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The complete 17,009-bp mitochondrial genome of the
domestic cat, Felis catus, has been sequenced and con-
forms largely to the typical organization of previously
characterized mammalian mtDNAs. Codon usage and
base composition also followed canonical vertebrate
patterns, except for an unusual ATC (non-AUG) codon
initiating the NADH dehydrogenase subunit 2 (ND2)
gene. Two distinct repetitive motifs at opposite ends
of the control region contribute to the relatively large
size (1559 bp) of this carnivore mtDNA. Alignment of
the feline mtDNA genome to a homologous 7946-bp nu-
clear mtDNA tandem repeat DNA sequence in the cat,
Numt, indicates simple repeat motifs associated with
insertion/deletion mutations. Overall DNA sequence
divergence between Numt and cytoplasmic mtDNA se-
quence was only 5.1%. Substitutions predominate at
the third codon position of homologous feline protein
genes. Phylogenetic analysis of mitochondrial gene se-
quences confirms the recent transfer of the cyto-
plasmic mtDNA sequences to the domestic cat nucleus
and recapitulates evolutionary relationships between
mammal species. © 1996 Academic Press, Inc.

INTRODUCTION

Genes coding for essential components of oxidative
phosphorylation and electron transfer in vertebrate
and many invertebrate cells are carried on compact
double-stranded, circular mitochondrial genomes
(Brown, 1985; Hatefi, 1985; Wolstenholme, 1992; Wal-
lace et al., 1993). In most mammals, this genetic code
encompasses a minimal repertoire of 13 protein-coding,
22 tRNA, and 2 ribosomal rRNA genes, with a basic
genomic organization conserved since the eutherian—

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. U20753 and
u20754.
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metatherian split (Janke et al., 1994). The more vari-
able noncoding control region (CR)? or D-loop regulates
transcription and replication of the major coding DNA
strand of the mitochondrial genome (Clayton, 1991).
The CR typically exhibits the greatest amount of se-
guence divergence and length variation in mtDNA
(Agquadro and Greenberg, 1983; Greenberg et al., 1983;
Brown, 1986; Saccone et al., 1991; Hoelzel et al., 1994).

The model of relative structural constancy or “econ-
omy” for metazoan mitochondrial genomes (Attardi,
1985) has been unsettled recently by numerous exam-
ples of mtDNA heteroplasmy (Buroker et al., 1990;
Rand, 1993; Hoelzel et al., 1993, 1994) and genetic
transfer between mitochondria and nuclear chromo-
somes in various animal taxa (Fukuda et al., 1985;
Zulloet al., 1991; Smith et al., 1991; Lopez et al., 1994).
A dramatic recent example is the macrosatellite-like
locus, Numt, a transposition and tandem amplification
(38-76X) of 7.9 kb of mtDNA into the nuclear genome
of the domestic cat, Felis catus, and several closely re-
lated species of the genus Felis.

Ten complete mammalian mitochondrial genome se-
quences (human, mouse, cow, Norway rat, fin whale,
blue whale, harbor seal, grey seal, horse, and American
opossum) have been published to date (Anderson et al.,
1981, 1982; Bibb et al., 1981; Gadeleta et al., 1989;
Arnason et al., 1991, 1993; Arnason and Johnsson,
1992; Arnason and Gullberg, 1993; Xu and Arnason,
1994; Janke et al., 1994). In this paper, we report the
complete DNA sequence of the mitochondrial genome
of the domestic cat and compare the complete sequence
of one complete Numt monomer (Lopez et al., 1994).
Feline mtDNA represents the first sequence of a terres-
trial carnivore mitochondrial genome in current se-
guence databases, although certain feline mtDNA gene

2 Abbreviations used: CR, control region; indel, insertion/deletion;
nt pos., nucleotide position; Numt, nuclear mitochondrial DNA; OLR,
origin of light-strand replication; ORF, open reading frame; MYA,
million years ago; PCR, polymerase chain reaction; RS, repetitive
sites; TAS, termination-associated sequences; Ti, transitions; Tv,
transversions.
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sequences have been reported (Lopez et al., 1994; Janc-
zewski et al., 1995; Arnason et al., 1995). The addition
of two distinct forms of feline mtDNA—one cytoplasmic
and one nuclear—to the databases should aid the study
of molecular dynamics and evolution of genomes (e.g.,
selfish DNA, rate heterogeneity, C-value paradox),
mammalian phylogeny, and conservation genetics
(Miklos, 1985; Li and Graur, 1991; Charlesworth, 1994;
O'Brien, 1994a,b; Pecon Slattery, 1994; Avise, 1994).

MATERIALS AND METHODS

Cloning and sequencing. Total nuclear and cytoplasmic nucleic
acids (DNA and RNA) were extracted from fresh lymphocytes of one
domestic cat (FCA 65) according to standard procedures (Sambrook
et al., 1989; Lopez et al., 1994). All of the nuclear and cytoplasmic
mtDNA sequences shown were encompassed in three EcoRI frag-
ments (c.a. 12.0, 7.9, and 5.0 kb), which were purified from prepara-
tive agarose gels. Isolation and characterization of the original 7.9-
kb nuclear (pNumt.1) and two cytoplasmic clones (pCmt.12 and
pCmt4.8) containing all of the sequences presented in this paper
were described by Lopez et al. (1994). Sequences of both heavy and
light strands were determined by either (a) subcloning 1.0- to 2.0-
kb fragments into M13 mp18/mp19 single-stranded phage vectors
(Sambrook et al., 1989) or (b) walking in both 5" and 3’ directions
along the original intact A phage or pBlueScript phagemid (Stra-
tagene) clones of pNumt.1, pCmt.12, or pCmt4.8. For walking, for-
ward and reverse primers were designed at approximately 300-bp
intervals and synthesized on an Applied Biosystems Inc. (ABI) auto-
mated 394 DNA/RNA synthesizer. The three original clones served
as templates for cycle sequencing reactions run on an automated
DNA sequencer 373A (ABI) using a fluorescence-labeled dideoxy-
nucleotide termination method (Dye terminator). Some regions
(about 30%) of Numt DNA were read manually by polyacrylamide
gel electrophoresis using [**S]dATP in Sequenase reactions (U.S. Bio-
chemical). Verification of sequence data was evaluated with ABI
analysis software, the Sequencher 2.1 program (Gene Codes Corp.,
1994), or by visual inspection of chromatograms. Genetic regions that
contained any ambiguous or unreadable nucleotides were sequenced
again.

Sequence analysis. Feline sequences were analyzed by programs
of the University of Wisconsin Genetics Computer Group (GCG)
(1994). Phylogenetic analyses were performed with PHYLIP 3.5¢
(Felsenstein, 1993) and Phylogenetic Analysis Using Parsimony
(PAUP, Version 3.1.1) (Swofford, 1993) on VMS VAX mainframe and
Macintosh computers. Secondary structures were predicted with
FOLD by Zuker and Steigler (1981) on GCG. The CMATRIX program
developed at the LVC/NCI-FCRDC was used to calculate total per-
centage similarities in nucleotide or amino acid sequences of
mtDNAs. CMATRIX imposed a penalty of 1.0 for each gap encoun-
tered and did not evaluate varying degrees of chemical similarity
between DNA and amino acid residues. Therefore, our usage of the
term “similarity” will be commensurate with the common use of se-
quence “identity” in the literature (GCG Manual, 1994). Multiple
sequence alignments were created by either PILEUP or PRETTY
in GCG. Most of the alignments to determine homology and gene
boundaries within feline mtDNA were made with either cow or the
harbor seal, Phoca vitulina, which encompass the mtDNA sequences
phylogenetically nearest to cat available (Arnason and Johnsson,
1992; Li et al., 1990). The numbering system used for cat cytoplasmic
mtDNA follows the harbor seal convention (Arnason and Johnsson,
1992).

To determine the context of feline mtDNA sequences within mam-
malian evolution, phylogenetic analyses and pairwise comparisons
of percentage sequence similarity were performed with previously
determined mammalian mitochondrial genomes retrieved from Gen-
Bank (Release 86, December, 1994) and EMBL (Release 39, June,
1994)—harbor seal (Phoca vitulina), grey seal (Halichoerus grypus),
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fin whale (Balaenoptera physalus), blue whale (Balaenoptera muscu-
lus), human (Homo sapiens), cow (Bos taurus), mouse (Mus muscu-
lus), and rat (Rattus norvegicus). The American opossum (Didelphis
virginia) genome was primarily used as an outgroup taxon. The
Numt sequence was submitted to GenBank in the form of the in vivo
pNumt.1 clone, isolated by Lopez et al. (1994). GenBank Accession
Nos. for the feline cytoplasmic genome and Numt are U20753 and
U20754, respectively.

RESULTS

Composition of Feline Cytoplasmic mtDNA

The F. catus mitochondrial genome is composed of
13 structural open reading frames (ORFs), 22 tRNA
genes, both large and small subunit rRNA genes, and
a regulatory control region (Fig. 1). The feline mtDNA
sequence possesses several features observed in other
mammalian species. First, all of the ORFs are oriented
in the same direction as homologous ORFs found in
other mammalian mitochondrial genomes, with no ma-
jor rearrangements (Fig. 2A). Second, ND1, ND2,
COlll, ND3, and ND4 genes lack complete termination
codons (Table 1). However, complete stop codons may
be read within the tRNA genes directly downstream
of both the ND1 and the ND2 genes. Presuming that
polyadenylation of processed transcripts occurs in fe-
line mtDNA according to the model prescribed for hu-
mans (Anderson et al., 1981), most stop codons in feline
MtDNA appear to be TAA. Third, disregarding the
ORFs that have stop codons in their downstream tRNA
genes (e.g., ND1 and ND2), coding sequences overlap
between the ATPase 8 and ATPase 6, ND4 and NDA4L,
and ND5 and ND6 genes. Fourth, the cat light (L)-
strand origin of replication (ORL) is less d(C-G)-rich
(53%) than the harbor seal (P. vitulina) sequence, but
feline ORL can still fold into a stable stem-loop struc-
ture (Fig. 2B). Neither of the two rRNA genes nor any
of the major structural genes show large length differ-
ences relative to other mammalian mtDNAs.

The total length of the cat mtDNA sequence is 17,009
bp, with a total base composition of 32.5% A, 26.2% C,
14.2% G, and 27.1% T. Similar to seal mtDNAs, the
cat mitochondrial genome exhibits a higher overall dG
content among mammals but retains the strong bias
against dG at the third codon position in structural
genes. The pattern of codon usage in feline mtDNA
(Table 2) follows the preference patterns observed in
other mammalian mtDNA sequences, with the possible
exception of the lle and Phe codons. Compared to har-
bor seal codon usage, feline mtDNA shows an increase
in TTT, probably at the expense of TTC codons. Also,
the cat initiates the ND2 gene with a non-AUG codon,
ATC (lle), aresult also observed in ND3 and ND5 genes
in mouse and horse (Bibb et al., 1981; Arnason, 1994)
(Table 1). In contrast to other mammalian genomes,
the ATPase 8 gene is extended by the duplication of
one Q residue at the 3’ end, which may have resulted
from slippage during DNA replication. Finally, a total
of 34 bp constitute the untranslated spacer nucleotides
between mitochondrial genes.
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Analysis of tRNA Genes

The canonical secondary structure features common
to most vertebrate mitochondrial tRNA molecules
(Cedergrenetal., 1981; Kumazawa and Nishida, 1993),
such as the anticodon (AC) stem loops and T-®-C and
amino acid-acceptor (A-A) arms, are also observed in
some feline mitochondrial tRNAs (Fig. 2C). Compared
with cow or harbor seal tRNA sequences, most differ-
ences in the cat occur in the T-®-C arm, the dihydrouri-
dine loop, or the “variable” loop region between the AC
stem and the T-®-C arm, and many substitutions in
one stem strand were compensated in the correspond-
ing stem strand. Insertion or deletion mutations (in-
dels) are observed in the cat dihydrouridine loops of
His, GIn, Phe, Pro, Tyr, Leu, and Asp tRNAs relative
to bovine mtDNA genes. For example, the tRNA-Phe
gene is 3 bp longer in cat than in cow mtDNA. The AC
loop region is the most conserved tRNA region among
all comparisons. Furthermore, the cat tRNA-Leu
(CUN) gene is longer relative to the harbor seal se-
guence, which is best explained by an arbitrary place-
ment of the ND5 5’ gene boundary in P. vitulina
mtDNA, causing it to be three residues (M-K-V) longer
and discordant with all other mammalian ND5 se-
guences. Feline tRNA sequences for Ala, Val, and Met
contain a large number of mutations in the AC stem
compared with that in bovine mtDNA, although most
changes are compensated.

