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Mdm30 Is an F-Box Protein Required for Maintenance
of Fusion-competent Mitochondria in Yeast
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Mitochondrial fusion and fission play important roles for mitochondrial morphology and func-
tion. We identified Mdm30 as a novel component required for maintenance of fusion-competent
mitochondria in yeast. The Mdm30 sequence contains an F-box motif that is commonly found in
subunits of Skp1-Cdc53-F-box protein ubiquitin ligases. A fraction of Mdm30 is associated with
mitochondria. Cells lacking Mdm30 contain highly aggregated or fragmented mitochondria
instead of the branched tubular network seen in wild-type cells. Amdm30 cells lose mitochondrial
DNA at elevated temperature and fail to fuse mitochondria in zygotes at all temperatures. These
defects are rescued by deletion of DNM1, a gene encoding a component of the mitochondrial
division machinery. The protein level of Fzol, a key component of the mitochondrial fusion
machinery, is regulated by Mdm30. Elevated Fzol levels in cells lacking Mdm30 or in cells
overexpressing Fzol from a heterologous promoter induce mitochondrial aggregation in a similar
manner. Our results suggest that Mdm30 controls mitochondrial shape by regulating the steady-
state level of Fzol and point to a connection of the ubiquitin/26S proteasome system and

mitochondria.

INTRODUCTION

Mitochondria are highly dynamic organelles. In many eu-
karyotic cell types they continuously move along cytoskel-
etal tracks and frequently fuse and divide. Their shape var-
ies depending on the cell type, physiological status, and
nutritional conditions (Bereiter-Hahn and Voth, 1994; Yaffe,
1999; Griparic and van der Bliek, 2001; Westermann, 2002).
Recent studies have shown that mitochondrial dynamics is
crucial for a variety of cellular functions. For example, fusion
of mitochondria is important for sperm development in
Drosophila (Hales and Fuller, 1997) and for maintenance of
mitochondrial DNA (mtDNA) in yeast (Berger and Yaffe,
2000). Furthermore, fusion is required for the formation of
intracellular mitochondrial networks that allow the dissipa-
tion of energy in the cell (Skulachev, 2001) and for comple-
mentation of mitochondrial gene products, a mechanism
thought to constitute a defense against cellular aging (Ono et
al., 2001). Mitochondrial fission is an important step in ap-
optosis (Frank et al., 2001) and is required for embryonic
development in nematodes (Labrousse et al., 1999). Several
of the proteins determining mitochondrial behavior have

Article published online ahead of print. Mol. Biol. Cell 10.1091/
mbc.E02-12-0831. Article and publication date are at www.
molbiolcell.org/cgi/doi/10.1091/mbc.E02-12-0831.

* These authors contributed equally to this work.

* Corresponding author. E-mail address: benedikt.westermann@bio.

med.uni-muenchen.de.

© 2003 by The American Society for Cell Biology

been identified in recent years (Hermann and Shaw, 1998;
Yaffe, 1999; Jensen et al., 2000; Boldogh et al., 2001; Shaw and
Nunnari, 2002; Westermann and Prokisch, 2002). Yet, many
of the molecular processes regulating mitochondrial dynam-
ics remain to be described.

The molecular components of mitochondrial fusion and
fission have been most extensively studied in budding yeast.
Yeast mitochondria form an extended tubular network lo-
cated below the cell cortex (Hoffmann and Avers, 1973).
Mitochondria undergo gross structural changes during ad-
aptation to nutritional conditions and growth phase
(Stevens, 1981; Pon and Schatz, 1991; Egner et al., 2002).
During vegetative growth, the continuity of the mitochon-
drial network is maintained by a balanced frequency of
opposing fusion and fission events (Nunnari ef al., 1997).

Fzol, a large GTPase located in the mitochondrial outer
membrane, is a key component of the mitochondrial fusion
machinery. Deletion of the FZO1 gene results in a frag-
mented mitochondrial morphology and loss of mtDNA
(Hermann et al., 1998; Rapaport et al., 1998), and conditional
fzol mutants are blocked in mitochondrial fusion during
yeast mating (Hermann et al., 1998). Both the large N-termi-
nal part of the Fzol protein and its smaller C-terminal tail
are exposed to the cytosol. A short loop in the intermem-
brane space connects Fzol to as yet unknown factors in the
inner membrane to coordinate fusion of the mitochondrial
double membranes (Fritz ef al., 2001). Other components
involved in mitochondrial fusion are the outer membrane
protein Ugol and the dynamin-related intermembrane
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space protein Mgm1. Similar to fzol mutants, cells lacking
functional Ugo1 or Mgm1 harbor fragmented and/or aggre-
gated mitochondria, they lose mtDNA, and their mitochon-
dria fail to fuse in zygotes (Wong et al., 2000; Sesaki and
Jensen, 2001). However, the precise role of these components
during mitochondrial membrane fusion is unknown.

Mitochondrial fission depends on the dynamin-related
GTPase Dnm1, which assembles on mitochondria at sites of
constriction and fission (Otsuga et al., 1998; Bleazard et al.,
1999; Sesaki and Jensen, 1999). Dnm1 interacts with the
WD40 repeat protein Mdv1l (Fekkes et al., 2000; Tieu and
Nunnari, 2000; Cerveny et al., 2001) and the outer membrane
component Fis1 (Mozdy et al., 2000). Mutants of dnm1, mdvl,
or fisl harbor long tubular mitochondria or closed planar
nets of interconnected mitochondria. Fragmentation of mi-
tochondria in mutants defective in fusion can be suppressed
by mutation of components of the outer membrane division
machinery (Bleazard et al., 1999; Sesaki and Jensen, 1999;
Fekkes et al., 2000; Mozdy et al., 2000; Tieu and Nunnari,
2000; Cerveny et al., 2001; Sesaki and Jensen, 2001). This
indicates that fusion and fission antagonistically regulate
mitochondrial shape. However, the molecular mechanisms
regulating fusion and fission activity are unknown.

