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ABSTRACT: For yeast cells, tolerance to high levels of ethanol is vital ~Saccharomyces Tolerance mechanisms
both in their natural environment and in industrially relevant conditions. ~cerevisiae strain
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We recently genotyped experimentally evolved yeast strains adapted to \ \ > .
high levels of ethanol and identified mutations linked to ethanol Ancesiral * Ethanol Genomics
tolerance. In this study, by integrating genomic sequencing data with
quantitative proteomics profiles from six evolved strains (data set -
] . : Ao d ] - Quantitative
identifier PXD006631) and construction of protein interaction networks, proteomics
we elucidate exactly how the genotype and phenotype are related at the ]

e Q LN

molecular level. Our multi-omics approach points to the rewiring of T \ i. ./.

numerous metabolic pathways affected by genomic and proteomic level
changes, from energy-producing and lipid pathways to differential
regulation of transposons and proteins involved in cell cycle progression. One of the key differences is found in the energy-
producing metabolism, where the ancestral yeast strain responds to ethanol by switching to respiration and employing the
mitochondrial electron transport chain. In contrast, the ethanol-adapted strains appear to have returned back to energy production
mainly via glycolysis and ethanol fermentation, as supported by genomic and proteomic level changes. This work is relevant for
synthetic biology where systems need to function under stressful conditions, as well as for industry and in cancer biology, where it is
important to understand how the genotype relates to the phenotype.
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Bl INTRODUCTION of exposure to increasing levels of ethanol over 200
generations.” The genetic variations that occurred during the
course of these long-term evolutionary experiments are
implicated in a diverse set of metabolic pathways.

Although many studies have focused on identification of
specific mutations that increase ethanol tolerance, mechanistic
insight into the long-term adaptation to high ethanol levels is
still lacking. The details on how individual mutations
contribute to cellular adaptation, the role of differentially
regulated proteins in response to stress conditions, and how
networks are rewired are unknown. This may partly be due to
most studies using only a single type of omics data, while a
multi-omics approach is required to identify precise regulatory
events taking place during adaptation to ethanol stress.

In this work, we therefore aimed to elucidate the route from
genomic and proteomic changes to the ethanol-tolerant
phenotype in yeast. To this end, we developed an integrated

Normal metabolic functioning of a yeast cell produces one of
its most important stress-causing agents, ethanol. In high
glucose and aerobic conditions, Saccharomyces cerevisiae uses
glycolysis as its main source of adenosine triphosphate (ATP)
and produces ethanol via aerobic fermentation, whereas
respiration is repressed (known as the Crabtree effect), likely
bringing yeast competitive advantages.”” However, the
increasing ethanol levels result in stress to yeast cells,
ultimately leading to growth arrest and cell death. Cells have
therefore developed a number of strategies to overcome the
exposure to high levels of stress, typically by inducing cellular
changes through regulatory networks.”™ Studies on the
survival and adaptation mechanisms under ethanol assaults
provide an ideal opportunity to identify and understand the
regulatory events underlying this complex phenotype. It is well
established that prolonged stress causes the accumulation of
genomic mutations, which can in turn lead to adaptation.®
Besides the acquisition of mutations, the consequences of Received:  February 18, 2021
ethanol stress range from slow growth, altered metabolic fluxes Published: July 8, 2021

and biosynthetic activities, production of heat-shock proteins,

larger cell size, and chan;es in protein abundances to cell

death, reviewed elsewhere.” In a previous study, we discovered

novel genetic mutations in budding yeast that were the result
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Figure 1. Overview of the workflow combining experimental and computational methods to unravel mechanisms underlying yeast ethanol
tolerance. In our previous work (Voordeckers et al.*), ancestral yeast strain (ANC; shown in blue) was exposed to increasing ethanol concentration
through 200 generations in two separate reactors (A and B); at the end point of the experimental evolution, three clones from each reactor (A1—A3
and B1-B3; shown in red) were sequenced. In this work, quantitative proteomics was performed using 3 technical replicates of each of these 6
ethanol-adapted clones, as well as the ancestral one, grown in either 0 or 6% ethanol (panel 1). After removing the slow growth signature proteins,
differentially regulated proteins were identified in the data (panel 2) and used for the construction of protein—protein interaction networks (panel
3), in which the genomics data from our previous work has also been integrated (panel 4).

computational and experimental strategy (Figure 1) to
understand the underlying ethanol tolerance mechanisms at
the molecular level. More specifically, we performed label-free
protein quantification on long-term stress-adapted yeast strains
under two different conditions (0 and 6% ethanol). We then
compared the protein abundance changes in response to
ethanol in adapted strains with the ancestral strain and related
the genomic mutations to the regulatory circuits in the context
of ethanol stress. With our multi-omics strategy, we predict the
contribution of specific proteins and mutations to potential
cellular adaptation mechanisms and protein regulation patterns
under ethanol stress.

H EXPERIMENTAL PROCEDURES
Experimental Setup and Cell Growth

Evolved isolates were previously described® and all originated
from a diploid, prototrophic S. cerevisiae S288c strain, which
was grown in two separate reactors (A and B) through 200
generations of experimental evolution under increasing ethanol
concentration (from 6 to 12% EtOH). For all culturing steps,
filter-sterilized YPD (yeast extract, peptone, 4% dextrose)
media was used. Filter sterilization was done using the Corning
bottle-top vacuum filter system with a polyethersulfone
membrane of 0.22 um pore size. Three biological replicates
of each strain (Al, A2, A3; B1, B2, B3) were grown in YPD
(4% glucose) to early exponential phase (ODgyonm ~ 0.4).
Cultures were divided into two, spun down, washed once with
YP, and one pellet was resuspended in YPD (4% glucose)
while the other pellet was resuspended in YPD (4% glucose)
supplemented with 6% EtOH (v/v). Cells were grown for two
generations before sampling for global proteome profiling.
Pellets were washed twice with phosphate-buffered saline
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(PBS) to wash away any growth medium and subsequently
frozen at —80 °C until further processing. A total of 42 samples
were prepared for liquid chromatography—mass spectrometry
(LC—MS)/MS analyses, belonging to biological triplicates of 7
strains (ancestral and 6 ethanol-adapted strains A1—B3) grown
in 0 and 6% EtOH (v/v).

