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Abstract

Mitochondria have their own ATP-dependent proteases that maintain the functional state of the organelle. All multicellular
eukaryotes, including filamentous fungi, possess the same set of mitochondrial proteases, unlike in unicellular yeasts, where
ClpXP, one of the two matricial proteases, is absent. Despite the presence of CIpXP in the filamentous fungus Podospora
anserina, deletion of the gene encoding the other matricial protease, Palonl, leads to lethality at high and low
temperatures, indicating that PaLON1 plays a main role in protein quality control. Under normal physiological conditions,
the Palonl deletion is viable but decreases life span. PalLonl deletion also leads to defects in two steps during
development, ascospore germination and sexual reproduction, which suggests that PaLON1 ensures important regulatory
functions during fungal development. Mitochondrial Lon proteases are composed of a central ATPase domain flanked by a
large non-catalytic N-domain and a C-terminal protease domain. We found that three mutations in the N-domain of PaLON1
affected fungal life cycle, PALON1 protein expression and mitochondrial proteolytic activity, which reveals the functional
importance of the N-domain of the mitochondrial Lon protease. All PaLon1 mutations affected the C-terminal part of the N-
domain. Considering that the C-terminal part is predicted to have an a helical arrangement in which the number, length
and position of the helices are conserved with the solved structure of its bacterial homologs, we propose that this all-helical
structure participates in Lon substrate interaction.
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Introduction

Mitochondria are essential organelles in all eukaryotes and have
many functions aside from the production of energy. To ensure
proper function, mitochondria possess their own set of ATP-
dependent proteases, which are homologous to bacterial proteases;
these include two metalloproteases of the FtsH bacterial family,
which are lodged in the mitochondrial inner membrane and two
serine proteases, ClpXP and Lon, which are found in the
mitochondrial matrix. The 1-AAA and m-AAA metalloproteases
have been implicated in the biogenesis of respiratory complexes
and have active sites located in the intermembrane space and
matrix, respectively [1] (for review). The ClpXP protease differs
from the other proteases; firstly, its ATPase (ClpX) and protease
(ClpP) domains are divided into two polypeptides, and secondly,
ClpP is absent in most yeasts. Not much is known regarding the
specific function of ClpXP, and the relationship between Lon and
ClpXP remains to be clarified. In mammalian cells, while ClpP,
but not Lon, is transcriptionally upregulated when an aggregated
protein accumulates within the mitochondrial matrix [2,3], the
protein levels of the ClpP and Lon proteases appear to decrease or
increase together during pathological conditions [4,5].

Mitochondrial Lon was first identified in humans [6] and in
the yeast Saccharomyces cerevisiae [7,8]. Mitochondrial Lon proteins
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share common properties with their well-characterized bacterial
homologs, including the capacity to bind DNA and their essential
role in protein quality control by destroying abnormal proteins,
such as respiratory chain subunits and metabolic enzymes [9] (for
review). By contrast, the regulatory role established for bacterial
Lon in controlling the availability of specific proteins has not
been documented for mitochondrial Lon. However, mutated Lon
has been found to impact plant development [10]. Similar to
their bacterial homologs, mitochondrial Lon form homo-oligo-
meric structures [9] and are composed of an N-domain, followed
by a central ATPase domain and a C-terminal protease domain.

Here, we describe the defects associated with the deletion of
the Palonl gene, which encodes the mitochondrial Lon protease
in the filamentous fungus Podospora anserina. In this strict aerobe,
the absence of PalLON1 was tolerated, but led to a decrease in life
span. PaLON1 was essential in extreme growth conditions (high
and low temperatures). We found that PaLON1 was important
during ascospore germination and sexual reproduction, two
regulated developmental steps. We also characterized the defects
associated with three Palon! mutations that affect the N-domain.
Two mutations affected ascospore germination and life span to the
same extent as the Palonl deletion, but differed in their sensitivity
to extreme temperatures and sexual reproduction defects. Overall,
our analysis of the three P. anserina mutations reveal for the first
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time the importance of the N-domain of a eukaryotic Lon
protease.

Results

Identification of Three Mutant Alleles of the
Mitochondrial Lon Protease Gene

In a previous genetic screen, we isolated several independent 7gs
(resuming growth sector) mutations as suppressors of the P. anserina
premature death syndrome [11]. Among the mutations, three were
identified here as alleles of the nuclear Palonl gene that encodes
the mitochondrial Lon protease (Materials and Methods). PaLon!
encodes an 1117 amino acid polypeptide that shares 31%, 44%,
and 52% sequence identity with the Escherichia coli (La/Lon), S.
cerevisiae (Pim1/Lon) and human (Lon) versions, respectively.
While Palonl-31 and Palonl-1 contain missense mutations that
lead to S423L and L430P amino acid substitutions, respectively,
the Palonl-f mutant has a 54 amino acid in frame deletion of
residues 514 to 567. All three Palon! mutations affect the N-
domain of the protease (Figure 1A). The N-domain of the
mitochondrial protein is longer than that of the bacterial Lon, as
illustrated by the position of the conserved Walker A motif in the
central ATPase domain (Figure 1B). The N-domain is also the
most divergent region between eukaryotes and prokaryotes,
although the C-terminal part of the N-domain sequence is well
conserved, which is where all three mutations are located
(Figure 1).

To analyze the defects associated with the Palon! mutations and
the null allele (see below), we used strains in a mat- context, unless
otherwise stated.

Palon1 deletion is viable and does not lead to mtDNA
instability

To date, the consequences of deleting or disrupting the
mitochondrial Lon protease gene has only been studied in two
unicellular organisms, S. cerevisiae (PIM1/LON) and Schizosacchar-
omyces pombe (lonl), which differ in their tolerance to mtDNA
instability [12] (and references therein). Inactivating the genes
encoding the mitochondrial Lon protease in these two organisms
does not result in the loss of viability and results in mtDNA
deletion only in S. cerevisiae [7,8,13]. Deletion of the Palonl gene
(ALonl) was performed by coding sequence (CDS) replacement
with a hygromycin resistance cassette. Palonl deletion did not
prevent the ascospore germination process, which is critical to
initiate the P. anserina life cycle. Thus, as in the case of S. cerevisiae
and S. pombe, PaLonl is not an essential gene in P. anserina.

