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Mutation in CDC48 (cdc485°°°F), a gene essential in the endo-
plasmic reticulum (ER)-associated protein degradation (ERAD)
pathway, led to the discovery of apoptosis as a mechanism of cell
death in the unicellular organism Saccharomyces cerevisiae.
Elucidating Cdc48p-mediated apoptosis in yeast is of particular
interest, because Cdc48p is the highly conserved yeast ortho-
logue of human valosin-containing protein (VCP), a pathologi-
cal effector for polyglutamine disorders and myopathies. Here
we show distinct proteomic alterations in mitochondria in the
cdc485°%°C yeast strain. These observed molecular alterations
can be related to functional impairment of these organelles as
suggested by respiratory deficiency of cdc485°°°C cells. Mito-
chondrial dysfunction in the cdc485°°°C strain is accompanied
by structural damage of mitochondria indicated by the accumu-
lation of cytochrome c in the cytosol and mitochondrial enlarge-
ment. We demonstrate accumulation of reactive oxygen species
produced predominantly by the cytochrome bc, complex of the
mitochondrial respiratory chain as suggested by the use of
inhibitors of this complex. Concomitantly, emergence of
caspase-like enzymatic activity occurs suggesting a role for
caspases in the cell death process. These data strongly point for
the first time to a mitochondrial involvement in Cdc48p/VCP-
dependent apoptosis.

Fundamental cellular processes, such as the formation of
organelles (ER,? Golgi apparatus, and the nuclear envelope), or
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ubiquitin-dependent ER-associated protein degradation
(ERAD) have been linked to the yeast protein Cdc48p and its
highly conserved mammalian orthologue VCP (1-4). Muta-
tions in VCP have been associated with “inclusion body myop-
athy associated with Paget disease of bone and frontotemporal
dementia” (IBMPFD), a dominant human disorder (5, 6). A
genetic screening of a Drosophila model for human polyglu-
tamine diseases, a class of inherited neurodegenerative disor-
ders, identified the Drosophila homologue of Cdc48p/VCP as a
modulator of apoptotic cell death (7), leading these authors to
propose VCP as a pathological effector for polyglutamine-in-
duced neurodegeneration. However, the cellular mechanisms
underlying VCP-mediated cell death in these human disorders
remain largely unknown.

Apoptotic phenotypes in cells expressing mutated Cdc48p/
VCP have originally been described in budding yeast (8) and
were thereafter confirmed in mammalian cell cultures (9, 10), in
trypanosomes (11), and in zebrafish (12). Notably, Cdc48p was
the first apoptotic mediator found in Saccharomyces cerevisiae
(8). The expression of a point-mutated CDC48 gene
(cdc48%°°°S) leads to a characteristic apoptotic phenotype:
phosphatidylserine externalization, DNA fragmentation, chro-
matin condensation, nuclear fragmentation, and vacuolization
(8,13). These results obtained in the cdc485°°°C strain initiated
the establishment of yeast as a model to study evolutionary
conserved mechanisms of apoptotic regulation (14 -16).

Mitochondria play a crucial role in many apoptotic pathways
in both mammalian cells and in yeast (17-19). In the present
study, we therefore tested for mitochondrial impairment and
contribution in Cdc48p-mediated apoptosis. We observed
mitochondrial enlargement, distinct alterations in the mito-
chondrial proteome, release of cytochrome c into the cytosol,
impairment in the ability of cdc48°°°>C cells to adapt to respi-
ratory conditions, as well as mitochondrial ROS production

with Paget disease of bone and frontotemporal dementia; VCP, valosin-
containing protein; EM, electron microscopy; 2-DE, two-dimensional gel
electrophoresis; MALDI-TOF, matrix-assisted laser desorption ionization
time-of-flight; ROS, reactive oxygen species; PBS, phosphate-buffered
saline; FITC, fluorescein isothiocyanate; FMK, fluoromethyl ketone; TUNEL,
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling;
MMF1, maintenance of mitochondrial function 1; MRP8, mitochondrial 40
S ribosomal protein; NE, nuclear envelope; T, total percentage concentra-
tion of acrylamide and bisacrylamide monomers.
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paralleled to the emergence of caspase-like enzymatic activity.
These data show mitochondrial impairment at morphological,
molecular, and functional levels. These alterations are associ-
ated with apoptotic cell death indicating the activation of a
mitochondrial pathway for Cdc48p-mediated apoptosis.

EXPERIMENTAL PROCEDURES

Yeast Strains, Culture Conditions, and Assay for Respiratory
Deficiency—S. cerevisiae wild-type KFY417 (CDC48) and
mutant strain KFY437 (cdc485°°°F) (20) were used in this study.
For all experiments (except p°/p* experiments, see below)
induction of apoptosis was done as follows (8, 13): glucose
medium (YP medium, 1% yeast extract, 2% Bacto Peptone, sup-
plemented with 4% glucose, Otto Nordwald, Hamburg,
Germany) was inoculated (44,, = 0.1-0.3) with stationary
YPGal pre-cultures (YP medium supplemented with 4% galac-
tose). Cells were then grown in baffled flasks at 28 °C until early
stationary and stationary phases, respectively, and then sub-
jected to heat shock at 37 °C.

