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SUMMARY

Phase-separated states of proteins underlie ribonucleoprotein (RNP) granules and nuclear RNA-
binding protein assemblies that may nucleate protein inclusions associated with neurodegenerative
diseases. We report that the N-terminal low complexity domain of the RNA-binding protein Fused
in Sarcoma (FUS LC) is structurally disordered and forms a liquid-like phase-separated state
resembling RNP granules. This state directly binds the C-terminal domain of RNA polymerase II.
Phase-separated FUS lacks static structures as probed by fluorescence microscopy, indicating they
are distinct from both protein inclusions and hydrogels. We use solution nuclear magnetic
resonance spectroscopy to directly probe the dynamic architecture within FUS liquid phase-
separated assemblies. Importantly, we find that FUS LC retains disordered secondary structure
even in the liquid phase-separated state. Therefore, we propose that disordered protein granules,
even those made of aggregation-prone prion-like domains, are dynamic and disordered molecular
assemblies with transiently formed protein-protein contacts.

INTRODUCTION

The phenomenon of liquid-liquid phase separation has garnered much attention due to recent

observations of liquid-like behavior of several cellular punctate and droplet structures

including ribonucleoprotein granules and the nucleolus (Hyman et al., 2014). Breakthrough

studies have demonstrated that these non-membrane bound structures or “assemblages”
(Toretsky and Wright, 2014) behave as liquid phases, forming spherical droplets which

flow, fuse upon contact, and take on spherical shapes after fusion (Brangwynne et al., 2011).

Ribonucleoprotein (RNP) granules are biological liquid phase-separated structures of
particular interest due to dynamic formation of puncta in cell development and granules in
cellular stress (Bentmann et al., 2012; Ryu et al., 2014). Curiously, many of the proteins
known to segregate into RNP granules contain repetitive putatively disordered domains
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(Kato et al., 2012). A subset of these proteins, including twenty-nine found in humans,
contain a disordered domain rich in polar and aromatic residues and nearly devoid of
aliphatic and charged amino acids, resembling the aggregation-prone glutamine/asparagine-
rich domains of yeast prion proteins such as Sup35 (King et al., 2012). Hence these domains
are also referred to as “prion-like domains”. Although RNA-binding protein prion-like
domains have no homology nor sequence similarity to the human prion protein that forms
infectious protein aggregates in new variant Creutzfeldt-Jakob disease and bovine
spongiform encephalopathy (“mad cow disease™), many of these proteins have been
identified as the major components of cytoplasmic inclusions associated with subtypes of
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Drepper et al.,
2011; Kim et al., 2013; Neumann et al., 2006; Zou et al., 2012). Furthermore, hereditary
forms of ALS are linked to missense and deletion mutations within these low complexity
domains, suggesting a mechanistic link between uncontrolled self-association mediated by
RNA-binding protein low complexity domains and neurodegenerative disease (Ling et al.,
2013).

Fused in Sarcoma (FUS) is an RNA-binding protein associated with protein aggregation in
ALS and FTD as well as chromosomal translocation in certain sarcomas and leukemias.
FUS plays a role in RNA processing and localizes both to cytoplasmic RNP granules and
transcriptionally active nuclear puncta (Ryu et al., 2014; Schwartz et al., 2014; Yamaguchi
and Kitajo, 2012; Yang et al., 2014). The low complexity N-terminal domain of FUS
(defined here as residues 1-163, FUS LC) is a highly conserved prion-like domain composed
primarily of serine, tyrosine, glycine, and glutamine (QGSY-rich) and contains only two
charged residues. The twenty-four tyrosine residues are arranged in unusual repeats with a
consensus sequence of [S/G]Y[S/G] often followed by one to three glutamine or proline
residues. The LC domain mediates protein interactions in both nuclear assemblies and
cytoplasmic RNP granules associated with processes spanning transcriptional regulation,
pre-mRNA splicing, and mRNA transport and stability (Lagier-Tourenne et al., 2010; Yang
et al., 2014). Although functionally essential, FUS LC drives the aggregation of FUS into
protein inclusions in vitro and in models of ALS and FTD (Couthouis et al., 2011; Sun et al.,
2011). Importantly, five missense or short deletion mutations located within the regions
coding for FUS LC are linked to ALS (Belzil et al., 2009; Cruts et al., 2012; Ling et al.,
2013; Ticozzi et al., 2009), including G156E which increases FUS aggregation propensity in
vitro and in cell culture (Nomura et al., 2014). Additionally, more than a dozen related
sarcomas and leukemias are caused by chromosomal translocations fusing the low
complexity domain of FUS or that of two other human paralogs, RNA-binding protein EWS
and TATA-binding protein-associated factor 2N (product of the TAF15 gene), to one of
several DNA-binding domains, forming strong transcriptional activators (Riggi et al., 2007).
Transcriptional activation by FUS LC may be due to the ability of phase-separated forms of
FUS to bind the C-terminal tail of RNA polymerase 11 (Kwon et al., 2013; Schwartz et al.,
2012).

