
THE UNIVERSITY OF CHICAGO

INSIGHTS INTO STRESS-INDUCED CONDENSATION OF MRNA AND PROTEIN

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

INTERDISCIPLINARY SCIENTIST TRAINING PROGRAM:

BIOPHYSICAL SCIENCES

BY

HENDRIK GLAUNINGER

CHICAGO, ILLINOIS

DECEMBER 2023



Copyright © 2023 by Hendrik Glauninger

All Rights Reserved



For Gottlieb, Annette, and Kristof



Erst die Arbeit, dann das Vergnügen.



TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 What is biomolecular condensation and what does it do? . . . . . . . . . . . 1
1.2 Uncertainty in the function of stress-induced condensates and stress granules 2
1.3 Mechanisms of condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Specific questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 STRESSFUL STEPS: PROGRESS AND CHALLENGES IN UNDERSTANDING
STRESS-INDUCED MRNA CONDENSATION AND ACCUMULATION IN STRESS
GRANULES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Multiple stages of stress-induced RNA condensation and stress granule formation 10
2.4 Elusive functions of stress granules and stress-triggered RNA condensation . 13
2.5 Informing functions of stress-triggered condensation through the lens of disease 16
2.6 The role of RNA: Old observations and emerging results . . . . . . . . . . . 18
2.7 Mechanisms of dissolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.8 Examining the role of liquid-liquid phase separation in stress-induced conden-

sation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.9 Hazards in defining stress granule composition . . . . . . . . . . . . . . . . . 26
2.10 Grand challenges in studying stress-induced protein/mRNA condensation . . 29

3 TRANSCRIPTOME-WIDE MRNA CONDENSATION PRECEDES STRESS GRAN-
ULE FORMATION AND EXCLUDES STRESS-INDUCED TRANSCRIPTS . . 33
3.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3.1 Sed-seq enables measurement of transcriptome-scale mRNA condensa-
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3.2 mRNA condensation of the entire pre-stress transcriptome following
heat shock is proportional to the magnitude of stress . . . . . . . . . 40

3.3.3 mRNAs encoding stress response genes escape condensation during
stress and are preferentially translated . . . . . . . . . . . . . . . . . 42

3.3.4 Widespread mRNA condensation, epitomized by HAC1, is observed
outside of stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

v



3.3.5 Translation initiation block causes mRNA-specific and global conden-
sation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3.6 mRNA condensates are related to, but distinct from, stress granules . 52
3.3.7 Blocking translation initiation at distinct steps implicates an upstream,

competitive step rather than a specific factor in initiation to cause
condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.3.8 Although blocking translation initiation causes mRNA condensation,
the generation of translationally-stalled transcripts alone cannot ex-
plain stress-induced condensation . . . . . . . . . . . . . . . . . . . . 55

3.3.9 Different mRNAs escape condensation in different stresses . . . . . . 56
3.3.10 Newly transcribed mRNAs escape condensation during stress . . . . . 58

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.4.1 mRNA condensation into biochemically isolatable assemblies is re-

lated, yet distinct, from SG recruitment . . . . . . . . . . . . . . . . 59
3.4.2 Rethinking the mechanism of mRNA condensation . . . . . . . . . . 60
3.4.3 Towards the function of stress-induced condensation . . . . . . . . . . 61
3.4.4 Transcripts of the Hsf1 regulon consistently escape stress-induced con-

densation to act as putative molecular timers for stress recovery . . . 62
3.4.5 How do new transcripts escape stress-induced condensation? . . . . . 63
3.4.6 Final thoughts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.5.1 Stress treatments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.5.2 Biochemical fractionation by Sed-seq . . . . . . . . . . . . . . . . . . 65
3.5.3 Modeling: calculation of pSup . . . . . . . . . . . . . . . . . . . . . . 65
3.5.4 Confocal microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.5.5 Auxin induced degron depletions . . . . . . . . . . . . . . . . . . . . 65
3.5.6 Solubility reporters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4 THERMODYNAMIC SPECIFICITY CONTROLS PAB1 CONDENSATION ACROSS
TEMPERATURES AND ORTHOLOGS . . . . . . . . . . . . . . . . . . . . . . . 67
4.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.2.1 Molecular mechanisms of stress-induced condensation . . . . . . . . . 68
4.2.2 Stress-induced condensation across environmental niches . . . . . . . 69
4.2.3 Hydrogen-Deuterium Exchange Mass Spectrometry . . . . . . . . . . 70

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.3.1 Validating HDX-MS results against published work . . . . . . . . . . 73
4.3.2 Putative amyloid-like crosslinks connect Pab1 protomers in the con-

densate and are important for condensation . . . . . . . . . . . . . . 76
4.3.3 The hydrogen bond networks of Pab1 condensates formed at different

temperatures are similar yet distinct . . . . . . . . . . . . . . . . . . 78
4.3.4 The hydrogen bond networks of Pab1 condensates formed from differ-

ent yeast orthologs are largely conserved yet distinct . . . . . . . . . 81

vi



4.3.5 Differences in monomer Pab1 structural dynamics could explain the
differences in condensation onset temperature among orthologs . . . . 83

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.4.1 A core architecture in Pab1 condensate structure may explain its hy-

drogel properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.4.2 Structure function relationship: Could different temperature conden-

sates serve different functions? . . . . . . . . . . . . . . . . . . . . . . 88
4.4.3 How does primary sequence encode condensation onset temperature? 89
4.4.4 Putative broader applicability of thermodynamic selectivity in protein

condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.5.1 Protein expression and purification . . . . . . . . . . . . . . . . . . . 91
4.5.2 Dynamic light scattering . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.5.3 Condensate preparation . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.5.4 Hydrogen-deuterium exchange mass spectrometry . . . . . . . . . . . 92
4.5.5 HDX-MS data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5 TRANSITION METAL SIGNALING IS A PUTATIVE MECHANISM TO MODU-
LATE STRESS-INDUCED CONDENSATION . . . . . . . . . . . . . . . . . . . . 93
5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.2.1 Transition metal homeostasis is essential for life . . . . . . . . . . . . 93
5.2.2 Stress-induced condensation is likely functional and activates the heat

shock response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.2.3 Modulation of condensation by metalation . . . . . . . . . . . . . . . 95

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.3.1 Pab1 is predicted to possess metal binding sites and its condensation

is promoted by Zn2+ . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.3.2 Pab1 likely contains a specific Zn2+ binding site . . . . . . . . . . . . 99

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.4.1 Zn2+ signaling in Pab1 stress-induced condensation is plausible but

must still be tested . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.4.2 Potential roles of Pab1 condensation in response to Zn2+ stress? . . . 103
5.4.3 Zinc importance in the stress response separate from Pab1 . . . . . . 104
5.4.4 Widespread role of Zn(II) condensation in disease? . . . . . . . . . . 104

5.5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.5.1 Protein expression and purification . . . . . . . . . . . . . . . . . . . 105
5.5.2 Dynamic light scattering . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.5.3 Biochemical fractionation by centrifugation . . . . . . . . . . . . . . . 106
5.5.4 NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6 FINAL CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.2 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

vii



6.2.1 What is the mechanism of mRNA condensation? . . . . . . . . . . . . 108
6.2.2 What is the function of mRNA condensation? . . . . . . . . . . . . . 108
6.2.3 To what extent do specific interactions control Pab1 condensation? . 109
6.2.4 To what extent do transition metals modulate condensation? . . . . . 110

6.3 Final thoughts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

viii



LIST OF FIGURES

1.1 LLPS phase diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Graphical abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Stress-triggered protein/mRNA condensation and stress granule formation occur

in stages, depend on stress intensity and identity, and involve multiple types of
molecular interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Formation of canonical stress granules (visible by standard microscopy, composed
of a large number of components) may not be required for many attributed functions 15

2.4 The mechanisms of stress-triggered condensation and stress granule formation
remain an area of active inquiry . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5 Different methods used to probe stress-induced condensation capture and report
on different stages of stress-induced condensation and stress granule formation,
providing complementary information . . . . . . . . . . . . . . . . . . . . . . . . 27

2.6 Grand challenges in the study of stress granules and stress-induced condensation 29

3.1 Measuring mRNA condensation under stress and non-stress conditions . . . . . 39
3.2 Stress-induced transcripts escape condensation following heat shock and are pref-

erentially translated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3 mRNA condensation is observed even outside of stress and is associated with

blocked translation initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4 Translation initiation block causes mRNA-specific and global condensation . . . 50
3.5 Specific interactions competing with translation initiation machinery—rather than

ribosome-free RNA—cause mRNA condensation and are amplified during stress 53
3.6 Stress-induced mRNA condensation is not length-dependent across various stresses;

escape is stress-context specific, which argues against intrinsic sequence features
determining mRNA condensation . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.7 Transcriptome-wide mRNA condensation prepares the cell to focus translation
on stress-induced mRNAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1 HDX-MS hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.2 Peptide map of Pab1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.3 Validation of monomeric Pab1 HDX data . . . . . . . . . . . . . . . . . . . . . . 75
4.4 Validation of condensed Pab1 HDX data . . . . . . . . . . . . . . . . . . . . . . 75
4.5 Sites of extreme protection in Pab1 condensates . . . . . . . . . . . . . . . . . . 76
4.6 Stickerless RRM123 does not condense . . . . . . . . . . . . . . . . . . . . . . . 78
4.7 Preparation of Pab1 condensates at different temperatures . . . . . . . . . . . . 79
4.8 Pab1 condensates formed at different temperatures have different structures . . 80
4.9 HDX-MS investigation of Pab1 ortholog monomers and condensates reveals con-

servation of condensate structure and mechanism . . . . . . . . . . . . . . . . . 83
4.10 A single point mutation decreases Pab1 condensation onset temperature . . . . 85

5.1 Pab1 is bioninformatically predicted to possess numerous Zn2+ binding sites . . 98
5.2 Zn2+ promotes Pab1 condensation . . . . . . . . . . . . . . . . . . . . . . . . . 99

ix



5.3 Zn2+ specifically promotes Pab1 condensation . . . . . . . . . . . . . . . . . . . 100
5.4 The Zn2+-binding site is likely located in RRM 1-3 and contains a histidine residue101
5.5 Pab1 RRM3 binds Zn2+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

x



LIST OF TABLES

2.1 What is a condensate? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1 Highlights of advances in understanding mRNA condensation during stress . . . 34

xi



ACKNOWLEDGMENTS

Science is a team sport, and I would like to acknowledge the people who have helped me

along the way and made graduate school fun. First, I would like to thank my mentors

Drs. D. Allan Drummond and Tobin Sosnick for the privilege of working with them and for

their investment into me as a young scientist. Their scientific curiosity and rigor, ranging

from the big picture of a biological question to the intricate details of an experiment, are

inspiring and have been impressed upon me. I most thank them for selflessly giving me the

freedom to explore diverse projects across disciplines, even when it may have been pertinent

to focus on a single question. Additionally, thank you to my thesis committee members

Drs. Tao Pan and Chuan He for improving my work with their thoughtful feedback and

intellectual guidance. I am fortunate to have been surrounded by fantastic scientists across

the university, who serve as my professional role models.

I would like to thank all members of the Drummond and Sosnick labs for being tremen-

dous colleagues and friends. They have provided an intellectual environment that is not

only generous and understanding (to learn and explore new ideas in), but also rigorous and

challenging (to sharpen those ideas into legitimate scientific contributions). Specifically, Dr.

Edward Wallace, Caitlin Wong Hickernell, Dr. Jared Bard, Dr. Ruofan Chen, Dr. Sammy

Keyport, and Isabelle Gagnon have made key contributions to this work. I thank previous

lab members Drs. Haneul Yoo, Chris Katanski, Xiangda Peng, and Nabil Faruk for their

help and for being excellent people to work with. I thank Dr. Michael Baxa, Xiaoxuan Lin,

and Andrew Molina for mass spectrometry training, patience, and guidance.

I am grateful to my undergraduate research mentors Drs. David Giedroc, Joseph Mar-

tinelli, Tim Lahm, and Yue Fu for inspiring me to pursue a research career for the benefit

of human health.

Outside of lab, I am grateful to my wonderful friends for making life more fun and

exciting. Thank you for being my family away from home.

xii



Most of all, I am indebted to my family–Gottlieb, Annette, and Kristof–for their love

and support in all aspects of my life. My parents are my role models, and I can only hope

to be like them when I grow up. My brother is my best friend. This work is not possible

without them; therefore, it is for them.

xiii



ABSTRACT

mRNA and protein clump—or condense—in response to cellular stress across the tree of

eukaryotic life. Yet, despite decades of inquiry and its universal evolutionary conservation,

the function of stress-induced condensation remains enigmatic. The aim of this thesis is

to gain insights into this fundamental phenomenon, using both cell biological and reduc-

tionist biophysical perspectives. Outstanding issues in the field of mRNA condensation are

disagreements of which transcripts condense in response to stress, mechanistic understand-

ing of how mRNA condenses and accumulates into microscopically visible stress granules,

and the functional consequences of mRNA condensation. Outstanding issues in the field

of protein condensation are a lack of high resolution understanding of the structures of

condensates, how the structures of condensates may differ in different stress contexts, and

how Nature encodes condensation into a protein’s primary sequence. Furthermore, how or-

ganisms modulate condensation by altering the chemical environment of the cell remains

understudied.

In Chapter 2, I summarize our understanding of stress-induced condensation of mRNA

and protein, detail active areas of inquiry, and raise grand challenges plaguing the field from

answering these questions.

In Chapter 3, we interrogate mRNAs condensation during stress using budding yeast as a

model organism. I show that most mRNAs condense following exposure to multiple divergent

stresses. Rather than length being the defining predicter of mRNA condensation, we find

that transcriptionally induced mRNAs escape condensation. Mechanistic work reveals that

an increased abundance of ribosome-free mRNA is not sufficient to explain stress-induced

mRNA condensation. Rather than simply being a byproduct of stress-triggered translational

downregulation, our data supports a model in which mRNA condensation helps focus the

cell’s translational machinery to produce proteins needed to mount its stress response.

In Chapter 4, I probe the molecular mechanisms of protein condensation using polyadenylate-

xiv



binding protein (Pab1 in budding yeast) as a model. I advance our understanding of Pab1

condensation mechanism by identifying putative, specific crosslinks connecting Pab1 pro-

tomers in the condensate. Supporting the thermodynamic specificity model of Pab1 conden-

sation, I use HDX-MS to probe the hydrogen bond networks of Pab1 condensates formed

at different temperatures and find that different condensation onset temperatures causes

different condensate structures. HDX-MS study of Pab1 condensates from orthologs with

different condensation onset temperatures informs how Nature encodes condensation in pri-

mary sequence.

In Chapter 5, I investigate how Nature may utilize transition metal signaling to modu-

lation condensation. Using Pab1 from budding yeast as a model system, I find that Zn2+

specifically promotes Pab1 condensation. Transition metals may be a broadly applicable class

of signaling molecules, aiding the cell to transduce stress signals into condensate formation.
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CHAPTER 1

INTRODUCTION

1.1 What is biomolecular condensation and what does it do?

Biomolecular condensation refers to the nonstoichiometric clumping of protein and mRNA

into massive, membraneless assemblies. [Banani et al., 2017]. Condensates include many

critical cellular compartments, such as the nucleoli and p bodies [Banani et al., 2017]. Con-

densation also appears to be critical for cells to adapt to stress, as their formation is univer-

sally conserved across eukarya in response to a a wide array of different stresses [Kedersha

et al., 2013]. Stress granules (SGs) are cytoplasmic, stress-induced condensates, which are

operationally defined as microscopically visible foci of mRNA and certain marker proteins

which form in response to stress [Kedersha et al., 2000].

The concept of biomolecular condensation has been received with great interest by the

scientific community, as it provides a novel mechanism by which cells can organize in space

and time. By concentrating certain biomolecules in specific locations, these compartments

are thought to be able to serve specific function for the cell [Banani et al., 2017]. Tradition-

ally, eukaryotic organisms have been thought to dominantly utilize phospholipid membranes

to generate concentration gradients. Thus, the reckoning that we as a field were oblivious

to ubiquitous layers of cellular organization is extremely exciting. In fact, condensates are

sometimes referred to as "membraneless organelles." However, despite decades of study, ques-

tions as basic as the functions of stress-induced condensates remain enigmatic [Glauninger

et al., 2022].
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1.2 Uncertainty in the function of stress-induced condensates and

stress granules

A wide range of perspectives exists as to the potential functions of stress-induced condensates

and stress granules, from deleterious or coincidental to functional. One model is that stress

conditions cause widespread protein misfolding, exposing hydrophobic patches which aggre-

gate [Cherkasov et al., 2013, Vabulas et al., 2010]. In this model, the misfolding of protein

and resulting condensation are part of the toxicity of the stress. A separate view is that the

formation of stress granules occurs when increased concentrations of ribosome-free mRNA

are present in a cell, such as following the widespread translational attenuation during stress

conditions [Hofmann et al., 2021]. Here, the condensation of ribosome-free mRNA occurs

as a byproduct of stress conditions, without necessarily positing a function or detriment.

Yet another view is that stress-induced condensation is an evolved cellular response enabling

cells to adapt to stress conditions [Riback et al., 2017, Keyport Kik et al., 2023, Iserman

et al., 2020].

The importance of understanding to what degree stress-induced condensation is deleteri-

ous, coincidental, or functional is underscored by the association of perturbed condensation

and various disease states [Boija et al., 2021, Eiermann et al., 2020, Wolozin and Ivanov,

2019]. Emerging efforts to pharmaceutically drug condensates will be stymied if we do not

know which direction (if any) to modulate them [Mitrea et al., 2022]! Contributing to the

uncertainty regarding the functional understanding of condensation is a dearth in knowledge

of which biomolecules condense in stress, and how.

1.3 Mechanisms of condensation

Many cellular condensates, including stress granules, are believed to form at least partially

through liquid-liquid phase separation (LLPS) [Hofmann et al., 2021]. LLPS describes the

2



demixing of a solution into 2 distinct liquid states, such as oil and water [Hyman et al.,

2014]. LLPS in biology has been embraced as a revolutionary concept because it enables the

thermodynamically driven (no energy input needed) compartmentalization of biomolecules

without membranes. In the case of stress granules, a flurry of recent work has led to a

model of G3BP1/2 phase separation as the central nexus of SG formation [Yang et al., 2020,

Guillén-Boixet et al., 2020, Sanders et al., 2020]. Yet, future work is required to understand

the degree to which LLPS underlies SG formation across stresses and organisms and the

detailed molecular mechanisms by which condensates form and functin in vivo [Mateju and

Chao, 2022].

For a simple single protein system, phase diagrams are a powerful tool to understand the

concepts of liquid-liquid phase separation (Figure 1.1, from Alberti et al. [2019]). Impor-

tant concepts include understanding that LLPS can only occur above a certain saturation

concentration (csat), which is dependent on the environmental condition the biomolecule

is exposed to—for example, temperature or pH. There exists a critical point at which the

2-phase regime no longer occurs. Whether the system behaves via an upper or lower critical

solution condition determines which regime it falls in. For example, Figure 1.1 depicts an

upper critical solution concentration system, as there is a critical point above which LLPS

does not occur. In contrast, Pab1 condenses as a lower critical solution temperature system

[Riback et al., 2017]. The fact that LLPS behavior is tuned by environmental conditions is

critical for biology, as this implies that condensing proteins must be tuned to appropriately

function in the cellular environment. This further implies that condensing proteins have

evolved relative to the environmental conditions experienced by the organism, a concept

critical to Chapter 4. Moreover, the inverse must also be appreciated: the extreme sensitiv-

ity of LLPS to solution condition implies that cells may have evolved to adjust their chemical

environments to modulate LLPS in response to stress, a concept critical to Chapter 5.

A key feature of LLPS is that the cL (concentration of the light phase) and cD (concen-

3



Figure 1.1: LLPS phase diagram. cL and cD represent the concentration of the light and
dense phases respectively. The critical point is the environmental condition above or below
(depending on whether the system acts as an upper or lower critical solution conditions
system) which phase separation cannot occur. Figure taken from Alberti et al. [2019].

tration of the dense phase) remain constant at different overall protein concentrations at a

certain environmental condition (Figure 1.1). The light phase has concentration cL, while

the dense phase has concentration cD. Instead, as total protein concentration increases

(moving along a tide line, as depicted in orange in Figure 1.1), the relative volume fraction

of light and dense phase change.
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1.4 Specific questions

In this work, we aim to address the following questions to gain further insight into the

stress-induced condensation of mRNA and protein:

1. Which mRNAs condense during stress, and how?

2. How do the molecular mechanisms of Pab1 condensation vary across temperatures and

orthologs?

3. Could transition metal signaling play a role in modulating condensation during stress?

To answer these questions, we apply cell biological and biophysical approaches to study

the cellular stress response to heat shock in budding yeast S. cerevisiae. First, Chapter 2

reviews the state of knowledge of stress-induced condensation of mRNA and protein and

posits grand challenges impeding the field. Next, Chapter 3 studies stress-induced mRNA

condensation. We show that most of the transcriptome condenses in a length-independent

manner in response to stress. The transcriptionally-induced stress response messages escape

condensation to be robustly translated. Different mRNAs condense in response to different

stresses, arguing for stress-induced mRNA condensation being an adaptive response which

helps the cell adapt to new environments. Chapter 4 studies the molecular mechanisms of

Pab1 condensates. Using hydrogen-deuterium exchange mass spectrometry (HDX-MS), we

show that Pab1 condensates formed at different temperatures and from different species have

distinct structures, supporting the thermodynamic selectivity mechanism of Pab1 condensa-

tion. Additionally, we identify specific contacts which may form the underlying architecture

linking Pab1 protomers within the condensate. Finally, Chapter 5 investigates transition

metal signaling as a putative mechanism tuning condensation in stress. Using in vitro bio-

chemical reconstitution, we show that Zn2+ promotes Pab1 condensation, suggesting the

presence of a specific binding site and is consistent with a putative role of transition metal

signaling in stress response.
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CHAPTER 2

STRESSFUL STEPS: PROGRESS AND CHALLENGES IN

UNDERSTANDING STRESS-INDUCED MRNA

CONDENSATION AND ACCUMULATION IN STRESS

GRANULES

This chapter has been adapted from [Glauninger et al., 2022].

2.1 Summary

Stress-induced condensation of mRNA and protein into massive cytosolic clusters is conserved

across eukaryotes. Known as stress granules when visible by imaging, these structures re-

markably have no broadly accepted biological function, mechanism of formation or dispersal,

or even molecular composition. As part of a larger surge of interest in biomolecular con-

densation, studies of stress granules and related RNA/protein condensates have increasingly

probed the biochemical underpinnings of condensation. Here, we review open questions and

recent advances, including the stages from initial condensate formation to accumulation in

mature stress granules, mechanisms by which stress-induced condensates form and dissolve,

and surprising twists in understanding the RNA components of stress granules and their

role in condensation. We outline grand challenges in understanding stress-induced RNA

condensation, centering on the unique and substantial barriers in the molecular study of

cellular structures, such as stress granules, for which no biological function has been firmly

established.
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Figure 2.1: Graphical abstract
What is the function of stress-induced condensation?

2.2 Introduction

From humans and other vertebrates to single-celled yeasts, from plants to protozoa, the onset

of primordial stresses such as heat shock, oxidizing agents, hypoxia, and starvation is rapidly

followed by the intracellular condensation and accumulation of myriad proteins and mRNAs

in cytosolic clusters [Cherkasov et al., 2013, Decker and Parker, 2012, Farny et al., 2009, Jain

et al., 2016, Kedersha et al., 2000, 1999, Kramer et al., 2008, Nover et al., 1989, Wallace et al.,

2015]. These enigmatic structures, called stress granules when they grow large enough to

resolve by microscopy, have become standard examples of so-called membraneless organelles

alongside nucleoli, processing (P) bodies, paraspeckles, and others [Alberti and Carra, 2018,
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Boeynaems et al., 2018, Brangwynne, 2013, Gomes and Shorter, 2019, Guo and Shorter,

2015, Lyon et al., 2021, Mitrea and Kriwacki, 2016]. Stress granules and their condensed

molecular precursors have become a nexus of extraordinary recent activity because of the

involvement of protein and RNA liquid-liquid phase separation (LLPS) in their formation

[Guillén-Boixet et al., 2020, Molliex et al., 2015, Riback et al., 2017, Sanders et al., 2020,

Van Treeck et al., 2018, Wheeler et al., 2016, Yang et al., 2020] and hints that dysregulation

of condensation and stress granule formation contribute to disease [Bosco et al., 2010, Patel

et al., 2015].

However, despite sustained and vigorous inquiry, a remarkable array of foundational ques-

tions remain unanswered. What do stress granules do, if anything? What are the functional

consequences of condensation, and what functions do specific mechanisms of condensation,

such as LLPS, carry out? (Throughout this review, we explicitly intend “condensate” to be a

catch-all term for membraneless clusters without any further stipulation as to their structure,

process of formation, or adaptive significance (Table 2.1), largely following standard usage

[Banani et al., 2017, Lyon et al., 2021]. What biological roles are played by molecular-level

condensation events versus subsequent merging of these condensates into larger, microscop-

ically visible structures? How do condensation and accumulation occur and are these pro-

cesses mediated mainly by intrinsic molecular forces or extrinsic cellular machinery such as

cytoskeleton-associated motors? To what extent are stress-triggered condensation and stress

granule accumulation processes and participants conserved over evolutionary time?

Among the deepest challenges in studying stress granules is that, in the absence of molec-

ular functions and cellular phenotypes, the phenomenon itself is operationally rather than

biologically defined: a stress granule consists of anything which forms microscopically visible

foci that colocalize with established stress granule markers (cf. Table 2.1). Although these

structures have been hypothesized to play a variety of cellular roles, their function remains

unclear [Buchan et al., 2011, Ivanov et al., 2019, Kedersha and Anderson, 2002, 2009, Ked-
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What is a condensate?

Biomolecular condensates are membraneless clusters of biomolecules such as pro-
teins and nucleic acids. Classic examples are nucleoli, stress granules, P bodies, and
germline P granules, among many others.

“Biomolecular condensate” serves as an umbrella term for these structures which is
agnostic as to their specific size, function, mechanism of formation, material state, or
method of experimental study. The term arose, in part, due to the growing realization
that more specific terms referring to mechanism (e.g., liquid-liquid phase separation
[LLPS]), material state (e.g., droplet, hydrogel), or function (compartment, mem-
braneless organelle) often implied more than is presently known.

Importantly, many biomolecular condensates have been near-exclusively studied by
specific methods. Stress granules, for example, are operationally defined by formation
of foci resolvable by fluorescence microscopy that contain specific marker proteins
and poly(A)+ RNA. Failure to detect microscopic foci is routinely taken to indicate
the absence of stress granules, although submicroscopic assemblies may be present.
Rather than overturn this well-established operational definition, here we use the
umbrella term condensates to refer to assemblies whether or not they are visible by
microscopy. We use “accumulation” as a general term for processes in which smaller
condensates are brought together to form larger structures.

Table 2.1: What is a condensate?

ersha et al., 2000]. That stress granules are termed “membraneless organelles,” where the

latter word explicitly means a cellular structure that performs distinct functions, has served

to create the unfortunate impression that this fundamental question has been answered.

This question of function applies not only to stress granules but also to the broader study

of cytoplasmic ribonucleoprotein (RNP) foci including P-bodies, RNA transport granules,

and P granules. In some cases, such as RNA transport granules in neurons, the question of

function has been more directly addressed [Kiebler and Bassell, 2006, Pushpalatha and Besse,

2019]. However, in many cases, function is still presented as a model. P-bodies were long

presumed to be sites of RNA degradation [Aizer et al., 2014, Franks and Lykke-Andersen,

2007, Sheth and Parker, 2003], but this model has been challenged [Eulalio et al., 2007,
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Hubstenberger et al., 2017]. Additionally, work on G3BP1 aggregates in axons shows that

condensates composed of canonical stress granule proteins may play a role under nonstress

conditions, introducing basal stress granule-like condensates [Sahoo et al., 2018, 2020]. The

questions and challenges regarding stress granules raised here apply to other biomolecular

condensates, purported membraneless organelles, and contexts beyond cell stress.

As efforts to develop a parts list for stress granules [Buchan et al., 2011, Cherkasov et al.,

2015, Jain et al., 2016, Wallace et al., 2015] have proceeded alongside attempts to recapitulate

in vitro certain molecular events such as stress-reactive condensation and RNA recruitment

[Begovich and Wilhelm, 2020, Iserman et al., 2020, Riback et al., 2017, Van Treeck et al.,

2018], evidence has emerged for multiple quasi-independent contributing pathways, multiple

molecular stages, and multiple levels of organization in stress granules and their precursors.

This will serve as our jumping-off point. Given the multiple levels of molecular organization

known to contribute to stress-induced RNA condensation, how do these levels interrelate,

and at what level are adaptive features best understood?

Throughout this review, we intend a larger question to lurk in the reader’s mind. How

can the characterization, interrogation, isolation, and reconstitution of stress-induced pro-

tein/RNA condensates and stress granules be effectively guided and evaluated in the absence

of established functions, biological activities, or cellular phenotypes?

2.3 Multiple stages of stress-induced RNA condensation and

stress granule formation

What is the relationship between protein/mRNA biomolecular condensation and stress gran-

ule formation? Although these processes are sometimes considered synonymous and although

how initial condensates accumulate in microscopically visible foci remains largely unknown,

the existence of multiple stages in stress granule formation has long been understood (Fig-

ure 2.2). Existing models commonly reflect hierarchical organization in stress granules, with
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some stable components (“core”) surrounded by more dynamic components (“shell”) [Jain

et al., 2016, Wheeler et al., 2016] or nanoscopic “seeds” interacting and merging to form

stress granules [Padrón et al., 2019, Panas et al., 2016].

Figure 2.2: Stress-triggered protein/mRNA condensation and stress granule formation occur
in stages, depend on stress intensity and identity, and involve multiple types of molecular
interactions

Evidence for these multiple stages comes from several independent sources. First, indi-

vidual core markers for stress granules such as poly(A)-binding protein, G3BP, and Ded1 can

be purified recombinantly and will autonomously condense in response to stress-associated

physiological cues (e.g., heat shock, presence of long ribosome-free mRNA) in vitro [Guillén-

Boixet et al., 2020, Iserman et al., 2020, Kroschwald et al., 2018, Riback et al., 2017, Yang

et al., 2020]. These in vitro results suggest that condensation in vivo may not depend on

interactions between a large set of stress granule components, at least at initial stages.
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Second, although formation of canonical microscopically visible stress granules can be

blocked by translation elongation inhibitors [Kedersha et al., 2000, Nadezhdina et al., 2010,

Namkoong et al., 2018, Wallace et al., 2015], the stress-triggered condensation, as measured

by biochemical fractionation, of stress granule components such as poly(A)-binding protein

proceeds virtually unaffected by such inhibition, indicating that accumulation of condensates

into stress granules is a separate step [Wallace et al., 2015]. This suggests that formation

of canonical stress granules involves cell-biological transport processes that bring multiple

components together in the cytosol [Panas et al., 2016]. In support of this model, depoly-

merization of microtubules disrupts stress granule accumulation [Ivanov et al., 2003,], and

stress granules tether to the endoplasmic reticulum and lysosomes using specific factors for

intracellular transport [Liao et al., 2019]. Similarly, in contrast to in vitro ATP-independent

condensation processes, ATP-driven mechanisms are required for stress granule formation

in cells [Jain et al., 2016]. Transport and accumulation of small condensates and other

components is a separate process from the initial condensation events that also accompany

stress.

