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Abstract. In this article we review our current knowledge
of the mechanisms by which point mutations arise in the
mitochondrial DNA (mtDNA) of Saccharomyces cere-
visiae and discuss to what extent these mechanisms oper-
ate in human mtDNA mutagenesis. The 3¢–5¢ exonucle-
ase proofreading activity of Pol g ensures accuracy of
mtDNA replication in both yeast and humans, while the
role of base excision repair in mtDNA error avoidance re-
mains debated. The mitochondrial mismatch repair Msh1
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protein, which removes transitions in yeast, is absent in
humans, a particularity that might cause accumulation of
transitions, while the most frequent substitution in yeast
mtDNA is A:T to T:A transversion. Proofreading-defi-
cient mutator human cell lines and knockin mice have
been created. They will be useful for studying the mech-
anisms by which mtDNA mutations accumulate in dis-
eases, ageing, malignancy and drug therapy.
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Introduction

Beside nuclear DNA the eukaryotic cell contains essential
genetic information in the mitochondria. As any other
DNA, mtDNA is prone to mutate. The human mitochon-
drial genome mutates at high rates, approximately 10
times faster than the nuclear genome. In the late 1980s
mtDNA mutations causing mitochondrial disorders were
identified in humans [1]. The mitochondrial genomes of
the patients were shown to contain maternally inherited
point mutations in the homoplasmic or heteroplasmic
state, or deletions occuring sporadically or caused by mu-
tations in nuclear genes. It is now estimated that the preva-
lence of mitochondrial diseases is 1 per 10,000 individu-
als. Moreover, the mitochondrial theory of ageing pro-
poses that ageing is directly linked to progressive
accumulation of mitochondrial mutations during life as a
result of continuous exposure of mtDNA to reactive oxy-
gen species (ROS) [2]. Point mutations may result from

* Corresponding author.

DNA replication errors, insufficient post-replicative error
correction or error-prone repair of damaged DNA. Be-
cause the mitochondrial genome has unique features, in
particular a small amount of genetic information borne by
a multiplicity of identical DNA molecules (homoplasmy),
the mechanisms by which these mutations arise and are
fixed may be quite different from those described for nu-
clear genomes. As underscored by Bogenhagen in a re-
view on mtDNA repair in vertebrates [3], it was postulated
for many years that mtDNA replication was not faithful
and mtDNA repair inexistent. The data accumulated in re-
cent years show that this is not true and that mtDNA could
not be maintained without systems correcting DNA repli-
cation errors and repairing DNA damage. However, our
knowledge in this field is still fragmentary, and in many
instances claims are not supported by solid experimental
data. In particular, the role of oxidative damage in the ac-
cumulation of point mutations is not clear. Elucidation of
the mutagenic mechanisms operating in the mitochondrial
genome is therefore of great importance with regard to
mitochondrial pathologies.



Saccharomyces cerevisiae is considered a model organ-
ism for human housekeeping genes and more specifically
for mitochondrial disease genes [4, 5]. The aim of this re-
view is to describe the mechanisms by which mtDNA
point mutations are generated in S. cerevisiae. We also
discuss to what extent yeast is a model for humans. 

The human and yeast mitochondrial genomes

Mitochondrial genomes are characterized by the coexis-
tence of numerous identical molecules. The human
mtDNA molecule is a supercoiled 16-kb circle, has high
gene density and no introns [6]. The asymmetric strand-
displacement model of mtDNA replication, which in-
volves unique initiation sites on each strand and continu-
ous DNA synthesis, has generally been accepted [7].
However, it was recently proposed that mtDNA replica-
tion is initiated at multiple sites, with the formation of
Okazaki fragments and massive ribonucleotide incorpo-
ration [8]. The yeast 85.8-kb mtDNA molecule is charac-
terized by a high A+T content (80%), introns and low
gene density [9]. Though the genetic map of S. cerevisiae
mtDNA is circular, mtDNA is mostly in the form of lin-
ear tandemly arrayed molecules [10]. Very active homol-
ogous recombination is a hallmark of the yeast mitochon-
drial genome [11] and plays an important role in replica-
tion and repair. The first mtDNA mutations (mit –)
causing respiratory defects were identified in S. cere-
visiae in 1975 [12]. In this organism an astonishingly
high number of nuclear alleles cause instability of the
mtDNA [13], leading to the production of respiratory de-
ficient mutants. These mutants, called cytoplasmic pe-
tites or rho–, contain homoplasmic mtDNA molecules
with large deletions, or may even be devoid of mtDNA
[11]. In contrast, a direct role in accumulation of point
mutations has been shown only for a few genes.

