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ABSTRACT

Many environmental stressors disrupt protein homeostasis in the eukaryotic cell. To adapt,

the eukaryotic cell activates the heat shock response which, in S.cerevisiae, involves the

induction of 42 target genes, many of which are protein-folding chaperones. The induced

target genes, collectively called the heat shock response (HSR), replenish the cell’s supply

of protein folding machinery, so that there are sufficient chaperones to fold the proteins in

the cell. HSR hyperactivity and hypoactivity in human disease states indicates that HSR

regulation in both directions is essential for normal cell functioning, motivating this project’s

primary question: how does a healthy cell respond and adapt to unexpected changes in

conditions? What feedback mechanisms tune the HSR level?

In the pilot study presented in Chapter 2, one Hsf1 target, Sis1, is investigated for a

potential role in feedback regulation of the HSR. As Sis is necessary to repress Hsf1 during

non stress, its induction during stress might be necessary for Hsf1 deactivation. Surprisingly,

Sis1 induction is dispensable for Hsf1 deactivation, but instead supports long term fitness.

Through this initial study, we developed a long-term quantitative fitness assay, and we came

to appreciate that the HSR not only restores homeostasis, but supports cell adaptation and

growth resumption.

In Chapter 3, all HSR target genes were screened for their role in feedback regulation.

Induction of six Hsf1 target genes impacts Hsf1 activity, though none as dramatically as the

Hsf1 target Hsp70, identified previously. Induction of four of the six Hsf1 target genes was

important for clearing cytosolic protein aggregates during heat shock, indicating these genes

regulate Hsf1 activity by boosting Hsp70 availability. Follow up investigations revealed that

the most significant novel feedback regulator, Fes1, is indeed necessary for relocalization of

Hsp70 from protein aggregates in the cytosol to the nucleus. In conclusion, all feedback

regulation on Hsf1 seems to proceed via the Hsp70-dependent negative feedback loop.

Chapter 4 is an investigation of Sis1’s role at orphan ribosomal protein (oRP) aggregates

xi



at the nucleolar periphery. First author Asif Ali found that Sis1 maintains the dynamic,

liquid-like state of condensates, and is necessary for efficient condensate dispersal after

stress. To investigate whether the Sis1-dependent reversibility of condensates had physi-

ological relevance, Sis1 is transiently depleted from the nucleus during heat shock, then cell

fitness is measured. Transient Sis1 depletion during heat shock affects cells’ ability to re-

sume growth quickly after heat shock so Sis1-maintained oRP condensates are necessary for

efficient growth resumption after stress. This study begins to elucidate endogenous, stress-

induced protein aggregates: their contents, function, and the chaperones which mediate their

formation and resolution.

We now know that heat shock response feedback regulation architecture is simple, and

centered around the Hsp70-dependent negative feedback loop. Its simplicity probably facili-

tates the conservation of this regulatory mechanism across eukaryotes, which likely receives

input from diverse proteins across the cell, in response to diverse stressors.
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CHAPTER 1

INTRODUCTION

1.1 Stress Response Pathways: A Re-balancing Act

1.1.1 Responding to stress

A eukaryotic cell exposed to environmental stressors has multiple choices. Should it become

quiescent – weathering the storm by shutting down all import/export and energy-consuming

processes[112]? Should it commit cellular suicide – apoptosis – or should it attempt to repair

cellular damage and adapt to the new environment in spite of unpredictable, sometimes

escalating environmental stressors [18,34]? All eukaryotic cells, from a human neuron to a

single cell organism like S. cerevisiae – encounter these choices.

If a cell acts most aggressively, repairing cell damage and attempting to adapt and survive

in ongoing stress, it must be sensitive to the state of the cell, stopping the stress response be-

fore overshooting the cell’s demand. This choice requires sophisticated sensors and signaling

mechanisms.

1.1.2 Proteostasis

Many of the cell’s stress responses work towards restoring and maintaining one of the fun-

damental necessities for cell growth and division – protein homeostasis. Protein homeostasis

is the state of balance in a cell, where there is an adequate supply of the cell’s protein fold-

ing enzymes, called chaperones, to facilitate normal protein folding and repair misfolding

mistakes[10]. Examples of disrupted protein homeostasis in human disease states (discussed

below) indicate that both a deficit and an excess of chaperones is detrimental to normal cell

functioning.

Many factors can disrupt homeostasis. Mistakes, such as mRNAs missing stop codons,

1



damaged mRNA transcripts, or decreased tRNA availability, are often proofread during

translation: ribosomes pause which leads to detection by the cells’ ribosome quality control

mechanisms [28,50,51]. An increase in ROS in the extracellular milieu (which occurs more

often during ageing) damages mRNA transcripts, and also results in protein misfolding[122].

Defects in mitochondrial import also lead to a toxic buildup of mitochondrial proteins in

the cytosol[143]. Usually, chaperones can quickly restore protein homeostasis by refolding

misfolded proteins and sending erroneous proteins for degradation [42,62,125,142]. However,

when disruptions to protein homeostasis are large enough, the cell’s standing population

of chaperones is not sufficient to restore homeostasis, and stress responses are activated to

compensate.

The stress response that responds most specifically to disruptions in protein homeostasis

is the “heat shock response” (HSR). In spite of the name, heat isn’t necessary to activate the

HSR. Any stressor which causes proteostatic collapse, such as nutrient starvation, oxidative

stress, and osmotic shock, activates the HSR. In the HSR, the transcription factor, heat shock

factor 1 (Hsf1) orchestrates the re-balancing act. Hsf1 must induce chaperone expression

just enough to restore a balance between the burden of misfolded proteins and the supply

of chaperones to refold these proteins.

1.1.3 Medical relevance

In both cancer and neurodegenerative disorders, Hsf1 activity does not match the proteo-

static demands of the cell. Chaperone overexpression wreaks havoc by stabilizing proteins

that are incorrectly translated in the cell [106,139]. Because hyperactive Hsf1 must induce

more chaperones, it follows that Hsf1 hyperactivity in mammalian cells is correlated with

metastatic breast, colon and lung cancer[139]. At the other extreme, in neurodegenerative

disorders, insoluble protein aggregates accumulate and inhibit normal cell functioning but

Hsf1 is highly unstable and thus Hsf1’s chaperone targets are not expressed at sufficient
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levels to restore protein homeostasis [113,126]. To understand the misregulation of the HSR

in disease states, we study the mechanisms of Hsf1 regulation and adaptation to stress in

healthy cells.

1.1.4 Overview of response signaling circuitry

Stress response pathways involve a transient response where the signaling output goes back

to basal levels, even if the environmental stress continues; in the network regulation field,

this is referred to as perfect adaptation [31,70]. Comprehensive screens of potential network

circuitry find that only two circuit types – negative feedback and incoherent feed forward

loops – can exhibit perfect adaptation [92]. If we consider proteins that can toggle between

not two, but three states, then a third circuit type, called “state dependent inactivation”, can

achieve perfect adaptation. Famously, this circuit type occurs in the voltage-gated channels

of neurons.

In biology, negative feedback loops are commonly found in stress responses. In the UPR

in the ER of budding yeast, a negative feedback loop involving the Ire1 target gene and

chaperone, BiP, governs the deactivation of the master transcription factor, Ire1[103]. In

E.coli, expression and stability of the heat stress response factor, σ32 , increases in expres-

sion and stability upon heat induced changes in the σ32 RNA secondary structure, and

induces hundreds of genes, including many chaperones which aid in restoring protein home-

ostasis[95]. Two of the chaperones, GroEL and DNAK, also provide negative feedback on

their master transcription factor σ32 by directly binding and promoting its proteosomal

degradation[74,89,97,110]. The HSR in eukaryotes has many similarities to the prokaryotic

response.

3



1.1.5 HSR activation

The eukaryotic HSR is transient, like most stress responses, and is regulated by a negative

feedback loop involving “chaperone titration-away”, similar to the E.coli HSR. Historically,

there were two competing models of Hsf1 activation: one, Hsf1 undergoes conformational

changes upon temperature change, and two, that chaperone titration out of the nucleus to

the cytoplasm de-represses the nuclear transcription factor Hsf1.

Biochemical and genetic investigations of Hsf1 activation provide unanimous support for

the chaperone titration mechanism of HSR activation[68,83]. In non-stress conditions, the

chaperone Hsp70 is bound to Hsf1 in the nucleus, repressing its activity. Upon heat stress,

transcription, translation and ribosome assembly stalls leading to a sudden accumulation of

newly translated, unfolded proteins in the cytoplasm, and unassembled ribosome parts (or-

phan ribosomal proteins) at the nucleolar periphery [6,30]. These protein aggregates recruit

Hsp70, freeing Hsf1 to induce its transcriptional targets in the nucleus. A recent investiga-

tion found that in a library of stressors which all activate Hsf1, the necessary component

for Hsf1 activation is always ongoing protein synthesis, supporting this model where Hsp70

recruitment to newly-synthesized, unfolded proteins is necessary to de-repress Hsf1 [133].

Hsf1 induces expression of 42 genes with diverse roles across the cell, including translation

regulators, degradation machinery and cytosolic and mitochondrial chaperones [102].

1.1.6 HSR deactivation

After just 15 minutes of stress, the HSR turns off, and HSR deactivation, like HSR activation,

involves Hsp70. Ultimately, Hsf1-induced Hsp70 binds and deactivates Hsf1 in a negative

feedback loop, but induced Hsp70 does not immediately deactivate Hsf1 [68]. First, the Hsf1-

induced Hsp70 population performs chaperone duties in the cytoplasm: it unfolds proteins

so they can spontaneously refold, triages protein aggregates by coordinating degradation

machinery, and recruits the disaggregase Hsp104, and Hsp90 chaperones [40,42,63]. Once
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protein homeostasis is restored, Hsp70 becomes available to bind and deactivate Hsf1 in the

nucleus. Thus, Hsp70 availability transmits information about the homeostatic state of the

cell to Hsf1.

1.1.7 Chaperone regulators of the HSR

Hsp70 has many co-chaperones (called J domain proteins or Hsp40s) that catalyze ATP

hydrolysis and provide client specificity. Therefore, it is possible that J domain proteins

(JDPs) may regulate Hsf1 via the Hsf1 regulator, Hsp70. Transient nuclear depletion of

each cytosolic/nuclear JDPs revealed that only Sis1 is necessary for the basal repression

of the HSR [30]. Ectopically-induced Sis1 relocalization to the nucleolar periphery causes

dramatic HSR activation in non-stress conditions and a decrease in Hsf1-Hsp70 binding,

implying that nuclear Sis1 is necessary for basal, Hsp70-dependent Hsf1 repression [30].

Imaging of endogenous Sis1 during the HSR supports its important role in Hsf1 reg-

ulation. Within seconds of HS, ribosome assembly halts and the ribosome parts, orphan

ribosomal proteins (ORPs), rapidly collect into aggregates at the nucleolar periphery. Sis1

relocalizes from the nucleus to these ORP condensates [30]. Hsp70 also relocalizes from the

nucleus to ORPs. Sis1 and Hsp70’s roles in chaperoning ORPs at the nucleolar periphery is

investigated in Chapter 4.

Biochemical studies flesh out the picture of HSR regulation: Sis1 facilitates HSR repres-

sion by mediating high affinity binding of Hsp70 to its substrate, Hsf1. JDPs facilitate ATP

hydrolysis by Hsp70, which causes a conformational change in Hsp70 to the closed state,

which has orders of magnitude higher binding affinity for client proteins [26,65,109,144].

Supporting the simple model we have developed for Hsf1 regulation, the necessary stoichio-

metric conditions for the ‘ultra-affinity’ Hsp70-Hsf1 binding (high Hsp70 concentration, low

substrate (Hsf1) concentration, and low JDP (Sis1) concentration) exist in the yeast nucleus.

5



1.1.8 Other modes of Hsf1 regulation

Additionally, there is correlative evidence for Hsf1 regulation by other means: by Hsp90

chaperone-based regulation and by phosphorylation. Here, I summarize these regulatory

axes. Originally, the chaperone Hsp90 was believed to negatively regulate Hsf1 by chaperone

titration [8,153]. However, there is no evidence for direct binding Hsp90 and Hsf1, followed by

dissociation in stress, followed by rebinding during HSR deactivation, which are hallmarks of

the chaperone titration mechanism. Hsp90 probably regulates Hsf1 by indirect means. Hsp90

knockdown causes Hsf1 hyperactivity, suggesting Hsp90 does regulate Hsf1, perhaps via one

of the many proteins it folds and stabilizes. Hsp90 OE cannot rescue Hsf1 hyperactivity

(when Hsp70 is saturated with Hsf1 decoy), so Hsp90 must regulate Hsf1 in an Hsp70-

independent fashion [152]. Perhaps, Hsp90 regulates Hsf1-induced gene transcription by

remodeling chromatin at Hsf1 target genes [32,71].

Hsf1 regulation by phosphorylation has also been explored. In the mammalian HSR, it

is widely believed that Hsf1 is localized as a monomer in the cytoplasm, then gets phos-

phorylated, trimerizes and relocalizes to the nucleus to induce its target genes, reminis-

cent of the conserved two-component signaling mechanism passed down from prokaryotes

[8,128]. However, cytosolic Hsf1 or HS-triggered Hsf1 trimerization has never been observed

in mammalian or yeast cells, in vivo. However, Hsf1 phosphorylation in stressful conditions

is conserved across eukaryotes prompting our lab’s previous investigations into its role.

In yeast, mimicking constitutive phosphorylation with 116 serine/threonin-to-aspartate

mutations increases Hsf1 activity during heat shock, likely because hyperphosphorylated

Hsf1 recruits transcriptional machinery more efficiently, suggesting Hsf1 phosphorylation is

sufficient for activation of the HSR [152]. However, Hsf1 phosphorylation does not turn out to

be necessary for HSR activation. Remarkably, a mutant of Hsf1 with 152 serine/threonine-

to-alanine mutations and completely lacking phosphorylation is able to activate the HSR

comparably to wild type. This mutant does deactivate earlier than wild type Hsf1, suggesting
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that phosphorylation plays a role in sustaining Hsf1 activity. As so many eukaryotic signaling

pathways involve kinase cascades, Hsf1 phosphorylation may be a means for diverse cellular

processes to communicate with the HSR [47,145].

1.1.9 Potential Hsf1 deactivators

Given Sis1’s interesting role in basal Hsf1 repression, the search for Hsf1 feedback regulators

among the Hsf1 target genes promises to be fruitful in expanding our knowledge of the HSR

mechanism. It is possible that proteins outside of the Hsf1 transcriptome deactivate Hsf1,

but given the importance of negative feedback loops and incoherent feedforward loops in

transient stress responses, we believe that Hsf1 targets are the most likely regulators of the

HSR.

Here, a few illustrative examples of Hsf1 target genes that may influence Hsf1 deacti-

vation, based on their putative functions. (1) Ira2 is a negative regulator of RAS, which

coordinates numerous cellular processes, including other stress responses. Therefore, in-

duction of Ira2 represses cAMP/PKA induced stress responses and cell proliferation Hsf1.

Hypothetically, if induced Ira2 provides negative regulation on Hsf1 (i.e. once Ras has been

completely deactivated) this could be a means of communication between the HSR and other

stress responses [123,130]. (2) The JDP Apj1 has a role in nuclear and cytosolic proteosta-

sis, so it could mediate Hsp70-Hsf1 high affinity binding and thus Hsf1 deactivation. (3)

Nucleotide exchange factors (NEFs) are also induced by Hsf1 and occupy a central role in

the Hsp70 conformation cycle. NEFs facilitate replacement of ADP with ATP, which allows

Hsp70 to assume an open conformation and release its substrate. Thus, a NEF could support

Hsf1 deactivation by facilitating Hsp70 release of unfolded protein clients in the cytoplasm

or nucleus so that Hsp70 could re-bind Hsf1. For example, Hsf1 induces the multipurpose

NEF Sse1, which, in addition to its traditional NEF function, recruits Hsp104 to aggregates,

and co-chaperones Hsp90 and Hsp70 [1,9]. The NEFs, Fes1 and Sse2, are also induced by
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Hsf1.

It is also possible that Hsp70 is the only negative feedback regulator of Hsf1. If this is

the case, what do the Hsf1 targets do? Do they all have adaptive roles?

1.1.10 Studying the HSR

The Hsf1-induced set of genes, coined “the Heat Shock Response” (HSR), and Hsf1 itself,

are conserved across eukaryotes. Budding yeast is the perfect model organism for studying

the HSR – homologous recombination in yeast allows for easy genetic manipulation, and the

yeast genome does not have as many redundant gene groups as mammalian genomes do.

To induce the HSR in yeast, we raise the temperature from optimal growing condition,

30°C, to 37°C or 39°C (hot, but survivable). This sudden temperature elevation (‘heat

shock’) disrupts proteostasis. There is no documented irreversible cell damage caused by

mild heat stress (<40C). Indeed, WT cells are capable of adapting and growing at an elevated

temperature at comparable rates to cells grown at 30°C. Exposing budding yeast to heat

stress is an excellent approach to studying proteostasis and adaptation to ongoing stress.

1.2 Transcriptional Regulation in the HSR

Studies of the transcriptional response to heat shock began with Drosophila salivary cells,

that, when the incubator was mistakenly raised overnight, developed large chromosomal

‘puffs’ [108]. Ritossa knew that chromosomal ‘puffs’ had been recently identified as sites

of RNA synthesis. By repeating the heat shock treatment, Ritossa found that the puffs

occurred predictably at the same loci in the Drosophila chromosomes, suggesting a pro-

grammed transcriptional response to heat shock. This discovery made the heat-shocked

drosophila cells a model system for studying the mechanics of transcription - hundreds of

genes are rapidly and simultaneously upregulated by heat shock (some more than 100-fold),

and Drosophila’s elongated interphase chromosomes (called polytene chromosomes) allow
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for fluorescence microscopy of transcriptional machinery along promoters and open reading

frames during transcription [17,76].

Today, the well-established modes of transcriptional regulation are (1) local chromatin

accessibility, (2) the regulatory DNA upstream of each gene (number and strength of tran-

scription factor binding sites) (3) and “3D” chromatin architecture. Here, I review the

mechanics of transcriptional induction and how these three phenomena cause variation in

induction of Hsf1 target genes.

1.2.1 Local chromatin accessibility

Inactive genes are occupied by nucleosomes in S. cerevisiae. Before transcription by RNA

polymerase, histones are acetylated and then displaced by histone remodeling machinery,

allowing transcription factors to access their specific DNA binding sequences (though tran-

scription factors can induce genes at low levels even when genes are nucleosome bound)[141].

Here, local chromatin remodeling at Hsf1 target genes is reviewed.

18 of the 42 Hsf1 induced targets are induced by Hsf1, in non-stress and stress [124].

Their promoters are maintained in a constitutively nucleosome-free state by the pioneer

transcription factor, Reb1, which binds specifically in the enhancers of these genes and re-

cruits chromatin remodelers (SWI/SNF and RSC complexes) and transcriptional machinery

(Mediator and RNA Polymerase II) [102,149,150]. Hsf1 is bound at these genes during non-

stress. During heat shock, Hsf1 occupancy increases further at these gene’s promoters, and

gene expression increases as well.

24 genes are induced by Hsf1 only during heat shock; they do not depend on Hsf1 for

their basal expression [124]. Nucleosomes occupy the promoter regions of these 24 genes in

non-stress conditions. Upon heat shock, Hsf1 itself acts as the pioneer transcription factor

by recruiting chromatin remodelers to evict histones and recruiting Mediator and Pol II to

initiate transcription [64]. As nucleosomes are evicted, even more Hsf1 binds; both decreased
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nucleosome occupancy and strength of the underlying specific Hsf1 binding sequence becomes

more strongly correlated with the induction of each target gene as heat shock progresses [102].

1.2.2 DNA sequence

Hard-coded DNA sequence is the most well-studied determinant of local transcription factor

binding. Previously, we determined that the Hsf1 DNA binding consensus motif is TTCn-

nGAA: the MEME motif-analysis algorithm was used to generate sequence that generated

the most agreement among DNA sequences with high Hsf1 occupancy (based on genome-wide

Hsf1 ChIP-seq) [81,102].

The regions flanking the Hsf1-specific DNA motif may also influence Hsf1 binding. With

the stress-induced transcription factor Msn2, the sequences flanking Msn2’s specific DNA

binding motif interact with the IDR of Msn2 and influence Msn2’s binding sites genome-wide

[16,59].

1.2.3 3D Genome architecture

Hsf1’s target genes make many short intragene contacts upon their induction. Enhancer-

promoter looping brings distal enhancers and its bound transcription factors in proximity

to specific coding genes, and promoter-terminator contacts concentrate transcriptional ma-

chinery for efficient gene transcription [49,138]. Interactions of the 5’ UAS with the protein

coding region (called gene ‘crumpling’) has also been observed during transcription of Hsf1

target genes [22]. Though its functional role is not defined, mammalian studies suggest

crumpling may aid RNA polymerase progression along the gene [72]. It is still unclear how

much intragene contacts vary from gene to gene or impact the diversity in the transcriptional

dynamics of Hsf1 target genes.

Dramatic contacts between Hsf1 target genes on different chromosomes are another type

of 3D chromatin rearrangement. In the initial seconds and minutes of heat-shock, as Hsf1
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occupancy increases across the genome, Hsf1-induced genes coalesce with Hsf1 and tran-

scriptional machinery into two liquid-like condensates. These condensates represent the first

instance of active transcriptional hubs ever observed in yeast [23,24]. When Hsp70 rebinds

and deactivates Hsf1, condensates disperse – the Hsp70 binding site on Hsf1 (∆CE2) re-

sulted in constitutive Hsf1 clustering in heat shock and non-heat shock, loss of intergenic

clustering, and loss of transcriptional machinery recruitment (Med15). Loss of the NTA

(IDR) of Hsf1 depleted Hsf1 condensate formation, even in HS; though Hsf1 did occupy

HSR genes, it was not able to recruit Med15 and target gene transcription was depleted.

These transient foci have not been observed in any other transcriptional regulon in yeast.

However, the stress-induced transcription factor, Msn2, in yeast can be manipulated to form

transient stress-induced foci in vivo, by reorganizing the IDR sequence of Msn2 so that its

aliphatic residues are more clustered (Naama Barkai, Q-Bio Conference, 2023). In summary,

the transient Hsf1 clusters that form upon HS are sites of heightened intergenic interactions

and active gene transcription [23].

It is possible that the subnuclear localization and coalescence of Hsf1 target genes may

correlate with their raw transcription level or dynamics. A Taq-I 3C screen of intergene con-

tacts between all Hsf1 targets during stress will provide conclusive answers. For the few Hsf1

target genes whose intergenic contacts have been characterized (Hsp104, Hsp82, Ssa2, Ssa4),

changes in the frequency of intergenic interactions and intragenic looping/crumpling over the

heat shock time course correlate with transcription dynamics [22]. The peak frequency of

intergenic interactions and of intragenic interactions also correlates with the raw transcrip-

tional level of each gene, suggesting that transcriptional dynamics are strongly influenced by

the timed dissociation of each individual gene from the intergenic clusters and by decreased

rate of intragenic looping and crumpling. Hopefully, upcoming studies on transcriptional

regulation, especially 3D genome architecture, will shed light on the determinants of the

diverse transcriptional dynamics in the HSR.
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1.3 Spatial Organization of the Proteostasis Network

Initially, numerous studies attempted to investigate the protein inclusions and compartments

that form in human neurodegenerative disorders by ectopic expression of disease-causing hu-

man proteins, or engineered temperature-sensitive misfolding proteins. The research on pro-

tein quality control compartments are comprehensively summarized in other reviews [69,125].

Here, I review just three protein quality control studies, which identified heat-induced protein

compartments and their contents, and laid the groundwork for the proteostasis field.

1.3.1 Initial proteostasis studies

Studies from the Frydman lab tracked the kinetics of protein aggregation, the subcellu-

lar location of aggregates, and the post-translational modifications which guide proteins to

one compartment or another. They identified a protein compartment that forms within

minutes of HS and named it "insoluble protein deposit" (IPOD). Because it contained non-

ubiquitinated species and prions, they believed it could be a catch-all protein dump [61].

