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Summary. This paper reports the nucleotide se-
quence of rat mitochondrial DNA, only the fourth
mammalian mitochondrial genome to be complete-
ly sequenced. Extensive comparative studies per-
formed with similar genomes from other organisms
revealed a number of interesting features.

1) Messenger RNA genes: the codon strategy is
mainly dictated by the base compositional con-
straints of the corresponding codogenic DNA strand.
The usage of the initiation and termination codons
follows well-established rules. In general the canon-
ical initiator, ATG, and terminators, TAA and TAG
(in rat, only TAA), are always present when there
is gene overlapping or when the mRNAs possess
untranslated nucleotides at the 5" or 3’ ends.

2) Transfer RNA genes: a number of features
suggest the peculiar evolutionary behavior of this
class of genes and confirm their role in the dupli-
cation and rearrangement processes that took place
in the evolution of the animal mitochondrial ge-
nome. i

3) Ribosomal RNA genes: accurate sequence
analysis revealed a number of significant examples
of complementarity between ribosomal and mes-
senger RN As. This suggests that they might play an
important role in the regulation of mitochondrial
translation and transcription mechanisms.

The properties revealed by our work shed new
light on the organization and evolution of the ver-
tebrate mitochondrial genome and more impor-
tantly open up the way to clearly aimed experimen-

Offprint requests to: C. Saccone

tal studies of the regulatory mechanisms in
mitochondria.
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ation and termination codons

Introduction

The mitochondrial (mt)DNA of animal cells is a
circular molecule ranging in size between 14 and 39
kb. This molecule has become a very useful tool for
studies of evolutionary genetics because of its re-
duced size, high copy number, unisexual mode of
inheritance, and evolutionary behavior (Wilson et
al. 1985). For these reasons numerous laboratories
are now engaged in comparative studies of animal
mtDNA not only by using restriction endonuclease
enzymes but also by determining nucleotide se-
quences.Vertebrate mtDNA has been completely
sequenced in human, cow, mouse, and in the frog
Xenopus laevis; a large part of the mitochondrial
genome of rat was sequenced in three laboratories,
including our own, between 1981 and 1983 (Gortz
and Feldmann 1982; Koike et al. 1982; Pepe et al.
1983; Cantatore and Saccone 1987, for review).
However, sequencings were performed by using dif-
ferent rat strains that are known to have polymor-
phic variants of mtDNA.

The opportunity for analyzing the entire primary
structure of another mammalian mitochondrial ge-
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nome together with needing to know the complete
sequence of a single mtDNA type caused us to com-
plete the sequencing of the rat mitochondrial ge-
nome,

In this paper we report the complete nucleotide
sequence of Rattus norvegicus mtDNA, variant A,
16,298 bp long. The genome properties that are sim-
ilar to those previously described in other related
organisms and that have been discussed in recent
reviews (Attardi 1985; Cantatore and Saccone 1987)
are not treated here. We report some peculiar fea-
tures of the genes coding for messenger, transfer,
and ribosomal RNAs that were revealed by exten-
sive comparative studies. These features shed new
light on both the genetic organization and the evo-
lutionary behavior of the mitochondrial genome in
animal cells.

For the structure and evolution of the D-loop-
containing region we refer to our recent papers
(Brown et al. 1986; Saccone et al. 1987).

Materials and Methods

Source and Sequencing of mtDNA. The complete rat mitochon-
drial genome (Rattus norvegicus, type A), digested with Eco RI
and Hind III, was cloned in pSF2124 plasmid. Each inserted
fragment was excised from the recombinant, purified by prepara-
tive gel electrophoresis, and eluted separately. After further diges-
tions with useful restriction enzymes the fragments obtained were
sequenced using various strategies already described (Saccone et
al. 1981; Cantatore et al. 1982; Pepe et al. 1983). More recently,
large fragments, lacking appropriate restriction sites, were treated
with nuclease Bal 31 for various time intervals and ligated into
pUCS to obtain overlapping segments (Barnes et al. 1983). After
transformation of the Escherichia coli TG1 strain, the recom-
binant DNAs were isolated by alkaline treatment according to
Birnboim and Doly (1979). Following NaOH denaturation, se-
quencing experiments were performed by the dideoxynucleotide
chain terminator method of Sanger et al. (1980), using both syn-
thetic oligonucleotide primer and reverse primer.

Computer Analysis. The sequences analyzed were extracted
from the GenBank collection using ACNUC software (Gouy et
al. 1985). Analysis of the sequences was performed on a VAX
11/780(DEC) computer by using the software GLORIA (Atti-
monelli, Lanave, Liuni, and Pesole, unpublished).

Results and Discussion

Base Compositional Constraints and Codon Usage

The complete sequence of the Rattus norvegicus
mtDNA, variant A, is presented in Fig. 1. The mi-
tochondrial genome of rat as well as of other ver-
tebrates has a G-C content ranging from 36 to 44%,
but the base composition of the two strands is highly
asymmetrical as reported in Table 1, which refers
to the L-strand of the mtDNA from rat and other
vertebrates. It must be noted that in rodents, as in

cow and in Xenopus, the most represented base is
A followed by T > C > G, with G definitely under-
represented. In humans, on the other hand, the order
is A=C > T > G. If we consider the different RNA
species separately, we find that this bias in base
composition is present in all functional sequences.
However, in the case of rRNA genes the values are
more uniform than in the messenger and transfer
RNA genes in all vertebrates owing to their high
degree of conservation. The compositional con-
traints of the rat mitochondrial genome can also be
observed in the codon usage of protein coding genes,
shown in Table 2. The bias to highly avoid the base
G, particularly in the third codon position (see also
Pepe et al. 1983; Lanave et al. 1985) that reflects
the generally low amount of this base in the total
L-strand is stressed in such a way that some G-end-
ing codons are not used at all (i.e., TAG and AGG).
Only ATG is significantly more abundant because
of its initiator function (see below). In Table 3 the
use of the four bases in the three codon positions of
the rat mitochondria is presented: in the first po-
sition the use of A greatly exceeds that of G; T is
mostly used in the second position, and A and C
are the most used in the third one. In the mito-
chondrial genome of the other vertebrates the codon
strategy is similar.

A regular three-base periodicity in protein coding
genes has been suggested by various authors. In par-
ticular, Trifonov (1987) has reported recently that
in the protein coding sequences there is a universal
three-base periodical pattern (G-nonG-N)z and has
suggested that this pattern is responsible for the cor-
rect monitoring of the frame during translation, so
that only the frame having the highest G content
can be chosen. To confirm the existence of this
mechanism he found several sites with a comple-
mentary (N-N-C)n motif that should appropriately
bind mRNA in the E. coli 16S rRNA sequence. We
inspected the codon usage of rat mt mRNAs in order
to check for a triplet periodical pattern that could
support this theory. The data reported in Table 3
clearly demonstrate that a G-nonG-N periodicity
cannot be considered universal behavior and is cer-
tainly not applicable to mitochondrial genes. We
found a very high frequency of A-Y-N codons (24%
of total) of which more than 50% are A-T-N codons.
Furthermore, in the frame of all the mRNAs there
are (A-N-N)» stretches that in the genetic system
studied by us could be the counterpart of the
(G-nonG-N)# tracts. However, in our opinion, the
preferential use of these triplets with A in the first
position is not linked strictly to the necessity of
monitoring the correct reading frame. It is dictated
rather by two major constraints. The first is the base
composition of the codogenic strand: the calculated
frequency of A-N-N codons is equal roughly to the



Table 1. Length and base composition of vertebrate mitochon-
drial genomes

Total

Percent
length
Species (bp) A T C G
Rat 16.298 34 27 26 13
Mouse 16.295 35 29 24 12
Cow 16.338 33 27 26 14
Human 16.569 31 25 31 13
X. laevis 17.553 33 30 23 14

value expected in all the possible frames considering
the base distribution in the genome. The second is
due to the type of products that such a genome must
code for. In fact the abundance of the A-T-N codons,
the only ones significantly more frequent than the
expected ones (x2 = 5.5%), seems to be imposed by
the necessity for the mitochondrial genome to code
for proteins with a peculiar amino acid content. The
frequency of each amino acid in the protein coding
genes can be seen in Table 2. The most used is
leucine (with T in the second position of the codon),
but isoleucine and methionine (coded by A-T-N)
are also very frequent, as well as are threonine and
serine (coded by A-N-N). Moreover, we have
searched carefully for a significant (N-N-T)»n peri-
odicity in rat mitochondrial small rRNA, Indeed we
found many tracts with this feature, some of which
are exposed in a loop structure, and are thus hy-
pothetically accessible mRNA-zRNA contact sites,
but again the calculated frequency is not signifi-
cantly higher than the expected values. Thus, it seems
unlikely that the mechanism proposed by Trifonov
is at work in the animal mitochondrial genome: as
we shall see later, only a few rRNA small regions
(some of which were also indicated by Trifonov) are
probably involved in messenger binding.

Unusual Genetic Code: Initiation
and Termination Codons

The main peculiarities of the mitochondrial genome
are the use of TGA as the tryptophan codon and
the possibility that codons other than canonicals can
act as initiators and terminators (Barrell et al. 1979).
The latter suggestion is based on the fact that they
are found at the 5’ or 3’ ends of mRNAs that do
not have normal initiation or termination codons.
On the basis of a detailed comparative analysis per-
formed on the sequences of mtDNAs so far avail-
able, we propose a new interpretation of the use of
the initiation and termination signals in the mito-
chondrial translation process.