Mitochondrial DNA Control Region of the Cat

The feline CR spans about 1560 bp (Fig. 3A). An
unusual characteristic of the cat mtDNA CR is the
presence of two distinct sites of repetitive sequences
(RS2 and RS3) on opposite sides of the highly conserved
core of the control region, which together extend the
CR 447 bp longer than the human sequence. The loca-
tions of these repeats appear to be highly conserved
compared to other mammalian CR repeats (Wilkinson
and Chapman, 1991; Ghivizzani et al., 1993; Arnason
and Johnsson, 1992). RS3, a 294-bp d(C-A)-rich repeat,
which resembles nuclear microsatellites (Love et al.,
1990) as well as other carnivore CR repeats (Hoelzel et
al., 1994), is found at the L strand 3’ end (beginning
at nt pos. 270) of feline mtDNA (Fig. 1). RS3 contains
a 6- to 8-bp core unit, ACACACGT, imperfectly re-
peated 37 times in the mtDNA sequence. The RS2 ele-
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ment at the 5’ (left) end of the CR L strand consists of
three complete 80- to 82-bp monomers (a—c), which are
highly conserved with each other (91-98% similarity)
(Fig. 3B). The cat RS2 repeats also show 72—-75 and
67—74% sequence similarity to homologous mtDNA CR
repeats observed in the evening bat and masked shrew,
respectively (Wilkinson and Chapman, 1991; Stewart
and Baker, 1994). The 3’-most cat repeat (RS2c)
showed the greatest divergence at its own 3’ end, while
the most 5’ repeat unit (pos. 16504), possessing 94%
similarity and one deletion relative to the consensus,
is truncated after only 34 bp in feline mtDNA. The cat
RS2 sequences contain several palindromic motifs (5’
TACAT----ATGTA 3') beginning at pos. 16507 that
could potentially form secondary structures and possi-
bly function as terminal-associated sequences (TAS) in-
volved in D-loop replication (Brown, 1986; Foran et al.,
1988; Saccone et al., 1991; Madsen et al., 1993). Array
secondary structures appeared more stable with two or
three RS2 repeats versus one repeat unit (Fig. 3C).
These secondary structures may have facilitated the
expansion/contraction of repeat numbers following the
model of Buroker et al. (1990). The nonintegral repeat
number may reflect mutational decay or misaligned
slippage during rounds of duplication. Preliminary
data indicate that the RS2 region is hypermutable and
highly heteroplasmic within individuals of other spe-
cies of Felidae (M. Culver, unpublished observations).

Comparison of Cytoplasmic mtDNA and Numt
Homologous Regions

Homologous Numt DNA sequences extend 7946 bp
and were derived from a single monomer of the tan-
demly repeated chromosomal array estimated to range
from 38 to 76 copies (Lopez et al., 1994; Lopez, 1995).
The overlapping homologous region between cyto-
plasmic mtDNA and Numt begins at cytoplasmic nt
pos. 529 within the RS3 repeat and includes about 80%
of the COII gene to nucleotide 8454 (Fig. 1). The last
304 bp of the Numt COlI gene in Fig. 1 occur upstream
of the CR RS3 repeat sequences in the original
pNumt.1 clone, corroborating the observations of an in
situ excision, circularization, nuclear integration, and
tandem amplification at the chromosomal Numt locus
(Lopez et al., 1994).

A total uncorrected nucleotide sequence difference

FIG. 1. The complete nucleotide sequences of domestic cat (F. catus) cytoplasmic mtDNA (top) and one aligned Numt DNA repeat unit
(bottom). The L-strand sequence is shown. Alignment of both sequences in the 7946-bp region of homology was performed with GAP (GCG,
1994), using a gap weight of 5.0 and a gap length weight of 0.3. Indels are marked by dots and highlighted with gray shading. The translated
amino acid sequences for each structural gene are given above the nucleotide sequences using standard IUPAC nomenclature and translated
with the mitochondrial genetic code. Repetitive regions in the control region are marked as either RS2 or RS3 following the nomenclature
of Hoelzel (1993). At RS2, boundaries of each monomer are marked (V), and the total region is delineated (V). RS2 palindromes are marked
by arrows below the sequence, with the 5' — 3’ arrows showing strong conservation to TAS consensus sequences (Foran et al., 1988). All
nucleotide numbering in the text refers to the cytoplasmic mtDNA designations of the cat and follows homologous human mtDNA conventions
(Anderson et al., 1982). Abbreviations for all mitochondrial genes were based on human nomenclature (Wallace, 1992), except for the tRNA
genes, which followed Arnason and Johnsson (1992). Due to typeset editing, sequence line 33 beginning with nucleotide 3177 is 1 bp short,
and line 7 beginning with 601 is 1 bp longer than normal due to an insertion.
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Control Regjon —»

1 GGACTAATGACTAATCAGCCCATGATCACACATAACTGTGGTGTCATGCATTTGGTATTTTTTATTTTTAGGGGGTCGAACTTGCTATGACTCAGCTATG 100

101 ACCTAAAGGTCCTGACTCAGTCAAATATATTGTTGCTGGGCTTATTCTCTATGCGGGGTCTCCACACGCACAGACAGTCAGGGTGCTATTCAGTCAATGG 200
-CcsB1— RS 3—>

201 TCACAGGACATATACTTAAATTCCTATTGTTCCACAGGACACGGGATGCGCGCACCCACGTTTGCGTGCACACGTGTACACGTACACACGTACACACGTA 300

301 CACACGTACACACGTACACACGTACACACGTACACACGTACACACGTACACACGTACACACGTACACACGTACACACGTACACACGTACACACGTACACA 400

401 CGTACACACGTACACACGTGTACACGTACACACGTACACACGTGTACACGTACACACGTACACACGTACACACGTGTACACGTACACACGTACACACGTA 500

Y/

501 CACACGTACACACGTACACACGTGTACACGTACACACGTACACACGTACACACGTACACACGTAT????GCGAAC‘GCTTTA?TTTAAGTAAATI‘\A(‘:TAG(‘J 600
TI I T T T T T T I o7 I T Il | Frrr e |1
CGTACACACGTACACACGTACACGCGTACACACGTACACACGCAAACACTTTGATTTZAGTAGATAACTAGC

—CSBII €SB III——

601 TTAATCAAA%CCCCCCTTACCCCCCGTTAACCTT@?TTTATI‘U‘\TAﬂ'»il(‘:(IE'I"()E(‘:(l:"I'ATT“FAT?TCTT??(‘:?I‘\I'\CC(‘:(‘:?I‘\Ilu‘\AC??G??TAG‘ACCGTACCTAA 699
NAXER SRR ERR AR RN AN AN RN Il AN I NN
TTAATCCAACCCCCCCTTACCCCCCGTTAACCTTGATTTATAAGAATACGTGCCTATTTATGTCTTGCCAAACCCCAAAAACAAGACTAGACCGTACCTAA

700 ATATAAGGCCTAAGAAAACGCTTATAAGCTTACCAATCCCCTATTATTL‘\CTAGCTACTA‘\ﬂAl\c‘:T?;‘\?Ttl:;‘\TMCTC‘T?T‘T??c‘??TTAT?TA*‘rA?ATATA 799
R N N N R N R N N R R R N R A i | CITLUITIT T
ACATAAGGCCTAAGAAAACGCTTAZAAGCTTAGCAATCCCCTATCATTACTAGCTATTAATACTAAATCATAACTCCGTTCGCAGTTATCTATAGACACA

tRANA-Phe —»

800 (‘:ct‘;ACCTGAgcTCTAATTCGTCCCTATCGAAcAAcATTTTACAT?TCTACGTTAGCCCCACATCCCA?TTMTGTAc‘sﬂHt‘ulxt‘:/leﬂ/‘u‘\AGCI‘\A?GCAc 898
CLLTU LT T T CTL T L T T T 1 Tt TTITIl RN \ FTT LTI 1T
CCGACCTGATCTCTAATTCGTCCCTATCGAACAACATTTTACATGTCCAAATTAACCCCACGTCCCAGTTAACGTAGCTTAAACATATAAAGCAAGGCAC

125 rRNA —>

899 T(‘51|\AAATGCCTAGA‘TGAGTCGCCAGACTC‘CATAAAC‘ACAAAGGTTTGGTCCTGGCCTTTCCATTAGTTATTAATAAG‘I‘\‘”'II\C‘:ll\(‘:A“I’GCAAGCCTCCGCAT 998
N R R N A N N R R R R R A R R A R R A FITT I LTIl
TGAAAATGCCTAGATGAGTCGCCAGACTCCATAAACACAAAGGTTTGGTCCTGGCCTTTCCATTAGTTATTAATAAGATTACACATGCAAGCCTCCGCAT

999 c$CGGTGAAAATGCCCTCTAAGTcAcccAGTGACCTAA?GGAGC’WC‘;HT(‘:A'\/‘Aﬂst‘:ﬁxCACA/‘\ﬁ:c‘:Ac‘??Tz’x(Jscﬂ'cATAACA(‘:CTTG(J:TCAGct‘:ACAcccccA 1098
AR AR PITT T T T T i N AR A
CCCGGTGAAAATGCCCTCTAAGTCACCCAGTGACCTAAAGGAGCTGGTATCAAGCACACAACCACAGTAGCTCATAACACCTTGCTCAGCCACACCCCCA

1099 céGGATACAGcAGTGATAAAAATTAAGCCf\T???TGI‘AAl‘xGcheAtl:‘TxluI\Gﬁ:i'ATATTAAAcAAGG?TT‘GGTAAATTTCGT?écAGCCACCGéGGCCATAc 1198
AR CILTLLET T R R N R A A A R
CGGGATACAGCAGTGATAAAAATTAAGCCATGAATGAAAGTTCGACTAAGCTGTATTAAACGAGGGTTGGTAAATTTCGTGCCAGCCACCGCGGTCATAC

1199 GATTAACCCAAACTAATAGACCCACGGCGTAAA?CGTGTTACAGAGAAAAAAATATACTAAAGTTAAATTTTAACTAGGCCGTAGAAAGCTACAGTTAAC 1298
UL T T i T R R R AR N A 10
GATTAGCCCAAACTAATAGACCCACGGCGTAAAGCGTGTTACAGAGAAAAAAATATACTAAAGTTAAATTTTAACTAGGCCGTAGAAAGCTAGAGTTAAC

1299 ATAAAAATACAGCAC‘GI‘\AA(‘STAACTTTAACACCTCCGACTACACGACAGCTAAGACCCAAACTGGGATTAGATACCCTACTATGCTTAGCCCTAAACTTA 1398
B A R R A R N A R R N A R A A A R R R Y
ATAAAAATACAGCACGAAAGTAACTTTAACACCTCCGACTACACGACAGCTAAGACCCAAACTGGGATTAGATACCCCACTATGCTTAGCCCTAAACTTA

1399 GATA(ETTACCCTAAACAAAACTATCCGCCAGAGAACTACTAGCAATAGCTTAAAACTCAAAGGACTTGGCGGTGCTTTACATCCCTCTAGAGGAGCCTGT 1498
A R N A R N R R R R R R R R R R A R N R AR R R N RN A R A
GATAGTTATCCTAAACAAAACTATCCGCCAGAGAACTACCAGCAACAGCTTAGAACTCAAAGGACTTGGCGGTGCTTTACATCCCTCTAGAGGAGCCTGT

