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SUMMARY

Stress granules are membrane-less organelles composed of RNA-binding proteins (RBPs) and
RNA. Functional impairment of stress granules has been implicated in amyotrophic lateral
sclerosis, frontotemporal dementia and multisystem proteinopathy - diseases that are characterized
by fibrillar inclusions of RBPs. Genetic evidence suggests a link between persistent stress granules
and the accumulation of pathological inclusions. Here we demonstrate that the RBP hnRNPA1
undergoes liquid-liquid phase separation (LLPS) into protein-rich droplets mediated by a low
complexity sequence domain (LCD). While the LCD of hnRNPAL1 is sufficient to mediate LLPS,
the RNA recognition motifs contribute to LLPS in the presence of RNA, giving rise to several
mechanisms for regulating assembly. Importantly, while not required for LLPS, fibrillization is
enhanced in protein-rich droplets. We suggest that LCD-mediated LLPS contributes to the
assembly of stress granules and their liquid properties, and provides a mechanistic link between
persistent stress granules and fibrillar protein pathology in disease.
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INTRODUCTION

It has recently emerged that cells organize many biochemical processes in membrane-less
compartments that have liquid-like properties, exemplified by germ granules in C. elegans
and nucleoli in X. /aevis (Brangwynne et al., 2009; Brangwynne et al., 2011). It has been
proposed that membrane-less organelles arise through a process of liquid-liquid phase
separation (LLPS), which permits the requisite components of membrane-less organelles to
become rapidly and reversibly concentrated in discrete loci in cells (Hyman et al., 2014).
Although the molecular details underlying LLPS in cells are largely obscure, several recent
reports indicate that constituent proteins harboring intrinsically disordered, low complexity
sequence domains (LCDs) can mediate this process. For example, RNA helicase DDX4, a
LCD-containing constituent of germ granules, forms phase-separated organelles that exhibit
liquid properties /n vitroand in live cells (Nott et al., 2015). Related, LAF-1 undergoes
LLPS /in vitroand is required for P granule assembly in C. eflegans (Elbaum-Garfinkle et al.,
2015). Additional RNA/protein assemblies similarly are membrane-less organelles that
exhibit liquid properties and may assemble by LLPS, including stress granules, P bodies and
Cajal bodies (Hyman et al., 2014; Wippich et al., 2013).

Stress granules are membrane-less cytosolic bodies composed of MRNAs and proteins that
assemble when translation initiation is limiting, and are thought to represent a pool of
mRNPs stalled in the process of translation initiation (Anderson and Kedersha, 2009;
Buchan and Parker, 2009). A wealth of genetic evidence has emerged over the past 5 years
implicating stress granules as a subcellular compartment that is central to the pathogenesis
of a closely related set of degenerative diseases, including amyotrophic lateral sclerosis
(ALS), frontotemporal dementia (FTD) and inclusion body myopathy (IBM) (Li et al., 2013;
Ramaswami et al., 2013). These degenerative diseases are characterized pathologically by
cytoplasmic inclusions composed of fibrillar deposits of heterogeneous nuclear
ribonucleoproteins (hnRNPs) in affected cells (Kim et al., 2013; Ramaswami et al., 2013).
Conspicuously, inherited forms of ALS, FTD and myopathy are often caused by missense
mutations impacting hnRNPs, such as TDP-43, FUS, hnRNPA1, hnRNPA2B1, hnRNPDL
and TIA-1 (Kim et al., 2013; Klar et al., 2013; Kwiatkowski et al., 2009; Sreedharan et al.,
2008; Vieira et al., 2014). These hnRNPs are all components of stress granules and disease-
causing mutations in these proteins are associated with accumulation of persistent stress
granules (Bosco et al., 2010; Hackman et al., 2013; Kim et al., 2013). ALS, FTD and
myopathy are also caused by mutations in VCP/p97, which are associated with impaired
autophagic clearance of stress granules (Buchan et al., 2013). ALS-causing mutations in the
actin-binding protein Profilin 1 similarly impair stress granule dynamics (Figley et al.,
2014). Thus, a variety of genetic and cell biological insights have focused attention on
alteration in stress granule dynamics as a key defect in the pathogenesis of ALS, FTD and
myopathy, yet the mechanism that leads to accumulation of fibrillar hnRNP pathology
remains obscure.

hnRNPAL is a prototypical hnRNP consisting of two folded RNA recognition motifs
(RRMs) that occupy the N-terminal half of the protein and a low complexity sequence
domain (LCD) that occupies the C-terminal half. Missense mutations in the LCD of
hnRNPAL cause ALS and multisystem proteinopathy (MSP), a pleiotropic degenerative
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disorder affecting muscle and brain (Bosco et al., 2010; Hackman et al., 2013; Kim et al.,
2013). hnRNPAL1 and closely related hnRNPs exhibit intrinsic propensity to assemble into
amyloid-like fibrils containing cross-p-structure and this property has been proposed to
mediate stress granule assembly (Kato et al., 2012). However, stress granules are dynamic
assemblies; its components have residence times varying between seconds and minutes and,
indeed, the assembly and disassembly of entire granules are accomplished on this same time
scale (Buchan and Parker, 2009). These rapid dynamics argue in favor of a mechanism that
permits rapid assembly and disassembly, such as LLPS, and suggest that rather than
accounting for their assembly, fibrillization by hnRNPA1 and related hnRNPs may represent
specialized components that accrue within stress granules. Here we demonstrate that the
RBP hnRNPA1 undergoes LLPS mediated by the LCD to form protein-rich droplets. While
the LCD of hnRNPAL1 is sufficient to mediate phase separation, the folded RNA recognition
motifs contribute to phase separation in the presence of RNA, giving rise to several
mechanisms for regulating assembly. Importantly, while not required for phase separation,
fibrillization is enhanced in protein-rich droplets. These results suggest that LCD-mediated
LLPS contributes to the assembly of stress granules and their liquid properties, and reveals
the mechanistic link between persistent stress granules and fibrillar protein pathology in
disease.

