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ABSTRACT 

The heat shock response (HSR) is a cellular stress pathway primarily regulated by the 

transcription factor Hsf1. Traditionally, Hsf1 activation has been viewed as a simple on/off 

switch, controlled by the chaperone protein Hsp70. However, in this study, I demonstrate that 

Hsf1 activation is more nuanced: it can function as a graded, tuneable response, modulated by 

both multivalent interactions with Hsp70 and phosphorylation. During thermal stress, I 

observed that Hsf1 forms biophysically dynamic clusters with Mediator and RNA Polymerase 

II (Pol II). These clusters, or condensates, serve as membrane-less hubs that concentrate 

transcriptional machinery, promoting the efficient expression of HSR target genes. Notably, 

these condensates facilitate the spatial reorganization of HSR target genes, effectively bringing 

them together during stress. In mammalian systems, transcriptional condensates are known to 

enable high-level gene expression, particularly in genes involved in development and cell 

identity, however, it was unclear whether these condensates are evolutionarily conserved or 

play a role in 3D genome organization. In this thesis, I identify transcriptional condensates 

within the yeast HSR, suggesting that they may represent an ancient, adaptable strategy in 

eukaryotic gene regulation. I also describe the stepwise process of condensate assembly: it 

begins with Hsf1 partially dissociating from Hsp70, allowing Mediator to bind. Further Hsp70 

dissociation and Hsf1 hyperphosphorylation then expose multivalent binding sites that enhance 

this assembly. However, Hsf1-Mediator condensates alone do not recruit Pol II; Pol II 

condensation only occurs in response to a separate environmental signal, providing an 

additional layer of control over Hsf1-regulated genes. These findings highlight the role of HSR 

transcriptional condensates as flexible regulatory hubs, with full assembly and Pol II 

recruitment enabling active, long-range interactions across the genome in response to thermal 

stress. This dynamic, modular process underscores the sophisticated regulation possible within 

eukaryotic stress responses. 
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CHAPTER 1 

INTRODUCTION 

1.1 Condensates, Hsf1, and the HSR 

The heat shock response (HSR) is a cellular stress pathway controlled by the transcription factor 

Hsf1. Under heat stress, Hsf1 forms transcriptional condensates with Mediator and RNA 

Polymerase II (Pol II), creating clusters that gather key transcriptional machinery and reposition 

HSR target genes (Chowdhary et al., 2022). This spatial organization facilitates gene expression 

and suggests that transcriptional condensates are evolutionarily conserved structures. In this 

thesis, I have determined that condensate assembly is sequential: Hsf1 first partially dissociates 

from Hsp70, allowing Mediator recruitment, with further Hsp70 dissociation and Hsf1 

phosphorylation exposing binding sites for enhanced condensate formation. However, Pol II 

recruitment requires an additional environmental signal, introducing another layer of gene 

control. This research proposes that HSR transcriptional condensates function as dynamic, 

adaptable hubs, with full condensate formation and Pol II recruitment enabling genome-wide 

reorganization during stress responses.  

In this chapter, I will outline the biological concepts, pathways, and molecules that are involved 

in understanding my research. I will begin by introducing biomolecular condensates, discussing 

their components, assembly mechanisms, and functional significance. I will then focus on 

transcriptional condensates, emphasizing their roles in eukaryotic transcription regulation as 

documented in current literature. Following this, I will provide an overview of the heat shock 

response (HSR) across different organisms. Finally, I will delve into the regulation and function 

of Hsf1 in both mammals and yeast, establishing a foundation for this pivotal protein that 

underpins my thesis research.  
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1.2 Biomolecular condensates 

The cell is a densely packed environment where numerous complex biochemical reactions must 

occur quickly and consistently. To enhance control over reaction timing and location, cells 

concentrate specific components, influencing reaction rates and spatiotemporal regulation. 

Often, these processes are confined to organelles, which are subcellular compartments enclosed 

by a lipid bilayer membrane. This membrane allows for selective transport and separation from 

the cell’s cytoplasm, creating specialized “factories” for particular functions—like mitochondria 

for respiration or the endoplasmic reticulum for protein synthesis. 

In addition to membrane-bound organelles, cells also contain membrane-less structures called 

biomolecular condensates, which form through selective clustering of proteins and nucleic acids 

with shared functions (Banani et al., 2017). Despite their diverse contents, these condensates 

share several defining features. They are dynamic and heterogeneous (e.g., the nucleolus, which 

contains three distinct regions), and they concentrate nonstoichiometric assemblies of related 

biomolecules (Sabari et al., 2020). They exchange components rapidly with their surroundings 

(Phair & Misteli, 2000) and can merge or split with others of the same type (Altmeyer et al., 

2015; Brangwynne et al., 2009; Hyman et al., 2014). Unlike membrane-bound organelles, 

biomolecular condensates are typically held together by weak, multivalent interactions among 

their components (Brangwynne et al., 2015; Mulyasasmita et al., 2011; Wong Po Foo et al., 

2009). 

This section will explore the formation, regulation, and functional roles of biomolecular 

condensates in cellular organization and gene regulation, highlighting their evolutionary 

significance and adaptability across eukaryotes. I will further focus on transcriptional 

condensates and their role in eukaryotic transcriptional regulation, how these condensates are 

thought to be regulated, and their role in chromatin rearrangement.  
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1.2.1 Molecular interactions that drive the formation of biomolecular condensates 

Multivalent molecules, that is molecules which can undergo inter- and intra-molecular 

interactions with at least three other factors simultaneously, promote and enrich biomolecular 

condensates (Banjade & Rosen, 2014; Nott et al., 2015). This multivalence is important because 

when these biomolecules engage, they undergo a prompt transition from small complexes to 

large polymeric assemblies with an increase in protein concentration and a decrease in the 

solubility (Li et al., 2012). Such molecules include proteins and other biopolymers with 

intrinsically disordered regions (IDRs) (Wong Po Foo et al., 2009) (Figure 1) and structured, 

repeated modular interaction domains (Mulyasasmita et al., 2011; Sabari et al., 2020) (Figure 

1) that can then selectively partition to form condensates. 

 

Figure 1.1 Traits associated with biomolecular condensates and the types of multivalent interactions that contribute to 
their formation. (Top) Features common to condensates that contribute to their functions. (Bottom) 
Multivalent interactions between the IDRs (left) or the modular domains (right) of proteins and nucleic 
acids drive the formation of liquid-like condensates in cells. Figure from (Wang et al., 2021). 
 

Proteins with modular domains that can form condensates can be distinguished from proteins 

that are high affinity and low valence: when the latter interact, this can lead to strong, specific 
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networks that may result in solid-like precipitations rather than the dynamic, liquid-like 

polymer assemblies associated with condensates. Modular domain proteins that are involved in 

condensation within a cell are usually characterized by high valency, modest affinity, and long, 

flexible connections between binding elements (Jin et al., 2009), (Li et al., 2012). For example, 

in P-bodies, foci consisting of mRNA degradation machinery, a folded domain of enhancer of 

mRNA-decapping protein 3 (EDC3) interacts with 10 helical leucine rich motifs in disordered 

regions of mRNA-decapping enzyme subunit 2 (DCP2) to promote clustering behavior (Fromm 

et al., 2014).  

Conversely, biomolecules with IDRs lack a defined 3D structure in these regions, but often 

contain repeated sequence elements that enable the establishment of dynamic, weak, non-

covalent interactions that promote condensation. IDRs tend to be enriched in few amino acids: 

glycine, serine, glutamine, asparagine, phenylalanine, and tyrosine, though charged amino acid 

residues can also be occasionally found (Gilks et al., 2004; Kato et al., 2012; Reijns et al., 2008). 

Because there is little diversity in sequence, repeated motifs and charge blocks are present in 

these regions of condensate-promoting molecules (Banjade & Rosen, 2014; Decker et al., 2007; 

Lin et al., 2015; Pak et al., 2016).   

Noncovalent pi-pi interactions can occur within two aromatic residues and pi-cation 

interactions can occur between an aromatic residue and a cation present on charged amino 

acids within the IDR or with other IDRs to encourage condensation (Mitrea et al., 2016) 

(Figure 1). Inter- or intramolecular interactions between oppositely charged blocks in the IDRs 

of biomolecules can also occur to induce selective partitioning. The patterning of charged 

residues is important in these cases: for the same net molecular charge, when the charge is 

evenly distributed condensate formation is suppressed, but when charged residues are grouped 

together condensation is encouraged (Das & Pappu, 2013; Molliex et al., 2015).  
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In disease states, such as cancer and neurodegenerative diseases like Alzheimer’s and ALS, 

these multivalent interactions between specific molecules are manipulated so that the 

condensates take on a more aberrant nature, where the biomolecules can aggregate and 

solidify, becoming toxic for the cells rather than behaving as an adaptive process that aids in 

the cell’s efficiency and fitness (Guillén-Boixet et al., 2020).   

Of course, there are many other interactions that are important in condensate assembly, 

ranging from base pairing of nucleic acids to post-translational modifications of proteins, that 

can determine entry or exit from a condensate, but for this thesis I will focus on IDRs and 

modular proteins as they are the most relevant to my project. 

1.2.2 Regulation of condensate assembly 

Though condensates may contain hundreds of different types of molecules, their composition 

can be simplified into two main components, the scaffold and the clients (Banani et al., 2016). 

Scaffolds behave as regulatory elements which tend to have high valencies, undergoing many 

interactions with multiple partners to drive the formation of foci. They also behave as the 

initiating factor for condensate establishment, as the scaffold molecules govern the threshold 

concentration at which condensates form, and the removal of these molecules is likely to 

prevent condensate assembly altogether (Ditlev et al., 2018). Scaffolds can form by modular 

domain interactions, or interactions between the IDRs of these molecules. RNA has also been 

reported as a scaffold molecule, so the term is not just limited to proteins (Sharp et al., 2022).  

Clients are molecules that transiently associate with the condensate without being an integral 

structural component. They interact in a more peripheral or transient manner, typically 

participating in the specific biochemical activities occurring within the condensate or serving 

functional roles, such as catalysing reactions, or participating in signalling pathways. (Alberti & 

Hyman, 2021).  
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Modifications that regulate scaffold proteins indirectly also regulate condensate assembly. For 

example, in the formation of stress granules (a type of condensate), the translation initiation 

factor eIF2a is phosphorylated upon stress, inhibiting translation (Pavitt, 2005). This releases 

mRNAs from polysomes and allows the RNA-binding protein G3BP1, which phase separates 

in the presence of free and unfolded mRNA, to become scaffolds for condensate formation. 

(Yang et al., 2020). Dephosphorylation of eIF2a allows mRNA translation to resume once the 

stress has subsided, allowing the stress granules to dissociate (Anderson & Kedersha, 2002). 

Similarly, binding of a client to a scaffold protein can also determine whether it is able to 

partition into a condensate or not. When the fusion in sarcoma (FUS) protein, mentioned 

previously, is bound to its RNA ligand, it remains in a soluble state, but when RNA is depleted 

from the nucleus, FUS phase separates (Maharana et al., 2018). Chromatin modifications also 

regulate condensate function, as methylation of histones can lead to the recruitment of 

heterochromatin factors, while acetylation of histones can expose TF binding sites and the 

recruitment of transcriptional machinery (Sabari et al., 2020) (Figure 2). 

Post-translational modifications of condensate components can regulate condensate formation. 

In T-cell receptor transduction, phosphorylation of the signaling molecules must first occur to 

allow their assembly into clusters (Su et al., 2016). Similarly, FUS, an RNA-binding protein 

involved in transcriptional regulation, can be methylated or phosphorylated to disrupt its ability 

to form condensates (Hofweber et al., 2018; Monahan et al., 2017). In the nucleus, RNA 

Polymerase II is involved in two different types of condensates, transcriptional condensates and 

splicing condensates. The phosphorylation of the C-terminal domain of RNA Pol II by cyclin 

dependent kinases (CDKs) behaves like a switch, allowing the Pol II to exchange condensates, 

with hypo-phosphorylated Pol II incorporated into transcriptional foci and hyper-

phosphorylated Pol II integrated into the splicing clusters (Guo et al., 2019).  
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Figure 1.2 Regulating chromatin state by PTMs on histones in nucleosomes. Condensation is a common 
occurrence in the nucleus where PTMs can dictate their formation and functional state. Here, 
methylation of nucleosomal histones leads to heterochromatin formation (Wang et al., 2019), while 
acetylation of the same histones can drive the formation of active transcriptional condensates by 
recruiting transcriptional machinery (Sabari et al., 2018). Figure adapted from (Sabari et al., 2020). 
 

Lastly, changes in conditions within a cell can affect protein behavior. Changes in pH, 

temperature, protein concentration, ions, osmolytes and metabolites may all affect the phase of 

a protein. Therefore, when a cell is under stress and there are pH changes, certain proteins 

may be triggered to selectively partition into condensates. Similarly, during nutrient 

deprivation, if metabolite concentration changes, this could shift the phase behavior of specific 

proteins. This area of condensate regulation has not been examined very thoroughly but could 

prove to be an exciting window into condensate function.  

1.2.3 Functions of biomolecular condensates 

Condensates are primarily thought to function as a means of concentrating their components 

to enhance reaction rates within the cell (Lyon et al., 2021). But the condensate can also behave 

as a holding stage, preventing biochemical reactions from moving forward. Under acute heat 
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shock, the nucleolus, a type of biomolecular condensate, gathers chaperone proteins such as 

Hsp70 and Hsp90, along with newly synthesized proteins that cannot fold properly under stress. 

This concentration of chaperones and unfolded proteins allows these proteins to be held in a 

state that facilitates rapid and accurate folding once the stress subsides (Frottin et al., 2019). 

During thermal stress in yeast cells when ribosome biogenesis is paused, orphan ribosomal 

proteins (oRPs) that do not have rRNA to complete their construction, are sequestered into 

condensates with the J-domain protein, Sis1, until the stress has transpired and the oRPs can 

be used for rapid ribosome production (Ali et al., 2023). When yeast cells are heat shocked, 

poly-A binding protein (Pab1) releases its substrate of mRNAs with rich 5’ UTRs, while 

concentrating and forming condensates itself.  Pab1 senses the change in temperature in the 

cell and extricates its cargo, which includes many mRNAs for heat shock proteins, augmenting 

their translation when under heat stress. Mutations in Pab1 that prevent condensation led to a 

loss in cellular fitness (Riback et al., 2017; Yoo et al., 2022). These examples support the idea 

that condensate formation may be an adaptive response to environmental stress and necessary 

for optimal cellular function.  

Condensates have exhibited structural roles on a larger scale as well. Distal DNA damage sites 

have been shown to be brought together in condensate form to aid the proficiency of Rad52 

DNA repair proteins in yeast cells (Oshidari et al., 2020). When proteins in the cell are targeted 

for autophagy by ubiquitination, the polyubiquitin chains on these marked proteins form 

multivalent interactions with the filaments on the scaffold protein p62, leading to the formation 

of condensates containing proteins marked for degradation that can then be targeted by the 

autophagosome more efficiently (Zaffagnini et al., 2018). Condensate formation has even been 

shown to restructure chromatin, with liquid condensates mechanically excluding chromatin in 

euchromatic regions in vitro, demonstrating that nuclear condensates may function in 

transcriptional regulation by physically pulling in targeted genomic loci and pushing out genes 
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that are not induced (Shin et al., 2018). In mouse embryonic cells and Drosophila cells, 

heterochromatin domains have exhibited the biophysical properties of liquid-like condensation, 

with heterochromatin proteins nucleating into foci at these sites (Guthmann et al., 2023; Strom 

et al., 2017), suggesting that condensates may be involved in transcriptional repression as well 

as activation. 

1.2.4 Transcriptional condensates: composition and function 

Transcriptional condensates are assemblies that concentrate transcription factors (TFs), co-

activators, and RNA Polymerase II to target genes, allowing the efficient and robust 

transcription of these genes (Boija et al., 2018; Guo et al., 2019; Sabari et al., 2018). TFs 

typically have a structured DNA binding domain that binds, with a high affinity, to enhancers 

and promoters of specific genes (the scaffold) to recruit transcriptional machinery (the clients) 

and trigger their expression. TFs may also comprise an unstructured activation domain 

consisting of IDRs (or other condensate-promoting domains) that can interact with the IDRs 

of other TFs, co-activator proteins like Mediator, and Pol II, or transcriptional repression 

proteins, to form dynamic assemblies with transcriptional regulatory abilities at specific regions 

of the genome (Boija et al., 2018; Chong et al., 2018; Guo et al., 2019; Rawat et al., 2021; 

Sabari et al., 2018; Shin & Brangwynne, 2017; Wei et al., 2020).  

One study determined that the IDR interactions of TFs and co-activators can crowd specific 

enhancer and promoter sites in the nucleus of cells and form condensates. The formation of 

these clusters stimulates transcription, and so, unless a specific threshold of TF and co-activator 

concentration is reached that allows partitioning into a condensate, these assemblies do not 

activate transcription (Shrinivas et al., 2019). Yet another study determined that activation of 

transcription can occur at a range of TF concentrations, where intermediate concentrations of 

the low complexity domains of transactivational machinery can interact to form smaller 
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transcription hubs that can eventually mature into condensates. The transcriptional activators 

do not need to be fully partitioned for the target genes to be expressed (Chong et al., 2018). 

Congruently, altering the concentration of IDR interactions at these hubs can tune 

transcription at these sites (Chong et al., 2022), possibly by increasing the amount of time a TF 

spends in a DNA-bound state, enabling the enlistment of co-activators and thus, enhancing the 

activity of this TF, without phase separation being a requirement (Trojanowski et al., 2022). 

Together, these findings suggest that transcriptional condensates provide a flexible and tunable 

mechanism for gene regulation, where the dynamics of TF and co-activator concentration and 

interaction fine-tune transcriptional activity, even without full phase separation. 

1.2.5 Transcriptional condensates: regulation 

The formation of transcriptional condensates is controlled by many of the same principals as 

those of general biomolecular condensates. IDR interactions are extremely important, and 

without their presence not only do condensates not form, but in some cases gene activation 

does not occur either (Boehning et al., 2018). Consequently, the composition of these 

condensates plays a role in their function, and only condensates with specific components will 

enhance transcription (Wei et al., 2020).  

In transcriptional condensates, the binding of transcription factors (TFs) to their specific DNA 

motifs serves as a nucleation point for condensate formation, enabling the recruitment of 

additional transcriptional machinery to complete the condensate and activate transcription 

(Ryu et al., 2024; Wei et al., 2020). The TF’s specificity for its binding site provides a regulatory 

layer for this selective partitioning of transcriptional components at the target site. 

Consequently, any modifications or activations of the TF, such as ligand binding or covalent 

changes like phosphorylation, can influence condensate assembly. These modifications often 

trigger TF nuclear localization, conformational changes, or activation in response to signalling 
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pathways. All this can lead to transcriptional condensate formation, as seen with ligand binding 

to estrogen and glucocorticoid receptors in mammalian cells (Nair et al., 2019; Stortz et al., 

2020). 

One mechanism by which the components of a transcriptional condensate are selected is 

dependent on the IDRs of the molecules involved. In mammalian adipocytes, a recent study 

reported that the pattern of charge blocks of amino acids in the IDRs of Mediator and Pol II is 

required for not only the specificity of selective partitioning of these molecules but for gene 

activation at these sites as well (Lyons et al., 2023). The charge pattern is both necessary and 

sufficient for the partitioning of functionally active transcriptional condensates in these cells. 

Proteins with similar functions exhibit similar charge patterns, indicating that the amino acid 

sequences in the low complexity domains of these proteins provide an additional layer of 

regulation to the assembly of transcriptional condensates, and that specific transcriptional 

programs segregate within specific condensates (Lyons et al., 2023). 

 

Figure 1.3 Regulation of transcriptional condensate formation by RNA feedback mechanism. Low levels of RNA at 
promoters and enhancers promotes condensate assembly, while high levels of RNA from transcriptional 
elongation leads to condensate dissolution. Figure adapted from (Henninger et al., 2021). 
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Finally, concentrating long RNA molecules has been implicated in the generation of a number 

of nuclear condensates, from the nucleolus to Cajal bodies. However, in transcriptional 

condensates RNA performs a different type of regulation. Both enhancers and promoters 

perform divergent transcription, that is the production of short, unstable, or temporary RNA 

like eRNA, long non-coding RNA (lncRNA) and upstream anti-sense RNA (uaRNA), 

concentrating these molecules at the enhancer/promoter positions within the genome (Core et 

al., 2008; Field & Adelman, 2020). A low concentration of interactions between these RNA 

molecules and the IDRs of the other components of the transcriptional condensate stimulates 

their selective partitioning at these sites. Once Pol II reaches the elongation phase, the increase 

in RNA levels precedes the dissolution of the condensates (Henninger et al., 2021). Thus, RNA 

production behaves as a negative feedback loop in the assembly of transcriptional condensates 

(Figure 3).  

1.2.6 Transcriptional regulation in condensates 

Transcriptional initiation and the release of RNA polymerase II from promoter-proximal 

pausing are widely considered to be the primary rate-limiting steps in transcription, especially 

in genes with complex regulatory requirements. In transcriptional condensates, the precise rate-

limiting step remains unclear. With all components of the transcriptional machinery 

concentrated in close proximity, the question arises: what exactly dictates the speed of 

transcription within these structures? 

The rate-limiting step of transcription in condensates is likely to be the recruitment and 

retention of essential transcriptional machinery, specifically the transition from initiation to 

productive elongation within the condensate's dense molecular environment. This process 

begins with the assembly and maturation of the condensates themselves. This initial assembly 
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phase, in which a high local concentration of transcriptional machinery is established, is most 

likely the critical rate-limiting step that sets the stage for transcriptional initiation. 

Within the condensate, the recruitment of RNA polymerase II and the Mediator complex to 

enhancers or promoters is essential for transcription to proceed. These molecules must navigate 

specific molecular interactions and sometimes undergo conformational changes within the 

condensate to initiate productive transcription. As in typical transcription, a major rate-limiting 

step occurs as Pol II transitions from promoter-proximal pausing to productive elongation. This 

transition, regulated by pause-release factors like P-TEFb (which are often enriched within 

condensates), is crucial for releasing Pol II from pausing and facilitating its entry into 

elongation. 

Transcriptional condensates are inherently dynamic, continuously remodeling in response to 

cellular signals or environmental stresses. These structural changes can introduce delays or 

promote efficient transcription depending on the condensate’s state and regulatory needs. 

Thus, within transcriptional condensates, the process is often limited by the assembly and 

maturation of the condensate itself, followed by the efficient recruitment and regulated release 

of Pol II from pausing, which together enable a robust and coordinated transcriptional 

response. 

1.2.7 Transcriptional condensates and 3D genome architecture 

Super enhancers and other regions involved in coordinated transcriptional control, like cell-

type-specific genes or those at the endpoints of complex signaling pathways (e.g., the Hippo 

pathway and olfactory receptors), show significant 3D genomic restructuring when active. This 

includes the formation of enhancer-promoter loops, promoter-terminator interactions, and 

connections between regulatory elements and their coding regions (Bashkirova & Lomvardas, 

2019; Cai et al., 2019; Dekker, 2014; Wendt & Grosveld, 2014). These structural changes bring 
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distant genomic elements into close proximity, enabling efficient transcriptional regulation. 

This intricate 3D reorganization underscores the dynamic nature of the genome, highlighting 

how spatial architecture is intimately linked to the precise regulation of genes essential for 

cellular identity and function.  

Transcriptional condensates are thought to form at these enhancer-rich regions of the genome 

like SEs (Dukler et al., 2016; Gosselin et al., 2014; Hnisz et al., 2013).  Therefore, they not only 

concentrate transcriptional machinery at regulatory sites but must also actively reshape genome 

topology. This restructuring has been observed in various regulatory contexts, suggesting that 

3D genome reorganization is an inherent consequence of condensate formation (Bashkirova & 

Lomvardas, 2019; Cai et al., 2019; Ramasamy et al., 2023; Sharma et al., 2021). Experiments 

using optogenetic techniques to induce condensation show that this process can rearrange 

chromatin interactions and modulate transcriptional activity (Kim et al., 2023).  Furthermore, 

chromatin adaptor proteins are frequently found within transcriptional condensates, and in 

some instances, the condensation of Mediator alone can drive chromosome reorganization 

(Chowdhary et al., 2022; Ramasamy et al., 2023; Zamudio et al., 2019).  

 

Figure 1.4 Chromatin looping executed by CTCF and cohesin sets the stage for transcriptional condensate assembly. 
CTCF and cohesin can mediate chromatin looping, bringing together distal regulatory sites of genes 
that are related in function. This provides the scaffolding to recruit the transcriptional apparatus, 
promoting the concentration of these molecules to form transcriptional condensate hubs. Figure from 
(Lee et al., 2021). 
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Interestingly, not all studies agree on causality. While some suggest that condensates induce 

chromatin looping, others report the opposite: chromatin looping may act as the foundational 

structure for condensates, with pre-existing genomic interactions guiding condensate formation  

(Lee et al., 2021) (Figure 4). This bidirectional relationship underscores the complex interplay 

between genome architecture and transcriptional condensates, with both capable of influencing 

each other under various cellular contexts. 

Transcriptional condensates, regardless of their specific components or target gene locations, 

cluster transcriptional regulatory factors at sites of high transcriptional activity and coordinate 

the simultaneous activation of multiple genes. These condensates often exhibit spatiotemporal 

control over gene regulation. While most reported transcriptional condensates have been 

observed in mammalian cells, similar transcriptional programs may exist in yeast. The heat 

shock response in S. cerevisiae is one such program and serves as the focus of this study. 

1.3 The heat shock response 

Proteins play a central role in nearly all biological processes, relying on correct folding and the 

maintenance of their dynamic three-dimensional structures for proper function. To uphold this, 

cells have evolved mechanisms to maintain protein homeostasis, or "proteostasis," through a 

complex network of molecular chaperones and degradation systems known collectively as the 

proteostasis network (PN). The PN ensures a delicate balance between synthesizing new 

proteins, managing proper protein folding, maintaining physiological conformations, and 

degrading damaged or excess polypeptides (Powers et al., 2009). Cells can dynamically regulate 

components of the PN in response to changes in the environment, metabolic shifts, or 

transcriptional signals, often by activating specific stress responses (Richter et al., 2010). 
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The heat shock response (HSR) is one such stress response—a rapid, evolutionarily conserved 

gene expression program that supports proteostasis. First observed in Drosophila as 

chromosomal "puffs" triggered by temperature increases, these puffs hinted at heightened 

transcriptional activity at specific loci (Jamrich et al., 1977; Ritossa, 1962). Further studies 

linking the HSR to the proteostasis network identified many transcriptional targets encoding 

key components of either the ubiquitin-proteasome degradation pathway or heat shock proteins 

(HSPs), essential molecular chaperones for correct protein folding and aggregate prevention. 

While the HSR also upregulates factors involved in various cellular processes, including cell 

cycle regulation and nuclear import, its primary role remains proteome maintenance (Anckar 

& Sistonen, 2011; Voellmy & Boellmann, 2007).   

Even a slight increase in temperature can trigger the HSR, leading to profound cellular effects. 

Acute heat shock halts global protein synthesis as HSR targets take precedence (Ashburner & 

Bonner, 1979). RNA splicing and translation pause, while unprocessed ribosomal RNA (rRNA) 

and newly synthesized orphan ribosomal proteins (lacking rRNA partners) form condensates 

in the nucleus (further discussed in Chapter 3) (Ali et al., 2023; Boulon et al., 2010). Meanwhile, 

cytosolic RNA, translation initiation factors, and other mRNA-related components gather in 

stress granules (SGs) until the stress resolves (Buchan & Parker, 2009). In eukaryotes, actin 

filament reorganization generates stress fibres, which alter the cytoskeleton and impair cellular 

transport (Toivola et al., 2010). In yeast, brief heat exposure uncouples oxidative 

phosphorylation from mitochondrial electron transport, reducing ATP production (Patriarca 

& Maresca, 1990). Additionally, disruptions in the lipid-protein ratio of the cell membrane 

increase permeability, lowering pH and altering the cytosolic electrostatic balance (Richter et 

al., 2010; Vigh et al., 2007). 

Collectively, these changes result in cell cycle arrest and growth quiescence, which, though 

halting proliferation, can be adaptive depending on the stress duration. Short exposures to mild 
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heat stress can confer thermotolerance, enhancing the cell’s resilience to future, more severe 

stresses. In fact, HSP production from one stress type can protect cells from other stressors as 

well (Lindquist, 1986). In C. elegans, mild, transient HSR activation reduces mutation 

penetrance, essentially boosting cellular fitness and providing a protective effect (Casanueva et 

al., 2012). Therefore, the HSR is involved in not only stabilizing the cell during acute stress, 

but also in cellular fitness. Thus, beyond stabilizing the cell during acute stress, the HSR plays 

a critical role in promoting cellular resilience and fitness. 

1.3.1 The HSR regulon: the HSP family of molecular chaperones 

The HSP gene family is among the most significantly upregulated targets of the HSR across 

species. Although these proteins are already present in high concentrations under non-heat 

shock (NHS) conditions, their elevated expression during heat shock (HS) underscores the cell’s 

need to halt general protein synthesis and prioritize proteome maintenance under stress. 

Chaperones are crucial in this role, as they must maintain stoichiometric ratios with their client 

proteins to effectively prevent protein misfolding and aggregation (Kiefhaber et al., 1991).  

Chaperones are broadly categorized into six families: Hsp100s, Hsp90s, Hsp70s, Hsp60s, 

Hsp40s, and small heat shock proteins (sHsps), that are conserved across species, although 

certain chaperones may be specific to individual species (Mayer, 2010). Lacking specificity for 

individual client proteins, chaperones transiently interact with a broad range of non-native 

proteins through exposed hydrophobic amino acid patches or structural motifs. Their primary 

function is to prevent unwanted intermolecular interactions by precisely controlling the binding 

and release of their clients. This cycle is chiefly driven by ATP hydrolysis, facilitated by 

nucleotide exchange factors (NEFs) and Hsp40/J-domain proteins (Richter et al., 2010). 

Together, these chaperones maintain proteostasis under both NHS and stress conditions, 

ensuring cellular stability and functionality across diverse organisms. 
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Figure 1.5 Chaperone cycle of Hsp70. Binding of the substrate to Hsp70-ATP substrate binding domain 
(SBD in blue) is mediated by J-domain proteins (JDP). This triggers ATP hydrolysis transitioning the 
Hsp70-ADP to its high affinity state. Nucleotide exchange factors (NEFs) then exchange the ADP to 
ATP, converting Hsp70 back to low affinity state and driving substrate release. Figure adapted from 
(Rosenzweig et al., 2019). 
 

Hsp70 

Hsp70 chaperones are among the most highly conserved, playing essential roles in a variety of 

housekeeping and stress-related cellular processes. Not only are these ATPases expressed across 

species, but they also have specialized versions within cellular organelles, such as the 

endoplasmic reticulum, mitochondria, and nucleus. All Hsp70 family members contain a 

nucleotide-binding domain (NBD) and a substrate-binding domain (SBD) (Rosenzweig et al., 

2019). Hsp70 chaperones are among the most highly conserved, playing essential roles in a 

variety of housekeeping and stress-related cellular processes. Not only are these ATPases 

expressed across species, but they also have specialized versions within cellular organelles, such 

as the endoplasmic reticulum, mitochondria, and nucleus. All Hsp70 family members contain 

a nucleotide-binding domain (NBD) and a substrate-binding domain (SBD) (Zuiderweg et al., 

2017).  
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The activity of Hsp70 involves rapid binding and dissociation from its substrates. When ATP 

is bound at the NBD, Hsp70 exists in a low-affinity state, loosely attached to its substrate and 

with low ATPase activity (Mayer et al., 2000). Binding of a J-domain protein induces ATP 

hydrolysis, triggering an allosteric shift that transforms Hsp70 into its high-affinity state (Kityk 

et al., 2015). For substrate release, a nucleotide exchange factor (NEF) interacts with the NBD 

to replace ADP with a new ATP molecule, thereby freeing the client protein to proceed with 

its next cellular role (Bracher & Verghese, 2015).  

The primary role of Hsp70 proteins is to interact with nascent polypeptides co-translationally, 

preventing non-native interactions until the full sequence required for proper folding has been 

synthesized, thereby reducing the risk of aggregation in newly formed proteins (Frydman, 

2001). Additionally, Hsp70 facilitates the handover of substrates to other chaperones, such as 

Hsp90, or even to the ubiquitin-proteasome system, which manage the later stages of the 

protein lifecycle (Mayer & Bukau, 2005). Hsp70 is also essential for dismantling large molecular 

assemblies, most notably aiding in the disassembly of clathrin coats in eukaryotic cells (Sousa & 

Lafer, 2015). Moreover, Hsp70 supports the disaggregase function of Hsp100s by activating 

their ATP hydrolysis-driven mechanism, enabling Hsp100 to disassemble aggregated proteins 

(Oguchi et al., 2012). A similar role is observed during the heat shock response (HSR), where 

Hsp70 helps in the condensation of orphan ribosomal proteins (oRPs). In this case, Hsp70 

preserves the reversibility of the condensates, holding the oRPs to prevent aggregation until the 

cell returns to steady-state conditions (Ali et al., 2023).  

Hsp90 

Hsp90 proteins are among the most conserved chaperones across species, present in cells at 

high concentrations under normal conditions and further upregulated during stress. Unlike 

other chaperones, Hsp90 is more selective in its substrate binding, primarily working with 
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metastable signal transducers that regulate critical biological processes, such as steroid hormone 

receptors and regulatory kinases. Hsp90 also possesses ATPase activity and typically binds 

proteins in near-native states, awaiting final maturation. Acting as a "holdase," Hsp90 

transiently binds its clients through continuous cycles of chaperoning, preventing aggregation 

until the proteins are properly folded (Karras et al., 2017). Hsp90 plays a unique role in the 

heat shock response (HSR), linking environmental changes to the evolution of new traits in 

organisms. By buffering genetic mutations and rendering them phenotypically silent under 

stable conditions, Hsp90 can act as a "capacitor." During environmental stress, however, when 

the chaperone system is overwhelmed, these hidden mutations may become phenotypically 

expressed, potentially revealing new traits (Lindquist, 2009). Similarly, Hsp90 can stabilize 

certain unstable mutations in its substrates, allowing their phenotypic expression under regular 

conditions, only to reveal modified traits upon heat stress (Cowen & Lindquist, 2005).  

