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Genome-wide imaging screen uncovers molecular determinants
of arsenite-induced protein aggregation and toxicity
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ABSTRACT

The toxic metalloid arsenic causes widespread misfolding and
aggregation of cellular proteins. How these protein aggregates are
formed in vivo, the mechanisms by which they affect cells and how cells
prevent their accumulation is not fully understood. To find components
involved in these processes, we performed a genome-wide imaging
screen and identified Saccharomyces cerevisiae deletion mutants with
either enhanced or reduced protein aggregation levels during arsenite
exposure. We show that many of the identified factors are crucial
to safeguard protein homeostasis (proteostasis) and to protect cells
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2017). Toxicity of chromium, in the form of Cr(VI), is partly a resulteporter containing binding sites (so-called heat shock eleme
of enhanced mRNA mistranslation leading to the accumulationHBES) for yeast heat shock factor 1 (Hsf1) at 25°C (Brandman €
misfolded and aggregated proteins (Holland et al., 2007). Des@itd2). Hsfl controls expression of genes dedicated to pr¢
these examples, our current knowledge of the molecular basis of nfetding under both basal and heat-shock conditions (Solis e
stress-induced protein aggregation in living cells and how ce2816). We observed significant overlaps between the red
regulate PQC systems to avoid toxicity is incomplete. In this study, aggregation set and a set of 92 mutants with low HSE act
used high-content microscopy to identify a broad network of cellufd’ genesP<10-°) as well as between the enhanced aggregatio
systems that impinge on proteostasis and cell viability during arseaitel 34 mutants with high HSE activity (seven geie<).0005)
stress. Follow-up experiments highlight the importance of accur@ey. S1A, Table S3). In contrast, the overlaps were insignific
transcriptional and translational control for mitigating arseniteetween the enhanced aggregation and low HSE activity sets |
induced protein aggregation and toxicity. genesP=0.19), and the reduced aggregation and high HSE act

sets (three gene®=0.12). Thus, the identified mutants do n

RESULTS appear to have a general PQC defect.
Genome-wide imaging screen uncovers factors that impinge Stress granules (SGs) and processing bodies (PBs) are cyt
on proteostasis during As(l11) stess structures that contain mMRNA and RNA-binding proteins that f

To identify factors that impinge on proteostasis during As(lljuring severe stress conditions (Buchan and Parker, 2009) and t
exposure, we performed a high-content imaging screen in #widence of cross-talk between SGs and PBs and the PQC mac
budding yeasSaccharomyces cerevisiae GFP-tagged version of (Alberti and Hyman, 2021; Cherkasov et al., 2013). Comparing
Hspl04, a molecular chaperone that binds to and disassemiiégasets with sets of mutants having either elevated (92 geng
protein aggregates (Glover and Lindquist, 1998), was incorporatidinished (102 genes) SG formation during glucose deprive
into a genome-wide collection of viable deletion mutants using¥ang et al., 2014) revealed significant overlaps in all tes
synthetic genetic array (SGA) approach (Fig. 1A). HspBFP can conditions (Fig. S1B, Table S3). There was also significant ove
be used as a visual marker during As(lll) exposure as it redistributesveen the enhanced aggregation gene set and a set of mutan
from a diffuse cytosolic localization to specific foci that represegénes) showing constitutive SG formation (eight geRe$),.04)
protein aggregates (Jacobson et al., 2012). We cultivated and exp(Bechan et al., 2013) (Fig. S1C, Table S3). In contrast, the overlay
this strain collection to As(lll) using high-throughput robotipoor between our gene sets and sets of mutants having either el
handling in a microtiter plate format. The percentage of celisdiminished PB levels under non-stress conditions (Buchan
containing Hsp104GFP foci/protein aggregates was scored usi2§13) (Fig. S1D, Table S3). Some SG and PB components
automated image analysis. To allow identification of mutants tipsésent in our datasets (e.g. Pbpl, Dhhl and Xrnl) but most co
accumulate either more or fewer protein aggregates than the wild-type PB proteins were absent. The majority of Hsp®&HP-
control, we chose an As(lll) concentration (0.25 mM) and a tincentaining foci do not colocalize with SGs and PBs during As(
point (2 h) at which~40% of the wild-type cells contained Hsp304 exposure inS. cerevisiagJacobson et al., 2012), suggesting t
GFP foci. We counted cells that had one or two aggregates per foethation of Hspl04GFP foci and SGs and PBs might be large
and those with three or more aggregates per cell, and the obtadisiihct. Nevertheless, some of the genes involved in PQC d
values for each mutant were compared to those for wild-type cefis(lll) stress may also modulate SG assembly and/or disasse
Mutants that deviated significantlyp<0.05) in aggregate levels We next compared our datasets to a set of 104 mutants
(fraction of cells with aggregates) from the wild type were selectdefects in assembly of large inclusions during heat st
for further analysis (Tables S1, S2). In this way, we found 2QBabazadeh et al., 2019) and found a substantial overlap wit
mutants that accumulated more aggregates (i.e. showing enhasobdnced aggregation gene set (27 geRe30p %) (Fig. S1E,
aggregation) and 198 mutants with fewer aggregates (redu€ablle S3). In contrast, the overlap is insignificant between
aggregation) than the wild type (Fig. 1A). reduced aggregation and defective inclusion assembly sets (2 ¢
The large number of hits suggests that yeast devotes a substdpti@l10). This raises the possibility that yeast cells use part
fraction (the~400 hits represent8% of non-essenti&@. cerevisiae overlapping machineries to regulate aggregate assembly a
genes) of its genome into PQC during As(lll) stress. Among thkearance during As(lll) and heat stress. Taken together,
hits, several were previously known or expected to affembalyses suggest that our datasets contain factors that me
proteostasis (see below), validating the screening approach.specifically during As(lll)-induced protein aggregation as well
directly test the accuracy of the screen, we manually re-createdyéderal factors that act under proteotoxic stress.
strains by crossing individual mutants selected from our hit list with
an Hspl04GFP strain, exposed the resulting strains to 0.5 mMbss of functions related to transcription and translation
As(IIl) [a higher As(lll) concentration is needed to obtain simildead to reduced protein aggregation levels
aggregation levels in flasks versus microtiter plates], and scovéd next investigated whether specific categories of protein func
their respective protein aggregation levels. Eight out of the 11 strairege over represented in our datasets. The set of mutants with re
deviated significantlyR<0.01) from the protein aggregation levelsggregation levels was primarily enriched for genes with functio
in wild-type cells (Fig. 1B). Using other assays, we confirmgatotein biosynthesis, protein and RNA binding, and for cytos
another 8 mutants out of 12 tested (see Figs 6 and 7), suggestingrateins (Fig. 2A; Table S1). A large proportion of the hits are pa
overall accuracy of at least 70% (true positives). The gene prodiniggly connected networks [proteprotein interaction (PPI
that are directly involved in proteostasis remain to be distinguistattichmentP-value <10 involved in cytoplasmic translatio
from those with an indirect effect. (e.g. ribosomal proteins), rRNA modification and processing,
ribosome assembly, as well as several members of the elo
Correlation to previously reported genome-wide screens (ELP) complex, which is primarily involved in tRNA modificatio
To assess whether the identified mutants are affected in PQC(Jathansson et al., 2018) (Fig. S2; Table S1). A set of hits with red
compared our hits to sets of mutants that display altered activity efggregation levels were related to As(lll) import, including Fps1,
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Fig. 1. High-content imaging screen identifies molecular determinants of As(lll)-induced protein aggregation. (A) Schematic representation of the
workflow. Hits were divided into two categories: mutants that accumulated more aggregates than the wild type (enhanced aggregation) and mutants with fewer
aggregates than the wild type (reduced aggregation). (B) Hsp104—GFP distribution was scored after 3 h of As(lll) exposure (0.5 mM) in selected mutants. The
fractions of cells containing 1-2 aggregates/cell and >3 aggregates/cell were determined by visual inspection of ~200 cells per strain. Error bars represent
standard deviations (s.d.) from two (mutants) and six (wild type, wt) independent biological replicates. Error bars on the top concern the total fraction of cells with
aggregates; those on the red bars concern the fraction of cells with >3 aggregates/cell. *P<0.01 compared with wild type (unpaired, two-tailed Student’s t-test;
blue, total fraction of cells with aggregates; red, >3 aggregates/cell).

