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MICOS and phospholipid transfer by Ups2-Mdm35

organize membrane lipid synthesis in mitochondria
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Mitochondria exert critical functions in cellular lipid metabolism and promote the synthesis of major constituents of cel-
lular membranes, such as phosphotidy|ethono|amine (PE) and phosphotidy|cho|ine. Here, we demonstrate that the
phosphatidylserine decarboxylase Psd1, located in the inner mitochondrial membrane, promotes mitochondrial PE syn-
thesis via two pathways. First, Ups2-Mdm35 complexes (SLMO2-TRIAP1 in humans) serve as phosphatidylserine
(PS)-specific lipid transfer proteins in the mitochondrial intermembrane space, allowing formation of PE by Psd1 in the
inner membrane. Second, Psd1 decarboxylates PS in the outer membrane in trans, independently of PS transfer by
Ups2-Mdm35. This latter pathway requires close apposition between both mitochondrial membranes and the mitochon-
drial contact site and cristae organizing system (MICOS). In MICOS-deficient cells, limiting PS transfer by Ups2-Mdm35
and reducing mitochondrial PE accumulation preserves mitochondrial respiration and cristae formation. These results
link mitochondrial PE metabolism to MICOS, combining functions in protein and lipid homeostasis to preserve mitochon-

drial structure and function.

Introduction

A defined lipid composition is crucial for the functional integ-
rity of cellular membranes and depends on extensive lipid traf-
ficking between cellular membranes (van Meer et al., 2008).
Nonvesicular lipid transport is mediated by lipid transfer pro-
teins, which comprise various conserved protein families with
variable degrees of lipid specificity (Lev, 2010). We have identi-
fied heterodimeric complexes of yeast Ups1 (human PRELID1)
and Mdm35 (human TRIAPI1) as novel lipid transfer proteins
in mitochondria (Connerth et al., 2012; Potting et al., 2013).
These complexes shuttle phosphatidic acid (PA) imported from
the ER across the mitochondrial intermembrane space (IMS)
to the inner membrane (IM), where it is enzymatically con-
verted to cardiolipin (CL). Impaired transport of PA and re-
duced CL accumulation compromises mitochondrial function
and morphology and renders cells susceptible for apoptosis,
illustrating the critical role of mitochondrial lipid trafficking
for membrane homeostasis and cell survival (Potting et al.,
2013; Tatsuta et al., 2014).
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Upsl and PRELIDI are members of a conserved protein
family with two additional homologous proteins expressed
in various organisms (Ups2 and Ups3 in yeast; SLMO1 and
SLMO?2 in humans; Dee and Moffat, 2005; Osman et al., 2009;
Tamura et al., 2009). Although they lack sequence similarity
with other classes of lipid transfer proteins, the crystal struc-
tures of Upsl-Mdm35 and SLMOI1-TRIAP1 complexes re-
vealed striking structural similarities with phosphatidylinositol
transfer proteins and suggested similar transfer mechanisms
(Miliara et al., 2015; Watanabe et al., 2015; Yu et al., 2015).
However, the function of other members of the Ups1/PRELID1
family remained enigmatic.

Ups2 assembles with Mdm35 in the IMS and is required
to maintain normal levels of PE in mitochondrial membranes,
suggesting a role in PE homeostasis (Osman et al., 2009; Ta-
mura et al., 2009). PE can be synthesized within mitochondria
through decarboxylation of ER-derived PS by Psdl, which is
located in the IM and exposes its catalytic domain to the IMS
(Choi et al., 2005; Horvath et al., 2012). A fraction of PE is
exported from mitochondria, transferred to the ER, and con-
verted to PC, an abundant phospholipid in cellular membranes
(Simbeni et al., 1990; Birner et al., 2001). Thus, mitochondrial
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PE synthesis is of pivotal importance for the lipid homeosta-
sis of mitochondrial and other cellular membranes. However,
it remained unclear how Ups2-Mdm35 complexes affected the
accumulation of mitochondrial PE, as the activity of Psdl and
the synthesis of PC were not affected in ups2A cells (Osman
et al., 2009; Tamura et al., 2012a) and the requirement of in-
termembrane space proteins for PS trafficking was questioned
(Simbeni et al., 1990; Tamura et al., 2012b). Here, we identify
Ups2-Mdm35 as PS-specific lipid transfer proteins and unravel
an unexpected role of mitochondrial contact sites stabilized by
MICOS for mitochondrial PE synthesis.

Results and discussion

Ups2-Mdm35 functions as a PS transfer
protein complex

For functional characterization of Ups2—-Mdm35, we established
an in vitro assay system using the purified protein complex. To
facilitate heterologous expression, we designed a Ups2 variant
(Ups2*) that lacked cysteine residues but remained functionally
active and restored the growth defect caused by the loss of Ups2
in Saccharomyces cerevisiae (Fig. S1 A). His-tagged Ups2* and
Mdm35 were coexpressed in Escherichia coli, and the hetero-
oligomeric complex was purified to homogeneity (Fig. S1 B).

