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Mitochondria synthesize a dozen or so
polypeptides required for mitochondrial
function. Synthesis of these polypep-
tides takes place on mitochondrial ribo-
somes, assembled from the ribosomal
RNA’s (rRNA’s) that are encoded by
mitochondrial DNA (mtDNA) and from
the ribosomal proteins encoded largely
or exclusively by the nuclear genome.

(13, 14), one mitochondrial small subunit
ribosomal protein (varl in yeast and S5
in Neurospora) is encoded by mtDNA,
while all other ribosomal proteins of both
subunits are encoded in the nucleus (15).
This adds another dimension to the divi-
sion of labor for mitochondrial protein
synthesis noted above. On the basis of
studies with mutants and with specific

Summary. The var1 gene specifies the only mitochondrial ribosomal protein known
to be encoded by yeast mitochondrial DNA. The gene is unusual in that its base
composition is nearly 90 percent adenine plus thymine. It and its expression product
show a strain-dependent variation in size of up to 7 percent; this variation does not
detectably interfere with function. Furthermore, var? is an expandable gene that
participates in a novel recombinational event resembling gene conversion whereby
shorter alleles are preferentially converted to longer ones. The remarkable features of
vart indicate that it may have evolved by a mechanism analogous to exon shuffling,

although no introns are actually present.

This nucleo-cytoplasmic division of la-
bor necessary for assembling mitochon-
drial ribosomes appears to be the rule
also for all other identified protein com-
plexes containing mtDNA products;
such complexes always contain subunits
encoded by the nucleus. In that sense,
mitochondria can be considered to exist
in symbiosis with the nucleus.

The known mitochondrial gene prod-
ucts vary little among eukaryotes as di-
verse as fungi and vertebrates. They
always include subunits I, II, and III of
cytochrome ¢ oxidase, subunit 6 of the
adenosinetriphosphatase (ATPase) com-
plex, cytochrome b of the bc; complex,
the small and large rRNA’s, and at least
22 transfer RNA’s (I-3). Recently,
ATPase subunit 8 was identified on yeast
mtDNA and, by DNA sequence homolo-
gy, on animal mtDNA (4). Other genes
are mitochondrial only in some cases.
For example, subunit 9 of the ATPase
complex is encoded by mtDNA in the
ascomycete yeast Saccharomyces (5),
but is a nuclear gene product in the
ascomycetes Neurospora (6) and Asper-
gillus (7), and probably in vertebrates as
well (8-10).

In both yeast (/1) and Neurospora (12)
and possibly in other lower eukaryotes
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inhibitors of mitochondrial protein syn-
thesis, both varl and S5 appear to be
required for the assembly of mature
mitochondrial small ribosomal subunits
(16, 17). In contrast to these fungi, there
is no evidence that any of the proteins
of either mitochondrial ribosomal sub-
unit is encoded by mtDNA in vertebrates
18).

Why yeast or Neurospora mtDNA
harbors a gene for just one of the 70 or so
mitochondrial ribosomal proteins is un-
known, as are the answers to several
even more fundamental questions. For
instance, why should mitochondrial ge-
nomes encode any of the particular pro-
teins that they do? Why do mitochondri-
al gene products function in complexes
with nuclear-encoded polypeptides? And
why, in fact, do cells expend more than a
hundred nuclear genes just to allow the
mitochondrial genetic system to trans-
late about a dozen polypeptides in situ?
The unusual properties of the varl ribo-
somal protein and its structural gene
have led us to consider some of these
questions, and to reevaluate some gener-
ally held views on the structure, func-
tion, and evolution of elements of the
yeast mitochondrial genome, and of
mitochondrial genes as a whole.

Varl

The gene encoding varl protein in
yeast has turned out to be one of the
most unusual genes seen thus far in any
system. On the basis of electrophoretic
mobility, more than a dozen different
strain-dependent variants of varl protein
ranging in apparent size between 40,000
and 44,000 daltons (/9) have been detect-
ed in unselected yeast stocks by sodium
dodecyl sulfate—polyacrylamide gel elec-
trophoresis (20-22). However, in any
given yeast strain only one form of varl,
whose size is stable throughout vegeta-
tive growth, has been observed. Further-
more, we have not seen any phenotypic
differences among respiration-competent
strains containing different forms of varl
that can be attributed unambiguously to
the size polymorphism. Thus, although
these varl forms differ by as many as 26
amino acid residues in various combina-
tions, mitochondrial function, including
protein synthesis, is not affected in any
way we have been able to measure.