aquaglyceroporin that mediates As(lll) entry into cells (Wysodkiutants with enhanced levels of protein aggregation are
etal., 2001), and positive regulators of Fps1 [Rgcl, Rgc2 (also knosvmiched in a range of cellular functions

as Ask10) (Beese et al., 2009) and Slt2 (Ahmadpour et al., 20I8)e set of mutants with enhanced aggregation levels
(Fig. S2). Mapping each hit onto the global yeast genetic interactemriched in a range of biological functions including metabol
network (Costanzo et al., 2016; Usaj et al., 2017) showed that the iismarily phosphate and lipid metabolism), protein fate (foldi
are clustered in distinct functions related to chromatin, transcriptiorgdification, destination), regulation of metabolism and pro
ribosome biogenesis, rRNA processing, mMRNA processing dodction, cellular communication and signaling, as well
tRNA wobble modification, as well as glycosylation, protein foldingnteraction with the environment (Fig. 2B; Table S2). The hits
and the cell wall (Fig. 2C). Since As(lll) targets nascent proteins fart of highly connected networks (PPl enrichnfenalue 1014
aggregation (Jacobson et al., 2012), we asked whether mutants agociated with protein folding and degradation, signal
fewer aggregates have decreased translational activity. Slow growttaisscription, and lipid/fatty acid metabolism (Fig. S3). A set
accompanied by a reduction of translation-related proteins (Metzl-Rez hits were related to As(lll) export or intracellular sequestra
etal., 2017) and probably by lower protein synthesis rates. We found@uding the As(lIl) exporter Acr3 (also known as Arr3) (Wysoc
significant overlap between a set of 122 mutants that grow slowlyeinal., 1997), Yap8 (also known as Arrl), a transcription factor
minimal synthetic complete medium (Zackrisson et al., 2016) and thgulatesACR3 expression (Kumar et al., 2016; Wysocki et &
reduced aggregation set (19 gefed,0™") (Fig. S1F, Table S3). The 2004), Ycfi, a transporter that catalyzes As(lll) sequestration
overlap between slow-growing and enhanced aggregation sets weasioles (Ghosh et al., 1999), Yapl, the transcription factor
less prominent (nine gend%50.05). Thus, ongoing translation mayregulatesYCF1 expression (Wysocki et al., 2004), and Ybpl
result in protein aggregation during As(lll) exposure. Together, thesitive regulator of Yapl (Veal et al., 2003). Mapping the hits @
hits support earlier observations that processes related to transl#tierglobal yeast genetic interaction network identified cluster,
impinge on proteostasis during As(lll) stress (Guerra-Moreno et &nctions related to chromatin, transcription, metabolism, D
2015; Ibstedt et al., 2014; Jacobson et al., 2012). Our analysis atggdication and repair, protein folding and turnover and ves
identified protein modules that were previously not linked toafficking, as well as glycosylation, protein folding and the cell
PQC, including proteins with functions in mMRNA modification(Fig. 2C). Protein folding-associated modules included membe
transcription and chromatin organization (Fig. S2). Thue prefoldin complex, which is involved in actin and tubu
transcription-related processes may contribute to proteostasis ddofting, as well as in transcription elongation (Payan-Bravo e
As(Ill) stress (see below). 2018), and members of the GET complex, which promotes inse
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Fig. 2. Characterization of the hits. Functional categories of hits that were significantly enriched (FDR<0.05) among mutants with reduced (A) and enhanced (B)
aggregation. (C) The identified hits belong to distinct functions. Each hit was mapped onto the global yeast genetic interaction network and visualized using CellMap.
Correlation between protein aggregation and As(lll) sensitivity or resistance. (D,E) The Venn diagrams show the overlap between (D) mutants with reduced
aggregation and As(lll)-resistant mutants and between (E) mutants with enhanced aggregation and As(lll)-sensitive mutants. Significance of the overlaps was
calculated by the hyper-geometric test and the corresponding P-values are indicated.
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A Fig. 3. As(Ill) does not induce transcription

Wild type rpb9A errors. (A) PgaLi-Cre-Y324C strains (wild-type
and rpb9A) were grown on YPD agar plates

Patch 1 Patch 2 Patch 3 Patch 1 Patch 2 Patch 3 overnight and replica-plated onto synthetic

medium lacking histidine (His~) with or without
0.5 mM As(lll). Transcription error results in
growth of colonies within a patch on His™ plates.
His’ Three representative patches are shown for each
strain. Pictures were taken after 3 days of growth
at 30°C. (B) Meants.e.m. (n=3) frequency of His*
cells relative to total viable cells. Pgay 1-Cre-Y324C
cells were grown overnight in liquid YPD medium
His + As(lll) and plated on His™ and YPD plates in 10-fold
dilutions. Individual colonies were scored after
3 days of growth at 30°C.

