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ABSTRACT Adaptation to environmental stress requires coordination between stress-
defense programs and cell cycle progression. The immediate response to many stressors
has been well characterized, but how cells survive in challenging environments long term
is unknown. Here, we investigate the role of the stress-activated phosphatase calcineurin
(CN) in adaptation to chronic CaCl, stress in Saccharomyces cerevisiae. We find that pro-
longed exposure to CaCl, impairs mitochondrial function and demonstrate that cells re-
spond to this stressor using two CN-dependent mechanisms—one that requires the down-
stream transcription factor Crz1 and another that is Crz1 independent. Our data indicate
that CN maintains cellular fitness by promoting cell cycle progression and preventing CaCl,-
induced cell death. When Crz1 is present, transient CN activation suppresses cell death and
promotes adaptation despite high levels of mitochondrial loss. However, in the absence of
Crz1, prolonged activation of CN prevents mitochondrial loss and further cell death by up-
regulating glutathione biosynthesis genes thereby mitigating damage from reactive oxy-
gen species. These findings illustrate how cells maintain long-term fitness during chronic
stress and suggest that CN promotes adaptation in challenging environments by multiple
mechanisms.

SIGNIFICANCE STATEMENT

® The immediate response to environmental stress is well-defined, but how cells survive in
challenging environments long-term is unknown.

® The response to chronic CaCl, stress was investigated in budding yeast and found to be
distinct from the immediate stress response. The phosphatase calcineurin coordinates this
adaptive response by two mechanisms that differentially require the downstream transcrip-
tion factor Crz1.

® These findings reveal functions of calcineurin in promoting adaptation during prolonged
stress exposure and provide a framework for future studies investigating the long-term re-
sponse to additional environmental stressors.
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INTRODUCTION

Cells must balance the conflicting demands of proliferation and
stress-defense to survive in a constantly changing environment.
Under optimal growth conditions, cellular energy is predominately
used to support growth and division (Lépez-Maury et al., 2008; Ho
and Gasch, 2015). While prioritizing proliferation ensures competi-
tive fitness in standard conditions, rapid growth results in a reduced
ability to respond to stress, which decreases fitness in suboptimal
environments. Thus, in response to environmental changes, cells
distribute cellular resources between growth-related processes and
those providing tolerance to stress.

Slow growing cells are more resistant to stress and exhibit in-
creased survival in challenging environments (Elliott and Futcher,
1993; Lu et al., 2008; Zakrzewska et al., 2011). Cells often in-
duce a transient cell cycle arrest in response to stress, which pro-
vides protection against subsequent stress exposure (Bonny et al.,
2021). While cell division is paused, cells redistribute intracellular
resources to orchestrate changes in transcription, translation, and
posttranslational modifications (Lépez-Maury et al., 2008; Ho and
Gasch, 2015). In yeast, the immediate response to many stressors
includes the induction of a transcriptional program called the envi-
ronmental stress response (ESR) (Gasch et al., 2000; Causton et al.,
2001). Approximately 300 genes required for stress-tolerance are
induced by the ESR, including genes related to detoxification, cell
wall integrity, and DNA damage repair. Nearly 600 genes involved
in growth-related processes such as ribosome biogenesis, RNA
metabolism, and nucleotide biosynthesis are also repressed by the
ESR. In addition to the ESR, which provides general protection in
diverse environments, most stressors also require stress-specific
changes in transcription, translation, and posttranslational modi-
fications. As cells adapt, many of these gene expression changes
are reversed and cells resume cycling. Importantly, while the imme-
diate response to stress is well characterized, very little is known
about the physiological changes that occur after cells recover from
a transient stress-induced cell cycle arrest and shut off the ESR tran-
scriptional program.

The Ca?*/calmodulin-activated phosphatase calcineurin (CN) is
a conserved stress-response regulator. In humans, CN is best char-
acterized for its regulation of NFAT family transcription factors dur-
ing the immune response and CN inhibitors are widely used as
immunosuppressive drugs (Hogan et al., 2003; Vaeth and Feske,
2018). Mammalian CN is also activated in response to environmen-
tal stressors such as nutrient deprivation and oxidative stress, which
trigger the release of lysosomal Ca?* (Medina et al., 2015; Zhang
et al.,, 2016). In response to these signals, CN dephosphorylates
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and activates the transcription factor TFEB to promote the expres-
sion of lysosome biogenesis and autophagy genes.

In yeast, CN is comprised of a catalytic (CNA) subunit and a reg-
ulatory (CNB) subunit and is activated when Ca?*/calmodulin binds
to CNA and disrupts an autoinhibitory interaction (Cyert, 2003; Roy
and Cyert, 2019). CN deficiency can be accomplished by deletion
of the CNA or CNB subunits or by treating cells with CN inhibitors
(FK506 or cyclosporin A) (Liu, 1993; Cyert, 2003). As in human cells,
CN is similarly activated by the increase in cytosolic Ca®* that oc-
curs in response to many environmental stressors including cell
wall damage, alkaline pH, osmotic imbalance, and toxic cations
(Cyert, 2003; Cyert and Philpott, 2013). Upon activation, CN de-
phosphorylates target substrates involved in various cellular pro-
cesses including protein trafficking, membrane structure/function,
transcription, translation, cell cycle, ubiquitin signaling, and polar-
ized growth (Goldman et al., 2014).

The transcription factor Crz1 is the best characterized target of
CN and is thought to be the major effector of the CN-dependent
stress response (Stathopoulos and Cyert, 1997). Following dephos-
phorylation by CN, Crz1 translocates to the nucleus and induces
the expression of approximately 160 target genes with broad func-
tions in adaptation including ion homeostasis, vesicular transport,
and cell wall maintenance (Yoshimoto et al., 2002). Crz1 target
genes also include negative regulators of CN signaling which shut
off CN activity once cells have adapted. In addition to regulating
the expression of genes important for adaptation, CN delays cell
cycle progression in collaboration with the MAPKs Hog1 and Mpk1
(Mizunuma et al., 1998, 2001; Yokoyama et al., 2006; Leech et al.,
2020; Flynn and Benanti, 2022).

Many CN-dependent functions have been characterized in re-
sponse to CaCl, since CN is strongly activated by this stressor.
However, inactivation of CN has been reported to have no effect
on proliferation in the presence of moderate levels of CaCl,, and
to confer resistance at very high concentrations (Nakamura et al.,
1996; Matheos et al., 1997; Withee et al., 1997, 1998; Mulet et al.,
2006; Ferreira et al., 2012; Xu et al., 2019). In contrast, Crz1 has
been shown to promote proliferation in response to CaCly, though
reported phenotypes differ in severity (Polizotto and Cyert, 2001,
Mulet et al., 2006; Ferreira et al., 2012; Zhao et al., 2013; Xu et al.,
2019). Given these observations, it is unclear whether CN signaling
is important for survival during CaCl, stress.

Here, we characterized the physiological response of Saccha-
romyces cerevisiae to long-term growth in CaCl, and investigated
the impact of CN and Crz1 on cellular fitness in this environment.
We show that chronic CaCl, exposure triggers a decrease in pro-
liferation rate as well as the loss of functional mitochondria. Us-
ing coculture competitive fitness assays, we determined that CN
is required for fitness during prolonged CaCl, exposure and main-
tains fitness by both Crz1-dependent and Crz1-independent mech-
anisms. Our findings demonstrate how cells adapt to prolonged
CaCl, exposure and suggest that CN promotes cellular fitness by
multiple mechanisms.

