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Abstract: Autophagy is a cellular recycling program which efficiently reduces the cellular burden
of ageing. Autophagy is characterised by nucleation of isolation membranes, which grow in size
and further expand to form autophagosomes, engulfing cellular material to be degraded by fusion
with lysosomes (vacuole in yeast). Autophagosomal membranes do not bud from a single cell
organelle, but are generated de novo. Several lipid sources for autophagosomal membranes have
been identified, but the whole process of their generation is complex and not entirely understood. In
this study, we investigated how the mitochondrial outer membrane protein porin 1 (Porl), the yeast
orthologue of mammalian voltage-dependent anion channel (VDAC), affects autophagy in yeast.
We show that POR1 deficiency reduces the autophagic capacity and leads to changes in vacuole
and lipid homeostasis. We further investigated whether limited phosphatidylethanolamine (PE)
availability in por1A was causative for reduced autophagy by overexpression of the PE-generating
phosphatidylserine decarboxylase 1 (Psd1). Altogether, our results show that POR1 deficiency is
associated with reduced autophagy, which can be circumvented by additional PSD1 overexpression.
This suggests a role for Porl in Psd1-mediated autophagy regulation.

Keywords: autophagy; voltage dependent anion channel (VDAC); phosphatidylethanolamine; phos-
phatidylserine decarboxylase

1. Introduction

Macroautophagy, hereafter referred to as autophagy, represents a cellular recycling
mechanism, which regulates degradation of misfolded, oxidised, aggregated, or simply
unneeded proteins. Furthermore, autophagy can facilitate the degradation of entire or-
ganelles, such as mitochondria or peroxisomes [1]. Autophagy thus represents a major
cellular means to maintain homeostasis and protect from age-related damage [2]. During
autophagy, an isolation membrane is nucleated and extended to form an autophagosome,
which is used to enclose the material to be degraded. The lipid material making up the
autophagosomal membrane does not simply derive from a single organelle, but uses multi-
ple lipid sources, such as the ER [3], mitochondria [4], Golgi [5,6], plasma membrane [7,8],
endosomes [9,10], and lipid droplets [11,12]. However, it has recently been suggested that
the extension of the autophagosomal membrane occurs de novo at ER-autophagosome
contacts. This process involves Faal-mediated channelling of activated fatty acids into
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phospholipids, which are used in autophagosomal membrane expansion [13]. The avail-
ability of fatty acids [14-16] and phosphatidylethanolamine (PE) [17] has further been
shown to be a limiting factor for autophagy.

Phospholipid synthesis occurs predominantly at the ER and, to some extent, within
mitochondria. Mitochondria can contribute to PE synthesis, which is used widely within
the cell, as well as synthesis of those lipids specific to the organelle, such as cardiolipin (CL)
and phosphatidylglycerol (PG). Phosphatidic acid (PA) represents the precursor for CL and
PG synthesis [18], whereas PE is generated in the mitochondrion through decarboxylation
of phosphatidylserine (PS) by the PS decarboxylase Psd1 [19,20]. In yeast, Psd1 was thought
to be specific to mitochondria [20]; however, recent evidence suggests it can also localise to
the ER, where it promotes PE synthesis upon starvation [21]. Three alternative pathways
have been described for PE production in yeast, Psd2-mediated PS decarboxylation, the
CDP-ethanolamine branch of the Kennedy pathway, and lyso-PE reacylation by Alel [22].
In yeast, mitochondrial PE production via Psd1 represents the major route [22]. This route
relies on the delivery of PS as a PE precursor from the ER to mitochondria. Efficient
PS transfer from the outer to the inner mitochondrial membrane is carried out by the
lipid transfer complex Ups2-Mdm35 [18,23]. Alternatively, Psd1 can process PS in the
outer mitochondrial membrane in trans at the MICOS contacts, the site where outer and
inner mitochondrial membranes come into close contact [18,24]. The CL precursor PA
is translocated from the outer to the inner mitochondrial membrane in a similar way to
Ups2-Mdm35-dependent PS translocation using Ups1-Mdm35 [18,25].

These lipid transport systems and the communication between the ER and mitochon-
dria might represent important factors not only for co-ordinating lipid metabolism, but
also in regulating autophagy. Such communication is facilitated by proteins or protein
complexes, which bring the two organelles into close contact. These include membrane
contact sites (MCS) between the ER and mitochondria, in yeast, namely ERMES [26,27]
(ER-mitochondria encountering structure) and EMC (ER-mitochondria complex) [28].

In this study, we investigate the possibility that VDAC may also play a role in lipid
transport and the process of autophagy, which may suggest a role in mitochondria—ER
contacts. VDACs/porins are mitochondrial outer membrane proteins, which allow for
metabolite exchange between the mitochondrial intermembrane space and the cytosol.
They, thus, act as controllers of metabolic flux into the mitochondria [29]. Human VDAC1
consists of a 3-barrel containing 19 amphipathic 3-strands and an N-terminus formed of
a-helical segments, which wedge into the channel and partially block it [30]. Mammalian
VDACs have been described as components of ER-mitochondria tethering complexes
regulating Ca?" homeostasis [31]. Whether the yeast VDACs Por1 or Por2 have such
tethering functions is unexplored, but large-scale Por1 interaction data suggest physical
and/or genetic interactions with the ERMES components Mdm10, Mdm12, Mdm34, and
Mmm?1 [27,32-35]. Porl is the most abundant protein in the yeast outer mitochondrial
membrane, with up to 16,000 copies per mitochondrion [36]. It, thus, represents a very
suitable docking scaffold for proteins mediating tethering to mitochondria and not only to
mediate Ca?* transfer, but also to regulate lipid exchange.

In this study, we examined how Porl affects autophagy and lipid metabolism in
yeast. Our results reveal that the expression level of Por1 is critical for proliferation, lipid
homeostasis, and autophagy. We suggest that Porl harbours essential functions in the
co-ordination of lipid synthesis and inter-organelle communication, which impact the
regulation of autophagy.

2. Materials and Methods
2.1. Yeast Strains and Growth Conditions

All experiments were carried out in BY4741 (Mata his3A1; leu2 AO; met15A0; ura3A0)
obtained from Euroscarf. The single-deletion strain of POR1 was obtained from the Eu-
roscarf knock-out collection. Yeast strains carrying pATGS8-EGFP-ATGS fusions were
generated according to the method by Janke et al. [37], using a modified pYM-N37 plasmid
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(PYMPpATGS) as a template and primers as described in Eisenberg et al. [38]. Yeast strains
carrying chromosomal VPHI-yEGFP (introduced with a URA3 selection marker) were a
kind gift from Sabrina Buettner. For expression of Porl, we used PCR amplification of
PORT1 using the following primers:

POR1-fwd: atcaCGGCCGATGTCTCCTCCAGTTTACAG;

POR1-rev: atcaGAGCTCTCAAGCGTCGAAGGACAAAG.

A restriction digest of the PCR product was carried out with Eagl (CGGCCG) and
Sacl (GAGCTC), which was then ligated into the similarly digested pESC-HIS plasmid
(Stratagene). PSD1 was also expressed from a pESC-HIS plasmid, the construction of
which was previously described [17]. Transformation of plasmids into yeast cells was
performed using the lithium acetate method [39]. At least three different clones were tested
after plasmid transformation or genomic replacement to rule out clonogenic variations.
All experiments were carried out in synthetic complete (SC) medium, except for the
experiments shown in Figures la—c and S1a,b, which were carried out on yeast peptone
(YP) medium. YP medium contains 1% yeast extract (BD), 2% peptone (BD), and 2% glucose
as a carbon source for YPD medium or 3% glycerine for YPGly medium, respectively. SC
medium contains 0.17% yeast nitrogen base (Difco), 0.5% (NH4)2504, and 30 mg/L of
all amino acids (except 80 mg/L histidine and 200 mg/L leucine), 30 mg/L adenine,
and 320 mg/L uracil with 2% glucose. All media were prepared with ultrapure water
(MilliQ) and subsequently autoclaved (20 min, 121 °C, 110 kPa). Amino acid mixtures were
sterilised separately as 10 x stocks and added after autoclaving; this also applies to glucose
and galactose stocks. All yeast cultures were inoculated from a stationary overnight culture
to an ODgpp = 0.1 or 0.15, and then grown at 30 °C and 145 rpm shaking for indicated
time points. For Gall0-driven expression of Porl or Psd1, we used SC medium with 1% D-
glucose and 1% D-galactose (1:1 SCD/SCG) or, in the case of Psd1 expression, SC medium
with 1.5% D-galactose and 0.5% D-glucose. These mixed-carbon source media were used
to optimise growth conditions for por1A, which has severe growth defects on galactose-
only-containing growth media, while, at the same time, allowing for expression of the
constructs. Cells were shifted to SCD/SCG medium 5 h after inoculation. Aliquots were
harvested at indicated time points to study survival, vacuolar morphology or autophagy.

All autophagy induction experiments were carried out on SC medium. For rapamycin-
induced autophagy, rapamycin (dissolved in DMSO) was supplemented to a final concen-
tration of 30 nM at 6 h after inoculation. Autophagy induction by nitrogen starvation was
similarly performed as described before [40]. In brief, cells were inoculated in 2% SCD and
shifted to nitrogen starvation medium consisting of SC medium without (NH4),5O4 and
amino acids after 8 h of growth, with two steps of washing with ultrapure water. Samples
were adjusted to an ODgqg of 1.

2.2. Growth Assays

Wildtype, por1A, and POR1- or PSD1-overexpression strains were inoculated from
overnight cultures to an ODgg of 0.1 (1 mL total volume per well) in 24-well plates (Sarstedt)
in two or three independent experiments, each containing at least three biological replicates.
The plate was automatically measured for 24-48 h using a BMG LabTech SPECTROstarNan©
plate reader with double orbital shaking at 400 rpm and 30 °C, with ODgp measurements
every 30 min. Growth curves were plotted in GraphPad Prism.