Recently, we conducted a systematic genome-wide screen
that identified a number of novel genes important for mito-
chondrial distribution and morphology, MDM (Dimmer et
al., 2002). One of the genes isolated in this screen, MDM30,
encodes a novel F-box protein of unknown function. Herein,
we report on the functional characterization of Mdm30 and
discuss a role of this protein in regulation of mitochondrial
fusion.

MATERIALS AND METHODS

Constructions of Plasmids and Yeast Strains

Standard methods were used for cloning procedures (Sambrook et
al., 1989). Polymerase chain reaction (PCR) was performed using Pfu
polymerase (Stratagene, La Jolla, CA) according to the manufactur-
er’s instructions. The plasmid for expression of Mdm30 from the
GAL1 promoter in yeast, pYES-MDM30, was generated by PCR
amplification of the MDM30 coding region from genomic yeast
DNA by using the primers 5° AAA CCA TGG GTA CCA TGA CAA
AGA GGA GAA ACC TC and 5" AAA GGA TCC CTA TAA ATT
ATG TAA AGG CTG TTC and cloning into the BamHI/Kpnl sites of
vector pYES2 (Invitrogen, Groningen, The Netherlands). The plas-
mid for assaying FZO1 promoter activity, YIpFZO1B2, was gener-
ated by PCR amplification of the FZO1 promoter by using the
primers 5" GGG AAG CTT ACT ACC ATC CTT CTA GCC and 5’
GGG GGA TCC AAA CAT CGT TAA ATG AGC CTA CCG and
cloning into the Hindlll and BamHI sites of vector YIpMELB2
(Melcher et al., 2000).

Standard methods were used for growth and manipulation of
yeast strains (Sherman et al., 1986; Gietz et al., 1992). Yeast cultures
were grown at 30°C, if not indicated otherwise. All strains used in
this study were isogenic to BY4741, BY4742, and BY4743 (Brach-
mann ef al., 1998). Haploid deletion strains Amdm30, Adnm1, and
Afzol were obtained from EUROSCAREF (Frankfurt, Germany). Dou-
ble mutants Amdm30/Adnm1 and Amdm30/Afzol were generated by
mating of haploid strains, sporulation, and tetrad dissection. Geno-
types of haploid progeny were determined by PCR.

To estimate Ugol levels, wild-type and Amdm30 strains were
transformed with plasmid pHS55 encoding the Ugol protein fused
to a triple hemagglutinin (HA) epitope (Sesaki and Jensen, 2001). To
measure FZOI promoter activity, wild-type and Amdm30 strains
were transformed with the integrating plasmid YIpFZO1B2. To
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construct a strain expressing Mdm30 with a C-terminal triple HA
tag, Mdm30-3xHA, a DNA fragment containing the epitope-coding
sequences and a kanMX6 transformation marker cassette was am-
plified from plasmid pFA6a-3HA-kanMX6 (Béhler et al., 1998) by
using primers 5" AGC TTT CCA ATC TAG CGA ATG ATG AAC
AGC CTT TAC ATA ATT TAC GGA TCC CCG GGT TAA TTA A
and 5’ CGG GCT GAT AAA AAA AGG TGT AAT AGA ATG TGT
CAG GAT GCT ACT GAA TTC GAG CTC GTT TAA AC and
transformed into wild-type yeast. Correct insertion into the MDM30
locus was confirmed by PCR.

To construct strains expressing Fzol under control of the GALI
promoter, a DNA fragment containing the HIS3 marker gene and
the GAL1 promoter was amplified from plasmid pTL26 (Lafontaine
and Tollervey, 1996) by using primers 5" GCG GTT TAT TGC TGT
CTT TGA ATT GTT GTT TTC CTT CAG ACA TCG AAT TCC TTG
AATTTT CAA A and 5" AAA AGT TGG TGC GCA GTC CGG GTA
AAT ACA GCT TTT CA T GCT GAC TCT TGG CCT CCT CTA GT
and transformed into yeast strains BY4742 and Amdm30. Correct
insertion into the genome was confirmed by PCR. For overexpres-
sion of Mdm30, yeast strains were transformed with pYES-MDM30
and grown on galactose-containing medium lacking uracil to select
for the overexpressing plasmid. Induction of the GALI promoter for
overexpression of Fzol or Mdm30 was by growth on galactose-
containing medium overnight.

For visualization of mitochondria, yeast strains were transformed
with plasmid pVT100U-mtGFP or pYX113-mtGFP, both encoding
mitochondria-targeted GFP (mtGFP) (Westermann and Neupert,
2000) or pRS416-GAL1 +PrF,ATP9-RFP, encoding mitochondria-tar-
geted DsRed (mtRFP) (Mozdy et al., 2000). For visualization of the
endoplasmic reticulum (ER), yeast strains were transformed with
pWP1055, encoding ER-targeted GFP (Prinz et al., 2000).

Microscopy

Yeast cultures were grown at 30°C in liquid YPD (yeast extract-
peptone-dextrose) medium to mid-logarithmic growth phase, if not
indicated otherwise. Staining of the actin cytoskeleton with rhoda-
mine-phalloidin (Molecular Probes, Eugene, OR) was performed as
described previously (Amberg, 1998). Staining of the vacuole with
5-(and-6)-carboxy-2',7'-dichlorofluorescein  diacetate (Molecular
Probes) was performed according to the manufacturer’s instruc-
tions. Staining of mtDNA with 4,6-diamidino-2-phenylindole
(DAPI) in methanol-fixed cells was performed as described previ-
ously (Jones and Fangman, 1992). Epifluorescence microscopy was
according to standard procedures (Westermann and Neupert, 2000).
Quantification of mitochondrial morphology defects was performed
without prior reference to strain identity.