Simultaneously with IPOD formation, proteosomes and ubiquitinated proteins were tar-

geted to a stress-induced compartment near the nuclear periphery, which they named the

juxta- or intra- nuclear quality control compartment (JUNQ or JNQ). After a few hours

of HS, perivacuolar inclusions also formed. The kinetics of formation as well the various

species found at each site led them to believe that IPOD and perivacuolar inclusions were

both overflow spaces to hold insoluble and non-ubiquitinated proteins for when proteosomal

degradation was impaired or overwhelmed [61]. Later investigations showed that all com-

partments appeared to be dynamic and maintained by chaperones, suggesting aggregation

is an active and controlled cellular process, not a symptom of cell dysfunction [29]. Many of

the chaperones identified at aggregates are induced by Hsf1 during the HSR.

Two years later, a pivotal comparative study revealed that previous investigations which

used ectopic misfolded protein reporters to study proteostasis could not be compared directly.
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The study found that how ubiquitination affected a protein’s destination compartment and

how fast the protein was degraded depended on a protein’s intrinsic features, and there is

a huge diversity of misfolded proteins used across studies [87]. Ectopic misfolded protein

reporters in yeast include VHL, a mammalian ubiquitin ligase that misfolds (even at 30°C)

without its partner protein, Ubc9ts the temperature sensitive version of the human sumo-

conjugating human enzyme, Rnq1 and Ure2, yeast prion proteins, HttQ103 the expanded

polyglutamine protein responsible for Huntington’s disease, tGnd1-GFP, a truncated version

of a yeast dehydrogenase that is constitutively prone to misfolding and aggregation [118].

The differences in ectopic misfolded protein reporters used across studies makes it difficult

to apply the results of proteostasis studies beyond their experimental conteext. Nonetheless,

these studies will be built upon in future investigations that leverage proteomics to study

the endogenous protein composition of stress-induced aggregates.

As introduced in this chapter, the recruitment and release of chaperones from cytosolic

HS-induced aggregates determines their availability to repress Hsf1. Therefore, the specific

types of protein aggregates where chaperones act and the mechanism of their recruitment

and release, are important for understanding Hsf1 regulation. Much more research is needed

to identify the proteins that recruit and release Hsf1 regulators from aggregates.

1.3.2 Are aggregates good or bad?: controversy on the function of cytosolic

protein aggregates

Questions about the function of protein aggregates emerge from initial proteostasis studies.

Are they pre-degradative holding compartments or functioning oases of protein activity dur-

ing heat shock? Do aggregates set off the proteotoxic stress alarm bells, or is aggregation

a stress-management strategy, diminishing the burden of unfolded proteins on the cell? In

short, both seem to exist, and a distinction must be made between transient, stress protective

aggregates, and persistent, toxic aggregates [3].
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Transient stress-induced protein aggregates appear to be stress-protective. A proteome

analysis of heat-induced aggregates found 170 different endogenous yeast proteins sequestered

at heat-induced protein aggregates; these proteins did not misfold and were found in the sol-

uble fraction of cell lysates after heat shock. (In contrast, the insoluble fraction of cell lysate

contains irresolvable protein aggregates and prions that must be removed by degradation.)

This study also used a luciferase reporter assay to show that sequestered proteins retain

functionality after dissolution, showing that protein aggregates could be stress-protective

structures, and invalidating the constitutively misfolded ectopic protein reporters used to

study proteostasis previously [135].

Some aggregates that arise in disease states are detrimental to cell fitness. In human

diseases, insoluble protein aggregates impair fitness: ectopic expression of the protein re-

sponsible for Huntington’s prevents the degradation of ectopic misfolded proteins by seques-

tering the essential yeast chaperone Sis1 [3,96]. More research is needed to understand why

an initially reversible stress-protective aggregate becomes an irreversible, toxic aggregate

overtime, and what makes it toxic.
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Figure 1.1: An overview of events in the HSR
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CHAPTER 2

TRANSCRIPTIONAL REGULATION OF SIS1 PROMOTES

FITNESS BUT NOT FEEDBACK IN THE HEAT SHOCK

RESPONSE

This chapter was published previously as Garde et al. 2023 [37].

2.1 Abstract

The heat shock response (HSR) controls expression of molecular chaperones to maintain

protein homeostasis. Previously, we proposed a feedback loop model of the HSR in which

heat-denatured proteins sequester the chaperone Hsp70 to activate the HSR, and subsequent

induction of Hsp70 deactivates the HSR [68,152]. However, recent work has implicated newly

synthesized proteins (NSPs) – rather than unfolded mature proteins – and the Hsp70 co-

chaperone Sis1 in HSR regulation, yet their contributions to HSR dynamics have not been

determined. Here we generate a new mathematical model that incorporates NSPs and Sis1

into the HSR activation mechanism, and we perform genetic decoupling and pulse-labeling

experiments to demonstrate that Sis1 induction is dispensable for HSR deactivation. Rather

than providing negative feedback to the HSR, transcriptional regulation of Sis1 by Hsf1

promotes fitness by coordinating stress granules and carbon metabolism. These results

support an overall model in which NSPs signal the HSR by sequestering Sis1 and Hsp70,

while induction of Hsp70 – but not Sis1 – attenuates the response.

2.2 Introduction

Under steady-state growth conditions, cells have sufficient protein folding and degradation

machinery to maintain protein homeostasis (proteostasis)[58]. However, in response to en-

vironmental stressors like a rise in temperature or exposure to oxidizing agents, the cellular
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demand for proteostasis machinery outstrips the supply, and cells activate the heat shock

response (HSR). The HSR is a highly conserved gene expression program under the control

of the transcription factor Hsf1 that coordinately increases expression of molecular chaper-

ones and other proteostasis factors [104]. Implicated in both cancer and neurodegenerative

diseases, modulation of the HSR could have powerful therapeutic benefits. Poor prognosis

in human cancers – in particular breast and colon cancer – is correlated with hyperactive

Hsf1[106,136]. At the other extreme, Hsf1 remains inactive in neurons derived from patients

with neurodegenerative disorders despite the presence of protein inclusions and aggregates

[20,43,58]. It is unclear how Hsf1 is mis-regulated in these disease states, and even the basic

regulatory mechanisms that determine the activation dynamics of the HSR in healthy cells

remain incompletely understood.

Due to its high degree of evolutionary conservation, many of the advances in elucidating

the HSR and its regulatory mechanisms have come from studying the pathway in budding

yeast. In yeast, the HSR comprises 42 genes activated by Hsf1 during environmental stress

via binding to cis-acting heat shock elements (HSEs) in the promoter regions of these genes

[102]. The Hsf1-induced genes encode a small but diverse set of proteins including chaper-

ones localized to the cytosol, nucleus, endoplasmic reticulum, and mitochondria, translation

regulators, and other protein quality control factors. In the absence of stress, Hsf1 is re-

pressed by binding to the chaperone Hsp70, and dissociation of Hsp70 during stress releases

Hsf1 to activate the HSR [67,68,84,98,152]. Hsp70 binds to two distinct sites on yeast Hsf1 to

mediate the repression [68,98]. Biochemically, Hsp70 can dissociate both yeast and human

Hsf1 from DNA [67,84]. However, Hsp70 may repress Hsf1 activity via other mechanisms

as well, such as inhibiting interactions with the transcriptional machinery and disassembling

transcriptional condensates[23,151].

While Hsp70 can bind to Hsf1 in the absence of any co-chaperones [68,152], the J-domain

protein (JDP) co-chaperone Sis1 targets Hsf1 to Hsp70 in the nucleus to promote high-
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affinity binding, and nuclear localization of Sis1 is required to repress Hsf1 in the absence

of stress[30]. Upon heat shock, Sis1 re-localizes from the nucleoplasm to the periphery of

the nucleolus, which may release Hsf1 from Hsp70-mediated repression and initiate the HSR

[6,30]. During prolonged stress, induction of the HSR feeds back to once again repress

Hsf1, and this negative feedback specifically requires induction of Hsp70 [68]. However, it

is unknown whether induction of any other HSR targets, such as Sis1, is also required for

negative feedback.

Multiple studies have now implicated dissociation of Hsp70 from Hsf1 as the key reg-

ulatory event that activates the HSR, yet the clients that titrate Hsp70 away from Hsf1

following heat shock – i.e. the “ligands” of the HSR – remain unidentified. Long assumed to

be heat-denatured mature proteins [75,91,152], it is notable that not a single endogenous eu-

karyotic protein has been shown to unfold following heat shock at the sublethal temperatures

that elicit the HSR[148]. In fact, the protein aggregates that do form following physiological

heat shock have been shown to largely consist of reversible biomolecular condensates that

play an adaptive role in the stress response rather than proteotoxic aggregates[55,107,135].

Moreover, several studies have demonstrated that depletion of amino acids or treatment

with cycloheximide substantially diminishes the output of the HSR following heat shock,

suggesting that ongoing translation and/or newly synthesized proteins (NSPs) may drive

HSR activation[84,132,133]. Thus, while the identities of the HSR ligands have not been

established, NSPs are currently thought to be a major category of HSR activators.

In this study, we incorporate these recent developments into an updated mathematical

model of the HSR. First, we develop a new input function for the HSR that explicitly in-

cludes protein synthesis and maturation. In this input function, the effect of heat shock is

to reduce the protein maturation rate, resulting in an accumulation of NSPs. The NSPs

in turn titrate Hsp70, resulting in the release of Hsf1 and activation of the HSR. This new

input function allows the model to recapitulate the diminished output of the HSR following
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heat shock under conditions with reduced protein synthesis. Second, by incorporating the

role of Sis1 in targeting Hsf1 to Hsp70 for repression under basal conditions, we were able

to model the induction of the HSR upon depletion of Sis1 in the absence of stress. How-

ever, the model predicted that Sis1 does not function as a negative feedback regulator of

the HSR. Indeed, genetic decoupling of Sis1 expression from Hsf1 regulation had no effect

on HSR dynamics, validating the model prediction. Consistent with its lack of participation

in deactivating Hsf1, pulse-label imaging of heat shock-induced Sis1 revealed that Sis1 is

spatially localized away from Hsf1, while newly induced Hsp70 partially co-localizes with

Hsf1. Finally, we show that while Sis1 is not involved in feedback regulation of the HSR,

its Hsf1-dependent transcriptional regulation is required for fitness in the presence of non

fermentable carbon sources, and we link this growth phenotype to mis-regulation of stress

granules. The new model we present for the HSR incorporates a revised, data-supported

activation mechanism while providing further support for the core regulatory circuitry and

concise feedback architecture we previously proposed. This work demonstrates that deacti-

vation and basal repression of a pathway need not be achieved by the same mechanism, and

that stress response target genes can differentially promote feedback and fitness.

2.3 Results

2.3.1 Modeling the role of ongoing protein synthesis in activation of the

heat shock response

Previously, we proposed a model of the heat shock response (HSR) based on a two-component

feedback loop consisting of the chaperone Hsp70 and the transcription factor Hsf1[68,152].

In the model, Hsp70 binds and represses Hsf1 under basal conditions. Upon heat shock,

unfolded proteins (UPs) accumulate and titrate Hsp70 from Hsf1, leaving Hsf1 free to induce

expression of more Hsp70. Once Hsp70 has bound all the UPs, the excess Hsp70 could
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Figure 2.1: Newly synthesized proteins drive full activation of the HSR
A) Schematic of the mathematical model. Heat shock stalls folding of newly synthesized
proteins so newly synthesized unfolded proteins accumulate. Hsp70 is recruited to un-
folded proteins (red arrow) in turn releasing Hsf1 to induce its transcriptional targets.
Among these targets are Hsp70 and Sis1 (and HSE-YFP, our ectopic reporter of Hsf1 ac-
tivity). Sis1 substantiates Hsf1-Hsp70 binding and substantiates Hsp70-misfolded protein
interactions. B) Hsf1 target gene transcript levels, relative to non-heat shock levels. Cells
were treated with 200 ug/mL cycloheximide(blue) and subjected to 42ºC heat shock for 20
minutes. Untreated control (red) plotted for comparison(red). Raw data from Triandafil-
lou et al. 2020. 1-transcript levels of CHX-treated over untreated cells = portion of tran-
scriptional induction that depends on ongoing translation (gray). Each data point rep-
resents an Hsf1 target gene. C) Model of rapamycin effect. Heat shock stalls newly syn-
thesized protein folding, and newly synthesized unfolded proteins trigger the heat shock
response. Upstream, rapamycin inhibits TORC1 which inhibits ribosomal protein produc-
tion, causing a 40% decrease in newly synthesized proteins. D) HSE-YFP levels during
heat shock. Cells pretreated with 10 ug/mL rapamycin before HS (pink), untreated con-
trol (gray). Each data point represents the average of the three biological replicates. Error
bar is the SD. E) Simulation of HSE-YFP levels during heat shock with or without ra-
pamycin.
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then bind to Hsf1 to deactivate the response. This model is capable of recapitulating HSR

dynamics following heat shock, but it includes assumptions that are no longer consistent

with the current literature.

The input for the original model was heat shock-generated UPs, with the underlying

assumption that heat shock causes mature proteins to denature into UPs. However, it is no

longer accepted that UPs activate the HSR. Rather, immature newly-synthesized proteins

(NSPs) have been suggested to drive HSR activation (Figure 2.1A)[30,44,83,84,133,134].

Supporting this, Hsf1 target gene transcripts were depressed in pH-balanced, cycloheximide-

treated cells following heat shock relative to cells heat-shocked while actively translating[132].

Our analysis of these published RNA-seq data indicate that ongoing translation is required

for more than 70% of the induction of HSR genes on average (Figure 2.1B). This suggests

that NSPs – rather than denatured mature proteins – are major upstream activators of the

response.

To account for translation dependent HSR activation in the model, we have implemented

an input function in which there is a constant source of NSPs (i.e., a rate of ongoing transla-

tion) instead of a single initial input of unfolded proteins ((Figure 2.1A), see methods). NSPs

must then undergo a maturation step to become folded. In the updated model, heat shock

inhibits the spontaneous folding rate of NSPs, rather than causing denaturation of folded

proteins, thereby resulting in an accumulation of immature proteins. During heat shock,

NSPs must interact with Hsp70 to either fold or be degraded. Heat shock still activates the

HSR by titrating Hsp70 away from Hsf1, but by immature NSPs rather than by UPs.

Using this new input function, we tested the ability of the model to account for the

effect of reducing translation prior to heat shock. To do this, we pre-treated cells with ra-

pamycin, which specifically inhibits expression of ribosomal proteins and biogenesis factors

by inhibiting the target of rapamycin complex 1 (TORC1)[77] (Figure 2.1C). Together, these

genes are estimated to constitute more than 40% of total NSPs in yeast under logarithmic

21



growth conditions[54]. The model predicts that such a reduction in NSPs should result in

a concomitant reduction in HSR output following heat shock (Figure 2.1D). Indeed, using

a yellow fluorescent protein (YFP) reporter of the HSR (HSE-YFP) (Figure 2.6), we found

that rapamycin-treated cells displayed a substantial reduction in HSR output across the heat

shock time course (Figure 2.1E). To verify that the reduction in YFP fluorescence reflects a

reduction in transcriptional activation of the HSR (and not due to a reduction in translation

of the YFP mRNA caused by rapamycin), we quantified YFP mRNA levels using qRT-PCR.

Consistent with the fluorescence measurements, the mRNA was comparably reduced, indi-

cating that the YFP levels accurately report on HSR activation in the presence of rapamycin

(Figure 2.6). Together, these results demonstrate that the updated mathematical model can

capture the dynamics of the HSR during heat shock and recapitulate the effects of reduced

protein synthesis on HSR output.

2.3.2 Modeling the role of Sis1 as a basal repressor of the HSR

Recently, we found that Sis1, a J-domain protein (JDP) and Hsp70 cofactor, participates

in repressing Hsf1 activity under non-heat shock conditions by promoting Hsf1-Hsp70 asso-

ciation[30]. Consistent with this result, knockdown of Sis1 resulted in the highest level of

activation of the HSR under basal conditions in a genome-wide CRISPRi screen[5]. More-

over, it was independently shown that Hsf1 binds to Hsp70 as a typical client, via the Hsp70

substrate binding domain in a nucleotide-regulated manner [84], further supporting the in-

volvement of a JDP like Sis1. Sis1 was also shown to potentiate the HSR in the presence

of exogenous protein aggregates[66]. We incorporated Sis1 into the core circuitry of the

model by representing the canonical role of JDPs in substantiating Hsp70-client binding:

the Hsp70-client protein dissociation rate is inversely dependent on Sis1 concentration (see

methods).

To assess this new model circuitry (Figure 2.2A), we first determined whether it could
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recapitulate the known role of Sis1 in preventing activation of the HSR under non-stress

conditions. Experimentally, we transiently depleted Sis1 from the nucleus using the anchor

away system[30], and monitored Hsf1 activity via the HSE-YFP reporter. Upon nuclear

depletion of Sis1, Hsf1 activity increased 2.5-fold compared to untreated control within 90

minutes (Figure 2.2B). Computationally, we simulated the model following instantaneous

depletion of Sis1, which induced the HSR without a temperature upshift in agreement with

the experimental result (Figure 2.2C). Notably, at later time points, the model failed to

capture the sustained increase in HSE-YFP reporter we observed experimentally. This may

indicate that prolonged depletion of Sis1 results in a breakdown in proteostasis that sustains

HSR activity.

2.3.3 Modeling experimental variability and HSR dynamics across a range

of conditions

We implemented this updated mathematical model that incorporates the NSP input function

and Sis1-containing circuitry to make predictions about the dynamics of the HSR. First,

we repeated our standard heat shock time course – shifting cells from 30ºC to 39ºC. We

performed this experiment 18 times to train the model to include the range of experimental

variation on different days (Figure 2.2D). Across these replicates, we observed variation on

the order of 20% from experiment to experiment. Replicates performed on the same day

behaved more similarly, so we hypothesized that a likely source of this variation could be

the initial metabolic state of the cells on different days, reflecting differences in the amount

of time they had been in stationary phase or outgrowth prior to initializing the heat shock.

These metabolic differences would then be reflected in different rates of protein synthesis.

Indeed, varying the rates of protein synthesis in the model yielded heat shock time course

simulations that recapitulated the variation observed across the biological replicates (Figure

2.2E). Thus, by modulating a single parameter, the model was able to recapitulate both the
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Figure 2.2: New HSR model recapitulates experimental results
A) Model of Sis1 effect. In non HS, Sis1 promotes Hsp70 binding to Hsf1, repressing tran-
scriptional activation of the HSR. Heat shock results in the titration of Hsp70 and Sis1,
leaving Hsf1 free to induce the HSR and the ectopic reporter of Hsf1 activity, HSE-YFP
(red arrows). B) HSE-YFP levels after nuclear Sis1 depletion (blue) at 30ºC, measured by
flow cytometry. Sis1 was ectopically anchored away to cytosol. C) Simulation of HSE-YFP
reporter after Sis1 depletion. D) HSE-YFP expression in wild type cells across 18 biologi-
cal replicates (gray), average (black). E) Simulation of variation in the wild type HSR due
to metabolic differences leading to changes in basal translation rate. F) HSE-YFP heat
shock time courses at a range of heat shock temperatures between 35ºC and 41ºC. G)
Simulation of heat shock time courses. Heat shock at higher temperatures was simulated
by a proportional decrease in protein folding rate.
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average behavior as well as the experimental variability.

We next performed heat shock time course experiments and simulations at multiple

temperatures ranging from 35ºC to 41ºC. When we performed experiments across this tem-

perature range, we observed a rapid induction phase at all temperatures, followed by a slow

rise to a temperature-dependent maximal response (Figure 2.2F). Without changing any

parameters, the model predicted that cells would reach different steady state levels of HSE-

YFP fluorescence in proportion to the increase in temperature, matching the experimental

results (Figure 2.2G). Thus, the HSR is a “dose-dependent” response, tuned quantitatively

by the temperature of heat shock. Together, these results indicate that the mathematical

model recapitulates experimental variation and the dynamics of the HSR across a range of

conditions.

2.3.4 Decoupling Sis1 expression from Hsf1 transcriptional activity

Previously, we found that transcriptional induction of Hsp70 is required to deactivate Hsf1

over a sustained heat shock time course, and we therefore deemed Hsp70 a negative feed-

back regulator[68]. Given that Sis1 promotes Hsp70-mediated repression of Hsf1 under basal

conditions, we next tested whether induction of Sis1 is likewise required for Hsf1 deacti-

vation following heat shock. Sis1 is expressed at a moderate basal level under non heat

shock conditions, and its transcription is induced during heat shock. Hsf1 is responsible

for both maintaining the basal expression level of Sis1 as well as inducing it during heat

shock[102,124].

As we had done for Hsp70, we tested the role of Sis1 induction during HS by removing

its Hsf1-dependent transcriptional induction, first computationally and then experimentally

(Figure 2.3A,B). Notably, while the mathematical model requires Hsp70-dependent tran-

scriptional feedback to recapitulate the wild type response dynamics, it does not include

transcriptional induction of Sis1. Thus, the model accurately captures HSR response dy-
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namics without a requirement for Sis1-mediated transcriptional feedback. i.e., the model

predicts that Sis1 induction is not required for negative feedback (Figure 2.3C).

Experimentally, to maintain the basal expression level of Sis1, we could not simply remove

the Hsf1 binding site from the SIS1 promoter since Hsf1 drives its basal expression. Thus,

we replaced the SIS1 promoter sequence with the SUP35 promoter (Figure 2.3B). According

to our previously published RNA-seq data, SUP35 mRNA is expressed at approximately the

same level as endogenous SIS1 mRNA under basal conditions but is not transcriptionally

induced during heat shock[102]. To determine whether the SUP35 promoter behaved as we

expected, we measured expression of Sis1 by fusing it to P2A-mScarlet (a ribosomal skip se-

quence that enables fluorescent readout without tagging the protein of interest)[127] (Figure

2.3B). As expected, mScarlet was robustly induced during heat shock when expressed from

the endogenous SIS1 promoter, but it showed no induction by heat shock when expressed

from the SUP35 promoter (Figure 2.7A). However, we found that SUP35pr-SIS1 cells dis-

played a moderate growth defect under non-stress conditions in a dilution series spot assay,

and basal mScarlet expression from the SUP35 promoter was reduced to half of the level

expressed from the endogenous SIS1 promoter (Figure 2.7B,C). To remedy this, we inte-

grated a second copy of SUP35pr-SIS1 into the trp1 locus. In this 2xSUP35pr-SIS1 strain,

cell growth is comparable to wild type in a dilution series spot assay, and Hsf1 basal activity

matches that of wild type (Figure 2.7C,D). Thus, the 2xSUP35pr-SIS1 strain maintains the

initial Sis1 expression level of wild type cells while preventing induction of Sis1 during heat

shock.