B
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of tail-anchored proteins into the ER membrane (Fig. S3). Onetminslation and that their absence might result inimperfect orincre
the GET complex proteins, Get3, also functions as a holdasmslation, which in turn may lead to increased protein misfold
chaperone under oxidative stress conditions (Powis et al., 20A8¢ordingly, cells lacking Ascl, a negative regulator of transla
Voth et al., 2014). The presence of protein folding-related geneg@erbasi et al., 2004), exhibited enhanced aggregation during A
the enhanced aggregation set supports previous findings that Aséttgss (Table S2; Fig. S3).

interferes with protein folding processesivo(lbstedt et al., 2014;

Jacobson et al., 2012). Protein turnover-associated hits inclu@edelation between protein aggregation levels and As(lI1)
members of the ribosomal quality control (RQC) complexensitivity

which mediates the ubiquitylation of ribosome-associated aberfrdgtein aggregates may be toxic or beneficial. To address, i
nascent polypeptides (Brandman et al., 2012; Defenmuilad unbiased manner, whether the aggregates formed during A
Fromont-Racine, 2017), components of the ubiquitin-proteasostess contribute to toxicity, we compared our gene sets to m
pathway and proteins involved in intracellular trafficking, includinglentified in genome-wide As(lll) sensitivity and resistance scre
autophagy-related proteins. Thus, clearance of As(ll)-induced prot&ie found a significant overlap (39 genes10-2") between mutants
aggregates may involve both the ubiguiiroteasome and thewith reduced aggregation and a set of 109 As(lll)-resistant mu
autophagy pathways, in line with previous reports (Guerra-Morgfian et al., 2010) (Fig. 2D; Table S3). Likewise, we observe
et al., 2015; Jacobson et al., 2012). A large number of gersggnificant overlap (41 geneB<1071Y) between the mutants witl
previously not linked to PQC were also identified. For examplenhanced aggregation and 306 As(lll)-sensitive mutants (Thd
network analyses pinpointed protein modules involved in signaliagal., 2009) (Fig. 2E; Table S3). In contrast, the overlaps were s
[Snfl and glucose/cAMP signaling pathways, the Hogl mitogdmetween the enhanced aggregation and As(lll) resistance sets
activated protein kinase (MAPK) pathway and G-protein-mediatgeines,P=0.10), and between the reduced aggregation and As
signaling], and transcription, including the Rpd3 histone deacetylasesitivity sets (five gend3570.005). Thus, on a genome-wide sca
complex (Fig. S3). Hence, signal transduction and transcriptioaahanced protein aggregation correlated with As(lll) sensiti
regulatory pathways may impinge on PQC during stress. A few geméereas As(lll) resistance correlated with reduced aggregation l¢
with translation-related functions were found in the enhanc€dese findings support the notion that protein misfolding
aggregation set, whereas the majority of protein synthesis-relagdregation contribute to the toxicity of this metalloid. We note
genes were present in the reduced aggregation set (Fig. S2). tlh@snajority of the genes in the respective screens are not overlay
possible that this subset of proteins has specific functions durindicating that several toxicity mechanisms act in parallel.
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Several transcription-related genes were present in both the reddcadscription errors have been shown to cause proteotoxic s ¥
and enhanced aggregation sets (Fig. 2). Most of these genes haanddo shorten the lifespan of yeast (Vermulst et al., 2015). To <
previous association with PQC and the impact of transcriptiomdiether As(lll) affects the frequency of transcriptional errors, 8
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Fig. 4. Global transcription affects protein aggregation levels during
As(lll) stress. (A) Hsp104—-GFP localization was monitored in wild-type cells
before and after 1 h exposure to 0.5 mM As(lll) in the absence or presence of
0.1 mg/ml 1,10-phenantroline (Ph). The fractions of cells containing
aggregates were determined by visual inspection of 20—-135 cells per
condition. Results are meanzs.d. from three independent biological replicates
(n=3). Left panel, representative images are shown. Right panel, quantification
of protein aggregation. (B) Sis1-GFP distribution was scored in wild-type (WT)
and rpb4A cells by fluorescence microscopy before and after exposure to
0.5 mM As(lll). The fractions of cells containing 1-2 aggregates/cell and >3
aggregates/cell were determined by visual inspection of 246-370 cells per
condition and time-point Results are meanzs.d. from three independent
biological replicates (n=3). Error bars on the top concern the total fraction of
cells with aggregates, whilst those on the red bars concern the fraction of cells
with >3 aggregates/cell. *P<0.05 (unpaired, two-tailed Student’s t-test; blue,
total fraction of cells with aggregates; red, >3 aggregates/cell). (C) Polysome
profiles were obtained from cells cultivated in SC medium for at least 3 h to
reach exponential phase, and then cells were further maintained in or treated
with 0.75 mM As(lll) for 1 h. The Azgonm profiles after gradient fractionation are
shown and the ribosomal subunits (40S and 60S), monosomes (80S) and
polysomes are indicated. Three biologically independent replicates were
performed (n=3) and a representative profile is shown. Right panel, the mean
+s.d. P/M ratio is shown. *P<0.05 (unpaired, two-tailed Student’s t-test).