2.3. Yeast Autophagy Measurements

Autophagy was measured by monitoring the cytosol-to-vacuole translocation of Atg8
using fluorescence microscopy and immunoblotting (GFP liberation assay) of cells/cell
extracts from strains carrying a GFP-Atg8 fusion protein expressed under its endogenous
promoter and at its natural chromosomal locus [41,42].

Quantification of micrographs was performed from blinded pictures from 3 clones per
replicate. Autophagic cells were defined as cells exhibiting clear vacuolar GFP fluorescence
and expressed as the fraction of viable (PI-negative) cells. All micrographs were taken after
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24 h, either on SCD/SCG (1:1) media or nitrogen starvation media. The quantification on
SCD/SCG media contains 11 micrographs per strain, with 96-525 cells per micrograph;
in total, 2871-4054 cells were evaluated. The quantification of GFP-positive vacuoles on
nitrogen starvation includes 4 micrographs per replicate (in total 12) per strain. In total,
1300-1550 cells were manually counted per genotype.

For Western blot analysis, cell equivalents of an ODg of 3 were harvested at indicated
time points, and cell extracts were obtained from chemical lysis as described in [43].
Proteins were collected by centrifugation and resuspended in 75 pL 1x loading buffer (125
mM Tris-HCl, adjusted to pH 6.8; 20% glycerol; 3% SDS; 2% DTT; 0.1% bromophenol blue),
and heated to 95 °C for 10 min. Samples were centrifuged at 13,000 rpm for 12 s and 10 uL
or 15 uL of the supernatant was used for standard SDS-PAGE. Immunoblotting followed
standard procedures, with transfer of proteins to a 0.45 um nitrocellulose membrane and
probing with antibodies against GFP (Roche, #11814460001, 1:5000, Basel, Switzerland),
tubulin (Abcam, ab184970, 1:20,000, Cambridge, MA, USA), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Life Technologies, MA515738, 1:5000, Carlsbad, CA, USA),
Psd1 (gift from G Daum), or VDAC/porin (Abcam, ab110326, 1:5000) [42]. As secondary
antibodies, we used IRDye goat anti-mouse (Licor, 926-68,070, 1:20,000, Lincoln, NE, USA)
or IRDye goat anti-rabbit (Licor, 92840028, 1:20,000). Signals were recorded with Odyssey
Glx, with automatically determined exposure times. For quantification of immunoblotting
signals, a rectangular volume tool of Image Studio (Licor) with background correction set
to “local background” was used. To compare different blots, each blot was normalised to at
least two control samples before data was pooled for further analysis.

Additional biochemical autophagy measurements were performed using the quan-
titative Pho8A60 assay (also called ALP assay) for nonspecific autophagy, essentially as
described earlier [44]. In brief, ODggg = 8 equivalents of stationary yeast cell cultures were
harvested and disrupted in 1.5 mL Eppendorf tubes with 100 uL of acid-washed glass
beads using a Retsch mill Tissue Lyser with agitation for 3 min at 25 Hz. Subsequently, the
protein concentration was measured applying a Bio-Rad protein assay. A total of 1.5 ug of
total protein was used for the assay. The reaction was started by adding 50 uL «-naphthyl
phosphate, and then incubated at 30 °C for 20 min. The reaction was stopped by adding
200 pL glycine-NaOH and fluorescence was measured using Tecan Infinite M Plex. To
correct for intrinsic (background) ALP activity, the ALP activity of corresponding strains
without Pho8A60 manipulation was assessed and subtracted.

2.4. Analysis of Cell Death

Propidium iodide (PI) staining was used to determine loss of membrane integrity.
Cells were harvested in 96-well plates at indicated time points and resuspended in 250 pL.
of 100 ug/L Pl in PBS, and incubated in the dark for 10 min at room temperature. After
incubation, cells were washed once with 250 puL PBS and analysed via flow cytometry
(Beckmann Coulter Cytoflex). A total of 30,000 cells per strain and condition were measured
and analysed with CytExpert software.

2.5. Assessment of Vacuole Morphology and Function

Vacuole morphology was determined using an endogenously GFP-tagged Vphl strain.
S. cerevisiae strains (wildtype and por1A) were inoculated to an ODggg = 0.1 from overnight
cultures in SCD medium and shifted to SCD/SCG (1:1) medium after 5 h. ODggg equivalents
of 1.0 were harvested at 24 h after shift and mounted on microscopy slides. Fluorescence
was detected using a Nikon Eclipse Ni-U fluorescence microscope with a Hamamatsu Orca-
Spark C11440-36U monochromatic camera and Nikon Intensilight C-HGFI illumination
system. Images were captured, saved, and processed using NIS-Elements BR 4.13.05 64-bit
and Image] software. For quantification, 416-687 cells per genotype and condition were
manually counted.

Functional vacuole acidification was assessed using the fluorescent dye quinacrine.
Vacuolar quinacrine internalisation depends on vacuolar acidification. Hence, quinacrine
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fluorescence inside the vacuole can be used as a measure of vacuole function [45,46].
Wildtype and por1A cells were grown in the same manner as described for Vph1-GFP
microscopy. After 24 h, cells were washed with 500 pL of YEPD containing 100 mM
HEPES (pH 7.6). After centrifugation, the pellet was resuspended in 500 puL of YEPD with
100 mM HEPES (pH 7.6) and 200 uM quinacrine, and incubated for 10 min at 30 °C and
145 rpm. Afterwards, samples were transferred to ice and incubated for 5 min. After
centrifugation, cells were washed twice in 500 pL ice-cold HEPES buffer supplemented
with 2% D-glucose. The cells were pelleted by centrifugation, and then analysed using a
Nikon Eclipse Ni-U epifluorescence microscope. For quantification, 1600-1930 cells per
genotype were manually counted.

2.6. Lipid Extraction and Quantification by Shotgun Mass Spectrometry

Yeast cultures were inoculated from stationary overnight cultures in SCD to fresh SCD
medium to an ODg of 0.1, and shifted to SCD/SCG (1:1) media after 5 h. In total, 2 ODggg
units were harvested after 24 h and homogenised with 0.5 mm zirconia beads in a cooled
tissue lyser for 2 x 10 min at 30 Hz in 300 puL IPA. The whole homogenate was evaporated
in a vacuum desiccator to complete dryness. Lipid extraction was performed according
to [47-49]. In brief, 700 uL internal standard mix in 10:3 MTBE/MeOH was added to
each sample and vortexed for 1 h at 4 °C. After the addition of 140 uL H,O, samples were
vortexed for another 15 min. Phase separation was induced by centrifugation at 13,400 rpm
for 15 min. The organic phase was transferred to a glass vial and evaporated. Samples
were reconstituted in 300 puL 1:2 MeOH/CHCl;. For lipidome, 5 pL of sample were diluted
with 95 uL 4:2:1 IPA/MeOH/CHCI3 + 7.5 mM ammonium formate.

Mass spectrometric analysis was performed on a Q Exactive instrument (Thermo
Fisher Scientific, Bremen, DE, USA) equipped with a robotic nanoflow ion source TriVersa
NanoMate (Advion BioSciences, Ithaca, NY, USA) using nanoelectrospray chips with a
diameter of 4.1 pm. The ion source was controlled by the Chipsoft 8.3.1 software (Advion
BioSciences). Ionisation voltage was +0.96 kV in the positive and —0.96 kV in the negative
mode; back pressure was set at 1.25 psi in both modes. Samples were analysed by polarity
switching [49]. The temperature of the ion transfer capillary was 200 °C; S-lens RF level
was set to 50%. Each sample was analysed for 18 min. FT-MS spectra were acquired within
the range of m/z 400-1000 from 0 min to 0.2 min in the positive mode, and within the
range of m/z 350-1200 from 6.2 min to 6.4 min in the negative mode at a mass resolution
of R m/z 200 = 140,000, automated gain control (AGC) of 3 x 108, and with a maximal
injection time of 3000 ms. Ergosterol was determined by parallel reaction monitoring
(PRM) FT-MS/MS between 0.2 and 1.7 min. For FT-MS/MS, micro-scans were set to 1,
isolation window to 0.8 Da, normalised collision energy to 12.5%, AGC to 5 x 10%, and
maximum injection time to 3000 ms. t-SIM in positive (1.7 to 6 min) and negative (6.4
to 18 min) mode was acquired with R @ m/z 200 = 140,000; automated gain control of
5 x 10% maximum injection time of 650 ms; isolation window of 20 Th; and scan range
of m/z 400 to 1000 in positive and m/z 350 to 1200 in negative mode, respectively. The
inclusion list of masses targeted in t-SIM analyses started at #1/z 355 in negative and m/z
405 in positive ion mode, and other masses were computed by adding 10 Th increment
(i.e.,, m/z 355, 365, 375, ... ) up to m/z 1005 in positive mode and up to m/z 1205 in
negative mode. All acquired spectra were filtered by PeakStrainer (https://git.mpi-cbg.de/
labShevchenko/PeakStrainer/wikis/home (accessed on 18 June 2020)) [50] and stitched
together by an in-house-developed script [51]. Lipids were identified by LipidXplorer
software [52]. Molecular fragmentation query language (MFQL) queries were compiled
for ergosterol, ergosterol esters, PC, LPC, PE, LPE, PI, LPI, PA, LPA, PG, LPG, PS, LPS, TG,
and DG lipid classes. The identification relied on accurately determined intact lipid masses
(mass accuracy better than 5 ppm) and a signal-to-noise threshold higher than 3. Lipids
were quantified by comparing the isotopically corrected abundances of their molecular
ions with the abundances of internal standards of the same lipid class. Ergosterol, as well
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as ergosterol esters, were normalised to the internal cholesterol and internal CE standard,
respectively.

