Cell Cycle 13:23,3707-3726; December 1, 2014; © 2014 Crown Copyright

REPORT
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An exposure of the yeast Saccharomyces cerevisiae to exogenous palmitoleic acid (POA) elicits “liponecrosis," a mode
of programmed cell death (PCD) which differs from the currently known PCD subroutines. Here, we report the following
mechanism for liponecrotic PCD. Exogenously added POA is incorporated into POA-containing phospholipids that then
amass in the endoplasmic reticulum membrane, mitochondrial membranes and the plasma membrane. The buildup of
the POA-containing phospholipids in the plasma membrane reduces the level of phosphatidylethanolamine in its
extracellular leaflet, thereby increasing plasma membrane permeability for small molecules and committing yeast to
liponecrotic PCD. The excessive accumulation of POA-containing phospholipids in mitochondrial membranes impairs
mitochondrial functionality and causes the excessive production of reactive oxygen species in mitochondria. The
resulting rise in cellular reactive oxygen species above a critical level contributes to the commitment of yeast to
liponecrotic PCD by: (1) oxidatively damaging numerous cellular organelles, thereby triggering their massive
macroautophagic degradation; and (2) oxidatively damaging various cellular proteins, thus impairing cellular
proteostasis. Several cellular processes in yeast exposed to POA can protect cells from liponecrosis. They include: (1)
POA oxidation in peroxisomes, which reduces the flow of POA into phospholipid synthesis pathways; (2) POA
incorporation into neutral lipids, which prevents the excessive accumulation of POA-containing phospholipids in
cellular membranes; (3) mitophagy, a selective macroautophagic degradation of dysfunctional mitochondria, which
sustains a population of functional mitochondria needed for POA incorporation into neutral lipids; and (4) a
degradation of damaged, dysfunctional and aggregated cytosolic proteins, which enables the maintenance of cellular

proteostasis.

Introduction

We recently identified a form of programmed cell death
(PCD) which differs from such presently known PCD subrou-
tines as apoptosis, autophagic cell death and necrosis. We named
this previously unknown PCD subroutine “liponecrosis”; it can
be instigated by a short-term exposure of the yeast Saccharomyces
cerevisiae to exogenous palmitoleic acid (POA)." We demon-
strated that the liponecrotic mode of cell death exhibits all 3 key
features that have been recommended as mandatory for a cell
death mode to be called “PCD”.>* In fact, we found that lipone-
crotic PCD: (1) is a genetically programmed, regulated cellular
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process which can be accelerated or decelerated by genetic manip-
ulations impairing functionality of only certain proteins - in par-
ticular proteins enabling the maintenance of functional
mitochondria, metabolism of certain lipid classes or autophagic
degradation of some cellular constituents; (2) operates as a series
of consecutive cellular events triggered by POA and following
each other in a certain order; and (3) is likely to provide some
benefits for the survival of a population of yeast cells because it
represents an age-related mode of PCD - i.e., the degree to which
it reduces cell viability following an exposure to POA appears to
progress with the chronological age of a yeast cell." Importantly,
yeast cells committed to liponecrotic PCD do not exhibit a
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Figure 1. An exposure of WT cells to various concentrations of exogenous POA elicits differential
effects on the relative levels of Cy¢; molecular species (i.e.,, POA-containing species) of PL and
TAG, and the atg32A-dependent mutational block of mitophagy alters these effects. WT and
atg32A cells were recovered at days 1, 2 and 4 of culturing in YP medium initially containing
0.2% glucose as carbon source. Extraction of cellular lipids, and mass spectrometric identification
and quantitation of various molecular species of non-esterified (“free”) fatty acids (FFA), phos-
pholipids (PL) and triacylglycerols (TAG) were carried out as described in Materials and Methods.
The relative level of POA-containing molecular species for each lipid class (i.e, FFA, PL and TAG)
was calculated as mol% of all these lipid classes. Data are presented as means + SEM (n = 3;
*P < 0.01; ns, not significant). For FFA, POA-containing molecular species are their C;¢.; species.
For the PA, PS, PE, PC and PI classes of PL, POA-containing molecular species are the Cs,.1, C352,
C34.1 and Czg,; species of each of them. For the CL class of PL, POA-containing molecular species
are its Ceg.4) Coe:4. Cos:a C0.4 Species. For TAG, POA-containing molecular species are their Cyg.5,
Cag3 Cso:2 Cs0:3, Cs2:2, Csa:3 Species.

combination of morphological traits and biochemical features
characteristic of cells committed to any of the presently known
apoptotic, autophagic or necrotic subroutines of PCD.' More-
over, yeast cells committed to liponecrotic PCD display an
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excessive accumulation of lipid droplets
where non-esterified fatty acids are deposited
in the form of neutral lipids; this hallmark
feature of liponecrotic PCD has not been
reported for any of the presenty known
PCD modalities." Collectively, these findings
imply that liponecrosis in yeast is a previ-
ously unknown mode of PCD. In this study,
we investigated a mechanism underlying lip-
onecrotic PCD subroutine.

Results

The extent of POA incorporation into
neutral lipids and phospholipids correlates
with the susceptibility of yeast to
liponecrotic PCD

We recently analyzed how the foxIA,
dgalA and are2A mutations, which impair
metabolism of some lipid classes, influence
the susceptibility of yeast to POA-induced
liponecrosis." Our analysis suggested the fol-
lowing hypothesis: (1) exogenous POA can
be incorporated into phospholipids (PL) that
accumulate within cellular membranes and
into neutral lipids (NL) that amass in lipid
droplets (LD); (2) an excessive accumulation
of POA-containing PL within cellular mem-
branes is a pro-death process which triggers
liponecrosis by creating the extreme cellular
stress; (3) POA incorporation into NL is a
pro-survival process which prevents the
buildup of POA-containing PL within cellu-
lar membranes by reducing the flow of POA
into PL synthesis; and (4) mitophagy, an
Atg32p-driven selective autophagic degrada-
tion of dysfunctional mitochondria,”® is a
pro-survival process which sustains a popula-
tion of functional mitochondria needed for
POA incorporation into NL deposited
within LD."