RESULTS

CN promotes fitness in response to chronic calcium stress
We set out to determine the importance of CN signaling for sur-
vival in CaCl; stress. Consistent with previous studies, deletion of
the CN-regulatory subunit CNB1 had no detectable effect on the
proliferation of cells growing on agar plates containing 0.2 M CaCl,
(Figure 1A) (Nakamura et al., 1996; Withee et al., 1997, 1998; Mulet
et al., 2006; Ferreira et al., 2012; Xu et al., 2019). Because growth
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CN promotes fitness in response to chronic calcium stress. (A) Five-fold serial dilutions of the indicated
strains were spotted on synthetic complete media with or without 0.2 M CaCl,. Plates were imaged after 72 h of
growth at 30°C. (B-C) CRZ1 CNB1 and CRZ1 cnb1A cells were cocultured in the absence (B) or presence (C) of 0.2 M
CaCl,. Cocultures were sampled and diluted every 12 h, and the percentage of each strain was determined at the
indicated timepoints by flow cytometry. An average of n = 11 biological replicates is shown. Error bars indicate SDs.
(D-E) Same as (B-C) in crz1A CNB1 and crz1A cnb1A cells. An average of n = 9 biological replicates is shown. Error

bars indicate SDs.

on plates does not always reveal modest differences in prolifera-
tion rate, we also examined the competitive growth of CN mutant
strains grown in coculture with a wild-type (WT) strain in a more
sensitive assay (Conti et al., 2022). Briefly, one strain expressing
GFP is cocultured with a strain expressing a mutated, nonfluores-
cent GFP(Y66F) (Supplemental Figure S1A). This coculture is main-
tained in logarithmic phase by dilution at regular intervals and the
opposing GFP markers allow the relative percentages of each strain
to be monitored over time by flow cytometry. Importantly, we ob-
serve equivalent fitness in strains expressing both WT GFP and
nonfluorescent GFP(Y66F) (Supplemental Figure S1, B and C). Us-
ing this approach, we found that deletion of CNB1 resulted in a
modest proliferative defect under optimal growth conditions con-
sistent with CN having few defined functions in the absence of
stress (Figure 1B) (Cyert, 2003; Cyert and Philpott, 2013). In con-
trast, there was a much stronger fitness defect in cnb1A mutant
cells when cocultured with WT in the presence of CaCl,, indicating
that CN is required for fitness in this condition (Figure 1C).

The transcription factor Crz1 is activated by CN and regu-
lates the expression of genes important for adaptation to CaCl,
(Stathopoulos-Gerontides et al., 1999; Yoshimoto et al., 2002).
Notably, Crz1 is known to impact fitness in response to CaCl;
though the severity of Crz1-dependent growth phenotypes dif-
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fers between studies (Figure 1A; Supplemental Figure S1, D and
E) (Polizotto and Cyert, 2001; Mulet et al., 2006; Ferreira et al.,
2012; Zhao et al., 2013; Xu et al., 2019; Hsu et al., 2021). This
raised the possibility that the CN-dependent fitness defect that
we observed resulted from a failure to activate Crz1. If this is true,
then crz1A and crz1A cnb 1A cells should have equivalent fitness in
the presence and absence of CaCl;. Interestingly, while the crz1A
and crz1A cnb1A mutants had equal fitness under optimal growth
conditions, CN-dependent fitness differences were observed when
these strains were cocultured in the presence of CaCl, (Figure 1, D
and E). Notably, cnb1A and crz1A cnb1A cells did not display fit-
ness defects within the first 12 h of CaCl, treatment (Figure 1, C and
E), which is consistent with fact that CN promotes a transient cell
cycle arrest immediately following exposure to CaCl, (Leech et al.,
2020). This arrest is lengthened in the absence of CRZ1 and, ac-
cordingly, the crz1A cnb1A mutant exhibited a more pronounced
growth advantage during the first 12 h of CaCl, exposure (Figure
1E). Despite these early fitness benefits, both cnb1A and crz1A
cnbTA cells were depleted from the cocultures after 72 h indi-
cating that CN maintains fitness during chronic CaCl, in both the
presence and absence of Crz1 (Figure 1, C and E). However, the
Crz1-dependent and Crz1-independent mechanisms by which CN
promotes fitness are unknown.
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Crz1 is required to inactivate CN

CN is strongly activated within minutes of exposure to CaCl, and is
subsequently inactivated as cells adapt (Stathopoulos-Gerontides
et al., 1999; Leech et al., 2020; Flynn and Benanti, 2022). How-
ever, the timing of CN inactivation and adaptation during pro-
longed stress exposure is unclear. To better understand the re-
sponse to chronic stress, we monitored CN activity as cells grew
in CaCl, for 72 h using a fluorescent reporter, CNR-C, which is a
GFP-tagged, nonfunctional fragment of Crz1. CN-dependent de-
phosphorylation of CNR-C can be detected by Western blotting.
However, because CNR-C phosphorylation status is only correlated
with CN activity, we also examined CNR-C nuclear localization as
an additional measure of CN activation. Consistent with previous
studies (Stathopoulos-Gerontides et al., 1999; Leech et al., 2020;
Flynn and Benanti, 2022), we observed CN-dependent changes in
CNR-C within 10 min of CaCl, treatment and both WT and crz1A
cells initially activated CN to similar extents, as shown by the rapid
appearance of the higher mobility CNR-C species and increased
nuclear signal (Figure 2, A and B; Supplemental Figure S2A). In
WT cells, CN was inactivated within 3 h after CaCl, treatment as
indicated by the reappearance of the phosphorylated, lower mo-
bility CNR-C species and loss of nuclear signal (Figure 2, A and B;
Supplemental Figure S2A). However, even 72 h after CaCl, expo-
sure, CNR-C was still dephosphorylated and localized in the nu-
cleus in 40-50% of crz1A cells (Figure 2, D and E; Supplemental
Figure S2B). Treatment with FK506, but not a control buffer (ET), re-
sulted in loss of nuclear localization and rephosphorylation of CNR-
C (Supplemental Figure S3), confirming that CN remains active at
these extended timepoints. These observations demonstrate that
Crz1 is required to inactivate CN and are consistent with Crz1 act-
ing in a negative feedback loop to shut off CN signaling as cells
adapt to stress (Cyert, 2003).

