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The response to proteotoxic stresses such as heat shock allows organisms to

maintain protein homeostasis under changing environmental conditions. We

asked what happens if an organism can no longer react to cytosolic proteo-

toxic stress. To test this, we deleted or depleted, either individually or in com-

bination, the stress-responsive transcription factors Msn2, Msn4, and Hsf1 in

Saccharomyces cerevisiae. Our study reveals a combination of survival strate-

gies, which together protect essential proteins. Msn2 and 4 broadly repro-

gram transcription, triggering the response to oxidative stress, as well as

biosynthesis of the protective sugar trehalose and glycolytic enzymes, while

Hsf1 mainly induces the synthesis of molecular chaperones and reverses the

transcriptional response upon prolonged mild heat stress (adaptation).

Keywords: heat shock response; Hsf1; Msn2/4; transcriptome; proteome;
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Life depends on the ability to respond to adverse

changes in the environment such as unphysiologically

high temperatures [1,2]. As different proteotoxic stres-

ses lead to the accumulation of unfolded proteins and

a stop in translation and growth, these stresses can be

counteracted by a shared transcriptional program, the

heat shock response (HSR) [1,2]. This was already

indicated much earlier by observations of thermotoler-

ance in which exposure to one stress protects cells

against another stress [3,4]. To counteract proteotoxic

insults, a specific set of stress-protective proteins,

called heat shock proteins is upregulated under stress

[1,2,5,6]. Those proteins help to maintain proteostasis

by preventing or even reversing the aggregation of

unfolded proteins [7,8]. The transcriptional response

comprises several hundred genes that are changed in

their expression at least two-fold in comparison to the

non-stress situation [9,10]. Recently, we showed that

the reprogramming induced by mild heat stress was

only transient and that yeast is able to adapt to mild

heat stress. In addition, many non-chaperone genes

seemed to be upregulated to counteract the increased

protein turnover under stress and hence to guarantee

constant protein levels [10]. Heat shock factors

(HSFs) are generally thought to be the regulators of

the HSR in eukaryotes [11–13]. The main regulators
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of the transcriptional HSR in yeast are Hsf1, Msn2,

and Msn4 [14]. Whereas vertebrates usually express

several HSFs, yeast only encodes Hsf1, which is an

essential protein [15–17]. Interestingly, only 18 Hsf1-

dependent genes (HDGs) were identified in Saccharo-

myces cerevisiae and the essential function of Hsf1

could be further narrowed down to the regulation of

Hsp70 and Hsp90 expression under physiological con-

ditions [18].

Further important regulators of the response against

proteotoxic insults in yeast are the two highly homolo-

gous transcription factors (TFs) Msn2 and Msn4 [19–
22]. As they can be activated by various stresses [14],

they are not only linked to the HSR but more gener-

ally associated with the environmental stress response

[21–27]. The several hundred genes targeted by Msn2

and Msn4 are partially redundant but for a full tran-

scriptional activation of most of their targets both TFs

seem to be necessary [22,28]. Furthermore, there is an

overlap of several chaperone encoding genes that are

regulated by Hsf1 and Msn2/4 [29].

While we have reached a profound understanding of

the stress response, there is a central open question:

what happens to an organism in the complete absence

of a stress response. Addressing this question would

reveal the stress-sensitive segment of the proteome and

it would allow identifying the detrimental effects of

stress on cells. To approximate this, a yeast strain was

created which combines the conditional nuclear deple-

tion of Hsf1 [18,30] with the deletion of the MSN2

and MSN4 genes. The analysis of the transcriptional

response of cells lacking either Hsf1, Msn2/Msn4 or

all three transcription factors to mild (37 °C) and

severe (42 °C) heat stress revealed their individual con-

tributions as well as the consequence of a total loss of

this core stress response. This allowed the analysis

of the part of the proteome which is protected by the

Hsf1 and Msn2/4 targets. Furthermore, sporulation

induced via the cell wall integrity pathway was identi-

fied as a potential survival strategy in the complete

absence of the stress response.

Materials and methods

Yeast cultivation and heat shock experiments

W303 yeast cells were grown in YPD-A (100 mg�L�1 ade-

nine) at 25 °C from an OD595 of 0.3 to an OD of 0.8 while

shaking. Then, the cells (50 mL) were shifted to 37 or

42 °C (water bath), respectively for up to 60 min. The con-

trol cells were kept at 25 °C. After the heat shock, the cells

were harvested for 1 min at 4000 g at 4 °C.

Genomic deletion of MSN2 and MSN4

MSN2 and MSN4 genes were deleted by homologous recom-

bination with transformed linear knock-out cassettes [31].

PCRs were performed as described previously [31] using the

following primers:MSN2 fw: TCTTTCTTTTTTCAACTTT-

TATTG CTCATAGAAGAACTAGATCTAAAATGCG-

TACGCTGCAGGTCGAC; MSN2 rev: AATTATC TT

ATGAAGAAAGATCTATCGAATTAAAAAAATGGGG

TCTATTAATCGATGAATTCGAGCTCG; MSN4 fw:

TTATCAGTTCGGCTTTTTTTTCTTTTCTTCTTATT

AAAAACAATATAATGC GTACGCTGCAGGTCGAC;

MSN4 rev: AATTATCTTATGAAGAAAGATCTATC-

GAATTAAAA AAATGGGGTCTATTAATCGATGAA

TTCGAGCTCG. The purified PCR products were trans-

formed into mid-logarithmic yeast cells (OD595 of 0.6–
0.8). After harvesting the cells (5 min at 3000 g), they

were washed with 25 mL water. Then, the cells were resus-

pended in 1 mL 0.1 M lithium acetate. 50 lL of the cell sus-

pension were used for the transformation and again pelleted.

The cells were resuspended in 240 lL PEG (50% w/v), 36 lL
1 M lithium acetate, 6 lL ssDNA and 0.1–10 lg DNA. The

suspension was filled to 360 lL with water, vortexed, incu-

bated for 30 min at 30 °C and subsequently for 30 min at

42 °C. To remove the transformation mixture, the cells were

spun down for 15 s at 5200 g and 1 mL of warm YPD/CSM

was added to allow the cells recover for 1–2 h. 200 lL were

plated on selection media and incubated at 30 °C for 2–4 days.

To select for correct positive clones, the colonies were trans-

ferred onto replica plates with the same selection marker after

3 days. Genomic insertion was checked with colony PCR.

Spot assays

Yeast overnight cultures were diluted to an OD595 of 1 in

YPD-A and 5 lL spotted on an YPD-A agar plate. The

cells were incubated for 24 h on a temperature gradient

plate (29–48 °C; Biometra, Jena, Germany).

Nuclear depletion of Hsf1

For the depletion of Hsf1, genetically engineered yeast cells

[18] were grown to an OD595 of 0.6–0.7 and then treated

with 1 lM rapamycin (solved in DMSO). The control cells

were treated with an equal volume of DMSO. After the

addition of rapamycin, the cells were incubated for 45 min

at 25 °C and then the heat stress was performed as

described above.

Live/dead staining

To check cell survival after prolonged nuclear depletion of

Hsf1, live/dead staining was performed using Trypan blue.

Cells were harvested by centrifugation at 3000 g for 1 min.
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The pellet was resuspended in 1 mL PBS containing a final

concentration of 10 lg�mL�1 Trypan blue. Cells were

counted discerning between unstained living cells and blue-

stained dead cells [32]. Cells that had taken up the dye were

classified as dead [33].

RNA isolation

RNA isolation was performed based on a published protocol

[34] with a few adjustments. In brief, 3 9 106 cells were har-

vested (9000 g for 1 min at 4 °C) and the pellets were shock

frozen in liquid nitrogen. The cell pellets were resuspended in

400 lL TES buffer (10 mM Tris/HCl, pH 7.5, 10 mM EDTA,

0.5% SDS) and 400 lL acidic phenol were added. The sus-

pension was incubated for 30 min at 65 °C while shaking

(900 r.p.m.). After 5 min on ice, the suspension was centri-

fuged for 5 min at 25 000 g and 4 °C. The aqueous phase

was transferred into a fresh 1.5 mL tube, further 400 lL
acidic phenol were added and the procedure was repeated.

After the aqueous phase was again transferred into a fresh

tube, 400 lL of chloroform were added, it was vortexed and

centrifuged for 5 min at 25 000 g and 4 °C. The aqueous

phase was once more transferred into a fresh tube and the

RNA precipitated by the addition of 40 lL 3 M sodium ace-

tate (pH 5.3) and 1 mL ice-cold ethanol. The RNA was pel-

leted for 60 min at 25 000 g and 22 °C and the supernatant

was discarded. The pellet was washed two times with 1 mL

70% ice-cold ethanol. Finally, the dried RNA pellets were

dissolved in 20 lL RNAse-free water and incubated for

20 min at 37 °C while shaking (900 r.p.m.). The concentra-

tion was measured on a Nanodrop spectrometer (Thermo

Fisher Scientific, Waltham, MA, USA) and the quality of

the RNA samples checked on an Agilent Bioanalyzer (RNA

6000 Nano kit; Agilent, Santa Clara, CA, USA).

Preparation of RNA libraries and RNA sequencing

Libraries were generated with the help of the Lexogen

SENSE mRNA-seq Library Prep Kit V2 (Lexogen GmbH,

Vienna, Austria) with half of the volume as described in the

manual. First, the magnetic beads were washed two times

with the provided buffer. After thermal denaturation of the

RNA for 1 min at 60 °C, 500 ng RNA were added to

the beads in hybridization buffer. After hybridization of the

RNA (20 min at RT and 1250 r.p.m.), the beads were

washed again twice with 50 lL of the provided wash buffer.