We then examined mtDNA stability using specific-restriction
profile analyses. An important feature of P. anserina is that cell
death is always associated with mtDNA instability, which is
characterized by variable mtDNA rearrangements and the
disappearance of intact mitochondrial genomes. Amplification of
a short mtDNA sequence (senDNAo) as circular multimeric
subgenomic molecules is an additional marker of fungal death [14]
(Figure 2). We observed that, at the time of death, ALon/ strains
contained a small amount of senDNAa molecules; however, their
mtDNA was unaltered, unlike in wild-type strains (Figure 2).
Importantly, the ALon mutant displayed mtDNA instability and
senDNAa amplification in the presence of a wild-type (Lonl")
transgene (Materials and Methods) (Figure 2). These results
indicate that the cause of fungal death in the absence of PaALON1
is not mtDNA instability.
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Phenotypic characteristics of PaLon1 mutants

As observed for the ALonl ascospores, the PaLonl-1, PaLonl-31
and Palonl-f ascospores germinated. Nevertheless, mycelia arising
from Palonl-1, PaLonl-f, and ALonl germinating ascospores on
germination medium were less dense than that from wild-type
ascospores (see Figure 3A for a comparison of Palonl-1 and wild-
type ascospores). This defect was also observed on standard
growth medium at the permissive temperature (27°C, Figure 3B).
By contrast, germinating ascospores of the Palonl-31 mutant
displayed no phenotypic changes, and mycelium growth was
identical to that of wild-type mat- or mat+ strains at 27°C
(Figure 3B). Mitochondria of all strains grown at 27°C were
stained with the vital mitochondrion-specific dye 2-(4-dimethyla-
mino-styryl)-1-methylpyridium (DASPMI). While AZLon!/ mito-
chondria were thinner and showed reduced DASPMI staining,
the mitochondria of the three other Palon/ mutants were similar
to those of the wild type (Figure 3C). All ALon! mitochondria
defects were suppressed by the presence of the LonI" transgene. To
further characterize vegetative growth, we determined the life span
of the Palonl mutants by measuring the length (in cm) of maximal
growth on standard medium at 27°C for several subcultures
generated from germinating ascospores (Table 1). The ALonl,
Palonl-1, and PalLonl-f strains displayed more heterogeneous and
shorter life spans than wild-type mat- or mat+ strains. The average
life span of the PaLonl-31 mat+ mutant was similar (although more
heterogeneous) to the wild-type mat+ strain. By contrast, the life
span of the Palonl-51 mat- mutant was six times longer than that
of the wild-type mat- strain. It has been previously shown that the
mpl gene, which is tightly linked to the mat locus, is involved in the
death timing of several P. anserina mutants [15,16,17]. The rmpl
gene is an essential gene that encodes a protein localized in the
mitochondrial and/or cytosolic compartments [15]. This gene
exists under two natural alleles, rmp/-1 and rmpl-2, which are
linked to the mat- and mat+ locus, respectively. Thus, we wanted to
determine whether the mmp! gene is involved in the death timing of
the Palonl-31 mutant. To address this question, we took
advantage of the dominance of the rmpi-1 allele over the rmp1-2
allele, and constructed a Palonl-31 mat+ rmpl-2 strain expressing
an rmpl-1 transgene (Materials and Methods). The life span of this
transgenic strain was over 27 cm and it showed no signs of death
for the 23 subcultures tested. This indicates that the life span of the
Paloni-31 mutant depends on the presence of the mpl-1 or rmp1-
2 allele (Table 1). However, unlike the other Palon] mutations, the
Palonl-31 mutation did not induce a decrease in fungal life span.
In conclusion, the Palonl-1 and Palonl-f mutants display
phenotypic characteristics similar to those of the ALon/ mutant
during ascospore germination and subsequent vegetative growth
(including life span), whereas Palonl-31 does not.

Finally, we characterized the sexual reproduction of the Palonl
mutants. There were no defects in fructification development in
female mutants fertilized by wild-type male gametes. Nevertheless,
we observed a 1 day delay in asci production in Palonl-f and
ALonl strains. We then estimated asci production efficiency by
counting the number of asci ejected within 15 to 60 min, twice per
day, for 4 days. For the Palonl-f; Palonl-1, and ALonl strains, the
overall asci production efficiency was 40% to 50% of that of the
wild type. The Palonl-31 mutant was affected to a lesser degree,
with an efficiency that was 70% of the wild-type level.

Phenotype of the Palon1 mutants under stress
conditions

Palonl mutants were tested for their ability to grow at reduced
(18°C and 11°C) and elevated (36°C) temperatures (Figure 3B). It
should be noted that the growth difference between the wild-type
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Figure 1. The mitochondrial PaLON1 protein. (A) Schematic representation of the PaLON1 protein outlining the three domains present in both
prokaryotes and eukaryotes. The N-domain, which is the most divergent domain between Lon proteins, is followed by the highly conserved ATPase
and protease domains. Within the N-domain, the most conserved region is within the C-terminal part (hatched). The line referring to residues 382 to
619 indicates the part of the protein presented in (B). Diamond (S423L), point (L430P), and inverted triangles (A514-567) mark changes induced by
Palon1-31, PaLon1-1 and PaLon1-f, respectively. (B). Primary sequence and secondary structure of the C-terminal part of the N-domain of B. subtilis, E.
coli, and P. anserina Lon proteases. Sequences were aligned using the Clustal W program. Conserved amino acids are boxed in black (identical) and
gray (similar). For the P. anserina sequence (PODAN), changes induced by Palonl mutations are represented by the same symbols as in (A). The
GenBank accession numbers for B. subtilis (BACSU) and E. coli (ESCCO) proteins are CAA99540.1 and AAC36871.1, respectively. The Walker A motif of
the central ATPase domain is boxed and begins at position 607, 356, and 354 in P. anserina, E. coli and B. subtilis proteins, respectively. The predicted
consensus secondary structure of the PaLON1 region was determined on the NPS@ Web server [42] using a combination of available methods. For
the same region, the secondary structure information available for E. coli and B. subtilis proteins ends at residue 245 [32] or contains a gap of 36
amino acids (dotted line), respectively [33]. For the B. subtilis protein, structure information was not available after the last o helix just before the
Walker A motif. Secondary structures are indicated above each sequence as follows: lines, o helices; c letter, random coil (no secondary structure); and
question mark (?), ambiguous state.

