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The mitochondrial phospholipid metabolism critically
depends on members of the conserved Upsl/PRELI-like
protein family in the intermembrane space. Ups1 and Ups2
(also termed Gepl) were shown to regulate the accumula-
tion of cardiolipin (CL) and phosphatidylethanolamine
(PE), respectively, in a lipid-specific but coordinated
manner. It remained enigmatic, however, how the relative
abundance of both phospholipids in mitochondrial
membranes is adjusted on the molecular level. Here, we
describe a novel regulatory circuit determining the accu-
mulation of Upsl and Ups2 in the intermembrane space.
Upsl and Ups2 are intrinsically unstable proteins, which
are degraded by distinct mitochondrial peptidases. The
turnover of Ups2 is mediated by the i-AAA protease Ymel,
whereas Upsl is degraded by both Ymel and the metallo-
peptidase Atp23. We identified Mdm35, a member of the
twin CxoC protein family, as a novel interaction partner of
Upsl and Ups2. Binding to Mdm35 ensures import and
protects both proteins against proteolysis. Homologues to
all components of this pathway are present in higher
eukaryotes, suggesting that the regulation of mitochon-
drial CL and PE levels is conserved in evolution.
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Introduction

Mitochondria are dynamic organelles, whose membranes
constantly fuse and divide (Hoppins et al, 2007). The remo-
delling of the mitochondrial network makes it necessary to
continuously adjust the supply of mitochondrial proteins and
membrane lipids to meet specific physiological demands.
Although the biogenesis of mitochondrial proteins has been
extensively studied (Chacinska et al, 2009), little is known
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about how the accumulation of phospholipids in mitochon-
dria is regulated. Some phospholipids, namely phosphatidyl-
ethanolamine (PE) and cardiolipin (CL), are synthesized
within mitochondria from precursor forms first generated
in the endoplasmatic reticulum (ER). One such precursor,
phosphatidylserine (PS), is imported from the ER to the
mitochondrial inner membrane, where it is subsequently
decarboxylated to yield PE (Trotter et al, 1993; Gaigg et al,
1995). CL, a dimeric phosphoglycerolipid unique to the
membranes of bacteria and mitochondria, is synthesized
from phosphatidic acid through an enzymatic cascade in
the inner membrane (Houtkooper and Vaz, 2008; Schlame
and Ren, 2009).

The maintenance of a defined lipid composition of mito-
chondrial membranes is critical for their functionality and
plasticity. CL, for instance, binds to many mitochondrial
membrane proteins and is required for their optimal activities
(Hoffmann et al, 1994; Lange et al, 2001; Shinzawa-Itoh et al,
2007; Claypool et al, 2008). Consequently, impaired accumu-
lation of CL can result in defects of some mitochondrial
functions, including the activity of respiratory chain com-
plexes and of the F;Fo ATP synthase, the stability of protein
translocases and protein import, mitochondrial genome sta-
bility, mitochondrial fusion and the activation of apoptotic
pathways (Zhong et al, 2004; Choi et al, 2007; DeVay et al,
2009; Gebert et al, 2009; Wenz et al, 2009; Wittig and
Schagger, 2009). In humans, disturbances in the CL
metabolism because of mutations in the mitochondrial
transacylase tafazzin are associated with cardiomyopathy in
Barth syndrome (Bione et al, 1996; Schlame and Ren, 2006;
Houtkooper et al, 2009).

Increasing evidence suggests that not only the concentra-
tion of phospholipids but also their lateral distribution within
the membrane can affect mitochondrial activities.
Prohibitins, which assemble into large ring-shaped protein
complexes in the inner membrane, have been proposed to act
as membrane scaffolds that may affect the distribution of
both proteins and phospholipids in the inner membrane
(Tatsuta et al, 2005; Osman et al, 2009a, b). Prohibitin func-
tion has been linked to diverse processes in mitochondria,
including mitochondrial fusion, the maintenance of cristae
morphology, the stability of the mitochondrial genome and
apoptotic processes (Bogenhagen et al, 2003; Kasashima et al,
2008; Merkwirth et al, 2008). The genetic interactome of
prohibitins in yeast points to an intimate functional relation-
ship to mitochondrial PE and CL metabolism, as mutations in
central components of the biosynthetic pathways of PE and
CL are synthetically lethal with prohibitins (Osman et al,
2009a). This suggests that lowered levels of these non-bilayer
phospholipids are deleterious for cell survival in the absence
of prohibitins.

These studies linked the function of a number of pre-
viously uncharacterized genes to the mitochondrial PE and
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CL metabolism. These include members of a conserved
family of Upsl/PRELI-like proteins in the intermembrane
space, which harbour an ~170 amino acid long PRELI/
MSF’ domain of unknown function (Dee and Moffat, 2005).
Three representatives of this protein family are present in
yeast: Upsl, Ups2 (also termed Gepl) and Ups3 (Gep2). Upsl
was originally identified to affect the processing of the
dynamin-like GTPase Mgml, a central component of the
mitochondrial fusion machinery, and thereby mitochondrial
shape (Sesaki et al, 2006). Ups1 and Ups2 were later found to
regulate the accumulation of PE and CL in mitochondria
(Tamura et al, 2009; Osman et al, 2009a). Ups1 is required
to maintain normal CL levels, whereas PE levels are de-
creased in the absence of Ups2. Notably, the accumulation
of PE and CL, both non-bilayer phospholipids with related
biophysical properties, is coordinated and appears to depend
critically on the relative abundance of Upsl and Ups2 in the
intermembrane space. Normal levels of CL were restored in
Aups] cells lacking Ups2, whereas overexpression of Ups2 in
wild-type cells reduced CL levels, suggesting a competition
between Upsl and Ups2 (Osman et al, 2009a).

Here, we have identified the twin CxoC protein Mdm35 as a
novel-binding partner of both Upsl and Ups2. Mdm35 en-
sures the efficient accumulation of Upsl and Ups2 in mito-
chondria and protects these intrinsically unstable proteins
against degradation by the i-AAA protease Ymel and Atp23.
Mitochondrial PE and CL levels are thus controlled
and coordinated by a complex regulatory network built up
of conserved proteins in the intermembrane space.