For analysis of respiratory deficiency, glucose cultures of
both wild-type and cdc485°°°€ strains were plated on YP plates
(YP medium supplemented with 1.5% agar) containing (i) 4%
glucose (YPGlc, fermentative selective medium) or (ii) 2% lac-
tate (YPLac, respiratory selective medium). Cultures were spot-
ted on agar plates in dilution series (from 5 X 10° cells to 5 X
10" cells in 10-fold dilution steps) clockwise on six distinct sec-
tions. After 5 days of incubation at room temperature, the sec-
tions were evaluated for growth.

p° strains (yeast strains lacking functional mitochondria)
were generated from the respective p* strains (KFY417 and
KFY437) by growing cells in media containing 10 ug/ml
ethidium bromide for 3 days. The resulting respiratory defi-
ciency was confirmed by complete lack of growth on obligatory
respiratory media (glycerol). In p°/p* experiments, cells were
grown and treated as described for KFY417 and KFY437 (see
above) with the modification that pre-cultures were grown in
YPGal/Glc (3% galactose/1% glucose), because the generated p°
strains were unable to grow in YPGal.

Electron Microscopy—EM analysis of mitochondrial samples
was carried out as previously described (21). EM analysis of
stationary yeast cells to visualize membrane structures was
done essentially according to Ref. 22: cells were harvested and
incubated for 8 min in fixative (4% formaldehyde, 2% glutaral-
dehyde, 4% sucrose, 2 mm calcium acetate, 50 mm sodium caco-
dylate, pH 7.2) at room temperature. Fixed cells were stored in
fixative overnight at 4 °C and subsequently prepared for cell
wall removal by incubation in pretreatment solution (0.2 M
Tris/HCl, 100 mMm B-mercaptoethanol) for 10 min at room tem-
perature. Removal of cell wall was done with 30 units of lyticase
(Sigma) and 0.6 unit of arylsulfatase (Roche Applied Science)
for 90 min at 30 °C in digestion buffer (35 mm potassium phos-
phate buffer, pH 6.8, 0.5 mm MgCl,, 1.2 M sorbitol). Cells were
washed in cacodylate buffer (0.1 M sodium cacodylate, 5 mm
CaCl,), postfixed (0.5% osmium tetroxide, 0.8% potassium fer-
rocyanide), washed in distilled water, stained en bloc (1% aque-
ous uranyl acetate), dehydrated in ascending alcohol series, and
embedded in Araldite. The preparations were sectioned at
50 nm on an ultramicrotome (Ultrotom III, LKB, Bromma,
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Sweden), and EM micrographs were obtained on a Zeiss
(Oberkochen, Germany) EM 10 electron microscope.

Cell Fractionation—Mitochondria were isolated by differen-
tial centrifugation as described in Zischka et al. (21). Cytosol
was obtained by ultracentrifugation (177,000 X g, 90 min, 4 °C)
from the supernatant of the first mitochondrial sedimentation.

Two-dimensional Gel Electrophoresis and Image Analysis—
2-DE was performed according to Zischka et al. (21). Isoelectric
focusing was done using immobilized pH-gradient strips (pH
3-10 non-linear) and gradient gels (8 —16% T) for SDS-PAGE.
Resultant protein patterns were detected by standard staining
procedures, either silver (23) for analytical purposes (150 ug of
protein per gel) or “ruthenium II Tris bathophenanthroline dis-
ulfonate fluorescent dye” (24) for preparative purposes (400 ug
of protein per gel). Gels treated with the latter were further
stained with colloidal Coomassie Blue for protein analysis (25).
Image analysis of the gels was done with the ProteomWeaver ™
image analysis software V.2.2 (Definiens AG, Munich,
Germany). For the analysis of mitochondrial extracts data were
determined by taking into account three independent
experiments.

Protein Identification via MALDI-TOF Mass Spectrometry—
Proteins were subjected to a sequence-dependent protease
treatment (100 ng of trypsin per gel plug, Promega, Mannheim,
Germany) as described by Shevchenko et al. (23). Resulting
peptides were analyzed by peptide mass fingerprinting with the
thin layer method (26) using a MALDI-TOF Reflectron
(Waters, Eschborn, Germany). Data base searches for protein
identification were done in SwissProt using the ProteinLynx
Globalserver 1.1 software (PLGS 1.1, Waters).

SDS-PAGE and Immunoblotting Analysis—SDS-PAGE and
subsequent immunoblotting on polyvinylidene difluoride
membranes were carried out according to standard procedures.
Immunoblots were incubated with anti-55 kDa cytosolic pro-
tein (kind gift of G. Blobel) and anti-cytochrome ¢ (kind gift of
E. Sherman), respectively. Immunoreactive bands were visual-
ized by ECL plus (GE Healthcare, Freiburg, Germany) and
quantified using QuantityOne® V.4.2 software (Bio-Rad,
Munich, Germany).

Staining for Reactive Oxygen Species—ROS were detected
with dihydrorhodamine 123 (Sigma) according to Madeo et al.
(13) with 30-min staining at 30 °C. Cells were embedded in 0.5%
agarose in PBS and evaluated for staining by fluorescence
microscopy using a rhodamine optical filter (room tempera-
ture, 40X/0.75, Axioskop 2, AxioCam HRc, AxioVision 4, Zeiss,
Géttingen, Germany). In p°/p* experiments, ROS were
detected with the mitochondrial membrane potential-indepen-
dent stain dihydroethidium (Sigma). 5 X 10° cells were pelleted
in 96-well microtiter plates (Microlon Fluorotrac 600, Greiner,
Austria), washed twice with PBS, resuspended in 250 ul of 2.5
pg/ml dihydroethidium in PBS, and incubated for 10 min at
room temperature. Relative fluorescence units were deter-
mined using a fluorescence reader (GENios Pro™, Tecan,
Grodig, Austria, excitation 515 nm, emission 595 nm, room
temperature). Dihydroethidium was used as the blank in PBS.
Additionally, cells were evaluated for staining by fluorescence
microscopy using a rhodamine optical filter.
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B Percentage of Mitochondrial
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FIGURE 1. Mitochondria are enlarged in cdc485%5€ cells. A, EM analysis of wild-type and cdc4