Assay of Mitochondrial Fusion in Vivo

Mitochondrial fusion in vivo was examined essentially as described
previously (Nunnari et al., 1997; Mozdy et al., 2000) with some minor
modifications. Cells of opposite mating types harboring plasmids
encoding mtGFP or mtRFP under control of the GALI promoter
were precultured in synthetic raffinose-containing medium under
selection for the plasmids. Cells were grown to log phase at 30°C in
synthetic medium containing raffinose and galactose to induce ex-
pression of the fluorescent proteins. Then, yeast cells were incu-
bated for 2 h at 30°C in YPD medium (pH adjusted to 3.5) to shut off
expression of the fluorescent proteins and to synchronize the cell
cycle. Cultures were mixed, cells were transferred to nitrocellulose,
placed for 3 h at 30°C on YPD plates (pH 4.5) to allow mating,
resuspended in water, and analyzed by fluorescence microscopy.

Miscellaneous

Loss of mtDNA was monitored as described previously (Duch-
niewicz ef al.,, 1999). Mitochondria were isolated by differential
centrifugation as described previously (Diekert et al., 2001). Frac-
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Figure 1. Mdm30 contains an F-box and is partially associated
with mitochondria. (A) The F-box motif of Mdm30 is aligned with
an F-box consensus sequence according to Patton et al. (1998). Res-
idues that match the consensus sequence are highlighted by black
boxes. (B) Wild-type yeast cells (WT; lanes 1 and 2) and yeast cells
expressing Mdm30 with a triple HA epitope (Mdm30-3xHA; lanes 3
and 4) were fractionated into cytosol and mitochondria. Mitochon-
dria were further purified on a sucrose step gradient. Then 50 ug of
each fraction was analyzed by immunoblotting. Markers were
Tom70 for mitochondria and Bmh2 for cytosol. M, mitochondria
(lanes 1 and 3); C, cytosol (lanes 2 and 4).

tionation of yeast cells and purification of mitochondria on a sucrose
gradient was performed as described previously (Rowley et al.,
1994). To prepare total cell extracts, 2 ODgy, units of cells were
vortexed with glass beads for 2 min in 20 ul of sample buffer (2%
SDS, 5% 2-mercaptoethanol, 10% glycerol, 60 mM Tris-HCl, pH 6.8).
Then, 80 ul of sample buffer were added, and 10 ul of the sample
was analyzed by SDS-PAGE and immunoblotting. Monoclonal an-
tibody 12CA5 recognizing the HA epitope was obtained from Roche
Diagnostics (Mannheim, Germany). SDS-PAGE and blotting of pro-
teins to nitrocellulose were performed according to standard meth-
ods. The enhanced chemiluminescence detection system (Amer-
sham Biosciences AB, Uppsala, Sweden) was used for Western
blotting. pB-Galactosidase activity in total cell extracts was measured
as described previously (Melcher et al., 2000).

RESULTS

MDM30 Encodes a Mitochondria-associated F-Box
Protein

The MDM30 gene (systematic name YLR368W) encodes a
protein of 598 amino acid residues (ca. 70 kDa). At its N
terminus, the Mdm30 protein contains a domain known as
the F-box (Figure 1A). The F-box is a motif of ~45 amino
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acid residues that functions as an interaction site with the
Skpl protein. Skpl assembles together with Cdc53 (cullin)
and various members of the F-box protein family to build
Skp1-Cdc53-F-box protein (SCF) complexes, which comprise
a particularly versatile class of ubiquitin protein ligases (Bai
et al., 1996; Patton et al., 1998; Deshaies, 1999; Kipreos and
Pagano, 2000). A comprehensive analysis of protein—protein
interactions in Saccharomyces cerevisiae by a systematic yeast
two hybrid approach revealed interactions of Mdm30 with
both Skpl and Cdc53 (Uetz et al., 2000), indicating that
Mdma30 is a bona fide SCF complex component. Outside of
the F-box domain, Mdm30 does not show significant homol-
ogy to any other protein sequence in the databases.

To investigate the subcellular location of Mdm30 we con-
structed a strain expressing a variant carrying a C-terminal
triple HA epitope, Mdm30-3xHA, under control of its en-
dogenous promoter. Cells were fractionated into cytosol and
mitochondria and analyzed by immunoblotting. Mdm30-
3xHA was detected both in the cytosolic fraction and in
purified mitochondria (Figure 1B). We conclude that a sub-
fraction of Mdma30 is associated with mitochondria.

Morphology and Distribution of Organelles in Cells
Lacking Mdm30

On fermentable carbon sources, such as glucose, wild-type
mitochondrial networks are relatively simple with rather
few tubules and branches. On nonfermentable carbon
sources, such as glycerol, mitochondria are much more elab-
orate and ramified (Figure 2A) (Egner et al., 2002). The
Amdm30 deletion mutant grown on glucose-containing me-
dium harbors highly aggregated mitochondria with some
fragmented organelles (Figure 2A and Table 1) (Dimmer et
al., 2002). On the nonfermentable carbon source glycerol,
Amdm30 cells displayed many mitochondrial fragments that
were evenly distributed below the cell cortex (Figure 2A).
Mitochondrial morphology of Amdm30 cells was indiscern-
ible at 30 and 37°C (our unpublished observations). These
results demonstrate that Mdm30 is essential for the estab-
lishment of wild-type-like mitochondrial morphology.
However, mitochondria lacking Mdm30 are apparently still
able to adapt to changes of the carbon source.

Next, we asked whether the morphology of intracellular
structures other than mitochondria is affected in Amdm30
cells. Staining of wild-type and Amdm30 cells with fluores-
cent probes specific for vacuoles, the endoplasmic reticulum
and actin filaments revealed that the morphology of these
structures was not altered by deletion of the MDM30 gene
(Figure 2B). These data suggest that organellar morphology
defects in Amdm30 cells are restricted to mitochondria.

