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Unmasking a temperature-dependent effect
of the P. anserina i-AAA protease on aging
and development
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Different molecular pathways involved in maintaining mitochondrial function are of fundamental importance to control
cellular homeostasis. Mitochondrial i-AAA protease is part of such a surveillance system, and PalAP is the putative
ortholog in the fungal aging model Podospora anserina. Here, we investigate the role of PalAP in aging and development.
Deletion of the gene encoding PalAP resulted in a specific phenotype. When incubated at 27°C, spore germination and
fruiting body formation are not different from that of the corresponding wild-type strain. Unexpectedly, the lifespan of
the deletion strain is strongly increased. In contrast, cultivation at an elevated temperature of 37°C leads to impairments
in spore germination and fruiting body formation and to a reduced lifespan. The higher PalAP abundance in wild-type
strains of the fungus grown at elevated temperature and the phenotype of the deletion strain unmasks a temperature-
related role of the protein. The protease appears to be part of a molecular system that has evolved to allow survival under
changing temperatures, as they characteristically occur in nature.

Introduction

Mitochondria, best known as the power plants of eukaryotic
cells, generate most cellular adenosine triphosphate (ATP) that
is required to drive the various energy-consuming processes in
biological systems. In addition, they are involved in a number of
other important processes, like lipid and amino acid biosynthesis,
the assembly of iron-sulfur clusters, calcium storage, signaling
and programmed cell death. As a side reaction of electron transfer
through the respiratory chain that drives ATP synthesis at the
inner mitochondrial membrane, reactive oxygen species (ROS)
are generated,' which have the potential to damage all kinds of
biomolecules, including lipids, nucleic acids and proteins. The
accumulation of such damage ultimately leads to physiological
impairments and mitochondrial dysfunction. Fortunately, differ-
ent pathways have evolved to cope with this hazardous situation
and to maintain a functional population of mitochondria.**
Important components of the mitochondrial surveillance sys-
tem are pathways controlling the quality of mitochondrial pro-
teins. These pathways rely on enzymes able to repair damaged
proteins, chaperones involved in refolding of misfolded polypep-
tides, as well as ATP-dependent proteases that selectively degrade
irreversibly damaged proteins.? The inner mitochondrial mem-
brane harbors two AAA proteases, the i-AAA protease and the
m-AAA protease. Both belong to the highly conserved family of
AAA proteins found in all eukaryotes.” The two proteases expose
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their catalytic sites to opposite surfaces of the membrane. While
the i-AAA protease is oriented toward the intermembrane space,
the m-A A A protease is active at the matrix side.® Apart from their
metal-dependent proteolytic function, both enzymes contain a
chaperone-like activity suppressing the aggregation of unfolded
polypeptides. This chaperone activity is independent from the
proteolytic activity.

So far, YMELI from Saccharomyces cerevisiae is the best-studied
i-AAA protease. Deletion of the gene coding for this protease
causes pleiotropic effects, including an increased escape of mito-
chondrial DNA (mtDNA), heat sensitivity on non-fermentable
carbon sources, cold sensitivity on media containing glucose
and altered mitochondrial morphology.®® Several endogenous
substrates of YMEI have been identified, including cytochrome
oxidase subunit 2 (COX2), the external mitochondrial NADH
dehydrogenase NDE1 and two subunits of the prohibitin com-
plex.!”!2 In addition, YMEI has been linked to mitochondrial
phospholipid biosynthesis and plays a role in the translocation
of the human polynucleotide phosphorylase (PNPase) into the
intermembrane space of mitochondria.'*'

The characterization of strains from yeast and the filamen-
tous ascomycete Neurospora crassa, in which the i-AAA protease
genes were deleted, identified similar but also different functions
of the two homologs, YMEI and IAP-1. In both fungi, deletion
of the corresponding genes leads to impaired growth at high
temperatures.” In contrast to yeast, decreased temperatures do
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Figure 1. Domain structure and homology of i-AAA proteases. The pro-
tein sequence of i-AAA proteases from P. anserina (PalAP), S. cerevisiae
(YME1), N. crassa (IAP-1) and H. sapiens (YME1L1) are composed of a mito-
chondrial targeting sequence (MTS), one transmembrane domain (TM),
the conserved AAA domain, including the Walker A and B motif and the
second region of homology, and a metal binding motif (MB) represent-
ing the catalytic center. The amino acid sequence of the proteolytic
domain of the P. anserina protein is indicated (HEAGH). The length of
the amino acid sequence of the protein varies from 738 amino acids in
N. crassa to 773 amino acids in H. sapiens. Similarities of the P. anserina
protein to the other proteases are 59%, 78% and 45%, respectively.

