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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 eld of mMRNA 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 mMRNA condensation. Outstanding issues in the eld
of protein condensation are a lack of high resolution understanding of the structures of
condensates, how the structures of condensates may di er in di erent 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, | summarize our understanding of stress-induced condensation of mMRNA
and protein, detail active areas of inquiry, and raise grand challenges plaguing the eld from
answering these questions.

In Chapter 3, we interrogate mMRNAs condensation during stress using budding yeast as a
model organism. | show that most mMRNAs condense following exposure to multiple divergent
stresses. Rather than length being the de ning predicter of mRNA condensation, we nd
that transcriptionally induced mRNAs escape condensation. Mechanistic work reveals that
an increased abundance of ribosome-free mMRNA is not su cient 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, | probe the molecular mechanisms of protein condensation using polyadenylate-

Xiv



binding protein (Pabl in budding yeast) as a model. | advance our understanding of Pabl
condensation mechanism by identifying putative, speci c crosslinks connecting Pabl pro-
tomers in the condensate. Supporting the thermodynamic speci city model of Pabl conden-
sation, | use HDX-MS to probe the hydrogen bond networks of Pabl condensates formed
at di erent temperatures and nd that di erent condensation onset temperatures causes
di erent condensate structures. HDX-MS study of Pabl condensates from orthologs with
di erent condensation onset temperatures informs how Nature encodes condensation in pri-
mary sequence.

In Chapter 5, | investigate how Nature may utilize transition metal signaling to modu-
lation condensation. Using Pabl from budding yeast as a model system, | nd that Zh
speci cally promotes Pabl 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 di erent stresses [Kedersha
et al., 2013]. Stress granules (SGs) are cytoplasmic, stress-induced condensates, which are
operationally de ned as microscopically visible foci of mMRNA 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
scienti c community, as it provides a novel mechanism by which cells can organize in space
and time. By concentrating certain biomolecules in speci c locations, these compartments
are thought to be able to serve speci ¢ 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 eld 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].



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 mMRNA 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 e orts 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
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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 urry 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 fundtnvivo [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, Pabl 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 thec; (concentration of the light phase) andcp (concen-



Figure 1.1: LLPS phase diagram.c. and cp 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 di erent overall protein concentrations at a
certain environmental condition (Figure 1.1). The light phase has concentratioq , while

the dense phase has concentratiogy. 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.



1.4 Specic 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 Pabl 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 ye&st cerevisiae First, Chapter 2
reviews the state of knowledge of stress-induced condensation of mMRNA and protein and
posits grand challenges impeding the eld. 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. Di erent mMRNAs condense in response to di erent
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
Pabl condensates. Using hydrogen-deuterium exchange mass spectrometry (HDX-MS), we
show that Pabl1 condensates formed at di erent temperatures and from di erent species have
distinct structures, supporting the thermodynamic selectivity mechanism of Pabl condensa-
tion. Additionally, we identify speci ¢ contacts which may form the underlying architecture
linking Pabl protomers within the condensate. Finally, Chapter 5 investigates transition
metal signaling as a putative mechanism tuning condensation in stress. Usimgvitro bio-
chemical reconstitution, we show thatZn2* promotes Pabl condensation, suggesting the
presence of a speci ¢ binding site and is consistent with a putative role of transition metal

signaling in stress response.



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 rmly

established.



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 speci ¢ 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 signi cance (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 de ned: 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, Ilvanov et al., 2019, Kedersha and Anderson, 2002, 2009, Ked-



] 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 speci ¢ size, function, mechanism of formation, material state, or
method of experimental study. The term arose, in part, due to the growing realization
that more speci c 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
speci ¢ methods. Stress granules, for example, are operationally de ned by formation

of foci resolvable by uorescence microscopy that contain speci ¢ 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 de nition, 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,



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
guestions and challenges regarding stress granules raised here apply to other biomolecular
condensates, purported membraneless organelles, and contexts beyond cell stress.