Mitochondrial DNA polymerase

The nuclear MIP1 gene encoding the catalytic subunit of
the mitochondrial DNA polymerase (Pol g) was first
identified in S. cerevisiae [14]. Mip1p, a 1354-residue
polypeptide bearing homology to the prokaryotic Pol A
family [15], is characterized by an N-terminal region con-
taining the three typical motifs Exo1, Exo2 and Exo3 of
the 3¢–5¢ exonuclease editing domain, and a C-terminal
part containing the polymerase domain specific for the
Pol A family. The polymerase domain of Pol A enzymes
has been compared to a right hand, with a deep cleft ac-
cepting the template primer and surrounded by three sub-
domains [16]. The ‘palm’ at the bottom of the cleft is the
site of the catalytic reaction and contains essential metal
ions and conserved carboxylate residues, the ‘fingers’ in-
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teract with the template and incoming dNTP, and the
‘thumb’ makes essential contacts with duplex DNA. 
The first Pol g purified to homogeneity was obtained
from Drosophila in 1986 and shown to be a heterodimer
[17]. However, animal Pol g genes were cloned and se-
quenced only many years later [18, 19]. Pols g from
higher eukaryotes share substantial amino acid sequence
identity with Mip1p (~40%) [18]. Compared to prokary-
otic Pol A, Pols g contain a large novel domain of un-
known function bridging the exonuclease and polymerase
domains. The complexity and length of this spacer do-
main have increased during evolution from yeast to hu-
mans. Animal mtDNA polymerases contain an accessory
subunit bearing homology to class IIa aminoacyl-transfer
RNA (tRNA) synthetases that increases their catalytic ac-
tivity and processivity [19]. This accessory subunit does
not exist in fungi. 

Pol gg proofreading-deficient mutants are strong
mutators in mitochondria

The fidelity of DNA polymerases is based on both selec-
tivity towards the incoming dNTP at the polymerization
site and editing activity of the 3¢–5¢ exonuclease. It was
first believed that Pol g had no proofreading activity.
However, in the late 1980s it was shown that Pol g from
Drosophila, pig and chicken had an in vitro 3¢–5¢ exonu-
clease activity editing mispaired bases [20–22]. How-
ever, the exonuclease activity could not be assigned to a
specific subunit. Purified Mip1p has a 3¢–5¢exonuclease
activity preferentially removing mismatches at the 3¢ end
of a partial duplex DNA [23, 24]. Interestingly, similarly
to the human enzyme [25], the 3¢–5¢ exonuclease of
Mip1p is poorly active on single-stranded DNA [F. Foury,
unpublished observations]. 
The 3¢–5¢ exonuclease domain of all editing DNA poly-
merases contains invariant aspartate and glutamate resi-
dues coordinating two metal ions which play an essential
role in the catalytic reaction [26]. Asp171 (Exo1), Asp230
(Exo2) and Asp347 (Exo3) of Mip1p have been substi-
tuted for glycine or alanine residues (fig. 1A) [23, 24]. The
exonucleolytic activity of D171G, D230A and D347A
Mip1 is ~104 times lower than wild-type. The doubly mu-
tated D171G-D230A Mip1p has no measurable 3¢–5¢ ex-
onuclease activity [24]. Proofreading-deficient Mip1
polymerases efficiently extend mismatches and have high
misincorporation rates in vitro [24]. The frequency of mis-
incorporation is the highest for the G:T mispair (also ob-
served to a lesser extent with wild-type Mip1p), followed
by C:A, C:T, A:A and T:T mispairs (table 1). The C:C 
mispair is negligible.
The singly mutated Exo– alleles introduced in S. cerevisiae
result in a 100–200-fold increase in the frequency of
mtDNA point mutations eliciting resistance to ery-



thromycin (ER), while the increase reaches 1500-fold in the
D171G-D230A mutant [23, 24] (table 2). Increased muta-
tion rates are also observed for mitochondrial mutations
eliciting resistance to chloramphenicol (CR) and
oligomycin (OR). An in vitro random mutagenesis has led
to the identification of several other residues playing an
important role in the proofreading function of Mip1p in
vivo [27] (fig. 1A and table 2). These data have established
for the first time that the proofreading activity of Pol g
plays a major role in accurate replication of mtDNA. 
The D171G-D230A mutant accumulates cells devoid of
mtDNA. Mitochondrial DNA instability might be ex-
plained by low polymerization processivity as observed
in vitro with the purified mutant Pol g, or by frequent
DNA replication arrest resulting from the numerous
replication errors. 
The yeast studies have constituted a basis to develop human
and mouse mutator Pols g. Human cell lines overexpress-
ing a proofreading-deficient Pol g with the Exo1 D198A
mutation were found to accumulate mtDNA mutations
[28]. After 3 months of culture a plateau of approximately
five mutations per 10 kb, mostly G:C to A:T transitions,

was reached, followed by a decline in the mutation rate.
This suggests that a threshold in the mutational load that
could be tolerated by the cell was reached and followed by
selection against mutations [28]. Moreover, it has very re-
cently been reported that knockin mice expressing a proof-
reading-deficient Pol g with the Exo2 D257A mutation ac-
cumulate somatic point mutations and deletions in their
mtDNA [29]. The point mutations are evenly distributed in
coding (cytochrome b) and non-coding regions of the
mtDNA and affect all tissues. The young mice look normal,
but they have reduced life expectancy. After 6 months of
life, they start to show many signs of premature ageing 
(e.g. hair loss, curvature of the spine, loss of fertility, osteo-
porosis). They also exhibit a progressive reduction in respi-
ration associated with focal cytochrome oxidase deficiency
and increased mitochondrial mass. However, the symptoms
of ageing are not associated with concomitant increase in
the mutation rate. This suggests that somatic mtDNA mu-
tations are produced very early, before birth, and the defects
result from accumulation of physiological damage pro-
duced by the mutations during the life of mouse. 
In recent years it has been shown that mutations in Pol g
[30] are a common cause of  progressive external ophtal-
moplegia (PEO), a mitochondrial disorder associated
with multiple deletions of mtDNA [31]. Homozygous
and compound heterozygous mutations in the 3¢–5¢ ex-
onuclease domain of human Pol g have been identified in
recessive PEO (fig.1A and table 2). The G268A and
W312R mutations are deleterious at the homozygous
state [32, 33]. Gly268 is a highly conserved residue in the
Exo2 site, and it has been shown that the modification of
its yeast equivalent Gly224 into aspartate gives a strong
mutator phenotype [27]. The G268A mutation has also
been found associated with A467T in the spacer region
between Exo and Pol domains [33]. The common T251I
mutation downstream of the Exo1 motif is compound het-
erozygous with a number of mutations in the exonuclease
(R309L), spacer (A467T, P587L) or polymerase (G848S,
H932Y) domains [34]. Data obtained from a small num-
ber of patient biopsy samples and cell cultures with the
T251I, G268A and W312R mutations have revealed an
increased mutation load both in coding and non-coding
regions of mtDNA [33]. Although no familial history
about these mutations is known that could firmly estab-
lish their mutator function, these data suggest that 3¢–5¢
exonuclease deficiency in humans decreases accuracy of
mtDNA replication and may be a cause of disease.