It is well known that in vertebrate mtDNA the
22 tRNAs are interspersed between the ribosomal
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Table 2. Codon usage in rat mitochondrial genome

S TTT 77 LTAT 50 _TGT 8
TIC 142 TCT 39 TAC 71 TGC 17
STCC 75
TCA 117
TTA 110  TCG 3 TAA 10 TGA 97
Lt 6 STPrAG 0 W TGG 1
L{CAT 36
CTT 72 CCT 35 CAC 62 CGT 9
LCIC100 ,CCC 55 o CGC 14
CTA 266 T CCA 105 CGA 40
CTG 13 CCG 5 CAA 82 CGG 2
Qcac s
(ATT 178 N AAT 58 GAGT 6
ATC172  ACT 51 AAC 113 AGC 41
T ACC 94
ACA 163
VATAIOL  ACG 9 | AAA 95 sTOPAGA 0
ATG 24 AAG 4 7AGG 0
5 GAT 20
GIT 16 GCT 44 GAC 46 GGT 19
¢ GTC 38, GCC 97 . GGC55
GCA 98 “GcA 81 GGA 95
GTG 8 GCG 3  _GAA 79 GGG 18
GAG 7

Table3. Percentage of base frequency at the codon position and
periodicity pattern in rat mitochondrial protein coding genes

Codon position

Periodicity
Base 1 II 11 pattern Found Expected
A 33 20 44 A-N-N 33 32
T 23 41 20 A-Y-N 24 18
C 25 27 33 A-T-N 16 9
G 19 12 3 A-nonG-N 32 29

and protein coding genes, probably serving as sig-
nals (punctuation points) for the processing of the
primary transcripts (Ojala et al. 1980, 1981). Few
or no bases, in fact, separate mRNAs and tRNAs
in the various genomes, and indeed sequencing of
the 5' end of mRNAs (Montoya et al. 1981) has
revealed that the mature transcript starts from the
base immediately after the tRNA of the same strand
(see also below) and not from the initiation codon.
In Fig. 2a the number of bases separating the
mRNAs from the tRNAs and the nature of the ini-
tiation codons found in the mt mRNAs of verte-
brates are shown. From these data a peculiar cor-
relation emerges: when there are spacer bases
between a tRNA and an mRNA or when there is
gene overlapping (i.e., ATPase 6, ND4, see Fig. 1
for definition of abbreviations), we always find ATG
as the initiator codon probably because a strong
initiator is necessary to put the messenger in frame.
On the other hand, when the reading frames start
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CRNAT 128 rRNA —
ll'l' TAATOTABCTTATAATAAASCAAABCAC TEAAAATECTTADATEOAT fcmftcclfm*ﬂl'ff"f‘:'m:f“l’“?l“l Tes 100

ABOTAABATTACACATOCAAACATCCATAAACCOOTOTAAMATCCCTTAAABATTTOCC TAAAACT TAABGAGAGSBCATCAABCACATAATATABCTCA 200

. . . . . . . . . .

AGACOCCTTOCCTAGCCACACCCCCACHORACTCARCABTEATAAATATTAABCAATSAACOAAASTTTRACTAASCTABTACCTCTCABEET TORTAAA 0

. . . . . . . . . .

T TG GCCAGCCACCOCOOTCATACOATTAACCCAAMCTAATTATTTTCOOCOTAAMACETOCCAACTATAAATCTCATAATAGAATTAAAATCCAACT a0

TATATGTGAAAATTCATTATTAGOACCTAAGCCCAATAACOARADTAATTCTAATCATTTATATAATOCACOATAGC TAABACCCAAACTOBOATTAGAT 00

. . . . . . . . . .

ACCCCACTATOCT TABCCCTAAACCTTAATAATTAAACCTACAAAATTATTTOCCAGAGAACTACTAGCTACADCTTAAAMACTCAAAGOACTTEOCOOTA 400

CTTTATATCCATCTAGAGOAGCCTOTTCTATAATCOATAAACCCCOTTCTACCTTACCCCTTCTCOCTAAT TCAGCCTATATACCOCCATCTTCADCAAA T00

CCCTAAAAAGOCACTAAAGTAAGCACAADAACAAACATAAAAACOTTAOGTCAAGOTGTAGCCAATOAAGCODAAABAAATOOOC TACATTTICTITICC (1]

CAGAGAACATTACGAAACCTTTATOAAAC TAAAGOACAAADGADDATTTAGTADTAAATTAADAATAGADADCTTAATTGAATAGAGCAATOAAGTACGE 100

ACACACCOCCCOGTCACCCTCCTCAAATTAGATTOACATTCACATATACATAATTTCACTAACAAATTTATOAOAGOAGATAADTCOTAACAAGGTAAGCA 1000

tRNA™ 165 rRNA
‘n:runaﬂrr.!oct'I'un'rui:a:uutncrl'nl'c.cuncﬂcuuchcac:cnuun‘r'rl:unnnnn:lnnh*unc 1100

CCTAGCCCTACAACCAACCAACATAACTAAACCCCCACATAAACTAAAACATTTAACTCAAAAAGTATTOOACAAACGAAATTTACTTACCAAGAGCTATA 1200

GAGAAAGT . ZCOCAADDGAAATGATGAMAGACTAATTTAAADTAAAAACAADACAAADATTAAACCTETACCTTTTGCATAATOAATTAACTAGAAAATE 1300

CTTAMCAALAAGAATTTAAGCTAAGAACCCCOAMACCAAACGAGC TACCTAAMAACAATTTCATOAATCAACCCOTCTATOTAGCAAAATADTOGOAAGA 1400

TITTTAGGTAGAGGTGAAAAGCCTATCOABCTTOOTBATABCTOOTTECCCAAAAAABAATTTCAGTTCAAACTTTAAOCTTCCATCAGAACAACAAATE 1300

. . . . . . . . . .

“AAATGTALMACTTAAAATATAGCCAAAABADOOACADCTCTTTAGGAAACOOAAAAAACCTTAAATAGTOAATAAACAACTACAATCACTTAACCATTOT 1400

. . . . . . . . . .

AGGCTTAMAAGCAADCCATCAATAAAGAAAGEOTCAABCCACATCATCTTACACACACACTAATTCCACAAACCTCAAAAATTCCAAMATTACAAATTGE 1700

GETAAATCTATGATCCTAGTGAATACTET TAATATETGAACAADAACCAATCCACCAADCACAAGTOCTAAGACAACCOOATAACCATTGTTAATTATTE 1800

. . . . . . . . . .

AATCATAGGCATAACCCAACAATAGAATTACCTATCCCTAACTCOTTIABCCCAACACABOCOTOCT TTAADOAAADT T TARAAAAGTAAAGDAACTCOOE 1900

AAACACOAACCCCOCCTOTITACCAAMAACATCTCCTCTABCATAACAABTATTABTOOCATCOCCTOCCCAGTOACTAAABTTCCACGGCCOCOOTATE 2000

. . . . . . . . . .

CCOACCOTOCAAAGBTABOATAATCACTTATTCCT TAATTAGROACTADAATOAATOOCTARACOAGGD TCCAACCATCTCTTACTTOCAATCAOTOARA 2100
Fig. 1. Sequence of the R. norvegicus mtDNA {variant A), The sequence reported corresponds to the L-strand (5’ -+ 3’). The arrows
indicate the direction of transcription of each gene. The predicted amino acid sequence {(one-letter code) of cach protein gene is shown
above the sense strand. COl, If, III: cytochrome oxidase subunits; Cyt &1 cytochrome 5. ND1-6: NADH dehydrogenase subunits.
Continued on pages 501-507.
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AATTAGGGTTTACGACCTCOATOTTOGATCAGGACATCCCAATOGTGCAGAAGCTATTAATOGTTCOTTTOTTCAACGAT TAAAGTCCTACGTGATCTAA
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GICCOGCAATCCAGGTCGGTITTCTATCTATTTACAATTITCTCCCAGT TACGAAAGGACAADABAAATGGAGACCAACCAATCCTAGOCT TCCAACCAATT
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E m I L 6 Y W 0 L R kK G P N ¥ F 6 P T 0 K L @ F F A D A W K L F n
COBAAAATCCTAGGCTACATACAAT TACGCAAAGGCCCCAACAACOAAGOCCCATATGOTAAACTACAACCATTTGCAGATGCCATAAAACTATTICATAA

= £ P A R P L T T S A S L F I 1 A& P T L S L T L A L 8% L ¥ 1 F L P n
AAGAACCCATACGCCCTCTAACCACCTCAATATCACTATTTATTATCGCCCCAACCCTCTICCCTTACACTAGCTCTAAGCCIATGAATTCCCTTACCAAT

P W P L I N L N L G m P F I L A T 8§ § L § V¥V ¥ § [ L ¥ § G w & § ~
ACCCCACCCCCTTATCAACCTCAACCTAGGCATACCATTTATTCTAGCCACATCCAGCCTTTCGGTCTACTCCATTICTATGATCGGOATGAOCCTCAAAT

$ K Y S L F G A L R A ¥ A Q@ T 1 S Y E VT m AL T L L S VL L A S
TCAAAATACTCCCTATTCGGAGCCCTACGAGCCGT TGCCCAAMACCATCTCTITACGAAGTCACAATAGCCTTATACCTICTTATCCGTCCTCCTAATAAGLE

G 5 F L @ 1 0 E W I v L I P & & P A & W n ¥ ¥ | 5§ T L A
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AGAAACAAATCGAGCTCCCTTCGACT TAACAGAAGGAGAATCAGAATTAGTCTCAGGE 1 1 TAACGTCOAATACGCCOCAGGACCATICGCCCTATICITE

m A E Y T N I 1 L M W A L T § 1 V¥V F L G P L T H I N YT P E L Y ST
ATAGCCGAGTACACCAACATTATTICTAATAAACGCCCTAACATCAATTGTATTCCTAGOCCCCITATATCATATCAATTACCCTGAATTATACTCAACCA

. . . . . . . . . .
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GCTTCATAACAGAAACACTACTTICTATCCACAACTTITCCTATGOATTCGAGCATCCTACCCCCOTTTICGATATGACCAACTAATGCACCTCCTATGAAA

N F L P LT L AFCHRUETY IS PR oL 61 PP ¥ tRNA
nantllccr:ctntrn&:nt!nccn!TcIG:alaisaracar1t:ttr!tcna1ttr:ctnc:sosnalIccncccla:ita!?innn!ntaf(tsacaa
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wr_ ND2
lINA tRNA s
CACCAA TICCCCC TAaTCC 'I'* P?OT hm TC.GC TAACTAAGE TGTCGUGCCC‘TMCCCOIDQH'IGI TOOTTAAACCCTTCCCGTALC f+ TAAATCCA

. . . . .

T T L T @ I Y LT T F KO R LI T T LS T NL PP AW VDL E NS
AlTACCCTAACCATTATTTACTTAACCACCT T TAAAGOCCGCCTAATCATOACACTTAGCACCAACTTACCACCAATATOACTAGGATTGGAAATAAGCE

A W K K & F R B T E A & T x ¥ F L T @ & T & § n 11
l'ffﬂl:fﬁftltcctlcfItlnlCEIlCillllllﬁCCClCGI?C‘.CT‘.‘IEQGC..C‘A‘QIOTPTfCfllclcﬂdltTOC!GCCFCQ!?!!TT!I

. . . . . . . . . .

L L VvV I I L »m T &K D S8 G m w T L 0 0 @ T ¥ M Fm L L ¥ A8 K L I S L &
CCTACTAGTCATCATCCTCAACTACARACAATCAGGAATATGAACCCTTCAACAACAAACCAATAACATACTACTCAACATAATACTCATTICACIGOCE

Fig1. Continued
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A K L & L A P F W Y WM L P E WV T @ B I P L K1 ® LT L LT ¥ @ K 1
ATAMAACT TGGACTAGCCCCATTCCACTACTOACTACCCOAADTCACCCAAGGAATTCCCCTACACATTOGATTAATCTTACTAACATGACAAAAAATTE

. . . . . . . . . -

A F L 5 1 L Y P F Y P L L NP T 1 T T 1 L A1 S S AF VO A w00 L
CTCCACTATCAATTCTATACCAATTTTATCAACTCCTAAACCCAACTATCACCACCATTCTCOCAATTTICATCABCTTTCET TOOCECATEAGOADOACT

. . . . . . . - - .

