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SUMMARY

Cells have developed protein quality-control strate-
gies to manage the accumulation of misfolded sub-
strates during heat stress. Using a soluble reporter
of misfolding in fission yeast, Rho1.C17R-GFP, we
demonstrate that upon mild heat shock, the reporter
collapses in protein aggregate centers (PACs). They
contain and/or require several chaperones, such as
Hsp104, Hsp16, and the Hsp40/70 couple Mas5/
Ssa2. Stress granules do not assemble at mild tem-
peratures and, therefore, are not required for PAC
formation; on the contrary, PACsmay serve as nucle-
ation centers for the assembly of stress granules. In
contrast to the general belief, the dominant fate of
these PACs is not degradation, and the aggregated
reporter can be disassembled by chaperones and re-
covers native structure and activity. Using mass
spectrometry, we show that thermo-unstable endog-
enous proteins form PACs as well. In conclusion,
formation of PACs during heat shock is a chap-
erone-mediated adaptation strategy.

INTRODUCTION

Proteins must fold into their unique native structures to be func-

tional, and the process of synthesis is tightly regulated to

ensure efficient processing (for reviews, see Gloge et al.,

2014; Pechmann et al., 2013). Once they are synthesized, the

structure of native proteins is not rigid, and a network of chap-

erones and degradation machineries maintain the integrity of

the proteome, constituting the protein quality-control (PQC)

system meant to recognize, refold, and degrade aberrant pro-

teins to maintain protein homeostasis, also known as proteo-

stasis (for reviews, see Balchin et al., 2016; Kim et al., 2013;

Pilla et al., 2017).

Heat shock alters proteostasis so that the PQC system is chal-

lenged. Thus, when heat alters the equilibrium between protein

synthesis, folding, and degradation, the cell has to activate
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signaling events, often driven and/or executed by chaperones,

to avoid accumulation of misfolded proteins and decide their

fate toward folding or degradation. The heat-shock-induced

cell response includes upregulation of chaperones, which try

to reverse the effects of the stress by refolding non-native protein

conformations, and also of clearance functions, such as auto-

phagy and the ubiquitin-proteasome system (UPS) (for reviews,

see Dikic, 2017 and Kleiger and Mayor, 2014).

Following non-lethal heat shock, both newly synthesized and

mature, fully functional proteins misfold and can, eventually,

accumulate into aggregation-like structures of different physical

properties and subcellular localizations. Because the hallmarks

of many neurodegenerative disorders are aggregates of mis-

folded proteins (such as huntingtin in Huntington disease or

beta-amyloid in Alzheimer disease), the presence of protein ag-

gregates in cells has often been linked to toxicity, so that pre-

venting aggregate formation and accumulation is still proposed

to be a priority goal of the PQC system. However, recent

evidence demonstrating active and regulated deposition of mis-

folded polypeptides into specialized cellular locations chal-

lenges the view that links aggregation and toxicity.

Thus, an important part of PQC is the local management of

misfolded proteins into specific subcellular compartments. The

exact functions of each of these PQC compartments are still to

be discovered, although mainly two fates have been proposed:

to enhance aggregated protein clearance by the degradation

machineries or to sequester otherwise toxic prion-like molecules

into safe, isolated areas away from the functional proteome.

Thus, the Saccharomyces cerevisiae Q-bodies are formed early

upon heat-shock-induced misfolding, and they are then cleared

through the UPS; if degradation is impaired, Q-bodies mature

into juxtanuclear quality-control compartments (JUNQ) (Es-

cusa-Toret et al., 2013; Kaganovich et al., 2008). The insoluble

protein deposits (IPODs) in yeast, equivalent to the perinuclear

aggresome in mammalian cells, exemplify the second proposed

function: a site of terminal sequestration of toxic molecules (Ka-

ganovich et al., 2008) (for a recent review, see Sontag et al.,

2017). In this line, formation of aggregate-like centers would be

a regulated phenomenon to promote healthy aging by seques-

tering old, aged proteins that expose hydrophobic domains

(Erjavec et al., 2007; Zhou et al., 2014).
hor(s).
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In recent years, a new function has emerged for the coales-

cence of proteins into intracellular bodies: chaperone-mediated

refolding of aggregated proteins during stress recovery, with

Hsp104 exerting an essential role (Cherkasov et al., 2013; Glover

and Lindquist, 1998); this disaggregation could be performed

from the aggregate centers (for a recent review, see Nillegoda

et al., 2018). Indeed, it has been recently described again in

budding yeast that heat-shock-dependent aggregate formation

is a reversible process so that the activity of proteins can be re-

gained as an adaptation strategy to facilitate growth resumption

(Wallace et al., 2015). Nevertheless, the formation of these regu-

lated aggregate-like centers has been described at extreme

temperatures, namely, 46�C, which is very close to lethality.

Here, we have analyzed the impact of mild heat shock on the

PQC system in fission yeast by monitoring the behavior of a

new fluorescent reporter protein with dual cytosolic and nuclear

localization, Rho1.C17R-GFP. Even at very mild temperatures,

such as 37�C, this and other soluble reporters form reversible

aggregate-like structures, which we have termed protein aggre-

gate centers (PACs). Evidence suggests that the formation of

these PACs is an adaptation strategy central to the PQC system:

(1) it is driven and/or accompanied by several heat shock proteins

(HSPs); (2) two classical markers of aggregation, Hsp104-GFP

and Hsp16-GFP, also coalesce into PACs in cells that do not ex-

press the reporter Rho1.C17R-GFP, suggesting that endogenous

proteins also form PACs; (3) formation of stress granules (SGs)

upon severe heat shock may be facilitated by the assembly of

PACs; and (4) the physiological role of PAC formation is to shield

misfolded proteins from degradation until conditions allow disag-

gregation of non-terminallymisfolded proteins bymolecular chap-

erones. Furthermore, we have isolated and identified by mass

spectrometry (MS) the fraction of thermally sensitive fission yeast

proteins, which only assemble into PACs upon heat stress. We

propose that PAC formation in fission yeast is an organized pro-

cess that prevents degradation ofmisfolded proteins until temper-

ature conditions allow their disaggregation into native, functional

proteins to promote cell fitness and growth resumption.

RESULTS

Rho1.C17R-GFP Forms PACs upon Mild Temperature
Up-Shift
To study cytosolic PQC in Schizosaccharomyces pombe, we

searched for thermo-sensitive mutant proteins that could mis-

fold upon heat shock. Rho1 is an essential small GTPase regu-

lating cell wall biosynthesis, actin organization, and polarized

growth (Park and Bi, 2007; Pérez and Cansado, 2010). Most

GTPases of the Ras and Rho families undergo lipidmodifications

at their C-terminal domains for proper targeting to cell mem-

branes. In particular, Rho1 undergoes geranylgeranylation at

Cys199, and this protein modification promotes Rho1 localiza-

tion at the plasma membrane (Sánchez-Mir et al., 2014). The

Rho1 thermo-sensitivemutant Rho1-596 carries amissensemu-

tation causing a Cys17-to-Arg substitution in the GTP-binding

domain; Rho1.C17R almost disappeared from cell extracts

upon mild heat shock (Viana et al., 2013). We constitutively ex-

pressed GFP-Rho1 and GFP-Rho1.C17R in wild-type cells

from an integrative plasmid (Figure 1A, membrane-anchored
Rho1), and both proteins display plasma membrane localization

at a permissive temperature (25�C, Figure 1B). As previously

described, the GFP fluorescence of cells expressing GFP-

Rho1.C17R (but not that of GFP-Rho1-expressing cells) van-

ishes after 2 h of incubation at 37�C (Figure 1B).

