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The 15,697-nucleotide sequence of Paracentrotus
lividus mitochondrial DNA is reported. This genome
codes for 2 rRNAs, 22 tRNAs, and 12 mRNAs which
specify 13 subunits of the mitochondrial inner mem-
brane respiratory complexes. The gene arrangement
differs from that of other animal species. The two
ribosomal genes 16 S and 12 S are separated by a
stretch of about 3.3 kilobase pairs which contains the
ND1 and ND2 genes and a cluster of 15 tRNA genes.
The ND4L coding sequence is not contained in the ND4
mRNA but has its own mRNA which maps between the
tRNA”"% and the Co II genes. The main noncoding re-
gion, located in the tRNA gene cluster, is only 132
nucleotides long, but contains sequences homologous to
the mammalian displacement loop. Other short noncod-
ing sequences are interspersed in the genome: they
contain a conserved AT consensus which probably has
a role in transcription or RNA processing. As regards
the mitochondrial genetic code, the codons AGA and
AGG specify serine and are recognized by a tRNA with
a GCU anticodon, whereas AUA and AAA code for
isoleucine and asparagine rather than for methionine
and lysine. Except for ND4L which starts with AUC
and ATPase 8 which starts with GUG, AUG is used as
the initiation codon. In 11 out of 13 cases the genes
terminate with the canonical stop codons UAA or UAG.
These observations suggest that during invertebrate
evolution each lineage developed its own mechanism
of mitochondrial DNA replication and transcription
and of RNA processing and transiation.

Vertebrate mtDNA,! a double stranded circular molecule of
16.3-17.5 kilobase pairs, codes for 2 rRNAs (16 S and 12 S),
22 tRNAs, and 11 mRNAs. These latter specify 13 subunits
of the respiratory complexes. These are: the subunits I, II,
and III of cytochrome oxidase (Col, Coll, ColII); the subunits
6 and 8 of the Fo-ATPase (ATPase 6 and 8); the apoprotein
of cytochrome b; the seven subunits of the NADH dehydro-
genase (ND1, -2, -3, -4, -4L,, -5, and -8) (for review see Attardi,
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1985 and Cantatore and Saccone, 1987). The rest of the
molecule consists of a noncoding region (D-loop region)
which varies in size from 879 nt (mouse) (Bibb et al., 1981)
to 2134 nt (Xenopus laevis) (Roe et al, 1985) and which
contains the replication origin of the H-strand and the pro-
moters for H- and L-strand transcription. Vertebrate mt gene
organization is a model of economy and compactness: few or
no nucleotides separate individual genes, and the tRNA genes
are interspersed with almost absolute regularity between
mRNA and rRNA coding sequences. This arrangement is
consistent with the transcription of the mtDNA H-strand in
the form of a single molecule processed by precise endonu-
cleolytic cleavages before and after each tRNA sequence to
yield the mature transcripts.

The mt genomes of some invertebrates, such as Drosophila
yakuba (Clary and Wolstenholme, 1985), Ascaris suum (Wol-
stenholme et al., 1987), and Caenorhabditis elegans® have also
been described. These organisms have an mt gene content
similar to vertebrates, but the distribution of the genes be-
tween the two strands and the order in which they are
arranged are strikingly different. This may be explained by
assuming that during animal evolution some characteristics
of mtDNA (e.g. the compactness of the molecule and the gene
content) have been preserved, but extensive alterations of the
mt gene order have taken place.

In order to understand the rules which governed animal
mtDNA evolution in terms of gene structure and gene order,
more information about the mtDNA structure in a variety of
vertebrates and invertebrates must be obtained. The sea ur-
chin is an excellent subject for such studies. It is one of the
most developed invertebrates and is used as a model in studies
of embryonic development and cell differentiation. Moreover,
as the Echinodermata phylum contains many groups which
cover a time range from 15 to 450 million years (see Smith,
1984) molecular analysis of mtDNA may provide a new tool
for solving phylogenetic problems, especiaily in those cases
where the fossil record is poor or incomplete. We have directed
our attention to the mtDNA molecule of the most common
sea urchin species in the Mediterraneum: the Paracentrotus
lividus and can now present the complete sequence of its
mtDNA. This provides new information about gene organi-
zation and transcription and throws light on certain features
of the genetic code.