with aggregation-prone proteins in proteotoxic stress condit
(Malinovska et al., 2012; Park et al., 2013). As seen with Hsp
GFP, 1 h of As(lll) exposure resulted in Si&IFP redistribution to
distinct cytosolic foci, with the majority of cells containing seve
foci (Fig. 4B). The total fraction of cells with foci decreas
over time, as did the proportion of cells containing three or
SisEGFP foci/cell. Interestinglyrpb4A had substantially fewe
aggregates than the wild type during exposure (Fig. 4B). Th
global reduction of transcription by chemical or genetic means
mitigate protein aggregation during As(lll) stress. To test whet
global reduction of transcription is accompanied by diminis
translation, we performed polysome-profiling assays. For wild-t
cells, a general repression of translation initiation occurs in resp
to As(lll), as evidenced by increased levels of ribosomal sub
(40S and 60S) and monosomes (80S), and by decreased le
polysomes (Fig. 4C). Quantification of the polysome-to-monos
ratio (P/M) in wild-type cells showed &2-fold reduction in
translation during exposure. Notaliyb4A had lower translationa
activity than the wild type both in the absence and presenc
As(lll) (Fig. 4C). The P/M ratio forpb4A was~2-fold lower than

(D) 10-fold serial dilutions of the indicated cells were plated onto YPD agar
plates with or without As(lll) or NaCl. Growth was monitored after 2—3 days at
30°C or 37°C. Images representative of three experiments.

for wild-type cells in the absence of stress and was further red
by ~30% during As(lll) exposure. Importantigb4A grew better
in As(lll)-containing medium than wild-type cells (Fig. 4L
indicating that reduced protein synthesis is beneficial du
a Cre-dependent rearrangement oHiS3based reporter geneAs(lll) exposure. In contrastpb4A was sensitive to increase
(Irvin et al., 2014). Patches of cells were grown on YPD mediummperature (37°C), a condition that causes misfolding of nasce
and then replica plated onto medium lacking histidine Hi®n  well as native proteins. Thiph4A mutant was also sensitive to hig
His~ plates, colonies of Hiscells that arise due to transcriptiorosmolarity (1 M NacCl), a condition that does not affect prot
errors can grow within the patch. Under non-stress conditions, figiding. Taken together, forpb4A cells, a reduction in globa
wild-type cells grew on Hismedium (Fig. 3A) indicating a low transcription is accompanied by low translational activity that lik
transcription error rate. In the presence of As(lll), only a fegrotects thepb4A proteome from As(lll)-induced misfolding a
colonies grew on His plates indicating that As(lll) does notaggregation.
promote transcription errors. We repeated the experiment with cells
lacking Rpb9 given that this mutant displays reduced transcriptiasss of transcriptional control impacts protein aggregation
fidelity and elevated error frequency (Irvin et al., 2014)evels during As(lIl) stress through distinct mechanisms
Accordingly, many colonies apb9A grew on His plates under It is unlikely that all transcription-related hits affect glok
non-stress conditions (Fig. 3A). As for the wild type, As(lll) did natanscription, as shown for Rpb4. Instead, the majority of t
affect the number apb9A colonies on His medium compared to proteins are expected to have limited impact on global mMRNA le
the number seen in non-stress conditions. In addition to thesel likely affect proteostasis through distinct mechanisms.
gualitative assays, we performed quantitative assays where we
quantified the mean frequency of Hisells relative to the total Positive regulators of transcription
number of viable cells. Again, there was no significant impact We asked whether mutants encoding positive regulators
As(lll), neither in wild-type norpb9A cells (Fig. 3B). Thus, As(lll) transcription that have reduced aggregation levels exhib
does not induce transcription errors. general resistance to proteotoxic stress. Therefore, we t
growth of selected mutants lacking positive regulators
Global transcription affects protein aggregation levels transcription (Msn4, Spt3, Srb2, Metl8, Gat4, Ace2 and Spté
during As(l11) stress the presence of hygromycin B (HygB), a chemical that red
A subset of hits with reduced aggregation encode proteins that a¢tasslational fidelity leading to increased misincorporation of a
positive regulators of transcription (Fig. S2), raising the possibiligids into nascent polypeptides causing them to misfold (
that a decrease in global transcription, and hence protein synthegid,Craig, 2005). The activator Msn4 identified in our screen
limits protein aggregation levels during As(lll) stress. To test thisaralog Msn2; Msn2 and Msn4 are partially redundant and
we incubated cells with As(lll) and the transcription inhibitor 1,1@xduce gene expression in response to several types of s
phenanthroline, added either separately or together, and monititefiding As(lll) (Hosiner et al., 2009; Martinez-Pastor et
Hsp104-GFP distribution. Indeed, 1,10-phenanthroline strongiy96). We therefore includendsn2s and themsn2A msné double
attenuated As(lll)-induced protein aggregation, and few Hsp1GQ#utant cells. Growth assays showed that18\, ace2A andmsn2\
GFP foci were detected in the presence of this chemical (Fig. 4fkn4 cells were HygB resistant (Fig. 5A). Hence, deletion of th
Next, we scored protein aggregation levels in cells lacking Rpb4@sitive regulators of transcription might mitigate proteotoxic
subunit of the RNA polymerase Il enzymeggb4A cells have Western blot analyses showed that all mutants had similar Hs
decreased global transcription while they maintain a balanced lewed HSP70 levels as wild-type cells after As(lll) treatm
of mMRNA because it is globally stabilized (Garrido-Godino et a{Fig. S4), suggesting that the reduced aggregation levels d
2016). Therpb4A mutant was transformed with Si€3FP, an As(ll) stress observed in these mutants is not a result of high le
essential Hsp70 co-chaperone (Yan and Craig, 1999) that associtasolecular chaperones.
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Fig. 5. Loss of positive regulators of transcription leads to reduced protein aggregation. (A) 10-fold serial dilutions of the indicated strains were plated onto
YPD agar plates with or without HygB or (B) As(lIl). Growth was monitored after 2—3 days at 30°C. (C) Sis1-GFP distribution was scored by fluorescence
microscopy before and after exposure to 0.5 mM As(lll). The fractions of cells containing 1-2 aggregates/cell and >3 aggregates/cell were determined by visual
inspection of 102—131 cells per condition and time-point. Error bars represent s.d. from five independent biological replicates (n=5). Error bars on the top concern
the total fraction of cells with aggregates, whilst those on the red bars concern the fraction of cells with >3 aggregates/cell. *P<0.05 compared with wild type
(unpaired, two-tailed Student’s t-test; blue, total fraction of cells with aggregates; red, >3 aggregates/cell). WT, wild-type cells. (D) Hsp104—-GFP distribution was
scored as in C in wild-type cells transformed with an empty plasmid (-) or with centromeric plasmids harboring MSN2 or MSN4. (E) Cells were untreated or
exposed to 0.75 mM As(lll) for 1 h, and polysome profiles were obtained as described in C with three biologically independent replicates (n=3). A representative
profile is shown. Right panel, the average P/M ratio is represented with s.d. *P<0.05 (unpaired, two-tailed Student’s t-test).
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Msn2 and Msn4 were previously shown to be activated andgmmoters; centromeric plasmids) in wild-type cells resulted
control induced expression @§60 genes during As(lll) stresshigher fraction of cells with aggregates (HspdG&P foci) than
2009). Therefore, the anticipated effeb®RN2/ cells transformed with the empty vector after 1 h of expos
MSN4deletion would be a decreased ability to cope with As(ll(JFig. 5D). A higher fraction of cells overexpressihtEN4 also
due to a compromised stress response. Instead, deletion of botitained aggregates at the 3 h time-point compared to
genes resulted in As(lll) resistance (Fig. 5B) (Hosiner et al., 200@3nsformed with the empty vector. HenddSN2ZMSN4 gene
whereas overexpression of eitfdBEN2or MSN4from a strong dosage has a substantial impact on proteostasis.
constitutive promoter caused sensitivity (Hosiner et al.,
To substantiate our data that suggest diminished proteotoxic stvess similar for wild-type andhsn2d msn4\ cells in the absence
in msn2A msn4\ cells, we scored protein aggregation levels iof As(lll) whereas msn2A msn4\ cells were ~2-fold more
cells carrying SisdGFP. Importantly, after 3 and 5 h of exposurefficient than wild-type cells in reducing translation initiati
the total fraction of cells with aggregates, as well as the fractiondoiring As(l11) exposure (Fig. 5E). Thus, the abilitynasn2y msn4\
cells with three or more Sis1-GFP foci/cell was clearly lower to efficiently decrease translation is likely responsible
msn2A msné compared to the wild type (Fig. 5C). In a reciprocaliminished protein aggregation levels and for the HygB
assay, moderate overexpression MSN2 or MSN4 (native As(lll) resistance.

