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Introduction, Previous investigations (1-6] led us to the recognition
of two sequence elements in the mitochondrial genome of wild-type Saccharomyces
cerevisiae cells : 1) AT-rich stretches (GC<5 %], essentially formed by short
dAdT:dAdT and dA:dT sequences :; these stretches are characterized by a remarkable
compositional homogeneity, and are very largely responsible for the "anomalous”
properties of yeast mitochondrial DNA ; 2) GC-rich stretches (average GC = 32 i)y
characterized by an extreme compositional heterogeneity ; the GC level in these
stretches ranges from 22 % in the ribosomal cistrons {7) to 65 % in double-stran-
ded fragments which can be prepared by micrococcal nuclease digestion and which
represent 10 % of mitochondrial DNA (6).

These two sequence elements each represent 50 % of the mitochondrial genome
of veast, are interspersed with each other, and their average size is larger than
1.6.10% We called the AT-rich stretches "spacers", and proposed that the GC-rich
stretches correspond to genes with their regulatory elements (6). Both sequence
elements were first postulated on the basis of the physical and chemical pro-
perties of yeast mitochondrial DNA (1,2}, ad then characterized by studying the
mitochondrial DMA hydrolysates obtained by degradation with spleen acid DNase -
{3,4) and micrococcal nuclease (6) or by depurination (5).

An analysis of mitochondrial DNA hydrolysates,obtained with two restriction
enzvmes, Hae 111 and Hpa II {referred Lu hencefrom as Hae and Hpa), led us (8,9)
to the identification of two new sequence elements, which we call restrictionsite
clusters and GC-rich clusters. Both sequence elements are present in the micro-
coccal nuclease fragments richest in GC, which belong to the GC-rich stretches.
Theﬁe new sequence elements appear to play a regulatory role.

Restriction site clusters. A clustering of Hae and Hpa sites among them-
selves and with each other can be demonstrated with two simple experiments :

1} Chromatography of either Hae or Hpa digests on hydroxyapatite revealed that
close to 106 of DNA per genome unit of 50.106 were present in the digests as
single-stranded oligonucleotides, which could only arise from the melting of DNA
seguents where Hae or Hpa sites were clustered. Double hydrolysates released
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'1.3-1.5.106 of DNA per genome unit ; the GC content of this material was 45-62 %.
2) The fragment pattern of Hae + Hpa double hydrolysates (&, 9) showed that
almost all Hae sites are clustered with Hpa sites ; the number of such (Hae,Hpa)
site clusters is therefore slightly lower than the number of Hae fragments, 71 in
the case of S.carlsbergensis DNA. Since 1.3-1.5.10% of DNA is present in 60-70
site clusters, each site cluster is formed, on the average, by 30 base pairs. It
is'un!ike1y that these melt unless they become shorter than about 10 base pairs;
this implies that each site cluster contains, on the average, no less than 3-4
sites, namely 12-16 base pairs. Since Hae sites and Hpa sites {GGCC and CCGG,
respectively) have a GC level of 100 %, and (Hae, Hpa) clusters a GC level of
45-62 %, then most base pairs alternating with the restriction sites in the clus-
ters must be A:T base pairs.

GC-rich clusters. Degradation of the micrococcal nuclease fragments richest
in GC with Hpa showed that, though these restriction sites were abundant in them,
they were mostly formed by sequences resistant to Hpa {as well as to Hae and Hhal,
an enzyme splitting the sequence GCGC) and having a GC content of 60 %. These
Gr-rich clusters have two important points in common with the {Hae, Hpa) clus-
ter s : 1) they are highly non-statistical in sequence since they do not contain
any of the quadruplets GGCC, CCGG and GCGC, though their GC content is B0 %
(close to that of the restriction site clusters) ; 2) they are not localized
within the spacers {6}, nor within the genes, which would otherwise contain such
peculiar sequences ; the only possible localization remains that at the border of
subsequent gene-spacer units, where GC-rich clusters and {Hae,Hpa) restriction
site clusters may be contiguous to each other. The amount of DNA in (Hae,Hpa)
clusters is about 3 %, that in GC-rich clusters about 5 %.