Two lines of evidence indicate that
varl protein is essential for the biogene-
sis of functional mitochondria. (i) The
assembly of mature small mitochondrial
ribosomal subunits is completely depen-
dent on mitochondrial protein synthesis,
presumably because of a limitation in the
amount of varl. If mitochondrial protein
synthesis is selectively inhibited, small
ribosomal subunits are not assembled
(17). However, assembly of large sub-
units, all of whose proteins are encoded
in the nucleus (23), is unaffected. (ii)
Genetic studies have uncovered three
mutants falling within a single comple-
mentation group that map to the varl
region (24, 25). In addition to being respi-
ratory-deficient phenotypes, these mu-
tants have very low levels of mitochon-
drial protein synthesis. One maps within
the varl reading frame, and the other
two map within the varl transcription
unit within previously presumed ‘‘spac-
er’” DNA, one 5’ and the other 3’ to the
coding region.

Those mutants were the first indica-
tions that functionally important se-
quences affecting the expression of a
structural gene lie in the AT-rich (A,
adenosine; T, thymine) spaces between
genes. In the mutant mapping 5’ to the
coding region, there appears to be a
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block in the processing of precursor to
functional varl messenger RNA
(mRNA) (26). Interestingly, the unpro-
cessed varl transcript in this mutant
contains the entire reading frame in addi-
tion to 5’ and 3’ extensions; it differs
from the mRNA only in that it has a
longer 5’ noncoding segment, which ap-
parently interferes with its functioning as
an mRNA. This result, together with
recent studies of transcripts of several
other mitochondrial genes (27, 28), indi-
cates that the long AT-rich leader se-
quences are functionally important not
only in transcript processing but also in
the formation of productive translation
initiation complexes.

Genetic Analysis of varl

We have taken advantage of the stable
varl polymorphisms in genetic studies,
first to show that the molecular size
differences observed in the protein are
specified by a locus on mtDNA we have
termed varl (20), and second to map this
locus to a region of the mitochondrial
genome between the large (215) rRNA
gene and the ATPase subunit 9 gene (29).
The gene varl is the first structural gene
to be mapped on yeast mtDNA by direct
analysis of its protein product.

A systematic analysis of the behavior
of varl in crosses has provided a satisfy-
ing genetic framework to explain its re-
markable size polymorphism. By apply-
ing conventional mitochondrial transmis-
sion genetics (30-32) and a complemen-
tation assay that we developed and
termed zygotic gene rescue (33, 34), we
identified two types of genetic elements
associated with varl that account for all
observed forms of varl protein. The ge-
notypic designations of the varl alleles
are based on the combinatorial arrange-
ment of these specific elements, which
we have designated a, b, and variant
forms of b, termed b, (Table 1).

The key observation that led to this
genetic formulation was the finding that,
when two yeast strains are crossed, one
containing, for example, the smallest de-
tectable varl (var1[40.0]), and the other
the largest (var1[44.0]), two major class-
es of nonparental or recombinant forms
appear in the diploid progeny that are
intermediate in size between the parental
forms (Fig. 1) (30). One class appears at
a frequency of 20 to 30 percent of the
population, and the other at about 2
percent. However, in crosses between
strains with identical varl alleles, only
the parental form of the protein is ob-
served among ¢.ie diploid progeny. From
these and other results, we have been
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Table 1. The genotypes of forms of varl
protein.

Varl
allele* Genotype
(kD)
40.0 a b~
41.8 a‘th™
42.0 a by
422 a b*
43.8 a*by
44.0 ath*

*Designated by the apparent molecular size (kilodal-
tons) of the varl protein as estimated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis.