doi:10.1371/journal.pone.0038138.g001

mat- and mat+ strains observed at 36°C depends on the nature of
the rmp1 allele [15]. At all temperatures, growth of the Palonl-31
mutant did not differ from that of the wild-type mat- or mat+
strain. PaLonl-1, PaLonl-f, and ALonl were similarly incapable of
growing at 11°C, but showed differences at 18°C. Whereas the
PaLonl-f and ALonl strains displayed residual and no growth,
respectively, the Palonl-1 mutant retained the ability to grow,
albeit with an obvious defect. The Palonl-f and ALonl strains
failed to grow at 36°C, while the growth of the Palonl-1 mutant
was strongly altered in the presence of mmpl-1 and was blocked in
the mpI-2 context. In the presence of the LonlI™ transgene, the
ALonl strain recovered its capacity to grow at 36°C, 18°C, and
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11°C. These results indicate an absolute requirement for the Lon
protease at high and low temperatures, whereas it is dispensable
at the permissive temperature. Palon! mutants were also tested
for growth at 27°C in the presence of two concentrations of
HyOy (1.47 mM or 2.94 mM). As shown in Figure 3D, only the
PaLonl-f and ALonl strains were more sensitive to the highest
concentration of HyOy compared to the wild-type strain, and the
Hy0, sensitivity of the ALon/ mutant was suppressed by the
presence of the LonI™ transgene. The decrease in the HyOy
tolerance of the ALonl strain is compatible with the finding that
overexpression of Palonl increases HyOq tolerance [18].
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Figure 2. MtDNA profile of the ALon1 strain. MtDNA profiles were determined by Haelll digestion of total DNA extracted from mycelium for the
indicated dying strains. Haelll digestion of mtDNA from a young wild-type mycelium was used as a control. The arrows indicate the senDNAx
multimeric subgenomic molecules present in dying strains (right and left panels). The identity of the senDNAa molecules was assessed by Southern
blot analysis using an intron o specific probe (right panel). In addition to senDNA« (2.5 kb), hybridization revealed two Haelll fragments on the intact
mitochondrial genome (1.9 and 0.8 kb). Note that these two bands were only detected in young wild-type (Control) and dying ALon1 strains.

doi:10.1371/journal.pone.0038138.g002

Taken together, phenotypic analyses in normal physiological
conditions (growth at 27°C and ascospore germination) revealed
no differences between Palonl-1, PaLonl-f and ALonl. Never-
theless, the mutant containing an internal 54 amino acid in
frame deletion (PaLON1-f) was more defective in its response to
stress than the mutant with the L430P substitution (PaLON1-1).
In addition, only the Palonl-f mutant shared certain phenotypes
with the ALonl strain such as a similar sensitivity to high HyO»
concentrations and a delay in asci production. Finally, S423L
(PaLON1-31) was shown to be the mutation with the least effect
on the fungal life cycle and growth under stress conditions.

@ PLoS ONE | www.plosone.org

The effect of PaLon1 mutations on the steady state

MRNA and protein levels

To further characterize the Palonl mutants, we analyzed
Palonl gene and protein expression by RT-qPCR and western
blot analyses, respectively (Materials and Methods). The abun-
dance of the Palonl transcript was similar in all strains, as revealed
by mutant to wild-type ratios of 1.090*0.3, 1.382*0.4 and
1.077%0.3 for the Palonl-1, Palonl-f and Palonl-31 strains,
respectively. For western blot analyses, the same amount of
purified mitochondria was loaded onto gels and the PalLONI
protein level was normalized using BATPase as a loading control
(Figure 4). As expected, we observed no signal at the predicted size
of the PaLONI protein (118 kD) in the mitochondrial extract
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Figure 3. Phenotypic characteristics of PaLlon7 mutants. (A) Mycelium phenotype of Palon1-1 germinating ascospores on germination
medium at 27°C after 2 days of growth. A cross between Palonl-1 and the wild-type strain gave rise to a progeny of Paloni1-1 germinating
ascospores with a less dense mycelium (letters: b, ¢, g, f, h, i, k) than that of the wild type (letters: a, d, g, j, I). (B) Growth phenotype exhibited by the
Palon1 mutants. Strains were grown on M2 standard medium for 2 days (27°C and 36°C), 3 days (18°C), or 7 days (11°C). The genotype of each strain
is shown in the table, except for the rmp1-1 (mat—) and rmp1-2 (mat+) alleles that are represented by a gray and white tone, respectively. (C) DASPMI
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staining of mitochondria. Mitochondria of growing strains (2 days at 27°C on M2) were stained with DASPMI, a vital mitochondrion-specific dye. For
each indicated strain, filaments were gently mixed with a drop of DASPMI (25 mg/ml) directly on microscope slides and observed immediately with a
fluorescence microscope (450-490/500-550 nm). All panels are at the same magnification and the scale bar corresponds to 5 um. (D) Hydrogen
peroxide (H,0,) sensitivity. Nine subcultures of each strain were inoculated in M2 or M2 supplemented with 0.005% (1.47 mM) or 0.01% (2.94 mM)
H,0,. Growth (cm) was determined by measuring the radius of each thallus after 2 days at 27°C in the dark. Error bars indicate standard deviation.
The statistically significant increase in the sensitivity of the PaLon1-f and ALonT strains to 2.94 mM H,0, is marked by an asterisk. In each case, the p-

value (0.001) is below 0.05, as determined by the Mann-Whitney test.
doi:10.1371/journal.pone.0038138.g003

