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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. 

l) 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. 

3) Ribosomal RNA genes: accurate sequence 
analysis revealed a number of  significant examples 
of  complementarity between ribosomal and mes- 
senger RNAs. 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- 
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tal studies o f  the regulatory mechan i sms  in 
mitochondria. 
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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- 
phie 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 o f  a single m t D N A  type caused us to com- 
plete the sequencing o f  the rat mi tochondr ia l  ge- 
nome.  

In this paper  we report  the complete  nucleotide 
sequence o f  Rattus norvegicus m t D N A ,  var iant  A, 
16,298 bp long. The  genome propert ies 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 o f  the genes coding for messenger, transfer, 
and r ibosomal  RNAs  that  were revealed by exten- 
sive compara t ive  studies. These features shed new 
light on both  the genetic organization and the evo-  
lut ionary behavior  o f  the mi tochondr ia l  genome in 
animal  cells. 

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

Mater ia ls  and Methods  

Source and Sequencing of mtDNA. The complete rat mitoch0n- 
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 
pUC8 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 ofSanger 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 o f  the Rattus norvegicus 
m t D N A ,  var iant  A, is presented in Fig. 1. The  mi- 
tochondria l  genome o f  rat  as well as o f  other  ver- 
tebrates has a G-C content  ranging f rom 36 to 44%, 
but  the base composi t ion  o f  the two strands is highly 
asymmetr ical  as repor ted  in Table  1, which refers 
to the L-strand o f  the m t D N A  from rat and other  
vertebrates.  It mus t  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. I f  we consider the different R N A  
species separately, we find that this bias in base 
composi t ion  is present in all functional  sequences. 
However ,  in the case o f  r R N A  genes the values are 
more  uni form than in the messenger and transfer 
R N A  genes in all vertebrates owing to their  high 
degree o f  conservation.  The  composi t ional  con- 
traints o f  the rat mi tochondr ia l  genome can also be 
observed in the codon usage o f  protein coding genes, 
shown in Table  2. The  bias to highly avoid  the base 
G, particularly in the third codon posi t ion (see also 
Pepe et al. 1983; Lanave et al. 1985) that  reflects 
the generally low am o u n t  o f  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., T A G  and AGG).  
Only A T G  is significantly more  abundant  because 
o f  its init iator funct ion (see below). In Table  3 the 
use o f  the four bases in the three codon posit ions o f  
the rat mi tochondr ia  is presented: in the first po- 
sition the use o f  A greatly exceeds that o f  G; T is 
most ly 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 periodici ty in protein coding 
genes has been suggested by various authors.  In par- 
ticular, Tr i fonov  (1987) has repor ted recently that  
in the protein coding sequences there is a universal  
three-base periodical pat tern (G-nonG-N)n  and has 
suggested that this pat tern is responsible for  the cor- 
rect moni tor ing o f  the frame during translation, so 
that  only the frame having the highest G content  
can be chosen. To  confirm the existence o f  this 
mechanism he found several sites with a comple-  
menta ry  (N-N-C)n m o t i f  that should appropriately 
b ind m R N A  in the E. coli 16S r R N A  sequence. We 
inspected the codon usage o f  rat mt  m R N A s  in order  
to check for a triplet periodical pat tern that  could 
support  this theory. The  data repor ted in Table  3 
clearly demonst ra te  that  a G - n o n G - N  periodici ty 
cannot  be considered universal  behav ior  and is cer- 
tainly not  applicable to mi tochondr ia l  genes. We 
found a very  high frequency o f A - Y - N  codons (24% 
of  total) o f  which more  than 50% are A -T-N  codons.  
Fur thermore ,  in the frame o f  all the m R N A s  there 
are (A-N-N)n stretches that  in the genetic system 
studied by us could be the counterpar t  o f  the 
(G-nonG-N)n  tracts. However ,  in our  opinion,  the 
preferential use o f  these triplets with A in the first 
posi t ion is not  l inked strictly to the necessity o f  
moni tor ing the correct  reading frame. It is dictated 
rather  by two major  constraints.  The  first is the base 
composi t ion  o f  the codogenic strand: the calculated 
frequency o f  A-N-N codons is equal roughly to the 
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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.~ev~ 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 o f  products that such a genome must  
code for. In fact the abundance o f  the A-T-N codons, 
the only ones significantly more  frequent than the 
expected ones (X 2 = 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 o f  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 mitochondria l  small rRNA.  Indeed we 
found m a n y  tracts with this feature, some of  which 
are exposed in a loop structure, and are thus hy- 
pothetically accessible m R N A - z R N A  contact  sites, 
but  again the calculated frequency is n o t  signifi- 
cantly higher than the expected values. Thus, it seems 
unlikely that the mechanism proposed by Tr i fonov 
is at work in the animal mitochondria l  genome: as 
we shall see later, only a few r R N A  small regions 
(some of  which were also indicated by Trifonov) are 
probably involved in messenger binding. 

