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Phosphatidylserine Decarboxylase 1 (Psd1) Promotes
Mitochondrial Fusion by Regulating the Biophysical
Properties of the Mitochondrial Membrane and Alternative
Topogenesis of Mitochondrial Genome Maintenance Protein
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such as apoptosis and autophagy.

(Background: Phosphatidylethanolamine is proposed to regulate mitochondrial fusion, but its mechanism of action is
Results: Decreasing phosphatidylethanolamine reduces the rate of lipid mixing and the biogenesis of Mgm1, a mitochondrial

Conclusion: Psd1 regulates the lipid and protein machineries of mitochondrial fusion.
Significance: Understanding how lipid metabolism regulates mitochondrial dynamics will reveal its role in cellular functions

J

Non- bilayer-forming lipids such as cardiolipin, phosphatidic
acid, and phosphatidylethanolamine (PE) are proposed to gen-
erate negative membrane curvature, promoting membrane
fusion. However, the mechanism by which lipids regulate mito-
chondrial fusion remains poorly understood. Here, we show
that mitochondrial-localized Psd1, the key yeast enzyme that
synthesizes PE, is required for proper mitochondrial morphol-
ogy and fusion. Yeast cells lacking Psd1 exhibit fragmented and
aggregated mitochondria with impaired mitochondrial fusion
during mating. More importantly, we demonstrate that a reduc-
tion in PE reduces the rate of lipid mixing during fusion of lipo-
somes with lipid compositions reflecting the mitochondrial
membrane. This suggests that the mitochondrial fusion defect
in the Apsd1 strain could be due to the altered biophysical prop-
erties of the mitochondrial membrane, resulting in reduced
fusion kinetics. The Apsd1 strain also has impaired mitochon-
drial activity such as oxidative phosphorylation and reduced
mitochondrial ATP levels which are due to a reduction in mito-
chondrial PE. The loss of Psdl also impairs the biogenesis of
s-Mgml, a protein essential for mitochondrial fusion, further
exacerbating the mitochondrial fusion defect of the Apsdl
strain. Increasing s-Mgml levels in Apsdl cells markedly
reduced mitochondrial aggregation. Our results demonstrate
that mitochondrial PE regulates mitochondrial fusion by regu-
lating the biophysical properties of the mitochondrial mem-
brane and by enhancing the biogenesis of s-Mgm1. While sev-
eral proteins are required to orchestrate the intricate process of
membrane fusion, we propose that specific phospholipids of the
mitochondrial membrane promote fusion by enhancing lipid
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mixing kinetics and by regulating the action of profusion
proteins.

Mitochondria are highly dynamic organelles, constantly
undergoing fusion and fission reactions to maintain a tubular
network. Whereas the protein machineries of mitochondrial
fusion and fission have been extensively studied, the role of
lipids in regulating these processes is just beginning to be
uncovered. It has been shown that non- bilayer-forming lipids
such as phosphatidic acid, cardiolipin (CL),*> and phosphati-
dylethanolamine (PE) are required for proper mitochondrial
morphology (1-6). Recently, a study examining the loss of both
CL and PE by deleting CL synthase, CRD1, and the mitochon-
drial phosphatidylserine decarboxylase, PSD1, respectively,
demonstrated that both lipids are required for mitochondrial
morphology and fusion (5). In a mouse model, disrupting the
mammalian homolog of PSD1, Pisd, resulted in abnormal mito-
chondrial morphology (6). Furthermore, a reduction in the lev-
els of a mitochondrial-localized phospholipase D (mitoPLD,
which synthesizes phosphatidic acid from the hydrolysis of CL)
resulted in mitochondrial fragmentation (1). It is proposed that
these non-bilayer-forming lipids induce hexagonal phases,
generating negative membrane curvature that promotes mem-
brane fusion (7, 8). However, the mechanisms by which these
lipids regulate mitochondrial dynamics remain poorly
understood.

The protein machinery of mitochondrial fusion is highly
conserved from yeast to mammals and consists of large
dynamin-like GTPases. In yeast, the outer mitochondrial mem-
brane (OMM)-localized Fzol (Mfn1/2 in mammals) mediates