We then engineered non-membrane-associated Rho1.C17R

derivatives by either eliminating the lipidation target residue

Cys199 or by fusing GFP or mCherry to the C-terminal domain of

Rho1, expecting that the tag would hinder Cys199 from geranyl-

geranyl transferases (Figure 1A, cytosolic/nuclear Rho1). As

shown in Figures 1C and S1A, the prenylation-defective mutants

Rho1.C17R-GFP, GFP-Rho1.C17R.C199S, and Rho1.C17R-

mCherry displayed dual cytosolic and nuclear localization at the

permissive temperature.Uponmildheat shock, the three reporters

form foci, 2–4 per cell. As an indicator of protein misfolding, we

compared the solubility of cytosolic Rho1.C17R-GFP at permis-

sive (25�C) and restrictive (37�C) temperatures: the reporter was

found predominantly in the soluble form at 25�C (S in Figure 1D),

whereas 1 h after incubation at 37�C the protein was highly en-

riched in the NP-40-insoluble fraction (P in Figure 1D). These

data suggest that Rho1.C17R-GFP is a good temperature-sensi-

tive reporter, non-bound to membranes, which forms detergent-

insoluble aggregates uponmild heat shock. It is worth mentioning

thata shift to37�C isamoderateheat shock for fissionyeast,which

does not slow growth nor exerts toxicity to wild-type cultures, but

significantly affects the viability of cells lacking stress signaling

components, such as the MAP kinase Sty1 (Figures 1E and S1B).

We analyzed the kinetics of foci formation upon heat shock at

37�C and 42�C; at the higher temperature, growth of wild-type

cells is permanently halted, both in liquid and solid media (Fig-

ures 1E and S1B), translation is fully inhibited (Humphrey and

Enoch, 1998), and viability is compromised (Figure S1C). Again,

the localization of Rho1.C17R-GFP after a shift to 37�C changes

from its homogeneous cytosolic/nuclear distribution to the

appearance of foci at 30 min, which is maximal at 60 min, with

2–4 aggregate-like centers in nearly all cells (Figure 1F). Upon

a shift to 42�C, foci formation ismuch faster andmultiple centers,

10–20 per cell, are present in all cells in both the cytosol and the

nucleus. From now on, we will call these foci PACs. The number,

timing, and appearance of these PACs vary depending on the

temperature applied.

Several Chaperones, Such as Hsp104, Hsp16, Hsp90
Swo1, Hsp70s Ssa1 and Ssa2, and Hsp40s Psi1 and
Mas5, Are Present at PACs
Once we determined that our thermo-sensitive reporters form

PACs upon mild heat shock, we analyzed the composition of

PACs regarding proteins of the PQC system. Thus, we first moni-

tored the localization of the disaggregase Hsp104, which is

reported to associate with aggregated proteins in different bio-

logical systems (for a review, see Mogk et al., 2015). A GFP-

taggedHsp104 retaining functionality was selected (Figure S1D),

and will be used hereafter. The simultaneous expression of

Rho1.C17R-mCherry and Hsp104-GFP in cells revealed an

almost complete overlap or co-localization upon heat stress

(Figures 2A and S1E), which indicates that Hsp104 and temper-

ature-sensitive mutants share the same fate and are confined

into the same spatial localizations, the PACs.
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Figure 1. A Temperature-Sensitive Mutant of

Rho1 Accumulates at PACs

(A) Scheme depicting the different versions of Rho1

used in this study. C17R, temperature-sensitive

mutation of Cys17-to-Arg; C199, geranylger-

anylation site (GG), which access is prevented by

C-terminal tagging of Rho1 with GFP.

(B and C) The cytosolic/nuclear versions of Rho1

mutant concentrate at PACs upon heat shock. Cells

expressing membrane-anchored (B) or cytosolic/

nuclear variants (C) of Rho1 WT and C17R mutant

were analyzed by fluorescence microscopy upon

heat shock at 37�C for 1 or 2 h.

(D) Rho1.C17R is enriched in the insoluble fraction

after heat shock. Solubility of Rho1.C17R-GFP after

heat shock at 37�C for 1 h was examined by sub-

cellular fractionation and immunoblotting using anti-

GFP antibody and anti-Sty1 as loading control

(T, total; P, pellet fraction; S, soluble fraction).

(E) Growth at 37�C only reduces viability in cells with

defective stress response. OD600 of cell cultures of

WT and Dsty1 strains at the indicated temperatures

was measured using a spectrophotometer. This is

one of three experiments with very similar growth

profiles.

(F) Severe heat shock induces a very rapid assembly

of PACs. Formation of protein foci wasmonitored by

fluorescence microscopy in cells expressing

Rho1.C17R-GFP at the indicated time points and

heat shock conditions. Maximum-intensity pro-

jections of z stacks (6 planes, 0.4-mm steps) are

shown.

Scale bars, 5 mm. See also Figure S1.
We tagged different proteins of the PQC and of the ribosome

quality-control systems with GFP and co-expressed them with

our cytosolic/nuclear misfolding reporter Rho1.C17R-mCherry.

We chose members of the Hsp70, Hsp40, and Hsp90 families

and large/small HSPs. We unambiguously found co-localization

at PACs at both 37�C (Figure 2A) and 42�C (Figure S1E) of our

thermo-sensitive reporter and Hsp16, the Hsp70s Ssa1 and

Ssa2, the Hsp90 Swo1, and the Hsp40s Psi1 and Mas5. The

PQC components Sks2 (ribosome-associated Hsp70), Scj1

(Hsp40 linked to the endoplasmic reticulum), Bag102 (BAG-fam-

ily member linked to the proteasome), and Ssz1 and Zuo1 (com-

ponents of the ribosome-associated complex [RAC]) are not

present in the foci (Figure S1F).

The Hsp40/70 Chaperones Mas5/Ssa2 Are Required for
PAC Assembly
The formation of PACs at very mild temperatures and the pres-

ence of several chaperones at these centers raise the question

of whether some PQC components may be involved in the deci-
2432 Cell Reports 30, 2430–2443, February 18, 2020
sion to assemble the PACs. With the idea

that some chaperones may be required

to recognize misfolded structures and

sort them toward formation of these

compartmentalized centers, we expressed

Rho1.C17R-GFP in cells lacking specific

chaperones. As shown in Figure S2A, the
lack of Hsp16, Bag102 (proteasome component), Ssa1

(Hsp70), Hul5 or San1 (E3 ubiquitin ligases), or Btf3 or Egd2

(components of the nascent polypeptide-associated complex

[NAC]) had no effect on the formation of PACs at either 37�C or

42�C. On the contrary, the absence of Scj1, Ssz1 or Zuo1, Psi1

(Hsp40), Hsp104 or Sks2 had a small but significant negative in-

fluence on the formation of these centers at 37�C, but not at 42�C
(Figures 2B and S2B–S2D). Importantly, PACs were absent in

100% of Dmas5 cells at both temperatures (Figure 2B). As can

be observed in the fluorescence images (Figure 2B) and by west-

ern blot (Figure S3A), the concentration of our reporter,

Rho1.C17R-GFP, in cells lacking Mas5 is significantly lower

than inwild-type cells, suggesting a role of this Hsp40 chaperone

in protein folding in the absence of heat stress. To dismiss an ef-

fect due to protein concentrations, we expressed our reporter

under the control of the weaker nmt41 promoter, which yielded

protein levels in wild-type cells equivalent to those accomplished

using the sty1 promoter inDmas5 (Figure S3B). Even at these low

levels, Rho1.C17R-GFP formed PACs in wild-type cells upon



Figure 2. Identification of Chaperones Required for Heat-Shock-Induced PAC Assembly

(A) Co-localization analysis of Rho1.C17R-mCherry with different GFP-tagged chaperones in strains grown at 25�C and incubated at 37�C for 1 h. Line intensity

plots of Rho1.C17R-mCherry and GFP-tagged chaperones are shown.