1499 TCTATAATCGATAAACCCCGATATACCTCACCATCTCTTGCTAATTCAGCCTATATACCGCCATCTTCAGCAAACCCTAAAAAGGAAGAAAAGTAAGCAC 1598

. LI O 1 o 0 I O A I R -
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T AT A AT AAGCATAMTATAMCCATAGTTASCCTARAAGCAGCCATORS
| RN
ATATAATCTAAAAAGGTACAGCTTTTTAGAATTAGGATACAGCCTTCATTAGAGAGTAAGCATAAATATAAATCATAGTTGGCCTAAAAGCAGCCATCAA

TG oMM oM Te T TS sttt
gy [N LLLErrrrIrtd
TTAAGAAAGCGTTCAAGCTCAACAATCAAAACATCTTAATGTCAAAAAAAAAAAAAAAAAAAATGCAACCAACTCCTAATCTAAAACTGGGCTAATCTAT

Ti’AATAATAGAAGCAATAATGCTAATATGAGT?A‘\(‘)?I?(‘E??Al\Tl‘&TTT?T?(IE(I:TCI;(EII\TIll??CTTATATCA(IEAA(':GGATAACC‘:I?(;:T??Tll\(ISTTII\ACAACll\IlkGA
I AR AN KO AR AT
TTAATAATAGAAGCAATAATGTCAATATGAGTAACAAGAAATATTTCTCCCTGCATAAGCTTATATCAGAACGGATAACCACTGATAGTTAACAACAAGA

TﬂﬁATAAcciAAlxccﬂﬁ\AéAAAATATcAAT\TTAI\Al\”cl;ﬁ/lAlla(‘xl:cl:,it;‘\c‘:llat;:/lu‘;(lnllaT<|;CAAATTAGGGAAAGATTAAA/‘\?,??(?T??AA‘\?G;HCTC?GCA
RN NN ECUTTLL TR T FITLLIT LTI
TATATACAACCTAACCATAAACAAAATATCAAACTAATTGTTAACCCAACACAGGGATGCAAATTAGGGAAAGATTAAAAGAAGTAAAAGGAACTCGGCA

A a e T A CaCTAG T TAAACACC0CaGTATCC
SN
AACACAAGCCCCGCCTGTTTACCAAAAACATCACCTCTAGCATTTCCAGTATGAGAGGCACTGCCTGCCCGGTGACGCTAGTTAAACGGCCGCGGTATCC

T????GTGCAAAGGTAGCATAATCATTTGTTCCCTAA?TA?G?A?TTGTATGAACGGCCACACGAGGGCTTTACTGTCTCTTACTTC??ﬁT?CGTG?ﬁ?T
ELEErr e el LTt bt bbbt eyl
TGACCGTGCAAAGGTAGCATAATCATTTGTTCCCTAAATAGGGACTTGTATGAACGGCCACACGAGGGCTTTACTGTCTCTTACTTCCAAGCCGTGAAAT

T MG AT MG TA S TR TT G oA e aTacobscsme
|
TGACCTTCCCGTGAAGAGGCGGGAATATAATAATAAGACGAGAAGACCCTATGGAGCTTTAATTAACCGACCCAAAGAGACCCTATATCAATTAACCGAC

BT T o TTomas oo T TRS AT T TAMTC e
| | |
AGGAACAACAAACCTCTATGTGGGCCGGCAATTTAGGTTGGGGTGACCTCGGAGAACAAAACAACCTCCGAGTGATTTAAATCTAGACTACCCAGTCGAA

A T A TTOA MG TSI s T s T ot
| | | 1] | Il
AGTATTACATCACTTGTTGATCCAAAAACCTTGATCAACGGAACAAGTTACCCTAGGGATAACAGCGCAATCCTATTTCAGAGTCCATATCGACAATAG

T T B A T e IO T e TaaTeTaneTT
| 11 SRy | | SRS
GGTTGACGACCTCGATGTTGGATCAGGACATCCCGATGGTGCAGCAGCTAGCGAAGGTTCGTTTGTTCGACGATTAAAGTCCTGCGTGATCTGAGTTCAG

AT AT T TMETIETe AT A eSS T TCa e
| 11 ey | SRR By I |
ACCGGAGTCATCCAGGTGGGTTTCTATCTATTTAATAACTTCTCCCAGTACGAAAGGACAAGAGAAGTGAGGCCCACTTCACCGAAGCGCCTTTAACCAA

tRNA-Leu(UUR) —>

ATAGATG?TAT?AT?TT?ATCTAGACAGTTTATCCAAACACACTACCCGAGAGCT????TTT?TT?GG?T??????GCCC?GTAA?T???TﬁAAACTTAA
RSN FLErrrrrrrrrerrr et i LEE e L Ees BN
ATAGATGATATAATCTTAATCTAGACAGTTTATCTAATCACACTGCCCGAGAGCTCGGGTTTGTTAGGGTGGCAGAGCCCGGTAACTGCACAGAACTTAA

ND1 —>»

— M F'm T NV LS L I 1P 1 L L T
?CTTTT?TT“T?AG‘GGTTCA?TT??TCT??TT???????T?TTTAT?ATT??TGTACTCTC‘°T“ATT?TT??T?TT°T??T‘G?TGTA?CCTTCCT‘A
I A [ | | AN [ RN
GCTTTTATTATCAGAGGTTCGATTCCTCTCCTTAACAACATGTTCATAGTTAATGTACTCTCACTAATTATTCCTATGCTCCTCGCTGTAGCCTTCCTAA

L VERIK VL GYMQLRIKGPNUVV GPY G L L QP I A DA VK
sthiannttkdimmtnsanvtiainninimstisthmitino it
Ly
CCTTAGTTGAACGAAAAGTGCTAGGCTATATGCAACTCCGTAAAGGACCAAATGTCGTAGGACCATACGGCTTGCTCCAACCTATCGCAGACGCTGTAAA

L F T K EPLRPILTS S ML MFTIMAPTITLALTTLALTM@WI
ACTCTTTACCAAAGAGCCTCTCCGACCCCTTACATCCTCCATATTAATATTCATCATAGCACCAATCCTAGC??T???ACTAG?CCT????ﬁTATGAATC
L et Lt errrt et [T NENEENN
ACTCTTCACCAAAGAACCTCTCCGACCCCTCACATCCTCCATATTAATATTCATTATAGCACCAATCCTAGCCCTCACACTAGCCCTAACCATATGAATC

P LPMPYPLINWMNILTGUVILTFEMLAMSSs A s s G

??T?T?????T?C??T?C??G?T??TTA???TA????TG?GA?TACT?TTT?TGCTA??TAT?TCA“G??T“??T?TTT?TT???T?CT‘TGAT°???AT
¥ i CTTITI T

CCACTACCCATACCATACCCACTCATTAACATAAACCTAGGAGTATTATTTATACTGGCTATATCAAGCCTGGCCGTCTATTCCATCCTATGATCAGGGT

A S N S K Y A L I G A L RBRAV A QT 1 $ Y E V T L A I I L L S V L
O AT AT e I B T B AT T TG AT TATIE T T ot
NN SRRl | | | [ (WA 11
GAGCCTCAAATTCAAAATACGCCCTAATCGGAGCCCTACGAGCCGTCGCCCAAGCAATCTCATACGAAGTCACACTAGCCATCATCCTCCTATCAGTACT

/
L M NGSFTLAMTLTITTGGQETVYMWLTITIPAWPLAMMUWEI
ACTAAT???C???T??TT???A?TA?C?ATA?TA?T?A?CACTCAAGAATATATATGACTﬁAT??TT??T?C?T??CCC?TA?CCATAATATGATTTATC
[NERE | FEEELErrrenl [EEEREENNN | | [N RENEENRNy!
ACTAATAAATGGATCCTTCACACTAGCCATACTAATCGCCACTCAAGAAZZ/ T AATCATCCCTGCATGACCTCTAGCTGTGATATGATTTATC

s T ‘G E S E L s G Y A G P F A

ieestratodrolechidulectolbictrolbudedntobmintictedunebirtnutitobubectocte
| [Ny AN RENEENN | RNy [Ny

TCAACCCTAGCAGAGACCAATCGAGCCCCATTCGACCTGACAGAAGGAGAGTCAGAACTAGTCTCCGGATTCAATGTAGACTATGCAGCAGGCCCCTTCG

L F FLAETVYANTITIMMNILTTTILTFETEFGATFUH HTSTPTYMEPTE.L
CCCTATTCT'lrt‘:?T/‘uI;c;I\GA‘\tIATA‘\Tﬁ;clzct‘\AcATcI:AT‘(I:AHATAAATAchrcAcAACAAT(‘XI;HTT?TTcl:(‘;c‘;llxc‘;c?TT‘(I:(‘:ACA‘\(I;C(‘:CTTATATACCAGAGCT
FLTLTL THLTTET i FTTLV LT T i il i FOTTUT L T 11
CCCTATCCTTCCTAGCAGAATATGCTAACATCATCATAATGAATATCCTCACAACACTCCTACTCTTCGGAGCAGTCCATAGCCCTTCTATACCAGAACT

FIG. 1—Continued

2490

2578

2678

2778

2878

2978

3076

3176

3275

3375

3475

3575

3675

3775

3875

3975

4075

4175

4275

4375

233



234

4376

4476

4575

4675

4775

4875

4969

5068

5168

5267

5367

5467

5567

5667

5767

5867

5967

6067

6167

LOPEZ, CEVARIO, AND O'BRIEN

Y T I N F T VvV K T L L L T T T F L W I R A S Y P R F R Y D Q L M H
ATATACCATTAACTTTACAGTAAAGACCCTTCT??T?ﬁ???CT??TTT?TT?T???T?C?A?CﬁTCCTACCCACGATTCCG?T?T???????T??TACAC
e crrrerrr el i LLErrrr e NNy
ATATACCATCAACTTTACAGTAAAGACTCTGCTCCTAACAATTACTTTCTTATGGATCCGAGCATCCTACCCACGATTCCGATATGACCAACTAATACAC

L L N F L A C M H S L P I I T A'S QT —
°T°°T“TG%A?A???°TTT°T°??T?T?A???T“Gc?CT?T??“T?T?“??T?T?T?C?T???TﬁT??T???????????T???ACCTCAA‘?“T?“?““
S | [ENNNEE RN

CTCTTGTGAAAAAAACTTCCTACCTCTCACCCTAGCCTTATGCCTATGGCACGTATCACTACCTATCATCACAGCAAGCATCCCACCTCAAACGTAAGAA

tRNA-Ile —

. 5 . . . . —. . . .
nhkiitnienihiiieiveninitvsistdid ittt
| PLLETLErEnnd |
ATATGTCTGACAAAAGAGTTACTTTGATAGAGTAAAACATAGAGGTTTAAACCCTCTTATTTCTAGAACAATAGGAATCGAACCTAATCCTAAGAATCCA

~— tRNA-GIn — — tRNA-Met —>

AAAATcTT?GTG?T?C??TTATT?C?CCATATTCTAA?GTAAGGT?A?CTA¢?T???$T?T??Gecc$AT?ccc?G?ﬁA?TGTT??TTT?TA?CCTTCCC
AN ! NN A AN COTETTTT P
AAAGTCTTCGTGCTACCATTATTACACCATATTCTAAAGTAAGGTCAGCTAAATAAGCTATCGGGCCCCTAGCCCGAAAATGTTGGCTTATACCCTTCCC

—_—l—— ND2 —
I NP P I F I I I M L T V I 8 G T M I V V T T S HWIL L VW I G
ntitivsnthiiintiniisiintimintitmyntitinbitsastinnt ittt
| [ERENN! 11
AGACTAATCAAACCCCCTATTTTTATTATCGTTATATTAACCGTTATCTCAGGAACTATAATTGTAGTAACAACCTCCCACTGACTCATAGTCTGAATTG

