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Endoplasmic reticulum (ER) stress can trigger apoptosis and necrosis in many types of mammalian cells.
Previous studies in yeast found little or no cell death in response to the ER stressor tunicamycin, but a recent
study suggested widespread apoptosis-like death. Here we show that wild-type laboratory Saccharomyces
cerevisiae cells responding to tunicamycin die by nonapoptotic mechanisms in low-osmolyte culture media and
survive for long periods of time in standard synthetic media. Survival requires calcineurin, a Ca2�/calmodulin-
dependent protein phosphatase, but none of its known targets. The Ca2�/calmodulin-dependent protein kinase
Cmk2 was identified as an indirect target of calcineurin that suppresses death of calcineurin-deficient cells.
Death of Cmk2- and/or calcineurin-deficient S. cerevisiae cells was preceded by accumulation of reactive oxygen
species but was not associated with hallmarks of apoptosis and was not dependent on Mca1, Aif1, Nuc1, or
other factors implicated in apoptosis-like death. Cmk2 and calcineurin also independently suppressed the
death of S. cerevisiae cells responding to dithiothreitol or miconazole, a common azole-class antifungal drug.
Though inhibitors of Hsp90 have been shown to diminish calcineurin signaling in S. cerevisiae and to syner-
gistically inhibit growth in combination with azoles, they did not stimulate death of S. cerevisiae cells in
combination with miconazole or tunicamycin, and instead they prevented the death of calcineurin- and
Cmk2-deficient cells. These findings reveal a novel prodeath role for Hsp90 and antideath roles for calcineurin
and Cmk2 that extend the life span of S. cerevisiae cells responding to both natural and clinical antifungal
compounds.

Azole-class antifungal drugs are widely employed in humans
to control diverse types of fungal pathogens. Azoles target
essential enzymes of the pathogen’s endoplasmic reticulum
(ER) that are required for biosynthesis of ergosterol (2, 51). A
major limitation of these drugs is their inability to directly kill
cells of most fungal pathogens (20). As a consequence, the live
but nonproliferating cells may acquire drug resistance through
adaptation or mutation and place additional burdens on host
defenses. These disadvantages of fungistatic drugs may be
avoided by the development of fungicidal alternatives or co-
drugs that are fungicidal in combination with fungistatic drugs.

Recently, azole-class drugs have been shown to acquire fun-
gicidal activity when combined with FK506 or cyclosporine,
both inhibitors of calcineurin (reviewed in reference 3). Such
‘fungicidal synergism’ has been observed in diverse fungal
pathogens in vitro and in vivo. Additionally, inhibitors of sev-
eral different essential ER enzymes appear by themselves to be
fungistatic and to become potently fungicidal when combined
with FK506 or cyclosporine. For example, the natural antibi-
otic tunicamycin, which blocks the ER enzyme UDP-N-acetyl-
glucosamine-1-P transferase (Alg7) that is necessary for N
glycosylation of secretory proteins and causes reversible cell
cycle arrest and growth inhibition when administered alone to
S. cerevisiae, Candida albicans, or Candida glabrata without

appreciable cell death but causes massive cell death when used
in combination with FK506 or cyclosporine (6). In S. cerevisiae,
similar fungicidal synergism was observed using dithiothreitol,
which blocks disulfide bond formation in the ER (6), or natu-
rally secreted mating pheromones (71) as the arrest/death
stimuli. FK506 and cyclosporine are well known as potent
inhibitors of a cytoplasmic Ca2�/calmodulin-dependent pro-
tein phosphatase known as calcineurin (39), and many of the
fungicidal synergisms described above have been confirmed
using fungal mutants that lack calcineurin or its upstream reg-
ulators (reviewed in reference 59). Unfortunately, FK506 and
cyclosporine are also potent inhibitors of human calcineurin
and result in immunosuppression and other side effects that
may severely limit their utility in antifungal regimens. A better
understanding of the fungal antideath and prodeath pathways
may lead to the identification of new compounds that promote
fungicidal conversion without immunosuppressive side effects.

Though calcineurin function is not essential for growth of
most fungi in laboratory conditions, several important roles
have been identified in the budding yeast S. cerevisiae. Acti-
vated calcineurin dephosphorylates the Cch1 subunit of a high-
affinity Ca2� channel and inhibits Ca2� influx by this channel
during the responses to mating pheromones and tunicamycin,
which triggers channel phosphorylation and activation by the
mitogen-activated protein kinase Slt2 (also known as Mpk1)
(5, 13). Activated calcineurin also dephosphorylates and acti-
vates the Crz1 (also known as Tcn1 and Hal8) transcription
factor (45, 46, 58), which induces expression of many genes
involved in diverse processes (31, 70). In response to high
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environmental Ca2� levels, calcineurin induces and dephos-
phorylates Rcn1, a conserved regulatory protein that seems to
regulate calcineurin itself by feedback (31, 34, 35). In these
conditions, calcineurin also seems to limit the activity of Vcx1,
a vacuolar H�/Ca2� exchanger (15). Calcineurin may addition-
ally regulate the Hsl1 protein kinase (47) and the Skn7 tran-
scription modulator (65). In response to a high environmental
pH, which depolarizes the cell and rapidly activates the Cch1-
dependent Ca2� channel (63), calcineurin can dephosphory-
late or regulate Frt1 and Frt2 (also known as Hph1 and Hph2),
two ER-resident proteins involved in tolerance to high pH (29)
and possibly tolerance to azoles (14). Here we evaluate the
possible involvement of these and other direct or indirect tar-
gets of calcineurin in the antideath pathway that is governed by
calcineurin.

The manner by which calcineurin-deficient cells succumb
and the molecular mechanisms that promote calcineurin-less
death are also of great interest and significance. A recent study
has proposed that apoptosis-like cell death occurs in S. cerevi-
siae cells treated with tunicamycin or lacking certain N-glyco-
sylation factors (27). However, that conclusion relied on cyto-
logical methods shown previously to generate ambiguous
results (66) and disagreed with previous findings that tunica-
mycin does not induce cell death in wild-type cells (5, 6, 13).
Calcineurin-less death during the response to mating phero-
mones was also proposed to be apoptosis-like (57), but a sub-
sequent study exposed additional methodological ambiguities
and instead proposed a nonapoptotic manner of cell death (71)
that resembles a necrosis-like cell death similar to that ob-
served upon overexpression of human Bax in S. cerevisiae (see
reference 36 and references therein). Death of wild-type cells
expressing Bax or calcineurin-deficient cells responding to
mating pheromones both required a functional oxidative phos-
phorylation system in mitochondria (i.e., coupled respiratory
complexes III, IV, and V) and both involved accumulation of
reactive oxygen species (ROS) (25, 67, 71). Neither condition
was associated with cytological ‘hallmarks’ of apoptosis (chro-
matin fragmentation and phosphatidylserine externalization)
or influenced by a variety of apoptotic factors (24, 52). Never-
theless, these findings have been mistaken as additional sup-
port for the hypothesis that S. cerevisiae cells can undergo
apoptosis-like cell death (11, 19). Here we use improved meth-
ods to analyze several reported factors and cytological features
associated with apoptosis-like death during the response of S.
cerevisiae cells to tunicamycin. We confirm that tunicamycin
can induce the death of wild-type cells when grown in low-
osmolyte yeast-peptone-dextrose (YPD) medium (27), but in
disagreement with the previous study, the observed cell death
did not include an apoptotic stage. In synthetic medium con-
taining tunicamycin, wild-type cells do not die and calcineurin-
deficient cells die once again without hallmarks of apoptosis
and without influence from a variety of proapoptotic factors, in
agreement with our previous studies of calcineurin-less death
during the response to mating pheromones (71). Calcineurin-
less death therefore appears to be nonapoptotic.