hnRNPAL1 undergoes liquid-liquid phase separation

To gain insight into the role of individual RBPs with LCDs in the assembly of stress
granules, we expressed and purified hnRNPAL and TDP-43 as fusions with solubility-
enhancing His-SUMO tags (His-SUMO-hnRNPA1 and His-SUMO-TDP-43). Importantly,
this purification always included careful RNA digestion followed by ion exchange and gel
filtration chromatography to remove all nucleotides (Figure S1). The hnRNPA1 solution
exhibited temperature-dependent reversible turbidity (Figure 1A), which was revealed by
differential interference contrast microscopy to reflect the presence of numerous droplets
(Figure 1B). The His-SUMO-TDP-43 solution was also turbid due to the presence of a
multitude of small droplets (Figure 1C). The formation of hnRNPA1 droplets was inducible
by a decrease in temperature, was rapidly reversible, and required a minimum protein
concentration that was dependent on temperature (Movie S1). Droplets of hnRNPA1
exhibited wetting when they encountered the surface of the coverslip, suggesting liquid
properties (Figure 1D and Movie S2). To further probe the nature of the droplets, we
fluorescently labeled hnRNPAL by conjugation to Oregon Green, and observed that these
protein droplets tended to fuse rapidly into larger droplets within seconds, further reflecting
liquid properties (Figure 1E, Movie S3). Removal of the His-SUMO tag from hnRNPAL1 led
to the same observations, demonstrating that properties intrinsic to hnRNPA1 mediate the
ability for assembly into droplets (Figure S2). We assessed the mobility of hnRNPA1
molecules between the droplet and bulk phases by fluorescence recovery after
photobleaching (FRAP) measurements (Figure 1F). After photobleaching a single droplet,
the majority of its fluorescence signal (~80%) recovered with a characteristic recovery time
of 3.7 s (Table S1). These data demonstrated that hnRNPAL is highly dynamic, with rapid
exchange of molecules between the droplets and the surrounding solution. The appearance
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of this second liquid phase in a temperature- and protein concentration-dependent manner is
consistent with LLPS by hnRNPA1 as described by Flory-Huggins theory (Flory, 1942;
Huggins, 1942). hnRNPAL1 is also able to assemble into hydrogels composed of uniformly
polymerized amyloidlike fibers (Kato et al., 2012). We produced hydrogels from purified
His-SUMO-hnRNPA1 according to the protocol of (Kato et al., 2012); thus, purified
hnRNPA1 was dialyzed at 4 °C overnight, sonicated, concentrated and incubated for 48
hours at room temperature resulting in hydrogel formation. While hnRNPA1 hydrogels
exhibit dynamic properties (Kato et al., 2012), they did not show any detectable fluorescence
recovery after photobleaching in experiments lasting >15 minutes (Figure 1G and 1H),
demonstrating that hnRNPAZ1 is more rigidly incorporated into hydrogels than into liquid
droplets. These data are in agreement with the report that hnRNPA1 hydrogels are composed
of cross-p fibrils, which may represent a thermodynamically stabilized or kinetically trapped
state of the protein. While hnRNPAL1 droplets showed a wide size distribution and grew over
time by fusion events, TDP-43 droplets were similar in size with an upper limit of ~1 ym,
and often appeared in strings as if fusion events into larger droplets were initiated but did not
proceed (Movie S4). Their spherical nature suggested that they were also formed by LLPS,
but since the material properties of TDP-43 droplets appeared more complex than classic
liquid we focused on the underlying biophysical interactions of hnRNPA1 LLPS going
forward.

LLPS has been proposed as the molecular mechanism underlying formation of membrane-
less cellular bodies that exhibit liquid properties, such as P bodies and nucleoli (Brangwynne
et al., 2009; Elbaum-Garfinkle et al., 2015; Fromm et al., 2014; Li et al., 2012; Nott et al.,
2015). We observed that stress granules in cells exhibit liquid properties, regularly fusing
into larger structures (Figure 11; Movie S5). Moreover, hnRNPAL in stress granules is in
dynamic equilibrium with the surrounding cytosol, as illustrated by FRAP measurements
showing similar recovery times (4.2 s) to purified hnRNPAL in liquid droplets (Figure 1J).
These classic liquid properties suggest that stress granules represent a separate liquid phase
that is formed via LLPS.

The LCD of hnRNPA1 mediates liquid-liquid phase separation and is sufficient for
incorporation into stress granules

In order to map the domains responsible for LLPS of hnRNPA1, we engineered His-SUMO
fusion constructs containing either the folded N-terminal RNA recognition motifs (Al-
RRM) or the C-terminal low complexity sequence domain (A1-LCD) (Table S2), which is
predicted to be intrinsically disordered (Figure 2A; Figure S3). The A1-LCD alone had the
ability to form liquid droplets, whereas A1-RRM failed to undergo LLPS under comparable
conditions to full length hnRNPA1 (A1-FL) and all other conditions tested (Figure 2B).
hnRNPAL amino acid residues 259-264 correspond to a steric zipper motif centered in the
LCD and are essential to hnRNPA1’s intrinsic tendency to fibrillize (Kim et al., 2013).
Importantly, the corresponding deletion mutant (A1l-Ahexa), which does not fibrillize (Kim
et al., 2013), readily undergoes LLPS, demonstrating that LLPS and fibrillization are two
mechanistically distinct processes (Figure 2A and 2B). To test the role of LCD-mediated
LLPS in the formation of stress granules, we transiently expressed wild-type, GFP-tagged
LCD from hnRNPAL (GFP-LCD) or a version with deletion of aa259-264 constituting the
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steric zipper (GFP-LCD Ahexa) in HelLa cells (Figure 2C). Both of these proteins were
efficiently incorporated into stress granules, suggesting that stress granule assembly does not
require fibrillization and hence is distinct from hydrogel formation (Figure 2D and 2E).

