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Abstract 1 

Distilled spirits production using S. cerevisiae requires understanding the mechanisms of 2 

yeast cell response to alcohol stress. Reportedly, specific mutations in genes of the ubiquitin-3 

proteasome system, e.g. RPN4, may result in strains exhibiting hyper-resistance to different 4 

alcohols. To study Rpn4-dependent yeast response to short-term ethanol exposure, we 5 

performed comparative analysis of the wild-type strain (WT), strain with RPN4 gene deletion 6 

(rpn4-Δ), and mutant strain with decreased proteasome activity and consequent Rpn4 7 

accumulation due to PRE1 deregulation (YPL). The stress resistance tests demonstrated an 8 

increased sensitivity of mutant strains to ethanol compared with WT. Comparative proteomics 9 

analysis revealed significant differences in molecular responses to ethanol between these strains. 10 

GO analysis of proteins upregulated in WT showed enrichments represented by oxidative and 11 

heat responses, protein folding/unfolding and protein degradation. Enrichment of at least one of 12 

these responses was not observed in the mutant strains. Moreover, activity of autophagy was 13 

not increased in RPN4 deletion strain upon ethanol stress which agrees with changes in mRNA 14 

levels of ATG7 and PRB1 genes of the autophagy system. Activity of the autophagic system was 15 

clearly induced and accompanied with PRB1 overexpression in the YPL strain upon ethanol stress. 16 

We demonstrated that Rpn4 stabilization contributes to the PRB1 upregulation. CRISPR-Cas9-17 

mediated repression of PACE-core Rpn4 binding sites in the PRB1 promoter inhibits PRB1 18 

induction in the YPL strain upon ethanol treatment and results in YPL hypersensitivity to ethanol. 19 

Our data suggest that Rpn4 affects the autophagic system activity upon ethanol stress through 20 

the PRB1 regulation. These findings can be a basis for creating genetically modified yeast strains 21 

resistant to high levels of alcohol, being further used for fermentation in ethanol production. 22 

Keywords: shotgun proteomics, cell stress, ethanol, S. cerevisiae, Rpn4p, proteasome, autophagy 23 

Introduction 24 
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Yeasts have a long history in beverage and bakery industries. Recently, they also gained 1 

increasing attention due to their use in the production of biofuels, such as bioethanol, 2 

biobutanol, and other alcohols as an alternative source of energy (Abo et al. 2019). In the latter 3 

applications, the yeast strains should exhibit increased resistance to high concentrations of 4 

alcohols. 5 

Alcohols are toxic to cells primarily due to damaging the cellular membranes and proteins 6 

(Walker 1998), which further results in damaging of other cell components. During ethanol 7 

fermentation, yeast encounters several kinds of stresses: osmotic, ethanol, oxidative, and heat 8 

(Auesukaree 2017). To cope with these stresses, the yeast cells utilize a number of response 9 

pathways, which include activation of proteins and enzymes related to protein folding and 10 

degradation, DNA repair, antioxidants, metabolism of alcohol, trehalose synthesis, as well as 11 

other metabolic pathways involving low molecular weight compounds (Auesukaree 2017). 12 

Reportedly, more than 6% of yeast genes are differentially regulated in response to short-term 13 

stress of 7% ethanol (Alexandre et al. 2001). Many screening studies have been performed to 14 

elucidate ethanol resistance mechanisms and to identify genes contributing to yeast response to 15 

ethanol stress (e.g. Kubota et al. 2004; van Voorst et al. 2006; Fujita et al. 2006; Yoshikawa et al. 16 

2009; Teixeira et al. 2009; Navarro-Tapia et al. 2016).  17 

A master-regulator of proteasomal genes and other components of the ubiquitin-18 

proteasome system (UPS), Rpn4p (Mannhaupt et al. 1999; Kapranov et al. 2001; Xie and 19 

Varshavsky 2001), is responsible for developing resistance to alcohols that was supported by a 20 

number of experimental observations. Recent studies have demonstrated that RPN4 gene 21 

expression is strongly induced under 1-butanol (Zaki et al. 2014) and short-term ethanol stress 22 

(Alexandre et al. 2001). It was shown that mutations or deletions of genes encoding components 23 

of the UPS increase sensitivity of yeast strains to ethanol, 1-propanol, and 1-pentanol (Fujita et 24 

al. 2006; González-Ramos et al. 2013). Particularly, González-Ramos et al. (2013) have 25 
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demonstrated that the introduction of specific RPN4 and RTG1 mutations in the wild-type strain 1 

increases resistance to butanol. Thus, changes in Rpn4 activity due to increased expression or 2 

mutations should affect UPS functionality. Upon the ethanol stress, UPS is responsible for the 3 

degradation of damaged proteins to prevent accumulation of toxic protein aggregates. Known 4 

examples of misfolded proteins degraded by UPS during the ethanol stress are pyruvate kinase 5 

and hexokinases (Pascual et al. 1988). 6 

Apart from proteasome genes, about 10% of yeast genes contain Rpn4-binding sites in 7 

their promoters and change expression in the mutant strain with RPN4 deletion (Jelinsky et al. 8 

2000). Some of these genes were verified as Rpn4p direct or indirect targets, including metabolic 9 

genes (e.g. ADH1 (Ezhkova and Tansey 2004), ZWF1 (Spasskaya et al. 2011) ), DNA repair genes 10 

(Spasskaya et al. 2011; Karpov et al. 2013; Spasskaya et al. 2014), oxidative stress genes (Salin et 11 

al. 2008; Karpov et al. 2019), and genes encoding heat-shock proteins (Shirozu et al. 2015). 12 

To date, the mechanism underlying Rpn4-dependent yeast resistance to alcohol remains 13 

unclear. Here, we applied proteomics analysis for identifying key processes related to yeast 14 

resistance to ethanol that are affected in yeast Rpn4 and proteasome mutant strains. Analysis of 15 

differentially regulated proteins related to intracellular proteolytic systems suggested that rpn4-16 