(Hosiner et al.,
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s.d. from three independent biological replicates (n=3). Error bars on the top concern the total fraction of cells with aggregates; those on the red bars concern the
fraction of cells with >3 aggregates/cell. *P<0.05 (unpaired, two-tailed Student’s t-test; blue, total fraction of cells with aggregates; red, >3 aggregates/cell).
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Negative regulators of transcription to wild-type cells (Fig. 7B). Growth assays indicated that c
We next asked whether mutants encoding negative regulatorsacking DHH1, XRN1 CCR4 and NOT1 are As(lll) sensitive
transcription that have enhanced aggregation levels exhibit sensiti{fig. 7C). Thus, the inability to efficiently repress translatio
to proteotoxic stress. We selected a set of mutants lacking protékedy responsible for the enhanced protein aggregation level
that act as transcriptional repressors (Migl), are components ofAk@lIl) sensitivity observed in these mutants.

Rpd3L histone deacetylase complex (Depl and Rxt2) or are involved

in chromatin silencing (Esc2 and RIf2) and scored their growth in theSCUSSION

presence of HygB. We included a mutant lacking the ribosomfeeomprehensive view of PQC during arsenite stress
associated chaperones Ssb1 and Sstif1(2) as a positive control Arsenic is a highly poisonous and carcinogenic metalloid
(Kim and Craig, 2005). All tested mutants were sensitive to HygRwuses widespread protein misfolding and aggregation. Elucid
(Fig. 6A), suggesting that they might experience enhandeolw protein aggregates are formidvivo, the mechanisms b
proteotoxic stress. To substantiate this, we took a genetic appragith they affect cells, and how cells prevent their accumulati
by introducingSSE1deletion into these mutants and testing whethenportant for understanding the toxicity and pathogenicity
this molecular chaperone is critical for their growth. Ssel acts aarsenic. Our genome-wide imaging screen uncovered novel ¢
nucleotide exchange factor for HSP70 chaperones (Raviol et ahgd processes that may act specifically during As(lll)-indu
2006; Shaner et al., 2006) and is required for Hsp104-depend®otein aggregation or as general proteotoxic stress factors. S¢
protein disaggregation (Kaimal et al., 2017), and cells lacking Ss#lthe systems identified were known or anticipated to influe
have been shown to have enhanced protein aggregation levels (K&, validating the screening approach. For example, a large
et al., 2010). There was a clear As(lll)-dependent synthetic groWuits with reduced levels of protein aggregation are associated
defectin all tested double mutants (Fig. 6B). MorealepA sselA  protein biosynthesis, supporting the notion that As(Ill) primal
andrxt2A ssel cells also grew poorly in the absence of As(lll) anttiggers aggregation of nascent proteins. A set of hits with enha
this growth defect was strongly aggravated in the presencelesfels of protein aggregation are associated with protein folg
metalloid. These observations suggest that lack of these negatimeover and degradation. Thus, compromising the cellular cap!
regulators of transcription sensitizes cells to protein folding stress.#/ecorrectly fold or degrade proteins increases the burde
confirmed enhanced protein aggregation levels in cells labki@d, misfolded and aggregated proteins during As(lll) stress. We
encoding a protein involved in glucose repression (Nehlin and Ronidentified genes and networks that were previously not linke
1990); the total fraction of cells with aggregates as well as the fractwoteostasis, including proteins with functions related to signa
of cells with three or more SisGFP foci/cell was significantly chromatin organization and transcription. The mechanistic de
higher in miglA than in the wild type at all time-points duringthrough which many of the identified genes contribute to P
exposure (Fig. 6C). Western blot analyses showed that all mutaatseain to be established. Here, we have chosen to focus on se
had lower levels of Hsp104 compared to wild-type cells durifgts and highlighted the importance of transcriptional
As(lll) exposure although some mutanesd? and rfl2A) had translational control to mitigate proteotoxicity.

slightly elevated Hsp104 levels in the absence of stress (Fig. S5).

