Loss of major nutrient sensing and signaling
pathways suppresses starvation lethality in
electron transport chain mutants
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ABSTRACT The electron transport chain (ETC) is a well-studied and highly conserved meta-
bolic pathway that produces ATP through generation of a proton gradient across the inner
mitochondrial membrane coupled to oxidative phosphorylation. ETC mutations are associat-
ed with a wide array of human disease conditions and to aging-related phenotypes in a num-
ber of different organisms. In this study, we sought to better understand the role of the ETC
in aging using a yeast model. A panel of ETC mutant strains that fail to survive starvation was
used to isolate suppressor mutants that survive. These suppressors tend to fall into major
nutrient sensing and signaling pathways, suggesting that the ETC is involved in proper starva-
tion signaling to these pathways in yeast. These suppressors also partially restore ETC-asso-
ciated gene expression and pH homeostasis defects, though it remains unclear whether these
phenotypes directly cause the suppression or are simply effects. This work further highlights
the complex cellular network connections between metabolic pathways and signaling events
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in the cell and their potential roles in aging and age-related diseases.

INTRODUCTION

The mitochondrial electron transport chain (ETC) is a highly con-
served biochemical pathway, well known for its role in respiratory
ATP production. In this pathway, electrons supplied from NADH
and FADH; are used to create a proton gradient across the inner
mitochondrial membrane; this gradient drives proton flow through
ATP synthase (ETC complex V), producing ATP from ADP. Beyond
production of ATP, some components of the ETC appear to play
other roles in regulating cellular physiology. For example, under
conditions of mitochondrial stress, cytochrome c is released from
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the inner mitochondrial membrane where it can then act as a sig-
naling protein to initiate apoptosis (Cai et al., 1998; Ott et al.,
2001). While decades of intensive study have produced a signifi-
cant body of knowledge surrounding the ETC, more-recent work
suggests that there are still areas that remain unexplored (Nunnari
and Suomalainen, 2012; Vafai and Mootha, 2012).

ETC function has been implicated in a wide array of human dis-
eases. More than 150 diseases are associated with mitochondrial
function, and most influence ETC function. These mitochondrial syn-
dromes can affect any organ system, manifest at any age, and result
in pathophysiology including stroke, deafness, renal failure, liver fail-
ure, and neuropathy, among others (Calvo and Mootha, 2010). Dif-
ferent mutations in individual complexes can manifest as different
diseases, such as complex | mutations causing optic nerve atrophy
or necrotizing encephalopathy (Nunnari and Suomalainen, 2012). In
addition to these diseases, mitochondrial dysfunction is also consid-
ered one of the hallmarks of aging (Lépez-Otin et al., 2013). The
diversity of disease phenotypes associated with mitochondrial mu-
tations suggests a complex interaction with cellular regulatory net-
works, perhaps beyond those directly involved in producing ATP.

The yeast Saccharomyces cerevisiae, often described as a
model eukaryote, has been used extensively for understanding
mitochondrial biology, the ETC, and aging due to the high degree
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of conservation among many fundamental biological processes
(Gibney et al., 2013; Malina et al., 2018). Aging in yeast is typically
studied in two different ways: replicative aging and chronological
aging (Longo et al., 2013). Replicative aging refers to the capacity of
a mother cell to produce daughter cells (in other words, the number
of replications that occur before senescence). Chronological aging
refers to the ability of a cell to survive after it has stopped growing.
Survival is measured using the ability to form a colony or with a
number of viability stains. The concept of chronological aging is in-
timately linked to nutrient starvation, although the growth-limiting
nutrient may not always be explicitly defined or known.

Multiple studies have elucidated connections between the ETC
and starvation-based phenotypes in yeast (Brauer et al., 2005;
Gresham et al., 2011; Kwon et al., 2015). Here we sought to com-
prehensively characterize the role of the ETC in starvation survival.
We observed that a panel of different ETC mutants fail to survive
starvation when the mutants are grown to saturation in standard
minimal growth medium. This starvation lethality is associated with
an overacidified cytosol and dysregulated gene expression com-
pared with wild type cells. In an unbiased genetic suppressor screen,
we found that loss of function mutations in major cellular nutrient
sensing/signaling pathways (Ras/PKA, TORC1, PP2A) along with a
number of gene expression regulators can prevent starvation lethal-
ity in these mutants. Together our results suggest that the ETC plays
a critical regulatory role in mounting an appropriate response to
starvation through communication with major nutrient sensing and
signaling pathways in the cell.

RESULTS

Constructing and starving a set of ETC mutants

To assess the role of the ETC in starvation, we prepared a panel of
yeast strains with disruptions in genes specifying each step of the
pathway: the initial NADH dehydrogenase, complex Il (succinate
dehydrogenase), coenzyme Q, complex Il (cytochrome bc;), cyto-
chrome ¢, complex IV (cytochrome ¢ oxidase), and complex V (ATP
synthase) (Figure 1A). Multiple genes encode mitochondrial NADH
dehydrogenase enzymes in S. cerevisiae, including NDET and NDE2
(paralogues) and NDI1. Nde1/2 supply electrons to the ETC from
NADH in the mitochondrial intermembrane space, while Ndi1 sup-
plies electrons from mitochondrial matrix NADH. Notably in mam-
malian cells, NADH oxidation is performed by a large protein com-
plex that also pumps protons into the intermembrane space, unlike
Nde1/2 or Ndi1. By including disruptions at each biochemical step,
this panel of strains allows for differentiation between step-specific
and general loss of ETC function. To disrupt some steps, more than
one gene was deleted from the genome, especially in the case of
whole genome duplication paralogues (Figure 1A and Supplemen-
tal Figure 1). All of the final deletion strains were able to grow on
glucose-containing plates but as expected could not grow on car-
bon sources that require respiration (glycerol and ethanol) (Figure
1B). Notably, galactose is a preferentially respired carbon source,
and the ETC disruption mutants generally exhibited poor growth on
galactose. One exception was the disruption of complex Il by delet-
ing SDH1 and its paralogue YJLO45W. This strain was able to grow
much better than other ETC disruption mutants on galactose (Figure
1B). This is likely due to the specific role of complex Il—it provides
electrons in the form of FADH,, and even without complex I, elec-
trons can still enter the ETC via the mitochondrial NADH dehydro-
genase enzymes (Nde1/2, Ndi1) from NADH. In liquid culture, the
ETC mutants generally exhibit slower growth rates than wild type in
YNB (yeast nitrogen base) + glucose, typically 40% slower (Figure
1C). However, ETC mutants have growth rates more similar to those
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of wild type cells in rich YPD medium (1% yeast extract, 2% bacto
peptone, 2% dextrose), generally only about 15% slower (Figure
1D). It is not clear why this would be the case. An exception to this
trend was atp 1A, which grew more obviously slower in both types of
media (Figure 1, C and D). Disruption of the mitochondrial ATP syn-
thase is known to have broader effects than other ETC mutations
because complex V regulates mitochondrial membrane potential,
which in turn affects many of the essential mitochondrial membrane
transporter activities (Martin et al., 1991; Rehling et al., 2003; Smith
and Thorsness, 2005).

