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Abstract
Protter, David Stephen Warren (Ph.D., Biochemistry)
Contributions of Intrinsically Disordered Regions of Proteins to the Assembly of Ribonu-
cleoprotein Granules

Thesis directed by Professor Roy Parker.

Cells assemble large, non-membrane bound granules of protein and RNA, termed Ri-
bonucleoprotein granules (RNP granules), often in response to a wide variety of cellular
stresses. This behavior is conserved from yeast to mammals. Some RNP granules ap-
pear important in the stress response, while others are important for proper organismal
development, and still others for control of RNA degradation and transport. Curiously,
proteins found within granules are disproportionately likey to contain Intrinsically Dis-
ordered Regions. Here, I show that those disordered regions can often drive higher order
assembly in vitro and contribute to granule assembly in vivo. 1 found that these domains
can make it easier for proteins to undergo a process known as Liquid-Liquid Phase Separa-
tion in response to changes in ionic strength, wherein the protein of interest self-partitions
into a concentrated liquid phase. The droplets that form mimic many of the behaviors
of RNP granules in cells, such as recruitment of other IDR-containing proteins, assembly
in response to RNA, and rapid exchange of contents with the surrounding medium. I
also found that proteins that form these droplets tend to aggregate over time, turning
the dynamic droplets into static structures.

Further, I identified several limitations to my in vitro model, most importantly the
impairment of IDR-based phase separation in the presence of other proteins or cellular
lysates. However, I also helped uncover the synergistic relationship between IDRs and
the more well studied protein-protein and protein-RNA interactions that are important
for granule assembly. I therefore propose an inclusive model of granule assembly which
asserts that a wide variety of types of interactions are important, and that it is the

sum-total of these interactions that determines whether or not a granule assembles.
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1 Introduction

1.1 RNP Granules

A variety of non-membrane bound cellular compartments are termed Ribonucleoprotein
granules (RNP granules) due to their high concentrations of protein and RNA. These
include nuclear granules such as Cajal bodies, paraspeckles, and the nucleolus, as well as
cytoplasmic granules such as stress granules and processing bodies (Spector, 2006). Other
examples of RNP granules include neuronal granules and germ cell granules, which func-
tion in synaptic remodeling and maternal mRNA storage in early development (Barbarese
et al., 2013; C. P. Brangwynne et al., 2009). RNP granules are generally dynamic and
dependent on RNA for their assembly. Therefore, the formation of dynamic RNP gran-
ules to concentrate specific cellular components is a conserved strategy across multiple
organisms and in different cellular compartments.

Stress granules and P-bodies are two conserved cytoplasmic mRNP granules that form
from pools of untranslating mRNA (Anderson & Kedersha, 2009; J. R. Buchan & Parker,
2009; Parker & Sheth, 2007). Stress granules form from mRNAs stalled in translation
initiation and contain various translation initiation factors, a variety of RNA binding
proteins, and many non-RNA binding proteins (Jain et al., 2016). P-bodies contain mR-
NAs associated with translational repressors, and the mRNA decay machinery. mRNAs
within P-bodies can be targeted for decapping and degradation but mRNAs can also be
degraded outside of P-bodies (Aizer et al., 2014). P-bodies and stress granules can dock
and/or overlap in both yeast and mammalian cells suggesting a dynamic mRNA cycle
wherein mRNPs can be remodeled within these assemblies and exchange between stress
granules and P-bodies ((J. R. Buchan, Muhlrad, & Parker, 2008; Kedersha et al., 2005);
Figure 1). During RNP granule disassembly mRNPs within P-bodies and stress granules
can return to translation or, in some cases, can be targeted for autophagy (Figure 1),
which provides a second system for stress granule clearance (Bhattacharyya, Haberma-

cher, Martine, Closs, & Filipowicz, 2006; Brengues, Teixeira, & Parker, 2005; J. Buchan,



Kolaitis, Taylor, & Parker, 2013).

Nascent mRNP
Nucleus ar?
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Figure 1: Stress Granules Are Dynamic and Have Multiple Fates
Stress granules form from untranslating messenger ribonucleoproteins (mRNPs). They can interact
with P bodies, exchange components with the cytoplasm, and undergo autophagy.

Stress granules are of interest for four reasons. First, stress granule formation and
dynamics can affect mRNA localization, translation and degradation, as well as signal-
ing pathways and antiviral responses. Second, stress granules share many components
with maternal mRNP and neuronal granules suggesting they reveal a conserved mecha-
nism of mRNP compartmentalization (e.g (Barbee et al., 2006)). Third, mutations that
increase stress granule formation and/or limit stress granule clearance are causative in
some neurodegenerative diseases (Y. R. Li, King, Shorter, & Gitler, 2013; Ramaswami,
Taylor, & Parker, 2013). Finally, as representative of non-membrane bound organelles,
an understanding of their assembly and function illustrates an exciting new area of cell

biology.



1.2 What are stress granules?

Three observations suggest stress granules represent assemblies of mRNPs stalled in trans-
lation initiation. First, stress granules form when translation initiation is inhibited either
by drugs or by stress responses (Anderson & Kedersha, 2009). Similarly, stress granule-
like RNP granules exist in neurons and embryos where there are significant pools of un-
translating mRNPs (Martin & Ephrussi, 2009). Second, stress granules fail to form when
mRNAs are trapped in polysomes, suggesting that mRNAs associated with ribosomes are
unable to enter stress granules. Third, stress granules are observed to contain translation
initiation factors (J. R. Buchan & Parker, 2009), and specific mRNAs that are stalled
in steps of translation initiation such as TOP mRNAs (Damgaard & Lykke-Andersen,
2011).

Stress granules contain a diverse proteome. Based on proteomic analysis of stable sub-
structures within stress granules referred to as “cores” (see below), “50% of stress granule
components are a subset of RNA binding proteins (Jain et al., 2016). Stress granule
components that do not bind RNA are presumably recruited to stress granules through
protein-protein interactions. Such non-RNA binding proteins include post-translation
modification enzymes, metabolic enzymes, and protein or RNA remodeling complexes,
which can affect stress granule assembly and disassembly (see below). Stress granules also
contain key components of signaling pathways ((J. R. Buchan, 2014; Jain et al., 2016)
which highlight how the formation of stress granules can alter signaling pathways. Also,
see below.). An overlapping group of proteins form aggregates during extreme heat stress
in yeast and some of those aggregating proteins are shown to be components of stress
granules (Cherkasov et al., 2015; Wallace et al., 2015). These, and other, experiments
show that the composition of stress granules can vary under different conditions revealing
that they are both complex and variable assemblies (J. R. Buchan & Parker, 2009).

Stress granules are not uniform structures and contain internal sub-structures as
judged by either electron dense regions in EM micrographs, (Souquere et al., 2009) or as

regions identified by super-resolution fluoresence microscopy with higher concentrations



of proteins and mRNAs (Jain et al., 2016). These structures are referred to as ”cores”,
and can be biochemically purified (Jain et al., 2016). This suggests that stress granules
have two distinct layers (Figure 1), a core structure that is surrounded by a less con-
centrated, and potentially more dynamic shell. These two regions of stress granules may
have different components, functions and dynamics.

Four examples suggest substructure within RNP granules is a general principle. First,
the nucleolus contains dense fibrillarin cores as a substructure (C. P. Brangwynne, Mitchi-
son, & Hyman, 2011). Second, C. elegans P granules show spatial orientation when bound
to the nuclear pore, forming a consistent “tripartite sandwich.” (Sheth, Pitt, Dennis, &
Priess, 2010) Third, lattice-light sheet microscopy on P-granules in live C. elegans reveals
substructures (J. T. Wang et al., 2015). Finally, FISH on Drosophila germline granules
reveals foci of specific mRNAs implying a sub-granular organizing principle (Little, Sin-
simer, Lee, Wieschaus, & Gavis, 2015).

Stress granules are dynamic structures. In mammalian cells, stress granules undergo
fusion, fission and flow in the cytosol (Kedersha et al., 2005). Moreover, by FRAP, most
components of stress granules exchange rapidly with half-times for recovery of less than
30 seconds (reviewed in (J. R. Buchan & Parker, 2009)). Interestingly, these FRAP
experiments have also revealed an “immobile pool” of protein that does not exchange
on a similar timescale suggesting that a subset of the molecules within stress granule
components exchange very slowly. One intriguing possibility is that components in the
shell structure can exchange rapidly, while stress granule components in the core layer

may be less dynamic (Jain et al., 2016).

1.3 Interactions influencing stress granule assembly

Stress granules assemble when untranslating mRNPs interact through protein-protein in-
teractions between mRNA binding proteins (Figure 2a). Analyses of the proteomes of
yeast and mammalian stress granule cores identified a dense network of protein-protein
interactions between stress granule components that could contribute in redundant man-

ners to stress granule formation (Jain et al., 2016). For example, in both mammals and



yeast, Atx2/Pbpl, or TIA1/Publ proteins promote, but are not absolutely required for,
stress granule assembly (J. R. Buchan et al., 2008; Gilks et al., 2004). The redundancy of
interactions suggests that stress granule formation under different conditions can occur
by different interactions. For example, the paralogs G3BP1 and G3BP2 play impor-
tant roles in stress granule formation in mammalian cells in oxidative stress, both by
self-interaction,(Tourriere, 2003) and by interaction with the caprin RNA binding pro-
tein (Solomon et al., 2007). However, during osmotic stress G3BP1/2 and caprin are
not required for stress granule formation (Kedersha et al., 2016). Similarly, in yeast
Gtrl, Rpslb, and Hghl promote stress granule formation during glucose starvation, but
suppress stress granule formation during heat shock (X. Yang et al., 2014). Therefore,
granule assembly is highly redundant, and the mechanism of assembly can be context
specific. This is interesting because it suggests that granules can assemble differently
in response to specific cellular conditions, and that stress granules may have different
functions for different stresses.

Protein methylation, phosphorylation and glycosylation influence stress granule as-
sembly, presumably by altering specific protein-protein interactions. For instance, phos-
phorylation of G3BP impairs its ability to multimerize, which impairs granule assembly
(Tourriere, 2003). Similarly, granule disassembly during recovery is promoted by the
phosphorylation of the granule protein Grb7 (Tsai, Ho, & Wei, 2008), and the DYRK3
kinase (Wippich et al., 2013). Many stress granule proteins contain RGG motifs that
are sites of arginine methylation (Nott et al., 2015). This methylation can impact stress
granules through the recruitment of Tudor domains. For example, the Tudor domain
of TDRD3 is both sufficient and necessary for the recruitment of that protein to stress
granules, and point mutants that impair TDRD3 binding to methylated arginine impair
its localization to stress granules (Goulet, Boisvenue, Mokas, Mazroui, & Cote, 2008). O-
Gle-NAc glycosylation of proteins also enhances stress granule formation (Ohn, Kedersha,
Hickman, & Tisdale, 2008). Based on over-expression and inhibitor studies, acetylation
and parylation have also been suggested to play a role in stress granule assembly in

mammalian cells (Kwon, Zhang, & Matthias, 2007; Leung et al., 2011).
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1.4 Stress Granule Assembly: Possible roles for Intrinsically

disordered domains

Given the dynamic behavior of RNP granules in cells, and the behavior of RNP gran-
ule components in vitro, a current model is that many RNP granules are liquid-liquid
phase separations (LLPS) driven by dynamic and promiscuous interactions between IDRs
(Elbaum-Garfinkle et al., 2015; Kroschwald et al., 2015; Lin, Protter, Rosen, & Parker,
2015; Molliex et al., 2015; Nott et al., 2015). A LLPS occurs when a molecule, or mix-
ture of molecules, forms a network of multivalent weak interactions, which allows those
molecules to concentrate into a separate phase. When applied to stress granules this
model for assembly consists of three separate aspects worthy of discussion.

One issue is whether stress granules represent a phase separation wherein multivalent
interactions between their components leads to the formation of a higher order structure.
By definition, any assembly larger than a dimer requires multivalent interactions for its
formation. Moreover, stress granules appear to form through the cross linking of untrans-
lated mRNAs that can provide a scaffold for multiple mRNA binding proteins, thereby
allowing each mRNP multivalent interactions and stress granule formation. Thus, stress
granules can certainly be thought of as forming by phase separation, or as a multivalent
assembly. Because of this nature, stress granules will have two interesting properties.
First, because of the diversity of interactions promoting their formation, stress granules
will not be specifically defined, and the interactions between components can vary, and
even be rearranging. In addition, macromolecules below a certain size should enter, dif-
fuse within, and exit stress granules. This principle is illustrated wherein 40 kDa, but not
155 kDa, dextrans can diffuse into the related P-granules in nematodes (Updike, Hachey,
Kreher, & Strome, 2011).

Importantly, the liquid-like nature of an assembly is not due to its formation by phase
separation. Indeed, protein crystals are also formed by phase separation. The material
properties of the assembly are derived from the relative strengths of the interactions

holding them together. Macromolecules interacting with slow off-rates will phase separate



into a solid, while interactions with fast off-rates will lead to liquid assemblies.

Another issue is how prevalent the role is for intrinsically disordered regions of proteins
in stress granule formation, which is based on the following observations. First, many
RNA binding proteins found in RNP granules contain intrinsically disordered regions
(IDRs), also referred to as low complexity sequences (LCS), and containing the more
narrowly defined prion-like domains (PrLD, which are identified by amino acid compo-
sition similar to fungal prion proteins predicted to have high cross-beta zipper forming
abilities (Decker, Teixeira, & Parker, 2007; Kato et al., 2012; Reijns, Alexander, Spiller, &
Beggs, 2008). Second, the IDR/prion-like-domain of the human TTA-1 protein promotes
stress granule formation and can be substituted with the prion-like domain of the yeast
Sup35 protein (Gilks et al., 2004). Although other evidence that IDRs affecting stress
granule formation is limited, IDRs do affect other RNP granules. Specifically, assembly
of P-granules in C. elegans requires an FG repeat region on the PGL proteins,(Hanazawa,
Yonetani, & Sugimoto, 2011) the IDR of RBM14 is required for paraspeckle assembly,
(Hennig et al., 2015) and P-body assembly in yeast is promoted by PrLDs on Lsm4 and
several other P-body components (Decker et al., 2007; Reijns et al., 2008). However,
since components of stress granules show a dense network of defined protein-protein in-
teractions (Jain et al., 2016), a reasonable hypothesis is that stress granules form by a
number of different protein-protein interactions, some of which involve IDRs.

The final issue to consider is whether stress granules are held together by weak promis-
cuous interactions of IDRs. In principle, IDRs could play four possible roles in stress
granule assembly (Figure 2B). First, IDRs could provide access to Short Linear Motifs
(SLiMs), short protein sequences that typically fit into binding sites on other well-folded
domains. Precedent for IDRs functioning as important sites of SLiMs comes from the
analysis of P-bodies, where many SLiMs in IDRs contribute to P-body assembly (Jonas
& Izaurralde, 2013). Second, IDRs can contain regions that bind RNA (Lin et al., 2015;
Molliex et al., 2015) and therefore might provide additional interactions between mRNPs
in granules. Third, since IDRs can often form amyloid-like fibers in vitro, including both

hetero- and homotypic interactions, perhaps IDRs function to stabilize granules by the



formation of cross-strand beta zippers (Guo et al., 2011; Hanazawa et al., 2011; Kato et
al., 2012; Lin et al., 2015; Reijns et al., 2008).

A fourth manner by which IDRs might affect RNP granule assembly is through weak
dynamic interactions between IDRs, which then promote a liquid-liquid phase separa-
tion (LLPS), which has gathered support from the observation that many IDRs from
RNP granule components undergo LLPS in vitro , including the RNP granule compo-
nents hnRNPA1, (Lin et al., 2015; Molliex et al., 2015) Ddx4,(Nott et al., 2015) LAF-
1,(Elbaum-Garfinkle et al., 2015) and FUS (Patel et al., 2015). Interestingly, LLPS
triggered by IDRs in vitro are initially dynamic and liquid-like, consistent with their
formation through numerous weak interactions, but over time the high concentration
of IDRs within the LLPS can promote the formation of stronger interactions, including
amyloid-like structures (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015; Xiang et
al., 2015; H. Zhang et al., 2015).

One complication with considering stress granules as a simple LLPS is that they
contain stable core substructures, which implies more stable interactions are also present
(Jain et al., 2016). Given this, there are two models for how LLPS could contribute to
stress granule formation (Figure 3A,B) in the context of stable substructure. In one
model, stress granules form first by a LLPS through weak dynamic interactions,(Lin et al.,
2015; Molliex et al., 2015; Patel et al., 2015) and the high concentration of components in
such a LLPS promotes the formation of the core structures, analogous to the formation
of amyloid fibers in LLPS in vitro (Lin et al., 2015; Molliex et al., 2015; Patel et al.,
2015).

Alternatively, since IDRs can be promiscuous in their interactions, we favor a model
wherein mRNPs first condense into stable core structures through strong, specific interac-
tions, and then the high local concentration of IDRs on stress granule components would
trigger a LLPS (see below). This may explain the dynamic shell structure surrounding

the cores (Jain et al., 2016).
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Figure 3: Two models for discrete phases of stress granule assembly
Stress granules can by hypothesized to undergo three phases of assembly:

In the Cores First model, cores precede assembly of large stress granules. The first phase of
assembly is the nucleation of translationally repressed RNPs into oligomers. The second phase of
assembly is growth of these oligomers into larger assemblies by addition of more translationally
repressed RNPs. The third phase of assembly is fusion of these core assemblies and recruitment
of the dynamic shell to form the large, microscopically visible granules typically observed in cells.
Some of the stability of cores may be due to amyloid interactions, as indicated by squiggly red
lines.