After removing the supernatant, 7.5 lL of the provided

reverse transcription and ligation mix as well as 1 lL Star-

ter/Stopper mix were added and mixed by vortexing. The

reverse transcription reaction was incubated for 5 min at

25 °C and 1250 r.p.m., then 1.5 lL of enzyme mix 1 were

added to ligate the reverse transcribed cDNA fragments. It

was vortexed again and incubated for additional 2 min at

25 °C and 1250 r.p.m. Subsequently, the samples were incu-

bated for 1 h at 37 °C and 1250 r.p.m. To stop the reaction,

50 lL wash buffer were added. The beads were washed with

50 lL wash buffer once more and then they were resus-

pended in 8.5 lL second strand synthesis mix. At this point,

0.5 lL of the provided enzyme mix 2 was added. The second

strand was synthesized with the following program in a PCR

cycler: 1 cycle: 90 s at 98 °C, 60 s at 65 °C, 5 min at 72 °C,
hold at 25 °C. The samples were purified as described in the

provided user manual. Finally, the cDNA samples were

eluted with 8.5 lL of the provided elution buffer. For the

library amplification, 3.5 lL of the provided PCR mix and

0.5 lL enzyme mix 2 per reaction were added to the eluted

library. 2.5 lL i7 primers were added and 9 cycles of PCR

with the following program were run: 98 °C for 10 s, 65 °C
for 20 s, 72 °C for 30 s and a final extension at 72 °C for

1 min (hold at 10 °C). The PCR products were purified with

Agencourt AMPure XP beads (Beckman Coulter, Brea, CA,

USA). 36 lL of purification beads were used. The quality of

the libraries was checked with an Agilent Bioanalyzer (DNA

1000 Kit).

Next-generation sequencing

DNA libraries were sequenced on a HiSeq1500 sequencer

(Illumina, San Diego, California, USA) with 200–240 mil-

lion reads per lane. RNA-seq experiments were sequenced

with 10 million 50 bp single end reads. A total of

570 9 106 sequences were generated.

Soluble/insoluble fractionation

Cell lysis and soluble/insoluble fractionation were per-

formed as described elsewhere [10,35]. The pellets (50 mL

culture) were washed once in 1 mL ice-cold buffer S0
(20 mM HEPES/KOH, pH 7.4, 120 mM KCl, 2 mM EDTA;

30 s at 5000 g and 4 °C) and frozen in 2 mL Eppendorf

tubes in liquid nitrogen. To lyse the cells, the thawed pellets

were resuspended in 150 lL buffer S (20 mM HEPES/-

KOH, pH 7.4, 120 mM KCl, 2 mM EDTA, 0.5 mM DTT,

1 : 100 protease inhibitor MixFY (SERVA Electrophoresis

GmbH, Heidelberg, Germany), 1 mM PMSF). Half of the

cell suspension was also flash-frozen in liquid nitrogen and

lysed in a mixer mill (Retsch GmbH, Haan, Germany) with

9 mm stainless steel balls (4 9 90 s at 30 Hz; Cole-Parmer,

Vernon Hills, IL, USA) that were prechilled in liquid nitro-

gen. The tubes were cooled in liquid nitrogen between the

cycles. Before the lysate was cleared for 30 s at 3000 g and

4 °C, 400 lL ice-cold buffer S were added. The cleared

supernatant was then transferred into a 1.5 mL ultracentri-

fuge tube (Beckman Coulter) and the insoluble fraction

was separated from the soluble fraction by ultracentrifuga-

tion for 25 min at 114 480 g (TLA-45) and 4 °C (Optima

Max E Ultracentrifuge; Beckman Coulter). The soluble

fraction was transferred into a fresh, precooled tube (S)

and the pellet was washed once with 500 lL buffer S

(41 000 r.p.m. for 25 min at 4 °C). The remaining pellet
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was dissolved in 500 lL buffer P (8 M urea, 20 mM

HEPES/NaOH, pH 7.4, 150 mM KCl, 2 mM EDTA, 2%

(m/v) SDS, 2 mM DTT, 1 : 1000 protease inhibitor MixFY

(SERVA), 10 lM PMSF) by vigorous vortexing in a

thermal shaker for 30 min at RT. Finally, this solution was

spun down for 5 min at 20 000 g and RT and the aqueous

phase was taken as the pellet (P) fraction. The con-

centration of the samples was determined via BCA assay

(ThermoFisher Scientific, Waltham, MA, USA).

Sample preparation for MS/MS measurements

250 lg protein were precipitated to get rid of detergents and

inhibitors [36]. First, the volume of the protein sample was

adjusted to 160 lL with H2O in Eppendorf tubes. 600 lL
methanol (Sigma-Aldrich, St. Louis, MO, USA) were added

and the emulsion was vortexed and centrifuged for 10 s at

16 200 g and RT. This procedure was repeated with 225 lL
chloroform (Sigma-Aldrich). Then 450 lL H2O were added,

it was vortexed again, incubated for 7 min in an ultrasonic

bath (VWR, Radnor, Pennsylvania, USA) and centrifuged

for 10 s at 16 200 g. The upper phase was taken off until the

precipitated proteins in the interphase were reached. After

the addition of 450 lL methanol, the suspension was vor-

texed and centrifuged at 16 200 g for 20 min at RT. The

supernatant was discarded and the pellets were air-dried. The

proteins were dissolved in 8 M urea, 50 mM Tris (pH 7.5),

4 mM DTT. 20 lg protein were transferred into a fresh

Eppendorf tube and diluted with 50 mM Tris to a final vol-

ume of 25 lL (2 M Urea, 50 mM Tris pH 7.5, 1 mM DTT).

Subsequently, the proteins were digested with sequencing

grade Trypsin (5 ng�lL�1; Promega, Madison, WI, USA) for

2 h at RT. The peptides were alkylated (50 mM Tris/HCl,

pH 7.5, 2 M urea, 5 mM IAA) in the dark at RT overnight at

500 r.p.m. in a thermomixer. Then, the tryptic digest was

quenched with 1.5 lL formic acid (FA). The samples were

desalted with double C18 layer stage tips [37]. To this end,

the tips were equilibrated with 70 lL methanol and washed

three times with 70 lL 0.5% FA by applying mild centrifu-

gation steps (960 g). The peptides were loaded onto the tips,

washed three times with 70 lL 0.5% FA and eluted with two

times 30 lL 80% ACN, 0.5% FA (960 g). The samples were

dried in a speed vacuum concentrator (Eppendorf,

Hamburg, Germany). For the MS/MS measurement, the

peptides were dissolved in 23 lL 1% (v/v) FA and incubated

for 15 min in an ultrasonic bath at RT. The peptide solutions

were filtered with centrifugal filters (0.22 lM; Merck,

Darmstadt, Germany; 1 min at 7000 g) and transferred into

Chromacol vials (ThermoFisher Scientific).

MS/MS measurements

MS/MS measurements were performed on an Orbitrap

Fusion coupled to an Ultimate3000 Nano-HPLC via an elec-

trospray easy source (all ThermoFisher Scientific). After

loading the peptides on a 2 cm PepMap RSLC C18 trap col-

umn (particles 3 lm, 100 �A, inner diameter 75 lm, Thermo-

Fisher Scientific) with 0.1% TFA, they were separated on a

50 cm PepMap RSLC C18 column (particles 2 lm, 100 �A,

inner diameter 75 lm, ThermoFisher Scientific) constantly

held at 40 °C. The peptides were eluted with a gradient from

5% to 32% ACN, 0.1% FA during 152 min at a flow rate

of 0.3 lL�min�1 (7 min 5% ACN, 105 min to 22% ACN,

10 min to 32% ACN, 10 min to 90% ACN, 10 min wash at

90% ACN, 10 min equilibration at 5% ACN). Survey scans

(m/z 300–1500) with a resolution of 120 000 were acquired.

The automatic gain control (AGC) target value was set to

2.0*e5 with a maximum injection time of 50 ms. For frag-

mentation with high-energy collisional dissociation, the most

intense ions of charge states 2–7 were selected. The collision

energy was set to 30%. In the ion trap, the maximum injec-

tion time was also set to 50 ms and the AGC target value

was reduced to 1.0*e4. Inject ions for all available paralleliz-
able time was allowed. Dynamic exclusion of sequenced pep-

tides was set to 60 s. Internally generated fluoroanthene ions

were used for real-time mass calibration. Data were acquired

using XCALIBUR software version 3.0sp2 (ThermoFisher

Scientific).