2.3.5 Transcriptional induction of Sis1 is dispensable for Hsf1 deactivation

To determine whether Sis1 induction plays a role in feedback regulation of Hsf1, we monitored

Hsf1 activity with the HSE-YFP fluorescent reporter. If Sis1 induction were necessary for

Hsf1 deactivation, we would expect elevated Hsf1 activity during heat shock, similar to the

26



Figure 2.3: Transcriptional induction of Sis1 is dispensable for Hsf1 deactivation
A) Network schematic. Sis1 induction by Hsf1 is cut to test whether Sis1 induction is nec-
essary for normal Hsf1 regulation. B) Generating the non-inducible Sis1 mutant. mScarlet
fluorescent protein reports on Sis1 transcription and the Sis1 promoter is replaced with a
non-inducible promoter. C) HSE-YFP levels over HS time course, measured by flow cy-
tometry. Each data point represents the average and standard deviation of three biological
replicates. D) Simulation of HSE-YFP when Sis1 or Hsp70 is maintained at basal expres-
sion level during heat shock. E) HSE-YFP levels during a 30-minute heat shock followed
by recovery at 30ºC. F) HSE-YFP levels during two 30-minute heat shock intervals, sepa-
rated by a two-hour recovery at 30ºC.
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strain we previously engineered to decouple Hsp70 expression from Hsf1 (Hsp70∆FBL, for

Hsp70 “deleted for the feedback loop”) (Figure 2.3D). Briefly, in the Hsp70∆FBL strain, all

four paralogous genes encoding cytonuclear Hsp70 in yeast (SSA1, SSA2, SSA3, and SSA4)

were deleted, and two copies of SSA2 expressed from the constitutive and Hsf1-independent

TEF1 were inserted in the genome. The resulting strain expresses Hsp70 to wild type levels

under non stress conditions but cannot induce more Hsp70 upon heat shock. In contrast to

the prolonged induction of HSE-YFP displayed by Hsp70∆FBL cells, 2xSUP35pr-SIS1 cells

showed Hsf1 activity dynamics indistinguishable from wild type during heat shock (Figure

2.3D). These data suggest that, despite its role in repressing Hsf1 under basal conditions,

Sis1 induction is dispensable for Hsf1 deactivation following heat shock, just as the model

predicted.

Since Sis1 induction by Hsf1 is not necessary for Hsf1 deactivation following a single,

sustained heat shock treatment, we wondered whether Sis1 induction might be necessary

for deactivation of Hsf1 in more dynamic conditions. To test this, we subjected wild type,

Hsp70∆FBL and 2xSUP35-SIS1 cells to various heat shock protocols and measured HSE-

YFP dynamics. As we observed with the sustained heat shock, Hsf1 activity in non-inducible

Sis1 cells was similar to wild type after a 30-minute heat shock pulse followed by recovery at

30ºC (Figure 2.3E). Moreover, HSE-YFP dynamics were also comparable to wild type when

non-inducible Sis1 cells were exposed to a two-hour heat shock pulse at 39ºC followed by

recovery at 30ºC (Figure 2.7E). Interestingly, Hsp70∆FBL showed Hsf1 activity comparable

to wild type after the 30-minute heat shock, suggesting that Hsp70-induction is less important

for rapid Hsf1 deactivation than during sustained stress (Figure 2.3E). By contrast – and

consistent with its hyperactive phenotype following sustained heat shock – Hsp70∆FBL

showed defective Hsf1 deactivation after the two-hour heat shock pulse (Figure 2.7E).

As a final test for defects in Hsf1 regulation in the non-inducible Sis1 lines, we exposed

cells to multiple heat shock pulses with two different recovery periods:
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[30-minute pulse—15-minute recovery—30-minute pulse] or

[30—minute pulse—2-hour recovery—30-minute pulse]. With the longer 2-hour recovery

period, both 2xSUP35pr-SIS1 and Hsp70∆FBL responded with similar induction dynamics

to wild type (Figure 2.3F). This suggests that the 2-hour recovery time was sufficient for the

cells to fully reset and respond equivalently to the second pulse. Following the shorter 15-

minute recovery period, Hsp70∆FBL displayed increased Hsf1 activity relative to wild type,

while 2xSUP35-SIS1 remained indistinguishable from wild type even in this challenging stress

regime (Figure 2.7F). These data demonstrate that Sis1 induction does not serve to tune

Hsf1 activity across any of the heat shock protocols we tested.

2.3.6 Induced Sis1 is produced slowly and preferentially localizes to the

nucleolar periphery

Given that Sis1 is not necessary for Hsf1 deactivation, we wanted to visualize the heat shock-

induced protein to determine its localization. We’ve previously shown that Sis1 localized in

the nucleolar periphery – and away from Hsf1 – upon activation of the HSR [30]. If newly

synthesized Sis1 were to likewise localize at the nucleolar periphery, it would not be in

physical proximity to Hsf1, explaining its dispensability in the negative feedback loop.

To enable visualization of only newly induced Sis1, we tagged Sis1 with the HaloTag

[79] in a strain in which the nucleolar marker Nsr1 is tagged with mScarlet. The HaloTag

irreversibly binds to synthetic ligands that contain a haloalkane moiety that can be attached

to fluorescent dyes or remain non-fluorescent and block subsequent labeling. To image pro-

tein induced during heat shock only, we first incubated cells with the non-fluorescent ligand

7-bromoheptanol to block HaloTag conjugation to pre-existing Sis1 (Figure 2.4A)[86]. Then

we pulse-labeled with the fluorescent ligand JF646 and started the heat shock simultane-

ously: JF646 thus exclusively marked heat shock-induced Sis1. We imaged newly synthesized

Sis1-Halo over a heat shock time course and quantified both the induction dynamics and lo-
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calization with respect to the Nsr1 nucleolar marker. Sis1 induction was undetectable until

10 minutes after heat shock and then increased linearly until 20 minutes of heat shock when

it reached a plateau (Figure 2.4B,C). Moreover, once it became visible, newly synthesized

Sis1 preferentially localized adjacent to the nucleolus as determined by a sustained increase

in the proportion of Sis1 surrounding the Nsr1 signal (Figure 2.4B,D). Next, we imaged

newly synthesized Sis1-Halo in cells expressing Hsf1-mVenus. As recently reported, Hsf1

forms subnuclear condensates during heat shock, and we observe little colocalization be-

tween these Hsf1 foci and newly synthesized Sis1 (Figure 2.4E,F)[23]. These data suggest

that newly synthesized Sis1 is not spatially positioned to repress Hsf1 and inactivate the

HSR immediately following heat shock.

We repeated the pulse labeling analysis for Ssa1-Halo – the SSA1 gene encodes an in-

ducible Hsp70 – as we previously showed that Hsp70 induction is required for HSR deacti-

vation[68]. In contrast to Sis1, we were able to detect newly synthesized Ssa1 after only six

minutes of heat shock, and Ssa1 was induced substantially more than Sis1 by 15 minutes

(Figure 2.4B,C). Moreover, induced Ssa1 localized to the nucleolar periphery as well as to

puncta and more diffusely throughout the cell (Figure 2.4B). Newly synthesized Ssa1 was

less concentrated at the nucleolar periphery over the heat shock time course than newly

synthesized Sis1 (Figure 2.4D). Moreover, in contrast to Sis1, newly synthesized Ssa1-Halo

partially colocalized with Hsf1 (Figure 2.4E,F). The combination of the delayed Sis1 induc-

tion relative to Ssa1 and the localization of Sis1 primarily to the nucleolar periphery – and

away from Hsf1 – may explain why Sis1 is not a feedback regulator of the HSR.

2.3.7 Sis1 transcriptional regulation confers fitness in non-fermentable

carbon sources

Without an obvious role in negative feedback regulation, we investigated whether Sis1 tran-

scriptional regulation by Hsf1 promotes fitness. We quantitatively monitored fitness by
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Figure 2.4: Sis1 is induced slowly and localizes away from Hsf1 following heat shock
A) Experiment workflow. Cells were treated with 20uM 7-bromoheptanol (5 min), then
20uM of JF646 Halo-dye at 39ºC. Halo fluorescence marks the population of Sis1 or Hsp70
translated during heat shock. B) Representative deconvolved live cell images. Cells ex-
press Nsr1-mscarlet as well as Sis1-Halo or Ssa1-Halo dye. scale =2µm C) Quantifica-
tion of total cell Halo intensity during heat shock time course. Average +/- SE. n=5-20
cells D) Quantification of mean halo intensity at the nucleolar periphery divided by mean
halo intensity in the total cell. Average +/- SE. n=5-20 cells E) (Left) Representative de-
convolved live cell images, expressing Hsf1-mVenus and newly synthesized Sis1 or Ssa1.
(Right) Normalized fluorescence intensity corresponds to white dotted line across the nu-
cleolus F) Single cell analysis of the fraction of total newly synthesized Sis1 (green) or
Ssa1 (magenta) that colocalizes with Hsf1. Median +/- 95% CI (black).
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comparing optical density of the 2xSUP35pr-SIS1 strain to the Hsp70∆FBL strain and wild

type in culture using an automated plate reader. Cells were grown for four hours at 30ºC,

then were either kept at 30ºC or shifted to 37ºC. All strains showed comparable growth

at 30ºC (Figure 2.8A). However, while Hsp70∆FBL was indistinguishable from wild type

at 37ºC, the 2xSUP35pr-SIS1 strain showed reduced fitness compared to the other strains

after the first four hours at 37ºC and failed to undergo a diauxic shift once glucose was

depleted from the media (Figure 2.5A). This suggests that induction of Sis1 may play a role

in promoting growth in the absence of a fermentable carbon source.

To directly test whether Hsf1-dependent regulation of Sis1 promotes growth in non-

fermentable media, we grew cells with EtOH/glycerol as the carbon source at 30ºC. In-

deed, the 2xSUP35pr-SIS1 strain grew substantially slower than wild type or Hsp70∆FBL

in EtOH/glycerol media (Figure 2.5B). Remarkably, the 1xSUP35pr-SIS1 strain – which

has a slow growth phenotype in glucose (Figure 2.7C) – completely rescues growth in

EtOH/glycerol (Figure 2.8B), suggesting that the 2xSUP35pr-SIS1 strain grows slowly on

non fermentable carbon due to the inability to downregulate Sis1 rather than induce it.

Consistent with this interpretation, when we increased Sis1 expression even more by adding

a second copy of Sis1 under its stronger endogenous promoter, the growth phenotype in

EtOH/glycerol was exacerbated to the point that cells failed to grow altogether (Figure

2.8B). Thus, it is not induction per se but the ability to modulate Sis1 expression level

according to the metabolic state of the cell that appears to promote fitness.

2.3.8 Transcriptional regulation of Sis1 coordinates stress granules with

carbon metabolism

In addition to regulating Hsf1 activity under basal conditions in the nucleus, Sis1 is known

to regulate cytosolic stress granules. Stress granules are biomolecular condensates composed

predominately of mRNA and translation factors that form in response to a variety of stressors
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Figure 2.5: Sis1 transcriptional regulation confers fitness under stress
B) Quantitative growth curve of noninducible strains during growth in limited carbon me-
dia (2% glycerol 2% EtOH) in non-heat shock (30ºC). C) Single cell quantification of the
fraction of Pab1mCherry localized in foci as determined by the FindFoci plugin in Fiji. In-
set: Representative deconvolved live cell images captured by lattice light sheet microscopy
of cells expressing Pab1mKate. D) Model of the differential roles of transcriptional regula-
tion of Hsp70 and Sis1 in feedback and fitness, respectively.
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including both heat shock and glucose depletion. To determine whether stress granules

could provide a link between Sis1 regulation and fitness in media lacking glucose, we imaged

the stress granule marker Pab1 fused to the mKate fluorescent protein in wild type cells

and 2xSUP35pr-SIS1 cells. Pab1-mKate was diffuse throughout the cytosol in wild type

cells in glucose media but a fraction formed small granules in EtOH/glycerol media; by

contrast, Pab1-mKate was granular in both glucose and EtOH/glycerol in 2xSUP35pr-SIS1

cells (Figure 2.5C). These results suggest there are constitutive stress granules in 2xSUP35pr-

SIS1 cells, connecting a known activity of Sis1 in regulating stress granules with its apparent

role in carbon metabolic homeostasis. This result suggests that proper regulation of Sis1

expression is required to dynamically regulate stress granules, conferring fitness as carbon

source fluctuates in the environment.

2.4 Discussion

In this study, we formally incorporated two recent findings into a mathematical model of

the HSR: 1) the role of newly synthesized proteins (NSPs) as a major class of molecular

species that drive HSR activation [84,133], and 2) the role of the JDP Sis1 in repressing

HSR activity under non-stress conditions by promoting the interaction of Hsp70 with Hsf1

[30]. Importantly, while the addition of these new features makes the model more realistic

and enabled accurate recapitulation of experimental perturbations to protein synthesis and

Sis1, our results indicate that the core circuitry of the HSR that we previously proposed need

not be embellished: the heart of the HSR remains a two-component feedback loop between

Hsp70 and Hsf1.

Our previous model, as well as those of other groups, assumed that the HSR is trig-

gered by the denaturation of mature proteins [30,68,99,116,152]. These models simulated

the initiation of stress as the instantaneous accumulation of a single bolus of heat-induced

unfolded or misfolded proteins that required chaperones for triage, refolding, and degrada-
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tion. However, these models are unable to account for the reduction in HSR output observed

in heat-shocked cells that had been treated with protein synthesis inhibitors or otherwise

cultured in growth conditions with reduced protein synthesis [84,132–134]. To reflect the

current understanding that the HSR is triggered, at least in part, by NSPs, we explicitly

model translation and subsequent protein maturation/folding. Upon heat shock, the ele-

vated temperature decreases the protein folding rate, thereby resulting in the accumulation

of immature NSPs. These NSPs in turn titrate Hsp70 and Sis1, thereby activating the HSR.

To test this mechanism, we experimentally decreased the pool of NSPs by pre-treating cells

with rapamycin prior to heat shock. Indeed, compared to untreated cells, we observed de-

creased HSR output in the rapamycin-treated cells following heat shock in the model and

in cells, validating the NSP-based activation mechanism. In addition to NSPs, it has been

proposed that heat-induced biomolecular condensates of mature proteins and mRNAs may

activate the HSR [132]. If/when these putative condensate agonists are identified, they will

be incorporated into future iterations of the model.

Regarding the HSR feedback loop, we previously found that in addition to repressing the

HSR under basal conditions, induction of Hsp70 is required to deactivate the HSR following

a sustained heat shock [68]. Thus, Hsp70 is a negative feedback regulator of the HSR.

Given the role of Sis1 in repressing the HSR in the absence of stress and the fact that it is

also a transcriptional target of the HSR, we expected that Sis1 too would provide negative

feedback. However, after decoupling Sis1 expression from the HSR, we observed no difference

in HSR activation dynamics compared to wild type cells, demonstrating that Sis1 induction is

dispensable for deactivation of the HSR. Since induction of Hsp70 is required for deactivation

of the HSR, it is possible that the increased levels of Hsp70 obviate the requirement for Sis1.

Alternatively, the basal concentration of Sis1 may be sufficient to promote Hsf1 inactivation,

or induction of another JDP may be required.

Though dispensable for Hsf1 deactivation, we found that Sis1 induction was necessary
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for long term fitness during heat shock and in nonfermentable carbon sources, and we linked

this to a disruption in the regulation of stress granules (Figure 2.5). Sis1 plays a critical role

in disaggregation of stress-induced biomolecular condensates in cooperation with Hsp70 and

Hsp104[148], and our results here imply that regulation of Sis1 levels may in turn regulate

the condensates that form during heat shock or glucose depletion. In addition to cytosolic

stress granules, Sis1 is also targeted to the periphery of the nucleolus during heat shock,

where it interacts with accumulated ribosomal proteins that are known to activate the HSR

when produced in stoichiometric excess to ribosomal RNA [4,30,134]. The peri-nucleolar

localization of induced Sis1 we observed here in the pulse labeling experiments (Figure

2.4B,D) is consistent with a role for Sis1 as an orphan ribosomal protein chaperone [6]. The

emerging role of Sis1 in regulating adaptive stress-induced condensates may be among its

essential functions.

Our experimental findings imply that Hsp70 induction is still the principal source of

negative feedback for the HSR, and that the mechanism of HSR repression during basal

conditions may be distinct from the deactivation mechanism following stress. Further in-

vestigations should systematically explore whether Hsp70 is unique in its role as a negative

feedback regulator or if other Hsf1 targets confer feedback to the HSR either independent of

or via Hsp70. With an input function based on the accumulation of NSPs and the inclusion

of Sis1 in the regulatory circuitry, the new iteration of the model presented here brings us

closer to a mechanistically accurate and predictive understanding of the HSR.
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2.6 Methods

2.6.1 Mathematical modeling

Mathematical Modeling To model the Hsp70-Hsf1 feedback circuit we have expanded the

previous model [30] to explicitly consider the production of unfolded nascent proteins that

are folded into their native state with some rate. More specifically, the model consists of four

different protein species (Hsf, Hsp, unfolded protein (UP), reporter YFP) and two complexes

(one between Hsp and Hsf and the other between Hsp and UP). The differential equations

describing the cellular concentration of these species are as follows:

d[HSP ]
dt

= k2[HSP · Hsf ] − k1[HSP ][Hsf ] + (k4 + k5) [HSP · UP ]−

k3[HSP ][UP ] + β
[Hsf ]n

Kn
d + [Hsf ]n

d[Hsf ]
dt

= k2[HSP · Hsf ] − k1[HSP ][Hsf ]

d[UP ]
dt

= kup − kdup[UP ] + k4[HSP · UP ] − k3[HSP ][UP ]

d[HSP · HSF ]
dt

= k1[HSP ][Hsf ] − k2[HSP · Hsf ]

d[HSP · UP ]
dt

= k3[HSP ][UP ] − (k4 + k5) [HSP · UP ]

d[Y FP ]
dt

= β
[Hsf ]n

Kn
d + [Hsf ]n

where [] denotes the cellular concentration of respective species. The interpretation of all

models here is identical to the original model [152], except for two new parameters - the

de-novo synthesis of unfolded proteins kup = 1 min−1 a·u−1 and their folding with rate kdup

= 0.35 min−1. The rate k1 = 320 min−1a.u
−1 denotes the binding of Hsp to Hsf to create

an inactive complex HSP · Hsf1 , and the complex dissociates with rate k2 = 0.7 min−1.

The rate k3 = 112 min−1 a. u−1 is the binding of Hsp to unfolded proteins (denoted as UP )

to create the complex HSP ·UP that dissociates with rate k4 = 0.1 min−1. The degradation
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of UP by Hsp is captured via the rate k5 = 0.15 min−1. The activation of both YFP and

Hsp by Hsf is modeled by a Hill equation with n = 3, β = 0.1 min−1 and kd = 0.0025 a.u.

The above differential equation model was run with the following initial values (in a.u.)

at time t = 0

[HSP ] = 1
2 , [Hsf1] = 0, [HSP · HSF1] = 1

250 , [UP ] = 0, [HSP · UP ] = 0, [Y FP ] = 1

The effect of rapamycin is captured by decreasing the rate kup and trajectories correspond-

ing to different heat shock temperatures are obtained by perturbing the folding rate kdup.

To investigate the experiment-to-experiment fluctuations in YFP trajectories we solved the

above system by varying the parameter knoaround its nominal value by 20% at the start

of the simulation. The impact of Sis1 depletion is captured by destabilizing the HspHsf

complex via an increase in the dissociation rate k2. Finally, the removal of Hsp feedback is

realized by removing the Hsfinduced activation term in the equation for d[HSP ]
dt .

2.6.2 Strain construction

Yeast strains and plasmids used in this study are listed in Table S1. All strains are derived

from the W303 parent strain. CRISPR-mediated promoter swapping was performed to create

the 1xSup35pr-Sis1 (1701) and 1xSup35pr-Sis1-P2A-mscarlet (1661) strains. CRISPR-Cas9

mediated precise, scarless replacement of the native Sis1 promoter with the 600-bp Sup35

promoter. To construct the final non-inducible Sis1 line (2xSup35pr-Sis1, 1761), we incor-

porated a second copy of Sup35pr-Sis1 at the tryp locus. In all other cloned lines, genes

were tagged at the endogenous locus. Cells were transformed with double-stranded DNA

fragments containing 20 bp homologous flanking regions. This method takes advantage of

homology-directed repair mechanisms in S.cerevisiae, as described previously [78].

38



2.6.3 Cell growth

For heat shock time courses followed by flow cytometry, cells were cultured in 1xSDC media

overnight at room temperature (synthetic media with dextrose and complete amino acids).

Before RT-PCR or cell growth assays, cells were cultured in yeast extract peptone dextrose

(YPD) media shaking at 30ºC overnight. Cells were subjected to heat shock at 39°C unless

otherwise specified.

2.6.4 HSE-YFP reporter heat shock assays

Three biological replicates of each strain were serially diluted five times (1:5) in 1xSDC and

grown overnight at room temperature. In the morning, cells had reached logarithmic phase,

and 750 µL of each replicate was transferred to a PCR tube and shaken for one hour at

30ºC to aerate. Then, cells were exposed to heat shock at 39ºC. At the pre-determined time

points (0,5,10,15,30,60,90,120,180,240 minutes), 50 µl of cell culture was transferred to a

well of a 96 well plate, containing containing 1xSDC and a final concentration of 50 mg/mL

cycloheximide to stop translation. After the time course, cells were incubated at 30ºC for

one hour to allow fluorescent reporter maturation before measurement. All experiments were

performed using C1000 Touch Thermal Cycler (Bio-Rad). Cell fluorescence was measured

by flow cytometry and results were analyzed as described below.

2.6.5 Anchor-away assay

Cells were grown overnight as described above. Rapamycin was added to a final concentration

of 10 µM, and the time course was started immediately. During the time course, cells were

maintained at 30ºC shaking. At the predetermined time points (0,15,30,45,60,75,90 minutes),

50 µL of cells were transferred to a 96-well plate identically to the heat shock assay described

above.
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2.6.6 Translation inhibition assay (rapamycin pre-treatment)

Cells were grown overnight, and in the morning, shaken at 30ºC for 1 hour. Rapamycin was

added to a final concentration of 10 µM, and cells were left shaking at 30ºC for 5 minutes.

Then, the heat shock time course was performed at 39ºC as described above.

2.6.7 Flow cytometry

HSE-YFP and mscarlet reporter levels in heat shock time course and rapamycin treatment

assays were measured at the University of Chicago Cytometry and Antibody Technology

Facility. These measurements were performed using the 488-525 FITC fluorescence filter

(HSE-YFP) and 561-PE Dazzle (mscarlet) on the BD Fortessa High Throughput Flow Cy-

tometer. The raw fluorescence values were normalized by side scatter in FlowJo. Then, the

median fluorescence value was calculated. Each data point represents the average of three

biological replicates.

2.6.8 Dilution series spot growth assays

Yeast strains were grown overnight shaking at 30ºC in YPD. In the morning, they were

diluted to and final optical density (OD) of 1 and serially diluted 1:10 in water. Each

diluted yeast culture was spotted onto 1xYPD plates. Images were taken after two days of

growth at 30º or 37ºC.

2.6.9 Heat shock quantitative growth assay

Yeast strains were grown overnight at 30ºC in 1xYPD. In the morning, they were diluted to

OD= 0.1 in 1xYPD. SpectroStar Nano microplate reader was used to measure cell density

every 20 minutes. Each data point represents the mean of three biological replicates.
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2.6.10 Glucose starvation quantitative growth Assay

Yeast strains were grown for 24 hours in 2% glucose YEP media then diluted to OD=0.1 and

grown overnight again. In the morning, cells were diluted to OD=0.1 in 1xYEP containing

2% glycerol, 2% EtOH and growth was monitored every 20 minutes at 30ºC.

2.6.11 RNA quantification and analysis

RT-qPCR was performed as previously described in [23], except for the following: cells

were grown at 30°C in YPD (yeast extract-peptone-dextrose) to a mid-log density (OD600

= 0.8). Rapamycin was added to a final concentration of 10 ug/mL for 5 min. At this

point, a portion of the culture was maintained at 30°C (0 min HS) and the remainder

was subjected to heat shock at 39°C for 5, 15, 60, and 120 min. Cells were flash frozen

immediately after heat shock, and then harvested. Total RNA was extracted using hot

acid phenol extraction method, followed by ethanol precipitation [124]. To determine fold

change mRNA levels, mean mRNA levels of heat-shocked samples were normalized to the

NHS sample[100]. mVenus forward primer: caacattgaagatggtggtgttc mVenus reverse primer:

ctttggataaggcagattgatagg

2.6.12 RNA-Seq analysis

RNA read counts for 39 Hsf1 target genes were collected in a recent paper and reanalyzed

here [132]. GSE accession number 152916.

Experimental methods are described in detail in the original paper. In brief, cells were

exposed to heat shock at 42ºC for 20 minutes. Cells exposed to heat shock and cycloheximide

were treated with 200 ug/mL cycloheximide (CHX) simultaneously upon HS. Each data

point represents average read count for a single Hsf1 target gene (two biological replicates).