In the LLPS First model, the formation of large stress granules precedes core assembly. The
first phase of this model is the nucleation of translationally repressed RNPs into initial phase
separated droplets, held together by weak dynamics interactions. The second phase is growth of
initial droplets by the addition of translationally repressed RNPs. The third phase of assembly
is core formation within phase separated granules due to the high local concentration of proteins
within the droplets. In this model, the formation of cores may be driven in part by amyloid
interactions, as indicated by squiggly red lines.
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1.5 Multiple phases of stress granule assembly

One can identify multiple steps in stress granule assembly (Figure 3). In the most parsi-
monious model, nucleation occurs wherein we hypothesize the formation of oligomeric as-
semblies of untranslating mRNPs, whose assembly can be controlled by post-translational
modifications and /or RNP remodelers. For example, defects in the CCT chaperonin com-
plex give more stress granules in yeast, which is consistent with the CCT complex limiting
nucleation, either by remodeling interactions between mRNPs, or by limiting misfolded
proteins, which in some contexts can overlap and potentially seed stress granule forma-
tion (Cherkasov et al., 2013, 2015; Jain et al., 2016; Kroschwald et al., 2015; Wallace et
al., 2015). Second, the nucleated states then grow by the joining of additional mRNPs
to form small stress granules of 200 nm in both yeast and mammals (Jain et al., 2016).
Under some conditions, the oligomeric seeds of stress granules may form by transitions
in mRNP composition that occur at P-bodies. This is suggested by the observation that
stress granules tending to form after and on P-bodies in yeast during glucose depriva-
tion, and the observation that some stress granules in mammalian cells appear to grow
out of P-bodies (J. R. Buchan et al., 2008). In mammals, a third step occurs wherein,
in a microtubule transport-dependent manner, (Chernov et al., 2009; Loschi, Leishman,
Berardone, & Boccaccio, 2009; Nadezhdina, Lomakin, Shpilman, Chudinova, & Ivanov,
2010) smaller stress granules merge and form higher order assemblies with stable core

structures surrounded by a more dynamic and less concentrated “shell” structure.

1.6 Dynamics, disassembly and clearnance of stress granules

Stress granules are dynamic structures and exhibit liquid-like behavior, rapid exchange
rates of components, disassembly into translating mRNPs, and clearance by autophagy.
Several lines of evidence now suggest a model where the dynamics of stress granules arises,
at least in part, by ATP dependent remodeling complexes. For example, acute pharma-
cological impairment of ATP production eliminates stress granule movement, fusion and

fission (Jain et al., 2016). Moreover, ATP depletion increases the pools of G3BP that
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fails to recover after photobleaching, (Jain et al., 2016) suggesting that at least some of
the protein exchange is dependent on ATP. Interesting, some G3BP protein does still
recover, which could either be due to residual ATP in the cell, or could suggest that some
G3BP is recruited to stress granules by interactions with intrinsically high off rates.

The ATP dependence of granule dynamics supports a general model of dynamic RNP
assemblies as ”active liquids”, where the energy of ATP driven remodeling events keeps
the assembly in a dynamic state (C. P. Brangwynne et al., 2011). In this view, stress
granule proteins and mRNA can form stable interactions that are disrupted by ATPases.
During stress, when concentrations of granule components like non-translating RNA are
high, ATPases transiently disrupt such interactions and thereby contribute to fast ex-
change rates. During recovery this disruption leads to disassembly. Potentially, residual
material is then subject to autophagy. The ATPases involved in stress granule dynamics
are likely to include complexes that directly affect interactions within stress granules such
as protein chaperones and RNA helicases (Figure 4), as well as those affecting cellular
transport, such as microtubule dependent motors (Chernov et al., 2009; Loschi et al.,
2009; Nadezhdina et al., 2010).

Several observations argue RNA /DNA helicases, which utilize the energy of ATP hy-
drolysis to either unwind DNA/RNA or to displace proteins bound to nucleic acids, also
play roles in controlling stress granule assembly and disassembly (Figure 4). Stress
granules contain a variety of different helicases including many members of the com-
mon DEAD-box helicase family (Jain et al., 2016). Moreover, the DEAD box helicases
Dedl (mammalian orthologue: DDX3) is a conserved component of stress granules and
promotes stress granule assembly (Hilliker, Gao, Jankowsky, & Parker, 2011). However,
mutations in Ded1 that block its AT Pase activity trap mRNAs in stress granules and lead
to the inhibition of translation, indicating an important role for ATP hydrolysis in the
release of mRNAs back into the cytosol. Similarly, the exchange rate of the RHAU DEAD
box from mammalian stress granules is slowed dramatically by cis acting mutations in
the ATPase active site (Chalupnikova et al., 2008).

The MCM and Rvb complexes are conserved components of stress granules, and affect
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Figure 4: Various ATPases impact granule assembly
Heat shock proteins, helicases, and VCP all impact stress granule assembly by remodeling specific
interactions utilizing the energy of ATP hydrolysis.

the rate of clearance of stress granules from cells. The key observation is that loss of
function of either the MCM or Rvb complexes leads to an increased rate of stress granule
disassembly during stress recovery in both yeast and mammalian cells (Jain et al., 2016).
Since the MCM complex is known to act on DNA and function in DNA replication (Bell
& Botchan, 2013) a role in stress granules would be a novel function for this complex. The
Rvb complex also primarily acts on DNA but has been seen to affect snoRNA biogenesis
and even function in translation control of HIV transcripts, which may be related to how
it affects stress granules (Mu et al., 2015). Since helicases would generally be expected
to disassemble RNA-protein assemblies, it remains to be determined how these helicases
function to increase the stability of stress granules.

The AAA-ATPase VCP/Cdc48 appears to remodel stress granules in a manner that

promotes their targeting to autophagy, and may also affect their disassembly. The key
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observation is that inhibition of VCP/Cdc48 function in yeast or mammals leads to the
accumulation of stress granules in the cytosol, as well as a reduction in stress granules
that can be trapped in intravacuolar vesicles (J. Buchan et al., 2013). VCP/Cdc48 is an
ubiquitin segregase and uses the energy of ATP hydrolysis to extract ubiquinated proteins
from complexes (Meyer & Weihl, 2014). Thus one hypothesis is that VCP/Cdc48 may
potentially extract some ubiquinated protein from stress granules and that process can,
at a minimum, allow stress granules to be targeted for autophagy (Figure 4).

A number of protein chaperones affects stress granule assembly or disassembly. For
example, inhibition of Hsp70 function in yeast or mammals leads to either increased
stress granule formation and/or delayed disassembly of stress granules (Cherkasov et al.,
2013; Mazroui, Di Marco, Kaufman, & Gallouzi, 2007; Walters, Muhlrad, Garcia, &
Parker, 2015). Moreover, both Hsp70 and Hsp40 proteins can localize to stress granules
in yeast and mammalian cells (Cherkasov et al., 2013; Kroschwald et al., 2015; Mazroui
et al., 2007; Walters et al., 2015). Interestingly, in yeast different Hsp40 proteins, which
often provide substrate specificity to Hsp70s, affect stress granules in different manners.
Ydjl plays a role in disassembling stress granules to promote new translation, while
Sisl functions to trigger stress granules entering autophagy (Wallace et al., 2015). This
implies that different remodeling complexes can lead to different fates of stress granule
components.

Under extreme heat shock conditions, the Hspl04 chaperone is also required for
stress granule disassembly and timely resumption of translation (Cherkasov et al., 2013;
Kroschwald et al., 2015). Interestingly, under extreme heat shock in yeast and Drosophila
cells, stress granules appear to overlap with unfolded proteins, and this interaction is lim-
ited by Hsp104 (Cherkasov et al., 2013). One interpretation of this observation is that
under extreme heat shock IDRs within stress granules are prone to misfolded and thereby
interact with other misfolded proteins. Interactions between misfolded proteins and stress
granules could suggest that in some contexts mutations causing misfolded proteins might
enhance stress granule formation, and/or that stress granule formation might stimulate

proteins misfolding, which might contribute to some pathologies (Vanderweyde et al.,
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2012).

1.7 RNP Granules as “Active” Liquid may be a general
principle

The concept of RNP granules as an active liquid, with ATP dependent remodeling com-
plexes driving their observed liquidity is a general principle. For example, nucleoli require
ATP for their own liquid-like behavior, and are 10 —fold less dynamic when ATP is de-
pleted (C. P. Brangwynne et al., 2011). Similarly, germline RNP processing bodies in C.
elegans form solid, crystalline-like aggregates when the helicase CGH-1 is non-functional
(DDX6 in humans) (Hubstenberger, Noble, Cameron, & Evans, 2013). The ability of cells
to modulate RNP granule assembly, disassembly, and dynamics via ATPases gives cells
multiple points of regulation over granule dynamics, as well as leading to hyper-stable
granules under conditions where stability may be advantageous, such as acute energy

depletion.

1.8 Functions of stress granules

Stress granule formation is expected to affect biological reactions in two manners. First,
due to the high local concentration of components, equilibriums of interacting molecules
will shift towards associated states. For example, during viral infections stress granules
recruit numerous antiviral proteins including RIG-1, PKR, OAS, and RNaseL, stimulat-
ing their activation, and thereby enhance induction of the innate immune response and
viral resistance (Onomoto et al., 2012; Reineke, Kedersha, Langereis, van Kuppeveld, &
Lloyd, 2015; Reineke & Lloyd, 2015) . Given this function, many viruses employ mecha-
nisms to block stress granule induction including proteolytic cleavage of G3BP (Reineke
& Lloyd, 2013). Stress granule formation might also promote the interaction of mR-
NAs with translation factors, and thereby enhance the formation of translation initiation
complexes (J. R. Buchan et al., 2008).

A second manner by which stress granules may affect biological reactions is by limiting

the interactions of sequestered components with the bulk cytosol. In this manner, stress
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granules have been proposed to modulate signaling pathways by sequestering components
of TOR, RACK1, or TRAF?2 signaling pathways (Arimoto, Fukuda, Imajoh-Ohmi, Saito,
& Takekawa, 2008; W. J. Kim, Back, Kim, Ryu, & Jang, 2005; Takahara & Maeda,
2012; Thedieck et al., 2013). Because stress granules also sequester numerous proteins
involved in RNA physiology and/or metabolism, the formation of stress granules is likely
to have broad affects on the physiology of cells. However, it should be noted that how
stress granule assembly fully affects either the regulation of mRNA function, and /or other

aspects of cell physiology remains to be established.

1.9 Stress granules in disease

Mutations that affect stress granule formation, or persistence, contribute to the formation
of several degenerative diseases including ALS, FTLD, and some myopathies (Y. R. Li
et al., 2013; Ramaswami et al., 2013). Strikingly, in many cases the mutations are in
RNA binding proteins (e.g. hnRNPA1, FUS, TDP-43, Atx2, TTA1) which increase their
self-assembly properties in vitro, and in cells lead to the formation of stress granule-like
assemblies in the absence of stress. How related these pathogenic assemblies are to stress
granules remains to be seen (Klar et al., 2013; Ramaswami et al., 2013). Moreover,
mutations in VCP, an AAA-ATPase ubiquitin segregase, both inhibit the clearance of
stress granules (J. Buchan et al., 2013) and trigger the same family of diseases as hyper-
assembly mutations in RNA binding proteins (Johnson et al., 2010; Kimonis et al., 2008).
Consistent with autophagy being important in clearing stress granules, mutations in other
proteins that can affect autophagy (optineurin, ubiquilin-2, DNAJb6, and p62) also lead
to neuro- or muscular degenerative diseases (Cipolat Mis, Brajkovic, Frattini, Di Fonzo,
& Corti, 2016; S. Li et al., 2016; Walters et al., 2015). Moreover, because patient biopsies
from these diseases often contain aggregates including various stress granule components
and RNA (Y. R. Li et al., 2013; Ramaswami et al., 2013), an emerging model is that
persistent stress granules trigger a series of events that leads to cell death.

One appealing model is that the persistence of stress granules in these diseases in-

creases the probability of prion-like domains on stress granule components forming very
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stable beta-amyloid structures, which might be largely irreversible in cells (Y. R. Li et
al., 2013; Ramaswami et al., 2013). Consistent with that possibility, several groups have
recently shown that when stress granule components undergo a LLPS in vitro, which
generates a high local concentration, they show an increased tendency to form amyloid-
like fibers (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015). The accumulation of
such hyper-stable stress granule-like assemblies might then trigger cell death by altering
regulation of RNA biogenesis and function, misregulation of signaling pathways, and/or
triggering defects in axonal or nuclear-cytoplasmic transport of mRNPs (Freibaum et al.,
2015; S.-C. Ling, Polymenidou, & Cleveland, 2013; Ramaswami et al., 2013; K. Zhang et
al., 2015).

Stress granules also seem to be involved in both tumor progression and treatment (re-
viewed in (Anderson, Kedersha, & Ivanov, 2015)). For example, many chemotherapeutic
agents promote stress granule formation (Adjibade et al., 2015; Kaehler, Isensee, Hucho,
Lehrach, & Krobitsch, 2014). Moreover, mutations in DDX3 promoting the WNT sub-
class of pediatric medulloblastoma inhibit the ATPase activity of DDX3, which would be
expected to trap mRNPs in stress granules based on analogous mutations in the yeast
ortholog Dedl (Hilliker et al., 2011). Similarly, YB-1 overexpression upregulates G3BP
levels in human sarcomas, correlates with poor survival and in mouse models G3BP
promotes metastasis (Somasekharan et al., 2015). Given the diversity of mechanisms by
which stress granules can affect cell signaling and survival under stress conditions, one an-
ticipates that stress granule formation will have multiple roles in both tumor progression

and the outcome of chemotherapeutic treatments.
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2 Formation and Maturation of Phase-Separated

Liquid Droplets by RNA-Binding Proteins

2.1 Project Background

The work presented in the chapter stemmed from observations that RNP granules can
behave like liquid droplets (C. P. Brangwynne et al., 2009) and that multivalent proteins
can form similar droplets in vitro (P. Li et al., 2012). Our lab was invited to undertake
a collaboration with Ron Vale (UCSF), Amy Gladfelter (UNC, Dartmouth), Michael
Rosen (UTSW), Jim Wilhelm (UCSD), and Cliff Brangwynne (Princeton) to explore how
proteins from RNP granules and R NA might form higher order assemblies. This work
was highly collaborative in nature, with members from each lab working side-by-side for
six weeks at the Marine Biology Laboratory in Woods Hole, MA. Each student brought
a set of tools to share and work with. I contributed a large number of purified proteins
for in wvitro experimentation. Work over the summer exploring the ability of intrinsically
disordered proteins to undergo liquid-liquid phase separation, as well as enhance the
LLPS of multivalent RNA-binding proteins, became the kernel of a collaborative paper
between the Parker lab and the Rosen lab published in Molecular Cell (Lin et al., 2015).

In that paper, which follows, I purified and performed experiments with SNAP-IDR
constructs and SNAP-hnRNPA1 (and variants) constructs (Figures 5, 13, 15). Yuan
Lin performed the other experiments, utilizing PTB-IDR constructs. I contributed heav-
ily to the intellectual progress of the collaborative project both in frequent meetings with
my advisor, and in discussions held with Yuan Lin and Michael Rosen. The manuscript
was primarily written by Dr. Rosen and Dr. Parker, with significant contributions from
both Yuan and me. The manuscript was heavily and repeatedly edited by both myself
and Yuan. I would also like to thank Dr. Saumya Jain for his unflagging intellectual

input at Woods Hole and over the course of preparing the paper.
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2.2 Introduction

Introduction

Eukaryotic cells contain many organelles that are not bounded by membranes. Many
of these structures are enriched in RNA and proteins, and play roles in controlling, assem-
bling and/or processing various RNA-protein complexes. Such organelles are generically
referred to as RNP granules and include, but are not limited to, the nucleolus, Cajal
bodies, stress granules and P-bodies (Spector, 2006). Electron microscopy and refrac-
tive index studies showed that RNP granules have higher protein concentration than
the surrounding cytoplasm or nucleoplasm, and appear to be heterogeneous in nature
(Handwerger, Cordero, & Gall, 2005; Souquere et al., 2009; Z. Yang, 2004). Fluorescence
recovery after photobleaching (FRAP) analyses showed that proteins can associate, disso-
ciate and move within RNP granules on timescales of seconds to minutes, although there
is variability from structure to structure and protein to protein (Buchan and Parker,
2009). Recent live cell imaging has suggested that P-granules and the nucleolus behave
as phase separated liquids, being round in shape, undergoing cycles of fusion and fission,
and distorting in response to shear forces (C. P. Brangwynne et al., 2009, 2011; S. Weber
& Brangwynne, 2015; J. T. Wang et al., 2015) .

A variety of molecular interactions are known to be important for the formation of
RNP granules and/or the recruitment of molecules into them. Granule assembly typi-
cally requires a pool of RNA molecules, which can bind to the RNA binding domains of
numerous granule proteins (e.g. (Teixeira, Sheth, Valencia-Sanchez, Brengues, & Parker,
2005; J. R. Buchan & Parker, 2009). Redundant protein-protein interactions are also
necessary for formation of the micron-scale structures observed by light microscopy. Such
interactions include those between well-folded domains, as in Edc3 dimerization in yeast
P-body assembly (S. H. M. Ling et al., 2008; Decker et al., 2007) or G3BP oligomeriza-
tion to promote mammalian stress granule assembly (Tourriere, 2003), as well as between
short linear motifs (SLiMs) in disordered regions of RNA binding proteins and other well-

folded domains (reviewed in (Jonas & Izaurralde, 2013)). Some proteins, such as Dcp2
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in P-bodies, contain multiple SLiMs, suggesting these interactions can crosslink multiple
complexes and play a role in driving the formation of higher order assemblies that nucle-
ate large structures in vivo, and phase separation in model systems in vitro (Fromm et
al., 2014; P. Li et al., 2012).

