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(Bacl(ground: Specific phospholipid composition in mitochondria is essential for mitochondrial activities.
Results: Two intermembrane space proteins, Upslp and Ups2p, antagonistically regulate conversion of phosphatidylethano-

Conclusion: The endoplasmic reticulum-mitochondria tethering complex and Ups proteins have related functions in phos-

Significance: Deciphering regulation of phospholipid metabolism is vital for understanding the biogenesis of mitochondrial
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Mitochondrial membranes maintain a specific phospholipid
composition. Most phospholipids are synthesized in the endo-
plasmic reticulum (ER) and transported to mitochondria, but
cardiolipin and phosphatidylethanolamine are produced in
mitochondria. In the yeast Saccharomyces cerevisiae, phospho-
lipid exchange between the ER and mitochondria relies on the
ER-mitochondria encounter structure (ERMES) complex,
which physically connects the ER and mitochondrial outer
membrane. However, the proteins and mechanisms involved in
phospholipid transport within mitochondria remain elusive.
Here, we investigated the role of the conserved intermembrane
space proteins, Upslp and Ups2p, and an inner membrane pro-
tein, Mdm31p, in phospholipid metabolism. Our data show that
loss of the ERMES complex, Upslp, and Mdm31p causes similar
defects in mitochondrial phospholipid metabolism, mitochon-
drial morphology, and cell growth. Defects in cells lacking the
ERMES complex or Upslp are suppressed by Mdm31p overex-
pression as well as additional loss of Ups2p, which antagonizes
Upslp. Combined loss of the ERMES complex and Ups1p exac-
erbates phospholipid defects. Finally, pulse-chase experiments
using [**C]serine revealed that Upslp and Ups2p antagonisti-
cally regulate conversion of phosphatidylethanolamine to phos-
phatidylcholine. Our results suggest that Ups proteins and
Mdm31p play important roles in phospholipid biosynthesis in
mitochondria. Ups proteins may function in phospholipid traf-
ficking between the outer and inner mitochondrial membranes.
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Within eukaryotic cells are elaborate membrane-enclosed
organelles composed of characteristic sets of proteins and lip-
ids, to establish specific shapes. For instance, mitochondria are
bounded by the outer membrane (OM)* and inner membrane
(IM). Each membrane has a specific phospholipid composition
that is essential for mitochondrial functions, such as oxidative
phosphorylation for ATP production (1, 2), import of
mitochondrial proteins from the cytosol (3—8), mitochondrial
morphogenesis (9 -12), and apoptosis (13—16). Most phospho-
lipids, such as phosphatidic acid, phosphatidylinositol, phos-
phatidylserine (PS), and phosphatidylcholine (PC), are synthe-
sized in the endoplasmic reticulum (ER) membrane and then
imported into mitochondria. However, other phospholipids,
including phosphatidylethanolamine (PE) and cardiolipin (CL),
are produced in mitochondria. To produce PE, PS is transferred
from the ER to the OM and then the IM, where Psd1p mediates
its conversion to PE through decarboxylation (17-19). PE is
then sent back to the OM and the ER, where PE is methylated
and converted into PC (20). Phosphatidic acid is also moved
from the ER through the OM to the IM and used to produce CL
by sequential enzymatic modifications involving Pgs1p, Gep4p,
and Crd1p (21-23). Clearly, phospholipid trafficking is impor-
tant for phospholipid metabolism.

Recent studies have suggested that a protein complex that
physically connects mitochondria to the ER, termed the ER-mi-
tochondria encounter structure (ERMES) complex, facilitates
phospholipid exchange between these two organelles in yeast
(24, 25). The ERMES complex is composed of an integral pro-
tein in the ER, Mmmlp, and four mitochondrial proteins,
Mmm2p, Mdm10p, Mdm12p, and Gem1p (24—26). Mmml1p,

“The abbreviations used are: OM, mitochondrial outer membrane; CL,
cardiolipin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS,
phosphatidylserine; IMS, mitochondrial intermembrane space; IM mito-
chondrial inner membrane; ER, endoplasmic reticulum; ERMES, ER-mito-
chondria encounter structure; 5'-FOA, 5'-fluoro-orotic acid; TEV, tobacco
etch virus; Cyt, cytochrome; RFP, red fluorescent protein.
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Mmm?2p, and Mdm12p have sequence homology to the tubular
lipid-binding protein superfamily and have been proposed to
bind directly to hydrophobic lipids to facilitate phospholipid
transport (27). Mmm1p, Mmm2p, Mdm10p, and Mdm12p are
essential components of the ERMES complex because punctate
structures of the ERMES complex no longer form when any of
these proteins are absent (i.e. in ERMES-deleted cells). How-
ever, Gemlp has been proposed to play a regulatory role in
phospholipid transport by controlling the number and size of
the ERMES complex (25). All ERMES proteins were originally
identified as essential factors for mitochondrial morphogene-
sis, as deletion of each ERMES protein individually causes
severe mitochondrial morphological defects (28 —33). These
results demonstrate a close relationship between phospholipid
metabolism and mitochondrial morphology.

Proteins responsible for lipid shuttling within mitochondria
most likely reside in the intermembrane space (IMS). In addi-
tion, loss of intra-mitochondrial lipid trafficking would likely
alter mitochondrial phospholipid composition and morphol-
ogy, similar to ERMES-deleted cells. Our previous studies dem-
onstrated that Upslp and Ups2p, two conserved IMS proteins,
control mitochondrial phospholipids (7, 34). Loss of Upslp
causes decreased CL, whereas loss of Ups2p leads to decreased
PE (7, 35). Additional loss of Ups2p restores CL levels in ups1A
cells, suggesting antagonistic roles for Upslp and Ups2p in CL
metabolism. Furthermore, upsIA cells accumulate PS, which is
a precursor for PE (7). In addition to phospholipid defects, loss
of Ups proteins alters mitochondrial shape (7, 35). The mito-
chondrial morphology defects appear only when ups-deleted
mutants are grown in fermentable media but not in nonfer-
mentable media (7, 34). In contrast, phospholipid defects occur
regardless of growth media, indicating that phospholipid
defects are not due to mitochondrial shape changes (7). There-
fore, Upslp and Ups2p are strong candidates for factors that
facilitate intra-mitochondrial phospholipid transport.

