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ABSTRACT

While mitochondria are renowned for their role in energy production, they also perform several other
integral functions within the cell. Thus, it is not surprising that mitochondrial dysfunction can negatively
impact cell viability. Although mitochondria have received an increasing amount of attention in recent
years, there is still relatively little information about how proper maintenance of mitochondria and its
genomes is achieved. The Neurospora crassa mus-10 mutant was first identified through its increased
sensitivity to methyl methanesulfonate (MMS) and was thus believed to be defective in some aspect of
DNA repair. Here, we report that mus-10 harbors fragmented mitochondria and that it accumulates
deletions in its mitochondrial DNA (mtDNA), suggesting that the mus-10 gene product is involved in
mitochondrial maintenance. Interestingly, mus-10 begins to senesce shortly after deletions are visualized
in its mtDNA. To uncover the function of MUS-10, we used a gene rescue approach to clone the mus-10
gene and discovered that it encodes a novel F-box protein. We show that MUS-10 interacts with a core
component of the Skp, Cullin, F-box containing (SCF) complex, SCON-3, and that its F-box domain is
essential for its function in vive. Thus, we provide evidence that MUS-10 is part of an E3 ubiquitin ligase
complex involved in maintaining the integrity of mitochondria and may function to prevent cellular

senescence.

HE mus-10 mutant was isolated from a screen

aimed at identifying Neurospora crassa strains that
were sensitive to MMS and therefore likely to
lack proper DNA repair mechanisms (KAFER and
PERLMUTTER 1980). Epistasis analyses involving mus-
10 suggested that it belonged to the wus-6 epistasis
group, which functions in recombination repair
(KAFER and PERLMUTTER 1980; KArer 1983). However,
mus-10 did not display several phenotypes common to
other members of the wwvs-6 epistasis group: chromo-
somal instability, a high sensitivity to histidine, and the
inability to produce viable ascospores in homozygous
crosses (NEWMEYER ef al 1978; NEWMEYER and
GALEAZZI 1978; KAFER and PERLMUTTER 1980; KAFER
1981; SCHROEDER 1986; WATANABE et al. 1997; HANDA
et al. 2000; SAKURABA et al. 2000). Furthermore, the
frequencies of spontaneous and radiation-induced
mutation observed in mus-10 were similar to those of
a wild-type strain (Karer 1981). Past efforts to uncover
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the nature of these discrepancies or the function of the
mus-10 gene product have been uninformative.

The majority of cellular ATP is produced in mito-
chondria through aerobic respiration, which couples
electron flow through respiratory complexes within the
mitochondrial inner membrane with oxidative phos-
phorylation. Besides their role in ATP synthesis, mito-
chondria are also involved in many other cellular
processes including beta-oxidation (BARTLETT and
EaTton 2004), calcium homeostasis (GUNTER el al
2004; RimEesst et al. 2008), production of iron-sulfur
clusters (ZHENG et al. 1998; GERBER and LiLr 2002; LiLL
and MUHLENHOFF 2005; RovauLT and TonG 2005), and
apoptosis (GREEN 2005; ANTIGNANI and YOULE 2006;
Xu and SHI 2007). Although virtually all mitochondrial
proteins are encoded within the nucleus, a small
number of proteins are encoded by mitochondrial
DNA (mtDNA). The integrity of the mitochondrial
genome may affect cell survival as mutations in mtDNA
accumulate in patients suffering from severe neurolog-
ical diseases including Alzheimer’s, Huntington’s
and Parkinson’s, as well as several types of cancer
(CHATTERJEE et al. 2006; HicucHr 2007; KRISHNAN
et al. 2007; REEVE et al. 2008). The number of mtDNA
mutations also increases with age, suggesting a
link between mitochondrial dysfunction and ageing
(CorToPAsst and ARNHEIM 1990; CORRAL-DEBRINSKI
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et al. 1992; CORTOPASSI et al. 1992; SIMONETTI ef al. 1992;
REEVE et al. 2008). Contrary to the single genome in the
nucleus, there are several copies of mtDNA in each
mitochondrion. Thus, defects in a few mitochondrial
genomes do not necessarily lead to mitochondrial dys-
function. Many patients suffering from mitochondrial
diseases exhibit heteroplasmy, a phenomenon in which a
mixture of wild-type and mutant mtDNAs exist in a single
cell. The ratio of wild-type to mutant mtDNAs is critical in
determining the penetrance of the genetic defect, where
mutant loads >60% are required to cause respiratory
chain dysfunction within an individual cell (BOULET et al.
1992; CHOMYN et al. 1992; Sciacco et al. 1994).

Even though N. crassa strains are generally deemed
immortal if they can be subcultured ~50 times, a wild-
type strain was recently reported to senesce after
12,000 hr of growth, implying that this fungus under-
goes natural or programmed ageing (MAHESHWARI and
Navaraj 2008; KoTHE et al. 2010). However, replicative
life span is also influenced by genetic background as
certain mutations can cause progressive deterioration of
growth, ultimately leading to death. One such example
is the nuclear-encoded natural death (nd), which when
mutant causes a senescence phenotype correlating
with the accumulation of multiple mtDNA deletions
(SHENG 1951; SEIDEL-ROGOL ¢t al. 1989). The deletions
of mtDNA in nd occurred between two 70- to 701-bp
direct repeats, suggesting that the nd gene product
regulates recombination, repair, or replication of
mtDNA (BERTRAND et al. 1993). Another nuclear
mutation, senescence (sen), was isolated from N. intermedia
and introgressed into N. crassa (NAVARAJ et al. 2000).
Deletions were also observed in the mtDNA of sen
mutants, but unlike those occurring in nd were flanked
by 6- to 10-bp repeats typically associated with GC-rich
palindromic sequences (D’Souza et al. 2005). The
nature of the sequences that flanked the mtDNA
deletions in these two mutants supported the existence
of two distinct systems of mtDNA recombination in N.
crassa: a general system of homologous recombination
(system I) and a site-specific mechanism (system II),
mediated in part by nd and sen, respectively (BERTRAND
et al. 1993; D’Souza et al. 2005). The nd and sen
mutations have been mapped to linkage groups I and
V, respectively, but neither gene has been cloned and the
precise function of their gene products remains unclear.
Two ultraviolet (UV)-sensitive mutants, wvs-4 and wuvs-5,
are thought to undergo senescence, but unfortunately,
these strains have not been studied in great detail
(SCHROEDER 1970; PERKINS ef al. 1993; HAUSNER et al.
2006). Premature senescence has also been observed in
cytoplasmic mutants of N. crassa including the E35 and
ER-3 stopper mutants that harbor large mtDNA dele-
tions, as well as strains that accumulate mitochondrial
plasmids capable of inserting into mtDNA through
homologous recombination (DE VRIES ef al. 1986; AKINS

et al. 1989; MYERS et al. 1989; N1AGRO and MisHRA 1989;
COURT et al. 1991; ALvEs and VIDEIRA 1998).