MATERIALS AND METHODS

P. lividus mtDNA, extracted from fresh eggs as described previ-
ously (Roberti et al., 1984), was cleaved with EcoRl, Pstl, and BamHI,
producing seven fragments that were cloned in the plasmid vectors
pBR322, pUCS8, and pPEMBLS (Cantatore et al., 1987a). To determine
the sequence of the fragments, bidirectional or unidirectional dele-
tions of predictable sizes were produced. This was done by digesting

2D. R. Wolstenholme, personal communication.
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the fragments Bam2, Bam1-2, Bam1-4, and Bam1-5 with the nuclease
Bal31l, and the fragments Baml-1, Baml-3, and Baml-6 with a
combination of exonuclease III and mung bean nuclease. The Bai31
digestion was performed on isolated fragments, by incubating for
varying periods of time at 30 °C 1 pmol of fragment ends with 1 unit
of enzyme (New England Biolabs). For the procedure using exonucle-
ase [II and mung bean nuclease, linearized recombinant plasmids
were incubated for different periods of times at 30 °C with 4 units/ug
exonuclease III (Stratagene), followed by 3 units/ug mung bean
nuclease {Stratagene) for 30 min at 30 °C. The procedure was carried
out from both sides of the fragments. The deletion products were
cloned in the plasmid pUC8 and the sequence of the first 300-400
bases of each insert was determined by the dideoxynucleotide chain
termination method of Sanger (Sanger et al., 1977), adapted for double
stranded templates (Chen and Seeburg, 1985). The sequencing strat-
egy is reported in Fig. 1; at least 80% of the sequence was determined
on both strands. Sequence analysis was carried out on a VAX/VMS
4.2 operating system by using the programs ACNUC and GLORIA
developed in our laboratory (Gouy et al., 1985).

RESULTS AND DISCUSSION

Genome Organization and Genetic Code—Fig. 2 reports the
15,697-nucleotide sequence of the P. lividus mtDNA. It con-
tains the same genes found in vertebrate mt genomes. The
largest noncoding sequence is 132-nt long and it is placed
between the tRNAT" and the tRNAF™® genes. Because most
of the genes have about the same size as in vertebrate mtDNA,
the smaller size of P. lividus mtDNA can be accounted for
mostly by a reduction in size of the noncoding region. The
organization of the P. lividus genes (Fig. 3) is different from
those of vertebrates and other invertebrates. In particular,
the two ribosomal genes 12 S and 16 S are not adjacent but
are separated by 3,339 base pairs. As opposed to vertebrate
mt genomes, where the ND4L gene is located near the ND4
and shares the same mRNA (Cantatore and Saccone, 1987),
the ND4L gene of P. lividus is located between the tRNAA™
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Fic. 1. P. lividus mtDNA sequencing strategy. The arrows
show the extent and direction of sequence determined from individual
pUC8 subclones by the dideoxynucleotide termination method ap-
plied to double stranded templates (Sanger et al., 1977; Chen and
Seeburg, 1985), The numbers represent the genomic length in kilo-
bases. Restriction sites: B, BamHI; E, EcoRI; P, Pstl. bp, base pairs.
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and Coll genes and has its own mRNA (Cantatore et al.,
1987a). Therefore, in P. lividus the mtDNA codes for 12
mRNA and not for 11 as in vertebrates. Out of 22 tRNA
genes, 15 are clustered between the 12 S and ND1 genes, and
only 6 (tRNAT"™, tRNA™ ur, tRNA™, tRNAL", tRNA™",
tRNAS® ) are in positions corresponding to those of verte-
brates. The polarity of the tRNA genes is also unusual: only
15 tRNAs have the same polarity as vertebrate genes, and 17
tRNA genes (not 14 as in vertebrates) are transcribed in the
same direction as ribosomal genes. Gene overlaps on the same
strand occur in two places. The more remarkable is a 16-nt
out-of-phase overlap of the 3’ terminus of the ATPase 8 gene
with the 5’ end of the ATPase 6. In mammals these two genes
overlap for 40-46 nt (Attardi, 1985), whereas in the D. yakuba
(Clary and Wolstenholme, 1985) the overlap is restricted to 7
nt. The second case is a 10-nt overlap between the 3’ end of
ND4 and the 5’ end of the tRNA™®, Overlaps of 1 nt can also
be noted between the 3’ ends of the genes for tRNA™“cynand
tRNA*®, tRNA®® and tRNAY®, Colll, and tRNA%"ycy, en-
coded by the opposite strands.