Although the macroscopic behavior of protein-rich RNP granules and disease-associated
inclusions has begun to be elucidated by microscopy both in vitro and in vivo (Brangwynne
et al., 2009), the structural and mechanistic details of the protein domains as free monomers,
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in granule assemblies, and in disease aggregates remain uncharacterized. Therefore, in this
work we seek to address several key questions: What conformations of FUS LC are sampled
as a dispersed monomer in solution and in granule-associated forms? Are the contacts
formed in the granule structured, adopting the highly ordered amyloid fibrillar form
presumed to be present in hydrogel models of RNP granules, or do they remain highly
disordered? Must FUS LC be in a fibrillar form in order to interact with the C-terminal
domain of RNA polymerase 11?

Here we use both microscopy and nuclear magnetic resonance (NMR) spectroscopy to
characterize an in vitro granule model of the disordered domain of Fused in Sarcoma (FUS)
and its interactions with the C-terminal domain of RNA polymerase Il (CTD). We use
differential interference contrast microscopy and fluorescence recovery after photobleaching
techniques to observe the formation, diffusion and turnover of the phase-separated droplets
structures. To understand the molecular details of FUS, we apply solution NMR
spectroscopy to observe both the dispersed and phase-separated forms of FUS LC. By
collapsing the spontaneously formed liquid droplets into a macroscopic phase using
centrifugation, we directly characterize the structure and molecular motions of FUS LC
within our in vitro models of FUS granules.

FUS N-terminal low complexity (LC) domain is structurally disordered

The N-terminal domain of FUS has been assumed to be intrinsically disordered based on its
low complexity sequence. We analyzed soluble FUS LC (50 uM) using solution NMR
spectroscopy in order to measure secondary structure population on a residue-by-residue
level. Once the resonances of the FUS LC domain are assigned (i.e. matched to the specific
atoms giving rise to the NMR signals) (Fig 1A), the 13C NMR chemical shifts available at
each Ca and Cf position are sensitive probes of secondary structure. With a well understood
dependence on the backbone dihedral angles that change with secondary structure (Zhang et
al., 2003), the difference in Ca and Cp chemical shifts provides a sensitive estimate of the
secondary structure propensity at each position. The lack of significant deviation between
the observed shifts and those of a random coil reference demonstrate that the monomeric
FUS LC domain is highly disordered, lacking significant population of a-helices or f-sheets
(Figure S1A). These data can be combined with chemical shift values for backbone amide
and carbonyl positions to generate residue-by-residue predictions of local secondary
structure population using secondary structure propensity (SSP) (Marsh et al., 2006) and
82D algorithms (Camilloni et al., 2012). The SSP scores are near 0 across the entire domain,
indicating a lack of stable a-helical or -sheet structure (Figure 1B). 62D predicts
predominant random coil structure with minor propensity for polyproline Il helix across the
domain and B-sheet structure at selected sites (Figure S1B). These data support our
conclusion that the domain is predominantly disordered. Overlays of NMR spectra of FUS
LC with full-length FUS indicate that chemical shift differences are small for the majority of
residues in the LC domain (Figure S1C). Because NMR chemical shifts are sensitive
reporters of structure, we conclude that the LC domain retains the same disordered structure
in the monomeric full-length protein as in the isolated FUS LC domain. Although a previous
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study proposed that the monomeric LC domain populates significant (~49%) p-sheet
structure based on decomposition of the circular dichroism (CD) spectrum using p-sheet, a-
helix, and random coil reference spectra (Schwartz et al., 2013), these results were based on
limited CD data (>200 nm) where spectral decomposition accuracy is poor. Indeed, the FUS
LC domain CD spectra at our conditions replicate the previous CD data (Figure S1D) and
share spectral features with other disordered, proline-containing domains (Hotta et al.,
2014). Therefore, the previously predicted B-sheet content may simply be the result of the
limited wavelength range leading to distorted secondary structure weighting.

Further evidence that the domain is uniformly disordered is provided by measurements of
the protein backbone motions using NMR relaxation experiments (2°N Ry, 15N Ry,
heteronuclear NOE). Sensitive to motions on the picosecond-nanosecond timescale, the
values of these dynamic observables as a function of residue position are highly uniform
across FUS LC (Figure 1C-E). The lack of large variations in these dynamic observables due
to slower rotational diffusion in structured areas indicates that no stable structured
subregions of FUS LC are formed.

FUS LC stabilizes a liquid-liquid phase-separated state

While measuring the structural properties of the monomeric FUS LC, we noticed that our
solutions of FUS turned opalescent or cloudy when placed on ice. This cloudiness rapidly
dispersed at room temperature. Therefore, we investigated if the apparent opalescence is due
to liquid-liquid phase separation of FUS proposed to be the underlying architecture of FUS-
containing RNP granules and observed in vitro for other protein systems (Banjade and
Rosen, 2014; Li et al., 2012; Nott et al., 2015). We used differential interference contrast
microscopy to visualize the formation of liquid phase-separated FUS LC (Figure 2A), which
resemble FUS-containing RNP granules previously observed in cells (Bentmann et al.,
2012). These in vitro droplets flow, fuse and spontaneously return to a spherical shape
(Movies S1 and S2) as observed for cytoplasmic RNP granules (Brangwynne et al., 2009).