In response to acute CaCl, stress, CN delays progression
through multiple phases of the cell cycle in combination with the
stress-activated MAPKs Hog1 and Mpk1 (Mizunuma et al., 1998,
2001; Yokoyama et al., 2006; Leech et al., 2020; Flynn and Benanti,
2022). This suggested that the fitness defects of CN mutant cells
(Figure 1, C and E) may be due to slowed cell cycle progres-
sion. One way that CN delays the cell cycle is by inhibiting Cdk1
activity. Activation of CN, alongside Hog1 and Mpk1, indirectly
activates the kinase Swe1, which then phosphorylates Cdk1 on
Y19 (Cdk1-P) to inhibit Cdk1 activity and delay cell cycle progres-
sion (Mizunuma et al., 1998, 2001; Clotet et al., 2006). As previ-
ously reported (Mizunuma et al., 1998, 2001; Leech et al., 2020),
exposure to CaCl, triggered an increase in Cdk1-P and a tran-
sient cell cycle arrest (Figure 2A; Supplemental Figure S4). Af-
ter 10 min of CaCl; treatment, levels of Cdk1-P were compara-
ble in all genotypes consistent with redundant control of Cdk1
inhibition during stress (Figure 2C). However, CN was required
to maintain the inhibitory phosphorylation on Cdk1 at timepoints
longer than 12 h (Figure 2D). Because cells lacking Cnb1 display
a proliferative defect in competitive growth assays (Figure 1, C
and E), this suggests that the observed proliferation defect is not
the result of increased Cdk1 inhibition. Consequently, CN must
regulate additional processes to promote fitness during chronic
stress.

Gene expression changes in response to chronic calcium
stress

To understand the physiological changes that cells undergo in re-
sponse to chronic stress, we used RNA sequencing (RNA-seq) to
measure gene expression during long-term growth in CaCl, (Sup-
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plemental Figure S5A). To determine the role of CN and Crz1 in
this process, we also examined gene expression in the cnb1A,
crz1A, and crz1A cnb1A mutants over 72 h of CaCl, treatment.
In response to CaCl,, approximately half of the genome was dif-
ferentially expressed at one or more timepoints and these genes
were highly overlapping across genotypes (Supplemental Figure
S5, B and C). This was in stark contrast to the changes that oc-
curred in response to chronic KCl treatment, a stressor that does
not require CN for fitness, in which fewer than 200 genes were dif-
ferentially expressed after 48 h of treatment (Supplemental Figure
S6, A-C; Supplemental Data File S1). To examine the categories
of genes changing in expression over time in response to CaCly,
we applied hierarchical clustering and found that, in all genotypes,
differentially expressed genes fell into two broad clusters of genes
whose expression mainly increased or decreased over time (Sup-
plemental Figure S5D; Supplemental Data File S2). Gene Ontology
(GO)-term enrichment analysis of upregulated and downregulated
clusters in each genotype revealed several commonly regulated
biological processes (Supplemental Figure S5, E-H; Supplemental
Data File S2). Similar results were obtained using gene set enrich-
ment analysis (GSEA) to identify gene sets that were significantly
correlated with each the genotype (Figure 3; Supplemental Data
File S3). The most notable processes that changed were related to
translation/ribosome biogenesis, amino acid synthesis, ion trans-
port, and mitochondrial function (Figure 3; Supplemental Figure
S5, E-H).

One striking feature of the response to chronic CaCl; is how it
differed from the well-defined ESR transcriptional program (Sup-
plemental Figure S6D) (Gasch et al., 2000; Causton et al., 2001).
For example, genes involved in translation and ribosome biogen-
esis, which are downregulated in the ESR immediately following
stress, were upregulated during chronic CaCl, stress (Figure 3; Sup-
plemental Figure S5, E-H). Interestingly, upregulation of ribosome
biogenesis genes was dependent upon Crz1 but not CN, since
these categories of genes were depleted in both CNB1 and cnb1A
cells lacking Crz1. Conversely, genes involved in processes related
to amino acid biosynthesis and transport were significantly down-
regulated in a Crz1-dependent manner.

In addition to categories displaying Crz1-dependent enrich-
ment or depletion, some processes shared common regulation
across all genotypes (Figure 3; Supplemental Figure S5, E-H). For
example, we observed enrichment among upregulated genes for
processes related to ion transport. Many of these genes are in-
volved in iron transport across the plasma, vacuolar, and endoplas-
mic reticulum membranes, indicating that regulation of iron avail-
ability may be important during adaptation to chronic CaCl, stress.
Lastly, processes related to mitochondrial function including mito-
chondrial translation, cellular respiration, and the electron trans-
port chain (ETC) were enriched among downregulated genes in all
genotypes (Figure 3; Supplemental Figure S5, E-H). This finding
highlights another way in which chronic stress differs from the ESR,
since mitochondrial function is upregulated in the ESR during the
acute stress response (Gasch et al., 2000; Causton et al., 2001).

CN and Crz1 regulate translation, mitochondrial loss, and
viability during prolonged stress

Our data demonstrate that ribosome biogenesis genes are upreg-
ulated in CRZ1 cells independent of CN (Figure 4A). We hypoth-
esized that CRZ1 cells may have increased translational capacity
following exposure to CaCl, and should therefore be more resis-
tant to translational inhibition. To test this, we evaluated growth
in the presence of sublethal doses of the translation inhibitor

Molecular Biology of the Cell
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Crz1 is required to inactivate CN. (A) CRZ1 CNB1, CRZ1 cnb1A, crz1A CNB1, and crz1A cnb1A cells were
grown in media with or without 0.2 M CaCl,. Samples were collected at the indicated times and Western blots were
performed for CNR-C (Crz114424_.GFP), Cdk1 phosphorylated on Y19 (Cdk1-P), and PSTAIRE (loading control). Arrows
indicate dephosphorylated CNR-C. (B) Cells from A were prepared for imaging as described in the Materials and
Methods, and the percentage of cells with nuclear CNR-C signal was calculated. An average of n = 3 biologjical
replicates is shown, and error bars indicate SDs. (C) The relative abundance of Cdk1-P at t = 10 min from A was
calculated by normalizing the Cdk1-P signal to PSTAIRE. The abundance of Cdk1-P in each genotype was calculated
relative to Cdk1-P abundance in CRZ1 CNB1 cells. An average of n = 3 experiments is shown, and error bars indicate
SDs. Significance determined using a repeated measures one-way ANOVA with Geisser—Greenhouse correction and
Holm-Sidak’s multiple comparisons test; ns = nonsignificant. (D) CRZ1 CNB1, CRZ1 cnb1A, crz1A CNB1, and crz1A

cnb1A cells were grown in media with or without 0.2 M CaCl, and diluted every 12 h. Samples were collected at the
indicated times and Western blots were performed as in A. Arrows indicate dephosphorylated CNR-C. As a control for
CNR-C dephosphorylation, WT cells before, “—", and after, “+",10 min of 0.2 M CaCl, treatment are shown. (E) Cells
from D were prepared as in B. An average of n = 9 biological replicates in shown, error bars indicate SDs.

cycloheximide (CHX). Following 72 h of growth in CaCl,, CRZ1 cells
were more tolerant to CHX compared with cells lacking Crz1 as well
as identical strains that were not treated with CaCl, (Figure 4B).
These data indicate that Crz1 increases the translational capacity
of cells in response to CaCl, through a CN-independent mecha-
nism and suggest that cells may require more ribosomes to survive
and proliferate in chronic stress.