F E M N L L A I 1 P 1 L M K _ K Y NP R AMEAATI KTYF L TQ
semipdrehigtiinadontroireieocamratmmhuphictodateinomiedestelaretuiols
SN | | PUITII0T]
GCTTGGAAATAAACCTATTAGCCATCATCCCTATCCTCATAAAAAAAAAAAAATACAACCCACGAGCCATAGAAGCCGCCACAAAATATTTCTTAACACA

M I MM I I N L ‘s G Q N s 1
AGCAGCCGCCTCCAT?ATCCTA?TAAT?T%GAATCATTATCAATCTACTGCACTCGGGACAATGG???GFACT?Aﬁ?GACCTTAATCCCATAGCATCAAT
By PP e PErrrrr e e e e | | LEELEEEr v ey i
AGCGACCGCCTACATAATCCTAATAATATGGAATCATCATCAATCTACTGCACTCAGGACAATGAACCATATTAAAAGACCTTAACCCCATAGCATCGAT

M M T T A L A M K LGLAPTFHTFWVPEVTQGTI SMSSGL I
A T T TR TS AT AT TOATAC e TR A MATTICTAT TosTACee I T

(BN Il 1! Ll
CATAATGACAACCGCTCTAGCAATAAAACTAGGACTAGCCCCATTCCGCTTCGGAGTGCCCGAAGTTACACAAGGAATTTCTATATCATCAGGCTTAATT

L s 1 Y @ s s M § I L S V

Ertnlortortmbubrtobuttodrstrehcduircloredoctmhellictrrattodneclret ot
RN I PR e | i [T | | | I

CTACTAACAGGACAAAAAAATCGCACCACTATCAATCCTCTACCAAATCTCATCCACTATCAATCCTAACCTAATCCTAACAATATCCATTTTATCAGTC

M I G G W G G L N QG T G L RK I M A Y S S I A HMGWMTATIMMY
ATAATCGGAG??T???GAGG?CTAAA??AAA?ACAACTACGAAAAATCATAGCATACT??T???T????CTT?TA?G?TGAATGACAGCTATCATAATGT
[IRSEEENNN 1)1 [N FLErrrrrri e il | PEELErrr rrrrrerer el
ATAGTCGGAGGCTGAGGAGGCCTCAACCAAACACAACTACGAAAAATCATAGCGTACTCCTCAATCGCCCATATAGGCTGAATAACAGCTATCCTAATGT

s I LN L T I Y I I M TLTTFMLTFEFMHENSTTTTAS
sdhbeckoatubrabrdbicblerbehretndntednlseled bt rindichelecledutortobont
11 TEE] 1 | 111
ACAGCCCCACGATAATAATCTTAAACCTAACTATCTATATCATTATAACACTAACCACCTTTATACTATTCATACATAGCTCCACCACCACAACATCATC

L s q N K L I L VvV L M M S L G G G
?CTATCACAAACATGAAATAAAACCCCTCT??T????T???T??T??T??TATTA?TAATATC??TGGGA??C?TCCC???A?T?T?CGGATTT?TC?C?

Lottt AR [EEN I thin
CCTGTCACAAACATGAAATAAAACCCCTCTAATCACCTCACTCATCCTAGTATTAATGGTATCCCTAGAGGGGCTTCCCCCACTCTCTGGGTTTATTCCA

K W M I 1. @ E L T K NE L I M M P T L L AMTATLTLN

AAATGAATAATCAT???A???TTG?CT?A??ﬁT?A?TT?ATC?TAATGCCAAC?TTACTAGCC?T????????T??TC??C?T?TACTTCTACATACGAC
PUT LTI [ AU i TLUT LTI
AAATGAATAATCATCCAGGAACTAACTACAAATGAAATAATCATAATACCAACACTACTAGCCACAACAGCACTACTTAACCCATCCTTCTACATACGAC

T YT T A L T M F P S NNGSMIKTMEKWRTFETCTIKTKTMTE FLZPTP.L
T AT AR T AT AT TS MMM TG T T TAC ST
RN 11 Lt |1 | | | | [N
TAACATACACTACCGCACTAACCATGTTCCCCTCAAACAACAGCATAAAAATAAAATGACGATTTGAATGCACAGGAAAAATAACCTTCCTGCCCCCTCT

*

M S A L $ p r—tRNA-Trp —
AGTTGTAATATCAACCATACTACTTCCACTCGCACCAATACTATCTATCCTGGATTAGAAGTTTAGGTTAA?CTAGACCAAGAGCCTTCAAAGCTCTAAG
AR SRR R N N N N N N N R R R R R A R A
AGTCGCAATACCAACCATACTACTTCCACTTACACCAATACTATCCATCCTGGATTAGAAGTTTAGGTTAAACTAGACCAAGAGCCTTCAAAGCTCTAAG

— . -«— tRNA-Ala
BT T AT T e T T T TN TSR TS TE AT T T abe

FErrrr rerereet | i [NEEREN! PEErrirrrrrerinl [NERENRENY
CAAGTCCCACAGACTTCACTTCTGCACATCZAAACCATTCTAAGGACTGCAAGAATCTATCTTACATCAAGTGATTGCAAATCAAACACTTTAATTAAGC

—r— < tRNA-Asn— OLR
T ool oMo AAT YT T TR A TGoRG ThAT oA Tone TOMTEOAC I ToRgabETO TS
BRSNS RN RSN RN | PRLEELEE tit
TAAGTCCTCACTAGATTGGTGGGCCCCAACCCCACGAAATTTTAGTTAACAGCTAAATACCCTAATCAACTGGCTTCAATCCACTTCTCCCGCCGCCTAG

— ~— tRNA-Cys —1—

et S R TS TI T TR IO TR TT AT e cTTRd T e e
PE it 1 Pt I RN

AAAAACAAGGCGGGAGAAGCCCCGGCAGCGCCAAGCTGCTGCTTTGAATTTGCAATTCAACATGACATTCACCGCAGGACTTGGTAAAAAGAGGGGTCGA

. . cor, —
<«— tARNA-Tyr—' M F M N R W L F S T N H K D I G T
ARG A TAT T TeARCTARTCASAMEATAT TG TACT
| (NN | [N A
ACCTCTGTCTTTAGATTTACAGTCCGATGCTTACTCAGCCATCTTACCTATGTTCATAAACCGTTGACTATTTTCAACTAATCACAAAGAAATTGGTACT
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L Y L L F G A WA GMV G T AL S L L I RAELGQ®PGT L L G DD
ditaihdwtincinhnntistitiviiithlnmntnsaesithsiitstiasinnli
CTTTACCTTCTATTTGGTGCCTGAGCTGGCATGGTGGGGACTGCTCTTAGTCTCCTAACCCGGGCCGAACTGGGTCACCCTGGCACACTGCTAGGAGACG

Q@ I Y N VI VT A HA F VM I F F M VMP 1 M1 GG F GNMW L V P
iRk Ayttt

| CEErrerrrrrnnd
ATCAGATTTATAATGTGATCGTCACCGCTCATGCTTTTGTAATGATCTTCTTTATGGTGATGCCTATTATGATCGGAGGGTTCGGAAACTGATTGGTCCC

L' M I GAPDMATFTPRMNNMSTFWILLP®PSFTLTLTLTLASTSHM
T AT T G AT T QA Teb e T e TTICTAC o TTaC e T TeTATe
ATTACTAATTGGTGCCCCTGACATAGCGTTTCCCCGAATAAACAACATGAGCTTCTGGCTCCTTCCCCCATCCTTTCTACTCTTACTCGCCTCATCTATG

V E A G A GT G W TV Y P P L A GNULAHAGAS VDL T I F S L H
ST GOTE TSI A TA GO MEE TR TCA TR AT A T AT T
GTAGCAGCCGGAGCAGGAACCGGATGGACAGTATACCCGCCCCTAGCCGGGAACCTGGCTCATGCGGGAGCATCCGTAGACCTAACTATTTTCTCACTAC

L AAG YV S S I L G A I NF I T T 1 I NMKUPPAMS QY QQTUP L F
itnntititihitiatitntinisitsthiniitinkivatistinnitisatinmnitial
ACCTGGCAGGTGTCTCCTCAATCTTGGGTGCTATTAATTTTATTACTACTATGATTAATATAAAACCTCCTGCCATGTCTCAATATCAAACACCCCTATT

v S 1 A L S L G D' N L N T
reladerdubidatrtinbubrintotnbudedutedollertuttiodotaddnlicle
|
TGTTTGATCAGTCTGAATCACTGCTGTCCTGTTACTTCTATCACTCCCAGTTTTAGCAGCGGGAATCACTAGGCTACTAACAGATCGAAACCTAAACACT

T F F DP A GGGDUP I LY QHLF WFF GHUPE V Y I L I L P G F
AC?TT?TTTG??C??GCTGG?GG?G??G?T??T?TCTTAT?C??A??CTT?TT?T?ATT?TTTG?CCAT?CAGAAGTTTACATTTTAATCCTACCCGGTT
[EEERNERNN! | AN [EENSNEERE 11 | PRI PPErrrrreir terhtd BRSNS
ACATTCTTTGACCCCGCTGGGGGAGGAGATCCTATCTTACACCAACACTTATTCTGATTCTTTGGCCACCCAGAAGTTTACCTTTTAATTCTACCCGGTT

G M I S HTIVTJY Y S GHKTZKTETPTFTGTYMGMYWAMMSTIGT FETLG
Bnnhitonhidiniidbiaissnintdintbaahiiiasntokiaointiati
TGGGGATAATCTCACATATTGTTACCTATTATTCAGGTAAAAAAGAACCCTTTGGCTACATGGGAATAGTTTGAGCCATGATATCAATCGGCTTTCTGGG

F'I VW AHHMETVGMDVDTIRAYTFEFTSATMTI I AI G
cirintodsditichemiertubidinlelodubuticntodaatmiinbeintoode
» L (11 |
CTTTATCGTATGAGCCCATCACATGTTTACTGTAGGAATGGATGTAGACACACGAGCATACTTTACATCAGCCACTATAATTATCGCCATTCCTACTGGG

V KV F S W L ATLHGTGNTITKTW®WSPAMTLWATLTGTFETIFEFTLFTVG
aniniibatinthttboaniaiiiinitathihianttat itk et

[ [
GTAAGAGTATTTAGTTGACTGGCTACTCTTCACGGAGGTAATAGTAAATGGTCCCCCGCTATACTATGAGCCTTAGGCTTTATTTTCCTATTTACCGTAG

G L T G I v L AN S S L D I V L HDTY Y V V A HFHY VL S MG
nnitimamiitsthntiibstvaritisitininnsiihsstrsntthotdittbhi
GAGGCCTAACGGGAATTGTACTAGCAAACTCTTCATTAGACATTGTTCTTCACGACACATATTACGTAGTGGTCCACTTTCACTATGTCTTGTCAATAGG

M G G W F G Y T LDNT
sbobtrbirehn oottt bt dedeatntectn Biebidotodobiobberoire
| NN | | IERENERN
AGCAGTATTCGCTATTATAGGAGGCTTCGTCCATCGATTCCCCCTATTCTCAGGGTACACCCTTGACAACACCGGAGCAAAAATTCACTTTACGATTATG

G Q G S G S
TTTGT?G??GT??AT?T?A??TT?TT?°?T?????CTT??T“G?°?T?T°C??A?T???A?????TT?TTCT???T?T??“G‘TG?AT?T??A?C/TT?‘
[N | | I I | | Il | |
TTTGTAGGAGTCAATATAACGTTCTTCCCTCAGCACTTCCTAGGCCTGTCTGGAATGCCGCGACGTTATTCTGACTACCCAGATGCATACACAACTTTGA

N T I S S M G S F I s L T V M L M VF M V WEAFASTKT BREUVAM
AATACGATTTCCTCAATGGGCTCTTTCATCTCATTAA$AG$AGTCATGTTAﬁT?GTTTT??TA?T?TGAGﬁA?cTTT$G?ATCCﬁA?$GAGAAGTGGCCA
RN N LTI Hl Il NN A R N AR
AATACAATTTCCTCAATGGGCCCTTTCATCTCATTAACGGCAGTTATGTTAATAGTTTTCATAGTGTGAGAAGCTTTCGCATCCAAGCGAGAAGTGGCCA

*

V E L T T T N L E W L H G C P P P Y HTF EEUP T Y V L L K F__
TAGTAGAACTAACCACAACTAATCTTGAATGATTGCATGGATGTCCTCCTCCGTACCACACATTTGAAGAGCCAACTTACGTACTATTAAAATAAGAAAG
PEErerrr et ey Prrerrrrer trrrrrerrrrr et e el PLErrrrrerrrrerl
TAGTAGAATTAACCACAACTAATCTTGAATGATTATATGGATGTCCCCCTCCGTACCACACATTTGAAGAGCCAACTTATGTGTTATTAAAATAAGAAAG

~—1RNA-Ser(UCN) ——  — tRNA-Asp —>

GAAGGAATCGAACCCTCTTTAACTGGTTTCAAGCCAATGCCATAACCATTATGTCTTTCTCAATTAAGAAGTATTAGTAAAACAATTACATAACTTTGTC
RN [N R R N R A R R R N A AR

GAAGGAATCGAACCCTCCTTAACTGGTGTCAAGCCAATGCCATAACCATTATGTCTTTCGCAATTACGAAGCATTAGTAAAACAATTACATAACTTTGTC

Coll — . . . . .