Unusual Genetic Code: Initiation 
and Terminat ion Codons 

The main  peculiarities o f  the mitochondria l  genome 
are the use o f  T G A  as the t ryptophan 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 o f  m R N A s  that do 
not have normal  initiation or terminat ion codons. 
On the basis o f  a detailed comparat ive  analysis per- 
formed on the sequences o f  m t D N A s  so far avail- 
able, we propose a new interpretation o f  the use o f  
the initiation and terminat ion signals in the mito-  
chondrial  translation process. 

It is well known that in vertebrate m t D N A  the 
22 tRNAs  are interspersed between the r ibosomal  

Table 2. Codon usage in rat mitochondrial genome 

F TTT 77 . TAT 50 
TTC 142 TCT 39 YTAC 71 

TCC 75 
S TCA 117 

L TTA 110 TCG 3 TAA 10 
TTG 6 STOPTAG 0 

c 
TGT 8 
TGC 17 

w 
TGA 97 
TGG 1 

CAT 36 H CTT 72 CCT 35 CAC 62 CGT 9 
CGC 14 _ CTC 100 CCC 55 RCGA 40 

L CTA 266 P CCA 105 
CAA 82 CGG 2 CTG 13 CCG 5 Q CAG 5 

I ATT 178 AAT 58 AGT 6 
ATC 172 ACT 51 N AAC 113 SAGC41 

ACC 94 
T ACA 163 

AAA 95 SToP AGA 0 
M- ATGATA12491 ACG 9 KAAG 4 9. AGG 0 

GAT 20 D GTT 16 GCT 44 GAC 46 GGTI9 
GGC 55 .GTC,..,..A 38 AGCC 97 GGGA95 

v 98 GCA 81 
GTG 8 GCG 3 GAA 79 GGGI8 

E GAG 7 

Table 3. Percentage of base frequency at the codon position and 
periodicity pattern in rat mitochondrial protein coding genes 

Codon position Periodicity 
Base I II III 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 
pr imary transcripts (Ojala et al. 1980, 1981). Few 
or no bases, in fact, separate m R N A s  and t R N A s  
in the various genomes, and indeed sequencing o f  
the 5' end o f  m R N A s  (Montoya  et al. 1981) has 
revealed that the mature  transcript starts f rom the 
base immediate ly  after the t R N A  of  the same strand 
(see also below) and not f rom the initiation codon.  
In Fig. 2a the number  o f  bases separating the 
m R N A s  from the tRNAs  and the nature o f  the ini- 
tiation codons found in the mt  m R N A s  o f  verte- 
brates are shown. F rom these data a peculiar cor- 
relation emerges: when there are spacer bases 
between a t R N A  and an m R N A  or when there is 
gene overlapping (i.e., ATPase  6, ND4,  see Fig. 1 
for definition o f  abbreviations),  we always find A T G  
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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Fig. 1. Sequence of  the R. norve~.~icus 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 each protein gene is shown 
above the sense strand~ COl, II, IlI: cymehrome oxidase subunits; Cyt 3: cymchrome b. ND1-6:  NADH dehydrogenase subunits. 
Continued on pages 501-507~ 
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Fig 1. Continued 
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Fig. 1. Continued 
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Fig, 1. Continued 
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Fig. 1. Continued 
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Fig, 1. Continued 
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Fig, 1. Continued 
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Fig. 1. Continued 