We also find that Cmk2, one of two Ca2�/calmodulin-de-
pendent protein kinases in S. cerevisiae (16, 49), is strongly
induced by activation of calcineurin and Crz1 and suppresses
calcineurin-less death. Calcineurin also suppresses cell death
independent of Crz1, Cmk2, and many other targets, even

when multiple targets have been mutated. Though Hsp90 had
been proposed to promote azole resistance by stimulating cal-
cineurin function (14), inhibitors of Hsp90 did not mimic in-
hibitors of calcineurin in the ability to induce calcineurin-less
death. Instead, inhibitors of Hsp90 prevented calcineurin-less
death. These findings suggest that calcineurin-less death is
nonapoptotic and, surprisingly, dependent on clients of Hsp90.

MATERIALS AND METHODS

Strains and growth conditions. All strains used in this study (Table 1) were
derived from wild-type parent strains of W303-1A MATa ade2-1 can1-100 his3-1
leu2-3,112 trp1-1 ura3-1 (64) or BY4741 MATa his3-1 leu2-2 met15-0 ura3-0 (7)
using standard gene knockout procedures (40) and/or isogenic genetic crosses.
The primers used for gene knockouts are listed in Table 2. All S. cerevisiae strains
were grown in synthetic complete (SC) medium or rich YPD medium containing
2% glucose. Tunicamycin was dissolved in methanol. FK506 was dissolved in
dimethyl sulfoxide. Antimycin A and myxothiazol were dissolved in ethanol.
Miconazole was dissolved in distilled water. All inhibitors were obtained from
Sigma-Aldrich and compared to solvent controls.

Plasmids. Plasmid pOO1 bearing a CMK2-lacZ reporter gene was constructed
by PCR amplification of a genomic DNA segment (nucleotides �941 to �9
relative to the start codon CMK2) using primers CMK2-941F and CMK2�9R
(Table 2). The product was digested with XhoI and BamHI restriction enzymes
and ligated into plasmid pLG�178 (23) linearized with the same enzymes. High-
dosage plasmids expressing CMK1 and CMK2 have been described previously
(50). The latter was modified to express a ‘kinase-dead’ K76R variant of Cmk2
by using Quickchange (Stratagene) and the primers CMK2K76R-F and
CMK2K76R-R. The resulting point mutation was confirmed by DNA se-
quencing.

Cell death assays. Live and dead S. cerevisiae cells in cell populations were
counted manually using bright-field or epifluorescence microscopy as required by
the vital stains methylene blue (MB) or propidium iodide (PI). Strains were
grown overnight in SC or YPD medium at 30°C. Log-phase cultures were se-
lected and back diluted to an optical density at 600 nm (OD600) of 0.1 in fresh
medium containing drugs and inhibitors. At various times, 200 �l of cells were
harvested by centrifugation (13,000 rpm for 1 min), washed in 200 �l of SC
medium, and resuspended in 10 �l of fresh SC medium containing 0.4 mg/ml MB
or 0.4 mg/ml PI. The MB-stained cells were then spotted onto microscope slides,
immediately covered by a coverslip, and counted as live (unstained) or dead
(stained). The PI-stained cells were incubated at room temperature in the dark
for 20 min, spotted onto slides, and immediately counted as live (nonfluorescent)
or dead (fluorescent) using a Nikon Diaphot microscope fitted with a mercury
arc lamp. At least 200 cells were scored for each sample.

Live and dead S. cerevisiae cells were also counted automatically using a
FACSArray 96-well flow cytometer (Becton-Dickinson). In this method, cells
were grown overnight in SC medium to stationary phase, diluted 100-fold into
fresh medium, and grown for an additional 2 h, and then the cultures (200 �l
each) were treated with drugs and inhibitors in flat-bottom 96-well dishes (Corn-
ing). At the indicated times, dishes were mixed, and 20 �l of each suspension was
transferred to clean dishes containing 180 �l of phosphate-buffered saline (PBS)
containing 0.6 �g/ml PI. After incubation for 15 min at room temperature, 5,000
cells from each well were counted using the yellow channel. Dead cells appeared
over 2 logs more fluorescent than live cells in these conditions, which allowed
simple gating to determine the percentage of cell death.

Fluorescein-isothiocyanate-valine-alanine-aspartate-fluoromethylketone (FITC-
VAD-FMK) staining of S. cerevisiae cells was performed as described previously
(27). Briefly, at appropriate times of incubation, 5 � 106 cells were pelleted and
resuspended in 200 �l of 10 �M FITC-VAD-FMK in staining solution
(CaspACE FITC-VAD-FMK in situ marker; Promega). Samples were then
incubated at room temperature for 20 min. Cells were then centrifuged, washed
twice in 1 ml PBS, and resuspended in 200 �l of PBS. For the double-staining
experiment, cells were additionally stained with 3 �g/ml PI and incubated at
room temperature for 5 min. Two-color flow cytometry was performed in a
FACSCalibur flow cytometer (Becton-Dickinson). FITC-VAD-FMK fluores-
cence (488/525 nm; FL1) and PI fluorescence (488/620 nm; FL3) data were
collected with optical spillover compensation set at 0.8%. Ten thousand cells
were acquired for each sample. Data were analyzed using FCSExpress software
(De Novo Software).

TUNEL assay. Terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) assays were performed on formaldehyde-fixed cells
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as described previously (71), except that FITC-tagged dUTP was replaced with
tetramethylrhodamine-tagged dUTP and 10,000 cells were counted in the FAC-
Sarray flow cytometer instead of manually.

ROS assays. ROS production was visualized and scored as described previ-
ously (42), except with slight modifications. Briefly, log-phase cultures were
diluted to a concentration of 3 � 106 cells/ml and exposed to tunicamycin in YPD
or SC medium at 30°C. At each time point, 200 �l of cells was harvested by
centrifugation, resuspended in 200 �l of fresh SC medium, and incubated with
10 �g/ml 2�,7�-dichlorodihydrofluorescein diacetate (H2DCFDA; Molecular

Probes) at 30°C for 10 min. Cells were concentrated by centrifugation and
resuspended in 10 �l of fresh SC medium. Five microliters of cells were loaded
onto slides and observed immediately under epifluorescence microscopy (exci-
tation at 495 nm and emission at 525 nm). At least 200 cells per sample were
scored manually as fluorescent or nonfluorescent.