(B) Formation of PACs labeled with Rho1.C17R-GFPwas analyzed by fluorescencemicroscopy in the indicated deletion strains after incubation at 37�C for 1 h or

42�C for 15 min.

Scale bars, 5 mm. See also Figures S1–S3.
heat shock (Figure S3C). Mas5 is an Hsp40 chaperone known to

associate with the Hsp70 protein Ssa2 (Vjestica et al., 2013). The

lack of Ssa2 also significantly impaired PAC formation (Fig-

ure 2B), although to a lesser extent that the lack of Mas5, prob-

ably due to certain functional redundancy with other Hsp70s

such as Ssa1.

PACs Provide a Platform for Building SGs under Severe
Heat Stress
During heat and other stresses, SGs are transient storage sites

for ribosome-free mRNAs and proteins involved in translation

initiation, such as eIF4G, eIF4E, eIF4B, eIF4A, and poly(A) bind-

ing protein, for their later use upon growth resumption. The pres-

ence of chaperones and misfolding reporters at SGs in different

model systems (Cherkasov et al., 2013; Kroschwald et al., 2015)

suggests a putative coordination in the origin of these mRNA

stress control compartments and those of aggregated protein

centers, as parallel strategies to cope with stress. Little is known

about the formation and composition of SGs in fission yeast; it

has been described that various stimuli, including heat shock,
glucose deprivation, arsenite, or osmotic stresses can trigger

SG formation (Nilsson and Sunnerhagen, 2011; Satoh et al.,

2012; Wang et al., 2012; Wen et al., 2010).

We tagged several translation initiation factors with GFP in

wild-type cells and tested their localization uponmild and severe

heat shock. To monitor SG formation, we directly shifted loga-

rithmic cell cultures (optical density 600 [OD600] of 0.5) to the indi-

cated temperatures, as done before to detect PAC formation, or

concentrated them by centrifugation prior to heat shock applica-

tion, as reported before by other groups (Satoh et al., 2012; Wen

et al., 2010). As shown in Figures 3A and S4A, GFP-tagged

eIF4E, eIF4G, poly(A) binding protein Pabp, eIF3b, and eIF4B

display cytosolic localization at both 25�Cand 37�C; this temper-

ature up-shift is sufficient to trigger PAC formation but not to

detect SGs. The translation inhibitor puromycin (PUR) has

been described to facilitate SG formation in othermodel systems

(Bounedjah et al., 2014; Kedersha et al., 2000; Mollet et al.,

2008), but it does not promote SG deposition at 37�C (Fig-

ure S4B). All the translation initiation reporters, except eIF4B

(Figure S4A), form foci at 42�C and/or 46�C, with eIF4E being
Cell Reports 30, 2430–2443, February 18, 2020 2433



Figure 3. PACs Serve as a Platform for Stress

Granule Assembly

(A) Stress granules are visible after heat shock at

42�C and 46�C but not at 37�C. C-terminally GFP-

tagged translation initiation factors eIF4E and eIF4G

were used as stress granule markers. Where indi-

cated, cells were concentrated by centrifugation

(cent.) before heat shock treatment.

(B) At 42�C, PACs labeled with Rho1.C17R appear

earlier than stress granules, as monitored in cells

co-expressing Rho1.C17R-mCherry and eIF4E-

GFP after incubation at 42�C for the indicated times.

(C) Percentage of cells from (B) containing

Rho1.C17R-mCherry or eIF4E-GFP-positive foci

(n > 100). Values represent the mean + SEM of three

independent experiments.

(D) Lack of Mas5 abolishes both PAC formation and

the assembly of stress granules. We applied heat

shock at 42�C for 15 min in WT andDmas5 cells co-

expressing Rho1.C17R-mCherry and eIF4E-GFP.

Scale bars, 5 mm. See also Figure S4.
the only one forming SGs at 42�C in the absence of prior centri-

fugation (Figure 3A). As described before for SGs, some ribo-

somal proteins do not collapse into these foci (Figure S4C). We

conclude that SGs are formed in fission yeast at temperatures

much higher than those required to detect PAC formation, there-

fore demonstrating that they are different entities.

To monitor whether PACs and SGs co-localize upon severe

heat shock, we co-expressed eIF4E-GFP and Rho1.C17R-

mCherry. Co-localization between both protein markers is com-

plete at 46�C at all times (Figure S4D). However, when cultures

were shifted to 42�C, PAC formation clearly preceded SG forma-

tion (Figures 3B and 3C), suggesting that PACs, which are also

observed at mild temperatures that do not favor SG coales-

cence, serve as seeds for the assembly of SGs at high, toxic tem-

peratures. Indeed, a lack of Mas5, which completely impairs

PAC formation (see Figure 2B), also compromises the assembly

of SGs (Figure 3D), even at extreme temperatures (Figure S4E).

Thus, non-native misfolded proteins constitute a platform for
2434 Cell Reports 30, 2430–2443, February 18, 2020
the deposition of translation initiation fac-

tors and, likely, ribosome-naked mRNAs

to form SGs, at least in response to heat

shock.

PAC Assembly Shields Misfolded
Proteins from Proteasomal
Degradation
It has been proposed by the group of

Li that heat-induced aggregation is

blocked by the translation elongation in-

hibitor cycloheximide (CHX) and, thus,

that aggregate formation requires active

translation (Zhou et al., 2014). By contrast,

the group of Tamás reported that CHX

cannot block the formation of Hsp104-

containing foci after heat shock (Jacobson

et al., 2012). To investigate the contribu-

tion of new protein synthesis on heat-
dependent PAC assembly, we treated cells with CHX during

heat shock imposition. As shown in Figure 4A, the formation of

PACs at 37�C is fully abolished by treatment with CHX, whereas

PAC assembly at 42�C is only partially inhibited (Figure S5A). The

same occurs upon treatment with the translation inhibitor aniso-

mycin (Figure S5B). However, protein synthesis inhibition per se

is not the cause of this blockage on PAC assembly: the transla-

tion inhibitor PUR fails to inhibit, and even favors, formation of

PACs (Figure 4A). Although CHX and anisomycin inhibit transla-

tion elongation and freeze ribosomes (and, probably, premature

polypeptides) on translating mRNAs, PUR destabilizes poly-

somes by promoting premature termination, probably releasing

from mRNAs not only ribosomes and ribosome-associated

PQC components but also non-fully folded premature polypep-

tides (Figure 4B). These results suggest that defective translation

products, which occur upon heat shock imposition in normal un-

treated cells or chaperones linked to de novo protein synthesis,

may significantly contribute to PAC assembly in fission yeast,



Figure 4. PAC Assembly Prevails upon Heat Shock Treatment and Avoids Protein Degradation

(A) CHX, but not PUR, prevents PAC assembly. Formation of PACs labeled with Rho1.C17R-GFPwas examined after incubation at 37�C for 1 h.Where indicated,

cells were treated with CHX (100 mg/ml) or PUR (1 mM) to inhibit translation.

(B) Scheme depicting the different effects in translation of CHX (which ‘‘freezes’’ the ribosomes on the translated mRNAs) and PUR (which causes premature

translation termination).

(C) Heat-shock-inducedRho1.C17R-GFP degradation only occurs uponCHX, but not PUR, treatment. Cells expressing Rho1.C17R-GFPwere incubated at 37�C
for 2 hwith CHX or PUR, trichloroacetic acid (TCA) extracts were obtained, and protein levels detected by immunoblotting using anti-GFP antibody; anti-Sty1was

used as a loading control.

(D) Rho1.C17R-GFP degradation was induced by heat shock at 37�C in cells lackingMas5, where PAC assembly is blocked. Experiment was performed as in (C).

(E) Heat-shock-induced degradation of the membrane-anchored GFP-Rho1.C17R occurs even in the absence of CHX. Experiment was performed as in (C).

