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Summary. The evolution of the main regulatory
region (D-loop) of the mammalian mitochondrial
genome was analyzed by comparing the sequences
of eight mammalian species: human, common
chimpanzee, pygmy chimpanzee, dolphin, cow, rat,
mouse, and rabbit. The best alignment of the se-
quences was obtained by optimization of the se-
quence similarities common to all these species.

The two peripheral left and right D-loop do-
mains, which contain the main regulatory elements
so far discovered, evolved rapidly in a species-spe-
cific manner generating heterogeneity in both length
and base composition. They are prone to the inser-
tion and deletion of elements and to the generation
of short repeats by replication slippage. However,
the preservation of some sequence blocks and sim-
ilar cloverleaf-like structures in these regions, in-
dicates a basic similarity in the regulatory mecha-
nisms of the mitochondrial genome in all
mammalian species.

We found, particularly in the right domain, sig-
nificant similarities to the telomeric sequences of
the mitochondrial (mt) and nuclear DNA of Tet-
rahymena thermophila. These sequences may be in-
terpreted as relics of telomeres present in ancestral
linear forms of mtDNA or may simply represent
efficient templates of RNA primase-like enzymes.

Due to their peculiar evolution, the two periph-
eral domains cannot be used to estimate in a quan-
titative way the genetic distances between mam-
malian species. On the other hand the central
domain, highly conserved during evolution, be-
haves as a good molecular clock.

Reliable estimates of the times of divergence be-
tween closely and distantly related species were ob-
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tained from the central domain using a Markov
model and assuming nonhomogeneous evolution of
nucleotide sites.
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Introduction

The presence of only one major noncoding segment
in the mitochondrial genome is a feature common
to all metazoa. In vertebrates this region, spanning
between the Phe- and Pro-tRNA genes, is called the
D-loop-containing region because of the three-
stranded displacement (D) loop structure created by
the nascent heavy (H) strand at the level of the H-
strand replication origin (Oy). It also contains pro-
moters for the transcription of both the heavy strand
(HSP) and the light strand (LSP). This region is the
target site for numerous proteins and enzymes, such
as DNA and RNA polymerases and transcription
and regulatory factors and is thus subjected to var-
ious evolutionary pressures. Because all these pro-
teins are coded for by nuclear DNA, the study of
the D-loop-containing region is also extremely im-
portant for shedding light on the processes inherent
in nucleus-mitochondrion coevolution.

In order to gain deeper insight into the evolu-
tionary dynamics of the noncoding region of the
mammalian mitochondrial genome, we undertook
a detailed investigation of its evolution at the mo-
lecular level. In previous papers we have identified
several well-preserved features in the evolution of
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The best alignment of the eight mtDNA D-loop-containing regions. Regions A, B, and C, the CSBs, and the IS ( _), SR,

and LR, the Oy (<), LSP (~), and HSP (~) are indicated. Continued on pages 85-86.
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Continued
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Fig. 1. Continued
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Table 1. Sequence similarities for sequence blocks A, B, and C and CSB1, 2, and 3

Similarity %

Organisms compared Region A Region B Region C CSB1 CSB2 CSB3
Pygmy chimp-common chimp 88 100 96 93 94 100
Human—chimps 86 97 97 96 97 100
Rat-mouse 83 88 90 86 94 94
Rat/mouse-rabbit 70 83 82 71 85 94
Cow-dolphin 59 90 87 75 2 e
Cow/dolphin-rodents 61 78 80 61 820 e
Cow/dolphin-primates 58 71 72 77 86 ¢
Primates-rodents 57 59 74 79 91 96

2 In cow the CSB2 sequence (17 nt) is reduced to a run of 5 C
b Similarity calculated with respect to the dolphin sequence
< In dolphin and cow the CSB3 sequence is absent

the mammalian D-loop and we have also shown
that the evolutionary behavior of this region varies
in interspecies and intraspecies comparisons (Brown
et al. 1986; Saccone et al. 1987). This report extends
our previous observations to more mammalian spe-
cies, namely common chimpanzee, pygmy chim-
panzee (Foran et al. 1988), dolphin (Southern et al.
1988), and rabbit (Mignotte et al. 1990). Further-
more, because mitochondrial DNA (mtDNA) has
become a molecule used commonly for investigating
molecular phylogeny problems, we also show that
the central domain of the D-loop behaves as a re-
liable molecular clock and thus may be suitable for
determining the branching order of mammals.

