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Compartmentalization of biochemical processes is a central principle in cell biology.
Traditionally, understanding spatial organization of reactions has focused on their localization to
membrane-bound organelles. However, recent work has highlighted the ability of proteins and
RNAs to dynamically partition into large, membrane-less condensates. Formation of these
assemblies have been observed in both eukaryotes and prokaryotes suggesting that this could be
an ancient mechanism utilized for compartmentalizing and regulating specific processes. This
thesis focuses on identifying novel mechanisms that regulate the assembly of two classes of
membrane-less condensates: metabolic enzymes and stress granules (SGs). First, we further
expanded the list of metabolic enzymes capable of forming a filament or foci structure to 60
proteins. This expansion allowed us to determine that metabolic enzymes, which acted at branch
points or highly connected nodes in the metabolic network, had a higher propensity to assemble
into intracellular structures than other enzymes. Our analysis of the de novo purine biosynthesis
pathway not only revealed that assembly is based on the hierarchical position in a pathway, but
also that a subset of enzymes in this pathway localizes to SGs. These results led us to reexamine
the hits from our screen and conduct a secondary screen for SG localization. In total, we identify
17 metabolic enzymes that are associated with SGs providing a connection between metabolic
activity and post-transcriptional gene regulation. We find that the product of the SG-localized
enzyme Saml, AdoMet, regulates composition and frequency of acute and chronic nutrient
stress-induced SGs. Furthermore, AdoMet blocks fusion of SGs in proliferating cancer cell lines
while suppressing SG formation in motor neurons derived from patients with amyotrophic lateral
sclerosis. With the goal of understanding the role of RNA-RNA interactions in SG formation, we
developed a reconstitution system using yeast cytoplasmic extracts and in vitro transcribed RNA.

Our in vitro assembled SGs mimicked in vivo SGs and advanced the knowledge of how ATP
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levels regulate SG assembly, disassembly, morphology, and dynamics. Lastly, we find that
building a canonical SG depends not only on the material state of a RNA, but also the

composition of the RNA.
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Chapter 1

Introduction



Principles of biochemical organization in cells

One of the key questions in cell biology is how cells organize and control complex
biochemical processes over space and time in its crowded and diverse environment. Cells must
compartmentalize specific reactions to prevent interference with other reactions and provide
protection from changes in the surrounding environment. One mechanism to control
spatiotemporal organization would be to concentrate reaction components to a confined space
that partitions them away from others. In eukaryotic cells, membrane-bound organelles allow for
specificity of pathways and provide a selective barrier to protect itself or the surrounding
environment from potential damage. For example, harmful reactive species, which can damage
the cytoplasm, are produced as a byproduct of reactions that occur in the mitochondria and
peroxisome. However, the protective barrier of their membranes prevents diffusion into the
cytoplasm to maintain homeostasis (Lenaz and Genova, 2009; Veenhuis et al., 2000). The
membranous nature of these organelles can shield the components that reside within from
changes in the surrounding cytoplasm like drops in pH levels.

The confinement of biochemistry to membrane-bound organelles raised the question if
this is the only mechanism for localizing such processes. Despite the immense diversity of
reactions, the cytoplasm has been largely taught as a “fluid, jelly-like substance” containing a
mixture of protein, RNAs, and other macromolecules that lack any subcellular structure. The
identification of the cytoskeleton provided insight that highly organized biochemistry can exist in
the cytoplasm (Cooke and Murdoch, 1973; Higashi and Oosawa, 1965; Kirschner, 1986;
Mitchison and Kirschner, 1984). Additionally, spherical, non-membrane bound components, like
centrosomes, nucleoli, and Cajal bodies, support evidence for concentrated biochemistry and its

relation to proper cellular functions (Gall, 2003; Pederson, 2011).



While most research has focused on compartmentalization in eukaryotes, it remained
unclear if prokaryotes contained any similar mechanisms. The idea of the need for complex
biochemical organization in bacteria was underappreciated for many years until the discovery of
bacterial cytoskeletal proteins (Bi and Lutkenhaus, 1991; Jones et al., 2001). The bacterial
cytoskeleton raises the question of how biochemistry was organized to originate early life. In the
1920s, biochemist Alexander Oparin proposed that life on Earth was derived by different types
of coacervate droplets occuring in the primordial ocean (Bernal, 1967). Within these droplets, a
gradual chemical evolution of carbon-based molecules could exist leading to life. This
hypothesis argues that membrane-less organization of biochemistry is an ancient function of
biology.

In support of the ideas from The Origins of Life, recent visual screens have revealed an
explosion of novel intracellular structures, including RNA-protein granules, clusters of signaling
proteins and metabolic enzymes (Anderson and Kedersha, 2006; Bethani et al., 2010;
Narayanaswamy et al., 2009). While their formation follows similar mechanistic patterns, the
functional consequences for their assembly varies from different networks as well as proteins
within a defined network. Since these structures lack a membrane component, they have been
classified as membrane-less organelles or biomolecular condensates (Banani et al., 2017). This
thesis focuses on identifying novel mechanisms that regulate the assembly of two classes of
biomolecular condensates: metabolic enzymes and a class of RNA-protein granules, known as
stress granules (SGs).

Liquid-liquid phase separation
The lack of a membrane component for these biomolecular condensates raised the

question of how they partition out from solution. Over the past decade, multiple reports have



illuminated that many of these condensates assemble via liquid-liquid phase separation (LLPS)
or demixing (Hyman et al., 2014; Shin and Brangwynne, 2017). LLPS is the process where two
liquids demix into two separate phases based on homotypic and heterotypic interactions between
the two liquids. A common household example of LLPS is the separation of oil and water after
mixing salad dressing. Due to the physical properties of each liquid, mixing is prevented, as
homotypic interactions will be favored over heterotypic interactions resulting in a two-phase
state. This idea of LLPS has been well studied and characterized in polymer chemistry (Flory,
1942). Given the polymeric nature of proteins and nucleic acids, it makes sense that both can
undergo demixing.

The first well-characterized example of a biomolecular condensate exhibiting properties
of LLPS was the P granule, the germline granule in C.elegans. P granules are micron-sized
assemblies of RNA-binding proteins and mRNA whose localization determines germline lineage
(Wang and Seydoux, 2014). Time-lapse and tension microscopy analysis revealed that P
granules were spherical, fused with each other and exhibited very fast internal rearrangement of
components (Brangwynne et al., 2009). These results prompted further investigation that led to
discovering that other types of RNA-protein granules (i.e. processing bodies, stress granules,
promyelocytic bodies, and balbani bodies) exhibited similar properties to P granules (Shin and
Brangwynne, 2017). Furthermore, the identification of LLPS promoting biomolecular
condensates was not just specific to RNA-protein granules. Assembly of synaptic densities,
membrane clusters, and signaling puncta also occurs by liquid demixing (Su et al., 2016; Zeng et
al., 2016, 2018; Zhang et al., 2018). Additionally, LLPS contributes to the assembly of DNA and

RNA condensates (Jain and Vale, 2017; Van Treeck et al., 2018)



Each type of condensate revealed common regulatory mechanisms that promote the
demixing of their components. Proteins and RNAs found in biomolecular condensates are
abundant in multivalent modules, which are elements that promote intra- and inter-molecular
interactions (Han et al., 2012; Li et al., 2012; Nott et al., 2015). In polymer chemistry,
multivalency promotes oligomerization and formation of higher-order structures required to
obtain micron-sized assemblies. For proteins, demixing typically occurs via two modes of
multivalent interactions: modular domains and/or intrinsically disordered regions (IDRs).
Modular domain interactions, which are mediated through well-folded protein domains, have
been implicated in the phase separation behavior of signaling pathways like actin-regulatory
signaling pathway and T-cell activation (Li et al., 2012; Su et al., 2016). While IDRs lack a well-
defined folding pattern, they contain repeat sequence elements that promote multivalent
interactions (Su et al., 2016). Proteins found in RNA-granules are often enriched with IDRs and
these domains alone are sufficient to drive demixing in vitro and in vivo (Lin et al., 2015; Reijns
et al., 2008).

Despite the commonalities involved in the assembly of biomolecular condensates, the
biological function associated with their formation differs. For example, concentrating APR2/3
complex into actin regulatory droplets dramatically increased actin polymerization rates (Li et
al., 2012). Exclusion of phosphatases, but not kinases, from T cell receptor signaling clusters
provides evidence that condensates can provide reaction specificity (Su et al., 2016). Conversely,
sequestration of factors into biomolecular condensates can be used to downregulate the activity
of proteins or RNA. Under cellular stress, translation factors and non-translating mRNA
assemble into stress granules to decrease overall translational output (Protter and Parker, 2016).

The association of heterochromatin with phase-separated human protein 1a droplets in



Drosophila embryos suggests that demixing can also be used to organize their interior space
(Strom et al., 2017).
Spatial organization of metabolic enzymes

Homeostatic control of metabolism is essential for proper cell physiology under
proliferative and non-proliferative conditions. Cells must be able to coordinate and regulate
metabolic flux through various pathways in response to changing environments. This regulation
has been taught through different mechanisms like allosteric regulation, post-translational
modifications, and gene expression to regulate the enzymatic activity of metabolic enzymes.
However, recent targeted visual and proteomic studies have highlighted the ability of metabolic
enzymes to form filament or foci structures (Liu, 2010; Narayanaswamy et al., 2009; Noree et
al., 2010). It is believed that their formation acts a mechanism to regulate metabolic flux, as their
assembly is coordinated with specific growth conditions. One of the hallmark growth conditions
for identifying metabolic enzyme assembly in yeast has been growth into stationary phase
suggesting that nutrient deprivation is a key trigger for assembly. In support of this, removal of a
specific metabolite from medium has been shown to trigger condensation. For example, removal
of adenine or glucose was sufficient to form foci for purine biosynthetic enzyme Ade4 or
glutamate synthetase (GInl) in yeast, respectively (Narayanaswamy et al., 2009). These
structures are highly dynamic assemblies as disassembly can be promoted by removal of the
stress by replenishing cells with fresh medium or a specific metabolite (Narayanaswamy et al.,
2009). Together, this argues that metabolic enzyme assembly represents a novel mechanism to
maintain metabolic homeostasis.

Since nutrient deprivation is a major regulator of assembly, most of metabolic enzymes

forming these structures are believed to be inactive storage depots. For instance, yeast pyruvate



kinase, Cdc19, coalesces into inactive foci upon glucose starvation and heat shock (Saad et al.,
2017). Additionally, yeast CTP synthetase assembles into filaments in response to end product
inhibition, which suggests that enzyme inactivity drives polymerization (Noree et al., 2014).
However, this assembly-inactivation correlation is not true for other metabolic enzymes. The
mammalian Acetyl-CoA carboxylase and liver phosphofructokinase form polymers in response
to enzyme activation (Hunkeler et al., 2018; Webb et al., 2017). The enzymatic state that drives
assembly can also differ from organism to organism. In contrast to yeast CTP synthetase,
polymerization of human CTP synthetase is coupled with enzyme activation (Lynch et al., 2017).
Thus, targeted structure-function approaches must be used to determine which enzymatic state is
associated with metabolic enzyme assembly for a given enzyme.

Due to their near identical morphologies, its been proposed that condensation of
metabolic enzymes into higher order structures occurs via phase separation. While no liquid-like
properties have been observed for metabolic enzymes, the mechanisms that drive their assembly
are similar. Phosphorylation in Cdc19’s IDR sequence mitigates multivalent interactions and
promotes disassembly of Cdc19 (Saad et al., 2017). Protein modular domain interactions, via
oligomerization, can also contribute to their polymeric state. Mutations that disrupt the
olimerization interface of yeast CTP synthetase and glutamine synthetase block polymerization
(Noree et al., 2014; Petrovska et al., 2014).

In addition to single enzyme assembly, condensate formation of multiple enzymes acting
in consecutive steps in a pathway has also been observed. For example, removal of purines from
media triggers the co-clustering of enzymes in the purine biosynthetic pathway, known as the
purinsome (An et al., 2008). Assembly of the purinosome has been proposed to promote

substrate channeling by localizing and concentrating reaction components to increase flux



through the pathway. In support of this, glycolytic enzymes in yeast and C.elegans exhibit
enhanced glycolytic activity upon co-assembly during hypoxic stress (Jang et al., 2016; Jin et al.,
2017). However, its unknown what types of mechanisms regulate condensation in pathways
where enzymes don’t assemble in consecutive steps.

Mechanisms behind stress granules assembly

Stress granules (SGs) are phase-separated cytoplasmic assemblies of non-translating
mRNPs that form in response to environmental stress (Protter and Parker, 2016). Like other
biomolecular condensates, SGs assemble via different multivalent interactions that promote
LLPS (Wheeler et al., 2016). Upon exposure to various stresses, polysomes disassociate from
translating mRNAs that provide a scaffold to allow for protein-protein, protein-RNA, and RNA-
RNA interactions. Newly exposed mRNA yields additional binding sites to recruit other RNA-
binding proteins and allows for interaction between complimentary RNA sequences.
Additionally, IDRs from proteins found in SGs can promote further protein-protein and protein-
RNA interactions (Lin et al., 2015; Molliex et al., 2015). Together, these mechanisms increase
the number of available mRNP interaction sites to promote LLPS. The sequestration of RNA-
binding proteins and mRNAs away from polysomes into SGs provides a mechanism of stress-
associated gene expression regulation.

With the growing appreciation and implication of SGs in neurodegenerative disease and
cancer (Anderson et al., 2015; Li et al., 2013), much focus has been placed on understanding the
composition and molecular mechanisms that regulate SG assembly. Recent proteomic and
targeted approaches have illuminated that the composition of SGs is stress, cell-type, and
organism-specific. Both yeast and mammalian stress granules contain markers found in pre-

initiation complexes like Ded1/DDX3, elF4E, elF4G1, Pab1/PABPC, Pbpl/Ataxin-2, and



Pub1/TTA-1 along with ATPases, tRNA synthetases, and ribosome biogenesis factors (Jain et al.,
2016). However, in yeast, azide-induced SGs contain other initiation factors like eIF4A/B
whereas glucose deprivation-induced SGs lack these proteins (Buchan et al., 2011). In HeLa
cells, localization of SF1 was observed in heat shock-induced SGs, but remained diffuse under
exposure to arsenite (Markmiller et al., 2018). Additionally, the SG proteome becomes
increasingly more diverse from yeast to humans (Farny et al., 2009; Jain et al., 2016). In support
of this, certain stress granule markers like EIF3A and SRP68 were found exclusively in arsenite-
induced SGs in HeLa and neural progenitor cells, respectively (Markmiller et al., 2018). This
suggests that SGs may have different functions under different stresses or cell-types.

Initial proteomic data on SGs also revealed that SGs contain substructure (Jain et al.,
2016). SGs are proposed to contain a solid, less dynamic core that is surrounded by a fluid, more
dynamic phase. The idea of this two-phase system has been validated using structure
illumination microscopy and immunostaining on isolated SG cores. While the exact assembly
pathway of SGs is unknown, these results shed light onto which components reside in each
phase.

In addition to in vivo experimentation, biochemical efforts with recombinant SG proteins
have provided insight into mechanisms that regulate SG assembly. In vitro studies have
highlighted that SG proteins FUS, hnRNPA1, and TDP-43 can undergo LLPS in vitro (Conicella
et al., 2016; Molliex et al., 2015; Patel et al., 2015). Furthermore, the IDRs of these proteins and
other SG proteins alone are sufficient form droplets (Lin et al., 2015). IDR condensates have
been show to recruit in other recombinant IDR proteins, suggesting that these approaches can be
used to build SG-like assemblies in vitro (Lin et al., 2015). As these droplets mature over time,

their morphology and dynamics is altered (Lin et al., 2015; Molliex et al., 2015; Patel et al.,



2015). FRAP experiments reveal that exchange of internal components decrease in matured
structures. This transition is also accompanied by the appearance of insoluble fibrous structures.
Strengthening the connection between SGs and disease, amyotrophic later sclerosis (ALS)-
associated mutations in FUS increase the propensity to demix and promote the formation of
fibers at an accelerated rate (Kim et al., 2013; Patel et al., 2015). Thus, understanding the phase
separation behavior of SG proteins in vitro can provide insight into potential targets for
therapeutics.

SG function is not limited to just translational control as they also act as a triage centers
for other classes of proteins. Sequestration of target of rapamycin complex 1 (TORC) into SGs
represses its signaling activity (Takahara and Maeda, 2012; Wippich et al., 2013). Cells also
utilize SG-quality control to dispose of misfolded proteins (REF). Consistent with SGs tying into
other aspects of cell physiology, failure to form SGs results in reduced viability upon recovery
(Orru et al., 2016; Yang et al., 2014). Thus, identifying other processes that are regulated by SGs
becomes an important task.

This thesis will focus on characterizing novel mechanisms that regulate the assembly of
metabolic enzymes and SGs. In addition to identifying all the metabolic enzymes capable of
forming intracellular structures, Chapter 2 will discuss the different modes of regulation and
localization of metabolic enzyme filaments/foci in the de novo purine biosynthetic pathway.
Chapter 3 of this thesis builds off the findings from Chapter 2 and identifies all the metabolic
enzymes localized to chronic nutrient stress-induced SGs. Further, it will be revealed that
metabolites from SG-localized enzymes can regulate assembly of SGs in yeast and human cells.
Lastly, Chapter 4 explores the role of the RNA-RNA interactions in mediating stress granule

assembly using a newly developed reconstitution system.
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Chapter 2

A quantitative screen for metabolic enzyme structures
reveals patterns of assembly across the yeast metabolic
network
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Abstract

Despite the proliferation of proteins that can form filaments or phase-separated
condensates, it remains unclear how this behavior is distributed over biological networks. We
have found that 60 of the 440 yeast metabolic enzymes robustly form structures, including 10
that assemble within mitochondria. Additionally, the ability to assemble is enriched at branch
points in several metabolic pathways. The assembly of enzymes at the first branch point in de
novo purine biosynthesis is coordinated, hierarchical, and based on their position within the
pathway, while the enzymes at the second branch point are recruited to RNA stress granules.
Consistent with distinct classes of structures being deployed at different control points in a
pathway, we find that the first enzyme in the pathway, PRPP synthetase, forms evolutionarily
conserved filaments that are sequestered in the nucleus in higher eukaryotes. These findings
provide a roadmap for identifying additional conserved features of metabolic regulation by

condensates/filaments.
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Introduction

One of the central problems of cell biology is how cells organize biochemical reactions in
space and time. Traditionally, studies of this problem have focused on the compartmentalization
of reactions within membrane compartments and organelles. Recently, however, there has been
an increasing appreciation that the dynamic partitioning of proteins into novel non-membranous
compartments can be used to regulate cytoplasmic processes such as signal transduction and
RNA metabolism (Banani et al., 2017; Boeynaems et al., 2018). While the interaction domains
and biophysical principles that govern the assembly and disassembly of signaling microclusters
and RNA granules are increasingly well understood (Ditlev et al., 2018), it has remained unclear
how these concepts might be deployed in other regulatory or biosynthetic networks.

Since many of the concepts, such as end product inhibition, that we rely upon to
understand how biological networks are regulated were first described in metabolism (Adelberg
and Umbarger, 1953; Gerhart and Pardee, 1962; Pardee and Yates, 1956; Srere, 1987), one might
expect that the formation of non-membranous compartments might also play a critical role in
regulating metabolic networks. Unfortunately, while studies have identified an increasing
number of metabolic enzymes that are capable of forming biomolecular condensates and/or
filaments, the connections between these structures and enzyme regulation has only been defined
for a limited number of cases. For instance, end product inhibition by CTP has been found to
trigger polymerization of bacterial CTP synthetase in an inactive conformation (Barry et al.,
2014). Similarly, assembly of yeast glutamine synthetase results in its inactivation (Petrovska et
al., 2014). Conversely, work on the mammalian Acetyl-CoA carboxylase and liver
phosphofructokinase has found that enzyme polymerization and activation are intimately

connected (Beaty and Lane, 1983a, b; Meredith and Lane, 1978; Webb et al., 2017). Thus, while
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metabolic enzyme condensates/filaments can be used to both activate and sequester enzymes,
how such regulation is deployed throughout the metabolic network remains unclear.

The identification of metabolic enzyme condensates has also led to a renewed interest in
whether these structures could be used to facilitate substrate channeling by partitioning multiple
enzymatic steps of a pathway into clusters (Srere, 1987). For instance, the enzymes in the
mammalian de novo purine biosynthetic pathway condense into a single structure, the
purinosome, in response to purine limitation, mTOR signaling, and mitochondrial dysfunction
(An et al., 2008; An et al., 2010; French et al., 2016). Similarly, hypoxic stress has been found to
trigger the reorganization of glycolytic enzymes in yeast and C. elegans suggesting that
clustering could enhance glycolytic activity in response to energy stress (Jang et al., 2016; Jin et
al., 2017). Thus, distinct metabolic stresses can trigger metabolic enzymes to assemble into
configurations that can facilitate pathway flux. However, it remains unclear whether the
assembly of entire pathways into a common structure is a broadly deployed mechanism for
regulating metabolic networks.

This lack of clarity is in spite of the fact that several biochemical and visual screens for
proteins that form condensates and/or filaments have been conducted in S. cerevisiae in recent
years (Chong et al., 2015; Mazumder et al., 2013; Narayanaswamy et al., 2009; Noree et al.,
2010; O'Connell et al., 2014; Shen et al., 2016; Tkach et al., 2012). While, these screens have
greatly expanded the number of proteins that form structures, these studies have failed to identify
any rules or principles that govern which metabolic enzymes can form condensates/filaments and
which do not. One possible reason for this failure is that the majority of visual screens have not
quantitatively examined the frequency of structure formation across multiple growth conditions.

Thus, enzymes that form structures in a small percentage of cells are on an equal footing with
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enzymes that robustly form structures in every cell potentially complicating any analysis.
Similarly, the fact that biochemical screens for protein aggregation only detect partial overlap
with visual screens suggests that these two methodologies might have different levels of
sensitivity for condensate/filament formation (O'Connell et al., 2014). Thus, a screen that
surveyed a variety of physiologically relevant growth conditions and measured the frequency of
structure formation would provide a robust dataset for understanding the relationship between
pathway architecture and enzyme condensate/filament formation.

Additionally, previous screens have not explored the relationship between enzyme
assembly and the known compartmentalization of biochemical pathways into organelles, such as
mitochondria. Given the importance of pathway compartmentalization in regulating metabolic
flux, determining which compartmentalized enzymes form structures and whether they assemble
inside or outside the compartment could reveal missed connections between pathway
architecture and the ability of enzymes to form condensates/filaments.

In order to address both of these issues as well as expand the repertoire of metabolic
enzymes capable of forming structures, we measured the frequency at which all 440 proteins in
the yeast GFP strain collection with an annotated role in metabolism form condensates/filaments
under three different growth conditions (log phase, post diauxic shift, and stationary phase). This
screen identified 60 proteins capable of forming condensates or filaments in more than 10% of
cells during at least one growth condition. This expanded the list of enzymes known to form
condensates by 20. Our screen also identified 10 mitochondrial enzymes that form condensates
within mitochondria at regions of high metabolic activity. Interestingly, we also identified
several pathways where condensate formation was largely restricted to branch points in the

metabolic network suggesting that condensate formation might regulate flux at decision points in
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a pathway. Consistent with this, we found that the assembly of enzymes at the first branch point
in de novo purine biosynthesis is coordinated, hierarchical, and based on their position within the
pathway, while the enzymes at the second branch point are recruited to RNA stress granules. We
have also found that the first enzyme in the pathway, phosphoribosyl pyrophosphate (PRPP)
synthetase, forms evolutionarily conserved filaments that are sequestered in the nucleus in higher
eukaryotes arguing that while the ability to form structures may be conserved the regulatory role
of the structures may diverge. Together, these results provide a framework for understanding the
variety of ways metabolic enzyme condensates and filaments can be used to regulate the cellular

metabolism.
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Results

A systematic screen for metabolic enzymes that form intracellular structures.

There have been several screens to date that have identified metabolic enzymes that
assemble into intracellular structures (Chong et al., 2015; French et al., 2016; Mazumder et al.,
2013; Narayanaswamy et al., 2009; Noree et al., 2010; O'Connell et al., 2014; O'Connell et al.,
2012; Shen et al., 2016; Tkach et al., 2012). However, many of these prior studies have focused
on a single enzyme, pathway, or growth condition and often scored only the presence or absence
of a structure in the population of cells. This has made it difficult to determine how many
metabolic enzymes are capable of assembly, the diversity of growth conditions that trigger
assembly, and whether assembly occurs broadly or is restricted to a subpopulation of yeast cells.

The goal of our screen was to quantitatively assess the ability of all 440 metabolic
enzymes to form structures under three different growth conditions: log phase, post-diauxic shift
(1 day), and stationary phase (5 days) (Figure 2.1A). Each of these growth conditions represents
distinct metabolic conditions. During log phase, yeast cells grow and divide rapidly by
fermentation of glucose present in the media. Upon glucose limitation, yeast enter the post-
diauxic shift where they grow slowly and use the ethanol they produced during log phase. After
ethanol and other nutrients have been utilized, cell division is dramatically reduced and cells
enter stationary phase (Braun et al., 1996; Werner-Washburne et al., 1993).

By systematically identifying all of the enzymes that were capable of forming either foci
or filaments and the frequency at which the structures formed, we hoped to identify any

underlying principles governing which enzymes are capable of forming
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Figure 2.1. Screen of metabolic enzymes reveals 20 new proteins capable of assembly into
foci or filaments (A) Schematic for screening the yeast GFP collection to identify all metabolic
enzymes with the ability to form structures. Each strain was grown to log phase, post-diauxic
shift, and stationary phase in YPD and fixed in 4% formaldehyde for 15 min at room
temperature. Cells were washed and resuspended in 1M sorbitol prior to imaging. (B) Multiple
growth conditions expand the list of metabolic enzymes forming assemblies. Representative
images of metabolic enzymes capable of assembly into filaments or foci in greater than 10% of
cells. Enzymes names highlighted in yellow represent previously unknown metabolic enzymes
forming assemblies. Images were taken from the culture condition with the highest degree of
assembly.
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intracellular structures. Furthermore, since some GFP fusions cause aggregation in a small
percentage of cells, we only included enzymes that formed structures in more than 10% of cells
in our analysis. By these criteria, we have our screen has identified 60 metabolic enzymes that
formed structures in more than 10% of cells under at least one growth condition (Table 2.1).
Forty-seven of these metabolic enzymes formed foci-like structures while 11 assemble into
discrete filaments (Figure 2.1B). Of these 11, we have identified three novel filament forming
enzymes that have not been identified in previous screens: Bna5Sp, Prs3p, and Prs5p. While Bna5
encodes for kynureninase, Prs3p and Prs5p are subunits of yeast PRPP synthetase. The
remaining 8 filament forming enzymes were also identified in previous screens of the yeast GFP
strain collection: Acetyl-CoA carboxylase (Acclp), asparagine synthetase (Asnlp, Asn2p),
glycogen debranching enzyme (Gdb1p), glutamate synthase (Glt1p), GDP-mannose
pyrophosphorylase (Psalp) and CTP synthetase (Ura7p, Ura8p) (Noree et al., 2010; Petrovska et
al., 2014; Shen et al., 2016). While all of these enzymes are capable of forming distinct
filaments as assayed by pair-wise colocalization (Figure 2.2), 5 pairs of these filaments exhibit
partial co-localization: Asnlp/Prs5p, BnaSp/Prs5p, Gltlp/Prs5p, Ura7p/PrsSp, and Gdblp/Ura7p.
This type of assembly is reminiscent of the stress-specific lateral assembly of CTP synthase
filaments with IMP dehydrogenase filaments in mammalian cells (Carcamo et al., 2011; Chang
et al., 2018; Keppeke et al., 2015). Thus, in addition to identifying 3 novel filament-forming
metabolic enzymes our screen has also significantly broadened the number of metabolic
filaments capable of lateral interactions providing a new window into this type of filament

interaction.
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Table 2.1. Metabolic enzymes identified to be capable of forming intracellular structures

Abundance
Cellular (% cells with
Protein Molecular function (SGD) Pathways (SGD) Components structures)
(SGD) Log 1- 5-Day
Day
Acclp Acety-CoA carboxylase Fatty acid synthesis Endoplasmic 19% 8% 37%
Biotin carboxylase reticulum
membrane
Mitochondrion
Acslp Acetate-CoA ligase Acetate utilization Cytoplasm 0% 4% 92%
Ethanol degradation Integral to
membrane
Mitochondrion
Adedp Amidophosphoribosyltransferase De novo biosynthesis of Cytoplasm 0% 18% 10%
purine nucleotides
Adel2p Adenylsuccinate synthetase De novo biosynthesis of Cytoplasm 0% 0% 44%
purine nucleotides
Adel6p IMP cyclohydrolase De novo biosynthesis of Cytoplasm 0% 0% 42%
Phosphoribosylaminoimidazolecarboxamide purine nucleotides
formyltransferase
Adel7p IMP cyclohydrolase De novo biosynthesis of Cytoplasm 0% 4% 33%
Phosphoribosylaminoimidazolecarboxamide purine nucleotides
formyltransferase
Adh2p Alcohol dehydrogenase (NAD) Ethanol degradation Cytoplasm 0% 0% 10%
Glucose fermentation
Isoleucine degradation
Valine degradation
Adh3p Alcohol dehydrogenase (NAD) Ethanol degradation Mitochondrial N/A  41% 4%
Glucose fermentation matrix
Isoleucine degradation Soluble fraction
Valine degradation Mitochondrion
Ald4p Aldehyde dehydrogenase (NAD) Glucose fermentation Mitochrondrial 59%  97% 94%
Aldehyde dehydrogenase [NAD(P)+] nucleoid
Mitochondrion
Ald5p Aldehyde dehydrogenase [NAD(P)+] Glucose fermentation Mitochondrion N/A 18% 11%
Aldé6p Aldehyde dehydrogenase [NAD(P)+] Glucose fermentation Cytoplasm 0% 13% 66%
Mitochondrion
Arolp 3-dehydroquinate dehydratase Chorismate Cytoplasm 0% 2% 16%
3-dehydroquinate synthase biosynthesis
Shikimate kinase Phenylalanine
biosynthesis
Asnlp Asparagine synthase (glutamine-hydrolyzing) Asparagine Cytoplasm 0% 10% 90%
biosynthesis
Asn2p Asparagine synthase (glutamine-hydrolyzing) Asparagine Cytoplasm 0% 12% 92%
biosynthesis
Bna5Sp Kynureninase De novo NAD Cytoplasm 0% 10% 80%
biosynthesis Nucleus
Cdc19p Pyruvate kinase Glucose fermentation Cytoplasm 5% 43% 85%
Glycolysis
Chalp L-serine ammonia-lyase L-serine degradation Mitochondrial 0% 29% 5%
L-threonine ammonia-lyase Threonine catabolism nucleoid
Mitochondrion
Coq5p 2-hexaprenyl-6-methoxy-1,4-benzoquinone Ubiquinone Mitochondrial N/A  N/A 41%
methyltransferase biosynthesis matrix
Mitochondrion
Cysdp Cysathionine beta-synthase Cysteine biosynthesis Cytoplasm 3% 11% 20%
from homocysteine
Homocysteine
degradation
Dph2p Unknown Diphthamide Cytoplasm 0% 0% 28%
biosynthesis
Faadp Long-chain fatty acid-CoA ligase Fatty acid oxidation Lipid particle 28%  61% 5%
Cytoplasm
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Table 2.1. Metabolic enzymes identified to be capable of forming intracellular structures

(continued)
Abundance
Cellular (% cells with
Protein Molecular function (SGD) Pathways (SGD) Components structures)
(SGD) Log 1- 5-Day
Day
Faslp Palmitoyltransferase Fatty acid biosynthesis Cytoplasm 0% 3% 26%
Palmitate biosynthesis Fatty acid
synthase
complex
Cytoplasm
Fbalp Fructose-bisphosphate aldolase Gluconeogenesis Mitochondrion 0% 0% 15%
Glucose fermentation Cytoplasm
Glycolysis
Fumlp Fumurate hydratase TCA cycle Cytoplasm 0% 13% 67%
Aerobic respiration Mitochondrial
matrix
Mitochondrion
Gdblp 4-alpha-glucanotransferase Glycogen catabolism Cytoplasm 0% 12% 39%
Mitochondrion
Gdhlp Glutamate dehydrogenase (NADP+) Glutamate biosynthesis Nucleus 0% 17% 12%
Cytoplasm
Gdh2p Glutamate dehydrogenase (NADP+) Glutamate degradation Mitochondrion 19%  89% 95%
Glklp Glucokinase Glucose fermentation Cytoplasm 22% 2% 25%
Glucose-6-phosphate
biosynthesis
Ginlp Glutamate-ammonia ligase Glutamine biosythesis Cytoplasm 5% 63% 86%
Gltlp Glutamate synthase (NADH) Glutamate biosynthesis Mitochondrion 24%  64% 98%
from glutamine
Glylp L-allo-threonine aldolase Glycine biosynthesis Cytoplasm 0% 11% 9%
Threonine aldolase from threonine
Gre3p Alditol:NADP+ 1-oxidoreductase Xylose metabolism Cytoplasm 0% 10% 0%
Nucleus
Hem2p Porphobilinogen synthase Tetrapyrrole Cytoplasm 0% 12% 73%
biosynthesis Nucleus
Heme and siroheme
biosynthesis
Hem13p Coproporhyrinogen oxidase Heme biosynthesis Cytoplasm 0% 15% 0%
Idh2p Contributes to isocitrate dehydrogenase TCA cycle Mitochondrial 18%  58% 31%
Aerobic respiration matrix
Mitochondrion
Ilvlp L-threonine ammonia-lyase Isoleucine biosynthesis Mitochondrion 43% 4% 1%
IIv2p Acetolactate synthase Acetoin biosynthesis Mitochrondrion N/A  N/A 20%
Isoleucine biosynthesis
Kegdlp Oxoglutarate dehydrogenase TCA cycle Mitochodrial 47%  95%  100%
Aerobic respiration matrix
Mitochondrial
nucleoid
Mitochondrion
Lpd1 Dihydrolipoyl dehydrogenase Folate biosynthesis Mitochondrial N/A  N/A 85%
nucleoid
Mitochondrion
Mdhlp L-malate dehydrogenase TCA cycle Mitochondrial N/A  N/A 12%
Aerobic respiration matrix
Mitochondrion
Pdalp Pyruvate dehydrogenase Pyruvate Mitochondrial 97%  96% 20%
dehydrogenase complex nucleoid
Mitochondrion
Pdclp Pyruvate decarboxylase Glucose fermentation Nucleus 0% 0% 72%
Isoleucine degradation Cytoplasm
Pro3p Pyrroline-5-carboxylate reductase Arginine degradation Cytoplasm 0% 12% 2%
Proline biosynthesis
Prs3p Contributes to ribose phosphate Histidine, purine, and Cytoplasm 0% 6% 63%
diposphokinase pyrimidine biosynthesis
PrsSp Contributes to ribose phosphate Histidine, purine, and Cytoplasm 0% 40% 55%
diposphokinase pyrimidine biosynthesis
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Table 2.1. Metabolic enzymes identified to be capable of forming intracellular structures

(continued)
Abundance
Cellular (% cells with
Protein Molecular function (SGD) Pathways (SGD) Components structures)
(SGD) Log 1- 5-Day
Day
Psalp Mannose-1-phosphate guanylyltransferase Mannose biosynthesis Cytoplasm 0% 23% 6%
Riplp Contribute to ubiquinol-cytochrome-c Aerobic respiration Mitochondrion N/A  N/A 29%
reductase Electron transport chain
Rnr4p Ribonucleoside-diphosphate reductase De novo biosynthesis of Cytoplasm 2% 27% 80%
purine nucleotides Nucleus
Samlp Methionine adenosyltransferase S-adenosylmethionine Cytoplasm 0% 19% 95%
biosynthesis
Sam2p Methionine adenosyltransferase S-adenosylmethionine Unknown 0% 11% 60%
biosynthesis
Sdh4p Contributes to succinate dehydrogenase TCA cycle Mitochondrion 0% 12% 22%
Electron transport chain
Shm2p Glycine hydroxymethyltransferase Folate biosynthesis Cytoplasm 19%  45% 27%
Sec53p Phosphomannomutase Mannose biosynthesis Cytoplasm 0% 9% 41%
Tallp Sedoheptulose-7-phopshate:D- Non-oxidative branch Cytoplasm 15%  58% 71%
glyceraldehyde-3-phosphate of pentose phosphate Nucleus
glyveronetransferase pathway
Tdh3p Glyceraldehyde-3-phosphate dehydrogenase Gluconeogenesis Cytoplasm 0% N/A 41%
Glucose fermentation Mitochondrion
Glycolysis
Thrip Homoserine kinase Threonine biosynthesis Unknown 81%  78% 56%
Tpilp Triosephosphate isomerase Glucose fermentation Mitochondrion 0% 3% 20%
Glycolysis Cytoplasm
Trrip Thioredoxin-disulfide reductase Thioredoxin system Cytoplasm 0% 13% 29%
Ura7p CTP synthase De novo biosynthesis of Cytoplasm 0% 9% 90%
pyrimidine
ribonucleotides
Ura8p CTP synthase De novo biosynthesis of Cytoplasm 0% 6% 89%
pyrimidine
ribonucleotides

Note: N/A = ambiguous, or signal is too dim, or too bright to distinguish structures from the background

Blue indicates metabolic enzymes with structures within the mitochondria
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Figure 2.2. Pairwise colocalization reveals novel filament-forming proteins Dual
fluorescent strains were grown to the time point where both structures were most abundant and
fixed in 4% formaldehyde prior to imaging.
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Analysis of our screen revealed 4 basic patterns of assembly: log phase restricted,
stationary phase restricted, nutrient limited (restricted to both saturation and stationary phase),
and constitutive. ~80% of the enzymes assemble solely when nutrients are limiting with the
largest single category were those enzymes that assembled during both saturation and stationary
phase (26/59) followed closely by enzymes that assemble only in stationary phase (17/59). Thus,
while nutrient limitation is a major trigger for assembly across all metabolic pathways, the type
of nutrient limitation (post diauxic shift vs stationary) is a key determinant in whether an
individual enzyme will assemble.

Identification of metabolic enzymes that form structures within mitochondria

Previous screens of the yeast GFP strain collection for novel intracellular structures have
focused largely on the presence or absence of a structure. However, there has been no systematic
assessment of whether these enzyme structures are associated with organelles or other structures
in the cell. This is particularly problematic since the compartmentalization of several metabolic
pathways to mitochondria is a key organizing principle of metabolic biochemistry. Furthermore,
the yeast metabolic enzyme, Ald4p, has recently been found to form structures within the
mitochondria suggesting that a subset of metabolic enzymes might be forming within other
compartments (Misonou et al., 2014; Noree, 2018). The fact that our screen identified 24
putative mitochondrial metabolic enzymes presented us with a unique opportunity to explore the
extent of metabolic enzyme self-assembly within mitochondria. GFP yeast strains for each of the
24 hits from our screen which had a mitochondrial annotation were stained with MitoTracker to
determine if the structures assembled inside or outside of mitochondria. (Table 2.1; Figure 2.3,

Figure 2.4A). Ten of the enzymes formed discrete puncta within
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Figure 2.3. Mitotracker staining identifies metabolic enzymes forming structures in the
mitochondriaTen of the twenty four mitochondrial annotated enzymes from our screen were
able to form foci within the mitochondria. Cells expressing GFP-tagged metabolic enzymes were

incubated with 0.1uM Mitotracker Red for 30 minutes. Cells were washed and then imaged
immediately.
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Figure 2.4. Metabolic enzymes can form discrete structures inside and/or outside of the
mitochondria (A) Mitotracker staining reveals differential distribution of metabolic enzyme
structures inside or outside of the mitochondria. Cells expressing GFP-tagged metabolic enzymes
were incubated with 0.1uM Mitotracker Red for 30 minutes. Cells were washed and then imaged
immediately. (B) Assembly of metabolic enzymes do not overlap with high density regions of
mitochondria. Cells expressiong GFP- tagged metabolic enzymes were transformed with a
plasmid containing a dsRed fluorescent protein attached to a mitochondrial targeting sequence
(pVTU-mito-dsRED). Dual fluorescent strains were grown to either log phase (Ald4p) or post-
diauxic shift (Fumlp, Ilvip, [lv2p) and imaged for colocalization.
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the mitochondria and had annotations where the sole localization reported in the SGD was the
mitochondria (Table 2.1). The remaining fourteen metabolic enzymes formed structures outside
the mitochondria and were not studied further.