MS/MS data analysis

The MS data were analyzed with MAXQUANT (version

1.6.2.6) [38,39]. The reviewed S. cerevisiae proteome data-

base downloaded from UniprotDB (2018) was used for

protein identification. The same fraction was set for all files

of one experimental setup. Only tryptic peptides were

searched and cleavage sites before proline were included.

Peptides with up to two missed cleavage sites were included

in the analysis and a peptide tolerance of 4.5 ppm was

applied. N-terminal acetylation and methionine oxidation

were selected as variable modifications. As fixed modifica-

tion, carbamidomethylation was selected. Not more than

five modifications per peptide were allowed. For the pri-

mary search in MAXQUANT the min. ratio count was set to 1

and Label min. ratio count was also set to 1. Furthermore,

unique + razor peptides were taken into account. Other-

wise, the preset orbitrap instrument settings of MAXQUANT

were applied. The minimal peptide length was set to seven

amino acids, the maximal length was 25 amino acids.

Match between runs was applied (match time window:

0.7 min; align window: 20 min). The identification parame-

ters were left preset with a protein false discovery rate

(FDR) of 1%. The peptides were also searched against a

decoy database (reverse database) generated by MaxQuant.

The protein groups table that was generated by MAXQUANT

was further evaluated in PERSEUS (version 1.6.2.1) [40].

First, the table was filtered by potential contaminant hits,

hits from the reverse (decoy) database and hits that were

only identified by side. After log2 transformation of the

LFQ intensities, the associated replicates were grouped into
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categories. Then, the rows were filtered on three valid

values in at least one group. The missing values were calcu-

lated from the Gaussian distribution (width: 0.3; downshift:

1.8). To analyze the fold changes, Volcano plots were plot-

ted and a two-sided t-test was applied [41] in PERSEUS. A

protein was considered to be significantly up- or downregu-

lated if |log2 fc| > 1 and P-value < 5%.

Processing of RNA-seq datasets

The quality-controlled sequencing reads were aligned to the

yeast reference genome (yeast genome 2011; R64-1-1

(ENSEMBL version 75)) [42] using the mapping tool CONTEXT-

MAP2 (v.2.8.0) [43]. CONTEXTMAP2 tries to resolve ambiguous

i.e. multi-mapped reads by a simple context-based

approach assigning reads to the most plausible positions

based on the mapping of the other reads. Gene quantifica-

tion was performed using FEATURECOUNTS (v.2.0.0) [44] at

the gene level to the corresponding yeast gene transfer for-

mat. Hereby a minimum fraction of 0.5 of overlapping

bases were required for assigning a read to a feature and

only primary alignments were considered. These gene

counts were normalized and further analyzed by DESEQ2

(v.1.28.1) [45] for pairwise differential expression analysis.

Knock-out and wild-type strains were always compared to

the 25 °C reference of the same strain, thereby eliminating

bias of the knock-out as best as possible. These pairwise

fold changes are the basis for subsequent multidimensional

analysis of the dataset.

Principal component analysis (PCA)

To get a first overview over the transcriptomic changes tak-

ing place, a PCA was applied to the preprocessed normalized

gene counts [46]. The PCA finds a projection of the samples

in few (typically two are visualized) dimensions such that the

samples are arranged according to components displaying

the largest overall variance among the samples. Dimensional-

ity reduction methods were accessed via the SKLEARN (v.0.0)

module [47] in PYTHON (v.3.6.13), without any filtering of the

genes before reduction. The individual conditions were visu-

ally represented in groups and the centroids of the three sam-

ples per condition were linked to each other by directional

arrows corresponding to the time points.

Sankey plots

Fold changes from DESEQ were categorized into ‘linguistic’

classes. Depending on how strong the regulation was, fold

changes above 1 were considered as slightly differentially

expressed (‘up’, ‘down’) and above 2 as strongly differen-

tially expressed (‘strong up’, ‘strong down’), resulting in

five classes. Genes for which no significant change could be

detected were classified as ‘unchanged/no assumption’.

Sankey diagrams (PLOTLY v.4.9.3) [48] were plotted to show

the fluxes of genes in/out the respective class along certain

selected dimensions, e. g. the time after the heat shock.

Expression component analysis (ECA)

As another method to dissect high dimensional transcrip-

tomic data, expression component analysis (ECA) was

applied [49]. ECA tries to extract the effect of the absence

of transcription factors (TF) on each individual gene in a

systematic manner by taken into account individual knock-

outs/�downs of two TFs together with the respective com-

bination of both TFs. This allows to reduce the data from

the different knock-out and depletion strains to produce

effect models for each gene.

The ECA is based on the assumption that the fold

change difference between two transcriptomic states is the

result of the presence or absence of transcription factors.

All transcription factors, Hsf1 and Msn2/4, can thereby

contribute to the abundance of transcripts. For the three

transcription factors, in total four different transcriptomic

states (WT, msn2D/msn4D, Hsf1 depletion (–Hsf1), and

msn2D/msn4D + Hsf1 depletion (–Hsf1/msn2D/msn4D) were
measured in triplicates).

Between these four states, the fold changes between five

transitions are of interest (see Scheme 1). In these transi-

tions either one or two of the TFs are added and, thereby

give rise to a fold change of the transcript abundance. This

interaction is modeled by a linear combination of three

expression components. First, a component ‘H’ is depen-

dent on the rapamycin based Hsf1 depletion and an ‘M’

component is dependent on the Msn2/4 knock-out. Second,

WT

–Hsf1/ msn2Δ/msn4Δ

WT

msn2Δ/msn4Δ–Hsf1

heat shock

)egnahc dlof( noisserpxe

Scheme 1. Schematic representation of the conducted expression

component analysis (ECA).
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a third cooperative component ‘Co’ is added. This compo-

nent accounts for possible regulatory interactions between

the two transcription factors and for redundant or synergis-

tic effects.

These three components are calculated by fitting the lin-

ear ECA model to the pairwise fold changes between the

measured transcript abundancies. All possible combinations

of the three biological replicates for each strain are consid-

ered which allows to assess the significance of the resulting

effect strengths.

Quantification and statistical analysis

Statistical parameters are reported in the figures and figure

legends. Statistical significance was assigned by using a

two-sample t-test. P-values below 0.05 were considered sig-

nificant. Genes or proteins that exhibited at least a two-fold

change under stress compared to the unstressed condition

were defined to be differentially expressed. Statistical ana-

lyses were performed using PERSEUS, ORIGIN and R. For spe-

cific methods, the respective software used is mentioned in

the associated methods.

Results

Stress-protective transcription factors

regulate the transcription of several genes

under non-stress conditions

To analyze the HSR in yeast in the absence of a pro-

tective system, we depleted the essential TF Hsf1 from

the nucleus (–Hsf1) via the ‘Anchor-Away system’ as

described previously [18,30] (Fig. 1A). To this end,

Hsf1 was fused to the FRB (FKBP12 rapamycin bind-

ing) domain and the ribosomal subunit RPL13A was

fused to FKBP12 [18]. Furthermore, the yeast strain

carried a TOR1 mutation to make it resistant to rapa-

mycin [30]. Conditional depletion was achieved by the

addition of rapamycin to the cells, which induced

the dimerization of FRB and FKBP12 and the subse-

quent nuclear export of Hsf1 together with the ribo-

somal subunit [18,30]. It was shown before that after

20 min of rapamycin treatment, Hsf1 was efficiently

depleted from the nucleus [18]. Additionally, we

deleted the stress-specific transcription factors Msn2

and Msn4. First, we tested the thermo-sensitivity of

the msn2D/msn4D strain in comparison to the wild-

type control strain (WT). The WT exhibited a maxi-

mum growth temperature of around 41 °C (Fig. S1A).

Of note, deletion of both Msn2 and Msn4 did not lead

to an increased thermo-sensitivity, consistent with pre-

vious observations after short-term stress exposure [28]

(Fig. S1A). At 25 °C, the Msn2/4 knock-out (KO)

cells reached almost the same densities as the WT after

overnight incubation (Fig. 1B). The growth of yeast in

which nuclear Hsf1 was depleted was unaffected up to

3 h of depletion but the cells stopped to grow over-

night (Fig. 1B) [18]. Taken together, these findings

show that Msn2/4 are not compulsory at physiological

conditions while the essential role of Hsf1 was

confirmed.

Mild heat stress of 37 °C resulted in decreased

growth of cells lacking nuclear Hsf1 and the cells

stopped growth upon prolonged incubation (Fig. 1B).

The Msn2/4-deleted cells also grew slower than the

WT but continued to proliferate overnight (Fig. 1B).