Our gene expression data also predict that mitochondrial func-
tion is reduced during chronic CaCl, exposure, since the expres-
sion of genes encoding proteins with mitochondrial functions is
decreased in all genotypes (Figure 3; Supplemental Figure S5, E-
H). A critical role of the mitochondria is to produce ATP via ox-
idative phosphorylation (Alberts et al., 1994). In agreement with
the GSEA and GO-term analyses, we observed CaCly-dependent
downregulation of genes involved in the ETC (Figure 4C). While
ETC transcripts decreased in all genotypes following the addition
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of CaCly, this downregulation was less severe in cells lacking Crz1.
Decreased expression of ETC genes has been previously linked to
the loss of functional mitochondria (Epstein et al., 2001). Consis-
tent with that study, we observed an increased proportion of pe-
tite colonies that cannot grow on nonfermentable carbon sources
in all genotypes except the crz1A mutant, which maintains active
CN throughout the time course (Figure 2; Figure 4D). Notably,
changes in petite frequency generally correlated with the degree of
ETC transcript downregulation in each genotype (Figure 4C). These
data indicate that chronic CaCl; stress triggers mitochondrial dys-
function and suggest that CN activity helps prevent mitochondrial
loss.

Increases in cytosolic calcium concentrations have been shown
to precede mitochondrial permeabilization, which impairs mito-
chondrial function and triggers cell death in both yeast and
mammals (Guaragnella et al., 2012; Carraro and Bernardi, 2016;

Calcineurin promotes stress adaptation | 5
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Frigo et al., 2023). Because chronic growth in CaCl, compromises
mitochondrial function (Figure 3; Figure 4, C and D), we next
monitored cell viability using propidium iodide (PI) to determine
whether CaCl, triggered corresponding increases in cell death
(Figure 4E) (Deere et al., 1998; Mirisola et al., 2014; Carmona-
Gutierrez et al., 2018). Although CN did not impact viability in the
absence of stress (Supplemental Figure S7A), we observed a sig-
nificant increase in cell death in the absence of CNB1 after 12 h in
CaCl, (p = 5.32E-04), which steadily decreased by the 72-h time-
point, although death was still increased compared with prestress
levels (p = 2.19E-03) (Figure 4E). This finding suggests that CN nor-
mally suppresses CaCly-induced death; however, additional mech-
anisms may preserve viability at later timepoints.

To examine the role of Crz1 in this process, we measured cell
death in crz1A and crz1A cnb1A cells grown in the presence of
CaCl,. Similar to what we observed in the cnb1A single mutant, the
proportion of Pl-positive cells increased in the crz1A cnb1A double
mutant after 12 h in CaCl, (Figure 4F; Supplemental Figure S7B),
demonstrating that CN inhibits CaCl,-induced death independent
of Crz1 at early timepoints. However, death in the double mutant
continued to increase for the remainder of the experiment (Figure
4F). This suggests that cells may be unable to adapt in the absence
of Crz1, and prolonged CN activity in cells lacking Crz1 suppresses
further CaCl,-induced death (Figure 2). Taken together, these data
suggest that both CN and Crz1 help maintain cell viability during
chronic stress exposure.
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CN stimulates prolonged expression of glutathione
biosynthesis genes in the absence of Crz1

Prolonged exposure to CaCl; stress impairs mitochondrial function
and triggers cell death in the absence of CN (Figure 4, C-F). Mito-
chondrial dysfunction, as well as exposure to various environmen-
tal stressors, has been shown to increase intracellular reactive oxy-
gen species (ROS) (Brennan and Schiestl, 1996; Davidson et al.,
1996; Granot et al., 2003; Drakulic et al., 2005; Du et al., 2007,
Dudgeon et al., 2008; Yi et al., 2018; Bothammal et al., 2022; Trip
et al., 2022). To protect against ROS-induced damage to proteins,
lipids, and nucleic acids, cells rely on the antioxidant glutathione
(GSH) (Jamieson, 1998). Notably, activation of CN promotes the
expression of several genes required for GSH biosynthesis follow-
ing acute exposure to CaCl; stress (Figure 5A; Supplemental Fig-
ure S8, A and B) (Yoshimoto et al., 2002), suggesting that CN may
increase GSH production to prevent mitochondrial loss and cell
death.

To determine whether GSH levels are regulated in a CN-
dependent manner during chronic CaCl, stress, we examined the
expression of genes required to synthesize GSH (Figure 5A). In
WT and cnb1A cells, there was either no change or a modest
decrease in the GSH biosynthesis genes following 12 to 72 h of
growth in CaCly, consistent with CN being inactive in these strains
at these timepoints (Figure 2, D and E; Figure 5, B and C). In con-
trast, crz1A cells, in which CN remains active, maintained elevated
expression of many GSH biosynthetic genes in a CN-dependent
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manner (Figure 5, B and C). Interestingly, these gene expression
changes are correlated with the fact that crz1A cells are protected
from mitochondrial loss and downregulation of ETC genes (Figure
4,Cand D; Figure 5, B and C). These findings suggest that CN pro-
motes expression of GSH biosynthesis genes in response to CaCly,
and prolonged CN activity in the absence of Crz1 maintains this
pattern of gene expression.

Antioxidants rescue fitness and cell death in the absence of
CN and Crz1

Having established that prolonged CN activity in the absence of
Crz1 sustains the expression of GSH biosynthetic genes, we next
wanted to determine whether the CN-dependent upregulation of
these genes protects cells from ROS-induced death. To test this
hypothesis, we first examined the competitive growth of the crz1A
cnb1A strain relative to a crzTA strain, in the presence of both
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CaCl, and GSH (Figure 6A). Similar to what we observed in re-
sponse to CaCl, alone, crz1A cnb1A cells had a fitness benefit
compared with the crz1A mutant in the first 12 h (compare Figures
1E and 6A). However, unlike during treatment with only CaCl,, the
crz1A cnb1A double mutant maintained this early proliferative ad-
vantage in the presence GSH. This result is consistent with our
hypothesis that the prolonged CN activity in crz1A cells upregu-
lates the expression of GSH biosynthetic genes to promote fitness
(Figure 5, B and C; Figure 6A). In addition to rescuing the CaCl,-
induced fitness defect of the crz1A cnb1A mutant, GSH also re-
duced cell death, further supporting a GSH-dependent rescue of
fitness (Figure 6B). A similar rescue of fitness and cell death was ob-
served with homocysteine (HCys), an upstream metabolite in the
GSH synthesis pathway (Figure 5A; Figure 6, C and D), suggesting
that CN promotes fitness through a GSH-dependent mechanism
when Crz1 is absent.
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In addition to being an antioxidant, GSH is used as a source
of intracellular sulfur to produce the amino acids cysteine and me-
thionine (Elskens et al., 1991). Thus, supplementing cells with GSH
or HCys could impact fitness and viability by either maintaining re-
dox homeostasis or supporting amino acid production. To discrimi-
nate between these possibilities, we measured fitness and death in
cells supplemented with the antioxidant ascorbic acid (AA), which
is structurally distinct from GSH and cannot be used as a source of
sulfur (Jamieson, 1998). Comparable to what we observe with GSH
or HCys, AA rescued CaCl-induced fitness defects and prevented
death in the crzTA cnb1A mutant (Figure 6, E and F). Together,
these data demonstrate that GSH rescues fitness due to its role as
an antioxidant and suggest that crzTA cnb1A cells may be dying
as a result of oxidative damage.