We first assessed whether Ups2*~Mdm35 binds phos-
pholipids and performed flotation experiments using liposomes
(Fig. 1 A). Ups2* bound to negatively charged phospholipids
including PS and CL but not to neutral phospholipids (PC or
PE; Fig. 1 A). A large proportion of Mdm35 dissociated from
Ups2* upon binding to the membrane, as described previously
for Ups1-Mdm35 (Connerth et al., 2012; Watanabe et al.,
2015). To investigate possible phospholipid transfer activity,
Ups2*-Mdm35 was incubated with donor liposomes containing
phospholipids of all major classes and with acceptor liposomes
devoid of these phospholipids (Fig. 1 B). After incubation, ac-
ceptor liposomes were isolated by density gradient centrifuga-
tion and analyzed by quantitative mass spectrometry (qMS).
We observed selective and concentration-dependent transfer of
PS to acceptor liposomes by Ups2*~Mdm35 (Fig. 1 B). Other
phospholipids such as PA or cytidine diphosphate (CDP)-DAG
were not transported or only with very low efficiency (Fig. 1 B).
PS transfer by Ups2*-Mdm35 was accelerated by the presence
of CL or other negatively charged phospholipids (PI or PG) in
membranes, as revealed using a fluorescent-based dequenching
assay (Fig. 1 C and Fig. S1, C and D). Thus, Ups2*~Mdm35
facilitates the selective transfer of PS, a lipid specificity that is
strikingly different from that of Ups1-Mdm35, which is selec-
tive for PA (Connerth et al., 2012).

Human mitochondria harbor three Ups/PRELI family pro-
teins, termed SLMO1, SLMO2, and PRELID1 (Dee and Mof-
fat, 2005). Whereas PRELID1-TRIAP1 mediates PA transfer
(Potting et al., 2013), the function of SLMO1 and SLMO?2 re-
mained enigmatic. To identify the functional ortholog of Ups2,
we expressed human Ups/PRELI family members in yeast cells
lacking Ups2. Deletion of UPS2 is lethal in yeast cells lack-
ing Phbl, a subunit of prohibitin membrane scaffolds (Osman
et al., 2009). Expression of SLMO?2 and, to a lesser extent,
SLMOL1 allowed growth of ups2AphblA cells (Fig. 1 D). We
observed normal PE accumulation in ups2A mitochondria har-
boring SLMO?2, whereas expression of SLMO1 or PRELID1
did not significantly affect mitochondrial PE (Fig. 1 E). Con-
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sistent with these in vivo results, purified SLMO2-TRIAP1 fa-
cilitated intermembrane transfer of NBD-PS but not NBD-PA
(Figs. 1 F and S1 E) in vitro. We conclude from these exper-
iments that Ups2-Mdm35 and SLMO2-TRIAP1 are con-
served PS transfer proteins.

Mitochondrial PE synthesis can proceed
independently of Ups2 in vivo

Our in vitro data suggest that Ups2-Mdm35 transports PS
across the IMS for Psd1-dependent PE synthesis. We therefore
performed pulse-labeling experiments in Ups2-deficient cells
using [*C]serine, which is incorporated into PS. PE can be syn-
thesized using different cellular metabolic pathways (Birner et
al., 2001; Fig. 2 A). Thus we used yeast cells, which lack Psd2
and Dpll (psd2AdpliA), key enzymes in nonmitochondrial
PE synthesis. The formation of PE depended solely on Psdl
in psd2AdplI A cells in the absence of ethanolamine (Birner et
al., 2001; Fig. 2 A). We monitored Psd1-dependent decarbox-
ylation of radiolabeled PS to PE and its subsequent conversion
to PC by PE methylases in the ER (Fig. 2 B). Loss of Ups2
in psd2AdpllA cells (referred to as AA in the figures) mod-
erately impaired the accumulation of PE but did not affect its
conversion to PC (Fig. 2, B and C). These results are consistent
with decreased PE levels in ups2A mitochondria (Osman et al.,
2009; Tamura et al., 2009) and the function of Ups2-Mdm35 as
a lipid transfer protein complex in vivo. However, these obser-
vations indicate that Psd1-dependent PE synthesis can proceed
independently of PS transfer by Ups2-Mdm35 in vivo.