As a first step toward verifying this
hypothesis, we compared lipidomes of wild-
type (WT) and mitophagy-deficient a£g32A
cells exposed to various concentrations of
POA. We found that an exposure of WT
cells to POA used at a low final concentra-
tion of 0.05 mM causes: (1) an increase in
the cellular levels of triacylglycerols (TAG), a
major class of NL that are synthesized in the
endoplasmic reticulum (ER) and then depos-

ited within LD; and (2) a decrease in the cellular levels of PL
(Fig. S1). Furthermore, an exposure of WT cells to POA used at
a higher final concentration of 0.1 mM or 0.15 mM reduced the
extent to which such exposure increased the cellular levels of
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TAG and elevated the extent to which it
of PL
(Fig. S1). Moreover, after an exposure of
WT cells to POA, the major portion of
molecular species of TAG and PL under-
going such changes were POA-containing
Cig.1 species (compare Figs. 1 and S1).
The above trend of the concentration-
dependent effect of exogenous POA on the
cellular levels of PL (including their most
abundant POA-containing species) was
observed for all major classes of PL, such
as phosphatidic acid (PA), phosphatidyl-
serine  (PS), phosphatidylethanolamine
(PE), phosphatidylcholine (PC), phospha-
tidylinositol (PtdIns) and cardiolipin (CL)
(Fig. 2; Fig. S2). Some of these PL classes
(such as PA, PS, PC and PI) are known to
be synthesized exclusively in the ER and to

decreased the cellular levels

be then transported to mitochondria via
mitochondria-ER junctions and to the
plasma membrane (PM) via PM-ER junc-
tions (Fig. $3).715 Other PL classes (such
as PE and CL) are known to be formed
only in the inner mitochondrial membrane
(IMM); PE is then transported from mito-
chondria to the ER via mitochondria-ER
junctions and from the ER to the PM via
PM-ER junctions (Fig. $3).”""”

Our mass spectrometric analysis of
yeast exposed to exogenous POA also
revealed that the #2¢g32A-dependent muta-
tional block of mitophagy: (1) substantially
reduces the extent to which such exposure
of TAG
(including their POA-containing species)
(Fig. 1; Fig. S1); and (2) significantly ele-
vates the degree to which such exposure

increases the cellular levels

increases the cellular levels of various clas-
ses of PL (including their POA-containing
species) (Fig. 2; Fig. S2). As we recently
reported, the 27¢32A mutation substan-
tially increases the susceptibility of yeast to
POA-induced liponecrotic PCD."

To further verify our hypothesis, we
examined how various single-gene-deletion
mutations (each eliminating an enzyme
involved in POA transport to the ER or in
POA incorporation into PL and/or NL
within the ER; see refs.”'® and Fig. S3)
influence the susceptibility of yeast to

POA-induced liponecrotic PCD. Importantly, all these enzymes
are redundant and none of them is an essential protein in
yeast.”'® Thus, although none of these single-gene-deletion
mutations completely abolishes the incorporation of POA into
PL and/or NL, each of them causes significant changes in the
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Figure 2. An exposure of WT cells to various concentrations of exogenous POA elicits differential
effects on the relative levels of C;6.; molecular species (i.e., POA-containing species) of all major
classes of PL, and the atg32A-dependent mutational block of mitophagy alters these effects. WT
and atg32A cells were recovered at days 1, 2 and 4 of culturing in YP medium initially containing
0.2% glucose as carbon source. Extraction of cellular lipids, and mass spectrometric identification
and quantitation of various molecular species of phospholipids (PL) were carried out as described
in Materials and Methods. The relative level of POA-containing molecular species for each class of
PL (i.e., PA, PS, PE, PC, Ptdins and CL) was calculated as mol% of all these PL classes. Data are pre-
sented as means &+ SEM (n = 3; *P < 0.01; ns, not significant). For the PA, PS, PE, PC and PI classes
of PL, POA-containing molecular species are the Cs,.q, C32., C34.1 and Csg., species of each of them.
For the CL class of PL, POA-containing molecular species are its Cg4.4, Cop:4, Cos.4, C70.4 SPECi€S.

cellular levels of PL and/or NL.>'® We found that the JatlA
mutation reduces the susceptibility of yeast to POA-induced lip-
onecrosis (Fig. 3A); this mutation decreases cellular uptake of
POA and, thus, mitigates the incorporation of POA into both
PL and NL (Fig. $3).'® Furthermore, the 2pt2A, ayrIA and
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Figure 3. Various single-gene-deletion mutations (each eliminating an enzyme involved in POA
transport to the ER or in POA incorporation into PL and/or NL within the ER) elicit differential
effects on the susceptibility of yeast to POA-induced liponecrotic PCD. WT and mutant cells were
recovered at days 1, 2 and 4 of culturing in YP medium initially containing 0.2% glucose as carbon
source. Cell survival was assessed by measuring the clonogenicity of cells after 2 h of treatment
with various concentrations of exogenous POA. Data for the effect of the dgalA mutation on the
susceptibility of yeast to POA-induced liponecrosis are from a different series of experiments than
the ones reported in our recent publication [1]. Data are presented as means £ SEM (n = 12-19).
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ale] A mutations make yeast less susceptible
to POA-induced liponecrosis (Figs. 3B-D);
all these mutations attenuate POA incorpo-
ration into PL (Fig. 53).9’16 Moreover, the
dgalA and /ro]IA mutations increase the
susceptibility of yeast to POA-induced lipo-
necrosis (Figs. 3E and F); both these muta-
tions decrease the incorporation of POA
into TAG, a major class of NL
(Fig. $3).21% In addition, we recently
reported that the 47¢2A mutation makes
yeast more susceptible to POA-induced lip-
onecrotic PCD;' this mutation is known to
mitigate POA incorporation into ergosteryl
esters, a class of NL.>1¢

In sum, the data of the lipidomic analy-
sis and cell survival assays of various
mutant strains revealed that the concentra-
tion of exogenous POA added to yeast
cells: (1) is inversely proportional to the
levels of TAG (including their POA-
containing species) in these cells (Figs. 1;
Fig. S1); (2) positively correlates with the
levels of all major classes of PL (including
their POA-containing species) in these cells
(Figs. 2; Fig. S2); and (3) is in a positive
correlation with the susceptibility of these
cells to liponecrosis (Fig. 3).!

The alkaline-pH- and lipid-asymmetry-
responsive Rim101 signaling pathway
may commit yeast to liponecrotic PCD by
reducing the level of PE in the
extracellular leaflet of the PM

We found that WT cells exposed to var-
ious concentrations of exogenous POA
cause medium alkalinisation in a POA con-
centration-dependent manner (data not
shown). To examine if such medium alka-
linisation is essential for the commitment
of yeast to POA-induced liponecrosis, we
compared the susceptibility of WT cells to
this PCD mode in buffered and unbuffered
culture media. The pH of buffered media
supplemented with various concentrations
of POA was maintained at approximately
6.5, close to the initial pH of unbuffered
media containing the same POA concen-
trations (data not shown). We revealed
that an exposure of WT yeast to POA com-
mits these cells to liponecrotic PCD as effi-
clently in buffered media as it does in
unbuffered media (data not shown). Thus,
the POA-induced alkalinisation of culture
medium by yeast cells is not essential for
the ability of POA to trigger liponecrosis.
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Our unpublished data validate this con-
clusion; as we found, a hypomorphic allele
of the gene encoding the PM ATPase
Pmal p,19 a single-gene-deletion mutation
eliminating the PM Nat (KH/H' ant-
porter Nhalp,” and a single-gene-dele-
tion mutation removing the PM Kt
transporter Trklp' exhibit considerable
differential effects on the extent of culture
medium alkalinisation by cells exposed to
POA but do not alter the susceptibility of
yeast to POA-induced liponecrosis (Feld-
man et al., in preparation).