Results

Ups1 and Ups2 assemble with Mdm35 in the
intermembrane space

Upsl and Ups2 have previously been suggested to competi-
tively regulate the levels of CL and PE in mitochondria
(Osman et al, 2009a). To identify binding partners of both
proteins, we generated yeast strains expressing genomically
MYC-tagged Upsl (Ups1™¥®) and Ups2 (Ups2M¥©) under the
control of galactose-inducible promoters. Ups1™*® and
Ups2M¥€ are functionally active and maintained normal cell
growth and mitochondrial phospholipid levels (data not
shown; Supplementary Figure S1). Mitochondria were iso-
lated from Ups1™YC- and Ups2M¥C-overexpressing cells, solu-
bilized and extracts subjected to immunoprecipitation using
MYC-specific antibodies (Figure 1A). Strikingly, a protein
with a molecular mass of ~10kDa that was identified as
Mdm35 by peptide mass finger printing was co-purified
with both Ups1™¥® and Ups2M¥© (Figure 1A). Mdm35
was not detected in immunoprecipitates when extracts of
wild-type mitochondria lacking MYC-tagged Upsl or Ups2
variants were analysed, demonstrating a specific interaction
(Figure 1A).

To exclude that the overexpression of Ups and
Ups2MY€ induces artificial binding of Mdm35, we modified
UPS1 and UPS2 genes by homologous recombination in such
a way that variants harbouring C-terminal tandem affinity
purification tags (TAP) were expressed genomically under the
control of the endogenous promoter. Mitochondria were
isolated from these cells, solubilized in detergent and the
binding of Ups1™F and Ups2™F to Mdm35 was assessed by
affinity chromatography (Figure 1B and C). Analysis of eluate

1MYC

©2010 European Molecular Biology Organization

Regulation of phospholipid levels in mitochondria
C Potting et al

«— -
A g 2
® D]
S & 5
Ups1— ‘., [ Ups2
20 kDa—
6.5 kDa—{ "~ “~Mdm35
B WT Ups2™® WT
T T P S Ft E E
s - - Ups2
P g—— Mam3s
L A - *
- emew [-Port
... ~PoS
1% 100%
C wr Ups1™ WT
T T P S Ft E E
. L Upst

- »
~

/ - — Por1

/ .-_-—POS

1% 100%

Figure 1 Mdm35 interacts with Upsl and Ups2. (A)
Coimmunoprecipitation of Mdm35 with Ups1™¥€and Ups2MYC.
Mitochondria isolated from wild-type cells (WT, CG214) or cells
overexpressing either Ups1MY® (Ups1M¥€1, CG630) or Ups2MY©
(Ups2M¥€1, CG626) were solubilized and subjected to coimmuno-
precipitation using MYC-specific antibodies. Eluates were analysed
by Tris/Tricine SDS-PAGE and subsequent silver staining. Upsl,
Ups2 and Mdm35 were identified by peptide mass finger printing.
The asterisk (*) marks a protein binding unspecifically to the beads.
(B, C) Affinity purification of Mdm35 with endogenous levels of
Ups1™P and Ups2™P. Mitochondria isolated from wild-type
cells (WT,CG214) or cells expressing either (B) Ups2™P (CG591)
or (C) Ups1™F (CG593) from the endogenous gene locus were
solubilized and proteins were affinity purified using immunoglobu-
lin G-coupled beads. Total (T), pellet (P), supernatant (S) flow-
through (Ft) fractions (1%) and the eluate (E) fraction (100%) were
analysed by Tris/Tricine SDS-PAGE, followed by Ponceau S staining
(PoS) and immunoblotting. The asterisk (*) marks a protein band
cross-reacting with Mdm35 antibodies.

fractions by immunoblotting revealed that Mdm35 interacts
with both Ups1™F and Ups2™F. When extracts with untagged
Upsl or Ups2 were applied, Mdm35 was not found in the
bound fractions. Similarly, porin, an abundant mitochondrial
outer membrane protein, was not detected in the eluate,
further substantiating the specificity of the interaction
between Mdm35 and both Upsl and Ups2.

Hence, we conclude that Mdm35 assembles with Ups1 and
Ups2 in the mitochondrial intermembrane space. Notably, we
did not observe co-purification of Ups2 with tagged variants
of Upsl nor of Upsl with tagged variants of Ups2. Moreover,
deletion of UPS1 did not affect the native molecular mass of
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Ups2 when assessed using size exclusion chromatography
(Supplementary Figure S2). Thus, consistent with their lipid-
specific roles, Ups1 and Ups2 do not interact, suggesting that
Mdm35 can independently bind both proteins.

Loss of Mdm35 mimics phenotypes of Aups2 cells
Mdm35 was identified as an intermembrane space protein
that is essential for the maintenance of a tubular mitochon-
drial morphology; however, the molecular function of
Mdm35 remained enigmatic (Dimmer et al, 2002; Gabriel
et al, 2007; Longen et al, 2009). We recently identified
Mdm35, along with Ups1 and Ups2, in a genome-wide screen
for genes required for the survival of cells lacking prohibitins,
putative scaffolding proteins in the inner membrane (Osman
et al, 2009b). To further elucidate the molecular basis of the
genetic interaction of Mdm35 with prohibitins, we generated
AphblAmdm3S5 cells expressing PHBI from a tetracycline-
regulatable promoter (AphblAmdm35 [PHBI]). These cells
grew normally on fermentable and non-fermentable carbon
sources under non-repressing conditions. However, cell
growth was inhibited when PHBI expression was shut-off
by the addition of the tetracycline analogue doxycycline,
confirming the synthetic lethal interaction of PHBI and
MDM35 (data not shown). Downregulation of Phbl in the
absence of Mdm35 was accompanied by the loss of inner
membrane and matrix proteins, such as Mgm1, Cox2, Ymel
and Acol. Conversely, proteins localized to the outer mem-
brane or the intermembrane space, porin and Tim13, respec-
tively, remained unaffected (Figure 2A). These observations
can be explained by the loss of the membrane potential
across the inner membrane upon downregulation of Phbl
in AphbIAmdm35 [PHBI] cells (Figure 2B). The membrane
potential, which is required for protein import across and into
the inner membrane and thus essential for cell survival, was
decreased in Amdm35 cells and further ceased upon deple-
tion of Phbl from AphblAmdm35 [PHBI] cells (Figure 2B).

These findings are reminiscent of Ups2-deficient cells in
which the mitochondrial membrane potential was also dis-
sipated upon downregulation of Phbl (Osman et al, 2009a).
Moreover, both Amdm3S and Aups2 mitochondria exhibit
reduced levels of PE, prompting us to examine functional
similarities between both proteins. We first monitored the
synthesis of PE by the PS decarboxylase Psdl in the inter-
membrane space in Amdm35 mitochondria (Figure 2C). The
mitochondrial outer membrane was disrupted by osmotic
swelling generating mitoplasts, which we incubated with
the fluorescently labelled PS (NBD-PS). NBD-PS was con-
verted to NBD-PE in wild-type and Amdm35 mitochondria
but not in Apsdl mitochondria (Figure 2C; data not shown),
demonstrating that Mdm35 is not required for the synthesis
of PE by Psd1 within mitochondria. We observed a modest
but statistically significant increase in the rate of PE synthesis
as we have previously reported for Aups2 mitochondria
(Osman et al, 2009a). These findings suggest that, similar
to Ups2, Mdm35 ensures PE accumulation by either inhibit-
ing its export from mitochondria or by preventing its lipolytic
degradation.