Psd1 can convert PS in

juxtaposed membranes

The Ups2-independent PE synthesis by Psdl in vivo suggests
that PS can reach Psdl in the inner membrane by alternative
routes that do not involve PS transfer by Ups2-Mdm35 across the
IMS. Other members of the Ups/PRELI family of lipid transfer
proteins may at least partially substitute for the loss of Ups2 and
preserve PS transport. However, psd2Adpll A cells lacking all
Ups-like proteins (Ups1-3) were not ethanolamine auxotrophs,
demonstrating that Psd1-dependent PE synthesis can occur in the
absence of these lipid transfer proteins (Fig. S2 A). An alternative
scenario is that the IMS catalytic domains of Psd1 (Choi et al.,
2005; Horvath et al., 2012) are capable of decarboxylating PS in
the outer membrane (OM), that is, independently of PS transfer
to the IM. To test this possibility, we synthesized Psdl in vitro
and reconstituted it into liposomes lacking PS and PE (Fig. 3 A).
The decarboxylase activity of Psd1 depends on its autocatalytic
processing, which is abolished upon mutating catalytically active
S463 (Horvath et al., 2012; Onguka et al., 2015). We observed
autocatalytic cleavage of a significant fraction of reconstituted
Psdl but not Psd15463A, indicating that liposome-bound Psdl
reached the functional state (Fig. 3 B). Proteoliposomes harbor-
ing Psd1 or Psd 154934 were incubated with liposomes containing
PS, and the formation of PE was assessed by qMS (Fig. 3 C).
Psdl but not Psd15463A promoted PS decarboxylation and the
formation of PE in liposomes in trans (Fig. 3 C). Notably, PE syn-
thesis depended on Psd1 and did not involve PS transfer between
liposomes, as significant spontaneous PS transfer did not occur
(Fig. 3 C). Moreover, no liposome fusion was detected (Fig. S2
B). We conclude that Psd1 can catalyze PS decarboxylation and
conversion to PE in a juxtaposed membrane, providing a possible
rationale for the Psd1-dependent PE synthesis in the absence of
PS transfer by Ups2—Mdm35 in vivo.
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MICOS coordinates mitochondrial PE
metabolism

These results imply that mitochondrial PE synthesis may be
modulated by the spatial positioning of OM and IM relative to
each other. The mitochondrial contact site and cristae organizing
system (MICOS) has been identified as a master regulator of mi-
tochondrial shape and organization (Harner et al., 2011; Hoppins
etal., 2011; von der Malsburg et al., 2011; Alkhaja et al., 2012).
Heterooligomeric MICOS complexes in the IM are associated
with the maintenance and formation of mitochondrial cristae
and membrane contacts to the OM, which support coordinated
protein translocation across mitochondrial membranes (Fried-
man et al., 2015; Horvath et al., 2015). Interestingly, MICOS
subunits show strong negative genetic interactions with the car-
diolipin synthesis pathway (Hoppins et al., 2011), reminiscent
of components involved in the metabolism of PE (Gohil et al.,
2005). We therefore pursued the possibility that MICOS may
ensure efficient PE synthesis by Psdl. We deleted PSD2 and
DPL] in yeast cells lacking all six MICOS subunits (MICOSA;
Friedman et al., 2015) to abolish nonmitochondrial PE synthesis
(Fig. 2 A) and performed pulse-labeling experiments using ['“C]
serine in vivo. Loss of MICOS significantly reduced the rate of
Psd1-dependent PE synthesis and more severely affected the rate
of methylation of PE to PC (Figs. 4, A-D). Determination of the
proportion of accumulated PE and PC relative to total PS, PC,
and PE revealed a drastic decrease in PC synthesis in MICOS-

facilitates intermembrane transfer of NBD-PS.
Transfer of NBD-PS was monitored by fluores-
cence dequenching. AU, arbitrary units.

deficient cells, whereas the relative fraction of PE was increased
(Fig. 4 B). This is in contrast to ups2A cells (Fig. 2 C), although
loss of MICOS complexes or Ups2 caused a similar reduction in
the absolute amounts of PE accumulating in the cells (Fig. S2 C).

In agreement with a role of MICOS complexes in mito-
chondrial PE metabolism, inhibition of nonmitochondrial PE
synthesis impaired the growth of MICOS-deficient cells on the
fermentable carbon source dextrose (Fig. 4 E). Similarly, Psd1
showed a negative genetic interaction in cells lacking Psd2 and
Dpll (Fig. 4 E). In both cases, growth was supported by sup-
plementation of the medium with ethanolamine, which restores
nonmitochondrial PE synthesis, demonstrating that a deficiency
in PE biosynthesis causes the observed growth defect (Fig. 4 E).
Psd1 activity was not affected by loss of MICOS subunits (Fig.
S2 D), suggesting that PS delivery to Psd1 is rate-limiting for
mitochondrial PE synthesis in these cells. Together, our data
indicate that MICOS complexes modulate mitochondrial PE
synthesis and promote the formation of PC in the ER from mi-
tochondrial-derived PE. Thus, we propose that MICOS ensures
close apposition of both mitochondrial membranes, allowing
decarboxylation of PS in the OM by Psd1.

To assess whether MICOS functions in mitochondrial
PE synthesis via tethering of the outer and inner membranes,
we generated a chimeric protein containing the mitochondrial
targeting signal and transmembrane domain of the IM protein
Yme?2 (aa 279-308) and the transmembrane domain of the OM

Dual pathways for mitochondrial PE metabolism ¢ Aaltonen et al.
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protein Tom70 (aa 10-30) fused to GFP (Fig. 4 F). Transmem-
brane domains were joined by a linker of 12 aa. We expressed
the chimeric protein from a centromeric plasmid in MICOS-
deficient cells lacking Psd2 and Dpll, whose growth strictly
depends on mitochondrial PE synthesis by Psd1 or supplemen-
tation with exogenous ethanolamine (Fig. 4 E). The artificial
tether protein accumulated in mitochondria in its mature form
and exposed the GFP domain to the outside (Fig. S2, E and
F). Expression of the tether protein allowed growth of MICOS-
deficient cells in the absence of ethanolamine (Fig. 4 F). Thus,
an artificial tether can at least partially replace MICOS in PE
metabolism, consistent with a requirement for a close appo-
sition of mitochondrial membranes in PE synthesis by Psdl.
However, ["*C]serine labeling experiments revealed only mod-
erately increased PE synthesis in these cells, and respiratory
growth of MICOS-deficient cells expressing the tether protein
was not restored (Fig. S2 G and not depicted), demonstrating
that the artificial membrane tether substitutes for only some
functions of MICOS as a membrane organizing complex.