Other candidates that may play a role in phospholipid trans-
port are Mdm31p and Mdm32p, two IM proteins with a large
IMS domain. Similar to Ups and ERMES proteins, Mdm31p
and Mdm32p have been shown to affect phospholipid compo-
sition and mitochondria morphology (35, 36). Quantitative
analyses for phospholipids revealed decreased levels of CL in
mdm31A and mdm32A mitochondria (35). mdm31A and
mdm32A cells exhibit large spherical mitochondria similar to
those in ERMES-deleted cells (31, 36). Furthermore, combined
loss of the ERMES complex with Mdm31p or Mdm32p results
in synthetic lethality (36), suggesting their overlapping func-
tions. Here, we further studied the involvement of Upslp,
Ups2p, and Mdm31p in mitochondrial phospholipid metabo-
lism and morphology. Our analyses suggest that these proteins
function in mitochondrial phospholipid biosynthesis.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, Media, and Genetic Methods—Yeast
strains and plasmids used in this study are listed in Tables 1 and
2, respectively. Complete disruption of the yeast gene was
accomplished by PCR-mediated gene replacement (37) with a
pair of primers listed in Table 1 and supplemental Table S1. The
HIS3 (pRS303), TRP1 (pRS304), URA3 (pRS306), and kanMX4
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(pRS400) genes were used as disruption markers. To obtain
mmmlIA, mmm2A, mdm10A, and mdm12A strains, the appro-
priate DNA cassette for the gene disruption was introduced
into a diploid strain, FY833/FY834 (38). After introducing the
URA3-containing single copy plasmid harboring the corre-
sponding gene (MMM1, MMM?2, MDM10, or MDM12), the
diploid cells were subjected to sporulation and dissection to
obtain haploids. Haploid strains that lack the MMM 1, MMM?2,
MDM1I10, or MDM12 gene in chromosomes with the comple-
menting plasmid were selected. These strains were also used to
further disrupt the UPS1, UPS2, or MDM35 gene. To analyze
complete deletion strains, the cells were cultured on 5’-fluoro-
orotic acid (5’-FOA)-containing media to remove the comple-
menting URA3 plasmid prior to analysis.

For expression of FLAG-Mdm31-TEV-FLAG in yeast, three
DNA fragments were amplified from yeast genomic DNA with
primer sets PTM460/705, PTM706/712 and PTM709/690 and
cloned into pRS314 digested with NotlI and Xhol.

pRS313-Cox4-TEV, a HIS3-CEN plasmid that expresses a
Cox4-TEV fusion protein from the ADHI promoter, was con-
structed as follows. The TEV protease sequence was amplified
from pBG153.6 (a gift of Dr. S. Gould) using primers 571 and
582. The PCR product was digested with Xbal and SaclI and
inserted into Xbal/SaclI-digested pOK29 (39).

pRS313-Cyt ¢,-TEV, a HIS3-CEN plasmid that expresses a
Cyt ¢,-TEV fusion protein from the ADH1 promoter, was con-
structed as follows. Cytochrome ¢, presequence was digested
from pRJ618 (40), using Xbal and EcoRI, and inserted into
pRS313-Cox4-TEV digested with Xbal and EcoRL

PCR primers, restriction enzymes, and vectors used for clon-
ing MMM1, MMM2, MDM10, MDM12, MDM31, MDM32,
UPS2, CRD1, and GEP4 genes are listed in Table 2 and supple-
mental Table S1. Expression of these genes was controlled by
their own promoter and terminator.

Cells were grown in YPD (1% yeast extract, 2% polypeptone,
and 2% glucose), YPGE (1% yeast extract, 2% polypeptone, 3%
glycerol, and 3% ethanol), and SCD (0.67% yeast nitrogen base
without amino acids, 0.5% casamino acid, 2% glucose). Cells
that have the kanMX4 gene were selected on YPD containing
200 pg/ml G418 sulfate. To remove the L/RA3-containing plas-
mid, cells were grown on SCD (—Trp) containing 1 mg/ml
5'-FOA. Standard genetic techniques were used (41).

Recombinant Protein Expression—To generate yeast Psd1p
containing an N-terminal His, tag, the entire open reading
frame was cloned into the pET28a vector (EMD) in-frame and
downstream of the His, tag. His,Psd1p was induced in BL21-
CodonPlus(DE3)-RIL Escherichia coli (Agilent Technologies),
and inclusion bodies were isolated from native protein extracts
(50 mm NaH,PO,, 300 mm NaCl, 10 mm imidazole, pH 8.0, and
supplemented with 1% (v/v) Tween 20 and 0.5 mm EDTA) by
centrifugation at 10,000 X g for 20 min at 4 °C. Inclusion bodies
were solubilized with 3 ml of inclusion body solubilization
buffer (1.67% (w/v) Sarkosyl, 0.1 mM EDTA, 10 mM DTT, 10 mm
Tris-Cl, pH 7.4, and 0.05% polyethylene glycol 3350) by vigor-
ous vortexing, incubated on ice for 20 min, and diluted with 6
ml of 10 mm Tris-Cl, pH 7.4, and the solubilized proteins were
recovered after centrifugation for 10 min at 12,000 X gat 4 °C.
After dialysis against phosphate-buffered saline (PBS), His,Psd1p
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TABLE 1
Yeast strains used in this study

Parential Primers for gene disruption or
Name Genotype Source strains chromosomal tagging

FY833 (haploid WT) MATa his3 leu2 lys2 trpl ura3 Ref. 38

FY833/FY834 (diploid WT) MATa/a his3/his3 leu2/leu2 lys2/lys2 trpl/trpl Ref. 38
ura3/ura3

upsIA MATa his3 leu2 lys2 trp1 ura3 upsl:kanMX4 Ref. 34

ups2A MATa his3 leu2 lys2 trpl ura3 ups2::HIS3 Ref. 7

mdm35A MATa his3 leu2 lys2 trpl ura3 mdm35:URA3 Ref. 44

mmmlIA MATa his3 leu2 lys2 trpl ura3 mmm1:kanMX4 This study  FY833/FY834 PTM361/362

mmmlIAupsIA MATa his3 leu2 lys2 trpl ura3 mmml:kanMX4 This study  mmmlIA 1729/1730
upsl:HIS3

mmmlIAups2A MATa his3 leu2 lys2 trpl ura3 mmml:kanMX4 This study  mmmiIA 1744/1745
ups2::HIS3

mmmIAmdm35A MATa his3 leu2 lys2 trpl ura3 mmmlI:kanMX4 This study  mmmiIA PTM243/244
mdm35::HIS3

mmm2A MATa his3 leu2 lys2 trpl ura3 mmm?2:HIS3 This study  FY833/FY834 PTM272/273

mmm2Aups1A MATa his3 leu2 lys2 trpl ura3 mmm2:kanMX4 This study  mmm2A 1729/1730
upsl:kanMX4

mmm2Aups2A MATa his3 leu2 lys2 trpl ura3 mmm?2:kanMX4 This study  mmm2A 1744/1745
ups2:kanMX4

mmm2Amdm35A MATa his3 leu2 lys2 trpl ura3 mmm2:kanMX4 This study  mmm2A PTM243/244
mdm35:kanMX4

mdm10A MATa his3 leu2 lys2 trpl ura3 mdm10::HIS3 This study  FY833/FY834 PTM363/364

mdmI10Aups1A MATa his3 leu2 lys2 trpl ura3 mdml10:kanMX4 This study  mdml10A 1729/1730
upsl:kanMX4

mdm10Aups2A MATa his3 leu2 lys2 trpl ura3 mdml0:kanMX4 This study  mmm2A 1744/1745
ups2:kanMX4