RNP granule proteins often contain both RNA binding domains as well as sequences
that have been variously termed prion-related, prion-like, low complexity or intrinsically
disordered (here, we will use the most generic term, intrinsically disordered region, IDR).
These sequences were originally identified by their similarity to those of the known prions,
human prion protein and Sup35p (Gilks et al., 2004; Reijns et al., 2008; Decker et al.,
2007), but also include those containing repeated G/S-F/Y-G/S motifs (Kato et al., 2012;
Nott et al., 2015; Updike et al., 2011; King, Gitler, & Shorter, 2012; Sun et al., 2011).
A variety of data have shown that these sequences can also be important for targeting
to, and/or formation of, RNP granules. Genetic experiments showed that a prion-like
domain of Tial is important in targeting Tial to mammalian stress granules (Gilks et
al., 2004). Similarly, P-bodies in yeast assemble through redundant interactions of the
Edc3 protein and by a prion domain of Lsm4 (Decker et al., 2007). The P-granules in
C. elegans are dependent on the Pgl family of proteins for their assembly, which contain
an XFG repeat structure (Updike et al., 2011). In addition, the RNA binding protein
Fus localizes to yeast and mammalian stress granules through its N-terminal IDR, and
mutation of tyrosines in multiple GYG motifs in this region prevents this accumulation
(Sun et al., 2011; Kato et al., 2012). Finally, the formation of a subcellular mRNP
compartment in the fungus Ashbya is driven by a polyQ region in the Whi3 protein
(C. F. Lee, Brangwynne, Gharakhani, Hyman, & Jlicher, 2013).

It remains unresolved how IDRs promote RNP targeting and formation. Some of
these sequences can drive aggregation in vivo (Reijns et al., 2008). In vitro, several are
known to form amyloid-like fibers (Sun et al., 2011; Kato et al., 2012; H. J. Kim et al.,
2013). The IDR of Fus forms filament-containing hydrogels in vitro, and recruitment of
Fus IDR mutants into these hydrogels correlates with recruitment into stress granules in

cells (Kato et al., 2012). More detailed analyses showed that these Fus filaments con-
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tain cross-beta structure, similar to classical amyloid filaments formed by the amyloid
beta protein (Kato et al., 2012). Additionally, the Fus hydrogels can retain mRNAs
known to reside in RNP granules in cells, leading to a model that granules may consist
of fiber-containing hydrogels (Kato et al., 2012; Han et al., 2012). A potentially alter-
native model is based on the observation that certain proteins and protein complexes
can undergo liquid-liquid phase separation (LLPS), producing structures with physical
behaviors similar to P granules and nucleoli (e.g. being round, dynamic, highly con-
centrated in protein, undergoing fusion and deforming under stress). For example, the
disordered protein elastin has been known for decades to undergo LLPS as an important
first step in generating elastic extracellular filaments needed for tissue stability (Yeo,
Keeley, & Weiss, 2011). Recently the IDR of Ddx4, a protein that resides in maternal
mRNP granules referred to as nuage, was shown to undergo LLPS in vitro and in cells
in a salt- and temperature-dependent manner (Nott et al., 2015). Phase separation of
Ddx4 and elastin is thought to be driven by interactions between multiple, weakly ad-
hesive elements of the proteins. In a related process, interactions between multivalent
proteins and their multivalent ligands (both protein and RNA) can also produce LLPS,
concomitant with assembly into large oligomers/polymers (P. Li et al., 2012) . In these
systems, factors that increase crosslinking of the interacting species can promote LLPS
(P. Li et al., 2012). Thus, one hypothesis is that for proteins containing both RNA bind-
ing domains and IDRs, RNA-protein and IDR-IDR interactions may act cooperatively to
promote LLPS. In IDR-containing systems the relationship between the molecular inter-
actions that promote phase separation and those that promote fiber formation remains
unknown. In either model, traditional protein-protein interactions that generate discrete
multi-component complexes will also contribute to granule formation.

In this work, we examine the phase separation behaviors of IDRs from a series of
engineered and natural RNA binding proteins in vitro. We demonstrate that some RNA
binding proteins, or their IDRs, can rapidly phase separate on their own to produce
dynamic, liquid-like structures. Phase separation occurs at low salt concentrations for the

free proteins, and at more physiological salt concentration in the presence of RNA. On a
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slower time scale, the IDR elements mature to a less dynamic state (as assessed by FRAP)
that appears to be more stable (as assessed by salt resistance). In some cases maturation
occurs concomitant with formation of fibrous structures visible by light- and electron
microscopy. Different IDRs can co-assemble into phase-separated droplets to different
degrees, indicating the presence of heterotypic interactions. We also observe analogous
phase separation, maturation and heterotypic interactions for the full length RNA binding
protein, hnRNPA1. Our data suggest that multivalent and weak interactions among
disordered regions on RNA binding proteins, coupled with RNA-protein interactions,
could contribute to RNP granule assembly by promoting LLPS. Moreover, such a view
joins phase separation and fiber formation into a unified model by positing that the
progression from dynamic liquid to more stable fibers could be regulated in cells to
produce structures with varying physical properties and chemical compositions, according
to particular biological needs. This model could explain the observation that many ATP
driven machines, which can control the assembly state of proteins, modulate the assembly
and disassembly of stress granules (Wallace et al., 2015). Aberrant regulation could

explain the basis for the formation of pathological stress granules in certain diseases.

2.3 Results

2.3.1 General Strategy

To systematically examine the biochemical behavior of IDRs in vitro we recombinantly
produced a panel of six different IDRs taken from known components of RNP gran-
ules: Lsmd4, which is known to play a role in P-body assembly in yeast (Decker et al.,
2007); Tial and its yeast ortholog Publ, whose IDR has been suggested to play a role
in mammalian stress granule assembly (Gilks et al., 2004); TIF4632 (eIF4GII), a yeast
translation initiation factor with an N-terminal IDR suggested to play a role in stress
granule assembly in yeast (J. R. Buchan et al., 2008); as well as human hnRNPA1 and
Fus, which are abundant RNA binding proteins that localize to, and can contribute to,
stress granule assembly (Schwartz, Wang, Podell, & Cech, 2013; Guil, Long, & Caceres,

2006). To enable examination of the components by fluorescence microscopy, we fused all
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proteins to an N-terminal SNAP tag, which was then coupled to the SNAP-Surface 488
or SNAP-Surface 649 fluorophores. In addition, in some cases the proteins were fused to
PTB, an RNA binding protein involved in splicing that contains four RNA-binding RRM
domains. We previously reported that interactions between PTB and a single-stranded
RNA containing five RRM-binding elements resulted in phase separation (P. Li et al.,
2012). This collection of reagents enabled us to compare various IDRs, RNA binding
elements and the interplay between domain- and IDR-promoted phase separation. To
determine whether the behaviors of these simple engineered systems are manifest in more
complicated natural proteins, we also generated recombinant full-length hnRNPA1, a
mammalian granule protein that contains both folded RNA binding domains and IDR el-
ements. Below, we indicate the specific IDR element of a given protein with a subscripted
IDR (e.g. Publipr), and use no indication for full-length proteins. We then examined
whether these proteins could undergo LLPS either at low salt concentration, which can
promote phase separation of some IDRs (Nott et al., 2015), or in the presence of RNA
binding partners, and how the properties of the resulting droplets varied over time and

between proteins.

2.3.2 IDRs Can Undergo LLPS

We initially asked whether IDRs alone can undergo LLPS when fused to the SNAP-tag. In
all cases examined (Publipg, elF4Gllipr, Lsm4pgr, Tialipr, Fusipr and hnRNPA1pR),
solutions of these proteins remained clear at room temperature under physiologic salt
conditions (100-150 mm NaCl). When the solutions were examined by light microscopy,
only small, diffraction-limited puncta were observed settled onto the glass slide surface,
which appear to represent a low level of aggregated protein. However, when the NaCl
concentration was diluted to 37.5 mM, solutions of hnRNPA1pgr, elF4GIlipr, and Fusipr
(6-33 pM protein, see Figure 1 legend) became opalescent, and brightly fluorescent, micron
sized spherical structures were observed in solution by light microscopy. Over time,
these structures settled onto the slide, where they sometimes spread into irregular shapes

(Figure 5B). These structures appeared to be phase separated liquids based on several
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criteria. They: a) were spherical in solution, b) could flow and fuse (See (Lin et al.,
2015) Movie S1), ¢) showed concentration dependence in their total volume (data not
shown and see below), and d) disassembled rapidly when returned to high salt after 30’
of low salt treatment (see below). Solutions of SNAP-Lsm4;pr Publipg and Tialipr
either rapidly formed fiber-like structures (Lsm4) or remained as a single phase when
fused to the SNAP tag at low salt. Thus, IDRs can alternatively form both fibers and

phase-separated droplets under low salt conditions.
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Figure 5: Particular IDRs are sufficient to drive LLPS at low salt concentration
(A) Schematic of SNAP-IDR proteins. MBP, maltose binding protein. SNAP, SNAP-tag used for

fluorophore labeling. IDR, intrinsically disordered region. TEV protease removes MBP and His
tags.

(B) Fluorescence microscopy images of the macroscopic structures formed by SNAP-IDRs at 37.5 and
150 mM NaCl. SNAP-hnRNPA1ipg, 6.925 uM; SNAP-Fusipr, 10.75 pM; all the other proteins,
32.75 pM. Proteins were labeled with SNAP-Surface 649

To determine how intracellular crowding might affect LLPS driven by IDRs, we exam-
ined the hnRNPA1;pr in the presence of 10% PEG. We observed that in the presence of
crowding agents hnRNPA1pr underwent LLPS at 150 mMm NaCl and at a concentration

of 1 pyM (Figure 6B), which is below the concentration of hnRNPAT in cells (1.17x107

molecules per cell or approximately 5-10 pM; (Beck et al., 2011)). Thus crowding strongly
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promotes LLPS of hnRNPA1jpr (compare conditions of Figure 5B and 6).
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Figure 6: Crowding agent promotes the LLPS of hnRNPA1;pr

(A) Coomassie blue stained SDS-PAGE gels of purified proteins used in this study.

(B) Fluorescent microscopy images of SNAP-Surface 488 labeled SNAP-hnRNPAIIDR forming
droplets at low protein concentrations in the presence of 100 mg/ml PEG 3350

2.3.3 RNA Can Promote LLPS of IDR Proteins

In cells, RNP granule assembly is often dependent on the concentration of specific RNAs
(Teixeira et al., 2005; J. R. Buchan & Parker, 2009). In addition, we previously showed
that interactions between the four RNA-binding RRM domains of PTB and an RNA
molecule containing multiple RRM-binding motifs can promote LLPS, independent of any
IDR elements (P. Li et al., 2012). Thus, we asked whether RNA could promote LLPS in
proteins containing both PTB and IDRs. At 100 mM NaCl and protein concentrations of
1.25-2.5 pm all six SNAP-PTB-IDR fusions rapidly phase separated upon addition of 0.4-
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0.8 pM RNA, producing droplets that concentrated both molecules (Figure 8 and Figure
TA, showing RNA enrichment). In contrast, SNAP-PTB only phase separated at 50 pM
concentration in the presence of 2 pMm RNA (not shown). Performing the experiment in
the presence of 100 mg/ml BSA to mimic protein crowding effects within the cell, allowed
the detection of RNA driven LLPS of the SNAP-PTB-Fus;pr at concentrations below 10
nM (Figure 8D)), which is below the cellular concentration of many of the abundant

components of mRNP granules (Beck et al., 2011).
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Figure 7: RNA does not stimulate LLPS of most SNAP-IDR proteins lacking
PTB

(A) Cy3 labeled RNA (0.5 pM, red) and SNAP-PTB-PublIDR (3 pM, green) co-localize within liquid
droplets at 100 mM NaCl

(B) Fluorescence microscopy images of SNAP-IDRs (at the indicated concentrations) titrated with
RNA. Proteins are labeled with SNAP-Surface 649

To better understand how RNA promotes phase separation, we examined whether
RNA could stimulate LLPS of the SNAP-IDR proteins lacking PTB. A range of RNA
concentrations (0.1-10 um) did not promote phase separation of the SNAP-IDR proteins,
up to protein concentrations of 10 — 30 pM. The only exception to this behavior was
provided by SNAP-elF4GIIpr, which did phase separate upon addition of RNA (Figure

7 B), and was able to bind RNA directly according to a gel shift assay (data not shown).
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Figure 8: RNA can promote LLPS of IDR proteins

(A) Schematic of SNAP-PTB-IDR proteins. PTB, polypyrimidine tract-binding protein, containing
four RRM RNA binding domains. TEV protease removes MBP and His tags
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(B) Phase diagram of SNAP-PTB and SNAP-PTB-Fusipr plus RNA. Red dots indicate phase sepa-
ration; blue dots indicate no phase separation

(C) Fluorescence microscopy images of the macroscopic structures formed at 100mM NaCl by SNAP-
PTB-4GIIipg 1.25 nMm and RNA 0.4 pM; SNAP-PTB-Fusipr 1.25 um + RNA 0.4 pM; for the
rest of droplets, SNAP-PTB-IDR 2.5 pM, RNA 0.8 pMm. Proteins were labeled with SNAP-Surface
649. Images were taken at 1 hour and 24 hours after the initiation of phase separation by RNA
addition

(D) Phase diagram of SNAP-PTB-Fusipr plus RNA in the absence and presence of 100 mg/ml bovine
serum albumin (BSA)

Thus, for all proteins except elF4GII, RNA-induced phase separation required both the
IDR and RNA binding to PTB. We interpret these results as indicating that PTB-RNA
and IDR-IDR interactions act synergistically to promote LLPS.

Although all six SNAP-PTB-IDR proteins phase separated with RNA, the result-
ing structures differed significantly in their morphologies (Figure 8C). At 1 hour after
RNA addition, droplets formed by the eIF4GII;pr, Publipr and Fus;pr fusions were rel-
atively large, round, and separated into discrete structures. By contrast, the Lsm4pg,
Tialipr and hnRNPA1ipR fusions created droplets that were smaller, and often attached
to each other in long irregular chains, as though coalescence into larger structures had
been aborted. These behaviors mirrored those observed for the SNAP-IDR structures in-
duced by low salt, where SNAP-elF4GIIjpg formed liquid droplets, while SNAP-Lsm4ipr
formed fibers (Figure 5B). Thus, different IDRs can create phase-separated droplets with

different physical properties.

2.3.4 Phase Separated Droplets Mature Over Time

We next monitored the SNAP-PTB-IDR+RNA droplets over time after initiating their
formation. In all cases, the droplets changed over time according to three measures.
First, their gross appearance changed. When examined over 24 hours, droplets from most
of the IDRs changed from round to irregularly shaped. Many also formed filamentous
structures that extended outside of the droplet bodies, and became less homogeneously
fluorescent (Figure 8C). The only exception to this behavior was SNAP-PTB-Fuspg,

whose droplets remained round and homogeneous to 72 hours (data not shown). For
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SNAP-PTB-Lsm4 1pr and SNAP-PTB- Tialpr, formation of filaments was greatly ac-
celerated by LLPS in a biochemical assay, where RNA addition caused most of the protein
to become insoluble (and filamentous in nature in electron micrographs) after 24 hours,
while most remained soluble in solutions without RNA (Figure 10 A,B). We also as-
sessed the relative stability of the SNAP-PTB-Lsm4 1pgr and SNAP-PTB- TIA1ipg fibers
by the addition of SDS prior to centrifugation. We observed that the SNAP-PTB-Lsm4
pr fibers were SDS resistant while the SNAP-PTB- Tialpr fibers were SDS sensitive
(Figure 9C). This differential sensitivity to SDS indicates that IDRs will form fibers of
different biochemical properties, tunable to their biological role.

A second property that changed over time was resistance of the phase-separated
droplets to salt. Phase separation of SNAP-hnRNPA1l;pr and SNAP-Fus;pr induced
by low salt was largely reversible in the first 22 minutes after initiation. But with in-
creasing time the remaining assemblies became salt resistant, with full resistance seen at
24 hours (Figure 9A,B).