While many different conditions are used to measure starvation-
based phenotypes, we opted to grow these strains in batch culture
with a standard minimal medium (YNB + glucose; see Materials and
Methods for details). Periodic time points were taken to measure
survival based on colony forming units (CFUs). All ETC mutants ex-
hibited significant starvation survival defects compared with wild
type cells. Notably, the survival kinetics varied somewhat, with the
complex Il mutant strain (sdh 1A yjl045wA) sustaining viability much
longer than other mutants (Figure 2A). One possible explanation for
this observation is that the complex Il mutant strain still maintained
some respiratory ability, as described above. One correlation often
associated with loss of viability following starvation is an incomplete
starvation response. This occurs when cells fail to sense or respond
to the limiting nutrient, exemplified by auxotrophic cells starving for
their auxotrophic requirement (Saldanha et al., 2004; Boer et al.,
2008; Brauer et al., 2008). One hallmark of such a defective starva-
tion response is failure to properly arrest the cell cycle at G1/GO
(Saldanha et al., 2004). In contrast, all the ETC mutants studied here
had near-wild type levels of unbudded cells arrested at G1/GO
(Figure 2B).

ETC mutants exhibit deviations from typical post—diauxic
shift gene expression

To better understand the mechanism underlying ETC mutant star-
vation survival defects, we examined gene expression throughout
a growth curve in YNB + glucose. For this experiment we compared
wild type with a subset of ETC mutants (nde 1A nde2A ndi1A and
cox4A). In addition to gene expression, we also measured standard
growth parameters including cell count, cell size, and CFUs (Figure
3, A-C). ETC mutants exhibited wild type growth until the time
when the wild type underwent the diauxic shift, which comprises an
extensive remodeling of the patterns of gene expression that are
necessitated by the absence of a fermentable carbon source once
the glucose has been exhausted (Brauer et al., 2005; Zampar et al.,
2013). When the wild type began the diauxic shift, the mutant cells
exhibited significant decreases in cell size; after roughly 24 h the
ETC mutants started losing the capacity to form new colonies
(Figure 3, B and C). Gene expression changes were also evident
starting at the point of diauxic shift—multiple clusters of genes had
a divergent pattern compared with wild type (Figure 3D).

GO term analysis of differentially regulated genes suggests that
the ETC mutant strains are failing to perform appropriate signaling
and response associated with diauxic shift gene expression (Supple-
mental Table 1). Many of the misregulated genes are annotated as
being involved in cellular signaling and remodeling: biological regu-
lation, protein modification, proteolysis, ubiquitin-dependent pro-
tein catabolism, and signal transducer activity. Because these ob-
served deviations in gene expression are coincident with the diauxic
shift, we compared the expression of the genes induced by diauxic
shift in Brauer et al. (2005) to our RNA-seq results. We compared the
495 genes present in our data among the 520 genes identified by
Brauer et al. as induced during diauxic shift and found that multiple
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FIGURE 1: Construction and confirmation of ETC mutant strains. (A) Schematic of the yeast ETC and associated target
genes for deletion. (B) Serial dilutions (1:10) of ETC deletion mutants were plated onto minimal media (YNB) with
specified carbon sources for the indicated amount of time at 30°C before photographing. (C, D) Liquid culture growth
rates of ETC mutants in YNB + glucose (C) and YPD (D) at 30°C performed in biological triplicate, as described in
Materials and Methods (raw data points are shown to the left of each bar). The indicated doubling times are significantly

different from those of wild type (*: uncorrected p value < 0.05).

clusters fail to induce in ETC mutants (Figure 3E). GO term analysis
of enriched genes in these clusters is unsurprisingly related to mito-
chondrial functions (Supplemental Table 2). Further, we used the
REDUCE suite to estimate transcription factor activity from our gene
expression data (Bussemaker et al., 2001). Consistent with GO term
analysis of gene expression clusters, we predicted that the Cat8
transcription factor was less active in ETC mutants post-diauxic shift
(Supplemental Figure 2). This prediction is consistent with the known
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role of Cat8 as a transcription factor involved in activating a wide
range of respiratory metabolism genes post—diauxic shift (Haurie
etal., 2001). Further, Aft1 activity is also lower in ETC mutants post—
diauxic shift; Aft1 is a transcription factor involved in iron utilization
and homeostasis (Supplemental Figure 2) (Yamaguchi-lwai et al.,
1995; Shakoury-Elizeh et al., 2004). In methionine mutants that fail
to survive methionine starvation, Aft1 transcription factor activity
increases (Petti et al., 2012). This is the opposite behavior observed
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FIGURE 2: ETC mutants fail to survive batch growth in YNB +
glucose. (A) Overnight cultures were pregrown in YNB + glucose and
then subcultured into fresh YNB + glucose. Samples were taken at the
indicated time points, and dilutions were plated to measure CFUs.

(B) The fraction of unbudded cells was measured at both log phase
and stationary phase (after 3 d in YNB + glucose). Shown is the
average and standard deviation for three biological replicates, along
with raw data plotted as points. A minimum of 300 cells were counted
for each replicate.

in ETC mutant starvation, suggesting that Aft1 activity is not simply
an indicator of lethal starvation conditions. These results highlight
that removal of an ETC structural gene has wide-ranging impacts on
gene expression, which implies that the ETC components play an
active role in nutrient sensing/signaling.
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Examination of potential nutrient deficit(s) in the YNB +
glucose starvation regime

Growth to saturation in YNB + glucose is often used to induce star-
vation, though it is not clear which nutrient actually becomes limit-
ing. To try to determine which nutrient is limiting and whether this is
related to the starvation defect observed in ETC mutants, we first
attempted to supplement excess nutrients into YNB + glucose and
observe the effect on starvation of wild type cells compared with the
mitochondrial NADH dehydrogenase mutant (nde 1A nde2A ndi1A).
Notably, only glucose had any effect, decreasing starvation-associ-
ated lethality (Supplemental Figure 3A). We next tested multiple
concentrations of glucose in YNB + glucose, measuring survival over
time. Interestingly, increasing glucose concentrations delayed, but
did not prevent, cell death (Supplemental Figure 3B). Two excep-
tions to this included extremely high concentrations of glucose, 16%
and 20%, though both conditions still retained residual glucose by
the end of the experiment (Supplemental Figure 3, B and C). We
also considered the possibility that continued exposure to ethanol
after growth could affect survival of ETC mutants. Notably, replace-
ment of conditioned media with YNB (no glucose) or YNB + ethanol
(3% or 6%) equally delayed cell death, but the mitochondrial NADH
dehydrogenase mutant (nde1A nde2A ndi1A) still died much faster
than wild type (Supplemental Figure 3D). Finally, to test whether
glucose is in fact limiting in YNB + glucose, we titrated various
amounts of glucose or YNB mixture in minimal medium and mea-
sured the total cell density after 4 d of growth. It appears that add-
ing excess YNB supports more cell growth than adding excess glu-
cose, suggesting that standard YNB + glucose growth medium is
not necessarily a simple carbon-limiting regime (Supplemental
Figure 3E). The possibility that toxic molecules have accumulated
has not been explicitly ruled out. Taken together, our results suggest
that neither glucose alone, nor ethanol, is the sole cause of ETC
mutant starvation survival defects. This is consistent with the gene
expression results that suggest that lethality derives from a broader
signaling defect associated with the diauxic shift, rather than a de-
pleted nutrient per se.