able to establish the genotypes indicated
in Table 1 and unambiguously assign
them to the varl forms listed there.
These genotypes reflect all possible
combinations of a, b, and b,. Thus, the a
element is either present (a*) or absent
(a”) from varl while the b element,
although usually recombining as a unit,
can be subdivided further into a class
denoted b, (for partial b elements) (32).
These latter events occur at low frequen-
cy (<1 percent) and are detected as varl
forms smaller than the form specified by
the a~b™ allele but larger than that of the
a” b~ allele. Support for subclasses of b
comes primarily from the fact that cross-
es between different b," strains yield
some progeny that are indistinguishable,
both in size of varl and recombination
behavior, from strains containing the
original b* element. The fact that the b
element usually recombines as a unit is
all the more surprising given the obser-
vation (to be discussed below) that it
actually consists of two DNA insertions
separated by about 350 base pairs (bp).
As presented schematically in Fig. 1,
these elements can be considered as
DNA sequences capable of transfer in
crosses from one varl allele to another.
By comparing the input of parental var/
forms to the output of all forms issued
from a cross, we have concluded that

b*

+ b1+ b2+

- -
X

recombination, particularly that of the a
element, has the characteristics of an
asymmetric gene conversion event
whereby ‘‘short’’ alleles are preferential-
ly converted to ‘‘long’’ ones (30). Such
asymmetry in recombination is known to
occur at only one other location on the
yeast mitochondrial genome and in-
volves alleles of the 215 rRNA gene (/).
Like varl, short rRNA alleles (that lack
an intervening sequence) are preferen-
tially and efficiently converted to long
ones (containing the intervening se-
quence) (35).

Structure of the varl Gene

In Figure 2, we show a schematic
representation of the varl gene derived
from the complete nucleotide sequence
of the shortest allele (varl[40.0]) (36) and
its flanking sequences (37), and from
comparisons of this sequence with al-
leles containing various combinations of
the a, b, and b, elements (38). There is
an uninterrupted reading frame of 1188
bp, beginning with an ATG and ending
with an ochre terminator, that encodes a
protein with a molecular size of 46,786
daltons.

Our DNA sequence of varl has con-
firmed that this gene is not typical of
other yeast mitochondrial structural
genes. Yeast mtDNA has the unusual
base composition of 82 percent A plus T
(39) and, from extensive studies (1), ap-
pears organized as genes of modest GC
(G, guanine; C, cytosine) content (18 to
25 percent) embedded within so-called
‘““spacer’”” DNA. The latter comprises
about one-half of the 75-kb mitochondri-
al genome and consists of long stretches
of AT-rich DNA (95 percent), inter-
spersed with about 100 short GC-rich
clusters, each 20 to 75 bp long (40-42).
Previous DNA sequence analysis of the
varl region (43) had indicated that it is
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Fig. 2. Organization of the
TAA varl gene. The schematic rep-

}_ resentation of the 1188 bp varl
reading frame shows the com-
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thesis.

very AT-rich, with interspersed GC-
clusters, thereby more closely resem-
bling ‘‘nongenic’” mtDNA than a typical
gene sequence.

In fact, the varl[40.0] allele is 89.6
percent A+T and is among the most AT-
rich protein genes that we know of any-
where in nature (36). Not surprisingly,
the extraordinarily high AT-content of
the varl gene is reflected in a high pro-
portion (83.4 percent on a molar basis) of
amino acids encoded by AT-rich codons.
Most striking is the extraordinarily high
number of asparagines, which comprise
nearly one-third of the total amino acid
residues in the expressed protein! Of the
total GC residues present within the
reading frame, nearly 40 percent are con-
centrated within a 46-bp palindromic GC
cluster located 186 bp downstream from
the ATG initiator; we refer to it as the
““‘common GC cluster’” (Fig. 2) because
all varl alleles contain it. This same GC-
rich sequence is found in at least two
other locations on the yeast mitochondri-
al genome (see below). With the excep-
tion of varl, GC-rich clusters as a class
are not found within mitochondrial pro-
tein genes, although they have been de-
tected within the 218 (35) and 155 (44,
45) mitochondrial rRNA genes. In those
cases, a 66- and 40-bp GC cluster, re-
spectively, are found within the gene in
some, but not all, yeast strains; when
present, however, these GC clusters are
transcribed and appear in the mature
rRNA’s (44-46).