We next examined the effect of GSH on fitness and viability in
CRZ1 cells. Because the expression of GSH synthesis genes was
comparable between WT and cnb 1A cells, we did not expect the
fitness of cnb1A cells to be improved by the addition of GSH.
As predicted, the cnb7A mutant exhibited a pronounced fitness
defect in the presence of both CaCl, and GSH (Figure 6G), simi-
lar to what was observed in response to CaCl, alone (Figure 1C).
Likewise, the increase in CaCl,-induced cell death that occurred in
cnb1A cells after 12 h did not change upon treatment with GSH
(Figure 6H). These results indicate that CN promotes fitness and
viability in a GSH-independent manner in cells expressing Crz1.

Altered proliferation and death differentially contribute to

fitness in CN mutants

Our data suggest that CN impacts both cell cycle progression and
cell death during chronic CaCl; stress (Figures 2, A and D; Figure 4,
E and F; Supplemental Figure S4, A-D). However, the relative con-
tributions of proliferation and death to CN-dependent fitness can-
not be determined by measuring net population growth since itis a
combination of proliferation and cell death. To determine the con-
tributions of each, we measured the net population growth and the
percentage of dead cells in monocultures growing in the presence
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of CaCly (Figure 7, A-D). We then used these measurements to cal-
culate the death rates and true proliferation rates, which excludes
influences from cell death, for each strain (Schwartz et al., 2020). Af-
ter 12 h in CaCly, we observed a decrease in proliferation rate in all
genotypes. However, while the proliferation rate mostly stabilized
in cells with functional CN after 12 h, the proliferation rate of cells
lacking Cnb1 continued to decrease for the remainder of the time
course. We also measured an increase in the CaCl,-induced death
rate in the absence of CNB1 (Figure 7, A-D), consistent with the re-
sults of the Pl staining (Figure 4, E and F). These findings suggest
that the CN-dependent fitness defects we observed in the cocul-
ture competitive growth assays (Figure 1, C and E) are due to both
a reduced rate of cell division and an increased rate of death.

To better understand the relationship between proliferation and
viability, we next used the proliferation and death rates determined
from cells growing in monoculture to simulate the coculture com-
petitive growth assays (Figure 7, E and F). Notably, this simulated
growth model did not consider cell nonautonomous interactions.
In doing this, we were able to recapitulate the CN-dependent fit-
ness defects that we observed in both the presence and absence of
Crz1 (Figure 1). Importantly, this finding demonstrates that our esti-
mations of proliferation and death rates from monoculture data ac-
curately reflect the fitness dynamics of cocultured cells. Moreover,
it suggests that the effects of each genotype are cell autonomous
and coculture growth is not impacted by any secreted molecules,
such as GSH.

To determine whether CN affects fitness through different
mechanisms in the presence and absence of Crz1, we examined
the relative contributions of decreased proliferation rate and in-
creased cell death in each genotype. To do this, we performed
additional coculture simulations in which we fixed the proliferation
or death rates of the competing strains (Supplemental Figure S9,
A-D). We first examined fitness in the cnb1A mutant relative to
WT cells. When the death rates, but not the proliferation rates,
of WT and cnb1A cells were fixed the model more closely repli-
cated the experimentally determined fitness phenotype (Supple-
mental Figure S9, A and B). This result indicates that a proliferative
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defect is the primary factor decreasing fitness of the cnb1A mu-
tant. In contrast, cell death appears to contribute more to the fit-
ness defects in the CN mutant in the absence of Crz1 (Figure 7F;
Supplemental Figure S9, C and D). When either the proliferation or
death rates of the crz1A and crzTA cnb1A mutants were fixed in
simulations, partial fitness defects were observed in the double mu-
tant (Supplemental Figure S9, C and D). This suggests that fitness,
while predominantly driven by decreased proliferation, is amplified
by the relatively high levels of death in the absence of both CN
and Crz1.

Our data demonstrate that GSH can rescue CN-dependent fit-
ness in the absence of Crz1 (Figure 6). Therefore, we wanted to
determine whether GSH rescues fitness due to effects on prolifer-
ation, viability, or both. Similar to what we observed in response to
CaCl; alone, there was an initial decrease in proliferation rate in all
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genotypes when cells were grown in monoculture in the presence
of both CaCl, and GSH (Figure 7, G-J). In the CRZ1 background,
there was a larger decrease in proliferation rate in cnb1A cells,
similar to what was observed when cells were grown with CaCl,
but not GSH. Consistent with the fact that GSH did not rescue
fitness in cells with Crz1, the death rates in WT and cnb1A cells
were largely unchanged by the addition of GSH (compare Figure
7, A and B with Figure 7, G and H). In contrast, unlike what we
observe in response to CaCl; alone (Figure 7, C and D), the prolif-
eration rate decreased to similar extents in both crz1A and crz1A
cnb 1A cells in the presence of CaCl, and GSH and remained con-
stant throughout the time course (Figure 7, | and J). This suggests
that GSH rescues the proliferative defect in the crzTA cnb1A mu-
tant and is consistent with the results of the competitive growth
assay (Figure 6A). Additionally, the high CaCl,-induced death rate
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Altered proliferation and death differentially contribute to fitness in CN mutants. (A-D) Proliferation and
death rates of CRZ1 CNB1 (A), CRZ1 cnb1A (B), crz1A CNB1 (C), and crz1A cnb1A (D) cells growing in 0.2 M CaCl,
calculated from data presented in Figure 4E (A-B) and Figure 4F (C-D). (E-F) Proliferation and death rates determined
in A-D were used to simulate coculture competition assays between CRZ1 CNB1 and CRZ1 cnb1A (E) or crz1A CNB1
and crz1A cnb1A (F) cells. (G-J) Proliferation and death rates of CRZ1 CNB1 (G), CRZ1 cnb1A (H), crz1A CNBT1 (l), and
crz1A cnb1A (J) cells growing in 0.2 M CaCl, + 250 M GSH calculated from data presented in Supplemental Figure
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in the crz1A cnb1A double mutant was decreased in the presence
of GSH suggesting that GSH rescues viability in addition to pro-
moting cell cycle progression (Figure 7J).

Finally, we simulated coculture competitive growth assays in the
presence of CaCl, and GSH using proliferation and death rates
determined from cells grown in monoculture (Figure 7, Kand L). In
doing this, we accurately captured the experimentally observed fit-
ness phenotypes of WT and cnb 1A cells and confirmed that fitness
differences in these strains are driven by proliferation (Figure 7K;
Supplemental Figure S9, E and F). Importantly, these simulations
also confirmed that GSH has no effect on fitness in the presence of
Crz1. In contrast, coculture simulations of crz1A and crz1A cnb1A
cells determined that GSH rescues the fitness defect of the double
mutant due to effects on proliferation with modest contributions
from the GSH-dependent rescue of cell death (Figure 7L; Supple-
mental Figure S9, G and H). Together, these data demonstrate that
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reduced proliferation drives the fitness defect in the absence of CN
and increased cell death in cells lacking both CN and Crz1 further
amplifies this fitness defect.