mdm10Amdm35A MATa his3 leu2 lys2 trpl ura3 mdm10:kanMX4 This study  mmm2A PTM243/244
mdm35:kanMX4

mdm12A MATa his3 leu2 lys2 trpl ura3 mdm12:kanMX4 This study  FY833/FY834 PTM365/366

mdm12AupsIA MATa his3 leu2 lys2 trpl ura3 mdm12:kanMX4 This study  mdmi12A 1729/1730
upsl:HIS3

mdm12Aups2A MATa his3 leu2 lys2 trp1 ura3 mdml2:kanMX4 This study  mdmi2A 1744/1745
ups2::HIS3

mdm12Amdm35A MATa his3 leu2 lys2 trp1 ura3 mdmI2:kanMX4 This study  mdmi12A PTM243/244
mdm35::HIS3

psd2AdplIA MATa his3 leu2 lys2 trpl ura3 psd2A::HIS3 dpl1A:URA3  Thisstudy FY833 PTM337/338, PTM740/741

upsIApsd2AdplIA MATa his3 leu2 lys2 trp1 ura3 ups1:kanMX4 This study — upsiA PTM337/338, PTM740/741
psd2A::HIS3 dpll1A:URA3

ups2Apsd2Adpli1A MATa his3 leu2 lys2 trpl ura3 ups2::HIS3 This study — ups2A PTM337/338, PTM740/741
psd2A:kanMX4 dpl1A::URA3

mdm31A MATa his3 leu2 lys2 trpl ura3 mdm31:kanMX4 This study  FY833 PTM316/317

psdIA MATa his3 leu2 lys2 trpl ura3 psdl::HIS3 This study  FY833 PTM183/184

crdIA MATa his3 leu2 lys2 trpl ura3 crd1:kanMX4 This study  FY833 PTM181/182

gep4A MATa his3 leu2 lys2 trp1 ura3 gep4::kanMX4 This study  FY833 PTM324/325

MMMI1GFP MATa his3 leu2 lys2 trpl ura3 MMMI1GFP:: TRP1 This study  FY833 PTM353/354

MMMI1GFPupsIA MATa his3 leu2 lys2 trpl ura3 MMMI1GFP::TRP1 This study MMMIGFP 1729/1730
ups1A:kanMX4

MMM I1GFPups2A MATa his3 leu2 lys2 trpl ura3 MMMI1GFP:: TRP1 This study ~MMMI1GFP 1744/1745
ups2A::HIS3

MMMI1GFPmdm31A MATa his3 leu2 lys2 trpl ura3 MMM1GFP::TRP1 This study ~MMMIGFP PTM316/317

mdm31A:kanMX4

was purified under native conditions using Ni** -agarose (Qiagen)
as per the manufacturer’s instructions and quantitated by SDS-
PAGE with Coomassie Blue staining and a BSA standard curve.
Antibodies were raised in rabbits using His,Psdlp as the
antigen.

Phospholipid Analysis—Yeast cells were diluted to an Ay, =
0.02 in 2 ml of YPD in the presence of 10 uCi/ml *>>P; and
cultivated to stationary phase. Phospholipids were extracted
from crude mitochondrial fractions and separated by TLC as
described (7, 42—44).

Pulse-Chase Experiment with ["*C]Serine—Yeast cells were
grown in SCD-Ura and diluted in YPD (A, = 0.05) and further
cultivated to log phase. The cells were pulse-labeled in PBS
containing 3 uCi/ml ['*C]serine for 15 min at 30 °C. After label-
ing, the cells were washed with water, and a small fraction of the
cells was saved as the starting material (zero time point). The
rest of the cells were suspended in YPD and cultivated for dif-
ferent time periods. Total phospholipids were extracted as
described (24). Briefly, the cells were precipitated by centrifu-
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gation, resuspended in 330 ul of methanol, and kept on ice until
all pulse-chase samples were collected. The samples were then
vortexed with 100 ul of glass beads for 15 min. 660 ul of chlo-
roform was added, and the samples were centrifuged at
12,000 X g for 10 min to remove cell debris. 200 ul of water was
added to the supernatant and vortexed for 5 min. The organic
phase was separated by centrifugation at 400 X g for 5 min,
dried in a speedvac, and then resuspended in chloroform. All
the samples were loaded and analyze by TLC.

Microscopy—Cells were observed using an Olympus BX61
microscope with a X100, 1.3 NA, objective. Fluorescence and
differential interference contrast images were captured with a
Roper/Photometrics Cool Snap HQ using Slidebook software
version 5.0 (3i) and processed with Photoshop software
(Adobe).

Immunoblotting—For immunoblotting, proteins were visu-
alized by fluorophores conjugated with secondary antibodies
(Alexa Fluor 488 or 647 goat anti-mouse or rabbit [gG (H+L)
(Invitrogen)) and analyzed using a PharosFX Plus Molecular
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TABLE 2

Plasmids used in this study
NA means not applicable.

Template DNA

Primers for cloning

374/375
376/377
371/372
379/380
460/461
460/461
462/463
460/685
460/685

Source

Replication origin/marker/protein expressed

Plasmid name

pRS314-MMM1
pRS314-MMM2
pRS314-MDM10
pRS314-MDM12
pRS314-MDM31
pRS424-MDM31
pRS424-MDM32

c DNA
¢ DNA
c DNA
c DNA
c DNA
c DNA
c DNA
¢ DNA
c DNA

pRS314-MDM31
pRS314-UPS1 (34)

Yeast genom
Yeast genom
Yeast genom
Yeast genom
Yeast genom
Yeast genom
Yeast genom
Yeast genom
Yeast genom

TRPI, Mmmlp
TRP1

CEN,
CE

B A A A e

s study
s study
s study
s study
s study
s study
s study
s study
s study
s study
s study
s study
s study
s study
s study

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Th
Th
Th
Th
Th

Mmm2p
Mdm10p
Mdm12p

TRP1
TRP1

N,
CEN,
N,

CEN, TRP1
CE.

15208 JOURNAL OF BIOLOGICAL CHEMISTRY

pBG153.6 (a gift from S. Gould)

pAC1-c1-Cox4 (40)

Yeast genomic DNA
NA

Yeast genomic DNA
Yeast genomic DNA

460/705, 706/712, 709/690

NA

489/492
468/469
454/455
571/572

NA
NA

33

Th
Thi
Th
Th
Thi
Th
Th
Thi
Th
Th
Thi
Ref.