In the course of analyzing our MitoTracker staining, we noted that enzyme structures
were often found at sites of high MitoTracker signal. Since MitoTracker import reflects
mitochondrial activity, this suggested that either these enzymes were concentrated at regions of
high respiratory activity or that enzymes accumulated at regions of high mitochondrial density.
To distinguish between these two possibilities, we transformed a subset of our yeast GFP strains
with a plasmid expressing dsRed fused to a mitochondrial targeting sequence. The distribution of
these enzymes within the mitochondria was then examined under the growth conditions where
foci formation is observed, either log phase (Ald4p) or post-diauxic shift (Fumlp, Ilvip, [1v2p).
Our analysis revealed that the location of metabolic enzyme structures within mitochondria was
not correlated with sites of high mitochondrial density suggesting that these enzymes might be
accumulating in sites of high mitochondrial activity (Figure 2.4B).

One potential location for these structures is the nucleoid, which has long been known to
be associated with metabolic enzymes. However, the number of structures that we observe are
not consistent with the typical numbers of nucleoids present within the mitochondrial network
under these growth conditions (Miyakawa, 2017; Miyakawa et al., 1984). Furthermore, when we
compared the results from our screen with proteomic analysis of the nucleoids from yeast, we
found that only 3 of the 10 metabolic enzymes that co-purified with nucleoids and were present
in the GFP strain collection formed visible structures in our assay conditions (Miyakawa, 2017)

(Figure 2.5). Thus, these enzymes are likely forming novel structures within mitochondria.
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Figure 2.5. Only three mitochondrial proteins identified in our screen have association with
the yeast mitochondrial nucleoidVenn diagram comparing the metabolic enzymes forming
structures within the mitochondria and those proteins identified to be associated with the yeast
mitochondrial nucleoid (Miyakawa, 2017).
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Enzymes that act at nodes in the purine biosynthetic pathway assemble into distinct visible
intracellular structures

The fact that our screen uncovered interactions between different metabolic filaments and
identified enzymes that assemble within mitochondria suggested that there might be levels of
metabolic enzyme organization and coordination that have been missed in previous screens. In
order to address this, we focused on one well-studied pathway, de novo purine biosynthesis, to
determine if there was any pattern to which enzymes formed structures and if the pattern of
assembly was coordinated with pathway activity/regulation. We chose to use the de novo purine
biosynthesis pathway for two reasons. First, a variety of studies of the de novo purine
biosynthetic pathway in mammals identified a subset of enzymes assembled into a common
structure in response to purine deprivation, the purinosome (Figure 2.6A) (An et al., 2008).
Second, while multiple purine biosynthetic enzymes in yeast have been found to form enzyme
structures, the fact that these structures did not form a classic “purinosome” suggested that
another form of regulation might be operating in S. cerevisiae (Narayanaswamy et al., 2009;
O'Connell et al., 2014). Thus, a more in depth analysis of this pathway in S. cerevisiae would
allow us both to determine what aspects of enzyme organization, if any, are evolutionarily
conserved and how assembly might be used to regulate metabolic flux through a pathway.

As part of this analysis, we rescreened all 21 proteins that comprise the de novo purine
biosynthetic pathway for the ability to assembly into intracellular structures, the frequency with
which these structures form, and the growth conditions that triggered assembly using the yeast
GFP strain collection. For each enzyme, the percentage of cells with GFP-labeled structures was
determined in triplicate for four different growth conditions: log phase growth and cultures

grown to 1 day (post-diauxic shift), 3 days (transitional), or 5 days (stationary phase). Our
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Figure 2.6. Enzymes in the de novo purine biosynthetic pathway assemble with different
kinetics (A) Schematic of the de novo purine biosynthetic pathway with yeast orthologs in blue
on the left and mammalian orthologs in green on the right. Abbreviations for intermediate
metabolites and catalytic enzymes: RSP = Ribose-5-phosphate; PRPP = 5-
Phosphoribosylpyrophosphate; PRA = 5- phosphoribosylamine; GAR = 5-
phosphoribosylglycineamide; FGAR = 5’-phosphoribosyl- N- formylglycinamide; FGAM = 5’-
phosphoribosyl-N-formylglycinamidine; AIR = 5’-phosphoribosyl-5- aminoimidazole; CAIR =
5’- phosphoribosyl-4-carboxy-5-aminoimidazole; SAICAR = 5’- phosphoribosyl-4-(N-
succinocarboxamide)-5-aminoimidazole; AICAR = 5-amino-4- imidazolecarboxamide ribotide;
FAICAR = 5-formamido-1-(5-phosphoribosyl)-imidazole-4- carboxamide; IMP = inosine- 5°-
monophosphate; XMP = xanthosine-5’-phosphate; GMP = guanosine-5’- phosphate; GDP =
guanosine-5’-diphosphate; SAMP = adenylosuccinate; AMP = adenosine-5’- phosphate; ADP =
adenosine-5’-diphosphate; Prs1-5p = phosphoribosylpyrophosphate synthetase; Adedp =
amidophosphoribosyltransferase; Ade5,7p = GAR synthetase/AIR synthetase; Ade8p = GAR
transformylase; Ade6p = FGAM synthetase; Ade2p = AIR carboxylase; Adelp = SAICAR
synthase; Ade16/17p = IMP cyclohydrolase; Ade12p = Adenylosuccinate synthetase; Adel3p =
adenylosuccinate lyase; Adk2p = mitochondrial GTP:AMP phosphotransferase; Adklp =
adenylate kinase; Imd2-4p = IMP dehydrogenase; Gualp = GMP synthetase; Guklp = guanylate
kinase; PPAT = PRPP amidotransferase; TrifGART = trifunctional glycinamide ribonucleotide
(GAR) transformylase; GARS = GAR synthase; GAR Tfase = GAR transformylase; AIRS =
aminoimidazole ribonucleotide (AIR) synthase; FGAMS = formylglycinamidine ribonucleotide
(FGAM) synthase; PAIC = phosphoribosylaminoimidazole carboxylase; CAIRS =
carboxyaminoimidazole ribonucleotide (CAIR) synthase; SAICARS =
succinylaminoimidazolecarboxamide ribonucleotide (SAICAR) synthase; ASL =
adenylosuccinate lyase; ATIC = AICAR transformylase/IMP cyclohydrolase; AICAR Tfase =
aminoimidazolecarboxamide ribonucleotide (AICAR) transformylase ; IMPCH = IMP
cyclohydrolase (B) Assembly of PRPP synthetase subunits is enriched for Prs3p and Prs5p. GFP-
tagged versions of the PRPP synthetase proteins (Prs1p, Prs2p, Prs3p, Prsdp, Prs5p) were grown
in YPD to log phase, 1 day, 3 day, and 5 day time points and assayed for assembly formation.
Representative images are shown below. (C) Only enzymes located at branch points (Ade4p and
Adel6/17p) assemble into foci. GFP tagged versions of purine biosynthetic enzymes acting in
middle of the pathway were grown in identical conditions as indicated in (B) and assayed for
assembly formation. Representative images are shown below. (D) Adel2p is the only enzyme
forming foci in the ADP production branch. GFP tagged versions of purine biosynthetic enzymes
involved in ADP production were grown in identical conditions as indicated in (B) and assayed
for assembly formation. Representative images are shown below. (E) All subunits of the IMPDH
complex assemble into foci. GFP tagged versions of purine biosynthetic enzymes involved in
GDP production were grown in identical conditions as indicated in (B) and assayed for assembly
formation. Representative images are shown below. Data is represented as mean of at least three
independent experiments; error bars indicate SEM. Images were taken from the culture condition
with the highest degree of assembly.
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quantitative analysis found that twelve of the 21 proteins involved in de novo purine biosynthesis
displayed little if any assembly behavior (i.e. structures in <6% of cells in at least one growth
condition) (Figure 2.6B-D; Table 2.2). This list included Ade5,7p and Ade2p which previous
screens identified as forming foci (Narayanaswamy et al., 2009; O'Connell et al., 2014), but
which form foci only at low frequency under our growth conditions (4.95% -Ade5,7p; 2.98% -
Ade2p). In contrast, nine of the proteins showed a high level of assembly with most forming
structures in 30-80% of cells under at least one growth condition (Figure 2.6B-D; Table 2.2).
These nine proteins that form structures represent five distinct purine biosynthetic enzymes:
PRPP synthetase (Prs3p, Prs5p), PRPP amidotransferase (Ade4p), S-amino-4-
imidazolecarboxamide ribonucleotide transformylase/IMP cyclohydrolase (Ade16/17p),
adenylosuccinate synthase (Adel2p) and inosine monophosphate (IMP) dehydrogenase (Imd2-
4p). Interestingly, four of these five enzymes that form foci at high frequency are known to be
highly regulated by feedback inhibition and allosteric control consistent with a role in flux
control (Holmes et al., 1974; Rebora et al., 2001; Smith, 1998; Switzer and Sogin, 1973; Van der
Weyden and Kelly, 1974; Wyngaarden, 1976). Additionally, all of these enzymes are found at
branchpoints/nodes in the purine biosynthetic pathway and many enzymes that were found in the
mammalian purinosome did not assemble to a significant degree in yeast. We also confirmed that
the assembly behavior of these 9 proteins was independent of the GFP tag and that the GFP tag
did not cause auxotrophy in the cases where this could be examined (Figure 2.7). Thus, these
structures are not due to the GFP tag or protein denaturation.

The fact that these enzymes are assembling at branch points within a given pathway
raised the question of whether or not this is a feature common to multiple metabolic pathways.

Consistent with the de novo purine biosynthetic pathway, we found that enzymes that can form
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Table 2.2. Summary of structure formation frequency of yeast enzymes involved in purine

biosynthesis

% Cells with structures (Average = SEM)

Biological process Protein
Log-phase 1-day 3-day 5-day
Prs1p-GFP 0.00 +0.00 0.00 +0.00 3.84+2.65 2.17+1.55
Prs2p-GFP 0.00 +0.00 4.72+1.75 5.64+2.82 5.77+3.40
PRPP biosynthesis Prs3p-GFP 0.00 = 0.00 438+1.92 13.41 £5.63 48.34 £ 16.09
Prs4p-GFP 0.00 +0.00 5.08+1.75 434 +1.43 3.48+1.11
Prs5p-GFP 0.00 +0.00 17.60 + 4.20 13.61 £5.07 46.79 £ 5.86
Aded4p-GFP 0.00 +0.00 32.28£6.79 15.26 £6.25 16.89 +3.30
Ade5,7p-GFP 0.00 +0.00 043+0.24 3.93+1.16 495+1.97
Ade8p-GFP 0.00 +0.00 0.00 +0.00 091 +0.73 2.01 £1.02
Ade6p-GFP 0.00 +0.00 0.14+0.14 0.62 +0.62 0.96 +0.75
Ade5,7p-GFP 0.00 +0.00 043+0.24 3.93+1.16 495+1.97
IMP biosynthesis
Ade2p-GFP 0.00 +0.00 0.00 +0.00 298 +1.97 2.63+1.49
Adelp-GFP 0.00 +0.00 0.00 +0.00 0.00 +0.00 1.99+0.20
Adel3p-GFP 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00
Adel6p-GFP 0.00 +0.00 0.00 +0.00 1.78 £1.03 39.29+10.97
Adel7p-GFP 0.00 +0.00 2.25+1.45 7.57+2.42 19.16 £ 6.14
Adel2p-GFP 0.00 +0.00 1.94 +1.27 37.21 £13.52 81.70 + 15.60
Adel3p-GFP 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00
AMP/ADP biosynthesis
Adk2p-GFP 0.00 +0.00 0.13+0.13 0.16 £0.16 0.80 +0.80
Adklp-GFP 0.00 +0.00 0.00 +0.00 1.92+£1.02 5.80 +2.65
Imd2p-GFP 0.00 +0.00 0.00 +0.00 3.78 +1.21 11.17+£0.86
Imd3p-GFP 0.00 +0.00 0.00 +0.00 2.21+0.76 11.65+0.88
GMP/GDP biosynthesis Imd4p-GFP 0.00 = 0.00 0.00 +0.00 3.10+0.82 11.37+0.61
Gualp-GFP 0.00 +0.00 0.00 +0.00 1.42+0.73 4.83+£295
Guklp-GFP 0.00 +0.00 0.00 +0.00 0.42+0.42 4.02+0.24
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ADE17::GFP ade16A

Figure 2.7. Assembly of purine enzymes is not GFP-dependent and the GFP-tagged
enzymes are functional (A) Structure formation of purine biosynthetic enzymes is not due to
GFP aggregation. Yeast cells expressing HA-tagged purine biosynthetic enzymes were grown in
YPD for 5 days and indirect immunofluorescence was performed using an anti-HA antibody. (B)
GFP-tagged strains do not interfere with functionality of the metabolic enzyme. Yeast strains
were tested by streaking them out on adenine dropout plates. ADE17::GFP adel 6/ is able to
grow on the adenine dropout plate, confirming that GFP does not affect the function of Adel7p.
Yeast ade4A is used as a negative control as it cannot grow on the plate without adenine
supplement.
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structures are found at highly connected portions of glycolysis pathway, glutamate biosynthetic
pathway, and the methionine/cysteine biosynthetic pathway (Figure 2.8). This suggests that
spatial reorganization of metabolic enzymes might be used to coordinate flux through competing
branches of particular pathways in response to nutrient limitation.
Higher order assembly is not used for substrate channeling or to coordinate activity at
distinct nodes

Our finding that the only enzymes that form structures at high frequency are those that
act at nodes in the de novo purine biosynthetic pathway suggested three potential novel modes of
regulation. First, the enzymes at nodes could co-assemble to route products down specific
pathways via substrate channeling. Second, the enzymes that act at different nodes could co-
assemble in order to facilitate feedback inhibition. Third, pathway flux might not be regulated
via co-assembly of enzymes in this pathway. In order to distinguish between these possibilities,
we performed pair-wise co-localization experiments between the enzymes that act at the first
committed step in de novo purine biosynthesis (Prs3p, Prs5p, and Ade4p) as well as those that
act the second major branchpoint in the pathway, which are involved with generation and
conversion of IMP into either GTP or ATP (Adel6p, Adel7p, Adel2p, and Imd4p). For each set
of enzymes, one protein was tagged with GFP while the second was tagged with mCherry
(Figure 2.9). We only observed colocalization when enzymes acted at the same step: Prs3p and
Prs5p (Figure 2.9A), which are both subunits of PRPP synthetase, and Adel6p and Adel7p,
which are isozymes of the bifunctional 5-aminoimidazole-4-carboxamide ribonucleotide
transformylase/IMP cyclohydrolase (Figure 2.9B). These results argue that the assembly of these
enzymes into large structures is not a strategy for substrate channeling, since enzymes that act on

different steps are not found in the same structure.
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Figure 2.8. Position within a pathway can determine the ability of self-assembly

(A) Representative images of metabolic enzymes involved in glycolysis and glucose
fermentation pathways. Images were taken from the culture condition with the highest degree of
assembly. (B) Schematic of the glycolysis and glucose fermentation pathway. Metabolic
enzymes that form intracellular structures are highlighted in red. Abbreviations: Glk1p =
glucokinase, Hxk1p/Hxk2p = hexokinase, Pgilp = glucose-6-phosphate isomerase, Pfk1p/Ptk2p
= phosphofructokinase, Fbalp = aldolase, Tpil = triosephosphate isomerase,
Tdh1p/Tdh2p/Tdh3p = glyceraldehyde-3-phosphate dehydrogenase, Pgklp = 3-
phosphoglycerate kinase, Gpm1p = phosphoglycerate mutase, Enolp/Eno2p = enolase, Cdc19p
= pyruvate kinase, Pdc1p = pyruvate decarboxylase, Adh2p/Adh3p = alcohol dehydrogenase,
Ald4p/Ald5p/Ald6p = aldehyde dehydrogenase. (C) Representative images of metabolic
enzymes involved in the glutamate biosynthetic pathway. Images were taken from the culture
condition with the highest degree of assembly. (D) Schematic of glutamate biosynthetic pathway.
Metabolic enzymes that form intracellular structures are highlighted in red. Abbreviations: NH3
= ammonia, GInlp = glutamine synthetase, Gltlp = glutamate synthase, Gdh1p/Gdh2p/Gdh3p =
NADP-dependent glutamate dehydrogenase. (E) Representative images of metabolic enzymes
involved in methionine and cysteine biosynthesis. Images were taken from the culture condition
with the highest degree of assembly. (F) Schematic of methionine and cysteine biosynthesis.
Metabolic enzymes that form intracellular structures are highlighted in red. Abbreviations:
Met6p = Cobalamin-independent methionine synthase, Cys4p = cystathionine beta-synthase,
Cys3p = cystathionine gamma-lyase, Sam1p/Sam2p = S- adenosylmethionine synthetase
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Figure 2.9. Only intracellular structures formed by metabolic enzymes performing the
same reaction colocalize with each other.

(A) Prs5p does not colocalize with any downstream enzyme in the de novo purine biosynthetic
pathway. Dual fluorescent strains were grown to 5 days in YPD for imaging. (B) Only Adel6p
and Adel7p foci show colocalization with each other. Growth conditions were identical to those
indicated in (A). (C) Imd4p fails to colocalize with its upstream enzyme (Ade4p, Adel6p) or its
cross-pathway enzyme (Adel2p). Growth conditions were identical to those indicated in (A). (D)
Unlike in other eukaryotes, IMP dehydrogenase (Imd2-4p) does not colocalize with CTP
synthetase (Ura7p). Growth conditions were identical to those indicated in (A).
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We next examined the possibility that enzymes acting at different nodes within the same
or competing pathways might co-assemble to facilitate coordinated regulation. First, we used
pair-wise co-localization experiments to determine if there were any enzymes that acted at the
first decision point in de novo purine biosynthesis that co-assembled with enzymes at the second
decision point. Ade4p, which acts at the first committed step of de novo purine biosynthesis,
showed no co-localization with any of the enzymes (Adel7p, Adel2p, and Imd4p) that act at the
second decision point in the pathway (Figure 2.9B). Thus, the enzymes from the two major
nodes of this pathway do not co-assemble with each other. We also explored the possibility that
enzymes that form intracellular structures and whose products are known to cross-regulate each
other might co-assemble to facilitate the balancing of flux through different parts of the
metabolic network.

Since the downstream products of Adel2p and Imd2/3/4p cross regulate each other to
ensure the balanced synthesis of ATP and GTP, we tested whether these enzymes co-assemble to
facilitate pathway balancing. We observed no co-localization of these enzymes arguing that the
formation of these structures is not necessary for coordinating the activity of the different
branches of the de novo purine biosynthetic pathway (Figure 2.9C). We also extended this
analysis to coordination between purine and pyrimidine biosynthesis. Since CTP synthetase
(Ura7p) is a highly studied metabolic polymer and is allosterically activated by GTP, the
downstream product of Imd2/3/4p, we examined whether Ura7p and Imd2/3/4p structures co-
localized (Carcamo et al., 2011; Ingerson-Mahar et al., 2010; Levitzki and Koshland, 1972; Liu,
2010; Noree et al., 2010). Ura7p filaments were not associated with any of the structures
formed by Imd2p, Imd3, or Imd4p (Figure 2.9D). Thus, while the ability of metabolic enzymes

in the de novo purine biosynthetic pathway to form structures is restricted to those enzymes that
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act at key decision points in the pathway, there appears to be no co-assembly to facilitate
regulation within or between different pathways. Together, this argues the role of these enzyme
structures in flux control does not occur via a substrate channeling mechanism.
A subset of purine biosynthetic enzymes are components of RNA granules

Since the assembly of metabolic enzymes within the de novo purine biosynthetic pathway
does not appear to be a mechanism for substrate channeling, we considered other ways these
enzyme structures might impact metabolic flux. One way to control flux through a pathway is
by modulating the levels of rate limiting enzymes in the cytoplasm (Jin et al., 2017; Saad et al.,
2017). It was recently shown that yeast pyruvate kinase, Cdc19p, was recruited into RNA
granules upon carbon starvation to regulate its enzymatic activity highlighting a new localization
pattern for controlling metabolic flux (Saad et al., 2017). Since many RNA granules form in the
cytoplasm under the same conditions that cause metabolic enzymes to assemble, we examined
the possibility if any purine biosynthetic enzymes had similar crosstalk with these structures. In
order to explore this possibility, we evaluated the localization pattern of the enzymes in purine
biosynthesis that form structures for co-localization with either RNA stress granules (Ded1p-
mCherry) and/or processing bodies (Edc3p-mCherry). Prs3p and Prs5p were excluded from these
studies since they form filaments that are clearly distinct from RNA granules. While Ade4p and
Adel12p showed little (<5%) localization with either RNA granule marker when yeast are grown
to stationary phase, the vast majority of Adel6p (91%) and Adel7p (90%) co-localized with the
stress granule marker, Ded1p (Figure 2.10A; Table 2.3). Furthermore, the remaining Adel6p
(8%) and Adel7p (9%) structures appear to be processing bodies as measured by co-localization

with the processing body marker Edc3p-mCherry (Figure 2.10B; Table 2.3). Thus, while
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Figure 2.10. Adel6p, Adel7p and Imd3p are recruited to stress granules

(A) Adel6p, Adel7p, and Imd3p display high levels of colocalization with the stress granule
marker, Ded1p. Dual fluorescent strains were grown in YPD to 5 days, with the exception of
Aded4p-GFP, which was examined at 1 day. (B) All enzymes in the purine biosynthetic pathway
showed no colocalization with the processing body marker, Edc3p. Growth conditions were
identical to those indicated in (A). (C) Adel6p also colocalizes with known stress granule
associated chaperone, Hsp104p. Growth conditions were identical to those indicated in (A). (D)
Adel6p colocalizes with known stress granule associated chaperone, Ssalp. Growth conditions
were identical to those indicated in (A). (E) Quantification of colocalization of Adel6p with
chaperones Hsp104p and Ssalp. Data is represented as mean of at least three independent
experiments; error bars indicate SEM.
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Table 2.3. Summary of colocalization frequency of GFP-tagged protein with mCherry-
tagged Ded1p or mCherry-tagged Edc3p

% of GFP foci that colocalize % of GFP foci that colocalize with

Protein with Ded1p-mCherry Edc3p-mCherry
ADE4::GFP 2.95+0.71 4.31+0.39
ADE16::GFP 91.10+ 1.86 8.11+1.29
ADE17::GFP 90.29 + 0.63 9.58 +1.84
ADE12::GFP 5.25+1.20 4.96 £ 0.66
IMD2::GFP 13.09 + 1.58 6.67 +0.98
IMD3::GFP 34.68 +3.89 7.30+1.48
IMD4::GFP 1599 +£2.73 6.67 +1.01
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stationary phase is a trigger for all four enzymes to assemble, only Ade16/17p, is specifically
recruited to RNA granules.

We also observed a higher degree of colocalization of Imd3p with stress granules
compared to Imd2p and Imd4p (Figure 2.10A-B; Table 2.3). The recruitment of one subunit of
the IMP dehydrogenase complex to stress granules suggests that Imd3p possesses a potential
novel function involved in RNA metabolism, whereas the other subunits do not. To further
validate the presence of metabolic enzymes in stress granules, we scored for the colocalization of
two associated chaperones, Hsp104p and Ssalp, and found overlap of these foci with Adel6p
(Figure 2.10C-E, Table 2.4). Surprisingly, Ade16/17p and Imd3p also lack the prion-like
domains that typically play a role in recruitment of proteins to stress granules suggesting that
they are recruited via a novel mechanism. Thus, Adel16/17p and Imd3p are novel components of
stress granules and their association suggests a potential role in post-transcriptional gene
regulation and metabolism.

Specific subunits of PRPP synthetase polymerize under distinct growth conditions

Since only a subset of purine enzymes are localized to RNA granules, we next explored
other mechanisms for controlling pathway activity such as the sequestration of essential subunits
into a structure. Yeast PRPP synthetase presents an excellent case study for such a possibility
due to its unusual subunit architecture. While PRPP synthetases in other organisms are homo-
oligomeric, no single yeast Prs protein can form a functional enzyme and only certain hetero-
oligomeric combinations of the five Prs proteins are enzymatically active. Our initial screen
identified that two subunits (Prs3p, and Prs5p) were capable of filament formation and co-
localize to the same structure (Fig 2.8A). Interestingly, all of the enzymatically active

combinations of Prs subunits contain either Prs3p or Prs5p, but not both. Thus, these two

48



Table 2.4. Summary of colocalization frequency of Adel6p-mCherry and GFP-tagged
chaperone proteins

with Hsp104p-GFP with Ssalp-GFP

% colocalization of

Adel6p-mCherry 69.89+5.19 21.48 £2.01
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subunits appear to delineate distinct forms of PRPP synthetase, a conclusion that is supported by
the fact that PRS3A and PRS5A are synthetically lethal with each other (Hernando et al., 1999;
Hernando et al., 1998).

If selective polymerization of Prs3p and Prs5p is a mechanism for regulating PRPP
synthetase activity, we would expect that the assembly/dissassembly of each subunit might be
triggered by distinct growth conditions. To test this, we examined whether a brief 30 min shift
into fresh media could trigger the disassembly of Prs3p and/or Prs5p filaments in yeast grown to
stationary phase. This shift caused the rapid disassembly of both Prs3p and Prs5p filaments while
the protein levels of both proteins remained constant. Furthermore, 30 min shifts to YP alone
caused no disassembly of Prs3p and Prs5p filaments (Figure 2.11A; Table 2.5). As a result, we
focused our attention on the role of glucose in triggering disassembly of these filaments. Both
Prs3p and Prs5p filaments disassemble in response to either the addition of fresh glucose to the
culture or a 30-minute shift to 2% glucose. Thus, the disassembly of both types of filaments is
regulated by glucose.

Since addition of glucose triggers disassembly of Prs3p and Prs5p filaments, we
predicted that removal of glucose from log phase cultures would trigger assembly. Interestingly,
the assembly Prs3p and Prs5p showed a differential response to glucose removal. While Prs3 and
Prs5 do not show any structures during logarithmic growth, a 30-minute shift to media lacking
glucose was sufficient to trigger Prs5p filament formation in ~90% cells, but did not trigger
Prs3p assembly (Figure 2.11B; Table 2.6). Thus, two different subunits of PRPP synthetase in
yeast, Prs5p and Prs3p, form filaments under distinct conditions: Prs3p assembles only in
stationary phase while Prs5p assembles in response to acute glucose limitation and stationary

phase. Because glucose can directly generate the substrate for PRPP synthetase, ribose-5-
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Figure 2.11. Coordinated structure formation of PrsSp and Ade4p controls pathway flux
(A) Prs3p, Prs5p, and Ade4p structures disassemble in response to the presence of fresh glucose.
Cells expressing GFP-tagged purine biosynthetic enzymes were grown in YPD for 5 days, except
for ADE4::GFP strain (1 day), and then shifted into the indicated media and incubated for 30
min at 30°C and visualized immediately. Protein levels were determined by western blot analysis
and were normalized to no treatment samples (indicated below blots). (B) Prs5p and Ade4p have
distinct triggers for structure formation. Yeast cells expressing GFP-tagged purine biosynthetic
enzymes were grown to log phase in complete SD media, shifted into the indicated media for 30
min at 30°C, and counted immediately. (C) Deletion of downstream enzymes of Ade4p lead to
increased structure formation of Adedp. Wild-type and mutant cells expressing Ade4p-GFP were
grown in YPD for 1 day at 30°C and scored for structure formation. Protein levels were
determined by western blot analysis and were normalized to the wild-type strain (indicated
below blots). (D) Loss of feedback inhibition increases foci formation of Ade4p. Cells
expressing wild-type Ade4p-GFP and Ade4p(K333Q)-GFP were grown to log phase in YPD and
cells were scored for frequency of structure formation. Protein levels were determined by
western blot analysis and were normalized to the wild-type strain (indicated below blots). Data is
represented as mean of at least three independent experiments; error bars indicate SEM. (E)
Model for the coordinating activities of Prs5p and Ade4p with regulated structure assembly
statuses is illustrated.
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Table 2.5. Summary of structure formation frequency of yeast GFP strains treated with
different conditions

Protein No treatment  Shift to fresh Shift to fresh Shift to 2% Q:fi:lo?z(;i Shift to sterile
YPD YP glucose solution final conc.) water
Prs3p-GFP 87.059+0.991 374340722  85.184+1.676 1548842988  3.666+0.376  85.189 +3.175
Prs5p-GFP 76287+ 10344 339640635  79.136+15.858  22.916+£7.842  7.790+ 1216  60.735 + 18.937
Adedp-GFP 25.8314+2.535 329740769  18232+0.905 15592423837  8.896+0.172  30.320+2.704
Adel6p-GFP 35.406+9359  1.11940.556  27.084+10315  0.942 +0.471 1433 £0.803  29.714 +8.252
Adel7p-GFP 16440 £2.475  5323+1322  15.662+4.397 4201 +0.942 352741209  22.286+3.611
Adel2p-GFP 89.648+7.729  1.184+0280  71.703+£5.603  1.160 +0.582 2.601+1.336  71.673 +25.561
Imd2p-GFP 10.597 +0.585  1.561 +0.237 1272 +0.170 2221 +0.306 130540.099  4.373 +0.59%
Imd3p-GFP 9.788 + 0.424 1.380 + 0.372 1.682 + 0.307 1.785 + 0.534 1.120 + 0.296 5.450 + 0.333
Imd4p-GFP 10.459 +0.537  1.309+0.170 1.862 + 0.562 1.825 +0.183 1.461 + 0.410 7.259 + 0.639
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Table 2.6. Summary of structure formation frequency of yeast GFP strains upon induction
by glucose and/or adenine depletion

Protein No treatment Shift to Shift to Ade- Shift to Dex-
Dex- and Ade-
Prs3p-GFP 0.00 = 0.00 0.00+0.00 0.00+0.00 0.00+0.00
Prs5p-GFP 0.00+0.00 8?"892;: 0.12+0.12 92.78 £3.71
Aded4p-GFP 0.00 = 0.00 0.12+0.12 47.81+2.69 0.37+0.00

Adel6p-GFP 0.00 = 0.00 0.00 +0.00 0.00 £+ 0.00 0.00 = 0.00
Adel7p-GFP 0.00 = 0.00 0.00 £ 0.00 0.00 +0.00 0.25+0.25
Adel2p-GFP 0.00 = 0.00 1.56 £0.53 0.00 +0.00 2.67 £ 1.59
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phosphate, via the pentose phosphate pathway, this result suggests that substrate availability
could regulate polymerization of Prs3p and Prs5p (Zimmer, 1992).
Aded4p assembly is regulated by end-product inhibition

Given our results with PRPP synthetase, we next examined the disassembly behavior of
the other purine biosynthetic enzymes that form structures. In all cases, a brief 30 min shift to
fresh YPD caused elimination of all of the structures with no change in protein level (Figure
2.11A, Figure 2.12). Additionally, shifting to YP had little to no effect on the disassembly of
any of the purine biosynthetic structures (Figure 2.11A, Figure 2.12; Table 2.5). This suggested
that glucose might regulate the disassembly of all of the structures in the de novo purine
biosynthetic pathway. The addition of either fresh glucose to the culture or a 30-minute shift to
2% glucose caused Adel6/17p, Adel2p, and Imd2-4p structures to disassemble without a change
in protein level; however, Adedp structures remained intact (Figure 2.12; Table 2.5).
Additionally, we found that acute removal of glucose does not trigger the assembly of any other
purine biosynthetic enzyme other than Prs5p (Figure 2.11B). Thus, only Prs5p and Adedp
structures showed assembly/disassembly behavior that was distinct from the other enzymes in
the pathway.

Given this result, we focused our attention on whether acute removal of adenine from the
growth media could trigger purine biosynthetic enzymes to assemble. We focused on the
response to adenine limitation for two reasons. First, adenine removal would be predicted to
increase flux though the de novo purine biosynthetic pathway; thus, enzymes that assemble
would be likely to be doing so in response to increased activity. Second, recent work on Ade4p
suggested that removal of adenine for 2 hours caused Ade4p to assemble into structures in a

translation-dependent manner raising the possibility that Ade4p structures form due to increased
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Figure 2.12. Disassembly of downstream acting purine enzymes is carbon-dependent.
Addition of fresh media with glucose is able to disassemble all purine biosynthetic enzymes.
Cells expressing GFP-tagged purine biosynthetic enzymes were grown in YPD for 5 days and
then shifted into the indicated media and incubated for 30 min at 30°C and visualized
immediately. Protein levels were determined by western blot analysis and were normalized to no
treatment samples (indicated below blots)
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protein levels in response to adenine deprivation (Narayanaswamy et al., 2009; O'Connell et al.,
2014).

To identify purine biosynthetic enzymes that formed adenine responsive structures,
strains were grown to log phase and then shifted to Ade- media for 30 minutes. Only Adedp
assembled (48% of cells) and no change in Ade4p protein levels were observed (Figure 2.11B;
Table 2.6). These results suggested that Ade4p formed structures in response to increased
enzyme/pathway activity.

While adenine removal is a potent driver of Ade4p assembly, it was unclear what
metabolic changes might be triggering the assembly of Ade4p structures. The transcriptional
regulation of purine biosynthetic genes is known to respond to the elevated levels of the
metabolic intermediate 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) that occur
when flux through the pathway decreases (Pinson et al., 2009). In order to explore whether
Adedp assembly might be responding to changes in metabolite levels, we assayed the effect of
deleting different enzymes in de novo purine biosynthesis on the assembly of Ade4p foci.
Interestingly, Ade4p assembly differed from the transcriptional regulation of the ADE genes in
that deletion of enzymes that act upstream of AICAR biosynthesis (ADE1 and ADE?2) as well as
those that act downstream (4DFE2) increased the number of Ade4p foci when cultures were
grown to 1 day (Pinson et al., 2009; Rebora et al., 2001) (Figure 2.11C). While all three deletions
caused an increase in Ade4p foci as compared to wild type, the magnitude of the response
differed between the different mutations. Deletion of either ADE1 or ADE?2 caused a 1.5-fold
increase in Ade4p foci as compared to wild type, while deletion of ADE12, which acts
downstream of IMP biosynthesis, caused a 3-fold increase in Ade4p foci with almost all cells

(93%) possessing Ade4p structures (Figure 2.11C; Table 2.7). Given that disruption of ATP
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Table 2.7. Summary of structure formation frequency of Ade4p-GFP upon deletion of
ADE2, ADE1, and ADE12

o, i -
Gentoype % cells with Ade4p-GFP

structures
WT 31.42 +4.88
ade2A 48.18 +4.86
adeilA 47.04 + 3.51
ade12A 93.18 £ 0.50
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and GTP synthesis (adelA and ade2A) or solely ATP synthesis (adel24) display increased
Adedp structures suggests that decreases and/or imbalances of the amount of end products of the
pathway to regulate its Ade4p assembly.

Our epistasis analysis of Ade4p assembly is consistent with the fact that Adedp activity is
regulated by ATP and/or GTP levels via a feedback inhibition mechanism (Rebora et al., 2001).
To investigate whether Ade4p foci formation is responsive to feedback inhibition, we leveraged
previous structural and biochemical studies of E. coli amidophosphoribosyltransferase, the
orthologue of Ade4p, which identified K326Q as a mutation that confers resistance to feedback
inhibition without affecting enzyme activity (Zhou et al., 1993). In order to assess the role of
feedback inhibition on Ade4p assembly, we introduced the equivalent mutation (K333Q) into the
chromosomal 4ADE4 gene in yeast and measured the frequency of structure formation for
Adedp(K333Q)-GFP as compared to wild type when cells are grown to log phase. The
Adedp(K333Q)-GFP strain displayed a 2.6-fold increase in the percentage of cells with
structures as compared to WT consistent with increased enzyme activity driving Ade4p assembly
(Figure 2.11D; Table 2.8). Thus, while Prs5p subunits are sequestered in an inactive filament,
Adedp assembles under conditions that either decrease end product inhibition or necessitate
increased pathway flux.

The assembly of Ade4p and PrsSp is coordinately regulated

If the ability of metabolic enzymes to assemble into filaments and foci is a mechanism
for controlling pathway flux, one would expect that assembly/disassembly of different enzymes
in the same pathway would be highly coordinated. Consistent with this, we have found that
acute glucose removal triggers down regulation of PRPP synthetase activity via Prs5p

sequestration, but does not cause activation of Ade4p and the assembly of Adedp
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Table 2.8. Summary of structure formation frequency of WT vs K333Q Ade4p-GFP

% cells with Ade4p-GFP structures
WT 10.73 = 2.42
K333Q 27.80 £ 1.73
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into structures (Figure 2.11A-B). Interestingly, the converse is also true - acute adenine removal
causes activation of Ade4p and the formation of Ade4p structures, but does not cause the
inactivation of PRPP synthetase by Prs5p polymerization (Figure 2.11B). While these
observations are consistent with coordinated regulation of enzyme assembly, regulation of
assembly via glucose and adenine could be occurring independently of each other. If Prs5p
polymerization and Ade4p assembly were truly coordinately regulated, one would predict that
removal of both glucose and adenine would cause Prs5p to assemble and would block the
assembly of Adedp. This is due to the fact that there is no reason to activate Ade4p, even in the
absence of adenine, if the upstream enzymes are inactivated or down regulated. Consistent with
this prediction, only Prs5p forms structures when shifted to media lacking both glucose and
adenine (Figure 2.11B). Thus, the assembly of Prs5p and Ade4p is coordinately regulated and
the hierarchy of assembly reflects their relative position in the de novo purine biosynthetic
pathway (Figure 2.11B).
The assembly of PRPP synthetase is evolutionarily conserved

The coordinate regulation of Prs5p and Ade4p assembly raised the question of whether
the ability of these enzymes to form structures is evolutionarily conserved. Previous work on the
mammalian ortholog of Ade4p, PPAT, found that it was recruited to purinosomes in response to
purine depravation. This suggested that activation of PPAT/Ade4p via recruitment to an
intracellular structure might be evolutionarily conserved. However, the unusual subunit
architecture of yeast PRPP synthetase suggested that polymerization might be unique to the yeast
enzyme. The active forms of yeast PRPP synthetase are assembled from unique combinations of
the 5 PRS gene products (Hove-Jensen, 2004). This allows the potential down-regulation of

enzyme activity by sequestering an essential subunit via polymerization. However, mammalian
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PRPP synthetases are homo-hexameric, suggesting that this type of regulation might not exist in
higher eukaryotes (Li et al., 2007). In order to test whether the PRPP synthetase filament
formation is evolutionarily conserved, we immunostained Drosophila ovaries, rat hippocampal
neurons, and human primary culture fibroblasts for PRPP synthetase. In all three cases, we
found that PRPP synthetase forms filaments in the nucleus under normal growth conditions
(Figure 2.13A-C). Thus, the ability of PRPP synthetase to form filaments is evolutionarily

conserved.
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25 um

Figure 2.13. Filament formation of PRPP synthetase is evolutionarily conserved
Conservation of PRPP synthetase into filaments observed in Drosophila egg chambers (A), rat
neurons (B), and human fibroblasts (C). The insert at the top left corner of each image is 3x
magnified of the original image. PRPP synthase is stained with anti-PRPS1 (Covance) (in red),
and tubulin is detected with anti-tubulin-FITC (Sigma) (in green).
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Discussion
Regulation of metabolic networks by self-assembling enzymes

There have been several proposed roles for metabolic enzymes assembling into supra-
molecular complexes. End product inhibition by CTP is a trigger for bacterial CTP synthetase to
polymerize in an inactive state arguing that the formation of these complexes can be used to
buffer the amount of free, active enzyme (Barry et al., 2014). In contrast, acetyl Co-A
carboxylase forms filaments as part of its activation mechanism arguing that polymerization
might facilitate cooperative activation of the enzyme (Beaty and Lane, 1983b; Meredith and
Lane, 1978). In addition to playing roles in activation and inactivation of single enzymes,
multiple enzymes of the de novo purine biosynthetic pathway co-assemble into a single structure,
the purinosome, arguing that these structures might also play a role in accelerating pathway flux
via substrate channeling. While these studies have supported a variety of regulatory roles for
metabolic enzyme structures, it has remained unclear whether this type of regulation is just an
idiosyncratic feature of particular enzymes or if there are rules that determine where in a
metabolic network this type of regulation is deployed.