ETC starvation defect is suppressed by mutations in major
nutrient sensing and signaling pathways

To assess the role of the ETC in starvation survival, we performed
an unbiased genetic suppressor screen to identify mutations that
would allow an ETC mutant to better survive starvation. For each
of the six strains that exhibited extremely poor survival in YNB +
glucose, 96 independent cultures were inoculated and grown for
7 d. The entire culture volume was plated onto YPD to identify
suppressors for 72 of the cultures, while the remaining cultures
were used to estimate the mutation rate using the Luria-Delbruck
fluctuation assay as recently adapted (Lang, 2018) (Supplemental
Table 3). Potential suppressors were isolated and retested to con-
firm suppression activity. After this confirmation step, the remain-
ing suppressor strains were used for whole genome sequencing to
identify potentially causative suppressor mutations as described in
Materials and Methods. A number of potentially causative sup-
pressor mutations were identified, with many of them occurring in
only a few biological pathways, including the Ras/PKA, TORCT,
and PP2A pathways (Supplemental Table 4). Similar genes were
mutated regardless of the ETC gene deletion, suggesting that
these suppressor mutations repair the ETC starvation survival de-
fect in general, and not through a particular ETC complex-specific
mechanism. Similarly, Akdogan et al. (2016) demonstrated that
decreasing PKA activity can increase the lifespan of respiratory
incompetent mitochondrial DNA (mtDNA) deficient cells, and
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FIGURE 3: Gene expression defects in ETC mutants at diauxic shift. The indicated strains were grown in YNB + glucose
at 30°C, and periodic samples were taken at 0, 2, 4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 18, 20, 22, 24, 28, 32, 38, 46,
and 58 h to measure cell count (A), cell diameter (B), CFUs (C), and mRNA levels (D). (E) Comparison of genes induced
at diauxic shift from *Brauer et al. (2005) with gene expression in ETC mutants. To the right of both heat maps, selected
clusters for GO term analysis (results in Supplemental Table 2) are labeled with either Roman numerals |-V (C) or letters
A-C (D). Further details are provided in Materials and Methods.

Dolz-Edo et al. (2019) demonstrated that PKA activity regulates
survival of stationary-phase cells grown in buffered, supplemented
minimal media. Further, our results are in agreement with observa-

tions that decreased TORC1 pathway signaling has been shown to
increase the chronological lifespan in S. cerevisiae (Powers et al.,
2006).
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Gene Source Function Mutation? Del.
IRA1T This work Ras/PKA; GTPase-activating protein for Ras A1657V No
IRA2 This work Ras/PKA; GTPase-activating protein for Ras Multiple® No
CDC25¢ This work Ras/PKA; GEF for Ras Multiple® n.d.e
RAS1 This work Ras/PKA; GTP-binding protein D126N, A25P No
RAS2 This work Ras/PKA; GTP-binding protein Null Yes
CYR1d This work Ras/PKA; adenylate cyclase Multiple® n.d.
SRV2 This work Ras/PKA; cyclase-associated protein M8l Yes
TPD3¢ This work PP2A,; regulatory subunit A of PP2A Multiple® n.d.
CDC55 This work PP2A; regulatory subunit B of PP2A Null Yes
RTS1 This work PP2A; regulatory subunit B of PP2A Null Yes
PPM1 Boer et al., 2008 PP2A; methylates/regulates PP2A n/af Yes
PPH21 This work PP2A,; catalytic subunit; PPH22 paralogue n/af Yes
PPH22 This work PP2A; catalytic subunit; PPH21 paralogue n/af Yes
TOR1 Boer et al., 2008 TOR; subunit of TORC1 n/a’ Yes
TCO89 This work TOR; subunit of TORC1 Null Yes
MDS3 This work TOR; putative TOR regulator Null Yes
TUST This work TOR; Rho1 GEF, suppressor of tor2 Y954H Yes
SCH9 Boer et al., 2008 TOR,; kinase involved in nutrient signaling n/af Yes
CCR4 This work CCR4-NOT; gene expression regulator Null Yes
CDC3% This work CCR4-NOT; gene expression regulator $1903ns9 n.d.
SRB8 This work RNAPII mediator subunit; glucose repression Null Yes
SSN8 This work Cyclin-like RNAPII component; glucose repression Null Yes
PHO85 This work Cyclin-dependent kinase; nutrient response AF158-A176 Yes

RNAPII, RNA polymerase II.

Specific mutation or mutation category observed.
bSuppression confirmed by gene deletion.

See Supplemental Table 4 for detailed list of mutations.
dEssential gene.

eNot determined (because gene is essential).

fThese genes were added to this confirmation due to observation in previous study or association with identified pathway (rather than identification from this genetic

screen).
9ns indicates a nonsense allele (insertion of a stop codon).

TABLE 1: ETC suppressor confirmation.

Many of the suppressor mutations, though not all, were pre-
dicted loss-of-function mutations (Supplemental Table 4). We con-
firmed suppression activity by constructing deletion mutants for
each nonessential suppressor gene in combination with two differ-
ent ETC genes (Table 1). We recapitulated suppression for the vast
majority of these deletion mutations, with a few exceptions; for ex-
ample, deletion of IRAT and IRA2 did not cause suppression, though
when we observed mutations in these genes they almost always
occurred in combination with other mutations in the Ras/PKA path-
way (Figure 4, A and B, and Supplemental Table 4). The strength of
suppression varied between mutants, and individual suppressor de-
letions alone exhibited variation in growth rate (Supplemental
Figure 4). In addition to mutations in major nutrient sensing/signal-
ing pathways, we confirmed a number of other suppressors that are
involved with gene expression regulation (CCR4, SRB8, SSN8) and a
cyclin-dependent kinase involved with nutrient sensing/signaling
(PHOS85). While ETC mutants alone did not exhibit bud index de-
fects during starvation, we also examined whether independent
suppressor mutations alone exhibit any defects in cell cycle arrest in
stationary phase in YNB + glucose. We did not find any trends in
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bud index related to suppression of starvation lethality (Supplemen-
tal Figure 5). Taking the data together, we have identified a diverse
catalogue of mutations that can suppress this ETC mutant starvation
survival defect, implicating the ETC as having a role in regulating the
appropriate response to starvation.