Recovery experiments of the Hsf1-depleted cells at

25 °C (following overnight exposure at 37 °C) showed
that after a lag phase of 6 h in medium without rapa-

mycin growth was resumed (Fig. S1B). This result sug-

gests that those cells had only entered a dormant stage

and did not die. Live/dead staining of the cells using

Trypan blue confirmed that at least 90% of the cells

lacking Msn2/4 or nuclear Hsf1 had survived over-

night exposure at 37 °C (Fig. S1C).

Next, we were interested in the transcriptomic

changes induced by the absence of Msn2/4 and Hsf1.

Although no influence on cell viability was observed

for the Msn2/4 KO strain, the analysis of the tran-

scriptome under physiological conditions revealed that

for 23 genes (MSN2/4 excluded) the transcription was

changed at least two-fold (14 decreased, 9 increased)

compared to the transcriptome of WT cells (Fig. 1C,

D). Among the genes whose basal transcription

strongly relies on Msn2/4, we found Hxk1 and Glk1

which both catalyze the phosphorylation of glucose,

the first and an essential step of glycolysis, and treha-

lose biosynthesis (Fig. 1D). Furthermore, the tran-

scription of PYK2 which encodes a pyruvate kinase,

another key enzyme in glycolysis and NTH1 which is

linked to trehalose metabolism are decreased upon the

deletion of Msn2/4. In addition, the mRNA levels of

GPH1 which encodes a glycogen phosphorylase are

reduced in the absence of Msn2/4. This indicates that

Msn2/4 are involved in regulating the supply of glu-

cose from glycogen for energy generation and also for

trehalose biosynthesis. Moreover, a positive regulatory

effect of Msn2/4 on the mRNA levels of three enzymes

involved in stress tolerance was detected. These are

glutamate decarboxylase GAD1, an enzyme that con-

verts glutamate to c-aminobutyric acid and is linked

to the oxidative stress response [50], the ceramidase

YPC1, a gene linked to thermotolerance [51] and the

stress-induced nicotinamidase PNC1. Pnc1 was shown

to extend the replicative lifespan of yeast due to calo-

rie restriction [52]. Therefore, its lower transcription

rate might positively affect the metabolic turnover and
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in turn negatively affect the replicative lifespan of the

msn2D/msn4D strain. Furthermore, the transcription of

a protective gene against desiccation (STF2) was

decreased whereas the basal mRNA levels of RTS3, a

putative subunit of the phosphatase PP2A, which is

known to activate Msn2 [53], were increased in the

absence of Msn2/4 (Fig. 1C,D). The transcription of

two of three repressible acid phosphatases (PHO5 and

PHO12), which, to our knowledge, have not been

linked to the regulation of Msn2 and Msn4 were also

increased in msn2D/msn4D. Of note, in the absence of

Msn2/4, already at the level of basal transcription an

upregulation of sporulation was indicated (SPO24).

Furthermore, the transcription of three unknown genes

was changed (increased: YJL133C-A: mitochondrial

protein of unknown function; YJR115W: paralog of

ECM13, decreased: YFR052C-A: overlaps with the

HXK1 open reading frame) at 25 °C in the absence of

Msn2/4 (Fig. 1D).

In the Hsf1 depletion strain (–Hsf1), the basal tran-

scription of 11 stress response genes was significantly

decreased (Fig. 1C,D). The strongest effect was

observed for the two indispensable chaperone-encoding

genes SSA2 and HSC82 whose transcription rate

(A) (B)

(C) (D)

Fig. 1. Depletion of Hsf1 leads to a stop of growth after several hours. (A) Scheme of the general setup of the Hsf1 anchor away system.

The FRB domain is fused to the transcription factor and the FKBP12 domain to a ribosomal subunit (Rpl13A). Upon the addition of 1 lM

rapamycin, the FRB and FKBP12 domains form dimers and Hsf1 is exported together with the ribosomal subunit from the nucleus. (B)

Yeast cells were grown to an OD595 of ca. 0.5 at 25 °C. After the addition of 1 lM rapamycin the cells were incubated for 45 min at 25 °C

before they were shifted to 37 °C (right panel). The growth measurement was performed in biological duplicates. WT: Black squares and

red dots; msn2D/msn4D: beige triangle (pointing left) and purple diamonds; Hsf1 depletion: green triangle (pointing down) and blue triangle

(pointing up); Hsf1-depleted msn2D/msn4D: brown circle and cyan triangle (pointing right). Growth after recovery and the viability of

stressed cells are shown in Fig. S1B,C. (C) Fold changes and significance values (P-values) derived from DESeq for each gene are shown

for the basal effect for each knock-out/�down strain at 25 °C compared with the WT in volcano plots. The 18 HSF1-dependent genes [18]

are colored in blue and HXK1, the main glycolytic agent, is colored in red. (D) Venn diagram showing the overlap of transcripts with

assigned gene names whose basal transcription was affected at 25 °C by the absence of Msn2/4 and/or Hsf1. Genes with reduced mRNA

levels compared to the WT are colored in blue, genes with increased levels in red. Fold changes and significance values (P-values) are

shown in the volcano plots in (C).

641FEBS Letters 598 (2024) 635–657 ª 2024 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

M. M€uhlhofer et al. Stress response in the absence of Hsf1 and Msn2/4



dropped around 16-fold. All 11 genes whose transcrip-

tion was found to be dependent on Hsf1 had also been

described previously [18] and, as expected, clearly link

Hsf1 to the transcriptional regulation of chaperones.

In the absence of all three TFs, the basal transcrip-

tion of 18 genes (MSN2 and MSN4 excluded) was

reduced and that of two genes was increased (Fig. 1C,

D). One of the decreased genes was the before men-

tioned YFR052C-A. Five genes were only affected

when all three TFs were absent which indicates that

they are targeted by all three TFs already at 25 °C
(Fig. 1C,D). Among them was CUR1 (a paralog of

BTN2), which is also assumed to be a HDG [18]. With

SSE1 and HSP12, two additional stress proteins were

found to be redundantly targeted by all three TFs.

Furthermore, UBI4 (ubiquitin) transcription was

reduced in the absence of the three transcription fac-

tors and this may affect proteasomal turnover. ADE17

(purine biosynthesis) exhibited increased basal mRNA

levels in the absence of all three TFs which potentially

indicates a negative regulation of adenosine and ATP

levels by the stress-protective TFs.

In summary, our results reveal that all three TFs

studied play a specific role in the transcriptional regu-

lation of unstressed cells. Whereas Hsf1 was clearly

linked to heat shock proteins as reported previously

[18], the deletion of Msn2 and Msn4 affected mostly

metabolic genes linked to the stress response. In the

absence of Msn2/4, the barrier to induce sporulation

seemed to be decreased. Interestingly, the lack of all

three TFs might affect another proteostasis branch,

namely degradation, as the UBI4 transcript levels were

basally decreased in this strain. In line with this, we

observed an upregulation of UBI4 under heat stress in

the WT strain. Of note, the UBI1-3 genes, which

encode hybrid fusion proteins between unrelated

sequences and ubiquitin [54] exhibited a different

expression profile (no dependence on Hsf1 and

Msn2/4).

Hsf1 is responsible for the adaptation to mild

heat stress

Having determined the genes which depend on the

stress transcription factors already under non-stress

conditions, we analyzed their influences on the kinet-

ics of the heat shock response (Fig. 2). Cells were

subjected to mild (37 °C) or severe (42 °C) heat stress
for 0 min (25 °C control), 10 min and 30 min, respec-

tively and changes in expression were determined. To

decrease the data complexity due to the many differ-

ent variables such as genotype, temperature and dura-

tion of the stress, we used principal component

analysis (PCA) for a general comparison (Fig. 2A).

PCA reduces the dimensionality of the data with

minimal loss of information and facilitates visualizing

the overall trend of the transcriptomes [55]. We

observed a separation of the transcriptomes of the

different strains based on the genotype, as well as the

severity and duration of the stress (Fig. 2A). The

sorting of the individual transcriptomes in the PCA

analysis was extraordinarily clear; the principal com-

ponent 1 (PC1) is mainly temperature- and time-

dependent. PC2 represents the genotypic difference of

the strains with the deletion of Msn2/4 shaping this

component.

In this more detailed view, the data indicate that

under mild heat shock conditions (37 °C), more than

2000 genes were up�/or downregulated at least two-

fold in the WT strain (Fig. 2B and Fig. S2A), similar

as described before [10].

Under mild heat shock conditions (37 °C), the

response in the WT is initiated within 10 min.