Results and Discussion

In contrast to the high degree of conservation of the
rest of the genome, the D-loop region shows great

variability in length and base composition in mam-
mals. The eight sequences of mammals can be aligned
easily only in the central region (about 200 bp long,
Fig. 1). On the basis of this, the D-loop-containing
region can be divided into three domains: the right
(R) domain containing the Oy, the central (C) do-
main, and the left (L) domain where the nascent H
strand pauses in the resting molecules. The novelty
of our alignment compared to those previously pre-
sented consists in the optimization of the similari-
ties in the R and L domains in all eight species and
in the identification of insertion sequences and short
repeated motifs, In Fig. 2 the dashed boxes represent
regions with degrees of similarity spanning from 100
to 57% as reported in Table 1. Other segments dis-
play a significant degree of similarity only within
some groups (between dolphin and cow and between
rat-mouse and rabbit). The sequences denoted IS,
SR, and LR and the blank boxes are unique for the
species considered.



Evolution of the Right Domain

The R domain immediately adjacent to the Phe-
tRNA gene is probably the most important func-
tional part of the regulatory region as it contains the
Oy and the two promoters HSP and LSP. It has
different lengths in mammals as shown in Table 2
and its primary structure greatly diverges except for
a short sequence of ~30 bases (block B} immedi-
ately downstream from the central domain, and the
conserved sequence blocks (CSBs, Walberg and
Clayton 1981) that have been suggested to act as
processing signals for the enzymes involved in the
generation of RNA primers for heavy strand rep-
lication. However, the degree of similarity between
the CSBs is variable as shown in Table 1. The CSB1,
in particular, is conserved in all the organisms con-
sidered whereas the flanking regions are very di-
vergent even between closely related species (rat and
mouse). It is striking to note that CSB1 differs from
the rest of the D-loop region and is more similar in
human and rabbit (86% of similarity) than in mouse
and rabbit (75%) or than in cow and dolphin (75%).
Though the significance of the data is weak for the
small number of differences, a possible explanation
could be coevolution due to an interaction between
the CSB1 and a nuclear-coded protein. The branch-
ing of primates, artiodactyls, murids, and lago-
morphs inferred from nuclear genes is highly con-
troversial but in some cases infers that lagomorphs
are more closely related to primates than to murids
(Easteal 1990). In cow the CSB2 is restricted to a
run of only 5 Cs whereas the CSB3, which is most
highly conserved in primates and rodents, is com-
pletely absent in cow and dolphin.

Clayton’s group has purified, from mouse and
human, a site-specific endoribonuclease, called
RNase MRP, which specifically recognizes CSB2
and CSB3. This enzyme, well characterized in mouse
and human, contains a nuclear-encoded 5§ RNA
that has a region complementary to both CSB2 and
CSB3. These two latter conserved sequence blocks
have been found to constitute a critical bipartite
recognition signal for accurate and efficient cleavage
by RNase MRP. Heterologous assays with human
enzyme and mouse mtRNA and analysis of muta-
tions within CSB2 in vitro indicate that the essential
components for substrate recognition are conserved
in mouse and human in spite of the natural hetero-
geneity of CSB2 in vivo (Bennet and Clayton 1990).
Further experiments are however necessary to verify
this in the other mammalian species, particularly in
cow and dolphin where the CSB2 and CSB3 are
practically absent.

