGTAAATAATAAAAAAAAAAAAAAAAAA

16000

ACTTAAGGATTTTACACAATAGATTATATTTAGTTAATTAAAAATTTTTAACATTAGAAAATTTTTTTTTTATCATTTATTATTTTTTTTTTTTTTTTTT

IT\GATGAGTTTTTTATTATT
CTACTCAAAAAATAATAA

Fig. 1.

The 16,019 nucleotide sequence of the circular D. yakuba mtDNA molecule. The numbering shown begins with the first

Nucleotide of the tRNA'* gene, proceeds through that gene continuously around the entire molecule, and terminates with the last
Nucleotide of the A + T-rich region adjacent to the tRNAi gene (see Fig. 2). Transfer RNA genes are boxed and the anticodon of
eth is underlined. The terminal regions of the two rRNA genes are marked with broken lines above and below. The predicted amino
acid sequence (one-letter code) of each protein gene is shown above the sense strand of the gene. An arrow indicates the direction of
transcription of each gene. Asterisks indicate partial or complete termination codons. AGA. codons are shown corresponding to serine.

he “(M)” at the beginning of the COI sequence reflects uncertainty regarding translation initiation of this gene (see text). Cyt b,

Cytochrome b

L Y
O RS

ATPase8
(URFABL)

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

The relative arrangements and transcriptions of
the genes within the D. yakuba and mouse mtDNA
Molecules are compared in Fig. 3. Five protein genes,
the two rRNA genes, and 11 tRNA genes are ar-
Tanged differently relative to adjacent genes in the
D. yakuba and mammalian mtDNA molecules (Fig.
3). One major difference in gene order between the
t}’VO molecules could have resulted from transloca-
tion and inversion of a single segment containing

Fig. 2. Gene map of the D. yakuba mtDNA
molecule. The location of the origin of repli-
cation (O) within the A + T-rich region
(shaded) and the direction of replication (R)
were determined by electron microscope stud-
ies (Goddard and Wolstenholme 1980). The
- identities and arrangement of the various
genes were determined from nucleotide se-
quence studies (Clary et al. 1982, 1983, 1984;
Clary and Wolstenholme 1983a,b, 1984a,
1985). Each tRNA gene (hatched areas) is

g ¢ identified by the one-letter amino acid code,
2 and individual serine and leucine tRNA genes

are identified by the codon family (in paren-
theses) that their transcription products recog-
nize. Arrows within and outside the molecule
indicate the direction of transcription of each
gene. The numbers of apparently noncoding
nucleotides that occur between the genes are
shown at the gene boundaries on the inner
side of the map. Negative numbers indicate
overlapping nucleotides of adjacent genes. An
asterisk indicates an incomplete termination
codon (T or TA)

the URF1, small TRNA, tRNA"*, and large rRNA
genes in a molecule ancestral to either the present-
day D. yakuba or the present-day mouse mtDNA
molecule. Alternatively, this difference in gene order
could have resulted from a single inversion of the
segment containing the URF1, small rRNA,
tRNAY, and large rRNA genes and the adjacent
replication origin-containing region. However, the
latter explanation requires that following the inver-
sion there occurred a change in the direction of rep-
lication around the molecule in either the line lead-
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Fig. 3. Comparison of gene arrangements in the mtDNA molecules of D. yakuba and mouse. In the diagram the circular molecules

have been linearized and aligned at the 3’ ends of the tRNAi"* genes. The solid bars linked by two-headed arrows indicate three
segments comprising the URF1, tRNA"#, and the two rRNA genes; the URF4L, URF4, URFS5, and tRNAM: genes; and the URF6
gene, respectively, each of which has been translocated and/or inverted (circular arrows) between the two molecules. Transfer RNA
genes that are in different locations in the two molecules relative to adjacent protein genes are shown as open squares and are connected
by lines. In the mouse map [derived from that given by Bibb et al. (1981)], “Oy” and “O.” indicate the origins of heavy- and light-
strand synthesis, respectively. All other details are as given in Fig. 2

ing to D. yakuba or that leading to mammals. A
further major difference in gene order between D.
vakuba and mammalian mtDNA molecules seems
to have resulted from a single inversion of a segment
containing the URF4L, URF4, tRNAPs, and URF35
genes. An independent inversion involving only the
URF6 gene must have occurred in order to explain
why this gene is transcribed in opposite directions
in the two molecules. Comparison of the D. yakuba
and mammalian mtDNA gene maps (Fig. 3) indi-
cates that nine tRNA genes have been indepen-
dently translocated during evolution. Also, the
tRNA™ and tRNAP™© genes appear to have been
translocated as a single segment.