While trying to establish the role of MUS-10 in DNA
repair, we discovered that the mus-10mutant exhibited a
shortened life span, an abnormal mitochondrial mor-
phology and mtDNA instability. We cloned the mus-10
gene through its ability to complement the MMS
sensitivity of the mus-10 mutant and revealed that it
encoded a novel F-box protein. This suggested that
MUS-10 is part of an Skp, Cullin, F-box containing
(SCF) E3 ubiquitin ligase complex that targets proteins
for degradation by the 26S proteasome. The data we
present in this article offer proof that an SCF complex
can regulate both mitochondrial maintenance and
cellular senescence.

MATERIALS AND METHODS

Neurospora strains and cosmid libraries: The N. crassa
strains used in this study are listed in Table 1. Growth and
handling of N. c¢rassa were performed as previously described
(Davrs and DE SERRES 1970). Some Neurospora strains, as well
as the pMOcosX (OrBacH 1994) and pLORIST (KELKAR et al.
2001) cosmid libraries were obtained from the Fungal
Genetics Stock Center (FGSC; University of Missouri, Kansas
City, MO). The original mus-10 mutant (FGSC 5148) was twice
backcrossed to C1-T10-28a to produce two mus-10 isolates,
KB27(10)-13A and KB27(10)-18a. Age-matched wild-type and
mus-10 mutant strains, K-byWT and K-byM10A, respectively,
were obtained from a cross between KB27(10)-18a and 74-
OR31-16A. A mus-10 knockout strain, KTO-m10H2-1, was
generated using a mus-52 mutant (FGSC 9719) and standard
protocols (NiNoMivA et al. 2004). Removal of mus-52:: Bar
from KTO-m10H2-1 was achieved through a cross with C1-T10-
34A producing KTO-10H-10A. To facilitate targeted integra-
tion at the his-3 locus, KI'O-10H-10A was crossed to a his-3
mutant (FGSC 6103) to create the mus-10 his-3 double mutant
KRA-m10his3-5.

Measurement of linear growth and life span: Apical growth
of hyphae was measured in race tubes that were ~30 cm in
length (RyAN et al. 1943). Race tubes containing Vogel’s
minimal agar medium with 0.5 or 1.2% sucrose were in-
oculated with conidia at one end of the tube and incubated at
25° with constant light. The position of the growth front was
marked once or twice a day to facilitate measurement of the
apical growth rate. When hyphae reached the opposite side of
the tube, a small piece of mycelia-containing medium was
transferred to a fresh tube. To measure apical growth rates
over an extended period of time, the entire process was
repeated several times. Strains that were unable to traverse the
race tube after numerous transfers to new medium were
deemed to have a shortened life span.

Spot test analysis: The MMS sensitivity of various N. crassa
strains was examined through spot tests. Briefly, conidia were
harvested and washed twice with sterile water. The concentra-
tion of each conidial suspension was adjusted to 1 X 10°
conidia/ml. These mixtures were then subjected to five 1:4
dilutions. A 10-ul aliquot of each suspension was spotted onto
agar plates containing Vogel’s minimal medium and sorbose.
When required, MMS (0.015%) was added to the medium.
Plates were incubated at 30° for 2 days and then photographed.

Isolation of mtDNA: Sucrose gradient-purified mitochon-
dria were isolated from mycelia using previously described
methods (LamMBowIiTz 1979; SEIDEI-ROGOL ef al. 1989;
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TABLE 1

N. crassa strains used in this study

Strain Genotype Origin, source, or reference
C1-T10-28a a Tamaru and INoUE (1989)
C1-T10-34A A Tamaru and INoUE (1989)
C1-T10-37A A TamaruU and INoOUE (1989)
74-OR31-16A A al-2 pan-2 cot-1 DE SERRES (1980)

FGSC 5148 A mus-10 FGSC*

KB27(10)-13A A mus-10 This study

KB27(10)-18a a mus-10 This study

K-byWT Undetermined This study

K-byM10A A mus-10 pan-2 This study

FGSC 9719 a mus52::Bar FGSC

KTO-m10H2-1 a mus-10::Hyg" mus52::Bar This study

KTO-10H-10A A mus-10::Hyg’ This study

FGSC 6103 A his-3 FGSC

KRA-m10his3-5 mus-10::Hyg" his-3 This study
KRA-m10M10F-2 mus-10::Hyg" his-3" :mus-10-FLAG This study
KRA-m10dFM10F-1 mus-10:: Hyg" his-3":mus-10*"""-FLAG This study

“Fungal Genetics Stock Center, University of Missouri, Kansas City, MO, 64110.

RowLEY et al. 1994). TE200 (200 mm Tris-HCI pH 8.0, 1 mm
EDTA) was mixed with the mitochondria and then centri-
fuged at 15,000 rpm for 15 min. The mitochondrial pellet was
resuspended in 250 pl of TE200, 40 pl of 20% SDS, and 290 pl
of phenol:chloroform (1:1). After vigorous mixing, the sample
was centrifuged at 12,000 rpm for 10 min. The aqueous phase
was extracted two more times, first with phenol:chloroform
and then with chloroform alone. The mtDNA was precipitated
from the aqueous phase with ethanol, dissolved in TE buffer
containing RNase A and then stored at —25°.

Cloning and sequencing of mus-10 mtDNA: Apal digestion
of mtDNA obtained from the fifth subculture of mus-10
generated a 6.6-kbp fragment that was extracted from an
agarose gel and cloned into pBluescript SK* (Stratagene) to
produce pmtApal. To identify the deletion breakpoints,
smaller regions of the 6.6-kbp Apal insert were sequentially
subcloned into pBluescript using Xbal and then HindlIII,
generating pmtXbal and pmtHindIll, respectively. The ends
of all three inserts were sequenced using the universal T8 and
T7 promoter primers and a BigDye sequencing kit (Applied
Biosystems). Sequencing samples were run on an ABI PRISM
3100 genetic analyzer (Applied Biosystems). The sequences
obtained in this manner were compared with mtDNA sequen-
ces from the Neurospora database (Assembly 3; GALAGAN et al.
2003).

Mitochondrial staining: Plates containing Vogel’s minimal
medium, 1.2% sucrose and 2% agar were inoculated with
conidia and incubated overnight at 30°. To observe mitochon-
dria in live cells, mycelia were stained with MitoFluor Red
(Molecular Probes) or MitoTracker Green FM (Invitrogen).
After 20 min at room temperature, a piece of mycelia-
containing medium was transferred to a glass slide and
examined by fluorescence microscopy. Mitochondria stained
with MitoFluor Red were observed using a BX60 microscope
(Olympus) and images were captured with a black-and-white
camera (C4742-95; Hamamatsu). When MitoTracker Green
FM was used, mitochondria were visualized and photographed
using a confocal laserscanning microscope (FV1000-D;
Olympus).