from the ALonl strain. Furthermore, no change in ALonl
mitochondrial content was observed for the inner membrane
protein BATPase (Figure 4) or the outer membrane protein porin
(data not shown). We also detected equivalent amounts of the
PaLON1 protein when comparing the expression of the Palonl
gene from its own locus (WT) versus that from an ectopic locus
(ALonl (LonI) strain). The internal 54 amino acid in frame
deletion of the PalLONI1-f polypeptide gave rise to a smaller
immunoreactive species, whose level was not significantly different
from that of the wild type PaLON1 protein. The protein level of
PalLON1-31 (S423L) was only slightly reduced, whereas that of
PalLON1-1 (L430P) was reduced by a factor of 4.8. The proline
residue may result in modified PaLLONI1 folding and hence, could
change the susceptibility of the mutant protein to degradation. By
contrast, the internal deletion had no effect on the protein level,
which suggests that the 54 deleted residues may define a domain
that is independently folded.

Effect of the PaLonT mutations on mitochondrial
proteolytic activity

To determine whether the proteolytic activity of Palonl-31,
PalLonl-f, and Palonl-1 differed from that of the wild type, ATP-
dependent proteolytic activity of wild-type and mutant mito-
chondrial extracts was quantified by examining FITC-casein
degradation. Reactions were performed in the presence of ATP
using the same amount of mitochondrial extracts from each
strain. The proteolytic activity of each mutant strain was
compared with that of the wild type and the resulting ratios of
mutant to wild-type proteolytic activity were used to evaluate the
effects of the Palon! mutations. The lowest proteolytic activity
(~40% that of the wild type) was observed for mitochondrial
extracts from the Palonl-31 strain, which indicates that the
PalLON1-31 protein is defective in the degradation of the FITC-
casein substrate. By contrast, the proteolytic activity of
mitochondrial extracts from the Palonl-f strain was similar to
that of the wild type, with the exception of a decrease in activity
after 5 h of incubation. The proteolytic activity of mitochondrial
extracts from the Palonl-1 strain was ~70% of that of the wild

Table 1. Life span of Palon1 mutants.

Genotype mat- rmp1-1 mat+ rmp1-2
WT 9.7%+0.7 (15) 10+0.4 (15)
AlonT 4.1%+2.1 (31) 3.7%1.9 (20)
AlonT (LonT") 9.2+0.8 (14) 10.2£0.6 (19)
Palon1-1 6.3£3.6 (35) 3.5%1.7 (19)
Paloni-f 4.2+2.2 (26) 3.9%1.3 (22)
Palon1-31 60.238.1 (29) 11.4+5.9(23)
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Figure 4. Detection of PaLON1 mutant proteins. Mitochondrial
extracts (70 pg) purified from the indicated strains were resolved on an
SDS-polyacrylamide gel and subjected to immunoblotting. The PaLON1
protein and the B-subunit of mitochondrial ATPase were detected by a
P. anserina anti-PaLON antibody and an S. cerevisiae anti-Atp2 antibody,
respectively. Mitochondrial extraction and western blotting were
repeated at least twice for each strain. The left and right panels
correspond to two independent membranes.
doi:10.1371/journal.pone.0038138.9004

type. Our observation that the PaLONI1-1 protein was 4.8-fold
less abundant than wild type suggests that the proteolytic activity
of the PalLONI-1 protein was not strongly affected (Table 2).

Discussion

In this study, we demonstrated that the absence of the
mitochondrial Lon protease is tolerated in P. anserina, but leads
to a decrease in life span by a factor of 2.5, while overexpression of
the Palonl gene was previously reported to increase life span by a
factor of 1.7 [18]. Absence of PalLONI leads to defects in
ascospore germination and sexual reproduction, two fungal
developmental steps that were recently showed to be finely
regulated [19]. This suggests that Lon regulates specific functions
during the fungal life cycle, potentially by controlling the temporal
availability of specific proteins. We found that PaLONI is

Table 2. Mitochondrial proteolytic activity of Palon1
mutants.

Genotype
Time Paloni-31 Palon1-1 Palon1-f
3h 0.43+0.2 0.69+0.1 1.18+0.06
4 h 0.45+0.02 0.69+0.09 1.29+0.39
5h 0.41£0.03 0.6+0.11 0.68+0.04

Values represent the mean life span measured in cm = standard deviation. The
numbers in parentheses show the number of subcultures tested for each
indicated genotype.

doi:10.1371/journal.pone.0038138.t001

@ PLoS ONE | www.plosone.org

Values represent the average ratio of mutant/wild type = standard deviation of
three independent experiments. Three incubation times were used for each
experiment.

doi:10.1371/journal.pone.0038138.t002
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indispensable at low and high temperatures, which indicates that
no other mitochondrial ATP-dependent proteases, specifically
ClpXP, can compensate for the absence of Lon under these
conditions. Notably, no phenotypic defects were reported for a P.
anserina strain lacking CIpP [18]. Loss of the Palonl gene is also
associated with a weak vital staining of ALon/ mitochondria, which
is indicative of a decrease in membrane potential, and was also
observed in an S. pombe Lon deletion strain [13] and human Lon
down-regulated cells [20]. Because the three other Palonl mutants
showed mitochondrial staining similar to that of the wild type, the
absence of the PaLLONI1 protein is likely responsible for the
membrane potential alteration in the ALon! strain. This may be
related to the chaperone-like activity of Lon, which has been
shown to assist in the assembly of inner membrane complexes in
yeast S. cerevisiae and mammals [21,22]. In contrast to the wild
type, death of the P. anserina ALonl strain is not associated with
mtDNA instability, suggesting a more efficient reparation process
in this strain. This mechanism was previously proposed to explain
why human Lon-depleted cells exhibited less mtDNA damage
than control cells under HyOy stress [23]. Since death of the
ALonl strain cannot be attributed to mtDNA instability, we
suggest that the absence of Lon protection against the accumu-
lation of defective mitochondrial proteins accelerates fungal death.