Liquid-liquid phase separation by hnRNPAL is based on weak interactions

To gain further insight into the intermolecular interactions underlying LLPS by hnRNPA1,
we measured the temperature at which droplets first formed as a function of protein
concentration and molecular crowding, allowing the construction of a phase diagram (Figure
3A). Whereas LLPS by hnRNPAL occurs spontaneously in a temperature- and protein
concentration-dependent manner in the absence of a crowding agent (Figure S4A), we
mapped the phase diagram in the presence of Ficoll, a typical crowding agent, to mimic the
crowded cellular environment, which is thought to contain ~200 mg/ml of macromolecules
(Ellis, 2001). Ficoll was used for most experiments, but polyethylene glycol (PEG) was also
able to promote hnRNPA1 LLPS (Figure S4B). These data demonstrated that the propensity
for phase separation increased with increased molecular crowding, and the hnRNPA1
concentration necessary for phase separation drops substantially approaching conditions of
intracellular molecular crowding. From the shape of the phase diagram, we conclude that
hnRNPAL has an upper critical solution temperature (UCST), /.e. a critical temperature
exists, above which the two-phase regime cannot be accessed. A UCST phase diagram
indicates that LLPS is driven mostly by enthalpy, with favorable interactions between
protein molecules mediating assembly (Flory, 1942; Huggins, 1942). We also observed that
lowering the NaCl concentration led to LLPS at lower A1-FL concentrations, suggesting that
electrostatic interactions contributed to LLPS. Again, the hnRNPA1 concentration necessary
for phase separation dropped substantially approaching conditions of intracellular salt
concentration (Figure 3B). Interestingly, LLPS by A1-FL was disrupted by hexanediol, a
compound that disables the selectivity filter of the nuclear pore complex by disrupting the
interactions of phenylalanines in the FG repeats (Patel et al., 2007; Ribbeck and Gorlich,
2002), suggesting that aromatic residues in the LCD contribute to LLPS of hnRNPA1
(Figure 3C). These results indicate that multiple types of favorable molecular interactions
contribute to hnRNPA1 LLPS.

Increasing the cytoplasmic concentration of endogenous LCD-containing hnRNPs is
sufficient to drive stress granule assembly

To manipulate the cytoplasmic concentration of endogenous hnRNPAL and related hnRNPs
in cells we transiently expressed M9M peptide in HeLa cells. M9M peptide was designed to
have a significantly greater affinity for Karyopherin-B2 than natural PY-NLSs present in
hnRNPAL1 and several closely related RNA-binding proteins (Bernis et al., 2014; Cansizoglu
et al., 2007). As a result, MOM prevents Karyopherin-B2 from binding a select subset of PY-
NLS-containing endogenous clients and results in their accumulation in the cytoplasm
(Cansizoglu et al., 2007; Dormann et al., 2012). We observed that transient expression of
YFP-M9M in HelLa cells resulted in increased cytoplasmic concentration of hnRNPA1 and
related LCD-containing RNA-binding proteins (hnRNPA2 and FUS) resulting in an
increased assembly of stress granules compared to the cells transfected with YFP only
(Figure 3D-E, Figure S5A and S5B). Together with the /n vitro data, these observations
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suggest that concentration-dependent LLPS drives assembly of stress granules and requires a
threshold protein concentration.

RNA facilitates liquid-liquid phase separation by hnRNPA1 by binding to RRMs and LCD

Stress granules are enriched in RNA-binding proteins and translationally-stalled mRNAs
(Kedersha and Anderson, 2002). hnRNPAL contains two RNA recognition motifs (Figure
2A) that have been shown to bind RNA (Burd and Dreyfuss, 1994), thus we tested whether
the association with RNA plays a role in hnRNPAL phase separation properties. Based on
CLIP-seq, hnRNPAL has been shown to bind >1000 RNA species through a relatively short,
degenerate sequence motif (Huelga et al. Cell Rep. 2012). Thus, rather than engineer a
specific sequence we used a random oligonucleotide RNA sequence. Fluorescently-labeled
RNA (fl-RNA*4) was recruited into the protein-dense droplets formed by hnRNPAL1 (Figure
4A). Notably, the addition of RNA substantially decreased the hnRNPA1 concentration
required for phase separation to as low as 500 nM, well within the estimated intracellular
concentration of hnRNPA1 (Figure 4B and Supplemental Information). The increased
propensity for LLPS in the presence of RNA suggested the formation of larger hetero-
oligomers. Indeed, despite our previous results that A1-RRM alone was not able to undergo
LLPS under any conditions when tested in isolation, it readily phase separated in the
presence of RNA. The two RRM domains and multiple binding motifs for RRMs on the
RNA likely mediate weak multivalent interactions that lead to LLPS. Droplets formed by
AL-LCD also recruited RNA, indicating that the LCD of hnRNPA1 binds RNA, as shown
previously (Mayeda et al., 1994). Indeed, using fluorescence anisotropy, we confirmed that
Al-FL, A1-RRM and A1-LCD interacted with fl-RNA** with low micromolar affinity
(Figure 4D). In this experiment, we added increasing concentrations of the indicated proteins
to fl-RNA4. Protein binding to RNA slows the tumbling of this labeled species and this is
detected by an increase in fluorescence anisotropy and the inflection point on the curve
corresponds approximately to the dissociation constant of the interaction. Thus, RNA can
bind the RRM domains as well as the LCD in hnRNPAL and this multivalency likely results
in the formation of large higher-order complexes that promote LLPS of hnRNPA1 more
efficiently than via the LCD alone. Our findings suggest a mechanism by which multivalent
interactions between RNA and some RNA-binding proteins may contribute to the formation
of stress granules.

