
THE UNIVERSITY OF CHICAGO

CHAPERONES REMODEL STRESS-INDUCED BIOMOLECULAR CONDENSATES

A DISSERTATION SUBMITTED TO

THE FACULTY OF THE DIVISION OF THE BIOLOGICAL SCIENCES

AND THE PRITZKER SCHOOL OF MEDICINE

IN CANDIDACY FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

GRADUATE PROGRAM IN BIOCHEMISTRY AND MOLECULAR BIOPHYSICS

BY

HANEUL YOO

CHICAGO, ILLINOIS

DECEMBER 2021



Copyright c© 2021 by Haneul Yoo

All Rights Reserved



To my parents, Chul Ho and Jung Ja.



TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 CELLULAR SENSING BY PHASE SEPARATION:
USING THE PROCESS, NOT JUST THE PRODUCTS . . . . . . . . . . . . . . 5
2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Phase separation in environmental sensors . . . . . . . . . . . . . . . . . . . 9

2.3.1 Case study 1: temperature sensing by phase separation of poly(A)-
binding protein . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.2 Case study 2: starvation sensing by phase separation of Sup35 . . . . 13
2.3.3 Case study 3: cytosolic DNA sensing by phase separation of cGMP–AMP

synthase (cGAS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Direct versus indirect sensing . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 Autonomous versus facilitated reversal . . . . . . . . . . . . . . . . . . . . . 18
2.6 Nucleation and growth versus spinodal decomposition processes . . . . . . . 19
2.7 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.8 Author contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3 CHAPERONES DIRECTLY AND EFFICIENTLY DISPERSE
STRESS-TRIGGERED BIOMOLECULAR CONDENSATES . . . . . . . . . . . 21
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3.1 Heat shock causes Pab1 condensation, which is not spontaneously
reversible . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3.2 Hsp104, Hsp70, and type II Hsp40 are necessary and sufficient for
complete dispersal of Pab1 condensates in vitro . . . . . . . . . . . . 27

3.3.3 The disaggregation system restores Pab1 condensates far more effi-
ciently than misfolded protein aggregates . . . . . . . . . . . . . . . . 31

3.3.4 Higher disaggregation rate and partition coefficient lead to more efficient
substrate restoration in silico . . . . . . . . . . . . . . . . . . . . . . 33

3.3.5 Pab1 is partially threaded by Hsp104 . . . . . . . . . . . . . . . . . . 35
3.3.6 Cooperative binding of Hsp70 targets condensates for dispersal . . . . 38

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

iv



3.4.1 Heat-induced biomolecular condensates are endogenous substrates of
the molecular disaggregation system . . . . . . . . . . . . . . . . . . 41

3.4.2 Different engagement of molecular chaperones with biomolecular con-
densates and misfolded protein aggregates . . . . . . . . . . . . . . . 42

3.4.3 Hsp70 clusters are a potential condensate-specific marker for Hsp104 44
3.4.4 Biomolecular condensates in the cellular heat shock response . . . . . 44
3.4.5 Molecular chaperones as biomolecular condensate remodelers . . . . . 45

3.5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.1 Data and Code Availability . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.2 Experimental Model and Subject Details . . . . . . . . . . . . . . . . 46

3.6 Supporting information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.7 Competing Interests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.8 Author contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.9 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4 PRELIMINARY RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.1 Less efficient dispersal of larger condensates . . . . . . . . . . . . . . . . . . 74
4.2 Co-evolution of chaperones with their endogenous substrates . . . . . . . . . 76
4.3 Measuring the effect of Sis1/DnaJ on Hsp70’s affinity to CE2 peptide . . . . 78
4.4 Efficient refolding of fully denatured Pab1 . . . . . . . . . . . . . . . . . . . 80
4.5 Pab1 releases RNA upon condensation . . . . . . . . . . . . . . . . . . . . . 81
4.6 Artifactual co-localization of Pab1 condensates with DNA in the absence of

competitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5 CONCLUSIONS AND FUTURE DIRECTIONS . . . . . . . . . . . . . . . . . . . 85
5.1 Regulation of biomolecular condensates . . . . . . . . . . . . . . . . . . . . . 85
5.2 Regulation and specificity of molecular chaperones . . . . . . . . . . . . . . . 87

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

v



LIST OF FIGURES

1.1 Heat shock triggers formation of biomolecular condensates. . . . . . . . . . . . . 2
1.2 Endogenous concentrations of Pab1 and molecular chaperones during recovery. . 4

2.1 Distinguishing the process and the products of phase separation. . . . . . . . . . 6
2.2 Proposed functions of phase separation–based sensory systems. . . . . . . . . . . 12
2.3 Distinct features of the process and the products of phase separation. . . . . . . 20

3.1 Heat shock causes Pab1 condensation, which is not spontaneously reversible. . . 26
3.2 Hsp104, Hsp70, and Sis1 are necessary and sufficient for complete dispersal of

Pab1 condensates in vitro. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3 Pab1 condensates and misfolded protein aggregates exhibit different chaperone

dependence for dispersal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.4 Higher disaggregation rate and folding partition coefficient lead to more efficient

substrate restoration in silico. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.5 Pab1 is partially threaded by Hsp104. . . . . . . . . . . . . . . . . . . . . . . . . 36
3.6 Cooperative binding of Hsp70 labels condensates for disaggregation. . . . . . . . 39
3.7 Model of Pab1 dispersal by the Hsp104/Hsp70/Hsp40 disaggregation system. . . 41
3.8 Misfolded protein can nucleate Pab1 condensation. . . . . . . . . . . . . . . . . 63
3.9 Ssa2 can be replaced by its heat-inducible paralog Ssa4 for Pab1 dispersal. . . . 64
3.10 Hsp104, Hsp70, and Sis1 are necessary and sufficient for Pab1 dispersal. . . . . . 65
3.11 Hsp26 suppresses Pab1 condensation. . . . . . . . . . . . . . . . . . . . . . . . . 66
3.12 Cooperative model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.13 HAP/ClpP-specific cleavage of Pab1 constructs. . . . . . . . . . . . . . . . . . . 68
3.14 Uncropped stain-free total protein gel and western blot images. . . . . . . . . . 69

4.1 Less efficient dispersal of larger condensates. . . . . . . . . . . . . . . . . . . . . 75
4.2 Species tree highlighting Hsp104 source organisms. . . . . . . . . . . . . . . . . 77
4.3 Relationship between the optimal growth temperature and the initial rate of Pab1

dispersal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.4 Excess Sis1 interferes with Ssa2 binding to CE2 peptide. . . . . . . . . . . . . . 79
4.5 Efficient refolding of fully denatured Pab1. . . . . . . . . . . . . . . . . . . . . . 81
4.6 Pab1 releases RNA upon condensation. . . . . . . . . . . . . . . . . . . . . . . . 82
4.7 Artifactual co-localization of Pab1 condensates with DNA in the absence of

competitors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

vi



LIST OF TABLES

3.1 Model parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.2 Reaction conditions for experiments shown in Chapter 3. . . . . . . . . . . . . . 71

4.1 Hsp104 source organism and the initial rate of Pab1 dispersal. . . . . . . . . . . 76
4.2 CE2 peptide binding affinity and g values. . . . . . . . . . . . . . . . . . . . . . 80
4.3 Melting temperature (Tm) of native and refolded Pab1 . . . . . . . . . . . . . . 81

vii



ACKNOWLEDGMENTS

I am grateful that I was able to meet and work with people who inspire me to become a better

person and a scholar. First and foremost, I thank my advisor, D. Allan Drummond, for all

the support, patience, and trust he showed me throughout my time in his lab. Because of his

mentorship, I was able to get everything I wanted to get out of my graduate training and more.

I thank both the former and current members of the Drummond lab (Chris Katanski, Josh

Riback, Cat Triandafillou, Jared Bard, Sammy Keyport, Caitlin Wong, Hendrik Glauninger,

Kyle Lin, and Rosalind Pan) for making the lab a fun place to come and do good science;

I learned a lot from watching them and talking science with them over many lunches and

experiments. The professors I met at the University of Chicago were extremely supportive. I

especially thank Tobin Sosnick, Michael Rust, David Pincus, Joe Piccirilli and Jingyi Fei

for their insightful questions, support, and guidance. I thank Shani Charles, Lisa Anderson,

and other administrators and staffs in the Biochemistry and Molecular Biology Department

for making it possible for all of us to work here. I thank my friends in Chicago for all the

precious memories that make me smile. Finally, I thank my parents and brother for their

endless love and support. I could not have come this far without them.

viii



ABSTRACT

Stresses such as heat shock trigger formation of protein aggregates and induction of a disag-

gregation system composed of molecular chaperones. Recent work reveals that several cases of

apparent heat-induced aggregation, long thought to be the result of toxic misfolding, instead

reflect evolved, adaptive biomolecular condensation, with chaperone activity contributing to

condensate regulation. Here I show that the yeast disaggregation system directly disperses

heat-induced biomolecular condensates of endogenous poly(A)-binding protein (Pab1) orders

of magnitude more rapidly than aggregates of the most commonly used misfolded model

substrate, firefly luciferase. Beyond its efficiency, heat-induced condensate dispersal differs

from heat-induced aggregate dispersal in its molecular requirements and mechanistic behavior.

This work establishes a bona fide endogenous heat-induced substrate for long-studied heat

shock proteins, rigorously isolates a specific example of chaperone regulation of condensates,

and underscores needed expansion of the proteotoxic interpretation of the heat shock response

to encompass adaptive, chaperone-mediated regulation.
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CHAPTER 1

INTRODUCTION

The physical environment surrounding a cell is never constant but changes both regularly (e.g.,

daily cycles between day and night) and randomly (e.g., accidental increase in temperature,

as happened to Ferruccio Ritossa’s cells in 1962 leading to his discovery of the heat shock

response [140, 141]). To survive in such fluctuating environment, cells evolved a remarkable

capacity to sense and respond to various forms of environmental change. How do cells do

this? This thesis aims to address this question by studying biomolecular condensates that

form inside the cell in response to environmental stress.

Environmental stress such as heat shock or nutrient withdrawal triggers coalescence

of specific endogenous proteins into higher-order structures without membrane or fixed-

stoichiometry. Throughout the years, these structures have been called by various names

including aggregates, assemblies, stress granules (SGs), puncta, or foci. In 2017, the term

biomolecular condensates was proposed to collectively describe higher-order membraneless

structures of concentrated biomolecules [11]. Biomolecular condensates are often associated

with liquid-liquid phase separation (LLPS) [11]. One advantage of condensate formation

by LLPS is that it allows proteins to undergo a switch-like transition from a diffusive to a

condensed state [68, 196]. I discuss how cells harness the cooperative process of LLPS as a

sensing mechanism in more detail in Chapter 2.

Whether LLPS is the dominant means to form biomolecular condensates in vivo and

whether the liquid-likeness have functional importance remain unclear [196, 111]. For example,

SGs and nucleolus in mammalian cells form via LLPS and are liquid-like [139, 57, 47], but

the corresponding structures in fungi are solid-like [88, 6]. I use the term biomolecular

condensates to refer to endogenous membraneless structures of concentrated biomolecules

regardless of the mechanism of formation, reserving the term phase separation for cases where

it has been demonstrated.

Heat shock is a primordial stress that reliably triggers a set of conserved molecular
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Figure 1.1: Heat shock triggers formation of biomolecular condensates.
Confocal microscopy images of mock- or heat-treated budding yeast cells expressing Pab1-
Clover and Apa1-mRuby2. Large Pab1-marked stress granules appear only in response
to severe heat shock (46degreeC). Smaller condensates that form at milder heat shock
temperature (42degreeC) are not visible but can be isolated by centrifugation [138]. The
scale bar is 5 µm.

programs known as the heat shock response (HSR) [95]. The HSR involves 1) transcriptional

activation of genes encoding heat shock proteins (Hsp) [125], many of which are molecular

chaperones, and 2) formation of biomolecular condensates [27, 182]. Proteins enriched in

heat-induced condensates are associated with RNA-binding and RNA helicase activities [182].

Heat-induced condensates of two endogenous proteins, Poly(A)-binding protein (Pab1) and

Apa1, in budding yeast are shown in Figure 1.1.

An early and long-standing interpretation of these heat-induced condensates has been that

they represent toxic aggregates of nonfunctional, un-/mis-folded proteins [181, 116, 95]. This

interpretation is intuitive because it is well known that heat destabilizes protein [44]. However,

a number of recent evidence from budding yeast challenge this interpretation and instead

suggest condensate formation of at least several mature endogenous proteins represents a

part of the evolved, adaptive cellular response to heat shock:

1) A specific set of endogenous mature proteins form condensates which fully reverse

to functional units without degradation as cells recover from stress [182]. In the case

of a heterotrimeric aminoacyl-tRNA synthetase complex, the complex retains both its

enzymatic activity and specificity even after condensation in vitro. This shows that a
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protein can still remain structurally stable and functional in heat-induced condensates.

2) If heat-induced condensates represent toxic aggregates, preventing their formation

should increase cell’s fitness. However, preventing condensation of Pab1 or DEAD-box

helicase Ded1 decreased cell’s fitness during stress [138, 72], indicating that condensation

is adaptive.

3) Condensates of endogenous proteins are dispersed faster than that of exogenous

misfolded protein (e.g., luciferase) [27, 88]. Dispersal of only the endogenous condensates

correlates with the timing of translation resumption and cell cycle re-entry [27, 88],

hinting a regulatory role of condensates.

It is important to note that the evidence for adaptive function of stress-induced conden-

sates is restricted to endogenous mature proteins. Nascent polypeptides and newly synthesized

proteins in the process of folding are thought to be highly susceptible to heat-induced misfold-

ing and aggregation [10, 172, 92]. Expression and aggregation of exogenous, misfolding-prone

reporter proteins (e.g., luciferase, Ubc9ts, and destabilized fluorescent proteins) compromise

cellular fitness [51] and change the dynamics of endogenous condensates [108, 57].

While there are condensates which reverse autonomously when the environment returns

to normal, some condensates require additional factor(s) for facilitated dispersal. Examples

of condensate regulators whose activity has been demonstrated both in vivo and in vitro

include nuclear-import receptors [59] and post-translational modifiers such as dual-specificity

kinase (DYRK3) [190, 133] and lysine (de)acetylases [151]. The benefits of autonomous

versus facilitated dispersal is further discussed in Chapter 2 [196].

We and others have hypothesized molecular chaperones, specifically the molecular disag-

gregation system, as direct regulators of heat-induced biomolecular condensates [182, 138, 89,

196, 176, 13, 166, 24]. This hypothesis is backed by many in vivo data which show delayed SG

dispersal when one or more chaperones are inhibited or deleted [27, 183, 88, 89, 24]. A direct

biochemical demonstration of heat-induced condensate dispersal by molecular chaperones
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Figure 1.2: Endogenous concentrations of Pab1 and molecular chaperones during
recovery.
Estimated absolute concentrations (left) and fold-change in concentrations (right) of Pab1
and molecular chaperones after a 10 minute, 42◦C heat shock. Concentrations are estimated
using measurements of absolute protein concentration in budding yeasts growing at 30◦C
[29] and fold change in concentration following acute heat shock [182]. Ssa1/2 and Ssa4 are
constitutively-expressed and heat-inducible Hsp70 paralogs, respectively. Sis1 and Ydj1 are
type II and type I Hsp40s, respectively. Sse1 is a nucleotide exchange factor for Hsp70.

has been missing. I provide this data in Chapter 3 [195].

In Chapter 3 [195], I use biochemical reconstitution to demonstrate that the molecular

disaggregation system consisting of three chaperones (Hsp104, Hsp70, and Sis1) is both

necessary and sufficient for complete dispersal of heat-induced Pab1 condensates in vitro.

Comparative studies of Pab1 condensates and aggregates of misfolded luciferase reveal key

differences in their engagement with chaperones. Importantly, I find that chaperones are

much more efficient at dispersing Pab1 condensates than luciferase aggregates, which is

consistent with the faster dispersal of endogenous condensates observed in vivo [27, 88]. I

construct and simulate kinetic models of the reconstituted system, which provides an insight

about the mechanism by which chaperones detect condensed substrate and why Hsp70s—the

most abundant cytosolic chaperone enzymes (Figure 1.2)—need to be present in excess for

efficient condensate dispersal.
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CHAPTER 2

CELLULAR SENSING BY PHASE SEPARATION:

USING THE PROCESS, NOT JUST THE PRODUCTS

This chapter was published as: Yoo et al. 2019. [196]

2.1 Abstract

Phase separation creates two distinct liquid phases from a single mixed liquid phase, like oil

droplets separating from water. Considerable attention has focused on how the products

of phase separation—the resulting condensates—might act as biological compartments,

bioreactors, filters, and membraneless organelles in cells. Here, we expand this perspective,

reviewing recent results showing how cells instead use the process of phase separation to sense

intracellular and extracellular changes. We review case studies in phase separation-based

sensing and discuss key features, such as extraordinary sensitivity, which make the process of

phase separation ideally suited to meet a range of sensory challenges cells encounter.

2.2 Introduction

Phase separation is a process through which a single phase composed of mutually soluble

components demixes into two or more distinct phases (Fig. 1A), as with oil and water. In

biology, liquid–liquid phase separation has emerged as a means to form coherent structures

with a range of potential functions [68, 161, 11, 65]. Structures resulting from phase separation

have been given various names, including membraneless organelles or biomolecular conden-

sates, reflecting the breadth of scenarios in which they occur and the potential functions

they may fulfill. The nucleolus provides a canonical example of a membraneless organelle,

compartmentalizing key steps in ribosome production within the nucleus without membrane

boundaries. The vertebrate nucleolus displays liquid-like behaviors [43, 19], and its structure

arises in part from phase separation [43, 184].
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Figure 2.1: Distinguishing the process and the products of phase separation.
(A) Phase separation of a single-phase solution into dense (droplet) and dilute (surrounding
medium) phases. (B) Mechanisms for forming large fluid structures. This list is not exhaustive.
Some mechanisms involve pre-existing phase-separated subunits, whereas others do not
involve phase separation at all. (C) Phase boundaries represent a sharp thermodynamic
transition, making them well-suited for sensing small changes in important conditions. (D)
Efficiency and kinetics of large-state changes can differ markedly depending on implementation.
(Top) synthesis and degradation processes (e.g. by changes in mRNA or protein synthesis
and turnover) take minutes to hours and substantial energy expenditure. (Bottom) phase
separation processes (e.g. phase separation of cGAS upon binding DNA) rearrange matter in
place, allowing rapid changes on a system-wide scale in seconds, in many cases spontaneously.

Efforts to determine cellular functions for phase separation have focused primarily on

its products: the resulting condensates, their material states such as liquid or gel, and the

composition and dynamics of the cellular bodies hypothesized to form by phase separation.

In this view, phase separation is a means to generate condensates, which are the functional

entities: compartments, filters, depots, reaction vessels, factories, force generators, regulators

of cell signaling, and more [150, 63, 169, 93, 124, 35, 46, 191, 74, 168, 90, 148, 98, 18].

However, the existence of a large fluid organelle does not imply that it formed by phase
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separation or even that phase separation occurred during organelle assembly. There are many

processes by which large liquid-like structures may form: phase separation; coalescence of

smaller structures; transport processes, including those involving active transporters such

as pumps and insertases or local synthesis; permeation involving docking and regulated

transport between structures, liquefaction (melting or dissolution of a solid structure), or

other processes (Fig. 1B).

In certain cases, such as coalescence and permeation, phase separation may generate the

subunits being assembled, but the assembly process is distinct from phase separation. The

distinction is critical: the hypothesis that, for example, a membraneless organelle forms by

phase separation is biologically and physically quite distinct from the hypothesis that this

organelle forms by coalescence of phase-separated subassemblies. By analogy, imagine a child

displaying a castle she has just constructed out of stackable plastic bricks. To tell her that

the castle was formed by injection molding (the process used to make the bricks) rather than

by her painstaking assembly process would be an obvious and grave error.

