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Background: Living cells utilize several mechanisms to commit suicide when stressed.

Results: We find that dying yeast cells utilize the V-ATPase to release toxic materials into the cytoplasm.

Conclusion: Stressed yeast cells regulate cell death in a manner similar to stressed neurons.

Significance: Yeast may be a powerful new model system for understanding disease-related necrosis-like cell death in humans.

Stress in the endoplasmic reticulum caused by tunicamycin,
dithiothreitol, and azole-class antifungal drugs can induce non-
apoptotic cell death in yeasts that can be blocked by the action of
calcineurin (Cn), a Ca®>*-dependent serine/threonine protein
phosphatase. To identify additional factors that regulate non-
apoptotic cell death in yeast, a collection of gene knock-out
mutants was screened for mutants exhibiting altered survival
rates. The screen revealed an endocytic protein (Edel) that can
function upstream of Ca®*/calmodulin-dependent protein
kinase 2 (Cmk2) to suppress cell death in parallel to Cn. The
screen also revealed the vacuolar H*-ATPase (V-ATPase),
which acidifies the lysosome-like vacuole. The V-ATPase per-
formed its death-promoting functions very soon after imposi-
tion of the stress and was not required for later stages of the cell
death program. Cn did not inhibit V-ATPase activities but did
block vacuole membrane permeabilization (VMP), which
occurred at late stages of the cell death program. All of the other
nondying mutants identified in the screens blocked steps before
VMP. These findings suggest that VMP is the lethal event in
dying yeast cells and that fungi may employ a mechanism of cell
death similar to the necrosis-like cell death of degenerating
neurons.

Programmed cell death (PCD)? occurs in metazoans as a
means of removing infected, damaged, mutant, misplaced, or
superfluous cells from the bodies of individuals. Three main
types of PCD have been classified (1). Apoptosis (PCD-I)
involves a core set of proteases from the caspase family and
usually members of the Bcl-2 family of apoptosis regulators that
link caspase activation to a wide array of cellular signals.
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Autophagy (PCD-II) involves uptake of organelles and cyto-
plasm into the lysosome for degradation, which is usually ben-
eficial and cytoprotective in its early stages but self-destructive
when taken to extremes. These types of PCD have been thor-
oughly characterized at the molecular and cytological levels in a
wide array of cell types in metazoan species. On the other hand,
necrosis (PCD-III) seems much more heterogeneous and mor-
phologically variable from one cell type to another, probably as
a consequence of distinct molecular mechanisms at work in the
different circumstances (2).

One form of necrosis-like cell death has been studied genet-
ically in degenerating neurons of the nematode Caenorhabditis
elegans. Mutant animals that express hyperactive ion channels
in their neurons exhibit very high frequencies of necrosis-like
cell death that resembles neurodegenerative diseases of
humans (3). Genetic screens have revealed lysosomal mem-
brane permeabilization (LMP) and release of lysosomal pro-
teases and acids as the lethal event in this system (4—6). LMP
seemed to be triggered by elevation of cytosolic free Ca®>* con-
centrations ([Ca®>*],) and activation of calpain proteases in the
cytoplasm (4, 7, 8). LMP also required functions of the proton-
pumping V-ATPase that normally acidifies lysosomes (5) and is
associated with accumulation of reactive oxygen species (3).
Autophagy seemed to accelerate the progression toward LMP
but was not absolutely required for the necrotic cell death to
proceed (9). Other aspects of membrane trafficking also have
been implicated (10). Other kinds of necrosis-like cell death
have been linked to LMP in a variety of mammalian cells (11),
leading to the hypothesis that LMP-dependent PCD processes
may be broadly conserved among metazoans. There is growing
evidence that PCD in plants also depends on the rupture or
leakage of the vacuole, a lysosome-like organelle (12).

PCD has been observed in a variety of fungi at different stages
of development. One example is mating incompatibility of fila-
mentous fungi such as Neurospora crassa, where fusion of
genetically incompatible hyphal cells results in rapid death of
the fused cells (13). This PCD benefits the species by preventing
the transmission of viruses, prions, and plasmids. Something
similar may occur in the mating of haploid Saccharomyces
cerevisiae (yeast) cells, which form diploid cells in a process that
utilizes secreted mating pheromones as cues for guidance and
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differentiation (14). Interestingly, when exposed to high con-
centrations of mating pheromones in the absence of mating
partners, rapid cell death can occur in a significant portion of
the population (15, 16). This manner of pheromone-induced
cell death depends on the expression of pheromone-inducible
Figl protein of the plasma membrane and seems to involve the
inappropriate removal of cell wall material, which is normally
removed only when a mating partner is properly positioned
(16). Mating pheromones induce a second manner of cell death
in yeast that is slower than Figl-dependent cell death and inde-
pendent of Figl and cell wall remodeling (16). In wild-type cells,
this “slow” form of pheromone-induced cell death is normally
blocked by the activation of a high-affinity Ca®>" influx system
(HACS) and the calcium signaling pathway downstream of
HACS (17-24). The genetic disruption of HACS, calmodulin,
or calcineurin (Cn) or the pharmacological inhibition of Cn
with either FK506 or cyclosporine was not harmful to yeast
growth or mating in ordinary circumstances. However, defi-
ciencies in this calcium signaling pathway were completely
lethal during prolonged exposures to mating pheromones. The
findings suggest that HACS, [Ca®*]; elevation, calmodulin, and
Cn constitute a signaling pathway that actively suppresses a
pheromone-inducible cell death program through regulation of
protein phosphorylation. The pathogenic yeast Candida albi-
cans employs the homologous pathway for similar purposes
(25), suggesting broad conservation of the pheromone-induced
cell death program in fungi.