DISCUSSION

Coordination between proliferation and stress-defense is critical for
long-term survival in challenging environments. The phosphatase
CN delays cell cycle progression and promotes gene expression
changes to aid adaptation immediately following exposure to
CaCl; stress (Yoshimoto et al., 2002). However, it was previously
unknown whether CN was required for long-term survival in this
condition. Here, we set out to examine the impact of CN signal-
ing on fitness during chronic growth in CaCl,. This investigation
revealed that CN promotes cellular fitness by Crz1-dependent and
Crz1-independent mechanisms.
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CN is required to survive CaCl, exposure in opportunistic fun-
gal pathogens, such as Candida albicans (Blankenship and Heit-
man, 2005). However, the CN-dependent fitness defect that we
describe here has not been previously identified in S. cerevisiae.
In agreement with previous studies, we did not detect a growth
defect in the absence of CNB1T when cells were grown on agar
plates containing CaCl, (Figure 1A) (Nakamura et al., 1996; Withee
et al., 1998; Mulet et al., 2006; Ferreira et al., 2012; Xu et al,,
2019). However, cells lacking Cnb1 displayed a proliferative de-
fect in response to CaCl, when they were grown in coculture with
a WT strain (Figure 1C). Notably, we did not observe any Crz1-
dependent growth defects on agar plates (Figure 1A) despite pre-
vious studies reporting sensitivity or lethality in crz1A cells on agar
plates containing CaCl, (Polizotto and Cyert, 2001; Mulet et al.,
2006; Zhao et al., 2013; Xu et al., 2019). Though, the loss of Crz1
did result in a competitive fitness defect in the presence of CaCl,
(Supplemental Figure S1E) consistent with a previous study (Hsu
et al., 2021).

Our data demonstrate that CN maintains cellular fitness in
CaCl, stress through both Crz1-dependent and Crz1-independent
mechanisms (Figure 1). Crz1 is the best characterized downstream
target of CN, and many CN-dependent functions and phenotypes
are credited to the regulation of this transcription factor (Cyert,
2003; Cyert and Philpott, 2013). However, in addition to Crz1, CN
directly regulates many other substrates involved diverse cellular
processes including protein trafficking, membrane structure and
function, cell cycle, transcription, and translation (Goldman et al.,
2014). Thus, it is unsurprising that CN impacts fitness in the ab-
sence of Crz1.

Although CN can maintain fitness in the absence of Crz1, our
data suggest that Crz1 contributes to proper adaptation. CN re-
mains active in cells lacking Crz1 consistent with a previous study
demonstrating that Crz1 induces the expression of negative reg-
ulators of CN (Figure 2) (Yoshimoto et al., 2002). These regula-
tors include RCNT, which directly binds CN and inhibits phos-
phatase activity, and the calmodulin-dependent kinase CMK2,
which suppresses CN signaling through an undetermined mecha-
nism (Kingsbury and Cunningham, 2000; Xu et al., 2019). Crz1 also
promotes the expression of many ion channel genes, which may
help restore intracellular Ca?* homeostasis and shut off CN sig-
naling (Yoshimoto et al., 2002). In contrast, when Crz1 is present,
most cells inactivate CN within hours of exposure to CaCl, stress
suggesting that CN activity is no longer needed to survive, and
cells have adapted (Figure 2). Consistent with Crz1 promoting
more rapid adaptation, we observed a Crz1-dependent increase
in the expression of ribosome biogenesis genes as early as 12 h
after CaCl; treatment (Figures 3 and 4A). As part of the ESR, ribo-
some biogenesis genes are downregulated in response to stress
so that transcription of stress-defense genes can increase (Gasch
et al., 2000; Causton et al., 2001; Levy et al.,, 2007). As adap-
tation occurs, these gene expression changes are reversed and
translational capacity increases so that cells can resume normal
growth (Levy et al., 2007). We show that both WT and cnbT1A
cells, which express Crz1, increase the expression of ribosome
biogenesis genes to enhance translational capacity and this may
help cells adapt to chronic CaCl; (Figure 4, A and B). Surprisingly,
although there are Crz1-dependent gene expression changes in
CN mutants, we see no evidence that our CN reporter, CNR-C,
is dephosphorylated or in the nucleus (Figure 2). Because CNR-
C is a fragment of Crz1, it is unclear whether Crz1 is active in
these cells. It is possible that there is a low level of Crz1 acti-
vation in a fraction of cnb1A cells that the reporter is not sen-
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sitive enough to detect. Alternatively, the reporter may lack an
additional sequence that contributes to CN-independent Crz1
activation.

In the absence of Crz1, our data suggest that cells experience
redox imbalance and ROS-induced cell death. To prevent ROS ac-
cumulation and maintain redox homeostasis cells rely on oxidant
defense systems, such as GSH, which act as free radical scavengers
or ROS targets (Jamieson, 1998). We found that prolonged CN ac-
tivity in the absence of Crz1 promotes the upregulation of GSH
biosynthesis genes, which helps cells maintain fitness and viabil-
ity (Figure 5, B and C; Figure 6). CN and Crz1 are known to in-
duce the expression of additional genes involved in the oxidative
stress response (Yoshimoto et al., 2002; Tsuzi et al., 2004; Puigpinés
et al., 2014), CN may increase GSH biosynthetic gene expression
through its interaction with the oxidative stress transcription factor
Yap1, which contributes to the expression of GSH regulatory genes
(Sugiyama et al., 2000; Yokoyama et al., 2006; Venters et al., 2011;
Goldman et al., 2014). Alternatively, the transcription factor Met4,
which controls the expression the MET genes required to produce
GSH (Figure 5A), might be regulated by CN through a predicted
CN-docking motif present in Met4 (Lee et al., 2010; Goldman et al.,
2014). CN has similarly been shown to suppress cell death in re-
sponse to other ROS-inducing stressors (Moser et al., 1996; Huh
et al., 2002; Bonilla and Cunningham, 2003; Zhang et al., 2006;
Dudgeon et al., 2008; Farrugia and Balzan, 2012; Zhao et al., 2021).
However, it is unclear whether CN similarly stimulates GSH pro-
duction in these conditions. Finally, in mammals, CN promotes au-
tophagy and lysosome biogenesis following activation in response
to ROS-induced lysosomal Ca®* release (Zhang et al., 2016). These
observations suggest that CN may play a conserved role in pro-
tecting cells from oxidative damage in response to diverse envi-
ronmental stressors.

Cells have been shown to secrete GSH in response to environ-
mental stressors such as heat shock and arsenite (Thorsen et al.,
2012; Trip and Youk, 2020). This raised the possibility that the crz1A
mutant secretes GSH, in addition to upregulating GSH biosyn-
thetic gene expression (Figure 5), which may impact the fitness
of crzTA cnb1A cells when these strains are grown in coculture.
To address this, we determined the proliferation rates and death
rates of crz1A and crz1A cnb1A mutants growing in monoculture
in the presence of CaCl, and used these rates to simulate cocul-
ture experiments (Figure 7, C, D, and F). In doing this, we were
able to accurately replicate the experimentally observed coculture
fitness phenotypes (compare Figure 7F and Figure 1E). These find-
ings strongly suggest that if CaCl, does promote GSH secretion,
extracellular GSH has negligible, in any, effects on the coculture
fitness of crz1A and crz1A cnb1A cells.

Although the immediate response to many environmental stres-
sors, including CaCly, has been well characterized, very little is
known about the physiological changes that cells undergo to sur-
vive long-term stress exposure. Here, we have characterized the
response to chronic CaCl, stress and uncovered CN-dependent
mechanisms that allow cells to adapt to this environment. Our find-
ings suggest that the requirements for adaptation change dramat-
ically during prolonged stress exposure compared with the imme-
diate response to stress. This is exemplified in the transcriptional
differences we observe in ESR genes either immediately follow-
ing CaCl; treatment or after many hours in this condition (Supple-
mental Figure S6D). Additionally, our data indicate that long-term
adaptation is stress-specific since prolonged treatment with CaCl,
and KCl elicit distinct transcriptional responses (Supplemental Fig-
ure S6, A-C). Future studies investigating long-term adaptation to
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diverse conditions is needed to define the common features of the
chronic ESR.