Next we confirmed that the full-length FUS protein forms a liquid phase-separated state as
observed for FUS LC. Full-length FUS (residues 1-526) is even more aggregation prone
than the isolated LC domain (Sun et al., 2011) but is kept highly soluble by incorporation of
an N-terminal fusion of maltose binding protein tag (MBP). Upon release of MBP by TEV
cleavage leaving the native protein, samples as low as 2 UM full-length FUS assemble into
an opalescent, phase-separated liquid (Figure 2B) resembling that formed by FUS LC. Phase
separation proceeds rapidly after addition of TEV and the extent of phase-separation is
greater at higher concentrations of full-length FUS (Figure S2A).

We then characterized the interactions that drive FUS liquid phase separation. FUS LC
assembles more readily at higher protein concentrations (250 uM compared to 50 uM)
(Figure 2C). Phase separation is enhanced at lower temperature but is rapidly reversible
upon incubation at higher temperature (Figure 2C). We also tested the ability of increasing
ionic strength to inhibit phase separation. Membraneless organelles of the highly charged
low complexity domain of the nuage protein Ddx4 are stabilized by electrostatic (charge-
charge or cation-pi) interactions between RG, FG, and E/D motifs and are dispersed at high
ionic strength due to charge screening (Nott et al., 2015). In contrast to Ddx4, phase
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separation of FUS LC is in fact enhanced in the presence of sodium chloride (Figure 2C).
Decreased solubility of FUS LC as a function of increasing salt concentration is likely due to
salting out of the hydrophaobic regions of the domains, notably the tyrosine residues.
Interestingly, NMR spectra at 0 mM and 150 mM NaCl are nearly indistinguishable (Fig
S2B), suggesting that FUS LC monomer structure is not altered substantially by salt.

We next interrogated the dependence of full-length FUS assembly on salt concentration. We
find that the extent of phase separation is not significantly affected by an increase in NaCl
from 50 mM to 150 mM but is reduced at the highest NaCl concentration tested (300 mM)
(Figure 2D). The weak salt dependence of full-length FUS assembly suggests that, like for
FUS LC phase separation, the interactions stabilizing full-length FUS liquid-liquid phase
separation are not primarily electrostatic. However, full-length FUS assembly is not
enhanced by increasing salt as observed for FUS LC and has a lower critical concentration
for phase separation than FUS LC. Therefore, these data suggest that interactions outside of
FUS LC contribute to phase separation of full-length FUS.

RNA enhances phase separation of FUS

Self-assembled forms of FUS are believed to be nucleated by RNA binding and
subsequently recruit RNA polymerase 1l via direct LC domain interaction with tyrosine-
containing CTD heptad repeats (Kwon et al., 2013; Schwartz et al., 2012). However, full-
length FUS is a promiscuous RNA binder with little RNA sequence or structure preference
(Wang et al., 2015) and the contribution of FUS LC to RNA binding is unknown. Therefore,
we tested the ability of nonspecific eukaryotic RNA preparations (desalted solutions of
torula yeast RNA) to bind to FUS LC and nucleate its assembly. Titration of up to 5 mg/ml
of RNA (5:1 ratio of RNA:FUS LC by weight) did not result in phase separation of 50 pM
FUS LC, conditions which resulted in phase separation of the prion-like domain of the
related protein TDP-43 (data not shown). Additionally, no significant chemical shift or
intensity differences in the NMR spectrum of FUS LC could be observed along this yeast
RNA titration (Figure S3). Therefore, we find no evidence for direct interactions of RNA
with monomers of FUS LC.

Because RNA enhances the formation of fibrous assemblies of full-length FUS presumably
via binding to the RRM and zinc finger domains and RGG motifs (Schwartz et al., 2013),
we tested if RNA can also enhance phase separation of full-length FUS. We observed the
greatest extent of phase separation at an RNA:FUS ratio of 0.4:1 by mass (Fig 3A). The
highest concentrations of RNA led to decreased phase separation, below that of FUS without
RNA. These results mirror those of Cech and coworkers who observed that multiple FUS
monomers can simultaneously bind substoichiometric amounts of RNA to induce formation
of fibrous FUS assemblies, but that higher RNA amounts solubilize FUS (Schwartz et al.,
2013). Taken together, these results support the view that the RNA-dependence of FUS
phase-separation can be enhanced by FUS-RNA contacts but that the RNA contacts are not
primarily mediated by the LC domain (Han et al., 2012; Kato et al., 2012; Kwon et al.,
2013).
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The C-terminal domain of RNA polymerase Il nucleates FUS LC assembly and partitions
into phase-separated state of FUS LC