A third key observation was that the dynamics of the SNAP-PTB-IDR + RNA
droplets changed substantially over time as assessed by FRAP of the SNAP-Surface
649 label (Figure 10D). In the first hour after initiation, the fluorescence of a small
region in the center of larger droplets would recover after photobleaching with half-lives
ranging from 19 to 64 seconds, and recovery fractions ranging from 0.3 to 0.9. Over
14-48 hours the half-lives for each fusion protein increased and the fractional recoveries
steadily decreased, such that fluorescence of most of the IDRs no longer recovered at the
latest time point. The progression from dynamic to static reflected the changes in droplet
morphology: droplets that remained rounder and longer remained dynamic longer (e.g.
Fus and elF4GII), and vice versa (e.g. Lsm4 and Tial). Since droplets from both the
IDRs alone and PTB-IDR + RNA showed similar changes in morphology, we attribute
these effects primarily to the IDR elements rather than PTB or RNA. Our interpreta-
tion of these results is that the high concentration of the IDR in the phase separated
droplets (370 pM and 310 pm for SNAP-PTB-Publipg and SNAP-PTB-elF4GIIpg, re-

spectively; Figure 9D,E) leads over time to the formation of kinetically trapped and
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(A) Fluorescence microscopy images of structures formed by SNAP-hnRNPA1pg (4 pM) at 37.5 mM
NaCl. At indicated time points, NaCl was raised to 150 mM total concentration and structures
that remained were imaged. Both fluorescent and DIC images were taken for better illustration.
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Figure 9: Phase separated droplets of SNAP-IDRs mature over time
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(C) SDS-PAGE assays of the amount of SDS-soluble species present at different time points after
the initiation of phase separation by addition of RNA. MBP-SNAP-PTB-Lsm4IDR (5 pM) or
MBP-SNAP-PTB-TIAlpr (5 pM) were mixed with RNA (1.6 pMm) (phase separation) or buffer
(no phase separation) and TEV protease. At the indicated times SDS was added to 2%,(w/v)
followed by 5 minutes of centrifugation and filtration through an 0.22pumfilter. The supernatant
was then loaded into the gel and stained with Coomassie Blue. TEV protease was present to
remove MBP, which serves as an internal loading control

(D) The absolute concentrations of the fluorophore-labeled proteins within the liquid droplets were cal-
culated from the droplet intensities according to the standard curve of a series of pure fluorophores
at different concentrations. Droplets of SNAP-PTB-Publipgr (7.5 pM) plus RNA (2.4 pM) were
doped with 25 nM fluorophore-labeled SNAP-PTB-Publipgr; Droplets of SNAP-PTB-elF4GIIjpr
(3.75 nM) plus RNA (1.2 pm) were doped with 25 nM fluorophore-labeled SNAP-PTB-elF4AGIIpg.
The proteins were labeled with SNAP-Surface 649

stable structures. This maturation may involve the formation of amyloid-like fibers, since
the filamentous structures of SNAP-PTB-Lsm4;pr + RNA that become more numerous

with time stained strongly with Thioflavin-T, (Figure 10C).

2.3.5 Phase Separated Droplets Can Recruit IDRs Through Multiple

Types of Interactions

In vivo RNP granules contain both RNA and multiple proteins with IDRs. This raises
the possibility that heterotypic interactions between IDRs, folded domains and/or RNA
might recruit proteins with IDRs into these assemblies. To test this idea in vitro, we
examined the ability of PTB-Fusipr + RNA droplets to recruit GFP fusions of the other
IDRs. GFP alone was not selectively recruited into, or excluded from, any of the droplets,
with partition coefficients ({droplet concentration}/{bulk concentration}, quantified from
fluorescence intensities related to a calibration curve) of approximately 1 in all cases.
All of the GFP-IDR proteins were recruited into the PTB-Fus;pr+RNA droplets, with
partition coefficients ranging from approximately 3 to 12 (Figure 11). All proteins
were also recruited into PTB+RNA droplets. But for GFP-Lsm4;pr, GFP-Tialipr and
GFP-Fuspg, recruitment into the PTB- Fus;pg+RNA droplets was significantly higher
(Figure 11B), suggesting that interactions dependent on the Fusipg can enhance hetero-
and homotypic recruitment of IDRs into the phase separated droplets. Consistent with
Fusipr promoting heterotypic recruitment, the difference between recruitment into PTB-

Fusipr + RNA droplets and PTB + RNA droplets was even larger for SNAP-IDR proteins
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Figure 10: Phase separated droplets of SNAP-PTB-IDRs plus RNA mature
over time

(A) SDS-PAGE of the high-salt soluble species present at different time points after the initiation
of phase separation by RNA addition. MBP-SNAP-PTB-Lsm4;pr (5pM) or MBP-SNAP-PTB-
TIAlpgr (5pM) were mixed with RNA (1.6uM) (phase separation) or buffer (no phase separation).
At the indicated times, NaCl was raised to 500mM total concentration followed by 5 minutes of
centrifugation, and the supernatant analyzed by SDS PAGE; gels were stained with coomassie
blue. TEV protease was also present to remove MBP, which serves as an internal loading control
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(B) Transmission electron micrographs of the high-salt insoluble species in a solution of SNAP-PTB-
Lsm4;pr plus RNA after 24 hours incubation

(C) Representative images of increase over time in Thioflavin T (ThT) fluorescence for droplets of
SNAP-PTB-Lsm4;pr (5 nM) plus RNA (1.6 uM) shown in the same intensity scale

(D) The liquid droplets of SNAP-PTB-IDR proteins plus RNA become less dynamic over time. Left
panels show FRAP recovery curves. Data are reported as mean SD. Right panels show a repre-
sentative droplet for each protein at different time points.

than for EGFP-IDR proteins (Figure 12).

The recruitment of GFP-Publipr, GFP-Lsm4;pr and GFP-eIF4GIIpr into the PTB
+ RNA droplets could be explained by weak interactions of these IDRs with RNA.
Consistent with this possibility we note all of these IDRs have high predicted pl values
(Publ 11.5; Lsm4 11.0; eIF4GII, 9.6). Moreover, we observed by gel shift assays that
Lsm4ipgr and elF4GIIjpg had stable interactions with RNA (data not shown). Analo-
gously, GFP-Tial;pgr and GFP-Fusipgr, which both are acidic (IDR pl values of 5.8 and
4.7, respectively) may be recruited through interactions with PTB, which is quite basic
(pI = 9.2). Taken together, these observations suggest that IDR containing proteins could
be recruited to RNA-protein granules by both IDR dependent interactions and by other

interactions, which could include binding to RNA.

2.3.6 Natural RNP Granule Proteins Show the Same Behaviors as the

Engineered Proteins

Using a series of engineered proteins, we have able to systematically explore the behaviors
of different IDRs in combination with different RNA binding domains. We found that A)
the IDRs can undergo LLPS at low salt, B) LLPS by IDRs is promoted under physiologic
salt conditions by RNA, C) the IDR-containing phase separated droplets mature over
time to become less dynamic and D) droplets formed by one IDR can recruit other IDRs
to different degrees. We next asked whether these same behaviors are also manifest in
natural RNA binding proteins.

hnRNPA1 is a component of stress granules in mammalian cells (Guil et al., 2006),
whose mutations can be causative in inclusion body myopathies such as ALS and FTLD,

and can increase stress granule formation (H. J. Kim et al., 2013). The protein is com-
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Figure 11: IDR-dependent phase separated droplets recruit heterotypic IDRs

(A) Representative images showing the partitioning of GFP-IDR probes (100nM, green) into liquid
droplets (red) of PTB or PTB-Fusipgr plus Cy3-labeled RNA

(B) Quantification of the GFP-IDR partition coefficients in experiments from panel A. The partition
coefficients are plotted as mean + SD, from three independent measurements each of which aver-
aged all the droplets across four random slide regions. ns, not significant, p > 0.05; *, p < 0.05;
*¥* p < 0.01; ¥*** p < 0.001. p-values were determined by unpaired t-test
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Figure 12: IDR dependent phase separated droplets recruit SNAP-IDR probes
(A) Representative images showing the partitioning of SNAP-IDR probes (100 nM, labeled with

SNAP-Surface 488, green) into the liquid droplets (red) of PTB or PTB-FUSpr plus Cy3-labeled
RNA

(B) Quantification of the SNAP-IDR partition coefficients in experiments from panel A
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posed of two N-terminal RNA-binding RRM domains, and an ~200 residue C-terminal
IDR that is enriched in G/S-Y/F-G/S elements (Figure 13A). We expressed full-length
hnRNPA1 in E. coli with an N-terminal SNAP-tag and purified it to homogeneity. Under
physiologic salt conditions (150 mm NaCl), the protein was soluble and existed as a single-
phase solution up to concentrations as high as 300 pM at room temperature. However,
upon transfer to low salt (37.5 mM NaCl), SNAP-hnRNPA1 rapidly coalesced into micron
sized, brightly fluorescent spherical structures at concentrations above 13.5 pm (Figure
13B). As with the engineered proteins, these structures were spherical, could flow and
fuse (See (Lin et al., 2015) Movie S3), were concentration dependent (Figure 13B) and
disassembled rapidly when returned to high salt after 30 minutes of low salt treatment,
indicating that they were phase separated liquids (Figure 13C). This phase separation
was dependent on the IDR since an hnRNPA1 construct lacking this C-terminal element
(hnRNPA1Apr) did not phase separate under salt and protein concentrations where the
full-length protein generated droplets (Figure 13B). Similar to the model systems, we
observed that macromolecular crowding in the presence of PEG led to LLPS of full length
hnRNPA1 under physiological concentrations of protein as low as 1 pMm at 37.5 mm NaCl
(Figure 14A). Thus, hnRNPA1 can undergo IDR-dependent LLPS on its own at low
ionic strength.

The phase separated hnRNPA1 droplets also matured over time. When examined
from 27 minutes to 73 hours after initiation of LLPS in low salt, the droplets changed
from uniformly round and homogeneously fluorescent to irregularly shaped and hetero-
geneously fluorescent (Figure 13C, top row) . Further, while phase separation was
largely reversible by returning to high salt after 27 minutes, with increasing time the
remaining assemblies became salt resistant (Figure 13C, second row). Thus, as with
the engineered systems, the phase separated hnRNPAT1 droplets become more stable over
time. Since the IDR of hnRNPA1 is known to form amyloid-like filaments (Kato et al.,
2012; H. J. Kim et al., 2013), it seems likely that formation of amyloid fibers contributes
to this maturation of the droplets over time. We note that our data showing that hn-

RNPAT1 can phase separate, and that phase separation promotes formation of structures
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Figure 13: Full-length hnRNPA1 undergoes IDR-dependent phase separation

(A)

(B)

Schematic of domain architecture of SNAP-hnRNPA1 proteins. HRVC3 removes His and MBP
tags

Fluorescence microscopy images of the macroscopic structures formed by SNAP-hnRNPA 1w or
SNAP-hnRNPA1Apgr at 37.5 mM NaCl, Images are shown in different intensity scale to highlight
morphological changes

Fluorescence microscopy images of structures formed by hnRNPAIWT, hnRNPA1Aexa, and
hnRNPAlpggoy (all 25 um) at 37.5 mm NaCl. At indicated time points, NaCl was raised to 150
mM total concentration and structures that remained were imaged. Images are shown in different
intensity scale to highlight morphological changes

SDS-PAGE assays of the amount of high-salt soluble species present at different time points
after the initiation of phase separation at 37.5 mM NaCl. hnRNPAlwr, hnRNPAIAHexa, and
hnRNPA1pagay (all 25 pM) were incubated at 37.5 mm NaCl for the indicated time period before
raising total NaCl concentration to 150 mM followed by centrifugation. The supernatant was then
analyzed by SDS-PAGE with Coomassie staining. Quantification of the relative intensities of the
bands is shown in the lower panel
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Figure 14: hnRNPA1psgov mutant forms SDS-resistant fibers

Fluorescent microscopy images of SNAP-Surface 488 labeled SNAP-hnRNPA 1y forming droplets
at low protein concentrations in the presence of 100mg/ml PEG 3350

Fluorescence microscopy images of SNAP-hnRNPAlwr (25 uMm) forming Thioflavin T-stained
fibers. Fibers were observed in both low salt (37.5 mMm NaCl) and high salt (150 mm NaCl) after
incubation

Fluorescence microscopy images of SDS-resistant structures formed by SNAP-hnRNPAlwr,
SNAP-hnRNPAl1ex, and SNAP-hnRNPA1pg6av (all 25 pM) present at different time points after
initiation of phase separation at 37.5 mM NaCl. At the indicated time points NaCl was raised to
a final concentration of 150 mM and SDS was then added to a final concentration of 2% (w/v).
The structures that remained were imaged

Fluorescence microscopy images of structures formed by SNAP-hnRNPAlwr, SNAP-
hnRNPAlgex, and SNAP-hnRNPAlpogoy (all 25 pM) after incubation for the indicated time
at 150 mm NaCl
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that likely resemble amyloids have also been described (Molliex et al., 2015).

To better understand the relationship between fiber formation and phase separa-
tion by hnRNPA1, we examined how mutations that affect the propensity of the pro-
tein to form amyloid structures (H. J. Kim et al., 2013) affect phase separation and
droplet maturation. A hexapeptide deletion of hnRNPA1 (hnRNPA1yey,) removes the
predicted amyloid-forming region of the protein and abolishes hnRNPAT1 fiber formation
in vitro (H. J. Kim et al., 2013). Oppositely, a mutation in the amyloid core (D262V)
is known to induce ALS-like neurodegeneration in vivo and amyloid hyper-assembly in
vitro (H. J. Kim et al., 2013). We observed that both the variants of hnRNPA1Apexa
and hnRNPA1pygov produced droplets similarly to wild-type hnRNPA1, indicating that
the ability to phase separate is not strictly coupled to amyloid formation (Figure 13C).
Interestingly, hnRNPA 1pggoy became salt resistant much faster than the wild-type and
the Ahexapeptide hypo-assembly mutant (Figure 13D). Consistent with the ability of
hnRNPA 1pogov to form amyloid fibers, we observed that SDS-resistant fibers were visible
after 29 hours in solutions containing the hnRNPA1pg6ov droplets (Figure 14C). Similar
fibers were also seen in the hnRNPA1pogov protein preparation with continued incubation
at high salt where no phase separation occurs, but only after 54 hours (Figure 14D).
Thus, phase separation is not required to generate fibers, although as in the engineered
systems it appears to increase the rate of fiber formation, presumably due to the high
concentration of protein in the droplets. Consistent with these hnRNPA1 fibers hav-
ing amyloid-like features, fibers formed in either high or low salt stained positive with
Thioflavin-T (Figure 14B).

Like the model systems, we also observed that phase separated droplets of hnRNPA1
could recruit other IDRs. Specifically, the GFP-Fuspr, GFP-elF4GIl;pr and GFP-
Lsm4ipr proteins were similarly recruited into droplets produced from the hnRNPA1
protein in low salt, while GFP alone was not (Figure 15A,B). This indicates that the
heterotypic recruitment of IDR proteins into droplets can occur in a protein dependent
manner.

Initial attempts to observe LLPS upon RNA addition to hnRNPA1 under physio-
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Figure 15: Phase separated droplets of full-length hnRNPA1 recruit GFP-IDRs
and are promoted by RNA

(A) Images showing the partitioning of GFP-IDR probes (100 nM, green) into the liquid droplets (red)
of SNAP-hnRNPA1 (30 um) at 37.5 mM NaCl. SNAP-hnRNPA1 was labeled with SNAP-Surface
649

(B) Quantification of the GFP-IDR partition coefficients in experiments from panel A. The partition
coefficients are plotted as mean + SD, from three measurements each of which averaged all the
droplets across three slide regions

(C) Fluorescence microscopy images of SNAP-hnRNPA1 (2 or 20 pMm) with or without RNA(2: 1
molar ratio of 5XA1 RNA : hnRNPA1) at 175 mM NaCl, 100 mg/ml PEG 3350
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logic salt conditions were unsuccessful. However, if we added PEG as a crowding agent,
we observed phase separation of hnRNPA1 without RNA at high protein concentrations
(Figure 15C), and stimulation of LLPS with RNA addition at lower protein concentra-
tions (Figure 15C), demonstrating that RNA can promote LLPS of hnRNPA1. Similar
results were observed with Ficoll as a crowding agent (Figure 16A,B).

Thus, the basic behaviors that we have observed for droplet formation, maturation
and partitioning are common among a large group of engineered and natural RNA binding
proteins, suggesting they are likely common to proteins of this type that contain both
RNA binding domains and IDRs. The implications of these behaviors for the formation

and regulation of RNA granules are discussed below.

2.4 Discussion

2.4.1 Disordered Regions Can Promote Phase Separation

Several observations demonstrate that IDRs on a number of RNA binding proteins can
promote phase separation. First, the IDR elements of hnRNPA1, elF4GII, Fus, TIA1
and Publ are sufficient to promote LLPS at low salt when fused to a SNAP-reporter
protein (Figure 5). Second, full length hnRNPA1 also undergoes LLPS at low salt,
which is dependent on its C-terminal IDR region (Figure 13B), observations also made
by Molliex et al., (Molliex et al., 2015). When IDRs are fused to the PTB RNA binding
protein, LLPS can be induced by RNA at lower protein concentrations than PTB alone
at physiologic salt concentration. In the presence of crowding agents LLPS occurs at
protein concentrations similar to those measured for a number of RNA granule proteins
in vivo (Beck et al., 2011), indicating these transitions are occurring in a biologically
relevant concentration regime. For all of the IDRs except that of elF4GII this effect is
specific to PTB-RNA binding, as RNA does not induce phase separation of the IDRs
alone.

These observations suggest that PTB-RNA and IDR-IDR interactions act synergis-

tically to promote LLPS. How might this occur? Both interaction modes are effectively
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Figure 16: Both RNA and Ficoll promote LLPS of full-Length hnRNPA1

(A) Fluorescence microscopy images of SNAP-hnRNPA1 (50 pm) with or without RNA (100 pMm) in
the presence or absence of 100 mg/ml Ficoll at 300 mm NaCl.