Alkalinisation  of

can induce the alkaline-pH-responsive

culture medium
Rim101 signaling pathway in yeast.”*?
As we found, the POA-induced alkalinisa-
tion of medium by yeast does not elicit
liponecrotic PCD  despite the demon-
strated ability of such alkalinisation to
trigger this signaling pathway. The
Rim101 pathway can also be induced in
response to changes in the asymmetrical
distribution of various PL species across
the PM bilayer.>** Tt needs to be pointed
out that: (1) an active maintenance of the
proper PL asymmetry in the PM bilayer
depends on the abundance and composi-
tion of different PL species in this
bilayer;M’26 (2) POA-containing species
of the PA, PS, PE, PC and PtdIns classes
of PL undergo excessive accumulation
within cellular membranes of yeast com-
mitted to POA-induced liponecrosis
(Fig. 2); (3) all these PL classes are known
to be delivered to the PM bilayer via PM-
ER junctions after being synthesized in
the ER or mitochondria (Fig. $3).7 18 It is
conceivable therefore that: (1) POA-con-
taining species of PA, PS, PE, PC and PI
could amass within the PM bilayer of yeast
treated with POA; and (2) such buildup of
POA-containing species of PL within the
PM could alter the proper PL asymmetry
in the PM bilayer and, thus, could induce
the alkaline-pH- and lipid-asymmetry-
responsive Rim101 signaling pathway.
Upon stimulation of the Rim101 path-
way, endocytic internalization of its pH
sensing protein complex in the PM ini-
tiates a series of events leading to a proteo-
lytic processing of the transcriptional
factor Rim101p by the protease Rim13p
on the surface of the endosome
(Fig. 4A).2>?733 Processed Rim101p is
delivered to the nucleus, where it activates
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Figure 4. A depletion of PE in the extracellular leaflet of the PM is a characteristic trait of POA-
induced liponecrotic PCD, perhaps due to the ability of POA to trigger the alkaline-pH- and lipid-
asymmetry-responsive Rim101 signaling pathway. (A) Outline of the Rim101 signaling pathway
operating in yeast cells. This pathway can be induced by alkalinisation of culture medium and/or in
response to certain changes in asymmetrical distribution of some species of PL across the PM
bilayer. The pathway includes the pH sensing protein complex on the PM and the proteolytic proc-
essing complex for the transcriptional factor Rim101p on the endosomal membrane. After
Rim101p is proteolytically processed by the protease Rim13p on the surface of the endosome, its
cleaved form is delivered to the nucleus. In the nucleus, cleaved Rim101p activates transcription of
the RSB1 gene by suppressing its repressor, Nrg1p. A protein product of the RSB gene is a putative
sphingoid long-chain base-specific translocase/transporter within the PM. This protein stimulates
the Lem3p-dependent transport of PE from the outer (extracellular) leaflet of the PM to its inner
(intracellular) leaflet and suppresses the Yor1p-dependent transport of PE across the PM bilayer in
the opposite direction. See text for additional details. The names of proteins whose lack causes a
decrease or increase of the susceptibility of yeast to POA-induced liponecrosis are displayed in blue
or red color, respectively. Activation arrows and inhibition bars denote pro-death processes
(displayed in red color) or pro-survival processes (displayed in blue color) for liponecrotic PCD.
(B) WT, lem3A and yor1A cells were recovered at days 1, 2 and 4 of culturing in YP medium initially
containing 0.2% glucose as carbon source. Each cell suspension was divided into 2 equal aliquots.
Cells in one of these aliquots were treated for 2 h with 0.15 mM POA; cells in the other aliquot
remained untreated. Cells in each aliquot were then diluted in YP medium containing 2% glucose
and supplemented with 25 wM cinnamycin. Both aliquots were incubated for 8 h, and the total
number of cells in each aliquot was determined using a hemacytometer. Data are presented as
means £+ SEM (n = 5-6). Abbreviations: ESCRT-IIl, endosomal sorting complex (type ) required
for transport; PE, phosphatidylethanolamine; PL, phospholipids; PM, plasma membrane; POA,
palmitoleic acid; PS, phosphatidylserine; TAG, triacylglycerols.
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transcription of the RSB/ gene (Fig. 4A) 233134 5 protein prod-
uct of the RSBI gene is a transporter within the PM.*>** Rsb1p
is known to: (1) stimulate the Lem3p-dependent transport of PE
from the extracellular (outer) leaflet of the PM to its intracellular
(inner) leaflet; and (2) suppress the Yorlp-dependent transport
of PE in the opposite direction (Fig. 4A).**?°” Thus, an activa-
tion of the Rim101 pathway is likely to reduce the level of PE in
the extracellular leaflet of the PM (Fig. 4A) 2223313437 \y/e
therefore sought to investigate if an exposure of yeast to POA
alters the relative levels of PE in the 2 leaflets of the PM. To
attain this objective, we used the tetracyclic peptide antibiotic
cinnamycin whose specific binding to PE in the extracellular leaf-
let of the PM is known to cause cell lysis;>>*® hence, the level of
PE in this leaflet of the PM bilayer positively correlates with the
sensitivity of yeast to cinnamycin.”* We found that an exposure
of WT cells to POA decreases the sensitivity of yeast to cinnamy-
cin (Fig. 4B) and, thus, reduces the level of PE in the extracellular
leaflet of the PM. Moreover, the yor/A mutation eliminating a
protein required for PE transport from the intracellular leaflet of
the PM to its extracellular leaflet®®?” further decreased the sensi-
tivity of pre-treated with POA cells to cinnamycin (Fig. 4B). In
contrast, the /en3A mutation eliminating a protein required for
PE transport from the extracellular leaflet of the PM to its intra-
cellular leafle®?® increased the sensitivity of pre-treated with
POA cells to cinnamycin (Fig. 4B). In sum, these findings sug-
gest that a depletion of PE in the extracellular leaflet of the PM,
likely due to its enhanced translocation to the intracellular leaflet
of the PM, is a hallmark event of POA-induced liponecrosis. It is
conceivable that this characteristic trait of liponecrotic PCD is
due to the ability of POA to trigger the Rim101 pathway, thereby
increasing the level of Rsblp in the PM. The increased abun-
dance of Rsblp may: (1) enhance its stimulating effect on the
Lem3p-dependent transport of PE from the extracellular leaflet
to the intracellular leaflet of the PM; and (2) amplify its inhibi-
tory effect on the Yorlp-dependent transport of PE within the
PM bilayer in the opposite direction. Of note, there could be
other (Z.¢., Rsb1p-, Lem3p- and/or Yorlp-independent) ways of
reducing the level of PE in the extracellular leaflet of the PM in
yeast.