3 The abbreviations used are: CL, cardiolipin; CHX, cycloheximide; Etn, etha-
nolamine; FL-, full-length; IMM, inner mitochondrial membrane; I-, long;
OMM, outer mitochondrial membrane; PE, phosphatidylethanolamine; PS,
phosphatidylserine; s-, short.
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OMM fusion, whereas the inner mitochondrial membrane
(IMM)-localized Mgm1 (OPA1 in mammals) mediates IMM
fusion (9-12). A fungal-specific protein, Ugol, serves as an
adaptor, tethering Fzol and Mgml, coordinating OMM and
IMM fusion (13). Mgm1 exists as two isoforms, long (1-Mgm1)
and short Mgm1 (s-Mgm1) (14). A proper balance of 1- and
s-Mgml protein levels is crucial for mitochondrial fusion; per-
turbing this ratio results in impaired mitochondrial fusion (15).
The formation of s-Mgm1 from full-length Mgm1 (FL-Mgm1)
requires the enzymatic activity of the mitochondrial rhomboid
Rbd1/Pcpl and is an ATP-dependent process (14, 16, 17). Here,
we show that Psdl is required for maintaining mitochondrial
ATP levels and for the biogenesis of s-Mgm1 but does not
impinge on Rbd1 activity. We also provide evidence that Psd1
regulates mitochondrial fusion by regulating the biophysical
properties of the mitochondrial membrane, likely enhancing
the rate of lipid mixing during fusion. Together, our findings
reveal the mechanisms by which Psdl-synthesized PE pro-
motes mitochondrial fusion and demonstrate a complex inter-
action between lipid homeostasis, mitochondrial dynamics,
and mitochondrial activity.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Media—All strains used in this
study are derivatives of BY4741 (MATa; his3A1; leu2A0;
met15A0; ura3A0). Gene deletions and genomic tagging were
performed by homologous recombination of gene-specific PCR
products. pYX122-mtGFP (mtGFP), pYES-mtGFP and pYES-
mtBFP (galactose-inducible mtGFP and mtBEFP, respectively)
were kind gifts from Dr. Benedikt Westermann and have been
described previously (18). pRS315-s*Mgm1-3XHA (s*Mgm1)
was generated by cloning a Sacl/Sall double-digested fragment
from pRS314-s*Mgm1-3XHA (a gift from Dr. Andreas Reich-
ert and has been described previously (15)) into pRS315.
pRS315-Mgm1-G100D was also a gift from Dr. Andreas Reich-
ert and was described previously (17). Synthetic minimal
medium consisted of 0.17% yeast nitrogen base, 5% ammonium
sulfate, and 2% glucose, galactose or glycerol as the carbon
source. Rich medium consisted of 1% yeast extract, 2% peptone,
and 2% glucose or galactose. Ethanolamine supplementation
was added to a final concentration of 5 mm.

In Vivo Mitochondrial Fusion Assay—MA Ta cells expressing
pYES-mtGFP and MATa cells expressing pYES-mtBFP were
grown to log phase in synthetic galactose medium to induce the
expression of mtGFP and mtBFP. An equal number of cells
were mixed together and washed twice with synthetic glucose
medium to stop mtGFP and mtBFP production. Cells were
resuspended in the same volume of synthetic glucose medium,
mixed thoroughly, and spread evenly onto a synthetic glucose-
agar plate using a sterile inoculating loop. Liquid medium on
the agar plate was air-dried, and the plate was incubated for 3 h
at 30 °C for yeast mating. Cells were then carefully scraped off
the plate with a sterile inoculating loop, resuspended in syn-
thetic glucose medium, and analyzed by fluorescence
microscopy.

In Vitro Liposome Fusion Assay—Phospholipid compositions
of WT and Apsdl mitochondria were determined previously
(19). For fluorescence-labeled liposomes, 1.6% of the PE was
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replaced with 0.8% NBD-PE and 0.8% Lissamine Rhodamine
B-PE (Avanti Polar Lipids). Lipids were mixed in a glass tube
and dried under a gentle stream of nitrogen. Residual chloro-
form was removed under a rotary evaporator for 90 min. Lipid
films were rehydrated to a concentration of 0.5 mM in liposome
buffer (20 mm HEPES, pH 7.5, 150 mm NaCl) at 65 °C for 1 h,
vortexing every 15 min for homogeneity. To make liposomes,
hydrated lipids were extruded 15 times through a 1.0-um filter
membrane (Avanti Polar Lipids). Liposome fusion was carried
out in 96-well black plates in 100-ul reactions. 1 ul of labeled
liposomes was mixed with 9 ul of unlabeled liposomes in 80 ul
of liposome buffer. After reading basal fluorescence for 5 min,
10 pl of 1.0 M CaCl, was added to induce liposome fusion.
Liposome buffer was used as a negative control, and maximum
lipid mixing was determined by adding 10 ul of 10% octaethyl-
ene glycol monododecyl ether (C,,Eg). Fluorescence was nor-
malized to the initial fluorescence reading and presented as a
percentage of maximum lipid mixing.

Oxidative Phosphorylation—Cells were grown to log phase in
rich galactose medium. 3 X 107 cells were harvested per read-
ing, pelleted, and resuspended in 1 ml of fresh fully oxygenated
medium for oxygen consumption measurements using a Clark-
type oxygen electrode (Strathkelvin Instruments). 100% etha-
nol was added to a final concentration of 1% (v/v). After the rate
of oxygen consumption stabilized, 2 mm carbonylcyanide
m-chlorophenylhydrazone was added to a final concentration
of 8 um to induce maximum oxygen consumption.