not affect growth of the Zap-1 deletion strain. Moreover, IAP-1
can only partially substitute YMEL in S. cerevisiae, pointing to
subtle differences in the function of the two i-AAA proteases.”
Very little is known about the human homolog YMEILL.
Interestingly, YMEILI is able to rescue the temperature-sensi-
tive phenotype of Ymel-deficient yeast cells underlining the con-
served functions of i-AAA proteases.” Furthermore, YMEILI
seems to be involved in the mitochondrial unfolded protein
response, thereby allowing mitochondria to adapt to different
types of stress.'®

Mitochondria are known to play a key role in aging and lifes-
pan control (reviewed in ref. 4 and 19-22). One of the best-
characterized aging models with a clear mitochondrial etiology
of aging is Podospora anserina. In this filamentous fungus, various
mitochondrial pathways, including mtDNA reorganization,?
mtDNA repair,® respiration,”” ROS scavenging,’®* copper
metabolism,” mitochondrial dynamics® and apoptosis,®*3? have
been demonstrated to play a role. Recently, an impact of the pro-
tein quality control system on aging has been demonstrated.**
In this study, the overexpression of PaLon coding for a soluble
mitochondrial matrix protease was found to increase lifespan
without affecting vital functions.

Here, we report data of investigations analyzing the role of
the membrane-bound mitochondrial i-AAA protease PalAP of
P. anserina. We show that deletion of Palap has a temperature-
dependent effect on aging and energy-consuming developmen-
tal processes. At 27°C, APalap showed a healthy wild-type-like
growth phenotype and a most remarkable increase in lifespan
despite the fact that a component of the protein quality control
system was missing. In contrast, at higher temperatures, the
APalap strain was impaired in growth and fertility and displayed
a decreased lifespan. These results unravel an important role of
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the i-AAA protease in heat stress and identify the corresponding
pathway as relevant for aging and development.

Results

Identification of the i-AAA protease PalAP in Podospora
anserina. Within the genome of P. anserina, one open reading
frame was reported to encode a putative mitochondrial i-AAA
protease (www.podospora.igmors.u-psud.fr). The protein was
later termed PalAP for P. anserina i-AAA protease.’® By in
silico analysis, we found that PalAP shares the typical func-
tional domains of i-AAA proteases from other species, includ-
ing S. cerevisiae, N. crassa and Homo sapiens (Fig. 1). The AAA
domains of the four homologs containing the Walker A and B
motif (WA and WB), the so-called second region of homology
(SRH), and the metal binding motif (MB) with the proteolytic
consensus sequence (HEXXH) are especially well-conserved
among the analyzed species (Figs. 1 and S1). The deduced pre-
protein of PalAP is composed of 771 amino acids and contains a
putative mitochondrial targeting sequence (MTS). The predicted
probability for a mitochondrial localization of PalAP is approxi-
mately 87%. After import into mitochondria, the removal of an
N-terminal peptide of 113 amino acids is expected to lead to the
mature PalAP protein of approximately 71 kDa. Consistent with
its predicted localization in the inner mitochondrial membrane, a
transmembrane domain (TM) was identified in PalAP by hydro-
phobicity plot analysis (Figs. 1 and S2).

Ablation and modification of functional PalAP does not
affect vital functions but extends lifespan. In order to inves-
tigate the role of PalAP as a component of the mitochondrial
quality control system for aging of P. anserina, we generated a
strain in which its open reading frame was replaced by a phleo-
mycin resistance cassette (6/e).” The successful gene exchange
was confirmed in phleomycin-resistant transformants by DNA
gel blot analyses using Palap- and ble- specific probes (Fig. 2A
and B). Consistently, protein gel blot analyses with a specific pep-
tide antibody against PalAP detected the protein only in mito-
chondria of the wild type but not in the Palap deletion strain
(Fig. 2C). Interestingly, compared with the wild type, the Palap
deletion strain was neither impaired in viability, nor did it show
any changes in morphology under standard growth conditions
(data not shown).