Deletion of UPS2 in AupsI cells restored CL levels in
mitochondria and cell growth, indicating a coordinated reg-
ulation of CL and PE (Osman et al, 2009a). As both Ups1 and
Ups2 bind Mdm35, we deleted MDM3S5 in wild-type, Aupsl
and Aups2 cells. In agreement with previous findings, growth
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Figure 2 Phenotypic similarities between Mdm35- and Ups2-defi-
cient cells. (A) Steady-state levels of mitochondrial proteins in
Amdm35Aphbl [PHBI] cells. Mitochondria were isolated from
Aphbl [PHBI] (CG278) and Amdm35Aphbl [PHBI1] (CG287) cells
grown on galactose-containing media in the presence of doxycycline
(Dox, 2 pg/ml) for the times indicated. Mitochondrial proteins were
analysed by SDS-PAGE and immunoblotting. (B) Dissipation of the
mitochondrial membrane potential in cells lacking Mdm35 and
Phbl. Mitochondria were isolated from Aphbl [PHBI1] (CG278)
and Amdm3SAphbl [PHB1] (CG278) cells grown on galactose-
containing media in the presence or absence of Dox for the
indicated times. Membrane potential was measured using the
membrane-potential sensitive dye 3,3’-dipropylthiadicarbocyanine
iodide (DiSC; (5)). Data represent *s.d. of three independent
experiments. (C) Psdl activity in the absence of Mdm35.
Mitoplasts derived from wild-type (WT, CG1) or Amdm35
(CG323) cells were generated by osmotic swelling. To monitor the
disruption of the outer membrane, mitochondria were resuspended
in SHKCI buffer (0.1pg/pul) and subjected to trypsin treatment
(0.25 pg/pl, 30 min, 4°C). Samples were further analysed by SDS-
PAGE and immunoblotting using antibodies directed against the
intermembrane space protein Ymel and the matrix protein Mgel
(upper panel). Mitoplasts were incubated with NBD-PS for the
indicated time periods. Phospholipids were separated by TLC and
fluorescent NBD-PE was quantified by fluorescence imaging (lower
panel). NBD-PE accumulating in wild-type (WT) mitochondria after
20 min was set to 100%. Data represent +s.d. of three independent
experiments. *P<0.05, **P<0.005. (D) Effects of MDM35 deletion
in AupsI cells. Five-fold serial dilutions of wild-type (WT, CG1),
Amdm3S5 (CG323), Amdm35Aups2 (CW128), Aups2 (CW130),
Aupsl (CW143), Amdm35Aupsl (CW144) cells were spotted
on YPD and incubated at the indicated temperature (upper panel).
The mitochondrial lipid profile was analysed by TLC (lower panel).
The asterisk (*) indicates an unidentified lipid species.
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of Amdm35 as well as Aups2 cells on glucose-containing
medium at 30°C was largely unaffected and mitochondrial PE
levels were decreased (Figure 2D). Amdm35Aups2 cells ex-
hibited similar phenotypes (Figure 2D). Moreover, we noted a
cold-sensitive phenotype of cells lacking Mdm35, regardless
of the presence of Upsl or Ups2 (Figure 2D). Upsl-deficient
cells contained low CL levels in mitochondria and exhibited
growth deficiencies on glucose-containing medium at 30°C
(Figure 2D). Strikingly, deletion of MDM3S5 restored normal
CL levels in Aupsl mitochondria and cell growth under these
conditions (Figure 2D), substantiating the functional simila-
rities between Ups2 and Mdm35.

Reduced steady-state levels of Ups2 in Amdma35 cells
To further define the functional relationship of Mdm35 and
Ups2, we genomically tagged Ups2 with a C-terminal MYC
epitope in wild-type and Amdm35 cells. Notably, Ups2M¥©
accumulated at reduced levels in these cells when MDM35
was deleted (Figure 3A). Expression of plasmid-encoded
MDM35 restored the cold-sensitive growth phenotype of
Amdm35 cells and normal levels of Ups2™¥® (Figure 3A).
The reduced steady-state concentration of Ups2 in the
absence of Mdm35 could explain phenotypic similarities
between Amdm35 and Aups2 cells. To investigate the possi-
bility of a redundant function of both proteins, we over-
expressed Ups2 in Amdm35 cells and analysed the
mitochondrial phospholipid profile (Figure 3B). However,
overexpression of Ups2 did not restore PE levels in
Amdm35 mitochondria, although overexpressed Ups2 accu-
mulated within mitochondria (Figure 3B). Thus, an increased
expression of Ups2 does not substitute for loss of Mdm35
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(Figure 3B). In contrast, we observed an impaired growth of
Amdm35 upon Ups2 overexpression, which only mildly
affected the growth of wild-type cells under these conditions
(Figure 3C). We have previously reported that overexpression
of Ups2 decreases CL levels in mitochondria (Osman et al,
2009a) (Figure 3B). Similarly, CL accumulated at lower levels
in Amdm3S5 mitochondria if Ups2 was overexpressed
(Figure 3B). It is thus conceivable that the severely impaired
growth of Amdm35 cells overexpressing Ups2 is caused by
the combined effects of reduced CL and PE concentrations in
mitochondrial membranes (Gohil et al, 2005).