The analysis of the codon usage of P. lividus mt protein
genes (Fig. 4) has revealed an unusual genetic code. It was
previously reported (Cantatore et al,, 1987a) that the codons
AGA and AGG are not used as stop codons but specify serine.
Further analysis has shown that the codons AUA (internal)
and AAA are not used as methionine and lysine but encode
isoleucine and asparagine. This latter observation is sup-
ported by several pieces of evidence. When the P. lividus ND1,
ND4L, ND5, and cytochrome b genes are aligned with the
corresponding human (Anderson et al., 1981), X. laevis (Roe
et al., 1985) and Strongylocentrotus purpuratus genes (Jacobs
et al., 1988), the P. lividus triplet AAA aligns with asparagine
with a frequency ranging from 42% (vertebrates) to 90% (S.
purpuratus). Similarly, the P. lividus AUA codon corresponds
to isoleucine with a frequency of about 50% in vertebrates
and 75% in S. purpuratus. It may be also observed that in
those positions where lysine appears simultaneously in man,
rat, and X. laevis, the P. lividus codon is AAG in 20 cases out
of 21. Likewise, in the 14 cases where the methionine is
conserved in the three genomes above mentioned, the P.
lividus codon is always AUG. Finally, a comparison between
P. lividus and S. purpuratus shows a different substitution
pattern for AAA and AUA codons with respect to AAG and
AUG. In particular, AAA and AUA change frequently to AAY
and AUY, respectively, suggesting that these are silent sub-
stitutions. On the contrary the codons AAG and AUG are
highly conserved (around 80%), as would be expected if they
were single codons.

Protein and Ribosomal Genes—Ten of the P. lividus protein
genes differ in size by less than 3% from the corresponding
human genes. In the remaining three greater differences can
be noted. The ATPase 8 gene is 20% smaller than its human
counterpart, lacking a segment of 14 codons at its 3’ end; the
ND6 gene is 42 nt shorter than human ND#8, due to deletions
at the 3’ end. The ND5 is 105 nt longer than the human ND5,
due to a 5’ end extension (Cantatore et al., 1987b). As far as
the initiation codons are concerned (see Table I), eight genes
initiate with AUG, while in three (Colll, ND3, ND4) AUG is
immediately preceded by AUA or AUU codons, which also
function as start codons in other systems (Attardi 1985). The
alignment of these genes with the corresponding human (An-
derson et al., 1981) and S. purpuratus (Jacobs et al., 1988)
genes produces a better homology when the genes initiate
with AUG, thus suggesting that in these cases the start codon
is also AUG.

The ND4L gene has a AUC codon located either immedi-
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FiG. 2. Sequence of P. lividus mtDNA. Nucleotide 1 is the first nucleotide of the tRNA®™. All coding regions
read from left to right except for ND6 and five tRNA genes encoded by the L-strand. The amino acid translation
for the 13 mt proteins is indicated by one-letter amino acid abbreviation written above the nucleotide sequence.
The regions encoding tRNA genes are boxed. The conserved sequence block-like regions at nucleotides 1135-1154,
1182-1202, 1209-1230 are underiined with dashed lines. The AT-rich regions, which have been aligned to generate
the consensus sequence, are underlined with solid lines. Only some sections of the DNA (less than 20%) have been

sequenced on just one strand.
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ately after the tRNA*" or after 1 nt, depending on the struc-
ture selected for the aminoacyl stem of this tRNA (see Fig.
5). The first AUG codon is separated from the 3’ end of the
tRNA*¢ by 28 nt. Were this the start codon it would make
the sea urchin ND4L gene about 10% smaller than that of
mammals, erasing a region which retains a high degree of
homology (64%) with its human counterpart (Cantatore et
al., 1987a). This suggests that the gene really starts with AUC.
The ATPase 8 gene probably initiates with the codon GUG