Based on the above findings, we hypothesized that the
Rim101 signaling pathway operates as a pro-death process which
may commit yeast to POA-induced liponecrotic PCD. To verify
this hypothesis, we examined how single-gene-deletion mutations
eliminating different protein components of this pathway influ-
ence the susceptibility of yeast to POA-induced liponecrosis. We
found that the rim21A, rim9A, dfgl6A, rim8A, snf7A, vps20A,
rim13A, rim20A and 7im101A mutations reduce the susceptibil-
ity of yeast to liponecrotic PCD (Figs. 5A-I). All these mutations
are known to impair the ability of the transcriptional factor
Rim10lp to activate transcription of the RSBI gene
(Fig. 4A). 233134 Thuys, all of them are expected to diminish the
stimulating effect of Rsblp on the Lem3p-dependent transport
of PE from the extracellular leaflet of the PM to its intracellular
leaflet (Fig. 4A).%>3%37 Moreover, all these mutations are also
anticipated to lessen the inhibitory effect of Rsb1p on the Yorlp-
dependent transport of PE across the PM bilayer in the opposite
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direction (Fig. 4A).2%3%37 1n sum, the rim2IA, rim9A, dfg16A,
rim8A, snf7A, vps20A, rim13A, rim20A and rim101A mutations
reducing the susceptibility of yeast to POA-induced liponecrosis
are likely to decrease the extent of PE depletion in the extracellu-
lar leaflet of the PM, a hallmark event of this PCD subroutine.
Furthermore, the 7561A and /lem3A mutations made yeast less
susceptible to POA-induced liponecrosis (Figs. 5] and K).
Because both these mutations are known to diminish the stimu-
lating effect of Rsblp on the Lem3p-dependent transport of PE
from the extracellular leaflet of the PM to its intracellular leaflet
(Fig. 4A),”**% they are expected to lessen the degree of PE
depletion in the extracellular leaflet of the PM. Moreover, we
found that the vps4A, vps24A and did4A mutations increase the
susceptibility of yeast to POA-induced liponecrosis (Figs. 6A—
C). Because all these mutations are known to enhance the ability
of Riml0lp to activate transcription of the RSBI gene
(Fig. 4A),*831 they are likely to increase the extent of PE deple-
tion in the extracellular leaflet of the PM. In addition, we found
that the 7r¢/A mutation eliminating a transcriptional repressor
of the RSBI gene (Fig. 4A)%313% and the yorlA mutation
impairing the transport of PE from the intracellular leaflet of the
PM to its extracellular leaflet (Fig. 4A)%23%37 make yeast more
susceptible to POA-induced liponecrosis (Figs. 6D and E).
Because the 77g/A mutation is known to attenuate the Yorlp-
dependent transport of PE from the intracellular leaflet of the
PM to its extracellular leaflet and the yor/A mutation has been
shown to abolish it (Fig. 4A),**3%37 hoth mutations are expected
to increase the extent of PE depletion in the extracellular leaflet
of the PM. Altogether, these data support the hypothesis that the
Rim101 signaling pathway operates as a pro-death process which
may commit yeast to liponecrosis by reducing the level of PE in
the extracellular leaflet of the PM.

The commitment of yeast to liponecrotic PCD alters
mitochondrial processes indispensable for cell viability

As we demonstrated in this study, an exposure of yeast to
exogenous POA elicits an excessive accumulation of the CL and
PE classes of PL, including their POA-containing species, within
cellular membranes (Fig. 2; Fig. §2). Mitochondria are known to
be the only site within a yeast cell where CL resides; this signature
PL of the mitochondrion is synthesized in its inner membrane
from PA that is formed exclusively in the ER membrane and
delivered to mitochondria via mitochondria-ER  junctions
(Fig. $3).”1315 Furthermore, although PE resides in all cellular
membranes, it is known to be synthesized only in the IMM from
PS that is formed exclusively in the ER membrane and delivered
to mitochondria via mitochondria-ER junctions (Fig. §3).0°1315
Moreover, the relative levels of other PL classes in both mito-
chondrial membranes are known to be defined by a bidirectional
exchange of PL between the mitochondrial and ER membranes;
such exchange integrates lipid dynamics within these organellar
membranes into an intricate network (Fig. $3).71315 Taken
together, these findings suggest that in yeast exposed to exoge-
nous POA: (1) POA-containing species of CL and PE (and, per-
haps, of other PL classes) could amass within both mitochondrial
membranes; and (2) such buildup of POA-containing species of
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Figure 5. Single-gene-deletion mutations eliminating different protein components of the Rim101 signaling pathway reduce the susceptibility of yeast
to POA-induced liponecrotic PCD if they decrease the extent of PE depletion in the extracellular leaflet of the PM, a hallmark event of this PCD. WT and
mutant cells were recovered at days 1, 2 and 4 of culturing in YP medium initially containing 0.2% glucose as carbon source. Cell survival was assessed
by measuring the clonogenicity of cells after 2 h of treatment with various concentrations of exogenous POA. Data are presented as means £+ SEM
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Figure 6. Single-gene-deletion mutations eliminating different protein components of the Rim101 signaling pathway make yeast more susceptible to
POA-induced liponecrotic PCD if they increase the degree of PE depletion in the extracellular leaflet of the PM, a hallmark event of this PCD. WT and
mutant cells were recovered at days 1, 2 and 4 of culturing in YP medium initially containing 0.2% glucose as carbon source. Cell survival was assessed
by measuring the clonogenicity of cells after 2 h of treatment with various concentrations of exogenous POA. Data are presented as means + SEM

PL within mitochondrial membranes could alter certain vital cel-
lular processes that are confined to mitochondria and modulated
by PL compositions of both mitochondrial membranes.'"?"!
Moreover, we recently reported that the ¢ye3A mutation, which
impairs mitochondrial respiration, makes yeast more susceptible
to POA-induced liponecrosis."

All these considerations prompted us to investigate how the
commitment of yeast to liponecrotic PCD influences several
mitochondrial processes indispensable for cell viability. Further-
more, because findings reported here further support our recently
proposed hypothesis' on the essential pro-survival role of
Atg32p-driven mitophagy in protecting yeast from liponecrotic
PCD, we examined how the a#¢g32A-dependent mutational block
of mitophagy impacts several vital mitochondrial processes in
yeast committed to this PCD subroutine. We found that the con-
centration of exogenous POA added to WT cells: (1) is inversely
proportional to the rate of mitochondrial respiration (Fig. 7A),
electrochemical potential across the IMM (Fig. 7B) and cellular
level of ATP (Fig. 7C), which in yeast is produced mainly in
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mitochondria;*? and (2) positively correlates with the intracellu-
lar level of reactive oxygen species (ROS) (Fig. 7D) known to be
generated primarily as by-products of mitochondrial respira-
tion.*> Moreover, we also found that the atg32A-dependent
mutational block of mitophagy: (1) elevates the degree to which
an exposure of yeast to exogenous POA decreases the rate of
mitochondrial respiration (Fig. 7A), electrochemical potential
across the IMM (Fig. 7B) and cellular level of ATP (Fig. 7C);
and (2) elevates the extent to which such exposure increases the
intracellular level of ROS (Fig. 7D). Noteworthy, mitophagy has
been shown to sustain a healthy population of functional mito-
chondria that actively respire, exhibit high membrane potential,
efficiently synthesize ATP and generate low levels of ROS."