Mdm30 Is Required for Maintenance of
Mitochondrial DNA at Elevated Temperature

To test whether the MDM30 gene is required for normal
growth, serial dilutions of wild-type and Amdm30 yeast
cultures were spotted onto plates containing either glucose
or glycerol as carbon source and incubated at 30 or 37°C.
Although growth of the Amdm30 strain was almost like
wild-type under most conditions, we observed a strong
reduction of growth on the nonfermentable carbon source
glycerol at elevated temperature (Figure 3A), suggesting

2305



S. Fritz et al.

A widtype

Amdm30

YPD

YPG

ER Vacuole Q

F-actin

Figure 2. Amdm30 cells exhibit grossly altered mitochondrial mor-
phology. (A) Mitochondrial morphology. Wild-type and Amdm30
cells expressing mtGFP were grown to log phase in glucose-con-
taining medium (YPD) or glycerol-containing medium (YPG) and
examined by fluorescence (left) and phase contrast (right) micros-
copy. (B) Morphology of other cellular structures in wild-type and
Amdm30 cells. For staining of vacuoles, cells were grown to log
phase in YPD medium and stained with 5-(and-6)-carboxy-2',7’-
dichlorofluorescein diacetate. For visualization of the ER, cells ex-
pressing ER-targeted GFP were grown to log phase in glucose-
containing synthetic minimal medium lacking methionine. For
staining of F-actin, cells were grown to log phase in YPD medium,
fixed, and stained with rhodamine-phalloidin. Samples were ana-
lyzed by fluorescence and phase contrast microscopy.

that Mdm30 is required for maintenance of respiratory com-
petence at elevated temperature.

Given that many mutants with aberrant mitochondrial
morphology tend to lose mtDNA (Berger and Yaffe, 2000;
Contamine and Picard, 2000), we examined whether a defect
in mtDNA inheritance was the reason for loss of respiratory
competence in Amdm30 cells. To test this, wild-type and
Amdm30 cells were grown at 30 and 37°C in liquid culture on
a fermentable carbon source (glucose) to allow for loss of
mtDNA. At several time points, aliquots were collected from
logarithmically growing cultures, and cells were plated at an
appropriate dilution onto glucose-containing medium. After
an incubation at permissive temperature, colonies were rep-

2306

Table 1. Quantification of mitochondrial morphology in Amdm30/
Afzol cells

Mitochondrial morphology (% of cells)

Strain Wild type-like Fragmented Aggregated
Wild type 95 1 4
Amdm30 0 8 92
Afzol 0 90 10
Amdm30/Afzol 0 92 8

n = 100 cells.

lica-plated onto medium containing a nonfermentable car-
bon source (glycerol), and the percentage of colonies able to
grow was determined. The numbers directly reflect the per-
centage of cells harboring functional mitochondria in liquid
culture. When the Amdm30 strain was grown at normal
temperature, the number of cells maintaining their respira-
tory functions was close to 100% throughout the time course
of the experiment. In contrast, when the cultures were
shifted to elevated temperature, the number of cells contain-
ing functional mitochondria dropped immediately. After
cultivation for 24 h at 37°C, <10% of the cells were able to
grow on a nonfermentable carbon source, whereas wild-
type cells remained respiratory-competent under all growth
conditions (Figure 3B).

To confirm that failure of Amdm30 cells to grow on glyc-
erol was due to loss of mtDNA, aliquots harvested at the end
of the experiment were stained with the DNA-specific dye
DAPI. Wild-type cells exhibited several chondrolites, small
fluorescent bodies consisting of mtDNA. In contrast, most
Amdm30 cells that had been grown at 37°C did not contain
any detectable mtDNA (Figure 3C). However, at 30°C
Amdm30 cells maintained functional mitochondrial genomes
because they were able to grow on nonfermentable carbon
sources. We conclude that Amdm30 cells fail to maintain
mtDNA at elevated temperature. It is unknown whether this
is due to a defect in replication, packaging, or partitioning of
the genomes.

Genetic Interactions of MDM30 with FZO1 and
DNM1

Establishment and maintenance of a wild-type-like mito-
chondrial morphology depend on the antagonistic action of
the mitochondrial fusion and fission machineries. Block of
mitochondrial fusion by deletion of either one of the FZ0O1
or UGO1 genes leads to a respiratory-deficient growth phe-
notype and the formation of highly fragmented mitochon-
dria (Hermann et al., 1998; Rapaport et al., 1998; Sesaki and
Jensen, 2001). Block of mitochondrial fission by deletion of
either one of the DNM1, MDV1, or FIS1 genes leads to the
formation of long tubular mitochondria or closed mitochon-
drial nets without affecting respiratory competence (Otsuga
et al., 1998; Bleazard et al., 1999; Sesaki and Jensen, 1999;
Fekkes et al., 2000; Mozdy et al., 2000; Tieu and Nunnari,
2000; Cerveny et al., 2001). To investigate whether Mdm30 is
involved in these processes, we constructed Amdm30/Afzol
and Amdm30/Adnm1 double mutants by genetic crosses and
examined their phenotypes.