—M A Y P F @ L G F @ DA T S P I M EE L L H
GAAGTTAAATTATAGGCTTGAATCCTATATGCTTCAATGGCGTACCCCTTTCAACTAGGTTTCCAAGATG?TACATCCCC?ATTATAGAAGAACTCCTAC
et e L e el PULL b vl
GCAGTTAAATTATAGGCTTGAATCCTATATGCTTCCATGGCGTACCCCTTCCAACTAGGTTTTCAAGATGCTACATCTCCCATTATAGAGGAACTCCTAC

H H L M1 ‘1. s s S K ‘s
ACTTTCACGACCACACACTAATAATTGTATTTTTAATCAGCTCTTTAGTTCTTTATATTATCTCGTTGATGCTAACAACCAA??TCACGCACACGAGTAC
LT RN N N N R N RN RN [ b errer rrinl
ATTTCCACGACCATACGTTAATAATTGTATTTCTAATCAGCTCCTTAGTTCTTTATATTATCTCGTTGATACTAACAACCAAGCTCACGCACACAAGTAC
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M D A Q E V E T I w T 1 L P A I I L I L I AL P S LRBTITI L Y M MD

AT T AT AT A TCTACTTATTATC T T TA TR TAC T TACATICTCTATA T TORAT o1
P iy (IR | P et

AATGGATGCTCAAGAAGTAGAAACCATCTGAACTATTTTACCTGCTATTATCCTGATTCTTATCGCCCTGCCCTCTTCACGAATTCTCZZ/ TATAATGGAT

E I NNP S L T K H Q s

?‘??‘?T???????cc?Tc??m??GT’?‘???‘l‘?‘f’?T?‘??‘?‘?T???TG‘T?TT?A?‘?TT’?T???TA?“?TG’?TT‘??‘??A???TT???TTTT???T?TT“C 8264
NN 1Tl AL

GAAATCAACAACCCCTCCCTCACAGTAAAAACCATGGGGGCATCAAAGATATTGAAGTTATGAGTACACTGACTACGAAGACTTGAATTTTGACTCTTCT

1 P TQELKUPGETLI RTLTLTEUVDNAR RVYVVLPMETMTTIRMLTIS
TSGR T TR T T TR TR TSN e
ATGATTCCTACCCAAGAATTAAAACCCGGAGAACTCCGGCTATTAGAAGTTGACAACCGAGTAGTTTTACCAATAGAAATGACCATTCGCATATTAATTT

S S S G K T 1 G N QT T L M A TR

erfoubirtrombictoltectrbulectrnt il terotertedutibnuterty butuderlods s
| | I

CATCAGAAGATGTGTTACACTCATGAGCCGTCCCATCCCTAGGCCTAAAAACTGATGCTATTCCAGGCCGACTAAACCAAACAACTCTGA

P G L Y Y G Q@ C S E I C
ACCTGGTTTATATTATGGCCAATGCTCAGAAATCTG 8500

G S H VL ELVPLTJYTFETKTWNSASML?®Y —— tRNA-lys —»
TGGCTCAAACCATAGCTTCATACCCATTGTTCTTGAATTAGTCCCACTAACGTACTTTGAAAAATGATCTGCATCTATACTGTAAATTCATTAAGAAGCT 8600
ATPase8—>

Q T S M s
AAATAAGCATTAACCTTTTAAGTTAAAGACTGGGAGTTTAAATCTCCCCTTAATGACATGCCACAACTAGATACATCCACCTGATCCATCACTATTATAT 8700

M I M T L F I VF QL KIS KUY LYPSNGPTET PI KT SMTTILIEKA QR
CAATAATTATAACACTATTTATTGTATTCCAACTAAAAATCTCAAAATACTTATATCCATCAAACCCAGAACCTAAATCCATAACCACACTAAAACAACG 8800

ATPase 6 —» . . . . .
N E N L F A S F T T P T M M 6 L P I VI LITIMEFTP S

w E K S S Q Q
GAATCCCTGAGAAAAAAAATGAACGAAAATCTATTCGCCTCTTTCACTACCCCAACAATAATAGGATTACCTATTGTTATTTTAATTATTATATTTCCAA 8900
I1 L FPSPNRTLTINNAPRILIVYSLQQ@WLV QLT SKA QQMTLATIH
GCATTTTATTCCCTTCACCTAACCGACTAATTAATAACCGTCTAGTTTCACTCCAACAATGACTAGTACAACTAACATCAAAACAAATACTGGCTATTCA 9000

N HK GQ T W AL ML MS L I L F I G S TN L L G L L P HSF TP
TAATCATAAAGGACAAACCTGAGCCCTAATACTAATGTCCCTAATTCTATTTATTGGGTCAACAAACTTATTAGGCCTATTACCCCACTCATTCACCCCA 9100

T T QL S M NTLGMATITPTLWAGTUVTITGERHTEKTTIKT ATSLATHF
ACTACCCAATTATCAATAAATTTAGGAATAGCTATCCCGCTATGAGCCGGCACTGTAATTACCGGGTTTCGCCACAAGACTAAAGCATCTCTGGCCCACT 9200

L PQGTP VP L I P ML VYV I ET T S L F I QP MATLAVRILT
TTCTACCACAAGGAACACCTGTCCCCCTAATTCCTATGCTTGTAGTCATTGAGACTATCAGCCTCTTTATCCAACCTATAGCTCTCGCCGTACGACTTAC 9300

G HLLMUHTLTIG® GA AALA ALMNISTS I AL
AGCCAACATCACCGCAGGTCACTTATTAATACATCTAATTGGAGGGGCCGCCCTAGCCCTGATAAACATTAGCACCTCTATTGCCTTAATCACCTTTACC 9400

I L I L L T I L E F A V A L I Q A Y V F T L L V S L Y L HDNT M
ATTCTCATTTTACTAACAATCCTTGAATTTGCCGTAGCCCTAATCCAAGCCTATGTTTTTACCCTGCTAGTAAGCCTATACTTACATGATAACACCTAAT 9500
Co 111 ——r

Q N s P WPLTGALGSALTLM G
GACCCACCAAACCCATGCATACCACATAGTCAACCCTAGCCCATGGCCACTTACAGGAGCCCTTTCAGCCCTCTTAATAACCTCAGGCCTGGCTATATGA 9600

F H Y N L T L L L T L GMTTNILILTMY QWWRWD I I RE S T F Q
TTCCACTACAACTTAACACTGCTGTTAACCCTTGGAATAACTACCAACTTACTAACTATATATCAATGATGACGAGACATTATCCGAGAAAGCACATTCC 9700

G HHTPTIVQAQKTGTLA RTYGMTILF I I G F
AAGGCCATCATACACCTATCGTTCAAAAAGGCCTTCGATACGGAATAATCCTCTTTATCATCTCAGAAGTATTCTTTTTCGCAGGCTTCTTCTGGGCCTT 9800

‘s AP TPETLGGTCW®P®PTGTITIPLNEPLTEUVFPTLTLNT,
CTACCACTCAAGCCTAGCCCCAACCCCCGAGCTAGGAGGATGCTGACCACCAACAGGCATTATTCCCCTGAACCCCCTGGAAGTTCCACTACTTAATACC 9900

s VL L ASG GV S I TWAUHUHTSILMESGNIRBTEKTIHMLA GHATLTF I T IS
TCCGTGCTTCTAGCCTCCGGAGTATCAATCACCTGAGCTCACCACAGTTTGATGGAGGGAAATCGAAAACACATGCTTCAAGCACTATTTATTACAATCT 10000

L GV Y F T L L Q A S E Y Y E T S F T I 8D G VY G S T F F M AT
CTTTAGGGGTCTACTTTACACTCCTCCAAGCCTCCGAATACTATGAAACATCATTCACGATCTCGGACGGAGTATACGGATCTACCTTCTTCATGGCCAC 10100

G FHGLHUV I I GSTF LTIV CFULRA GLTEKTYHEFETSNHUHEG.
AGGATTCCATGGGCTACATGTAATTATTGGCTCTACTTTCCTAATTGTATGCTTCTTACGCCAATTAAAATATCACTTTACATCAAATCACCACTTCGGA 10200

F FL Y AGly —>
TTTGAAGCCGCCGCCTGATATTGACACTTCGTAGACGTAGTTTGACTATTCCTATACGTTTCTATTTATTGATGAGGATCCTJATTCCTTTA]EBTATTAATA 10300
. . . . ND3 —>
L T N T L T L
AGTACAGTTGACTTCCAATCAACCAGTTTCGGTATAACCCGAAAAGGAHATAAATGTAATACTTGCCTTACTTACCAATACACTCCTGTCCACACTAC 10400

V L I A F W LP QLNTIJVYAETKA ASTPVYETGCGTFDTPMGSARLTP
TTGTACTCATCGCATTCTGATTACCCCAACTAAACATCTATGCAGAAAAAGCAAGCCCCTATGAGTGCGGATTTGATCCTATAGGGTCCGCCCGCCTACC 10500
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F S M K F F L VvV A I T F L L F D L E I A L L L P L P W A S Q T D K
CTTCTCCATAAAATTCTTCCTGGTAGCCATTACATTCTTGCTATTTGATCTAGAAATTGCACTACTACTCCCCCTTCCCTGAGCCTCACAAACAGACAAA

L P TMLTMALSLLTISTLLAASTLAYTEUWWTO QKT GTLTEMWTE?* .
CTACCAACCATACTCACTATAGCCCTTCTACTAATCTCATTACTAGCCGCAAGCCTAGCCTACGAATGAACCCAAAAAGGACTAGAATGAACTGAATATG

tRNA-Arg — . . 3 i . ND4L—>

S
ATAATTAGTTTAAACCAAAACAAATGATTTCGACTCATTAGATTATAGCTCACCCTATAATTATCAAATGTCCATAGTCTACATTAATATTTTCCTGGCT
F I M $ L M GL LMY RSHTLWMSS SLLCLETGMMLSLF I MMA
TTCATCATGTCGCTCATAGGACTACTAATATATCGATCCCACTTAATGTCTTCCCTCCTATGTCTAGAAGGCATGATATTATCCCTATTCATTATAATAG