Translation dependence was calculated as 1-(CHX+HS/HS).
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2.6.13 Halo-tagging

To image newly synthesized proteins, we incubated cells with blocker (20uM,

7-bromoheptanol) for 5 minutes, washed two times with 2xSDC media and then incubated

with 0.4 uM of Halo JF646dye at 39ºC, to start HS treatment simultaneously. Under this

treatment, only protein induced during heat shock was visualizable. Lattice light sheet

microscopy was used to visualize 5-20 cells every 2.5 minutes throughout the 30-minute heat

shock.

2.6.14 Lattice light sheet microscopy and quantification

Lattice light-sheet imaging was performed at the University of Chicago Integrated Light Mi-

croscopy Core (Intelligent Imaging Innovations) and run in SlideBook 6.0 software. Captured

images were deconvoluted using Graphics processing unit–based Richardson-Lucy deconvo-

lution with measured PSFs via Brian Northan’s “Ops” implementation (https://github.com/

imagej/ops-experiments). 3D reconstructions and videos were assembled using ClearVolume

[111]. The mean Halo intensity at the ring around the Nsr1-marked nucleolus was divided

by the mean intensity over the total cell.
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2.7 Supplementary Materials

Figure 2.6: Rapamycin reduces HSE-YFP at the mRNA level
RNA levels during heat shock relative to non-heat shock, measured by qRT-PCR. Cells
treated with 10 ug/mL rapamycin for 5 minutes before heat shock (gray) and compared to
untreated control.
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Figure 2.7: Decoupling Sis1 from Hsf1 regulation
A) Heat shock time course of mScarlet levels in WT (gray) and non-inducible Sis1 (blue)
lines measured by flow cytometry. The WT line contains a heat shock element (HSE) in
the native enhancer sequence, where Hsf1 binds to induce transcription (top, gray line).
A non-inducible Sup35 promoter drives Sis expression (bottom, blue line). mscarlet, sepa-
rated by a ribosomal skip sequence (P2A), reports on Sis1 transcription. B) Raw mScarlet
reporter level in non-heat shock, 1xSup35pr-Sis1 and WT lines. C) Dilution series spot as-
say of all lines. WT, Hsp70∆FBL, and 1xSup35pr-Sis1 and 2x Sup35pr-Sis1 lines grown
for 3 days at 30°C. D) Basal HSE-YFP reporter expression of all lines measured by flow
cytometry. E) HSE-YFP reporter during 2-hour heat shock, followed by recovery at 30ºC.
F) HSE-YFP reporter levels over two 30-minute heat shocks separated by a 15-minute re-
covery period at 30ºC. Average +/- SD, n=3.
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Figure 2.8: Additional growth curves
A) Quantitative growth curve of non-inducible strains in glucose media under non-heat
shock conditions. B) Quantitative growth curve of strains with low, medium and high lev-
els of non-inducible Sis1 grown in EtOH/glycerol.
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CHAPTER 3

A COMPREHENSIVE DISSECTION OF TRANSCRIPTIONAL

FEEDBACK IN A EUKARYOTIC STRESS RESPONSE

This chapter is a manuscript currently in preparation, by Rania Garde and David Pincus.

3.1 Abstract

Cells maintain homeostasis despite fluctuations in the environment by activating stress re-

sponse pathways. These pathways employ negative feedback loops to transiently induce

corrective gene expression programs, but the extent to which individual target genes provide

feedback has not been comprehensively measured for any stress response. Here, we disrupt

the stress-induced expression of each target gene in the S. cerevisiae heat shock response

(HSR) and quantify how their induction affects the dynamics of HSR activity and fitness

during stress. Remarkably, we determined that regulation of the HSR is dominated by a

single feedback loop governed by the chaperone Hsp70. In addition to Hsp70 itself, we found

several other target genes that feed into the core Hsp70 negative feedback loop to tune HSR

dynamics. The strongest additional regulator we identified, Fes1, supports Hsp70 in deacti-

vating the response by releasing Hsp70 from protein aggregates in the cytoplasm and allowing

it to return to the nucleus to repress gene expression. We propose that the simplicity of this

central regulatory architecture may allow auxiliary genes to gain and lose membership in

the HSR over evolution without influencing the activity of the overall response as organisms

adapt to new environmental niches.

3.2 Introduction

Stress response pathways are triggered to adapt to environmental changes and resume growth

in ongoing, stressful conditions. To promote cell fitness, stress responses rapidly repair any
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damage caused by the stressor, synthesize proteins for growth and division in new condi-

tions, and deactivate processes that are no longer adaptive. Then, to avoid excess energy

consumption or overshooting optimal adaptation, the stress response must rapidly turn off.

Thus, cellular stress responses themselves must be adaptive. It is unclear how response dy-

namics are tuned by the induction of downstream effectors. How do stress responses adapt

to ongoing changes in stress intensity? To what extent do master stress response regulators

integrate feedback from their suite of effectors?

Previously, the heat shock-induced Hsf1 transcriptome was rigorously characterized, re-

vealing just 42 target genes both show increased Hsf1 occupancy in their enhancer region

(genome wide ChiP-seq results) and are dependent on Hsf1 for their transcription during heat

shock [102]. How do the transcriptional dynamics of individual genes collectively determine

the adaptive dynamics of Hsf1 activity?

In eukaryotic cells, Heat Shock Factor 1 (Hsf1) is the master transcriptional regulator of

the heat shock response (HSR), a prototypical stress response pathway activated by pertur-

bations to protein homeostasis (proteostasis) – a state of balance between cellular demands

for protein folding and the supply of molecular chaperones. When an environmental stres-

sor or internal dysfunction causes an excess of newly synthesized, unfolded, misfolded or

mis-targeted proteins to accumulate in the cytosol, Hsf1 transcriptionally induces molecular

chaperones to aid in protein folding, disaggregation, and degradation [104] Once proteosta-

sis is restored, molecular chaperones become available to bind and deactivate Hsf1. Hsf1

misregulation in human disease indicates that Hsf1 is tightly tuned in both directions. In

aggressive cancers, Hsf1 is often hyperphosphorylated and hyperactive, or overexpressed due

to Hsf1 locus amplification [85]. Hsf1 hyperactivity leads to overexpression of Hsf1 targets,

including Hsp90 chaperones, which stabilize oncogenic proteins that are prone to misfolding,

allowing cancer cells to survive and proliferate [14,139]. On the other hand, in neurodegen-

erative disorders, aggregates of proteins remain unresolved and sequester chaperones, which
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hampers general cellular processes and causes further protein aggregation; in Huntington’s

disease, Hsf1 is unstable and protein aggregation (disrupted protein homeostasis) is the hall-

mark of neurons [43]. One therapeutic solution involves ectopic upregulation of Hsf1 activity

to induce chaperones that resolve protein aggregates [94] In conclusion, tight regulation of

Hsf1 activation and repression occurs in healthy cells.

Hsf1 is regulated by an Hsp70-based negative feedback loop [68,83]. The chaperone

Hsp70 is recruited from the nucleus where it directly binds and represses Hsf1 in non-stress,

to protein condensates in the cytoplasm and nucleolar periphery [6,30]. This leaves Hsf1

free to bind and induce its transcriptional targets, which include all four Hsp70 chaper-

ones, ssa1, 2, 3, and 4 (referred to collectively as Hsp70). The induction of Hsp70 above

basal levels is essential for Hsf1 deactivation: within fifteen minutes of heat shock, Hsf1 is re-

bound by Hsp70 in the nucleus and Hsf1 transcriptional activity is repressed again [67,68,84].

Thus, Hsf1 is sensitive to the homeostatic state of the cell because the negative regulator of

Hsf1, Hsp70, senses cytoplasmic protein homeostasis. In the initial thirty seconds of heat

shock, transcriptional machinery, newly synthesized proteins, translational machinery and

protein-bound RNAs condense into reversible condensates maintained by chaperones includ-

ing Hsp70, Hsp40s and Hsp90s and small heat shock proteins (sHSPs) that are Hsf1 targets

[6,29,30,147]. Therefore, though Hsp70-based negative regulation is the only significant Hsf1

deactivation mechanism known at this time, other targets (especially Hsp40s and Hsp90

chaperones) are likely to negatively regulate Hsf1 by restoring protein homeostasis. It is

possible that most Hsf1 target genes have independent but additive roles in Hsf1 deacti-

vation, or alternatively, induction of most of the Hsf1 target genes may be evolutionarily

obsolete.

Here, we characterize how the induction of the full suite of Hsf1 target genes tune dynamic

regulation of the heat shock response and cellular adaptation to stress. First, we characterize

the transcriptional dynamics of the 42 Hsf1 target genes during heat stress in S. cerevisiae by
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flow cytometry quantification of a co-cistronic transcriptional reporter. Second, we perturb

the transcriptional dynamics and observe how depleting each target gene’s induction affects

the system as a whole. To deplete the Hsf1-based induction of each target gene, we leverage

our previous RNA-seq and Hsf1 ChIP-seq datasets to identify and delete the 9-25 bp Hsf1

binding region in the upstream regulatory DNA, using CRISPR/Cas9. By inhibiting Hsf1-

dependent induction of each transcriptional target and observing the effect on the dynamics

of Hsf1 activity, we identify feedback regulators of Hsf1. To our knowledge, a comprehensive

characterization of an entire transcriptional regulon has never been completed.

Further, we investigate the mechanism of identified negative feedback regulators during

heat shock: do they regulate Hsf1 via the known, Hsp70-dependent feedback loop, or via

other mechanisms [68]? The phenotype of each induction mutant (state of protein home-

ostasis and cell fitness) reveals the effect of each target gene’s induction on Hsf1 regulation,

restoration of protein homeostasis, and cell fitness. Multiple genes emerge as negative regu-

lators that deactivate Hsf1. We discuss how and why the Hsf1 regulon might have evolved

such a simple architecture.

3.3 Results

3.3.1 A transcriptome-wide characterization of gene expression dynamics

Previously, nascent transcript sequencing and a genome-wide Hsf1-occupancy ChIP-seq

screen revealed that 42 target genes are directly bound by and dependent on Hsf1 for their

transcription during the first five minutes of stress (Figure 3.1A)[102]. After identifying the

Hsf1 target genes, we wondered what role this small, diverse set of conserved target genes

serve. This question is investigated in this study by deleting the Hsf1-based induction of

each target gene. However, before genetic manipulation, the expression profile of each gene

is measured to establish a baseline. Though the general expression level of these targets was
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Figure 3.1: Hsf1 induces a range of transcriptional dynamics in its 42 target genes
A) 42 genes are directly bound by Hsf1 and dependent on Hsf1 for their transcription
(Pincus, 2018). B) Gene expression reporter strategy. A fluorescent reporter of transcrip-
tional dynamics at the C terminal of each Hsf1 target gene, separated by the ribosomal
skipping sequence polycistronic skipping sequence (P2A)-mscarlet). A generic, ectopic
reporter of Hsf1 activity (HSE-YFP) is also included in each cell line. 42 cell lines, each
monitoring one Hsf1 target gene, were cloned. C-D) Relative mScarlet levels (normalized
to non-stress WT (C) and fold change mScarlet (D) during HS for all Hsf1 target genes.
Average plotted, n=3 along with non-linear curve fits. E-F) PCA of relative transcription
dynamics (E) and transcriptional fold change (F), inputting the relative mScarlet expres-
sion for each time point for each gene, n=3. G)Maximum induction rate vs. time to half
maximum expression calculated with parameter estimates from the non linear curve fits of
induced expression. 95% CI (yellow area).
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established by RNA-seq and NAC-seq previously, a characterization of target gene transcrip-

tional dynamics at high time resolution throughout heat shock had never been completed

before.

To establish the transcriptional dynamics of the Hsf1 regulon in WT cells, we measure

the induction dynamics of each Hsf1 target gene during heat shock with a mScarlet reporter

of gene expression by flow cytometry. In contrast to expensive and laborious RNA-seq tran-

script quantification, flow cytometry measurement of a fluorescent reporter enables time

course assays with high time resolution. The mScarlet fluorescent protein sequence is pre-

ceded by a ribosomal skipping sequence, integrated into the endogenous genome at the 3’ end

of each Hsf1 target gene to generate one cell line per Hsf1 target gene (Figure 3.1B). Each

cell line is exposed to a four-hour heat shock and the fluorescent reporter is measured at mul-

tiple timepoints during heat shock. As expected based on previous RNA-seq experiments,

the raw expression levels of Hsf1 target genes vary 1000x fold across the 42 gene regulon

(Figure 3.1C), and each gene’s relative expression level corresponds roughly with transcript

levels quantified by RNA-seq and NAC-seq data collected previously [102], corroborating the

fluorescent reporter strategy as an accurate readout of transcription. To highlight unique

induction dynamics over the large range of gene expression, fold change in mScarlet expres-

sion is plotted; fold change induction varies 10x across the regulon (Figure 3.1D). By eye,

the induction profiles take a great variety of shapes. Surprisingly, neither gene function nor

hard-coded characteristics of genes (strength of Hsf1 binding site, distance from binding site

to promoter) explain the variance in transcriptional dynamics between genes (unpublished

analysis). Thus, a hypothesis-free strategy was used to parse transcriptional dynamics.

Principal component analysis of the transcriptional induction profiles in the Hsf1 regu-

lon allows us to avoid a priori assumptions about the influences on transcription. We feed

the PCA algorithm the mScarlet fluorescence readout of each gene at ten timepoints during

heat shock. The analysis reveals that 95% of the variance in relative expression profiles
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is explained by principal component 1 (PC1), which correlates well with basal expression

level. Surprisingly, the primary determinants of fold change in expression during HS have

no significant correlation with relative expression level (unpublished analysis). PCA of fold

change expression traces (Figure 3.1D) show that PC1 accounts for 88% of the variation

between genes (Figure 3.1F). None of the ten loadings (gene expression at ten time points

during each shock) contribute significantly to PC1, however color-coding genes by non-linear

agonist-response dose curve kinetic parameters reveals t1/2 time until half maximum expres-

sion t1/2 has a striking correlation with PC1 and PC2 in 2D space. Therefore, log2(t1/2),

emerges as a predictor of the gene induction dynamics. Given that log time to half max can

predict induction dynamics, we test commonly-used parameters of induction dynamics for

their correlation with t1/2. t1/2 negatively correlates with the maximum rate of induction

(R=0.31) (Figure 3.1G). The negative correlation implies that there are no genes with very

high Kds and high maximum induction rates – all genes are induced without delay. The

Hsf1 regulon was defined previously by identifying genes induced by Hsf1 within the first five

minutes of HS (indicating target genes are directly bound and induced by Hsf1), so it follows

that all Hsf1 targets are induced immediately upon heat shock. Additionally, genes with

high max induction rates tend to have short time to half maximum. Thus, the more rapidly

a gene is induced, the more transient its expression (mScarlet curve plateau indicates gene

expression has stopped). A more extensive analysis of these transcriptional dynamics data

and comparison to characteristics of gene structure and sequence is likely to reveal more

about the ‘grammar’ of HSR gene regulation.

We conclude that expression levels and induction dynamics vary greatly across the reg-

ulon, but one unifying principle stands out: the steeper the gene induction rate, the more

transient the gene’s induction. This picture of the gene expression dynamics across an en-

tire transcriptional regulon will inform future investigations on HS-induced genome changes

[23,24]. These measurements also establish a baseline of transcriptional dynamics in the WT
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cell to compare against the target induction mutants that are cloned and studied below.

3.3.2 Identifying Hsf1 feedback regulators

How many Hsf1 target genes feedback on Hsf1 activity? To query the effect of gene induc-

tion on Hsf1 activity, we create target gene induction mutants by deleting the strongest Hsf1

binding site in each target gene’s endogenous regulatory region (Figure 3.2A). The strongest

specific Hsf1 binding sequence, called a heat shock element (HSE), is determined by identi-

fying the motif most similar to the binding consensus sequence (TTCnnGAA) under Hsf1

CHiP-seq occupancy peak for that gene after five minutes of heat shock [102]. The 9-25 bp

HSE is deleted by scarless, CRISPR-Cas9 based deletion. The generic Hsf1 activity reporter

(HSE-YFP) is also included in each cell line for quantification later on. Though a few genes,

including Aha1, Sti1, Ksp1 did not survive after ∆HSE mutation, we successfully deleted

the HSE ahead of most Hsf1 target genes.

To understand how deleting Hsf1-based induction affects gene expression during heat

shock, the mscarlet profile of the ∆HSE induction mutant is compared to the corresponding

WT, mScarlet-tagged line. One Hsf1 target gene provides an illustrative example of the

process. Unlike the other Hsf1 target genes, which each have one Hsf1 ChIP occupancy

peak, Hsp26 has two. mScarlet profile changes after HSE deletion under the proximal, dis-

tal or both peaks of Hsp26 provide an illustrative example of the effects of HSE deletion

(Figure 3.2B). Late-stage mscarlet expression is depleted in the proximal HSE∆ line indi-

cating that the proximal Hsf1 binding is necessary for sustained Hsp26 induction during

stress (Figure 3.2B, green). On the other hand, deleting the HSE farthest from the promoter

(∆HSE_distal) affects overall gene induction level but not induction dynamics, and deleting

both HSEs (∆∆HSE) has a cumulative effect on Hsp26 expression, almost reducing heat

shock-induced expression to zero. The unique changes in Hsp26 expression dynamics after

each HSE deletion imply our transcription factor binding site deletion strategy as a highly
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targeted technique to control target gene expression dynamics, so we move on to characterize

the induction mutants of the other Hsf1 target genes.

mScarlet expression for each ∆HSE mutant is summarized, where mScarlet expression

after four hour HS (y axis) is plotted against mScarlet expression in non stress for each

tagged gene (x axis) (Figure 3.2C). Most induction mutants had lower gene expression both

after four hour HS, and in basal (NHS) conditions (yellow quadrant, (Figure 3.2C). The

decrease in HS-induced expression among most induction mutants is expected given that

Hsf1 is responsible for these 42 genes induction above basal levels during HS. However, the

decrease in basal target gene expression for so many Hsf1 target genes is surprising: our

previous studies concluded that only 18 genes are dependent on Hsf1 for basal expression

[124]. These results indicate that HSE deletion might perturb local chromatin structure

and as a result, affect recruitment of transcriptional machinery or transcription factors.

Alternatively, more Hsf1 target genes may be dependent on Hsf1 for basal transcription

than previously believed. In our previous assay, nascent transcription in non-stress in the

presence or absence of Hsf1 in the nucleus, was measured to determine Hsf1-dependence.

However, the nuclear depletion of Hsf1 may have activated stress responses which induced

Hsf1 target genes and restored their WT basal expression levels.

To identify the genes whose induction is important for Hsf1 regulation, we measured the

generic HSE-YFP reporter during heat shock in each induction mutant. Defects in any Hsf1

activity mutant are a sign that a target gene’s induction provides feedback regulation on

Hsf1, either directly, by affecting Hsf1 activity in the nucleus, or indirectly, by restoring the

cytosolic state of protein homeostasis, which Hsf1 senses via Hsp70 [68]. It is also possible

that Hsf1 is sensitive to cellular processes other than cytosolic protein homeostasis, of which

we are still unaware. Fold change in HSE-YFP reporter over four-hour heat shock shows

Hsf1 activity dynamics vary four-fold (Figure 3.2D), but most HSE-YFP values after four

hour heat shock fall within the WT range, indicating that the induction of most Hsf1 targets
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neither directly regulates nor indirectly affects Hsf1 activity (Figure 3.2E). Just six genes

(blue) have hyperactive Hsf1 activity (fold change in Hsf1 activity above WT).

The three induction mutants with lower than WT Hsf1 activity induction (Figure 3.2E,

gray) had lower than WT basal Hsf1 activity levels (Figure 3.2F, black) which artificially

depressed their Hsf1 activity induction values, so we eliminate these three genes as candidate

feedback regulators of Hsf1. The elevated basal Hsf1 activity of these induction mutants is

not surprising: all three genes are dependent on Hsf1 for basal expression, as determined

by our initial screen, and have important roles in general protein folding across the cell

[90,117,124]. Protein homeostasis probably breaks down when basal Hsf1 binding at these

genes is depleted.

To summarize, induction of six Hsf1 target genes affect Hsf1 activity during HS, and

are thus candidate negative feedback regulators of Hsf1. As expected, some candidate

negative feedback regulators have putative roles in protein homeostasis and degradation

(Hsp42∆HSE, Fes1∆HSE, Ubi4∆HSE). However, it is surprising that induction of Hsp70s,

Hsp90s and Hsp40s was dispensable for Hsf1 regulation.

3.3.3 Checking for redundancy among Hsf1-induced chaperone families

To determine conclusively whether cytosolic chaperones affect Hsf1 regulation, we ask whether

entire groups of Hsf1-induced chaperones are dispensable for Hsf1 regulation. Hsf1 induces

all four of the Hsp70 homologs, both of the yeast genome’s cytosolic Hsp90 chaperones, and

four of the thirteen cytosolic Hsp70 co-chaperones (a.k.a. Hsp40s). Though induction of

each individual Hsp70, Hsp90 and Hsp40 chaperone is dispensable for Hsf1 regulation dur-

ing heat shock, chaperones of each family may have redundant functions, or compensate for

one another, obscuring defects in the single induction mutants. We make double and triple

mutants to find out.

The Hsp70 chaperone family consists of four homologs with almost identical sequences
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Figure 3.2: Six Hsf1 induction mutants have defects in Hsf1 regulation during heat shock
A) Creation of a library of induction mutants. A new set of 42 induction mutant lines
were cloned by CRISPR-Cas9-targeted deletion of the 9-25 bp ChIP-seq verified Hsf1
binding site ahead of each target gene. B) Hsp26 has two HSEs which were deleted in-
dividually and in combination. Average +/- SD, n=3. C) Summary of HSE deletion ef-
fects. Basal mScarlet level in induction mutant (normalized to WT mscarlet-tagged line
in non-stress) vs. ratio of induced mScarlet level (after 4 hr at 39°C) in the induction mu-
tant (normalized to WT mscarlet-tagged line after 4 hr HS). D) HSE-YFP fold change
over a HS time course for all induction mutants. WT average (black dash line). E) HSE-
YFP fold change after 4 hr heat shock at 39°C (autonormalized to non-stress HSE-YFP).
WT range (gray), n=20 (P<0.05). F) HSE-YFP level after 4hr at 39°C (auto normalized
to non-stress WT) vs. HSE-YFP level in non-stress conditions (normalized to non-stress
daily control). Average +/- SD, n=3. WT range for reference (gray area) (P<0.05).
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in the yeast genome. Hsp70s are known to recruit the protein disaggregase Hsp104, unfold

proteins of all kinds, and coordinate with Hsp90 and other chaperones to facilitate refold-

ing or degradation; differences between Hsp70 members, in terms of protein localization or

function, if any, are still unknown [90]. The relative expression level and induction dynam-

ics of each Hsp70 is distinct: two of the Hsp70 chaperones, Ssa3 and Ssa4, are expressed

much less than ssa1 and ssa2 suggesting there may be some redundancy (Figure 3.3A).

Among the single Hsp70 induction mutants, only Ssa2∆HSE has abnormal Hsf1 activity

above basal Hsf1 activity (Figure 3.2F), and depleting Hsp70 homologs’ induction in combi-

nation (Hsp70∆FBL) leads to significantly hyperactive Hsf1 (Hsp70∆FBL) (Figure 3.3B).

This Hsp70∆FBL phenotype was the basis for our previous discovery that Hsp70 induction

is essential for Hsf1 deactivation during stress [68]. Hsp70s perform redundant roles in Hsf1

regulation, and in combination, are essential for Hsf1 deactivation. We wonder whether any

other chaperone families cooperate to regulate Hsf1.