HACS, calmodulin, and Cn also actively suppress cell death
in a variety of yeast species during exposure to azole-class anti-
fungal drugs (26), which selectively inhibit enzymes in the
endoplasmic reticulum (ER) involved in sterol biosynthesis.
Similarly, the calcium signaling pathway suppresses death of
yeast cells exposed to tunicamycin, a natural antifungal com-
pound that interferes with N-glycosylation of secretory pro-
teins in the ER (27, 28). Thus, azoles and tunicamycin are fun-
gistatic to wild-type yeasts but fungicidal to yeasts that have lost
functionality of their calcium signaling pathways. FK506 and
cyclosporine convert the fungistats to fungicides by blocking
Chn, thereby increasing the efficacy of the antifungals and min-
imizing the possibility of acquired drug resistance. Unfortu-
nately, most fungal infections cannot be treated with combina-
tions of azoles and Cn inhibitors because FK506 and
cyclosporine suppress immunity functions in humans.

The targets of Cn that mediate these fungal cell death phe-
nomena have not yet been identified. In Cn-deficient mutants
of yeast, reactive oxygen species (ROS) accumulate ~70 min
before cell death, as indicated by staining with the fluorescent
probe dihydro-DCEDA (28), but little else is known about the
sequence of events that lead to death of Cn-deficient yeasts.
The death of Cn-deficient yeast cells in these circumstances
was independent of metacaspase (Mcal) and other factors that
had been implicated in apoptosis-like death of yeasts (28, 29).
Therefore, the manner of cell death in Cn-deficient yeasts and
the possible existence of “pro-death” signaling pathways that
are responsive to stimuli remain completely undefined.

In this study, we present evidence that the vacuolar mem-
branes of yeast cells can become permeabilized in response to
tunicamycin, and we employ a forward genetic screen to reveal
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networks of cellular factors that control vacuole membrane
permeabilization (VMP) and cell death. Autophagy was not
essential for these phenomena. Instead, we find V-ATPase
activity to be necessary for death of yeast cells similar to the
requirement for V-ATPase activity in the necrosis-like death of
degenerating neurons (5) and the chloroquine-induced death
of cerebellar granule neurons (30).

EXPERIMENTAL PROCEDURES

Yeast Strains, Culture Media, and Reagents—The yeast
strains used in this study were obtained from collections of
viable gene knock-out mutants in the BY4741 and BY4742
strain backgrounds (31). The edel::NatR knock-out mutation
was introduced into BY4741 and BY4741-cmk2::G418r strains
using standard PCR-based methods (32) to yield strains HK081
and HKO082. The vmal:NatR knock-out mutation was made
similarly in BY4741 to yield HKO083. The cmk2::G418r
cnbl1:G418r double knock-out mutant strain HK006 was con-
structed from a cross between BY4741-cmk2:G418r and
BY4742-cnb1::G418r. Yeast strains were cultured in rich YPD
medium or synthetic SC medium (33). Stocks of tunicamycin
(Sigma-Aldrich), concanamycin C (Santa Cruz Biotechnology),
and FK506 (Astellas Pharma) were dissolved in DMSO and
stored at —20 °C. Aqueous **CaCl, was purchased from MP
Biosciences. Propidium iodide (Sigma-Aldrich) was dissolved
in PBS, and carboxy-DCFDA (Invitrogen), dihydro-DCFDA
(Invitrogen), and FM4-64 (Invitrogen) were dissolved in
DMSO.

Genetic Screen for Death-inhibiting and Death-promoting
Factors—A collection of all viable gene knock-out mutants of
yeast strain BY4741 (31) was grown overnight at 30 °C in syn-
thetic complete (SC) medium containing all 20 amino acids
plus adenine and uracil. The saturated cultures were diluted
7-fold into 90 ul of fresh SC medium containing 2.5 ug/ml
tunicamycin with and without 1 pg/ml FK506. After 24 h of
incubation at room temperature, 100 ul of 1 uM propidium
iodide (PI) in phosphate-buffered saline was added to each cul-
ture. After mixing, 5,000 cells in each culture were immediately
counted as live (PI-negative) or dead (PI-positive) using a
96-well flow cytometer (BD FACSArray). The entire collection
was analyzed in 11 nonoverlapping batches. Although the
batch-to-batch variation was small, it was further minimized by
converting the raw cell death frequencies to Z-scores using the
average and standard deviation of each batch after log transfor-
mation of the raw data. To identify mutants with poor
responses to FK506, the differences between the +FK506 and
the —FK506 cell death frequencies were scaled to the propor-
tion of the culture that survived and converted to Z-scores as
above except without log transformation. All mutants in the
collection that exhibited a Z-score of 2 or greater were identi-
fied, rearrayed, and rescreened for cell death as before except
using 4 mum dithiothreitol (Sigma-Aldrich) instead of tunicamy-
cin as the death-inducing stimulus. Z-Scores for the dithiothre-
itol experiment were calculated as before using averages and
standard deviations derived from a randomly chosen control
set of 94 mutants. The raw data and the statistical transforma-
tions are recorded in supplemental Table 1. Some data were
represented as heat maps using Java TreeView (34).
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*Ca®" Accumulation Measurements—Total cellular accu-
mulation of Ca®>* was measured as described previously (35).
Briefly, cells were grown to log phase in YPD medium over-
night, harvested, and resuspended in fresh YPD medium sup-
plemented with tracer quantities (10 wCi/ml) of **CaCl, (MP
Biomedicals) and various drugs. After a 2-h incubation in a
96-well filtration plate (Millipore) at 30 °C, cells were harvested,
washed with ice-cold buffer W (10 mm CaCl,, 5 mm HEPES-
NaOH, pH 6.5) by using a vacuum filtration unit (Millipore),
and dried at room temperature overnight. MicroScint-20 scin-
tillation mixture (PerkinElmer Life Sciences) was added to each
well, and the radioactivity was counted using a TopCount NXT
instrument (Packard).