Finally, the appearance of canonical stress granules generally depends on stress intensity

and duration, and in important cases, low levels of stress cause condensation of protein

constituents but not their stress granule accumulation. For example, heat shock in budding

yeast leads to biochemically detectable condensation of certain proteins after 8 min at 37°C

or 42°C and accumulation of certain proteins in cytosolic foci, but formation of classic stress

granules marked by poly(A)-binding protein requires pushing temperatures to 44°C–46°C at

this timescale [Cherkasov et al., 2013, Wallace et al., 2015]. Limitations of imaging techniques

may contribute to this discrepancy to some degree (see our discussion of grand challenges

below), and exciting developments of improved microscopy-based methods—such as lattice

light-sheet microscopy or fluorescence cross-correlation spectroscopy—may help minimize

these concerns in the future [Guillén-Boixet et al., 2020, Peng et al., 2020]. However, the
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differential accumulation of protein factors at different levels of stress intensity [Grousl et al.,

2013] rules out simplistic notions that, for example, stress granules are merely small at

first and grow larger with intensifying stress. More evidence for an ordered assembly of

stress granules comes from time-resolved proximity labeling experiments, which identified

the interactome of the stress granule component eIF4A1 during heat shock of HEK293 cells

[Padrón et al., 2019]. This study found that certain canonical stress granule components

interacted with eIF4A1 before others. Thus, assembly proceeds in separable stages, ending

with accumulation in large foci under severe stress.

The existence of assembly stages naturally raises the question: at what stages might

specific functions be carried out? A deeper question haunting the field is: what do stress

granules actually do?

2.4 Elusive functions of stress granules and stress-triggered RNA

condensation

No commonly accepted function for stress granules yet exists. Many functions have been

proposed, implicating stress granules in a range of roles, including sequestration of mRNAs

and proteins, protection of mRNAs and proteins from degradation, promotion of enzymatic

activities by increasing local concentration, minimization of cellular energy expenditure, and

acting in translational quality control, signaling, and cargo delivery [Aronov et al., 2015,

Buchan and Parker, 2009, Escalante and Gasch, 2021, Ivanov et al., 2019, Kedersha and

Anderson, 2002, Kedersha et al., 2013, Mahboubi and Stochaj, 2017, Moon et al., 2020].

Stress granules have also been implicated in suppressing cell death by sequestering proapop-

totic factors such as receptor of activated C kinase 1 (RACK1) [Arimoto et al., 2008, Tsai

and Wei, 2010]. Similarly, a recent study found that stress granule formation suppressed

pyroptosis, a form of cell death associated with inflammation, by sequestering the protein

DEAD-box helicase 3 X-linked (DDX3X) [Samir et al., 2019]. However, the large variety of
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functions proposed for stress granules, combined with some conflicting findings, have made

it difficult to form an overarching model of stress granule function [Mateju and Chao, 2022].

For instance, an oft-speculated function for RNA condensation is transiently protecting

transcripts from degradation during stress [Hubstenberger et al., 2017, Moon et al., 2019,

Sorenson and Bailey-Serres, 2014]; however, other work finds no effect on mRNA half-life

following stress granule inhibition [Bley et al., 2015]. Another model holds that RNA con-

densation contributes to selective translation of non-condensed transcripts. Stress-induced

transcripts are often translated in the midst of global translational shutoff. Some tran-

scripts that are highly translated during stress, such as HSP70 and HSP90, do not associate

with stress granules, suggesting a connection between translation and escaping condensation

[Kedersha and Anderson, 2002, Stöhr et al., 2006, Zid and O’Shea, 2014]. Certain trans-

lation initiation factors also condense, raising the possibility that a combination of protein

and RNA sequestration can help promote selective translation during stress [Iserman et al.,

2020, Wallace et al., 2015]. However, stress granules are not required for global translational

shutoff; hence, this selective translation would occur on top of a more dominant effect [Es-

calante and Gasch, 2021]. Additionally, translation has been observed inside stress granules,

complicating this model [Mateju et al., 2020].

A potential resolution to these conflicting results may be that particular functions are

carried out at specific stages of organization. For example, stabilization of RNA by se-

questration can conceivably occur at the premicroscopic condensate level, whereas other

proposed functions may require collection of components into a larger and more molecularly

diverse body (Figure 2.3). Hypothetically, a study in which perturbations block stress gran-

ule accumulation but not initial condensation, with no effect on RNA stabilization, would

reach different conclusions than a study in which perturbations block both processes. An

expanded understanding of assembly stages, a deepened grasp of the molecular drivers of

these stages and a widened array of perturbations capable of targeting specific stages and
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molecular determinants will be needed to sort out these questions.

Figure 2.3: Formation of canonical stress granules (visible by standard microscopy, composed
of a large number of components) may not be required for many attributed functions

Less discussed in the field are the issues inherent in studying biological phenomena whose

functional contributions, if any, are unclear. Purification and reconstitution strategies, de-

prived of an activity-based standard for measuring success, must instead rely on morphologi-

cal or compositional metrics whose relationship with biological function remains to be estab-

lished [Begovich and Wilhelm, 2020, Freibaum et al., 2021]. The lack of functional insight

is compounded by the remarkable lack of standard cellular phenotypes in the study of stress

granules. Because not all of a given protein or RNA localizes to stress granules, determining

a function must come from specifically perturbing condensation behavior without influencing

activity, localization, or expression level. Even at the condensate level, phenotypes have been

difficult to establish, although an allelic series of mutations that suppress poly(A)-binding

protein’s heat-triggered condensation in vitro and in vivo also suppress growth during heat

stress [Riback et al., 2017]. The rarity of such phenotypes, particularly for stress granules,

has led to a lingering question of whether stress granules may often simply be byproducts of
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other cellular changes [Mateju and Chao, 2022].

2.5 Informing functions of stress-triggered condensation through

the lens of disease

Some promising directions in uncovering stress granule function have come through study

of disease contexts. Stress granules are induced by viral infection, where their formation

has been proposed to help restrict viral replication [Eiermann et al., 2020]. In fact, many

viruses have developed strategies for preventing stress granule formation by, for instance,

sequestering or cleaving key stress granule components [Katoh et al., 2013, White et al.,

2007]. What function do stress granules serve that viruses are so intent on disrupting?

One possibility is that stress granules could sequester viral RNA, similar to their proposed

function in storing cellular mRNAs [Burgess and Mohr, 2018, Law et al., 2019]. However, as

discussed above, it is difficult to conclude whether recruitment of viral RNA to stress granules

is required for proposed functions without mutations that specifically perturb stress granule

formation while preserving separate molecular functions of stress granule components. One

such perturbation comes from recent work showing that chikungunya virus promotes stress

granule disassembly through the ADP-ribosyl hydrolyase activity of nonstructural protein

3 (nsP3) [Abraham et al., 2018, Akhrymuk et al., 2018, Jayabalan et al., 2021]. Removing

this activity from nsP3 preserves stress granules during infection, providing a manipulatable

system for future studies of stress granule function without deletion of any host machinery.

The stressful environments inhabited by tumors—such as nutrient deprivation, hypoxia,

increased reactive oxygen species, and perturbed protein folding resulting from the dysreg-

ulation of metabolism and growth in malignancy—makes cancer biology a useful model for

studying the functions of stress-induced condensation [Ackerman and Simon, 2014, Anderson

et al., 2015, Clarke et al., 2014, Gorrini et al., 2013]. Moreover, certain chemotherapy drugs

trigger cancer cells to form stress granules, which are generally thought to be prosurvival,
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leading to condensation modulation as a potential target for therapeutics [Fournier et al.,

2010, Gao et al., 2019, Kaehler et al., 2014]. In contrast, another chemotherapy agent, sodium

selenite, triggers noncanonical stress granules lacking certain components whose stress gran-

ule localization has been linked to cell survival. These noncanonical stress granules have thus

been suggested to be less functional in the stress response [Fujimura et al., 2012]. Additional

work aimed at understanding the precise differences in stress-induced condensation between

the considered prosurvival canonical and the noncanonical stress granules, at both the stress

granule and premicroscopic condensate level, will help inform the functions of condensation

in response to stress and perhaps even inform the importance of its organization at the

size/spatial levels.

Further underscoring the potential role of condensation in the pathogenesis of cancer,

recent work studying myeloid malignancies has shown that specific driver mutations upreg-

ulate stress granule formation, which is linked to increased stress adaptation and cancer

development [Biancon et al., 2022]. Additionally, work with disease mutations related to

neurodegenerative diseases suggests a relationship between maladaptive protein aggregates

and adaptive condensates like stress granules, suggesting that maladaptive aggregates may

occur when stress granules are not properly disassembled [Gal et al., 2016, Gwon et al., 2021,

Mackenzie et al., 2017]. Even so, our understanding of these maladaptive protein aggregates

will be limited without a deeper understanding of the function of adaptive condensates.

Without understanding the functions of stress-induced condensation, we can only speculate

on the pathophysiology of persistent stress granules.

Although many studies of stress granules focus on proteins which, when fluorescently

tagged, are easily visible microscopically, RNA sits at the center of stress granule formation

and function. We thus begin with a consideration of how our understanding of RNA’s role

has changed as new methods have come into use.
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2.6 The role of RNA: Old observations and emerging results

The accumulation of poly(A)-RNA is among the defining features of stress granules. More-

over, the role of mRNA in stress granule formation has long been known. Among the most

crucial experiments is the demonstration that translational inhibition affects stress gran-

ule formation in a mechanistically specific way: elongation inhibitors such as cycloheximide

and emetine, which freeze ribosomes on mRNA, block stress granule formation, whereas

puromycin, which prematurely terminates translation and frees mRNA of ribosomes, pro-

motes stress granule formation [Bounedjah et al., 2014, Kedersha et al., 2000, Namkoong

et al., 2018, Wallace et al., 2015]. Inhibition of transcription also inhibits stress granule for-

mation [Bounedjah et al., 2014, Khong et al., 2017], further underscoring the role of RNA,

at least at the accumulation stage.

However, which RNAs? How does RNA contribute to condensation and stress granule

formation? To what extent does RNA drive condensation or accumulation and to what

extent is it passively dragged along?

Early important results showed that prominent stress-induced mRNAs are selectively

excluded from stress granules in both plant and mammalian cells [Kedersha and Anderson,

2002, Nover et al., 1989, Stöhr et al., 2006, Zid and O’Shea, 2014]. Because stress granules

are, by most metrics, accumulation sites for translationally repressed mRNAs, and because it

is both biologically appealing and empirically established in some systems that stress-induced

transcripts are well translated [Preiss et al., 2003, Zid and O’Shea, 2014], these early results

placed stress granules at the center of translational regulation during stress.

However, these foundational results have not survived into the recent era dominated by

high-throughput studies, where transcriptome-scale effects can be observed. Modern studies

do not find substantial depletion of stress-induced mRNAs from stress granules; instead,

recent studies employing diverse approaches have converged on transcript length as the key

correlate of mRNA recruitment to stress granules. Messenger RNA length is the dominant
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correlate of their enrichment in the transcriptome associated with purified stress granule

cores and stress-associated RNA granules [Khong et al., 2017, Matheny et al., 2019, 2021,

Namkoong et al., 2018]; in in vitro systems, increasing RNA length promotes RNA/protein

phase separation organized by the stress-granule hub G3BP1 [Guillén-Boixet et al., 2020,

Yang et al., 2020], and single-molecule studies show that mRNA length correlates with the

dwell time of mRNAs on stress granules and other condensed structures [Moon et al., 2019].

An increased concentration of ribosome-free mRNA following stress-induced translational

shutdown is considered the key trigger for stress granule formation [Hofmann et al., 2021],

and inhibition of translation initiation triggers condensation, such as in stress, eIF2α phos-

phorylation, or inhibition of the initiation factor eIF4A [Buchan et al., 2008, Iserman et al.,

2020, Kedersha et al., 1999, Mazroui et al., 2006, Riback et al., 2017]) (Figure 2.4). This

model is supported by several lines of evidence: (1) global translation initiation downregu-

lation and subsequent polysome collapse is associated with RNA condensation during stress

[Cherkasov et al., 2013]), (2) prevention of polysome collapse during stress blocks stress gran-

ule formation [Kedersha et al., 2000], (3) transfection of translationally arrested cells with

free mRNA triggers stress granule formation [Bounedjah et al., 2014], and (4) inhibiting

eIF4A, an essential translation initiation factor, promotes stress granule formation [Dang

et al., 2006, Low et al., 2005, Mazroui et al., 2006, Tauber et al., 2020]. Alongside these

data, early and still-current alternative models in which RNA length plays a minimal role

exist. For example, stalled preinitiation complexes (PICs) that accumulate during stress

may in part form the core of stress granules [Kedersha et al., 2002] (Figure 2.4).

Beyond ribosome-free RNA, a role of RNA length makes intuitive biophysical sense be-

cause the number of opportunities for either RNA-RNA or protein-RNA interactions—i.e.,

valence—naturally scales with length, all else being equal [Jain and Vale, 2017]. Evidence for

a role from RNA-RNA interactions is circumstantial, resting on partial recapitulation of some

stress granule transcriptome features in vitro using only purified RNA [Van Treeck et al.,
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Figure 2.4: The mechanisms of stress-triggered condensation and stress granule formation
remain an area of active inquiry

2018], the dependence of in vitro phase separation on long, unfolded RNAs [Guillén-Boixet

et al., 2020, Yang et al., 2020] and RNA helicases [Tauber et al., 2020]. Further discussion

of the available evidence supporting the roles of RNA-RNA or protein-RNA interactions can

be found in several informative reviews [Campos-Melo et al., 2021, Hofmann et al., 2021,

Ripin and Parker, 2022, Van Treeck and Parker, 2018].

Although a dominant role for RNA length is sensible biophysically, it is puzzling bio-

logically. The overwhelming consensus holds that stress granules are accumulation sites for

mRNA whose translation is suppressed during stress. However, the length-driven model (and

existing results supporting it) suggests that induction of long transcripts during stress would

be futile for protein production because long transcripts would be immediately recruited into

translationally silent stress granules. However, although evidence that long transcripts are

translationally silenced during stress after their stress granule recruitment is lacking, it has
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been hypothesized that shorter transcripts may be associated with rapid responses, which

could help resolve the paradox [Lopes et al., 2021].

However, an important caveat is that mRNA length is also a natural confounding vari-

able in experiments and analyses. Sedimentation by centrifugation is employed in most

transcriptome-scale studies aimed at isolating stress granule-associated mRNAs, mirror-

ing the use of sedimentation in proteome-scale studies of stress granule-associated proteins

[Cherkasov et al., 2015, Jain et al., 2016, Wallace et al., 2015]. However, unlike proteins,

long RNAs, due to their size—an mRNA weighs roughly an order of magnitude more than

the protein it encodes—will tend to sediment whether or not they are in a condensate.

Consequently, comparing stress and nonstress conditions is crucial to determining the ex-

tra sedimentation due to stress. However, as others have pointed out [Namkoong et al.,

2018], the original study [Khong et al., 2017] reporting yeast and mammalian stress granule

transcriptomes, and reporting the profound effect of length, did not include nonstress con-

trols. Long RNAs may stick nonspecifically to affinity reagents in pulldowns due to their

valence or increased structure [Sanchez de Groot et al., 2019]. Although subsequent con-

trolled work in mammalian cells has confirmed the accumulation of longer RNAs in granules

following ER or oxidative stress [Matheny et al., 2019, Namkoong et al., 2018], the effects

are more modest, and no nonstress control is yet available in yeast. Reduced translational

efficiency (TE) has also been reported to be a major contributor to stress granule RNA

accumulation. However, the two measures of TE used—codon optimality and ribosome den-

sity—have long been known to be inversely correlated with transcript length [Arava et al.,

2005, Duret and Mouchiroud, 1999, Weinberg et al., 2016], raising the question of whether

TE is a causal contributor to mRNA recruitment or a spurious correlation. Sedimentation-

independent methods to examine recruitment of mRNAs, such as mRNA fluorescence in situ

hybridization (FISH) in intact cells, have covered only a handful of targets [Khong et al.,

2017, Matheny et al., 2019], reported only a modest stress granule recruitment effect from
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length, and concluded that “length, per se, is not the major driving force in stress granule

enrichment” [Matheny et al., 2021]. Large-scale, well-controlled, and systematic studies of

the effect of length will be useful in resolving lingering uncertainty.

Given the sharp change in the apparent biology of RNA recruitment to stress granules

from early to present-day studies, the limited set of transcriptome-scale studies available at

this writing, and the challenging nature of isolating molecular components of functionally

ill-defined structures, the RNA components of stress-induced condensates and stress granules

will continue to be an area of intense investigation.

2.7 Mechanisms of dissolution

How do stress-induced RNA condensates dissolve after stress, as cells return to basal op-

erations? Dissolution appears to be a regulated, controlled process that relies on specific

proteins [Hofmann et al., 2021, Marmor-Kollet et al., 2020]. Proteins categorized as molecu-

lar chaperones and autophagic proteins have been implicated in stress granule dissolution, as

have proteins associated with posttranslational modifications (PTMs) such as sumoylation,

ubiquitination, and phosphorylation [Buchan et al., 2013, Cherkasov et al., 2013, Gwon et al.,

2021, Keiten-Schmitz et al., 2020, Marmor-Kollet et al., 2020, Maxwell et al., 2021, Shattuck

et al., 2019, Yoo et al., 2022]. Work in yeast has revealed that heat-induced (42°C) protein

aggregates are entirely reversible, which is incompatible with autophagy and suggests that

different fates occur in different stresses [Wallace et al., 2015]. Recent work shows that molec-

ular chaperones can dissolve stress-triggered protein condensates orders of magnitude more

efficiently than misfolded reporter proteins in vitro, suggesting that molecular chaperones

may have evolved to interact with stress-induced condensates [Yoo et al., 2022]. Additionally,

recent work in mammalian cells has shown that stress granules can be eliminated through

either an autophagy-independent disassembly process or autophagy-dependent degradation,

depending on the severity and acuteness of the initial stress [Gwon et al., 2021, Maxwell
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et al., 2021]. This work suggests that the disassembly of stress granules is related to the

initial stress, suggesting that different methods of assembly may require different methods

of disassembly.

The kinetics of stress granule dissolution may be tied to a functional role, such as trans-

lational control. If stress-induced condensates are sites of storage, the contents must be

disassembled in a timely manner. It has been proposed that stress granules dissolve in dis-

crete steps, where an initial shell is pulled away followed by a core, with particular proteins

being recruited at distinct stages [Wheeler et al., 2016]. Proteins necessary for cell recovery

from stress, such as translation initiation factors, may need to be dispersed earlier than other

stress granule core proteins that are dissolved more slowly. In fact, proper disassembly of

stress granules was shown to be required for recovering cellular activities, such as transla-

tion, after stress [Maxwell et al., 2021]. The dissolution of stress-induced condensates may be

related to maladaptive insoluble protein aggregates that are often associated with diseases,

motivating a further understanding of the mechanism and function of dissolution [Hofmann

et al., 2021].

However, as the function of stress granules remains unclear, the lack of functional assays

demands careful experimental perturbations and cautious conclusions. For example, con-

densates that are no longer visible by microscopy may still occupy a conformation distinct

from a monomeric form. New findings about the material state and assembly process of

stress-induced condensates will illuminate the dissolution process, addressing questions such

as whether the multiple steps of dissolution are equivalent to the stages of assembly or if a

change in material state may lead to a different dissolution process. On this front, the role

of LLPS in stress granule formation may have crucial consequences for how these structures

dissolve.

23



2.8 Examining the role of liquid-liquid phase separation in

stress-induced condensation

LLPS is a thermodynamically driven mechanism by which a solution of a compound demixes

into a dilute and a dense phase above a certain critical concentration [Hyman et al., 2014].

A host of stress granule-associated proteins have been shown to undergo phase separation in

vivo and in vitro [Guillén-Boixet et al., 2020, Iserman et al., 2020, Kroschwald et al., 2018,

Molliex et al., 2015, Riback et al., 2017, Sanders et al., 2020, Yang et al., 2020], and it is

widely held that stress granule assembly is driven by LLPS (reviewed in [Hofmann et al.,

2021]). Recent work has converged on G3BP as a central node in LLPS-driven stress granule

formation [Guillén-Boixet et al., 2020, Sanders et al., 2020, Yang et al., 2020]; however,

G3BP is dispensable for stress granule formation in response to certain stressors, such as

heat and osmotic shock [Kedersha et al., 2016, Matheny et al., 2021]. Thus, G3BP-focused

models of stress granule formation may overly simplify the complex process of stress-induced

condensation.

Using LLPS as an assembly mechanism provides key advantages beneficial for responding

to stress. The ultra-cooperativity of LLPS enables proteins to precisely sense and respond

to small changes in their environments [Yoo et al., 2019]. For instance, in yeast, Ded1 au-

tonomously condenses in response to temperature stress. Ded1 from a cold-adapted yeast

condenses at lower temperatures than that of S. cerevisiae, whereas Ded1 from a ther-

mophilic yeast condenses at higher temperatures [Iserman et al., 2020]. This correlates with

the fact that each yeast species has evolved to trigger its heat shock response relative to

its environmental niche. Other key advantages of LLPS include that it enables passive (en-

ergy independent) cellular reorganization and that it is reversible. Following the removal of

the stress stimulus, LLPS would no longer be energetically favored, and the system would

spontaneously return to basal conditions.

Biomolecular condensation can result in the concentration of protein and RNA molecules
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into phases with a variety of material states. How could a condensate’s material state—how

liquid-like or solid-like it is—affect its function? More solid-like condensates have been

linked to disease, as pathogenic mutations of certain condensing proteins such as fused in

sarcoma (FUS) increase aging and a loss of liquid-like properties over time [Patel et al.,

2015]. This thinking extends to RNA condensates as well, as it has been proposed that RNA

helicases prevent RNA-RNA entanglement to maintain a liquid-like condensed state [Tauber

et al., 2020,]. Further, the viscoelasticity of the nucleolus has been linked with enabling the

vectorial release of properly folded ribosomes [Riback et al., 2022]. However, the material

state of stress-induced condensates does not appear to be widely conserved across eukaryotes,

which like other evolutionarily variable features would usually be taken as evidence that the

material state is not central to function. For instance, yeast stress granules are more solid-

like than those of metazoa [Kroschwald et al., 2015], although there are methodological

caveats [Wheeler et al., 2016]. Reconstituted heat-induced condensates of the yeast stress

granule protein Pab1 are solids [Riback et al., 2017] that are not spontaneously reversible,

although these condensates are readily dispersed by endogenous molecular chaperones [Yoo

et al., 2022]. Even within an organism, pH-induced condensates of the yeast stress granule

protein Pub1 are more liquid-like than those induced by heat shock—and only the heat-

induced condensates depend on chaperones [Kroschwald et al., 2018]—yet both conditions

are thought to be physiologically relevant.

The apparent lack of conservation of the material state can be rationalized when we con-

sider that a condensate’s material state appears irrelevant for many of the functions ascribed

to stress granules. For example, if the role of stress-induced condensation is to temporarily

store housekeeping mRNA to enable the preferential translation of stress-response messages,

how liquid-like the storage compartment is may be of minor importance. Additionally, if

the function is to sequester certain proteins to perturb a given signaling pathway in the

cytoplasm, the key feature is to deplete the protein from the dilute phase, and the liquidity
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of the dense phase is less relevant. On the other hand, if the material state is particularly

relevant for the potential pathogenicity of condensates, then the evolutionary pressures on

material state in different organisms may differ substantially even if stress granules have a

conserved cellular function.

2.9 Hazards in defining stress granule composition

Defining the composition of stress granules is complicated by a number of factors, even setting

aside the existential problem of what constitutes a biologically important structure in the

absence of well-established functions and phenotypes. Nevertheless, the obvious consistency

and evolutionary conservation of the accumulation of some proteins and RNAs into large foci

has led to a sustained effort to identify lists of molecular components involved in the lifecycle

of stress granules. Individual mRNAs and proteins can be localized to microscopically visible

foci of stress granule markers [Cherkasov et al., 2015, Khong et al., 2017, Mateju et al.,

2020, Moon et al., 2019, 2020, Wallace et al., 2015, Wilbertz et al., 2019]. On a larger

scale, the stress granule interactome has been defined using a variety of techniques, many of

which rely on using individual stress granule components, such as poly(A)-binding protein,

G3BP1, TIA1, and eIF4A, as bait proteins and then assessing the mRNAs and proteins that

interact with that bait. The interactors have been identified through immunoprecipitations,

purification of particles containing a bait fused to a fluorescent protein, and biotin proximity

labeling [Hubstenberger et al., 2017, Khong et al., 2017, Namkoong et al., 2018, Padrón

et al., 2019, Somasekharan et al., 2020]. Additionally, proximity labeling methods have

found similar interactomes between stress granule proteins prior to stress and during stress

[Markmiller et al., 2018, Youn et al., 2018]. This may indicate that stress granules are mainly

stabilized by enhancements of basal interactions or that the interactions which distinguish

stress granules are labile or refractive to these methods.

The different levels of organization in stress-triggered condensation and stress granule
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formation, along with diverse methods whose relative accuracy can be difficult to estab-

lish, given the ill-defined nature of the target, combine to create a challenging experimental

landscape (Figure 2.5). Unlike a membrane-bound mitochondrion or a relatively composi-

tionally stable ribosome, stress-induced condensates and stress granules lack features that

might simplify their description.

Figure 2.5: Different methods used to probe stress-induced condensation capture and report
on different stages of stress-induced condensation and stress granule formation, providing
complementary information

A hallmark of biomolecular condensation is that many of the components of the conden-

sate individually associate through weak, dynamic interactions [Alberti and Hyman, 2021].

No biologically clear cutoff for interaction strength exists, making it unclear how to decide if
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a given component is part of the structure or not. For instance, many transcripts have been

observed to associate only briefly with stress granule proteins [Wilbertz et al., 2019]. How

long must an mRNA reside at a stress granule to be considered a component? Addition-

ally, consistent but weak associations may be lost during the isolation steps necessary for

sequencing, mass spectrometry, or other biochemical methods. Perhaps, certain molecular

components form a scaffold to which client proteins are recruited [Campos-Melo et al., 2021,

Shiina, 2019, Zhang et al., 2019]. Differences in interaction strength may reveal biologically

important differences; for example, major molecular chaperones associate with stress gran-

ules by colocalization [Cherkasov et al., 2013] but do not co-fractionate with stress-triggered

condensates [Wallace et al., 2015]. Should such chaperones be considered a component of

stress granules, merely associates, or something else? Here, again, functional assays would

sharpen these distinctions in crucial ways.

Because stress granules are operationally defined as microscopic foci marked by specific

proteins, the definition of the structure is unfortunately entwined with technical limitations

and with compositional preconceptions. Failure to observe foci microscopically, for example,

at low levels of stress, are consistent with two distinct biological possibilities: the absence

of condensates entirely or the formation of structures below the diffraction limit which still

retain key properties of larger condensates [Guzikowski et al., 2019]. Likewise, failure to ob-

serve colocalization with a specific marker molecule may reflect legitimate biological variation

either in the marker itself or in the structure being marked.

Finally, the composition of stress granules is not static but depends on the nature of the

stress and also changes over time [Aulas et al., 2017, Buchan et al., 2011, Padrón et al., 2019,

Reineke and Neilson, 2019, Zhang et al., 2019]. Cells have evolved a variety of strategies

to deal with changing environments. In the face of brief stresses, it may be advantageous

to store transcripts until the stress has passed, allowing for a faster restoration of growth,

whereas prolonged stress may necessitate more drastic reprogramming of cellular processes
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[Arribere et al., 2011]. Consequently, deciding whether a molecular species is or is not a

part of the stress granule transcriptome/proteome, reducing the problem to a yes or no, may

obscure more biology than it illuminates.

2.10 Grand challenges in studying stress-induced protein/mRNA

condensation

As is now apparent, stress granules and their molecular precursors represent an exemplary

system in which field-level challenges find crisp expression. Here, we identify grand challenges

in the study of these structures (Figure 2.6).

Figure 2.6: Grand challenges in the study of stress granules and stress-induced condensation

The first central challenge is to identify the functions of stress-induced condensates
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and stress granules and determine how these functions are executed. Of particular im-

portance is the identification of fitness-related cellular phenotypes. The near-total reliance

on molecular or imaging phenotypes, in the absence of function- and fitness-related phe-

notypes (growth, survival, differentiation, and activity), has become tolerated in ways that

may hinder progress. For example, given that canonical stress granules only become micro-

scopically visible during severe stress in some important cases [Grousl et al., 2009, Wallace

et al., 2015], the reliance on microscopic methods may blind us to wide swaths of functional

phenomena. In addition, the identification of a cellular phenotype would make it possible to

design genetic screens that search for factors that are not just involved in focus formation

but are integral to stress granule function.

Similarly, the use of inducers that robustly and reliably produce stress granules but are

of uncertain physiological relevance, such as the broadly popular sodium arsenite, may have

hidden disadvantages. If cells have not evolved to respond to a trigger, the cellular response

is likely to lack organizational and molecular features that characterize responses to more

physiological triggers such as heat, hypoxia, and osmotic shock. Even for these stresses,

intensities that exceed physiological levels are in routine experimental use. Moreover, to

validate a potent inducer such as sodium arsenite phenotypically against physiological in-

ducers remains challenging until a phenotype or function of physiological stress granules is

itself firmly established. Surmounting this central functional challenge will require sustained

searches, a focus on physiology to match the extraordinary attention given to biophysics, and

perhaps, new thinking to identify a set of standardized phenotypes for functional studies.

Surrounding this central challenge lurk many other intertwined grand challenges (Figure

2.6). Some are well established: determining the molecular bases of condensation and accu-

mulation and measuring molecular-scale condensation in living cells. Success on the latter

would allow us, for the first time, to observe all the stages of stress-triggered condensation

in vivo, even under mild stress conditions where large canonical stress granules do not form
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(Figure 2.2).

In attempting to discern the molecular determinants of condensation and stress granule

formation, less discussed is the crucial difficulty—another grand challenge—of perturbing

these phenomena cleanly, that is, without disrupting other activities. By analogy, study of

an enzyme might involve, in order of decreasing disruption, a gene knockout, a temperature-

sensitive mutation, a catalytic mutation, or development of a specific and reversible inhibitor.

Despite considerable strides in this direction for stress granules (including screens for gene

knockouts that disrupt stress granules [Yang et al., 2014]), at this moment, the search for

clean perturbations remains almost entirely open.

In the absence of defined functions, another clear grand challenge looms: biochemical

reconstitution of stress granule activities and functions. Reconstitution demonstrates the

sufficiency of specific molecules and conditions to recapitulate cellular behavior. At present,

all efforts have necessarily focused on reconstitution of traits without any unambiguous link

to cellular fitness or adaptive function. Our situation in the stress granule field is remarkably

different from historical efforts to purify specific biochemical fractions or molecules that could

recapitulate an observed cellular activity.

Finally, the evolutionary conservation of stress granules provides powerful motivation for

their study. However, how conserved are they? To what degree are the following conserved:

specific components and stages, molecular determinants such as domains, biophysical forces,

formation and dispersal pathways, regulators, and ultimate functions? Answering these

questions would meet our final grand challenge (Figure 2.6). Serious efforts to use evolu-

tionary approaches, and to move beyond a handful of model organisms, have the potential

to dramatically accelerate progress in our understanding of these enigmatic structures and

processes. To the extent that stress granules are not merely reliable side-effects of some

other biological process, consistent contributions to cellular and organismal fitness will be

the decisive factors in their preservation across the tree of life.

31



These grand challenges underscore that the field of stress granule biology is at a pivotal

point. As we approach the 40-year mark since stress granules were first observed in tomato

plants [Nover et al., 1983], we are due to move toward a deeper understanding of stress

granules. Armed with clearly defined challenges, we can tackle the fundamental unknowns

that still remain. Massive parallel surges in our understanding of composition and assem-

bly mechanisms, both cell-biologically and biophysically, appear poised to drive a positive

feedback loop of research integrating studies of assembly at multiple biological scales, mech-

anistic studies of the impact of condensation on mRNA lifecycles, and finally, the fitness

advantages that stress-induced condensation imparts.
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CHAPTER 3

TRANSCRIPTOME-WIDE MRNA CONDENSATION

PRECEDES STRESS GRANULE FORMATION AND

EXCLUDES STRESS-INDUCED TRANSCRIPTS

This chapter has been adapted from [Glauninger et al., 2023], a manuscript in preparation,

along with my co-first authors Dr. Jared Bard and Caitlin Wong Hickernell. Respective con-

tributions: Dr. Edward Wallace completed the initial sedimentation experiment measuring

transcriptome-wide condensation in S. cerevisiae following 42 or 46°C stress. I completed

Sed-seq experiments on heat stress, azide stress, and ethanol stress. The 3 of us completed

the degron-tag experiments. I designed and measured the solubility reporters. I completed

the CHX, proteinase K, HAC1 RT-PCR assay Sed-seq experiments. Dr. Jared Bard com-

pleted the polysome profiling and inducible YONL construct experiments. Caitlin Wong

Hickernell completed the microscopy in the work, both standard and single molecule.