Mitochondrial Purification—Cells were grown to log phase
in 50 ml of rich galactose medium, and mitochondria were puri-
fied as described by Gregg et al. with slight modifications (20).
Briefly, after mitochondrial enrichment, pellets were resus-
pended in 1 ml of resuspension buffer (homogenization buffer
without BSA) and gently homogenized three times with a tight
Dounce. Suspensions were then pelleted at 3,000 X g for 5 min
at 4 °C. The resulting supernatants were then centrifuged at
12,000 X gfor 15 min at 4 °C to pellet mitochondria. Mitochon-
drial purity was assessed by Western blotting.

ATP Assay—Purified mitochondria were resuspended in 15
plof5.5% TCA, 2 mMm EDTA and incubated on ice for 10 min to
extract ATP and precipitate mitochondrial proteins. Extracted
ATP was separated from precipitated proteins by centrifuga-
tion at 16,100 X g for 10 min at 4 °C. Supernatants containing
ATP were collected for ATP measurements using an ATP
Determination kit (Invitrogen) according to the manufacturer’s
instructions. Precipitated proteins were washed twice with ice-
cold acetone and heated at 95 °C for 5 min to fully evaporate the
acetone. Pellets were then resuspended in 15 ul of reducing
sample buffer and boiled for 5 min at 95 °C. Protein concentra-
tion was determined using the RC DC protein assay (Bio-Rad).

Cycloheximide Chase—Yeast cells were grown to log phase in
rich galactose medium. Cycloheximide was added to a final
concentration of 100 ug/ml. Cells were collected at the indi-
cated time points and lysed by alkaline lysis for Western blot
analysis. Lysates from 5 X 10° cells were loaded per sample.
Proteins were detected using Mgm1, Fzo1, and Tom40 antisera,
gifts from Dr. Jodi Nunnari, Dr. Andreas Reichert, and Dr.
Thomas Langer, respectively.
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RESULTS

Psd1 Is Required for Normal Mitochondrial Morphology—To
determine whether phospholipid composition plays a role in
regulating mitochondrial membrane dynamics, we examined
the mitochondrial morphology of the Apsd1 yeast strain. A pre-
vious study demonstrated that the loss of Psdl results in an
alteration in the mitochondrial phospholipid composition
when cells were cultured in rich medium with lactate as a car-
bon source. Despite the altered mitochondrial lipid composi-
tion, it was reported that the mitochondrial morphology of
these cells was unaffected (21). Indeed, we found that Apsdl
cells cultured in rich medium had mitochondria that are tubu-
lar, somewhat similar to that of wild type (WT) (Fig. 1, A and B).
However, upon further characterization, we find that 50% of
Apsdl cells had an intermediate mitochondrial morphology
(Fig. 1, A and B) consisting of tubules, but lacking an organized
interconnected network that is seen in WT yeast cells. Because
rich medium contains additional nutrients that could affect
overall lipid metabolism, we cultured cells in minimal medium,
supplying only the nutrients necessary for survival. In contrast
to cells cultured in rich medium, 85% of Apsd 1 cells cultured in
minimal medium had mitochondria that were fragmented and
aggregated (Fig. 1, A and B). This result is consistent with recent
findings that Psd1 is required for normal mitochondrial mor-
phology (4, 5). To further define the mitochondrial aggregation
phenotype, we performed electron microscopic analysis.
Unlike WT mitochondria that are evenly distributed through-
out the cytoplasm, ApsdI mitochondria were clustered but not
fused (Fig. 1C). Furthermore, the inner membrane of Apsdl
mitochondria was less electron-dense, suggesting possible
inner membrane defects (Fig. 1C). Together, these data indicate
that Psd1 is required for normal mitochondrial morphology,
highlighting the importance of mitochondrial lipid metabolism
in maintaining organellar morphology. The clustered mito-
chondrial phenotype of the Apsdl strain resembles that of
mitochondrial fusion mutants (22), suggesting that Psd1 might
regulate mitochondrial fusion.

Psdl Is Required for Proper Mitochondrial Fusion during
Yeast Mating—To assess whether the mitochondrial morphol-
ogy defect in Apsdl cells is due to a defect in mitochondrial
fusion, we performed an in vivo mitochondrial fusion assay.
During yeast mating, mitochondria fuse, and mitochondrial
content mixing of the mating MATa and MA T« haploids can
be used as an assay to monitor mitochondrial fusion. As a pos-
itive control, WT cells had complete mixing of mitochondrial
content (Fig. 2, A and B), indicating complete mitochondrial
fusion in this assay. In contrast, only 50% of ApsdI cells showed
complete mitochondrial content mixing whereas the remaining
50% had only partial mixing (Fig. 2, A and B). This result is
surprising considering the mitochondrial fragmentation and
aggregation in the Apsd 1 strain (Fig. 1B). Nevertheless, the abil-
ity of Apsdl mitochondria to undergo fusion indicates that
Psd1 is not an obligate member of the mitochondrial fusion
machinery. However, the partial fusion phenotype strongly
implicates Psd1 as an important regulator and that the altered
phospholipid composition of the mitochondrial membrane
affects in vivo mitochondrial fusion during mating.
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FIGURE 1.Psd1 is required for normal mitochondrial morphology. WT and
Apsd1 cells were transformed with a mitochondrial matrix-targeted GFP con-
struct (mtGFP) and cultured in rich and minimal media with galactose as the
carbon source. A, representative images of cells with tubular, intermediate,
fragmented, and aggregated mitochondria. B, quantification of the mito-
chondrial morphology of cells cultured in rich and minimal media. More than
300 cells were analyzed per strain. Error bars represent the S.D. of three inde-
pendent experiments. C, electron microscopic analysis of the WT and Apsd1
strains cultured in minimal medium. Mitochondria (arrows), nuclei (n), and
vacuoles (v) are indicated. Scale bars, 500 nm.