The same distinctions between processes of formation and the resulting product matter

in biology. For example, lipid droplets are fluid organelles. Their constituents, lipids,

spontaneously phase-separate in the cytosol—they are literally oil in water. However, lipid

droplets do not form by such spontaneous processes; instead, they bud from the endoplasmic

reticulum. New molecules may also later be added to lipid droplets via coalescence, permeation,

and local production at the surface [189]. Lipid droplets are separate phases but do not form

by phase separation.

Each alternative formation process presents distinct features, such as kinetics, energy

requirements, and mechanisms for regulation, yet they result in the same product: in this

case, a fluid organelle. That multiple processes can result in the same product is familiar:

there are alternative recipes for the same dish, different manufacturing processes for the same

car, and different approaches to write the same document. Although some processes may

yield a subtly different outcome (a tastier dish, a more coherent letter), other alternative
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processes may differ only in their efficiency, speed, reliability, yield, cost, compactness of

encoding, and so on, resulting in effectively indistinguishable products. When alternative

processes can yield the same product, two questions arise. Are there scenarios in which

one process, such as phase separation, might be favored over alternative processes? And

are there situations in which the process may be as important, or even more important, for

biological function than the resulting product? Cellular sensing of internal and external

variables provides a set of biological scenarios where, recent work suggests, both questions

may be answered affirmatively.

In this minireview, we address why and how biological systems exploit the cooperativity

and efficiency of the process of phase separation, and phase transitions more broadly, for

cellular sensing. Phase transition refers to any transition between one phase of matter to

another, for example from liquid water to solid ice. Liquid–liquid phase separation, or phase

separation for short, specifically refers to transition of a single liquid phase to two or more

distinct liquid phases. Both phase transitions and phase separation have the shared feature

of extraordinary cooperativity that allows system-wide changes in response to small changes

in the environment and the ability to rearrange matter in place, in many cases without

energy expenditure. Cells can exploit these features for specific biological functions [145].

We review three recent case studies that exemplify this in the context of cellular sensing: 1)

poly(A)-binding protein (Pab1) in sensing thermal stress [138]; 2) Sup35 in sensing change

in intracellular pH during starvation [45]; and 3) cGMP–AMP synthase (cGAS)2 in sensing

cytosolic DNA [35]. In all three case studies, the process of phase separation plays critical

sensing roles; functions played by the product of phase separation remain either enigmatic or,

in the case of cGAS, are involved in the response pathway downstream of sensing. Before

reviewing each case study in detail, we first discuss features of phase separation in more

detail and how these features make phase separation ideally suited to solve a range of sensory

challenges.
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2.3 Phase separation in environmental sensors

To survive and thrive, all organisms must sense features of their environment and internal

state—particularly when conditions take a turn for the worse. For primordial environmental

conditions such as temperature, oxygen concentration, and nutrient availability, individual

cells in an organism retain the capacity to sense stressful changes [95, 114, 106, 25]. We

know this largely because cellular responses to such stresses are universally conserved. The

stress-induced formation of cytoplasmic clusters of RNA and protein appears to be universal

in eukaryotes [27, 40, 87, 182, 82, 67].

Temperature provides an instructive example of how small changes in a physical envi-

ronmental parameter can lead to dramatic biological consequences. How eukaryotes sense

temperature at the molecular level has remained surprisingly unclear [157]. A major challenge

is to explain how small changes on the temperature scale—such as the two or three degrees, a

mere 1% in absolute terms—are converted into dramatic system-wide changes. For example,

eggs of the red-eared slider turtle incubated at 26 ◦C produce all males, at 31 ◦C produce all

females, and at 29.2 ◦C produce an equal male/female ratio [28]. Such temperature-dependent

sex determination is common, yet the mechanism behind this extraordinary sensitivity re-

mains unknown. More prosaically but no less consequentially, the mechanism by which a few

degrees’ increase in temperature produces a thousand-fold induction of heat-shock genes also

remains incomplete [114].

In contrast, we are constantly confronted with dramatic system-wide behavior sensitive to

a fraction of a degree: the freezing of water into ice and its vaporization into steam. Melting,

freezing, vaporization, separation, and other phase boundaries (Fig. 1A) mark transitions in

which individual molecules cooperate to change their state in response to a small change in the

relevant variable, such as temperature or pH or the concentration of a ligand. Hypersensitive

behavior is expected at a phase boundary, providing a tantalizing class of potential solutions

to otherwise tricky problems in sensory biology.

Unlike the two-dimensional phase diagram shown in Fig. 1C, a phase diagram for a
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biomolecule may have multiple dimensions, each of which can be modulated to regulate

phase behavior. For example, the intracellular environment of yeast undergoes dynamic

changes when the cell encounters stress: the cellular ATP level drops [7]; the intracellular

pH drops by 0.5–1 pH unit [117, 187, 73]; the cellular volume shrinks and the intracellular

environment becomes more crowded [77]; and the cytoplasm transitions from viscous fluid

to a more glass-like state [77, 117]. These parameters—concentrations of specific mRNAs,

ATP, protons, and crowders—have been demonstrated to affect the phase boundaries of

proteins that undergo phase separation [138, 173, 126, 94, 101, 198, 31]. Post-translational

modification following stress can also trigger or modulate phase separation [169, 93, 124].

Other changes, such as production of cytoprotective metabolites like glycerol and trehalose

[16] and production of molecular chaperones, are also likely to affect the phase boundary and

contribute to the accuracy and adaptability of the sensing system through signal integration.

Understanding the phase response of proteins to both changes in concentrations of cellular

components and intensive system properties such as temperature is of great interest; some

factors, such as the volume fraction of components, are under cellular control, whereas others

are products of the environment [145]. Ultimately, these intracellular environmental changes

and resulting phase behaviors appear likely to contribute to major stress-induced functional

changes: global translational attenuation [27, 26], arrest of the cell cycle [88], and induction

of a transcriptional program.

Below, we review three specific case studies in detail. All three case studies highlight

the two properties of phase separation most relevant to sensing. First, phase separations

are highly cooperative, enabling switch-like responses to small changes (Fig. 1C). Second,

phase changes rearrange existing cellular matter without the need for creation or destruction,

raising the possibility that such processes can execute changes with less expenditure of time

and energy than processes involving synthesis and degradation (Fig. 1D). If, as in the figure,

only monomers or only demixed molecules are active, regulating activity can be achieved

in seconds, in some cases spontaneously, without any need for de novo synthesis of mRNA
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or protein molecules, which take minutes and substantial energy. Similar logic underlies

the utility of post-translational control in rapid cellular responses [160], and indeed, protein

phase separation is a mode of post-translational control. Phase separation in general, and

environmentally sensitive spontaneous phase separation in particular, may thus provide an

ideal mechanism for mounting an immediate response to an abrupt environmental insult

which, only on a longer time scale, would be accompanied by changes in transcription,

translation, and turnover.

2.3.1 Case study 1: temperature sensing by phase separation of

poly(A)-binding protein

Temperature presents a universal challenge to all living organisms, which typically inhabit a

narrow thermal range and can survive only brief excursions outside this range. All cellular

life induces production of so-called heat-shock proteins in response to a nonlethal rise in

temperature. All eukaryotes form stress granules, cytosolic clusters of RNA and protein, at

the upper extreme of survivable heat shock. Severe heat stress causes proteostasis catastrophe

and accumulation of misfolded proteins, which lead to induction of the heat-shock response

and other protein quality control processes such as endoplasmic reticulum-associated protein

degradation [27, 51, 96, 167]. Despite these well-studied responses to thermal stress, how

temperature is mechanistically sensed in eukaryotes remains largely unknown.

A study by Riback, Katanski et al. [138] revealed that poly(A)-binding protein (Pab1 in

yeast; PABPC1 in humans), a highly conserved RNA-binding protein component of stress

granules, undergoes phase separation to form a hydrogel in response to physiological thermal

stress both in vivo and in vitro (Fig. 2). In yeast, Pab1’s phase separation is tuned to

occur at the organism’s heat-shock temperature by modulatory hydrophobic residues in its

proline-rich domain. Phase separation is mediated by its RNA-binding domains, and Pab1

releases RNA during phase separation.

The ability of Pab1 to autonomously sense a mere 3% change in absolute temperature,
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Figure 2.2: Proposed functions of phase separation–based sensory systems.
The following abbreviations are used: CTD, C-terminal domain; P domain, proline-rich
domain; RRM, RNA recognition motif; N, N-terminal prion domain; M, middle domain;
DBD, DNA-binding domain; NTase core, nucleotidyltransferase domain.

from robust growth (30 ◦C/303 K) to stress (40 ◦C/313 K), makes Pab1’s phase separation

one of the most thermosensitive biomolecular processes yet found [138]. The standard way to

characterize temperature sensitivity in biology is the Q10 value, the ratio of any two biological

properties of a system at temperatures 10 ◦C apart [157]. Typical biological reactions have

Q10 values of roughly 2–3, meaning a 2–3-fold change over a 10 ◦C range [137]. In contrast,

the rate of radial growth of Pab1 phase-separated assemblies has a Q10 of 350 at 36 ◦C

[138]. Pab1’s assembly rate is smoothly graded as a function of temperature, indicating that

Pab1 senses the magnitude of thermal stress as well as its presence or absence. Pab1’s phase

separation is also highly sensitive to pH, a physiologically relevant feature because heat shock
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is accompanied by a pH drop [187], and other stresses, such as energy depletion, involve

only a pH change [117]. Interestingly, the magnitude of cytosolic acidification correlates with

the severity of heat stress [186]. Thus, Pab1 may be able to integrate both thermal and

intracellular pH information to accurately sense both the presence and magnitude of thermal

stress. Crucially, preventing Pab1’s stress-triggered phase separation compromises growth

during stress [138], indicating that phase separation is adaptive.

Although the function remains speculative, Pab1’s phase separation may regulate transla-

tion, translationally repressing heat-shock mRNAs by binding their A-rich 5 UTRs before

stress and following recovery, but derepressing these mRNAs upon releasing RNA during

stress-triggered phase separation [138]. In this mechanism, the sensitivity to temperature

and pH, which is required for sensing, is provided by the process of phase separation. Further

studies are needed to establish the function(s) of Pab1’s phase separation.

2.3.2 Case study 2: starvation sensing by phase separation of Sup35

As sessile organisms, yeast cells depend on their current environment for nutrients; when

nutrients run out, growth stops, and when nutrients become plentiful, growth must rapidly

restart. Correspondingly, cells rapidly arrest translation during starvation [157] and resume

translation during refeeding. How do cells regulate translational activities during stress? And

more broadly, how do cells sense and adapt to a changing environment?

Sup35 is a translation terminator factor in yeast and is also one of the classic yeast prions

[129, 127]. Inheritance of phenotypic variations through prions has been studied extensively

as an evolved adaptation mechanism in fungal species [177, 60, 179, 2, 49, 36]. For example,

prion formation of Sup35 leads to translation read-through, which has been hypothesized to

provide cells a means to expose hidden genetic variations, some of which might have adaptive

value [179]. Like other prions, Sup35 has a disordered, low-complexity domain enriched

in polar and aromatic amino acids [103]. This prion domain (PrD) mediates formation of

fibrillar, amyloid-like Sup35 prion conformation [54, 81], but a recent study by Franzmann et
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al. [45] uncovered its additional role in mediating phase separation of Sup35.

The PrD of Sup35 can mediate phase separation of Sup35 into nonfibrillar structures in

energy-depleted yeast cells by sensing the intracellular pH (Fig. 2) [45], which drops during

starvation and other stresses. Sup35 consists of the N-terminal PrD (N), a charged middle

domain (M), and a C-terminal GTPase domain. The GTPase domain is essential for soluble

Sup35’s function as a translation terminator. Sensing of pH is mediated by the charged M

domain; removal of the negative charges from the M domain abolishes the pH-dependent

phase behavior of Sup35. Yeast cells expressing Sup35 without NM domains recover growth

and translational activity more slowly after starvation compared with WT. Whether these

differences come from loss of phase separation or loss of another NM domain activity remains

open. In energy-depleted yeast cells, Sup35 readily dissolves upon re-addition of glucose in an

Hsp104-independent manner [45]. This pH-dependent, reversible phase separation of Sup35

is likely to provide a fast and efficient mechanism to sense energy depletion and possibly

other stresses that trigger reduction in the intracellular pH.

What is the fitness benefit of Sup35 phase separation versus prion formation? Franzmann

et al. [45] showed that a strain carrying Sup35 prions recovers more slowly from the stationary

phase compared with a strain without Sup35 prions. Are phase separation and prion formation

two distinct evolved mechanisms to sense and/or react to different forms and/or severity

of stress? Are phase separation and prion formation mutually exclusive? More studies

are necessary to address these questions and delineate distinct functions between the two

processes.

2.3.3 Case study 3: cytosolic DNA sensing by phase separation of

cGMP–AMP synthase (cGAS)

In eukaryotes, cellular DNA resides in the nucleus, and introduction of cytosolic DNA upon

microbial or viral infection or after severe genomic damage triggers the innate immune

response. The enzyme cGAS, a DNA-binding enzyme that converts GTP and ATP into
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cGAMP [170], is responsible for the detection of this aberrant cytosolic DNA. cGAMP

activates the adaptor protein STING, which induces type I interferons and other cytokines

[192].

Du and Chen [35] discovered that DNA sensing by cGAS involves phase separation. The N

terminus of cGAS is disordered and positively charged. The C terminus contains a structured

nucleotidyltransferase domain. Both termini bind indiscriminately and cooperatively to DNA.

Longer DNA, which allows more multivalent DNA–cGAS interaction than shorter DNA,

promotes cGAS phase separation better than shorter DNA. In buffer with physiological

concentrations of salt and zinc, even nanomolar concentrations of cGAS are capable of

phase-separating in response to similar concentrations of DNA. ATP and GTP partition into

cGAS droplets, and the cGAMP synthesis activity of cGAS increases upon phase separation.

Phase separation of cGAS illustrates how the process and product of phase separation

may play separate but coupled roles: phase separation provides the sensitivity and conditional

behavior, whereas the resulting compartment accelerates specific biochemical reactions. When

the cytosolic DNA concentration exceeds the critical concentration, which depends on both

the length of the cytosolic DNA and cytosolic zinc concentration, cGAS phase-separates and

sequesters the cytosolic DNA into a confined space [35]. The resultant cGAS droplet acts as

a microreactor for synthesizing cGAMP for downstream signaling.

Whether the product can be spontaneously reversed or requires additional factors is

unclear. The authors noticed that the fluorescence recovery after photobleaching (FRAP)

recovery rate of cGAS droplets decreased with increasing time, suggesting that the cGAS

droplets gradually transition into a gel-like state. Further studies on how cells regulate both

the formation and dissolution of cGAS droplets by, for example, changing cytosolic zinc

concentration or molecular chaperones are necessary.
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2.4 Direct versus indirect sensing

The case studies presented here are paradigms for sensing achieved via phase behavior, yet

they have important differences that typify the diversity of mechanisms by which phase

separation can achieve threshold detection and adaptation. Some proteins, such as Pab1 and

cGAS, may directly sense a signal (heat or DNA) and undergo a phase separation as a result.

In other cases, a molecule might undergo phase separation in response to a downstream

signal or secondary messenger; this appears to be the case for Sup35 and in some scenarios

for Pab1, in which the signal being sensed is a decrease in the intracellular pH in response to

energy depletion.

This observation opens the possibility that previous results, although not identified as

sensing by phase separation, may fall into one of these categories. For example, the RNA-

binding protein Whi3, which regulates cell-cycle progression, has been implicated in the

process in which yeast cells resume budding after nonproductive mating attempts [23]. The

authors note that Whi3 forms “super-assemblies” in such cells. Given that the protein contains

a domain known to contribute to phase separation in other systems and that a homologous

RNA-binding protein has been shown to phase-separate in vitro [198], it is plausible that Whi3

acts as a phase-separating sensor for the cellular state of unproductive mating. Notably, the

molecular chaperone Ssa1 was shown to interact with the assembled form of Whi3, providing

a plausible mechanism for resetting the sensing system (adaptation). Further research is

needed to determine whether the protein actually undergoes phase separation and, if so, what

signal directly triggers the change.

Components of a larger sensing system may display phase behavior that can confer

threshold detection indirectly. A recent study in budding yeast by Simpson-Lavy et al.

[165] may represent such a case in a glucose-sensing system. The study demonstrates that

glucose-dependent release of Std1 from its binding partner Sip1 leads to the formation of

Std1 cytoplasmic focus, which sequesters the catalytic component of AMP-activated protein

kinase (SNF1 in yeast; AMPK in human) from the nucleus to switch the mode of metabolism
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from respiration to fermentation. Std1 has an asparagine-rich disordered region, which is

both necessary and sufficient for the cytoplasmic focus formation in vivo, and displays a

relatively fast FRAP. The authors propose that, in the presence of glucose, activated Vhs1

kinase phosphorylates Sip1 to release Std1. More experiments need to be done to determine

whether Std1 forms cytosolic focus via phase separation, aggregation, or a combination of

processes described in Fig. 1B.

A similar process was also recently reported for another important stress-associated

transcription factor in yeast [69]. Snf5, a component of the SWI/SNF complex responsible

for the expression of many glucose-repressed genes, has a poly-Q stretch that the authors find

is crucial for transcriptional activation. Strikingly, although removal of the domain represses

transcriptional output, replacement of the domain with an exogenous domain that aggregates

in a pH-sensitive manner partially rescues this phenotype. The authors note that the poly-Q

stretch is in close proximity to several histidines, and it may act as a pH-sensor that responds

to starvation-associated acidification. However, more in vitro data are needed to determine

whether the protein or complex truly undergoes phase separation in a pH-dependent fashion.

Finally, we have proposed that temperature and pH sensing may be carried out by

proteins having phase diagrams like Pab1, with state changes depending on both variables,

for induction of the transcriptional response regulated by heat-shock factor 1 (Hsf1) [138].

Hsf1 is constitutively bound by molecular chaperones, and stress produces as-yet-unidentified

molecular species (speculated to be unfolded proteins), which titrate away these chaperones,

activating Hsf1. Phase-separating proteins, such as Pab1, can substitute for unfolded proteins

in this model, potentially linking phase separation to transcriptional induction. Sensing of

pH would, as above, represent indirect sensing of stresses that compromise ATP production,

membrane integrity, or other aspects of pH homeostasis.
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2.5 Autonomous versus facilitated reversal

Many studies of conditional phase separation have focused on whether the process is reversible,

generally in the context of returning the environment to its initial state and asking whether

demixed molecules disperse. Although this is, of course, a point of curiosity, reversibility has

deeper significance in regulation, taking on a different meaning if dispersal is spontaneous or,

alternatively, if it depends on factors that are induced by the conditional signal.

Some phase-separated structures, like Sup35, are autonomously dispersed when the signal

returns below the threshold. Others, like Pab1, require molecular chaperones for facilitated

dispersal [27]. The type of stress can also dictate whether a protein phase-separates into a

spontaneously reversible structure as illustrated by poly(U)-binding (Pub1); heat-induced

Pub1 droplets require Hsp104, whereas pH-induced Pub1 droplets spontaneously dissolve upon

reversing pH [89]. What are the benefits and costs of autonomous versus facilitated reversal?

One benefit of autonomous reversal may be that a cell can immediately resume growth

when the environment returns to favorable conditions, such as with nutrient withdrawal and

replenishment. Interestingly, a list of metabolic enzymes has been reported to form reversible

cytoplasmic foci or filaments upon stress [119, 131, 12, 100, 76], and at least some of these

metabolic enzymes have been shown to undergo autonomous reversal [12, 100]. Reversal

indicates (senses) that the stress is over.