855656

cells. Wild-type cells (1) show intact nuclei (arrows,

nuclear envelope) with mitochondria predominantly distributed near the plasma membrane. Cdc48°°¢° cells (2) frequently demonstrate chromatin conden-
sation (arrowheads), nuclear fragmentation, and enlarged mitochondria. Mt, mitochondria; N, nucleus; arrows, nuclear envelope; arrowheads, chromatin
condensation. B, quantification of mitochondrial enlargement. Mitochondrial and total cellular area was determined using AxioVision Software LE V.4.2 (Zeiss).
To exclude artifacts due to the fixation procedure, mitochondrial area was normalized to total cellular area. The obtained percentage of the mitochondrial area

within cells was significantly increased in cdc48%°5°¢ (
of mitochondria in cdc48°°°°¢

for cdc48%°%°C cells). For quantification and statistics 62 and 128 mitochondria for wild-type and cdc4

Survival Plating Assay—Survival plating assays were done
as previously described (27). Briefly, an aliquot of the culture
was counted with a CASY1 (Schirfe Systems, Reutlingen,
Germany), diluted 1:10,000 in water, and 500 cells were
plated on YPGIc plates (4% glucose). The number of colonies
(colony forming units) was determined after incubating the
plates for 2—3 days at 28 °C. For each experiment three plates
per strain and condition were evaluated for growth of
colonies.

Tests for Apoptotic Markers—In vivo measurement of caspase-
like enzymatic activity by flow cytometric analysis was done as
previously described (27). Briefly, cells were harvested, washed
in PBS, and resuspended in staining solution containing fluo-
rescein isothiocyanate (FITC)-VAD-FMK (CaspACE™, Pro-
mega). After incubation for 20 min at 30 °C, cells were washed
and resuspended in PBS. Stained cells were counted using a
FACSCalibur (BD Biosciences) and Cell Quest analysis soft-
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10%) compared with wild-type cells (7%) (p < 0.02, Student's t test). These figures represent enlargement
cells, because the average number of mitochondria within 1 um? of cellular area remained unchanged (1.1 for wild-type and 1.2

855656 strain, respectively, were evaluated.

ware. CaspACE™ FITC-VAD-FMK in situ marker is an
FITC conjugate of the cell-permeable caspase inhibitor
VAD-FMK. This structure allows delivery of the inhibitor
into the cell where it binds to activated caspase, serving as an
in situ marker for apoptosis. The bound marker is localized
by fluorescence detection.

The T4 terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assay was used to visualize
DNA fragmentation, a late marker of apoptosis. Cell wall diges-
tion and cell fixation were done as described by Madeo et al. (8).
TUNEL reaction was performed using an in situ cell death
detection kit (Roche Applied Science) and Chromatide
Bodipy™ (Molecular Probes, Invitrogen, Karlsruhe, Germany)
as fluorescence-labeled dUTP. Cells were evaluated for stained
nuclei by fluorescence microscopy using a FITC optical filter
(room temperature, 40X/0.75, Axioskop 2, AxioCam HRc,
AxioVision 4).
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FIGURE 2. Differential 2-DE analysis of mitochondrial and cytosolic fractions from wild-type and cdc48°°¢>€ cells. A, 2-DE comparison of cytosolic extracts

(wild-type versus cdc48°°°°¢

, gels 1 and 2, respectively): 6 reproducible differences (arrows) out of 1600 protein spots per gel were found (Proteom Weaver™)

(n = 6). Comparison of mitochondrial extracts (gels 3 and 4): 32 reproducible differences (arrows) out of 1400 protein spots per gel were found; identified
proteins and results of quantification (ProteomWeaver™) are listed in Table 1 (n = 7). B, representative differences between wild-type and cdc48°°%°° strains

in mitochondrial extracts.

RESULTS

Mitochondria in cdc48%°°°¢ Cells Are Enlarged Compared
with Wild-type—To check for mitochondrial impairment in the
apoptotic cdc485°°°C yeast strain we performed ultrastructural
analysis (EM) of yeast cells. In cdc485°°°S cells we observed a
significant enlargement of mitochondria compared with wild
type (Fig. 14, for quantification see Fig. 1B). In the cdc48%°°°¢
strain 10% of the cellular area was composed of mitochondria
compared with 7% in the wild-type strain. Because the average
number of mitochondria per cell was highly similar between the
cdc48%°°°S and wild-type strains (1.1 for wild-type and 1.2 for
cdc485°°°S cells), these data hint toward a swelling of mito-
chondria in the cdc48%°°°C strain, which is a known feature in
pathophysiological processes (28 —31).

Distinct Alterations Are Observed in the Mitochondrial Pro-
teome of cdcd85°°°C Cells Compared with Wild-type—We
further investigated whether mitochondrial enlargement in
the cdc48%°°C strain was concomitant with alterations at the
molecular level of mitochondria. Therefore, we analyzed the
mitochondrial proteome applying differential 2-DE analysis of
wild-type and cdc48%°°°€ strains. Additionally, we compared
their total cell extracts and their cytosolic proteomes.