Hsp100 

Hsp100 chaperones belong to the family of conserved AAA+ ATPases, forming dynamic 

hexameric ring structures with two nucleotide-binding sites per monomer, although some 

Hsp100s may contain only one (Barends et al., 2010). In conjunction with Hsp70 and Hsp40, 

Hsp100 chaperones act as powerful disaggregases, preventing protein aggregation under stress 

by dispersing heat-induced condensates through the ATPase-driven activity of their hexameric 

rings, keeping the rescued polypeptides in a soluble state (Mogk et al., 2015; Yoo et al., 2022). 

This function provides cells with stress tolerance, allowing rapid reactivation of heat-affected 

proteins once the stress subsides. Additionally, Hsp100 can facilitate protein degradation by 

collaborating with proteolytic components to unfold substrates and direct them into 

degradation machinery (Doyle & Wickner, 2009). Notably, higher eukaryotes, including 

mammals, lack Hsp100 chaperones or related proteins with disaggregation capabilities (Richter 

et al., 2010). 
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Small Hsps 

Small Hsps are low-molecular-weight, ATP-independent chaperones that contain a conserved 

α-crystallin domain. They form large, polydisperse oligomers through weak interactions 

between their disordered N- and C-terminal domains (Riedl et al., 2020). Due to sequence 

variability and flexible oligomerization, small Hsps accommodate a diverse range of client 

proteins within the cell. Under stress, inactive oligomers dissociate, exposing substrate-binding 

sites within their α-crystallin domains and allowing small Hsps to sequester their clients in large 

sHsp-substrate complexes, alleviating the load on the broader proteostasis network (Specht et 

al., 2011; Ungelenk et al., 2016). Hsp70 and Hsp100 chaperones subsequently release small 

Hsp clients once the cell stabilizes, or alternatively, their substrates may be targeted for 

degradation via the proteasome (Reinle et al., 2022).  

J-proteins/Hsp40 and NEFs 

J-proteins are defined by the presence of a J-domain, a conserved region of approximately 70 

amino acids forming four α-helices. These proteins are indispensable for Hsp70 function, as 

they not only enhance Hsp70 ATPase activity but also play a crucial role in initial substrate 

recognition. By providing specificity to Hsp70, different classes of J-proteins direct Hsp70 to 

particular organelles and clients, tailoring interactions to the needs of each context  (Kampinga 

& Craig, 2010).  

Similarly, NEFs are essential for Hsp70 activity, responsible for exchanging ADP for ATP and 

subsequently releasing the Hsp70 client. Unlike J-proteins, NEFs lack homology; although they 

all interact with the Hsp70 nucleotide-binding domain (NBD), each family of NEFs uses distinct 

mechanisms to fulfill this function. NEFs are often localized to specific subcellular regions, 

ensuring precise timing for substrate release and transfer from Hsp70 to downstream proteins, 

thus optimizing the chaperone's role in proteostasis (Faust & Rosenzweig, 2020).  
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Hsp60s 

Hsp60s, also known as chaperonins, are widely conserved across prokaryotes and eukaryotes. 

These proteins typically form large, barrel-shaped complexes made of multiple subunits, often 

assembling into double-ring structures (Singh et al., 2024). The Hsp60 complex provides an 

isolated environment for substrate proteins, shielding them from aggregation-prone 

interactions. Substrates enter the central cavity of the chaperonin complex, where they bind 

and undergo ATP-driven conformational changes that facilitate proper folding. In 

mitochondria, Hsp60 works closely with Hsp10, a smaller co-chaperone that caps the Hsp60 

barrel during folding cycles (Ishida et al., 2018). This partnership is crucial for the accurate and 

efficient folding of mitochondrial proteins, which are particularly susceptible to misfolding due 

to the unique mitochondrial environment. 

1.4 HSF1: the master transcriptional regulator of the HSR 

The rapid transcriptional upregulation of all the targets of the HSR requires activation 

machinery that is responsive to environmental stressors, specifically a transcription factor that 

can stimulate the expression of the HSR regulome quickly and efficiently upon sensing stress. 

In eukaryotes, a conserved family of heat shock transcription factors (HSFs) were identified as 

the critical regulators of the HSR (Sorger et al., 1987; Sorger & Pelham, 1987). Drosophila and 

Caenorhabditis elegans possess a single HSF, HSF1/HSF-1 respectively. Yeast cells have a single 

HSF, Hsf1, that is essential for their survival, while mammalian cells have HSF1, HSF2, and 

tissue-specific paralogs essential for development (Anckar & Sistonen, 2011). All HSFs bind to 

preserved DNA motifs called heat shock elements (HSEs), present in multiple copies in the 

promoters and enhancers of their target genes (Bienz & Pelham, 1987; Pelham, 1982; Tuite et 

al., 1988). For the purposes of this study, I will be focusing on HSF1 and its orthologs, as it is 

the most widely studied HSF in the field.  
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Many genes are repressed during acute stress, and this downregulation of highly expressed 

genes has been termed stress-induced transcriptional attenuation (SITA) (Anckar & Sistonen, 

2011; Sawarkar, 2022). While this is an important property of the transcriptional response to 

stress, many studies have determined that this repressive activity is Hsf1-independent across 

cell types (Duarte et al., 2016; Gasch & Werner-Washburne, 2002; Mahat et al., 2016). 

Therefore, I will largely be concentrating on the transcriptional activation capabilities of Hsf1.  

1.4.1 Hsf1 in the context of other cellular stresses 

In addition to heat stress, a number of other environmental stressors have been identified that 

activate the HSR or work alongside it. A shared effect of all these different stress conditions is 

the imbalance in proteostasis that they cause, thus activating the genes encoding Hsps that can 

then aid with bringing the cell back to a stable state (Figure 6). The unfolded protein response 

(UPR) is the stress pathway involved in ER proteostasis and is activated when there is an 

accumulation of newly synthesized proteins that cannot be folded correctly. This buildup can 

be due to changes in ER homeostasis caused by a number of factors such as calcium ion 

depletion, oxidative stress, or even viral infection (Cao & Kaufman, 2012). In yeast, the UPR 

upregulates the production of a protein, Sir2, that activates the HSR, which in turn can induce 

an increase in the expression of ER chaperones that aid in the removal or folding of the 

accumulated protein in the ER (Weindling & Bar-Nun, 2015).  

The oxidative stress response and the HSR exhibit an overlap in their downstream effects. In 

fact, the key transcription factor of the oxidative stress response, Nrf2, shares several 

transcriptional targets with HSF1, suggesting a collaboration between these two stress-induced 

TFs (Barna et al., 2018). Since the presence of reactive oxygen species triggers a change in 

protein homeostasis, oxidative stress is also likely to trigger the HSR to provide an increase in 

chaperones and their co-factors. In fact, the sHsp hsp27, is essential in reducing the levels of 
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ROS and the maintenance of the cellular redox state by mediating the glutathione levels in 

these cells during stress (Mehlen et al., 1996).  

 

Figure 1.6 Sources of the ligands of the HSR. Many activities within the cell can result in the induction of 
the HSR: nascent protein folding complexes, orphan ribosomal proteins (oRPs) formed during nutrient 
deprivation, ribosome quality control (RQC), ER and mitochondrial stress responses, and the ubiquitin 
degradation machinery. All these processes cause an impairment of proteostasis in the cell, thus 
prompting the HSR. Figure adapted from (Pincus, 2020). 
 

When a ribosome stalls in yeast cells, it may form truncated proteins that are toxic to the cell. 

The ribosome quality control complex (RQC) binds to these stalled ribosomes and target them 

for degradation by the ubiquitin proteasome (Brandman et al., 2012). In addition, the RQC 

stimulates the addition of alanine and threonine residues at the C-terminus of the truncated 

protein (CAT tails) (Shen et al., 2015). The accumulation of CAT tails activates the HSR, which 

in turn, stimulates the upregulation of protein degradation machinery that can aid in clearing 

these stalled ribosomes and their cargo (Sitron et al., 2020). Similarly, if the degradation 

machinery is compromised, that will lead to an accumulation of unwanted proteins in the cell, 

which will in turn trigger the HSR.  
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The mTOR pathway, essential in nutrient sensing and growth in eukaryotes, regulates 

ribosome biogenesis. When the cell is subjected to nutrient deprivation, ribosome biogenesis is 

halted which can lead to a pausing of rRNA production and the accumulation of newly 

synthesized ribosomal proteins. These “orphan” ribosomal proteins (oRPs) behave as signal for 

the HSR, upregulating chaperone proteins to aid in “holding” the oRPs until nutrient stress is 

relieved, therefore ensuring rapid production of ribosomes once rRNA manufacture 

commences.   

In mammalian cells, the Ras/MAPK pathway couples signals from cell surface receptors to 

gene expression. Depending on the signal, this pathway can interpret it as a stimulus for 

apoptosis, cell cycle progression, proliferation, or even cytokine production, by phosphorylation 

down a kinase cascade that ends in the nucleus at specific transcription factors (McCubrey et 

al., 2007). In mammalian cells, MEK kinase can phosphorylate HSF1, promoting activation of 

the TF (Tang et al., 2015). This suggests that cell proliferation signals and the cell cycle can also 

act as triggers for HSF1 activity. In tumor cells, when MEK activity is blocked, the HSR is also 

repressed, resulting in protein destabilization, aggregation, and amyloidogenesis. 

1.4.2 The role of HSF1 beyond stress 

HSF1 activity can be triggered by signals beyond stress, playing diverse roles across 

developmental and physiological processes. In C. elegans, for instance, HSF-1 mediates larval 

development by regulating approximately 70 target genes essential for this process. The 

promoters of these genes contain partial heat shock elements (HSEs) and GC-rich motifs, 

suggesting that HSF-1 coordinates this developmental program in conjunction with a co-factor 

(Li et al., 2016). Similarly, in Drosophila, HSF1 loss leads to developmental arrest at the L2-L3 

larval transition (Jedlicka et al., 1997) while in mice, HSF1 influences neuronal development, 
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with some target genes involved in synapse formation (Uchida et al., 2011), and the growth and 

differentiation of olfactory neurons (Takaki et al., 2006).  

HSF1 also plays a significant role in gametogenesis. In male mice, HSF1 is involved in the 

elimination of defective spermatocytes (Izu et al., 2004), the survival of immature germ cells 

(Widłak et al., 2003), and the proper packaging of DNA in developing sperm (Aligue et al., 

1994). In females, HSF1 regulates genes required for oocyte meiosis, as evidenced by HSF1 

knockout mice, which experience cell cycle arrest at phases I or II of meiosis (Metchat et al., 

2009). Drosophila HSF1 also impacts oogenesis and maternal effect sterility, underscoring 

HSF1's role in gamete development (Jedlicka et al., 1997).  

Beyond development, HSF1 is a major player in disease onset and progression. By enhancing 

cellular stress tolerance, increased HSF1 activity is often linked to cancers, as it supports the 

oncogenic proteome and facilitates tumour malignancy (Dai & Sampson, 2016). The HSR 

regulome contributes to preserving the functional structure of oncoproteins as they are 

inherently unstable, partially folded, or prone to aggregation, requiring a robust proteostasis 

network to maintain their active and functional conformations. The HSF1 targets drive 

signalling pathways that support tumour angiogenesis and other processes involved in cancer 

progression (Mendillo et al., 2012; Semenza, 2003). In tumour cells and cancer lines, HSF1 can 

be constitutively active, promoting rapid growth despite deleterious mutations, and leading to 

proteostasis disruptions that can result in proteomic instability and amyloidogenesis (Dai & 

Sampson, 2016). Consequently, HSF1 inhibition has emerged as a promising target for 

anticancer therapies. 

Conversely, HSF1 activation has therapeutic potential as well. Progressive protein 

accumulation is a common issue in aging organisms (Vellai & Takács-Vellai, 2010) and protein 

aggregation in neuronal cells in the brain is a hallmark of neurodegenerative diseases such as 
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Alzheimer’s, Parkinson’s, and Huntington’s (Soto, 2003). In both cases, proteostasis becomes 

compromised as stress response pathways diminish with age or disease progression. Activating 

HSF1 may counter protein aggregation, thereby reducing neurodegeneration and supporting 

proteostasis mechanisms to extend cellular longevity (Billes et al., 2016; Hsu et al., 2003; Neef 

et al., 2011).  

1.4.3 Hsf1: structure, function, and mode of action 

Hsf1 structure  

Eukaryotic Hsf1 is a multidomain protein comprising an N-terminal DNA binding domain 

(DBD), a trimerization domain (3mer) and a C-terminal activation domain (CTA), with higher 

eukaryotes possessing a separate 160 amino acid regulatory domain (RD) as well. The RD is a 

highly flexible intrinsically disordered region (IDR) and is involved in the control of HSF1 

trimerization (Hentze et al., 2016; Rabindran et al., 1993), as well as its transactivational 

capabilities and any interactions HSF1 may have with various partners (Green et al., 1995). 

Meanwhile, in yeast, the N-terminal domain (NTA) and the CTA are both intrinsically 

disordered and contain sites for Hsp70 binding, behaving as a regulatory domain for this 

ortholog (more on this later) (Krakowiak et al., 2018; Zheng et al., 2016) (Figure 9A).  

The DBD of HSF1 is the most structured region of the protein, consisting of a winged helix-

loop-helix architecture that can interact with HSEs (Neudegger et al., 2016). All three DBDs 

of the HSF1 trimer are necessary for efficient binding to DNA (Kim et al., 1994). The 

trimerization domain is made up of a coiled-coil, and during thermal stress a conformational 

change in the RD leads to a tightening of this coil, which in turn favours the cooperative 

trimerization of the leucine zipper of HSF1 (Hentze et al., 2016).  
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Though the HSR is conserved across organisms, yeast Hsf1 and human HSF1 share only 17% 

sequence homology, and their domain structure is moderately different as well, as yeast Hsf1 

has an extra disordered region at its N-terminal, and its DNA binding domain is present 

towards the centre of the protein. Though yeast Hsf1 maintains the winged helix-loop-helix 

structure with a coiled-coil trimerization domain, it does not have an RD. Therefore, yeast 

Hsf1 trimerization is not regulated by a conformational change in the RD that triggers the 

formation of the triple leucine zipper. In fact, if human HSF1 is expressed as the only copy of 

Hsf1 in yeast cells, the RD must be deleted for the cells to be viable. This is likely due to the 

observation that yeast Hsf1 is constitutively trimerized and present in the nucleus of these cells, 

so this cannot be used a means of modulation for TF activity. 

Function  

A recent study showed the essential function of yeast Hsf1 by showing that its primary role 

under NHS conditions is to drive the co-expression of Hsp70 and Hsp90. Remarkably, when 

Hsf1 is removed from the nucleus, yeast cells continue to grow robustly if provided with external 

Hsp70 and Hsp90, which prevent protein aggregation and associated toxicity (Solís et al., 

2016). Without nuclear Hsf1, the heat shock response (HSR) remains largely functional, likely 

due to an overlap in genetic targets between Hsf1 and other environmental stress response 

transcription factors, such as Msn2/4 (Solís et al., 2016). This finding suggests that, while the 

majority of Hsf1's heat-induced targets can be regulated by Msn2/4, certain genes still 

specifically require Hsf1 for their transcription.  

Similarly, in mouse embryonic stem cells (mESCs) and mouse embryonic fibroblasts (MEFs), 

both HSF1 and HSF2 – the only HSF paralogs in these cells – can be deleted without impacting 

the basal expression of their target genes, indicating that mESCs and MEFs may regulate 

HSF1's NHS expression program through alternative mechanisms. However, under heat shock 
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conditions, HSF1 becomes essential for the transcription of nine core genes, including Hsp40, 

Hsp70, and Hsp90, and HSF2 alone cannot compensate for the absence of HSF1 in these 

stress-responsive roles (Mahat et al., 2016; Solís et al., 2016). 

Mode of action 

HSF trimers bind to HSEs, which comprise alternating inverted repeats of the sequence 

nGAAn. To stimulate transcription, a TF must be able to access the DNA it binds. Histone-

modifying enzymes and chromatin remodelling factors facilitate the reshaping of the chromatin 

landscape by using epigenetic changes that can reorganize the genome. Though the HSR is an 

inducible response, surprisingly, in Drosophila and mammalian cells, most HSEs for heat-

inducible genes are present at sites of open, active chromatin (Guertin & Lis, 2010; Sullivan et 

al., 2001). The HSE sites of heat-inducible HSF1 genes are maintained in a nucleosome-free 

state during NHS conditions by utilizing a variety of factors, like the SWI/SNF complex, that 

interact with and recruit chromatin remodelling proteins, while the onset of stress also 

stimulates the acetylation of histone H3 and H4 to keep the chromatin in an active 

transcriptional state (Duarte et al., 2016; Fujimoto et al., 2012; Mueller et al., 2017). Though 

the chromatin is present in an operational conformation, HSF1 occupancy of these HSE sites 

remains heat inducible. The chromatin is likely present in an active and open configuration 

because HSF1 is absent from the nucleus in these cells unless it is heat-activated and trimerized. 

As a result, when HSF1 is stimulated and translocated to the nucleus during HS, the induced 

gene transcription can occur as rapidly as possible.  

However, in yeast cells, while Hsf1 occupies the HSEs of its core targets that are constitutively 

active, even during NHS conditions, many of its unoccupied, non-induced targets possess 

nucleosome marks that indicate an inactive chromatin conformation (Pincus et al., 2018). 

When the cells are exposed to an acute thermal stress, there is Hsf1 occupancy of 31 more 
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targets, in addition to an increased occupancy of the core targets as well (Pincus et al., 2018). 

Consequently, multiple studies have also revealed that HSF1 cooperatively binds to promoter 

regions of its target genes which possess more than one HSE site. The primary HSE element, 

HSE1, has a stronger affinity for Hsf1, and only when HSE1 is occupied will the secondary 

sites be employed, most likely during HS, as this cooperativity is required for full inducibility of 

the gene (Amin et al., 1994; Erkine et al., 1999; Jaeger et al., 2014; Schmauder et al., 2022). 

This evidence further supports that HSF1 is constitutively active at some of its target genes. 

Similar to Drosophila and mammalian cells, core targets sites bound by Hsf1 in NHS conditions 

in yeast cells are enriched in pioneer factors, proteins that allow the chromatin to maintain a 

nucleosome-free, open conformation for easy access by transcriptional machinery (Pincus et 

al., 2018). For inducibly-occupied Hsf1 sites, the chromatin remodelling complex, RSC, plays 

a role in aiding Hsf1 to remodel nucleosomes during HS (Pincus et al., 2018). RSC and 

SWI/SNF, one of the protein complexes reported to be involved in maintaining open 

chromatin at HSE sites in flies and mammals (Sullivan et al., 2001), are considered homologues, 

which provides some evidence for evolutionary consistency in this process (Cairns et al., 1996). 

The status of the chromatin at HSF1 inducible gene targets in yeast, compared to that of higher 

eukaryotes, may be due to Hsf1 being constitutively present in a trimerized and activated state 

in the nucleus of yeast cells (Sorger & Nelson, 1989). By ensuring the heat-inducible sites are 

present in an accessible state until necessary, yeast Hsf1 cannot bind and upregulate these genes 

in NHS conditions, adding another layer of regulation in HSR gene activation.  

1.4.4 Regulating Hsf1 and the HSR: a simple question with a complicated answer 

The HSR is a conserved process across species, the regulation of HSF1 varies significantly. 

Although the concept of an autoregulatory feedback loop involving Hsp expression appears 

consistent, the complexity of HSF1 regulation tends to increase with the organism's complexity. 
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Certain regulatory mechanisms are better understood in mammalian cells, while others are 

clearer in simpler organisms like yeast. In this section, I will explore the known mechanisms 

governing HSF1 and HSR regulation in mammals and yeast. This is a critical area of study, as 

HSF1 represents a promising therapeutic target in various diseases; thus, understanding its 

cellular modulation could reveal new opportunities for drug development. 

 

Figure 1.7 The activation-attenuation cycle of mammalian Hsf1. In response to stress, monomeric Hsf1 is 
released from inhibitory binding by chaperones and shuttled to the nucleus where it can trimerize and 
bind to HSEs to induce transcription of the HSR regulon. When Hsf1 is no longer needed, it is modified 
by phosphorylation and sumoylation that will mark it for degradation, or it will be recycled into 
monomeric form and bound to chaperones again. Figure adapted from (Gomez-Pastor et al., 2018). 
 

Modulating HSF1 in mammalian cells 

In mammalian cells, HSF1 partakes in an activation-attenuation cycle in which it is stimulated 

via a multistep pathway leading to HSF1 transcriptional activation capacity, and once it is no 

longer needed, is then marked for degradation or recycling. HSF1 is present in an inactive, 
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monomeric form and shuttles between the nucleus and the cytosol, unable to bind DNA (Baler 

et al., 1993; Vujanac et al., 2005) (Figure 7). Upon stress, HSF1 is then rapidly accumulated in 

the nucleus where it can bind to HSEs near its gene targets and induce their expression once it 

is activated (Sarge et al., 1993). Whether HSF1 trimerizes in the cytosol or the nucleus is still 

unclear, but it does not have DNA binding capability unless it is in a trimeric state. 

Furthermore, trimeric HSF1 can be maintained in an inactive state when bound by a 

chaperone complex made up of HSP90, p23, and FKBP4 (Bharadwaj et al., 1999). The 

monomeric iteration of HSF1 can be preserved when in complex with Hsp70, Hsp90, and 

TRiC/CCT (an HSF1-independent chaperone),  in the cytosol (Shi et al., 1998), while the 

transactivation capacity of activated trimeric HSF1 can be suppressed when it interacts with 

HSP70 and HSP40 (DNAJB1) (Abravaya et al., 1992; Shi et al., 1998). These chaperone 

interactions depict a negative feedback mechanism that serves to regulate the intensity and 

duration of the HSR depending on the levels of excess chaperones present in the cell to inhibit 

HSF1 (Figure 7). 

Post-translational modifications (PTMs), including phosphorylation, acetylation, and 

sumoylation, can also modulate HSF1 activation. Two phosphorylation sites, Ser230 and 

Ser326, in the regulatory domain (RD) of human HSF1 facilitate its transactivation capability 

(Guettouche et al., 2005). Upon HS, phosphorylation of Ser303 can mediate the addition of a 

small ubiquitin-related modifier (SUMO) to Lys298 in the RD of HSF1 (Hietakangas et al., 

2003). Sumoylation occurs when HSF1 is in a trimeric state, however, how it affects HSF1 

activity is yet to be determined. Evidence suggests that sumoylation may be involved in 

recruiting transcriptional repressors, or it affects the interaction of HSF1 with transcriptional 

machinery (Kmiecik et al., 2021; Kmiecik & Mayer, 2022).  Acetylation of HSF1 occurs in the 

attenuation stage of the HSF1 regulatory cycle (Figure 7). HSF1 is maintained in a deacetylated 

state by SIRT1, which increases the stabilization and dwell time of DNA-bound HSF1. 
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However, when the HSR is over, SIRT1 is depleted allowing acetylation by p300/CBP to 

promote the attenuation of excess HSF1 by marking it for the ubiquitin proteosome system 

(Åkerfelt et al., 2010; Li et al., 2017) (Figure 7).  

The chaperone titration model 

As mentioned earlier, a number of molecular chaperones are involved in the regulation of 

HSF1 in mammalian cells, many of which are also under the transcriptional control of this TF. 

Therefore, it has been suggested that HSF1 interacts with these chaperones and is kept in an 

inactive form in NHS conditions. When the cell undergoes HS, these chaperones are 

sequestered away to deal with the influx of newly synthesized, non-native proteins that require 

aid in folding while proteostasis is imbalanced (Tye & Churchman, 2021). This releases HSF1, 

activating the HSR and the translation of a surplus of chaperone proteins that can then restore 

the cell to a steady state, while concomitantly, or subsequently, regulate HSF1 in a negative 

feedback loop (Masser et al., 2019). This putative regulatory mechanism is termed the 

chaperone titration model. 

Several lines of evidence support this model: downregulation of Hsp90 or TRiC/CCT triggers 

HSF1 activity (Neef et al., 2014; Zou et al., 1998) while an increase in Hsp90 exhibits HSF1 

repression (Prince et al., 2015). Hsp90 has since been shown to favour the trimeric 

conformation of HSF1 (Hentze et al., 2016), and accordingly more evidence has been reported 

that claims there is no interaction between HSF1 and Hsp90 unless there is cross-linking (Guo 

et al., 2001). Therefore, Hsp90’s ability to suppress HSF1 trimerization has been called into 

question, suggesting the chaperone might play a distinctive role in HSR modulation instead.  

HSF1 was found to co-precipitate with Hsp70 in mammalian cells and multiple Hsp70 binding 

sites have been identified in human HSF1 (Abravaya et al., 1992; Kmiecik et al., 2020). 

Overexpression of Hsp70 has exhibited a suppression of Hsf1 activity as well (Baler et al., 1996; 
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Shi et al., 1998), further establishing a role for Hsp70 in regulation of HSF1. In fact, a recent 

study uncovered a potential mechanism for Hsp70 repression: the binding of multiple Hsp70s 

to HSF1 in vitro, in association with the Hsp40 DNAJB1 and ATP, leads to the unzipping of the 

triple leucine zipper of the HSF1 trimer by entropic pulling, monomerizing the TF and 

dislodging it from DNA, thus inactivating it (Kmiecik et al., 2020). This process is sensitive to 

the concentration of Hsp70, as the more chaperones that are bound to the HSF1 trimer, the 

quicker it will unzip (Kmiecik & Mayer, 2022). This mechanism of Hsp70 suppression also 

supports the chaperone titration model, exhibiting a direct link to Hsp70 concentration and the 

quelling of HSF1 activity. 

 

Figure 1.8 The chaperone titration model. In yeast, Hsp70 binds and represses Hsf1 activity during NHS 
conditions in the cell. During HS, the Hsp70 titrates away from Hsf1 to bind to stressed-induced clients, 
allowing Hsf1 to activate and drive expression of HSR genes. Hsp70 forms a negative feedback loop, as 
when it is produced in excess, or when the cell has reached steady state, it binds to Hsf1 again, repressing 
its activity and ending the HSR. Figure adapted from (Pincus, 2020). 
 

Furthermore, it has been recently reported that purified HSF1-Hsp70 complexes are able to 

bind to HSE DNA at NHS conditions, and that increasing concentrations of Hsp70 hindered 

this binding (Ciccarelli & Andréasson, 2024). Using HEK293T cells, it was determined that 

Hsp70 binds to HSF1 via its substrate binding domain, and this interaction is reduced after 

exposure to thermal stress, though specific sites on Hsf1 for this molecular association were not 
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identified. Perturbing proteostasis by impairing protein folding using the drug AzC also 

triggered the release of Hsf1 (Ciccarelli & Andréasson, 2024). This establishes Hsp70 as a key 

regulator of Hsf1 activity and supports the chaperone titration model by displaying the 

sensitivity of Hsp70 to imbalances in proteostasis.  

While this model is largely accepted in the field, it is important to mention that the endogenous 

molecular ratio between HSF1:Hsp70 is 1:1000, which makes it difficult to reconcile how much 

Hsp70 must be titrated away for HSF1 to be activated. As previously mentioned, J-proteins are 

necessary for Hsp70 ATPase activity and client binding (Kampinga & Craig, 2010). Because 

Hsf1 binds to Hsp70 via its substrate binding domain in yeast cells, it is considered to be an 

Hsp70 client (Masser et al., 2019). And so, the J-protein Sis1 has recently been identified to 

promote and maintain the binding interaction of this client protein with Hsp70, with a 5-fold 

decrease in binding when Sis1 is depleted from the nucleus, and an increase in Hsf1 activity. 

During HS in yeast, Sis1 is sequestered to the nucleolus and to condensates present in the 

cytosol. These regions are notably devoid of Hsf1, thereby implying that Sis1 is needed for 

efficient interaction of Hsf1 with Hsp70 and once it is absent, Hsf1 is activated (Feder et al., 

2021). The ratio of Sis1:Hsf1 is more comparable within a cell, and so it would make more 

sense that the J-protein being titrated away is what induces Hsf1. 

In mammalian cells, the J-protein DNAJB1, homologous to Sis1, is essential for an entropic 

pulling and unzipping mechanism that likely mediates Hsp70-dependent repression of HSF1 

(Kmiecik et al., 2020). This supports the idea that the sequestration of J-proteins away from 

sites of HSF1 inhibition may be the key factor driving HSF1 activation.  

Regulation of Hsf1 in yeast 

In yeast cells, it is unclear if Hsf1 is ever present in a monomeric form, existing as a perpetual 

trimer largely in the nucleus of these cells (Sorger et al., 1987; Sorger & Nelson, 1989). As 
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mentioned previously, under NHS conditions in yeast, certain Hsf1 target genes are already 

occupied by the TF, but once the cell is subjected to HS, the occupancy of these constitutively 

active genes increases, while the promoters of HS-specific genes are also populated (Hahn et 

al., 2004; Pincus et al., 2018; Sorger et al., 1987; Zheng et al., 2016). And so, it makes sense 

that these two HSF1 orthologs would be controlled by somewhat dissimilar mechanisms.  

The pool of available Hsp70 and Hsp90 within a cell has been shown to mediate Hsf1 activity: 

an escalation in the chaperone concentrations leads to suppression of the transcriptional activity 

of the TF, while depletion or impairment of the Hsps results in a hyperactive Hsf1 (Baler et al., 

1996; Zhao et al., 2002; Zou et al., 1998). However, similar to mammalian HSF1, no Hsp90 

binding sites have been identified on the Hsf1 protein and thus no protein-protein interactions 

have been established between the two proteins, unless they are crosslinked (Guo et al., 2001). 

Though no clear modes of regulation have been reported so far, Hsp90 has been identified as 

one of the essential Hsf1 target genes, with the cell succumbing to proteotoxicity and death if it 

is not transcribed (Solís et al., 2016). Since it is also required for the stabilization of many 

essential proteins within the cell (Karras et al., 2017), Hsp90 must play a managing role in the 

stress response pathway or modulation of proteostasis in general, but we have yet to provide 

compelling evidence for direct Hsf1 regulation.   

However, like human HSF1, yeast Hsf1 also exhibits direct Hsp70 regulation. Two Hsp70 

binding sites have been identified on Hsf1: the NE1 site and the CE2 site, present in the IDRs 

of the NTA and CTA of Hsf1, respectively (Krakowiak et al., 2018; Peffer et al., 2019) (Figure 

9B). Both sites form stable complexes with Hsp70 under basal conditions, and that interaction 

is lost once the cell undergoes acute HS, though with sustained HS the interaction is restored. 

The CE2 site alone is essential for Hsf1 suppression under NHS conditions and inactivation 

after HS has subsided, even when the entire NTA has been deleted (Krakowiak et al., 2018). 

When either site is deleted or mutated, Hsf1 exhibits a loss in Hsp70 binding, as well as an 
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increase in Hsf1 transcriptional activity (Peffer et al., 2019; Zheng et al., 2016). Hsp70 binds 

Hsf1 via its substrate binding domain, and Sis1 is necessary for an effective interaction (Feder 

et al., 2021; Masser et al., 2019). Both Sis1 and Hsp70 are under the transcriptional control of 

Hsf1, but only Hsp70 and Hsf1 form the core feedback loop, dependent on the expression of 

Hsp70 (Garde et al., 2024).  

Yeast Hsf1 does not exhibit the same PTMs as human HSF1. In fact, only phosphorylation has 

been identified as a modulator of Hsf1 activity so far. However, the exact sites have yet to be 

determined as different residues of Hsf1 are phosphorylated depending on cell-to-cell variation 

and environmental conditions (Zheng et al., 2018). Additionally, in both yeast and human cells, 

phosphorylation is dispensable for acute Hsf1 activation after thermal stress (Budzyński et al., 

2015; Zheng et al., 2016). To understand the role of phosphorylation in yeast Hsf1 regulation, 

our lab designed a phosphomimetic mutant Hsf1, Hsf1-PO4*, that replaces 116 

serine/threonine residues with aspartate to mimic the negative charge of a phosphate group. 

Conversely, we also designed a phospho-null mutant Hsf1, Dpo4, whereby 152 S/T residues 

were converted to alanine (Zheng et al., 2016). Interestingly, hyperphosphorylation escalates 

Hsf1 activity in both NHS and HS conditions, while hypophosphorylation exhibits a somewhat 

attenuated Hsf1 activity in both NHS and HS settings. Moreover, phosphorylation also enables 

sustained activity of Hsf1 during prolonged HS (Zheng et al., 2016). And so, rather than being 

a key form of regulation for Hsf1, like Hsp70 binding, phosphorylation exhibits a more nuanced 

and complex role in the fine-tuning of Hsf1 activity. This, along with the CE2 and NE1 sites, 

intimates that the cell may be able to modify Hsf1 activity depending on the stress or 

extracellular signal. 

But how does Hsp70 and phosphorylation regulate Hsf1 activity in yeast? Unfortunately, yeast 

Hsp70 does not exhibit an ability for entropic pulling like its human counterpart. The obvious 
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answer, considering Hsf1 is a TF, is that Hsp70 modulates Hsf1’s ability to bind DNA. 

However, while it has been reported that purified complexes of Hsp70-bound Hsf1 can bind 

HSEs, with excess Hsp70 impeding DNA binding (Masser et al., 2019), the specific sites on 

Hsf1 responsible for this have not yet been determined so this may still be a path worth 

exploring. Another mechanism by which Hsp70 can inhibit Hsf1 activity is by impairing the 

recruitment of transcriptional machinery, such as the Mediator complex and RNA Pol II, to 

sites of Hsf1 gene expression. It is also possible that all the Hsp70 binding sites have not yet 

been elucidated, and that multivalent nature of Hsp70 binding might provide more answers on 

its mechanism of action for Hsf1 regulation. This question is a central theme of this study and 

will be discussed further in the next chapters. 

1.4.5 Transcriptional condensates in the HSR: Aims of the study 

The HSR has long been a model system to explore eukaryotic gene transcription as: it is 

triggered by a specific environmental cue, gene transcription is regulated by one central 

transcription factor, Hsf1, and it exhibits a robust and dynamic induction of its target genes. 

And so, studying transcriptional condensates as a mode of eukaryotic transcriptional 

modulation by using this gene expression program is a logical direction to explore. Though 

these condensates have only been identified at super-enhancer-regulated cell-identity genes in 

mammalian cells, there is sufficient evidence to conclude that yeast cells may also form 

transcriptional condensates at the sites of Hsf1 target genes during HS.  

Hsf1 induction triggers the remodelling of the 3D architecture of the yeast genome. Gene 

coalescence of transcriptionally activated Hsf1 genes occurs across and between chromosomes 

once the stress response is initiated (Chowdhary et al., 2017). This is consistent with the 

presence of clusters of regulatory elements at SEs in mammalian cells. This genetic interaction 

is ablated when the binding of Hsf1 to target HSEs is prevented, and can only occur between 
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HSR genes, excluding any other expressed genes, even those present punctuated between the 

Hsf1 targets (Chowdhary et al., 2019). The conformational rearrangement is specific to the 

Hsf1-mediated stress pathway, as Msn2/4-regulated genes do not exhibit this trait. Again, this 

matches the observation that the induction of a transcriptional condensate occurs once a TF 

binds to its specific DNA motif at the SE site and only involves the relative functional genes, as 

described earlier.  

