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ABSTRACT

Maintenance and expression of mitochondrial DNA (mtDNA) are essential for the cell and the organ-
ism. In humans, several mutations in the adenine nucleotide translocase gene ANTI are associated with
multiple mtDNA deletions and autosomal dominant forms of progressive external ophthalmoplegia
(adPEO). The mechanisms underlying the mtDNA instability are still obscure. A current hypothesis proposes
that these pathogenic mutations primarily uncouple the mitochondrial inner membrane, which secondarily
causes mtDNA instability. Here we show that the three adPEO-associated mutations equivalent to A114P,
L98P, and V289M introduced into the Podospora anserina ANTI ortholog dominantly cause severe growth
defects, decreased reactive oxygen species production (ROS), decreased mitochondrial inner membrane
potential (A), and accumulation of large-scale mtDNA deletions leading to premature death. Interestingly,
we show that, at least for the adPEO-type M106P and A121P mutant alleles, the associated mtDNA instability
cannot be attributed only to a reduced membrane potential or to an increased ROS level since it can be
suppressed without restoration of the Ay or modification of the ROS production. Suppression of mtDNA
instability due to the M106P and A121P mutations was obtained by an allele of the rmpl gene involved in
nucleo-mitochondrial cross- talk and also by an allele of the ASI gene encoding a cytosolic ribosomal protein.
In contrast, the mtDNA instability caused by the S296M mutation was not suppressed by these alleles.

HE maintenance and expression of mitochondrial
DNA (mtDNA) depend on many nuclear-encoded
gene products. Recent studies have shown that defects
in this maintenance can have devastating consequences
for the cell and the organism. In humans, these defects
are an important cause of neurological diseases includ-
ing autosomal dominant (or recessive) progressive ex-
ternal ophthalmoplegia (adPEO) (CHINNERY 2003;
CoreLAND 2008). These disorders are characterized by
multiple large-scale deletions of mtDNA. Three differ-
ent genes that can cause PEO with multiple mtDNA
deletions have been identified: the mtDNA polymerase
(POLG), the heart/muscle isoform of the adenine nu-
cleotide translocator (ANT1), and the mitochondrial
DNA helicase, Twinkle.

The adenine nucleotide translocator (ANT), also known
as the ADP/ATP mitochondrial translocator, is the most
abundant protein in the inner mitochondrial membrane
(Riccio et al. 1975; NURY et al. 2006; KLINGENBERG
2008). It exports ATP produced by mitochondrial oxi-
dative phosphorylation toward the cytosol to meet the
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energy requirements of the cell; in exchange, it trans-
ports ADP into the mitochondrial matrix to fuel the
conversion of ADP to ATP by the F{F5-ATP synthase. In
humans, four isoforms of the ANT protein exist, and
they are differently expressed in a tissue-specific man-
ner (STEPIEN et al. 1992; Parmiert 2004; DoOLCE et al.
2005). The human ANT1 isoform is predominantly ex-
pressed in skeletal and cardiac muscle, and specific
ANTI1 mutations are associated with adPEO character-
ized by mtDNA instability (KAUKONEN et al. 1999,
2000; NapoLI et al. 2001; KoMAKI et al. 2002; SICILIANO
et al. 2003). In mice, Antl knockout induces mitochon-
drial myopathy (GRAHAM et al. 1997), increased HoOo
production, and mtDNA damage and inhibits oxida-
tive phosphorylation (EsposiTo et al. 1999). Some of
these mutations were introduced in the AAC2 gene of
Saccharomyces cerevisiae that encodes the major ADP/ATP
mitochondrial translocator isoform in this organism.
Numerous and sometimes contradictory effects have been
reported depending in particular on the yeast labora-
tory strains examined (KAUKONEN et al 2000; CHEN
2002, 2004; FONTANEST et al. 2004; PALMIERI et al. 2005;
WANG et al. 2008Db).

In an attempt to better understand how these muta-
tions affect mitochondrial DNA stability and their func-
tional consequences on mitochondrial metabolism, we
decided to introduce them in the unique ADP/ATP
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translocator gene of Podospora anserina, PaAnt. Like S.
cerevisiae, the filamentous fungus P. anserina is an ex-
cellent system for genetic and molecular analyses. In
contrast to S. cerevisiae, it is a strict multicellular aerobe
that can display heteroplasmic states in which intact
and rearranged mitochondrial genomes coexist. In this
organism, life span is a reflection of mtDNA stability,
and death is always associated with large mtDNA re-
arrangements. “Natural death” or aging is accompanied
by large-scale reorganizations of the mtDNA whereas
a nuclear-controlled premature death syndrome is ac-
companied by the accumulation of site-specific mtDNA
deletions (BELCOUR et al. 1999; SiLAR et al. 2001 for
reviews). P. anserina therefore occupies an interesting
position among model systems for studying the cellular
consequences of mutations in the ADP/ATP translocase
gene.

We show here that the mutations M106P, A121P, and
S296M, equivalent to the L98P, A114P (familial), and
V289M (sporadic) human mutations, severely impair
the vegetative and sexual development of the fungus
and are responsible for decreased ROS production
and for decreased inner membrane potential (Ad).
The severity of the phenotypes differs according to the
mutation. The three mutations show mtDNA instability,
which leads to premature death. All these mutated traits
are dominant. Interestingly, the mtDNA instability asso-
ciated with the M106P and A121P mutations depends
on the rmpl gene. This gene exists under two naturally
occurring alleles, rmpl-1 and rmpl-2, which control
mtDNA integrity in some genetic contexts (BELCOUR
et al. 1991; CONTAMINE et al. 1996, 2004). When asso-
ciated with the rmpl-I allele, the M106P and AI21P
mutations lead to rapid mtDNA instability whereas, in
the presence of the rmpl-2 allele, mtDNA instability
is suppressed, and life span is considerably increased.
Surprisingly, suppression is not accompanied by a re-
storation of the A{s or a modification in the ROS level,
demonstrating that these parameters are not sufficient
to explain the M106P and Al121P mtDNA instability.
Mitochondrial DNA instability due to the M106P and
Al121P mutations is also suppressed by a mutation in the
ASIgene encoding aribosomal protein. The suppressor
effects are not observed for the S296M mutation.

MATERIALS AND METHODS

P. anserina strains, growth conditions, life-span measure-
ments, and transformation experiments: The genetics and
biological properties of P. anserina have been described and
reviewed (Esser 1974). Strains used in this study were derived
from the swild-type strain (R1zET 1952). The aox::hygro (Aaox)
strain is inactivated for the endogenous aox gene (LORIN et al.
2001). The wild-type strain carrying an ectopic copy of the
rmpl-1 allele associated with a hygromycin-resistance cassette
was described previously (CONTAMINE et al. 2004). The ASI4
mutation was selected as an informational antisuppressor.
Cultures were grown on standard minimal synthetic (M2)

medium (Esser 1974) at 27°. When necessary, hygromycin
100 pg/ml (Boehringer-Mannheim), phleomycin 10 pg/ml
(Boehringer-Mannheim), or nourseothricin 50 pg/ml (Werner
BioAgents) were added to the medium. Medium for germina-
tion contains ground cornmeal (50 g/liter), agar (12.5 g/liter),
and ammonium acetate (6 g/liter).