Differential 2-DE analysis of mitochondria resulted in 32 sig-
nificant protein spot variations between wild-type and
cdc48%°°°S strains (Fig. 24, compare gels 3 and 4, and Table 1).
In contrast, only minimal differences were observed in cytosolic
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fractions (Fig. 2A, compare gels 1 and 2), and the overall cellular
proteome remained unchanged (data not shown).

Mass spectrometry analysis of the 32 altered protein spots in
mitochondria identified 23 unique proteins (Table 1), seven of
which were established as mitochondrial proteins. Increased
(“enrichment”) and decreased (“depletion”) amounts of mito-
chondrial proteins in mitochondrial extracts of cdc48%°°°S cells
were observed (e.g. YGR086¢ (Fig. 2B, panel 2) and maintenance of
mitochondrial function 1 (MMF1, Fig. 2B, panel 1), respectively;
for quantification of protein spot alterations see Table 1).

The observed depletion of MMF1 (Fig. 2B, panel 1) and ketol
acid reductoisomerase (Ilv5p, Table 1), two mitochondrial pro-
teins fundamental for the stability of mitochondrial DNA (32,
33), suggest reduced mitochondrial functionality upon CDC48
mutation. We found depletion of mitochondrial cyclophilin C
(Fig. 2B, panel 1) and enrichment of mitochondrial 40 S ribo-
somal protein (MRPS8) (Table 1) in mitochondrial extracts.
Cyclophilins are enzymes that catalyze cis-trans isomerization
of proline-containing peptides to ensure accurate protein fold-
ing (34). MRP8 is a component of the mitochondrial protein
translation machinery (35). Alterations in the amount of cyclo-
philin C and MRP8 therefore may suggest an altered protein
turnover in mitochondria. Discrete changes of mitochondrial
proteins in mitochondrial extracts suggest that mitochondria
are altered upon CDC48 mutation possibly leading to mito-
chondrial dysfunction.
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Mitochondrial Impairment in cdc48%°%°C Yeast

A B

In the cdcd85°%°C Strain Cyto-

- . % chrome ¢ Accumulates in the Cytosol
5 & —Cytochrome c is a mitochondrial
> e o 100 protein essential for the transfer of
é 5 3 electrons from the cytochrome bc,
E g ‘f-, 80 - complex to the cytochrome c-oxi-
g dase complex of the respiratory
- 6 chain. Depletion of cytochrome c
Cyt.c .2 l leads to respiratory chain dysfunc-
3 4 tion and accumulation of ROS in
55 kDa E yeast (40). It is a comparatively small
cytosolic (W SE_— @ (12 kDa) and basic protein (isoelec-
protein s 20 tric point of 9.5) and therefore
& hardly analyzable by the applied
0 2-DE analysis. Hence, we looked
Wild-type Mutant

FIGURE 3. Release of cytochrome c into the cytosol of cdc485°%€ cells. Increased amounts of cytochrome ¢
were found in the cytosol in cdc48°°%°¢ compared with wild-type cells. A, representative immunoblot of cyto-
chrome ¢ (10 pg of protein load per lane). The 55-kDa cytosolic protein was used as loading control. B, histo-
gram showing levels of cytochrome ciin the cytosol. Note that yeast cultures grown on (fermentative) glucose
medium contain mitochondria with a certain tendency for disruption resulting in marked amounts of cyto-
chrome cin the cytosol of wild-type strain upon cell fractionation. However, the significant higher amounts of
cytochrome c levels in the cytosol of cdc48°°%° cells suggest for a pronounced higher fragility of mitochondria
compared with wild-type. The level of cytochrome c in the cytosol of cdc48°°>€ cells was set to 100% in every
single experiment. A 2.3-fold increase in cytochrome ¢ amount was observed in the cytosol of cdc48°%¢°¢
compared with wild-type cells (**, p < 0.01, Student’s t test). The data shown here are percent change values of

six independent experiments. Error bars, =S.D.

In addition to the alterations in mitochondrial proteins, we
also observed enrichment of four cytoplasmic proteins, three
proteins linked to the cytoskeleton, and two proteins with
unknown localization (Table 1) in mitochondrial fractions of
cdc485°°°% cells. We observed accumulation F-actin capping
protein a subunit (CAPA, Fig. 2B, panel 3) and of the ARP2/3
complex 20-kDa subunit (Fig. 2B, panel 4). The ARP2/3 com-
plex is associated with the actin cytoskeleton and is involved in
mitochondrial motility in yeast (36). Accumulation of these
proteins may suggest an altered mitochondrial motility in
cdc48%°% cells. We observed enrichment of the cytoplasmic
protein O-acetylhomoserine sulfhydrolase (MET17, Fig. 2B,
panel 5), a protein central for sulfur metabolism and glutathi-
one synthesis (37). Glutathione is a known antioxidant in yeast
(13, 38). Accumulation of this protein in mitochondrial extracts
hints to an increased oxidative stress in cdc485°°C cells (see
below).