 

Figure 1.9 The structure and mechanism of induction for Hsf1 in budding yeast. (A) Domain architecture of 
yeast Hsf1 (B) Predicted structure of yeast Hsf1 using CollabFold (C) During acute HS, Hsf1 is released 
by Hsp70, allowing Hsf1 IDRs to interact with other Hsf1 molecules and transcriptional machinery to 
assemble transcriptionally active condensates. Figure from (Dea & Pincus, 2024). 
 

Moreover, Hsf1 forms discrete nuclear puncta during HS that disperse simultaneously with the 

attenuation of the HSR, mirroring the dynamics of HSR gene coalescence and dissolution 
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(Chowdhary et al., 2019). Transcriptional condensates in mammalian cells have also been 

associated with dynamic and regulated gene clustering (SEs). Mediator and RNA Pol II have 

been shown to be recruited to sites of Hsf1 gene transcription, consistent with their presence in 

mammalian transcriptional condensates, and these interactions tend to occur via the IDRs of 

these molecules in both species, further providing evidence that these nuclear puncta are in fact 

transcriptional condensates (Figure 9C). 

In this study, I show that Hsf1 does in fact form transcriptional condensates in yeast cells, and 

that these condensates behave as yet another layer of regulation of the HSR. I explore the 

properties of these condensates, linking gene coalescence to condensate formation, and 

investigate how Mediator and RNA Pol II may be recruited to these structures. I examine the 

ways in which these condensates are induced and modulated in cells, primarily by probing Hsf1 

regulation and the manner in which transcriptional condensates form. I determine that gene 

coalescence occurs after condensate formation rather than the other way round, elucidating an 

emergent property of HSR condensates. Lastly, I provide a mechanism for Hsp70 and 

phosphorylation regulation of Hsf1, determining that Mediator and Pol II recruitment can be 

decoupled from transcriptional activation, exhibiting the tunability of Hsf1 activity in response 

to stress rather than it being an on/off switch.   
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CHAPTER 2 

Preserve or destroy: orphan proteins and the heat shock response 

 

This chapter is a full reprint of Ali et al 2024 on which I am an author. This work is has been 

accepted at Journal of Cell Biology and will be published before the end of the year. It is 

included with permission from all the authors. I wrote the first draft of this review, except the 

last section which was done by Asif Ali. I also performed revisions before final publication.  

 

2.1 Abstract 

Most eukaryotic genes encode polypeptides that are either obligate members of hetero-

stoichiometric complexes or clients of organelle targeting pathways. Proteins in these classes 

can be released from the ribosome as “orphans”—newly synthesized proteins not associated 

with their stoichiometric binding partner(s) and/or not targeted to their destination organelle. 

Here we integrate recent findings suggesting that, although cells selectively degrade orphan 

proteins under homeostatic conditions, they can preserve them in chaperone-regulated 

biomolecular condensates during stress. These orphan protein condensates activate the heat 

shock response (HSR) and represent subcellular sites where the chaperones induced by the 

HSR execute their functions. Reversible condensation of orphan proteins may broadly 

safeguard labile precursors during stress. 	

2.2 Main 

2.2.1 Orphan protein quality control and the heat shock response 

Few proteins are islands. Most genes in the model eukaryote Saccharomyces cerevisiae encode 

proteins designated for specific trafficking to membrane-enclosed subcellular compartments or 

assembly with other cellular factors into stoichiometric complexes (Gavin et al., 2006; Krogan 
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et al., 2006). Analyses of protein-protein interactions indicate that more than 50% of proteins 

have the propensity to engage in heteromeric complexes of defined stoichiometry, although 

membrane proteins tend to exhibit a slightly lower degree of interaction (Aebersold and Mann, 

2016; Michaelis et al., 2023). Even under the most well balanced homeostatic cellular 

conditions, the lack of operonic structure to eukaryotic genes and the inherent stochasticity of 

gene expression inevitably results in stoichiometric imbalances. Substituent polypeptides in a 

protein complex not associated with their binding partner(s), and newly synthesized membrane 

or organellar proteins not targeted to their destinations, are termed “orphan” proteins 

(Juszkiewicz and Hegde, 2018). 

Under nonstress conditions, cells employ degradation mechanisms to recognize and remove 

orphan proteins, giving the cell a buffering capacity to counter small imbalances in 

stoichiometry. Even in aneuploid cells, in which protein complexes with members on different 

chromosomes have constitutive stoichiometric imbalances with substantial numbers of orphan 

proteins, protein homeostasis pathways maintain cell viability via degradation and adaptive 

aggregate/condensate formation (Ben-David and Amon, 2020; Brennan et al., 2019; 

Oromendia et al., 2012). However, saturation of this buffering capacity, through mutations or 

environmental perturbations, triggers an evolutionarily conserved transcriptional program 

known as the Heat Shock Response (HSR) (Alford et al., 2021; Brandman et al., 2012; Pincus, 

2020) (Figure 1A). The HSR enhances the ability of cells to cope with the build-up of 

aggregation-prone orphan proteins by increasing the production of chaperones via the 

transcriptional activator Hsf1. Under prolonged stress, the HSR feeds forward to upregulate 

proteasomal machinery via Rpn4 (Boos et al., 2019; Work and Brandman, 2021).  

The observation that orphan proteins trigger cells to produce both chaperones and degradation 

machinery underscores the key regulatory decision that cells confront when orphans 

accumulate: to preserve or destroy them. Here, we will highlight recent discoveries describing 
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dedicated proteostasis mechanisms that route orphans for degradation or preservation. In 

addition to specific ubiquitin-proteasome pathways to degrade different classes of orphan 

proteins under nonstress conditions, we discuss novel roles for the Hsp70 chaperone system in 

preserving orphan proteins in reversible biomolecular condensates during stress and how these 

orphan protein condensates serve as subcellular hubs that regulate – and are regulated by – the 

HSR (Figure 1A).  

2.2.2 Orphan protein degradation and accumulation during stress 

Cells deploy specific ubiquitin-proteasome pathways to degrade different classes of orphan 

proteins. For example, cells use the mitochondrial protein translocation-associated degradation 

(mitoTAD) pathway and nuclear quality control factors to continuously survey the 

translocation through the outer membrane (TOM) complex and prevent clogging of the TOM 

channel with mitochondrial precursor proteins (Mårtensson et al., 2019; Shakya et al., 2021). 

When this safeguard is overwhelmed, such as via the acute blockage of mitochondrial import 

by engineered clogger proteins, orphan mitochondrial proteins (oMPs) accumulate in the 

cytosol in reversible condensates and selectively induce the HSR among all cellular stress 

responses (Boos et al., 2019; Krämer et al., 2023). Since these mitochondrial precursors require 

cytosolic chaperones to initiate targeting, their accumulation in the cytosol appropriates Hsp70, 

titrating Hsp70 away from repressing Hsf1 in the nucleus and thereby inducing the HSR (Feder 

et al., 2021; Krakowiak et al., 2018; Masser et al., 2019; Zheng et al., 2016) (Figure 1A). In 

further support of this mitochondria-to-HSR signalling axis, the mitochondrial unfolded 

protein response (UPRmito) in mammalian cells was recently shown to be similarly triggered by 

oMPs accumulating in the cytosol and activating the HSR by Hsp70 sequestration (Sutandy et 

al., 2023). 
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The most heterotypic complex in the cell is the ribosome, which in yeast requires the 

stoichiometric assembly of 79 different proteins and 4 RNAs (Lempiainen and Shore, 2009; 

Shore and Albert, 2022; Shore et al., 2021). When there is a moderate excess of ribosomal 

protein production, such as when a single protein is overexpressed, the E3 ubiquitin ligase 

Tom1 targets the orphan ribosomal proteins (oRPs) for degradation by the proteasome (Sung 

et al., 2016a; Sung et al., 2016b). In human cells, Huwe1 and UBE2O have been implicated in 

degradation of orphan proteins including oRPs (Nguyen et al., 2017; Xu et al., 2016; 

Yanagitani et al., 2017). However, in cases when this clearance mechanism is inundated via 

genetic mutation or chemical perturbation, oRPs form nuclear condensates with chaperones 

and the ribosomal protein gene transcriptional activator Ifh1 (Albert et al., 2019; Tye et al., 

2019). As when the oMP degradation system is overwhelmed, accumulated oRPs activate the 

HSR by sequestering Hsp70 (Albert et al., 2019; Ali et al., 2023; Tye et al., 2019) (Figure 1A). 

Tail anchored proteins represent a third class of orphan proteins known to activate the HSR. 

Like mitochondrial import, tail anchor membrane insertion is mediated by a chaperone 

cascade that begins with Hsp70 delivering clients to the guided entry of tail anchored proteins 

(GET) pathway (Brandman et al., 2012; Cho et al., 2024; Shan, 2019; Wang et al., 2014). 

Glucose depletion and deletion of GET pathway factors results in accumulation of orphan tail 

anchored proteins (oTAPs) in cytosolic clusters that in current parlance would be termed 

condensates (Powis et al., 2013; Wang et al., 2014). While it remains unclear whether these 

oTAP condensates form as HSR signalling hubs during physiological heat shock, their 

formation upon glucose depletion – a condition known to activate the HSR (Hahn and Thiele, 

2004; Zid and O'Shea, 2014) – suggests that they may serve as physiological HSR ligands under 

some conditions (Figure 1A). 

In addition to oMPs, oRPs, and oTAPs, other classes of orphan proteins have been found to 

have dedicated E3 ligases to enforce stoichiometries in mammalian cells, including kinases, 
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transcription factors, the CCT chaperonin, and the proteasome itself (Mark et al., 2023; Mena 

et al., 2018; Padovani et al., 2022; Yagita et al., 2023; Zavodszky et al., 2021). Whether these 

classes of orphan proteins form condensates and activate the HSR during stress is not currently 

known. 

 

 

Figure 2.1. Orphan proteins and the heat shock response. 
A. Accumulation of orphan ribosomal proteins (oRPs), orphan mitochondrial proteins (oMPs), and 
orphan tail anchored proteins (oTAPs) titrate the chaperone Hsp70 and its coregulator, the J-domain 
protein Sis1, away from Hsf1, activating the heat shock response (HSR). 
B. Variation in the activity of the HSR, global protein synthesis, and the putative accumulation of 
orphan proteins as a function of temperature, highlighting key temperatures associated with growth, 
HSR maximal activity, condensation of different stress granule (SG) components, and cell death. 
 

2.2.3 Orphan protein condensates as physiological ligands of the heat shock response 

The stress conditions under which orphan protein condensates may form to signal the HSR, 

while potentially numerous, are physically constrained. Heat shock, as perhaps the best studied 
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environmental stress, presents an illustrative example. Yeast cells grow readily at 30ºC with no 

signatures of stress evident in the transcriptome or proteome, and they die by lysis after a few 

minutes at 50ºC. As the temperature rises above the standard growth condition – i.e., as the 

magnitude of stress increases – the HSR is induced, while overall protein synthesis and growth 

are concomitantly repressed. The magnitude of the HSR peaks at 39ºC, when Hsf1 forms 

transcriptional condensates, and begins to decrease as the temperature is further increased due 

to the formation of stress granules that enforce the shutdown of translation (Chowdhary et al., 

2022; Iserman et al., 2020; Kik et al., 2023; Riback et al., 2017) (Figure 1B). This loss of HSR 

output at temperatures above which stress granules form and global translation is reduced is 

consistent with observations that Hsf1 activity is also impaired at mild and moderate heat shock 

if translation is inhibited by cycloheximide or rocaglamide treatment or amino acid depletion 

(Masser et al., 2019; Santagata et al., 2013; Triandafillou et al., 2020; Tye and Churchman, 

2021). Since production of orphan proteins requires translation, this tight correlation of HSR 

output and ongoing protein synthesis further supports the notion that orphan protein 

accumulation activates the HSR during physiological stress. 

2.2.4 Reversible condensation of labile proteins in the nucleus during stress 

While initially generated by cytosolic ribosomes, oRPs – which constitute a substantial fraction 

of all orphan proteins due to their high abundance – are subsequently imported into the nucleus 

for assembly with rRNA in the nucleolus. With the help a nuclear-specific proteostasis network 

and specialized phase-separated sites devoted to quality control, the nucleus helps to maintain 

the many metastable proteins that make up its proteome (Miller et al., 2015a; Miller et al., 

2015b; Park et al., 2013; Prasad et al., 2018; Samant et al., 2018; Sontag et al., 2023; Sontag 

et al., 2017).  
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The most prominent membrane-free compartment in the nucleus is the nucleolus, the site of 

ribosome biogenesis (Feric et al., 2016; Lafontaine et al., 2021). The outer granular component 

(GC) of the nucleolus in human cells is densely packed with the negatively charged protein 

nucleophosmin (NPM1) that scaffolds the phase separation of the GC and has long been 

implicated in cancer (Grisendi et al., 2006; Mitrea et al., 2018). This GC component has been 

found to host ~200 stress-sensitive endogenous proteins during acute heat shock, affording 

these proteins from both outside and within the nucleolus protection during stress (Frottin et 

al., 2019). Hsp70 and cofactors localize to this site as well, maintaining proteins in a soluble 

state until stress recovery, suggesting an adaptive role for the nucleolar compartment. If the 

cells undergo prolonged stress, the GC solidifies and is no longer able to carry out its 

proteostasis function (Frottin et al., 2019).  

Similarly, in S. pombe cells during heat stress, nuclear and nucleolar proteins segregate to the 

nucleolar periphery and rearrange to form rings that isolate essential proteins required for 

cellular transcription, processing, and cell cycle regulators, both inhibiting and protecting these 

proteins during acute stress (Gallardo et al., 2020). Upon release from heat stress, the nucleolar 

rings disassembled, allowing the proteins to revert to their previous locations. Hsp70 is present 

in these nucleolar rings during heat shock, and the disaggregase Hsp104 was found to be 

required for the efficient dissolution of these rings upon recovery (Cabrera et al., 2020; Gallardo 

et al., 2020).  

During nutrient depletion, budding yeast cells enter a quiescent state where cells exit the cell 

cycle, translation rates decline and there is low metabolic activity, essentially placing the cells 

in a state of stress as they must work to protect their proteomes and maintain function (Sagot 

and Laporte, 2019; Sun and Gresham, 2021). Multiple studies have identified the presence of 

stress granules and P-bodies in the cytosol that sequester and maintain essential components of 

the proteostasis and translation machinery during quiescence, allowing them to be reactivated 
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when protein synthesis is once again resumed (Coller, 2011; Grousl et al., 2022; Liu et al., 2012; 

Marshall and Vierstra, 2018; Protter and Parker, 2016). Recently, the nucleus has also been 

shown to harbour reversible clusters of translation-associated proteins during prolonged stress 

and starvation (Kohler et al., 2024). Hsp104 likewise accumulates in the nucleus, safeguarding 

these factors for the rapid restart of protein synthesis upon refeeding. These nuclear localized 

translation factors qualify as orphan proteins due to their localization away from their 

functional home in the cytosol, and the chaperone-associated condensates they form preserve 

them rather than facilitating degradation. 

2.2.5 Preservation of orphan ribosomal proteins in stress-induced condensates 

Cells regulate the rate of ribosome production according to nutritional cues, and ribosomal 

protein gene transcription by RNA Pol II is tightly coordinated with rRNA synthesis by RNA 

Pol I (Lempiainen and Shore, 2009; Shore and Albert, 2022; Shore et al., 2021; Woolford and 

Baserga, 2013). Across a wide range of environmental conditions, a common transcriptional 

response to the stress is to repress transcription of rRNA and mRNAs encoding ribosomal 

proteins and biogenesis factors (Gasch et al., 2000; Gasch and Werner-Washburne, 2002). 

However, as described above in the case of case of heat shock, protein translation remains 

active at intermediate levels of stress (Iserman et al., 2020; Muhlhofer et al., 2019). To the 

extent that pre-existing mRNAs encoding ribosomal proteins continue to be translated during 

stress, they produce orphan ribosomal proteins as there is no rRNA for them to bind to. In the 

absence of rRNA, oRPs require chaperones and nuclear import factors to maintain their 

solubility and prevent aggregation (Pillet et al., 2022; Seidel et al., 2023; Tye et al., 2019).  
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Figure 2.2. Preservation of orphan ribosomal proteins in chaperone-regulated 
condensates. 
The ribosome biogenesis cycle is disrupted during stress, resulting in the formation of oRP condensates 
at the nucleolar periphery, the reversibility of which is maintained by the activity of Hsp70 and Sis1. 
Even solid oRP condensates are reversible if Sis1 and Hsp70 are allowed to resume their activity. 
 

As described above, cells target oRPs for proteasomal degradation when expressed ectopically 

(Sung et al., 2016a; Sung et al., 2016b). By contrast, during heat shock, endogenous oRPs form 

adaptive, reversible condensates localized to the outer region of the nucleolus in yeast and 

human cells that preserve the oRPs for usage once the cell is no longer under stress (Ali et al., 

2023) (Figure 2). As with previously described adaptive condensates such as stress granules, oRP 

condensates interact with chaperone proteins, most prominently the J-domain protein (JDP) 

Sis1/DnaJB6 and Hsp70. Sis1 is an essential JDP and co-chaperone for Hsp70 required for 

biogenesis of mTORC1-like kinase complexes and for partial repression of the HSR under 

nonstress conditions by targeting Hsp70 to bind to Hsf1 and (Feder et al., 2021; Garde et al., 

2023; Klaips et al., 2020; Luke et al., 1991; Schilke and Craig, 2022). When Sis1 was depleted 

or Hsp70 was inhibited, oRP condensates solidified, showing that these chaperones are 

required for the maintenance of the dynamic state of these condensates. Without Sis1 or Hsp70, 

the reversibility of the condensates was also delayed, and recovery from heat shock and 

resumption of cell growth was postponed (Figure 2). This example represents a case where the 

biophysical properties of the oRP condensates – the liquid-like fluidity enforced by interactions 
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with Sis1 and Hsp70 – serves an adaptive advantage of preserving oRP functionality, allowing 

them to be readily incorporated into nascent ribosomes once rRNA synthesis resumes (Ali et 

al., 2023). 

 

 

Figure 2.3. Predicted structures of Sis1 interacting with orphan ribosomal proteins. 
A. AlphaFold multimer structure of Sis1 dimers with orphan ribosomal proteins depicted above the 
region of the ribosome containing each mature ribosomal protein (Evans et al., 2021). The regions 
that interact with Sis1, circled in green, are buried in the mature ribosome. These RPs are each 
integrated into the ribosome at different assembly steps. 
B. Schematic of a single oRP. 
C. Schematic for how RPs bind in a mutually exclusive manner to Sis1 and rRNA. 
 

Using AlphaFold Multimer (Evans et al., 2021), we have generated high confidence model 

structures of the complex of Sis1 dimers with four different oRPs to guide our molecular 
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interpretation (Figure 3A). Importantly, these artificial intelligence-based models do not 

necessarily represent reality and have not been experimentally validated. Two of the modeled 

oRPs are constituents of the 60S subunit, two of the 40S, and each of the four are incorporated 

at different ribosome assembly steps (Woolford and Baserga, 2013). The models uniformly 

predicted that Sis1 interacts with regions of the oRPs that would be buried away from the 

surface of the ribosome and the surrounding solvent by interacting directly with rRNA (Figure 

3B). These regions where Sis1 is predicted to bind are also predicted to interact with Hsp70 

(Rudiger et al., 2001). This suggests a simple mechanism by which the reappearance of rRNA 

would outcompete Sis1 and Hsp70 to release the oRPs from the chaperones to resume 

ribosome biogenesis (Figure 3C). 

2.2.6 Outlook: Who needs a chaperone more than an orphan? 

In this perspective, we draw a through line connecting orphan proteins, stress induced adaptive 

condensates, and the HSR. Since the discovery of the HSR, the endogenous ligands that 

activate the response following heat shock and other stressors were long presumed to be toxic 

aggregates of denatured proteins (Lindquist, 1986; Zheng et al., 2016). However, much recent 

work has provided evidence in support of a different paradigm in which the protein aggregates 

that form during heat shock are nontoxic and programmed by evolution as adaptive 

mechanisms under specific conditions (Franzmann et al., 2018; Iserman et al., 2020; Riback et 

al., 2017; Wallace et al., 2015; Yoo et al., 2019).  

From the perspective of HSR activation, two major classes of proteins have been implicated as 

the physiological ligands: heat- and pH-dependent condensates such as stress granules and 

newly synthesized proteins (Garde et al., 2023; Santiago et al., 2020; Triandafillou et al., 2020; 

Tye and Churchman, 2021). As oRPs have directly been shown to be a subset of the newly 

synthesized proteins that activate the HSR (Ali et al., 2023), and oMPs and oTAPs have been 
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strongly implicated (Boos et al., 2019; Brandman et al., 2012; Krämer et al., 2023; Wang et al., 

2014), we speculate that different classes of orphan proteins will serve as physiological ligands 

of the HSR across diverse conditions. From the perspective of the orphan proteins, the 

chaperones provide binding partners and protection against promiscuous interactions. 

Moreover, the condensates they form function as nurseries to provide distributed coverage for 

precursor proteins by a limited number of chaperone proteins, signaling the HSR to increase 

chaperone production all the while. The notion that newly synthesized proteins are being 

“chaperoned” in an “orphanage” to conserve limited resources during stress is a powerful 

metaphor to describe these recently discovered preservation mechanisms. 
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CHAPTER 3 

Emergent 3D genome reorganization from the stepwise assembly of 

transcriptional condensates 

 

This chapter is a reprint of the current draft of Chowdhary et al 2024 on which I am a primary 

author. This work is in preparation to be submitted at the end of this year. It is included with 

permission from all the authors. I contributed equally (with Surabhi Chowdhary) to the 

conceptualization, methodology and investigations performed in this study. I wrote this draft 

of the paper, and will contribute to the revision and editing of the final product before it is 

submitted. 

 

3.1 Abstract 

Transcriptional condensates are clusters of transcription factors, coactivators, and RNA Pol II 

associated with high-level gene expression. It remains unknown whether transcriptional 

condensates assemble cooperatively, via mutually dependent interactions among components, 

or serially, via discrete recruitment steps. Here we reveal that during the heat shock response 

(HSR) in budding yeast, assembly proceeds in a stepwise manner. To initiate condensation, the 

transcription factor Hsf1 partially dissociates from the chaperone Hsp70. Next, to recruit the 

Mediator coactivator, Hsf1 unleashes multi-valent interaction surfaces upon further Hsp70 

dissociation and hyperphosphorylation. However, constitutive co-condensates of Hsf1 and 

Mediator are unable to attract Pol II, which condenses only upon an independent 

environmental cue. Rather than a cooperative ON/OFF switch, HSR condensates assemble 

in a series of regulated steps, enabling dynamically tunable gene control. Beyond transcription, 

fully assembled condensates with Pol II drive the emergence of long-range intergenic 

interactions, spatially repositioning HSR target genes during stress.  
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3.2 Introduction 

Compartmentalization of transcriptional machinery in biomolecular condensates at specific 

genomic loci is associated with robust expression of developmental, disease-linked, and stress-

induced genes (Boija et al., 2018; Cho et al., 2018; Hnisz et al., 2017). Hypothesized to be 

nucleated via the cooperative binding of sequence-specific transcription factors (Ferrie et al., 

2022; Wei et al., 2020), transcriptional condensates additionally involve the concerted 

cooperative association of coactivators and RNA Polymerase II (Pol II) (Banani et al., 2017; 

Banani et al., 2016). Intrinsically disordered regions (IDRs), frequently present in constituent 

proteins, contribute to cooperative assemblies via low-affinity, multivalent interactions among 

regions with compatible blocks of surface charge (Boija et al., 2018; Cai et al., 2019; Cho et al., 

2018; Sabari et al., 2018; Sabari et al., 2020). However, embedded within the network of 

disordered interactions, there exist allosteric regulatory interactions among structured domains, 

proscribing complex kinetic control. It remains unclear the extent to which the assembly and 

activity of transcriptional condensates differentially depend on cooperative interactions among 

multiple components versus specific pairwise interactions (Figure 1A).  

The heat shock response (HSR) provides an experimental system to dissect the functional 

regulation of transcriptional condensates. The HSR is a conserved transcriptional program 

controlling the expression of molecular chaperones and other components of the protein 

homeostasis (proteostasis) network. In yeast and human cells, Hsf1, the master regulator of the 

HSR, forms transcriptional condensates at its target gene loci upon activation by heat shock 

(Chowdhary et al., 2022; Zhang et al., 2022). Like canonical transcriptional condensates at 

super-enhancers (Sabari et al., 2018), HSR condensates colocalize with the Mediator 

transcriptional coactivator and Pol II (Figure 1B). Unlike canonical transcriptional condensates, 

HSR condensates form rapidly upon heat shock, providing the opportunity to dissect the 

dynamics of the assembly process. Moreover, HSR condensates in yeast promote intergenic 
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interactions between unlinked Hsf1 target genes (Chowdhary et al., 2019), thereby reorganizing 

the 3D genome during stress and endowing HSR condensates with an emergent property 

beyond transcriptional activation (Chowdhary et al., 2022) (Figure 1B). 

In this study, we leverage the yeast HSR system to delineate cooperative versus stepwise 

assembly mechanisms in the formation of transcriptional condensates. Our findings support a 

stepwise assembly model for HSR condensates, characterized by cooperative interactions at 

each stage. Specifically, we show that Hsf1 is essential for Mediator and Pol II condensation; 

Mediator is necessary for Pol II condensation but not for Hsf1; and Pol II is not required for 

the condensation of Hsf1 or Mediator. Hsf1 condensation is initiated by release from Hsp70 

and relies on phosphorylation, allowing for a graded transcriptional response of HSR genes 

rather than a simple on/off switch. 

Interestingly, while each step in the condensate assembly process is associated with increased 

transcription, Hsf1 condensate formation is not strictly required for HSR transcriptional 

activation. Using separation-of-function Hsf1 mutants that fail to form condensates but still 

robustly induce HSR gene transcription during heat shock, we find that even constitutively 

active Hsf1-Mediator co-condensates are insufficient to recruit Pol II. Although cells achieve 

high levels of inducible HSR transcription in the absence of full condensate assembly, intergenic 

interactions between HSR genes become apparent only when fully assembled condensates 

containing Pol II are present. These interactions significantly enhance cellular fitness under 

stress. 

 

We propose that the stepwise assembly of HSR condensates allows precise tuning of gene 

expression, while cooperative interactions within fully assembled condensates enable adaptive 

3D genome reconfiguration, enhancing cellular resilience during stress. 

  



 81 

 

3.3 Results 

3.3.1 Ordered assembly of HSR condensates during heat shock 

To investigate whether HSR condensates assemble cooperatively or in a stepwise manner, we 

generated rapamycin-resistant yeast strains, and used the “anchor-away” (AA) system to 

conditionally deplete Hsf1, the Mediator subunits Med15 and Ssn3/Cdk8, and the RNA Pol 

II subunit Rpb3 from the nucleus upon rapamycin treatment (Figure 1C, D, E) (Haruki et al., 

2008). Med15, known to directly associate with Hsf1 (Kim & Gross, 2013) was tagged with 

mCherry in Hsf1-AA strains to monitor condensate formation upon heat shock. Under non-

stress conditions, Med15 and Rpb3 were diffusely localized in the nucleus, and rapamycin-

induced depletion of Hsf1 did not alter this distribution. Upon heat shock, however, both 

Med15 and Rpb3 condensed in the nucleus—an effect that was abolished if cells were depleted 

of Hsf1. 

In Med15-AA strains with Hsf1-GFP and Rpb3-mCherry, both Hsf1 and Rpb3 condensed 

upon heat shock in the absence of rapamycin, but only Hsf1 condensed when Med15 was 

depleted, leaving Rpb3 diffuse. Conversely, in the Ssn3/Cdk8-AA strain, both Hsf1 and Rpb3 

condensed in response to heat shock regardless of rapamycin treatment (Figure S1A). This 

indicates that the core Mediator complex, which includes Med15, is essential for Pol II 

condensation upon heat shock, whereas the kinase module containing Ssn3/Cdk8 is not. In the 

Rpb3-AA background, strains tagged with Hsf1-GFP and Med15-mCherry showed 

condensation of both Hsf1 and Med15 irrespective of Rpb3 depletion. These findings suggest 

an ordered assembly of HSR condensates in which Hsf1 first condenses upon heat shock, 

recruits Mediator for co-condensation, and then Mediator recruits Pol II.  

Functionally, nuclear depletion of Hsf1, Med15, and Rpb3 each reduced transcriptional 

induction of HSR target genes during heat shock, with Hsf1 and Rpb3 depletion having 
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stronger effects than Med15 depletion (Figure 1G). Depletion of any of these three factors also 

reduced the frequency of both intragenic and intergenic 3D interactions among HSR target 

genes, as measured by chromosome conformation capture (3C), with a more pronounced effect 

seen in Hsf1-AA and Rpb3-AA cells compared to Med15-AA (Figure 1F, S1B). Together, the 

imaging and molecular assays in these AA strains reveal that while HSR condensate assembly 

occurs in distinct stages, full condensate formation is required for effective transcription and 

3D genome reorganization. 

3.3.2 Multivalent repression of Hsf1 condensate formation by Hsp70 

Since Hsf1 is essential for initiating HSR condensate formation, we hypothesized that 

mechanisms known to regulate Hsf1’s transcriptional activity would similarly influence its 

condensation upon heat shock. Specifically, we focused on Hsp70, which directly binds to Hsf1 

to repress its transcriptional activity (Krakowiak et al., 2018), and hyper-phosphorylation of 

IDRs on Hsf1, which positively regulates Hsf1 transactivation (Anckar & Sistonen, 2011; 

Guettouche et al., 2005; Zheng et al., 2018). We assessed the roles of Hsp70 binding and 

phosphorylation through mutational analyses of Hsf1. 
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Figure 3.1 Serial assembly of Hsf1, Mediator, and Pol II in transcriptional condensates. (A) Cartoon depicting 
the two methods of condensate assembly. (C-E) Anchor-away experiments to determine sequence of 
HSR condensate assembly; Hsf1 (green), Med15 (magenta), Rpb3 (red). (F) Gene interaction analysis 
during HS (color) and NHS (grey), using chromosome conformation capture (3C). (G) Bar graphs 
depicting relative mRNA expression in HS (color) and NHS (grey) conditions.  
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To further explore these interactions, we generated Hsf1 mutants with disruptions in NE1, 

CE2, and both sites combined (Figure 2B, bottom), tagging each with GFP and expressing them 

from the endogenous HSF1 promoter as the sole source of Hsf1 in the cell. Imaging revealed 

that, unlike wildtype Hsf1, which is diffusely localized in the nucleus under NHS conditions, all 

three mutants – Hsf1-ne1, Hsf1-ce2, and the double mutant Hsf1-ne1ce2 – constitutively 

formed subnuclear foci in a similar number of cells as wildtype Hsf1 does under heat shock 

(Figure 2C, D, S2A). Consistent with previous findings, these mutants displayed elevated 

expression of HSR target genes under non-stress conditions. However, even the double mutant 

Hsf1-ne1ce2 retained substantial inducible transcriptional activity upon heat shock, indicating 

that additional regulatory mechanisms for Hsf1 are still active (Figure 2E, S2B). 
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Figure 3.2 Multivalent interaction sites on Hsf1 for Hsp70 and Mediator (A) Model depicting Hsp70 binding 
and repression of Hsf1. (B) Depiction of NE1 and CE2 sites on Hsf1 generated with AlphaFold. (C 
and G) Characterization of Hsf1, Med15, and Rpb3 condensates in Hsf1-ne1, Hsf1-ce2, and Hsf1-
ne1ce2 in NHS and HS conditions. (D) Quantification of foci for each Hsf1 variant with and without 
HS. (E) mRNA expression of five HSR genes for Hsf1-ne1ce2 in NHS (grey) and HS (maroon). (F) 
Interaction analysis of Hsf1-ne1ce2 at NHS (grey) and HS (maroon). (G) Structure of Hsf1-Hsp70 
complex dissociation and interaction with Mediator, rendered using AlphaFold. (I) Model depicting 
multivalent regulation of Hsf1 and Mediator condensation by Hsp70.   
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3.3.3 Hsf1-Mediator condensates lack Pol II and intergenic interactions 

To test whether constitutively condensed Hsf1 is sufficient to drive the condensation of 

Mediator and Pol II, we generated strains with Hsf1-GFP variants in which either Med15 or 

Rpb3 was tagged with mCherry. While Hsf1 was constitutively condensed in all mutants, 

Med15 showed continuous condensation only in the Hsf1-ne1ce2 double mutant, and Rpb3 

remained diffuse across all mutants under non-stress conditions (Figure 2F, S2C). Under heat 

shock, however, all Hsf1 mutants, like wildtype, co-condensed with both Med15 and Rpb3. 

This reveals that while these Hsf1 condensates appear phenotypically similar, they are actually 

molecularly distinct: Hsf1 with a single mutated Hsp70 binding site condenses independently 

of Mediator and Pol II; Hsf1 with disrupted multivalent Hsp70 binding condenses with 

Mediator but not Pol II; and heat shock-activated Hsf1 condenses with both Mediator and Pol 

II. 

We then examined the 3D configuration of HSR genes. Mutating Hsp70 binding sites, whether 

singly or in combination, did not lead to constitutive intergenic interactions as assessed by 3C 

(Figure 2F, S2D, E). However, consistent with heat shock driving the full assembly of HSR 

condensates with Mediator and Pol II, all mutants retained the ability to induce 3D genome 

reorganization under heat shock. Notably, the Hsf1-ne1ce2 double mutant displayed increased 

interaction frequencies between certain genes under thermal stress (Figure 2G, S2D, E). The 

mutants’ ability to recover these functions during heat shock is further supported by the absence 

of any fitness deficits (Figure S2F). 

These findings suggest that while Hsp70 binding restricts Mediator recruitment, loss of Hsp70 

association alone is not sufficient to drive Pol II condensation or promote intergenic 

interactions. AlphaFold multimer modeling further supports this conclusion, indicating 

mutually exclusive interactions between Hsf1 and Hsp70, and Hsf1 and Med15. Models of 
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Hsf1, Hsp70, and Med15 (3:2:1 stoichiometry) and Hsf1 and Med15 (3:1 stoichiometry) suggest 

that Hsp70 sterically occludes Med15 binding (Figure 2H, I). 