The two Hsp90s in S.cerevisiae are both induced by Hsf1, share 97% sequence similarity

and have important roles in overall proteostasis and cell fitness [41]. Both are induced to

identical levels during heat shock (Figure 3.3C). To delete Hsp90s chaperones’ induction

simultaneously, we delete both genes at their endogenous locus and place Hsc82 under the

non-inducible TDH3 promoter to maintain basal expression at WT level. Hsf1 is slightly

hyperactive in Hsp90∆FBL cells in the initial fifteen minutes of heat shock, but overall, Hsf1

regulation is comparable to WT (Figure 3.3D). It is not surprising that Hsp90 induction

contributes little to Hsf1 activity regulation, given our previous findings that Hsp90 OE

cannot rescue Hsf1 activity after Hsp70 depletion [152].

Finally, we assay the cytosolic Hsp40s that are induced by Hsf1 and known to assist Hsp70

chaperones in ATP hydrolysis and high affinity client binding – Ydj1, Sis1, and Apj1. Unlike

the Hsp70s, the Hsp40s all have similar, slow induction dynamics during heat shock (Figure

3.3E). Sis1 aids Hsp70 in Hsf1 repression in non-stress conditions and its rapid relocalization
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to the nucleolar periphery upon stress de-represses Hsf1 (Feder et al. 2021). Sis1 induction

during stress is dispensable for Hsf1 deactivation [36]. To create induction mutants of Sis1

and Ydj1, which both rely on Hsf1 for their basal expression, we employed a promoter

swapping strategy (instead of deleting the HSE) to maintain endogenous gene expression at

basal WT levels (described in Garde et al. 2022, Figure 3.9A). Because recent investigations

show Apj1 and Sis1 perform some redundant functions in vivo, but Ydj1 and Sis1 have

distinct roles, we were curious whether Hsp40s are functionally redundant in Hsf1 regulation

[13,135] To investigate, we simultaneously deplete induction of two J domain proteins at

a time in all pairwise combinations. Surprisingly, all double induction mutants, and the

triple mutant (JDP∆FBL), have normal Hsf1 activity during stress (Figure 3.3G). Because

Apj1 has been implicated in nuclear proteostasis, we wonder whether it had any role in Hsf1

activity regulation or cellular functioning at all [15]. When Apj1 gene is deleted (apj1∆),

Hsf1 is hyperactive in basal conditions (Figure 3.9), and Hsf1 activity increases 9-fold during

heat shock, comparable to the Hsf1 hyperactivity defect observed in Hsp70∆FBL (Figure

3.3H), Apj1 is likely important for maintaining cellular proteostasis in non-stress and stress

conditions. Overall, we conclude that Hsp40 chaperones’ induction, independently and in

combination, is dispensable for Hsf1 regulation.

In conclusion, we find that the Hsp70 family is the only chaperone family that works

together to deactivate the HSR. Though the Hsp90 and Hsp40 families are dispensable for

Hsf1 feedback regulation, their induction may impact protein homeostasis or overall cell

fitness.

3.3.4 Quantifying fitness in Hsf1 target gene induction mutants

In response to environmental changes, cells must repair any cell damage, and adapt and

resume growth in ongoing stress. Previous studies show that direct Hsf1 misregulation (via

Hsp70) does not affect fitness, suggesting that direct Hsf1 regulation and growth resumption
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Figure 3.3: The Hsp70 homologs work together to deactivate Hsf1 in stress, but induction
of the Hsp40 and Hsp90 chaperone families are entirely dispensable for Hsf1 regulation
A) Relative mScarlet level (normalized to basal control) over a 4 hr HS. The four Hsp70
homologs are highlighted, and expression profiles for the remaining Hsf1 target genes
are gray. B) HSE-YFP fold change for single Hsp70 induction mutants (ssa1∆HSE,
ssa2∆HSE, ssa3∆HSE, and ssa4∆HSE) and mutant defective in induction of all 4 Hsp70s,
Hsp70∆FBL. C) Relative mScarlet expression over a heat shock time course for each
Hsp90 (normalized to basal control). D) HSE-YFP fold change for each Hsp90 induc-
tion mutant, and the double mutant, Hsp90∆FBL. E) Relative mScarlet level over a heat
shock time course (normalized to basal control). The Hsp40 chaperones, highlighted, and
remaining target genes’ expression in gray. F-H) HSE-YFP fold change for each Hsp40
induction mutant (F), for pairwise double Hsp40 induction mutants and a triple Hsp40
induction mutant (JDP∆FBL) (G), and Apj1 induction mutant (Apj1∆HSE, solid) and
Apj1 KO (apj1∆, dashed) (H). Average +/- SD, n=3.
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are distinct and decoupled processes in the cell [68]. Thus, a mutant with Hsf1 activity

defect but no fitness defect is likely to have a defect in direct Hsf1 regulation. To determine

whether the six induction mutants with Hsf1 activity defects have specific Hsf1 regulation

defects or a more general breakdown in cellular processes, we screen for fitness defects in the

library of induction mutants. The screen also reveals Hsf1 induction mutants with fitness

defects but no other phenotypes, indicating some targets are induced solely to promote cell

adaptation and growth resumption in stress.

Our quantitative growth assay reveals dramatic fitness defects in many ∆HSE strains

during stress. Four ∆HSE strains have abnormal Hsf1 activity and fitness defects (Figure

3.4C, pink). They likely affect processes that Hsf1 is not sensitive to. Alternatively, they

may cooperate to affect cytosolic proteostasis, such that together they indirectly deactivate

Hsf1 by restoring proteostasis. Hsp42∆HSE has Hsf1 activity defects but no fitness defects,

reminiscent of our Hsp70∆FBL strain, suggesting Hsp42 may regulate Hsf1 via the previously

established Hsp70-dependent feedback loop (Figure 3.4C), blue)[68]. Five induction mutants

- Ubi4, Pin3, Hsp30, Gre3, Fes1 – had defects in cell fitness and Hsf1 activity ((Figure 3.4C),

white). We wonder whether these target genes’ induction affects cell fitness and Hsf1 activity

by restoring cytoplasmic proteostasis, or by affecting some other process that Hsf1 is sensitive

to. Excitingly, the function of Pin3, Hsp30 and Gre3 is ill-defined, so this result offers an

opening for further investigations into these genes in general. In total, this study finds that

induction of ten Hsf1 targets, a quarter of the Hsf1 regulon, has a clear adaptive role in

responding to stress (Figure 3.4B).

3.3.5 Investigating the mechanisms behind Hsf1 regulation defects

To determine the mechanism behind the fitness defects, we investigate the slow-growing

Hsf1-hyperactive ∆HSE mutants for signs of proteotoxic stress. Disruption to protein home-

ostasis is the only known process which Hsf1 senses (via Hsp70 availability) [68]. Therefore,
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Figure 3.4: The set of ∆HSE induction mutants with fitness defects is partially distinct
from the induction mutants with mis-regulated Hsf1
A) Quantitative growth assay of Hsf1 target induction mutants during heat shock (37°C),
grouped by known cellular function. Average +/- SD, n=3. B) The log phase growth rate
of each induction mutant (maximum derivative of the OD600 curve). Average +/- SD,
n=3. C) Summary of the induction mutants with slow growth during HS (pink), altered
Hsf1 activity (HSE-YFP dynamics) (blue), or both phenotypes (white).
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disrupted cytosolic protein homeostasis is a likely cause of the fitness defects in the Hsf1

hyperactive mutants. WT cells exposed to heat shock experience disruptions to protein

homeostasis: Hsp104-marked aggregates form and are cleared within an hour (Figure 3.5A)

[68]. To determine which fitness defects are caused by persistent disruptions to cytosolic

proteostasis, we image an established marker of proteostasis, Hsp104. In contrast, most of

the induction mutants that have fitness defects – Fes1, Ubi4, Pin3, and Hsp30 – developed

large, persistent foci upon heat shock (Figure 3.5A). Induction of these genes is important for

restoring cytosolic proteostasis; Hsf1 is more active in these mutants because it is responding

to a larger disruption in proteostasis. The one induction mutant with Hsf1 hyperactivity but

no fitness defect, Hsp42∆HSE, has only a few, small Hsp104 foci, comparable to WT, and

reminiscent of the Hsp70∆FBL strain [68]. The Hsp70 induction mutant (Hsp70∆FBL) has

hyperactive Hsf1, no fitness defect, and Hsp104 foci clearance similar to WT, presumably

because the induction of Hsp70 affects Hsf1 regulation, but the induction of extra Hsp70

during HS is dispensable for restoring proteostasis in the cytoplasm. It is likely that Hsp42

regulates Hsf1 activity via the Hsp70 negative feedback loop.

Finally, we follow up on the induction mutant with the most dramatic Hsf1 hyperactivity

among the single induction mutants (Figure 3.2E), as well as fitness and proteostasis defects,

Fes1∆HSE. Based on the induction mutant phenotype and Fes1’s established role as a nu-

cleotide exchange factor for Hsp70, we wonder whether its induction directly affects Hsp70

and Sis1 localization, which are known to be recruited to Hsp104-marked sites of proteotoxic

stress [30,42,68]. Both Ssa1 and Sis1 localized to the persistent cytoplasmic foci that form

upon heat stress and persist in Fes1∆HSE (Figure 3.5C,D,F). Additionally, Fes1∆HSE has

a smaller fraction of nuclear Ssa1 and Sis1, suggesting Sis1 and Ssa1 at cytosolic foci re-

turn to the nucleus once released from cytosolic aggregates (Figure 3.5E,G). Given Fes1’s

known role in releasing Hsp70 from its client proteins, Fes1 induction likely feeds into the

Hsp70-dependent negative feedback loop by releasing Hsp70 from aggregated proteins.
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Figure 3.5: Induced Fes1 deactivates Hsf1 by releasing Hsp70 from protein aggregates
A) Induction mutants (∆HSE) expressing the genome-integrated reporter, Hsp104-mKate
and the generic reporter of Hsf1 activity, HSE-YFP. Cells were fixed with 4% formalde-
hyde. B) Portion of Hsp104 signal found at cytoplasmic foci, relative to the whole cell, in
non HS (30°C,gray), or 1 hr HS (39°C,purple). Single cell data graphed. Average, n=>25
imaged cells. Two-tailed p-value generated from unpaired t-test ****P<0.0001. C) In-
duction mutants expressing ssa1pr-Halo-ssa1 (Hsp70-Halo) and Sis1-mVenus, and endoge-
nously tagged membrane marker Sec61. Sis1 and Ssa1 reporter constructs were integrated
into the genome. D) Count of proteotoxic stress foci during heat shock at 39°C. Average
+/- SD, n=>25 cells. E) Nuclear Sis1 and Ssa1 signal relative to total cell signal. Each
data point represents a single cell. Average, n=>25 cells. Two-tailed p-value generated
from unpaired t-test **** P<0.0001
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Figure 3.6: Fes1 induction helps deactivate Hsf1 via Hsp70
Heat shock causes a pool of newly-synthesized unfolded proteins (UP) to accumulate in
the cytoplasm, which recruits Hsp70 from the nucleus to the cytoplasm. Hsf1 is free to in-
duce its transcriptional targets, including Hsp70. The induction of Hsp70 deactivates Hsf1
in a negative feedback loop. Hsf1-induced Fes1 supports the Hsp70-dependent negative
feedback loop by releasing Hsp70 from client UPs, so it can return to the nucleus and re-
press Hsf1.

3.4 Discussion

Here, we find that feedback regulation in the HSR is strikingly elegant, involving the

previously-established, Hsp70-dependent feedback loop. Induction of six Hsf1 target genes

had a small but significant deactivating effect on Hsf1. In-depth investigation of the most

significant negative feedback regulator, Fes1, indicates it simultaneously supports Hsp70-

dependent feedback and restores protein homeostasis. The identification of Hsf1’s more

subtle negative regulators has great potential for improving our fundamental understanding

of protein homeostasis, and guiding new therapeutic applications. Follow-up investigations

on the five other Hsf1 feedback regulators are likely to be as revelatory as the investigations

on Fes1 conducted here.

Ten Hsf1 targets affect the cells ability to adapt and grow in long term heat stress. Given

that the HSR responds to a range of environmental stressors, other Hsf1 targets may perform

important functions for HSR regulation or cell adaptation in other conditions.
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Even though each target gene is dependent on the single nuclear transcription factor,

Hsf1, target gene expression varies widely (Figure 3.1). The Hsf1 target genes have a 1000-

fold range in their basal expression levels, ten-fold range in fold change induction during heat

shock, and their dynamics of induction vary greatly as well. Once the 3D genome architecture

of the Hsf1 targets is characterized, each target gene’s architecture and chromosomal contacts

can be compared against the gene’s expression dynamics, measured here. Hsf1 is known

to trigger a transient restructuring of DNA into active transcriptional condensates, but

how this restructuring influences transcription levels and dynamics is still unknown [22–24].

Though the HSR has been a model system for understanding eukaryotic transcriptional

regulation for more than fifty years, it can now be leveraged to understand the mechanisms

of transcriptional variation between genes.

Previously it was established that the deactivation of the HSR required Hsp70 induc-

tion and binding Hsf1 in the nucleus, but it was unclear whether any induced Hsf1 targets

mediated relocalization of Hsp70 to the nucleus, or substantiated Hsp70 binding to Hsf1 to

deactivate it [30,68]. To identify the negative feedback regulators of the HSR, we deleted

the previously identified Hsf1 binding site ahead of each target gene, and screened for Hsf1

activity defects during heat shock in the library of induction mutants. We find that Hsf1

activity fold change is significantly higher than WT in six Hsf1 target gene induction mu-

tants, most significantly Fes1∆HSE. Fes1 induction is necessary for the release of Hsp70 and

Sis1 back to the nucleus to repress Hsf1 (Figure 3.5C,D). Thus, Fes1 induction negatively

regulates Hsf1 via the previously discovered negative feedback regulator, Hsp70[68]. The

Fes1-mediated release of Hsp70 from cytosolic condensates allows Hsp70 relocalization to

Hsf1 in the nucleus, is an important part of the Hsf1 deactivation mechanism (Figure 3.6).

It is possible that the Fes1-dependent release of Hsp70 is the initial trigger for the entire

dissolution of Hsp104-protein aggregates, but more work is needed to define the timeline and

players involved in each stage of restoring protein homeostasis.
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Surprisingly, the Hsp40 chaperones (Sis1, Apj1, and Ydj1) that are induced by Hsf1 are

dispensable for Hsf1 regulation individually and in combination (Figure 3.3)[37]. Given that

Sis1 is necessary for the basal repression of Hsf1 and is integral to HSR activation, it is

unexpected that Hsp40s are not involved in Hsf1 deactivation [30]. However, this result

provides a long-awaited reason for why Hsp70 (1000:1) must be induced beyond its high

basal levels for Hsf1 deactivation [26,68].

Hsf1 targets which do not affect Hsf1 regulation still may have a functional role in the

cell; to find targets that support growth resumption or other processes that affect fitness in

long term stress, we measure cell growth across the library of induction mutants. The screen

revealed that the induction of four Hsf1 target genes have a role solely in overall fitness during

heat shock (Apa1, Apj1, Ira2, Ydj1). Most of the induction mutants with Hsf1 regulation

defects had growth defects as well (5 out of 6). One induction mutant, Hsp42∆HSE, had

hyperactive Hsf1 initially during HS (Figure 3.5), but no defects in growth.

How does Hsp42 affect proteostasis and Hsf1 regulation? In this study, we find that Hsp42

induction is not necessary for Hsp104-aggregate clearance, or overall cell fitness. Hsp42 is a

protein sequestrase, necessary for protein condensate formation in the cytoplasm [29]. It is

believed that Hsp42 shields aggregated proteins from degradation and chaperone machinery,

so that chaperone and degradation systems are not overwhelmed by a sudden accumulation

of newly-synthesized upon stress. Consistent with the idea that Hsp42 shields Hsp70 from

aggregate proteins when the burden of aggregates is large, Hsp42∆HSE has especially hyper-

active Hsf1 in the initial minutes of heat shock and Hsp42 KO cells are especially sensitive

to Hsp70 depletion [52]. It is likely that induced Hsp42 directly buffers the recruitment of

Hsp70 to cytosolic aggregates upon HS, which we know does not affect cell fitness but does

affect Hsf1 activity. We hope further investigations can document the chaperones which

are Hsf1 target genes – Sis1, Btn2, Hsp104, Hsp42, Fes1 – as they arrive and depart from

protein aggregates. Which proteins arrive first and which are necessary for the recruitment
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or release of the others?

To investigate the mechanism behind the slow growth phenotype in the hyperactive Hsf1

induction mutants, we started by looking for signs of disrupted protein homeostasis. As ex-

pected, most induction mutants with Hsf1 hyperactivity and fitness defects also had defects

in cytosolic protein homeostasis, which the HSR is known to monitor and maintain. There-

fore, Hsf1 hyperactivity in the induction mutants with the triple phenotype (defects in Hsf1

activity, fitness, and protein homeostasis) is due to disrupted cytosolic protein homeostasis.

The one exception was Gre3∆HSE (Figure 3.5A), which had an overall fitness defect but

normal cytosolic proteostasis (Hsp104 foci comparable to WT during stress). The Gre3∆HSE

phenotype indicates that the Hsf1 transcriptome may be sensing and maintaining additional

processes outside of cytosolic protein homeostasis. Future investigations should explore the

role of Hsf1 target gene induction in response to other stressors, which may disrupt processes

outside of cytosolic protein homeostasis. Are different Hsf1 targets more important for

HSR deactivation in osmotic stress or oxidative stress, compared to in heat stress? These

investigations will further reveal whether the conserved induction of transcriptional targets

in a regulon all have an adaptive role.

3.5 Methods

3.5.1 Strain construction

To create the library of P2A-mscarlet tagged strains, we introduce a P2A-mscarlet-KAN

cassette with homologous flanking ends and plate on kanamycin selective media. Successful

transformants were verified by flow cytometry. To create ∆HSE induction mutants, we delete

the 9-25 bp Hsf1-binding consensus sequence by scarless CRISPR-Cas9 targeted deletion.

The closest match to the Hsf1 binding motif (nnTTCnnGAA) is located under the 5 min

heat shock Hsf1 ChIP-seq peak from our previous study[102]. Generally, we found one
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strong consensus sequence under the singular Hsf1 ChIP-peak 200-300 bp ahead of the TSS.

We delete the ChIP-verified consensus sequence, in the established library of P2A-mscarlet

parent lines. Cell line construction involved cloning a guide RNA, which will target the

Hsf1 binding site, into an episomal, URA3-marked, Cas9- containing plasmid. The guide

RNA plasmid was co-transformed with a 100 bp double-stranded repair template to repair

the double stranded break by homologous recombination, and yeast were plated on ura-

selective media. HSE deletion was confirmed by Sanger sequencing. Finally, the cell lines

were plated on 5-FOA selective media to expel the Cas9::ura3 plasmid.

Though our P2A-mscarlet reporter strategy is tagless, it caused abnormal basal Hsf1

activity in a few lines, probably because the C terminal linker inhibits protein function. So,

another library of ∆HSE induction mutants in our original parent line w303a; HSE-mVenus

is used in all experiments beyond the initial target gene transcription dynamics study (Figure

3.1, Figure 3.2B,C). All strains are derived from the W303a parent strain.

3.5.2 Heat shock time course

Cells were serially diluted and grown overnight on the benchtop at room temperature (25°C)

in 1xSDC media. In the morning, cells were transferred to microcentrifuge tubes and aerated

by shaking (1250 RPM) at 30°C for one hour.

Centrifuge tubes were then transferred to a shaking incubator at heat shock temperature

(39°C). At each time point (0, 5,10,15, 30, 60, 90, 120, 180, 240 minutes), 50 uL of cells were

transferred to a 96 well plate of 1xSDC at 50 ug/mL final concentration cycloheximide on

the benchtop. After the time course, the plate was incubated at 30°C for 1 hour to promote

fluorescent reporter maturation before flow cytometry.
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3.5.3 Flow cytometry

Cells were measured with the BD Fortessa HTS 4-15 benchtop analyzer at the University of

Chicago Cytometry and Antibody Technology Facility. Analysis was completed in FlowJo:

fluorescence excitation value for each cell was normalized by side scatter for each cell to

filter out signal from dead cells, and the median normalized fluorescence excitation value

was calculated for each sample.

3.5.4 Quantitative growth assay

Cells were grown overnight shaking in 1xYPD at 30°C. In the morning, cells are diluted to

OD600=0.1 in 1xYPD and transferred to a 48-well plate. Cells are grown while shaking in the

SPECTROstar Nano® Absorbance Plate Reader at 30°C for four hours, then at 37°C for 20

hours, and optical cell density is measured every 20 minutes. The initial four hour incubation

at 30°C before heat shock yields more consistent results across biological replicates.

3.5.5 Heat shock time course and imaging

Cells were grown in 2xSDC media at 30°C shaking overnight. In the morning, cells are

diluted to OD600=0.1 and grown at 30°C shaking for 4 hours to reach log phase growth.

200 uL of cells are transferred to a microcentrifuge tube in the cell shaker at 39°C. At each

time point, cells are fixed in 1% paraformaldehyde, then washed and imaged in KPIS media

(1.2 M sorbitol, 0.1 M potassium phosphate, pH 7.5) Fixed cells are imaged on the Marianas

Leica II Spinning Disk Confocal microscope at the University of Chicago Imaging Core. A

single z stack is captured and analyzed for each frame. A minimum of 20 cells are quantified

at each time point in ImageJ.
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3.5.6 Image quantification

Imagej is used for all image quantification. Hsp104 foci in each cell are identified using

Intermodes thresholding of each cell. Hsp70 and Sis1 foci are identified using the Triangle

threshold. To determine the bounds of the nucleus, a ROI is drawn by hand based on the

bounds of the nuclear membrane, marked by Sec61-mscarlet.
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3.6 Supplementary Figures

Figure 3.7: Wild type HS-induced expression dynamics of the Hsf1 target genes, grouped
by function
A) Relative expression dynamics for Hsf1 target genes, captured with mScarlet fluorescent
reporter, at 39°C. Hsf1 target genes are grouped by putative gene function. Average +/-
SD, n=3. B) Fold change in mScarlet expression reporter for each Hsf1 target gene after 4
hr HS (normalized to non-stress mScarlet level). Average +/- SD, n=3.
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Figure 3.9: Validating Ydj1 and Apj1 induction mutants
A) Basal Apj1 expression measured by mScarlet fluorescence in Apj1∆HSE vs WT. Aver-
age +/- SD, n=3. ****P<0.0001. B) Basal Hsf1 activity measured by HSE-YFP fluores-
cent reporter in Apj1∆HSE vs WT. Average +/- SD, n=3. Non-significant (ns), P>0.05.
C) Fine tuning Ydj1 expression level. Relative basal HSE-YFP (normalized to basal HSE-
YFP in WT) when Ydj1 is expressed under non-inducible promoters of various strengths.
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Figure 3.10: Additional quantitative growth assays
A-B) Quantitative growth assays during HS (37°C). C) Quantitative growth assay of the
induction mutants (∆HSE) that had fitness defects at 37°C. Lines are grown at optimal
growth temperature (30°C). Average +/- SD, n=2. D) Quantitative growth assays of J
domain induction mutants (single, double and triple mutants) during HS (37°C). Average
+/- SD, n=2.
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CHAPTER 4

ADAPTIVE PRESERVATION OF ORPHAN RIBOSOMAL

PROTEINS DURING STRESS IN CHAPERONE-STIRRED

CONDENSATES

This chapter is in revision at Nature Cell Biology and is available publicly as: Ali et al. 2023,

bioRxiv. [6] I conducted the differential expression RNA-seq analysis and the quantitative

growth assays that appear in this work.

4.1 Abstract

Ribosome biogenesis is among the most resource-intensive cellular processes, with ribosomal

proteins accounting for up to half of all newly synthesized proteins in eukaryotic cells. During

stress, cells shut down ribosome biogenesis in part by halting rRNA synthesis, potentially

leading to massive accumulation of aggregation-prone “orphan” ribosomal proteins (oRPs).