2.7. Lipid Extraction and Quantification by Thin-Layer Chromatography

Yeast cultures were inoculated from stationary overnight cultures in SCD to fresh
SCD medium to an OD600 of 0.1. Expression of POR1 or PSD1 was induced by shifting to
SCD/SCG mixtures as described in the paragraph on growth conditions. In total, 80 OD600
units were harvested at 24 h after inoculation for experiments without additional overex-
pression, or at 24 h after shift for overexpression experiments. Total lipids were extracted
with chloroform/methanol 2:1 (v/v) according to Folch et al. [53]. The organic phase
was dried under a stream of nitrogen and dissolved in 500 uL of chloroform/methanol
(2:1, v/v). A total of 30 uL of lipid extracts were sprayed on TLC plates using a CAMAG
Linomat 5. PE (850757P), PS (840034P), and PC (850457P) were purchased from Sigma
Aldrich and included as standards on each TLC plate. The PE standard was applied at
6 different dilutions to allow for calculation of a standard curve and determine absolute
PE levels.

Neutral lipid separation and analysis was performed by thin-layer chromatogra-
phy (TLC) on silica gel 60 plates (Merck), essentially as described before [54], using
CHCl3/MeOH/water (32.5:12.5:2) mixture as mobile phase [55,56]. TLC plates were
derivatized by dipping into 3.2% H,SO, and 0.5% MnCl,, followed by carbonization at
120 °C for 30 min. Developed TLC plates were imaged using a Bio-Rad Universal Hood 1I,
and bands were quantified using image J.

2.8. Statistical Analysis

Statistical analysis was calculated in GraphPad Prism8. To disprove the null hypothe-
sis (no difference between conditions) a one-way ANOVA corrected with a Tukey post hoc
test or Welch’s ANOVA (unequal variances) with Dunett’s post hoc test was performed.
A two-way ANOVA analysis was performed in Figure 2g. A Student’s t-test was applied
when comparing two groups only. Information on individual statistical tests is given in the
figure legends. Error bars indicate standard error of the mean (SEM) and asterisks in the
figures indicate significant differences, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Fig-
ures were prepared with GraphPad Prism and Adobe Illustrator CS6 (Adobe). Microscopic
pictures were processed with Fiji [57].

3. Results
3.1. Loss of POR1 Reduced Cellular Autophagy Levels

Porl is an important regulator of mitochondrial and cellular homeostasis. Its deletion
is associated with alteration of mitochondrial morphology and function [58-60]. POR1
deletion only mildly affects growth on fermentable carbon sources, whereas growth on
non-fermentable carbon sources is largely affected by POR1 deletion (Figure Sla,b) [61].
Respiration-deficient Rho°-yeast cells have been shown to have reduced autophagy lev-
els [62]. However, it is unknown whether POR1 function is essential for autophagy. We,
thus, conducted autophagy measurements using a POR1 deletion mutant. We made use
of the GFP-Atg8 liberation assay as a measure of autophagic flux [42,63,64]. GFP-Atg8
expression was achieved by N-terminal GFP tagging at its chromosomal locus. We de-
tected liberation of free GFP from GFP-Atg8 in yeast cultures grown on YPD media by
immunoblotting, which revealed a decrease in basic autophagy levels in porIA at both 24
and 48 h after inoculation (Figure 1a). We quantified the ratios of free GFP to GFP-Atg8
bands, which confirmed a significant decrease in autophagic flux in por1A at both time
points (Figure 1b). To corroborate our data, we applied the Pho8A60 assay as a second
approach. This assay measures the autophagic flux by determination of alkaline phos-
phatase (ALP) activity of a truncated Pho8 phosphatase, which localises to the cytosol
instead of the vacuole. Truncated Pho8 only gets activated upon autophagic delivery
to the vacuole. ALP activity is, hence, a quantitative measure for autophagic flux [44].
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Importantly, measurement of ALP activity in por1A confirmed our results above in that
autophagy was significantly reduced in por1A strains (Figure 1c).
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Figure 1. Deletion of POR1 impaired autophagy. (a-c) The autophagic flux was reduced in por1A at 24 h and 48 h (growth
on YPD medium). GFP liberation using GFP-Atg8-expressing cells was detected by immunoblotting (a) and densitometric
quantification of free-GFP/GFP-Atg8 ratios (b). The immunoblots were probed with GFP- and tubulin-specific antibodies,
and the signals were normalised to wildtype (Wt) (n > 3). Alkaline phosphatase activity was assessed using the Pho8A60
assay indicative for autophagic flux at 48 h normalised to wildtype (1 > 8) (c). (d—f) Reduced autophagic flux in porIA can
be restored by POR1 expression after 24 h of induction on SCD/SCG (1:1). A representative immunoblot of wildtype and
por1A cells with and without expression of POR1 is shown in (d), and densitometric quantification of free-GFP/GFP-Atg8
ratios is depicted in (e). Inmunoblots were probed with GFP- and tubulin-specific antibodies and signals were normalised
to wildtype levels (n > 11). Alkaline phosphatase activity was assessed at 24 h using the Pho8A60 assay (n > 18) (f).
(g) Chromosomal POR1 deletion triggers cell death, which can be rescued by POR1 expression from a plasmid and induction
on SCD/SCG (1:1). Cell death was assessed by PI staining at indicated time points and quantified using flow cytometry
(n > 7). (h,i) Quinacrine staining at 24 h on SCD/SCG (1:1) media monitors reduced vacuole acidification in por1A cells.
Representative micrographs are shown in (h), and cells with acidic vacuoles are quantified in (i) (n = 4). Statistical analysis
was performed with Graphpad Prism. p values indicate statistical significance of the Student t-test in (b,c,i) and Welch’s
ANOVA in (e, f,g) with * p < 0.05 and **** p < 0.0001.
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Next, we complemented the chromosomal POR1 deletion by POR1 expression from
a pESC plasmid with the galactose-inducible Gall0 promoter. Porl expression was as-
sessed and quantified by immunoblotting, confirming complete lack of Porl in knock-outs
and re-expression in the pESC constructs (Figure Slc,d). Indeed, POR1 expression re-
established autophagy in por1A cells quantified by GFP-Atg8 immunoblotting (Figure 1d,e)
and measurement of ALP activity (Figure 1f). It is noteworthy that overexpression of Porl
in wildtype cells did not result in additional upregulation of mean autophagy levels sug-
gesting that natural Por1 expression levels are optimised for efficient autophagy induction.
Furthermore, PORI expression was sufficient to compensate for chromosomal PORI loss,
thus re-establishing wildtype-like growth behaviour (Figure Sle) and partial restoration
of cell size, which is decreased in por1A (Figure S1f). Additionally, we investigated if the
decrease in autophagy led to a loss in survival. We determined membrane integrity loss by
flow cytometric quantification of propidium iodide (PI) staining and observed a significant
increase in the PI-positive fraction in por1A cells after 24 and 48 h as compared to wildtype
cells (Figure 1g). Porl overexpression significantly rescued this loss in survival after 48 h.

The final degradation of autophagosomes occurs through fusion with the vacuole
in yeast. To test whether defects in autophagy could be due to vacuole dysfunction, we
investigated whether POR1 deletion was associated with changes in vacuole morphology
and function. We used mutant strains expressing a c-terminal GFP fusion of Vphl to
visualise vacuole membranes. Fluorescence microscopic observation indeed showed signif-
icantly smaller vacuoles in por1A cells as compared to wildtype (Figure S1g-i), measured
by mean diameter (Figure S1h). Vacuoles appeared rather fragmented or multi-lobular
(Figure S1i). In addition, Vph1-GFP fluorescence intensity seemed more inhomogeneous
in por1A cells, indicating a potential change in vacuole acidification, which is essential for
degradation. Indeed, staining with quinacrine, a pH-dependent dye accumulating in acidic
compartments, showed an inhomogeneous but overall decreased fluorescence signal in
porlA cells compared to wildtype (Figure 1h,i). While some cells show a normal vacuole
acidification, the changes in vacuole function and morphology could still contribute to the
defective autophagy observed in por1A (Figure 1h).

In summary, we show that PORI deletion reduces cellular autophagy levels and that
re-expression from a plasmid is sufficient to compensate for chromosomal POR1 loss. Our
results suggest that wildtype Porl-levels are optimised for efficient growth, autophagy,
and survival, whereas a further increase in porin does not deliver additional benefit.