HSP70 levels were similar in wild type and the mutants (Fig. SByotein aggregation is correlated with intracellular arsenic
Hence, an inability to adjust chaperone levels might underlie tlegels and As(ll1) toxicity

increase in protein aggregation observed in these muta@enes related to arsenic transport and detoxification were pres
Collectively, the above results indicate that loss of transcriptiohaith the enhanced and reduced aggregation sets. Loss of pr
control affects PQC through distinct mechanisms includitigat restrict cytosolic arsenic levels (e.g. Acr3, Yap8, Hog1l,

translational control and protein folding. and Yap1l) resulted in enhanced protein aggregation, whereas |
proteins that contribute to arsenic influx (e.g. Fps1, Rgcl and R

Translational repression is central for proteostasis and cell and Ptp2 and Ptp3) lead to fewer aggregates (Fig. S6)ipsie

viability during As(lll) stress rgclA rgc2A andptp2A ptp3A mutants are As(lll) resistant (Bees

The results above indicate that ongoing protein synthesisetsal., 2009; Thorsen et al., 2006; Wysocki et al., 2001) whe
detrimental during As(lll) exposure. In particular, reducestr3A, yap&\, ycflA, yaplA and hoglA are As(lll) sensitive
translation was associated with less aggregates and improidtbrsen et al., 2006; Wysocki et al., 1997, 2004). These
growth for rpb4A and msn2 msnéd\ (Figs 4 and 5). Thus, suggest that restricting cellular accumulation of this metalloid i
translational repression might be important to control proteostasiportant means to protect the proteome from As(lIl)-indu
during As(lll) stress. To substantiate this, we measured protdamage and toxicity. The finding that cells respond to As(lIl)
aggregation levels in a selection of mutants lacking proteins witbwnregulating arsenic influx pathways (Jochem et al., 2(
functions in translational repression and mRNA decay, includiMgysocki et al., 2001) and by increasing expression of arsenic e
Dhh1, Xrn1, Notl and Ccr4 (Coller and Parker, 2005; Holmes et @nd sequestration systems (Talemi et al., 2014; Thorsen et al.,
2004; Preissler et al., 2015). Indeed, all tested mutants had elevsigyborts this notion. Besides arsenic influx and efflux, additic
protein aggregation levels during As(lIl) exposure; the total fractiorechanisms to mitigate proteotoxicity exist; selected mut
of cells with Sis:GFP foci as well as the fraction of cells with threaffected in transcriptional and translational control had a ¢
or more Sis2GFP foci/cell was significantly higher idhhlA, impact on As(lll)-induced protein aggregation and toxicity
xrnlA, ccrdA andnotlA cells compared to wild-type cells at the 3ntracellular arsenic levels comparable to wild-type cells (Fig.
and 5 h time-points (Fig. 7A). MoreovetnlA, ccr4A andnotlA Previous data have suggested that protein aggregation
cells had higher aggregation levels in the absence of stress. @altgribute to As(lll) toxicity. This was based on, among other d
lacking DHH1 have been shown to be defective in translationtile correlation of protein aggregation levels and sensiti
repression during glucose starvation (Coller and Parker, 20GB%kistance in a limited set of mutants (Jacobson et al., 2012)
Likewise, polysome profiling during As(lIl) exposure showed thaurrent study provides genome-wide support for this notion.
dhhlA is ~1.5-fold less efficient in inhibiting translation compareébund strong correlations between enhanced protein aggred
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and As(lll) sensitivity, and between reduced aggregation aoitheneral stress factors by Msn2 and Msn4 may contribute to As
As(Ill) resistance (Fig. 2). Earlier studies indicated that proteins aemsitivity (Hosiner et al., 2009). Here, we demonstrate that
the main target of As(lll) during acute exposure (Talemi et al., 20B)sence of Msn2 and Msn4 promotes strong translation inhibitic
and that hundreds of proteins aggregate (Ibstedt et al., 20®4ponse to As(lll) (Fig. 5). Notably, translation activity is simila
Jacobson et al., 2012). Misfolded forms of these proteins mighitld type and msn2 msné4\ prior to stress, andMSNZMSN4
engage in extensive aberrant protpiotein interactions, resulting deletion does not affect Hsp104 and Hsp70 protein levels (Fig. S
in an increased burden on PQC systems and an impact on io¢tacellular arsenic accumulation (Fig. S6). Hemesn2A msn4\
viability (Ibstedt et al., 2014; Jacobson et al., 2012). Taken togetlesl]s are not pre-adapted to stress by increased folding capacity ¢
these findings support the view that protein aggregation contributger translation activity but respond to As(lIl) by robust translat
to As(lll) toxicity and that aggregate management is crucial for clhibition. This capacity to efficiently inhibit translation is like
survival. This mode of toxicity acts in parallel with previouslyesponsible for the diminished aggregation levels observaedn@
described toxicity mechanisms, such as oxidative stress-inducesth4\ cells, as well as for their HygB and As(lll) resistance.
damage to DNA, lipids and proteins, inhibition of DNA repair anthrgets of Msn2/Msn4 that regulate translation inhibition remain t
disruption of enzyme function (Shen et al., 2013; Singh et abentified. Previous studies have shown that As(lll)-exposed
2011). downregulate gene expression associated with protein synthes
upregulate expression of genes related to protein folding
Appropriate transcriptional control is important for degradation (Haugen et al., 2004; Ibstedt et al., 2014; Tho
proteostasis and As(lIl) resistance et al, 2007). Moreover, yeast cells decrease expressio
We provide evidence that appropriate transcriptional controlaggregation-prone proteins during As(lll) exposure (Ibstedt e
crucial for PQC during As(lll) exposure. First, a large numb@014), possibly as a means to mitigate aggregation and tox
of transcription-related hits were found in both the enhanc€dllectively, these data support the notion that acc
and reduced aggregation sets (Tables S1, S2). Selected muteatscriptional control is crucial in protecting cells from the effe
lacking negative regulators of transcription accumulateflaccumulated misfolded and aggregated proteins. The mecha
more aggregates than wild-type cells and were As(lll) sensititag.which transcriptional regulators impact PQC appear to be dis
Genetic and biochemical data indicate that some of these mutants
experience proteotoxic stress in the absence of As(lll), and thatnslational control is crucial to mitigate As(l11)-induced
protein aggregation is exacerbated during exposure. The molequtateotoxicity
chaperone Ssel was required to sustain growth of these mut&s, data highlights that translational control is crucial
supporting the notion that they suffer from proteotoxic strepmteostasis and As(lll) resistance. First, a large proportion o
(Fig. 6). Similarly, selected mutants lacking positive regulators mitants with reduced aggregatior26% of the hits) are part o
transcription were HygB resistant, suggesting that their absehighly connected networks involved in cytoplasmic translation (
might mitigate proteotoxicity (Fig. 5). Second, our data suggest thiibsomal proteins), rRNA modification and processing, ¢
global transcription affects protein aggregation levels during As(lliposome assembly (Fig. 2; Fig. S2). These findings are in
stress. Inhibition of transcription with 1,10-phenantroline attenuateith previous studies showing that proteins are particul
As(lll)-induced aggregate formation (Fig. 4), which is similar tsusceptible to As(lll)-induced aggregation during translation
the effect observed with cycloheximide, a chemical inhibitéolding (Ibstedtetal., 2014; Jacobson et al., 2012), and that pro
of translation (Jacobson et al., 2012). Moreover, proteivith high translation rates are predominantly at risk (Ibstedt e
aggregation levels were reduced in thb4A mutant, which has a 2014; Weids et al., 2016). Second, we demonstrate that dimini
decreased global transcription rate (Garrido-Godino et al., 201@)nslation mitigates As(lll)-induced protein aggregation
Thus, transcriptional inhibition by genetic or chemical meatxicity. Polysome-profiling assays showed that wild-type ¢
mitigates As(lIl)-induced protein aggregation. For some of thepress translation during As(lll) exposure (Fig. 4). This is like
identified mutants, it is possible that altered transcription also affeetsult of increased elbZphosphorylation (Guerra-Moreno et a
global translation [i.e. by altering the number of nascent proteR®15), inhibition of translation initiation (Liu et al., 2013) a
synthesized that can be targeted by As(lll) to misfold and aggregatduction of ribosomal protein levels (Guerra-Moreno et al., 20
This was the case fopb4A; polysome-profiling assays demonstratetinportantly, translation repression appears to be crucial
thatrpb4A had a lower translational activity than the wild type in botbafeguarding the proteome from As(lll)-induced damage.
the absence and presence of As(lll) (Fig. 4). However, most of thenslational activity ofpb4A protected this mutant from As(lll)
transcription-related mutants identified here regulate expression imfdaiced protein aggregation and toxicity (Fig. 4). Similarly,
limited set of target genes and are therefore expected to have littleroved efficiency in translational repression, as showm$or2\
impact on global MRNA levels. Instead, these regulators are likelyrien4\ cells, mitigated protein aggregation and resulted in As(
affect aggregation through other mechanisms, for example rbgistance (Fig. 5). Our data also emphasize the key rol
controlling gene targets that influence the cellular capacity to deahslation initiation control in response to As(lll) in contrast
with intracellular As(l11) and/or the damages caused by the metallaither proteotoxic stresses, like heat shock (Fig. 4E). Third,
Indeed, some of the transcription-related mutants tested had laenonstrate that mutants lacking proteins with functions
levels of molecular chaperonedepA, esc?, rlf2A, rxt2A and  translational repression have enhanced protein aggregation
mig1A), accumulated high levels of intracellular arsegap@A and and exhibit As(lIIl) sensitivity (Fig. 7). These mutants accumule
yap&\) or had an altered capacity to control translatimsn2A comparable intracellular arsenic to that of wild-type cells (Fig. §
msn4\). Interestinglymsn2 msn4\ cells were resistant to As(lll) Thus, low translation and efficient translational repressio
and HygB, and showed reduced protein aggregation levels compaekficial during As(lll) exposure whilst lack of translatio
to wild-type cells (Fig. 5). This finding was unexpected since Msm@pression is detrimental for the cell. Together, these data str¢
and Msn4 regulate As(lll)-induced expressior®d genes (Hosiner support the notion that appropriate control at the translational
et al., 2009). It was previously hypothesized that a chronic activatisrtrucial to mitigate As(ll)-induced proteotoxicity.
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Implications for human disease processes 1,10-phenantroline (both from Sigma-Aldrich) and hygromycin
Previously, we found several homologs of yeast proteins tiifg@rmedium) were added to the cultures at the indicated concentratio
aggregated during As(lll) exposure to be present in human disease-