Mdm12p

2w, TRP1, Mdm31p
HIS3, fusion protein of the presequence of cytochrome c1 and TEV protease

HIS3, fusion protein of the presequence of Cox4p and TEV protease
Leu2, fusion protein of Mmm2p and RFP

TRPI1, Gep4p

CEN, TRP1, FLAG-Mdm31p-Tev-FLAG
TRP1, Crd1lp

2w, TRP1, Mdm31p
2w, TRPI1, Upslp

2w, TRP1, Mdm32p
CEN, TRP1, Mdm31p
2w, TRP1, Ups2p
CEN,

CEN,

CEN,

CEN,

CEN,

pRS314-FLAG-MDM31-TEV-FLAG

pRS424-UPS1
pRS424-UPS2

pRS314-MDM31ATM
pRS314-Crd1

pRS424-MDM31ATM
pRS313-Cyt c1-Tev

pRS313-Cox4-Tev
pMY3

pRS314-Gep4

Intra-mitochondrial Regulation of Phospholipid Metabolism

Imager (Bio-Rad) and Quantity One (Bio-Rad) and Photoshop
(Adobe) software.

Alkaline Treatment—Mitochondria were isolated from cells
expressing FLAG-Mdm31-TEV-FLAG and Cyt ¢,-TEV grown
in YPGE. 150 ug of mitochondria were suspended in 0.1 M
Na,CO,. After vortexing, the sample was incubated on ice for
30 min and centrifuged at 45,000 rpm for 30 min in a TLA55
rotor (Beckman) at 4 °C. Extracted proteins in the supernatant
fraction were precipitated with 10% trichloroacetic acid. The
precipitated protein and the membrane-bound fractions were
analyzed by SDS-PAGE and immunoblotting.

Mitochondrial OM and IM Vesicle Separation—Mitochon-
drial OM and IM vesicles were prepared as described (45) with
some modifications. Briefly, 4 mg of mitochondria were sus-
pended in EM buffer (1 mm EDTA, 20 mm HEPES-KOH, pH
7.4) for 30 min on ice to open the OM by osmotic shock. The
resulting mitoplast was further incubated for 10 min onice after
addition of sucrose to 0.45 M from 60% sucrose in EM buffer.
The sample was then sonicated three times for 10 s using Sonic
Dismembrator Model 100 (Fisher) with power setting 8. Intact
mitochondria were removed by centrifugation at 18,800 rpm
with an SW55Ti rotor (Beckman) for 20 min at 4 °C. OM and
IM vesicles in the supernatant were pelleted by centrifugation
at47,000 rpm in an SW55Ti rotor for 40 min at 4 °C. The result-
ing pellet was resuspended in EM buffer with 10 mm NaCl,
placed onto a sucrose step gradient (26:31:35:40%), and then
centrifuged at 39,000 rpm for 16 h with a SW55Ti rotor.

RESULTS

Loss of Upslp and ERMES Proteins Leads to Similar Altera-
tions in Phospholipid Composition—We compared the phos-
pholipid composition of cells lacking Upslp, Ups2p, and
ERMES proteins (i.e. Mmmlp, Mmm2p, MdmlOp, and
Mdm12p). Yeast cells were cultivated in **P;-containing media,
and crude mitochondria fractions were isolated. Total phos-
pholipids were extracted from the membranes and separated by
thin layer chromatography (TLC) (Fig. 1). As we reported pre-
viously (7, 44), the amount of CL decreased, whereas PS levels
increased in upsIA mitochondria (Fig. 1). In ups2A mitochon-
dria, PE levels were decreased. In mitochondria isolated from
ERMES-deleted cells, mmmlIA, mmm2A, mdmlI0A, and
mdm12A also contained reduced CL levels (Fig. 1), consistent
with previous studies (22, 24). In addition, we found that PS was
increased in all ERMES-deleted mitochondria, similar to ups1A
mitochondria (Fig. 1). Thus, upsIA and ERMES-deleted cells
exhibit similar alterations in steady state CL and PS levels. Our
data suggest that Upslp and ERMES proteins act at similar
steps in phospholipid metabolism.

Loss of Upslp Worsens Defects in Cell Growth and CL Levels
in ERMES-deleted Cells although Loss of Ups2p Rescues These
Phenotypes—We have previously reported that Upslp and
Ups2p affect CL levels antagonistically and that additional loss
of Ups2p in upsIA cells restores CL levels and growth defects
(7). In addition, we have shown that the IMS protein Mdm35p
is required for importing Ups proteins into mitochondria (44).
Not surprisingly, mdm35A cells exhibited decreased levels of
both Ups proteins and normal CL quantities and cell growth
(Figs. 1 and 2A), similar to upsIAups2A cells (44). Because loss
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FIGURE 1. Altered phospholipid composition in mitochondria lacking Ups proteins or ERMES subunits. A, indicated yeast cells were cultivated in YPD in
the presence of >2P,. Phospholipids were extracted from crude mitochondrial fractions and separated by TLC. PI, phosphatidylinositol. B, amounts of each lipid
relative to total phospholipids were determined, and those detected in (WT) mitochondria were set to 100% (red dashed lines). Values are mean = S.E. (n = 3).

of ERMES proteins and Upslp led to similar effects on phos-
pholipids, we investigated whether loss of Upslp exacerbates
defects in cell growth and phospholipid composition in
ERMES-deleted cells. We also assessed whether loss of Ups2p
or Mdm35p suppresses these processes. To obtain double dele-
tion mutants, we deleted the UPS1, UPS2, or MDM35 genes in
ERMES-deleted cells carrying the L/RA3 plasmid expressing the
appropriate ERMES genes (i.e. MMMI1, MMM?2, MDM]10, or
MDM12). These cells were grown on culture medium contain-
ing 5'-fluoro-orotic acid (5'-FOA) to allow cells to lose the
complementing U/RA3 plasmid and generate the double dele-
tion mutants. Cells lacking Upslp and either Mmm2p or
Mdm10p showed synthetic growth defects (Fig. 24). In con-
trast, the growth defects of all ERMES-deleted cells were par-
tially rescued by additional loss of Ups2p or Mdm35p (Fig. 2A).

Similar to cell growth, defects in CL were enhanced by addi-
tional loss of Ups1p and rescued by loss of Ups2 or Mdm35p in
ERMES-deleted cells. As shown in Fig. 2, Band C, we found that
loss of Upslp further decreased CL levels in mmmIA and
mdml10A cells, whereas CL levels in mmmIA, mdml10A, and
mdmI12A mitochondria were increased significantly in the
absence of Ups2p or Mdm35p. In contrast, PS levels remained
unchanged in these double mutants. Therefore, our data fur-
ther suggest that the ERMES complex and Ups1p have a similar
function.