Mutators in the polymerase domain may result from
a decrease in dNTP selectivity or low expression of
Pol gg

Increased mutation rates may be caused by decreased se-
lectivity of the polymerase towards the incoming dNTP. A
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Table 1. Mip1p and Msh1p mismatch preferences. 

A. Mispair dNTP (mM) % Misincorporation

Wild-type D171G-D230A
Mip1p Mip1p

T:G 0.25 0 51
5.0 7 87

C:T 0.25 26
5.0 50

C:A 0.25 72
5.0 84

A:A 0.25 13
5.0 64

C:C 25 19

B. Mismatch recognized by % Remaining radiolabelled
Msh1p duplex

T:G; G:T; A:C 15
G:G; A:A 40
T:C 50
G:A 55
A:G; T:T 60
C:C 80
G:C 100

(A) The rate of misincorporation is given for an in vitro assay using
purified Mip1p and a partial DNA duplex in the presence of either
dGTP, dTTP, dATP or dCTP at the indicated concentrations [24].
(B) The affinity of Msh1p for different mismatches is estimated by
an in vitro assay using purified Msh1p, ATP, a radiolabelled ho-
moduplex or heteroduplex DNA and  unlabelled homoduplex or
heteroduplex competitors that displace the radiolabelled DNA
[45–46]. The affinity of Msh1p for a mismatch present in the unla-
belled duplex is therefore inversely proportional to the amount of
radiolabelled duplex that remains bound to Msh1p. 



systematic search in yeast has revealed mutator alleles
scattered along the polymerase domain, with a high spot
between residues 714 and 724 (G714S, G715D, T716I,
M721I and E724K) (fig. 1B) in the finger domain [27,
35]. Based on the structure of the Pol A family, these mu-
tations have tentatively been localized between helices L
and N, a region that is specifically conserved in Pol g (fig.
1B). The modest increase in the frequency of point muta-
tions is probably underestimated, since proofreading is
functional. Interestingly, the human G923D mutation af-
fecting a conserved glycine which is the immediate
neighbour of the E724K mutator residue in yeast (fig.
1B) has been associated with PEO at the homozygous
state [34]. The compound heterozygous H932Y mutation
affecting a conserved histidine residue is also close to this
region [34]. The purified G714S and T716I Mip1p ex-
hibit the same apparent Km(dNTPs) and K(DNA) as wild type
(table 3), an observation suggesting that decreased selec-
tivity for the incoming dNTP is not the cause for in-
creased mutability in vivo [35]. However, these yeast mu-
tants are characterized by a thermosensitive phenotype

with low amounts of mtDNA at 28°C and total loss at
37°C. This in vivo phenotype correlates with increased
sensivity of the polymerization activity to elevated tem-
perature in vitro and recovery of very low amounts of Pol
g in cell extracts, a trait suggesting that the region en-
compassing these mutations is important for proper fold-
ing. In addition, the mutant proteins have a low polymer-
ization processivity and a high 3¢–5¢ exonuclease to poly-
merase activity ratio in vitro (table 3), suggesting that in
vivo many mismatch excision events are not followed by
forward polymerization but are associated with dissocia-
tion of the DNA-enzyme complex. Similarly, poorly ex-
pressed Pol g and mutator activity were associated fea-
tures in a mip1 mutant whose enzyme was truncated at the
1006th codon [F. Foury, unpublished observations]. Thus
these data suggest that the low capacity of DNA synthe-
sis by the mutant mtDNA polymerases is associated with
an increased frequency of point mutations. An explana-
tion could be that low mtDNA load facilitates the propa-
gation and fixation of the mutations. Moreover, combina-
tion of the truncation and Exo– D171G mutations pre-
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Table 2. Mutations in the 3¢–5¢ exonuclease domain of yeast and human Pol g.