Degradation of Ups2 by the i-AAA protease Yme1

The decreased steady-state concentration of Ups2M¥C in
Amdm3S5 cells may result from an impaired expression or
biogenesis of Ups2 in these cells or may reflect proteolytic
turnover within mitochondria. To distinguish between these
possibilities, we raised polyclonal antibodies directed against
Ups2 and examined the accumulation of Ups2 in extracts of
wild-type cells and cells lacking various mitochondrial pepti-
dases (Figure 4A). We did not detect Ups2 in mitochondria-
enriched membrane fractions of wild-type cells using affinity-
purified antibodies, but observed the accumulation of a band
at the expected molecular mass of Ups2 in a corresponding
fraction of cells lacking Ymel, a subunit of the ATP-depen-
dent i-AAA protease active in the mitochondrial intermem-
brane space (Figure 4A) (Leonhard et al, 1996; Weber et al,
1996). This band was not detected in extracts of cells lacking
other mitochondrial proteases that function in the inner
membrane or the intermembrane space (Figure 4A).
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Figure 3 Mdm35 controls the accumulation of Ups2 in mitochondria. (A) Steady-state levels of Ups

ZMYC

in cells containing different amounts

of Mdm35. Wild-type (WT) and Amdma35 cells expressing genomically tagged Ups2™¥C were transformed with either YCplac1ll:: ADH (PY127,
PY129) or YCplaclll::ADH encoding MDM3S5 ([MDM35]) (PY128, PY130). Cells were grown to mid-log phase in selective synthetic glucose
media. Proteins were extracted from mid-log phase cells by alkaline lysis, analysed by SDS-PAGE and immunoblotting using Ymel-, MYC- and
affinity-purified Mdm35-specific antibodies (upper panel). Five-fold serial dilutions of these cells were spotted on selective, glucose-containing
plates and incubated at 16°C (lower panel). (B, C) Ups2 overexpression does not restore normal PE levels and cell growth in the absence of
Mdm35. (B) TLC analysis of mitochondrial lipids in wild-type (WT, CG214), Amdm35 (CG524), Ups2M¥©1 (CG626) and Amdm35 Ups2M¥©1t
(PY64) cells (upper panel). The asterisk (*) indicates an unidentified lipid species. Mitochondria purified by sucrose-gradient centrifugation
were used for determination of the phospholipid profile and were analysed by SDS-PAGE and immunoblotting using porin- (Porl) and MYC-
specific antibodies (lower panel). (C) Five-fold serial dilutions of mid-log phase cultures of the cells were spotted on YP plates containing
galactose and incubated at 16 or 30°C.
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(CW1), Apcpl (Euroscarf 4731), Aprd1(Euroscarf 3464)] were grown to mid-log phase on glucose-containing media. Mitochondria-enriched
membrane fractions were analysed by SDS-PAGE and immunoblotting using Ymel- and affinity-purified Ups2-specific antibodies. Asterisks (*)
indicate protein bands cross-reacting with the Ups2-antibodies. (B) Upsl and Ups2 accumulate in mitochondria lacking proteolytically active
Ymel. Mitochondria isolated from wild-type cells (WT, CG1), Aymel(VIA4) cells or Aymel cells expressing proteolytically inactive Yme1®*1Q
(YTE26) were analysed by SDS-PAGE and immunoblotting using Ymel-, Tom40- and affinity-purified Upsl- and Ups2-specific antibodies.
(C) Binding of Ups2 to proteolytically inactive Yme1®**'?. Mitochondria isolated from ymel cells expressing either Yme1*5*!° (YTE26) or a
variant thereof carrying an N-terminal hexahistidine tag (His Yme1®*'?) (YTE89) were solubilized and extracts subjected to Ni-NTA affinity
chromatography. Eluate fractions were analysed by SDS-PAGE and Coomassie staining. Ups2 was detected by peptide mass finger printing in
the eluate only when mitochondria harbouring His-Ymel1®**'? were analysed. (D) Degradation of Ups2 by Ymel following import into
mitochondria in vitro. Radiolabelled Ups2 was imported into mitochondria derived from either wild-type (WT, CG1), Aymel (VIA4), Aatp23
(CW3) or AymelAatp23 (CW79) cells. The stability of newly imported Ups2 upon further incubation at 37°C was assessed by SDS-PAGE and
autoradiography. Quantification of Ups2 accumulation in mitochondria is represented in the lower panel. Newly imported Ups2 was set to

100%. Data represent *s.d. of four independent experiments. ***P<0.0005.

We purified mitochondria from wild-type cells, Aymel
cells and Aymel cells expressing proteolytically inactive
Ymel, which harbours a mutation in the proteolytic centre
(Ymel®*'?) Immunoblotting using Ups2-specific antibodies
detected Ups2 in mitochondria isolated from Aymel and
ymelE*4Q cells, but not in wild-type or AymelAups2 mito-
chondria (Figure 4B; Supplementary Figure S3). Similarly,
Upsl accumulates in mitochondria lacking functionally
active Ymel but not in AymelAupsl mitochondria
(Figure 4B; Supplementary Figure S3; see below). These
results confirm the specificity of the Ups2 and Upsl
antibodies and suggest degradation of Ups2 by the i-AAA
protease Ymel in mitochondria.

This conclusion was further supported by the identification
of Ups2 as a binding partner of proteolytically inactive
Ymel®*1Q ymel®#!Q and a variant thereof harbouring a
hexahistidine peptide at the amino terminal end of the
mature protein (His-Ymel®**!Q) were expressed in Aymel
cells. Mitochondria were isolated from these cells, solubilized
and the extracts subjected to Ni-NTA affinity chromatography
(Figure 4C). Ups2 was specifically detected by mass peptide
finger printing in the eluate when mitochondria-containing
His-Yme1®*'Q were analysed (Figure 4C). In contrast, Ups2
did not co-purify with proteolytically inactive i-AAA protease
complexes lacking the hexahistidine epitope, demonstrating
the specificity of the interaction (Figure 4C).
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The binding of Ups2 to proteolytically inactive Yme1®*#1Q
and the accumulation of Ups2 in ymeI®*? cells in vivo
strongly suggests that Ups2 is a proteolytic substrate of
Ymel. To directly monitor Ymel-dependent degradation of
Ups2, we assessed the stability of Ups2 after import into
isolated mitochondria. Ups2 was synthesized in a cell-free
system in the presence of 3°S-methionine and imported
posttranslationally into mitochondria isolated from wild-
type and Aymel cells (Figure 4D). As a control, we also
monitored the stability of newly imported Ups2 in mitochon-
dria lacking the metallopeptidase Atp23 in the intermem-
brane space (Figure 4D). We observed that newly imported
Ups2 was rapidly degraded in wild-type and Aatp23 mito-
chondria, but accumulated in Aymel and AymelAatp23
mitochondria, consistent with an Ymel-dependent proteo-
lysis of Ups2 in the intermembrane space (Figure 4D). Taken
together, these experiments identify Ups2 as a novel substrate
of the i-AAA protease Ymel in mitochondria.

Accumulation of Ups2 in mitochondria depends

on Mdm35

To examine whether Ymel-dependent degradation explains
the decreased accumulation of Ups2 in Amdm35 mitochon-
dria, we generated AymelAmdma3S5 cells by mating haploid
Aymel and Amdma35 cells followed by sporulation and tetrad
dissection. The growth of double-mutant spores lacking

©2010 European Molecular Biology Organization



YMEI and MDM3S was severely impaired (Figure S5A).
Notably, we observed a synthetic lethal interaction of both
genes when mutations were introduced in an S288c rather
than a W303 strain background (Figure 5A).

