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ARTICLE INFO ABSTRACT

Keywords: Elevated ethanol concentrations in yeast affect the plasma membrane. The plasma membrane in
Eisosomes yeast has many lipid-protein complexes, such as Pmal (MCP), Canl (MCC), and the eisosome
Proton flux

complex. We investigated the response of eisosomes, MCPs, and membraneless structures to
ethanol stress. We found a correlation between ethanol stress and proton flux with quick acidi-
P-bodies fication of the medium. Moreover, ethanol stress influences the symporter expression in stressed
Stress granules cells. We also suggest that acute stress from ethanol leads to increases in eisosome size and SG
Saccharomyces cerevisiae number: we hypothesized that eisosomes may protect APC symporters and accumulate an mRNA
Ethanol tolerance decay protein in ethanol-stressed cells. Our findings suggest that the joint action of these factors
may provide a protective effect on cells under ethanol stress.

Cell stressor
Membrane compartments

1. Introduction

Ethanol is one of the most critical stressors for Saccharomyces cerevisiae during fermentation [1]. Ethanol alters the fluidity and
permeability of the plasma membrane, altering the pH of the cytosol and the intake of nutrients. Consequently, ethanol stress quickly
dampens cell division and cell surveillance [1-6].

The plasma membrane of S. cerevisiae has several lipid-protein complexes, including the PMA1 (MCP) and Canl (MCC) membrane
compartments [7,8]. The H"-ATPase PMAL1 protein is a component of MCP, which regulates proton efflux to maintain intracellular pH
and nutrient uptake [9]. The eisosome protein complex is associated with MCC [10]. Pillp is essential for the yeast MCC/eisosome
complex [11]. Eisosomes resemble ‘“stationary” punctate patches associated with membrane invaginations, forming grooves
approximately 50 nm deep to 300 nm long [12]. This region is enriched in phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] lipids
bound to eisosome proteins (such as Pill, Lspl, and Slm1/2) [13-15]. MCC/eisosomes can accumulate ergosterol [8], and amino
acid-polyamine-organocation (APC) symporters responsible for the influx of ions and nutrients [7-9,11,12,16-21]. In response to a
variety of stressors, eisosomes engage in multiple cell signaling pathways and interact with numerous structures [10,20].
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P-bodies (PBs) and stress granules (SGs) are membraneless structures assembled in cells under glucose starvation, accumulation of
reactive oxygen species, cell acidification, and other conditions. These structures help cells cope with stressors until stress relief
[22-24].

Some membrane proteins are responsive to stresses in yeasts. For instance, the abundance of Pillp increases in yeast Yarrowia
lipolytica subjected to osmotic stress [25], V-ATPase is associated with ethanol stress in S. cerevisiae [26], and membrane-related genes
were differentially expressed in S. cerevisiae under ethanol stress [22]. Furthermore, proteins related to PBs and SGs responded to
ethanol stress in S. cerevisiae BMA64-1A and S288C strains [22].

Although many studies have focused on the plasma membrane compartments of S. cerevisiae, little is known about the joint action of
eisosomes, MCP, and membraneless structures in cells under acute ethanol stress. Here, we investigated the relationship between
eisosomes, ethanol stress, proton efflux, PB, and SG. By analyzing cells exposed to different concentrations of ethanol, we found that
ethanol stress influences symporter expression. Furthermore, we suggest that acute stress from ethanol leads to increases in eisosome
size and SG number. In this case, we hypothesize that eisosomes may protect APC symporters and accumulate an mRNA decay protein
in ethanol-stressed cells. Altogether, we suggest that the coordinated action of the eisosome and SGs during ethanol stress may be a
stress response mechanism that helps yeast endure ethanol stress.

2. Material and methods
2.1. Selected strains and workflow

S. cerevisiae BY4741 wild-type (MATa his3A1 leu2A0 met15A0 ura3A0) (hereafter referred to as BY4741-WT) was obtained from
Euroscarf, and BY4741 with open reading frames (ORFs) coupled with green fluorescent proteins (GFP) (hereafter referred to as
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Fig. 1. An overview of this study. A: experiments of extracellular acidification and growth rate; B: experiments of fluorescent microscopy; C: gene
expression analysis; D: analysis of protein expression. EtOH: ethanol.
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BY4741-GFP) was obtained from Invitrogen [27]. Medium acidification, cell microscopy, RNA, and protein expression analyses were
performed in both types of strains mentioned (Fig. 1).