A. Yeast mutation Mutation rate Human equivalent Domain

Wild-type 1
D171G 110 D198 Exo1
E173K* 210 E200 Exo1
S198L* ~5000 S225 between Exo1 and Exo2
G224D* 270 G268 Exo2
H225D* 495 H269 Exo2
D230A 220 D274 Exo2
S304L* 120 S355 between Exo2 and Exo3
D347A 90 D399 Exo3
T351I* 220 T403 Exo3
D171G–D230A ~1500 Exo1 + Exo2

B. Human Mutator Homozygous Domain Yeast Compound Domain Yeast 
mutation equivalent heterozygous equivalent

T251I yes no upstream none R309L downstream R265
Exo2 Exo2

P587L spacer None
R807P spacer R607
G848S Pol G651
H932Y Pol H734

G268A yes yes Exo2 G224
L304R ? ? downstream L260 A467T spacer I416

Exo2
R309L ? ? downstream R265 T251I downstream None

Exo2 Exo2
W312R yes yes downstream F268

Exo2
D198A** yes Exo1 D171

(A) The mip1 mutations obtained by random mutagenesis are marked with an asterisk [27]. The relative frequency of ER mutants in the mu-
tator strains is normalized to wild-type strain. The human equivalent residue and localization are given. (B) Mutations in the 3¢–5¢ exonu-
clease domain of human Pol g that cause PEO [32–34] are given as well as the yeast equivalent residue. The existing compound heterozy-
gous mutations are also indicated as well as the domain where they are located.
The double asterisk indicates the mutation created in human mutator cell lines [28]. Residues in bold letters are conserved residues.
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Figure 1. Mutator alleles in Pol g. (A) Schematic linear representation of yeast (Sc) and human (Hs) Pols g. The 3¢–5¢ exonuclease motifs
Exo1, Exo2 and Exo3 and the three conserved motifs of the polymerase domain are represented by grey boxes. The human 3¢–5¢ exonu-
clease and compound heterozygous mutations are shown (see table 2). The G923D mutation in the human polymerase domain affects a
conserved glycine whose yeast equivalent is Gly725, which is adjacent to mutator E724K. The Y955C mutation is responsible for a dom-
inant form of PEO. (B) The Mip1p sequence from residue 713 to 732 is highly conserved in Pols g. Sc, Saccharomyces cerevisiae; Sp,
Schizosaccharomyces pombe; Dm, Drosophila melanogaster; Xl, Xenopus laevis; Hs, Homo sapiens. Conserved residues are in bold let-
ters. Mutated residues in yeast or human are underlined.

Table 3. Steady-state kinetic constants of purified wild-type and mutant Mip1p.

Strain K(DNA) Km(dCTP) Km(dTTP) Km(dATP) K m(dGTP) Processivity Exo/Pol
(nM) (mM) (mM) (mM) (mM)

Wild-type 0.19 ± 0.02 1.8 ± 1.0 0.4 ± 0.1 1.2 ± 0.3 1.2 ± 0.5 1 1
G714S 0.22 ± 0.07 ND ND ND ND 0.02 72
T716I 0.46 ± 0.06 2.6 ± 0.5 ND ND ND 0.07 5
Y757F 0.34 ± 0.10 16.8 ± 7.1 2.7 ± 0.4 2.4 ± 0.92 4.6 ± 0.3 0.91 1

The apparent Km for dNTPs was determined using purified Mip1p, primed single-stranded M13 DNA and increasing dNTP concentrations
[35]. Under the conditions used there was a linear relationship between time and DNA synthesis. The measurements were performed for
two incubation times, 3 and 6 min. K(DNA) was measured using a gel mobility shift assay and a 68-mer hairpin oligonucleotide 32P-radiola-
belled at its 5¢ end [35]. The binding assay was carried out at 4°C for 15 min in a buffer containing 10 mM Tris-HCl pH 7.5, 10% glycerol
and 0.05% poly(ethylene glycol) p-isooctylphenyl ether, in the absence of magnesium and in the presence of excess purified Mip1p and
increasing concentrations of the hairpin substrate (from 0.02 nM to 1 nM). Before loading the samples onto an 8% polyacrylamide gel and
running electrophoresis for 3 h at 4°C in a buffer containing 7.5 mM Tris-borate, 0.1 mM EDTA and 5 mM dithiothreitol, a 1-h pre-elec-
trophoresis was carried out. Processivity was estimated as the ratio of full-length single-stranded DNA to total DNA synthesis and nor-
malized to wild-type [24].



cludes maintenance of the mitochondrial genome. This
suggests that excess mtDNA errors cannot be tolerated
below a certain threshold in mtDNA synthesis activity. As
discussed below, mtDNA synthesis might be a limiting
factor in mismatch repair. 
Depletion of mtDNA might also be the cause for the in-
creased accumulation of point mutations in human im-
munodeficiency virus (HIV)-infected patients treated
with nucleoside analogues [36]. In these patients the nu-
cleoside analogues constitute a severe block to mtDNA
replication, as a result of  their efficient incorporation by
Pol g into the nascent DNA chain and their poor excision
by the proofreading activity [37].
Tyr757 Mip1p (fig. 1A) is a conserved residue in the Pol
A and Pol g families [13]. The three-dimensional struc-
ture of T7 DNA polymerase localizes the equivalent tyro-
sine residue in helix O (Tyr766 in Escherichia coli PolI),
in close proximity to the incoming dNTP [38]. Y766S and
Y766A PolI mutations increase the Km for dNTPs and are
associated with a mutator phenotype due to decreased se-
lectivity for dNTP [39, 40]. Y757F and Y757S mip1
genes were constructed by site-directed mutagenesis and
introduced into yeast [35]. The apparent Km for dNTPs is
increased in the purified Y757F enzyme, specially for
pyrimidine bases, with an 8-fold increase for dCTP and a
6-fold increase for dTTP [35] (table 3). The Y757F mip1
mutant has a mild phenotype in vivo. The stability of the
mitochondrial genome is not affected; however, a 4–5-
fold increase in the frequency of ER mutation accumula-
tion is observed [F. Foury, unpublished observations]. In
contrast, like the E. coliY766S mutation, the Y757S mip1
mutation is severe, with total loss of mtDNA [35]. Tyr757
is a residue of special interest. The modification of the
human equivalent Tyr955 into a cysteine residue is a
cause of dominant PEO [31]. The effects of the Y955C
mutation have been characterized in vitro using recombi-
nant purified Pol g reconstituted with the p55 accessory
subunit [41]. Though little effect is observed when the
mutation is alone, the Y955C mutation in an exonuclease-
deficient context results in a 45-fold decrease in the ap-
parent binding affinity for the incoming dNTP, and a
10–100-fold increase in mismatches on primed single-
stranded DNA. There is no evidence for increased fre-
quency of point mtDNA mutations in PEO patients bear-
ing an Y955C allele [32], an observation consistent with
the small 2-fold increase in the in vitro mutation rate with
proofreading-proficient Y955C Pol g [41].