Δ strain is unable to activate compensatory autophagic system. Also, we demonstrate that Rpn4p 17 

is involved in regulation of autophagy upon ethanol stress and this regulation is important for 18 

yeast resistance to ethanol. 19 

 20 

Materials and Methods 21 

Description of yeast strains 22 

Wild-type yeast strains BY4741 and BY4742 and mutant strain rpn4-Δ (derivative of 23 

BY4741, Supplementary Information (SI), Table S1) were obtained from Euroscarf (Oberursel, 24 

Germany). Rpn4-Δ has deletion of RPN4 gene encoding a transcriptional regulator for the 25 
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proteasomal genes. This strain exhibits decreased level of proteasomes, low protein proteolysis 1 

rates, and displays sensitivity to various stress conditions. The YPL strain has been obtained in-2 

house using BY4742 strain and has pre1-8 mutation in the promoter of PRE1 encoding the 3 

essential structural subunit of the 20S proteolytic proteasome complex (Karpov et al. 2013). This 4 

mutation is the substitution of Rpn4p binding site (PACE) to the site of PstI restriction 5 

endonuclease. Such mutation leads to PRE1 down-regulation followed by a decrease level of the 6 

proteasome activity down to rpn4-Δ strain. Accordingly, the activity of Rpn4p in the YPL strain 7 

increases due to Rpn4 stabilization. Note also, that the YPL strain is sensitive to proteotoxic stress 8 

and resistant to genotoxic stress. 9 

Growth conditions and ethanol stress induction 10 

Yeast cells subjected to LC-MS/MS analysis were prepared as follows. Overnight yeast 11 

cultures grown on YPD (yeast extract, peptone, dextrose) media were diluted to OD600 = 0.05 in 12 

the fresh YPD media and then grown to log phase (OD600 ≈ 1) at 30oC. Ethanol was added to the 13 

cell media to a final concentration of 7% (v/v) and incubation was continued for 1.5 hours at 30 14 

oC. Cells were divided into aliquots, each containing 1e8 cells, then, washed in PBS buffer and 15 

pelleted by centrifugation. The supernatant was quantitatively removed and cell pellets were 16 

stored at -80 oC until further use. 17 

Sample preparation for LC-MS/MS 18 

 Aliquots were resuspended in 100 μL of lysis buffer containing 0.1 % w/v ProteaseMAX 19 

Surfactant (Promega, Madison, USA) in 50 mM ammonium bicarbonate, and 10 % v/v acetonitrile 20 

(ACN). Each cell lysate was stirred for 60 min at 550 rpm at room temperature. Cells were lysed 21 

using homogenizer Bandelin Sonopuls HD2070 (Bandelin Electronic, Berlin, Germany) by 22 

sonication for 2 minutes at each 30, 60, 80 % amplitudes on ice. The supernatant was collected 23 

after centrifugation at 13 000 rpm for 10 min at room temperature (Centrifuge 5415R; 24 

Eppendorf, Hamburg, Germany). Total protein concentration was measured using a BCA assay 25 
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(Thermo Fisher Scientific, Germering, Germany). Protein extracts were reduced in 10 mM 1 

dithiothreitol (DTT) at 56 oC for 20 min and alkylated in 10 mM IAA (iodoacetamide) at room 2 

temperature for 30 min in the dark. Then, samples were digested overnight at 37 oC using trypsin 3 

protease (Sequencing Grade Modified Trypsin, Promega, Madison, WI, USA) added at a ratio of 4 

1:50 w/w. Enzymatic digestion was terminated by addition of acetic acid (5 % w/v). After the 5 

reaction was stopped, the samples were shaken (550 rpm) for 25 min at room temperature 6 

followed by centrifugation at 13 000 rpm for 10 min at 20 oC (Centrifuge 5415R; Eppendorf, 7 

Germany). Supernatant was dried in a SpeedVac (Eppendorf Concentrator Plus, Eppendorf, 8 

Hamburg, Germany) at 45 oC. Peptides were stored at −80 oC until the LC-MS/MS analysis. 9 

LC-MS/MS analysis 10 

 Samples were desalted prior to LC-MS/MS analysis using Oasis cartridges for solid phase 11 

extraction (Oasis HLB, 1 cc, 10 mg, 30 µm particle size, Waters, Milfold, USA). Then, the peptide 12 

concentration for each sample was measured using the BCA assay (Thermo Fisher Scientific, 13 

Germering, Germany). Loaded sample quantity was 3 μg per injection. LC-MS/MS analysis was 14 

performed using an Orbitrap Q Exactive HF mass spectrometer (Thermo Fisher Scientific, San 15 

Jose, CA, USA) coupled with a UltiMate 3000 nanoflow LC system (Thermo Fisher Scientific, 16 

Germering, Germany). Mass spectrometry measurements were performed using data-17 

dependent acquisition (DDA) “top 15” mode. A trap column µ-Precolumn C18 PepMap100 (5 µm, 18 

300 µm, i.d. 5 mm, 100 Å) (Thermo Fisher Scientific, USA) and an analytical column EASY-Spray 19 

PepMap RSLC C18 (2 µm, 75 µm, i.d. 500 mm, 100 Å) (Thermo Fisher Scientific, San Jose, CA, USA) 20 

were employed for separations. The column temperature was set to 50 oC. Mobile phases were 21 

as follows: (A) 0.1 % Formic acid (FA) in water; (B) 95 % ACN, 0.1 % FA in water. Samples were 22 

eluted using the gradient from 5 % B to 45 % B for 120 min at 270 nL/min flow rate. 23 

 Real-time qPCR analysis 24 
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An overnight yeast cell culture was diluted to OD600 = 0.25 and grown for 4 h at 30 oC 1 

with constant shaking. Then, the ethanol was added to the culture medium to the final 2 

concentration of 7 % and incubation continued for 0.5 h at 30 oC with shaking. No ethanol was 3 

added to the control cultures. Cells were pelleted, and total RNA was isolated with hot acidic 4 

phenol (pH 4.0) (Schmitt et al. 1990). cDNA was synthesized using RevertAid reverse transcriptase 5 

and oligo(dT) primer according to the manufacturer recommendations (Thermo Fisher Scientific, 6 

USA). The relative mRNA level was estimated by real-time qPCR with the Eva Green dye (Syntol, 7 