MATERIALS AND METHODS

Yeast strains and growth conditions

A complete list of strains used in this study is included in Supple-
mental Table S2. All strains containing deletions and/or epitope
tags were generated using standard methods, as previously de-
scribed (Rothstein, 1991; Longtine et al., 1998). Strains were grown
at 30°C in synthetic complete media (C media with 2% dextrose,
1% ammonium chloride). Where indicated, media also contained
0.2 M CaCly, 0.4 M KClI, and/or 250 uM reduced L-glutathione
(Sigma), 250 wM DL-homocysteine (Sigma), or 5 mM AA (Sigma).
Marker strains for competitive fitness assays (GFP+ and GFP—)
were constructed as previously described (Conti et al., 2022). Any
additional genetic manipulations in competition strains (i.e., gene
deletions) were introduced by genetic cross between the marker
strains and strains containing the desired mutation. Strains in which
multiple genes were deleted with the same drug resistance cas-
sette were confirmed by PCR. All experiments were performed in
biological and technical triplicate with independently derived iso-
lates of each strain.

Serial dilution assays

Cells were grown to logarithmic phase growth in synthetic com-
plete media. Equivalent optical densities (0.4 ODgqo) of each sam-
ple were collected, washed, and resuspended in 1 ml of synthetic
complete media. Five-fold dilutions of strains with the indicated
genotypes were then plated on synthetic complete agar (C agar
with 2% dextrose and 1% ammonium chloride) or synthetic com-
plete agar containing 0.2 M CaCl; at the indicated concentrations.
Plates were incubated at 30°C and imaged after 48-72 h of growth.
For experiments using CHX, 10-fold serial dilutions were plated on
YPD agar (2% dextrose) containing the indicated concentrations of
CHX and images after 1-8 d of growth at 30°C.

Competitive fitness assays

Cocultures were generated by mixing equal proportions (1 ODggo)
of cells expressing fluorescent GFP and nonfluorescent GFP-Y66F
in 10 ml of synthetic complete media. Immediately following mix-
ing, approximately 0.15 optical densities were collected, washed,
resuspended in 2 ml of sodium citrate buffer (50 mM sodium cit-
rate, 0.02% NaN3, pH 7.4), and stored at 4°C for subsequent flow
cytometric analysis. All cocultures were then diluted to 0.004-0.01
optical densities in 10 ml of synthetic complete media with or with-
out stress (0.2 M CaCl, or 0.4 M KCI) and incubated at 30°C with
continuous rolling. Cocultures were sampled and diluted to 0.004—
0.02 optical densities, as described above, every 12 h to ensure
that the population did not exceed logarithmic growth during the
duration of the experiment. Following sonication, the percentage
of GFP and GFP (Y66F) at each timepoint was quantified using
a Guava EasyCyte HT flow cytometer and analyzed with FlowJo
software. Replicates in which a fitness difference was observed be-
tween the GFP and GFP (Y66F) controls were excluded from the
final analysis.

Analysis of cell cycle by flow cytometry

Approximately 0.15 ODs of cells were fixed in 70% ethanol at 4°C
overnight. Following sonication, cells were treated with 0.25 mg/ml
Rnase A (Biomatik) at 50°C for 1 h and 0.125 mg/ml Proteinase K
(Biomatik) for an additional hour at 50°C. Following deproteination,
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samples were stained with 1 pM Sytox Green (Invitrogen). DNA
content was measured using a Guava EasyCyte HT flow cytometer
(Millipore) and analyzed with FlowJo software (FlowJo, LLC). The
percentage of cells in S phase was determined from cells with a
DNA content between the 1C unreplicated peak and the 2C repli-
cated peak.

CNR-C imaging

Activation of CN was monitored using a C-terminally GFP-tagged
Crz1 truncation which lacks a DNA binding domain (CNR-C). Nu-
clear localization following dephosphorylation of CNR-C was used
as a proxy for in vivo CN activity. Following exposure to 0.2 M
CaCl, for the indicated times, equivalent optical densities (1 ODggo)
of cells were collected, centrifuged, and resuspended in a small
volume of synthetic complete media. Where indicated, cells were
treated for 15 min with 1 pg/ml FK506 (LC Laboratories) or ET
buffer (90% ethanol, 10% Tween-20) to a final concentration of
0.09% ethanol and 0.01% Tween-20. Cells were imaged with equiv-
alent exposure times on a Zeiss AxioObserver 7 microscope with
a Hamamatsu Orca Fusion-BT camera and a strain lacking CNR-C
was used as a control for autofluorescence. Adjustments for bright-
ness and contrast were performed equally on all images and the
percentage of cells in the population with nuclear CNR-C signal
was scored by manual inspection of the images in ImageJ. A mini-
mum of 100 cells per sample were counted at each timepoint.

Western blots

Equivalent optical densities (1 ODggonm) of cells were lysed in
cold TCA buffer (10 mM Tris-HCI pH 8.0, 10% trichloroacetic acid,
25 mM NH4OAc, 1 mM NayEDTA) and incubated on ice. Af-
ter centrifugation, pellets were resuspended in resuspension so-
lution (0.1M Tris-HCI pH 11, 0.3% SDS) and boiled for 5 min at
95°C. Following additional centrifugation, supernatants from clar-
ified samples were transferred to new tubes containing 4X sam-
ple buffer (250 mM Tris-HCI pH 6.8, 8% SDS, 40% glycerol, 20%
B-mercaptoethanol) and boiled for 5 min at 95°C. Western blot-
ting was performed using antibodies against GFP (clone JL8; Clon-
tech), Y15-phosphorylated Cdk1 (anti-Phospho-cdc2, Cell Signal-
ing Technology), and PSTAIRE (Sigma).

Multiple exposures of all Western blots were collected. Where
indicated, the relative abundance of Cdk1-P was determined using
ImageJ on the lightest exposure in which Cdk1-P was visible at t
= 0 min. All Cdk1-P values were normalized to the loading control
PSTAIRE and the abundance of Cdk1-P in each genotype after 10
min in 0.2 M CaCl;, stress was calculated relative to WT.

RNA-seq and data analysis
Total RNA was purified using an acid-phenol extraction as previ-
ously described (Schmitt et al., 1990) from 5 ODgg of cells. Poly-
A enrichment, library preparation, and sequencing was performed
by BGI Genomic Services. Three biological replicates of each time
course were performed. All data are available in NCBI Gene Ex-
pression Omnibus (GEO) and is accessible through GEO Series ac-
cession number GSE254555.