Deletion of UPSZ2 preserves respiratory
growth and cristae morphology in the
absence of MICOS subunits

Disturbances in PE or CL synthesis impair cristae morphogene-
sis in various organisms (Signorell et al., 2009; Connerth et al.,
2012), highlighting the importance of the phospholipid envi-
ronment for mitochondrial ultrastructure. Cristae morphology
is disturbed upon inhibition of CL synthesis but restored when
PA transfer to the IM by Ups1-Mdm35 is impaired (Connerth et
al., 2012), indicating that moderate alterations in lipid compo-
sition can have dramatic effects on cristae morphogenesis. We
therefore examined whether alterations in the mitochondrial PE
metabolism contribute to cristae morphology or ultrastructure
defects in MICOS-deficient cells.

JCB » VOLUME 213 « NUMBER 5 » 2016
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We deleted UPS?2 in cells lacking the core MICOS sub-
units Mic10 or Mic60 and assessed cell growth (Fig. 5 A). The
growth of micl0OA and mic60A cells on nonfermentable car-
bon sources was significantly improved in the absence of Ups2
(Fig. 5 A). Similarly, deletion of UPS2 promoted respiratory
growth of MICOSA cells (Fig. S3 A) as well as respiratory
growth of miclOA or mic60A cells devoid of extramitochon-
drial PE synthesis (Fig. S3 B). Electron microscopy of cells
lacking MICOS subunits showed enlarged mitochondria with
stacked, multilamellar cristae (Rabl et al., 2009; Harner et
al., 2011; Hoppins et al., 2011; von der Malsburg et al., 2011;
Alkhaja et al., 2012; Friedman et al., 2015), whereas the ab-
sence of Ups2 did not affect the overall mitochondrial archi-
tecture (Fig. 5 B). Deletion of UPS2 grossly restored the mean
size of mitochondria and cristae morphogenesis in mic60A or
miclOA cells (Fig. 5, B and C), whereas fluorescence micros-
copy revealed that tubular mitochondria were not restored in
mic60A cells (Fig. S3 C). These results demonstrate that cristae
morphology and respiratory defects in MICOS-deficient cells
can be at least partially bypassed by inhibiting Ups2-mediated
PS transfer to the inner membrane.

To corroborate these findings, we determined the mi-
tochondrial phospholipid profile in mic60A, ups2A, and
mic60Aups2A cells by gqMS (Figs. 5 D and S3 D). The loss
of Mic60 impaired mitochondrial architecture (Fig. 5 B) but
did not significantly affect the phospholipid composition in
mitochondrial membranes or the acyl-chain distribution in
various PE species (Figs. 5 D and S3 D). Deletion of UPS2
resulted in decreased PE levels in mitochondria (Osman et
al., 2009; Tamura et al., 2009), which was also evident in the
absence of Mic60 or all MICOS subunits (Figs. 5 D and S3
E). We observed an altered acyl-chain composition of PE in
ups2A and ups2Amic60A mitochondria (Fig. S3 D). Thus,
loss of Ups2 leads to significant alterations in PE levels in
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Figure 3. Psdl is able to convert PS to PE at juxtaposed membranes
in trans. (A) Monitoring of trans-decarboxylation by reconstituted Psd1.
(B) Autocatalytic processing of reconstituted Psd1. The Psd1-containing
fraction after flotation was subjected to SDS-PAGE and immunoblot analy-
sis using HA-specific antibodies. CBB, Coomassie brilliant blue. (C) Psd1
decarboxylates PS to PE at juxtaposed membrane. S463A, Psd154634,
Spontaneous PS transfer under identical conditions was plotted for com-
parison. PE produced or PS transferred at given time points are shown as
percentage of total PS input. Error bars represent SEM. n = 3.

mitochondrial membranes of mic60A cells and grossly re-
stores mitochondrial ultrastructure. The beneficial effect
of decreased PE levels for mitochondrial function in MIC
OS-deficient cells was further substantiated by deleting PSDI
(Fig. S3 F). Deletion of PSDI in wild-type cells drastically
reduced PE accumulation in mitochondria and impaired re-
spiratory growth (Birner et al., 2001). However, loss of Psd1
in MICOS-deficient cells significantly improved respiratory
growth (Fig. S3 F). We therefore conclude that cristae mor-
phogenesis and mitochondrial respiration can be maintained
in MICOS-deficient cells by reducing PS transfer to the IM,
which limits the accumulation of PE, demonstrating that the

membrane lipid environment and mitochondrial structure and
function are intimately linked.