Life spans were measured on M2 medium in race tubes at
27° in the dark for three to five subcultures derived from 5 to
10 independent spores of a given strain. The life span of a
strain is defined as the mean time (given with standard errors)
of the growth of parallel cultures between the inoculation and
the death of the culture. Protoplast preparation and trans-
formation experiments were conducted as described previously
(BERGES and BARREAU 1989; E1-KHOURY et al. 2008).

Site-directed mutagenesis and gene replacement: The
PaAnt" gene was cloned in pUCI9 and then digested with
Smal to give a 4.2-kb Smal restriction fragment, which was then
introduced into the plasmid pAPI508, conferring resistance
to nourseothricin to give pAPI-PaAnt” (EL-KHOURY et al.
2008), and into pBCHygro, conferring resistance to hygrom-
ycin (S1Lar 1995) to give pBC-PaAnt". pAPI-PaAnt" was then
used as a template for mutagenesis of the PaAnt" gene by the
QuikChange site-directed mutagenesis kit (Stratagene). The
list of base changes and corresponding modified primers
used to generate them is given in the supporting information,
Table S1. After mutagenesis, the different constructs were
sequenced to verify the presence of the correct base change.
The resulting plasmids were used to replace the endogenous
PaAnt" as described previously (EL-KHOURY et al. 2008). The
pBC-PaAnt" plasmid was used to introduce by transformation
an ectopic PaAnt" copy into the wild- type strain to obtain the
PaAnt" (PaAnt") strain.

To delete the PaAnt" gene, targeting fragments of 1.3 kb
(5") and 1.1 kb (3') flanking the PaAnt gene were prepared
by PCR on genomic DNA using the primer pairs E-5'-UTR
(5"-TCGAATTGGAGTTGGGAAAG-3') and S-5'-UTR (5'-GTC
AGCCACAGCAAGATGAA-3") and N-3'-UTR (5'-GGATCAGA
GGCTTCATCGTC-3’) and S-3"-UTR (5-TGACAACCCAGGT
TCTTTGA-3"), respectively. The two fragments bear FcoRI-
Spel and Notl-Spel restriction sites and were introduced se-
quentially into the corresponding sites of the polylinker of
plasmid pPable that contains a phleomycin- resistance cassette
(CoppiN and DesucHY 2000). The resulting vector, pPable-
APaAnt*, was digested by Spel, and ~10 pg of linear plasmid
was used to transform the PaAnt"™ (PaAnt") strain. The dele-
tion of the endogenous PaAnt" gene was verified by PCR and
Southern blot.

Mitochondrial DNA analysis: The mtDNA of the different
growing or dying cultures was extracted by minipreparation
(LECELLIER and SiLAR 1994). The probes used in this study
were EcolV, Ecol, and 2604 ( described previously by BEGEL et al.
1999); they cover ~80% of the mitochondrial genome.

Western blot: Mitochondria were isolated as previously
described (SELLEM et al. 2007). Thirty micrograms of mito-
chondrial protein were fractionated by SDS-PAGE and trans-
ferred to a nitrocellulose membrane. Immunochemistry was
performed with an anti-Aac2 monoclonal antibody generated
against the Aac2 protein of S. cerevisiae. This antibody, kindly
donated by E. Kunji, was raised against the Aac2 conserved
motif SYPLDTVRRRMMMT (BAMBER et al. 2007). In addition,
blots were reprobed with an anti-BATPase antibody (a gift from
J. Velours) as a standardization control. The bound antibodies
were detected using an enhanced chemiluminescence de-
tection system (Pierce Supersignal West picochemilumines-
cent substrate).

Quantitative RT-PCR: Total RNA was extracted using the
RNeasy plant mini kit (Qiagen) from cultures grown for 48 hr
on cellophane disks overlying M2 medium. The mycelium was
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broken with glass beads in a Fastprep apparatus (40 sec,
intensity 6.5). For quantitative RT-PCR (qRT-PCR), cDNA
was synthesized with SuperScript II reverse trancriptase (In-
vitrogen) from 2 pg of RNA, using a T;5 primer. Subsequent
quantitative real-time PCRs were performed in a Lightcycler
(Roche), using the LightCycler FastStart DNAMaster SYBR
Green I kit (Roche). At least three independent experiments
were performed on one to three different RNA preparations
for each strain. Primers QAOX4-F (5'-TGATCTCGCCACG
AATTACA-3") and QAOX4-R (5'-TATAGGTGTGGACCGCT
TCC-3") were used for the aox gene.

Mitochondrial morphology: The wild type, PaAnt*'*",
PaAnt*?r, and PaAnt**M strains were crossed with a strain
that carries the pAPI213 transgene consisting of the mito-
chondrial targeting sequence of the Neurospora crassa atp9gene
cloned in frame with the enhanced green fluorescent protein
(EGFP) sequence and a hygromycin- resistance cassette
(SELLEM et al. 2007) Wild-type and mutant strains expressing
this transgene were obtained. They were grown on thin synthetic
solid medium for 12-24 hr. The area of medium containing the
mycelium was cut out and transferred onto a microscopic slide.
Fluorescence was observed with a Zeiss Axioplan 2 upright
microscope equipped with a photometrics CoolSnap HQ
(Roper Scientific) camera and Metamorph software.

Respiration analysis: The rate of respiration was estimated
in vivoin an oxytherm chamber with a Clark-type O electrode
(Hansatech), using mycelia grown on cellophane disks over-
lying M2 medium for 48 hr or using protoplast suspensions
(3.107 protoplasts/ml in 0.6 M sucrose). Cyanide (KCN, 1 mm)
was added to inhibit the cytochrome pathway.

Flow cytometry, ROS, and mitochondrial membrane
potential (As) measurements: ROS elimination was mea-
sured by the production of dichlorofluorescin (DCF) resulting
from the oxidation of the diacetate form (HsDCF-DA). For
each strain, 10”7 protoplasts were incubated in HoDCF-DA
(80 pm in 0.4 m sucrose/50 mMm phosphate buffer, pH 6), and
measurements of the fluorescent DCF were performed after
90 min. The cytometric measurements were performed in a
Partec PAS-III flow cytofluometer. Mitochondrial membrane
potential (A) was measured by incubating protoplasts
(10°/ml) in 0.1 um of 3,3'-dihexyloxacarbocyanine iodide
[DiOC4(3)] (Sigma Aldrich) for 30 min at 25°. Protoplasts
were centrifuged to remove the excess fluorochrome and re-
suspended in fresh medium before analysis. Control samples
were prepared with 17 pwm final carbamoyl cyanide m-chlor-
ophenylhydrazone (mCICCP), an ionophore that dissipates the
mitochondrial membrane potential. This drug was added to
the protoplasts 15 min before DiOCg(3). Fluorescence of the
DiOC(3) was measured in a Partec PAS-III flow cytofluometer.