Disease-causing mutation to hnRNPA1 does not significantly alter liquid-liquid phase
separation properties

The disease-causing hnRNPAL mutant, D262V, was associated with increased stress granule
assembly as well as formation of hnRNPA1 fibrils, but the relationship of these observations
was unclear (Kim et al., 2013). To examine the impact of disease mutation on LLPS of
hnRNPAL, we expressed and purified His-SUMO-hnRNPA1-D262V (A1-D262V) and
determined that this mutant protein undergoes spontaneous temperature- and concentration
dependent LLPS to create liquid droplets that were morphologically indistinguishable from
liquid droplets formed by wild-type protein (Movie S6). Assessment of A1-D262V in liquid
droplets by FRAP showed a recovery time of similar duration (2.9 s) to that of wild-type
hnRNPAL illustrating that the mutation did not significantly impact dynamic exchange with
the surrounding solution — at least in the time frames examined (Figure 5A). We mapped the
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phase diagram of mutant hnRNPAL in the presence of molecular crowder (Ficoll at 100
mg/ml) and 300 mM NaCl and found no significant differences from that of wild-type
hnRNPAL (Figure 5B). Finally, we observed that wild-type and mutant hnRNPA1 were
miscible in droplets (Figure 5C). Together these results suggest that the disease-causing
mutation does not significantly impact the interactions that drive phase separation.

Liquid-liquid phase separation promotes fibrillization of the disease-causing mutant

While examining the LLPS properties of A1-D262V we noted that reversible droplet
assembly was accompanied by the accumulation of insoluble precipitate on the coverslip
surface (Figure 6A). After the temperature was raised and the droplets dispersed, the surface
of the coverslip was found to be blanketed with Thioflavin-T (ThT) positive fibrils (Figure
S6). This phenomenon occurred within minutes of droplet assembly by A1-D262V and was
not observed with wild-type hnRNPA1 or Al-Ahexa. We tested the fibrillization propensity
of the His-SUMO tagged proteins under agitation at 25 °C by ThT fluorescence and
observed substantially greater fibrillization of the mutant compared to wild-type, while
hnRNPA1-Ahexadid not fibrillize over a period of 24 hours (Figure 6B). Fibrillization by
A1-D262V under these conditions occurred on a time scale of hours, consistent with
previous results (Kim et al., 2013). To observe the effect of LLPS on fibrillization, we mixed
purified wild-type hnRNPA1 and mutant hnRNPAL under conditions that allowed LLPS and
noted that fibrils of mutant hnRNPA1 formed almost immediately in the floating condensed
liquid droplets (Figure 6C) and gradually deposited on the coverslip surface (Figure 6D).
Interestingly, we observed that mutant hnRNPAL1 fibrils eventually seeded the assembly of
wild-type hnRNPAL resulting in mixed fibrils on the coverslip surface (Figure 6D),
consistent with the previous observation that preformed fibrils of hnRNPAL can seed
assembly (Kim et al., 2013). To further illustrate the role of phase separation in driving
fibrillization, we investigated the temporal correlation of the onset of fibrillization with
LLPS. The protein was held in the one-phase regime (33 °C) or held in the two-phase
regime (16 °C) by decreasing the temperature at different time points (0 min and 20 min).
Mutant hnRNPAL1 always formed fibrils immediately upon LLPS at either early or late time
points, but never formed fibrils when the protein was maintained in the one-phase regime
over the same period of time (Figure 6E). Taken together our findings demonstrate that
LLPS increases the propensity of hnRPA1-D262V to form amyloid-like fibrils, likely by
increasing the local protein concentration in droplets and enhancing nucleation. The
presence of wild-type protein in droplets, or presumably other RBPs at risk for aggregation
in stress granules, such as TDP-43, leads to its co-recruitment into fibrils.

DISCUSSION

We showed that the RBPs hnRNPA1 and TDP-43, disease proteins that are typical
components of stress granules, are able to assemble into protein-rich droplets via LLPS
(Figure 1). The LCD of hnRNPA1 mediates LLPS /n vitro and is sufficient for recruitment
into stress granules in cells (Figure 2). LLPS of hnRNPAL is tunable by environmental
conditions; specifically, lower salt concentration, molecular crowding, and interaction with
RNA all reduce the protein concentration required for LLPS to a physiologically relevant
range (Figures 3 and 4). Forced increase in the cytoplasmic concentration of hnRNPA1 and
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closely related RBPs is sufficient to drive stress granule assembly, consistent with an LLPS-
mediated process (Figure 3). Fibrillization of hnRNPAL promoted by a potent steric zipper
in the LCD is dispensable for LLPS and for the recruitment of the LCD to stress granules
(Figure 2). Furthermore, protein molecules can exchange between the protein-poor and
protein—rich phases on a time scale of seconds, consistent with the dynamics observed in
stress granules in cells (Figure 1). By contrast, LCD-containing RBPs are more rigidly
incorporated into hydrogels composed of uniformly polymerized amyloid-like fibers ((Kato
etal., 2012) and Figure 1). Nevertheless, it is evident that a propensity toward fibrillization
is a conserved feature of LCD-containing RBPs, possibly due to the sequence features
giving rise to LLPS and specific interactions with other binding partners. The fibrillization
propensity may also be physiologically relevant to stress granule function as has been
previously suggested (Kato et al., 2012), perhaps representing a process of maturation after
assembly is initiated by LLPS. On the other hand, the propensity toward fibrillization within
the condensed liquid environment of stress granules also poses a risk, particularly when the
LCD contains a fibril-promoting mutation (such as the disease-causing D262V mutation in
hnRNPAL), which can lead to excess, pathological fibrillization as observed in ALS, FTD,
myopathy and MSP, and as predicted by Weber and Brangwynne (Weber and Brangwynne,
2012) (Figures 6 and 7).