We reasoned that an impaired accumulation of phospho-
lipids could be responsible for the impaired cell growth and
therefore analysed the phospholipid profile of AymelAmdm35
mitochondria in a W303 strain background by thin layer
chromatography (TLC; Figure 5B). Both PE and CL failed to
reach levels found in wild-type mitochondria. Moreover, the
phospholipid profile was strikingly similar to that of Amdm35
cells overexpressing Ups2 (Figure 3B). It is therefore con-
ceivable that the impaired degradation of Ups2 causes the
decreased PE and CL levels in AymelAmdm35 cells.

Indeed, immunoblotting of mitochondrial extracts using
Ups2-specific antibodies revealed an increased steady-state
amount of Ups2 in AymelAmdm35 mitochondria when com-
pared with wild-type or Amdm35 mitochondria (Figure 5C),
indicating that Ups2 is degraded by the i-AAA protease in the
absence of Mdm35. However, Ups2 accumulated at lower
levels in AymelAmdm3S mitochondria than in Aymel cells
(Figure S5C). It therefore appears that Mdm35 not only
protects Ups2 against degradation by Ymel but also ensures
the efficient accumulation of Ups2 in mitochondria.

To address if Mdm35 affects the import of newly synthe-
sized Ups2 into mitochondria, Ups2 was translated in a
cell-free system in the presence of 3°S-methionine and im-
ported into mitochondria isolated from wild-type cells,
Amdm3S5 cells and wild-type cells overexpressing Mdm35
(Figure 5D). *°S-labelled Ups2 accumulated in mitochondria
in a membrane-potential independent manner (data not
shown). Its import was severely impaired into mitochondria
isolated from Amdma35 cells, whereas overexpression did not
alter the rate of Ups2 import (Figure 5D). In contrast, import
of the intermembrane space protein Tim9 was not altered in
the absence or upon overexpression of Mdm35 (Figure 5D).
These results indicate that Mdm35 affects but is not rate
limiting for import.

Ups2 accumulated within Amdm35Aymel mitochondria,
demonstrating that Mdm35 is not essential for the import
of Ups2 in vivo (Figure 5C). On the other hand, import of
353.]abelled Ups2 into isolated Amdm35S mitochondria lack-
ing Ymel was not restored to wild-type levels, suggesting that
efficient Ups2 import depends on Mdm35 (Supplementary
Figure S4). It should be noted, however, that the integrity of
Amdm35Aymel mitochondria appears to be severely com-
promised. Consistent with the described growth deficiencies
(Figure 5A), the membrane potential across the inner mem-
brane and import of a matrix-targeted protein into mitochon-
dria were impaired (Supplementary Figure S4). It therefore
remains to be determined, whether the apparent requirement
of Mdm35 for the import of Ups2 reflects a specific function
of Mdm35 or an indirect effect of the aberrant phospholipid
composition of mitochondria lacking both Ymel and Mdm35
(see Figure 5B).

Mdma35 protects Ups1 against degradation by Yme1
and Atp23

As Mdm35 binds both Upsl and Ups2, we monitored the
accumulation of Upsl in Amdm35 cells in further experi-
ments. The UPSI gene was genomically modified in wild-
type and Amdm3S cells, allowing the expression of an
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Figure 5 Mdm35 controls cell growth and the lipid composition of
mitochondrial membranes in an Ymel-dependent manner. (A)
Genetic interaction of MDM3S and YMEI. Diploid Amdm35Aymel
cells that were obtained by mating of Amdm3S and Aymel cells
(CG324 x VIAS5, CG560 x CGl113) were sporulated and meiotic
spores were grown on glucose-containing medium. White arrows
indicate double-mutant progenies in the W303 strain background or
inviable double-mutant spores in the strain S288c. (B) Reduced PE
and CL levels in Amdm35Aymel mitochondria. Phospholipid profiles
of wild-type (WT, CG1) and AymelAmdm35 (CW414) mitochondria
were analysed by TLC. The asterisk (*) indicates an unidentified lipid
species. (C) Ups2 accumulates in Amdm3S5Aymel cells. Mitochondria
were isolated from wild-type (WT, CG1), Amdm3S (CG323), Aymel
(VIA4), and Amdm35Aymel (CW414) cells grown on galactose-
containing media and analysed by Tris/Tricine gradient SDS-PAGE
and immunoblotting using porin (Porl)- and affinity-purified Ups2-
specific antibodies. (D) Accumulation of Ups2 in mitochondria upon
import in vitro depends on Mdm35. Radiolabelled Ups1, Ups2 and, for
control, Tim9, were imported into wild-type (WT, CG1), Amdm35
(CG323) and Mdm35-overexpressing (CW343) mitochondria for the
indicated time. The analysis of the samples by Tris/Tricine gradient
SDS-PAGE and autoradiography is shown in the upper panels.
A quantification of imported Ups1, Ups2 and Tim9 is shown in the
lower panels. Protein imported into wild-type (WT) mitochondria
after 4 min was set to 100%. Data represent * standard deviation of
six independent experiments. ***P<0.0005.
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MYC-tagged variant from the endogenous promoter, as pre-
viously described for UPS2. Upsl and Ups2 were detected in
extracts of wild-type and Amdm35 cells expressing Ups1M¥©
or Ups2™¥C by immunoblotting using MYC-specific anti-
bodies (Figure 6A). Interestingly, Ups1™¥C accumulated in
the cells at ~6-fold lower levels than Ups2™¥© (Figure 6A).
Similar to Ups2, Upsl levels were decreased in the absence
of Mdm35 (Figure 6A) and less Upsi™Y® accumulated in
a mitochondrial fraction isolated from Amdm35 cells
(Figure 6B). Mdm35 was not detectable in the wild-type
fraction, but when overexpressed from a centromer-based
plasmid restored levels of Upsl in Amdm35 cells (Figure 6B).
These results indicate that Mdm35 may affect that stability of
Upsl and Ups2 in a similar manner.

We therefore examined the import of >°S-labelled Ups1 into
mitochondria isolated from wild-type cells, Amdm35 cells
and wild-type cells overexpressing Mdm35. Import of Upsl
was impaired in the absence of Mdm35, although to a lesser
extent than we had observed for Ups2 (Figure 5D).
Overexpression of Mdm35 did not affect the rate of Upsl
import into mitochondria (Figure 5D). Moreover, newly
imported Upsl was degraded similar to Ups2 (Figure 6C).