Together, our results demonstrate an intimate cooperation
of Ups2-Mdm35 lipid transfer proteins with MICOS in mito-
chondrial PE synthesis, highlighting the importance of mem-
brane contacts for mitochondrial phospholipid homeostasis.
We propose that PE is synthesized within mitochondria along
two Psd1-dependent pathways (Fig. 5 E): first, Ups2-Mdm35—
dependent PS transfer to the IM results in its decarboxylation
by Psd1 and the accumulation of PE in the IM; second, MICOS
ensures close apposition of mitochondrial membranes, allowing
the Psd1-dependent but Ups2-Mdm35-independent formation
of PE in the OM. This PE pool can be released from mitochon-
dria and converted to PC in the ER.

Several lines of evidence suggest that lipid exchange be-
tween the OM and IM occurs at contact sites (Simbeni et al.,
1990). CL binding may recruit Ups2-Mdm35 to these sites,
which are enriched in CL (Simbeni et al., 1991; Connerth et al.,
2012). MICOS likely facilitates intramitochondrial PS transfer
by Ups2-Mdm35 at these sites, supporting a close membrane
apposition. However, our results reveal an additional function
of MICOS in PE metabolism: the close spatial proximity of
both mitochondrial membranes allows Psdl to decarboxylate
PS in the OM. Therefore, Psd1-dependent synthesis of PE and
its conversion in PC can be maintained in the absence of Ups2—
Mdm35. It will be of interest to examine whether MICOS also
enables other IM proteins to act on substrates in the OM, such
as the i-AAA protease Ymel that cleaves Atg32 in the OM of
yeast mitochondria (Wang et al., 2013). Moreover, our studies
are reminiscent of the role of tethering complexes at plasma
membrane—ER contact sites in PC synthesis (Tavassoli et al.,
2013). Assisting trans-activity of lipid-modifying enzymes is
therefore emerging as a general principle of how membrane
contacts contribute to cellular lipid homeostasis.

Lipid transfer activity has been assigned to some tether-
ing complexes between cellular membranes (Reinisch and De
Camilli, 2015). Accordingly, MICOS might mediate intrami-
tochondrial lipid transfer directly, for instance facilitating PE
export from the IM. This may explain why expression of an
artificial membrane tether in MICOS-deficient cells can restore
growth in the absence of ethanolamine but not other pheno-
types associated with the loss of MICOS. Respiratory growth
of MICOS-deficient cells is not restored upon expression of
this membrane tether, consistent with additional functions of
MICOS as a general membrane organizing system for cristae
morphogenesis, protein translocation, and respiratory chain as-
sembly (Harner et al., 2011; Hoppins et al., 2011; von der Mals-
burg et al., 2011; Friedman et al., 2015; Horvath et al., 2015).
However, these functions appear to be intimately linked to mito-
chondrial PE metabolism, as limiting Ups2-Mdm35-dependent
PS transport to the IM promoted respiratory growth and cristae
morphogenesis in the absence of MICOS. Thus, moderately al-
tered phospholipid composition in the IM, such as increased
PE levels, has profound effects on mitochondrial ultrastructure.
The exact mechanism of this suppressive effect remains to be
determined. Similar to Ups2, respiratory complexes III and IV
and ATP synthase are required to generate aberrant cristae in
MICOS-deficient cells (Hoppins et al., 2011; Friedman et al.,
2015). It therefore appears likely that MICOS ensures mito-
chondrial structure and function by fine-tuning mitochondrial
membrane properties and phospholipid homeostasis with the
activities of other proteinaceous membrane organizers.
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Figure 4. MICOS assists mitochondrial syn-
thesis of PE and its conversion to PC in the ER.
(A) Synthesis of PS, PE, and PC in cells labeled
with ['“Clserine. AA, dpl1Apsd2A. (B) Rela-
tive distributions of radioactivity in PS, PE, or
PC bands are represented as in Fig. 2 C. Error
bars represent SD. n = 3. (C and D) Psd1-
dependent formation of PE and PC from ['4C]
=&  PS. Synthesis rates for PE (C) and PC (D) in
AKX cells lacking MICOS are shown. Synthe-

sis rates were obtained by plofting kinetfic

changes in band intensities of the sum of PE

and PC (C) or PC (D) and determining the

AA MICOSA

) slope of the fitted curve (between t = 15 min
60 90 120

and t = 90 min). Mean values of AA were
set to 1. Error bars represent SEM. n = 3.
AA MICOSA *, P < 0.05. (E) Loss of nonmitochondrial PE

synthesis impairs growth of MICOSA cells.

Cell growth was assessed at 37°C on glucose-

a containing SC medium (SCD) supplemented

A2 Sl = with ethanolamine (Etn; 10 mM) where in-
dicated. WT, wildtype. (F) Expression of an

artificial tether between two mitochondrial
membranes (mTether) suppresses ethanol-
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60 20 120 amine auxotrophy of cells lacking MICOS
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Materials and methods

Yeast strains and growth conditions

Yeast strains used in this study are listed in Table S1. Genes were de-
leted by PCR-targeted homologous recombination (Wach et al., 1994).
Yeast cells were cultivated in YP or synthetic complete (SC) medium
supplemented with 2% glucose, 2% galactose, or 2% lactate or in lac-
tate medium. To assess ethanolamine auxotrophy, SC media were sup-
plemented with 10 mM ethanolamine.