The promoters for the heavy (HSP) and the light
(LSP) strand have been well characterized in mouse
and human; in other species only partial informa-
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tion is available (Sbisa et al. 1990). The location of
the two promoters with respect to other elements,
like CSBs and cloverleaf-like structures (see below)
seems maintained at least in the species in which
they have been characterized. Recent studies using
transcription factor I indicate once more than the
transcriptional machinery and the overall mecha-
nisms of transcriptional control and regulation are
basically conserved in mammals in spite of the very
divergent primary structures. According to Fisher
et al. (1989), strict species specificity of mitochon-
drial transcription could be determined by RNA
polymerase itself or by some as yet undetected tran-
scription factor. These data lead us to suggest that
the sequence of the R domain contains superim-
posed codes that determine its peculiar evolution in
the various species.

We have previously reported (Saccone et al. 1985;
Brown et al. 1986) that at the level of the D-loop
termini the sequences of rat, mouse, cow, human,
and Xenopus, despite their high primary structural
divergence, are capable of assuming similar clover-
leaf secondary structural configurations. These
structures have also been identified in dolphin and
rabbit (data not shown). The conservation of basi-
cally similar structures in mammals suggests that
these are of principal importance for the regulation
processes occurring in the D-loop-containing re-
gion.

In rabbits the R domain displays unique prop-
erties: stretches of short [SR = 20 nucleotides (nt)]
and of long (LR = 153 nt) tandem repeats, present
in variable copy number, are located between the
CSB1 and CSB2 (SR) and downstream CSB3 (LR),
generating intra~- and interspecies length heteroge-
neity (Mignotte et al. 1990). SRs and LRs do not
seem to be of mitochondrial origin because with
hybridization experiments no sequence identity has
been found with other parts of the mitochondrial
genome. The SRs, which consist of a sequence of
20 nt (GCACGTACACCCGTACGCAQ) exactly
repeated in tandem 10 times, are followed by two
sequence elements that are rearrangements of the
SR 20-mer. For the SR-containing region Mignotte
et al. (1990) have proposed a very stable secondary
structure involving four repeats. We have found that
alternative shorter secondary structures can be gen-
erated by three or two SRs (Fig. 3 A and B). This
scheme involves the conservation of some kind of
recombination mechanisms which should not be lost
completely in Metazoa, as generally assumed. A
closer inspection of such structures reveals that the
deletion of one or two stem and loop structures,
from type A and B molecules, produces the two
types of rearranged repeats found in rabbit (Fig. 3A1
and B1). If this is the case the cleavage should in-
volve the GT:AC paired palindromic region.
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Fig. 2. General scheme of the organization of the D-loop-
containing region in various mammals. The shaded segments
correspond to regions of sequence similarities shown as blocks
A, B, Cand 1, 2, 3 (CSBs) (see also Table 1). The region up-
stream of block A is similar in dolphin and cow and the se-
quences downstream from block A are similar in rat-mouse

and rabbit. IS indicates insertions unique to the organism(s).
SR and LR indicate the short and long repeats found in rabbit.
The location of the secondary structures is indicated by black
squares. The H-strand replication origin (O,,) and the L- and
H-strand promoters (HSP, LSP), where known, are also report-
ed.
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The Left Domain

The L domain, downstream from the Pro-tRNA, is
of crucial importance because it is here that whether
the synthesis of the third strand should be arrested
or whether it should continue is determined. More-
over, transcriptional analyses have demonstrated
that at this level there is an active processing of the
H and L polycistronic transcripts (Sbisa et al. 1990).
Although this domain is highly divergent in mam-
mals with regard to both nucleotide and sequence
length, a block of about 160 nt (block A in Fig. 2),
located at a variable distance (20 nt in human, 116
in rabbit) upstream from the central domain can

Fig. 3. Secondary structures formed by three

(A) or two (B) rabbit short repeats (SR). The re-
arranged repeats found in rabbit (A1, B1) could
be the product of a specific cleavage at the GT:

GCACGTACACCCGTACACCCGTAC . . . .
Pt AC paired palindromic regions.

still be aligned in all mammalian species. In the
sequence block A we found short mirror symmetries
(TACAT, ATGTA) repeated several times.