il et afnsF
tion site clusters are characterized by 1) a high concentration in symmetrical
ncleotide sequences, the Hae and Hpa restriction sites ; and 2) the alternation
of short A:T and G:C sequences. The first feature suggests by itself a binding
rile for proteins having a dyad axis of symmetry ; such a symmetry relationship
{10,11) has been found in all specific protein-DNA interactions {12). Both fea-
tures found in the (Hae, Hpa) site clusters are also present in al) prokaryotic
sromotor and operator sites sequenced so far (13). This suggests that the {Hae,

Significance of (Hae.Hpa) site clusters and GC-rich clusters. The restric-

Hral clusterscorrespond to regulatory sequences. Two additional points in favor
¢ this view are 1) the localization and 2} the number of such sequences. In
fact,this number is about twice as large as the number of yeast mitochondrial
genes known so far (24 t-RNA genes (7,14), 2 r-RNA genes {15), and, very pro-
bably, 7 genes ceding for polypeptide chains (16)). These genes, however, only
account for half of the potentially coding DNA ; furthermore, 60-70 mi tochondrial
" genes would mean an average gene size of about 350,000, which is a reasonable
figure for a genome in which the small t-RNA genes represent over 30 % of the
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total.
Another possible role of the restriction site clusters is that they contain

cites for the initiation of mitochondrial DNA replication. It is well known that
the defective genomes of cytoplasmic "petite” mutants can arise by a deletion
mechanism from any region of the wild-type mitochondrial genome, suggesting that
multiple initiation sites for replication exist on the latter. Such sites are not
likely to be located inside genes, nor inside spacers, and could well be in the

clusters.

It is very probable that the GC-rich clusters also have the same biolo-
gical role of the (Hae, Hpa) restriction site clusters; this is strongly sugges-
ted by both the sequence properties of the latter and by the contiguity of both
types of clusters.

The genetic units of the mitochondrial genome. Several lines of evidence
(9] suggest that genes and spacers are stoichiometric with each other and so are
restriction site clusters and GC-ricn clusters. I[f the stoichiometry and the
topology of these four sequence elements are those just discussed, then the mito-
chondrial genome of yeast is organized in a number of genetic units, each one
of which contains the four sequences (Figure}. The relative order of (Hae.Hpa)

site clusters and GC-rich cluster is unknown.

s

" GCrich site

cluster cluster gene spacer
Mw ~3.10% ~2.10% ~3.5.10%awv) ~4 . 105%av)
G+C 60% 45-62% 26% < 5%

Fvolution of the mitochondrial genome of yeast. The comparison of Hae and
Hpa fragment patterns of mitochondrial DNAs from one S.carlsbergensis and three

[1?—20ﬁ. In particular, the fragment homology between S.carlsbergensis and
S.cerevisiae DNAs is extremely small, almost all fragments having different
electrophoretic mobilities. In apparent full contradiction with these results, a
number of findings indicate a high level of seguence homology. For instance, (21}
DNA-DNA hybridization experiments indicate 100 % homology, with no mismatch in
tually exclusive, possibilities can explain this apparent paradox : 1) Point
mutations and/or base modifications at the restriction sites ; 2) Deletions
and/or additions between restriction sites. The first possibility has been ruled
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sout on several grounds (17-20) as a mechanism accounting for more than a minor
part of the changes. Therefore, the differences in Hae or Hpa restriction pat-
terns must be due to deletions and additions between restriction sites.

Recalling that practically all Hae fragments and most Hpa fragments cor-

respond to the genetic units of the mitochondrial genome (8,9), the important
question now is which one of the sequence elements forming the units is affected

ny deletions and additions. Cbviously such deletions and additions cannot affect
cLhe genes themselves ; the two remaining possibilities are the AT-rich spacers

or the site and GC-rich cJusters. The first one is the most likely since 1) the
‘AT-rich spacers represent 50 % of the genome, the clusters less than 10 % ; if the
number of these sequences is the same, as it seems to be the case, the clusters
“are just too short to allow for the changes in Tength observed ; 2) if the clus-
ters correspond to regulatory sequences, obviously they cannot be altered without
functional losses ; in contrast the AT-rich spacers are not likely to play the
“<ame role nor to be under the same evelutionary constraints.

Several mechanisms may conceivably be responsible for the deletion-addition
events occurring in the AT-rich spacers of the mitochondrial genome of yeast. The
hasic mechanism we favor is one involving unequal crossing-over events in the
AT-rich spacers. Such a mechanism is likely to involve segment exchanges among
genome units within the same cell. This process can potentially lead to extensive

'qene translocations, a phenomenon which is compatible with the Hae and Hpa pat-
terns, since these enzymes unlink genetic units. Gene order is, however, very
largely preserved, as shown by the great similarity of the band patterns produced
From all DMAs by two restriction enzymes, Eco RI and Hind II + III, which only
release ten fragments or so (8].