Mitochondrial mismatch repair

Twenty-five years ago, the first mtDNA mutators were
isolated in yeast by two groups [42, 43]. Many years later,
we found that our mutators mapped to two loci, MIP1 and
MSH1. The MSH1 gene has been isolated by Kolodner

and co-workers based on homology to the E. coli mis-
match repair MutS gene [44]. MSH1 encodes a mito-
chondrial protein which binds DNA and has an ATPase
(dATPase) activity [45, 46]. The ATPase activity is stim-
ulated by homoduplexes; however, Msh1p preferentially
binds heteroduplexes, and there is an inverse correlation
between ATPase activity and DNA affinity. It is believed
that binding to mismatches is associated with a confor-
mational change which attenuates the ATPase activity by
decreasing the Vmax. In contrast, ATP increases the speci-
ficity for the mismatch. Msh1p has the highest affinity
for G:T and A:C mispairs, followed by G:G and A:A mi-
spairs, and has very little affinity for the C:C mispair
(table 1). The affinity depends, however, on the sequence
context. Interestingly, the G:T and A:C mispairs, which
are those preferentially extended by Mip1p, are also those
which are best recognized by Msh1p, suggesting that they
are efficiently corrected.
The deletion of the MSH1 gene leads to high instability of
the mtDNA, resulting in the loss of the mitochondrial
genome after 20 generations [44, 47]. It has, however,
been possible to isolate msh1 mutants with high mutator
activity (up to 100–500-fold increase of ER mutations
compared to wild-type) and which nevertheless maintain
some mitochondrial DNA under selective pressure for
respiration [24]. Diploid strains heterozygous for the
msh1 deletion show a 7-fold increase in the frequency of
point mutations, indicating that Msh1p is a limiting fac-
tor for repair of mtDNA. Together, these data show that
Msh1p plays an important role in the correction of DNA
replication errors. Once Msh1p has bound to the mis-
match, it is unknown by which mechanisms the mismatch
is removed. As discussed below, Pol g certainly plays an
important role in mismatch repair. Interestingly, indepen-
dent studies performed in humans and yeast [48, 49] have
identified Mlh1p as a component of the mitochondrial
proteome; moreover, yeast cells with an mlh1 deletion
have a growth defect on respiratory carbon sources. In the
nucleus, Mlh1p forms a complex with Msh2p or Pms1p,
and plays a major role in the processing of the mismatch
[50]. Whether an Mlh1p isoform localizes to mitochon-
dria requires further confirmation. 
There is no MSH1 homologue in the human genome, and
it has been proposed that the high mutation rate of human
mtDNA is due to the absence of mismatch repair. How-
ever, a mismatch-repair activity on G:T and G:G mispairs
with no strand discrimination has recently been described
in purified mitochondrial lysates shown to be devoid of
MSH2 [51]. It has been hypothesized that this activity is
involved in the repair of small mtDNA deletions at repet-
itive sequences, rather than in the correction of point mu-
tations [52]. In addition, a proteomic approach has iden-
tified MSH5 and MLH1 in mouse mitochondria while
neither MSH2 nor PMS1 were present [49], suggesting
that the mitochondrial localization of MSH5 and MLH1
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is not an artefact due to nuclear contamination. In the nu-
cleus MSH5 plays no role in mismatch correction but is
required for meiotic crossing-over [53]. 

S198L Pol gg, a supermutator in the exonuclease
domain with measurable 3¢¢ –5¢¢ exonuclease activity

The yeast S198L mutant was isolated for its extremely
high accumulation of ER mutations, up to 5000 times
higher than wild-type [27]. This phenotype is associated
with instability of the mitochondrial genome, especially
at high temperature. Ser198 is a conserved residue in Pol
g located slightly downstream of the Exo1 site (fig. 1A),
in a region exposed to the surface of the protein corre-
sponding to a loop between b-sheet 4 and helix B in the
three-dimensional structure of the 3¢–5¢ exonucleolytic
domain [16]. The biochemical properties of the S198L
mutant are quite different from those of the other Exo–

mutants. Despite giving a strong mutator phenotype in
vivo, S198L Pol g has still ~10% of the wild-type 3¢–5¢
exonuclease activity [54]. Like wild-type, S198L Pol g
has a marked preference for mismatches and has only low
mispairing and mismatch extension properties [54]. The
S198L protein is poorly expressed and unstable, specially
at 37°C, suggesting a folding defect.
Interestingly, a large-scale screening for alleles decreasing
the mutator activity of the S198L mutant has identified the
intragenic E173K mip1 mutation localizing to the Exo1
site [54]. All tested mip1 mutations at Exo1, Exo2 and
Exo3 sites also behave as partial suppressors of the S198L
hypermutator phenotype (table 4). For instance, the muta-
tion rate of the double S198L-D171G mutant is ~10-fold
lower than that of the S198L mutant. In addition, we have
found by Western blot analysis that the amount of the