Since the deletion of Ymel was previously reported to

impair mitochondrial function in yeast,*

we investigated the
impact of removing Palap on energy-consuming processes in
P. anserina. First, we determined the growth rates of wild-type
cultures and descendants of APalap and their ability to form
fruiting bodies. When incubated at 27°C, the standard growth
temperature of P. anserina, the growth rates of the Palap dele-
tion and that of the wild type were identical (Fig. 2D). Also,
fertilization of female gametangia of the mutant and the wild
type by spermatia (male gametes) of the wild type did not
reveal any impairment in fruiting body (perithecia) forma-
tion. The number of perithecia formed by the two fertilized
strains was virtually identical (Fig. 2E). The number of asco-
spores per perithecium (not shown) and the germination rate
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Figure 2. Deletion of Palap does not change the phenotype of APalap at 27°C but increases lifespan. (A) DNA gel blot analyses of Bglll digested DNA
from the wild-type ‘s’ (WT) and the Palap deletion strain (APalap). The Palap-specific probe (upper part) detects the ~4.3 kbp fragment containing
Palap only in the genome of the wild-type. The gene encoding the phleomycin resistance gene (ble) is present as a ~2.4 kbp fragment only in APalap
(lower part). (B) Location of the sequence used as a Palap-specific probe (line). The genomic sequences flanking Palap are indicated by punctuation.
(C) Protein gel blot analyses of mitochondrial proteins from the WT and the Palap deletion. The PalAP-specific antibody detects PalAP only in the
sample of the WT (upper part). PaPORIN (PaPOR) was used as loading control (lower part). (D) Growth rates of the WT (gray; n = 71) and the Palap dele-
tion strain (white; n = 73; p = 5E7). (E) Fruiting body formation of the Palap deletion (n = 12) strain and the WT (n = 12; p = 9E") after spermatization.

(F) Germination rate of ascospores from perithecia of fertilized APalap (n = 19) and WT cultures (n = 19). (G) Oxygen consumption of mycelium of juve-
nile WT (n = 4) and APalap strains (n = 4; p = 5.6E"). (H) Lifespan of APalap (n = 73; p = 1.8E°), the WT (n = 71) and of the two revertants Palap_rev1

of ascospores (Fig. 2F) did not show any obvious deviations
from those of the wild type. Next, we measured oxygen con-
sumption of juvenile mycelia of the wild type and APalap. In
contrast to yeast cells lacking YMEI1 that are characterized by
impaired oxygen uptake,*® no change in oxygen consumption
was found in mycelia of the APalap strain in comparison to
wild-type strains (Fig. 2G).

4282

Cell Cycle

Finally, we analyzed the effect of the Palap deletion on aging,
a process that in P. anserina has a strong mitochondrial etiol-
ogy. Surprisingly, although PalAP as a component of the mito-
chondrial protein quality control system was missing, the Palap
deletion strain was characterized by a lifespan that was markedly
increased compared with the lifespan of the wild type (Fig. 2H).
This effect could be fully reversed by the ectopic re-introduction
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Figure 3. Manipulation of the proteolytic activity of PalAP [PalAP_E540Q(G)]. (A) Lifespans of Palap_E540QG (E540QG; n = 30; p = 1.7E7), the WT
(n=21) and of APalap (n = 34; p = 6.9E°). (B) Lifespans of Palap_E540Q1 (E540Q1; n = 35; p = 7Z.1E™), of Palap_E540Q2 (E540Q2; n = 27; p = 7.4E"), the

of a single wild-type copy of Palap into the genome of APalap
(Fig. S3A). Expression of the transgenes was confirmed by pro-
tein gel blot analyses (Fig. S3B). The lifespan of two independent
revertants, termed Palap_revl and Palap_rev2, was identical to
that of the wild type (Fig. 2H). In addition, the growth rate
(Fig. S3C) and the morphology returned to wild type in the
Palap_rev strains (data not shown).

In order to validate these findings and to specifically inves-
tigate whether or not the absence of the proteolytic activity and
thus the impairment in degradation of specific substrates was
critical for the observed phenotype of the deletion strain, we
next set out to generate strains in which the active site of PalAP
was inactivated. The proteolytic center of i-AAA proteases is
known to contain a consensus metal-binding motif HEXXH?®
that is located in an a-helix within the homo-oligomeric com-
plex (Fig. S4). From yeast, it is further known that replacement
of glutamate 541 with glutamine ablates the proteolytic activity
of YMEL. Changing this amino acid is not expected to affect
the overall structure of the protein (Fig. S4). The phenotype of
yeast strains carrying this inactivated form of Ymel resembles the
phenotype of YMEL deletion strains.”’

We thus changed the base triplet coding for glutamate at
position 540 in the presumed consensus metal-binding motif
of PalAP (HEAGH) to glutamine by in vitro mutagenesis
and selected two transformants (E540Q). In addition, one
strain was selected in which the introduced glutamine was fol-
lowed by an additional glycine (E540QG). The corresponding
genes were introduced into the Palap deletion strain, and the
transformants were verified by Southern and protein gel blot
analyses (Fig. SSA-D). The morphology and growth rates of
Palap_E540QG and Palap_E540Q were indistinguishable
from the wild type (Fig. SSE and F). However, the lifespans of
the Palap_E540QG (Fig. 3A) and the Palap_E540Q (Fig. 3B)
transformants were increased and resembled the lifespan of
the Palap deletion strain. This suggested that the absence of
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the proteolytic activity rather than the loss of a chaperone-like
activity in the AAA-domain was responsible for the altered
aging phenotype of APalap.