In particular two of these palindromic sequences
form a very conserved stable hairpin-loop (nt 156—
172 in Fig. 1), which are present in the cloverleaf-
like structures (black squares in Fig. 2) located in
this region. These sequences, present also in the pig
D-loop (MacKay et al. 1986) and as part of some
TAS elements [experimentally found by Doda et al.
(1981) in mouse], may be involved as a recognition
site for the arrest of H-strand synthesis.

In human and chimpanzee block A is interrupted
by a 136-nt element we call insertion sequence (IS).
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T ACACATACCATAA- ~~CAAG-CCTAARCARCACTARTAGCTAACATACCTCTARGA- -
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Yk %k d whE K hhkk AAAK khk Rk Kk kkkhx k kX KAk X X
RAT CCCCRAARAA-CATTARAGCAAGAAT TARATAAAACARAAAGCTA-CTTAATTCTTARARG
..csb3...>
(B)
MITTTRA  TACACATACCATAACAAGCCTAAACAACACTAATAGCT-AACATACCTCTAAGA
LR R B T x% AKX Kk AXKk KARANKAA * kK h ok hk k khkhk *
MOUSE mcc'rc-rm--Amccmcccmmcacrmmcmcmmcammmu
Cevenen csb3.. ...,
{©)
MITTRA TACACATA- L CCATAAC-MGCCTAMCM—CAC&‘MTAGCTMCATACCTCTM
rkhkk X kh REkAk KX * Akhkk hkk Kk hhkkxRkkkkhk h *
Cow AACACAGAATTTGCACC-TAACCAAATATT - ACAAACACCACTAGCTARCATARCACGCC
€,.. COW I8 ...suiarvrcrovens
Fig. 4. Nucleotide similarity between (A) T. ther-
mophila mitochondrial telomeric region (EMBL
o) entry: MITTRA, nt 53-1) and rat D-loop (nt
A ccaced 1055-1124 in Fig,. 1), (B) T. thermophila mito-
(;m 'AAA’ 'AAR' TATAGTA'-MTTTT CAMA . . .
TTRSTELC &SE?& * *3'5{:,{ TETTCTTT «TATT KAK KK KRk Kk Khhkk Rk KKK chondrial telomeric region (EMBL entry: MIT-
HUMAN AACTMCACATTATT-—TTCCCCTCCCACTCCCATACTACTMTCTCATCMTACAACCC TRA’ nt 53_1) and mouse D—loop (nt 985_1095 in
COLRAACC--~CCA Fig. 1), (C) T. thermophila mitochondrial telomeric
CAAACCCAAC-CTCAA CCA-AC --- .
TIRSTELC  CCCCCCCCCEAMACCCAAC-CTCARCCTCCRACCCCAACCCEA-ACCOS-MACC-=-CCA  ooinn (EMBL entry: MITTRA, nt 51-1) and cow
HUMAN CCGCC-CATCCTACCCAGCACACACACACCGCTGCTARCCCCATACCCCGARCCARCCAR D-loop (nt 84-IS in Fig. 1), (D) T. thermophila nu-
. . clear telomeric region (EMBL entry: TTRSTELC,
TIRSTELC ~ ACCCCAACTCCARCCCCARC nt 330-200) and the human D-loop (nt 1155-1304
HUMAN ACCCCAAAGACACCCCCCAC in Fig. 1).

In cow the insertion is 66 nt long. Both the IS of
human and cow and the SR elements present in the
R domain of the rabbit are flanked by the small
repeat, TACA(T). In humans the direct repeat flank-
ing IS becomes 11 nt long: TAGTACATAAA. It is
notable, moreover, that all these expansion ele-
ments are located near the cloverleaf-like structures
(Fig. 2).