Some ETC suppressor mutants are specific to starvation of
ETC mutants, while others affect starvation in general

A previous genetic screen to identify suppressors of leucine starva-
tion identified TORC1 and PP2A genes but not Ras/PKA genes
(Boer et al., 2008). While identical pathways were implicated by both
screens, Boer et al. (2008) identified a number of pathway compo-
nent genes that we did not observe as suppressors of ETC mutant
starvation lethality, including PPM1, TOR1, and SCH9. We therefore
directly tested and confirmed that these three gene deletions sup-
press ETC starvation lethality, demonstrating that our suppressor
screen was not saturating (Table 1 and Figure 4). We also wanted to
determine whether the different classes of ETC suppressor mutants
were general starvation suppressors or specific to ETC starvation
lethality. To perform this experiment, we selected a subset of

Molecular Biology of the Cell
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FIGURE 4: Confirmation of ETC starvation survival suppressors. The indicated strains were
grown overnight in YNB + glucose and then subcultured in YNB + glucose. Aliquots were
removed at the indicated time points, and 10-fold serial dilutions were spotted onto YPD to
assess CFU. YPD plates were incubated at 30°C for 3 d before photographing. Double gene
deletions are indicated with cog2A (A) and cox4A (B).

suppressor gene deletions representing each major pathway identi-
fied and then deleted LEUZ2 to make them auxotrophic for leucine.
As the goal was to examine whether the suppressor gene deletions
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could also suppress leucine starvation, these
strains did not contain the ETC gene dele-
tions and contained only a suppressor gene
deletion along with leu2A0. We used these
strains to perform leucine starvation essen-
tially as described (Boer et al., 2008). In the
case of the Ras/PKA pathway, neither ras2A
nor srv2A was able to suppress leucine star-
vation lethality (srv2A exacerbates lethality)
(Figure 5A). For the TORC1 pathway, tor1A
was able to suppress leucine starvation le-
thality, as seen in Boer et al. (2008) (Figure
5B). In contrast, mds3A was unable to sup-
press leucine starvation lethality (Figure 5B).
For suppressors related to PP2A, rts1A only
partially suppressed the lethality of leucine
starvation, while ppm1A fully suppressed
leucine starvation lethality, again as seen in
Boer et al. (2008) (Figure 5C). Finally, among
our remaining suppressors tested, pho85A
suppressed leucine starvation lethality, while
ccrdA, srb8A, and ssn8A failed to suppress
the lethality of leucine starvation (Figure 5D).
These results suggest that some of these
pathway components are specific for ETC
mutant starvation survival, rather than play-
ing a general role in all cellular starvation
conditions, and that the PKA pathway might
have a unique or specific role during ETC-
associated starvation.

ETC suppressor mutations display a
constitutive stress response before
diauxic shift

Because the ETC mutants exhibited altered
gene expression patterns during the diauxic
shift (Figure 3E), we asked whether the ETC
suppressor mutants rescued viability by also
restoring the normal diauxic shift gene ex-
pression pattern. To this end, we performed
transcriptional profiling of cells before and
at two time points after the diauxic shiftin a
wild type strain, two ETC mutants (cox4A
and cogZ2A), and four ETC mutant suppres-
sors (ras2A and rts1A in both the cox4A and
cog2A backgrounds). To examine differen-
tial patterns of gene expression, we used
the software Sleuth as described in Materials
and Methods. One of the most straightfor-
ward suppression patterns would be genes
that are induced during the diauxic shift in
wild type but not in the ETC mutants and
induced to wild type levels again in the ETC
mutant suppressors. We identified 134
genes that changed significantly differently
in both cox4A and cog2A compared with
wild type after the diauxic shift. Contrary to
expectations, only a small subset of these
genes (17 of 134; 13%) showed any sign of

restoration of wild type levels in the suppressor mutants (Figure 6A).
These genes shared no significant GO term enrichment. Of these 17
genes, only two fit the pattern of failing to induce in the cox4A and
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and searched for transcription factor activity
patterns consistent with a suppressor or by-
pass mechanism (Supplemental Figure 6).
Consistent with our other results, Msn2/4
activity appeared to be up-regulated pre-
maturely during log phase in the suppressor
mutants (Figure 6C), although the effect was
more modest in the rtsTA mutants. In sum-
mary, the ETC suppressor mutants exhibit a
constitutively active stress response, likely
mediated by Msn2/4 signaling, and this may
confer the observed restoration of viability
in the ETC mutants post-diauxic shift.
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FIGURE 5: A subset of ETC mutant starvation survival defect suppressors also suppress leucine
starvation, while others do not. To starve cells for leucine, the indicated strains containing
leu2A0 combined with suppressor gene deletions were grown overnight in leucine-limiting
medium and then subcultured into the same medium. Aliquots were removed at the indicated
time points, and 10-fold serial dilutions were plated onto YPD to assess CFU. Line plots
represent the average values and standard deviation from three biological replicates, with raw
data represented as points. Suppressors in the (A) Ras/PKA pathway, (B) Tor pathway, and

(C) PP2A pathway. (D) Suppressors related to gene expression regulation and PHOS85.

cog2A mutants and reverting toward wild type levels in the suppres-
sor mutants: MSN4 and OM14. Msn2 and Msn4 are paralogous
transcription factors critical for activating the stress response during
the diauxic shift, and Om14 is a mitochondrial outer membrane pro-
tein. Although this is a short list, these genes could be critical for
maintaining viability during the transition to stationary phase. Ex-
tending this analysis to pre-diauxic shift, we identified 180 genes
that changed expression in both cox4A and cog2A compared with
wild type before the diauxic shift. Of these, 38 (21%) restored or
partially restored a wild type expression pattern in the suppressors
(Figure 6B). These genes were enriched for the GO term “cellular
carbohydrate biosynthetic process” (six of 38; GLC3, GSY1, GSC2,
INM1, GPP1, and GAS1).

As another potential suppression mechanism, we considered a
bypass pattern of gene expression in which transcript levels did
not change differently in both cox4A and cog2A after the diauxic
shift compared with wild type but did in the ETC suppressor mu-
tants. In contrast to the small number of genes exhibiting a sup-
pressive pattern, 790 genes fit the bypass pattern, and 706 of
these were up- or down-regulated during log phase, before the
diauxic shift occurred. Most of these genes appeared to be up- or
down-regulated naturally during the diauxic shift in wild type and
were enriched for ribosome biogenesis factors, aerobic respira-
tion, and other terms generally linked to growth rate and stress
response.
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ETC mutations affect cytosolic pH

during starvation

Recent work has suggested that cytosolic pH
regulation is connected to many aspects of
cell biology, including growth phase, meio-
sis, stress response, nutrient sensing/signal-
ing, and aging (Ohkuni et al., 1998; Dechant
et al, 2010; Orij et al., 2011; Henderson
et al., 2014). To better understand the phe-
nomenon of ETC mutant starvation survival,
we also examined cytosolic pH during starvation of one ETC mutant
(cox4A) and compared these results to those of wild type cells. To
measure the cytosolic pH, we took advantage of a pH-sensitive fluo-
rescent protein, pHluorin2 (Mahon, 2011). pHluorin2 has bimodal
excitation peaks at 395 and 475 nm and an emission maximum for
both at 509 nm; the ratio of emission at each excitation is pH sensi-
tive and can therefore be used to estimate pH in cellular compart-
ments (Mahon, 2011). As previously observed, we noted that wild
type cells exhibit a decrease in cytosolic pH corresponding to cessa-
tion of growth (Figure 7) (Joyner et al., 2016). We noted that the
cox4A mutant also exhibited a decrease in cytosolic pH, though it
was more severe than in wild type cells (Figure 7). To determine
whether the genetic suppressors also suppressed the cytosolic pH
phenotype, we tested a suppressor mutation from each category of
major nutrient sensing/signaling pathways (Ras/PKA, TORC1, and
PP2A). In each case, the cytosolic pH decrease had slower kinetics
and also an intermediate value between those of wild type and
cox4A (Figure 7). Notably, the lower detection limit of pHluorin2 ap-
peared to be near a pH value of 5.5, which was also the value we
detected for the cox4A mutant (Supplemental Figure 7).