3.2. POR1 Deficiency Reduced the Autophagic Capacity upon Induction with Rapamycin or
Nitrogen Starvation

Autophagy can be induced by different means, including different forms of starva-
tion, e.g., nitrogen or glucose starvation, or by treatment with autophagy-inducing drugs,
such as rapamycin [65]. We, thus, wanted to know whether the capacity to induce au-
tophagy was diminished in por1A. We, therefore, assessed GFP liberation from GFP-Atg8
by immunoblotting and ALP activity upon rapamycin treatment. Indeed, our experi-
ments confirmed our initial assumption that loss of POR1 limits the autophagic capacity
(Figures 2a,b and S2a-c). While rapamycin treatment significantly induced autophagy in
wildtype cells, this capacity is reduced in por1A. The autophagic response was not com-
pletely diminished in the POR1 deletion strain, but rather showed a slower and incomplete
reaction to rapamycin treatment (Figures 2b and S2b,c). As a second means of nonspecific
autophagy induction, we used nitrogen starvation. Quantitative analysis of GFP liberation
attested a significant reduction in nitrogen-starvation-induced autophagy level in por1A as
compared to wildtype (Figure 2¢,d). GFP-Atg8 fluorescence microscopy pictures showed
a much weaker vacuolar GFP signal (indicated with arrowheads) in por1A (Figure 2e).
Notably, GFP-Atg8 dots (highlighted by white arrows) represent autophagosomes and
are still detected in por1A. Quantification of GFP-positive vacuoles revealed a significant
decrease in autophagic flux for por1A (Figure 2f). Since autophagy is crucial to survive in
times of starvation, we conducted a time course experiment on nitrogen starvation media
to test whether por1A shows reduced survival. Propidium iodide (PI) staining was used as
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a measure of cell death, which was significantly increased in por1A, starting from day 3
of the starvation experiment (Figure 2g). A loss of autophagy, as seen in cells lacking key
autophagy-related genes, such as ATG5 or ATG7, strongly reduces starvation survival. In
line with loss of POR1 leading to a reduced autophagic capacity, we observed an increase
in PI positivity when compared to wildtype. This was, however, less pronounced than
observed in atgbA and atg7A cultures. Altogether, our results demonstrate that POR1
deficiency is associated with impaired autophagy correlating with a loss of survival upon
nitrogen starvation.
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Figure 2. por1A cells showed reduced autophagic capacity upon rapamycin treatment or nitrogen starvation. (a,b) POR1
deletion reduces the autophagic capacity at 48 h on SD medium upon rapamycin treatment, as shown by GFP-Atg8
liberation. A representative immunoblot is depicted in (a) and free-GFP/GFP-Atg8 ratios are quantified in (b). The
immunoblots were probed with GFP- and tubulin-specific antibodies. Specific signals are normalised to wildtype (1 = 5).
(c—f) Autophagy induction by nitrogen starvation is reduced in por1A at 24 h. A representative immunoblot of wildtype
(Wt) and por1A cells before (0 h) and after shift to nitrogen starvation media (24 h) is depicted in (c) and free-GFP/GFP-
Atg8 ratios are quantified in (d). Immunoblot signals are normalised to wildtype (n = 5). Representative micrographs
of GFP-Atg8-expressing wildtype and por1A cells are depicted in (e) and GFP-Atg8-positive vacuoles (autophagic cells)
are quantified in (f) (n = 3, with n > 279 quantified cells per biological replicate). (g) POR1 deletion increases levels of
cell death on nitrogen starvation, as assessed by PI staining and flow cytometry (n = 4). PI-positive fractions of wildtype
(W), por1A, atg5A, and atg7A cells are plotted in line diagrams showing mean ASEM. Statistical analysis was performed
with GraphPad Prism using Welch’s ANOVA in (b), Welch’s t-test in (d), unpaired t-test in (f), and 2-way ANOVA in (g).
Error bars indicate standard error of the mean (SEM) and asterisks in the figures indicate significant differences, * p < 0.05,
**p <0.01, *** p < 0.0001.

3.3. PORI1 Deficiency Was Associated with Specific Changes in the Lipid Profile, Particularly
Affecting Phospholipids

Autophagy depends on autophagosomal membrane biogenesis, which relies on the
availability of phospholipids. To investigate whether Porl may play a role in the manage-
ment of phospholipid supply, we conducted a lipidomic analysis using shotgun lipidomics.
The lipid profile of por1A cells showed an increase in PC, DG, PA, and PG, whereas PE,
PI, LPI, and CL abundance was reduced (Figure 3a,b). The neutral lipid TG (Figure 3a)
and sterol esters (SE) (Figure 3c) were unaffected. The changes in mitochondria-specific
lipids, with CL being reduced but its precursors DG, PA, and PG being increased, suggest
that mitochondrial CL synthesis is affected in por1A. This might reflect a mitochondrial
state where limited mitochondrial function is possible, even when Porl function is ab-
sent. The most prominent increase was detected for PA, which is largely upregulated
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in por1A. PA has a key role as an intermediate between neutral lipid and phospholipid
metabolism. Furthermore, it is a precursor for the mitochondrially produced lipids CL and
PG. Increasing total PA levels might, thus, be an adaptive response to overcome reduced
mitochondrial PA import. Of note, high PA levels maintain the transcriptional repressor
Opil at the ER, which facilitates transcription of Opil-regulated INO genes [66]. Since
autophagosomal membranes mainly consist of PC, PE, and PI with a particularly high
level of unsaturation [13], we further analysed the lipid species distribution of these lipid
classes (Figure S3a—c). For PC, we noted a decrease for 32:2 and 34:2 species, whereas the
corresponding species containing only one unsaturated FA were increased to the same
extent. PE and PI species showed a shift towards increased incorporation of longer FA as
compared to wildtype (Figure S3a—c).
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Figure 3. Porin deletion triggers lipidomic changes, including increase in PC and reduction in PE. (a—c) Total lipids of
wildtype and por1A were detected by shotgun lipidomics. Lipid classes of high abundance (a), low abundance (b), and
sterol esters (c) are shown in separate panels. All lipid classes were normalised to OD1 (1 = 8). (d,e) Reduction in PE-to-PC
ratios in por1A can be reverted by POR1 re-expression. Quantification of PE-to-PC ratios based on TLC is shown in panel
(d) (n > 7) and a representative TLC section is shown in (e). Statistical analysis was performed with GraphPad Prism. To
analyse the lipid profile changes selected, paired Welch’s ANOVA for high (a) and low (b) lipid classes was used. Unpaired
t-test was used for (c) and Welch’s ANOVA for (d). Error bars indicate standard error of the mean (SEM) and asterisks in the
figures indicate significant differences, * p < 0.05, ** p < 0.01, *** p < 0.0001.

As cellular PE has been identified as a major contributor to autophagy induction
previously [17], we analysed total PE levels of por1A (Figure 3d) using thin-layer chro-
matography (TLC) (Figure 3d,e). Corroborating the lipidomic analyses, we were able to
raise the total PE levels by re-expression of POR1 from a plasmid (Figure 3d,e). With these
changes in total PE and PE species distribution in por1A (Figure S3b), we reasoned that
decreased PE synthesis in porIA could be causally linked to reduced autophagy.
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3.4. PSD1 Overexpression Could Partially Compensate for the Loss of POR1

Phosphatidylserine decarboxylase 1 (Psd1) catalyses the decarboxylation of PS to form
PE. Psd1 is dually targeted to mitochondria and the ER and, thus, can produce PE within
both organelles depending on metabolic needs [21]. Especially since autophagosomal
phospholipids have a particular need for unsaturated fatty acids, which might require
de novo synthesis, we wondered whether inefficient targeting/activation of Psd1 could
explain autophagy reduction in porIA. We, thus, tested whether the autophagic capac-
ity of por1A could be enhanced by PSD1 overexpression. Psdl overexpression indeed
significantly increased autophagy in por1A, as documented by GFP-Atg8 liberation and
Pho8 assays (Figure 4a—c). Successful PE elevation by Psd1 overexpression was confirmed
by TLC (Figures 4d,e and S4a). Psdl undergoes c-terminal cleavage upon import into
the mitochondria, which represents a crucial step for its activation [20]. If mitochondrial
uptake of Psd1 was inefficient in por1A, decreased Psd1 processing should be visible on im-
munoblots as a size shift. We, thus, assessed relative abundance of the immunoblot bands
corresponding to processed Psd1 upon PSD1 overexpression. In line with our hypothesis,
we found that Psd1 processing was impaired in por1A (Figure S4b,c). We conclude that
POR1 deletion affects cellular lipid homeostasis, which includes changes in PE content and
species distribution. PSD1 overexpression can partially restore autophagy in por1A, which
suggests that PE limitation in por1A is linked to autophagy impairment.
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Figure 4. PSD1 overexpression could partially compensate for the loss of POR1. (a—c) PSD1 overexpression increases

autophagy in porIA. A representative immunoblot is depicted in (a) and free-GFP/GFP-Atg8 ratios of wildtype (Wt)
and por1A cells 24 h after induction of PSD1 overexpression are plotted in (b). Immunoblots were probed with GFP- and
tubulin-specific antibodies and the signals were normalised to wildtype expressing an empty vector (Ctrl) (n = 9). Alkaline

phosphatase activity was assessed using the Pho8A60 assay as a second readout to measure autophagic flux (n > 6) (c).

(d,e) PSD1 overexpression increases PE-to-PC ratios in wildtype (Wt) and por1A. Quantification of PE-to-PC ratios based

on TLC is shown in (d) (n = 9) and a representative TLC section is shown in (e). Statistical analysis was performed with
GraphPad Prism. Statistical analysis in (b) was performed by unpaired t-test, in (c) by Welch’'s ANOVA, and (d) by one-way
ANOVA. Error bars indicate standard error of the mean (SEM) and asterisks in the figures indicate significant differences,
*p <0.05,* p <0.01, *** p <0.0001.
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4. Discussion

VDACs are important proteins of the outer mitochondrial membrane with high abun-
dance and involvement in multiple functions, which include metabolite shuttling [29,67],
mitochondrial protein import [68,69], and formation of membrane contacts [70]. Mam-
malian VDACs have further been linked to carcinogenesis [71,72], which highlights their
importance and focused interest as a current research subject. Here, we show that the
yeast VDAC Porl controls lipid homeostasis and suggest a causal link to the regulation of
autophagy.

POR1 deletion decreased basic autophagy levels and reduced the susceptibility to
autophagy induction by rapamycin and nitrogen starvation. POR1 deletion further trig-
gered vacuole dysfunction, which could causally link to autophagy impairment in por1A,
as vacuole function is absolutely required for autophagy. Vacuole dysfunction itself could
be a direct cause of altered lipid metabolism, or due to changes in signalling. The yeast
AMPK orthologue Snfl kinase, for example, has been connected to porins in yeast [73].
Another possible signalling candidate is the MAPKinase SIt2, which has been linked to
vacuole function [74]. Whether or not these signalling routes are involved in Porl-regulated
vacuole function and autophagy needs to be addressed in future experiments.