Here we show that during heat shock in yeast and human cells, oRPs accumulate as reversible

condensates at the nucleolar periphery recognized by the Hsp70 co-chaperone Sis1/DnaJB6.

oRP condensates are liquid-like in cell-free lysate but solidify upon depletion of Sis1 or

inhibition of Hsp70. When cells recover from heat shock, oRP condensates disperse in

a Sis1-dependent manner, and their ribosomal protein constituents are incorporated into

functional ribosomes in the cytosol, enabling cells to efficiently resume growth.

4.2 Introduction

Cells must double their ribosome content each division cycle, and ribosome biogenesis may

be rate-limiting for proliferation [73,82,119,137]. In yeast, where eukaryotic ribosome bio-

genesis has been most thoroughly studied, ribosomal proteins (RPs) account for >40% of all
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newly synthesized proteins under nutrient-rich conditions [54,120]. This huge investment of

resources results in the synthesis of more than 105 RPs each minute [120,137]. To assemble a

mature yeast ribosome, 79 RPs must stoichiometrically associate with four ribosomal RNA

(rRNA) molecules to form the large 60S and small 40S subunits [140]. Many RPs cannot

adopt their native structures and are highly aggregation prone in the absence of rRNA [56].

This poses a challenge in the compartmentalized eukaryotic cell: rRNA is transcribed in the

nucleolus, while RPs are synthesized on ribosomes in the cytosol. Most RPs translocate from

the cytosol into the nucleolus, and specific karyopherins and dedicated chaperones known

as escortins mediate their transport [101]. Transcription of rRNA and the mRNAs encod-

ing RPs is coordinately regulated and rapidly repressed upon nutrient limitation or other

environmental stressors such as heat shock [38,39,114,121]. Given the rate of RP synthesis,

stress induced transcriptional attenuation would be predicted to result in an instantaneous

buildup of a massive excess of RPs relative to rRNA.

Several cellular mechanisms have been described that respond to “orphan” RPs (oRPs),

i.e., RPs that are mis-localized in the cell and/or not bound to rRNA [60]. Two distinct

pathways, mediated by the Tom1/HUWE1 and UBE2O ubiquitin ligases, recognize oRPs and

target them for proteasomal degradation [129,146]. Loss-of-function mutations in RP genes

– which result in stoichiometric imbalance among RPs and accumulation of oRPs – lead to a

class of human diseases known as “ribosomopathies” [93]. Mechanistically, the accumulation

of oRPs in ribosomopathies is thought to result in the sequestration and inactivation of the

ubiquitin ligase MDM2 that normally degrades p53, and the accumulation of p53 results

in cell cycle arrest and apoptosis [57]. In yeast, which lacks p53, accumulation of oRPs

activates a specific gene expression program [4,134]. This program involves downregulation

of RP genes and induction of the heat shock response (HSR), a transcriptional regulon

encoding chaperones and other protein homeostasis (proteostasis) factors [104]. The ability

of oRPs to activate the HSR suggests there may be a physiological connection between oRPs
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and the proteostasis network.

Here we demonstrate that oRPs accumulate and drive key early events in the cellular

response to heat shock. We find that oRPs interact with the J-domain protein (JDP) Sis1,

an essential regulator of the chaperone Hsp70. oRPs trigger the localization of Sis1 in yeast

and its homolog DnaJB6 in human cells to the periphery of the nucleolus upon heat shock.

Rather than targeting oRPs for degradation, Sis1 and Hsp70 maintain oRPs in dynamic

condensates that remain liquid-like in cell-free lysate. Following recovery from heat shock,

oRP condensates disperse, the RPs are incorporated into functional ribosomes in the cytosol,

and cells efficiently resume proliferation. By actively maintaining condensate reversibility,

Sis1 and Hsp70 preserve oRP functionality and conserve cellular resources during stress.

4.3 Results

4.3.1 Sis1 localizes to the nucleolar periphery during heat shock

To define the molecular species that drive the spatial reorganization of the proteostasis

network during heat shock, we focused on the J-domain protein (JDP) Sis1. Subcellular

re-localization of Sis1 represents the earliest known cell biological event following heat shock

in yeast [30]. We developed a four-color yeast strain to monitor Sis1 localization in live cells

with respect to the nucleolus, the nuclear boundary, the cortical endoplasmic reticulum, and

cytosolic protein aggregates marked by Hsp104. We imaged this strain in three dimensions

over a heat shock time course using lattice light sheet microscopy (Video S1). Prior to heat

shock, Sis1 was concentrated in the nucleoplasm and diffuse throughout the cytosol (Figure

4.1A). Acute heat shock at 39ºC resulted in re-localization of Sis1 from the nucleoplasm to a

region surrounding the nucleolus within 2.5 minutes (Figure 4.1A). Image analysis revealed

increased Sis1 peri-nucleolar localization in nearly all cells following 2.5 and 10 minutes of

heat shock (Figure 1B; Figure S1A; see methods). We additionally observed overlapping cy-
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tosolic foci containing Sis1 and Hsp104 that formed with delayed kinetics compared to Sis1

peri-nucleolar localization (Figure 4.1A; Figure 4.7B). Ongoing protein synthesis and/or

ribosome dynamics have been shown to contribute to activation of the heat shock transcrip-

tional response and to re-localization of Sis1 and Hsp104 [30,36,84,132,133]. Sis1 localization

to the nucleolar periphery and cytosolic foci formation was abolished following heat shock

upon pre-treatment with the translation elongation inhibitor cycloheximide (CHX) (Figure

4.1A,B; Figure 4.7B). Thus, ongoing translation drives Sis1 spatial dynamics during heat

shock – in the cytosol and within the nucleus.

4.3.2 Ribosomal proteins are a major class of Sis1 interactors during heat

shock

To identify proteins that Sis1 interacts with during heat shock, we utilized proximity-

dependent labeling and affinity capture coupled to mass spectrometry (MS). To achieve

this, we endogenously fused Sis1 to the engineered peroxidase APEX2 [53]. We heat shocked

cells expressing Sis1-APEX2 and performed the proximity labeling (see methods). Biolog-

ical replicates showed strong concordance in the abundance of the 698 proximity labeled

proteins reproduced across replicates and quantifiable above background (Figure 4.1C). The

data revealed that during heat shock, Sis1 is proximal to other chaperones, metabolic en-

zymes, translation factors, ribosome biogenesis factors, and – most prominently – ribosomal

proteins (RPs) (Figure 4.1C; Figure 4.7C).

To complement the proximity ligation approach, we performed immunoprecipitation (IP)-

MS of Sis1-3xFlag following heat shock in the absence and presence of CHX. Of the 247

proteins we reproducibly pulled down during heat shock with Sis1, 210 were depleted in the

CHX-treated cells relative to cells that were heat shocked in the absence of CHX (Figure

4.1D; Figure 4.7D). While interactions with other chaperones such as Hsp70 and Hsp104

were largely insensitive to CHX, the most abundant class of CHX-sensitive Sis1 interactors
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was RPs. Comparison of the set of APEX2-labeled Sis1 interactors with the set of CHX-

sensitive Sis1 interactors revealed an intersection of 178 proteins, 49 of which are RPs (Figure

4.1E,F). These proteomic results indicate that RPs are a major class of CHX-sensitive Sis1

interactors.

4.3.3 Sis1 interacts with orphan RPs at the nucleolar periphery upon heat

shock

The CHX-sensitivity of the interaction between Sis1 and RPs could result either from in-

teractions of Sis1 with actively cycling ribosomes (mature RPs) or from interactions of Sis1

with newly synthesized RPs. To distinguish these possibilities, we performed pulse-chase

experiments to selectively label either mature or new RPs. We endogenously tagged RPs of

the large (Rpl26a, Rpl25) and small ribosomal subunits (Rps4b, Rps9a) with the HaloTag

to enable labeling with cell-permeable haloalkanes, either a non-fluorescent “blocker” (7-

bromoheptanol) or fluorescent dye (JF646) (Figure 4.2A). To label mature RPs, we first

pulsed with JF646 and subsequently chased with blocker to mask any new RPs. Conversely,

we first added blocker to mask all the mature RPs and then added JF646 to label new RPs.

We pulled down Sis1-3xFlag under these two labeling schemes in the presence or absence

of heat shock. Despite the great excess of mature RPs in the input samples relative to the

new RPs, Sis1 co-precipitated only with the new RPs and only during heat shock (Figure

4.2B,C; Figure 4.8A).

Next, we imaged RPs with respect to Sis1. We endogenously tagged three large subunit

RPs (Rpl26a, Rpl25, and Rpl29) and three small subunit RPs (Rps4b, Rps9a, and Rps3) with

the HaloTag in the Sis1-mVenus background. Using the pulse-chase labeling scheme described

above, we imaged either mature or new RPs in live cells. Under nonstress conditions, all

newly synthesized RPs were immediately localized to the cytosol, demonstrating the rapidity

of ribosome biogenesis (Figure 4.8B). We heat shocked the cells for 10 minutes to cause both
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Figure 4.1: Sis1 localizes to the nucleolar periphery and interacts with ribosomal proteins
during heat shock
A) Lattice light sheet live-imaging of yeast cells with endogenously tagged Sis1-mVenus
(green), Hsp104-TFP (blue), Sec61-Halo (red) and Nsr1-mScarletI (white) under non-
stress (30°C), heat shock (39°C, 2.5 and 10 min) and pre-treated with cycloheximide
(CHX, 50µg/ml, 5min) followed by heat shock (39°C, 10 min). B) Single cell quantifica-
tion of Sis1 nucleolar proximity defined as the ratio of mean Sis1 intensity in the half of
the nucleus containing the nucleolus to the mean Sis1 intensity in the other half of the nu-
cleus. Statistical significance was determined by Brown-Forsythe and Welch ANOVA test
with multiple comparisons. ****P < 0.0001, ns (non-significant). C) Top: Schematic of in
vivo proximity labelling of Sis1-APEX2 followed by mass spectrometry analysis. Bottom:
Enrichment of proteins labeled by Sis1-APEX2 following HS in two biological replicates.
Ribosomal proteins highlighted in magenta. D) Top: Workflow to IP Sis1-3xFLAG follow-
ing heat shock (39°C, 10 min) pretreated with either vehicle or cycloheximide (50µg/ml, 5
min). Bottom: Volcano plot demonstrating magnitude and statistical significance of cyclo-
heximide sensitivity of Sis1 interactors. E) Venn diagram of proteins identified in (C) and
(D). F) Gene ontology terms enriched among the 178 intersection proteins from (E).
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Sis1 cytosolic foci formation and peri-nucleolar Sis1 accumulation. Mature RPs formed

neither cytosolic foci nor peri-nucleolar structures, and the Sis1 cytosolic foci localized away

from mature ribosomes (Figure 4.2D-G; Figure 4.8C-F). By contrast, new Rpl26a, Rpl25,

Rps4b and Rps9b – which are all incorporated into ribosomal subunits in the nucleolus

[140] – accumulated at the nucleolar periphery as mis-localized oRPs that colocalized with

Sis1(Figure 4.2D-G; Figure 4.8C,D). However, new Rpl29 and Rps3 – which are incorporated

into their respective ribosomal subunits at a late stage of biogenesis that occurs in the cytosol

[140] – neither localized to the nucleolar periphery nor co-localized with Sis1 (Figure 4.8E,F).

These observations suggest that oRPs accumulate at the nucleolar periphery with Sis1 during

heat shock provided that the RP is incorporated into ribosome assembly in the nucleolus.

4.3.4 DnaJB6 co-localizes with newly synthesized RPL26 in human cells

during heat shock

The human JDP DnaJB6 is likely to be the functional homolog of Sis1 in human cells

[66]. To determine whether DnaJB6 co-localizes with RPs during heat shock, we obtained

HCT116 human cells with a Halo-tagged copy of RPL26 integrated into the genome [7]. We

followed a similar pulse-labeling protocol in the HCT116 cells as we used in yeast (Figure

4.2A), fixed the cells following heat shock, and stained with antibodies against DnaJB6 and

NPM1 to mark the periphery of the nucleolus. As in yeast, mature RPL26 was primarily

localized to the cytosol, though some was detectable colocalizing with NPM1 (Figure 4.2H).

Mature RPL26 showed partial colocalization with DnaJB6 during heat shock (Figure 4.2H,I).

However, as in yeast, newly synthesized RPL26 was highly concentrated at the periphery of

the nucleolus and colocalized with DnaJB6 (Figure 4.2H,I). Thus, in yeast and human cells,

heat shock triggers the peri-nucleolar accumulation of oRPs that colocalize with homologous

JDPs.
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Figure 4.2: Orphan ribosomal proteins interact with Sis1/DnaJB6 at the nucleolar
periphery
A) Workflow for in vivo pulse-labeling of mature and new ribosomal proteins. B) IP of
Sis1-3xFLAG and either mature or new Rpl26a-Halo from cells left unstressed or heat
shocked at 39°C for the indicated times. C) As in (B), but for Rps4b-Halo. D) Lattice
light sheet live imaging of yeast under heat shock (39°C, 10 min) expressing Sis1-mVenus
and labeled for either new or mature Rpl26a-Halo. The dashed line indicates the cellular
boundary. E) As in (D), but for Rps4b-Halo. F) Colocalization (Mander’s overlap coeffi-
cient) of Sis1-mVenus with either mature or new Rpl26a-Halo in heat shocked cells (39°C,
10 min). G) As in (F), but for Rps4b-Halo. P values were calculated with a two-tailed
Welch’s t-test. ****P < 0.0001. H) Human HCT116 cells stably expressing RPL26-Halo
labeled for mature or new RPL26 and heat shocked (43°C for 30 min). Cells were fixed
and immunostained for DnaJB6 and NPM1. Dashed line indicates the nuclear bound-
ary. I) Colocalization (Mander’s overlap coefficient) of DnaJB6 with either mature or new
RPL26-Halo in heat shocked cells (43°C, 30 min). P values were calculated with a two-
tailed Welch’s t-test. ****P < 0.0001.
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4.3.5 RP production is required for peri-nucleolar recruitment of

Sis1/DnaJB6

To determine whether oRPs drive Sis1 peri-nucleolar localization during heat shock, we uti-

lized auxin inducible degradation to acutely deplete Ifh1, a transcription factor required for

the expression of RPs in yeast [115]. Depletion of Ifh1 impaired cell growth, and mRNA deep

sequencing under nonstress conditions revealed that acute loss of Ifh1 resulted in reduced ex-

pression of RP mRNAs with few other changes to the transcriptome (Figure 4.3A,B). Upon

heat shock, cells depleted for Ifh1 showed reduced transcriptional induction of Hsf1-regulated

genes without alterations in other stress response genes (Figure 4.3C; Figure 4.9A,B). On av-

erage, Hsf1 targets were reduced 25% in Ifh1-depleted cells, suggesting that newly synthesized

RPs contribute to activation of the heat shock response. While the effect of Ifh1-depletion on

the heat shock response was relatively modest, loss of Ifh1 nearly abolished Sis1 localization

to the nucleolar periphery during heat shock in most cells (Figure 4.3D,E). However, Ifh1

depletion did not prevent formation of Sis1 cytosolic foci during heat shock, demonstrating

a specific effect on peri-nucleolar Sis1 (Figure 4.9C,D). In HCT116 cells, we used the mTOR

inhibitor torin-1 to reduce expression of RPs [131], and this treatment prevented heat shock

induced localization of DnaJB6 to the nucleolar periphery in most cells (Figure 4.3F,G).

These data suggest that oRPs recruit Sis1/DnaJB6 to the nucleolar periphery during heat

shock.

4.3.6 oRPs form dynamic condensates with Sis1 during heat shock

We next performed time-lapse 3D lattice light sheet imaging of new Rpl26a to observe spa-

tiotemporal dynamics of oRPs during heat shock with respect to the nucleolus and Sis1. Over

a sustained heat shock, new Rpl26a and Sis1 remained localized at the nucleolar periphery

in dynamic clusters that rapidly reorganized via fission and fusion (Video S2; Figure 4A).

The fluorescence signal remained nearly constant over time, suggesting that these clusters
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Figure 4.3: Ribosomal proteins drive Sis1/DnaJB6 localization to the nucleolar periphery
A) Dilution series spot assay of yeast cells expressing Ifh1-mAID with or without estradiol
inducible OsTIR1(F74G) spotted on to rich medium supplemented with either estradiol
(1µM) alone or with 5ph-IAA (5µM) grown for 48 hr. B) Scatter plot of RNA seq data
from Ifh1-mAID/OsTIR1(F74G) treated with estradiol alone or along with 5phIAA for 30
min. Ribosome biogenesis factors (RiBi, cyan) and ribosomal protein genes (RPGs, ma-
genta) are highlighted. C) Ifh1-dependent fold change in expression in heat shocked cells
showing a reduction in Hsf1 target gene induction but not Msn2 target induction. D) LLS
imaging of the distribution of Sis1-mVenus in non-stressed cells, heat shocked cells, and
heat shocked cells depleted for Ifh1. E) Quantification of Sis1 nucleolar proximity during
heat shock in cells with Ifh1 and following Ifh1 depletion. Statistical significance was de-
termined by Brown-Forsythe and Welch ANOVA test with multiple comparisons. ****P <
0.0001, ns (non-significant). F) Immunostaining of HCT116 cell lines for DnaJB6 (green)
and NPM1 (Blue) under nonstressed, heat shocked (43°C, 30min) and heat shock of cells
pretreated with Torin1 (300nM, 30 min). G) Quantification of colocalization (Mander’s
overlap coefficient) of NPM1 and DnaJB6 in single cells in the conditions in (F). Statisti-
cal significance was determined by Brown-Forsythe and Welch ANOVA test with multiple
comparisons. ****P < 0.0001, *P 0.0248
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are stable and are not sites of degradation (Figure 4.10A,B). We will refer to these clusters

as “oRP condensates”. To probe the sensitivity of oRP condensates to alcohols known to

disrupt certain other biomolecular condensates, we treated cells with 2,5-hexanediol (HD)

and 1,6-HD. 2,5-HD had no effect on Sis1 or new Rpl26a localization (Figure 4.4B). How-

ever, while treatment with 1,6-HD did not disrupt Rpl26a clustering, it resulted in loss of

Sis1 peri-nucleolar localization (Figure 4.4B). This differential sensitivity to 1,6-HD suggests

that the interactions that target Sis1 to oRPs are biophysically distinct from the interac-

tions among the oRPs themselves. Remarkably, Sis1 localization to oRPs was restored upon

washout of 1,6-HD (Figure 4.4B).

4.3.7 Hsp70 activity maintains the liquid-like dynamics of oRP

condensates in cell-free extract

To interrogate the biochemical and biophysical properties of oRP condensates, we developed

an assay to observe them in crude cell lysate. We labeled mature and new Rpl26a and

Rps4b in cells co-expressing Sis1-mVenus, heat shocked the cells, and resuspended cryo-

milled lysate in buffer with the chemical composition of yeast cytoplasm (see methods). In

the lysate, mature RPs showed diffuse signal, but new Rpl26a and Rps4b were concentrated

in round condensates that colocalized with Sis1-mVenus (Figure 4.4C). Condensates were

nearly absent in lysate from non-heat shocked cells (Figure 4.10C). Addition of RNAse to

the lysate did not disrupt the condensates, and addition of RNA-specific dye revealed that

the condensates exclude RNA, demonstrating that the RPs are orphaned from rRNA (Figure

4.10D,E). We observed both fusion and fission of oRP condensates in the lysate (Figure 4.4D).

To determine whether maintenance of oRP condensates required ATP, we added apyrase to

hydrolyze ATP in the lysate. ATP depletion resulted in loss of round condensates and the

formation of larger amorphous aggregates (Figure 4.4E). Since Sis1 activates ATP hydrolysis

by Hsp70, we wondered whether Hsp70 activity might contribute to the requirement for ATP.
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Indeed, addition of the Hsp70 inhibitor VER-155008 phenocopied ATP depletion, resulting

in the formation of large irregular clumps of Rpl26a (Figure 4.4E).

We collected high frame rate time-lapse videos of the oRP condensates in lysate in the

presence and absence of the Hsp70 inhibitor to measure the dynamics of oRPs within the con-

densates. Across a hundred timepoints from thousands of pixels, we quantified the variance

in Rpl26a fluorescence over time for each pixel as a metric for the movement of molecules

within a condensate. High variance indicates that a condensate is dynamically rearranging

and therefore more liquid-like, while low variance indicates that a condensate is less dynamic

and more solid-like. Pixels in individual condensates showed large variance in untreated

lysate and much lower variance in the Hsp70-inhibited lysate (Figure 4.4F,G). Collective

analysis of all pixels revealed that Hsp70 inhibition significantly reduced the pixel variance

(Figure 4.4H). Thus, Hsp70 inhibition in lysate makes oRP condensates less dynamic and

more solid-like.

The liquid-like character of the oRP condensates in lysate prompted us to ask whether

they might be reversible upon recovery from stress in cells. We pulse labeled new Rpl26a

and Rps4b with JF646, heat shocked the cells for 5 minutes, and chased with excess blocker

in media either at 39ºC for a sustained heat shock or 30ºC to monitor recovery (Figure

4.5A). Imaging revealed that while the oRP condensates persisted at 39ºC, cells allowed to

recover at 30ºC showed Rpl26a and Rps4b signal disperse to the cytosol within 7.5 minutes

(Figure 4.5B-D;Figure 4.11A,B). Greater than 85% of the Rpl26a and Rps4b signals that

were localized at the nucleolar periphery during heat shock can be accounted for in the stably

in cytosol after recovery, suggesting there is little degradation of oRPs upon recovery (Figure

4.11C). We observed the same re-localization of the signal of pulse-labeled RPL26 from the

nucleolar periphery to the cytosol in human HCT116 cells following recovery (Figure 4.5E,F).

Given the cytosolic localization of pulse labeled RPs following recovery, we hypothesized

that the RPs were being incorporated into mature ribosomes. To test this, we performed
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Figure 4.4: oRPs form dynamic condensates that are stable in cell-free extracts
A) 4D LLS imaging of Sis1-mVenus (green) and oRpl26 (magenta). B) Effect of 1,6-HD
and 2,5-HD on Sis1 localization and oRP condensates. Cells were heat shocked for 10 min
and incubated with either 5% 1,6 HD or 2,5 HD for 2 min. 1,6-HD was washed out for an
additional 2 min at heat shock temperature and cells were imaged again. C) Imaging of
mature and new Rpl26a-Halo and Rps4b-Halo along with Sis1-mVenus in cell-free lysate
from heat shocked cells. D) Time lapse imaging of heat shocked cell-free lysate depicting
fission and fusion of oRpl26a droplets. E) Depletion of ATP (apyrase, 0.05units/µl) or in-
hibition of Hsp70 (VER 155008, 50µM) activity in the lysate resulted in the formation of
irregular clumps of oRpl26a. F) Heat map representing the variation in pixel intensity over
time within the heat shock induced oRpl26a condensate and upon Hsp70 inhibition. G)
Intensity over time of the most variable pixel in an oRpl26a condensate in lysate with and
without Hsp70 inhibition. H) Distribution of pixel variance of oRpl26a in condensates over
time in lysate with and without Hsp70 inhibition. P values were calculated with a two-
tailed Welch’s t-test. ****P < 0.0001.
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Figure 4.5: oRP condensates are reversible upon recovery from heat shock
A) Workflow to evaluate the fate of oRPs during sustained heat shock or recovery. B)
Representative live-cell time lapse images of the spatial distribution of oRpl26a (magenta)
and Sis1-mVenus (green) during sustained heat shock. C) As in (B) but following recov-
ery from heat shock. D) Quantification of the fraction of cytosolic Rpl26a signal under
sustained HS or recovery. Statistical significance was determined by Brown-Forsythe and
Welch ANOVA test with multiple comparisons. ****P < 0.0001, ns (non-significant). E)
Polysome profiles of yeast expressing Rpl26a-Halo during nonstress, heat shock and recov-
ery conditions. F) In-gel fluorescence of oRpl26a across the polysome profile in heat shock
and recovery. G) Localization of oRPL26 (magenta) in HCT116 cells following heat shock
and recovery. Cells were fixed and immunostained for DnaJB6 (green) and NPM1 (blue).
H) Quantification of the fraction of cytosolic RPL26 in HCT116 cells under sustained HS
or recovery.
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polysome profiling of lysate from unstressed yeast cells, heat shocked cells, and cells that

had been heat shocked and allowed to recover. Consistent with previous reports [21,46],

we observed an increase in monosomes and a decrease in polysomes in heat shocked cells

compared to unstressed cells that was completely reversed upon recovery (Figure 4.5G). In

the heat shocked sample, we observed pulse labeled Rpl26a in the top layer fraction of cellular

components not incorporated in or associated with ribosomes, consistent with it being an

oRP (Figure 4.5H). By contrast, Rpl26a sedimented in the heavy polysome fractions in cells

allowed to recover after heat shock (Figure 4.5H). Together, the cytosolic localization and co-

sedimentation with polysomes suggest that RPs orphaned at the nucleolar periphery during

heat shock are incorporated into functional ribosomes upon recovery.