Nonyl-acridine orange, MitoFluor Green, and MitoTracker
Green were notsuitable for the quantification of mitochondria
because we observed that their accumulation in the mitochon-
dria is dependent on the membrane potential in P. anserina
(data not shown); therefore, the fluorescence values of
DiOCg(8) were normalized using the quantity of mitochon-
drial protein determined by the Bradford method (Bio-Rad).

RESULTS

The genome of P. anserina encodes a unique PaAnt
gene whose deletion is lethal: Taking advantage of the
recently sequenced genome of P. anserina (ESPAGNE
et al. 2008), we identified a unique gene (PaAnt) en-
coding a homolog of the human ANT1 protein. The
315-amino-acid protein deduced from the PaAnt se-
quence shares 71.3%, 47.3%, and 48.3% identity with

Aac2, ADT1, and hANT]1 proteins from S. cerevisiae, Bos
taurus, and Homo Sapiens, respectively (Figure S1). The
PaAnt gene was cloned and modified as described in
MATERIALS AND METHODS. It was first deleted in a strain
bearing an ectopic copy (PaAnt"-Hygro) of the wild-type
gene. The primary transformants PaAnt::Phleo (PaAnt" -
Hygro) were crossed with a wild-type strain. The analysis
of >50 asci clearly revealed that all the homocaryotic
spores resistant to phleomycin and sensitive to hygrom-
ycin were unable to germinate, indicating that the
PaAnt::Phleo genotype is viable only when the ectopic
transgene is present. This allows us to conclude that the
inactivation of the PaAnt gene is lethal for P. anserina
and to confirm that no functionally redundant gene is
present in the genome.

PaAnt alleles equivalent to hRANTI mutants responsi-
ble for adPEO cause pleiotropic somatic and sexual
defects: To mimic the LI8P, A114P, and V289M human
mutations responsible for adPEO, the corresponding
Metl06, Alal21, and Ser296 codons of the P. anserina
ANT protein were changed to proline, proline and
methionine codons, respectively (Figure S1). The three
mutant alleles PaAnt"?", PaAnt*"?", and PaAnt *** were
introduced site specifically in place of the endogenous
wild-type gene as previously described (EL-KHOURY et al.
2008). The recipient strain used for the transformation-
mediated gene replacement carried an ectopic wild-type
allele. The primary transformants were crossed with wild
type. Monocaryotic spores bearing a mutated allele
(determined by resistance to nourseothricin) without
the ectopic PaAnt" allele (determined by the hygrom-
ycin sensitivity) were obtained for the three mutations,
revealing that none of them is lethal. Thus, we obtained
PaAnt*" PaAnt*?"", and PaAnt%*°*™ strains in which the
mutated allele is subject to the normal regulatory con-
trol of the PaAnt gene. The three mutant strains dis-
played drastic phenotypic alterations. They showed a
delayed and reduced rate of germination, a slow vege-
tative growth rate (Table 1A), a heterogeneous mycelial
aspect with very pigmented sectors devoid of aerial
hyphea (Figure 1), female sterility, and reduced male
fertility (data not shown).

The three PaAnt mutations cause a strong decrease
of mtDNA stability and life span, which are suppressed
for M106P and Al121P but not S296M by the rmpl-2
allele: The three hANTI mutations leading to PEO dis-
ease are associated with multiple deletions of the mito-
chondrial genome in skeletal muscle. In P. anserina,
life span is an indicator of mtDNA stability. Life span
and death-associated mtDNA instability were therefore
analyzed in the three strains PaAnt*'*", PaAnt**'", and
PaAnt™*™. Surprisingly, as shown in Table 1A, except
for the PaAnt**** mutant that showed a premature
death phenotype whatever the mating type (~5- 6 days
compared to 18 days for the wild-type strain), the life
span of the PaAnt"'”" and PaAnt*”’" mutants was se-
verely reduced (~2 fold) or greatly increased (>10- fold)
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TABLE 1

Growth rate and life span of strains carrying different
PaAnt mutant alleles

Growth rate

(mm/day Life span

Strain * SE) (days = SE)
A

PaAnt*, rmp1-2 mat+ 6.5 +02 182 =* 1.2
PaAnt*, rmpl-1 mat— 6.7*+01 177 =038
PaAnt™"", rmpl-2 mat+ 4*02 >180
PaAnt™, rmp1-1 mat— 3.6 = 04 94 = 2.1
PaAnt*"?", rmp1-2 mat+ 5.2 = 0.1 >180
PaAnt*"?"", rmp1-1 mat— 49 £ 04 94 * 1.1
PaAnt*™, ymp1-2 mat+ 42 + 04 56 =1
PaAnt¥™, ympl-1 mat— 45 *+ 0.7 58 = 0.7
B

PaAnt™"", ympl-2 mat+ (rmpl-1) ND 92 *+ 14
PaAnt*?", rmp1-2 mat+ (rmpl-1) ND 9+*2
C

PaAnt™'*" (PaAnt") rmp1-2 mat+ 4.7 * 0.6 >180
PaAnt™"" (PaAnt™) rmpl-1 mat— 4.7 = 0.2 11.3 £ 0.9
PaAnt*"?"" (PaAnt") rmpl-2 mat+ 5.3 = 0.1 >180
PaAnt*"?"" (PaAnt™) rmpl-1 mat— 4.5 = 0.1 114 + 0.8
PaAnt*™ (PaAnt*) rmpl-2 mat+ 4+ 05 51 * 1.3
PaAnt?>*™ (PaAnt") rmpl-1 mat— 3.8 = 0.2 52 * 1.2

(A) Characteristics of the homoallelic strains carrying the
wild-type or a mutant allele of PaAnt associated with rmpl-1
mat— or rmpIl-2 mat+. (B) Characteristics of the PaAnt'"
rmpl-2 mat+ and PaAnt*"”"" rmpl-2 mat+ strains carrying an
ectopic copy of the rmpl-I allele. (C) Characteristics of the
heteroallelic strains carrying a mutant allele of PaAnt and
an ectopic copy of the wild-type allele associated with rmpI-I
mat— or rmpl-2 mat+.

according to the mating type, mal— or mat+, respec-
tively. The mat— cultures displayed a reduction in life
span of ~2-fold whereas the mat+ cultures displayed an
increase in life span of >10-fold (>180 days). A gene,
rmpl, exists as two naturally occurring alleles, rmp1-1 and
rmp1-2. This gene is tightly linked to the mat locus (mat—
and mat+, respectively) and is involved in the timing of
death in a certain genetic context (CONTAMINE ¢! al.
1996). We asked whether, in the PaAnt*""?" and PaAni*'?'*
strains, the differences in life span between the two mat
locirevealed an interaction between the PaAntgene and
the mat locus or between the PaAnt gene and the rmpl
gene. To address this question, we took advantage of a
strain bearing an ectopic copy of the dominant rmpl-I
gene (CONTAMINE et al. 2004) to introduce it by
a genetic cross into the PaAnt*'*" and PaAnt*"*'"" rmp1-
2 mat+ strains. Interestingly, as shown in Table 1B, the
introduction of rmpI-1 into either PaAnt*'*" or PaAnt*"*""
rmpl-2 mat+ strains led to a premature death phenotype
similar to that observed in PaAnt*’" and PaAnt*'*'"
rmpl-1 mal— strains. This demonstrates that the timing
of death in PaAnt™" and PaAnt*"*"” mutants depends
on the presence of the rmpl-1 or the rmpl-2 allele and
not on the mating type.