Molecular Biology of the Cell
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Figure 3. Deletion of the MDM30 gene leads to respiratory defi-
ciency at elevated temperature and loss of mtDNA. (A) Growth
phenotype of the Amdm30 mutant. Wild-type and Amdm30 cells
were grown overnight in glucose-containing medium at 30°C. Then,
10-fold serial dilutions were spotted onto plates containing glucose
(YPD) or glycerol (YPG) as carbon source. YPD plates were incu-
bated for 2 d, and YPG plates were incubated for 3 d at the indicated
temperatures. (B) Loss of respiratory competence in Amdm30 cells
grown at elevated temperature. Wild-type and Amdm30 cells were
precultured on YPG plates at 30°C to select for cells containing
mtDNA. These colonies were used to inoculate liquid cultures in
YPD medium to allow for loss of mtDNA. YPD cultures growing at
30 or 37°C were maintained at log phase. At the indicated time
points, aliquots of these cultures were plated on glucose-containing
medium. The next day, colonies were replica-plated to glycerol-
containing medium, and the percentage of respiratory-competent
colonies was determined. (C) Amdm30 cells lose mtDNA. Wild-type
and Amdm30 cells harvested from YPD cultures growing for 20 h at
37°C were stained with DAPI and viewed by fluorescence (left) and
phase contrast (right) microscopy. Arrowheads point to mtDNA
chondrolites. Big fluorescent spots represent nuclei.
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The Amdm30/Afzol double mutant was respiratory-defi-
cient, like the Afzol parent. In addition, the Amdm30/Afzol
double mutant displayed a synthetic growth defect on glu-
cose-containing medium. Growth of the double mutant was
significantly reduced on glucose-containing medium at 30
and 37°C, when compared with the parental mutant strains
(Figure 4A). This behavior was observed for each of four
independent double-deleted progeny, indicating that it is
specific for the deleted alleles. However, mitochondrial mor-
phology of Amdm30/Afzol double mutants was indiscern-
ible from the Afzol parent. Mitochondria were highly frag-
mented, and aggregated mitochondria, which are
predominant in the Amdm30 parent, could only occasionally
be observed (Figure 4B; Table 1). This indicates that the
Afzol mutation is epistatic to the Amdm30 mutation in main-
taining mitochondrial morphology; i.e., in the absence of
Fzol, deletion of the MDM30 gene does not have an addi-
tional effect on mitochondrial morphology. The synthetic
growth phenotype suggests that Mdm30 might play an ad-
ditional role in another pathway important for normal cell
growth.

On the other hand, the temperature-sensitive respiratory
deficiency of the Amdm30 mutant was rescued by deletion of
the DNM1 gene (Figure 4A). Moreover, mitochondrial mor-
phology of Amdm30/Adnm1 double mutants was indiscern-
ible from the Adnm1 parent. Mitochondria formed elongated
interconnected structures, which are characteristic of mu-
tants defective in mitochondrial fission (Figure 4B). Frag-
mented or aggregated mitochondria could never be ob-
served in Amdm30/Adnm1 double mutants. This indicates
that the Adnm1 mutation is epistatic to the Amdm30 muta-
tion, i.e., deletion of the DNM1 gene prevents mitochondrial
aggregation in mdm30 mutants.

Mdm30 Is Required for Maintenance of Fusion-
competent Mitochondria

Mitochondrial fragmentation or aggregation and mtDNA
loss phenotypes are typically observed in mutants defective
in mitochondrial fusion (Hermann et al., 1998; Rapaport et
al., 1998; Wong et al., 2000; Sesaki and Jensen, 2001). As in the
Amdm30 mutant, these defects can be suppressed by deletion
of the DNM1 gene (Bleazard et al., 1999; Sesaki and Jensen,
1999; Wong et al., 2000; Sesaki and Jensen, 2001). To deter-
mine whether Mdm30, like Fzol, Ugol, and Mgml, has a
role in mitochondrial fusion, we examined mitochondrial
fusion in Amdm30 cells in vivo.

Fusion was assayed by mating of haploid cells of opposite
mating type harboring different fluorescent markers in the
mitochondrial matrix (Nunnari et al., 1997). On mating of
wild-type cells, the fluorescent labels immediately inter-
mixed in zygotes, indicating mitochondprial fusion and con-
tent mixing (Figure 5A). In contrast, mitochondria of
Amdm30 cells failed to fuse, even though mitochondria of
both parents entered the newly formed bud and were
closely associated with one another (Figure 5B). This result
indicates that Mdm30 function is important for mitochon-
drial fusion.

Deletion of the DNM1 gene does not restore fusion activ-
ity in fzol and ugol mutants, suggesting that Fzol and Ugol
are crucial components of the mitochondrial membrane fu-
sion machinery (Bleazard et al., 1999; Sesaki and Jensen,
1999, 2001). The same is true for MGM1 when null alleles are
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analyzed (Shaw and Nunnari, 2002) instead of conditional
mgm1 alleles (Wong et al., 2000). To determine whether
Mdm30 is essential for mitochondrial membrane fusion, we
examined mitochondrial fusion during mating of Amdm30/
Adnm1 double mutant cells. We observed efficient mitochon-
drial content mixing in Amdm30/Adnm1 zygotes (Figure 5C).
This indicates that the block of fusion in Amdm30 cells can be
suppressed by deletion of the DNM1 gene, i.e., Mdm30 is
not required for mitochondrial fusion in the absence of

phase mtGFP mtRFP

Amdm30 WT

Amdm30
Adnm1

Figure 4. Afzol and Adnml mu-
tations are epistatic to Amdm30.
(A) Growth phenotypes of
Amdm30/Afzol and  Amdm30/
Adnml mutants. Growth of
strains was assessed as described
in Figure 3A. (B) Mitochondrial
phenotypes of Amdm30/Afzol and
Amdm30/Adnm1 mutants. Mito-
chondrial morphology of mtGFP-
expressing cells grown in glucose-
containing medium was analyzed
as described in Figure 2A.

Dnml. Together, these observations demonstrate that
Mdm30 does not play a direct role in mitochondrial fusion.
However, it is required to maintain fusion-competent mito-
chondria in a wild-type background.

Mdm30 Controls the Steady-State Level of Fzol

The phenotypic and genetic analyses described above sug-
gested that Mdm30 is required to maintain the balance of