In contrast, facilitated reversal by signal-induced factors may be useful for programming

a timed or graded response. In the case of chaperones induced by stress, the dispersal of

Pab1, Pub1, and other such proteins reveals that the cell has obtained sufficient free levels of

chaperones to effect dispersal. In other words, facilitated reversal indicates the completion of

the stress response rather than the end of the stress.
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2.6 Nucleation and growth versus spinodal decomposition

processes

Phase separation can occur by two mechanisms: nucleation and growth and by spinodal

decomposition [38]. In nucleation and growth, an energetically unfavorable nucleation step

must be first accomplished, followed by spontaneous growth of the dense phase of nuclei

that have formed. In spinodal decomposition, the nucleation step is itself spontaneous,

such that nuclei appear throughout the solution, and the entire system spontaneously and

simultaneously separates. Pab1 shows clear signs of being in the nucleation and growth

regime under physiological conditions, preferentially forming new assemblies on top of existing

assemblies [138]. Nucleation and growth offer biological systems the opportunity to regulate

each step separately and to control the location where phase-separated structures form by

controlling the location of nucleus formation. By contrast, spinodal decomposition might

help ensure a synchronized, system-wide switch as soon as a biological condition is reached.

These alternative processes of phase separation itself thus open possibilities for alternative

biological control mechanisms.

2.7 Concluding remarks

Given the universal need for sensing in biology, we expect sensory phase separation to

be exploited widely. Although our case studies are eukaryotic, a few examples of phase

separation in bacteria have been reported recently [1, 113]. The field is wide open and filled

with opportunities to discover more examples of sensory phase separation in different cell

types and in different contexts, to dissect out the underlying molecular mechanism of sensory

phase separation, to investigate how multiple sensory inputs are simultaneously integrated

or processed separately, and to illuminate the costs and benefits of these molecular sensory

strategies.

We end by emphasizing that the process of phase separation itself has features distinct
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Figure 2.3: Distinct features of the process and the products of phase separation.
Both may carry out functions, and specific functions (such as sensing, signal transduction,
and isolation of events in time) may rely mainly on features of the process, whereas other
specific functions (such as colocalization, filtration, and isolation in space) depend primarily
on the products.

from its products that make it uniquely well-suited to certain biological functions (Fig. 3).

A prominent body of existing work on the products of phase separation exists, such as the

nucleolus where key steps in ribosome assembly are compartmentalized [43, 19], the pyrenoid

where CO2-fixing enzymes are defended by colocalized radical scavengers [46], and the nuclear

pore where selective transport (filtration) regulates access to and from the nucleus [154, 155].

As in the case studies highlighted here, we anticipate many more studies uncovering functional

roles exploiting the unusual sensitivity, efficiency, kinetics, and other temporal features that

characterize the process of phase separation.
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CHAPTER 3

CHAPERONES DIRECTLY AND EFFICIENTLY DISPERSE

STRESS-TRIGGERED BIOMOLECULAR CONDENSATES

This chapter was published as: Yoo et al. 2021. [195]

3.1 Abstract

Stresses such as heat shock trigger formation of protein aggregates and induction of a disag-

gregation system composed of molecular chaperones. Recent work reveals that several cases of

apparent heat-induced aggregation, long thought to be the result of toxic misfolding, instead

reflect evolved, adaptive biomolecular condensation, with chaperone activity contributing to

condensate regulation. Here I show that the yeast disaggregation system directly disperses

heat-induced biomolecular condensates of endogenous poly(A)-binding protein (Pab1) orders

of magnitude more rapidly than aggregates of the most commonly used misfolded model

substrate, firefly luciferase. Beyond its efficiency, heat-induced condensate dispersal differs

from heat-induced aggregate dispersal in its molecular requirements and mechanistic behavior.

This work establishes a bona fide endogenous heat-induced substrate for long-studied heat

shock proteins, rigorously isolates a specific example of chaperone regulation of condensates,

and underscores needed expansion of the proteotoxic interpretation of the heat shock response

to encompass adaptive, chaperone-mediated regulation.

3.2 Introduction

In all cellular life, a sudden increase in temperature—heat shock—causes formation of

intracellular aggregates and production of heat shock proteins, many of which act as molecular

chaperones [125]. An early and long-standing interpretation of these observations, which

follow a wide range of so-called “proteotoxic stresses” is that molecular chaperones are
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produced to protect cells from the toxic effects of stress-induced misfolded proteins and their

aggregates [95, 116, 181].

Supporting this view, the molecular disaggregation system, which includes molecular

chaperones Hsp100, Hsp70, and Hsp40, has been demonstrated to disperse aggregates of

model substrates such as heat-misfolded firefly luciferase and restore their function in vitro

[53, 55]. Decades of biochemical studies on these model substrates have uncovered the general

mechanism of disaggregation as follows (reviewed in detail by [112]): First, J-domain proteins

such as Hsp40 target Hsp70 to specific substrates while simultaneously stimulating Hsp70’s

ATPase activity [91, 99, 75, 41]. Second, substrate-bound Hsp70 recruits and de-represses

the AAA+ disaggregase Hsp100 [142, 21, 159, 61]. Third, Hsp100 threads substrate delivered

by Hsp70 through its central channel to extract the substrate from aggregates [62, 50, 9].

Lastly, the threaded substrate is released from Hsp100 and undergoes either spontaneous or

Hsp70/40-assisted folding to regain its native structure [70].

A surprising and universal feature of biochemical studies of model misfolded substrate

dispersal has been the use of—and in the case of Hsp70, a requirement for—substantial

excesses of molecular chaperones over their substrates to achieve only limited dispersal. This

is unlike a typical enzymatic reaction, although Hsp70 and Hsp104 are well-characterized

enzymes and no chaperones are consumed during the disaggregation reaction.

An important possibility is that model substrates are not fully accurate models of

endogenous substrates—and remarkably, the endogenous heat-induced substrates of the

disaggregation system have largely eluded biochemical study. Alongside nascent polypeptides

and prion fibers [163, 71], heat-induced aggregates of misfolded mature proteins are considered

major substrates of the disaggregation system. However, no endogenous mature protein

has yet been identified to misfold in response to physiological heat shock in eukaryotes. As

a consequence, a central element in our understanding of the heat shock response—that

molecular chaperones directly engage and disperse endogenous aggregates induced by heat

shock—has remained untested. A corollary is that the degree to which model thermolabile
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proteins, such as luciferase, accurately model endogenous aggregating proteins has been

difficult to assess.

Recent work suggests that the proteotoxicity model, and the view that heat shock induces

widespread protein misfolding, must be expanded. A proteome-wide study in budding yeast

showed that a specific set of mature proteins form fully reversible aggregates in response

to sublethal heat shock [182]. Closer inspection revealed that several cases of this apparent

aggregation reflect evolved, adaptive biomolecular condensation [138, 72]. For example,

physiological heat shock temperature and pH changes cause poly(A)-binding protein (Pab1),

an abundant and broadly conserved eukaryotic RNA-binding protein, to phase separate

and form gel-like condensates in vitro [138]. Suppressing Pab1 condensation reduces cell

fitness during prolonged heat stress, indicating that condensation is adaptive [138]. Similarly,

heat-induced phase separation of translation initiation factor and DEAD-box helicase Ded1

confers an adaptive benefit to cells by promoting translational switch from housekeeping to

stress-induced transcripts [72]. As illustrated by these studies, heat-induced biomolecular

condensates of endogenous, mature proteins appear to be fundamentally different from

misfolded protein aggregates in both mechanism of formation and, most importantly, fitness

consequences.

Here we will use the term biomolecular condensates to refer to endogenous membraneless

structures of concentrated biomolecules [11] regardless of the condensation mechanism,

reserving the term phase separation for cases where it has been shown. We use the term

aggregates to refer to amorphous clumps of misfolded proteins, which are commonly deleterious

to cells,[51] and which differ from endogenous condensates whose fitness consequences are

adaptive in several cases.

Substantial in vivo evidence indicates that endogenous heat-induced condensates in-

teract with the disaggregation system. All members of the yeast disaggregation system

(Hsp104/Hsp70/Hsp40) co-localize with stress granules, which contain both Pab1 and Ded1

[27, 183, 88, 89]. Deletion or inhibition of any member of the system, or the Hsp70 nucleotide
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exchange factor (NEF) Hsp110 (Sse1/2), delays dissolution of stress granules during stress

recovery [27, 183, 88, 89]. Interestingly, dispersal of endogenous stress granules precedes

dispersal of exogenously expressed misfolded protein aggregates [27, 88] and only the former

correlates with the resumption of translation activity and the cell cycle [27, 89].

We and others have hypothesized that heat-induced biomolecular condensates are major

endogenous substrates of molecular chaperones [182, 138, 89, 196, 176, 13, 166]. However, the

questions of whether molecular chaperones directly engage heat-induced biomolecular con-

densates, and whether and how functional engagement differs between adaptive condensates

and aggregates of model misfolded substrates, have remained unanswered.

Here, we address these major open questions by reconstituting in vitro the dispersal of

heat-induced Pab1 condensates by their cognate disaggregation system. We use independent

methods to demonstrate that Hsp104, Hsp70, and the type II Hsp40 Sis1 are necessary

and sufficient for complete dispersal of Pab1 condensates back to functional monomers.

Comparative studies of Pab1 condensates and aggregates of misfolded luciferase reveal four

key differences. First, and most strikingly, chaperones which show slow and incomplete

dispersal of luciferase aggregates disperse Pab1 condensates rapidly and completely. Second,

unlike luciferase [22], Pab1 does not require co-condensation with small heat shock protein

Hsp26 for subsequent efficient dispersal. Third, unlike luciferase for which type I (Ydj1) and

type II (Sis1) Hsp40 show synergistic activity [121, 122], Pab1 condensate dispersal depends

only on Sis1 and is antagonized by Ydj1. Fourth, we show that unlike luciferase, Pab1 is

only partially threaded by Hsp104 and readily regains its function upon dispersal.

Finally, we investigate the dispersal system’s puzzling dependence on excess Hsp70

for optimal activity, which we find also applies to Pab1 condensate dispersal. Combining

biochemical experiments with modeling, we show that the required presence of multiple, closely-

spaced Hsp70s for Hsp104 recruitment and activation suffices to render the disaggregation

system sensitive to the relative Hsp70 level.

Our results establish heat-induced biomolecular condensates of Pab1 as direct endogenous

24



substrates of the disaggregation system, and reveal that many important conclusions drawn

from studying aggregates of “model” misfolded proteins do not generalize to endogenous

condensates. Whether the remarkable efficiency of Pab1 dispersal is itself a general feature of

native substrates remains to be seen. Further study of how chaperones engage with adaptive,

endogenous substrates, and how this engagement differs from foreign or proteotoxic substrates,

appears likely to yield substantial new insights into the mechanistic features and biological

roles of this ancient molecular system.

3.3 Results

3.3.1 Heat shock causes Pab1 condensation, which is not spontaneously

reversible

In budding yeast, Pab1 forms RNase-resistant, sedimentable condensates after physiological

heat shock [182, 138]. Condensates of mature, endogenous proteins disperse to their pre-stress

soluble form within an hour, without degradation, as cells recover at 30◦C [182, 27].

Consistent with previous results, 20 minutes of heat shock at 42◦C caused a roughly

five-fold increase in the proportion of large sedimentable Pab1 compared to the pre-shock

level (Figure 3.1A-C). This fraction decreased as the cells recovered at 30◦C and reached

the pre-shock level by 60 minutes. RNase treatment to release sedimentable species formed

by RNA-protein interaction decreased the fraction of Pab1 sedimented at 100,000 g spin,

but did not change the fraction of Pab1 sedimented at 8,000 g spin (Figure 3.1B), as

previously reported [138]. These results confirm that under these conditions Pab1 rapidly

forms RNase-resistant assemblies which persist upon return to pre-shock temperatures in

vivo.

To reconstitute Pab1 condensates in vitro, we treated purified Pab1 at 42◦C for 20

minutes in a physiological buffer at pH 6.8, which is about the measured pH of budding yeast

cytoplasm during the same heat shock [176] (Figure 3.1D). We examined the size distribution
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Figure 3.1: Heat shock causes Pab1 condensation, which is not spontaneously
reversible.
(A) Western blot against Pab1 isolated from yeast cells before and after 20 minutes of heat
shock at 42◦C, and during post-stress recovery at 30◦C. Cell lysates were incubated with or
without RNase If and centrifuged at 8,000 g and 100,000 g to separate the supernatant (S)
from the pellet (P8 and P100). (B) Quantification of (A). Red and black colors correspond to
the RNase- or mock-treated sample, respectively. (C) Relative change in the fraction of large
sedimentable Pab1 (P8) after heat shock and during recovery compared to pre-shock level. (D)
Schematic description of in vitro Pab1 condensate purification process and the representative
SEC traces for untreated and heat shocked Pab1. Only the heat shocked sample contains Pab1
condensates, which elute in the void volume shaded in gray. (E) Fluorescence anisotropy of 5’
labeled 19-mer poly(A) RNA (A19) in the absence or presence of Pab1. Pab1 condensates
have substantially reduced RNA binding capacity than the equimolar amount of monomeric
Pab1. No spontaneous reversal of Pab1 condensates was observed at physiological recovery
condition (pH 7.3 buffer at 30◦C).

of Pab1 in the soluble fraction using size exclusion chromatography (SEC) and saw a clear

division of Pab1 into two peaks: one peak corresponding to Pab1 monomers and another peak

in the void volume corresponding to Pab1 condensates larger than 5,000 kDa (Figure 3.1D).

About 30% of total recombinant Pab1 shifted to the void peak after heat shock, consistent

with about 25% of total cellular Pab1 sedimented at 8,000 g spin (Figure 3.1B). Because a

previous study indicated that misfolded proteins can nucleate stress granule formation in
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vivo [88], we tested whether heat shocking Pab1 in the presence of firefly luciferase increases

the condensation yield. Indeed, we found that heat shocking Pab1 in the presence of 100-fold

lower amount of thermolabile firefly luciferase, but not thermostable BSA, increased the

condensation yield to about 50% (Figure 3.8A-C).

Condensation requires Pab1’s folded RNA recognition motifs (RRMs) and excess RNA

inhibits Pab1 condensation in vitro [138], suggesting a competition between Pab1’s condensa-

tion and RNA-binding activity. Consistent with this, heat shock reduces the association of

Pab1 with RNA in vivo [20]. We measured the RNA-binding capacity of Pab1 condensates

isolated from SEC using fluorescence anisotropy. For 1:1 binding of Pab1 to RNA, we made

19-mer poly(A) RNA (A19) and labeled the 5’ end of the RNA with fluorescein. Indeed,

Pab1 condensates showed significantly reduced RNA binding activity compared to monomers

(Figure 3.1E).

As expected, unlike Pab1 condensates formed in vivo, Pab1 condensates formed in vitro

remained stable and RNA-binding incompetent even after dilution into pH 7.3 buffer at

30◦C (Figure 3.1E), consistent with a requirement for cellular disaggregation machinery

as repeatedly indirectly demonstrated. Thus, we next investigated whether the reversal of

Pab1 condensates to RNA-binding monomers depends on direct engagement the molecular

disaggregation system.

3.3.2 Hsp104, Hsp70, and type II Hsp40 are necessary and sufficient for

complete dispersal of Pab1 condensates in vitro

To monitor the dispersal Pab1 condensates into functional monomers, we developed a

fluorescence anisotropy-based assay in which the increase in fluorescence anisotropy of labeled

A19 RNA indicates RNA binding by Pab1 (Figure 3.2A). We mixed Pab1 condensates and

labeled A19 with molecular chaperones Hsp104, Ssa2 (Hsp70), Ydj1 and Sis1 (type I and II

Hsp40, respectively), and Sse1 (Hsp110). In the absence of ATP, no change in fluorescence

anisotropy was observed. In contrast, in the presence of 5 mM ATP, fluorescence anisotropy
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quickly increased and reached a plateau after about 5 minutes, marking the completion of

Pab1 dispersal (Figure 3.2A).

Figure 3.2: Hsp104, Hsp70, and Sis1 are necessary and sufficient for complete
dispersal of Pab1 condensates in vitro.
(A) Schematic representation of Pab1 condensate, labeled A19 RNA, and molecular chaperones
used in the fluorescence anisotropy assay. Solid line is the fit of experimental data points to
the logistic equation. (B) Time-resolved fluorescence anisotropy of A19 in the presence of
Pab1 condensates and a specific set of molecular chaperones. All chaperones shown in (A)
except the component specified at the top of each column were included in the experiments
shown in the top row. The same experiment repeated in the absence of Sse1 is shown in the
bottom row. Fitted data points from two independent experiments are shown. Merged data
points and a solid line fitted to the merged data are shown. (C) Western blot of Pab1 after
sedimentation. Total protein image of the corresponding lanes is shown as a loading control
at the bottom. CK stands for creatine kinase. Asterisk indicates unknown contaminant.
(D) Quantification of Pab1 sedimentation results. (E) Fluorescence-detection SEC (FSEC)
profiles of Pab1-Clover. The dashed lines mark the peaks corresponding to Pab1-Clover
condensates (7.3 mL), RNA-bound Pab1-Clover monomers (13 mL), and free monomers (16
mL).

We next tested which set of molecular chaperones are necessary and sufficient for complete

Pab1 dispersal in vitro by removing one component of the chaperone mix at a time and

monitoring the effect on Pab1 dispersal (Figure 3.2B). We used excess molecular chaperones
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except Sse1, which becomes inhibitory when present in excess [79], to help ensure even

weak disaggregation activity would be detected. Condensate dispersal in the absence of Sse1

absolutely required ATP, Ssa2, Sis1, and Hsp104 (Figure 3.2B; bottom). When Sse1 was

present, removal of Hsp104 led to a much slower and incomplete dispersal of Pab1 (Figure

3.2B; top). This is consistent with the weak disaggregation activity of Hsp110/70/40 observed

against amorphous aggregates and amyloid fibrils [162]. Sse1 and Ydj1 were dispensable

in the presence of Hsp104, Ssa2, and Sis1 for both condensates formed in the absence or

presence of luciferase (Figure 3.8D).

The same chaperone requirement pattern was observed when we repeated the assay with

Ssa1 and Ssa4, which are respectively the constitutively expressed and heat-inducible paralogs

of Ssa2 (Figure 3.10 and Figure 3.9A-C). The overall dispersal rate was slower with Ssa4

than with Ssa2, which is consistent with the weaker activity of stress-inducible human Hsp70

observed against amyloid fibrils [48, 156].

We verified our fluorescence anisotropy results using two additional independent methods.

First, we examined solubilization of Pab1 using sedimentation. About half of Pab1 condensates

isolated from SEC remained in the supernatant after 100,000 g spin in the absence of

chaperones, suggesting some condensates are too small to be pelleted (Figure 3.2C and

3.2D). Incubating Pab1 condensates with the minimal disaggregation system (Hsp104, Ssa2,

Sis1) completely solubilized Pab1. In contrast, Pab1 solubility remained unchanged from

background levels when the condensates were incubated with an incomplete disaggregation

system.

Next, we prepared Pab1-Clover condensates and examined their size distribution by

fluorescence-detection SEC (FSEC). Pab1-Clover condensates remained stable when incubated

for an hour at 30◦C in the absence of any molecular chaperones or in the presence of

an incomplete disaggregation system (Figure 3.2E). After incubation with the minimal

complete disaggregation system, however, the condensate peak disappeared and a new

peak corresponding to RNA-bound Pab1-Clover appeared. A similar experiment performed
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with unlabeled Pab1 using SEC and western blot confirmed that small Pab1 condensates

remain stable and are reversed back to monomers only upon incubation with the complete

disaggregation system (Figure 3.10B-C).

