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ABSTRACT
We have sequenced the Eco R1 fragment D from rat mitochondrial

DNA. It contains one third of the tRNAVal gene (the remaining
part has been sequenced from the 3' end of the Eco R1 fragment A)
the complete gene for the large mt 16S rRNA, the tRNALeU gene
and the 5' end of an unidentified reading frame.

The mt gene for the large rRNA from rat has been aligned with
the homologous genes from mouse and human using graphic computer
programs. Hypervariable regions at the center of the molecule and
highly conserved regions toward the 3' end have been detected.

The mt gene for tRNALeU is of the conventional type and its
primary structure is highly conserved amona mammals.

The mt gene for tRNAVaI shows characteristics similar to those
of other mt tRNA genes but the degree of homology is lower.

Comparative studies confirm that AGA and AGG are read as stop
codons in mammalian mitochondria.

INTRODUCTION
The nucleotide sequence analysis of the mt genome represents

the most direct way to look at the genetic organization of mtDNA
and to estimate the upper limit of its genetic complexity. Such
studies have confirmed that the organization of animal mtDNA
is very compact. They have also provided very useful information
on e.g. mt tRNAs whose structures are remarkably different from
those of prokaryotic or eukaryotic type and they have revealed
the peculiarity of the non-universal genetic code in mitochondria

(1-6).
The physical map and the genetic organization of mtDNA from

rat has been extensively studied in our laboratories. A detailed
restriction map using several enzymes has been constructed and
the location of rRNA, tRNA and presumptive mRNA genes, were

deduced by hybridization experiments (7-9).
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In order to carry out the nucleotide sequence analysis of

the DNA we have used restriction fragments, recombined with the
plasmid pSF2124 and cloned in E. coli W5445.

Preliminary results on the nucleotide sequence of some
fragments have been already presented (9-11). In this paper we

report the complete nucleotide sequence of the Eco R1 fragment D
containing part of tRNAVal gene, the gene for the large mt rRNA,
the gene for the tRNALeu and the 5' end of an unidentified readina
frame. The termination of Eco R1 fragment A containing the major
part of the tRNAVal gene, which is on the junction with Eco R

fragment D, has also been sequenced.

MATERIALS AND METHODS
Fragment sequencing: the Eco R1 fragment D was isolated from
recombinant plasmid by polyacrylamide gel electrophoresis after
single or double digestion with Eco R1 or Eco R1 plus Hind III
restriction enzymes: in the latter case two subfraaments previously
designated EH3 and EH6 (7) were directly obtained. The DNA frag-
ments separated on polyacrylamide gel were elutedby shaking over-
night at 370C in 0.5 M Ammonium acetate, 0.1% S.D.S., 0.1 mM
EDTA, concentrated by Ethanol precipitation and digested with a
series of endonucleases (Hinf I, Hpa II, Hae III, Hha I, Sau 3A).
The entire population of fragments was first phosphorylated at
the 3' or the 5' end, using Klenow DNA polymerase or T4 polynu-
cleotide kinase, and then subjected to secondary digestion or
strand separation.

The fragments generated in this way were finally ready
for sequencing according to the Maxam and Gilbert method (12).
Computer analysis: the sequence analysis was carried out on a

Digital Equipment PDP 11/70 computer; the computer program was
written in the programming language Fortran IV-Plus.
tRNA program: it searches regions of sequences that could base-
pair at a given distance (55 1 75 bp) with a minimum number of
complementary bases (in our case between 5-7). In the region in
which the above criterium is satisfied the program looks for
further complementarities (arms of tRNA with a length variable
between 3-5 bp).
SEQTEK program: it allows to obtain a scatter-plot of data
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stored on files by a program derived from the SEQFIT program of

Staden (13). The TEKTRONIX terminal video 4006-1 was used with

its own software package. The obtained graphic is printed on

TEKTRONIX 4631 HARD COPY UNIT.