The program is successful to adjust to the new conditions

as the transcript levels return to physiological levels after

30 min (Fig. 2B). This typical adaptation to mild heat

stress [10] was also visible in the PCA (Fig. 2A, overall

trends highlighted by the respective arrows) as those

transcriptomes approached the unstressed state again

Fig. 2. Cells lacking Hsf1 do not adapt to mild heat stress within 30 min. (A) Mid-logarithmic yeast cells (OD595 0.8) were stressed for

30 min at 37 °C (left) or 42 °C (right). For the depletion of Hsf1, the cells were treated with 1 lM rapamycin, which was added 45 min

before the heat stress was applied. The transcriptome was measured after 0, 10 and 30 min of heat stress in biological triplicates. As a first

approximation of the differences in the response to heat shock of each strain, the preprocessed normalized gene counts were visualized via

a principal component analysis (PCA). WT (green), msn2D/msn4D (purple), –Hsf1 (blue), –Hsf1/msn2D/msn4D (red), 25 °C (circles), 37 °C

(triangles), 42 °C (crosses). The size of the signs indicates the duration of the stress (small sized: 0 min, medium: 10 min, big: 30 min). The

number of changed genes is shown in Fig. S2A. (B–E) In the detailed views, the changes from 10 to 30 min of a strain (WT (B), msnD2/

msn4D (C), –Hsf1 (D), –Hsf1/msn2D/msn4D (E)) during heat shock were analyzed (left: 37 °C, right: 42 °C). Individual genes were classified

into several classes, which we describe as ‘no assumption’ (|log2 fc| < 1), ‘low’ (1 ≤ |log2 fc| ≤ 2), or ‘strong’ (|log2 fc| > 2) regulation of the

corresponding gene. The classes are assigned based on up- (green) or downregulated (yellow/red) as determined by DESEQ. Genes that did

not exhibit significant fold changes were classified as ‘no assumption’ (gray). The classes were plotted as a Sankey diagram to compare the

changes in the whole experiment along selected dimensions. An enrichment analysis of the late HSR is shown in Fig. S2C.
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(U-turn of the arrow direction). In the Hsf1-depleted

strain, the HSR was maintained or even increased during

mild heat stress (Fig. 2A,D,E and Fig. S2A). After pro-

longed stress, the number of genes with changes in tran-

scription was approximately two-fold higher in the Hsf1-

depleted cells than in the WT (Fig. S2A). These findings

demonstrate that Hsf1 is essential for the adaptation pro-

cess to mild heat stress.

Deletion of Msn2/4 did not affect the Hsf1-

dependent adaptation process (Fig. 2A,C). Thus, all

strains in which Hsf1 was present adapted to mild heat

stress and the transcriptomes approached the levels

observed under physiological conditions again. In the

strain lacking all three TFs, the pattern of the response

and stress adaptation is comparable to the Hsf1-

depleted cells and weakened by a factor of around 3

compared to the WT. Thus, cells lacking all three TFs

exhibit only very limited changes in their transcrip-

tomes in response to stress.

Exposing the strains to more severe stress (42 °C) led
to changed transcription levels of around 3000 genes in

all genotypes (Fig. S2B). As indicated in the PCA, no

strain adapted to the severe stress (Fig. 2A). The

observed changes were even stronger after prolonged

stress (Fig. 2). The kinetics of the responses in the

Msn2/4 KO strain and the Hsf1-depleted cells toward

severe heat stress were comparable to the WT (Fig. 2B–
D). Only the number of changed genes was reduced.

Taken together, these results show that in yeast, adapta-

tion to heat stress is only possible under mild heat stress

conditions and in the presence of Hsf1.

Hsf1, Msn2, and Msn4 depletion shuts down the

core stress response program

Gene by gene comparisons of the stress-induced

changes in the transcript levels of the different strains

revealed that the stress-responsive program initiated in

the cells lacking either Hsf1 or Msn2/4 exhibits a mod-

erate correlation with the WT cells (Fig. 3A,B) corrob-

orating the importance of both Hsf1 and Msn2/4 to

the transcriptomic HSR. Moreover, it is also visible in

the scatter plots that Msn2/4 targeted more genes than

Hsf1 and therefore the correlation between the

msn2D/msn4D and the WT transcriptome was worse

than between the –Hsf1 and the WT strain. Severe

heat stress led to a slightly better correlation of the

transcriptomic changes in the different genotypes com-

pared to 25 °C indicating that other factors might gain

importance at 42 °C (Fig. 3B). The absence of all three

TFs led to the weakest correlation: Many genes that

were up- and downregulated in the WT remained

unchanged in the strain without all three TFs.

As expected, in the WT the upregulated genes were

strongly linked to the HSR and comprised many genes

involved in protein folding, namely HSPs and

genes involved in the synthesis of trehalose, as well as

glycolytic enzymes. The general picture in the WT was

similar at 42 °C (Fig. 2B and Fig. S2B). Thus, the

transcriptional reprogramming in WT yeast (a)

increases the capacity of folding (b) supports extrinsic

protein stabilization via trehalose [56], (c) provides

additional energy from glycolysis and (d) decreases

protein synthesis [9,10]. Additionally, under severe

heat stress conditions, genes involved in sporulation

were found to be enriched in the WT. To get an over-

view of pathways targeted by Msn2/4 and Hsf1 under

heat shock we determined the gene ontology (GO) sets

involved. This analysis revealed that at both tempera-

tures Msn2/4 is responsible for the regulation of the

metabolic branch of the HSR [57] including carbohy-

drate metabolism (Fig. 3C). Under mild heat stress,

endocytosis and glycerolipid metabolism are also nega-

tively affected in the absence of Msn2/4 (Fig. 3C).

In addition to the expected lack of the stress-induced

upregulation of chaperones in the absence of Hsf1 [18],

our analysis showed that Hsf1 induced the upregulation

of longevity pathways, the MAP kinase signaling path-

way, endocytosis (the latter two only at 37 °C) (Fig. 3C)
and protein processing in the ER (42 °C). MAP kinase

signaling is in turn involved in a multitude of stress

response pathways, resulting e.g. in the enhancement of

cell wall integrity and the induction of sporulation [58].

As mentioned above, the Hsf1-depleted strain was not

able to adapt to mild heat stress and maintained its

stress-responsive program (Figs 2 and 3A). Of note, the

Hsf1-dependent chaperone set was also not upregulated

after 30 min in the Hsf1-depleted strain. These data sug-

gest that there is a second wave of responses, which tar-

gets processes such as protein catabolic processes in the

ER or the cell cycle (Fig. S2C). In addition, many of

those genes were linked to the cellular response to a

chemical stimulus, another stress-responsive branch.

An important aspect of the heat shock response

revealed in our analysis is that Msn2/4 and especially

Hsf1 play an important role in the repression of genes

involved in rRNA processing and ribosome biogenesis

indicating that the downregulation of translation at

different stages under heat stress is of key importance

as it is targeted by all three TFs. Of note, in the Hsf1-

depleted strain, Msn2/4 alone still repressed the tran-

scription of these genes and they remained strongly

decreased after 30 min at 37 °C (Fig. 3A, blue genes).

The in-depth analysis of the single branches of the

HSR confirmed that the transcription of chaperone

genes is strongly dependent on Hsf1 and much less on
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Msn2/4 (Fig. 4A and Fig. S3A). However, this did not

hold true for the small heat shock proteins Hsp26 and

Hsp42. Their genes were targeted by Hsf1 as well as

by Msn2/4 (Fig. 4B and Fig. S3A) pointing to their

importance in different aspects of the stress response

like the sequestration of proteins [59,60]. Moreover,

they function in the absence of a pronounced stress

and can be regulated by posttranslational modification

[10,61–65]. Furthermore, the response to oxidative

stress and the upregulation of trehalose biosynthesis

and glycolysis were mainly regulated by Msn2 and

Msn4 as expected. Interestingly, Msn2/4 suppressed

genes involved in proteasome-mediated proteolysis

while Hsf1 induced the transcription of several of

those genes (Fig. 4A). Analysis of the proteasomal

genes that were still upregulated in the absence of the

three TFs pointed toward Rpn4 as the responsible TF,

which is known to be an important transcriptional reg-

ulator for proteasomal genes [66].

Apart from the differences due to the adaptation

process to mild heat stress as well as the transcription

of genes belonging to meiosis (Fig. 4A) and those

associated with sporulation which were differently reg-

ulated in the mutant strains (Fig. S3A), our study

(A) (B)

(C)

Fig. 3. The comparison of the WT and the mutant transcriptome reveals key processes that are affected by the TFs under heat shock. The

scatter plot shows the logarithmic fold changes (log2 fc) of one strain (x-axis; WT) against log fc in another strain (y-axis). The log fc for the

respective strain were determined at a certain time after the heat shock (10/30 min HS) compared to the same strain without HS (0 min).

The scatter plot compares a KO strain vs. the WT to show differential regulation of genes in the mutant strain upon HS (A: 37 °C; B:

42 °C). The diagonal line indicates genes that have the same sign and size of log fc in the two compared strains (double differential change

(DDC) = 0). Genes near the diagonal have small differences between strains on HS and are shown in gray (small DDCs). Genes with large

differences of the two logarithmic fold changes (large DDCs) in at least one strain (log fc difference > 1) are shown in color. In principle, we

can observe four combinations of regulations in the two strains: upregulated upon HS in both strains (++), upregulated in one and

downregulated in the other strains (+�, �+), and downregulated in both strains (��). The two classes with the same direction (++, ��)

were further divided into two subclasses based on the strain where the regulation is stronger (scatter points above and below the diagonal).