Interestingly, we found seven other proteins associated with
the NE-ER network, a continuous membrane system consisting
of the endoplasmic reticulum (ER) and the ER-related nuclear
envelope (NE), to show altered levels in the mitochondrial frac-
tion of the cdc485°°°C strain (Table 1). In this context, ER lumi-
nal proteins, proteins integrated in or associated with the
NE-ER membrane, and nuclear proteins are referred to as “NE-
ER-associated.” In fact, the majority (six of seven) were clearly
enriched in mitochondrial extracts (Table 1). Most impor-
tantly, Cdc48p-S565G itself was found to be the NE-ER protein
demonstrating the strongest enrichment in mitochondrial frac-
tions of cdc48%°°° cells compared with wild-type (i.e. 5.8-fold;
Fig. 2B, panel 6, and Table 1). Accumulation of these NE-ER-
associated proteins could be a result of the ER expansion and
the dysfunction in ERAD earlier described in the cdc48%°°¢
strain (8, 39).
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for accumulation of cytochrome ¢
in the cytosol using immunoblot-
ting analysis. We found a 2.3-fold
enrichment of cytochrome c in the
cytosol of cdc483°°°S cells com-
pared with wild-type cells (Fig. 34,
immunoblots; for quantification see
Fig. 3B). Accumulation of the solu-
ble intermembrane protein cyto-
chrome c in the cytosol, as well as
depletion of the soluble matrix proteins ARG5,6, MMF1, and
cyclophilin C in mitochondrial extracts as evidenced by 2-DE
analysis (Table 1), suggest that mitochondrial membranes are
more fragile in cdc485°%°F cells than in wild-type cells possibly
resulting in the release of mitochondrial proteins into the
cytosol. These observed alterations at the mitochondrial
molecular level obtained by 2-DE and immunoblotting analyses
of cytochrome ¢ consequently propose mitochondrial dysfunc-
tion in the cdc48%°°°C strain.

cdc485°%°S Cells Show Respiratory Deficiency—To test for
loss of mitochondrial functionality in the cdc485°°°C strain, we
investigated the adaptability of both wild-type and cdc48°°¢°¢
cells to conditions that challenge the respiratory capacity of
their mitochondria. Only respiratory sufficient S. cerevisiae
cells, in contrast to respiratory-deficient cells, form colonies on
media containing a principal carbon and energy source, which
is obligatory aerobic (lactate) for growth (41). Consequently,
cells with respiratory incompetent mitochondria cannot
metabolize lactate, i.e. they are unable to proliferate and do not
form colonies. Therefore, a differential plating assay was con-
ducted (41), in which proliferation on agar plates of wild-type
and cdc485°%°C cultures was analyzed. YPLac (lactate) plates
were used as selective respiratory medium and YPGlIc (glucose)
plates as selective fermentative medium. Cultures were spotted
on agar plates in dilution series, clockwise on six distinct sec-
tions (Fig. 4, e.g. plate 1), and the proliferation of the plated
cultures was subsequently evaluated.

Cdc48%°°°C cells showed a markedly reduced proliferation
on YPGlc compared with wild-type cells (Fig. 4, compare plates
1 and 2) demonstrating the important cellular role of Cdc48p
impaired by the mutation. However, the lowest level of prolif-
eration was found on YPLac (Fig. 4, plate 4). The almost com-
plete absence of proliferation on YPLac (Fig. 4, compare plates
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YPLac plates

YPGlc plates
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FIGURE 4. Respiratory deficiency of cdc48°°°°¢ cells. Wild-type and
€dc48°°%°C cultures were plated on YPLac (respiratory selective medium) and
YPGlIc (fermentative selective medium). Cultures were spotted on agar plates
in logarithmic dilution series clockwise on six distinct sections: Section 1,5 X
10% section 2,5 X 10°; section 3,5 X 10 section 4,5 X 10%; section 5,5 X 10%
and section 6, 5 X 10" cells plated. Treated sections were evaluated for
growth. Proliferation of cdc48°°°°° cells (YPGIc) was low on YPGIc plates (plate
2) and almost completely eliminated on YPLac plates (plate 4); n = 3.

2 and 4) suggests respiratory deficiency of cdc48%°%°C cells

probably due to their progressed state of impaired mitochon-
drial functionality. Such impairment was not detectable in
wild-type cells under the same growth conditions (Fig. 4, com-
pare plates I and 3).

Accumulating ROS in cdc48°°°° Cells Are Predominantly
Produced by the Mitochondrial Cytochrome bc; Complex—Mi-
tochondrial enlargement (Fig. 1), the alterations at the mito-
chondrial proteome level (Fig. 2), and the observed respiratory
deficiency of cdc48%°°°S cells (Fig. 4) suggest mitochondrial
dysfunction upon CDC48 mutation. Further, the observed
release of cytochrome c into the cytosol (Fig. 3) and the protein
spot alterations of the ubiquinol-cytochrome c reductase iron-
sulfur subunit (UCRI, Table 1), a component of the cytochrome
bc, complex of the inner mitochondrial membrane, suggest a
disturbance of the respiratory chain. It is known that the cyto-
chrome bc; complex, upon dysfunction, is a major cellular pro-
ducer of ROS (42). We therefore tested whether the emergence
of ROS paralleled the observed mitochondrial impairment. In
fact, we found a significantly higher number of cdc48%°°> cells
(2.1-fold), which accumulated ROS compared with wild-type
cells (Fig. 5A). In the cdc48%°°°C strain 52% of the cells were
ROS-positive compared with 25% in the wild-type strain.