Our lipidomic analysis revealed significant changes in key phospholipids when com-
paring por1A and wildtype (Figures 3 and S3). In fact, the three CL precursors DG, PA,
and PG are highly upregulated in porIA (Figure 3b), which might represent a compen-
sation pattern for the lack of CL. The fact that DG levels are not as highly increased, as
compared to the relative increase in PA and PG, suggests that mitochondrial CL synthesis
occurs predominantly through the Ups2-Mdm35 independent route, consuming DG under
these conditions [18]. Thus, PA and PG are upregulated, but accumulate as they are not
consumed for mitochondrial CL synthesis.

Our analysis further showed that POR1 deficiency reduces total PE levels (Figure 3).
A reduction in cellular PE might, thus, be causally linked to the decreased autophagic
capacity as measured for porIA (Figures 1 and 2). We reasoned that Porl could either
function in PS transfer from ER to mitochondria itself or be required for mitochondrial
import of Psd1 or the Ups machinery required for phospholipid import through the inner
mitochondrial membrane. Interestingly, Porl has recently been reported to interact with
Mdm35 and to be implicated in mitochondrial lipid homeostasis [58,60]. Two other recent
publications further suggest a role for porin in mitochondrial import, which represents
another possible line of explanation for its effects on autophagy [68,69]. A study in acute
myeloid leukaemia cells suggests that mitochondria can control autophagy through the
regulation of VDAC-involving mitochondria—endoplasmic reticulum contact sites (MERCs)
to fine-tune lipid degradation [72].

Interestingly, Accl, as well as Fasl, have been identified as crucial players in extending
the autophagosomal membrane by de novo phospholipid synthesis during autophagy [13,14].
Schiitter et al. suggest a new model of autophagosomal membrane extension involving locali-
sation of Fas1 to the phagophore assembly site (PAS), which, in turn, drives FA synthesis and
channels them into the ER. Increased FA abundance in the ER then triggers phospholipid synthe-
sis, which are channelled back to the PAS via the Atg2/Atg18 complex to fuel autophagosomal
membrane growth [13].

Mitochondria and the ER exchange PS and PA via membrane contact sites [26,28,75].
There is no evidence, so far, that PE is also channelled back from mitochondria to the
ER. Recent advances suggest that PE might be directly synthesised in the ER, which is
achieved by Psd1 translocation to the ER [21]. Autophagosomes are mainly composed
of PC (38%), PI (37%), and PE (19%) [13]. The novel mechanism that autophagosomal
membrane growth relies on de novo phospholipid synthesis in the ER requires PE supply
by either Psd1 activity or via the ethanolamine-dependent salvage pathway (Kennedy
pathway). PSD1 overexpression has been shown to increase the autophagic capacity [17],
whereas knockout of PSD1 and PSD2 resulted in reduced autophagy [76]. PSD1 and PSD2
single mutants have been studied regarding their role in mitophagy, as discussed later [77].
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Since Psd1 accounts for 70-80% of total PSD activity in yeast [22], it can be assumed to be
of predominant importance for autophagy. Still, the question remains whether and how
the different pathways of PE synthesis offer redundancy regarding their role in autophagy
and if they can compensate for each other. A Psd1-dependent raise in PE at the ER could,
in principle, be achieved in two ways: either (i) producing PE in the mitochondria and
then channelling it to the ER, or (ii) by targeting Psd1 itself to the ER. Friedmann et al.
have shown that a subfraction of Psd1 indeed localises to the ER upon PE starvation [21].
Induction of autophagy by rapamycin treatment or nitrogen starvation is likely to induce
such PE starvation conditions, triggering ER targeting of Psd1. Since POR1 deletion has
been associated with reduced efficiency in mitochondrial protein import [68,69], Psd1
uptake into mitochondria might be reduced as well. This hypothesis is supported by our
anti-Psd1 immunoblots, suggesting decreased proteolytic activation of Psd1 (Figure S4b,c)
in por1A. Another recent study investigated the involvement of Psd1 during mitophagy in
yeast [77]. Interestingly, the study reports that Psd1 is predominantly involved in nitrogen-
starvation-induced mitophagy, whereas Psd2 is required for mitophagy induction in the
stationary phase. The authors further suggest that defective mitophagy in psd1A is due to
impaired recruitment of Atg8 to mitochondria. Even though we did not investigate specific
forms of autophagy, such as mitophagy, here, our findings of porin 1 involvement in
autophagy and its relation to Psd1 function are compatible with the results from Vigié et al.

For future research, it remains to be investigated whether porin function is needed
for the extension of autophagosomal membranes or, rather, at the step of autophagy
initiation/PAS formation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10092416/5s1, Figure S1: Additional growth and expression data regarding POR1 deletion
and re-expression. Figure 52: Rapamycin mediated autophagy was impaired in por1A cells. Figure S3:
Phospholipid species and total PE were significantly changed in porlA cells. Figure S4: PSD1
overexpression increased PE levels in wildtype and porlA cells.

Author Contributions: Conceptualisation, F.B., C.W.G. and P.R.; Methodology, EB., ESM.E., TM.,
JH., OK, LN, LH. and PR,; Validation, EB., O.K. and PR.; Formal Analysis, EB., O.K,, EK. and P.R;
Investigation, EB., ESM.E., TM.,, ] H,, O.K. and L.N.; Data Curation, F.B., EK. and P.R.; Writing—
Original Draft Preparation, F.B., EK., CW.G. and P.R.; Writing—Review and Editing, E.SM.E., O.K.
and L.H.; Figure Visualisation, E.B. and P.R.; Supervision, Project Administration, and Funding
Acquisition, C.W.G. and PR. All authors have read and agreed to the published version of the
manuscript.

Funding: PR. is supported by the Erwin Schrodinger Fellowship from the Austrian Science Fund
(FWF) (J3742-B28) and the “NRW Riickkehr Programm” from the Ministry of Culture and Science of
the German State of North Rhine-Westphalia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and
supplementary material. Additional original data requests may be addressed to the corresponding
authors.

Acknowledgments: We thank Giinther Daum for the kind gift of the specific Psd1 antibody and we
are thankful to Christopher Kurtek for assistance.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Feng, Y.; He, D.; Yao, Z.; Klionsky, D.]. The Machinery of Macroautophagy. Cell Res. 2014, 24, 24—41. [CrossRef]
2. Hansen, M.; Rubinsztein, D.C.; Walker, D.W. Autophagy as a Promoter of Longevity: Insights from Model Organisms. Nat. Rev.
Mol. Cell Biol. 2018, 19, 579-593. [CrossRef]


https://www.mdpi.com/article/10.3390/cells10092416/s1
https://www.mdpi.com/article/10.3390/cells10092416/s1
http://doi.org/10.1038/cr.2013.168
http://doi.org/10.1038/s41580-018-0033-y

Cells 2021, 10, 2416 14 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Axe, E.L.; Walker, S.A.; Manifava, M.; Chandra, P.; Roderick, H.L.; Habermann, A ; Griffiths, G.; Ktistakis, N.T. Autophagosome
Formation from Membrane Compartments Enriched in Phosphatidylinositol 3-Phosphate and Dynamically Connected to the
Endoplasmic Reticulum. J. Cell Biol. 2008, 182, 685-701. [CrossRef]

Hailey, D.W.; Rambold, A.S.; Satpute-Krishnan, P.; Mitra, K.; Sougrat, R.; Kim, PK,; Lippincott-Schwartz, J. Mitochondria Supply
Membranes for Autophagosome Biogenesis during Starvation. Cell 2010, 141, 656—667. [CrossRef]

Geng, J.; Nair, U.; Yasumura-Yorimitsu, K.; Klionsky, D.J. Post-Golgi Sec Proteins Are Required for Autophagy in Saccharomyces
Cerevisiae. Mol. Biol. Cell 2010, 21, 2257-2269. [CrossRef] [PubMed]

Van Der Vaart, A.; Griffith, J.; Reggiori, F. Exit from the Golgi Is Required for the Expansion of the Autophagosomal Phagophore
in Yeast Saccharomyces Cerevisiae. Mol. Biol. Cell 2010, 21, 2270-2284. [CrossRef]

Nascimbeni, A.C.; Giordano, F.; Dupont, N.; Grasso, D.; Vaccaro, M.I; Codogno, P.; Morel, E. ER-Plasma Membrane Contact
Sites Contribute to Autophagosome Biogenesis by Regulation of Local PI3P Synthesis. EMBO ]. 2017, 36, 2018-2033. [CrossRef]
[PubMed]

Ravikumar, B.; Moreau, K.; Jahreiss, L.; Puri, C.; Rubinsztein, D.C. Plasma Membrane Contributes to the Formation of Pre-
Autophagosomal Structures. Nat. Cell Biol. 2010, 12, 747-757. [CrossRef] [PubMed]

Longatti, A.; Lamb, C.A.; Razi, M.; Yoshimura, S.; Barr, FA.; Tooze, S.A. TBC1D14 Regulates Autophagosome Formation via
Rab11- and ULK1-Positive Recycling Endosomes. J. Cell Biol. 2012, 197, 659-675. [CrossRef]

Puri, C.; Vicinanza, M.; Ashkenazi, A.; Gratian, M.].; Zhang, Q.; Bento, C.F,; Renna, M.; Menzies, EM.; Rubinsztein, D.C.
The RAB11A-Positive Compartment Is a Primary Platform for Autophagosome Assembly Mediated by WIPI2 Recognition of
PI3P-RAB11A. Dev. Cell 2018, 45, 114-131.e8. [CrossRef]