Wild-type
i

PaAnihi2r PaA nrs‘zm:r

F1GURE 1.—Mycelium aspect of the wild type and the three
PaAnt mutants. Petri plates of M2 medium were inoculated
with an explant of each strain and incubated for 6 days at
27°. The wild type exhibits dense, aerial mycelium whereas
the three mutants exhibit a heterogeneous mycelium with
highly pigmented sectors devoid of aerial hyphae. The vege-
tative growth of the PaAnt**** strain stopped prematurely.
The strains presented are all rmpl-2 mat+; the equivalent
rmpl-1 mal— strains display similar phenotypes.

In P anserina, growth arrest of the wild-type strain
by aging is correlated with the accumulation of short
mtDNA sequences (senDNAs) as amplified circular
multimeric molecules. Large amounts of senDNAa« are
systematically observed in senescent wild-type cultures
(see BELCOUR et al. 1999 for review). In marked contrast
to this situation, in the dying PaAnt" rmpl-1 and
PaAnt*"?"” ymp1-1 cultures (Figure 2B), as in the dying
PaAnt?*™ ymp1-1 and rmpI-2 cultures (Figure 3), death
is not associated with the accumulation of senDNAa.
The mtDNA profile of independent PaAnt™'*" ympl-1
and PaAnt*"?"" rmpl-1 cultures revealed large-scale re-
arrangements and the loss of numerous fragments
covering ~60% of the wild-type chromosome (Figure
2B and Figure S2). These data were confirmed by the
use of different probes covering ~80% of the mito-
chondrial genome. Remarkably, some of these frag-
ments were systematically lost in independent cultures,
indicating that the deletions cover a common region of
the mitochondrial genome. However, different addi-
tional fragments presumed to result from circulariza-
tion of the deleted chromosomes were recovered in the
different dying cultures, indicating that these deletions
are not site specific and present different boundaries.
In contrast, the analysis of the mtDNA content of in-
dependent dying PaAnt***™ rmpI-1 or rmp1-2 cultures
revealed multiple rearrangements different from one
culture to another and affecting different parts of the
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PaAnt*”" mutant alleles on mtDNA.
(A) rmpl-2 mat+ strains. (B) rmpl-1
mat— strains. (Left, A and B) The ethi-
dium-bromide-stained Haell restric-
tion patterns of mtDNA extracted
from different cultures. (Right, A and
B) The corresponding Southern blots
probed with a fragment of the P. anser-
ina mitochondrial genome including
the a-region. This probe reveals four
‘ fragments indicated by solid dots on in-
tact mtDNA molecules. In senescent
wild-type cultures, it reveals a fragment
of 2.5 kb (indicated by a black double
arrowhead) corresponding to senDNA«
and a fragment of 5 kb (black arrow-
head) potentially corresponding to a di-
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mer of senDNAaw. (A) Lane 1: young wild-type rmpI-2 mat+ culture; lane 2: senescent wild-type rmp1-2 mat+ culture; lanes 3 and 4:

independent PaAnt*"*"" rmp1-2 mat+ cultures after 180 days of growth; lanes 5 and 6: independent PaAn

9Py 1-2 mat+ cultures

after 180 days of growth. (B) Lane 1": young wild-type rmp1-1 mat— culture; lane 2': senescent wild-type rmpI-1 mat— culture; lanes
3" and 4': independent dying PaAnt*"*"" rmp1-1 mat— cultures; lanes 5’ and 6': independent dying PaAnt*'” rmp1-1 mat— cultures.
Black arrows indicate fragments present in the wild-type chromosome that are absent or underrepresented in the mtDNA from
PaAnt™""" ymp1-1 mat— and PaAnt*">'" rmp1-1 mat— cultures. White arrows indicate additional fragments presumed to correspond

to deletion junctions.

mitochondrial genome (Figure 3). One interesting
outcome of the mtDNA analysis (shown in Figure 2A)
is that, whereas the PaAnt™'”” and PaAnt*’?"” mutations
are responsible for mtDNA instability in the presence of
the rmpl-1 allele as observed in adPEO patients, this
instability is suppressed in the presence of the rmpl-2
allele: the mtDNA of the long-lived PaAnt*"'" rmpl-2
mat+ and PaAnt*"*'" rmpl-2 mai+ mutants remained
stable for >180 days.

Western blot analyses were performed to determine
whether a reduced amount of mutant protein could
explain the phenotypic alterations of the mutants and
the differences of mtDNA instability between the
PaAnt**" and PaAnt*"?'" strains harboring the rmpl-1
or the rmp1-2 allele. Only PaAnt*'*" and PaAnt*"*" mu-
tants were studied because we were not able to prepare
sufficient mitochondria from the PaAn***™ mutant
due to its premature death phenotype. As shown on
Figure 4, the amount of the mutant protein is reduced
(~50% of wild type) in both the PaAnt*'’" and the
PaAnt*?'"" strain. However, no difference was observed
in either rmpl-1 or rmpl-2 strains, indicating that the
mtDNA instability is not correlated to a reduced protein
content.

Mutation in a cytosolic ribosomal protein suppresses
the premature death phenotype conferred by the muta-
tions M106P and A121P but not S296M: In S. cerevisiae,
it was recently shown that the aac2/**” mutation leads
to the formation of degenerative microcolonies whose
frequency increases with age. This degenerative cell
death is partially suppressed by reduced cytosolic pro-
tein synthesis (WANG et al. 2008a). In P. anserina, muta-
tions that affect the translation apparatus drastically
modify life span and mtDNA stability (SILAR et al. 2001).