Moscow, Russia) using Light Cycler 480-II instrument (Rosh Diagnostics, Indianapolis IN, USA). 8 

Actin (ACT1) was used as a reference. Primary data was processed by LightCycler® 480 Software, 9 

Version 1.5 supplied with the instrument and further analyzed in Microsoft Excel. 10 

Oligonucleotides are listed in SI, Table S2. 11 

Western blot analysis of Ssa3 12 

SSA3 coding region was amplified with primers Ycp-SSA3-F and SSA3-myc-R (SI, Table S2) 13 

and cloned into the YCpLac33 vector (Gietz and Akio 1988) using recombinational cloning in 14 

yeasts (Leeuwen et al. 2015). Assembled plasmid Ycp-SSA3 was recovered from yeast cells and 15 

transformed in DH5α E.coli strain (Grant et al. 1990) followed by purification and verification 16 

using PCR, restriction analysis, and sequencing. Plasmid Ycp-SSA3 was transformed into the 17 

BY4742 yeast strain (Euroscarf, Frankfurt, Germany). Yeast transformants were grown in the 18 

selective media lacking uracil. Yeast cultures obtained from individual colonies were treated with 19 

ethanol at final concentration of 7 % for 1.5 h. Proteins were extracted from ethanol-treated and 20 

untreated yeast cells by alkaline lysis (Kushnirov 2000). Protein extracts were separated in 7 % 21 

polyacrilamide gel (PAAG), and the proteins were transferred onto a nitrocellulose membrane. 22 

The membrane was incubated in primary mouse anti-Myc antibody (1:1000, Santa Cruz 23 

Biotechnology, Inc., Heidelberg, Germany) followed by secondary anti-mouse antibody 24 

conjugated to horseradish peroxidase (HRP) (1:50 000, Jackson Immunoresearch Laboratories, 25 
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West Grove, USA). The membrane was then incubated in ECL reagents (GE Healthcare Life 1 

Sciences, Piscataway, NJ, USA) and developed using Kodak film. Tubulin was used as a loading 2 

control. It was further detected using a primary mouse monoclonal antibody (1:1000,  Merck 3 

KGaA, Darmstadt, Germany) and secondary anti-mouse antibody conjugated to horseradish 4 

peroxidase (1:50000, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). The 5 

images obtained were analyzed using ImageJ (Rueden et al. 2017). Protein intensities were 6 

normalized to tubulin intensity. 7 

Deletion of ATG7 and PRB1 genes 8 

The URA3 coding region was amplified from YCpLac33 vector using pairs of primers ATG7-9 

URA-ins-F/ATG7-URA-ins-R and PRB1-URA-ins-F/PRB1-URA-ins-R (SI, Table S2). PCR-products 10 

were purified and transformed into the BY4742 yeast strain using a standard LiOAc-ssDNA-PEG 11 

method (Gietz et al. 1992). Yeast transformants were grown on selective media lacking uracil. 12 

Several grown colonies were restreaked on the YPD plates to obtain single colonies. DNA was 13 

extracted from several single colonies and the exchange of a corresponding gene to the URA3 14 

coding region was verified by PCR with pairs of primers ATG7-chr-F/ATG7-chr-R and PRB1-chr-15 

F/PRB1-chr-R followed by Sanger sequencing (SI, Table S2). 16 

Gene repression using CRISPR-Cas9 system 17 

Spacers that directs the SpyCas9 endonuclease to the PACEcore elements in the PRB1 18 

promoter was designed using CRISPOR (Haeussler et al. 2016). Spacers were designed to be 14 19 

nt long. At such length, spacer allows SpyCas9 to bind a DNA target but inhibits its endonuclease 20 

activity (Dahlman et al. 2017). Two pairs of oligonucleotides encoding PRB1-specific spacers 21 

(pPRB1-corePACE,r,1,2F/pPRB1-corePACE,r,1,2R and pPRB1-corePACE,r,3,4F/pPRB1-22 

corePACE,r,3,4R, see SI, Table S2) were annealed and cloned into the pCRCT vector (Bao et al. 23 

2015) to yield the pPRB1r1,2 and pPRB1r3,4 plasmids. These plasmids were used to transform 24 

the YPL strain. 25 
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Autophagy measurement  1 

Nonselective autophagy measurement was performed by determining Pho8-dN60 2 

activity according to (Araki et al. 2017). Pho8-dN60 was cloned into the high-copy vector pRS426 3 

under the control of the pTEF1 promoter. The resulting plasmid pRS-pTEF-Pho8-dN60 was 4 

introduced into all three strains and phosphatase activity was measured using α-naphthyl 5 

phosphate as a substrate.  6 

Yeast culture grew on SD/CA medium (0.17% yeast nitrogen base w/o amino acids and 7 

ammonium sulfate, 0.5% ammonium sulfate, 0.5% casamino acids, 2% glucose, drop-out media) 8 

until reaching OD600 ~ 1,5. Cell pellets were lysed in the assay buffer (250 mM Tris–HCl, pH 9.0; 9 

10 mM MgSO4; 10 μM ZnSO4) using glass beads in homogenizer Precellus 24 (Bertin 10 

Technologies). The experimental protocol was exactly as described in (Araki et al. 2017). 11 

Fluorescence was measured at a wavelength of 345 nm for the excitation and 472 nm for the 12 

emission using a TECAN Spark multimode microplate reader (Tecan Trading AG, Switzerland). 13 

Protein concentration was determined using formula C = (OD224–OD233)/0.0496 (Osipov et al. 14 

2011) and the final phosphatase activity was calculated. 15 

Compiling proteomic database for yeast strains under study 16 

 Protein database specific for the BY4742 strain genome was downloaded from the 17 

Saccharomyces cerevisiae Genome Database (SGD, https://www.yeastgenome.org/, accessed 18 

28.12.17) (Cherry et al. 2012). Reviewed protein sequences for the yeast S288C strain including 19 

isoforms were downloaded from UniProt (http://www.uniprot.org/, accessed 30.03.18). Thus, 20 

the proteomic target database used for protein identification contained both the Uniprot S288C 21 

strain entries and the BY4742 strain-specific entries from the SGD database, which was 22 

annotated previously by alignment with non-redundant NCBI database (taxonomy i.d. 4932). 23 