(B) Fluorescence microscopy images of SNAP-hnRNPA1 (50 pM) with or without RNA(100pMm) at
indicated salt concentrations. 100 mg/ml Ficoll.
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multivalent, the former through binding of multiple RRM domains to repeated nucleotide
motifs (P. Li et al., 2012), and the latter presumably through weak binding of multiple
sequence motifs in the disordered chains to each other (Nott et al., 2015). This property
enables each to promote oligomerization and concomitant phase separation (P. Li et al.,
2012). In PTB-IDR fusion proteins, the two interaction modes, since they involve dif-
ferent regions of the molecule, act together to produce larger oligomeric structures than
either would alone, at a given concentration. Since oligomers become less soluble as they
grow larger (Flory, 1953), this effect would promote LLPS at lower concentrations. Anal-
ogous behaviors are seen for very simple proteins such as the gamma-crystalins, whose
crosslinked oligomers undergo LLPS at progressively lower concentrations as their size
increases (Pande et al., 1995; Asherie et al., 1998), and also for crosslinked polymers
(Semenov & Rubinstein, 1998). This suggests that RNP granule assembly in cells will be
driven in part by mRNA providing multivalent sites for RNA binding proteins and then
hetero- and homo-typic interactions between IDRs on these proteins to work in concert

to create oligomers generated from two inherent forms of multivalency.

2.4.2 IDR Dependent Phase Separated Droplets Mature to a Less

Dynamic State.

Several observations indicate that the phase-separated droplets promoted by IDRs change
their biochemical nature over time and mature to more stable, less dynamic assemblies.
First, the droplets generated by the engineered proteins and full-length hnRNPA1 are
initially reversible with high salt, but over time change to a more granular consistency
and become resistant to salt disassembly (Figures 10, 9 and 13) (Figures 3, S3 and 5).
Second, FRAP experiments reveal that SNAP-PTB-IDR+RNA droplets become less dy-
namic over time (Figure 10C). Third, over time many of the IDR proteins form filaments
that can be observed by light- and/or electron microscopy (Figures 8C and 10B). For
SNAP-PTB-Lsm4 1pr, SNAP-PTB-Tial pr and full length hnRNPA1 (Figures 10A
and 13D) filaments form more rapidly in phase separated solutions, likely due to the

high concentration of molecules in the droplets, which by analogy to various amyloid
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systems is expected to accelerate nucleation and growth (Eisenberg and Junker, 2012).
Since these fibers stain with Thioflavin-T and are, at least in some cases, SDS resistant
(Figures 9C and 14C) , the simplest interpretation is that they are amyloid-like. To-
gether, these results suggest that maturation results at least partially from the formation
of amyloid-like fibers.

Our data indicate that under the same biochemical conditions, IDRs can form two
types of homotypic interactions, those that lead to initial phase separation, which are
multivalent and dynamic, and those that form more slowly, which are more stable and
structurally organized. One possibility is that these different interactions contribute
initially to RNP granule assembly by triggering LLPS, and also subsequently by the
formation of more stable fiber-like structures (or assemblies thereof). The fibers could be
kept short in cells by competing disassembly machineries (Walters et al., 2015). These
stronger interactions could give stability to the granules once formed, while extreme fiber
formation could become pathological. Further experiments will be necessary to determine
whether the different interaction modes involve the same or different chemical elements

in the various IDR chains.

2.4.3 IDR Dependent Phase Separated Droplets Recruit Other IDR

Proteins.

Several observations demonstrate that phase separated droplets promoted by one IDR
can effectively recruit proteins containing the same, or different IDRs. First, PTB-
Fusipr+RNA droplets effectively recruit GFP-IDR and SNAP-IDR molecules (Figure
11 and 12). IDR recruitment appears to depend on a combination of interactions with
PTB/RNA and also the Fus IDR. Second, hnRNPA1 droplets generated in low salt ef-
fectively recruit the IDRs of Lsm4, Publ, el[F4GII and Fus (Figure 15). The ability
of a given phase separated droplet to recruit diverse IDRs could be relevant to cells by
providing a mechanism for the assembly of multiple RNA binding proteins with IDR
domains into a single mRNP granule. Moreover, the presence of heterotypic interactions

between IDRs on RNA binding proteins might also increase the relevant concentration
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available to trigger phase separation in vivo.

2.4.4 A Model for RNP Granule Assembly

Model for Normal and Pathological RNP Granule Assembly by Phase Separation

o f
oo > o High Iocgl
° concentration

of IDR on mRNPs
triggers LDPS ,’

Maturation by
limited fiber formation

\' Excessive |
" fiber formation |
\

Mature RNP Granule Pathological RNP Granule

Figure 17: Possible model for how phase separation contributes to RNP granule
assembly

Previous data have argued that RNP granules may form through LLPS in cells
(C. P. Brangwynne et al., 2009, 2011; Nott et al., 2015; Elbaum-Garfinkle et al., 2015).
Our data suggest a molecular mechanism by which this phase separation could be pro-
moted by molecules known to reside in these structures. That is, phase separation could
be promoted by the combined interactions of defined RNA binding domains, IDR ele-
ments and RNA. IDR interactions and multivalent RNA-protein interactions can each
drive LLPS alone, but could act synergistically for the many proteins that contain both
elements. Since IDR interactions may be of relatively low specificity, it seems likely
that any mechanism that brought IDR elements together could promote LLPS. For ex-

ample, the high concentration of heterotypic IDRs on an assembled mRNP, or mRNPs
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oligomerized by traditional protein-protein interactions, could create a high local IDR
concentration to initiate phase separation (Figure 17). Similarly high local concentra-
tions of RNPs (and accompanying IDRs) could occur at sites of RNP biogenesis (as in
the nucleolus), or at locations targeted by specific transport mechanisms. The latter
would be consistent with evidence that motors play important roles in the assembly of
stress granules (Loschi et al., 2009). The liquid-like structures formed by these processes
would be distinct from traditional macromolecular assemblies in at least two important
ways. First, and most significantly, unlike canonical multicomponent complexes (e.g. the
ribosome) a granule formed by LLPS would not be stereochemically defined across its
length. Rather, beyond the scale of its individual components, which could be individual
proteins or protein-RNA assemblies, the elements would be largely randomly organized.
Moreover, the arrangement of components will change, likely rapidly, with time. Impor-
tantly, though, our data on droplet maturation suggest that the degree and length scale
of order could be controlled through regulation of the fibrillization of IDRs (see below).
Second, our data suggest that while proteins and RNA are very highly concentrated in
droplets, the structures are still >90 % water by mass (based on protein concentrations
300 um), unlike assemblies of folded proteins which typically exclude water, and even
protein crystals which are often 30-50 % water. RNP granules in cells are similarly only
somewhat more dense that the surrounding cytosol (Handwerger et al., 2005), and stud-
ies of molecular diffusion in P-granules in nematodes have suggested that while 155 kDa
dextrans are excluded from granules, 40 kDa particles are not excluded (Updike et al.,
2011). Together, these properties conspire to enable molecules to be concentrated within
granules, but move rapidly and freely within them. The degree to which the physical
environment of a granule affects the biochemical processes that occur within it remains
an exciting open question.

Initially the macromolecular interactions within the phase separated droplets are tran-
sient, and without long-range structural organization, affording the droplets liquid-like
properties. But the high protein concentrations within the phase-separated droplets

would increase additional protein-protein interactions, including accelerating the natural
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tendency of IDRs to form amyloid-like fibers. This would naturally lead over time to
more static structures that behave as solids. In cells, the balance between disordered,
dynamic liquid and ordered, more static fibers is likely regulated to produce a range of
RNP granules with different physical and chemical properties according to specific func-
tional needs. More generally, the ability of LLPS to rapidly generate a concentrated
biochemical compartment within cells that favors downstream interactions is likely to
be a fundamental principle of these transitions, which cells use in numerous contexts to
rapidly establish and then maintain cellular structures.

The lengths and/or numbers of fibers within a granule could be controlled through
factors that enhance or inhibit fiber nucleation and growth, or that actively disassemble
fibers, such as the ATP-driven disaggregase machines VCP/Cdc48 and Hsp70/Hsp40
complexes, which are known to control RNA granule lifetimes and turnover (J. Buchan
et al., 2013; Walters et al., 2015). When this regulation is aberrant, for example due to
mutations that increase fiber propensity or decrease disaggregase activity, fiber formation
can become extreme, leading to disease. Such a model could explain how increased
or prolonged stress granules can promote the formation of pathological aggregates that
occur in various degenerative diseases (Ramaswami et al., 2013; Y. R. Li et al., 2013).
It could also explain why many ATP driven machines play a role in modulating stress
granule dynamics (Walters et al., 2015). The unique ability of IDRs to populate highly
distinct structural and dynamic states under physiologic conditions would make them
uniquely suited to control the physical and chemical properties of RNP granules, perhaps

explaining the abundance of IDR elements in RNA binding proteins.

2.5 DMaterials and Methods

Materials
Expression plasmids for all the recombinant proteins were constructed based on the
pMal-c2 vector (NEB), except for full length hnRNPA1 and related mutants, which were

built into a modified petlla vector (Novagen)(see also Supplemental Experimental Pro-
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cedures). Proteins were expressed in Fscherichia coli BL21(DE3) and purified with Ni
and/or amylose resin . Proteins of SNAP-PTB-IDRs were further purified through a
Superdex200 column. The extinction coefficients at 280 nm were obtained from ExPASy
ProtParam (http://web.expasy.org/protparam/) and used to calculate protein con-
centrations from A280 values obtained on NanoDrop spectrophotometers. Proteins were
fluorescently-labeled with SNAP-Surface 488 or SNAP-Surface 649 (NEB) according to

the manufacturer’s protocols.

Droplet Assembly

For SNAP-IDRs and SNAP-hnRNPA1 (72% fluorescently labeled), droplet assembly
was initiated by diluting the solutions to 37.5 mM NaCl, 20 mm Tris pH 7.4, 1 mm DTT.
For SNAP-PTB-IDRs, proteins and RNA were mixed at the indicated concentrations
(including 100 nM SNAP-PTB-IDRs labeled with SNAP-Surface 649) in 100 mm NaCl,
20 mM imidazole pH 7.0, 1 mm DTT, 10% glycerol. The N-terminal purification tags
of SNAP-hnRNPA1 were removed by HRV C3 protease (EMD Milipore) during the dye
conjugation step. The N-terminal MBP and C-terminal His tags of SNAP-IDRs and
SNAP-PTB-IDRs were cleaved during droplet assembly with TEV protease (Promega
ProTEV). Reactions were placed in glass-bottom chambers which were pre-coated with
3% BSA and washed three times with HyO before use Thioflavin T incorporation was
measured by including 10-25 pM of the reagent in droplet forming reactions. Imaging

parameters are found in the Supplemental Experimental Procedures.

Fluorescence Microscopy

All images of SNAP-IDR and SNAP-hnRNPA1 were acquired on a DeltaVision epi-
fluoresence microscope, equipped with a SCMOS camera and LED illumination. The
EGFP-IDR recruitment assay was performed on a Nikon AR1 LSM confocal microscope.
All images of SNAP-PTB-IDR were acquired on a Leica-based spinning disk confocal
microscope (EMCCD digital camera, ImagEM X2, Hamamatsu; confocal scanner unit,

CSU-X1, Yokogawa).
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Fluorescence Recovery After Photobleaching

Fluorescence recovery after photobleaching (FRAP) experiments were performed on
the same spinning disk confocal microscope mentioned above. The SNAP-tag containing
proteins were labeled with SNAP-Surface 649 and bleached with full laser power for 30
iterations using a 405 nm laser line. The droplets were > 5 pm in diameter and the
bleaching area was ~ 2 pm in diameter. Time-lapse images were acquired at 637 nm.
Images were processed in ImageJ. Background intensity was subtracted and an image
of a homogeneous solution was used to correct for uneven illumination. At each time
point, the averaged fluorescence intensity within the bleaching spot was also divided by
the intensity of a neighboring unbleached area of the same size to correct for changes
in illumination during the time course of imaging. The corrected intensities within the
bleaching spot during recovery were fit to a single exponential growth curve to yield
the half time and the ratio of recovery ([Imax-Imin]/[lo-Imin]) using GraphPad Prism 5

(GraphPad Software). Data are reported as mean SEM, n 2.

SDS-PAGE Assay for High-Salt Soluble Species in Droplets

Identical samples were prepared to contain 5 pM MBP-SNAP-PTB-Lsm4 (or 5 pM
MBP-SNAP-PTB-TIA1) plus 1.6 pM RNA (phase separation) or buffer(no phase separa-
tion). TEV protease was present to remove MBP, which served as an internal loading
control. At the indicated time points, NaCl was raised to 500 mM total concentration
to disassemble the droplets. After incubation for 1 minute followed by centrifugation at
15,000 g for 5 minutes, the supernatant was carefully removed and loaded on an SDS-
PAGE gel. Gels were stained with coomassie blue. The pellet was examined by TEM
(see below). For SNAP-hnRNPA1lwr, SNAP-hnRNPA ey, SNAP-hnRNPA1pggoy, 25
M proteins were first treated with HRV C3 at room temperature for 5 hours to cleave
MBP completely. The proteins were diluted to 37.5 mM NaCl to initiate phase separa-
tion. At indicated time points, NaCl was raised to 150 mM total concentration. After
incubation for 5 minutes followed by centrifugation at 15,000 g for 5 minutes, the super-
natant was carefully removed and loaded on an SDS-PAGE gel. Gels were stained with

coomassie blue. The intensities of the bands were measured in Image J and normalized
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by the intensities of the internal control, MBP.

Transmission Electron Microscopy

The pellet after high salt wash (see previous section) at 24 hours was resuspended
in buffer (100 mM NaCl, 20 mM imidazole pH 7.0, 1 mMm DTT) by brief sonication,
and directly transferred to a TEM grid (FCF300-Cu grid, Electron Microscopy Sciences)
and stained with 5 ul of 1% (w/v) PTA (phosphotungstic acid, pH adjusted to 8.0 with
NaOH) for 1 minute. After the removal of the PTA solution, the grid was air-dried. The

images were obtained on FEI Tecnai transmission electron microscope.

IDR Recruitment Assay
Partitioning of EGFP-IDRs into droplets of PTB or PTB-Fus;pr + RNA

Droplets were formed in glass bottomed chambers by either 10 pm PTB plus 3.2
nM RNA (note that PTB phase separates at lower concentrations than SNAP-PTB) or
1.25 pMm PTB-Fusipg plus 0.4 pM RNA. In both cases, droplets were labeled with 10
nM 3’-Cy3 RNA and 100 nMm GFP-IDR was used as probe. TEV protease was present to
remove MBP tag. After a 1 hour incubation, images were acquired using the spinning disk
confocal microscope mentioned above at 637 nm and 561 nm simultaneously. Background
intensity was subtracted and an image of a homogeneous solution was used to correct for
uneven illumination. Droplet intensities were measured by averaging the intensities at
the center (with diameter 2.5 pM smaller than that of the droplets) of droplets (750-100
total number) from at least three different areas. For bulk intensities, identical samples
were prepared in microcentrifuge tubes for 1 hour and centrifuged at 21,130 g for 5
minutes. The supernatants were transferred to glass-bottom chamber and the intensities
were measured identically. Intensities were converted to concentrations through a GFP
standard curve. The partition coefficient is defined as [GFP]asopiet / [GFP|puik, and shown
as mean SD from three measurements. P values were obtained using the unpaired t-
test. A representative image for each condition was chosen and the same brightness and

contrast were used to show the relative intensities.
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Partitioning of EGFP-IDRs into Droplets of SNAP-hnRNPA 1y,

Fluorescently tagged 30 pM SNAP-hnRNPA1 (SNAP-Surface 649) with purification
tags removed was mixed with 100 nM GFP-IDR or GFP alone in the presence of TEV
protease (Promega ProTEV) to remove the N and C terminal purification tags from
GFP constructs. Samples were incubated for 30 minutes at room temperature to allow
for cleavage of purification tags prior to droplet assembly. Samples were diluted with
20 mM Tris pH 7.4 to indicated protein and salt concentrations. Of each reaction ,3
aliquots were plated into passivated glass-bottomed 96 well plates (3 % BSA, 15 minutes,
washed 3X with ddH20) (PerkinsElmer Glass-Bottomed ViewPlate). After 45 minutes
the other half of the reaction was centrifuged at 16,300 g for 3 minutes, and 3 aliquots
of the supernatant were transfered to the 96 well plate. Droplet and supernatant wells
were imaged with different instrument parameters due to the small dynamic range of the
Nikon AR1 LSM Confocal microscope used. Small FUS aggregates were excluded from

the droplet region. The reported relative enrichment is defined as Lgroplet / Lbuk.
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3 Intrinsically Disordered Regions Contribute
Promiscuous Interactions for RNP Granule

Assembly

3.1 Project Background

The work presented in this chapter stemmed from the observation that BSA tended to
disrupt IDR-driven droplet assembly. I made this observation while testing different
crowding agents in an attempt to make our droplets occur at buffer conditions mimicking
the cell. T proposed that IDRs did not seem sufficient to drive higher-order assemblies in
cells. Dr. Parker and I soon realized that other unpublished observations from other lab
members supported this hypothesis. Briana Van Treeck had observed that IDRs from
a variety of RNP granule components were insufficient to localize GFP or mCherry to
P-bodies in S. cerevisiae. Conversely, Bhalchandra Rao had observed that under condi-
tions where P-body assembly was already impaired, the IDR of Dhhl was required for
P-body assembly in S. cerevisiae. We therefore developed a model wherein the IDRs of
RNP granules contribute weak interactions that are not sufficient for granule assembly,
but can still contribute important binding energy for the formation of higher-order as-
semblies. We came to the difficult conclusion that the generic IDR-LLPS experiments
often used in the literature to suggest that a protein contributes to granule assembly
were likely not accurately representing the behavior of these proteins in cells. This is
especially clear when one considers the exterme effect that yeast lysates had on LLPS of
our model proteins. Therefore, we do not believe using the simple ability of a protein
to undergo LLPS as a single component in wvitro as evidence for contribution to RNP
granule assembly. This work is currently under re-submission at eLife.