N 0 T @ 7 R x T m A Y F 5 | A MM & G M T A I L P Y NP T L T L L
TAACCAGACGCAAACACGAAAAACCATAGCOTACCCATCAATTOCCCACATAGOAODAATAACOGCAATCCTTCCATACA-CCCTACCCTTACCCTECTA

- . . . . . . . .

¥ L T I ~ I L L K A F N F I T L B T N Fr A& T T 1 NT L 8 P A ¥ ¥ x
AACTTAACAATTAACATCCTACTTAAGOCCCCAATATTCATTACACTCATAACAAATCCOOCAS "AACAATCAACACACTCTCACCCATATGAAATARAAA

. . . . . . . . .

TP m I L T A A S I I L L % L OO L PP LT G F L P XK ¥ AT 1S E L
CTCCCATAATCCTAACCATAGCATCCATCATCCICCTATCACTAGOABGACTCCCCCCTCTCACAGGATT TTTACCAAAATOAGCAATTATCTCCGADCT

L K M N C § T L § T v A A I m A L L S L F F ¥ T R L I ¥ & 8 § L 7
TCTAAAARACAACTGCTCAACCCTATCAACACTAATAGCTATCATAGCCCTATI TAAGCCTATTCTICTATACTCOGACTAATTITATTCCATATCCCTCACE

T F P T N N N 8 K M I S MW W O N P K W N F I L P T L T v L S T L T
ACATTCCCAACCAACAACAACTCCAAAATAATCTCCCACCACCAAAACCCAAAACATAATTTTATCCTCCCAACCCTCACAGIATIAAQTACCCTAACCE

. . . . . . . . . .

L P L 8 8 0 L 1 I'N. "
TaccacTITCCTIC CCI&CTI\ft‘CA I‘GMOH’T“G‘ TATACAGT TCAAGAOCCTTCAAAGCCCTTADAAAACAAACAAGTTT n:rr:!ﬁ AAGCA

. . . . . . . .

LA
- tRNA
CTGTAAGACTATATCTTACATCTIGT TAAATGCAAATCAACTOCTTTAATTAADCTAAATCE i?% TAGATTOOAAGOAATCAAATTCCTACGAAAATTT

— tRNAM™ Origin L-Strand Replication
wnntancunntc:u:nnt'lﬁccrlr.nu:r¥'rH:lcctlt:rnr:nenmaucnwa AGCCTTAGTAGAGGAOATTCTCTACACCT

. . . . . . . . . .

crs
«— tRNA
n:nacrucnnr:n:sfuunu::nnucﬂ! {tnnr AAAAAGGOGGE rcmc:r.t GTCTTTAGATTTACAGTCTAATGCTTACTCAGCCA

. . . . . .

col
!.N‘ F v ¥ R ¥ L F 8 T N W K 0 1T 0 T L ¥ L L F 0 A ¥ a G mn v 6 T
T lfll{% TOTTCGTAAACCOTTGACTCTTTTCAACTAACCACAAAGATATCOOAACCCTCTACCTATTATTITOGAGCCTGAGCACGAATAGTAGGGAC

. . . . . . . . .

A L S I L I R A £ L 0 @ P G AL L O PP @1 ¥ N Vv I v T & nw a F v
AGCTTTGADTATTCTAAT ICOAGCTOAACTAGGACAGCCAGGCOCACTCCTADDAGATGACCAAATCTATAATOTCATCGTCACAGCCCATGCATTCGTA

. . . . . . . . . .

W1 F F A ¥V AR P KA A 1 0 6 F 0 N ¥ L v F L A 1 6 A F P A A F F R n
ATAATTTTCTTTATAGTAATACCTATAATAATTOGAGGCTTCOGAAACTOACT TGTACCACTAATAATTOGAGCCCCTOATATAGCATTCCCACGAATAA

. . . . . . . . . .

M . m § F ¥ L L P P §$ F L L L L § S vV E A O A G T 0 w T v Y P P
lrnatntaattlt!tdit*ﬂtlTttl::nl:!?IT:Tn:TCCT1T‘ll:llctlcCl!aﬂ!‘ﬂlhﬂtIﬂlal:!ll&.:nlﬂiti‘lthiThfnitttct

L A G N L A W A G V 8§ ¥V P L T 1 F S L H L & 06 v S § I L G & 1 ¥ F
CTTAGCCOGARACC TAGCCCATOCTGGOGTATCCOTADAT T TAACTATTITITICCCTCCACCTAGCCOOGGTIGTCTTCTATCTTAGGAGCTATCAACTTT

. . . . . . . . . .

I T T 1 1 N WM K P P A NT @ Y O T P L F V¥ S VL I T AV LLLL
ATCACCACTATCATTAATATAAMACCCCCTOCTATAACCCAATATCAGACACCTICTCTTTOYATOATCCOTACTAATTACAGCCGYCCTACTACTTCTICY

S L P V L A A6 1 T AL L T PR N L NTTF F D P A0 00 0DPF I L T
CACTGCCAGTATTAGCAGCAGGTATCACTATACTCCTTACADACCOAMATCTAAATACTACTTTCTTCOACCCCOCTOGAGOTOGAGACCCAATICTTTA

@ » L F w F F 0 w P £ v Y I L I L P 0 F 0 I I 8 w v v T ¥ ¥ & 0 K
TCAACACCTATTICTGATTCTTCGOCCACCCARAAGTOTACATCTTAATTCTTCCABDOTTTGOAATTATTTCACATOTAGTTACCTATTACTCTGGAAAA

. . . . . . . . . .

XK E P F O Y H B MV T AN S 1 6 F L G F I V ¥ A HWHEKMTF T VO L
AAAGARCCCTTCOQATATATADGTATGOTATOAACCATAATATCTATTOOCTTCCTADOATTTATTOTATGAOCACATCACATATTCACAGTAGOCCTAD

. . . . . . . . . .

P vV P T R A Y F T § A T A I I AL P T 8V KV F 8 ¥ L AT L WO O N
ATGTAGACACCCGAGCCTACTTTACATCTECCACTATAATTATCOCAATTCCTACAGOCGTAAAADTATTCABCTOACTCOCTACACTACATGGADGAAA

. . . . . . . . . .
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I v L W B T ¥ ¥ ¥ ¥V & W F K Y VL 8§ 8 0 AV F & 1 8 &4 8 F v W F
ATTOTACTICATOATACATACTACOIABTABCTCACTTCCACTATOTCTTATCTATAGOADCAOTATTCOCCATCATADCTIOCTTCOTCCACTRATTEE

. . . . . . . . - .

PLF S 6 Y T L oWMDT WA K AMWF AL K F V8V NAT P D HNF L
CACTATTCTCAGGCTATACCCTAAATGACACATOADCAAMADCCCACTTTOCCATTATATTITOTADOTGTAAACATAACATTTITTTICCTCAACACTTCCT

. . . . . . . . . .

G L A G mn P & & ¥ 5§ P ¥ F P AT T T W N T v 8 8 A0 S F I 3 L T A
AGGATTAGCAGGGATACCTCGTCOTTACTCTOATTATCCADATOCTTATACCACATOAAATACAGTCTCCTCTATABGCTCATTICATCTCACT TAZODEL

. . . . . . . . . .

vV L vaAe 1l F a1l v E & F A 8 K RF £V L S 1 8 7Y 358 8 7T % L I ¥ L nm o0
CTCCTTOTAATOATCTTCATGAT TTCAGAAGCCTTCOCATCAAAACOAGAAGTOCTCTCAATTTCCTACTCTTCAACTAACCTADAATOACTOCATOOAT

. . . . . . . . . .

c P P F Y W T F EE P 3 YT v K WV .,
GCCCCCCKC"nCCR‘taTTtlnlﬂlmcflt:iltllaanaitfl%!a*hﬂ“dli.ﬂltlxcttc'lutlhtll."t:MnC:laHttnl

SEmuCH con—
tRNA '
nac:nrra|utcrrtcrcﬂn1§asnrnlraarnaaarnarrntnrna:trrutcaanotraanrtalana::rnalc:tatatatcrricfsnncrta:c

P F B L 6 L O D A T 8§ P 1 M E E L T N F H D KT L ATV F L I S5 § L
CATTICAACTTIGGCT TACAAGACOCTACATCACCTATCATAGAAGAACT TACAAACT TTCATOACCACACCCTAATAATTIGTATTCCICATCAGCTCCET

. . . . . . . . . .

vV L Y I I S L F L T T K LT W T § T A P A0 E VvV E T I w T 1 L F A
AGTACTTTATATTATTICACTAATACTAACAACAARAC TAACACACACAAGCACAATAGACOCCCAAGAAD TAGAAACAATTTGAACAATTCTCCCAGET

vV I L I L I A4 L P 8§ L R I L Y A n D E I N 8 P v L T v K T 8 0 v 0
GTCATTCTTATTICTAATTGCCCTTCCCTCCCTACOAAT TCTATACATAATAGACOADAT TAATAACCCAOTTCTAACAOTAAAMMACTATAGOACACCAAT

¥ ¥ w 8 Y E Y T p Y € b L € F P B Y m I P T N P L K P O E L R L L E
GATACTGAAGCTATOAATATACTOACTATGAADACCTATOCTTTGACTCCTACATAATCCCAACCAATOACCTAAAACCADDTGAACTTCOTCTATTADA

. . . . . . . . . .

V P N R ¥V ¥V L P A E L P 1 R AR L 1 8 S E DV L HS N AT PF S L O L
AGTTGATAATCOOOTAGTCTTACCAATAGAACTTCCAATICOTATACTAATCTCATCCOAAOACOTCCTOCACTCATOABCCATCCCTTCACTAGGGTTA

. . . . . . . . . .

K T P a4 I P G R L N 0O A T ¥V T S N R P @0 L F Y 06 Q@ C S E 1 C 0 S5 N
AAAACCGACGCAATCCCCOGCCOCCTAAACCAAGC TACADTCACATCAAACCOACCADDTCTATTCTATGECCAATOCTCTOAAATTTGCOGCTCAAATC

M § F m P I ¥ L E R V P L KT F £ W ¥ 8 A 8§ n | tRNAT
lc.GCTTCQIQCCE‘Tfﬂ'ICTAB‘“‘“T.C"C'I“II"T'lc.“.“'.i"‘“"".t."f"*‘*l‘f.:““cfTlﬂlﬁtﬂ“l!

. . . . . .