However, the nature of the relationships between pro-
tein synthesis, aging, and associated mtDNA instability
are unclear. The most striking effect observed is that of
the ASI-4 mutation identified as affecting the fidelity
of translation (CorpIN-RAYNAL 1981). This mutation is
located in a cytosolic ribosomal protein (DEQUARD-
CHABLAT and SELLEM 1994) that, in association with
the rmpl-1 or the rmpl-2 alleles, drastically shortens or
increases life span (BELCOUR et al. 1991; CONTAMINE
et al. 1996). Interestingly, like the PaAni*”" and
PaAnt*?'" strains, dying ASI-4 cultures accumulate large

rmpl-2 mat+ rmpl-1 mat-

s g 05 : 3% 3

F £ 353 35 35 3

= = U U O U
8.6kb
4.8 kb
2.5kb

FIGURE 3.—Effects of the PaAnt*”*™ mutant allele on
mtDNA. Ethidium- bromide- stained Haelll restriction pat-
terns of mtDNA extracted from different dying PaAnt*>”"
cultures. The white arrowhead indicates the position of
senDNA«.
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FIGURE 4.—Western blot analysis of the PaANT protein.
Mitochondrial protein extracts (30 wg) from mitochondria
extracted from the wild-type, PaAnt*"*", and PaAnt*'*"" strains
(rmpI-1 mat— and rmp1-2 mat+) were separated on SDS-PAGE
and probed with a yeast Aac2 monoclonal antibody. The blot
was reprobed with an antibody directed against the B-subunit
of ATPase as loading control.

mitochondrial deletions, but these are characterized by
precise boundaries (BELCOUR ef al. 1991; SAINSARD-
CHANET et al. 1998; Figure S2). To test whether the ASI-4
mutation is able to suppress the premature death
phenotype due to the PaAnt mutations, it was associated
with the three PaAnt*", PaAnt*?'*, and PaAnt?***M
mutations by crosses. Remarkably, the premature death
phenotype and the mtDNA instability of PaAnt*'""
rmpl-1 and PaAnt*"*"" rmpl-1 were suppressed in the
presence of the ASI-4 mutation, and a synthetic pheno-
type was obtained (life span >60 days) (Table 2). In
contrast, the premature death of PaAnt*** ympl-1 and
rmpl-2 was not suppressed by ASI-4. Furthermore,
whereas the life span of the ASI-4 rmpl-2 strain was
greatly increased, that of the double mutant PaAnt***
ASI-4 rmp1-2 was very short, and the mtDNA pattern at
the time of death corresponded to multiple rearrange-
ments as in the PaAnt***" single mutant, indicating that
PaAni*Mis epistatic to the ASI-4 mutation. In the same
way, the double mutants PaAnt*'*" ASI-4 and PaAnt*'*""
ASI-4 shared the same mycelial aspect, female sterility,
and growth rate as the single PaAnt*"*” and PaAnt*"*'"
mutants (Table 2), indicating that, although ASI-4
suppresses the mtDNA instability, the translocase muta-
tions are epistatic to the ASI-4 mutation for the somatic
and sexual defects.

The mutant PaAnt alleles lead to morphological
alterations of mitochondria and reduction in respira-
tory activity, ROS production, and inner membrane
potential: The effect of the different PaAnt mutations
on mitochondrial structure and morphology was exam-
ined using a reporter system composed of the EGFP
protein to which a mitochondrial-targeting prese-
quence was added (SELLEM et al. 2007). The construct
was integrated after transformation into a wild-type
strain and transferred into the three mutants through
crosses. Whereas the wild-type strain contained long

TABLE 2

Suppression of the short-lived phenotype of PaAnt""*" rmp1-1
and PaAnt*’*'* rmpl-1 by the ASI-4 mutation

Growth rate Life span
Strain (mm/day * SE) (days * SE)
PaAnt", AS1-4, rmpl-2 mat+ 5.6 = 0.2 >100
PaAnt*, ASI-4, rmp1-1 mat— 5.5 * 0.1 ~4
PaAnt™'"", AS1-4, rmp1-2 mat+ 45 + 0.2 >60
PaAnt™'*"; AS1-4, rmp1-1 mat— 3.7 0.4 >60
PaAnt*"?"", ASI-4, rmpl-2 mat+ 44 + 0.1 >60
PaAnt*"?", ASI-4, rmpl-1 mat— 49 + 0.1 >60
PaAnt*™M, AS1-4, rmp1-2 mat+ 4.2 * 0.2 55 * 0.8
PaAnt>*™M, AS1-4, rmpl-1 mat— 39 + 0.3 6 + 0.5

filamentous mitochondria, the mitochondrial structure
of the mutants was considerably modified and frag-
mented (Figure 5). Interestingly, the mutants showed
a similar mitochondrial phenotype regardless of the
rmpl allele, life span, and mtDNA stability. The strongest
phenotype was observed in PaAnt***M, in which the
majority of mitochondria seemed to be organized in
aggregates while, in PaAnt*'*" and PaAnt*'*'"; they ap-
peared as small fragmented filaments. These results
indicate that the three PaAnt mutations affect mito-
chondrial structure and morphology.

We then tested the effects of the PaAnt mutations on
oxygen consumption, ROS production, and mitochon-
drial inner membrane potential (A{s). Only PaAnt*'*"
and PaAnt*"?"" mutants (both the long-lived rmp1-2 mat+
and the shortlived rmpl-1 mat— strains) were studied
because we were not able to prepare sufficient proto-
plasts from the PaAnt** mutant as previously men-
tioned. As shown in Table 3, the respiratory activity
of the PaAnt™”" and PaAnt*'”"" mutants, regardless of
the rmpl allele, life span, and mtDNA stability, was de-
creased by a factor of 2-3 compared to that of wild
type. Furthermore, in contrast to the wild-type strain in
which oxygen consumption is very sensitive to cyanide,
respiration was ~50% resistant to cyanide in the two
mutants. In P. anserina, resistance to cyanide has pre-
viously been reported in several respiratory mutants
partially or completely deficient for complexes III or IV
and is due to the induction of an alternative oxidase
(AOX) (Durour et al. 2000; STUMPFERL et al. 2004,
SELLEM ¢t al. 2007). Quantitative RT-PCR experiments
revealed that the amount of aox transcripts increased
~7-to 20-fold in the mutants compared to the wild type
(Table 3). The induction of the alternative oxidase and
the reduction of cellular respiration in the PaAnt*'""
and PaAnt*"?'" strains strongly suggest that these mu-
tations cause damage to the cytochrome part of the
electron transport chain. However, as the strains display
similar respiratory properties whatever their mtDNA
stability, this damage is probably independent of the
mtDNA instability.
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We then analyzed the effects of the PaAnt*'" and
PaAnt*"?"" mutations on ROS production by flow cyto-
fluometry, by incubating protoplasts with HosDCF-DA,
and by monitoring the formation of fluorescent DCF. In
both PaAnt*"*"and PaAnt*"?"” mutants, regardless of the
rmpl allele, life span, and mtDNA stability, the intensity
of fluorescence was about three fold less than in the wild
type, indicating a clear decrease in ROS production in
these mutants (Table 3). To investigate if the reduced
levels of ROS could be explained by the expression of
the alternative oxidase known to act in some situations
as an antioxidant enzyme (MAXWELL et al. 1999), the
PaAnt*" and PaAnt*"*'" mutant strains devoid of the
aox gene (obtained after crosses with the Aaox strain)
were also analyzed. As shown in Table 3, the ROS pro-
duction and respiration rate were similar in PaAnt*""
and PaAnt*””"" strains whether the aox gene was ex-

o

FIGURE b5.—Analysis of mitochondrial mor-
phology in wild type, PaAnt'"", PaAnt*"*"" and
PaAnt®*™ strains. (Right) An enlargement of a
sector of the filaments. The wild-type strain shows
snakelike mitochondria. The PaAnt™" and
PaAnt*?"” mutants show fragmented filamentous
mitochondria, and the PaAnt?**™ mutant shows
aggregated mitochondria. The represented
strains are rmpl-2 mat+. The rmp1-1 mat— strains
display similar phenotypes. Bars, 5 um.