Phospholipid Composition Affects the Rate of Lipid Mixing—
Impaired mitochondrial fusion of the ApsdI strain during yeast
mating suggests that the phospholipid composition of the mito-
chondrial membrane plays an important role in promoting
mitochondrial fusion. To assess whether the altered lipid com-
position affected the biophysical properties of the mitochon-
drial membrane that could influence mitochondrial fusion, we
performed an in vitro liposome fusion assay using liposomes
with phospholipid compositions similar to that of WT and
Apsd1 mitochondria (19). Upon the addition of CaCl, to induce
fusion, liposomes with phospholipid compositions similar to
that of Apsdl mitochondria (Apsdl liposomes) fused to the
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FIGURE 2. Psd1 is required for mitochondrial fusion during yeast mating.
A, representative images of cells that have undergone complete, partial, and
no mitochondrial fusion during yeast mating. Haploid WT and Apsd1 strains
were transformed with a galactose-inducible mtGFP or mtBFP. Strains were
cultured and mated as described under “Experimental Procedures” and ana-
lyzed for mitochondrial content mixing. The extent of mitochondrial fusion
was indicated by the amount of mixing between mtGFP and mtBFP. B, quan-
tification of zygotes that have undergone complete, partial, or no mitochon-
drial fusion. 20 zygotes were analyzed per strain. Error bars, S.D.

same extent as those with compositions similar to that of WT
mitochondria (WT liposomes). This indicates that altering the
phospholipid composition does not affect the extent to which
liposomes fused (Fig. 34) and is consistent with our in vivo
mitochondrial fusion assay that Apsdl mitochondria can
undergo complete fusion (Fig. 2B). Interestingly, the slope of
the curve during mixing of ApsdI liposomes is different from
that of WT liposomes (Fig. 3A). Because the slopes of the curves
represent the relative rates of reaction, we analyzed the slopes
to determine whether reduced fusion kinetics could contribute
to the mitochondrial fusion defect in the Apsdl strain. Our
analysis indicates that Apsd1 liposomes have an ~75% reduc-
tion in their rates of lipid mixing compared with WT liposomes
(Fig. 3B). Due to the absence of proteins in this assay, our result
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FIGURE 3. Liposomes with lipid compositions similar to Apsd7 mitochon-
dria have a reduced rate of lipid mixing. A, in vitro liposome fusion was
performed as described under “Experimental Procedures.” Liposomes
labeled with NBD and Lissamine Rhodamine B were mixed with unlabeled
liposomes; basal NBD fluorescence was monitored for 5 min. CaCl, and C,,Eg
were added to induce fusion and maximum lipid mixing, respectively. The
increase in NBD fluorescence indicates relief of NDB quenching by Lissamine
Rhodamine B. B, quantification of the rates of lipid mixing indicated by
the slopes of the curves in A. Values represent the mean = S.D. (error bars) of
three independent experiments. *, p < 0.0001; N.S., not significant (p > 0.05).

indicates that changes in the phospholipid content of ApsdI
mitochondria likely alter the biophysical properties of the mito-
chondrial membrane, reducing the kinetics of lipid mixing dur-
ing mitochondrial fusion.