The APalap strain is sensitive to elevated temperature. In
both, S. cerevisiae and N. crassa, loss of a functional i-AAA pro-
tease leads to a temperature-sensitive phenotype. Hence, we next
investigated the effect of an increased cultivation temperature
on APalap. Significantly and in contrast to the increased lifes-
pan at 27°C, the lifespan of the Palap deletion strain was found
to be more than 20% reduced in comparison to the wild type,
when the strains were grown at an elevated temperature of 37°C
(Fig. 4A). In other words, while increasing the growth tempera-
ture by 10°C resulted in a ~2.5-fold shorter lifespan for the wild
type, it was reduced by ~5.5-fold in the APalap strain. At this
temperature, both a decreased growth rate as well as a reduc-
tion in ascospore germination was observed in APazlap (Fig. 4B
and C). Increased temperature was also found to affect female
fertility of both the wild-type and the APalap strains (Fig. 4D).
Cultures of the wild type and APalap incubated at 37°C were
spermatized and subsequently incubated at 27°C. After two days
of growth at 27°C; both strains developed only very few fruiting
bodies. However, their number on plates with the spermatized
Palap deletion strain was slightly but significantly lower than on
plates with the fertilized wild type. These results uncover a ben-
eficial role of PalAP for development and lifespan of P. anserina
at higher temperature.

Regulation of Palap during heat stress and effect of its
deletion on components of the mitochondrial protein quality
control system. In order to elucidate the role of PalAP in more
detail, we investigated the protein level of PaIAP in mitochondria
from heat-stressed wild-type mycelia. Mitochondrial proteins
were isolated from mycelium grown under standard conditions at
27°C for three days and from mycelium incubated for two days at
27°C followed by incubation at 37°C for 24 h (Fig. 5A). Protein
gel blot analyses revealed a more than 6-fold higher abundance of
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Figure 4. Vital functions of the Palap deletion strain are impaired at 37°C. (A) Lifespans of APalap (n = 45)
and the WT (n = 45; p = 4.8E°). (B) Growth rates of APalap (n = 45) and the WT (n = 45; p = 1.4E?).

(C) Germination of ascospores after incubation for three days at 37°C (APalap n = 20, WT n = 20). (D) Fruit-
ing body formation of APalap (n = 8) and the WT (n = 8; p = 2E?).

to the Palap deletion remains
unclear but seems possible. A role of
the i-AAA protease in mitochondria-to-nucleus signaling has also
been postulated in yeast.®

Deletion of Palap affects the composition of the mitochon-
drial respiratory chain complexes. The mitochondrial i-AAA
and m-AAA proteases are known to affect the assembly of mito-
chondrial protein complexes and the degradation of membrane-
bound proteins.”” In yeast and the plant Arabidopsis thaliana,
mutants lacking the i-AAA protease show a decreased abundance
and activity of respiratory chain complexes.*** Consequently, we
analyzed the oxidative phosphorylation (OXPHOS) complexes
of the P. anserina wild-type and the Palap deletion strains (Fig.
6A). Mitochondrial proteins isolated from 14-day-old myce-
lium of both strains incubated at 27°C or 37°C were solubilized
with the mild detergent digitonin and separated by BN-PAGE.
Coomassie blue staining of the native complexes revealed the
typical composition of the respiratory chain complexes of P. anse-
rina.”! However at 27°C in mitochondria of the Palap deletion
strain, significant changes in the abundances of the individual
complexes were observed (Fig. 6A). In the mutant strain, the
amounts of the monomers of complex I and complex IV and the
dimer of complex V (V) were found to be clearly lower than in
the wild type. The monomer of complex V (V,,) and the dimer
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of complex III (III,) could not be separated by BN-PAGE, but
the intensity of the band containing these two complexes was
also slightly decreased. Compensating these changes, the abun-
dance of supercomplex [ IILIV, (S,) was markedly increased in
the mutants, and the amount of supercomplex L IILIV (S)) also
tended to be elevated. This suggested that the slight decrease in
the V,, + III, band, in fact, most likely reflected a much stron-
ger decrease of 111, along with an increase in V,, compensating
the decrease in V. Taken together, the total abundance of the
OXPHOS complexes seemed essentially unchanged, but a shift
toward the formation of stable respiratory supercomplexes and
a destabilization of complex V dimers was evident. Strikingly,
a similar shift was observed upon incubation at 37°C in the
wild type as well, along with an overall reduction in the total
amounts of the respiratory complexes that was somewhat more
pronounced in the APalap strain. Interestingly, and in contrast to
normal temperature, at 37°C the pattern of OXPHOS complexes
was rather similar for the wild type and APalap strain, suggest-
ing a function of supercomplex formation as part of the cellular
stress response.