3.1 Summary

Stress-induced condensation of mRNA and protein is widely conserved across eukarya, yet

the function, mechanisms of formation, and how these clumps relate to massive stress gran-

ules remain largely unresolved. The release of ribosome-free mRNA following stress-induced

polysome collapse is considered to be the trigger of stress granule formation by enabling var-

ious RNA-RNA and RNA-protein interactions along the body of a transcript. Here, we show

mRNA condensation contextually excludes induced transcripts across diverse stresses, occurs

even outside of stress, and mechanistically relates to specific interactions in competition with

the translation initiation machinery. Stress-induced mRNA condensation is compositionally

and mechanistically distinct from stress granule formation, implying a model that mRNA

condensates are precursors which accumulate to form microscopically visible stress granules.
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In stress, newly produced transcripts escape mRNA condensation and are translated, provid-

ing a simple mechanism by which cells can tune protein production to maintain homeostasis

across distinct environmental challenges.

Highlights of this work:

Biochemical fractionation by sedimentation coupled with RNA-Sequencing (Sed-Seq)
measures transcriptome-scale mRNA condensation during stress.

Virtually all pre-existing mRNAs condense following stress, in primarily a length-
independent manner.

Stress-induced transcripts relatively escape condensation and are translationally up-
regulated following heat shock.

mRNA condensation is observed outside of stress, including the well-studied endoge-
nous gene HAC1.

Interactions in competition with translation initiation, rather than the production of
ribosome-free mRNA, underlie mRNA condensation

Stress-induced mRNA condensation is context-dependent: different transcripts escape
and are translationally upregulated in different stresses

Table 3.1: Highlights of advances in understanding mRNA condensation during stress

3.2 Introduction

All cells must be able to respond to changing environments to thrive. When faced with

sudden maladaptive environmental changes–termed stresses, cells execute a gene expression

program known as the heat shock response (HSR) [Morano et al., 2012, Gasch et al., 2000,

Cotto and Morimoto, 1999]. Universally conserved across eukarya and occurring across

a wide variety of stresses, ranging from physical to chemical, the HSR produces a set of

molecular chaperones termed heat shock proteins [Lindquist, 1986]. Concomitant with the

activation of the transcriptional HSR, stresses trigger both the clumping of mRNA and
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protein into biomolecular condensates [Farny et al., 2009, Cherkasov et al., 2013, Hoyle et al.,

2007, Khong et al., 2017, Protter and Parker, 2016, Nover et al., 1989, Riback et al., 2017]

as well as translational reprogramming to privilege production of the heat shock proteins

[Preiss et al., 2003, Lindquist, 1981, Verghese et al., 2012]. Although detailed understanding

of condensation and translational reprogramming during stress is murky, it has been long

proposed that stress-induced condensation could serve as a mechanism by which cells rapidly

reprogram translation.

Similarly to the execution of the transcriptional HSR, stress-induced condensation of

mRNA and protein occurs following exposure to a wide array of different stresses across

eukarya [Wallace et al., 2015, Kramer et al., 2008, Nilsson and Sunnerhagen, 2011, Maruri-

López et al., 2021]. Often studied in the context of microscopically visible foci termed stress

granules (SGs), which are defined by the colocalization of poly(A)+ mRNA and specific pro-

tein markers into foci following stress, these enigmatic structures have received considerable

attention since being discovered decades ago [Kedersha et al., 1999]. Although their function

remains unknown [Glauninger et al., 2022], SGs have been labeled ‘membraneless organelles’

and considerable hypotheses have been made of their physiological roles, and more generally

those of stress-induced condensates [Boeynaems et al., 2018, Brangwynne, 2013].

Stress causes global translational downregulation coupled with translational activation

of transcriptionally induced mRNAs [Lindquist, 1981, Preiss et al., 2003]. Although protein

condensation has been shown to promote stress message translation [Iserman et al., 2020],

considerably less is known about the roles of mRNA condensation in reprioritizing trans-

lation. Stress-induced mRNA condensation has been hypothesized to play a role in house-

keeping transcript storage and translational repression by sequestering mRNAs into SGs,

yet these proposed functions remain controversial [Escalante and Gasch, 2021, Glauninger

et al., 2022, Ivanov et al., 2019, Kedersha and Anderson, 2002, Mateju and Chao, 2022].

Contributing to the dearth of accepted roles of SGs in translational reprogramming are the
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contradictory results regarding which mRNAs are enriched or depleted from SGs [Stöhr et al.,

2006, Glauninger et al., 2022, Kedersha and Anderson, 2002, Khong et al., 2017].

Studies of mRNA recruitment to stress granules have not yet led to consensus about

the identity of recruited mRNAs or the molecular bases of recruitment. Low-throughput

work using microscopy-based approaches observed the localization of most poly(A)+ RNA

to stress granules, while the stress-induced transcripts avoided recruitment [Stöhr et al.,

2006, Kedersha and Anderson, 2002]. These early results have not survived more modern

transcriptome-wide approaches, which have shown recruitment of a small proportion of the

transcriptome and no privileged treatment of stress-induced transcripts [Khong et al., 2017,

Namkoong et al., 2018]. Instead, length and translational status outside of stress dominate

RNA recruitment [Khong et al., 2017, Matheny et al., 2021, 2019]. The importance of

understanding the mRNA components of SGs is exemplified by the essential role that mRNA

is implicated to play in SG formation.

The release of ribosome-free mRNA upon stress-induced translation shutdown is consid-

ered the ‘universal trigger’ of SG formation [Hofmann et al., 2021, Kedersha et al., 2000,

Bounedjah et al., 2014]. The enrichment of long RNAs in SGs has been interpreted as evi-

dence for valency- (and thus length-) dependent interactions along the body of an mRNA,

such as with certain SG nucleator proteins like G3BP1/2 or RNA-RNA interactions between

transcripts [Van Treeck et al., 2018, Yang et al., 2020, Guillén-Boixet et al., 2020, Sanders

et al., 2020]. Yet, the SG transcriptome has been reported to be insensitive to the deletion of

G3BP1/2, considered the central regulator of SG formation [Kedersha et al., 2016, Tourrière

et al., 2003, Matheny et al., 2021]. Therefore, the biophysical and molecular bases of SG

formation triggered by physiological stresses remain unclear.

Understanding the events and molecular interactions underlying SG formation is likely

to illuminate the still-elusive functions of mRNA condensation. The model that SGs form

as a consequence of promiscuous interactions by exposed, ribosome-free transcripts following
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stress-induced translational collapse starkly contrasts with models that mRNA recruitment

to SGs promotes translational reprogramming. Instead, this has led to the concept that SGs

may represent maladaptive entanglements of RNA analogous to misfolded protein aggre-

gates [Ripin and Parker, 2022, Tauber et al., 2020,]. Further challenges to a significant role

of mRNA condensation in translational reprogramming include: 1) only 10% of mRNA is

estimated to be recruited to SGs, 2) mutations which prevent SG formation do not prevent

stress-induced translational shutdown, and 3) crucially, the SG transcriptome is thought to

be unchanged in response to different stresses [Khong et al., 2017, Kedersha et al., 2016,

Matheny et al., 2021]. It is harder to envision mRNA condensation contributing to transla-

tional reprogramming in response to an array of different stresses if the same transcripts are

thought to condense irrespective of the environmental challenge. However, methodological

concerns raise questions regarding the enrichment of long mRNAs in SGs, and it is possible

that submicroscopic, SG-precursor condensates play a role in stress-induced translational

reprogramming [Glauninger et al., 2022]. Thus, the functional roles of stress-induced RNA

condensation, including potential translational reprogramming, remain an area of active

research.

Which mRNAs condense, and what role does length play? To what extent is cytoplasmic

mRNA condensation a stress-specific phenomenon? How does mRNA condensation relate

to subsequent accumulation into SGs? And what is the function of mRNA condensation

during stress? Here, using biochemical fractionation by sedimentation and RNA-sequencing

(Sed-seq), we show that all pre-stress transcripts condense during stress regardless of their

lengths, while stress-induced transcripts escape condensation and are robustly translated.

We discover that certain endogenous transcripts are condensed before stress, only to be re-

leased upon heat shock for translational activation. mRNA condensation appears to be a

distinct precursor potentiating SG formation. Although the mRNA condensation response is

distinct across stresses, a surprisingly simple explanation rationalizes the differences. Follow-
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ing stress exposure, newly transcribed transcripts escape condensation and are preferentially

translated. Together, these results show that mRNA condensation occurs even basally out-

side of stress and is measurable before visible stress granules form, expanding the importance

of understanding mRNA condensation for cellular physiology in and outside of stress.

3.3 Results

3.3.1 Sed-seq enables measurement of transcriptome-scale mRNA

condensation

In this work, we measured condensation of RNA into heavy assemblies via biochemical

fractionation by sedimentation coupled with RNA sequencing (Sed-seq) (Figure 3.1A). We

collected and quantified transcript abundances in total, supernatant, and pellet fractions,

and statistically estimated the proportion of each transcript in the supernatant (pSup) using

Bayesian methods. Our assay is blind as to whether a pelletable RNA species localizes to a

particular RNA granule, such as a SG or processing body, enabling an unbiased measurement

of stress-induced RNA condensation. Additionally, we included the chelating agent EDTA

to disassemble ribosomes in our lysis buffer to prevent polysome-associated mRNAs from

sedimenting in addition to condensed mRNAs (Methods, [Wallace et al., 2015]). We note

that after 10 minutes of heat shock Pab1-marked SGs form at 46 but not at 42°C [Wallace

et al., 2015, Cherkasov et al., 2013]. Thus, to investigate stress-induced RNA condensation

in both the absence and presence of SGs, we utilized heat shock at either 42 or 46°C for 10

minutes in S. cerevisiae as our model system.
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Figure 3.1: Measuring mRNA condensation under stress and non-stress conditions. A) Anal-
ysis of mRNA condensation by sedimentation and RNA-sequencing (Sed-seq) enables calcu-
lation of mRNA proportion in the supernatant (pSup) across conditions. B) Transcriptome
pSup in unstressed (30°C) and temperature stressed (42/46°C, 10 min) conditions inversely
correlates with length. C) In contrast to proteins—where only a subset ( 10%) exhibit
stress-induced condensation, most mRNAs condense during temperature stress. D) Longer
exogenous, spiked-in S. pombe mRNA possess lower pSup’s, which indicates the length de-
pendence of pelleting arises from the experimental sedimentation conditions, rather than
intrinsic biology. E) Zsup 30°C analysis finds minimal correlation of relative pelleting and
abundance of the spiked in S. pombe RNAs. F) Correlation of our vehicle pelleting to Khong
2017 SG enrichment azide suggests issues with previous, not length controlled, work. G) In
silico modeling/ fitting finds a minor role of transcript length in mRNA condensation.
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3.3.2 mRNA condensation of the entire pre-stress transcriptome following

heat shock is proportional to the magnitude of stress

The sedimentation behavior of the transcriptome was obtained under unstressed and heat

shocked conditions, and quantified as pSups for each gene across conditions (Figure 3.1B).

The sedimentation of any biomolecule (including mRNA) is mass-dependent and not solely

caused by condensation. For example, many long transcripts possessed pSups below 0.50—

more than half the RNA ended up in the pellet—at 30°C (Figure 3.1B), a condition in which

stress granules are not observed. We speculate that mRNAs sediment in part due to the huge

mass of mRNP complexes. Thus, comparing sedimentation behavior between stressed and

unstressed conditions is required to draw conclusions about stress-induced condensation.

Comparing the sedimentation behavior between unstressed and stressed samples leads to

a few observations: 1) the pSup values of all mRNA species decreased following tempera-

ture stress (and a greater decrease is observed following the more severe 46°C stress) and 2)

length-dependent sedimentation was observed under all conditions. We interpret the former

observation as global condensation of the pre-existing transcriptome in response to tempera-

ture stress. Comparing the change in solubility of mRNA and protein (adapted from Wallace

et al. [2015]) following temperature stress leads to a striking difference. As opposed to the

protein case, where ∼10% of the proteome exhibits stress-induced condensation, the entire

transcriptome condenses following exposure to temperature stress (Figure 3.1C). Previous

work concluded that only 10% of bulk RNA transcripts localize to SGs, and that the tran-

scripts of less than 200 genes were >50% SG localized during arsenite stress [Khong et al.,

2017]. The increased magnitude of the stress-induced pelletable condensates we observed

leads us to speculate that smaller, not microscopically visible assemblies are the dominant

condensed species in stress.

To further understand the observed length-dependence of sedimentation across condi-

tions, we spiked exogenous S. pombe total RNA into stressed and unstressed lysate before

40



completing Sed-seq analysis (Figure 3.1D,E). In unstressed lysate, we observe a similar de-

gree of sedimentation and length dependence at 30°C of both endogenous and exogenous

mRNAs. In contrast, at 46°C the endogenous transcripts have decreased pSup’s while the

exogenous transcripts pSup’s are largely unaffected. The most parsimonious explanation for

these results is that the observed length dependence of pSup is unrelated to mRNA conden-

sation but rather caused by intrinsic sedimentation differences of uncondensed mRNAs with

different lengths/masses. Stress-induced condensation causes an additional decrease in pSup

observed in stress conditions.

Previous work has concluded that transcript length is a major determinant of SG enrich-

ment following azide stress in yeast [Khong et al., 2017]. Yet, this study did not include an

unstressed control. Our observation of length-dependent pelleting in the absence of stress

led us to ask how our unstressed pellet enrichment compared to the previously published

yeast azide SG transcriptome (Figure 3.1F). With a ρ=0.71, the high correlation between

our unstressed sedimentation and previous measurements of the SG transcriptome raises the

question whether previous work concluding SG recruitment is length dependent was plagued

by this length sedimentation artifact.

This conclusion is supported by the fact that the length-dependence of sedimentation in

the stressed samples is similar to that of unstressed, where no stress granules are present

(Figure 3.1B). The slight increase in the length dependence of pSup measured during stress

is consistent with Matheny et al., where they find only slight enrichment of longer transcripts

in the RNP granule fraction of stressed cells compared to unstressed [Matheny et al., 2019].

Simple computational simulations were completed to clarify the relative contributions

of length-dependent and length-independent factors on stress-induced mRNA condensation.

In one set of simulations, the likelihood of a transcript becoming crosslinked (condensed)

during stress scaled with its length. On the other hand, in the length-independent case, all

mRNAs had the same likelihood of crosslinking. After calculating crosslinking/ condensation,
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centrifugation was simulated using sedimentation theory (Methods and Figure 3.1G). By

comparing the experimental data to these simulations, we observed that the experimental

data matched more similarly to the length-independent clustering case: even the shortest

messages are observed to have large pSup decreases following stress (Figure 3.1G). We thus

conclude that stress-induced mRNA condensation minimally depends on transcript length.

What is the function of mRNA condensation in stress? While this initial analysis demon-

strates that virtually all mRNAs condense during stress and rules out a dominant role for

length-dependence in stress-induced mRNA condensation, how much specificity exists in the

preferential recruitment or exclusion of certain transcripts?

3.3.3 mRNAs encoding stress response genes escape condensation during

stress and are preferentially translated

Beyond the effect of length, what other factors influence the variation in mRNA sedimenta-

tion before and after stress? First, we observed a correlation between relative pSup between

conditions: transcripts with greater-than-average or less-than-average pSups for their length

in the unstressed control tend to maintain this relative positioning following stress (Figure

3.2A). This relationship is more easily seen when we quantify the length-independent varia-

tion in pSup’s within each condition: we calculate the Z score for the amount of each mRNA

in the supernatant relative to transcripts of similar length (termed Zsup). Comparing the

Zsup’s at 30°C to those obtained at either 42 or 46°C reveals a considerable correlation in

length-independent pelleting between conditions (Figure 3.2B). To identify which transcripts

have the most divergent sedimentation behavior between stress and unstressed conditions,

we calculate ∆Zsup as the difference in Zsup’s in stressed versus unstressed cells.

Certain mRNAs—those encoding the heat shock proteins—are transcriptionally induced

following exposure to a wide array of different stresses. To what extent do stress-induced mR-

NAs condense like a typical transcript? To answer the above question, we plot ∆Zsup versus
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Figure 3.2: Stress-induced transcripts escape condensation following heat shock and are
preferentially translated. Caption continued on next page.

mRNA abundance fold change in 42°C stress. Strikingly, transcripts that are transcrip-

tionally induced during heat shock relatively escaped condensation (FFigure 3.2C-D). This

observation was not Hsf1-specific. For example, mRNAs induced by the stress-responsive

transcription factors Msn2/4 also escape condensation, proportional to their transcriptional

induction. How do these biochemical condensation results connect to stress granule recruit-

ment assayed microscopically? FISH imaging confirms that while the bulk transcriptome
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Figure 3.2: Stress-induced transcripts escape condensation following heat shock and are
preferentially translated. A) Relative sedimentation during stress is largely predetermined
by unstressed sedimentation. Transcripts with pSup’s well above (blue) or below (orange) the
length-binned average trend line (grey line) during unstressed conditions (circles) maintain
their relative solubilities following 46°C stress (triangles). B) Zsup 30°C correlates with
Zsup 42 and 46°C. C) Fold change mRNA (20 min heat shock 42°C) correlates with ∆Zsup
42°C vs 30°C (10 min), with the notable exception of HAC1, revealing that stress-induced
transcripts escape condensation following temperature stress. D) ECDF plot showing stress-
induced messages (top 5% fold change 42°C← 30°C) escape RNA condensation (∆Zsup 42°C
°30°C) relative to the remainder of the transcriptome E) Polysome profiling of unstressed
(30°C) and stressed (37, 40, and 42°C, 20 min) yeast shows polysome collapse following
temperature stress. Free, mono-/di-somal, and polysomal fractions were isolated for RNA-
sequencing. F) Plot of fold change occupancy odds vs ∆Zsup (42°C ← 30°C). Translation
induction correlates with RNA condensation escape. HAC1 is no longer an outlier. G) FISH
microscopy reveals poly(A)+ mRNA forms foci following temperature stress (46°C, 10 min),
while stress-induced Ssa4 mRNA escapes SG localization.

(assayed as poly(A)+ RNA) localizes to foci, the mRNA of the heat shock gene SSA4 es-

capes stress granule recruitment (Figure 3.2G). These results are consistent with previous

studies also utilizing low-throughput, microscopy based assays, which found that certain

stress-induced transcripts encoding heat shock proteins escape stress granule recruitment

[Kedersha and Anderson, 2002, Stöhr et al., 2006].

What is the functional significance of the condensation escape of stress-induced tran-

scripts? Due to their lack of ribosome colocalization and formation in translation-limiting

conditions, SGs are considered to be sites of translational arrest. To measure the translational

state of the transcriptome, we utilized polysome sequencing of the free, mono-/di-some, and

polysome fractions in and outside of stress to quantify ribosome occupancy (what amount

of transcripts for a given gene are ribosome-associated rather than in the free fraction) (Fig-

ure 3.2E). To measure how the translational status of each mRNA is altered following heat

shock, we calculate the fold change in occupancy in stress. In accordance with the global

translational downregulation observed across stress, most mRNAs have an occupancy fold

change below 1 (i.e. they are less ribosome associated during stress). The stress-induced
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transcripts, which escape condensation, become translationally upregulated following heat

shock (Figure 3.2F). The observed correlation between condensation escape and translational

upregulation of the stress-induced mRNAs provides tantalizing evidence consistent with a

role for mRNA condensation in translational reprogramming. But how does condensation

mechanistically occur?

We note that a single transcript stands out as escaping condensation but not being

transcriptionally induced: HAC1, which encodes the transcription factor controlling the

unfolded protein response. We return to this apparent outlier later.

3.3.4 Widespread mRNA condensation, epitomized by HAC1, is observed

outside of stress

To what extent are transcripts condensed basally? It is widely held that the increased

population of ribosome-free mRNA during stress is the “universal trigger” of stress granule

formation [Hofmann et al., 2021]. To address whether ribosome-free mRNA is sufficient to

cause mRNA condensation in the absence of stress, we utilize the natural experiment compar-

ing the pelleting behavior of two abundant translationally-repressed transcripts, HAC1 and

GCN4. These are both well-expressed genes that are translationally silent during unstressed

conditions [Weinberg et al., 2016]. If ribosome-free RNA is sufficient to trigger specific

mRNA condensation even outside of stress, one might expect both HAC1 and GCN4 to be

condensed during unstressed conditions, and thus be observed to have an extremely negative

Zsup 30°C (i.e. they sediment much more than expected based off their length). This does

not align with the data.

Rather, while GCN4 sediments like a typical message of its length at 30°C, HAC1 pos-

sesses a pSup far below other transcripts of similar length (Fig 3A-B). We interpret this as

HAC1 and not GCN4 being condensed under basal conditions. How can this be understood?

We obtain insight from understanding how the mechanisms of translational repression differ
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between the two messages. HAC1 is regulated through the presence of a base pairing inter-

action between its 5’ untranslated region and its (uncleaved) intron, which blocks translation

initiation until activation of the unfolded protein response [Sathe et al., 2015, Uppala et al.,

2022, Di Santo et al., 2016]. On the other hand, GCN4 is repressed through four upstream

open reading frames (uORFs) (Figure 3.3A) [Hinnebusch, 2005, Mueller and Hinnebusch,

1986]. Although the coding sequence of GCN4 is not being translated, the message itself is

being initiated upon at the uORFs.

HAC1 relatively decondenses in heat shock, as its Zsup increases from approximately -4

to 0 (Figure 3.3B). It is known that HAC1 is spliced and translationally activated following

exposure to ER stress [Cox and Walter, 1996]. Further, HAC1 has been found to be minorly

spliced after hours of growth at 39°C [Hata et al., 2022]. Could HAC1 be robustly activated

following a more severe 42 or 46°C shock? To investigate this, we utilize an RT-PCR based

assay measuring the relative proportions of spliced and unspliced HAC1. As a control,

we demonstrate that the classic ER stress inducer DTT causes complete splicing of HAC1

(Figure 3.3C). Interestingly, we observe that HAC1 mRNA is mostly spliced following a 42°C,

10 min stress (Figure 3.3C), which suggests that the UPR becomes strongly activated during

acute, severe heat shock. Comparing the relative amount of spliced and unspliced HAC1 in

the supernatant and pellet fractions reveals that unspliced HAC1 mRNA possesses a lower

pSup (is more enriched in the pellet fraction) than spliced HAC1 (Figure 3.3C, quantified

in Figure 3.3D). Consistent with the observed splicing of HAC1, polysome profiling revealed

that HAC1 mRNA is recruited to polysomes at 42°C (Figure 3.3E). This is consistent with

re-analysis of published ribosome profiling datasets [Iserman et al., 2020, Gerashchenko and

Gladyshev, 2014, Mühlhofer et al., 2019], confirming the translational activation of HAC1

following intense temperature stresses. Further supporting the functional activation of HAC1

in severe heat shock, we observe transcriptional induction of known HAC1-dependent UPR

target genes (Figure 3.3F) [Kimata et al., 2006].
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Figure 3.3: mRNA condensation is observed even outside of stress and is associated with
blocked translation initiation. Caption continued on next page.

To further support that HAC1 decondensation correlates with its translational activa-

tion and UPR induction, we applied Sed-seq methodology to cells exposed to the ER stressor

DTT. DTT treatment caused relative solubilization of HAC1 mRNA (∆Zsup DTT > 0.9,

which is in the top 1% of all transcripts) without causing transcriptome-wide RNA conden-

sation (Figure 3.3G). Additionally, UPR genes dependent on HAC1 for their induction were
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Figure 3.3: mRNA condensation is observed even outside of stress and is associated with
blocked translation initiation. A) We observe divergent pSup behavior of the basally
translationally-repressed transcripts HAC1 and GCN4 during unstressed conditions. Al-
though both mRNAs are translationally silent, HAC1 is blocked in translation initiation
while the upstream open reading frames (uORFs) of GCN4 are actively translated. B) Zsup
values of HAC1 and GCN4 at 30, 42, and 46°C show that HAC1 mRNA decondenses fol-
lowing temperature stress. C) RT-PCR measurement of HAC1 splicing status shows that
HAC1 gets spliced following 42°C stress and that the unspliced isoform is relatively less
soluble. D) Quantification of HAC1 splicing status shows that spliced HAC1 possesses a
higher pSup than unspliced HAC1 under all conditions. E) Polysome profiling coupled to
sequencing reveals that HAC1 stress-induced splicing and decondensation correlates with
translational activation. F) The transcriptional UPR (based off categorization from Kimata
et al) is activated during 42°C heat shock, which supports that HAC1 is functionally active
as a transcription factor during temperature stress. G,H) Activating the unfolded protein
response by treating with the ER stressor DTT causes HAC1 mRNA decondensation and
UPR induction. I) HAC1 condensates at 30°C are dissolved by proteinase K treatment.

transcriptionally upregulated as a result of the DTT treatment (Figure 3.3H). These results

lead us to conclude that HAC1 mRNA is basally condensed, and that ER stress causes its

specific decondensation concomitant with its splicing and translational activation. However,

what is the physical nature of the HAC1-containing condensate?

We next aimed to understand what type of interactions hold together the basal HAC1

condensate. We hypothesized that treating unstressed cellular lysate with proteinase K to

degrade proteins may dissolve HAC1 condensates (Figure 3.3I). If this is true, we would

expect HAC1 mRNA to become relatively solubilized compared to the remainder of the

transcriptome. Consistent with this prediction, HAC1 possessed the single greatest ∆Zsup

(30°C, proK ← control) of the entire transcriptome (Figure 3.3I). This indicates that the

HAC1 condensate is held together by protein-dependent interactions, rather than RNA-

mediated interactions.

In sum, these results indicate that translation initiation-blocked, unspliced HAC1 mRNA

is astonishingly basally condensed and decondenses following splicing and translational acti-

vation. This provides an example of a well-studied, endogenous gene whose mRNA’s trans-
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lational status is linked to its condensation behavior. In conjunction with the widely appre-

ciated observation that stress granules form under numerous conditions in which translation

initiation is downregulated, this raises our key hypothesis: blocked translation initiation

causes mRNA-specific biomolecular condensation.

3.3.5 Translation initiation block causes mRNA-specific and global

condensation

To test whether specific condensation of a single mRNA species can be caused by blocking

its translation initiation, we engineer exogenous solubility reporter constructs with variable

5’UTRs (Figure 3.4A). The 5’UTR hairpins have been adapted from previous work in which it

was shown that inserting hairpins of increasing strength into a transcript’s 5’UTR titratably

decreases protein expression [Weenink et al., 2018]. Additionally, as a control for transla-

tional repression without blocking translation initiation, we generated two further reporters

based on GCN4. The uORF reporter possesses the GCN4 5’UTR, while the uORF control

reporter has the GCN4 5’UTR with 5 nucleotide substitutions that disrupt the start codons

of the 4 uORFs to cause translation of the coding sequence [Mueller and Hinnebusch, 1986].

To validate the reporters, the steady state protein—by flow cytometry—and mRNA—by

RNA-seq—levels were measured for each strain and used to estimate translational efficiency

(protein per transcript) (Figure 3.4B). Together, these results indicate we have generated

solubility reporters with various degrees of translation initiation, enabling us to ask: does

blocking initiation of a transcript cause its specific condensation outside of stress? In fact,

the medium and strong hairpin constructs were condensed basally without changing the

pSup’s of the bulk transcriptome (Figure 3.4C,D), demonstrating that blocking translation

initiation causes transcript-specific mRNA condensation, even outside of stress. The pSup

of the uORF reporter was comparable to that of the medium hairpin construct, but, impor-

tantly, the uORF reporter pSup was greater than that of the strong hairpin, which has a
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similar degree of translational repression (Figure 3.4D). Therefore, mRNA condensation is

particularly sensitive to blocking translation through initiation blocks. To expand these re-

sults, we tested to what extent global translation initiation block causes transcriptome-wide

mRNA condensation.

Figure 3.4: Translation initiation block causes mRNA-specific and global condensation. Cap-
tion continued on next page.

We tagged the essential initiation factor eIF3b with the auxin-induced degron system,

enabling its targeted degradation to block translation initiation globally and completed Sed-

seq [Mendoza-Ochoa et al., 2019]. We find eIF3b degradation decreases mRNA pSup’s across
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Figure 3.4: Translation initiation block causes mRNA-specific and global condensation. A)
Engineering solubility reporters with variable strength 5’UTR hairpins or uORFs enable
testing how translation initiation block impacts RNA condensation. B) Flow cytometry
measuring steady-state protein levels of the hairpin reporters shows that increasing hairpin
stability decreases translational efficiency (steady state protein levels normalized by steady
state mRNA levels), which is an estimate of translation initiation. Our convention is to
represent increasing hairpin strength with positive ∆G values, predicted by RNAFold. C)
pSup’s of the solubility reporters in difference strains with mCherry control measured by Sed-
seq. D) Blocking translation initiation causes specific mRNA condensation, even outside of
stress. Increasing hairpin strength causes condensation of the reporter transcript. uORF
containing transcripts are less condensed for a given translation block. E) Depleting the
essential translation initiation factor eIF3b causes transcriptome-wide mRNA condensation.
Importantly, the mRNA of HAC1, which is already condensed prestress, does not have a
further pSup decrease. F) Depletion of eIF3b potentiates SG formation. eIF3b depletion,
although not sufficient to trigger Pab1-marked SG formation on its own, predisposes cells
to form visible SGs at milder temperature shocks (44°C). More SGs are observed when
compared to vehicle at traditional SG-inducing temperatures (46°C).

the transcriptome (Figure 3.4E). The HAC1 transcript, which is already basally condensed,

maintained its pSup, which supports that its condensation is due to its translation initiation

block. These results show that inhibiting translation initiation globally is sufficient to cause

widespread mRNA condensation.

Finally, to study how mRNA condensation triggered by eIF3b depletion relates to stress

granule formation, we depleted eIF3b and imaged the localization of the canonical SG-marker

Pab1. It has been previously reported that pharmacalogically inhibiting the initiation factor

eIF4A is sufficient to cause SG formation [Mazroui et al., 2006]. In contrast to this result,

we observed that eIF3b depletion was insufficient to trigger Pab1-marked SGs under our

conditions (Figure 3.4F). However, eIF3b depletion before stress caused formation of more

SGs at 46°C and triggered SGs at lower temperatures at which Pab1 remained diffuse in

the vehicle condition (Figure 3.4F-G). These data indicate that globally blocking translation

initiation via eIF3b depletion causes widespread mRNA condensation which potentiates and

intensifies stress granule formation.
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3.3.6 mRNA condensates are related to, but distinct from, stress granules

To further clarify the relationship between biochemically isolatable mRNA condensates and

microscopically visible SGs, we tested how blocking SG formation affects pelletable mRNA

condensation. Pharmacological treatment with cycloheximide (CHX) has been widely shown

to prevent stress granule formation, so we completed Sed-seq on vehicle and CHX pre-treated

cells followed by temperature stress to see whether CHX blocks condensation. Because CHX

acts by stalling ribosomes onto mRNAs, it was important to confirm that our sedimentation

conditions were still able to release bound ribosomes from transcripts in the CHX-treated

samples. We found that the sedimentation of CHX-treated samples at 30°C only caused

a slight decrease in median pSup values, which indicates that polysomes are still able to

be successfully dissembled following CHX treatment (Figure 3.5A,B). Thus, the Sed-seq

methodology is validated for studying the CHX-dependence of stress-induced condensation.

We observe that CHX pretreatment inhibits but does not prevent temperature stress-induced

mRNA condensation (Figure 3.5A), demonstrating that a manipulation blocking SGs does

not block condensation assayed biochemically. We conclude that, in contrast to SG forma-

tion, an increased population of ribosome-free RNA is not required for mRNA condensation,

and posit that pelletable mRNA condensates are precursors to SGs.

3.3.7 Blocking translation initiation at distinct steps implicates an upstream,

competitive step rather than a specific factor in initiation to cause

condensation

Given the above findings, we next ask the related question of whether mechanistically block-

ing translation initiation at different stages has differential impacts on mRNA condensation.