Loss of Ups1p and Ups2p Antagonistically Affects Conversion
of PE to PC—We next examined whether loss of Upslp or
Ups2p alters phospholipid metabolism in pulse-chase experi-
ments with ['*C]serine. In this assay, we assessed incorporation
of [**C]serine into PS, conversion of PS to PE, and conversion of
PE to PC. Newly synthesized *C-labeled PS is transported to
the mitochondria from the ER and converted to PE by a mito-
chondrial PS decarboxylase Psd1p (17-19). The resulting PE
then moves back to the ER and becomes PC through methyla-
tion by two ER-located enzymes, Cho2p and Opi3p (20). To
directly assess this pathway, we blocked other pathways for PE
production using psd2Adpl1A cells as a parental strain. Psd2p is
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another PS decarboxylase located in the Golgi complex and
vacuoles, although Dlplp is a dihydrosphingosine phosphate
lyase that generates phosphorylethanolamine, a precursor of PE
through sphingolipid metabolism. We pulse-labeled psd2Adpl1A,
ups1Apsd2Adpl1A, and ups2Apsd2AdpliA cells with [**Clser-
ine and analyzed their total phospholipids by TLC at different
time points (Fig. 34). We found that incorporation of ['*C]ser-
ine into PS, PE, and PC was similar in three strains (Fig. 34,
Total). We also found similar rate of consumption of PS in these
cells (Fig. 3A, PS/total). These observations indicate that upsIA
and ups2A mutations do not affect the incorporation of
[**C]serine into PS or the stability of PS.

Interestingly, we found that upsIA and ups2A mutations led
to opposite effects on PE accumulations. upsIA accumulated
more PE, whereas ups2A decreased the PE amounts (Fig. 34,
PE/total). In addition, upsIA mutation slowed the production
of PC, suggesting that conversion of PE to PC is slowed down in
upsIA cells (Fig. 34, PC/total). In contrast, although PE
amounts are decreased in ups2A cells, production of PC was
normal, suggesting that conversion of PE to PC is accelerated in
ups2A cells (Fig. 3A, PC/total). Different amounts of PE are not
due to differences in the level of the mitochondrial PS decar-
boxylase Psd1p. Immunoblotting of isolated mitochondria with
anti-Psd1p antibodies showed similar amounts of Psdlp in
psd2AdpliA, upsIApsd2AdpliA, and ups2Apsd2AdplIA cells
with a slight decrease in ups1Apsd2AdplIA cells using immu-
noblotting with anti-Psd1p antibodies (Fig. 3, B and C).

Overexpression of Mdm31p Rescues Defects in Growth, CL Lev-
els, and Mitochondrial Morphology in ERMES-deleted Cells—
Cells lacking Mdm31p or Mdm32p form large spherical mito-
chondria, similar to ERMES-deleted cells (31, 36). The combined
loss of ERMES proteins and Mdm31p or Mdm32p results in syn-
thetic lethality (36), suggesting that all of these proteins possess
similar functions. To test this, we examined whether overexpres-
sion of Mdm31p or Mdm32p can compensate for the loss of
ERMES proteins in cell growth, CL levels, and mitochondrial mor-
phology. We introduced multicopy plasmids expressing either
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FIGURE 2. Loss of Ups2p improves cell growth and CL levels in ERMES-deleted cells. A, serial dilutions of the indicated yeast cells were spotted onto YPD
and cultivated at 30 °C for 2 days. B, indicated yeast cells were cultivated in YPD in the presence of 32P,. Phospholipids were extracted from crude mitochondria
fractions and analyzed by TLC. C, amounts of each lipid relative to total phospholipids were determined, and those detected in ERMES-deleted mitochondria
were set to 100% (e.g. mmm1A, mmm2A, mdm10A, or mdm12A). Values are mean = S.E. (n = 3). Pl, phosphatidylinositol.
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FIGURE 3. Loss of Ups1p and Ups2p affects conversion of PE to PC. A, cells were pulse-labeled with ['“C]serine for 15 min and further cultivated for the
indicated periods of time. Total phospholipids were extracted from the cells and analyzed by TLC followed by radioimaging. Total amounts of PS, PE, and PC
at 15 min were set to 100% (Total). The ratio of PS, PE, or PC relative to the total amounts was determined at each time point. Values are means = S.E. (n = 3).
B, whole cell extracts were prepared from wild-type and psd7A cells and analyzed by immunoblotting with antibodies against Yme1p and Psd1p. C, mitochon-
dria were isolated from the indicated cells and analyzed by immunoblotting with antibodies to Psd1p, Tim23p, and Tom22p.

Mdm31p or Mdm32p into ERMES-deleted cells carrying the
URA3-containing plasmid encoding the corresponding gene
(MMM1, MMM?2, MDM]10, or MDM12). Cells containing an
empty vector were also analyzed as a negative control. To elimi-
nate the L/RA3-containing plasmid, the cells were streaked onto a
5'-FOA-containing plate (Fig. 44). The colony sizes of all ERMES-
deleted cells were larger when multicopy plasmid encoding the
MDM31 gene is introduced (MDM31) compared with those car-
rying empty vector (vector) or 2 um of plasmid encoding the

MAY 4,2012+VOLUME 287+NUMBER 19

MDM32 gene (MDM32). We confirmed overexpression of
Mdm31p and Mdm32p by immunoblotting of whole cell extracts
using antibodies against Mdm31p and Mdm32p (Fig. 4B). To
more carefully compare growth of ERMES-deleted cells, serial
dilutions of the cells were spotted onto growth media containing
either a fermentable (YPD) or nonfermentable (YPGE) carbon
source (Fig. 4C). Overexpression of Mdm31p partially rescued the
growth defects observed in all ERMES-deleted cells grown on both
YPD and YPGE (Fig. 4C). These results suggest that Mdm31p, but
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FIGURE 4. Overexpression of Mdm31p improves cell growth, CL abundance, and mitochondrial morphology in ERMES deletion cells. A, mmm71A, mmm2A,
mdm10A, and mdm12A cells with URA3-single copy plasmid harboring the corresponding gene were co-transformed with TRPT multicopy vector harboring MDM31
or MDM32 or an empty vector. Transformants were streaked onto SCD-Trp + FOA plates and cultivated for 3 days to remove the URA3 plasmid. B, whole cell extracts
were prepared from mdm31A (upper panel) or mdm32A cells (lower panel) and analyzed by immunoblotting with the indicated antibodies. Cells were transformed
with single copy (CEN) and multicopy (2u) plasmids expressing Mdm31p or Mdm32p. An empty vector was used as a negative control. G, serial dilutions of the
indicated yeast cells were spotted onto YPD and YPGE, and grown for 2 and 5 days, respectively. D, ERMES-deleted cells with either the single copy plasmid harboring
the corresponding gene (MMM 1, MMM2, MDM 10, or MDM12),an empty vector (vector), or the multicopy plasmid harboring MDM31 (MDM31) were grownin YPD in the
presence of 32P,. Phospholipids were extracted from crude mitochondrial fractions and analyzed by TLC. Amounts of CL relative to total phospholipids were deter-
mined, and those detected in mitochondria were isolated from ERMES-deleted cells with the wild-type plasmid (e.9. MMM 1, MMM2, MDM10, or MDM12) were set to
100%. E, mitochondria were visualized in the indicated cells using matrix-targeted Su9-GFP. Cells were grown to log phase in YPD and examined by fluorescence
microscopy and differential interference microscopy. Cells containing tubular mitochondria were scored. Values are mean = S.E. (n = 3). At least 100 cells were
examined in each experiment. Bar, 5 um.