To show that the cytochrome bc; complex is a major pro-
ducer of ROS in the cdc48°°°°F strain, we used myxothiazol and
stigmatellin as inhibitors of this complex (42—44). Both inhib-
itors interrupt the electron transfer within the cytochrome bc,
complex but on two different sites (42, 43). Applying these
inhibitors, we found a significant reduction in the number of
cells showing ROS accumulation. In the cdc48%°°C strain the
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FIGURE 5. Enhanced mitochondrial ROS production in cdc485°5°€ cells. A,
accumulation of ROS. A significantly higher number of cdc48°°°°C than wild-
type cells showed ROS accumulation (2.1-fold, n = 8, p < 0.002, Student's t
test). Representative micrographs of wild-type and cdc48°°°>° cells stained
with dihydrorhodamine 123. For quantification >1000 cells per strain and
experiment were evaluated. B, quenching of ROS accumulation. Cultures
were grown in the presence of inhibitors of the cytochrome bc, complex
(myxothiazol and stigmatellin, respectively, 1 um) and tested for accumula-
tion of ROS (n = 4 for myxothiazol, n = 3 for stigmatellin). In the case of the
¢dc485°°C strain, the number of ROS-accumulating cells decreased from 52%
to 24% (**, p < 0.005) and 22% (**, p < 0.005), respectively. The number of
wild-type cells showing ROS accumulation was reduced from 25% to 11%
(p <0.02)and 10% (p < 0.03), respectively. For quantification >1000 cells per
strain and experiment were evaluated. p values: Student’s t test. Error bars,
+S.D.

proportion of ROS-positive cells was reduced from 52% to 24
and 22% for myxothiazol and stigmatellin, respectively (Fig.
5B). These data suggest that the mitochondrial cytochrome bc,
complex is a major site of ROS production in the cdc485°°>
strain. Quenching of ROS production was also observed in the
wild-type strain treated with inhibitors of the cytochrome bc,
complex. However, the significant higher number of ROS-pos-
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itive cells in the cdc48%°°>F strain compared with the wild-type

strain, point to a higher susceptibility of mitochondria in the
cdc48%°°°S strain to produce the detrimental ROS.

p° Strains Generated from Wild-type and cdc48°°°°F Strains
Show Very Low Levels of ROS Production and Highly Similar
Viability—Mitochondrial contribution to the accumulation of
ROS in the cdc48%°°°F strain suggests that the observed impair-
ment of mitochondria may lead to cellular damage. To validate
such a destructive role of mitochondria, we converted the
CDC48 wild-type and the cdc48°°°°S mutant strains (p*
strains) into yeast strains lacking functional mitochondria (p°
strains). Both strains were grown overnight on media contain-
ing ethidium bromide resulting in the loss of mitochondrial
DNA. Lack of mitochondrial functionality was confirmed by
complete lack of growth on media containing obligatory respi-
ratory carbon sources (glycerol).

p®and p* strains were evaluated for the emergence of ROS.
In both p° strains (wild-type and cdc48°°°*S mutant), cells
accumulating ROS were present only sporadically (Fig. 64).
Further analysis revealed a significant decrease in the produc-
tion of ROS in both p° strains compared with the respective p*
strains (Fig. 6B), i.e. 88 and 62% reduction of ROS production in
cdc48%°°°S in wild-type, respectively. These data confirm the
considerable involvement of mitochondria in both wild-type
and cdc48°°°°C strains in the production of ROS as was already
suggested by the decrease of ROS production via inhibition of
the cytochrome bc; complex of the respiratory chain (Fig. 5B).
Notably, ROS production between the wild-type p° and the
cdc48%°°°S p° strains assimilated at very low levels (Fig. 6B),
further arguing that in the cdc48%°°°S strain impaired mito-
chondria are responsible for the elevated levels of ROS.

To assess the viability of both p™ and p° cultures, we applied
asurvival plating assay. In this assay equal numbers of cells were
plated onto YPGIc plates, and the numbers of formed colonies

FIGURE 6. Wild-type p° and cdc48%%%5S p° strains showed very low levels
of ROS production and highly similar viability. CDC48 wild-type (KFY417)
and cdc48°°°°° mutant (KFY437) strains (p* strains) were converted into yeast
strains lacking functional mitochondria (p° strains) as described under “Exper-
imental Procedures.” A, p° strains are unable to accumulate ROS. Represent-
ative micrographs of wild-type p° and cdc48°°%%¢ p° cells stained with dihy-
droethidium. B, quantification of ROS accumulation in p® and p* strains. ROS
accumulation was measured in a fluorescence reader after staining with dihy-
droethidium. In the case of the cdc485°°°C strains, ROS accumulation was
decreased by 88% in the p° strain compared with the p™* strain (from 35,200 to
4,100 relative fluorescence units; ***, p < 0.001). ROS accumulation in the
wild-type p° strain was found to be reduced by 62% compared with the wild-
type p* strain (from 7,100 to 2,700 relative fluorescence units; ****, p <
0.0001). Note that ROS production in the cdc48°°%*¢ p° and wild-type p°
strains assimilated at very low levels. In contrast, the cdc48%°%°¢ p* strain
showed significant higher levels of ROS compared with the wild-type p*
strain. The data shown here are mean values of three independent experi-
ments. p values: Student’s t test. Error bars: =S.D. C, cdc48°°%°¢ p° strain shows
highly similar viability compared with the wild-type p° strain. For each culture,
p°and p*, 500 cells were plated on YPGIc plates and the number of formed
colonies (colony forming units, CFU) was determined. The viability of the
€dc485°%°¢ p° strain was highly similar when compared with the wild-type p°
strain (8% lower viability of the cdc48°%%°¢ p° strain compared with the wild-
type p° strain, p = 0.42). In contrast, the cdc48°°%°° p™ strain revealed a sig-
nificant decreased viability compared with the wild-type p* strain (30%
decrease, p < 0.01). Notably, the viability of the cdc48°°°% p° strain was found
to be increased compared with the cdc48%°%°¢ p* strain. The data shown here
are mean values of three independent experiments. p values: Student’s t test.
Error bars: =S.D.
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Wild-type Mutant