45Ca2� uptake assay. Yeast cells were grown to log phase in SC medium
(OD600 of 0.25 to 0.5), diluted with SC medium to an OD600 of 0.25, and then
diluted with an equal volume of SC medium containing 100 cpm/nl 45CaCl2, 5
�g/ml tunicamycin, and varying concentrations of radicicol. After 2 h of incuba-
tion at 30°C (before cell death had occurred), the cells were collected onto

TABLE 1. Yeast strains used in this study

Strain name Genotype Source

K1251 MATa (wild-type BY4741) This study
K601 MATa (wild-type W303-1A) 15
K603 MATa cnb1::LEU2 15
W303-1A�COQ1 MATa coq1::LEU2 22
W303-1A�COQ2 MAT� coq2::LEU2 22
cc304.1 MAT� cor1::HIS3 22
NZY001 MATa mca1::G418R 71
DDY45 MATa nuc1::NatR This study
DDY62 MATa fis1::HIS3 This study
DDY293 MATa nma111::NatR This study
DDY426 MATa ste20::HIS3 This study
DDY72 MATa This study
DDY74 MATa cmk2::NatR This study
DDY76 MATa cnb1::LEU2 This study
DDY78 MATa crz1::G418 This study
DDY80 MATa cmk1::TRP1 This study
DDY82 MATa cmk2::NatR cnb1::LEU2 This study
DDY83 MATa cmk2::NatR crz1::G418 This study
DDY85 MATa cmk2::NatR cmk1::TRP1 This study
DDY87 MATa cmk2::NatR cnb1::LEU2

crz1::G418
This study

DDY89 MATa cmk2::NatR cnb1::LEU2
cmk1::TRP1

This study

DDY91 MATa cmk2::NatR crz1::G418
cmk1::TRP1

This study

DDY93 MATa cmk2::NatR cnb1::LEU2
crz1::G418 cmk1::TRP1

This study

DDY95 MATa cnb1::LEU2 crz1::G418 This study
DDY97 MATa cnb1::LEU2

cmk1::TRP1
This study

DDY99 MATa cnb1::LEU2 crz1::G418
cmk1::TRP1

This study

DDY101 MATa crz1::G418 cmk1::TRP1 This study
DDY392 MATa rcn1::LEU2 This study
DDY400 MATa rcn1::LEU2 crz1::G418R This study
DDY408 MATa rcn1::LEU2 cmk2::NatR This study
DDY416 MATa rcn1::LEU2 crz1::G418R

cmk2::NatR
This study

DDY104 MATa vcx1� This study
DDY110 MATa vcx1� crz1::G418R This study
DDY109 MATa vcx1� cmk2::NatR This study
DDY114 MATa vcx1� crz1::G418R

cmk2::NatR
This study

K1691 MATa frt1::HIS3 frt2::NatR This study
K1693 MATa frt1::HIS3 frt2::NatR

crz1::G418R
This study

K1695 MATa frt1::HIS3 frt2::NatR
cmk2::TRP1

This study

K1697 MATa frt1::HIS3 frt2::NatR
crz1::G418R cmk2::TRP1

This study

DDY361 MAT� yap1::HIS3 skn7::TRP1 This study
DDY364 MATa yap1::HIS3 skn7::TRP1

crz1::G418R
This study

DDY368 MATa yap1::HIS3 skn7::TRP1
cmk2::NatR

This study

DDY372 MATa yap1::HIS3 skn7::TRP1
crz1::G418R cmk2::NatR

This study

TABLE 2. Oligonucleotides used in this study

Name Sequencea

Frt1-F1 .........................AAATTTTTTTTTTTTTTTGGTTTAAGTTA
TAGTTGATACATTAAGTGAAACGGAT
CCCCGGGTTAATTAA

Frt1-R0.........................TTTATCTTTGTACGCGTACCATTTTTGT
AAAGTGACCTTGTTTTGACTTTCATC
GATGAATTCGAGCTCG

Frt2-F1 .........................ACACAAATTGATGGCAGTTTTTTACGT
AGTCCAGTAGTTGTCCAGGTACACGG
ATCCCCGGGTTAATTAA

Frt2-R0.........................TACATATGAAAAAATCACAGGATCATT
TTTTGATATACAAATACTATTTTCATC
GATGAATTCGAGCTCG

Yap1-F1 .......................AGTTTTTTGCCACCCAAAACGTTTAAA
GAAGGAAAAGTTGTTTCTTAAACCCG
GATCCCCGGGTTAATTAA

Yap1-R0.......................ATTATAGAAAAAGTTCTTTCGGTTACCC
AGTTTTCCATAAAGTTCCCGCTCATC
GATGAATTCGAGCTCG

STE20-F1.....................CCTCACACCCCATCCTAAATATCCCACA
AGATCCTCGACTAATACAAGAACGG
ATCCCCGGGTTAATTAA

STE20-R0 ....................CAACTGTGTATATACTTTGTCGATAATA
AGGTGTACCCTGCTTGCTACGTCATC
GATGAATTCGAGCTCG

Skn7-F1........................TTCCATTATTCTTATTCCTATTTTTTCGT
TGCTTACTTTTGATATCCACTCGGATC
CCCGGGTTAATTAA

Skn7-R0 .......................GAATACAGAATGTCCTCTGCTAACTTA
GACGCAAGGCTATTTGTAAAATTCAT
CGATGAATTCGAGCTCG

Nuc1-F0 .......................GATAAGAACATTTAGTTAAGTTCCCCA
CTTATTAGATCCCAAAGTTAAAGTTA
TCACATCAGGTCGACGGATCCCC

Nuc1-R0.......................TGCTATTCTATCGTTGTGTTATGAATTA
ATTTATATTTACAGTTTTTCAGTACAT
CATCGATGAATTCGAGCTCG

Nma111-F1 ..................ATACTCTGAATACACACGTAGAGTACA
GTAAAGGTTTTTTAGATCTACTACGG
ATCCCCGGGTTAATTAA

Nma111-R0 .................TTGATGTATACATACATACATACATATA
TAAATGTTTTATCAAATCTGGCCATC
GATGAATTCGAGCTCG

Cmk2-F1 ......................TCGTCACCTTTTCTTCTATCACATCGCC
AATATAAATATAGACACCAAAACGG
ATCCCCGGGTTAATTAA

Cmk2-R0......................CACATTAAATATTATATACGAATTTATG
TACACGAATTCAAGTCCGTAATCATC
GATGAATTCGAGCTCG

CMK2-941F.................CCCCTCGAGGGCCAGGTGATTATA
CCGC

CMK2�9R ..................GGGGGATCCAGACATTTTTGGTGTCTA
TATTT

CMK2K76R-F.............CCACAAATGAAGATGTTGCTATAAGGA
TCTTATTGAAGAAGGCATTGC

CMK2K76R-R ............GCAATGCCTTCTTCAATAAGATCCTTAT
AGCAACATCTTCATTTGTGG

aUnderlined nucleotides are the mutated residues in the K76R point mutant.

VOL. 7, 2008 REGULATION OF NONAPOPTOTIC DEATH IN YEAST 2039



Whatman GF/F filters by vacuum filtration, washed three times with 5 ml of
ice-cold buffer A (10 mM CaCl2, 10 mM HEPES-Na, pH 7.5), dried, and
processed for liquid scintillation counting as described previously (6).

RESULTS

Two manners of cell death in response to tunicamycin. A
recent study reported significant levels of apoptosis-like cell
death in S. cerevisiae cultures responding to tunicamycin (27),
although little cell death had been observed previously for this
fungistatic compound unless calcineurin had been inactivated
(5, 6). To investigate the source of the discordant findings, we
systematically varied the experimental conditions (BY4741
versus W303-1A strain backgrounds, YPD versus SC growth
media, and 30°C versus 37°C incubation temperatures) and the
analytical methods for assaying dead or dying cells (staining
with MB, PI, and FITC-VAD-FMK). In accordance with the
recent report (27), tunicamycin induced significant levels of
cell death in both strain backgrounds grown in YPD medium at
37°C (Fig. 1A and B). In contrast to the previous study, how-
ever, we observed little or no effect of decreasing the tem-
perature to 30°C. In accordance with our previous findings,

tunicamycin failed to induce cell death in either strain back-
ground at either temperature when grown in synthetic SC
medium (Fig. 1A and B). Calcineurin has been shown to prevent
tunicamycin-induced cell death in SC medium (6). Consistent
with those findings, a specific inhibitor of calcineurin known as
FK506 (39) strongly increased cell death in both media, temper-
atures, and strain backgrounds (Fig. 1A and B). Quantitatively
similar results were obtained using PI or FITC-VAD-FMK stain-
ing (data not shown). Thus, the source of the discrepancy was
attributed to the culture media and not the staining method,
strain background, or incubation temperature.