Dupont, N.; Chauhan, S.; Arko-Mensah, J.; Castillo, E.F.; Masedunskas, A.; Weigert, R.; Robenek, H.; Proikas-Cezanne, T.; Deretic,
V. Neutral Lipid Stores and Lipase PNPLAS5 Contribute to Autophagosome Biogenesis. Curr. Biol. 2014, 24, 609-620. [CrossRef]
[PubMed]

Shpilka, T.; Welter, E.; Borovsky, N.; Amar, N.; Mari, M.; Reggiori, F.; Elazar, Z. Lipid Droplets and Their Component Triglycerides
and Steryl Esters Regulate Autophagosome Biogenesis. EMBO J. 2015, 34, 2117-2131. [CrossRef] [PubMed]

Schiitter, M.; Giavalisco, P.; Brodesser, S.; Graef, M. Local Fatty Acid Channeling into Phospholipid Synthesis Drives Phagophore
Expansion during Autophagy. Cell 2020, 180, 135-149.e14. [CrossRef] [PubMed]

Gross, A.S.; Zimmermann, A.; Pendl, T.; Schroeder, S.; Schoenlechner, H.; Knittelfelder, O.; Lamplmayr, L.; Santiso, A.; Auf-
schnaiter, A.; Waltenstorfer, D.; et al. Acetyl-CoA Carboxylase 1-Dependent Lipogenesis Promotes Autophagy Downstream of
AMPXK. J. Biol. Chem. 2019, 294, 12020-12039. [CrossRef]

Niso-Santano, M.; Malik, S.A.; Pietrocola, E; Bravo-San Pedro, ].M.; Marifo, G.; Cianfanelli, V.; Ben-Younes, A.; Troncoso, R.;
Markaki, M,; Sica, V.; et al. Unsaturated Fatty Acids Induce Non-Canonical Autophagy. EMBO ]. 2015, 34, 1025-1041. [CrossRef]
Sauvat, A.; Chen, G.; Miiller, K.; Tong, M.; Aprahamian, F.; Durand, S.; Cerrato, G.; Bezu, L.; Leduc, M.; Franz, J.; et al. Trans-Fats
Inhibit Autophagy Induced by Saturated Fatty Acids. EBioMedicine 2018, 30, 261-272. [CrossRef]

Rockenfeller, P.; Koska, M.; Pietrocola, F.; Minois, N.; Knittelfelder, O.; Sica, V.; Franz, J.; Carmona-Gutierrez, D.; Kroemer,
G.; Madeo, F. Phosphatidylethanolamine Positively Regulates Autophagy and Longevity. Cell Death Differ. 2015, 22, 499-508.
[CrossRef]

Tatsuta, T.; Langer, T. Intramitochondrial Phospholipid Trafficking. Biochim. Biophys. Acta BBA-Mol. Cell Biol. Lipids 2017, 1862,
81-89. [CrossRef]

Kuchler, K.; Daum, G.; Paltauf, F. Subcellular and Submitochondrial Localization of Phospholipid-Synthesizing Enzymes in
Saccharomyces Cerevisiae. |. Bacteriol. 1986, 165, 901-910. [CrossRef]

Horvath, S.E.; Bottinger, L.; Vogtle, F-N.; Wiedemann, N.; Meisinger, C.; Becker, T.; Daum, G. Processing and Topology of the
Yeast Mitochondrial Phosphatidylserine Decarboxylase 1. J. Biol. Chem. 2012, 287, 36744-36755. [CrossRef]

Friedman, J.R.; Kannan, M.; Toulmay, A.; Jan, C.H.; Weissman, ].S.; Prinz, W.A.; Nunnari, J. Lipid Homeostasis Is Maintained by
Dual Targeting of the Mitochondrial PE Biosynthesis Enzyme to the ER. Dev. Cell 2018, 44, 261-270.e6. [CrossRef]
Biirgermeister, M.; Birner-Griinberger, R.; Nebauer, R.; Daum, G. Contribution of Different Pathways to the Supply of Phos-
phatidylethanolamine and Phosphatidylcholine to Mitochondrial Membranes of the Yeast Saccharomyces Cerevisiae. Biochim.
Biophys. Acta BBA-Mol. Cell Biol. Lipids 2004, 1686, 161-168. [CrossRef]

Miliara, X.; Tatsuta, T.; Berry, J.-L.; Rouse, S.L.; Solak, K.; Chorev, D.S.; Wu, D.; Robinson, C.V.; Matthews, S.; Langer, T. Structural
Determinants of Lipid Specificity within Ups/PRELI Lipid Transfer Proteins. Nat. Commun. 2019, 10, 1-15. [CrossRef]

Harner, M.; Korner, C.; Walther, D.; Mokranjac, D.; Kaesmacher, J.; Welsch, U.; Griffith, J.; Mann, M.; Reggiori, F.,; Neupert, W. The
Mitochondrial Contact Site Complex, a Determinant of Mitochondrial Architecture. EMBO ]. 2011, 30, 4356-4370. [CrossRef]
Connerth, M.; Tatsuta, T.; Haag, M.; Klecker, T.; Westermann, B.; Langer, T. Intramitochondrial Transport of Phosphatidic Acid in
Yeast by a Lipid Transfer Protein. Science 2012, 338, 815-818. [CrossRef] [PubMed]

AhYoung, A.P; Jiang, J.; Zhang, J.; Dang, X.K.; Loo, J.A.; Zhou, Z.H.; Egea, PF. Conserved SMP Domains of the ERMES Complex
Bind Phospholipids and Mediate Tether Assembly. Proc. Natl. Acad. Sci. USA 2015, 112, E3179-E3188. [CrossRef] [PubMed]
Kornmann, B.; Osman, C.; Walter, P. The Conserved GTPase Gem1 Regulates Endoplasmic Reticulum-Mitochondria Connections.
Proc. Natl. Acad. Sci. USA 2011, 108, 14151-14156. [CrossRef]


http://doi.org/10.1083/jcb.200803137
http://doi.org/10.1016/j.cell.2010.04.009
http://doi.org/10.1091/mbc.e09-11-0969
http://www.ncbi.nlm.nih.gov/pubmed/20444978
http://doi.org/10.1091/mbc.e09-04-0345
http://doi.org/10.15252/embj.201797006
http://www.ncbi.nlm.nih.gov/pubmed/28550152
http://doi.org/10.1038/ncb2078
http://www.ncbi.nlm.nih.gov/pubmed/20639872
http://doi.org/10.1083/jcb.201111079
http://doi.org/10.1016/j.devcel.2018.03.008
http://doi.org/10.1016/j.cub.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24613307
http://doi.org/10.15252/embj.201490315
http://www.ncbi.nlm.nih.gov/pubmed/26162625
http://doi.org/10.1016/j.cell.2019.12.005
http://www.ncbi.nlm.nih.gov/pubmed/31883797
http://doi.org/10.1074/jbc.RA118.007020
http://doi.org/10.15252/embj.201489363
http://doi.org/10.1016/j.ebiom.2018.03.028
http://doi.org/10.1038/cdd.2014.219
http://doi.org/10.1016/j.bbalip.2016.08.006
http://doi.org/10.1128/jb.165.3.901-910.1986
http://doi.org/10.1074/jbc.M112.398107
http://doi.org/10.1016/j.devcel.2017.11.023
http://doi.org/10.1016/j.bbalip.2004.09.007
http://doi.org/10.1038/s41467-019-09089-x
http://doi.org/10.1038/emboj.2011.379
http://doi.org/10.1126/science.1225625
http://www.ncbi.nlm.nih.gov/pubmed/23042293
http://doi.org/10.1073/pnas.1422363112
http://www.ncbi.nlm.nih.gov/pubmed/26056272
http://doi.org/10.1073/pnas.1111314108

Cells 2021, 10, 2416 15 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Lahiri, S.; Chao, J.T.; Tavassoli, S.; Wong, A.K.O.; Choudhary, V.; Young, B.P; Loewen, C.J.R.; Prinz, W.A. A Conserved
Endoplasmic Reticulum Membrane Protein Complex (EMC) Facilitates Phospholipid Transfer from the ER to Mitochondria. PLoS
Biol. 2014, 12. [CrossRef] [PubMed]

Colombini, M. The VDAC Channel: Molecular Basis for Selectivity. Biochim. Biophys. Acta BBA-Mol. Cell Res. 2016, 1863,
2498-2502. [CrossRef]

Bayrhuber, M.; Meins, T.; Habeck, M.; Becker, S.; Giller, K.; Villinger, S.; Vonrhein, C.; Griesinger, C.; Zweckstetter, M.; Zeth, K.
Structure of the Human Voltage-Dependent Anion Channel. Proc. Natl. Acad. Sci. USA 2008, 105, 15370-15375. [CrossRef]
Prinz, W.A.; Toulmay, A.; Balla, T. The Functional Universe of Membrane Contact Sites. Nat. Rev. Mol. Cell Biol. 2020, 21, 7-24.
[CrossRef]

Cherry, ] M.; Hong, E.L.; Amundsen, C.; Balakrishnan, R.; Binkley, G.; Chan, E.T.; Christie, K.R.; Costanzo, M.C.; Dwight, S.S.;
Engel, S.R,; et al. Saccharomyces Genome Database: The Genomics Resource of Budding Yeast. Nucleic Acids Res. 2012, 40,
D700-D705. [CrossRef] [PubMed]

Costanzo, M.; Baryshnikova, A.; Bellay, J.; Kim, Y.; Spear, E.D.; Sevier, C.S.; Ding, H.; Koh, J.L.Y.; Toufighi, K.; Mostafavi, S.; et al.
The Genetic Landscape of a Cell. Science 2010, 327, 425-431. [CrossRef] [PubMed]