LCD sequence properties promoting LLPS

Proteins harboring LCDs are abundant in RNA granules and other membrane-less organelles
(Anderson and Kedersha, 2006; Buchan and Parker, 2009; Voronina et al., 2011). Our
finding that the LCD of hnRNPA1 mediates LLPS is consistent with recent reports that
LCD-mediated LLPS of the DEAD-box helicases Ddx4 and Laf-1 play roles in the assembly
of P granules (Elbaum-Garfinkle et al., 2015; Nott et al., 2015). As with generic IDPs (Das
and Pappu, 2013; Das et al., 2015; Muller-Spath et al., 2010), amino acid composition and
sequence patterning likely determine interactions within and conformational properties of
LCDs and encode their ability to undergo phase separation. What might these features be?
We find that LLPS of hnRNPAL1 is enthalpy driven, and that aromatic and electrostatic
interactions are driving forces (Figure 3). Indeed, hnRNPAL is enriched in the aromatic
residues phenylalanine and tyrosine, and the positively charged residue arginine relative to
the overall eukaryotic proteome (Hormoz, 2013). Moreover, the LCD sequence of hnRNPA1
is patterned; phenylalanine and tyrosine residues are relatively evenly distributed with a
mean spacing of 6.2 + 2.3 residues (Figure S7). Positively charged residues, mainly
arginines, are also well distributed (Figure S7). They may thus represent reiterated
interaction motifs in the background of a polar polymer and enable multivalent interactions
that drive LLPS.

Multivalent RNA/RRM domains mediate assembly of large complexes

Stress granules are, of course, composed not only of RBPs, but also untranslated mMRNAs
(Buchan and Parker, 2009; Teixeira et al., 2005), posing the question what role RNA plays in
mediating LLPS of RBPs. Upon LLPS of a mixture of hnRNPA1 and RNA, we find that
RNA not only localizes to the dense protein phase but reduces the hnRNPA1 concentrations
required for LLPS. RNA likely engages hnRNPAL in a multivalent fashion via both the
RRM domains and the LCD, resulting in large, cross-linked complexes that undergo LLPS
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at reduced concentrations. This interpretation is supported by several findings: (1) the folded
RRM domains alone do not phase separate in the absence of RNA under any conditions
tested, (2) RNA promotes LLPS of the RRM domains, presumably by engaging the two
RRM domains in a multivalent fashion via several nucleotide motifs as was previously
shown for PTB/RNA interactions (Li et al., 2012) resulting in large, cross-linked complexes
and (3) the LCD also binds RNA. Thus, our results suggest that both protein-protein and
protein-RNA interactions work synergistically in the assembly of RNA granules.

Fibrillization of RBPs in stress granules — pathology or physiological function?

hnRNPAL is intrinsically prone to fibrillization - a propensity that is strongly enhanced by
mutations that cause ALS and MSP (Kim et al., 2013). While fibrillization is not required
for LLPS, and disease mutation does not significantly impact LLPS behavior on short time
scales (Figure 5), fibrillization of mutant hnRNPAL is enhanced in the two-phase regime
(Figure 6). We propose that the high local protein concentration in the condensed liquid
droplets increases the probability of rare nucleation events and of the rate constant for
adding monomers to a growing fibril, in agreement with typical nucleation-driven
fibrillization processes (Eisenberg and Jucker, 2012). Changes in the conformational
ensemble and dynamics of the LCD compared to the dispersed state may also play roles in
enhanced nucleation (Pappu et al., 2008). Nevertheless, the fact that wild type hnRNPAL is
prone to fibrillization on longer time scales, a behavior shared by a large number of related
RBPs (Zhu et al., 2012) suggests that this property could occur in the context of RNA
granules in cells and potentially contribute to physiological functions. For example, the
formation of short length-scale dynamic fibrils might assemble in the condensed liquid
phase during maturation of long-lived RNA granules and play functional roles or provide
mechanical stability.

Irrespective of a potential physiological role in normal stress granules, our findings provide a
model to explain the relationship between disease-associated genetic mutations that promote
stress granule formation or prolong their assembly (Figure 7), and the fibrillar pathology that
dominates end-stage disease. Thus we propose that the condensed liquid state of stress
granules resulting from LLPS of hnRNPAL and related RBPs, presents a very low
probability risk of assembling amyloid-like fibrils that under normal conditions can be
managed by granule disassembly and cellular proteostasis machinery. However, when stress
granules are composed of RBPs that contain LCD mutations that promote fibrillization (Kim
et al., 2013; Klar et al., 2013; Kwiatkowski et al., 2009; Sreedharan et al., 2008; Vieira et al.,
2014), or when stress granules persist due to disturbances in disassembly machinery
(Buchan et al., 2013; Figley et al., 2014), pathogenic fibrils can assemble and escape quality
control surveillance.