Psd1 Is Required for Proper Mitochondrial Activity—To bet-
ter define the importance of Psd1 in mitochondrial biology, we
determined whether Psdl1 is required for normal mitochondrial
homeostatic functions such as cell growth and mitochondrial
bioenergetics. We analyzed cell growth under respiratory con-
ditions, overall rate of oxidative phosphorylation, and mito-
chondrial ATP levels. Serial dilutions indicate that the Apsd1
strain grows slower than the WT strain on glycerol, a nonfer-
mentable carbon source that necessitates respiration (Fig. 44).
To more quantitatively determine the mitochondrial metabolic
defect in the Apsdl strain, we analyzed oxidative phosphoryla-
tion by examining the rate of oxygen consumed during ethanol
metabolism. Our data revealed that the basal rate of oxidative
phosphorylation in the Apsdl strain is 50% that of the WT
strain (Fig. 4B). The mitochondrial uncoupler, carbonylcyanide
m-chlorophenylhydrazone was added to determine the maxi-
mum activity of the electron transport chain (23). The maxi-
mum rate of oxidative phosphorylation in the Apsd1 strain is
also 50% that of the WT strain (Fig. 4B). To determine the effect
of impaired oxidative phosphorylation on energy production, a
key function of mitochondria, we analyzed the amount of ATP
in purified mitochondria. Apsdl mitochondria had ~75% of
WT mitochondrial ATP levels, indicating that Psd1 is required
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FIGURE 4. The Apsd1 strain has defects in mitochondrial activity. A, serial
dilutions of WT and Apsd1 strains on glucose, glycerol, and glycerol with Etn.
B, rate of oxidative phosphorylation indicated by the rate of oxygen con-
sumed (nanoatom/minute per million cells) measured as described under
“Experimental Procedures.” C, amount of ATP in purified mitochondria
(pmol/mg of protein) measured using a luciferase assay. Amgm1 is a respira-
tory-incompetent strain used as a negative control. D, Western blot analysis
of I-Mgm1 and s-Mgm1 protein levels in WT, Apsd1, and Apsd1 cells grown in
the presence of Etn. E, quantification of Western blots described in D. All
values represent the means = S.D. (error bars) of three independent experi-
ments. *, p < 0.007; **, p < 0.02; N.S., not significant (p > 0.05).

for the maintenance of mitochondrial ATP (Fig. 4C). Together,
these results highlight the importance of Psd1, and likely the
phospholipid PE, in regulating crucial mitochondrial compo-
nents such as the electron transport chain to maintain cellular
respiration and energy production.

Ethanolamine Cannot Rescue Apsdl Mitochondrial-specific
Defects—In Saccharomyces cerevisiae, the major route of PE
synthesis is by decarboxylation of phosphatidylserine (PS) by
the mitochondrial-localized Psd1 and the secretory pathway-
localized Psd2. Exogenously added ethanolamine (Etn) or Etn
formed endogenously by lipid metabolism can also be used to
synthesize PE via the Kennedy pathway (24). Because Psd1-de-
pendent PS decarboxylation is the major route of PE synthesis,
the loss of Psd1 results in significantly reduced mitochondrial
and cellular PE. It was also reported that supplementing the
Apsd]1 strain with exogenous Etn does not significantly increase
mitochondrial PE content, indicating that exogenous PE is not
efficiently transported to mitochondria (21). To directly dem-
onstrate that the mitochondrial defects are a result of a reduc-
tion in mitochondrial PE, we cultured ApsdI cells in medium
supplemented with Etn, which should increase extramitochon-
drial PE via the Kennedy pathway. The Apsd1 glycerol growth
defect is partially rescued in the presence of Etn (Fig. 4A4). Inter-
estingly, this rescue is independent of mitochondrial bioener-
getics. The addition of Etn could not rescue the Apsd ! oxidative
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phosphorylation or mitochondrial ATP defects (Fig. 4, B and
C). These results strongly indicate that total cellular PE is cru-
cial for growth and that mitochondrial-localized PE is required
for efficient mitochondrial bioenergetics.

To assess whether mitochondrial PE is important for the
maintenance of proper mitochondrial morphology, we ana-
lyzed the mitochondrial morphology of Apsd1 cells expressing
mtGFP grown in the presence of Etn as previously described.
Under these conditions, 50% of Apsd 1 cells had an intermediate
mitochondrial morphology. Mitochondria in these cells,
although mostly tubular, were not connected in a network like
those of WT cells (Fig. 1, A and B). This resembles the mito-
chondrial morphology of Apsd1 cells cultured in rich medium,
indicating that Psd1 is required for proper mitochondrial mor-
phology, especially under more stringent, nutrient-limiting
growth conditions.

Interestingly, it was previously observed that the loss of Psd1
results in altered ratios of I- and s-Mgm1 (25). This could sug-
gest that the mitochondrial morphology defect in ApsdI cells is
due to altered Mgm1 ratios. Thus, we determined whether the
addition of Etn could alter Mgm1 protein ratios. Cells analyzed
for their mitochondrial morphology were also harvested for
Western blotting using Mgm1-specific antibodies. The ratio of
I-Mgm1 and s-Mgml was not altered in the presence of Etn
(Fig. 4, D and E), indicating that the rescue of mitochondrial
fragmentation and aggregation in Apsdl is not a result of
restoring Mgm1 ratios. The inability of Etn to fully restore the
tubular mitochondrial network and Mgm1 ratios suggests that
the imbalance of I- and s-Mgm1 protein levels contributes to
the mitochondrial morphology defect in the ApsdI strain.