FIGURE 7. Emergence of caspase-like enzymatic activity in the cdc48%°5*Cstrain. Wild-type and cdc48°°°°C cells were labeled for active caspase by the
cell-permeable fluorescence-labeled caspase inhibitor FITC-VAD-FMK and analyzed by flow cytometry as described under “Experimental Procedures.” A,
representative flow cytometric diagrams of wild-type and cdc48°°%°€ strain. The nature of the second peak in the flow cytometric diagram of the cdc485°5°¢

strain remained unknown. B, quantification of caspase activity. A 2.2-fold increase in caspase activity was observed in the cdc4

wild-type strain (n = 3;*, p < 0.05; Student’s t test). Error bars: =S.D.

were determined. The cdc48%°%°F p™ strain showed a signifi-

cant lower viability (30% decrease) than the wild-type p* strain
(Fig. 6C), as evidenced by the decreased number of formed col-
onies. In contrast, the viabilities of the cdc485°°° p° and the
wild-type p° strains assimilated (Fig. 6C). Notably, the viability
of the cdc485°°*% p° strain lacking functional mitochondria was
slightly higher (16% increase) than the viability of the
cdc485°°°S p* strain. These data hint to a deleterious role of the
impaired mitochondria in the mutant cdc48%°°° strain.

Caspase-like Enzymatic Activity and DNA Fragmentation
Emerge in the cdc48%°°°C Strain—Recently, a yeast protein
demonstrating caspase-like enzymatic activity upon applied
oxidative stress has been described (27). Since we demonstrated
accumulation of ROS (Figs. 5 and 6), we tested for caspase-like
enzymatic activity in vivo in the wild-type and the cdc48°¢°
strains. Cells were labeled for active caspase with the fluores-
cence-tagged and cell-permeable caspase inhibitor FITC-
VAD-FMK and analyzed by flow cytometry. A significantly
higher portion of cdc48°°°°S than of wild-type cells (2.2-fold)
demonstrated caspase-like enzymatic activity (Fig. 7A; for
quantification see Fig. 7B). Using DNA fragmentation as a
marker of apoptosis (TUNEL assay), consistently to previous
results (8), cell death was observed in 50% of cdc485°°°C cells,
whereas cell death in wild-type cells did not exceed 20% (see
supplemental Fig. S14, micrographs; for quantification see sup-
plemental Fig. S1B). Thus, the observed mitochondrial impair-
ment due to CDC48 mutation is paralleled by the emergence of
apoptotic cell death as indicated by caspase-like enzymatic
activity and DNA fragmentation.

SEPTEMBER 1, 2006« VOLUME 281 +NUMBER 35

85°0°G compared with the

DISCUSSION

Mitochondria Are Crucially Impaired in Apoptotic
cdc485°°°F Cells—1In this study we addressed the issue whether
mitochondria are affected at the molecular and functional level
and whether they participate in apoptosis in a yeast strain upon
CDC48 mutation (cdc485°°°S). Our data demonstrate mito-
chondrial impairment in cdc48%°°*S cells as follows.

First, mitochondria are a specific site for qualitative as well as
quantitative protein alterations in cdc485°¢°€ cells (Fig. 2). Both
“enrichment” and “depletion” of distinct proteins were seen
(Table 1). In particular, we observed the depletion of two pro-
teins, MMF1 and Ilv5p (Fig. 2), which are necessary for mito-
chondrial DNA stability and mitochondrial functionality (32,
33). A recent transcriptome analysis of cdc48%°°>< cells demon-
strated nuclear genes coding for mitochondrial proteins to be
the largest group of differentially regulated genes (45). Thus,
the observed distinct alterations at the mitochondrial protein
level suggest that mitochondria are a pivotal site of changes on
the protein level associated with CDC48 mutation. Second, we
demonstrated mitochondrial enlargement (Fig. 1) and release
of cytochrome c into the cytosol (Fig. 3) in the cdc48%°°°F strain
compared with wild-type hinting to a facilitated mitochondrial
rupture. Third, the deficit of cdc485°°°€ cells to adapt to respi-
ratory growth conditions (Fig. 4) as well as accumulation of
ROS produced by mitochondria (Figs. 5 and 6) suggest dysfunc-
tion of the mitochondrial respiratory chain.

Mitochondrial damage and dysfunction, release of cyto-
chrome c into the cytosol, and emergence of ROS are charac-
teristic features of most mitochondria-dependent apoptotic
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pathways in both mammalian cells and in yeast (17-19). Con-
sistently to previous studies (8, 13, 45), we observed apoptotic
cell death in the cdc485°°°F strain as evidenced by DNA frag-
mentation (supplemental Fig. S1). Moreover, we revealed the
emergence of caspase-like enzymatic activity in the cdc48°°°>¢
strain (Fig. 7) concomitantly to the accumulation of ROS (Fig.
5). In yeast, the caspase Ycalp is activated upon exogenously
applied oxidative stress (27). Thus, it is likely that endogenously
accumulating ROS in the cdc48%°°°S strain induce caspase
activity that precedes and subsequently triggers DNA fragmen-
tation and cell death. In a previous study, ROS have been dem-
onstrated to be essential for the progression of cell death in the
cdc485°°°C strain (13). Therefore, the increased production of
ROS by the mitochondrial cytochrome bc; complex suggests a
mitochondrial contribution in apoptotic cell death in the
cdc48%°%°C strain. Consistently, generation of yeast strains lack-
ing functional mitochondria (p° strains) revealed that the
cdc485°°°S p° strain was found to be highly similar to the wild-
type p° strain in both cell viability (Fig. 6) and growth rates (data
not shown). In contrast, the cdc48%°°®*S p* strain showed sig-
nificantly lower cell viability (Fig. 6) and a markedly decreased
growth rate (data not shown) compared with the wild-type p™
strain. These data indicate that mitochondria play a detrimen-
tal role during cell death in the cdc48°°°°F strain.