ATPase 8
m P O L P T S T ¥ F I T I I § § A AT
CCTTTTAAQTTAAADT rnuu:mnnc fctacnn*luncu: TAOACACATCCACATOATTTATTACAATCATCTCCTCAATAGCCACAC

L F 1 L F @8 L K I 8 8 @ T F P A P PF S PF X T A & T E K T W w F v E S
TATTTATTTTATTTCAAT TAAAAAT TTCTTCCCAAACCTTTCCTOCACCTCCCTCACCCAAAACTATAOCCACADAAAAAACDOAATAACCCTTCADAATC

. . . » . . . . » »
ATPase b
W N E W L F A S F I T P T A A O L P 1 v v I | & n F P s 1 L F F

¥ T X [ ¥ L P L]
:Efl‘ltllnli'ttl!l'0:57‘1'ItlfTﬁﬁ:t:chtl‘ll‘tlﬂ.?t?l‘ﬂ“tTIIl.'litthfIQII!'UT‘:CCOTCQQIlCliTICEC.T

. . . . . . . . .

$§ 8 € R L I S N R L W 8 F @ W ¥ L I kK L I I XK @ & M L I W T F K 0 R
CATCAGAACGCCTAATCAOCAACCOACTACACTCATTTLAACACTOACTAATCAAACTTATCATCAAMCAAATAATOTTAATTCACACACCAAAAGGALD

' . * . . . ' . . .
T ¥ oA L A1 ¥V S L I A F I &8 T ML LOLLPFENWNTFTPFPTT aLE

AACCTOABCCCTAATAATTGTATCCCTAATTATATTITATTOOCTCAACCAACCTTCTAGGOCTTCTTCCCCATACATTITACCCCTACCACTCAGCTATCT

WD L B M A I P L W A @ AV I LS F R MEKELUEK®MNTSLAMNWTF S PO
ATAGACCTAAOCATAOCCATCCCCCTATGAOCADOADCCOTAATTCTAGOTTTCCOACACAAACTAAAAAATTCTTTAOCCCACTTCTCACCOCAADGAA

TP 1 8 L I P A LTI T ELT L 8L F LD PF A AL AV RELTANTTaA

CCCCCATCTCACTAATTCCCATACTAATCATCATCOAAACTATCABCCTATTTATTCAACCOATABCACTABCABTACOACTAACAGCAAACATTACAGC

. . . . . . . . . .
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& M L L W H L I » 8 AT L VLA DI S P PFT AT 1 T F 11 L L LG
AGGCCATCTATTAATOCATCTAATCOOAGOADCTACCCTADTACTTATAOACATCAOCCCACCAACCOCTACAATTACATTTATTATTCTACTTICTACTT

Tvl..llnval.Iln'l'vlTl.l..ll.l'l.lll‘ftcom—;
nT oM T M
acuucnmtnuccnocctruncmenuutuuc:rterutemtntununutmmv{nmuscmcn

0 . . . . . . .

AT W AV N P S P WP LT O AL S ALLLTSES S LVEAENYF NTY =TS
TOCATACCATATABTAAACCCAABCCCATOACCACTAACABOAOCCETATCABCTCTTCTACTCACATCCOGCTTABTAATATGATTCCATTACAACTCC

. . . . . . . . . .

T I L L 8 L @ L L T W I L T M Y @ ¥ w " P 1 I R £ 0 T ¥ 8 G W w7
ACAATTCTCCTATCATTACGCCTCCTOACAMACATCCTAACTATATATCAATOATGACOADATATCATCCOTOAABGAACATACCAADOCCACCACACEC

P 1 vV O K G L R Y G M I L F I VS EVF F F A& 0 F F ¥ aF Y N 853
CTATTGTACAAAAAGGCC TCCOATACGGAATAATCCTGTTTATTBTCTCCOGAAGTATTCTTCTTTGCCOGATTTITCTGAGCATTTTATCATTCCABCLT

. . . . . . . . . .

v P T M DL O G C N PP T OB T T P L NP LEVFLLNXTSEVLLA
AGTTCCTACCCACOACCTAOGCGGTTGCTGACCCCCAACAGGAATCACCCCTTTAAATCCCCTAGAAGTACCCCTTCTAAATACATCAGTCCTCTTADCA

$ G v $ 1 T W A H W S L W E G M R N M A M Q@ AL LT T I L L 8 LY
TCAGGAGTCTCAATTACATGAGCCCATCACAGCCTAATAGAAGGCAACCGAAACCATATAAACCAAGCCCTACTAATCACCATTCTCTTAGGATIATATY

. . . . . . . . . .

F T 1 L © A 8 E£E Y F E T 85 F 8§ I & b 0 I Y 0 8 T F F n A T @8 F W 0 L
TCACTATCTTACAAGCCTCAGAGTATTTCGAAACATCATTTICTATCTCAGACGGAAT TTACGGCTCAACATTCTTICATAGCAACGGOATTTCATGOCETY

. . . . . . . . . .

W v I I 6 8§ T F L I v C L L B O L & F nw F T 8 x w nw F 0 F E A A A
CCACOTAATTATTGGCTCAACTTTCCTAATTOTCTGTCTACTACGACAACTAAAATTCCACTTCACATCAAAACATCATTTCGOATTTOAAOCCGCAGCA

. . . . . . . . .

¥ Y W H F VDV W N LTF LY VS 1 Y ¥ ¥ oS tRNASY
maucmancncsnurnumrrucutI:r.nuclnncurcutuamanumccﬁwu:cruounncnucu:rncnc:

. . . . . . .

ND 3 .
T » L I & & ¥ 1 N I T L ® F I L I § I A F
AATCAGTTAATTCTOAAAAAALC TE&“!IAU!I!*I'MCC TACCCATTATCATCACAATTAACATCACCTTATCCTTTATCCTCATTTCAATTOCATT

. . . . . . . .

W L P @ M M L Y S8 E K A MNP T EC O F PP T S 5§ A KL PFF 8§ 8K F
CTGATTGCCTCAAATAAACTTATACTCCGAAAAAGCAAACCCATATGAATGTGGCT TCOACCCAACAAGTTCTOCACGCCTTCCTTITITICAATARAATTT

. . . . . . . . . .

F L Vv A4 I T F L L F DL E€ I &4 L L L P L P Vv aTlTo T T xT T T 8 N
TTCTTAGTAGCCATTACATTTCTACTAT TCOACCTAGAAATCOCCTTACTACTICCCCTCCCATOAGCOATTCARMACAACCAATACCACTACAATAATAD

. . . . . . . . . .

A T A F 1 L VT I L B L G L AT E W T O KO L E WT E tRNAM
cn.crﬁcnrnrnuucaculrrrltcrclno:cunc:Iunnunncnnuntunanuncaunrmﬁmnuuusnun

. . . . . . . .

ND 4L —
H T S A F L N L T ®» a F T L 8
TAAAATTAATGATTTCOACTCATTAGATTATOATAATAATCATAAT rwca*{-nacuc TOCTTICCTAAATTTAACTATAGCCTYTTACATTATCTC

. . . . . . . .

L L 686 T F mn F R 8 MW L " 8 T L L C L E 0 A" A L 8 L F v T s T 8 T L
TACTAGLGTACTTTTATATTTCGCTCCCACCTAATATCCACTCTCCTCTOCCTABAADGAATAATACTATCACTATTTGTCATAACTTCAACATCCACATT

. . . . . . . . . .

W § N S A I 8 A T I P I T I L V F A A CE A AV O L AL LWV K T S
AAACTCCAACTCCATAATCTCCATAACCATCCCAATTACCATTCTAGTTTTTOCAOCCTGCGAAGCAGCAGTAGATTTAGCCTTACTAGTAAAAAT ITCA

. . . . . . . . .

ND 4 —
ALK 1L F P S L oALLP LT LS A
N T Y 8 T B Y V@ N L W LL c u,

aancrrueuu:uacncuumu:rcm:n:tu%uturulunnccnr:ntunuccm:cu:r-M:aructcr:an:

W K K I W T N ¥V T 8 Y S F L V S§ L L S L 8 L L ¥ O NDENTYT L NTF
CAACAAAAAAATCTOAACCAATOTCACCTCCTACABCTTTCTAOTOAOCCTATTAAGCTTATCACTCCTATOACAAAATOACOAAAATTACCTAAATTTC

§ VN F % 8 P PF L ST P LT T LT T ¥ LLPFP LA AL A S O N KA K

TCABTTATATTCTCCTCCOATCCATTATCCACCCCACTAATCATTCTAACAACTTOACTCCTCCCACTAATAATOCTCOCTAGCCAARATCACATAAAAA

K E N m M W 0 XK L Y I 8 A L I 8 L O I L LI KT F 8 AT E LI L F Y
AAGAAAATATAATOCATCAMAAACTTTACATCTCAATACTTATTAGCCTCCAAATT TTACTCATCATAACATTCTCCOCAACAGAACTAATTTTATTITTA
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TATCCTOTTCGAGOCCACTCTAATCCCARCACTAATTATCATTACACOATBABBCAACCAAACAGAACOCTTAAATGCAGBAATTTATTTCCTSTTTTAT

T L1 6 8 1 P L L 1T AL T §1 @ % 8 " 8 T L " F L I L B8 L T T e

ACACTAATTOGLTCCATCCCACTCTTAATTGECCTCATTTCAATCCAAAACTCAATAGOAACACTCAACTTICCTAATECTTTCCE TCACAACACACCLEE

L P S T W § & T 1 L W L & C K 8 a F N 1 X B P L Y 0 V H L W L P K A

TACCCTCAACATGATCCAACACCATTCTATGACTABCATGTATAATAGCATTTATAATCAAAATACCATTATACOCABTCCATCTATEAT TACCAAAADC

. . . . . . . . . .

WV E A PF 1 A0 8 A T L A AT L LK LD S YT P A AR VS 11 L DP

CCACOTAGAAGCTCCAATTOCAOOCTCTATAAT ITTAGCAOCAATTCTCCTAAAGCTADOGOOTTATOOOATAATACOAGTTTCCATCATICTADACCCE

LT X 8§ L A Y P F I 1 L 8 L ¥ 0N T n T 8 8 I C LR @ T DL K S L

CTAACAAAATCTTTAGCCTACCCATICATCATCCICTCATTATGADGCATAAT TATAACTAGCTCAATCTOCCTACGCCAAACABATCTAAAATCATTAA

I A ¥ 8 B V § WA A LV I T a1 & 1 0 T F w8 F n G AT KL AT AN
TTGCTTACTCATCAGT AAGCCATATAGCCCTAGTCATCACAGCCATTATAATCCAGACACCATOAADCTTCATGOOADCCACAATACTAATAATCGECCA

. . . . . . . . . .
G L T 5§ § L L F C L ANTNYERTIT W S B T W I n ARG L O N I F

oG T TAACCTCATCACTCTTATTCTOCCTAGCAAACACCAACTACGAACGAATTCACAGCCOAMCTATAATTATAOCTCOADOATTACAAATAATCTTY

. . . . . . . . . .