Depleting initiation at a certain step and observing condensation would be consistent with

something upstream of the factor triggering condensation. By stalling translation initia-
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Figure 3.5: Specific interactions competing with translation initiation machinery—rather
than ribosome-free RNA—cause mRNA condensation and are amplified during stress. A)
Pharmacologically blocking polysome collapse reveals that, in sharp contrast to SG forma-
tion, ribosome-free mRNA is not necessary for stress-induced RNA condensation. Pretreat-
ing cells with cycloheximide (CHX) before temperature stress inhibits but does not prevent
formation of biochemically-isolatable RNA condensates. B) Polysome profiling reveals CHX
pre-treatment inhibits polysome collapse during heat shock. C) Diagram of translation ini-
tiation: showing which we depleted (green). D) Western blotting of strains engineered with
degron tags on different translation initiation factors shows successful depletion of targeted
initiation factors. E) Polysome profiling of the various degron strains reveals that initiation
factor depletion causes polysome collapse, indicative of translation initiation downregulation.
F) Plotting degree of translation downregulation following depletion (as measured by fold
change polysome/monosome ratio (treated vs mock)) against degree of RNA condensation
shows more translation initiation downregulation correlates with more condensation. Impor-
tantly, there is a threshold: some depletions cause large polysome collapse (>50%) without
measurable condensation. G) Sed-seq analysis on eIF3b and eIF4E depletions followed by
temperature stress. Both depletions cause mRNA condensation, which additional condensa-
tion occurring following stress. This implies stress-induced condensation is caused by more
than just ribosome-free mRNA production.
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tion downstream of the triggering step, a population of susceptible mRNA builds up and

condenses. On the other hand, depleting initiation and observing that condensation is not

triggered would imply that the condensing step occurs downstream of that factor. For ex-

ample, preventing 40S scanning and observing condensation implies that the key step for

triggering mRNA condensation cannot be 60S subunit joining to form 80S at the start codon,

as translation initiation is blocked before that step occurs.

To stall initiation at distinct steps, we generated different yeast strains with degron tags

on many key initiation factors (Figure 3.5C). Western blotting confirmed successful transla-

tion initiation factor degradation, and polysome profiling confirms that the treatments result

in widespread polysome collapse across strains (Figure 3.5D,E). Depleting many initiation

factors caused mRNA condensation in the absence of stress (Figure 3.5F). Because the differ-

ent depletions will be differentially effective at blocking translation initiation, it is important

to compare the degree of condensation to the degree of translational collapse (Figure 3.5F).

These results find that, rather than implicating a specific step of initiation as responsible for

mRNA condensation, there exists a general correlation between degree of translation initia-

tion block and mRNA condensation, irrespective of which factor was depleted. Therefore, we

conclude the species making an mRNA susceptible to condensation lies upstream of trans-

lation initiation and is in competition with translation initiation. The idea that something

upstream of translation initiation causes mRNA condensation is not new. For example, the

dominant model for SG formation is that ribosome-free mRNA is susceptible to condense.

However, our model for how nontranslating mRNA mechanistically condenses is distinct,

which we expand upon in the discussion. Importantly, it is clear that translation initiation

block is insufficient to explain the degree of stress-induced mRNA condensation, indicating

that models based purely on ribosome-free mRNA cannot explain the data.
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3.3.8 Although blocking translation initiation causes mRNA condensation,

the generation of translationally-stalled transcripts alone cannot

explain stress-induced condensation

A key observation is that some degron-mediated initiation blocks halt translation to a much

greater degree than temperature stresses while causing significantly less pelletable mRNA

condensation and no visible stress granule formation (Figure 3.5F,3.4E,F). Therefore, the

mRNA condensation observed in response to heat shock cannot simply be due to the as-

sociated downregulation of translation during stress. We posit that stress, in addition to

generating translationally-inactive mRNA susceptible to condensation, also upregulates the

condensation processes which target a translation-initiation-blocked mRNA for assembly.

To further study the roles of translation dependent and independent processes on stress-

induced mRNA condensation, we completed Sed-seq on eIF3b- or eIF4E-depleted samples

followed by heat shock at either 42 or 46°C (Figure 3.5G). We find that the effect of either

initiation depletions and temperature on mRNA condensation are additive. Translation initi-

ation blocked yeast experience amplified transcriptome-wide mRNA condensation if they are

subjected to a heat shock following depletion. This cannot be simply due to increased trans-

lational repression as a result of the heat shock, as eIF3b depletion alone causes unobservable

translation, when measured by polysome profiling (Figure 3.5E,F). This is consistent with

our aforementioned observations that pre-depleting eIF3b potentiates SG formation from

heat shock. We therefore conclude that temperature stress causes mRNA condensation,

in part, by increasing the susceptibility of nontranslating mRNA for ‘sticky’ assembly fac-

tors. In sum, temperature stress represses translation to generate a susceptible population

of mRNA, the condensation of which is amplified by other stress-dependent processes.
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3.3.9 Different mRNAs escape condensation in different stresses

To further clarify the roles of length and transcriptional induction in stress-induced mRNA

condensation, we performed Sed-seq during other stresses (Figure 3.6A,B). These include

treatment with sodium azide and ethanol, both robust SG inducers (Figure 3.6C). Fur-

ther, azide treatment was used in early attempts to define the SG transcriptome [Khong

et al., 2017]. Sedimentation profiling shows that both azide and ethanol treatments trigger

transcriptome-wide mRNA condensation, with magnitudes that depend on stress intensity.

Similar to our observations following exposure to heat shock, longer transcripts do not pref-

erentially condense following ethanol or azide stresses (Figure 3.6B). Previous work has

concluded that the SG transcriptomes in response to hyperosmotic and arsenite stress are

“highly similar” [Matheny et al., 2021], raising the question of how distinct the condensation

responses to temperature, ethanol, and azide are. Comparison of the ∆Zsup’s obtained from

from 42°C to those in response to 46°C, ethanol, and azide reveals that different transcripts

escape RNA condensation in different stresses (Figure 3.6D). Perhaps as expected, the 2

temperature stress condensation responses are most similar (r = 0.78). In contrast, there is

some similarity in the condensatome of ethanol stress (r = 0.57), and almost no relation to

that experienced following azide stress (r = -0.02) (Figure 3.6D). With widely distinct con-

densation responses, can a common feature explain the context-dependent escape of certain

transcripts across the 3 stresses?

Fascinatingly, similar to the heat shock case, the transcripts induced following azide or

ethanol stress escape condensation, as measured by ∆Zsup (Figure 3.6E). We reiterate that

these results are surprising, given that transcriptome-wide surveys of SG recruitment have

not reported the exclusion of stress-induced transcripts. Moreover, transcripts induced in

a particular stress tend to escape condensation in that particular stress and not in other

stresses (Figure 3.6F). Interestingly, the heat shock induced transcripts escape condensa-

tion in response to azide stress, which may reflect a shared aspect of the transcriptional
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Figure 3.6: Stress-induced mRNA condensation is not length-dependent across various
stresses; escape is stress-context specific, which argues against intrinsic sequence features
determining mRNA condensation. A) mRNA condensation was measured in response to
various stresses (temperature: orange, ethanol: blue, azide: green). B) Stress-induced RNA
condensation is minimally length-dependent across a variety of stresses, including azide. C)
Microscopy reveals formation of stress granules under these stress conditions. D) Stress-
induced (∆Zsup’s) weakly correlate across stresses E) Transcriptionally induced transcripts
escape condensation (∆Zsup) across stresses. F) Transcripts which are induced in a stress
tend to escape condensation in specifically that stress, unless they are induced in multiple
stresses. G) Transcriptional induction correlates with translational upregulation in azide
but not ethanol stress (fold change occupancy in polysome profiling). H) Newly induced
exogenous, reporter transcripts are privileged to escape condensation.

responses between these stresses (Figure 3.6F). Further, just as in the heat shock case, we

find that the transcriptionally induced transcripts, which escape condensation, are prefer-

entially translated following either ethanol or azide stresses (Figure 3.6G). Our results that

condensation recruitment differs across stresses argues strongly that biological context is
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a major determinant of mRNA condensation and may explain differences in translational

regulation across stresses.

3.3.10 Newly transcribed mRNAs escape condensation during stress

How is the cell able to dynamically alter which mRNAs condense in response to different

stresses? To ask to what extent the timing of synthesis relative to stress onset affects the

condensation of an mRNA, we utilized an artificial reporter system enabling precise control

of the timing of transcriptional induction. By inducing the YONL reporter either before

or following the onset of stress, it can be studied whether the condensation behavior of the

same transcript, by intrinsic nucleotide sequence, alters depending on if it pre-exists before

stress exposure or is newly transcribed following onset. Indeed, we observed that the YONL

reporter possessed a greater solubility following heat shock if it was transcriptionally induced

after the onset of stress (Figure 3.6H). This is clear evidence that newly transcribed messages

are privileged to escape condensation, and provides a surprisingly simple explanation for the

divergent condensation behavior observed across stresses.

3.4 Discussion

What is the physiological role of mRNA condensation in and outside of stress? Which mR-

NAs condense during stress, and why? What is the relationship between mRNA condensation

and stress granule formation? We have discovered that, across multiple stress conditions,

the bulk of the transcriptome forms translationally silent condensates while stress-induced

transcripts escape condensation and are robustly translated. Stress-induced mRNA con-

densation acts upstream of and in competition with translation initiation, and recency of

transcription, rather than length—determines which mRNAs condense after stress. We find

that certain messages are basally condensed, including the well-studied transcription fac-

tor HAC1, as a result of their translation initiation block. Stress-induced condensation of
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mRNA is distinct from accumulation into microscopically-visible stress granules, mirroring

the behavior of proteins [Wallace et al., 2015].

3.4.1 mRNA condensation into biochemically isolatable assemblies is related,

yet distinct, from SG recruitment

The condensation of HAC1 and strong hairpin mRNA basally as a result of their translation

initiation block clearly shows that mRNA condensation is not exclusive to stress. Obser-

vation of stress-induced mRNA condensation under conditions in which Pab1-marked SGs

do not form (either the milder 42°C,10 min shock or following pharmacological block of

SG formation) indicates that we are studying something similar yet non-identical to SGs.

This is further supported by the fact that we see escape of transcriptionally induced tran-

scripts, a result which is unclear in the SG literature, as conclusions that induced mRNAs

escape SG recruitment from low-throughput, microscopy-based studies have not been reca-

pitulated in recent transcriptome-wide studies [Stöhr et al., 2006, Kedersha and Anderson,

2002, Khong et al., 2017, Namkoong et al., 2018, Matheny et al., 2021]. Although we cannot

rule out that sub-visible SGs are forming under our imaging conditions (a general limitation

of microscopy-based approaches), that depletion of eIF3b triggers measurable condensation

without observable stress granule formation further underscores this point. Given the poten-

tiation of SG formation by eIF3b depletion and the intensification of RNA sedimentation in

the more severe SG-forming 46°C stress, we posit that pelletable mRNA condensates are SG

precursors (Figure 3.7). Further work is needed to clarify the relationship between pelletable

assemblies and SGs. If pelletable condensation is a prerequisite for later accumulation into

SGs, perturbations that prevent condensation measured biochemically are also expected to

block SG formation microscopically.
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Figure 3.7: Transcriptome-wide mRNA condensation prepares the cell to focus translation
on stress-induced mRNAs.

3.4.2 Rethinking the mechanism of mRNA condensation

Although SGs have been studied for decades, the mechanism by which an mRNA becomes

recruited to these enigmatic structures remains unsolved. Current thinking dictates that

SGs are triggered by an increase in concentration of nontranslating RNA following polysome

collapse that are susceptible to intermolecular interactions, such as RNA-RNA interactions

or binding by SG nucleator proteins like the well-studied G3BP1/2. Because these inter-

actions occur along the body of the message and are more likely to occur on transcripts

with more RNA available to participate, this model predicts a strong length-dependence to

SG recruitment. Importantly, our finding that stress-induced mRNA condensation is length

independent argues that interactions across the body of a transcript cannot determine con-

densation. Instead, we propose that mRNA is in competition between translation initiation

and condensation, such as has been proposed for the competition between translation initia-

tion and mRNA decay [Chan et al., 2018]. Our observation that stress-induced transcripts,

irrespective of their lengths, escape condensation and are robustly translated across stresses

supports this proposition.

Further, the condensation of HAC1 and strong hairpin 5’UTR mRNA outside of stress

supports that mRNA condensation is primarily protein dependent and part of a specific,

evolved regulatory regime. Under basal conditions, a haploid yeast cell possesses only ∼15

molecules of HAC1 mRNA (out of ∼30,000 total transcripts) compared to the ∼3,000 mR-

NAs that are estimated to localize to SGs (10% of the transcriptome) in stress [Khong et al.,
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2017]. It has been suggested that mRNA condensates form when the amount of ribosome-free

RNA exceeds the cell’s RNA chaperoning capacity, which leads to promiscuous intermolec-

ular RNA-RNA interactions [Ripin and Parker, 2022]. In this framework, it is puzzling that

much smaller numbers of specific molecules such as HAC1 or strong hairpin reporter mRNA

are able to condense. This is underscored by the results that another basally ribosome-free

transcript GCN4 does not condense and that HAC1 condensates are proteinase K sensitive.

We speculate that the subsequent accumulation into microscopically-visible foci is mecha-

nistically different, and may very well rely on RNA-RNA interactions. The clear differences

in mRNA condensation and recruitment to SGs imply another question: do these assemblies

serve distinct roles in the cell?

3.4.3 Towards the function of stress-induced condensation

The finding that condensation escape is stress-context sensitive strongly argues against cur-

rent thinking that features independent of stress (such as transcript length or pre-stress

translation levels) determine condensation, as these models predict enrichment of the same

transcripts in SGs across stresses. Our updated model, in which different messages escape in

different stresses, enables mRNA condensation to be dynamic in response to different cellular

assaults. What could mRNA condensation functionally accomplish for cells? It has been

long proposed that mRNA condensation could act to transiently store and repress translation

of housekeeping genes to prioritize production of heat shock proteins.

eIF2α phosphorylation and condensation of translation initiation factors are two mech-

anisms by which stress can downregulate global cellular capacity for protein production. It

is plausible this results in increased competition for the limited remaining protein synthesis

machinery. To enable the rapid production of proteins encoded by stress-induced transcripts,

the cell has elegantly evolved to rapidly sequester the bulk transcriptome in condensates,

which simultaneously spatially separates them from ribosomes (ipso facto preventing their
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translation) and indirectly privileges stress-induced messages by reducing the competitive

burden for the translation machinery. Consistent with this interpretation, our polysome se-

quencing data show the global translational downregulation of most transcripts coupled with

the preferential translational induction of stress-induced transcripts in 42°C shock. Further,

we hypothesize mRNA storage in condensates protects them from cellular nucleases, which

could otherwise degrade nontranslating RNA, for later retrieval. Although the inverse cor-

relation observed between mRNA condensation and translational activation is functionally

exciting, further work is required to tease apart whether causality links the two, and, if so,

in which direction (or perhaps in both) causality acts.

3.4.4 Transcripts of the Hsf1 regulon consistently escape stress-induced

condensation to act as putative molecular timers for stress recovery

While different messages condense in different contexts, why has the cell evolved to induce

and exclude transcripts of the Hsf1 regulon across a range of stresses such as following temper-

ature, ethanol, and chemical insults? The Hsf1 regulon encodes molecular chaperones linked

to the resumption of growth and the dissolution of SGs following stress cessation [Cherkasov

et al., 2013]. Our group has previously shown that protein condensates formed following

42°C heat shock are resolubilized–not degraded–following stress [Wallace et al., 2015], and

these chaperones are sufficient to dissolve physiological protein condensates formed in vitro

[Yoo et al., 2022]. Because stress-induced condensates are made up of both mRNA and pro-

tein, it is plausible that the chaperone machinery also serves to disperse mRNA condensates,

either directly or indirectly. Thus, we hypothesize that induction and condensation escape

of the Hsf1 regulon is shared across stresses to time the dispersal of ubiquitously-triggered

mRNA/protein clumps; they prime the cell for resumption of normal activities.
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3.4.5 How do new transcripts escape stress-induced condensation?

What about newly transcribed transcripts enables their escape from condensation? Poten-

tially, stress triggers the condensation of a "sticky" protein/complex that sweeps up pre-

existing mRNA upon stress induction. In this model, new mRNA escapes condensation

because the "sticky" factor has already been sequestered in kinetically-trapped condensates.

Although plausible, the fact that we see more condensation in the more severe 46°C stress

argues that the "sticky" factor cannot be completely sequestered at 42°C. Rather, what if

the active translation of stress-response messages mediates their escape?

The condensation of HAC1 and strong hairpin mRNA at 30°C are caused by their

blocks in translation initiation, and we demonstrate that specific global blocks in transla-

tion initiation–we believe dependent on eIF4E-mediated interactions–are sufficient to cause

transcriptome-wide mRNA condensation. Further, it is widely appreciated that the down-

regulation of translation initiation correlates with the condensation of RNA across a variety

of stresses. Perhaps, the robust translation of the heat shock messages explains their escape

from condensation. By constantly going through cycles of translation initiation, "sticky"

eIF4E-dependent interactions are unable to accumulate. This sets up our positive feedback

model connecting mRNA condensation escape and preferential translation.

Initially, stress-induced mRNA condensation mops up the bulk transcriptome, leaving

the translational machinery primed to translate new mRNAs. The newly-transcribed stress-

induced messages are produced and preferentially translated, as compared to the sequestered

pre-existing messages. By being actively translated, the stress messages avoid condensing

themselves. This self-reinforcing loop provides a simple explanation for the data and can be

easily tested in future studies. We propose the stress-induced messages contain additional

"marks" or features (such as being bound by certain proteins, possessing mRNA modifi-

cations, or having unique sequence motifs) that reinforce their privileged translation and

condensation escape, although evidence demonstrating this remains to be uncovered.
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3.4.6 Final thoughts

Future studies will address whether condensed mRNA is destined for retrieval and rapid

translational resumption when stress ends, uncover the specific proteins and interactions

contributing to RNA condensation, and dissect functional differences and the mechanistic

connection between pre-microscopic condensates and large foci. Previous work supports that

SG formation plays a minor role in stress-induced translational reprogramming: only a small

fraction (∼10%) of the transcriptome localizes to SGs, and SG formation is dispensable

for translational attenuation during stress [Mateju and Chao, 2022, Khong et al., 2017,

Kedersha et al., 2016]. In contrast, we suggest that widespread, microscopically hidden

mRNA condensation of the pre-existing transcriptome contributes to privileged translation

of new, stress-induced messages.

3.5 Methods

3.5.1 Stress treatments

Unless otherwise noted, BY4741 yeast was used in experiments. Cells were grown overnight

at least 12 hours to OD600 = 0.4 with SCD before being exposed to stress. Temperature

stresses were completed by centrifuging the culture and exposing the yeast pellet to either

42°C or 46°C water baths. Control cells were placed inside a 30°C incubator. Azide stresses

were completed at either 0.5% w/v or 0.8% w/v for 30 min in media that was at pH 6.8.

Azide was added from a 10% w/v azide stock in water. Mock treatments were completed

by adding pure water at the same volume to cultures. Ethanol stresses were completed by

resuspending centrifuged cell pellets in SCD with either 5%, 7.5%, 10%, or 15% ethanol for

15 min. Control cells were mock treated and resuspended in SCD.
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3.5.2 Biochemical fractionation by Sed-seq

Biochemical fractionation was completed similarly to Wallace et al. [2015], with the major

exception that 20,000 g for 10 min was used rather than the original 100,000g for 20 min.

In short, cells were harvested by centrifugation and then lysed via cryolysis. Lysate was

resuspended in soluble protein buffer (SPB: 20 mM HEPES, pH 7.4, 140 mM KCl, 2 mM

EDTA, 0.1 mM TCEP, 1:200 protease inhibitor, 1:1000 Superase Inhibitor). The cells were

fractionated and a total, supernatant, and pellet sample was taken. RNA was isolated using

Zymo RNA extraction columns, and RNA integrity was assessed by gel. RNA was analyzed

by RNA-seq or qPCR.

3.5.3 Modeling: calculation of pSup

pSup fitting was completed as in Wallace et al. [2015]. In short, a Bayesian fitting approach

was used with the RSTAN package, in which the relative abundances (counts) from the total,

supernatant, and pellet fractions were used to calculate mixing ratios such that S + P = T .

3.5.4 Confocal microscopy

Standard confocal microscopy was completed as in Wallace et al. [2015], generally using

Pab1-GFP as the SG marker unless otherwise noted.

3.5.5 Auxin induced degron depletions

Auxin induced degron depletions were adapted from the approach in Mendoza-Ochoa et al.

[2019]. In short, the endogenous protein of interest was genetically engineered to contain the

degron tag in a strain of yeast in which the TIR1 ligase had been genetically integrated. Beta-

estradiol was used to induce TIR1 expression, and then auxin was added to trigger depletion.

After 2 hours of auxin exposure, cells were temperature treated and then harvested as normal.
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3.5.6 Solubility reporters

Solubility reporters were engineered using the Yeast Toolkit [Lee et al., 2015]. Variable

5’UTRs were engineered depending on the construct and genetically integrated into the Leu

locus. Each strain also possessed an identical copy of an mCherry construct, as a control.

Steady state protein levels were measured using flow cytometry, and steady state mRNA

levels were measured by RNA-seq. Translational efficiency was estimated as steady state

protein level divided by steady state RNA level.

The standard Sed-seq protocol was used to measure the condensation behavior of each

strain.

66



CHAPTER 4

THERMODYNAMIC SPECIFICITY CONTROLS PAB1

CONDENSATION ACROSS TEMPERATURES AND

ORTHOLOGS

This work builds off a project started by Dr. Ruofan Chen studying the structural dynamics

of Pab1 condensates using HDX-MS [Chen et al., 2022]. My temperature-dependent con-

densate morphology work will be published as part of a revision of Chen et al. [2022], which

is currently a preprint. The Pab1 ortholog work was completed in collaboration with Dr.

Samantha Keyport Kik, who purified Pab1 protein from S. cerevisiae, S. kudriavzevii, and K.

marxianus, and the ortholog HDX-MS data will be published in Keyport Kik et al. [2023].

I am graciously indebted to Isabelle Gagnon who purified the stickerless Pab1 RRM123

construct.

4.1 Summary

Stress-induced condensation occurs in response to a variety of environmental insults across

eukarya. Yet, due to their heterogeneity and intractability towards typical structural ap-

proaches, little is known about the actual structures and formation mechanisms of conden-

sates. Poly(A)-binding protein (Pab1 in budding yeast) is a canonical stress granule marker,

whose condensation acts as a physiological stress sensor. Our recent work has found that

Pab1 condenses by a sequential activation and partial unfolding mechanism of its RNA-

recognition motif (RRM) domains [Chen et al., 2022]. We proposed the concept of thermo-

dynamic specificity wherein the free energy surface of the RRM controls its activation and

participation in the condensation process. Here, we show using hydrogen-deuterium exchange

mass spectrometry (HDX-MS) that Pab1 condensates formed at different temperatures ex-

hibit different degrees of RRM activation and participation in condensation. Further, Pab1
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orthologs with different condensation temperatures have RRM stabilities tuned to their acti-

vation thresholds, leading to differences in the condensate. Experimental demonstration that

different stress temperatures generate different condensate structures and that RRMs from

Pab1 orthologs with different condensation temperatures have different activation thresh-

olds provides additional evidence supporting the role of thermodynamic specificity in Pab1

condensation.

4.2 Introduction

4.2.1 Molecular mechanisms of stress-induced condensation

Poly-A binding protein (Pab1 in budding yeast) is a canonical stress granule marker that

localizes to stress granules following exposure to a variety of different stresses [Riback et al.,

2017, Wallace et al., 2015, Buchan et al., 2011, Wheeler et al., 2016]. Because purified Pab1

protein condenses autonomously in vitro when exposed to physiological stress conditions and

its condensation has been shown to promote cellular fitness in response to prolonged stress

in vivo, Pab1 is a physiological stress sensor [Riback et al., 2017]. Due to their heterogeneity

and intractability to typical structural approaches, the molecular mechanisms and structural

contacts underlying condensation have remained engimatic. However, recent exciting work

using HDX-MS has uncovered the mechanism by which Pab1 condenses [Chen et al., 2022].

In contrast to many condensing systems where low complexity regions are responsible

for condensation [Martin and Mittag, 2018, Lee et al., 2022], Pab1 condensation requires its

folded RNA-recognition motifs (RRMs) and is only modulated by its low-complexity P do-

main [Riback et al., 2017]. Pab1 condenses by a partial unfolding and sequential activation

mechanism, in which its RRMs partially unfold upon temperature increase into an acti-

vated, condensation-competent state to form heterogenous interactions with other activated

RRMs on the same or different protomers [Chen et al., 2022]. Each RRM has a different
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propensity to activate, which is governed by its thermodynamic stability, a concept termed

thermodynamic specificity [Chen et al., 2022]. Not only is the concept of thermodynamic

specificity exciting due to its potential broad applicability to other condensing systems, but

also because it predicts different condensate morphologies in response to different severity

temperature treatments.

We posit that thermodynamic specificity causes differing condensate structures when

formed at different temperatures. Because each RRM has a different activation threshold,

milder stresses may not be sufficient to activate the most stable RRMs, leading to a con-

densate with a lesser degree of crosslinking between protomers [Chen et al., 2022]. HDX-MS

provides insight into the structural dynamics of a biomolecular system [Englander et al.,

1972, 1996], requiring low sample quantity and applicable for study of protein assemblies

[Masson et al., 2019, Ozohanics and Ambrus, 2020]. Moreover, HDX-MS has previously

been used to study Pab1 condensation mechanism [Chen et al., 2022]. Therefore, HDX-

MS is the ideal method to study how Pab1 condensate structure varies following different

condensation temperatures.

4.2.2 Stress-induced condensation across environmental niches

Organisms have evolved to thrive in a swath of environments, ranging from exposure to

extreme temperatures to harsh chemicals [Gostinčar et al., 2009, Gunde-Cimerman et al.,

2003, 2009, Zeikus, 1979]. An environment that is considered "stressful" to one organism

could be the optimal growth condition for another. Therefore, organisms that thrive at

different temperature niches may be expected to execute their heat shock responses (HSR)

at different temperatures. In fact, this has been shown to precisely be the case for three fungal

species, the psychrophilic S. kudriavzevii, the mesophilic S. cerevisiae, and the thermophilic

K. marxianus [Keyport Kik et al., 2023]. Not only do these organisms execute their HSRs at

different temperatures, but their condensation responses have also evolved to occur relative to
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their optimal growth temperatures. Fascinatingly, in vitro reconstitution of Pab1 from each

fungal species found that the different condensation onset temperatures were autonomously

encoded in the primary sequence of each protein.

How primary sequence encodes condensate onset temperature of Pab1 across orthologs

is unknown. Furthermore, whether the mechanisms and resulting structures of orthologous

Pab1 condensates are conserved is unknown. I hypothesize thermodynamic specificity under-

lies Pab1 condensation across orthologs. By changing the intrinsic stabilities of the RRMs,

the activation thresholds for Pab1 condensation can in theory be adjusted to an organism’s

relative niche. Here we use HDX-MS to investigate the conservation of Pab1 condensation

across species, and provide a rational, biophysical explanation as to how Nature tunes the

condensation onset temperature of Pab1 across organisms.

4.2.3 Hydrogen-Deuterium Exchange Mass Spectrometry

HDX-MS is an exquisitely sensitive tool that can be applied to study challenging biomolecular

systems, including protein complexes, amyloid fibrils, and Pab1 condensates [Sun et al.,

2021, Kheterpal et al., 2000, Whittemore et al., 2005, Chen et al., 2022]. HDX reports on

the structural dynamics of the backbone amides of a protein [Englander et al., 1972, Skinner

et al., 2012]. A protein of interest is diluted into a solution of deuterium, and time points

are taken to measure the uptake of deuterons over time using, for example, MS. H → D

exchange occurs only if the hydrogen bond is broken and the associated amide protein is

exposed to solvent. Therefore, HDX reports on both structure and dynamics of a protein

sample [Masson et al., 2019].

The Linderstrøm-Lang model posits that amide protons only exchange when they are in

an "open" state where they are not participating in a hydrogen bond (e.g. in an α -helix

or β -sheet). Once in the open state, protons exchange with a sequence- and environment-

dependent intrinsic exchange rate kchem with the overall reaction given by Equation 4.1
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[Englander et al., 1997]:

Hclosed

kopen−−−−⇀↽−−−−
kclose

Hopen
kchem−−−−→ D (4.1)

From this, the observed exchange rate kobs of a proton at steady state is governed by

Equation 4.2:

kobs =
kopenkchem

kopen + kclose + kchem
(4.2)

There are 2 typical exchange regimes. When the intrinsic exchange rate is much faster

than the closing rate (kchem >> kclose), exchange occurs whenever the hydrogen bond

transiently breaks (EX1 limit). This provides kinetic information on the opening rate of

breaking the hydrogen bond (Equation 4.3):

kobs = kopen (4.3)

On the other hand, if the intrinsic exchange rate is much slower than the closing rate

(kchem << kclose), exchange reports on the thermodynamic stability of the hydrogen bond

(EX2 limit; Equation 4.4):

kobs =
kopenkchem

kopen + kclose
= kchem

1

1 +Keq
(4.4)

Where Keq is the equilibrium constant for breaking of the hydrogen bond. The protec-

tion factor (PF) governs the fraction of time that the hydrogen bond is broken/ exchange-

susceptible and relates to the thermodynamic stability of the bond (Equation 4.5):

PF = 1 +Keq =
kchem
kobs

,where Keq = exp(
−∆G

RT
) (4.5)

Intrinsic kchem can easily be calculated for a given peptide sequence [Bai et al., 1993],
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and mass spectrometry can easily determine whether a peptide is exchanging in the EX1

(two distinct isotopic envelopes of low and high mass with the decrease in one matched by

an increase in the other envelope) or EX2 (a single mass envelope continuously shifting to

increasing weight) regime [Vinciauskaite and Masson, 2023].

Following deuteration for a given amount of time, the sample is quenched by lowering the

pH to ∼2.5 to minimize back exchange of the labile deuteron label [Mayne, 2016, Walters

et al., 2012]. In our bottom-up HDX-MS workflow, the sample is sent through a protease

column for nonspecific digestion, and then peptides are gathered onto a trap column for

desalting. From there, a gradient of water and acetonitrile is used to elute peptides onto

an analytical column for separation before deuteration is measured by mass spectrometry

(Figure 4.1).

Figure 4.1: HDX-MS hardware. Our on-line HDX-MS system enables analysis of structural
dynamics of Pab1 condensates. Figure from [Mayne et al., 2011].

In sum, using HDX-MS, one is able to measure the structural dynamics of Pab1 conden-

sates across temperatures and orthologs to probe thermodynamic selectivity in condensation.
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4.3 Results

4.3.1 Validating HDX-MS results against published work

Before investigating temperature- or species- dependent structural changes of Pab1 conden-

sation, we validate our system by repeating previously published work [Chen et al., 2022].

First, MS2 spectra of monomeric Pab1 protein peptides were obtained after proteolysis and

chromatography (Figure 4.1). These were used to generate a peptide map showing the pri-

mary sequence coverage. Peptides positioned across the sequence of Pab1 were identified,

enabling the interrogation of structural dynamics across the protein by HDX (Figure 4.2).

Figure 4.2: Peptide map of Pab1. Bottom-up HDX-MS of Pab1 identifies 273 unique peptides
covering almost the entirety of the Pab1 primary sequence. The peptide map was generated
using ExMS2 software [Kan et al., 2019].

With a working analysis pipeline, we complete HDX studies of monomeric and condensed

Pab1, as has been completed by Chen et al.. Measuring uptake across different time points

enables careful quantification of HDX protection and comparison between samples.
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Comparison between previously published data and the work herein confirms the robust-

ness of our HDX-MS methodology and its suitability for measuring potential differences in

condensates formed under different conditions or from orthologous Pab1’s. For example, our

work qualitatively matches that from published data obtained under near identical condi-

tions (Figure 4.3). Satisfyingly, the uptake of deuterium closely matches expectations from

the protein’s known domain organization (structure of Pab1 from both experimental mea-

surements and computational predictions [Kozlov et al., 2002, Schäfer et al., 2019, Jumper

et al., 2021]). The 5 structured domains of Pab1, RRMs 1-4 and the C-terminal domain,

exhibit decreased rates of deuteration when compared to the unstructured regions including

the linkers at the N and C termini and between RRMs, and the low complexity P domain.