Surprisingly, deletion of YMEI caused only a minor, but
statistically significant stabilization of newly imported
Upsl, indicating that another peptidase may mediate proteo-
lysis of Ups1 in Aymel mitochondria (Figure 6C). We there-
fore examined the stability of Upsl in mitochondria
lacking other mitochondrial peptidases. A decreased rate of
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Figure 6 Mdm35 controls degradation of Upsl by Ymel and Atp23. (A) Upsl is less abundant than Ups2. Wild-type (WT) and Amdm35 cells
expressing genomically tagged Ups2MY© (PY102, PY117) or Ups1™¥C (PY103, CW385) were grown to mid-log phase. Proteins were extracted
and analysed by SDS-PAGE and immunoblotting using MYC- and porin (Porl)-specific antibodies. (B) Steady-state levels of Ups1™* in the
absence of Mdm35. Wild-type (WT) and Amdm35 cells expressing genomically modified Ups1™¥® were transformed with either
YCplaclll::ADH (CW394, CW398) or YCplaclll:: ADH encoding MDM3S ([MDM35]) (CW396). Mitochondria-enriched membrane fractions
were analysed by SDS-PAGE and immunoblotting using MYC-, Ymel- and affinity-purified Mdm35-specific antisera. (C) Upsl is stabilized in
mitochondria lacking YMEI and ATP23. Radiolabelled Ups1 was imported into mitochondria isolated from WT (CG1), Aymel (VIA4), Aatp23
(CW3) or AymelAatp23 (CW?79) cells and the stability of newly imported Ups1 upon further incubation at 37°C was assessed by SDS-PAGE and
autoradiography. Quantification of Upsl accumulation in mitochondria is shown in the lower panel. Newly imported Ups1 was set to 100%.
Data represent *s.d. of four independent experiments. *P<0.05, **P<0.005, ***P<0.0005. (D) Steady-state levels of Upsl and Ups2 in
mitochondria lacking Ymel and Atp23. Mitochondria were isolated from WT (CG), Aatp23 (CW3), Aymel (VIA4), Aatp23Aymel (CW79),
AymelAmdm3S (CW414) and Amdm35 (CG323) cells and analysed by SDS-PAGE and immunoblotting using Ymel-, Tom40- and affinity-
purified Mdm35-, Upsl- and Ups2-specific antibodies. (E) Quantitative assembly of Upsl and Ups2 with Mdm35 in Aymel mitochondria.
Sucrose-gradient purified mitochondria isolated from Aymel cells were solubilized in 1% (w/v) dodecylmaltoside (DDM) at a protein
concentration of 5Smg/ml. After a clarifying spin, extracts were subjected to sizing chromatography using a Superose 12 column (GE
Healthcare), which had been equilibrated with 0.1% (w/v) DDM, 25 mM Tris/HCI pH 7.4, 150 mM NaCl, 10% (v/v) glycerol. Eluate fractions
were TCA-precipitated and analysed by gradient Tris/Tricine gradient SDS-PAGE and immunoblotting using Ups1-, Ups2- and Mdm35-specific
antisera. (a) alcoholdehydrogenase (150 kDa), (b) ovalbumine (44.3 kDa), (c) cytochrome c (12.4 kDa). The asterisk (*) refers to a band
unspecifically cross-reacting with the respective antiserum (D, E).
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proteolysis was observed when Upsl was imported in
Aatp23 mitochondria, suggesting that Ymel and Atp23
may exert overlapping functions and affect the stability of
Upsl (Figure 6C). To directly assess this possibility, we
generated AymelAatp23 cells and examined the stability of
Upsl after import into isolated mitochondria (Figure 6C).
Newly imported Upsl was stabilized in AymelAatp23
to a greater extent than in either single mutant, indicating
that both Ymel and Atp23 can mediate the proteolytic
turnover of Upsl.

We raised polyclonal antibodies directed against Upsl to
monitor the stability of Ups1 in vivo. Ups1 was not detectable
using affinity-purified antibodies when mitochondria were
isolated from wild-type cells (Figure 6D). In contrast, Upsl
accumulated in Aymel mitochondria or mitochondria
harbouring proteolytically inactive Ymel®*Q (Figures 4B
and 6D; Supplementary Figure S3). Similar to Ups2, we
observed a decreased steady-state concentration of Upsl in
AymelAmdm3S mitochondria when compared with Aymel
mitochondria, which is consistent with the decreased import
of Upsl in the absence of Mdm35 (Figure 6D). Deletion of
ATP23 resulted in a further accumulation of Upsl in Aymel
cells (Figure 6D). This is in contrast to Ups2, which accumu-
lated at similar levels in Aymel and AymelAatp23 mitochon-
dria (Figure 6D). These results substantiate our in vitro
mitochondrial import experiments and suggest that Atp23
affects Ups1 specifically. We therefore conclude that Ups2 is
degraded by Ymel, whereas the steady-state concentration of
Upsl is regulated by both Ymel and Atp23.

The accumulation of Upsl and Ups2 in Aymel mitochon-
dria allows detection of both proteins by immunoblotting and
therefore enabled us to assess their assembly with Mdm35
in vivo. Mitochondria were isolated from Aymel cells, solu-
bilized in dodecylmaltoside and extracts were analysed by
size exclusion chromatography (Figure 6E). Ups1 and at least
part of Ups2 co-eluted with Mdm35 from the column in
fractions corresponding to an apparent molecular mass of

% o &
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~60kDa. Thus, both proteins assemble quantitatively with
Mdm35 into stable complexes in the intermembrane space.

Discussion

Our experiments reveal an intriguing regulatory network in
the mitochondrial intermembrane space, which coordinates
the accumulation of CL and PE in mitochondria (Figure 7).
Upsl and Ups2 act as central regulators and affect specifically
CL and PE, respectively. We demonstrate that both proteins
associate with Mdm35, a conserved member of the twin CxyC
protein family (Dimmer et al, 2002; Gabriel et al, 2007;
Longen et al, 2009), which determines the accumulation of
Upsl and Ups2 within mitochondria. Mdm35 ensures effi-
cient import and protects both proteins against proteolytic
degradation in the intermembrane space. Whereas Ups2 is
degraded by the i-AAA protease Ymel, proteolysis of Upsl
can be mediated by both Ymel and Atp23 (Figure 7). All
components of this regulatory network have been previously
demonstrated to genetically interact with prohibitins, puta-
tive scaffolding proteins in the inner membrane, suggesting
that a defined membrane organization is crucial for the
regulation of the mitochondrial phospholipid metabolism
(Osman et al, 2009a). Moreover, as all components are
evolutionary conserved, PE and CL levels in mitochondria
are likely controlled by a similar regulatory network in higher
eukaryotes.