In summary, the results from three independent methods consistently indicate that Hsp104,

Hsp70, and type II Hsp40 Sis1 are necessary and sufficient for complete dispersal of Pab1

condensates in vitro. These results are consistent with the in vivo observations that deletion

or inhibition of Hsp104, Hsp70, or Hsp40 delays dispersal of Pab1 condensates [27] and of

stress granules marked by Pab1 [27, 183, 88, 89].

Pab1 condensates and misfolded protein aggregates exhibit different chaperone

dependence for dispersal

The mechanism of substrate dispersal by the disaggregation system has been extensively

studied using non-native model substrates. The most commonly used model substrate is firefly

luciferase, which readily misfolds in vitro at elevated temperatures and whose light-producing

enzymatic activity can be easily and accurately measured as a readout for the extent of

protein refolding. Therefore, we used luciferase as a benchmark heat-misfolded substrate

and studied how Pab1 dispersal differs from luciferase disaggregation. We first focused on

two chaperone-related features of luciferase disaggregation which we could recapitulate: 1)

dependence on co-aggregation with excess Hsp26 for more efficient disaggregation [22] and

2) synergistic disaggregation in the presence of both type I and II Hsp40s, Ydj1 and Sis1

(Figure 3.3B) [121, 122].

Heat-induced aggregation of luciferase in the presence of five-fold excess Hsp26 facilitated

subsequent disaggregation and reactivation of luciferase (Figure 3.3A) as previously reported

[22]. To investigate the effect of Hsp26 on Pab1, we subjected Pab1 to a more severe heat

shock condition (46◦C for 20 minutes at pH 6.4) in the absence or presence of increasing

concentrations of Hsp26. Hsp26 suppressed Pab1 condensation and sedimentation in a

concentration-dependent manner (Figure 3.11A-B). Dynamic light scattering (DLS) also
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revealed that Hsp26 suppresses nucleation of Pab1 (Figure 3.11C-D). Thus, unlike luciferase

which readily co-aggregates with Hsp26 under physiological heat shock conditions, Pab1

condensation is suppressed by Hsp26. Most importantly, unlike luciferase aggregates, Pab1

condensates formed in the absence of Hsp26 are rapidly and completely dispersed by the

disaggregation system (Figure 3.2).

We next investigated whether Pab1 dispersal is accelerated in the presence of both Ydj1

and Sis1, as with luciferase. Ydj1 is a type I Hsp40 which has an highly conserved N-

terminal J domain followed by G/F-rich region, zinc-finger domain, C-terminal domains, and

a dimerization domain [80]. Type II Sis1 largely resembles the architecture of Ydj1 but lacks

the zinc-finger domain. To quantify the maximal rate of dispersal in the presence of either

or both types of Hsp40s, we converted the fluorescence anisotropy to Pab1 concentration

using a calibration curve (Figure 3.11E and Eq. 3.3) and extracted the rate (Eqs. 3.4 and

3.5). The rate of dispersal did not improve when both Sis1 and Ydj1 were added to Pab1

condensates compared to when only Sis1 was added (Figure 3.3B-C). Instead, Ydj1 slightly

inhibited Pab1 dispersal in a concentration-dependent manner (Figure 3.3D and 3.3E). These

results indicate that, unlike luciferase aggregates for which Sis1 and Ydj1 show synergistic

activity, Sis1 and Yd1j show antagonistic activity for Pab1 condensates.

3.3.3 The disaggregation system restores Pab1 condensates far more

efficiently than misfolded protein aggregates

The poor activity of the disaggregation system against aggregates of model substrates has

been observed since the first biochemical reconstitution of the system [53, 55]. Even with

co-aggregation with 5-fold excess Hsp26, less than half of luciferase activity is regained after

a two-hour incubation with 37.5-fold excess Hsp104 and Ssa2 (Figure 3.3B). Indeed, the

standard in vitro disaggregation protocol requires the use of 10- to 100-fold excess molecular

chaperones over substrates to obtain moderate to good yield (Figure 3.6C). We found

that when sub-stoichiometric concentration of Hsp104 (0.5×) and closer to stoichiometric

31



Figure 3.3: Pab1 condensates and misfolded protein aggregates exhibit different
chaperone dependence for dispersal.
(A) Fraction of functional luciferase after a two-hour incubation of luciferase aggregates (0.2
µM) with Hsp104 (0.1 µM; 0.5x), Ssa2 (1 µM; 5x), and Hsp40 (0.5 µM total; 2.5x). Luciferase
was aggregated either in the absence or presence of 5-fold excess Hsp26. (B) Reactivation of
20 nM aggregated luciferase in the presence of excess Hsp104 (0.75 µM; 37.5x), Ssa2 (0.75
µM; 37.5x) and Sis1 (0.25 µM; 12.5x). Either Sis1 (black), Ydj1 (orange), or both (blue) were
used as co-chaperones. Mean and standard deviation were calculated from two independent
experiments with duplicates in each experiment. (C) Pab1 dispersal using either Sis1 (black)
or a combination of Sis1 and Ydj1 (blue) as co-chaperones. (D) Titration of either Sis1 (left;
gradients of black) or Ydj1 (right; gradients of orange) to reactions containing 0.2 µM Pab1
condensates, 0.05 µM Hsp104, 0.5 µM Ssa2, and 0.25 µM Sis1. The amount of additional
Hsp40 added was 0.25, 0.5, 1, and 2 µM. (E) The average maximal rate of dispersal and
standard deviations quantified from three independent titration experiments, one of which
is shown in (D). (F) Restoration of 0.2 µM of Pab1 or luciferase by 0.1 µM Hsp104 (0.5x),
1 µM Ssa2 (5x), and 0.5 µM Sis1 (2.5x). The inset shows zoomed-in refolding kinetics of
luciferase over three hours.

concentrations of Ssa2 (5×) and Sis1 (2.5×) are used, Pab1 dispersal still completes within 20

minutes while less than 1% of luciferase is reactivated after an hour (Figure 3.3F). The heat
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shock condition used to prepare Pab1 condensates and luciferase aggregates was identical

except for the initial concentration (2 µM luciferase in the presence of five-fold excess Hsp26

versus 25 µM Pab1).

What causes this large difference in restoration efficiency between Pab1 and luciferase?

To gain insight into the potential sources of this discrepancy, we turned to computational

kinetic modeling.

3.3.4 Higher disaggregation rate and partition coefficient lead to more

efficient substrate restoration in silico

Pab1 condensation requires the folded RRMs, and condensation involves only minor unfolding

of secondary structures [138]. We hypothesized that separation of specific RRM interactions

and subsequent folding of the re-solvated Pab1 into native structure may be more efficient

compared to the restoration of luciferase aggregates. To test this hypothesis within our

model, we synthesized existing simulation studies [132, 30, 120, 194, 56, 8, 188] to build

what we call a cooperative model of the disaggregation system (Figure 3.4A and 3.12A).

The cooperative model captures the current model of Hsp104 regulation by Hsp70, in which

binding of more than one Hsp70 is required to activate Hsp104 [159, 21]. Many of the rate

parameters involved, especially in the refolding step, have been measured using bacterial

chaperones and model substrates or peptides (Table 3.1). We assumed that these parameters

are generally consistent in the eukaryotic system, and that the same model architecture can

be used for both luciferase and Pab1. For details of this ordinary differential equation model,

see Methods.

We examined how varying each of the following parameters affected the substrate restora-

tion yield: 1) rate of disaggregation by Hsp104, 2) efficiency of the released substrate from

regaining its native structure, which we define as the partition coefficient, and 3) substrate

affinity for Hsp70. Modulation of each parameter over 1-2 orders of magnitude substantially

affected the restoration yield, measured from 0 to 1 (Figure 3.4B, D, E). A large difference in

33



Figure 3.4: Higher disaggregation rate and folding partition coefficient lead to
more efficient substrate restoration in silico.
(A) Cooperative model of the disaggregation system. For more details, see Methods and
Figure 3.12. (B) Summary of model output in terms of fraction substrate restored as a
function of partition coefficient. Dashed lines indicate the partition coefficient used to
simulate Pab1 (black) and luciferase (light blue) results in (C). For all simulation experiments
in this figure, fraction restored at 2 hours is shown. The starting simulation condition was 0.2
µM substrate, 0.1 µM Hsp104, and 1 µM Hsp70. (C) Simulated substrate dispersal kinetics
with either high (black) or low (light blue) partition coefficients. Simulation results (solid
line) are overlaid on top of Pab1 and luciferase experimental data from Figure 3.3F. (D)
Simulated fraction substrate restored as a function of disaggregation rate. (E) Simulated
fraction substrate restored as a function of Hsp70(ATP) substrate affinity. Dashed lines in
(D) and (E) indicate the default value used in the simulation experiments.
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partition coefficient alone reproduced the Pab1 and luciferase dispersal data (Figure 3.4C).

The simulation also revealed Hsp70 affinity as a potential factor which can contribute to the

observed difference in dispersal efficiency.

Because Hsp104 is associated with both the disaggregation rate and the partition coefficient

of a substrate, e.g., through complete threading vs. partial threading of a substrate, we decided

to investigate experimentally and compare how Hsp104 engages with Pab1 condensates and

luciferase aggregates.

3.3.5 Pab1 is partially threaded by Hsp104

Substrate threading through the central channel of Hsp104 is a common mechanism for

protein disaggregation [174]. Complete threading requires complete substrate unfolding. To

probe the folding state of Pab1 and luciferase during their release from Hsp104, we used

a mutated version of a bacterial chaperonin, GroEL, which traps unfolded protein [185]

(Figure 3.5A). We verified that this GroEL variant traps unfolded luciferase released during

disaggregation and prevents folding (Figure 3.5B).

We then tested whether Pab1 becomes unfolded during dispersal by dispersing Pab1∆P

in the presence of excess GroEL trap. We used Pab1∆P (55 kDa) because most GroEL

substrates are known to have molecular weight less than 60 kDa [66] and full-length Pab1

(64 kDa) exceeds that limit. Pab1∆P lacks the disordered P domain but retains the ability

to phase separate [138]. Pab1∆P condensates were readily dispersed by the disaggregation

system, indicating that the P domain is dispensable for the condensate’s engagement with

chaperones (Figure 3.5C). The rate of dispersal was almost identical for Pab1∆P dispersed

in the absence or presence of GroEL trap. However, when we chemically denatured both

full-length Pab1 and Pab1∆P in 8 M urea and refolded the proteins in buffer containing no

or 10-fold excess GroEL trap, both constructs refolded to the same level regardless of the

presence of GroEL trap (Figure 3.5D). This indicated to us that GroEL trap is unable to

engage with fully unfolded Pab1 and thus not applicable to investigating the folding state of
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Pab1.

Figure 3.5: Pab1 is partially threaded by Hsp104.
(A) Schematic description of GroEL trap system. (B) Luciferase disaggregation in the absence
or presence of 5-fold excess GroEL trap. Mean and standard deviation were calculated
from three independent experiments. (C) Pab1∆P dispersal in the absence or presence
of 5-fold excess GroEL trap. Solid lines represent smoothed data from a representative
experiment. The decrease in the signal in the presence of GroEL trap after 10 min is due
to RNA degradation. (D) Refolding of urea-denatured Pab1 (black) and Pab1∆P (gray) in
buffer containing no or 10-fold excess GroEL trap. (E) Schematic description of HAP/ClpP
system. (F) Chemically aggregated luciferase were incubated with the indicated components
and the extent of luciferase degradation was visualized by western blot.
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To circumvent the limitation of the GroEL trap, we turned to the HAP/ClpP system

[174]. HAP (Hsp104-ClpA-P loop) is an engineered Hsp104 that interacts with the bacterial

peptidase ClpP to form a proteolytic system (Figure 3.5E). HAP behaved like wild type

Hsp104 and quickly degraded luciferase in the presence of ClpP (Figure 3.5F-G), consistent

with a previous report that luciferase is fully threaded and degraded by HAP/ClpP [62].

HAP also behaved like wild type Hsp104 during Pab1 dispersal (Figure 3.13A-B).

If complete threading of Pab1 were required for condensate dispersal, we would expect

to see complete degradation of Pab1 by HAP/ClpP. We made condensates using Pab1-

fluorescein-ssrA and examined the degradation pattern after dispersal using SDS-PAGE

(Figure 3.5H and Figure 3.13C-D) and FSEC (Figure 3.5K). A mixed group of full-length and

degraded Pab1 populations were observed after dispersal. The appearance of full-length Pab1

monomers suggested partial translocation of Pab1 by HAP and release before Pab1 enters

the proteolytic chamber of ClpP (Figure 3.5I and Figure 3.5K). We confirmed that ClpP

can degrade Pab1 using ClpX, which recognizes the ssrA degradation tag and unfolds the

substrate for ClpP (Figure 3.5H and Figure 3.5J). Specific degradation fragments appeared

upon incubation of HAP/ClpP and chaperones with Pab1 condensates, but also to a lesser

extent with Pab1 monomers, suggesting a basal level of interaction between Pab1 and

HAP/ClpP (Figure 3.5H). Similar C-terminal fragments containing a part of the P domain

and the C-terminal domain of Pab1 appeared for Pab1-Clover and Pab1-fluorescein without

the ssrA tag (3.11E and Figure 3.11H). However, much less full-length monomer appeared

for Pab1-Clover than Pab1-fluorescein-ssrA (Figure 3.13F), suggesting that a fluorescent

label can affect the processing by HAP/ClpP. We also examined the N-terminal fragments

using fluorescein-Pab1 and saw appearance of both large fragments of the RRMs and small

peptides (Figure 3.13G). HAP/ClpP fails to completely disperse condensates of Pab1-Clover

(Figure 3.13F), which limited our ability to quantify the fraction of Pab1 released without

cleavage for these constructs.

Together, these results show that, unlike luciferase which requires complete threading
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and unfolding by HAP for disaggregation, partial threading of Pab1 still leads to condensate

dispersal. This is consistent with the partial threading mechanism proposed for proteins

with a mixture of misfolded and folded domains [62, 171] and the lack of major secondary

structure changes in Pab1 at condensation temperature [138]. However, we cannot rule out

the possibility that wild type Hsp104 processes unlabeled Pab1 differently from what we

observed with HAP and labeled Pab1 constructs.

3.3.6 Cooperative binding of Hsp70 targets condensates for dispersal

How does the disaggregation system recognize Pab1 condensates? To address this question,

we first performed a series of fluorescence anisotropy Pab1 dispersal assays with varying

chaperone concentrations and quantified the maximal rate of dispersal (Figure 3.6A and

3.6B). Pab1 condensate dispersal was most robust to the Hsp104 concentration, showing

half-maximal dispersal rate at 1:10 Hsp104:Pab1 ratio. Excess Sse1 was inhibitory and Sse1

worked most optimally at sub-stoichiometric level, consistent with previous observations

[79, 188]. Pab1 condensate dispersal was most sensitive to the concentrations of Sis1 and

Ssa2. In particular, the rate of dispersal plummeted as the Ssa2 concentration approached

the stoichiometric level (Figure 3.6A).

Indeed, the disaggregation system’s dependence on super-stoichiometric Hsp70 for optimal

activity has been a long-standing puzzle. Earlier studies investigating this problem with

a reconstituted bacterial disaggregation system found that DnaK (bacterial Hsp70) has

to be present in excess for maximal disaggregation yield [55, 14]. We surveyed in vitro

disaggregation studies in the literature and found that this dependence on excess Hsp70 is

widespread across studies, precise conditions, and substrates (Figure 3.6C), and our results

are no exception.

We decided to investigate why excess Hsp70 over substrate is needed for what is still a

catalytic series of reactions. We titrated Ssa2 over a narrow window around the stoichiometric

Hsp70:Pab1 ratio and monitored Pab1 dispersal reaction for eight hours (Figure 3.6E). We
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Figure 3.6: Cooperative binding of Hsp70 labels condensates for disaggregation.
(A) Maximal rate of Pab1 dispersal in the presence (black) or absence (brown) of Sse1.
Solid lines in Hsp104, Sis1, and Ssa2 panels represent logistic fit to the data. Solid line in
Sse1 panel is the smoothing line. The baseline concentrations of the proteins were 0.2 µM
Pab1, 0.5 µM Ssa2, 0.5 µM Sis1, 0.2 µM Hsp104, and 0.1 µM Sse1. Shaded area denotes the
sub-stoichiometric region. The lower rate with the highest Hsp70 concentration is due to RNA
degradation. (B) Relative chaperone concentration at half-maximal dispersal rate, extracted
from the fits in (A). Error bars represent standard errors around the estimated parameter.
(C) Survey of disaggregation studies in the literature. Maximal yield of disaggregation
experiments and the relative amount of Hsp104 and Hsp70 used in the experiment are shown.
Color and size of each data point correspond to the yield. Circles represent studies with
wild type Hsp104. One square data point in the sub-stoichiometric Hsp70 area represents
a study which used a hyperactive D484K variant of Hsp104. (D) Schematic comparison of
the cooperative and non-cooperative models. (E) Pab1 dispersal monitored by fluorescence
anisotropy (left) and the simulated Pab1 dispersal results from the cooperative model (right).
(F) Quantitative comparison of Pab1 dispersal data (black) to the simulated results from the
cooperative (blue) and non-cooperative models (orange). Fraction restored at the end of the
8 hour experiment (left) and the maximal rate of dispersal (right) were used for comparison.
(G) Representative Sse1 titration Pab1 dispersal data. (H) Simulation of Pab1 dispersal with
different ADP nucleotide exchange rates using the cooperative model.
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also simulated the cooperative model (Figure 3.4A) using the same chaperone concentrations

used in the in vitro experiment (Figure 3.6E). The cooperative model recapitulated the

disaggregation system’s Hsp70-sensitive Pab1 dispersal activity (Figure 3.6F). This model

reflects the results from recent studies which indicate that interaction with more than one

Hsp70 is required for activation of Hsp104 [21, 159]. Indeed, simulation of non-cooperative

model, in which single Hsp70 is sufficient to recruit and activate Hsp104, resulted in high

Pab1 dispersal activity even with sub-stoichiometric Hsp70 (Figure 3.6D and 3.6F).

The cooperative model was also able to recapitulate the general trend seen in the Hsp104

and Ssa2 titration experiments (Figure 3.6A and Figure 3.12B). Although Sis1 and Sse1 were

not explicitly included in the model, modulating the ATP hydrolysis rate and ADP exchange

rate allowed us to mimic the effect of titrating Sis1 and Sse1, respectively (Figure 3.12B).

Interestingly, although we were able to recapitulate the inhibitory effect of Sse1 with high

ADP exchange rate, modulating ADP exchange rate was not enough to recapitulate the

facilitative effect of sub-stoichiometric Sse1 (Figure 3.6G and Figure 3.6H).

These results converge on a picture in which the presence of multiple, closely spaced Hsp70

molecules on the surface of condensates provide a molecular marker labeling condensates for

Hsp104-dependent dispersal, as proposed in the bacterial disaggregation system by [159]. Our

simulation results indicate that a cooperative Hsp70 effect on Hsp104 binding and activation

suffices to explain the disaggregation system’s intrinsic sensitivity to the level of Hsp70.