As e orts 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-o 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 e ectively 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 re ect 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 [Padrén 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 puri ed recombinantly and will autonomously condense in response to stress-associated
physiological cues (e.g., heat shock, presence of long ribosome-free mRiNAjtro [Guillén-
Boixet et al., 2020, Iserman et al., 2020, Kroschwald et al., 2018, Riback et al., 2017, Yang
et al., 2020]. Thesen vitro results suggest that condensatioin 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 una ected 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 [lvanov et al., 2003,], and
stress granules tether to the endoplasmic reticulum and lysosomes using speci ¢ factors for
intracellular transport [Liao et al., 2019]. Similarly, in contrast toin 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@7
or 42C and accumulation of certain proteins in cytosolic foci, but formation of classic stress
granules marked by poly(A)-binding protein requires pushing temperatures to 43 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 uorescence 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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di erential accumulation of protein factors at di erent levels of stress intensity [Grousl et al.,
2013] rules out simplistic notions that, for example, stress granules are merely small at
rst and grow larger with intensifying stress. More evidence for an ordered assembly of
stress granules comes from time-resolved proximity labeling experiments, which identi ed
the interactome of the stress granule component elF4A1 during heat shock of HEK293 cells
[Padrén et al., 2019]. This study found that certain canonical stress granule components
interacted with elF4A1 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
speci ¢ functions be carried out? A deeper question haunting the eld 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 mMRNAs 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 in ammation, 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 con icting ndings, have made
it di cult 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 nds no e ect 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 shuto. 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, Stohr 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
shuto ; hence, this selective translation would occur on top of a more dominant e ect [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 con icting results may be that particular functions are
carried out at speci c stages of organization. For example, stabilization of RNA by se-
guestration 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 e ect on RNA stabilization, would
reach di erent 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 speci ¢ 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 eld are the issues inherent in studying biological phenomena whose
functional contributions, if any, are unclear. Puri cation 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 speci cally perturbing condensation behavior without in uencing
activity, localization, or expression level. Even at the condensate level, phenotypes have been
di cult 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 di cult to conclude whether recruitment of viral RNA to stress granules

is required for proposed functions without mutations that speci cally 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 di erences 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 speci c 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 uorescently
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 de ning 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 a ects stress gran-
ule formation in a mechanistically speci ¢ way: elongation inhibitors such as cycloheximide
and emetine, which freeze ribosomes on mMRNA, 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, Stohr 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 e ects can be observed. Modern studies
do not nd 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 mMRNA recruitment to stress granules. Messenger RNA length is the dominant
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correlate of their enrichment in the transcriptome associated with puri ed stress granule
cores and stress-associated RNA granules [Khong et al., 2017, Matheny et al., 2019, 2021,
Namkoong et al., 2018]; inn 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 mMRNA length correlates with the
dwell time of MRNASs on stress granules and other condensed structures [Moon et al., 2019].

An increased concentration of ribosome-free mMRNA 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, elF2phos-
phorylation, or inhibition of the initiation factor elF4A [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 mMRNA triggers stress granule formation [Bounedjah et al., 2014], and (4) inhibiting
elF4A, 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 puried 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 mRNAsS, 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 RNASs, 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 e ect of length, did not include nonstress con-
trols. Long RNAs may stick nonspeci cally to a nity 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 con rmed the accumulation of longer RNAs in granules
following ER or oxidative stress [Matheny et al., 2019, Namkoong et al., 2018], the e ects
are more modest, and no nonstress control is yet available in yeast. Reduced translational
e ciency (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 mMRNAS, such as mRNA uorescence 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 e ect 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 e ect 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-de ned 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 specic
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 modi cations (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 {@2 protein
aggregates are entirely reversible, which is incompatible with autophagy and suggests that
di erent fates occur in di erent stresses [Wallace et al., 2015]. Recent work shows that molec-
ular chaperones can dissolve stress-triggered protein condensates orders of magnitude more
e ciently 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 di erent methods of assembly may require di erent 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 ndings 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 di erent dissolution process. On this front, the role
of LLPS in stress granule formation may have crucial consequences for how these structures

dissolve.
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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 sepaiiation
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 bene cial 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, Dedl au-
tonomously condenses in response to temperature stress. Dedl from a cold-adapted yeast
condenses at lower temperatures than that 0. cerevisiag whereas Dedl 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 a ect 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 Pabl 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 Publ 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 di erent organisms may di er substantially even if stress granules have a

conserved cellular function.