We have previously described two modes of nonapoptotic
cell death for S. cerevisiae cells responding to mating phero-
mones: a ‘fast death’ at high concentrations of mating phero-
mones and a ‘slow death’ at lower concentrations of mating
pheromones that was ordinarily prevented by calcineurin sig-
naling (71). Although both modes of death were preceded by
accumulation of ROS, inhibitors or mutations that block oxi-
dative phosphorylation strongly delayed the slow death but did
not affect the fast cell death. To test if oxidative phosphoryla-
tion is required for tunicamycin-induced death of wild-type or

FIG. 1. Effects of strain background, temperature, culture medium, and respiration on the death of yeast cells treated with tunicamycin with
or without FK506. Cultures of wild-type strains BY4741 (A) or W303-1A (B) were grown to log phase at either 30°C or 37°C in either SC or rich
(YPD) medium as indicated and then treated with 2.5 �g/ml tunicamycin with or without 1 �M FK506. After 8 h of incubation, dead cells were
stained with 0.5 �g/ml PI and counted by flow cytometry as described in Materials and Methods. Bars indicate the mean percentage of dead cells
in the population (� standard deviations) of three independent cultures. Wild type (WT) and isogenic coq1, coq2, and cor1 mutants in the
W303-1A background were grown to log phase at 30°C in either YPD medium (C) or SC medium (D) and then treated with 2.5 �g/ml tunicamycin,
1 �M FK506, and 1 �g/ml antimycin A (AA) or myxothiazol (Myx) as indicated to inhibit respiration. After 8 h of incubation, dead cells were
stained, counted, and plotted as described above.
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calcineurin-deficient cells, the effects of respiration inhibitors
(antimycin A or myxothiazol) on tunicamycin-treated wild-type
cells were evaluated in YPD or SC medium with or without
FK506. The behaviors of mutants lacking components (coen-
zyme Q [coq1 and coq2 mutants] or complex III [cor1 mu-
tants]) of the electron transport chain (ETC) were also evalu-
ated. None of these mutations or inhibitors significantly altered
the extent of cell death in tunicamycin/YPD medium (Fig. 1C).
In contrast, all of these mutations and inhibitors significantly
diminished the extent of death in SC-tunicamycin-FK506 me-
dium (Fig. 1D). Therefore, similar to the effects of mating
pheromones, tunicamycin appeared to induce at least two
manners of cell death in S. cerevisiae: one that was partially
dependent on ETC function and prevented by calcineurin sig-
naling (hereafter termed calcineurin-less death) and another
that was independent of ETC function.

The conclusion that wild-type cells undergo apoptosis-like
cell death was based primarily on staining with FITC-VAD-
FMK (27), a fluorogenic sensor of active caspases in mamma-
lian cells. However, this compound has been shown to stain
dead S. cerevisiae cells nonspecifically and independent of the
manner of cell death (62, 66). The recent study did not account
for this background of dead cells by costaining with PI or MB
(27). To determine if apoptotic cells can be detected in either

manner of cell death, we sampled wild-type cultures incubated
in YPD plus tunicamycin and in SC plus tunicamycin plus
FK506 over a range of times, double-stained the cells with PI
and FITC-VAD-FMK, and quantified the staining patterns
using flow cytometry. In YPD medium supplemented with
tunicamycin, the cells progressed over time from a double-
negative state to a double-positive state without populating the
FITC-VAD-FMK single-positive state indicative of apoptosis
(Fig. 2A). A similar trend was observed for SC medium sup-
plemented with tunicamycin plus FK506 (Fig. 2B). In neither
case were apoptotic (PI-negative and FITC-VAD-FMK-posi-
tive) cells detected.

Other hallmarks of apoptosis-like cell death in S. cerevisiae
include chromatin fragmentation (positive staining in a
TUNEL assay) and phosphatidylserine externalization (sur-
face binding of annexin V-GFP). Wild-type cells growing in
YPD or SC-FK506 medium failed to exhibit significant binding
of annexin V-GFP at any time after treatment with tunicamy-
cin, except after cell death (costaining with PI; data not
shown). Using a modified TUNEL assay that eliminates cyto-
plasmic background (71), no TUNEL-positive cells were de-
tected at any time point in either condition of tunicamycin
treatment (Fig. 3A to C; also data not shown). As a positive
control, cells treated with 4 mM hydrogen peroxide exhibited a

FIG. 2. Staining of tunicamycin-treated cells with FITC-VAD-FMK, H2DCFDA, and PI. Wild-type W303-1A cells were grown to log phase in
YPD medium (A) or SC medium (B) and treated with 2.5 �g/ml tunicamycin (TM) or 2.5 �g/ml tunicamycin plus 1 �M FK506 (FK) as indicated.
After 3, 5, or 7 h of incubation at 30°C, cultures were double stained with 10 �M FITC-VAD-FMK and 3 �g/ml PI, and 10,000 cells were analyzed
for staining intensity by flow cytometry as described in Materials and Methods.
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strong positive signal in all these conditions, although the back-
ground was noticeably higher in YPD medium than in SC
medium. Therefore, important hallmarks of apoptosis were
not evident during either manner of tunicamycin-induced cell
death.

Finally, we tested whether the apoptosis-associated factors
Mca1 (43), Nuc1 (10), Nma111 (21), or Ste20 (1) contributed
to calcineurin-less death in response to tunicamycin by char-
acterization of single-gene knockout mutants lacking each of
these factors. All of the mutants died at rates and extents
indistinguishable from those of the wild-type parental strain
when treated with tunicamycin plus FK506 in SC medium (Fig.
3D). Thus, calcineurin-less death was not detectably associated
with the factors previously reported for apoptosis-like cell
death.

Cmk2 is an indirect target of calcineurin that regulates
calcineurin-less death. A major target of calcineurin is the
transcription factor Crz1 (45, 58). Mutants lacking Crz1 be-
have like wild-type cells in their responses to tunicamycin and
tunicamycin plus FK506 (Fig. 4A). However, a potentially sig-

nificant role for Crz1 in calcineurin-less death might have been
obscured if a functionally redundant pathway were also oper-
ating. Indeed, DNA microarray experiments indicate that Crz1
induces mRNAs derived from the CMK2 gene but not the
CMK1 gene (31, 70), paralogous genes that encode Ca2�/
calmodulin-dependent protein kinases. Furthermore, expres-
sion of a CMK2-lacZ reporter gene was induced more than
100-fold in a Crz1-dependent and FK506-sensitive fashion af-
ter 3 h of treatment with 200 mM CaCl2 (Table 3). The
simultaneous loss of both Cmk2 and Cmk1, both Ca2�/
calmodulin-dependent protein kinases, has been shown to
elevate calcineurin-less death (6), but the expected redun-
dancy of the calcineurin-Crz1-Cmk2 pathway with Cmk1
was not explicitly tested.