The identification and nucleotide se-
quence of the varl gene has led to two
important conclusions concerning the
yeast mitochondrial genetic code (36).
First, it allowed identifying AUA (U,
uracil) as a methionine codon, a devi-
ation from the ‘‘universal’’ genetic code
also seen previously in vertebrate (47)
and, subsequently, in Drosophila (48)
mtDNA’s. Second, it confirmed the as-
signment of CUN (N, unassigned base)
as threonine in yeast mitochondria (49),
a unique assignment thus far. These vari-
ations of the genetic code used by yeast
mitochondria are especially provocative
because the mitochondria from another
ascomycete, Neurospora crassa, use the
universal codon assignments of AUA as
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isoleucine and CUN as leucine (50, 5I1).

A comparison of the codon usage in
the varl gene with other yeast mitochon-
drial genes reveals a bias toward those
codons used preferentially in unidenti-
fied genes (36). Excluding varl, there are
7 identified and up to 14 unidentified
reading frames. For instance, UUU is
used preferentially (about 7:1) over
UUC for phenylalanine in unidentified
genes and exclusively in varl, although
these codons are used about equally in
other yeast mitochondrial genes. We
have previously interpreted this division
in codon usage between unidentified
genes and the identified ones, which are
all involved in oxidative phosphoryl-
ation, as suggesting that these two
groups of genes represent evolutionarily
independent events in the colonization of
fungi by endosymbionts (36). Since the
group of unidentified genes shows differ-
ences in different organisms, and the
split genetic code differs between yeast
and Neurospora, we suggest that mito-
chondrial genomes may have evolved
along parallel but not identical lines even
in related organisms.

Molecular Basis of varl Polymorphism:
An Expandable Gene

Comparisons of the coding sequence
of different varl alleles and analyses of
their products revealed a number of un-
expected and novel molecular features
underlying varl size polymorphism. As
suggested by the genetic studies, the
physical correlates to the a, b, and b,
elements are, in fact, in-frame DNA in-
sertions that provide additional coding
information within varl and thus ‘‘ex-
pand”’ the gene (38). The types of inser-
tions associated with the a and b ele-
ments, however, are quite different.

The b (and b,,) elements correlate with
in-frame insertions of asparagine codons
(AAT) within strings of AAT repeats.
Thus far, we have detected two such
acceptor repeats consisting of five and
eight AAT’s into which additional AAT
codons are inserted. These acceptor se-
quences are indicated in Fig. 2 as b, and
b;, respectively. In all strains genetically

defined as b*, an insertion into b, of six
AAT codons is observed, expanding that
string from 5 to 11. The insertion into b,
however, is not identical in all b*
strains. For example, when we compare
the sequence of an a” b~ varl allele with
that of a strain whose varl is genetically
defined as a~b*, an insertion into b, is
observed of four AAT codons, expand-
ing that run from 8 to 12. When strains
whose varl is b*, are examined, only
two AAT codons are inserted into b;.
This finding that by, is physically a subset
of the more common insertion into b;
rationalizes the genetic result that some
progeny of crosses between b, strains
are b*.

Our current picture of the anatomy of
b-containing alleles is that they contain
an 18-bp b, insert, and an insertion into
b;, which is most commonly 12 bp (in b*
strains) but may be as few as 6 bp (in b,
strains). Although b; and b, are separat-
ed by about 350 bp, the conversion of b~
to b* in a cross nevertheless involves the
insertion of all ten ‘‘extra” b™ AAT
codons into the 5™ allele. From quantita-
tive estimates of the recombinant proge-
ny issuing from b* X b~ crosses, in
about one out of five pairings between
these alleles not all of the b*-associated
asparagine codons are inserted into b~
The products of these minority conver-
sion events are those which specify a
varl protein shorter than the b* product
that we have designated b,*. This class
may actually contain a number of alleles,
reflecting in both number and location all
possible combinations of these addition-
al asparagine codons within the varl
gene. Indeed, examination of even rarer
recombinants with protein sizes between
that of b and b, may reveal just such
combinations.

Similar comparisons between a* and
a~ alleles show that the a* insert corre-
lates with the presence of an additional
GC cluster (Fig. 3) located within the
gene 146 bp downstream from the com-
mon GC cluster (38). Remarkably, this
second GC cluster is identical in se-
quence to the 46-bp common GC cluster,
but is in the opposite orientation. It is
flanked by two additional A residues
compared to a” strains, so that the total
addition of 48 bp remains in-frame for
coding.