merge

Figure 5. Mitochondrial fusion is blocked in
Amdm30 cells and can be restored by deletion
of the DNM1 gene. (A) Wild-type (WT) cells of
opposite mating types containing mitochon-
dria preloaded with mtGFP or mtRFP were
mated and analyzed by fluorescence micros-
copy. The distribution of mtGFP and mtRFP in
a representative zygote containing a medial
bud (asterisk) is shown. (B) Amdm30 zygotes
and (C) Amdm30/Adnml zygotes were ana-
lyzed as described above.
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Figure 6. The protein level of Fzol depends on Mdm30. (A) Steady-
state levels of mitochondrial proteins in wild-type (WT) and Amdm30
cells. Equal amounts of mitochondria or total cell extracts isolated from
wild-type and Amdm30 cells were analyzed by immunoblotting by
using specific antisera directed against the indicated proteins. For
Ugol, cells expressing an epitope-tagged protein, Ugol-HA (Sesaki
and Jensen, 2001), were analyzed. Note that Mgm1 is present in mito-
chondria in two forms of different size (Shepard and Yaffe, 1999). (B)
Steady-state levels of Fzol in Amdm30/Adnm1 cells. Mitochondria of
wild-type, Amdm30, and Amdm30/Adnm1 cells were analyzed as de-
scribed above. (C) Level of overexpressed Fzol in the absence or
presence of Mdm30 overexpression. Cells carrying a chromosomal
insertion of the GAL1 promoter upstream of the FZO1 coding region
(left; MDM30/ 1t GAL-FZO1) and cells that in addition harbored a
plasmid with an MDM30 allele under control of the GALI promoter
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mitochondrial fusion and fission and that Mdm30 itself is
not an integral part of the fusion and fission machineries. We
considered the possibility that Mdm30 might be a regulatory
factor that controls the steady-state level of one or several
protein(s) known to be involved in mitochondrial fusion and
fission.

To test this idea, mitochondria isolated from the Amdm30
strain and its isogenic wild-type were analyzed by Western
blotting. As expected, the outer membrane protein porin
and the inner membrane protein ADP/ATP carrier (AAC)
were present in mitochondria of both strains at the same
level. Also, the levels of Mgm1 and Fisl were not altered in
Amdm30 mitochondria. In contrast, Fzol was present at a
significantly higher level in Amdm30 mitochondria (Figure
6A). Dnm1 and Mdv1 are cytosolic proteins that peripher-
ally associate with mitochondria to mediate outer mem-
brane fission (Otsuga et al., 1998; Tieu and Nunnari, 2000).
To exclude effects due to an altered efficiency of binding to
mitochondria, these proteins were analyzed by immunoblot-
ting of total cell extracts. As with Fis1, Dnm1 and Mdv1 also
were present at the same level in Amdm30 and wild-type
cells (Figure 6A). To test the steady-state levels of Ugol,
extracts of wild-type and Amdm30 cells expressing an
epitope-tagged version, Ugol-HA (Sesaki and Jensen, 2001),
were analyzed by immunoblotting. Deletion of the MDM30
gene had no effect on the level of Ugol (Figure 6A). Thus, the
steady-state level of Fzol is influenced by Mdm30, whereas
other components involved in fusion or fission are not af-
fected.

Figure 6 (cont). (right; T GAL-MDM30/ ? GAL-FZO1) were grown
overnight in galactose-containing minimal medium under selection for
the plasmid. Total cell extracts were prepared from log phase cultures,
and twofold serial dilutions were analyzed by immunoblotting by
using antisera against Fzol and, as a loading control, AAC. (D)
Mdm30-dependent turnover of Fzol. Cells carrying a chromosomal
insertion of the GALI promoter in front of the FZO1 coding region in
MDM30 wild-type (lanes 1-3), Amdm30 (lanes 4-6), or GALI-con-
trolled MDM30 overexpression (lanes 7-9) backgrounds were grown
overnight in galactose-containing medium. The next day, cultures
were diluted with fresh medium and allowed to grow logarithmically
for two generation times. Then, 7.5 mg/ml cycloheximide was added
to stop cytosolic protein synthesis. After 0, 2, and 16 h, aliquots were
harvested and cell extracts were analyzed as described above. Tom70
served as a loading control. Note that for lanes 7-9, a longer exposure
of the Western blot was used to visualize the Fzol signal. (E) Fzol
levels in mitochondria of GALI-regulated strains. Wild-type cells (lane
1) and cells carrying a chromosomal insertion of the GAL1 promoter
upstream of the FZO1 coding region in MDM30 (lanes 2 and 4) and
Amdm30 (lanes 2 and 5) backgrounds were grown in galactose-con-
taining medium (lanes 2 and 3; MDM30/ 1t GAL-FZO1 and Amdm30/
1T GAL-FZO1) or in glucose-containing medium (lanes 4 and 5;
MDM30/ | GAL-FZO1 and Amdm30/ | GAL-FZO1). Mitochondria
were isolated and equal amounts of mitochondrial protein were ana-
lyzed by immunoblotting by using antisera against Fzol and, as a
loading control, AAC. (F) FZO1 promoter activity in wild-type and
Amdm30 cells. Cell extracts were prepared from logarithmically grow-
ing cultures of wild-type and Amdm30 cells carrying a B-galactosidase
reporter gene under control of the FZO1 promoter. p-Galactosidase
activity was determined as nanomoles of o-nitrophenyl--p-galactopy-
ranoside (ONPG) hydrolyzed/(min X mg protein). Error bars indicate
standard deviations of 10 measurements obtained with five indepen-
dently isolated clones. Strains lacking the reporter construct did not
exhibit any significant activity.
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Because mitochondrial fusion was restored in Amdm30/
Adnm1 zygotes, we considered the possibility that deletion
of the DNM1 gene might restore wild-type steady-state lev-
els of Fzol in the absence of Mdm30. However, immuno-
blotting of isolated mitochondria revealed that Fzol levels
are similarly elevated in Amdm30 and Amdm30/Adnm1 cells
(Figure 6B). This suggests that the Fzol protein level does
not depend on the presence or absence of Dnm1.

Next, we asked whether Fzo1 protein overexpressed from
a heterologous promoter is turned over in an Mdm30-de-
pendent manner. A yeast strain was constructed that con-
tained a chromosomal insertion of the strong and regulat-
able GAL1 promoter upstream of the FZO1 coding region.
This strain received a plasmid harboring the MDM30 coding
region under control of the GALI promoter. Expression of
the GALI-regulated genes was induced by growth in galac-
tose-containing medium overnight. Then, cells were har-
vested from logarithmically growing cultures, and Fzol pro-
tein levels were analyzed by immunoblotting of total cell
extracts. We found that the strain that simultaneously over-
expressed Fzol and Mdm30 contained approximately five-
fold less Fzol protein than a control strain that overex-
pressed Fzol in the presence of normal Mdm30 levels
(Figure 6, C and D). This result points to a role of Mdm30 in
the regulation of the turnover of Fzol.