Our visual screen of the yeast GFP strain collection identified 60 metabolic enzymes that
are capable of forming structures. In contrast to other previous screens of the yeast GFP strain
collection, we assayed multiple different growth conditions and measured the extent of structure
formation in the population of cells. Our analysis revealed that assembly of metabolic enzymes
was often associated with locations within a pathway where either their substrate or product is
highly connected with other parts of the metabolic network. This selective positioning could be
important in times of growth and stress where reorganization of enzymes could promote and

inactivate enzyme activity to ensure coordination of metabolites.
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This conclusion is supported by our in depth analysis of the PrsSp and Ade4p assembly in
the de novo purine biosynthetic pathway. If enzyme polymerization/assembly were a mechanism
for controlling pathway activity, we would expect the formation of these structures to be
coordinately regulated - there is no need to activate a downstream enzyme if the upstream
enzymes have been inactivated. The fact that the assembly of Prs5p into an inactive polymer
occurs when glucose is limiting, while the Ade4p foci form when the pathway is activated in
response to a lack of adenine provided a unique opportunity to test this mechanism of pathway
regulation. Our observation that when yeast are acutely deprived of both glucose and adenine,
Prs5p polymerizes while Ade4p remains dispersed within the cytoplasm argues that these
structures are coordinately controlled and that there is a hierarchy to their formation: inactivation
of upstream steps (i.e. Prs5p) blocks the activation of downstream steps (i.e. Ade4p).

Previous reports have supported the notion that assembly of consecutive enzymes in a
metabolic pathway acts as a mechanism to facilitate flux through a pathway via substrate
channeling. However, we found little support for substrate channeling from our screen.
Consistent with a lack of a yeast equivalent of the mammalian purinosome, our global analysis
did not identify entire pathways comprised of enzymes that formed structures. This was
particularly true in glycolysis where we found that none of the enzymes that form structures act
at on consecutive steps of the pathway. Instead, the glycolytic enzymes that were capable of
assembly either generated or consumed highly connected metabolites in the pathway. Given that
many of the intermediates derived from glycolysis fuel other pathways like amino acid or lipid
biosynthesis, the assembly of a subset of glycolytic enzymes into these structures may provide a
mechanism for ensuring the efficient utilization of carbon sources by gating flux through

multiple branching pathways. Furthermore, the set of glycolytic enzymes that form structures
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may be adaptive to specific stresses since the enzymes we identified do not substantially overlap
with those found to be localized to RNA granules in response to hypoxic stress (Jin et al., 2017).
Stress granules and filaments as potential sites of metabolic enzyme cross-regulation

Interestingly, while we find little evidence for assembly of enzymes acting in consecutive
step of a metabolic pathway, we did find limited co-localization of enzymes between enzymes in
different pathways in two situations we examined. First, we found five pairs of metabolic
enzyme filaments (Figure 2.2) that interacted with each other in addition to forming separate
filaments. Interestingly, prior to our screen only two metabolic enzyme filaments were known to
interact with each other: IMP dehydrogenase and CTP synthetase. The lateral interaction
between these two enzyme filaments in response to specific stresses has been proposed to help
balance CTP and GTP biosynthesis in mammals (Carcamo et al., 2011; Liu, 2016). However,
we found that this interaction is not conserved since none of the IMP dehydrogenases (Imp2-4p)
in yeast form filaments. Interestingly, filaments comprised of the yeast CTP synthetase, Ura7p,
do interact with filaments comprised of the Prs5p subunit of PRPP synthetase. The interaction
between filaments comprised of enzymes that act at the top of purine biosynthesis and the
bottom of pyrimidine biosynthesis suggests that the regulatory possibilities proposed for IMPDH
and CTPS in mammals might also occur in yeast, but with different sets of enzymes. While the
potential regulatory interactions between the remaining pairs of interacting filaments remains
unclear, the results of our screen provide a basis for future studies for defining the structural
basis for how distinct enzyme filaments can interact.

Ironically, the other example of enzyme co-localization that we observed was yeast IMP
dehydrogenase co-assembling with two other enzymes that act at the second branch point of the

de novo purine biosynthetic pathway. Instead of forming autonomous structures like Prs5 and
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Ade4, these three enzymes are recruited to stress granules. This observation suggests that
recruitment of IMP dehydrogenase into enzyme regulatory structures might be a recurring theme
in evolution, but that the nature of the structure (filament vs stress granule) may vary from
species to species. Additionally, the localization of metabolic enzymes to stress granules
suggests that not all metabolic enzyme structures are comprised solely of metabolic enzymes and
that they could play roles in integrating metabolic regulation with the control of other cellular
pathways. RNA granules are known to recruit and regulate the activity of components of
particular signaling pathways (Shah et al., 2014; Zhang et al., 2016). Given that the identity of
which glycolytic enzymes are recruited to RNA granules varies depending on the stress, it is
possible that RNA granule recruitment provides a route for differentially regulating metabolic
pathways in response to translational, oxidative, and/or nutrient stresses (Jin et al., 2017)).
Alternatively, there has been increasing interest in the possibility that certain metabolic
enzymes can act as RNA binding proteins to regulate gene expression post-transcriptionally.
This interest has been driven by results from global screens for RNA binding proteins that
identified a large number of metabolic enzymes as well as previous studies of the TCA cycle
enzyme aconitase (Castello et al., 2012; Castello et al., 2016; Liao et al., 2016; Mitchell et al.,
2013; Scherrer et al., 2010). Aconitase is an Fe-S cluster enzyme, however when iron limitation
leads to failure to form an Fe-S cluster, it is an RNA binding protein that regulates the translation
and stability of mRNAs for key iron uptake genes, such as transferrin (Eisenstein, 2000; Haile et
al., 1992). While only Imd3p has been identified as a RNA binding proteins in global screens,
the localization of these three purine biosynthetic enzymes to stress granules implies that they
could have secondary functions similar to other moonlighting enzymes like aconitase (Mitchell

et al., 2013). Future studies directed at identifying the complete set of metabolic enzymes that
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localize to stress granules and determining whether stress granules act site for integrating stress
with metabolic activity or if the localization reflects additional moonlighting roles for a subset of
metabolic enzymes will help resolve this question.
Conservation of metabolic enzyme assembly

CTP synthetase filament formation was simultaneously discovered in bacteria, D.
melanogaster, S. cerevisiae, and humans. This suggested that the ability of metabolic enzymes
to assemble into structures might be broadly conserved across species. However, the fact that
the purinosome is not conserved from yeast to mammals argued that there may not a simple one-
to-one correspondence between enzyme structures in different species. The results of our screen
provide a robust foundation for comparing assembly behavior across species. For instance, our
screen identified 10 metabolic enzymes that form structures within mitochondria. These 10
metabolic enzyme structures do not appear to be localized to nucleoids or other known
mitochondrial structures based on their distribution. Thus, in addition to identifying a novel
example of sub-organellar organization, these 10 enzymes provide a starting point for identifying
metabolic enzymes in bacteria that may form structures comparable to those of CTP synthetase.

Similarly, our screen is likely to be useful in identifying metabolic enzyme assemblies in
higher eukaryotes as evidenced by our discovery that the ability of PRPP synthetase to form
filaments is conserved from yeast to humans. Furthermore, our observation that PRPP
synthetase forms filaments in the nuclei of mammalian cells while in S. cerevisiae, the filaments
are comprised of inactive subunits that polymerize in the cytoplasm argues that assembly might
be conserved, but the purpose and location of the structure might vary greatly between species.
Given that many inborn errors in metabolism display oddly tissue specific phenotypes that are

difficult to explain in light of the known biochemical function of the enzyme, future comparative
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studies that leverage the results of our screen could provide insights into whether enzyme

assembly behavior contributes to the pathophysiology of some of these diseases.
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Materials and Methods
Yeast Strains and Media

Yeast strains used in this study are listed in Table 2.9. Briefly, all strains were grown at
30°C in YPD (2% peptone, 1% yeast extract, 2% dextrose) unless otherwise indicated. Strains
with GFP tagged proteins were from the yeast GFP collection (Howson et al., 2005).
Yeast GFP Collection Screen

Yeast strains were grown in 5 mL liquid YPD at 30°C with shaking for the indicated time
points. Cells were fixed by adding 100 pl of 37% w/v formaldehyde to 1 ml of yeast liquid
culture and incubated on a rotating platform for at least 15 min at room temperature. Cells were
then washed once with sterile water and resuspended in 1M sorbitol prior to counting and
imaging. Structure formation was quantitated by counting the total number of cells and the
number of cells with structures from at least 250 cells and reported as a percentage of cells with
structures.
Construction of Yeast Strains
Generation of mCherry/GFP strains

Plasmids pBS34 (mCherry/KanMX6) or pBS35 (mCherry/HygromycinB) were used to
generate mCherry-tagging cassettes via PCR and transformed into the appropriate GFP
background strain. The positive clones were validated by PCR and fluorescence microscopy. In
all cases, the primers were designed according to established protocols
(http://depts.washington.edu/yeastrc/pages/pBS34.html), except that 10 additional nucleotides
were added to the homology sequence to the gene of interest in order to improve the efficiency

of homologous recombination.
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Table 2.9. List of yeast strains used in this study

Strain Genetic background Reference
BY4741 MATa his3A1 leu2A0 met1540 Dharmacon
ura340

PRS1::GFP-His3MX6 BY4741 GFP collection
PRS2::GFP-His3MX6 BY4741 GFP collection
PRS3::GFP-His3MX6 BY4741 GFP collection
PRS4::GFP-His3MX6 BY4741 GFP collection
PRS5::GFP-His3MX6 BY4741 GFP collection
ADE]1::GFP-His3MX6 BY4741 GFP collection
ADE2::GFP-His3MX6 BY4741 GFP collection
ADE4::GFP-His3MX6 BY4741 GFP collection
ADES5::GFP-His3MX6 BY4741 GFP collection
ADEG6::GFP-His3MX6 BY4741 GFP collection
ADE7::GFP-His3MX6 BY4741 GFP collection
ADES::GFP-His3MX6 BY4741 GFP collection
ADE12::GFP-His3MX6 BY4741 GFP collection
ADE13::GFP-His3MX6 BY4741 GFP collection
ADE16::GFP-His3MX6 BY4741 GFP collection
ADE17::GFP-His3MX6 BY4741 GFP collection
ADK1::GFP-His3MX6 BY4741 GFP collection
ADK2::GFP-His3MX6 BY4741 GFP collection
IMD2::GFP-His3MX6 BY4741 GFP collection
IMD3::GFP-His3MX6 BY4741 GFP collection
IMD4::GFP-His3MX6 BY4741 GFP collection
GUA1::GFP-His3MX6 BY4741 GFP collection
GUK1::GFP-His3MX6 BY4741 GFP collection
ade2A:KanMX6; ADE4::GFP-His3MX6 BY4741 This study
ade1A:KanMX6; ADE4::GFP-His3MX6 BY4741 This study
ade12A:KanMX6; ADE4::GFP-His3MX6 BY4741 This study
ADE4::GFP-KanMX6 BY4741 This study
ADE4(K333Q)::GFP-KanM X6 BY4741 This study
ADE4::3HA-KanMX6 BY4741 This study
ADEI12::3HA-KanM X6 BY4741 This study
ADEI16::3HA-KanM X6 BY4741 This study
ADEI17::3HA-KanM X6 BY4741 This study
PRS3::3HA-KanM X6 BY4741 This study
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Table 2.9. List of yeast strains used in this study (continued)

PRS5::3HA-KanMX6 BY4741 This study
PRS3::mCherry-KanMX6; PRS5::GFP-His3MX6  BY4741 This study
ADE4::mCherry-KanMX6; PRS5::GFP-His3MX6 BY4741 This study
ADEI12::mCherry-KanMX6; PRS5::GFP- .
His3MX6 BY4741 This study
ADE16::mCherry-KanMX6; PRS5::GFP- .
His3MX6 BY4741 This study
ADE4::mCherry-KanMX6; ADE17::GFP- .
His3MX6 BY4741 This study
ADE4::mCherry-KanMX6; ADE12::GFP- .
His3MX6 BY4741 This study
ADEI12::mCherry-KanMX6; ADE17::GFP- .
His3MX6 BY4741 This study
ADEI16::mCherry-KanMX6; ADE17::GFP- .
His3MX6 BY4741 This study
ADE4::mCherry-KanMX6; IMD4::GFP- .
His3MX6 BY4741 This study
ADEI12::mCherry-KanMX6; IMD4::GFP- .
His3MX6 BY4741 This study
ADEI12::mCherry-KanMX6; IMD4::GFP- .
His3MX6 BY4741 This study
URAT7::mCherry-KanMX6; IMD2::GFP- .
His3MX6 BY4741 This study
URA7::mCherry-KanMX6; IMD3::GFP- .
His3MX6 BY4741 This study
URA7::mCherry-KanMX6; IMD4::GFP- .
His3MX6 BY4741 This study
DEDI1::mCherry-HphNT1; ADE4::GFP-His3MX6 BY4741 This study
DEDI1::mCherry-HphNT1; ADE12::GFP- .
His3MX6 BY4741 This study
DEDI1::mCherry-HphNT1; ADE16::GFP- .
His3MX6 BY4741 This study
DEDI1::mCherry-HphNT1; ADE17::GFP- .
His3MX6 BY4741 This study
DEDI1::mCherry-HphNT1; IMD2::GFP-His3MX6 BY4741 This study
DEDI1::mCherry-HphNT1; IMD3::GFP-His3MX6 BY4741 This study
DEDI1::mCherry-HphNT1; IMD4::GFP-His3MX6 BY4741 This study
EDC3::mCherry-HphNT1; ADE4::GFP-His3MX6 BY4741 This study
EDC3::mCherry-HphNT1; ADE12::GFP- .
His3MX6 BY4741 This study
EDC3::mCherry-HphNT1; ADE16::GFP- .
His3MX6 BY4741 This study
EDC3::mCherry-HphNT1; ADE17::GFP- .
His3MX6 BY4741 This study
EDC3::mCherry-HphNT1; IMD2::GFP-His3MX6 BY4741 This study
EDC3::mCherry-HphNT1; IMD3::GFP-His3MX6 BY4741 This study
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Table 2.9. List of yeast strains used in this study (continued)

EDC3::mCherry-HphNT1; IMD4::GFP-His3MX6 BY4741 This study
ADE4::mCherry-KanMx6; HSP104::GFP- .
His3MX6 BY4741 This study
ADEI12::mCherry-KanMx6; HSP104::GFP- .
His3MX6 BY4741 This study
ADE16::mCherry-KanMx6; HSP104::GFP- .
His3MX6 BY4741 This study
PRS3::mCherry-KanMx6; HSP104::GFP- .
His3MX6 BY4741 This study
PRS5::mCherry-KanMx6; HSP104::GFP- .
His3MX6 BY4741 This study
ADE4::mCherry-KanMx6; SSA1::GFP-His3AMX6 BY4741 This study
ADEI12::mCherry-KanMx6; SSA1::GFP- .
His3MX6 BY4741 This study
ADE16::mCherry-KanMx6; SSA1::GFP- .
His3MX6 BY4741 This study
PRS3::mCherry-KanMx6; SSA1::GFP-His3MX6  BY4741 This study
PRS5::mCherry-KanMx6; SSA1::GFP-His3MX6  BY4741 This study
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Generation of HA-tagged strains

The 3HA-KanMX6 cassette was PCR amplified from pFA6a-3HA-kanMX6 in the same
manner as the mCherry cassettes and transformed into yeast strain, BY4741, using the lithium
acetate/PEG method (Ito et al., 1983). Positive clones were verified by PCR and indirect
immunofluorescence.
Construction of Ade4p feedback inhibition resistant yeasts

The full-length ADE4 coding sequence was amplified from genomic DNA isolated from
yeast strain BY4741 using primers that introduced a Sall site at the start of the gene and Smal
site at the end of the gene. The ADE4 coding sequence was then subcloned into pFA6a-GFP-
kanM X6 upstream of the GFP cassette. Site directed mutagenesis was then used to introduce the
K333Q mutation into ADE4 in the pFA6a-4ADE4-GFP-kanM X6 plasmid (primers available on
request). After the K333Q mutation was verified by sequencing, the ade4(K333Q)-GFP-
kanMX6 cassette was PCR amplified with primers containing 50 bp upstream of the ADE4 start
codon and 50 bp downstream of the ADE4 stop codon. The PCR product was then transformed
into yeast strain BY4741 using the lithium acetate/PEG method (Ito et al., 1983). Transformants
were selected on YPD agar plate containing G418 (400 pg/mL), and verified by sequencing.
Yeast Strains for Epitasis Studies

Strains from the GFP collection (MATa his3A1 leu2A0 metl1SA0 ura3A0) were crossed
to specific strains from the yeast knockout collection (MATa his3A1 leu2A0 lys2A0 ura3A0, gift
from Maho Niwa, UC San Diego). The crosses were plated onto YPD plates and re-streaked
onto Met/Lys™ double-dropout plates to select for diploid cells. Single colonies were then
inoculated into 2 ml YPD, incubating for 8 hours at 30°C. The cells were washed and

resuspended in 1 ml Spo-UL media (0.1% yeast extract; 1% potassium acetate; 0.05% dextrose;
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0.002% leucine, 0.004% uracil), and grown for 5-6 days on a rotator at room temperature.
Tetrads were then digested with 200 U/ml zymolase (Zymo Research) and micro-dissected into
single cells onto YPD plates followed by growth at 30°C for 48 hours. Colonies were gridded
onto YPD plates and grown overnight. The master plate was then replica plated onto either
G418" YPD or SC-His drop out plates and grown overnight. Each haploid was genotyped by
PCR or growth on selective media to ensure the presence of the GFP, the deletion, and the
markers of our standard strain background (his3A 1 leu2A0 met15A0 ura3A0).
MitoTracker staining

GFP-tagged strains were grown to either log phase or 1 day in YPD at 30°C with
shaking. Mitotracker Red (Life Technologies) was added to the culture to a final concentration of
0.1 uM and incubated at room temperature on a rotatory platform in the dark for 30 minutes.
Cells were then washed once and resuspended in 1M sorbitol and imaged immediately.
Fluorescence Microscopy and Image Analysis

Images from the screening the Yeast GFP collection, Mitotracker Red, and colocalization
experiments were acquired using a DeltaVision® system with an Olympus [X70 microscope,
Olympus PlanApo 60X/1.40 Oil objective, and SoftWoRx ™ software version 2.5 (Applied
Precision). Images for mitochondrial staining using the pVTU-mito-dsRed plasmid as well as
RNA granule colocalization were taken using a Zeiss Axiovert 200M fluorescent microscope
equipped with a CSU-X1 spinning disk (Yokogawa), an iChromeMLE laser source (Toptica
Photonics) and pManager version 1.4 software. For each acquisition, a 2um Z-stack was taken
with slices at 0.25um intervals using the 40X (or 100X for intensity ratio determination)

objective.
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For colocalization experiments, cells were then grown to stages where formation of the
GFP-tagged structure was highest and then fixed in 4% formaldehyde (with the exception of
IMD?2::GFP, IMD3::GFP, and IMD4::GFP) prior to imaging. For RNA granule and chaperone
colocalization experiments, images were taken and then analyzed on ImagelJ and colocalization
was determined by examining each confocal slice image. Independent experiments were repeated
at least 3 times for graphing (mean + SEM).

Protein Extraction and Western Blotting

Whole cell extracts were prepared via NaOH extraction according to (Kushnirov, 2000).
Briefly, 2.5 OD600 cells were harvested and resuspended in 0.1N NaOH and incubated at room
temperature for 5 minutes. Following centrifugation, cell pellets were resuspended in 2x Sample
Buffer and subsequently boiled for 5 minutes at 95°C. Cell lysates were then resolved by 10%
SDS-PAGE. Proteins were transferred to a nitrocellulose membrane (GE Amersham) by electro-
blotting (Owl HEP-1, Thermo Scientific). Then standard protocol for Western blot was
performed. To detect GFP-tagged proteins, 1:5,000 rabbit anti-GFP (Torrey Pines Biolabs Inc.)

was used as a primary antibody and 1:10,000 ECL™

donkey anti-rabbit IgG, horseradish
peroxidase-linked whole antibody (GE Healthcare UK Limited) as a secondary antibody. For
internal loading control detection, 1:10,000 mouse anti-3-phosphoglycerate kinase (yeast) 1gG;

monoclonal antibody (Invitrogen) was used as a primary antibody and 1:2,500 ECL™

sheep
anti-mouse IgG, horseradish peroxidase-linked whole antibody (GE Healthcare UK Limited) as a
secondary antibody.

Media Shift Experiments

For disassembly experiments, yeast strains were grown in YPD at 30°C shaking for the

indicated amount of days and subsequently washed once and resuspended into new media (YPD,
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YP, 2% glucose, or water). Cells were then incubated for 30 min at 30°C with rocking and
immediately imaged. Cells were also taken for protein extraction followed by western blot
analysis.

For assembly experiments, yeast strains were grown in SD media to log phase and
washed once with new media (SD, SD lacking glucose, SD lacking adenine, or SD lacking
glucose and adenine) and resuspended in appropriate media. Cells were incubated for 30 min at
30°C with rocking and immediately imaged. All experiments were independently repeated 3
times and illustrated as percentage of cells with visible structures (mean + SEM).

Yeast Indirect Immunofluorescence

Indirect immunofluorescence was performed as previously described (Noree et al., 2010).
Generation of anti-PRPS1 antibody

The full-length coding region of PRPS1 was cloned into pProEx-Htc and expressed as an
N-terminal 6xHis-tagged fusion protein in BL21 (DE3) Escherichia coli. Soluble His-PRPS1
was purified using a Ni-nitrilotriacetic acid affinity column, eluted with imidazole, and injected
into rabbits (antiserum production by Covance). The antiserum was purified against 6xHis-
PRPS1 protein on a CnBr-activated sepharose 4B (GE Healthcare) column.

PRPS1 Immunostaining

Immunostaining and microscopy for Drosophila egg chambers were performed as
previously described (Wilhelm et al., 2003). Immunostaining and microscopy for rat neurons
was performed as previously described (Noree et al., 2010). For fibroblast staining, primary
fibroblasts (R. Naviaux, University of California, San Diego) were plated on coverslips and
cultured for 5 days at 37°C and 5% CO;, in MEM (Invitrogen) supplemented with 10% Fetal

Bovine Serum (Cellgro), 1% L-glutamine (Invitrogen), and 1% Penicillin Streptomycin
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(Invitrogen). Fibroblasts were fixed by incubating in 4% Paraformaldehyde in PBS for 20
minutes. The coverslips were then rinsed with 1X PBS then followed by two 5-minute washes in
1X PBS. The cells were incubated for 17 minutes at room temperature in permeabilization
solution (PBS with 1% goat serum and 0.5% TritonX-100) followed by three 5-minute washes in
blocking solution (PBS and 1% goat serum). The coverslips were incubated overnight at 4°C in
primary antibody diluted in blocking solution. The cells were washed twice for 5 minutes using
blocking solution then incubated for 2 hours at room temperature in secondary antibody diluted
in blocking solution. The secondary antibody was then aspirated to incubate for 10 minutes in
DAPI diluted in blocking solution, then rinsed quickly, followed by three 5-minute washes in
blocking solution. This was followed by a quick wash in water. The coverslips were mounted
using Vectashield (Vector Laboratories) and images using laser confocal microscope (TCS SP5;
Leica). The following antibodies were used for immunostaining: a-PRPS1 (1:300, this
manuscript), a-Tubulin-FITC (1:150, Sigma), and a-rabbit AlexaFluor 568 (Invitrogen)

secondary antibody.
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Chapter 3

Conserved metabolite regulation of stress granule
assembly via AdoMet
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Abstract

Stress granules (SGs) are evolutionarily conserved condensates of ribonucleoproteins that
assemble in response to metabolic stresses. Because aberrant SG formation is associated with
amyotrophic lateral sclerosis (ALS), understanding the connection between metabolic activity
and SG composition can provide therapeutic insights into neurodegeneration. Here, we identify
17 metabolic enzymes recruited to yeast SGs in response to physiological growth stress.
Furthermore, the product of one of these enzymes, AdoMet, is a regulator of SG assembly and
composition. Decreases in AdoMet levels increase SG formation, while chronic elevation of
AdoMet produce SG remnants lacking proteins associated with the 5’end of transcripts.
Interestingly, acute elevation of AdoMet blocks SG formation in yeast and motor neurons.
Treatment of ALS-derived motor neurons with AdoMet also suppresses the formation of TDP-43
positive SGs, a hallmark of ALS. Together these results argue that AdoMet is an evolutionarily
conserved regulator of SG composition and assembly, with therapeutic potential in

neurodegeneration.
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Introduction

Cells deploy a variety of mechanisms in order to fine tune biochemical processes in
response to environmental stressors. One of these mechanisms is the formation of stress
granules (SGs) - evolutionarily conserved, cytoplasmic condensates comprised of non-translating
messenger ribonucleoproteins (mRNPs) (Panas et al., 2016; Protter and Parker, 2016). SGs
assemble in response to a variety of nutrient and metabolic stresses and are believed to provide a
mechanism for coupling metabolic stress to post-transcriptional gene regulation (Kedersha et al.,
2002; Khong et al., 2017; Panas et al., 2016; Protter and Parker, 2016). Furthermore, SGs act as
centers to regulate cell signaling outputs and protein folding highlighting SGs as global
integrators of the stress response (Arimoto et al., 2008; Harding et al., 2000; Kedersha et al.,
2013; Wippich et al., 2013). SGs are transient and require tight regulation of assembly-
disassembly for cell function and viability. Consistent with this, disruption of SG formation
decreases cell survival when the stress is removed (Eisinger-Mathason et al., 2008; Kim et al.,
2012; Kwon et al., 2007; Orru et al., 2016; Yang et al., 2014).

In addition to their role in integrating the cellular stress response, SGs have been implicated
in a variety of neurodegenerative disorders. Mutations in the SG components FUS and
HNRNPA2BI, as well as TARDBP (encoding TDP-43) have been linked to amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD) (Kim et al., 2013; Kwiatkowski et al., 2009;
Martinez et al., 2016; Sreedharan et al., 2008; Vance et al., 2009). Interestingly, pathogenic
mutations in these genes all cluster in regions that encode low complexity sequences (LCSs) or
intrinsically disordered regions (IDRs) (Chen-Plotkin et al., 2010; Ryan et al., 2018; Shang and
Huang, 2016). These pathogenic IDR and LCS domains drive recruitment of the proteins into

SGs and alter the dynamics and composition of SGs that form in response to the altered protein
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(Kato et al., 2012; Kim et al., 2013; Ling et al., 2013; Murakami et al., 2015; Patel et al., 2015;
Ryan et al., 2018). Consequently, dysregulation in SG dynamics in ALS patients results in
accumulation of atypical cytoplasmic, SG-like protein aggregates in dying neurons of the brain
and spinal cord. Furthermore, accumulation of cytoplasmic TDP-43 in aberrant motor neuron
SGs is considered a hallmark of ALS (Bentmann et al., 2012; Blokhuis et al., 2013; Farg et al.,
2013; Keller et al., 2012; Kim et al., 2013; Liu-Yesucevitz et al., 2010). These results argue that
understanding how SGs assemble in response to metabolic or nutrient stresses is critical both for
understanding the pathophysiology of ALS and FTD as well as developing treatment strategies
focused on disrupting the formation of aberrant SGs.

The current model for SG formation is that cellular stresses promote liquid-liquid phase
separation (LLPS) of mRNPs via different multivalent interactions (Banani et al., 2017; Jain et
al., 2016; Van Treeck et al., 2018; Wheeler et al., 2016). For instance, stress-induced
disassociation of polysomes from translating mRNAs is thought to create a scaffold that can
drive LLPS in two complementary ways (Panas et al., 2016; Protter and Parker, 2016). First, the
exposure of sequences within the mRNA allows RNA-RNA interactions to help drive LLPS.
Additionally, the recruitment of proteins with IDRs or LCSs to the exposed transcript can drive
LLPS via protein-protein interactions. Together these two mechanisms can greatly increase the
number of mRNP interaction sites driving LLPS and SG formation. Consistent with this model,
altering the protein levels of SG components or post-translational modifications within IDRs or
LCSs of SG proteins have been shown to regulate these protein-protein interactions and thus, SG
assembly (Hilliker et al., 2011; Hofweber et al., 2018; Swisher and Parker, 2010; Tsai et al.,

2016; Tsai et al., 2017).
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Given the linkage between SGs and several neurodegenerative diseases, the composition
of the SG proteome has been a subject of intense focus in order to identify potential therapeutic
targets. Unfortunately, large-scale biochemical studies have found that SG composition is not
only stress-specific, but also organismal and cell type specific (Jain et al., 2016; Markmiller et
al., 2018). Furthermore, these studies also revealed that SGs contain two distinct phases: a solid-
like core and a dynamic surrounding shell (Jain et al., 2016; Markmiller et al., 2018). While
different mass spectrometry techniques have helped identify which components reside within
each phase, the relative role of SG core proteins and shell proteins in SG formation and
pathogenesis remains unclear.

Despite the fact that SGs formation and composition is stress specific, there has been
surprisingly little exploration of the connections between metabolism and SG assembly. To date,
only a few metabolic enzymes have been shown to localize to stress granules via proteomic
and/or targeted studies. This deficit is likely due to the limited number of stress conditions that
have been used in SG proteomic studies. Similarly, only one metabolite from intermediate
metabolism, acetyl-CoA, has been implicated in regulating stress granule formation (Rollins et
al., 2017). Thus, the identification of metabolic enzymes that are recruited to SGs in a stress
specific manner would identify new linkages between SG formation and metabolism as well as
provide a novel set of potential therapeutic targets for ALS and FTD.

In this report, we have identified 17 metabolic enzymes that are recruited to yeast SGs in
a stress specific manner. Interestingly, AdoMet, the product of one these enzymes, is a regulator
of SG assembly and composition. The regulation of yeast SG formation by AdoMet is biphasic
with chronic changes altering SG composition and acute elevation of AdoMet suppressing SG

assembly. Additionally, acute elevation of AdoMet also suppresses SG formation in motor
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neurons, demonstrating conserved metabolite regulation of SG assembly from yeast to humans.
The suppressive effect of AdoMet on SG formation also occurs in iPSC-derived motor neurons
from ALS patients. Most provocatively, AdoMet also blocks the recruitment of cytoplasmic
TDP-43 to remnant SGs in this cell culture model of ALS, arguing that AdoMet can modify the
pathogenic accumulation of SG material. Together these results argue that metabolic activity
controls both the composition and extent of SG formation and provide a framework for the

identification of lead compounds that can modify or suppress SG formation.
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Results
A subset of metabolic enzymes preferentially localize to SGs

While SGs are known to assemble in response to a variety of nutrient and metabolic
stresses, little remains known how metabolic activity is linked to SG formation. Given that a
number of metabolic enzymes self-organize into structures under conditions that also trigger SGs
and Processing bodies (P-bodies) formation suggests potential interactions between metabolic
structures and RNA granule formation. Consistent with this, three metabolic enzymes in the de
novo purine biosynthetic pathway were recently discovered to localize to SGs upon growth to
stationary phase (Noree et al, submitted). To explore the extent of metabolic enzyme recruitment
to SGs, we screened all 34 known metabolic enzymes that form cytoplasmic foci for recruitment
to either SGs and/or P-bodies. Each metabolic enzyme was endogenously tagged with GFP and
the extent of enzyme recruitment to RNA granules was assayed at either 1 day or 5 days of
growth using Ded1-mCherry (SG marker) or Edc3-mCherry (P-body marker) expressed from its
endogenous locus (Figure 3.1). This screen identified 17 new metabolic enzymes that exhibited
greater than 15% co-localization with either type of RNA granule (Figure 3.1, Table 3.1). While
all 17 enzymes preferentially localized to SGs compared to P-bodies, three enzymes (Gly1, Gre3,
Pro3) were also enriched in P-bodies. These results significantly broaden the number of
metabolic enzymes recruited to SGs beyond those identified by prior proteomic and targeted
studies.

Our screen also revealed two distinct patterns of SG recruitment. 10 metabolic enzymes
were recruited directly to SGs. However, 7 enzymes had the ability to form structures
independent of SGs suggesting that this class of enzymes might form structures that are in turn

recruited to SGs. Consistent with this interpretation, enzymes in this class such as Cys4 and
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Endogenously tag GFP strains Grow to 1day and Image and
with Ded1-mCherry and —> 5 day timep)éints —> score
Edc3-mCherry colocolization

-GFP strain Ded1-mCh Merge -GFP strain Edc3-mCh Merge

Sam1-GFP Pro3-GFP Gly1-GFP Cys4-GFP Cdc19-GFP Ade17-GFP

Trr1-GFP

Figure 3.1. Metabolic enzymes localize to RNA granules during late growth stages

(A) Schematic illustrating workflow for RNA granule screen. (B) Representative fluorescent
images of cells expressing GFP tagged metabolic enzymes and mCherry tagged Ded1 (Stress
Granules) or Edc3 (P-bodies) from either 1-day or 5-day time points. Scale bar: Sum

Ne)
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Table 3.1. Colocalization analysis of hits from RNA granule screen

1 Day 5 Days
Percent Percent
Protein Molecular function cells Dedl::mCherry Edc3::mCherry cells Dedl::mCherry Edc3::mCherry
with colocalization cololcalization with colocalization cololcalization
foci foci
IMP cyclohydrolase
Adel6 1%?1222?22?%&%&1 0% 0+ 0% 0+ 0% 42% 91,10+ 1.86 8.1141.29
formyltransferase
IMP cyclohydrolase
Adel? 1%?1222?22?%&%&1 5% 0+ 0% 0+ 0% 33% 90.29 % 0.63 958+ 1.84
formyltransferase
Ald6  Aldehyde dehyrogenase 13% 60.10+6.11 423 +0.86 66% 49.01 +2.41 1.87+£0.31
Cdc19 Pyruvate kinase 34% 4.71+2.49 1.53+£0.79 85% 48.04 + 5.06 338+1.11
Cysd Cy“*‘g;‘;ﬁ;‘i beta- 1% 5.56+1.33 0.71 +0.44 30% 60.24+7.1 469+0.7
Dph2 Unknown 0% 0+ 0% 0+ 0% 28% 4551 +6.79 2.26+0.69
Gdhl  Glutamate dehydrogenase  17% 7431 +1.51 418+ 1.13 40% 49.17 £ 8.05 2.32+0.59
Glyl L'aélﬁr';};ﬁflglgfdzll‘;’éase 1% 8226+ 1.81 1642+ 1.17 75% 29.76 + 6.48 6.76 + 0.66
Aldito:NADP+ 1-
oxidoreductase
Gre3 D-xylose:NADP 10% 45.87 £ 425 22.44 +1.04 60% 75.63 + 1.08 878+ 1.41
reductase
Glucose 1-dehydrogenase
Hem2  Porphobilinogen synthase 12% 17.03 +£2.12 4.05+1.31 73% 18.89 +3.92 5.07+1.11
Hem13 C°pr°f(’)iri%2’§£‘n°ge“ 15% 70.81 +2.49 6.79 +1.07 5% 0+0 00
Imd3 IMP dehydrogenase 0% 0+0 0+0 10% 34.86 + 3.89 7.3+ 1.46
Pro3 T y”"l”r’:('ii'cctzrszo"ylate 1% 73.40 £ 8.20 24.53 + 5.90 50% 89.09 < 1.81 8.08 4 1.92
Sam1 X denl\::;ﬁ‘r‘;’r‘:s’grase 19% 8522 +1.01 9.90 +1.21 65% 84.96 + 2.41 12.47 £ 1.81
Sam2 X denl\::yti‘t‘r‘;’r‘:s’grase 13% 78.65+1.69 9.07+1.14 60% 80.93+2.9 87+1.03
shm2 | droxys;tyh‘iﬁfans forase | 45% 328+0.81 040 27% 13.77 £2.29 1.01 £0.51
Tpil Triosephosphate 4% 040 040 20% 19.03 + 4.23 2.01 4 0.62

isomerase
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Cdc19 show a decline in the number of independent structures over time while the amount of
enzyme present in SGs increases (Table 3.1).

Given the role of intrinsically disordered regions (IDRs) and low complexity sequences
(LCSs) in targeting proteins to RNA granules, we also examined whether any of these motifs
were present and/or enriched in either class of SG associated metabolic enzymes. 12 out of the
17 enzymes localized to SGs were predicted to contain an IDR and/or LCS; however, these
motifs were found at an equal frequency amongst the 17 enzymes in our screen that were not
recruited to RNA granules (Table 3.2 and 3.3). Thus, neither the ability to be recruited to a SG
nor the pattern of recruitment can be predicted by the presence or absence of IDRs or LCSs.
Furthermore, only 3 of our SG associated enzymes have been annotated as having RNA binding
activity by high throughput screens (Table 3.2) arguing the majority of these enzymes are not
recruited to SGs via RNA. Together, these results suggest that recruitment of metabolic enzymes
to RNA granules occurs via novel, uncharacterized mechanisms.