Cloning, expression, and purification of Ups2-Mdm35 and SLMO2-
TRIAP1 complexes

DNA fragments encoding Ups2 with an N-terminal hexahistidine tag
and Mdm35 were cloned into a pET-Duet-1 vector. All four codons
coding cysteine in UPS2 were replaced by codons coding serine by
PCR-mediated site-directed mutagenesis. Proteins were expressed in
E. coli Rosetta-gami 2 (DE3; Promega) or Suffle T7 (New England
Biolabs, Inc.) cells. After incubation at 37°C for 2 h, the culture was
shifted to 18°C for 1 h, and Ups2 and Mdm35 were expressed by add-
ing IPTG (0.2 mM) for 14 h. The Ups2-Mdm35 complex was puri-
fied according to the purification protocol for Ups1-Mdm35 complex,
with some modifications (Connerth et al., 2012). In brief, cells were
lysed in buffer B (50 mM Tris/HCI, pH 8, 250 mM NaCl, 1x com-
plete EDTA-free protease inhibitor cocktail [Roche], 1 mM PMSF, and
20 mM imidazole). The lysate was spun at 30,000 g for 20 min, and the
supernatant was subjected to column chromatography using HisTrap
and HiLoad 16/60 Superdex-75 pg column (GE Healthcare). NBD-PS
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60 90 120
time (min)

transfer activities were determined in elution fractions. Fractions con-
taining the highest PS transfer activity were combined, concentrated,
dialyzed against buffer C (10 mM Tris/HCI, pH 7.4, and 150 mM
NaCl), and stored at —80°C.

DNA fragments encoding human SLMO?2 with N-terminal hexa-
histidine tag and TRIAP1 were amplified from cDNA by PCR and
cloned into pET-Duet-1 vector. SLMO2 and TRIAP1 were expressed in
cell-free lysate as described previously (Schwarz et al., 2007) in the ab-
sence of detergent and reducing agents. The lysate was spun at 16,100 g
for 20 min, and the supernatant (60 ul) was mixed with 540 ul buffer B
and 20 pl of a 50% slurry of Ni-Sepharose HP beads (GE Healthcare).
After incubation for 1.5 h at 4°C, beads were washed with buffer B con-
taining imidazole (40 mM), and bound protein complexes were eluted
with buffer B containing 300 mM imidazole (100 pl).

Assessment of PE/PC synthesis in vivo

Yeast cells were incubated in YP medium supplemented with 2% ga-
lactose. Overnight cultures were diluted in SC medium without inositol
supplemented with 2% galactose (SC-gal) at OD 0.4 and incubated at
30°C until OD 1-2. Logarithmically growing cells were pulse labeled
by [“C]serine (5 uCi/ml) in SC-gal medium lacking inositol and serine
for 15 min at 30°C. Cells were collected, washed, and resuspended in
medium containing unlabeled serine. After further incubation at 30°C,
samples were subjected to lipid extraction using chloroform/meth-
anol (2:1 [vol/vol]), and lipids were analyzed by TLC (chloroform/
methanol/25% ammonia at 65:35:5 [vol/vol/vol]). Autoradiographs of
TLC plates were quantified.
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Figure 5. Deletion of UPS2 restores respi-
ratory growth and mitochondrial architec-
ture in cells lacking MICOS. (A) Cell growth
on fermentable and nonfermentable carbon
sources. Serial dilutions of the indicated
strains were analyzed on YPD or YP-lactate
plates at 30°C. WT, wild-type. (B) EM analysis
of cells lacking Ups2, Mic60, and/or Mic10.
Representative micrographs of cells grown on
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area of mitochondria in electron micrographs
from indicated strains. Error bars represent
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Reconstitution of Psd1

A DNA fragment encoding Psd1 (amino acid positions 57-500) con-
taining an N-terminal heptahistidine peptide followed by a TEV cleav-
age site and C-terminal HA-peptide was amplified by PCR and cloned
into pET16b. The Psd1 variant was expressed in bacterial cell-free ly-
sate essentially as described (Schwarz et al., 2007) in the presence of
5 mM liposome P (69.25% 1,2-dioleoyl-sn-glycero-3-phosphocholine
[DOPC], 20% tetraoleoyl-CL, 10% dioleoyl-PG, 0.25% NBD-PE, and
0.5% rhodamine-PE, reconstituted in buffer LP [S mM Tris-HCI, pH
8.5, and 10 mM potassium acetate]), but in the absence of detergent
and protease inhibitors. After centrifugation at 16,100 g for 20 min, the
pellet fraction containing aggregates and proteoliposomes was resus-
pended in buffer FB (5 mM Hepes-NaOH, pH 7.4, and 25 mM NaCl)
containing 40% sucrose and transferred to an ultracentrifuge tube.