The presence of secondary structure will increase the PF—decreasing uptake rate—as in

equations 4.4 and 4.5, due to the decreased fraction of protons in the Hopen state. Further,

the agreement in relative rates of uptake between folded domains (for example, deuteration

rate of CTD > RRM3) further validate the approach. Overall, the new HDX-MS for Pab1

monomers closely match previously published work under similar conditions [Chen et al.,

2022].

Beyond the agreement between the monomeric Pab1 samples, comparison of the differ-

ences in deuterium uptake upon condensation provides additional validation (Figure 4.4).

Not only do we also observe increased dueterium uptake in the RRMs upon Pab1 condensa-

tion, but we also observe the decreased deuteration in the unstructured regions (linkers, N-

and C- termini, P domain) of Pab1.

In sum, the high agreement between deuterium uptake from my and previous work [Chen

et al., 2022] supports the suitability of using HDX-MS to probe potential differences in Pab1

condensates formed at different temperatures and from different species.
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Figure 4.3: Validation of monomeric Pab1 HDX data. Qualitative agreement between pre-
viously published work [Chen et al., 2022] and the work herein supports the robustness of
our methodology.

Figure 4.4: Validation of condensed Pab1 HDX data. Qualitative agreement between previ-
ously published work [Chen et al., 2022] and the work herein (shown) supports the robustness
of our methodology for similarly prepared 46°C condensates. Shown is the 100s time point.
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4.3.2 Putative amyloid-like crosslinks connect Pab1 protomers in the

condensate and are important for condensation

Deeper analysis of our HDX data revealed the presence of sites of extreme protection in

the condensate. For example, when comparing the deuteration of the condensate to the

monomer under long time points (37°C, pD 8, overnight), we observe that specific regions

of condensed Pab1 are protected at these extreme treatments (Figure 4.5). Because the

saturated timepoint is meant to generate fully deuterated sample to control for back exchange

during proteolysis and chromatography, the resistance of these regions in the condensate

to exchange indicates regions of particularly high protection. The degree of protection is

reminiscent of that which has been observed in the cross-β architecture of amyloid fibrils

[Whittemore et al., 2005], raising the possibility that amyloid-like interactions link Pab1

protomers in the condensate. In fact, there exists clear evidence supporting the presence

of cross-β and other similar structures in condensates [Peran and Mittag, 2020, Kato et al.,

2012, Murray et al., 2017, Guenther et al., 2018, Hughes et al., 2018].

Figure 4.5: Sites of extreme protection in Pab1 condensates. Reanalysis of previous work
[Chen et al., 2022] reveals that Pab1 condensates do not fully exchange (when compared to
monomeric Pab1) at 3 sites (in RRM1, between RRMs 3 and 4, and after RRM4) at long
exchange times (37°C, pD 8, overnight).

Further evidence supporting the existence of the crosslinkers is that these regions exhibit

increased protection across all time points. Bimodal decomposition analysis shows that
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the RRM1 putative linker region exists as two distinct populations: a population whose

exchange is consistent with that of the monomer, and another population with virtually no

observable deuterium uptake [Chen et al., 2022]. The complete recalcitrance of the region to

deuturation indicates the entire stretch of approximately 10 amino acids makes essentially

infinitely stable hydrogen bonds. This is consistent with a cross-β like structure, rather than

that of typical reversible and promiscuous "stickers" which underlie condensation of many

low complexity region systems [Wang et al., 2018]. Additionally, the relative population of

the RRM1 L2 hairpin peptide in the 46°C condensate which exchanges in the slow regime is

80%, indicating that most Pab1 protomers utilize this architecture [Chen et al., 2022].

If these regions are crosslinks important for the molecular organization of Pab1 conden-

sates, one may expect that removing them disrupts Pab1 condensation. To ask this question,

I designed a "stickerless" Pab1 construct lacking the 3 putative linkers (Figure 4.6. Because

two of the stickers are C terminal to RRM3, we generated a variant of Pab1 truncated di-

rectly after it. Additionally, we replaced the roughly 10 residue stretch encoding the putative

RRM1 sticker with a (GSS)4 linker. Because the RRM1 L2 hairpin is predominantly un-

structured, we hoped the replacement with the GSS linker would be minimally perturbative.

Strikingly, the "stickerless" RRM123 construct did not condense when heated under our

conditions (Figure 4.6). For reference, the parent RRM123 (the first half of Pab1 protein,

spanning from the N terminus to the linker following RRM3) has a condensation onset tem-

perature of roughly 46°C. The prevention of condensation onset in the "stickerless" mutant

indicates that the putative crosslinkers form important molecular interactions underlying

Pab1 condensate formation.

We note the hydrodynamic baseline of 5 nm is greater than expected (∼3 nm for a typ-

ical RRM123 construct). This raises the possibility that RRM1 of the stickerless RRM123

construct is partially unfolded, raising the Rh, as a result of the GSS linker insertion. Never-

theless, even if this is the case, the fact that the unfolded RRM1 does not trigger premature
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Figure 4.6: Stickerless RRM123 does not condense. The 3 putative crosslink sites are located
within RRM1, in the linker between RRMs 3 and 4, and after RRM4. A Pab1 construct
designed without any stickers (by truncating Pab1 directly after RRM3 and replacing sticker
1 with a GSS linker) does not condense by DLS.

condensation—given that partial unfolding is needed for Pab1 condensation activation—

argues that specific contacts involving the RRM1 L2 hairpin are needed for crosslinking.

4.3.3 The hydrogen bond networks of Pab1 condensates formed at different

temperatures are similar yet distinct

The thermodynamic specificity model of Pab1 condensation posits that the free energy sur-

faces of each RRM control the activation order for partial unfolding [Chen et al., 2022].

In this model, we predict that different condensation onset temperature treatments lead to

different degrees of partial unfolding of the RRMs. For example, a decreased temperature

of condensation onset may be insufficient to activate the most stable RRMs (i.e. RRM3)

while still activating those with greater activation propensities. The inactivation of RRM3

would result its inability to form interacting pairs between protomers, leading to a distinct,

less entwined condensate structure (Figure 4.7). If the different RRMs sense temperature

independently, one expects that the decreased activation temperature would still cause acti-

vation of the remaining, more activatable RRMs, and the hydrogen bond networks of these
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domains are largely unchanged.

To test this question, I prepared condensates at 39°C, 42°C, and 46°C. It is known that

these temperatures are sufficient to form Pab1 condensates, as condensation onset has been

observed by DLS even at 37°C [Riback et al., 2017]. However, because the kinetics of

Pab1 condensation at lower temperatures are slowed [Riback et al., 2017, and data not

shown], longer temperature treatments were required to obtain sufficient material for our

HDX protocol. Therefore, while enough 46°C condensates could be generated from a 20

minute treatment, incubations of 3 hours at 42°C and overnight at 39 °C were completed

(Figure 4.7).

Figure 4.7: Preparation of Pab1 condensates at different temperatures. Pab1 condensates
were prepared at different condensing temperatures at pH 6.5 (39°C, overnight; 42°C, 3
hours, or 46°C, 20 min). Treatment length was extended for 39°C and 42°C condensates due
to slowed kinetics of assembly at lower condensation temperatures.

HDX-MS of the condensates was completed as before, and the differences in deuterium

uptake compared to monomeric Pab1 were plotted against each other (Figure 4.8). In the

plot, each faint dot represents the difference in uptake of a peptide in the condensate com-

pared to the monomer at a given time point. The points are colored by domain, and summary
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points for each domain (mean ± standard error) are additionally plotted.

Figure 4.8: Pab1 condensates formed at different temperatures have different structures.
HDX-MS finds that Pab1 condensates formed at 39°C, 42°, and 46°C have largely conserved
hydrogen bond networks with distinct differences. Although structural differences for most
Pab1 domains were quantitatively the same upon condensation across the different temper-
atures (on line), RRM3 exhibits more deuteration at higher temperatures (data displayed
as uptake from unimodal fit by HDExaminer, peptides of each domain were grouped and
summarized as mean ± standard error)

The first order result is that there is general agreement in the changes in deuterium

uptake between different temperature condensates (Figure 4.8). Generally, there is increased

deuterium uptake in the RRMs (consistent with partial unfolding) and decreased uptake in

the P domain (consistent with increased structure/contacts in the condensate). We interpret

this as the overall conservation of condensate structure and formation mechanism across

the different temperature treatments: sequential activation and partial unfolding of the

RRMs. Fascinatingly, a single domain stands out by exhibiting temperature-dependent

uptake differences: RRM3.

In contrast to the other domains, RRM3 uptakes consistently more deuterium at increas-

ing temperatures. This is consistent with it having a greater degree of partial unfolding at
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higher temperatures, and precisely matches our aforementioned predictions from the thermo-

dynamic specificity model: RRM3, by being the most stable RRM, is less activated at milder

temperature treatments, which leads to less partial unfolding to the condensation-competent

state and less participation in condensation. The general agreement in deuteration of the

other domains argues the individual RRMs act largely independently of each other.

4.3.4 The hydrogen bond networks of Pab1 condensates formed from

different yeast orthologs are largely conserved yet distinct

The condensation responses of different fungi adapted to different temperature niches are

set relative to their optimal growth temperatures [Keyport Kik et al., 2023]. Further, the

set of proteins which condense in response to temperature stress is largely conserved from

psychrophile to thermophile [Keyport Kik et al., 2023]. In the case of Pab1, the orthologs’

primary sequences control their condensation onset temperatures [Keyport Kik et al., 2023].

Yet, central questions remain: 1) To what degree is the mechanism of formation and resulting

condensate structure of Pab1 orthologs conserved? 2) How does primary sequence determine

condensation onset temperature? To answer these questions, we employ HDX-MS to inves-

tigate the structural dynamics of the monomers and condensates of three Pab1 orthologs.

In contrast to many other structural techniques, HDX-MS can be used to study insoluble

systems such as condensates, while providing residue-resolved insight into the hydrogen bond

network of biomolecules in a label-free manner.

Previous work from our labs using HDX-MS to investigate the mechanism of S. cerevisiae

Pab1 condensation found that it condenses by a mechanism of sequential activation involving

partial unfolding [Chen et al., 2022]. An increase in temperature causes the RNA-recognition

motif domains (RRMs) to partially unfold enabling these regions along with the linkers

between them to form crosslinks between Pab1 monomers. Here, we adapt our protocol

to study monomeric and condensed Pab1 from the cryophile S. kudriavzevii, the mesophile
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S. cerevisiae, and the thermophile K. marxianus. HDX-MS reports on the stability of the

protein’s hydrogen bond network involving amide protons. Deuteration in D2O can occur

when a hydrogen bond is broken and the amide proton is exposed to solvent. By measuring

D-uptake over time, HDX-MS provides a time series of the structural and thermodynamics

changes that occur upon condensation. Monomeric Pab1 deuterium uptake across a range of

time points for multiple peptides in each ortholog supports the suitability of our approach, by

showing that we have hundreds of peptides reporting on the structural dynamics throughout

the primary sequence (Figure 4.9A).

The patterns of deuteron uptake across organisms are largely conserved. This result

indicates that the structure and dynamics of the monomer for the orthologous Pab1’s are

very similar. This is sensible, as the orthologous Pab1’s are computationally predicted to

have conserved structures [Jumper et al., 2021]. The regions of low deuteration in the

monomer (blue) correspond to the folded domains RRM1, RRM2, RRM3, RRM4, and the

CTD, while regions of high deuteration typically correspond to the unstructured P domain

and various linkers.

Next, to study differences in structural dynamics of the condensates, we calculate the

difference in deuterium uptake for each peptide between the condensed and monomeric states

(Figure 4.9B). Numerous peptides have increased deuterium uptake in the condensate (∆%

deuteration > 0), indicative of weaker or a reduced number of hydrogen bonds in the con-

densed structure for that peptide. The patterns of deuteration change are highly conserved

across the Pab1 orthologs. The four RRMs undergo increased exchange across each ortholog,

which is consistent with the loss of hydrogen bonded structure via partial unfolding in the

condensate. The P domain in contrast has an increased level of protection consistent with it

providing cross-protomer contacts in the condensate. Previously observed specific putative

contact points between Pab1 protomers in RRM1, the linker between RRM3 and 4, and

following RRM4 are conserved for all three species. In sum, the structural dynamics of the
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Figure 4.9: HDX-MS investigation of Pab1 ortholog monomers and condensates reveals con-
servation of condensate structure and mechanism. A) Pab1 ortholog peptide deuterium
uptake mapped onto primary sequence. B) Woods plot comparing HDX levels after 100s
of labeling betweeen the condensates and monomers indicates that partial unfolding in the
RRMs in the condensate is conserved across orthologs. C) Pab1 monomer deuterium uptake
at 3000 seconds reveals domain stability differences between orthologs. D) Comparison of
peptide deuterium uptake in monomeric Pab1 of S. cerevisiae and S. kudriavzevii. E) Com-
parison of peptide deuterium uptake in condensed Pab1 of S. cerevisiae and S. kudriavzevii.

condensate are highly conserved across the Pab1 orthologs, implying a common mechanism

of formation. We thus conclude that each Pab1 ortholog condenses using a shared mechanism

of sequential activation and partial unfolding.

4.3.5 Differences in monomer Pab1 structural dynamics could explain the

differences in condensation onset temperature among orthologs

Understanding towards how condensation temperature is encoded in the Pab1 primary se-

quence can be gleaned from a closer look at differences in the monomeric deuterium uptake

values between species. Our previous work introduced the concept of “thermodynamic speci-

ficity,” where the intrinsic free energy surfaces of the different RRMs were responsible for

their sequential activation. In other words, a less stable RRM requires less energy input

(lower temperature) to trigger its partial unfolding and activation. This concept can be ex-
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tended to understanding differences in condensation onset temperature across species. One

may expect that the onset temperature can be decreased by decreasing the stability of a

Pab1 RRM to favor its activation, while stabilizing an RRM would increase the condensa-

tion onset temperature. Indeed, the monomeric HDX rates of each domain report on their

respective stabilities, as an unfolding event must occur to enable proton exchange (Figure

4.9C,D). The data find that the deuteration of RRMs 1 and 3 are largely similar across the

orthologs, implying their stabilities are similar. However, the S. kudriavzevii Pab1 ortholog

possesses a more dynamic (less stable) RRM4 while K. marxianus ’s Pab1 possesses a less

dynamic (more stable) RRM2 when compared to S. cerevisiae.

Due to the 98% sequence identity between S. cerevisiae and S. kudriavzevii Pab1’s, we

can compare the deuteration of identical peptides between orthologs (Figure 4.9D). Regions

of the protein with identical sequences (RRM1, RRM2, and P domain) have identical uptake

in both orthologs, which supports that deuteration of each domain is largely modular. On

the other hand, regions with different primary sequences (RRM3, RRM4, and CTD) can

have similar or different deuteration rates. It is interesting that RRM3, which has 6 point

mutants, has similar monomeric stability, while RRM4, with only one mutation (A343T),

is less stable in S. kudriavzevii. These observations are consistent with RRM stability be-

ing linked to condensation onset temperature. We hypothesize S. kudriavzevii RRM4 has a

lower activation threshold due to its A343T mutation, which is responsible for its lower con-

densation onset temperature. In contrast, we hypothesize K. marxianus RRM2 has a higher

activation threshold, which causes its increased condensation onset temperature. Fusion

Pab1 constructs swapping domains from the different temperature-niche organisms would

provide an easy test to these hypotheses. In fact, engineering the 1 residue mutation A343T

into S. cerevisiae Pab1 to swap in RRM4 of S. kudriavzevii decreases the condensation onset

temperature by 1°C, which is ∼half of the condensation onset temperature difference between

the WT proteins (Figure 4.9). Although more work is to be done, this is an encouraging
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sign supporting that the monomeric HDX uptake rate informs relative activation propensity

in condensation.

Figure 4.10: A single point mutation decreases Pab1 condensation onset temperature. Sc-
Pab1 A343T (the single residue difference in RRM4 between S. cerevisiae and S. kudriavzevii
(red) has a 1°C lower condensation onset temperature compared to WT ScPab1 (blue and
green), which is ∼half of the condensation difference between S. cerevisiae and S. kudriavze-
vii Pab1 proteins.

Interestingly, we find that the increased deuteration of the S. kudriavzevii RRM4 is not

maintained in the condensate structure (Figure 4.8E). Instead, we find that the clearest

difference between the S. cerevisiae and S. kudriavzevii condensate structural dynamics is

increased deuterium uptake of RRM3 in the cold adapted yeast. This indicates a separation

between the monomeric dynamics, which presumably inform the mechanism of triggering

condensation onset, and the condensate dynamics, which inform the structure of the mature

condensate.
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Using HDX-MS, we find that Pab1 condensate structural dynamics are similar across

three orthologs with widely different condensation onset temperatures. Importantly, RNA

recognition motif stability correlates with condensation onset temperature. Because Pab1 has

been found to condense via a sequential activation and partial unfolding mechanism, these

results provide a parsimonious explanation to how Pab1 condensation can be set respective

to an organism’s temperature niche. In sum, our observations argue for the conservation of

Pab1 condensation mechanism and structure from cryophile to thermophile. By tuning the

stability—and thus activation threshold—of orthologous Pab1 RRMs, Nature enables Pab1

condensation to be triggered in response to each organism’s relative stress temperature.

4.4 Discussion

4.4.1 A core architecture in Pab1 condensate structure may explain its

hydrogel properties

Studying the identity and strength of the intermolecular interactions linking protomers in

the condensate is critical to understand their physical states and potential functions. For

example, liquid-like condensates are characterized by weaker, shorter lifetime interactions.

On the other hand, more solid-like condensates would possess stronger, longer lifetime in-

teractions [Alberti et al., 2019]. An extreme example of this is an amyloid fibril, in which

irreversible aggregation leads to the assembly of a specific structure [Kato et al., 2012]. The

material state of a condensate may inform potential functions. For example, a pure LLPS

assembly is spontaneously reversible once the environmental conditions (temperature in the

case of Pab1) return to basal because condensation is governed by the system’s thermody-

namics. Yet, how the disassembly kinetics compare to biological timeframe is relevant. One

can imagine a more liquid-like assembly which quickly decondenses upon stress cessation.

This hypothetically may be useful to the cell for immediate on off switching or temperature
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sensing. In contrast, forming an irreversible solid-like assembly with specific interactions

may enable the cell to create a "latch" delaying return to basal activities. It appears many

condensing proteins utilize such a system, as molecular chaperones are required for rapid

dissolution of stress granules [Cherkasov et al., 2013]. In fact, many proteins—including

Pab1—form hydrogels upon condensing and can be understood through a phase separation

coupled to percolation (PSCP) framework [Mittag and Pappu, 2022, Riback et al., 2017].

Hydrogel formation may depend on the formation of amyloid-like fibrils (or other more sta-

ble, specific interactions) within the condensate [Kato et al., 2012]. In the case of Pab1, it is

unknown which interactions underlie hydrogel formation. Because of the clear functional im-

plications of the material state of the condensate, we studied Pab1 condensates by HDX-MS

to gain insight into this question.

Our identification of sites of extreme protection in Pab1 condensates provide compelling

evidence for the presence of strong, specific interactions underlying Pab1 condensation. The

three regions possess comparable protection to deuteration as amyloid fibrils. Further, the

complete protection of the 3 regions (each residue in the peptide is recalcitrant to deuteration)

is consistent with a cross-beta architecture in the condensate. Future work can be completed

to deeper understand the nature of the crosslinks. For example, biochemical reconstitution

of the putative crosslinks can test whether they spontaneously form fibrils. If this is the

case, the partial unfolding mechanism of Pab1 condensation can be rationalized as uncaging

irreversible crosslinks (the three regions are in RRM1 and adjacent to RRMs 3 and 4).

The presence of amyloid-like, specific interactions may explain the hydrogelation of Pab1.

Rather than Pab1 condensation be the sum of weak, nonspecific interactions that would give

rise to a reversible liquid state, the core architecture of strong interactions gives rise to

an irreversible hydrogel. Is the material state of Pab1 condensates functionally important?

Finding specific mutations that perturb Pab1’s gelation while maintaining its ability to

condense would provide a compelling test to answer this question. The mutations can be
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validated through in vitro reconstitution, and then inserted into yeast in vivo to assess

functional importance. If it is true that Pab1 gelation enables the cell to "set a molecular

latch" for recovery, the immediate reversion of Pab1 condensation upon return to 30°C

conditions may perturb cellular recovery following stress cessation. The result in Figure

4.6 that removing all 3 crosslinks completely prevents condensation provides promise that

a more expansive mutational screen will provide a set of Pab1 molecules with interesting

differences in material state.

4.4.2 Structure function relationship: Could different temperature

condensates serve different functions?

Can Pab1 condensates formed at different temperatures have different functions? One may

imagine that a yeast cell would sense a 42°C stress (for example, being ingested by a bird

[Triandafillou et al., 2020]) differently than a 46°C stress (potentially damaging thermal

shock). The ideal responses to these scenarios could in theory be very different (prepare to

be dispersed across the globe versus enter a protective state of dormancy). If condensation

is a functional aspect of the stress response, as we hypothesize, the condensation responses

to these different temperature stresses could very well be distinct. Evidence supporting or

refuting this would be very informative.

The result that Pab1 condensates formed at different temperatures have distinct struc-

tures is striking. It is a widely understood dogma of biology that structure leads to function.

Therefore, the condensates could in theory accomplish different roles in the cell. More con-

cretely, the difference between milder and more severe heat shock condensates is differential

activation and partial unfolding of RRM3. Previous work has concluded that Pab1 release

bound mRNA upon condensation [Riback et al., 2017]. This is logical, given that its RNA

recognition motifs locally unfold to condense. Less activation and unfolding of RRM3 at

milder temeperature shocks could preserve some of Pab1’s RNA-binding capacity. This may
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functionally enable Pab1 condensates formed at lower temperatures to sequester certain

mRNAs in condensates while those formed at severe temperatures eject RNA. Future in

vitro study can measure potential differences of mRNA recruitment to Pab1 condensates at

different temperatures to test this hypothesis.

More broadly, the different structures of Pab1 condensates formed at different tempera-

tures raise the possibility that other protein condensates at different treatments also possess

distinct structures and potential functions.

4.4.3 How does primary sequence encode condensation onset temperature?

Understanding how condensation behavior is encoded in primary sequence is a major area

of inquiry. The set of three temperature-adapted yeast studied herein provides a fantastic

system to ask how primary sequence encodes condensation onset temperature. The finding

that the intrinsic stabilities of the RRMs, as measured by monomeric Pab1 deuteration rate,

correlates with the order of condensation onset temperature, as predicted by the thermody-

namic specificity model, provides a compelling hypothesis as to how Nature has tuned Pab1

condensation temperature. The stabilities, and thus activation barriers, of Pab1 RRMs can

be tuned to set condensation onset temperatures according to an organism’s temperature

niche. For example, a thermophilic Pab1 ortholog could evolve to increase the stabilities of

its RMMs to increase the condensation onset temperature (more energy is required to trigger

partial unfolding).

What is particularly interesting is that for our set of three Pab1’s, Nature has relatively

tuned the stabilities of a small number of RRMs, rather than adjusted all four of them. For

example, in the case of S. cerevisiae and S. kudriavzevii, RRMs 1 and 2 exhibit the same

primary sequence and exchange rates. On the other hand, RRMs 3 and 4 have differences

in sequence but only RRM4 exhibits an increased rate of uptake in the cold-adapted yeast.

Nature could have theoretically decided to make all 4 RRMs slightly more stable, yet this

89



HDX data suggests that Nature chose to tune the stability of a single RRM. In the same vein,

although the thermophilic Pab1 has a greater sequence difference to that of the mesophile

(only 69% sequence identity between Pab1 from S. cerevisiae and K. marxianus) and none

of the RRMs have the same sequence, there is a dramatic difference in monomeric HDX

uptake in only RRM2. This suggests that even in this case, Nature chose to dominantly

tune only the stability of a single RRM.

Why may this be?

One possibility is that because the differences in temperature niche between these organ-

isms is relatively small on the absolute Kelvin scale, minimal tuning is sufficient. That the

S. cer Pab1 A343T mutant possessed a decreased condensation onset temperature with only

a single point mutation in RRM4 from the cold-adapted yeast demonstrates that minimal

tuning of RRM stability caused a measurable change in onset temperature. A separate pos-

sibility is that mutating a single RRM is a shorter evolutionary route than adjusting all four

of them, and thus probabilistically more likely. Future work assaying the condensation be-

havior of a panel of temperature-niche fusion constructs can further clarify how condensation

onset temperature is encoded into primary sequence.

4.4.4 Putative broader applicability of thermodynamic selectivity in protein

condensation

Thermodynamic selectivity has proven to be a powerful framework to understand Pab1

condensation at different temperatures and from different orthologs. The concept that the

intrinsic thermodynamics of a protein determines its activation for condensation is likely

broadly applicable to biology. For example, many known SG proteins contain RRMs (such

as TIA-1 and TDP-43 [Garnier et al., 2017, Rayman et al., 2018]), and we predict their con-

densation is also governed by thermodynamic selectivity. Using HDX-MS to study whether

these protein systems also condense by sequential activation and partial unfolding can test
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the broader applicability of thermodynamic selectivity in biology.

Also interesting is further study to uncover how heterogeneous mixtures of condensing

proteins behave. If activation and partial unfolding underlie the condensation of a wide

range of proteins, do they mix and form heterogenous condensates or form separate assem-

blies each containing an individual species of protein? The finding that Pab1 condensates

contain specific crosslinks raises the possibility that it may not co-condense with other con-

densing proteins lacking these sequences, even if they theoretically also condense according

to thermodynamic selectivity. Additionally interesting would be to examine by HDX-MS

to what extent the resulting structures of Pab1 condensates are different in a heterogenous

assembly.

4.5 Methods

4.5.1 Protein expression and purification

Protein purification of Pab1 constructs was completed as in Riback et al. [2017]. In short,

6xHis-tagged constructs were overexpressed in a BL21 strain of E. coli. After harvesting,

cells were lysed by sonication on ice in buffer (20 mM HEPES, pH 6.5, 150 mM KCl, 25 mM

imidazole, and protease inhibitor tablets). Lysate was clarified by centrifugation and then

purified via FPLC using the following protocol: His column (keep elution), overnight TEV

protease cleavage, His column (keep flowthrough), Heparin column, and sizing column. Pro-

tein concentration was measured via absorbance, using the theoretical extinction coefficient

calculated by ProtParam [Gasteiger et al., 2005].

4.5.2 Dynamic light scattering

DLS measurements were completed as in Riback et al. [2017]. In short, a DynaPro NanoStar

instrument was used to measure hydrodynamic radius of protein sample with a temperature
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ramp of 0.25°C/min from 25°C to 50°C. Sample concentrations, unless differently noted, were

15 uM protein in 20 mM HEPES, pH 6.4, 150 mM KCl, 2.5 mM MgCl2, and 1 mM TCEP.

Samples were centrifuged at 20,000 g for 30 minutes prior to DLS experiments, and buffer

was filtered.

4.5.3 Condensate preparation

Conensates were prepared as in Chen et al. [2022], with the exception that Pab1 was exposed

to the condensing condition at either 5 uM or 60 uM. And that condensates were prepared

at pH 6.5 (not pH 6.8).

Temperature condensates of S. cer Pab1 were prepared at either 46°C for 20 min, 42°C

for 3 hr, or 39°C for overnight.

Ortholog condensates were prepared as follows: S. cer and S. kud Pab1 condensates were

treated at 46°C for 20 min. K. marx Pab1 condensates were treated at 55°C for 10 min.

4.5.4 Hydrogen-deuterium exchange mass spectrometry

HDX labeling and LC-MS was completed as in Chen et al. [2022].

4.5.5 HDX-MS data analysis

HDX-MS data analysis was completed as in Chen et al. [2022].
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CHAPTER 5

TRANSITION METAL SIGNALING IS A PUTATIVE

MECHANISM TO MODULATE STRESS-INDUCED

CONDENSATION

5.1 Summary

Due to their unique chemical properties, metals are essential nutrients across the tree of

life. Yet, as Uncle Ben from Spider-Man wisely stated, "With great power comes great

responsibility" [Lee et al., 2002], and metal ions are certainly no exception. Because excessive

metals are exquisitely toxic, organisms have evolved mechanisms to tightly control their levels

and locations. This generates extraordinary concentration gradients that biology harnesses

for cellular signaling. Yet, underexplored is the role transition metal signaling may play in

biomolecular condensation, which leads to the central aim of this chapter: To what extent

has evolution harnessed transition metal signaling to control biomolecular condensation?

5.2 Introduction

5.2.1 Transition metal homeostasis is essential for life

Serving as cofactors for an estimated 25% of all proteins, metals are essential cellular nu-

trients [Maret, 2010, Zoroddu et al., 2019, Jomova et al., 2022]. Yet, metal cations can be

exceptionally toxic to the cell through mismetalation and by catalyzing Fenton-like chemistry

to generate damaging free radicals [Robinson and Glasfeld, 2020, Wardman and Candeias,

1996]. Thus, free metal concentrations are kept tightly controlled by the cell using strate-

gies such as sequestration and transportation [Bird, 2015]. An exemplar demonstrating the

importance of metal homeostasis is the concept of nutritional immunity: that at the host-

pathogen interface the immune system withholds certain metals that are essential bacterial
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nutrients while providing other toxic metals as a killing mechanism [Murdoch and Skaar,

2022]. Certain proteins—including transmembrane transporters, metallochaperones, and

transcription factors— have evolved to control metal levels and are critical for cellular life

[Finney and O’Halloran, 2003, Glauninger et al., 2018].

Underscoring the exquisite control of transition metals, a yeast cell possesses less than

one molecule of free Cu(I) cation [Rae et al., 1999]. Fascinatingly, life has also evolved

mechanisms by which to utilize the maintained metal concentration gradient for signalling-

notably in the propagation of action potentials in nerve cells via Na+ and K+ cations, but also

in Ca2+-triggered muscle contractions [Stuart et al., 1997, Ebashi and Endo, 1968]. Nature

has evolved to use metals as critical signaling molecules for essential cellular processes.

5.2.2 Stress-induced condensation is likely functional and activates the heat

shock response

Yeast respond to heat shock in a number of ways. These include large scale translational

shut off, the formation of reversible, aggregated foci visible via microscopy, and the rapid

transcription and translation of a small set of heat shock proteins [Lindquist, 1986, Wallace

et al., 2015, Lindquist, 1981]. The heat shock response is an ancient and universally con-

served response [Wu, 1995]. Additionally, stress-induced condensation is adaptive [Riback

et al., 2017], by still largely enigmatic molecular mechanisms. The correlation between for-

mation of aggregated cytosolic assemblies composed of proteins and ribonucleic acids and

the translational reprogramming upon the HSR has led to the hypothesis that the formation

of these assemblies is a critical component of this translation reprogramming [Wallace et al.,

2015, Iserman et al., 2020].

In support of this, many translation initiation factors required for traditional cap-dependent

translation (including eIF3, eIF4, eIF5) aggregate during heat stress [Wallace et al., 2015,

Iserman et al., 2020]. Additionally, preexisting cellular mRNAs are also localized to these
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aggregates during induction of stress [Lee and Seydoux, 2019]. On the contrary, riboso-

mal proteins and other initiation factors required for cap-dependent translation remain in

the soluble fraction [Wallace et al., 2015]. This would be consistent with the sequestra-

tion of preexisting, non-stress responsive mRNAs to allow for the prioritized translation of

stress messages in a cap-independent manner. In fact, evidence supports the necessity of

cap-independent translation for yeast survival of starvation stress [Gilbert et al., 2007]. This

view postulates stress-induced condensation functionally causes translational reprogramming

during stress. In support of this hypothesis, previous work has shown that mutations in-

hibiting the ability of the core stress granule marker polyA-binding protein (Pab1) to phase

separate in response to temperature increase results in reduced viability for yeast during

heat stress [Riback et al., 2017].