(F)Heat-shock- andCHX-dependent degradationofRho1.C17R-GFP isblockeduponproteasome inhibition.Fluorescencemicroscopyof cells expressingRho1.C17R-

GFPafterheat shockat 37�Cfor 2h, in thepresenceornotofCHXand theproteasome inhibitorbortezomib (BZ,0.1mM).Dashed lines indicate thebordersof yeast cells.

(G) Rho1.C17R-GFP protein levels were detected in TCA extracts from cells treated as in (F). Experiment was performed as in (C).

(H) The E3 ligase San1 is required for the proteasomal degradation of Rho1.C17R.GFP in the presence of CHX. Cell cultures of the indicated strains were treated

as in (F), and protein detection was made as in (C).

Fluorescence images represent maximum-intensity projections of z stacks (9 planes, 0.3-mm steps). Scale bars, 5 mm. See also Figure S5.
and translation inhibitors that freeze polysomes (such as CHX

or anisomycin) abolish PAC seeding arising from active

translation.
Taking advantage of the different effects of translation inhibi-

tors on PAC assembly, we analyzed whether the accumulation

of misfolded proteins into foci, which is prevented by CHX
Cell Reports 30, 2430–2443, February 18, 2020 2435



treatment but not by PUR, has any effect on the turnover of mis-

folded proteins. The concentration of Rho1.C17R-GFP is not

significantly affected by heat shock at 37�C, even when protein

synthesis is blocked by PUR. However, in the presence of

CHX, which not only avoids de novo Rho1.C17R-GFP synthesis

but also inhibits PAC assembly, the protein is degraded after 2 h

of incubation at 37�C (Figure 4C). These data suggest that inter-

ventions blocking PAC formation, such as CHX co-treatment,

favor degradation of misfolded substrates.

We tested this hypothesis by analyzing the stability of

Rho1.C17R-GFP in cells lacking Mas5, in which PAC formation

is fully blocked (Figure 2B). In this strain background, the protein

fully disappears from extracts upon heat shock, in the presence

or absence of CHX (Figure 4D) or PUR (Figure S5C).

A third example of experimental evidence suggesting that

PACs shield misfolded proteins from degradation comes from

the analysis of themembrane-anchoredGFP-Rho1.C17R, which

does not coalesce into foci upon heat imposition (Figure 1B). As

shown in Figure 4E and as reported before (Viana et al., 2013),

the protein is degraded upon heat shock even without CHX.

The UPS is responsible for the clearance of most misfolded

proteins (Amm et al., 2014). As shown in Figures 4F and 4G,

the degradation of the reporter Rho1.C17R-GFP that occurs at

37�Cwhen PAC formation is inhibited with CHX is fully abolished

by the addition of the proteasome inhibitor bortezomib (BZ).

Indeed, BZ can block the degradation of the reporter expressed

in cells lacking Mas5 (Figure S5C). We tested the role of some E3

ubiquitin ligases that have been reported to participate in the

degradation of specific protein clients in S. pombe, such as

Ubr1 (Penney et al., 2012; Takeda and Yanagida, 2005), Ubr11

(Kriegenburg et al., 2014), Ltn1 (Mathiassen et al., 2015), Hul5,

Pub1 or Pib1 (Kampmeyer et al., 2017), or San1 (Kriegenburg

et al., 2014; Matsuo et al., 2011). Only the absence of San1

blocks degradation of the reporter (Figures 4H and S5D). This

E3 ligase does not, however, participate in the degradation of

themembrane-anchored reporter GFP-Rho1.C17R (Figure S5E).

We conclude that chaperone-facilitated aggregation of cyto-

solic/nuclear misfolded clients prevents their proteasomal

degradation, which depends on the E3 ubiquitin ligase San1.

Proteins at PACs Are Not Destined for Degradation But
for Refolding during Recovery
The data we have presented here suggest that PAC formation is a

regulated process, and we hypothesized that the goal of this PQC

strategy could be to maintain non-terminally misfolded proteins in

a reversible stage, for future dissagregation/refolding during re-

covery at non-stressful temperatures. We have tracked the fate

ofRho1.C17R-GFPatPACsduringstress recovery,byshiftingcul-

tures from37�Cor42�C to25�C in thepresenceofCHX, todismiss

the effects of newprotein synthesis.As shownbyfluorescencemi-

croscopy, PACs assembled upon 37�C heat shock disappeared

2–3 h after the cultures were shifted back to permissive tempera-

ture, whereas absorption of the foci was even faster (1–2 h) from

PACs assembled at 42�C (Figures 5A and 5C). Importantly,

42�C-assembled PACs require the presence of the disaggregase

Hsp104 for disassembly, although the chaperone seems to be

only partially requiredwhen PACs are assembled at 37�C (Figures

5Aand5C). This suggests thatPACsassembled at 42�C,whichdo
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include SGs components (Figure 3B), fully depend on Hsp104

for disassembly. Yet, it remained unclear whether non-terminal

misfolded proteins are back into their soluble, native, and active

forms.

Thus, we tested whether the native protein structure of

Rho1.C17R-GFP, suggestive of protein function recovery, was

restored after heat shock cessation. As explained above,

Rho1 is a GTPase, the GTP-bound form being the active protein,

and the C17R mutation lies within the GTP-binding domain

(Viana et al., 2013). Even though non-membrane-anchored

GTPases are supposed to lack GTP, overexpression of

Rho1.G15V.C199S, a constitutive active form that is not

attached to the membrane, causes toxicity to wild-type cells

(Arellano et al., 1998). This finding suggests that the GTPase

can retain GTP binding capacity even when it is not anchored

to the membrane. Therefore, we tested whether the amount of

GTP-bound Rho1.C17R-GFP, as an indicator of active protein,

could diminish upon heat shock and be restored after stress

cessation. We prepared native extracts of cells expressing the

reporter, and the GTP-bound Rho1 was pulled down from ex-

tracts with recombinant GST-C21RBD (Rhotekin Rho-binding

domain; see STAR Methods) (Coll et al., 2003). The total amount

of Rho1.C17R-GFP from whole-cell extracts, as determined by

western blot using an anti-GFP antibody, does not vary patently.

However, active GTP-bound protein from extracts of cells grown

at 25�C fully disappears from extracts of cells grown at 37�C or

42�C (Figure 5D). The levels of active Rho1.C17R-GFP are fully

restored 2 h after recovery at 25�C in the presence of CHX

(Figure 5D), which indicates that the proteins at PACs are not

terminally misfolded nor are destined to degradation but can

rather regain native conformation and wild-type activity. This

disaggregation capacity partially (37�C) or fully (42�C) depends
on the Hsp104 disaggregase (Figure 5D).

Endogenous Proteins Also Assemble into PACs to
Escape from Degradation
Rho1.C17R-GFP is an artificial reporter constitutively expressed

from a heterologous promoter, whichmisfolds due to the Cys-to-

Arg mutation. The behavior of the other designed probes, GFP-

Rho1.C17R.C199S and Rho1.C17R-mCherry, was identical to

that of Rho.C17R-GFP (Figure S1A; data not shown). To monitor

whether PAC formation is a general strategy, not specific for the

Rho1-derived reporters, to prevent misfolded protein degrada-

tion, we have pursued three types of strategies: (1) analyzed

the fate of other thermo-sensitive reporters; (2) studied the

heat-shock-dependent distribution of endogenous Hsp16-

GFP, expressed in wild-type cells in the absence of any

thermo-sensitive reporter; and (3) isolated the thermo-unstable

S. pombe proteome and analyzed it by MS.

To visualize other misfolded clients that may follow the

chaperone-mediated PAC assembly process described for

Rho1.C17R-GFP, we monitored the behavior of two other non-

membrane-bound reporters of misfolding: Ura4.L261P-GFP and

Guk1-9-GFP. The temperature-sensitive Ura4.L261P, isolated by

the group of Davey, supports growth at 30�Cbut not at 37�C inme-

dia lacking uracil (Davis et al., 1999). We substituted the endoge-

nous ura4 allele with the mutant ura4.L261P and tagged it with

GFP. The S. cerevisiae GUK1-9 allele, isolated by the group of



Figure 5. Protein Refolding Occurs after Hsp104-Dependent Disassembly of PACs

(A and B) Assembled PACs at 37�C or 42�C are dissolved during recovery at permissive temperature in an Hsp104-dependent manner. WT (A) or Dhsp104 (B)

cells expressing Rho1.C17R-GFP were heat-shocked at 37�C for 1 h or 42�C for 15 min and then incubated at 25�C in the presence of CHX to avoid new protein

synthesis. Disaggregation of PACs was monitored at the indicated time points by fluorescence microscopy. Images represent maximum-intensity projections of

z stacks (9 planes, 0.3-mm steps).