Additionally, sequences of enzymes conferring resistance to kanamycin (Kan-TEF protein 24 

encoded by plasmid pFA6) and nourseothricin (nourseothricin acetyltransferase from 25 

https://www.yeastgenome.org/
http://www.uniprot.org/
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Streptomyces noursei) were appended to the customized target database. These genes were 1 

introduced into the yeast genome as genetic markers for the RPN4 gene deletion in the rpn4-∆ 2 

strain (during preparation of yeast deletion collection, Euroscarf, Germany) and the PACE 3 

mutation in the YPL strain (Karpov et al. 2013), respectively. A decoy database was compiled by 4 

reversing protein sequences from the combined target database. Search was performed against 5 

the concatenated target-decoy database (6083 target + 6083 decoy entries).  6 

The list of Rpn4-regulated genes (113 items) with experimental evidence was 7 

downloaded from https://www.yeastgenome.org/ (access date 18.07.2018). The list of ubiquitin-8 

proteasome system (UPS) genes was compiled using the following sources: 9 

http://uucd.biocuckoo.org/species.php?spe=Saccharomyces_cerevisiae (Gao et al. 2013), 10 

https://www.yeastgenome.org/, http://scud.kaist.ac.kr/ (accessed 15.03.19) (Lee et al. 2008). 11 

The list of UPS substrates was downloaded from http://scud.kaist.ac.kr/ (accessed 15.03.19) (Lee 12 

et al. 2008). The list of proteins involved in autophagy in S.cerevisiae was obtained from 13 

http://www.tanpaku.org/autophagy/overview.html (Homma et al. 2011). The list of proteins 14 

identified as autophagosome cargo was taken from the previous work (Suzuki et al. 2014). The 15 

list of proteins that are prone to aggregation was compiled using several sources reporting 16 

compositions of protein aggregates after action of nutrient starvation (Narayanaswamy et al. 17 

2009), arsenite stress (Jacobson et al. 2012; Ibstedt et al. 2014), and deletion of SSB1 or SSB2 18 

genes of the hsp70 family chaperones (Willmund et al. 2013). 19 

Protein identification and quantitation 20 

 Raw files were converted to MGF using the MSConvert utility from the ProteoWizard 21 

software (ProteoWizard release: 2.1.2575 (TPP v4.5 RAPTURE rev 2, Build 201208012328) 22 

(Kessner et al. 2008). X!Tandem (Craig and Beavis 2004) (version Cyclone 2012.10.01.1) searches 23 

were run against the above-described customized proteomic database using the following 24 

parameters: precursor mass tolerance of ±10 ppm, fragment mass tolerance of ±0.01 Da, one 25 

https://www.yeastgenome.org/
http://uucd.biocuckoo.org/species.php?spe=Saccharomyces_cerevisiae
https://www.yeastgenome.org/
http://scud.kaist.ac.kr/
http://scud.kaist.ac.kr/
http://www.tanpaku.org/autophagy/overview.html
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allowed missed cleavage site for trypsin ([RK]|{P}) and fixed cysteine carboxyamidomethylation. 1 

Open search profiling was used to optimize a set of potential modifications for the subsequent 2 

database close search (SI, Fig. S1) (Chick et al. 2015; Bubis et al. 2018). Because the open search 3 

profiles do not return the abundant mass shifts, variable modifications were switched off. 4 

Pepxmltk 1.0 was used to convert X!Tandem output files (t.xml) into pep.xml format (Ivanov et 5 

al. 2015). Search results were then filtered to 1% false discovery rate (FDR) at peptide-spectrum 6 

match (PSM) level (Elias and Gygi 2007) using MP score (version 1.0) (Ivanov et al. 2014). Default 7 

MP score threshold was used for accepting individual spectra. After post-search validation, more 8 

than 15,000 PSMs, 11,000 peptide identifications, and 2000 protein groups were identified per 9 

each sample replicate. 10 

 The NSAF quantitation method built in MP score was used for label-free quantitation 11 

(Zybailov et al. 2006; Bubis et al. 2017). Protein abundances were transformed into log scale and 12 

normalized to eliminate technical biases. LFQ NSAF values for proteins undetected in some 13 

sample replicates were imputed by (10-3 
* minimal protein abundance) from the respective LC-14 

MS/MS replicate. Quantification results are reported at the level of protein groups 15 

(Supplemental Statistical Results). 16 

Experimental Design and Statistical Rationale 17 

 Each yeast strain was grown in three biological replicates. Treated and untreated (control) 18 

yeast samples were analyzed by liquid-chromatography-tandem mass spectrometry (LC-MS/MS) 19 

in triplicates. Thus, in statistical analysis, the compared treated and untreated sample 20 

populations for each protein have contained 3 technical (LC-MS/MS) measurements X 3 21 

biological replicates. Choice of statistical tests has grounded on recommendations provided in 22 

Intuitive Biostatistics by H.J. Motulsky (Motulsky 2014). Populations were tested for normal 23 

distribution using the Shapiro-Wilk test. To determine the statistically significant differences in 24 

protein abundances between control and ethanol-stressed yeast samples, Student's t-test for the 25 
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means of two independent samples of scores was used. Additionally, the non-parametric 1 

analogue of independent t-test, the Kruskal-Wallis test was run against the data to ensure 2 

statistical significance for not bell-shaped data. Benjamini-Hochberg false discovery rate (FDRBH) 3 

was employed to correct t-test’s p for multiple comparisons. Level of significance for corrected 4 

p-values was set to 0.05. Quantified proteins and all corresponding p-values for each pairwise 5 

comparison are provided in Supplemental Statistical Results. Volcano plots are provided in SI, 6 

Figs. S2-S3. The proteins satisfying criteria of FDRBH < 0.05 and |log2(fold_change)| ≥ 0.1375 were 7 

determined as differentially regulated due to ethanol stress. The choice of mild conditions for 8 

fold changes is a specific arrangement required for our dataset and NSAF-based quantification. 9 

It relies on the following considerations: (1) short-term stress induces weak changes at protein 10 

level; (2) NSAF-based label free quantification provides the estimates of fold changes which are 11 

lower than the actual fold changes ( )_(log6.0)_(log 1010 actualNSAF changefoldchangefold =
 in 12 