Supporting the notion that the organization but not the total
amount of the OXPHOS complexes was altered in the Palap
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Figure 5. PalAP is heat-inducible, and its loss affects other components of the mitochondrial quality control system. (A) Protein gel blot analyses of
mitochondrial proteins of 14-day-old WT cultures (n = 4) after incubation at 27°C or for 24 h at 37°C. The protein levels of PalAP were normalized to
the level of PaPOR and the PalAP amount at 27°C set to 1. Twenty-four h at 37°C led to a 6.7-fold increased protein amount (p = 1.8E®). PaPOR serves

as loading control. Protein gel blot analyses of mitochondrial proteins of 14-day-old WT (27°C: n = 3; 24 h 37°C: n = 4) and APalap cultures (n = 4) after
(B) incubation at 27°C and (C) 24 h of incubation at 37°C. The protein levels of PaLON, PaCLPP and PaHSP60 were normalized to the level of PaPOR, and
the protein amount present in the WT strains was set to 1. At 27°C, there are no significant differences in the abundances of PaLON (p = 8E"), PaCLPP (p
= 6E?) and PaHSP60 (p = 4E"). Incubation of the cultures for 24 h at 37°C leads to significant differences in the protein amounts of PaCLPP (p = 4E?) and
PaHSP60 (p = 1E?) between the WT and APalap strains. In contrast, the level of PaLON (p = 5E") is not changed.

deletion strain at 27°C, the total in-gel enzyme activities of nei-
ther complex I nor of complex IV were found to be changed as
compared with the wild type (Fig. 6B and C); i.e., the optical
densities of all bands containing mitochondrial complex I (I, S,
S, and §,) and complex IV (IV, S, and §,) were similar in mito-
chondrial extracts from the wild type and APalap. Moreover,
the NADH:HAR and dNADH:DBQ oxidoreductase activities
of complex I in mitochondrial membranes of the Palap deletion
strain were unchanged (data not shown). At 37°C, the total in-ge/
activity of complex IV was slightly reduced in mitochondria of
both the wild type and the Palap deletion strain, with a stronger
effect on the deletion strain, while the total in-ge/ activity of com-
plex I was not significantly affected at all.

Discussion

Mitochondria, the organelles of eukaryotic cells involved in a
variety of fundamental processes, are the major source of cellular
ROS and, at the same time, the target of these aggressive com-
pounds. Accumulation of mitochondrial damage contributes to
cellular degeneration leading to disease and aging.”"*>* In the
past, it has been repeatedly demonstrated that strengthening of
ROS scavenging systems or different surveillance pathways can
keep biological systems functional and healthy for increased
periods of time. For instance, intervening into mitochondrial
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ROS generation via the overexpression of a gene coding for a
mitochondrial methyltransferase (PaMTHI1) lowers the time-
dependent accumulation of damaged mitochondrial proteins and
results in increased stress resistance and healthspan of transgenic
strains of P. anserina.”> Consistently, the deletion of PaMthl was
found to lead to accelerated aging.” Recently, similar effects were
obtained when the abundance of components of the mitochon-
drial protein quality control system were changed by different
specific genetic manipulations of P. anserina. In one study, accel-
erated aging was observed in strains overexpressing a mitochon-
drial superoxide dismutase gene. This unexpected result could be
linked to a reduced abundance of mitochondrial peroxiredoxin
(PaPRX), mitochondrial PaHSP60 and PaCLPP.?° In another
study, the constitutive overexpression of the gene coding for the
mitochondrial matrix protease PALON was found to lower mito-
chondrial protein damage, to improve mitochondrial function
and to increase healthspan.®

Unexpectedly and counterintuitively to the results of these
and other earlier investigations, deletion of Palap or ablating
the proteolytic activity of the corresponding protein led to an
increased lifespan under standard growth conditions. At first
glance, these results are contradictory to those reported for the
S. cerevisiae Ymel deletion strain that, as compared with the wild
type, shows a decreased chronological lifespan.” However, at this
point it needs to be emphasized that the aging process studied in
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Figure 6. Composition and activity of mi-
tochondrial respiratory chain complexes.
(A) BN-PAGE of mitochondrial proteins
from mycelium of 14-day-old WT (n = 3)
and APalap (n = 3) cultures incubated