To this work, which follows, I contributed significant intellectual input, proposing
the idea that IDRs are not sufficient for granule assembly and suggesting the inclusion

of Brianas work. I performed a variety of in wvitro and one in wvivo experiments that
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were not included in the final manuscript (Figures 27 and 28), as well as the in vitro
experiments that became Figures 18, 19, and 21. Yuan Lin provided data for Figure
22 using tools he developed for our previous collaboration, while I performed image
quantification on his data. Briana Van Treeck performed yeast experiments examining
the IDR contribution to granule localization (Figure 23). Bhalchandra Rao performed
p-body rescue experiments (Figure 24) in yeast for which I helped determine which
IDRs to use for rescue, as well as to construct plasmids. I also wrote Python scripts to

identify foci and quantify the data.

3.2 Introduction

Eukaryotic cells contain a variety of non-membrane bound RNA-protein assemblies,
collectively referred to as RNP granules. Such RNP granules include the nucleolus and
Cajal body in the nucleus, as well as stress granules and P-bodies in the cytosol (Spector,
2006). RNP granules are generally highly dynamic, as judged by FRAP of their protein
components, and exhibit liquid-like behaviors, such as flowing, fusing, and rapid reor-
ganization of internal components (C. P. Brangwynne, 2013; C. P. Brangwynne et al.,
2009). RNP granules are thought to assemble through a process referred to as liquid-
liquid phase separation (LLPS) wherein RNA molecules provide binding sites for RNA
binding proteins that interact with themselves or other RNA binding proteins to create
a larger multivalent assembly (Elbaum-Garfinkle et al., 2015; Feric et al., 2016; Kaiser,
Intine, & Dundr, 2008; Mitrea et al., 2016; Nott et al., 2015; Pak et al., 2016; Patel et al.,
2015; Riback et al., 2017; S. C. Weber & Brangwynne, 2012; H. Zhang et al., 2015). Some
of the interactions that drive RNP granule assembly are well defined interactions between
folded proteins, or folded protein domains and short linear motifs (SLiMs) (Decker et al.,
2007; Jonas & Izaurralde, 2013; Kedersha et al., 2016; S. H. M. Ling et al., 2008; Mitrea
et al., 2016; Tourriere, 2003). Since these interactions require folded protein structures
and/or extended linear motifs that interact in a stereospecific manner, we refer to these

interactions as specific interactions.

53



The IDRs of RNA binding proteins have been highlighted as drivers of RNP granule
assembly for three reasons. First, genetics indicate that IDRs can be important for
assembly of RNP granules or localization of granule components (Decker et al., 2007;
Feric et al., 2016; Gilks et al., 2004; Hennig et al., 2015; Kato et al., 2012). Second, RNP
granules are often enriched in proteins with IDRs (Decker et al., 2007; Jain et al., 2016;
Kato et al., 2012; Kedersha, Ivanov, & Anderson, 2013; Reijns et al., 2008). Finally, IDRs
are often (but not always) both necessary and/or sufficient for LLPS of granule proteins
in wvitro, forming structures that resemble RNP granules in vivo (Elbaum-Garfinkle et
al., 2015; Lin et al., 2015; Molliex et al., 2015; Nott et al., 2015; Patel et al., 2015; Smith
et al., 2016; H. Zhang et al., 2015).

An unresolved issue is how IDRs contribute to RNP granule assembly, and how IDR
based assembly mechanisms integrate with specific protein-protein and protein-RNA in-
teractions to promote RNP granule formation. The literature suggests three non-mutually
exclusive models by which IDRs could contribute to LLPS in vitro and RNP granule for-
mation in vivo. First, some experiments in vitro suggest that IDRs promote LLPS via
weak binding, utilizing electrostatic, cation-, dipole-dipole and - stacking interactions
(C. Brangwynne, Tompa, & Pappu, 2015; Lin et al., 2015; Nott et al., 2015; Pak et al.,
2016). Charge patterning also appears to play an important role, wherein like-charged
amino acids are clustered together within an IDR. Scrambling these charges across the
length of an IDR has been observed to impair LLPS both in vitro and in vivo (Nott et
al., 2015; Pak et al., 2016). Because these interactions only require a few amino acids,
and do not require any stereospecific arrangement, they would be anticipated to occur
between an IDR and many other proteins, including other IDRs. Indeed, charge pat-
terning specifically has been proposed to mediate interactions between IDRs and cellular
proteins (Pak et al., 2016). For this reason, we refer to the above types of IDR interac-
tions as nonspecific. These interactions will also be promiscuous, because they will be
relatively indiscriminate with respect to binding partners. A second possibility is that
elements within some IDRs interact in a specific manner involving local regions of sec-

ondary structure. For example, there is a correlation with how mutations in hnRNPA2
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affect binding of its C-terminal disordered domain to beta-strand rich hydrogels, and the
recruitment of those hnRNPA2 domain variants to LLPS of wild-type hnRNPA2 (Xiang
et al., 2015). Similarly, a locally formed a-helix in TDP-43 can mediate LLPS through
homotypic interactions (Conicella, Zerze, Mittal, & Fawzi, 2016). Finally, it is likely
that a subset of IDRs are also promiscuous RNA binding proteins since they can be rich
in positive charges, some IDRs can cross link to mRNA in vivo , and some IDRs can
bind RNA in vitro (Lin et al., 2015; Lyons, Ricciardi, Guo, Kambach, & Marzluff, 2014;
Mayeda, Munroe, Cceres, & Krainer, 1994; Molliex et al., 2015).

Given the promiscuous nature of IDR interactions, we hypothesized that such IDR
based interactions alone would be susceptible to other highly abundant proteins in cells,
and therefore insufficient to drive LLPS and the assembly of an RNP granule in wvivo.
In the context of the protein-rich cellular environment other proteins would compete for
binding to the IDRs and thereby prevent their forming a defined assembly. Moreover,
even the ability of some IDRs to form specific local structure based interactions might
be impaired by competition with other proteins in the cell. Instead, to account for
the contributions from both IDRs and specific interactions to RNP granule assembly,
we hypothesized that IDRs would reinforce assemblies that contained specific assembly
interactions. Effectively, specific interactions would concentrate the IDRs and strengthen
their interactions through additive binding energies (Jencks, 1981), either biasing their
promiscuous interactions toward components of the assembly, or promoting the formation
of specific interactions between the IDRs. In this way, IDR-based interactions could
contribute to the energetics of assembly.

Here we provide several observations that RNP granule assembly gains selectivity
from specific protein-protein and protein-RNA interactions, and that promiscuous binding
of IDRs to proteins and possibly RNA enhances these assemblies. First, we observe
that LLPS driven by IDRs in witro is inhibited by other proteins. Second, in cells we
observe that IDRs of granule components are often neither required nor sufficient to
target proteins to RNP granules. Third, we demonstrate that in wvitro LLPS driven

by specific protein-RNA interactions is enhanced by adding promiscuously interacting
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IDRs, and the assembly of yeast P-bodies in cells is promoted by nonspecific IDRs in
conjunction with specific interactions. Thus, RNP granules assemble primarily by specific
interactions, which can be enhanced by IDRs capable of either promiscuous, or weak
specific interactions based on small structural elements that become effective at high
local concentrations. We suggest that this general assembly mechanism may be shared

by other macromolecular complexes rich in IDRs.

3.3 Results

3.3.1 Several proteins inhibit LLPS driven by IDRs in vitro

We hypothesized that IDRs of RNA binding proteins might not be sufficient to drive
LLPS in the presence of other proteins similar to the intracellular environment, despite
the observation that such IDRs are capable of undergoing LLPS as purified proteins
(Elbaum-Garfinkle et al., 2015; Lin et al., 2015; Molliex et al., 2015; Nott et al., 2015;
Patel et al., 2015; Smith et al., 2016; H. Zhang et al., 2015). Our hypothesis was based on
the observations that LLPS driven by IDRs in wvitro are thought to occur by weak elec-
trostatic, dipolar interactions as well as interactions involving aromatic groups (reviewed
in (C. Brangwynne et al., 2015)). Since these interactions are nonspecific, they are likely
relatively promiscuous and could, in principle, occur between an IDR and other IDRs or
with many other proteins. Moreover, even IDRs that have homotypic interactions based
on local structural elements might be sensitive to other proteins and be most efficient at
forming such specific assemblies only when concentrated by specific interactions (Xiang
et al., 2015; Conicella et al., 2016). Thus, we asked whether IDR driven LLPS in vitro
would be inhibited in the presence of other polypeptides, which would be analogous to
the interior of the cell.

To test whether an IDR can promote LLPS in the presence of other proteins, we
induced LLPS of either full-length hnRNPA1 A pexs or only the hnRNPA1jpg region (amino
acids 186 to 300, Figure 18A) by dilution into lower salt (37 mM NaCl) (Lin et al., 2015)
in the presence of increasing amounts of bovine serum albumin (BSA). We used the

Ahexa-peptide variant of the full-length hnRNPAT1 protein as it is less prone to forming
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Figure 18: Competitor proteins disrupt IDR-Driven phase separations
(A) Domain structure of hnRNPA1, FUS, and eIF4GII
(B) Fluorescent and bright-field microscopy images of phase separated droplets formed at 37.5 mm
NaCl by SNAP-hnRNPA1Ahexa and SNAP-hnRNPA1IDR with the indicated concentrations of

BSA. Images are each independently scaled

(C) Quantification of structure size for hnRNPA1Ahexa from (B), significance calculated with Welch’s
t-test for unequal size and variance

(D) Quantification of the intensity of all structures between areas of 3pmand 4pmfor hnRNPA1Ahexa
from (B). These subsets of droplets have roughly equal distributions of size (inset)
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amyloid fibers during purification and analysis, and behaves similarly to the wild-type
protein with regards to LLPS (Lin et al., 2015; Molliex et al., 2015). The fluorescently
conjugatable SNAP tag was fused to both proteins to visualize droplets.

As the concentration of BSA increased, LLPS for both full-length SNAP-
hnRNPA1Apexa and the SNAP-hnRNPA1ljpr was inhibited (Figure 18B). At higher
BSA concentrations, we observed the formation of aggregated hnRNPA1apew and
hnRNPA1pr that contrast with the liquid droplets seen in the absence of BSA (Figure
18B). As BSA concentrations increase, droplet sizes decrease and no large droplets form
(Figure 18C). Interestingly, by looking at a subset of droplets of similar size across all
BSA concentrations, we noticed that as BSA concentrations increased the intensities of
hnRNPA1Apexa droplets decreased (Figure 18D). The distribution of areas was approx-
imately equal between samples (Figure 18D inset). The partition coefficient of LLPS
(the ratio of protein within the concentrated phase versus within the dilute phase) is a
measure of the equilibrium between the two states. Therefore, we interpret this decrease
in intensity to mean that BSA shifts the phase separation equilibrium such that it is
less favorable for hnRNPA1 Apexa to exist within the concentrated phase. At higher BSA
concentrations the equilibrium shifts such that hnRNPA1 Apexa 18 below the critical con-
centration for LLPS. Thus, BSA is an inhibitor of LLPS driven by hnRNPA1 or its IDR
alone under these conditions.

To determine if this inhibitory effect is unique to hnRNPA1 and BSA, we examined
how BSA, lysozyme, and RNase A affected LLPS driven by the IDRs of hnRNPA1, FUS,
or el[FAGII, all of which have been reported to undergo LLPS at low salt or low temper-
ature (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015). We observed that LLPS
of FUSpr (amino acids 1-237), elF4GIIjpr (amino acids 13-97), or the hnRNPA1ipr
(184-320) (Figure 18A) were also inhibited by the presence of BSA, lysozyme or RNase
A (Figure 19A).

To more closely mimic the cellular environment, we examined whether IDRs or IDR
containing proteins could undergo LLPS in the presence of yeast lysate, which had been

previously depleted of small metabolites and exchanged into droplet-forming buffer via
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Figure 19: Diverse globular proteins disrupt a variety of IDR-driven LLPS

(A) Fluorescent microscopy images of phase separated droplets formed at 37.5 mM NaCl by hn-
RNPAIIDR, SNAP-FUSIDR, and SNAP-eIF4GIIIDR in the absence or presence of 100 mg/ml

BSA, lysozyme, and RNase A.

(B) Fluorescent microscopy images of phase separated droplets formed at 37.5 mM NaCl by SNAP-
hnRNPA1Ahexa, hnRNPA1IDR, and SNAP-FUSIDR, in the absence or presence of approxi-

mately 10 mg/ml yeast lysate.
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desalting columns. We observed that LLPS of hnRNPA1Apexa, hnRNPA1pR, and FUS
IDR are all strongly impaired in yeast lysates, which contained approximately 10 mg/ml
protein (Figure 19B). Yeast lysates are our closest approximation of the cellular envi-
ronment, and we find that even lysates 1/10™ as concentrated as the cell (Milo, 2013)
strongly impair LLPS of IDRs. Thus, phase separation of multiple IDRs is sensitive to

competition from other molecules within the cell.

3.3.2 Competitor proteins inhibit LLPS in vitro by interacting with IDRs

What is the mechanism by which competitor proteins inhibit IDR-driven LLPS in vitro?
One possibility is that BSA, lysozyme, and RNase A share some specific property or
structural feature that inhibits LLPS of these IDRs. This is unlikely as BSA, lysozyme,
and RNase A are structurally unrelated, and vary in size (66.4, 14.3, and 13.7 kDa
respectively) and pl (5.3, 11.35, and 9.6, respectively). A second possibility is that any
crowding agent will inhibit LLPS under these conditions. However, we observe that
LLPS driven by hnRNPA11pg is stimulated by the crowding agents Ficoll and PEG, with
phase separation occurring at higher ionic strengths and lower protein concentrations
than without crowding agents (Figure 20) (see also Figure 6).

A third possibility is that these competitor proteins compete for promiscuous interac-
tions between IDRs and thereby disrupt LLPS. A prediction of this model is that at low
concentrations, insufficient to block LLPS, the competitor proteins would be recruited
into the phase separated droplets (due to interactions with the IDR). To test this possi-
bility, we examined the recruitment of fluorescent BSA or lysozyme into droplets formed
by IDRs. At low concentrations both proteins were recruited to IDR-driven droplets
without disrupting the assemblies. For example, at 500 nM concentration FITC-BSA was
strongly enriched in droplets of hnRNPA1Apexa (Figure 21A). FITC-Lysozyme was also
recruited (Figure 21A). Similarly, droplets of eIF4GIIjpg, hnRNPA1ipg, and FUSpR all
recruited both FITC-BSA and FITC-lysozyme (Figure 21B). This suggests that these
IDRs can interact with both BSA and lysozyme, consistent with the idea that competitor

proteins could compete with the weak interactions that mediate LLPS.
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Figure 20: Diverse effects of crowding agents and proteins on LLPS
(A) Fluorescence microscope images of structures formed by SNAP-hnRNPA1 at either 150 mM NaCl

or 37.5 mM NaCl in the absence or presence of 100 mg/ml Ficol 400, PEG 3350, or BSA. SNAP-
hnRNPA1 concentrations were either 15 pM or 5 pM.

The above evidence suggests that competitor proteins can interact with IDRs, both
because these proteins are recruited into phase-separated droplets and because they in-
hibit LLPS at higher concentrations. Since these proteins were chosen at random and
have diverse physical properties, and LLPS is also inhibited by metabolite-depleted cell
lysates, we suggest that IDRs by themselves are likely to be susceptible to such nonspe-
cific interactions in the more complex cellular environment. Therefore, in many cases,
promiscuous interactions of IDRs are unlikely to be sufficient for RNP granule assembly

in cells.
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Figure 21: Globular proteins are recruited to IDR-driven LLPS droplets

(A) Fluorescence microscopy images of phase separated droplets formed at 37.5 mM NaCl by 25 um
SNAP-hnRNPA1Apexa (red) and 500 nM FITC-labeled BSA (green) or FITC-labeled Lysozyme.

(B) Fluorescence microscopy images of phase separated droplets formed by SNAP-eIF4GIlipr (35

M), SNAP-hnRNPA1pr (5.25 um), or SNAP-FUSipr (5 uM) in the presence of either 10 nM
FITC-BSA or 100 nM FITC-Lysozyme.
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3.3.3 IDRs can enhance LLPS driven by specific interactions in the

presence of competitor proteins

The wn vitro results above suggest that IDR-IDR interactions are susceptible to compe-
tition by the complex protein mixture in the cell. However, IDRs are enriched in RNP
granule proteins (Decker et al., 2007; Jain et al., 2016; Kato et al., 2012; King et al., 2012;
Reijns et al., 2008), and IDRs can play a role in RNP granule assembly (e.g. (Decker et al.,
2007; Gilks et al., 2004; P. Wang et al., 2014)). In some cases, IDRs contain SLiMs that
are important for assembly of RNP granules (reviewed in (Jonas & Izaurralde, 2013)).
However, since there are cases wherein one IDR can functionally substitute for another
in RNP granule assembly (Decker et al., 2007; Gilks et al., 2004), a more generic role for
IDRs in RNP granule assembly is also likely.