The metabolic enzyme Saml is a stress specific component of SGs

Recruiting metabolic enzymes to SGs represents potential way to couple SG assembly to
changes in metabolic activity/stress. If this were the case, one might expect that the recruitment
of metabolic enzymes to SGs would be stress specific. While our screen focused on standard
growth stresses, including growth to post-diauxic shift (1 day) or growth to stationary phase (5
days) in rich medium, most studies of SGs focus on the effects of acute energy stresses on log
phase cells. This raised the possibility that this set of metabolic enzymes had been missed in
prior studies of SGs due to the fact that their recruitment is stress-specific. In order to test this
possibility, we examined whether one of the enzymes identified in our screen the S-

adenosylmethionine synthetase, Sam1 (Figure 2.1B, Figure 2.2A-B), is recruited to SGs in
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Table 3.2. Domain analysis of hits from RNA granule screen

Protein IDR? (IUPRED) LCS? (SEG) RNA binding? | SG proteome?
(SGD) (Jain et al
2016)
Adel6 - 252-263 N N
Adel7 - 252-263 N N
Aldé6 15-17, 40-57, 87-88 - N N
Cdcl19 | 23-26,93-99, 101-105, 372- 375-389 N N
377
Cys4 1-12, 57-78 21-36, 85-94, Y* Y
190-204
Dph2 | 417-434,458-471, 500-519, 109-122 N N
521-534
Gdhl 60-61, 362-363 100-118 N N
Glyl - - N N
Gre3 - - YoRE N
Hem2 1-2 161-172, 236- N N
248
Hem13 | 1-19, 38-61, 86-99, 313-314 - N N
Imd3 108-109, 432-433 202-213 Y* N
Pro3 53-55 194-208 N N
Saml 105-112 256-270 N Y
Sam2 169-172, 175-177 258-272 N Y
Shm?2 24-29 301-312 N N
Tpil - - N N

*(Mitchell et al., 2013)
**(Scherrer et al., 2010)
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Table 3.3. Domain analysis of non-hits from RNA granule screen

Protein IDR? (IUPRED) LCS? RNA SG
(SEG) binding? proteome?
(SGD) (Jain et al
2016)
Acsl 1-37,39-46, 57-61, 77-78, 239-240 296-303, N N
588-602
Ade4 - - N N
Adel2 132-139, 248-261, 283-284, 286-287, 127-138 N N
290-291
Adh2 22-24 63-79, 173- N N
186
Faa4 9-13, 17-27, 212-213, 693-694 - N Y
Fasl 44-49, 51-53, 325-327, 339-340, 352- 1105-1123, N N
356, 1114-1115, 1195-1197, 1556-1557, | 1462-1473
1677-1678
Fbal 142-143, 182-194, 314-317 - N N
Imd2 108-109, 432-433 - Y* N
Imd4 433-434 - Y* N
Mdh2 1-4 12-41 N N
Pdcl 187-188, 561-562 415-428 N N
Rnr4 - - N N
SecS3 147-148, 150-152 - N Y
Tall 1-14, 37-39, 50-51 218-230 N N
Tdh3 - 179-201 YR N
Thrl 41-42, 46-54, 174-182, 184-185, 187- 104-122 N N
196, 356-357
Trrl 53-55, 63-66, 69-70 - N N

* (Mitchell et al., 2013)
**(Shen et al., 2014)
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response to acute energy stresses. In addition to its high colocalization with SGs, we also chose
Saml as our follow up candidate since its substrates and products (methionine, ATP, AdoMet)
are highly utilized and connected to multiple metabolic pathways. While Ded1-positive SGs
readily formed in log phase yeast that were treated with sodium azide, ethanol, or shifted to
media lacking glucose, Sam1-GFP remained diffuse under all of these conditions (Figure 2.2C-
D). Since all of these stresses were acute energy stresses, we also tested the effects of
translational stress on Sam1 recruitment to SGs. Given the role of methionine in translation
initiation, we reasoned that acute methionine limitation may also trigger SG assembly. Sam1
catalyzes the ATP-dependent conversion of methionine to S-adenosylmethionine (AdoMet)
(Figure 2.2A), thus methionine limitation might be expected to trigger both SG assembly and
regulate Sam1 activity and/or recruitment to SGs. While shifting log phase yeast to media
lacking methionine robustly triggered the assembly of Ded1-containing SGs, the SGs failed to
recruit Sam1 (Figure 2.2C-D). Thus, methionine limitation constitutes a previously unidentified
trigger for SG assembly; however, it is not a trigger for Sam1 recruitment to SGs.

Given these results, we next explored whether we could bypass the stress-specific
recruitment of SGs by manipulating the levels of SG components. Overexpression of particular
SG components can nucleate SG assembly in the absence of an external stress (Hilliker et al.,
2011; Swisher and Parker, 2010). For instance, overexpression of either Ded1 or Pbp1 triggers
the assembly of SGs in unstressed log phase cells (Figure 2.2E-F). However, these SGs fail to
recruit Sam1. Thus, merely triggering the aggregation of SG proteins is insufficient to recruit
Saml. Since Saml has a short LCS motif typical of SG nucleators, we also tested whether
overexpression of Sam1 could trigger SG assembly. Overexpression of Sam1 in log phase yeast

did not cause protein aggregation or trigger SG formation (Figure 2.2E-F). Thus, Sam1 does not
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Figure 3.2. Recruitment of Sam1 to stress granules is stress specific

(A) Schematic representation of methionine biosynthesis/recycling pathway in S.cerevisae. (B)
Quantification of percentage of cells with Sam1-GFP foci and Ded1-GFP foci at different growth
stages. Data is presented as average = SEM of three independent replicates. (C) Quantification of
logarithmically growing strains expressing Ded1-GFP or Sam1-GFP upon exposure to different
acute stresses. Data is presented as average = SEM of three independent replicates. (D)
Representative fluorescent images from Figure 3.2C. (E) Quantification of logarithmically
growing strains with GFP tagged Ded1 or Sam1 and overexpressing nucleator stress granule
proteins (Ded1 or Pbpl) or Sam1. Data is presented as average + SEM of three independent
replicates. (F) Representative fluorescent images from Figure 3.2E. (G) Quantification of
logarithmically growing strains expressing Ded1-GFP or Sam1-GFP upon a 10 minute heat
shock at 46°C. Data is presented as average = SEM of three independent replicates. (H)
Representative fluorescent images from Figure 3.2G. (I) Representative fluorescent images of
Saml colocalization with stress granules under heat shock conditions. Scale bars in (D), (F), (H),
and (I) are Spm.
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have a high propensity to aggregate in vivo. Consistent with this, we also found that Sam1 was
only recruited to only 30% of SGs formed in response to heat shock while the majority of the
protein remained diffused (Figure 2.2G-I). Together, these results argue Sam1 is a stress-
specific component of SGs, but it is not capable of nucleating SGs on its own.

Decreased AdoMet levels triggers SG assembly and Sam1 recruitment

The localization of Sam1 in a stress specific manner to SGs suggests that the products of
Sam1 might play a role in modulating SG assembly. In order to test this possibility, we
leveraged previous structure function studies of the E. coli ortholog of Sam1, MetK, to design a
set of mutations that disrupts the enzyme’s activity (Taylor and Markham, 1999, 2000). While
each mutation resulted in a decrease in enzymatic activity of MetK, we utilized mutants that
would disrupt enzyme tetramerization (C91Y), ATP hydrolysis (D121N) or have no additional
effect (K252M) (Figure 3.3A). Each mutation was introduced into the endogenous SAM1 locus
and assayed for its effects on SG formation.

All three SAM1 inactivating mutations caused a 3-fold increase in SG formation that were
positive for two SG markers (Dedl and Pbp1) and three metabolic enzymes (Sam1, Sam?2, and
Adel7) (Figure 3.4A). Interestingly, both the C91Y and K252M mutations displayed no defects
in Sam1p recruitment while the ATP hydrolysis mutant, D121N, significantly reduced Saml
localization to SGs (Figure 3.3B-C). Sam2’s recruitment to SGs was also disrupted in the SAM
D121N allele, whereas Adel7, Dedl, and Pbp1 remained unaffected (Figure 3.3D-E). These
results argue that the inactivation of Sam1, rather than disruption of its localization to SGs, is
responsible for the increase in SG formation observed in all three S4M 1 mutations.

A potential way for Sam1 to regulate SG assembly would be by controlling the levels of

various SG components. While the effects of Sam1 inactivation on Sam1 protein levels are allele
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Figure 3.3. Mutation in the ATP binding domain of Sam1 inhibit recruitment of Sam1 and
Sam?2 to stress granules

(A) Schematic illustration of Sam1 protein showing positions of each domain and where point
mutations reside. (B) Representative fluorescent images of cells expressing WT or mutant Sam1-
GFP from the endogenous locus. (C) Dot plot displaying foci-to-cytoplasm ratios for Sam1-GFP
in WT and mutant alleles. (D) Representative fluorescent images of cells expressing WT or
D121N Sam1-GFP and RFP-tagged Sam2, Adel7, Dedl or Pbpl from the endogenous locus. (E)
Dot plot displaying foci-to-cytoplasm ratios for RFP-tagged Sam2, Adel7, Dedl, and Pbpl in
WT and Sam1 D121N backgrounds. Scale bars in (B) and (D) are SuM, * indicates P<0.05.



Figure 3.4. Decreased AdoMet levels result in increased stress granule formation

(A) Quantification of cells with foci from 1-day cultures expressing WT or mutant Sam1-GFP
alleles along with RFP-tagged metabolic enzymes (Sam2, Adel7) and stress granule markers
(Dedl1, Pbpl). Data is presented as average £ SEM of three independent replicates. (B) Western
blot analysis from strains used in Figure 3.4A at 1 day time point. (C) Quantification of proteins
levels from Figure 3.4B. Data is presented as average + SEM of three independent replicates. (D)
Quantification of mRNA levels using qPCR analysis from WT and mutant Sam1 alleles. Data is
presented as average = SEM of three independent replicates. (E) Quantification of cells with foci
from 1-day cultures expressing WT or mutant Sam1-GFP alleles and Ded1-mCherry
supplemented with or without 250uM AdoMet. Data is presented as average + SEM of three
independent replicates. (F) Western blot analysis from strains used in Figure 3.4E at 1 day time
point. (G) Quantification of proteins levels from Figure 3.4E. Data is presented as average +
SEM of three independent replicates. * indicates P<0.05.
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dependent, all three S4M 1 mutations caused a ~2.5 fold increase in Ded1 levels and a 2 to 4 fold
increase in Sam?2 protein, but had no effect on Adel7 levels (Figure 3.4B-C). However, this
increase in Ded1 protein levels was not due to transcriptional upregulation (Figure 3.4D). Since
overexpression of Ded1 can trigger SG assembly during log phase, this result suggested that one
of the ways that Sam1 activity controls SG formation is via Ded1 levels at growth to 1 day in a
post-transcriptional manner.

One way that the levels of the SG nucleator, Ded1, could be coupled to Sam1 activity is
via the levels of AdoMet. If this were the case, exogenous AdoMet would be predicted to restore
the SG formation in SAM mutations to wild type levels. To test this, we supplemented cultures
of wild type and mutant SAM1 strains with 250 uM AdoMet and assayed its effects on SG
formation and Ded1 protein levels when grown for 24 hours. In wild type strains, exogenous
AdoMet had no effect on the expression level of Ded1 or on the frequency of SG formation as
indicated by Sam1-GFP and Ded1-mCherry (Figure 3.4E-F). In contrast, AdoMet treatment
restored protein levels of Ded1 and the frequency of SG formation to wild type levels for all
three SAM 1 loss-of-function mutations. These results argue that decreases in AdoMet increase
SG formation that is likely due to the increase in Ded1 protein levels.

Prolonged AdoMet accumulation disrupts SG assembly

AdoMet regulated SG accumulation under the same growth stress that triggers the
recruitment of Sam1. This suggested that AdoMet might have an autoregulatory role in SG
assembly when cells are grown under chronic nutrient stress. If this were true, one would expect
that increase in AdoMet levels might block or greatly reduce SG formation at growth to 1 day.
However, because AdoMet uptake is glucose-dependent, our ability to increase AdoMet levels

above normal is limited at the 1-day time point. As a result, we applied a genetic approach to
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manipulating AdoMet levels. Deletion of ADO1 has been previously found to increase AdoMet
levels by 7-fold at 1 day growth compared wild type. This suggested that deletion of ADO1
might suppress SG formation. Consistent with this, deleting ADO1 almost completely blocked
the formation of Ded1-containing SGs. (Figure 3.5A).

One potential mechanism for the effect of adol4 on SGs is that increasing AdoMet levels
at this time point decreases Ded1 expression. Consistent with this interpretation, we found that
deletion of ADO! decreases protein levels of Ded1 by 40%. (Figure 3.5B-C). Furthermore, the
decrease in Ded1 protein levels occurred despite DEDI mRNA levels increasing by 50% in
adol4 strains (Figure 3.5D). Consistent with transcript levels from Sam1 inactivation strains,
this argues that the effect of AdoMet on Ded1 expression is post-transcriptional. Additionally,
even though Ded] is a substrate for arginine methyltransferase, Hmt1, the post-transcriptional
effects we observe are not mediated by Hmt1 or its target residues in Ded1 arguing that these
effects occur via a novel AdoMet controlled pathway (Erce et al., 2013; Low et al., 2013) (Figure
3.6A-B).

The striking effect of elevated AdoMet levels on Dedl expression raised the possibility
that AdoMet might be regulating composition and/or composition of multiple RNA granule
components at growth to 1 day. In order to test this possibility, we examined the effects of ado 14
on the localization of two P-body markers, Edc3 and Dcp2, as well as five additional SG
proteins, elF4E, eI[F4G1, Pabl, Pbpl, and Publ. Deletion of ADO1 has no effect on P-body
formation (Figure 3.6C-D). Thus, ado 14 strains do not have a generalized defect in RNA granule
assembly. In contrast to its effect on P-bodies, ado 14 had selective effects on the recruitment of
proteins to SGs. Pabl, Pbpl, and Publ were all recruited normally into SGs in the ado /4 strain

(Figure 3.5A). Thus, adol4-mediated down regulation of Ded1 does not eliminate SGs
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Figure 3.5. UTR mRNA-associated stress granule proteins are not recruited to stress
granules under high AdoMet levels under growth to 1 day.

(A) Quantification and representative fluorescent images of WT and ado 4 strains with GFP-
tagged stress granule proteins at 1 day time point. Data is presented as average = SEM of three
independent replicates. (B) Western blot analysis of strains used in Figure 3.5A at 1 day time
point. (C) Quantification of proteins levels from Figure 3.5B. Data is presented as average +
SEM of three independent replicates. (D) Quantification of mRNA levels using qPCR analysis
from WT and adoi4 strains. Data is presented as average + SEM of three independent replicates.
(E) Quantification and representative fluorescent images of logarithmically growing WT and
adol4 strains expressing Ded1-GFP under acute stress. Data is presented as average = SEM of
three independent replicates. (F) Quantification and representative fluorescent images of
logarithmically growing WT and ado 14 strains expressing Ded1-GFP under heat shock
conditions. Data is presented as average + SEM of three independent replicates.

Scale bars in (A), (E), and (F) are Spum, * indicates P<0.05.
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completely. In contrast, ado 14 largely blocked the recruitment of eI[F4E and eIlF4G1 to SGs
(Figure 3.5A). Furthermore, the loss of eIF4E and elF4G1 is not due to decrease expression of
either protein arguing that deletion of ADO1 blocks the recruitment of both proteins to SGs
(Figure 3.5B-C). Together, these results argue that AdoMet levels regulate the recruitment of a
subset of SG proteins at growth to 1 day.

If Sam1 participated in a feedback loop regulating SG assembly at growth to 1 day, one
might expect that alterations in AdoMet levels would regulate Sam1 recruitment to SGs. To test
this possibility, we examined the localization of 4 metabolic enzymes (Sam1, Adel7, Cdc19, and
Cys4) in an ado 14 strain background. Sam1 and Adel7 both failed to form foci when ADOI was
deleted (Figure 3.7A). In contrast, Cdc19 and Cys4 both formed foci at normal levels. Unlike
Dedl, protein levels of all 4 proteins were unchanged or elevated by the deletion of ADO1
(Figure 3.7B-C). Furthermore, Cdc19 and Cys4 foci both colocalized with Pbpl-mRuby in
adol4 strains indicating that the structures are SG remnants. (Figure 3.7D-G). Thus, AdoMet
levels regulate the recruitment of a subset of metabolic enzymes to SG at growth to 1 day,
including the enzyme that synthesizes AdoMet, Saml.

AdoMet supplementation suppresses acute stress induced SG assembly

Since the recruitment of metabolic enzymes to SGs is specific at growth to 1 day, we next
investigated whether deleting ADO1 has effects on the assembly of SGs regardless of the stress.
Shifting yeast to media lacking glucose, treatment with sodium azide, or heat shock, all triggered
Ded1-SG assembly at the same frequency in wild type and ado /4 strains (Figure 3.5E-F). This
suggested that either the effect of AdoMet on SG assembly was stress specific or that the levels

of AdoMet in log phase adol4 strains were insufficient to trigger the effects. In order to explore
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the second possibility, we grew wild type yeast in media supplemented with 250uM AdoMet and
then subsequently treated them azide. AdoMet treatment caused a reduction in the percentage of
cells with foci and foci per cell as assayed with four different SG markers, Dedl, eI[F4G1, Pabl,
and Publ (Figure 3.8A-C). Interestingly, unlike the effects we observed in adolA strains,
AdoMet treatment had no effect on the protein level of Ded1 or the other SG proteins we used as
markers (Figure 3.8D). Additionally, AdoMet mediated SG suppression was not dependent on
Hmt1p arginine methylation (Figure 3.8E-G). This suggests that AdoMet is playing a critical role
in suppressing SG assembly independent of protein levels or arginine methylation.

AdoMet’s ability to suppress azide-induced SGs raised the question of whether it could
suppress SG assembly upon other canonical stresses. Shifting AdoMet supplemented cultures to
media lacking glucose prevented SG assembly (Figure 3.9A-B). However, we observed no
difference in heat shock-induced SGs when cultures were grown with exogenous AdoMet
(Figure 3.9C-D). Thus, while AdoMet treatment suppresses SGs that form in response to acute
energy stress, heat shock-induced SG assembly occurs via a different pathway.

One possible way that AdoMet might suppress SG assembly is via an effect on
translation. SGs are thought to form in response to reduced translation triggered via a variety of
stresses (Panas et al., 2016; Protter and Parker, 2016). This leads to transcript release from
polysomes enabling trans RNA-RNA, RNA-protein, and protein-protein interactions to nucleate
SGs. This release step is believed to be critical for SG formation since treatment with
cycloheximide can prevent SG formation (Wheeler et al., 2016). If AdoMet acted at the level of
translation, we would predict that polysome traces would still be intact in AdoMet supplemented
cultures when cells are exposed to azide. However, polysomes are absent in both azide treated

cells and cells that were grown with AdoMet prior to azide treatment (Figure 3.8H). Thus,
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treatment. (B) Quantification of cells with foci from Figure 3.8 A. Data is presented as average +
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analysis from strains used in Figure 4A. (E) Representative fluorescent images of WT and Amt 14
strains expressing Ded1-GFP upon azide treatment. (F) Quantification of cells with foci from
Figure 3.8E. Data is presented as average + SEM of three independent replicates. (G)
Quantification of the number of foci/cell from Figure 3.8E. Data is presented as average + SEM
of three independent replicates. (H) Polysome traces from logarithmically growing strains with
or without 250uM AdoMet under unstressed or azide treated conditions.

Scale bars in (A) and (E) are Sum, * indicates P<0.05.
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Figure 3.9. AdoMet-mediated stress granule suppression is specific to azide and glucose
deprivation, but not heat shock

(A) Representative fluorescent images of logarithmically growing with (AdoMet) or without
(Control) 250uM AdoMet strains expressing Ded1-GFP upon glucose deprivation. (B)
Quantification of cells with foci from Figure 3.9A. Data is presented as average £ SEM of three
independent replicates. (C) Representative fluorescent images of logarithmically growing with
(AdoMet) or without (Control) 250uM AdoMet strains expressing Ded1-GFP upon heat shock.
(D) Quantification of cells with foci from Figure 3.9C. Data is presented as average + SEM of
three independent replicates. Scale bars in (A) and (C) are SuM, * indicates P<0.05.
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AdoMet plays a role in regulating SG assembly downstream of the inhibition of translation.
Together these results argue that AdoMet has two distinct effects on yeast SGs: an acute effect
that suppresses SG formation and a late growth stage effect that alters the expression of Ded1
and the recruitment of a subset of SG proteins.
AdoMet affects SG fusion in cultured mammalian cells

While AdoMet is an abundant, conserved metabolite, the assembly pathway for
SGs differs between yeast and mammalian cells. Yeast SGs assemble via accretion/enlargement
of an initial nucleation event (Wheeler et al., 2016). In contrast, mammalian SGs form via the
fusion of many small SGs (Ivanov et al., 2003). This difference in dynamics suggested that the
regulation of SG assembly by AdoMet might be specific to yeast. In order to test this possibility,
we focused on the effects of AdoMet on SGs that form in response to acute stress as opposed to
chronic stress due to the lack of a stationary phase-like stress in mammalian cells that could
induce SGs. Pretreatment of HeLa cells with 4mM AdoMet prior to oxidative stress with
500uM sodium arsenite caused an increase in the number of small SGs (+AdoMet) compared to
cells without pretreatment (-AdoMet) (Figure 3.10A-C). AdoMet treatment had no effect on the
expression level of either G3BP1 or DDX3 arguing that the changes we observe are not
secondary to global changes in the levels of SG components (Figure 3.10D).
Since the composition of mammalian SGs varies depending on the type of stress and the cell
type, we next explored whether AdoMet affected the dynamics of SGs that form in response to
proteotoxic stress (MG132) or translational stress (RocA, rocaglamide). Interestingly, pre-
treatment of HeLa cells with AdoMet also caused an increase in SG number and a decrease in
SG size for both proteotoxic and translational stress (Figure 3.10E-J). This argued that, in HeLa

cells, AdoMet treatment disrupts a step in SG formation that is independent of the stress that
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Figure 3.10. AdoMet supplementation regulates stress granule assembly in HeLa cells

(A) Representative immunofluorescence images stained for DDX3 and G3BP1 of HeLa cells
under unstressed and 500uM NaAsO,-treated conditions. HeLa cells were treated with or without
4mM AdoMet for 3 hours prior to addition of NaAsO, for 1 hour. (B) Boxplot displaying the
number of stress granules/cell from Figure 3.10A. Plotted values are a compilation of three
independent experiments. (C) Boxplot displaying quantification of the average stress granule
size from Figure 3.10A. Plotted values are a compilation of three independent experiments. (D)
Western blot analysis from HeLa cell lysates of AdoMet-treated and AdoMet-untreated cells.
Values represent normalized protein levels of AdoMet-treated to untreated samples. (E)
Representative immunofluorescence images stained for DDX3 and G3BP1 of HeLa cells under
100uM MG132-treated conditions. HeLa cells were treated with or without 4mM AdoMet for 3
hours prior to addition of MG132 for 2 hours. (F) Boxplot displaying the number of stress
granules/cell from Figure 3.10E. Plotted values are a compilation of three independent
experiments. (G) Boxplot displaying the average stress granule size from Figure 3.10E. Plotted
values are a compilation of three independent experiments. (H) Representative
immunofluorescence images stained for DDX3 and G3BP1 of HeLa cells under 2uM RocA-
treated conditions. HeLa cells were treated with or without 4mM AdoMet for 3 hours prior to
addition of RocA for 2 hours. (I) Boxplot displaying the number of stress granules/cell from
Figure 3.10H. (J) Boxplot displaying the average stress granule size from Figure 3.10H. Scale
bars in (A), (E), and (H) are 10um, * indicates P<0.05.
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initiates SG formation. Further, we tested whether AdoMet’s effect was cell-type specific.
AdoMet treatment on U20S cells yielded similar effects to HeLa cells on arsenite-induced SGs
(Figure 3.11A-C). Surprisingly, pretreatment with AdoMet suppressed the formation of SGs in
response to RocA in U20S cells (Figure 3.11D-F). These results argue that cell type differences
might modulate both SG formation and the response to AdoMet.

With the majority of stresses on AdoMet treated cells producing many small SGs, these
results suggested that AdoMet treatment might be disrupting the fusion step in SG formation. If
this were the case, the number and size of SGs would be relatively constant throughout the
duration of the stress for AdoMet pretreated cells while the number of SGs would fall and their
size would increase due to SG fusion in untreated cells. As predicted, the number of SGs
decreased in untreated cells over the course of one hour after arsenite treatment while the number
of SG in AdoMet treated cells remained largely constant (Figure 3.12A). Similarly, we observed
that the average size of SGs increased one hour after arsenite treatment while the average size of
SGs in AdoMet-treated cells remained largely constant (Figure 3.12B). Consistent with this,
AdoMet treatment does not affect the extent of elF2a phosphorylation after arsenite treatment,
arguing that AdoMet is not buffering oxidative stress or disrupting the earliest steps in SG
formation (Figure 3.12C-D).

Since SG fusion is microtubule dependent (Ivanov et al., 2003), we also examined
whether the effect of AdoMet was dependent on the microtubule cytoskeleton (Ivanov et al.,
2003). AdoMet treatment does not cause an obvious defect in microtubule organization in HeLa
cells (Figure 3.12E). Additionally, AdoMet treatment caused a decrease in SG size and an
increase in the number of SGs even in cells that were treated with the microtubule

depolymerizing drug, Nocodazole (Figure 3.12E-F). SG formation and recruitment of specific
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Figure 3.11. Stress granule assembly is disrupted in AdoMet-treated U20S cells

(A) Representative immunofluorescence images stained for DDX3 and G3BP1 in U20S cells
under 500uM NaAsO,-treated conditions. U20S cells were treated with or without 4mM
AdoMet for 3 hours prior to addition of NaAsO, for 1 hour. (B) Boxplot displaying the number
of stress granules/cell from Figure 3.11A. Plotted values are a compilation of three independent
experiments. (C) Boxplot displaying quantification of the average stress granule size from Figure
3.11A. Plotted values are a compilation of three independent experiments. (D) Representative
immunofluorescence images stained for DDX3 and G3BP1 in U20S cells under 2uM RocA-
treated conditions. U20S cells were treated with or without 4mM AdoMet for 3 hours prior to
addition of RocA for 2 hours. (E) Quantification of cells containing stress granules from Figure
3.11D. Data is presented as average £ SEM of three independent replicates. Scale bars in (A) and
(D) are 10uM, * indicates P<0.05.
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Figure 3.12. Stress granules are unable to properly fuse in AdoMet-treated HeLa cells

(A) Boxplots depicting the number of stress granules/cell at the indicated time points after
addition of 500uM NaAsO, from AdoMet-treated (+ AdoMet) and AdoMet-untreated (-AdoMet)
HelLa cells. Plotted values are a compilation of three independent experiments. (B) Boxplots
depicting the average stress granule size at the indicated time points after addition of 500uM
NaAsO; from AdoMet-treated (+ AdoMet) and AdoMet-untreated (-AdoMet) HeLa cells.
Plotted values are a compilation of three independent experiments. (C) Western Blot analysis of
HelLa cell lysates from the indicated time points after the addition of 500uM NaAsO, from
AdoMet-treated (+ AdoMet) and AdoMet-untreated (-AdoMet) cells. (D) Quantification of
proteins levels from Figure 3.12C. Data is presented as average = SEM of three independent
replicates. (E) Representative immunofluorescence images stained for Tubulin and G3BP1 in
HelLa cells under 500uM NaAsO,-treated conditions. HeLa cells were treated with or without
4mM AdoMet for 3 hours and then DMSO or 5uM Nocodazole for two hours prior to addition of
NaAsQO;. Scale bar: 10uM. (F) Boxplot displaying the number of stress granules/cell from Figure
3.12E. Plotted values are a compilation of three independent experiments. (G) Boxplot
displaying quantification of the average stress granule size from Figure 3.12E. Plotted values are
a compilation of three independent experiments. * indicates P<0.05.
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SG components is also regulated by arginine methylation within RGG domains. Interestingly, we
also found that effects of AdoMet on SG organization still occur in the presence of the
methyltransferase inhibitor, AdOx (Figure3.13). Thus, the effects of AdoMet on SGs occur
independently of microtubules and the majority of methyltransferases.
AdoMet reduces SG formation in iPSC-derived motor neurons

Since both cell type and stress appeared to modulate the effects of AdoMet, we sought to
test the effects of AdoMet on SG formation in cells where misregulation of SGs is linked to
disease. Recent genetic studies have identified amyotrophic lateral sclerosis (ALS)-linked
mutations in several RNA binding proteins (RBPs) that are either found in or regulate SGs,
including TDP-43 and FUS (Kim et al., 2013; Kwiatkowski et al., 2009; Martinez et al., 2016;
Sreedharan et al., 2008; Vance et al., 2009). These mutations often alter the propensity for the
proteins to phase separate and provoke protein aggregation (Kato et al., 2012; Kim et al., 2013;
Ling et al., 2013; Murakami et al., 2015; Patel et al., 2015; Ryan et al., 2018). Neurons that
contain these mutated RBPs and are continuously exposed to a lifetime of stress are thought to
accumulate insoluble, pathological inclusions that contain many SG proteins. To test the effect of
AdoMet on SG dynamics in ALS-associated motor neurons, we differentiated motor neurons
using our previously established protocol (Martinez et al., 2016) from iPSC lines derived from
patients with ALS-associated mutations in either TDP-43 (N352S) or FUS (R521G). The effects
of AdoMet on arsenite- and puromycin-induced SGs were then examined, compared to control
motor neurons from iPSC lines derived by a genetically related, but unaffected family member
and an unrelated healthy individual. AdoMet treatment reduced both the number of SG/cell as
well as the total SG area/cell in both stresses (Figure 3.14A-D). Thus, AdoMet disrupts SG

formation in motor neurons and the effect is independent of the stress, unlike HeLa and U20S
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Figure 3.13. AdoMet’s effect on stress granule is not linked to protein methylation

(A) Representative immunofluorescence images stained for DDX3 and G3BP1 in HeLa cells
under 500uM NaAsO,-treated conditions. HeLa cells were treated with DMSO or 20uM AdOx
for 48 hours followed by the addition of 4mM AdoMet for 3 hours before arsenite stress. Scale
bar: 10uM. (B) Boxplot displaying the number of stress granules/cell from Figure 3.13A. Plotted
values are a compilation of three independent experiments. (C) Boxplot displaying quantification
of the average stress granule size from Figure 3.13A. Plotted values are a compilation of three
independent experiments. (D) Western blot analysis from HeLa cell lysates that were treated
with DMSO or 20uM AdOx followed by addition of 4mM AdoMet. (E) Quantification of total
ADMA levels from Figure 3.13D. Data is presented as average £ SEM of three independent
replicates. * indicates P<0.05.
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Figure 3.14. AdoMet reduces stress granule formation in iPSC-derived motor neurons and
reduce TDP-43 accumulation in stress granules

(A) Representative immunofluorescence images of control iPSC-derived motor neuron (MN)
lines and ALS-associated TDP-43 N3528S and FUS R521G mutant iPSC-derived motor neuron
lines stained for TDP-43 and G3BP1 exposed to 250uM NaAsO,. Motor neurons were pretreated
with or without 4mM AdoMet for 3 hours prior to addition of sodium arsenite. (B) Boxplots
displaying quantification of the number of stress granules/cell and total stress granule area from
Figure 3.14A. Plotted values are a compilation of three independent experiments. (C)
Representative immunofluorescence images of control iPSC-derived motor neuron (MN) lines
and ALS-associated TDP-43 N352S and FUS R521G mutant iPSC-derived motor neuron lines
stained for TDP-43 and G3BP1 exposed to Spug/ml puromycin. Motor neurons were pretreated
with or without 4mM AdoMet for 3 hours prior to addition of puromycin. (D) Boxplots
displaying quantification of the number of stress granules/cell and total stress granule area from
Figure 3.14C. Plotted values are a compilation of three independent experiments. (E)
Representative immunofluorescence images of wildtype iPSC-derived motor neuron lines
stained for Ataxin 2, G3BP1, and TDP-43 exposed to Spg/ml puromycin. Motor neurons were
pretreated with or without 4mM AdoMet for 3 hours prior to addition of puromycin. Scale bars
in (A), (C), and (E) are 10uM. * indicates P<0.05.

124



250uM NaAsO,

-
n

= = 1 - AdoMet
Control MN TDP-43 N352S MN Control MN FUS R521G MN 30 . B +AdoMet
&8 S
2]
S 6
‘n;) ﬁ
g4 ﬁ
22
0 oy T T T T
"‘gw - - 1 - AdoMet
=% 3 +AdoMet
320 R
E 15 é é
©
o 10
(2]
E s a
g 2 g &
S & & &
S &S
o > o ‘bq.
&
5ug/mL Puromycin
_ 10 . = - AdoMet
Control MN TDP-43 N352S MN Control MN FUS R521G MN 3 s o) £ [ +AdoMet
e«
- k]
) g 4
E -3
] E é
g Z? '}" g 17
' 0 T T T T T
‘E = = 1 - AdoMet
2 ~~, & +AdoMet
g
©
3
g g gz &

Merge Ataxin-2

-
5}
=
[}
°
<
b

+ AdoMet

125



cells.

A hallmark of ALS includes the mislocalization of nuclear TDP-43 to cytoplasmic
inclusions in spinal motor neurons of ALS patients (Bentmann et al., 2012; Blokhuis et al., 2013;
Farg et al., 2013; Keller et al., 2012; Kim et al., 2013; Liu-Yesucevitz et al., 2010). As a result,
we next examined if AdoMet treatment affected TDP-43 recruitment to SGs in addition to
decreasing the number of SGs that form. Interestingly, the SGs that form in response to
puromycin fail to recruit TDP-43 when the iPSC-derived motor neurons are pre-treated with
AdoMet. This effect was specific to TDP-43 as recruitment of Ataxin-2 to SGs was unaffected in
AdoMet-pretreated iPSC-derived motor neurons (Figure 3.14E). Thus, in addition to decreasing
SG formation, AdoMet treatment also decreases the recruitment of TDP-43 to SGs that form in

response to stress.
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Discussion

SGs are believed to play a critical role in modulating gene expression programs in
response to environmental and nutrient stresses. However, it has been unclear how changes in
cellular activity regulate stress granule formation and composition. Our finding that Sam1 is
recruited to yeast stress granules in response to a specific nutrient stress and that the product of
Saml1, AdoMet, regulates stress granule formation in both yeast and human cells suggests that
the connections between metabolism and SG assembly might be broader than previously
believed.

Stress specific recruitment of metabolic enzymes to SGs

Recent work on the SG proteome suggests that SG composition can vary depending on
the cell type and the nature of the stress (Markmiller et al., 2018). Since many of the stresses
that trigger SG assembly are thought to alter metabolic activity, either directly or indirectly, one
might expect metabolic enzymes to be a common component of SGs. However, few metabolic
enzymes have been identified in proteomic and targeted studies of S. cerevisiae SGs (Jain et al.,
2016; Markmiller et al., 2018; Saad et al., 2017). Our identification of 17 metabolic enzymes
that are recruited to SGs in response to physiological nutrient stresses, but are not recruited to
SGs in response to multiple acute stresses argues that SG composition is tailored to the nature of
the stress and that chronic stresses might require reorganization of the metabolic network.

This result also helps to explain why no metabolic enzymes have been identified in
previous proteomic studies of mammalian SGs. All of the stresses that are traditionally used to
induce mammalian stress granule, such as sodium azide, do not trigger the recruitment of
metabolic enzymes to yeast SGs. Thus, one might expect to only observe metabolic enzymes in

SG that assemble in response to the mammalian equivalent of a stationary phase nutrient stress.
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Future studies directed at defining physiological nutrient stresses that induce SGs in mammalian
cells would likely expand the connections between the SG proteome and metabolism.

Given that the recruitment of metabolic enzymes to SGs in yeast is stress specific, one
might expect that additional targeting mechanisms might be used for this class of proteins.
Consistent with this, the metabolic enzymes recruited to SGs are not enriched in either IDR or
LCS sequences relative to metabolic enzymes that are not targeted to SGs. Furthermore, the
majority of the SG associated metabolic enzymes do not possess a predicted RNA binding
domain and have not been identified in high throughput screens as RNA binding proteins. Thus,
it is likely that neither the presence of IDR or LCS sequences is sufficient to target these
metabolic enzymes to SGs and that the recruitment mechanism likely to involve additional
stress-specific interaction domains.

Biphasic AdoMet regulation of yeast SG assembly

The stress specific recruitment of metabolic enzymes suggested a novel route to identify
metabolic pathways that might play a role in regulating SG assembly. Our focus on the product
of Sam1, AdoMet, has uncovered unexpected parallels between how metabolites regulate
metabolism and SG formation/composition. Metabolite regulation of metabolic pathway activity
is biphasic. Critical metabolites can directly regulate enzyme activity over short time scales, but
they also cause changes in the expression profile of a pathway when the metabolite is present or
absent for long periods of time. Interestingly, we observe a similar two-phase regulation of SG
formation and composition by AdoMet.

Brief treatments of log phase yeast with AdoMet were able to block SG formation in
response to acute stresses without affecting expression levels of SG proteins. In contrast, genetic

manipulations that caused sustained alterations in AdoMet levels affected the expression of the
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stress granule nucleator, Ded1. For instance, mutations in SAM1 that decrease AdoMet
production increase Ded1 protein levels. Since overexpression of Dedl is known to trigger SG
assembly, the increase in SG formation when AdoMet levels fall is likely due to its effect on
Dedl expression. Conversely, the deletion of ADO! in diauxic phase cultures causes an increase
in AdoMet levels and a reduction in both Ded1 protein levels and its localization to SGs.
Interestingly, this effect on Ded1 expression was post-transcriptional since ado /4 strains had
elevated DEDI transcript levels even though the levels of Ded1 protein were decreased.
Furthermore, aspects of this control loop might be conserved from yeast to humans since protein
levels of human ortholog of Ded1, DDX3, have also been shown to be sensitive to AdoMet
levels in Huh7 cells (Schroder et al., 2012).

These changes in SG composition in response to sustained elevation of AdoMet are not
limited to Ded1. SGs in ado 14 strain SGs also lacked other 5° UTR mRNA-associated proteins
including elF4G1 and elF4E, while SG proteins associated with the 3> UTR of mRNA (ie Pabl,
Pbpl, and Publ) where unaffected. Additionally, SGs in adol4 strains were defective in
recruiting Sam1 and Adel7. However, none these recruitment defects were due to a decrease in
protein expression. Thus, sustained increases in AdoMet levels can selectively block recruitment
of a subset of SG components in addition to downregulating Ded1. Together these results argue
that AdoMet acts at short time scales to suppress stress granule formation, while chronic
increases in AdoMet modify the SG proteome by affecting both the expression and recruitment
of SG components. Recent work has also identified acetyl-CoA as a candidate small molecule
regulator of SGs; however, its mechanism of action is unclear (Rollins et al., 2017). Future

studies of how acetyl-CoA regulates SG assembly at short and long time scales will help
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determine if biphasic regulation is a common feature of metabolite regulation of yeast SG
formation.

While the molecular targets of AdoMet at either time scale are unclear, our initial
characterization suggests that it does not act via protein methylation. Deletion of the Ded1
methyltransferase, HMT 1, did not block the effect of elevated AdoMet levels. Similarly,
treatment of mammalian cells with the broad-spectrum methyltransferase inhibitor, AdOx, did
not block the effect of AdoMet on SGs. These experiments raise the possibility that AdoMet
might disrupt SG formation by altering RNA methylation. While mRNAs with m°A
modifications are recruited into SGs (Anders et al., 2018; Wang et al., 2015), it remains to be
determined if the levels of mMRNA methylation can alter the dynamics of SG formation.
Conservation of AdoMet-mediated SG regulation in mammalian cells

While yeast and mammalian SGs share a significant overlap in their proteome, not all
aspects of composition and regulation are conserved. For instance, mammalian SGs mature by
the fusion of small SGs into larger SGs, while fusion-based maturation has not been observed in
yeast (Ivanov et al., 2003; Wheeler et al., 2016). Despite these differences, yeast and mammalian
SGs are both regulated by AdoMet. Treatment of either yeast or iPSC-derived motor neurons
with AdoMet suppressed arsenite-induced SG formation in both cell types arguing that AdoMet
is a conserved small molecule regulator of SGs.