S198L-D171G Pol g in mitochondria is ~5 times higher
than that of the S198L Pol g, suggesting that the Exo– mu-
tation stabilizes the S198L protein. S198L Pol g stabiliza-
tion is not dependent on a specific Exo– mutation, but is
linked to loss of the 3¢–5¢ exonuclease activity. 

Mutational spectrum of 3¢¢ –5¢¢ exonuclease mip1 and
mismatch-repair msh1 mutants

A mutational spectrum has been determined using an in
vitro assay consisting of a single-stranded DNA fragment
of the Lacz gene copied by purified wild-type and mutant
Mip1 Pol g [55]. After DNA elongation, the gap-filled
plasmids were transformed into an E. coli mutS strain,
and colonies were screened for mutations in the Lacz
gene by a blue/colorless test. The fraction of colorless to
blue colonies was ~5 times higher for 3¢–5¢ exonuclease
deficient Mip1p than for wild-type [54]. Transitions were
two times more frequent than transversions both for wild-
type and mutant Mip1p. Two mutational hot spots were
observed. One is a sequence containing a stretch of five
contiguous C and three T and accounts for the high fre-
quency of transitions (C to T), as well as deletions and ad-
ditions (fig. 2). All substitutions are C to T transitions ex-
cept one G to C transversion. In contrast to transitions,
transversions are scattered along the sequence. In view of
the small number of DNA samples sequenced (~15 for
each Mip1p), it could not be assessed whether the muta-
tion spectrum is different in wild-type and mutant Mip1p.
The type of substitutions suggests that Mip1p generates
in vitro a high fraction of transitions at repetitive pyrimi-
dine stretches as a result of transient misalignments. Sim-
ilar substitutions by transient misalignment have been ob-
served for mammalian Pol g [53].
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Figure 2. Spectrum of errors generated in vitro by purified yeast Pol g in a fragment of Lacz gene. A linear sequence of the template strand
containing the two mutation hot spots is shown. The single base substitutions are shown by letters below each line and represent the changes
in the template strand. The base changes underlined represent simultaneous adjacent base substitutions in the same DNA sequence. Base
additions and deletions are indicated above the sequence by a bold letter for additions and a black triangle for deletions.



The spectrum of yeast mtDNA mutations in vivo is quite
different. We have determined the frequency of occur-
rence of several antibiotic resistant mutations [24]. Ery-
thromycin is a particular suitable marker. Resistance to
erythromycin can result from a change in the 21S riboso-
mal RNA (rRNA) gene at any of the three nucleotides
marked in bold letters (5¢AAGACGG1A2A3AGACCC).
Moreover, cellular resistance to erythromycin is similar in
wild-type and mutator strains, so that no bias should be in-
troduced in the selection of ER clones. A roughly equal
fraction of transitions and transversions was observed for
the wild-type strain, with predominance of A:T to T:A
transversions (~35%) (table 5). The frequency of A:T to
T:A transversions is dramatically enhanced in the D171G-
D230A mutant, reaching ~75% of the substitutions. In
contrast, the frequency of  A:T to G:C transitions reached
~65% in the S198L mutant. The two msh1 mutants were
also characterized by a high frequency of A:T to G:C tran-
sitions (61 and 82% for msh1-1 and msh1-2, respectively),
and a substantially decreased frequency of A:T to T:A
transversions (12%). The fraction of A:T to C:G transver-
sions was similar in all strains. The mutational spectrum
of substitutions giving rise to oligomycin-resistant mu-
tants at the atp9 locus has also been analysed. The large
majority of the mutations conferring oligomycin resis-
tance are A:T to T:A transversions in all wild-type and
mutant strains, with, however, a lower frequency for
S198L mip1 and msh1 mutants [24]. Similarly, data re-
ported in the literature show that the majority of the cy-
tochrome b gene mutations are A:T to T:A transversions. 
The extremely high frequency of A:T to T:A transver-
sions in the exonucleolytic proofreading-deficient mu-
tants indicates that in the absence of editing there is no
system correcting the A:A (or T:T) mispairs that have
been extended by Pol g. The similarity of the mutation
spectra for msh1 and S198L mip1 mutants suggests that
the S198L mutant is defective in the correction of transi-

tions as are msh1 mutants. We propose that in addition to
partial deficiency in proofreading S198L is defective in
mismatch repair as a result of low DNA polymerization
activity leading to saturation of the mismatch repair path-
way. The high frequency of A:T to T:A transversions sug-
gests that A:A and T:T mispairs are poorly recognized by
Msh1p in vivo, while the G:T and C:A mispairs, which
are the most frequently extended mispairs by Pol g, are ef-
ficiently removed by the MSH1-dependent pathway. It is
unlikely that A:T to T:A transversions result from mis-
alignments by Pol g, since it has been observed that
poly(AT) sequences introduced into an artificially engi-
neered arg8 gene targeted to mtDNA are particularly sta-
ble [56]. Poly(GT) is much less stable with frequent two-
base frameshifts [56, 57], and it has been shown that in
msh1 mutant strains, instability is 35-fold increased in
heterozygous diploids, suggesting a role for mismatch re-
pair in poly(GT) stability. However, the biological signif-
icance of this finding may be limited, since GT tracts are
not common in yeast mtDNA. 
Proofreading and mismatch repair play a major role in
faithful maintenance of the yeast mitochondrial genome.
The combination of specific proofreading and mismatch-
repair deficient mutations that are not severe alone results
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Table 4. Mutator properties of S198L mutation and suppression by
Exo– mutants.