from the first base of  the messengers, any ATN co- 
don and possibly also a G T G  codon (see below) can 
act as initiator. The case o f N D  1 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 co~e- 
sponding mRNA 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 ND1 mRNAs of  mouse 
and rat initiate at the ATT codon, they end up short- 
er than the other sirniIar 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 eodon G T G  has been 
suggested as the initiator in the mitochondrial ND1 
gene of mouse, in the mitochondrial ND5 gene of  
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Fig, 2. Initiation codons of vertebrate mt mRNAs, a ic = pre* 
dicted initiation codons; sb = untranslated spacer bases at 5' end; 
ov = gene overlapping; - = absence of spacer bases; ? = cases 
discussed in the text. b Best alignment of the ND1 5' end. 

: initiation codons as reported in t~terature. Lower cases: 
initiation codons as proposed by us. 

Drosophila yakuba (CJary and Wols tenhotme 1985)~ 
and in the Cyt b gene o f  sunflower mi tochondr ia  
(Gallerani, personal communicat ion) ,  and that  it has 
also been found to act as init iator in a few prokary-  
otic genes (Stormo et al. 1982). The  feature we have 
described seems to be well confirmed in the genome 
ofX.  ]aevis (Roe et at. 1985), where we observe that 
all m R N A  genes that start with a f~w spacer bases 
always contain the A T G  codon.  A constraint  in the 
use o f  A T G  versus ATA (or other  init iation codons) 
is further corroborated by the fact that  mos t  o f  the 
m R N A s  in mammals  initiate with ATG,  in spite o f  
the higher probabil i ty o f  finding ATA instead o f  
ATG,  because o f  the low G content  o f  the m t D N A  
L-strand and because o f  the higher use o f  A at the 
third codon posit ion (see above). 

We have also observed some peculiar features for  
the use o f  t e ~ i n a t o r s .  It has been repor ted (Clary 
and Wols tenholme 1985) that the presence or ab- 
sence o f  complete te rminat ion  codons at the 3' end 
o f  the m R N A  genes is a poor ly  conserved proper ty  
in mammals  or flies. However ,  even here some rules 
seem to be tbilowed. In particular, only when an 
m R N A  ends immedia te ly  before a tRNA might the 
terminat ion codon be incomplete:  in this case the 
transcript is processed immedia te ly  before the trans- 
t;cr R N A  so that  the poly A addi t ion can create the 
terminat ion codon TAA. When the m R N A  con- 
tains, as in the human  COII gene, a 3' untranslated 
region, we always find a normal  te rminator  such as 
T A G  or TAA. The  same o f  course holds for the 
cases in. which there is gene overlapping (ATPase 8, 
ND4L,  ND5,  and ND6).  This rule seems to be val- 
idated by the m t D N A  of Drosophila that  has a dif- 
ferent gene organization. It is well known that  in 
vertebrates A G A  and A G G  have been proposed as 

terminators.  The  two codons are never  used within 
the open reading frames (ORFs) of  vertebrates and 
have been fi_mnd at the 3' end o f  a few genes as 
shown in Fig. 3a. In other  animals,  like Drosophila 
(Clary and Wols tenholme 1985), echinoids (Can- 
tatore et al. t 987b; H imeno  et al. 1987), and nema- 
tode worms (Wolstenholme et N. 1987), A G G  and 
AGA code for serine. In our  opinion the cases in 
which the two codons have been found at the 3' 
termini  o f  mammal i an  mRl"4As require c o m m e n t  
(Fig. 3b). The  COI gene, which is the best-conserved 
protein coding gene, ends in the human  genome with 
A G A  but  this makes the gene one amino  acid shorter  
than in all other  vertebrates (513 aa instead o f  514 
aa). It is also remarkable  that  the codon following 
AGA is CAA in humans ,  whereas in the other  mam-  
mals, rat included, it is TAA, and in Xe.nop~r it is 
TCG.  Likewise, :in the Cyt  b o f  cow, i f  the stop codon 
is AGA, the protein is one amino acid shorter. 
Moreover ,  in this case the tbltowing codon is CAG 
that differs f rom the n o r t o n  terminator  only by a 
transit ion 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 T A G  codon  nine bases 
af ter  the A G G  codon  and in J~k'nopus a normal  TAA 
codon six bases al ter  AGA. In the genomes of  rat, 
mouse,  and cow there is overlapping between the 
ND5 and ND6 m R N A  genes. In humans,  i f  ND6  
terminates  at the AGG,  the two messengers become 
contiguous, whereas i f  the reading frame o f  ND6 
reaches the regular te rminator  TAG,  the genes be- 
come four amino  acids longer but  the overlapping 
is reestablished. Likewise, in Xenopus the reading 
o f  A G A  (arginine in all similar mammal i an  genes) 
normalizes gene length. 