Lon is an allosteric enzyme in which fixation of the substrate
occurs on a site distinct from the catalytic site [24,25]. It was
proposed that efficient degradation only occurs for high affinity
substrates that bind at two distinct allosteric sites. ATP hydrolysis
then promotes a conformational change that allows the capture
and translocation of the substrate to the protease domain [25].
Lon proteolysis efficiency was recently found to be modulated by
the degradation tags of the substrates themselves, revealing a
complex relationship between Lon and its substrates [26].
Consequently, impairment in substrate degradation can result
from the alteration of several steps, including substrate binding.

In vitro assays using P. anserina mitochondrial extracts strongly
suggest that the PaLONI1-1 (L430P) and PaLONI1-f (A514-567)
proteins are not severely defective in FITC-casein degradation.
This indicates that the protease activity of PalLONI1-1 and
PaLON1-f mutant proteins are intact. However, the Palonl-I
strain displays defects that are either identical to or more
attenuated than the ALonl strain. The primary defect of the
Palonl-1 mutant is most likely the level of the PaLONI1 protein,
which was 4.8-fold lower in the mutant than in the wild type.
These results indicate that Lon is a limiting factor for the fungal
life cycle. Compared to Palonl-1, the Palonl-f strain is pheno-
typically identical to the ALonl strain, especially during develop-
ment and under stress, and yet we detected no decrease in the
PaLON1 protein level. The PaLONI-f protein, despite being
efficient for the degradation of an unfolded substrate (FITC-
casein) in vitro, may exhibit in vivo defects in the degradation of
partially unstructured substrates (stress conditions) and some
native proteins that are temporally required during development.
Thus, we propose that the internal deletion of PaLONI-f affects
substrate binding efficiency, which is critical for cell response to
stress and for fungal development.

The FITC-casein degradation defect in Palonl-31 mitochon-
drial extracts is clearly not due to an inactivation of the protease
activity, since the Palonl-31 strain does not exhibit the same
defects as the ALon! strain. The most likely explanation is that the
PalLON1-31 protein has a higher affinity for substrates present in
mitochondrial extracts than for FITC-casein. This hypothesis
implies that natural substrates and FITC-casein share at least a
common allosteric binding region, and that the capture of natural
substrates is more efficient for the PaLONI-31 mutant protein
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than for the wild type. Such an increase in substrate binding
efficiency may explain why the Palonl-31 strain does not display a
phenotype during fungal development and under stress conditions,
and results in the distinctive life span phenotype observed.

The three P. anserina mutations uncovered in this study reveal
for the first time the importance of the N-domain of a eukaryotic
Lon protease, which leads us to propose that the N-domain of
mitochondrial Lon protease is implicated in substrate binding.
Substrate interaction by the N-domain was also proposed for
bacterial Lon, but was inferred from the results of experiments
measuring changes in o-casein degradation in vitro with various
purified N-terminal Lon truncations [27,28,29]. Interestingly, a
single amino acid change in the N-domain of £. coli Lon protease
was shown to affect substrate specificity in vivo. The E. coli E240K
mutant behaves phenotypically like the AZon strain (stabilization of
the substrate) for certain substrates, while it behaves like the wild-
type (degradation of the substrate) for others [30]. While the
structure of a full-length Lon is not yet available, the structure of
the N-domain has been resolved in bacteria; it consists of two
subdomains, a B-sheet rich, globular N-terminal part, and an all-
helical C-terminal part [31,32,33]. Palon! mutations are all
located in the C-terminal part of the N-domain, as is the E. coli
E240K substitution. The glutamate residue is strictly conserved
(position 490 in PaLLON1) and, in bacteria, belongs to a putative
coiled coil domain (predicted by the program COILS) [34] that
was proposed to play a role in oligomeric structure and substrate
binding [28,30,33,35]. However, no such coiled coil structural
motif is predicted for the C-terminal part of the Podospora
PaLONT1 protein (according to the program COILS); however, we
found that the region could adopt a secondary structure that
correlates with structural data from bacterial proteins indicating a
region solely composed of o helices for which the number, length,
and position are conserved between Podospora and bacteria
(Figure 1B). We therefore propose that it is the highly conserved o
helical arrangement of the C-terminal part of the N-domain of
Lon that participates in substrate binding in both prokaryotes and
eukaryotes.

Materials and Methods

P. Anserina Strains, Growth Conditions, and
Transformation Experiments

All strains used in this study were derived from the S wild-type
strain to ensure a homogeneous genetic background. Details on
standard culture conditions, media, protoplast formation, proto-
plast transformation, and genetic methods are available at http://
podospora.igmors.u-psud.fr. The standard growth medium and
ascospore germination medium used were M2 and G, respectively.
When necessary, hygromycin (Euromedex), nourseothricin (Wer-
ner BioAgents) or phleomycin (Euromedex) was added at a
concentration of 100, 50, and 10 pg.ml ™', respectively.