(C) Percentage of cells with foci was determined in cells treated as in (A) (n > 100). Values represent the mean + SEM of three independent experiments.

(D) Active, GTP-bound Rho1 levels are restored during recovery at 25�C. Cells were heat shocked at 37�C for 1 h or 42�C for 15 min and incubated at 25�C in the

presence of CHX for 2 h. Levels of Rho1.C17R-GFP loadedwithGTP inwhole-cell extracts were assayed by pull-down using recombinant GST-RBD (Rho binding

domain) beads. Rho1.C17R-GFP protein was detected in the elution samples (pull-down) and whole-cell extracts (inputs) after immunoblotting with an antibody

against GFP. Staining with Ponceau shows levels of recombinant GST-RBD.

Scale bar, 5 mm.
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Mayor, is also a thermo-sensitive reporter (Khosrow-Khavar et al.,

2012). We cloned GUK1-9-GFP under the control of a constitutive

promoter and integrated it at the leu1-32 locus of fission yeast. As

shown in Figure 6A, both reporters display dual cytosolic and nu-

clear localization at 25�Cand form foci uponheat shock imposition.

Coalescence of these new reporters into PACs relies, totally or

partially, on Mas5 and Hsp104, respectively (Figure 6B). Addition

of CHX (but not PUR) totally (37�C) or partially (42�C) blocks PAC

formation of both Ura4.L261P-GFP and Guk1-9-GFP (Figure S6A).

Second, to monitor whether other endogenous proteins,

prone to misfolding, could assemble into these aggregate-like

centers upon heat shock in fission yeast, wemonitored the local-

ization of the small chaperone Hsp16 in wild-type cells, without

co-expression of Rho1.C17R-GFP. As shown in Figure 6C,

Hsp16-GFP displays cytosolic/nuclear localization at 25�C and

forms 2–3 foci in the cytosol (not in the nucleus) 60min after shift-

ing cells to 37�C. At 42�C, Hsp16 foci formation occurs immedi-

ately, with numerous PACs that are maintained until 60 min.

Hsp16-GFP coalescence into PACs is also abolished in the pres-

ence of CHX (Figure 6D) or in the absence of Mas5 (Figure 6E). All

these findings are recapitulated using Hsp104-GFP as an alter-

native chaperone labeling PACs (Figures S6B–S6D). This sug-

gests that endogenous fission yeast proteins assemble into

PACs upon heat shock in a translation- and Mas5-dependent

manner, which are decorated with Hsp16 and other chaperones,

as described above for the thermo-sensitive reporters.

Finally, we have carried out proteomic studies to identify the

thermo-unstable proteome fraction in fission yeast. We have

performed biochemical separation of pellet fractions by centri-

fugation of whole-cell extracts from wild-type cultures grown at

different temperatures, and performed untagged liquid chro-

matography coupled to tandem MS (LC-MS/MS) of biological

triplicates (Figure 7A). We isolated 1,032, 1,135, and 1,228 pro-

teins in the insoluble fractions of extracts from cells grown at

30�C, 37�C, or 42�C, respectively (Figure 7B). A total of 751 pro-

teins were common to the 3 conditions, of which 50 displayed

more than a 2-fold change in both heat-stressed samples

compared to 30�C; we consider these proteins as part of the

thermo-unstable proteome and are shown with green dots in

the volcano plots in Figure 7C. To these proteins, we added

160 that were only present in the pellet fractions of extracts

from cells grown at 37�C and 42�C but not at 30�C (Figure 7B);

we have assigned maximum fold changes to these proteins

(indicated with asterisks in the right corners of Figure 7C).

Therefore, we conclude that the S. pombe thermo-unstable

proteome, composed of endogenous proteins enriched in the

insoluble fractions of 37�C and 42�C, contains around 210 pro-

teins; among them, we have identified several chaperones

(magenta dots in Figure 7C). These proteins were mainly pre-

sent in the cytosol and nucleus and were distributed into

different Gene Ontology categories, with response to stress,

amino acid metabolism, and protein catabolic process being

highly represented (Figures S7A–S7C). We chose one of

them, Hrb1 (labeled with a magenta dot in Figure 7C), as a

proof-of-concept: endogenously tagged Hrb1-GFP displays a

cytosolic/nuclear distribution at 25�C, and it forms PACs at

both 37�C and 42�C only in the absence of CHX, and in a

Mas5-dependent manner (Figures 7D and S7D).
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In conclusion, PAC formation is also observed in wild-type

cells, as demonstrated with the Hsp16-GFP chimera and with

the identification of the fraction of thermally sensitive fission

yeast proteins. We propose that, in all cases, PAC assembly pre-

vents the UPS-mediated degradation of the reversibly misfolded

proteins so that they can be re-solubilized and facilitate growth

resumption (Figure 7E).

DISCUSSION

When proteostasis is challenged by heat shock, signaling cas-

cades induce changes that traditionally have been linked to the

refolding (through chaperones) and/or degradation (through

UPS or autophagy) of the misfolded proteins. Here, we have

demonstrated that cytosolic aggregation-prone protein re-

porters formPACs uponmild (non-toxic) and severe temperature

up-shifts as a first line of action of the PQC. This observation

could be a specific feature of expressing temperature-sensitive

mutant proteins, such as Rho1.C17R-GFP, Ura4.L261P-GFP,

or Guk1-9-GFP, so that these specific mutations could destabi-

lize protein structure and render proteins at the boundary of

solubility and, therefore, be highly prone to heat-dependent mis-

folding and aggregation. However, chaperones Hsp16 and

Hsp104 follow the same profile and kinetics of foci formation

even in wild-type cells, indicating that a fraction of the proteome,

including misfolding-prone polypeptides, follows the same

chaperone-mediated PAC assembly to avoid degradation by

the UPS and to facilitate growth resumption during stress

recovery. We have identified this thermo-sensitive fraction by

LC-MS/MS, and around 4% of the fission yeast proteome turns

into an insoluble fraction during heat shock.