Next, we tested if the 26 degenerate repeats of the C-terminal domain of the human RNA
polymerase 11 (CTD) interact not only with fibrillar forms of FUS LC assembled into
hydrogels as demonstrated by McKnight and coworkers but also with liquid phase-separated
FUS LC. CTD expressed in E. coli is highly soluble and does not aggregate or phase
separate at concentrations we tested (up to 500 uM). Surprisingly, addition of 50 uM CTD to
samples of 350 uM FUS LC at 25 °C in salt-free buffer induces extensive phase separation
as well as rapid aggregation and precipitation at conditions and concentrations where FUS
LC and CTD alone are both monomeric and soluble. Lowering the amount of FUS LC to 50
UM equimolar concentrations resulted in stable liquid phase separation (droplet formation) at
room temperature. We confirmed this interaction using fluorescence microscopy of CTD
incorporating an N-terminal GFP fusion and observe that GFP-CTD localizes to FUS LC
phase-separated states (Figure 3B). Taken together these data demonstrate that the C-
terminal domain of RNA polymerase Il can directly interact with FUS low complexity
domain phase-separated states and can nucleate their assembly.

To further interrogate the interaction between FUS and CTD, we measured the effect of FUS
LC phase separation on the NMR spectrum of CTD (Figure S3B) by comparing samples of
50 uM 15N CTD with and without 50 M FUS LC in salt-free 20 mM MES pH 5.5 at 25 °C
which spontaneously phase separate into a suspension of micron sized droplets (see above).
Except for small chemical shift differences in 3 residues (Fig S3C-D), addition of FUS LC
and the subsequent phase separation caused no changes in the NMR spectrum of 15N CTD.
However, peak intensities in two-dimensional NMR spectra show that the CTD signal is
nearly uniformly attenuated to ~75% of the control sample (Figure S3E). This loss of signal
suggests that monomers of the CTD are incorporated into, or interact with, the FUS LC
phase separated state. In other words, FUS LC may populate a conformation or state with
rapid transverse relaxation (see below) (i.e. lifetime line broadening) (Fawzi et al., 2011) or
intermediate chemical shift timescale conformational exchange either within the phase
separated state or at the phase interface, in analogy to the “dark state” of a-synuclein at the
lipid membrane surface (Bodner et al., 2009). In either case, resonance positions of
dispersed CTD are not significantly affected by FUS LC droplets, supporting a model where
CTD binds FUS LC primarily in its phase separated state and not as dispersed monomers.

Diffusion kinetics within FUS LC liquid phase separated state

Flow and fusing of liquid droplets implies rapid rearrangement and diffusion of the
structural components within the liquid phase-separated state. To determine the diffusion
kinetics within the FUS LC liquid phase-separated state, we used fluorescence recovery after
photobleaching (FRAP) of small portions of droplets formed in 150 mM NaCl doped with
0.01% FUS LC labeled with Alexa-488 at a central engineered cysteine position (S86C).
When we bleached a 2.5 pm region of ~8 um droplets, we observed rapid signal recovery
with a halftime of 1.1 £ 0.1 s (Figure 4A). These values can be used to estimate the
translational diffusion coefficient (Poitevin and Wahl, 1988) for FUS LC within the phase
separated state at 0.4 um2/s. This value is similar to that observed for protein components
within germline P granules in live cells, implying the presence of intermolecular interactions
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that slow translational diffusion with an effective apparent viscosity three orders of
magnitude higher than that of water (Brangwynne et al., 2009). Interestingly, although the
qualitative behaviors are similar in FUS LC phase separated states formed in salt-free buffer,
diffusion appears faster by nearly an order of magnitude (Figure S4).

We also confirmed that the slow translational diffusion within the FUS LC phase separated
state applies to the RNA polymerase 1l C-terminal domain (CTD) partitioned into the FUS
LC phase separated state. Using GFP-tagged CTD, FRAP measurements of recovery
halftime using the same parameters as above result in a slower halftime of 3.5 £ 0.5s.
Therefore, GFP-CTD diffuses at a rate of 0.1 um?/s, slower than that of phase separated
FUS LC and consistent with the larger size of the GFP-tagged construct (Figure 4B). Taken
together, the slow diffusion rates of both FUS LC and GFP-CTD demonstrate hindered
translational motion.

Binding and turnover kinetics of FUS LC liquid droplet contents

For liquid phase separated assemblies to be reversible structures and functional reaction
centers, molecules must be able to cross the phase boundary to enter and exit. Therefore, we
elucidated the molecular kinetics of the incorporation of FUS into and out of the phase
separated state. We used FRAP experiments to measure the rate of turnover of droplet
contents. Photobleaching of entire smaller (~5 um) FUS LC droplets results in >95% signal
recovery and follows an exponential profile with 1.1 £ 0.1 s half time (Figure 4C). We also
observed rapid and complete fluorescence recovery after full droplet photobleach for the
binding of GFP-CTD to FUS LC droplets (Figure 4D) with a half time of 7 £ 0.4 s for large
~50 um droplets. These data suggest that monomers of both FUS LC and GFP-CTD
incorporate into the phase separated state and that the droplet contents are completely turned
over. Importantly, although the analyzed droplets remained effectively static by DIC
microscopy on this timescale (Figure 4A-D, upper panels), the contents are entirely
replaced. Therefore, we find no evidence for stable aggregates or static structure on the 10 s
or slower timescale.