Transformation of Neurospora: Neurospora transforma-
tions were performed as described with slight modifications
(NiNomivA et al. 2004). Briefly, the conidial suspension was

washed with 1 m sorbitol three times after which the concen-
tration was adjusted to 2 X 10° conidia/ml. Linearized DNA
(1-5 pg) was added to 100 pl of the conidial suspension and
incubated on ice for 5 min. An aliquot of 40 ul was then
transferred to a chilled electroporation cuvette (2 mm width).
Electroporation was performed using a BTX Electro Cell
Manipulation 600 (Genetronics) set at 1.5 kV and 186 ohm.
After electroporation, the suspension was quickly removed
from the cuvette and mixed with 960 ul of Vogel’s minimal
medium containing 1.2% sucrose. The conidia were incu-
bated at 30° for 3 hr, mixed with molten top agar, and then
spread over a selection medium. For the transformations that
facilitated cloning of the mus-10 gene, hygromycin B was used
at a concentration of 500 wg/ml.

Cloning of mus-10: A 1.4-kbp Sall fragment of pCB1003
(CARROLL et al. 1994) containing the Escherichia coli hph gene
controlled by the Aspergillus nidulans trpC gene promoter was
subcloned into pBluescript SK* to produce pHS. Nofl di-
gestion of a pLORIST cosmid, H013 B4, generated an 8.5-kbp
fragment that was cloned into the corresponding site of pHS
to produce the plasmid pH 13-N8. A portion of pH 13-N8 was
removed by Sacl digestion and subsequent recircularization
with T4 DNA ligase to create the plasmid pH 13-SS. This
plasmid included 3.1 kbp of sequence from H013 B4 and
contained a single open reading frame, NCU02379.3, which
was later confirmed as the mus-10 gene.

MUS-10 antibody production: The 1.9-kb mus-10 open
reading frame (ORF) was amplified through PCR using a
c¢DNA template and the primers MUS10-Ab-F (5'-GTACCA
TATGACGTCCTCCTCCTCACTGGA-3') and MUS10-Ab-R
(5"-TACGAAGCTTGTCGTCGGGGTACGATTCCT-3"). This
fragment was cloned into pET-21a (Novagen) using Ndel and
HindlIII restriction sites added by the primers used for PCR
amplification. The resulting plasmid, pmus10-Ab-4, was trans-
formed into Rosetta 2(DE3)pLysS E.coli competent cells
(Novagen) to produce RS2m4-1. Expression of full-length
MUS-10 protein in E. coli was performed as per the manufac-
turer’s instructions. The cells were harvested by centrifugation
and stored at —20° until processed.

To facilitate purification of MUS-10 inclusion bodies, frozen
cell pellets were thawed on ice prior to addition of 3 ml of
resuspension buffer [50 mm Tris-HCI pH 8.5, 5 mm EDTA,
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1 mMm phenylmethanesulfonyl fluoride (PMSF)] per gram of
cells. The cells were lysed by sonication (8 X 15 sec bursts; UR-
200P, Tomy Seiko, Tokyo, Japan). The insoluble fraction was
pelleted through centrifugation and resuspended in 1 ml of
wash buffer (50 mm Tris-HCI pH 8.5, 5 mm EDTA, 1% sodium
deoxycholate). This mixture was subjected to a second round
of sonication and the insoluble matter was again collected by
centrifugation. The pellet was resuspended in 1 ml deoxy-
cholate (1%) and incubated at 37° overnight. Following a
final round of sonication and centrifugation, solubilization
buffer (3 murea, 10 mM Tris-HCI pH 8.0) was used to solubilize
the purified inclusion bodies to a final concentration of
0.4 mg/ml. This mixture was sent to the antibody manufac-
turer Japan Lamb (Hiroshima, Japan) where it was injected
into rabbits to facilitate production of polyclonal antibodies.

Protein isolation and Western blot analysis: Liquid media
were inoculated with various N. crassa strains to a final con-
centration of 1 X 10° conidia/ml and grown at 30° for 18 hr
with vigorous shaking. When indicated, MMS (0.05%) was
added to the culture after 16 hr of growth and harvested with
the untreated cultures 2 hr later. Previously published proto-
cols were used for the preparation of cytosolic and crude
mitochondrial protein fractions (CHAE and NARGANG 2009),
purification of mitochondria through sucrose gradients
(LamBowrTz 1979; ROWLEY et al. 1994), SDS-PAGE (LAEMMLI
1970), and Western blotting (Goop and Crospy 1989).
Western blot analysis was performed using the anti-MUS-10
antibody described above (1/400), as well as three commer-
cially available mouse monoclonal antibodies: ANTI-FLAG M2
antibody (1/10,000; Sigma, F3165), anti-a-tubulin (1/
200,000; Sigma, T6074), and anti-COX3 (1/30,000; Molecular
Probes, A-6408). Goat anti-mouse and goat anti-rabbit IgG,
HRP conjugated secondary antibodies (Promega) were used
at concentrations of 1/10,000 and 1/3000, respectively.

Yeast two-hybrid analysis: Yeast two-hybrid experiments
were performed according to the manufacturer’s instructions
(Matchmaker Two-hybrid System 2 and 3, Clontech). Briefly,
the primers ml0-1 (5'-CCATGGATATGACGTCCTCCTCC
TCA-3") and ml0-2 (5-GGATCCCTAGTCGTCGGGGTAC
GA-3") were employed in RT-PCR to amplify a full-length
mus-10 cDNA. The primers used in PCR introduced Ncol and
BamHI restriction sites used to clone the mus-10 cDNA into
PACT?2 and pGBKT7, producing the plasmids pACT2-mus-10
and pGBKT7-mus-10, respectively. The GAL4 activation do-
main is encoded in pACT2 while pGKBT7 contains the GAL4
DNA binding domain. The plasmids pACT2-scon-3 and pAS2-
scon-3 were generated in a similar manner, but using the
primers scon3U (5’-CCATGGAGATGGCGGAGAACGACG-3")
and scon3L (5'-GGATCCCTAACGGTCTTCCGCCCA-3"). For
the latter construct, scon-3was fused to the GAL4 DNA binding
domain of pAS2-1 rather than that of pGBKT7. Plasmids
carrying the GAL4 activation domain were cotransformed into
yeast (Y187) with one of several constructs encoding the GAL4
DNA binding domain. Transformants were spread over plates
containing medium lacking tryptophan and leucine, which
selected for plasmids derived from pGBKT7 (or pAS2-1) and
pACT2, respectively. Colonies resulting after 3 days at 30° were
subjected to a filter assay for detection of B-galactosidase
activity using the protocol described by Clontech.