pressed or inactivated. This result demonstrates that the
reduction of ROS production is not due to the presence
of the alternative oxidase but rather to the reduced
respiratory activity of the mutants. We also measured
the expression levels of the PaSod3 and PaSodl genes
encoding the mitochondrial and cytosolic superoxide
dismutases, respectively (BoRGHOUTS et al. 2002), by
qRT-PCR in the PaAnt’", PaAnt*"*", and wild-type
strains. These levels were not significantly different be-
tween the genotypes (data not shown), which is consis-
tent with the absence of oxidative stress in the PaAnt
mutants studied. This result is important; it indicates
that (1) the life span of the strains carrying the adPEO
alleles is not correlated to the ROS level and (2) the
mitochondrial instability of the PaAnt rmpl-1 mutant
strains is not associated with increased mitochondrial
oxidative stress.

TABLE 3

Mitochondrial characteristics of strains carrying different PaAnt mutant alleles

Respiration KCN Relative ROS Membrane

rate(nmol  inhibition abundance of production potential
Strain Oy -min™')  level (%) AOX transcripts level level (AYy)  A¢y + mCICCP
PaAnt”, rmpl-2 mat+ 259 * 3.2 83 1 93 = 6 35 £ 3 7.66 = 0.2
PaAnt", rmpl-1 mat— 22.1 = 4.1 88 1 99 = 2 33 + 28 7+ 0.2
PaAnt™""", yrmpl-2 mat+ 9.8 = 0.7 58 7.5 * 0.9 37.6 = 2 16 = 1.1 7.3 £ 0.3
PaAnt™"", ymp1-1 mat— 9.3 £22 62 23 £ 8 425 35 143+ 1.2 74+ 0.3
PaAnt*"?", rmp1-2 mat+ 12.8 = 2.1 33 7+ 0.8 349 =3 16 = 1.2 4+ 0.3
PaAnt*"", rmp1-1 mat— 8.2 + 0.9 56 9.5 *+ 1 39 =2 149 = 1.2 4.2 + 0.2
PaAnt*, Aaox, rmp1-2 mat+ 243 + 3.3 95 — 81.5 = 4 — —
PaAnt™"""", Aaox, rmpl-2 mat+ 10.2 = 1.6 94 — 36.1 = 2.2 — —
PaAnt*"?", Aaox, rmp1-2 mal+ 8.7+ 1.4 94 —_ 39 + 2 — —
PaAnt" (PaAnt"), rmp1-2 mat+ 24.3 £ 0.8 — — 96 £ 3.6 34.8 = 3.1 8.9 = 0.6
PaAnt™'" (PaAnt™), rmpl-2 mat+  14.3 = 0.4 — — 40 = 1.7 11.1 =18 4.3 = 0.7
PaAnt*"?"" (PaAnt"), rmpl-2 mat+ 12.3 = 0.8 — — 44 *33 151 =*=1 51 = 1.9

Respiration rate was measured on 3.107 protoplasts for each experiment and expressed as nanomoles min~' * SE. The relative
abundance of the aox transcripts was measured by real-time qPCR experiments. For each strain, the level of the aox transcripts was
normalized using the gpd transcript level, which was used as a standard; the aox mRNA copy number was given a value of 1 in the
wild-type strain. ROS and Ay measurements were carried out on protoplasts in a Partec PAS-III flow cytofluometer. The values
correspond to the mean fluorescent intensity of the fluorescent probes HoDCF-DA (80 mM) and DIOCg(3) (0.1 mm) used for ROS
and A measurements, respectively. The fluorescence of DIOCg(3) was also measured in the presence of the uncoupling agent
carbamoyl cyanide m-chlorophenylhydrazone (mCICCP) to confirm that fluorescence is correlated to Ais.
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Mitochondrial inner membrane potential was then
monitored by flow cytometry using DiOCg(3) dye. The
results showed a twofold decrease of the Ay in the
mutant strains compared to that of the wild type in both
rmpl contexts (Table 3 and Figure S3). This indicates
that there is no correlation between a reduction of
the Ay and mtDNA instability in the PaAnt*'*" and
PaAnt*?'"" mutants.

All the phenotypic defects caused by the PaAnt
mutant alleles behave as dominant traits: The 1.98P,
A114P, and V289M mutations are dominant in humans.
To mimic the diploid organization of mammal somatic
tissues and study whether the three alleles also behave as
dominants in P anserina, heteroallelic strains contain-
ing a mutant and a wild-type allele were constructed.
The PaAnt' (PaAnt"-Hygro) strain bearing a functional
ectopic copy of the wild-type allele able to complement
the deletion of the PaAnt" gene was crossed with the
PaAnt*", PaAnt*"*"", and PaAnt**** strains. The germi-
nation, growth rate, and longevity phenotypes of the
three heteroallelic PaAnt*'*" (PaAnt"), PaAnt*'?'""
(PaAnt"), and PaAnt**™ (PaAnt") strains were indistin-
guishable from the corresponding monoalleleic mutant
strains (Table 1C). The presence of the wild-type allele
did not modify the rmpl effect in the PaAnt*'*" and
PaAnt*"'" strains or the premature death phenotype
of the PaAnt**** strains irrespective of the rmpl allele
present. As in homoallelic strains, death in PaAni*'*"
and PaAnt*?""but not in PaAnt****"was accompanied by
the accumulation of large-scale deletions affecting the
same part of the mitochondrial genome without accu-
mulation of senDNAa (data not shown). Importantly,
the presence of the wild-type allele does not restore wild-
type respiration rate, wild-type ROS production, or wild-
type A to the PaAnt*'*” and PaAnt*'*'" strains (Table
3). Taken together, these data demonstrate that all the
phenotypic traits due to the adPEO alleles behave as
dominant traits in P. anserina.