Cell Staining Methods—Log-phase yeast cells growing in SC
medium were exposed to tunicamycin (2.5 ng/ml), dithiothre-
itol (4 mm), concanamycin C (3 um), FK506 (1 pg/ml), or com-
binations thereof for varying lengths of time, pelleted, and
stained for 15 min at room temperature in the same medium
containing freshly prepared PI (0.25 ug/ml), carboxy-DCFDA
(1 wg/ml), and/or dihydro-DCFDA (1 pg/ml). Stained cells
were imaged using a LSM 510 META confocal microscope
(Zeiss) with appropriate filter sets, photographed, and counted
manually after appropriate binning. Live/dead counting was
also performed automatically using the FACSArray instrument
described earlier (28). In some experiments, log-phase cells
were prestained with FM4-64 (10 ug/ml) for 15 min at 30 °C,
washed, and incubated for an additional 15 min at 30 °C before
loading onto ONIX microfluidic slides (CellASIC) and the
addition of stressors and inhibitors.

RESULTS

Genome-wide Screen for Factors Involved in Tunicamycin-
induced Cell Death—The direct targets of Cn that regulate non-
apoptotic cell death in yeasts are presently unknown. To search
for these targets and for other death-inhibiting or death-pro-
moting factors, a flow cytometer was used to count the num-
bers of live and dead cells in individual cultures of 4,847 differ-
ent nonessential gene knock-out mutants of yeast after
exposures to tunicamycin and to tunicamycin plus FK506. The
experimental conditions were carefully chosen such that the
average frequencies of cell death for all the mutant strains were
10.6 and 54.5% in the absence and presence of FK506, respec-
tively. As can be seen in Fig. 1, most mutants were distributed
close to these averages, and relatively few mutants appeared as
outliers. As expected, cultures of the Cn-deficient cnbI mutant
exhibited a very high frequency of cell death in the absence of
FK506 (64% death), and there was no additional effect of FK506.
The Cmk2-deficient cmk2 mutant was indistinguishable from
the mean in the absence of FK506 (14.6% death) but was signif-
icantly higher than the mean in the presence of FK506 (96%
death), confirming a mild death-inhibiting activity of Cmk2 in
the absence of Cn (28). The HACS-deficient mutants cchl,
midl, and ecm?7 exhibited higher frequencies of cell death in
both conditions (83 and 96%, 90 and 96%, and 46 and 96%
death, respectively), which was closely mimicked by cultures of
cnbl cmk2 double mutants that simultaneously lack both tar-
gets of HACS (data not shown). These findings show that the
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FIGURE 1. Genome-wide screen for mutants with altered rates of cell
death. Individual mutants from the yeast gene knock-out collection were
cultured in the presence of tunicamycin (+TM) and tunicamycin plus FK506
(+TM+FK506), stained with Pl, analyzed by flow cytometry, and plotted as a
single pointin the chart. Each point represents the percentage of dead cellsin
the culture containing tunicamycin versus that in the culture containing tuni-
camycin plus FK506. Selected mutants have been highlighted with large
symbols.

primary genetic screen recovered all the known components of
the death-inhibiting calcium signaling pathway.

A total of 461 mutants exhibited significantly higher or lower
frequencies of cell death in the primary screen. Another 92
mutants exhibited significantly higher or lower FK506 respon-
siveness, defined as the scaled difference between the two
screening conditions. To increase confidence in the results, all
these outliers and many control strains were rearrayed and
screened for cell death a second time after exposures to dithio-
threitol and dithiothreitol plus FK506. Like tunicamycin, dithi-
othreitol inhibits essential enzymes in the ER involved in secre-
tory protein biogenesis, triggering ER stress, growth inhibition,
and calcineurin-suppressible cell death (28). A total of 111
mutants exhibited significantly higher frequencies of cell death
in both screens lacking FK506 (column HD-FK in supplemental
Table 1). As expected, the HACS-deficient mutants (cchl,
midl, ecm?7) were among this group (Fig. 2, lanes 1-3). An addi-
tional nine mutants of this group lacked the stress-activated
MAP kinase Slt2 or one of its upstream regulators in the cell
wall integrity signaling pathway (Fig. 2, lanes 4—12). Cell wall
integrity signaling was shown previously to be important for
HACS activation in these conditions (36). The 98 remaining
mutants were deficient in a wide array of cellular processes, and
the set was enriched in the Gene Ontology process “vesicle-
mediated transport” (19 mutants; p value < 0.001). This same
process is targeted by tunicamycin and dithiothreitol, so many
factors in this group may inhibit cell death by compensating for
the effects of ER stress.

To identify cellular factors that may mediate the death-in-
hibiting effects of Cn, we ranked the mutants of this set by their
unresponsiveness to FK506. Only one mutant (ptk2) exhibited
significantly poor responsiveness to FK506 in both screens sim-
ilar to the cnbI mutant, and just five other mutants exhibited
significant unresponsiveness in one or the other condition (Fig.
2, lanes 13—-19). The ptk2 mutant lacks a serine/threonine pro-
tein kinase that regulates general ion homeostasis in yeast, in
part through the phosphorylation of the electrogenic H™
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FIGURE 2. Heat maps of cell death for selected mutants. Raw data from Fig.
1 and a secondary screen involving dithiothreitol (D7) instead of tunicamycin
(TM) were converted to Z-scores as described under “Experimental Proce-
dures,” and mutants with patterns of cell death similar to or opposite from
those of HACS-, Cn-, and Cmk2-deficient cells are illustrated. The scale bar
illustrates the number of standard deviations below (blue) or above (yellow)
the population averages. TMA and DTA represent Z-scores of the FK506
responsiveness of each mutant strain.