3.3.4 Regulation of Hsf1 condensate formation by phosphorylation 

Post-translational modifications, such as phosphorylation, are known to modulate 

transcriptional condensate components, regulating their formation and dissolution (Guo et al., 

2019; Henninger et al., 2021). Multiple phosphorylation sites have been identified on the Hsf1 

protein (Figure 3B), but the roles of specific regulatory sites have yet to be clearly defined 

(Budzyński et al., 2015; Cho et al., 2014; Dai et al., 2015; Kline & Morimoto, 1997). To 

investigate how Hsf1 phosphorylation affects HSR condensate formation, we used previously 

established phospho-mutant strains: the phosphomimetic Hsf1-PO4* mutant, where 116 

serine/threonine residues are converted to aspartate to mimic the negative charge of 

phosphorylation, and the phospho-null Hsf1-Δpo4 mutant, where 152 serine/threonine 

residues are converted to alanine, retaining only the phospho-site required for Hsf1 DNA 

binding (Figure 3C). 

To analyse condensate dynamics, we created strains in which the mutated Hsf1 was tagged 

with GFP as the sole Hsf1 source, with either Med15 or Rpb3 tagged with mCherry. Under 

non-stress conditions, Hsf1-Δpo4-GFP remained diffuse, similar to wildtype Hsf1-GFP, while 

Hsf1-PO4*-GFP displayed constitutive condensation, forming foci in a similar proportion of 

cells to those observed under heat shock (Figure 3D). Surprisingly, under heat shock, neither 

Hsf1-Δpo4-GFP nor Mediator or Pol II condensed (Figure 3H), although these cells showed an 

increase in Hsf1 target gene mRNA expression, comparable to wildtype Hsf1 under stress 

(Figure 3F). This suggests that condensate formation—and thus stable, cooperative interactions 

among Hsf1, Mediator, and Pol II—is not required for transcriptional activation, effectively 

decoupling the processes of condensation and transcription. Notably, Hsf1-PO4*-GFP, similar 

to the Hsp70-binding double mutant, promotes constitutive Mediator condensation under both 
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non-stress and stress conditions (Figure 3H). However, Pol II does not condense in these 

mutants, even under heat shock, yet transcription of the HSR regulon occurs at higher levels 

than with wildtype Hsf1 (Figure 3F, H), further supporting the decoupling of transcription from 

complete condensate formation. 

Neither phosphorylation mutant triggered 3D rearrangement of Hsf1 target genes in the 

absence of heat shock. Upon heat shock, both mutants exhibited reduced gene interactions, 

aligning with our previous observation that wildtype Hsf1-induced gene clustering is a 

consequence of complete HSR condensate formation (Figure 3G, S3C). Additionally, although 

the Hsf1-Δpo4-GFP mutant appears similar under non-stress and heat shock conditions, its 

gene expression response differs between these states, likely due to diminished gene interactions 

during heat shock. These findings demonstrate that while phosphorylation is essential for Hsf1 

activation, it does not drive Pol II condensation. 
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Figure 3.3 Phospho-regulation of Hsf1condensate formation (A) Model depicting activation of Hsf1 when 
phosphorylated (B) Map of reported phosphorylation sites on yeast Hsf1 in different conditions (C) 
Domain map of Hsf1- -Dpo4 and Hsf1-PO4* (D) Characterization of Hsf1- -Dpo4 and Hsf1-PO4*-GFP 
condensates at NHS and HS (E) Quantification of foci of each Hsf1-mutant (F) mRNA expression of 
5 HSR genes in Hsf1- -Dpo4 and Hsf1-PO4* at NHS (grey) and HS (color) (G) Gene interaction maps 
for Hsf1- -Dpo4 and Hsf1-PO4* at NHS (grey) and HS (color) (H) Characterization of Med15 and Rpb3 
condensation in Hsf1- -Dpo4 and Hsf1-PO4* at NHS and HS conditions. 
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3.3.5 Dominance of phosphorylation over Hsp70 binding in regulating Hsf1 condensation 

Since neither loss of Hsp70 binding nor hyperphosphorylation alone was sufficient to drive Pol 

II condensation, we generated mutant strains in which both the NE1 and CE2 sites of Hsf1 

were mutated, combined with either hypo- or hyperphosphorylation. This allowed us to test 

whether these Hsf1 triple mutants could recruit Pol II and complete HSR condensate assembly 

under non-stress conditions. In the hypophosphorylated Hsf1-Δpo4-GFP strain, the Hsf1-

ne1Δpo4-GFP and Hsf1-ce2Δpo4-GFP double mutants remained diffuse, even when exposed 

to acute heat stress (Figure S3A). Similarly, the Hsf1-ne1ce2Δpo4-GFP triple mutant did not 

form condensates upon heat shock, with both Mediator and Pol II remaining dispersed (Figure 

4B, left; Figure 4E, top). Although the Hsf1-ne1ce2-GFP mutant exhibits constitutive 

condensation of Hsf1 and Mediator, hypophosphorylation has a stronger impact on Hsf1 

activity than loss of Hsp70 binding. The triple mutant achieved wildtype levels of gene 

activation under both non-stress and heat shock conditions, indicating that 

hypophosphorylation overrides the effects of Hsp70 binding loss (Figure 4C, top). 

In contrast, the hyperphosphorylated Hsf1-ne1PO4*-GFP and Hsf1-ce2PO4*-GFP double 

mutants displayed constitutive condensates under both non-stress and stress conditions (Figure 

S3B), as did the Hsf1-ne1ce2-PO4*-GFP triple mutant (Figure 4B, right). Like the Hsf1-PO4* 

single mutant, the triple mutant showed Mediator condensation and a hyperactive HSR at 

basal conditions, but no Pol II condensation (Figure 4E, bottom). Upon heat shock, Hsf1-

ne1ce2-PO4* was able to further increase HSR gene expression, yet still failed to induce Pol II 

condensation, reinforcing the idea that transcriptional activation and condensation of the 

transcriptional machinery can be decoupled in these mutants. Unlike the Hsf1-ne1ce2Δpo4-

GFP cells, hyperphosphorylation added to the Hsp70-binding mutations resulted in an 

overactive HSR under non-stress conditions, with gene expression levels comparable to those 

of wildtype Hsf1 during heat shock (Figure 4C, bottom). 
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Together, these results show that while mutations in phosphorylation and Hsp70-binding sites 

can mimic some aspects of HSR activity, they are insufficient to fully induce HSR condensate 

assembly under non-stress conditions. This highlights that complete condensate formation 

requires additional regulatory inputs beyond Hsp70 binding loss and phosphorylation to fully 

replicate the transcriptional and structural effects of heat shock. 

In the Hsf1-ne1ce2Δpo4 strain, gene coalescence was absent under non-heat shock conditions, 

and heat shock led to reduced intergenic interactions (Figure 4D, left). Although Hsf1-

ne1ce2Δpo4 shows a surge in gene transcription during heat shock, it does so without Mediator 

or Pol II condensation. Similar to the single Hsf1-Δpo4 mutant, this triple mutant achieves 

increased HSR gene expression levels upon heat shock, likely due to partial 3D reorganization 

of HSR genes. However, full gene coalescence cannot occur without transcriptional condensate 

formation, resulting in weaker intergenic interactions. Despite this functional limitation, these 

mutants do not display a growth defect, growing at rates comparable to wildtype Hsf1 strains 

at 37°C and in glucose-deficient media (Figure 4G). 

The Hsf1-ne1ce2-PO4* mutant, like the hypophosphorylated variant, exhibits no gene 

coalescence under basal conditions and reduced induction of intergenic interactions between 

HSR genes during thermal stress (Figure 4D, right). In this case, the limited intergenic 

interactions and absence of Pol II condensation may be attributed to the highly negative charge 

of the Hsf1-PO4* mutant, which includes 116 negatively charged aspartate residues. To 

explore this, we generated 3D models of Mediator, Hsf1, and Pol II interactions for both 

wildtype and PO4* variants of Hsf1. The model of Hsf1-PO4* revealed a large negatively 

charged patch (in red) on its outer surface (Figure 4F), likely hindering interactions with Pol II’s 

intrinsically disordered regions (IDRs) that are necessary for wildtype HSR condensate 

assembly, while Hsf1-Mediator interactions remain largely intact. Without Pol II recruitment, 
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full gene coalescence cannot occur, as all condensate components are required for the complete 

3D genome rearrangements seen in wildtype cells. 

3.3.6 Compromised fitness and intergenic interactions in constitutively condensed Hsf1 

While Hsf1-ne1ce2-PO4* grows at basal temperatures similarly to wildtype cells, at 37°C this 

mutant strain exhibits a slight growth decrease and cell death in glucose-deficient media. These 

results demonstrate that transcriptional activation, condensate formation, and gene coalescence 

can be functionally separated in the HSR system without significant fitness costs in the 

hypophosphorylated state. However, the survival and adaptability of the PO4* triple mutant 

are compromised, suggesting that the mutant’s negative charge impacts more than just Pol II 

recruitment. 

3.3.7 Independent control of Hsf1 transcriptional activity by Hsp70 binding and phosphorylation 

To investigate whether Hsp70 repression and Hsf1 phosphorylation act independently or 

within the same regulatory pathway, we conducted a quantitative genetic interaction analysis. 

Genetic interactions between two loci can be assessed by examining how the phenotype of the 

double mutant compares to the expected outcome based on the single mutants’ phenotypes. 

For Hsf1-ne1, -ce2, and -ne1ce2 mutants, if the combined fold change in Hsf1 activity under 

non-heat shock conditions for each single mutant equals the observed fold change in the double 

mutant, it suggests that these sites function independently. We used a YFP reporter, integrated 

into the genome under a promoter with four heat shock element (HSE) repeats, to measure 

Hsf1 activity: when Hsf1 binds and activates these HSEs, YFP fluorescence reflects the level of 

Hsf1 activity. In our analysis, the expected fold change (if the two Hsp70 binding sites act 

independently) is shown as the striped bar, while the actual fold change for the double mutant 

is indicated in pink (Figure 5C). No significant difference between these values confirms that 

these two sites independently regulate Hsf1 activity (Figure 5A-C). 
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Figure 3.4 Decoupling of condensate formation and transcriptional activity (A) Domain map of Hsf1-ne1ce2Dpo4 
and Hsf1-ne1ce2PO4* (B) Characterization of Hsf1-ne1ce2Dpo4 and Hsf1-ne1ce2PO4* condensates 
at NHS and HS conditions (C) mRNA expression of five HSR genes in Hsf1-ne1ce2Dpo4 and Hsf1-
ne1ce2PO4* at NHS (grey) and HS (color) (D) gene interaction map of Hsf1-ne1ce2Dpo4 and Hsf1-
ne1ce2PO4* at NHS (grey) and HS (color) (E) Characterization of Med15 and Rpb3 in Hsf1-
ne1ce2Dpo4 and Hsf1-ne1ce2PO4* cells during NHS and HS (F) Model depicting interaction between 
Hsf1, Med15, and Rpb3 (G) Growth assay of Hsf1-ne1ce2Dpo4 and Hsf1-ne1ce2PO4* cells at 30C, 
37C, and reduced glucose.  
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We extended this analysis to test interactions between Hsf1-Δpo4 and Hsf1-ne1ce2, and 

between Hsf1-PO4* and Hsf1-ne1ce2, to determine if hypophosphorylation and Hsp70-

binding function independently in regulating Hsf1. Using the average gene expression levels 

induced by Hsf1-Δpo4 and Hsf1-ne1ce2 mutants, we found that gene expression in the Hsf1-

ne1ce2Δpo4 double mutant matched the expected value from combining the single mutants, 

supporting that hypophosphorylation and Hsp70-binding regulate Hsf1 activity through 

separate pathways (Figure 5D-F). Although hypophosphorylation can mask the condensation 

phenotype of Hsp70-binding mutants, it does not alter their independent regulatory roles. 

 

Figure 3.5 Independent tuning of Hsf1 activity by Hsp70 binding and phosphorylation (A, D, G) Cartoons 
depicting mutants used in each genetic interaction analysis (B, E, H) Heat map of Hsf1 activity for 
each mutant observed, color coding to compare the expected value and the actual value of the double 
mutants (C, F, I) Plots showing the Hsf1 activity and Hsf1 target gene expression for each mutant used 
in analysis (J) Schematic depicting the independent integration of the regulation of Hsf1 activity levels 
in response to different extracellular stimuli. 
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For the Hsf1-PO4* and Hsf1-ne1ce2 mutants, we similarly assessed HSR target gene 

expression by comparing the observed and expected values for Hsf1-ne1ce2PO4*. Consistent 

with previous results, there was no significant difference, indicating that hyperphosphorylation 

operates independently of Hsp70 repression (Figure 5G-I). This aligns with our earlier findings, 

where hyperphosphorylation exhibited an additive effect on the loss of Hsp70, further 

supporting the conclusion that Hsp70 binding and phosphorylation independently regulate 

Hsf1 activity. 

Taken together, these results suggest that different environmental fluctuations can modulate a 

variable cellular response involving Hsf1 via the separate regulatory pathways of Hsp70 

repression and Hsf1 phosphorylation. We hypothesize that, depending on the degree of stress, 

the intensity of these independent regulatory signals can adapt and then integrate to produce a 

corresponding level of Hsf1 activity, that can then induce the HSR accordingly and trigger 3D 

genome reorganization if needed (Figure 5J). This is vastly different to the historical concept of 

Hsf1 as an on/off switch where any amount of stress above a certain threshold will result in the 

same level of HSR activation.  

3.3.8 Graded transcriptional output across the Hsf1 allelic series 

To support our hypothesis from the previous section, we plotted the gene expression levels, 

under non-heat shock conditions, of all yeast HSR target genes for each of the Hsf1 variants 

we studied in this investigation (Figure 6A). The activity increases gradually with each mutation 

introduced, starting at its lowest with Hsf1-Dpo4 and moving serially up to the Hsf1-ne1ce2-

PO4* triple mutant, ending with wild type heat shock promoting the highest level of expression 

of HSR genes (Figure 6A). With each increasing step in activity, an emergent feature presents 

itself in terms of condensate formation (Figure 6B). Loss of one Hsp70 binding site induces Hsf1 

condensation, while loss of both results in Mediator condensation as well. While 
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phosphorylation increases Hsf1 activity, it does not result in the final two properties of the HSR 

condensate, that is Pol II recruitment and 3D genome reorganization, even when combined 

with loss of Hsp70 binding ability. As of the time of this study, only heat shock triggers these 

last two steps, implicating that there is some characteristic of heat shock that we have not yet 

considered that allows Pol II to be released from the promoters of other genes and condense, 

thereby leading to intergenic interactions to push the full activation of the HSR. Given that the 

cell undergoes a number of changes during the HSR, there is most likely a regulatory element 

outside of Hsf1 that is involved in coordinating the final assembly stages of the condensate. 

These results support the finding that a complete HSR condensate is not needed for increased 

expression of the Hsf1 target genes, while also exhibiting that Hsf1 is able to produce a graded 

transcriptional output, similar to that hypothesized in the previous section.  

 

Figure 3.6 Emergent 3D genome reorganization from fully assembled HSR condensates (A) Hsf1 target gene 
expression for each mutant, each dot represents one gene (B) Schematic of Hsf1 activity, and its 
correlative position associated with HSR condensate assembly (C) Model of stepwise HSR condensate 
formation; Hsf1 (green), Mediator (magenta), Pol II (red). 
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3.4 Discussion 

In this report, we establish that condensates form in a serial manner, starting with the 

concentration and cooperative inter-molecular interaction of Hsf1 IDRs, followed by the 

condensation of Mediator. Pol II cannot condense unless both Hsf1 and Mediator are present. 

This eventually leads to gene coalescence, an emergent function of the transcriptional 

condensate. Hsp70’s multivalent binding to Hsf1 and the phosphorylation status of Hsf1 govern 

its ability to concentrate and recruit Mediator, while the coordination of RNA Pol II 

concentration and 3D genome interactions remains unclear. This inducible stepwise assembly 

pathway diverges from the previous model in the field, which suggests that the IDRs of DNA-

bound transcription factors and those of other co-activator proteins interact cooperatively and 

without a specific sequence to partition into transcriptional condensates (Hnisz et al., 2017).  

In wildtype Hsf1 cells exposed to thermal stress, we are able to detect the appearance of inter- 

and intrachromosomal interactions between Hsf1 target genes immediately after heat shock, 

correlating with the observation of Pol II condensates at this time point. This, along with our 

previous observations, implies that the concentration of Pol II molecules, and how they interact 

with Hsf1 and Mediator, triggers the on-switch of 3D genome reorganization. This is contrary 

to earlier reports using mammalian cells which have suggested that chromatin looping, enabled 

by CTCF and cohesin, drive the formation of condensates (Lee et al., 2021), or that 

transcriptional condensates occur at previously established super-enhancer sites where 

topologically associated domains (TADs) behave as a scaffold for transcriptional machinery to 

assemble and condense (Sabari et al., 2018). We show that the induction of intergenic 

interactions is the endpoint of assembly of the HSR condensate.  

Hsf1, Mediator, and RNA Pol II condensates appear as distinct entities rather than as a single 

intermixing mass, as described in most representations of transcriptional condensates (Figure 

2, 3, 4). This suggests that these regulatory molecules may condense individually instead of with 
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each other. While this could be true, these foci are still highly dynamic, trafficking quickly across 

the nucleoplasm and eventually contacting and interacting with one another. To this end, we 

previously demonstrated that colocalization of Mediator with Hsf1, and Pol II with Hsf1, occurs 

over 70% of the time in complete HSR condensates in cells expressing wildtype Hsf1 

(Chowdhary et al., 2022). Therefore, HSR transcriptional condensates may not be present as 

a single intermixing mass in the nucleus, but as discrete entities that interact frequently to 

enhance the expression of specific gene groups. Clustering of both the transcriptional 

machinery and the genes to be transcribed still occurs, resulting in a more efficient and robust 

transcriptional output. 

As we were unable to recreate complete HSR condensates in non-heat shock conditions by the 

modification of Hsf1, an additional layer of regulation in assembly is likely. The Hsf1 variants 

we implemented in our experiments are the only source of Hsf1 in these cells, meaning the cells 

have likely stabilized and adapted to this hyperactive form of Hsf1. There is likely something 

unique to acute heat shock that allows the release of Pol II from the promoters of the basal 

regulome and allows it to stably interact with Hsf1 and Mediator. As previously established, a 

large portion of the genome is repressed during heat shock (Rawat et al., 2021; Sawarkar, 2022), 

and this repression is Hsf1-independent (Duarte et al., 2016; Gasch & Werner-Washburne, 

2002; Mahat et al., 2016). In these Hsf1-mutant cells, transcriptional activation and Pol II usage 

is no longer attenuated, creating competition between TFs of constitutively expressed genes 

and Hsf1 for Pol II recruitment. When the mutant strains undergo acute heat shock, the Hsf1 

variants are able to recruit Pol II, further suggesting that Pol II must be liberated from other 

gene promoters before it can stably interact with Hsf1 and Mediator at HSR target genes. 

Beyond transcriptional attenuation and gene coalescence, the components of the variant Hsf1 

condensates that we observed must also be considered. The composition and induced activity 

of the Hsf1 condensates in these mutant strains may differ from those formed during a wildtype 
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HSR. Although these Hsf1 mutants were functional, promoting the transcription of the HSR 

regulon and supporting robust growth at basal temperatures, these differences must impact the 

interactions between Hsf1 and other proteins and nucleic acids. The Hsf1 phosphorylation 

variants are especially of concern, as their charge distributions are completely different 

compared to wildtype Hsf1. As described in the previous sections, the negative patch that forms 

on the surface of Hsf1-PO4* precludes interaction with Pol II, so it likely also prevents 

interactions with other wildtype HSR condensate components. Thus, we must further 

characterize not only these mutant Hsf1 condensates, but the wildtype condensates as well.  

This is not to suggest that these mutants lack biological relevance. We were able to uncover a 

previously unknown mechanism of the regulation of Hsf1 by Hsp70 and phosphorylation in 

yeast, demonstrating their role in condensate assembly and HSR activity. Using prediction 

software like AlphaFold, we can also infer how Hsp70 impairs Hsf1 function. Multivalent 

binding of Hsp70 appears to suppress Hsf1 by creating a steric block that prevents interaction 

with Mediator but not with heat shock elements (Figure 2H). Mutating the NE1 and CE2 sites 

removes this block, allowing Mediator to perpetually associate with Hsf1. Notably, both sites 

must be mutated for Mediator recruitment, indicating that Hsp70 must be fully removed from 

these sites to allow Mediator engagement and condensate formation. This illustrates the 

tuneable nature of Hsf1 activity, where losing one Hsp70 molecule results in basal Hsf1-induced 

transcription, while losing both leads to higher levels of HSR gene expression. 

We ascertain that there is increased transcriptional activity at each step of condensate assembly 

and Hsf1 can form transcriptionally active condensates without consistently associating with 

Mediator or Pol II. Since transcription of any gene requires these molecular complexes, the 

Hsf1 mutants we studied must still transiently engage Mediator and Pol II rather than form 

constant, enduring interactions. This suggests that sequentially concentrating each molecule 

that is part of the HSR condensate enhances transcription at each step, and maximum 



 100 

transcription occurs only when all steps are completed, as in heat shock conditions. While this 

theory provides a coherent explanation for our results, it requires further investigation to 

determine what governs the final steps of HSR condensate assembly. 

Although the HSR is conserved across eukaryotes, transcriptionally active HSR condensates 

like those in yeast have yet to be confirmed in mammalian cells. Human Hsf1 has been shown 

to form foci, similar to stress granules, in tumour cells, but their dissolution, rather than their 

formation, triggers heat shock protein transcription (Gaglia et al., 2020). However, in a recent 

study, it has been reported that in addition to these stress granules, small nuclear condensates 

of HSF1 and the transcription apparatus, including Mediator and BRD4, can form at target 

gene loci in HeLa cells and drive transcription (Zhang et al., 2022). The formation of these 

condensates is inhibited by Hsp70, with phosphorylation fine-tuning HSF1 activity, similar to 

what has been observed in yeast (Zhang et al., 2022; Zheng et al., 2018; Zheng et al., 2016). 

Gene coalescence, an emergent property of yeast HSR condensates, remains unstudied in 

mammalian cells. While topologically associated domains (TADs) in mammalian cells have 

been decoupled from gene expression (Ghavi-Helm et al., 2019), the mechanisms driving gene 

reorganization in human HSR condensates may differ due to the unique regulation of 

mammalian Hsf1. 

3.4.1 Limitations of the study 

The major limitation of this study is the spatiotemporal resolution of the live imaging data we 

generated to monitor the HSR condensates in yeast cells. The principal challenge is the small 

size of the yeast nucleus (<3 µm3), which means that the HSR condensates are distributed and 

must rearrange in a very compact space. The low abundance of the components (on the order 

of 103 molecules of endogenously tagged Hsf1 or Med15 per cell), the rapid kinetics of 

formation and dissolution of HSR condensates, and the spatial distribution of the condensates 

across multiple z-planes presented further technical challenges. We relied on relatively long 
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exposures, requiring 15 seconds to capture each z-stack at each time point, and we were limited 

by photobleaching in the total number of timepoints we could collect. Together, these 

challenges made it difficult to discern whether the HSR condensates in budding yeast are 

discrete foci like transcriptional condensates in mammalian cells. Although HSR condensates 

share components and properties with mammalian transcriptional condensates, we do not rule 

out the possibility that HSR condensates might be qualitatively distinct given their transient 

nature and their ability to cluster HSR target genes. Perhaps, HSR condensates are constantly 

ebbing and flowing, forming mobile regions of local enrichment of the transcriptional 

machinery that rapidly recruit and release target genes as they dynamically survey the genome.  
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3.6 Methods 

Resource availability 

Lead contact for reagent and resource sharing 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Dr. David Pincus (pincus@uchicago.edu).  

Materials availability 

S. cerevisiae strains and plasmids generated in this study are available from the lead contact upon 

request. 

Experimental models and subject details 

All S. cerevisiae strains were grown in YPD (yeast extract-peptone-dextrose) or SDC (synthetic 

dextrose complete) media at 30°C as indicated below. 

3.6.1 Yeast Strains 

For tagging Hsf1, Med15 and Rpb3 with mCherry, PCR amplicons with mCherry coding 

sequence and homology to 3’-ends of either HSF1, MED15 and RPB3 were amplified from 

plasmid pFA6a-mCherry-hphMX6. The amplicons were transformed into the respective 

strains for in-frame insertion of mCherry. Primers used in strain construction are listed in Table 

S6. 

For Myc x 9 tagging of Med15, genomic DNA of a previously myc9-tagged MED15 strain 

(ASK201) (Anandhakumar et al., 2016) was used as template to amplify MYCx 9::TRP1 

cassette flanked by DNA homologous to 3’-end of MED15. This amplicon was transformed in 

strains DSG144 and LRY003 to obtain strains ASK213 and ASK214, respectively. LRY003 is 

a derivative of previously described strain ASK804 (Chowdhary et al., 2019) in which TRP1 

was deleted by replacing with KAN-MX. 

mailto:pincus@uchicago.edu
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For Myc x 13 tagging of Med15, plasmid pFA6a-13Myc-His3MX was used as template to 

obtain MYC13-HIS3 amplicon with homology to 3’-end of MED15. This amplicon was 

transformed in strains DPY144, DPY417 and DPY418 to obtain strains ASK215, ASK216 and 

ASK217, respectively. 

For MS2-MCP labelling of HSP12 mRNA, MCP-mCherry-URA3 cassette was amplified from 

plasmid pSH100 with primers Fw MCP-mCherry-Ura3 and Rv MCP-mCherry-Ura3. This 

cassette was inserted at the endogenous URA3 locus in strain DPY032 to obtain strain SCY008. 

Next, 24xMS2-loxP-KANMX6-loxP cassette was amplified from plasmid pDZ415 using 

primers Fw HSP12-MS2-loxp-KanMX6-loxp and Rv HSP12-MS2-loxp-KanMX6-loxp. This 

cassette was inserted in the 3’-UTR region of HSP12 (immediately after stop codon) of strain 

SCY008 to obtain strain SCY009. Finally, plasmid pSH69 was transformed to express Cre 

recombinase in strain SCY010 that led to the removal of KANMX in strain SCY011.     

The diploid strain ASK741 was created by crossing a MATα derivative of strain DSG200 

(Chowdhary et al., 2019) with MATa DSG200. 

Plasmids pNH604-HSF1pr-HSF1-GFP and pNH604-HSF1pr-HSF1(147-833)-GFP were 

used as templates for quick change PCR (Primers, Fw subCE2-AAA and Rv subCE2-AAA) to 

create CE2->AAA mutation in WT and ∆NTA HSF1, respectively. These plasmids were 

linearized with Pme I (New England Biolabs) and transformed in strain DPY034 for integration 

at the TRP1 locus to obtain strains DPY1805 and DPY1818. Loss of parental HSF1 plasmid 

was confirmed by growth on 5-FOA media.   

A complete list of strains is provided in Table S1. PCR primer sequences are provided in Table 

S6. 
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3.6.2 Culture Conditions 

For microscopy, cells were grown at 30°C in SDC (synthetic dextrose complete) media to early-

log density (A600 = 0.4-0.5).  

For 3C, ChIP and RT-qPCR analyses, cells were grown at 30°C in YPD (yeast extract-

peptone-dextrose) to a mid-log density (A600 = 0.65-0.8). A portion of the culture was 

maintained at 30°C as non-heat-shocked (NHS) sample while the remainder (heat-shocked 

(HS) sample) was subjected to an instantaneous 30°C to 39°C thermal upshift for the indicated 

duration. 

For spot dilution analysis, cells were grown to stationary phase in YPD media. Master 

suspensions were prepared by diluting the saturated cultures to a uniform cell density (A600=0.3) 

and were transferred to a 96-well microtiter plate. These were then serially diluted (five-fold). 

4 μl of each dilution were transferred onto solid YPDA plates. Cells were grown at either 30º 

or 37ºC for 30 h. 

3.6.3 Chromosome Conformation Capture 

TaqI-3C was conducted essentially as previously described (Chowdhary et al., 2017, 2020; 

Chowdhary et al., 2019).  Briefly, cells were cultured to a mid-log density (A600 = 0.8) at 30°C. 

They were either maintained at 30°C or heat-shocked at 39°C for 10 min (or as indicated), and 

then crosslinked with formaldehyde (1% final concentration). For 3C assay involving 

hexanediol treatment, cells were heat-shocked at 39°C for 2.5 min followed by treatment with 

either 2,5- or 1,6-hexanediol (5% final concentration), and then crosslinked with formaldehyde. 

Crosslinked cells were harvested and lysed in FA lysis buffer (50 mM HEPES pH 7.9, 140 mM 

NaCl, 1% Triton X-100, 0.1% Sodium deoxycholate, 1 mM EDTA, 1 mM PMSF) for two 

cycles (20 min each) of vortexing at 4°C. A 10% fraction of the chromatin lysate was digested 



 109 

using 200 U of Taq I (New England Biolabs) at 60°C for 7 h. Taq I was heat-inactivated at 

80°C for 20 min. The digested chromatin fragments were centrifuged, and the pellet was 

resuspended in 100 μl of 10 mM Tris-HCl (pH 7.5). The Taq I-digested chromatin was diluted 

7-fold to which 10,000 cohesive end units of Quick T4 DNA ligase (New England Biolabs) were 

added. Proximity ligation was performed at 25°C for 2h. The ligated sample was digested with 

RNase at 37°C for 20 min and then Proteinase K at 65°C for 12 h. The 3C DNA template was 

extracted using phenol-chloroform and then precipitated.   

The interaction frequencies were quantified using qPCR. Quantitative PCR was performed on 

a CFX Real-Time PCR system (Bio-Rad) using Power SYBR Green PCR master mix (Fisher 

Scientific). Sequences of 3C primers used in this study are provided in Table S2. Normalization 

controls were used to account for the following: (i) variation in primer pair efficiencies; (ii) 

primer dimer background; (iii) variation in the recovery of 3C templates; and (iv) to ensure a 

ligation-dependent 3C signal. For detailed algorithms to calculate normalized 3C interaction 

frequencies, see below and (Chowdhary et al., 2020).  

3.6.4 Chromatin Immunoprecipitation (ChIP) 

ChIP was conducted essentially as previously described (Chowdhary et al., 2019). Briefly, the 

cells were heat-shocked at 39°C for 7.5 min (or maintained at 30°C) and crosslinked with 1% 

formaldehyde. Cells were then harvested and subjected to glass bead lysis in lysis buffer (50 mM 

HEPES pH 7.5, 140 mM NaCl, 1% Triton X-100, 0.1% Sodium deoxycholate, 1 mM EDTA, 

2 mM PMSF, and 250 µg/ml cOmplete™, EDTA-free Protease Inhibitor Cocktail) for 30 min 

at 4°C. The chromatin lysate was sonicated to an average size of ~250 bp using 40 cycles of 

sonication (30 sec on/off High-Power setting; Diagenode Biorupter Plus).  A 20% fraction of 

the sonicated chromatin was incubated with one of the following antibodies: 1 µl of anti-Rpb1; 

1 µl of anti-Hsf1 (Chowdhary et al., 2019) or 2.5 µl of anti-Myc (Santa Cruz Biotechnology) for 
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16 h at 4°C.  Antibody-chromatin complexes were immobilized on Protein A-Sepharose beads 

(GE Healthcare) for 16 h at 4°C, then washed sequentially with lysis buffer, high salt buffer (50 

mM HEPES pH 7.5, 500 mM NaCl, 1% Triton X-100, 0.1% Sodium Deoxycholate, 1 mM 

EDTA), wash buffer (10 mM Tris pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% Sodium 

Deoxycholate, 1 mM EDTA) and finally 1x TE (10 mM Tris-HCl pH 8.0, 0.5 mM EDTA). 

Chromatin was eluted by incubating the beads in elution buffer (50 mM Tris pH 8.0, 1% SDS, 

10 mM EDTA) at 65°C for 30 min. RNA and proteins were removed by DNase-free RNase 

(final concentration of 200 µg/ml; incubation at 37°C for 1 h) and Proteinase K (final 

concentration of 50 µg/ml; incubation at 60°C for 16 h). The ChIP template was extracted 

using phenol-chloroform and precipitated in presence of ethanol. 

ChIP occupancy signals were quantified using qPCR. Sequences of ChIP primers used in this 

study are provided in Table S4. The ChIP DNA quantities were deduced from interpolation 

of a standard curve generated using genomic DNA template.  The qPCR signal for each primer 

combination was normalized to the corresponding signal from the input DNA. The input DNA 

control was incorporated to correct for variation in the recovery of ChIP DNA templates.  

3.6.5 Reverse Transcription-qPCR (RT-qPCR) 

Cells were cultured to a mid-log density (A600 = 0.8) at 30°C and were either maintained at 

30°C or heat-shocked at 39°C for times indicated. 20 mM sodium azide was added at 

appropriate times to terminate transcription. Cells were then harvested and subjected to glass 

bead lysis in presence of TRIzol (Invitrogen) and chloroform for 10 min at 4°C. Total RNA 

was precipitated in ethanol. A fraction of total RNA (~20 µg) was treated with DNase I (RNase-

free; New England Biolabs) at 37°C for 15 min. DNase I was heat-inactivated at 75°C for 10 

min. RNA was purified using the RNA clean and concentrator kit (Zymo Research). 2-3 µg of 
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the purified RNA template and random hexamers were used for preparing cDNA (Superscript 

IV first-strand synthesis system; Invitrogen).  

The cDNA reaction mix was diluted 2-fold, and 2 µl of the diluted cDNA template was used 

for qPCR reaction. Sequences of primers used for RT-qPCR analysis in this study are 

provided in Table S5. Relative cDNA levels were quantified using the ∆∆Ct method 

(Chowdhary et al., 2017).  qPCR signal from SCR1 Pol III transcript was used as a 

normalization control. This accounted for variation in the recovery of cDNA templates. 

Relative fold change per minute in mRNA expression was calculated by dividing mean mRNA 

levels (derived from two independent biological samples) for a given time point by previous 

time point, and then by the time elapsed in minutes.   

3.6.6 Fluorescence microscopy 

For live-cell imaging, cells were grown at 30°C to early log phase (A600 = 0.5) in synthetic 

dextrose complete (SDC) medium. An aliquot of living cells was immobilized onto 

concanavalin A-coated glass bottom dish. Fresh SDC medium was added in the dish before 

imaging. Images were taken on Leica TCS SP5 II STED-CW laser scanning confocal 

microscope (Leica Microsystems, Inc., Buffalo Grove, IL) equipped with GaAsP hybrid 

detector and STED mode turned off. Samples were subjected to heat shock at 39°C by heating 

the objective (HCX PL APOCS 63x/1.4 oil UV) with Bioptechs objective heater system and 

by controlling the temperature of air flowing through the incubator chamber enclosing the 

microscope. Argon laser was used at lines 488 and 514 nm for excitation of GFP and mVenus. 