F LA A T W ¥ L L A 6§ L A N L A L F F L I ¥ L N B8 E L F 1 vn8 a1

CCATTOATADCAACATGATGACTATTAGCAAGCT TAGCCAACCTAGCACTACCACCCCTAATTAACCTCATAGOCGAGTTATICATTOTTATAGCAACAT

. . . . . . . . . .
F § w § ¥ P § I 1 L A A T N I ¥V I T 0 A Y S A Y A I 1 T 1T 0 R 0 % L

T CCTGATCGAACCCCTCTATCATCCT TATAGCAACTAACATTGTCATCACAGGAATATACTCAATATATATGATTATCACAACCCAACGAGGAARACT

. . . . . . . . . .
T & Ww A ® W L @ F 8 W T FE E L T L A & L W I I P L M L L T 1 # P K

AACCAGCCACATAAACAACCTCCAACCTTCCCACACACGAGAAT TAACACTCATAGCTCTACACATTATTCCCCTCATACTATTAACAATCAACCE TAAA

LI 7T 6 L TN

CTCAT :acaoec:lucn TA f! AGATATAGT TTACAAAAAACATTAGACTGTGAATCTAACAACADOAMATCAAATTLCTTATTT n:l{unmnour

. . . . . . . .

.mumcull
GCAAGAACTGCTAATTCATOCACCCATACCTAAAACATATEEETTTC fl&:!"uuuaunnn TAATCCATTOOTCT TAGGAACCAAAAACCTTGE

. . . . . . . . .

ND S .
moN A AR T I L I L M I L P L LT ¥ P LI T F S AT 1 L T
TGCAAC rc:nnnawr*nnnl‘n TAACAATCCTAATCCTCATAATTCTTOATTTACTTACAACACCAATCACATTTTCAATAACAATCTTAAC

. . . . . . - . .

AL MY F R N AN L 1 T 8 I XK F S8 F L L S L L L LF F H W N T E
CillclTnflTnCTlCCl'CATaTﬂCTG.ITltif:aif'iﬁiTIt'tl'fGCTtClll.tt1:tl‘ttTtTt‘tit?‘f‘tTIC!!CC.E&QC‘C‘GIQ

r A 1 T N W A ¥ L T I w 8 1 K L T m S F K I P Y F B 1 L F L 8 v §
TACATAATTACTAACTGACAT TGACTAACTATTAATTCTATTAAACTTACTATAAGT TTCAAAATTOACTATTTCTCAATCCTATTICCTATCADTATCCE

. . . . . . . . . .

L F v T W 8§ I A @ F § 8 ¥ Y K W & P P W I ¥ R F I K Y L A A F L W N
TATTCOTAACATOATCAATTATACAATTCTICTTCATOATATATACACTCTOACCCCCACATTAACCOATTCATTAAGTACTTAATAATATTCCTGAATAA

. . . . . . . . . .

m L I L T 8 A W M L F @ L F 1 @ w £ 0 Vv O I mw 8 F L L I 6 w w v @
CATACTAATCCTAACCTCAGCTAACAATCTATTCCAACTCTTTATTOOATOAOAAGOOOTADOAATTATATCCTTCTTATTAATCOGATOATOATATOOE

. . . . . - . . . .

L A D A ¥ T A A L @ A 1T L ¥ & RrR VvV O P 1 8 F I L A M T W F C L N n
CTTOCAGACOCCAACACACCOOCCCTCCAADCAATCCTCTACAACCOADTCOOAGACATTOOTTTICATCCTAOCTATAACCTOATTCTOCCTAAACATAA

. . . . . . . . . .

w S ¥ £ L 0 0 I F L T m T ®m ¥ ¥ L vV PF L T 0 L L I A& AT 0 K 8 A 0 F
ACTCCTOAQAACTCCAACAAATTTTCTTAACCAACACCAACAACAATCTADTCCCTCTCACADOACTACTAATTOCAGCCACAOOAAAATCCOCCCAATT

. . . . . . . . . .

G L W P W L P S A" E O F T F VS AL L WS ST KNV VY AD I F LN
COOACTTCATCCATOACTCCCATCAGCTATAGAAGOCCCAACTCCCOTCTCTOCCCTACTACACTCAADCACAATAGTTOTAGCACOGATCTTCCTAATA

. . . . . . . . . -

I R F W P L T 8 & ¥ 8 T I AT AR L CL OB A 1T T T L F T & 1 C &L
ATCCOATTCCACCCCCTAACCTCAAMACAATADTACTATTATAACAOCCATACTATOTCTTOOTOCAATCACCACATTATTCACAGCAATCTOTOCTCTCA

. . . . . . . . . .
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T @ w D 1 K X I vaF 7T 5§ 858 8L O L AAKAV T L GT % 0 F 1 L & F L
CCCAARACOACATCAAAAAAATCATAGCTTTCTCAACATCCAGCCAAC TAGGECTTATAATAGTCACAT TAGGOATTAACCAACCCTACCTTBLTTICCT

. . . . . . . . . .

W I C T W A& F F K A A L F n C 5 & 8 I 1 W I L »m P E @ P ! "R £ n &
CCACATTTGCACCCATOCATTICT TCAAAOCCATATTATTCATATOCTCCOGGATCAATCATCCATATCCTCAACOATOAACAAGACATTCGAAAAATAGGE

. . . . . . . . . -

¥ W M x A AP F T S 8§ C L I I »w § L A LT 0on P F L T F ¥ § x
AATATAATAAAAGCAATACCATTICACATCATCTIGTICTCAITATCOGAAGCCTAGCCCTTACCOGAATACCTTTICCTCACAGGATTICTATTCAALAGATC

L1 1T E A 1T N T C KT N AW A~ L a1 T LI AT 3K T A v Y 8§ 8 K LI
TCATCATCGAAGCCATCAACACGTGTAACACCAACGCC TLAGCCCTAATA~TCACT T IAATCGCCACATCCATAACTGCTGTGTACAGCATACGAL ICAT

Y r ¥ T AT » ¢ R Y S F L I I I N E N N F N | I » P I » K L A L @
CTACTICGIAACAATGACAAAALCLACGATACTCCCCACTAATTALTATTAATGARAACAACCCAAACCTICAT lnaTCLAAICAnACUCCTAGCAT TAGGA

. . . . . . . . . .

£ 1 L A 6 F L I § L N 1 F ¥ T N 1 @ F L T W P D WM L K nrn T s L I w
AGLAILCTAGCAGGL 1 1 CCTTATCTCACTAAATATTCCTCLAALTAACATTCAATTCCTCACAATACCTOAC ATTTAAAAATAACAAGCCTAAT TAATT

T N L G F A I A L E L N W L T T & S 1 M K A NP D S S F S T P L G Y
ACAATCTAGGATTTLL Al TGCCCTAGAAT TARACAAT T TAACCACTAAATCTATCAATAAAGCAAACCCACAATCATCATTICTCAACTCCACTAGGTITA

. . . . . . . . . .

T F F I n A K I I P A K T A N L R T ¥ ¥ § L ¥ L L P L I ¥ L E x 7
I CCCACCARTTATACACCGAATTATTCCAATAAAAACTATAAATCTACGTALARATTATTCCTTAAACCTACTAGATCTAATCTGATTAGAAAAGACA

I # » 8§ T § I r @ T @ L § x m A S N @ K 6 L ! XK L Y F L S F L I 7
ATCCCAAAATCAACCTCAATCACCCAAACCCAACTATCTAAAATAATATCCAACCAAAAAGGACTAATCAAACTATATTICCTATCATITCTICATCACTA

» b R T I E I I 1 F I G A F L S ¥ 0 A& V VvV n n ¥
I 8§ L I F I L W TrL W P E W F O & 8 &-.
rtrca:ranrlrrrar:rrncacacakira.tcctnagrcnr1rcaarAaraarsa«paT:::cn:u&nlaaalaccnr:caﬁccnccnclnt:ntl:nn

. . . . . - . . . . .

r « ¢ § v 1 o &« v 6 ¢ 6 G € L » Vv G VvV P P I E Y A L ¥ D G L S D F D

GIAGCACAACTATAAATAGCCGCAACCCCAATCCCCCCCTCCAACATAACCCCAACATCATCAATCTCATACATTAATCAATCOCCTAGACTATLARAAT

v L E ¥V K M ¥ L § r L ¥ F ¥ ¥V L E N F L O L v F F S5 F I F w N § @

CAACTAACTCCACCTTATTATYTCAAACTAAACAAGTAGAACACTACCAACTCCATAAAAADCCCTAAAACAAAAAAACTAAAAATAAACCAAT TAGACEL

. . . . . . - .
¥y r a ¢ Y E E ' A A a T T ¥Y G F ¥V V L A G 66 L Y I L FV AL G L F

GTAAGTGGCCGGATATTCCICAGTAGCCATAGCAGTTGTATACCCAAATACAACCAACATCCCACCCARAATAAATTAAAAATACTATTARAACC TAAAAAC

$ €6 6 F G L v m L €C G ! C 0 S Vv I L G F 006 Y I P § P K L AL G L C
GAACCCCCARACCCTAAAACTAT TAAGCA T CCAATACATCCACTAACAATCAATCCAAACCCACCATAAATADGTOAAGGCTTCAACGCCAACCCTAGAL

— NDG
G 7T L F L L § L 1 Fm Y W T N

ﬁACCdﬁTElilliCiﬂf“ﬁ:Trﬁ‘l‘fllﬂclfl'lh'Tlﬂ‘:‘i}leTCT.C.ClﬂclTTTQ.CT'T“‘:T‘.T‘l:ﬂfﬂﬁ‘i“':lf:ﬂ'151.‘

. . . . . . . . .

e CYTb .
— tRNA mT w I R K § W P L F x I I W W § F I b L F a P § »
11 aal rauunn}rc 1.{- TGACAAACATCCUAAAATCTCACCCCCTATTCAAAATCATCAACCACTICCTTTATCGACCTACCOGLCCCATCTAACAT

. . . . . . . . .

§ § w v » F 6 § L L 6 vV C L m v O 1 L T 6 L F L A& n W v T S 0 T =
CTICATCATGATGAAACTICGGTICTCTACTAGGAGTAIGCCTCATAGTACAAATCCTCACAGGCTTATTCCTAGCAATACACTACACGTICTGATALCA A

. . . . - . . . . .

T A F 8§ S v 1 W I C ® D ¥V N ¥ G ¥ L I ® ¥ L @ A N G A § n F F 1 C
ACAGCATICTCATCAGTCACCCACATCTGCCGAGACGTAAAC TACOGCTGACTAATCCGATACCTACAAGCCAACGGCGCCTCAATATITTITCATCTGEC

L F L W v @ R 6 L Y Y O S§ Y T F L €T W 8 I G & I L L F A& v on a T &
TATICCTCCATGIGCOACGAGGACTATACTATOGATCCTACACTTTCCTAGAAACCTGAAACATTGGGATCATCCTACTATTTGCAGTCATAGZAALTEE

. . . . . . . . . .