2.2. Medium acidification analysis and subcellular localization of Pill and Pmal proteins

The strains were grown in YPD medium (2 % peptone, 1 % yeast extract and 2 % glucose) at 30 °C and 200 RPM for ~16 h. ODg2o
was estimated with the Asys Expert Plus Microplate Reader (Biochrom), and the cell concentration was adjusted to an ODgy of 0.4
before all experiments.

The acidification of the medium was also estimated. In this case, the BY4741-WT strain was grown in YPD (30 °C and 200 RPM)
with 0 %, 6 %, 12 % and 18 % ethanol (v/v). The samples were collected at 0, 30, 60, 90, 120, 150, 180, 210, and 240 min of in-
cubation: the ‘time 0 min samples’ were collected soon after incubation. The ODgy of each sample was quantified and the external pH
was measured using a PG2000 (Gehaka).

The subcellular location of the Pill and Pmal proteins was independently evaluated in biological duplicates (samples indepen-
dently cultivated). The BY4741-Pillp-GFP and BY4741-Pmalp-GFP strains were grown in YPD (30 °C and 200 RPM) with 0 % and 18
% ethanol (v/v). The samples were collected at 0, 60, 120, and 240 min of incubation. Two hundred microliters of each sample were
centrifuged (2000 RPM for 2 min), washed twice with 100 pL of PBS and centrifuged (2000 RPM for 2 min). The pellet was resuspended
in 50 pL of PBS and 20 pL of cells was dropped onto optical microscopy slides. Cell images were captured using an Olympus BX61
optical fluorescence microscope with a FITC filter and a 5 pm scale. The subcellular location and quantification of GFP of the Pill and
Pmal proteins of 10 cells per biological replicate (samples independently cultivated), totalizing 20 cells per time point and condition,
were performed using CellProfiler V. 4.2.1 [28] (Supplementary Fig. S1). The images were treated neither during nor after capture.

2.3. RT—qPCR analysis and Western blot

The expression of selected genes and proteins was quantified in BY4741-WT grown in YPD with 0 % and 18 % ethanol (v/v).
Samples were collected at 0 and 240 min of incubation to quantify the expression of selected genes by qPCR (Table 1) and at 240 min to
quantify proteins related to mRNA degradation machinery and PB and SG by Western blot.

For RNA extraction, collected samples (biological triplicates, which were samples independently cultivated) were centrifuged
(2000 RPM for 2 min), the supernatant was discarded, and the pellet was immediately frozen at —80 °C to cease growth. Cells were
treated at 30 °C for 30 min with 250 pL of Lyticase prepared with 1 M sorbitol, 0.1 M EDTA, and 0.1 pL of p-mercaptoethanol. Then,
total RNA was extracted using TRIzol (Invitrogen). The RNA concentration was estimated using the Qubit RNA BR Assay Kit and the
Qubit 3.0 Fluorometer (Thermo Fisher Scientific). RNA (1 pg) was treated with DNase I — Amplification Grade (Invitrogen). cDNA was
synthesized using a High Capacity cDNA kit (Applied Biosystems). We followed the manufacturer’s instructions for all kits used here.

The expression of selected genes (Table 1) was quantified using SYBR Green and a QuantStudio 3 real-time PCR system thermo-
cycler (Thermo Fisher Scientific). The reaction setup was 7.5 pL of GoTaq qPCR Master Mix (Promega), 1 pL of forward oligo (5 pM), 1
uL of reverse oligo (5 pM), 2 pL of cDNA (1:5 diluted) and 3.5 pL of water. The PCR cycle was 95 °C for 2 min, followed by 40 cycles of
95 °C for 3 s and 60 °C for 30 s. The melting curve of each gene was evaluated according to the GoTaq qPCR Mastermix protocol
(Promega). The expression of the endogenous TDH2 gene [29] (Table 1) was quantified in all assays and used to normalize the
expression of selected genes. The relative expression of each gene was calculated using the AACt method [30] and corrected for by the
amplification reaction efficiency using the equation described by Pfaffl [31].

We examined the levels of DCP1a (a PB marker), PABP (an SG marker), and eIF4E (a translation stalling marker) proteins by
Western blotting. For protein extraction, 20 ml of sample (six biological replicates, which were samples independently cultivated) was
centrifuged at 2000 RPM for 3 min. The supernatant was discarded and the pellet was resuspended with 600 pL of lithium acetate (2.0
M) with 200 pL of NaOH (0.4 M). The samples were allowed to stand for 5 min on ice and centrifuged at 2000 RPM for 1 min. The
supernatant was discarded and the protein abundance was quantified using the Bradford method [32]. Seventy micrograms of protein
were subjected to electrophoresis in a 10 % polyacrylamide gel, transblotted onto a Hybond ECL nitrocellulose membrane (Amersham,
Little Chalfont), and blocked in 5 % fat-free milk for 1 h. The membranes were then incubated with the specific primary antibodies
anti-DCP1a (sc-100706; Santa Cruz, 1:1000), anti-PABP (sc-166027, Santa Cruz, 1:1000), and anti-eIF4E (sc-9976, Santa Cruz,