Separately, protein condensates are thought to be endogenous substrates of molecular

chaperones [Ali et al., 2022, Triandafillou et al., 2020, Yoo et al., 2022, Begovich and Wilhelm,

2020, Snead and Gladfelter, 2019, Kroschwald et al., 2018]. Because activation of the Hsf1

regulon is controlled by the chaperone titration model [Voellmy and Boellmann, 2007, Zheng

et al., 2016], formation of condensates may even be signals of stress to mount a heat shock

response.

5.2.3 Modulation of condensation by metalation

Phase separation is a physical phenomenon resulting in demixing of proteins such as oil and

water [Alberti, 2017]. Despite being hotly researched in recent years, discovery of physiolog-

ical functions of condensation has proven to be challenging [Hyman et al., 2014, Shin and

Brangwynne, 2017, Holehouse and Pappu, 2018]. Much like cation signaling, condensation

upon stress promises to be an attractive putative signaling mechanism: enabling rapid re-

modeling of the cellular environment in response to a stimulus. Because condensation has

been shown to be functionally important in adaptation to temperature stress in S. cerevisiae
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[Riback et al., 2017], we utilize it as an excellent model system for studying the molecular

details of the functional role of condensation.

The role of metals in condensation is an area that has been under-explored in the liter-

ature. The possibility of transition metal modulation of phase separation is attractive for

a multitude of reasons. First, cations are known to be critical players in the heat shock re-

sponse. pH drop during heat stress is necessary for induction of heat stress response proteins

under conditions of glucose withdrawal [Triandafillou et al., 2020]. Moreover, metals play

a necessary role in virtually all essential cellular processes, so it is likely they are involved

in the stress-induced condensation. Finally, because a quarter of proteins are estimated to

bind metals[Maret, 2010], it is reasonable that certain condensing proteins possess specific

metal binding sites which may modulate condensation. Alternatively, transition metals may

act nonspecifically through dielectric effects.

Disregulated metal homeostasis has been linked to the progression of neurogenerative,

protein-misfolding diseases [Lee et al., 2018, Kawahara et al., 2001]. Previous work has

shown that the yeast homologue to the temperature-sensitive TRP channel family—which

is a general cation transporter—is involved in the cellular response to osmotic stress [Denis

and Cyert, 2002]. The homologs in the pathogenic fungi Aspergillus fumigatus and Candida

albicans have been shown to be important for pathogenesis [De Castro et al., 2014, Yu et al.,

2014]. Finally, transition metals have been shown to help trigger condensation of different

proteins in separate contexts (including ones with similar RRM domain architecture) [Ray-

man et al., 2018, Du and Chen, 2018, Garnier et al., 2017]. Further, it is known that zinc

levels increase during oxidative stress of mammalian cells [Rayman et al., 2018], raising the

possibility of the role of metal signaling in stress response. I hypothesize that cytosolic free

metal levels are altered upon heat stress in yeast, and that this directly modulates phase

separation of Pab1, which affects the cell’s functional ability to respond. In pursuit of this, I

have completed preliminary work showing that Zn2+ modulates the induction of aggregation
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by Pab1 in vitro.

5.3 Results

5.3.1 Pab1 is predicted to possess metal binding sites and its condensation is

promoted by Zn2+

To begin this exploratory project, the Pab1 sequence was bioinformatically analyzed to

predict putative cation binding sites. To do this in an unbiased manner, we employed

IonCom, which uses complementary ab initio and template-based approaches to predict

binding sites for 13 different metals [Hu et al., 2016]. Interestingly, many Zn(II) binding

sites were predicted by the software: of 577 total residues in S. cerevisiae Pab1, 25 of them

were predicted to participate in Zn(II) binding pockets (Figure 5.1). These predicted sites

are located in many domains of Pab1, from RRM1-4 to the CTD. Particularly exciting is

the putative binding site in the RRMs, as their activation and partial unfolding is known to

trigger Pab1 condensation [Chen et al., 2022].

Motivated by this initial suggestion, we incubated Pab1 with varying amount of Zn(II)

and measured its temperature-induced condensation by dynamic light scattering (DLS). DLS

measures the hydrodynamic radius of biomolecules in solution and has been previously used

to measure temperature-induced condensation [Stetefeld et al., 2016, Riback et al., 2017].

Our DLS approach provides a measure of condensation onset, and we observe that increasing

amounts of Zn(II) caused a dramatically earlier condensation onset temperature (where the

hydrodynamic radius raises up) (Figure 5.2A). At the highest concentration treatment (100

uM Zn(II)), we observed an elevated Rh baseline, indicating that some assembly occurs even

without temperature increase. As a negative control to ensure the Pab1 preparation was

not loaded with metals from, a Pab1 sample was measured after incubation with EDTA, a

powerful chelating agent of multivalent metals, to ensure any potential residual metals from
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Figure 5.1: Pab1 is bioinformatically predicted to possess numerous Zn2+ binding sites. Of
577 residues in Pab1, 25 of them were predicted to bind Zn2+. Predicted using IonCom
software: Hu et al. [2016].

the protein purification were not interfering [Oviedo and Rodríguez, 2003]. That the EDTA

treatment did not perturb condensation onset suggests that the protein is free of potentially

interfering contaminants. In sum, Zn(II) promotes Pab1 condensation. A downside of DLS

is that it measures the initial onset of condensation, so a complementary bulk assay would

be helpful in teasing out the role of Zn(II) in condensation activation.

To this end, we complete biochemical fractionation methodology to study bulk Pab1

condensation. Sedimentation has been used to isoalate large assemblies, including Pab1 con-

densates [Cherkasov et al., 2013, Riback et al., 2017]. We utilize this approach to study how

Zn(II) affects bulk Pab1 condensation (Figure 5.2B). After incubating Pab1 with different

concentrations of Zn(II), Pab1 was held at either 30 or 46°C for 20 minutes before being sep-

arated by centrifugation to collect supernatant (soluble Pab1) and pellet (condensed Pab1)

fractions. Bulk condensation is measured by running an SDS-PAGE gel of the fractions.

If more Pab1 protein is in the pellet and less is in the supernatant, we conclude greater

condensation. As can be seen, the tested concentrations of Zn(II) does not cause measurable
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Figure 5.2: Zn2+ promotes Pab1 condensation. A) Addition of Zn2+ decreased the conden-
sation onset temperature of Pab1, as measured by DLS. Interestingly, 100uM Zn2+ treat-
ment caused an increased starting baseline, indicating Zn2+ causes Pab1 assembly without
increased temperature. B) Biochemical fractionation measures bulk condensation by sedi-
mentation. Increased Zn2+ concentration promotes additional condensation following 46°C
treatment. (S: supernatant, P: pellet)

condensation at 30°C, but promotes condensation in temperature stress (Figure 5.2B). Two

different pH values were chosen (acidity promotes Pab1 condensation). pH 6.4 is sufficient

to cause measurable condensation of Pab1 without Zn(II), yet addition of Zn(II) caused

increased Pab1 pelleting. In contrast, at pH 7.4 apo-Pab1 does not condense under our con-

ditions. However, addition of 25 uM Zn(II) causes measurable Pab1 condensation. Together,

Zn(II) promotes both onset and bulk amount of Pab1 condensation. Is this effect specific to

Zn(II), or does addition of any cationic transition metal promote Pab1 condensation?

5.3.2 Pab1 likely contains a specific Zn2+ binding site

To address the specificity of the Zn(II) effect, we incubated Pab1 protein with a panel of

different metals before completing fraction methodology. Of the 8 multivalent cations, only

Zn(II) and Cu(II) promoted Pab1 condensation following temperature treatment (Figure

5.3). We note that promotion by Cu(II) incubation was inconsistently observed when the

experiment was repeated (data not shown), and we are thus hesitant to make strong claims

regarding the effect of Cu(II) on Pab1 condensation. Interestingly, the Cu(II) treatment—
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see cutout in Figure 5.3—resulted in the formation of Pab1 assemblies that were resistant

to resolubilization by SDS-PAGE analysis, a feature uniquely observed following Cu(II)

treatment.

Figure 5.3: Zn2+ specifically promotes Pab1 condensation. Pelletable species consistent
with condensate formation do not ubiquitously form in response to treatment with a panel of
divalent cations. Zn(II) specifically promotes condensation. We note that Cu(II) incubation
also promoted Pab1 condensation; however, this effect is inconsistently observed in technical
replicates, indicating we do not fully understand its effect on Pab1 condensation. The Cu(II)
cutout shows the abnormal presence of higher order Pab1 species in the pellet following
Cu(II)-promoted condensation, which were uniquely resistant to dissolution by SDS-PAGE
as compared to other condensates.
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The finding that Zn(II) specifically promotes Pab1 condensation is parsimonious with the

aforementioned bioinformatic predictions, and argues for the existence of a specific Zn(II)

binding site in Pab1. To gain further insight into the nature of this binding site, we utilized a

mutagenesis approach (Figure 5.4). In addition to studying the WT Pab1 protein, 3 mutants

were studied: 1) RRM123- is a truncated version of Pab1 containing RRMs 1 through 3; 2)

RRM3 is more severe truncation only containing the lone RRM3; and 3) H123 is a mutant of

full length Pab1 in which its histidine residues have been mutated to the next most common

residue in its sequence alignment.

Figure 5.4: The Zn2+-binding site is likely located in RRM 1-3 and contains a histidine
residue. Biochemical fractionation of 4 Pab1 variants, the identity of which are explained
in the paragraph directly above, was completed following metal incubation and temperature
exposure. Protein purification of RRM123-, RRM3, and H123 constructs was completed by
Dr. Ruofan Chen and is graciously acknowledged.

The combination of 2 results suggests the Zn(II) binding site requires a histidine located

in RRM 1, 2, or 3. First, RRM123- condensation is promoted by Zn(II) at 42 and 46°C.

Thus, a Zn(II) binding site exists within RRM123. Next, Zn(II) does not promote H123

variant condensation at 42 or 46°C. Thus, mutation of a histidine in one of these RRMs

prevented Zn(II) binding. Separately, NMR peak shifts upon addition of 2mM Zn(II) of
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Pab1 RRM3 indicates that RRM3 binds Zn(II) (Figure 5.5).

Figure 5.5: Pab1 RRM3 binds Zn2+. Incubating isotopically labeled Pab1 RRM3 with
Zn(II) causes noticable peak shifts by NMR. NMR spectrum was not assigned. Protein
purification by Dr. Ruofan Chen and NMR help by Dr. Joseph Sachleben are graciously
acknowledged.

Whether there exists multiple or a single binding site cannot be determined from these

experiments. Additionally, whether Zn(II) bridges different RRMs intermolecularly or binds

within a single RRM cannot be determined. Together, Pab1 contains a specific Zn(II) binding

site which promotes its condensation.

5.4 Discussion

5.4.1 Zn2+ signaling in Pab1 stress-induced condensation is plausible but

must still be tested

The work herein showing the presence of a specific Zn(II) binding site in Pab1 that promotes

its condensation is exciting, yet much is still to be done. A role for Zn(II) in Pab1 conden-

sation in vivo is plausible, yet remains to be tested. Future work should be completed to

further characterize the Zn(II) binding site in Pab1. X-ray absorption spectroscopy (XAS)
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can inform the structure of the binding site [Ortega et al., 2012]. Separately, HDX-MS on

Zn(II)-induced Pab1 condensates can test to what extent the condensed structure differs

when triggered by Zn(II), and can potentially inform binding residues. Identifying the bind-

ing pocket is important because it enables minimally perturbative mutational study to test

whether it is functionally relevant in vivo. Further, one could see whether the binding pocket

is evolutionarily conserved across orthologs, which would further support its functional im-

portance.

Additionally, the question of the relevance of zinc signalling in heat shock in budding

yeast must still be addressed. Zinc is an essential cellular nutrient, and an ever growing

body of work supports that it is an important signalling molecules for biology [Liang et al.,

2016]. It is known to play an important role in stress tolerance in yeast, suggesting the

notion is at least plausible [Zhao and Bai, 2012]. Additionally, zinc deficiency is intrinsically

stressful to cells, as it causes an Msn2/4 transcriptional response [Gauci et al., 2009]. Yet,

it is unknown whether a pool of labile zinc is released in heat shock in yeast. In other

systems, release of labile Zn(II)—termed the zinc wave—can serve as a secondary messenger

in signalling [Yamasaki et al., 2007]. Analogous fluorescence-based microscopic approaches

can ask whether heat shock in budding yeast releases a labile population of Zn(II) for putative

signalling.

5.4.2 Potential roles of Pab1 condensation in response to Zn2+ stress?

Zn(II)-triggered Pab1 condensation may play a role outside of heat shock. For example, it

is well appreciated that acute metal exposure is stressful to the cell, and Zn(II) causes a

characteristic transcriptional response [Hosiner et al., 2014]. Because we have demonstrated

that high levels of zinc are sufficient to cause Pab1 condensation even in the absence of ele-

vated temperature exposure, perhaps Pab1 senses acute zinc stress. Testing whether cellular

fitness of a strain of yeast encoding a Zn(II)-binding deficient Pab1 mutant is perturbed after
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acute zinc stress is a simple test of this question.

5.4.3 Zinc importance in the stress response separate from Pab1

Zn(II) signalling can theoretically have a wide impact on the cell beyond simply affecting

Pab1 condensation. As an illustrative example, Ydj1 is an Hsp40 chaperone that is involved in

the dispersal of condensates [Yoo et al., 2022]. Ydj1 is an attractive candidate for involvement

in Zn(II) sensing, as it possesses a zinc finger-like region containing 2 zinc binding domains

[Fan et al., 2005]. Mutants to one of these zinc binding domains exhibit temperature-sensitive

growth defects in budding yeast, and this zinc binding domain was determined to beneeded

for Ydj1 to synergistically interact with Hsp70 to prevent protein aggregation [Fan et al.,

2005]. Therefore, Zn(II) is relevant in playing an important role in the dispersal of stress-

induced condensates.

Beyond any role Zn(II) could serve cytoplasmically, it is plausible that Zn(II) signalling

acts in the nucleus during heat shock. It has been shown that a zinc wave occurs in the

nucleoli of mammalian cells during temperature stress [Pirev et al., 2010]. The nucleolus is

the site of ribosome biogenesis [Hadjiolov, 2012] and condensing proteins in yeast are enriched

in nucleolar proteins [Wallace et al., 2015], which makes this a question worth following up

on.

5.4.4 Widespread role of Zn(II) condensation in disease?

Could Zn(II)-triggered condensation be a widespread phenomenon relevant to disease? Our

work localized the Zn(II)-binding site to the RRMs of Pab1. Because several classic stress

granule proteins possess RRM domains, it is worth investigation whether their RRMs also

possess condensation-triggering Zn(II) binding sites. In fact, several of these proteins are

known to bind zinc via their RRM. For example, Zn2+ binds His94 and His96 in RRM2 of

TIA-1 [West et al., 2022], and Zn2+ binds the RRM2 of TDP-43 of [Golovin et al., 2020].
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In the case of TDP-43, Zn(II) binding causes its aggregation [Garnier et al., 2017]! It is

not obvious why a domain responsible for RNA binding would simultaneously evolve Zn(II)

binding sites in multiple proteins, and is an interesting question worthy of future study.

Zn(II) homeostasis is relevant to disease. For example, problems with the metal’s home-

ostasis are associated with neurodegeneration. This is thought to in part be caused by excess

metal promoting amyloid aggregation [Szewczyk, 2013]. To underscore the importance of

this to health, chelator therapy has been used as a drug approach to reduce the free levels

of zinc and other metals as an attempt to treat Alzheimer’s disease [Lannfelt et al., 2008,

Lee et al., 2004, Trombley et al., 1998].

5.5 Methods

5.5.1 Protein expression and purification

Protein purification of Pab1 constructs was completed as in Riback et al. [2017]. In short,

6xHis-tagged constructs were overexpressed in a BL21 strain of E. coli. After harvesting,

cells were lysed by sonication on ice in buffer (20 mM HEPES, pH 6.5, 150 mM KCl, 25 mM

imidazole, and protease inhibitor tablets). Lysate was clarified by centrifugation and then

purified via FPLC using the following protocl: His column (keep elution), overnight TEV

protease cleavage, His column (keep flowthrough), Heparin column, and sizing column. Pro-

tein concentration was measured via absorbance, using the theoretical extinction coefficient

calculated by ProtParam [Gasteiger et al., 2005].

5.5.2 Dynamic light scattering

DLS measurements were completed as in Riback et al. [2017]. In short, a DynaPro NanoStar

instrument was used to measure hydrodynamic radius of protein sample with a temperature

ramp of 0.25°C/min from 25°C to 50°C. Sample concentrations, unless differently noted, were
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15 uM protein in 20 mM HEPES, pH 6.4, 150 mM KCl, 2.5 mM MgCl2, and 1 mM TCEP.

Samples were centrifuged at 20,000 g for 30 minutes prior to DLS experiments, and buffer

was filtered.

5.5.3 Biochemical fractionation by centrifugation

Biochemical fractionation by centrifugation was completed as in Riback et al. [2017]. In

short, purified protein (typically at 5 uM) was incubated at the given temperature for 10

minutes. Samples were buffered in 20 mM HEPES, 150 mM KCl, 2.5 mM MgCl2, and 1 mM

TCEP. Samples were centrifuged at 10,000 g for 10 minutes. Fractions of the supernatants

were taken, and the pellet was washed twice with clean buffer before being resuspended in

Laemmli buffer. Finally, samples were analyzed by SDS-PAGE.

5.5.4 NMR

NMR was completed as in [Chen et al., 2022]. In short, NMR spectra were taken using a

Bruker AVANCE IIIHD 600 or a Bruker AVANCE III 500 NMR spectrometer. Protein at

> 150 uM was examined at 20 mM HEPES, pH 6.8, 150 mM KCl, 2.5 mM MgCl2, 1 mM

TCEP.
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CHAPTER 6

FINAL CONCLUSIONS

6.1 Summary

In sum, this thesis has provided insights into the stress-induced condensation of mRNA and

protein. We first provided an overview of recent results and major questions in the field

of stress-induced condensation. We raised a series of grand challenges, which relate to the

general problem of studying a cellular phenomena without widely-established functions, to

be overcome in the coming years.

Next, we interrogated stress-induced mRNA condensation using budding yeast as a model

organism. We found that most of the transcriptome condenses across stresses in a largely

length-independent manner. We found that newly transcribed transcripts escape condensa-

tion across a variety of distinct stresses, and posited a model that the mRNA condensation

enables the cell to focus translation on stress response transcripts. Finally, we studied the

relationship between mRNA condensates isolated biochemically and microscopically visible

stress granules, concluding that SG formation is a downstream event from initial, functional

condensation.

This thesis also examined more deeply the molecular details of Pab1 condensation. By

studying the structural dynamics of Pab1 condensates formed at different temperatures and

from different orthologs using HDX-MS, we found that the concept of "thermodynamic

specificity" underlies Pab1 condensation at each of these conditions. We also uncover a

putative core architecture of crosslinks between Pab1 protomers within the condensate, which

may be required for Pab1 condensation and could explain its hydrogel properties.

Finally, we examined the possibility that transition metal signalling could play a role in

the stress-induced condensation response. We found that Pab1 possesses a specific Zn(II)

binding site that promotes its condensation. Although future work is needed to test the
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relevance of Zn(II) signalling in the stress response, transition metal signalling is an exciting

possibility by which the cell may tune condensation behavior to adapt to environmental

insults.

6.2 Future directions

6.2.1 What is the mechanism of mRNA condensation?

Our work posits a model in which mRNA condensation is mediated by proteins in a transcript-

length independent manner. Future work should aim to identify which protein factors are

involved. This can be studies by completing a pulldown experiment on a condensed mRNA,

isolating the attached proteins, and quantifying which proteins are enriched by mass spec-

trometry. The basally-condensed, strong hairpin reporter provides a perfect exogenous tran-

script for study. Using the weakest hairpin reporter as a negative control will help isolate

enriched proteins. Because of the drastic increase in mRNA condensation in stress that

cannot be explained by translation downregulation alone, it will also be of interest to repeat

these studies in stress to see whether additional proteins act. Once putative protein factors

are identified, knockout studies can be completed to test whether they are necessary and

sufficient for mRNA condensation.

6.2.2 What is the function of mRNA condensation?

Although the work herein connects mRNA condensation to preferential translation in stress,

we have not established a causal relationship between condensation escape and enhanced

translation. This is the central question in the stress-induced mRNA condensation field and

must be pursued. If we are successfully able to identify protein factors required for mRNA

condensation, we should be able to make perturbations to these proteins which promote or

inhibit mRNA condensation and see whether the preferential translation is enhanced or lost.
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A separate approach would be utilizing in vitro reconstitution. mRNA condensates can be

added to an in vitro translation system to study how the condensed nature of the transcript

affects its ability to be translated.

6.2.3 To what extent do specific interactions control Pab1 condensation?

The finding that three regions of Pab1 exhibit large protection factors in the condensate and

could represent amyloid-like crosslinks between protomers is fascinating and deserves further

interrogation. Although imperfect, testing whether Pab1 condensates bind the commonly

used amyloid dyes Thioflavin T and Congo red would inform the physical nature of the

crosslinks. Further, studying Pab1 condensate structure via X-ray Footprinting and Mass

Spectrometry (XF-MS) would provide insight into condensate structure complementary to

that obtained by HDX-MS. In comparison to HDX-MS, which informs the stability and

solvent accessibility of backbone amide hydrogen bonds, XF-MS assays side chain solvent

accessibility [Gupta, 2019].

Beyond obtaining a deeper understanding of the structural nature of the putative crosslinks,

additional mutational work is warranted to gain a greater understanding of their functional

importance to the condensation process. That the stickerless Pab1 RRM123 construct did

not condense at the assayed temperatures indicates the putative stickers are important in

condensation. However, the higher-than-expected hydrodynamic radius baseline of the con-

struct suggests that the mutation destabilized RRM1. Thus, further work can test the

condensation behavior of a stickerless full length and properly folded Pab1 construct. It is

also of interest to generate constructs in which subsets of the three putative stickers have

been deleted. These approaches can be complemented by bioinformatic work to study to

what extent the putative stickers are conserved evolutionarily.

A separate aspect to be tested is how the putative stickers affect the reversibility of Pab1

condensates. I hypothesize the specific, stable crosslinks contribute to the irreversible hydro-
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gelation of Pab1 following condensation. It would be exciting to generate a stickerless Pab1

construct with rapid decondensation kinetics. Perhaps, this construct would not require the

molecular chaperone system for its disaggregation following stress cessation. The construct

could additionally be genetically integrated in vivo to test the biologic importance of the

material state of Pab1 condensates.

6.2.4 To what extent do transition metals modulate condensation?

Although the in vitro studies in this work make a compelling argument that Zn2+ signalling

may modulate the Pab1 condensation response in vivo, whether this is biologically relevant

in the cellular stress response remains to be seen. Studying the stress-induced condensation

response of yeast treated with heat shock in Zn(II)-depleted media could inform this question.

Another simple approach would be to concretely identify the Pab1 Zn(II)-binding sites so

that they can be mutationally perturbed. A distinct question is whether Pab1 condenses in

response to physiological Zn(II) stress in vivo.

A separate approach worthy of investigation is completing a proteome-wide investigation

of the metal-dependence of condensation using an in vitro lysate system, which has been

previously used in the lab. Heat shocking yeast lysate that has been resuspended in distinct

buffers supplemented with different metals or chelators can see how transition metals affect

the condensation of the proteome in an unbiased manner. I hypothesize that the condensation

of numerous proteins will be modulated by transition metals. Targets of interest can then

be deeply studied in vitro, such as has been done with Pab1 herein.

Transition metal homeostasis is known to play a key role at the host-pathogen interface

in a process termed nutritional immunity. Therefore, it would be of interest to study how

transition metal signalling could play a role in condensation of pathogenic fungi. In theory,

rather than a stress, protein condensation could be a mechanism by which a pathogenic

fungus senses it has reached the host environment and must prepare for infection.
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6.3 Final thoughts

Although the lack of broadly established functions for stress-induced condensation has plagued

the field, precisely this dearth in basic understanding makes it such an exciting area to

work in. I am optimistic that further study, which carefully interrogates the molecular de-

tails underlying condensation by iteratively combining in vivo and in vitro reconstitution

approaches, will uncover the physiological roles played by this universally conserved phe-

nomenon.

111



REFERENCES

[1] Rachy Abraham, Debra Hauer, Robert Lyle McPherson, Age Utt, Ilsa T Kirby,
Michael S Cohen, Andres Merits, Anthony KL Leung, and Diane E Griffin. Adp-
ribosyl–binding and hydrolase activities of the alphavirus nsp3 macrodomain are criti-
cal for initiation of virus replication. Proceedings of the National Academy of Sciences,
115(44):E10457–E10466, 2018.

[2] Daniel Ackerman and M Celeste Simon. Hypoxia, lipids, and cancer: surviving the
harsh tumor microenvironment. Trends in cell biology, 24(8):472–478, 2014.

[3] Adva Aizer, Alon Kalo, Pinhas Kafri, Amit Shraga, Rakefet Ben-Yishay, Avi Jacob,
Noa Kinor, and Yaron Shav-Tal. Quantifying mrna targeting to p-bodies in living
human cells reveals their dual role in mrna decay and storage. Journal of cell science,
127(20):4443–4456, 2014.

[4] Ivan Akhrymuk, Ilya Frolov, and Elena I Frolova. Sindbis virus infection causes cell
death by nsp2-induced transcriptional shutoff or by nsp3-dependent translational shut-
off. Journal of virology, 92(23):e01388–18, 2018.

[5] Simon Alberti. Phase separation in biology. Current Biology, 27(20):R1097–R1102,
2017.

[6] Simon Alberti and Serena Carra. Quality control of membraneless organelles. Journal
of molecular biology, 430(23):4711–4729, 2018.

[7] Simon Alberti and Anthony A Hyman. Biomolecular condensates at the nexus of
cellular stress, protein aggregation disease and ageing. Nature reviews Molecular cell
biology, 22(3):196–213, 2021.

[8] Simon Alberti, Amy Gladfelter, and Tanja Mittag. Considerations and challenges in
studying liquid-liquid phase separation and biomolecular condensates. Cell, 176(3):
419–434, 2019.

[9] Asif Ali, Rania Garde, Olivia C Schaffer, Jared A M Bard, Kabir Husain, Saman-
tha Keyport Kik, Kathleen A Davis, Sofia Luengo-Woods, D Allan Drummond, Alli-
son H Squires, and David Pincus. Adaptive preservation of orphan ribosomal proteins
in chaperone-stirred condensates. bioRxiv, 2022. doi:10.1101/2022.11.09.515856.

[10] Paul Anderson, Nancy Kedersha, and Pavel Ivanov. Stress granules, p-bodies and
cancer. Biochimica et Biophysica Acta (BBA)-Gene Regulatory Mechanisms, 1849(7):
861–870, 2015.

[11] Yoav Arava, F Edward Boas, Patrick O Brown, and Daniel Herschlag. Dissecting
eukaryotic translation and its control by ribosome density mapping. Nucleic acids
research, 33(8):2421–2432, 2005.

112

https://doi.org/10.1101/2022.11.09.515856


[12] Kyoko Arimoto, Hiroyuki Fukuda, Shinobu Imajoh-Ohmi, Haruo Saito, and Mut-
suhiro Takekawa. Formation of stress granules inhibits apoptosis by suppressing stress-
responsive mapk pathways. Nature cell biology, 10(11):1324–1332, 2008.

[13] Stella Aronov, Saray Dover-Biterman, Edith Suss-Toby, Michael Shmoish, Lea Duek,
and Mordechai Choder. Pheromone-encoding mrna is transported to the yeast mating
projection by specific rnp granules. Journal of Cell Biology, 209(6):829–842, 2015.

[14] Joshua A Arribere, Jennifer A Doudna, and Wendy V Gilbert. Reconsidering move-
ment of eukaryotic mrnas between polysomes and p bodies. Molecular cell, 44(5):
745–758, 2011.

[15] Anaïs Aulas, Marta M Fay, Shawn M Lyons, Christopher A Achorn, Nancy Kedersha,
Paul Anderson, and Pavel Ivanov. Stress-specific differences in assembly and com-
position of stress granules and related foci. Journal of cell science, 130(5):927–937,
2017.

[16] Yawen Bai, John S Milne, Leland Mayne, and S Walter Englander. Primary struc-
ture effects on peptide group hydrogen exchange. Proteins: Structure, Function, and
Bioinformatics, 17(1):75–86, 1993.

[17] Salman F Banani, Hyun O Lee, Anthony A Hyman, and Michael K Rosen. Biomolec-
ular condensates: organizers of cellular biochemistry. Nature reviews Molecular cell
biology, 18(5):285–298, 2017.

[18] Kyle Begovich and James E Wilhelm. An in vitro assembly system identifies roles
for rna nucleation and atp in yeast stress granule formation. Molecular Cell, 79(6):
991–1007, 2020.

[19] Giulia Biancon, Poorval Joshi, Joshua T Zimmer, Torben Hunck, Yimeng Gao, Mark D
Lessard, Edward Courchaine, Andrew ES Barentine, Martin Machyna, Valentina Botti,
et al. Precision analysis of mutant u2af1 activity reveals deployment of stress granules
in myeloid malignancies. Molecular Cell, 82(6):1107–1122, 2022.

[20] Amanda J Bird. Cellular sensing and transport of metal ions: implications in mi-
cronutrient homeostasis. The Journal of nutritional biochemistry, 26(11):1103–1115,
2015.

[21] Nadine Bley, Marcell Lederer, Birgit Pfalz, Claudia Reinke, Tommy Fuchs, Markus
Glaß, Birgit Möller, and Stefan Hüttelmaier. Stress granules are dispensable for mrna
stabilization during cellular stress. Nucleic acids research, 43(4):e26–e26, 2015.

[22] Steven Boeynaems, Simon Alberti, Nicolas L Fawzi, Tanja Mittag, Magdalini Poly-
menidou, Frederic Rousseau, Joost Schymkowitz, James Shorter, Benjamin Wolozin,
Ludo Van Den Bosch, et al. Protein phase separation: a new phase in cell biology.
Trends in cell biology, 28(6):420–435, 2018.

113



[23] Ann Boija, Isaac A Klein, and Richard A Young. Biomolecular condensates and cancer.
Cancer cell, 39(2):174–192, 2021.

[24] Daryl A Bosco, Nathan Lemay, Hae Kyung Ko, Hongru Zhou, Chris Burke, Thomas J
Kwiatkowski Jr, Peter Sapp, Diane McKenna-Yasek, Robert H Brown Jr, and
Lawrence J Hayward. Mutant fus proteins that cause amyotrophic lateral sclerosis
incorporate into stress granules. Human molecular genetics, 19(21):4160–4175, 2010.

[25] Ouissame Bounedjah, Bénédicte Desforges, Ting-Di Wu, Catherine Pioche-Durieu,
Sergio Marco, Loic Hamon, Patrick A Curmi, Jean-Luc Guerquin-Kern, Olivier
Piétrement, and David Pastré. Free mrna in excess upon polysome dissociation is
a scaffold for protein multimerization to form stress granules. Nucleic acids research,
42(13):8678–8691, 2014.

[26] Clifford P Brangwynne. Phase transitions and size scaling of membrane-less organelles.
Journal of Cell Biology, 203(6):875–881, 2013.

[27] J Ross Buchan and Roy Parker. Eukaryotic stress granules: the ins and outs of trans-
lation. Molecular cell, 36(6):932–941, 2009.

[28] J Ross Buchan, Denise Muhlrad, and Roy Parker. P bodies promote stress granule
assembly in saccharomyces cerevisiae. The Journal of cell biology, 183(3):441–455,
2008.

[29] J Ross Buchan, Je-Hyun Yoon, and Roy Parker. Stress-specific composition, assembly
and kinetics of stress granules in saccharomyces cerevisiae. Journal of cell science, 124
(2):228–239, 2011.

[30] J Ross Buchan, Regina-Maria Kolaitis, J Paul Taylor, and Roy Parker. Eukaryotic
stress granules are cleared by autophagy and cdc48/vcp function. Cell, 153(7):1461–
1474, 2013.

[31] Hannah M Burgess and Ian Mohr. Defining the role of stress granules in innate immune
suppression by the herpes simplex virus 1 endoribonuclease vhs. Journal of virology,
92(15):e00829–18, 2018.