RESULTS AND DISCUSSION

Nucleotide sequence analysis: Fig. 1 gives the complete sequence

of Eco R1 fragment D. The sequence of the L strand of mtDNA,

corresponding to the sequence of the RNA products of the genes,

most of which are transcribed from the H strand in animal mito-

chondria (5,6), is reported. The restriction sites found in the

sequence analysis are in agreement with those obtained by fine

mapping of the original mtDNA. Eco R1 fragment A, recovered from

the plasmid after digestion with Eco R1, was sequenced at the 3'

end. The 44 terminal nucleotides belonging to the tRNAVal gene,

are part of the structure given in Fig. 2.
Identification of genes: the 5' end of the 16S rRNA gene was

identified by alignment with the sequence at the 5' end of the

16S rRNA which has been directly determined for HeLa cells (14)

and hamster (1-5). The DNA sequence was also compared with that

of the homologous region of the human and mouse genes (16,17).
The 3' end of the gene was positioned just before the 5 ' end

of the mt RNA gene for leucine. This was possible in view of the

analogy with the situation in mouse and man, and taking into

account the data of Dubin and coworkers (18) for the mt 16S rRNA

from hamster. In agreement with the results of van Etten et al.

(17), the experiments with S1 nuclease (not shown) and electron

micros'copy analysis (10) indicated the absence of introns.
To detect typical cloverleaf structures in the nucleotide se-

quence we have used a tRNA computer program adapted for mt

products. We found within Eco D only one stretch with the typical

features of a tRNA gene whose position is indicated in Fig. 1.

It corresponds to the tRNA gene for leucine. The tRNAVal gene was

identified and localized for about two third in Eco A and one

third in Eco D. No typical tRNA structures could be detected by
the computer within the strand of Eco D complementary to that

reported in Fig. 1 (H strand).
In order to identify possible reading frames the sequence of
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in" 10 20 20 es.uonA 40 , 50 60 70 60 90 100
AATTCATAAA AAATBAACAC TTIBACTAA CCCTA3CCCT ACAACCAACC AACATAACTA AACCCCCACA TAAACTAAAA CATTTAACTC AAAAAGTATT

ECO RI
110 120 130 140 150 160 170 ISO 190 200

GOABAAASAA ATTTACTTAC CAASAoCTAT ASOGAAAOTA CCOCAAOBOA AATRATOAAA OACTAATTTA AA0TAAAAAC AAOACAAAGA TTAAACCTGT

ALU 1
210 220 230 240 250 260 270 260 290 300

ACCTTTTRiCA TAATOAATTA ACTAAAAAT CCTTAACAAA AAOAATTTAA OCTAAOAACC CCOAAACCAA ACGAOCTACC TAAAAACAAT TTCATGAATC

ALU T TAO I ALU I HluF I
310 320 330 340 350 ---- 370 360 390 400

AACCCiTCTA TOTAGCAAAA TAOTOGGAAG ATTTTAGOT AOAOOTOAAA AOCCTATCOA OCTTOOTOAT AOCTOOTTGC CCAAAAAAOA ATTTCAOTTC

ALU I ALU I ALU I
4----- 420 430 440 450 460 470 460 490 500

AAACTTTAA6 CTTCCATCAG AACAACAAAT CAAAATOTAA ACTTAAAATA TAOCCAAAAO AGSOACAOCT CTTTAOBAAA COAAAAAAC CTTAAATAOT

HIND III ALU I
510 520 530 540 550 560 570 So 590 600

GAATAAACAA CTACAATCAC TTACCATTO TAOOCTTAAA AOCACCAT CAATAAABAA AOCOTCAABC CACATCATCT TACACACACA CTAATTCCAC

610 620 630 640 650 660 670 6.0 690 700
AAACCTCAAA AATTCCAAAA TTACAAATTO OOCTAAATCT ATSATCCTAS TOAATACTST TAATATSTSA ACAASAACCA ATCCACCAAS CACAABTSCT