We hypothesized that IDRs in proteins that also make specific interactions could
provide promiscuous, nonspecific interactions that stabilize an RNP granule by acting
together with the specific interactions. By concentrating the IDRs through specific in-
teractions, promiscuous IDR-based interactions are biased to other components of the
assembly. In this model, specific interactions and nonspecific interactions both donate
binding energy that promotes LLPS. This model makes two predictions that we first
tested in vitro.

First, the model predicts that LLPSs driven by specific interactions should be less
susceptible to the interference from other competitor proteins, and may even be enhanced,
given that high concentrations of such proteins can serve as crowding agents. Consistent
with this view, we have shown that the LLPS driven by the specific interaction of an RNA
binding protein, poly-pyrimidine tract binding protein (PTB), with RNA is promoted by
BSA (Lin et al., 2015), an observation reproduced here. For example, while SNAP-
tagged PTB and RNA showed limited assembly when mixed together at concentrations
of 20 um and 1.6 pMm, respectively, the addition of 100 mg/ml BSA induced robust phase
separation at these concentrations (Figure 22A). Consistent with this effect being due
to molecular crowding, the PTB-RNA LLPS is also stimulated by PEG or Ficoll, two

additional crowding agents (Figure 22A). Thus, the specific PTB-RNA interactions are
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not outcompeted by BSA, allowing the crowding effect of BSA to dominate.

A second prediction of the model is that while IDRs alone are not sufficient to drive
phase separation in the presence of competitor proteins, IDRs would contribute binding
energy to phase separation driven by specific interactions, decreasing the threshold con-
centration of assembly. To test this prediction, we examined how IDRs affect PTB-RNA
phase separation in the presence of competitor proteins. For example, 4 pm PTB and
0.32 nm RNA do not phase separate in 100 mg/ml BSA. However, we observed LLPS
with identical concentrations of RNA and PTB, when the PTB was fused to either the
FUS or Publ IDR (Figure 22B). PTB fused to either IDR showed an increase in both
the number and size of the assemblies visualized (Figure 22C). Therefore, weak interac-
tions of IDRs can enhance phase separation in the presence of competitor proteins, when
present in molecules that also contain specific interactions which are less susceptible to

competition from cellular macromolecules.

3.4 IDRs are often neither sufficient nor necessary in vivo to

target components to RNNP granules

An assembly mechanism for RNP granules driven by specific interactions aided by promis-
cuous interactions of IDRs has predictions for how components would be recruited to RNP
granules. Specifically, one would predict that generally IDRs would not be sufficient to
target a protein to an RNP granule, unless they contained a specific SLiM. Moreover,
IDRs would not be required for recruitment to a granule, although they could affect the
partition coefficient (the concentration of a component within versus outside of a granule).

To examine how IDRs of yeast proteins affect their targeting to P-bodies, we exam-
ined if IDRs within Lsm4, Dhhl, Pop2, and Ccrd (Figure 23A) were necessary and/or
sufficient for their recruitment into P-bodies. The IDRs of Lsm4, Dhh1, Pop2, and Ccr4
were fused separately to either GFP or mCherry. IDR-fusion proteins were expressed in
yeast co-expressing a chromosomally GFP-tagged P-body component or containing a sec-
ondary plasmid containing a mCherry tagged P-body component. P-bodies were induced

by glucose deprivation for 15 minutes, and the percentage of P-bodies containing the IDR
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Figure 22: IDRs enhance LLPS of PTB plus RNA in the presence of BSA

(A) Fluorescent microscopy images of phase separated droplets formed by SNAP-PTB and RNA in
the presence or absence of 100 mg/ml BSA, Ficoll, or PEG.

(B) Fluorescent microscopy images of 4 pM SNAP-PTB, SNAP-PTB-FUSipr, or SNAP-PTB-
Publipr plus 0.32 pM RNA assemblies in the presence or absence of 100 mg/ml BSA.

(C) Quantification of assembly area for (B), with arbitrary units. Significance calculated with Welch’s
t-test for unequal size and variance.
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(A)
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(©)

Domain structures of the yeast proteins Dhhl, Lsm4, Ccrd and Pop2

Dhh1-GFP variant fusions were expressed in Edc3-mCherry expressing yeast. After 10 minutes
of glucose deprivation to induce P-bodies, cells were visualized by fluorescence microscopy. Rep-
resentative images are presented.

Quantification of the percentage of P-bodies that exhibited colocalization with the expressed
fusion protein. GFP was fused to the N-terminus of Dhhl, Ccr4, and Pop2 variants. These
variants were cotransformed with Edc3-mCherry. mCherry was fused to the C-terminus of the
Lsm4 variants, which were expressed in cells encoding genomically-tagged Dcp2-GFP. Dhhlapr
1-427, Dhhl IDR 427-506; Ccrdampr 148-837, Ccerd IDR 1-229; Pop2a1pr 147-433, Pop2 IDR
1-156; Lsm4apr 1-90, Lsm4 IDR 91-187. (>100 foci counted per condition)
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fusion protein was counted. For example, clear enrichment in P-bodies was detectable for
full length Lsm4 (Figure 23B). However, the Lsm4 IDR was not sufficient for P-body
localization (Figure 23B). Similarly, the IDRs of Dhhl, Pop2, and Ccr4, were insuffi-
cient for recruitment to P-bodies (Figure 23C). We then removed these IDRs from their
full-length proteins, and found that deletion of the IDRs in Lsm4, Dhh1, Ccr4 had little
to no effect on their recruitment to P-bodies (Figure 23B,C). However, for the already
poorly localized Pop2, deletion of the IDR did have a noticeable impact on localization
(Figure 23C). Thus, the IDRs of Lsm4, Dhh1, Ccr4, and Pop2 are not sufficient their
recruitment into P-bodies, but may contribute in cases where recruitment is already poor

such as Pop2.

3.5 IDRs can enhance LLPS driven by specific interactions in

cells

The observations above suggest cellular assemblies such as RNP granules may form with
assembly primarily driven by a set of specific interactions, with the prevalence of IDR
regions in such assemblies contributing either a second set of promiscuous nonspecific
interactions that would enhance assembly, or having specific interactions with themselves
that require high local concentrations to form. Reported observations suggest, however,
that some IDRs noticeably contribute to RNP granule assembly in genetic backgrounds
that limit assembly. One example of this phenomenon is the previous observation that
the C-terminal IDR of Lsm4 is not required for P-body assembly normally, but plays a
role in a strain lacking the P-body scaffold protein Edc3 (Decker et al., 2007).

To determine if this may be a more general phenomenon, we examined how the C-
terminal IDR of the yeast Dhh1 protein promotes P-body formation. In edc3A Ism4AC
yeast strains, which lack visible P bodies, P-body formation can be partially rescued by
the addition of a single copy plasmid providing an extra copy of the Dhh1 gene, which
through specific interactions with RNA and Patl enhances P-body assembly (Rao et al.,
2017, submitted). Overexpression of Dhhl in an edc3A Ism4AC background creates a

cellular context where P-bodies are just above the threshold for assembly. Dhhl also
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has a C-terminal P/Q rich IDR (Figure 22). To determine whether this C-terminal
IDR contributes to P-body assembly, we compared the ability of full length Dhh1 and a
Dhh1AIDR truncation (1-427), which lacks the C-terminal IDR (residues 428 to 506), to
rescue P-body formation in an edc3A lsm4AC strain.

We found that wild-type Dhh1 rescues P-body formation in the edc3A lsm4AC strain,
yet the Dhh1AIDR variant fails to do so (Figure 24A,B), despite being expressed at
levels similar to the full-length protein (Figure 25A). This demonstrates that the C-
terminal IDR of Dhh1, while not required for P-body formation normally, can contribute
additional interactions that enhance the formation of P-bodies when granule assembly is
partially impaired.

In principle, the Dhh1-IDR could provide a specific interaction, perhaps containing
a SLiM, or a promiscuous interaction as we observed for several IDRs in vitro. If the
Dhh1-IDR makes a specific interaction, then it should not be functionally replaceable
by other IDRs capable of promiscuous interactions. Alternatively, if this IDR simply
provides additional promiscuous interactions then any IDR capable of such interactions
should functionally replace the Dhh1-IDR in promoting P-body assembly. To distinguish
between these possibilities, we determined whether the IDRs of human Lsm4, a P-body
component, as well as the IDRs of two human stress granule components, hnRNPAT,
and the N-terminal domain of FUS, could replace the function of the Dhh1 IDR. We also
tested the disordered regions of two Late-Embryogenesis Abundant (LEA) - like proteins,
which are proposed to provide desiccation protection by interacting promiscuously with
proteins in the cell, potentially in lieu of water (Hand, Menze, Toner, Boswell, & Moore,
2011). We utilized the IDRs of human proteins because these are very unlikely to contain
specific binding partners in yeast.

All three granule-component IDRs complemented the P-body assembly defect seen in
the Dhh1-AIDR construct (Figure 24B). Additionally, 2 LEA-like protein (LEA Group
3 — like from the brine shrimp Artemia franciscana, “LEA-G3,” and LEA Group2 — like
from the nematode Steinernema carpocapsae, “LEA-SC”) IDRs also rescued the assembly

defect (Figure 24C). Addition of these IDRs does not cause appreciable assembly of large
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Figure 24: Specific interactions can synergize with promiscuous nonspecific
interactions to drive assembly

(A) Fluorescent microscopy images of cells expressing Dhh1-GFP, either genomically or as a plasmid-

expressed Dhh1-GFP variant. Cells were deprived of glucose for 10 minutes to induced P-body
assembly.

(B) Quantification of (A), depicting the percentage of cells containing at least one P-body. (Student’s
t-test, 3 biological replicates)

(C) Fluorescent microscopy images of cells expressing Dhhl LEA variants or wild-type Dhhl. Cells
were deprived of glucose for 10 minutes to induced P-body assembly, and visualized by genomically

GFP-tagged Dcp2.

(D) Quantification of (C), depicting the percentage of cells containing at least one P-body. (Student’s
t-test, 3 biological replicates, * p < 0.05)
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Figure 25: Dhhl IDR fusions do not form large assemblies in the absence of
stress

(A) Western blot of Dhhl variant expression
(B) Fluorescent microscopy images of cells expressing Dhh1-GFP, either genomically or as a plasmid-

expressed Dhh1-GFP variant. Cells were growing under log phase growth conditions just prior to
imaging.
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structures without glucose deprivation (Figure 25B), demonstrating these assemblies are
indeed P-bodies and not a different constitutive aggregate. These results argue that the
Dhh1 IDR does not provide a specific interaction necessary for P-body assembly, as it
can be replaced with a variety of other human IDRs. This result also demonstrates that
multiple different IDRs can complement the Dhh1AIDR, consistent with promiscuous,
nonspecific interactions of the IDRs contributing to RNP granule assembly in conjunction

with specific interactions.

3.6 Discussion

RNP granules are cytoplasmic assemblies composed of specific groups of cellular proteins
and RNA molecules (Jain et al., 2016) (Khong et al., 2017 in submission). In princi-
ple, a specific assembly could be assembled in three manners: a) solely a set of specific
interactions with well defined, and limited binding partners; b) through a summation
of promiscuous interactions, where the sum of this network of interactions for a given
molecule would bias its assembly characteristics, or ¢) through a combination of specific
and promiscuous interactions. This third potential mechanism is supported by genetic
analyses of the interactions that drive RNP granule assembly as well as our own findings.
Specific interactions can clearly be important for assembly. For example, Edc3 dimer-
ization via its YjeF-N domain is important for P-body assembly in yeast (Decker et al.,
2007). G3BP dimerization, as well as interactions with caprin, are important for mam-
malian stress granule assembly (Tourriere, 2003; Kedersha et al., 2016). Some specific
interactions can involve SLiMs found in IDRs that specifically interact with well-folded
domains of other RNA binding proteins (reviewed in (Jonas & Izaurralde, 2013)). One
example of this phenomena is the disruption of Edc3 localization to P-bodies in yeast
caused by deletion of or interference with specific SLiMs in Dcp2’s C-terminal IDR, which
interact with a surface of Edc3 (Fromm et al., 2012, 2014). Thus, specific interactions
between RNA binding proteins play important roles in formation of P bodies and recruit-
ment of molecules into them. However, we have also shown that promiscuous interactions

can play a role in assembly.
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A key contribution of this work is to provide evidence that at least some IDRs function
to promote RNP granule assembly both in cells, and in model biochemical systems,
through weak interactions that require being coupled to protein domains with specific
interactions. First, examination of the FUS, hnRNPA1, and elF4GII IDRs reveal that
they all interact nonspecifically with generic proteins, and those proteins and yeast lysates
disrupt their ability to undergo LLPS in isolation (Figure 18 & 19). However, when
tethered to the PTB RNA binding protein, which phase separates in the presence of
RNA, promiscuous IDRs can promote LLPS, even in the presence of competitor proteins
(Figure 22). Third, the C-terminal P/Q rich IDR of Dhhl promotes P-body assembly
in yeast, and this domain can be replaced by the IDRs of human Lsm4, hnRNPA1, or
FUS, or by specific LEA proteins from brine shrimp or nematodes (Figure 24). The
contribution of such IDRs to assembly is likely due to the ability of IDRs to promote
LLPS through a variety of weak promiscuous interactions including electrostatic, cation-
, dipole-dipole and - stacking interactions (C. Brangwynne et al., 2015; Nott et al.,
2015), which would be enhanced through effects analogous to avidity by coupled specific
interactions of adjacent domains (Jencks, 1981).

Additional evidence exists that LLPS can be driven by combined specific and non-
specific interactions. For example, even very high expression levels of hnRNPA1-Cry2
or DDX4-Cry2 fusion proteins do not phase separate in cells, unless the Cry2 protein
is first triggered to assemble through specific light activated interactions (See Figure
2B&C of (Shin et al., 2016)). This observation highlights how specific oligomerization
domains can act cooperatively with IDRs to promote LLPS in cells, and how some IDRs
may be insufficient to undergo LLPS without additional oligomerization elements. As
an example of the importance of non-specific interactions in promoting cellular LLPS,
the C-terminal IDR of yeast Lsm4 can enhance yeast P-body formation, but it can be
functionally replaced in this role by other IDRs (Decker et al., 2007). Moreover, polyQ
rich tracts, which are disordered IDRs capable of diverse interactions, are prevalent in P-
body components and RNA binding proteins (Decker et al., 2007; Reijns et al., 2008), and

can function in RNP granule assembly in A. gossypii (C. Lee, Occhipinti, & Gladfelter,
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2015). Taken together, we suggest that many IDRs on RNA binding proteins provide
an additional layer of nonspecific interactions, and those interactions can contribute to
granule formation when they synergize with more specific interactions to stabilize the
macroscopic structure.

An important point is that, even when insufficient in themselves to promote LLPS,
promiscuous IDRs can decrease the critical concentration for phase separation driven
by more specific interactions. We demonstrate this phenomenon for phase separation of
PTB and RNA in vitro (Figure 22), and for P-body assembly in vivo (Figure 24).
This highlights that in a phase diagram describing an assembly based on specific and
promiscuous interactions, the addition of promiscuous interactions can shift the system
from an unassembled state to an assembled state (Figure 26A,B).

Not all IDRs will influence RNP granule formation in the same molecular manner.
Some IDRs will provide specific interactions through SLiMs (Jonas & Izaurralde, 2013).
Some IDRs may also afford interaction specificity through formation of local structure,
including amyloid-like cross-beta interactions, that could be important in biological con-
texts where RNP granules need to be long-lived or mechanically stable (Boke & Mitchi-
son, 2017; Kato et al., 2012) or a-helices (Conicella et al., 2016), both of which should
show some sequence specificity. Charge patterning can also afford sequence specificity,
although likely to a lower degree (Nott et al., 2015; Pak et al., 2016). Finally, as suggested
here, some IDRs will provide promiscuous interactions that can enhance RNP granule
assembly. Therefore, interactions undergone by any individual IDR that can contribute
to intracellular LLPS likely lay on a scale from low affinity and highly promiscuous, to
moderate affinity and selective.

A priori, there are three general classes of promiscuous interactions that IDRs could
contribute to granule assembly. First, IDRs could interact with themselves or with other
IDRs through weak interactions, which is suggested by observations that both IDR-based
hydrogels and phase separated liquid droplets can recruit proteins with different IDRs
(Kato et al., 2012; Lin et al., 2015). Second, IDRs could have promiscuous interactions

with RNAs, which is suggested by observations that some IDRs cross-link to RNA in
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Figure 26: Model of RNP granule assembly and contributions of IDRs

(A) RNP granules assembly by a wide variety of specific and nonspecific interactions.