ATPase (Pmal) in the plasma membrane (37). Although Ptk2
and Pmal lack recognizable PXIXIT motifs that are often found
in Cn substrates (38), these proteins are candidate effectors of
Cn signaling.
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FIGURE 3. Ede1 stimulates Cmk2 functions. A-C, mutants lacking Ede1,
Cmk2, or both proteins were compared with wild-type yeast in assays of
“5Ca%* uptake (A) and cell death (B and C) in response to tunicamycin (TM)
and FK506. The strains bearing control plasmids (left half of B and C) or Cmk2
and Ede1 overexpression plasmids (right half of B and C) were analyzed in
parallel. Error bars indicate +S.D.

The genetic screens may also reveal components of the
Cmbk2-dependent branch of the death-inhibiting mechanism.
The cmk2 mutants exhibit wild-type cell death in the absence of
FK506 and very high cell death in the presence of FK506. After
filtering the data from both genetic screens and ranking the
mutants by their high FK506 responsiveness, only ede! and four
other mutants consistently behaved in a manner similar to
cmk2 mutants (Fig. 2, lanes 20-25). The edel mutant also
behaved like the ¢mk2 mutant in another genetic screen that
measured HACS activity during exposure to tunicamycin plus
FK506 (39), and a high-throughput study demonstrated a phys-
ical association between Edel and Cmk2 (40). Edel is a well
known regulator of endocytosis in yeast (41, 42). To explore the
interactions between Cmk2 and Edel, the knock-out mutants
and the double knock-out mutant were recreated and retested
inthe presence and absence of CMK2 and EDEI overexpression
plasmids. The cmk2 edel double mutant exhibited the same
rates of cell death and **Ca®" uptake in response to tunicamy-
cin plus FK506 as the single mutants (Fig. 3A4), suggesting that
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Cmk2 and Edel may function in a common pathway that reg-
ulates both HACS and cell death. Overexpressed Cmk2 par-
tially suppressed both phenotypes of edel mutants (Fig. 3B),
whereas overexpressed Edel failed to suppress either pheno-
type of cmk2 mutants (Fig. 3C). Altogether, these findings sug-
gest that Cmk2 may function downstream of Edel in a pathway
that weakly inhibits both HACS and cell death in the absence of
Cn. Cn strongly inhibits HACS and cell death in the absence of
Cmk2. Thus, Cn and Cmk2 function independently in these
processes despite an ability of Cn to induce expression of Cmk2
(28).

Death-promoting Factors in Yeast—Cn and Cmk2 may
antagonize enzymes or pathways that become toxic in cells
exposed to tunicamycin, dithiothreitol, or other death-induc-
ing stimuli. To identify such death-promoting factors, the data
from the genetic screens were analyzed for mutants that exhibit
significantly lower rates of cell death in both of the death-in-
ducing conditions (tunicamycin plus FK506 and dithiothreitol
plus FK506). A total of 96 mutants exhibited cell death frequen-
cies that were at least 1.5 standard deviations below the popu-
lation average (column LD+ FK in supplemental Table 1). All of
these mutants remained sensitive to tunicamycin or dithiothre-
itol asjudged by growth assays (data not shown). Therefore, this
set of nondying mutants appears to be enriched for genes that
encode death-promoting factors rather than stress-promoting
factors.

The set of 96 nondying mutants was not enriched for any
Gene Ontology “process” or “function” terms. However, many
of these mutants could be grouped into a few functional cate-
gories based on prior knowledge of their functions. One class of
15 mutants (ada2, cdc73, elfl, hos4, leol, rtt103, ydr290w, sif2,
sir3, yjl175w, snf5, snf6, swc3, vps71, vps72, yaf9) was defective
in several aspects of chromatin remodeling and transcription. A
second class of five nondying mutants (ccz1, monl, ypt7, vpsé1,
apm3) was defective in maturation and fusion of late endo-
somes with the vacuole, a lysosome-like organelle of yeast (43).
Interestingly, mutants that block an earlier step of endosome
maturation (vps3, vps8) exhibited elevated frequencies of cell
death in all the conditions (Fig. 2, endo). Thus, endosome mat-
uration and fusion complexes exhibit strong death-promoting
and death-inhibiting effects.

A third class of seven nondying mutants (cys3, hom2, hom3,
ilvl, serl, ser2, thr4) was defective for biosynthesis of several
amino acids (Fig. 2, aa-bio). All 20 amino acids were present in
excess in the culture media during the screening conditions, so
the enhanced survival of these auxotrophic mutants could not
be attributed to slower rates of protein synthesis. One addi-
tional nondying mutant (avz5) lacked an SLC36 family protein
that probably functions as a vacuolar H* /amino acid symporter
or antiporter (44). Although Avt5 has not been carefully stud-
ied, avt5 knock-out mutants exhibited a spectrum of genetic
interactions that were very closely correlated with those of /sv2
mutants (45), which also failed to die in the genetic screens (Fig.
2, lanes 40—41). Hsv2 binds phosphatidylinositol 3,5-bisphos-
phate that is generated on the surface of vacuolar membranes
(46), but its cellular functions have not yet been determined.