Hoppins, S.; Collins, S.R.; Cassidy-Stone, A.; Hummel, E.; DeVay, R.M.; Lackner, L.L.; Westermann, B.; Schuldiner, M.; Weissman,
J.S.; Nunnari, J. A Mitochondrial-Focused Genetic Interaction Map Reveals a Scaffold-like Complex Required for Inner Membrane
Organization in Mitochondria. J. Cell Biol. 2011, 195, 323-340. [CrossRef]

Murley, A.; Sarsam, R.D.; Toulmay, A.; Yamada, J.; Prinz, W.A.; Nunnari, J. Ltcl Is an ER-Localized Sterol Transporter and a
Component of ER-Mitochondria and ER-Vacuole Contacts. J. Cell Biol. 2015, 209, 539-548. [CrossRef] [PubMed]

Morgenstern, M.; Stiller, S.B.; Luibbert, P.; Peikert, C.D.; Dannenmaier, S.; Drepper, F.; Weill, U.; Ho8, P; Feuerstein, R.; Gebert, M.;
et al. Definition of a High-Confidence Mitochondrial Proteome at Quantitative Scale. Cell Rep. 2017, 19, 2836—2852. [CrossRef]
[PubMed]

Janke, C.; Magiera, M.M.; Rathfelder, N.; Taxis, C.; Reber, S.; Maekawa, H.; Moreno-Borchart, A.; Doenges, G.; Schwob, E.;
Schiebel, E.; et al. A Versatile Toolbox for PCR-Based Tagging of Yeast Genes: New Fluorescent Proteins, More Markers and
Promoter Substitution Cassettes. Yeast 2004, 21, 947-962. [CrossRef]

Eisenberg, T.; Schroeder, S.; Andryushkova, A.; Pend], T.; Kiittner, V.; Bhukel, A.; Marifio, G.; Pietrocola, F.; Harger, A.;
Zimmermann, A.; et al. Nucleocytosolic Depletion of the Energy Metabolite Acetyl-Coenzyme A Stimulates Autophagy and
Prolongs Lifespan. Cell Metab. 2014, 19, 431-444. [CrossRef]

Daniel Gietz, R.; Woods, R.A. Transformation of yeast by lithium acetate/single-stranded carrier DNA /polyethylene glycol
method. In Methods in Enzymology; Guthrie, C., Fink, G.R., Eds.; Guide to Yeast Genetics and Molecular and Cell Biology—Part B;
Academic Press: Cambridge, MA, USA, 2002; Volume 350, pp. 87-96.

Bernard, A.; Jin, M.; Xu, Z.; Klionsky, D.J. A Large-Scale Analysis of Autophagy-Related Gene Expression Identifies New
Regulators of Autophagy. Autophagy 2015, 11, 2114-2122. [CrossRef]

Kirisako, T.; Baba, M.; Ishihara, N.; Miyazawa, K.; Ohsumi, M.; Yoshimori, T.; Noda, T.; Ohsumi, Y. Formation Process of
Autophagosome Is Traced with Apg8/Aut7p in Yeast. J. Cell Biol. 1999, 147, 435-446. [CrossRef]

Kainz, K.; Tadic, J.; Zimmermann, A.; Pendl, T.; Carmona-Gutierrez, D.; Ruckenstuhl, C.; Eisenberg, T.; Madeo, F. Chapter
Nineteen—Methods to Assess Autophagy and Chronological Aging in Yeast. In Methods in Enzymology; Galluzzi, L., Bravo-San
Pedro, .M., Kroemer, G., Eds.; Molecular Characterization of Autophagic Responses, Part B; Academic Press: Cambridge, MA,
USA, 2017; Volume 588, pp. 367-394.

Riezman, H.; Hase, T.; van Loon, A.P,; Grivell, L.A.; Suda, K,; Schatz, G. Import of Proteins into Mitochondria: A 70 Kilodalton
Outer Membrane Protein with a Large Carboxy-Terminal Deletion Is Still Transported to the Outer Membrane. EMBO J. 1983, 2,
2161-2168. [CrossRef]

Noda, T.; Klionsky, D.J. Chapter 3 The Quantitative Pho8A60 Assay of Nonspecific Autophagy. In Methods in Enzymology;
Autophagy: Lower Eukaryotes and Non-Mammalian Systems, Part A; Academic Press: Cambridge, MA, USA, 2008; Volume 451,
pp. 33-42.

Hughes, A.L.; Hughes, C.E.; Henderson, K.A.; Yazvenko, N.; Gottschling, D.E. Selective Sorting and Destruction of Mitochondrial
Membrane Proteins in Aged Yeast. eLife 2016, 5, €13943. [CrossRef]

Ruckenstuhl, C.; Netzberger, C.; Entfellner, I.; Carmona-Gutierrez, D.; Kickenweiz, T.; Stekovic, S.; Gleixner, C.; Schmid, C.; Klug,
L.; Sorgo, A.G,; et al. Lifespan Extension by Methionine Restriction Requires Autophagy-Dependent Vacuolar Acidification. PLoS
Genet. 2014, 10, €1004347. [CrossRef] [PubMed]

Sales, S.; Knittelfelder, O.; Shevchenko, A. Lipidomics of Human Blood Plasma by High-Resolution Shotgun Mass Spectrometry.
Methods Mol. Biol. 2017, 1619, 203-212. [CrossRef] [PubMed]

Sales, S.; Graessler, J.; Ciucci, S.; Al-Atrib, R.; Vihervaara, T.; Schuhmann, K.; Kauhanen, D.; Sysi-Aho, M.; Bornstein, S.R.; Bickle,
M.; et al. Gender, Contraceptives and Individual Metabolic Predisposition Shape a Healthy Plasma Lipidome. Sci. Rep. 2016, 6,
27710. [CrossRef] [PubMed]

Schuhmann, K.; Almeida, R.; Baumert, M.; Herzog, R.; Bornstein, S.R.; Shevchenko, A. Shotgun Lipidomics on a LTQ Orbitrap
Mass Spectrometer by Successive Switching between Acquisition Polarity Modes. ]. Mass Spectrom. JMS 2012, 47, 96-104.
[CrossRef] [PubMed]


http://doi.org/10.1371/journal.pbio.1001969
http://www.ncbi.nlm.nih.gov/pubmed/25313861
http://doi.org/10.1016/j.bbamcr.2016.01.019
http://doi.org/10.1073/pnas.0808115105
http://doi.org/10.1038/s41580-019-0180-9
http://doi.org/10.1093/nar/gkr1029
http://www.ncbi.nlm.nih.gov/pubmed/22110037
http://doi.org/10.1126/science.1180823
http://www.ncbi.nlm.nih.gov/pubmed/20093466
http://doi.org/10.1083/jcb.201107053
http://doi.org/10.1083/jcb.201502033
http://www.ncbi.nlm.nih.gov/pubmed/25987606
http://doi.org/10.1016/j.celrep.2017.06.014
http://www.ncbi.nlm.nih.gov/pubmed/28658629
http://doi.org/10.1002/yea.1142
http://doi.org/10.1016/j.cmet.2014.02.010
http://doi.org/10.1080/15548627.2015.1099796
http://doi.org/10.1083/jcb.147.2.435
http://doi.org/10.1002/j.1460-2075.1983.tb01717.x
http://doi.org/10.7554/eLife.13943
http://doi.org/10.1371/journal.pgen.1004347
http://www.ncbi.nlm.nih.gov/pubmed/24785424
http://doi.org/10.1007/978-1-4939-7057-5_16
http://www.ncbi.nlm.nih.gov/pubmed/28674888
http://doi.org/10.1038/srep27710
http://www.ncbi.nlm.nih.gov/pubmed/27295977
http://doi.org/10.1002/jms.2031
http://www.ncbi.nlm.nih.gov/pubmed/22282095

Cells 2021, 10, 2416 16 of 17

50.

51.

52.

53.

54.
55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Schuhmann, K.; Thomas, H.; Ackerman, ].M.; Nagornov, K.O.; Tsybin, Y.O.; Shevchenko, A. Intensity-Independent Noise Filtering
in FT MS and FT MS/MS Spectra for Shotgun Lipidomics. Anal. Chem. 2017, 89, 7046-7052. [CrossRef] [PubMed]

Schuhmann, K.; Srzenti¢, K.; Nagornov, K.O.; Thomas, H.; Gutmann, T.; Coskun, U.; Tsybin, Y.O.; Shevchenko, A. Monitoring
Membrane Lipidome Turnover by Metabolic 15N Labeling and Shotgun Ultra-High-Resolution Orbitrap Fourier Transform Mass
Spectrometry. Anal. Chem. 2017, 89, 12857-12865. [CrossRef] [PubMed]

Herzog, R.; Schuhmann, K.; Schwudke, D.; Sampaio, J.L.; Bornstein, S.R.; Schroeder, M.; Shevchenko, A. LipidXplorer: A Software
for Consensual Cross-Platform Lipidomics. PLoS ONE 2012, 7, €29851. [CrossRef]

Folch, J.; Lees, M.; Stanley, G.H.S. A Simple Method for the Isolation and Purification of Total Lipides from Animal Tissues. J. Biol.
Chem. 1957, 226, 497-509. [CrossRef]

Schneiter, R.; Daum, G. Analysis of Yeast Lipids. Methods Mol. Biol. 2006, 313, 75-84. [CrossRef]

Knittelfelder, O.L.; Kohlwein, S.D. Thin-Layer Chromatography to Separate Phospholipids and Neutral Lipids from Yeast. Cold
Spring Harb. Protoc. 2017, 2017. [CrossRef]

Mangold, H K. Thin-Layer Chromatography of Lipids. J. Am. Oil Chem. Soc. 1961, 38, 708-727. [CrossRef]

Schindelin, J.; Arganda-Carreras, L; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji—An Open Source Platform for Biological Image Analysis. Nat. Methods 2012, 9, 676-682. [CrossRef]