(Bubis et al. 2017). This observation is also supported by comparison with western blot and RT-13 

PCR results obtained in our present study (SI, Fig. S4); (3) fold change thresholds of 1.5 and higher 14 

have cut out the proteins which intensively involved into GO enrichments (Fig.2(a,b,d) vs. SI, Fig. 15 

S5). Since GO enrichments serve as a preliminary measure of biological relevance of the proteins 16 

identified in the study, we consider this observation as an extra argument for using the lowered 17 

1.1-fold cut off. Additionally, the wild-type strain is well studied under ethanol stress conditions, 18 

and the pathways activated in response to ethanol treatment are well known (Auesukaree 2017). 19 

Therefore, we also consider the typical stress responses observed in the wild-type strain as an 20 

"internal control" when choosing threshold and 1.1-fold cut off was found as optimum. Cross-21 

validation of LC-MS/MS-based LFQ results by real-time qPCR and western blotting for selected 22 

molecular targets is provided in SI, Fig. S4, respectively. 23 

Principal component and GO analyses 24 
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Principal component analysis (PCA) of quantified proteins was performed to control the 1 

quality and variance in the proteomics datasets. SI, Fig. S6 shows data clusterization at different 2 

levels: (1) technical replicates within the same biological replicate; (2) biological replicates within 3 

the same yeast sample; (3) control and ethanol-stressed yeast sample groups; and, (4) yeast 4 

strains. The PCA has revealed both the reasonable reproducibility between biological and 5 

technical replicates within the same yeast sample and the significant differences between control 6 

and ethanol-stressed yeast sample groups. 7 

 Differentially regulated proteins were analyzed using the STRING (ver. 10.5) database 8 

(Szklarczyk et al. 2015) to reveal the enriched biological processes and components. Grouping 9 

enriched GO terms by semantic similarity was performed at medium allowed similarity with 10 

SimRel model implemented in REVIGO (Supek et al. 2011). Pathways were visualized using 11 

Pathview Web tool (https://pathview.uncc.edu/). 12 

 Integrated data analysis was programmed in Python using both standard and proteomic 13 

libraries: Pyteomics 4.0 (Goloborodko et al. 2013; Levitsky et al. 2019), SciPy Stats 14 

(http://statsmodels.sourceforge.net/), and Sklearn Decomposition (Pedregosa et al. 2011). 15 

Data Availability 16 

 The raw data, sample sequence file, MGF files, search database, and search results at 17 

PSM, peptide and protein levels have been deposited to the ProteomeXchange Consortium via 18 

the PRIDE (Perez-Riverol et al. 2019) partner repository with the dataset identifier PXD014236. 19 

 20 

Results  21 

Testing yeast adaptation to ethanol reveals contribution of both proteasomal and non-22 

proteasomal Rpn4 targets 23 

To study the role of proteasomal and non-proteasomal Rpn4 targets in cellular processes, 24 

we tested specific yeast mutant strains for sensitivity to alcohols. The first strain, YPL, has a 25 

http://statsmodels.sourceforge.net/
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decreased proteasome proteolytic activity due to impaired Rpn4-dependent regulation of PRE1 1 

gene (Karpov et al. 2013). Another yeast mutant strain, rpn4-Δ, has abnormal expression of both 2 

proteasomal and non-proteasomal Rpn4-dependent genes due to RPN4 deletion. Wild-type and 3 

mutant yeast strains were grown in the presence of various alcohols at different concentrations 4 

(Fig. 1). In the experiments, the rpn4-Δ strain was found to be the most sensitive to alcohol stress, 5 

confirming the important role of Rpn4p in adaptation. The YPL strain demonstrated an 6 

intermediate level of alcohol resistance compared with the wild-type strain and rpn4-Δ.  7 

In the follow-up proteomic experiments, ethanol was chosen as a stress agent, since the 8 

yeasts are natural bioethanol producers. Stress conditions were required to be sufficient for 9 

inducing a cellular response at the transcriptional level (Alexandre et al. 2001) and implying no 10 

negative effect on auxotrophic laboratory strains such as the ones with URA3 deletion (Swinnen 11 

et al. 2015). Having in mind these considerations, the yeast strains for proteomic experiments 12 

were stressed with ethanol at concentration of 7% during 1.5 h. 13 

 14 

Proteomics of strain responses to short term 7% ethanol stress  15 

To inspect the proteome changes including differential regulation of proteasomal and 16 

non-proteasomal Rpn4 targets, we separately analyzed the up- and down-regulated proteins. 17 

Venn diagrams in Fig. 2 show comparison of proteins altered in WT, YPL, and rpn4-∆ strains. 18 

Detailed description of gene intersections in Fig. 2 is provided in SI, Appendix A. The wild-type 19 

strain proteome exhibited the lowest changes upon ethanol stress compared to YPL and rpn4-∆. 20 

The highest number of differentially regulated proteins was observed for the YPL strain. Further, 21 

the protein intersections between WT and both mutant strains were below 50% that means 22 

significant differences in responses to ethanol between strains at the proteome level. The 23 

majority of upregulated proteins had the fold changes higher than 1.1, but below 2.5, suggesting 24 

the early phase of cellular response to ethanol. 25 
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To get a preliminary insight into the landscape of proteome changes upon the short-term 1 

7% ethanol stress, we characterized the up- and down-regulated proteins by numbers of 2 

enriched GO terms and genes involved into the enriched GO terms (Fig. 2c-2d). The results 3 

demonstrate that above 90% of the proteins determined in the study as up- and down-regulated, 4 

are involved into the GO enrichments; thus, confirming a biological relevance of the determined 5 

proteome changes. 6 

Proteasome mutant strains exhibit weak activation of core responses to ethanol stress 7 

To highlight the core processes enriched upon the ethanol stress, we grouped the 8 

enriched GO terms by semantic similarities (SI, Fig. S7). In this analysis, we focused on Rpn4-9 

dependent processes since either absence or an impaired function of RPN4 leads to changing 10 

ethanol sensitivity phenotype. In the wild-type strain, we observed up-regulation of the 11 

processes related to oxidative and heat stress responses, protein unfolding and proteolysis. Fig. 12 