All of the genes in that half of the D. yakuba
mtDNA molecule to the right of the A + T-rich
region, except for cytochrome b, URF6, and two
tRNA genes [ser (UCN) and thr], are transcribed in
the same direction as that in which replication pro-
ceeds around the molecule (Fig. 2). All of the genes
in the other half of the molecule, with the exception
of three tRNA genes (gly, cys, and tyr), are tran-
scribed in the other direction. In contrast, in mam-
malian mtDNAs the rRNA genes, 14 tRNA genes,
and all of the protein genes except URF6 are tran-
scribed in the same direction, which is opposite to
the direction of replication (Anderson et al. 1981,
1982b; Bibb et al. 1981).

There are three cases of genes overlapping in the
D. yakuba mtDNA molecule. Two of these involve

overlapping of the 3’ ends of adjacent genes (tRNA'?
and tRNA®* overlap by eight nucleotides; URF1
and tRNAL, by 18 nucleotides; Fig. 1). The third
case is the out-of-phase overlapping of the 5’ end
of the ATPase6 gene by the 3'-terminal seven nu-
cleotides of the ATPase8 gene. Small overlaps also
occur between some genes in mammalian mtDNAS,
the largest of which is a 40- to 46-nucleotide overlap
of the 3’ end of the ATPase8 gene and the 5’ end of
the ATPase6 gene (Anderson et al. 1981, 1982b;
Bibb et al. 1981).

Protein Genes

Eleven of the D. yakuba mitochondrial protein genes
differ in size by less than 3% from the corresponding
mouse genes (Table 1). A deficiency in codons in
the 5’ end of the D. yakuba URFS gene relative to
the mouse URFS5 gene is the main component of an
overall difference of 6% between these genes.

The open reading frame originally designated
URFAGL in mammalian mtDNAs has recently been
shown to have amino acid sequence homology and
similarity in transcriptional control to the ATPase8
gene of Saccharomyces cerevisiae (Macreadie et al.
1983). Because URFAGL in D. yakuba mtDNA has
considerable nucleotide and amino acid sequence
homology to the mouse URFA6L gene (Clary and
Wolstenholme 1983a), it has been renamed the



Table1, Comparisons of protein genes of D. yakuba and mouse

%

% Amino
Nucleo- acid

tide se-

sequence quence

Number of homol- horr:ol-

amino acids ogy** oey
% (D. .
D. Differ- yakuba/ yakuba/

Gene yakuba Mouse ence mouse) mouse)
Cyto 378 381 0.79 65 67
Corx 512 514 0.39 72 75
Con 228 227 044 64 56
€O 262 261 0.38 67 64
ATPase6 224 226 0.89 49 36
ATPase8 53 67 2090 59 26
URF] 324 315 286 52 46
URF2 341 345 1.16 47 35
URF3 117 114 263 52 42
URF4L 96 97 1.03 34 40
URF4 446 459 2.83 51 42
URFs 573 607 5.60 42 33
URFé6 174 172 1.16 38 17

* These values do not include nucleotides concerned with ter-
Mination

* These values include alt deduced insertions/detetions. The mouse
data are taken from Bibb et al, (1981)

ATPase8 gene. The ATPase8 genes of D. yakuba
and mouse show a 20% difference in size, which
fesults mainly from the D. yakuba gene lacking the
tquivalent of a segment of 12 codons at the 3’ end
of the mouse ATPase8 gene that overlaps the 5’ end
of the ATPascé gene.

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

Translation Initiation and Termination Signals

An ATG, ATT, or ATA codon occurs at the begin-
ning of all of the D. yakuba mitochondrial protein
genes except the COI gene. In each case this codon
either immediately follows the previous gene or is
separated from it by no more than 15 nucleotides.
The view that, as in mammalian mtDNAs, ATT
and ATA are used in addition to ATG as initiation
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Fig. 4. Comparison of the hydropathy profiles of the proteins
predicted from the URFS6 genes of 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 hy-
dropathy of >0, and hydrophilic regions have hydropathy of <0.
Corresponding hydrophobic domains in the two polypeptides are
indicated as I-V

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

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

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

In a small number of prokaryotic genes, GTG
functions as a translation initiation codon (Stormo
et al. 1982). GTG occurs as the first in-frame triplet
of the open reading frames of both the URFS5 gene
of D. yakuba (Fig. 1) and the URF! gene of mouse
(Bibb et al. 1981). Since the first ATN codon in both
of these genes is separated from the preceding tRNA
gene by a greater number of nucleotides than is found
for any other mitochondrial protein gene (15 for D.
yakuba URFS and nine for mouse URF1), it seems
worth considering the possibility that in these genes
GTG serves as a translation initiation codon.