Mass Spectrometry and Protein Quantification

Sample Preparation and LC—MS/MS Analysis. The
washed cell pellets were dissolved in 2 mL of lysis buffer (50
mM Hepes, 8 M urea) of which S00 uL was used to continue
the protocol. Lysis was performed using FastPrep Lysis Matrix
C beads. Tubes were vortexed 7 times for 10 s using a FastPrep
machine at 4 °C. After that, the samples were sonicated to
ensure complete lysis of the cells. Sonication was done with §
pulses of 10 s at an amplitude of 20% using a VCX130 with a 3
mm probe (Sonics & Materials), whereas the complete lysis
was observed under a microscope. After centrifugation to
remove insoluble components, the supernatant containing
around 500 pg of protein sample was used to continue with the
protocol. Proteins were reduced (S mM DTT, incubation for
30 min at 55 °C), alkylated (100 mM iodoacetamide for 15
min at room temperature in the dark), and digested by endo-
LysC (2 pg LysC (Wako) (1/250, w/w) for 4 h at 37 °C),
followed by overnight digestion with S ug of trypsin at 37 °C.
The resulting peptide mixtures were desalted using C18 spin
columns to remove excess reagents and urea. After elution
from the C18 columns, aliquots containing 50 ug of peptides
were dried completely by vacuum drying and stored at —20 °C.
For LC—MS/MS analysis, samples were redissolved in batches
of five before injection in 50 yL of 0.1% formic acid in water/
acetonitrile (98:2, v/v) of which 2 yL was injected for LC—
MS/MS analysis on an Ultimate 3000 RSLC nano LC

https://doi.org/10.1021/acs jproteome.1c00139
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(Thermo Fisher Scientific, Bremen, Germany) in-line con-
nected to a Q Exactive HF mass spectrometer (Thermo Fisher
Scientific). The peptides were first loaded on a trapping
column (made in-house, 100 um internal diameter (ID) X 20
mm, 5 ym beads C18 Reprosil-HD, Dr. Maisch, Ammerbuch-
Entringen, Germany). After flushing the trapping column,
peptides were loaded in solvent A (0.1% formic acid in water)
on a reverse-phase column (made in-house, 75 ym ID X 400
mm, 3 ym beads C18 Reprosil-Pur, Dr. Maisch) and eluted by
an increase in solvent B (0.1% formic acid in acetonitrile) in
linear gradients from 2 to 30% in 100 min and then from 30 to
56% in 40 min, followed by a washing step with 99% solvent B,
all at a constant flow rate of 250 nL/min. The mass
spectrometer was operated in data-dependent, positive
ionization mode, automatically switching between MS and
MS/MS acquisition for the 16 most abundant peaks in a given
MS spectrum. The source voltage was set at 3.4 kV and the
capillary temperature at 275 °C. One MS1 scan (m/z 375—
1500, AGC target 3 X 10° ions, maximum ion injection time
60 ms), acquired at a resolution of 60 000 (at 200 m/z), was
followed by up to 16 tandem MS scans (resolution 15000 at
200 m/z) of the most intense ions fulfilling predefined
selection criteria (AGC target 1 X 10° ions, maximum ion
injection time 80 ms, isolation window 1.5 Da, fixed first mass
145 m/z, spectrum data type: centroid, minimum AGC target
1XE3, intensity threshold 1.3XE4, exclusion of unassigned,
singly charged precursors, peptide match preferred, exclude
isotopes on, dynamic exclusion time 12 s). The HCD collision
energy was set to 32% normalized collision energy and the
polydimethylcyclosiloxane background ion at 445.12003 Da
was used for internal calibration (lock mass).

Protein Identification and Quantification. MS data
analysis was performed with MaxQuant (version 1.5.3.30)°
using the Andromeda search engine with default search
settings including a false discovery rate (FDR) set at 1% on
both the peptide and protein levels. Spectra were searched
against a fasta file of UniProt'’S. cerevisiae reference proteome
combined with the amino acid sequences of mutated ORFs
containing nonsynonymous single nucleotide polymorphisms
(SNPs). The mass tolerance for precursor and fragment ions
was set to 4.5 and 20 ppm, respectively, during the main
search. Enzyme specificity was set as C-terminal to arginine
and lysine, also allowing cleavage at proline bonds with a
maximum of two missed cleavages. Variable modifications were
set to oxidation of methionine residues and acetylation of
protein N-termini and phosphorylation of serine, threonine,
and tyrosine residues. Only proteins with at least one unique or
razor peptide were retained leading to the identification of
3312 proteins. The proteins were quantified by the MaxLFQ_
algorithm, which is integrated in MaxQuant software. A
minimum ratio count of two unique or razor peptides was
required for quantification. Further data analysis was
performed with Perseus software (version 1.5.2.6)"' after
loading the protein groups file from MaxQuant. The
contaminants, proteins only identified by site, and reverse
database hits were removed, and replicate samples were
grouped. Proteins with less than three valid values in at least
one group were removed and missing values were imputed
from a normal distribution around the detection limit. This
resulted in a list of 2485 quantified proteins.

Data Availability. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository'” and made public under the
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data set identifier PXD006631. The corresponding PRIDE
project also contains detailed descriptions of sample
preparation and MS data analysis.

Data Filtering

The compiled label-free protein quantification LC—MS/MS
data consist of a repertoire of 2485 proteins. The regulated
proteins may not reflect the direct consequences of ethanol
stress but rather a general profile of slow growth, as suggested
by O’Duibhir et al."> Among regulated proteins by ethanol,
present in ethanol-adapted and nonadapted ancestor strains, a
large number of proteins are up- or downregulated in the slow
growth profile. These were filtered out and removed from our
proteomics profiles for all further analysis, as suggested'’
(proteins with llog2 fold changel> 2 in O’Duibhir et al. (Figure
1)). This resulted in a reduced data set of 2438 proteins. We
identified a set of proteins that are differentially regulated in O
vs 6% of ethanol in both adapted and ancestral strains, as well
as sets of proteins that are regulated in only one of those
(either adapted strains or ancestral strain). Additionally, we put
together six individual sets of proteins, one for each ethanol-
adapted strain (A1—B3), that are either regulated in 0 vs 6%
ethanol in the adapted strain but not in the ancestral strain or
vice versa. Gene Ontology enrichments among regulated
proteins were calculated using BINGO in Cytoscape (version
3.4.0)."" As background, all proteins identified by proteomics
were used, ie., 2438 proteins. The p-values were taken after
FDR correction.