2.9 Hazards in de ning stress granule composition

De ning 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 e ort 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 de ned using a variety of techniques, many of
which rely on using individual stress granule components, such as poly(A)-binding protein,
G3BP1, TIA1, and elF4A, as bait proteins and then assessing the mRNAs and proteins that
interact with that bait. The interactors have been identi ed through immunoprecipitations,

puri cation of particles containing a bait fused to a uorescent protein, and biotin proximity
labeling [Hubstenberger et al., 2017, Khong et al., 2017, Namkoong et al., 2018, Padron
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 di erent levels of organization in stress-triggered condensation and stress granule
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formation, along with diverse methods whose relative accuracy can be dicult to estab-
lish, given the ill-de ned 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: Di erent methods used to probe stress-induced condensation capture and report
on di erent 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 cuto 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 brie y 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 sca old to which client proteins are recruited [Campos-Melo et al., 2021,
Shiina, 2019, Zhang et al., 2019]. Di erences in interaction strength may reveal biologically
important di erences; 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 de ned as microscopic foci marked by specic
proteins, the de nition 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 di raction limit which still
retain key properties of larger condensates [Guzikowski et al., 2019]. Likewise, failure to ob-
serve colocalization with a speci ¢ marker molecule may re ect 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, Padrén 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 eld-level challenges nd 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 rst central challenge is to identify the functions of stress-induced condensates

29



and stress granules and determine how these functions are executed. Of particular im-
portance is the identi cation of tness-related cellular phenotypes. The near-total reliance
on molecular or imaging phenotypes, in the absence of function- and tness-related phe-
notypes (growth, survival, di erentiation, 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 identi cation 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 rmly 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 rst 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 di culty 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 speci ¢ 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 de ned functions, another clear grand challenge looms: biochemical
reconstitution of stress granule activities and functions. Reconstitution demonstrates the
su ciency of speci ¢ molecules and conditions to recapitulate cellular behavior. At present,
all e orts have necessarily focused on reconstitution of traits without any unambiguous link
to cellular tness or adaptive function. Our situation in the stress granule eld is remarkably
di erent from historical e orts to purify speci ¢ 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:
speci c components and stages, molecular determinants such as domains, biophysical forces,
formation and dispersal pathways, regulators, and ultimate functions? Answering these
guestions would meet our nal grand challenge (Figure 2.6). Serious e orts 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-e ects of some
other biological process, consistent contributions to cellular and organismal tness will be

the decisive factors in their preservation across the tree of life.
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These grand challenges underscore that the eld of stress granule biology is at a pivotal
point. As we approach the 40-year mark since stress granules were rst observed in tomato
plants [Nover et al., 1983], we are due to move toward a deeper understanding of stress
granules. Armed with clearly de ned 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 nally, the tness

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- rst authors Dr. Jared Bard and Caitlin Wong Hickernell. Respective con-
tributions: Dr. Edward Wallace completed the initial sedimentation experiment measuring
transcriptome-wide condensation irS. cerevisiaefollowing 42 or 46C stress. | completed
Sed-seq experiments on heat stress, azide stress, and ethanol stress. The 3 of us completed
the degron-tag experiments. | designed and measured the solubility reporters. | completed
the CHX, proteinase K, HAC1 RT-PCR assay Sed-seq experiments. Dr. Jared Bard com-
pleted the polysome pro ling 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 mMRNA 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 speci c interactions in competition with
the translation initiation machinery. Stress-induced mRNA condensation is compaositionally
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 lengtht
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 mMRNA condensation

Stress-induced mRNA condensation is context-dependent: di erent transcripts escape
and are translationally upregulated in di erent 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 di erent stresses across
eukarya [Wallace et al., 2015, Kramer et al., 2008, Nilsson and Sunnerhagen, 2011, Maruri-
Lépez et al., 2021]. Often studied in the context of microscopically visible foci termed stress
granules (SGs), which are de ned by the colocalization of poly(A)+ mRNA and speci ¢ 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 mMRNA 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 mRNASs 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 [Stohr et al.,
2006, Glauninger et al., 2022, Kedersha and Anderson, 2002, Khong et al., 2017].