In sum, these findings imply that the commitment of yeast to
liponecrotic PCD: (1) impairs such vital mitochondrial processes
as respiration, membrane potential maintenance and ATP syn-
thesis; and (2) rises the intracellular level of ROS by stimulating
their production in mitochondria. Because the inability of yeast
cells deficient in mitophagy to maintain functional mitochondria
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increases their susceptibility to POA-induced liponecrosis, it is
conceivable that the magnitude of mitochondrial functionality
could define the extent of such susceptibility. Furthermore, one
could envision that the excessive accumulation of POA-

containing species of CL and PE (and, perhaps, of other PL clas-
ses) in mitochondrial membranes of yeast cells treated with POA
could contribute to their commitment to liponecrotic PCD by
altering mitochondrial functionality.
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Figure 7. Yeast cells committed to liponecrotic PCD exhibit significant changes in the magnitude of 4 mitochondrial processes indispensable for their viability.
WT and atg32A cells were recovered at days 1, 2 and 4 of culturing in YP medium initially containing 0.2% glucose as carbon source. The rate of mitochondrial
respiration (A), electrochemical potential across the inner mitochondrial membrane (AW) (B), cellular level of ATP (C) and intracellular concentration of reactive
oxygen species (ROS) (D) were measured as described in Materials and Methods. Data are presented as means + SEM (n = 4-7; *P < 0.01).
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The commitment of yeast to liponecrotic PCD elevates the
extent of oxidative damage to cellular proteins and lipids

Because yeast cells undergoing liponecrotic PCD exhibit ele-
vated intracellular levels of ROS (Fig. 7D), we sought to investi-
gate how the commitment of yeast to this PCD subroutine
influences the magnitude of oxidative damage to cellular proteins
and lipids. We found that the concentration of exogenous POA
added to WT cells positively correlates with both the degree of
oxidative carbonylation of cellular proteins (Figs. 8A and B) and
the extent of oxidative damage to cellular lipids (Fig. 8C). More-
over, we also found that the 22¢32A-dependent mutational block
of mitophagy elevates the magnitude of oxidative damage to

cellular proteins (Figs. 8A and B) and lipids (Fig. 8C) in yeast
exposed to POA. Because Atg32p-driven mitophagy plays an
essential pro-survival role in protecting yeast from liponecrotic
PCD (see above), one could envision that a rise in oxidative dam-
age to cellular proteins and lipids above certain critical level could
contribute to the commitment of yeast to this PCD subroutine.

The Nmal1lp-dependent activation of the metacaspase
Ycalp is an essential pro-survival process which protects yeast
from liponecrotic PCD by maintaining cellular proteostasis

The characteristic of liponecrotic PCD changes in such vital
mitochondrial processes as membrane potential maintenance and
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Figure 8. Yeast cells committed to liponecrotic PCD exhibit elevated oxidative damage to cellular proteins and lipids. WT and atg32A cells were recov-
ered at days 1, 2 and 4 of culturing in YP medium initially containing 0.2% glucose as carbon source. Immunodetection of carbonyl groups of oxidatively
damaged cellular proteins (A) and biochemical assays for measuring oxidatively damaged cellular proteins (B) and lipids (C) were performed as described
in Materials and Methods. Data are presented as means & SEM (n = 3-5; *P < 0.01).
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ROS production are also typical of the caspase-dependent and
caspase-independent pathways of apoptotic PCD orchestrated by
yeast mitochondria.**>° A key protein component of the cas-
pase-dependent apoptotic pathway operating in yeast is the meta-
caspase Ycalp.”' Tt is involved in degrading various cytosolic
proteins in about 40% of the numerous apoptotic PCD scenarios
initiated in response to a variety of stimuli.’*>* Ycalp can be
activated by: (1) ROS and/or cytochrome ¢ released from mito-
chondria into the 4:ytosol;49’53’55 and (2) Nmalllp, a serine pro-
tease which in the nucleus degrades Birlp, the only presenty
known inhibitor of Ycalp (Fig. 9A).*5*°” The caspase-indepen-
dent apoptotic pathway in yeast includes the “moonlighting®
endonucleases Aiflp and Nuclp; in response to some pro-apo-
ptotic stimuli, they can move from the mitochondrion to the
nucleus where they promote chromatin condensation and DNA
degradation (Fig. 9A).49:58-60

Although our recent study revealed that yeast cells committed
to POA-induced liponecrotic PCD do not display such charac-
teristic traits of apoptotic PCD as nuclear fragmentation and PS
externalization,’ one could envision that the caspase-dependent
and/or caspase-independent apoptotic pathways could be in
some way integrated into a cellular network orchestrating lipo-
necrosis. We therefore investigated how the single-gene-deletion
mutations eliminating key protein components of these pathways
influence the susceptibility of yeast to liponecrosis; in a series of
positive control experiments, we examined how these mutations
impact the susceptibility of yeast to apoptotic PCD elicited by
exposure to low doses of hydrogen peroxide. We found that
mutations impairing either caspase-dependent or caspase-inde-
pendent apoptotic pathway make yeast less susceptible to apopto-
tic PCD (Figs. 9B-E). Moreover, while the 7f7A and nucIA
mutations that impair the caspase-independent apoptotic path-
way did not alter the susceptibility of yeast to POA-induced lipo-
necrosis (Figs. 9F and G), the mutational blocks of caspase-
dependent apoptotic pathway increased such susceptibility
(Figs. 9H and I). Thus, although the Ycalp- and Nmalllp-
driven pathway of protein degradation plays an essential pro-
death role in caspase-dependent apoptosis, it is an indispensable
pro-survival process which protects yeast exposed to POA from
liponecrotic PCD.

One could envision that the essential pro-survival roles of the
metacaspase Ycalp and the serine protease Nmalllp in POA-

induced liponecrotic PCD consist in promoting a selective pro-
teolytic degradation of oxidatively damaged cellular proteins;
such proteins amass in yeast committed to this PCD (Figs. 8A
and B). It is conceivable that an impairment of the ability of
Ycalp and Nmalllp to promote the selective proteolytic degra-
dation of oxidatively damaged cellular proteins may lead to their
unfolding and the ensuing aggregation, thereby causing a buildup
of damaged, dysfunctional, unfolded and aggregated proteins in
yeast committed to liponecrotic PCD. Our findings support this
hypothesis. Indeed, the concentration of exogenous POA added
to WT cells positively correlated with the extent of protein aggre-
gation observed in these cells (Fig. 10A). Moreover, the ycalA
and nmalllA mutations substantially elevated the magnitude of
protein aggregation in yeast cells committed to liponecrotic PCD
(Fig. 10A).