Generation of FLAG-tagged wild-type and F-box deficient
MUS-10: Two primers, S40-LnFG5 (5'-ccctcgaggatccggta
gtatggactacaaagaccatgacggtgattataaagatcatgacatt-3') and S41-
LnFG3 (5'-ttgggcccttacttgtcatcgteatecttgtaatecttgtaatcaatgteat
gatctttataatca-3"), which contain 22-bp complementary
sequences at their termini, were used in a PCR reaction in
the absence of template DNA to produce a 3xFLAG tag. This
fragment was digested with Xhol and Apal and cloned into the
corresponding sites of pMF272, thereby removing the GFP

gene contained in this plasmid (FREITAG et al. 2004). This
plasmid was named pFLAGC. m10Fc-5 (5'-GCTCTAGAGAT
GACGTCCTCCTCCTCACT-3") and m10-272Fc-3 (5'-GGAT

CCGTCGTCGGGGTACGATTCCTTA-3') were used to am-
plify the fulllength mus-10 ORF (637 codons) from mus-10
c¢DNA. This fragment was cloned into pFLAGC using Xbal and
BamHI restriction sites introduced by the primers. This
cloning procedure placed the mus-10 ORF under the control
of the c¢cg-1 gene promoter and placed a 3xFLAG tag on the
C terminus of the MUS-10 protein. A similar procedure was
used to insert a truncated form of the mus-10 ORF (codons 54—
637) into pFLAGC, but in this case, the cloning was achieved
using a different forward primer, dF-m10Fc-5 (5'-TCTAGAA
CATGTCGTTTACTTTCTGGGAGCCTG-3"). Both constructs
were transformed into a mus-10 his-3 double mutant, KRA-
m10his3-5, using electroporation. Desired transformants were
selected by their ability to grow on media lacking histidine as
elements from pMF272 promote targeted integration and
reversion at the his-3 locus (FREITAG et al. 2004). In this
manner, two N. crassa transformants were recovered, KRA-
m10M10F-2 and KRA-m10dFM10F-1, which produced a full-
length and F-box-deficient MUS-10 protein, respectively.

RESULTS

The mus-10 mutant has a shortened life span: During
our analysis of mus-10, we noticed that the viability of its
conidia decreased through successive subculturing. To
confirm our suspicions, we compared the apical growth
rate of a wild-type strain and a mus-10 mutant using race
tubes. To ensure the inocula in these experiments were
of similar age, mus-10 was backcrossed to wild type and
the resulting ascospores were randomly isolated and
cultured. These age-matched progeny were character-
ized as carrying wild-type or mutant mus-10alleles on the
basis of their sensitivity to MMS. Conidia from these
strains were then used to inoculate race tubes. The
apical growth rate of the wild-type strain remained
constant over all of the time points examined (Figure 1).
Conversely, growth of mus-10 began to deteriorate after
~200 hr and completely stopped after ~380 hr (Figure
1). These data verified that mus-10 exhibited a senes-
cence phenotype.

mtDNA deletions in the mus-10 mutant: The nd and
senmutants of N. ¢rassasuffer from a shortened life span
that correlates with the accumulation of mtDNA rear-
rangements (SHENG 1951; SEIDEL-ROGOL et al. 1989;
BERTRAND et al. 1993; NavARraAj et al. 2000; D’Souza et al.
2005). To investigate whether mtDNA rearrangements
became more prevalent in mus-10 as it aged, we isolated
mtDNAs from five sequential subcultures of age-
matched wild type and mus-10. Samples of mtDNA were
digested with EcoRI or Kpnl and the resulting fragments
were resolved using agarose gel electrophoresis. The
mtDNAs obtained from the first three subcultures of
wild type and mus-10 displayed virtually identical re-
striction digest patterns (Figure 2A). However, mtDNAs
from the fourth and fifth subcultures of mus-10 pro-
duced an altered banding pattern characterized by the
disappearance of the 8.8-kbp and 3.7-kbp EcoRI frag-
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FiGUrReE 1.—Apical growth rates of wild-type and mus-10
mutant strains. Conidia from age-matched wild-type
(K-byWT) and mus-10 (K-byM10A) were used to inoculate
race tubes containing Vogel’s minimal agar medium supple-
mented with 0.5% sucrose. Hyphal growth was recorded once
or twice a day. Once the mycelia had traversed the tube, a
piece of the growth front was transferred to a race tube
containing fresh medium and the entire process was repeated.
All race tubes were incubated at 25° under constant light.

ments (designated as EcoRI-3 and EcoRI-5, respectively;
BERTRAND et al. 1993) and the emergence of a 4.4-kbp
EcoRI band (Figure 2A). Similarly, the 21.6-kbp Kpnl
fragment seemed to be replaced by a novel band of
~10 kbp (Figure 2A). No such changes were observed in
age-matched wild-type strains. Unfortunately, the three
smallest EcoRI fragments (£coRI-8, -9 and -10) could not
be clearly observed in our experiments, and thus we
could not determine whether these bands were modi-
fied in any way. mtDNAs from older wild type and mus-10
(fifth subculture) also produced differing restriction
digest patterns when digested with Apal and Clal
(Figure 2B). On the basis of these results, we estimated
that the mtDNA of mus-10 carried a 10- tol2-kbp
deletion (Figure 2C).

Cloning and analysis of mus-10 mtDNA: To uncover
the region of mtDNA deleted in mus-10, we first needed
to determine the sequence of the flanking regions. We
reasoned that the 6.6-kbp Apal restriction fragment
observed in mtDNA from the fifth subculture of mus-10,
but absent in that of wild type, likely resulted from a
large deletion involving the 12.9-kbp and possibly the
5.8-kbp Apal fragments (Figure 2C). This novel Apal
band was cloned into the corresponding site of pBlue-
script. The ends of the 6.6-kbp insert were sequenced
with the universal T7 and T3 promoter primers but
unfortunately, no mtDNA deletions were detected in
the sequenced region when compared with mtDNA
sequences from the Neurospora database (assembly 3;

GALAGAN et al. 2003). This implied that the deletion
breakpoint occurred further into the cloned mtDNA
fragment. Consequently, a 2.2-kbp region of mtDNA from
the cloned Apal restriction fragment was subcloned into
pBluescript using Xbal. Sequence analysis was performed
as described above, but the deletion breakpoints could
not be identified. Subsequent sequencing of pmtHindIII,
which contained 1.2 kbp of mtDNA obtained from
digestion of the 6.6-kbp Apal restriction fragment with
HindIll, finally revealed a 10,488-bp deletion in the
mtDNA of mus-10. This deletion completely removed
EcoRI-3 as well as parts of EcoRI-5 and EcoRI-10, thereby
eliminating two unidentified reading frames (urfU and
urfN), coxl (cytochrome ¢ oxidase subunit 1), cob (apoc-
ytochrome ), and part of nadl (NADH dehydrogenase
subunit 1) (Figure 3A).

Further examination revealed that the deleted region
was flanked by 7-bp direct repeats (AGGGGGG; Figure
3B), resembling sequences associated with system II,
the site-specific mtDNA recombination pathway. In-
terestingly, the first four nucleotides of the 5" repeat
overlapped an 18-bp Psil palindrome (5'-CCCTGCAG
TACTGCAGGG-3') that occurs in mtDNA of N. crassa 67
times (CaHAN and KeNNELL 2005) and is thought to
form a stem-loop structure (Figure 3C; YIN et al. 1981;
NARGANG et al. 1983; DE VRIES et al. 1986).

Mitochondrial morphology of the mus-10 mutant:
Our restriction digest analysis of mtDNA suggested that
loss of the mus-10 gene had an adverse effect on mito-
chondria. To explore this hypothesis, we used fluores-
cence microscopy to examine the morphology of
mitochondria within mus-10. Growing hyphae were
stained with a mitochondria-specific fluorescent dye and
then visualized under a microscope. In wild-type mycelia,
long tubular mitochondria were observed in both distal
and conidiating hyphae (Figure 4). Conversely, mus-10
had abnormal mitochondria that exhibited a spherical
morphology (Figure 4). Surprisingly, the occurrence of
this phenotype was not age related, as spherical mito-
chondria were observed in earlier subcultures during
which hyphae were growing normally (Figure 4). This
implies that changes to mitochondrial structure occur
prior to the formation of abnormal mtDNAs.