An interesting feature of these two GC
clusters is that their flanking sequences
are identical (Fig. 3); these are pure AT
sequences, 11 bp on one side and 9 on
the other, that occur only within the varl
gene. These same pure AT sequences
are also found near the olil gene flanking
a GC cluster identical in sequence to
those in varl (43); in that case, however,
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the flanking sequences are inverted rela-
tive to their orientation in varl (Fig. 3).
These correlations suggest that the GC
clusters are not inserted randomly, but
rather are directed toward some specific
acceptor sequence. A possible mecha-
nism for such insertions is suggested by
the fact that the putative acceptor se-
quence in @~ alleles is shorter by 2 bp.
Thus, insertion of the GC cluster from
a* to a~ could occur by a transposition-
like process, with a staggered 2-bp cleav-
age and duplication within the 20-bp ac-
ceptor sequence generating the 22-bp
flanking sequences. From these consid-
erations, and the well-known variability
in the location of GC clusters among
different wild-type yeast mitochondrial
genomes (35, 38, 45, 52, 54), these GC
clusters may be analogous to insertion
elements in other genomes.

Transposition is an attractive hypothe-
sis to explain the original formation of an
a* allele. However, it precludes, with-
out special assumptions, the transposi-
tion of the common GC cluster to the a
acceptor site, because experimentally a*
progeny are never recovered from cross-
es of the form a~ X a~. A simple inter-
pretation of the recombination behavior
of the a element is that the a~ allele
acquires the a element by asymmetric
gene conversion; that is, a mismatch
correction to a* of heteroduplexes oc-
curs between a* and a~ strands.

Evolution of the varl Gene

The unusual organization of the varl
gene, whereby it differs from noncoding
AT-rich “‘spacer”” sequences only in rep-
resenting an open reading frame, raises
the questions of the origins both of the
varl gene and of the spacer sequences.

The most common supposition about
mitochondrial origin is that mitochondria
originated as endosymbionts, which con-
ferred an advantage to emerging eukary-
otic cells, such as the ability to carry out
oxidative metabolism (55). Of the genes
which entered with the proposed endo-
symbiont, most probably duplicated ex-
isting functions and were lost, some
were transferred to the nucleus, and
some remained in mitochondria to con-
stitute their present-day gene comple-
ment.

Several lines of evidence indicate that
genes can and do move between mito-
chondria and nucleus. The most-studied
case is subunit 9 of the ATPase complex.
This gene has been found on mtDNA
only in yeast, and has been shown ex-
plicitly to be a nuclear gene in N. crassa
(5). In addition to ATPase 9, other
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Fig. 3. Location of
1 ess TAATATTTAAATAATATAAA| GC_cluster |AATATTAATAA

the varl GC cluster
on the yeast mito-
chondrial  genome.
The varl GC cluster
is shown embedded in
identical flanking sequences (boxed) at all known locations on the yeast mitochondrial genome.
(Line 1) 3’ to the olil (ATPase subunit 9) gene; (line 2) in the common site within varl; (line 3) at
the optional site in varl to yield an a* genotype. The two A residues shown flanking this GC
cluster are not present at that location in ¢~ strains. Arrows show the relative orientation of the
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GC cluster at each location.

mtDNA sequences have been found in
the nucleus in a variety of organisms,
although most as fragmented and rear-
ranged versions of their mitochondrial
counterparts (56-60).

If mitochondrial genes can move to the
nucleus (or vice versa), and have done so
in the past, why was transfer not quanti-
tative? Past speculation has centered on
the suggestion that mitochondrial trans-
lation products are so hydrophobic that
they are best made in situ (61). Other
hydrophobic proteins are successfully
transported in the cell [for example, (62)],
however, and some mitochondrially cod-
ed proteins are as hydrophilic as typical
soluble proteins (63). An alternative sug-
gestion, supported by the different loca-
tions of ATPase 9 in different ascomy-
cetes, is that mitochondria contain genes
not for a profound functional reason, but
because some genes were trapped there
when the transfer of mitochondrial genes
to the nucleus was interrupted by an
unknown event in the evolutionary past.
For instance, as suggested by Fox (64),
the evolution of the mitochondrial genet-

ic code, in which the nuclear opal termi-
nator, UGA, is translated as tryptophan
in mitochondria, would have served as
an effective barrier to the further transfer
of usable genes between the two com-
partments. It is interesting that ATPase 9
is the only present-day mitochondrial
protein that lacks tryptophan, and thus
could have transferred at any time after
the divergence of yeast and Neurospora
without requiring mutational changes in
UGA tryptophan codons.