Collectively, these data suggest the following hypothetical sce-
nario for the establishment of a pro-death or pro-survival cellular
pattern of Ycalp- and Nmalllp-dependent protein degradation
in yeast committed to liponecrotic PCD. A pro-death cellular
pattern is instituted if the efficacy with which Nmal11p degrades
Birlp, an inhibitor of Ycalp, is lowered (Fig. 10B). The resulting
rise in the abundance of Birlp reduces the Ycalp-driven degrada-
tion of damaged, dysfunctional, unfolded and aggregated cyto-
solic proteins in yeast cells committed to liponecrosis, thereby
causing an excessive accumulation of such proteins (Fig. 10B).
The consequent inability of yeast to maintain cellular protein
homeostasis (proteostasis) creates the extreme cellular stress, thus
accelerating liponecrotic PCD (Fig. 10B). In contrast, a pro-sur-
vival cellular pattern is established if the Nmalllp-dependent
degradation of Birlp is activated (Fig. 10C). The proteolysis of
Birlp promotes the Ycalp-driven degradation of damaged, dys-
functional, unfolded and aggregated cytosolic proteins in yeast
cells committed to liponecrosis, thereby enabling these cells to
maintain efficient proteostasis, avoid the excessive cellular stress
and decelerate a progression of the liponecrotic PCD process

(Fig. 10C).

Various pathways of autophagy differ in their roles in POA-
induced liponecrotic PCD

We recently hypothesized that: (1) the cytosolic serine/threo-
nine protein kinase Atglp® *** may orchestrate the execution of
POA-induced liponecrotic PCD by activating all currenty

Figure 9 (See previous page). Although the Ycalp- and Nma111p-driven pathway of protein degradation plays an essential pro-death role in caspase-
dependent apoptotic PCD elicited by exogenous hydrogen peroxide, it is an indispensable pro-survival process which protects yeast exposed to POA
from liponecrotic PCD. (A) Outline of the caspase-dependent and caspase-independent pathways of apoptotic PCD orchestrated by yeast mitochondria
in response to hydrogen peroxide (H,0,). A key protein component of the caspase-dependent apoptotic pathway is the metacaspase Ycalp. Ycalp can
be activated by reactive oxygen species (ROS) and/or cytochrome c following their release from mitochondria into the cytosol; Ycalp can also be acti-
vated by the serine protease Nma111p known to degrade Bir1p, an inhibitor of Ycalp. The caspase-independent apoptotic pathway includes Aif1p and
NucTp; in response to H,0, and some other pro-apoptotic stimuli, these 2 endonucleases can move from the mitochondrion to the nucleus where they
cause chromatin condensation and/or DNA degradation. See text for additional details. Activation arrows and inhibition bars denote pro-death processes
(displayed in red color) or pro-survival processes (displayed in blue color) for apoptotic PCD elicited by H,0,. (B-E) WT and mutant cells were recovered
at days 1, 2 and 4 of culturing in YP medium initially containing 0.2% glucose as carbon source. Cell survival was assessed by measuring the clonogenicity
of cells after 2 h of treatment with various concentrations of exogenous H,0,. Data are presented as means £ SEM (n = 5-9). (F-1) WT and mutant cells
were recovered at days 1, 2 and 4 of culturing in YP medium initially containing 0.2% glucose as carbon source. Cell survival was assessed by measuring
the clonogenicity of cells after 2 h of treatment with various concentrations of exogenous POA. Data are presented as means £ SEM (n = 8-13).
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Figure 10. The metacaspase Ycalp and the serine protease Nma111p play essential pro-survival roles in POA-induced liponecrosis by promoting a pro-
teolytic degradation of aggregated cellular proteins in yeast committed to this PCD. (A) WT, ycalA and nma111A cells were recovered at day 4 of cultur-
ing in YP medium initially containing 0.2% glucose as carbon source. Recovery of insoluble aggregates of denatured cellular proteins and monitoring
the extent of protein aggregation were performed as described in Materials and Methods. (B and C) Outlines of the establishment of a pro-death (B) or
pro-survival (C) cellular pattern of Ycalp- and Nma111p-dependent protein degradation in yeast committed to POA-induced liponecrosis. See text for
additional details. Activation arrows and inhibition bars denote pro-death processes (displayed in red color) or pro-survival processes (displayed in blue
color) for liponecrosis elicited by POA. The thickness of activation arrows and inhibition bars correlates with the rates and/or efficacies of the pro-death
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Figure 11. Various pathways of autophagy play different roles in POA-induced liponecrotic PCD. WT and mutant cells were recovered at days 1, 2 and 4
of culturing in YP medium initially containing 0.2% glucose as carbon source. Cell survival was assessed by measuring the clonogenicity of cells after 2 h
of treatment with various concentrations of exogenous POA. Data for the effects of the atg1A and atg32A mutations on the susceptibility of yeast to
POA-induced liponecrosis are from a different series of experiments than the ones reported in our recent publication [1]. Data are presented as means =+

known pathways for non-selective and selective autophagic degra-
dation of dysfunctional and damaged organelles and macromole-
cules;! and (2) Atg32p, a mitochondrial receptor involved in the
cargo-specific mitophagy pathway for selective autophagic degra-
dation of aged, dysfunctional, damaged or excessive mitochon-
dria,”® may protect yeast from this mode of PCD by enabling to
maintain a population of functional mitochondria." In this study,
we sought to investigate how various pathways of non-selective or
selective autophagy contribute to liponecrotic PCD. The protein
machinery orchestrating the diverse autophagic pathways in yeast
is well known.®'"®> We examined how various single-gene-dele-
tion mutations eliminating different protein components of this
machinery impact the susceptibility of yeast to POA-induced lip-
onecrosis. The atgIA, atglIA and atgl7A mutations impair all
of the known pathways for non-selective or selective autophagy,
including (1) the non-selective autophagy pathway for massive
degradation of various cellular organelles and macromolecules;®' %
(2) the “biosynthetic” cytoplasm-to-vacuole (Cvt) pathway for
the delivery of several resident hydrolases to the vacuole;®'™*
(3) the cargo-specific pexophagy pathway for selective
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autophagic degradation of aged, dysfunctional, damaged or
excessive peroxisomes;*'®® and (4) the cargo-specific mitoph-
agy pathway.®'"®® We found that the azgIA, atgl 1A and azgl 7A
mutations make yeast less susceptible to POA-induced liponec-
rosis (Figs. 11A-C). In contrast, the azg/ 9A mutation, which
impairs only the “biosynthetic” Cvt pathway,®'®® did no alter
the susceptibility of yeast to this mode of PCD (Fig. 11D). Fur-
thermore, the 47¢g36A mutation, which eliminates only the
cargo-specific pexophagy pathway,®” did not exhibit an effect
on the susceptibility of yeast to POA-induced liponecrosis
(Fig. 11E). Moreover, we confirmed our recent ﬁnding1 that
the 21¢32A mutation, known to impair only the cargo-specific
mitophagy pathway,”® increases the susceptibility of yeast to
this mode of PCD (Fig. 11F).

Altogether, these findings and our recently published data'
imply that various pathways of autophagy differ in their roles in
POA-induced liponecrosis. The “biosynthetic” Cvt pathway and
the cargo-specific pexophagy pathway are not involved in com-
mitting yeast to this PCD subroutine, executing it or protecting
from it. The non-selective autophagy pathway for massive
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degradation of various cellular organelles and macromolecules
plays a pivotal role in executing the liponecrotic mode of PCD.
In contrast, the cargo-specific mitophagy pathway is a crucial
pro-survival process which protects yeast from liponecrosis -
likely by eliminating damaged and dysfunctional mitochondria,
thereby enabling to sustain a population of functional
mitochondria.