Interestingly, while the acute effects of AdoMet on yeast and iPSC-derived motor
neurons are comparable, AdoMet treatment had distinct effects on SG formation in cancer
derived cell lines. Treatment of HeLa cells with AdoMet prior to oxidative, proteotoxic, and
translational stress resulted in SGs that were greater in number and smaller in size. This suggests

that AdoMet treatment disrupts SG fusion in cancer derived cell lines rather than blocking SG
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formation. Furthermore, this effect is microtubule-independent arguing that AdoMet treatment is
disrupting a novel step in the SG fusion process. One possible reason that AdoMet treatment
causes disrupts different steps in SG formation in HeLa cells as compared to iPSC-derived motor
neurons is that cancer cell lines and non-dividing primary cells have distinct metabolic profiles.
Future studies examining how basal cell metabolism alters AdoMet’s effects on SG formation
will likely provide new insights into what makes particular cells sensitive or resistant to stress.
Most provocatively, AdoMet treatment suppressed SG formation in iPSC-derived motor
neurons that expressed mutated forms of TDP-43 and FUS found in ALS patients. AdoMet was
effective in blocking SG assembly in these disease models even though these mutated forms of
TDP-43 and FUS have an increased propensity to phase separate (Ling et al., 2013; Mackenzie et
al., 2017; Murakami et al., 2015; Patel et al., 2015). Thus, aberrant, pathogenic SGs are just as
sensitive to AdoMet treatment as normal SGs. This argues that AdoMet acts at a step in SG
formation that is common to both the conventional SG assembly pathway and the pathways used
by aggregation prone variants of TDP-43 and FUS. Furthermore, the few SGs that form in
mutant motor neurons pre-treated with AdoMet fail to recruit TDP-43. Thus, the ability of
AdoMet to suppress the formation of pathological SGs argues that pathways that control either
AdoMet levels or the SG response to AdoMet presents an exciting and tractable therapeutic

approach for ALS and other neurodegenerative diseases.
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Materials and Methods
Experimental Model and Subject Details

All yeast experiments were carried out in Saccharomyces cerevisiae budding yeast in the
BY4741 background. All yeast strains were grown at 30°C unless otherwise indicated in either
YPD medium (1% yeast extract, 2% peptone, 2% dextrose) or synthetic defined medium (0.17%
yeast nitrogen base without ammonium sulfate or amino acids, 0.5% ammonium sulfate, amino
acids, 2% glucose).

The HeLa-S3 cell line is derived from human female cervical adenocarcinoma tissue and
the U20S cell line is derived from human female osteosarcoma tissue. Both HeLa and U20S cell
lines were maintained in DMEM (Gibco), 10% fetal bovine serum (Corning), and 1%
penicillin/streptomycin (Gibco) at 37°C and 5%CO; in a humidified incubator.

Adult human primary fibroblasts carrying TARDBP (N352S) mutation and a control
individual were obtained by Dr. John Ravits (University of California, San Diego). Primary
fibroblasts were cultured in DMEM supplemented with 10% fetal bovine serum, NEAA, and 1-
glutamine at 37°C and 5%CO; in a humidified incubator. To generate iPSCs, fibroblasts were
transduced with Cytotune iPS Sendai Reprogramming Kit, according to manufacturer’s protocol
(Invitrogen). Human iPSC line carrying ALS-associated FUS (R521G) mutation was previously
reprogrammed from primary fibroblast obtained by Franca Cambia, Edward Kasarskis, and
Haining Zhu (University of Kentucky), as described (Kapeli et al., 2016). All iPSCs were
maintained on Matrigel-coated plates (BD Biosciences) in mTeSR1 growth media (Stem Cell
Technologies) at 37°C and 5% CO; in a humidified incubator. Colonies were expanded by

clump-passaging using enzyme-free dissociation buffer (EDTA). Informed consent was obtained
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from all individuals prior to sample collection. The use of patient fibroblast for research was
approved by the University of California, San Diego Institutional Review Board.
Plasmids and Strains

Plasmids from this work were generated by standard molecular biology techniques and
verified by sequencing (Eton Bioscience).

A complete list of strains used in this study is listed in Table 3.4. All yeast strains were
derived from a parent strain with the genotype MATa his3A1 leu2A0 met15A0 ura3A0
(BY4741). Generation of endogenous GFP-tagged strains and gene disruption was created using
standard PCR-mediated techniques. Strains from the GFP collection were used as background
strains for the production of dual-fluorescent tagged strains used in RNA granule screen. For all
other experiments, newly made strains were generated using BY4741 (Dharmacon) as the
parental strain.

Ded1-GFP and Sam1-GFP variants were introduced into their respective endogenous loci
by PCR amplifying cassettes that contained the coding sequence of Ded1-GFP or Sam1-GFP, a
kanamycin resistance marker, and a 50bp sequence homologous to downstream of their
respective stop codons. These cassettes were introduced into yeast using standard yeast
transformation protocols. Genomic DNA was extracted from resulting transformants and the loci
were PCR amplified and sequenced to verify the presence of the correct mutation.

Preparation of Samples for Yeast Microscopy
For acquiring images from RNA granule screen, cells were grown in YPD at 30°C for 1

day and 5 days and fixed prior to imaging. Briefly, 0.1mL 37% formaldehyde
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Table 3.4. List of yeast strains used in this study

Name Genetic background Reference

BY4741 MATa his3A1 leu2 A0 metl15A0 ura3A0 Dharmacon

Adel7-GFP, Ded1-mCherry BY4741, ADE17-GFP::HIS, DEDI1- This study
mCherry::HphNT1

Adel7-GFP, Edc3-mCherry BY4741, ADE17-GFP::HIS, EDC3- This study
mCherry::HphNT1

Cdc19-GFP, Ded1-mCherry BY4741, CDC19-GFP::HIS, DED1- This study
mCherry::HphNT1

Cdc19-GFP, Edc3-mCherry BY4741, CDC19-GFP::HIS, EDC3- This study
mCherry::HphNT1

Cys4-GFP, Ded1-mCherry BY4741, CYS4-GFP::HIS, DED1- This study
mCherry::HphNT1

Cys4-GFP, Edc3-mCherry BY4741, CYS4-GFP::HIS, EDC3- This study
mCherry::HphNT1

Gly1-GFP, Ded1-mCherry BY4741, GLY1-GFP::HIS, DEDI- This study
mCherry::HphNT1

Gly1-GFP, Edc3-mCherry BY4741, GLY1-GFP::HIS, EDC3- This study
mCherry::HphNT1

Pro3-GFP, Ded1-mCherry BY4741, PRO3-GFP::HIS, DED1- This study
mCherry::HphNT1

Pro3-GFP, Edc3-mCherry BY4741, PRO3-GFP::HIS, EDC3- This study
mCherry::HphNT1

Sam1-GFP, Ded1-mCherry BY4741, SAM1-GFP::HIS, DED1- This study
mCherry::HphNT1

Sam1-GFP, Edc3-mCherry BY4741, SAM1-GFP::HIS, EDC3- This study
mCherry::HphNT1

Trr1-GFP, Ded1-mCherry BY4741, TRR1-GFP::HIS, DED1- This study
mCherry::HphNT1

Trr1-GFP, Edc3-mCherry BY4741, TRR1-GFP::HIS, EDC3- This study
mCherry::HphNT1

Sam1-GFP WT, Sam2-mCherry BY4741, SAM1-GFP (WT)::KanMX6, SAM2- This study
mCherry::HphNT1

Sam1-GFP C91Y, Sam2-mCherry BY4741, SAMI1-GFP (C91Y)::KanMX6, SAM2- This study
mCherry::HphNT1

Sam1-GFP D121N, Sam2- BY4741, SAM1-GFP (D121N)::KanMX6, SAM2- This study

mCherry mCherry::HphNT1

Sam1-GFP K252M, Sam2- BY4741, SAM1-GFP (K252M)::KanM X6, SAM2- This study

mCherry mCherry::HphNT1

Sam1-GFP WT, Adel7-mCherry  BY4741, SAMI1-GFP (WT)::KanMX6, ADE17- This study
mCherry::HphNT1

Sam1-GFP C91Y, Adel7- BY4741, SAM1-GFP (C91Y)::KanMX6, ADE17- This study

mCherry mCherry::HphNT1

Sam1-GFP DI121N, Adel7- BY4741, SAM1-GFP (D121N)::KanMX6, ADE17-  This study

mCherry mCherry::HphNT1

Sam1-GFP K252M, Adel7- BY4741, SAM1-GFP (K252M)::KanMX6, ADE17-  This study

mCherry mCherry::HphNT1

Sam1-GFP WT, Ded1-mCherry BY4741, SAM1-GFP (WT)::KanMX6, DED1- This study
mCherry::HphNT1

Sam1-GFP C91Y, Dedl-mCherry BY4741, SAM1-GFP (C91Y)::KanMX6, DED1- This study

mCherry::HphNT1
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Table 3.4. List of yeast strains used in this study (continued)

Sam1-GFP DI121N, Ded1- BY4741, SAM1-GFP (D121N)::KanMX6, DED1- This study
mCherry mCherry::HphNT]1
Sam1-GFP K252M, Ded1- BY4741, SAM1-GFP (K252M)::KanM X6, DED1- This study
mCherry mCherry::HphNT]1
Sam1-GFP WT, Pbpl-mRuby?2 BY4741, SAM1-GFP (WT)::KanMX6, PBP1- This study
mRuby2::NatM X6
Sam1-GFP C91Y, Pbpl-mRuby2  BY4741, SAMI-GFP (C91Y)::KanMX6, PBP1- This study
mRuby2::NatM X6
Sam1-GFP D121N, Pbpl- BY4741, SAM1-GFP (D121N)::KanMX6, PBP1- This study
mRuby?2 mRuby2::NatMX6
Sam1-GFP K252M, Pbpl1- BY4741, SAM1-GFP (K252M)::KanM X6, PBP1- This study
mRuby?2 mRuby2::NatMX6
Adel7-GFP BY4741, ADE17-GFP::HphNT]1 This study
Cdc19-GFP BY4741, CDC19-GFP::HphNT]1 This study
Cys4-GFP BY4741, CYS4-GFP::HphNT]1 This study
Ded1-GFP BY4741, DED1-GFP::HphNT]I This study
Dcp2-GFP BY4741, DCP2-GFP::HphNT1 This study
Edc3-GFP BY4741, EDC3-GFP::HphNT]1 This study
elF4G1-GFP BY4741, EIF4G1-GFP::HphNT1 This study
elF4E-GFP BY4741, EIF4E-GFP::HphNT]1 This study
Pab1-GFP BY4741, PABI-GFP::HphNT]1 This study
Pub1-GFP BY4741, PUBI-GFP::HphNT]1 This study
Pbp1-GFP BY4741, PBP1-GFP::HphNT]1 This study
Sam1-GFP BY4741, SAM1-GFP::HphNT1 This study
Adel7-GFP, adolA BY4741, ADE17-GFP::HphNT1, ado1A::NatMX6 This study
Cdc19-GFP, ado1A BY4741, CDC19-GFP::HphNT1, ado1A::NatMX6 This study
Cys4-GFP, adol1A BY4741, CYS4-GFP::HphNT]I, adolA::NatMX6 This study
Ded1-GFP, adolA BY4741, DED1-GFP::HphNT1, ado1A::NatMX6 This study
Dcp2-GFP, adolA BY4741, DCP2-GFP::HphNT]1, adolA::NatMX6 This study
Edc3-GFP, adolA BY4741, EDC3-GFP::HphNT1, adolA::NatMX6 This study
elF4G1-GFP, adolA BY4741, EIF4G1-GFP::HphNT1, adol1A::NatMX6 This study
elF4E-GFP, adol1A BY4741, EIF4E-GFP::HphNT1, adolA::NatMX6 This study
Pab1-GFP, adolA BY4741, PAB1-GFP::HphNT]I, adolA::NatMX6 This study
Pub1-GFP, adolA BY4741, PUBI-GFP::HphNT]I, adolA::NatMX6 This study
Pbp1-GFP, adolA BY4741, PBP1-GFP::HphNT1, adolA::NatMX6 This study
Sam1-GFP, adol1A BY4741, SAM1-GFP::HphNT1, adol1A::NatMX6 This study
Ded1-GFP, hmt1A BY4741, DED1-GFP::HphNTI1, hmtlA::KanMX6 This study
Ded1-GFP, hmtlA, adolA BY4741, DED1-GFP::HphNTI, adolA::NatMXa®, This study
hmtlA::KanMX6
Ded1-GFP BY4741, DED1-GFP::KanM X6 This study
Ded1-GFP RK4 BY4741, DED1-GFP (R51K, R62K, R87K, This study
R578K)::KanMX6
Ded1-GFP, adolA BY4741, DED1-GFP::KanM X6, ado1A::NatMX6 This study
Ded1-GFP RK4, ado1A BY4741, DED1-GFP (R51K, R62K, R87K, This study
R578K)::KanM X6, ado1A::NatMX6
Cdc19-GFP, Pbpl-mRuby2 BY4741, CDC19-GFP::HphNT1, PBP1- This study
mRuby2::NATMX6
Cdc19-GFP, Pbpl-mRuby?2, BY4741, CDC19-GFP::HphNT1, PBP1- This study
adolA mRuby2::NATMX6, ado1A::KanM X6
Cys4-GFP, Pbpl-mRuby2 BY4741, CYS4-GFP::HphNT1, PBP1- This study

mRuby2::NATMX6
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Table 3.4. List of yeast strains used in this study (continued)

Cys4-GFP, Pbpl-mRuby2, adolA BY4741, CYS4-GFP::HphNT1, PBP1- This study
mRuby2::NATMX6, ado1A::KanM X6
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was added to ImL of culture and rotated for 15 min at RT. Fixed cells were then spun down and
washed with water before resuspending in 1M Sorbitol. Cells were stored for up 1 week at 4°C
or imaged immediately. For the remaining experiments, live cell imaging was used. Cells were
grown in indicated medium at 30°C to either log phase or 1 day time point and spun down.
Samples were concentrated in their existing medium and cells were imaged immediately.

Heat shock, sodium azide, glucose deprivation, and ethanol shock were carried out as
described previously with methionine deprivation under similar conditions. Briefly, cells were
grown in indicated medium (YPD or SD) overnight at 30°C and then back diluted into fresh
medium to an OD600 of 0.2 and grown at 30°C to log phase. For heat shock experiments, cells
were transferred to a water bath set at 46°C or remained at 30°C for 10 minutes. For NaNj
experiments, yeast cultures were treated with 0.5% NaNj; or water for 30 minutes at 30°C prior to
imaging. For glucose deprivation experiments, cells were collected and washed in 30°C pre-
warmed medium lacking glucose (YP or SD Glu-) followed by resuspension again in 30°C pre-
warmed medium lacking glucose. Cells were then placed back at 30°C for 30 minutes and then
imaged immediately prior to imaging. For ethanol shock, yeast cultures were collected and
washed in 30°C pre-warmed SD medium with ethanol (SD EtOH 6% ) as its sole carbon source
followed by resuspension again in 30°C pre-warmed SD medium with ethanol. Cells were placed
black at 30°C for 30 minutes and imaged immediately. For methionine deprivation experiments,
cells were collected and washed with 30°C pre-warmed SD medium lacking methionine
followed by resuspension again in 30°C pre-warmed SD medium lacking methionine. Cells were

placed back at 30°C for 30 minutes and imaged immediately.
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For AdoMet supplemented experiments, yeast cultures were grown overnight in YPD
medium at 30°C and then back diluted into YPD with 250uM AdoMet (Sigma Aldrich). Cells
were then grown to the desired time point.

RNA Isolation and qPCR

Total RNA was obtained by harvesting 40 OD600 units of cells from the 1 day time point
and resuspending pellets in RNA lysis buffer (10mM EDTA, 50mM NaOAc pH 5.5). Next, SDS
was added to a final volume of 1%. Samples were then subjected to a series of hot acid
phenol/chloroform, acid phenol/chloroform, and chloroform extractions followed by
precipitation. Spg of RNA were taken to create cDNA using SuperScript III First-Strand
Synthesis System (Invitrogen) following the manufacture’s protocol. Quantitative PCR (qPCR)
was performed using SYBR Green PCR Master Mix (Applied Biosystems). The relative levels of
transcripts were calculated using the (AACt) method and normalized to PGK.

Polysome Profile Analysis

200mLs of wild-type cells (BY4741) were grown to log phase (OD600 ~ 0.5) in YPD
medium with or without 250uM AdoMet (Sigma Aldrich) at 30°C. Once cells reached log phase,
the 200mL culture was split into two flasks containing 100mLs each and one was treated with
0.05% sodium azide for 30 min at 30°C. Prior to harvesting, cells were treated with 100pg/ml
cyclohexamide (Sigma Aldrich) and allowed to shake for an additional 2 minutes at 30°C.
Cultures were then spun down for 5 min at 4,000rpm at 4°C and the pellet was washed and
resuspended in 1.5mL ice-cold Polysome Lysis Buffer (20mM Tris-HCI pH 8.0, 140mM KCl,
1.5mM MgCl,, 100pg/ml cyclohexamide and 1% TritonX-100). An equal volume of acid-
washed glass beads were added to the resuspensions and lysis was performed by vortexing

samples for 30 seconds for a total of 8 times with 1 minute of recovery on ice in between cycles.
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Lysates were then cleared by centrifuging samples for 5 min at 2,000 rpm at 4°C. The
supernatant was recovered and then spun for 10 minutes at 14,000 rpm at 4°C. The supernatant
was colleceted and A,¢ values were determined using a NanoDrop Spectrophotometer. 50 Azeo
units were then loaded onto a 10-50% linear sucrose gradient and centrifuged for 3 hours at
35,000rpm at 4°C. Gradients were collected from the top using a Biocomp Nano Fractionator
which continuously measure A,s4 values to generate polysome traces.
Generation of iPSC-derived Motor Neurons

Human motor neurons (MN) were differentiated from iPSC as previously described
(Markmiller et al., 2018). Briefly, immediately before differentiation, iPSCs were passaged with
Accutase (Stemcell Technologies) and grown as a monolayer on feeder-free plates in mTeSR1.
Once the cells reached >90% confluency, medium was changed daily with N2B27 medium
(DMEM/F12 + GlutaMAX (Life Technologies), 1% N-2 supplement, 2% B-27 supplement
(Thermo Fisher Scientific), 200uM ascorbic acid (Sigma-Aldrich), and 1%
Penicillin/Streptomycin) and supplemented with 1uM Dorsomorphin dihydrochloride, 10uM
SB431542, and 4uM CHIR99021 (Tocris) for 6 days. From day 7 to 18, cells were fed daily with
N2B27 medium supplemented with 1uM Dorsomorphin dihydrochloride, 10uM SB431542,
200nM Smoothened Agonist (SAG, Tocris), and 1.5uM retinoic acid (RA, Sigma). On day 18,
cells were dissociated using Accutase and transferred to plates coated first with 0.001% w/v
poly-D-lysine hydrobromide (PDL) and poly-L-ornithine (PLO, Sigma) overnight, followed by
an overnight incubation of 20ug/ml laminin (Life technologies) at 37°C, 5% CO,. The
dissociated cells were seeded in N2B27 medium supplemented with 2ng/ml recombinant human
BDNF, 2ng/ml recombinant human GDNF, 2ng/ml recombinant human CNTF (PeproTech),

1.5uM RA, and 200nM SAG, and 10uM Y-26732 ROCK Inhibitor (RI, Tocris). On day 20,
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medium was modified by reducing RI to 2uM. On day 22, RA and SAG was withdrawn and
2uM DAPT (Tocris) was added to the medium. For imaging, cells were re-plated sparsely onto
PDL/PLO/Laminin-coated 8-well glass chamber slides (Millipore) in the same medium on day
24. At 26 days, DAPT was withdrawn from the medium.
Mammalian Cell Imnmunofluorescence

HeLa and U20S cells were passaged and plated onto glass coverslips in 12-well plates
and grown for 24 hours. For AdoMet treatment, 4mM AdoMet was added to wells for 3 hours
prior to the application of stress or Nocodazole (Sigma Aldrich). For AdOx experiments, cells
were grown in the presence of 20uM prior to addition of AdoMet. To induce stress granule
formation, sodium arsenite (Sigma Aldrich) was added to a final concentration of 500uM and
incubated for 1 hour. For MG132 (Sigma Aldrich) and RocA (Sigma Aldrich) experiments, cells
were incubated with compounds for 2 hours in a final concentration of 100uM and 2uM,
respectively. Cells were then washed with PBS and fixed in 4% paraformaldehyde (Sigma
Aldrich) for 20 minutes. Following removal of fixative, cell were washed with PBS and then
permeabilized in 0.5% Triton X-100/PBS for 15 minutes. After permeabilization, cells were
washed with PBS and then incubated with blocking solution (4% BSA/PBS) for 30 minutes.
Primary antibodies (1:100 mouse anti-DDX3; Santa Cruz Biotech, 1:1000 rabbit anti-G3BP1;
Sigma Aldrich) were diluted in blocking solution and added to cells overnight at 4°C. Following
PBS washes, secondary antibodies (1:200 donkey anti-rabbit 568; Invitrogen, 1:200 goat anti-
mouse 488; Invitrogen) were incubated for 2 hrs in the dark. Cells were washed with PBS and
DAPI was added before mounting coverslips with Vectashield (Vector Laboratories).

On Day 28 of culturing, iPSC-derived motor neurons were pretreated with 4mM AdoMet

for 3 hours prior to the addition of 250uM sodium arsenite for 1 hour or Spg/ml puromycin for
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24 hours. Following stress, cells were fixed with 4% paraformaldehyde for 45mins at room
temperature. After three washes with PBS, the cells were simultaneously blocked and
permeabilized with 5% goat serum, 0.1% Triton X-100, 1x PBS for 1hr at room temperature.
Cells were rinsed with once with PBS and incubated with primary antibody (1:500 mouse anti-
TARBP; Abnova, 1:1000 rabbit anti-G3BP1; Sigma Aldrich) diluted in 0.01% Triton X-100, 5%
goat serum, 1x PBS for overnight at 4°C. After five washes with 0.01% Triton-X100, 1x PBS,
secondary antibody (1:1000 goat anti-mouse AlexaFluor 488, goat anti-rabbit AlexaFluor 555;
Invitrogen) diluted in 0.01% Triton X-100, 5% goat serum, 1x PBS was added for 1hr at room
temperature. Cells were washed ten times in 0.01% Triton-X100, 1x PBS prior to nuclei stain
with DAPI (1:5000 v/v in PBS) for 15 mins at RT. After one wash with 1x PBS, cells were
preserved in 50% v/v glycerol in PBS.
Western Blot Analysis

For yeast samples, whole cell extracts were prepared via NaOH extraction as indicated in
Kushnirov et al 2000. Briefly, cells were grown in YPD medium at 30°C to either log phase or 1
day time point. Next, 1 OD600 (log phase) or 2.5 OD600 (1 day) was spun down and
resuspended in 0.1N NaOH. After incubation at RT for 5 min, cells were spun down and then
resuspended in 2x Sample Buffer with protease inhibitors (Sigma Aldrich). Samples were boiled
for 5 min at 95°C and incubated on ice for 3 minutes prior to centrifugation once more.
Supernatants were stored at -20°C or used immediately.

For HeLa cells, lysates were obtained by first rinsing cells with cold 1X PBS to remove
debris and media. Next, RIPA Buffer (50mM Tris-HCI pH7.5, 150mM NacCl, 1% Triton X-100,
1% Sodium Deoxycholate, 0.1% SDS, 2mM EDTA) with protease inhibitors was added and cells

were scraped and centrifuged for 10 min at 15,000rpm at 4°C. Protein concentration was then
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determined by Bradford assay (Bio-Rad Protein Assay Dye Reagent Concentrate, BioRad) and
normalized across samples. Next, 4X Sample Buffer was added and samples were boiled for 5
min at 95°C and placed on ice for 3 minutes prior to centrifugation. Samples were stores at -
20°C or used immediately.

Samples were resolved on 10% SDS-PAGE gels and subsequently transferred to
nitrocellulose membrane using semi-dry conditions. Membranes were then incubated in blocking
solution (5% milk in TBST 0.1%) for 1 hour. After TBST 0.1% washes, membranes were
incubated in primary antibody overnight at 4°C (1:5000 rabbit anti-GFP; Torrey Pines, 1:2500
mouse anti-mCherry; Novus Biologicals, 1:10000 mouse anti-PGK1; Invitrogen, 1:500 mouse
anti-DDX3; Santa Cruz Biotech, 1:10,000 rabbit anti-G3BP; Sigma-Aldrich, 1:500 mouse anti-
actin JLA20; Developmental Studies Hybridoma Bank). Primary antibody was removed and
washed with TBST 0.1% prior to adding horseradish peroxidase-conjugated secondary antibody
(1:10000 donkey anti-rabbit, 1:2500 sheep anti-mouse) in 5% blocking solution for 2 hours at
RT. Membranes were then washed with TBST 0.1% and then incubated in Thermo Scientific
Pierce ECL Western Blotting Substrate. Chemiluminescence was detected using FluorChem E
system (Protein Simple). Quantification of protein levels was carried out using densitometry
methods by comparing signals to internal control signal (PGK1 for yeast samples or Actin for
HelLa cells).

Microscopy and Image Analysis

All images (with the exception of motor neuron experiments) were acquired on a Zeiss
Axiovert 200M fluorescent microscope equipped with a CSU-X1 spinning disk (Yokogawa), an
1ChromeMLE laser source (Toptica Photonics) and uManager version 1.4 software. For

acquisition of yeast, a 2um Z-stack was taken with slices at 0.25um intervals using the 40X (or
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100X for intensity ratio determination) objective. Mammalian cell images were acquired by
taking slices at 0.3um intervals to obtain a 3pum Z-stack using the 40X objective.

Images for motor neurons were acquired on a Nikon Ti2 microscope equipped with a
Nikon Qi2 Camera, Lumencor SpectraX LED light engine, Semrock quad bandpass filter cube
with barrier filters, and NIS Elements 5.11 software. Images were taken using a Nikon 40x 0.95
NA objective. For acquisition, five random non-overlapping positions within each well of a 96-
well plate were generated. At each position, an autofocusing routin was run to identify the Z-
plane with the highest contrast in the 405nm channel and a symmetrical 7um thick Z-stack
centered around this focal plane with 0.9um steps was captured

For all images, optimal Z-projections were obtained using FIJI along with subsequent
image analysis. Colocalization quanitification was determined manually as the percentage of the
number of GFP foci overlapped with mCherry foci divided by the total number of GFP foci. To
determine intensity ratio analysis, maximum intensities of foci were measured along with the
average intensity of the cytoplasm of that cell. Each value was background-corrected by
subtracting the average intensity of the image with no cell. Intensity ratios were calculated by
dividing the corrected foci intensity by the corrected cytoplasm intensity.

For mammalian cell image analysis, single cells were isolated using the “freehand”
selection tool in FIJI. The number and size of foci as well as total stress granule area were then
determined using the FIJI 3D Objects Counter plugin. Data was exported to Microsoft Excel and
pooled for further analysis.

Quantification and statistical analysis
Student’s t test was used when comparing the averages between two samples. For dot

plot and box plot analysis, Welch’s t test for unequal size and variance and unpaired t test was
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used to determine the significance respectively. Statistical analysis was performed using

GraphPad Prism 7 software.
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Chapter 4

An in vitro assembly system for yeast stress granules
identifies role for RNA nucleation and ATP
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Abstract

Stress granules (SGs) are phase-separated assemblies of non-translating mRNPs that form
in response to environmental stress. SGs arise by a combination of multivalent protein-protein,
protein-RNA, and RNA-RNA interactions. However, the role of RNA-RNA interactions in SG
assembly remains understudied. Here, we describe a yeast stress granule reconstitution system
that faithfully recapitulates SG assembly in response to trigger RNAs. SGs assembled by stem
loop RNAs triggers are ATP-sensitive and exhibits the hallmarks of maturation observed for SGs
in vivo and SG proteins that phase separate in vitro. Additionally, the fraction of total mRNA that
can be phase separated in vitro is sufficient to trigger SG formation. However, phase separation
of NFT1 mRNA, a major transcript in this population, can only assemble an incomplete SG
arguing that networks of distinct transcripts are required to form a canonical SG. Altogether, our

system provides a platform to investigate how RNA-RNA interactions mediate SG formation.
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Introduction

The assembly of RNA granules, non-membrane bound organelles comprised of RNA-
binding proteins and non-translating mRNAs, is a hallmark of biochemical organization in
eukaryotic cells (Anderson and Kedersha, 2006). RNA granules have been implicated mRNA
processing, degradation, subcellular localization and translational control (Buchan, 2014). Stress
granules (SGs) represent a conserved class of RNA granules that form in response to
environmental stresses that inhibit translation initiation (Protter and Parker, 2016). Much of our
understanding of the physical chemistry underpinning SG assembly has come from in vitro
studies of SG components. Proteomic studies from yeast and mammalian cell lines have found
that SGs are enriched in RNA-binding proteins that contain intrinsically disordered regions
(IDRs) or low complexity sequences (LCSs) (Han et al., 2012; Jain et al., 2016; Markmiller et
al., 2018; Youn et al., 2018). These domains have the ability to partition out of solution via
liquid-liquid phase separation (LLPS) (Banani et al., 2017) This has suggested a model where
alterations in valency and concentration of SG components can drive SG formation via LLPS
(Banani et al., 2017). Consistent with this model, SG assembly is sensitive to the levels of SG
components with IDR/LCS domains. Overexpression of SG proteins with IDRs promotes SG
assembly in the absence of stress, while their depletion disrupts SG formation (Anderson and
Kedersha, 2008; Hilliker et al., 2011; Kedersha et al., 2016; Matsuki et al., 2013; Takahara and
Maeda, 2012). Additionally, RNA can act as a scaffold for multiple IDR domain RNA binding
proteins. This scaffolding effect can drive LLPS via an increase in valency and has been
observed for proteins and RNAs for several types of RNA granules, including SGs (Lin et al.,
2015; Maharana et al., 2018; Protter et al., 2018). While these approaches have been useful in

defining how networks of RNA-protein and protein-protein interactions can drive LLPS of SG
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components, the promiscuous nature of these in vitro systems, their reliance on crowding agents,
and the restriction to examining only 1-2 proteins at a time has made it difficult to understand
how a SG forms without recruiting components of other RNA granules.

Recently, specific RNA-RNA interactions have been implicated in the assembly of
particular RNA granules suggesting an alternate route to triggering LLPS (Jain and Vale, 2017;
Langdon et al., 2018). Interestingly, there is substantial overlap between the SG transcriptome
and the fraction of mRNAs with a propensity to phase separate in vitro under physiological salt
conditions suggesting that RNA-RNA interactions might contribute to SG assembly (Khong et
al., 2017; Van Treeck et al., 2018). This set of RNAs are characterized by poor translatability
and long coding region/3’UTR length consistent with the idea that they would be capable of
forming extended RNA-RNA networks in vivo (Khong et al., 2017). Together these results argue
that extended RNA-RNA networks of mRNAs might be capable of triggering SG assembly.
Such an idea is attractive since it would also help explain features of the SG proteome. Because
translation initiation factors preferentially bind certain RNA sequences (Sen et al., 2015, 2016;
Zinshteyn et al., 2017), the enrichment of specific transcripts in SGs would help explain the
presence of these factors in SGs and their absence from other RNA granules (Zid and O’Shea,
2014). Additionally, G-quadraplex formation of COORF72 repeat RNA (G4C2) can recruit a
subset of SG proteins to foci in cells (Fay et al., 2017) suggesting that multiple RNAs might be
necessary to form a canonical SG.

The composition of RNA granules also appears to be tuned by passive and active
mechanisms. For instance, the ability of different IDR containing proteins to form distinct LLPS
droplets is strongly influenced by the presence of non-IDR proteins independent of their effect of

crowding (Protter et al., 2018). This suggests that specificity can be tuned in the cytoplasm by
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the large number of proteins that can weakly interact with IDR domains and suppress LLPS.
Thus, systems that only focus on the phase separation properties of 1-2 proteins at a time are
unlikely to fully recapitulate the behavior that is observed in vivo. Additionally, in vivo SG
assembly/disassembly is regulated by chaperones and/or helicases suggesting that constant ATP
dependent remodeling might play a role in SG assembly (Hilliker et al., 2011; Jain et al., 2016;
Mateju et al., 2017; Walters et al., 2015). Together, these results suggest that the establishment
of an in vitro SG assembly system where the initiating nucleation event (RNA-RNA, protein-
protein, or RNA-protein) could be defined and that recapitulates the ATP regulated assembly in a
native environment would allow a better understanding of how energy and the type of nucleator
contribute to SG formation.

Here, we describe the development of a yeast cytoplasmic extract system that supports
SG formation when specific trigger RNAs are added. These in vitro assembled SGs (IVSGs)
faithfully recapitulate many of the assembly behaviors of in vivo SGs. In addition to the
recruitment of multiple SG markers, formation of IVSGs is disrupted in extracts made from SG-
defective strains arguing that assembly pathways for IVSGs mirror those of in vivo SGs. The
assembly of [IVSGs is also sensitive to the energy status of the extract, consistent with the
behavior of in vivo SGs. Furthermore, IVSGs display maturation properties reminiscent of in
vitro phase-separated proteins and older SGs in vivo. Using this system, we have identified a
two-step process for IVSG assembly with phase separation of RNA occurring first followed by
recruitment mRNPs. Interestingly, while a single phase-separated RNA can only assemble a
partial IVSG, a population of phase-separated mRNAs is sufficient to trigger IVSG formation.
This argues that a network of RNA-RNA interactions between different mRNA species might be

necessary to assemble a canonical SG. Together these findings provide framework for
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understanding how energy and RNA-RNA mediated LLPS events control the assembly of a bona

fide SG.
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Results
Criteria for assembling SGs in vitro

Previous biochemical studies of SGs have taken two approaches: the analysis of the
phase separation properties of individual SG-associated components or the characterization of
purified SGs. While proteomic studies of purified SGs have provided insights into the
composition of SGs, these SGs are only comprised of the “core” components and lack the
dynamic, ATP-dependent behaviors that characterize SGs in vivo (Jain et al., 2016). In contrast,
analyses of the phase separation properties of the individual protein and/or RNA components of
the SG have revealed the role of valency and LCS/IDR domains in driving demixing (Fay et al.,
2017; Jain and Vale, 2017; Li et al., 2012; Patel et al., 2015; Van Treeck et al., 2018). However,
given that these proteins and RNAs exist as components of multivalent mRNPs that are being
continuously remodeled by chaperones and helicases, it has been difficult to define the specific
roles of RNAs or proteins in driving SG formation in non-pathological situations. As a result, we
have sought to develop an extract system where SG assembly can be triggered by specific RNAs
that recapitulate the dynamic, ATP regulated behavior observed in vivo.

There have been two primary barriers to developing an in vitro SG assembly system:
identifying molecules that specifically trigger SG assembly and validating that any assembled
structure is a bona fide SG. Since the biochemical function of the SG remains unclear, we have
focused on four biochemical criteria for assessing whether any assembled structure is a bona fide
SG. First, assembly should be dependent on specific molecular trigger in order to exclude non-
specific assembly processes, such as molecular crowding (Lin et al., 2015; Molliex et al., 2015).
Second, the structures should have the key biochemical markers of SGs and lack the markers for

other phase-separated structures (e.g P bodies) (Buchan et al., 2011). This will exclude the

158



possibility that the assembled structures are merely non-specifically aggregating mRNPs. Third,
extracts from mutant cells defective in SG assembly should fail to support SG assembly in vitro.
This ensures that the in vivo SG assembly pathway is the same pathway used to construct SGs in
our extract system. Fourth, SGs assembled in vitro should recapitulate the dynamic, energy
dependent behavior observed in vivo (Jain et al., 2016).
Identification of specific RNAs that trigger SG assembly in vitro

One of the problems with studying SG assembly in vivo is that there are many routes
across the phase transition boundary (Van Treeck et al., 2018). The majority of the in vitro
studies of SG components have focused on the role protein-protein interactions via IDRs/LCSs
in driving phase separation (Lin et al., 2015; McGurk et al., 2018; Molliex et al., 2015). RNA-
protein interactions have also been shown to drive phase separation by scaffolding effects that
increase valency (Lin et al., 2015). However, recent work has argued that RNA can also undergo
phase separation directly via RNA-RNA interactions suggesting that this type of interaction
might be a major contributor to RNA granule assembly (Jain and Vale, 2017). Unfortunately,
given the multivalent, dynamic nature of mRNPs, it is exceedingly difficult to examine how a
single type of interaction can trigger SG formation. In order to address this problem, we first
sought to identify RNAs that could phase separate in yeast extracts and trigger SG formation in
vitro. We first leveraged the previous biochemical isolation of yeast SG for proteomic analysis,
to generate an 18,000g supernatant lacked pre-existing SGs, yet contained unincorporated and
diffuse SG markers/components (Figure 4.1A). We then tested a variety of in vitro transcribed
Cy5-labeled RNAs for their ability to phase separate and/or recruit the endogenously expressed
SG marker, Ded1-GFP, from extracts (Figure 4.1B). Capped, polyadenylated YFP mRNA did

not phase separate into foci in our extract. Thus, merely adding exogenous RNA is insufficient to
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Figure 4.1. Specific stem loop repeat RNAs trigger SG formation in yeast extracts

(A) Schematic depicting growth, lysis, and fractionation of yeast extracts. Scale bar: 5 um.

(B) Schematic depicting SG assembly reaction. (C) Representative fluorescent images of
18,000¢g supernatant (80 mg/ml) from a Ded1-GFP strain incubated with various labeled, in vitro
transcribed RNAs (300 nM). Illustrations of RNAs are shown to the right. Scale bar: 2.5um.

(D) Representative fluorescent images of 18,000g supernatant (80 mg/ml) from a Ded1-GFP
strain incubated with various labeled, in vitro transcribed RNAs (300 nM). Illustrations of RNAs

are shown to the right. Scale bar: 2.5 um.
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trigger RNA phase separation and/or SG formation. Similarly, YFP RNA with a 5’ internal
ribosome entry site (IRES) also failed to phase separate or cause Ded1-GFP to form foci (Figure
4.1C). This suggested that particular sequence features might be necessary to trigger SG
formation in vitro. Since recent work on RNA phase separation suggested that arrays of
interacting sequences might be necessary in order to trigger condensate formation, we next tested
whether arrays of stem loops might promote SG formation in vitro (Jain and Vale, 2017).
Interestingly, insertion of 24xMS2 stem loops into the 3’UTR of our model YFP transcript was
sufficient to support the formation of RNA foci that recruited Ded1-GFP (Figure 4.1C).
Furthermore, an array of the 12xMS2 stem loops alone was sufficient to recapitulate this result
arguing that the array of stem loops was the key sequence/structural feature driving RNA phase
separation and Ded1-GFP localization (Figure 4.1C).