TAA is the only termination codon found in
mouse mitochondrial protein genes. Some bovine
and human protein genes also end in TAA but others
end in TAG or AGA, and AGG appears to be the
termination codon of the human URF6 gene. A
number of mammalian mitochondrial protein genes
end in a T rather than a termination codon, and this
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Potential stem and loop configurations of the nucleotides of the junctional sequences of the ATPase6 and COIII genes of

mouse (Bibb et al. 1981) and D. yakuba, and of the URF4L and URF4 genes of D. yakuba. The number of nucleotides in each loop

is shown

T is immediately adjacent to the 5'-terminal nu-
cleotide of the sense strand of a tRNA gene. It has
been shown that the primary transcription products
of mammalian mtDNAs are multicistronic RNA
molecules and that following precise cleavage to yield
individual gene transcripts, those protein gene tran-
scripts ending in U acquire a complete termination
codon by polyadenylation (Ojala et al. 1980, 1981;
Anderson et al. 1981). The only termination codon
found in D. yakuba mtDNA is TAA (seven genes),
although TAG is the termination codon of the D.
melanogaster COIII gene (Clary et al. 1983). Four
D. yakuba mitochondrial protein genes end ina T
(Fig. 1). It seems plausible that a cleavage-polyade-
nylation mechanism also operates in Drosophila mi-
tochondria, as both polyadenylated mRNAs and
mRNASs that could contain multiple gene transcripts
have been obtained from D. melanogaster and D.
virilis mitochondria (Spradling et al. 1977; Battey
et al. 1979; Merten and Pardue 1981).

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

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

1981). However, as first pointed out by Bibb et al.
(1981), the 3’ end region of the ATPase6 genes of
mouse, human, and bovine mtDNAs has the po-
tential to form a hairpin structure with a stem of
eight nucleotide pairs (with one or two mismatches)
and a loop of 31 nucleotides, with the 5’ terminus
of the COIII gene lying at the base of the stem on
the 3’ side. A similar hairpin can be formed from
the 3' end region of the D. melanogaster (de Bruijn
1983) and D. yakuba (Fig. 5) ATPase6 genes, al-
though in each of these species the stem would be
expected to be less stable than in the proposed mam-
malian structures and the loop is 44 nucleotides.
Interestingly, however, the 3’ end region of the D.
yakuba URTF4L gene can also form a hairpin struc-
ture with an 11-nucleotide-pair stem (with one mis-
match) and a 33 nucleotide loop (Fig. 5). These ob-
servations are consistent with the view that the
potential to form a secondary structure is in some
way involved in cleavage site recognition in tran-
scripts of genes with a TAATG junctional sequence.

Ribosomal RNA Genes

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

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



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

In spite of the small size and low G + C content
of the D. yakuba mt-rRNA genes, segments
throughout the entire lengths of both of these rRNA
Benes can be folded into secondary structures that
show remarkable resemblance to the secondary
Structures proposed by Zweib et al. (1981) and Glotz
etal. (1981) for the corresponding segments of mouse
mt-rRNA genes. Also, the few convincing homol-
Ogous sequences in the 5’ region of each of the cor-
tesponding D. yakuba and mouse rRNA genes occur
at similar structural locations. Of particular interest
1s that many of the predicted helices in both D,
Yakuba genes, particularly in the 5’ regions, are com-
Posed either totally of A-T pairs or of mixtures of
A~T and G- T pairs (Clary and Wolstenholme 1985).