3.4 Discussion

We demonstrated that the yeast disaggregation system composed of molecular chaperones

Hsp104, Hsp70, and Hsp40 can directly reverse heat-induced biomolecular condensates of

Pab1 back to functional monomers in vitro. This establishes heat-induced biomolecular con-

densates of Pab1 as endogenous substrates of the molecular disaggregation system. Through

comparative studies of Pab1 and the model substrate firefly luciferase, we uncovered a

number of distinctions in the way chaperones engage with each substrate. The most notable
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Figure 3.7: Model of Pab1 dispersal by the Hsp104/Hsp70/Hsp40 disaggregation
system.
Productive recruitment and activation of Hsp104 depend on the presence of multiple closely
spaced Hsp70 molecules on the surface of aggregate/condensate, a condition which is most
likely to be achieved with excess Hsp70. Luciferase is fully threaded by Hsp104 and released
as unfolded protein; This leads to slow and inefficient folding because unfolded protein is
prone to misfolding and re-aggregation. In contrast, Pab1 is released after partial threading
by Hsp104 and readily re-folds into native structure, resulting in faster and more efficient
folding compared to luciferase. The schematic of Hsp104 with repressed (red) and activated
(green) protomers is adapted from [21].

distinction was the large difference in the restoration efficiency between Pab1 condensates

and luciferase aggregates. Our results show that partial threading of Pab1 by Hsp104 during

dispersal can contribute to this large difference in the restoration efficiency. Finally, we

find that efficient Pab1 dispersal depends on the presence of excess Hsp70, which serves as

a condensate detector through cooperative recruitment and activation of Hsp104 near the

surface of condensates (Figure 3.7).

3.4.1 Heat-induced biomolecular condensates are endogenous substrates of

the molecular disaggregation system

In yeast, heat-induced biomolecular condensates including stress granules adopt a solid-like

characteristic [88, 138]. Timely dispersal of endogenous condensates depends on molecular

chaperones [27, 183, 88, 89], and the timing of dispersal correlates with resumption of active
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cellular translation and growth [27, 88, 89]. These in vivo observations strongly suggest

heat-induced biomolecular condensates are the endogenous substrates of the molecular disag-

gregation system. However, direct biochemical evidence for chaperone-mediated condensate

dispersal has been missing.

In this study, we showed using in vitro reconstitution that the Hsp104/70/40 disaggregation

system directly engages and disperses heat-induced condensates of Pab1. The contrast between

Pab1 condensates and luciferase aggregates on multiple important dimensions (requirements

for specific chaperones and for small heat-shock proteins, rate and yield of dispersal, the nature

of engagement with Hsp104) demonstrates that luciferase, and by extension other similarly

behaving “model” misfolded proteins, have severe limitations as models of endogenous heat-

induced chaperone substrates. Whether the authentic substrate Pab1 is itself a suitable

model for other endogenous substrates remains an important open question.

We also showed that Hsp110, Hsp70, and Hsp40 can disperse Pab1 condensates. This

alternative disaggregation system is also capable of disaggregating luciferase aggregates and

amyloid fibrils, although with much weaker disaggregation activity than with Hsp104 [162].

The disaggregation activity of the Hsp110/70/40 system is conserved in animals [162, 188],

which lack cytosolic Hsp104 [39], suggesting a potential evolutionary and biochemical bridge

to chaperone-mediated condensate dispersal in animals.

3.4.2 Different engagement of molecular chaperones with biomolecular

condensates and misfolded protein aggregates

Co-aggregation of luciferase with Hsp26 keeps luciferase in a near-native conformation,

generates smaller aggregates, and facilitates aggregate interaction with Hsp70 [22, 180,

200]. However, Hsp26 is almost undetectable in cells pre-stress [22]. Because biomolecular

condensation of endogenous proteins occurs within a few minutes of heat stress [182], Hsp26

is unlikely to be involved in condensate regulation during the initial exposure to stress. We

showed that Hsp26 prevents condensation of Pab1 in vitro. Human small heat shock protein
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Hsp27 has also been shown to repress phase separation of FUS [97]. Post-stress accumulation

of Hsp26 in cells may be involved in desensitization of the cells to sustained or repeated stress

by modulating the phase boundary of endogenous mature proteins.

The canonical type I (Ydj1; DNAJA2 in humans) and type II Hsp40 (Sis1; DNAJB1)

chaperones show synergistic activity toward luciferase aggregates [121, 122]. This synergistic

activity stems from the preference of type I and II Hsp40 chaperones for small (200-700 kDa)

and large (>5,000 kDa) aggregates, respectively [122], although how aggregates of different

sizes can be distinguished at the molecular level remains unclear. Sis1 and Ydj1 also exhibit

different amino acid sequence preference [75] and different mode of binding Hsp70, the latter

of which has been shown to be responsible for amyloid disaggregation activity unique to type

II chaperones [41]. The inability of Ydj1 to support Pab1 dispersal could be due to the large

size of Pab1 condensates, the lack of Ydj1 binding sites among the exposed region of Pab1

in condensates, dependence on the Hsp70 binding mode unique to type II Hsp40, or any

combination of these.

The antagonistic effect of Ydj1 on Sis1 suggests a competition between the two co-

chaperones for Hsp70. In cells, stress-induced phosphorylation of Hsp70 reprograms Hsp70’s

substrate specificity, e.g., by preventing Hsp70 from interacting with Ydj1 but not with

Sis1 [178]. Similar post-translational modifications may also regulate the activity of the

disaggregation system toward specific substrates.

Hsp104 functions by threading substrate through its central channel [50]. However, both

our simulation and biochemical experiments suggest Pab1 is partially threaded by Hsp104.

A partial threading activity of Hsp104 and its bacterial homolog ClpB has been reported

previously, where both proteins selectively thread misfolded moiety of the substrate while

leaving the natively folded domains intact [62, 171]. We hypothesize that partial threading

of the locally “unfolded” region of Pab1, possibly the same or near the region mediating

Pab1 condensation interaction, allows for condensate dispersal without substantial protein

unfolding.
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3.4.3 Hsp70 clusters are a potential condensate-specific marker for Hsp104

Efficient dispersal of Pab1 condensates depends on the presence of excess Hsp70. Nearby

Hsp70s, which would be rare on monomers but common on condensates, both increase Hsp104

binding and stimulate additional Hsp104 activity. In this sense, consistent with an insightful

proposal from [159] working in the homologous bacterial system, Hsp70 clusters provide an

active label for engagement and activation of powerful dispersal machinery only in spatial

proximity to condensed substrates.

Cooperative action of Hsp70 in substrate unfolding has been proposed to explain the

requirement of excess Hsp70 during glucose-6-phosphate dehydrogenase (G6PDH) disaggre-

gation [14]. We find by simulation that cooperative action of Hsp70 in the recruitment and

activation of Hsp104 is sufficient to reproduce the in vitro Hsp70 titration data.

We also found that, in the cooperative model, modulating the ADP exchange rate alone

was not enough to reproduce the facilitative effect of Sse1 (Figure 3.6H). A recent study by

[188] uncovered an additional function of human Hsp110 in promoting local clustering of

Hsp70 on the substrate surface. A similar function in the yeast Hsp110, Sse1/2, may explain

the discrepancy between our model and the data.

3.4.4 Biomolecular condensates in the cellular heat shock response

Engagement of molecular chaperones, especially Hsp40 and Hsp70, with stress-induced

biomolecular condensates provides a tangible means to explain how yeast cells integrate

multiple physical cues from the environment to sense temperature. In yeast, the transcriptional

heat shock response is triggered when Hsp70, which is bound repressively to the transcriptional

factor Hsf1, is titrated away by stress-induced substrates [199, 86, 130, 107, 42].

S. cerevisiae cultured at 30◦C begins mounting the transcriptional heat shock response

when the temperature is raised above 36◦C. The identities of these stress-induced substrates

remain elusive. Although misfolding-prone nascent or newly synthesized polypeptides are

known to help trigger the response, suppression of protein synthesis is not sufficient to
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suppress the transcriptional response, implying the existence of mature substrates which, we

recently showed, also like depend on stress-associated intracellular acidification for formation

[176]. Notably, condensation of Pab1 and other heat-sensitive proteins is strongly pH-sensitive

[138, 72, 89]. Here, we provide an additional important piece of circumstantial evidence for

the model of stress-triggered condensation as an activator of Hsf1: heat-induced condensates

of Pab1 are authentic chaperone substrates which depend on Hsp70 for dispersal. Thus,

Pab1 can autonomously transduce physiological heat shock temperatures into biomolecular

condensation, dependent on pH, and recruit molecular chaperones including Hsp70. In

short, Pab1—and by extension presumably others of the dozens of previously identified

heat-condensing proteins [182, 26], including more than a dozen which condense in response

to a 37◦C heat shock—now appears to have all the characteristics needed to act as an inducer

of the transcriptional heat shock response. An important conceptual difference is that while

the proteotoxicity model has invoked toxic misfolding, biomolecular condensation is known

to be an evolved, adaptive response [138, 72].

3.4.5 Molecular chaperones as biomolecular condensate remodelers

In this work, we show that molecular chaperones can regulate biomolecular condensates

by acting as dispersal factors. This expands the list of known condensate dispersal factors,

which currently includes the dual specificity kinase DYRK3 [190] and nuclear-import receptor

karyopherin-β2 [59]. The functional repertoire of molecular chaperones in biomolecular

condensate regulation is likely to be much broader than just dispersal. For example, Hsp104,

Hsp70, and Hsp40 in yeast are required for condensate formation of SNF1 kinase activator

Std1 during fermentation [165]. Another example is Hsp27, which partitions into liquid-like

FUS condensates upon stress-induced phosphorylation and prevents amyloid transition of

FUS [97]. Illumination of the roles of molecular chaperones as facilitators, remodelers, and

dispersers of biomolecular condensates—and the mechanisms and biological consequences of

this regulation—presents an enormous opportunity for expanding our understanding of these
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ancient molecules.

3.5 Methods

3.5.1 Data and Code Availability

Experimental data and code for analysis

All data analysis and visualization were performed with R (version 3.5.2) in RStudio [143].

The raw and processed data, and the custom scripts for data process, data analysis, and

figure generation will be available on Data Dryad.

Code for simulation and data analysis

Simulation was performed with Python (version 3.7.7) in Jupyter notebook [85]. The code is

available on GitHub (https://github.com/haneulyoo/sim_disagg_2021).

3.5.2 Experimental Model and Subject Details

Yeast strain and growth conditions

S. cerevisiae strain BY4741 (MATa ura3∆0 leu2∆0 his3∆1 met15∆0) cells were cultured in

yeast extract peptone dextrose (YPD) media in shaking baffled flasks at 30◦C. The strain

background used was S288C.

Bacteria strain and growth conditions

Unless specified otherwise under Chemicals, Peptides, and Recombinant proteins of the Key

Resources Table, all recombinant proteins used in this work are expressed in and purified

from E. coli BL21(DE3). Cells were first grown in Luria broth (LB) at 37◦C for 12 to 16
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hours and then inoculated to 1-2 L Terrific Broth (TB) culture. Specific growth condition

used for each recombinant protein is described in Method Details.

Purification of Pab1 and Pab1 variants

Protein expression and purification protocols were adapted with modification from [138].

N-terminally 8xHis-tagged Pab1 constructs were transformed into an E. coli strain BL21(DE3)

and grown overnight at 37◦C. The overnight culture was used to inoculate 1L Terrific Broth

(TB). Cells were grown until the optical density at 600 nm (OD600) reached between 0.4

and 0.6 and then the flask was moved into a 30◦C incubator. After 30 minutes, 0.2 mM

IPTG was added to induce protein expression. Cells were harvested after 4 hours and lysed

by sonication in His binding buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl2,

20 mM imidazole, 10 % glycerol, and 1 mM BME) supplemented with 1 Pierce protease

inhibitor tablet (Thermo Fisher A32965). Lysate was cleared by spinning at 20,000 g for

15 minutes. Cleared lysate was loaded onto a 5 mL HisTrap FF column (Thermo Fisher

17525501) equilibrated with His binding buffer on an AKTA FPLC system. Protein was

eluted with a 20 mL gradient from 0 to 100 % His elution buffer (20 mM HEPES pH 7.3,

150 mM KCl, 2.5 mM MgCl2, 400 mM imidazole, 10 % glycerol, and 1 mM BME). Fractions

containing Pab1 were buffer exchanged into a Q binding buffer (20 mM HEPES pH 7.3, 50

mM KCl, 2.5 mM MgCl2, 10 % glycerol, and 1 mM DTT) and loaded onto a 5 mL HiTrap

Heparin HP column (GE Healthcare 17040701) to remove nucleic acids. Nucleic acid-free

protein was eluted over a 20 mL gradient from 0 to 100 % Q elution buffer (20 mM HEPES

pH 7.3, 1 M KCl, 2.5 mM MgCl2, 10 % glycerol, 1 mM DTT). Fractions of interest were

combined with an aliquot of a homemade tobacco etch virus (TEV) protease and dialyzed

against 1 L His binding buffer overnight to remove the N-terminal tag and to lower the salt

concentration. On the next day, the dialyzed solution was loaded again onto a 5 mL HisTrap

FF column and the flow-through which contains the cleaved protein was collected. The

protein was concentrated and loaded onto a Superose 6 10/300 GL column (GE Healthcare)
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equilibrated with SEC/Storage buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl2,

and 1 mM DTT). Monomeric proteins were pooled together, further concentrated if necessary,

and stored at -80◦C. Protein concentration was measured using Bradford assay (Bio-Rad

5000201).

Purification of Hsp70 chaperones

We adapted with minor modifications the protocol provided by Zachary March in James

Shorter’s group. N-terminally 6xHis-SUMO-tagged Hsp70 proteins were transformed into

an E. coli strain BL21(DE3) and grown overnight at 37◦C. The overnight culture was used

to inoculate 1L Terrific Broth (TB). Cells were grown until OD600 between 0.4 and 0.6 and

then the flask was moved into a 18◦C incubator. After 30 minutes, 0.2 mM IPTG was added

to induce protein expression overnight. Cells were harvested after 14 - 18 hours and lysed

by sonication in Hsp70 His binding buffer (50 mM HEPES pH 7.3, 750 mM KCl, 5 mM

MgCl2, 20 mM imidazole, 10 % glycerol, 1 mM BME, and 1 mM ATP) supplemented with 1

Pierce protease inhibitor tablet. Cleared lysate was loaded onto a 5 mL HisTrap FF column

equilibrated with Hsp70 His binding buffer on an AKTA FPLC system. After loading, the

column was washed with more Hsp70 His binding buffer until the UV reading returned to a

steady, baseline level. The column was further washed with about 20 mL high ATP buffer

(50 mM HEPES pH 7.3, 750 mM KCl, 5 mM MgCl2, 20 mM imidazole, 10 % glycerol, 1 mM

BME, and 20 mM ATP) and incubated in this buffer for at least 30 minutes. The high ATP

buffer was washed out with Hsp70 His binding buffer and the protein was eluted with a 20 mL

gradient from 0 to 100 % Hsp70 His elution buffer (50 mM HEPES pH 7.3, 750 mM KCl, 5

mM MgCl2, 400 mM imidazole, 10 % glycerol, 1 mM BME, and 1 mM ATP). The fractions of

interest were combined and dialyzed against 1 L Hsp70 His binding buffer for at least 2 hours

to remove excess imidazole. An aliquot of homemade SUMO protease Ulp1 was added to

the dialysis bag. Dialysis was continued overnight at 4◦C. Next day, the cleaved protein was

recovered by running the dialyzed solution through His column and collecting flow-through.
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Flow-through fractions containing tag-free Hsp70 proteins were combined, diluted in Hsp70

Q binding buffer (20 mM HEPES pH 7.3, 50 mM KCl, 5 mM MgCl2, 0.5 mM EDTA, 2 mM

DTT, and 1 mM ATP), and loaded onto an equilibrated 5 mL HiTrap Q HP anion exchange

column (GE Healthcare 17115401). Hsp70 was eluted over a 50 mL gradient from 0 to 100 %

Hsp70 Q elution buffer (20 mM HEPES pH 7.3, 1 M KCl, 5 mM MgCl2, 0.5 mM EDTA, 2

mM DTT, and 1 mM ATP). Fractions containing Hsp70 were determined by SDS-PAGE.

We observed a peak with a left shoulder or two closely overlapping peaks around 25 mS/cm.

Both peaks contained Hsp70, but only the later peak fractions exhibited activity in both

luciferase and Pab1 disaggregation assays. We combined the fractions corresponding to the

second peak, concentrated, and buffer exchanged the protein into Hsp70 storage buffer (50

mM HEPES pH 7.3, 150 mM KCl, 5 mM MgCl2, 10 % glycerol, 2 mM DTT, and 1 mM ATP).

Protein concentration was measured using Bradford assay. Protein aliquots were snap-frozen

in liquid nitrogen and stored at -80◦C.

Purification of sortase A enzymes

Wild-type [58] (used for N-terminal labeling) and heptamutant sortase A [64] (used for

C-terminal labeling) were purified using the same protocol. Constructs were transformed into

E. coli strain BL21(DE3), grown in 1 L of TB until they reached an OD600 of 0.6. Protein

production was induced with 0.5 mM IPTG. The cells were incubated overnight at 18◦C,

and harvested in His binding buffer (20 mM HEPES pH 7.5, 150 mM KCl, 2.5 mM MgCl2,

20 mM imidazole, 10 % glycerol, and 1 mM BME), supplemented with protease inhibitors

and Pierce Universal Nuclease (Thermo Scientific PI88702). Cells were lysed by sonication,

clarified by centrifugation at 20,000 g for 30 minutes, then bound to 5 mL of Ni-NTA resin

(Thermo Scientific 88222) for 1 hour at 4◦C. The resin was washed with 100 mL of His

binding buffer, then the protein was eluted in 20 mL of His elution buffer (20 mM HEPES

pH 7.5, 150 mM KCl, 2.5 mM MgCl2, 250 mM imidazole, and 1 mM BME). The protein was

concentrated in a spin concentrator, then loaded onto a Superdex 200 16/60 column (GE
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Healthcare) equilibrated in buffer (20 mM HEPES pH 7.5, 150 mM KCl, 2.5 mM MgCl2,

10 % glycerol, and 0.5 mM TCEP). Fractions corresponding to the monomeric protein were

pooled together, concentrated, and aliquoted for storage at -80 ◦C.

Purification of ClpX and ClpP

The purification of ClpX∆N and ClpP were done as previously described [104]. A plasmid

encoding a linked trimer of ClpX∆N with an N-terminal 6xHis affinity tag was transformed

into E. coli BL21(DE3) and grown in 1 L of TB until OD600 of 0.6. Protein production was

induced with 0.5 mM IPTG. Cells were harvested after 4 hours at 37◦C and resuspended

in His binding buffer (20 mM HEPES pH 7.5, 100 mM KCl, 400 mM NaCl, 20 mM

imidazole, 10% glycerol, and 1 mM BME), supplemented with protease inhibitors and Pierce

Universal Nuclease (Thermo Scientific PI88702). Cells were lysed by sonication, clarified by

centrifugation at 20,000 g for 30 minutes, then bound to 5 mL of Ni-NTA resin (Thermo

Scientific 88222) for 1 hour at 4◦C. The resin was washed with 100 mL of His binding buffer,

then the protein was eluted in 20 mL of His elution buffer (20 mM HEPES pH 7.5, 100 mM

KCl, 400 mM NaCl, 250 mM imidazole, 10% glycerol, and 1 mM BME). The protein was

concentrated in a spin concentrator, then loaded onto a Superdex 200 16/60 column (GE

Healthcare) equilibrated in buffer (20 mM HEPES pH 7.5, 300 mM KCl, 0.1 mM EDTA,

10 % glycerol and 1 mM DTT). Fractions corresponding to the monomeric protein were

pooled together, concentrated and aliquoted for storage at -80◦C. Protein concentration was

determined by measuring A280.

A plasmid encoding ClpP with a C-terminal 6xHis affinity tag was transformed into E.

coli BL21(DE3), grown in 1 L of TB until OD600 of 0.6. Protein production was induced with

0.5 mM IPTG, and cells were harvested after 4 hours at 37◦C, and resuspended in His binding

buffer (20 mM HEPES pH 7.5, 100 mM KCl, 400 mM NaCl, 20 mM imidazole, 10% glycerol,

and 1 mM BME), supplemented with Pierce Universal Nuclease (Thermo Scientific PI88702).