DISCUSSION

In this study, we analyzed the properties of strains
carrying three adPEO-associated missense mutations
introduced into the PaAnt gene of P. anserina. The
M106P, A121P, and S296M mutations in P. anserina
correspond to the LI8P, A114P (familial cases), and
V289M (sporadic case) mutations of the hFANTI gene in
humans and to the M114P, A128P, and S303M muta-
tions in S. cerevisiae. Alanine 114 and leucine 98 in the
hANT1 protein map in highly conserved or conserva-
tively substituted residues throughout eukaryotes, while
valine 289 does not. The M114 and S303 residues of the
S. cerevisiae Aac2 protein were replaced by their corre-
sponding residues from the wild-type ANTI, resulting in
“humanized wild type” AAC2 alleles. These were func-
tional and able to complement oxidative growth defects
due to the AAC2 deletion (FONTANESI et al. 2004).

The unique PaAnt gene is an essential gene: In
contrast to humans and S. cerevisiae, in which several
functional isoforms of the ADP/ATP translocator are
present (FIORE et al. 1998; DOLCE et al. 2005), only one
gene has been found in P. anserina as in N. crassa
(AReENDS and SEBALD 1984) and numerous other fila-
mentous fungi. Considering the central role of ATP/
ADP transport across the mitochondrial inner mem-
brane (MIM) in oxidative metabolism and the strict
aerobic metabolism of P. anserina, it is not surprising
that the PaAnt gene is essential. It is probable that the
deletion of the ATP/ADP translocator results in ADP
depletion in the mitochondrial matrix, which blocks the
Fi-Fo ATPase and thus respiration. Also the absence of
the most abundant inner membrane protein probably
affects the structure of the inner membrane, which
leads to respiration inhibition. Recently, it was demon-
strated that in S. cerevisiae the abundant Aac2 isoform
exists in physical interaction with the cytochrome
bc-COX supercomplex and the TIM23 machinery and
that, in the absence of Aac2, the assembly of the
surpercomplex is altered (DIENHART and STUART 2008).

Characteristics of the mtDNA instability distinguish
between the severity of the three mutant alleles: In
contrast to the APaAnt allele, the three mutant alleles
were viable but responsible for several detrimental
effects on vegetative and sexual development, indepen-
dently of the rmpl allele. These defects were more
pronounced in the PaAnt*** mutant than in PaAnt*'*"
and PaAnt*”'"". A reduced concentration of the mu-
tant ANT protein was observed in the PaAnt"?" and
PaAnt*?""strains. This could be due to areduced import
efficiency (DE Marcos Lousa et al. 2002) or to a re-
duced stability of the mutant proteins. However, it
seems unlikely that this reduction is responsible for
the defects observed in the mutants since the mutations
are dominant and the deletion of PaAntis recessive (not
shown) as is the deletion of AAC2in S. cerevisiae (CHEN
2004). This strongly suggests that the mutant pheno-
types are due to an alteration of, and not to a decreased
amount of, mutant proteins.

In humans, the three adPEO mutations are linked to
the formation of multiple mtDNA deletions (KAUKONEN
et al. 2000); in S. cervisiae, only aac2*”*” and aac2¥",
but not aac2""'", were reported to cause an increase in
abnormal mtDNA genomes (FONTANESI et al. 2004). In
P. anserina, the three mutations are linked to the for-
mation of large mitochondrial rearrangements. How-
ever, several properties differentiate PaAnt'”" and
PaAnt*?'* from the PaAnt®***™ mutation. First, in the
PaAnt*" and PaAnt*'?'* strains, the mitochondrial re-
arrangements correspond to large-scale mtDNA dele-
tions covering a common region that represents ~60%
of the genome with no identified fixed boundaries,
whereas, in the PaAnt****™ strain, they correspond to
variable rearrangements and deletions involving dif-
ferent regions of the genome. Since in P anserina,
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mitochondrial instability leads to death, the timing
of the death of a strain is an indicator of its mtDNA
instability; it can therefore be concluded that the
PaAnt? allele causes greater mtDNA instability than
either the PaAnt"'”" and the PaAnt*'*'" allele.

A second difference is that the mtDNA instability
caused by the PaAnt*'*"and the PaAnt*"*'" mutations
is observed in the presence of the rmpl-1 allele and
suppressed by the rmpl-2 allele. In contrast, the
PaAnt***™ mutant showed huge mtDNA instability in
the presence of either rmpl allele. Suppression of
mtDNA instability by the rmpI-2 allele has previously
been reported in strains carrying the ASI-4 allele, which
alters a cytosolic ribosomal protein (DEQUARD-CHABLAT
and SELLEM 1994) and causes the accumulation of site-
specific mtDNA deletions (BELCOUR e/ al. 1991;
CONTAMINE ¢t al. 1996). The rmpI-2 allele differs from
rmpl-1 by the presence of a nonsense mutation that
eliminates the last 19 amino acids of the protein
(CONTAMINE et al. 2004). Thus rmpI-1 is probably fully
functional, and it could be directly or indirectly involved
in the accumulation of large-scale deletions of the
mtDNA genome such as those caused by the ASI-4,
PaAnt™", and PaAnt*"*'" mutations, while the rmpl-2
allele would delay the rate of accumulation of these
deletions. In contrast, rmpl does not appear to be
involved in the rate of accumulation of other types of
mtDNA rearrangements such as those generated during
senescence (senDNAs) or by the PaAnt**” mutation.
Rmpl is an essential gene whose function is presently
unknown. The encoded protein is localized in mito-
chondria and/or cytosol compartments depending on
the cell type and the developmental stage. Putative
homologs have been found only in filamentous fungi to
date, but rmpl is thought to evolve rapidly, rendering
the recognition of its homologs in other species very
difficult (CONTAMINE et al. 2004).

A third difference between the PaAnt*'"/PaAnt*?'*
and the PaAnt®*" alleles is the synthetic phenotype
obtained when PaAnt'*" and PaAnt*"*'" are associated
with ASI-4 rmpl-1. The association of PaAnt*"'*"/
PaAnt*?"" but not PaAnt****™ with ASI-4 rmpI-1 leads to
a spectacular stabilization of the mtDNA. A possible
reason for the synthetic phenotype is that the deletions
observed in ASI-4 rmpl-1 and those observed in
PaAnt™" ympl-1 and PaAnt*"*"" rmpl-1 are generated
by mutually exclusive mechanisms.