[32] Danae Campos-Melo, Zachary CE Hawley, Cristian A Droppelmann, and Michael J
Strong. The integral role of rna in stress granule formation and function. Frontiers in
Cell and Developmental Biology, 9:621779, 2021.

[33] Leon Y Chan, Christopher F Mugler, Stephanie Heinrich, Pascal Vallotton, and
Karsten Weis. Non-invasive measurement of mrna decay reveals translation initiation
as the major determinant of mrna stability. Elife, 7:e32536, 2018.

[34] Ruofan Chen, Darren Kahan, Julia Shangguan, Joseph R. Sachleben, Joshua A.
Riback, D. Allan Drummond, and Tobin R. Sosnick. Sequential activation
and local unfolding control poly(a)-binding protein condensation. bioRxiv, 2022.
doi:10.1101/2022.09.21.508844.

114

https://doi.org/10.1101/2022.09.21.508844


[35] Valeria Cherkasov, Sarah Hofmann, Silke Druffel-Augustin, Axel Mogk, Jens Tyed-
mers, Georg Stoecklin, and Bernd Bukau. Coordination of translational control and
protein homeostasis during severe heat stress. Current biology, 23(24):2452–2462, 2013.

[36] Valeria Cherkasov, Tomas Grousl, Patrick Theer, Yevhen Vainshtein, Christine Gläßer,
Cyril Mongis, Günter Kramer, Georg Stoecklin, Michael Knop, Axel Mogk, et al.
Systemic control of protein synthesis through sequestration of translation and ribosome
biogenesis factors during severe heat stress. FEBS letters, 589(23):3654–3664, 2015.

[37] Hanna J Clarke, Joseph E Chambers, Elizabeth Liniker, and Stefan J Marciniak.
Endoplasmic reticulum stress in malignancy. Cancer cell, 25(5):563–573, 2014.

[38] Jose J Cotto and Richard I Morimoto. Stress-induced activation of the heat-shock
response: cell and molecular biology of heat-shock factors. In Biochemical Society
Symposium, volume 64, pages 105–118, 1999.

[39] Jeffery S Cox and Peter Walter. A novel mechanism for regulating activity of a tran-
scription factor that controls the unfolded protein response. Cell, 87(3):391–404, 1996.

[40] Yongjun Dang, Nancy Kedersha, Woon-Kai Low, Daniel Romo, Myriam Gorospe,
Randal Kaufman, Paul Anderson, and Jun O Liu. Eukaryotic initiation factor 2α-
independent pathway of stress granule induction by the natural product pateamine a.
Journal of Biological Chemistry, 281(43):32870–32878, 2006.

[41] Patrícia Alves De Castro, Jéssica Chiaratto, Lizziane K Winkelströter, Vinícius
Leite Pedro Bom, Leandra Naira Zambelli Ramalho, Maria Helena S Goldman,
Neil Andrew Brown, and Gustavo H Goldman. The involvement of the mid1/cch1/yvc1
calcium channels in aspergillus fumigatus virulence. PLoS One, 9(8):e103957, 2014.

[42] Carolyn J Decker and Roy Parker. P-bodies and stress granules: possible roles in
the control of translation and mrna degradation. Cold Spring Harbor perspectives in
biology, 4(9):a012286, 2012.

[43] Valérie Denis and Martha S Cyert. Internal ca2+ release in yeast is triggered by
hypertonic shock and mediated by a trp channel homologue. The Journal of cell
biology, 156(1):29–34, 2002.

[44] Rachael Di Santo, Soufiane Aboulhouda, and David E Weinberg. The fail-safe mech-
anism of post-transcriptional silencing of unspliced hac1 mrna. Elife, 5:e20069, 2016.

[45] Mingjian Du and Zhijian J Chen. Dna-induced liquid phase condensation of cgas
activates innate immune signaling. Science, 361(6403):704–709, 2018.

[46] Laurent Duret and Dominique Mouchiroud. Expression pattern and, surprisingly, gene
length shape codon usage in caenorhabditis, drosophila, and arabidopsis. Proceedings
of the National Academy of Sciences, 96(8):4482–4487, 1999.

115



[47] S Ebashi and Mi Endo. Calcium and muscle contraction. Progress in biophysics and
molecular biology, 18:123–183, 1968.

[48] Nina Eiermann, Katharina Haneke, Zhaozhi Sun, Georg Stoecklin, and Alessia Rug-
gieri. Dance with the devil: stress granules and signaling in antiviral responses. Viruses,
12(9):984, 2020.

[49] S Walter Englander, Nancy W Downer, and Harry Teitelbaum. Hydrogen exchange.
Annual review of biochemistry, 41(1):903–924, 1972.

[50] S Walter Englander, Tobin R Sosnick, Joan J Englander, and Leland Mayne. Mech-
anisms and uses of hydrogen exchange. Current opinion in structural biology, 6(1):
18–23, 1996.

[51] SW Englander, L Mayne, Y Bai, and TR Sosnick. Hydrogen exchange: The modern
legacy of linderstrøm-lang. Protein science, 6(5):1101–1109, 1997.

[52] Leah E Escalante and Audrey P Gasch. The role of stress-activated rna–protein gran-
ules in surviving adversity. RNA, 27(7):753–762, 2021.

[53] Ana Eulalio, Isabelle Behm-Ansmant, Daniel Schweizer, and Elisa Izaurralde. P-body
formation is a consequence, not the cause, of rna-mediated gene silencing. Molecular
and cellular biology, 27(11):3970–3981, 2007.

[54] Chun-Yang Fan, Hong-Yu Ren, Paul Lee, Avrom J Caplan, and Douglas M Cyr. The
type i hsp40 zinc finger-like region is required for hsp70 to capture non-native polypep-
tides from ydj1. Journal of Biological Chemistry, 280(1):695–702, 2005.

[55] Natalie G Farny, Nancy L Kedersha, and Pamela A Silver. Metazoan stress granule
assembly is mediated by p-eif2α-dependent and-independent mechanisms. Rna, 15
(10):1814–1821, 2009.

[56] Lydia A Finney and Thomas V O’Halloran. Transition metal speciation in the cell:
insights from the chemistry of metal ion receptors. Science, 300(5621):931–936, 2003.

[57] Marie-Josée Fournier, Cristina Gareau, and Rachid Mazroui. Primary research the
chemotherapeutic agent bortezomib induces the formation of stress granules. 2010.

[58] Tobias M Franks and Jens Lykke-Andersen. Ttp and brf proteins nucleate processing
body formation to silence mrnas with au-rich elements. Genes & development, 21(6):
719–735, 2007.

[59] Brian D Freibaum, James Messing, Peiguo Yang, Hong Joo Kim, and J Paul Taylor.
High-fidelity reconstitution of stress granules and nucleoli in mammalian cellular lysate.
Journal of Cell Biology, 220(3), 2021.

116



[60] Ken Fujimura, Atsuo T Sasaki, and Paul Anderson. Selenite targets eif4e-binding
protein-1 to inhibit translation initiation and induce the assembly of non-canonical
stress granules. Nucleic acids research, 40(16):8099–8110, 2012.

[61] Jozsef Gal, Lisha Kuang, Kelly R Barnett, Brian Z Zhu, Susannah C Shissler, Kon-
stantin V Korotkov, Lawrence J Hayward, Edward J Kasarskis, and Haining Zhu.
Als mutant sod1 interacts with g3bp1 and affects stress granule dynamics. Acta neu-
ropathologica, 132:563–576, 2016.

[62] Xiaomeng Gao, Li Jiang, Yanling Gong, Xiaobing Chen, Meidan Ying, Hong Zhu,
Qiaojun He, Bo Yang, and Ji Cao. Stress granule: A promising target for cancer
treatment. British journal of pharmacology, 176(23):4421–4433, 2019.

[63] Cyrille Garnier, François Devred, Deborah Byrne, Rémy Puppo, Andrei Yu Ro-
man, Soazig Malesinski, Andrey V Golovin, Régine Lebrun, Natalia N Ninkina, and
Philipp O Tsvetkov. Zinc binding to rna recognition motif of tdp-43 induces the for-
mation of amyloid-like aggregates. Scientific reports, 7(1):6812, 2017.

[64] Audrey P Gasch, Paul T Spellman, Camilla M Kao, Orna Carmel-Harel, Michael B
Eisen, Gisela Storz, David Botstein, and Patrick O Brown. Genomic expression pro-
grams in the response of yeast cells to environmental changes. Molecular biology of the
cell, 11(12):4241–4257, 2000.

[65] Elisabeth Gasteiger, Christine Hoogland, Alexandre Gattiker, S’everine Duvaud,
Marc R Wilkins, Ron D Appel, and Amos Bairoch. Protein identification and analysis
tools on the ExPASy server. Springer, 2005.

[66] Victoria J Gauci, Anthony G Beckhouse, Victoria Lyons, Eric J Beh, Peter J Rogers,
Ian W Dawes, and Vincent J Higgins. Zinc starvation induces a stress response in
saccharomyces cerevisiae that is mediated by the msn2p and msn4p transcriptional
activators. FEMS yeast research, 9(8):1187–1195, 2009.

[67] Maxim V Gerashchenko and Vadim N Gladyshev. Translation inhibitors cause abnor-
malities in ribosome profiling experiments. Nucleic acids research, 42(17):e134–e134,
2014.

[68] Wendy V Gilbert, Kaihong Zhou, Tamira K Butler, and Jennifer A Doudna. Cap-
independent translation is required for starvation-induced differentiation in yeast. sci-
ence, 317(5842):1224–1227, 2007.

[69] Hendrik Glauninger, Yifan Zhang, Khadine A Higgins, Alexander D Jacobs, Julia E
Martin, Yue Fu, H Jerome Coyne 3rd, Kevin E Bruce, Michael J Maroney, David E
Clemmer, et al. Metal-dependent allosteric activation and inhibition on the same
molecular scaffold: the copper sensor copy from streptococcus pneumoniae. Chemical
science, 9(1):105–118, 2018.

117



[70] Hendrik Glauninger, Caitlin J Wong Hickernell, Jared AM Bard, and D Allan Drum-
mond. Stressful steps: Progress and challenges in understanding stress-induced mrna
condensation and accumulation in stress granules. Molecular Cell, 2022.

[71] Hendrik Glauninger, Jared AM Bard, Caitlin J Wong Hickernell, Edo M Airoldi, To-
bin R Sosnick, Edward WJ Wallace, and D Allan Drummond. Transcriptome-wide
mrna condensation precedes stress granule formation and excludes stress-induced tran-
scripts. Manuscript in prep, 2023.

[72] Andrey V Golovin, Francois Devred, Dahbia Yatoui, Andrei Yu Roman, Arthur O Za-
levsky, Remy Puppo, Regine Lebrun, Francoise Guerlesquin, and Philipp O Tsvetkov.
Zinc binds to rrm2 peptide of tdp-43. International Journal of Molecular Sciences, 21
(23):9080, 2020.

[73] Edward Gomes and James Shorter. The molecular language of membraneless or-
ganelles. Journal of Biological Chemistry, 294(18):7115–7127, 2019.

[74] Chiara Gorrini, Isaac S Harris, and Tak W Mak. Modulation of oxidative stress as an
anticancer strategy. Nature reviews Drug discovery, 12(12):931–947, 2013.

[75] Cene Gostinčar, Martin Grube, Sybren De Hoog, Polona Zalar, and Nina Gunde-
Cimerman. Extremotolerance in fungi: evolution on the edge. FEMS microbiology
ecology, 71(1):2–11, 2009.

[76] Tomás Grousl, Pavel Ivanov, Ivana Frydlová, Pavla Vasicová, Filip Janda, Jana Voj-
tová, Katerina Malinska, Ivana Malcová, Lenka Nováková, Dana Janosková, et al. Ro-
bust heat shock induces eif2α-phosphorylation-independent assembly of stress granules
containing eif3 and 40s ribosomal subunits in budding yeast, saccharomyces cerevisiae.
Journal of cell science, 122(12):2078–2088, 2009.

[77] Tomas Grousl, Pavel Ivanov, Ivana Malcova, Petr Pompach, Ivana Frydlova, Renata
Slaba, Lenka Senohrabkova, Lenka Novakova, and Jiri Hasek. Heat shock-induced
accumulation of translation elongation and termination factors precedes assembly of
stress granules in s. cerevisiae. PloS one, 8(2):e57083, 2013.

[78] Elizabeth L Guenther, Qin Cao, Hamilton Trinh, Jiahui Lu, Michael R Sawaya, Duilio
Cascio, David R Boyer, Jose A Rodriguez, Michael P Hughes, and David S Eisenberg.
Atomic structures of tdp-43 lcd segments and insights into reversible or pathogenic
aggregation. Nature structural & molecular biology, 25(6):463–471, 2018.

[79] Jordina Guillén-Boixet, Andrii Kopach, Alex S Holehouse, Sina Wittmann, Marcus
Jahnel, Raimund Schlüßler, Kyoohyun Kim, Irmela REA Trussina, Jie Wang, Daniel
Mateju, et al. Rna-induced conformational switching and clustering of g3bp drive
stress granule assembly by condensation. Cell, 181(2):346–361, 2020.

[80] Nina Gunde-Cimerman, Silva Sonjak, Polona Zalar, Jens C Frisvad, Børge Diderich-
sen, and Ana Plemenitaš. Extremophilic fungi in arctic ice: a relationship between

118



adaptation to low temperature and water activity. Physics and Chemistry of the Earth,
Parts A/B/C, 28(28-32):1273–1278, 2003.

[81] Nina Gunde-Cimerman, Jose Ramos, and Ana Plemenitaš. Halotolerant and halophilic
fungi. Mycological research, 113(11):1231–1241, 2009.

[82] Lin Guo and James Shorter. It’s raining liquids: Rna tunes viscoelasticity and dynam-
ics of membraneless organelles. Molecular cell, 60(2):189–192, 2015.

[83] Sayan Gupta. Using x-ray footprinting and mass spectrometry to study the structure
and function of membrane proteins. Protein and peptide letters, 26(1):44–54, 2019.

[84] Anna R Guzikowski, Yang S Chen, and Brian M Zid. Stress-induced mrnp granules:
Form and function of processing bodies and stress granules. Wiley Interdisciplinary
Reviews: RNA, 10(3):e1524, 2019.

[85] Youngdae Gwon, Brian A Maxwell, Regina-Maria Kolaitis, Peipei Zhang, Hong Joo
Kim, and J Paul Taylor. Ubiquitination of g3bp1 mediates stress granule disassembly
in a context-specific manner. Science, 372(6549):eabf6548, 2021.

[86] Asen A Hadjiolov. The nucleolus and ribosome biogenesis, volume 12. Springer Science
& Business Media, 2012.

[87] Tatsuya Hata, Yuki Ishiwata-Kimata, and Yukio Kimata. Induction of the unfolded
protein response at high temperature in saccharomyces cerevisiae. International Jour-
nal of Molecular Sciences, 23(3):1669, 2022.

[88] Alan G Hinnebusch. Translational regulation of gcn4 and the general amino acid
control of yeast. Annu. Rev. Microbiol., 59:407–450, 2005.

[89] Sarah Hofmann, Nancy Kedersha, Paul Anderson, and Pavel Ivanov. Molecular mech-
anisms of stress granule assembly and disassembly. Biochimica et Biophysica Acta
(BBA)-Molecular Cell Research, 1868(1):118876, 2021.

[90] Alex S Holehouse and Rohit V Pappu. Functional implications of intracellular phase
transitions. Biochemistry, 57(17):2415–2423, 2018.

[91] Dagmar Hosiner, Susanne Gerber, Hella Lichtenberg-Frate, Walter Glaser, Christoph
Schüller, and Edda Klipp. Impact of acute metal stress in saccharomyces cerevisiae.
PloS one, 9(1):e83330, 2014.

[92] Nathaniel P Hoyle, Lydia M Castelli, Susan G Campbell, Leah EA Holmes, and Mark P
Ashe. Stress-dependent relocalization of translationally primed mrnps to cytoplasmic
granules that are kinetically and spatially distinct from p-bodies. The Journal of cell
biology, 179(1):65–74, 2007.

119



[93] Xiuzhen Hu, Qiwen Dong, Jianyi Yang, and Yang Zhang. Recognizing metal and
acid radical ion-binding sites by integrating ab initio modeling with template-based
transferals. Bioinformatics, 32(21):3260–3269, 2016.

[94] Arnaud Hubstenberger, Maïté Courel, Marianne Bénard, Sylvie Souquere, Michèle
Ernoult-Lange, Racha Chouaib, Zhou Yi, Jean-Baptiste Morlot, Annie Munier, Magali
Fradet, et al. P-body purification reveals the condensation of repressed mrna regulons.
Molecular cell, 68(1):144–157, 2017.

[95] Michael P Hughes, Michael R Sawaya, David R Boyer, Lukasz Goldschmidt, Jose A
Rodriguez, Duilio Cascio, Lisa Chong, Tamir Gonen, and David S Eisenberg. Atomic
structures of low-complexity protein segments reveal kinked β sheets that assemble
networks. Science, 359(6376):698–701, 2018.

[96] Anthony A Hyman, Christoph A Weber, and Frank Jülicher. Liquid-liquid phase
separation in biology. Annual review of cell and developmental biology, 30:39–58, 2014.

[97] Christiane Iserman, Christine Desroches Altamirano, Ceciel Jegers, Ulrike Friedrich,
Taraneh Zarin, Anatol W Fritsch, Matthäus Mittasch, Antonio Domingues, Lena
Hersemann, Marcus Jahnel, et al. Condensation of ded1p promotes a translational
switch from housekeeping to stress protein production. Cell, 181(4):818–831, 2020.

[98] Pavel Ivanov, Nancy Kedersha, and Paul Anderson. Stress granules and processing
bodies in translational control. Cold Spring Harbor perspectives in biology, 11(5):
a032813, 2019.

[99] Pavel A Ivanov, Elena M Chudinova, and Elena S Nadezhdina. Disrup-
tion of microtubules inhibits cytoplasmic ribonucleoprotein stress granule for-
mation. Experimental Cell Research, 290(2):227–233, 2003. ISSN 0014-4827.
doi:https://doi.org/10.1016/S0014-4827(03)00290-8.

[100] Pavel A Ivanov, Elena M Chudinova, and Elena S Nadezhdina. Rnp stress-granule
formation is inhibited by microtubule disruption. Cell biology international, 3(27):
207–208, 2003.

[101] Ankur Jain and Ronald D Vale. Rna phase transitions in repeat expansion disorders.
Nature, 546(7657):243–247, 2017.

[102] Saumya Jain, Joshua R Wheeler, Robert W Walters, Anurag Agrawal, Anthony Barsic,
and Roy Parker. Atpase-modulated stress granules contain a diverse proteome and
substructure. Cell, 164(3):487–498, 2016.

[103] Aravinth Kumar Jayabalan, Srivathsan Adivarahan, Aakash Koppula, Rachy Abra-
ham, Mona Batish, Daniel Zenklusen, Diane E Griffin, and Anthony KL Leung. Stress
granule formation, disassembly, and composition are regulated by alphavirus adp-
ribosylhydrolase activity. Proceedings of the National Academy of Sciences, 118(6):
e2021719118, 2021.

120

https://doi.org/https://doi.org/10.1016/S0014-4827(03)00290-8


[104] Klaudia Jomova, Marianna Makova, Suliman Y Alomar, Saleh H Alwasel, Eugenie
Nepovimova, Kamil Kuca, Christopher J Rhodes, and Marian Valko. Essential metals
in health and disease. Chemico-biological interactions, page 110173, 2022.

[105] John Jumper, Richard Evans, Alexander Pritzel, Tim Green, Michael Figurnov,
Olaf Ronneberger, Kathryn Tunyasuvunakool, Russ Bates, Augustin Žídek, Anna
Potapenko, et al. Highly accurate protein structure prediction with alphafold. Na-
ture, 596(7873):583–589, 2021.

[106] Christian Kaehler, Jörg Isensee, Tim Hucho, Hans Lehrach, and Sylvia Krobitsch. 5-
fluorouracil affects assembly of stress granules based on rna incorporation. Nucleic
acids research, 42(10):6436–6447, 2014.

[107] Zhong-yuan Kan, Xiang Ye, John J Skinner, Leland Mayne, and S Walter Englander.
Exms2: An integrated solution for hydrogen–deuterium exchange mass spectrometry
data analysis. Analytical chemistry, 91(11):7474–7481, 2019.

[108] Masato Kato, Tina W Han, Shanhai Xie, Kevin Shi, Xinlin Du, Leeju C Wu, Hamid
Mirzaei, Elizabeth J Goldsmith, Jamie Longgood, Jimin Pei, et al. Cell-free forma-
tion of rna granules: low complexity sequence domains form dynamic fibers within
hydrogels. Cell, 149(4):753–767, 2012.

[109] Hiroshi Katoh, Toru Okamoto, Takasuke Fukuhara, Hiroto Kambara, Eiji Morita,
Yoshio Mori, Wataru Kamitani, and Yoshiharu Matsuura. Japanese encephalitis virus
core protein inhibits stress granule formation through an interaction with caprin-1 and
facilitates viral propagation. Journal of virology, 87(1):489–502, 2013.

[110] Masahiro Kawahara, Midori Kato, and Yoichiro Kuroda. Effects of aluminum on the
neurotoxicity of primary cultured neurons and on the aggregation of β-amyloid protein.
Brain research bulletin, 55(2):211–217, 2001.

[111] N Kedersha and Paul Anderson. Stress granules: sites of mrna triage that regulate
mrna stability and translatability. Biochemical Society Transactions, 30(6):963–969,
2002.

[112] Nancy Kedersha and Paul Anderson. Regulation of translation by stress granules and
processing bodies. Progress in molecular biology and translational science, 90:155–185,
2009.

[113] Nancy Kedersha, Michael R Cho, Wei Li, Patrick W Yacono, Samantha Chen, Natalie
Gilks, David E Golan, and Paul Anderson. Dynamic shuttling of tia-1 accompanies
the recruitment of mrna to mammalian stress granules. The Journal of cell biology,
151(6):1257–1268, 2000.

[114] Nancy Kedersha, Samantha Chen, Natalie Gilks, Wei Li, Ira J Miller, Joachim Stahl,
and Paul Anderson. Evidence that ternary complex (eif2-gtp-trnai met)–deficient
preinitiation complexes are core constituents of mammalian stress granules. Molec-
ular biology of the cell, 13(1):195–210, 2002.

121



[115] Nancy Kedersha, Pavel Ivanov, and Paul Anderson. Stress granules and cell signaling:
more than just a passing phase? Trends in biochemical sciences, 38(10):494–506, 2013.

[116] Nancy Kedersha, Marc D Panas, Christopher A Achorn, Shawn Lyons, Sarah Tis-
dale, Tyler Hickman, Marshall Thomas, Judy Lieberman, Gerald M McInerney, Pavel
Ivanov, et al. G3bp–caprin1–usp10 complexes mediate stress granule condensation and
associate with 40s subunits. Journal of Cell Biology, 212(7), 2016.

[117] Nancy L Kedersha, Mita Gupta, Wei Li, Ira Miller, and Paul Anderson. Rna-binding
proteins tia-1 and tiar link the phosphorylation of eif-2α to the assembly of mammalian
stress granules. The Journal of cell biology, 147(7):1431–1442, 1999.

[118] Jan Keiten-Schmitz, Kristina Wagner, Tanja Piller, Manuel Kaulich, Simon Alberti,
and Stefan Müller. The nuclear sumo-targeted ubiquitin quality control network reg-
ulates the dynamics of cytoplasmic stress granules. Molecular cell, 79(1):54–67, 2020.

[119] Sammy Keyport Kik, Dana Christopher, Hendrik Glauninger, Caitlin J Wong Hicker-
nell, Tobin R Sosnick, and D Allan Drummond. Unpublished work, 2023.

[120] Indu Kheterpal, Shaolian Zhou, Kelsey D Cook, and Ronald Wetzel. Aβ amyloid
fibrils possess a core structure highly resistant to hydrogen exchange. Proceedings of
the National Academy of Sciences, 97(25):13597–13601, 2000.

[121] Anthony Khong, Craig H Kerr, Clarence HL Yeung, Kathleen Keatings, Arabinda
Nayak, Douglas W Allan, and Eric Jan. Disruption of stress granule formation by the
multifunctional cricket paralysis virus 1a protein. Journal of Virology, 91(5):e01779–16,
2017.

[122] Anthony Khong, Tyler Matheny, Saumya Jain, Sarah F Mitchell, Joshua R Wheeler,
and Roy Parker. The stress granule transcriptome reveals principles of mrna accumu-
lation in stress granules. Molecular cell, 68(4):808–820, 2017.

[123] Michael A Kiebler and Gary J Bassell. Neuronal rna granules: movers and makers.
Neuron, 51(6):685–690, 2006.

[124] Yukio Kimata, Yuki Ishiwata-Kimata, Seiko Yamada, and Kenji Kohno. Yeast unfolded
protein response pathway regulates expression of genes for anti-oxidative stress and for
cell surface proteins. Genes to Cells, 11(1):59–69, 2006.

[125] Guennadi Kozlov, Nadeem Siddiqui, Stephane Coillet-Matillon, Jean-Francois Trempe,
Irena Ekiel, Tara Sprules, and Kalle Gehring. Solution structure of the orphan pabc
domain fromsaccharomyces cerevisiae poly (a)-binding protein. Journal of Biological
Chemistry, 277(25):22822–22828, 2002.

[126] Susanne Kramer, Rafael Queiroz, Louise Ellis, Helena Webb, Jörg D Hoheisel, Chris-
tine Clayton, and Mark Carrington. Heat shock causes a decrease in polysomes and the
appearance of stress granules in trypanosomes independently of eif2α phosphorylation
at thr169. Journal of cell science, 121(18):3002–3014, 2008.

122



[127] Sonja Kroschwald, Shovamayee Maharana, Daniel Mateju, Liliana Malinovska, Elisa-
beth Nüske, Ina Poser, Doris Richter, and Simon Alberti. Promiscuous interactions
and protein disaggregases determine the material state of stress-inducible rnp granules.
elife, 4:e06807, 2015.

[128] Sonja Kroschwald, Matthias C Munder, Shovamayee Maharana, Titus M Franzmann,
Doris Richter, Martine Ruer, Anthony A Hyman, and Simon Alberti. Different material
states of pub1 condensates define distinct modes of stress adaptation and recovery. Cell
reports, 23(11):3327–3339, 2018.

[129] Lars Lannfelt, Kaj Blennow, Henrik Zetterberg, Stellan Batsman, David Ames, John
Harrison, Colin L Masters, Steve Targum, Ashley I Bush, Ross Murdoch, et al. Safety,
efficacy, and biomarker findings of pbt2 in targeting aβ as a modifying therapy for
alzheimer’s disease: a phase iia, double-blind, randomised, placebo-controlled trial.
The Lancet Neurology, 7(9):779–786, 2008.

[130] Lok Man John Law, Brandon S Razooky, Melody MH Li, Shihyun You, Andrea Jurado,
Charles M Rice, and Margaret R MacDonald. Zap’s stress granule localization is
correlated with its antiviral activity and induced by virus replication. PLoS pathogens,
15(5):e1007798, 2019.

[131] Chih-Yung Lee and Geraldine Seydoux. Dynamics of mrna entry into stress granules.
Nature cell biology, 21(2):116–117, 2019.

[132] Jiwon Lee, Hana Cho, and Ilmin Kwon. Phase separation of low-complexity domains
in cellular function and disease. Experimental & Molecular Medicine, 54(9):1412–1422,
2022.

[133] Joo-Yong Lee, Jonathan E Friedman, Itzchak Angel, Alex Kozak, and Jae-Young Koh.
The lipophilic metal chelator dp-109 reduces amyloid pathology in brains of human
β-amyloid precursor protein transgenic mice. Neurobiology of Aging, 25(10):1315–1321,
2004.

[134] Michael E Lee, William C DeLoache, Bernardo Cervantes, and John E Dueber. A
highly characterized yeast toolkit for modular, multipart assembly. ACS synthetic
biology, 4(9):975–986, 2015.

[135] Myeongsang Lee, Jae In Kim, Sungsoo Na, and Kilho Eom. Metal ions affect the
formation and stability of amyloid β aggregates at multiple length scales. Physical
Chemistry Chemical Physics, 20(13):8951–8961, 2018.

[136] Stan Lee, Steve Ditko, and David Koepp. Spider-man, 2002.

[137] Xiaomeng Liang, Robert E Dempski, and Shawn C Burdette. Zn2+ at a cellular
crossroads. Current opinion in chemical biology, 31:120–125, 2016.

123



[138] Ya-Cheng Liao, Michael S Fernandopulle, Guozhen Wang, Heejun Choi, Ling Hao,
Catherine M Drerup, Rajan Patel, Seema Qamar, Jonathon Nixon-Abell, Yi Shen,
et al. Rna granules hitchhike on lysosomes for long-distance transport, using annexin
a11 as a molecular tether. Cell, 179(1):147–164, 2019.

[139] Susan Lindquist. Regulation of protein synthesis during heat shock. Nature, 293(5830):
311–314, 1981.

[140] Susan Lindquist. The heat-shock response. Annual review of biochemistry, 55(1):
1151–1191, 1986.

[141] Inês Lopes, Gulam Altab, Priyanka Raina, and JoãO Pedro De Magalhães. Gene size
matters: an analysis of gene length in the human genome. Frontiers in genetics, 12:
559998, 2021.

[142] Woon-Kai Low, Yongjun Dang, Tilman Schneider-Poetsch, Zonggao Shi, Nam Song
Choi, William C Merrick, Daniel Romo, and Jun O Liu. Inhibition of eukaryotic
translation initiation by the marine natural product pateamine a. Molecular cell, 20
(5):709–722, 2005.

[143] Andrew S Lyon, William B Peeples, and Michael K Rosen. A framework for un-
derstanding the functions of biomolecular condensates across scales. Nature Reviews
Molecular Cell Biology, 22(3):215–235, 2021.

[144] Ian R Mackenzie, Alexandra M Nicholson, Mohona Sarkar, James Messing, Maria D
Purice, Cyril Pottier, Kavya Annu, Matt Baker, Ralph B Perkerson, Aishe Kurti, et al.
Tia1 mutations in amyotrophic lateral sclerosis and frontotemporal dementia promote
phase separation and alter stress granule dynamics. Neuron, 95(4):808–816, 2017.

[145] Hicham Mahboubi and Ursula Stochaj. Cytoplasmic stress granules: Dynamic mod-
ulators of cell signaling and disease. Biochimica et Biophysica Acta (BBA)-Molecular
Basis of Disease, 1863(4):884–895, 2017.

[146] Wolfgang Maret. Metalloproteomics, metalloproteomes, and the annotation of metal-
loproteins. Metallomics, 2(2):117–125, 2010.

[147] Sebastian Markmiller, Sahar Soltanieh, Kari L Server, Raymond Mak, Wenhao Jin,
Mark Y Fang, En-Ching Luo, Florian Krach, Dejun Yang, Anindya Sen, et al. Context-
dependent and disease-specific diversity in protein interactions within stress granules.
Cell, 172(3):590–604, 2018.

[148] Hagai Marmor-Kollet, Aviad Siany, Nancy Kedersha, Naama Knafo, Natalia Rivkin,
Yehuda M Danino, Thomas G Moens, Tsviya Olender, Daoud Sheban, Nir Cohen,
et al. Spatiotemporal proteomic analysis of stress granule disassembly using apex
reveals regulation by sumoylation and links to als pathogenesis. Molecular cell, 80(5):
876–891, 2020.

124



[149] Erik W Martin and Tanja Mittag. Relationship of sequence and phase separation in
protein low-complexity regions. Biochemistry, 57(17):2478–2487, 2018.

[150] Israel Maruri-López, Nicolás E Figueroa, Itzell E Hernández-Sánchez, and Monika
Chodasiewicz. Plant stress granules: trends and beyond. Frontiers in plant science,
12:722643, 2021.

[151] Glenn R Masson, John E Burke, Natalie G Ahn, Ganesh S Anand, Christoph Borchers,
Sébastien Brier, George M Bou-Assaf, John R Engen, S Walter Englander, Johan
Faber, et al. Recommendations for performing, interpreting and reporting hydrogen
deuterium exchange mass spectrometry (hdx-ms) experiments. Nature methods, 16(7):
595–602, 2019.