Protease inhibitors were omitted. Cells were lysed by sonication, clarified by centrifugation
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at 20,000 g for 30 minutes, then bound to 5 mL of Ni-NTA resin (Thermo Scientific 88222)

for 1 hour at 4◦C. The resin was washed with 100 mL of His binding buffer, then the protein

was eluted in 20 mL of His elution buffer (20 mM HEPES pH 7.5, 100 mM KCl, 400 mM

NaCl, 250 mM imidazole, 10% glycerol, and 1 mM BME). The protein was then bound to a 5

mL HiTrap MonoQ column equilibrated in low salt buffer (50 mM Tris-HCL pH 8.0, 50 mM

KCl, 10 mM MgCl2, 0.1 mM EDTA, 10% glycerol, and 1 mM BME), washed with 20 mL of

low salt buffer and then eluted using a 100 mL gradient between low salt buffer and high salt

buffer (50 mM Tris-HCL pH 8.0, 200 mM KCl, 10 mM MgCl2, 0.1 mM EDTA, 10% glycerol,

and 1 mM BME). The protein was concentrated in a spin concentrator, then loaded onto

a Superdex 200 16/60 column (GE Healthcare) equilibrated in buffer (20 mM HEPES pH

7.5, 200 mM KCl, 0.1 mM EDTA, 10 mM MgCl2, 10 % glycerol and 1 mM DTT). Fractions

corresponding to the monomeric protein were pooled together, concentrated and aliquoted

for storage at -80◦C. Protein concentration was determined by measuring A280.

Purification of remaining recombinant proteins

The rest of the recombinant proteins used in this paper were expressed with an N-terminal

6xHis-SUMO tag in E. coli strain BL21(DE3) and purified as described for Pab1, but using

anion exchange instead of Heparin column.

Fluorescein labeling of Pab1

Fluorescein labeling of Pab1 termini was done using sortase catalyzed ligation of labeled

peptides. For N-terminal labeling, 6xHis-TEV-GGG-Pab1 was purified using the same

protocol described for wild-type Pab1 above. The labeling was done in SEC buffer (20 mM

HEPES 7.3, 150 mM KCl, and 2.5 mM MgCl2) as a 500 µL reaction with 100 µM Pab1, 20 µM

wild-type sortase A, 0.5 mM TCEP, 10 mM CaCl2 and 0.5 mM 5-FAM-HHHHHHLPETGG

peptide (Biomatik). After an hour incubation at room temperature, labeled protein was

separated from free peptide on a 5 mL HiTrap Desalting column equilibrated in aggregation
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buffer (20 mM HEPES pH 6.8, 150 mM KCl, 2.5 mM MgCl2, and 1 mM DTT). The C-

terminally labeled Pab1 was prepared similarly, but the labeling reaction was done with the

following condition: 100 µM Pab1, 20µM heptamutant sortase A, 0.5 mM TCEP, and 0.5

mM GGGK(FAM)AANDENYALAA or GGGK(FAM) peptide (Biomatik).

In vivo Total/Soluble/Pellet (TSP) assay

Yeast cells were diluted to OD600 of approximately 0.001 in 250 mL YPD and incubated at

30◦C until OD600 reached between 0.3 and 0.4. 30 mL of the cell culture was harvested as

the pre-shock sample by spinning in a 50 mL conical tube at 3,000 g for 5 minutes at room

temperature (RT). The cell pellet was resuspended in 1 mL of cold soluble protein buffer

(SPB; 20 mM HEPES pH7.3, 120 mM KCl, 2 mM EDTA, 0.2 mM DTT, 1:100 PMSF, and

1:100 protease inhibitors cocktail IV (MilliporeSigma 539136)), transferred to a pre-chilled 1.5

mL microcentrifuge tube, and centrifuged again at 5,000 g for 30 seconds at RT. Supernatant

was removed and the pellet was resuspended in 170 µL SPB. Two 100 µL aliquots from

the resuspended sample were snap-frozen in liquid nitrogen. The remaining cell culture was

vacumm filtered and the cell pellet was transferred to a 50 mL conical tube. The conical

tube was placed in a 42◦C water bath to heat shock the cells. After 20 minutes, the cell

pellet was resuspended in 220 mL of pre-warmed 30◦C YPD media. 30 mL of this culture

was harvested as the heat shock sample and processed as described earlier. The remaining

cell culture was transferred to a 1 L flask and the cells were recovered in a 30◦C water bath.

Recovery samples were collected at different time points and processed in the same way as

the pre-shock sample. Cells were lysed by cryomilling and fractionated as described in [182],

with minor modifications on spin conditions. Briefly, cell lysates were cleared at 3,000 g for

30 seconds. 150 µL of the cleared lysate was transferred to a new 1.5 mL tube. To remove

RNA, RNase If (NEB M0243S) was added to the final concentration of 0.3 units/µL and the

sample was incubated at RT for 30 minutes. 50 µL of the sample was transferred to a new

tube, mixed with Total protein buffer (TPB; 20 mM HEPES pH 7.3, 150 mM NaCl, 5 mM
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EDTA, 3% SDS, 1:100 PMSF, 2 mM DTT, and 1:1000 protease inhibitors IV (MilliporeSigma

539136)), and spun at 6,000 g for 1 minute to collect Total protein sample. Pellet samples

were collected by spinning the remaining 100 µL sample at 8,000 g for 5 minutes (P8) and

at 100,000 g for 20 minutes (P100) at 4◦C, and resuspending the pellet in Insoluble protein

buffer (IPB; TPB with 8 M urea). Supernatant from this last spin was collected as the

Soluble protein sample. Pab1 in each sample were visualized by SDS-PAGE and western blot

as described in [182] using mouse monoclonal anti-Pab1p antibody (EnCor Biotechnology

MCA-1G1) and Image Lab software (Bio-Rad).

In vitro Total/Soluble/Pellet (TSP) assay

Reaction mixture containing Pab1 condensates and molecular chaperones were prepared and

incubated at 30◦C for an hour either in the absence or presence of 5 mM ATP. The reaction

mixture (Table 3.2) were centrifuged at 100,000 g for 20 minutes at 4◦C. Supernatant was

collected as the soluble fraction sample. Buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5

mM MgCl2, 0.01 % Triton X-100, 0.5 mg/mL BSA, and 1 mM DTT) was added to the

pellet and the sample was centrifuged again under the same condition. After removing the

supernatant, the pellet was directly resuspended in 1x Laemmli buffer. Pab1 in each sample

was visualized by SDS-PAGE and western blot as described in [182] using Image Lab software

(Bio-Rad).

Preparation of Pab1 condensates

Pab1 monomers were buffer exchanged into aggregation buffer (20 mM HEPES pH 6.8, 150

mM KCl, 2.5 mM MgCl2, and 1 mM DTT) and diluted to make a 500 µL sample of 25

µM Pab1. The sample was sometimes supplemented with 100-fold lower firefly luciferase to

increase yield. The sample was incubated in a 42◦C water bath for 20 minutes at pH 6.8.

Under this heat shock condition, the solution remained clear and minimal protein pelleting

was observed after a 3 minute centrifugation at 8,000 g. N-terminally fluorescein labeled Pab1
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aggregates were prepared at 39◦C. The supernatant was loaded onto a Superose 6 10/300 GL

column (GE Healthcare) equilibrated with SEC/Storage buffer (20 mM HEPES pH 7.3, 150

mM KCl, 2.5 mM MgCl2, and 1 mM DTT). Void fractions containing small Pab1 assemblies

(>5,000 kDa) were collected. About half of the loaded protein eluted in the void volume

while the remaining protein eluted as monomers. Concentration of Pab1 condensates in each

void fraction was measured using Bradford assay and/or SDS-PAGE with Pab1 standards

of known concentrations. Protein aliquots were snap-frozen in liquid nitrogen and stored at

-80◦C.

Monitoring Pab1 dispersal using fluorescence anisotropy

Because Pab1 binds 12-mer poly(A) with full affinity and has a binding footprint of roughly

25 nucleotides [149], we used 19-mer poly(A) RNA to get 1:1 binding of Pab1 to RNA. Pab1

condensates, molecular chaperones, and 5’ labeled A19 RNA (FAM-A19 or Atto550-A19)

were diluted to desired concentrations in disaggregation buffer (20 mM HEPES pH 7.3,

150 mM KCl, 2.5 mM MgCl2, 0.5 mg/mL BSA, 0.01 % Triton X-100, and 1 mM DTT).

The reaction mixture (Table 3.2) was supplemented with 5 mM ATP, and 8 mM creatine

phosphate (CP) and 1 µM creatine kinase (CK) for ATP regeneration. The reaction mixture

was also supplemented with 2 % SUPERase RNase Inhibitor (Thermo Fisher AM2694) to

prevent RNA degradation. The final reaction volume was 15 µL. Calibration samples were

prepared by adding known concentrations of monomeric Pab1 to a fixed concentration of

FAM-A19 used in the reaction samples, typically 200 nM.

A new calibration curve was measured each time an experiment was performed. The

reaction mixtures were added to non-binding surface 384-well plate (Corning CLS3575).

The plate wells were sealed with a plate sealer (Thermo Fisher 235307) to prevent liquid

evaporation. Fluorescence anisotropy was measured every 20 second in Spark microplate

reader (TECAN) using excitation/emission wavelengths of 485 nm/535 nm, each with a

bandwidth of 20 nm, at 30◦C. Disaggregation buffer was used as blank. G factor was calibrated
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with a solution of free 6-iodoacetamidofluorescein to produce a fluorescence polarization

reading of 20 mP.

Anisotropy data fitting and analysis

The reaction data were fitted with the following logistic equation:

y = d +
m

1 + e–a(x–b)
– x ∗ c (3.1)

where d, m, a, b, and c are fitting parameters. The negative linear term accounts for

the chaperone concentration-dependent signal decay, which comes from RNA-degrading

contaminants co-purified with chaperones.

To extract maximal rate of Pab1 dispersal, the fluorescence anisotropy values were

first converted to the concentration of RNA-binding competent monomeric Pab1 using the

calibration curve. Fluorescence anisotropy data of the calibration samples were fitted with

the following equation:

y = min + (max – min)
(RNA + Pab1n + d) –

√
(RNA + Pab1n + d)2 – 4(RNA ∗ Pab1n)

2 ∗ RNA
(3.2)

Min and max refer to the fluorescence anisotropy values of the calibration samples with no

or saturating amount of monomeric Pab1, respectively. The values of d and n extracted from

the calibration fit were used to convert fluorescence anisotropy values in the reaction samples

to concentrations of Pab1 with this rearranged equation (3.2):

Pab1 =
n

√
((y – min)2 ∗ RNA

max–min – (y – min) ∗ (RNA + d))

y – max
(3.3)

The converted data were fitted again with equation (3.1). Maximal rate of dispersal was

calculated by computing the extracted fit parameters to the derivative of equation (3.1) when
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x = b:

dy

dx
=

a ∗ m ∗ e–a(x–b)

(1 + e–a(x–b))2
– c (3.4)

ratemax =
a ∗ m

4
– c (3.5)

Note that, because Pab1 condensates exhibit substantially reduced but non-zero binding

to FAM-A19 in a concentration-dependent manner, the maximal rate of dispersal quantified

from fluorescence anisotropy data may be systematically underestimating the true rate of

dispersal.

To convert the y-axis from Pab1 concentration to fraction restored Pab1, we first subtracted

background signal using the negative control data (no ATP). Background-subtracted data

were divided by the total concentration of Pab1, which was approximated by taking the mean

of highest 50-100 data points, i.e., data points in the plateau region of the positive control.

Total Pab1 concentration in the reaction had to be approximated this way for more accurate

quantification because we noticed that Pab1 condensates adhere to plastic, causing loss of

about 30-50% substrate during transfer. To compensate for this, 1.5 to 2-fold excess Pab1

was added to aim for, e.g., the final concentration of 0.2 µM Pab1 in the reaction. The same

total Pab1 concentration was used to normalize reactions prepared from the same master mix.

The presence of 5 mM ATP slightly lowered the fluorescence anisotropy baseline compared to

the no ATP control, and this led to negative starting values for all ATP-containing reactions

after background subtraction; All traces were shifted upward by the same amount to make

the positive control reactions to start around the value of zero.

The rate data in Figure 3.6A were fitted with a logistic equation:

y =
a

1 + e–b(x–c)
(3.6)

with a, b, and c as fitting parameters. We used the total Pab1 concentration to calculate the
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ratio of chaperone to substrate.

Fluorescence-detection size-exclusion chromatography (FSEC)

Small Pab1-Clover condensates were prepared and mixed with chaperones, ATP, ATP

regeneration system, and SUPERase RNase Inhibitor as described above for wild type Pab1

(Table 3.2). The reaction samples (120 µL per run) were incubated at 30◦C for an hour.

120 µL of the sample was loaded to a Superdex 200 10/300 GL column (GE Healthcare)

equilibrated with filtered running buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM

MgCl2, and 1 mM DTT) using Akta system. Fluorescence was measured by a fluorescence

detector (JASCO FP-2020 Plus) connected to the Akta system.

Luciferase reactivation assay

Recombinant firefly luciferase was aggregated by incubating 2 µM of luciferase with 10 µM

Hsp26 in aggregation buffer (20 mM HEPES pH 6.8, 150 mM KCl, 2.5 mM MgCl2, and 1

mM DTT) at 42◦C for 20 minutes. After cooling on ice for 2 minutes, the aggregates were

diluted to 0.2 µM in the disaggregation buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5

mM MgCl2, 0.5 mg/mL BSA, 0.01 % Triton X-100, and 1 mM DTT) supplemented with

5 mM ATP, 8 mM CP, 1 µM CK, and specified concentrations of chaperones (Table 3.2).

The mixed sample was incubated at 30◦C. At each time point, 2 µL of the reaction sample

was added to 18 µL of luciferin mix (Promega E1500), and luminescence was measured using

Spark microplate reader (TECAN) with integration time of 1 second. Luminescence of 0.2

µM native luciferase supplemented with 1 µM Hsp26 in disaggregation buffer was used to

compute reactivation yield.

For faster disaggregation using excess molecular chaperones (Figure 3.3B), 33.8 nM

luciferase was heat shocked in the presence of 169 nM Hsp26 at 42◦C for 20 minutes in

low-salt aggregation buffer (25 mM HEPES pH 7.3, 50 mM KCl, 0.1 mM EDTA, and 1

mM DTT). Luciferase aggregates were diluted to the final concentration of 20 nM in the
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disaggregation buffer containing chaperones (Table 3.2). Luminescence was measured as

described above.

For disaggregation of chemically aggregated luciferase using HAP/ClpP system (Figure

3.5H and 3.5I), luciferase was diluted to 5 µM in low-salt urea buffer (25 mM HEPES pH

7.3, 50 mM KCl, 0.1 mM EDTA, 1 mM DTT, and 8 M urea) and incubated at 30◦C for

30 minutes. Aggregation was induced by diluting luciferase 100-fold into the disaggregation

buffer containing chaperones and HAP/ClpP (Table 3.2). Western blot samples were collected

at the specified time points and stained using luciferase antibody (MilliporeSigma L0159).

Blots were visualized using Odyssey CLx (LI-COR). Luminescence was measured as described

above using mock-treated luciferase as normalization control.

Dynamic light scattering (DLS)

DLS measurements were performed using DynaPro NanoStar (Wyatt). Sample acquisition

was done as described in [138]. All experiments, unless noted otherwise, were performed with

10 µM Pab1 in filtered DLS buffer (20 mM HEPES pH 6.8, 150 mM KCl, 2.5 mM MgCl2,

and 1 mM DTT). All protein samples used for DLS experiments were dialyzed against DLS

buffer overnight at 4◦C and cleared of aggregates by spinning at 20,000 g for 20 minutes.

GroEL trap assay

Pab1 dispersal and luciferase reactivation assays were done as described above, but in the

presence of 5-fold excess GroEL trap (Table 3.2). For refolding experiment, 5 µM Pab1 was

denatured in 8 M urea buffer (20 mM HEPES pH 6.8, 150 mM KCl, 2.5 mM MgCl2, 1 mM

DTT, and 8 M urea) and incubated at 30◦C for 30 minutes. Pab1 was first diluted to 0.5

µM in refolding buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl2, and 1 mM

DTT) containing no or 10-fold excess GroEL trap, and then to 0.1 µM in the same respective

refolding buffer with 0.1 µM FAM-A19. Pab1’s RNA-binding activity was measured by

fluorescence anisotropy.
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Gel analysis of HAP/ClpP degradation

Digestion by the HAP/ClpP system was done in disaggregation buffer (20 mM HEPES pH

7.3, 150 mM KCl, 2.5 mM MgCl2, 0.5 mg/mL BSA, 0.01 % Triton X-100, and 1 mM DTT)

with 0.2 µM Pab1 condensate or monomer, 1.5 µM ClpP, 1 µM Hsp104 (WT or HAP), 0.5

µM Sis1, 1-2 µM Ssa2, 5 mM ATP, and 8 mM CP and 1 µM CK for ATP regeneration (Table

3.2). Reactions were run for 1 hour at 30◦C, then quenched with Laemmli buffer and run

on a Bio-rad TGX 4-20% SDS-PAGE gel. Fluorescent gels were imaged using a ChemiDoc

(Bio-rad) and westerns were performed using a 1:5000 dilution of Rabbit anti-GFP antibody

(Life A11122) and a 1:20,000 dilution of secondary (Donkey anti-Rabbit, LiCor 925-32213).

Blots were visualized using Odyssey CLx (LI-COR).

The ClpXP digestion reaction was done for 30 minutes at 30◦C with 0.2 µM Pab1-FAM

monomer, 0.1 µM ClpX and 1 µM ClpP in disaggregation buffer.

Disaggregation data from the literature

The following data from 18 different studies [122, 34, 134, 197, 200, 105, 84, 136, 142, 32,

162, 62, 53, 135, 22, 55, 164, 37] were compiled for comparison: 1) substrate identity; 2)

concentrations of substrate and molecular chaperones used; 3) maximum yield observed within

the experimental time; 4) the names of molecular chaperones; and 5) reference to the source

paper with DOI. Only the results from in vitro experiments were recorded. Studies reporting

fold-change relative to negative control were omitted because yield cannot be determined

from the given information for comparison. For a study which reports multiple disaggregation

results with the same substrate, the concentrations of substrate and chaperones which give

the highest maximal yield were recorded.
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Modeling and simulation

In our model, free substrates exist in one of the following states: folded (Sf), unfolded

(Su), misfolded (Sm), and aggregated (Sa). Free Hsp70 exists either in an ATP-bound

state (Hsp70ATP) or an ADP-bound state (Hsp70ADP), and each state can bind certain

free substrates to form a complex (e.g., Hsp70ATP:Sa). ATP hydolysis of Hsp70ATP in

Hsp70ATP:Sm complex results in substrate unfolding, a step we call “priming”. For an

aggregated substate, the same sequence of events do not result in any state transition but

instead primes the complex (Hsp70ATP:Sap) for interaction with Hsp104. In the cooperative

model, a second Hsp70ATP can bind Hsp70ADP:Sap complex to form a ternary complex

(Hsp70ATP,ADP:Sap) and only the ternary complex with both Hsp70s in the ADP-bound

state (Hsp70ADP,ADP:Sap) can engage with Hsp104 for disaggregation. For simplicity, we

did not allow unfolding of a natively folded substrate.