To validate our results, we performed an essentially identical ex-
periment with a different pH-sensitive fluorescent molecule that has
a lower pH detection range, mScarlet (Bindels et al., 2017). For
mScarlet, the fluorescence lifetimes are related to pH (Bindels et al.,
2017). Our calibration curve with mScarlet demonstrated an effective
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FIGURE 6: ETC mutant suppressors partially restore wild type gene
expression and cause a constitutive stress response before diauxic
shift. Results of differential gene expression for potential suppression
determinants based on postdiauxic gene expression (A) or prediauxic
gene expression (B). Samples from a YNB + glucose time course were
collected for RNA extraction at one point before diauxic shift (t1, 4 h)
and two points after diauxic shift (t2 and t3, 16 and 20 h, respectively).
RNA extraction, sequencing, and differential gene expression analysis
were performed using SLEUTH as described in Materials and
Methods. (C) Msn2/4 activity was estimated for each of the indicated
strains both pre—diauxic shift and for the average of both post-diauxic
shift time points. Transcription factor activity was estimated using the
REDUCE suite as described in Materials and Methods.

pH range from 4 to 6 (Supplemental Figure 8). As seen with pHIuo-
rin2, the cox4A mutant exhibited a much lower pH than that of wild
type cells, which was restored by the three tested suppressor muta-
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tions (Supplemental Figure 9). Notably, the cytosolic pH detected
using mScarlet for cox4A was lower than that observed with pHluo-
rin2 after starvation (average pH = 4.4 with mScarlet compared with
pH = 5.5 with pHluorin2). This suggests that some of the lower
pHluorin2 values were inaccurate due to its associated linear range,
which validated the decision to confirm these results with an inde-
pendent system. Taken together, these results demonstrate that pH
homeostasis is impaired in starving ETC mutants and that suppres-
sors of ETC starvation defects also partially restore pH homeostasis.
It remains unclear whether pH homeostasis is a cause or effect of
misregulated signaling in these cells.

DISCUSSION

The goal of this analysis was to examine the role of the ETC in star-
vation lethality, which is often used as a model of chronological ag-
ing in yeast. We began by systematically deleting subunits within
the different complexes of the ETC to yield a panel of respiratory
incompetent ETC mutants. Next, we subjected the entire panel to
starvation by growing the strains in YNB + glucose and measured
survival along with a number of other cellular parameters. We ob-
served that ETC mutants are unable to survive starvation in YNB +
glucose compared with wild type, exhibit defective diauxic shift
gene expression, and fail to regulate cytosolic pH. Further, we iden-
tified mutations in pathways such as Ras/PKA, TORC1, and PP2A,
which suppress the ETC starvation lethality phenotype. Together
these results suggest a role for the ETC in starvation response regu-
lation and also shed light on major pathways that are likely involved
during ETC-regulated starvation survival.

Genetic and environmental factors regulate ETC mutant
survival

Our ETC mutant starvation lethality phenotype is supported by simi-
lar observations in multiple publications that have also observed
starvation and/or aging phenotypes associated with ETC mutants.
For example, a systematic study of yeast genes required for starva-
tion survival identified mitochondrial genes as important for phos-
phate starvation but not leucine starvation (Gresham et al., 2011).
Another group demonstrated that only a fraction of 73 tested ETC
gene deletions had decreased lifespan in both chronological and
replicative models of aging, while multiple other mutants had no
observable defects (Hacioglu et al., 2012). McCormick et al. (2015)
systematically examined the nonessential yeast gene deletion col-
lection for mutants with an increased replicative lifespan and among
long-lived mutants found four ETC mutants including succinate de-
hydrogenase (SDH1, SDH2), cytochrome C (CYCT), and mitochon-
drial ATP synthase (ATP17) gene deletions. Kwon et al. (2015) exam-
ined 33 ETC gene deletions for starvation survival, respiratory ability,
mitochondrial membrane potential, ATP levels, and superoxide lev-
els. Many of the 33 mutants exhibited starvation lethality, though
some mutants exhibited wild type survival despite being respiratory
incompetent. While these publications link ETC gene mutations
with starvation survival and aging, Gresham et al. (2011) highlight
that starvation environment is relevant as ETC mutants survive nor-
mally during leucine starvation but rapidly lose viability in phos-
phate starvation. This observation is bolstered by other studies that
demonstrate the limiting nutrient during starvation strongly dictates
survival kinetics (Culbertson and Henry, 1975; Boer et al., 2008; Petti
etal., 2011, 2012)

Failed diauxic shift gene expression in ETC mutants
Transition from glucose fermentation to ethanol respiration and
eventually stationary phase is associated with cellular changes such
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FIGURE 7: ETC mutant suppressors partially restore intracellular pH
homeostasis. The indicated strains containing pHIluorin2 were grown
in YNB + glucose in a plate reader at 30°C with constant shaking as
described in Materials and Methods. (A) Plate reader growth curve
(OD¢no)- (B) Calculated pH curves based on pHluorin2 calibration
(Supplemental Figure 7). The line indicates the average of three
biological replicates, while the lower-intensity color represents the
standard deviation.

as thickening of the cell wall and increasing mitochondrial content,
as well as activating genes associated with respiratory metabolism
and stress resistance (Werner-Washburne et al., 1993). Apart from
the mitochondrial network rapidly occupying a greater volume of
the cell, proteins associated with mitochondrial function such as
those of the tricarboxylic acid cycle, ETC, and mitochondrial trans-
porters are up-regulated during diauxic shift (Di Bartolomeo et al.,
2020). Along with an up-regulation of mitochondrial-associated pro-
tein synthesis and physiological/morphological changes, the activity
of key nutrient sensing/signaling pathways is also affected during
the diauxic shift. For example, PKA, TORC1 and the Rim15 protein
kinase regulate entry from the exponential phase to the diauxic and
stationary phase (Galdieri et al., 2010).