Visualizing the structural details of liquid phase separated FUS

As for CTD (Figure S3), we did not observe significant NMR chemical shift deviations for
FUS LC in the presence of suspended FUS LC droplets. However, given that we observed
FUS LC droplet fusion in our microscopy experiments, we hypothesized that it would be
possible to collapse the spontaneously formed droplets into a single macroscopic phase-
separated FUS LC phase. Using incubation on ice to increase the driving force for droplet
formation followed by centrifugation to fuse the droplets due to their higher density, our 15
ml samples of 1 mM FUS LC phase separated to form a ~400 pl viscous, protein-dense
phase stable for weeks at room temperature. FUS LC concentration in the phase is
approximately 7 mM (120 mg/ml FUS LC) as determined by spectrophotometry. We then
obtained a residue-specific NMR characterization of FUS LC structure and local motions
within the phase separated state. Despite the high viscosity, FUS LC yielded observable but
broad resonances in the 1H 15N HSQC, suggesting that some local motions are retained in
the phase separated state (Fig S5A). Importantly, the high concentration and hence excellent
NMR signal-to-noise enabled aggressive resonance line sharpening of the 1H-15N HSQC
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spectra, resulting in many resolved peaks (Figure 5A, S5A-C). Surprisingly, overlays of
these spectra with those of the monomeric, dispersed FUS LC (50 uM) show high similarity,
demonstrating that the global disordered structure formed by monomeric FUS LC is retained
in the phase-separated state. We assigned 77 resonances by transfer from the known
dispersed phase assignments and by three-dimensional NMR experiments (see Experimental
Procedures). The available chemical shift deviations, backbone H and 15N, are distributed
across the entire FUS LC domain (Figure 5B, C). As anticipated from similar *H 15N HSQC
spectra, phase-separated FUS LC gives rise to 'H 13C HSQC spectra highly similar to
dispersed FUS LC (Fig S5D-F), although broad resonances preclude atomic level analysis of
these H and 13C shifts. Taken together, the lack of large chemical shift differences between
the phase-separated and dispersed phases that would be expected for significant
conformational changes indicate that the local structure of the protein remains disordered in
the phase-separated state.

Despite this structural similarity between FUS LC in dispersed and liquid phase-separated
states, local motions of the peptide backbone as measured by 1°N spin relaxation
experiments show evidence for restricted mobility compared to that of the monomeric,
dispersed protein. Ry values range from 15 to 35 s~1 away from the termini (compared to 3
to 5571 in the dispersed state) (Figure 5D), R; values from 0.75 to 1.2 s™1 (compared to 1.3
to 1.7 s71) (Figure 5E), and heteronuclear NOE values of ~0.5 (compared to 0.2 to 0.6)
(Figure 5F). Although the complex motions of an intrinsically disordered domain
undergoing transient intermolecular interactions complicate interpretation of relaxation
parameters using simple motional models, the differences in all three spin relaxation
parameters between dispersed and phase-separated states all point to slower average
reorientational motion in the protein-dense liquid phase-separated state. However, the wide
range of 15N Ry, particularly the sharply peaked values between residues 95 to 105, suggest
that conformational exchange on the intermediate chemical shift timescale intermediate or
line broadening due to transient population of a high molecular weight state (Fawzi et al.,
2011) may contribute to the observed transverse relaxation. However, backbone Carr-
Purcell-Meiboom-Gill 1°N relaxation dispersion experiments did not show significant
dispersion >3 s71 at any resolved positions over the range from 50 Hz to 1000 Hz (data not
shown), though these experiments are primarily sensitive to exchange only on the ~100 ps to
ms timescale. Therefore, further work is necessary to understand the detailed contacts and
conformational exchange for phase separated FUS.

Intriguingly, the local dynamics of FUS LC in the liquid phase-separated state appear to be
highly temperature sensitive. We observed a dramatic decrease in signal intensity as
temperature decreases to 4 °C (Figure 6). Although this broadening may arise from chemical
exchange on the intermediate chemical shift timescale, this line broadening is also
concomitant with an apparent solid/liquid phase transition in the protein-dense phase itself
observed by a reversible white/opaque transition. These data suggest that liquid-like
granules can have temperature-dependent changes in physical properties.
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DISCUSSION

FUS droplets: an in vitro model of self-assembled FUS granules and puncta

Liquid phase-separated states of biomolecules represent one strategy a cell can take to create
sharp local concentration differences in order to spatially confine cellular components and
control reaction rates without a membrane compartment (Brangwynne, 2013). Here we show
that the low complexity domain of FUS (FUS LC) is structurally disordered both as a
monomer and within a liquid phase-separated state that directly recruits the C-terminal
repeat domain of RNA polymerase II.