Mdm35 takes centre stage in this pathway as it binds both
Upsl and Ups2. Deletion of MDM3S5 causes similar deficien-
cies as exhibited by Aups2 cells and results in decreased PE
levels in mitochondria. These include mitochondrial
morphology defects observed in the absence of Mdm35 or
Ups2 (Dimmer et al, 2002; Tamura et al, 2009; Osman et al,
2009a). The phenotypic similarities between Amdm35 and
Aups2 cells indicate that defects in mitochondrial morpho-
logy in these cells are indeed caused by deficiencies in the
phospholipid metabolism. CL levels, on the other hand, are

b
- .,

IMS

Figure 7 A conserved regulatory pathway determines the accumulation of Upsl and Ups2 in the intermembrane space, which regulate the
phospholipid composition of mitochondrial membranes. Upsl and Ups2 are unstable proteins that are degraded by the i-AAA protease Ymel
and in the case of Upsl, also by Atp23. Binding of Mdm35 stabilizes Upsl and Ups2 against proteolysis and ensures accumulation of both
proteins in the intermembrane space. Both Upsl and Ups2 have been found to be membrane associated (Tamura et al, 2009; Osman et al,
2009a) but are shown as soluble proteins in the IMS for simplicity. See text for details. IM, mitochondrial inner membrane; IMS, mitochondrial

intermembrane space; OM, mitochondrial outer membrane.
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much less affected than PE levels upon deletion of MDM35.
The phospholipid composition of mitochondrial membranes
in Amdm35 cells is thus similar to that in AupsIAups2
cells, which suggests that the complex of Mdm35 with
Upsl/PRELI-like proteins represents the physiologically
active structure. Deletion of MDM35 restores CL levels in
Aupsl mitochondria, as observed for a deletion of UPS2
(Tamura et al, 2009; Osman et al, 2009a), consistent with a
competition of Upsl/Mdm35 and Ups2/Mdm35 complexes.
Interestingly, Amdm35 cells cannot tolerate an accumulation
of Ups2 in mitochondria, either upon ectopic overexpression
or upon deletion of YMEI. Accordingly, Ups2 may also
function independently of Mdm35 or overexpression of
Ups2 saturates yet another component that can substitute at
least to some extent for functions of Mdm35. Regardless,
Ups2 overexpression decreases CL levels and severely
impairs cell growth, illustrating that a fine-tuned accumula-
tion of CL and PE is pivotal for cell survival.

How does Mdm35 affect the mitochondrial phospholipid
metabolism? Mdm35 protects Upsl and Ups2 against proteo-
lysis, which both accumulate at reduced levels in Amdm35
mitochondria. Upsl and Ups2 are intrinsically unstable pro-
teins that undergo constant proteolysis even under normal
growth conditions in wild-type cells. We propose that both
proteins are stabilized in a folded state upon binding to
Mdm35. Such a mechanism would allow to adjusting quickly
the activity of Upsl and Ups2 to specific physiological
demands. It is an exciting possibility but remains to be
verified experimentally that the function of Mdm35 is
affected under stress conditions. As discussed for other
CxoC protein family members (Riemer et al, 2009), oxidative
stress or altered redox conditions in the intermembrane space
might affect the function of Mdm35, and thereby impact on
the mitochondrial phospholipid metabolism. Additional com-
ponents are likely to be involved in this regulatory circuit,
which could explain why Ups1 or Ups2 did not accumulate if
only Mdm35 is overexpressed.

The i-AAA protease Ymel regulates the stability of both
Upsl and Ups2. We observed increased steady-state concen-
trations of both proteins in mitochondria lacking Ymel or
harbouring the proteolytically inactive variant Yme1®54!Q,
The i-AAA protease has been demonstrated to mediate the
proteolysis of non-assembled or misfolded inner membrane
proteins (Leonhard et al, 2000). Ups1 and Ups2 represent the
first substrate proteins that are degraded even under physio-
logical conditions by Ymel. Ymel-mediated proteolysis is not
affected in the absence of the Mgrl/Mgr3 complex (CP and
TL, unpublished data) that has been proposed to act as a
substrate adaptor (Dunn et al, 2008). It is therefore likely that
the i-AAA protease recognizes the folding state of Upsl and
Ups2 by virtue of its chaperone-like activity. In contrast to
Ups2, turnover of Upsl can also be mediated by Atp23, a
conserved metallopeptidase in the mitochondrial intermem-
brane space. Atp23 mediates the maturation of mitochond-
rially encoded F;Fo-ATP synthase subunit 6 (Atp6) in yeast
(Osman et al, 2007; Zeng et al, 2007). However, given that
mammalian Atp6 is synthesized without cleavable prese-
quence, other substrates of Atp23 must exist in mammalian
mitochondria. Our experiments demonstrate that Atp23 does
not only act as a processing peptidase in mitochondria but is
capable to degrade Upsl. How the different activities of Atp23
are regulated remains to be determined. Substrate proteins
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appear to be recognized in a highly specific manner, as Atp23
regulates the stability of Ups1 but not that of Ups2, although
both proteins share amino-acid sequence similarities and are
apparently unfolded in the intermembrane space.

Turnover of Upsl and Ups2 offers an additional possibility
to regulate the accumulation of phospholipids in mitochon-
dria to meet different physiological demands. Modestly,
increased PE and CL levels have been observed in the
absence of Ymel in cells grown on glucose-containing
media (Nebauer et al, 2007), consistent with Ymel control-
ling the steady-state concentration of both Upsl and Ups2. It
remains to be determined whether deletion of ATP23 affects
mitochondrial phospholipids under these growth conditions,
although Atp23 only degrades Upsl that is present at lower
levels than Ups2 in mitochondria.

Turnover of Upsl and Ups2 alone seemingly cannot
account for the reduced steady-state levels of Upsl and Ups2
in the absence of Mdm35. Ups2 is protected against degrada-
tion and accumulates in Amdma3S5 cells if Ymel is absent, but
Ups2 levels remain reduced relative to Aymel cells. We
observed reduced import of Ups2 and, to a lesser extent, of
Ups1 in mitochondria lacking Mdm35. It is thus possible that
Mdm35 has two independent roles for import and stability of
Upsl-like proteins. We favour, however, the possibility that
deficiencies in the import and stability of Upsl-like proteins
in Amdm35 mitochondria are the consequence of one mole-
cular function of Mdm35, namely binding to Upsl-like
proteins. Complex formation has a dual effect: it stabilizes
newly imported molecules against proteolysis and traps these
molecules in the intermembrane space. This is reminiscent of
other intermembrane space proteins, like cytochrome ¢ heme
lyase, whose permanent association with preexisting proteins
drives their translocation across the outer membrane
(Neupert and Herrmann, 2007). Similarly, complex formation
with Mdm35, though not essential for import, appears to
ensure the efficient accumulation of Upsl and Ups2 in the
intermembrane space.