at 27°Cand 24 h at 37°C prior to protein
isolation. The Coomassie blue staining of
the complexes was quantified densito-
metrically and normalized using the total
protein staining of each lane. Amounts of
the complexes IV (p = 1.2E?), V, /IIl,
(p=3.6E?),1(p=3.3E?),V, (p=3.5E") and
of the supercomplexes S (LIILIV ;
p=18E"),S, (LILIV;p=3.2E") and S,
(LILIV,; p = 2.6E?) at 27°C. Heat stress leads
to temperature-dependent changes in the
abundances of the OXPHOS complexes.
The amount of complex V, /Il is signifi-
cantly different (p = 4.8E73). In-gel activities
of complex | and IV. (B) In-gel quantification
of the total complex | activity of the WT
(n=3)and APalap (n = 3; p=8E") at 27°C
and of the WT (n = 3) and APalap (n = 3;

p =4E") at 37°C. (C) In-gel quantification of
total complex IV activity of the WT (n = 3)
and APalap (n = 3; p =8E") at 27°C. At 37°C,
total complex IV activity of APalap (n =3) is
slightly decreased compared with the WT
(n=3;p=3E?).

P. anserina is not comparable to chrono-
logical aging in yeast, which is a model
of aging of post-mitotic cells. Aging pro-
cesses in P. anserina are dependent on
hyphal tip growth and on nuclear divi-
sions and, as such, resemble replicative
aging of yeast. It thus will be interesting
to see, whether or not replicative aging
is affected in the Ymel deletion strain.
Remarkably, the surprising beneficial
effect on lifespan of the Palap deletion
is only observed at lower temperature.
Increasing the incubation temperature
from 27°C to 37°C disclosed protective
functions of PalAP as they are expected
for a component of the protein quality
control system. Both, developmental
processes, like spore germination and
fruiting body formation, and aging are
impaired in the Palap deletion strain.
While such a temperature-dependent
effect of an i-AAA protease has not
been reported in any other system so
far, alterations in leaf rosette develop-
ment and morphology under long- and
short-day conditions, respectively, have
been demonstrated in strains lacking the

PalAP homolog AtFtsH4 in A. thaliana and have been linked to
structural changes in mitochondria and chloroplasts.®® In yeast
and in V. crassa, a temperature-dependent function of the i-AAA
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protease is associated with growth impairments.”* At 37°C, Ymel
deletion strains of yeast are unable to grow on non-fermentable
carbon sources but do so at 14°C. On rich medium containing
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glucose or galactose, the mutant shows decreased growth rates
at 14°C. Similarly, disruption of Zap-I in N. crassa results in a
decreased growth rate on non-fermentable carbon sources.

Currently, the mechanistic basis of the observed temperature-
dependent functions of i-AAA proteases in biological systems
is only poorly understood. In yeast, it is known that YMELI is
involved in the degradation of membrane-bound proteins like
COX2, PHBI and PHB2.!%" Interestingly, the V. crassa homo-
log, IAP-1, is unable to degrade COX2 and PHB1 when expressed
in the yeast Ymel deletion strain, pointing to subtle differences
in the substrate specificities of i-AAA proteases from different
organisms.' In P. anserina, initial experiments using antibod-
ies against the yeast proteins COX2, PHBI1 and PHB2 failed to
identify these proteins as substrates of PalAP (data not shown).

In addition to the degradation of membrane-bound proteins,
YMEL was also found to be active in the degradation of pro-
teins in the intermembrane space. Defects in YMELI activity were
reported to lead to an accumulation of phosphatidylethanol-
amine and were linked to impaired degradation of PDS1, UPS1
and UPS2, proteins active in mitochondrial phospholipid metab-
olism."*® Although not explicitly demonstrated yet, an impact of
this metabolism and the composition of the membranes on the
assembly and/or stability of membrane-embedded protein com-
plexes may be of general relevance and, at least in part, may be
controlled by i-AAA proteases. The observed decreased activity
of respiratory complexes IV and V in an A. thaliana AtFtsH4
deletion mutants may be an example for such a scenario.® Also,
the various changes in respiratory complex and supercomplex
organization we observed in the Palap deletion strain of P. anse-
rina support such an indirect effect of PalAP function. However,
at this time, we cannot exclude more direct effects of i-AAA pro-
teases on the observed changes in protein complex composition.
The shift toward the formation of supercomplexes observed in
the Palap deletion strain seems to be part of a stress response,
as the wild type showed a similar shift when incubated at 37°C.
This suggests that the loss of PalAP causes a mild stress in P.
anserina and results in a longevity-promoting hormetic effect at
27°C. For the Palap deletion strain, the drawback of this reorga-
nization of the OXPHOS complexes is that, while the wild type
is still able to react to a new stress situation (37°C), the strains
lacking PalAP cannot induce their stress response any further.
Thus, physiological functions of the Palap deletion strain are
more affected at 37°C.