Identification of the rgs Mutations

Three 7gs mutations (rgs/, 7gs51 and 7rgsf) were localized to the
long arm of chromosome III. The 7gs/ mutation was mapped by
positional cloning using the following associated defects: alter-
ation during ascospore germination on G medium and the
absence of growth at a low temperature on M2 medium. For
positional cloning, we used the progeny of a cross between an S
strain and a T strain (TS24 strain), since many molecular
polymorphic markers have been characterized for the two
geographically distinct S and T strains [36]. The fertile TS24
(rgsI") strain retained 11 microsatellites markers that are
characteristic of the T strain on the long arm of the chromosome
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III. After a cross between the rgs/* (TS24) strain and the 7gs/ (S
origin) mutant, the phenotype of strains from 187 ascospores
were determined. Among them, 73 rgsI* strains (i.e., no defect
during ascospore germination and growth at 11°C) were
genotyped by PCR analysis, which used a set of 11 primer pairs
(nucleotide sequences are available on request) to determine the
S or T origin of the amplified region. This global analysis
localized the 7gs/ gene to a region of 240 kb. To further narrow
down the region, four informative strains were genotyped with
four new polymorphic microsatellite markers. Vectors that
contained  wild-type inserts covering the further
restricted 98-kb region were used to transform 7gs/ mutant
protoplasts. This led to the identification of a complementing
region of about 10 kb including the Pa_3_4170 CDS, which was
shown to be responsible of the complementation. For this, the
Pa_3_4170 CDS was amplified as a 4.8 kb DNA fragment from
the complementing vector using primers 5 KpnPIM (atggtac-
caaaggtgagacgccagtg) and 3'SalPIM (caaacgtcgaccctctctetcatea-
cac) that harbor Apnl and Sall restriction sites, respectively. The
PCR product was cloned at the corresponding sites into the
PCB1004 vector, which contains a hygromycin resistance
cassette. The resulting pCBPIMKS plasmid was used for
complementation assays after sequencing Pa_3_4170 CDS and
its 5° and 3’ flanking regions over 1050 bp and 471 bp,
respectively. The 7gs3]/ mutation was similarly mapped by
positional cloning, but in this case, we used a leaky growth
phenotype at 11°C on M2 medium that was only observed when
ascopores were previously maintained for an extensive time (1
month) at 4°C on G medium. The 7gs/ mutation was mapped by
a complementation test, which was performed between the 7gsf
and 7gs/ mutants using the recessive phenotype they share during
ascospore germination. The Pa_3_4170 CDS encodes the
mitochondrial Lon protease. Due to the presence of a putative
peroxisomal Lon protease gene (Pa_6_2970 CDS) in the P.
anserina genome, we named the mitochondrial Lon protease gene,
Palonl and the 1gsl, 7gs3] and rgsf mutants were renamed
Palonl-1, Palonl-31 and Palonl-f; respectively. Finally, all three
mutations were characterized at the nucleotide level by direct
sequencing of the Palon! CDS and its 5" and 3 flanking regions
over 585 bp and 363 bp, respectively. Double strand sequencing
was performed on genomic DNA purified from each strain.

genomic

Deletion of the PaLon1 gene (ALonT)

To delete the Palonl CDS, its 5’ (1014 bp) and 3’ (1046 bp)
flanking regions were first amplified by PCR from wild-type
genomic DNA using primer pairs 5'KpnPIM (atggtaccaaaggtga-
gacgccagtg)/5'R1Ascl  (getggegegecagceattgtgg) and  3'R1Ascl
(ggaggcgcegecattaggtagatgtigegag)/3 PIMextR  (gtgggcagggtcact-
caatg). PCR fragments were digested by Apnl/Ascl and Ascl,
respectively, and inserted between the Kpnl and EcoRYV sites of a
Bluescript plasmid. The resulting plasmid was linearized at Ascl
to insert a hygromycin resistance (hygro®) cassctte. The final
construction results in a hygromycin cassette flanked by 5’
(1014 bp) and 3’ (1046 bp) borders of Palonl CDS. This cassette
was PCR amplified using primer pair LON 5’(gagcgtcectgtt-
gaactag)/3'PIMR (gcgttgeatccagetetetg) and was used to trans-
form protoplasts of a APaku70 mutant strain, which increases
homologous integration events [37]. Correct gene replacement of
the Palonl CDS by the hygromycin cassette was verified by PCR
and Southern blot analyses. The APaRu70 allele was segregated
after crossing with the wild type to obtain a ALon/ strain.
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Construction of a PaLonT transgene (Lon1*)

The 4932 bp Sall-Poull fragment of the pCBPIMKS plasmid
was subcloned in the compatible EcoRV-Sall sites of a pAPI508
vector that contains a nourseothricin resistance cassette [37]. The
resulting plasmid was used to transform wild-type protoplasts.
Nourseothricin resistant transformants (nour’) were crossed with
the ALonI hygromycin resistant (hygro™) strain and nour™/hygro®
progeny were assessed for wild-type phenotype. One ALonl (LonI™)
strain was used for all subsequent experiments.

Construction of Palon1-31 strains expressing the rmp1-1
and rmp1-2 alleles

A Palonl™ rmpl-2 mat+ strain expressing a functional rmpl-1
transgene (rmp1-1) associated with a phleomycin-resistance cassette
[15] was crossed with a Palonl-1 rmpI-1 mat- strain. As the rmpl-1
transgene segregates independently of the Palon! gene, we isolated
Palonl-1 mmpl-1 (rmpl-1) mat- strains, which displayed character-
istics identical to the Palonl-1 rmpl1-1 mat- strains. A Palonl-1 mat-
strain expressing two copies of the mpl-1 allele was crossed with a
Palonl-31 rmp1-2 mat+ strain. Among the progeny, we obtained
Palonl-31 mmpl-2 (rmp1-1) mat+ strains.

Rapid DNA extraction used for strain genotyping

After 2 days of growth at 27°C on standard medium covered
with cellophane layers, mycelium was recovered and transferred to
a 2-ml microfuge tube. Glass beads and 20 pl of a fresh 0.5 M
NaOH solution were added and the mycelium was ground for 40 s
at 5 m/s using the FastPrep FP 120 Cell Disrupter Instrument
(Obiogene). Tubes were then incubated for 30 s in boiling water
and cooled in ice. Afterwards, 100 pl of a solution containing 1 M
Tris pH 8 and TE pH 8 (1:4 v/v) were added and 1 pl of the
extract was used for each PCR amplification.

Rapid DNA extraction used for mtDNA profile analyses

Total DNA from dying strains was extracted by the rapid
method described in [38], with the following modifications: the
mycelium was frozen in liquid nitrogen in extraction buffer and
stored at —20°C. After thawing, the mycelium was ground twice
with the FastPrep FP 120 Cell Disrupter Instrument (Qbiogene)
for 30 s at 5 m/s. After DNA extraction, the first DNA pellet was
resuspended in NaOAc 0.3 M pH 6 and precipitated by ethanol.
The mtDNA profile was revealed by Haelll digestion. After
electrophoresis, Southern blot analysis was performed using
standard conditions and a *?P-labeled specific probe correspond-
ing to intron o of the mitochondrial COI gene encoding the
cytochrome oxydase subunit I.