s*Mgm1 Can Rescue Mitochondrial Aggregation but Not the
Glycerol Growth Defect in Apsd1 Cells—A delicate balance of 1-
and s-Mgml is required for proper mitochondrial fusion.
1-Mgm1 exerts a dominant negative effect; increased accumu-
lation of I-Mgm1 results in impaired mitochondrial fusion (15).
To address the possibility that the 1- and s-Mgm1 protein
imbalance contributes to the mitochondrial morphology defect
in the Apsdl strain, we artificially increased the levels of
s-Mgm1 by expressing a modified form of Mgm1 (s*Mgm1) on
an exogenous plasmid (15). Expression of s*Mgm1 in the Apsd 1
strain markedly reduced mitochondrial aggregation and
increased the number of cells with a tubular mitochondrial net-
work (Fig. 5A). Culturing Apsd 1 cells expressing s*Mgm1 in Etn
showed no further rescue of mitochondrial morphology (Fig.
5A). Although s*Mgm1l could rescue the mitochondrial net-
work and aggregation, serial dilutions indicate that Apsd1 cells
expressing s*Mgm1 still exhibit impaired growth on glycerol
(Fig. 5, Band C). These results indicate that s*Mgm1 could not
restore mitochondrial activity in ApsdI despite restoring mito-
chondrial morphology.

Psdl1 Regulates Alternative Topogenesis of MgmI—Our data
indicate that the mitochondrial morphology defect in Apsdl
cells is partly due to altered 1- and s-Mgm1 protein levels. To
define how Psd1 regulates Mgm1, we determined whether Psd1
regulates the biogenesis, proteolysis, and/or degradation of
Mgm1l. Mgm1 has two N-terminal hydrophobic regions. Inser-
tion of the first hydrophobic region of FL-Mgm1 into the mito-
chondrial inner membrane results in the formation of -Mgm]1.
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FIGURE 5. s*Mgm1 suppresses Apsd1 mitochondrial aggregation. A, WT
and Apsd1 strains expressing mtGFP transformed with an empty vector (vec-
tor) or s*Mgm1 and cultured in the presence or absence of Etn. Mitochondrial
morphology was quantified as in Fig. 1B. Quantification represents the mean
=+ S.D. (error bars) of three independent experiments. B, serial dilutions of WT
and Apsd1 cells with and without s*Mgm1 expression plasmid grown on glu-
cose and glycerol. C, Western blot analysis indicating that s*Mgm1 is
expressed.

In an ATP-dependent process, FL-Mgm1 can be inserted into
the membrane via the second hydrophobic region, bypassing
the first hydrophobic region (17). Subsequent proteolytic cleav-
age in the second hydrophobic region of Mgm1 by the rhom-
boid protease Rbd1/Pcpl results in the formation of s-Mgm1.
This alternative formation of I-Mgm1 and s-Mgml from FL-
Mgml is known as Mgml alternative topogenesis (16, 26). It
was previously shown that reducing the hydrophobicity of the
first hydrophobic region allows Mgm1l to bypass alternative
topogenesis, resulting in most of the Mgm1 protein being con-
verted to s-Mgml (17). To determine whether Psd1 regulates
the balance of I- and s-Mgm1 by regulating Rbd1, we analyzed
the processing of Ccpl, another substrate of Rbd1. The proc-
essing of Ccpl in the ApsdI strain was indistinguishable from
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FIGURE 6. Psd1 regulates Mgm1 alternative topogenesis. A, Western blot
analysis of WT and Apsd17 strains expressing HA-tagged Ccp1. B, CHX chase
performed for 24 h. WT and Apsd1 cells were harvested at the indicated time
points and analyzed by Western blotting using Mgm1, Fzo1, and Tom40 anti-
sera. C, fold changes in s-Mgm1/total Mgm1 and Fzo1 protein levels as quan-
tified by densitometry of the Western blots described in B. D, Western blot
analysis of ApsdTAmgm1 cells expressing WT or the G100D point mutant of
Mgm1. Values represent the mean = S.D. of three independent experiments.