The time evolution of the concentrations of all distinct species in the cooperative model

was described using the following ODEs:

d[Hsp70ATP]

dt
= kDT[Hsp70ADP] + kATP

off ([Hsp70ATP : Sa] + [Hsp70ATP : Sap]

+[Hsp70ATP : Sm] + [Hsp70ATP : Su] + [Hsp70ATP,ADP : Sap])

–[Hsp70ATP](kATP
on ([Sm] + [Sa]) + (kTD + kh) + 0.1kATP

on [Hsp70ADP : Sap])

(3.7)

d[Hsp70ADP]

dt
= (kTD + kh)[Hsp70ATP] + kADP

off ([Hsp70ADP : Sap]

+[Hsp70ADP : Su]) + 2k
ADP,104
off [Hsp70ADP,ADP : Sap : Hsp104]

–[Hsp70ADP](kDT + kADP
on ([Sa] + [Su]))

(3.8)

d[Hsp104]

dt
= k104off [Hsp70ADP,ADP : Sap : Hsp104] + kdisagg[Hsp104 : Sap]

–[Hsp104][Hsp70ADP,ADP : Sap]k104on

(3.9)
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d[Sa]

dt
= k3[Sm] + kATP

off ([Hsp70ATP : Sa] + [Hsp70ATP : Sap]) + kADP
off [Hsp70ADP : Sap]

–[Sa](kATP
on [Hsp70ATP] + kADP

on [Hsp70ADP])

(3.10)

d[Hsp70ATP : Sa]

dt
= kATPon [Hsp70ATP][Sa] + ksDT[Hsp70ADP : Sa]

–[Hsp70ATP : Sa](kATP
off + ksTD + ksh)

(3.11)

d[Hsp70ADP : Sa]

dt
= (ksTD + ksh)[Hsp70ATP : Sa] + kdeprime[Hsp70ADP : Sap]

–[Hsp70ADP : Sa](ksDT + kprime)

(3.12)

d[Hsp70ADP : Sap]

dt
= kprime[Hsp70ADP : Sa] + ksTD[Hsp70ATP : Sap]

+kATP
off [Hsp70ATP,ADP : Sap] + kADP

on [Hsp70ADP][Sa]

–[Hsp70ADP : Sap](kdeprime + ksDT + kADP
off + 0.1kATP

on [Hsp70ATP])

(3.13)

d[Hsp70ATP : Sap]

dt
= ksDT[Hsp70ADP : Sap] – [Hsp70ATP : Sap](kATP

off + ksTD) (3.14)

d[Hsp70ADP,ADP : Sap : Hsp104]

dt
= k104on [Hsp70ADP,ADP : Sap][Hsp104]

–[Hsp70ADP,ADP : Sap : Hsp104](k104off + k
ADP,104
off )

(3.15)

d[Hsp104 : Sap]

dt
= k

ADP,104
off [Hsp70ADP,ADP : Sap : Hsp104] – [Hsp104 : Sap]kdisagg (3.16)
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d[Su]

dt
= kr2[Sm] + kdisagg[Hsp104 : Sap]

+kATP
off [Hsp70ATP : Su] + kADP

off [Hsp70ADP : Su]

–[Su](k1 + k2 + kADP
on [Hsp70ADP])

(3.17)

d[Sm]

dt
= k2[Su] + kATP

off [Hsp70ATP : Sm]

–[Sm](kr2 + k3 + kATP
on [Hsp70ATP])

(3.18)

d[Sf ]

dt
= k1[Su] (3.19)

d[Hsp70ATP : Sm]

dt
= kATPon [Sm][Hsp70ATP] + ksDT[Hsp70ADP : Sm]

–[Hsp70ATP : Sm](kATP
off + ksTD + ksh)

(3.20)

d[Hsp70ADP : Sm]

dt
= (ksTD + ksh)[Hsp70ATP : Sm] + kdeprime[Hsp70ADP : Su]

–[Hsp70ADP : Sm](ksDT + kprime)

(3.21)

d[Hsp70ADP : Su]

dt
= kprime[Hsp70ADP : Sm] + ksTD[Hsp70ATP : Su]

+kADP
on [Hsp70ADP][Su] – [Hsp70ADP : Su](kdeprime + ksDT + kADP

off )

(3.22)

d[Hsp70ATP : Su]

dt
= ksDT[Hsp70ADP : Su] – [Hsp70ATP : Su](kATP

off + ksTD) (3.23)

d[Hsp70ATP,ADP : Sap]

dt
= 0.1kATP

on [Hsp70ATP][Hsp70ADP : Sap]

+2ksDT[Hsp70ADP,ADP : Sap]

–[Hsp70ATP,ADP : Sap](kATP
off + ksTD + ksh)

(3.24)
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d[Hsp70ADP,ADP : Sap]

dt
= (ksTD + ksh)[Hsp70ATP,ADP : Sap]

+k104off [Hsp70ADP,ADP : Sap : Hsp104]

–[Hsp70ADP,ADP : Sap](2ksDT + k104on [Hsp104])

(3.25)

The parameter values used for the simulation are listed in Table 3.1. Note that the current

model lacks spatial information; an extension of this model allowing spatial segregation of

aggregated substrates would allow investigating the effect of aggregate shape and/or size on

the efficiency of the disaggregation system.

3.6 Supporting information

Figure 3.8: Misfolded protein can nucleate Pab1 condensation.
(A) DLS temperature ramp experiment with 15 µM Pab1 in the presence of increasing
concentrations of firefly luciferase (Fluc) or BSA. (B) Tdouble, temperature at which the
baseline Rh doubles, for the DLS temperature ramp experiment shown in (A) is plotted
against the concentrations of the additives (either BSA or luciferase). Dashed line indicates
Tdouble for Pab1 in the absence of any additives. (C) Representative SEC trace of Pab1
heat shocked in the absence or presence of 100-fold lower luciferase. Pab1 condensates and
monomers elute around 7.5 mL and 16 mL, respectively. (D) Dispersal of Pab1 condensates
formed in the presence or absence of 100-fold less luciferase. Condensation in the presence of
100-fold lower luciferase does not affect subsequent condensate dispersal by chaperones.
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Figure 3.9: Ssa2 can be replaced by its heat-inducible paralog Ssa4 for Pab1
dispersal.
(A) Time-resolved fluorescence anisotropy of A19 in the presence of Pab1 condensates and
molecular chaperones. All chaperones shown in Figure 3.2A, except Sse1, were included in
the experiments. Ssa4 was added instead of Ssa2. Fitted data points from two independent
experiments are shown. Merged data points and a solid line fitted to the average of each
experimental condition is shown on the right. (B) Maximal rate of dispersal quantified from
the dropout experiments in the absence of Sse1.
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Figure 3.10: Hsp104, Hsp70, and Sis1 are necessary and sufficient for Pab1
dispersal.
(A) Purification of recombinant chaperones. (B) Dropout experiments to determine the
components necessary for dispersal of Pab1 condensates. Pab1 dispersal reaction samples were
examined by Superose 6 Precision Column. Red box highlights the minimal set composed of
Hsp104, Ssa1, and Sis1. PK and PEP stand for pyruvate kinase and phosphoenolpyruvate,
respectively. (C) Verification of Pab1 dispersal by western blot.
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Figure 3.11: Hsp26 suppresses Pab1 condensation.
(A) Sedimentation of Pab1 in the absence or presence of increasing concentrations of Hsp26,
visualized by Coomassie staining. (B) Quantification of proportion soluble Pab1 in (A)
plotted against the ratio of Hsp26 to Pab1. (C) DLS temperature ramp experiment with
10 µM Pab1 with increasing concentrations of Hsp26 at pH 6.4. Note that the presence
of Hsp26, which forms high molecular weight oligomers, shifts the DLS baseline upward.
(D) Temperature at which Pab1’s hydrodynamic radius crosses 20 nm in (C) is plotted
against Hsp26 concentration. (E) A representative calibration curve showing the increasing
fluorescence anisotropy of the labeled A19 RNA as a function of increasing concentration
of monomeric Pab1. The calibration curve was used convert the y-axis from fluorescence
anisotropy to Pab1 concentration and extract the rate of dispersal. The mean and standard
deviation of 8 independent calibration data are shown. Data were fitted with equation 3.2.
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Figure 3.12: Cooperative model.
(A) (1) Biochemical model of ATP hydrolysis-coupled substrate binding and release from
Hsp70 [30, 132, 120, 194]. Nucleotide exchange from ADP to ATP facilitates substrate release
from Hsp70. (2) Hsp70 binding to a single misfolded protein leads to protein unfolding and
expansion [70, 8]. We describe this step a “priming” step, and use pink halo to graphically
represent the primed species. (3) Nucleotide state-coupled substrate binding of Hsp70 is
assumed to be consistent with aggregated substrates. However, unlike with single misfolded
proteins, aggregated proteins do not unfold upon Hsp70 binding and need Hsp104. (4) One
Hsp70 molecule is insufficient to activate Hsp104 [159, 21]. Second Hsp70 binds the substrate
with an order of magnitude lower affinity than the first Hsp70 due to the entropic penalty [188].
(5) Exact mechanism of substrate handover is unknown, but substrate handover is described
as an irreversible step [132]. (B) Simulation of chaperone titration experiments shown in
Figure 3.6A. Titration of Sis1 and Sse1 were simulated by varying the ATP hydrolysis rate of
substrate-bound Hsp70 (khS) and ADP exchange rate (kDT and kDTS), respectively, from
the default level indicated by the dashed line.
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Figure 3.13: HAP/ClpP-specific cleavage of Pab1 constructs.
(A) Condensates of C-terminally fluorescein-labeled Pab1 were dispersed by the indicated
components. Fluorescence anisotropy of Atto550-A19 RNA was monitored. (B) End-point
measurement of unlabeled Pab1 condensate dispersal. FAM-A19 RNA was added after an hour
of reaction incubation to measure fluorescence anisotropy. (C) A replicate of the condensate
dispersal experiment shown in Figure 3.5H.(D) Quantification of full-length Pab1 band
intensity in (C) normalized to the HAP control signal. The yield of dispersal was assumed
to be the same as seen in the Figure 3.5K FSEC experiment. (E) Pab1-Clover condensates
were incubated with the indicated components and examined by western blot. Schematics
of full-length and truncated products, and their corresponding molecular weight are shown.
(F) Pab1-Clover condensate was incubated with the indicated components for an hour and
examined by FSEC. Dashed lines indicate the elution volume for Pab1-Clover condensates
(7.8 mL), Pab1-Clover monomers (13.7 mL), and HAP/ClpP-specific cleavage products (15.7
mL). (G-H) SDS-PAGE gels of N- or C-terminally labeled Pab1 were visualized by detecting
fluorescein fluorescence. Asterisks in indicate HAP/ClpP-specific cleavage products.
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Figure 3.14: Uncropped stain-free total protein gel and western blot images.
(A and B) SDS-PAGE gel of RNase treated (A) or untreated (B) yeast lysate samples. The
corresponding anti-Pab1 western blot images are shown in (Figure 3.1A). (C) Replicate of
(B). (D-G) Western blot (top) and SDS-PAGE images (bottom) of in vitro TSP experiments.
Cropped images of (G) is shown in (Figure 3.2C). The quantification results are shown in
(Figure 3.2D). Lanes marked with # were not quantified. CK stands for creatine kinase.
Asterisks indicate unknown contaminant.
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Table 3.1: Model parameters.

Name Value Unit Description Source

kh 0.036 min–1 ATP hydrolysis rate of free Hsp70 [110]*

ksh 108 min–1
ATP hydrolysis rate of substrate-bound
Hsp70

[91]*

kATP
on 12 Substrate onrate to Hsp70ATP [153, 52]*

kATP
off 120 min–1 Substrate offrate to Hsp70ATP [153, 52]*

kADP
on 0.06 Substrate onrate to Hsp70ADP [109]*

kADP
off 0.0282 min–1 Substrate offrate to Hsp70ADP [109]*

kATP
r 0.008 min–1 ATP offrate from Hsp70ATP [146]*

kATP 7.8 ATP onrate to Hsp70apo [146]*

kADP
r 1.32 min–1 ADP offrate from Hsp70ADP [175, 146]*

kADP 16 ADP onrate to Hsp70apo [146]*

kTD,
ksTD

0.0014 min–1
Nucleotide exchange rate from ATP to ADP
in free or substrate-bound Hsp70

Calculated as de-
scribed in [30]

kDT,
ksDT

1.0951 min–1
Nucleotide exchange rate from ADP to ATP
in free or substrate-bound Hsp70

Calculated as de-
scribed in [30]

k104on 30
Hsp104 onrate to Hsp70ADP:substrate com-
plex

Estimated from the
Kd reported in [142]

k104off 60 min–1
Hsp104 offrate from
Hsp70ADP:substrate:Hsp104 complex

Estimated from the
Kd reported in [142]

k
ADP,104
off 100 min–1

Hsp70ADP offrate after substrate handover
to Hsp104

Free parameter

kdisagg 0.2 min–1 Disaggregation rate
Estimated from the
measurement in this
study

kprime 10 min–1 Substrate remodeling rate Free parameter

kdeprime 1 min–1 Reverse substrate remodeling rate Free parameter

k1
10,
0.001

min–1
Rate of transition from the unfolded
Pab1/luciferase to the folded state

Free parameter

k2 1 min–1
Rate of transition from the unfolded state
to the misfolded state

Free parameter

kr2 0.1 min–1
Rate of transition from the misfolded state
to the unfolded state

Free parameter

k3 1 min–1
Rate of transition from the misfolded state
to the aggregated state

Free parameter

*Curated by Rios et al. [30].

70



Table 3.2: Reaction conditions for experiments shown in Chapter 3.

Panel Reaction mixture*

1d 25 µM Pab1
1e 0.2 µM FAM-A19, 0.2 µM Pab1 monomers or condensates, 5 mM ATP

2a, 2b 0.1 µM FAM-A19, 0.1 µM Pab1, 1 µM Ssa2, 0.1 µM Hsp104, 0.5 µM Sis1, 0.5 µM Ydj1,
50 nM Sse1, ATP mix

2c 0.1 µM FAM-A19, 0.1 µM Pab1, 1 µM Ssa2, 0.02 µM Hsp104, 0.5 µM Sis1, ATP mix
2e 0.2 µM Pab1-Clover, 1 µM Ssa2, 0.5 µM Sis1, 0.1 µM Hsp104, 0.5 µM A90 RNA, ATP

mix

3a 0.2 µM Fluc, 1 µM Ssa2, 0.1 µM Hsp104, 0.5 µM Hsp40, ATP mix
3b 20 nM Fluc, 0.75 µM Ssa2, 0.75 µM Hsp104, 0.25 µM Hsp40, 38 nM Sse1, ATP mix
3c, 3d 0.2 µM FAM-A19, 0.2 µM Pab1, 0.5 µM Ssa2, 50 nM Hsp104, 0.25 µM Sis1 (plus 0,

0.25, 0.5, 1, or 2 µM additional Sis1 or Ydj1), ATP mix
3f 0.2 µM FAM-A19 (for Pab1), 0.2 µM Pab1 or luciferase, 1 µM Ssa2, 0.1 µM Hsp104,

0.5 µM Sis1, ATP mix

5b 20 nM Fluc, 0.75 µM Ssa2, 0.75 µM Hsp104, 0.125 µM Sis1, 0.125 µM Ydj1, 0.1 µM
GroEL trap, 38 nM Sse1, ATP mix

5c 0.2 µM FAM-A19, 0.2 µM Pab1, 1 µM Ssa2, 0.2 µM Hsp104, 0.5 µM Sis1, 1 µM GroEL
trap, ATP mix

5d 0.1 µM FAM-A19, 0.1 µM Pab1, 1 µM GroEL trap
5f, 5g 10 nM Fluc, 1 µM Ssa2, 0.25 µM Sis1, 0.25 µM Ydj1, 1 µM Hsp104/HAP, ATP mix
5h, 5k 0.2 µM Pab1-fluorescein-ssrA, 2 µM Ssa2, 0.5 µM Sis1, 1 µM HAP, 1.5 µM ClpP, ATP

mix; For ClpXP: 0.2 µM nM Pab1-fluorescein-ssrA, 0.1 µM ClpX, 1 µM ClpP

6a, 6g Default: 0.2 µM FAM-A19, 0.2 µM Pab1, 0.5 µM Ssa2, 0.2 µM Hsp104, 0.5 µM Sis1,
0.1 µM Sse1, ATP mix

6e 0.2 µM FAM-A19, 0.14 µM Pab1, varying Ssa2, 0.02 µM Hsp104, 0.5 µM Sis1, ATP
mix

S1a 15 µM Pab1 + BSA or Fluc as indicated
S1c 25 µM Pab1 + Fluc as indicated
S1d 0.1 µM FAM-A19, 0.1 µM Pab1, 0.5 µM Ssa2, 0.05 µM Hsp104, 0.1 µM Sis1, ATP mix

S2a 0.1 µM FAM-A19, 0.1 µM Pab1, 1 µM Ssa4, 0.1 µM Hsp104, 0.5 µM Sis1, 0.5 µM Ydj1,
ATP mix

S3b 0.5 µM Pab1, 1.2 µM Ssa1, 0.2 µM Hsp104, 0.3 µM Sse1, 0.3 µM Ydj1, 0.3 µM Sis1, 3
mM PEP, 10 units/mL PK, 2 mM ATP

S4a 10 µM Pab1 + Hsp26 as indicated
S4c 10 µM Pab1 + Hsp26 as indicated
S4e 0.2 µM FAM-A19 + Pab1 monomer as indicated

S6c 0.1 µM Pab1-fluorescein-ssrA, 2 µM Ssa2, 0.5 µM Sis1, 1 µM Hsp104/HAP, 1.5 µM
ClpP, ATP mix

S6e,
S6f

0.2 µM Pab1-Clover, 1.5 µM ClpP, 1 µM Hsp104/HAP, 0.5 µM Sis1, 2 µM Ssa2, ATP
mix

S6g,
S6h

0.2 µM fluorescein-Pab1 or Pab1-fluorescein, 1.5 µM ClpP, 1 µM Hsp104/HAP, 0.5 µM
Sis1, 2 µM Ssa2, ATP mix

*Concentrations of Hsp104/HAP, Hsp40, and GroEL indicate the concentrations for the hexamers, dimers,
and 14-mers, respectively; ATP mix includes 1 µM CK, 8 mM CP, 5 mM ATP.
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CHAPTER 4

PRELIMINARY RESULTS

This chapter includes unpublished preliminary results.

4.1 Less efficient dispersal of larger condensates

The phase boundary of biomolecular condensates is often dependent on temperature and

pH [196]. For Pab1, condensation is promoted at higher temperature and/or lower pH

[138]. Interestingly, the size and morphology of Pab1 condensates formed under different

temperature and pH are different (Figure 4.1A). For example, Pab1 forms many smaller

condensates that are attached together like grapes when condensation is triggered by heat

shock. But when condensation is triggered by a drop in pH at around room temperature,

Pab1 forms much larger and spherical condensates. Pab1 condensates formed under a more

physiological condition (42◦C, pH 6.8) in Chapter 3 are big enough to sediment but too small

to be imaged using a conventional confocal microscope or make the buffer turbid (Figure

4.1B) [176, 195]. What is the relationship between the size of condensates and the efficiency

of condensate dispersal by chaperones? If condensate size is an important factor affecting

dispersal efficiency, what kind of molecular mechanism would allow cells to control condensate

size?