Table 1
Oligonucleotides used in the qPCR analysis. Fw: forward; Rw: reverse.
Gene (amplicon length) SGD ID Sequence (5-3) Usage
TDH2 (90 bp) YJR0O09C Fw AGACTGTTGACGGTCCATCC Endogenous
Rw CCTTAGCAGCACCGGTAGAG
PIL1 (118 bp) YGRO86C Fw AGAAGTGCTGCTGGAGCTTT MCC/eisosomes
Rw CAGCGTCACGTCTTTCGTTG
CAN1 (99 bp) YEL063C Fw AGACGCCGACATAGAGGAGA Proton gradient
Rw ATTGACCCACGTCTGTGGTG
PMA1 (108 bp) YGLO008C Fw GGTCAAAGCGTCCTTAGCCT MCP, proton gradient
Rw TTGACTGCTTGTTTGGCTGC
XRN1 (127 bp) YGL173C Fw TGGTTGGGGGTCCTATTCCT mRNA decay

Rw GGGTAAGGCATCTGGTGAGG
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1:1000): anti-DCP1 was used to assess the abundance of DCP1 (responsible for mRNA degradation machinery and PB), anti-PABP to
infer the abundance of SG (responsible for holding mRNAs), and anti-eIF4E to infer translation stalling by SG. The membrane was
washed with TBS and incubated with rabbit anti-mouse secondary antibody (Abcam-ab6709) (1:5000 for 2 h), followed by a final wash
with TBS. Reactions were performed using an ECL kit (Amersham, USA), molecular weight was determined by comparison with a
standard kaleidoscope (Bio-Rad), and signals were captured using a CCD camera (ImageQuant 350 GE Healthcare). The integrated
optical densities of the targeted protein bands were measured using ImageJ software (National Institutes of Health). The expression
level of each protein was normalized according to p-actin (Abcam-8226) (1:1000), and the results are expressed as the fold change as
the mean + SD.

2.4. Statistical analyses

Statistical analyses were performed using the RStudio environment V. 4.1.0 [33] considering 5 % significance. Residual errors in all
models showed a Gaussian distribution according to the Cramer-Von Mises test, with BY4741-Pill1p-GFP and BY4741-Pmalp-GFP
quantification being the only exception: these data were submitted to the Box—Cox method transformation (A = —7.975458 and A
= —5.239547 respectively) for the Gaussian distribution fit. Multiple comparisons were performed for all models using the post hoc
test with Tukey’s test. We considered the percentages of ethanol and the time points as fixed effects for the simple linear and mixed
linear models used here and the biological replicates (samples independently cultivated) as random effects in mixed linear models.

The pH values of samples under different conditions (0 %, 6 %, 12 % and 18 % ethanol (v/v)) were compared to each other using
mixed linear models; the same procedure was applied to compare ODgyp. The same models were also applied to compare different time
points versus the initial time (0 h). The Pearson coefficient correlation between pH and ODgyg was also estimated.

The average Pillp and Pmalp GFP intensities were calculated independently for each time point (0 min and 240 min) and condition
(0 % and 18 % ethanol (v/v)). A mixed linear model compared the averages between the conditions and between the time points.

A simple linear model estimated the significance of 224t standardized values for the PIL1, CAN1, PMA1 and XRN1 genes by
comparing the time points (0 vs. 240 min). The 2*2%t normalization to allow inter-sample comparison was conducted first for the
control group based on the Z score method, followed by the treatment group based on the control normalized values.

The average of the Western blot data for each protein (DCP1a, PABP, and eIF4E) normalized to p-actin was calculated for both
conditions (0 % and 18 % ethanol (v/v)). The two-tailed paired t-test was used to estimate the significance of the differences for each
protein.

3. Results
3.1. Rationale

By analyzing the location of fluorescent proteins in cells, cell growth profiles, extracellular acidification, and mRNA and protein
yields, we investigated the response of eisosomes, MCPs, and membraneless structures in cells under ethanol stress (Fig. 1).