In this study, we demonstrated an essential role of the pro-
teolytic activity for wild type-specific development and aging.
Although we found a decrease in abundance of PaHSP60 and
PaCLPP in mitochondria of the Palap deletion strain grown at
elevated temperature, it is rather unlikely that these two proteins
are direct interaction partners of PalAP. Instead, PalAP may
affect the abundance of these proteins by other processes, like the
translocation of proteins across the outer mitochondrial mem-
brane or via the generation of peptides acting in mitochondria-
to-nucleus signaling leading to a readjustment of mitochondrial
gene expression. Such functions have been attributed to YMEI
in yeast.’>? Whatever the pathways are, the changes in PaHSP60
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and PaCLPP abundance most certainly contribute to the observed
impairments of the Palap deletion strain grown at 37°C.
Overall, our study identified a novel and remarkable role of a
component of the mitochondrial protein quality control system
on aging and development. The surprising effect on the pheno-
type of the Palap deletion mutant, with an increased lifespan
at 27°C and a shortened lifespan at an incubation temperature
of 37°C, identified a differential function of a single protein in
aging. This protease, as well as other yet-to-be-analyzed proteins,
appears to be adapted to the changing conditions in nature with
regularly changing temperatures. Our analysis also demonstrates
that the investigations under well-selected laboratory conditions
are prone to miss important parameters, pathways and mecha-
nisms that are relevant for complex processes like aging and
development, as they have evolved over the long time of evolution
of any given species. It will be interesting to see whether temper-
ature-associated effects also play a role in higher biological sys-
tems, including humans. Although humans are homeothermic,
body temperature does increase at least under certain conditions,
like in the skin during sun exposure or during febrile diseases.”’
At least for human cell cultures, it has been demonstrated that a
mild heat stress (= 38.5°C) is already sufficient to activate heat
shock factor HSF-1, which leads to the upregulation of target
genes like Hsp72 coding for a chaperone that is translocated into

the nucleus upon heat stress.’*>!

Materials and Methods

Strains and culture conditions. In this study, the wild-type “s™>*
strain of P. anserina was used. The deletion strain APalap was
generated in the genetic background of this wild-type strain.
The Palap wild-type gene and its modified versions were rein-
troduced into APalap. All strains were grown on M2 medium as
described in reference 53. Cultures of defined age were obtained
as described in reference 30. Mitochondria were isolated from
mycelium of 11-day-old wild type and APalap grown on M2
agar plates for three days at 27°C. Heat-stressed mycelium was
incubated at 27°C for only two days following a 24 h exposure
to 37°C.

Growth rate and lifespan determination. Lifespan and
growth rate on M2 medium were determined as described in ref-
erence 43. To determine the lifespan at 37°C, the monokaryotic
isolates were placed on race tubes with M2 and incubated at 27°C
for two days. Subsequently, the strains were transferred to 37°C
and incubated until senescence. The time period of linear growth
was used to measure the growth rate in centimeters per day.

Spore germination and growth of the cultures was determined
for dikaryotic isolates. Dikaryotic spores of the wild type and
APalap were incubated on agar plates containing corn meal
extract (BMM) complete medium at 27°C or 37°C in the dark.>
After three days, germination was determined macroscopically.

Fertility analysis. To assess female fertility, freshly isolated
monokaryotic isolates of the wild type or APalap of both mat-
ing types were allowed to overgrow the surface of M2 agar plates
at 27°C under constant light. To determine the ability to form
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fruiting bodies after heat stress, a set of strains was transferred
to 37°C after eight days at 27°C. After five days at 37°C, the
strains were spermatized. Spermatia of a wild type with the oppo-
site mating type were harvested by flooding the plates with 5 mL
of sterile water. The suspension was diluted 1:1 with sterile H,O,
and six drops 4 300 L were pipetted onto mycelium of each wild
type and APalap of the opposite mating type. After 5 min, the
drops were removed carefully, and the strains were incubated for
another two days at 27°C. Subsequently, the number of perithe-
cia was counted. The resulting values were divided by the area of
the drop. The number of perithecia developing on plates over-
grown with the wild-type “s” were set to 100% fertility.

Construction of the deletion strain APalap. Deletion of
Palap in the wild-type strain ‘s’ (mating type -) was performed as
described in reference 35. Briefly, small flanking regions of Palap
were amplified using the 5'-flank oligonucleotides pKO4-Ymel-1
(5“TAG GTA CCC CGC ATT CCT TTT TCT AG-3') and
pKO4-Ymel-2 (5-GGA AGC TTG GTC GTC GAG A-3"),
introducing Kpnl and Hindlll restriction sites. To amplify the
3'-flank region, the oligonucleotides pKO4-Ymel-3 (5-GTA
CTA GTG GGT TGG TTG GGT GTG TT-3') and pKO4-
Ymel—4 (5“TAG CGG CCG CAC TCA TCT CAG CAG CCA
T-3") were used, introducing Beul and Notl restriction sites.
Homologous recombination of Palap was achieved as described
in reference 30, using a cosmid from the cosmid library of
P. anserina wild-type strain ‘s’ containing the Palap locus.