To examine the possible redundancies of Cmk1, Cmk2, and
Crz1 in regulating tunicamycin-induced cell death, a panel of
S. cerevisiae strains lacking these factors in all possible combi-
nations was treated with tunicamycin in the presence and ab-
sence of Cnb1 (the regulatory subunit of calcineurin) and
assayed for cell death. In all these scenarios, the loss of cal-

FIG. 3. Chromatin fragmentation and apoptosis factors are not involved in tunicamycin-induced cell death. Wild-type yeast strains were grown
in YPD medium (A, B) or SC medium (C), supplemented with nothing (black lines), 4 mM hydrogen peroxide (red lines), 2.5 �g/ml tunicamycin
(blue lines), or 2.5 �g/ml tunicamycin plus 1 �g/ml FK506 (green lines) for the indicated times and then fixed with 3.7% formaldehyde and stained
using a fluorescent TUNEL assay that specifically detects DNA breaks (see Materials and Methods). Fluorescence intensity of over 10,000 cells
was measured by flow cytometry and plotted as histograms. (D) Mutants lacking a variety of published proapoptosis factors were grown in SC
medium, treated with 2.5 �g/ml tunicamycin with and without 1 �M FK506, and stained for dead cells using 0.54 �g/ml PI at the indicated times.
The average cell death in three independent cultures (� standard deviations) is plotted for each mutant and for the isogenic wild-type (WT) strain.
TMR, tetramethylrhodamine fluorescence.
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FIG. 4. Cmk2 and calcineurin independently delay ROS accumulation and cell death. (A) A panel of yeast strains containing (�) or lacking
(�) the CNB1, CRZ1, CMK2, and CMK1 genes was grown in SC medium at 30°C, treated with 2.5 �g/ml tunicamycin for 8 h, stained for dead
cells with 0.4 mg/ml MB, and counted microscopically. The average cell death observed in three independent cultures (� standard deviations) is
plotted for each mutant and wild-type strain. (B) cnb1 mutants transformed with 2�m plasmids overexpressing CMK2 (open triangles) or CMK1
(open squares) or no gene (filled diamonds) were grown in SC-minus-uracil medium, treated with 2.5 �g/ml tunicamycin, stained with MB at
various times, and scored for cell death as in panel A. (C) Wild-type and cmk2, cnb1, and cnb1 cmk2 mutant strains transformed with 2�m plasmids
overexpressing CMK2 (black bars), kinase-dead CMK2-K76R (stippled bars), or no gene (gray bars) were grown and treated with 2.5 �g/ml
tunicamycin as in panel B, and then stained for dead cells using 0.54 �g/ml PI and scored by flow cytometry. Mutants lacking calcineurin (D) or
both calcineurin and Cmk2 (E) were grown to log phase in SC medium and treated with 2.5 �g/ml tunicamycin in the presence (solid lines, filled
symbols) and absence (dashed lines, open symbols) of 10 �g/ml antimycin A. After various periods of incubation, samples were removed and either
stained for dead cells using 0.4 mg/ml MB or stained for ROS accumulation using 10 �g/ml H2DCFDA and quantified microscopically. Smooth
curves were fitted to the data by nonlinear regression using the standard sigmoid function (dead cells) or the difference between two standard
sigmoid functions (ROS-positive cells) as described in Materials and Methods. The curve fitting was consistent with the model that nearly all dying
cells accumulate ROS for approximately 1.2 h shortly before they die.
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cineurin greatly increased cell death (Fig. 4A), indicating that
calcineurin can inhibit cell death independent of Cmk1, Cmk2,
and Crz1. However, in the absence of calcineurin, all the mu-
tants lacking Cmk2 exhibited a higher cell death than did the
Cmk2-proficient strains, whereas all the mutants lacking Cmk1
or Crz1 or both were indistinguishable from the proficient
strains (Fig. 4A, right half). Therefore, Cmk2 partially sup-
pressed calcineurin-less death independent of induction by
Crz1 and calcineurin, and there was no detectable activity of
Cmk1 in any genetic contexts. Overexpression of Cmk2 from a
high-dosage plasmid in calcineurin-deficient cnb1 mutants sup-
pressed tunicamycin-induced cell death almost completely
(Fig. 4B). On the other hand, overexpressing Cmk1 (Fig. 4B)
or a ‘kinase-dead’ substitution mutant of Cmk2 (Cmk2-K76R)
was without effect (Fig. 4C) relative to empty plasmid controls.
These experiments identify Cmk2 as an important indirect
target of calcineurin (via Crz1) whose activity can inhibit cell
death independent of calcineurin, although calcineurin can
also inhibit cell death independent of Cmk2.

Previously, we showed that staining with H2DCFDA, a com-
monly used fluorescent indicator of ROS, precedes cal-
cineurin-less death induced by mating pheromones (71). Death
of calcineurin-deficient cnb1 knockout mutants in SC medium
was also preceded by the transient appearance of H2DCFDA-
positive cells in the population (Fig. 4D). The transient ap-
pearance of H2DCFDA-positive cells was described very well
by a mathematical model that assumes all dying cells accumu-
late ROS approximately 1.9 h prior to death and then become
ROS negative approximately 0.8 h prior to death. The addition
of antimycin A, an inhibitor of complex III of the ETC, to the
cultures significantly delayed and diminished the appearance
of H2DCFDA-positive cells in the population but did not rad-
ically alter the timing relative to cell death (Fig. 4D). If staining
with H2DCFDA is a good indicator of ROS accumulation in
yeast, these observations suggest that ROS production from
both mitochondrial and nonmitochondrial sources is a feature
of calcineurin-less death. A similar conclusion was reached
previously using other stimuli of ER stress in yeast (28).

If Cmk2 and calcineurin divergently regulate two different
manners of cell death, the kinetics of cell death may be bi-
phasic and the appearance of H2DCFDA-positive cells may be
bimodal, as observed previously for Fig. 1 (71), where cal-
cineurin-less cell death was induced by mating pheromones.
Interestingly, cmk2 cnb1 double mutants died with monophasic
kinetics and unimodal appearance of H2DCFDA-positive cells
(Fig. 4E). Antimycin A delayed both of these responses but did
not expose biphasic or bimodal characters. Indeed, the data fit
well to the same simple mathematical model used to describe
the behavior of cnb1 mutants, except with more rapid kinetics.
These findings suggest that Cmk2 and calcineurin may con-

verge on factors involved in a single manner of cell death that
involves accumulation of ROS for approximately 1.1 h imme-
diately prior to cell death.

Targets of calcineurin and Cmk2 that do not strongly reg-
ulate cell death. Several additional targets of activated cal-
cineurin have been characterized. To determine if these targets
play significant roles in calcineurin-less death, the genes en-
coding these factors were knocked out in wild-type, cmk2, crz1,
and cmk2 crz1 backgrounds and the resulting panel of mutants
was assayed for cell death at various times after treatment with
tunicamycin in the presence or absence of FK506. The first
target of calcineurin analyzed in this way was Rcn1, a direct
regulator of calcineurin that is required for maximum cal-
cineurin signaling (34). rcn1 mutants (Fig. 5B) died at faster
rates than the wild type (Fig. 5A) in response to tunicamycin
and at equivalent rates in response to tunicamycin plus FK506,
suggesting that Rcn1 prevents cell death by increasing cal-
cineurin signaling. The rcn1 cmk2 double mutants exhibited
much higher rates of cell death than rcn1 single mutants, sug-
gesting that Cmk2 function is very important for survival in
conditions of weakened calcineurin signaling. Interestingly,
rcn1 cmk2 crz1 triple mutants die at precisely the same rate as
rcn1 cmk2 double mutants, whereas rcn1 crz1 double mutants
die much faster than rcn1 mutants. Therefore, the induction of
Cmk2 expression by Crz1 was more important in rcn1 mutants
with only partial calcineurin activity than in wild-type cells with
full calcineurin activity. By comparing Fig. 5A and B, it can be
seen that Rcn1 had no antideath activity independent of cal-
cineurin (i.e., in the presence of FK506). In the absence of
calcineurin, however, Rcn1 is not properly induced, dephos-
phorylated, and stabilized (35; S.Mehta, H. Li, P. G. Hogan,
and K. W. Cunningham, submitted for publication), so its role
as a possible effector of calcineurin could not be fully evalu-
ated. To avoid these problems, a nonphosphorylatable stable
derivative, Rcn1-S113A, was overexpressed at high levels in
cnb1 mutants from a methionine-repressible promoter and ex-
amined for effects on calcineurin-less cell death. The overex-
pressed Rcn1-S113A still did not alter the rate of cell death of
cnb1 mutants treated with tunicamycin (data not shown).
Therefore, Rcn1 increased calcineurin activity as expected
from the results of previous studies, but Rcn1 seemed unable
to serve as an effector of calcineurin in the control of cell
death.