FUS LC contains the features necessary for liquid phase separation: highly valent but
individually weak interactions. In the case of FUS LC, the degenerate tyrosine/glutamine
containing repeats provide the high valency interaction sites needed to create a macroscopic
protein-dense/water phase (Kato et al., 2012). On their own, each interaction between
tyrosine repeats is weak, but by tethering multiple sites together on a single chain, a dynamic
contact network formed. Our data suggest that hydrophobic interactions stabilize FUS LC
phase separation, as would be predicted by the requirement for tyrosine residues for FUS LC
hydrogel formation (Kato et al., 2012). FUS LC contacts are distinct from the opposite
charge and cation-pi (RG/RGG to FG) interactions that stabilize the phase separation of the
nuage/chromatoid body associated protein Ddx4 (Nott et al., 2015). Liquid phase separation
of full-length FUS may also be mediated in part by additional interactions, possibly
involving RGG motifs present in full-length FUS which may also bind RNA quadruplex
junctions (Phan et al., 2011) and Tudor domains (Chen et al., 2011). However, our data
suggest that electrostatic interactions are not the primary drivers for phase separation in full-
length FUS.

The LC domain is required for punctate distribution and RNA polymerase 1l colocalization
in the nucleus (Yang et al., 2014). However, nucleic acid species are known components of
FUS granules and nuclear foci (Bentmann et al., 2012; Daigle et al., 2013; Schwartz et al.,
2014; Yang et al., 2014). In parallel to reports on the formation of FUS fibrous assembly
(Schwartz et al., 2013), RNA species can increase full-length FUS phase separation extent
(Figure 3) likely via interactions outside the LC domain (Figure S3).

The liquid-liquid phase-separated state of FUS LC shares some characteristics with the FUS
LC hydrogels described by McKnight and coworkers. First, the phase-separated form is
stabilized by low temperature and high salt. Second, these liquid phase-separated states also
concentrate the CTD of RNA polymerase Il. However, liquid phase separated FUS is
distinct from FUS hydrogels. Although the contacts stabilizing the two forms may share
tyrosine repeat interactions, the persistence time of the contacts in the liquid phase separated
state are much shorter, consistent with disorder observed in liquids. FUS hydrogels are
fibrillar in structure with stable molecular contacts while the liquid phase separated states
show fast rearrangement as observed by FRAP. Phase-separated droplets of FUS form and
disperse rapidly (seconds to minutes) upon change of temperature. In addition, the
distribution of intermolecular contacts is different in the fibrils and the droplets. Fibrillar
structure in the hydrogels implies a regular and repeating pattern of contacts, most likely in-
register parallel B-sheet structure common to amyloid fibrils of disordered protein domains
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including yeast prions (Engel et al., 2011; Shewmaker et al., 2009; Shewmaker et al., 2006).
In FUS LC liquid phase separated states, dynamic reorganization is suggested by local
mobility observed in NMR relaxation experiments. Therefore, the protein-protein contacts
within the phase separated state do not have fibrillar order but rather form non-specific
contacts where each repeat interacts with any of the other tyrosine repeats, in analogy to the
disordered combinatorial binding leading to phase separation by chains of folded protein
interaction domains (Li et al., 2012). Future work testing the effect of FUS LC ALS-
associated mutants on phase separation and the propensity to convert from the liquid states
characterized here into static inclusions could lead to insight into the mechanism of
formation of FUS protein inclusions in ALS.

Phase separated FUS LC structure and dynamics

The direct observation of a liquid phase-separated state by NMR offers the opportunity to
directly determine the structure and motions of the protein architecture underlying granules
or membraneless organelles. We observed that the constituent proteins in the FUS LC liquid
phase separated state remain disordered with only small changes in the 1Hy, 1°N, and 13C
chemical shifts, suggesting that the structure in the phase-separated state is largely the same
as in the dispersed monomer. However, changes in all three spin relaxation experiments
point to slowed motions at the backbone positions compared to the monomer in the
dispersed state, reflecting direct intermolecular interaction or crowding from high protein
concentration. The distribution of these slower motions across the FUS LC chain suggests
broad involvement of the whole LC domain in phase separation.

Together, our data suggest that while FUS LC global motion (translational diffusion as
monitored by FRAP) is dramatically slowed, local structure and motions are largely
preserved. These data are consistent with a model where transient (“flickering”)
intermolecular contacts are formed along FUS LC chain, analogous to those identified for
intramolecular interactions in yeast prion proteins of similar sequence composition
(Mukhopadhyay et al., 2007). These interactions are sufficiently short-lived and of low
enough population that the individual segments of the chain are on average free to reorient.
Therefore, this work supports a view of membraneless organelles as fundamentally dynamic
structures made up of intrinsically disordered proteins, exhibiting both diffusional motion of
protein components and local motion of the protein chain. We find no evidence for static
assemblies within the phase-separated state nor significant structural or conformational
changes upon incorporation into this phase. Hence, we suggest FUS LC self assembly as
well as recruitment of RNA polymerase |1 CTD are mediated by the same weak, multivalent
interactions, rather than by adoption of specific conformers upon phase separation. Similar
phase separation has been observed for a variety of sequences, including highly charged
proteins such as Ddx4 which bear little sequence composition resemblance to FUS.
Therefore, further work is necessary to determine if retention of disordered structure within
liquid phase-separated states is a general feature of membraneless organelles.