which is situated just after the 3’ end of tRNAL*, If the gene
initiated from the first AUN in frame codon, located 27 nt
downstream the 3’ end of the tRNA™®, the gene would be
shortened, thus losing the first 4 amino acids (nucleotides
8526-8537), which are universally conserved in vertebrate,
invertebrate, and fungal proteins (Attardi, 1985). The GUG
codon has been reported to occur as the first in frame triplet
both in prokaryotic genes (Stormo et al., 1982) and in a
number of mitochondrial genes such as the ND5 gene of D.
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yakuba (Clary and Wolstenholme, 1985) and the cytochrome
b of sunflower.® Recently Gadaleta et al. (1989) have presented
evidence for the initiation role of the GUG codon in the ND1
gene of both mouse and rat.

The distribution of the initiation codons in vertebrate
mtDNAs has been recently investigated by some of us (Gad-
aleta et al., 1989). It has been observed that the AUA, AUU,

% R. Gallerani, personal communication.

AUC, and GUG codons occur only in those cases where there
are no spacer nucleotides between two adjacent genes, other-
wise AUG codons are used. This regularity has also been
found in P. lividus where the AUC and GUG codons found in
the ND4L and ATPase 8 are immediately preceded by the
end of the previous gene. It may be that when the translation
of mRNAs starts from the first base, any AUN codon and
possibly even GUG can act as initiator, whereas AUG is
present where there are 5'-noncoding nucleotides and a more
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accurate choice of the correct start codon is necessary. As for
the stop codons, 2 out of the 13 P. lividus mt genes lack a
complete termination codon, but end with TA. Completion of
the stop codon probably occurs after transcription by addition
of a poly(A) tail at the mRNA 3’ end (Qjala et al., 1981).
The two P. lividus 12 S and 16 S rRNA genes are 883 and
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termini of the corresponding transcripts,* whereas the 5’ ends
of both genes border without any spacer nucleotide on the
tRNAPP and ND2 genes, respectively, and their 3’ ends over-
lap by few nucleotides with the downstream genes (tRNAS"
and Col). This may be due to the presence of transcription

1549 nt long as results from the mapping of the 5’ and 3’ * P. Cantatore, unpublished observations.
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termination sites at the end of the two rRNA genes or to an
alternative processing. This observation, together with the
other unusual aspects of the gene organization of P. lividus,
like the unusual location of the two rRNA genes and the
absence of tRNAs at several junctions between mRNA genes,
raises a series of questions about the mechanism of RNA
synthesis and processing in sea urchins. To provide the an-

swers, exact determination of the 5’ and 3’ ends of the
mRNAs and studies of the transcription mechanism are in
progress.

Sea urchin mtrRNAs can be folded in secondary structures
analogous to those proposed for mammalian, Drosophila, and
Xenopus mtrRNAs (Glotz et al., 1981; Zweib et al., 1981; Clary
and Wolstenholme, 1985; Roe et al., 1985). The differences
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FiG. 2—continued
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consist in the variation in size of some loops or stems and in
the addition or deletion of some domains. This situation
agrees with the view of Gray et al. (1984) who consider
addition or deletion of rRNA pieces a common feature of
rRNA evolution.

tRNA Genes—Fig. 5 shows the cloverleaf structures of the
22 P. lividus mt tRNAs. Like other animal mt tRNAs, sea
urchin tRNAs are of a reduced size (from 66 to 73 nt), lack

several universal bases, and have some mismatchings and a
high proportion of AT. The comparison of the P. lividus mt
tRNAs with the corresponding tRNA genes of D. yakuba, X.
laevis, and man reveals that the anticodon loop and stems
and the D-stems are the most conserved regions, whereas the
most variable ones are the T-stems and the amino acid stems.
In general, the degree of conservation of the 5" half is higher
than that of the 3’ half. Some sea urchin mt tRNAs have a



Paracentrotus lividus Mitochondrial Genome

1 1 A A L A I I B L V F L H NS G A NNP

TIATAGCAGCATTGGCCATAATTGACTTAGTATTTCTCCACAATAGCGGAGCCAACAACCCABTAGGBCTGAAAAGTAATTATGATAAGGCCCCATTTCACATTTATTATACAACAAAGE 15240