The cytoplasmic "petite” mutation. Several years ago, it was demonstrated
(22,23) that the mitochondrial DNAs from two independent, acriflavine-induced
petite mutants had a greatly altered base composition (GC = 4 %) compared to the
DNAs from their parent wild-type cells (GC = 18 %). Subsequent investigations
(1,2) showed that the DNAs from three spontaneoﬁs petite mutants 1) had GC con-
tents in the 16 % - 13 % range ; 2) had multimodal melting profiles exhibiting
the main low-melting component corresponding to dAT:dAT and dA:dT sequences, but
lacking, to different degrees. high-melting components ; 3) renatured very rapi-
diy.

On the basis of these data and of what was known on the structure of mito-
chondrial DNA from wild-type cells, it was proposed (24,4.6) that petite mutants
had defective genomes in which mitochondrial genes had been deleted as a result
of internal recombinations in the AT-rich stretches. The high frequency of the
spontaneous petite mutation was considered to be the result of high recombination
rates, the latter being due to the high level of sequence homology in the AT-rich

stretches.
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More recently, the organization of the mitochondrial genomes from several
spontaneous petite mutants has been investigated again using the same approaches
applied to the study of the mitochondrial genome from wild-type cells, Physical
and chemical anaiyses and the use of enzymatic degradations by spleen acid DNase
and bf'micrococca] nuclease has demonstrated that the basic organization of the
petite genome is characterized, 1ike that of the wild-type genome, by an inters-
persion of AT-rich stretches and GC-rich stretches. The most interesting results
came, however, from the use of restriction enzvme degradations (25).

In one typical case, that of the spontanegys "petite" strain iy (18), the
Hae and Hpa fragment patterns showed the following features : 1) practically all
the bands had mobilities identical to those of the DNA from the parent strain A ;
only 2 Hpa and # Hae bands had different mobilities ; 2} about one third of the
bands {34 Hpa and 32 Hae bands) of the DNA from strain A were missing 3 3) a cer-
tain number of bands in the petite DNA had higher intensities than the correspon-
ding buands in the wild-type ONA (8.25). In sharp contrast, 8 "new bands" out
of 17, are seen in the Hind IT + II1 pattern of DHA from “petite" - Since
the sum of the molecular weights of a1l Hind 1T + III bands (reqardless of their
multiplicity) is 70 millions, more than twice that of all Hae or Hpa bands, 30
millions, this result suggests that all or most of Hind 11 + 111 "new bands"
contain tandem repeats of seguences sresent in the wWild-type UHA 5 such tandem
repeals obviously Tack Hind TT + [11 sites, yet contain Hae and Hpa sites and
lead, upon digestion with the latter enzymes, to the production of reinforced
bands. These findings provide a direct evidence for the deletion and amplifica-
tion phenomena characterizing the "petite" mutation.

fs far as the mechanism of the "petite" mutation is concerned, the re-
tite" genomes may conceivably occur in either of the two repetitive sequences of
the wild-type genome, the AT-rich spacers or the GC-rich sequences, (restriction
and Gi-rich clusters]. In the first case, the process would be essentially simi-,
lar tn that just described for the divergence of wild-type genomes, except that
sequences essential for the respiratory function would have been delated. The two
processes, which are not mutually exclusive, have different consequences on the
Hae aﬁd Hpa restriction palterns. In the case of crossing-overs in the AT-rich
spacers, cach event will cause the appearance in the "petite" pattern of a "new
band"”. namely a band not present in the pattern of the parental wild-type strain;
in the case of crossing-overs in the GC-rich sequences, no “new band” will be
formed. It would be very interesting to assess the relative importance of the
o processes by looking at the "new bands" present in the "petite" patterns. This
15, huwever, made difficult by the heterogeneity of the mitochondrial genome of

=pite" strains". The "petite" strain ay falls in this categery, since clones
issued from it show a different suppressiveness and a different Hae and Hpa

restriction pattern.