F A 6 ¥ Vv L F ¥ 0 @ W § F W 6 A T v I T M L L 8§ a 1 F v 1 6 17 T L
ATTCATGGOCTATGTACTCCCATGAGGACAAATATCAT TCTGAGGAGC TACAGTAAT TACAAACCTATTATCAGCTATCCCTTACATIGGGACTACCCTA

. . . . . . . . . .

vV E W I W 0 G F S VP K AT L T RF F AF W F I L P F I 1 A& A& L &
BTCOAATGAATCTGABGAGGCTTCTCAOTABACAAAGCAACCCTAACACOCTICTTCGCATTCCACTTCATCCTCCCATICATTATCCCCOCCCTTOCAA

. . . . . . . . . .

Fig. 1. Continued
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TTG TACATCTTCTTTITCCTZCACOAAMACAGGATCAAATAACCCCACABOATTAAACTCCOACGCADACAAAATCCCATTCCATCCATATTATACAATTAA 14800

. . . .

1 vV L F Fpr

F M L L L F LN L P L L O D
ac.:cc%cc#ast‘.ts"l"n'rt'I'ua'lul:la‘rTﬁtct‘lu1'ntr.f.'I'nntutl'|:t'I'c:cnunc:tacImaucct“nl:nlu‘lnc-cctucuac 14700

. . .

P L M T P P WM I K P E ¥ Y F L F A T a1 L R S 1 P ® K L 0 0 v Vv A
CCCCTCAACACCCCACCCCACATCAAACCADAATGATACTTTCTCTTTGCCTACGCTATTCTACOCTCCATTCCCAACAAACTAGGAGOGGTYCGTAGCCC 13000

L L § I L I L A F L P F L HWHT S K @ R S
TAATCTTATCAATCCTAATCTTAGCCT

. .

L ¥V A W L L YV L T ¥ 1 6 60 Fr VvV EMNWTPF

. . .

T F R P I T @ 1 L Y w1
TCCTACCATTICCTGEATACCTCAAAACAACOCAGCTTAACATTCCOCCCAATCACCCAAATCCTTTACTGAAT 12100

1 8 0 L ~ & I § v F

I 1 s .
CCTAGTAGCCAACSTCCTAGTCTTAACATGAATCGGAGGCCAACCAGTAGAACACCCATTTATCATTATTOGTCAACTASCCTCCATCAGTTATITITCA 13200

I L 1 L m Pt 8§ 0 I VvV E D KN L K V¥ N
TAICCTICATTICTCATACCAATCTCTOGARTTGTTOAAGACAAAATOTTAAAATGARATTA

.

thA"—-

TCCCOATAGTATAAAAATTACTCTGSTCTTGTAAA 15300

reo
- tRNA
i 13400

CCAQAAATGAAGAGTCAGTC H:l‘tnﬂht}{t AAGAAGAAGGAACTACCTCCCCACCATCAACACCCAAABCTGATATTCTACTTAAACTACTTICTT

D-Leor Ceowraimina Rrcion —a

Eta;'a:arahanfonll'ﬁolcn'|Aaaa:ut1Ta!ﬁllla!tﬁTutn?lll!tInlTT1CC:Cn.iC!TA}aaGCA1G|aaIa1n‘h|tYAATE‘TTl 15500
u(ba:a‘n:a!IllanchQaCTllhial1Cntth(lltn!ﬁfcfnr1:Itnsn?a:gY!a.ﬁal.a]0:11aT‘nﬁn:aT&T:TGIGYI‘TTQB&C‘IG 15600
CACCATTAAGTCATAAACCTTTCTCTTCCATATGACTATCCCTGTCCCCANTTGGTCTCTATTTCTACCATCCTCCOTGAAATCAACAACCCOCCCALTL 13700

C'C(:CEICT1tTCG:TCCGGGCCC&?TCGIECTGGGGG?E&:T!T.lTB&h&C!TTQCQGGCQT(Tﬂ“lCT1OC1|ClGDGGCC‘lChtY|0511CIT 13800

.

CGTCCATACGTTCCCCTTAAATAAGACAATCTLGATGGTAACGGGTCTAATCAGACCCATGATCAACATAACTGTOGTGATACACATIGOTATTTTITAA 15700

.

TTTICGGATGCCTTCCTCAACATAGECGTCAABGCATGAAGGTCAGCACAAAGTCCTOTGOAACCTTTITAGTTAAGGGTCATTTATCLTCAT AGACAAAG 1s000

D-Loor I
CTCOAARGACTRTITTIATICATGTTTGTAAGACAT AAATATTTATAAATACTGAAMACTCTGTCAACAAACCCCCCCACCCCCTACACCTGARALT 'I'I'.d? 16100

16CCAAACLCCAAAAACATTAAAGCAAGAATTARATAAAACAAAAAGCTACT TAATTCTTAAAADBCTTCTCCATICTAGTAGACCACAAAATTTTAACT 14200

.

TAAATCTTAGCATTGOTAARATTTCCCOACACAAAATCTTTCCICCTAACTAAACCCTCTTTACTTOCCTACCCTCAGARAATTCCACAT A:ntcaai 16298

Fig. 1. Continued

from the first base of the messengers, any ATN co-
don and possibly also a GTG codon (see below) can
actasinitiator. The case of ND1 that could represent
an exception requires some comment. In cow the
ATG codon lies after two spacer bases, as expected
according to our prediction. In humans the corre-
sponding mRINA has been sequenced: it starts with
two spacer bases followed by ATA and, after a trip-
let, by ATG that in any case would keep the mes-
senger in frame. In mouse by considering ATT as
the initiation codon the start has been fixed nine
bases after the tRNA leu (uur) gene {Fig. 2b). How-
ever, more careful inspection of the alignment at the

5 region reveals that if the NDI mRNAs of mouse
and rat initiate at the ATT codon, they end up short-
er than the other similar genes by exactly nine bases
[315 amino acids (aa) instead of 318 aa]. On the
other hand, if the translation begins soon after the
tRNA gene, the mRNAs of rodents will have the
same length as those of the genes of other vertebrates
(Fig. 2b). This implies that not only ATT or ATC,
but also GTG, could act as initiator when there are
no extra bases at the 5’ end of the messenger. It
should be recalled that the codon GTG has been
suggested as the initiator in the mitochondrial NID1
gene of mouse, in the mitochondrial ND5 gene of
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ab ¢ (1] e sk e b ic sb ic
ND1 2 ATA 2 ATG 9 ATT 7 - CTG - ATG
ND2 = ATT - ATA = ATA - ATA - ATG
col 12 ATG 1 ATG 1 ATG 1 ATG 2 ATG
coll - ATG 1 ATG 1 ATG 1 ATG 2 ATG
ATPase8 1 ATG 1 ATG 1 ATG 1 ATG 1 ATG
ATPasef ov ATG ov ATG ov ATG ov ATG ov ATG
Ccolll = ATG - ATG - ATG - ATG = ATG
ND3 ~ ATA ~ ATA - ATC - ATT - ATG
MNDAL - ATG = ATG 1 ATG 2 ATG = ATG
ND4 ov ATG ov ATG ov ATG ov ATG ov ATG
ND'S - ATA - ATA - ATC = ATA - ATG
NDB - ATG - ATG - ATG - ATG - ATG
Cyt b 4 ATG 4 ATG S ATG 5 ATG 2 ATG

] b

AN Leu wur TTAACARC . ATA . CCC.ATG.GCC . AAC NOY
cow TTAACARA ATG TTC. ATA ATT AAC
MOUSE TCCCTAATAglg TTC . TTT. ATT AAT
RAT -'cr,‘c.'u'%;-:. TAC.TTT ATT . AAT
XENOPUS TCCCTAACTRTG TTA ACT ATT ATT
Fig. 2. Initiation codons of vertebrate mt mRNAs. a ic = pre-

dicted initiation codons; sb = untransiated spacer bases at 5" end;
ov = gene overlapping; — = absence of spacer bases; 7 = cases
discussed in the text. b Best alignment of the ND1 § end.
~——: inifiation codons as reported in literature. Lower cases:
initiation codons as proposed by us,

Drosophila yakuba {Clary and Wolstenholme 1985),
and in the Cyt b gene of sunflower mitochondria
(Gallerani, personal communication), and that it has
also been found to act as initiator in a few prokary-
otic genes (Stormo et al. 1982). The feature we have
described seems to be well confirmed in the genome
of X. laevis (Roe et al. 1985), where we observe that
all mRNA genes that start with a few spacer bases
always contain the ATG codon. A constraint in the
use of ATG versus ATA (or other initiation codons)
1s further corroborated by the fact that most of the
mRNAs in mammals initiate with ATG, in spite of
the higher probability of finding ATA instead of
ATG, because of the low G content of the mtDNA
L-strand and because of the higher use of A at the
third codon position {see above).

We have also observed some peculiar features for
the use of terminators. It has been reported (Clary
and Wolstenholme 1983) that the presence or ab-
sence of complete termination codons at the 3’ end
of the mRNA genes is a poorly conserved property
in mammals or flies. However, even here some rules
seem to be followed. In particular, only when an
mRNA ends immediately before a tRNA might the
termination codon be incomplete: in this case the
transcript is processed immediately before the trans-
fer RNA so that the poly A addition can create the
termination codon TAA. When the mRNA con-
tains, as in the human COII gene, a 3’ untranslated
region, we always find a normal terminator such as
TAG or TAA. The same of course holds for the
cases in which there is gene overlapping (ATPase 8,
ND4L, NDS, and ND6). This rule seems to be val-
idated by the mtDNA of Drosophila that has a dif-
ferent gene organization. It is well known that in
vertebrates AGA and AGG have been proposed as

terminators. The two codons are never used within
the open reading frames (ORFs) of vertebrates and
have been found at the 3’ end of a few genes as
shown in Fig. 3a. In other animals, like Drosophila
{Clary and Wolstenholme 1985}, echinoids (Can-
tatore ¢t al. 1987b; Himeno et al. 1987), and nema-
tode worms (Wolstenholme et al. 1987), AGG and
AGA code for serine. In our opinion the cases in
which the two codons have been found at the 3’
termini of mammalian mRNAs require comment
(Fig. 3b). The COI gene, which is the best-conserved
protein coding gene, ends in the human genome with
AGA but this makes the gene one amino acid shorter
than in all other vertebrates (513 aa instead of 514
aa). It 1s also remarkable that the codon following
AGA is CAA in humans, whereas in the other mam-
mals, rat included, it is TAA, and in Xenopus it is
TCG. Likewise, in the Cyt b of cow, if the stop codon
is AGA, the protein is one amino acid shorter.
Moreover, in this case the following codon is CAG
that differs from the normal terminator only by a
fransition in the first base, namely a C to T con-
version. As regards ND6, it should be noted that
the human gene has a regular TAG codon nine bases

after the AGG codon and in Xenopus a normal TAA

codon six bases after AGA. In the genomes of rat,
mouse, and cow there is overlapping between the
NDS35 and ND6 mRNA genes. In humans, if ND6
terminates at the AGG, the two messengers become
contiguous, whereas if the reading frame of ND6
reaches the regular terminator TAG, the genes be-
come four amino acids longer but the overlapping
is reestablished. Likewise, in Xenopus the reading
of AGA (arginine in all similar mammalian genes)
normalizes gene length,

QOur observations cannot exclude the previous as-
signment of initiation and termination codons in mt
mRNA genes. However, they emphasize the im-
portance of multiple comparative analyses and the
necessity of sequencing mt mRNAs and proteins in
order to solve these important questions and to shed
light on the mitochondrial translation process.