.
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ACACTGTAGGATTCATAGCCCTGATTOCAGCGCTATTITOTCCTAGCTCICYTATTICCTTGTGCCTTAAAAGACCCCGAAAAATTTATCCCCGCAMATCCCCTATCGCATCCCCCACACA 153460

1 @ P E W Y F L F A Y A 1 L R PN K

N T S K N E N § F R P a A& 1 F

[}
TACAACCGGAATGGTACTTTTTATTTIGCCTATGCCATTCTACGATCTATCCCAAATAAGLTAGS

v I L
AAACATCTAAGAAABAGTCAAATTCATTCCOBTCCCCTATCTCAAGCGACCTTTTGAATATTAGTOGCTACTYTTTTCGTACTAACATGAATAGBAAGCCAACCTGTAGAACAGCCGTITCG 15600

vV L I 601 # 8 L L Y F § L F 1

.

F 6 F P L VvV § § L
TTCTTATAGGACAAATAGCCYCACTOCTTTACTTTAGTCTATTTATATTTGGCTTTCCCTTAGTTTICTTCTCTAGAGAAAAAGATGATATTTTCATA

F1G. 2—continued

Fi1c. 3. Overall gene organization of the P. lividus mtDNA.
The inner circle shows the BamHI, EcoRI, and PstlI restriction sites.
The two outer circles report the gene order. The arrows inside and
outside these circles show the direction of transcription of the respec-
tive genes. Each tRNA is identified by the one-letter amino acid code
and individual serine and leucine tRNA genes are identified by the
codon family (in parentheses). The number of apparently noncoding
nucleotides situated between the different genes is shown at the gene
boundaries on the outer edge of the map. Negative numbers indicate
overlapping nucleotides of adjacent genes. The dashed area between
tRNAT™ and tRNAF™ genes is the main noncoding region.

unique codon-anticodon recognition pattern. The tRNAS";x
(which as in mammals lacks the D-arm) is able to recognize
both AGY and AGR codons, although its anticodon (GCU)
does not initiate with U, as occurs in those mt tRNAs which
recognize four codon families. tRNAM® and tRNA™®, which
bind only one type of codon (AUG and AAG), are the only
tRNAs having a C at the first anticodon position. This could
be one of the reasons why the recognition of the AUA codon
as methionine and the AAA codon as lysine is prevented.
These triplets specify asparagine and isoleucine; their binding
with the respective tRNAs probably occurs by interaction
with modified bases. For example the tRNA**"or tRNA"*may
have the anticodon sequence G*AU or G*UU where G* may
be an inosine-like base, able to form a base pair with either
C, U, or A. The determination of the nucleotide sequences of
the most important tRNAs is crucial to verify these hy-
potheses.

L N 8§ N Y D K A P F H I Yy v T 1T K
A L N O F E N F I F A N F L S H F F K
6 Vv I AL vV A& A I L V L F L n F L
BGGGABTTATAGCATTAGTAGCAGBCCATACTAGTACTCITTYITGATGCCGTTACTCA 15480
vV AT F F V L T ¥ 1 6 85 @ f Vv E @ F F
E N KNI F 5 3
15692
Phe UUU 208 Ser UCU 94 Tyr UAU 51 Cys UGU 9
wuc 109 CEAV vee 70 oo vac 0 UM vee 21 N
Lew WA 126 (1 uca 83 Ter UM 6 Tep UGA 83 (o
we 52 vee 11 G s ues 23
Leu COU 111 Pro CCU 39 B CAU 22 o Arg CGU 7
cuc 52 ccc 60 cAC 56 ce 1
cua 197 VAR cca 66 Y Glacan 70 e coa su U9
e 52 cce 9 CAG 14 GG 13
Ile AUU 146 The ACU 65 Asn AU 46 Ser AGU 11
AUC 53 (GAU) AC 79 AC 50 (GUU) AcC 14
AUA 163 aca 94 U0 AA 88 aca 66 ©V
Met AUG 102 (CAU) ACG 12 Lys AAG 54 (CUU) G 15
Val GUU 69 Ala 6CU 75 Asp GAU 25 o Gly GGU 25
cuc 48 6ce 102 GAC 41 6eC 32
cua 98 (UAO cca 107 Y gruom 72 wey caa 128 (U6
GUG 26 GG 26 GAc 31 666 39

F1G. 4. Codon usage in the 13 protein genes of the P. lividus
mtDNA. The total number of codons in the P. lividus protein genes
is 3831 including 6 UAA and 5 UAG codons. The anticodons corre-
sponding to each codon family are shown in parentheses.