PAC assembly is probably specific for cytosolic clients. Our

three reporters were selected by their cytosolic distribution,

although they also display nuclear localization. Tethering the

temperature-sensitive Rho1 reporter to themembrane abolishes

PAC assembly, probably by avoiding cross-interaction (and

mutual PAC seeding) with othermisfoldedGFP-Rho1.C17Rmol-

ecules. PAC assembly seems to start at the cytosol: the 2–4 foci

formed at 37�C never seem to be localized in the nucleus (Fig-

ures 1C and 1F). At 42�C, PAC assembly is faster than at 37�C,
and there is a higher number of foci. With the exception of

Mas5, most chaperones seem to be dispensable for PAC forma-

tion at 42�C, and at this temperature CHX addition does not fully

block aggregate formation, suggesting that the more dramatic

exposure of hydrophobic patches in aggregation-prone proteins

that occurs at 42�C may be sufficient to induce their self-aggre-

gation (Figure 7E). At this higher temperature, foci formation oc-

curs both at the cytosol and the nucleus (see inside panels of Fig-

ure S6B). We are currently investigating whether these 42�C-
dependent foci of Hsp104 and aggregated proteins are located

at the nucleolus (Tani et al., 1996), at the nucleoplasma, or in a

different location. Even though they differ in their origin, the

fate of 37�C and 42�C PACs is common: refolding during stress

recovery in an Hsp104-dependent manner (Figure 5). Reversible

aggregation of specific proteins, such as Cdc19, may represent

a strategy to allow metabolic re-programming during environ-

mental changes, including growth at 42�C (Prouteau and Loe-

with, 2018; Saad et al., 2017); we propose that formation of



Figure 6. Other Temperature-Sensitive Reporters and Endogenous Proteins Assemble into PACs upon Heat Shock in a Mas5-Dependent

Manner

(A) Mild and severe heat stress triggers the formation of PACs containing Ura.L261P and Guk1 mutants. Maximum-intensity projections of z stacks (6 planes,

0.4-mm steps) are shown.

(B) Mas5 chaperone is essential for PAC assembly during heat shock. WT, Dmas5, and Dhsp104 strains expressing Ura4.L261P-GFP or Guk1-9-GFP were

incubated at 37�C for 1 h or 42�C for 15 min.

(C) Hsp16 labels PACs carrying endogenous thermo-sensitive proteins. Cells expressing Hsp16-GFP were analyzed by fluorescence microscopy upon heat

shock. Images represent maximum-intensity projections of z stacks (6 planes, 0.4-mm steps).

(D and E) CHX and lack of Mas5 abolish the formation of Hsp16-positive PACs. WT (D) or Dmas5 (E) cells expressing Hsp16-GFP were heat shocked at 37�C for

1 h or 42�C for 15 min. Where indicated, CHX was added to inhibit translation.

Dashed lines indicate the borders of yeast cells. Scale bar, 5 mm. See also Figure S6.
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Figure 7. Identification of the Thermo-Unstable Proteome of Fission Yeast by MS

(A) Experimental design to identify insoluble proteins byMS. Protein extracts from cell cultures treated as indicated were centrifuged to isolate insoluble fractions.

Proteins enriched in these fractions were subjected to trypsin digestion and identified by label-free LC-MS/MS.

(B) Venn diagramof the overlap between insoluble proteins identified at each growth condition. In total, 751 + 160 proteinswere identified in the insoluble fractions

of both 37�C and 42�C heat-shocked cells.

(C) Log2 fold changes (FCs) in protein abundance after heat stress at 37�C or 42�C in comparison with growth at 30�C. Volcano plots include 751 + 160 insoluble

proteins at 37�C and 42�C. A total of 50 proteins with statistically significant changes for both treatments (log2FCR 1, q value% 0.1) are labeled in green. The 160

(legend continued on next page)
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severe heat-shock-dependent PACs may contribute to the

deposition, among other thermo-sensitive proteins, of these

metabolic enzymes.

IsPACassemblyat specificcellular sites achaperone-mediated

process? We propose that it is. This seems to be the role of the

Hsp40 Mas5, probably combined with Ssa2. During nucleation

of aggregates, Mas5 would sequester clients, in reparable stages

of unfolding, probably preserving a native-like central structure;

insertion of Mas5 moieties between the misfolded substrates

would keep them apart, preventing an irreversible aggregation

state (Figure 7E). A role similar to this one has been proposed at

extreme temperatures for the budding yeast chaperone Hsp42,

with an N-terminal prion-like domain holding the chaperone’s ag-

gregase activity (Mogk and Bukau, 2017; Specht et al., 2011).

Once stress conditions would permit, disaggregases, such as

Hsp104, would facilitate aggregate dissolution and protein refold-

ing. Another important observation about Dmas5 cells is that the

concentration of temperature-sensitive proteins, such as that of

our three reporters, is significantly lower than in wild-type cells

even at a permissive temperature (Figures 2 and 6B). We propose

thatMas5 isoneof thePQCcomponents recognizinghydrophobic

patches and actively maintaining the native structure of aggrega-

tion-prone proteins during physiological conditions, so that in its

absence these proteins would be degraded. During heat shock,

the folding activity of Mas5 may be overcome, either through

ATP depletion or by the enhanced number of unfolded clients;

the promiscuous interaction of Mas5 with partially unfolded pro-

teins would then generate aggregate-like structures, the PACs,

to prevent their massive degradation and/or irreversible unfolding.

During the course of our study,we studied the effect of newpro-

tein synthesis on PAC assembly. Newly translated proteins, which

are being synthesized at polysomes, are more prone to aggrega-

tion than terminated proteins, and the former may serve as seeds

to cytosolic clients that are more resilient to misfold. As shown in

Figure 4, addition of CHX fully blocks PAC formation at 37�C (and

only partially at 42�C), whereas PUR has no negative effect on

PAC assembly. CHX inhibits translation by blocking the peptidyl

transferase activity of the 60S ribosome subunit and, therefore,

halts the elongation process and probably ‘‘freezes’’ all the trans-

lation components together, including mRNAs covered with ribo-

somes, non-full-length polypeptides, translation initiation factors,

and ribosomal PQC components. On the contrary, PUR causes

premature termination of translation, therefore releasing free to

the cytosol all those translation elements. Which of these compo-

nents arising from the translation machinery (e.g., defective pro-

tein products and HSPs acting at de novo synthesis level) are

required to initiate PAC seeding is still to be determined (Fig-

ure 7E). So far, we know that a lack of the ribosomal Hsp70

Sks2 or the RAC components Ssz1 or Zuo1 have a small but sig-

nificant defect in PAC assembly at 37�C. It is not surprising that

components of another ribosomal PQC complex, the NAC, are
proteins only found in the insoluble fractions of both 37�C and 42�C extracts ar

Chaperones and RNA-binding protein Hrb1 are shown as magenta dots.

(D) The Hrb1 protein is present at PACs. Distribution of Hrb1-GFPwasmonitored b

time points. CHX treatment abolishes the formation of Hrb1-positive aggregates

(E) Model depicting the formation of PACs during the cell response to heat stres

Scale bar, 5 mm. See also Figure S7.
not required for the assembly of cytosolic misfolded proteins

into PACs (Figure S2A). At least in budding yeast, the highly

conservedNACdimer has beencross-linked to very short nascent

chains and to the signal-recognition particle (SRP) complex,

which drives translatedmRNAs to the endoplasmic reticulum sur-

face (del Alamo et al., 2011).

We have demonstrated here that a secondary fate of cytosolic

misfolded substrates is degradation by the UPS. We have also

noticed that upon heat shock, approximately two-thirds of the to-

tal Rho1.C17R-GFP forms PACs, whereas one-third is degraded

by the proteasome, as demonstrated using the proteasome inhib-

itor BZ (Figure 4G). We propose, based on our thermo-sensitive

reporter, that upon heat shock a fraction of the pool of the mis-

folded protein is sent to degradation and non-irreversibly mis-

folded molecules are sent to PACs for future refolding (Figure 7E).

We have identified San1 as the E3 ubiquitin ligase labeling some,

but not all, cytosolic/nuclear misfolded substrates for degrada-

tion, and we are currently working to identify other E3 ligases

and UPS components involved in this process.