SAU 3A
710 720 730 740 750 760 770 780 790 600

AAOACAACCO SATAACCATT oTTAATrATT SAATCATASS CATAACCCA CAATASATT ACCTATCCCT AACTCSTTAS CCCAACACAO GCOTOCTTTA

NPA II tNIF I
610 620 630 640 650 660 670 660 690 900

AOAAAOTTT AAAAAAOTAA ASOAACTCBo CAAACAC&AA CCCCOCCTOT TTACCAAAAA CATCTCCTCT AOCATAACAA OTATTAOTOO CATCOCCTOC

FfUD161
910 920 ---- 930 940 950 960 970 960 990 1O--

CCASTBACTA AAOTTCCACB OCCOCOOTAT CCCoACC6TS CAAABOTAS ATAATCACTT OTTCCTTAAT TASOSACTAS AATOAATSOC TAAACAOSOG

SAU 96 HAE III
--- 1010 1020 1030 1040 1050 1060 1070 1060 1090 1100
TCCACCSTC TCTTACTT6C ATCAOTS ATT"CCTTC CASToAMO SCAcTCAT ATAAAA6C ASAACCC TATSOCTT TAATTTACTA

AVA II MF I ALU I
1110 1120 1130 1140 1150 1160 1170 1160 1190 1200

ATTTCAATTT ATATAAAAAA ACCTAATSS COAAAACAAC AAAATTATSA ACTACCAAAT TTCOTTYOe BTACCTCSO ASAATAAAAA ATCCTCCBAA

sAu 96
1210 1220 1230 1240 1250 1260 1270 12------ 1290 1300

TOATTNTAAC COGATCOSTA ACCOT8tCCO ACCCASTCAA GTAATACTAA TATCTTATTS ACCCAATTAT T6ATCAACS6 ACCAASTTAC CCTAOOGTAA
-----~~ ~~~~~~~~---- --- -

FNUD It HIfF I SAU 3A AVA It
---1310 1320 1330 1340 1350 1360 1370 1360 1390 1400

CASCOCOACC TATTTAABAG TTCATATCSA CAATTAOOST TTACSACCTC SATBTTOGAT CASOACATCC CAATOSTSCA GAACTATTA ATOOTTCOTt

HH I TAO I TAOI $AU 3A ALU t
1410 1420 1430 1440 1450 1460 1470 1460 1490 1500

TOTTCAACOA TTAAAGTCCT ACSTGATCTA ASTCCSSCAA TCCASSTCSO TTTCTATCTA TTTACAATTT CTCCCAOTTA CGAAAGSACA AG6AAAATGG

SAU 3A mPA Il
1510 1520 1530 1540 1550 1560 1570 1560 150 ,_'6u 1600

AGACCAACCA ATCCTAGOCT TCCAACCAAT TTAAAAAAC TTAATAAAOT ATATATOTAC AATAAATAAC CTTABACCCA AOTpTTFAO OTOOCAOAOC

1610 1620 1630 1640 1650 1A0 1670 1660 1690 1700
CAAGTAATTO CoT"GAACTT AAAACC tST TCCCA AST TCAAATCCTC TCCCTAAT TOTACTTTAT TAATATCCTA ACACTCCTAA TCCCAATCTT

SAU 96 SAU 96
1710 1720 1730 1740 1750 1760 -----0 178------ 1790 1600

AATTGCCATA GOCCTTCTCA CCCTAOTAGA ACBOAAAATC CTABOCTACA TACAATTACS CAAAOBCCCC AACAACAAGO 0CCCATATCO TAAACTACAA

MAE III HAE III HAE III
1610 1620 1630 1840 1850 1660 1670 1660 1690 1900

CCATTTGCAB ATBCCATAAA ACTATTCATA AAAGAACCCA TACOCCCTCT AACCACCTcA ATATCACTAT TTATTATCGC CCCAACCCTC TCCCTTACAC

1910 1920 1t930 1940 1950 1960 1970 1960 1990 2000
TAOCTCTAAG CCTATGATT

ALU I

Figure 1. The nucleotide sequence of Eco R1 fragment D.
Restriction sites and the positions of various genes are
indicated.
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Figure 2. Primary and secondary structure of the tRNALeu and
tRA,1genes of rat mtDNA. The nucleotides identical to mouse
and human are underlined.

Eco R1 fragment D has been analyzed with the computer program
for translation (20) modified according to the codon recognition
rules of the mitochondrial genetic system in animal cells (2).
In the region of the ribosomal and tRNA genes the L strand con-
tains only very short translatable sequences correctly initiated.
On the other hand an open reading frame was identified after the
tRNALeu gene. We have analyzed by computer also the sequence
of the complementary strand. Very short reading frames, probably
meaningless, are present on this strand.
Homology with corresponding genes from mammals: while this work
was in progress the sequences of mt DNA from human and mouse
related to the same region were published (2,18). This allowed
us to undertake a detailed comparison of the homologous genes
from these three mammals.
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-Table I reports the content of the four nucleotides and the
overall homology of the rat, mouse and human mt genes.