1.5 ml of 30% sucrose in FB, 500 ul of 10% sucrose in FB, and 175 ul
of FB were overlaid, and the tube was spun at 200,000 g for 1.5 h. Pro-
teoliposomes accumulated at 30/10% and 10/0% interfaces. The top
fraction (1 ml) was collected, and mature Psd1 was quantified by SDS-
PAGE analysis. To assess PS decarboxylase activity, proteoliposomes
containing Psd1 (107 nM, lipid concentration set to 20 uM) were in-
cubated with liposome K (180 uM; 40% DOPC, 20% tetraoleoyl-CL,
40% dioleoyl-PS, reconstituted in buffer FB) at 26°C in buffer M
(20 mM Hepes-NaOH, pH 7.4, 92 mM NaCl, and 2 mM MgCl,). Re-
action volume was set to 60 pl, and 10 pul of samples at each time point
were subjected to lipid extraction and qMS. To assess spontaneous
transfer of PS, liposome P was incubated with liposome K (harbor-
ing 2.5% 17:0 PC and filled with 20% sucrose) under identical condi-
tions, and lipids in isolated liposome P were extracted and quantified
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by gMS. Contamination and recovery of liposomes were assessed by
17:0 PC and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol and used to
normalize values. Liposome fusion was assessed by monitoring de-
quenching of NBD fluorescence under identical conditions.

Construction of an artificial membrane tethering protein

The artificial tether was cloned into the vector YCplac22ADH by ho-
mologous recombination. Genes encoding mitochondrial targeting
sequence of Neurospora crassa Atp9 (amino acid positions 1-69),
Yme2 transmembrane sequence (amino acid positions 279-308),
Tom70 transmembrane sequence (amino acid positions 10-30), and
yeGFP protein were amplified with 20-bp homology between frag-
ments. DNA encoding a linker region (e.g., AAAENLYFQGGG) be-
tween Yme2 and Tom70 sequences was introduced in primers. Yeast
cells were transformed by the amplified fragments and linearized plas-
mids. Plasmids were isolated from cells growing on SC-TRP plates
and verified by sequencing. To assess functional complementation
of MICOS by the artificial tether, dpll Apsd2AMICOSA cells trans-
formed by the YCplac22ADH-mTether construct were grown on SCD
plates at 35°C for 1 d, serial dilutions of cells from the plate were spot-
ted freshly on SCD plates, and growth of cells was monitored after
incubation at 37°C for 2 d.

Statistical analysis

Error bars represent SD or SEM as indicated in the figure legends.
Statistical analysis of differences between two groups was per-
formed by Student’s 7 test.

Cell fractionation and isolation of mitochondria

Cell fractionation and isolation of mitochondria from yeast cells was
performed according to standard procedures (Tatsuta and Langer,
2007). For further purification, crude mitochondria were washed, re-
suspended in buffer A (0.6 M sorbitol and 5 mM MES, pH 6.0), and
loaded on a continuous sucrose gradient (20-50% [wt/vol] in buffer A).
Sucrose gradient—purified mitochondria were collected from the lower
third of the gradient after centrifugation at 100,000 g for 1 h and washed
in cold SEM buffer (10 mM MOPS/KOH, pH 7.2, 1 mM EDTA, and
0.25 M sucrose). Fractionation of cell organelles and the purity of mito-
chondria were assessed by SDS-PAGE and Western blotting.

qMS of phospholipids

Mass spectrometry was performed essentially as described (Connerth
et al., 2012; Veldzquez et al., 2016). Lipids were extracted from iso-
lated pure mitochondria or whole yeast cells in the presence of internal
standards of major phospholipids (PC 17:0-14:1, PE 17:0-14:1, P1 17:0-
14:1, PS 17:0-14:1, PG 17:0-14:1, and PA 17:0-14:1; all from Avanti
Polar Lipids) and CL (CL mix I, LM-6003; Avanti Polar Lipids). Ex-
traction was performed according to Bligh and Dyer with modifications
(Velazquez et al., 2016). Lipids were dissolved in 10 mM ammonium
acetate in methanol and analyzed on a QTRAP 6500 triple-quadrupole
mass spectrometer (Sciex) equipped with a nano-infusion splay device
(TriVersa NanoMate; Advion) under the following settings: CUR, 20;
CAD, medium; IHT, 90°C; EP, 10; mode: Highmass; step size, 0.1 D;
setting time, 0 ms; scan rate, 200 D/s; pause 5 ms; CEM, 2300; sync,
LC sync; and scan mode, Profile (for QT 6500); and sample infusion
volume, 12 pul; volume of air to aspirate after sample, 1 pl; air gap before
chip, enabled; aspiration delay, O s; prepiercing, with mandrel; spray
sensing, enabled; temperature, 12°C; gas pressure, 0.4 psi; ionization
voltage, 1.15 kV; polarity, positive; vent headspace, enabled; prewetting,
1x; volume after delivery, 0.5 ul; contact closure delay, 1 s; volume
timing delay, O s; aspiration depth, 1 mm; prepiercing depth, 9 mm;
and output contact closure, Rel 1/2.5 s duration (for NanoMate). The
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quadrupoles Q1 and Q3 were operated at unit resolution. PC analysis
was performed in positive ion mode by scanning for precursors of m/z
184 at a collision energy (CE) of 50 eV. PE, PI, PS, PG, PA, and CDP-
DAG measurements were performed in positive ion mode by scanning
for neutral losses of 141, 277, 185, 189, 115, and 403 D at CEs of 25,
30, 20, 30, 25, and 40 eV, respectively. CL species were identified in
positive ion mode by scanning for precursors of the masses (m/z 465.4,
467.4, 491.4, 493.4, 495.4, 505.5, 519.5, 521.5, 523.5, 535.5, 547.5,
549.5, 551.5, 573.5, 575.5, 571.5, 579.5, 601.5, 603.5, 605.5, 607.5,
631.5,715.5,and 771.5 D) corresponding DAG-H,O fragments as singly
charged ions at CEs of 40-50 eV. Mass spectra were processed by Lip-
idView Software Version 1.2 (Sciex) for identification and quantification
of lipids. Lipid amounts (pmol) were corrected for response differences
between internal standards and endogenous lipids. Correction of isotopic
overlap in CL species was performed according to Scherer et al. (2010).