Our observat ions cannot  exclude the previous as- 
signment o f  initiation and te rminat ion  codons in mt  
m R N A  genes. However ,  they emphasize  the im- 
portance of  mul t iNe compara t ive  analyses and the 
necessity o:f sequencing mt  m R N A s  and proteins in 
order  to solve these impor tan t  questions and to shed 
light on the mi tochondr ia l  translation process. 

An unusual codon assignment is not  unique to 
mitochondria .  In ciliates TAA and T A G  stop co- 
dons are found in ORFs,  and TAA seems to code 
for glutamine (Horowitz  and Gorovsky  1985). More  
recently, both  in p r o k a ~ o t e s  and in eukaryotes,  se- 
quencing has revealed that  selenocysteine is encod- 
ed by T G A  (Chambers  and Harr ison 1987). This 
raises the question 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 m R N A  in the vicinity o f  the terminat ion  
codon (the context  effect involving structural inter- 
act.ions at the ribosomM tevel). 



509 

T a b l e  4~ C o n s e r v a t i o n  degree  o f  d i f ferent  fnnc t iona l  r eg ions  o f  the  v e r t e b r a t e  m t  t R N A s  

A A  D D D A C  A C  A C  V T T T A A  

s t e m  s t e m  loop  s t e m  s~em loop  s t e m  loop  s t e m  loop  s t e m  s t e m  

M e t  * * *  * * * *  * *  * * * *  * * *  * * * *  * * *  * * *  * * * *  * *  * * * *  * * *  

Ite *** *** *** *** *** **** *** *** *** *** *** *** 
Ala ** **** **** **** ** *** *** *** ** * ** *** 
Arg *** *** ** *** *** *** *** *** *** -. *** *** 
T y r  *** *** ** *** ** *** ** ** ** - -  **** *** 

H i s  *** **** ** **** *** *** *** ** ** ~ ** *** 

Leu  (uur)  * **** ** *** ** *** ** * *** *** *** ** 

G l u  * *  * * * *  * *  * * * *  * * *  * *  * * *  * *  * *  * * *  * *  

Gin ** *** -- *** ** ** ** ** *** *** ** ** 

T r p  ** ** * *** *** **** **** ** *** - -  ** *** 

Lys  * **** * *** *** **** *** *** * - -  * ** 

Set (ucn) - - * *** ** *** ** * **** *** ** ** 
T h r  * * *  * *  * *  * *  * * * *  * *  * * *  * * *  - -  * *  * *  

V a ]  * * * * *  * * * * *  * * * *  * * *  * *  - -  * *  * 

G l y  * **** ** *** * **** * * * - -  * ** 

Pro * *** ** *** * **** * *** * -- * * 
S e r ( ~ )  * ** . . . . . .  **** **** * ** -- -- ** ** 

. ** )  (***L (****) % s imi la r i ty :  1 -25  ( - - ) ,  2 6 - 4 5  (*), 4 6 - 7 0  ( , 7 1 - 9 0  9 l - I 0 0  , b a ~ s  c o m p l e t e l y  absen t  ( . . )  

Transfer RNA Genes: Dt~gree of  C~:)nservation 
among l~rtebrales and Peculiar 
Similarity Features 