VA I L NNHLTILASMT®PTI I L LV A A C E A A G S L
CCGTAGCCATCCTAAACAACCATCTCACACTAGCCAGCATAACCCCCATTATCCTATTAGTATTTGCAGCTTGTGAGGCAGCACTAGGTTTATCTCTACT
ND4 —> . . . .
M L K 1 I 1 P T A M L M P MT

V M VS N T Y G T D Y V Q@ NL N Ql C
AGTAATAGTATCAAATACATATGGCACTGACTATGTACAAAACCTAAACCTCCTACAATGCTAAAAATTATTATCCCCACTGCCATACTCATACCAATAA

cC L S K P NM I W I NSTT Y S L L I s L I 8 L S8 Y L NQL G GH
CATGCCTATCGAAACCTAACATAATCTGAATCAACTCAACAACCTACAGCCTACTAATTAGTCTTATTAGCCTCTCCTATCTAAACCAACTAGGTGGCCA

S L N F S L L F F s DS L S8 A P L L V L T T WL L P L ML MA S Q
TAGTCTAAATTTTTCACTGTTATTTTTCTCAGACTCACTCTCCGCACCTTTACTAGTACTAACAACATGACTCCTACCGCTAATACTCATAGCCAGCCAA

S HL S KE TP SRIKT KTLTYTITMLTLLO GLTULTLTIMTEFEFTATEL
TCACACCTATCAAAAGAAACTCCTAGTCGAAAAAAACTATACATCACAATACTCACTCTCCTGCAGCTTCTTTTGATTATAACATTTACCGCTACAGAAC

I M F Yy 1 L F E A T L I P T L 1 1 I T R W G D QTER L N A G L Y
TAATTATATTTTACATTTTATTTGAAGCCACATTAATCCCCACCTTAATCATCATTACCCGATGGGGTGACCAGACAGAGCGATTAAACGCCGGCCTATA

F L FY TLVGSLPTLTLUVALTLTYTIO GQNTTGTLNEFTLTITIA G GY
CTTTCTATTTTACACTCTAGTAGGCTCACTACCCCTTTTAGTCGCACTACTGTATATCCAGAATACAACAGGAACTTTAAATTTCCTGATCATCCAATAC

W A K P I 8§ T T W S N I F L W L A CMMATFMV KMUPIL Y G L H L W
TGAGCCAAGCCCATCTCAACCACCTGGTCCAATATTTTCCTCTGACTAGCATGCATGATAGCATTTATAGTAAAAATACCTCTATATGGACTCCACCTAT

K’ s A AV L LKTLGTGTVY GMM~BITV
GATTGCCAAAAGCACATGTTGAAGCTCCCATCGCTGGTTCAATAGTACTTGCCGCCGTATTACTAAAACTAGGGGGATACGGGATAATGCGTATTACAGT

L L NP A TN QMAY P F MM L S L WGMV MTS S I CL R QQTD
CCTACTTAACCCCGCAACGAACCAAATGGCATACCCCTTTATAATACTATCCCTGTGAGGAATGGTTATAACAAGCTCCATTTGCCTGCGCCAAACAGAC
L K 8 L I A Y 8§ S§ V S H M A L V I V A V L I @ TP W S Y M G A T A L
CTAAAATCCCTAATCGCATACTCATCCGTAAGTCACATGGCCCTAGTAATTGTAGCAGTACTGATCCAAACACCCTGAAGCTATATAGGAGCTACAGCCT

M I AHG LTS SMLFTCLANSNTYTEHRVYVUHSHR RTM.I R G
TAATAATTGCTCATGGACTGACCTCATCTATGCTATTCTGCCTTGCAAACTCAAACTATGAACGAGTACATAGCCGAACAATAATCCTAGCCCGGGGGCT

Q T I L P L M A A W WL L A S L ANLAL®PUP T I NL I GE L F V
ACAGACTATCCTCCCCCTAATAGCTGCCTGATGACTACTAGCTAGCCTCGCAAACCTAGCCCTACCACCCACAATTAATCTAATCGGAGAGCTATTTGTA
V M A S F S W S N M T I I L M G T NI I I T ALY S L Y ML I M T.Q
GTAATAGCCTCCTTCTCATGATCAAACATAACCATTATCCTAATGGGTACTAATATCATCATTACAGCCCTATACTCCCTCTACATACTTATTATAACTC

R G K T H H K s T R N AL M ALHTLTLPTLTLTLTL S
AAGGAGGCAAATACACACACEACATTAAANATATCAACOCATCATTT ACACGAGAARACGCCETARTAGCCETCOACETAGTCOCCETTETCETCETATE

|_ Y — tANA-His —°
CTTAACCCTAAGATTGTACTAGGCCCCATTTACTGTAAATATAGTTTAATAAAAACATTAGATTGTGAATCTAATAATGGAAGTGCAAGTCTTCTTATT

tRNA-Ser(AGY) —» —— tRNA-Leu(CUN)—>
TACCGAAAAAGTATGCAAGAACTGCTAATTCATGCCTCCACGTATAAAAACGTGGCTTTTTCAACTTTTATAGGATAGAAGTAATCCATTGGTCTTAGGA

ND5 —=

M N L F T P L M L TAMEF I L L L I S N
ACCAAAAAATTGGTGCAACTCCAAATAAAAGTAATAAACCTATTTACCCCACTCATACTAACTGCAATATTTATTCTACTCCTGCCCATCATTATATCTA

T @ L Y K NS L Y P H Y V K T T I 8§ Y A F I 1 § M I P T M MF I S
ACACCCAACTGTATAAAAACAGCCTATATCCCCACTATGTAAAAACCACAATCTCTTACGCCTTCATCATCAGCATAATCCCAACTATAATATTTATCTC

S G Q E A I I S N WHWIL S I Q K S S K M Y F § T I F
CTCAGGACAAGAAGCAATTATCTCAAACTGACACTGACTATCAATCCAAACTCTCAAGCTATCACTAAGCTTTAAAATAGATTATTTCTCAACCATCTTT

I PV AL F VT WS I METFSMWVYMHSD®PVYTI NI RTFTFIKTYL L
ATCCCTGTAGCGCTTTTCGTCACATGGTCCATCATAGAATTCTCAATGTGGTACATGCACTCAGACCCATACATCAACCGATTCTTTAAATATCTCCTCA

F L I T M MTI LV TANINILTFG GLTFETI1IGWETGVGTIMSTF FILTLTIG
TATTCCTAATCACTATGATAATTCTAGTTACCGCTAACAATCTATTTCAACTATTCATCGGCTGAGAGGGAGTAGGAATCATATCTTTTCTACTTATCGG

W W Y G R A DA NTAAL G AT L Y NRTIGDV G F I M A M A WF
ATGATGATATGGCCGAGCAGATGCAAACACTGCCGCCCTACAAGCAATCCTCTACAACCGCATTGGAGACGTAGGCTTCATCATAGCCATAGCATGATTT

FIG. 1—Continued
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L TNSNAWDTEFO GO QTITFTITO GQHENTLNTIPILILTGTLTLTLAALTGK
CTCACCAACTCAAACGCATGGGACTTCCAACAAATCTTTATCACCCAACACGAGAACCTAAATATTCCATTACTAGGGCTTCTATTAGCAGCCACAGGTA

S A Q F GL HP WL P S A MEGPTUPV S A L L HS S TMV V A G
AATCCGCCCAATTCGGCCTACATCCGTGACTGCCATCAGCCATAGAAGGCCCAACTCCTGTCTCCGCCCTACTCCACTCAAGTACAATAGTCGTAGCAGG

V F L L I R F Y P L M E QNK T MOQQTL T L C L G A I T T L F T A
GGTCTTCTTACTTATCCGGTTTTACCCGCTCATAGAACAAAACAAAACTATACAAACTCTCACCCTATGTTTAGGAGCTATTACAACCTTGTTCACAGCT

I ¢ A L T Q ND I K K V V A F 8 T S S Q@ L GL M I VT 1 GI N QP Y
ATTTGTGCTCTCACACAAAATGATATCAAAAAAGTTGTTGCCTTTTCAACCTCAAGCCAACTGGGCCTAATAATTGTAACCATTGGGATTAACCAACCTT
L AF L HTICTHATFTFIKI AMLTEFMTCSGS I I HS L NDEU QDI
ACCTCGCATTTCTACACATTTGCACACACGCATTCTTCAAAGCCATGCTATTCATATGTTCAGGATCAATTATCCACAGTCTGAACGACGAACAAGACAT
R K M GG L Y KPWMPF T T T S L I I GS L AL TGMZPF L TG F
TCGAAAAATAGGCGGATTATACAAACCAATGCCCTTCACCACTACCTCCCTAATCATTGGAAGCCTCGCACTCACAGGTATACCTTTCCTAACAGGTTTT

Y S KDL I 1 ETANTSVY TNAWALLTITLTIATS.L ‘A A Y S
TATTCCAAAGACCTAATCATCGAGACAGCCAACACGTCGTATACCAACGCCTGAGCCCTACTAATTACTCTCATTGCCACATCCCTTACAGCTGCCTACA

TR I MF F VLLGA PR RTENTLNLTINERNNTIHLTINSGSTIZKR
GTACTCGAATTATATTCTTTGTGCTACTAGGACAACCACGATTCAATACCTTGAATCTAATCAATGAAAATAATACCCACCTCATCAACTCCATTAAACG
L L I G s I F A G Y L I 8§ Y NTIT PP TT I P QM TMPY Y L KL T
TCTCTTAATCGGAAGTATCTTTGCAGGATATCTAATTTCTTACAACATCCCCCCAACAACTATCCCACAAATAACTATACCCTACTATCTAAAACTAACT

A A G N A K NLKTFMYPSNTILTFTKF S
GCTCTTGCCGTGACTATCGCAGGCTTCATCCTAGCATTAGAACTTAATCTCGCGGCTAAAAACTTAAAATTTATATACCCTTCAAACCTCTTTAAGTTTT

N L L GY F P I VM HRLP S KMS L T M S Q@ K S A S ML L D MII
CCAACCTCTTAGGGTACTTTCCAATTGTAATACACCGCCTCCCATCAAAAATGAGCCTAACTATGAGCCAAAAGTCCGCATCGATACTATTAGACATAAT

W L E NV L P K S I §$ L F Q M KM S T T V S N Q@ K G L V K L Y F L
TTGACTAGAAAATGTATTACCCAAATCCATCTCCTTATTCCAAATAAAAATGTCAACTACTGTATCTAATCAGAAAGGACTAGTTAAACTCTACTTTTTA

* N G RTVEMTIUVILVGTILLSWGTV
s F M I T L ALGSTLTITLLNSTHE *
TCTTTCATAATCACCCTAGCCCTCAGCCTAATCTTACTTAATTCCCACGAGTAACTTCCATAATCACCAACACACCAATAAGCAAAGATCAGCCGGTGAC

vV VL W T G Y § Y L A A I GM A EE S F F GS D G TD Y I V WD G
AACCACTAATCAAGTTCCATAACTATATAGCGCCGCAATTCCCATGGCCTCCTCACTAAAGAACCCTGAGTCACCTGTATCATAAATCACCCAATCACCT
A G NFIKFV VEVETDETKTLTITYCATLLEA ALV GTTITFMAIL
GCACCATTAAACTTAAATACGACTTCTACCTCATCTTCCTTTAAAATATAACAAGCAGTTAATAATTCTGCTAACACCCCCGTAATAAACATTGCTAATA

V A K NS T W A E P Y P E T AMATTY GF V VL M GG L Y I L F V
CAGCCTTATTAGACGTCCACGCCTCAGGATAAGGCTCAGTAGCCATAGCCGTAGTATATCCAAACACTACGAGTATACCCCCTAAATAAATTAAGAAAAC

M L G L F S GG F N 1L VI GCGTGGAV I L GF G GY I P S P K
CATTAAACCTAAAAATGATCCCCCAAAATTCAACACAATACCACAACCAGTACCACCAGCCACAATTAAACCAAACCCACCATAAATTGGAGAAGGCTTT
~—— ND6