Studies of mMRNA 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 [Stohr 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 exempli ed by the essential role that mMRNA
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, Tourriére
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 mMRNA 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 signi cant 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 di erent 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 di erent stresses if the same transcripts are
thought to condense irrespective of the environmental challenge. However, methodological
concerns raise questions regarding the enrichment of long mMRNAs 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-speci ¢ phenomenon? How does mRNA condensation relate
to subsequent accumulation into SGs? And what is the function of mMRNA 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 di erences. Follow-
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ing stress exposure, newly transcribed transcripts escape condensation and are preferentially
translated. Together, these results show that mMRNA condensation occurs even basally out-
side of stress and is measurable before visible stress granules form, expanding the importance

of understanding mMRNA 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 quanti ed 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 bu er 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 Pabl-marked SGs form at 46 but not at 42 [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 6C46r 10

minutes in S. cerevisiaeas our model system.
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Figure 3.1: Measuring mRNA condensation under stress and non-stress conditions. A) Anal-
ysis of mMRNA 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 (3) and temperature stressed (42/4%C, 10 min) conditions inversely
correlates with length. C) In contrast to proteins where only a subset ( 10%) exhibit
stress-induced condensation, most mMRNAs condense during temperature stress. D) Longer
exogenous, spiked-irs. pombemRNA possess lower pSup's, which indicates the length de-
pendence of pelleting arises from the experimental sedimentation conditions, rather than
intrinsic biology. E) Zsup 3C°C analysis nds minimal correlation of relative pelleting and
abundance of the spiked irs. pombeRNAs. F) Correlation of our vehicle pelleting to Khong
2017 SG enrichment azide suggests issues with previous, not length controlled, work. G) In
silico modeling/ tting nds a minor role of transcript length in mMRNA 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 quanti ed 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 mMRNP 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 mMRNA species decreased following tempera-
ture stress (and a greater decrease is observed following the more sevet€ 4Gess) 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 mMRNA and protein (adapted from Wallace
et al. [2015]) following temperature stress leads to a striking di erence. 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. pombetotal RNA into stressed and unstressed lysate before
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completing Sed-seq analysis (Figure 3.1D,E). In unstressed lysate, we observe a similar de-
gree of sedimentation and length dependence at°80of 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 una ected. The most parsimonious explanation for
these results is that the observed length dependence of pSup is unrelated to mMRNA conden-
sation but rather caused by intrinsic sedimentation di erences of uncondensed mRNAs with

di erent 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 =0.71, the high correlation between
our unstressed sedimentation and previous measurements of the SG transcriptome raises the
guestion 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 nd 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 mMRNA condensation in stress? While this initial analysis demon-
strates that virtually all mMRNAs condense during stress and rules out a dominant role for
length-dependence in stress-induced mRNA condensation, how much speci city 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 e ect of length, what other factors in uence the variation in mMRNA 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 mMRNA
in the supernatant relative to transcripts of similar length (termedZgyp). Comparing the
Zsyp's at 30°C to those obtained at either 42 or 48 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 Zgyp as the di erence inZgyp's in stressed versus unstressed cells.

Certain mRNAs those encoding the heat shock proteins are transcriptionally induced
following exposure to a wide array of di erent stresses. To what extent do stress-induced mR-

NAs condense like a typical transcript? To answer the above question, we ploZsyp versus

42



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 4Z stress. Strikingly, transcripts that are transcrip-
tionally induced during heat shock relatively escaped condensation (FFigure 3.2C-D). This
observation was not Hsfl-specic. 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 con rms 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 46C stress (triangles). B) Zsup 30C correlates with
Zsup 42 and 48C. C) Fold change mRNA (20 min heat shock 4Z) correlates with Zsup
42°C vs 30C (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®°@2 30°C) escape RNA condensation (Zsup 42C
°30°C) relative to the remainder of the transcriptome E) Polysome pro ling of unstressed
(30°C) and stressed (37, 40, and 42, 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 vZsup (42C  30°C). Translation
induction correlates with RNA condensation escape. HACL1 is no longer an outlier. G) FISH
microscopy reveals poly(A)+ mRNA forms foci following temperature stress (46, 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, Stohr et al., 2006].