Analyses of Palon1 gene expression by real-time
quantitative PCR

Total RNA was extracted from mycelium collected after 2 days
of growth at 27°C on standard medium covered with cellophane
layers. RT-qPCR experiments were performed with 4 ug of total
RNA [19]. Four biological replicates of each strain were
examined. To ensure specific detection of Palonl cDNA with
minimal interference from genomic DNA, we designed one primer
positioned on two consecutive exons and checked for the absence
of contaminating genomic DNA by performing PCR and qPCR
on non-reverse transcribed RNAs. Palonl cDNA was amplified
using the forward primer 5° GTTGGAGTTGCCTGAG/AA-
TATC 3’ (slash indicates the position of the intron in the genomic
DNA) and the reverse primer 5 CTACCCATCTAATGAC-
CAAATC 3'. Amplification gave rise to a product of 287 bp.
Three reference genes were used for normalization [39]: GPD
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(glyceraldehyde 3-phosphate deshydrogenase, formally
Pa_3_5110), PDF?2 (protein phosphatase PP2A regulatory subunit
A, Pa_7_6690) and TIP (type 2A phosphatase activator TIP41,
Pa_7_8490). For each primer pair, efficiency was determined by
making serial dilutions of a mixture of all RT samples, as
recommended by MIQE guidelines [40]. Efficiencies were
between 1.87 and 1.98. All PCR products exhibited melting
curves indicating the amplification of a single product. RT-qPCR
normalization, standard error computation, expression level
calculation and statistical analyses were performed with REST-
MCS [41].

Mitochondria purification

Mitochondria were isolated from mycelium collected after 2
days of growth at 27°C on standard medium covered with
cellophane layers. Mycelium was dried, frozen, and placed into a
pre-cooled Teflon shaking flask with two grinding stainless steel
balls. Flasks were then placed in a Mikro-Dismembrator machine
(Sartorius) and after 1 min of shaking at a frequency of 2,600 per
min, the mycelium was crushed into a fine powder. This was then
resuspended in 0.7 M sorbitol buffer (0.7 M sorbitol, 50 mM Tris-
HCI, pH 7.5, 0.2 mM EDTA) with protease inhibitor cocktail
(Roche Diagnostics GmbH, Mannheim, Germany) and the
mixture was clarified by centrifugation at 3,500 rpm (low speed)
for 10 min at 4°C. The supernatant was recovered and centrifuged
at 13,000 rpm (high speed) for 20 min at 4°C to sediment
mitochondria. This first mitochondrial pellet was resuspended in
0.7 M sorbitol buffer and rinsed by centrifugation at low speed.
The supernatant was then re-centrifuged at high speed to sediment
purified mitochondria. The mitochondrial pellet was finally
resuspended in 0.7 M sorbitol buffer and the mitochondrial
protein concentration was determined using the Bio-Rad assay.

Western blotting

Mitochondrial extracts (70 pg) were resolved on Pre-Cast gels
(NuPAGE 7% Tris-Acetate gels, Invitrogen), transferred onto
membranes and probed with the following antisera: S. cerevisiae
anti-BATPase (Atp2p) antibody (used at 1/50000), kindly provided
by J. Velours and G. Dujardin, and P. anserina anti-PalLON and
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To determine proteolytic activities, we used a protease
fluorescent detection kit (PFO100, Sigma) according to the
manufacturer’s instructions. Mitochondrial extracts (70 pg) were
incubated with the FITC-casein substrate, incubation buffer and
8 mM ATP at 37°C in the dark. For each mitochondrial extract
tested, an equal aliquot was collected after 3, 4 or 5h of
incubation and proteins were precipitated by 0.6 N TCA for
30 min at 37°C in the dark. After centrifugation at 10,000 g for
10 min, 10 pl of each supernatant was mixed with 1 ml of assay
buffer and 250 pl were transferred to a black 96-well plate (Sigma).
Fluorescence was measured with excitation/emission wavelengths
of 485/535 nm in a multiplate reader (Chameleon). Activities
were expressed as fluorescence units (FU).

Acknowledgments

We would like to thank Robert Debuchy (IGM, France) for his helpful
input at the start of this work. We thank Jean Velours (IBGC-CNRS,
Bordeaux, France) and Genevieve Dujardin (CGM-CNRS, Gif/Yvette,
France) for providing the S. cerevisiae anti-Atp2 antibody and Heinz
Osiewacz (Institute of Molecular Biosciences, Frankfurt, Germany) for the
P. anserina anti-PaLON and anti-PORIN antibodies.

Author Contributions

Conceived and designed the experiments: VC. Performed the experiments:
CA MP MDC CS VC. Analyzed the data: CA MP MDC CS SHLD VC.
Contributed reagents/materials/analysis tools: CA MP MDC CS VC.
Wrote the paper: SHLD VC.

10. Rigas S, Daras G, Laxa M, Marathias N, Fasseas C, et al. (2009) Role of Lonl
protease in post-germinative growth and maintenance of mitochondrial function
in Arabidopsis thaliana. New Phytol 181: 588-600.

11. Contamine VV, Picard M (1998) Escape from Premature Death Due to Nuclear
Mutations in Podospora anserina: Repeal versus Respite. Fungal Genet Biol 23:
223-236.

12. Haffter P, Fox TD (1992) Nuclear mutations in the petite-negative yeast
Schizosaccharomyces pombe allow growth of cells lacking mitochondrial DNA.
Genetics 131: 255-260.

13. Guha S, Lopez-Maury L, Shaw M, Bahler J, Norbury CJ, et al. (2011)
Transcriptional and cellular responses to defective mitochondrial proteolysis in
fission yeast. J] Mol Biol 408: 222-237.

14. Albert B, Sellem CH (2002) Dynamics of the mitochondrial genome during
Podospora anserina aging. Curr Genet 40: 365-373.

15. Contamine V, Zickler D, Picard M (2004) The Podospora rmp1 gene implicated
in nucleus-mitochondria cross-talk encodes an essential protein whose
subcellular location is developmentally regulated. Genetics 166: 135-150.