The TACAT pentanucleotide is present in the
TAS elements of Xenopus (Dunon-Bluteau and Brun
1987). Interestingly, a TACA element is found with-
in the SR of rabbit.

Relics of Telomeric Structures?

The asymmetry of GC distribution in the two DNA
strands, there being a low G content in the L-strand,
is already recognized as a peculiar feature of the
mitochondrial genome of mammals (Gadaleta et al.
1989) and is particularly relevant in the R and L
domains. This overall strand composition asym-
metry, resulting in G-rich versus C-rich strands is
characteristic of the telomere structures found in the
linear chromosome of eukaryotes (Blackburn 1990).
Unlike nuclear DNA, mtDNA is usually circular.
However linear mtDNAs are found in two strains
of yeast, ciliates, Hydra, Chlamydomonas rein-
hardtii, and in some plants. In the latter two cases
the linear molecules seem to be derived from cir-
cular forms. In the ciliated protozoa Tetrahymena
and Paramecium the linear mtDNA molecules
(about 50 kb in size) have, like nuclear chromo-

somes, telomeric structures at their ends. In Tet-
rahymena thermophila, BVII mtDNA telomeres
consist of a 53-bp sequence tandemly repeated from
4 to 30 times (Morin and Cech 1986).

We searched the D-loop of all mammalian spe-
cies regions homologous to the mitochondrial telo-
meres of Tetrahymena. A significant degree of sim-
ilarity was found in the sequences of rat, mouse, and
cow (Fig. 4). In rat and mouse the similarity lies
near CSB3 whereas in cow it is located in and around
the IS element. Primates, instead, show extensive
nucleotide similarity with the nuclear telomeric se-
quences common to various organisms (Zetrahy-
mena, Paramecium, yeast, human)in a region span-
ning from the 5’ end of the right domain to the CSBs
(Fig. 4D).

It is well known that telomere length is variable:
in the nuclei of Tetrahymena length variability is
governed by the action of the telomerase; in budding
yeast telomere length fluctuates around a constant
level during long-term culture, suggesting that there
is a balance of additions and losses of repeats. Morin
and Cech (1986) have suggested a recombination
model for the maintenance of the telomeric repeats
at the mtDNA linear ends in the mitochondria of
T. thermophila. Recently, it has been reported that
telomeric sequences can be lost in human tissues
with age and in human tumors thus suggesting that
telomerase is inactive in somatic cells. The loss of
telomeric sequences can lead to end-to-end chro-
mosome fusions in two ways: nontelomeric se-
quences can be exposed and then ligated to each
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Table 2. Sequence length (L) and nucleotide frequencies of the left, central, and right domain of the D-loop-containing region

Left domain Central domain Right domain
L A C G T L A C G T L A C G T
Pygmy chimp 370 34 34 10 22 237 25 31 19 25 514 30 35 12 23
Common chimp 369 33 35 11 21 235 26 30 19 25 511 30 35 13 22
Human 371 32 33 13 22 235 26 30 18 26 516 30 34 13 23
Dolphin 300 35 19 9 37 236 26 27 18 29 354 29 25 16 30
Cow 367 41 20 10 29 239 24 28 19 29 304 30 27 14 29
Rat 260 37 18 10 35 236 24 29 18 29 406 37 25 11 27
Mouse 260 37 20 9 34 239 26 29 17 28 380 37 25 11 27
Rabbit 389 37 27 7 29 238 28 30 16 26 1211 31 29 14 26
4.2+ 1.3(581 LB . Table 3. Expected Poisson distributions of nucleotide substi-
Pygmy chimp tutions
96+3.0(11.83.2)__ .
Common chimp Number
of
75 Human hit(s) Observed Expected® Expected®
26.9 2 6.7 (30.4 £ 6.6) Dolphin 0 125 110.6 126.4
1 47 72.0 48.5
2 29 23.4 25.5
3+ 11 6.0 11.7
Cow X 16.6¢ 0.6¢