Phase separated FUS LC avidly recruits RNA polymerase |1 CTD. Phosphorylation of CTD
correlates with its ability to bind FUS and localize in nuclear FUS granules (Kwon et al.,
2013; Schwartz et al., 2012; Schwartz et al., 2014), but the mechanisms that control the
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association and the rules governing cross-incorporation of proteins into membraneless
organelles have yet to be determined. Therefore, future studies aimed at cracking the code
connecting the sequence of amino acids in low complexity repeats to their interactions may
enable prediction of the molecular assembly of heterogeneous mixtures of low complexity
domain proteins.

These studies using NMR spectroscopy enable a residue-by-residue view of a model of FUS
granules. However, the studies described here were performed in vitro on purified FUS and
lack the complexity of components and regulation present for granules formed in vivo. First,
the liquid phase-separated state characterized with residue-level resolution here is formed by
the isolated FUS LC. Although the domain readily phase separates with the same features as
the full-length protein, additional interactions (e.g. via RGG domains or with RNA, Figure
2D) may play roles in full-length FUS phase separation. Second, the recombinant proteins
explored here are unmodified. Posttranslational modification of FUS may alter the critical
concentration for self-assembly or change its affinity for phase-separated states. The in vitro
phase-separation mediated by the highly charged disordered domains of Ddx4 is inhibited
by asymmetric dimethylation (aDMA) of arginine residues modified by protein arginine
methyltransferase 1 (PRMT1) in vivo (Nott et al., 2015). Similar regulation of liquid phase
separation by arginine methylation may also occur for FUS, whose stress granule
localization and inclusion formation is altered by PRMT1 activity (Tradewell et al., 2012;
Yamaguchi and Kitajo, 2012). Additionally, FUS LC phosphorylation by the
phosphatidylinositol 3-kinase-related kinases is associated with shuttling FUS from the
nucleus to the cytoplasm (Deng et al., 2014; Gardiner et al., 2008). Therefore experiments
examining the ability of FUS phosphorylation to act as the on/off switch for liquid phase
separation are ongoing in our laboratory.

EXPERIMENTAL PROCEDURES

Protein expression of FUS and RNA polymerase Il CTD were performed in E. coli cultures
from constructs described in detail in Supplemental Experimental Procedures Section 1,
including an MBP fused form of FUS (MBP-FUS) created in a previously described vector
(Peti and Page, 2007). Samples for NMR spectroscopy were produced in M9 minimal media
with 15N and 13C precursors as appropriate for the experiment.

Resonance assignment for FUS LC (conditions: 50 pM U-13C/U-15N FUS LC in 20mM
MES pH 5.5, 10% 2H,0, 25 °C) was achieved by a combination of three

dimensional 1H/13C/15N experiments with parameters appropriate for disordered proteins as
described in the Supplemental Experimental Procedures Section 2. pH 5.5 was selected for
optimal spectra with reduced amide proton water exchange. Assignment of phase separated
FUS LC (see Supplemental Experimental Procedures, Section 3 for sample preparation) was
achieved with HSQC-NOESY-HSQC incorporating two 1°N dimensions appropriate for a
high concentration phase containing 1H/X°N labeled protein (see details in Supplemental
Experimental Procedures, Section 4). 1H 13C (real time) HSQC spectra of phase separated
FUS LC were measured at - natural 13C isotopic abundance (U-1°N only) and compared to
constant time (T=2/Jcc=54 ms) HSQC spectra of U-13C/1°N dispersed phase FUS LC
samples. Dynamics of samples of U-1°N FUS LC were monitored by 1°N Ry, 1°N Ry, and
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heteronuclear NOE experiments (details in Supplemental Experimental Procedures).
Secondary structure propensity (SSP) was calculated using SSP v1.0 (The Hospital for Sick
Children) with default parameters including automated chemical shift re-referencing (Marsh
et al., 2006). 62D secondary structure decomposition predictions were performed with
default parameters (Camilloni et al., 2012). Far UV CD experiments for global structure of
FUS LC were performed using default parameters on a Jasco J-815 spectropolarimeter.

The phase diagram for FUS LC phase separation was determined using 750 pl samples of
FUS LC at concentrations from 50 to 250 pM (conditions: 0 to 300 mM NaCl, 50mM MES
pH 5.5) using absorbance at 600 nm in 1 cm plastic cuvette. Full-length FUS phase
separation was monitored using 50 pl samples of MBP-FUS at 5 pM in triplicate. RNA
preparations were made from torula yeast RNA type VI (Sigma #R6625). See supplemental
experimental procedures for detailed sample preparation.