What is the functional signi cance 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 HACL1, 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 su cient to
cause mMRNA 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 su cient to trigger specic
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 o their length). This does
not align with the data.

Rather, while GCN4 sediments like a typical message of its length at 8) 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 di er
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between the two messages. HACL 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 uUORFs.

HAC1 relatively decondenses in heat shock, as i&yp increases from approximately -4
to O (Figure 3.3B). It is known that HACL1 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 39C [Hata et al., 2022]. Could HACL1 be robustly activated
following a more severe 42 or 46 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 4@,
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, quanti ed
in Figure 3.3D). Consistent with the observed splicing of HAC1, polysome pro ling revealed
that HAC1 mRNA is recruited to polysomes at 42C (Figure 3.3E). This is consistent with
re-analysis of published ribosome pro ling datasets [Iserman et al., 2020, Gerashchenko and
Gladyshev, 2014, Muhlhofer et al., 2019], con rming 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 ( Zgyp 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 show that HAC1 mRNA decondenses fol-
lowing temperature stress. C) RT-PCR measurement of HAC1 splicing status shows that
HAC1 gets spliced following 4ZC stress and that the unspliced isoform is relatively less
soluble. D) Quanti cation of HAC1 splicing status shows that spliced HAC1 possesses a
higher pSup than unspliced HAC1 under all conditions. E) Polysome pro ling coupled to
sequencing reveals that HAC1 stress-induced splicing and decondensation correlates with
translational activation. F) The transcriptional UPR (based o categorization from Kimata

et al) is activated during 42C 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. 1) HAC1 condensates at 30C 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
speci ¢ 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 3.3l). 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 greatesZsup
(30°C, proK control) of the entire transcriptome (Figure 3.3l). 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 mMRNA-speci ¢ biomolecular condensation.

3.3.5 Translation initiation block causes mRNA-speci ¢ and global

condensation

To test whether speci ¢ condensation of a single mMRNA 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 ow cytometry and mRNA by
RNA-seq levels were measured for each strain and used to estimate translational e ciency
(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 speci ¢ 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-speci ¢ mRNA condensation, even outside of stress. The pSup
of the uUORF 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, mMRNA 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-speci ¢ and global condensation. Cap-
tion continued on next page.

We tagged the essential initiation factor elF3b 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 nd elF3b degradation decreases mRNA pSup's across
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Figure 3.4: Translation initiation block causes mRNA-speci ¢ 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 e ciency (steady state protein levels normalized by steady
state mMRNA 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 di erence strains with mCherry control measured by Sed-
seq. D) Blocking translation initiation causes speci c mMRNA 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 elF3b 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 elF3b potentiates SG formation. elF3b depletion,
although not su cient to trigger Pabl-marked SG formation on its own, predisposes cells
to form visible SGs at milder temperature shocks (4€). More SGs are observed when
compared to vehicle at traditional SG-inducing temperatures (4€).

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 su cient to cause
widespread mMRNA condensation.

Finally, to study how mRNA condensation triggered by elF3b depletion relates to stress
granule formation, we depleted elF3b and imaged the localization of the canonical SG-marker
Pabl. It has been previously reported that pharmacalogically inhibiting the initiation factor
elF4A is su cient to cause SG formation [Mazroui et al., 2006]. In contrast to this result,
we observed that elF3b depletion was insu cient to trigger Pabl-marked SGs under our
conditions (Figure 3.4F). However, elF3b depletion before stress caused formation of more
SGs at 46C and triggered SGs at lower temperatures at which Pabl remained di use in
the vehicle condition (Figure 3.4F-G). These data indicate that globally blocking translation
initiation via elF3b depletion causes widespread mRNA condensation which potentiates and

intensi es 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 mMRNA condensates and
microscopically visible SGs, we tested how blocking SG formation a ects pelletable mMRNA
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 con rm 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 ¥ 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 mMRNA condensation,

and posit that pelletable mMRNA condensates are precursors to SGs.