T~ 45.4 £ 10.449.3 £9.5)
Rabbit

. Rat
3.8 £ 7.4(34.7 £ 6.6)
Mouse

18.515.1(22.2+4.9)

Fig. 5. Phylogenetic tree of the central domain of the D-loop
region. The times of divergence (million of years) adopting the
corrected and the uncorrected (in brackets) methodology are
shown.

other or to telomeric sequences, or telomeric se-
quences may become ligated to each other (tclo-
mere—telomere fusion) (Murray 1990). With regard
to the mtDNA of Metazoa, it could be envisaged
that probably with the loss of recombination ca-
pacity and of the telomerase enzymes there was a
progressive loss of telomeres followed by the cir-
cularization of the molecule. However, it has been
suggested that the TnGm sequences at the 3’ ends
of the chromosomes must be very efficient templates
for DNA primase. According to Murray (1990), this
consideration raises the heretical possibility that the
telomeric repeat sequences were initially deter-
mined by the sequence preferences of DNA primase.
In this case, the similarities found between telomeric
sequences and particular regions of the mammalian
D-loop could be due to convergent evolution.

2 All sites are assumed variable

* One hundred thirty two out of 212 sites are assumed variable

¢ The minimum x? value between the observed and the expected
distribution of nucleotide substitutions is calculated when 132
out of 212 sites are considered variable

Evolution of the Central Domain:
Branching Order of Mammals

The central domain is one of the most conserved
regions of the mammalian genome. It is character-
ized by a G content higher than in the other part of
the molecule (Table 2), probably indicative of a
functional constraint.

The best alignment of the central domain in the
eight mammalian species, shown in Fig. 1, reveals
that blocks of invariant sequences are separated by
nucleotide stretches that display high similarity
within the three groups: chimpanzee-human; dol-
phin—cow; rat-mouse-rabbit. The percentage of
similarity in the mammalian species (Table 1) also
shows that rabbit is closely related to rodents and
dolphin to cow.

Unlike the L and R domains, which display base
composition heterogeneity, the central domain obeys
the stationarity conditions necessary for applying
the stationary Markov model of Saccone et al. (1990).
With our method, using as input the time of diver-
gence between two species, we can calculate the time
of divergence of all other species. In our case we
fixed 75 million years between human and rodents



as a reference time, this being the most reliable value
obtained from paleontological data.

Assuming a model of homogeneous evolution of
nucleotide sites, a satisfactory qualitative tree is ob-
tained, but the estimates of the times of divergence
between closely related species (like primates) are
not highly consistent with data previously reported
from other sources (Holmes et al. 1989). This dis-
. crepancy could be due to the presence of invariant
sites, which invalidate our model of homogeneous
evolution.

We have thus developed a correction method
based on the following criterion. When the nucle-
otide substitutions are randomly distributed along
the sequence, the number of observed substitutions
for each site should follow a Poisson distribution.
If as shown in Table 3 the observed distribution
does not fit the Poisson distribution, using a x?
method we can determine the number of variable
sites that produce the Poisson distribution that best
fits the observed one. By using this fraction of vari-
able sites we recalculate the times of divergence.

Figure 5 shows the tree constructed with and
without (in brackets) this correction. The corrected
estimates of the times of divergence between pri-
mates approaches the expected values obtained with
other methods. We note that the time of divergence
of rabbit from the other rodents is about 32 million
years, The cow is more closely related to rodents
than to human, confirming a result consistently found
with other mitochondrial gene sequences. It is well
known that the phylogeny of arctiodactyls, humans,
and rodents is still a matter of controversy (Easteal
1987; Li and Wu 1987). In contrast with the highly
consistent results obtained on mitochondrial genes,
nuclear genes give with our method results that are
statistically not significant (C. Saccone et al., un-
published). Thus the problem of the cow-rodent—
human trichotomy remains an open question.
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