Magri, A.; Di Rosa, M.C.; Orlandj, I.; Guarino, E; Reina, S.; Guarnaccia, M.; Morello, G.; Spampinato, A.; Cavallaro, S.; Messina,
A.; et al. Deletion of Voltage-Dependent Anion Channel 1 Knocks Mitochondria down Triggering Metabolic Rewiring in Yeast.
Cell. Mol. Life Sci. 2019. [CrossRef]

Dihanich, M.; Suda, K.; Schatz, G. A Yeast Mutant Lacking Mitochondrial Porin Is Respiratory-Deficient, but Can Recover
Respiration with Simultaneous Accumulation of an 86-Kd Extramitochondrial Protein. EMBO J. 1987, 6, 723-728. [CrossRef]
[PubMed]

Miyata, N.; Fujii, S.; Kuge, O. Porin Proteins Have Critical Functions in Mitochondrial Phospholipid Metabolism in Yeast. J. Biol.
Chem. 2018, 293, 17593-17605. [CrossRef]

Blachly-Dyson, E.; Song, J.; Wolfgang, W.J.; Colombini, M.; Forte, M. Multicopy Suppressors of Phenotypes Resulting from the
Absence of Yeast VDAC Encode a VDAC-like Protein. Mol. Cell. Biol. 1997, 17, 5727-5738. [CrossRef] [PubMed]

Graef, M.; Nunnari, J]. Mitochondria Regulate Autophagy by Conserved Signalling Pathways. EMBO J. 2011, 30, 2101-2114.
[CrossRef] [PubMed]

Shintani, T.; Reggiori, F. Chapter Four Fluorescence Microscopy-Based Assays for Monitoring Yeast Atg Protein Trafficking. In
Methods in Enzymology; Autophagy: Lower Eukaryotes and Non-Mammalian Systems, Part A; Academic Press: Cambridge, MA,
USA, 2008; Volume 451, pp. 43-56.

Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.].; Abeliovich, H.; Arozena, A.A.; Adachi, H.; Adams, C.M.; Adams, PD;
Adeli, K.; et al. Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (3rd Edition). Autophagy 2016, 12,
1-222. [CrossRef] [PubMed]

Nakatogawa, H.; Suzuki, K.; Kamada, Y.; Ohsumi, Y. Dynamics and Diversity in Autophagy Mechanisms: Lessons from Yeast.
Nat. Rev. Mol. Cell Biol. 2009, 10, 458-467. [CrossRef]

Loewen, C.J.R.; Gaspar, M.L; Jesch, S.A.; Delon, C.; Ktistakis, N.T.; Henry, S.A.; Levine, T.P. Phospholipid Metabolism Regulated
by a Transcription Factor Sensing Phosphatidic Acid. Science 2004, 304, 1644-1647. [CrossRef] [PubMed]

Lee, A.C.; Xu, X.; Blachly-Dyson, E.; Forte, M.; Colombini, M. The Role of Yeast VDAC Genes on the Permeability of the
Mitochondrial Outer Membrane. |. Membr. Biol. 1998, 161, 173-181. [CrossRef] [PubMed]

Sakaue, H.; Shiota, T.; Ishizaka, N.; Kawano, S.; Tamura, Y.; Tan, K.S.; Imai, K.; Motono, C.; Hirokawa, T.; Taki, K.; et al. Porin
Associates with Tom22 to Regulate the Mitochondrial Protein Gate Assembly. Mol. Cell 2019, 73, 1044-1055.e8. [CrossRef]
Ellenrieder, L.; Dieterle, M.P; Doan, K.N.; Martensson, C.U.; Floerchinger, A.; Campo, M.L.; Pfanner, N.; Becker, T. Dual Role of
Mitochondrial Porin in Metabolite Transport across the Outer Membrane and Protein Transfer to the Inner Membrane. Mol. Cell
2019, 73, 1056-1065.e7. [CrossRef]

Szabadkai, G.; Bianchi, K.; Varnai, P; De Stefani, D.; Wieckowski, M.R.; Cavagna, D.; Nagy, A.L; Balla, T.; Rizzuto, R. Chaperone-
Mediated Coupling of Endoplasmic Reticulum and Mitochondrial Ca2+ Channels. . Cell Biol. 2006, 175, 901-911. [CrossRef]
[PubMed]

Maldonado, E.N.; Sheldon, K.L.; DeHart, D.N.; Patnaik, J.; Manevich, Y.; Townsend, D.M.; Bezrukov, S.M.; Rostovtseva, T.K.;
Lemasters, J.J. Voltage-Dependent Anion Channels Modulate Mitochondrial Metabolism in Cancer Cells. J. Biol. Chem. 2013, 288,
11920-11929. [CrossRef] [PubMed]

Bosc, C.; Broin, N.; Fanjul, M.; Saland, E.; Farge, T.; Courdy, C.; Batut, A.; Masoud, R.; Larrue, C.; Skuli, S.; et al. Autophagy
Regulates Fatty Acid Availability for Oxidative Phosphorylation through Mitochondria-Endoplasmic Reticulum Contact Sites.
Nat. Commun. 2020, 11, 4056. [CrossRef]

Strogolova, V.; Orlova, M.; Shevade, A.; Kuchin, S. Mitochondrial Porin Por1 and Its Homolog Por2 Contribute to the Positive
Control of Snfl Protein Kinase in Saccharomyces Cerevisiae. Eukaryot. Cell 2012, 11, 1568-1572. [CrossRef]

Pujol-Carrion, N.; Petkova, M.1; Serrano, L.; de la Torre-Ruiz, M.A. The MAP Kinase Slt2 Is Involved in Vacuolar Function and
Actin Remodeling in Saccharomyces Cerevisiae Mutants Affected by Endogenous Oxidative Stress. Appl. Environ. Microbiol. 2013,
79, 6459-6471. [CrossRef]


http://doi.org/10.1021/acs.analchem.7b00794
http://www.ncbi.nlm.nih.gov/pubmed/28570056
http://doi.org/10.1021/acs.analchem.7b03437
http://www.ncbi.nlm.nih.gov/pubmed/29111682
http://doi.org/10.1371/journal.pone.0029851
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1385/1-59259-958-3:075
http://doi.org/10.1101/pdb.prot085456
http://doi.org/10.1007/BF02633061
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1007/s00018-019-03342-8
http://doi.org/10.1002/j.1460-2075.1987.tb04813.x
http://www.ncbi.nlm.nih.gov/pubmed/2438132
http://doi.org/10.1074/jbc.RA118.005410
http://doi.org/10.1128/MCB.17.10.5727
http://www.ncbi.nlm.nih.gov/pubmed/9315631
http://doi.org/10.1038/emboj.2011.104
http://www.ncbi.nlm.nih.gov/pubmed/21468027
http://doi.org/10.1080/15548627.2015.1100356
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://doi.org/10.1038/nrm2708
http://doi.org/10.1126/science.1096083
http://www.ncbi.nlm.nih.gov/pubmed/15192221
http://doi.org/10.1007/s002329900324
http://www.ncbi.nlm.nih.gov/pubmed/9435273
http://doi.org/10.1016/j.molcel.2019.01.003
http://doi.org/10.1016/j.molcel.2018.12.014
http://doi.org/10.1083/jcb.200608073
http://www.ncbi.nlm.nih.gov/pubmed/17178908
http://doi.org/10.1074/jbc.M112.433847
http://www.ncbi.nlm.nih.gov/pubmed/23471966
http://doi.org/10.1038/s41467-020-17882-2
http://doi.org/10.1128/EC.00127-12
http://doi.org/10.1128/AEM.01692-13

Cells 2021, 10, 2416 17 of 17

75. Kornmann, B.; Currie, E.; Collins, S.R.; Schuldiner, M.; Nunnari, J.; Weissman, J.S.; Walter, P. An ER-Mitochondria Tethering
Complex Revealed by a Synthetic Biology Screen. Science 2009, 325, 477-481. [CrossRef] [PubMed]

76. Nebauer, R.; Rosenberger, S.; Daum, G. Phosphatidylethanolamine, a Limiting Factor of Autophagy in Yeast Strains Bearing a
Defect in the Carboxypeptidase Y Pathway of Vacuolar Targeting. J. Biol. Chem. 2007, 282, 16736-16743. [CrossRef] [PubMed]

77. Vigié, P; Cougouilles, E.; Bhatia-KisSov4, I.; Salin, B.; Blancard, C.; Camougrand, N. Mitochondrial Phosphatidylserine Decar-
boxylase 1 (Psd1) Is Involved in Nitrogen Starvation-Induced Mitophagy in Yeast. J. Cell Sci. 2018. [CrossRef] [PubMed]


http://doi.org/10.1126/science.1175088
http://www.ncbi.nlm.nih.gov/pubmed/19556461
http://doi.org/10.1074/jbc.M611345200
http://www.ncbi.nlm.nih.gov/pubmed/17428789
http://doi.org/10.1242/jcs.221655
http://www.ncbi.nlm.nih.gov/pubmed/30510114

	Introduction 
	Materials and Methods 
	Yeast Strains and Growth Conditions 
	Growth Assays 
	Yeast Autophagy Measurements 
	Analysis of Cell Death 
	Assessment of Vacuole Morphology and Function 
	Lipid Extraction and Quantification by Shotgun Mass Spectrometry 
	Lipid Extraction and Quantification by Thin-Layer Chromatography 
	Statistical Analysis 

	Results 
	Loss of POR1 Reduced Cellular Autophagy Levels 
	POR1 Deficiency Reduced the Autophagic Capacity upon Induction with Rapamycin or Nitrogen Starvation 
	POR1 Deficiency Was Associated with Specific Changes in the Lipid Profile, Particularly Affecting Phospholipids 
	PSD1 Overexpression Could Partially Compensate for the Loss of POR1 

	Discussion 
	References