Protein Mutation and Copy Number Variation (CNVs) Data

The six ethanol-adapted clones were selected from two
evolving populations, A and B, respectively’ (Figure 1, step
1; see the section Experimental Setup and Cell Growth). The
adapted populations contain single nucleotide polymorphisms
(SNPs, detected in both A and B), as well as copy number
variants (CNVs, detected only in A). The overlap between the
mutated proteins between both samples was significant, but
not complete. These mutations were integrated with protein
abundance profiles in protein interaction networks to under-
stand a possible role of mutations in protein regulation. The
impact of SNPs on protein functional regions was determined
using a Python script. NetPhosYeast 1.0 server'” was used to
check for the introduction of phosphorylation sites due to
SNPs, GPS 5.0'° to predict the kinase responsible for
modification, and mutfunc'” to predict functional consequen-
ces of introduced mutations. Where left noncited, information
about protein function was retrieved from UniProt'® or the
Saccharomyces genome database.'®

Protein Network (Re)construction and Data Integration

All yeast S. cerevisiae interactions were downloaded from the
STRING database'” to reconstruct an interaction network for
proteins of interest. Only high-confidence yeast protein—
protein interactions (combined_score > 0.7) were used in the
workflow. The annotation of yeast regulatory proteins
(transcription factors, kinases, phosphatases, and transferases)
was retrieved from UniProt.'® For the network construction,
we started from all yeast regulatory proteins as “seed” and
identified their direct interactors. For each of the 6
differentially regulated protein sets separately, the interactor
of a regulatory protein was kept in the network if it is either (i)
present in the differentially regulated protein list or (ii) is a
protein with an SNP. This procedure was iterated to find
interactors of interactors that are differentially regulated or
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Figure 2. Heat map of log2 fold changes of protein abundance in six yeast strains adapted to high levels of ethanol and ancestral strain in 0 versus

6% ethanol.

have SNPs, until no new proteins were found for 6 sets (Figure
1, step 3). Finally, within each network, the edges were added
between regulatory proteins, which are reported to interact
(given that the combined score is above 0.7). After the
construction of 6 individual networks, one for differentially
regulated, mutated, and regulatory proteins in each of the
ethanol-adapted strains, individual interactions present in all 6
networks were collected to build a common network, to
outline the omnipresent interactions.

Bl RESULTS AND DISCUSSION

Quantitative proteomics and network analysis, combined with
the previouslgf identified genomic changes in ethanol-adapted
yeast strains,” allowed us to reconstruct the route from these
molecular level changes to the ethanol-tolerant phenotype. We
start by taking a closer look into changes in protein abundance
levels, which are specific to either ancestral or adapted strains,
followed by metabolic implications of the observed genomic
changes. Finally, we combine the two using protein interaction
network analysis.

Ancestral and Adapted Strains Display Different Changes
in Their Proteomes in Response to Ethanol Stress

In this study, we analyzed the proteomic response to 6%
ethanol of wild-type yeast strain (ancestral) and 6 ethanol-
adapted strains (experimentally evolved in increasing ethanol
concentrations over 200 generations, termed Al—3 and B1-3)
to obtain insight into the molecular mechanism of ethanol
tolerance (Figure 1). Label-free quantitative proteomics was
used to quantify a total of 2485 yeast proteins (Supporting
Information Table S1, ProteomeXchange PXD006631). The
proteins known to be regulated under conditions that induce
slow growth were excluded from the data set to find the
response that is specific for ethanol exposure."® This resulted in
the reduced data set of 2438 quantified proteins (details in the
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section Experimental Procedures), which were used for all
presented analyses.

The protein abundance levels between the ancestral and the
adapted strains were not significantly different (p < 0.01) at 0%
ethanol, suggesting it is the response to ethanol that is different
in the ethanol-adapted strains. Overall, the proteomic response
to ethanol is similar between the ancestor and ethanol-adapted
strains (Figure 2). At the level of individual strains, no proteins
were found to be significantly differentially regulated between
0 and 6% ethanol in 2 out of 6 adapted strains (Al and A3,
respectively; Supporting Information Tables S1 and S2), even
though large log2 fold changes were observed (Figure 2). This
is due to higher variance in protein expression, which deemed
even the large log2 fold changes statistically nonsignificant in
strains Al and A3 (Supporting Information Table S1). These
two those strains were consequently excluded from the
remaining analyses in this section.

Adapted Strain-Specific Response to Ethanol Stress.
We identified 3 proteins (Supporting Information Table S2)
whose levels are significantly affected by ethanol in at least 3
out of 6 adapted strains, but not in the ancestral strain: Inhl,
Lial, and Suc2. Their regulation represents the long-term
adaptation to stress acquired after prolonged exposure to
increasing ethanol concentration.

Inh1 is the mitochondrial ATPase inhibitor that forms a one-
to-one complex with this energy-producing machinery.
Although Inhl upregulation observed in this work might
appear counterintuitive, given that energy metabolism is
typically upregulated during stress,” our findings described
in the following sections (proteome level changes and SNPs in
Heml13 and Ppa2) support the model in which ethanol-
adapted strains primarily use aerobic fermentation, while the
ancestral switches to respiration. Inhl upregulation is one of
the changes working toward that end.

https://doi.org/10.1021/acs jproteome.1c00139
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Lial is responsible for post-translational modification of
lysine into hypusine. This unique modification is found in only
one protein, elF-5A factor, for whose biological activity it is
essential. eIF-5A is involved in translation elongation®" and is
implicated in the cell cycle arrest—its depletion appears to halt
the cell cycle progression by arresting cells in G1 phase,”
presumably because elF-SA is involved in the translation of
proteins required for transition to S phase.”” Lial down-
regulation, observed in our proteomics data, could therefore
have such an effect in our adapted strains.

Finally, Suc2, encoded by a high glucose-repressed gene, has
a role in ethanol production through inulin degradation. A
known consequence of the effect of ethanol on the cell
membrane is the induction of a pseudo-starvation state, in
which glucose from the medium cannot enter yeast cells.”* >
Decrease in Suc2 protein level found here might therefore
suggest that the adaptive changes in the evolved strains
successfully worked toward (at least partially) suppressing
pseudo-starvation.