EXPERIMENTAL PROCEDURES

Protein expression and purification

Al-FL, A1-RRM, Al-LCD, A1-D262V and Al-Ahexa were expressed as His-SUMO-
tagged fusion proteins in BL21-Gold (DE3) cells (Agilent) in LB medium. Cells were lyzed
in 50 mM HEPES pH 7.5, 250 mM NaCl, 30 mM imidazole, 2 mM BME, 100 pg/ml RNAse

Cell. Author manuscript; available in PMC 2016 December 10.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1duosnuey Joyiny |NHH

Molliex et al.

Page 10

and Complete protease inhibitor cocktail (Roche) with a microfluidizer. The cleared lysate
was loaded onto a gravity NiNTA column, washed with lysis buffer and eluted in 50 mM
HEPES pH 7.5, 150 mM NaCl, 300 mM imidazole, 2 mM BME. The proteins were treated
with 0.2 mg/ml RNase A (Roche) for 5 minutes at 37 °C. The proteins were purified by ion
exchange chromatography with a HiTrap SP or Q column (GE Healthcare). The fractions
were analyzed by SDS-PAGE gel, pooled and concentrated. They were then subjected to
size exclusion chromatography on a Superdex 200 16/60 column (GE Healthcare)
equilibrated in sample buffer, 50 mM HEPES pH 7.5, 300 mM NaCl and 5 mM DTT. The
fractions were analyzed by SDS-PAGE gel, pooled, concentrated and stored at —80 °C.
Dynamic light scattering was used to ensure that the proteins were monomeric. The RNA
levels were analyzed by gel (Figure S1). hnRNPA1 WT was fluorescently labeled with
Oregon green 488, hnRNPA1 D262V with Rhodamine Red-X (for details see Supplemental
Experimental Procedures).

Formation of hnRNPA1 hydrogels

Purified A1-FL was dialyzed against a gelation buffer containing 50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1 mM TCEP, 0.1 mM EDTA and 1 mM benzamidine overnight at 4 °C. The
protein solution was sonicated 10 s at a 13% power level on a Misonix ultrasonic liquid
processor Model S4000. The protein solutions were concentrated to roughly 35 mg/ml. After
centrifugation, a 0.5 pl droplet of the supernatant was deposited onto a glass-bottomed
microscope dish (MatTek). The dish was sealed with parafilm and incubated for 2 days at
RT. The method was adapted from a previous report (Kato et al., 2012).

Cell culture and transfection

Hela and U20S G3BP-GFP cells were cultured in DMEM (Hyclone) supplemented with
10% FBS (Hyclone) and GlutaMax-1X (GIBCO). The U20S G3BP-GFP stable line was a
gift from Paul Anderson. Cells were transfected using FUGENES transfection reagent
(Roche), according to the manufacturer’s instructions.

FRAP methods and analysis

FRAP experiments were performed using a Marianas spinning disk confocal (SDC) imaging
system on a Zeiss Axio Observer inverted microscope platform. Time lapse images of the
sample were collected with 100 ms exposure time for 1 to 2 minutes at 5.6 frames per
second using a Zeiss Plan-Apochromat 63x 1.4 NA oil objective and Evolve 512 EMCCD
camera (Photometrics). Images were analyzed with SlideBook 6 software (3i). For FRAP
analysis, mean fluorescence intensities from three regions of interests (ROIs) of time lapse
images were computed. ROI-1 was the photobleached region/droplet, ROI-2 was drawn in
the area/droplet not connected to the photobleached droplet and was used to correct for
overall photobleaching due to imaging laser illumination. ROI-3 was defined as background
and its signal was subtracted from both ROI-1 and ROI-2 signals. Such background and
photobleaching corrected fluorescence intensity vs. time graphs were expressed in fractional
form normalized by the pre-photobleach intensity (Axelrod et al., 1976). See also Table S1.
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Immunofluorescence studies

Cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), permeabilized
with 0.5% Triton X-100 in PBS for 10 min, blocked with 5% goat serum in PBS for 45 min,
and incubated with primary antibody for 1.5 h at RT. Primary antibodies were visualized
with secondary antibodies conjugated with Alexa Fluor 488, Alexa Fluor 555 and Alexa
Fluor 647 (Molecular Probes, Invitrogen), and nuclei were detected using DAPI. Stained
cells were examined using a Zeiss LSM 780 NLO confocal microscope with Zeiss ZEN
software.

In vitro determination of phase diagram

Samples were prepared by mixing the determined amount of protein, buffer and Ficoll PM
400 (Sigma). Apparent cloud points were measured using a Linkam PE100 thermal stage
mounted on a Zeiss LSM 780 NLO microscope. Sealed sample chambers containing protein
solutions comprised coverslips sandwiching two layers of 3M 300 LSE high temperature
double sided tape (0.34 mm) and were taped on the PE100 silver heating/cooling block. The
variance in the solution conditions was monitored with temperature. For each given
hnRNPAL concentration, the sample was equilibrated at 33 °C (one-phase regime). The
temperature was then decreased at a rate of 2 °C/min until the initial appearance of droplets
at the apparent cloud point. Each set of cloud points (three independent replicates) was fitted
to the scaling relation for binary demixing from renormalization-group theory (Muschol and
Rosenberger, 1997; Sengers, 1980; Stanley, 1971):