These resulting six classes are highlighted with different colors. To keep the quality high in the resulting sets, the fold change in the

dominant strain or, in the case of direction change, the fold change in either of the strains had to be significant (adjusted P-values < 0.05

and |log2fc| > 1). Genes for which both log fc were significant are represented as filled dots, genes with only one significant log fc as

triangles pointing the direction of regulation on the corresponding axis (for KO strain the triangles are on the y-axis pointing up/down for

up�/downregulated genes), and genes without significant log fc as unfilled dots. The scatter plot visually highlights the number of genes in

the respective classes. The Pearson correlations (R2) are indicated in the plots. (C) Pathway analysis was performed for each of the six

classes independently with hypergeometric tests to test for gene set enrichment of the colored genes in sets derived from both GO [94]

and KEGG [95]. The top three terms are displayed.
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revealed that more than 50% of the upregulated Hsf1

targets overlapped with Msn2/4 targets after 10 min at

37 °C (Fig. S3B). Therefore, we could identify many

genes that were regulated redundantly by Msn2/4 and

Hsf1 (Fig. S3B). This stresses the importance of this

central and overarching stress-protective transcrip-

tional program. Of note, the number of Msn2/4 target

genes was about twice as high as that of Hsf1. Even

though, in the strain lacking all three stress TFs, the

transcription of numerous genes was still found to be

increased under HS conditions (Figs 2 and 3), while

the core stress response comprising chaperones and

trehalose biosynthesis was absent in this strain.

The repression of genes under stress is even more

redundant. Around 2/3 of the Hsf1-repressed and

roughly 1/2 of the Msn2/4-repressed genes are also

repressed by the other TF (37 °C, 10 min; Fig. S3B).

Those 221 genes were only unchanged in the absence

of all three TFs which supports a more general gene

repression function shared by Hsf1 and Msn2/4 mainly

targeting processes linked to translation. Importantly,

there are still 437 genes whose levels are still reduced

even though Hsf1 and Msn2/4 were absent which indi-

cates that there are further important TFs involved.

In summary, the deletion of Msn2/4 negatively

affected the metabolic branch of the HSR whereas

Hsf1 was essential for the efficient upregulation of the

chaperone branch (Fig. 4C) as it was expected. In con-

sequence, this core HSR which mainly comprises chap-

erones, trehalose biosynthesis enzymes as well as

glucose metabolism enzymes was switched off only

when all three TFs were absent. Together they are also

required to suppress translation, ribosome biogenesis

and RNA processing. Notably, in the absence of all

three TFs, several genes involved in sporulation were

still found to be increased under stress indicating the

existence of an additional emergency-escape program,

which is not regulated by Hsf1 and Msn2/4.

Several hundred proteins aggregate in the

absence of Hsf1 and Msn2/4

It is generally assumed that the major task of the HSR

is to avoid deleterious consequences of stress on the

proteome. Our deletion strains put us in the position

to investigate the effects of heat stress on a largely

unprotected proteome and to directly determine the

proteins that aggregated in the absence of a major part

of the stress response. For the proteome analysis, the

cells (WT and the strain lacking Hsf1 and Msn2/4)

were again subjected to mild (37 °C) or severe (42 °C)
heat stress for 0 (25 °C control), 30 or 60 min, respec-

tively. Label-free quantification mass spectroscopy

(LFQ-MS) analyses revealed that in the WT yeast

strain, the levels of more than 200 proteins were

increased under mild heat shock (37 °C) compared to

the unstressed cells, among them many chaperones

(Fig. S4A). In contrast, in the strain lacking the three

stress-protective TFs, only a few proteins (13) exhib-

ited increased levels (log2 fc > 1; P-value < 0.05) and

chaperones were not upregulated (Fig. 5A). Thus,

stress-induced protein upregulation was strictly depen-

dent on the action of Msn2/4 and Hsf1. The two most

significant hits among the upregulated proteins were

Hac1 and Rts3. Rts3 is a putative component of the

protein phosphatase 2A [67] and was already conspicu-

ous in the transcriptome analysis. Interestingly, PP2A

is known to activate Msn2 [53]. Hac1 is the key TF

activated by the unfolded protein response (UPR) [68].

Hac1 was also slightly increased upon heat shock at

the transcriptomic level and Ire1, which splices Hac1,

was upregulated in the absence of the HSR transcrip-

tion factors. Interestingly, the successful splicing of

HAC1 was clearly visible in the transcriptome as

intron reads were not present anymore in the strain

without Msn2/4 and Hsf1 at 37 and 42 °C, as well.

Hence, the observed proteomic change of Hac1 is in

line with the transcriptome data.

At 42 °C, fewer proteins were increased in the WT

(33), and only 10 proteins in the strain lacking Hsf1 as

well as Msn2/4 (Fig. 5A). Hac1 and Rts3 were again

the most significant hits. Notably, sporulation was not

found to be upregulated at the level of the proteome.

MS analysis of the insoluble fraction after heat

stress showed that many different proteins aggregated

in the strain lacking all three TFs (Fig. 5B). While in

the WT strain after 30 min at 37 °C, 137 proteins were

found in the insoluble fraction, around 240 proteins

were found pellet-enriched in the strain lacking all

three TFs (Fig. 5B,C and Fig. S4B). At 42 °C, the

amount of proteins found in the insoluble fraction of

the WT strain (193) was comparable to the mutant

strain (222) after 30 min (Fig. 5B,C and Fig. S4B).

While in the case of the WT strain, the stress protec-

tion was already limited at this temperature, in the

mutant strain the proteome was hardly stress-protected

at any point which becomes obvious especially under

mild heat stress. This led to a rather small overlap of

aggregating proteins in the two strains. After 60 min

of heat stress even more proteins were found in the

pellet fraction of the strain without the three TFs

(Fig. 5C): 401 proteins at 37 °C and 323 proteins at

42 °C, were 146 and 165 proteins respectively in the

WT strain (Fig. 5C). Thus, the solubility of several

hundred proteins is ensured by the heat shock

response. A pointwise comparison (scatter plot) of the
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Fig. 4. The core heat shock response is switched off in cells lacking Hsf1 and Msn2/4. (A) Core regulatory information was extracted and

the difference in fold changes between mutant strains and the WT were visualized with a heat-map. To highlight the genes with the largest

changes between strains, only genes with a 90% confidence interval of all log2 fold-change differences between strains greater than 1

were selected. A more detailed expression component analysis (ECA) of selected biological categories can be found in Fig. S3A. (B) The

function of ECA is depicted for representative genes of the main TF target classes. All required fold changes were calculated by DESEQ and

arrows are red if the log2 fold change is greater than 1 and blue if it is less than �1. Arrows were drawn thick if they had an adjusted P-

value below 0.05. (C) Schematic view of the regulation of the HSR by Msn2/4 and Hsf1. Hsf1 is responsible for the chaperone branch and

Msn2/4 for the metabolic branch. Together, those two branches are referred to as the ‘core HSR’. A main function of the remaining rest

regulation seems to be the escape into sporulation. The overlap of the gene targets of the different TFs is shown in Fig. S3B.
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insoluble proteomes after 30 and 60 min confirmed

that the aggregation phenotype was aggravated under

prolonged stress (Fig. S4C).

A comparison of the aggregating proteins in the WT

and the strain lacking the three TFs revealed that most

of the proteins that were pellet-enriched uniquely in

the WT belong to the stress-protective machinery

(Fig. 5C) consistent with their interaction with non-

native proteins during stress. As those proteins were

not upregulated in the strain lacking the responsible

TFs they were also not enriched in the pellet fraction

of the mutant strain. The pellet-enriched proteins in

this strain were connected to cell cycle and growth,

which might be another explanation for the observed

stop of cell growth under stress (Fig. 1C).

We next analyzed the aggregating proteins in more

detail to identify common features that make proteins

chaperone-dependent. We found that up to 22% of the

aggregating fraction of the strain without the three TFs

were cofactor-binding proteins [69] (Fig. 6A). Of all

identified proteins in this experiment only 12% were

cofactor-binding. Of note, cofactor insertion in proteins

is a process known to involve chaperones [70–72]. It

should be noted that also in the pellet fraction of WT

cells the percentage of proteins with cofactors was

increased (37 °C 30 min: 15.4%; 37 °C 60 min: 13.1%;

42 °C 30 min: 16.0%; 42 °C 60 min: 17.6%) but not as

pronounced as in the strain without the three TFs. For

most of the pellet-enriched proteins, either Zn2+, Mg2+,

PLP or FAD were annotated as the cofactor (Fig. 6A).

Another intriguing finding was that the presence of

intrinsically disordered regions (IDR) in a protein

seems to affect the chaperone dependency under stress

(Fig. 6B). Among all detected proteins, around 52%

contained IDRs longer than 19 aa [73]. While the ratio

of IDRs detected in the pellet of the WT cells stressed

for 60 min at 37 °C was similar to the average value,

this value dropped to around 40% in the pellet of the

mutant strain (Fig. 6B). This implies that especially

proteins with ordered structures are enriched in the

pellet when chaperones are absent. Thus, structured

proteins depend more on chaperoning under stress

than IDR-containing proteins. Similar effects were

observed at 42 °C, whereas at this more severe stress

temperature, the difference between WT and the

mutant strain was smaller (Fig. 6B).