We observed a subset of genes failing to exhibit wild type re-
sponses to diauxic shift in both ETC mutants tested. Many genes
that were up-regulated during diauxic shift in wild type cells are ei-
ther not increased or decreased in ETC mutants. Based on transcrip-
tion factor activity analysis, it appears that Cat8 and Aft1 transcrip-
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tion factors are the major drivers of this defect. It is not clear how the
absence of a single metabolic pathway enzyme has such wide-rang-
ing effects on gene expression, and this may not be a typical re-
sponse. During leucine limitation, a leucine metabolism mutant
(leu2-3leu2-11) was still able to induce the leucine genes (Brauer
et al., 2008) (Supplemental Figure 10). Similarly, deletion of methio-
nine biosynthetic enzyme genes, METé or MET13, did not impede
expression of other genes in methionine/sulfur metabolism during
methionine starvation (Petti et al., 2011, 2012) (Supplemental Figure
10). Notably this is not the case for uracil limitation, though expres-
sion of URA genes may not be dependent on uracil levels as previ-
ously suggested (Saldanha et al., 2004) (Supplemental Figure 10). In
contrast, it seems that disruption of the ETC affects cellular physiol-
ogy in more ways than by simply blocking oxidative phosphoryla-
tion. The expression of oxidative metabolism genes appears to be
regulated by the presence of an active ETC, though the molecular
mechanism of this remains unclear.

Examination of ETC suppressor gene expression led to the ob-
servation that ETC suppressors have up-regulated Msn2/4 activity
compared with ETC mutants alone. Msn2/4 comprise a pair of par-
tially functionally redundant transcription factors that aid in cellular
stress response by controlling the expression of stress-responsive
genes (Martinez-Pastor et al., 1996; Estruch, 2000; Gasch et al.,
2000). The Msn2/4 transcription factor regulates diauxic shift-in-
duced genes and is a known target of Ras/PKA regulation, indicat-
ing an important role in starvation survival (Boy-Marcotte et al.,
1998; Gorner et al., 2002). While there has been some debate about
the role of TORC1 signaling in regulating Msn2/4, PP2A activity is
both connected to TORC1 activity and a known regulator of Msn2/4
nuclear localization and chromatin binding (Santhanam et al., 2004;
Powers et al., 2006; Broach, 2012; Reiter et al., 2013). Notably the
examined suppressor mutations did not increase the activity of Cat8
or Aft1. Together these results further suggest that many of our sup-
pressors act downstream of the ETC nutrient sensing/signaling de-
fect by activating the stress response through Msn2/4, though it is
not clear why there is variability in ETC starvation survival compared
with leucine starvation survival for individual suppressor mutants.

Cytosolic pH dysregulation is associated with ETC mutant
survival defects

Cytosolic pH is highly regulated and important for the maintenance
of various cellular activities. Cytosolic pH is associated with growth
rate, diauxic shift, carbon source utilization, protein interactions, and
mitochondrial functions and has been suggested to play a role in
nutrient sensing/signaling (Orij et al., 2009, 2011, 2012; Dechant
etal., 2010; Isom et al., 2018; Leemputte et al., 2020). For example,
glucose-starved cells display a drop in cytosolic pH (Martinez-Mu-
fioz and Kane, 2008; Orij et al., 2009; Joyner et al., 2016). Addition-
ally, ethanol stress and associated oxidative and cell wall stress also
result in decreased cytosolic pH (Charoenbhakdi et al., 2016). It is
likely that nutrient sensing and signaling pathways such as PKA and
TORC1 act together in the regulation of pH homeostasis, as PKA
activity has been associated with starvation-induced cytosolic pH
changes and TORC1 is associated with the H*-ATPase Pma1, a ma-
jor regulator of cytosolic pH (Deprez et al., 2018; Saliba et al., 2018;
Dolz-Edo et al., 2019). Acidification of cytosolic pH results in a
change of the cytoplasmic state from fluid to solid-like (Munder
etal., 2016). Cytoplasmic transition to this solid-like state appears to
be important for cells to survive starvation stressors such as limited
glucose availability (Munder et al., 2016). We recapitulated the
observation that diauxic shift is coincident with a cytosolic pH drop
of roughly 1 pH unit in wild type cells. As ETC mutants display a
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markedly reduced cytosolic pH and because ETC suppressors are
able to restore a more normal cytosolic pH, it is possible that ETC
mutant survival is related to inappropriate regulation of this cyto-
plasmic phase transition. The exacerbated decrease of cytosolic pH
in the ETC mutants could be due to failed nutrient sensing/signaling
through the PKA pathway. While the mechanism by which PKA con-
trols cytosolic pH is not known, it is also possible that irregular PKA
activity in ETC mutants together with decreased ATP production
results in Pma1 inactivation, resulting in a lowered ability to pump
protons out of the cell, affecting the cytosolic pH and TORC1 activ-
ity. ETC suppressors may bypass the failed nutrient sensing/signal-
ing and act as if cells are stressed, supported by our observation
that suppressors have increased Msn2/4 activity, allowing them to
maintain H* concentrations similar to that of wild type. Further, ETC
suppressors may exhibit slower pH changes due to similar altera-
tions in stress response activity and/or altered Pma1 activity.

Conclusions

Together these results suggest that the ETC mutants fail to survive
because of a cellular signaling failure of the onset of the extensive
physiological changes associated with the diauxic shift (such as pH
changes) in the absence of respiratory competence. The details of
this signaling remain unclear. One possibility is that this happens via
retrograde signaling, a mitochondrial stress response mechanism.
Mitochondrial dysfunction triggers retrograde signaling to signal
mitochondrial dysfunction to the nucleus, which in turn activates a
number of pathways to mitigate such a perturbation such as a rewir-
ing of nitrogen metabolism (Liu and Butow, 2006; Jazwinski, 2013;
Da Cunha et al., 2015). Retrograde signaling is also connected to
the Ras/PKA and TORC1 pathways (Matsuura and Anraku, 1993;
Kirchman et al., 1999, Liu et al., 2001; Kawai et al., 2011). Together
these results indicate that retrograde signaling is a possible interme-
diary between the ETC role in starvation survival and major nutrient
pathways. Future work is required to delineate the network connect-
ing the ETC to events upstream of stress response activation, includ-
ing determining the ETC role in modulating Ras/PKA or other path-
ways, along with its role in activating appropriate diauxic shift
response genes.

MATERIALS AND METHODS

Yeast media, growth, and starvation

Yeast cell growth and standard laboratory manipulations were per-
formed as described. All media used were either minimal (0.67%
YNB with ammonium sulfate without amino acids plus 2% indicated
carbon sources) or rich (2% bacto peptone, 1% yeast extract, 2%
indicated carbon sources). Exceptions are noted in the text (for ex-
ample, YPGE medium contained 2% bacto peptone, 1% yeast ex-
tract, 3% glycerol, and 2% ethanol). YNB + glucose is used through-
out the text to indicate minimal medium containing 2% glucose (this
is also commonly referred to as synthetic dextrose, or SD). All media
components described are indicated as weight per volume. Cell
concentration was monitored by measuring the optical density at
600 nm (Thermo Fisher Scientific Genesys 6 UV-Vis Spectrophotom-
eter). Cell concentration was also monitored, along with cell vol-
ume, using a Z2 Coulter Counter (Beckman Coulter). Bud index was
measured by counting at least 300 cells using a hemocytometer.
Strain growth comparisons using pronging were performed by
growing overnight cultures in the indicated media and then collect-
ing, washing, and diluting them to an ODqp of 1.0. From this solu-
tion, a series of 10-fold serial dilutions were prepared in a 96-well
plate and then spotted onto the indicated growth media using a
48- or 96-pin replicating tool (Sigma-Aldrich). Standard YNB + glu-
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cose starvations were performed by diluting YNB + glucose over-
night cultures into fresh YNB + glucose and then allowing them to
grow to saturation. Leucine starvation was performed essentially as
described in Boer et al. (2008). Briefly, cultures were grown over-
night in leucine-limited media (15 mg/| leucine) at 30°C and then
subcultured the next day into fresh leucine-limited media. Samples
were taken at the indicated time points. A series of 10-fold serial
dilutions were prepared in a 96-well plate and then spot-plated onto
YPD media.