S v S MM
GAAGAAAAACTTACAAAGCTCACTACAAAAACTGTACTTAAAATAAATACAATGTATGTTATCATTATTCTCACATGGAATTTAACCATGACTAATGATA

‘Cth—>
‘«—1tRNAGiu — m S 1 K 1I_I N s F
TGAAAAACCATCGTTGTATTTCAACTATAAGAACTTAATGACCAACATTCGAAAATCACACCCCCTTATCAAAATTATTAATCACTCATTCATCGATCTA

P AP S N I S A WWNJTFGS L L GV CL TL Q@I L TG L F L A MUHY
CCCGCCCCATCTAACATCTCAGCATGATGAAACTTCGGCTCCCTTCTAGGAGTCTGCCTAACCTTACAAATCCTCACCGGCCTCTTTTTGGCCATACACT
T $ D T M T A F S S V T H I C R D V N Y G W I I R Y L HANUGA S
ACACATCAGACACAATAACCGCCTTTTCATCAGTTACCCACATCTGTCGCGACGTTAATTATGGCTGAATCATCCGATATTTACACGCCAACGGAGCTTC
M F F I C L YMHV GRGMY Y G S Y TF S ETWNTIGTIMLLF
TATATTCTTTATCTGCCTGTACATACATGTAGGACGGGGAATATACTACGGCTCCTACACCTTCTCAGAGACATGAAACATTGGAATCATACTATTATTT

T VM A T A F M G Y VL P W G QM S F W GATV I TNILILSATITIPY
ACAGTCATAGCCACAGCTTTTATGGGATACGTCCTACCATGAGGCCAAATGTCCTTCTGAGGAGCAACCGTAATCACTAACCTCCTGTCAGCAATTCCAT

1 G T E L V E W I W G G F S V DK AT L TRFF GF HF I L P F I
ACATCGGGACTGAACTAGTAGAATGAATCTGAGGGGGGTTCTCAGTAGACAAAGCCACCCTAACACGATTCTTTGGCTTCCACTTCATTCTTCCATTCAT

I S AL AGV HULULF L HETG S NN NWPS G I TS D S DK I P F H
TATCTCAGCCTTAGCAGGAGTACACCTCTTATTCCTTCATGAAACAGGATCTAACAACCCCTCAGGAATTACATCCGATTCAGACAAAATCCCATTCCAC

P Y Y T I K D I L G L T M L LV L F s
CCATALTATACAATCAAAGACATCCTAGGTCTTCTAGTACTAGTTTTAACACTCATACTACTCGTCCTATTTTCACCAGACCTGCTAGGAGACCCAGACA

Y I P A NP L N TP P H I K P E W Y F L F A Y A I L R S I P N K L
ACTACATCCCAGCCAACCCTTTAAATACCCCTCCCCATATTAAACCTGAATGATACTTCCTATTCGCATACGCAATTCTCCGATCCATCCCTAACAAACT

FIG. 1—Continued

13300

13400

13500

13600

13700

13800

13900

14000

14100

14200

14300

14400

14500

14600

14700

14800

14800

15000

15100

15200

15300

15400

15500

15600

15700

15800

15900



COMPLETE SEQUENCES OF CAT mtDNA GENOME AND Numt 239

G G V'L ALV LS TI LV LATITIPTITLTUHTSE K  CRGMMEFARBREPTLS.
15901 AGGGGGAGTCCTAGCCCTAGTACTCTCCATCCTAGTACTAGCAATCATTCCAATCCTCCACACCTCCAAACAACGAGGAATAATGTTTCGACCACTAAGC 16000

Q@ C L F W L L VADLLTLTWTIGG QPUVEUHBHPTFTITTIG QLA S

16001 CAATGTCTATTCTGACTCCTAGTAGCGGATCTCCTAACCCTAACATGAATCGGTGGCCAACCTGTAGAACATCCGTTCATCACCATCGGGCAACTAGCCT 16100
I LY FS T LLTILMPTI SGTI T ENI RITLTL K W * — tARNAThr —»

16101 CCATCCTATATTTCTCAACCCTCCTAATCCTAATACCCATCTCAGGCATTATTGAAAACCGTCTACTCAAATGAAGAGTCTTTGTAGTATATAAAATACT

. . . . T . . . . -—— tRNA-Pro |
TTGGTCTTGTAAACCAAAAAAGGAGAACATATGCCCTCCCTAAGACTTCAAGGAAGAAGCAACAGCCCCACTATCAGCACCCAAAGCTGAAATTCTTTCT

16200

16201 16300

Control Region

16301 TAAACTATTCCTTGGCAATACCAGAAAGCAACCCCATAACTTTCATAATTCATATATTGCATATACCCATACTGTGCTTGGCCAGTATGTCCTTATTTCC 16400

CACAAAAAAACCAAGTAAAAACCCCCAAACACCACAACCCAAAACACACAATGTAAAATCACTCTATTAACCACCAACTCACCCCAGGGGGTATTATACA

v RS2 —» . . v . . . . . .
CCCATATACATAAGACATACTATGTACATCGTGCATTAATTGCTAGTCCCCATGAATATTAAGCATGTACAGGAGTTTATATATATTACATAAGACATAC
—_— - —_—

16401 16500

16501 16600

16601 TATGTATATCGTGCATTAATTGCTAGTCCCCATGAATATTAAGCATGTACAGTAGTTTATATATATTACATAAGACATACTATGTATATCGTGCATTAAT 16700
- —_— —-———

v

16701 TGCTAGTCCéCATGAATATfAAGCATGTACAGTAGTTTA'i'ATATATTACATAAGACATAATAGTGCTTAATCGTGCATTCACCTTAATTéTAGGACAGTC 16800

16801 TTCTATGGACCTCAACTATTCCAAAGAGCTTAATCACCTGGCCTCGAGAAACCAGCAATCCTTGCTCGAACGTGTACCTCTTCTCGCTCCGGGCCCATTT 16900

16901 CAACGTGGGGGTTTCTATAACGGAACTATACCTGGCATCTGGTTCTTACTTCAGGGCCATAAAATCCTTGAAACCAATCCTTCAGTTCTCTCAAATGGGA 17000

17001 CATCTCGAT 17009

FIG. 1—Continued

of about 5.1% exists between the two feline mtDNA
homologues. The overall base composition of Numt and
cytoplasmic mtDNA are very similar: cytoplasmic,
33.3% A, 26.4% T, 24.8% C, and 15.4% G vs Numt,
32.6% A, 25.8% T, 25.2% C, and 16.3% G. When
changes in homologous coding gene regions (ND1, ND2,
CO1, and CO2) were compared according to codon posi-
tion, 72% of the base substitutions occur at the third
position, and 23/51 (45%) first position substitutions
are at synonymous Leu codons. These data suggest that

the majority of mutational differences are synonymous,
indicating mutational drift principally in the cyto-
plasmic organelle constrained by selective pressures.
A comparison of the pattern of mutational divergence
between feline cytoplasmic mtDNA and Numt, relative
to mtDNA divergence between related species from
other mammalian families (e.g., fin/blue whales, har-
bor/grey seals), is presented in Table 3. All three com-
parisons involve recently diverged mtDNA sequences
(seals, 2—2.5 MYA; whales, <5.0 MYA; and Numt/cyto-
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FIG. 2.
transcribed from the L strand. Locations of the tRNA genes (shaded boxes) conform to the canonical placental mammalian arrangement
and have been previously drawn (Lopez et al., 1994). Listed enzymes recognize 6-bp sites and cut less than four times, except Hindlll,
which has five sites. The following abbreviations were used: HSP, putative heavy-strand promoter; OHR, origin of heavy-strand replication;
OLR, origin of light-strand replication. (B) Predicted secondary structure of the OLR (L-strand origin of replication) (energy = —14.0).
Sequences are shown in H-strand orientation. (C) Representative tRNA cloverleaf secondary structure of tRNA-Lys in feline mtDNA.
Diagram was produced with the FOLD program of Zuker and Steigler (1981) in GCG (energy = —11.0).

(A) Physical map of coding genes and major restriction sites within the cat cytoplasmic mtDNA. Genes on the inner circle are
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TABLE 1

Characteristics of the Domestic Cat Cytoplasmic Mitochondrial Genome

Start Stop
Gene From To Size® codon codon 5’ intervening spacer
tRNA-Phe 866 935 70
12S rRNA 936 1895 960
tRNA-Val 1896 1963 68
16S rRNA 1964 3537 1574
tRNA-Leu (UUR) 3538 3612 75
NADH dehydrogenase subunit 1 (ND1) 3615 4571 957 ATG TAQ" AC
tRNA-Ile 4571 4639 69
tRNA-GIn 4637 4710 74 L
tRNA-Met 4712 4780 69 A
NADH dehydrogenase subunit 2 (ND2) 4781 5822 1042 ATC Taa®
tRNA-Trp 5823 5890 68
tRNA-Ala 5907 5975 69 L CACATCTAAACCATTC
tRNA-Asn 5977 6049 73 L A
Origin of L-strand replication (OLR) 6050 6081 32
tRNA-Cys 6082 6147 66 L
tRNA-Tyr 6148 6214 67 L
Cytochrome c oxidase subunit | (COI) 6216 7760 1545 ATG TAA T
tRNA-Ser (UCN) 7759 7828 70 L
tRNA-Asp 7833 7901 69 TTAA
Cytochrome c oxidase subunit 11 (COII) 7902 8585 684 ATG TAA
tRNA-Lys 8589 8656 68 ATT
ATPase 8 8658 8861 204 ATG TAA Cc
ATPase 6 8819 9499 681 ATG TAA
Cytochrome c oxidase subunit 111 (COIII) 9499 10282 784 ATG Taa®
tRNA-Gly 10283 10351 69
NADH dehydrogenase subunit 3 (ND3) 10352 10698 347 ATA TAa"
tRNA-Arg 10699 10767 69
NADH dehydrogenase subunit 4L (NDA4L) 10768 11064 297 ATG TAA
NADH dehydrogenase subunit 4 (ND4) 11058 12435 1378 ATG Taa®
tRNA-His 12436 12504 69
tRNA-Ser (AGY) 12505 12563 59
tRNA-Leu (CUN) 12564 12633 70
NADH dehydrogenase subunit 5 (ND5) 12634 14454 1821 ATA TAA
NADH dehydrogenase subunit 6 (ND6) 14438 14965 528 L ATG TAA
tRNA-Glu 14966 15034 69 L
Cytochrome B (Cyt B) 15038 16177 1140 ATG AGA TTA
tRNA-Thr 16178 16247 70 TT
tRNA-Pro 16248 16314 67 L
Control region (CR) 16315 865 1559

Note. In the comparison with Numt: (a) there is a 335-bp overlap of control region sequences with Numt; (b) The 16-bp spacer region
between tRNA-Trp and tRNA-Ala contains 1 gap; and (c) a total of two mutations occur in other spacer regions. L, light-strand transcript.

2 ORFs end at the last base of putative stop codon.

b Signifies an incomplete termination codon as shown in Fig. 1; lowercase denotes predicted codon after polyadenylation.

plasmic, ca. 2.0 MYA) (Arnason et al., 1993; Arnason
and Gullberg, 1993; Lopez et al., 1994). The percentage
similarity values for each gene appear comparable
among the three datasets and likely reflect gene-spe-
cific evolutionary rates. Thus, CO subunit and rRNA
genes are the most conserved, followed by the ND1
and ND2 genes in all three comparisons. Moreover,
the varying Ti:Tv ratios observed between the different
gene classes (protein, tRNA, and rRNA) probably re-
flect the different selective constraints acting on each
gene class. For all three groups, rRNA genes consis-
tently show the lowest Ti:Tv ratios. Despite having the
longest estimated divergence times among the three
data sets, the whale data set retains a high overall
Ti:Tv ratio of 9:1, similar to the seal ratio of 11:1. In
contrast, overall (3.8:1) and individual feline gene Ti:Tv

ratios greatly deviate from both seal and whale data
sets, while corresponding DNA sequence similarities
remain relatively uniform (Table 3). Furthermore, be-
tween the two seals, only 5% of third codon position
changes were transversions, while twice as many
transversions accrue at the same position in cat
mtDNAs. The greatest flux of cat Ti:Tv values appear
in the tRNA class, which also had the lowest ratios
(1.6:1). Last, examination of the mutational spectra
from three genes—16S rRNA, ND1, and ND2—indi-
cates that the most prominent differences between da-
tasets involve the number of A« Cand G < T transver-
sions, which are increased about 4- to 10-fold in feline
mtDNA sequences relative to that in either seal or
whale comparisons.