Strain ER

Wild-type 1
S198L ~5000
E173K ~100
D171G ~100
L175F ~25
D230A ~200
D347A ~100
E173K–S198L ~400
D171G–S198L ~650
L175F–S198L ~2000
D230A–S198L ~450
D347A–S198L ~500

The relative frequency of ER mutations is normalized to wild-type
strain [24, 54].

Table 5. Mutational spectra of mutator strains at the ER locus.

Strain Substitution G1 A2 A3

Wild-type A 8
G 8
T 1 13
C 4

Transitions (% total) 47

D171G-D230A A
G 2
T 11
C 2

Transitions (% total) 27

S198L A 6
G 8 1
T 5
C 3

Transitions (% total) 65

msh1-1 A
G 11
T 2
C 3 2

Transitions (% total) 65

msh1-2 A
G 14 1
T 2
C 1

Transitions (% total) 83



in rapid loss of the mitochondrial genome [24]. This error
catastrophe shows that mismatch repair and proofreading
act synergistically and have overlapping functions.
The mutation spectrum in humans is radically different.
Substitutions are mostly A:G to C:T transitions both in
the numerous mtDNA variants of the human population
and in the mtDNA of mutator transgenic cell lines devoid
of proofreading activity [28]. The current hypothesis is
that no classical mismatch repair exists in human mito-
chondria that would correct the G:T mispair commonly
produced by DNA polymerases.

Oxidative damage to mitochondrial DNA and
mutagenesis

Oxidation of purine/pyrimidine bases and generation of
abasic sites (AP) are major sources of lesions in the DNA
[58]. These lesions constitute blocks to DNA replication,
and their occasional bypass can be mutagenic. It has been
calculated that 10,000 AP sites are produced per day and
per nuclear genome in HeLa cells. Oxidative damage is
so important that cells have evolved many overlapping
specialized repair systems to eliminate the damage. A
ubiquitous error-free repair system is base excision repair
(BER) [59]. This system is mainly composed of DNA
glycosylases that recognize and excise the modified
bases, leaving AP sites. AP sites are removed by conju-
gated actions of specific endonucleases which incise on
the 5¢ side of the AP site, leaving a free 3¢OH terminus for
extension by DNA polymerase, and AP lyases which in-
cise the DNA strand on the 3¢ side of the AP site. The gap
is filled up and closed by a DNA polymerase and a ligase.
A particularly debated and poorly understood aspect in
mtDNA mutagenesis is the contribution of oxidative
damage to the accumulation of point mutations. The mi-
tochondrial DNA is particularly exposed to ROS (H2O2,
O2

– •, OH•), which can be generated by incomplete reduc-
tion of oxygen during respiration. These ROS may gener-
ate several types of DNA lesions, including abasic sites
and oxidized bases. However, reliable quantification of
the mtDNA oxidative damage is difficult because base
oxidation is readily produced during the isolation proce-
dure of  mtDNA, and indeed, the levels of oxidative dam-
age in mtDNA vary considerably from one publication to
another (see [60]). Even in the case of mtDNA, which is
a multi-copy system, the inexistence of AP repair mecha-
nisms could not be tolerated. BER is active in yeast mito-
chondria [3, 61]. Ogg1p, Ntg1p and Ung1p are DNA gly-
cosylases localizing to both nucleus and mitochondria
[62–65]. OGG1, cloned and sequenced first in Saccha-
romyces cerevisiae, encodes a DNA glycosylase remov-
ing 7,8-dihydro-8-oxyguanine (8-oxoG) paired with cy-
tosine [62]. If 8-oxoG is not removed, this base can mis-
pair with adenine during DNA replication, leading to