Other targets of calcineurin include Vcx1, which functions in
the vacuolar membrane as a H�/Ca2� exchanger (15), and the
redundant gene pair Frt1 and Frt2, which functions in high-pH
tolerance and resistance to azole-class drugs (14, 29). Both the
vcx1 mutant (Fig. 5C) and the frt1 frt2 double mutant (Fig. 5D)
retained full responsiveness to FK506, Crz1 loss, and/or Cmk2
loss, and they differed from the control strains (Fig. 5A) in only
two subtle ways: a slight increase in the baseline incidence of
cell death at all time points and a slight shortening of the life
span in all genetic contexts. Therefore, Frt1/Frt2 and Vcx1
each exhibit an extremely mild antideath activity independent
of the antideath activities of calcineurin, Crz1, and Cmk2.

The stress-responsive transcription factors Yap1 and Skn7
have also been reported as targets of calcineurin in other
conditions (8). The yap1 skn7 double mutant also retained full
responsiveness to FK506, Crz1 loss, and Cmk2 loss (Fig. 5E),
and it differed from wild-type control strains in only two subtle

TABLE 3. CMK2 induction required calcineurin and Crz1

Growth condition
	-Galactosidase activity (MMU)a

cmk2 cmk2 crz1

Plus nothing 2.9 2.9
Plus Ca 455.3 10.2
Plus Ca and FK506 2.6 2.4

a Modified Miller units.
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FIG. 5. Known targets of calcineurin have no impact on calcineurin-less death, except for RCN1. (A) Wild-type (WT) and crz1, cmk2, and
crz1 cmk2 mutant strains were grown in SC medium and treated with 2.5 �g/ml tunicamycin with or without FK506 (FK). At various times
of incubation at 30°C, samples were removed, stained with 0.54 �g/ml PI, and analyzed for dead cells using flow cytometry. The averages
of three replicate cultures (� standard deviations) are plotted. (B to E) Same as in panel A, except the panel of strains also contained rcn1
(B), vcx1 (C), frt1 frt2 (D), or yap1 skn7 (E) knockout mutations. (F) A slm1 slm2 double mutant transformed with plasmids bearing either
full-length SLM1 (diamonds) or truncated SLM1 lacking the calcineurin-binding PxIxIT motif (squares) were grown, treated, and analyzed
as in panel A.

VOL. 7, 2008 REGULATION OF NONAPOPTOTIC DEATH IN YEAST 2045



ways: a slightly higher baseline incidence of cell death in all
strains and a slightly shorter life span in the absence of FK506
but not in the presence of FK506. Similar effects were observed
in both yap1 and skn7 single-mutant backgrounds (data not
shown). In the absence of Cmk2 and FK506 when their effects
were most obvious, the antideath activities of Yap1 and Skn7
appeared significantly weaker than that of Crz1 and were prob-
ably insignificant. Therefore, calcineurin, Crz1, and Cmk2 in-
hibit cell death in these conditions independent of Yap1 and
Skn7.

Finally, the plextrin homology-domain proteins Slm1 and
Slm2 have been recently reported as essential targets of cal-
cineurin involved in membrane trafficking (9, 48, 60). Because
slm1 slm2 double mutants are inviable, slm1 slm2 double mu-
tants expressing only Slm1 or Slm1�C lacking the calcineurin-
binding PxIxIT motif (55) from plasmids were assayed for cell
death in the presence of FK506 and/or tunicamycin (Fig. 5F).
The Slm1�C mutant responded similarly to the wild-type pro-
tein, and therefore calcineurin retained antideath activity in-
dependent of Slm1 and Slm2. In summary, calcineurin retained
antideath activity in the absence of Slm1/Slm2, Yap1 and Skn7,
Frt1/Frt2, Vcx1, Crz1, Cmk2, and many combinations of these
factors. Only Cmk2 exhibited antideath activity in the absence

of calcineurin, and in rcn1 mutants, its effect was strengthened
by Crz1 and calcineurin.

Relative contributions of calcineurin, Crz1, and Cmk2 vary
with the conditions. The experiments presented above suggest
that calcineurin and Cmk2 have independent activities that
converge on a common mechanism that prevents ROS accu-
mulation and cell death during treatment with tunicamycin.
Calcineurin and Cmk2 also prevented cell death during pro-
longed responses to mating pheromones (71). To test if this
relationship holds for other conditions, we explored several
distinct death-inducing stimuli. In response to 4 mM hydrogen
peroxide, an inducer of apoptosis-like cell death (42), cal-
cineurin, Crz1, and Cmk2 had no detectable ability to extend
cell life span (data not shown). In response to 2.5 mM dithio-
threitol, an inducer of ER stress that acts differently than
tunicamycin, we found that calcineurin and Cmk2 indepen-
dently suppressed cell death (Fig. 6A). Surprisingly, crz1 mu-
tants and crz1 cmk2 double mutants each died significantly
slower than did the wild type and the cmk2 mutants in this
condition (Fig. 6A), suggesting that Crz1 possesses a net
prodeath activity in response to dithiothreitol. Crz1 is known
to regulate many target genes (31, 70), some of which may
promote death in response to dithiothreitol but not tunicamy-

FIG. 6. Calcineurin and Cmk2 inhibit cell death induced by dithiothreitol and miconazole. The indicated strains were treated with 2.5 mM
dithiothreitol (A, B) or 8 �M miconazole (C, D) instead of 2.5 �g/ml tunicamycin and analyzed for cell death using PI and flow cytometry as
described in the legend for Fig. 5. WT, wild type; FK, FK506.
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cin or mating pheromones. The effects of dithiothreitol on
mutants lacking Rcn1, Vcx1, and Frt1/Frt2 were also exam-
ined. As seen previously with tunicamycin, the rcn1 mutant
background behaved like a partial deficiency of calcineurin and
the frt1 frt2 double mutant background behaved indistinguish-
ably from the wild type (data not shown). However, the vcx1
cmk2 double mutant appeared to exhibit slightly higher cell
death than the cmk2 mutant in the presence of FK506 (Fig.
6B), suggesting a very mild role of Vcx1 in the process. There-
fore, the change of stressor from tunicamycin to dithiothreitol
slightly affected the relative contributions of Crz1 and Vcx1 but
did not alter the major contributions of calcineurin and Cmk2.