The feline homologous mtDNA region contains a to-
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TABLE 2

Total Codon Usage in the Cat Mitochondrial Genome

Second codon position

First Third
position T C A G position
T TTT (Phe) 108 (68) TCT (Ser) 33 (35) TAT (Tyr) 66 (50) TGT (Cys) 11 (8) T

TTC 117 (163) TCC 73 (74) TAC 76 (84) TGC 14 (16) C
TTA (Leu) 108 (68) TCA 112 (106) TAA (Stop) 8 (7) TGA (Trp) 92 (91) A
TTG 17 (20) TCG 8 (10) TAG (Stop) 1 (0) TGG 12 (13) G
C CTT (Leu) 59 (57) CCT (Pro) 57 (81) CAT (His) 31 (36) CGT (Arg) 6 (5) T
CTC 97 (95) CCC 59 (42) CAC 63 (64) CGC 9 (13) Cc
CTA 273 (297) CCA 72 (68) CAA (GIn) 84 (72) CGA 45 (43) A
CTG 42 (58) CCG 7(7) CAG 7 (14) CGG 7(4) G
A ATT (lle) 151 (131) ACT (Thr) 72 (51) AAT (Asn) 56 (40) AGT (Ser) 18 (17) T
ATC 179 (203) ACC 101 (107) AAC 94 (107) AGC 34 (42) Cc
ATA 182 (192) ACA 124 (137) AAA (Lys) 89 (89) AGA (Stop) 1(1) A
ATG (Met) 68 (57) ACG 14 (22) AAG 14 (12) AGG (Stop) 0 (0) G
G GTT (Val) 33 (26) GCT (Ala) 51 (46) GAT (Asp) 29 (26) GGT (Gly) 33 (48) T
GTC 38 (44) GCC 116 (98) GAC 39 (46) GGC 57 (36) C
GTA 95 (90) GCA 84 (100) GAA (Glu) 76 (74) GGA 97 (109) A
GTG 21 (28) GCT 8 (8) GAG 23 (25) GGG 30 (22) G

Note. Numbers in parentheses indicate total codon usage in the harbor seal mtDNA sequence for comparison (Arnason et al.,1991). Codons
were counted with the CODONFREQUENCY option in GCG (1994). Due to the assumption of posttranscriptional polyadenylation of feline
mRNAs similar to other mammals (Clayton, 1991), termination codons for COIlll, ND3, and ND4 genes were not included in the present
tally (see Table 1). The potential TAA and TAG termination codons for ND1 and ND2 are counted here but have not been empirically verified.

tal of 21 gaps, representing indels that ranged from 1
to 10 bp (Figs. 1A and 1B); of these, 12 were single
nucleotide indels. Fourteen of the gaps (66%) are inser-
tions in the Numt sequence, which lengthen Numt by
at least 20 bp over the homologous cytoplasmic
mtDNA. Five gaps occur in the CR, 7 in the rRNA
genes, 5 in the ND subunits, and only 3 in the CO
genes. A large proportion (25%) of gap mutations are
found in the variable 3’ terminus of the CR, recon-
firming the relaxed mutational constraints in this re-
gion. These mutations may derive from DNA polymer-
ase slippage during DNA replication, since at least 8
indels occurred at sites that are “simple,” homopoly-
meric, or with one alternating nucleotide motif (Tautz
et al., 1986; Newfeld et al., 1994). For example, two
gaps involving >1 bp occur at sites with alternating
residues or direct repeats (nt pos. 1848 and 4124).
Other long (12 and 6 bp) insertions of poly-(A) se-
guences occur in the 16S rRNA gene (pos. 2533) and
in the ND2 gene (pos. 4918), respectively. These obser-
vations plus preliminary measures of cryptic simplicity
suggest the influence of stochastic DNA turnover mech-
anisms with respect to indel mutations and other se-
guence changes (Dover, 1982; Tautz et al., 1986; Hoel-
zel et al., 1993). Because many of the indels would dis-
rupt ORFs for mitochondrial structural proteins, the
lineage of these mutations likely derive from the Numt
sequence.

Phylogenetic analysis with feline mtDNA and Numt
16S rRNA sequences was conducted to show the rela-
tionship of feline mtDNA with other mammalian
mtDNAs (Fig. 4). A maximum parsimony topology ex-

tends the conclusion of Janke et al. (1994), with addi-
tional cat sequences, and recapitulates phylogenetic re-
lationships produced with other algorithms (e.g., neigh-
bor-joining, maximum likelihood) (Felsenstein, 1993).
We used the 16S rRNA gene, since frameshift muta-
tions in Numt usually obliterated most amino acid
identity (but not DNA homology) after alignment. Nev-
ertheless, other conserved mitochondrial genes, such
as COl and COlll, produced branching hierarchies sim-
ilar to the 16S rRNA results, which show that the clos-
est affinities of the two feline mtDNAs are with each
other and with the seal sequences, as well as the reca-
pitulation of an artiodactyl-carnivore grouping (Li et
al., 1990).

DISCUSSION

Feline mtDNA is distinguished from other mamma-
lian mtDNA sequences by its possession of a large, 7.9-
kb tandemly repeated homologue in the nuclear ge-
nome, termed Numt (Lopez et al., 1994). In the cyto-
plasmic mitochondrial genome of the cat, the control
region is longer than average (1559 bp) due to two re-
petitive motifs, RS2 and RS3 (Fig. 3), at opposite ends,
but its length does not exceed the 1838-bp CR of lago-
morphs (Mignotte et al., 1990; Biju-Duval et al., 1991).
The compact vertebrate mitochondrial genome struc-
ture as defined by Attardi (1985) is probably main-
tained by selective pressures and therefore may limit
the accrual of novel features such as CR simple repeats
(Wallace, 1992; Hoelzel, 1993; Hoelzel et al., 1994; Ghi-
vizzani et al., 1993; Buroker et al., 1990; Rand, 1993).
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FIG. 3.

(A) Schematic diagram of the feline control region (drawn to scale). Numbers correspond to cytoplasmic mtDNA nucleotide

positions shown in Fig. 1. Hatched boxes represent repetitive sequence sites, RS2 or RS3, following the terminology of Hoelzel (1993). CSB
1-CSBIII designate closest matches to previously identified “conserved sequence blocks” (Saccone et al., 1991; Lopez et al., 1994). (B)
Multiple alignment of three complete RS2-type repeats (80, 80, and 82 bp, respectively) in the cat cytoplasmic CR. The RS2 region spans
nt positions 16504 to 16779 in feline mtDNA. Evening bat and masked shrew (Sorexa) sequences are also listed for comparison. (C)

Secondary structure of two of three 80-bp repeats at the RS2 site (pos
mark the location of palindromic sequences shown in Fig. 1A, and whi

With respect to codon usage, base composition, size,
and order of mitochondrial genes, the F. catus cyto-
plasmic mtDNA conforms to most placental mamma-
lian mtDNA genomes (Pepe et al., 1983; Gadeleta et
al., 1989; Anderson et al., 1982; Wolstenholme, 1992;
Kumazawa and Nishida, 1993).

Analysis of mutation patterns between the two feline
mtDNA sequences revealed several findings. For exam-
ple, the comparison of nucleotide substitution patterns

. 16538) in the CR (energy = —25.3) produced by FOLD. Black arrows
te arrows indicate the substitution observed at pos. 36 in two repeats.

among the three closely related mammalian pairs indi-
cated a lower bias against transversions and no sig-
nificant net increases in dA and dT content in Numt
relative to felid cytoplasmic mtDNA (Table 3), which
challenges expectations for pseudogenes and noncoding
sequence evolution (Gojobori et al., 1982; Liet al., 1984,
1985). The ratio of transitions to transversions has
been shown to exceed 20:1 in recently diverged mtDNA
sequences (Brown et al., 1982; Ruvulo et al., 1993),
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FIG. 4. Phylogenetic reconstruction with total 16S rDNA gene sequences. The 50% majority-rule consensus tree was created with PAUP
3.1.1,, employing unweighted maximum parsimony criteria and branch-swapping options (Swofford, 1993). Alignment of the complete gene
(ca. 1600 bp) from the respective taxa was performed with default parameters (gap weight = 3.0) of PILEUP in GCG. The tree length
equals 1615 steps, with a consistency index of 0.755. Numbers above the branches designate the number of total changes/homoplasies.
Bootstrap percentages in support of each node from 100 replications are shown in italics for each node.

while transversions cause more amino acid replace-
ments and accumulate with increasing divergence time
(Aguadro and Greenberg, 1983; Jukes, 1987). As one
plausible explanation for the lower felid Ti:Tv ratios,
elevated Ti:Tv ratios are usually more skewed in
MtDNA rather than nuclear DNA comparisons (De-
Salle et al., 1987).

Disparities in mutational spectra probably also re-
late to the dissimilar cellular environments between
mitochondria and the nucleus, which encompass differ-
ences in the degree of oxidative damage to DNA, the
presence or absence of different enzymes and DNA
polymerases involved in repair mechanisms, and the
physical structure of the double helix in vivo (Clayton,
1991; Miquel, 1992; Martin et al., 1995; Boulikas, 1992;
Wallace, 1992). For example, a relationship has been
observed between hypermutable nucleotide hot spots
induced by reactive oxygen species and the “pausing”
of mammalian S-polymerase at specific DNA secondary
structures during DNA replication (McBride et al.,
1991; Feig and Loeb, 1993). The increase in C < A and
G < T transversions in several genes between the two
feline sequences parallels this altered mutation spec-
tra. Various molecular architectures likely differ be-
tween nuclear and cytoplasmic compartments, since
mtDNA does not wrap around histone proteins within
mitochondria. Perhaps most influential on mutational
spectra, however, are the greater levels of modified
DNA (8-hydroxydeoxyguanosine, formamidopyrimid-
ines, alkylated residues) found in the mitochondrial
organelle compared to that in the nucleus, caused by
more encounters with various reactive oxygen species
(H20,, O3, hydroxyl radicals and singlet oxygen mole-
cules) (Richter et al., 1988; Miquel, 1992). DNA mis-
match repair of the nuclear genes is likely influenced
by the occurrence of methylated residues (Hare and

Taylor, 1985), which may be distinct in newly inte-
grated Numt. However, the paucity of quantitative
data on mtDNA methylation (Pollack et al., 1984) limit
conclusions about its effects on general mutation pat-
terns.

In sum, the structure and gene content of the domes-
tic cat mitochondrial genome resembles the mtDNA
of other placental mammals, except for an elongated
control region attributable to two separate stretches of
repetitive sequences. Simple repetitive DNA motifs are
associated with several indel sites identified in cat ho-
mologous mtDNA sequences, which most likely origi-
nate in the nucleus due to the consequent disruption
of ORFs in the functional genome. The nuclear mtDNA
homologue, Numt, resembles a nuclear pseudogene se-
guence that, by comparison with cytoplasmic mtDNA,
offers an unusual opportunity for directly analyzing
intracellular (paralogous) duplication events (Good-
man, 1981; Hardison and Gelinas, 1986; Fukuda et al.,
1985; Smith et al., 1991; Zullo et al., 1991; Lopez, 1995)
as well as the differences in mutational constraint of
the same genes in different cellular organelles.
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