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

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

Transfer RNA Genes

Interpretation of sequences that lie between protein
genes as tRNA genes is based primarily on the pos-
sibility of folding these sequences into the charac-
teristic secondary structure of tRNAs. Further strong
support for the interpretation of these sequences as
tRNA genes is the finding that six of them [ile, lys,
arg, ser (AGY), asp, and f-met] are between 84%
and 96% homologous to corresponding mitochon-
drial tRNAs (mt-tRNAs) from mosquito (4edes al-
bopictus) tissue culture cells (HsuChen et al. 1983a,
b; Dubin and HsuChen 1984; Dubin et al. 1984).
D. yakuba mt-tRNA genes are between 32%
(tIRNA=%) and 70% (tRNA=?, tRNA"") homologous
to their mouse counterparts.

The general structure shared by 21 of the D. yak-
uba mt-tRNA genes resembles that shared by the
21 corresponding mammalian mt-tRNA genes (Bar-
rell et al. 1979; Crews and Attardi 1980; Van Etten
et al. 1980, 1982; Anderson et al. 1982a; Roe et al.
1982). The D. yakuba mt-tRNA genes vary In size
from 63 nucleotides (IRNA®*) to 72 nucleotides
(tRNA?). There is strict conservation of the size of
the aminoacyl stem (seven nucleotide pairs), the an-
ticodon stem (five nucleotide pairs), and the anti-
codon loop (seven nucleotides). The stem of the
dihydrouridine arm is either three or four nucleotide
pairs and the loop is between three and eight nu-
cleotides. The variable loop that lies between the
anticodon and TYC arms is always four or five nu-
cleotides. Within the TYC arm, the stem varies in
length from four to five nucleotide pairs and the
loop from three to eight nucleotides. The trinucleo-
tide sequence CCA, which occurs at the 3’ end of
prokaryotic and eukaryotic nuclear-encoded tRNA
genes, is absent in this position from the D. yakuba
mt-tRNA genes, as it is from mammalian mt-tRNA
genes.

There is considerable variation among D. yakuba
mt-tRNA genes in regard to the presence of various
nucleotides that are conserved in prokaryotic and
eukaryotic nuclear-encoded tRNAs (see Sprinzl and
Gauss 1984a,b). Only the conserved T;; and Pu,,
nucleotides that lie immediately 5’ and 3', respec-
tively, to the anticodons are found in all the D.
yakuba mi-tRNA genes. Pu, is found in all but the
D. yakuba tRNA#" gene, where it is a C. Also, the
conserved nucleotide pair Py,,~Pu,, occurs in all D.
yakuba mt-tRNA genes except tRNAfmet and
tRNA"?, where a G-C pair is found in this position.

Some of the conserved nucleotides in the dihy-
drouridine and TYC arms of prokaryotic and eu-
karyotic nuclear-encoded tRNAs are involved in
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tertiary bonding (Kim 1979). The lack of conser-
vation of nucleotides in the dihydrouridine and TyC
arms in D. yakuba mt-tRNA genes indicates that in
the tRNAs transcribed from these genes, tertiary
bonding is different and possibly weaker than in
prokaryotic and eukaryotic nuclear-encoded tRNAs.
Nucleotides that are conserved in the dihydrouri-
dine and TYC arms of eukaryotic nuclear-encoded
tRNAs have been shown to function as recognition
sites in the control of transcription of individual
tRNA genes (see Rajput et al. 1982 for references).
Little is known concerning transcriptional control
of D. yakuba mtDNA. However, as noted above,
in mammalian mtDNAs transcripts of individual
tRNAs (in which the nucleotide contents of dihy-
drouridine and TyC arms are also variable) are
cleaved from primary multicistronic transcripts that
are initiated in or close to the heavy-strand repli-
cation origin-containing region of the molecuie
(Montoya et al. 1982, 1983; Bogenhagen et al. 1984;
Chang and Clayton 1984), Thus in mammalian
mtDNAs, at least, the lack of conservation of nu-
cleotides in the dihydrouridine and TYC arms of the
tRNA genes can be correlated with the absence of
primary transcripts of individual tRNA genes.
The tRNASS, encoded by D. yakuba mtDNA is
structurally different from the other tRNAs encoded
in this genome (Clary and Wolstenholme 1984a).
The dihydrouridine arm is replaced by an 11-pu-
cleotide loop within which secondary structure for-
mation seems unlikely. Also, both the variable loop
(six nucleotides) and the TYC loop (nine nucleo-
tides) are larger than in other D. yakuba mt-tRNAs.
The identification of the D. yakuba mt-iRNA¥Ly
gene is supported by the isolation of a mt-tRNA
from mosquito tissue culture cells that is 91% ho-
mologous to the D. yakuba mt-tRNAXL., gene, and
can be folded into a structure similar to the one we
have proposed, with a GCU anticodon (Dubin et
al. 1984). Mammalian mtDNAs also contain un-
usual tRNAs,, genes, in which the dihydrouridine
arm is replaced by a five-nucleotide loop, and the
corresponding tRNAs from bovine and human mi-
tochondria have been identified (Arcari and Brown-
lee 1980; de Bruijn et al. 1980). Proposed tertiary
interactions between nucleotides of the bovine
mt-tRNA%5, (de Bruijn and Klug 1983) could also
occur in the tRNA predicted from the D. yakuba
mt-tRNASE, gene (Clary and Wolstenholme 1984a).