not Mdm32p, can at least partially replace ERMES proteinsin cell and we then isolated crude mitochondrial fractions. Phospho-
growth. lipids were extracted and analyzed by TLC. As shown in Fig. 4D,
Next, we assessed whether Mdm31p overexpression also the amounts of CL were increased significantly in all ERMES-
suppresses CL defects in ERMES-deleted cells. We cultured deleted mitochondria when Mdm31p was overexpressed.
ERMES-deleted cells with either a single copy plasmid encod-  Therefore, in addition to cell growth, overexpression of Mdm31p
ing the corresponding gene (i.e. MMM1I1, MMM2, MDM10, or  functions to increase CL levels in ERMES-deleted cells.
MDM12), a multicopy plasmid encoding the MDM31 gene Furthermore, Mdm31p overexpression also partially re-
(MDM31), or an empty vector (vector) in the presence of **P,,  stored the tubular mitochondrial morphology in ERMES-de-
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FIGURE 5. Analysis of the membrane topology of Mdm31p. A, to analyze the function of the second hydrophobic region of Mdm31p, this region was deleted
(Mdm31pATM). To determine membrane topology of Mdm31p, 3XFLAG tags were introduced at two different locations along the protein. One tag was
inserted after the presequence, and the second was placed between the firstand second hydrophobic domains. In addition, a tobacco etch virus (TEV)-cleavage
site was introduced before the second 3 XFLAG tag (FLAG-Mdm31p-TEV-FLAG). B, serial dilution of mdm37A cells carrying the single (CEN) or multicopy (2)
plasmid expressing Mdm31p, Mdm31pATM (mdm31ATM), FLAG-Mdm31p-TEV-FLAG (FLAG-MDM31-TEV-FLAG), or an empty vector (vector) were spotted onto
YPD and incubated for 1 day. C, whole cells extracts prepared from the cells indicated in B were analyzed by immunoblotting with the indicated antibodies. D,
mitochondria were visualized by matrix-targeted Su9-GFP in mdm31A cells expressing different forms of Mdm31p. Mdm31pATM (mdm31ATM) was expressed
from the multicopy plasmid. E, whole cell extracts from cells expressing FLAG-Mdm31p-TEV-FLAG and either Cox4p-TEV or Cyt ¢,-TEV were analyzed by
immunoblotting using anti-FLAG antibodies. F, mitochondria were isolated from cells expressing FLAG-Mdm31p-TEV-FLAG and Cyt ¢,-TEV. OM and IM vesicles
were generated by osmotic shock followed by sonication. These vesicles were separated by sucrose density gradient centrifugation. Proteins from each
fraction were analyzed by immunoblotting using antibodies against the indicated proteins. G, isolated mitochondria expressing FLAG-Mdm31p-TEV-FLAG and
Cyt ¢;-TEV were treated with 0.1 m Na,CO,, and the supernatant and pellet fractions were separated by ultracentrifugation. Proteins were analyzed by

immunoblotting using antibodies against the indicated proteins. C and N, C- and N-terminal halves of Mdm231p.

leted cells. To visualize mitochondrial shape, we expressed
mitochondrion-targeted GFP (Su9-GFP) in ERMES-deleted
cells with or without Mdm31p overexpression. We confirmed
that virtually all ERMES-deleted cells exhibited abnormal mito-
chondrial morphology such as large spherical shapes or aggre-
gations of small spheres (Fig. 4E). In contrast, when Mdm31p
was overexpressed, the number of ERMES-deleted cells with
tubular mitochondria increased significantly (Fig. 4E). Thus,
overexpression of Mdm31p can partially rescue defects in cell
growth, CL levels, and mitochondrial morphology in ERMES-
deleted cells.

Mdm3l1p Spans the IM Twice and the Second Transmem-
brane Domain Is Required for Its Function—Mdm31p has an
N-terminal matrix-targeting presequence and two putative
transmembrane domains. Mdm31p spans the inner mitochon-
drial membrane at least once in the first hydrophobic region,
and the portion between the first and second hydrophobic
regions is exposed to the IMS (36). However, the exact topology
of Mdm31p has not been determined. Therefore, we investi-
gated the functional importance and topology of the second
hydrophobic region. First, we introduced Mdm31p (MDM31),
truncated Mdm31p lacking the second hydrophobic domain
(MDM3IATM) (Fig. 4A), or an empty vector (vector) into
mdm31A cells and observed their growth and mitochondrial
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shape (Fig. 5, B and D). We confirmed comparable expression
levels of full-length and truncated Mdm31p by immunoblotting
using anti-Mdm31p antibodies (Fig. 5C). mdm31A cells
expressing Mdm31pATM were defective in cell growth and
contained spherical mitochondria, similar to vector control
cells, thereby demonstrating that the second hydrophobic
domain is required for Mdm31p function (Fig. 5, B and D). To
determine membrane topology, we marked Mdm31p by intro-
ducing 3XFLAG tags at two different locations along the pro-
tein. One tag was placed immediately after the presequence,
and the second was inserted between the first and second
hydrophobic domains. Moreover, a TEV cleavage site was
introduced before the second 3XFLAG tag (FLAG-Mdm31p-
TEV-FLAG, Fig. 4A). Expression of FLAG-Mdm31p-TEV-
FLAG rescued defects in both cell growth and mitochondrial
morphology in mdm3I1A cells, confirming that this FLAG-
tagged protein is functional (Fig. 5, B and D). We then
expressed IMS-targeted TEV protease (Cyt ¢;-TEV) or matrix-
targeted TEV protease (Cox4p-TEV) into mdm3IA cells
expressing FLAG-Mdm31p-TEV-FLAG. Whole cell extracts
were analyzed by immunoblotting with anti-FLAG antibodies
(Fig. 5E). Although Cox4p-TEV-expressing cells only exhibited
full-length FLAG-Mdm31p-TEV-FLAG (68 kDa), two addi-
tional bands corresponding to the N-terminal (Mdm31p-N; 50
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spotted onto YPD and grown for 2 days.

kDa) and C-terminal halves (Mdm31p-C; 18 kDa) of Mdm31p
were detected in Cyt ¢,-TEV-expressing cells (Fig. 5E). These
results indicate that Cyt ¢;-TEV processes FLAG-Mdm31p-
TEV-FLAG in the IMS.

Next, we examined the localization of these TEV-cleaved
fragments, Mdm31p-N and -C. Mitochondria were isolated
from cells expressing FLAG-Mdm31p-TEV-FLAG and Cyt
¢;-TEV. OM- and IM-derived vesicles from the mitochondria
were generated by sonication and separated on a sucrose den-
sity gradient. If Mdm31p spans both the OM and IM, then
Mdm31p-N and Mdm31p-C would be present in the IM and
OM, respectively. Alternatively, if Mdm31p spans the IM twice,
then both Mdm31p-N and -C would be associated with the IM.
Fractions from the sucrose gradients were analyzed using anti-
bodies against OM proteins (i.e. Tom70p, Tom40p, and
Tom22p), IM proteins (i.e. Tim23p, Tim17p, and Mdjlp), and
FLAG. Tom70p, Tom40p, and Tom22p were predominantly
present in fractions 7-10, although Tim23p, Tim17p, and
Mdjlp were detected starting from fraction 14 (Fig. 5F). Full-
length Mdm31p and both TEV-cleaved fragments showed
localization patterns similar to those of IM proteins, indicating
that the N- and C-terminal regions of Mdm31p are attached to
the inner membrane (Fig. 5F).