To verify our conclusion that the non-selective autophagy
pathway for degradation of various cellular organelles and macro-
molecules plays an essential role in executing the liponecrotic
mode of PCD, we used the important recent finding on the abil-
ity of the natural polyamine spermidine to extend yeast longevity
by inducing this autophagy pathway.®® Noteworthy, the spelA
mutation which eliminates an enzyme catalyzing the first step of
polyamine biosynthesis®”*® (Fig. S4A) greatly reduces the intra-
cellular level of spermidine and shortens yeast longevity.*® Thus,
the efficiency of spermidine synthesis in yeast cells positively cor-
relates with the efficiency of a systemic biological effect which
spermidine causes by inducing the non-selective autophagy path-
way. We first examined how the spelA, spe2A and spe3A muta-
tions influence the susceptibility of yeast cells to POA-induced
liponecrosis. Each of these mutations eliminates a different
enzyme of the pathway for polyamine biosynthesis in yeast
cells®”***7° (Fig. S4A) and, thus, is expected to impair the ability
of spermidine to induce the non-selective autophagy pathway of
autophagy. We found that (1) the spelA, spe2A and spe3A muta-
tions reduce the susceptibility of yeast to liponecrosis (Figs. S4B,
D, and F, respectively); (2) if added exogenously at the low con-
centration of 0.1 mM, spermidine reduces the protecting effect
of each of these mutations against liponecrosis and restores the
level of susceptibility to liponecrotic PCD seen for WT cells
(Figs. S4C, E, and G, respectively); and (3) if added exogenously
at the high concentration of 0.3 mM or 1 mM, spermidine
makes spelA, spe2A and spe3A cells even more susceptible to lipo-
necrosis than WT cells (Figs. S4C, E, and G, respectively). More-
over, we also found that while exogenous spermidine increases
the susceptibility of WT cells to liponecrotic PCD in a concen-
tration-dependent manner (Fig. S4H), it does not alter the
reduced susceptibility to liponecrosis of atgIA cells deficient in
the non-selective pathway of autophagy (Fig. S41).

Collectively, these findings further validate our conclusion
that the non-selective autophagy pathway for degradation of vari-
ous cellular organelles and macromolecules plays a pivotal role in
executing liponecrosis. In addition, these findings suggest that
(1) the intracellular level of spermidine positively correlates with
the extent of yeast susceptibility to liponecrotic PCD; and (2)
spermidine may increase such susceptibility by activating the
non-selective pathway of autophagy, thereby triggering the pro-
cess which executes this mode of PCD.

Based on findings reported here and on our published data,’
we propose the following model for mechanisms that in yeast
underlie the opposing roles of various autophagy pathways in
POA-induced liponecrotic PCD (Fig. 12). In yeast cells treated
with POA, some mitochondria become “stressed,” damaged and
dysfunctional due to the observed in these cells excessive produc-
tion of ROS in mitochondria. In a£g32A mutant cells, these
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“stressed,” damaged and dysfunctional mitochondria cannot be
selectively eliminated as efficiently as in WT cells, due to the
atg32A-dependent mutational block of mitophagy (Fig. 12A).
This intensifies processes that create an excessive level of oxidative
cellular stress, thereby accelerating the onset of liponecrotic PCD
in yeast impaired in Atg32p-driven mitophagy (Fig. 12A). In
atglA, atglIA, atgl7A, spelA, spe2AA and spe3A cells exposed to
POA (Fig. 12B), Atg32p-driven mitophagy eliminates the
“stressed,” damaged and dysfunctional mitochondria as selec-
tively and efficiently as it does in WT, azg/9A and arg36A cells
treated with POA (Fig. 12C). Therefore, the dynamics of pro-
cesses creating an excessive level of oxidative cellular stress in
atgIA, atgl IA, atgl7A, spelA, spe2A and spe3A mutants exposed
to POA (Fig. 12B) is similar to the one in WT, azgl9A and
atg36A cells treated with POA (Fig. 12C). However, unlike WT,
atgl 9A and a1g36A cells undergoing liponecrotic PCD when the
level of oxidative cellular stress exceeds a toxic threshold
(Fig. 12C), atglIA, atglIA, atgl7A, spelA, spe2A and spe3A cells
exhibit a decelerated rate of the execution of this PCD subroutine
because they are impaired in the non-selective autophagy path-
way for massive degradation of various cellular organelles and
macromolecules (Fig. 12B).

Discussion

This study and our recent published data' suggest the follow-
ing model for a mechanism underlying POA-induced lipone-
crotic PCD (Fig. 13). Exogenously added POA is incorporated
into POA-containing PL. After being synthesized in the ER,
excessive quantities of these POA-containing PL initially accu-
mulate in the ER membrane and then amass in mitochondrial
membranes as well as in the PM. The buildup of the POA-
containing PL in the PM causes a reduction of PE level in its
outer (extracellular) leaflet, thereby triggering the alkaline-pH-
and lipid-asymmetry-responsive  Rim101 signaling pathway
(Fig. 13). This pathway stimulates transcription of the RSBI gene;
the resulting increased abundance of Rsb1p promotes further reduc-
tion of PE in the outer leaflet of the PM by (1) enhancing a stimulat-
ing effect of Rsb1p on the Lem3p-dependent transport of PE from
the outer leaflet to the inner (intracellular) leaflet of the PM; and (2)
amplifying an inhibitory effect of Rsb1p on the Yorlp-dependent
transport of PE within the PM bilayer in the opposite direction. An
ensuing depletion of PE in the outer leaflet of the PM elevates the
permeability of this cellular membrane for small molecules (such as
propidium iodide™”"), thereby contributing to the commitment of
yeast to liponecrotic PCD.

The excessive accumulation of POA-containing PL in both
mitochondrial membranes of cells exposed to POA contributes
to the commitment of yeast to liponecrotic PCD by impairing
several mitochondrial processes that are indispensable for cell via-
bility, such as respiration, membrane potential and ATP synthe-
sis (Fig. 13). These mitochondrial processes are essential for the
ability of functional mitochondria to provide energy needed for
the incorporation of POA into TAG, a pro-survival process
which prevents the buildup of POA-containing PL within the
ER membrane, mitochondrial membranes and the PM by
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reducing the flow of POA into pathways for PL synthesis and
interorganellar transport (Fig. 13).

Moreover, the buildup of POA-containing PL in both mito-
chondrial membranes of cells exposed to POA contributes to the
commitment of yeast to liponecrotic PCD also by causing the
excessive production of ROS in mitochondria. A significant rise
in cellular ROS above a critical level contributes to such commit-
ment by: (1) oxidatively damaging protein and lipid constituents
of various cellular organelles, thereby triggering a non-selective
autophagic degradation of numerous “stressed”, damaged and
dysfunctional organelles in a pro-death process orchestrated by
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Atglp, Atgllp and Atgl7p; and (2) oxidatively damaging vari-
ous cytosolic proteins, thereby impairing a pro-survival process
of the maintenance of cellular proteostasis (Fig. 13).