that of the WT strain (Fig. 64), indicating that Psd1 is not sim-
ply required for the activity of Rbd1l but specifically regulates
Mgml. To determine whether Psd1 regulates Mgm1 degrada-
tion, we performed a cycloheximide (CHX) chase. Consistently,
we showed that the loss of Psdl results in an increased I- to
s-Mgml protein ratio (Fig. 6B). To determine whether this
altered ratio is due to altered Mgm1 degradation, we analyzed
the change in s-Mgm1 compared with total Mgm1 levels as a
ratio during our CHX chase. A difference in the ratio between
the WT and ApsdI strains would indicate that Psd1 regulates
the degradation of I-Mgml and/or s-Mgml. Protein ratios
at the different time points were normalized to the starting
protein ratio for each strain. Our analysis indicated no change
in the ratio of s-Mgm1 compared with total Mgm1 levels over
the course of 24 h during our CHX chase (Fig. 6, Band C). This
result indicates that - and s-Mgm1 are turned over at similar
rates in the WT and Apsd 1 strains and that differential turnover
of - and s-Mgm1 is not the cause of altered 1- and s-Mgm1
protein ratios in the Apsd1 strain. As a positive control for the
CHX chase, we also analyzed the degradation of Fzol. In the
WT strain, Fzol protein levels decreased over the course of the
CHX chase, indicating that Fzol is rapidly degraded (Fig. 6, B
and C), as previously observed (27). Interestingly, Fzol degra-
dation is not impaired in the Apsd1 strain. This is further evi-
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dence that Psdl specifically regulates Mgml protein levels
rather than globally regulating the stability of mitochondrial
proteins. Because the formation of s-Mgm1 is ATP-dependent,
our result that Psdl is required for the maintenance of mito-
chondrial ATP levels (Fig. 4C) suggests that Psd1 regulates the
ATP-dependent mechanism of s-Mgm1 biogenesis. To more
definitively show that Psd1 regulates Mgm1 alternative topo-
genesis, we analyzed Apsd1Amgm I cells expressing WT Mgm1
or Mgml-G100D, a previously described point mutant of
Mgml (17). The G100D point mutation results in reduced
hydrophobicity in the first hydrophobic region of Mgm]1, allow-
ing it to bypass alternative topogenesis. This results in most of
the Mgm1-G100D protein being converted to s-Mgm1 (17).
Consistent with previous data, the ApsdIAmgml strain
expressing a plasmid-borne copy of WT Mgml had less
s-Mgm1 compared with I-Mgm1 (Fig. 6D). In contrast, the
expression of Mgm1-G100D in Apsd1Amgm]1 cells resulted in
most of the Mgm1 protein being converted to s-Mgm1 (Fig.
6D). Taken together, our findings indicate that Psd1 regulates
the balance of I- and s-Mgm1 by regulating Mgm1 alternative
topogenesis, likely through its ATP-dependent mechanism.

DISCUSSION

Mitochondrial dynamics have emerged as a critical aspect of
mitochondrial biology, and they are implicated in several cellu-
lar outputs including apoptosis and autophagy. In the last dec-
ade, the protein machineries of membrane fusion and fission
have been the focus of intense study, and the integral protein
units that orchestrate these membrane dynamics have been
well characterized. The next phase of discovery will be to
understand the intricate mechanisms that regulate mitochon-
drial dynamics and how they are integrated into cellular signal-
ing networks. Here, we have characterized the role of mito-
chondrial lipid metabolism in regulating overall mitochondrial
biology, and more specifically membrane fusion.

Previous reports have indicated that Psd1 impacts mitochon-
drial morphology. We have identified the specific mitochon-
drial defects that arise when mitochondrial phospholipid com-
position is altered. A recent study that dramatically reduced
both CL and PE demonstrated defects in mitochondrial mem-
brane fusion and suggested overlapping roles of these phospho-
lipids in mitochondrial activity (5). We have uncovered several
mechanistic details of mitochondrial dysfunctions when only
Psd1 is removed from mitochondria. Interestingly, most of the
defects are hidden when cells are grown in rich medium, likely
the result of compensatory lipid metabolic pathways that use
the additional nutrients found in bacterial and yeast extracts
present in rich media. Indeed, we have shown that mitochon-
dria are tubular in Apsd1 cells grown in rich medium, but are
fragmented and aggregated in minimal medium (Fig. 1B). As
shown by rescue experiments, mitochondrial aggregation in the
Apsd1 strain grown in minimal medium can be rescued by the
addition of Etn (Fig. 1B). This strongly indicates that nutrients
like Etn in the rich growth medium affect the mitochondrial
morphology of Apsd1 cells.

The ability of Etn to rescue mitochondrial aggregation but
not the tubular mitochondrial network in the Apsdl strain
could be due to increased OMM PE due to lipid transfer at

NOVEMBER 23,2012 +VOLUME 287 +NUMBER 48

Psd1 Regulates Mitochondrial Dynamics

mitochondrial-ER contact sites. It has recently been shown that
an ERMES (ER-Mitochondria encounter structure) complex
consisting of Mmm1, Mdm10, Mdm12, and Mdm34 tethers ER
and mitochondria, facilitating phospholipid exchange between
these organelles (28). It has also been shown that the secretory
pathway-localized Psd2 and the Kennedy pathway contribute
more PE to the OMM than to the IMM (19). This is further
supported by our data indicating that IMM functions are not
restored with Etn supplementation. Oxidative phosphorylation
and mitochondrial ATP levels, which require a functional elec-
tron transport chain in the IMM, are not restored in the Apsd
strain in the presence of Etn (Fig. 4, B and C). Indeed, it has
previously been shown that PE influences the activity of
enzymes in the electron transport chain (29). This further
stresses the importance of Psd1 in supplying mitochondrial PE
to maintain proper mitochondrial bioenergetic activity. Curi-
ously, although Etn supplementation could not rescue mito-
chondrial bioenergetics, it could moderately suppress the glyc-
erol growth defect in the Apsd1 strain (Fig. 4A). This result
strongly indicates that lipid homeostasis not only affects mito-
chondrial functions, but other pathways required for proper
cellular growth, bringing further attention to the importance of
Psd1 in maintaining cellular and organellar lipid homeostasis.