3.3.7 Blocking translation initiation at distinct steps implicates an upstream,
competitive step rather than a speci ¢ factor in initiation to cause

condensation

Given the above ndings, we next ask the related question of whether mechanistically block-
ing translation initiation at di erent stages has di erential 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: Specic interactions competing with translation initiation machinery rather

than ribosome-free RNA cause mRNA condensation and are ampli ed 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 pro ling 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 di erent translation initiation factors shows successful depletion of targeted
initiation factors. E) Polysome pro ling 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 elF3b and elF4E depletions followed by
temperature stress. Both depletions cause mMRNA 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 di erent yeast strains with degron tags
on many key initiation factors (Figure 3.5C). Western blotting con rmed successful transla-
tion initiation factor degradation, and polysome pro ling con rms 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 di er-
ent depletions will be di erentially e ective at blocking translation initiation, it is important
to compare the degree of condensation to the degree of translational collapse (Figure 3.5F).
These results nd that, rather than implicating a speci ¢ 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 mMRNA 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 insu cient to explain the degree of stress-induced mRNA condensation, indicating

that models based purely on ribosome-free mMRNA 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 signi cantly 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 mMRNA condensation, we completed Sed-seq on elF3b- or elF4E-depleted samples
followed by heat shock at either 42 or #4& (Figure 3.5G). We nd that the e ect of either
initiation depletions and temperature on mMRNA condensation are additive. Translation initi-
ation blocked yeast experience ampli ed 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 elF3b depletion alone causes unobservable
translation, when measured by polysome pro ling (Figure 3.5E,F). This is consistent with
our aforementioned observations that pre-depleting elF3b 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 ampli ed by other stress-dependent processes.
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3.3.9 Dierent mMRNASs escape condensation in di erent 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 de ne the SG transcriptome [Khong
et al., 2017]. Sedimentation pro ling 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 th&syp's obtained from
from 42°C to those in response to 4€, ethanol, and azide reveals that di erent transcripts
escape RNA condensation in dierent 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 &syp (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 re ect a shared aspect of the transcriptional

56



Figure 3.6: Stress-induced mRNA condensation is not length-dependent across various
stresses; escape is stress-context speci c, which argues against intrinsic sequence features
determining mMRNA 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 speci cally 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 pro ling). 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
nd 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 di ers across stresses argues strongly that biological context is
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a major determinant of mMRNA condensation and may explain di erences in translational

regulation across stresses.

3.3.10 Newly transcribed mMRNAs escape condensation during stress

How is the cell able to dynamically alter which mRNAs condense in response to di erent
stresses? To ask to what extent the timing of synthesis relative to stress onset a ects the
condensation of an mRNA, we utilized an arti cial 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 mMRNA 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 mMRNAs condense after stress. We nd
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 mMRNA condensation is not exclusive to stress. Obser-
vation of stress-induced mRNA condensation under conditions in which Pabl-marked SGs
do not form (either the milder 42C,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 [Stohr 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 elF3b triggers measurable condensation
without observable stress granule formation further underscores this point. Given the poten-
tiation of SG formation by elF3b depletion and the intensi cation of RNA sedimentation in

the more severe SG-forming 46 stress, we posit that pelletable mMRNA 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 mMRNA 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 nding 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 specic,
evolved regulatory regime. Under basal conditions, a haploid yeast cell possesses odly
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 mMRNA 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 speci ¢ 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 di erent, and may very well rely on RNA-RNA interactions. The clear di erences

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 nding 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 di erent messages escape in
di erent stresses, enables mMRNA condensation to be dynamic in response to di erent cellular
assaults. What could mRNA condensation functionally accomplish for cells? It has been
long proposed that mMRNA condensation could act to transiently store and repress translation
of housekeeping genes to prioritize production of heat shock proteins.