As mentioned earlier, a genetic screen in C. elegans revealed
subunits of the V-ATPase as death-promoting factors in
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FIGURE 4. Inhibition of cell death by inhibitors of V-ATPase and transla-
tion. A and B, cultures of the Cn-deficient cnb7 mutants were exposed to
tunicamycin at 0 h with additions of either the V-ATPase inhibitor concana-
mycin (Con) (A) or the translation inhibitor cycloheximide (Chx) (B) at 0 h (red),
2 h (orange), 4 h (green), 6 h (blue), or never (black). The frequencies of cell
death in triplicate cultures were measured at the indicated times by staining
with Pl and flow cytometry. Error bars indicate =S.D.

stressed and degenerating neurons (5). The V-ATPase is a mul-
tisubunit proton pump responsible for acidification of vacuoles,
lysosomes, endosomes, and secretory organelles in eukaryotes
(47). Six V-ATPase-deficient mutants of yeast (¢fpl, vma2,
vma4, vma2l, pkrl, vph2) were deficient in cell death in our
screening conditions (Fig. 2, lanes 42—47). Eight other V-AT-
Pase-deficient mutants all exhibited strong nondying pheno-
types after a careful rescreen (supplemental Table 2). The vphl
and stvI single mutants that lack partially redundant subunits
of the VO-sector of the V-ATPase exhibited weaker nondying
phenotypes (supplemental Table 2). The findings suggest that
the assembled functional V-ATPase is crucial for the death of
stressed yeast cells in these conditions.

To define more precisely the death-promoting functions of
the V-ATPase, the inhibitor concanamycin C was added to cul-
tures of cnb1 mutants at various times after exposure to tuni-
camycin. When added at the same time as tunicamycin, conca-
namycin strongly delayed the onset of cell death (Fig. 4A).
Surprisingly, concanamycin failed to block cell death when
added 2 h or more after initial exposure to tunicamycin (Fig.
4A), a time at which almost all of the cnb I mutant cells were still
alive. A protein synthesis inhibitor (cycloheximide) strongly
delayed cell death when added at all times following tunicamy-
cin exposure (Fig. 4B). These findings suggest that ongoing pro-
tein synthesis was required for cell death even in the few sur-
viving cells that remained alive after 6 h of tunicamycin
exposure. The findings also suggest that cell death in these cir-
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cumstances is an active process and that the V-ATPase can
accomplish all its death-promoting functions in cnbl mutant
cells within 2 h of tunicamycin exposure.

Several experiments were designed to test the hypothesis
that Cn inhibits V-ATPase activity. First, acidity of the vacuoles
was measured in tunicamycin-treated cnbl mutants and wild-
type cells. Using a fluorescent pH probe and an established in
vivo method (48), we observed complete neutralization of the
vacuoles of both strains treated with concanamycin but no
detectable neutralization in response to tunicamycin and no
significant differences between the two strains within the first
2 h of exposure (data not shown). Second, the ability of Cn to
suppress V-ATPase-dependent changes in vacuole morphol-
ogy was examined. Vacuoles are dynamic organelles that
undergo continuous fission and fusion reactions, with V-AT-
Pase activity being required for vacuole fission (49). In cnbl
mutants, tunicamycin exposure caused the slow disappearance
of cells with large vacuoles and appearance of cells with many
small vacuoles (Fig. 5). A similar effect of tunicamycin was
observed in Cn-replete wild-type cells (Fig. 5). In both cases, the
V-ATPase inhibitor concanamycin completely blocked the
tunicamycin-induced vacuole fragmentation in both cell types
(Fig. 5). Thus, V-ATPase-dependent vacuole fragmentation
appeared insensitive to the presence or absence of Cn.

In a third experiment, we asked whether the presence of
functional Cn in wild-type cells could delay the death-promot-
ing function of the V-ATPase. For this experiment, wild-type
cells were exposed to tunicamycin for varying amounts of time
before the addition of FK506 or FK506 plus concanamycin and
then assayed at later times for the extent of cell death. Starting
2 h after initial exposure to tunicamycin, the delayed additions
of FK506 resulted in delayed waves of cell death in the popula-
tions (Fig. 64 and data not shown). The ability of concanamycin
to prevent cell death was very strong when added with FK506 at
the same time as tunicamycin, and it remained significant when
added with FK506 after 3 h of tunicamycin pre-exposure (Fig.
6B). Thus, in Cn-proficient cells, the V-ATPase required more
than 3 h to complete its death-promoting functions. In Cn-
deficient cells, the V-ATPase completed its death-promoting
functions within 2 h of tunicamycin exposure (Fig. 44). The
simplest model consistent with all these findings is that Cn
inhibits a toxic enzyme or process positioned downstream of
the V-ATPase in a process that controls nonapoptotic cell
death.

Cn Inhibits VMP and ROS Production in Stressed Yeast
Cells—Necrosis-like cell death in degenerating neurons has
been shown to require V-ATPase activity, which is necessary
for changes in morphology and permeability of lysosomal
membranes (5, 6). To determine whether the permeability of
the vacuolar membrane changes in dying yeast cells, we
employed the fluorogenic compound carboxy-DCFDA, which
becomes fluorescent and membrane impermeant upon hydrol-
ysis of the acetate groups by esterases in the vacuole lumen (50).
Vacuoles of wild-type and Cn-deficient ¢#nbl mutants fluo-
resced brightly after staining with carboxy-DCFDA, existing
mainly as one or two large spheres in standard growth condi-
tions. Tunicamycin induced changes in the morphology of vac-
uoles in both cell types, as expected for the increased vacuole

19034 JOURNAL OF BIOLOGICAL CHEMISTRY

A time in tunicamycin (hr)

wWT
+Con

cnbi

cnbi
+Con

”o——--O----'O""’O

-
-

~
(&)

——4TM
-O0-4TM +ConC

n
o

% few vacuoles
[6,]
o

0 30 60 90

120
Time (min)

FIGURE 5. V-ATPase-dependent vacuole fragmentation in response to
tunicamycin. A, wild-type and Cn-deficient cnb7 mutants were stained with
the fluorescent dye FM4-64 to reveal vacuole membranes and imaged in a
microfluidic device at various times of exposure to tunicamycin or tunicamy-
cin plus concanamycin (+Con) as indicated. B, wild-type cells prestained with
FM4-64 were imaged by fluorescence microscopy at various time points after
exposure to tunicamycin (+TM) or tunicamycin plus FK506 (+TM+Con) and
counted manually as having few vacuoles (two or fewer) or several vacuoles
(three or more). The averages of three parallel experiments (=S.D.) were
charted.