T h e  22 t R N A  species coded  by  the a n i m a l  m i t o -  
chondr i a l  g e n o m e s  have  s t ructural  anomMies  to such 

an  ex ten t  tha t  they m a y  be cons ide red  a separa te  
class o f t R N A  molecules .  T h e y  are genera l ly  sma l l e r  
t h a n  the i r  cy top la smic  and  p rokaryo t i c  c o u n t e r p a r t s  
a n d  lack m a n y  o f  the  i n v a r i a b l e  tba tures  (see C a n -  

ta tore  a n d  Sacconc  1987, for review-). Besides  h a v i n g  
a s t ruc tura l  role,  the t R N A s  o f  ver tebra tes ,  accord-  
ing to the p u n c t u a t i o n  m o d e l  (Ojala  et al. 1980, 
1981), a lso act as r e cogn i t i on  sites fbr  p rocess ing  
R N a s e - P - l i k c  e n z y m e s  tha t  c leave the t r ansc r ip t s  at  
the j u n c t i o n  be tween  the  m R N A s  {or the r R N A s )  
and  the  t R N A  genes. In  v iew o f  this  dua l  f u n c t i o n  
o f  the m t t R N A  genes, we h a v e  car r ied  ou t  sequence  

ana lys i s  by  c o m p a r i n g  s imi l a r  t R N A  genes  in  five 
ve r t eb ra t e  species a n d  the 22 t R N A  genes  in  the 
s a m e  organ isms .  Tab l e  4 a n d  Fig, 4 show the degree 
o f  c o n s e r v a t i o n  o f  the  different  f unc t i ona l  regions  
o f  the  t R N A s  in  five species, n a m e l y  rat,  m o u s e ,  

cow, h u m a n ,  a n d  ~:enopus. T h e  t R N A s  are l is ted 
accord ing  to the i r  overa l l  c o n s e r v a t i o n  degree. I t  

appears  tha t  (1) s o m e  o f  the m o s t  conse rved  species 
( leucine  a n d  i so leuc ine  t R N A s )  are those tha t  de-  
code the m o s t  used  a m i n o  ac ids  (see also T a b l e  2); 
(2) the a n t i c o d o n  loop  is the m o s t  conse rved  region 

fo l lowed by  the D s tem;  a n d  (3) the  T loop  a n d  s tem 

Fig,  3,  T e r m i n a t i o n  c o d o n s  o f  v e r t e b r a t e  m t  : m R N A s .  a Ic  

p r e d i c t e d  t e r m i n a t i o n  codons ;  sb  = m~t rans l a t ed  s p a c e r  ba se s  a t  

3 ~ end ;  o v  = gene  o v e r l a p p i n g ;  ( o r )  = a n t i s e n s e  gene  o v e r l a p p i n g ;  

. . . . .  a b ~ n c e  o f  s p a c e r  bases;  * = i n c o m p l e t e  t e r m i n a t i o n  c o d o n ;  

? ~= cases  d i s cus sed  in t he  text.  b Best  a l i g n m e n t  o f  C O l ,  N D 5 -  

6, Cy t  b. 3 '  end .  - - :  t e r m i n a t i o n  c o d o n s  as  r e p o r t e d  in liter* 

a ture .  L o w e r  eases:  t e r m i n a t i o n  c o d o n s  as  p r o p o s e d  by  us. 

are the m o s t  var iab le  regions.  In  genera l  the  degree 
of  c o n s e r v a t i o n  o f  the  5' ha l f  is h igher  t h a n  tha t  o f  

the  3'  half, suggesting tha t  the  5' reg ion  c o n t a i n s  
s t ronger  func t iona l  cons t ra in t s .  
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Fig. 5. Peculiar similarity fea- 
tures of rat nat tRNA. a, b, e, 
E• of the three classes 
of similarity di~ussed in the 
text. -. �9 : anticodon. : 
consensus sequence. 

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 t?om the UUR tRNA 
gene. This suggests that tRNAs could themselves 
act as a primer for mtDNA synthesis and sometimes 
fail to be removed t?om the newly ssalthesized 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 o f 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 botlh 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 ofanimat mtDNA as indicated 
by several authors (Clar?' 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 mr tRNAs). Examples are 

