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INTRODUCTION

Although the goal of establishing the complete primary structure
of the mitochondrial genome from wild-type Saccharomyces
cerevisiae has not yet been reached, 90% of the seguence is now
known (all values quoted in this paper are in round figures). We
report here an analysis of the available data (1), with a special
emphasis on the 190 GC clusters present in the sequences (M. de
zamaroczy and G. Bernardi, paper submitted for publication} and
discuss the results in connection with the problem of the

organization and evolution of the mitochondrial genome of yeast.

THE SEQUENCED REGIONS, THE SIZE AND NUMBER OF THE MITOCHONDRIAL
GENOME UNITS

A critical compilation of the regions sequenced so far in a
number of S.cerevisiae strains indicates that they comprise 74,000
bp (base pairs) in long gencmes (which contain a full complement of
intervening sequences), and 69,000 bp in short genomes. Sequence
gaps (Fig. 1) belong to two classes : {i}) intra-regional gaps are
gaps within sequenced regions; they amount to a total of 3,500 bp
for long genomes, and 1,500 bp for short genomes; {(ii}
inter-reqgional gaps are gaps which exist between independently
sequenced reglons; they amount to 8,000 bp in both long and short
genomes.

The sum of seguenced regions and gaps leads to an estimate of
85,000 bp for the size of long genomes; by subtracting introns aI5é
and f and bIl-3, one can estimate the size of short genomes as
78,500 bp; by further subtracting introns aIl, aIl4 and rI one
obtains a size of 74,000 bp for the supershort genome of

S.carlsbergensis. All these estimates are 7-11% higher than the

previous ones, which were based on restriction maps.
Using the relative amount of mitochondrial DNA determined for

strain & {2), 13.3%, and a nuclear genome size of 9i2.1€ {3), the
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copy number of long mitochondrial genome units of haploid yeast can
be estimated as 21-33, a value about half that usually guoted of 50.
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INTERSTRAIN DIFFERENCES IN PRIMARY STRUCTURE

apart from the differences due to facultative introns, to
facultative mini-inserts in the 155, 218 and varl genes (these
correspond to GC clusters and, in the latter case, also to two short
(ABAT)n sequences), and point mutations in coding seguences,
interstrain differences concern intergenic sequences. Large changes
have been found in three regions : oril-158 (400 bp),
01i2-ORF4 (1800 bp} and ori4 (in this case, 1900 bp are missing
in just one strain out of 20). Otherwise, changes essentially )
consist of small insertions/deletions and rearrangements.
Remarkably, however, if these changes are neglected, the divergence.
in the 7-8% of intergenic sequences determined so far in different
strains is only 1-2%. A high level of interstrain homology in
intergenic sequences had been previously indicated by the very
similar numbers of HaeIII and Hpall sites, which essentially
correspond to certain families of GC clusters and by the similar
genomic distribution of these sites (4). These lines of evidence
justify putting together seguence results obtained from different

strains, as we have done ({1).
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CODING AND NON-CODING SEQUENCES

The data of Table I indicate that an actual coding role has been
demonstrated so far for only 16% of the long genomes. This value can
be increased to about 30% if one takes into account all intronic
ORF's, and to about 34% by considering, in addition, the intergenic
ORF's. In other words, even by maximally stretching the potential
coding seguences, no more than 1/3 of the mitochondrial genome of
veast is made up of coding segquences. The case for a coding role of
intergenic ORF's, except for ORF5, iz, however, very weak {5);
moreover, the genetic evidence for a coding role of intronic ORF's
is only available for 80% of their overall amount. This indicates
that coding sequences might well be closer to 1/4 than to 1/3 of

the mitochondrial genome.
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THE GC CLUSTERS
The number of GC clusters (4,6) in the seguenced regions of the

mitochondrial genome of yeast is 190; GC clusters represent 9% of
the sequences. On the basis of their primary structures GC clusters
can be divided into eight classes. The first class is formed by
clusters A, B and C of ori sequences; as shown in Fig. 2, these
clusters are related to each other (see also below). The vast
majority of the other clusters belong to four closely related
families, al-a4; most of these contain seguence elements
guasi-identical with clusters A and B of ori seguences (Fig. 3)

and can be folded into stem-and-lcop structures. The other families
are the v family, which is related to the a2 family and can be
folded into a stem-and-loop structure; the ¢ family, which is
related to the C clusters of ori sequences; and the n group,