Since Sis1 localizes to the oRP condensates, and Hsp70 activity was required to main-

tain the liquid-like character of the oRP condensates in lysate, we next asked whether the

Sis1/Hsp70 chaperone system was also required for the dispersal of the condensates when

cells recover from heat shock. Rather than mutating or inhibiting Hsp70 – which would have

pleiotropic effects due to the diversity of processes in which Hsp70 participates – we utilized

the “anchor away” approach we had previously established to conditionally deplete Sis1 from

the nucleus [30]. We generated RP-Halo strains in the Sis1 anchor away background and ei-

ther left the cells untreated (Sis1+) or depleted Sis1 from the nucleus (Sis1-depleted). Then

we pulse labeled new Rpl26a and Rps4b, heat shocked the cells at 39ºC, returned the cells

to the recovery temperature of 30ºC, and imaged the RPs with respect to the nucleolus over

time. In the Sis1+ condition, Rpl26a and Rps4b rapidly dispersed from the nucleolar pe-

riphery into the cytosol (Figure 4.6A,B;Figure 4.12A,B). However, in the Sis1-depleted cells,

the RPs remained adjacent to the nucleolus upon recovery (Figure 4.6A,B;Figure 4.12A,B).

Consistent with a connection between the reversibility of the oRP condensate and their

liquid-like internal dynamics, new Rpl26a formed amorphous solid-like aggregates in lysate

from Sis1-depleted cells (Figure 4.6C,D). These data suggest that Sis1 recruitment to the
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Figure 4.6: oRP condensate reversibility requires Sis1 and promotes fitness
A) LLS imaging of oRPl26a (magenta) and the nucleolar marker Nsr1 (blue) during heat
shock and recovery in the absence or presence of Sis1 depletion. B) Quantification of the
fraction of cytosolic Rpl26a under sustained HS or recovery in the absence or presence of
Sis1 depletion. P values were calculated with a two-tailed Welch’s t-test. ****P < 0.0001.
C) Depletion of Sis1 resulted in formation of irregular clumps of Rpl26a in lysate. D) Dis-
tribution of pixel variance of Rpl26a in condensates over time in control lysate and lysate
with Sis1 depletion. Control lysate distribution replotted from Figure 4.4A. P values were
calculated with a two-tailed Welch’s t-test. ****P < 0.0001. E) Workflow of growth assay
following recovery. F) Growth curve of cells following recovery from heat shock in the ab-
sence or presence of transient Sis1 depletion. Mean and standard deviation of 3 biological
replicates are plotted.
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nucleolar periphery during heat shock is required to maintain the liquid-like properties of

oRP condensates and enable them to be dispersed and utilized to restart ribosome biogenesis

upon recovery from stress.

To determine whether preserving oRPs during stress might promote fitness, we performed

growth measurements of cells during recovery from heat shock (Figure 4.6E). We either left

Sis1 in the nucleus or transiently depleted it and heat shocked the cells. After 20 minutes of

heat shock, we allowed Sis1 to return to the nucleus in the cells in which it had been depleted

and measured growth over time under non-heat shock conditions. In the Sis1+ cells, we

observed immediate resumption of growth at a constant doubling rate that persisted until

the cells plateaued after 300 minutes (Figure 4.6F). The cells in which Sis1 was transiently

depleted showed slower growth and did not plateau until after 600 minutes (Figure 4.6F).

This result suggests that reversibility of oRP condensates contributes to resumption of rapid

growth upon recovery from stress (Figure 4.6G).

4.4 Discussion

Upon exposure to a broad range of environmental stressors, cells rapidly inactivate ribosome

biogenesis by repressing transcription of rRNA and RP mRNAs [38,39,114,121]. Limiting

production of ribosomes limits proliferation [137], providing a general mechanism for cells

to simultaneously slow growth during stress and free up resources to mount an adaptive re-

sponse. However, instantaneous transcriptional repression may leave newly synthesized RPs

orphaned from rRNA due to the compartmentalization of RP synthesis in the cytosol and

rRNA production in the nucleolus. Here we show that heat shock triggers the accumula-

tion of oRPs at the periphery of the nucleolus in yeast and human cells. Rather than being

degraded or forming toxic aggregates, we find that oRPs form dynamic condensates that pre-

serve RPs for future use upon recovery from stress. oRP condensates retain their liquid-like

dynamics in lysate and their reversibility in cells by virtue of the Sis1 and Hsp70 chaperones.
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We propose that a “chaperone-stirring” mechanism enables cells to rapidly restart ribosome

biogenesis and efficiently resume proliferation when conditions improve.

Like stress-induced condensates formed by the translation factors Pab1 and Ded1 [55,107],

oRP condensates appear to play an adaptive role in the yeast stress response. For Pab1 and

Ded1, the ability to undergo temperature-dependent phase separation has been linked to

fitness. For oRPs, it does not appear to be formation of the condensates per se but their

reversibility that confers a fitness advantage. Our data suggest that active engagement of

Sis1 and Hsp70 with the condensates maintains the RPs in a usable state. We envision that

a sudden buildup of oRPs drives initial condensation, but such assemblies would quickly

become amorphous aggregates without Sis1 and Hsp70. Sis1 and Hsp70 in collaboration

with other chaperones have been shown to efficiently disperse Pab1 condensates [148], and

Hsp70 has been implicated in repressing transcriptional condensates formed by the HSR

regulator Hsf1 [23]. The additional role we identify here in maintenance of oRP condensates

suggests that Sis1 and Hsp70 may broadly surveil and remodel biomolecular condensates

during stress.

We have yet to perform detailed analysis of the conservation, composition, properties,

and regulation of oRP condensates. We provide initial evidence that formation of reversible

oRP condensates during heat shock is conserved in human cells, but we have not monitored

the human oRP condensates live, nor have we assessed their biophysical properties in hu-

man cell lysate. The relationship between oRP condensates and the nucleolus – which has

itself been shown to function as a proteostasis compartment in human cells [33] – should

also be explored. In yeast, we do not know whether any other proteins in addition to

Sis1 co-localize with oRP condensates. Moreover, we did not distinguish whether each RP

species forms its own homotypic condensates or whether multiple distinct RPs intermix in

heterotypic assemblies. If the condensates do contain multiple RPs, do they organize into

sub-assemblies that are incorporated together in the ribosome biogenesis process? While
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RNA is not a constituent of the oRP condensates, rRNA may drive condensate dispersal by

specifically binding to the RPs. We have not yet assessed the range of heat shock tempera-

tures that drive condensate formation, nor how pH or other physicochemical features of the

environment affect the condensates. Beyond heat shock, it will be important to determine

whether other perturbations trigger oRP condensate formation and whether repression of

rRNA transcription is sufficient. Finally, it will be necessary to establish rules for when the

ubiquitin-proteasome system degrades oRPs and when they form condensates.

Our data suggest a direct connection between the biophysical properties of oRP con-

densates and fitness. We established this connection by depleting Sis1 from the nucleus,

which solidified oRP condensates in lysate, rendered them irreversible in cells, and slowed

proliferation upon recovery from heat shock. A caveat to these experiments is that depleting

Sis1 may have pleiotropic effects on the proteostasis network. However, if our interpreta-

tion is correct, then solidification of oRPs impairs growth. Loss of liquid-like properties has

been associated with neurodegenerative disease-associated condensates [2,3], so it is possi-

ble that solidification of oRP condensates may play an analogous role in ribosomopathies.

Alternatively, solid oRP aggregates may be nontoxic but simply unusable, slowing growth

by wasting resources. In healthy cells, oRP condensates define proteostasis hubs that play

an adaptive role in the stress response. The chaperone-stirring mechanism that sustains

the liquid-like properties of the oRP condensates may function more broadly to transform

potentially deleterious aggregates into benign condensates with adaptive potential.
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4.7 Methods

4.7.1 Yeast strain construction and cell growth

Yeast strains used in this study are catalogued in Table S1. All strains are derivatives of

W303, and fluorescent protein and epitope tags are integrated into the genome mostly using

scarless CRISPR/Cas9 gene editing method. Yeasts were cultured in rich glucose medium

(YPD) or appropriate synthetic complete (SC) drop-out media at 30°C. For lattice light sheet

imaging cells were cultured in SDC-riboflavin and folic acid to minimize autofluorescence.
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4.7.2 Pulse labeling of newly synthesized or mature Halo-tagged ribosomal

proteins (yeast)

To visualize newly synthesized ribosomal proteins, corresponding strains having ribosomal

proteins fused with HaloTag7 (codon optimized for S. cerevisiae) were grown till O.D 0.3-

0.6 and incubated with non-fluorescent Halo tag ligand 7-bromo-1-heptanol (7BRO, 100µM,

VWR #AAH54762) for 10 min to irreversibly mask all the pre-existing ribosomal proteins.

Subsequently excess ligands were extensively washed away (3X) with fresh media under

shaking for 1 min. Cells were incubated with the Janelia Fluor 646 Halo tag ligand (JF646,

1µM, Promega#GA1120) in media at 30°C or 39°C and started live-imaging. Conversely,

to label and visualize old ribosomal proteins yeast were incubated with 10µM JF646 Halo

dye for 10 mins. Excess dyes were washed away, and further labeling with dye is prevented

by addition of 100µM 7BRO.

4.7.3 Acute depletion of Ifh1

Genomic IFH1 was fused in frame with mini auxin inducible degron (miniAID) at its C ter-

mini using CRISPR/Cas9 gene editing. Estradiol inducible OsTIR1(F74G) was introduced

at the leu2 locus. Acute and non-leaky depletion of Ifh1 is achieved by co-treatment with

β-estradiol (1µM, Sigma #E8875) and 5ph-IAA (5µM, MedChemExpress #HY-134653) for

30 min.

4.7.4 Transient Sis1 depletion and quantitative growth assay

1 µM rapamycin (Sigma #R8781) was used to anchor away Sis1-FRB in a rapamycin-

resistant background (TOR1-1 fpr1∆) having Rpl25-FKBP. Three biological replicates of

Sis1-FRB/Rpl25-FKBP strain were grown at 30°C overnight in 2xSDC media, then diluted

to OD 0.05 in the morning. Cells were growth for 5 hours at 30°C until OD reached 0.2. Each
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biological replicate was split into two tubes, corresponding to conditions DMSO pretreated

followed by HS (39°C, 20 min) only or rapamycin pre-treated (1µM, 10 min) followed by

HS (39°C, 20 min). All cell samples were then washed three times with 2xSDC media,

resuspended in 2xSDC to final OD 0.1, and OD measurements taken every 20 minutes for

the next 24 hours while shaking at 30°C.

4.7.5 Human cell culture

HCT116 and HCT116 RPL26-Halo were grown in Dulbecco’s modified Eagle’s medium

(DMEM, high glucose and pyruvate) supplemented with 10% (vol/vol) fetal bovine serum,

1X GlutaMAX and 100 units of penicillin and streptomycin, and maintained in a 5% CO2

incubator at 37°C. All cell lines were found to be free of mycoplasma using the MycoAlert®

PLUS Mycoplasma Detection Kit (Lonza #LT07-703).

4.7.6 Conditioned media heat shock treatment

Heat shock with conditioned media was performed essentially following Mahat et al. 2016

[80]. Briefly, two sets of cell plates were grown identically at 70-80% confluence. Conditioned

media from the first cell plate was collected and prewarmed to 43°C in bead bath. The cells

on this plate were discarded. Once the conditioned media were heated to 43°C, conditioned

media from the second cell plate were discarded and replaced with heated conditioned media

collected from the first cell plate and immediately placed in a 43°C incubator with 5 % CO2.

4.7.7 Pulse labeling of new or mature Halo-tagged ribosomal proteins

(human cell lines)

HCT116-RPL26-Halo strain were seeded on 24-well plates 30 hr prior to experiment. To

visualize newly synthesized RPL26 cells, pre-existing RPL26 were masked by incubation with
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non-fluorescent irreversible Halo ligand (7-bromo-1-hepatanol, 100µM) for 15 min. Cells were

washed with complete DMEM for 3 times under shaking for 2 min. Cells were then treated

with JF646 Halo dye (1µM) mixed with prewarmed conditioned media and heat shocked as

indicated. Conversely to label pre-existing RPL26, cells were incubated with JF646 Halo

dye (10µM) for 15 min. After extensive washing further labelling is prevented by addition

of 100µM 7BRO.

4.7.8 Immunofluorescence of HCT116 cells

HCT116 RPL26-Halo cells were seeded at 0.8 × 105 cells/ml on poly-Lysine-coated cover-

slips 30h prior to experiment. Cells were fixed with fixative solution (4% paraformaldehyde,

4% sucrose in 1XPBS) for 5 min. Fixed cells were washed with 1XPBS and fixation was

quenched with 125mM glycine. Thereafter, cells were permeabilized with 0.1% Triton-X100

followed by blocking with 5% normal goat serum in 1X PBS. DnaJB6 was stained by incu-

bating cells overnight with 1:100 dilution polyclonal rabbit DnaJB6 antibody (ThermoFisher

#PA5-27577). Nucleolus was stained by incubating with 1:1000 dilution of mouse mono-

clonal NPM1 antibody (ThermoFisher #FC-61991). Cells were then washed with 1XPBS

and fluorescently labeled with goat–anti-rabbit 488 and goat–anti-mouse 594 secondary an-

tibodies (Invitrogen). Cells were then washed with 1XPBS, mounted on microscope slides

using ProLong Gold Antifade Mountant with DAPI (Invitrogen #P36930) and imaged the

following day. Images were taken using a 3i Marianas Spinning Disk Confocal with 100X oil

objective and pseudo colored with Fiji.

4.7.9 Lattice light-sheet imaging and analysis

Lattice light-sheet imaging of live yeast were executed using a phase 2 system manufactured

by Intelligent Imaging Innovations (3i) and run in SlideBook 6.0 software. The design is a

commercially produced clone of the original [19] with greater automation and stability. The
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imaging camera used was a Hamamatsu Fusion chilled sCMOS run at default speed/quality.

The annulus mask was set for a 20-µm beam length (outer NA, 0.55; inner NA, 0.493) with

400-nm thickness, with dither set at 9 µm. Laser intensities were optimized to balance

signal and bleaching rates. Temperature was controlled by a built-in Peltier device (empir-

ically set to indicated temperatures). Optics were aligned daily before the experiment, and

the bead PSFs (at the respective temperature and media) were collected before yeast were

imaged. Objective scan images were collected in x (100-nm), y (100-nm) and z (100-nm) di-

rections. Graphics processing unit–based Richardson-Lucy deconvolution (Yacu Decu) was

used to denoise and enhance z stack images using measured PSFs or theoretical PSF via

Brian Northan’s “Ops” implementation (https://github.com/imagej/ops-experiments). 3D

reconstructions and videos were assembled using MPI-CBG developed ClearVolume [111]

plugin of Fiji.

4.7.10 APEX2 proximity labeling

Sis1-Apex2 strains were grown in 300 ml SDC media until O.D 0.3-0.6. Cells were heat

shocked at 39°C for 15 mins by immediate mixing with the 300ml of pre-warmed media at

50°C. Post-treatments cells were fixed with 1% Paraformaldehyde for 5 min. The fixation

was quenched with 125mM glycine and cells were vacuum filter collected and washed with

potassium phosphate buffer saline (KpiS) buffer three times. Cells were resuspended in KpiS

Buffer supplemented with 100T zymolyse to lyse cell wall. Cell membrane were permeabi-

lized with 0.1% TritonX100 in KpiS Buffer. Spheroplast were incubated with biotin phenol

(0.5mM) for 20 mins at 30°C. To activate APEX2 labelling reactions Hydrogen peroxide

(1mM) was added to the medium for 1 min. For background correction one set without

peroxide treatment was identically processed. The reactions were immediately quenched

with a cocktail of Trolox (2.5mM), Sodium Ascorbate (10mM) and Sodium azide (10mM) in

1XPBS. Cells were harvested by centrifugation and pellet was flash frozen in liquid nitrogen.
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Cell pellet were cryo-milled, and lysate were dissolved in 1XRIPA buffer. Proteins were pre-

cipitated with ice cold methanol at -80°C for overnight. Protein precipitants were dissolved

in 2% SDS RIPA Buffer solution under 95°C for 20 mins. Biotinylated proteins were affinity

captured with streptavidin magnetic beads. Washed with RIPA ×2, 1M KCl, 0.1M Na2CO3,

2M urea in HEPES buffer ×2 and RIPA ×2. Completely dried beads were then resuspended

in 50 µl of hexafluoro isopropanol (HFIP), incubated for 5 min with shaking and eluted by

spinning. Fifty microliters of HFIP were added to the beads again, and the eluates were

combined and dried in a speedvac for 10 min. This sample was used for LC/MS analysis.

4.7.11 Sis1 co-IP from cells labeled for mature and new ribosomal proteins

Corresponding Rp-Halo strains with Sis1-3xFlag were grown to mid log phase in 300 ml

SDC media. Cells were labeled for either mature or new form respective ribosomal pro-

teins as described earlier. Cells were kept unstressed, or heat shocked (39°C) for indicated

time by mixing with equal volume media at 50°C. Following treatment cells were harvested

by vacuum filtration and flash frozen in liquid nitrogen. Cells were lysed by cryo-milling

at 6x90sx30Hz pulses in a Retsch MM100 mixer mill under liquid nitrogen. Samples were

dissolved in physiological buffer (20mM NaCl, 50mM KCl, 150mM K+Glutamate, 50mM

HK2PO4, 0.5mM MgCl2, 25mM HEPES-KOH, 25mM MES pH 7.4). Sis1-3xFlag were im-

munoprecipitated using anti-Flag M2 Magnetic bead (Sigma #M8823) from the cell lysates.

Bead bound complexes were released with competition for 3xFlag peptide (Sigma #F4799).

IP eluates were run on SDS-PAGE gel and visualized using fluorescence gel imager. Gels

were then blotted and probed with anti-Flag (Sis1). All Co-IP experiments were performed

in biological triplicate.

100



4.7.12 Proteomics sample preparation

Samples were run on SDS-PAGE and gel bands were subjected for in-gel digestion. Gel

bands were washed in 100mM Ammonium Bicarbonate (AmBic)/Acetonitrile (ACN) and

reduced with 10mM dithiothreitol at 50°C for 45 minutes. Cysteines were alkylated with

100 mM iodoacetamide in the dark for 45 minutes in room temperature (RT). Gel bands were

washed in 100mM AmBic/ACN prior to adding 1µg trypsin (Promega #V5111) for overnight

incubation at 37°C. Supernatant containing peptides were collected into a new tube. Gel

pieces were washed with gentle shaking in 50% ACN/1% FA at RT for ten minutes, and

supernatant was collected in the previous tubes. Final peptide extraction step was done

with 80% ACN/1% FA, and 100% ACN, and all supernatant was collected. The peptides

were dried at speedvac and reconstituted with 5% ACN/0.1% FA in water before injecting

into the LC-MS/MS.

4.7.13 LC-MS/MS analysis

Peptides were analyzed by LC-MS/MS using a Dionex UltiMate 3000 Rapid Separation

nanoLC coupled to a Q-Exactive HF (QE) Quadrupole-Obitrap mass spectrometer (Thermo

Fisher Scientific Inc, San Jose, CA). Samples were loaded onto the trap column, which was

150 µm x 3 cm in-house packed with 3 um ReproSil-Pur® beads. The analytical column was

a 75 um x 10.5 cm PicoChip column packed with 3 um ReproSil-Pur® beads (New Objective,

Inc. Woburn, MA). The flow rate was kept at 300nL/min. All fractions were eluted from

the analytical column at a flow rate of 300 nL/min using an initial gradient elution of 5%

B from 0 to 5 min, transitioned to 40% over 100 min, 60% for 4 mins, ramping up to 90%

B for 3 min, holding 90% B for 3 min, followed by re-equilibration of 5% B at 10 min with

a total run time of 120 min. Mass spectra (MS) and tandem mass spectra (MS/MS) were

recorded in positive-ion and high-sensitivity mode with a resolution of 60,000 full-width

half-maximum. The 15 most abundant precursor ions in each MS1 scan were selected for
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fragmentation by collision-induced dissociation (CID) at 35% normalized collision energy in

the ion trap. Previously selected ions were dynamically excluded from re-selection for 60

s. Proteins were identified from the MS raw files using the Mascot search engine (Matrix

Science, London, UK. version 2.5.1). MS/MS spectra were searched against the SwissProt

Saccharomyces cerevisiae database. All searches included carbamidomethyl cysteine as a

fixed modification and oxidized Methionine, deamidated asparagine and aspartic Acid, and

acetylated N-term as variable modifications. Three missed tryptic cleavages were allowed.

A 1% false discovery rate cutoff was applied at the peptide level. Only proteins with a

minimum of two peptides above the cutoff were considered for further study. Identified

peptides/protein were visualized by Scaffold software (version 5.0, Proteome Software Inc.,

Portland, OR).

4.7.14 Polysome profiling

Polysome analyses by sucrose gradient fractionation were performed based on a protocol in

Aboulhouda et al. 2017. Rpl26a-Halo strains were grown in SDC media (160 ml) to mid-

log phase (OD 600 0.5). Pre-existing ribosomes were masked by incubation with 7BRO

(100µM, 5 mins). Cells were washed with fresh media (5x volume) 3 times under shaking for

2 min. Newly synthesized Rpl26a were labeled by incubation with JF646 Halo ligand (2µM).

Following which cells were heat shocked at 39°C (10 min) by mixing with equal volume media

at 50°C. One half of the cells were harvested by vacuum filter and denoted as heat shock

sample. Another half were allowed to recover at 30°C in the presence of blocker (100µM) for

30 min. Similarly, this sample was vacuum filter collected and marked as recovery sample.

The cell pellet was transferred to a 2 mL Eppendorf "Safe-Lok" tube and flash frozen

in liquid nitrogen. Cells were lysed by a pre-chilled 7 mM stainless steel ball (Retsch

#05.368.0035) with 4x90sx30Hz pulses in a Retsch MM100 mixer mill, chilling in liquid

nitrogen (LN) between pulses. Sample was resuspended in 500 µL lysis buffer (20mM
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HEPES-KOH (pH 7.4), 100mM KCl, 5mM MgCl2, 200µg/mL heparin (Sigma #H3149),

1% triton X-100, 0.5mM TCEP, 100µg/mL cycloheximide, 20 U/mL superase-IN (Invitro-

gen#AM2696), 1:200 millipore protease inhibitor IV#539136). The lysate was clarified by

centrifugation at 3000 g for 30 s, and the supernatant was transferred to new tube and

aliquots were flash frozen in LN.