Single protein spot alterations in 2-DE of mitochondrial
extracts sustain mitochondrial involvement in apoptotic cell
death. We found depletion of cyclophilin C in mitochondrial
extracts of apoptotic yeast (Fig. 2). Mitochondrial cyclophi-
lin in mammalian cells has been described as a repressor of
mitochondria-dependent apoptosis (46). Depletion of its
homologue during apoptosis suggests a similar role in yeast.
We observed accumulation of the actin cytoskeleton pro-
teins ARP2/3 complex 20-kDa subunit (Fig. 2) and F-actin-
capping protein a subunit (CAPA, Fig. 2). Recently, a con-
nection between yeast apoptosis and actin dynamics has
been made (47, 48). These authors demonstrated that
decreased actin dynamics caused depolarization of the mito-
chondrial membrane and an increase in ROS production
resulting in cell death, highly similar features we observed in
this study.

We found several proteins associated with the NE-ER to be
enriched in mitochondrial extracts in the cdc48%°°°S strain
(Table 1) suggesting an increased NE-ER content in mitochon-
drial fractions. Interestingly, the strongest accumulation was
observed for Cdc48p-S565G itself (Fig. 2). Previous studies
revealed deficiency of the ER-associated protein degradation
(ERAD) pathway (39) and expansion of the ER (8) in the
cdc48%°°°S strain. Thus, enhanced co-purification of NE-ER-
associated proteins might be a result of ERAD dysfunction
upon CDC48 mutation. Notably, we found that ERAD defi-
ciency in the cdc48%°%°C strain is paralleled with an increased
co-purification of NE-ER-derived microsomes with mitochon-
dria.* Interestingly, Haynes et al. have shown that, in an ERAD-
deficient yeast strain, overexpression of a single misfolded

4 H. Zischka, R. J. Braun, E. P. Marantidis, D. Biringer, C. Bornhoevd, S. M. Hauck, O.
Demmer, C. J. Gloeckner, A. S. Reichert, F. Madeo, and M. Ueffing, manuscript
submitted.
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model protein leads to ER stress, accumulation of ROS, and
ultimately apoptotic cell death (49). These authors demon-
strated contribution of mitochondria to ROS accumulation
arising from inhibition of ERAD. Thus, the mitochondrial
impairment and contribution in apoptotic cell death in the
cdc48%°°°S strain observed in our study might be a consequence
of the described ERAD dysfunction in this strain (39).

Cdc48p/VCP-mediated Apoptosis and Human Disease—
Cdc48p/VCP is a highly conserved protein essential for cellular
function (for review see Ref. 4). Upon mutation impairment of
Cdc48p/VCP-mediated functions increase the risk for apopto-
tic cell death in different species. Classic morphological apopto-
tic characteristics, e.g. DNA fragmentation, chromatin conden-
sation, nuclear fragmentation, and membrane blebbing, were
observed in cells expressing mutated Cdc48p/VCP homologues
in mammalian cell cultures (9, 10), in trypanosomes (11), in
zebrafish (12), and in budding yeast (8), although the molecular
mechanisms of how impairment of Cdc48p/VCP relates to apo-
ptotic cell death remain largely unknown. Especially mitochon-
drial contribution to cell death has not been demonstrated yet.

This study revealed crucial mitochondrial impairment in the
cdc48%°°°S yeast strain associated with apoptosis. Yeast Cdc48p
and its orthologues, such as mammalian VCP show very high
sequence and functional conservation (50). Therefore, we sug-
gest mitochondria as being involved in apoptotic cell death in
other species expressing mutant variants of Cdc48p/VCP.

Mutant VCP is an inductor of IBMPFD, a dominant human
disorder (5, 6). Wild-type VCP has been described as a patho-
logical mediator for human polyglutamine diseases (7, 10, 51).
In these disorders and in particular Huntington’s disease, typi-
cal features of mitochondria-dependent cell death have been
noted: depolarization of mitochondria, emergence of ROS, and
cytochrome c release (52, 53). Thus, our finding of a mitochon-
drial contribution to cell death in cdc48%°%°F yeast is compati-
ble with the role of both Cdc48p/VCP and mitochondria in
these human disorders. Based on this study we propose
cdc485°°°S yeast as a model to elucidate the remaining
unknown processes of VCP-mediated apoptosis in human
degenerative diseases.
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Supplementary Figure 1:

DNA fragmentation can beinduced in cdc48S565G cells.

(A) DNA fragmentation, visualized by TUNEL staining, isincreased in cdc48S565G
cells compared to wild-type cells. Representative micrographs of wild-type and
cdc48S565G cells.

(B) Quantification reveals 2.6 fold increase in cdc48S565G cells showing DNA
fragmentation compared to wild-type cells (n=4, ***p<0.001, Student’ s t-test). Error
bars: s.d.
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