3 clearly illustrates an activation of the protein processing in endoplasmic reticulum upon ethanol 13 

stress in the YPL and wild type strains. Additionally, visualization of the ubiquitin mediated 14 

proteolysis and proteasome pathways demonstrates an increased level of the E2 ubiquitin-15 

conjugating enzymes and a down-regulation of the 19S regulatory particles and 20S proteasome 16 

subunits in the YPL strain, thus, supporting the impaired proteolysis in this strain (SI, Fig. S8A-B). 17 

Down-regulated processes were related to the RNA transport (SI, Fig. S8C), 18 

glycolysis / gluconeogenesis (SI, Fig. S8D), rRNA processing, glucose and ethanol metabolic 19 

processes, etc. Note that the glycolysis / gluconeogenesis pathway was RPN4-independent in the 20 

considered yeast strains, while RNA transport pathway was most negatively affected at the level 21 

of translation initiation factors (eIFs) in the rpn4-∆ strain (SI, Fig. S8). In the mutant strains, either 22 

heat or oxidative stress responses were not enriched among the up-regulated processes in the 23 

YPL and rpn4-∆ strains, respectively (SI, Fig. S7). Moreover, while protein folding/unfolding 24 
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pathways were up-regulated in YPL, 'de novo' protein folding was down-regulated in the rpn4-∆ 1 

strain.  2 

Analysis of enriched components in mutant strains also demonstrates down-regulation of 3 

ribosomes and ribonucleoprotein complexes (SI, Fig. S9, Supplemental STRING_GO). Expectedly, 4 

alterations in the proteasome complex and components of the protein ubiquitination system 5 

were observed in both mutant strains. Notably, the trehalose synthesizing complex and 6 

overexpression (or stabilization) of the ATP synthase complex were up-regulated in the rpn4-∆ 7 

mutant strain. Additionally, among up-regulated proteins in the YPL strain we found Cys3 8 

(cystathionine gamma-lyase) and Cys4 (cystathionine beta-synthase) involved in the generation 9 

of hydrogen sulfide as a byproduct of cysteine synthesis (SI, Appendix B). 10 

 11 

The rpn4-∆ and YPL strains demonstrate changes in the autophagic degradation system 12 

Reportedly, an impaired UPS function activates the selective autophagy which degrades 13 

polyubiquitinated protein aggregates through attaching to Cue5 receptor followed by Atg8 14 

conjugating (Ji and Kwon 2017; Gatica et al. 2018). To reveal changes in the autophagic system 15 

in our biological model, we matched the genes encoding the altered proteins against the core 16 

autophagy pathway and selective autophagy factors related to aggrephagy in yeasts (Fig.4a). Fig. 17 

4a shows alterations of the core autophagy at the level of Ras/PKA and mTOR signaling in the 18 

rpn4-∆ and YPL strains and an increased level of Cue5p in rpn4-∆.  19 

Next, we used Pho8-dN60 assay to measure activity of the non-selective autophagy in the 20 

yeast strains under normal and ethanol stress conditions (Fig. 4b). Our data show an increased 21 

level of autophagy in the YPL strain under normal conditions, while the autophagic activity was 22 

indistinguishable between the rpn4-∆ and wild-type strains. Ethanol treatment induced 23 

autophagy in all strains, but the highest induction was observed in the YPL strain. 24 
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Additionally, we analyzed the intersections between the UPS substrates (US), the 1 

autophagosome cargo (AC), and aggregation-prone proteins (PA) (SI, Fig. S10). Our results show 2 

that the autophagosome cargo group is increased by 6 times in the YPL strain compared with the 3 

other strains (SI, Fig. S10A). On the contrary, an autophagosome cargo counts only a few 4 

upregulated proteins in the rpn4-∆ strain similar to the wild type (SI, Fig. S10A). The down-5 

regulated autophagosome cargo proteins in the different strains (SI, Fig. S10B) demonstrate the 6 

alterations that are proportional to the changes of down-regulated proteins in the total 7 

proteomes (Fig. 2b). 8 

 9 

Rpn4 mediates activation of PRB1, the component of the autophagic degradation system 10 

 Our data suggest that the autophagic protein degradation pathway is hyperactivated in 11 

the YPL strain, while no autophagy hyperactivation was observed in the rpn4-∆ strain. Among the 12 

differentially expressed autophagic proteins, Prb1 serine and Pep4 aspartyl proteases were up-13 

regulated in the YPL strain while two other enzymes related to autophagy, Atg3 and Atg7, were 14 

down-regulated in the mutant strains (Fig. 4). To elucidate the role of Atg7 and Prb1 for ethanol 15 

resistance, we deleted the corresponding genes in the BY4742 wild-type strain. Both deletions 16 

resulted in an ethanol-sensitive phenotype, but the most sensitive strain was prb1-Δ (Fig. 5a). RT-17 

PCR shows that both PRB1 and ATG7 are induced upon ethanol stress in all strains (Fig. 5b). The 18 

induction of ATG7 and PRB1 was very similar in both WT and rpn4-Δ. The highest mRNA levels 19 

for PRB1 were observed under both normal and stress conditions in the YPL mutant. ATG7 was 20 

also overexpressed in the YPL strain under normal conditions; however, its mRNA level under 21 

ethanol stress was quite similar to the other strains (Fig. 5b). 22 

To clarify the contribution of Rpn4p in the regulation of ATG7 and PRB1 genes in the YPL 23 

strain, we expressed the stabilized forms of Rpn4p (Karpov et al. 2013) in the wild-type strain. 24 

These forms have either mutation in the Rpn4p degradation signals (Rpn4-NN) or mutation of six 25 
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lysine to arginine residues (Rpn4-6KR) required for Rpn4p ubuquitination (Ju and Xie 2006). These 1 

mutations interfere with Rpn4p degradation in the proteasome, but do not affect activity of its 2 

transactivation domains (Ju et al. 2010). Therefore, accumulating mutant Rpn4p forms mimic the 3 

Rpn4p stabilization in the YPL strain without affecting the proteasome function. The results of 4 