The orange HeNe laser light source was used for excitation of mCherry at 594 nm. STED 

laser (592 nm) was turned off for all live imaging experiments, except during STED imaging 

in Figures 2A, B (see below for details). For experiments involving hexanediol treatment, cells 

were heat-shocked and imaged for ~8 min. Immediately after this, the SDC media in the dish 
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was replaced with pre-warmed (39°C) SDC supplemented with either 2,5- or 1,6-hexanediol 

(5% final concentration), and cells were imaged at 39°C for the times indicated.  

The images were acquired in xyz scan mode, covering 8 to 10 planes on the z-axis with an 

interplanar distance of 0.25 µm. For dual-color imaging of live cells, fluorophores were 

sequentially scanned in two channels with scanning modes switched on between lines. The 

sequential capture allowed rapid scanning of fluorophores in both channels while minimizing 

bleed-through or channel crosstalk. Post-acquisition, images were deconvolved by YacuDecu 

function that utilizes Richardson-Lucy algorithm for calculating theoretical Point Spread 

Functions (PSFs) (https://github.com/bnorthan) (Rueden et al., 2017). The PSFs were 

computed each time based on the set of microscopy parameters used in the imaging analyses. 

Custom plugins for Fiji (Schindelin et al., 2012) were used to colorize, split or merge channels, 

make composites and adjust brightness of the images. 3D rendering and visualization were 

performed using either ClearVolume (Royer et al., 2015) or arivis Vision 4D software v. 3.1 

(render mode: maximum intensity; arivis AG, Rostok, Germany). For images processed without 

deconvolution (Figure S2A-D), images were acquired as above and custom plugins for Fiji were 

used to colorize, split or merge channels, subtract background and apply gaussian blur.  

For colocalization analyses, the fractional overlap metric scores (Manders’ colocalization 

coefficients) were calculated using JACoP plugin implemented in ImageJ (Bolte and 

Cordelieres, 2006; Schneider et al., 2012). The average intensity plots were generated using the 

plot profile feature in ImageJ. Intensities of pixels were obtained along the line path (as 

indicated in Figure 1G) for each z-section. Intensities across nine individual z-sections were 

combined and the average was plotted for each channel. 

For analysis of gene coalescence, nine z-planes with an interplanar distance of 0.5 µm, covering 

the entire depth of the nucleus, were inspected for location of tagged genomic loci. The relative 

https://github.com/bnorthan
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nuclear positions of the tagged loci were assessed by measuring 3D distances between them. 

3D distances were measured as 3D polyline lengths between the signal centroids of tagged gene 

loci. A cell was scored positive for coalescence if the 3D distance between the centroids was 

between 0.3 and 0.7 μm. 3D distance measurements, 3D rendering, and visualization were 

performed in arivis Vision4D.  

3.6.7 Stimulated emission depletion (STED) super-resolution microscopy in live cells 

Samples for STED imaging were prepared as described for live imaging, except live cells were 

subjected to heat shock at 39°C by heating the objective (STED rated HCX PL APO 100x/1.4 

oil) and incubator chamber enclosing the microscope. High-resolution STED images of cells 

expressing Hsf1-mVenus were acquired in xyz scan mode (z=9; interplanar distance=0.25 µm) 

on Leica TCS SP5 II STED-CW laser scanning confocal microscope with STED mode turned 

on. The 514 nm line from argon ion laser light source was used to excite mVenus. Emission 

depletion was accomplished with 592 nm continuous wave STED laser. Images were 

deconvolved as above, then rendered (render mode: volumetric) and visualized in arivis 

Vision4D. STED microscopy was used for acquiring images analyzed and presented in Figure 

2A, B. 

3.7 Quantification and statistical analysis 

3.7.1 Hsf1, Med15 and Rpb1 ChIP-seq data analysis 

Hsf1 ChIP-seq data were obtained from GSE117653 (Pincus et al., 2018). Med15 data are 

from PRJNA657372 (Sarkar et al., 2022). Rpb1 ChIP-seq data were obtained from 

GSE125226 (Albert et al., 2019). Reads were aligned to the S. cerevisiae reference genome 

(SacCer3) using Bowtie 2 (Langmead and Salzberg, 2012). SAM files were converted to BAM 

format using SAMtools (Li et al., 2009).  BAM files were then converted to bigWig and 
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bedGraph format at bin size of 1 (-bs 1) and normalized to the library size (--normalizeUsing 

CPM) using bamCoverage function of deepTools2 (Ramirez et al., 2016). The bigWig files 

were used to obtain genome browser tracks in Integrative Genomics Viewer (IGV) browser 

(Robinson et al., 2011), and to make metagene plots. Metagene profiles were created using 

computeMatrix and plotProfile function tools in deepTools2. The plots are scaled +/-1 kb of 

ORFs of the Hsf1-dependent genes (Pincus et al., 2018). Occupancy of Hsf1, Med15 and Rpb1 

(Pol II) were computed using the bedtools map function. The occupancy of Hsf1 and Med15 

were obtained as sum of signals across 1 kb region upstream of ORFs of protein-coding genes. 

For occupancy of Pol II, sum of signals across ORFs were normalized to length of the ORFs. 

For analysis of co-occupancy between Hsf1 and Med15, peaks were called using MACS2 

algorithm (Zhang et al., 2008) with -g 1.2e7 --keep-dup auto flags. Peaks identified on repetitive 

regions of telomeres and rDNA were excluded from the analysis. The overlap of Med15 and 

Hsf1 peaks was computed using intersect Bed -wa -u -a Med15_peaks.bed -b Hsf1_peaks.bed 

option.  

For analysis of Pol II distribution at Hsf1 genes, CPKM of Pol II reads were obtained for all 

non-overlapping, verified ORFs archived in SGD (Cherry et al., 2012) using the bedtools map 

function. These normalized counts were then used to calculate % Pol II reads at Hsf1 gene 

targets in comparison to all other genes in the yeast genome. 

3.7.2 Nascent transcript sequencing data analysis 

NAC-seq data were obtained from GSE117653 (Pincus et al., 2018). Reads were aligned to the 

S. cerevisiae reference genome (SacCer3) using TopHat2 (Kim et al., 2013) with --segment-length 

20 -I 2500 options. Wiggle files were generated by normalizing to the library size (--

normalizeUsing CPM) using the bamCoverage function of deepTools2 and visualized in IGV 

genome browser.  
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3.7.3 Foci counting and characterization 

Hsf1, Med15 and Rpb3 foci were detected and quantified within 3D live-cell images using the 

automated FindFoci plugin (Herbert et al., 2014) in ImageJ. For foci detection in 3D, a region 

of interest was marked around the nucleus of each cell and then foci within the marked regions 

were identified across all z planes (z=9). We used the optimizer function in the plugin submenu 

to train FindFoci algorithm and predict optimum parameter settings for foci assignment. The 

following set of optimized parameters were applied to all images in this study: (a) background, 

one standard deviation above mean; (b) search method, above background with an optimal 

value of 0.3; and (c) merge option, relative above background with peak parameter of 0.2 and 

minimum size as 1. Finally, we used the x, y, z position coordinates and sizes of peak intensity 

regions to present foci as 3D bubble charts. The 3D bubble charts were created by calling 

bubblechart3 function in MATLAB (MATLAB, 2021. version 9.11.0.1873467 (R2021b), 

Natick, MA: The MathWorks, Inc.).  

For visualizing images as 3D surface plots, a square of 10 ´ 10 pixels was marked around the 

nucleus of each cell type in each condition (as indicated in Figure 1D). Representative planes 

of each cell were analyzed and displayed as 3D surface plots using the Interactive 3D Surface 

Plot plugin in ImageJ (contributing author: Kai Uwe Barthel, Germany). Appropriate 

parameter settings for scale, rotation, smoothing, and lightning were adapted for the display of 

3D surface plots. Note that for each cell type, similar parameter settings were used in both non-

heat shock and heat shock conditions.  

3.7.4 Analysis of average relative localization of factors 

Foci of LacO-tagged HSP104 gene locus or MS2-tagged HSP12 mRNA locus were manually 

identified in a specific z plane and centered within a square of 12 ´ 12 pixels. Distribution of 

signal from another channel, depicting nuclear distribution of the secondary factor, was 
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gathered from corresponding 12 ´ 12 squares in the same z plane. A composite text image was 

created by computing average of centered images from roughly 30 cells per condition. The 

intensity of each pixel was scaled from 0 to 100 using a formula for uniform scaling: [(intensity-

minimum) / (maximum-minimum)] ´ 100. For negative control, fifteen 12 ´ 12 arrays were 

generated with random numbers from 0 to 100. A composite text image was then created by 

computing an average of the corresponding values. For positive control, kernel density of a 2D 

Gaussian distribution was generated in an array and computed using the following formula: 

 e^(-z2/(2σ2)) / σ (2p)-1/2. Here, z is in range (-k, k+1) and σ = 1. This array was then used to 

create a text image with a scale ranging between 0 and 100. Finally, text images of controls or 

test samples were used to generate contour plots using the Plotly function (Plotly Technologies 

Inc., 2015) in R (R Core Team, 2020). The intensity minima and maxima were split into 800 

steps for all contour plots. 

3.7.5 Quantification of overall and pixel-to-pixel variation within STED-acquired images 

For demonstration of internal dynamics of Hsf1 foci, the variation between corresponding 

pixels of Hsf1 foci was compared against overall variation in the images. For this analysis, we 

used STED-acquired images of cells expressing Hsf1-mVenus captured at every minute over 

the intermixing phase of heat shock (8 to 12 min-HS). We marked 12 ´ 12 pixel squares 

bounding the nuclei of six individual cells imaged every minute between t1 (8min) and t5 

(12min). Next, we obtained maximum intensity projections of the 3D images stacks for each 

individual nuclei at each of five heat shock time points. All pixel intensities were scaled from 0 

to 100 to account for variation in image brightness by computing into the following formula: 

[(intensity-minimum) / (maximum-minimum)] ´ 100. Standard deviation was calculated for 

the min-max normalized pixels to determine pixel-to-pixel variation in Hsf1 levels at the given 

nuclear locations. Overall standard deviation was computed from average intensities of each 
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image in the time course. The overall standard deviation was then used to populate a 12 ´12-

pixel square for comparison to pixel-to-pixel variation of Hsf1 intensity and presented as heat 

maps. Six such distributions, each of overall variation and pixel-to-pixel variation, were used 

to plot cumulative frequency of pixels as a function of standard deviation.     

3.7.6 Quantification of 3C 

TaqI-3C data was quantified as described in (Chowdhary et al., 2020; Chowdhary et al., 2019). 

The percent digestion efficiency was determined by amplifying a region across Taq I restriction 

site using a pair of convergent primers (sequences provided in Table S3). The percent digestion 

efficiencies were determined for each primer combination and incorporated into the following 

formula:  

% digestion = 100 - 
100

2!(CtR-CtARS504)DO – (CtR- CtARS504)UND$
 

Here, CtR is the cycle threshold (Ct) quantification of the digested only (DO) or undigested 

(UND) templates, and CtARS504 the cycle threshold quantification of the ARS504 locus (a region 

lacking a Taq I site).  

For measurement of normalized frequency of intragenic or intergenic interactions, the Ct 

values for digested only (DO3C) and ligated (Lig3C) templates for crosslinked chromatin, and 

digested only and ligated genomic DNA (LiggDNA and DOgDNA, respectively) were incorporated 

into the following formula: 

Normalized Frequency of Interaction = 

[(&!∆#$%&'(# '()*+,%&'(#- ) (&!∆#$)*(# '()*+,)*(#- )- ]
[(/01234056	3042	8)×	(/01234056	3042	&)]:

[(&
!∆#$%&'')+, '()*+,%&'')+,: ) (&!∆#$)*')+, '()*+,)*')+,: ): ]

[(/01234056	3042	8)×	(/01234056	3042	&)]
;
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(i): DCt values were obtained by subtracting Ct (no-template) from those of Lig3C, DO3C, or 

gDNA templates. 

(ii): 2<∆>4 "#$504⁄  are the fold-over signals normalized to ARS504 locus. 

(iii): Ligation-dependent signals (LDS) are determined as ratio of fold-over normalized signals 

of Lig3C and DO3C templates (2<∆>4%&'(# "#$504?01(#* ) (2<∆>4)*(# "#$504/@(#* )* ; also 

applicable to the gDNA control. 

(iv): LDS were corrected for variation in Taq I digestion efficiencies of sites 1 and 2 (as detailed 

above). 

(v): Normalized Frequency of Interaction is defined as the ratio of ligation-dependent signals of 

3C and gDNA control templates after correcting for differences in their digestion efficiencies.   

3.7.7 Statistical tests used 

Student’s t test (two-tailed) was used to calculate statistical significance between all pairwise 

comparisons (as assumptions of parametric distributions were fulfilled), except in Figure 2B and 

D, two sample Kolmogorov–Smirnov test and one-way ANOVA followed by Tukey’s post hoc 

analysis were used, respectively. 

Each pairwise comparison is done with means of two independent biological samples (N=2) 

+SD.  n.s., P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001.   
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3.8 Supplementary figures 

 

Figure 3.7.1 (A) Anchor-away assay for Ssn3/Cdk8; Hsf1 (green), Rpb3 (red) (B) Quantification of 
frequency of intragenic contacts detected within three HSR genes with and with either Hsf1, Med15, 
or Rpb3 depleted from the nucleus after 10 min of HS.  
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Figure 3.7.2 (A) Distribution of quantification of foci per cell in Hsp70-binding mutant strains (B) 
mRNA expression of 5 HSR genes in Hsf1-ne1 cells at NHS (grey) and HS (blue) (C) Characterization 
of Hsf1, Med15, and Rpb3 condensation in Hsf1-ne1 cells at NHS and HS (D) Quantification of 
frequency of intragenic contacts detected within three HSR genes in Hsf1, Hsf1-ne1, and Hsf1-ne1ce2 
(E) Intergenic interactions between five HSR genes in Hs1-ne1 (blue) cells before and after HS (F) 
Growth curves for all three Hsp70 binding mutants at 30C and 39C. 
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Figure 3.7.3 (A and B) Characterization of Hsf1-ne1Dpo4 (top) and Hsf1-ne1PO4* (bottom) 
condensation before and after a 10 min HS. (C) Intragenic contact frequencies detected within HSP82, 
HSP104 and SSA4 in cells heat-shocked for 10 min (D) Growth curves for Hsf1-ne1Dpo4, Hsf1-
ce2Dpo4, Hsf1-ne1PO4*, and Hsf1-ce2PO4* at 30C, 37C, and reduced glucose.  
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CHAPTER 4 

DISCUSSION AND FUTURE DIRECTIONS 

 

4.1 Discussion 

In this study, I demonstrate that Hsf1 can rapidly and inducibly form transcriptional 

condensates in response to thermal stress. These condensates are dynamic and transient, 

aligning with the timing of the heat shock response (HSR) and dissolving as Hsf1 deactivates 

and the cell returns to a steady state. Both Mediator and RNA Pol II are recruited to HSR 

condensates, with gene coalescence of Hsf1 target genes strongly correlating with the presence 

of these condensates. The N-terminal activation (NTA) domain of Hsf1 is essential for 

condensate formation, highlighting the role of Hsf1’s intrinsically disordered regions (IDRs) in 

driving condensate assembly. This study presents a novel mode of transcriptional regulation in 

yeast, suggesting that transcriptional condensates, previously only described in mammalian 

cells, are evolutionarily conserved structures fundamental to eukaryotic gene control. 

4.1.1 Induced HSR condensates form in a sequential manner 

We show that these condensates form in a stepwise manner, with the cooperative interaction 

of Hsf1 molecules being the first step, followed by the condensation of Mediator. RNA Pol II 

cannot condense unless Hsf1 and Mediator are present, and we believe that this eventually 

leads to gene coalescence, as an emergent function of the transcriptional condensate. This is in 

contrast to the prevailing model in the field that implies the IDRs of TFs and other regulatory 

factors interact cooperatively and with no sequential preference to form transcriptional 

condensates. Previous theories also do not really mention how changes in chromatin 

conformation can influence the assembly of these structures, or if gene interactions occur due 
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to the presence of the condensate (Sabari et al., 2018; Sharp et al., 2022; Shrinivas et al., 2019). 

Multivalent binding of Hsp70 to the Hsf1 molecule and phosphorylation determine the ability 

of Hsf1 to concentrate and then recruit Mediator to condensates, while what governs the 

coordination of RNA Pol II recruitment and 3D genome interaction is yet to determined.  

In many of the images included in this document, we show condensates of Hsf1, Mediator, and 

Pol II that look like separate entities rather than intermixing in a large singular blob, as is 

described in most texts about transcriptional condensates. This implies that these regulatory 

molecules may condense separately. While this may be true, these foci are incredibly dynamic, 

moving around the nucleus quickly, and thus they will eventually interact with one another. To 

reiterate this, we showed that colocalization of Med and Hsf1, and Pol II and Hsf1 in complete 

WT HSR condensates occurs >70% of the time. All of this is to suggest that perhaps we have 

been thinking of transcriptional condensates incorrectly and instead one big group of 

intermixing molecules, we have discrete condensates of each that interact frequently to induce 

faster genetic expression of specific gene groups. Concentration of not only transcriptional 

machinery but the genes that must be transcribed still occurs, leading to more efficient, rapid 

and robust expression.   

4.1.2 Stress-specific events are required for Pol II recruitment and 3D genome reorganization 

Because we could not reproduce a complete condensate in NHS conditions by mutating Hsf1 

alone, it is possible there is another layer of modulation involved. The Hsf1 mutants that we 

used were the only copies present, and therefore the cells had adapted and stabilized to this 

form of hyperactive Hsf1. It is likely that there is something exclusive to acute HS that releases 

Pol II and allows it to stably interact with Hsf1 and Mediator at these sites. A large fraction of 

the genome is repressed during HS (Sawarkar, 2022), and this repression is Hsf1-independent 

(Duarte et al., 2016; Gasch & Werner-Washburne, 2002; Mahat et al., 2016). In these Hsf1-



 124 

mutant cells, perhaps transcriptional activation, and in turn Pol II usage, is no longer 

attenuated, setting up competition between TFs of constitutively expressed genes and Hsf1 for 

Pol II recruitment. Indeed, when the mutant strains undergo acute HS, they are able to recruit 

Pol II, further supporting the argument that Pol II needs to be released by transcriptional 

machinery at other sites to be able to stably interact with Hsf1 at its target genes.  

4.1.3 An emergent property of fully assembled HSR condensates is 3D genome reorganization 

Since we theorize that the function of a fully formed condensate is what drives gene coalescence 

at sites of Hsf1-induced transcription, Pol II must be recruited for the chromosome 

conformation to be altered. Therefore, in the Hsf1 mutants employed in this investigation, Pol 

II was not recruited when cells were at NHS conditions and thus intergenic interactions did not 

occur. However, HS did induce chromatin remodeling in all strains observed, though these 

intergenic interactions were reduced in the phosphorylation mutants and the DNTA mutants.  

This may be due to a number of factors that could affect the protein structure of the Hsf1 

molecule. With the DNTA mutants, the loss of one of the IDRs of Hsf1 is most likely the 

reasoning behind loss of condensation, as interactions between the IDRs of proteins are what 

drives the assembly of these transcriptional structures. Thus, a lack of the NTA leads to a 

reduction in intergenic interactions as well, since the recruitment of the regulatory machinery 

is generally impaired. Additionally, the phosphorylation mutants possess a vastly different 

charge compared to WT Hsf1, with Hsf1-PO4* being incredibly negatively charged, while the 

Hsf1-Dpo4 may not possess the charge necessary to implement condensation. This change in 

protein charge conceivably influences the interactions of the mutant Hsf1 with not only 

Mediator and RNA Pol II but also the DNA itself.  

Beyond transcriptional attenuation and gene coalescence, the components of the variant Hsf1 

condensates that we observed must also be considered. The composition and induced activity 
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of the Hsf1 condensates in these mutant strains may differ from those formed during a wildtype 

HSR. Although these Hsf1 mutants were functional, promoting the transcription of the HSR 

regulon and supporting robust growth at basal temperatures, these differences must impact the 

interactions between Hsf1 and other proteins and nucleic acids. The Hsf1 phosphorylation 

variants are especially of concern, as their charge distributions are completely different 

compared to wildtype Hsf1. As described in the previous sections, the negative patch that forms 

on the surface of Hsf1-PO4* precludes interaction with Pol II, so it likely also prevents 

interactions with other wildtype HSR condensate components. Thus, we must further 

characterize not only these mutant Hsf1 condensates, but the wildtype condensates as well.  

4.1.4 Hsp70 binding and phosphorylation of Hsf1 independently modulate Hsf1 to tune the HSR 

This is not to say that these mutants are not biologically relevant. We were able to discern an 

unexpected mechanism of Hsf1 regulation by Hsp70 and phosphorylation in yeast, exhibiting 

their involvement in condensate assembly, and therefore HSR activity. Additionally, through 

the use of computational tools, like AlphaFold, we can biochemically infer how Hsp70 is 

impairing Hsf1 function. Hsp70 seems to passively suppress Hsf1, as binding creates a steric 

occlusion on the Hsf1 trimer that prevents interaction with Mediator, but not HSEs. Mutating 

the NE1 and CE2 sites rids Hsf1 of this structural impairment and therefore Mediator is free 

to associate with it for a longer timescale. Interestingly, the mutation of both sites must occur 

for Med to be recruited, suggesting that only a complete loss of bound Hsp70 at these specific 

loci on Hsf1 can create the space for Mediator engagement and condensation. This is evidence 

for the tunability of Hsf1 activity, as two bound Hsp70s results in basal levels of Hsf1-induced 

transcription, but the loss of one or both Hsp70s results in different levels of activation. Hence, 

Hsf1 itself can interact and condense with the loss of one Hsp70, but the loss of two Hsp70s 

results in Mediator recruitment and comparatively higher levels of HSR gene expression.  
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To add to this observation, we noted an increase in transcriptional activity at every step of 

condensate assembly and discerned that Hsf1 can form transcriptionally active condensates 

without a consistent association with Med and Pol II. Since transcription cannot occur without 

these molecular complexes, the Hsf1 mutants we used must only transiently employ them rather 

than form stable interactions that result in recruitment to the condensate. To continue the 

theory previously mentioned of interacting condensates, perhaps the concentration of each 

molecule leads to more efficient transcription at each step, and when all the necessary steps 

have occurred, as in HS conditions, the transcription is highest. This is a tidy way to consolidate 

the results we see, but it definitely requires further investigation, especially to determine what 

governs the last steps of HSR condensate assembly.  

4.1.5 HSR transcriptional condensates in mammals 

Though the HSR is largely conserved among eukaryotes, the presence of transcriptionally 

active HSR condensates similar to those in yeast is yet to be determined in mammalian cells. 

HSF1 has been shown to form foci in human tumor cells, however, their dissolution is what 

triggered the transcription of Hsps rather than their formation (Gaglia et al., 2020). Conversely, 

a recent study reported that in addition to the previously mentioned HSF1 stress granules, small 

nuclear condensates of Hsf1 and the transcription apparatus, including Mediator and BRD4, 

assemble at target gene loci and drive their transcription in HeLa cells (Zhang et al., 2022). 

Furthermore, the formation of these condensates is inhibited by Hsp70 with additional fine-

tuning of HSF1 activity by phosphorylation, similar to what we have observed in yeast (Zhang 

et al., 2022). However, directing gene coalescence, which we have determined as an emergent 

property of yeast HSR condensates, has yet to be examined in mammalian cells. The presence 

of topologically associated domains (TADs) in mammalian cells has been uncoupled from gene 

expression (Ghavi-Helm et al., 2019), so these regions may not be the genomic restructuring 

we are interested in for HSR condensates. That being said, the mammalian HSF1 is regulated 
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in a different manner to its yeast counterpart, and this may also influence the dynamics of 

condensate assembly.  

4.2 Future directions 

As stated above, investigating the specific events of HS could aid us in discerning what exactly 

is required for RNA Pol II recruitment and condensation. Additionally, we could investigate 

the differential interactions of the Hsf1-mutants we have designed during NHS and HS to 

determine if there are any specific associations that will lead us to a greater understanding of 

this stress response. Here, I outline some experiments that can further elucidate HSR 

condensate assembly. 

4.2.1 Transcriptional attenuation during heat shock 

Transcriptional attenuation is a major characteristic of HS and ribosome biogenesis is one of 

the main processes that is shut down during stress. Ribosome biogenesis is an intensive cellular 

program which employs an incredible number of cellular resources, including RNA polymerase 

II (Warner, 1999). During thermal stress, ribosomal protein synthesis is halted, freeing up RNA 

Pol II molecules to preferentially express HSR genes (Ali et al., 2023; Chowdhary et al., 2022; 

Kainth et al., 2021). And so, to recruit RNA Pol II to the NHS foci we need to inhibit this 

“competition” between transcription factors of ribosomal biogenesis genes and Hsf1 to engage 

Pol II to their targets. Previous studies have shown that disrupting ribosome biogenesis can 

induce the HSR (Tye et al., 2019), further lending evidence to the idea that this will allow us to 

free up RNA Pol II for recruitment to Hsf1 condensates.  

In the mutant yeast strains we have been investigating so far, there is no acute stress and steady 

state has been reached. The cells have acclimatized to higher Hsf1 activity and no longer need 

to prioritize Hsf1 targets. Inhibiting the expression of ribosome biogenesis (RiBi) genes, and 
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ribosomal protein genes (RPGs) in these strains, could allow the release of RNA Pol II. Our 

mutant Hsf1 will then be able to enlist Pol II to the NHS foci, completing the formation of the 

Hsf1 transcriptional condensate under NHS conditions. This can be done by building a strain 

that has an analog sensitive Tpk1/2/3, a major component in both the PKA and TORC1 

pathways, both of which are involved in the regulation of ribosome biogenesis in yeast (Kunkel 

et al., 2019). Once these cells have been dosed, ribosome production will be halted and the 

dynamics of Hsf1, Mediator and RNA Pol II can be observed. This should be done in the 

Hsp70-binding mutant strains, as well as the Hsf1 phosphorylation strains. RNA Pol II should 

then likely be able to condense, specifically in the nuclei of the mutants which already allow 

Mediator condensation. 

In the case that there are too many pleiotropic effects by inhibiting Tpk1/2/3, the downstream 

effectors in the PKA and TORC1 pathways can also be manipulated, particularly Dot6 and 

Tod6, both of which are negative regulators of ribosome biogenesis. Dot6 and Tod6 are 

phosphorylated by Tpk1/2/3 and Sch9, which in turn impedes their activity, allowing 

ribosome production to occur (Kunkel et al., 2019). Inducible mutant copies of these proteins 

can be created that are not able to be phosphorylated and will thus, inhibit ribosome biogenesis 

at a more specific level. If we see Pol II condensation in these mutants at NHS conditions, 

intergenic interactions can be determined, and since we believe Pol II recruitment is what drives 

this process, we should likely see gene coalescence in these mutants.  

4.2.2 Intracellular pH changes during the HSR 

A decrease in cytosolic pH accompanies the transcriptional changes of stress response 

(Kroschwald et al., 2015; Munder et al., 2016; Weitzel et al., 1987). This stress-driven 

acidification is conserved across eukaryotic species (Triandafillou et al., 2020), and stress-

induced condensation has been shown to be dependent on this pH change (Kroschwald et al., 
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2015; Petrovska et al., 2014; Riback et al., 2017). The change in pH in our mutant strains was 

not examined and so this may very well be a factor that is involved in Pol II recruitment to 

HSR condensates. To measure cellular pH, the method implemented by Triandafillou et al. 

could be used, in which yeast are engineered to express pHluorin, a pH biosensor (Miesenböck 

et al., 1998) that can then be calibrated to measure cytosolic pH in our mutants, as well as 

during stress. The acidification that is observed in WT yeast cells at HS is transient and the cell 

is brought back to resting pH (~7.5) quickly once it has reached steady state. Therefore, it is 

unlikely that these Hsf1-mutant strains exhibit a consistent acidic cytosol as this could disrupt 

a number of cellular processes and impair cell growth. And so, perhaps manipulating 

intracellular pH in the Hsf1 mutant cells could provide us with more insight into HSR 

condensate formation. To do this, nigericin, an ionophore that temporarily destroys the 

electrochemical gradient by allowing ions to penetrate the cellular membrane (Valkonen et al., 

2013), could be used to induce different pHs in mutant cells at NHS conditions and condensate 

assembly could be observed. Again, if Pol II condensation and gene coalescence is observed 

after acidification then reconstitution of HSR condensates at NHS conditions will have been 

successful.  

4.2.3 Determining other factors involved in HSR condensate assembly and composition 

To determine other proteins or nucleic acids that are present in these HSR condensates, a pull-

down assay followed by mass spectrometry could prove to be useful. Because many interactions 

of Hsf1 may be transient, it can be difficult to determine them by biochemical methods. To 

bypass this issue, proximity labelling mass spectrometry can be used. In this method, Hsf1 will 

be fused with a peroxidase (ascorbic acid peroxidase; APEX). When treated with hydrogen 

peroxide, APEX can convert biotin-phenol provided to the cells to biotin-phenol radicals that 

result in proteins that are present within a radius of 20nm to be covalently labelled. These 

labelled proteins can then be purified using Streptavidin-labelled beads, essentially capturing a 
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snapshot of protein interactions with the APEX-labelled Hsf1. Samples can be taken at different 

time points during HS and compared to the interactions of NHS Hsf1. Similarly, all the Hsf1 

mutant interactions can also be characterized and compared to WT HS to determine if there 

are any differences that could help to decipher the assembly of the HSR condensates.  

Along the same lines, a genetic approach could also be used. By using a CRISPRi library in 

conjunction with the triple mutant, Hsf1-mNE1mCE2PO4*, any gain-of-function mutations 

that result in Pol II recruitment can be isolated. This could lead to the elucidation of any factors 

that influence HSR condensate formation, and their functions with the HSR and beyond can 

then be further examined. 

4.2.4 Elucidating the Hsf1 phosphorylation sites necessary for HSR regulation 

Lastly, determining which phosphorylation sites are the most important for HSR induction 

could also lend some insight in how phosphorylation plays a role in Hsf1 function. Like human 

cells, there could be specific Ser or Thr residues that are involved in the activation and 

inhibition of Hsf1. A good starting point could be determining what part of the Hsf1 protein 

the essential PO4 site could be. To do this, Hsf1 mutants in which only the Ser/Thr residues 

of a specific portion of Hsf1, like the NTA, can be mutated to alanine or aspartate and Hsf1 

activity, as well as condensate formation can then be investigated. Using prediction software 

like AlphaFold could also help to narrow down which phosphorylation sites are likely to play a 

role in inducing interactions with other Hsf1 molecules and Mediator. Like the Hsf1-Hsp70-

Mediator complex mentioned previously, illustrating any structural changes that may be 

prompted by the phosphorylation of Hsf1 residues could provide insight into how this PTM 

modulates Hsf1 activity in yeast.  

In this thesis, we elucidate the founding inducible transcriptional condensate in yeast cells and 

determine how its assembly is regulated. We uncover that the formation of the HSR condensate 
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occurs in a stepwise manner, and we uncouple transcriptional activity and the presence of 

Mediator and Pol II at these structures. Lastly, we establish that not only is Hsf1 induced 

activity adjustable, suggesting that it can be modified according to the stimulus, the recruitment 

of transcriptional apparatus can also be modulated based on the strength of the stress. This 

reiterates the argument that HSR condensates are adaptive and provide a means of protection 

against environmental triggers.  
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APPENDIX 1 

Inducible transcriptional condensates drive 3D genome reorganization in the 

heat shock response 

 

This chapter is a full reprint of Chowdhary et al 2022 on which I am an author. This work is 

included with permission from all the authors. I made the yeast strains used in this study, 

performed growth curve experiments, and helped write some of the methods section. 

 

A1.1 Abstract 

Mammalian developmental and disease-associated genes concentrate large quantities of the 

transcriptional machinery by forming membrane-less compartments known as transcriptional 

condensates. However, it is unknown whether these structures are evolutionarily conserved or 

involved in 3D genome reorganization. Here, we identify inducible transcriptional condensates 

in the yeast heat shock response (HSR). HSR condensates are biophysically dynamic 

spatiotemporal clusters of the sequence-specific transcription factor Heat shock factor 1 (Hsf1) 

with Mediator and RNA Pol II. Uniquely, HSR condensates drive intergenic interactions 

between multiple Hsf1 target genes, even those located on different chromosomes, resulting in 

their coalescence. Binding of the chaperone Hsp70 to a site on Hsf1 represses clustering, while 

an intrinsically disordered region on Hsf1 promotes condensate formation and intergenic 

interactions. Mutation of both Hsf1 determinants reprograms HSR condensates to become 

constitutively active without intergenic coalescence, which comes at a fitness cost. These results 

suggest that transcriptional condensates are ancient and flexible compartments of eukaryotic 

gene control. 
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A1.2 Introduction 

Eukaryotes have evolved specialized mechanisms to ensure robust expression of critically 

important genes such as those activated to specify cell lineage and in response to stress. 

Mammalian cells utilize clusters of transcription factor binding sites, termed “super-enhancers” 

(SEs), to drive high-level gene expression by concentrating a large fraction of transcriptional 

activators and coactivators such as the Mediator complex (Hnisz et al., 2013; Whyte et al., 

2013). SEs are interwoven by an extensive DNA looping network constituted by enhancer 

elements and target gene promoters (Beagrie et al., 2017; Dowen et al., 2014; Huang et al., 

2018). Recent studies suggest that SEs function through cooperative assembly of the 

transcriptional apparatus into “biomolecular condensates” (Boija et al., 2018; Guo et al., 2019; 

Sabari et al., 2018), defined as self-organized membrane-free compartments that concentrate 

specific biomolecules (Banani et al., 2017). Transcriptional condensates at SEs are hypothesized 

to drive transcriptional bursting and stabilize expression of associated genes (Henninger et al., 

2021; Hnisz et al., 2017; Sabari et al., 2018).  

Biomolecular condensates in general – and transcriptional condensates in particular – are 

commonly established and maintained by multivalent interactions. In many cases, multivalent 

interactions driven by intrinsically disordered regions (IDRs) appear to be important for 

establishing and maintaining condensates (Banani et al., 2017; Shin and Brangwynne, 2017). 