fragmentation described earlier. Fluorescence was never
observed in the cytoplasms of wild-type cells at any time after
exposure to tunicamycin. In contrast, cytoplasmic fluorescence
was observed in significant numbers of cnbI mutant cells that
had not yet died beginning around 2 h after tunicamycin expo-
sure. The frequency of nondead cells in the population with
fluorescent cytoplasms rose, peaked, and declined over time
(Fig. 7A), suggesting that dying cells pass through a brief inter-
mediate stage before cell death where either the vacuolar
esterases or the vacuole-generated fluorophore (carboxy-DCF)
leak into the cytoplasm. When sigmoid curves are fit to these
data using nonlinear regression (28), the leakage of vacuolar
esterases or fluorophore could be estimated at roughly 0.5 h
prior to cell death.

Previous studies of tunicamycin-induced cell death in yeast
have employed dihydro-DCFDA, an analog of carboxy-DCFDA
that requires oxidation by ROS in addition to maturation by
vacuolar esterases to become fluorescent (28). Wild-type cells

VOLUME 287+NUMBER 23+JUNE 1, 2012



% Dead

Time (hr)
45 1
B +FK+Con-0’
c
o
O 30
>
o
[
3 151
(]
[}
o
X 0- :
0 2 4 6 8
Time (hr)

FIGURE 6. Cn delays V-ATPase-dependent cell death. Cultures of wild-type
yeast cells were exposed to tunicamycin at 0 h with additions of FK506 (FK) or
FK506 plus concanamycin (FK+Con) at 0 h (black), 1 h (red), 2 h (green), or 3 h
(blue). A and B, the frequencies of cell death in triplicate cultures were meas-
ured at the indicated times by staining with Pl and flow cytometry and plot-
ted directly as percentage of dead (A) or plotted after determining the per-
centage of the population that was rescued by the addition of concanamycin
(B), which was calculated by subtraction of the values obtained in the FK506
plus concanamycin cultures from those shown in A. Error bars indicate =S.D.

stained with dihydro-DCFDA remained alive and nonfluorescent
at all times of tunicamycin exposure, whereas Cn-deficient cells of
the W303-1A strain background became fluorescent at ~1.2 h
prior to cell death and nonfluorescent after cell death (28). A sim-
ilar pattern was observed in wild-type cells of the BY4741 strain
background after exposure to tunicamycin plus FK506 (Fig. 7B).
The peak of staining with dihydro-DCFDA was somewhat lower
and broader than that of the W303-1A background because the
latter strain died faster and more synchronously. Nevertheless,
the kinetics of staining with dihydro-DCFDA closely paralleled
the kinetics of staining with carboxy-DCFDA, with the dying
cells staining positive at ~0.8 h prior to cell death (Fig. 7B). A
similar experiment using V-ATPase-deficient vmal mutants
exposed to tunicamycin plus FK506 revealed much lower rates
of cell death and staining with dihydro-DCFDA (Fig. 7C).
When taken together, these results suggest that dying yeast
cells release vacuolar esterases or fluorophores and generate
ROS roughly an hour before cell death.

Microscopic examination of dying cnbl mutants stained
with dihydro-DCFDA revealed very little fluorescence in the
vacuole and most fluorescence in the cytoplasmic regions (Fig.
8). Unlike carboxy-DCFDA, dihydro-DCFDA never stained
vacuoles in the cell without also staining the cytoplasm. The
absence of fluorescent vacuoles after staining with dihydro-
DCEDA suggests that ROS had not yet accumulated in the cyto-
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FIGURE 7. Vacuole membrane permeabilization and ROS accumulation in
dying populations of yeast cells. A, the Cn-deficient cnb7 mutant was
exposed to tunicamycin, incubated at room temperature, stained at the indi-
cated times with either Pl or carboxy-DCFDA, and immediately observed by
epifluorescence microscopy. The frequency of dead cells in the population
that stained with Pl was plotted (black circles), and the frequency of cellsin the
population that failed to stain with Pl and exhibited cytoplasmic staining with
carboxy-DCFDA was plotted (white circles). B and C, wild-type (B) and V-AT-
Pase-deficient vmal mutant cells (C) were exposed to tunicamycin plus
FK506, stained with Pl at the indicated times, counted by flow cytometry, and
plotted as the average (+S.D.) from the three replicate experiments (black
circles). The same cultures were also sampled, stained with dihydro-DCFDA at
the indicated times, counted manually in the fluorescence microscope, and
plotted (white triangles). The Pl staining data were fit by nonlinear regression
to the standard sigmoid equation (solid lines), and the other staining data
were similarly to fit to the difference between a standard sigmoid equation
and the solid lines (dashed lines).

plasm or culture medium prior to VMP. Therefore, ROS accu-
mulation is likely to be a consequence of VMP in these
conditions.

Although the V-ATPase appears to function upstream of
VMP and ROS accumulation, other nondying mutants may be
necessary for downstream processes. Such mutants would
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FM4-64

dihydro-DCFDA

FIGURE 8. Nonvacuolar localization of ROS. Wild-type yeast cells were
stained with FM4-64 and subsequently exposed to tunicamycin plus FK506.
After 4 h of incubation, cells were stained with dihydro-DCFDA and imaged
by confocal microscopy for vacuole membrane architecture (FM4-64) and
ROS accumulation (dihydro-DCFDA). The image shows three live cells, two of
which are representative of cells that stain positive for ROS. Fluorescence
products of dihydro-DCFDA were almost always excluded from the region of
the cell containing vacuoles.

exhibit higher than wild-type frequencies of staining with
dihydro-DCFDA after exposure to tunicamycin plus FK506. To
test this possibility, all 96 mutants of the nondying set were
exposed to tunicamycin plus FK506 for 4 h, stained with
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dihydro-DCFDA, and examined microscopically. None of the
nondying mutants exhibited higher frequencies of staining than
the wild-type cells, and the great majority of these mutants
exhibited lower frequencies of staining (data not shown). Our
inability to find mutants with increased survival after ROS
accumulation suggests that VMP is the lethal event in the
response of yeast cells to ER stressors.