Ce—Cp

T=Tc<1—-A
C{ ‘ Ce

1/8
},With a critical exponentf3=0.525

Fluorescence anisotropy

An N-terminally fluorescently labeled RNA fI-RNA% with sequence
GGGCCCCCGGGUACCGAGCUGCUAAUCAAAACAAAACAAAAGCU was purchased
from Sigma. For direct FA binding assays, increasing concentrations of A1-FL, A1-RRM
and A1-LCD were titrated into 40 nM fl-RNA%** in a buffer containing 50 mM HEPES pH
7.5, 300 mM NaCl, 0.01% Triton and 5 mM DTT, and the FA monitored with a CLARIOstar
plate reader (BMG Labtech) at 25 °C. We performed a standard fluorescence anisotropy
binding experiment, in which we added increasing concentrations of the indicated proteins
to fluorescein-labeled RNA. Protein binding to RNA slows the tumbling of this labeled
species and this is detected by an increase in fluorescence anisotropy. Analysis was
performed as described previously (Roehrl et al., 2004).

In vitro fibril formation assay with Thioflavin-T measurements

The experiment was performed as described previously (Kim et al., 2013). In brief, 200 uM
Al-WT, Al1-D262V and Al-Ahexa, respectively, were incubated at 25 °C under agitation for
24 h. Aliquots were removed at 0 and 24 h, added to a solution of 50 uM ThT and the
fluorescence intensity at a wavelength of 450-550 nm determined.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

hnRNPA1 undergoes spontaneous concentration-dependent liquid-
liquid phase separation

Liquid-liquid phase separation is mediated by a low complexity
sequence domain

Stress granules assemble in a RNA-binding protein concentration-
dependent manner

Pathological fibrillization of hnRNPAL1 is driven by liquid-liquid phase
separation

Cell. Author manuscript; available in PMC 2016 December 10.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1dudsnueiy Joyiny IINHH

Molliex et al. Page 16

A

BSA

hnRNPA1

T Ta" B

25°C 4°C 4°C

o

10 20 30 40 50 60 70
Time (s)

41s 120 s H

O‘ 10 20 30 40 50 60
Time (s)

Fractional recovery  Fractional recovery Fractional recovery

0 10 20 30 40 50 60
Time (s)

Figure 1. hnRNPAL spontaneously and reversibly assembles into liquid droplets
(A) Test tubes containing 500 uM BSA or 500 pM His-SUMO-hnRNPA1, respectively, were

alternated between 4 °C and 25 °C.

(B) Transparent BSA or turbid hnRNPAL solution observed by differential interference
contrast (DIC) microscopy at 10 °C.

(C) TDP-43 droplets observed by DIC at 25 °C.

(D) 300 puM hnRNPA1 in 100 mM NaCl exhibited wetting at the surface of the coverslip.
Images were extracted from Movie S2.

(E) Fluorescence micrographs of hnRNPAL (spiked with Oregon green-labeled hnRNPA1 at
a molar ratio of 300:1) in 150 mM NaCl buffer at 10 °C reveal that the protein is enriched in
the droplets; the droplets fuse over time. The main image and the panel on the right were
extracted from Movie S3.

(F) FRAP of fluorescently labeled/unlabeled hnRNPAL at a molar ratio of 1:300. The black
curve is an average of FRAP events from 9 distinct droplets; the error bars represent the
standard error. The red curve corresponds to a double exponential fit of the data. The two
characteristic recovery times are 3.72 s and 31.6 s. See also Table S1.

(G) An area of hydrogel (white arrow) was photobleached over the course of 60 seconds. A
decrease of the fluorescence intensity was observed, but no recovery. The yellow arrow
points a piece of hydrogel photbleached 15 minutes before.

(H) FRAP of hydrogels. The black curve is an average of FRAP events from 3 different
hydrogel pieces; the error bars represent the standard error.

(1) Live imaging of U20S cells expressing G3BP-GFP. The cells were stressed for 1 h with
0.5 mM arsenite and stress granules formation was observed. Stress granules fused over
time. The main image and the panel on the right were extracted from Movie S5.

(J) FRAP of hnRNPAL in stress granules. The black curve is an average of FRAP events
from 12 distinct stress granules from 12 distinct cells; the error bars represent the standard
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error. The red curve corresponds to a single exponential fit of the data. The characteristic
recovery time is 4.21 s. See also Table S1.
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Figure 2. Liquid-liquid phase separation by hnRNPAL is mediated by the C-terminal low
complexity sequence domain and is distinct from fibrillization

(A) Schematic of the structure of hnRNPAL full-length (A1-FL), of the N-terminus
comprising the two folded RNA recognition motifs (A1-RRM), of the low complexity
domain sequence (A1-LCD), and of the mutant with a deletion of residues 259-264 (Kim et
al., 2013) (Al-Ahexa).

(B) DIC images of A1-FL, A1-RRM, A1-LCD and Al-Ahexa at 140 uM protein, 150 mg/ml
Ficoll in 50 mM HEPES, 300 mM NaCl and 5 mM DTT.

(C) Schematic of the constructs transiently expressed in HeLa cells.

(D) Representative confocal microscopy images of Hela cells transfected with constructs
presented in (C), treated with 0.5 mM sodium arsenite for 15 min, and immunostained with
anti-elF4G (red) and DAPI (blue).