associated aggregates in AD, PD and amyotrophic lateral scler§sist library creation and automated high-content microscopy
(ALS), suggesting that the mechanisms underlying proteiRe yeast deletion library harboring HspiG#P was created as previous
aggregation in stress-exposed yeast cells may be relevanflégsribed (Babazadeh etal., 2019) by crossing the HsERIquery strain
human disease processes (Ibstedt et al., 2014; Weids et al., 2471§)2 genome-wide collection of viable yeast single deletion mut
The hit list from the current screen is also interesting in the light A-v2, Boone laboratory, University of Toronto, Canada) using a synt

h h ; I h | . | enetic array approach (Tong et al., 2001, 2004). Cells from the library
uman pathogenesis as several homologs to proteins re ferred into 96-well plates using a liquid handling robot (Microlab ST.

to human diseases were identified (Tables S1, S2). For examplgyilton Company), and treated with 0.25 mM As(lll) for 2 h followed
lack of Tdp1, encoding tyrosyl-DNA phosphodiesterase I, result@gtion with 3.7% formaldehyde. Then cells were washed twice in
in increased protein aggregation levels. Mutation in the humgtibsphate-buffered saline (PBS) and transferred into 96-well glass b
homolog, TDP1, results in the inherited neurodegenerative disonaetes for imaging. Automatic image acquisition was performed using a
SCANL1 (Takashima et al., 2002). Thus, SCANL1 patients may ¢ntent microscope (ImageXpress MICRO, Molecular Devices); 25 im
susceptible to conditions of proteotoxic stress, such as chro#gge acquired for each mutant. Quantification of number of cells
exposure to low levels of metals. Similarly, lack of Ltn1 resulted f{ggregates and number of aggregates per cell was performed
elevated aggregation levels during As(lll) exposure. Ltn1 is th§tXpress (version 3, Molecular Devices) software.