To test the Mdm30-dependent turnover of Fzol more
directly we measured its degradation in vivo after expres-
sion from the GALI promoter. Expression of Fzol was in-
duced in cells containing wild-type Mdm30 levels (MDM30),
lacking Mdm30 (Amdm30), or overexpressing Mdm30 (GAL-
MDM30). Then, cycloheximide was added to stop protein
synthesis. Aliquots of the cultures were harvested at differ-
ent time points and analyzed by immunoblotting. Fzol lev-
els remained relatively constant during the chase period in
MDM30 (Figure 6D, lanes 1-3) and Amdm30 cells (Figure 6D,
lanes 4-6), indicating that Fzol turnover is relatively slow
under these conditions. However, upon simultaneous over-
expression of Mdm30, Fzol was completely degraded dur-
ing the chase (Figure 6D, lanes 7-9). We suggest that Mdm30
controls degradation of Fzol.

To estimate the relative amounts of Fzol protein in strains
harboring GALI-regulated FZO1 alleles, mitochondria were
isolated from induced and repressed cultures and analyzed
by immunoblotting. Induction of the GALI promoter led to
a very high overexpression of Fzol, when compared with
wild-type mitochondria (Figure 6E, lanes 1 and 2). GALI-
controlled Fzol levels were similar in MDM30 wild-type
and Amdm30 mutant mitochondria (Figure 6E, lanes 2 and
3). Similarly, they were only slightly reduced in extracts of
MDM30 cells compared with Amdm30 cells (Figure 6D, com-
pare lanes 1 and 4). Thus, wild-type Mdm30 levels might be
so low that they soon become limiting for the regulation of
Fzol turnover. On the other hand, upon repression of the
GAL1 promoter by growth on glucose, Fzol expression was
down-regulated to a level that the protein was not detectable
any more by Western blotting (Figure 6E, lane 4). In contrast,
trace amounts of Fzol protein could be detected on mito-
chondria isolated from glucose-grown cells harboring the
Amdm30 allele (Figure 6E, lane 5). This might indicate that a
low amount of Fzol protein, which is expressed from the
GAL1 promoter even under repressing conditions, is stabi-
lized in Amdm30 cells.
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Our results suggest that Mdm30 regulates the Fzol level
posttranscriptionally, because Fzol levels depend on
Mdm30 also when Fzol is expressed from the heterologous
GAL1 promoter (Figure 6, C-E). To confirm this, we ex-
pressed the reporter protein p-galactosidase (Melcher et al.,
2000) under control of the FZO1 promoter in MDM30 wild-
type and Amdm30 mutant backgrounds. Deletion of the
MDM30 gene had no effect on FZO1 promoter activity (Fig-
ure 6F). We conclude that the activity of the FZO1 promoter
is controlled independently of Mdm30.

Aggregation of Mitochondria Depends on FZO1 and
MDM30

Deletion of the MDM30 gene leads to elevated Fzol levels
and mitochondrial aggregation. We tested whether GALI-
regulated overexpression of Fzol has a similar effect on
mitochondrial morphology. Induction of the GALI promoter
resulted in aggregation of mitochondria in MDM30 wild-
type and Amdm30 mutant backgrounds (Figure 7, A and B,
and Table 2). Mitochondrial aggregation was also observed
when Fzol and Mdm30 were simultaneously up-regulated
by GAL1 induction, conditions that still lead to a high over-
expression of Fzol (our unpublished observations). These
data demonstrate that mitochondrial aggregation occurs in-
dependently of Mdm30 when Fzol is highly up-regulated
from a heterologous promoter.

Repression of GALI-regulated Fzo1 expression in MDM30
cells resulted in highly fragmented mitochondria (Figure 7C
and Table 2) resembling Afzol cells (compare Figure 4B).
This is consistent with the absence of an Fzol signal in
Western blots of mitochondria under these conditions (Fig-
ure 6E, lane 4). Interestingly, repression of GALI-regulated
Fzol expression in Amdm30 cells partially restored a tubular
mitochondrial morphology (Figure 7D and Table 2). Under
these conditions, some Fzol protein was detectable on mi-
tochondria (Figure 6E, lane 5), which might be sufficient to
counteract mitochondrial fission and partially restore a tu-
bular mitochondrial morphology. Together, our data sug-
gest that Mdm30 plays an important role to regulate the
steady state level of Fzol and thereby maintain normal
mitochondrial morphology.

DISCUSSION

Our studies establish that Mdm30 is a novel factor important
for maintenance of fusion-competent mitochondria. Similar
to other mutants defective in mitochondrial fusion, Amdm30
cells harbor aggregated mitochondria, show a defect in
mtDNA maintenance, and are blocked in mitochondrial fu-
sion in vivo. Several lines of genetic and biochemical evi-
dence suggest that Mdm30 is a regulatory factor for the
mitochondrial fusion machinery. First, mitochondrial fusion
is restored in Amdm30/Adnml zygotes, suggesting that
Mdm30 is not an essential part of the fusion machinery.
Second, the protein level of Fzol, a key component of the
mitochondrial fusion machinery, depends on Mdm30 ex-
pression. And third, MDM30-dependent changes of Fzol
levels are concomitant with changes of mitochondrial mor-
phology.

The fact that both the growth defect and the mitochondrial
aggregation phenotype of the Amdm30 mutant can be com-
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Figure 7. Mitochondrial morphology depends on FZO1 and
MDM30. Cells carrying a chromosomal insertion of the GAL1 promoter
upstream of the FZOI coding region in MDM30 (A and C) and
Amdm30 (B and D) backgrounds were grown in galactose-containing
medium (YPGal; A and B) or in glucose-containing medium (YPD; C
and D). Mitochondrial morphology of mtGFP-expressing cells was
analyzed in log phase cultures as described in Figure 2A.

pletely rescued by deletion of the DNM1 gene implies that
regulation of mitochondrial fusion is the main function of
Mdm30. However, two lines of evidence point to additional
functions of Mdm30. Deletion of the MDM30 gene in a Afzol
background leads to a synthetic growth defect, and mainte-
nance of mtDNA in Amdm30 cells is temperature sensitive and
not strictly correlated to mitochondrial morphology defects.
Thus, also the maintenance of mtDNA and possibly other yet
unknown processes might be modulated by Mdm30.