[152] Daniel Mateju and Jeffrey A Chao. Stress granules: regulators or by-products? The
FEBS Journal, 289(2):363–373, 2022.

[153] Daniel Mateju, Bastian Eichenberger, Franka Voigt, Jan Eglinger, Gregory Roth, and
Jeffrey A Chao. Single-molecule imaging reveals translation of mrnas localized to stress
granules. Cell, 183(7):1801–1812, 2020.

[154] Tyler Matheny, Bhalchandra S Rao, and Roy Parker. Transcriptome-wide compari-
son of stress granules and p-bodies reveals that translation plays a major role in rna
partitioning. Molecular and cellular biology, 39(24):e00313–19, 2019.

[155] Tyler Matheny, Briana Van Treeck, Thao Ngoc Huynh, and Roy Parker. Rna parti-
tioning into stress granules is based on the summation of multiple interactions. Rna,
27(2):174–189, 2021.

[156] Brian A Maxwell, Youngdae Gwon, Ashutosh Mishra, Junmin Peng, Haruko Naka-
mura, Ke Zhang, Hong Joo Kim, and J Paul Taylor. Ubiquitination is essential for
recovery of cellular activities after heat shock. Science, 372(6549):eabc3593, 2021.

[157] Leland Mayne. Hydrogen exchange mass spectrometry. In Methods in enzymology,
volume 566, pages 335–356. Elsevier, 2016.

[158] Leland Mayne, Zhong-Yuan Kan, Palaniappan Sevugan Chetty, Alec Ricciuti, Ben-
jamin T Walters, and S Walter Englander. Many overlapping peptides for protein hy-
drogen exchange experiments by the fragment separation-mass spectrometry method.
Journal of the American Society for Mass Spectrometry, 22(11), 2011.

[159] Rachid Mazroui, Rami Sukarieh, Marie-Eve Bordeleau, Randal J Kaufman, Peter
Northcote, Junichi Tanaka, Imed Gallouzi, and Jerry Pelletier. Inhibition of ribosome
recruitment induces stress granule formation independently of eukaryotic initiation
factor 2α phosphorylation. Molecular biology of the cell, 17(10):4212–4219, 2006.

[160] Gonzalo I Mendoza-Ochoa, J David Barrass, Barbara R Terlouw, Isabella E Maudlin,
Susana de Lucas, Emanuela Sani, Vahid Aslanzadeh, Jane AE Reid, and Jean D Beggs.

125



A fast and tuneable auxin-inducible degron for depletion of target proteins in budding
yeast. Yeast, 36(1):75–81, 2019.

[161] Diana M Mitrea and Richard W Kriwacki. Phase separation in biology; functional
organization of a higher order. Cell Communication and Signaling, 14(1):1–20, 2016.

[162] Diana M Mitrea, Matthäus Mittasch, Beatriz Ferreira Gomes, Isaac A Klein, and
Mark A Murcko. Modulating biomolecular condensates: a novel approach to drug
discovery. Nature Reviews Drug Discovery, 21(11):841–862, 2022.

[163] Tanja Mittag and Rohit V Pappu. A conceptual framework for understanding phase
separation and addressing open questions and challenges. Molecular cell, 82(12):2201–
2214, 2022.

[164] Amandine Molliex, Jamshid Temirov, Jihun Lee, Maura Coughlin, Anderson P Kana-
garaj, Hong Joo Kim, Tanja Mittag, and J Paul Taylor. Phase separation by low
complexity domains promotes stress granule assembly and drives pathological fibril-
lization. Cell, 163(1):123–133, 2015.

[165] Stephanie L Moon, Tatsuya Morisaki, Anthony Khong, Kenneth Lyon, Roy Parker,
and Timothy J Stasevich. Multicolour single-molecule tracking of mrna interactions
with rnp granules. Nature cell biology, 21(2):162–168, 2019.

[166] Stephanie L Moon, Tatsuya Morisaki, Timothy J Stasevich, and Roy Parker. Coupling
of translation quality control and mrna targeting to stress granules. Journal of Cell
Biology, 219(8), 2020.

[167] Kevin A Morano, Chris M Grant, and W Scott Moye-Rowley. The response to heat
shock and oxidative stress in saccharomyces cerevisiae. Genetics, 190(4):1157–1195,
2012.

[168] Peter P Mueller and Alan G Hinnebusch. Multiple upstream aug codons mediate
translational control of gcn4. Cell, 45(2):201–207, 1986.

[169] Moritz Mühlhofer, Evi Berchtold, Chris G Stratil, Gergely Csaba, Elena Kunold,
Nina C Bach, Stephan A Sieber, Martin Haslbeck, Ralf Zimmer, and Johannes Buch-
ner. The heat shock response in yeast maintains protein homeostasis by chaperoning
and replenishing proteins. Cell reports, 29(13):4593–4607, 2019.

[170] Caitlin C Murdoch and Eric P Skaar. Nutritional immunity: the battle for nutrient
metals at the host–pathogen interface. Nature Reviews Microbiology, 20(11):657–670,
2022.

[171] Dylan T Murray, Masato Kato, Yi Lin, Kent R Thurber, Ivan Hung, Steven L McK-
night, and Robert Tycko. Structure of fus protein fibrils and its relevance to self-
assembly and phase separation of low-complexity domains. Cell, 171(3):615–627, 2017.

126



[172] Elena S Nadezhdina, Alexis J Lomakin, Alexey A Shpilman, Elena M Chudinova, and
Pavel A Ivanov. Microtubules govern stress granule mobility and dynamics. Biochimica
et Biophysica Acta (BBA)-Molecular Cell Research, 1803(3):361–371, 2010.

[173] Sim Namkoong, Allison Ho, Yu Mi Woo, Hojoong Kwak, and Jun Hee Lee. Systematic
characterization of stress-induced rna granulation. Molecular cell, 70(1):175–187, 2018.

[174] Daniel Nilsson and Per Sunnerhagen. Cellular stress induces cytoplasmic rna granules
in fission yeast. Rna, 17(1):120–133, 2011.

[175] L Nover, KD Scharf, and D Neumann. Formation of cytoplasmic heat shock granules in
tomato cell cultures and leaves. Molecular and cellular biology, 3(9):1648–1655, 1983.

[176] LUTZ Nover, KLAUS-DIETER Scharf, and DIETER Neumann. Cytoplasmic heat
shock granules are formed from precursor particles and are associated with a specific
set of mrnas. Molecular and cellular biology, 9(3):1298–1308, 1989.

[177] Richard Ortega, Asuncion Carmona, Isabelle Llorens, and Pier Lorenzo Solari. X-ray
absorption spectroscopy of biological samples. a tutorial. Journal of Analytical Atomic
Spectrometry, 27(12):2054–2065, 2012.

[178] Claudia Oviedo and Jaime Rodríguez. Edta: the chelating agent under environmental
scrutiny. Quimica Nova, 26:901–905, 2003.

[179] Oliver Ozohanics and Attila Ambrus. Hydrogen-deuterium exchange mass spectrom-
etry: A novel structural biology approach to structure, dynamics and interactions of
proteins and their complexes. Life, 10(11):286, 2020.

[180] Alejandro Padrón, Shintaro Iwasaki, and Nicholas T Ingolia. Proximity rna labeling
by apex-seq reveals the organization of translation initiation complexes and repressive
rna granules. Molecular cell, 75(4):875–887, 2019.

[181] Marc D Panas, Pavel Ivanov, and Paul Anderson. Mechanistic insights into mammalian
stress granule dynamics. Journal of Cell Biology, 215(3):313–323, 2016.

[182] Avinash Patel, Hyun O Lee, Louise Jawerth, Shovamayee Maharana, Marcus Jahnel,
Marco Y Hein, Stoyno Stoynov, Julia Mahamid, Shambaditya Saha, Titus M Franz-
mann, et al. A liquid-to-solid phase transition of the als protein fus accelerated by
disease mutation. Cell, 162(5):1066–1077, 2015.

[183] Sijia Peng, Weiping Li, Yirong Yao, Wenjing Xing, Pilong Li, and Chunlai Chen. Phase
separation at the nanoscale quantified by dcfccs. Proceedings of the National Academy
of Sciences, 117(44):27124–27131, 2020.

[184] Ivan Peran and Tanja Mittag. Molecular structure in biomolecular condensates. Cur-
rent opinion in structural biology, 60:17–26, 2020.

127



[185] Elvis Pirev, Yasemin Ince, Helmut Sies, and Klaus D Kröncke. Heat shock but not cold
shock leads to disturbed intracellular zinc homeostasis. Journal of cellular physiology,
223(1):103–109, 2010.

[186] Thomas Preiss, Julie Baron-Benhamou, Wilhelm Ansorge, and Matthias W Hentze.
Homodirectional changes in transcriptome composition and mrna translation induced
by rapamycin and heat shock. Nature Structural & Molecular Biology, 10(12):1039–
1047, 2003.

[187] David SW Protter and Roy Parker. Principles and properties of stress granules. Trends
in cell biology, 26(9):668–679, 2016.

[188] Kavya Vinayan Pushpalatha and Florence Besse. Local translation in axons: when
membraneless rnp granules meet membrane-bound organelles. Frontiers in Molecular
Biosciences, 6:129, 2019.

[189] TD Rae, PJ Schmidt, RA Pufahl, VC Culotta, and T V. O’Halloran. Undetectable
intracellular free copper: the requirement of a copper chaperone for superoxide dismu-
tase. Science, 284(5415):805–808, 1999.

[190] Joseph B Rayman, Kevin A Karl, and Eric R Kandel. Tia-1 self-multimerization,
phase separation, and recruitment into stress granules are dynamically regulated by
zn2+. Cell reports, 22(1):59–71, 2018.

[191] Lucas C Reineke and Joel R Neilson. Differences between acute and chronic stress
granules, and how these differences may impact function in human disease. Biochemical
pharmacology, 162:123–131, 2019.

[192] Joshua A Riback, Christopher D Katanski, Jamie L Kear-Scott, Evgeny V Pilipenko,
Alexandra E Rojek, Tobin R Sosnick, and D Allan Drummond. Stress-triggered phase
separation is an adaptive, evolutionarily tuned response. Cell, 168(6):1028–1040, 2017.

[193] Joshua A Riback, Jorine M Eeftens, Daniel S Lee, Sofi A Quinodoz, Lien Beckers,
Lindsay A Becker, and Clifford P Brangwynne. Viscoelastic rna entanglement and
advective flow underlies nucleolar form and function. Biophysical Journal, 121(3):
473a, 2022.

[194] Nina Ripin and Roy Parker. Are stress granules the rna analogs of misfolded protein
aggregates? Rna, 28(1):67–75, 2022.

[195] Nigel J Robinson and Arthur Glasfeld. Metalation: nature’s challenge in bioinorganic
chemistry. JBIC Journal of Biological Inorganic Chemistry, 25:543–545, 2020.

[196] Pabitra K Sahoo, Seung Joon Lee, Poonam B Jaiswal, Stefanie Alber, Amar N Kar,
Sharmina Miller-Randolph, Elizabeth E Taylor, Terika Smith, Bhagat Singh, Tammy
Szu-Yu Ho, et al. Axonal g3bp1 stress granule protein limits axonal mrna translation
and nerve regeneration. Nature communications, 9(1):3358, 2018.

128



[197] Pabitra K Sahoo, Amar N Kar, Nitzan Samra, Marco Terenzio, Priyanka Patel, Se-
ung Joon Lee, Sharmina Miller, Elizabeth Thames, Blake Jones, Riki Kawaguchi, et al.
A ca2+-dependent switch activates axonal casein kinase 2α translation and drives
g3bp1 granule disassembly for axon regeneration. Current Biology, 30(24):4882–4895,
2020.

[198] Parimal Samir, Sannula Kesavardhana, Deanna M Patmore, Sebastien Gingras,
RK Subbarao Malireddi, Rajendra Karki, Clifford S Guy, Benoit Briard, David E
Place, Anannya Bhattacharya, et al. Ddx3x acts as a live-or-die checkpoint in stressed
cells by regulating nlrp3 inflammasome. Nature, 573(7775):590–594, 2019.

[199] Natalia Sanchez de Groot, Alexandros Armaos, Ricardo Graña-Montes, Marion Alri-
quet, Giulia Calloni, R Martin Vabulas, and Gian Gaetano Tartaglia. Rna structure
drives interaction with proteins. Nature communications, 10(1):3246, 2019.

[200] David W Sanders, Nancy Kedersha, Daniel SW Lee, Amy R Strom, Victoria Drake,
Joshua A Riback, Dan Bracha, Jorine M Eeftens, Allana Iwanicki, Alicia Wang, et al.
Competing protein-rna interaction networks control multiphase intracellular organiza-
tion. Cell, 181(2):306–324, 2020.

[201] Leena Sathe, Cheryl Bolinger, M Amin-ul Mannan, Thomas E Dever, and Madhusudan
Dey. Evidence that base-pairing interaction between intron and mrna leader sequences
inhibits initiation of hac1 mrna translation in yeast. Journal of Biological Chemistry,
290(36):21821–21832, 2015.

[202] Ingmar B Schäfer, Masami Yamashita, Jan Michael Schuller, Steffen Schüssler, Peter
Reichelt, Mike Strauss, and Elena Conti. Molecular basis for poly (a) rnp architecture
and recognition by the pan2-pan3 deadenylase. Cell, 177(6):1619–1631, 2019.

[203] Jenifer E Shattuck, Kacy R Paul, Sean M Cascarina, and Eric D Ross. The prion-
like protein kinase sky1 is required for efficient stress granule disassembly. Nature
communications, 10(1):3614, 2019.

[204] Ujwal Sheth and Roy Parker. Decapping and decay of messenger rna occur in cyto-
plasmic processing bodies. Science, 300(5620):805–808, 2003.

[205] Nobuyuki Shiina. Liquid-and solid-like rna granules form through specific scaffold
proteins and combine into biphasic granules. Journal of Biological Chemistry, 294(10):
3532–3548, 2019.

[206] Yongdae Shin and Clifford P Brangwynne. Liquid phase condensation in cell physiology
and disease. Science, 357(6357):eaaf4382, 2017.

[207] John J Skinner, Woon K Lim, Sabrina Bédard, Ben E Black, and S Walter Englander.
Protein dynamics viewed by hydrogen exchange. Protein Science, 21(7):996–1005,
2012.

129



[208] Wilton T Snead and Amy S Gladfelter. The control centers of biomolecular phase
separation: how membrane surfaces, ptms, and active processes regulate condensation.
Molecular cell, 76(2):295–305, 2019.

[209] Syam Prakash Somasekharan, Fan Zhang, Neetu Saxena, Jia Ni Huang, I-Chih Kuo,
Caitlin Low, Robert Bell, Hans Adomat, Nikolay Stoynov, Leonard Foster, et al.
G3bp1-linked mrna partitioning supports selective protein synthesis in response to
oxidative stress. Nucleic Acids Research, 48(12):6855–6873, 2020.

[210] Reed Sorenson and Julia Bailey-Serres. Selective mrna sequestration by oligouridylate-
binding protein 1 contributes to translational control during hypoxia in arabidopsis.
Proceedings of the National Academy of Sciences, 111(6):2373–2378, 2014.

[211] Jörg Stetefeld, Sean A McKenna, and Trushar R Patel. Dynamic light scattering: a
practical guide and applications in biomedical sciences. Biophysical reviews, 8:409–427,
2016.

[212] Nadine Stöhr, Marcell Lederer, Claudia Reinke, Sylke Meyer, Mechthild Hatzfeld,
Robert H Singer, and Stefan Hüttelmaier. Zbp1 regulates mrna stability during cellular
stress. The Journal of cell biology, 175(4):527–534, 2006.

[213] Greg Stuart, Nelson Spruston, Bert Sakmann, and Michael Häusser. Action potential
initiation and backpropagation in neurons of the mammalian cns. Trends in neuro-
sciences, 20(3):125–131, 1997.

[214] Haofeng Sun, Lingyun Ma, Leyu Wang, Peng Xiao, Hongmei Li, Min Zhou, and Dewei
Song. Research advances in hydrogen–deuterium exchange mass spectrometry for pro-
tein epitope mapping. Analytical and Bioanalytical Chemistry, 413:2345–2359, 2021.

[215] Bernadeta Szewczyk. Zinc homeostasis and neurodegenerative disorders. Frontiers in
aging neuroscience, 5:33, 2013.

[216] Devin Tauber, Gabriel Tauber, Anthony Khong, Briana Van Treeck, Jerry Pelletier,
and Roy Parker. Modulation of rna condensation by the dead-box protein eif4a. Cell,
180(3):411–426, 2020.

[217] Devin Tauber, Gabriel Tauber, and Roy Parker. Mechanisms and regulation of rna
condensation in rnp granule formation. Trends in biochemical sciences, 45(9):764–778,
2020.

[218] Hélène Tourrière, Karim Chebli, Latifa Zekri, Brice Courselaud, Jean Marie Blanchard,
Edouard Bertrand, and Jamal Tazi. The rasgap-associated endoribonuclease g3bp
assembles stress granules. The Journal of cell biology, 160(6):823–831, 2003.

[219] Catherine G Triandafillou, Christopher D Katanski, Aaron R Dinner, and D Allan
Drummond. Transient intracellular acidification regulates the core transcriptional heat
shock response. Elife, 9:e54880, 2020.

130



[220] Paul Q Trombley, Michelle S Horning, and Laura J Blakemore. Carnosine modulates
zinc and copper effects on amino acid receptors and synaptic transmission. Neuroreport,
9(15):3503–3507, 1998.

[221] Nien-Pei Tsai and Li-Na Wei. Rhoa/rock1 signaling regulates stress granule formation
and apoptosis. Cellular signalling, 22(4):668–675, 2010.

[222] Jagadeesh Kumar Uppala, Leena Sathe, Abhijit Chakraborty, Sankhajit Bhattachar-
jee, Anthony Thomas Pulvino, and Madhusudan Dey. The cap-proximal rna secondary
structure inhibits preinitiation complex formation on hac1 mrna. Journal of Biological
Chemistry, 298(3), 2022.

[223] R Martin Vabulas, Swasti Raychaudhuri, Manajit Hayer-Hartl, and F Ulrich Hartl.
Protein folding in the cytoplasm and the heat shock response. Cold Spring Harbor
perspectives in biology, 2(12):a004390, 2010.

[224] Briana Van Treeck and Roy Parker. Emerging roles for intermolecular rna-rna inter-
actions in rnp assemblies. Cell, 174(4):791–802, 2018.

[225] Briana Van Treeck, David SW Protter, Tyler Matheny, Anthony Khong, Christopher D
Link, and Roy Parker. Rna self-assembly contributes to stress granule formation and
defining the stress granule transcriptome. Proceedings of the National Academy of
Sciences, 115(11):2734–2739, 2018.

[226] Jacob Verghese, Jennifer Abrams, Yanyu Wang, and Kevin A Morano. Biology of the
heat shock response and protein chaperones: budding yeast (saccharomyces cerevisiae)
as a model system. Microbiology and molecular biology reviews, 76(2):115–158, 2012.

[227] Vanesa Vinciauskaite and Glenn R Masson. Fundamentals of hdx-ms. Essays in
Biochemistry, 67(2):301–314, 2023.

[228] Richard Voellmy and Frank Boellmann. Chaperone regulation of the heat shock pro-
tein response. Molecular aspects of the stress response: chaperones, membranes and
networks, pages 89–99, 2007.

[229] Edward WJ Wallace, Jamie L Kear-Scott, Evgeny V Pilipenko, Michael H Schwartz,
Pawel R Laskowski, Alexandra E Rojek, Christopher D Katanski, Joshua A Riback,
Michael F Dion, Alexander M Franks, et al. Reversible, specific, active aggregates of
endogenous proteins assemble upon heat stress. Cell, 162(6):1286–1298, 2015.

[230] Benjamin T Walters, Alec Ricciuti, Leland Mayne, and S Walter Englander. Minimiz-
ing back exchange in the hydrogen exchange-mass spectrometry experiment. Journal
of the American Society for Mass Spectrometry, 23(12):2132–2139, 2012.

[231] Jie Wang, Jeong-Mo Choi, Alex S Holehouse, Hyun O Lee, Xiaojie Zhang, Marcus
Jahnel, Shovamayee Maharana, Régis Lemaitre, Andrei Pozniakovsky, David Drechsel,
et al. A molecular grammar governing the driving forces for phase separation of prion-
like rna binding proteins. Cell, 174(3):688–699, 2018.

131



[232] Peter Wardman and Luis P Candeias. Fenton chemistry: an introduction. Radiation
research, 145(5):523–531, 1996.

[233] Tim Weenink, Jelle van der Hilst, Robert M McKiernan, and Tom Ellis. Design of rna
hairpin modules that predictably tune translation in yeast. Synthetic Biology, 3(1):
ysy019, 2018.

[234] David E Weinberg, Premal Shah, Stephen W Eichhorn, Jeffrey A Hussmann, Joshua B
Plotkin, and David P Bartel. Improved ribosome-footprint and mrna measurements
provide insights into dynamics and regulation of yeast translation. Cell reports, 14(7):
1787–1799, 2016.

[235] Danella L West, Fionna E Loughlin, Francisco Rivero-Rodríguez, Naveen Vankadari,
Alejandro Velázquez-Cruz, Laura Corrales-Guerrero, Irene Díaz-Moreno, and Jacque-
line A Wilce. Regulation of tia-1 condensates: Zn2+ and rgg motifs promote nucleic
acid driven llps and inhibit irreversible aggregation. Frontiers in Molecular Biosciences,
9:960806, 2022.

[236] Joshua R Wheeler, Tyler Matheny, Saumya Jain, Robert Abrisch, and Roy Parker.
Distinct stages in stress granule assembly and disassembly. elife, 5:e18413, 2016.

[237] James P White, Ana Maria Cardenas, Wilfred E Marissen, and Richard E Lloyd.
Inhibition of cytoplasmic mrna stress granule formation by a viral proteinase. Cell
host & microbe, 2(5):295–305, 2007.

[238] Neil A Whittemore, Rajesh Mishra, Indu Kheterpal, Angela D Williams, Ronald Wet-
zel, and Engin H Serpersu. Hydrogen- deuterium (h/d) exchange mapping of aβ1-40
amyloid fibril secondary structure using nuclear magnetic resonance spectroscopy. Bio-
chemistry, 44(11):4434–4441, 2005.

[239] Johannes H Wilbertz, Franka Voigt, Ivana Horvathova, Gregory Roth, Yinxiu Zhan,
and Jeffrey A Chao. Single-molecule imaging of mrna localization and regulation during
the integrated stress response. Molecular cell, 73(5):946–958, 2019.

[240] Benjamin Wolozin and Pavel Ivanov. Stress granules and neurodegeneration. Nature
Reviews Neuroscience, 20(11):649–666, 2019.

[241] C Wu. Heat stress transcription factors. Annu. Rev. Cell Biol, 11:441–469, 1995.

[242] Satoru Yamasaki, Kumiko Sakata-Sogawa, Aiko Hasegawa, Tomoyuki Suzuki, Koki
Kabu, Emi Sato, Tomohiro Kurosaki, Susumu Yamashita, Makio Tokunaga, Keigo
Nishida, et al. Zinc is a novel intracellular second messenger. The Journal of cell
biology, 177(4):637–645, 2007.

[243] Peiguo Yang, Cécile Mathieu, Regina-Maria Kolaitis, Peipei Zhang, James Messing,
Ugur Yurtsever, Zemin Yang, Jinjun Wu, Yuxin Li, Qingfei Pan, et al. G3bp1 is a
tunable switch that triggers phase separation to assemble stress granules. Cell, 181(2):
325–345, 2020.

132



[244] Xiaoxue Yang, Yi Shen, Elena Garre, Xinxin Hao, Daniel Krumlinde, Marija Cvijović,
Christina Arens, Thomas Nyström, Beidong Liu, and Per Sunnerhagen. Stress granule-
defective mutants deregulate stress responsive transcripts. PLoS Genetics, 10(11):
e1004763, 2014.

[245] Haneul Yoo, Catherine Triandafillou, and D Allan Drummond. Cellular sensing by
phase separation: Using the process, not just the products. Journal of Biological
Chemistry, 294(18):7151–7159, 2019.

[246] Haneul Yoo, Jared AM Bard, Evgeny V Pilipenko, and D Allan Drummond. Chaper-
ones directly and efficiently disperse stress-triggered biomolecular condensates. Molec-
ular Cell, 82(4):741–755, 2022.

[247] Ji-Young Youn, Wade H Dunham, Seo Jung Hong, James DR Knight, Mikhail
Bashkurov, Ginny I Chen, Halil Bagci, Bhavisha Rathod, Graham MacLeod, Si-
mon WM Eng, et al. High-density proximity mapping reveals the subcellular orga-
nization of mrna-associated granules and bodies. Molecular cell, 69(3):517–532, 2018.

[248] Qilin Yu, Fan Wang, Qiang Zhao, Jiatong Chen, Bing Zhang, Xiaohui Ding, Hui Wang,
Baopeng Yang, Guangqing Lu, Biao Zhang, et al. A novel role of the vacuolar calcium
channel yvc1 in stress response, morphogenesis and pathogenicity of candida albicans.
International Journal of Medical Microbiology, 304(3-4):339–350, 2014.

[249] J Gregory Zeikus. Thermophilic bacteria: ecology, physiology and technology. Enzyme
and Microbial Technology, 1(4):243–252, 1979.

[250] Peipei Zhang, Baochang Fan, Peiguo Yang, Jamshid Temirov, James Messing,
Hong Joo Kim, and J Paul Taylor. Chronic optogenetic induction of stress granules is
cytotoxic and reveals the evolution of als-ftd pathology. Elife, 8:e39578, 2019.

[251] Xin-Qing Zhao and Feng-wu Bai. Zinc and yeast stress tolerance: micronutrient plays
a big role. Journal of biotechnology, 158(4):176–183, 2012.

[252] Xu Zheng, Joanna Krakowiak, Nikit Patel, Ali Beyzavi, Jideofor Ezike, Ahmad S
Khalil, and David Pincus. Dynamic control of hsf1 during heat shock by a chaperone
switch and phosphorylation. elife, 5:e18638, 2016.

[253] Brian M Zid and Erin K O’Shea. Promoter sequences direct cytoplasmic localization
and translation of mrnas during starvation in yeast. Nature, 514(7520):117–121, 2014.

[254] Maria Antonietta Zoroddu, Jan Aaseth, Guido Crisponi, Serenella Medici, Massim-
iliano Peana, and Valeria Marina Nurchi. The essential metals for humans: a brief
overview. Journal of inorganic biochemistry, 195:120–129, 2019.

133


	List of Figures
	List of Tables
	Acknowledgments
	Abstract
	1 Introduction
	1.1 What is biomolecular condensation and what does it do?
	1.2 Uncertainty in the function of stress-induced condensates and stress granules
	1.3 Mechanisms of condensation
	1.4 Specific questions

	2 Stressful steps: Progress and challenges in understanding stress-induced mRNA condensation and accumulation in stress granules
	2.1 Summary
	2.2 Introduction
	2.3 Multiple stages of stress-induced RNA condensation and stress granule formation
	2.4 Elusive functions of stress granules and stress-triggered RNA condensation
	2.5 Informing functions of stress-triggered condensation through the lens of disease
	2.6 The role of RNA: Old observations and emerging results
	2.7 Mechanisms of dissolution
	2.8 Examining the role of liquid-liquid phase separation in stress-induced condensation
	2.9 Hazards in defining stress granule composition
	2.10 Grand challenges in studying stress-induced protein/mRNA condensation

	3 Transcriptome-wide mRNA condensation precedes stress granule formation and excludes stress-induced transcripts
	3.1 Summary
	3.2 Introduction
	3.3 Results
	3.3.1 Sed-seq enables measurement of transcriptome-scale mRNA condensation
	3.3.2 mRNA condensation of the entire pre-stress transcriptome following heat shock is proportional to the magnitude of stress
	3.3.3 mRNAs encoding stress response genes escape condensation during stress and are preferentially translated
	3.3.4 Widespread mRNA condensation, epitomized by HAC1, is observed outside of stress
	3.3.5 Translation initiation block causes mRNA-specific and global condensation
	3.3.6 mRNA condensates are related to, but distinct from, stress granules
	3.3.7 Blocking translation initiation at distinct steps implicates an upstream, competitive step rather than a specific factor in initiation to cause condensation
	3.3.8 Although blocking translation initiation causes mRNA condensation, the generation of translationally-stalled transcripts alone cannot explain stress-induced condensation
	3.3.9 Different mRNAs escape condensation in different stresses
	3.3.10 Newly transcribed mRNAs escape condensation during stress

	3.4 Discussion
	3.4.1 mRNA condensation into biochemically isolatable assemblies is related, yet distinct, from SG recruitment
	3.4.2 Rethinking the mechanism of mRNA condensation
	3.4.3 Towards the function of stress-induced condensation
	3.4.4 Transcripts of the Hsf1 regulon consistently escape stress-induced condensation to act as putative molecular timers for stress recovery
	3.4.5 How do new transcripts escape stress-induced condensation?
	3.4.6 Final thoughts

	3.5 Methods
	3.5.1 Stress treatments
	3.5.2 Biochemical fractionation by Sed-seq
	3.5.3 Modeling: calculation of pSup
	3.5.4 Confocal microscopy
	3.5.5 Auxin induced degron depletions
	3.5.6 Solubility reporters


	4 Thermodynamic specificity controls Pab1 condensation across temperatures and orthologs
	4.1 Summary
	4.2 Introduction
	4.2.1 Molecular mechanisms of stress-induced condensation
	4.2.2 Stress-induced condensation across environmental niches
	4.2.3 Hydrogen-Deuterium Exchange Mass Spectrometry

	4.3 Results
	4.3.1 Validating HDX-MS results against published work
	4.3.2 Putative amyloid-like crosslinks connect Pab1 protomers in the condensate and are important for condensation
	4.3.3 The hydrogen bond networks of Pab1 condensates formed at different temperatures are similar yet distinct
	4.3.4 The hydrogen bond networks of Pab1 condensates formed from different yeast orthologs are largely conserved yet distinct
	4.3.5 Differences in monomer Pab1 structural dynamics could explain the differences in condensation onset temperature among orthologs

	4.4 Discussion
	4.4.1 A core architecture in Pab1 condensate structure may explain its hydrogel properties
	4.4.2 Structure function relationship: Could different temperature condensates serve different functions?
	4.4.3 How does primary sequence encode condensation onset temperature?
	4.4.4 Putative broader applicability of thermodynamic selectivity in protein condensation

	4.5 Methods
	4.5.1 Protein expression and purification
	4.5.2 Dynamic light scattering
	4.5.3 Condensate preparation
	4.5.4 Hydrogen-deuterium exchange mass spectrometry
	4.5.5 HDX-MS data analysis


	5 Transition metal signaling is a putative mechanism to modulate stress-induced condensation
	5.1 Summary
	5.2 Introduction
	5.2.1 Transition metal homeostasis is essential for life
	5.2.2 Stress-induced condensation is likely functional and activates the heat shock response
	5.2.3 Modulation of condensation by metalation

	5.3 Results
	5.3.1 Pab1 is predicted to possess metal binding sites and its condensation is promoted by Zn2+
	5.3.2 Pab1 likely contains a specific Zn2+ binding site

	5.4 Discussion
	5.4.1 Zn2+ signaling in Pab1 stress-induced condensation is plausible but must still be tested
	5.4.2 Potential roles of Pab1 condensation in response to Zn2+ stress?
	5.4.3 Zinc importance in the stress response separate from Pab1
	5.4.4 Widespread role of Zn(II) condensation in disease?

	5.5 Methods
	5.5.1 Protein expression and purification
	5.5.2 Dynamic light scattering
	5.5.3 Biochemical fractionation by centrifugation
	5.5.4 NMR


	6 Final conclusions
	6.1 Summary
	6.2 Future directions
	6.2.1 What is the mechanism of mRNA condensation?
	6.2.2 What is the function of mRNA condensation?
	6.2.3 To what extent do specific interactions control Pab1 condensation?
	6.2.4 To what extent do transition metals modulate condensation?

	6.3 Final thoughts

	References