We also performed alkaline extraction to test whether
Mdm31p-N and -C are inserted into the IM. Mitochondria
expressing FLAG-Mdm31p-TEV-FLAG and Cyt ¢;-TEV were
treated with Na,COj, and then peripheral membrane proteins
were extracted. As shown in Fig. 5G, two peripherally associ-
ated IM proteins, Tim44p and F,[3, were extracted into the
supernatant, although two integral membrane proteins,
Tom40p and Tim23p, were present in the pellet. Similar to
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Tom40p and Tim23p, Mdm31p-full-length, -N, and -C were
resistant to alkaline treatment (Fig. 5G). Taken together, our
results demonstrate that Mdm31p spans the IM twice, and that
the second hydrophobic region is essential for its functions.
Overexpression of Mdm31p Rescues upsIA Cells—Given the
similar phenotypes observed in upsiA and ERMES-deleted
cells, we sought to understand whether Mdm31p overexpres-
sion also rescues upsIA cells. We introduced a multicopy plas-
mid harboring the MDAM31 gene or an empty vector into upsiA
cells and spotted the transformed cells onto YPD (Fig. 6A4). We
found that Mdm31p overexpression improved growth in upsIA
cells (Fig. 6A). Similarly, Mdm31p overexpression also partially
restored CL levels in upsIA mitochondria, in which CL was
decreased to ~25% compared with mitochondria. Following
Mdm31p overexpression, the level of CL was increased signifi-
cantly by 2-fold (Fig. 6B). Tubule mitochondrial morphology in
upsIA cells was also partially restored in the presence of
Mdm31p (Fig. 6C). As reported previously (7, 34), ~80% of
ups1A cells showed abnormal mitochondrial morphology, such
as fragmented tubules and aggregated structures. However,
when Mdm31p was overexpressed, ~50% of upsIA cells exhib-
ited tubular mitochondria (Fig. 6C). These results indicate that
higher levels of Mdm31p can partially restore cell growth, CL,
and mitochondrial morphology in upsIA cells. To test whether
these effects are specific to ERMES-deleted and upsiA cells, we
overexpressed Mdm31p in other mutants that are defective in
CL biosynthesis. We found that Mdm31p overexpression does
not rescue growth phenotypes in cells lacking cardiolipin syn-
thase (Crdlp) or phosphatidylglycerophosphatase (Gep4p),
indicating that the suppressive effects incurred by Mdm31p
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FIGURE 7. Ups2p overexpression partially rescues defects in cell growth,
CL levels, and mitochondrial morphology in mdm31A cells. A, UPS1, UPS2,
or MDM35 gene was deleted in mdm37A cells carrying the URA3 single copy
plasmid harboring the MDM31 gene. The resulting yeast cells were trans-
formed with the TRP1 single copy plasmid harboring MDM31 ora TRPT empty
vector. These cells were spotted onto the 5'-FOA-containing SCD-Trp
medium and incubated for 2 days. B, serial dilutions of mdm31A cells carrying
the single copy plasmid expressing Mdm31p (MDM31), the multicopy plas-
mids expressing Ups1p (UPST) or Ups2p (UPS2), or an empty vector (vector)
were spotted onto YPD and grown for 2 days. C, yeast cells used in B were
grown in YPD in the presence of >?P,. Phospholipid was extracted from crude
mitochondrial fractions and analyzed by TLC. Amounts of each lipid were
quantified and normalized to those in mdm31A mitochondria expressing
Mdm31p. Values are mean = S.E. (n = 3). Pl, phosphatidylinositol. D, mito-
chondrial morphology in mdm31A cells carrying the multicopy plasmid har-
boring UPS2 (UPS2) or an empty vector (vector) were visualized using Su9-
GFP. Cells were cultivated in YPD to log prior to observation. Cells containing
tubular mitochondria were scored. Values are means = S.E. (n = 3). At least
100 cells were examined in each experiment. Bar, 5 um.

overexpression are specific to ERMES-deleted and upsIA cells
(Fig. 6D).

Overexpression of Ups2p Rescues mdm31A Cells—The
growth defects of ERMES-deleted cells were enhanced by the
addition of upsiA, although ups2A rescued them. However,
unlike ERMES-deleted cells, mdm3I1A cells displayed addi-
tional growth defects when combined with upsIA and ups2A
(Fig. 7A). Thus, we assessed whether overexpression of Upslp
or Ups2p could rescue the growth defects in mdm31A cells.
Interestingly, overexpression of Ups2p, but not Upslp, relieved
the growth defects of mdm3IA cells, suggesting overlapping
functions for Mdm31p and Ups2p (Fig. 7B). We then examined
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the steady state levels of phospholipids and mitochondrial
shape in mdm31A mitochondria with or without Ups2p over-
expression. Our data show that CL levels were decreased by
~60% in mdm31A mitochondria compared with those in wild-
type mitochondria (i.e. mdm3IA mitochondria expressing
Mdm31p) (MDM31, Fig. 7C). In addition, similar to upsIA and
ERMES-deleted mitochondria, mdm31A mitochondria con-
tained increased levels of PS (vector, Fig. 7C). Interestingly, we
found that Ups2p overexpression partially decreased PS levels
and increased PE levels (Fig. 7C). mdm31A cells contained
spherical mitochondria that often showed a hollow nontubular
structure. We found that the tubular morphology of mitochon-
dria was increased by Ups2p overexpression in mdm3IA cells
(Fig. 7D). Suppression of growth defects by Ups2p appeared to
be specific to mdm31A as Ups2p overexpression failed to rescue
the growth defect in crdIA and gep4A cells (Fig. 6D). Thus,
Ups2p can improve cell growth, CL levels, and mitochondrial
morphology in mdm3I1A cells.

Loss of Ups Proteins and Mdm31p as Well as Mdm31p Overex-
pression Do Not Affect the ERMES Complex Formation—
How are Ups proteins and Mdm31p involved in phospholipid
metabolism? A possible function of Ups proteins and Mdm31p is
to regulate formations of the ERMES complex. To test this hypoth-
esis, we examined the effects of loss of Upslp, Ups2p, and
Mdm31p in formation of the ER-mitochondria contact sites. To
observe the ER-mitochondria contact sites, we GFP-tagged an ER
resident subunit of the ERMES protein, Mmm1p, and expressed
mitochondrion-targeted RFP (Su9-RFP) in wild-type, upsIA,
ups2A and mdm31A cells. As expected, the ERMES complex visu-
alized by Mmm1p-GFP was observed as punctate structures and
associated with mitochondria in wild-type cells (Fig. 84, WT).
Similarly, in upsIA, ups2A, and mdm31A cells in which mitochon-
drial shapes were changed to aggregated or spherical structures,
the foci of Mmm1p-GFP formed normally and associated with
mitochondria.