We have shown here that PAC formation is a heat shock adap-

tation response in fission yeast. In S. cerevisiae, the fate of heat-

shock-dependent aggregation centers (JUNQs and IPODs) had

been proposed to be degradation (Escusa-Toret et al., 2013; Ka-

ganovich et al., 2008), although this model has been challenged

by other reports (Miller et al., 2015; Wallace et al., 2015). Our

work in fission yeast is in good agreement with the later: protein

sequestration into PACs is a general strategy to protect them

from degradation. Importantly, we demonstrate that PACs pro-

tect the thermo-sensitive proteome even when viability has not

been challenged, whereas in budding yeast the formation of

foci refractory to degradation seems to require harsher condi-

tions (i.e., addition of proteasomal inhibitors or use of extreme

temperatures). Our current view is that the heat-shock-chal-

lenged PQC system in fission yeast tries to ensure a healthy

and stable proteome by refolding, degrading, or sequestering

misfolded proteins into PACs, which can be later on disaggre-

gated and may promote re-adaptation.
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Negative functional interaction between cell integrityMAPK pathway andRho1

GTPase in fission yeast. Genetics 195, 421–432.

Vivancos, A.P., Castillo, E.A., Biteau, B., Nicot, C., Ayté, J., Toledano, M.B.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Sty1 Jara et al., 2007 N/A

Mouse monoclonal anti-GFP Takara Cat# 632381; RIDD: AB_2313808

Bacterial and Virus Strains

E.coli FB810 Benson et al., 1994 N/A

Chemicals, Peptides, and Recombinant Proteins

Cycloheximide Sigma-Aldrich Cat# C7698

Bortezomid LC Laboratories Cat# B-1408

Anisomycin Sigma-Aldrich Cat# A9789

Puromycin Sigma-Aldrich Cat# P8833

GST-C21RBD Coll et al., 2003 N/A

Deposited Data

MS data This paper PRIDE database: PXD014400

Images This paper; Mendeley Data https://doi.org/10.17632/fxxynrt6hj.1

Experimental Models: Organisms/Strains

S.pombe background strain 972 Leupold, 1970 N/A

S.pombe background strain HM123 Lab stock N/A

Other strains see Table S1

Recombinant DNA

Plasmid sty1-Rho1-GFP This paper N/A

Plasmid sty1-Rho1.C17R-GFP This paper N/A

Plasmid sty1-Rho1.C17R-mCherry This paper N/A

Plasmid sty1-GFP-Rho1 This paper N/A

Plasmid sty1-GFP-Rho1.C17R This paper N/A

Plasmid sty1-GFP-C17R.C199S This paper N/A

Plasmid sty1-Guk1-9-GFP This paper N/A

Plasmid sty1-GFP-Psi1 This paper N/A

Plasmid pGEX-C21RBD Coll et al., 2003 N/A

Software and Algorithms

Fiji/ImageJ Schindelin et al., 2012 https://fiji.sc/

Cytoscape Shannon et al., 2003 https://cytoscape.org

Venn Plotter VIB / UGent Bioinformatics & Evolutionary

Genomics

http://bioinformatics.psb.ugent.be/

webtools/Venn/

Image Studio Lite Li-Cor Biosciences https://www.licor.com/bio/

image-studio-lite/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Elena

Hidalgo (elena.hidalgo@upf.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type and Dsty1 fission yeast strains were grown in rich medium (YE5S) at 30�C as described previously (Alfa et al., 1993). Yeast

cells expressing temperature-sensitive mutants were grown in minimal medium (MM) at 25�C before incubation at restrictive tem-

peratures 37�C, 42�C or 46�C. The genotypes of strains used in this study are shown in Table S1.
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METHOD DETAILS

Yeast strains, plasmids and molecular biology
The construction of most deletion and tagging of genes was done using homologous recombination with PCR fragments, using as

templates pFA6a plasmid derivatives (Bähler et al., 1998). Regarding the construction of tagged Hsp104, only some fusion proteins

remained functional, as shown by measuring cell survival on solid plates upon heat shock imposition (Figure S1D); most

Hsp104-tagged strains were constructed as described above with the exception of Hsp104-GFP, derived from a strain provided

by Dr. Oliferenko (Vjestica et al., 2013), and Hsp104-GFP* provided by Dr. Tolic (Coelho et al., 2014); this last chimera was not fully

functional (Figure S1D). To obtain the strain expressing Ura4.L261P, a PCR fragment was amplified from genomic DNA with a primer

containing the point mutation. Plasmids containing N-terminally GFP-tagged Rho1 and Rho1.C17R under the control of the consti-

tutive sty1 promoter (Fernández-Vázquez et al., 2013) were generated from pJK148-Rho1 and Rho1-596 plasmids (Viana et al.,

2013). Plasmids containing C-terminally GFP-tagged Rho1 and Rho1.C17R under the control of the constitutive sty1 promoter

were derived from plasmid pREP41-Hmt1-GFP (provided by Kaoru Takegawa, Kyushu University, Japan) (Iwaki et al., 2006). Plasmid

with C-terminal mCherry was obtained by replacement of GFP by mCherry sequence amplified from pFA6a-mCherry plasmid (pro-

vided by Ken Sawin, University of Edinburgh, UK) (Snaith et al., 2005). Guk1-9 sequencewas amplified from genomicDNA of YTM742

strain (provided by Thibault Mayor, University of British Columbia, Canada) (Khosrow-Khavar et al., 2012) and cloned into a plasmid

containing sty1 promoter and C-terminal GFP. Plasmid pGEX-RBD (Rho binding domain) was used to express in E. coliGST fused to

Rho binding domain from Rhotekin protein (Coll et al., 2003).

Drug treatments
Cells were incubated with 0.1 mg/ml cycloheximide (Sigma-Aldrich), 0.1 mM bortezomib (LC Labs), 0.2 mg/ml anisomycin (Sigma-

Aldrich), or 1 mM puromycin (Sigma-Aldrich).

Growth curves
Cells were grown in YE5S in flasks at different temperatures (30�C, 37�C or 42�C) from an initial OD600 of 0.3 during 24 h. To monitor

cell growth, optical density was measured every 1-2 h using an Ultraspec 2100 pro spectrophotometer (Amersham Biosciences).

One experiment of three replicates is shown.

Spots assay
Cells were grown in YE5S to logarithmic phase (OD600 0.5), concentrated to OD600 2.5, and 1/10 serial dilutions spotted onto plates of

richmedia. Plates were imaged after three days of growth at 30�C, 37�Cor 42�C. Alternatively, liquid cultureswere incubated at 30�C,
37�C or 42�C for 6 h before spotting in rich media plates and growth at 30�C.

Microscopy
Cells were grown to logarithmic phase in MM, harvested by centrifugation, and visualized at room temperature. Images were ac-

quired using a Nikon Eclipse 90i microscope equipped with differential interference contrast optics, a PLAN APO VC 100x 1.4 oil im-

mersion objective, an ORCA-II-ERG camera (Hamamatsu), excitation and emission filters GFP-4050B andmCherry-C (Semrock) and

image acquisition softwareMetamorph 7.8.13 (Gataca Systems). Processing of all imageswas performed using Fiji (ImageJ, National

Institutes of Health) (Schindelin et al., 2012). When indicated, to cover a larger volume of the cell, z stacks of 6-9 images with

0.3-0.4 mm spacing were acquired and represented in single images as maximum-intensity projections.

For foci quantification, puncta were identified in 8-bit images using Find Maxima tool of Fiji with a noise tolerance of 15.

Protein solubility assay
Cells from 20 mL culture (OD600 0.5) grown in MM were harvested by centrifugation and resuspended in 250 ml lysis buffer A [20 mM

HEPES-KOH pH 7.5, 0.5%NP-40, 200mMNaCl, 1 mMEDTA, protease inhibitor cocktail, 1 mMPMSF and aprotinin (0.03-0.07 TIU)].