Codon Usage and the Genetic Code

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

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

In spite of the very high use of codons ending in
A or T, all codons except CAG, CGC, AGG, and
TAG are found among the protein genes, and it has
been shown, as mentioned above, that TAG is uti-
lized as the termination codon of the D. melano-
gaster COIII gene (Clary et al. 1983). Peculiar to
Drosophila mtDNA is the use of AGA codons to
specify serine. The triplets AGA and AGG specify
arginine in the standard genetic code and are used
only as rare termination codons (in human and bo-
vine) or not at all (in mouse) in mammalian mt-
DNA. In D. yakuba mtDNA, internal AGA codons
(a total of 73) are present in all protein genes except
URF®6. It is clear that these AGA codons do not
specify arginine. None of the AGA codons in the
D. yakuba mitochondrial protein genes correspond
in position to arginine-specifying codons (CGN) in
the equivalent genes of mouse mtDNAs. Also, none
of the AGA codons of the D. yakuba cytochrome
b, COI, COIlL, COIII, and ATPase6 genes corre-
spond to arginine-specifying codons (AGA) in the
equivalent mitochondrial genes of yeast (Clary and
Wolstenholme 1983b).

Three related observations support the view that
AGA specifies serine. Of the seven AGA codons
found in the D. yakuba COIJ gene (which has the
greatest homology to an equivalent mouse gene; Ta-
ble 1) five correspond in position to serine-speci-
fying codons in the mouse COI gene. Also, five of
these seven D. yakuba AGA codons correspond in
position to serine-specifying codons in the yeast COI
gene (Clary and Wolstenholme 1983b). Although
the 73 AGA codons in D. yakuba mtDNA corre-
spond in position to codons specifying 14 different
amino acids in the equivalent mouse genes, AGA
codons correspond to more than twice as many
serine-specifying codons (23 total) than to codons
specifying any other amino acid (10 for alanine).
Similar arguments have been made by de Bruijn
(1983) for corresponding nucleotide sequences of
four complete and two partial genes of mtDNAs of
D. melanogaster and human. The third and stron-
gest line of evidence that AGA specifies serine in
the D. yakuba mitochondrial genetic code was ob-
tained from consideration of frequencies of nucleo-
tide substitutions between AGA codons and AGT
codons in six mitochondrial protein genes (URF2,
COl1, COII, COIII, ATPase6, and ATPase8) of D.
vakuba and D. melanogaster (Wolstenholme and
Clary 1985). As in all other known genetic codes,
AGT is expected to specify serine in the Drosophila
mitochondrial genetic code. The frequency of third-
position substitutions between AGA and AGT co-
dons was 21.2%, which was close to the mean fre-
quency (20.6%) of A < T third-position substitu-
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Table 2. Codon usage in the 13 protein genes of D. yakuba mtDNA

Phe T
TT 313 capy SO TCT 120
TIC 17 TCC 4 UGA)
Leu TTA 542 (UAA TCA 102
TTG 25 ) TCG 3
Lew CTT 36 Pro CCT 79
CcTC 2 cce 3
cTa 19 (UAOG cca 45 TGO
CTG 2 CCG 3
e  ATT 345 The ACT 97
Atc 15 ©AUD ACC 3 uew
Met ATA 195 CAU ACA 85
ATG 18 (€AD ACG 2
Val gTT 90 Ala GCT 125
GIC 3 GCC 9
GTa o3 (UAO cca 37 (VGO
GTG 8 : GCG 2