Imaging of FUS phase separation was performed using 20 pl samples on glass coverslips
with differential interference contrast (DIC) on an Axiovert 200M microscope (Zeiss) with a
40x NA objective to examine the formation and fusion of liquid-liquid phase-separated
states of FUS LC domain using 200 uM and 50 uM (control) FUS LC (conditions: 150 mM
NaCl, 50mM MES pH 5.5) or MBP-FUS at 10 uM in the presence of TEV protease or
control (protease buffer only). Fluorescence recovery after photobleaching (FRAP)
experiments were performed on an LSM 710 confocal microscope (Zeiss) with a 40x W NA
objective using a 488-nm laser line in conjunction with differential interference contrast
microscopy. The FUS LC S86C-Alexa 488 or GFP-CTD were doped into 200 uM FUS LC
samples and subsequently bleached using ten iterative pulses (total time ~2s) with full laser
power. The circular bleached spots were 2.5 pm diameter of ~8-10 um droplets for partial
droplet photobleach or the entire size for full droplet bleaching. Fluorescence recovery was
imaged at 2% laser intensity appropriate for both GFP and Alexa-488 fluorophores. Images
were processed using ImageJ. The recovery curve, halftime recovery, and immobile species
were calculated using the FRAP_Calculator v3 macro for ImageJ (National Institutes of
Health). Translational diffusion coefficients were calculated from partial droplet FRAP
experiments using the relationship for circular bleach regions (Poitevin and Wahl, 1988;
Yguerabide et al., 1982).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The FUS low complexity (LC, residues 1-163) domain is disordered as a monomer. (A)
NMR spectrum (*H-15N heteronuclear single quantum coherence, HSQC) of the backbone
amide region of FUS LC has a narrow chemical shift dispersion indicative of a disordered
protein. Residue numbers are labeled (black). (B) Residue-specific secondary structure
propensity (SSP) score of FUS LC indicate lack of local secondary structure formation. R,
Ry, and (*H)-1°N nuclear Overhauser effect (NOE) values (C, D, E, respectively) for the
dispersed protein are consistent with disorder across the entire domain. Data are represented

as mean +/- st dev. See also Figure S1.
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Figure 2.
The low complexity domain of FUS stabilizes phase separation that recruits the RNA

polymerase 1l C-terminal domain. (A) Differential interference contrast (DIC) microscopy
shows that the isolated FUS LC phase-separates at room temperature at high concentration
(left) but not at low concentration (right). (B) 10 uM FUS full-length protein phase-separates
only when liberated from an N-terminal maltose binding protein (MBP) fusion by addition
of TEV protease (left) but not when incubated with buffer (right). (C) Phase separation of
FUS LC as measured by optical density at 600 nm as a function of temperature and protein
concentration, starting at 20 °C down to 0 °C. By increasing the temperature of the same
samples back up to 20 °C, the phase-separated state dissipates, indicating the assembly is
predominantly reversible. FUS LC phase separation is enhanced at increasing salt
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concentrations (left to right). (D) Phase separation of 5 uM full-length FUS after cleavage
from a solubilizing MBP fusion (MBP-FUS) is unaffected by increasing NaCl concentration
from 50 to 150 mM but reduced in 300 mM NaCl. Data are represented as triplicate mean +/
- st dev. See also Figure S2.
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Figure 3.
Intermolecular interactions in phase separated FUS. (A) Phase separation of 5 uM FUS

(after cleaving from MBP fusion by TEV protease, see Figure 2B) is enhanced by addition
of torula yeast RNA up to a weight ratio of 0.4:1. (B) Fusions of GFP to the 26 degenerate
heptad of the C-terminal domain of RNA polymerase Il (GFP-CTD) localize to phase
separated states of FUS LC. Data are represented as mean +/— st dev. See also Figure S3.

FUS LC + GFP-CTD
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Figure 4.
Rapid diffusion and turnover of FUS LC droplet contents. Example differential interference

contrast and fluorescence images (left panels) and FRAP timecourses (right) of partial
droplet photobleaching experiments used to measure diffusion constants within the droplets
of FUS LC + FUS LC-Alexa (A) and FUS LC + GFP-CTD (B). Half times for the selected
timecourse are labeled in the recovery curves. Example differential interference contrast and
fluorescence images (left panels) and FRAP timecourses (right) of full droplet
photobleaching experiments used to measure rate of exchange between droplet and
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dispersed states of FUS LC + FUS LC-Alexa (C) and FUS LC + GFP-CTD (D). See also
Figure S4.
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Phase separated FUS LC remains disordered and dynamic. (A) 1H 15N HSQC spectrum of
the phase separated FUS LC is highly similar to the monomer in the dispersed state solution,
suggesting a similar overall conformation. Asterisks denote presumed C-termini of small
guantities of impurities or truncations where favorable relaxation properties amplify their
signal compared to FUS LC resonances. 1H (B) and 15N (C) chemical shift differences
between FUS LC in the phase-separated and dispersed states indicate that small chemical
shift differences are distributed across the chain. Ry, Ry, and (*H)-1°N nuclear Overhauser
effect (NOE) values (D, E, F, respectively) for phase separated FUS LC (red) are consistent
with slowed motion compared to the dispersed phase (blue, repeated from Figure 1) but
demonstrate that FUS LC retains reorientational mobility. Data are represented as mean +/-

st dev. See also Figure S5.
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Figure 6.
NMR resonance intensities arising from phase separated FUS LC are highly temperature

dependent. One dimensional H (A) and 1H 15N HSQC (B) experiments show decreased
signal intensity and increased line broadening as temperature decreases.
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