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 at. 
1987a). It is interesting to note that recent sequence 
analyses indicate that both the secondary and the 
primary structures present :in tRNAs are involved 
in many functions, such as origins of  replication, 
gene regulation, recombination, retroposon gener- 
ation, and others (Saccone et aI., 1987; see Weiner 
and Maizels 1988 for review-). What is remarkable 
in this context is the recent finding that in tile mi- 
tochondria of Neurospora cras;sa one protein corn- 
ponent required for splicing rnitochondrial introns 
is mt tyrosil tRNA synthetase that recognizes fea- 
tures resembling tRNA 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 
et al. 1981; Ojala 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 is 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 b 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 Bfimacombe (1983). 
a Small 12S rRNA. The binding sites to the mRNA proposed by us are underlined, b 3' region of the large 16S rRNA structure 
containing the sequence complementar~ , m 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 ofmitochondrial 
transcripts. Our observation suggests that for the 
processing of  the polycistronic transcripts both pri- 
mary and secondary structural elemems may be nec- 
essar~ ~ as recognition signals. The self'complemen- 
tarity of  the arginine tRNA, which is particularly 
relevant in humans (71%), means that the same pri- 
mary structure is present in the two DNA strands. 
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 1I 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 euka~yotic tRNAs (listed in Nucleic Acid Res 
suppl vol t3, 1985; Spfitzl 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 ihe start of the A block of the 
Pol III enzyme and is probably important for the 
evolution of  the tRNAs in general. In the complete 
rat mitochondrial genome the sequence TAG- 
TAAA, present in aspa~ic tRNA, was fbund only 
at the end of  12S rRNA and at the 5' t e ~ i n u s  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 tRNA-like structures of mammalian nuclear 
genomes, and this strongly argues for an impo~ant  
role in boih tRNAs and SINEs (Daniels and Dein- 
inger i985; Lawrence et al. 1985). 

Ribc)somal RNA Genes: Interactions between 
Ribosomal and Messenger R?~2ds 

The I2S and 16S rRNA genes in rat mitochondria 
are 956 and 1558 bases long, respectively. These are 
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Fig. 7. Possible interactions be- 
tween 12S small rRNA and mRNAs 
in rat. The distances from the 5' end 
of the genes are indicated. Free en- 
ergy (Ag) was calculated according 
to the method of Papanicolau et al. 
(1984). The statistical significance of 
the sequence complementarities, 
calculated according to the method 
of Smith et al. (1985), is 6 +-- 1.52, 7 
_+ 13.1, and 7 +_ 0.97, respectively, 
for the three sequences presented. 

the most  conserved mi tochondr ia l  genes in all an- 
imals, but  together with their  counterparts  f rom oth- 
er sources, both  mi tochondr ia l  (lower eukaryotes 
and plants) and nonmi tochondr ia l  (bacteria, chlo- 
roplasts, and cytoplasm) genes display similarity only 
at the level o f  secondary structure. 

Our graphic representat ion o f  the folding patterns 
for the large and small rRNAs  o f  rat mi toehondr ia  
is essentially the same as those presented for human,  
mouse,  and Xenopus laevis (Glotz et al. 1981; Kun-  
tzel and Kochel  1981; Dunon-Blu teau  and Brun 
1986; Hixson and Brown 1986) with a few modi-  
fications (Fig. 6). 

In the 12S r R N A  gene we identified a number  o f  
interesting sites, three o f  which are il lustrated in Fig. 
7. At posi t ion 239 f rom the 5' end, a sequence that  
is conserved almost  perfectly in organisms ranging 
from E. coli to animal  mi tochondr ia  is present. It 
is in an exposed loop and finds complementar i ty  in 
some protein coding genes (COI, COIII,  Cyt b, ND4,  
ND5).  Another  sequence, f rom base 700, which is 
conserved in small r R N A  genes and in addi t ion is 
localized in an unpaired region, is complementa ry  
to a sequence present  in a lmost  all m R N A  genes 
(e.g., ATPase  6; see also Att imonel l i  et al. 1985; 

Fig. 8. Sequence complemen- 
tarity between 16S rRNA and 
ND6 mRNA of mammalian 
mitochondria. The distances 
from the 5' end of the genes 
are indicated, hsp = coding 
H-strand promoter (Chang and 
Clayton 1986). 