In order to test whether the ability to phase separate and/or recruit Ded1-GFP was a
feature common to all repetitive sequences, we also examined the ability of 24xPP7 stem loops,
16xU1A stem loops, and 47xCAG repeats to form RNA foci that recruit Ded1-GFP. An array of
24xPP7 stem loops was capable of forming RNA foci that recruited Ded1-GFP (Figure 4.1D). In
contrast, an array of 16xU1A stem loops phase separated into RNA foci, but these RNA foci
failed to recruit Ded1. Thus, not every phase separated RNA recruits Ded1. Additionally, we
found that while 47xCAG repeats have a known propensity to phase separate in vitro, the repeat
RNA failed to form foci or trigger the formation of Dedl puncta (Figure 4.1D). Thus, the ability
of RNAs to phase separate and recruit Ded1-GFP in yeast extracts is not a general feature of
Cy5-labeled RNA, of RNAs containing arrays of stem loops, or of highly structured RNAs, such
as IRES.

While these results identified two RNA sequences that are capable of phase separating
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and recruiting Ded1 in extracts, it was unclear whether these sequences merely bound the SG
marker, Ded1, or if they nucleated the assembly of a bona fide SG. In order to distinguish
between these two possibilities, we tested the ability of 12xMS2 stem loops to recruit other
known SG markers in addition to Ded1. We focused on the ability to recruit SG proteins that act
at either the 5° (eIF4E, elF4G) or the 3’ (Pabl, Pbpl, Publ) end of transcripts in order to ensure
that we were not merely capturing proteins that were part of the Ded1 interactome. 12xMS2
RNA was able to recruit each SG protein to foci arguing that the assembled structures contain
multiple SG markers that act at opposite ends of mRNA (Figure 4.2A). One concern with these
studies is that our exogenous RNA could be triggering the nonspecific aggregation of a variety of
RNA binding proteins, some of which are SG components. In order to test this possibility, we
assayed the ability of the 12xMS2 RNA to recruit the P body specific protein, Dcp2p-GFP, from
extracts. While 12xMS2 RNA was able to form foci in these extracts, the foci failed to recruit
Dcp2-GFP (Figure 4.2A). Thus, the 12xMS2 RNA triggers the formation of condensates that
selectively recruit SG components and exclude P body components.
Extracts made from mutant yeast strains defective in SG formation fail to support SG
assembly in vitro

While our in vitro assembled SGs (IVSGs) recruit SG specific components and exclude
components from other types of RNA granules, it was unclear whether the assembly process we
observed in vitro mirrored the one observed in vivo. If our extract system faithfully recapitulated
SG assembly, we would expect that mutations that disrupt SG assembly in vivo would have
similar effects on SGs assembled in vitro. To test this prediction, we focused on two mutations

that disrupt/alter SG assembly: adolA and ubp3A (Nostramo et al., 2015). In vivo, adol A and

ubp3 A reduce the ability of SGs to form when assayed with Ded1-GFP (Figure 4.2B). Similarly,
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(A) Representative fluorescent images of 18,000g supernatants (80 mg/ml) from indicated —GFP
or —yoEGFP strains incubated with 12xMS2 RNA (300 nM). Scale bar: 2.5um. (B)
Quantification and representative fluorescent images of Ded1-GFP foci in WT, adolA4, and
ubp34 backgrounds. Data is presented as average £ SEM of three independent replicates. Scale
bar: 5 um. (C) Representative fluorescent images of 18,000g supernatants (80 mg/ml) from WT,
adolA, and ubp34 strains with GFP-tagged Dedl incubated with 12xMS2 RNA (300 nM). Scale
bar: 2.5 um. (D) Quantification of Ded1-GFP foci and 12xMS2 RNA foci in WT, adolA, and
ubp3A strains. Error bars indicate median and interquartile range. Plotted values are a
compilation of three independent experiments. Statistics were performed only on Ded1-GFP
foci. Statistical significance was calculated using Student’s t test for (B) and (D). ***p <0.001.
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12xMS2 RNA forms robust foci in extracts from both adolA and ubp3 A strains, but these foci
lack Ded1-GFP (Figure 4.2C and 4.2D). Thus, our extract system faithfully mirrors the assembly
pathway(s) for SGs in vivo. Furthermore, the fact that 12xMS2 RNA still forms foci in extracts
from both mutant strains argues that both ado /A and ubp3A disrupt stress granule assembly at a
step downstream from RNA phase separation.
RNA phase separation is a separable step from mRNP recruitment in SG assembly

The fact that we were able to use our extract system to separate the formation of RNA
condensates from the recruitment of specific proteins in different mutant backgrounds suggested
that our in vitro system could be used to define the biochemical steps in SG assembly. Previous
studies of SG structure found that purified SGs are comprised of stable “cores” that lose their
liquid phase shell of mRNPs upon purification (Jain et al., 2016). This suggested that SGs
assemble via an initial seeding event followed by mRNP recruitment. To test this model, we first
assayed the ability of 12xMS2 RNA to form foci and recruit Ded1-GFP from extracts that had
been treated with micrococcal nuclease (MNase) to eliminate mRNPs. While 12xMS2 RNA still
formed foci in MNase-treated extracts, these foci no longer recruited Ded1-GFP and Pab1-GFP
(Figure 4.3A and 4.3B). This argues that 12xMS2 RNA does not directly recruit Ded1 or Pabl1 to
the granule, but rather acts by capturing a subset of mRNPs that contain Ded1 and Pabl. Since
12xMS2 RNA recruits mRNPs, we next tested if IVSGs also contain mRNAs that are enriched in
in vivo SGs. 12xMS2-induced SGs were able to recruit NFT1 mRNA as well (Figure 4.3C). This
argues that IVSGs contain mRNPs and mRNAs known to localize to in vivo SGs.

12xMS2 RNA phase separation is not dependent on its ability to interact with mRNPs
suggesting that RNA phase separation is biochemically distinct from mRNP capture. Molecular

crowding has been shown to promote multivalent interactions that drive phase separation of
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(A) Representative fluorescent images of mock- (Mock) or micrococcal nuclease-treated
(MNase) 18,000g supernatant (80 mg/ml) from Ded1-GFP or Pab1-GFP strains incubated with
12xMS2 RNA (300 nM). (B) Quantification of Dedl, Pabl, and 12xMS2 RNA foci per field in
mock- (Mock) and MNase-treated (MNase) extracts. Plotted values are a compilation of three
independent experiments. (C) Representative fluorescent images of colocalization between
NFT1 mRNA (40 nM) and 12xMS2 RNA (300nM) in Ded1-GFP extracts (80 mg/ml). (D)
Representative fluorescent images of 12xMS2 RNA (300 nM) in crowding (80 mg/ml extract,
100 mg/ml BSA, Buffer + 10% PEG 4000) or non-crowding conditions (Extract Buffer). (E)
Representative fluorescent images of 18,000g supernatants from a Ded1-GFP (80 mg/ml) strain
pretreated with Proteinase K prior to addition of 12xMS2 RNA (300 nM). Scale bar: 2.5 pm.
Statistical significance was calculated using Student’s t test for (B). ***p < 0.001.
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RNA granules in vitro, suggesting that the partitioning of 12xMS2 into foci in our extracts is
merely a crowding effect (Lin et al., 2015; Molliex et al., 2015). However, 12xMS2 RNA does
not form foci in extract buffer, extract buffer with 100mg/ml BSA, or extract buffer with 10%
PEG arguing that assembly is not due to molecular crowding (Figure 4.3D). Interestingly,
proteinase K-treated extracts fail to assemble 12xMS2 RNA foci formation (Figure 4.3E). Thus,
yeast extracts contain a protein-based activity that allows 12xMS2 RNA to form foci and this
initial seeding event is separable from mRNP recruitment.
ATP levels regulate SG nucleation and disassembly in vitro

Many of the stresses that induce SG formation in vivo, such as sodium azide or glucose
deprivation, cause a drop in intracellular ATP levels (Buchan et al., 2011). However, it has been
unclear whether this effect is due to the detergent-like properties of ATP or if it is due to a
decrease in the activity of helicases and chaperones that suppress SG formation (Jain et al., 2016;
Patel et al., 2017). Since our IVSGs recapitulate the features of in vivo SGs, we sought to test
these different roles for ATP on IVSG assembly by adding increasing amounts of ATP or
AMPPNP to our yeast extracts and assaying the effects on the ability of 12xMS2 RNA to form
foci and/or recruit Ded1-GFP. Exogenous ATP and AMPPNP both suppressed 12xMS2 foci
formation at high concentration (5-7mM), but had no effect at physiological concentrations (1-
2mM) (Figure 4.4A). Consistent with the ability of high concentration of trinucleotides
suppressing IVSG nucleation, GTP had similar effects to ATP and AMPPNP (Figure 4.4A).

In contrast, ATP and AMPPNP had different effects on pre-assembled 12xMS2 SGs
(Figure 4.4B). Addition of ATP to a final concentration of 5-7mM caused 12xMS2 SGs to

disassemble whereas the addition of AMPPNP had no effect on pre-assembled 12xMS2 SGs
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Figure 4.4. Effects of ATP on SG assembly, disassembly, and morphology

(A) Schematic of workflow for setting up SG assembly reaction with or without nucleotides is
shown on the left. Quantification of the effects of nucleotides on Ded1-GFP and 12xMS2 RNA
foci for SG assembly. Samples are normalized to 0 mM nucleotide reactions. Data is presented
as average = SEM of three independent replicates. Representative fluorescent images of Ded1-
GFP and 12xMS2 in nucleotide assembly reactions are shown on the right. (B) Schematic of
workflow for setting up SG disassembly reaction with or without nucleotides is shown on the
left. Quantification of the effects of nucleotides on Ded1-GFP and 12xMS2 RNA foci for SG
disassembly. Samples are normalized to 0 mM nucleotide reactions. Data is presented as average
+ SEM of three independent replicates. Representative fluorescent images of Ded1-GFP and
12xMS2 in nucleotide disassembly reactions are shown on the right. (C) Representative
fluorescent images of 18,000g supernatants (100 mg/ml) from a Ded1-GFP strain treated with or
without apryrase (10 U/ml). (D) Representative fluorescent images of 18,000g supernatants (100
mg/ml) from a Ded1-GFP strain pretreated with apyrase (10 U/ml) prior to addition of 12xMS2
RNA (300 nM). (E) Quantification of average foci size from mock- and apyrase-treated extracts.
Data is presented as average = SEM of three independent replicates. (F) Quantification of the
number of structures with a circularity score < 0.75 from mock- and apyrase-treated extracts.
Data is presented as average = SEM of three independent replicates.
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(Figure 4.4B). Furthermore, GTP was able to disassemble SG as well (Figure 4.4B). These
results suggest that [IVSGs can be remodeled via an energy dependent process.

Given this result, we next explored whether the basal level of ATP in the extracts
contributed to SG assembly. To test this, we depleted ATP from extracts by treating them with
apyrase. Treatment of extracts with apyrase didn’t lead to any pre-clustering of Ded1-GFP
(Figure 4.4C). However, addition of 12xMS2 to apyrase-treated extracts lead to a dramatic
change in the morphology of SGs assembled. While normal IVSGs are largely spherical, the SGs
that assembled in the absence of ATP were larger and more fibrous (Figure 4.4D). We found that
a 3- and 2.5-fold increase in foci size and structures with circularity score < 0.75 in ATP
depleted extracts (Figure 4.4E and 4.4F). This argues that the basal level of ATP in our extract
system is low enough to support SG formation, but high enough to support remodeling activities
that generate discrete spherical SGs.

IVSGs undergo maturation

One of the hallmarks of SGs in vivo is that they become less dynamic in response to
prolonged stress. This “maturation” behavior is also observed for SG proteins that are phase-
separated (PS) in vitro: the proteins initially form a liquid phase that over the course of several
hours becomes more gel-like (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015). Our
results with depleting ATP suggested that a similar maturation process might also occur for our
IVSGs. By allowing PS proteins to age in vitro, recombinant SGs proteins transition from a
spherical droplet to a more fibrous, tangle-like structure. We sought to determine if [IVSGs
matured in a similar fashion as the recombinant proteins. By performing a time course
experiment, we observed a decrease in number of foci per field and an increase in the size of the

foci (Figure 4.5A-5C). Additionally, more fibrous structures emerged at 45 minutes and became
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Figure 4.5. IVSGs undergo maturation

(A) Representative fluorescent images of 18,000g (100 mg/ml) supernatant from a Ded1-GFP
strain incubated with 12xMS2 RNA (300 nM) at indicated time points. Scale bar: 2.5 pum. (B)
Quantification of the number of foci per field from indicated time points. Samples are
normalized to the 5-minute time point. Data is presented as average = SEM of three independent
replicates. (C) Quantification of the average foci size from indicated time points. Data is
presented as average = SEM of three independent replicates. (D) Quantification of the number of
structures with a circularity score < 0.75 from indicated time points. Data is presented as average
+ SEM of three independent replicates. Statistical significance was performed using Student’s t
test (B, C, D). *p <0.05, **p <0.01, ***p <0.001.
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more prevalent at 60 minutes (Figure 4.5A and 4.5D). These results suggest that [VSGs mimic
similar phase separation properties as those observed alone with purified recombinant proteins.
In addition to changes in structure morphology, a loss in dynamic behavior is another
hallmark property of PS structures. Since the size of our IVSGs make it difficult to assess their
dynamic behavior via FRAP, we developed an assay to assess the ability of two different labeled
RNAs to exchange between SGs. Yeast extracts from a Ded1-GFP strain were incubated with
Cy3- or Cy5-labeled 12xMS2 for 0, 5, 15, or 60 minutes and then mixed together and incubated
for 5 minutes to allow exchange between SGs prior to imaging. We quantified the
exchange/colocalization between Cy3- and Cy5-labeled 12xMS2 RNAs using fold intensity plots
and Pearson’s correlation coefficient (PCC). While robust colocalization was observed at 0 and 5
minutes, little to no exchange was observed at 15 and 60 minutes (Figure 4.6A and 4.6B).
Consequently, the PCC further decreased at 15 and 60 minutes (Figure 4.6C). This result raised
two possibilities for how the dynamic properties of these SGs might be changing. First, the
RNAs might be irreversibly trapped in the mature IVSGs preventing RNA exchange.
Alternatively, mature IVSGs might stop recruiting free RNA, so any free transcript of the
opposite label would fail to be captured. In order to distinguish between these two possibilities,
Cy3-labeled NFT1 mRNA was added to IVSGs at 15 and 60 minutes and the amount of NFT1
mRNA incorporated into these granules was measured. We found that NFT1 mRNA was
recruited to SGs from both 15 and 60 minutes (Figure 4.6D). This argues that the exchange of
RNAs between IVSGs decreases over time even though they retain the ability to incorporate
additional RNA.
Complimentary stem loop sequences promote 12xMS2 phase separation and Ded1

recruitment
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Figure 4.6. RNA exchange within SGs decreases as stress granules mature

(A) Schematic depicting experimental workflow. (B) Representative fluorescent images of
Ded1-GFP, Cy3- and Cy5-labeled 12xMS2 RNA at indicated time points in the stress granule
assembly reaction. Extract and RNA concentration were 80 mg/ml and 300 nM, respectively.
Quantification of fold intensities along the dashed lines is shown on the right. Scale bar: 1 pm.
(C) Quantification of colocalization of Cy3- and Cy5-labeled 12xMS2 RNA at indicated time
points using Pearson’s correlation coefficient. Error bars indicate median and interquartile range.
Plotted values are a compilation of three independent experiments. (D) Representative
fluorescent images of Cy3-labeled NFT1 mRNA (80 nM) addition to reactions containing
18,000g Ded1-GFP supernatant (80 mg/ml) and Cy5-labeled 12xMS2 RNA (300 nM) at
indicated time points. Scale bar: 2.5 pm. Statistical significance was calculated using Student’s t
test (C). ***p <0.001.
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The fact that we can separate the formation of RNA condensates from mRNP recruitment
in IVSGs raised the question of what features allow 12xMS2 RNA to phase separate in our
system. Given that recent work has argued that RNA-RNA interactions of the mRNA
transcriptome within SGs can drive SG assembly (Khong et al., 2017; Van Treeck et al., 2018),
we examined the possibility that the 12 repeats of the MS2 stem loop were driving phase
separation via complimentary sequence interactions between RNA molecules rather than forming
an array of intramolecular stem loops (Figure 4.7A). To test this, we used a variant of 12xMS2,
12xMS2 V5, where each stem loop is comprised of a unique sequence but retains the same stem
loop structure (Figure 4.7A). If 12xMS2 RNA phase separation is driven by intramolecular stem
loops, we would predict that both would be capable of phase separation in the extracts. However,
if phase separation were controlled by the ability to form readily exchangeable intermolecular
interactions, we would predict that 12xMS2 V5 would not be capable of phase separating. The
addition of 12xMS2 V5 RNA to extracts failed to form foci and recruit Ded1-GFP (Figure 4.7B
and 4.7C). This suggested that having an array of identical, interchangeable interaction sites
might promote phase separation. To test this possibility, we generated an RNA comprised of 12
copies of the first stem loop of the 12xMS2 V5 (12xMS2 V5 loopl) (Figure 4.7A). This RNA
was capable of forming foci in yeast extract, but these foci formed less frequently than what we
observed for 12xMS2 and the foci that formed lacked Ded1-GFP (Figure 4.7B and 4.7C).

The lack of recruitment of Ded1-GFP to 12xMS2 V5 loopl RNA foci raised the question
of whether phase-separation of RNA alone is sufficient to recruit Ded1. To test this, we phase-
separated the MS2 variants prior to addition to yeast extracts. Consistent with the results from
MS?2 foci formation in extracts, only 12xMS2 and 12xMS2 V5 loopl RNAs were able to phase

separate in vitro (Figure 4.7D). Interestingly, both phase-separated RNAs were able to recruit
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Figure 4.7. Complimentary sequences of MS2 stem loops promote phase separation of RNA
and recruitment of Ded1-GFP

(A) Schematic depicting sequence differences of the 12xMS2 variants. (B) Representative
fluorescent images of 18,000g supernatant (80 mg/ml) from a Ded1-GFP strain incubated with
the 12xMS2 RNA (300 nM) variants. (C) Quantification of the number of foci per field for
Ded1-GFP and 12xMS2 RNA from reactions with 12xMS2 variants. Error bars indicate median
and interquartile range. Plotted values are a compilation of three independent experiments. (D)
Representative fluorescent images of in vitro phase-separated 12xMS2 RNA (1 uM) variants.
(E) Representative fluorescent images of 18,000g supernatant (80 mg/ml) from a Ded1-GFP
strain incubated with phase-separated 12xMS2 RNA (100 nM) variants. Scale bar: 2.5 pum.
Statistical significance was calculated using Student’s t test (B). ***p <0.001.
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Ded1-GFP (Figure 4.7E). These results argue that arrays of identical inverted repeats can support
RNA phase separation while non-identical repeats do not. Our results also suggested that the
material state of RNAs could also determine recruitment of SG proteins.

Composition of phase separated RNAs determines SG composition

The fact that phase-separating 12xMS2 RNA prior to adding it to extracts was sufficient
to recruit Ded] raised the question of whether any phase separated RNA could trigger IVSG
assembly or is IVSG formation dependent on particular RNAs. To distinguish between these
possibilities, we phase separated different RNAs prior to addition to yeast extracts and asked
three questions: 1) Does non-phase separated RNA trigger foci formation in extracts? 2) Does
phase separated RNA recruit the complete set of SG proteins and exclude non-SG proteins? 3)
Do mutants that block SG formation in vivo block recruitment to phase-separated RNAs?

First, we tested an 47xCAG repeat RNA which can be phase separated in vitro, but does
not form structures comparable to 12xMS2. While 47xCAG failed to form foci when added
directly to extract, we observed robust recruitment of Ded1-GFP to 47xCAG RNA foci when the
RNA was phase separated prior to addition to the extract (Figure 4.8 A and 4.8B). While Ded1
and Pbp1 were strongly recruited the foci, eIF4E, elF4G1, Pabl, and Publ were not recruited
(Figure 4.8C). Thus, phase separation of 47xCAG RNA is not sufficient to form a complete SG.
Interestingly, the recruitment of Ded1 to 47xCAG RNA foci is dependent on the same pathways
that are used by SGs since Ded] recruitment is impaired in both ado /A and ubp3A extracts
(median IR = 1.12 and 1.14) as compared to wild type (median IR = 1.46) (Figure 4.8D and
4.8E). Together these results argue that phase separated RNA can recruit SG proteins via

canonical assembly pathways, but a single RNA may not be sufficient to build a complete SG.
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Figure 4.8. Phase-separated 47xCAG RNA recruits a subset of SG proteins

(A) Representative fluorescent images of 47xCAG RNA (1 uM) under phase separating (PS) or
non-phase separating (non-PS) conditions. (B) Representative fluorescent images of 18,000g
supernatant (80 mg/ml) from a Ded1-GFP strain incubated with phase separated or non-phase
separated 47xCAG RNA (100 nM). Quantification of fold intensities along the dashed lines is
shown on the right. (C) Representative fluorescent images of 18,000g supernatant (80 mg/ml)
indicated —GFP or -yoEGFP strains incubated with phase separated 47xCAG RNA (100 nM).
Quantification of fold intensities along the dashed lines is shown on the right. (D) Representative
fluorescent images of 18,000g supernatants (80 mg/ml) from WT, ado 14, and ubp34 strains with
GFP-tagged Ded1 incubated with PS 47xCAG RNA (100 nM). (E) Quantification of the
intensity ratios of Ded1-GFP from WT, adolA4, and ubp34 extracts. Error bars indicate median
and interquartile range. Plotted values are a compilation of three independent experiments.

Scale bar: 2.5 um. Statistical significance was performed using Student’s t test (E). ***p < 0.001.
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In order to test this possibility in a more physiological setting, we leveraged recent work
that the fraction of total yeast RNA that can phase separate in vitro overlaps to a large degree
with the SG transcriptome (Van Treeck et al., 2018). Thus, we would predict that the phase
separated fraction of total yeast mRNA would support IVSG assembly, while a single mRNA
would not. In order to visualize the RNA, a small amount of NFT1 mRNA was spiked into the
phase separation reaction (Figure 4.9A). Phase separated total mRNA recruited Ded1 as well as
elF4E, elF4G1, Pabl, Pbpl, and Publ (Figure 4.9B and 4.9C). Furthermore, these structures did
not recruit the P-body protein, Dcp2, arguing that the phase-separated mRNAs were specifically
recruiting SG components (Figure 4.9C). Additionally, adolA and ubp3A mutant extracts
decreased Ded1-GFP recruitment to the phase separated RNA by ~70% as compared to WT
(Figure 4.9D and 4.9E) arguing that the [IVSGs formed from phase separated total mRNA recruit
proteins via the same pathways that SGs use in vivo. Thus, phase-separated total mRNA is
sufficient to assemble a SG in vitro.

Nest, we explored whether phase separation of a single mRNA known to localize to SGs
was sufficient to build a SG. We have found that NFTImRNA and 47xCAG phase separate in
vitro under similar conditions making it an ideal test transcript (Figure 4.10A). Untreated NFT1
mRNA was unable to form RNA foci when added directly to yeast extracts (Figure 4.10B). In
contrast when NFT1 mRNA was phase separated prior to addition to yeast extracts, NFT1
mRNA foci recruited Dedl, Pabl, Pbpl, and Publ while excluding eIF4E and elF4G1 (Figure
4.10B and 4.10C). Consistent with other phase separated RNAs, NFT1 mRNA failed to recruit
Ded1-GFP in both adolA and ubp3A extracts (median IR = 1.13 and 1.14) compared to WT

extracts (median IR = 1.45) (Figure 4.10D and 4.10E). Thus, phase separation of NFT1 mRNA
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Figure 4.9. Phase separation of total yeast RNA is capable of building a SG

(A) Schematic of NFT1 mRNA in phase separated total yeast RNA. Representative fluorescent
images of total yeast RNA (500 ng/ul) spiked with labeled NFT1 mRNA (80 nM) under phase
separating (PS) or non-phase separating (non-PS) conditions. (B) Representative fluorescent
images of 18,000g supernatant (80 mg/ml) from a Ded1-GFP strain incubated with phase
separated or non-phase separated total yeast RNA (50 ng/ul) spiked with NFTImRNA (8 nM).
Quantification of fold intensities along the dashed lines is shown on the right. (C) Representative
fluorescent images of 18,000g (80 mg/ml) supernatant indicated —GFP or -yoEGFP strains
incubated with phase separated total yeast RNA (50 ng/ul) spiked with NFT1 mRNA (8 nM).
Quantification of fold intensities along the dashed lines is shown on the right. (D) Representative
fluorescent images of 18,000g supernatants (80 mg/ml) from WT, ado 4, and ubp34 strains with
GFP-tagged Ded1 incubated with PS total yeast RNA (50 ng/ul) spiked with NFT1 mRNA (8
nM). (E) Quantification of the intensity ratios of Ded1-GFP from WT, adolA, and ubp34
extracts. Error bars indicate median and interquartile range. Plotted values are a compilation of
three independent experiments.Scale bar: 2.5 um. Statistical significance was performed using
Student’s t test (E). ***p < 0.001.
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Figure 4.10. Phase separation of NFT1 mRNA recruits only a subset of SG proteins

(A) Representative fluorescent images of NFT1 mRNA (500 nM) under phase separating (PS) or
non-phase separating (non-PS) conditions. (B) Representative fluorescent images of 18,000g
supernatant (80 mg/ml) from a Ded1-GFP strain incubated with phase separated or non-phase
separated NFT1 mRNA (50 nM). Quantification of fold intensities along the dashed lines is
shown on the right. (C) Representative fluorescent images of 18,000g supernatant (80 mg/ml)
indicated —GFP or -yoEGFP strains incubated with phase separated NFT1 mRNA (50 nM).
Quantification of fold intensities along the dashed lines is shown on the right. (D) Representative
fluorescent images of 18,000g supernatants (80 mg/ml) from WT, ado 4, and ubp34 strains with
GFP-tagged Ded1 incubated with PS NFT1 mRNA (50 nM). (E) Quantification of the intensity
ratios of Ded1-GFP from WT, adolA, and ubp34 extracts. Error bars indicate median and
interquartile range. Plotted values are a compilation of three independent experiments.

Scale bar: 2.5 um. Statistical significance was calculated using Student’s t test (B). ***p <
0.001.
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is not sufficient to assemble a complete IVSG. These results argue that the assembly of a

complete SG is likely dependent on the phase separation of multiple distinct mRNAs.
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Discussion

SGs play an integral role in modulating gene expression programs and signaling outputs
in response to environmental stress (Mahboubi and Stochaj, 2017). Most of our understanding of
how SGs assemble has been driven by studies of the mechanisms underpinning SG protein phase
separation in vitro and in vivo (Boeynaems et al., 2018). In contrast, the role of RNA-RNA
interactions in driving SG assembly is poorly understood (Fay et al., 2017; Khong et al., 2017;
Van Treeck et al., 2018). To address this, we developed an in vitro reconstitution system where
SGs form in response to addition of exogenous RNA. While most studies have focused on
understanding the phase separation properties of one or two recombinant SG proteins, utilization
of yeast extracts provides a physiological environment to address the role of RNA-RNA
interactions in SG assembly. Our IVSGs mimic assembly patterns of in vivo assembly of SGs
and recapitulate similar properties to phase-separated recombinant proteins. This system
identified a two-step process for SG assembly where RNAs phase separate first followed by
recruitment of mRNPs. With our IVSGs, we find that triphosphate nucleotides can prevent SG
formation while triphosphate nucleotide hydrolysis is required for stress granule disassembly.
Additionally, the composition of phase-separated RNA plays a critical role in determining the
proteome of SGs.
ATP plays a crucial role in SG assembly and remodeling

Since ATP levels drop in response to most of the of environmental stressors that trigger
SG formation (Buchan et al., 2011), there has been a great deal of interest in the role of ATP in
modulating SG assembly. The majority of this focus has been on identifying ATP—dependent
helicases and chaperones that play a role in SG remodeling (Hilliker et al., 2011; Jain et al.,

2016; Mateju et al., 2017; Walters et al., 2015). However, more recently, in vitro work has
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shown that ATP can act as a biological hydrotrope to prevent proteins from phase separating
suggesting that high levels of ATP can suppress SG formation in vivo independent of any
ATPases (Patel et al., 2017). Our in vitro system has allowed us to assess the relative
contributions of these two effects. Pre-incubation of extracts with increasing levels of ATP,
suppressed SG formation (Figure 4.4). Furthermore, AMPPNP had a similar effect suggesting
that the hydrotrope effects of ATP might suppress SG formation in vivo. In contrast, while high
levels of ATP were able to disassemble IVSGs, AMPPNP could not (Figure 4.4). Thus, the
hydrotrope effect of ATP appears to be limited to suppressing SG formation, while nucleotide
turnover is required for disassembly. Consistent with this, disassembly of a different type of
RNA granule, the C.elegans P-granule, requires the ATPase activity of Ddx4, when the granules
are extruded from the germline (Putnam et al., 2018). Our results suggest that ATP’s roles as a
hydrotrope and energy source may act at distinct steps of SG dynamics.

In addition to determining the properties of ATP that regulate SG assembly and
disassembly, our system provides a useful bridge from studies of the phase separation of
recombinant SG proteins to SG formation in vivo. Our time course experiments show that [IVSGs
increase in size and become less spherical/more fibrillar over the course of the experiment
(Figure 4.5). This “maturation” is similar to the behavior of in vitro phase separated SG proteins
transition over time from a fluid state into amyloid-like fibers (Lin et al., 2015; Molliex et al.,
2015; Patel et al., 2015). Furthermore, the fact that [IVSGs transition to a fibrillar state more
quickly in ATP-depleted extracts suggests that this process is opposed by ATP-utilizing enzymes
(Figure 4.4). Our IVSGs also continue to capture exogenous RNAs even as they mature and stop
exchanging transcripts between SGs (Figure 4.6). This mimics the behavior of persistent SGs in

vivo that are thought to cause disease by continually sequestering mRNAs/proteins. Together
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these observations argue that our system will be useful for testing the relative contributions of
helicases and chaperones in modulating SG dynamics as well as defining how SGs transition to a
pathological state.
Composition of phase separated RNA regulates SG assembly

While the majority of the work on SG formation has focused on the role of protein-
protein and RNA-protein interactions in driving SG assembly, recent work on the ability of RNA
repeats to phase separate in vitro and in vivo has drawn new attention to the role of RNA-RNA
interactions in triggering SG formation (Fay et al., 2017; Khong et al., 2017; Van Treeck et al.,
2018). In particular, the substantial overlap between the SG transcriptome and the subset of
mRNAs that can phase separate from total yeast total RNA in vitro has suggested that RNA-
RNA interactions might be sufficient to explain the composition of SGs. However, phase
separated yeast total RNA recruits recombinant IDR proteins specific to either the SG or the P
body raising the question of what establishes the specificity of the SG proteome (Van Treeck et
al., 2018). In contrast to these studies with recombinant IDR proteins, we have found that the
phase separated fraction of total yeast mRNA is sufficient to trigger the assembly of IVSGs in
extracts (Figure 4.9). Furthermore, these IVSGs lack the P body marker, Dcp2, and are sensitive
to mutations that block SG assembly in vivo arguing that they are bona fide SGs. This result
allowed us to address a long standing question: will any phase separated RNA trigger SG
formation or does that composition of the phase-separated transcripts determine the proteome of
the RNA granule. Our results with 47xCAG RNA and NFT1 mRNA argue that the transcriptome
is a major driver of the protein composition of the RNA granule. Phase-separated 47xCAG RNA
or NFT1 mRNA, an SG transcript, only recruit a subset of SG proteins (Figure 4.8 and 4.10).

This incomplete recruitment is in spite of the fact that the proteins recruited, Ded1 and Pbpl, are
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both known to trigger SG formation in vivo when they are over-expressed (Hilliker et al., 2011;
Swisher and Parker, 2010) . Thus, merely capturing and concentrating the SG nucleators, Ded1
and Pbpl, on a phase separated RNA is insufficient to build a SG. This argues that the RNA
components of SGs play a key role in SG formation and are not merely acting as a scaffold for
IDR containing proteins that capture mRNPs.

The idea that RNA phase separation is a specific step in SG assembly is also supported
by our work with IVSGs. adol4 and ubp34 strains are both defective in SG assembly in vivo,
however, it was unclear if these strains were defective in SG nucleation or protein/mRNP
recruitment. Our analysis with IVSGs formed using 12xMS2 RNA argue that these mutants have
a specific defect in recruiting SG proteins, such as Ded1, to phase separated RNA (Figure 4.2).
This conclusion is supported by the fact that we observe the same Ded1 recruitment defect in
adolA and ubp3A strains even using in vitro phase separated trigger RNAs, such as 47xCAG,
NFT1 mRNA, and total yeast mRNA (Figure 4.8, 4.9, and 4.10). Thus, adol4 and ubp34 appear
to be the first examples of mutations that specifically block the recruitment of Ded1 to phase
separated RNA. While it remains unclear whether ado /4 and ubp34 directly affect Ded1
recruitment or act via other SG proteins, the ability to distinguish RNA phase separation from
protein recruitment presents a new tool for defining the role of known SG regulators in the SG
assembly pathway.

The current “four-phase” model for the formation of RNA granules, such as SGs, argues
that assembly is driven by the sum of the protein-protein, protein-RNA, and RNA-RNA
interactions of the mRNPs (Treeck and Parker, 2018). However, to date, each of these
interactions has largely been studied in isolation making it difficult to determine how each of

these interactions act in concert to drive the assembly of a specific RNA granule. Our yeast
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extract system has provided a new route into dissecting how RNA-RNA interactions can drive
assembly of SGs. This work also lays the foundation for exploring protein-protein and RNA-
protein dependent paths across the phase boundary to define how distinct stresses define the

pathway used to drive SG assembly.
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Materials and Methods
Yeast growth conditions

All yeast experiments were carried out in Saccharomyces cerevisiae budding yeast in the
BY4741 background. All yeast strains were grown at 30°C in YPD medium (1% yeast extract,
2% peptone, 2% dextrose).
Yeast strain construction

S. cerevisae strains are listed in Table 4.1. All yeast strains were derived from a parent
strain with the genotype MATa his3A1 leu2A0 met15A0 ura3A0 (BY4741). Generation of
endogenous GFP-tagged strains and gene disruption was created using standard PCR-mediated
techniques.
Plasmid construction

Plasmids used in this study are listed in Table 4.2. Construction of the pSP64-NFT1
plasmid was performed by amplifying the coding sequence of the NFT1 gene from genomic
DNA and cloned into the pSP64 plasmid using restriction enzyme cloning. Generation of the
12xMS2V5 loopl template was performed by GenScript and replaced the 12xMS2 sequence in
pSL-12xMS2 plasmid to create the pSL-12xMS2VS5loop1 construct.
Extract preparation

An overnight starter culture was diluted to ODggo 0.2 into fresh YPD medium and then
grown for 24 hours at 30°C. 500 ODs were spun down for 2 min at 5000g and washed in sterile
H,O and spun once more. After removing the water wash, pellets were resuspended in 1ul/1
ODgqo of extract buffer (5S0mM Tris HCI pH 7.5, 150mM Potassium Acetate, 2mM Magnesium

Acetate, SmM Beta Mercaptoethanol, 1X Protease Cocktail
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Table 4.1. List of yeast strains used in this study

Name Genetic background Reference
BY4741 MATa his3A41 leu2A0 met1540 ura340 Dharmacon
Dcp2-GFP BY4741, Dcp2-GFP::HphNT1 This study
Ded1-GFP BY4741, Ded1-GFP::HphNT1 This study
adolA; Dedl- BY4741, Ded1-GFP::HphNT1, This study
GFP adol4::NatMx6

ubp34; Ded1- BY4741, Ded1-GFP::HphNT1, This study
GFP ubp34::KanMx6

elF4G1-yoEGFP BY4741, el[F4G1-yoEGFP::KanMx6 This study
elF4E(Cdc33)- BY4741, eIF4E(Cdc33)- This study
yoEGFP yoEGFP::KanMx6

Pab1-GFP BY4741, Ded1-GFP::HphNT1 This study
Pbpl-yoEGFP BY4741, Pbpl-yoEGFP::KanMx6 This study
Publ-yoEGFP BY4741, Publ-yoEGFP::KanMx6 This study
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Table 4.2. List of plasmids used in this study

Plasmid Number

Description

pJW612 pFA6a-GFP-HphNT1
pJW750 pFA6a-yoEGFP-KanMx6
pJW523 pFA6a-NatMx6

pJW121 pFA6a-KanMx6

pJW741 pSP64

pJW747 pSP64-NFT1

pJW757 pSP64-mYFP

pJW728 pCFE1-IRES-mYFP
pJW758 pBlueScript-mYFP-24xMS2
pJW688 pSL-12xMS2

pJW694 pSL-12xMS2 V5
pJW729 pSL-12xMS2 V5 loopl
pJW759 pBlueScript-24xPP7
pJW746 pPS2037-16xU1A
pJW691 pBlueScript-47xCAG
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Inhibitor). Cells were spun down at 5000g for 5 minutes and resuspended again in 1ul/1 ODggo of
extract buffer. Resuspensions were dropped into liquid nitrogen and lysed using a mortar and
pestle. Following lysis, extract powder was thawed on ice and then spun down twice at 5000g for
5 minutes at 4°C. The 5000g supernatant was spun for 10 minutes at 18000g at 4°C. The 18000g
supernatant (avoiding the pellet and lipid layer) was collected and saved on ice until ready for
reactions. A Nanodrop Spectrophotometer was used to determine the protein concentration of
extracts. 18000g supernatants were used the same day and never frozen.

For micrococcal nuclease treatments, 18000g supernatants were diluted to 80mg/ml in
extract buffer with SmM CaCl, and ~50 units of micrococcal nuclease. Reactions were placed at
37°C for 10 minutes and then stopped by adding 20mM EGTA. Reactions were placed on ice
until ready to use for reactions. Mock reactions were prepared as a control and lacked only
micrococcal nuclease. For Proteinase K, 2mg/ml was added to 18000g supernatants diluted in
extract buffer. Reactions were set at room temperature for 15 minutes and then placed on ice
until ready for use.

In vitro transcription

Templates for mRNA transcription were generated by performing PCR using KOD
Polymerase on pSP64 plasmids. For 12xMS2 variants and 47xCAG, templates for transcription
were generated by performing PCR on those plasmids using Advantage GC 2 Polymerase.
Primers for 12xMS2 variants contained T7 promoter and T7 termination sequences. Following
PCR, products were run on a 1% agarose-TAE gel and gel isolated. Transcription was performed
using mMessage Machine SP6 or Megascript T7 kits according to manufacturer’s protocol.

Reactions were spiked with either Cy3- or Cy5-conjugated UTP (Enzo Lifesciences). RNAs
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were run on a denaturing gel to determine purity of products. RNAs were aliquoted, flash frozen
in liquid nitrogen, and stored at -20°C for no longer than 1 month.
Stress granule assembly reaction

18000g supernatant was diluted to 80 mg/ml in extract buffer and incubated with in vitro
transcribed RNA or mRNA. All reaction volumes totaled to 20ul. Reactions were incubated at
room temperature for 15 minutes. 11ul of the reaction was placed between a microscope slide
and coverslip. Particles were allowed to settle onto the coverslip for 5 minutes prior to imaging.