increased frequency of G:C to T:A transversions. Ntg1p
recognizes oxidized pyrimidine bases such as thymine
glycol [63, 64]. Ung1p [65] removes uracil that has been
produced by cytosine deamination or incorporated in-
stead of thymidine. Ogg1p and Ntg1p have an associated
AP lyase activity. Apn1p [66] is the major yeast AP en-
donuclease in the nucleus, but can be transported into mi-
tochondria after physical interaction with Pir1p [67].
Pir1p probably masks the nuclear signal present in the C-
terminal part of Apn1p. Apn1p incises DNA on the 5¢ site
of the AP site and also endows a 3¢-phosphodiesterase ac-
tivity removing the 3¢-blocking groups generated by the
AP lyase activity. The phenotype resulting from the dele-
tion of these genes seems rather mild [59–65]. There is
only a modest increase in mitochondrial petite frequency
in ogg1 and ung1 deleted strains [68, 69], with no sub-
stantial increase in point mtDNA mutations (ER). How-
ever, it has recently been reported that an ogg1 deletion
results in a 10-fold increase of mitochondrial OR mutants
as a result of an increased rate of G:C to T:A transver-
sions [70]. This mutator effect is overcome upon overex-
pression of Msh1p, indicating that Msh1p might play a
role in repair of oxidative damage [70]. The rather mild
effects produced by BER gene deletions suggest that sev-
eral repair mechanisms overlap, and it would be of inter-
est to construct multiple deletion strains. In this respect, a
remarkable synergetically deleterious effect on mtDNA
stability has been observed in a strain deleted for both
NTG1 and PIF1 [71]. PIF1 encodes a DNA helicase [72]
that plays a role in recombination and replication in mi-
tochondria and telomere stability in the nucleus. A
deleted pif1 strain exhibits an increased load of ER point
mutations [71] that are mainly transitions [F. Foury, un-
published observations]. In conclusion, there is no clearly
established relationship between oxidative damage to
yeast mtDNA and increased frequency of spontaneous
point mutations. However, our knowledge of the mecha-
nisms involved in base damage, removal and fixation of
the pre-mutagenic events in mitochondria is so limited
that any conclusion is premature.
Human cells also possess genes that encode nuclear and
mitochondrial forms of Ogg1, Ung1 and Ntg1 (called
Nth1) [73, 74] (table 6). OGG1–/– null mice have been
generated. They are viable and healthy, though they ex-
hibit increased levels of 8-oxoG in their mitochondria
[75]. There are probably more proteins involved in pro-
tection of mtDNA against oxidative damage in human
than in yeast mitochondria. For instance, a homologue of
E. coli MutY which has DNA glycosylase activity re-
moving adenine mispaired with G, C and 8-oxoG [76] has
a dual nuclear and mitochondrial localization in humans
and is not present in S. cerevisiae. Moreover, Tgg1 is a
new thymine glycol glycosylase activity in human mito-
chondria [77]. Human mitochondria also contain a bacte-
rial MutT homologue (MTH1) absent from yeast, that de-
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grades 8-oxo-dGTP [78]. In contrast to yeast Apn1, Ape1,
the major AP endonuclease in humans, has no mitochon-
drial localization [74]. Therefore, human and yeast mito-
chondria share many enzymes involved in BER, though
there are probably more repair enzymes in human mito-
chondria.
In vitro assays have shown that AP sites constitute an ef-
fective barrier to DNA synthesis by Xenopus laevis Pol g
[79]. In rare cases of translesional synthesis, dAMP is in-
corporated opposite the abasic site and is mutagenic. It
has also been shown that nucleoside derivatives of
benzo[a]pyrene are poorly elongated by human Pol g in
vitro and cause erroneous purine incorporation during
translesion synthesis [80]. In contrast, Pol g readily elon-
gates 8oxo-dG, and it has been estimated that X. laevis
Pol g incorporates the correct dCMP opposite oxo-dG
73% of the time and misincorporates dAMP in 23% of
cases [79]. Therefore, depending on the lesion there is a
block in DNA synthesis or a pre-mutagenic event. How-
ever, whether oxidative damage is a source of accumula-
tion of point mutations in the mtDNA is still a matter of
speculation.

Yeast, a model organism for mtDNA mutagenesis in
humans?

Though yeast is generally considered as a classical model
organism for humans, the validity of this model for the
study of the faithful maintenance of the mitochondrial
genome may be questionable. This review has underlined
the deep differences in organization of the yeast and hu-
man mitochondrial genomes and their response to muta-
genic events. However, we have also shown that the two
organelles share a number of basic enzymes involved in
mtDNA replication and repair. 
What is perhaps most important is that the yeast model has
given a great impetus to the studies performed in humans.
The gene encoding the catalytic subunit of the mitochon-
drial DNA polymerase was cloned and sequenced in yeast
7 years before publication of the sequence of the animal
orthologues. The demonstration that the 3¢–5¢ exonucle-
ase proofreading domain of Pol g plays an important role
in the fidelity of mtDNA replication was brought by stud-

ies in yeast with a panoply of mutator proofreading-defi-
cient mutants. These data have encouraged scientists to
produce mtDNA mutator human cell lines and mice. The
knockin mutator mice created by Larsson and co-workers
[29] have provided for the first time strong evidence that
accumulation of somatic mtDNA mutations plays a role in
ageing. The whole process is probably mediated through a
cascade of events including apoptosis.With regards to the
mitochondrial theory of ageing, it will be crucial to deter-
mine whether ROS are directly involved. These mutators
should also be of particular importance to explore the
mechanisms by which mtDNA mutations are fixed in hu-
man mitochondrial diseases [81]. There is now evidence
for an increased accumulation of mtDNA point mutations
in specific tumours [82, 83] and HIV-infected patients
treated with nucleoside-analogue reverse-transcriptase in-
hibitors [36]. Moreover, in several patients with PEO, the
3¢–5¢ exonuclease domain of Pol g contains mutations
which are associated with an increased load of mtDNA
mutations [32]. A very recent report has also shown that in
the muscle of PEO patients with mutations in the mito-
chondrial helicase Twinkle or Pol g, there is an age-de-
pendent enhanced accumulation of point mutations in the
control region of the mtDNA [84]. Yeast is a particularly
powerful tool to search for suppressors of any genetic de-
fect. It is thus probably not utopian to believe that genes
suppressing the mutator activity of mip1 mutants in yeast
might also be present and effective in humans. 
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