(B) A theoretical phase diagram depicting how the addition of nonspecific, IDR-~driven interactions
could decrease the critical concentration of assembly for higher-order structures.
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vivo (Castello et al., 2016) and some IDRs bind RNA in vitro (Lin et al., 2015; Molliex
et al., 2015). Finally, IDRs could make promiscuous interactions with other well-folded
domains of granule components. Note that promiscuous interactions of IDRs with well-
folded domains of proteins could provide an evolutionary starting point for the formation
of SLiMs, which are often found in IDRs. An important future goal will be in determining
how IDRs utilize each of these interaction types to contribution to granule formation.
Utilizing promiscuous nonspecific interactions of IDRs to modulate the assembly of
macro-scale complexes has unique advantages. First, since such nonspecific interactions
are not limited to defined components or stereospecific arrangements, they can interact
promiscuously with any number of individual components to enhance assembly. For
example, in RNP granules, a diversity of mRNPs with different RNA binding proteins can
be components of the granule. Promiscuous IDRs on RNA-binding proteins could interact
with any of these mRNPs to enhance granule assembly. Moreover, IDRs can be subject
to rapid evolution, and control by post-translational modifications, thus making them
ideal components to change granule assembly parameters under selective pressure and in
response to signaling pathways. Finally, we note that because higher-order assemblies
are large with respect to a single IDR, promiscuous interactions of IDRs will mostly
occur within the quinary space of the assembly, rather than with proteins outside of the
assembly. This makes large assemblies particularly well suited to enhancement by IDRs.
Macromolecular assembly and concomitant LLPS mediated by combinations of spe-
cific and promiscuous interactions is a general mechanism for forming dynamic, meso-scale
structures in eukaryotic cells. Eukaryotic cells contain many such assemblies including
RNP granules, signaling complexes, DNA damage repair foci, and transcription com-
plexes. It is notable that components of all of these assemblies are enriched in IDRs
(Banani et al., 2016; Hegde, Hazra, & Mitra, 2010; Jain et al., 2016; Hnisz, Shrinivas,
Young, Chakraborty, & Sharp, 2017; Iakoucheva, Brown, Lawson, Obradovi, & Dunker,
2002; Kai, 2016; Minezaki, Homma, Kinjo, & Nishikawa, 2006). Thus, we suggest that
higher order complexes will often be assembled by a combination of specific interac-

tions that drive assembly, reinforced by a network of promiscuous nonspecific IDR based
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interactions, which stabilize the complex because of their physical coupling to specific
assembly components. Such assemblies will be easily modified over time via evolution,
or in a dynamic sense by signaling pathways and post-translational modification. This
would occur without having to change the underlying specific assembly interactions, thus

allowing both rapid evolution of and immediate control over intracellular assemblies.

3.7 Materials and Methods

Protein Purification and Labeling

Proteins were expressed and purified as previously reported (Lin et al., 2015). Pro-
teins were expressed from the pMal-c2 vector (NEB), except for full length hnRNPA1 and
related mutants, which were cloned into a modified petlla vector (Novagen). Proteins
were expressed in F. coli BL21(DE3) and purified with Ni-NTA and/or amylose resin un-
der standard conditions. SNAP-PTB-IDRs were further purified through a Superdex200
column (GE Healthcare). Proteins were fluorescently-labeled with SNAP-Surface 488 or
SNAP-Surface 649 (NEB) according to the manufacturer’s protocols. Unincorporated dye
was removed using Zeba Spin Desalting Columns, 7K MWCO (Thermo Fisher). Proteins
were concentrated using Amicon Ultra 10K MWCO centrifugal filters (Milipore) and ag-
gregates removed by ultra-centrifugation at 4C for 30’ at 50K RPM in a Beckman-Coulter
TLA 100.2 rotor.

Fluorescence Microscopy

All yeast experiments and all images of SNAP-IDR and SNAP-hnRNPA1 were ac-
quired on a DeltaVision epi-fluorescence microscope, equipped with an SCMOS camera.
All images of SNAP-PTB-IDR were acquired on a Leica-based spinning disk confocal
microscope (EMCCD digital camera, ImagEM X2, Hamamatsu; confocal scanner unit,

CSU-X1, Yokogawa).

Droplet Assembly
For SNAP-IDRs and SNAP-hnRNPA1 (72% fluorescently labeled), droplet assembly

was initiated by diluting solutions to 37.5 mM NaCl, 20 mm Tris pH 7.4, 1 mmMm DTT. For
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SNAP-PTB-IDRs, proteins and RNA, (UCUCUAAAAA);, were mixed at the indicated
concentrations (including 100 nm SNAP-PTB-IDRs labeled with SNAP-Surface 649) in
100 mM NaCl, 20 mM imidazole pH 7.0, 1 mm DTT, 10% glycerol. N-terminal purification
tags of SNAP-hnRNPA1 were removed by HRV C3 protease (EMD Milipore) during
the dye conjugation step (Lin et al., 2015). N-terminal MBP and C-terminal His tags
of SNAP-IDRs and SNAP-PTB-IDRs were cleaved just prior to droplet assembly with
TEV protease (Promega ProTEV). Reactions were performed in glass-bottom chambers
passivated with 3% BSA. FITC-conjugated Lysozyme (Nanocs) and FITC-BSA (Thermo
Fisher Scientific) were mixed with SNAP fusion proteins prior to droplet assembly at
concentrations of 100 nM and 10 nM, respectively. BSA impairment at 100 mg/ml was

repeated >3 times.

Droplet Quantification

Images were analyzed in F1JI as follows. Images were imported, flattened with a max-
imal intensity projection when applicable (hnRNPA1Ahexa droplets), and then thresh-
olded using either the Default method (hnRNPA1 Ahexa droplets) or the Otsu method
(PTB droplets) (‘Threshold’). Binary images were eroded (‘Erode) once to remove sin-
gle pixels, then dialated (‘Dialate’) once to return droplets to their original size. This
was followed by watershedding (‘Watershed’) to separate proximal droplets. FIJIs ‘An-
alyze Particles” was used to generate ROIs, which were used to measure the maximal
intensity projection, generating area and mean intensity values for each assembly. Three

independent fields of view from each condition were used.

Microscopy and Quantification for P-body Colocalization

Cells were grown at 30C to ODggg of 0.3-0.5 in minimal media with 2% glucose as
a carbon source and with necessary amino acid dropout to maintain plasmids and ex-
press constructs (See Supplemental File “Strains Plasmids and Antibodies”). Cells were
stressed by glucose deprivation for 15 minutes before cells were concentrated for immedi-
ate microscopic examination at room temperature. All images underwent deconvolution

using DeltaVision’s algorithm.
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Images were quantified using FIJI. To optimize yeast colocalization accuracy, single
plane images were used and analysis were done in a blind manner. P-bodies were identified
using protein markers (either Dep2-GFP, Edc3-mCherry). Corresponding enrichment of
the construct within the P bodies was then assessed manually. Manual assessment was
required due to differential strengths of cytoplasmic signals between cells arising from

stochastic variation and/or potentially different copy numbers of plasmids between cells.

Growth and Microscopy of Dhh1l Variants

To test the effect of Dhh1-IDR chimera on P-body recovery in the edc3A lsm4AC
yeast (Strain yRP2338), yeast were transformed with vector only or vectors containing
GFP fusions of Dhh1 wt, Dhh1-1-427 and Dhh1-IDR chimera using standard yeast trans-
formation protocols. Two individual transformants were selected as biological replicates.
The replicates were grown overnight to saturation at 30 °C with shaking in SD-Ura media
(minimal media), containing 2% dextrose. The saturated cultures were re-inoculated into
fresh SD-Ura media and grown to OD = 0.4-0.5. The cells were pelleted and transferred
to S-Ura media lacking dextrose and shaken at 30 °C for 10 min prior to microscopic
analysis. For the unstressed conditions, the cells were pelleted without glucose starva-
tion.

Yeast were analyzed via fluorescence microscopy on the DeltaVision Elite microscope
with a 100 X objective using a PCO Edge sCMOS camera. 2 images comprising of 9
Z-sections were obtained for each replicate. Images were analyzed using Image J. Z-
projections derived from summation of the Z-sections with constant thresholding were
used to count the number of yeast cells with 1 GFP-positive granule, and the percentage

of cells with at least 1 granule was calculated.

Plasmid construction

The Dhh1-GFP gene fragment containing the Dhhl promoter was PCR amplified
using the genomic DNA from the Dhh1-GFP yeast strain (yeast GFP collection) and
BSR_DhhGFP416NF and BSR_DhhGFP416NR primers. The Adhl terminator frag-
ment was clone using the primers BSR_AdhlSacF and BSR_AdhlSacR. The Dhhl-
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GFP and Adhl terminator fragments were inserted sequentially into the Xhol and Sacl
digested pRS416 vector, respectively, via Infusion cloning (Takara). The poly P/Q
residues of Dhhl (428-506 were deleted from the Dhh1-GFP containing vector using
primers, Dhh11-427F and Dhh11-427R via the Phusion mutagenesis protocol (Thermo
Fisher). Lastly, the intron-less IDR sequence for HsLsm4 was synthesized using gBLOCK
technology from IDT technologies. The IDRs were PCR amplified using primers,
BSR_427FUSF and BSR_427FUSR, BSR_427A1F and BSR_427A1R, BSR_427HsLsm4F
and BSR_427HsLsm4R, for FUS, hnRNPA1 and HsLsm4, respectively and cloned into

the linearized Dhh1-1-427-GFP vector using Infusion cloning.
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4 Unpublished Observations

4.1 IDRs do not enhance LLPS of the SUMO-SIM system

Our observations above suggest LLPS assemblies in cells could form by a dual set of
interactions with assembly being driven by a set of specific interactions, and then the
prevalence of IDR regions in such assemblies contributing a second set of both homotypic
and heterotypic interactions. These IDR-based interactions could potentially enhance
the LLPS formation and give it unique properties . A prediction of this model is that the
addition of an IDR to proteins capable of LLPS may increase the partition coefficient of
the LLPS capable protein in droplets by increasing the binding energy that contributes
to the droplet state. To test this prediction we compared the LLPS parameters of an
EGFP-SUMO-SIM system in U20S cells, a well studied model of LLPS both in vitro
and in cells (Banani et al., 2016). Briefly, SUMO is a Ubiquitin-like protein that binds
a peptide sequence known as SIM (SUMO Interaction Motif). Linking 10 SUMO motifs
and 6 SIM peptides into a single polypeptide creates a protein that readily undergoes
LLPS. Further, a GFP tagged version of SUMO;,SIMg undergoes LLPS in mammalian
cells (Banani et al., 2016).

To test how IDRs could affect the LLPS behavior of the SUMO-SIM system we added
IDRs from several RNA binding proteins that can undergo LLPS in vitro. Fusion of the
yeast IDRs from Publ, Lsm4, and elF4GII to the N-terminus of SUMO;-SIMg led to
poor expression (Figure 27A). However, fusion of the hnRNPA1 IDR (including its
pathological D262V, and Ahexapeptide variants) did not impair expression and droplets
were readily formed in cells (Figure 27B).

A key observation is that addition of the hnRNPA1 IDR to SUMO;-SIMg did not
markedly change the concentration of the construct within droplets. The absolute fluo-
rescence of EGFP within droplets may be used as a proxy for concentration. Therefore,
we measured the intensity of droplets within cells. Droplets of diameter 2.8 microns to

6.4 microns were analyzed because all four constructs had statistically similar popula-
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Figure 27: Addition of IDRs to SUMO;,SIMg does not lead to large changes
in droplet assembly

(A) Western Blot showing decreased expression of Lsm4ipr, FUSipr, and elF4GIIipr tagged
SUMO19SIMg, and comprable expression of untagged, hnRNPAlpr, hnRNPA1AHexapr, and
hnRNPA1 D262VIDR

(B) Fluorescence microscopy images of GFP-SUMO;oSIMg variants, automatically scaled (above),
and with saturated scaling to highlight morphological differences.

(C) Box plots of the raw intensity values for droplets between 2.8 and 6.4 um, and fold-changes of
mean intensities for significantly different populations

tions of droplets within this range. While the addition of the hnRNPA1 IDR, (either WT,
Ahexapeptide, or D262V) does significantly change the intensity of droplets after 49 hrs

of expression (Figure 27C), the magnitude of change is very small (Figure 27C). We
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interpret these observations to mean that addition of an IDR to a protein that under-
goes LLPS does not necessarily lead to a dramatic increase in partitioning as might be
expected.

It is important to note that while the detector was not saturated by signal, the leak-
ing of light between pinholes that is especially evident in the hnRNPA1 WT, saturated
scaling panel shows that technical artifacts may be affecting the results seen here. In this
case, the incident light exposure and camera exposure were likely too high and too long
for optimal imaging. In the future, attempts should be made to image at parameters

where the microscope is working within optimal parameters.

Materials and Methods

U20S cells were seeded on glass coverslips and transfected using JetPrime transfection
reagent. 49 hours post-transfection cells were washed 3X with 37C PBS and fixed in 4%
PFA at 37C for 20 min. Coverslips were mounted using VectaShield Antifade with DAPI.
15 0.3um slices were taken on a spinning disk confocal microscope with a 60X NA 1.4
objective. Maximum intensity projections of these z-stacks were generated to collapse
the brightest section of each droplet into a single slice. ImageJs 3D object counter was

then used to segment and measure the area and max intensity of each droplet.

4.2 Many small molecules alter LLPS of hnRNPA1Ahexa and

IDR

Liquid-liquid phase separated droplets have interesting physical properties thanks to the
weak nature of the interactions that hold them together. This could make them espe-
cially sensitive to small molecules that can interact with domains that mediate droplet
formation. To see if LLPS of hnRNP Al is sensitive to a variety of small molecules we pre-
pared droplets of hnRNPA1Ahexa or hnRNPA1pgr (as described above), in the presence

or absence of a range of small molecules. 1,6 hexanediol is commonly used to delineate

82



A SNAP-hnRNP A1, Bright Field SNAP-hnRNP A1 Bright Field

a Ahexa

=
<
=
S
™)

No Additive

5% Hexanediol

10 uM
SNAP-hnRNP A1,

)
=)
5]
%
X
5}
I
R
o

B sNAP-hnRNPAT1,, Bright Field

No Additive

S
=1
@
g
X
9]
I
R
)

5% Hexanetriol

Figure 28: Diverse small molecules disrupt IDR-driven LLPS

(A) Solublizing effects of small molecules on hnRNPA1Ahexa

(B) Solubilizing effects of small molecules on hnRNPA1pg

liquid droplets from other assembles. Indeed, 1,6 hexanediol disrupts droplet assembly
of both hnRNPA1Ahexa and the IDR of hnRNPA1 (Figure 28A,B). However, we also
find that a number of other small molecules also impact droplets. Glycerol, ethanol,
and 1,2.3 hexanetriol all impair droplet assembly to various degrees. Most surprisingly,
we see that just bmM ATP completely prevents droplet assembly and the other small
aggregates observed in the presence of other small molecules. We interpret these results
to mean that a wide variety of compounds are effective at disrupting droplets by com-

peting with the protein-protein interactions that drive assembly. Ethanol, glycerol, and
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hexanetriol likely interact with charged side chains through their polar moieties, compet-
ing with electrostatic interactions that are generally favored by the low ionic strength of
the conditions used to drive assembly. ATP may also compete for electrostatics due to
its highly charged nature, as well as hydrophobic interactions with it’s planar 7 orbital
system. This hydrotropic effect of ATP has been observed for other LLPS systems, as

well as solid protein aggregation (Patel et al., 2017).
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5 Conclusions

Since RNP granules were discovered these unusual, non-membrane-bound organelles have
interested scientists for their unusual nature. Despite having no membrane and being
quite large, they contain specific components. They exchange many components with
the cytoplasm on fast time scales (half-life < 30s). Further, they appear to be conserved
from yeast to mammals. However, an as-yet unresolved question is: how do RNP granules
assemble?

Over the course of my studies I have explored how disordered regions of proteins might
contribute to this assembly. I have found that IDRs are often sufficient for higher-order
assembly through liquid-liquid phase separation (LLPS) in vitro. These assemblies change
over time, losing their highly dynamic nature. This field has grown quickly from when
I first started experimenting with proteins undergoing LLPS at the Woods Hole Marine
Biology Laboratory in 2014. Many papers delving into LLPS of IDRs and folded proteins
have been published, as the observation that these dynamic assemblies mature into static
or gel assemblies has been observed repeatedly. However, strong in vivo evidence showing
how IDRs contribute to granule assembly has been lacking.

Importantly, however, I have seen that the presence of other proteins or cell lysates has
a major deleterious impact on assembly of IDRs in wvitro. This suggests that, contrary to
the models often described in the literature at the time of this writing, IDRs are not the
primary drivers of granule assembly in cells. This observation is an important contribution
to the field of RNP granule study, and hopefully will push other researchers to be more
cautions in interpreting the fact that their particular protein of interest undergoes LLPS
m vitro.

In collaboration with other researchers in the Parker and Rosen labs we have observed
that often other interactions are important to granule assembly, such as specific protein-
protein interactions and protein-RNA interactions, as well as potentially promiscuous
RNA-RNA interactions (not discussed within this thesis). We have seen that IDRs can

help a system cross a barrier from the non-assembled state to the assembled state, even if
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they dont appear to be sufficient for higher order assembly in a cellular context. While the
exact mechanism by which this occurs is not known, we believe it is due to IDR-based
promiscuous interactions that synergize with more stereotypically understood protein-
protein and protein-RNA interactions.

Together, these observations point to an inclusive model of granule assembly, wherein
many different interactions (including IDR-based interactions) are important for granule
assembly, and it is the sum-total of these interaction strengths that determines whether
or not a granule assembles. These include traditional protein-protein and protein-RNA
interactions, relying on well-folded domains with relatively fixed three-dimensional struc-
ture. Also involved are promiscuous interactions between IDRs and other IDRs, as well as
IDRs and RNA. These interactions likely do not have fixed three-dimensional structures
or constraints, giving them unique properties. Additionally, amyloid-like interactions
may also play a role in granule assembly, as many IDRs seem to contain sequences that
undergo transitions from poorly-structured to super-stable cross-beta sheet fibrils.

It is my hope that the research contained within this thesis will convince other re-
searchers within the field to consider the impact of not just IDR-based interactions, but
other protein-protein and protein-RNA interactions when considering the mechanisms by

which RNP granules assemble.
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