Ancestor-Specific Response to Ethanol Stress. We
identified 54 proteins that are significantly differentially
regulated in the ancestral strain but not in at least 3 adapted
strains (Supporting Information Table S2); 50% of these
proteins were found to be upregulated, and the other 50%
downregulated in response to ethanol. We found that some of
the associated enriched biological processes are developmental
maturation (p = 5.70 X 10™°) and transposition (p = 1.01 X
1073). It has previously been suggested that increased gene
expression of transposons may not be of adaptive significance
but rather represent an opportunistic replication in weakened
yeast cells.”” Our data show that the ability to suppress the
increase in transposon Tyl and Ty2 protein levels is achieved
exclusively in the ethanol-adapted strains. Interestingly, the
upregulation of transposons in the ancestral strain is
accompanied by downregulation of Tyl transposition repress-
or Rttl02. In addition to these changes, our proteomics
findings demonstrate that the ancestral strain exposed to
ethanol undergoes numerous protein level adjustments to slow
down its growth, with the aim of reducing damage to cellular
components and energy consumption for their repair. This is
in agreement with previous reports of the correlation between
slower cell growth and stress survival.”® Herein, we identify
differential regulation of proteins involved in ribosomal
biogenesis, mitochondrial electron transport chain (mETC),
transcription, nucleotide and amino acid metabolism, among
others.

Ribosomal Biogenesis. We found 6 proteins involved in
ribosomal biogenesis to be downregulated in ethanol stress.
These proteins play roles in the maturation of the pre-60S
ribosomal particle (Alb1),” biogenesis of 60S ribosomal
subunit (Rsa3),” pre-mRNA splicing and pre-rRNA process-
ing (Snul3), 20S pre-rRNA processing (Tsr2),”' rRNA
processing by associating with 90S pre-rRNA (Utp30),*>**
and chaperoning Rsp3 ribosomal protein (Yarl).”* The
phenotypic consequences of their deletions differ from one
protein to another; for example, Alb1 deletion does not seem
to cause rRNA maturation impairment,”” while Yarl deletion
reportedly causes 20S pre-rRNA accumulation and 40S export
deficit.** Taken together, differential regulation of these
proteins clearly works toward decreasing the number of
available ribosomes and therefore silencing translation.

Transcription. Ncb2, Fipl, and Rpal4 were all found to be
downregulated. Ncb2 is an essential component of the NC2
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complex, which can both repress basal and stimulate activated
transcription.” Yeast with reduced Ncb2 function was
experimentally shown to exhibit slower growth,®® so its
downregulation observed here likely works toward the same
end by impacting the transcript levels of protein-coding genes,
possibly reducing their amount. On the other hand, Fipl has a
role in 3’ end mRNA processing, which is important in
eukaryotes for transcript stability, export from the nucleus, and
initiation of translation.”’ > The main role of Fipl is the
inhibition of polyA synthesis enzyme Papl; their interaction is
essential for viability and was suggested as a mechanism for
avoiding poly-adenylation of nontarget RNAs.”” Taken
together, it could be assumed that the reduced level of
transcripts (due to Ncb2 regulation) in turn requires less
regulation of Papl by Fipl. Finally, the observed down-
regulation of RNA polymerase I component Rpal4 suggests
that the ancestral strain also decreases production or rRNAs in
response to ethanol.

Nucleotide Metabolism. Proteins involved in several
pathways are differentially regulated in the ancestral strain:
AMP production via salvage pathway (Aptl), purine
nucleotide production via salvage pathway (Hptl), de novo
guanine nucleotide synthesis (Imd2), UMP biosynthesis via de
novo pathway (Ura4), and CTP biosynthesis (Ura8). Down-
regulation of all of these proteins, except Ura8, is also
accompanied by downregulation of purine-cytosine permease
Fcy2 level. As maintaining nucleotides pool level represents a
necessary requirement for the growing cells, these down-
regulations likely slow down the cell growth. In addition,
limiting available nucleotides may also be an attempt toward
antagonizing transposon upregulation.

Upregulated Ura8 plays a role in another part of metabolism
important under ethanol stress, phospholipid synthesis,"" as its
reaction product (CTP) serves as a precursor of all membrane
phospholipids synthesized via CDP-diacylglycerol and Ken-
nedy pathways. Even though in normal conditions the majority
of CTP is produced by the more abundant Ura7 enzyme,
regulation of nondominant Ura8 observed in this work in
ethanol stress probably occurs because of its different kinetic
properties, as Ura8 is the preferred one in low ATP
conditions.”’ This would be consistent with an increased
energy demand for damage repair and maintenance of reactive
oxygen species (ROS) levels (discussed below) in the ancestral
strain.

Yet another strategy of slowing down the growth of the
ancestral strain might be cell cycle delay through Ctf8
regulation. Its gene deletion was demonstrated to cause
defects in sister chromatid cohesion, as well as G2/M cell cycle
delay that requires Mad2-dependent mitotic spindle check-
point.”” A strong downregulation of Ctf8 level observed here in
the ancestral strain might have a similar effect.

Amino Acid Metabolism. We observed differential regu-
lation of proteins involved in lysine biosynthesis (Aco2
downregulation), methionine biosynthesis via salvage pathway
(Adil downregulation, Aro9 upregulation), and leucine
biosynthesis (Leu2 upregulation). Additionally, amino acid
permease Agpl was found to be downregulated. The role of
amino acid biosynthesis pathways and accumulation of amino
acids in ethanol tolerance is supported by previous studies,
which show that increased levels of several amino acids
(proline, valine, arginine, tryptophan) are linked to higher
ethanol tolerance.”**>**
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Moreover, Snzl, involved in the synthesis of pyridoxal 5’-
phosphate, was upregulated in our data. This cofactor is used
by aminotransferases, transaminases, and glycogen metabolism
enzymes, suggesting a possible way to increase the glucose
level in pseudo-starvation. Further related to amino acid
turnover, we observed upregulation of Add66, a protein
required for optimal proteasome activity,"” which could
suggest increased protein degradation activity in ancestral
strain. Although it has been reported that Add66 gene
expression is induced by the unfolded protein response,*
which includes halting of protein translation, degradation of
misfolded proteins, and chaperone induction,”’ it is worth
mentioning that we did not find the key factor for this response
activation, Irel, to be differentially regulated.