Assays for lipid binding and transfer in vitro

Phospholipid binding by liposome flotation and lipid transfer assays
were performed as described (Connerth et al., 2012; Miliara et al.,
2015). To assess lipid binding, Ups2-Mdm35 complexes (5 uM) were
incubated with liposomes (2 mM total lipids, extruded on 1-pum filter) in
50 pl buffer F (MES/NaOH, pH 5.5, 100 mM NaCl, and 2 mM EDTA)
at 20°C for 10 min. After incubation, the sample was mixed with 100 pl
of 60% sucrose in buffer FB, put into an ultracentrifuge tube, and over-
laid with 1.35 ml buffer F30 (30% sucrose in F), 1 ml buffer F10 (10%
sucrose in F), and 250 pul buffer F. Tubes were centrifuged at 200,000 g
for 1.5 h. Four fractions of 700 ul were collected from the top, and pro-
teins in the fractions were precipitated by TCA, analyzed by Tris-Tri-
cine SDS-PAGE, and stained with colloidal Coomassie brilliant blue.
In a standard assay, lipid transfer was monitored in the presence of
Ups2-Mdm35 complexes (80 nM), donor liposomes (12.5 uM total lip-
ids), and an acceptor liposome (50 uM total lipids) in 120 ul buffer TA
(20 mM Tris/HCI, pH 7.4, 100 mM NacCl, and 1 mM EDTA) at 25°C.

Assessment of Psd1 enzymatic activity in isolated mitochondria
Mitochondria were resuspended in buffer B (0.1 M Tris-HCI, pH 7.4,
10 mM EDTA, and 2 uM 16:0-06:0 NBD PS [Avanti Polar Lipids,
Inc.]) to a final concentration of 5 mg/ml and incubated at 25°C. A
portion of sample (corresponding to 200 ug mitochondria) was taken at
each time point and subjected to lipid extraction. Lipids were analyzed
by TLC (developing solvent: chloroform/methanol/H,O/triethylamine
30:35:7:35 [vol/vol/vol/vol]). NBD signals were detected and quanti-
fied by fluorescence imaging (Typhoon Trio; GE Healthcare).

Freezing and freeze substitution for ultrastructural studies

Electron microscopic analysis of yeast cells was done as previously
described (Lefebvre-Legendre et al., 2005). In brief, pellets of yeast
cells were placed on the surface of a copper EM grid (400 mesh) coated
with formvar. Each loop was very quickly submersed in precooled lig-
uid propane and held at —180°C by liquid nitrogen. The loops were
then transferred to a precooled solution of 4% osmium tetroxide in dry
acetone in a 1.8-ml polypropylene vial at —82°C for 48 h (substitution
fixation), warmed gradually to RT, and washed three times in dry ace-
tone. Specimens were stained for 1 h with 1% uranyl acetate in acetone
at 4°C in a black room. After another rinse in dry acetone, the loops
were infiltrated progressively with araldite (epoxy resin, Fluka; Sigma-
Aldrich). Ultrathin sections were contrasted with lead citrate.

Online supplemental material

Fig. S1 shows the functionality of Ups2 variants in vivo, their
purification from E. coli, and in vitro lipid transfer assays using Ups2—
Mdm35 and SLMO2-TRIAPI1, demonstrating the dependence of PS
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transport on negatively charged lipids. Fig. S2 shows ethanolamine
prototrophy of cells lacking Ups/Preli family lipid transfer proteins
and nonmitochondrial PE synthesis, control experiments to exclude
liposome fusion during Psdl activity assays, the accumulation of PE
and Psdl activity in MICOS-deficient cells, the respiratory growth
of these cells upon expression of an artificial membrane tether, and
experiments to assess the cellular localization of this tether. Fig. S3
shows respiratory growth of cells lacking MICOS subunits and/or Ups2
in the absence of extramitochondrial PE synthesis, the phospholipid
profile and acyl-chain distribution in PE in mitochondria lacking Ups2
and/or MICOS subunits, and the respiratory growth of cells lacking
MICOS and/or Psdl. Table S1 lists yeast strains used in this study.
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.201602007/DC1.
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