DISCUSSION

The findings presented above demonstrate important roles
for the V-ATPase and vacuole membrane permeabilization in
the death of Cn-deficient yeast cells responding to ER stressors.
In wild-type cells exposed to tunicamycin, V-ATPase activity
was necessary for vacuole fragmentation, and in Cn-deficient
cells the V-ATPase was necessary for VMP, ROS accumulation,
and subsequent cell death. Because Cn did not inhibit the
V-ATPase-dependent fragmentation of vacuoles or the V-AT-
Pase-dependent acidification of vacuoles, Cn probably does not
inhibit the V-ATPase directly and seemingly inhibits some
process that depends on V-ATPase activity. Indeed, experi-
ments with inhibitors suggest that Cn can delay the V-ATPase-
dependent process of cell death most likely at the step upstream
of VMP.

Another new addition to the working model of cell death
regulation is Edel, which we find to function upstream of Cmk2
in a branch of the death-inhibiting regulatory loop. High-
throughput studies also identified a physical interaction
between Edel and Cmk2 (40). Edel is a scaffold protein that
recruits several different proteins and promotes the process of
endocytosis (42). Mutants lacking the endocytic partners of
Edel (entl, ent2, sypl, yap1801, yap1802) did not exhibit the
same phenotypes of the edel and crmk2 mutants, so the regula-
tion of Cmk2 by Edel may be independent of endocytosis.
Although Cmk2 expression can be strongly induced by Cn acti-
vation and overexpressed Cmk2 can partially suppress the
death of Cn-deficient mutants (28), the roles of Cmk2 in the
regulation of cell death seem weaker and less well defined than
those of Cn. Because tunicamycin-treated ¢cmk2 mutants and
edel mutants do not exhibit more death than wild-type when
Cn is functioning, Cmk2 may inhibit some earlier step of the
pathway leading to cell death. The only step earlier than VMP
observed to date is vacuole fragmentation. Purified Cmk2 was
able to phosphorylate the Vmal3 or associated proteins in a
protein microarray experiment (51), potentially indicating a
direct effect of Cmk2 on the V-ATPase and its role in vacuole
fragmentation. More detailed studies will be required to deter-
mine precisely how Cmk2 modulates cell death in yeast and
how a closely related Ca®"/calmodulin-dependent protein
kinase (Cmk1) does not.

The role of vacuole fragmentation in tunicamycin-induced
cell death was unexpected and remains of unknown signifi-
cance. Vacuole fragmentation results from an imbalance
between fission and fusion processes. Fission requires V-AT-
Pase activity and all the subunits of the VO and V1 sectors,
whereas fusion requires subunits of the VO sector but not the
V1 sector or V-ATPase activity (49). Because cell death
required all subunits of the V-ATPase and is sensitive to V-AT-
Pase inhibitors, it is tempting to suggest that vacuole fission
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promotes cell death in these circumstances. Several other
observations complicate this simple picture. First, other fission-
defective mutants (vps15, vps34, fabl, vpsl) exhibited very high
cell death when exposed to tunicamycin or dithiothreitol alone,
as well as very robust increases in response to FK506. Vps34 and
Fabl sequentially phosphorylate phosphatidylinositol at the 3
and 5 positions to produce phosphatidylinositol 3-phosphate
and phosphatidylinositol 3,5-bisphosphate on the cytoplasmic
surface of vacuole membranes (52, 53), which recruit specific
binding proteins such as Pib2 and Hsv2 with unknown roles in
vacuole fission (46, 54). The pib2 and hsv2 mutants each exhib-
ited striking defects in cell death, which was opposite to the
behaviors of vps34 and fabl mutants. Second, several mutants
defective in vacuole fusion (cczl, monl, ypt7, vps41) were also
strikingly deficient in cell death during the response to tunica-
mycin plus FK506, whereas others (vps3, vps8) exhibited ele-
vated rates of cell death (Fig. 2). Finally, all these mutants are
known to have defects in other processes such as vesicle-medi-
ated delivery of newly synthesized and endocytosed proteins to
the vacuole (43). No simple model emerges from the seemingly
contradictory behaviors of these fusion- and fission-deficient
mutants. Except for V-ATPase subunits and regulators, the vast
majority of the nondying mutants identified here underwent
normal vacuole fragmentation in response to tunicamycin plus
FK506 as indicated by staining with FM4-64 (data not shown).
Vacuole fragmentation therefore does not represent a commit-
ment to cell death but perhaps is necessary for subsequent steps
that lead to cell death.