In addition to a role in maintaining mitochondrial function,
our study reveals that Psd1l maintains proper mitochondrial
morphology by regulating mitochondrial fusion. Our data
strongly indicate that the mitochondrial fusion defect in the
Apsd]l strain is due to both a reduced rate of lipid mixing from
the altered biophysical properties of the mitochondrial mem-
brane and also impaired Mgm1-driven mitochondrial fusion.
Liposomes with phospholipid compositions similar to that of
ApsdI mitochondria fuse to the same extent as those with com-
positions similar to that of WT mitochondria. However, their
rate of fusion is only ~25% that of WT (Fig. 3, A and B). Alter-
ations in the lipid composition can affect many properties of the
lipid membrane that are believed to be important for mem-
brane fusion. PE is known to generate negative membrane cur-
vature, increase lipid-packing stress, and induce the formation
of hexagonal phases-all of which are properties that enhance
membrane fusion (30 —32). Here, we show that these alterations
to the biophysical properties of liposomes with a lipid compo-
sition similar to that of the mitochondrial membrane reduce
their fusion kinetics. However, this in vitro experiment was per-
formed in the absence of proteins and a second bilayer, factors
that promote mitochondrial fusion. Nevertheless, our result
suggests that the lipid composition is unlikely to regulate the
extent of fusion, but might regulate the kinetics of fusion. To
our knowledge, this is the first indication that the kinetics of
mitochondrial fusion could be regulated by its phospholipid
composition.

The ability of s*Mgm1 to significantly reduce mitochondrial
aggregation in the Apsdl strain strongly indicates that Psd1l
regulates mitochondrial morphology in part by regulating
alternative topogenesis and the biogenesis of Mgm1. Although
we might have expected the combination of s*Mgm1 and Etn
supplementation to fully rescue the mitochondrial morphology
defect in the Apsd1 strain, we observed no significant improve-
ment in the presence of Etn when Apsdl cells expressed
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FIGURE 7. Model of Psd1-dependent mitochondrial regulation. PE generates negative membrane curvature, promoting fusion. In addition, the headgroup
of PE provides favorable kinetic conditions. Because PE is known to regulate complexes of the electron transport chain, energy production is impaired with
reduced PE, further contributing to the mitochondrial fusion defect by impairing s-Mgm1 protein biosynthesis.

s*Mgml (Fig. 5A4). Although s*Mgm1l expression rescued the
imbalance of I-Mgm1 and s-Mgm1 in ApsdI cells, it could not
restore the phospholipid balance of the mitochondrial mem-
brane. This is compelling evidence that Psd1 plays many non-
overlapping roles in mitochondrial regulation, all of which are
critical in mitochondrial biology and further substantiates the
concept that the phospholipid composition of the IMM is crit-
ical for proper mitochondrial activity.

Interestingly, we observed differing severities of the Apsdl
mitochondrial morphology defect. When the cells expressed
the HIS3 gene (Fig. 1B), the morphology defect was more severe
than when they expressed both the HIS3 and LEU2 genes (Fig.
5A). Only 50% of Apsd1 cells had fragmented and aggregated
mitochondria when expressing the HIS3 and LEU2 genes com-
pared with 85% when expressing only the HIS3 gene (Figs. 54
and 1B, respectively). This is a strong indication that lipid
homeostasis is closely linked to amino acid biosynthesis.
Indeed, leucine was previously identified as a precursor of phos-
pholipids such as PS, PE, and phosphatidylcholine (33). It is
possible that the ability to synthesize leucine allowed for the
conversion of some leucine to PE, compensating for the reduc-
tion in PE levels in the ApsdI strain.

Our current study reveals that Psd1 regulates mitochondrial
morphology by enhancing the rate of lipid mixing during mito-
chondrial fusion. We also show that Psd1 plays crucial roles in
maintaining mitochondrial functions such as oxidative phos-
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phorylation and maintaining ATP levels. In addition, impaired
Mgm1 alternative topogenesis in ApsdI cells impedes s-Mgm1
biogenesis, further exacerbating the mitochondrial fusion
defect (Fig. 7). Our work highlights the dual function of Psd1 in
regulating mitochondrial fusion by enhancing lipid kinetics and
the biogenesis of a mitochondrial fusion protein.

Although studies in the last decade have focused on the pro-
tein machinery of mitochondrial dynamics, several recent
reports have brought lipid homeostasis to the forefront of mito-
chondrial biology. Our work and work of others have identified
critical roles of phospholipids in maintaining cellular and
organellar competence, highlighting their critical biological
importance.
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