What might be the molecular role of Mdm30 in mitochon-
drial morphogenesis? The presence of an F-box motif and the
observed interactions of Mdm30 with Skpl and Cdc53 in the
yeast two-hybrid system (Uetz et al., 2000) suggest that Mdm30
functions as part of an SCF-like ubiquitin protein ligase. One
possibility is that the turnover of Fzol is regulated by Skp1-
Cdc53-Mdm30-dependent ubiquitination and subsequent
degradation by the 26S proteasome. In the simplest model,
Fzol itself would be the target for ubiquitination. Yet, an in-
volvement of additional factors cannot be excluded. It was not
possible to show directly that Fzol is a substrate for the 26S
proteasome. For example, we could not demonstrate an accu-
mulation of ubiquitinated Fzol in a conditional proteasomal
mutant, mpri-1 (our unpublished observations). However, this
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was possibly due to the pleiotropic nature of this mutant in
which many other processes in addition to mitochondrial func-
tions are affected (Rinaldi ef al., 1998).

In the absence of Mdm30, surplus Fzol accumulates. Because
mitochondrial aggregation can be induced both by deletion of the
MDM30 gene and by overexpression of Fzol from a heterologous
promoter, we consider it likely that mitochondrial aggregation is
a direct consequence of Fzol accumulation. Interestingly, overex-
pression of human mitofusins, homologs of yeast Fzol, induces
perinuclear clustering of mitochondria in mammalian cells in a
similar manner (Santel and Fuller, 2001; Rojo et al., 2002). Clus-
tered mitochondria in mammalian cells display a disorganized
inner membrane and close contacts of apposing mitochondria
without merging, suggesting that fusion might be blocked at the
stage of adherence or docking of the organelles (Rojo et al., 2002).
Thus, the accumulation of Fzol or mitofusins induces mitochon-
drial aggregation in different cellular systems, apparently by ac-
cumulation of unproductive fusion intermediates.

Two possible roles of Mdm30 in mitochondrial fusion may
be proposed, which are not mutually exclusive. First, the num-
bers of fusion and fission events must be tightly balanced to
maintain a tubular mitochondrial morphology (Nunnari et al.,
1997). It is conceivable that Mdm30 is required to regulate the
steady-state level of Fzol to maintain this balance. Second,
mitochondrial aggregation upon overexpression of Fzol im-
plies an accumulation of unproductive fusion complexes. A
certain amount of such intermediates might be generated as
dead-end products also under normal conditions. In this case,
Mdm30 might be required to clear these complexes and
thereby counteract mitochondrial aggregation.

The involvement of an F-box protein in mitochondrial fusion
adds to previously reported evidence pointing to a connection
of the ubiquitin/26S proteasome system and mitochondria. It
has been reported that overexpression of a mutant form of
ubiquitin, which is unable to build polyubiquitin chains, in-
duces pronounced mitochondrial aggregation (Fisk and Yaffe,
1999). This phenotype is strikingly similar to that of the
Amdm30 strain. Thus, it is possible that deletion of the MDM30
gene and overexpression of mutant ubiquitin variants affect the
same pathway. However, there are additional ubiquitin-de-
pendent processes that influence mitochondrial morphology.
Mutants defective in an essential ubiquitin ligase, Rsp5, harbor
aberrant mitochondria (Fisk and Yaffe, 1999) due to a block of
transcription of the OLE1 gene (Hoppe et al., 2000), which
encodes a fatty acid desaturase crucial for mitochondrial inher-
itance (Stewart and Yaffe, 1991). Furthermore, conditional mu-

Table 2. Quantification of mitochondrial morphology in MDM30 and Amdm30 cells expressing the FZO1 gene under control of the GALI

promoter

Mitochondrial morphology (% of cells)
Strain Medium Wild type-like/some tubules Fragmented Aggregated
MDMB30/GAL-FZO1 YPGal 0 2 98
Amdm30/GAL-FZO1 YPGal 6 1 93
MDMB30/GAL-FZO1 YPD 0 96 4
Amdm30/GAL-FZO1 YPD 22 10 68
n = 100 cells.
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tants of the MPR1 gene, which encodes an essential regulatory
subunit of the 26S proteasome, display pleiotropic defects in-
cluding impaired growth on glycerol, aberrant mitochondria
and overreplication of mtDNA (Rinaldi et al., 1998). Finally,
mutation of the YNT1 gene, which encodes another regulatory
proteasome subunit, suppresses mitochondrial morphology
defects in mutants lacking Ymel, an ATP-dependent protease
of the mitochondrial intermembrane space (Campbell ef al.,
1994).

There are many open questions related to proteolytic pro-
cesses in mitochondria. These include the identification of
authentic proteolytic substrates with regulatory functions in
mitochondrial biogenesis, and the elucidation of the role of
the 26S proteasome for mitochondrial function (Kaser and
Langer, 2000). The regulation of Fzol by an F-box protein
described herein may constitute the first link between ubig-
uitination processes and an authentic mitochondrial target
protein. It is a challenge for the future to further analyze the
role of ubiquitination in mitochondrial inheritance, to iden-
tify additional components involved in ubiquitination and
to reveal their targets. This will contribute to our under-
standing of the dynamic behavior of mitochondria, and
finally might also shed light on processes such as ubiquiti-
nation of mammalian sperm mitochondria, a mechanism
proposed to ensure strictly maternal inheritance of mito-
chondria and mtDNA (Sutovsky et al., 1999, 2000).
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