TABLE I
Characteristics of P. lividus ribosomal and protein mitochondrial
genes
% homology; with Termi
e 'ermi-
Gene Size® human I““‘“"Z“ nation
Nucleo-  Amino codon codon®
tide acid
nucleotides
16 S 1549 46.9
128 883 57.7
Col 1551 68.3 758 AUG UAA
Coll 687 62.7 59.1 AUG UAA
Colll 780 64.8 67.8 AUU/AUG UAA
ATPase 6 696 46.1 40.3 AUG UAA
ATPase 8 162 28.5 345 GUG UAA
ND1 969 55.0 55.2 AUG UAA
ND2 1056 44.6 362 AUG UAG
ND3 348 51.7 470 AUA/AUG UAG
ND4 1389 50.0 444 AUA/AUG UAG
ND4L 291 48.3 36.7 AUC? UA(A)
ND5 1914 42.9 39.9 AUG UAG
ND6 480 329 386 AUG UAG
Cytochrome b 1140 59.4 604 AUG UA(G)

¢ Excluded the nucleotides involved in the stop codon.

® The human data are from Anderson et al. (1981). The percentage
of homology has been derived using a computer program developed
in our laboratory, which gives the best alignment between two se-
quences.

“In the case of Colll, ND3, and ND4 the two possible initiation
codons are reported (see also the text).

?The nucleotide in parentheses represents the first base of the
following gene.
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F16. 5. Sequence of P. lividus mt tRNA genes represented
in the cloverleaf form. A Watson-Crick base pair in the stem is
indicated by a dash. A dot marks G- T or C-A base pairs. In the case
of the tRNAA® an alternative configuration of the amino acid stem,
with a stability similar to that reported in the figure, may be con-
structed. The stem should have the following structure:

5" TG AGAGT........
3'TATTTCTCA. . ......

In this case (see also the text) the 3’ end of the tRNA*® would be
jointed at the ends to the ND4L initiation codon.

The comparison of the organization of mt tRNA genes in
invertebrate genomes shows a much higher variability com-
pared to that observed for rRNA or protein genes. While a
few intergenic rearrangements are sufficient to explain the

different positions of the rRNA and the mRNA genes of
vertebrates and invertebrates (Cantatore et al., 1987b), it is
very difficult to find a single explanation for the variability
in position of the tRNA genes. It has been recently demon-
strated (Cantatore et al., 1987b) that the sea urchin mt tRNAs
may evolve by gene duplication; this is the case for the
tRNA""cyn which arose by duplication and subsequent diver-
gence from the tRNAM",yr gene. Moreover, tRNAs or tRNA
like structures have been found near the origin of mtDNA
replication in several systems, including mammals (Brown et
al., 1986). If tRNAs act as primers for mtDNA synthesis and
sometimes fail to be removed, they may function as templates
in the next round of replication and become incorporated at
the replication origin. These observations and the recent
finding of tRNAs at the end of duplications in animal mt
DNAs (Moritz and Brown, 1987), support the view that tRNA
genes could represent mobilization elements in the re-
arrangement of mt genomes and that they may evolve under
a different evolutionary pressure from that operating on
mRNA and rRNA genes.

The Noncoding Nucleotides—The P. lividus mtDNA con-
tains 255 noncoding base pairs, 132 of which are located
between the tRNA™ and the tRNAF™ genes. The remainder,
which in most cases has a high AT content, is spread over the
genome. The AT-rich sequences present in five locations
(main noncoding region, nt 1,203-1,220; tRNAV2.tRNAM**
junction, nt 1,799-1,811; 3’ end of ND2, nt 4271-4283;
tRNASycn-ND3  junction, nt 10,229-10,241; ND6-cyto-
chrome b junction, nt 14,534-14,546) may be aligned gener-
ating the very conserved consensus sequence TATATATAA.
This motif, which has also been found in similar position in
S. purpuratus (Jacobs et al., 1988) could represent a recogni-
tion signal for enzymes involved in transcription or process-
ing.