RT-PCR experiments are shown in Fig. 5c. The experiments demonstrate that PRB1 is clearly 5 

induced under both normal and stressed conditions in the presence of stabilized Rpn4p forms 6 

(Fig. 5c). However, the induction is twice lower than in the YPL strain (Fig. 5b). The ATG7 gene 7 

demonstrated a distinct behavior: its levels are indistinguishable between the negative control 8 

with empty plasmid and the expression of stabilized Rpn4p variants (Fig. 5d). 9 

CRISPR-Cas9 repression of Rpn4 binding sites downregulates PRB1 and increases ethanol 10 

sensitivity 11 

To confirm the significance of the autophagy pathway in ethanol tolerance and 12 

specifically the role of Rpn4p in PRB1 regulation, we used CRISPR-Cas9-based repression system. 13 

We targeted Cas9 to putative PACE-core sequences in the PRB1 promoter region using short 14-14 

nt gRNAs. Since PACE-core sequences are positioned in the PRB1 promoter as two pairs, we used 15 

two gRNAs covering either the first pair or the second pair, respectively (Fig. 6a). RT-PCR shows 16 

that introduction of such repressor indeed downregulates PRB1 under normal conditions and 17 

completely inhibits its induction upon ethanol stress (Fig. 6c). In ethanol resistance tests, we 18 

found that PRB1 repression in WT does not affect cell growth; however, it causes severe growth 19 

defects in the YPL strain under both normal and ethanol conditions (Fig. 6b). 20 

 21 

Discussion 22 

The results of our study support the importance of Rpn4p-regulated pathways for yeast 23 

adaptation to alcohol. Here we demonstrated that either RPN4 gene deletion or Rpn4p 24 

accumulation together with impaired proteolysis intensively affects response to ethanol at 25 
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protein level (Fig. 2). RPN4 gene deletion results in incomplete or delayed cellular response to 1 

ethanol stress and activation of compensatory stress response pathways. Particularly, the rpn4-2 

∆ strain lacks activation of oxidative stress response together with the protein folding/unfolding 3 

pathways, while the mutant with Rpn4p accumulation and proteasome dysfunction has 4 

characterized by weakened heat stress response (SI, Fig.S7). Seemly, malfunction of these 5 

pathways that comprise core ethanol response (Auesukaree 2017), should contribute to the 6 

observed sensitivity of the mutant strains to the ethanol in our (Fig. 1) and other studies (e.g. 7 

Kubota et al. 2004).  At the same time, other compensatory stress response pathways (trehalose, 8 

ATP or hydrogen sulfide synthesis) and cellular components (stress granules) were enriched that 9 

could help both mutant strains to cope with ethanol-induced stresses. We and others previously 10 

have shown that Rpn4p may regulate transcription of non-proteasomal genes involved in various 11 

stress responses. Examples are YAP1 encoding master regulator of cellular response to oxidative 12 

stress (Salin et al. 2008; Karpov et al. 2019), and HSP82 encoding heat shock protein that is 13 

involved in protein quality control and cellular response to heat-shock (Shirozu et al. 2015). These 14 

examples support the ability of Rpn4p to affect cellular responses to oxidative stress or heat-15 

shock and thereby contribute to the cellular response to ethanol. 16 

More significantly, we show the importance of the autophagic degradation system for the 17 

ability of the proteasome mutant strains to cope with ethanol. The autophagic system may 18 

compensate for the ubiquitin-proteasome system dysfunction using the same protein substrates 19 

(Ji and Kwon 2017). Our proteomics data indicate that ethanol stress affects the autophagic 20 

system in proteasome mutant strains. Previous studies report on aggrephagy, a selective 21 

autophagy pathway induced by impaired UPS (Farré and Subramani 2016; Gatica et al. 2018). In 22 

yeast with an impaired proteasome function, this pathway degrades mono- and poly-23 

ubiquitinated protein aggregates attached to Cue5 receptor which further binds to Atg8. Here, 24 

we observed an increased Cue5p level which may indicate an activation of aggrephagy in rpn4-∆ 25 
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(Fig. 4). The latter is also supported by similar levels of autophagosome cargo observed in the 1 

rpn4-∆ and wild type strains that assumes partial compensating of the impaired UPS (SI, Fig. 2 

S10A). We found an increased accumulation of autophagosome cargo in the YPL strain compared 3 

with the other strains (SI, Fig. S10A) suggesting the hyperactivation of the autophagy. The latter 4 

was further confirmed by the Pho8 assay (Fig. 4b). Pho8 assay reveals no difference in the activity 5 

of the non-specific autophagy between the wild type and rpn4-∆ strains. Since YPL and rpn4-∆ 6 

strains are both defective in the activity of the UPS system, but the YPL strain has hyperactivated 7 

Rpn4p, we conclude that Rpn4p contributes to the hyperactivation of the autophagy. Note that 8 

most of the down-regulated autophagosome cargo (SI, Fig. S10B) came from the Environmental 9 

stress response (Gasch 2007) that includes RNA processing and transport, ribosome and 10 

glycolysis / gluconeogenesis (SI, Fig.S7 - lower panel). We believe these down-regulated proteins 11 

reflect rather the differences in environmental stress responses between the strains, but not an 12 

activity of the autophagic systems. 13 

Earlier it has been shown that ATG1 and ATG8 genes of the autophagic system are 14 

induced in yeast upon ethanol stress (Jing et al. 2018). In our study we showed that two other 15 

genes PRB1 and ATG7 are also induced upon ethanol treatment. Reportedly, Prb1 protease plays 16 

an important role for proteolysis and activation of other proteases in autophagosomes (He and 17 

Klionsky 2009) and earlier it was shown that its gene is regulated by Rpn4p (Shirozu et al. 2015). 18 

Atg7 is an autophagy-related E1-like enzyme (Tanida et al. 1999). Deletions of PRB1 and ATG7 in 19 

the wild type background proved their importance for yeast survival upon long-term ethanol 20 

exposure (Fig. 5a). Earlier, the presence of functional Rpn4p binding sites in the PRB1 promoter 21 

was reported (Shirozu et al. 2015). In the promoter of ATG7 gene, we also found a PACE-core 22 

element 5'-GGTGGC-3' 215 bp upstream of the ATG codon that may serve as Rpn4p binding site. 23 