Our proteomics findings further show that the ancestral
strain switches from ethanol fermentation to respiration,
resulting in the production of 30 ATPs more per cycle.”
This is in agreement with a recent study that combined
metabolite profiling with carbon flux analysis using the S.
cerevisiae metabolic model,26 whose results suggested that
ethanol stress exposure directs more carbon toward the
tricarboxylic acid (TCA) cycle in the wild-type than in the
ethanol-adapted yeast, thereby increasing respiration levels and
decreasing ethanol production via fermentation. The authors
further suggested that the switch from fermentative to
respiratory growth might be the consequence of the increased
energy demand for cell maintenance due to increased ROS
production. However, it is also known that respiratory growth
itself comes at a cost of increased ROS production on
mitochondrial electron transport chain (mETC) components
(mentioned below). Our data reveal the molecular actors
behind the switch to respiration and further point to several
proteome level changes in the ancestral strain that are aimed at
controlling ROS levels.

Mitochondrial Electron Transport Chain. We observed
Coal, Coq8, Gut2, and Sdh7 to be upregulated in the ancestral
strain, suggesting increased mETC usage. Coal is required for
efficient assembly of mETC complex IV, while Cog8 is
involved in the biosynthesis of coenzyme Q. Interestingly, we
found Coq8 to be significantly downregulated in one of our
adapted strains (B2). Although not directly involved in the
synthesis and assembly of its components, Gut2 shuttle allows
electrons from NADH produced in the cytoplasm to enter the
mETC. Lastly, Sdh7 plays an essential role in the assembly of
succinate dehydrogenase, which both participates in the TCA
cycle and works as mETC complex II.

Autophagy. A recent study demonstrated that ethanol stress
induces ROS (H,0, and O,”) production, mainly on mETC
components, so autophagy (Atgl and Atg8) gene expressions
were consequently induced to aid in eliminating ROS.** Our
proteomics data are in line with these previous findings. Linked
to the increased usage of the mETC described above, we
observed a strong upregulation of the autophagy protein Atg8
in the ancestral strain. Interestingly, iron recycling through
autophagy was previously found to be crucial for the transition
from glycolytic to respiratory growth in yeast.”

Oxidative Stress Damage. Differentially regulated proteins
involved in oxidative damage repair are Mxrl, Rpel, Sam4,
Srx1l, Tmal9, and Scpl. Downregulation of Mxrl, which has a
role in repairing enzymes inactivated by oxidation, may be
linked with Atg8 upregulation, as autophagy likely prevents
protein damage by ROS removal. Along the same lines go
downregulations of Rpel and Sam4. It was previously shown
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that deletion of Tmal9 enhances H,O, stress resistance and
prolongs the life span;*° accordingly, we found this protein to
be downregulated. Oppositely from that, oxidative stress
resistance Srx1 was upregulated in our data. This protein,
which is induced by increased H,0, levels,”" plays a unique
role by repairing peroxiredoxin Tsal, thereby contributing to
protection from ROS. Finally, Scpl binds to F-actin and
induces the formation of tight bundles.”” Its overexpression
causes increased F-actin stability, which was linked to higher
ROS levels and decreased cell viability.”> On the contrary,
Scpl deletion was demonstrated as beneficial for cell
longevity—actin may associate with mitochondrial channels,
modulating their open/closed state, so slowing actin dynamics
by Scpl binding allows for a longer opening of the pores and
subsequent ROS release to the cytoplasm. Downregulation of
Scpl observed in this work therefore likely represents yet
another way to combat ROS production upon switch to
respiration.

Finally, the remaining differentially regulated proteins with
known cellular functions—Cit2 (upregulated), SamS0 (upre-
gulated), and Zeol (downregulated)—are implicated in
different parts of metabolism. A component of glyoxylate
cycle in peroxisome, citrate synthase Cit2 was previously found
to be regulated in low glucose conditions.”* Cit2 uses acetyl-
CoA originating from acetate or $-oxidation of fatty acids as a
substrate, while the succinate produced in glyoxylate cycle can
participate in the TCA cycle, with the final aim of glucose
production via gluconeogenesis. Cit2 upregulation suggests
that gluconeogenesis flux might be increased in the ancestral
strain, as well as that the glucose level is rather low in this
strain due to pseudo-starvation. SamS0 is involved in the
assembly of the translocase of the outer membrane TOM,
which is needed for the import of mitochondrial preproteins
from the cytoplasm.”” Lastly, differential regulation of Zeol
has implications in the cell wall integrity, which is ensured
through the Pkc1—Mpkl pathway during cell wall stress.*®
Upstream from Pkel activation are Mid2 and Zeol, with the
first acting as positive and the latter as a negative regulator.
Zeol downregulation may therefore underlie the activation of
this pathway needed for cell wall integrity preservation under
ethanol stress.

Common Response to Ethanol Stress. We identified 25
proteins that are significantly differentially regulated in both
the ancestral and at least 3 ethanol-adapted strains, 22 of which
are upregulated and 3 downregulated (Supporting Information
Table S2). This group of proteins is linked to several biological
processes, such as glycolysis (p = 2.61 X 107°), gluconeo-
genesis (p = 5.20 X 107%), and alcohol catabolic process (p =
1.02 X 107?), confirming that yeast generally responds to
ethanol stress by inducing changes in usage of energy-
producing pathways.*’

Significantly upregulated proteins involved in both glycolysis
and gluconeogenesis (Supporting Information Figure S1) are
Tdhl, Gpm2, and Enol. Additionally, upregulation was
observed for glycolysis-specific Pyk2 and gluconeogenesis-
specific Pycl, enzymes that catalyze the last and first
(irreversible) reaction of the corresponding pathway. It was
previously found that ethanol exposure causes a decrease in
ethanol production and glucose uptake,”” while others
reported an increase in expression of genes related to glucose
metabolism, including glucose transporters.”” Gluconeogenesis
could therefore also be important to compensate for the
reduced glucose uptake, and produced glucose might be used
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in the pentose phosphate pathway to produce NADPH
required for biosyntheses. On the other hand, pyruvate
produced by the glycolytic pathway is an important precursor
for respiration. Understanding the differential regulation of
other proteins, specific (described above) rather than common
to ancestral and adapted strains, is therefore crucial to
understand to which extent each of these pathways is used
in each strain.