An unusual codon assignment is not unigue to
mitochondria. In ciliates TAA and TAG stop co-
dons are found in ORFs, and TAA seems to code
for glutamine (Horowitz and Gorovsky 1985). More
recently, both in prokaryotes and in eukaryotes, se-
quencing has revealed that selenocysteing is encod-
ed by TGA (Chambers and Harrison 1987). This
raises the guestion as to how the cell distinguishes
between two functions for the same codon. It has
been suggested that, by analogy with the suppressor
tRNA genes, the choice depends on the sequences
within the mRNA in the vicinity of the termanation
codon (the context effect involving structural inter-
actions at the ribosomal level).
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AA D D D AC AC AC v T 1 T AA
stem stem loop stem stem loop stem loop stem ioop stem stem
Mct EZ L3 dkss E Ao ok sty sk 223 ek Ak L2 3 AREE ok
Leu (Cun) £33 Sk ® EHRR % EE X5 ke E 22 Aok Fokwe =Rk 22
I‘e sk E2 2 3 sk Ak £ 23 Aok sk £S5 ek EEE E R
Ala ¥ 32 2] AR S22 ek sl 2 Rokok E 3 * *¥ ke
Arg L2 3 Aok *k ol sk £ 2 L2 E 324 A — wokok La )
T}‘T ook Sk e E2 E 3 Hdk 3k ol E2 3 - Hedgok 2 2
HiS Aederke sk eok £ Hhyok Aok Ak ddk el AW . ek AR
Asn e ek * Aok EE 2t HRYoR LEE 20 *® £ 2 3 o E2 3 g
LCU (ullr) * Hkdesk ¥k ook Ak Hprk e #* Ei 3 E 30t 3 ek *k
Glu Aok ek Fk SR dedk %k dok Rk ke £ 3 S £33
Gin *k sk — o *k *% *H e e Foho w0k #k
Phe ok ekl #* L2 20 % ok %k E 22 L — * dekk
Trp sk ok * sl sk Hokdok E2 54 W ke - W ok
LyS £ eokek *® R R Aok 32 o * - *® E2 3
Ser (ucn) - - * ekl & dok o * whkE sokok £y E 2
Thr * Rk E 23 £33 Hk 2 25 3 E 23 W sk — *k s
Gsp i EE 3 £t E 22 Aol L3S ook ke — — * ol
Va] £ L2 # 221 3 £ 3 L2 * o *k i e *
le % Herdkok # Fkok * WAk &® *_ * — *® sk
C3"5 — ek ET3 ok * Ak * Ly EE - o ok
PYO Ed Aok AR kg k3 X #® Aok * — * *®
Ser (ggn) & ok Fokorsk AN * *% - — ok Fok
% similarity: 1-25 (), 2645 (%), 46-70 (**), 7190 (***), 21100 (****), bases completely absent (- <)
a
AN cow MOUSE LT NENOPUS
Transfer RNA Genes: Degree of Conservalion o C e e
e L1 L " tc ] c L ] <
amaong Vertebrates and Peculiar -
N . . 1 . - . - . - . : : -
Similarity Features o2 Caer? TG TG TG § D7
. . colt TAG 25 Tan 3 TAs TAA . -
The 22 tRNA species coded by the animal mito- Aibooslt Mo Thew Thae e M
chondrial genomes have structural anomalies to such i f . e I Al AT s
; 4 v oy T av av TAA ov
an extent that they may be considered a separate |0 TMer Ther Thher TRer TR
Tha = 7 v Tas(ov) TAA(ov TaA(ow
class of tRNA molecules. They are generally smaller Nos G -1 TM °3§? TAA(ov) :ﬁfu-_f AA(ov)?
El - « Cyt b . - - - - -
than their cytoplasmic and prokaryotic counterparts !
and lack many of the invariable features (see Can~  w ©o1....ATA.AM. TCT g‘g Sor wan (entinanss) b
tatore and Saccone 1987, for review). Besides having wouse oL et L 3 i
a structural role, the tRNAs of vertebrates, accord- KENOPUS - «CAR.ATA.ATT. MATES
. . o n a ATT CCG . AGC 08 (enlisense)
ing to the punctuation model (Ojala et al. 1980, N T AATY TCCARERE Ay TYE TaT AMT e (o
tat o « MOUSE ...TCA a‘ﬁ'u'crocac;%g'f%c GAT _AAT AAT
1981), also act as recognition sites for processing RAT Ach dTTAAT rococAaTERT TCATARY AT Ak
. . XENOPUS ATC CTTA -
RNase-P-like enzymes that cleave the transcripts at
. . AN Cyt b...AAA. TGG.CCC.TETCCTT.. Thr
the junction between the mRNAs {or the rRNAs) con_ AAA. TGA.AGA cmogg;gé
i 1 i " N TG an TGT
and the tRNA genes. In view of this dual function L. A T

of the mttRNA genes, we have carried out sequence
analysis by comparing similar tRNA genes in five
vertebrate species and the 22 tRNA genes in the
same organisms. Table 4 and Fig. 4 show the degree
of conservation of the different functional regions
of the tRNAs in five species, namely rat, mouse,
cow, human, and Xenopus. The tRNAs are listed
according to their overall conservation degree. It
appears that (1) some of the most conserved species
(leucine and isoleucine tRINAs) are those that de-
code the most used amine acids (see also Table 2);
(2) the anticodon loop is the most conserved region
followed by the D stem: and (3) the T loop and stem

Fig. 3. Termination codons of vertebrate mt mRNAs. a t¢ =
predicted termination codons; sbh = untranslated spacer bases at
3" end; ov = gene overlapping; (0v) = antisense gene overlapping;
- == absence of spacer bases; * = incomplete termination codor;
? = cases discussed in the text, b Best alignment of OO, NDS—
6, Cvt b, 3" end. 1 termination codons as reported in liter-
ature. Lower cases: termination codons as proposed by us.

are the most variable regions. In general the degree
of conservation of the 5" half is higher than that of
the 3’ half, suggesting that the 5 region contains
stronger functional constraints,
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Tyr

GGTAAA AT GGCTG AGTAAGCATTAGACTGTAAATCTAAAGACAGGGGTTGAGCCCCCTT TTTACCA

BEE B B8 B 8 & S8 SEAASREENE SERNEEE  SEees .- .

SRS seEERe a

GTAGATATAGT TTACAAAAAACATTAGACTGTGAATCTAACAACAGGAAATCAAATTCCTTATTTACC

His

val . s
CACAGTGTAGCTTAATCACAAAGCATCTGGCCTACACC
. o ssssssens ssssss  as . .
GAGGATTTAGCTTAATT
Ala

LL LT LT

Leu wur

CAGAACAATTCATAAAAAATGAACACTTTGA

AMGCAGTTGATTTGCATTTAACAGATGTAAG ATATAGTCTT ACAGTCCTTA

ATTAGGGTGGCAGAGCCAAGTAATTGCGTAAGACTTAAA ACCTTGTTCCC AGAGGTTCAAATCCTCTCCCTAATA

. . e & s8 wes se 8 s seen
AGAAATATGTCTGA CAA  AA  GAGTT

Asp (entisense)
TAAGATATATAGGATTAGGTCTATAACTTAACCTTGACAAGGTTATGTAATTATTTTA
aEEEEN wan LA B B8 ARERARRE BERARRER AR W -s
GAGATAT TAG
Asp

Comparative studies between tRNAs of the same
organism revealed the existence of peculiar simi-
larity features well conserved in mammals. In par-
ticular we observed:

1) The overall similarity between tyrosine and
histidine tRNAs is significantly higher than that be-
tween any other tRNAs not only in rat (Fig. 5a) but
also in all other vertebrates. In particular, in the
central region there is a block of 19 identical bases
with only one mismatch at the third anticodon base.
Some of us have recently found (Cantatore et al.,
1987a) that during the evolution of sea urchins the
mt leucine tRNA gene for CUN codon lost its func-
tion and became part of a protein coding gene. The
new CUN tRNA gene appears to have evolved by
duplication and divergence from the UUR tRNA
gene. This suggests that tRNAs could themselves
act as a primer for mtDNA synthesis and sometimes
fail to be removed from the newly synthesized strand,
becoming a template in the next round of duplica-
tion. The strong similarity between heterologous
tRNA genes of the same organism observed here
seems to indicate that this mechanism of duplica-
tion and remoulding of tRNA genes observed in the
sea urchin might be a more general evolutionary
event that occurred also in the vertebrate lineage.
It is to be noted further that in the case of the his-
tidine~tyrosine pair, the two transfers belong to dif-
ferent strands and are both clustered with other
tRNA genes. This reinforces the view that tRNA
genes can move independently of other mitochon-
drial genes and stresses their importance in dupli-
cation and rearrangement mechanisms occurring
during the evolution of animal mtDNA as indicated
by several authors {Clary and Wolstenholme 1985;
Brown, personal communication).

2) In each organism tRNA genes might be
grouped in families on the basis of a significant de-
gree of similarity in the 5" or central or 3’ region
(the different degree of similarity found in the 5" or
3 region is due to the high number of mismatches
in the amino acid stem of mt tRNAs). Examples are

SRR SRR BRRRn .

ICTTqu?lGlﬁTAAAT!A‘AG!GG1TTAAATCC1C‘1A111CTl

CTA ATATCTC
wEw seenes c

?AAAATIATTAC!T&ACCTTQTCAAGGTTkAGfY!T!G&CCFAATCCTATAT&TCTTA

s b Fig. 5. Peculiar similarity fea-

tures of rat mi tRNA. a, b, ¢,
Examples of the three classes
of similarity discussed in the
text. -- - anticodon. ~——:
consensus sequence.

shown in Fig. 5a and b. We are tempted to interpret
this feature on the basis of the multiple roles played
by tRNAs. We have already stressed the function
of mt tRNAs in the processing of the transcripts and
in other mitochondrial processes (Cantatore et al.
1987a). It is interesting to note that recent sequence
analyses indicate that both the secondary and the
primary structures present in tRINAs are involved
in many functions, such as origins of replication,
gene regulation, recombination, retroposon gener-
ation, and others (Saccone et al., 1987; see Weiner
and Maizels 1988 for review). What is remarkable
in this context is the recent finding that in the mi-
tochondria of Neurospora crassa one protein com-
ponent required for splicing mitochondrial introns
is mt tyrosil tRNA synthetase that recognizes fea-
tures resembling tRINA substrate in introns (Akins
and Lambowitz 1987). All these data suggest that
the various mt tRNAs may have evolved under dif-
ferent evolutionary pressures depending on their
multiple roles.