For assembly/nucleotide experiments, 18000g supernatant were diluted to 80 mg/ml in
extract buffer with various amounts of ATP, AMPPNP, or GTP for 5 minutes prior to addition of
12xMS2 RNA. For disassembly/nucleotide experiments, 150 mg/ml 18000g supernatants were
incubated with 12xMS2 RNA for 15 minutes and then diluted to 75 mg/ml in extract buffer with
or without various amounts of ATP, AMPPNP, or GTP. These reactions were incubated for 30
minutes at room temperature prior to imaging.
Yeast Total RNA isolation

BY4741 strain was grown for 24 hours prior to RNA isolation. RNA was extracted using
acid phenol-chloroform protocol. Total RNA was obtained by harvesting 40 OD600 units of cells
and resuspending pellets in RNA lysis buffer (10mM EDTA, 50mM NaOAc pH 5.5). Next, SDS
was added to a final volume of 1%. Samples were then subjected to a series of hot acid
phenol/chloroform, acid phenol/chloroform, and chloroform extractions followed by
precipitation. RNA was aliquoted, flash frozen and stored at -20°C for no longer than 1 month.
RNA phase separation

For phase separation reactions of 12xMS2 RNA, 47xCAG RNA, and NFTImRNA,

RNAs were diluted into 10mM Tris-HCI pH 8.0, 10mM Potassium Acetate, and 10mM
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Magnesium Acetate. Reactions were denatured at 95°C for 3 minutes and cooled down to 23°C
at 1-4°C/minute in a thermocycler. For non-phase separation conditions, RNA concentration was
kept the same while excluding magnesium acetate from the reaction. RNA was then imaged
immediately or 2l of the RNA reaction was added to 18ul of 18000g supernatant and incubated
for 15 minutes prior to imaging.

Yeast total RNA phase separation was performed as previously described. Total RNA
and NFT1 mRNA was denatured at 95°C for 3 minutes and placed on ice immediately for 3
minutes. Total RNA and NFT1 mRNA was added to a mixture of 165mM NaCl, ImM MgCl,,
and 7.5% PEG-4000 to a final concentration of 500ng/pl and xxx. For non-phase separating
condition, RNA concentration was kept the same while excluding MgCl,. Reactions were
incubated at room temperature for 5 minutes. RNA was then imaged immediately or 2l of the
RNA reaction was added to 18ul of 18000g supernatant and incubated for 15 minutes prior to
imaging.
Microscopy and Image Analysis

All images were acquired on a Zeiss Axiovert 200M fluorescent microscope equipped
with a CSU-X1 spinning disk (Yokogawa), an iChromeMLE laser source (Toptica Photonics)
and pManager version 1.4 software. For all images, a 2um Z-stack was taken with slices at
0.25um intervals using the 100X objective. Optimal Z-projections were obtained using FI1JI
along with subsequent image analysis.

To determine the number and size of foci per imaging field, the 3D Objects Counter
Plugin was used. For nucleotide assembly, disassembly and maturation, the number of foci per
imaging field for 5-7 images was determined and the average of each condition was calculated.

The average of the conditions with nucleotides was normalized to the average of the non-
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nucleotide control. For maturation experiment, the average of 15, 30, 45 and 60 minutes were
normalized to the average of the 5-minute time point. Circularity of structures was determined
using the Analyze Particles Plugin. Intensity ratios were calculated by the ratio of the maximum
fluorescent intensity of the foci to the mean fluorescent intensity of the area with no foci.

To calculate the fold intensities, a line was drawn over the image to first measure the
mean and minimum fluorescent intensity of the lines for each channel. The maximum fluorescent
intensity measurements of each channel along the line were generated using the Plot Profile
Plugin. Fold intensity was determined by calculating the ratio of maximum fluorescent intensity
at each position along the line minus the minimum fluorescent intensity to the mean fluorescent

intensity minus the minimum fluorescent intensity.
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Chapter 5

Summary and Future Directions
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Summary

While compartmentalization of biochemical processes into membrane-bound organelles
is well known, the molecular mechanisms of cytoplasmic spatial organization remain poorly
understood. Advances in microscopy techniques have revealed a plethora of cytoplasmic proteins
and RNAs coalescing into biomolecular condensates (Banani et al., 2017; Shin and Brangwynne,
2017). My thesis work has focused on two different aspects of spatial organization within the
cytoplasm: 1) identification of rules and regulations for metabolic enzyme assembly within
individual pathways and the metabolic network and 2) identification of novel mechanisms that
regulate stress granule (SG) assembly.

The first part of this thesis focused on determing any underlying patterns of metabolic
enzyme assembly into intracellular condensates. While many targeted visual screens and
proteomic approaches have highlighted the ability of metabolic enzymes to form supramolecular
structures, it remained unclear what rules might predict or dictate their assembly (An et al., 2008;
Narayanaswamy et al., 2009; Noree et al., 2010). In Chapter 2, I screened 440 metabolic
enzymes from the yeast GFP collection at different stages of yeast growth and found that 60
enzymes assembled into filament or foci structures. This data set revealed that most metabolic
enzymes that formed structures were enriched at branch points in the metabolic network
suggesting that assembly plays a key regulatory role in mediating flux through their respective
and connecting pathways. Consistent with this, my analysis of the first two enzymes in de novo
purine biosynthesis pathway (Prs5 and Ade4) illustrated that assembly is highly coordinated and
based on hierarchical position in the pathway. Additionally, my work revealed that not all
metabolic enzymes are independent structures as a select subset of enzymes can associate with

other membrane-less organelles like SGs. Thus, recruitment of an enzyme to another structure
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acts as another mechanism to regulate enzyme activity. Lastly, this work illustrates the
conservation of PRPP synthetase polymerization across other higher order eukaryotes, revealing
it as the second known metabolic filament that is conserved from yeast to humans.

The last two parts of this thesis is focused on identifying and testing new mechanisms
that regulate SG assembly. Despite the fact that many of the known triggers for SG formation in
yeast are nutrient or metabolic stresses, only two metabolic enzymes were found in SGs via
proteomic studies (Jain et al., 2016; Mitchell et al., 2013). In Chapter 3, I identified 17 metabolic
enzymes that robustly localized to SGs when grown to diauxic shift and stationary phase. Not
only was their recruitment stress-specific, but I also found that AdoMet, which is the product of a
SG-localized enzyme Saml, regulates the formation of SGs. I observed a two-phase regulation
of SG assembly and composition mediated by AdoMet in yeast. First, during diauxic shift,
mutations in Sam1 that decreased AdoMet levels increased SG assembly, while mutations that
increased AdoMet levels at this time point blocked the accumulation of 5’UTR associated
proteins (Ded1, elF4E, and elF4G1) to SGs. Second, supplementation of AdoMet suppressed SG
formation in response to azide or glucose starvation. Furthermore, I found that AdoMet-mediated
regulation of SGs is conserved in human cell lines. In HeLLa and U20S cell lines, AdoMet
blocked the fusion step in SG assembly suggesting that AdoMet might affect the recruitment of
specific proteins required for fusion in proliferating cells. Similar to yeast SGs, AdoMet
suppressed the formation of arsenite- and puromycin-induced SGs in motor neurons derived
from amyotrophic lateral sclerosis (ALS) patients. Given the connection between SGs and ALS
(Fernandes et al., 2018; Li et al., 2013), this work argues that AdoMet, or its targets, could be

used as a potential therapeutic for ALS.
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Despite reports suggesting a role for RNA-RNA interactions in regulating SG assembly,
very few reports have supported this notion (Fay et al., 2017; Van Treeck et al., 2018). In
Chapter 4, I developed a SG reconstitution system by coupling yeast cytoplasmic extracts with in
vitro, transcribed, repeat containing RNA. Using a 12xMS2 stem loop RNA, I built SGs that
contained SG-specific proteins and were sensitive to mutations that disrupted SG assembly in
vivo. My work identified a pivotal role for ATP in regulating assembly and disassembly of SGs.
While ATP hydrolysis was not required for SG assembly, it was necessary for SGs to
disassemble. Furthermore, my work revealed that extracts depleted of ATP promote the
formation of fibrous structures upon addition of 12xMS2 RNA. These structures were also
observed when the reaction was taken out to longer time points suggesting that ATP levels are
being reduced as the reaction proceeds. Consistent with this, in vitro assembled SGs became less
dynamic over time and lost the ability to exchange RNAs with each other. My reconstitution
system also allowed me to determine if the material state or composition of RNA is sufficient to
build a SG. The recruitment of all SG markers to phase-separated, total yeast RNA, and not to
phase-separated single RNAs (47xCAG or NFT1 mRNA), suggested that composition is
important for assembling a canonical SG. Together, my work allowed me to validate and

understand how RNA-RNA interactions mediate SG assembly.

Future Directions

Conservation of PRPP synthetase polymerization in human fibroblasts highlights the
possibility of other metabolic enzymes assembling in human cell lines. However, we found no
PRPP synthetase filaments in widely used human cells lines like HeLa cells. Due to their

upregulated metabolic activity, identifying metabolic enzymes whose assembly state is driven by
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enzyme inactivity might not be possible in these cell lines. Thus, future work on conservation of
enzyme condensation would require the use of other primary cell lines like fibroblasts,
hepatocytes, and/or neurons. Utilization of various, non-immortalized cell lines would be
important since gene expression profiles of metabolic enzymes can vary in different cell types.
For example, in immortalized Huh7 cells, Mat2A, the human ortholog of yeast Sam1/2, is highly
expressed where as the paralog, Matl A, is not observed (Cai et al., 1998). However, in isolated
primary hepatocytes, both versions are expressed (Cai et al., 1996). Thus, using the correct cell
line will be important for identifying conservation of metabolic enzyme assembly.

PRPP synthetase filaments were detected with a custom, affinity purified antibody since
we did not see filaments using other commercially available antibodies. The variability between
antibodies could lead to problems for identifying conservation in other cell lines. To navigate
this, transfection of epitope-tagged fusion constructs will be used to first identify enzyme
assembly. Antibodies from those candidates capable of assembly will then be raised to validate
our findings from the transfections to rule out any artifacts due to overexpression or tagging.
Lastly, these candidate metabolic enzymes will be counterstained against other biomolecular
condensates, such as purinosomes and SGs, to determine if they are independent structures (An
et al., 2008; Protter and Parker, 2016). In addition to expanding the repertoire of metabolic
enzyme assembly in human cells, these efforts could begin to provide a link to understand how
atypical phenotypes emerge in various metabolic diseases.

While my work provides new insights into the connections between metabolism and SG
assembly, the mechanisms that contribute to their interactions remain to be addressed. With
protein methylation not playing a role in AdoMet-mediated SG phenotypes, the targets of

AdoMet that regulate SG assembly remain unknown. However, fluctuations in metabolite
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concentration are known to alter signaling cascades (Carling, 2017; Gonzalez and Hall, 2017).
One approach to determine if AdoMet is acting through a signaling pathway would be to disrupt
kinase function using gene deletion or pharmacological inhibitors and assay for rescue of
AdoMet-mediated SG suppression in yeast. If any kinases scored as a positive hit,
characterization of their downstream targets would be investigated for their role in AdoMet-
mediated suppression of SGs. Any candidate hits would then be followed up in mammalian cells
to identify conservation of mechanism.

Mammalian SGs assembly follows a step-wise process that begins with initial nucleation
of small foci that then coalesce and fuse together to form bigger granules (Kedersha et al., 2005;
Zhang et al., 2011). While knockdown of specific SG proteins prevents the initial nucleation step
(Matsuki et al., 2013; Ohshima et al., 2015; Shih et al., 2012), it remains unknown which SG
components control fusion. AdoMet’s effect on preventing fusion of SGs provides a unique
experimental set up to identify such components. Proximity labeling followed by mass
spectrometry in AdoMet-treated vs AdoMet-untreated cells could help distinguish proteins
required for fusion. Additionally, AdoMet is just one metabolite that has been tested for its
effects on SG assembly. Given that AdoMet is the product of a metabolic enzyme associated
with SGs, the results from my screen provide a roadmap to identify other metabolites that could
regulate SG assembly.

While proteins found in SGs have been observed in harmful protein deposits in models of
degenerative diseases like ALS and FTD, the connection between SGs and these aggregates is
largely unknown. One disconnect is that most reports use triggers that allow for rapid assembly
of SGs whereas toxic protein deposits occur over a much longer time scale (Jain et al., 2016;

Markmiller et al., 2018). Recent work has highlighted that chronic starvation in mammalian cells
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assemble SGs that resemble disease-associated deposits and promote cell death (Reineke et al.,
2018). This represents the first example of a chronic stress inducing SGs in proliferative cells
and could resemble nutrient starvation-induced SGs in yeast. Given that metabolic enzymes
don’t accumulate in acute-stress induced SGs in yeast and mammalian cells, chronic starvation in
mammalian cells presents a promising condition to identify conservation of metabolic enzyme
recruitment to SGs. To accomplish this, HeLa and U20S cell lines would be immunostained for
SG markers and metabolic enzymes identified in Chapter 3 under chronic starvation conditions.
Furthermore, AdoMet or any new metabolite identified above would be examined for their
ability to suppress chronic starvation-induced SGs. This work would provide evidence for
utilization of intermediate metabolites as potential therapeutics for these diseases.

Using a yeast extract reconstitution system, I identified that repeat containing RNAs
nucleate SGs and that ATP regulates morphology and dynamics of SGs. While these experiments
focused on ATP and its analogs, this system can be expanded to conduct a small molecule screen
for compounds that target specific proteins or RNAs for their effects on assembly and
disassembly. These experiments would provide further insights in the assembly pathway(s) of
SGs. Additionally, the identification that phase-separation of 12xMS2 RNA requires a protein
component from yeast extracts coupled with the requirement of mRNPs for recruitment of SG
proteins suggests an stepwise process for formation of SGs. By pulling down 12xMS2 RNA
from mock and MNase-treated extracts and performing mass spectrometry, one will be able to
understand which proteins are needed for each step in this process. Candidates identified only in
MNase-treated extracts would be assayed for their role to promote 12xMS2 RNA clustering and

mRNP recruitment in mutant extracts. Furthermore, SG formation would be assayed in cells to
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couple the results from extract experiments with in vivo data. This would provide a previously
unknown “protein interaction roadmap” to SG formation.

My reconstitution system allows for manipulation of various RNA features that couldn’t
be tested in cells. For example, mRNAs with poor codon optimality are enriched in both yeast
and mammalian SGs when compared to SG-depleted mRNAs (Khong et al., 2017). The
sequence of an SG-depleted mRNA could be mutated to contain poor codon optimality and
assayed for its ability to form RNA foci and build a SG. Features like 5’UTR, transcript, and
polyA tail length of mRNAs could also be examined as well.

While my work has focused mainly on how RNA phase separation contributes to SG
assembly, the yeast cytoplasmic extracts could be utilized to ask questions about protein phase
separation in a physiologically relevant environment. It’s unclear if phase separation of any
protein is sufficient to nucleate and recruit SG proteins. To test this, phase separation of a known
SG protein (i.e. Ded1) would be added to extracts to determine its potential to recruit other
endogenous SG proteins. Conversely, the same experimental setup would be performed with the
phase separation of a protein not found in SGs (i.e. Pgk1) to establish if material state or protein
specificity is important for SG assembly. These experiments would further validate yeast extracts

as a system to study SGs and contribute to the idea of the “four-phase” model of SG formation.
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Appendix A

PRPS polymerization is required for proper lens
fiber organization in zebrafish
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Abstract

Phosphoribsoyl pyrphosphate synthetase (PRPS) catalyzes the first step in purine
nucleotide synthesis. Mutations in PRPS have been implicated in a variety of diseases such as
cancer or sensory neuropathies. Previously, we identified polymerization of PRPS in yeast,
Drosophila oocyte, rat neurons, and human fibroblasts. However, the extent to which PRPS
filament formation affects development remains unknown. In this report, we leveraged zebrafish
as our model organism and created loss of function mutations in PRPS paralogs, prpsia and
prpsib, to understand how PRPS filaments affect vertebrate development. First, PRPS filaments
assemble in the retina at 5dpf. Second, we found that loss of prpsia alone was sufficient to
generate severe small eye phenotype in zebrafish embryos. Additionally, truncation of prpsia
robustly prevented PRPS filament formation and resulted in lens fiber disorganization in these
mutants. Given that some mutations in PRPS result in optic atrophy, we identified a potential

connection between PRPS polymerization and eye development in zebrafish.
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Introduction

Proper coordination and compartmentalization of metabolic reactions is essential for
maintaining cellular homeostasis. The localization of metabolic enzymes to membrane-bound
organelles represents the most characterized mechanism for spatial organization in eukaryotic
cells. However, over the past decade, its been shown that metabolic enzymes are capable of
assembling into higher order structures (i.e. filaments or foci) in the cytoplasm (An et al., 2008;
Narayanaswamy et al., 2009; Noree et al., 2010; Shen et al., 2016). Much work has focused on
the connection between assembly and regulation of enzymatic activity. For instance, yeast CTP
synthetase forms an inactive polymer in response to end product inhibition by CTP whereas
enzymatic activity promotes polymerization of mammalian Acetyl-CoA carboxylase and
phosphofructokinase (Hunkeler et al., 2018; Noree et al., 2014; Webb et al., 2017). Thus,
formation of higher order structures can act as a mechanism to regulate flux through a particular
metabolic pathway.

While many self-assembling enzymes were identified in yeast, other reports have
revealed conservation of polymerization in other organisms. CTP synthetase filaments represent
the best-characterized example of this conservation as polymerization has been observed in
prokaryotes and higher order eukaryotes (Carcamo et al., 2011; Ingerson-Mabhar et al., 2010; Liu,
2010; Noree et al., 2014). Recently, we found that phosphoribosyl pyrophosphate (PRPP)
synthetase (PRPS), which catalyzes the conversion of ribose-5-phosphate to PRPP, forms
filaments in yeast, Drosophila oocytes, rat hippocampal neurons, and human fibroblasts (Noree
et al., submitted). Despite the identification of metabolic enzyme filaments in different cell types,
it remains unknown if a relationship between the assembly of these polymers and other aspects

of cell physiology and organ development exists.
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The unusual disease phenotypes associated with loss-of-function (LoF) and gain-of-
function mutations in PRPS provides a framework to potentially connect PRPS polymerization
with defects in tissue development and function. Mutations that result in PRPP synthetase
overexpression result in gout due to the overproduction of purines (Becker et al., 1982; Zoref et
al., 1975). Secondly, loss-of-function mutations in PRPP synthetase cause sensorineural
deafness, optic atrophy, ataxia, and, in severe cases, intellectual disability (Arts et al., 1993; Kim
et al., 2007; Zoref et al., 1975). Lastly, mutations that disrupt feedback inhibition of PRPP
synthetase result in phenotypes observed in both LoF and overexpression mutants (Ahmed et al.,
1999; Becker et al., 1980, 1988a, 1988b; Zoref et al., 1975). The fact that similar defects are
produced despite the different modes of enzyme misregulation suggests that PRPS
polymerization may account for these phenotypes.

Despite the connection between PRPS and disease, only one animal model has been
created in an effort to understand how altered PRPS function could cause the associated disease
phenotypes (Pei et al., 2016). Creation of LoF alleles in the two zebrafish paralogs (prps/a and
prpsib) of PRPS yielded embryos with smaller eyes and reduced hair cell number. These defects
are consistent with the optic atrophy and hearing impairment observed in human patients.
Additionally, the severity of these phenotypes increased as copies of mutant alleles increased
with the most severe in prpsla”";prps1b” mutants. These developmental perturbations are
believed to be an effect of delays in cell cycle progression as a result of reduced nucleotide
synthesis. While this study established a connection between PRPS activity and tissue
development, the relationship between of PRPS filaments and the development of either of these

organs remains unknown.
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In this report, we examine the relationship between PRPS polymerization and retina
morphogenesis in zebrafish. We find robust cytoplasmic filament formation of PRPS in the
region adjacent to the retinal pigment epithelium, (choroid and sclera) of the retina at 5 days
post-fertilization (dpf). To address the relationship between PRPS filaments and eye
development, we generated LoF alleles in both prpslaand prpsib. Loss of prpsla alone was
sufficient to generate a severe small eye phenotype, whereas mutations in prpsib failed to
exhibit any developmental abnormalities. While both prps/amutants resulted in smaller eyes,
only the frameshift mutation predicted to truncate the Prpsla protein sequence failed to assembly
PRPS filaments. Serendipitously, we find that loss of PRPS filaments results in a disrupted lens
fiber network. Taken together, these results highlight the first connection between PRPS

filaments and lens fiber defects in zebrafish.
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Results
PRPS filaments assemble in the layer surrounding the RPE

Since previous work has highlighted that PRPS activity is important for proper eye
development in zebrafish (Pei et al., 2016), we examined if PRPS assembled into filaments in the
retina. Given that the PRPS polymerization was identified using an antibody raised against the
human ortholog of PRPS (hPRPS1), we first performed BLAST analysis to compare hPRPS1 to
both zebrafish paralogs, Prpsla and Prps1b. This analysis revealed that Prpsla and Prps1b had a
~92% and ~93% identity with hPRPS1 (Figure A.1A), suggesting that our antibody would
recognize zebrafish PRPS. Next, we performed whole-mount immunofluorescence on 2 and 5
dpf embryos to identify polymerization of PRPS in the eye. At 2 dpf, PRPS staining in the eye
appeared diffuse in the cytoplasm in the outer layer of the eye (Figure A.1B). However, at 5 dpf,
we observed robust filament formation of PRPS (Figure A.1B).

Given that prpsla and prpsla;prpslb mutants resulted in a decrease in eye pigmentation
(Pei et al., 2016), we tested if PRPS filaments localized to the retinal pigment epithelium (RPE)
layer. However, PRPS filaments were not found in the RPE, but instead appeared to localize to
the surrounding layer (Figure A.2A). This layer is compromised of the choroid followed by the
sclera. Due to a lack of available markers for either layer, it’s unclear in which layer PRPS
filaments reside. Additionally, we find that PRPS filaments are not localized to the nucleus as in
other examined eukaryotes (Figure A.2A and A.2B) (Noree et al., submitted). While its
subcellular localization may not be conserved, the identification of PRPS filaments in the
zebrafish eye provides a platform to examine the relationship between the polymer and eye

development.
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Human Prpsl MPNIKIFSGSSHQDLSQKIADRLGLELGKVVTKKFSNQETCVEIGESVRGEDVYIVQSGC 60
Zebrafish Prpsla MPNIKIFSGSSHPDLSQKIADRLGLELGKVVTKKFSNQETCVEIGESVRGEDVYIVQSGC 60

Zebrafish Prpslb MPNIKIFSGSSHQDLSQKIADRLGLELGKVVTKKFSNQETCVEIGESVRGEDVYIVQSGC 60
P R R R R R R I S S S R I1IT

Human Prpsl GEINDNLMELLIMINACKIASASRVTAVIPCFPYARQDKKDK--SRAPISAKLVANMLSV 118
Zebrafish Prpsla GEINDNLMELLIMINACKIASASRVTAVIPCFPYARQDKKDKVGSRAPISAKLVANMLSV 120

Zebrafish Prpslb GEINDNLMELLIMINACKIASATRVTAVIPCFPYARQDKKDK--SRAPISAKLVANMLSV 118
Kok kkkkkkkkkkkkkkkkkkkk gk kkkkkkkkkkkkkkkkkk  hkkkkkkkkkkkkkkk

Human Prpsl AGADHIITMDLHASQIQGFFDIPVDNLYAEPAVLKWIRENISEWRNCTIVSPDAGGAKRV 178
Zebrafish Prpsla AGADHIITMDLHASQIQGFFDIPVDNLYAEPAVLKWIKENINEWKNCTIVSPDAGGAKRV 180
Zebrafish Prpslb SGADHIITMDLHASQIQGFFDIPVDNLYAEPAVLKWIKENIPEWKNCTIVSPDAGGAKRV 178

shhkhhhkhkhhkhhhhhhhhhhhhkhhhhhhhhhhhhhhhhghhk *hkghhhhhhhhrhhhkhkk

Human Prpsl TSIADRLNVDFALIHKERKKANEVDRMVLVGDVKDRVAILVDDMADTCGTICHAADKLLS 238
Zebrafish Prpsla TSIADRLNVDFALIHKERKKANEVDRMVLVGDVKDRVAILVDDMADTCGTVCHAADKLVS 240
Zebrafish Prpslb TSIADRLNVDFALIHKERKKANEVDRMVLVGDVKDRVAILVDDMADTCGTVCHAADKLIS 238

Khkkhhhhhhhkhkhkhhhhhhhhhkhkhkhkhhhhhhhhhkhkhkhhhhhhhhhkhkhhkhhhghhhhhhh gk

Human Prpsl AGATRVYAILTHGIFSGPAISRINNACFEAVVVTNTIPQEDKMKHCSKIQVIDISMILAE 298
Zebrafish Prpsla AGAIKVYAILTHGIFSGPAISRINNANFEAVVVTNTIPQEDKIKHCSKIQVIDISMILAE 300
Zebrafish Prpslb AGATKVYAILTHGIFSGPAISRINNACFEAVVVTNTIPQEEKMKHCPKIQVIDISMILAE 298

Khk skkhkkkhkkhhkkhhkhhhkhhhhk hhhhkhhhhhkhhghahhkx Fhhhhhkrhhhkhk

Human Prpsl AIRRTHNGESVSYLFSHVPL 318
Zebrafish Prpsla AIRRTHNGESVSYLFSHVPL 320

Zebrafish Prpslb AIRRTHNGESVSYLFSHVPL 318
khkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkdkk

2 dpf 5 dpf

Anti-PRPS

Figure A.1. PRPS forms filaments in the retina at 5 dpf

(A) Protein sequence alignment (UniProt) of human PRPP Synthetase (P60891) to zebrafish
PRPP Synthetase paralogs Prpsla (Q4KME9) and Prpslb (QO8CAS). Human PRPS1 has ~96%
identity to both zebrafish paralogs. (B) Antibody raised against human PRPS1 recognizes
filaments at 5 dpf in the zebrafish eye. Representative confocal images of 2 dpf and 5 dpf
embryos stained for PRPS. Scale bar: 50 um. (n = 10 emrbyos for each time point)
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Figure A.2. PRPS cytoplasmic filaments assemble in sclera/choroid.

(A) Representative confocal images of 5 dpf embryos stained for PRPS, Zpr2 (RPE marker), and
DAPI depicting PRPS filament formation in the cytoplasm and adjacent to the RPE layer. Scale
bar: 40 um. (n = 6 embryos) (B) Representative confocal images of a single cell dissected from
retinal tissue stained for PRPS and DAPI depicting cytoplasmic localization of PRPS filaments.
Arrows indicate PRPS filament. Scale bar: 10 pum. (n = 3 embryos)
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LoF of prpsla alone is sufficient to decrease eye size

In order to assess the role of PRPS filaments and the eye development, we utilized
CRISPR-Cas9 genome editing techniques to generate LoF mutants in both prpsia and prpsib.
Two different guide RNAs (gRNAs) were used to target either exon 1 or exon 5 of the prpsia
genomic locus, in addition to one gRNA that targets exon 2 in prpsIb (Figure A.3A). For prpsia,
we identified two alleles that resulted in different changes in the predicted protein sequence. The

sd59

prpsla’™” mutation caused a 1 bp deletion in exon 1 that introduced a frameshift and resulted in

an early termination codon, while the prpsia*®®’

allele had a 21 bp in-frame deletion in exon 5
leading to a 7 amino acid deletion (Figure A.3B and A.3C). For prps1b, the prps16*®®’ mutation
introduced a 23 bp insertion that caused a frameshift and resulted in an early stop codon (Figure
A.3B and A.3C).

Consistent with other prpsia and prps b mutants (Pei et al., 2016), heterozygotes for our
prpsla and prps b mutations showed no distinguishable phenotypes (data not shown). However,
homozygotes for either prpsla mutation resulted in reduced retina size at both 2 and 5dpf
(Figure A.4A and A.4B). Additionally, both prps/a mutants had defects in inflation of the brain
ventricle and swim bladder defects at 5 dpf, while prps*”’ embryos showed a smaller yolk sac
at 5 dpf. Homozygotes for the prps b mutation showed no morphological changes at either time
point (Figure A.4A and A.4B). Interestingly, we find no additional or more severe phenotypes in

S92 prps 16°°" double homozygote. These results suggest that loss of prps/a function

the prpsla
alone is sufficient to generate developmental defects. Given the similarities of eye phenotypes
observed here and in previous work (Pei et al., 2016) along with the localization of PRPS

filaments in the eye, we will focus on building a connection between PRPS assembly and retinal

development.
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A
Prpsia Prpsi1b

CATAAGGAGAGGAAGAAGGCCAATGAGGTGGAT
I

_’/ 3y t i
5"UTR - n n n B 3UTR 5"UTR - a n H n 3UTR
—

CGCATCCGGATCTGTCGCAGAAGATCGCGGACCG ATCTGCCACTAGAGTCACTGCAGTCATCCCATGC
Prpsia
Genomic sequence Protein sequence
WT: ATCCGGATCTGTCGCAGAAGATCGCGGACCGACTGGG 0 WT: ...SHPDLSQKIADRLGLELGKVVTKKFSNQETC... 320aa
prpsla®®®: ATCCGGATCTGTCGCAGAAG-TCGCGGACCGACTGGG -1 prpsla®®®: ...SHPDLSQKSRTDWDSSWGKWSPKNSATKKPV* 4laa
WT: ATCCATAAGGAGAGGAAGAAGGGCCAATGAGGTGGAT 0 WT: ...RNLVDFALIHKERKKANEVDRMVLVGDVKDR... 320aa
prpsla®®®: ATCC-———-—c—mmomm oo AATGAGGTGGAT  -21 prpsla®®®: .., RNLVDFALIH------- EVDRMVLVGDVKDR. . . 313aa
Prpsib

Genomic sequence

WT: AG-—CAT-Cmm—m—m—mmmmmmm TGC---C--AC--TAGAGTCACTGCAGTCATCCCATGCTTT Y
prps1b®®: TAGTGCATACTTAAAAAAAATAGTGCATACTTACATTAGAGTCACTGCAGTCATCCCATGCTT +23

Protein sequence

WT: ...GEINDLMELLIMINACKIASATR... 318aa
prpslb®¥!: ... GEINDLMELLIMINACKIVHT* 82aa
C Mboll Digest
O
X
& 3@
RN
400bp — 400bp —
300bp — 300bp —
200bp —

200bp —

prps1as>?® prps1a9° prps1bse

Figure A.3. Generation and genotyping of prpsla and prps1b mutations.

(A) Schematic of gRNAs targeting genomic loci of prpsia and prpsb 1. Green arrows indicate
where gRNAs target. Blue text depicts the sequence upstream of the PAM recognition sequence
(red). (B) Schematic of changes in genomic (left) and predicted protein sequence (right) for
prpsla and prps1b. Premature stop codons are shown as asterisks (*). Depicted protein
sequences for prpsla display amino acids 11 — 41 (prpsla*®’) and 186 — 216 (prpsla*®).
Depicted protein sequence for prps1b display amino acids 61 — 84. (C) Representative agarose
gel images of genotyping of prpsla and prps1b mutants. prpsla*®® and prps15**® mutants can
be identified by changes in PCR product size. prspla*”’ mutants lose Mboll restriction site in
PCR product. MT indicates homozygous mutants
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Figure A.4. Loss of prpsla, not prpslb, generates eye, pigmentation, brain ventricle and
swim bladder phenotypes

(A) Representative bright-field images of wild-type, prpsla, and prps1b mutant embryos at 2
dpf. Reduced eye size and pigmentation are observed in both prps/a mutants, but not in prpsib
mutants. (n = 16 embryos for each genotype) (B) Representative bright-field images of wild-
type, prpsla, and prps1b mutant embryos at 5 dpf. Reduced eye size, yolk sac, swim bladder and
brain ventricle defect are observed in both prps/a mutants, but not prps15**’ mutants. (n = 16
embryog£or each genotype) (C) Representative bright-field images of wild-type, prpsla*®’, and

prps1a*®; prps1b*®®" mutant embryos at 2 dpf and 5 dpf. No additional phenotypes are observed
in the double mutant compared to prpsla’®’ alone. (n = 12 embryos for each genotype and time
point)
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Truncation of prpsla blocks PRPS polymerization
Next, we sought to determine if either prpsla LoF allele disrupted PRPS filament

formation in the eye. We raised WT and homozygous prpsla and prpsb mutant zebrafish to 5

dpf and performed whole-mount immunofluorescence to examine PRPS polymerization. PRPS

sd59

staining revealed no filament formation in prps/a™” " mutants whereas filaments were still

sd60

observed in prps1a™® or prps16**' mutants (Figure A.5). These data argue two points about

PRPS polymerization in zebrafish. First, only prpsia is required for filament formation as
filaments are still observed in truncated prps b mutants. Second, while it’s likely that both
prpsla alleles decrease enzymatic activity as evident by the reduction of eye size, only a severe

truncation in the prpsla protein was able to disrupt PRPS polymerization.

sd59

Prpsla™” mutants exhibit disrupted lens fiber organization

As a part of our whole-mount immunofluorescence experiments, we used rhodamine
phalloidin as a counterstain to test permeability in our protocol. Serendipitously, we observed a
defect in lens fiber organization in the eyes of prpsla®’”” mutants. In wild-type embryos,

phalloidin staining robustly reveals a well-ordered and structured array of actin cables in the lens

sd59

fibers at the center of the eye (Figure A.6A). However, in prpsia™" embryos, we found that this

actin array in lens fibers is disrupted. Compared to lattice-like structure in wild-type embryos,

sd59

prpsla™” mutants lacked regularly spaced radial and coaxial spokes (Figure A.6A).

sd59

Additionally, an accumulation of actin is present at the center of the eye in prpsia™™" embryos.

sd59

The lens fiber disruption was specific to prpsia™ " mutants as the phalloidin staining in

sd60

prpsla*® and prps16*® fish displayed an identical pattern from wild-type embryos (Figure

A.6A). Since both of our prpsla mutations resulted in smaller eyes, it’s possible that this

sd59

additional defect in prpsla™" embryos is due to a lack of PRPS filaments. To test this, we

examined the lens fiber organization at 2 dpf, when no PRPS filaments are evident (Figure
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Anti-PRPS

Figure A.S. Truncation of prpsla prevents PRPS filament formation.

Representative confocal images of 5 dpf embryos from wild-type, prpsia, and prps1b mutant
backgrounds stained for PRPS. Only prpsla*®’ mutants failed to form PRPS filaments in the
eye. Scale bar: 40 pm. (n = 12 embryos for wild-type, n = 8 for prpsla*®’ and prpsla*™, n="7
for prps1b°*")
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Figure A.6. Loss of PRPS filaments results in lens fiber disorganization.

(A) Representative confocal images of 5 dpf embryos from wild-type, prpsia, and prpsib
mutant backgrounds stained with rhodamine phalloidin. Only prps/a*>’ mutants had
disorganized lens fibers in the eye. Arrows indicate lens fiber core. Scale bar: 40 um. (n =12
embryos for wild-type, n = 8 for prpsla*®’ and prps1a*®®, n =7 for prps1b*’) (B)
Representative confocal images of 2 dpf embryos from wild-type, prpsia, and prps1b mutant
backgrounds stained with rhodamine phalloidin. No defects are observed in prps/a*”’ mutants at
2 dpf. Arrows indicate lens fiber core. Scale bar: 40 um. (n = 6 embryos for each genotype)

Actin
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A.1B). This would allow us to determine if lens fiber disorganization occurs at an earlier time

sd59

point in development of prpsia’™™” embryos or if lens fiber disruption correlates with PRPS

polymerization. In wild-type embryos at 2 dpf, the lens fibers displayed a honeycomb-like actin

array (Figure A.6B). Unlike at 5dpf, we observed similar lens fiber organization in prpsla*®’

embryos at 2 dpf (Figure A.6B). Together, these results suggest a potential connection between

PRPS filaments and lens fiber organization.

sd59

Cell polarity and retinal lamination is not affected in prpsla™ mutants

With the defect in actin organization in the lens fibers, we sought to determine if other

sd59

cytoskeletal defects that also result in small eyes were present in prps/a™”" embryos. For

instance, mutants like ncad, heart and soul (has), and mosaic eyes (moe) exhibited small eyes as

a result of defects in cell polarity and retinal lamination (Horne-Badovinac et al., 2001; Jensen

and Westerfield, 2004; Masai et al., 2003). To test if cell polarity was disrupted in prpsla*®’

mutants, we performed immunohistochemistry on cryosections of eyes from 5 dpf embryos and
examined the localization of cell polarity marker ZO-1, which encodes for a tight-junction
protein. At 5 dpf, ZO-1 is localized to the apical membrane of the photoreceptor cell layer (PCL)

(Krock and Perkins, 2014) (Figure A.7A). Interestingly, we found no change in ZO-1

sd59

localization in prpsla™" mutants suggesting that cell polarity is not affected (Figure A.7A).

Next, we performed phalloidin staining to determine if any defects in retinal patterning were

sd59 sd59

observed in prpsia™™” embryos at 5 dpf. Consistent with no change in cell polarity, prpsia

embryos displayed a similar retinal layer organization as wild-type embryos despite the smaller

sd59

eye size (Figure A.7B). Thus, the lens fiber defects observed in prpsla™™~ embryos are not

accompanied by abnormalities in cell polarity and retinal lamination.
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Figure A.7. Cell polarity and retina lamination is unaffected in prpslan5 ’ mutants.
(A) Representative confocal images of transverse cryosections from wild-type and prpsla*®’
mutant embryos at 5 dpf stained for ZO-1, actin, and DAPI. No change in ZO-1 localization is

observed in prpsla*®’

mutants compared to wild-type fish. Arrowheads indicate ZO-1

localization to the apical membrane of the photoreceptor cell layer (PCL). Scale bar: 20 um. (n =
6 embryos for each genotype) (B) Representative confocal images of transverse cryosections

from wild-type and prpsla™’
patterning is unaffected in prpsla

mutant embryos at 5 dpf stained for actin and DAPI. Retina
mutants. Scale bar: 20 um. GCL, ganglion cell layer. IPL,

inner plexiform layer. INL, inner nuclear layer. OPL, outer plexiform layer. PCL, photoreceptor
cell layer. RPE, retina pigment epithelium. (n = 6 embryos for each genotype)
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Discussion

PRPS is involved in the rate-limiting step in purine nucleotide synthesis. Previously, we
found that PRPS assembles in filaments in eukaryotes ranging from yeast, fruit flies and humans
(Noree et al submitted). In this study, we identified polymerization of PRPS in the zebrafish
embryonic retina at 5 dpf. Not only did loss-of-function mutation in prps/a result in small eyes,
but also the truncation of prpsia prevented PRPS filament assembly. Serendipitously, we found
that loss of PRPS filaments resulted in disorganized lens fibers in the retina. These results
suggest the first connection between PRPS filament assembly and lens fiber organization.

Our finding that loss of prpsia activity resulted in small eye phenotypes is consistent
with another PRPS zebrafish model (Pei et al., 2016). However, we observed some discrepancies
between our two studies. Pei et al found increased severity of developmental defects with either
maternal-zygotic homozygotes of prpsla or prpsla”;prps1b” double mutants. Conversely we
found that zygotic homozygotes of prpsia alone was sufficient to match the early onset of
reduced eye size seen in their prpsla”;prps1b”” double mutants. This discrepancy could be due
to the relative strength of the LoF alleles used between studies. prps/a mutants from Pei et al
were generated using retroviral insertion in the first intron, resulting in destabilized mRNA
levels. However, our CRISPR-Cas9-generated prps/a mutants are predicted to result in
significant changes in the protein sequence, potentially resulting in significantly diminished
Prpsla activity. Consistent with the increased potency of our alleles, we found that prpsia
homozygotes exhibited defects in the inflation of the brain ventricle and swim bladder. It’s also
possible that our prpsla mutations exert a dominant effect on prps b function. While it's unclear
if Prpsla and Prps1b physically interact with each other, interactions between paralogous

proteins has been observed in yeast PRPS and is a common hallmark of duplicated metabolic
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enzymes (Hernando et al., 1998). Additionally, our observations that loss of prpsib activity had
no morphological abnormalities suggested that prpsla activity is the main contributor in
zebrafish development. Genetic compensation for the loss of prpsib via prpsia could also
explain for the lack of phenotypes observed in prpsib mutants.