Further related to the glucose metabolism, we have
identified differential regulation of hexose (glucose) trans-
porters—low-affinity Hxtl and high-affinity Hxt2 down-
regulation, and high-affinity Hxt7 upregulation—which is in
line with the gene expression changes observed by Chandler et
al” and aimed at increasing glucose uptake during the
ethanol-induced pseudo-starvation. More specifically, we found
no major differences in Hxtl and Hxt2 level changes between
the ancestral and adapted strains, while log2 fold change for
Hxt7 was higher in ethanol-adapted strains (5.5—8.1 compared
to 3.8 in the ancestral). This might suggest that the ethanol-
adapted strains are more successful in antagonizing pseudo-
starvation, aiding their return to fermentative growth. More-
over, we have observed increased levels of Nthl, which
converts trehalose (made of two glucose units) to glucose.
Trehalose accumulation was reported to be beneficial for
ethanol tolerance™*****” and the suggested mechanism is 2-
fold: (i) trehalose acts as a chemical co-chaperone, preventing
aggregation of misfolded proteins to the membrane, and (ii) it
displaces water and ethanol from the membrane, thereby
stabilizing it.”® Nth1 upregulation found here, which would
work toward an increase of the intracellular glucose level,
might therefore represent yet another mechanism in which
trehalose protects from ethanol stress.

We also found that stress response affected proteins linked
to phosphate and NAD(P)H. More specifically, PhoS
upregulation was observed in all strains of this study. This
secreted phosphatase has a major role in acquiring the
extracellular phosphate and was previously reported as
upregulated in phosphate-scarce conditions.”’ Furthermore,
we have observed the upregulation of epimerase Nnrl and
dehydratase Nnr2, which work together to repair hydration-
damaged NAD(P)H. These two enzymes may therefore play a
role in energy metabolism through increasing the pool of the
available NADH, as well as in reductive biosyntheses by
increasing the amount of usable NADPH.

Mitochondrial outer membrane channel Porl is yet another
upregulated protein in ethanol stress, reported to have several
roles. For example, its role in glucose level sensing occurs
through positive control of Snfl kinase®' —in limited glucose
conditions (such as pseudo-starvation, especially in the
ancestral strain); Snfl activation®” triggers repression release
of genes for gluconeogenesis, respiration, and uptake of
alternative carbon sources.® It was also suggested that Porl
permeability depends on the rate of glycolysis, as cytosolic
NADH causes Porl closure and subsequent decrease in
respiration. Porl may therefore be involved in glucose-induced
suppression of respiration in our adapted strains. Finally,
deletion of Porl was shown to cause a decrease in cardiolipin
levels and loss of phosphatidylethanolamine synthesis,**
suggesting a link between Porl regulation and membrane
remodeling.

Finally, we observed downregulation of purine salvage
pathway protein Aahl (similar changes were described above
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for the ancestral strain), as well as upregulation of Hsp31 and
Prx1 involved in oxidative stress protection.

Connection of Copy Number Variants to Protein
Abundance Changes

In our previous work, we have identified copy number
variations (CNVs) in several genes of ethanol-tolerant strains
Al, A2, and A3 after 200 generations of experimental
evolution.® When combined with the quantitative proteomics
data from the present study, the question arises whether the
CNVs are accompanied by changes in protein abundance
levels. Because there are many regulatory mechanisms for
maintaining protein levels, it is not obvious that copy number
gains or losses would affect protein abundances: transcription,
mRNA stability, translation, and protein degradatlon together
dictate the amount of the available protein.®* Although we
found no genes with CNVs among proteins differentially
regulated in response to ethanol only in adapted strains, 7
genes with CNVs were identified among those differentially
regulated only in the ancestral strain. For instance, Imd2 has
both copy number loss and significant protein level down-
regulation in response to ethanol in the ancestral strain.
Different from this, amino acid permease Agpl has copy
number gain while being downregulated, confirming a lack of a
clear link between the CNVs of protein-coding genes and
changes in protein abundance under ethanol stress. This
finding is in agreement with previous research.’®

Nonsynonymous Protein Mutations in Stress Conditions

We have previously identified single nucleotide polymorphisms
(SNPs) in 6 ethanol-adapted diploid yeast strains at the end
point (200 generations) of two independent evolutionary
experiments (Figure 1A,B).° Effects of these SNPs vary from
the introduction of STOP codons and amino acid substitutions
to synonymous changes (Supporting Information Table S3).
Seven SNPs were identified in all 6 adapted strains: STOP
codons introduction to Rapl, Dsk2, Asgl, and Faa4, resulting
in truncated, likely nonfunctional proteins; and amino acid
substitutions Mrpl37_Arg89Ser, Hem13_ Ala234Pro, and
Ppa2_Alal28Ser. The omnipresence of these SNPs indicates
the potentially universal and crucial changes that allow yeast
survival in highly stressful conditions (12% ethanol), given that
they arose in all clones of two independently evolving
populations.

Truncated Proteins. It was previously reported that
ethanol stress causes telomere elongatlon 1n yeast, with Rapl
and Rif1 as crucial actors in this response.”® More specifically,
Rifl and Rif2 are negative regulators of telomere length which
interact with the C-terminus of telomere- blndlng Rap1.®” Rapl
downregulation (found in ethanol stress®®), or mutations in
Rapl C-terminus, was therefore reported to cause telomere
elongation, as well as heterogeneity in telomere lengths.®**
Although our adapted strains acquired a STOP codon-
introducing SNP at position 605 in Rapl (total protein length
827 amino acids), the ancestral strain exhibited a slight
(though not statistically significant) downregulation of Rapl
protein level, confirming the importance of Rapl silencing
under ethanol stress.