Tyr TAT 142 Cys TGT 40

TAC 28 (CUA TGe 2 (©GCA
TER TAA 7 Trp TGA 96
TAG 0 66 6 UA
His CAT 65 Arg CGT 8
cac 12 ©UO cGC o
G CAA 70 o cGa 45 UCO
CAG 0 CGG 6
Asn AAT 193 Ser AGT 34
AAC 13 (GUU AGC 1
Lys  AAA 76 o0 Aga 73 ©CU
AAG 9 AGG 0
Asp GAT 54 Gly GGT 67
Gac 10 ©GUO GGC 2 -
Glu  GAA 82 .o GGA 129 (VOO
GAG 1 GGG 22

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

two- and four-codon family is shown in parentheses

tions that did not result in an amino acid replacement
(silent substitutions) among codons in the six cor-
responding genes. If in Drosophila mtDNA AGA
coded for a different amino acid than AGT, then a
frequency of third-position A < T substitutions be-
tween AGA and AGT codons of approximately 0.5%
would have been expected; that value is the mean
frequency found for third-position replacement A <
T substitutions among all codons in the six corre-
Sponding genes of D. yakuba and D. melanogaster.
These data indicate, therefore, that AGA and AGT
Specify the same amino acid.

Similarly, the frequencies of interchange of ATA
and ATG codons in corresponding D. yakuba and
4_0. melanogaster genes are fully consistent with the
Interpretation that in the Drosophila mitochondrial
Benetic code, as in the mammalian and fungal mi-
tochondrial genetic codes (Barrell et al. 1979, 1980;
Hudspeth et al. 1982), ATA specifies methionine
rather than isoleucine (Wolstenholme and Clary
1985).

Internal TGA codons are found in all 13 protein
genes of D. yakuba mtDNA. Of a total of 96 TGA
codons, 70 correspond in position to tryptophan-
specifying codons (TGA or TGG) in mouse mito-
chondrial genes, indicating that in D. yakuba
mtDNA, as in mammalian and fungal mtDNAs
(Barrell et al. 1979, 1980; Fox 1979; Bonitz et al.
1980; Heckman et al. 1980), TGA specifies tryp-
tophan.

Codon-Anticodon Interactions

The 22 tRNAs encoded by mammalian and Dro-
sophila mtDNAs appear to be sufficient to decode

the mitochondrial protein genes (Barrell et al. 1980;
Anderson et al. 1981, 1982b; Bibbet al. 1981; Clary
et al. 1984). When all four codons in a box of the
genetic code (Table 2) specify the same amino acid
(four-codon families) these codons are recognized
by a single tRNA. Codons of each of the two-codon
families are also recognized by a single tRNA.
Transfer RNAs that recognize codons of four-codon
families have a U in the wobble position. However,
tRNAfmet contains a CAU anticodon. It appears that
this anticodon can recognize both AUG and AUA
as methionine-specifying codons when they occur
internally, and all four AUN codons as specifying
methionine when they occur as initiation codons
(Anderson et al. 1981; 1982b; Bibb et al. 1981). It
is not known whether ATT or ATC initiation co-
dons specify isoleucine or methionine, since no
metazoan mitochondrial protein has been se-
quenced that is encoded by a gene beginning with

these codons.
A gene for a tRNA with a UCU anticodon, which

would specifically recognize AGA codons, has not
been identified in D. yakuba mtDNA. It seems rea-
sonable to assume therefore that the GCU antico-
don of tRNASE,, which is expected to recognize
AGU and AGC codons, also recognizes AGA co-
dons. This would necessitate either selective two out
of three nucleotide pair recognition (Lagerkvist 1981)
or effective pairing of the G in the wobble position
of the anticodon with C, U, or A.

In both mammalian and D. yakuba mtDNAs, for
codons of two-codon families ending in a pyrimi-
dine, the corresponding tRNA has a G in the wobble
position (Table 2), whereas for those ending in a
purine the corresponding tRNA has a U in the wob-
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ble position. There is one exception to this latter
rule in Drosophila mtDNA. Although protein genes
contain both AAA and AGA codons, only a tRNAs
gene wtih a CTT anticodon has been located (Clary
and Wolstenholme 1983a; de Bruijn 1983). Thus if
all three nucleotides in the anticodons of this tRNA
and tRNA™™ are contributing to codon-anticodon
recognition, then C~A pairing is indicated. In this
regard it is interesting to note that the C in the
wobble position was found to be unmodified in the
tRNAF™t of bovine mitochondria (Roe et al. 1982)
and in both a tRNAf™t and a tRNA»* isolated from
mitochondria of mosquito tissue culture cells
(HsuChen et al. 1983b; Dubin and HsuChen 1984).