Identification of the mus-10 gene: The mus-10 gene
was previously mapped to a site on LG VII near met-7
(7%; KAFER and PERLMUTTER 1980). To identify the
mus-10 gene, we used a gene-rescue approach in which
mus-10 conidia were transformed with digested cosmids
that spanned a 27.7-kbp region defined by our linkage
and RFLP analyses (data not shown). In this manner, we
discovered an 8.5-kbp Nod fragment derived from the
pLORIST cosmid HO13 B4 that could rescue the MMS
sensitivity of mus-10. This fragment was cloned into
pHS to produce pH 13-N8 (Figure 5). The sequence
in this fragment contained three annotated ORFs:
NCU02379.3, NCU02378.3, and NCU02377.3 (Figure
5). Removal of the latter two ORFs from pH 13-N8 was
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FIGURE 2.—Restriction analysis
of mtDNA. (A) mtDNAs were iso-
lated from five sequential subcul-
tures (labeled 1-5) of wild-type
and mus-10 mutant strains. These
mtDNAs were digested with EcoRI
or Kpnl, and subjected to agarose

electrophoresis. ~ Bands
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!m l 3 emerging or disappearing in the

Apal Clal
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 mus-10

fourth and fifth subcultures of
mus-10 are indicated with an
open circle (°) and asterisk (*),
respectively. (B) mtDNAs from
the fifth subculture of wild-type
and mus-10 mutant strains were
digested with Apal or Clal. Re-
striction digest fragments that
differed between the two strains
are indicated as described in A.

(C) Restriction maps of N. crassa
1 ! ]

mtDNA digested with Apal, Clal,
EcoRI, or Kpnl. Position 1 in this

EcoRI | 1 | 2 Tio] 3

[5 [7al819][7b] 4 16|

figure corresponds to the nucleo-

Kpnl | 3 [eb T 7 1 5 1 i

T 3 | 6a 1] | tide at the 5" end of the largest

EcoRI fragment. Numbers located
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within the mtDNA fragments in-

Clal 1 3 | 2 [ 1 |

[ 7 14 [5]

dicate their size relative to the

other fragments generated from
digestion with a given restriction

enzyme. The number “1” is used to describe the largest fragment, while “a” and “b” are employed when two fragments of similar
size are produced, where “a” specifies the larger fragment. The shaded area shows the predicted location of a large mtDNA

deletion (~10-12 kbp) observed in latter cultures of mus-10.

achieved through Sacll digestion and subsequent re-
circularization of the desired fragment to generate the
plasmid pH 13-SS. The 3.1-kbp insert in this plasmid
contained a single ORF (NCU02379.3) that conferred
wild-type MMS resistance to mus-10. To confirm the
identity of the mus-10 gene, we isolated genomic DNA
from the original mus-10 mutant and employed PCR to
amplify the candidate gene. Sequence analysis of this
PCR productrevealed that mus-10 carries a single G-to-A
transition at position 984 of the predicted ORF se-
quence, producing a nonsense mutation (Figure 5).

The mus-10 gene was predicted to encode a 637
residue polypeptide with a molecular weight of 73.7
kDa. The ORF sequence and intron—exon boundaries
were confirmed through sequence analysis of cDNA
generated through RT-PCR. An F-box was identified at
the N terminus of the MUS-10 protein (Figure 5),
suggesting that it belongs to the F-box protein family
whose members are normally components of SCF E3
ubiquitin ligase complexes that direct proteins to the
26S proteasome, ultimately leading to their degrada-
tion. These findings are concurrent with the hypothesis
that SCF complexes can regulate mitochondrial func-
tion (CoHEN et al. 2008; DENG et al. 2008). A YecVike
domain, which has been shown to bind hemimethylated
DNA (D’ALENCON et al. 2003), was also observed in
MUS-10, suggesting that it may be capable of interacting
with DNA (Figure 5).

Localization of MUS-10: To help elucidate the
function of MUS-10, we wanted to establish its sub-
cellular location. Western blot analysis was performed
on cytosolic and purified mitochondrial proteins iso-
lated from a wild-type strain (C1-T10-37A) and a mus-10
knockout (KTO-10H-10A). To ensure the absence of
cytosolic proteins in the mitochondrial fraction and vice
versa, blots were also examined using antibodies against
a-tubulin and COX3, which are found in cytosol and
mitochondria, respectively (Figure 6). Use of an anti-
MUS-10 antibody revealed a band in the cytosolic fraction
of wild type that was absent in mus-10 (Figure 6, lanes 1
and 3). Conversely, MUS-10 was not observed in mito-
chondria from either strain (Figure 6, lanes 5 and 7).

Since MUS-10 appears to influence mitochondrial
morphology and also protects cells against the effects of
MMS, we reasoned that exposure to MMS may induce
movement of MUS-10 from the cytosol to mitochondria.
However, MUS-10 localization was not altered in cells
grown in the presence of MMS (Figure 6). Taken
together, these results suggest that MUS-10 may func-
tion in the cytosol.

MUS-10 is part of an SCF complex: Proteins with an
F-box motif (F-box proteins) generally function in SCF
E3 ubiquitin ligase complexes along with two additional
core components, Cullin and Skpl, although they are
thought to physically interact only with the latter (Barx
et al. 1996; JacksoN and ELDRIDGE 2002; WILLEMS et al.
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N. crassa mtDNA
(64840 bp)

FIGUrReE 3.—Characterization of the
mtDNA deletion observed in mus-10.
(A) A circular EcoRI restriction map of
N. crassa mtDNA. The sizes of the EcoRI
fragments are indicated as described in
Figure 2C. The location of genes and
rRNAs are indicated with solid black
lines. The dotted line denotes the
mtDNA deleted in mus-10. (B) Location
of the mtDNA deletion breakpoints of
mus-10. The 10,488-bp deletion de-
tected in mus-10 was flanked by 7-bp
direct repeats (indicated with boxes)
present in EcoRI-10 and EcoRI-5. Num-
bers beside the mtDNA sequences indi-
cate the position of nucleotides relative

cox3 E to the closest 5’ EcoRI restriction site.

rRNA The recombining sequences that gave

rise to the mtDNA observed in pmtHin-

dIII are indicated with a solid line. The

EcoRI-10 1572 TCCCCCCTTCCCCCCTGCAGTACTGAGGGCGGGGCEGGCCAAAAAGTAAARATT 1626 18-bp Psil palindrome associated with
| deletions of mtDNA in mus-10 and sen

ECORI-5 1246  CCCGTGGGGCCTTGAATCAACCCCGYAGGGGGGTCGATTCTTCATCTCGATCTTC 1300 js shown in boldface type. (C) Predicted

pmtHindIII 1572 TCCCCCCTTCCCCCCTGCAGTACTGUAGGGGGGTCGATTCTTCATCTCGATCTTC 1626

stem-loop structure of the mtDNA se-
quence (nucleotides 1572-1610 of
EcoRI-10) surrounding the 5’ deletion

junction. The nucleotides that comprise the Psd palindrome are shown in boldface type. The 7-bp direct repeat of EcoRI-10 is
indicated with a box. The two unpaired thymine residues that are thought to trigger BER or MMR pathways are shown with dotted
arrows. The positions where single strand breaks likely occurred to facilitate deletions of mtDNA in mus-10 and sen are indicated

with solid and open block arrows, respectively.