Dsk2 is involved in the ubiquitin-proteasome proteolytic
pathway through recruiting K48-ubiquitylated proteins for
degradation”” and was previously reported to become essential
under salt stress.”" Its deletion was found to have little effect
on protein degradation as Dsk2 is partially functionally
redundant with Rad23.”” On the other hand, Dsk2 over-
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Table 1. Experimentally Determined Phenotypes of Deletion Mutants, with Focus on the Effects on Respiratory Growth,
Based on the Information from the Saccharomyces Genome Database (SGD)

strain protein functional role ethanol effect SGD phenotype: respiratory growth
adapted Inhl mitochondrial ATPase inhibitor upregulated NA
adapted (B2 Cog8 coenzyme Q biosynthesis downregulated  null and point mutants are unable to respire and fail to accumulate
clone) ubiquinones
adapted Hem13  heme biosynthesis Ala234Pro mutants fail to respire
adapted Ppa2 mitochondrial inorganic Alal28Ser respiratory growth absent in null mutants
phosphatase
ancestral Coal mETC complex IV assembly upregulated null mutant shows greatly diminished respiratory metabolism and growth
ancestral Cog8 coenzyme Q biosynthesis upregulated null and point mutants are unable to respire and fail to accumulate
ubiquinones
ancestral Gut2 NADH shuttling to mETC upregulated respiratory growth decreased in null mutants
ancestral Sdh7 mETC complex II assembly upregulated respiratory growth decreased or absent in null mutants

expression appears to be toxic for cells, causing not only
accumulation of ubiquitylated substrates but also cell cycle
arrest. By ubiquitylating Dsk2 and proteasome subunit Rpn10,
both of which are involved in degradation of cyclins,”’ Rad7
ultimately regulates spindle pole body proteins to fine-tune cell
cycle checkpoint activation due to DNA damage. Rendering
Dsk2 inactive by the introduction of a STOP codon, observed
here in the ethanol-adapted strains, could therefore interfere
with this checkpoint. Weakening cell cycle checkpoints might
represent a more general strategy to continue the cell growth
despite the existing stress-damaged DNA sites, instead of
halting it for multiple repair and checkpoint cycles.

Numerous studies have established the link between ethanol
stress resistance and changes in membrane composition, more
specifically the level of fatty acid saturation of membrane
lipids.”® Tt is well described that ethanol stress increases fluidity
and decreases the stability of the membrane, the effects caused
by the replacement of water by ethanol in interactions with
phospholipids in the bilayer.”® A major membrane remodeling
is a known adaptation strategy, allowing yeast cells to become
less susceptible to ethanol.”’ Asgl and Faa4, both affected by a
STOP codon-introducing SNP, might be involved in these
changes. Faa4 is directly implicated in lipid metabolism, more
specifically esterification of free fatty acids (FFAs), originating
from lipid degradation or exogenous pool, into metabolically
active acyl-CoA. Faal, Faa2, Faa3, and Fatl”* (Supporting
Information Figure S2) all catalyze the same reaction; however,
Faal, Faa4, and Fatl have dominant roles. Their functioning is
so far mainly investigated in the context of lipid over-
production.” In contrast to Faa4, Asgl has an indirect role in
the lipid metabolism, as it is required for activation of proteins
involved in f-oxidation (Poxl, Potl, Fox2), gluconeogenesis
(Pckl), glyoxylate cycle (Icll), triacylglycerol (TAG) break-
down (Tgl3), and peroxisomal transport (Pxal).”® Previous
studies have resported accumulation of TAG and FFA upon
asgl deletion”® (Supporting Information Figure S2). Fur-
thermore, as Asgl appears to be required for full activation of
gluconeogenesis enzyme Pckl (Supporting Information Figure
S1), Asgl inactivation might favor glycolysis over gluconeo-
genesis.

Taken together, truncations of Asgl and Faa4 in the adapted
strains might serve as a way to redirect fatty acids into
membrane lipid production instead of employing them as an
energy source through p-oxidation. It could also be
hypothesized that membrane restructuring makes exogenous
FFA uptake more difficult, which would leave lipid synthesis in
the cell as the main source of fatty acyl-CoA. Moreover, as
reductive biosyntheses such as lipid production require
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NADPH, it is likely that the pentose phosphate pathway also
has an important role. Assuming that both NADPH and ATP
are required, NADPH would be produced in the first phase of
the pentose phosphate pathway, while the ribose 5-phosphate
would be converted to fructose 6-phosphate to take part in the
ATP-producing steps of glycolysis, further suggesting that
glycolysis is favored over gluconeogenesis in ethanol-adapted
strains.

Amino Acid Substitutions. Nonsynonymous amino acid
substitutions identified in Mrpl7, Heml3, and Ppa2 are
predicted by mutfunc'” to have functional impacts as they
affect conserved amino acids (Supporting Information Table
S3). Mrpl37 works as a component of the mitochondrial
ribosome’” and its Arg89Ser substitution is predicted by
NetPhosYeast'* to introduce a phosphorylation site, with Ste7
as the predicted corresponding kinase. The mechanisms
through which this phosphorylation site introduction aids in
acquiring ethanol tolerance remain to be tackled. The
remaining two proteins, Heml13 and Ppa2, are related to
mETC, with Hem13 involved in the biosynthesis of heme, an
essential part of the mETC complex IV, and mitochondrial
inorganic phosphatase Ppa2 listed among the proteins essential
for respiration. Interestingly, ppa2 deletion was reported as
beneficial for cell longevity, and the proposed deficiency in
respiration was hypothesized to be compensated through the
usage of the glycolytic pathway.”® Differently from Mrpl37, no
phosphorylation site introduction is predicted due to
Alal28Ser in Ppa2, whereas Ala234Pro substitution in
Hem13 is predicted to destabilize the protein (AAG = 6.9
kcal/mol). Together, SNPs in Heml13 and Ppa2 likely
represent permanent changes working toward disruption of
mETC usage and restoring the fermentative growth upon
achieving ethanol tolerance.

Fermentation vs Respiration: Phenotypes of Gene
Deletion Strains

To validate our findings on different uses of glycolysis and
mETC between ancestral and ethanol-adapted strains, we
examined the experimentally determined phenotypes reported
for deletion (null) mutants of the relevant genes using data
from the Saccharomyces genome database'® (Table 1). These
experimental findings support the model in which SNPs and
protein level changes in the ethanol-adapted yeast strains
prevent respiration usage and favor aerobic fermentation. On
the contrary, the ancestral strain switches from fermentative to
respiratory growth, thereby increasing ATP production but
also suffering increased ROS levels.
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Figure 3. High-confidence protein—protein interaction network of differentially regulated, mutated, and regulatory proteins common to all 6

ethanol-adapted strains.