Some IDRs can engage in a network of weak and transient “fuzzy” interactions with other 

proteins and nucleic acids and are often subject to reversible post-translational modifications 

that can regulate these interactions (Boehning et al., 2018; Boija et al., 2018; Chong et al., 2018; 

Guo et al., 2019; Hnisz et al., 2017; Sabari et al., 2018; Sanborn et al., 2021; Shin and 

Brangwynne, 2017; Tuttle et al., 2021; Wei et al., 2020; Sanders et al., 2020; Lu et al., 2019). 

Multivalent biomolecules can undergo a spontaneous phase transition. In its simplest form, this 

means that above a concentration known as the saturation concentration, the components can 
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demix into two distinct phases: a dense, macromolecule-enriched phase and a dilute, 

macromolecule-depleted phase (Banani et al., 2017; Shin and Brangwynne, 2017). The nature 

and strength of intermolecular interactions and the number of participant molecules are likely 

to influence the dynamics inside the condensates (Brangwynne et al., 2009; Hnisz et al., 2017). 

In the case of transcriptional condensates, intermediate concentrations of transcriptional 

activators can lead to formation of active hubs that are not necessarily phase separated (Chong 

et al., 2018; Baek et al., 2021), suggesting biophysical diversity among different transcriptional 

condensates.  

To date, transcriptional condensates have been best characterized at stably expressed loci in 

mammalian cells (Boija et al., 2018; Cho et al., 2018; Sabari et al., 2018). However, signalling 

factors have been shown to concentrate within transcriptional condensates in response to 

specific stimuli (Lu et al., 2020; Nair et al., 2019; Stortz et al., 2021; Zamudio et al., 2019).  

Whether transcriptional condensates are conserved features of eukaryotic gene transcription 

remains unknown. Moreover, it is unclear how they conduct gene control in a three-

dimensional (3D) context and whether transcriptional condensates influence 3D genomic 

organization. In this study, we address these questions by employing the highly dynamic heat 

shock response (HSR) system of budding yeast.  

Recent studies in budding yeast have revealed profound remodelling of the 3D chromatin 

architecture following activation of the HSR by Hsf1 (Chowdhary et al., 2017; Chowdhary et 

al., 2019), and we speculated that transcriptional condensates may drive this 3D genomic 

reorganization (Kainth et al., 2021). Indeed, the HSR shares several key features with 

mammalian SEs, such as recruitment of high levels of the transcriptional machinery at the 

associated genes and extensive DNA looping interactions. A key distinction is that, as opposed 

to the stable gene expression enforced by SEs, HSR activation in yeast is induced in a 
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remarkably rapid yet transient manner: large increases in occupancy of Hsf1 and the 

transcriptional machinery at HSR genes accompany transcriptional activation within 60 

seconds of temperature upshift and return to pre-heat shock levels within 30 to 60 minutes 

(Chowdhary et al., 2017; Chowdhary et al., 2019; Kim and Gross, 2013; Kremer and Gross, 

2009; Pincus et al., 2018; Vinayachandran et al., 2018). Beyond the enhancer-promoter loops 

found in SEs, HSR genes engage in physical interactions with other HSR genes separated by 

large distances and even located on different chromosomes (Chowdhary et al., 2017; 

Chowdhary et al., 2019). Both intragenic and intergenic rearrangements of HSR genes are 

dynamic and concur with transcriptional output (Chowdhary et al., 2017). Thus, induction of 

the yeast HSR may involve transient condensates that form intergenic hubs of transcriptional 

activity.    

Here we provide experimental evidence implicating biomolecular condensation as the 

underlying mechanism of 3D gene control during the yeast HSR. We show that Hsf1, together 

with Mediator and RNA Pol II, forms transcriptional condensates at HSR genes in response to 

heat shock. These condensates are inducible, highly dynamic, transient, and promote 

intergenic chromatin interactions among genes in the Hsf1 regulon. We identify the N-terminal 

IDR of Hsf1 and a C-terminal binding site for the chaperone Hsp70 as molecular determinants 

that promote condensation with intergenic interactions and inhibit cluster formation, 

respectively. Finally, we generate a separation-of-function mutant of Hsf1 by mutating both of 

these determinants that forms constitutive condensates but fails to drive intergenic interactions. 

This double mutant displays a strong growth defect at elevated temperature, suggesting that 

formation of constitutive condensates that lack intergenic interactions comes at a fitness cost in 

this system. Together, our work reveals that transcriptional condensates are a conserved feature 

of eukaryotic gene control that can be induced and dissolved as a means to reversibly 

reconfigure the 3D genome. 
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A1.3 Results 

A1.3.1 Inducible high-level occupancy of the transcriptional machinery at HSR genes 

To determine whether yeast HSR genes – defined as genes under the control of Hsf1 – share 

key features with genes that drive lineage specification and disease progression in mammalian 

cells, we assessed the extent to which HSR genes concentrate the transcriptional machinery. 

Using a consistent bioinformatic pipeline, we reanalyzed chromatin immunoprecipitation 

sequencing (ChIP-seq) data of Hsf1, Med15 (subunit of the Mediator complex known to 

interact with Hsf1) and Rpb1 (subunit of RNA Pol II) across the genome under basal and acute 

heat shock conditions (Albert et al., 2019; Anandhakumar et al., 2016; Kim and Gross, 2013; 

Pincus et al., 2018; Sarkar et al., 2022). We found strong enrichment of all three factors at HSR 

genes upon heat shock and observed that the Hsf1 and Med15 peaks colocalize at heat shock 

elements (HSEs), the known binding sites for Hsf1 (Figures 1A, S1A-D).  

Although HSR genes constitute <1% of the yeast genome, 30% of Med15 and 20% of Pol II 

ChIP-seq reads overlapped with Hsf1 reads upon heat shock (Figure S1C). Rank order analysis 

of protein-coding genes (n=5983) by change in Med15 occupancy during acute heat shock 

revealed that all HSR genes are in the top 20%, with the majority residing above the inflection 

point of the curve (Figure 1B). To determine if Hsf1 binding is sufficient to recruit high levels 

of Mediator upon heat shock, we performed ChIP of Hsf1 and Med15 at the non-HSR gene 

BUD3 in a wild type strain and a strain harboring a chromosomal integration of a high-affinity 

HSE at the BUD3 locus (Chowdhary et al., 2019). While neither Hsf1 nor Med15 were 

detectable at the wild type BUD3 locus, a brief heat shock induced massive recruitment of Hsf1 

and Med15 to BUD3 with the engineered HSE (Figure S1E), suggesting that Mediator is 

robustly and selectively recruited by Hsf1 at its gene targets. Together, these data demonstrate 

that HSR genes disproportionately concentrate the transcriptional machinery upon activation. 
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A1.3.2 Hsf1, Mediator and RNA Pol II colocalize in subnuclear clusters upon heat shock 

We hypothesized that HSR genes engage a large fraction of transcriptional machinery by 

spatially concentrating the requisite factors within the nucleus. Therefore, we investigated the 

spatiotemporal distributions of Hsf1, Mediator and RNA Pol II in live single cells upon heat 

shock (Figures 1C, D). In unstressed cells, endogenously tagged Hsf1-mVenus was 

predominantly nuclear and diffusely localized (Figure 1C, NHS). However, Hsf1 formed semi-

discrete subnuclear clusters within 6 min of heat shock that persisted for 20-25 min, after which 

Hsf1 returned to its diffuse localization pattern (Figure 1C, heat shock). Hsf1 clusters were 

identified within 3D images of live cells using the automated FindFoci algorithm in ImageJ that 

detects above background peak intensity regions within images (Figure 1D, E). Here, we have 

interpreted inhomogeneities in signal distribution as foci (or clusters) of locally enriched target 

molecules. This analysis revealed the presence of Hsf1 clusters in >80% cells subjected to 9, 13, 

or 18-min heat shock; fewer cells (20-50%) evinced clusters when induced for 28 min or longer 

(Figure 1E). We typically observed 4 clusters of Hsf1 per individual nucleus, although the 

number varied between 2 and 6 over the course of heat shock (Figure 1C, D, E). These results 

are consistent for both the deconvolved images and those processed without deconvolution 

(Figure S2A, C). 

Clusters of Hsf1 were not always in a single plane but were spatially distributed across multiple 

planes along the z-axis. To provide the best representation of the number and position of 

clusters in each nucleus, we rendered images in 3D and displayed foci assignments as 3D bubble 

plots (Figure 1C, D). For further characterization and improved clarity, we also visualized 

images as 3D surface plots that display inhomogeneities within images as peaks of signal 

intensity. 3D surface plots of images of acutely heat-shocked cells showed 3-4 distinct peaks, 

confirming presence of clusters under such conditions (Figure 1D). We could detect 

inhomogeneities within images processed without deconvolution, and these images displayed 



 141 

the same number of foci and peaks as deconvolved images, which rules out processing or 

deconvolution-related artifacts in our image analyses (Figure S2B). Analysis of diploid cells 

expressing Hsf1-GFP gave virtually identical results; neither kinetics nor number of clusters 

changed significantly, indicating that the number of Hsf1 clusters does not correlate with ploidy 

(Figure S3C). To distinguish whether redistribution of Hsf1 into clusters is a physical 

consequence of elevated temperature or a regulatory consequence of Hsf1 activation, we 

imaged Hsf1-mVenus expressing cells following treatment with azetidine-2-carboxylic acid 

(AZC), a proline analogue that incorporates into nascent proteins, impairs protein folding, and 

activates Hsf1 (Trotter et al., 2001; Zheng et al., 2018). Following AZC treatment, Hsf1 formed 

intranuclear clusters in a majority of cells (Figure S3D). Therefore, Hsf1 clustering appears to 

be driven by activation rather than heat per se. 

We next tested whether Mediator and RNA Pol II also formed intranuclear clusters during 

heat shock by imaging haploid cells expressing either endogenously tagged Med15-mCherry 

or Rpb3-mCherry. In the absence of heat shock, Med15 and Rpb3 were diffusely localized 

within the nucleus (Figure 1C and D, NHS). However, like Hsf1, both formed an average of 4 

subnuclear clusters in >80% of cells upon heat shock that emerged and dissolved with similar 

kinetics to Hsf1 (Figures 1C, D and S3A, B). Moreover, live cell 3D imaging of cells co-

expressing Med15-mCherry or Rpb3-mCherry with Hsf1-mVenus revealed that the clusters 

formed by both factors co-localized with Hsf1 during heat shock with a fractional overlap of at 

least 70% (Figures 1F, G and S3E). These data provide evidence of spatiotemporal interactions 

between Hsf1, Mediator and RNA Pol II inside living cells following heat shock.  
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Figure A1.1. Hsf1, Mediator and RNA Pol II form transcriptionally active clusters at 
HSR genes upon heat shock 
A) Metagene plots of Hsf1 (top), Med15 (middle) and Pol II (Rpb1; bottom) normalized ChIP-seq reads 
of Hsf1-dependent genes in S. cerevisiae (n=42) centered over ORFs with 1 kb surrounding region. Shown 
are means +/- SE (shaded region). NHS, non-heat shock; HS, heat shock; CPM, counts per million 
reads. 
B) Fold change in Med15 occupancy across Pol II-transcribed genes (0 to -1 kb from +1 ATG) upon 
heat shock, arranged according to their rank order. 
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C) Time lapse live-cell imaging of three individual cell types expressing either Hsf1-mVenus (rows 1, 2), 
or Med15-mCherry (row 3), or Rpb3-mCherry (row 4) before (NHS, 24-26°C) and following HS (39°C) 
for the times (t) indicated. For each cell type, a single cell is followed throughout the heat shock time 
course. Row 1: images of cells expressing Hsf1-mVenus. Representative planes are shown. Blue line 
highlights cell boundary. Scale bar is 2 µm. Row 2: enlarged view of the nucleus (see yellow box in Row 
1). Shown is the 3D volumetric rendering of each nucleus; x (red), y (green) and z (blue) axes are 
indicated. Rows 3 and 4: 3D volumetric rendering of nuclei of cells expressing Med15-mCherry and 
Rpb3-mCherry, respectively.  
D) Characterization of Hsf1, Med15 and Rpb3 foci in live cells. Top row: 3D volumetric rendering of 
cells expressing Hsf1-mVenus, Med15-mCherry and Rpb3-mCherry before (NHS) and following HS 
for the times (t) indicated. Middle row: 3D bubble charts of Hsf1, Med15 and Rpb3 foci that were 
detected and quantified using the automated FindFoci algorithm in cells shown in the top row. Bottom 
row: Visualization of Hsf1, Med15 and Rpb3 foci of cells shown in top row as 3D surface plots. Height 
of the plot corresponds to luminance of pixels within the image. x (red), y (green) and z (blue) axes are 
indicated. 
E) Top: number of Hsf1 foci per cell quantified from live imaging of cells expressing Hsf1-mVenus 
before (0 min) and following HS for the times (t) indicated. Bottom: percentage of cells expressing Hsf1 
foci. Foci were identified and counted using the automated FindFoci algorithm. 40-60 cells were 
evaluated per time point. Cells with >2 foci are counted as those containing foci for percentage 
evaluation. Shown are means +/- SD. 
F) Live imaging of cells co-expressing Hsf1-mVenus and Med15-mCherry (top), or Hsf1-mVenus and 
Rpb3-mCherry (bottom). Cells were heat-shocked for the indicated time (t).  
G) Left: Quantification of colocalization using Mander’s Overlay Coefficient of Hsf1-mVenus and 
Med15-mCherry (top), or Hsf1-mVenus and Rpb3-mCherry (bottom). M1 indicates the fraction of 
mCherry that overlaps mVenus; M2, fraction overlap of mVenus with mCherry. Scale bar is 2 µm. 
Right: average intensity profiles along blue dotted lines are indicated in the images.  
H) 3D rendered micrographs of Hsf1-mCherry (left), Med15-mCherry (middle) or Rpb3-mCherry 
(right) and the HSP104-LacO256 gene locus as depicted in the schematic (leftmost) under NHS and 
following heat shock for the indicated times (t). Blue dotted line highlights nuclear boundary. 
I) Contour plots of Hsf1-mCherry (left), Med15-mCherry (middle) or Rpb3-mCherry (right) showing 
averaged signal intensities centred at the HSP104-LacO256 gene locus 13 minutes following heat shock. 
The negative and positive controls (left) were generated from simulation analysis of an array of numbers 
arranged either randomly (negative control) or as 2D gaussian distribution (positive control).  
J) Top: schematic of Hsf1 (green) and the MCP-mCherry labelled HSP12-MS224 mRNA (red). Bottom: 
3D rendered micrographs of representative cells heat-shocked for ~7 min or not (NHS). Blue dotted line 
highlights nuclear boundary.  
K) Contour plot of Hsf1-mVenus (right) showing averaged intensity signal centred at HSP12-MS224 
mRNA (left). Cells were imaged at 5 minutes of heat shock. 
 

A1.3.3 Hsf1 clusters activate transcription of HSR genes 

To determine whether HSR genes associate with the Hsf1/Med15/Rpb3 clusters in yeast, we 

created three individual strains bearing 3ʹ-flanking arrays of 256 lacO-repeats at the HSP104 

locus – a canonical HSR gene bound by these factors (Figure S1D) – and co-expressing LacI-

GFP with either Hsf1-, Med15- or Rpb3-mCherry (Figure 1H). Live-cell imaging revealed that 

under basal conditions, HSP104-lacO256 minimally overlapped with Hsf1-, Med15- and Rpb3-
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mCherry but consistently co-localized with these factors during acute heat shock (Figure 1H 

and S3F). Across a population of cells, the average fluorescence intensities of Hsf1, Med15 and 

Rpb3 were enriched at the center of the HSP104-lacO256 focus (Figure 1I). These results indicate 

that the Hsf1, Mediator and Pol II clusters associate with a canonical HSR gene. 

To directly test whether Hsf1 clusters are sites of active transcription, we employed the MS2 

RNA imaging system to visualize nascent transcript production (Hocine et al., 2013; Lenstra 

and Larson, 2016). We inserted 24 repeats of the MS2 stem loop into the genome in the 3ʹ 

untranslated region of the HSP12 gene, another HSR target (Figure S1D), in a strain expressing 

the MS2 coat protein fused to mCherry (MCP-mCherry) and co-expressing Hsf1-mVenus. We 

observed no HSP12-MS24 fluorescence under non-heat shock conditions, indicating a lack of 

transcription of HSP12 mRNA, while heat shock induced the transient appearance of a 

concentrated focus of nascent HSP12-MS24 mRNA that colocalized with Hsf1-mVenus (Figures 

1J and S3G). The average fluorescence intensity of Hsf1 was enriched at the center of the 

HSP12-MS224 mRNA focus across a population of acutely heat-shocked cells (Figure 1K). 

These data demonstrate that, upon heat shock, Hsf1 forms subnuclear clusters with the 

transcriptional machinery that mark sites of nascent mRNA production.  

A1.3.4 Hsf1 clusters exhibit properties of biomolecular condensates 

As shown above, HSR genes concentrate high levels of the transcriptional machinery and are 

activated in spatial clusters, reminiscent of SE-associated transcriptional condensates that drive 

expression of mammalian cell identity genes. Transcriptional condensates display the hallmark 

property of rapid exchange and reorganization of constituent biomolecules (Boija et al., 2018; 

Cho et al., 2018; Sabari et al., 2018). To investigate the dynamics of Hsf1 clusters in living cells, 

we employed the stimulated emission depletion (STED) super-resolution imaging technique. 

We took time-series images of live cells expressing Hsf1-mVenus every minute and found that 
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the Hsf1 clusters exhibited a stereotyped temporal signature along the course of heat shock: (1) 

an early demixing phase; (2) an intermediate intermixing phase; and (3) a late remixing phase 

(Figure 2A). 

The demixing phase is marked by formation of semi-discrete clusters of Hsf1 during the first 6-

7 min of heat shock induction. During the demixing phase, Hsf1 nuclear distribution transitions 

from a homogenous to a heterogenous regime. In the intermixing phase (8-27 min), Hsf1 

clusters rearrange continuously within the nucleus, demonstrating exchange of contents among 

the clusters. During the intermixing phase, Hsf1 signal intensity displayed substantial pixel-to-

pixel variation across the time points – underscoring its spatial dynamics – while overall Hsf1 

signal in the nuclei remained nearly constant (Figure 2B). Moreover, as displayed in 3D bubble 

charts, varying numbers, sizes and positions of Hsf1 foci reveal rapid and intricate 

rearrangements among clusters in the intermixing phase (Figure 2A, bottom). Finally, in the 

remixing phase (28-32 min), Hsf1 clusters disperse to the pre-heat shocked diffuse form, 

transitioning from heterogenous to a more uniformly distributed regime. These results 

demonstrate that Hsf1 clusters are remarkably dynamic: they form quickly, rearrange rapidly, 

and dissolve abruptly. 
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Figure A1.2. Hsf1 clusters are dynamic and associated with HSR gene coalescence 
A) Schematic (top), STED super-resolution imaging (middle) and 3D bubble plots (bottom) depicting 
Hsf1-mVenus foci dynamics at different stages of heat shock: Early, demixing (2 and 7 min-HS); Middle, 
intermixing (8 and 11 min-HS); and Late, remixing (28 and 32 min-HS).  3D rendering axes: x (red), y 
(green) and z (blue) are shown.  
B) Demonstration of internal dynamics of Hsf1 foci identified within STED images acquired each 
minute over the intermixing phase of heat shock. Top: schematic of the method used for computing 
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variation between pixels. Pixel-to-pixel variation (σ) was calculated for each pixel in a 12 (i) x 12 (j) square 
bounding the nucleus across time points between t1 (8min) and t5 (12min). Middle: Heatmap 
comparison of pixel-to-pixel variation in a representative nucleus against overall variation within the 
image. Bottom: Cumulative frequency distribution of standard deviations for pixel-to-pixel (red) and 
overall (black) variation within six individual cells. P value between means of the two distributions is 
indicated. 
C) 3D rendered micrographs of a representative cell subjected to heat shock for times (t) indicated in 
the absence of hexanediol (top) or treated with either 2,5-HD (middle) or 1,6-HD (bottom) after 9 min 
of HS. Note that a different cell was imaged after alcohol treatment. 
D) Number of Hsf1 foci per cell and the percentage of cells showing >2 Hsf1 foci (n=110-140 
cells/condition) following heat shock for 9 minutes +/- the indicated HD. Cells were imaged 
approximately 3 minutes after adding HD. Foci were identified and counted using the automated 
FindFoci algorithm ****P <0.0001; ns (not significant), P >0.05. P values were calculated by ANOVA 
followed by Tukey’s post hoc analysis. 
E) Circos plots depicting intergenic interactions between indicated gene pairs as determined by Taq I-
3C derived from (Chowdhary et al., 2017; Chowdhary et al., 2019). Arc shades depict the frequencies 
of chromatin interactions between indicated regions. For each gene pair, top two interactions are shown. 
F) Time lapse live-cell imaging of a diploid strain expressing HSP104-lacO256, TMA10-tetO200, LacI-GFP 
and TetR-mCherry (schematic, top right). Top left: micrographs of representative cells under NHS 
conditions (blue line highlights cell boundary) and an enlarged 3D view of the nuclear region indicated 
within the yellow box. Bottom: enlarged 3D micrographs of a representative cell subjected to heat shock 
for the times (t) indicated (axes: x (red), y (green) and z (blue)). d, 3D distances measured between signal 
centroids.  
G) Distribution of 3D distances between lacO-tagged HSP104 and tetO-tagged TMA10 gene loci in cells 
subjected to heat shock for times indicated (n=13 for NHS; n=20-30 for HS time points). Bottom: Heat 
map depicting percentage of cells with tagged gene loci within indicated 3D distances binned at intervals 
of 0.4 µm.  
H) Intergenic contacts (solid arcs) between indicated Hsf1 target gene pairs as determined by TaqI-3C 
in presence and absence of hexanediol. Values indicate normalized interaction frequencies. Genes are 
segmented as UAS, promoter, mid-ORF and terminator (from blunt to arrowhead direction). Data are 
derived from two independent biological replicates; qPCR =4. Depicted are means +/- SD (shaded 
region around solid arcs). 
I) Distribution of 3D distances between tagged gene loci under conditions as indicated. Cells were left 
untreated or pre-treated for 5 min with either 2,5- or 1,6-hexanediol followed by no heat shock or heat 
shock for 6 min and then imaged. n =13-22. ****P <0.0001; ***P <0.001; ns (not significant), P >0.05 
(calculated using two-tail t test). 
 

To further probe the material properties of Hsf1 clusters, we tested their sensitivity to an 

aliphatic alcohol, 1,6-hexanediol (1,6-HD). 1,6-HD has historically been used to disrupt liquid-

like biomolecular condensates, including transcriptional condensates in mammalian cells. 

While the exact mechanism of action remains unclear, evidence suggests that it impacts 

hydrophobic and aromatic interactions more strongly than electrostatic effects (Cho et al., 

2018; Kroschwald et al., 2015; Patel et al., 2015; Sabari et al., 2018). Extended treatment of 

cells with 1,6-HD can impact membrane integrity and cause blebbing – which could be an 
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early sign of autophagy or cell death – as well as disrupt chromatin architecture and inhibit 

kinase and phosphatase activity (Duster et al., 2021; Itoh et al., 2021; Kroschwald et al., 2017). 

To minimize the pleiotropic and aberrant effects of 1,6-HD, we optimized the concentration 

and duration of hexanediol treatment for the two most widely studied examples of nuclear 

biomolecular condensates: the nucleolus and the nuclear pore complex (NPC) (Banani et al., 

2017; Kato and McKnight, 2018). To this end, we applied 1,6-HD to living cells expressing 

endogenous Nop56-mRFP (nucleolar component) and Pom34-GFP (nuclear pore component) 

at three different concentrations (3, 5 and 10%) for 20-30 minutes (Figure S4A, B). While it 

took more than 15 minutes to disintegrate the nucleolus and NPC with 3% 1,6-HD, similar 

effects were evident in less than 4 minutes when 10% 1,6-HD was applied. Moreover, 

membrane blebbing was prominent following addition of 10% 1,6-HD. Treatment with 5% 

1,6-HD resulted in dissolution of the nucleolus and NPC after 7 minutes with no signs of 

membrane blebbing until after 20 minutes (Figure S4B). We also scored the effects of 2,5-

hexanediol (2,5-HD), a less hydrophobic alcohol with the same atomic composition as 1,6-HD. 

2,5-HD had minimal effect on nucleolar and NPC integrity when used at lower concentrations 

(3 or 5%). However, at 10%, the effects of 2,5-HD were the same as observed with 1,6-HD 

(Figure S4A, B). Based on these observations, we identified 5% for less than 20 minutes as the 

optimum concentration and treatment duration for both hexanediols. 

To determine the effect of hexanediols on Hsf1 clusters, we first heat shocked cells for 8 minutes 

to allow cluster formation and then treated cells expressing Hsf1-mVenus with either 5% 1,6-

HD or 2,5-HD. Hsf1 clusters were dissolved within 4 minutes upon addition of 1,6-HD but 

were unaffected by 2,5-HD treatment and mimicked cells that were only heat-shocked (Figure 

2C, D). We observed similar effects on Med15 clusters, except they were even more rapidly 

dissolved upon 1,6-HD treatment (Figure S4C, D). Together, these data indicate that the 

transcriptionally active Hsf1 clusters display properties characteristic of biomolecular 
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condensates: they continuously intermix and exchange contents, and they are potentially held 

together by weak, hydrophobic interactions. We will hereon refer to them as HSR condensates. 

A1.3.5 HSR condensates drive intergenic interactions among HSR genes 

HSR genes engage in selective intra- and inter-chromosomal interactions upon heat shock-

induced activation (Chowdhary et al., 2017; Chowdhary et al., 2019), and we hypothesized 

that these interactions are driven by condensate formation (Kainth et al., 2021). Using a highly 

sensitive chromosome conformation capture technique (TaqI-3C) (Chowdhary et al., 2020), we 

have demonstrated interactions among seven Hsf1-dependent genes spanning distinct 

chromosomes (Chowdhary et al., 2019) (Figure 2E). The intergenic interactions between Hsf1-

dependent genes occur with low frequency under non-heat shock conditions but increase many 

-fold upon acute heat shock, coincident with their increased transcription. To complement this 

molecular assay, we directly imaged intergenic coalescence of HSR genes in live cells by 

utilizing a heterozygous diploid strain bearing operator arrays chromosomally linked to HSR 

genes, HSP104-lacO256 and TMA10-tetO200, that co-expresses LacI-GFP and TetR-mCherry 

(Chowdhary et al., 2019) (Figure 2F). Under non-heat shock conditions, HSP104-lacO256 and 

TMA10-tetO200 were spatially separated, as indicated by a large 3D distance between the two 

loci (d =1.6 µm). This is consistent with the respective locations of HSP104 and TMA10 on the 

far left and right arms of chromosome XII, as well as their physical isolation from each other 

due to the nucleolar barrier between them. However, upon heat shock, HSP104-lacO256 and 

TMA10-tetO200 came in close proximity within 5 minutes of thermal exposure, coalescing into 

a partially overlapping focus after 10 minutes that ultimately dissipated after 16 minutes (Figure 

2F). We obtained consistent results for images processed with or without deconvolution (Figure 

S2D). Across a population of cells, HSP104-lacO256 and TMA10-tetO200 were separated by much 

larger 3D distances under non-inducing and chronic heat shock conditions (17 min and later), 
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while the distribution was skewed toward shorter distances in acutely heat-shocked cells (Figure 

2G).  

As a control, we imaged a heterozygous diploid strain bearing operator arrays chromosomally 

linked to an HSR gene, HSP104-lacO256, and an Hsf1-independent, Msn2/4-regulated gene, 

PGM2-lacO128 (Figure S4G; (Chowdhary et al., 2019)). In contrast to the above observations of 

two HSR genes, HSP104-lacO256 and PGM2-lacO128 remain spatially separated by 3D distances 

of >1.1 µm in both the presence and absence of heat shock (Figure S4G, H). This result 

corroborates our previous findings that intergenic interactions are distinct properties of genes 

regulated by Hsf1, and Msn2/4 regulated genes fail to coalesce with Hsf1 targets despite their 

strong activation in response to thermal stress (Chowdhary et al., 2019). Taken together, the 

above observations indicate that coalescence of Hsf1-dependent genes is specific and highly 

dynamic with kinetics closely paralleling that of Hsf1 cluster formation and dissolution. 

To determine if HSR condensates are involved in driving intergenic coalescence, we perturbed 

Hsf1 clusters and assayed for coalescence using the TaqI-3C and live single cell imaging 

analyses. First, we induced Hsf1 clusters by subjecting cells to brief heat shock treatment for 2.5 

minutes before adding 1,6-HD or 2,5-HD and performed TaqI-3C (Figures 2H, S4E). We 

detected strong chromatin interactions between HSR genes in cells heat-shocked for 2.5 

minutes. The 3C interactions were only moderately reduced in the presence of 2,5-HD, 

including intragenic interactions within the HSR genes. By contrast, addition of 1,6-HD 

reduced the contact frequencies to background levels. Next, we treated cells with 1,6-HD or 

2,5-HD prior to heat shock and performed single cell imaging of the strain bearing fluorescently 

tagged alleles of HSP104 and TMA10. The coalescence of HSP104-lacO256 and TMA10-tetO200 

was abolished in cells that were pretreated for 5 min with 5% 1,6-HD before heat shock but 

occurred normally in cells treated with 5% 2,5-HD, matching the cells with no alcohol 

pretreatment (Figure S4F). Quantification revealed that the mean 3D distance decreased from 
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>1.1 µm to <0.7 µm upon heat shock over a population of cells subjected to either 5% 2,5-HD 

or no pre-treatment, whereas the loci remained separated by >1.1 µm in 1,6-HD-treated cells 

(Figure 2I). Collectively, these results indicate that 1,6-HD not only dissolves the clusters of 

Hsf1, but also disrupts intergenic interactions between HSR genes.  

A1.3.6 Hsp70 binding represses Hsf1 cluster formation 

Do the molecular mechanisms that control Hsf1 activity also regulate HSR condensate 

formation? Hsf1 activity is repressed when it is bound by the chaperone Hsp70 (Figure 3A) 

(Krakowiak et al., 2018; Masser et al., 2019; Peffer et al., 2019; Zheng et al., 2016), so we 

wondered if Hsp70 binding would also repress HSR condensate formation. To test this, we 

disrupted the Hsp70 binding site located in the C-terminal segment of Hsf1, known as 

“conserved element 2” (CE2), by introducing alanine substitutions at residues known to be 

required for Hsp70 association (Krakowiak et al., 2018; Peffer et al., 2019) (Figure 3A, B). We 

expressed GFP-tagged Hsf1-ce2AAA as the only copy of Hsf1 and imaged its localization. In 

contrast to the diffuse nuclear localization of wild type Hsf1, we observed constitutive clustering 

of Hsf1-ce2AAA in unstressed cells that persisted during heat shock (Figure 3C). 

To determine whether the constitutive clusters formed by Hsf1-ce2AAA are transcriptionally 

active, we measured mRNA levels of representative HSR genes in cells expressing wild type 

Hsf1 and Hsf1-ce2AAA (Figure 3D). In agreement with the known repressive role for Hsp70 

binding, we detected a significant increase in the basal mRNA levels of some targets in Hsf1-

ce2AAA cells compared to cells expressing wild type Hsf1. However, the basal levels of most 

target transcripts in the mutant were lower than their respective levels in wild type cells 

following heat shock, suggesting that the constitutive clusters formed by Hsf1-ce2AAA are less 

active than those formed by wild type Hsf1 upon activation. Further supporting a lack of full 

activation in the mutant, both Med15 and Rpb3 were diffusely localized under basal conditions 
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in Hsf1-ce2AAA cells and only formed clusters with Hsf1-ce2AAA upon heat shock (Figure 3F). 

Moreover, HSR genes showed no detectable intergenic interactions as measured by TaqI-3C 

under basal conditions in Hsf1-ce2AAA cells, but both intra- and intergenic interactions were 

induced upon heat shock to the same degree as in wild type cells (Figures 3E and S5D). Thus, 

mutation of the CE2 binding site for Hsp70 results in constitutive Hsf1 cluster formation, but 

this is not sufficient to trigger formation of HSR condensates that drive intergenic interactions.		

	 	



 153 

  
 
 
Figure A1.3.  Hsp70 binding to Hsf1 represses cluster formation 
A) Schematic of the Hsp70 titration model of Hsf1 regulation. Hsp70 binds to Hsf1 via the CE2 domain 
and inactivates Hsf1. Accumulation of chaperone clients sequesters Hsp70, leaving Hsf1 free to activate 
transcription.  
B) Domain map of Hsf1. NTA, N-terminal activation domain; DBD, DNA binding domain; 3mer, 
trimerization domain; CE2, conserved element 2 domain (orange); CTA, C-terminal activation domain. 
Box: CE2 sequence and alanine substitutions in the Hsf1-ce2AAA mutant. 
C) 3D rendered images of wild type and Hsf1-ce2AAA mutant cells in NHS or HS conditions. 
D) mRNA expression measured by RT-qPCR of representative Hsf1-regulated genes in HSF1+ and 
HSF1-ce2AAA strains under NHS and 10 min-HS conditions. ***P <0.001; **P <0.01; *P <0.05 
(calculated using multiple unpaired t tests) 
E) Intergenic contacts (solid arcs) between indicated Hsf1 target gene pairs under NHS and 10 min-HS 
conditions as determined by TaqI-3C. 
F) Live imaging of cells co-expressing Hsf1 ce2AAA-GFP and Med15-mCherry (left), or Hsf1 ce2AAA-
GFP and Rpb3-mCherry (right) under NHS or HS conditions.  
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A1.3.7 The N-terminal domain of Hsf1 promotes formation of HSR condensates 

Hsf1 contains large functional N-terminal and C-terminal activation domains referred to as 

NTA and CTA (Figure 4A). The NTA both represses Hsf1 under basal conditions – likely due 

to a second Hsp70 binding site – and plays a positive role in transactivation, while the CTA 

simply constitutes a strong transactivation domain (Kim and Gross, 2013; Krakowiak et al., 

2018; Peffer et al., 2019; Sorger, 1990). The NTA and CTA are highly disordered (Figures 4B 

and S5G), as predicted by Metapredict V2 (Emenecker et al., 2022). Both regions act 

synergistically to stably recruit Mediator to the HSR gene promoters, facilitating interactions 

between Hsf1 and the Mediator complex; either domain alone can do so only weakly (Figure 

4A) (Kim and Gross, 2013). To address whether they play a role in intergenic interactions and 

HSR condensate formation is not known, we separately removed both regions.  