The most striking difference in the composition of

the pellet fraction was the enrichment of essential pro-

teins in the strain lacking the three TFs at 37 °C. In
WT cells after 30 min of mild heat stress, only 5.9%

of the aggregating proteins were essential according to

the DEG database [74]. In contrast, the percentage of

essential genes was more than three times higher in the

strain without the three TFs (20%) (Fig. 6C).

The essential proteins aggregating in the strain lacking

the stress response were mainly linked to genome repli-

cation, segregation and mRNA processing. This pro-

tective effect seemed to be specific for mild heat stress,

as at 42 °C the amount of aggregated essential pro-

teins was similar in both strains. Again, the aggregated

essential proteins were mainly involved in DNA repli-

cation and double strand break repair, in the mutant

as well as in the WT.

In summary, the number of aggregating proteins

was strongly increased when yeast cells were not able

to initiate a proper stress response anymore. The pro-

teomic analyses revealed that certain proteins are spe-

cifically prevented from forming insoluble aggregates

by the heat shock response.

Discussion

Recently, a seminal paper revealed that the number of

Hsf1-dependent genes in yeast is much smaller than

Fig. 5. The absence of Hsf1 and Msn2/4 results in massive aggregation processes at 37 °C. (A) Hsf1 was depleted by the addition of 1 lM

rapamycin in the msn2D/msn4D strain and the yeast cells were stressed for 30 min at 37 °C (upper panel) or 42 °C (lower panel). The

soluble fraction was analyzed with LFQ-MS/MS. Fold changes were calculated with the proteome of cells kept at 25 °C as a base. The

experiments were performed in biological triplicates and a two-sided t-test was performed. The red box indicates significantly upregulated

proteins (log2 fc > 1; P-value < 0.05) and the blue box comprises downregulated proteins (log2 fc < �1; P-value < 0.05). Selected

chaperones are shown in red. The two most significant upregulated proteins Rts3 and Hac1 are indicated in black. In Fig. S4A the

corresponding experiment with WT cells is shown. (B) LFQ-MS/MS analysis of the insoluble protein fraction. Fold changes were calculated

with the insoluble proteome of cells kept at 25 °C as a base. The experiments were performed in biological triplicates and a two-sided t-test

was performed. The red box indicates pellet-enriched proteins (log2 fc > 1; P-value < 0.05) under stress and the blue box comprises

proteins that appeared to be depleted from the pellet (log2 fc < �1; P-value < 0.05). In Fig. S4B the corresponding experiment with WT

cells is shown. (C) Comparison of the insoluble protein fractions of WT and –Hsf1/msn2D/msn4D cells stressed at 37 or 42 °C for 30 or

60 min, respectively. The number of proteins in each fraction as well as the main GO terms are indicated in the Venn diagrams [96].

Comparisons of the insoluble protein fractions of –Hsf1/msn2D/msn4D cells stressed for 30 and 60 min are shown as scatter plots in

Fig. S4C.
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expected [18]. This begs the questions what the contri-

bution of the two stress-related TFs Msn2 and Msn4

is, to what extent they fulfill an overlapping function

and how yeast would tolerate stress in the absence of

all of them. We therefore studied the target spectra

and the interplay of those three TFs in detail. Our

global analyses revealed that in the absence of all three

TFs, yeast cells are unable to initiate the core stress-

responsive program, which includes molecular chaper-

ones, trehalose biosynthesis as well as glycolytic

enzymes (Fig. 7). Thus, the three TFs together indeed

orchestrate the overall general stress response. Consis-

tent with the literature, the Hsf1-induced program is

specific for HSPs and Msn2/4 initiate a more general

transcriptional program [18,24–26]. We could show

that the target spectrum of the TFs does not seem to

be dependent on the severity of the stress. However,

we observed that the amplitude of the gene regulatory

response and the possibility for the cell to adapt corre-

late with the stress intensity in line with previous

(A)

(B) (C)

Fig. 6. Essential proteins depend on chaperones under stress. (A) Pellet-enriched proteins (log2 fc > 1, P-value < 0.05) were analyzed based

on the content of cofactor binding proteins (according to Uniprot DB). In the right panel, the main cofactors are shown. (B) Pellet-enriched

proteins (log2 fc > 1, P-value < 0.05) were analyzed based on the content of intrinsically disordered regions (IDR) [73]. (C) Pellet-enriched

proteins (log2 fc > 1, P-value < 0.05) were analyzed based on the content of essential genes according to the DEG database [74]. The main

GO terms of the essential proteins that are aggregating in the mutant strain are indicated in the plot [96]. –TFs is short for –Hsf1/msn2D/

msn4D.
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findings for WT yeast cells [10]. In this work, we iden-

tified Hsf1 to be responsible for the adaptation to mild

heat stress as in its absence the cells maintain their

stress-responsive program for prolonged periods of

time. Thus, even though only a few genes are regu-

lated uniquely by Hsf1, this group of genes, especially

chaperones, plays a very important role for adapta-

tion, in line with the chaperone titration model for the

regulation of Hsf1 [75]. Specifically, chaperone recruit-

ment toward misfolded newly synthesized proteins has

been identified to be the main trigger for the activation

of Hsf1 [76]. Based on the extent of the adaptation

process one could imagine that the negative feedback

loop by Hsf1-induced chaperones might be expanded

to other stress-responsive transcription factors. e.g. for

Msn2 and/or Msn4 physical interaction with Hsc82,

Hsp82, and Ssa1 was reported [77,78] which supports

this idea. The deletion of Msn2/4 led to more changes

in the transcriptome as it was expected from previous

reports [9,27]. We could confirm that those genes

seemed to be less important for acute survival as no

severe growth phenotype was observed under stress

[28] and that Hsf1 as well as Msn2/4 also regulate

gene transcription under physiological conditions

[18,79].

The picture emerging is that together they exhibit

protective core functions under all conditions, whereas

Hsf1 seems to play a more strategic role. Thus, there

is no clear separation between a physiological situation

that does not require the support of the stress response

at all and non-physiological, proteotoxic conditions.

Rather, the protective system is more or less engaged

Fig. 7. Schematic model of the effects of heat stress on yeast cells in the presence and the absence of a stress-protective program. On

the left unstressed cells are shown (upper cell: WT, lower cell: strain without Hsf1 and Msn2/4). Already at permissive temperature, the

levels of several stress-protective proteins were decreased. On the right stressed cells are shown. WT cells induce a stress-protective

program, which is mainly orchestrated by Hsf1 and Msn2/4. Upregulation of chaperones and trehalose biosynthesis strongly supports the

maintenance of proteostasis. The cells lacking the stress-responsive transcription factors were much more stress-sensitive, which resulted

in severe protein aggregation, especially of essential proteins and under mild heat stress. Those cells enter a dormant stage and the rest

stress-responsive program is initiated by the cell wall integrity pathway (CWI) as well as the integrated stress response (ISR) and the

unfolded protein response (UPR).

651FEBS Letters 598 (2024) 635–657 ª 2024 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

M. M€uhlhofer et al. Stress response in the absence of Hsf1 and Msn2/4



depending on the demands on energy and protection

and only the amplitude of engagement is adjusted.

It was still debated to what extent the target spectra

of Hsf1 and Msn2/4 are overlapping [29,80,81]. Our

analysis confirmed that there are specific sets of Hsf1

targets (chaperones) and Msn2/4 targets (e. g. carbo-

hydrate metabolism). In addition, we could show that

around 25–33% of the Msn2/4 targets and at least half

of the Hsf1 targets are also targeted by the other TF.

As a consequence, for those genes, which were e.g.

linked to metabolism or the (oxidative) stress response,

the absence of either Hsf1 or Msn2/4 could be bal-

anced by the other TF. The overlapping function of

the three stress-responsive factors was even more pro-

nounced concerning the suppression of genes involved

in translation indicating that limiting protein synthesis

under stress is of key importance. The stress-

responsive TFs are furthermore involved in the tran-

scriptional repression of growth-related genes to stop

cell growth and division. Together, this represents a

defined shut-down that alleviates pressure on the pro-

teome and the energy status of the cell.