Common Interaction Network

To understand protein regulation in ethanol-adapted strains,
we performed a protein—protein interaction network con-
struction prioritizing potential yeast regulatory and mutated
proteins (Figure 1, steps 3 and 4). Regulatory proteins were
used as seed proteins, whose interactors were only kept in the
network if they are differentially regulated in an adapted but
not in the ancestral strain, or vice versa, or if they were
identified as affected by SNPs in the given adapted strain. A
total of six networks (one for each adapted strain; Supporting
Information Figure S3) were constructed and subsequently
compared to identify the common protein—protein interaction
sub-network (Figure 3).

Proteins in our common network are involved in numerous
cellular processes (Figure 3), such as ribosome biogenesis,
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ubiquitin-proteasome pathway, chromatin remodeling, DNA
repair, cell cycle, and autophagy. This is similar to the findings
of a recent study focused on salt stress in S. cerevisiae, which
also combined experimental (transcriptome, phosphopro-
teome) and protein interaction data.’ Their results revealed
significant connectivity between different pathways, suggesting
signal integration, which happens either directly or through
integration points. The latter may prevent signaling crosstalk,
or coordinate magnitude or timing of the signaling, among
other possible roles. More specifically, the salt stress study
found Cdcl4 to be such a signal integrator, bridging Hog and
Ck2 signaling, as well as connecting to pathways such as Torl,
which is reportedly repressed by Cdcl4.

In our network, several proteins appear to have central roles,
such as Pkcl, Torl, and Tor2, and previously mentioned
glucose-sensing Snfl. In addition, Cdcl4 is also present, the
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Figure 4. Yeast cell scheme summarizing the key findings. Upward arrows denote upregulation and downward arrows downregulation, while

different colors stand for ancestral and ethanol-adapted strains.

same as in the salt stress. Pkcl kinase is known to be involved
in a number of processes: (i) cell growth and transition from
G2 to M phase, (ii) cell wall integrity through its role in the
Pkcl1—Mpkl cascade, (iii) cell cycle arrest in the face of DNA
damage, as it activates DNA double-strand break repair sensors
Mecl and Tell (also present in the network), and (iv)
autophagy, among others.”” Tor kinases are central compo-
nents of a major signaling network that controls cellular
growth. Yeast has two functionally distinct complexes:
TORC]1 (containing both Tor homologs), regulating temporal
aspects of cell growth, and TORC2 (containing Tor2 but not
Torl), responsible for spatial aspects of cell growth. TORCI is
involved in triggering the corresponding cellular response
based on nutrient availability and affects transcription,
translation, and post-translational modifications, among
others.”* TORC1 inhibition leads to cell cycle arrest, protein
synthesis downregulation, as well as upregulation of autophagy,
and trehalose and stress response genes.” On the other hand,
TORC2 is involved in the polarization of the actin
cytoskeleton and is related to the cell wall integrity pathway.

B CONCLUSIONS

To contribute toward the understanding of processes under-
lying ethanol stress response in S. cerevisiae, we performed an
integrated analysis of genomics and proteomics data using
ethanol-adapted yeast strains. Furthermore, we developed a
protein interaction network reconstruction strategy from multi-
omics data: we combined genomic mutations with quantitative
proteomics and yeast interactome to identify rewired
regulatory networks in the adapted strains. In comparison to
previous sub-network search strategies for yeast regulome,”*’
our strategy does not rely on sub-network(s) identification and
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identification of regulatory proteins therein. Instead, we
constructed connected networks starting from yeast regulatory
proteins to identify regulators that are directly connected to
networks of differently regulated proteins.

Our approach allowed us to identify potential regulatory
consequences of protein mutations and key regulated proteins
(Figure 4). The ancestral strain appears to respond to ethanol
stress by halting energy production mainly via ethanol
fermentation, in which ethanol must be produced to regenerate
NAD". To satisfy the energy requirements of the cell under
such conditions, ancestral yeast increases its usage of mETC
and respiration (Coal, Coq8, Gut2, Sdh7), which in turn
increases the production of ROS. Consequently, autophagy is
induced to remove these harmful molecular species (Atg8).
The ethanol stress-induced pseudo-starvation is likely antag-
onized both through the increased gluconeogenesis flux and
increased levels of high-affinity hexose transporters. Other
metabolic changes in the ancestral yeast include repression of
ribosome biogenesis, transcription, and nucleotide metabolism,
which together slow down cell growth, thereby reducing the
amount of damage that the cell has to repair in an energy-
consuming fashion. In addition, protein degradation (Add66),
phospholipid synthesis (Ura8), and cell wall integrity pathway
(Zeol) are stimulated, while the cell cycle may be delayed
(Ctf8).

On the other hand, the ethanol-adapted strains appear to
return to aerobic fermentation instead of respiration as the
main source of ATP. This metabolic change is supported by
both proteomics and genomics data presented in this work
(Inhl, Ppa2, Hem13, Cog8). These strains also appear to be
better adapted to deal with the pseudo-starvation state (Suc2,
Hxt7), likely as a consequence of a (partially) remodeled cell

https://doi.org/10.1021/acs jproteome.1c00139
J. Proteome Res. 2021, 20, 3840—3852


https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00139?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00139?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00139?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00139?fig=fig4&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00139?rel=cite-as&ref=PDF&jav=VoR

Journal of Proteome Research

pubs.acs.org/jpr

membrane and even higher protein levels of hexose trans-
porters compared to the ancestral strain. Moreover, genetic
mutations acquired by the adapted strains allow for beneficial
telomere elongation (Rapl), rewire phospholipid metabolism
(perhaps to use them for membrane remodeling rather than an
energy source; Asgl and Faa4), and potentially weaken cell
cycle checkpoint activation (Dsk2). The latter might have a
role in allowing the cells to grow, divide, and therefore adapt
more easily, despite being exposed to highly stressful
conditions. In addition, glycolysis flux appears to dominate
gluconeogenesis. Finally, network reconstruction reveals a high
level of interconnectedness of these relevant pathways on a
protein interaction level. Taken together, our findings provide
an insight into short- and long-term adaptation mechanisms
and the key molecular actors that allow the yeast to survive
under ethanol stress.
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