2004; Ho et al. 2008). To investigate whether MUS-
10 physically interacts with SCON-3 (the Neurospora
Skpl homolog; SizEMORE and PaierTa 2002) a yeast
two-hybrid assay was performed. cDNAs of mus-10 and
scon-3 were cloned into yeast expression vectors con-
taining the Gal4p activation or DNA binding domains. A
filter assay showed that (-galactosidase was produced
when yeast cells were cotransformed with constructs
carrying mus-10 and scon-3 fused to the DNA binding
and activation domains of Gal4p, respectively, while no
B-galactosidase activity was observed in any of the
control experiments (Figure 7A). Although fewer yeast
colonies were generated in reciprocal experiments,

Distal Hypha

Hyphal Tip

mus-10

"
_

B-galactosidase activity could still be detected (Figure
7B). These data are consistent with a physical interac-
tion between MUS-10 and SCON-3.

The F-box motif of MUS-10 is required for its
function: The F-box motif normally interacts with Skpl
and is thought to be essential for F-box protein function
(Bar et al. 1996). To confirm the importance of the MUS-
10 F-box motif, we examined whether a MUS-10 protein
lacking the F-box motif could rescue the phenotypes of
the mus-10 mutant. Full-length and F-box-deficient
versions of the mus-10 gene were inserted into pFLAGC,
which placed them under the control of the constitutive
ccg-1 gene promoter (FREITAG et al. 2004) and added a

Conidiating
Region

F1GURE 4.—The morphology of mitochondria
in wild-type and mus-10 mutant strains. Growing
hyphae from the first subculture of wild-type
(K-byWT) and mus-10 (K-byM10A) strains were
stained with MitoFluor Red and then visualized
using fluorescence microscopy (lower). These
hyphae were also observed using phase-contrast
microscopy (upper).
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Noil Ficure 5.—Identification of the mus-10 gene.
PLORIST 1013 B4 1 Notl Notl 37535 Notl digestion of pLORIST H013 B4 produced
: —— | an 8.5-kbp fragment that could restore growth
] of mus-10 on medium containing MMS. This frag-
fog Saell Nofl Sacll 1 ent was cloned into pHS to produce pH 13-N8.
pEI3-NS ] : I ==l Sequence analysis of pH 13-N8 revealed three
| NCU02379.3 | NCU023783  NCU02377.3 predicted ORFs, NCU02379.3, NCU02378.3,
Notl Sacll and NCU02377.3. To identify the mus-10 gene,
pH13-SS : P a portion of pH 13-N8 was removed with Sadl
S NCUOZ3TI3 ™, producing pH 13-SS. This plasmid contained a
NG P _ single ORF, NCU02379.3, and could complement
mus-10 v ' /H the mus-10 mutant phenotype. Sequencing revealed
NCU02379.3 | I/H ’ ] that the mus-10 mutant carried a G-to-A transition at
984 (TGG _ TGA position 984 of this ORF, which generated a non-
G—=A | (Trp) ™ (Stop) sense mutation. ORF NCU02379.3 is predicted to
MUS-10 . ) encode a 637-amino acid polypeptide with a molec-

Protein 637 codons . . . .
L] L1 I 737 xDa) ular weight of 73.7 kDa. Analysis of the amino acid

F-box domain YeeV-like

(codons 5-33) (codons 503-526)

3xFLAG-tag to the C terminus of each protein (Figure
8A). Transformation of these constructs into a mus-10
knockout produced strains that were revealed through
Western blot analysis to contain relatively high levels of
FLAG-tagged full-length or truncated MUS-10 protein
within the cytosol (Figure 8B, lanes 2 and 3). Un-
fortunately, the anti-FLAG antibody also recognized a
nonspecific protein similar in size to full-length MUS-10
(lanes 1 and 3). However, given the intensity of the band
observed in mus-10 transformed with the full-length
construct (lane 2), it is clear that FLAG-tagged MUS-10
is being produced in this strain. Surprisingly, a small
amount of fulllength and AF-box-deficient MUS-10
were detected in mitochondria with the relative levels
of the two proteins being similar to that observed in the
cytoplasm (Figure 8B, lanes 2 and 3 vs. lanes 5 and 6).
This may suggest that overexpression of the two MUS-10

sequence revealed an F-box domain (codons 5-53)
and a YecVike domain (codons 503-526).

should be noted that deficiencies leading to senescence
likely continued to accumulate during the transforma-
tion procedure, and thus conidia from this transform-
ant are likely “older” than those of the original mus-10
mutant. Fluorescence microscopy revealed that tubular
mitochondria could be restored in mus-10 through
transformation with a construct encoding wild-type,
but not truncated, MUS-10 protein (Figure 9C). Taken
together, these data confirm that the F-box domain of
MUS-10 is essential for its function in vivo.

Cytosolic Mitochondrial

forms leads to or increases their association with Proteins Proteins
mitochondria. While this result will be addressed
further in DISCUSSION, it is important to note that the % o % = =
AF-box MUS-10 was also observed in mitochondria and = 2 = 2 ]
thus, removal of the first 53 amino acids did not remove a 5 z . i
an N-terminal mitochondrial signal sequence. MMS: -+ -+ -+ -+ -

After we confirmed expression of both FLAG-tagged 3 ; - = —| Anti-MUS-10
MUS-10 proteins, we performed spot test analysis to =
determine whether these proteins could rescue the |.... | Anti-a-Tubulin
MMS sensitivity of mus-10. As anticipated, strains ex-
pressing full-length MUS-10 protein displayed wild-type | WI Anti-COX3
growth on MMS plates while those carrying the trun- Lane: 1 2 3 4 S 6 7 8 9

cated form of MUS-10 lacking the F-box motif remained
susceptible to MMS (Figure 9A).