We also tested whether suppression of ERMES-deleted cells
by Mdm31p overexpression is due to restoration of the ERMES
complex. We monitored Mmm2p-GFP in mdm12A in the pres-
ence of absence of Mdm31p overexpression. As reported pre-
viously, in the absence of Mdm12p, Mmm2p-GFP defused to
entire mitochondria (Fig. 8B, vector). A similar distribution was
observed in mdmI2A cells overexpressing Mdm31p (Fig. 8B,
MDM31I). These results indicate that Upslp, Ups2p, and
Mdm31p do not control the formation of ER-mitochondria
contact sites.

DISCUSSION

In this study, we investigated the roles of the ERMES com-
plex, Ups proteins, and Mdm31p in phospholipid metabolism
using gene knock-out and overexpression methods. Individual
loss of ERMES subunits, Upslp, or Mdm31p led to similar
phospholipid profiles such as decreased CL levels and increased
PS levels. We also found that the ERMES genes (MMM,
MMM2, MDM10, and MDM12), UPS1, UPS2, and MDM31
genetically interact. First, defects in cell growth of ERMES-de-
leted cells can be rescued by Mdm31p overexpression or loss of
Ups2p, which has functions opposite to Upslp. Second,
decreased cell growth in upsIA cells was also partially restored
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Mmm1p-GFP

Su9-RFP Merge

B
Mmm2p-GFP DIC

Mmm2p-GFP

FIGURE 8. Ups1p, Ups2p, and Mdm31p are not required for formation of ER-mitochondria contact sites. A, GFP-tagged Mmm1p (Mmm1p-GFP) and
mitochondria-targeted RFP (Su9-RFP) were expressed in wild-type, ups1A, ups2A, and mdm31A cells. B, GFP-tagged Mmm2p (Mmm2p-GFP) was expressed
from plasmid, pMY3 (33),in mdm12A cells with the multicopy plasmid expressing Mdm31p or an empty vector. Bar, 5 um; DIC, differential interference contrast.

by Mdm31p overexpression. Third, additional loss of Upslp
worsens cell growth in ERMES-deleted cells. Fourth, overex-
pression of Ups2p partially restores growth defects of mdm31A
cells. Fifth, loss of Mdm31p together with Upslp or Ups2p
causes severe synthetic growth defects. Finally, a previous study
has demonstrated synthetic growth defects in ERMES-deleted
cells in combination with mdm31A (36). These results suggest
that these proteins function in related mechanisms for phos-
pholipid metabolism, such as transport of phospholipids
between the ER and mitochondria, transport of phospholipids
within mitochondria, stability of phospholipids, and regulation
of phospholipid biosynthetic enzymes.

Our pulse-chase experiments to analyze conversion of PS to
PE and PC delineated at which stage lipid conversion is altered
and suggest that Ups1p and Ups2p antagonistically regulate PE
to PC conversion. Upslp promotes PE to PC conversion
because conversion rate of PE to PC was slower and PE accu-
mulated in the absence of Ups1p. In contract, Ups2p suppresses
PE to PC conversion. Supporting this function, ups2A cells
showed accelerate PE to PC conversion and reduced amounts
of PE. Upslp and Ups2p may regulate outward trafficking of PE
from the IM to the ER or PC biosynthetic enzymes such as
Cho2p and Opi3p. Our pulse-chase data are consistent with the
observation that #ps2A mitochondria contain lower levels of PE
and slightly increased levels of PC at the steady state (7). Differ-
ent from the pulse-chase data, we did not observe accumulation
of PE in upsIA mitochondria at the steady state level. The
steady state levels of PE may be compensated by parallel path-
ways. For example, PE and PC can be synthesized by two dis-
tinct mechanisms, the CDP-diacylglycerol and Kennedy path-
ways. Also, two PE synthases are present in mitochondria and
Golgi/vacuole.

In yeast, the ERMES complex is the only machinery reported
so far to form ER-OM contact sites. Our data that loss of the
ERMES complex can be partially substituted by overexpression
of Mdm31p or loss of Ups2p suggest that there may be multiple
mechanisms for ER-OM and OM-IM contact sites. In
mammals, it has been suggested that there may be multiple
mechanisms for the formation of ER-OM contact sites called
the mitochondrion-associated ER membrane. For instance, a
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mitochondrial fusion protein, Mfn2, tethers mitochondria and
the ER (53). In addition, many proteins are enriched at the
mitochondrion-associated ER membrane (54). OM-IM contact
sites are also formed by multiple mechanisms. The mitochon-
drial translocases in the OM and IM, the TOM and TIM23
complexes, are physically connected and coordinately function
(46 —49). In addition, recent studies have shown that a protein
complex named MICOS, MINOS, or MitOS spans both the
OM and IM and mediates OM-IM contact sites as well as cris-
tae junctions (50 -52).

The molecular functions of Mdm31p remain to be deter-
mined. Loss of Ups2p does not rescue the growth and CL
defects of mdm3IA cells, which show similar phenotypes to
those in upsIA and ERMES-deleted cells. Therefore, Mdm31p
does not appear to antagonize Ups2p like Upslp and ERMES
proteins. On the contrary, our genetic analyses suggest that
Mdm31p and Ups2p have overlapping functions. Mdm31p and
Ups2p may negatively regulate conversion of PE to PC. This
potential role could explain the decreased levels of PE observed
in ups2A and mdm3I1A cells (7, 35). Ups2p and Mdm31p may
also help maintain their abundance of PE and/or CL in the IM
because overexpression of Ups2p and Mdm31p increases PE
and CL levels under some conditions (i.e. Ups2p overexpres-
sion in mdm31A cells and Mdm31p overexpression in ERMES-
deleted or upsiA cells) (Figs. 4D, 6B, and 7C).

Defects in cell growth and mitochondrial morphology in cells
lacking the ERMES complex, Upslp, or Mdm31p do not simply
result from a decrease in CL levels. Supporting this notion,
mitochondria display tubular morphology in crd 1A cells, which
completely lack CL (55). These cells also do not display severe
impairments in cell growth (55). Therefore, morphological
defects may be caused by alterations in the levels of multiple
phospholipids or their ratio within mitochondrial membranes.
It is also possible that continuous trafficking of phospholipids
may be critical for maintaining the dynamic nature of mito-
chondrial morphology and therefore their function. These
models are consistent with a previous study showing that arti-
ficially reconnecting the ER and mitochondria using ChiMERA,
a hybrid protein that associates with both the ER membrane
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and OM, can restore tubular mitochondrial morphology in
ERMES-deleted cells (24).
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