If functional nuclear genes eventually
predominate over mitochondrial copies,
as appears to have been the general case,
then such mitochondrial genes, once re-
moved from selective pressure, are free
to change. One can picture three path-
ways these mitochondrial genes might
follow: (i) mutation to noncoding se-
quences, (ii) elimination by deletion, and
(iii) recombination or mutation (or both)
to form coding sequences with new func-
tions.

Mutation to noncoding sequences in
mitochondria would be rapid, given the
apparent lack of at least a number of
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Fig. 4. Homology of varI to sequences in the remainder of the yeast mitochondrial genome. The
reading frame is indicated by the thin horizontal lines, each representing 200 bp. Heavy
horizontal lines show regions that match at least 16 bp exactly one or more times in the
remainder of the genome. Vertical bars show the frequency with which those positions in varl
start matches of at least 16 bp with the remaining genome. The positions of b/ and b2 are also
shown.
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repair mechanisms (65, 66). If mitochon-
dria also lack a dUMP (deoxyuradylate)
excision system to remove deoxyuridine
(resulting from spontaneous deamination
of deoxycytidine), as seems likely, then
noncoding sequences would become AT-
rich, as commonly found for fungal mito-
chondrial genomes. Elimination by dele-
tion of noncoding sequences, if it occurs
in an infrequent, punctuated manner,
would cause mitochondrial genomes to
vary widely in size, and approach the
minimum size necessary to encode the
remaining mitochondrial functions, a
prediction which is also fulfilled.

Recombination to form new coding
sequences could take place between AT-
rich spacer DNA segments that bracket
(short) unexpressed open reading
frames. A functional protein might then
be generated by an extended open read-
ing frame, including the AT-rich recom-
bination joints. Examination of varl
shows an organization that suggests such
a recombinational shuffling model analo-
gous to exon shuffling (67).

The varl reading frame was matched
by computer (68) with all other se-
quenced regions of the yeast mitochon-
drial genome to find regions of homology
of length >15. These regions are shown
in two ways in Fig. 4. The most preva-
lent matches by far correspond to the
repeat [AAT],.

Thus, regions that appear commonly
are interspersed with regions that occur
less commonly, and with long regions
that do not occur at all elsewhere on the
known genome. These findings suggest
that the varl gene may have originated
by recombination between highly repeat-
ed AT-rich segments, such as the [AAT]
repeats, juxtaposing domains that may
have existed earlier as individual genes
or coding units. Of importance is that the
recombination ‘‘joints’’> were retained
and remained open, thereby preserving a
full reading frame.

Two of the three regions in varl that
contain the highest frequency of matches
with other regions are sites of varl poly-
morphism and are very asparagine-rich.
The high frequency with which these
polymorphic forms appear in genetic
crosses under nonselective conditions,
as well as the lack of any obvious pheno-
typic differences among them, suggests
that varl protein may be functionally
indifferent to these structural changes.
While it does not follow that these do-
mains are dispensable, the observations
are consistent with their not having been
selected for encoding a functional do-
main, but rather for a secondary and
more flexible role, such as linking func-
tional domains. Indeed, secondary struc-

1500

ture predictions of varl indicate that
potential domains of the protein are sep-
arated by asparagine-rich B-turn regions
(69), encoded by AAT strings.

Some support for such a model comes
from recent correlative studies in which
the splice junction region of related pro-
teins was examined. For example, a
comparison of eubacterial and eukaryot-
ic serine proteases and dihydrofolate re-
ductases shows that many of the splice
junctions in the eukaryotic proteins and
the corresponding regions of the eubac-
terial proteins coincide with regions of
polypeptide length variability (70). A
plausible interpretation of these observa-
tions is that, in the evolution of these
proteins, the insertion or removal of in-
tervening DNA from these regions may
have been relatively imprecise, so that
some exon sequences are removed, or
some intron sequences become protein
coding information. In effect, such non-
essential sequences can be dispensed
with at either the genomic level by dele-
tion or the RNA level by splicing. When
present, however, these optional se-
quences may fulfill some role—for exam-
ple, the maturase function encoded by
the optional intron 2 of the cob gene of
yeast mitochondria (77). Alternatively,
such sequences may be informational
and expressed at present but could
evolve in the future to become dispens-
able and eliminated entirely.