Data presented here suggest that leakage of vacuolar materi-
als into the cytoplasm may represent the “point of no return”
that commits yeast cells to death. This conclusion is based on
the observed staining patterns with carboxy-DCFDA and
dihydro-DCFDA, membrane-permeable molecules that
become membrane-impermeable after hydrolysis by vacuolar
esterases (50). In both cases, cytoplasmic fluorescence was only
observed in dying yeast cells and never observed in nondying
cells with either functional Cn or nonfunctional death-promot-
ing factors. The dying cells released either vacuolar esterases or
the matured probes into the cytoplasm well before they died, as
indicated by their ability to exclude PI. In the case of dihydro-
DCFDA, which becomes fluorescent only after oxidation by
ROS and cleavage by vacuolar esterases (55), vacuolar fluores-
cence was not observed in either nondying or dying cells. The
absence of vacuolar staining suggests that ROS never accumu-
late in the vacuole and only accumulate in the cytoplasm after
permeabilization of the vacuolar membrane. This conclusion
rests on the assumption that oxidized dihydro-DCFDA is as
permeable to the vacuolar membrane as carboxy-DCFDA.
Because all the nondying mutants studied here failed to stain
with dihydro-DCFDA, vacuole membrane permeabilization
and subsequent cellular damage and ROS accumulation repre-
sent the lethal events in stressed yeast cells.

LMP is thought to be the lethal event in necrosis-like death of
neurons that are stressed by expressing hyperactive variants of
ion channels (4—6). Similar to the situation in yeast, LMP and
subsequent cell death depended on V-ATPase activity. How-
ever, unlike the situation in yeast, death of degenerating neu-
rons was not detectably altered by mutations or inhibitors of Cn
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(7), and it was significantly delayed if the neurons lacked pro-
teases of the calpain or cathepsin families, which function
upstream and downstream of LMP, respectively (4). The
mutants of yeast lacking the sole calpain-like protease (Rim13)
or one of the vacuolar proteases (Pep4, Prbl, Prcl, Cpsl,
Ybr139w, Lap4) or their cytoplasmic inhibitors (Pai3, Pbi2,
Tfs1) all behaved like wild-type cells in our screening condi-
tions. Previous studies showed the GFP-tagged Pep4 protein
was released into the cytoplasm after exposure of yeast cells to
hydrogen peroxide or acetic acid, although little or no lifespan
extension was observed in pep4 knock-out mutants (56 —58).
Functional redundancy among the proteases and other hydro-
lases of the vacuole may have obscured their executioner roles
in yeast cell death in all these circumstances. LMP contributes
to necrotic cell death in other cell types as well, with variable
utilization of autophagic and apoptotic processes depending on
the extent and the types of hydrolytic enzymes released in each
case (reviewed in Refs. 11, 59, and 60).

We found little or no role for autophagy in the rate or extent
of cell death in yeast cells stressed with tunicamycin. Likewise,
we confirm on a genome-wide level earlier studies that argue
against a role for apoptosis in the death of tunicamycin-stressed
cells (28). Earlier genome-wide studies of tunicamycin suscep-
tibility in yeast have relied on growth assays at limiting drug
concentrations (61, 62) or viability assays after brief drug expo-
sures (63). Those screens revealed unfolded protein response-
deficient mutants (irel, hacl) as having extreme phenotypes
with HACS- and Cn-deficient mutants having little or no phe-
notype. Conversely, HACS- and Cn-deficient mutants exhib-
ited high rates of cell death following tunicamycin exposure in
our screens, whereas the unfolded protein response-deficient
mutants behaved like wild-type cells (Fig. 2). The distinct out-
comes of these screens highlights the fact that growth assays,
cell viability assays, and cell death assays correlate poorly with
one another. Unfortunately, these studies and many others fre-
quently conflate poor growth and decreased viability with cell
death, thereby confounding the field of research on mecha-
nisms cell death in yeast. The simplest interpretation of the
findings is that unfolded protein response signaling promotes
repair and adaptation processes to cope with the damage
caused by limited tunicamycin exposure, whereas having little
or no role in regulating cell death in yeast. Conversely, HACS
and Cn can be viewed simply as factors that prevent cell death
during unlimited tunicamycin exposure.

The present studies also demonstrate that cycloheximide can
suppress the death of Cn-deficient cells even in the small pop-
ulation of survivors that remain after several hours of tunica-
mycin exposures. The inhibition of new protein synthesis may
eliminate the stress by diminishing consumption of N-glycan
precursors whose synthesis is blocked by tunicamycin (64).
Alternatively, cycloheximide may block the production of spe-
cific enzymes or molecules that end up permeabilizing the vac-
uolar membrane and killing the cell. Precisely how Cn prevents
the death of yeast cells with particular types of membrane stress
remains an open question. Similarly, it is not yet clear which
protein kinase(s) oppose the effects of Cn and whether their
activities become stimulated by these membrane stresses. At
present, there has been no demonstration that any of the effec-
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tive death-promoting factors (V-ATPase, translation, amino
acid biosynthetic enzymes, Hsp90 (28), etc.) respond to the
death-inducing stimuli or to Cn, and thus, we cannot yet con-
firm the existence of a pro-death signaling pathway in these
conditions.

HACS, Cn, and Cmk2 become activated and suppress the
death of yeast cells responding to their own natural mating
pheromones (16, 22), and this branched death-inhibiting path-
way is at least partially conserved in C. albicans (25). As VMP
seems to precede the death of these cells (16), the molecular
mechanisms that promote cell death in these conditions may be
similar to those that promote the death of tunicamycin-ex-
posed yeast cells. In the hyphae-forming filamentous fungi, a
vacuole-related cell death can occur when genetically dissimilar
individuals of the same species fuse their hyphal cells in a mat-
ing-like process (13). This phenomenon of self-incompatibility
is thought to limit the spread of viruses, prions, and other par-
asitic elements and therefore meets most criteria of a pro-death
signaling pathway. It is not clear whether calcineurin or other
components of the calcium signaling pathway suppress the
death of self-compatible hyphal fusions or whether self-incom-
patibility relates in any mechanistic way to the pheromone- or
tunicamycin-induced cell deaths in yeast. Nevertheless,
changes in vacuolar membrane permeability in fungi and the
necrosis-like death of degenerating neurons may be modern
manifestations of a mechanism that arose in a common ances-
tor to help control cell death and survival in populations.
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