We observed that Hsf1-DNTA-GFP failed to form clusters even upon heat shock (Figure 4C, 

D). Moreover, Rpb3 and Med15 also could not re-distribute into clusters in the Hsf1-DNTA 

mutant, suggesting that interactions between Hsf1, Mediator and Pol II are required for 

clustering during heat shock (Figure 4C, D). These data further support the interpretation that 

clustering of Hsf1, and additionally Med15 and Rpb3, is driven by regulatory activation rather 

than heat per se. At the molecular level, we found that while Hsf1-∆NTA was able to robustly 

bind to the promoter of the target gene HSP104 and recruit RNA Pol II upon heat shock, it 

was unable to recruit high levels of Med15 (Figure 4F). We obtained virtually identical results 

for two other HSR genes, HSP82 and SSA4 (Figure S5B). The rate of inducible transcription of 

HSR genes and the appearance of intragenic 3D interactions were largely unaffected in the 

Hsf1-∆NTA cells relative to wild type (Figures 4E, S5A, C). Since Mediator is indispensable for 

transcriptional activation (Anandhakumar et al., 2016), the lack of detectable Med15 in the 

ChIP assay suggests that Hsf1-DNTA is only able to transiently recruit but not stably interact 
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with Mediator. Along with the lack of Med15 recruitment, we observed a substantial decrease 

in intergenic interactions between HSP104 and other HSR genes in Hsf1-∆NTA cells 

compared to wild type (Figure 4G). Loss of the CTA likewise decreased Mediator recruitment 

and ablated heat shock-induced intergenic interactions among HSR genes, but it also impaired 

fitness under all growth conditions, rendering it too severe a mutation to interpret specifically 

(Figure S5H-J) (Krakowiak et al., 2018; Sorger, 1990). These data indicate that the NTA 

promotes the ability of Hsf1 to cluster with Mediator and Pol II upon heat shock and drive 

intergenic interactions among HSR genes.  
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Figure A1.4. HSR condensates drive inducible intergenic coalescence by the combined 
actions of the CE2 and NTA regions of Hsf1 
A) Cartoon depiction of Mediator recruitment at HSR genes via dual Hsf1 activation domains. 
B) Domain map and prediction of disorder in Hsf1 by Metapredict V2 (Emenecker et al., 2022). 
C) Live imaging of cells expressing Hsf1DNTA -GFP and Med15-mCherry under NHS or HS 
conditions.  
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D) Live imaging of cells expressing Hsf1DNTA -GFP and Rpb3-mCherry under NHS or HS 
conditions.  
E) Transcription rates of HSP104 in HSF1+ and HSF1-DNTA isogenic strains during a heat shock time 
course, as deduced from RT-qPCR. 
F) Hsf1 and Med15-myc13 ChIP at the UASs and Rpb1 ChIP at the promoter region of HSP104 in 
wild type and Hsf1-DNTA strains heat-shocked for 7.5 min. Depicted are means + SD. **, P <0.01 
(calculated using two-tail t-test). 
G) Intergenic contacts (solid arcs) between indicated Hsf1 target gene pairs in 7.5 min-HS conditions 
as determined by TaqI-3C. 
H) Representative 3D rendered micrographs of cells expressing Hsf1-GFP and Hsf1-DNTA-ce2AAA-
GFP under NHS and HS (axes: x (red), y (green) and z (blue)).  
I) mRNA expression measured by RT-qPCR of representative Hsf1-regulated genes in HSF1+ and 
HSF1-DNTAce2AAA strains under NHS and 10 min-HS conditions. **P <0.01; *P <0.05 (calculated 
using multiple unpaired t tests) 
J) Live imaging of cells co-expressing Hsf1DNTAce2AAA -GFP with Med15-mCherry (top) or Rpb3-
mCherry (bottom) under NHS conditions. 
K) Intergenic contacts (solid arcs) between indicated Hsf1 target gene pairs following 10 min-HS 
conditions as determined by TaqI-3C. 
L) Spot dilution analysis of HSF1+ and HSF1-DNTAce2AAA cells. Plates were incubated at 30°C or 37°C 
for 30 h. 
M) Schematic depiction of HSR condensation. In unstressed cells, Hsp70 binds to Hsf1 via the CE2 
domain and inactivates Hsf1. Accumulation of misfolded proteins sequesters Hsp70 and frees Hsf1 
which then binds to its gene targets and forms initial clusters. The activated Hsf1 recruits Mediator via 
the NTA domain. Hsf1, together with Mediator and RNA Pol II, forms dynamic transcriptional 
condensates (HSR condensates) that localize multiple Hsf1 target genes engaging in specific interactions 
with each other. The HSR condensates with intergenic coalescence promote high transcriptional 
activity, maximal gene expression and cellular fitness during stress. 

 

A1.3.8 Inducible HSR condensates promote cellular fitness under stress 

HSR condensates share biophysical properties and molecular constituents with mammalian 

transcriptional condensates that form at SEs, yet HSR condensates are distinct in their transient 

kinetics and their ability to drive intergenic interactions between chromosomally linked and 

unlinked genes. Since loss of CE2 resulted in constitutive Hsf1 clustering, and loss of the NTA 

reduced intergenic interactions, we reasoned that combining these mutations would reprogram 

Hsf1 to be constitutively clustered but unable to drive intergenic interactions. To test this, we 

generated a double mutant, Hsf1-∆NTAce2AAA, GFP-tagged it and expressed it as the only 

copy of Hsf1 from the endogenous HSF1 promoter. 
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Indeed, Hsf1-∆NTAce2AAA-GFP formed constitutive clusters (Figure 4H, NHS) and was fully 

activated, driving transcription of some target genes under basal conditions to levels exceeding 

their expression during heat shock in wild type cells (Figure 4I). In contrast to the constitutive 

clusters of Hsf1-ce2AAA single mutant, Hsf1-∆NTAce2AAA-GFP colocalized in clusters with 

Med15- and Rpb3-mCherry under basal conditions (Figure 4J). Upon heat shock, the double 

mutant showed no further increase in transcription of HSR genes, and levels of several HSR 

targets even decreased (Figure S5E). While Hsf1-∆NTAce2AAA-GFP clusters persisted during 

heat shock (Figure 4H, heat shock), Med15- and Rpb3-mCherry clusters were diminished 

(Figure S5F). Despite its constitutive transcriptional activity and clustering, Hsf1-

∆NTAce2AAA was unable to drive intergenic interactions among HSR genes, even during 

heat shock (Figure 4K). Finally, Hsf1-∆NTAce2AAA cells showed impaired growth at elevated 

temperature (Figure 4L), suggesting that the ability to form inducible transcriptional 

condensates that are capable of driving intergenic interactions promotes fitness during stress. 

Thus, the CE2 and NTA are determinants that endow HSR condensates with inducibility and 

the capacity to drive intergenic interactions, features necessary for cell survival under stress.  

A1.4 Discussion 

Here we have shown that activation of the HSR in budding yeast involves the formation of 

inducible biomolecular condensates that localize multiple target genes into subnuclear 

compartments with high transcriptional activity. These HSR condensates form and dissolve 

over the course of heat shock and contain biophysically dynamic clusters of the transcription 

factor Hsf1 along with Mediator and RNA Pol II (Figure 4M). Importantly, Hsf1 also forms 

clusters when cells are treated with AZC to activate the HSR, demonstrating that condensate 

formation, is driven by regulatory activation and can be decoupled from the physical process 

of heating. Our discovery of HSR condensates in yeast demonstrates that transcriptional 
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condensates exist outside of the mammalian lineage and suggests that these structures are likely 

an ancient and conserved feature of eukaryotic gene control. 

The distinguishing features of HSR condensates – their inducible kinetics and intergenic 

interactions – indicate that transcriptional condensates are capable of rapidly and reversibly 

remodeling the 3D genome in response to environmental cues. HSR condensates encode these 

unique properties within the primary sequence of Hsf1 via Hsp70 binding sites and the 

intrinsically disordered NTA. As such, genetic disruption of the CE2 binding site for Hsp70 

combined with ablation of the NTA was sufficient to reprogram HSR condensates to be 

constitutive structures that lack intergenic coalescence. Thus, relatively simple genetic changes 

can have dramatic consequences in the regulatory properties of transcriptional condensates, 

endowing these structures with evolutionary plasticity. 

In many biomolecular condensates, especially those forming at gene regulatory elements, the 

constituent biomolecules contain intrinsically disordered regions (IDRs) that assemble 

cooperatively (Banani et al., 2017; Boehning et al., 2018; Boija et al., 2018; Chong et al., 2018; 

Hnisz et al., 2017; Nair et al., 2019; Sabari et al., 2018; Shin and Brangwynne, 2017; Lu et al, 

2019). Given that deletion of the NTA domain of Hsf1 results in loss of condensates and 

intergenic coalescence (Figure 4C, G), it is likely that cooperative binding among the IDRs of 

Hsf1, Mediator and RNA Pol II (Figure S5K, L) could serve to nucleate the HSR condensates 

and bring HSR genes in 3D proximity (Figure 4M). The other possibility is that Hsf1 initiates 

the condensation. This initiation mechanism could entail cooperative binding of Hsf1 trimers 

to multiple HSEs of canonical gene targets (Erkine et al., 1999), with each activator molecule 

then tethering or engaging one or more polymerases and/or Mediator subunits (Baek et al., 

2021). These local multivalent interactions between Hsf1 and Mediator at individual HSR 

genes could then intermix with other such local assemblies leading to intergenic coalescence. 
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The role of the chaperone Hsp70 in repressing Hsf1 clustering represents a cell biological 

manifestation of the known role of Hsp70 in repressing Hsf1 transcriptional activity (Kmiecik 

et al., 2020; Krakowiak et al., 2018; Masser et al., 2019; Zheng et al., 2016). While we do not 

elucidate the biochemical basis of this repression in the current study, two mechanisms are 

possible: Hsp70 could passively block clustering by steric occlusion, and/or Hsp70 could 

mechanically pull Hsf1 out of the clusters. Precedents exist for both of these putative 

mechanisms in repression of cytosolic condensates (Ruff et al., 2021; Yoo et al., 2022). Hsp70 

could also mask one or both IDRs, thereby inhibiting nucleation events described above. 

Regardless of the specific mechanisms, Hsp70 may generally function as a “molecular stir bar” 

to antagonize condensates both within and outside the nucleus. Expanding on this notion, Hsf1 

may have evolved to form condensates upon activation that mimic other condensates 

recognized by Hsp70 in order to peg its activity – and therefore the expression of the HSR 

regulon – to the availability of Hsp70. Other chaperones such as Hsp90, which is known to 

associate with nuclear hormone receptors that also condense with the transcriptional 

machinery (Frank et al., 2021; Nair et al., 2019; Picard et al., 1990), may also remodel 

transcriptional condensates. 

Are HSR condensates likely to be conserved in mammalian cells? In human cells, HSF1 does 

indeed form large stress-induced subnuclear foci upon heat shock (Jolly et al., 1997). However, 

rather than driving transcription of HSR genes, these large HSF1 foci have been shown to 

localize to noncoding satellite DNA regions and are anti-correlated with HSR gene expression 

(Gaglia et al., 2020; Jolly et al., 2004). In addition to these large HSF1-containing clusters, a 

recent study provides compelling evidence that smaller HSF1 foci represent transcriptionally 

active condensates at HSR genes (Zhang et al., 2022). Beyond HSF1, the mammalian Pol II-

pausing factor NELF (negative elongation factor), which is associated with transcriptional 

dowregulation during stress, also forms condensates upon heat shock that are distinct from 
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HSF1 foci (Rawat et al., 2021). NELF condensates may liberate transcriptional machinery from 

housekeeping genes that can then be recruited by HSF1 to drive high-level induction of the 

HSR (Kainth et al., 2021; Mahat et al., 2016). It remains unclear whether mammalian HSF1 

condensates play a role in 3D genome organization as neither large nor small HSF1 foci have 

been tested in this regard. Although the organization of mammalian genomes into topologically 

associated domains (TADs) (Dixon et al., 2012) would seem to preclude the ability of HSR 

genes to coalesce upon activation like they do in yeast, multiple HSR genes are endogenously 

clustered adjacent to each other in the human genome, which may potentially allow intergenic 

interactions among HSR genes to occur (Kainth et al., 2021). Thus, it is possible that inducible 

intergenic transcriptional condensates are conserved features of the HSR across the eukaryotic 

lineage.  

HSR condensates may provide several advantages to cells under stress (Figure 4M). First, 

condensation serves to concentrate large quantities of the transcriptional machinery to enable 

robust induction of Hsf1-regulated genes critical to counteracting the stress. Second, the 

coalescence of multiple Hsf1 target genes, separated by large distances on and between 

chromosomes, could reduce search time for repeated transcriptional firing events and 

coordinate transcriptional bursting across the HSR regulon. Third, the localized transcription 

of multiple HSR genes could promote mRNA clustering into “transperons” that may bypass 

normal mRNA quality control processes and increase efficiency of post-transcriptional steps of 

gene expression such as nuclear export (Nair et al., 2021; Zander et al., 2016). Fourth, HSR 

condensates may enable target messages to avoid cytosolic stress granules and thereby promote 

their privileged translation (Zid and O'Shea, 2014), perhaps by recruiting translation factors or 

mRNA modifying enzymes. HSR condensates may thus promote cell survival under stress by 

controlling both transcriptional and post-transcriptional events. HSR condensates represent 

the founding example of inducible transcriptional clusters with an ability to drive intergenic 
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interactions between stress-responsive genes. Given these attributes, it may be the case that 

analogous structures have evolved to execute other stimulus-regulated transcriptional programs 

within budding yeast and beyond. 

A1.4.1 Limitations of the study 

The major limitation of this study is the spatiotemporal resolution of the live imaging data we 

generated to monitor the HSR condensates in yeast cells. The principal challenge is the small 

size of the yeast nucleus (<3 µm3), which means that the HSR condensates are distributed and 

must rearrange in a very compact space. The low abundance of the components (on the order 

of 103 molecules of endogenously tagged Hsf1 or Med15 per cell), the rapid kinetics of 

formation and dissolution of HSR condensates, and the spatial distribution of the condensates 

across multiple z-planes presented further technical challenges. We relied on relatively long 

exposures, requiring 15 seconds to capture each z-stack at each time point, and we were limited 

by photobleaching in the total number of timepoints we could collect. Together, these 

challenges made it difficult to discern whether the HSR condensates in budding yeast are 

discrete foci like transcriptional condensates in mammalian cells. Although HSR condensates 

share components and properties with mammalian transcriptional condensates, we do not rule 

out the possibility that HSR condensates might be qualitatively distinct given their transient 

nature and their ability to cluster HSR target genes. Perhaps, HSR condensates are constantly 

ebbing and flowing, forming mobile regions of local enrichment of the transcriptional 

machinery that rapidly recruit and release target genes as they dynamically survey the genome.  

In addition to the condensates themselves, the same constraints apply to the LacO and TetR 

arrays we used to image and quantify the distance between genomic loci in single cells. Perhaps 

due to the long acquisition times, these arrays – which typically appear as diffraction-limited 

spots in the literature – spanned multiple pixels in our high-resolution deconvolved images, 
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limiting the precision of our 3D distance measurements. Although we cannot precisely quantify 

distance with the arrays in single cells, our TaqI-3C data complement the microscopy-based 

analyses. Together, these orthogonal approaches support the model that Hsf1 target genes 

preferentially get closer to one another upon heat shock in a manner that requires Hsf1 to form 

inducible condensates.  
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A1.8 Methods 
Resource availability 

Lead contact for reagent and resource sharing 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Dr. David Pincus (pincus@uchicago.edu).  

Materials availability 

S. cerevisiae strains and plasmids generated in this study are available from the lead contact upon 

request. 

Experimental models and subject details 

All S. cerevisiae strains were grown in YPD (yeast extract-peptone-dextrose) or SDC (synthetic 

dextrose complete) media at 30°C as indicated below. 

A1.8.1 Yeast Strains 

For tagging Hsf1, Med15 and Rpb3 with mCherry, PCR amplicons with mCherry coding 

sequence and homology to 3’-ends of either HSF1, MED15 and RPB3 were amplified from 

plasmid pFA6a-mCherry-hphMX6. The amplicons were transformed into the respective 

strains for in-frame insertion of mCherry. Primers used in strain construction are listed in Table 

S6. 

For Myc x 9 tagging of Med15, genomic DNA of a previously myc9-tagged MED15 strain 

(ASK201) (Anandhakumar et al., 2016) was used as template to amplify 

MYCx 9::TRP1 cassette flanked by DNA homologous to 3’-end of MED15. This 

amplicon was transformed in strains DSG144 and LRY003 to obtain strains 

ASK213 and ASK214, respectively. LRY003 is a derivative of previously described strain 

ASK804 (Chowdhary et al., 2019) in which TRP1 was deleted by replacing with KAN-MX. 

mailto:pincus@uchicago.edu
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For Myc x 13 tagging of Med15, plasmid pFA6a-13Myc-His3MX was used as template to 

obtain MYC13-HIS3 amplicon with homology to 3’-end of MED15. This amplicon was 

transformed in strains DPY144, DPY417 and DPY418 to obtain strains ASK215, ASK216 and 

ASK217, respectively. 

For MS2-MCP labelling of HSP12 mRNA, MCP-mCherry-URA3 cassette was amplified from 

plasmid pSH100 with primers Fw MCP-mCherry-Ura3 and Rv MCP-mCherry-Ura3. This 

cassette was inserted at the endogenous URA3 locus in strain DPY032 to obtain strain SCY008. 

Next, 24xMS2-loxP-KANMX6-loxP cassette was amplified from plasmid pDZ415 using 

primers Fw HSP12-MS2-loxp-KanMX6-loxp and Rv HSP12-MS2-loxp-KanMX6-loxp. This 

cassette was inserted in the 3’-UTR region of HSP12 (immediately after stop codon) of strain 

SCY008 to obtain strain SCY009. Finally, plasmid pSH69 was transformed to express Cre 

recombinase in strain SCY010 that led to the removal of KANMX in strain SCY011.     

The diploid strain ASK741 was created by crossing a MATα derivative of strain DSG200 

(Chowdhary et al., 2019) with MATa DSG200. 

Plasmids pNH604-HSF1pr-HSF1-GFP and pNH604-HSF1pr-HSF1(147-833)-GFP were 

used as templates for quick change PCR (Primers, Fw subCE2-AAA and Rv subCE2-AAA) to 

create CE2->AAA mutation in WT and ∆NTA HSF1, respectively. These plasmids were 

linearized with Pme I (New England Biolabs) and transformed in strain DPY034 for integration 

at the TRP1 locus to obtain strains DPY1805 and DPY1818. Loss of parental HSF1 plasmid 

was confirmed by growth on 5-FOA media.   

A complete list of strains is provided in Table S1. PCR primer sequences are provided in Table 

S6. 
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A1.8.2 Culture Conditions 

For microscopy, cells were grown at 30°C in SDC (synthetic dextrose complete) media to early-

log density (A600 = 0.4-0.5).  

For 3C, ChIP and RT-qPCR analyses, cells were grown at 30°C in YPD (yeast extract-

peptone-dextrose) to a mid-log density (A600 = 0.65-0.8). A portion of the culture was 

maintained at 30°C as non-heat-shocked (NHS) sample while the remainder (heat-shocked 

(HS) sample) was subjected to an instantaneous 30°C to 39°C thermal upshift for the indicated 

duration. 

For spot dilution analysis, cells were grown to stationary phase in YPD media. Master 

suspensions were prepared by diluting the saturated cultures to a uniform cell density (A600=0.3) 

and were transferred to a 96-well microtiter plate. These were then serially diluted (five-fold). 

4 μl of each dilution were transferred onto solid YPDA plates. Cells were grown at either 30º 

or 37ºC for 30 h. 

A1.8.3 Chromosome Conformation Capture 

TaqI-3C was conducted essentially as previously described (Chowdhary et al., 2017; 2020; 

Chowdhary et al., 2019).  Briefly, cells were cultured to a mid-log density (A600 = 0.8) at 30°C. 

They were either maintained at 30°C or heat-shocked at 39°C for 10 min (or as indicated), and 

then crosslinked with formaldehyde (1% final concentration). For 3C assay involving 

hexanediol treatment, cells were heat-shocked at 39°C for 2.5 min followed by treatment with 

either 2,5- or 1,6-hexanediol (5% final concentration), and then crosslinked with formaldehyde. 

Crosslinked cells were harvested and lysed in FA lysis buffer (50 mM HEPES pH 7.9, 140 mM 

NaCl, 1% Triton X-100, 0.1% Sodium deoxycholate, 1 mM EDTA, 1 mM PMSF) for two 

cycles (20 min each) of vortexing at 4°C. A 10% fraction of the chromatin lysate was digested 

using 200 U of Taq I (New England Biolabs) at 60°C for 7 h. Taq I was heat-inactivated at 
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80°C for 20 min. The digested chromatin fragments were centrifuged, and the pellet was 

resuspended in 100 μl of 10 mM Tris-HCl (pH 7.5). The Taq I-digested chromatin was diluted 

7-fold to which 10,000 cohesive end units of Quick T4 DNA ligase (New England Biolabs) were 

added. Proximity ligation was performed at 25°C for 2h. The ligated sample was digested with 

RNase at 37°C for 20 min and then Proteinase K at 65°C for 12 h. The 3C DNA template was 

extracted using phenol-chloroform and then precipitated.   

The interaction frequencies were quantified using qPCR. Quantitative PCR was performed on 

a CFX Real-Time PCR system (Bio-Rad) using Power SYBR Green PCR master mix (Fisher 

Scientific). Sequences of 3C primers used in this study are provided in Table S2. Normalization 

controls were used to account for the following: (i) variation in primer pair efficiencies; (ii) 

primer dimer background; (iii) variation in the recovery of 3C templates; and (iv) to ensure a 

ligation-dependent 3C signal. For detailed algorithms to calculate normalized 3C interaction 

frequencies, see below and (Chowdhary et al., 2020).  

A1.8.4 Chromatin Immunoprecipitation (ChIP) 

ChIP was conducted essentially as previously described (Chowdhary et al., 2019). Briefly, the 

cells were heat-shocked at 39°C for 7.5 min (or maintained at 30°C) and crosslinked with 1% 

formaldehyde. Cells were then harvested and subjected to glass bead lysis in lysis buffer (50 mM 

HEPES pH 7.5, 140 mM NaCl, 1% Triton X-100, 0.1% Sodium deoxycholate, 1 mM EDTA, 

2 mM PMSF, and 250 µg/ml cOmplete™, EDTA-free Protease Inhibitor Cocktail) for 30 min 

at 4°C. The chromatin lysate was sonicated to an average size of ~250 bp using 40 cycles of 

sonication (30 sec on/off High-Power setting; Diagenode Biorupter Plus).  A 20% fraction of 

the sonicated chromatin was incubated with one of the following antibodies: 1 µl of anti-Rpb1; 

1 µl of anti-Hsf1 (Chowdhary et al., 2019) or 2.5 µl of anti-Myc (Santa Cruz Biotechnology) for 

16 h at 4°C.  Antibody-chromatin complexes were immobilized on Protein A-Sepharose beads 

(GE Healthcare) for 16 h at 4°C, then washed sequentially with lysis buffer, high salt buffer (50 
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mM HEPES pH 7.5, 500 mM NaCl, 1% Triton X-100, 0.1% Sodium Deoxycholate, 1 mM 

EDTA), wash buffer (10 mM Tris pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% Sodium 

Deoxycholate, 1 mM EDTA) and finally 1x TE (10 mM Tris-HCl pH 8.0, 0.5 mM EDTA). 

Chromatin was eluted by incubating the beads in elution buffer (50 mM Tris pH 8.0, 1% SDS, 

10 mM EDTA) at 65°C for 30 min. RNA and proteins were removed by DNase-free RNase 

(final concentration of 200 µg/ml; incubation at 37°C for 1 h) and Proteinase K (final 

concentration of 50 µg/ml; incubation at 60°C for 16 h). The ChIP template was extracted 

using phenol-chloroform and precipitated in presence of ethanol. 

ChIP occupancy signals were quantified using qPCR. Sequences of ChIP primers used in this 

study are provided in Table S4. The ChIP DNA quantities were deduced from interpolation 

of a standard curve generated using genomic DNA template.  The qPCR signal for each primer 

combination was normalized to the corresponding signal from the input DNA. The input DNA 

control was incorporated to correct for variation in the recovery of ChIP DNA templates.  

A1.8.5 Reverse Transcription-qPCR (RT-qPCR) 

Cells were cultured to a mid-log density (A600 = 0.8) at 30°C, and were either maintained at 

30°C or heat-shocked at 39°C for times indicated. 20 mM sodium azide was added at 

appropriate times to terminate transcription. Cells were then harvested and subjected to glass 

bead lysis in presence of TRIzol (Invitrogen) and chloroform for 10 min at 4°C. Total RNA 

was precipitated in ethanol. A fraction of total RNA (~20 µg) was treated with DNase I (RNase-

free; New England Biolabs) at 37°C for 15 min. DNase I was heat-inactivated at 75°C for 10 

min. RNA was purified using the RNA clean and concentrator kit (Zymo Research). 2-3 µg of 

the purified RNA template and random hexamers were used for preparing cDNA (Superscript 

IV first-strand synthesis system; Invitrogen).  
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The cDNA reaction mix was diluted 2-fold, and 2 µl of the diluted cDNA template was used 

for qPCR reaction. Sequences of primers used for RT-qPCR analysis in this study are 

provided in Table S5. Relative cDNA levels were quantified using the ∆∆Ct method (see 

Chowdhary et al., 2017).  qPCR signal from SCR1 Pol III transcript was used as a 

normalization control. This accounted for variation in the recovery of cDNA templates. 

Relative fold change per minute in mRNA expression was calculated by dividing mean mRNA 

levels (derived from two independent biological samples) for a given time point by previous 

time point, and then by the time elapsed in minutes.   

 

A1.8.6 Fluorescence microscopy 

 

For live-cell imaging, cells were grown at 30°C to early log phase (A600 = 0.5) in synthetic 

dextrose complete (SDC) medium. An aliquot of living cells was immobilized onto 

concanavalin A-coated glass bottom dish. Fresh SDC medium was added in the dish before 

imaging. Images were taken on Leica TCS SP5 II STED-CW laser scanning confocal 

microscope (Leica Microsystems, Inc., Buffalo Grove, IL) equipped with GaAsP hybrid 

detector and STED mode turned off. Samples were subjected to heat shock at 39°C by heating 

the objective (HCX PL APOCS 63x/1.4 oil UV) with Bioptechs objective heater system and 

by controlling the temperature of air flowing through the incubator chamber enclosing the 

microscope. Argon laser was used at lines 488 and 514 nm for excitation of GFP and mVenus. 

The orange HeNe laser light source was used for excitation of mCherry at 594 nm. STED 

laser (592 nm) was turned off for all live imaging experiments, except during STED imaging 

in Figures 2A, B (see below for details). For experiments involving hexanediol treatment, cells 

were heat-shocked and imaged for ~8 min. Immediately after this, the SDC media in the dish 
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was replaced with pre-warmed (39°C) SDC supplemented with either 2,5- or 1,6-hexanediol 

(5% final concentration), and cells were imaged at 39°C for the times indicated.  

The images were acquired in xyz scan mode, covering 8 to 10 planes on the z-axis with an 

interplanar distance of 0.25 µm. For dual-color imaging of live cells, fluorophores were 

sequentially scanned in two channels with scanning modes switched on between lines. The 

sequential capture allowed rapid scanning of fluorophores in both channels while minimizing 

bleed-through or channel crosstalk. Post-acquisition, images were deconvolved by YacuDecu 

function that utilizes Richardson-Lucy algorithm for calculating theoretical Point Spread 

Functions (PSFs) (https://github.com/bnorthan) (Rueden et al., 2017). The PSFs were 

computed each time based on the set of microscopy parameters used in the imaging analyses. 

Custom plugins for Fiji (Schindelin et al., 2012) were used to colorize, split or merge channels, 

make composites and adjust brightness of the images. 3D rendering and visualization were 

performed using either ClearVolume (Royer et al., 2015) or arivis Vision 4D software v. 3.1 

(render mode: maximum intensity; arivis AG, Rostok, Germany). For images processed without 

deconvolution (Figure S2A-D), images were acquired as above and custom plugins for Fiji were 

used to colorize, split or merge channels, subtract background and apply gaussian blur.  

For colocalization analyses, the fractional overlap metric scores (Manders’ colocalization 

coefficients) were calculated using JACoP plugin implemented in ImageJ (Bolte and 

Cordelieres, 2006; Schneider et al., 2012). The average intensity plots were generated using the 

plot profile feature in ImageJ. Intensities of pixels were obtained along the line path (as 

indicated in Figure 1G) for each z-section. Intensities across nine individual z-sections were 

combined and the average was plotted for each channel. 

For analysis of gene coalescence, nine z-planes with an interplanar distance of 0.5 µm, covering 

the entire depth of the nucleus, were inspected for location of tagged genomic loci. The relative 

https://github.com/bnorthan
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nuclear positions of the tagged loci were assessed by measuring 3D distances between them. 

3D distances were measured as 3D polyline lengths between the signal centroids of tagged gene 

loci. A cell was scored positive for coalescence if the 3D distance between the centroids was 

between 0.3 and 0.7 μm. 3D distance measurements, 3D rendering, and visualization were 

performed in arivis Vision4D.  

A1.8.7 Stimulated emission depletion (STED) super-resolution microscopy in live cells 

Samples for STED imaging were prepared as described for live imaging, except live cells were 

subjected to heat shock at 39°C by heating the objective (STED rated HCX PL APO 100x/1.4 

oil) and incubator chamber enclosing the microscope. High-resolution STED images of cells 

expressing Hsf1-mVenus were acquired in xyz scan mode (z=9; interplanar distance=0.25 µm) 

on Leica TCS SP5 II STED-CW laser scanning confocal microscope with STED mode turned 

on. The 514 nm line from argon ion laser light source was used to excite mVenus. Emission 

depletion was accomplished with 592 nm continuous wave STED laser. Images were 

deconvolved as above, then rendered (render mode: volumetric) and visualized in arivis 

Vision4D. STED microscopy was used for acquiring images analyzed and presented in Figure 

2A, B. 

A1.9 Quantification and statistical analysis 

A1.9.1 Hsf1, Med15 and Rpb1 ChIP-seq data analysis 

Hsf1 ChIP-seq data were obtained from GSE117653 (Pincus et al., 2018). Med15 data are 

from PRJNA657372 (Sarkar et al., 2022). Rpb1 ChIP-seq data were obtained from 

GSE125226 (Albert et al., 2019). Reads were aligned to the S. cerevisiae reference genome 

(SacCer3) using Bowtie 2 (Langmead and Salzberg, 2012). SAM files were converted to BAM 

format using SAMtools (Li et al., 2009).  BAM files were then converted to bigWig and 

bedGraph format at bin size of 1 (-bs 1) and normalized to the library size (--normalizeUsing 
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CPM) using bamCoverage function of deepTools2 (Ramirez et al., 2016). The bigWig files 

were used to obtain genome browser tracks in Integrative Genomics Viewer (IGV) browser 

(Robinson et al., 2011), and to make metagene plots. Metagene profiles were created using 

computeMatrix and plotProfile function tools in deepTools2. The plots are scaled +/-1 kb of 

ORFs of the Hsf1-dependent genes (Pincus et al., 2018). Occupancy of Hsf1, Med15 and Rpb1 

(Pol II) were computed using the bedtools map function. The occupancy of Hsf1 and Med15 

were obtained as sum of signals across 1 kb region upstream of ORFs of protein-coding genes. 

For occupancy of Pol II, sum of signals across ORFs were normalized to length of the ORFs. 

 

For analysis of co-occupancy between Hsf1 and Med15, peaks were called using MACS2 

algorithm (Zhang et al., 2008) with -g 1.2e7 --keep-dup auto flags. Peaks identified on repetitive 

regions of telomeres and rDNA were excluded from the analysis. The overlap of Med15 and 

Hsf1 peaks was computed using intersect Bed -wa -u -a Med15_peaks.bed -b Hsf1_peaks.bed 

option.  

For analysis of Pol II distribution at Hsf1 genes, CPKM of Pol II reads were obtained for all 

non-overlapping, verified ORFs archived in SGD (Cherry et al., 2012) using the bedtools map 

function. These normalized counts were then used to calculate % Pol II reads at Hsf1 gene 

targets in comparison to all other genes in the yeast genome. 

 

A1.9.2 Nascent transcript sequencing data analysis 

NAC-seq data were obtained from GSE117653 (Pincus et al., 2018). Reads were aligned to the 

S. cerevisiae reference genome (SacCer3) using TopHat2 (Kim et al., 2013) with --segment-length 

20 -I 2500 options. Wiggle files were generated by normalizing to the library size (--

normalizeUsing CPM) using the bamCoverage function of deepTools2 and visualized in IGV 

genome browser.  
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A1.9.3 Foci counting and characterization 

Hsf1, Med15 and Rpb3 foci were detected and quantified within 3D live-cell images using the 

automated FindFoci plugin (Herbert et al., 2014) in ImageJ. For foci detection in 3D, a region 

of interest was marked around the nucleus of each cell and then foci within the marked regions 

were identified across all z planes (z=9). We used the optimizer function in the plugin submenu 

to train FindFoci algorithm and predict optimum parameter settings for foci assignment. The 

following set of optimized parameters were applied to all images in this study: (a) background, 

one standard deviation above mean; (b) search method, above background with an optimal 

value of 0.3; and (c) merge option, relative above background with peak parameter of 0.2 and 

minimum size as 1. Finally, we used the x, y, z position coordinates and sizes of peak intensity 

regions to present foci as 3D bubble charts. The 3D bubble charts were created by calling 

bubblechart3 function in MATLAB (MATLAB, 2021. version 9.11.0.1873467 (R2021b), 

Natick, MA: The MathWorks, Inc.).  

For visualizing images as 3D surface plots, a square of 10 ´ 10 pixels was marked around the 

nucleus of each cell type in each condition (as indicated in Figure 1D). Representative planes 

of each cell were analyzed and displayed as 3D surface plots using the Interactive 3D Surface 

Plot plugin in ImageJ (contributing author: Kai Uwe Barthel, Germany). Appropriate 

parameter settings for scale, rotation, smoothing, and lightning were adapted for the display of 

3D surface plots. Note that for each cell type, similar parameter settings were used in both non-

heat shock and heat shock conditions.  