Medium acidification is common for a yeast that grows in a glucose-rich medium [34]. Similarly, we previously observed that yeast
strains BMA64-1A and S288C under ethanol stress acidified the medium. Based on our transcriptome analysis, we also observed an
enrichment of terms related to eisosomes [22]. Eisosomes indirectly affect membrane potential by aggregating APCs [8,9,21]. We first
hypothesized that with elevated ethanol stress, eisosomes participate in the membrane potential or cellular homeostasis. The efflux of
protons was evidenced here in the BY4741 strain by testing the acidification of the growth medium and the growth rate at various
levels of ethanol stress.

Pillp and Canlp are components of the MCC/eisosome complex [11]. Pmalp is the main proton efflux-related protein [35]. We
used microscopy and quantitative PCR (qPCR) to determine the intracellular location and abundance of PIL1 and PMA1; CAN1 was
only examined using qPCR to avoid misinterpretation related to the PIL1 signal in microscopy analysis. We hypothesized that the levels
of PMAI, PIL1, and CAN1 and their subcellular location would be altered in BY4741 under ethanol stress since ethanol affects
membrane fluidity [36].

Xrnlp is responsible for mRNA degradation, is a component of P-bodies (PBs), and may anchor at or in the close vicinity of
eisosomes in postdiauxic shift cells [37]. PB, stress granules (SGs) and translation stalling are responsible for the post-transcriptional
regulation of mRNA levels in stressed yeast cells [24]. Therefore, we were also interested in determining whether ethanol stress in-
fluences protein levels through eisosomes. We used qPCR to determine the level of XRN1 and Western blotting to determine protein
levels of Dcplap (a PB marker), PABP (an SG marker), and EIf4E (a translation stalling marker).

3.2. Growth and proton efflux analyses

The growth of the yeast population is slower as the levels of ethanol stress increase. For example, cells treated with 6 % ethanol
increased their growth rate at 90 min, cells treated with 12 % ethanol increased their growth at ~120 min, and cells treated with 18 %
ethanol maintained their growth in the lag phase (Fig. 2A). Similarly, extracellular acidification was less extensive as ethanol levels
increased: medium with cells and 6 % ethanol significantly accelerated acidification after 30 min, at 12 % ethanol reduced external pH
after ~60 min, and after 150 min with 18 % ethanol (Fig. 2B). Therefore, we found a significant negative correlation between ODg20
and extracellular pH (Fig. 2C-E).
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3.3. Quantification of genes and proteins

We investigated the subcellular location of PIL1 and PMA1 in control and in cells treated with ethanol. We observed a distribution
profile of Pmalp throughout the cell internalized over time in untreated cells (Fig. 3A). The Pillp distribution profile is similar in cells
regardless of the presence of ethanol or the time of stress exposure; this protein is distributed on the periphery of the plasma membrane
(Fig. 3B).

We investigated the relationship between the fluorescence intensity of Pmalp and Pillp and their intracellular localization. The
intensities of Pillp GFP presented a slight reduction after 240 min of incubation without ethanol and an increase after 240 min of
incubation with ethanol. There was no significant difference when comparing the starting point (0 min) with and without ethanol. The
intensities of the Pmalp GFP did not exhibit a significant modification (Fig. 4A-B).

The expression of the CAN1, XRN1, and PIL1 genes increased significantly in cells after 240 min of incubation with 18 % ethanol,
while PMA1 decreased gene expression under the same conditions (Fig. 4C-F). PMA1 gene expression was reduced in cells treated with
18 % ethanol after 240 min (Fig. 4F).

PB, SG, and translation stalling are responsible for mRNA/protein metabolism [24]. The purpose of analyzing these structures and
processes was to better evaluate the apparent relationship between proton efflux, eisosomes, and mRNA levels: based on XRN1
expression data measured here, we suggest a relationship between proton efflux, mRNA metabolism, and eisosomes (Fig. 4E). The
abundance of Dcpla protein (PB marker) decreased in cells under 18 % ethanol stress, while the abundance of PABP (SG marker) and
elF4E (translation stalling marker) increased under the same conditions (Fig. 4G-I; Supplementary Fig. S2).

4. Discussion

An overview of our conclusions discussed below is presented in Fig. 5.

Yeast grown in a glucose-rich medium rapidly acidifies the extracellular environment [34]. Similar to previous studies, the higher
concentration of ethanol tested here induced a stationary growth phase [1,22,38-40] and reduced proton efflux, indicating acidifi-
cation of the cytosol [22]. In fact, our external pH levels are similar to those previously found [26].