which is formed by short clusters which cannot be directly

correlated with the other families.
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Fig. 2. (a) A schematic representation of an ori sequence (8). The

position of clusters & and ¥, which are only Rresen in some ori
seguences, are indicated. (bf The GC clusters A, B and C from the
ori sequences of the mitochondrial genome of yeast. The primary
structure is read on the strand carfying the 6ligo-C strétches of
cluster C. (c) The complementary invertéd sequences of the B and C
clusters are compared with the cluster sequence. [(d) Potential
secondary structure of clusters A and B and of the intervening
palindromic AT segquence p and short AT side-loop s.

(a) A B
GGGGETCCC GGGACCCGG
i a m b t
al [TaTrI|lcTccrTro) [coeaTTec] [GaeTeCCGTEGL [GE6CCrent) [aacTaT) has)

az GGoC)[GEG- —cooo][ACTAT]
ai [ T
a3 [ E'fci?j*l?:]vmc' TTC-_ v
I%Eu'rcu, ______
CTCCTT-C /7 CCCC_ -ACTAT
(b} T CTA-TT-CTATTGT [£3] AATTAT
(B} — ATATCTICTT-G BATTATTATT - (B}
TT CTAGTTTCTAAT {53} TATT-ACTTATATATTT

c* r
Fig. 3. (a) A comparison of the primary structures of GC clusters :
from the al-a4 families. Common segquence elements are boxed (with,
broken lines when se%uences_show more variability) and compared with
GC clusters A and B from ori seguences, Double dashes stand for
variable seguences; open_and closed triangles indicate two short
inserts. (b Seguences flanking cluster A, B and C of ori_sequences
are compared wifh sequences i and t. As far as the i homologodus
sequences are concerned : (i) the sequence flanking cluster A is
that of oril; a lower homology is found for ori2 and no homologg for
the other ori sequences; {11? the flanking sequence of cluster
follows instead Of preceding the cluster; (1ii) the flanking
sequence (r¥*) of cluster C 1s that of ori2, the other ori sequences
showing lower homologies. The t homologous sequences are identical
in all ori seguences, except for the insertion of clusters ¥ in _r
sequence of 0r14,,6—é, and for the fact that the segquence precedes
instead of following cluster B.
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GC CLUSTERS A, B, C AND THE EVOLUTIONARY ORIGIN OF ORI SEQUENCES

The most ancient seguence element of ori sequences is likely to
be cluster C (or its monomeric penta C) and its contiguous seguences
r* and r, (i) since bidirectional replication is initiated at
r* and r by RNA primers and continued into nascent DNA chains at
the level of cluster C (7) and (ii) since the latter is an
evolutionarily conserved sequences identified (8) with segquence
CSB~2 of vertebrate mitochondrial genomes. The formation of an ori
seguence might then have occurred (Fig. 4} through (i) a duplication
of the postulated primitive ori sequence, formed by the r*-penta
C-r system, followed by the functional inactivation of the copy;
(ii) the expansion, through a slippage mechanism accompanied and/or
followed by internal duplication and/or intermolecular unequal
crossing-overs, of the sequence separating the two penta C systems;
{iii) the triplication of the original penta C; (iv) the formation
of cluster A by an inverted duplication of the penta C copy; (v} the
formation of the A-B region through the duplication-inversion of

cluster A and its flanking AT region.
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Fig. 4. Hypothetical scheme for the evolutionary construction of
orl seguences. See text for details.

THE EVOLUTIONARY ORIGIN OF THE OTHER GC CLUSTERS
A comparison of GC clusters located outside and inside ori

sequences indicates that the vast majority of the former (families
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al-a4) are also originally derived from the primitive ori

sequence in the course of its evolution towards the present ori
sequences. The primary clusters so originated might then have
undergone amplification (by duplication and translocation); the high
sequence homology of cluster families is suggestive of amplification
bursts; the non-randomness of flanking sequences (Fig. 3) of a
targeting towards acceptor sequences.

In contrast, clusters from the other families seem to be derived
from pre-existing clusters of the a2 family (case of ¥
clusters), from cluster C ({case of ¢ clusters), from pre-existing
clusters of all families by recombination events {(case of the a4
family and n group), or, possibly, by statistical distribution of
G's and C's (some clusters of the n group).