Fig. 2 shows the sequences related to mt tRNA genes for valine
and leucine from rat. The regions conserved in the corresponding
gene from mouse and human are underlined.

The tRNA genes for leucine and val ine have a length of 75 and
69 basepairs respectively and contain no introns. Both display

a typical cloverleaf structure but only the tRNALeu gene contains
the TTC sequence which may give rise to the TyC sequence in the
actual tRNA. Other characteristics of mt tRNA are shared by both

TABLE I

Base composition and overall homology of the 16S rRNA, the
tRNAVal and tRNALeu genes of mitochondria of rat, mouse and
h uman .
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Mouse Human
Mouse x Rat x HRuman

Rat Rat

16S rRNA
base content (%) A 35 38 38

C 25 21 19
T 22 24 26
G 17 17 16

overall homology (%) 77 70

tRNA Val
base content (%) A 35 40 33

C 25 23 25
T 23 22 26
G 16 14 16

overall homology (%) 85 71

tRNALeu
base content (%) A 31 31 33

C 25 27 28
T 23 23 21
G 21 19 19

overall homology (%) 97 77



Nucleic Acids Research

genes. However, some invariant bases are lacking especially in

tRNAVal where the nucleotides G and U48 are absent. These
bases are thought to interact according to the tertiary structural
model available (21). The comparison of the nucleotide sequence
of the two tRNA genes for ledcine and valine among rat, mouse and
human, reveals that the primary structure is more conserved in
the tRNALeu gene. This gene is furthermore of the conventional
type similar to the tRNA genes also found in prokaryotes and
eukaryotes, suggesting a possible regulatory role for the mt
tRNALeu which has been preserved during evolution.
In order to compare the mt 16S rRNA genes of the three mammals
we have searched for regions of 20 nucleotides length having a

75% or greater homology. The data were plotted using the SEQTEK
program. The degree of homology along the 16S rRNA genes between
rat and human and between rat and mouse are shown in Figs. 3a
and 3b. Figs. 3c and 3d depict similar results if 20 nucleotide
blocks with 100% homology are considered. The results clearly
indicate regions of hypervariability, the largest one at about
the center of the molecule between the positions 550 and 750.
An extended region, highly conserved in the three genes can
be localized at the 3' end. This region, which contains the
UmGm loop, is probably involved in the interaction between
the two ribosomal subunits (22). It is also homologous to the
corresponding region of E. coli 23S rRNA gene and ribosomal
genes from yeast mitochondria and chloroplasts (23). It is now
generally accepted that the region at the 3' end, whose second-
ary structure is highly maintained also in cases of divergence
in the primary structure, is the most conserved one in the
large rRNA gene. The bases involved in chloramphenicol sen-
sitivity, which are changed in mouse and human mutant cells
(24) are the same in our sequence as in the wild types (po-
sitions 1302 and 1353 in Fig. 1).

According to the data reported in the literature, the gene
coding for tRNALeu should be followed by a reading frame iden-
tified in HeLa cells as the poly A-RNA 13 (6). In our sequence
a possible reading frame could start at the position 1657
within the 3' end of the tRNALeu gene with a AUA codon or at
the position 1669 with the AUU codon and it extends to Eco Ri
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Figure 3. Graphic representation of
betwen the 16S rRNA genes of mtDNA
For details see text.

the degrees of homology
from rat, mouse and human.

fragment E. If we compare our sequence with that reported by
van Etten et al. (18) we can observe a similar reading frame
starting at corresponding positions, but only if we assign a
stop codon function to the codons AGG and AGA, which universally
code for arginine. These results confirm (2-5) that AGA and
AGG are indeed read as stop codons within the mitochondrion.
The aminoacid sequence coded for in this reading frame shows
63% homology to the corresponding sequence in human mitochondria
(2) and )92% to that of mouse (18). The degree of divergence
between rat and man is roughly similar to that reported between
ox and man (2).
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