RNA-seq analysis was performed with OneStopRNAseq
(Li et al, 2020). Paired-end reads were aligned to
Saccharomyces_cerevisiae. R64-1-1, with star_2.5.3a (Dobin et al.,
2013), annotated with Saccharomyces_cerevisiae. R64-1-1.90.gtf.
Aligned exon fragments with mapping quality higher than 20 were
counted toward gene expression with featureCounts (Liao et al.,
2014). Differential expression (DE) analysis was then performed
with DESeq2 (Love et al., 2014). Within DE analysis “ashr” was
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used to create log2 fold change (LFC) shrinkage for each compar-
ison (Stephens, 2017). Significant DE genes were identified with
the criteria FDR < 0.05. For each genotype, all genes that were
significantly DE at any timepoint compared with the untreated
control were classified into two groups with R package “hclust”
using the complete linkage method, with 1 minus Pearson correla-
tion as the distance. GO-term enrichment analysis on each cluster
of genes in each genotype was then performed with PANTHER
(Thomas et al., 2022). Lists of differentially expressed genes used
for GO-term analyses and the identity of genes in each cluster are
included in Supplemental Data File S2. GSEA was performed with
GSEA (Subramanian et al., 2005) on the ranked LFC. All GSEA
results are included in Supplemental Data File S3.

dRT-PCR

Reverse transcription was performed on total RNA using random
primers (Promega), followed by treatment with Rnase H (New Eng-
land Biolabs). Quantitative PCR was then carried out in a Lightcy-
cler 96 thermocycler (Roche) using 2X SYBR Fast Master Mix Univer-
sal (Kapa Biosystems) and specific primers for the indicated genes
(see Supplemental Table S3 for primer sequences). mRNA levels
were normalized to ACT1 to determine the relative copy number
of each transcript and fold changes values were calculated by com-
paring the normalized expression at the indicated timepoints to the
expression of the target gene prior to CaCl, addition.

Quantitation of petite frequency

Cells were grown for the indicated times in media containing 0.2
M CaCl,. Serial dilutions were performed after collecting 0.1-0.2
optical densities of each culture to 1:1000. Equivalent volumes of
each diluted culture were plated on YPD agar (2% dextrose) or YPG
(3% glycerol) such that a few hundred colonies were formed. YPD
and YPG plates were imaged after 3 and 7 d of growth at 30°C,
respectively. For each genotype, petite frequency was determined
from n = 6 biological replicates in which at least 200 colonies grew
on YPD agar using the following formula:

# coloni YP
%petite:<1—( colonies on G))*1OO

# colonies on YPD

Propidium iodide staining

After sample collection and centrifugation, approximately 0.15
ODs of cells were resuspended in 2 ml sodium citrate buffer (50
mM sodium citrate, 0.02% NaN3, pH 7.4) and stored at 4°C. Fol-
lowing washing with additional sodium citrate buffer, propidium
iodide (Pl) (MP Biomedicals, LLC) was added to each sample to a
final concentration of 3 pg/ml. Samples were then incubated in the
dark for 30 min prior to sonication. The percentage of Pl-positive
cells was quantified using a Guava EasyCyte HT flow cytometer and
analyzed with FlowJo software.

Statistical analyses are included in Supplemental Table S1. To
homogenize the variance and ensure robustness, the percentage
of death underwent an arcsin transformation followed by a one-
way analysis of variance (ANOVA) with a Randomized Complete
Block Design (RCBD) to compare genotypes at the indicated time-
points. Consideration was given to control the inherent variability
introduced by the blocking factor. For Figure 4E, paired t tests were
performed between the 12-h and 0-h timepoints and the 72-h and
0-h timepoints for each genotype. All p values underwent Bonfer-
roni adjustment to address the challenge of multiple inferences and
ensure more stringent control over the error rate.
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Antioxidant treatment

Where indicated, media was supplemented with 250 uM reduced
L-glutathione (Sigma), 250 M DL-homocysteine (Sigma), or 5 mM
L-ascorbic acid (Sigma). Cultures were sampled and diluted as de-
scribed above, such that cells were exposed to fresh antioxidants
every 12 h. Importantly, reduced GSH was not rapidly depleted
from the growth media over this 12-h interval (Supplemental Fig-
ure S8C).

To measure the concentration of GSH in growth medium over
time, GSH was added to medium to a final concentration of ap-
proximately 250 pM and incubated with rolling at 30°C. Samples
were then collected, and the Reduced Glutathione (GSH) Colori-
metric Assay Kit (Invitrogen) was used to measure GSH concentra-
tion. Samples were prepared according to the manufacturer’s in-
structions and a Tecan Infinite M Nano plate reader was used to
measure optical densities at 405 nM.

Calculation of proliferation and death rates

For each experimental condition, doubling times of strains grown
in monoculture were calculated by fitting ODggo values obtained
at 12-h intervals to an exponential growth equation, where G =
number of generations, Py = initial population size, and P; = final
population size:

2°*R=FR (M

Doubling times were then determined using the following
equation:

1
# generations
12 hours

Importantly, the observed doubling time reflects the net effect,
combining the true proliferation rate and true death rate. True pro-
liferation rates and death rates were calculated using the GRADE
method, as previously described (Schwartz et al., 2020). Briefly, the
GRADE method infers the true cell proliferation rate from a com-
bination of 1) the experimentally measured death rate, and 2) the
experimentally measured net population growth rate (GR). The av-
erage death rate was determined using flow cytometry-based mea-
surements of percent Pl positivity (described above), to determine
the “fractional viability” (FV) where Cj;,. = live cell number, Cyeaq
= dead cell number:

doubling time = ( ) * 60 minutes (2)

C/ive

FV= e
C/ive + Cdead

@)

The net population growth rate (GR value) was computed as
previously described (Hafner et al., 2016), using relative ODygq val-
ues, where Cy = initial cell number, Cj;,. = live cell number, Cyeaqg =
dead cell number, and C, = live cell number of a reference condi-
tion (defined here as a population with maximum proliferation rate
and a death rate of zero):

(=)
GrR=2\m=(%)) _1 @

To identify the true proliferation rate and death rate, we simu-
lated all pairwise combinations of 500 proliferation rates and 500
death rates using the following equations, where Cy = initial cell
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number, t = assay duration, t = proliferation rate, and Dg = death
rate.

Live Cell Number = (co * 2(%)) - (co *0(1) * DR) (5)
Dead Cell Number = Co * 2(:) * D 6)

This yielded average population dynamics for 250,000 plausible
proliferation rate and death rate pairs. For each simulated prolifer-
ation rate and death rate pair, the FV value and GR inhibition value
(Hafner et al., 2016) were calculated, as defined above. Each simu-
lated proliferation rate and death rate pair are uniquely identifiable
by their FV and GR values. Thus, the true proliferation rates and
death rates of the experimental conditions were then determined
by finding which simulation best matches the observed FV/GR pair.

In silico coculture experiments (Figure 7, E,FK, and L; Supple-
mental Figure S9) were simulated using the experimentally deter-
mined proliferation rates and death rates from monoculture (de-
scribed above) as follows. Two genotypes were seeded at equal
cell numbers at time zero. We assumed there was no interaction
between genotypes. Total live cell numbers for each genotype
evolved according to Eq. 5, and live cell numbers, proliferation
rates, and death rates were updated at each experimental time
interval (every 12 h for 3 d). To separately evaluate the role of pro-
liferation rate and death rate on in silico coculture dynamics, sim-
ulations were rerun, setting either the proliferation rates or death
rates to be equal between the two genotypes.

Code availability
All codes are available upon request.
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