A 10–50% continuous sucrose gradient in polysome gradient buffer (5mM HEPES-KOH

(pH 7.4), 140mM KCl, 5mM MgCl2, 100µg/mL cycloheximide, 10 U/mL superase-in, 0.5 mM

TCEP) was prepared in SW 28.1 tubes (Seton #7042) using a Biocomp Gradient Master

and allowed to cool to 4 °C. 200 µl of clarified lysate was loaded on top of the gradient,

and gradients were spun in a SW28.1 rotor at 27500 rpm for 3.5 hr at 4 °C. Gradients

were fractionated into 15 fractions using a Biocomp Piston Gradient Fractionator with UV

monitoring at 260 nm, and fractions were flash frozen in LN. UV traces were normalized to

the total signal starting with the 40S peak. For in gel-fluorescence samples were treated with

0.02% sodium deoxy cholate and precipitated by adding 10% TCA for 1 hr on ice. Pellets

were extensively washed with ice-cold acetone, and then resuspended in 2X Laemmli sample

buffer.

4.7.15 Cell-free lysate droplet assay

Corresponding newly synthesized or matured ribosomal protein-stained yeast cultures were

heat shocked, filter collected, cryo-lyzed and dissolved in 1:2 volume of physiological buffer

(20mM NaCl, 50mM KCl, 150mM K+Glutamate, 50mM HK2PO4, 0.5mM MgCl2, 25mM

HEPES-KOH, 25mM MES pH 7.4, 5mM PMSF and 1:200 millipore Protease Inhibitor Cock-

tail). Cellular debris and un-lysed cells were clarified by centrifugation at 6000 rpm for 5

min. Cleared lysates were immediately loaded onto a homemade chamber comprising a glass

slide with a coverslip attached by two parallel strips of double-sided tape. Slides were then

imaged with an epifluorescence microscope with 60X objective. Images presented are of
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droplets settled on the glass coverslip.

4.7.16 Sis1 nucleolar proximity analysis

From the maximum intensity projections, nuclei were segmented by drawing oval masks

around the peri-nuclear ring of Sec61-Halo using Fiji software. This was used as an input to

custom-written Python code, which carried out the rest of the analysis. For each nucleus,

the geometric center was computed from the mask, and a family of lines drawn at varying

angles θ to bisect the nuclear area into two halves. For each θ, the fold-change in Nsr1 and

Sis1 intensity between the two halves was computed, and the angle θ = θn with a maximal

fold-change in Nsr1 intensity was identified as splitting the nucleus into Nsr1-proximal and

Nsr1-distal. The fold-change in Sis1 signal along the bisecting angle θn was recorded for

each nucleus.

4.7.17 Colocalization analysis

To quantify colocalization between Sis1 and Rps signal Coloc2 plugin of Fiji was utilized.

Minimum error thresholding (MET) method coupled with watershed algorithm were used

to generate mask for individual cell. Automatic Otsu (maximum between-cluster variance)

thresholding was used for pixel intensity-based mask creation and segmentation of high

intensity peri nucleolar Sis1 signal and cytosolic foci from the low intensity diffused signal.

Mander’s overlap coefficient was calculated to determine the fraction of the mature or new

form of RP signals overlap with Sis1 signals.

For human cells, colocalization analysis of DnaJB6 with RP signals with the Coloc2 plugin

of FIJI was also utilized. Huang threshold method coupled with fill hole and watershed

algorithm was utilized upon DAPI signal to create a mask and segment nuclei. Created

masks were binary dilated to segment the cytosol. The ROI generated was used to calculate

the Mander’s overlap coefficient between RPL26 (mature or new) and DnaJB6 signal.
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4.7.18 Yeast cytosol image segmentation

Deconvolved z stack images were maximum intensity projected. Estimated mask for whole

cell were obtained using the Minimum error thresholding (MET) methods coupled with

watershed algorithm upon Sis1 signal. Nsr1 signal were used for segmentation of yeast

nucleoli. Nucleolar mask was binary dilated to enlarge and cover the nucleolar proximity

region. Cytosolic signals were extracted by subtracting the nucleoalar+perinucleolar signal

(approx. nuclei) with whole cell signal. Fraction cytosolic is determined by dividing the

integrated density of whole cell over cytosol signal.

4.7.19 Human cell cytosol image segmentation

Z series images were background subtracted and projected over 2D for maximum intensity.

DAPI signal was used to mask and segment the nuclei using Li threshold coupled with

watershed and fill hole algorithm (Fiji). DAPI mask were binary dilated and segment for

whole cell were created. Fraction cytosolic RPL26 signal was calculated by dividing the

whole cell integrated density with cytosol intergraded density.

4.7.20 Condensate pixel variance analysis

To determine the relative dynamicity of the condensates using videos taken with a wide-

field microscope, the time-dependent variance in condensate brightness was quantified. In

comparison to the solid-state condensates, the liquid-like condensates were found to exhibit

higher variance in pixel brightness over time, which is consistent with higher mobility of

heterogeneously labeled contents, such as aggregates of fluorescent protein, moving around

within a liquid-like environment. The time-dependent depletion of ATP or tethering of heat

shock proteins was found to produce a solid-like state, indicating that ATPases such as Hsp70

might be responsible for maintaining a liquid-like state. Analysis was undertaking for videos

of condensates under identical illumination using a bespoke Python script:
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Pixel count values were converted to photon counts according to a previously calibrated

gain matrix unique to the sCMOS camera used (Photometrics Prime95B). Converted videos

were cropped to include only areas within the condensate. For each pixel at location (i, j)

in the condensate, normalized pixel variance over time σ̄ij
2 was calculated from the photon

counts observed in each of N frames, xij(t), and the expected variance of the signal according

to a Poisson distribution of photon counts,
〈
σ̄ij

2
〉

=
〈
xij

〉2, Equation 1.

σ̄ij
2 =

∑N
t=0

(
xij(t) −

(
xij

))2

N
(
xij

)2 Eqn. 1

The resulting two-dimensional array of normalized variances for each condensate, σ2, was

generated and displayed as a heatmap. Normalized variance values from multiple conden-

sate videos of each condensate type were aggregated to enable robust comparison among

treatment conditions, displayed as a violin plot. The expected normalized variance for solid

objects is 1 , since any variability in the signal would be due to shot noise generated from

photon counting by the detector. Similarly, fluctuations above the expected shot noise vari-

ance would have values greater than 1 , indicating that the object is exhibiting fluctuations

in addition to those predicted from shot noise.
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4.8 Supplementary Information

Figure 4.7: Sis1 localization and interactions during heat shock
A)Left: Schematic of how to bisect the nucleus with the nucleolus on one side by finding
the line angle with the maximum difference in signal of the nucleolar marker in the two
halves. Middle: Representative 2D projections of cells showing Nsr1 (blue) to mark the
nucleolus and Sis1 (green). Line is set to maximize the difference in nucleolar signal and
the ratio of Sis1 in the two halves is calculated. Right: Sis1 ratio as a function of the line
angle rotated as depicted in the schematic to the left. B) Quantification of Sis1 cytosolic
foci per cell in the conditions listed. Foci were identified using the FindFoci plugin in Im-
ageJ. Statistical significance was determined by Brown-Forsythe and Welch ANOVA test
with multiple comparisons. ****P < 0.0001. C) Volcano plot of Sis1-APEX2 interactors
during heat shock. D) Biological replicates of Sis1-3xFLAG IP interactors.
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Figure 4.8: Interaction and localization of pulse-labeled ribosomal proteins with Sis1
A) IP of Sis1-3xFlag and either mature or new Rpl25-Halo and Rps9a-Halo from cells
left unstressed or heat shocked at 39°C for the indicated times. B) In the absence of heat
shock, pulse-labeled RPs localize immediately to the cytosol. C) Left Panel: Lattice light
sheet live imaging of yeast under heat shock (39°C, 10 min) expressing Sis1-mVenus and
labeled for either new or mature Rpl25-Halo. Right Panel: Dot plot representing the colo-
calization coefficient (Mander’s overlap coefficient) of Sis1-mVenus with either mature or
new Rpl25-Halo in heat shocked cells (39°C, 10 min). D) As in (C) but for Rps9a-Halo. E)
As in (C) but for the late joining subunit Rpl29-Halo. F) As in (C) but for the late join-
ing subunit Rps3-Halo. P values were calculated with a two-tailed Welch’s t-test. ****P <
0.0001. ns, (non-significant).
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Figure 4.9: Cell biological and transcriptional effects of Ifh1 depletion
A) LLS live-imaging of yeast cells with endogenously tagged Sis1-mVenus (green), Hsp104-
TFP (blue), Sec61-Halo (red) and Nsr1-mScarletI (white) under non-stress (30°C) and
heat shock (39°C, 10 min) in the absence and presence of Ifh1 depletion. B) Quantifica-
tion of Sis1 cytosolic foci per cell in the conditions shown in (A). Statistical significance
was determined by Brown-Forsythe and Welch ANOVA test with multiple comparisons.
****P < 0.0001. C) HSE-YFP reporter heat shock time course showing reduced HSR in-
duction when Ifh1 is depleted. D) RT-qPCR of the HSR target gene transcript SSA4 over
a heat shock time course in the absence and presence of Ifh1 depletion.
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Figure 4.10: oRPs condensates are stable, heat shock-dependent, and RNA-free
A) oRP proteins are stable (not degraded) in condensates in cells. B) oRP condensates are
more abundant in lysate from heat-shocked cells. C) RNA dye (SYTO RNASelect, 0.5mM,
10 min) is excluded from the oRP condensate. D) oRP condensates are resistant to RNa-
seIf (5 units/µl, 15 min, RT). E) Quantification of number of droplets per field in buffer or
RNaseIf treatment to the lysate. P values were calculated with a two-tailed Welch’s t-test.
ns, (non-significant).
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Figure 4.11: Peri-nucleolar oRps4b condensates get exported to cytosol upon recovery
from heat shock
A) Live cell time lapse imaging of the spatial distribution of oRps4b (magenta) and Sis1-
mVenus (green) during sustained heat shock and recovery B) Quantification of the fraction
of cytosolic oRps4b signal under sustained HS or recovery. Statistical significance was de-
termined by Brown-Forsythe and Welch ANOVA test with multiple comparisons. ****P <
0.0001, ns (non-significant).

Figure 4.12: oRP condensate reversibility depends upon Sis1 availability
A) LLS live cell imaging of oRps4b (magenta) and the nucleolar marker Nsr1 (blue) dur-
ing heat shock and recovery in the absence or presence of Sis1 depletion. B) Quantification
of the fraction of cytosolic Rpl26a under sustained HS or recovery in the absence or pres-
ence of Sis1 depletion. P values were calculated with a two-tailed Welch’s t-test. ****P <
0.0001.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

I hope this thesis project is a tribute to investigations that build directly upon previous work,

and the importance of investigating, and publishing, ‘negative’ results (Chapter 2). My work

capitalized on the excellent investigations and genome-wide data sets generated from the lab,

especially by David Pincus, Zoe Feder, Joanna Krakowiak, Surabhi Chowdhary, and Asif Ali.

5.1 How is Hsf1 Tuned in Healthy Cells?

In my initial research proposal, I asked how Hsf1 is regulated in the healthy S. cerevisiae cell.

Hsf1 is misregulated in both directions in human disease, indicating its tight tuning must be

highly adaptive. By default, Hsp70 binds and represses Hsf1 in the nucleus. But when protein

homeostasis is disrupted, proteins aggregate in the cytosol, which recruits Hsp70, releasing

Hsf1 to induce its targets in the cytoplasm. After just a few minutes of activity, protein

homeostasis is restored and Hsf1 is repressed again, in spite of ongoing environmental stress.

Though Hsp70 induction is necessary for Hsf1 deactivation, the ubiquity and promiscuity of

Hsp70 in the eukaryotic cell (1000:1 Hsp70:Hsf1) implied that Hsp70 induction could not be

sufficient. At the outset, we foresaw a few possible scenarios:

(1) Hsp70 availability is controlled by another Hsf1 target gene whose induction controls

how much Hsp70 is actually available for protein aggregate clearance and Hsf1 binding.

(2) Most of the 42 Hsf1 target genes each provide small additive contributions to Hsf1

negative feedback regulation, cumulatively deactivating Hsf1 via the Hsp70 negative feedback

loop (likely controlling Hsp70 by performing diverse roles in protein homeostasis).

(3) Many Hsf1 target genes provide feedback regulation to Hsf1 via Hsp70-independent

feedback loops.

(4) None of the other Hsf1 targets provide feedback regulation to Hsf1. In this case,
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factors that control Hsp70 availability must lie outside of the Hsf1 transcriptional regulon.

Our screen for negative feedback regulators of Hsf1 revealed that six Hsf1 target genes

provide feedback regulation on Hsf1, but none as dramatically as Hsp70 (Chapter 3). Fes1

induction affects Hsp70’s ability to return to the nucleus, so Fes1 controls Hsf1 activity via

Hsp70 availability, as proposed in option 1. However, the Hsf1 activity defect in Fes1∆HSE is

not large; Fes1 induction must only be partially responsible for controlling Hsp70 availability.

I imagine that option 4 is also at play: factors outside of the Hsf1 transcriptional regulation

deactivate Hsf1 by controlling Hsp70 availability.

Clarifying the vague notion of “cytosolic protein aggregates” and “condensates” will help

elucidate the other pathways which control Hsf1 activity via Hsp70 availability. Endogenous

stress-induced aggregates vary in their contents, functions and timelines of formation and

intracellular location. While the ubiquitous and abundant Hsp70 is probably recruited to

all aggregates, Hsp70-interacting proteins (like co-chaperone Sis1) are likely recruited to

specific types of aggregates and control Hsp70 recruitment and release from these sites [29,88].

Though the Hsp70 co-chaperone Sis1 appears to relocalize with Hsp70 to Hsp104-marked

cytosolic aggregates and to ORP condensates at the nucleolar periphery, other factors may

strongly influence Hsp70 recruitment to, and release from, other kinds of protein aggregates

or even the inner cell membrane [11], in turn affecting Hsf1 activity [6].

5.2 Alternative Stressors

It is still unclear why many of the Hsf1 target genes are conserved targets in the HSR,

perhaps because the HSR has been primarily studied in heat shock. The HSR is activated

in response to many stressors, elevated pH, osmotic stress, nutrient starvation, and defective

internal processes such as disrupted mitochondrial import. A parallel study to this one,

which exposes cells to diverse stressors, may reveal that different target genes in the regulon

have adaptive roles in restoring homeostasis or providing feedback regulation on Hsf1 in
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different conditions. For example, induction of two Hsf1 targets (Hrk1 and Hsp30) which are

membrane proton pumps probably become important in acidic conditions, which are known

to induce protein aggregation [45,105,132]. If these genes are responsible for the restoration

of protein homeostasis during pH stress, they probably affect Hsp70 availability, in turn

regulating Hsf1.

I imagine that a parallel study to this one, in alternative stressors, will not only reveal

additional Hsf1 regulators and more about the logistics of Hsf1 regulation, but also could

uncover how the constituents of protein aggregates differ under different stressors.

5.3 Alternative Roles for Induced Hsp70

In our Hsp70∆FBL line, Hsf1 is very hyperactive, but Hsp104-marked protein aggregates are

resolved and long term fitness is similar to WT. Imaging shows that Hsp104 aggregates are

resolved efficiently, suggesting that the basal pool of Hsp70 and Sis1 is freed from aggregates

and available to repress Hsf1 in the Hsp70∆FBL. It would be surprising if Hsp70 is induced

solely to deactivate Hsf1, during stress, when resources are limited; if true, this result would

highlight how important and adaptive HSR autoregulation is. Alternatively, induced Hsp70

may be necessary for other processes in the cell, like restoring lipid homeostasis or facilitating

protein transport across membranes or dissolving Hsf1 transcriptional condensates [23,25,27].

Finding out which processes Hsp70 maintains will help us understand which processes Hsf1

senses via Hsp70 availability, outside of cytosolic protein homeostasis.

5.4 Mechanisms of Transcriptional Regulation

The characterization of the HSR revealed that the single transcription factor, Hsf1, induced

a diversity of transcriptional profiles within minutes (Figure 4.1). The determinants of

transcriptional dynamics and amplitude are not well understood. Though one in vitro study
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on Msn2 binding indicates a combination of factors - the number of binding sites ahead of the

gene of interest, chromatin accessibility and distance of binding site to promoter - determine

the lag between stimulus and transcription initiation and the threshold of activation [48],

we know little about what determines how sustained or transient gene induction is, and how

highly a gene is expressed. These questions are especially salient in the heat shock response,

where genes are induced in a dose-dependent manner, depending on the intensity of stress,

but the response appears to be invariably transient (Figure 2.2).

Perhaps, the transient Hsf1 transcriptional hubs, which form during the first five minutes

of heat shock, affect transcriptional dynamics [23]. Our characterization of transcriptional

dynamics in the heat shock response showed that genes have a range of transcriptional

profiles during heat shock (Figure 2.3). Genes that are strongly and transiently induced are

transcribed in the Hsf1 transcriptional condensates that last for the first ten minutes of heat

shock, while genes that are weakly induced with sustained dynamics are excluded entirely,

or only included in the dynamic Hsf1 transcriptional hubs at a lower frequency. It has yet

to be determined which Hsf1 target genes coalesce into Hsf1 transcriptional condensates,

beyond the few highly-expressed genes which all form intergenic contacts with one another:

Hsp104, Ssa2, and Hsp82 [22]. TaqI-3C can be used to measure the frequency with which

Hsf1 target genes make contact with one another, to form a comprehensive picture of 3D

genome architecture during stress. Then, by referring back to the transcriptional profiles

generated in this project, we can divine how 3D genome architecture controls transcriptional

dynamics.

5.5 Evolution of Basal and Stress-Induced Target Gene

Induction

The decreased basal target expression in many of the ∆HSE induction mutants suggests that

most of the Hsf1 target genes (more than the 18 we originally expected) are dependent on
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Hsf1 for not only stress-induced expression, but basal expression as well. Basal and induced

expression seem to be coupled processes. This makes sense because eukaryotic cells are

constantly tuning HSR level along a continuum, and the same proteins that are needed in

more stressful conditions are also needed, to some extent, in more optimal growth conditions,

when the HSR is less activated.

Notably, basal expression and induction fold change have no correlation across the Hsf1

target genes. Ssa2, for example, is dependent on Hsf1 for its high basal expression and is

essential for cell growth, but it is only slightly induced during heat shock. The levels of

basal expression and stress-induced expression fold change are tuned independently, over

evolution, by mechanisms we don’t yet understand.

There are many avenues for further investigation: the mechanisms of transcriptional

regulation, the evolution of a transcriptional network over time, and the protein aggregates

which perform diverse, stress-protective functions across the eukaryotic cell.
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CHAPTER 6

UNPUBLISHED RESULTS

These experiments were prompted by interesting findings in Chapter 3, but did not make it

to the manuscript.

6.1 Ira2 at the interface between stress responses

Ira2 is an Hsf1 target gene that is important for fitness during heat shock (Figure 3.4A,B)

and has a known role in the Ras-PKA pathway, which regulates growth according to glucose

availability. Therefore, we wondered whether the induction of Ira2 during the HSR had

a role in coordinating with other pathways important for cell fitness during heat shock or

other stressors that activate the HSR [12,35]. To explore whether Ira2 mediates cross talk

between the HSR and the osmotic stress response, we simultaneously measured fluorescent

reporters of the osmotic stress response (HOR7-GFP) and of the HSR (HSE-mApple) when

Ira2 induction was depleted (Ira2∆HSE) and cells were exposed to osmotic shock (Figure

6.1B), glucose deprivation (Figure 6.1A) or heat shock (Figure 6.1C). Ira2∆HSE had heat

shock response and osmotic stress response like WT, indicating Ira2 induction is dispensable

for these osmotic stress response regulation (Figure 6.1). To test for Ira2 regulation of the

Msn2-controlled environmental stress response (ESR), which is activated by many stressors,

we measured the GFP-tagged Msn2 target gene, Hsp12. However, the ESR was almost

identical in WT and Ira2∆HSE in each stressor tested (Figure 6.2).

Though Ira2 induction did not appear to affect feedback regulation of stress responses in

any conditions, we already knew from the initial fitness screen that Ira2 induction affected

fitness during heat shock. It was likely, therefore, that Ira2 induction affected growth re-

sumption in other environmental stressors, as well as heat shock. We quantified long term

fitness by quantitative growth assay in Ira2∆HSE and WT, in heat shock, osmotic stress,
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Figure 6.1: Ira2 induction by Hsf1 is dispensable for osmotic stress response and heat
shock response regulation in diverse stressors
Cells were deprived of glucose (A), exposed to osmotic shock (B), or heat shock (C) and
fluorescent reporters for HSR (HSE-mApple) and osmotic stress response (HOR7-GFP)
levels were quantified by flow cytometry. (D) All graphs combined. Average +/- SD, n=3.

and glucose deprivation. Ira2∆HSE had decreased fitness in osmotic stress (800 mM NaCl)

(Figure 6.3), glucose deprivation (subtle defect), and heat shock (Figure 3.4) compared to

WT.

In summary, Ira2 induction does not provide feedback regulation to the heat shock re-

sponse or other stress responses but does support long term fitness in osmotic shock, heat

shock and glucose deprivation. In conclusion, Ira2 is a conserved Hsf1 target gene because it

maintains fitness in a diversity of stressors. To understand how Ira2 promotes fitness, future

experiments might test whether Ira2 induction supports optimal stress response prioritiza-

tion (i.e. when cells are exposed to heat shock and glucose deprivation at once).
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Figure 6.2: Ira2 induction is dispensable for the environmental stress response
Cells were deprived of glucose (A), exposed to osmotic shock (B), or heat shock (C) and
fluorescent reporter of ESR (Hsp12-GFP) was measured by flow cytometry. Average +/-
SD, n=3.

Figure 6.3: Ira2 induction affects fitness in the osmotic and heat shock responses
Quantitative growth assay of Ira2∆HSE and WT in a variety of conditions. Average +/-
SD, n=3.
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Figure 6.4: Apa1 and Pin3 are dispensable for Hsf1 regulation but necessary for fitness
A) HSE-YFP measured over a heat shock time course (39°C). Each data point represents
the mean of the three biological replicates. Conducted 11.8.22. B) Quantitative growth
assay conducted during heat shock during heat shock (37°C). Average +/- SD, n=2. Con-
ducted 11.18.22.

6.2 Apa1 and Pin3

We hypothesized that Apa1 and Pin3 function redundantly in Hsf1 regulation, given that

Apa1 and Pin3 both have large, persistent Hsp104-marked protein aggregates, and both

affect fitness during heat shock. However, the double induction mutant had Hsf1 activity

similar to WT (Figure 6.4A). We can only conclude that Apa1 induction and Pin3 induction

do not have a significant effect on Hsf1 regulation independently, or in combination. Also,

the double mutant had an identical fitness defect to the two single mutants (Figure 6.4B).

Because so many Hsf1 target gene induction mutants had almost identical fitness defects, it

would be overconfident to make any conclusions (about Apa1 and Pin3 epistasis) from the

double mutant fitness defect, which looks exactly like each single mutant.

6.3 Hsp42 and Fes1

Our initial results showed that both Fes induction and Hsp42 induction are necessary for

normal Hsf1 activity (Figure 3.2). Fes1 and Hsp42’s established functions are not known to
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overlap or interact. Also, Fes1∆HSE and Hsp42∆HSE induction mutants have distinctive

defects in Hsf1 activity regulation: Fes1∆HSE has hyperactive Hsf1 after three hours of

heat shock, while Hsp42∆HSE has hyperactive Hsf1 mainly during the first few minutes of

heat shock. We hypothesized that Fes1 and Hsp42 might work in completely independent

tracks of Hsf1 regulation. If true, the double induction mutant would have an additive Hsf1

hyperactivity defect, in both early and late heat shock. Though Hsf1 was misregulated

and hyperactive in the double mutant, the Hsf1 activity defect in the double mutant was

somewhere between what is expected if the proteins cooperate to regulate Hsf1 (epistatic

interaction, double mutant is similar to each single mutant) and what is expected if they

regulate Hsf1 independently (additive interaction, the double mutant Hsf1 activity defect is

the sum of the single mutant phenotypes) (Figure 6.5).

Figure 6.5: Hsp42 and Fes1 function somewhat epistatically in Hsf1 regulation
HSE-YFP measured over a heat shock time course (39°C). Average +/- SD, n=3. Con-
ducted 11.21.22
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