yeast homolog of mammalian listerin (LTN1), an E3 ubiquitin_ .

ligase implicated in neurodegeneration (Chu et al., 2009). Thiginformatics and network analyses o

screen also identified several components of the elongator com alpgories of over-represented protein functions in our datasets

L . o ; . éntified using FunCat at Munich Information Center for Prot
(ELPT-ELP6), which is primarily involved in tRNA mOd'f'Cat'onSSequences (MIPS) (http:/mips.gsf.de). Enriched functional categ

(Johansson et al., 2018); deletionEdfP1 (also known asKI3),  ere set with a false discovery rate (FDR) of <0.05 using the Benjal
ELP2 3, 4 or 6 caused reduced levels of protein aggregatggchberg procedure (Benjamini and Hochberg, 1995). Prqieitein
during As(lll) exposure. Mutations in the human Elpl homolagteraction networks were constructed using the STRING database (
IKAP (also known as ELP1) causes familial dysautonomia,da.org/) (Snel et al., 2000; Szklarczyk et al., 2017) with the organism s
rare neurodegenerative disease that is associated with grdsegeharomyces cerevisiaed the confidence score to the highest (0.9).
abnormalities and degradation of sensory functions, and patidwtstional diversity of the gene lists was visualized by mapping eac
suffering from this disease show reduced levels of the wobBIo the global yeast genetic interaction network using CellMap (Cost
uridine tRNA modification (Dalwadi and Yip, 2018). Elp3 it @l 2016; Usajetal., 2017).
suggested to be a modifier of ALS, a fatal degenerative motor )
neuron disorder, indicating a possible link between tRN@Uorescence microscopy _ )
modifications and neurodegeneration (Bento-Abreu et al., 2016525t Cells expressing Hsp1BHP (Table S4) or SisGFP (Malinovska
et’al., 2012) fusion proteins were grown to mid-log phase in SC mediu

Thus, members of the elongator complex are implicated in disegs&ej vith 0.5 mm As(lll). Where indicated, 0.1 mg/mi 1,10-phenantro

processes, as well as PQC during metalloid exposure. Chropig aqded. At the indicated time-points, cell samples were fixed
heavy metal and metalloid exposure may promote the progressioR@faldehyde for 30 min at room temperature and washed with PBS|
certain neurodegenerative and age-related disorders, such aszAP signals were observed using a Zeiss Axiovert 200 M (Carl Z
and PD (Caudle et al., 2012; Chin-Chan et al., 2015; Gong awidrolmaging) fluorescence microscope equipped with Plan-Apochrg
O’Bryant, 2010; Wang and Du, 2013); however, the underlyirigdO objectives and appropriate fluorescence light filter sets. Images
mechanisms remain largely unknown. A better understandingt@en with a digital camera (AxioCamMR3) and processed with Zeiss
the role of the proteins above in PQC may shed novel light &fftware. To quantify protein aggregation, the total fraction of cells

disease processes associated with metal exposure. aggregates (Hspl8&FP or Sis1-GFP foci) as well as the fraction of ce
having three or more aggregates/cell was determined using Image J so

Conclusions o
%Iranscnptlonal errors
I

Collectively, this work provides a comprehensive view of cellul - .
machineries that impinge on proteostasis during As(lll) stress anscription error assays were performed largely as described previ
n et al., 2014). Patches of cells were grown on YPD medium over

highlights the importance of transcriptional a“q tra_n_5|at'0r§|30°c, replica plated onto SC medium lacking histidine(Higher with
control. The broad network of cellular systems identified hege without As(Ill) and incubated at 30°C for 3 days. Quantitative ass
provides a valuable resource and a framework for dedicated foll@yére performed in liquid medium. For this, cells were grown in YPD at 3
up studies of the molecular underpinnings of arsenic toxicity asgernight and then plated onto Higlates either with or without As(l11) as
pathogenesis. well as onto YPD plates to quantify the mean frequency dfétiis relative
to total number of viable cells. Plates were incubated at 30°C for 3 day:
MATERIALS AND METHODS individual colonies were scored.
Yeast strains and culturing conditions
S. cerevisiastrains used in this study are listed in Table S4. Most strains &mesenic uptake
based on BY4741 and BY4742 (Brachmann et al.,, 1998), W303-1&tracellular arsenic was measured as described previously (Thorsen
(Thomas and Rothstein, 1989) and the yeast deletion collection (Giag@06). Briefly, exponentially growing cells were exposed to As(lll) for
et al., 2002). Double mutants were generated by crossing haploid siregltected and washed twice in ice-cold water. The cell pellet was
mutants using standard procedures and all double mutants were confirreedspended in water, boiled for 10 min, and centrifuged (173000
by PCR. Yeast cells were grown in minimal synthetic complete (S@) min) to collect the supernatant. The arsenic content of each sampl
medium (0.67% yeast nitrogen base) supplemented with auxotrophieasured using a flame atomic absorption spectrometer (3300,
requirements and 2% glucose as a carbon source or in rich yeast pegitmer) or by inductively coupled plasma-mass spectrometry (ICP-
dextrose (YPD) medium. Growth assays on solid agar were carried outisiag an ICAP Q ICP-MS (Thermo Fisher Scientific) with an SC-FA
previously described (Wysocki et al., 2004). Sodium arsenite (NgAsCGautomated sample introduction system (Elemental Scientific). Pric
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analysis by ICP-MS, the samples were diluted 20 times with ultrapure waltee E. Perez-Ortin (Universitat de Valencia) for helpful suggestions to improve
from a GenPure water purification system (Thermo Scientific Barnste#s, work.

resistivity 18.2 M2 cm) and acidified to 1% volume HN@Sharlau, HNG, o

65% for trace analysis). The instrument was operated in the Kinetic Engrg{Peting interests _ o

Discrimination (KED) mode with helium as the collision gas to remoV'¢ 2uthors declare no competing or financial interests.

potential interference from ArClat m/z=75. Calibration was performed
using a set of arsenic standards with concentrations up to 500.u4 |
solution of 1pg f! indium was continuously injected for internal
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