elF2 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-
guencing data show the global translational downregulation of most transcripts coupled with
the preferential translational induction of stress-induced transcripts in 4 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 mMRNA 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 Hsfl regulon consistently escape stress-induced

condensation to act as putative molecular timers for stress recovery

While di erent messages condense in di erent 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 Hsfl 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 su cient to dissolve physiological protein condensates forneditro

[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 mMRNA condensates,
either directly or indirectly. Thus, we hypothesize that induction and condensation escape
of the Hsfl 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 mMRNA 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 severéC&tress
argues that the "sticky" factor cannot be completely sequestered at 2. Rather, what if

the active translation of stress-response messages mediates their escape?

The condensation of HAC1 and strong hairpin mRNA at 3@ are caused by their
blocks in translation initiation, and we demonstrate that speci c global blocks in transla-
tion initiation we believe dependent on elF4E-mediated interactions are su cient 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"
elF4E-dependent interactions are unable to accumulate. This sets up our positive feedback
model connecting mMRNA 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 modi -
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 specic proteins and interactions
contributing to RNA condensation, and dissect functional di erences 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 3D 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 bu er (SPB: 20 mM HEPES, pH 7.4, 140 mM KCI, 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 gPCR.

3.5.3 Modeling: calculation of pSup

pSup tting was completed as in Wallace et al. [2015]. In short, a Bayesian tting 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 th&+ P = T.

3.5.4 Confocal microscopy

Standard confocal microscopy was completed as in Wallace et al. [2015], generally using

Pabl1l-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 ow cytometry, and steady state mMRNA
levels were measured by RNA-seq. Translational e ciency 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.
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CHAPTER 4
THERMODYNAMIC SPECIFICITY CONTROLS PAB1
CONDENSATION ACROSS TEMPERATURES AND
ORTHOLOGS

This work builds o a project started by Dr. Ruofan Chen studying the structural dynamics

of Pabl 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 Pabl ortholog work was completed in collaboration with Dr.
Samantha Keyport Kik, who puri ed Pabl protein from S. cerevisiag S. kudriavzevij and K.
marxianus, and the ortholog HDX-MS data will be published in Keyport Kik et al. [2023].

| am graciously indebted to Isabelle Gagnon who puri ed the stickerless Pabl 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 (Pabl in budding yeast) is a canonical stress granule marker,
whose condensation acts as a physiological stress sensor. Our recent work has found that
Pabl 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 speci city 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 Pabl condensates formed at di erent temperatures ex-

hibit di erent degrees of RRM activation and participation in condensation. Further, Pabl
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orthologs with di erent condensation temperatures have RRM stabilities tuned to their acti-
vation thresholds, leading to di erences in the condensate. Experimental demonstration that
di erent stress temperatures generate di erent condensate structures and that RRMs from
Pabl orthologs with di erent condensation temperatures have di erent activation thresh-
olds provides additional evidence supporting the role of thermodynamic speci city in Pabl

condensation.

4.2 Introduction

4.2.1 Molecular mechanisms of stress-induced condensation

Poly-A binding protein (Pabl in budding yeast) is a canonical stress granule marker that
localizes to stress granules following exposure to a variety of di erent stresses [Riback et al.,
2017, Wallace et al., 2015, Buchan et al., 2011, Wheeler et al., 2016]. Because puri ed Pabl
protein condenses autonomousiy vitro when exposed to physiological stress conditions and
its condensation has been shown to promote cellular tness in response to prolonged stress
in vivo, Pab1l 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 Pabl 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], Pabl condensation requires its
folded RNA-recognition motifs (RRMs) and is only modulated by its low-complexity P do-
main [Riback et al., 2017]. Pabl 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 di erent protomers [Chen et al., 2022]. Each RRM has a di erent
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propensity to activate, which is governed by its thermodynamic stability, a concept termed
thermodynamic speci city [Chen et al., 2022]. Not only is the concept of thermodynamic
speci city exciting due to its potential broad applicability to other condensing systems, but
also because it predicts di erent condensate morphologies in response to di erent severity
temperature treatments.