GC clusters located outside ori sequences are overwhelmingly
present in intergenic sequences. The exceptions are six clusters in
intergenic ORFl-4, four clusters in mitochondrial genes (155,

218, varl and ORF5), 16 clusters in intronic CRF's and two
clusters in two intronic ORF's. The former probably should be
considered just as other intergenic clusters for the reasons given
above. The GC clusters of the 155 and 21S genes are facultative
inserts found in some strains only; in contrast, those of EQEA and
ORF5 reflect a different situation. Indeed, when the 1 kb segquence
of varl was compared with 1 kb of intergenic sequences around
oril, it was found that these stretches have comparable high
numbers of direct and inverted repeats and many common sequences
{9} . This finding favors the idea that varl is a gene which arose
recently from an intergenic sequence {10), a view also supported by
the fact that varl is not even conserved in another ascomycete,
Neurospora crassa. The evolutionary story of ORF5 might well be

the same. As far as the intronic clusters are concerned, they will

be discussed elsewhere.

THE FUNCTION OF GC CLUSTERS .
our initial suggestion was that GC clusters were signals for the
initiation of replication and transcription {6). While the latter
suggestion was based on hypotheses which were later disproven, 24 GC
clusters are, indeed, present in the eight ori sequences {(8,11);
four additional clusters, ¥, are known to replicationally inactivate

orid4,6-8 and the two clusters [} seem to be required
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to preserve the tertiary structure of ori sequences carrying

cluster ¥ (8). The clusters located in genic sequences play a coding
role. As far as all other clusters are concerned, their function is
unknown, apart from their demonstrated role in recombination and
petite genome excision (12,13). A number of suggestions have been
made in this connection.

The similarity with the GC clusters of ori sequences suggested
to us that at least some GC clusters could conserve in part the
original functions. The finding of GC clusters of the al family
(namely of the family sharing the greatest similarity of secondary
structure with the A-B region) in ori® petite genomes (which are
deprived of canonical ori sequences), and the apparent correlation
between their fregquency in the repeat units and the suppressivity of
the corresponding petites seemed to confirm that these sequences
might play a role as replacement ori sequences (14). Accordingly,
it was proposed to call this family of clusters 9£i?f for ori
surrogate, A similar suggestion was made for some GC clusters
resembling cluster C of ori sequences (15). No direct evidence
along this line is available yet, however. In any case, petites
deprived of any GC cluster can exhibit relatively high
suppressivities (16, F. Foury, persenal comm.) indicating that
953? sequences are not needed for the replication of ori®
petites.

Another role proposed for GC clusters (15,17,18) has to do with
the processing of primary transcripts. According to this hypothesis,
the double-stranded RNA regions corresponding to palindromic GC
clusters or to palindromic segquences belonging in different GC
clusters may provide cleavage sites for specific RNases implicated
in RNA processing. Even if this hypothesis is attractive, no
evidence along this line has been reported either.

2 different explanation, which we would like to propose here, is
that the main or perhaps the only role for GC clusters is that of
contributing to the structure and organization of the mitochondrial
genome of yeast and, indirectly, to the function of its regulatory
elements. The suggestion is that the latter may be modulated by the
genome configuration. In favor of this idea, one may quote the fact
that certain promotor segquences are active whereas other ones, which
do not differ from the former in primary structure, are not. For

instance, (i) the nonanucleotide of seguence r is used to initiate
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the transcription-priming of ori2, but the identical

nonanucleotide of sequence r" is not (5); (ii) a sequence (called

i, 5) is used to initiate the transcription of ORF5, but another
one {called i'), which is identical with sites used in the
initiation of transcription of some tRNAs is not; (iii) the promotor
seguence preceding the cys gene is identical with those used for

the transcription of the phe and fmet genes and yet is inactive
{19,20). This suggests that the signal sequence itself is a
necessary, but not a sufficient element for transcription and that -
the neighboring seguences, and/or the secondary/tertiary structure -
of the region, and/or its “"chromatin" structure alsoc play a role.
This idea is basically similar to the construction of a
tridimensional active site of an enzyme through the folding of the
polypeptide chain and its higher order structure. The argument has
already been made (10,21) that the conservation in amount (and in
primary structure; 1) of intergenic sequences of mitochondrial
genomes from different wild-type strains, in spite of the frequent
excision events occurring in them, strongly support a "functional”

role for those sequences.
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