508

This was investigated (18,26} by studying the Hpa
restriction patterns of cloned diploids issued from 1) zygotes obtained in mass

Recombination in crosses

mating experiments ; Z) individual buds from two cell lineages ; 3} individual
Aand B, previously investigated. The three major results of this work concern

17 the demonstration of physical recombination in crosses of wild-type yeast
cells 5 most bands from diploid clones are identical in mobility with those of
sither parent strain 3 2) the demonstration of "new bands" namely bands absent in
pither parent DMA 3 these "new bands” appear to be due to a recombinational event
in the spacers of two "homologous Hpa seaments" of different length in the two
parent DMAs; 3) the rate of the process ; recombination in zygotes, and possibly
'n ovegetative cells as well, is an extremely fast process compared to point mu-
tation. Results concerning the segregation of the mitochondrial genome into the
suds will not be menticned here.

Recombination in mitochondrial DNA fragments cloned in E.coli. Experiments

11 revealed, in addition to plasmids which harbor some of the

27) in which Eco RI fragments of mitochondrial DNA from 5S.carlsbergensis were

loned in £

mallest Eco 1 fraoments, plasmids carrying mitochondrial DNA fragments showing
o electrophoretic mobility diiferent from those of the original Eco RI frag-
ents. Tnese cloned fragments are likely to represent deletion products origi-
nating from the larger Eco RI fragments which were not found in any of the plas-
mids. Since such deletion processes do not take place in the same rec A™ host-
cector system for any of the Eco RI fragments obtained from & DNA, it is Tikely
that repetitive scquences once more play a role in the recombination process.
Conclusions. Two wain conclusions can be drawn from the results briefly
cummarized here. The first one i< that the mitochondrial genome of yeast has an
cukaryatic and not a prokaryotic type of organizaticon. In fact, this genome, Tike
ne nuciear genome of eukaryotes [(28), is an interspersed system of unigue and

cepelitive nucleotide sequences. [n round figures, 60 to /0 gene sequences, ave-

aging 530 base paivs in length, alternate with repetitive sequences, averaging
SA0 base pairs in lenath. These repetitive sequences are formed by the long AT-

ers (~ 600 bhase pairs] and by the short (Hae,Hpa} site clusters [~ 30

ase pairs) oand GC-vich clusters {~ 50 base pairs). The AT-rich spacers appear

lh nlay an important role in recombination phenomena ; the other two elements may
correspond to promotor and operator sequences and may also contain initiation
ites for DNA replication. Again as in the case of the nuclear genome of euka-
syotes, the transcription of the mitochondrial genome appears to be monocistro-

is known (2891, that the two ribosomal RNA cistrons are very far apart

fromoeach ather o on the other hand no evidence has been found for transcription
products originating from Al-rich spacers. The coordination of the expression of

“he mitochondrial geonome does not, therefore, take place Lhrough polycistronic
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transcription, but rather through the simultaneous transcription at possibly
identi: 31 promotor sites all over the genome ; similarly, the repression of this
genome might occur through the interaction of repressors, possibly of nuclear
origin, with a number of operator sites.

The second main conclusion is that in an interspersed system of unigue and
repetitive sequences, like the mitochondrial genome of yeast, recombination
phenomena taking advantage of the sequence homology in the repetitive sequences .
play & very important role. Genome divergence and evolution proceed essentially
by such a mechanism, which is orders of magnitude faster than the point mutation
mecharism. The production of thg defective "petite" genomes seems to be just a
very frequent accident in the general phenomenon of evolution ; these mutants,
"ethal” in terms of mitochondrial function, can be observed simply because yeast
can dispense with functional mitochondria.

fin important implication of these results is that the mitochondrial genome
of yeast really is a simple model of the nuclear genome of eukaryotes. A know-
tedge of its organization, expression and evolution may therefore be of great
value in providing interesting clues for probing and understanding the nuch more
complex nuclear genome. In this connection, the features of the evolution of the
mitoc  :ndrial genome of yeast suggest that recombination processes taking place
at a high rate at the interspersed repetitive sequences of the nuclear genome of
eukaryotes may have played a very important role in evolution. A key feature of
evolution by recombination at interspersed repetitive sequences is that it can
gener&1}y affect the organization and the expression of the gename by causing
translocations, inversions, duplications and deletions of genes, whereas it does
not affect the nucleotide sequences of the latter ; only the much slower process
of poinf mutation is operative on these. A major difference between prokaryotes
and eukaryotes might precisely be that the latter developed an interspersed sys-
tem of repetitive sequences allowing them to evolve much more rapidly than

prokaryotes.
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