16. Sellem CH, Lemaire C, Lorin S, Dujardin G, Sainsard-Chanet A (2005)
Interaction between the oxal and mpl genes modulates respiratory complex
assembly and life span in Podospora anserina. Genetics 169: 1379-1389.

17. El-Khoury R, Sainsard-Chanet A (2009) Suppression of mitochondrial DNA
instability of autosomal dominant forms of progressive external ophthalmople-
gia-associated ANTI mutations in Podospora anserina. Genetics 183: 861-871.

18. Luce K, Osiewacz HD (2009) Increasing organismal healthspan by enhancing
mitochondrial protein quality control. Nat Cell Biol 11: 852-858.

19. Dequard-Chablat M, Sellem CH, Golik P, Bidard F, Martos A, et al. (2011)
Two Nuclear Life Cycle-Regulated Genes Encode Interchangeable Subunits ¢ of
Mitochondrial ATP Synthase in Podospora anserina. Mol Biol Evol 28: 2063-2075.

May 2012 | Volume 7 | Issue 5 | e38138



20.

22.

23.

28.

29.

30.

31

Bota DA, Ngo JK, Davies KJ (2005) Downregulation of the human Lon protease
impairs mitochondrial structure and function and causes cell death. Free Radic
Biol Med 38: 665-677.

Rep M, van Dijl JM, Suda K, Schatz G, Grivell LA, et al. (1996) Promotion of
mitochondrial membrane complex assembly by a proteolytically inactive yeast
Lon. Science 274: 103-106.

Hori O, Ichinoda F, Tamatani T, Yamaguchi A, Sato N, et al. (2002)
Transmission of cell stress from endoplasmic reticulum to mitochondria:
enhanced expression of Lon protease. J Cell Biol 157: 1151-1160.

Lu B, Yadav S, Shah PG, Liu T, Tian B, et al. (2007) Roles for the human ATP-
dependent Lon protease in mitochondrial DNA maintenance. J Biol Chem 282:
17363-17374.

Goldberg AL (1992) The mechanism and functions of ATP-dependent proteases
in bacterial and animal cells. Eur J Biochem 203: 9-23.

Gottesman S, Maurizi MR (1992) Regulation by proteolysis: energy-dependent
proteases and their targets. Microbiol Rev 56: 592-621.

Gur E, Sauer RT (2009) Degrons in protein substrates program the speed and
operating efficiency of the AAA+ Lon proteolytic machine. Proc Natl Acad
Sci U S A 106: 18503-18508.

Roudiak SG, Shrader TE (1998) Functional role of the N-terminal region of the
Lon protease from Mycobacterium smegmatis. Biochemistry 37: 11255-11263.

Lee AY, Hsu CH, Wu SH (2004) Functional domains of Brevibacillus thermoruber
lon protease for oligomerization and DNA binding: role of N-terminal and
sensor and substrate discrimination domains. J Biol Chem 279: 34903-34912.

Chir JL, Liao JH, Lin YC, Wu SH (2009) The N-terminal sequence after residue
247 plays an important role in structure and function of Lon protease from
Brevibacillus thermoruber WR-249. Biochem Biophys Res Commun 382: 762-765.
Ebel W, Skinner MM, Dierksen KP, Scott JM, Trempy JE (1999) A conserved
domain in Escherichia coli Lon protease is involved in substrate discriminator
activity. ] Bacteriol 181: 2236-2243.

Li M, Gustchina A, Rasulova FS, Melnikov EE, Maurizi MR, et al. (2005)
Structure of the N-terminal fragment of Escherichia coli Lon protease. Acta
Crystallogr D Biol Crystallogr 66: 865-873.

@ PLoS ONE | www.plosone.org

10

32.

36.

37.

38.

39.

40.

41.

42.

Podospora Mitochondrial Lon Protease

Li M, Gustchina A, Rasulova FS, Melnikov EE, Maurizi MR, et al. (2010)
Structure of the N-terminal fragment of Escherichia coli Lon protease. Acta
Crystallogr D Biol Crystallogr 66: 865-873.

Duman RE, Lowe ] (2010) Crystal structures of Bacillus subtilis Lon protease.
J Mol Biol 401: 653-670.

Lupas A, Van Dyke M, Stock J (1991) Predicting coiled coils from protein
sequences. Science 252: 1162-1164.

Melnikov EE, Andrianova AG, Morozkin AD, Stepnov AA, Makhovskaya OV,
et al. (2008) Limited proteolysis of FE. coli ATP-dependent protease Lon - a
unified view of the subunit architecture and characterization of isolated enzyme
fragments. Acta Biochim Pol 55: 281-296.

Espagne E, Lespinet O, Malagnac F, Da Silva C, Jaillon O, et al. (2008) The
genome sequence of the model ascomycete fungus Podospora anserina. Genome
Biol 9: R77.

El-Khoury R, Sellem CH, Coppin E, Boivin A, Maas MF, et al. (2008) Gene
deletion and allelic replacement in the filamentous fungus Podospora anserina. Curr
Genet 53: 249-258.

Lecellier G, Silar P (1994) Rapid methods for nucleic acids extraction from Petri
dish-grown mycelia. Curr Genet 25: 122-123.

Bidard F, Ait Benkhali J, Coppin E, Imbeaud S, Grognet P, et al. (2011)
Genome-wide gene expression profiling of fertilization competent mycelium in
opposite mating types in the heterothallic fungus Podospora anserina. PLoS One 6:
€21476.

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, et al. (2009) The MIQE
guidelines: minimum information for publication of quantitative real-time PCR
experiments. Clin Chem 55: 611-622.

Pfafil MW, Horgan GW, Dempfle L (2002) Relative expression software tool
(REST) for group-wise comparison and statistical analysis of relative expression
results in real-time PCR. Nucleic Acids Res 30: e36.

Combet C, Blanchet C, Geourjon C, Deleage G NPS@: network protein
sequence analysis. Trends Biochem Sci 25: 147-150.

May 2012 | Volume 7 | Issue 5 | e38138