Yeast strain construction

All strains were made in a GAL*, HAP1-repaired, prototrophic de-
rivative of $288C (Supplemental Table 5). The original strain was a
kind gift from the Winston lab (Harvard Medical School), where it
was constructed and designated FY2648 (Hickman and Winston,
2007; Hickman et al., 2011). Gene deletions were constructed by
transforming PCR products amplified from plasmids containing dif-
ferent deletion cassettes: pFAbéa-kanMX for kanMX, pAG32 for
hphMX, and pAC372 for natAC (Wach et al., 1994; Lorenz et al.,
1995; Goldstein and McCusker, 1999). The plasmid pAC372 was a
kind gift from Amy Caudy (University of Toronto), and the natAC
cassette includes a yeast-codon-optimized nourseothricin-resis-
tance gene, flanked by the same Ashbya gossypii TEF promoter and
3" UTR in the other MX cassettes. Primers were designed with 40
flanking base pairs identical to the upstream and downstream re-
gion of genes to be deleted by homologous recombination. All
gene deletions were made by transformation into a diploid to get a
heterozygote, which was confirmed by PCR and then dissected to
get MATa and MAT o segregants. All combinatorial gene deletion/
insertion strains were made by mating, sporulating, and tetrad dis-
section. Auxotrophic alleles of LEU2 and URA3 crossed into these
strains were originally described by Brachmann et al. (1998). The
pHluorin2 and mScarlet strains were constructed by transformation
of a construct containing the TDH3 promoter upstream of either
pHluorin2 or mScarlet into the CANT locus of haploid parents.
Strains were confirmed by canavanine selection, PCR amplification
of either pHluorin2 or mScarlet from the CAN1 locus, fluorescence,
and Sanger sequencing of the entire locus. All combinatorial gene
deletion/insertion strains were made by mating, sporulation, and
tetrad dissection. Sporulation was performed by growing cells to
log phase in rich media, collecting cells by centrifugation, washing
them once in 1% potassium acetate, and then resuspending them in
1% potassium acetate. Cells were then incubated at room tempera-
ture on a roller wheel for at least 4 d before tetrad dissection.

Genetic suppressor screen

All screens were performed by growing independent cultures of a
MATa and MATo version of each mutant overnight in YNB + glucose,
followed by dilution into fresh YNB + glucose at a concentration of
102 cells/ml. This solution was dispensed into a 96-well plate (100 pl
per well, roughly 10 cells per well), and because of the low dilution,
each well was treated as an independent culture for the purposes of
generating suppressor mutations. Each plate contained a single
ETC mutant strain and an equal number of wells for each mating
type. Plates were incubated with shaking at 30°C for 7 d. For each
strain, 72 of the resulting cultures were plated in their entirety onto
YPD to identify starvation suppressors. The remaining 24 cultures
were pooled to measure cell density and estimate the number of
cell divisions that had occurred for calculation of mutation rate
(Lang, 2018). A single colony was patched from each culture with
suppressors (unless there were too many colonies to identify an
independent colony, as seen in "jackpot” mutation cultures).
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Suppression was then confirmed by repeating the suppressor iden-
tification assay and comparing CFUs to ETC deletion strain parents.
In the end, 131 independent suppressors were selected for whole
genome sequencing, along with ETC mutant parent strains for com-
parison. Genomic DNA libraries were prepared using the TruSeq
DNA library prep kit (lllumina) and sequenced using an lllumina
HiSeq 2500 to an average coverage depth of 200x. lllumina adapt-
ers were trimmed from the reads by Trimmomatic, and the reads
were aligned to the S. cerevisiae reference genome (R64.2.1; www.
yeastgenome.org) using BWA-MEM with default options selected
(Li, 2013; Bolger et al., 2014). Potential variants unique to suppres-
sor strains were identified using freebayes (Garrison and Marth,
2012). All potential variants were manually examined in an Integra-
tive Genomics Viewer (Robinson et al., 2012; Thorvaldsdéttir et al.,
2012). Potentially causative mutations were identified for ~90% of
the suppressors.

RNA extraction, RNA-seq, and gene expression analysis

For RNA-seq, samples were collected for RNA extraction by vacuum
filtration onto nylon filters. Filters were immediately placed into
tubes, submerged into liquid nitrogen, and stored at -80°C until
RNA extraction. RNA was extracted by the acid-phenol method.
Briefly, samples were resuspended in 500 pl of lysis buffer (10 mM
EDTA, 0.5% SDS, 10 mM Tris, pH = 7.5) and 500 pl of acidified phe-
nol (pH = 4.3). Samples were then incubated at 65°C for 60 min with
agitation every 5 min. For the ETC growth curve, samples for RNA
extraction were collected at 0, 2, 4, 5, 6,7, 8,9, 10, 11, 12, 13, 14,
15, 16, 18, 20, 22, 24, 28, 32, 38, 46, and 58 h. Samples were
cleaned using the Direct-Zol MiniPrep Plus kit according to manu-
facturer instructions (Zymo Research). For ETC suppressors, samples
were collected for RNA extraction at one point before diauxic shift
(t1, 4 h) and two points after diauxic shift (t2 and t3, 16 and 20 h,
respectively). RNA was isolated identically, though the RNA was pu-
rified using Direct-zol-96 MagBeads according to manufacturer in-
structions (Zymo Research). RNA quality and concentration were
assayed using a Fragment Analyzer instrument. RNA-seq libraries
were prepared using the TruSeq Stranded Total RNA kit paired with
the Ribo-Zero rRNA removal kit (lllumina). Libraries were sequenced
on an lllumina HiSeq 4000 instrument. Basecalls were performed
using CASAVA version 1.4 (lllumina). Reads were demultiplexed into
fastq files using bcl2fastq2 v2.20.0.422. TPMs were calculated from
fastq files using Salmon v0.91 and the "-noEffectiveLengthCorrec-
tion option” and the default transcriptome from the Saccharomyces
Genome Database corresponding to genome build SacCer3 (The
Bioconductor Dev Team, 2014). Differential expression analysis (re-
lated to Figure 6) was performed using Sleuth (Pimentel et al., 2017).
Briefly, the model used in Sleuth was "~cox4 + coq2 + cox4:ras2 +
coxd:rts1 + cox4:tco89 + cog2:ras2 + cog2:rts1 + coq2:tco89” (":"
indicates an interacting term, so cox4:ras2 will ask whether the cox4
ras2 double mutant is significantly different from the cox4 mutant;
the cox4 mutant, on the other hand, is compared with wild type).
This model was run twice, once on pre—diauxic shift samples and
once on post—diauxic shift samples. The call to Sleuth, including
specified parameters, was sleuth_prep(s2c, as.formula(model), min_
reads = 2, min_prop = 0.2, target_mapping = t2g, read_bootstrap_
tpm = TRUE, extra_bootstrap_summary = TRUE).