Saccone et al. 1985). Finally, a sequence o f  17 bases 
starting f rom posit ion 831 near  the 3' end is nearly 
completely identical in pr imary  and secondary 
structures in all the organisms compared,  ranging 
f rom E. coli to mammal i an  mitochondria .  This  site 
also displays a statistically significant complemen-  
tarity to a sequence present in some reading frames 
(COI, Cyt b). The degree o f  complementar i ty  o f  these 
sequences varies f rom gene to gene, but  in any case 
the Ag values are much  higher than those exhibited 
by the Shine-Dalgarno type o f  interact ion (Shine 
and Dalgarno 1975). The  evolut ionary  conservat ion 
and the high statistical significance o f  these inter- 
actions strongly suggest their  impor tan t  funct ion in 
the regulation o f  the translation. Watson-Cr ick  base 
pairing at sites within the m R N A  molecules prob-  
ably are necessary to ensure the correct  protein elon- 
gation (as has also been suggested by Weiss et al. 
1988), especially for  mi tochondr ia l  systems that do 
not  possess a Shine-Dalgarno type o f  interaction. 

In the 16S r R N A  we found a region complemen-  
tary to ND6  m R N A ,  and again this feature is con- 
served evolut ionari ly  in mammal s  in spite o f  a di- 
vergent  p r imary  sequence in bo th  genes (Fig. 8). Part  
o f  the same region o f  N D 6  in some organisms (e.g., 



mouse )  is c o m p l e m e n t a r y  also to the  HSP,  the  se- 
q u e n c e  tha t  acts  as p r o m o t e r  i n  the t r a n s c r i p t i o n  o f  
the H - s t r a n d  (Ag = - -9 .9  kcal). W e  recall  t ha t  in  

m a m m a l i a n  m i t o c h o n d r i a  the  t r a n s c r i p t i o n  o f  the  
two s t r ands  is s y m m e t r i c  a n d  tha t  the t r a n s c r i p t i o n  
o f  r R N A s  a n d  m R N A  is con t ro l l ed  p r o b a b l y  b y  
different  m e c h a n i s m s  (At ta rd i  198 5). We  migh t  en-  

visage a regula tory  m e c h a n i s m  v ia  an t i sense  R N A  
m e d i a t e d  by  early p roduc t s  o f  m i t o c h o n d r i a l  t r an -  
scr ip t ion .  In  o the r  words ,  the  p roduc t s  o f  ear ly  t r an -  
sc r ip t ion  N D 6  m R N A  a n d  16S r R N A  for the L- 
a n d  H-s t rand ,  respectively,  could  m o d u l a t e  their  ow n  
level  by  in t e rac t ing  wi th  each o the r  or  wi th  the i r  

p romo te r .  T h e  ava i l ab i l i t y  o f  cy top l a smic  r ibo -  
soma l  p ro t e ins  tha t  use m t  r R N A  to fo rm ac t ive  

r i b o s o m e s  cou ld  rep resen t  a key e l e m e n t  in  the  reg- 
u l a t i on  o f  m i t o c h o n d r i a l  b iogenesis .  

Conclusion 

Deta i l ed  c o m p a r a t i v e  s tudies  p e r f o r m e d  wi th  the 
sequences  o f  five ve r t eb ra t e  m i t o c h o n d r i a l  g e n o m e s  

have  revea led  n e w  a n d  in te res t ing  proper t ies  o f  m i -  
t ochond r i a l  gene produc ts .  

The  high c o m p a c t n e s s  a n d  e c o n o m i c  organ iza-  
t i o n  o f  a n i m a l  m t D N A  leaves  l i t t le space for reg- 
u l a to ry  regions.  T h e  resul ts  r epor t ed  in  this  pape r  
suggest tha t  the  regu la to ry  s ignals  for express ion  o f  
the  m i t o c h o n d r i a l  g e n o m e  are c o n t a i n e d  in  the  pr i -  
m a r y  a n d  h igher  s t ruc tura l  e l e m e n t s  o f  the p roduc t s  
themse lves .  The  va l i d i t y  o f  ou r  hypo thes i s  is based  
m a i n l y  u p o n  the e v o l u t i o n a r y  c o n s e r v a t i o n  o f  pe-  
cul iar  s t ructural  features. More  impor t an t l y ,  the da ta  
here  repor ted  offer a va l id  theore t ica l  bas is  for fu ture  

e x p e r i m e n t s  on  m i t o c h o n d r i a l  regu la to ry  m e c h a -  
n i sms .  
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