We posit that thermodynamic speci city causes di ering condensate structures when
formed at di erent temperatures. Because each RRM has a di erent activation threshold,
milder stresses may not be su cient 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 Pabl condensation mechanism [Chen et al., 2022]. Therefore, HDX-
MS is the ideal method to study how Pabl condensate structure varies following di erent

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 [Gostinf£ar 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
di erent temperature niches may be expected to execute their heat shock responses (HSR)
at di erent temperatures. In fact, this has been shown to precisely be the case for three fungal
species, the psychrophiliS. kudriavzevij the mesophilicS. cerevisiag and the thermophilic

K. marxianus [Keyport Kik et al., 2023]. Not only do these organisms execute their HSRs at

di erent 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 Pabl from each
fungal species found that the di erent condensation onset temperatures were autonomously
encoded in the primary sequence of each protein.

How primary sequence encodes condensate onset temperature of Pabl across orthologs
is unknown. Furthermore, whether the mechanisms and resulting structures of orthologous
Pabl condensates are conserved is unknown. | hypothesize thermodynamic speci city under-
lies Pabl condensation across orthologs. By changing the intrinsic stabilities of the RRMs,
the activation thresholds for Pabl condensation can in theory be adjusted to an organism's
relative niche. Here we use HDX-MS to investigate the conservation of Pabl condensation
across species, and provide a rational, biophysical explanation as to how Nature tunes the

condensation onset temperature of Pabl 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 brils, and Pabl 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!HD
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 Linderstrgam-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 -helix
or -sheet). Once in the open state, protons exchange with a sequence- and environment-

dependent intrinsic exchange ratk.hem With the overall reaction given by Equation 4.1
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[Englander et al., 1997]:

Kop k
Hclosed) ¥ Hoped ™ D (4.1)

close

From this, the observed exchange rat&,,g Of a proton at steady state is governed by

Equation 4.2:

KoperKchem 4.2)
Kopen+ Kcloset Kchem

Kobs =

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):

KoperKchem 1
Kops= ——/————— = —_— 4.4
obs kopen"‘ kclose cheml T Keq (4.4)
Where K gq 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):

Kk G
PF=1+ Keq= l2“:“;whereKeq = exp(—=) (4.5)
0oDns

Intrinsic ke.hem Can easily be calculated for a given peptide sequence [Bai et al., 1993],

71



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 work ow, the sample is sent through a protease
column for nonspeci c 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 Pabl condensates. Figure from [Mayne et al., 2011].

In sum, using HDX-MS, one is able to measure the structural dynamics of Pabl 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 Pabl conden-
sation, we validate our system by repeating previously published work [Chen et al., 2022].
First, MS2 spectra of monomeric Pabl 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 Pabl were identi ed,

enabling the interrogation of structural dynamics across the protein by HDX (Figure 4.2).

Figure 4.2: Peptide map of Pabl. Bottom-up HDX-MS of Pabl identi es 273 unique peptides
covering almost the entirety of the Pabl primary sequence. The peptide map was generated
using ExXMS2 software [Kan et al., 2019].

With a working analysis pipeline, we complete HDX studies of monomeric and condensed
Pabl, as has been completed by Chen et al.. Measuring uptake across di erent time points

enables careful quanti cation of HDX protection and comparison between samples.
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Comparison between previously published data and the work herein con rms the robust-
ness of our HDX-MS methodology and its suitability for measuring potential di erences in
condensates formed under di erent conditions or from orthologous Pabl'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 Pabl from both experimental mea-
surements and computational predictions [Kozlov et al., 2002, Schafer et al., 2019, Jumper
et al., 2021]). The 5 structured domains of Pabl, 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 tHgpen 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 Pabl
monomers closely match previously published work under similar conditions [Chen et al.,
2022].

Beyond the agreement between the monomeric Pabl samples, comparison of the di er-
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 Pabl 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 di erences in Pabl

condensates formed at di erent temperatures and from di erent species.

74






	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