The efflux of protons from cells is dependent on the activity of Pmalp (MCP) [9,41]. The level of PMA1 expression was down-
regulated in cells under heat stress, affecting its activity [33]. Here, we observed that chronic exposure to high levels of ethanol
decreased the expression of the PMA1 gene. However, Pmalp is a long-lived protein [42], and therefore we are expected to find no
significant modification in Pmalp-GFP measurement, such as observed here. Furthermore, mutations or specific ubiquitination alter
Pmalp recruitment to rafts, which diverts Pmalp from the plasma membrane to the vacuoles [43,44]. Our current data did not allow
us to determine whether PMA1 was indeed present in vacuoles. Further analysis using Western blot or immunofluorescence could help
to better understand the relationship between Pmalp, vacuoles, and ethanol stress.

A higher level of PIL1 resulted in a normal density of larger-sized eisosomes [45]. Furthermore, cells in the stationary phase had an
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Fig. 2. Analysis of population growth and extracellular acidification. A: population growth analysis; B: extracellular pH; C-E: Pearson coefficient
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Fig. 3. Analysis of the subcellular location of Pmalp and Pillp in BY4741-GFP strains. A: BY4741-Pmalp-GFP strain. Pmalp is evidenced as lighter
green dots dispersed in the cytosol and plasma membrane; B: BY4741-Pillp-GFP strain. Pillp is shown as green dots on the plasma membrane. The
arrows indicate some Pmalp or Pillp. The percentages on the left side indicate the ethanol concentration (v/v) analyzed.

increase in the number and size of MCC/eisosomes [9,46]. Here, we observed an increase in PIL1 (Pillp is part of the MCC/eisosome)
expression and protein abundance in ethanol-stressed cells at stationary phase growth. Therefore, our data indirectly suggest that the
ethanol stress analyzed here induces the normal formation of large-sized eisosomes.

PBs and SGs jointly regulate mRNA translation and decay [37,47]. PB captures untranslated mRNA, Dcplap, Xrnlp, and other
molecules [48]. SG captures translation-related molecules, including Pabl [48,49]. The XRN1 gene is a component of eisosomes in
postdiauxic cells [37]. The inactive form of XRN1 stored in eisosomes prevents unnecessary degradation of potentially relevant mRNAs
for post-stressed cells [50]. Therefore, we investigated the relationship between ethanol stress, membraneless organelles, and eiso-
somes, hypothesizing that eisosomes protect cells exposed to chronic ethanol stress.

We previously found that ethanol-stressed BY4741 activates the diauxic shift mechanisms by reducing glucose intake [22]. Glucose
depletion (glucose starvation) induces the assembly of membraneless organelles (e.g., PB and SG) [22-24]. The diauxic shift induces
the relocation of Xrnlp from PBs to eisosomes, reducing mRNA decay by inactivating this protein [37,50]. The relocation of Xrnlp to
eisosomes is a Pillp-dependent mechanism [50]. We observed a reduction in the yield of Dcplp and an induction of PABP, XRN1 and
Pillp in cells with chronic exposure to ethanol. These results allowed us to hypothesize that chronic ethanol stress reduces the number
of PBs, increases the number of SGs and likely leads to accumulation of Xrnlp in eisosomes in a Pillp-dependent manner.

SGs allow for faster cell growth after stress relief [24,47,51]. Therefore, we suggest that the previously proposed model [47] applies
to cells under ethanol stress: eisosomes stimulate the assembly of SG, allowing a faster population rebound after stress by holding
inactive XRN1 for further release.

The combination of different approaches focusing on studying the role of eisosomes in ethanol-stressed cells allowed us to assess the
spatial and functional dynamism of these structures. Therefore, we hypothesize that eisosomes play a role in the surveillance of yeast
cells under ethanol stress by acting on intracellular homeostasis, protecting symporters, and working on mRNA metabolism.
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Fig. 4. Bar plots of gene expression, GFP fluorescence, and protein abundance. A-B: Quantification of the GFP intensity of thePmal and Pill
proteins (the raw data are available in Table S1). Multiple comparisons in the post hoc test were conducted for the intensities of Pmalp and Pillp
GFP. Different lowercase letters (a>b) indicate significant differences between the time points for the same treatment. Different capital letters (A >
B) indicate significant differences between treatments within the time point based on Tukey’s test. Different bars with equal lowercase or capital
letters indicate non-significant differences. The divergent letters above each bar in the Tukey’s test indicate statistically significant average dif-
ferences; C-F: quantification of the PIL1, CAN1, XRN1 and PMA1 mRNAs by qPCR; G-I: quantification of the Dcpla, PABP and eIF4E proteins by
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respectively. Multiple comparisons were made for all models using the post hoc test with the Tukey’s test. The two-tailed paired t-test was used to
estimate the significance of the differences for each protein in Western blot.
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