Construction of Palap_rev and Palap E540Q(G). To rein-
troduce the Palap wild-type gene into the genome of APalap,
the open reading frame (ORF) encoding for Palap including a
~1,000 bp promoter region and a ~500 bp terminator region was
amplified from the cosmid containing the Palap locus by PCR
with Phusion polymerase (Finnzymes). The oligonucleotides
Palap-Kpnl-for (5-ATG GTA CCG AGA TGG CTG TAG
AGG CG-3') and Palap-EcoRV-rev (5-CTG ATA TCC AAG
TGT TGC CCT CTC TGC-3') were used to introduce Kpnl
and EcoRV restriction sites. The generated PCR product was
digested with Kpnl and EcoRV and cloned into the Kpnl EcoRV-
digested plasmid pKO7.* The nucleotide sequence was verified
by sequencing (SRD GmbH), and the vector pPalap_rev was
transformed into P. anserina protoplasts of the strain APalap.
The strains containing the ORF of Palap were selected by hygro-
mycin B (Hyg) resistance.

To express a modified form of Palap in P. anserina, a point
mutation was introduced in the ORF of wild-type Palap. Using
pPalap_rev as template, the oligonucleotides Palap_Munl_for
(5-"TTC AAT TGC CGC TCA GCG CAA CGG-3") and
Palap_Pvull_rev (5-TTC AGC TGG TGG TAG GCA GTC
ATC TC-3") were used to introduce Munl and Pvull restric-
tion sites. The oligonucleotides Palap_Ehel_for (5-TTT GGC
GCC GGC CAC GCC CTT GTT G-3") and the above-
mentioned Palap-EcoRV-rev were used to introduce Ehel and
EcoRV restriction sites. The two fragments were cloned into the
digested pPalap_rev to generate the vector pPalap_E540Q. The
modified nucleotide sequence was verified by sequencing (SRD
GmbH) and the vector was transformed into APalap protoplasts.
Transformants were selected on Hyg-containing medium.
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DNA gel blot analysis. Isolation of total DNA, DNA diges-
tion, gel electrophoresis and DNA gel blotting were performed as
described in reference 30.

Isolation of mitochondria from P. anserina. Mitochondria
of P. anserina cultures were isolated by differential centrifuga-
tion and purified using a 20-50% discontinuous sucrose gradi-
ent as previously described except for a final centrifugation at
100,000 g for 15 min.*

SDS-PAGE and protein gel blot analyses. SDS-PAGE and
protein gel blot analyses were performed as described in refer-
ence 26. 30 pg or 100 pg of mitochondrial protein were ana-
lyzed. The antibody Anti-PalAP (1:5,000 dilution) against
a PalAP-specific synthetic peptide was newly generated
([H]-KAENQKARFSDVHGC-[OH]; Sigma-Genosys).

BN-PAGE. BN-PAGE was performed as previously described
in reference 56. 100 pg of mitochondrial protein was solubilized
using a digitonin/protein ratio of 3 g/g. BN-PAGE and in-ge/
enzyme activity were performed as described in reference 33. In-gel
quantification of complex I and IV was performed densitometri-
cally. The optical densities of all bands presenting complex I activ-
ity (I, S, S, S,) and complex IV activity (IV, S, S,) were evaluated.
The values of the relative activity were calculated as a percentage of
the mean volume determined for the wild type at 27°C.

Oxygen consumption. Respiration rates of P. anserina wild-
type and APalap strains were determined using a Clark-type elec-
trode (Rank Bros.) as previously described in reference 57.

Complex I oxidoreductase activityy NADH:HAR and
dNADH:DBQ oxidoreductase activities of mitochondrial mem-
branes isolated from P. anserina wild-type and APalap strains
were analyzed spectrophotometrically using a SpectraMax Plus®*
microplate reader (Molecular Devices) at 27°C as detailed previ-
ously in reference 58.

Alignments and protein modeling. ClustalW was used for
the alignment of the amino acid sequences (www.ch.embnet.
org/software/Clustal W.html). To generate structural models of
proteins, the alignments were processed by Swiss-Model (www.
swissmodel.expasy.org). UCSF Chimera was used to visualize the
molecular graphics (version 1.5.3, www.cgl.ucsf.edu/chimera).

Statistical analyses. For statistical analyses of protein gel blot
and BN-PAGE data, the Students t-test (two-tailed) was used. For
statistical analyses of growth rates, female fertility, germination
of ascospores, oxygen consumption and lifespan, the Wilcoxon
test (two-tailed) was used. p < 0.05 was considered statistically
significant. The standard deviation is shown in all graphs.
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