(E) Quantification for data in (D). The percentage of transfected cells displaying GFP signal
in SGs ((number of cells with GFP-positive SGs/number of GFP expressing cells) X 100)
was plotted as mean  s.e.m., n = 100 cells, ** p < 0.005, *** p < 0.001 by One Way
ANOVA, Tukey’s Post Hoc test.
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Figure 3. Molecular crowding, electrostatic and hydrophobic interactions and increased
cytoplasmic concentration of hnRNPs contribute to liquid-liquid phase separation of hnRNPA1

(A) Phase diagrams of hnRNPAL in 50 mM HEPES, 300 mM NaCl, 5 mM DTT. The
apparent cloud point, i.e. the temperature at which droplets were first observed, was
determined as a function of protein concentration and molecular crowding. Each point
represents the mean of a triplicate + SD. The solid curve represents a fit to a relation for
binary demixing that describes the shape of the coexistence curve (Muschol and
Rosenberger, 1997; Sengers, 1980; Stanley, 1971).

(B) Protein/NaCl concentration pairs scoring positive (green circles) or negative (red
diamonds) for the appearance of droplets. The experiment was performed in 100 mg/ml
Ficoll at 10 °C.

(C) DIC images of 100 uM hnRNPA1 and 150 mg/ml Ficoll at 10 °C; the solution returns to
the one-phase regime upon the addition of 5% 1,6-hexanediol.
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(D) Confocal microscopy images of HeLa cells transfected with YFP or YFP-M9M and
immunostained with anti-hnRNPAL (red) and anti-elF4G (purple). The insets show
hnRNPAL. See also Figure S5.

(E) Quantification for data in (D). The percentage of transfected cells displaying SGs was
plotted as mean + s.e.m., n = 100 cells, ** p < 0.005 by One Way ANOVA, Tukey’s Post
Hoc test.
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Figure 4. RNA facilitates liquid-liquid phase separation of hnRNPA1 by binding to RRMs and
LCD

(A) Fluorescence images of 120 uM hnRNPA1 (DIC) mixed with 1.2 uM fluorescein-
labeled RNA at 10 °C. The samples of purified hnRNPA1 were RNA-free (Figure S1).

(B) Phase diagram of hnRNPAL1 as a function of protein concentration and RNA
concentration. Red and green symbols indicate that the sample was in the one-phase or the
two-phase regime, respectively. The experiment was performed in 50 mM HEPES, 150 mM
NaCl, 5 mM DTT and 150 mg/ml Ficoll at 10 °C.

(C) Fluorescence images of 100 uM fluorescein-labeled RNA mixed with 100 uM A1-RRM
or A1-LCD at 10 °C.

(D) Al-FL, A1-RRM and A1-LCD binding to RNA was monitored by changes in
fluorescence anisotropy of 5’-fluorescein-labeled RNA (fl-RNA?%4). Symbols represent
experimental data points, solid lines are non-linear least squares fits to a direct binding
model (Roehrl et al., 2004). Importantly, LLPS did not occur under these conditions; the
increase in fluorescence anisotropy is therefore caused by direct binding, not partitioning of
RNA into droplets.
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Figljéjre 5. Disease-causing mutant has liquid-liquid phase separation properties similar to the
wild-type

(A) F)Flar,)AP of fluorescently labeled/unlabeled A1 D262V at a molar ratio of 1:300. The black
curve is an average of FRAP events from 9 distinct droplets; the error bars represent the
standard error. The red curve corresponds to a double exponential fit of the data. The two
characteristic recovery times 2.86 s and 23.2 s. See also Table S1.

(B) Phase diagrams of wild-type hnRNPAL and hnRNPA1-D262V. The apparent cloud
point, i.e. the temperature at which droplets were first observed, was determined as a
function of protein concentration. Each point represents the mean of a triplicate £ SD. The
solid curve represents a fit to a relation for binary demixing from renormalization-group
theory. WT data is replotted from Figure 3A.

(C) Fluorescence images of Oregon green-labeled/unlabeled wild-type hnRNPA1 mixed
with Rhodamin-Texas red labeled/unlabeled A1-D262V (both at molar ratios of 1:300) at
10 °C.
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Figure 6. Phase separation promotes fibrillization of hnRNPA1 D262V
All experiments were performed in 50 mM HEPES, 300 mM NaCl, 5 mM DTT and 100

mg/ml Ficoll.

(A) A1-D262V fibrils accumulation on the surface of the coverslip was monitored by
cycling the temperature between 10 °C and 25 °C. Each cycle corresponded to a starting
temperature of 25 °C, decreased then to 10 °C to allow droplet formation and increased back
to 25 °C. The images were taken at 25 °C in order to visualize the surface. See also Figure
S6.
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(B) Al-FL, A1-D262V or Al-Ahexa were shaken at 25 °C for 24 h. Fibrillization was
monitored by ThT fluorescence.

(C) Fluorescence images of floating droplets of a mixture of Oregon green-labeled/
unlabeled wild-type hnRNPA1 (total concentration 160 uM, molar ratio of 1:300) mixed
with Rhodamin-Texas red labeled/unlabeled Al D262V (total concentration 160 uM, molar
ratio of 1:300) at 16 °C.

(D) Fluorescence images of a mixture of Oregon green-labeled/unlabeled wild-type
hnRNPAL (total concentration 160 uM, molar ratio of 1:300) mixed with Rhodamin-Texas
red labeled/unlabeled A1-D262V (total concentration 160 uM, molar ratio of 1:300) at

33 °C. The images were taken at indicated times at the surface of the coverslips.

(E) Schematic summarizing the experiment to correlate phase separation and fibrillization.
The sample was either kept in the one-phase regime (33 °C) for 35 min (red arrow), kept in
the one-phase regime for 20 min and then put in the two-phase regime by decreasing the
temperature to 16 °C for 15 min (blue arrow) or kept in the two-phase regime for 15 min
(yellow arrow). The images were taken at the indicated time points (a—¢).
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Figure 7. Model
Model depicting the relationship between phase separation, fibrillization and pathological

inclusions.
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