Several cellular processes in yeast exposed to POA can protect
cells from liponecrosis. These pro-survival cellular processes
include: (1) POA oxidation within functional peroxisomes and
POA incorporation into TAG deposited in LD, both of which
attenuate the excessive accumulation of POA-containing PL in
the ER membrane, mitochondrial membranes and the PM by
lowering the flow of POA into pathways for PL synthesis and
interorganellar transport (Fig. 13); (2) mitophagy, a selective
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autophagic degradation of “stressed”, damaged and dysfunctional
mitochondria in an Atg32p-driven process which sustains a
healthy population of functional mitochondria capable of provid-
ing energy for POA deposition within LD in the form of TAG
(Fig. 13); and (3) a degradation of damaged, dysfunctional,
unfolded and aggregated cytosolic proteins in a Ycalp (metacas-
pase)- and Nmalllp-dependent process which enables the effi-
cient maintenance of protein homeostasis in cells exposed to
POA (Fig. 13).

In the future, it would be important to explore a mechanism
through which the observed depletion of PE in the outer (extra-
cellular) leaflet of the PM enclosing yeast cells exposed to POA
elevates the permeability of this cellular membrane for small mol-
ecules, thereby committing yeast to liponecrotic PCD. Another
challenge for the future will be to define mechanisms by which
the observed buildup of POA-containing PL in both mitochon-
drial membranes of yeast cells exposed to POA alters such vital
mitochondrial processes as respiration, membrane potential
maintenance, ATP synthesis and ROS production — thus con-
tributing to the commitment of yeast to liponecrotic PCD.
Moreover, it would be interesting to establish the identities of
numerous oxidatively damaged and aggregated proteins that
accumulate in yeast cells exposed to POA and to explore a pro-
survival mechanism underlying the degradation of these proteins
in a Ycalp (metacaspase)- and Nmalllp-dependent manner.

Materials and Methods

Yeast strains and growth conditions

The WT strain BY4742 (MATo hisBAI leu2A0 lys2A0
ura3A0) and single-gene-deletion mutant strains in the BY4742
genetic background (all from Thermo Scientific/Open Biosys-
tems) were grown in YP medium (1% yeast extract, 2% peptone)
initially containing 0.2% glucose as carbon source. Cells were
cultured at 30°C with rotational shaking at 200 rpm in Erlen-
meyer flasks at a “flask volume/medium volume” ratio of 5:1.

Cell viability assay for monitoring the susceptibility of yeast
to liponecrotic PCD

A sample of cells was taken from a culture at days 1, 2 and 4 of
culturing. A fraction of the sample was diluted in order to deter-
mine the total number of cells using a hemacytometer. Eight x
10 cells were harvested by centrifugation for 1 min at 21,000 x
g at room temperature and resuspended in 8 ml of YP medium
containing 0.2% glucose as carbon source. Each cell suspension
was divided into 8 equal aliquots. Three pairs of aliquots were
supplemented with POA from a 50 mM stock solution (in 10%
chloroform, 45% hexane and 45% ethanol). The final concentra-
tion of POA was 0.05 mM, 0.1 mM or 0.15 mM for each pair
of aliquots; in all these aliquots, the final concentrations of chlo-
roform, hexane and ethanol were 0.03%, 0.135% and 0.135%,
respectively. One pair of aliquots was supplemented only with
chloroform, hexane and ethanol added to the final concentrations
of 0.03%, 0.135% and 0.135%, respectively. All aliquots were
then incubated for 2 h at 30°C on a Labquake rotator set for
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360° rotation. Serial dilutions of cells were plated in duplicate
onto plates containing YP medium with 2% glucose as carbon
source. After 2 d of incubation at 30°C, the number of colony
forming units (CFU) per plate was counted. The number of
CFU was defined as the number of viable cells in a sample. For
each aliquot of cells exposed to POA, the% of viable cells was cal-
culated as follows: (number of viable cells per ml in the aliquot
exposed to POA/number of viable cells per ml in the control ali-
quot that was not exposed to POA) x 100.

Mass spectrometric identification and quantitation of
cellular lipids

Yeast cells were resuspended in 155 mM ammonium bicar-
bonate (pH 8.0) and disrupted by glass beads. Cell lysates were
diluted to 50 pg of protein equivalent per 1 ml, and mixed with
20 pl of internal lipid standard mixture prepared in chloroform.
The mixture contained 100 g/l of PA 14:0-14:0, 100 g/l
of PE 14:0-14:0, 20 pg/pl of PG 14:0-14:0, 100 pg/pl of PS
14:0-14:0, 100 pg/pl of PC 13:0-13:0, 100 pg/pl of PedIns
17:0-17:0, 50 pg/pl of DAG 14:0-14:0, 100 pg/pl of TAG
13:0-13:0-13:0, 100 pg/pl of CL 14:0-14:0-14:0-14:0 and
20 pg/pl of nonadecylic FFA 19:0. Samples were extracted with
3 ml of chloroform/methanol (17:1) for 2 h. The lower organic
17:1 phase lipid extract was collected. The remaining aqueous
sample material was re-extracted with 1.5 ml of chloroform/
methanol (2:1) for 2 h. The lower organic 2:1 phase lipid extract
was collected and combined with the lower organic 17:1 phase
lipid extract. The lipid extracts were evaporated under nitrogen
flow. The lipid film was dissolved in 100 wl of chloroform/meth-
anol (1:2). Mass spectrometric analyses of lipid extracts were per-
formed with a Thermo OrbitrapVelos mass spectrometer
equipped with a HESI-II ion source. Lipid species were separated
by Fourier transform tandem mass spectrometry. Mass spectra
were converted to an open format using the ProteoWizard
MSConvert software (http://proteowizard.sourceforge.net/). The
raw data were then imported into the open source software
LipidXplorer (https://wiki.mpi-cbg.de/wiki/lipidx/index.php/
Main_Page) for the automated detection and quantitation of
lipid species.

Miscellaneous procedures

Measurement of changes in the pH of culture medium,”?
measurement of PE level in the extracellular leaflet of the PM,??
cellular respiration assay,”> monitoring of the mitochondrial
membrane potential,”” ROS measurement,”> preparation of cel-
lular extracts and a microanalytic assay for measuring ATP,”*
recovery of insoluble aggregates of denatured proteins and an
assay for monitoring the extent of protein aggregation,”” immu-
nodetection of carbonyl groups of oxidatively damaged cellular
proteins,”> SDS-PAGE,”” and an assay for measuring oxidatively
damaged cellular lipids' were performed as previously described.

Statistical analysis

Statistical analysis was performed using Microsoft Excel’s
Analysis ToolPack-VBA. All data are presented as mean = SEM.
The p values were calculated using an unpaired 2-tailed # test.
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