Materials and methods

Yeast strains and growth conditions

Yeast strains used in this study are derivatives either of W303 or
§288c (Brachmann et al, 1998) and are listed in Supplementary
Table 1. Yeast cells were grown according to standard procedures
(Sherman, 2002).

Isolation of mitochondria

Cells were grown on yeast peptone (YP) medium containing 2%
(w/v) galactose and 0.5% (w/v) lactate to an OD of ~2. Crude
mitochondria were obtained as described previously with minor
modifications (Daum et al, 1982). For further purification, the crude
mitochondrial fraction was subjected to centrifugation, the mito-
chondrial pellet was resuspended in buffer A (0.6 M sorbitol and
5mM MES, pH 6) and loaded on a continuous sucrose gradient (20-
50% in buffer A). Mitochondria were harvested from the lower third
of the gradient and diluted 1:5 in buffer A, pelleted, washed once in
SEM buffer (250 mM sucrose, 10 mM MOPS/KOH, pH 7.2, and 1 mM
EDTA) and finally resuspended in SEM buffer.

Co-immunoprecipitation experiments

Purified mitochondria (10 mg of protein; CG214, CG626, CG630)
were resuspended at 2 mg/ml in buffer B (0.5% (w/v) digitonin,
25mM Tris/HCl pH 7.4, 150mM NaCl, 10% glycerol) and
solubilized for 30min at 4°C. Following a clarifying spin for
15 min at 100 000g at 4°C, the supernatant was incubated with anti-
MYC antibodies (Sigma) previously cross-linked to protein A
sepharose (GE Healthcare CL-4B). Beads were washed three times
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for 30 min at 4°C with buffer C (buffer B containing 0.1% (w/v)
digitonin). Proteins bound to the sepharose beads were eluted with
Tris/Tricine SDS-PAGE loading buffer lacking B-mercaptoethanol.
B-Mercaptoethanol was added before samples were analysed by
Tris/Tricine gradient SDS-PAGE (8-17.5%) (Schédgger, 2006).
Proteins were identified by peptide mass finger printing (CECAD
mass spectrometry facility).

Affinity purification of protein complexes

Purified mitochondria (5mg protein; CG214, CG591, CG593)
harbouring C-terminally TAP-tagged Upsl or Ups2 were solubilized
as described above. The TAP-tag consisted of the calmodulin-
binding peptide and protein A. After a clarifying spin, supernatant
fractions were incubated with immunoglobulin G fast flow 6 beads
(GE Healthcare) rotating over night at 4°C. Beads were washed
twice with buffer C and once with 5mM ammonium acetate
pH 5.0. Bound proteins were eluted first with 0.5M acetate
pH 3.4 and second with Tris/Tricine SDS-PAGE loading buffer
lacking B-mercaptoethanol. B-Mercaptoethanol was added before
samples were analysed by Tris/Tricine SDS-PAGE (16%) and
immunoblotting.

Metal chelating chromatography

Purified mitochondria harbouring the proteolytic inactive variant of
Yme1®*Q containing an N-terminal hexahistidine tag (Ymel(1-
50)-6xHIS-Ymel (51-747)-E541Q) were subjected to Ni-NTA affinity
chromatography. Mitochondria harbouring Yme1®#'° lacking a
hexahistidine tag served as a negative control. Crude mitochondria
(40 mg of protein) were solubilized at a protein concentration of
4mg/ml in 0.5% (w/v) dodecylmaltoside, 150 mM K-acetate pH
7.4, 30mM Tris/HCl pH 7.4, 4mM Mg-acetate, 1 x complete
proteinase-inhibitor mix without EDTA (Roche), 1mM PMSF,
20mM imidazole/HCI pH 7.4, 10% glycerol. After a clarifying spin,
the imidazole concentration of mitochondrial extracts was adjusted
to 100 mM, before the sample was loaded onto Ni-NTA sepharose
beads. Beads were washed with buffer containing 150 mM
imidazole. Bound proteins were eluted with a linear imidazole
gradient (100-750mM). Ymel-containing eluate fractions were
pooled, subjected to TCA precipitation (Tatsuta and Langer, 2007)
and analysed by 7-20% (w/v) SDS-PAGE. Ups2 was detected in the
eluate by peptide mass finger printing (CECAD mass spectrometry
facility).

Protein import into mitochondria and degradation assays

UPS1 and UPS2 were cloned into pGEM4, transcribed and translated
in the presence of 3°S-methionine using reticulocyte lysate
(Ambion, Promega). Radiolabelled proteins were imported into
mitochondria at 25°C in the presence of dithiothreitol (5mM) for
the time points indicated essentially as described previously
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(Tatsuta and Langer, 2007). The import reaction was halted and
non-imported proteins were degraded by proteinase K treatment
(50 pg/ml, 15min at 4°C) of the samples directly after import.
Protease digestion was stopped by addition of PMSF (2mM).
Mitochondria were washed with SEM buffer containing protease
inhibitor and analysed by Tris/Tricine gradient SDS-PAGE and
autoradiography.

To assess the stability of newly imported Upsl or Ups2, the
import reaction was halted after 10min at 25°C. After trypsin
digestion (0.17 pg/pl, 15min at 4°C) of non-imported proteins,
protease digestion was stopped by addition of 1.3 ug/pl trypsin
inhibitor. Mitochondria were washed twice in import buffer
containing trypsin inhibitor and resuspended in import buffer
supplemented with 2mM ATP, 2mM NADH, 10mM creatine
phosphate and 0.1 mg/ml creatine kinase, lacking dithiothreitol.
Samples were incubated at 37°C for the indicated times to allow
proteolysis to occur and subsequently analysed by SDS-PAGE and
autoradiography.

Antibody production

A GST-Mdm35 fusion protein, Upsl carrying an N-terminal
hexahistidine peptide, and Ups2 containing an N-terminal extension
built up of a hexahistidine peptide and ubiquitin were expressed in
Escherichia coli. Inclusion bodies were purified and used to raise
antibodies in rabbits.

Miscellaneous
Phospholipids were analysed by TLC and Psdl activity was
determined as described (Osman et al, 2009a).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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