Replication Origin-Containing Regions

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

In both Drosophila and mammalian mtDNAs
replication of the complementary strands is highly
asymmetrical (Robberson et al. 1972; Wolsten-
holme et al. 1974; Goddard and Wolstenholme 1978,
1980). In mtDNAs of cultured mammalian cells
replication begins with synthesis of the heavy-strand,
which proceeds for two-thirds of the molecule length
before synthesis on the second (light) strand com-
mences (Robberson etal. 1972; Kasamatsu and Vin-
ograd 1974; Nass 1980). Initiation of light-strand
synthesis in all mouse L cell and most human KB
cell mtDNA molecules occurs within a specific se-
quence of 32 (mouse) or 31 (human) nucleotides that
has the potential to fold into a hairpin loop and is
located between the tRNA2" and tRNAs genes (see
Clayton 1982). This 31- or 32-nucleotide sequence
is highly conserved in other mammalian and am-
phibian mtDNAs (Anderson et al. 1982b; Taira et
al. 1983; Wong et al. 1983). However, such a se-
quence is not found in the corresponding region of
D. melanogaster and D. yakuba mtDNA (Clary and
Wolstenholme 1983b; de Bruijn 1983) or in any
other intergenic region of the D. yakuba mtDNA
molecule. From data obtained by electron micros-
copy evidence for a highly preferred site of initiation
of second-strand synthesis in D. melanogaster
mtDNA molecules was found (Goddard and Wol-

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

Nucleotide Composition

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

Both tRNA genes and rRNA genes in the D. yak-
uba mtDNA molecule have high A + T contents.
The 22 tRNA genes range from 66% A + T (in
tRNA) t0 91% A + T (in tRNAP and tRNA#W),
with a mean of 76%. Also, the dihydrouridine loops
and the TYC loops, the primary sequence functions
of which may have been lost, average 88.9% A +
T. As discussed above, large portions of the D. yak-
uba small and large mt-rRNA genes are extremely
A + T-rich, particularly in the 5' regions. Although
these nucleotide sequences show little homology to
sequences of corresponding regions of mouse
mtDNA, there is a high degree of conservation of
secondary structure. The apparently nontran-
scribed, replication origin-containing region of the
D. yakuba mtDNA molecule has a higher A + T
content (92.8%) than any other region of the mol-
ecule.

The above observations are consistent with the
suggestion that there has been selection in the D.
yakuba mitochondrial genome for A + T nucleo-
tides in all positions where primary nucleotide se-
quence is of secondary or little importance. We have
obtained strong evidence in further support of this
hypothesis from analyses of patterns of substitution
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Table 3. Nucleotide composition data for the protein genes of D. yakuba, mouse, and human mtDNAs*

Percentage of

Percentage nucleotide Percentage of codons Eg(:;:;ie leucine codons
composition of the sense strand ending in; that specify beginning with:
T () A G T C A G leucine T C
D. yakuba 44.4 11.1 323 12.2 48.4 33 45.4 29 16.8 90.6 9.4
Mouger 29.4 26.0 332 11.4 229 27.4 46.6 3.2 15.5 21.9 78.1
Human« 25.6 33.1 29.3 12.0 15.3 43.1 36.5 5.1 17.3 12.0 88.0

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

strands
®Data from Bibb et al. (1981)
¢ Data from Anderson et al. (1981)

in protein-coding genes in corresponding segments
of D. yakuba and D. melanogaster mtDNA mole-
Cules. The observed frequency of third-position si-
lent A ~ T substitutions was too high to be ac-
counted for stimply by the high frequency of codons
ending in A or T. However, it could not be deter-
mined whether the anomalously high frequency of
A < T substitutions was due to a high A < T mu-
tation rate or to selection in favor of fixation of the
Products of A « T mutations. We have suggested
as a possible basis for selection in favor of A + T
nucleotides in Drosophila mtDNAs that once DNA
has become A + T rich during long-term evolution
(for reasons that are obscure), the various enzymes
responsible for transcription and replication of the
DNA become adapted to function optimally on that
DNA, and therefore less than optimally on a more
G + C-rich DNA (Wolstenholme and Clary 1985).
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