Inhibitors of ergosterol biosynthesis widely employed in an-
tifungal medications have been shown in pathogenic and non-
pathogenic yeasts to inhibit growth when calcineurin is func-
tioning (20) and to induce cell death when calcineurin is
inhibited or mutated (59). By treating the panel of S. cerevisiae
strains described above in the presence or absence of FK506,
we examined the abilities of calcineurin, Cmk2, Crz1, Rcn1,
Vcx1, and Frt1/Frt2 in many combinations to suppress cell
death during treatment with miconazole, an azole-class anti-
fungal drug that directly inhibits the enzyme Erg11 (69). In
these conditions, miconazole induced a slow manner of cell
death in wild-type cells that was unaffected by the loss of Crz1,
Cmk2, or both (Fig. 6C). FK506 significantly shortened the life
span of wild-type and cmk2 mutant cells responding to micon-
azole. The roles of Crz1, Rcn1, and Vcx1 in the response to
miconazole were very similar to those obtained in the response
to dithiothreitol (data not shown). Interestingly, the frt1 frt2
double mutants (Fig. 6D) exhibited significantly higher rates of
cell death than the corresponding wild-type strains in the pres-
ence or absence of FK506 and Cmk2, though the effect seemed
stronger when calcineurin was functional (Fig. 6D). Addition
of FK506 significantly increased the rates of cell death of frt1
frt2 double mutants. Thus, the calcineurin-dependent factors
Frt1/Frt2 exhibited very mild antideath activity in response to
miconazole and probably act in conjunction with other cal-
cineurin-dependent factors and Cmk2. The mild antideath ac-
tivities of Frt1/Frt2 in wild-type cells are consistent with the
observation that these factors promote resistance of erg3 mu-
tants to fluconazole, a derivative of miconazole, in growth
assays (14).

Hsp90 promotes calcineurin-less death. The Hsp90 chaper-
one has previously been shown to promote resistance of S.
cerevisiae cells to fluconazole in growth assays (14). In that
study, inhibitors of Hsp90 behaved like inhibitors of cal-
cineurin in their ability to synergize with azoles. If Hsp90
promotes azole resistance by increasing calcineurin activity as
proposed in the previous study, inhibitors of Hsp90 should
promote death of S. cerevisiae cells treated with miconazole or
tunicamycin. Contrary to expectations, increasing concentra-
tions of the Hsp90 inhibitors radicicol (Fig. 7) or geldanamycin
A (data not shown) did not increase death of wild-type or cmk2
mutant cells treated with tunicamycin or miconazole and in-
stead prevented the death of cnb1 mutants and cmk2 cnb1
double mutants (Fig. 7A and B). In parallel experiments,
FK506 increased the death of wild-type and cmk2 mutant cells
(Fig. 7C to D) as expected. Similar effects of radicicol and
geldanamycin A were observed using rcn1 mutants and rcn1
cmk2 double mutants that were already partially deficient in

calcineurin signaling (data not shown). Though only one con-
centration of tunicamycin and miconazole was used in these
experiments, similar results were obtained over a wide range of
concentrations, including those where synergism was observed
(�checkerboard’ assays of cell growth and cell death; data not
shown). Therefore, Hsp90 inhibitors did not mimic the cal-
cineurin inhibitors or the calcineurin-deficient mutants; in-
stead, they revealed an unexpected requirement for Hsp90 in
calcineurin-less death.

Because Hsp90 inhibitors synergize with tunicamycin and
azoles in growth assays, it seems unlikely that Hsp90 inhibitors
could somehow block the ability of the antifungal drugs to
stimulate calcineurin-less death. Nevertheless, we tested this
possibility directly by determining if radicicol could block the
tunicamycin-induced elevation of Ca2� uptake from the me-
dium via the calcineurin-sensitive Cch1-Mid1 channel (5).
When using 45Ca2� in the medium as a tracer in conditions
identical to those shown in Fig. 7A, tunicamycin treatment
increased Ca2� uptake approximately ninefold in cnb1 and
cnb1 cmk2 double mutants relative to the level in wild-type and
cmk2 single mutant cells. The addition of 0.3, 1, 3, 10, 30, or 90
�M radicicol had no significant effect on calcineurin-sensitive
Ca2� uptake (Fig. 7E). Therefore, these concentrations of
radicicol did not prevent the ability of tunicamycin to stimulate
the Cch1-Mid1 channel or the ability of calcineurin to inhibit
the channel. The findings suggest that Hsp90 is selectively
required for at least one step in the prodeath pathway induced
by antifungal compounds and is not required for the activation
of an antideath pathway involving Cch1-Mid1, calmodulin,
Cmk2, and calcineurin.

DISCUSSION

The findings presented above support a working model (Fig.
8) where certain fungistatic drugs inhibit essential targets in
the ER of S. cerevisiae, generate stresses, and activate an an-
tideath (or prosurvival) pathway that prevents a form of non-
apoptotic cell death. Surprisingly, Hsp90 activity was necessary
for the death of calcineurin-deficient cells in these conditions
and was not necessary for the stress generation, activation of
the Cch1-Mid1 Ca2� channel, and activation of calcineurin,
the latter of which has been proposed as a client of Hsp90 in
yeast (32). In mammalian cells, Hsp90 has been shown to
facilitate activity of a necrosis-promoting protein kinase RIP
(38) and therefore to have a net effect opposite to that in yeast.
S. cerevisiae lacks any recognizable orthologs of RIP but con-
tains orthologs of many other types of serine/threonine protein
kinases thought to be clients of Hsp90 (61, 72), so perhaps one
of these protein kinases serves as both a client of Hsp90 and a
prodeath factor opposing calcineurin in fungi. We have previ-
ously examined the possible involvement of Ire1, a protein
kinase that is specifically activated in response to ER stress and
is also a client of Hsp90 (44), in the response to tunicamycin
and found that it was not required for either the prodeath
activity of tunicamycin in calcineurin-deficient S. cerevisiae
cells or the antideath activity of calcineurin in these cells (6).
Interestingly, ire1 mutant cells treated with tunicamycin lose
viability (as measured by CFU and other methods) much more
rapidly than wild-type cells (13), yet the individual cells do not
die unless calcineurin is inactivated (6). These live but nonre-
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covering cells are probably unable to upregulate the factors
necessary to repair the damage, adapt, and proliferate, and
therefore they appear to be mortally wounded when cal-
cineurin and its upstream regulators perform their vital func-
tion. We do not yet know if Hsp90 and its relevant clients are

constitutively producing toxic factors that are ameliorated by
calcineurin or if they represent a prodeath signaling pathway
that is governed by calcineurin. Compounds like radicicol that
inhibit any of these toxic/prodeath factors may actually de-
crease the effectiveness of antifungal drugs because of their

FIG. 7. Hsp90 inhibitors prevented calcineurin-less cell death due to tunicamycin or miconazole but did not prevent Ca2� influx or activation
of calcineurin. Wild-type (WT) and cnb1, cmk2, and cnb1 cmk2 mutant strains were grown to log phase in SC medium at 30°C, exposed to 2.5 �g/ml
tunicamycin (A, C) or 8 �M miconazole (B, D) with various concentrations of the Hsp90 inhibitor radicicol (A, B) or the calcineurin inhibitor
FK506 (C, D), stained with PI after 6 h of incubation, and analyzed immediately for cell death by flow cytometry as described in the legend for
Fig. 5. (E) Cells were also treated as in panel A in the presence of tracer 45Ca2� and then processed after 2 h of incubation at 30°C to determine
total Ca2� uptake. The vertical lines at 0 �M radicicol indicate the effects of omitting tunicamycin.
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ability to prevent fungicidal effects. On the other hand, drugs
that activate these factors or inhibit other steps in the antide-
ath pathway may be fungicidal alone or in combination with
existing fungistatic drugs without the immunosuppressive side
effect of the calcineurin inhibitors.