A1.9.4 Analysis of average relative localization of factors 

Foci of LacO-tagged HSP104 gene locus or MS2-tagged HSP12 mRNA locus were manually 

identified in a specific z plane and centered within a square of 12 ´ 12 pixels. Distribution of 

signal from another channel, depicting nuclear distribution of the secondary factor, was 
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gathered from corresponding 12 ´ 12 squares in the same z plane. A composite text image was 

created by computing average of centered images from roughly 30 cells per condition. The 

intensity of each pixel was scaled from 0 to 100 using a formula for uniform scaling: [(intensity-

minimum) / (maximum-minimum)] ´ 100. For negative control, fifteen 12 ´ 12 arrays were 

generated with random numbers from 0 to 100. A composite text image was then created by 

computing an average of the corresponding values. For positive control, kernel density of a 2D 

Gaussian distribution was generated in an array and computed using the following formula: 

 e^(-z2/(2σ2)) / σ (2p)-1/2. Here, z is in range (-k, k+1) and σ = 1. This array was then used to 

create a text image with a scale ranging between 0 and 100. Finally, text images of controls or 

test samples were used to generate contour plots using the Plotly function (Plotly Technologies 

Inc., 2015) in R (R Core Team, 2020). The intensity minima and maxima were split into 800 

steps for all contour plots. 

A1.9.5 Quantification of overall and pixel-to-pixel variation within STED-acquired images 

For demonstration of internal dynamics of Hsf1 foci, the variation between corresponding 

pixels of Hsf1 foci was compared against overall variation in the images. For this analysis, we 

used STED-acquired images of cells expressing Hsf1-mVenus captured at every minute over 

the intermixing phase of heat shock (8 to 12 min-HS). We marked 12 ´ 12 pixel squares 

bounding the nuclei of six individual cells imaged every minute between t1 (8min) and t5 

(12min). Next, we obtained maximum intensity projections of the 3D images stacks for each 

individual nuclei at each of five heat shock time points. All pixel intensities were scaled from 0 

to 100 to account for variation in image brightness by computing into the following formula: 

[(intensity-minimum) / (maximum-minimum)] ´ 100. Standard deviation was calculated for 

the min-max normalized pixels to determine pixel-to-pixel variation in Hsf1 levels at the given 

nuclear locations. Overall standard deviation was computed from average intensities of each 
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image in the time course. The overall standard deviation was then used to populate a 12 ´12-

pixel square for comparison to pixel-to-pixel variation of Hsf1 intensity and presented as heat 

maps. Six such distributions, each of overall variation and pixel-to-pixel variation, were used 

to plot cumulative frequency of pixels as a function of standard deviation.     

A1.9.6 Quantification of 3C 

 

TaqI-3C data was quantified as described in (Chowdhary et al., 2020; Chowdhary et al., 2019). 

The percent digestion efficiency was determined by amplifying a region across Taq I restriction 

site using a pair of convergent primers (sequences provided in Table S3). The percent digestion 

efficiencies were determined for each primer combination and incorporated into the following 

formula:  

% digestion = 100 - 
100

2!(CtR-CtARS504)DO – (CtR- CtARS504)UND$
 

Here, CtR is the cycle threshold (Ct) quantification of the digested only (DO) or undigested 

(UND) templates, and CtARS504 the cycle threshold quantification of the ARS504 locus (a region 

lacking a Taq I site).  

For measurement of normalized frequency of intragenic or intergenic interactions, the Ct 

values for digested only (DO3C) and ligated (Lig3C) templates for crosslinked chromatin, and 

digested only and ligated genomic DNA (LiggDNA and DOgDNA, respectively) were incorporated 

into the following formula: 
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Normalized Frequency of Interaction = 

[(&!∆#$%&'(# '()*+,%&'(#- ) (&!∆#$)*(# '()*+,)*(#- )- ]
[(/01234056	3042	8)×	(/01234056	3042	&)]:

[(&
!∆#$%&'')+, '()*+,%&'')+,: ) (&!∆#$)*')+, '()*+,)*')+,: ): ]

[(/01234056	3042	8)×	(/01234056	3042	&)]
;

 

 

(i): DCt values were obtained by subtracting Ct (no-template) from those of Lig3C, DO3C, or 

gDNA templates. 

(ii): 2<∆>4 "#$504⁄  are the fold-over signals normalized to ARS504 locus. 

(iii): Ligation-dependent signals (LDS) are determined as ratio of fold-over normalized signals 

of Lig3C and DO3C templates (2<∆>4%&'(# "#$504?01(#* ) (2<∆>4)*(# "#$504/@(#* )* ; also 

applicable to the gDNA control. 

(iv): LDS were corrected for variation in Taq I digestion efficiencies of sites 1 and 2 (as detailed 

above). 

(v): Normalized Frequency of Interaction is defined as the ratio of ligation-dependent signals of 

3C and gDNA control templates after correcting for differences in their digestion efficiencies.   

A1.9.7 Statistical tests used 

Student’s t test (two-tailed) was used to calculate statistical significance between all pairwise 

comparisons (as assumptions of parametric distributions were fulfilled), except in Figure 2B and 

D, two sample Kolmogorov–Smirnov test and one-way ANOVA followed by Tukey’s post hoc 

analysis were used, respectively. 

Each pairwise comparison is done with means of two independent biological samples (N=2) 

+SD.  n.s., P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001.   
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A1.10 Supplemental tables 

A1.10.1 Yeast strains 

Strain name Genotype Reference/ 

Source 

DPY001 MATa ADE2 trp1-1 can1-100 leu2-3,112 his3-

11,15 ura3-1  

El-Samad lab 

DPY032 DPY001; HSF1-mVenus::HIS3 This study 

SCY001 DPY001; MED15-mCherry::hphMX6 This study 

SCY002 DPY001; RPB3-mCherry::hphMX6 This study 

SCY003 DPY032; MED15-mCherry::hphMX6 This study 

SCY004 DPY032; RPB3-mCherry::hphMX6 This study 

DBY255 MATa ade2-1 can1-100 leu2-3,112 trp1-1 ura3-1 

his3-11,15::GFP-LacI::HIS3 HSP104-

LacO256::TRP1 SEC63-MYC×13::KAN-MX 

Brickner et al., 2012 

SCY005 DBY255; HSF1-mCherry::hphMX6 This study 

SCY006 DBY255; MED15-mCherry::hphMX6 This study 

SCY007 DBY255; RPB3-mCherry::hphMX6 This study 

SCY008 DPY032; ura3-1::MCP-mCherry::URA3 This study 

SCY009 SCY008; HSP12-MS224-loxp-KAN-MX6-loxp This study 

SCY010 SCY009; pSH69-Cre-hphMX6 This study 

SCY011 SCY010; HSP12-MS224-loxp This study 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Chowdhary et al., 

2019 

DSG144 BY4741; trp1Δ::KAN-MX Gross Lab 

ASK804 BY4741; 3xHSE-BUD3 Chowdhary et al., 

2019 

LRY003 ASK804; trp1Δ::KAN-MX This study 

ASK213 DSG144; MED15-MYCx9::TRP1 This study 

ASK214 LRY003; MED15-MYCx9::TRP1 This study 

ASK741 MATα/MATa; Hsf1-GFP::HIS3MX6/ Hsf1-

GFP::HIS3MX6 

This study 
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ASK727 MATα/MATa ade2-1/ ade2-1 CAN1+/can1-100 

ura3-1/ ura3-1 THR+/thr1-4 leu2-3,112/ leu2-

3,112 trp1-1/ trp1- his3-11,15::GFP-LacI::HIS3/ 

his- HSP104-LacO256::TRP1/HSP104+ TMA10-

tetO200::LEU2/TMA10+ leu2::tetR-

mCherry::hphMX::leu2 SEC63-MYC×13  

Chowdhary et al., 

2019 

IGY101 MATa /MATα can1-100 / can1-100 leu2-3,112 / 

leu2-3,112 trp1-1 / trp1-1 ura3-1 / ura3-1 ade2-1/ 

ade2-1 ADE2 his3-11,15::GFP-LacI::HIS3/his3- 

11,15::GFP-LacI::HIS3 HSP104-

LacO256::TRP1/HSP104+ PGM2-

LacO128::URA3/PGM2+ pGPDmCherry-

ER04::TRP1 SEC63-MYC 13:: 

KAN-MX/SEC63+ 

Chowdhary et al., 

2019 

SCY712 MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 

lys2Δ0/LYS+ met15Δ0/MET+ ura3Δ0/ ura3Δ0 

SIK1-mRFP::KanMX6/SIK1+ POM34-

GFP::HIS3MX6/POM34+ 

Chowdhary et al., 

2019 

DPY182 DPY001; hsf1∆::KAN; HSF1pr-HSF1-GFP::TRP1 This study 

DPY034 DPY001; hsf1∆::KAN; pRS316-HSF1 This study 

DPY1805 DPY001; trp1-1::HSF1pr-HSF1-ce2AAA-
GFP::TRP1 

This study 

SCY012 DPY1805; MED15-mCherry::hphMX6 This study 

SCY013 DPY1805; RPB3-mCherry::hphMX6 This study 

DPY144 DPY001; HSE-YFP::LEU2 Krakowiak et al., 

2018 

ASK215 DPY144; MED15-MYCx13::HIS3 This study 

DPY304 DPY001; HSE-YFP::LEU2 hsf1∆::KAN HSF1pr-
HSF1::TRP1 

Krakowiak et al., 

2018 

DPY417 DPY001; HSE-YFP::LEU2 hsf1∆::KAN HSF1pr-
hsf1(147-833)::TRP1 

Krakowiak et al., 

2018 

ASK216 DPY417; MED15-MYCx13::HIS3 This study 

DPY179 DPY001; hsf1∆::KAN HSF1pr-hsf1(147-833)-
GFP::TRP1 
 

This study 
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SCY014 DPY179; MED15-mCherry::hphMX6 This study 

SCY015 DPY179; RPB3-mCherry::hphMX6 This study 

DPY1818 DPY001; trp1-1::HSF1pr-hsf1(147-833)-ce2AAA-
GFP::TRP1 

This study 

SCY016 DPY1818; MED15-mCherry::hphMX6 This study 

SCY017 DPY1818; RPB3-mCherry::hphMX6 This study 

DPY418 DPY001; HSE-YFP::LEU2 hsf1∆::KAN HSF1pr-
hsf1(1-424)::TRP1 

Krakowiak et al., 

2018 

ASK217 DPY418; MED15-MYCx13::HIS3 This study 

 

A1.10.2 Forward primers used in 3C analysis 

Name                                                                           Sequence (5’ ® 3’) 
UBI4 F+524 GTAAGCAGCTAGAAGATGGTAGAACC 
UBI4 F+1624 TGATACGGATAGAATATTGTGACTACC 
HSP104 F-63 AGGCATTGTAATCTTGCCTCAATTC 
HSP104 F+782 GTAAGACCGCTATTATTGAAGGTG 
HSP104 F+1550 CCCTTGATGCTGAACGTAGATATG 
HSP104 F+2756 AGGTGATGACGATAATGAGGACAG 
SSA2 F-242 CACTGCATTCTTACTCTCTCTTGG 
SSA2 F+198 AGGTAACAGAACCACTCCATCTTTC 
SSA2 F+1368 TCTCTACTTATGCTGACAACCAACC 
SSA2 F+2297 AGTGACTTGAAGACTAGGAATATCG 

TMA10 F+159 ACGAAGCAAAGTCTAACCCAAAG 
TMA10 F+811 ATGCAAAAACACTTCCCAGAATAG 
SSA4 F-268 ACACGAAAGATATCTCAACTCTAGCC 
SSA4 F+198 GCCTTCTTATGTGGCTTTTACTGAC 
SSA4 F+2255 ATAAGAAAGTCATCGCCAAACAAC 
HSP12 F-47 ACGTATAAATAGGACGGTGAATTGC 
HSP12 F+279 AAAAGGCAAGGATAACGCTGAAG 
HSP82 F-290 CCTCTCTCAACACAGTAATCCATAAAC 
HSP82 F+740 AATTAGTCGTCACCAAGGAAGTTG 
HSP82 F+1445 GCCAGAACACCAAAAGAACATCTAC 
HSP82 F+2189 ATGAGGATGAAGAAACAGAGACTGC 
ARS504F (internal control) GTCAGACCTGTTCCTTTAAGAGG 
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A1.10.3 Reverse primers used for percent digestion determination in 3C 

Name                                                                           Sequence (5’ ® 3’) 
UBI4 R+524 TGAATTTTCGACTTAACGTTGTCG 
UBI4 R+1624 ATCACCCAGTATCCCTGATTTCAC 
HSP104 R-63 ATCGTTAGAGCCCTTTCTGTAAATTG 
HSP104 R+782 TTCTTCGATTTCCTTCAAAACACC 
HSP104 R+1550 CCACATTTTGGATCATGGAGTTG 
HSP104 R+2756 TCTTTTGCTCGGGTGTCAAGTTC 
SSA2 R-242 GATGGAATGTTCTAGAAAAAAACTTC 
SSA2 R+198 GCTTCATATCACCTTGGACTTCTG 
SSA2 R+1368 TTCAATTTGTGGGACACCTCTTG 
SSA2 R+2297 GACGCCCTTACGAATAGAACTTTAC 
TMA10 R+159 TTTCATTGTTTTGGGAGTTAGAGC 
TMA10 R+811 CCGGTTATAGGACCCTTATTGATG 
SSA4 R-268 TGTTACTGTCGTCAAACTAAGGAG 
SSA4 R+198 TTTACGTCCGATCAGACGCTTAG 
SSA4 R+2255 GTGTTAAACTCCGGTCAAAAGAAAC 
HSP12 R-47 TTCAGAAGCTTTTTCACCGAATC 
HSP12 R+279 AAACCATGTAACTACAAAGAGTTCCG 
HSP82 R-290 GAAGGACCTGGTTGGTATTAAGATG 
HSP82 R+740 AATGCTTAACGTACAATGGGTCTTC 
HSP82 R+1445 ATTCATCAATTGGGTCGGTCAAG 
HSP82 R+2189 ACACACTAGACGCGTCGGAATAG 
ARS504R (internal control) CATACCCTCGGGTCAAACAC 

 

A1.10.4 Primers used in ChIP analysis 

Name                                                                           Sequence (5’ ® 3’) 
BUD3 UAS F (-294 to -72) GCTCTTTGTCATACGCATAGAATTG 
BUD3 UAS R CAGTAGAATGCGAGTACAGACAAAC 
HSP104 UAS F (-266 to -195) CTTAAACGTTCCATAAGGGGC 
HSP104 UAS R TGCAGTTCTTTGAGATGGGCC 
HSP104 PROM F (-132 to +41) AGGCATTGTAATCTTGCCTC 

TTC 
HSP104 PROM R ATCGTTAGAGCCCTTTCTGTAAATTG 
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HSP82 UAS F (-393 to -155) CCTCTCTCAACACAGTAATCCATAAAC 
HSP82 UAS R GAAGGACCTGGTTGGTATTAAGATG 
HSP82 PROM F (-156 to -88) TCCGCCACCCCCTAAAAC  
HSP82 PROM R TGAGGAGGTCACAGATGTTAA 
SSA4 UAS F (-396 to -145) ACACGAAAGATATCTCAACTCTAGCC 
SSA4 UAS R TGTTACTGTCGTCAAACTAAGGAG 
SSA4 PROM F (-245 to +35) AGTTCCTAGAACCTTATGGAAGCAC 
SSA4 PROM R GTTGTACCTAAATCAATACCAACAGC 

 

A1.10.5 Primers used in RT-qPCR analysis 

Name                                                                           Sequence (5’ ® 3’) 

HSP104 F+1922 TTAGCTAATCCAAGGCAACCAG 

HSP104 ORF R+1922 ACCTTCATCGTACCCGACATAAC 

HSP82 F+1838 ACATGGAAAGAATCATGAAGGCTC 

HSP82 R +1838 AAGTCCTTGACAGTCTTGTCTTGAG  

SSA4 F+1539  ATCTACTGGGTAAATTTGAGTTGAGC 

SSA4 R+1539 CTAGCTGATTCTTAGCTTGAACACG 

SSA2 F+1905 CTAAATTGTACCAAGCTGGTGGTG 
 

SSA2 R+1905 AATACAGAGGAAAGCAAAAGTAAAAC 
 

TMA10 F+159 ACGAAGCAAAGTCTAACCCAAAG 
 

TMA10 R+159 TTTCATTGTTTTGGGAGTTAGAGC 
 

UBI4 F+524 GTAAGCAGCTAGAAGATGGTAGAACC 

UBI4 R+524 TGAATTTTCGACTTAACGTTGTCG 

SCR1 F CTCCACCTTCACCGCTGTTAG 

SCR1 R AAATATGGTTCAGGACACACTCC 
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A1.10.6 Primers used in construction of strains 

Primer 
Name 

Sequence (5’  ®  3’) 

Primers used in construction of strains: SCY005 

Fw Hsf1-
mCherry-
hphMX6 

AGGACCCGACAGAGTACAACGATCACCGCCTGCCCAAAC
GAGCTAAGAAA 
CCAGCTGAAGCTTCGTAC 
 

Rv Hsf1-
mCherry-
hphMX6 

ACTATATTAAATGATTATATACGCTATTTAATGACCTTGC
CCTGTGTA 
CCGCATAGGCCACTAGTG 
 

Primers used in construction of strains: SCY001, SCY003, SCY006, 
SCY012, SCY014, SCY016 
Fw Med15-
mCherry-
hphMX6 

GTTCAGAACAATTCAATGTATGGGATTGGAATAATTGGAC
AAGTGCTACT 
CCAGCTGAAGCTTCGTAC 
 

Rv Med15-
mCherry-
hphMX6 

CAAACGAAGTAACTTCAAAAGTATCAAAAGTATGGAAACT
TCAAATGT 
CCGCATAGGCCACTAGTG 
 

Primers used in construction of strains: SCY002, SCY004, SCY007, 
SCY013, SCY015, SCY017 
Fw Rpb3-
mCherry-
hphMX6 

ATGCATCTCAAATGGGTAATACTGGATCAGGAGGGTATG
ATAATGCTTGG 
CCAGCTGAAGCTTCGTAC 
 

Rv Rpb3-
mCherry-
hphMX6 

TTCGGTTCGTTCACTTGTTTTTTTTCCTCTATTACGCCCA
CTTGAGAA 
CCGCATAGGCCACTAGTG 
 

Primers used in construction of strains: SCY008 and SCY009 

Fw MCP-
mCherry-Ura3 

ATAAATCATGTCGAAAGCTACATATAAGG 
 

Rv MCP-
mCherry- 
Ura3 

GCTCTAATTTGTGAGTTTAGTATACATGCATTTACTTATA
ATACAGTTTTTTA 
TTTTTTGCTTTTTCTCTTGAGGTCACATGATCG 
 

Fw HSP12-
MS2-loxp-
KanMX6-loxp 
 

TATGTTTCCGGTCGTGTCCACGGTGAAGAAGACCCAACC
AAGAAGTAA 
GCCGCTCTAGAACTAGTGGATCC 
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Rv HSP12-
MS2-loxp-
KanMX6-loxp 
 

ACACATCATAAAGAAAAAACCATGTAACTACAAAGAGTTC
CGAAAGAT 
GCATAGGCCACTAGTGGATCTG 
 

Primers used in construction of strains: ASK213 and ASK214 

Fw Med15-
myc9 
 

GATTCTCCTGATGACCCATTCATGAC 

Rv Med15-
myc9 
 

CTGATGATAGTCAAGTCCATTGG 

Primers used in construction of strains: ASK215, ASK216 and ASK217 

Fw Med15-
myc13 
 

GTTCAGAACAATTCAATGTATGGGATTGGAATAA 
TTGGACAAGTGCTACTCGGATCCCCGGGTTAATTAACG 
 

Rv Med15-
myc13 
 

CACCAAACGAAGTAACTTCAAAAGTATCAAAAGT 
ATGGAAACTTCAAATGTGAATTCGAGCTCGTTTAAAC 
 

Primers used in construction of strains: DPY1805 and DPY1818 

Fw subCE2-
AAA  
 

CCAATAAGGCCCTATAAACAAAGAGCTGCTGCTAAAAATA
GAGCCAATTCCTCG 

Rv subCE2-
AAA 
 

CGAGGAATTGGCTCTATTTTTAGCAGCAGCTCTTTGTTTA
TAGGGCCTTATTGG 
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A1.11 Supplemental figures 

 
 
 
Figure A1.11.1.  Heat shock genes associate with exceptionally high levels of Hsf1, 
Mediator and RNA Pol II 
A) Heat Shock Factor 1 (Hsf1) occupancy and nascent-RNA transcription at genes bound and induced 
by Hsf1 in S. cerevisiae (n=42). Left: heatmaps depicting occupancy of Heat Shock Factor 1 (Hsf1) in non-
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heat shock (NHS) and 5 min heat shock (HS) conditions, as determined by ChIP-seq (gray to teal). Right: 
heatmaps showing nascent-RNA densities in presence and absence of heat shock and Hsf1, as 
determined by NAC-seq (gray to red). Genes are sorted in the descending order of Hsf1 ChIP-seq counts 
(top to bottom). NAC-seq and Hsf1 ChIP-seq data were derived from (Pincus et al., 2018). 
B) RNA Pol II (top) and Med15 (bottom) occupancy at Hsf1-dependent genes in NHS and HS 
conditions. For Med15 ChIP-seq analysis, cells were heat-shocked for 15 min at 37 ˚C (Sarkar et al., 
2022). For Pol II, 5 min at 40 ˚C (Albert et al., 2019). 
C) Top: percentage of overlap between Med15 ChIP-seq reads and Hsf1 in NHS and HS conditions. 
Bottom: percentage of Pol II distribution at Hsf1 target genes in NHS and HS conditions. 
D) IGV browser views of Hsf1 (green), Med15 (magenta) and RNA Pol II (Rpb1; red) ChIP-seq 
densities as well as NAC-seq counts (black) at the indicated genes in NHS and HS conditions. 
E) Left: physical maps of BUD3 and the chromosomal transgene UASHS-BUD3.  Right: Hsf1 and 
Med15-myc9 occupancy at BUD3+ and UASHS-BUD3 in NHS and 7.5 min HS conditions (n=2; 
qPCR=4). 
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Figure A1.11.2. Deconvolution does not alter the results of image analysis 
A) Time lapse live-cell imaging cells expressing Hsf1-mVenus before (NHS, 24-26°C) and following HS 
(39°C) for the times (t) indicated. Row 1: Representative planes are shown. Blue line highlights cell 
boundary. Scale bar is 2 µm. Row 2: enlarged view of the nucleus (see yellow box in Row 1). Shown is 
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the 3D volumetric rendering of each nucleus; x (red), y (green) and z (blue) axes are indicated. A single 
cell is followed throughout the heat shock time course. The images in top two rows are processed with 
deconvolution. Row 3: Images of cells shown in Row 2 processed without deconvolution. 
B) Characterization of Hsf1, Med15 and Rpb3 foci in live cells. Top row: Representative planes of cells 
expressing Hsf1-mVenus, Med15-mCherry and Rpb3-mCherry before (NHS) and following HS for the 
times (t) indicated. Images are processed without deconvolution. 
Middle row: 3D bubble charts of Hsf1, Med15 and Rpb3 foci that were detected and quantified using 
the automated FindFoci algorithm in cells shown in the top row. Bottom row: Visualization of Hsf1, 
Med15 and Rpb3 foci of cells shown in top row as 3D surface plots. Height of the plot corresponds to 
luminance of pixels within the image. x (red), y (green) and z (blue) axes are indicated. Analyses of the 
deconvolved images of the same cells are shown in Figure 1. 
C) Top: number of Hsf1 foci per cell quantified from live imaging of cells expressing Hsf1-mVenus 
before (0 min) and following 13 min HS. Bottom: percentage of cells expressing Hsf1 foci. Foci were 
identified and counted using the automated FindFoci algorithm in images processed with or without 
deconvolution. 40-60 cells were evaluated per time point. Cells with >2 foci are counted as those 
containing foci for percentage evaluation. Shown are means +/- SD. ns (not significant), calculated 
using unpaired t test. 
D) Live-cell imaging of a diploid strain expressing HSP104-lacO256, TMA10-tetO200, LacI-GFP and TetR-
mCherry. Left: micrographs of representative cells under NHS and HS conditions. Blue line highlights 
cell boundary. A yellow bounding box indicates the nuclear region. Right: enlarged 3D renderings of 
representative cells shown in left (axes: x (red), y (green) and z (blue)). Images are processed with (right) 
or without (left) deconvolution. 
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Figure A1.11.3.  Hsf1 forms transcriptionally active clusters upon stress 
A) Number of Med15 (left) and Rpb3 (right) foci per cell quantified from live imaging of cells expressing 
Med15-mCherry or Rpb3-mCherry before (0 min) and following HS for the times (t) indicated. Foci 
were detected and quantified using the automated FindFoci algorithm in ImageJ; 40-60 cells were 
evaluated per time point. 
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B) Percentage of cells expressing Med15-mCherry (left) and Rpb3-mCherry (right) foci. Foci were 
identified and counted as above. Cells with >2 foci were considered as those containing foci for 
percentage evaluation. Shown are means +/- SD. 
C) Live-cell imaging of a diploid strain ASK741 expressing Hsf1-GFP before (NHS, 26.5°C) and 
following heat shock (39°C) for the times (t) indicated. A single cell is followed throughout the heat shock 
time course. Shown is the 3D volumetric rendering of each nucleus; x (red), y (green) and z (blue) axes 
are indicated. For HS images, z=11.  
D) Live imaging of cells expressing Hsf1-mVenus in presence or absence of L-azetidine-2-carboxylic 
acid (AZC). Left: representative images before or following 2h of AZC treatment. Blue line highlights 
cell boundary. Right: enlarged view of the nucleus indicated in yellow boxes on the left. Cells were 
rendered and visualized by ClearVolume. 
E) Live imaging of cells co-expressing Hsf1-mVenus and Med15-mCherry (left), or Hsf1-mVenus and 
Rpb3-mCherry (right). Shown are enlarged 3D rendered nuclei of representative cells that were imaged 
before (NHS) or following heat shock for the indicated times (t). Note that in each case, a single cell is 
followed through the heat shock time course. Images were rendered and visualized in arivis. 
F) 3D rendered micrographs of Hsf1-mCherry (top), Med15-mCherry (middle) or Rpb3-mCherry 
(bottom) and the HSP104-LacO256 gene locus before and following heat shock for the indicated times. 
For each cell type, a single cell is followed through the heat shock time course. Blue dotted line highlights 
nuclear boundary. 3D rendering and visualization was performed in arivis; x (red), y (green) and z (blue) 
axes are shown.  
G) 3D rendered micrographs of Hsf1-mVenus and the MCP-mCherry labeled HSP12-MS224 mRNA 
before or following heat shock for the indicated times. Blue dotted line highlights nuclear boundary. A 
single cell is followed throughout the heat shock time course. 3D rendering and visualization was 
performed in arivis.  
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Figure A1.11.4.  1,6-hexanediol disrupts the Nucleolus, the nuclear pore complex, 
Mediator clusters and gene interactions within and between Hsf1 target genes 
A) 3D rendered micrographs of representative cells in absence of alcohol (untreated) or treated with 
either 2,5-HD or 1,6-HD at 3, 5 or 10% concentrations. Row 1, right: experimental workflow. Rows 1-
7: Live-cell imaging of diploid strain SCY712 (Nop56-RFP Pom34-GFP). Red, Nop56-RFP 
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(component of the nucleolus); Green, Pom34 (component of the nuclear pore complex). z =6. Note that 
in each row, a single cell is followed throughout the treatment. 
B) Comparison of effects of 5% 2,5-HD vs. 5% 1,6-HD on the nucleolus and nuclear pore complex. 
Analysis and presentation as in A; z =7. 
C) 3D rendered micrographs of a representative cell expressing Med15-mCherry subjected to heat 
shock for times (t) indicated in the absence of alcohol (top) or treated with either 2,5-HD (middle) or 
1,6-HD (bottom) after 9 min of HS. Note that a different cell was imaged after alcohol treatment. 
D) Number of Med15 foci (left) and the percentage of cells showing >2 foci (right) in presence or 
absence of HD. Cells expressing Med15-mCherry were heat-shocked for 9 min followed by treatment 
with either 2,5- or 1,6-hexanediol (or not). Cells were imaged after ~3 min of adding the drug. Foci were 
identified and counted using the automated FindFoci algorithm; 100-110 cells were evaluated per 
condition. ****P <0.0001; ns (not significant), P >0.05. P values were calculated by ANOVA followed 
by Tukey’s post hoc analysis. 
E) Intragenic interactions within indicated Hsf1 target genes as determined by TaqI-3C assay. Top: 
experimental workflow. Bottom: Intragenic contact frequencies detected within HSP82, HSP104 and 
SSA4 in cells heat-shocked and treated with either 2,5- or 1,6-hexanediol (or not). Depicted are means 
+SD (n=2; qPCR=4). 
F) Intergenic interactions between lacO-tagged HSP104 and tetO-tagged TMA10 gene loci as 
determined by live-cell imaging analysis. Top: experimental workflow. Cells were pre-treated with either 
5% 2,5- or 1,6-hexanediol (or not) for 5 min followed by heat shock of 12 min (or not) and imaged at 
times (t) indicated. Middle: representative images of cells that were pre-treated with either 1,6-HD or 
2,5-HD or left untreated (right to left). Bottom: same as above, except cells were subjected to heat shock 
following treatment with alcohol (or not). Cells were rendered and visualized in arivis; x (red), y (green) 
and z (blue) axes are shown. d, 3D distances measured between signal centroids. Images were taken 
across 9 planes in z-direction; step size =0.5 µm. 
G) Live-cell imaging of a diploid strain expressing HSP104-lacO256, PGM2-lacO128 and LacI-GFP 
(schematic, top). Middle: IGV browser views of Hsf1 (green), Med15 (magenta) and RNA Pol II (Rpb1; 
red) ChIP-seq densities as well as NAC-seq counts (black) at HSP104 and PGM2 in NHS and HS 
conditions; note the absence of significant Hsf1 and Med15 ChIP-seq peaks at PGM2. Bottom: time 
lapse live imaging of representative cells before and following heat shock for the times (t) indicated. Cell 
boundary is highlighted in blue. For NHS, an enlarged 3D view of the nuclear region is indicated within 
the yellow box. Axes x (red), y (green) and z (blue) are indicated. d is the 3D distance measured between 
signal centroids (two green spots).  
H) Left: Distribution of 3D distances between lacO-tagged HSP104 and PGM2 gene loci in cells 
subjected to heat shock for times indicated. Right: Heat map depicting percentage of cells with tagged 
gene loci within indicated 3D distances binned at intervals of 0.4 µm. 45-60 cells were evaluated per 
condition. 
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Figure A1.11.5.  Stable Mediator occupancy is necessary for driving intergenic 
interactions between Hsf1-target genes 
A) Transcription rates of HSP82 and SSA4 in HSF1+ and HSF1-DNTA isogenic strains during a heat 
shock time course, as deduced from RT-qPCR. 
B)  Hsf1 and Med15-myc13 ChIP at the UASs and Rpb1 ChIP at promoters of HSP82 and SSA4 in 
wild type and Hsf1-DNTA strains heat-shocked for 7.5 min. Depicted are means + SD. **, P <0.01 
(calculated using two-tail t-test). 
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C) Intragenic looping and crumpling interactions within indicated Hsf1 target genes in WT and HSF1-
DNTA cells heat-shocked for 7.5 min. Top: experimental workflow of TaqI-3C assay. Bottom: Intragenic 
contact frequencies detected within HSP82, HSP104 and SSA4 in HS conditions. Depicted are means 
+SD (n=2; qPCR=4). ns (not significant), P >0.05 (calculated using two-tail t test). 
D) Intragenic interactions within indicated Hsf1 target genes in WT, HSF1-ce2AAA and HSF1-
DNTAce2AAA cells under NHS and 10 min-HS conditions. Top: experimental workflow of TaqI-3C 
assay. Bottom: Intragenic contact frequencies detected within HSP82, HSP104 and SSA4 in NHS and 
HS conditions. Depicted are means +SD (n=2; qPCR=4) ****P <0.0001; **P <0.01; *P <0.05; ns (not 
significant), P >0.05. P values were calculated by ANOVA followed by Tukey’s post hoc analysis. 
E) Heat shock inducibility in WT and HSF1-DNTAce2AAA cells heat shocked for 10 min, as deduced 
from fold change mRNA expression of representative HSR genes. Depicted are means + SD (n=2; 
qPCR=4). *, P <0.05 (calculated using two-tail t-test). 
F) Live imaging of cells co-expressing Hsf1DNTAce2AAA-GFP with Med15-mCherry (top) or Rpb3-
mCherry (bottom) under HS conditions (t=time point of HS). 
G) Domain map and prediction of disorder in Hsf1. Top: predicted value of disorder tendency for each 
amino acid within Hsf1 obtained using Metapredict V2. Bottom: Domain map of Hsf1. NTA, N-
terminal activation domain; DBD, DNA binding domain; 3mer, trimerization domain; CE2, conserved 
element 2 domain; CTA (blue), C-terminal activation domain. Box: truncation mutation in the Hsf1-
DCTA mutant. 
H) Spot dilution analysis of HSF1+ and HSF1-DCTA cells. Five-fold serial dilutions of cells were spotted 
onto YPD. Plates were incubated at 30°C or 37°C for 30 h. 
I) Hsf1 and Med15-myc13 ChIP at the UASs and Rpb1 ChIP at promoter regions of HSP104, HSP82 
and SSA4. Wild type and Hsf1-DCTA strains were heat-shocked for 7.5 min, then processed for ChIP. 
Depicted are means + SD (n=2; qPCR=4). **, P <0.01; ns (not significant), P >0.05 (calculated using 
two-tail t-test). 
J) Intergenic contacts (solid arcs) between indicated Hsf1 target gene pairs for HSF1+ and HSF1-DNTA 
strains. Cells were heat-shocked for 7.5 min, then processed for TaqI-3C. Values indicate normalized 
interaction frequencies. Gene regions are depicted as UAS, promoter, mid-ORF and terminator (from 
blunt to arrowhead direction). Data are derived from two independent biological replicates; qPCR=4. 
Depicted are means +/- SD (shaded region around solid arcs). 
K) In silico analysis of disorder prediction in the Mediator and RNA Pol II subunits. Shown are heat 
maps of predicted values of disorder for each amino acid of a subunit. Heat maps are presented from 
amino to carboxyl terminus (left to right). Disorder tendencies were calculated using IUPRED. Values 
<0.5 (blue) are ordered and >0.5 (red) are disordered. 
L) Left: yeast Mediator subunits in Head (blue), Middle (green), Tail (magenta) and Kinase (orange) 
modules. Med14 is a scaffold (black). Right: prediction of disorder in Med15 and Rpb3 protein subunits 
of the Mediator and RNA Pol II complexes, respectively. The plots score predicted values of disorder 
tendency for each amino acid within Med15 or Rpb3, as per IUPRED. Values <0.5 (blue) are ordered 
and >0.5 are disordered (red). 
 

 