Given that mutations in downstream purine biosynthetic enzymes gart and paics
possessed defects in eye pigmentation (Ng et al., 2009) similar to our prps/a mutants, we
wondered if PRPS filaments were localized to the RPE. Instead, our staining revealed that PRPS
filaments assembled in the choroid/sclera layer adjacent to the RPE. Both the choroid and sclera
are compromised of melanocytes, fibroblasts, and immunocompetent cells to assist and offer
protection to the interior retinal layers (Metlapally and Wildsoet, 2015; Zhang and Wildsoet,
2015). Since these cell types are very metabolically active, its possible that PRPS’s role is to
provide PRPP and/or purine nucleotides to support the other layers of the retina. This also raises
the question of whether PRPS filaments are active or inactive in zebrafish. While assembly of
PRPS in yeast correlates with decrease activity (Noree et al, submitted), the enzymatic state of a
filament alters from organism to organism (Lynch et al., 2017; Noree et al., 2014). Having an
active PRPS filament at 5 dpf would make sense as this coincides with the shrinkage of the yolk
and subsequently, depletion of metabolites supplied from that source. Since the retina continues
to grow in zebrafish, assembly of active PRPS filaments would be beneficial around this time
point.

sd59

In addition to preventing PRPS assembly, prpsla™" " mutants also exhibited a disrupted

lens fiber array in the retina. We demonstrate that this effect was not simply due to a loss of

sd60

Prpsla activity as prpsla*”” mutants, who also displayed small eyes, retained a lens fiber pattern

similar to wild-type embryos. This suggested that PRPS filaments play a role in maintaining lens

228



fiber organization. However, it remains unclear how lens fiber organization is disrupted in

prpsl a*®’

mutants. Previous studies have shown mutations in genes involved in endocytic
trafficking and ubiquitin proteasome system are involved in the lens fiber differentiation and
morphogenesis and display early lens fiber phenotypes (Imai et al., 2010; Mochizuki et al.,
2018). However, we demonstrate that lens fibers remain intact at these early time points in

sd59

prpsla™” mutants. Additionally, early lens fiber defects observed in fn/ and itga5 mutants result

in the formation of cataracts (Hayes et al., 2012). Since we found no cataracts in prpsla*®’
embryos, these data suggests that lens fiber disruption could be due to defects in maintenance of
lens fibers rather than development of the lens. Furthermore, our immunostaining protocol
provides a quick and robust method for observing lens fiber organization.

One question that remains unclear is how PRPS filament formation in the choroid/sclera
affects lens fiber organization in a cell non-autonomous manner. It’s unknown what kind of
crosstalk exists between these tissues. Given the proximity of the choroid with other layers of the
retina like the RPE or PCL, it’s unclear if defects in the choroid can regulate other aspects (i.e.
cell polarity) in proximal tissues. However, we found no evidence of this in the case of cell

sd59

polarity, as ZO-1 localization was unaffected in prps/a™™"" mutants. The intact PCL polarity in

sd59

prpsla™” embryos suggested that the cell polarity of other tissues is intact highlighting the

specificity of this phenotype to the lens fibers.

sd39 mutants, our observation of lens

Despite this cell non-autonomous effect of prpsia
fiber disorganization in filament-deficient mutants suggests an additional role for PRPS
assembly in eye development. This secondary role of PRPS polymerization could provide a

framework to connect PRPS polymerization with PRPS-associated disease phenotypes. For

example, optic atrophy is a common phenotypes observed in many cases of PRPS-linked
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diseases (de Brouwer et al., 2010; Park et al., 2013). Missense variants of human PRPS1 have
also been identified to cause retinal degeneration (Fiorentino et al., 2018). However, it’s unclear

s439 mutants and if this

what the functional significance of the lens fiber disorganization in prpsia
phenotype contributes to PRPS-associated disease defects like optic atrophy and retinal
degeneration. Some potential causes for this discrepancy could be due to differences in alleles
(protein truncation vs point mutation) or species-specific effects. Regardless, establishing a
connection between the secondary role of PRPS assembly and disease-specific phenotypes might
be better suited in other tissues. Since the deafness and ataxia can arise from LoF or feedback
inhibition mutations in hPRPSI1, the identification of PRPS assembly in the hair cells and

neurons of zebrafish could provide a potential pathway for linking PRPS filament formation with

other PRPS-related phenotypes.
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Materials and Methods
Zebrafish maintenance

Zebrafish (Danio rerio) were raised and maintained on a 14 h light/10 h dark cycle using
standard protocols. The embryos used for these studies were obtained by natural spawning and
raised at approximately 28°C with their developmental stage determined in days post-
fertilization. All experiments followed Institutional Animal Care and Use Committee-approved
protocols.
Generation of PRPS mutants and genotyping

Identification of target sites and generation of gRNAs were conducted according to a
previously established protocol (Gagnon et al., 2014). In brief, an online webtool, CHOPCHOP,
was used to identify target sites for CRISPR/Cas9-mediated mutagenesis. DNA templates for
gRNAs were created using a cloning-independent protocol with oligonucleotides from IDT
Technologies. gRNAs (prpsla exon 1:
CGCATCCGGATCTGTCGCAGAAGATCGCGGACCQG, prpsla exon 5:
CATAAGGAGAGGAAGAAGGCCAATGAGGTGGAT, prpsib exon 2:
ATCTGCCACTAGAGTCACTGCAGTCATCCCATGC) were transcribed using the
MEGAshortscript T7 transcription kit and cleaned up according to the manufacturer's protocol.
gRNAs were stored at -20°C until ready for use.

gRNAs were incubated with EnGen Spy Cas9 NLS protein (New England BioLabs) for 5
minutes at room temperature and placed on ice until ready for injection. All injections were
performed in the wild-type strain AB. Injected embryos were raised to adulthood to generate
potential founder fish (Fy). To determine somatic indel frequency associated with each gRNA, a

small population of injected embryos was sacrificed to obtain genomic DNA (Meeker et al.,
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2007). The genomic locus flanking the target loci was amplified via PCR using KOD Hot Start
Polymerase. PCR products were purified and sent for sequencing (Eton Sequencing) to identify
secondary peaks in the resulting chromatogram.

Next, Fy fish were outcrossed to create the F; generation and germline transmission was
determined in the same fashion as mentioned above. Adult F; progeny were fin clipped to obtain
genomic DNA. Fish were genotyped by performing TA cloning and sequencing to ensure clean
sequencing reads. Heterozygous mutant fish were kept for further breeding. For prpsla*®’
mutants, the primer pair 5’-CTGTACGCCACCCCGACACTATAGG-3’ and 5°-

GAGTCCGCTGCCTGTGAGACTCG-3’ amplified a 329 bp PCR product flanking the targeted

gRNA site. While digestion with Mboll creates 230 and 99 bp fragments in wild-type alleles, the

sd59 sd60

prpsla™” allele has lost the Mboll restriction site and remains uncut. In prps/a™”” mutants, the
PCR product using the primer pair 5’-GTGCAGAGAAGTCTAAATGCATCT-3" and 5°-
CTGCATATCATGCATGTCCTCAC-3’ created a 258 bp band compared to the 279 bp size

product in wild-type fish. In prps15*®’

mutants, the PCR product using the primer pair 5’-
TCCTGCAGTGTGGAGATTGG-3’ and 5’-TGGCTATAGACATTACCAGCACA-3’ created a
285 bp band compared to the 262 bp size product in wild-type fish. The change in PCR product
size for prpsla and prpslb alleles could be visualized on a 3% TAE-agarose gel. Representative
gels genotyping for each allele is shown in Figure 3C. Since prps/b*** mutants exhibited no
morphological phenotypes, embryos were imaged prior to collecting genomic DNA for
genotyping.

Whole-mount immunofluorescence

Embryos were grown to indicated time points and fixed in 4% paraformaldehyde (PFA)

in PBS at 4°C overnight. PFA was removed and embryos were washed 5 times in PBS for 5
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minutes at room temperature. Embryos were then permeablized in PBS-Triton 2% for 1.5 hours.
After 5 PBS-0.5% Triton washes, embryos were blocked in 2% BSA in PBS-0.5% Triton for 1
hour. Rabbit anti-hPRPS1 polyclonal antiserum was diluted 1:1000 in blocking solution and
embryos were incubated O/N at 4°C. Following 5 PBS-0.5% Triton washes, embryos were
incubated with 1:200 goat anti-rabbit Alexa Fluor 488 and 1:200 rhodamine phalloidin for 2
hours at room temp in the dark. After washing to remove unbound secondary antibodies and
phalloidin, embryos were stored in SlowFade Gold Antifade with DAPI prior to imaging at 4°C.
Upon imaging, 50% glycerol was added to embryos before they were mounted for imaging..
Dissection of retinas and immunostaining

Retina dissection and trypsinization followed a previously established protocol (Zou et
al., 2008). In brief, retinas from embryos at 5 dpf were manually dissected and placed in DMEM
media. Next, retinas were trypsinized in TrypLE Express for 30 minutes at room temperature.
FBS was added to 10% to inhibit trypsin activity. Intact retinas were discarded and disassociated
cells were pelleted by spinning down for 2 minutes at 3000 rpm. Supernatant was removed and
pellets were resuspended in 1xPBS and added to poly-1-lysine coated dishes for 1 hour at room
temperature. Adhered cells were then fixed in 4% PFA for 30 min at room temperature.
Following 3 PBS washes, cells were permeabilized for 15 minutes in PBS- 0.5% Triton and
subsequently blocked in 2% BSA in PBS for 30 minutes. 1:1000 rabbit anti-hPRPS1 was added
to blocking solution and incubated at 4°C O/N. Following 3 PBS washes, cells were incubated in
1:200 goat anti-rabbit Alexa Fluor 488 for 2 hours in the dark. After removing unbound
secondary antibody, SlowFade Gold Antifade with DAPI was added and cells were imaged
immediately.

Histology
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Embryos were grown to indicated time points in E3/PTU and fixed in 4% PFA in PBS at
4°C overnight. Following 3 PBS washes, embryos were dropped in 35% sucrose until embryos
sunk to the bottom. 35% sucrose/PBS solution was removed by washing once with OCT freezing
medium. Cryomolds were prepared by lining up embryos in OCT freezing medium and freezing
on dry ice. Cryomolds were stored at -80°C until ready for use. Sections were cut at 12um
thickness and transferred onto a microscope slide. Areas of interest were outlined with a
hydrophobic PAP pen prior to rehydrating slides in PBS-0.1% Tween-20 for 5 minutes. Sections
were blocked in 2% BSA in PBS-0.1% Tween-20 for 1 hour at room temp followed by addition
of primary antibodies in blocking solution (1:200 mouse anti-Zpr2 and 1:200 rabbit anti ZO-1)
O/N at 4°C. Following 3 PBS-0.1% Tween washes, sections were incubated in secondary
solution (1:200 goat anti-rabbit Alexa Fluor 488, 1:200 sheep anti-mouse Alexa Fluor 546, or
1:200 Rhodamine Phalloidin) for 2 hours at room temperature in the dark. After 3 PBS-0.1%
Tween washes, slides were dried and SlowFade Gold Antifade with DAPI was added before

sealing with a coverslip and nail polish. Slides were stored at 4°C until ready for imaging.

Imaging

Images were captured using a Zeiss Axioimager and Axiocam and were processed using
Zeiss Axiovision and Adobe Creative Suite software. Confocal imaging was performed with a
Leica SP5 confocal laser-scanning microscope and analyzed using Imaris software (Bitplane).
Replicates

All assessments of phenotypes and immunofluorescence were replicated in at least two
experiments with comparable results from independent crosses. For each experiment, the n is

reported in the associated figure legend.
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Appendix B

AdoMet binding regulates stress granule-independent
assembly and stress granule recruitment of Cys4
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Introduction

Cells under stress must adjust their biochemical processes in order to promote cellular
fitness and survival. Often times, many cellular functions, such as translation, must be down
regulated to meet the energetic demands of the cell. To accomplish this, non-essential mRNPs
are sequestered away from translating polysomes into cytosolic assemblies known as stress
granules (SGs) (Protter and Parker, 2016). Despite the fact that many SGs form under
numberous metabolic and nutrient stresses, metabolic enzymes remained an unrepresented class
of proteins present in SGs. To address this, we conducted a targeted visual screen and identified
17 metabolic enzymes that localized to chronic nutrient stress-induced SGs. The results from our
screen revealed two distinct patterns of metabolic enzyme localization to SGs. While exclusive
colocalization with SGs was observed for some enzymes, a subset of enzymes could form foci
independent of SGs in addition to their recruitment to SGs. The mechanisms that allow for this
two-pattern localization remain unknown. To investigate this, we chose CYS4, which encodes for
cystathionine beta-synthase, as our follow up candidate to understand the mechanisms that allow
for SG-independent assembly and SG localization. In addition to its unique foci formation
pattern, the enzymology of cystathionine beta-synthases (CBSs) is well established and
mutations that disrupt the human ortholog, CBS, result in homocysteinuria (Koutmos et al.,
2010; Majtan et al., 2014; Zhu et al., 2018).

Cys4 catalyzes the condensation of homocysteine and serine into cystathionine (Figure
B.1A), which can then be converted into cysteine. CBS enzymatic activity of the human ortholog
is activated upon the binding of AdoMet to the CBS domains in regulatory C-terminus. This
action alleviates the autoinhibition of the regulatory C-terminus on its catalytic domain (Janosik

etal., 2001; McCorvie et al., 2014). Consistent with this, truncation of the regulatory domain in
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yeast and human CBSs promotes the formation of enzymatically active dimer compared to their
native tetrameric state (Majtan et al., 2014). While AdoMet regulation is clear in humans, the
role of AdoMet binding in yeast Cys4 is unknown. Incubation of AdoMet with recombinant
purified Cys4 did not increase enzyme activity, suggesting that AdoMet may serve another
purpose for Cys4 in yeast (Majtan et al., 2014). Here, we use genetic approaches to reveal that
AdoMet binding regulates SG-independent foci and SG localization of Cys4.
Results
Cys4 recruitment to SGs increases with prolonged nutrient stress

Previously, we identified metabolic enzymes as bonafide components of yeast SGs
induced by growth diauxic phase and stationary phase. One of those enzymes, Cys4, assembled
into SG-independent foci in addition to its localization to SGs, as indicated by SG marker Ded1
(Figure B.1B). Consistent with Cys4 forming SG-independent foci, we observed that Cys4
assembly was present during logarithmic growth and exhibited different assembly kinetics than
Dedl during the yeast growth cycle (Figure B.1C). Interestingly, Cys4 had a ~3 fold increase in
stress granule localization upon growth to stationary phase when compared to diauxic shift
(Figure B.1D). These results suggest that recruitment of Cys4 into SGs could be regulated by the
severity of nutrient deprivation.
Recruitment of Cys4 to SGs is stress specific

Cys4’s localization to SGs during growth to diauxic shift and stationary phase raised the

question if Cys4 was recruited to SGs under other known conditions. To test
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Figure B.1. Cys4 recruitment to SGs increases with prolonged nutrient stress

(A) Schematic depicting the enzymatic reaction of Cys4. (B) Representative fluorescent images
of endogenously tagged Cys4-GFP and Ded1-mCherry at diauxic shift. Arrowheads indicate
colocalization. Arrows indicate Cys4-GFP foci independent of SGs. Scale bar: 5 um. (C)
Quantification of the number of cells with Cys4-GFP and Ded1-mCherry foci at indicated time
points in growth. Data is presented as the average of three independent experiments. Error bars
indicate SEM. (D) Quantification of Cys4-GFP colocalization with Ded1-mCherry at indicated
time points in growth. Data is presented as the average of three independent experiments. Error
bars indicate SEM.
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this, we exposed logarithmic growing cells to conditions known to assemble SGs (Buchan et al.,
2011). While Ded1-mCherry assembly was robust, we found no localization of Cys4-GFP with
DedI-mCherry foci under glucose/methionine deprivation, azide treatment, or ethanol shock
(Figure B.2A-B). Neither of these stresses triggered an increase in Cys4-GFP foci as well (Figure
B.2).

In addition to acute stresses, overexpression of SG nucleating proteins Ded1 and Pbpl
have been shown to promote SG formation in the absence of an environmental stress (Takahara
and Maeda, 2012). To determine if SG protein overexpression could increase Cys4 foci
formation, we transformed Cys4-GFP cells with plasmids overexpressing Ded1 and Pbpl. We
found no increase in Cys4-GFP assembly in overexpression strains compared to control strains
(Figure B.2C-D). Additionally, we determined that overexpression of Cys4 is not sufficient to
increase Cys4-GFP foci (Figure B.2C-D). Together, these results argue that Cys4 recruitment to
SGs is stress specific and that protein levels do not dictate Cys4 foci formation.

AdoMet binding in CBS2 domain regulates Cys4 assembly

The stress specific localization of Cys4 to SGs suggests that its localization could be
coupled with its function rather than a generalized response to stress. To determine this, we
performed structure-function analysis on Cys4 to identify what domains were required for Cys4
assembly at log phase and diauxic shift (Figure B.3A). All variants were GFP tagged and
expressed at the endogenous CYS4 locus. Expression of solely the regulatory domain (cys4AN)
prevented Cys4 assembly at both time points where as truncation of the regulatory domain

(cys4AC) exhibited little foci formation at diauxic
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(A) Representative fluorescent images of endogenously tagged Cys4-GFP and Ded1-mCherry
upon exposure to various acute stresses. Scale bar: 5 um. (B) Quantification of Cys4-GFP and
DedI-mCherry foci from Figure B.2A. Data is presented as the average of three independent
experiments. Error bars indicate SEM. (C) Representative fluorescent images of endogenously
tagged Cys4-GFP and Ded1-GFP in log phase overexpressing empty plasmid (control), stress
granule proteins (Ded1, Pbp1l) or Cys4. Scale bar: 5 pm.

(D) Quantification of Cys4-GFP and Ded1-GFP foci from Figure B.2C. Data is presented as the
average of three independent experiments. Error bars indicate SEM.
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Figure B.3. AdoMet binding in CBS2 domain of Cys4 regulates foci formation

(A) Schematic depicting various mutant constructs of Cys4. (B) Representative fluorescent
images of endogenously tagged WT and mutant Cys4-GFP at log phase and diauxic shift. Scale
bar: 5 pum. (C) Quantification of Cys4-GFP foci from Figure B.3C. Data is presented as the
average of three independent experiments. Error bars indicate SEM. (D) Representative
fluorescent images of endogenously tagged WT and mutant Cys4-GFP at log phase and diauxic
shift. Scale bar: 5 um. (E) Quantification of Cys4-GFP foci from Figure B.3D. Data is presented
as the average of three independent experiments. Error bars indicate SEM. (F) Western blot
analysis from strains used in Figure B.3E at log phase and diauxic shift. (G) Quantification of
Cys4 protein levels foci from Figure B.3F. Data is presented as the average of three independent
experiments. Error bars indicate SEM.
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shift (Figure B3.A-C). This argues that the regulatory domain is necessary, but not sufficient, for
Cys4 foci formation. Since Cys4 contains two CBS domains in the regulatory domain, we next
created single CBS deletions and assayed for their role in Cys4 assembly. Truncation of the
CBS2 domain (cys4ACBS2) mimicked the phenotype of the cys4AC mutants while cys4ACBS1
mutants displayed the same assembly patterns as WT Cys4. This suggests that some aspect of
CBS2 domain in Cys4 is required for Cys4 assembly.

Defects in Cys4 assembly in the cys4 ACBS2 mutant raised the possibility that enzymatic
activity or AdoMet binding regulates foci formation. Deletion of the regulatory domain promotes
the formation of dimers with increased enzymatic activity, while the D501 residue aligns with
the AdoMet binding site of human CBS (Majtan et al., 2014). To distinguish between these two
possibilities, we created enzymatically inactive (S289D) and AdoMet binding defect (D501A)
mutations in Cys4 and assayed for foci formation at log phase and diauxic shift (Quazi and
Aitken, 2009). The D501 A mutant failed to assemble in log phase and had greatly reduced foci at
diauxic shift similar to cys4AC and cys4ACBS2 mutants (Figure B3.D-E). Enzyme activity is not
required for Cys4 assembly, as the S289D mutant displayed the same foci formation as WT at
diauxic shift (Figure B.3D-E). However, we did observe that the Cys4 S289D strain had a two-
fold increase in foci during log phase. The effects of both mutants on Cys4 assembly were not
due to dramatic changes in protein levels of Cys4 at either time point (Figure B.3F-G). This

argues that AdoMet binding plays a significant role in Cys4 foci formation.

AdoMet binding is crucial for SG-independent Cys4 assembly

The decrease in Cys4 foci formation in D501 A mutants raised the question if this

mutation affected stress granule recruitment or if it was specific to SG-independent foci. We
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endogenously tagged Ded1 with mCherry in WT and mutant Cys4-GFP strains and assayed for
Cys4 localization to stress granules at diauxic shift (Figure B.4A). We found that Cys4 foci in
D501A mutants exclusively localized to SGs whereas inactive mutants (S289D) did not affect
Cys4 recruitment to SGs (Figure B.4B). Additionally, neither Cys4 mutation disrupted SG
assembly (Figure B.4C). In conjunction with results from Figure B.3, this data argues that
AdoMet binding regulates SG-independent Cys4 assembly and loss of AdoMet binding drives
Cys4 into SGs.
Lower AdoMet levels increase Cys4 recruitment to SGs

The fact that AdoMet binding regulates Cys4 assembly and recruitment to SGs prompted
us to investigate whether intracellular AdoMet levels affects Cys4 assembly and recruitment. To
test this, we utilized mutants with decreased enzymatic activity in the AdoMet synthetase, SAM ],
and created dual fluorescent-tagged strains with Sam1-mCherry variants. We have previously
shown that Sam1 is a robust diauxic phase SG marker and mutations that disrupt Sam1
enzymatic activity dramatically increase SG assembly at this time point.

We first examined the effects of decreased AdoMet levels affecting SG-independent
Cys4 foci in logarithmically growing WT and K252M SAM1 strains. The SAM1 K252M
mutation displayed a 2-fold decrease in Cys4 assembly compared to the WT strain, supporting

with the idea that AdoMet binding regulates SG-independent Cys4
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Figure B.4. AdoMet binding is crucial for SG-independent Cys4 foci

(A) Representative fluorescent images of endogenously tagged WT and mutant Cys4-GFP with
DedI-mCherry at diauxic shift. Arrowheads indicate colocalization. Arrows indicate Cys4-GFP
foci independent of SGs. Scale bar: 5 um. (B) Quantification of Cys4-GFP recruitment to Ded1-
mCherry foci in WT and mutant strains. Data is presented as the average of three independent
experiments. Error bars indicate SEM. (C) Quantification of Ded1-mCherry foci from Figure
B.4A. Data is presented as the average of three independent experiments. Error bars indicate
SEM.
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assembly (Figure B.5A-B). Additionally, the SAM1 K252M strain didnt induce Sam1-mCherry
foci formation during log phase (Figure B.5A-B). We next examined Cys4 protein levels to
determine if disruption in Cys4 assembly was due to decreased Cys4 expression. However, Cys4
protein levels were 2-fold higher in the SAM1 K252M background suggesting that protein levels
did not influence Cys4 assembly (Figure B.5C).

With SAM1 K252M mutants disrupting SG-independent Cys4 foci, we next tested how
decreased AdoMet levels affect Cys4 recruitment to SGs. While the percentage of cells with
Cys4 foci was unaffected at diauxic shift, Cys4 foci were found almost exclusively in SGs in the
SAM1 K252M background (Figure B.5D-F). By manipulating AdoMet levels, this data supports
the conclusion that AdoMet regulates SG-independent Cys4 assembly and localization to SGs.
Cystathionine accumulation increases SG formation but doesn’t increase Cys4 recruitment

The increased recruitment of Cys4 to SGs in SAM I mutant strains raised the question if
this was simply due to increased SG formation or decreased in AdoMet levels/binding. To test
this, we created pathway disruptions in the methionine and cysteine biosynthetic pathways
(Figure B.6A) to identify other mutants that would increase SG assembly at diauxic shift. We
identified that deletion of CYS3, which encodes for cystathioine gamma-lyase, increased SG
formation (Figure B.6B). Since cys44 had no effect on SG formation, cystathionine
accumulation is likely the cause for increased SG assembly in cys34 strains. Next, we examined
Cys4 recruitment to SGs in cys34 background and found no increase in the localization of Cys4

foci (Figure B.6C-
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Figure B.5. Decreases in AdoMet levels promotes Cys4 recruitment to SGs

(A) Representative fluorescent images of endogenously tagged Cys4-GFP with WT and K252M
mutant Sam1-mCherry at log phase. Scale bar: 5 um. (B) Quantification of Cys4-GFP and Sam1-
mCherry foci in WT and SAM1 K252M backgrounds from Figure B.5A. Data is presented as the
average of three independent experiments. Error bars indicate SEM. (C) Western blot analysis
from strains used in Figure B.5A. Normalized quantification of Cys4 protein levels is shown
below the GFP blot. Data is presented as the average = SEM of three independent experiments.
(D) Representative fluorescent images of endogenously tagged Cys4-GFP with WT and K252M
mutant Sam1-mCherry at diauxic shift. Arrowheads indicate colocalization. Arrows indicate
Cys4-GFP foci independent of SGs. Scale bar: 5 um. (E) Quantification of Cys4-GFP and Sam1-
mCherry foci in WT and SAM1 K252M backgrounds from Figure B.5D. Data is presented as the
average of three independent experiments. Error bars indicate SEM. (F) Quantification of Cys4-
GFP recruitment to Sam1-mCherry foci in WT and mutant strains. Data is presented as the
average of three independent experiments. Error bars indicate SEM.
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Figure B.6. Cystathionine accumulation increases SG formation but doesn’t increase Cys4
recruitment

(A) Schematic depicting the methionine and cysteine biosynthetic pathways in yeast. (B)
Quantification of Ded1-GFP foci formation in WT, met64, cys44, and cys34 backgrounds at
diauxic shift. Data is presented as the average of three independent experiments. Error bars
indicate SEM. (C) Representative fluorescent images of endogenously tagged Cys4-GFP and
DedI-mCherry in WT and cys34 strains. Arrowheads indicate colocalization. Arrows indicate
Cys4-GFP foci independent of SGs. Scale bar: 5 um. (D) Quantification of Cys4-GFP
recruitment to Ded1-mCherry foci in WT and cys34 strains. Data is presented as the average of
three independent experiments. Error bars indicate SEM.
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D). Consistent with the acute stress data (Figure B.2), these results emphasize the stress specific
nature of Cys4 recruitment to SGs.
The D501A mutant alters morphology of phase-separated Cys4

In yeast, SGs and metabolic enzymes have been proposed to assemble via phase
separation. Recent reports have highlighted the ability of yeast SG proteins to phase separate in
vitro. While reconstitution of metabolic filaments has been observed, in vitro assembly of a
metabolic enzyme that forms foci has yet to be identified. We found that incubating recombinant
6xHis-SNAP::Cys4 protein with poly-L-lysine was sufficient to form phase-separated droplets
(Figure B.7). Phase separation of Cys4 raised the question if this structure we observed was
reminiscent of SG-independent or SG-associated Cys4 foci. To test this, we purified the D501A
mutant and incubated the protein with poly-L-lysine. If Cys4 droplets mimicked SG-independent
Cys4 foci, we predicted that no droplets would be seen with the D501 A mutant protein.
However, the presence of the phase-separated structures in the D501 A mutant indicated that
these resembled SG-associated Cys4 foci (Figure B.7). Surprisingly, we observed a change in the
morphology of Cys4 structures in the D501 A mutant. Unlike the spherical droplets seen with
WT protein, Cys4 D501A mutants had much more fibrous-like structures (Figure B.7). Together,
this represents the first example of in vitro assembly of metabolic enzyme foci and suggests how

potential changes in the phase separation properties of Cys4 contribute to its recruitment to SGs.
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6xHis-SNAP::Cys4

Figure B.7. The D501 A mutant alters the morphology of phase-separated Cys4
Representative fluorescent images of 500nM recombinant purified WT and D501A 6xHis-
SNAP::Cys4 protein labeled with SNAP Surface 647 incubated with 1pg/ul poly-L-lysine.
Arrows indicate circular structures, arrowheads indicate less circular structures. Scale bar: 10 pm

254



Materials and Methods
Yeast medium and growth conditions

All yeast strains were grown at 30°C unless otherwise indicated in either YPD medium
(1% yeast extract, 2% peptone, 2% dextrose) or synthetic defined medium (0.17% yeast nitrogen
base without ammonium sulfate or amino acids, 0.5% ammonium sulfate, amino acids, 2%
glucose).
Plasmid construction

Plasmids used in this study are listed in Table B.1. All plasmids were constructed with
standard molecular biology techniques. The CYS4 and SAM1 locus were first amplified by PCR
(KOD Hot Start Polymerase) from genomic DNA from wild-type BY4741 cells. These cassettes
were then subcloned into pFA6a-GFP-KanMx6 plasmid (for CYS4) or pFA6a-mCherry-HphMx6
(for SAM 1) and subsequently used as a template for generating point mutations via PCR-based
site directed mutagenesis. Resulting plasmids were verified by sequencing. Overexpression
plasmids were obtained by amplifying the coding sequence of DED1, PBP1, and CYS4 by PCR
and then subcloned into empty p416GPD plasmids using restriction enzyme cloning.
Yeast strain construction

S. cerevisae strains are listed in Table B.2. All yeast strains were derived from a parent
strain with the genotype MATa his3A1 leu2A0 met15SA0 ura3A0 (BY4741). Generation of
endogenous GFP-tagged strains and gene disruption was created using standard PCR-mediated
techniques. Cys4-GFP and Sam1-GFP variants were introduced into their respective endogenous
loci by PCR amplifying cassettes that contained the coding sequence of Cys4-GFP or Sam1-

GFP, a kanamycin or hygromycin resistance
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Table B.1. List of plasmids used in Appendix B

Plasmid Number

Description

pJW12 pFA6a-GFP-KanMx6

pJW612 pFA6a-GFP-HphNT1

pJW611 pFA6a-mCherry-HphNtl

pJW523 pFA6a-NatMx6

pJW606 pFA6a-Cys4::GFP-KanMx6

pJW648 pFA6a-Cys4ACBS1::GFP-KanMx6
pJW613 pFA6a-Cys4AN::GFP-KanMx6
pJW607 pFA6a-Cys4(5289D)::GFP-KanMx6
pJW647 pFA6a-Cys4(D501A)::GFP-KanMx6
pJW761 pFA6a-Sam1::mCherry-HphNT1
pJW762 pFA6a-Sam1(K252M)::mCherry-HphNT1
pJW641 p416GPD

pJW633 p416GPD-Dedl

pJW634 p416GPD-Pbpl

pJW763 p416GPD-Cys4

pJW627 pProExHtC-SNAP-CYS4 WT
pJW628 pProExHtC-SNAP-CYS4 D501A
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Table B.2. List of yeast strains used in Appendix B

Name Genetic background
BY4741 MATa his3A41 leu2A0 met1540 ura340
Cys4-GFP BY4741, CYS4-GFP::KanMx6

Cys4-GFP, Ded1-mCherry

BY4741, CYS4-GFP::KanM X6, DED1-
mCherry::HphNT1

Cys4AC-GFP

BY4741, CYS4 (1-353aa)-GFP::KanMx6

Cys4ACBSI1-GFP

BY4741, CYS4 (1-371,433-507aa)-
GFP::KanMx6

Cys4ACBS2-GFP

BY4741, CYS4 (1-462aa)-GFP::KanMx6

Cys4AN-GFP

BY4741, CYS4 (354-507aa)-GFP::KanMx6

Cys4 (S289D)-GFP

BY4741, CYS4 (S289D)-GFP::KanMx6

Cys4 (S289D)-GFP; Ded1-mCherry

BY4741, CYS4 (S289D)-GFP::KanMx6; DEDI1-
mCherry::HphNT1

Cys4 (D501A)-GFP

BY4741, CYS4 (D501A)-GFP::KanMx6

Cys4 (D501A)-GFP; Ded1-mCherry

BY4741, CYS4 (D501A)-GFP::KanMx6; DEDI1-
mCherry::HphNT1

Cys4-GFP; Sam1(WT)-mCherry

BY4741, CYS4-GFP::KanMx6; SAM1-
mCherry::HphNT1

Cys4-GFP; Sam1(K252M)-mCherry

BY4741, CYS4-GFP::KanMx6; SAM1-
mCherry::HphNT1

Ded1-GFP

BY4741, DED1-GFP::HphNT1

met64; Ded1-GFP

BY4741, DED1-GFP::HphNT1, met64.:NatMx6

cys34; Ded1-GFP

BY4741, DED1-GFP::HphNT]1, cys34::NatMx6

cys44; Ded1-GFP

BY4741, DED1-GFP::HphNT]1, cys44::NatMx6

cys34; Cys4-GFP; Ded1-mCherry

BY4741, CYS4-GFP::KanMx6; DED1-
mCherry::HphNT1, cys34::NatMx6
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marker, and a 50bp sequence homologous to downstream of their respective stop codons. These
cassettes were introduced into yeast using standard yeast transformation protocols. Genomic
DNA was extracted from resulting transformants and the loci were PCR amplified and
sequenced to verify the presence of the correct mutation.
Preparation of yeast for microscopy

Sodium azide, glucose deprivation, and ethanol shock were carried out as described
previously with methionine deprivation under similar conditions. Briefly, cells were grown in SD
medium overnight at 30°C and then back diluted into fresh medium to an OD600 of 0.2 and
grown at 30°C to log phase. For NaN; experiments, yeast cultures were treated with 0.5% NaNj3
or water for 30 minutes at 30°C prior to imaging. For glucose deprivation experiments, cells
were collected and washed in 30°C pre-warmed medium lacking glucose followed by
resuspension again in 30°C pre-warmed medium lacking glucose. Cells were then placed back at
30°C for 30 minutes and then imaged immediately prior to imaging. For ethanol shock, yeast
cultures were collected and washed in 30°C pre-warmed SD medium with ethanol (SD EtOH 6%
) as its sole carbon source followed by resuspension again in 30°C pre-warmed SD medium with
ethanol. Cells were placed black at 30°C for 30 minutes and imaged immediately. For
methionine deprivation experiments, cells were collected and washed with 30°C pre-warmed SD
medium lacking methionine followed by resuspension again in 30°C pre-warmed SD medium
lacking methionine. Cells were placed back at 30°C for 30 minutes and imaged immediately.

For diaxuic shift and stationary phase experiments, cells were grown in YPD overnight at
30°C, back diluted to ODggo 0.2 in fresh YPD medium, and then grown for 24 or 120 hours at
30°C. At these time points, ImL of culture was harvested and then concentrated to 200 pls in the

same medium prior to imaging.
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Microscopy and image analysis

Imaged were acquired on a Zeiss Axiovert 200M fluorescent microscope equipped with a
CSU-X1 spinning disk (Yokogawa), an iChromeMLE laser source (Toptica Photonics) and
uManager version 1.4 software. For each acquisition, a 2um Z-stack was taken with slices at
0.25um intervals using the 40X. For a minimum of three biological replicates, images were taken
per experiment until at least 100 cells was obtained. For all images, optimal Z-projections were
obtained using ImagelJ along with subsequent image analysis. Colocalization quanitification was
determined manually as the percentage of the number of GFP foci overlapped with mCherry foci
divided by the total number of GFP foci. The number of cells with foci was calculated manually.
Western blot analysis

Whole cell extracts were prepared via NaOH extraction as indicated in Kushnirov et al
2000. Briefly, cells were grown in YPD medium at 30°C to either log phase or 1 day time point.
Next, 1 OD600 (log phase) or 2.5 OD600 (1 day) was spun down and resuspended in 0.1N
NaOH. After incubation at RT for 5 min, cells were spun down and then resuspended in 2x
Sample Buffer with protease inhibitors (Sigma Aldrich). Samples were boiled for 5 min at 95°C
and incubated on ice for 3 mins prior to centrifugation once more. Supernatants were stored at -
20°C or used immediately.

Whole cell extracts were resolved on 10% SDS-PAGE gels and subsequently transferred
to nitrocellulose membrane using semi-dry conditions. Membranes were then incubated in
blocking solution (5% milk in TBST 0.1%) for 1 hour. After TBST 0.1% washes, membranes
were incubated in primary antibody overnight at 4°C (1:5000 rabbit anti-GFP; Torrey Pines,
1:10000 mouse anti-PGK1; Invitrogen). Primary antibody was removed and washed with TBST

0.1% prior to adding horseradish peroxidase-conjugated secondary antibody (1:10000 donkey
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anti-rabbit, 1:2500 sheep anti-mouse) in 5% blocking solution for 2 hours at RT. Membranes
were then washed with TBST 0.1% and then incubated in Thermo Scientific Pierce ECL
Western Blotting Substrate. Chemiluminescence was detected using FluorChem E system
(Protein Simple). Quantification of protein levels was carried out using densitometry methods by
comparing GFP signal to internal control signal (PGKT1).
Recombinant Cys4 protein purification

1L of BL21(DED3) E.coli cells expressing WT or DS01A 6xHis-SNAP::Cys4 plasmids
were grown in Terrific Broth at 37°C until ODgp ~0.5 was reached. IPTG was then added and
grown at 18°C for 16 hours to induce expression of Cys4 proteins. Cells were then centrifuged at
4750rpm for 10 minuntes at 4°C and pellets were resuspended in 7mLs of lysis buffer (50mM
Tris pH 8.0, 500mM NacCl, 20mM Imidazole pH 8.0, 10mM BME, 1x protease inhibitors).
Sonication was used to break open cells and cells were spun down at 14,000rpm for 30 min at
4°C. Lysates were added to Ni-NTA beads that were pre-equilibrated with lysis buffer. After
overnight incubation with rocking, beads were pelleted at 500rpm for 2 minutes at 4°C and then
washed with 100mLs of wash buffer (50mM Tris pH 8.0, 500mM NaCl, 40mM Imidazole pH
8.0, 10mM BME). After loading onto a column, beads were then slowly washed with an extra
50mLs of wash buffer. 15 mLs of elution buffer (50mM Tris pH 8.0, 500mM NaCl, 250mM
Imidazole pH 8.0, 10mM BME) was added to elute 6xHis-SNAP::Cys4 protein. Collected
fractions were then pooled together and dialyzed into reaction buffer (50mM Tris pH 8.0,
250mM NaCl, ImM DTT). Following dialysis, Cys4 protein was passed through a gel filtration
column and the collected fractions were pooled together. 10% glycerol was added to the protein
prior to determining protein concentration via Bradford assay and flash freezing. Aliquots were

stored at -80°C.
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Phase separation reaction

50ul SNAP tag labeling reactions were performed using SNAP Surface 647 according to
the manufacturers protocol (New England BioLabs). 450ul of reactions buffer was added to stop
the reaction and was then reconcentrated to 50ul using Amicon centrifuge filters (ThermoFischer
Scientific). 500nM 6xHis-SNAP(647)::Cys4 protein was incubated with 1pg/ul poly-L-lysine
(Sigma Aldrich) for 15 minutes. Reactions were then spotted onto microscope slides and

coverslips prior to imaging.
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