The present study also advances our understanding of the
antideath pathway in several ways. First, we identified Cmk2,
but not its paralog Cmk1, as an indirect target of calcineurin
that exhibits strong antideath activity independent of cal-
cineurin. The life span of calcineurin-deficient cells responding
to miconazole, tunicamycin, or dithiothreitol was shortened by
the loss of Cmk2 and extended by overexpression of Cmk2.
Though Cmk2 is now confirmed as a downstream effector of
the Crz1 transcription factor in S. cerevisiae (Table 3) and a
homologous transcription factor in C. albicans (33, 56), Crz1
was not required for Cmk2 effectiveness except in rcn1 mutants
where calcineurin activity was already attenuated. As expected,
Crz1 had no antideath activity in the absence of calcineurin
function. In cells expressing active calcineurin, however, Crz1
function seemed to vary somewhat with the conditions. For
example, Crz1 exhibited very weak antideath activity in cmk2
mutant cells responding to tunicamycin and very weak
prodeath activity in cmk2 mutant cells responding to dithio-
threitol or miconazole. The molecular bases of these Crz1
effects are not yet understood, but it is tempting to speculate
that some of the 60 to 120 direct targets of Crz1 perform
opposing or condition-specific activities. One such target of
Crz1 is Rcn1, a factor that can have positive or negative effects
on calcineurin signaling depending on its level of expression
and phosphorylation (31, 34, 35). Calcineurin, Cmk2, and Frt1/
Frt2 (very weakly) all exhibited antideath activities indepen-
dent of one another and Crz1 in all of the conditions tested.
Each of these independent contributions can now be studied
individually in hopes of revealing their targets and modes of

action, particularly those of calcineurin and Cmk2, which seem
far more potent than Frt1/Frt2.

The very rapid death of S. cerevisiae cells lacking both cal-
cineurin and Cmk2 was preceded by transient staining with
H2DCFDA, a fluorogenic probe used commonly for the de-
tection of yeast cells producing ROS. While this may indicate
a convergence of calcineurin and Cmk2 onto a common target
or pathway that produces ROS, many independent manners of
cell death are associated with ROS accumulation. In mamma-
lian cells, for example, ROS accumulation occurs during both
apoptosis and necrosis and is thus a hallmark of neither (17).
Nevertheless, it is striking that calcineurin and Cmk2 delay
respiration-dependent H2DCFDA staining and cell death in
several very different stress responses (mating pheromones,
tunicamycin, dithiothreitol, and azoles). A similar manner of
cell death in S. cerevisiae was observed upon overexpression of
human Bax (24, 36, 52). Like calcineurin-less death, Bax-in-
duced death of S. cerevisiae cells did not require apoptosis
factors Mca1 or Aif1 and was not associated with typical mark-
ers of apoptosis in S. cerevisiae, including caspase activation,
phosphatidylserine externalization, and chromatin fragmenta-
tion (36). Despite the fact that no homologs of Bax are evident
in any other fungal genomes, the possibility that calcineurin
and/or Cmk2 regulate an endogenous Bax-like factor cannot
be excluded.

Our findings also suggest the existence of a second manner
of cell death that occurs in wild-type cells exposed to tunica-
mycin in YPD medium. Unlike calcineurin-less death, this
manner of cell death was insensitive to inhibitors and muta-
tions that disrupt oxidative phosphorylation (Fig. 1). This man-
ner of cell death also seemed distinct from apoptosis because
FITC-VAD-FMK-positive and PI-negative cells were not de-
tectable at any point after treatment with tunicamycin (Fig. 3).
A previous study arrived at the opposite conclusion (27), but
the analysis was flawed by the failure to distinguish live apop-
totic cells from dead cells, which are known to stain nonspe-
cifically with FITC-VAD-FMK and other fluorophores, such as
DHR123 (66). Very recently, the yeast metacaspase (Mca1)
was shown to be unimportant for tunicamycin-induced cell
death in YPD medium (26). Therefore, little support exists for
the ability of tunicamycin to induce apoptosis in wild-type S.
cerevisiae in YPD medium. Recently, this manner of cell death
was shown to depend on Kex1, a Golgi-localized carboxypep-
tidase that is also important in the death of mutant cells lacking
certain N-glycosylation factors and in the death of yeast cells in
response to other stresses (26). The addition of an osmotic
stabilizer to the culture medium also blocked death in these
conditions, suggesting that the manner of cell death may be
lysis. The loss of Kex1 carboxypeptidase or the addition of
sorbitol, however, had no significant effect on the tunicamycin-
induced activation of Cch1-Mid1, calcineurin, or calcineurin-
less death in SC medium (our unpublished observations),
which further highlights the mechanistic differences between
calcineurin-less and Kex1-dependent cell deaths.

Temperature-sensitive cdc48 mutants of S. cerevisiae exhibit
ER stress due to the failure of ER-associated degradation and
the accumulation of misfolded ER proteins (53, 68) and also
exhibit several cytological hallmarks of apoptosis (41). How-
ever, some of the assays lacked controls to rule out the possi-
bility that these occur postmortem and some of the hallmarks

FIG. 8. Working model of positive and negative regulators of cell
death induced by ER stressors. In SC medium, ER stressors (e.g.,
miconazole, dithiothreitol, and tunicamycin) activate a signaling path-
way involving a mitogen-activated protein kinase (Slt2), a Ca2� chan-
nel (Cch1-Mid1), calmodulin (CaM), Cmk2, calcineurin (Cn), Crz1,
and (very weakly) Frt1/Frt2 (Frt1/2) that either inhibits a prodeath
pathway or a toxic molecule that is dependent on the function of
Hsp90. Direct interactions are represented by narrow black arrows,
whereas indirect or undefined interactions are indicated by gray ar-
rows, the strengths of which are proportional to the thicknesses.
Pointed arrows indicate stimulatory effects, whereas blunt arrows in-
dicate inhibitory effects.
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are now recognized as being somewhat nonspecific. For exam-
ple, ROS accumulation is not a specific hallmark of apoptosis
because mammalian cells undergoing necrosis and S. cerevisiae
cells undergoing nonapoptotic ‘fast death’ in response to mat-
ing pheromones also stain positive for ROS when using
H2DCFDA (71). Additionally, S. cerevisiae nuclei that stain
positive using the TUNEL assay typically contain single-strand
breaks instead of the typical double-strand breaks observed in
the DNA of apoptotic cells (54), and there are indications in
the literature that many TUNEL-positive S. cerevisiae cells
remain viable (for example, see Fig. 1 in reference 30) and
therefore are not committed to cell death in the same ways as
TUNEL-positive mammalian cells. Such considerations cloud
the significance of most cytological evidence for apoptosis dur-
ing the response of S. cerevisiae cells to ER stresses.

To classify calcineurin-less death as a manner of either pro-
grammed or nonprogrammed cell death seems premature
without additional evidence regarding the molecules and net-
works that govern it. Though this study identifies Hsp90 as a
factor necessary for calcineurin-less death, we cannot yet con-
clude that a prodeath regulatory pathway operates in S. cerevi-
siae, because there is no evidence available to suggest that
Hsp90 or its clients are activated in dying calcineurin-deficient
cells. Therefore, we cannot yet determine if calcineurin acts as
an inhibitor of a prodeath pathway or an activator of an es-
sential process in stressful conditions. Nevertheless, a better
understanding of the calcineurin-less death phenomenon in S.
cerevisiae may lead to the development of broad-spectrum fun-
gicidal therapies for combating fungal human pathogens such
as Candida albicans (4) and Cryptococcus neoformans (18, 37)
or to improved immunosuppression therapies that avoid un-
wanted side effects in humans (12).
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