3) Two tRNA species, namely arginine and as-
partic acid, display an unusual high degree of self-
complementarity. This feature has been tentatively
interpreted in terms of both the function and the
evolution of mt tRNA genes as is shown later. With
regard to the property of mt tRNAs to act as a
recognition signal for RNase enzymes, we recall that
according to the data of Attardi’s group (Montoya
etal. 1981; Qjala et al. 1981}, in humans the tRNAs
are cut exactly at the 5 and 3' ends: however, it
seems that the corresponding antisense tRNAs are
not always processed with the same accuracy at their
termini. This 1s demonstrated by the presence of 5
and 3’ untranslated regions in COI mRNA corre-
sponding to the antisense tyrosine and serine tRNAs
and by the detection of an RNA species (RNA 6)
precursor of RNA 9 that includes the antisense se-
quences of the tRNAs clustered at the Ori-L region
(Gaines et al. 1987). Another example is the inac-
curate processing of Cyt & mRNA at the 5 end.
Moreover, the three abundant long L-strand tran-
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Fig. 6.

Secondary structures of rat mt rRNAs, These structures are based on the model presented by Maly and Brimacombe (1983).

a Small 128 rRNA. The binding sites to the mRNA proposed by us are underlined. b 3’ region of the large 165 rRNA structure
containing the sequence complementary to the ND6 mRNA (underlined).

scripts identified in humans can have their termini
which correspond in terms of position with those
of the tRNAs coded by the same strand with the
exception of RNA 3 (Ojala et al. 1980) that stops
at the arginine tRNA antisense level. Thus, it seems
that tRNA structures are neither necessary (the cut-
ting between ATPase 6 and COIII does not involve
tRNAs) nor sufficient (antisense RNAs are not al-
ways processed) for the maturation of mitochondrial
transcripts. Our observation suggests that for the
processing of the polycistronic transcripts both pri-
mary and secondary structural elements may be nec-
essary as recognition signals. The self-complemen-~
tarity of the arginine tRNA, which is particularly
relevant in humans (7 1%), means that the same pri-
mary structure is present in the two DNA sirands.
This, in other terms, should explain why some an-
tisense tRNAs are processed more efficiently than
others and thus justifies the processing of RNA 3 at
the level of antisense-arginine tRNA. Because the
aspartic acid tRNA displays the same unusual self-
complementarity (Fig. 5c}, it could serve as the pro-
cessing site for RNA 2, whose terminus has not been
defined exactly. Obviously, our speculations need
to be supported by further experimental analyses
that these studies will hopefully stimulate.

In the attempt to identify common features, we
found that many tRNAs possess the triplet TAG at
positions 8, 9, and 10. A second TAG is present
also in 11 genes at a fixed distance (20~27 bases)

from the 3’ terminus. The occurrence of this triplet
in both L- and H-strand-coded genes is significantly
higher than expected. TAG at positions 8, 9, and
10 is also found at high frequency in prokaryotic
and eukaryotic tRNAs (listed in Nucleic Acid Res
suppl vol 13, 1985; Spritzl et al. 1987), although
only T at position 8 is considered an invariant. In
12 mt tRNA genes we found, starting from position
8, the consensus sequence TAG(Y)n(R)n (Fig. 5).
This sequence is at the start of the A block of the
Pol 11T enzyme and is probably important for the
evolution of the tRNAs 11 general. In the complete
rat mitochondrial genome the sequence TAG-
TAAA, present in aspartic tRNA, was found only
at the end of 125 rRNA and at the 5 terminus of
COIII, which is the only messenger processed with-
out a tRNA acting as a signal. We are tempted to
speculate as to its involvement in the processing
mechanism. A similar sequence is also present in
the short interspersed nuclear elements (SINEs) con-
taining tIRNA-like structures of mammalian nuclear
genomes, and this strongly argues for an important
role in both tRNAs and SINEs (Daniels and Dein-
inger 1985; Lawrence et al. 1985).

Ribosomal RNA Genes: Interactions between
Ribosomal and Messenger RNAs

The 125 and 168 rRNA genes in rat mitochondria
are 956 and 1558 bases long, respectively, These are
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338
Co III
ARAAE RARR W Ag= -20,8
128 CGCCACCGACCG
239
Fig. 7. Possible interactions be-
415 tween 128 small rRNA and mRNAs
ATPase ¢ STIMICCCACTICICACE Ag= -22,7 in rat. The distances from the 5’ end
128 ACATCGGGTAAAGAAAGG of the genes are indicated. Free en-
700 ergy (Ag) was calculated according
to the method of Papanicolau et al.
383 (1984). The statistical significance of
Cyt b TCATGGGC TATGTAC A % the sequence complementarities,
m RRRARRE R AR R g= -11,5 .
128 ACTGCCCGCCACACACS calculz}ted according to. the method
831 of Smith et al. (1985),is 6 £ 1.52,7
+ 13.1, and 7 + 0.97, respectively,
for the three sequences presented.
379
165 CTTTAA GCTT CCATCAGAACAACAAATCAAAA T GTAAACTTAAAATATAGC
MT ahhREh AaR - * RAE RARR & AARRRR & ARRARARARRRRAR -
GAAGTTGCGGTTGG GATCT GTTGGTCAGTTTTTGTCATTTGAATTTTAT TTG ND6
15
369
165 AAT TTAAGTTCAATTTTAAACTTGCTAAAAA AA CAAC TCAAAAAGTA AGTT
mus‘ AR RReE ERRAR - mEEE AARRARAER A& L2 2] AR ARk EEE AR AARe
TTACGATT GGGTTCTG TTGGTTGGTTTTTATTACTTGAATTTT GTTTTT uwr'rn ND6
tt.qt.l:aatq tttlttq c;n\qlq tatqntt hsp
taat
360 Fig. 8. Sequence complemen-
165 GGTTGTCCAGAAAATGAATCTAAGTTCAGCTTTAAAGATA C C AA AAATTCAA tarity between 16S rRNA and
CO* L L L EREEEEe & REEER & & & REEE AR & @ wh RAAE RAaw .
CCAAAGCTTCTTTTGGGGTGTTTTGGATAGTGCTTTT ATTGCGAATCTTATTTATGTT  Np6  ND6 mRNA of mammalian
14 mitochondria. The distances
180 from the 5’ end of the genes
165 AAA TTTGCCCACAGAACCCTCTAAATCCCC TTG TAAATTTA ACT GTTAGTC CAAAG are indicated, hsp = coding
- L] * AR ARARAR AREE AAAR AR ARARRRAR ARE & ERe LA A ]}
f—_— H-strand promoter (Chang and

the most conserved mitochondrial genes in all an-
imals, but together with their counterparts from oth-
er sources, both mitochondrial (lower eukaryotes
and plants) and nonmitochondrial (bacteria, chlo-
roplasts, and cytoplasm) genes display similarity only
at the level of secondary structure.

Our graphic representation of the folding patterns
for the large and small rRNASs of rat mitochondria
is essentially the same as those presented for human,
mouse, and Xenopus laevis (Glotz et al. 1981; Kun-
tzel and Kochel 1981; Dunon-Bluteau and Brun
1986; Hixson and Brown 1986) with a few modi-
fications (Fig. 6).

In the 12S rRNA gene we identified a number of
interesting sites, three of which are illustrated in Fig.
7. At position 239 from the 5' end, a sequence that
is conserved almost perfectly in organisms ranging
from E. coli to animal mitochondria is present. It
is in an exposed loop and finds complementarity in
some protein coding genes (COI, COIIL, Cyt b, ND4,
NDSJ). Another sequence, from base 700, which is
conserved in small rRNA genes and in addition is
localized in an unpaired region, is complementary
to a sequence present in almost all mRNA genes
(c.g., ATPase 6; see also Attimonelli et al. 1985;

TTCCGAAT CTTCTTTTGGGGTGTTT GGGGTAATGATTTGGGTGTGAGTTGTCTTTGTTTC ND6
11

Clayton 1986).

Saccone et al. 1985). Finally, a sequence of 17 bases
starting from position 831 near the 3’ end is nearly
completely identical in primary and secondary
structures in all the organisms compared, ranging
from E. coli to mammalian mitochondria. This site
also displays a statistically significant complemen-
tarity to a sequence present in some reading frames
(COI, Cyt b). The degree of complementarity of these
sequences varies from gene to gene, but in any case
the Ag values are much higher than those exhibited
by the Shine-Dalgarno type of interaction (Shine
and Dalgarno 1975). The evolutionary conservation
and the high statistical significance of these inter-
actions strongly suggest their important function in
the regulation of the translation. Watson-Crick base
pairing at sites within the mRNA molecules prob-
ably are necessary to ensure the correct protein elon-
gation (as has also been suggested by Weiss et al.
1988), especially for mitochondrial systems that do
not possess a Shine—Dalgarno type of interaction.
In the 16S rRNA we found a region complemen-
tary to ND6 mRNA, and again this feature is con-
served evolutionarily in mammals in spite of a di-
vergent primary sequence in both genes (Fig. 8). Part
of the same region of ND6 in some organisms (e.g.,



mouse) is complementary also to the HSP, the se-
quence that acts as promoter in the transcription of
the H-strand (Ag = —9.9 kcal). We recall that in
mammalian mitochondria the transcription of the
two strands is symmetric and that the transcription
of rRNAs and mRNA is controlled probably by
different mechanisms (Attardi 1985). We might en-
visage a regulatory mechanism via antisense RNA
mediated by early products of mitochondrial tran-
scription. In other words, the products of early tran-
scription ND6 mRNA and 16S rRNA for the L-
and H-strand, respectively, could modulate their own
level by interacting with each other or with their
promoter. The availability of cytoplasmic ribo-
somal proteins that use mt rRNA to form active
ribosomes could represent a key element in the reg-
ulation of mitochondrial biogenesis,

Conclusion

Detailed comparative studies performed with the
sequences of five vertebrate mitochondrial genomes
have revealed new and interesting properties of mi-
tochondrial gene products.

The high compactness and economic organiza-
tion of animal mtDNA leaves little space for reg-
ulatory regions. The results reported in this paper
suggest that the regulatory signals for expression of
the mitochondrial genome are contained in the pri-
mary and higher structural elements of the products
themselves. The validity of our hypothesis is based
mainly upon the evolutionary conservation of pe-
culiar structural features. More importantly, the data
here reported offer a valid theoretical basis for future
experiments on mitochondrial regulatory mecha-
nisms.
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