Analysis of the stress-induced transcripts of cells

lacking the three TFs pinpointed sporulation as a

remaining upregulated process. Especially genes tar-

geted by the TFs Rlm1 and Swi4 tended to be upregu-

lated. Whereas Rlm1 is linked to the regulation of cell

wall stress-responsive genes, Swi4 is connected to

cell cycle and sporulation [82]. Thus, we suggest that

the remaining stress signaling is activated by the cell

wall integrity pathway (CWI) consistent with the

notion that heat is an inducer of the CWI [83]. More-

over, our TF analysis of the remaining transcripts with

increased levels under stress suggests a crosstalk with

the oxidative stress response via Yap1. Among the

TFs that were involved after prolonged stress, we also

found Gcn4, which responds to environmental changes

and induces the transcription of amino acid biosynthe-

sis genes [84]. Of note, Gcn4 becomes active when

eIF2a is phosphorylated whereas phosphorylation of

eIF2a generally inhibits translation initiation under

stress [84,85]. Obviously, all those pathways could not

compensate the lack of Msn2/4 and especially Hsf1. In

this work, we were especially interested in the HSR

transcription factors and therefore focused on the

transcriptomic changes that are associated with a shift

in the transcription of target genes. Beyond that, it

should be mentioned that stress-induced alterations in

mRNA turnover and stability also directly affect the

cellular transcriptome.

Recently, we hypothesized that the discrepancy that

is observed between the transcriptomic and the proteo-

mic changes under heat stress is due to increased

protein turnover and aggregation under stress, which

is replenished by protein synthesis [10]. Around 20%

of the proteins that we previously grouped in the cate-

gory ‘less stable proteins’ whose turnover was balanced

by translation, were now reduced in the supernatant of

the mutant strain [10]. This indicates that the proteos-

tasis system becomes more fragile due to the absence

of stress-protective chaperones and that the suggested

‘refilling reactions’ are impaired to some extent in the

absence of the three HS TFs. Of note, heat shock does

not only lead to changes in the abundance of cellular

proteins but also in the structural dynamics of the pro-

teome [86]. It is reasonable to assume that in addition

to strongly affecting the amount of changed proteins,

the absence of Hsf1 and Msn2/4 also has a big impact

on the conformational ensemble as stabilizing chaper-

ones are not present anymore. Indeed, our analysis

revealed that proteins with intrinsically disordered

regions may be less dependent on chaperones under

stress. Thus, under stress, IDRs which are more

charged and less hydrophobic than folded segments

can be favorable for colloidal stability in comparison

to folded proteins similar as reported in other recent

studies [87,88]. However, this may differ under physio-

logical conditions where Hsp90 has been shown to

bind IDR-containing proteins [78]. According to our

results, this solubility advantage stands out in the

mutant strain that is not able to initiate the core HSR.

In contrast, we found that proteins binding cofactors

were more aggregation-prone in the absence of the

three TFs, pointing toward the chaperone-dependence

of cofactor binding and folding [70–72]. Another

intriguing finding was that essential proteins were espe-

cially enriched in the pellet in the absence of chaper-

ones, which indicates that chaperones are important to

protect these proteins. Therefore, the data suggest a

fine-tuning of the chaperone machinery on essential

proteins in yeast. Our findings are supported by previ-

ous reports that many proteins are expressed at their

solubility limits or even slightly above [89]. Increasing

the temperature represents a big challenge for such

supersaturated protein solutions and can lead to their

breakdown [90]. Using our HSR-deficient strain we

could show how molecular chaperones shift the bal-

ance of the supersaturated system. In addition, we

were able to directly quantify the big impact of the

absence of chaperones on the insoluble proteome espe-

cially under mild heat stress. At the proteomic level,

only a few proteins were still found to be upregulated

in the absence of the stress-responsive TFs. Among

them, Rts3 and Hac1 were the most significant hits.

Rts3 is upregulated to activate the Msn transcription

factors via PP2A which is of course not successful in a
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strain lacking Msn2 and Msn4. Upregulation of Hac1

clearly indicates that the unfolded protein response via

Ire1 is initiated due to heat-induced protein unfolding

in the ER [68]. Heat shock-induced splicing of the

HAC1 transcripts by Ire1 was also visible in the tran-

scriptome datasets as under stress the HAC1 introns

were not present anymore. The transcriptomic upregu-

lation of sporulation genes was not reflected in the

proteome, possibly due to a stress-induced stop of

translation [85].

Our data reveal that in the absence of the core heat

stress response, the cells initiate an emergency program

intending to rescue them into sporulation including the

induction of the cell wall integrity pathway (Swi4,

Rlm1), the unfolded protein response (Hac1) and the

oxidative stress response (Yap1) [68,82,91]. Even

though we could show that proteostasis is strongly

challenged, especially under mild heat stress, this res-

cue program still allows yeast cells to survive transient

heat stress conditions in a resting stage.
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Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Cells without Hsf1 are only arrested not dead.

Fig. S2. Cells lacking Hsf1 do not adapt to mild heat

stress within 30 min.

Fig. S3. Sporulation is the main upregulated process in

the strain without all three TFs.

Fig. S4. Protein aggregation correlates with stress severity.

657FEBS Letters 598 (2024) 635–657 ª 2024 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

M. M€uhlhofer et al. Stress response in the absence of Hsf1 and Msn2/4


	Outline placeholder
	feb214821-aff-0001
	feb214821-aff-0002
	feb214821-aff-0003

	 Materials and methods
	 Yeast cultivation and heat shock experiments
	 Genomic deletion of MSN2 and MSN4
	 Spot assays
	 Nuclear depletion of�Hsf1
	 Live/�dead staining
	 RNA isolation
	 Preparation of RNA libraries and RNA sequencing
	 �Next-generation� sequencing
	 Soluble/�insoluble fractionation
	 Sample preparation for MS/�MS measurements
	 MS/�MS measurements
	 MS/�MS data analysis
	 Processing of RNA�-seq� datasets
	 Principal component analysis (PCA)
	 Sankey�plots
	 Expression component analysis (ECA)
	feb214821-fig-0008
	 Quantification and statistical analysis

	 Results
	 �Stress-protective� transcription factors regulate&nbsp;the transcription of several genes under �non-stress� conditions
	feb214821-fig-0001
	 Hsf1 is responsible for the adaptation to mild heat stress
	feb214821-fig-0002
	 Hsf1, Msn2, and Msn4 depletion shuts down the core stress response program
	feb214821-fig-0003
	 Several hundred proteins aggregate in the absence of Hsf1 and Msn2/�4
	feb214821-fig-0004

	 Discussion
	feb214821-fig-0005
	feb214821-fig-0006
	feb214821-fig-0007

	 Acknowledgements
	 Author contributions
	 Data accessibility
	feb214821-bib-0001
	feb214821-bib-0002
	feb214821-bib-0003
	feb214821-bib-0004
	feb214821-bib-0005
	feb214821-bib-0006
	feb214821-bib-0007
	feb214821-bib-0008
	feb214821-bib-0009
	feb214821-bib-0010
	feb214821-bib-0011
	feb214821-bib-0012
	feb214821-bib-0013
	feb214821-bib-0014
	feb214821-bib-0015
	feb214821-bib-0016
	feb214821-bib-0017
	feb214821-bib-0018
	feb214821-bib-0019
	feb214821-bib-0020
	feb214821-bib-0021
	feb214821-bib-0022
	feb214821-bib-0023
	feb214821-bib-0024
	feb214821-bib-0025
	feb214821-bib-0026
	feb214821-bib-0027
	feb214821-bib-0028
	feb214821-bib-0029
	feb214821-bib-0030
	feb214821-bib-0031
	feb214821-bib-0032
	feb214821-bib-0033
	feb214821-bib-0034
	feb214821-bib-0035
	feb214821-bib-0036
	feb214821-bib-0037
	feb214821-bib-0038
	feb214821-bib-0039
	feb214821-bib-0040
	feb214821-bib-0041
	feb214821-bib-0042
	feb214821-bib-0043
	feb214821-bib-0044
	feb214821-bib-0045
	feb214821-bib-0046
	feb214821-bib-0047
	feb214821-bib-0048
	feb214821-bib-0049
	feb214821-bib-0050
	feb214821-bib-0051
	feb214821-bib-0052
	feb214821-bib-0053
	feb214821-bib-0054
	feb214821-bib-0055
	feb214821-bib-0056
	feb214821-bib-0057
	feb214821-bib-0058
	feb214821-bib-0059
	feb214821-bib-0060
	feb214821-bib-0061
	feb214821-bib-0062
	feb214821-bib-0063
	feb214821-bib-0064
	feb214821-bib-0065
	feb214821-bib-0066
	feb214821-bib-0067
	feb214821-bib-0068
	feb214821-bib-0069
	feb214821-bib-0070
	feb214821-bib-0071
	feb214821-bib-0072
	feb214821-bib-0073
	feb214821-bib-0074
	feb214821-bib-0075
	feb214821-bib-0076
	feb214821-bib-0077
	feb214821-bib-0078
	feb214821-bib-0079
	feb214821-bib-0080
	feb214821-bib-0081
	feb214821-bib-0082
	feb214821-bib-0083
	feb214821-bib-0084
	feb214821-bib-0085
	feb214821-bib-0086
	feb214821-bib-0087
	feb214821-bib-0088
	feb214821-bib-0089
	feb214821-bib-0090
	feb214821-bib-0091
	feb214821-bib-0092
	feb214821-bib-0093
	feb214821-bib-0094
	feb214821-bib-0095
	feb214821-bib-0096

	feb214821-supitem