After addition of glass beads, cells were lysed using Vortex Genie 2 (Scientific Industries). Lysates were centrifuged at 2,000 g for

5 min at 4�C, and the resulting supernatant (Total, T) was then centrifuged at 16,000 g for 10 min to obtain pellet (P) and supernatant

(S) fractions. Supernatants and pellets in SDS sample buffer were boiled for 5min at 95�C, loaded onto 10%SDS-polyacrylamide gel

electrophoresis (SDS-PAGE) gels, and subjected to immunoblot analysis.

TCA extracts and immunoblot analysis
Modified trichloroacetic acid (TCA) extracts were prepared as previously described (Vivancos et al., 2005). Samples were separated

by SDS-PAGE and detected by immunoblotting with monoclonal anti-GFP (Takara). Anti-Sty1 polyclonal antibody (Jara et al., 2007)

was used as loading control.

Purification of recombinant GST-Rho binding domain
GST fused to RBD (Rho binding domain of human Rhotekin protein) (Coll et al., 2003) was expressed in the E. coli strain FB810 (Ben-

son et al., 1994) upon addition of 0.5 mM isopropyl 1-thio-b-d-galactopyranoside. 500 mL cultures were grown at 30�C for 4 h, cells
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were harvested and sonicated in cold PBS containing 0.4mg/ml lysozyme, 1mMPMSF and protease inhibitor cocktail. Lysates were

incubated with 400 ml of glutathione agarose beads (Agarose Bead Technologies) for 2 h at 4�C and beads were washed three times

with PBS and twice with lysis buffer B (50 mM Tris-HCl pH 7.6, 20 mM NaCl, 0.5% NP-40, 10% glycerol, 2 mMMgCl2, 0.1 mM DTT,

protease inhibitor cocktail and 1 mM PMSF), and were finally resuspended in 400 ml of lysis buffer B.

Pull-down assay to measure Rho1-GTP levels
Cells from 50mL culture (OD600 0.5-0.8) grown in MMwere harvested by centrifugation and cell pellets resuspended in 250 ml of lysis

buffer B. After addition of glass beads, cells were lysed using a Precellys cell disrupter (Bertin Technologies). The lysate was centri-

fuged at 2,300 g for 10 min and the supernatant (1.7 mg of protein) was incubated with 30 ml of GST-RBD beads for 2 h at 4�C. Beads
were isolated by centrifugation at 100 g for 1 min at 4�C and washed with lysis buffer B four times. Bound proteins were eluted with

SDS sample buffer, boiled for 5 min at 95�C, loaded onto SDS-PAGE gels, and subjected to immunoblot analysis.

Sample preparation for MS experiments
Biological triplicates of pellet fractions from 200 mL cultures (OD600 0.5) grown in MM at 30�C, 37�C or 42�C were obtained as

described above (see Protein solubility assay), with the only modification of using a Precellys cell disrupter (Bertin Technologies)

to lyse the cell suspensions. After washing twice the pellet fractions with lysis buffer A, 10 mg of each pellet fraction were reduced

with dithiothreitol (100 mM, 37�C, 60 min) and alkylated in the dark with iodoacetamide (5 mmol, 25�C, 20 min). The resulting protein

extract was washed with 2 M urea in 100 mM Tris-HCl and then with 50 mM ammonium bicarbonate for digestion with endoprotei-

nase LysC (1:10 w:w, 37�C, o/n) and then for trypsin digestion (1:10 w:w, 37�C, 8h, Promega). After digestion, peptide mix was acid-

ified with formic acid and desalted with a MicroSpin C18 column (The Nest Group, Inc) prior to LC-MS/MS analysis.

Chromatographic and MS data acquisition
Samples were analyzed using an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an

EASY-nLC (Thermo Fisher Scientific (Proxeon), Odense, Denmark). Peptides were loaded onto the 2-cm Nano Trap column with an

inner diameter of 100 mm packed with C18 particles of 5 mm particle size (Thermo Fisher Scientific) and were separated by reversed-

phase chromatography using a 12-cm columnwith an inner diameter of 75 mm, packed with 3 mmC18 particles (Nikkyo Technos Co.,

Ltd. Japan). Chromatographic gradients started at 97% buffer A and 3% buffer B with a flow rate of 300 nl/min for 4 minutes and

gradually increased to 5% buffer B and 95% buffer A in 1 min and to 65% buffer A and 35% buffer B in 120 min. After each analysis,

the column was washed for 10 min with 10% buffer A (0.1% formic acid in water) and 90% buffer B (0.1% formic acid in acetonitrile).

The mass spectrometer was operated in positive ionization mode with nanospray voltage set at 2 kV and source temperature at

200�C. The acquisition was performed in data-dependent acquisition (DDA) mode and full MS scans with 1 micro scans at resolution

of 60,000were used over amass range ofm/z 350-1500with detection in theOrbitrapmass analyzer. Auto gain control (AGC) was set

to 1E5, dynamic exclusion (90 s) and charge state filtering disqualifying singly charged peptides was activated. In each cycle of DDA

analysis, following each survey scan, the top ten most intense ions with multiple charged ions above a threshold ion count of 5,000

were selected for fragmentation. Fragment ion spectra were produced via collision-induced dissociation (CID) at normalized collision

energy of 35%and they were acquired in the ion trapmass analyzer. AGCwas set to 1E4, isolation window of 2.0m/z, activation time

of 30 ms and maximum injection time of 100 ms was used. All data were acquired with Xcalibur software v2.1.

MS data analysis
Acquired spectra were analyzed using the Proteome Discoverer software suite (v2.0, Thermo Fisher Scientific) and the Mascot

search engine (v2.6, Matrix Science) (Perkins et al., 1999). The data were searched against a Swiss-Prot Schizosaccharomyces

pombe reference proteome database (as in June 2019) plus a list of common contaminants and all the corresponding decoy entries

(Beer et al., 2017). For peptide identification a precursor ion mass tolerance of 7 ppm was used for MS1 level, trypsin was chosen as

enzyme and up to three missed cleavages were allowed. The fragment ion mass tolerance was set to 0.5 Da for MS2 spectra. Oxida-

tion of methionine and N-terminal protein acetylation were used as variable modifications whereas carbamidomethylation on cyste-

ines was set as a fixed modification. Peptide quantification data were retrieved from the ‘‘Precursor ion area detector’’ node from

Proteome Discoverer (v2.0) using 2 ppm mass tolerance for the peptide extracted ion current (XIC). The obtained values were

used to calculate protein fold-changes. p values were generated using unpaired t test and their corresponding adjusted p values

(q-values) by False Discovery Rate (FDR). A Venn diagram of insoluble proteins at different conditions was created using an online

tool of the Bioinformatics and Evolutionary Genomics website (Ghent University); only proteins present in 2 out 3 replicates (1032,

1135, 1228 at 30�C, 37�C and 42�C respectively) were included in this analysis. Volcano plots including log2 fold changes in protein

abundance and - log10 q-values were generated using R software and ggplot2 package. Gene Ontology (GO) term enrichment was

obtained using Quick Little Tool (QuiLT, Pombase) for cellular component GO terms and BINGO tool [Cytoscape, (Shannon et al.,

2003)] for molecular function and biological process GO terms. Hypergeometric test, Benjamini and Hochberg FDR correction

and a significance level of 0,05 were selected in the BINGO analysis. GO terms were visualized using Excel.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of Western Blots was performed using Image Studio Lite (LICOR Biosciences). Unless otherwise stated, all experi-

ments were performed at least three times and representative experiments were shown. In the bar graphs, bar heights represent

the mean values and the error bars SD or SEM. Statistical details of MS experiments are included in the Method Details section.

DATA AND CODE AVAILABILITY

The raw proteomics data have been deposited to the PRIDE (Vizcaı́no et al., 2016) repository with the dataset identifier PXD014400.

All images included in the main and supplemental figures are available as Mendeley dataset (https://doi.org/10.17632/fxxynrt6hj.1).
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