Transcriptional activity inference was performed using the Trans-
factivity program from the REDUCE suite on the TPM value matrix,
floored at one TPM and row-normalized against the mean value
(Bussemaker et al., 2001). The position-specific affinity matrix
(PSAM) list was obtained from YeTFaSCo expert-curated motifs
(http://yetfasco.ccbr.utoronto.ca/1.02/Downloads/Expert_PFMs.
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zip) along with a promoter file containing up to a 600 base pair pro-
moter sequence for each gene (for genes with fewer than 600 base
pairs between the neighboring gene, the full intergenic, noncoding
sequence was used) (de Boer and Hughes, 2012). For visualization,
transcription factor activity coefficient values were rescaled between
-1 and 1 for each motif by dividing each motif value by its own larg-
est absolute value, allowing easier comparison between different
transcription factor activities. For production of transcription factor
activity heat maps, only motifs with an uncorrected p < 0.0001 in at
least four samples were shown as significant (Supplemental Figures
2 and 6).

For the ETC growth curve, each time-series experiment was first
floored at three TPM and then zero-normalized before hierarchical
clustering was performed (Pearson uncentered metric, average link-
age) using Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/
cluster/) (de Hoon et al., 2004). Nonnormalized time-zero data were
also compared to confirm that no significant changes were present;
most changes were relatively low fold change and appeared to be
related to the slower growth rate observed in ETC mutants (Supple-
mental Figure 11). Data were visually represented, examined, and
exported using Java TreeView version 1.1.6r2 (http://jtreeview.
sourceforge.net/) (Saldanha, 2004).

Measurement of cytosolic pH
For pHluorin2-based measurements, strains with and without TDH3
promoter—driven pHluorin2 integrated into the CANT locus were
grown overnight in YNB + glucose. Overnight cultures were then
diluted to an ODggp = 0.1 in YNB + glucose. Cultures of each strain
(200 pl) were run in a Costar 96-well plate in a BioTek model Synergy
H1 Hybrid Reader plate reader (BioTek). The plate reader incubation
was performed for 48 h with the following parameters: 30°C, dou-
ble-orbital continuous shaking, and measurements every 15 min of
ODg¢qo (for cell density), ex. 470 nm/em. 510 nm, and ex. 395 nm/
em. 510 nm (for pHluorin2). Background autofluorescence was re-
moved using values from the non—pHluorin2 containing strains, and
then the 470:395 ratio was used to estimate pH based on a standard
curve. Three biological replicates were performed for each strain. To
generate the standard curve, permeabilized cells were incubated in
pH standards ranging from 5.5 to 8.0, with 0.5 pH unit intervals es-
sentially as described (Carmody, 1961). Briefly, 40 pl aliquots of cells
(ODggp = 5) were combined with 158 pl of pH buffer and 2 pl of 10%
digitonin in dimethyl sulfoxide and then incubated for 10 min at
room temperature (Carmody, 1961). Fluorescence measurements
were performed as described above, including samples for back-
ground autofluorescence. Five technical replicates were averaged
for two separate biological replicates for each pH standard for each
strain analyzed. Using Microsoft Excel, a polynomial equation was
fitted to the resulting standard curve for the pH range 5.5-8.0: y =
1.241x% — 4.1309x + 8.9791, where y is the calculated intracellular
pH and x is the ratiometric pHIuorin2 value (Supplemental Figure 7).
For mScarlet fluorescence lifetime imaging, time-resolved im-
ages were acquired on an SP8 confocal microscope (Leica Biosys-
tems) and analyzed using PicoQuant software. For simplicity in the
quantification, because mScarlet fluorescence displays a double
exponential decay, we used the average photon arrival time as the
readout instead of fitting the data. A total of 1500 photons at the
maximum pixel value were collected per decay measurement. Sam-
ples were excited at 561 nm at 40 MHz using a HC PL APO CS
40x/0.85 objective at laser intensities that maintained a collection
rate below 1000 kcounts/s on a HyD SMD detector. The emission
window was 579-750 nm. For calibration, 500 photons were col-
lected from permeabilized samples as described above for a pH

Molecular Biology of the Cell



range from 4.0 to 8.0. For display of mean photon arrival times, we
applied a Gaussian filter of 500 nm using PicoQuant software. The
images were exported for analysis using FIJI (Schindelin et al., 2012).
Segmentation of yeast was performed using the auto-threshold and
watershed functions on the intensity images, and the regions of in-
terest were used to calculate the mean of the average photon arrival
time per yeast. Conversion of the mean photon arrival time to pH
was performed by interpolation on the calibration curve values in
Python.

Confirmation of mitochondrial genome stability in ETC
mutants

Multiple studies have suggested that loss-of-function mutations in
ETC components can lead to destabilization of mtDNA, poten-
tially converting a single nuclear gene deletion strain into a rho®
strain (Merz and Westermann, 2009; Zhang and Singh, 2014,
Stenger et al., 2020). Among ETC complex genes, it is notable that
these cases are often restricted to mutations associated with mito-
chondrial ATP synthase function (complex V), which suggests that
this phenomenon may not be associated with all ETC gene dele-
tions, but perhaps only those that result in destabilized membrane
potential across the inner mitochondrial membrane (Contamine
and Picard, 2000; Wang et al., 2007). Although the ETC mutants
presented here did not exhibit the slow growth or colony size phe-
notypes associated with complete ablation of the mitochondrial
genome, we used PCR to test whether two of our ETC mutants still
contained mtDNA. Both cog2A and cox4A mutants still maintained
mitochondrial genome integrity based on amplification of three
different genes encoded in the mitochondrial genome (Supple-
mental Figure 12).

Data accessibility

All raw RNA-seq data for both the ETC growth curve and ETC sup-
pressor gene expression experiments are available for download
from gene expression omnibus (GEO) (GEO accession numbers
GSE140353 and GSE140352, respectively). Additionally, a number
of files are available to download associated with these articles. De-
tails about each file and their contents can be found in the Supple-
mental “Downloadable Data Files Summary” document, also avail-
able for download. Briefly, these files include the TPM files associated
with RNA-seq for both the ETC growth curve and ETC suppressor
gene expression experiment, transcription factor activity coefficients
and p values associated with REDUCE analysis for both RNA-seq
data sets, and files associated with the differential gene expression
analysis performed on the ETC suppressor RNA-seq data using
SLEUTH (sample covariates file, SLEUTH results file, and a file con-
taining lists of differentially expressed genes described in the article
and shown in Figure 6).
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