But the similar induction of ATG7 and PRB1 in WT and in rpn4-Δ challenges the conclusion that 24 

they are Rpn4p-regulated. We observed overexpression of these genes in the YPL strain only. As 25 
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concluded in (Shirozu et al. 2015), PACE-core element is a weak Rpn4-binding site. Our earlier 1 

data (Spasskaya et al. 2014) and the results reported by other authors (Zhu 2004) suggest that 2 

other transcription factors such as Pdr3 and Pdr1 could regulate genes via Rpn4p binding sites. 3 

Therefore, we propose that Rpn4p is not the main regulator of autophagy genes, but may affect 4 

their expression upon overexpression under stress conditions or accumulation in the YPL strain. 5 

Indeed, overexpression of Rpn4p stabilized forms in the wild type strain causes PRB1 induction 6 

upon normal and ethanol conditions (Fig.5c). Note, this effect is lower than in the YPL strain, and 7 

can be explained by lower level of Rpn4p accumulation, or stabilization of other transcription 8 

factors regulating PRB1 expression. Pdr3 is a possible candidate for such a factor since it may 9 

bind Rpn4-binding sites (Zhu 2004) and is a substrate of the ubiquitin-proteasome system 10 

(Ostapenko et al. 2012). In case of ATG7, the absence of induction under Rpn4p overexpression 11 

suggests that putative PACE-core Rpn4-binding site in the ATG7 promoter is non-functional and 12 

its induction in the YPL strain is explained by other factor stabilization upon proteasome 13 

dysfunction. 14 

Repression of PRB1 with the CRISPR-Cas9 system targeted at PACE-core elements in its 15 

promoter indicate that these elements are important for the PRB1 regulation. Moreover, PRB1 16 

induction is important for ethanol tolerance in proteasome mutant strains, especially in the YPL 17 

strain (Fig. 6b). In the absence of Rpn4p (the rpn4-Δ strain), the difference between control and 18 

repressed states is less prominent than in the YPL strain with Rpn4p overexpression. These data 19 

confirms the involvement of Rpn4p in the PRB1 regulation under ethanol treatment. The 20 

observed high toxicity of the repression system in the YPL strain under the normal conditions 21 

may be, at least, partially, caused by the selective media which may be stressful factor itself as 22 

we showed earlier (Karpov et al. 2013). Nonetheless, our data suggest that autophagy inhibition 23 

together with proteasome impairment strongly violates cells ability to survive ethanol stress. 24 
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Taken together, our results support the important role of the autophagy system in 1 

ethanol resistance and elucidate the role of the Rpn4p and proteasome in the regulation of 2 

autophagic and other stress-responsive genes upon ethanol stress. 3 
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 14 

Figure Legends 15 

Figure 1. Tests for ethanol stress resistance in the wild-type, rpn4-Δ, and YPL yeast strains. The 16 

overnight-incubated yeast colonies were diluted to OD600 = 1.0; then, fivefold serial dilutions 17 

were prepared. Subsequently, 4 µL of each dilution was spotted onto agar plates containing 18 

alcohol. Control plates were alcohol-free. Plates were incubated at 30ºC for 3 or 4 days. 19 

Figure 2. Comparative analysis of the proteins altered due to ethanol stress in the WT, YPL, and 20 

rpn4-∆ strains: up-regulated (a) and down-regulated (b) proteins. Total numbers of altered 21 

proteins are given in parentheses. Results of mapping the numbers of the enriched GO terms (c) 22 

and the genes involved in the enriched GO terms (d). 23 

Figure 3. Protein processing in the endoplasmic reticulum is activated upon ethanol stress in the 24 

YPL and wild type strains. Pathway was visualized using Pathview (Luo et al. 2017). The colored 25 
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scale corresponds to log2-transformed fold changes. The items in pathway graph are segmented 1 

in three parts and correspond to log2(fold change) for the rpn4-∆, YPL and WT, from left to right. 2 

Figure 4. Alterations in the autophagy system upon ethanol stress. (а) Pathway was visualized 3 

using Pathview (Luo et al. 2017). The colored scale corresponds to log2-transformed fold changes 4 

of the protein abundance. The items in pathway graph are segmented in three parts and 5 

correspond to log2(fold change) for the rpn4-∆, YPL and WT, from left to right. (b) Measurement 6 

of activity of the non-selective autophagy using Pho8 assay.  Histograms show the means ± SD (n 7 

= 3). Statistical significance was calculated using Student two-tailed t-test for comparing two 8 

independent means. NS – non-significant difference, * p-values are between 0.05 and 0.01, ** p-9 

values are between 0.01 and 0.001. 10 

Figure 5. Rpn4- and proteasome-mediates regulation of autophagy genes important for yeast 11 

resistance to ethanol. Deletion of PRB1 and ATG7 genes in WT resulted in ethanol sensitivity 12 

phenotype (a). RT-PCR demonstrates the increased mRNA levels of PRB1 and ATG7 upon ethanol 13 

stress (b). Expression of the stabilized Rpn4 forms in the wild-type strain upregulates PRB1 (c), 14 

but have no effect on the ATG7 expression (d). Histograms show the means ±  = (n = 6). Statistical 15 

significance was calculated using Student two-tailed t-test for comparing two independent 16 

means. NS – non-significant difference , ** p-values are between 0.01 and 0.001, *** p-values 17 

are less than 0.001. 18 

Figure 6. CRISPR-Cas9-mediated repression of PRB1 via PACE-core elements: scheme of 19 

experiment (a), the YPL strain demonstrates the highest sensitivity to long-term ethanol exposure 20 

after occupation of PACE-core Rpn4 binding sites in the PRB1 promoter by the CRISPR-Cas9 21 

complex (b), the CRISPR-Cas9 repression system abrogates induction of PRB1 mRNA upon 22 

ethanol stress (c). Histograms show the means ± SD (n = 3). Statistical significance was calculated 23 

using Student two-tailed t-test for comparing two independent means. NS – non-significant 24 

difference, *** p-values are less than 0.001. 25 
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