To examine whether these transformants exhibited a
shortened life span, their growth rates were monitored
in race tubes. Transformants that expressed full-length
MUS-10 displayed wild-type growth, while those harbor-
ing the F-box deficient form senescence prematurely
(Figure 9B). Although the strain expressing the trun-
cated form of MUS-10 appeared to undergo senescence
earlier than the original mus-10 mutant (Figure 9B), it

FIGURE 6.—MUS-10 localization. Western blot analysis was
performed using cytosolic proteins (200 pg) and sucrose gra-
dient-purified mitochondria (50 pg) isolated from a wild-type
(C1-T10-37A) and mus-10 mutant strain (KTO-10H-10A)
grown in the presence (+) or absence (—) of MMS. Anti-
a-tubulin and anti-COX3 were used as controls to identify
cytosolic and mitochondrial marker proteins, respectively. A
total of 250 ng of recombinant MUS-10 (MUS-10) was loaded
in the gel to verify functionality of the MUS-10 antibody. Since
use of the anti-MUS-10 antibody produced several nonspecific
bands, the location of MUS-10 is indicated with a solid arrow.
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A

pACT2 (AD): - - + scon-3 + scon-3
pGBKT7 (BD): - + mus-10 - + mus-10
B

pACT2 (AD): - - + mus-10 + mus-10

pAS2-1 (BD): - + scon-3 - + scon-3

FicUure 7.—A physical interaction between MUS-10 and
SCON-3. Yeast two-hybrid analysis was performed to deter-
mine whether the MUS-10 protein interacted with a core com-
ponent of N. crassa SCF complexes, SCON-3. (A) Yeast cells
(Y187) were cotransformed with two plasmids, one of which
contained the GAL4 activation domain (AD) of pACT2 while
the other included a GAL4 DNA binding domain (BD) from
pGBKT7. While empty vectors (—) were used in some of these
experiments, transformations were also performed with deriv-
atives of pACT2 and pGBKT7 that contained in-frame scon-3
(+ scon-3) and mus-10 (+ mus-10) cDNAs, respectively. Selec-
tion of cotransformants was achieved using nutritional
markers present within pACT2 and pGBKT7, which confer
the ability to grow on medium lacking leucine and trypto-
phan, respectively. Colonies emerging after a 3-day incuba-
tion at 30° were subjected to a filter assay capable of
detecting B-galactosidase activity, which would only be ob-
served if the two proteins being examined could physically in-
teract. (B) Reciprocal experiments performed as described in
A. In these experiments, pAS2-1, which contains the GAL4
DNA binding domain and the TRPI gene, was used in place
of pGBKT?7.

DISCUSSION

Although sensitivity of mus-10 to MMS and UV light
implied a deficiency in one or more DNA repair path-
ways, the precise function of the mus-10 gene was
unclear. In this present work we report that MUS-10
belongs to the F-box protein family and is thus likely
involved in proteasome-mediated protein turnover.
This finding suggests that even though mus-10 is more
susceptible to MMS than wild type, the mus-10 gene
product may not have a direct role in DNA repair.
Indeed, other instances of this phenomenon have been
reported in other organisms. In S. cerevisiae, an in-
creased sensitivity to MMS was observed in strains
deficient for Tim13p, whose role in mitochondrial
protein import is well established (HaNway et al
2002). It was hypothesized that the heightened suscep-
tibility of the timI3A strain to MMS resulted from the
reduced import of mtDNA repair proteins. Conversely,
overexpression of a nuclear BER protein in the mito-
chondria of human cells was thought to cause an
imbalance of mitochondrial DNA repair proteins mak-
ing them more vulnerable to MMS (FisHEL et al. 2003).
Since MUS-10 is likely to function in ubiquitin-mediated
proteolysis, it is conceivable that MUS-10 deficiency
promotes accumulation of one or more mitochondrial

A F-box YecV-  3x
Domain like FLAG

Full-length
(codons 1-637)
AF-box
(codons 54-637)

[1 [1

B Cytosolic  Mitochondrial
Proteins Proteins
= £
: =
B EEEN
2 T L g B 4
T =~ E R
—~[ - -
T Anti-FLAG
nti-
—[ -
-

‘ Anti-a-Tubulin

\ | \nii-COX3
Lane: 1 2 3 4 5 6

Frcure 8. —FLAG-tagged forms of MUS-10. (A) Diagram of
fulllength (codons 1-637) and truncated (codons 54-637)
MUS-10 used in our experiments. Insertion of cDNAs encod-
ing the two forms of MUS-10 into pFLAGC placed their ex-
pression under the control of the constitutive ccg-I gene
promoter and added a 3xFLAG tag on the C terminus of each
protein. Since pFLAGC is derived from pMF272, it contains a
portion of the N. crassa his-3 gene, which can be used for tar-
geted integration and reversion at the his-3locus. (B) Western
blot analysis was performed as described in Figure 6. Plasmids
encoding the two different FLAG-tagged versions of MUS-10
(shown in A) were used to transform mus-10 (KRA-m10his3-5)
conidia. Two resulting his® transformants, KRA-m10M10F-2
and KRA-m10dFM10F-1, expressed full-length and AF-box
MUS-10, respectively. Background levels were determined
using untransformed mus-10. Full-length MUS-10 protein is
indicated with a solid arrow, while the AF-box form is shown
with a dotted arrow. To facilitate viewing of MUS-10 in the
mitochondrial fraction, a second, longer exposure was also
included (Anti-FLAG, lower).

proteins that affect mtDNA repair, replication, or re-
combination, leading to an elevated sensitivity to MMS.

Similar to nd and sen, strains deficient for mus-10
displayed a shortened life span and accumulated
mtDNA deletions (SEIDEL-ROGOL et al. 1989; BERTRAND
et al. 1993; NAVARAJ et al. 2000; D’Souza et al. 2005).
Analysis of the mtDNA deletion observed in latter
subcultures of mus-10 revealed the absence of EcoRI-3
and parts of FEcoRI-5 and FEcoRI-10. This deletion re-
moved at least three components of the electron trans-
port chain, cob, coxI, and nadl, which likely impaired
respiration leading to senescence and subsequent death
of mus-10. Similarly, the stop-start growth phenotype of
the E35 stopper mutant was attributed to loss of nad2
and nad3 (DE VRIES el al. 1986; ALvEs and VIDEIRA
1998), while the ER-3 stopper mutant was shown to
harbor a ~25-kbp deletion of mtDNA that removed
several genes including c¢ob and coxI (NIAGRO and
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MisHRA 1989; N1AGRO and MisHRA 1990). Senescence
in these and other N. crassa strains, including nd, sen,
and nmus-10, correlated with the accumulation of
mtDNAs that harbor large deletions, which may incur
a replicative advantage over wild-type molecules due to
their smaller size. In a recent report, quantitative real-
time PCR was used to demonstrate that in mice,
mitochondrial genomes that contain large deletions
(~10 kb) accumulated faster than those carrying small
deletions (~3.8 kb) (Fukur and Morags 2009). While
these data support the notion that smaller mtDNAs have
a replicative advantage over larger ones, it does not
exclude the possibility that the number and/or nature
of the genes present in a mitochondrial genome can
influence copy number.

The Pstl palindrome observed at the 5’ flank of the
mus-10 mtDNA deletion is capable of forming a GC-rich
imperfect stem loop, a structure which has been

Kato et al.