The main noncoding sequence has a high GC content
(51.5%) and may be divided into three domains. Going from
5’ to 3’ there is a polypyrimidine tract of 23 nt (bases 1122-
1143) and then a run of 26 consecutive G (bases 1177-1202)
which is immediately followed by an AT-rich segment of 18
nt (bases 1203-1220). Despite the considerable size difference
compared to the corresponding mammalian noncoding se-
quence, we have been able to align the P. lividus sequence
with the mouse D-loop region (Bibb et al., 1981) and to
identify three areas of homology with the conserved sequence
blocks found in the mammals. These blocks, which are also
conserved in other echinoids (Jacobs et al., 1988), are situated
in the opposite position from those in mammals (Fig. 6).
Given the suggestion that the sea urchin arrangement arose
from that present in a common ancestor (Cantatore et al.,
1987b), the rearrangement of the noncoding region might
have occurred first by the insertion near the 3’ end of the 12
S rRNA, of the tRNA®" and the tRNA™, and then of the D-
loop region and of the tRNAF™. The inversion of this last
piece of DNA is also demonstrated by the change in polarity
of the tRNAF™ gene.

The presence in the noncoding region of sequences homol-
ogous to those (conserved sequence blocks) which in mammals
mark the transition from RNA to heavy strand DNA (Chang
and Clayton 1985), probably means that this region contains
the replication origin of P. lividus mtDNA. In the mammals
the replication origins are situated one (Oy) in the D-loop
and the other (Op) in a T-rich loop of a hairpin structure
located between the tRNA®*and the tRNAA*" genes (Clayton,

1982). If the P. lividus mtDNA replicates according the same
pathway existing in the mammals, the replication of the first
strand might initiate from the main noncoding region,
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csL
16035 16056
mouse TT ATGCTTGTTA ACATAAAT
* * * % k k Kk % * x k k k kX %
P. lividus GTAACGTGTGTTATATATAAAT
1230 1209
csB2
16083 16102
mouse CCAAACCCCCCACCCCCTCC
x & k k R k& & K * k& k &k X * &
P. lividus cc¢C cccccececec cccceccceccece
1202 1182
csB3
16107 16126
mouse AATGCCAAACCCC CAAAAACS-A
* *x * k X * *k h ® x % *
P, lividus AACGCCCGACCG-ACGGACGA
1154 1135

Fi1G. 6. Conserved sequence block-like regions of the P.
lividus mtDNA. Comparison of conserved sequence blocks (CSBs)
in P. lividus and mouse mtDNA. The P. lividus sequence has been
complemented and inverted. An asterisk shows identical nucleotides.
The numeration refers to the genomic sequences (P. lividus: see Fig.
2: mouse: see Bibb et al., 1981).

whereas the second strand should duplicate only after the
newly synthesized DNA has displaced a substantial portion
of the parental template strand. Alternatively, and in agree-
ment with the lack of any convincing stem-loop structure
both around the 3’ end of the tRNA®" gene and in the short
unassigned sequences in the genome, the second origin could
be situated in the noncoding region itself. The second strand
should then be synthesized only after the first strand synthe-
sis is complete. In this case a possible stem-and-loop structure
would involve the polypyrimidine tract, base-paired with the
G string located 35 nt downstream of it. Early electron micro-
scopic analysis of S. purpuratus mtDNA extracted by imma-
ture oocytes (Matsumoto et al., 1974) suggests a third possi-
bility. According to these authors the second strand synthesis
may start in multiple and perhaps random sites on the dis-
placed strand after the passage of the replication fork.

The knowledge of the base sequence of P. lividus mtDNA
has not only provided information about a novel gene orga-
nization, gene transcription, and genetic code but has also
raised several interesting questions about the mtDNA gene
expression in invertebrates. Further studies will be focused
on the clarification of aspects such as: (¢} mtDNA replication
and transcription; (b) RNA processing; (c) codon-anticodon
interactions concerning tRNAS",gn, tRNA*™", and tRNA";
(d) determination of divergence times between P. lividus and
other echinoids, such as S. purpuratus, Strongylocentrotus
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franciscanus, and Arbacia lixula, whose mtDNA sequence is
under study in our own and other laboratories.
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