Intuitively, smaller Pab1 condensates have greater surface area to volume ratio and there-

fore will be dispersed much more efficiently by chaperones. To test this hypothesis, I prepared

Pab1 condensates of different sizes by triggering condensation under different temperature

and pH conditions. Condensates were isolated from monomers either by size exclusion chro-

matography (SEC) or sedimentation followed by resuspension. Smaller condensates formed

at 42◦C at pH 6.8 were resolubilized after a two-hour incubation in the presence of Hsp104,

Ssa2/Hsp70, and Sis1/Hsp40 (Figure 4.1C and 4.1D). However, larger condensates formed at

higher temperature and/or lower pH remained insoluble after incubation with chaperones.
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Figure 4.1: Less efficient dispersal of larger condensates.
(A) DIC images of Pab1-mRuby2 formed under different conditions, adapted from [138].
(B) Unlabeled wildtype Pab1 was treated as specified for 20 minutes and the absorbance
of the sample was measured at 600 nm. Highter temperatnre and lower pH cause higher
turbidity. (C) Pab1 condensates formed under the specified condition were incubated with
the disaggregation system (0.1 µM Pab1, 01 µM Ssa2, 0.1 µM Hsp104, 0.5 µM Sis1) for 2
hours at 30◦C, centrifuged at 100k g for 20 minutes, and analyzed by western blot to measure
chaperone-dependent solubilization. Sis1 was omitted in negative controls. SEC denotes
samples which have gone through size exclusion column. (D) Quantification of the western
blot shown in (C). Pab1 condensates formed under higher temperature and lower pH are
refractory to chaperones.

This preliminary result suggests condensates formed under different conditions are treated

differently by the disaggregation system. A similar observation was reported for G6PDH

aggregates: both the rate and yield of disaggregation decrease as the aggregate size increases

[33]. Whether an increase in aggregate/condensate size accompanies change in the underlying

structure or burial of chaperone binding sites, as proposed by [33], is unclear. Further research

is required to investigate the molecular and/or physical differences between the condensates

formed under different conditions, address why larger condensates are refractory to dispersal,

and whether/how condensate size is controlled in cell.
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4.2 Co-evolution of chaperones with their endogenous substrates

We explored the hypothesis that the molecular disaggregation system and its endogenous

substrates co-evolved to maintain high dispersal efficiency. This can be tested by challenging

diverse disaggregation systems with heat-induced condensates of conspecific or cross-species

Pab1 variants. Through a collaboration with James Shorter’s group at the University of

Pennsylvania, we obtained recombinantly expressed and purified Hsp104 from six distinct

species: Chlamydomonas reinhardtii (Cr), Monosiga brevicollis (Mb), Calcarisporiella ther-

mophila (Ct), Saccharomyces cerevisiae (Sc), Thermomyces lanuginosus (Tl), and Thielavia

terrestris (Tt) (Figure 4.2). The optimal growth temperatures ranged from around 25◦C for

Mb to 45◦C for Ct, Tl, and Tt (Table 4.1).

For preliminary investigation, I dispersed ScPab1 condensates using ScHsp70 (either Ssa1

or Ssa2), ScHsp40 (Sis1), and Hsp104 from Sc or different source organisms. Dispersal was

tracked by monitoring fluorescence anisotropy of labeled A19 RNA. Systems with Hsp104

from Ct, Sc, Tl, and Tt showed comparable initial rate of dispersal (Figure 4.3A). Hsp104

from Cr and Mb caused more than 50% decrease in the dispersal rate (Figure 4.3A). A

positive linear correlation (r = 0.73) was observed between the mean dispersal rate and the

optimal growth temperature of the source organism (Figure 4.3B).

At first glance, the data seem to suggest that Hsp104 from a source organism whose

optimal growth temperature is lower than 30◦C disperses ScPab1 condensates less efficiently

than conspecific Hsp104. This is not clear, however, because the two species with lower

Table 4.1: Hsp104 source organism and the initial rate of Pab1 dispersal.

Source
organism

Initial rate of
dispersal (1/min)

Optimal growth
temperature (◦C)

Cr 0.05 26 [193]

Mb 0.08 25 [83]

Ct 0.18 45 [115]

Sc 0.16 30 [152]

Tl 0.18 45 [102]

Tt 0.19 45 [15]
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Figure 4.2: Species tree highlighting Hsp104 source organisms.
Hsp104 was purified from the highlighted organisms. The species tree was generated using
phyloT (http://phylot.biobyte.de/) and visualized using iTOL (http://itol.embl.de/).

Figure 4.3: Relationship between the optimal growth temperature and the initial
rate of Pab1 dispersal.
(A) Initial rate of S. cerevisiae Pab1 condensate dispersal quantified from fluorescence
anisotropy assay. Hsp104 of the specified source organism was added to Pab1 condensates,
Sis1, and Hsp70 (either Ssa1 or Ssa2) to initiate dispersal. The following concentrations of
proteins were used: 0.2 µM Pab1, 0.2 µM labeled A19 RNA, 1 µM Hsp70, 0.1 µM Hsp104,
and 0.5 µM Sis1. (B) The average initial rate of Pab1 condensate dispersal quantified in (A)
was plotted against the optimal growth temperature of the Hsp104 source organism.
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optimal growth temperatures are the species most distantly related to Sc (Figure 4.2). It is

possible that larger sequence difference between chaperones from Sc and more distantly related

species made cross-species Hsp104-Hsp70 interaction less compatible. Further investigation

using a complete conspecific disaggregation system (e.g., MbHsp104 with MbHsp70 and

MbHsp40), a stand-alone variant of Hsp104, or diverse Pab1 will help determine co-evolution

of chaperones with endogenous substrates.

4.3 Measuring the effect of Sis1/DnaJ on Hsp70’s affinity to

CE2 peptide

Hsp40 uses its substrate binding domain and conserved J-domain to increase Hsp70’s substrate

specificity and affinity, respectively [80]. Sis1, a type II Hsp40, promotes Hsp70 binding

to heat shock factor 1 (Hsf1), the master regulator of the HSR [42, 4]. The Hsp70 binding

site on Hsf1 is known as conserved element 2 (CE2) [86] (Figure 4.4A). To biochemically

recapitulate Sis1’s effect on Hsp70 affinity toward Hsf1, I measured Hsp70’s affinity to labeled

CE2 peptides in the absence or presence of Sis1 using fluorescence polarization (Figure 4.4B-E

and Table 4.2). I also repeated the experiment with bacterial Hsp70/DnaK and Hsp40/DnaJ

(Figure 4.4F and 4.4G).

The result was unexpected; Sis1 interfered with Ssa2 binding to CE2 peptide. The same

pattern was observed with DnaK and DnaJ. This is probably due to the artefact of using

short peptides instead of full-length Hsf1. A full-length substrate is likely to have separate

and/or multiple binding sites Hsp40 and Hsp70, allowing simultaneous binding. Sis1 may be

competing with Hsp70 for the single binding site on the CE2 peptide. Purified full-length

Hsf1 or tandem repeats of CE2 will be required to set up a better in vitro system for Sis1.

Detailed method: Fluorescence polarization was monitored using TECAN Spark mi-

croplate reader. Increasing concentration of Ssa2/DnaK or Sis1/DnaJ was added to 0.1 µM

fluorescein-labeled CE2 peptide (5-FAM-KQRYLLKNRANS) in buffer (20 mM HEPES pH
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Figure 4.4: Excess Sis1 interferes with Ssa2 binding to CE2 peptide.
(A) Fluorescently labeled CE2 peptide with the shown sequence was used at 0.1 µM concen-
tration and its fluorescence polarization was monitored. (B and C) Sis1/DnaJ does not bind
the CE2 peptide. (D) Ssa2 binds CE2 peptide with about 3 µM affinity in the absence of
ATP in the buffer. The affinity decreases significantly in the presence of 5 mM ATP. (E)
In the presence of excess Sis1, Ssa2 affinity decreases regardless of ATP concentration. (F)
DnaK binds the peptide with similar affinity as Ssa2 in the absence of ATP. The affinity
decreases by about 2-fold in the presence of ATP. (G) Excess DnaJ interferes with DnaK
binding to CE2 peptide. The DnaK-only data in (F) and (G) are identical data plotted in
different colors for clarity.

7.4, 150 mM KCl, 2.5 mM MgCl2, 0.01 % Triton X-100, 1 mM DTT) containing either

no or 5 mM ATP. After 1 hour equilibration at room temperature, fluorescence polariza-

tion was measured every minute for 60 minutes. The signal stayed steady throughout this
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post-equilibration measurement. The average data were plotted and fitted to the following

quadratic equation with fitting parameters Kd and g:

y =
max(y)

[CE2]
(
([CE2] + x + Kd) –

√
([CE2] + x + Kd)2 – 4([CE2] + x)

2
) + (xg) (4.1)

Table 4.2: CE2 peptide binding affinity and g values.

Condition Apparent Kd rounded to the nearest integer (µM) g

Ssa2 - ATP 3 0.06

Ssa2 + ATP 26 0.26

Ssa2 + Sis1 - ATP 12 0.25

Ssa2 + Sis1 + ATP 37 0.22

DnaK - ATP 4 0.10

DnaK + ATP 9 0.15

4.4 Efficient refolding of fully denatured Pab1

Pab1 readily refolds from completely denatured state to RNA-binding competent form upon

dilution into refolding buffer with no urea (Figure 3.5D). To assess whether denatured

Pab1 refolds into its native structure or some other RNA-binding competent, but nonnative

structure, I compared circular dichroism (CD) of native versus refolded Pab1 (Figure 4.5A-C).

Wavelength scan at room temperature showed a smooth signal between 215 nm and 240

nm for both native and refolded Pab1 (Figure 4.5B). To assess any difference in protein

structure or stability between native and refolded Pab1, each protein’s CD at 217 nm was

monitored over a temperature range between 20◦C and 70◦C (Figure 4.5C). The traces from

the native and refolded Pab1 showed a similar shape. The melting temperature (Tm) for

refolded Pab1 was higher than that of native Pab1 by about 0.8◦C (Table 4.5). This suggests

two possibilities: 1) a local domain of the refolded Pab1 misfolded during refolding, leading

to higher Tm for the refolded Pab1, or 2) a small population of Pab1 failed to refold into

the native state and misfolded. The small difference in Tm indicates that Pab1 is able to

efficiently refold into the native state most of the time in the absence of any auxiliary factors
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Figure 4.5: Efficient refolding of fully denatured Pab1.
(A) General workflow. The same setting and buffer condition were used for CD measurement
as described in [138]. (B) Wavelength scan for native and refolded Pab1. (C) Temperature
scan at 217 nm for native and refolded Pab1. The data are fitted to a two-state model with
sloping baselines to extract melting temperature using R (Table 4.3).

Table 4.3: Melting temperature (Tm) of native and refolded Pab1

Pab1 Tm (◦C) Standard error

Native 52.15 0.07

Refolded 52.94 0.09

such as chaperones. Whether this efficient folding is a characteristic specific to Pab1, or

an evolved trait commonly shared by all condensing endogenous proteins, remains to be

determined.

4.5 Pab1 releases RNA upon condensation

Excess RNA was shown to inhibit Pab1 condensation in a previous study [138], suggesting

that the same interface may be used for RNA binding and condensation for Pab1. To track
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Figure 4.6: Pab1 releases RNA upon condensation.
Fluorescence anisotropy of labeled A19 RNA was monitored before, during, and after a
20 minute, 46◦C treatment in the presence of Pab1. Data were collected using HORIBA
Fluorolog-3 at the Biophysics Core Facility.

the fate of Pab1-bound poly(A) RNA during Pab1 condensation, I monitored fluorescence

anisotropy of labeled 19-mer poly(A) RNA (A19) in the presence of Pab1 before, during,

and after a 20 minute heat treatment at 46◦C (Figure 4.6). The total concentration of

RNA matched that of Pab1. Normalization to the pre-treatment anisotropy level showed

a reduction in the anisotropy value after heat treatment, suggesting RNA release during

Pab1 condensation. The magnitude of the drop was greater in the presence of a thermolabile

protein firefly luciferase, which is consistent with the previous observation that misfolded

protein nucleates Pab1 condensation [195] (Figure 3.8).

4.6 Artifactual co-localization of Pab1 condensates with DNA in

the absence of competitors

I previously showed that Pab1 releases RNA upon condensation (Figure 4.6). However, I also

noticed that when pre-assembled Pab1 condensates are added to labeled RNA, the baseline

anisotropy increases slightly (Figure 3.1E). I hypothesized that this increase in anisotropy

results from RNA interacting with the surface of Pab1 condensates.

To test whether poly(A) RNA associates with the surface of Pab1 condensates, I turned
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Figure 4.7: Artifactual co-localization of Pab1 condensates with DNA in the
absence of competitors.
Co-localization of Pab1-mRuby2 with either fluorescein-labeled 19-mer poly(A) RNA (left)
or DNA (right), in the absence or presence of 1 mg/mL tRNA as nonspecific competitors.
Condensation of 10 µM Pab1 in the presence of 5 µM RNA was triggered either by pH or heat
shock. Higher temperature and Ficoll were used to induce more complete Pab1 condensation,
with minimal residual monomeric Pab1 in the background. The scale bar is 5 µm.

to use fluorescence microscopy. Fluorescence microscopy is a common method used in the

field to assess co-condensation. As a negative control, I used poly(A) DNA to which Pab1

does not bind. Condensation of Pab1-mRuby2 in the presence of either RNA or DNA showed

localization of both nucleic acids to Pab1 condensates (Figure 4.7). Co-localization of poly(A)

DNA with Pab1 condensates indicated that observed co-localization is due to nonspecific

interaction. When co-condensation was repeated in the presence of 1 mg/mL tRNA as a

competitor, poly(A) DNA no longer co-localized to Pab1 condensates. Poly(A) RNA still

showed substantial localization of pH-induced Pab1 condensates and weaker, but visible
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localization to heat-induced Pab1 condensates. Whether the higher co-localization of poly(A)

RNA with pH-induced Pab1 condensates is due to the larger size or higher permeability

of pH-induced condensates compared to heat-induced condensates is unknown. Even with

heat-induced Pab1 condensates, it was impossible to determine whether poly(A) RNA is

associating with the surface of condensates. A higher resolution microscopy in the presence

of excess RNA competitor, and perhaps with lower amount of labeled RNA, will help better

determine how poly(A) RNA is interacting with Pab1 condensates.

The co-condensation of poly(A) DNA with Pab1 condensates in the absence of nonspecific

competitor provides a cautionary example of how a poorly designed microscopy experiment can

lead to a wrong conclusion. A proper negative control should always be used in experiments

to prevent making a false conclusion based on nonspecific interactions.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis opened with a review on adaptive function of environmentally induced biomolecu-

lar condensation, then explored the function of molecular chaperones as efficient dispersers

of biomolecular condensates. The knowledge gained from this thesis—that chaperones can

directly disperse stress-induced condensates, that stress-induced condensates are endoge-

nous chaperone substrates, and the resolution of a long-standing puzzle in the chaperone

field—exemplify how research at the interface between the burgeoning field of biomolecular

condensates and the mature field of molecular chaperones can benefit both fields. In this

concluding chapter, I describe some of the open questions and future directions for both

fields.

5.1 Regulation of biomolecular condensates

How do chaperones affect the onset of biomolecular condensation in cells? A two-dimensional

phase boundary is commonly used to describe a protein’s temperature-, pH, and/or concentration-

dependent in vitro condensation behavior [68, 196]. However, the phase boundary of a protein

is likely to be affected by multiple interacting biomolecules or ligands in the highly concen-

trated and heterocompositional cellular environment. A heterotypic interaction-dependent

modulation of the phase boundary has been proposed as the molecular basis of the directional

flux of rRNA out of the nucleolus [139]. More recently, a simulation-based study showed that

binding of a ligand can either stabilize or destabilize condensation of the scaffold protein

depending on the valency and the binding location of the ligand [144]. In Chapter 3, Hsp26

was shown to suppress condensation of Pab1 in a concentration dependent manner [195]

(Figure 3.9A-D). Whether the chaperone binding sites generally overlap with those involved

in condensation, and how the change in the chaperone availability due to environmental

stress, adaptation, or disease progression affects condensation of key proteins and the ensuing
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biological consequences are major open questions.

The functional importance of the material state of condensates remains to be determined,

but chaperones can prevent liquid-to-solid transition of a human RNA binding protein Fused

in Sarcoma (FUS) [97, 17]. In mammalian cells, the exogenously expressed misfolded protein

partitions into either stress granules or nucleolus and slows the internal dynamics of the

respective organelle [108, 47]. Chaperone recruitment alleviates this liquid-to-solid transition.

The molecular events leading to the transition from adaptive to aberrant condensates and

the role of chaperones in preventing such aberrant transition are the topics of large interest

in the fields of cellular stress, protein aggregation, and aging [3].

What regulates chaperone-dependent dispersal of stress-induced endogenous condensates?

Is it simply the availability of chaperones, or is there a preceding molecular event which must

“license” condensates for chaperone-dependent dispersal? In yeast, heat shock triggers pyruvate

kinase Cdc19 to form reversible amyloids which localize to stress granules [24]. Dissolution

of Cdc19 is required for Pab1 and other constituents of stress granules to be dispersed.

Interestingly, Cdc19 amyloids cannot recruit and get disassembled by the Hsp104/70/40

disaggregation system unless the glycolytic metabolite fructose-1,6-bisphosphate (FBP)

induces a conformational change in Cdc19 amyloids [24]. This illustrates two important

regulatory mechanisms of condensate regulation in cell: 1) the hierarchical dispersal of

different proteins from condensates and 2) coupling of chaperone-dependent condensate

dispersal to other cellular processes such as metabolism. Biochemical reconstitution of the

dispersal system using multiple different condensates or heterogeneous condensates, and

measurement of the relative dispersal kinetics will help identify the hierarchical relationship

between different substrates. Many metabolic enzymes in eukaryotes and prokaryotes have

been previously shown to form either filamentous or spherical condensates in response to

stress [131, 118, 12, 100, 5, 147, 128]. Future research identifying which of these structures

require chaperones for facilitated dispersal, whether small molecules like metabolites affect

their engagement with chaperones, and if so what conformational change is induced to recruit
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chaperones will benefit both fundamental and translational research involving biomolecular

condensates.

5.2 Regulation and specificity of molecular chaperones

Studying molecular chaperones in the presence of their endogenous substrates may help

address some of the long-standing open questions in the chaperone field. One big question

is how the multitude of post-translational modification (PTM) sites on chaperones are

used to regulate chaperone activity and specificity [123]. For example, in budding yeast,

stress-triggered phosphorylation of the site T36 on Hsp70 has shown to displace Ydj1 [178].

This suggests that the disaggregation system will preferentially target substrates with Sis1

binding sites during stress. Competition experiments using multiple endogenous substrates

and phosphomimetic mutants of Hsp70 will reveal how a single or a combination of PTMs

can shape the specificity of the disaggregation system. This can be combined with in vivo

experiments to determine how the kinetics of the PTM addition and/or removal correlate

with the dispersal of specific substrates.

Future research on more endogenous chaperone substrates and the PTM effect on chap-

erone specificity may also help us understand why eukaryotic cells often express multiple

isoforms of Hsp70 [78]. Yeast has four cytosolic Hsp70 paralogs, two of which are constitutively

expressed (Ssa1/2) while the others are induced upon stress (Ssa3/4). Human cells have six

cytosolic Hsp70 isoforms, which are expressed in varying patterns in different tissues and

developmental stages [78]. The functional specificity of these isoforms has been difficult to

assess biochemically because no clear isoform-specific activity or specificity is known. A

recent study in human cells showed that chemical stress triggers acetylation of stress-inducible

Hsp70 and renders that Hsp70 to associate with co-chaperones to promote protein refolding

[158]. As the stress persists, Hsp70 is gradually deacetylated and the deacetylated Hsp70

associates with a different co-chaperone to switch Hsp70 function from protein refolding to

protein degradation [158]. Interestingly, this acetylation site is conserved across eukaryotes
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in stress-inducible Hsp70 but not in constitutively-expressed Hsp70 [158]. Future work on

whether and how cells utilize Hsp70 isoform-specific PTM to target misfolded aggregates or

aberrant condensates for degradation will provide much insight about the chaperone system.
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