FiGure 9.—The F-box of MUS-10 is essen-
tial for its function. (A) Spot test analysis was
performed using conidia from C1-T10-37A
(wild type), KTO-10H-10A (mus-10), KRA-
mlOM10F-2 (mus-10 + fulllength) and
KRA-m10dFM10F-1 (mus-10 + AF-box). Co-

—o— mus-10

—0— wild-type

—h— mus-10 .. R .
+Full-length  Nidial suspensions were adjusted to a concen-
—— mus-10 tration of 1 X 10° conidia/ml and subjected to
o five Lidserdal dilutions. A 10-pl aliquot of each
W00 500 mixture was spotted onto agar plates contain-
' ing Vogels’s minimal sorbose medium lacking
(control) or supplemented with 0.015%
s 10 MMS (MMS). Plates were photographed
+AF-box after 2 days at 30°. (B) Measurements of apical

growth were performed as described in Figure
1. In these experiments, race tubes contained
1.2% sucrose instead of 0.5%. (C) Mitochon-
drial morphology. Live hyphae were stained
with MitoTracker Green and visualized using
a confocal laserscanning microscope.

hypothesized to stall DNA replication and/or act as
substrates for mismatch repair (MMR) or base excision
repair (BER) systems (D’Souza et al. 2005; HAUSNER
et al. 2006). Either scenario could lead to single and/or
double strand breaks that are thought to promote
mtDNA recombination. Indeed, the stem-loop struc-
ture formed by the Psi palindrome flanking the mus-10
mtDNA deletion contains two unpaired nucleotides
that could potentially trigger BER or MMR pathways
resulting in endonucleolytic cleavage of the phospho-
diester bond following the AGGGGGG repeat (Figure
3C). Interestingly, the same Psd palindrome and un-
paired nucleotides were implicated in the generation of
mtDNA deletions in sen (recombination junction ]2;
D’Souza et al. 2005), but in this case, the cleavage event
occurred on the opposite strand (Figure 3C), implying
that mtDNA repair pathways can target either strand of
the mismatched and/or unpaired sequence.
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Ficure 10.—Models to explain the relation-
ship between mus-10 and senescence. (A) In this
model, loss of MUS-10 prevents operation of a
mitochondrial E3 ubiquitin ligase leading to ac-
cumulation and/or deficiency of numerous mi-
tochondrial proteins. The resulting protein
imbalance leads to defects in both mtDNA main-
tenance and mitochondrial morphology through
independent mechanisms. Defective mtDNA re-
combination, repair, and/or replication leads
to increased MMS/UV-light sensitivity and
mtDNA rearrangements. Mitochondrial frag-
mentation and altered mtDNA promote further
mitochondrial dysfunction, which ultimately re-
sults in impaired respiration and eventual senes-
cence. (B) This model is similar to the one
proposed in A except that in this case, dysfunc-
tion of mtDNA recombination, repair, and/or
replication results from a mitochondrial protein
imbalance caused by mitochondrial fragmenta-
tion and is thus not a direct result of MUS-10 de-
ficiency.
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Our examination of mitochondrial morphology and
mtDNA rearrangements in mus-10 suggests that frag-
mented mitochondria arise prior to modification in the
mtDNA restriction digest profile. While we cannot
exclude the possibility that mtDNA rearrangements
arise in mus-10 much earlier than they can be visualized
through restriction digest and agarose gel electropho-
resis, our observations do raise the question of whether
mitochondrial fragmentation leads to altered mtDNA
or if these events occur through independent mecha-
nisms. We propose two models that address the relation-
ship between mitochondrial morphology and mtDNA
integrity, both of which rely on MUS-10 functioning as
an E3 ubiquitin ligase. In our first model (Figure 10A),
MUS-10 deficiency is proposed to promote the accu-
mulation of a wide variety of mitochondrial proteins
including, but not limited to, mediators of fission and/
or fusion, components of import machinery, and pro-
teases. Accumulation of mitochondrial proteases would
subsequently lead to lower levels of their substrates. The
resulting mitochondrial protein imbalance has two
concurrent effects: (i) deficiencies in mtDNA replica-
tion, recombination, and/or repair, leading to mtDNA
rearrangements and sensitivity to MMS and UV, and (ii)
disruption of the fission/fusion equilibrium, resulting
in mitochondrial fragmentation. The persistence of
such problems promotes further mitochondrial defects,
which initiates a vicious cycle leading to the accumula-
tion of dysfunctional mitochondria that ultimately
cause senescence. Our second model (Figure 10B)
proposes that loss of MUS-10 leads to the production
of fragmented mitochondria through inhibited mito-
chondrial fusion and/or accelerated division. This
model predicts that smaller mitochondria are more
likely to harbor an imbalanced protein complement
and are thus prone to defective maintenance of mtDNA.
This compromises respiration, which in turn leads to
senescence.

Regardless of whether there is a causal relationship
between defective mtDNA and mitochondrial morphol-
ogy in mus-10, the fragmented mitochondria observed
in this strain likely arise through abnormally high
amounts of fission or by inhibited fusion. Mitochondrial
fusion and fission are complicated processes involving
many proteins and are thought to enable mixing of
metabolites and mtDNA thereby allowing optimal
mitochondrial function (CERVENY et al. 2007; HopPINS
et al. 2007; KNoTT and Bossy-WeTzeL 2008; HoprPINS
and NunNArr 2009). Therefore circumstances that
disrupt the balance between these opposing forces can
be detrimental to the cell. Given that the mus-10 gene
product is a mediator of proteolysis, the altered mito-
chondrial morphology may result from the accumula-
tion of one or more proteins that promote division or
hinder fusion. Indeed, links between E3 ubiquitin ligase
complexes and mitochondrial structure have been
reported. Mutations in Parkin, an E3 ubiquitin ligase,

have been associated with defective mtDNA repair and
progression of Parkinson’s disease in humans (DawsoN
2006; DopsoN and Guo 2007). Recent evidence sug-
gests that Parkin functions to promote mitochondrial
fission and/or inhibit fusion (DENG et al. 2008; PooLE
et al. 2008). In Saccharomyces cerevisiae, the F-box protein
Mdm30p is involved in ubiquitylation and subsequent
degradation of the mitochondrial fusion mediator
Fzolp (Fritz et al. 2003; ESCOBAR-HENRIQUES et al.
2006; CoHEN et al. 2008). The mdm30 mutant was shown
to accumulate Fzolp and exhibit aggregated mitochon-
dria. A physical interaction between Mdm30p and
Fzolp has also been observed (EscoBAR-HENRIQUES
et al. 2006). Interestingly, Mdm30p of yeast has a weak
homology to N. crassa MUS-10, and thus it is tempting to
speculate that MUS-10 can interact with FZO-1 and/or
other mitochondrial outer membrane proteins. Such an
interaction might explain why we observed full-length
and truncated forms of MUS-10 in mitochondria upon
their overexpression as elevated levels of these proteins
may promote binding of MUS-10 to its outer membrane
targets. However, we cannot exclude the possibility that
MUS-10 is imported into mitochondria and that our
detection of the FLAG-tagged MUS-10 proteins in
mitochondria stems from increased import arising from
high levels of expression. In this case, mitochondrial
import would have to rely on internal mitochondrial
signal sequences as the N-terminal truncated form of
MUS-10 also associated with mitochondria.

There are many unanswered questions regarding the
function of MUS-10 and its relationship with mitochon-
dria. However, the N. c¢rassa mus-10 mutant could
provide greatinsightinto the role of ubiquitin-mediated
proteolysis in the maintenance of mitochondrial mor-
phology and mtDNA and thus may be used as a model
for studying ageing and mitochondrial diseases in
humans.
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