Stability of Mitochondrial Genomes

Since the initial discovery of varl size
polymorphism, many additional exam-
ples of mitochondrial genomic variation
have been described in comparable de-
tail. These are optional introns, ‘‘mini-
inserts’” in rRNA genes, and optional
A+T- or G+C-rich clusters in intergenic
spaces [reviewed in (/)]. Thus, the yeast
mitochondrial genome consists of a large
set of conserved sequences, interrupted
by an assortment of optional sequences.
It is now clear that the genome of a given
strain is very stable. When genomes of
different strains are compared, their
maps of coding sequences are perfectly
conserved and each optional sequence is
present or absent at a particular position.
From detailed comparative studies, it
appears that the optional sequences
could be traced to different species of the
genus (72, 73). The wide range of func-
tionally acceptable combinations proba-
bly arose in laboratory strains by unse-
lected mitochondrial recombination
events during the decades of genetic
manipulation in which current laboratory
strains were derived. The spontaneous

loss of an optional sequence is an ex-
ceedingly rare event. Indeed, there are
only a few reports of the loss of a portion
of the genome without creating a mutant
phenotype—for example, the excision of
the last two introns from the cytochrome
b (cob) gene, indicating these introns are
optional, and are capable of a faithful
excision process (74, 75).

GC Clusters

The varl common GC cluster and the
a insert are unusual in representing GC
clusters within a protein coding gene (36,
38). Nevertheless, the presence of short
GC-rich sequences, usually containing
Hae III and Hpa II sites, is known to be
a prominent part of the yeast mitochon-
drial genome, with more than 100 scat-
tered copies located primarily in inter-
genic regions (¢/). These clusters have
been suggested to function in control of
initiation or termination of transcription
(41, 76, 77), in RNA processing (43), or
to be sites for recombinational excision
of petite mutants from the wild-type
genome (78, 79).

In the course of examining the varl
region in a number of alleles, we discov-
ered a total of five GC clusters (36-38),
allowing us to examine some of the mod-
els for the function of these unusual
sequences. Two of these clusters are
invariant: the common GC cluster in the
reading frame and a cluster 3’ to the
reading frame that is homologous to a
sequence in 155 rRNA. Three others,
however, are optional; the a insert in the
reading frame, and two clusters we have
previously called x and z, that are 5’ and
3’, respectively, to the reading frame.
Neither z nor probably x are allelic deter-
minants. Our detection of optional GC
clusters in the varl region complements
the recent detection of other optional GC
clusters on the yeast mitochondrial
genome. These are GC clusters near olil
(compare 38 with 42), within the 15§ and
215 rRNA genes (35, 45), and within the
reading frame of cob intron 5 (75).

Because the presence of specific GC
clusters at specific positions appears to
be strain dependent, whereas the loca-
tion of coding sequences is not, it is
increasingly difficult to sustain the idea
that GC clusters play a significant role in
the control of gene expression, since a
necessary control element cannot be op-
tionally present. In the case of RNA
processing, furthermore, we have re-
cently determined the origin of varl
mRNA and found that it derives from a
large polycistronic precursor that in-
cludes sequences from the upstream olil
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and tRNAS" genes. We identified at
least six RNA processing sites in this
precursor RNA and all are AT-rich (80).

One is left, then, with the question of

what GC clusters do. With the exception
of two of them in varl that encode amino

acids, we don’t know. However,

it is

difficult to escape the comparison be-
tween GC-rich Hae III and Hpa 1I clus-
ters in Saccharomyces mitochondria
(and possibly analogous Pst I clusters in
Neurospora) (81, 82) with nuclear Alu 1
or Kpn I families in primates (83, 84),
which may be species-specific promo-
tors of genomic rearrangement. We have
previously suggested that ‘‘jumping GC
clusters’ may be a normal feature of the
yeast mitochondrial genome (85). If re-
combination takes place preferentially at
such sites, either because it is site-specif-
ic or because such heteroduplexes would
be particularly stable, then the move-
ment of such clusters could be an impor-
tant mechanism for generating the diver-
sity of genome size and organization
seen in fungal mitochondria.
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