Taken together, these results clearly show that the
S296M mutation and the M106P/A121P mutations lead
to different functional consequences. The predicted
localization of the three PaAnt mutations derived from
the crystal structure of the bovine ANT1 protein places
the residues M106 and Al21 in close proximity in the
cytosolic gating region (WANG et al. 2008b), suggesting
that the two mutations might induce similar structural
changes. The S296M mutation is localized in a different
region and thus may affect the translocator in a dif-

ferent and more severe manner, which may explain the
particular properties of this mutation. These properties
could also result from the sequence divergence be-
tween humans and P. anserina at this position (V289 in
humans), which might suggest a specific role for this
residue in P. anserina.

mtDNA instability is not systematically correlated
with an increased ROS production or a reduced Ais:
Several mechanisms have been suggested to explain
how the adPEO alleles of hANTI could lead to mtDNA
instability: nucleotide imbalance causing defects in dATP
biosynthesis and mtDNA replication (KAUKONEN et al.
2000; FoNTANEST ef al. 2004); mtDNA damage by over-
production of ROS (Espros1To et al. 1999; PALMIERI et al.
2005); and the low Ay model in which the pathogenic
mutations uncouple the mitochondrial inner membrane
primarily affecting mitochondrial biogenesis, which
would have secondary effects on mtDNA stability (CHEN
2002, 2004; WANG et al. 2008b). It was not possible to
measure nucleotide exchange properties of the mutant
strains because mitochondria isolated from these strains
were of low quality, but it is presumed that a reduced
availability of matrix ADP would inhibit the ATP synthase,
causing hyperpolarization of the MIM and an increased
production of ROS. This was demonstrated in tissues
of Antl-knockout mice (Esrosito et al. 1999). In S.
cerevisiae, the aac2'*" and aac2™'"" alleles, correspond-
ing to the PaAnt*"*"” and PaAnt™'”" alleles, respectively,
have been shown to uncouple the mitochondrial respi-
ration and decrease the Ay (WANG et al. 2008b). A more
extensive study of aac2'*” revealed that this allele
is responsible for mitochondrial degeneration and
degenerative cell death, probably due to the low Ay
Interestingly, reduced cytosolic protein synthesis sup-
pressed both membrane depolarization and mitochon-
drial degeneration, revealing a strong link between
these two parameters (WANG el al. 2008a).

In P. anserina, the pathogenic mutations are respon-
sible for defects in growth and sexual development, re-
duction of respiration rate, strong decline of the Ays
and of ROS production regardless of the rmpl allele,
and mtDNA instability (and premature death) only in
presence of the rmpl-I allele. The rmpl-2 allele sup-
presses mtDNA instability (and therefore premature
death) butnot the other defects and is not accompanied
by reestablishment of a wild-type Ay. These results
strongly suggest that, as already suggested for yeast
(WANG et al. 2008a, b), the primary consequence of
the adPEO-associated mutations is not the mtDNA
instability but rather the damages to the electron trans-
port chain which lead to growth and sexual develop-
ment defects. These results also suggest that the decline
of the Ay alone is not sufficient to cause mtDNA
instability and that other functions are implicated.
The rmpl-1 allele would have such a function, which
would be lost for the rmpl-2 allele that encodes a
truncated protein.
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All the traits associated with the adPEO alleles are
dominant: Finally, it is of interest to note that all the
phenotypes associated with PaAnt*'" and PaAnt*’*'"
(and PaAnt**”™ when tested) are mediated by a domi-
nant mechanism in P. anserina as in humans. These
include slow growth rate, mitochondrial morphology
modifications, mtDNA instability, timing of death, re-
duced respiration rate, reduced ROS production,
and reduced Ay. The dominant nature of the three
PaAnt™", PaAnt*"*", and PaAnt***™ alleles strongly
suggests that they correspond to a gain of function
and that this function is deleterious for the cell. In S.
cerevisiae, the three equivalent mutations behave as
dominant for mtDNA instability and respiratory rate
but recessive for oxidative growth (FONTANESI el al
2004). In fact, it seems that at least for the equivalent
Al114P and L98P mutations, the dominant/recessive
character of the mtDNA instability depends on the
genetic balance between the mutated and the wild-type
alleles (WANG et al. 2008b).

Taken together, the results presented in this work
validate P. anserina as a model organism for studying the
pathogenecity of different human mutations and un-
derscore the importance of using a variety of model
systems to dissect human mitochondrial disorders. They
also show that, in P. anserina, the mtDNA instability
associated with mitochondrial adenine translocator
mutations is not due to increased ROS levels or to re-
duced A alone. Thus, any proposed therapy increasing
Ay or limiting ROS production should be considered
carefully. Finally, it is important to realize the central
role of the genetic background in developing the
pathogenic effects of a mutation.
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FIGURE S1.—Multiple sequence alignment of the amino acid sequences of the H. sapiens hANT1), B. taurus (ADT1), S. cerevisiae
(AAC2) and P. anserina (PaAnt) ADP/ATP translocators. The black horizontal bar corresponds to the consensus sequence
RRRMMM. Stars correspond to the amino acids mutated in adPEO patients and their corresponding amino acids in the other
species. Boxes define the six potential transmembrane segments based on that of B. taurus. The alignment was realized using the
online software Clustal W version 1.4 with default parameters.
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FIGURE S2.—Schematic representation of the mitochondrial chromosome of P. anserina. The size of the mitochondrial
chromosome of P. anserina, race s, is 94 192 bp (CUMMINGS et al. 1990). The exons are presented in black, the introns in white.
The bars represent tRNAs. LSU and SSU are the genes encoding the large and the small rRNAs, respectively. The other symbols
are identical to those used for the homologous human genes. o corresponds to the first intron of gene cox/ that gives senDNA
during senescence. The grey part represents the deleted region in the dying AS7-4 rmpl-1 strains (BELCOUR et al. 1991; SAINSARD-
CHANET et al. 1998), the hatched part represents the deleted region in the dying PadntM!9P ympl-1 and PaAntA121P ymp1-1 strains.
The brakets at the extremities of the lines that delimit the deleted region in the PadntM!0P ympl-1 and PadntA2!P ympl-1 strains
indicate that the boundaries of the deletions are imprecise.
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FIGURE S3.—Flow cytometry analysis of mitochondrial membrane potential (At). Measurement of the Ay was based on the
Ay-dependent uptake of the fluorescent dye DiOCg(3) in 50,000 protoplasts grown at 27° with or without the ionophore
mCICCP that dissipates the mitochondrial membrane potential. Histograms representing measurements for the wild type,
PaAntM106P ymp -2 mat+ and PaAntA121P ymp -2 mat+ mutant strains are shown. The same results were obtained in the rmpI-1 mat-
context. The mean fluorescence value is indicated in each histogram. This value is then normalized to the quantity of the
mitochondrial protein extracted from each strain.
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TABLE S1

Primers used for site directed mutagenesis

Amino acid change Oligonucleotides used (5° — 3’)

MI106P M106P-F CGTGACAAGTTCAAGAAGcecgTTCGGCTACAAGAAGGAC
MI106P-R GTCCTTCTTGTAGCCGAAcggCTTCTTGAACTTGTCACG

Al21P Al121P-F GGCTACGCCAAGTGGATGcCTGGTAACCTTGCCTCCGGT
A121P-R ACCGGAGGCAAGGTTACCAGgCATCCACTTGGCGTAGCC

S296M S296M-F GCCGGTGCTGGTGTCTTGatgATCTATGACCAGCTCCAG

S296M-R CTGGAGCTGGTCATAGATcatCAAGACACCAGCACCGGC

The modified nucleotides are shown in bold and lower case.



