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In Brief

FUS aggregation is pathogenic hallmark
of incurable neurodegenerative diseases,
including ALS and FTD. Niaki et al.
demonstrate that two classes of ALS/
FTD-linked mutations display distinct
molecular phenotypes. Arginine
mutations lead to defective RNA binding,
whereas glycine mutations induce quick
loss of fluidity, underpinning potentially
disparate pathogenic pathways of
disease-linked FUS mutants.
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SUMMARY

FUS is a nuclear RNA-binding protein, and its cyto-
plasmic aggregation is a pathogenic signature of
amyotrophic lateral sclerosis (ALS) and frontotempo-
ral dementia (FTD). It remains unknown how the FUS-
RNA interactions contribute to phase separation and
whether its phase behavior is affected by ALS-linked
mutations. Here we demonstrate that wild-type
FUS binds single-stranded RNA stoichiometrically
in a length-dependent manner and that multimers
induce highly dynamic interactions with RNA, giving
rise to small and fluid condensates. In contrast, mu-
tations in arginine display a severely altered confor-
mation, static binding to RNA, and formation of large
condensates, signifying the role of arginine in driving
proper RNA interaction. Glycine mutations undergo
rapid loss of fluidity, emphasizing the role of glycine
in promoting fluidity. Strikingly, the nuclear import
receptor Karyopherin-B2 reverses the mutant de-
fects and recovers the wild-type FUS behavior. We
reveal two distinct mechanisms underpinning poten-
tially disparate pathogenic pathways of ALS-linked
FUS mutants.

INTRODUCTION
Fused in sarcoma (FUS) is an RNA-binding protein (RBP)

involved in an array of RNA metabolic processes and the forma-
tion of ribonucleoprotein (RNP) bodies such as stress granules
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(SGs) (Lagier-Tourenne et al., 2010; Protter and Parker, 2016).
RNP bodies are proposed to form by liquid-liquid phase separa-
tion (LLPS), driven by transient multivalent interactions between
RNA and RBPs containing intrinsically disordered regions (IDRs)
and RNA recognition motifs (RRMs) (Guo and Shorter, 2015;
Hyman et al., 2014; Weber and Brangwynne, 2012). Indeed,
FUS features an extensive prion-like domain (PRLD) at its
N terminus, an RRM in the middle, and RGG domains at the C
terminus (Figure S1A). Mutations in FUS and other SG RBPs
(such as TDP-43 and hnRNPAT1) are causative agents of neuro-
degenerative diseases such as amyotrophic lateral sclerosis
(ALS) and frontal temporal dementia (FTD) (Aulas and Vande
Velde, 2015; Bosco et al., 2010; Kang et al., 2018; Kapeli et al.,
2017; Li et al., 2013; Ling et al., 2013; Mackenzie and Neumann,
2017; Nolan et al., 2016; Nomura et al., 2014; Stoica et al., 2016;
Svetoni et al., 2016). ALS/FTD mutants of FUS incorporate into
normal fluid SGs and induce conversion to irreversible patholog-
ical aggregates in the course of disease progression (Vance
et al., 2009).

Numerous ALS/FTD-associated mutations in FUS are clus-
tered in the IDR, which is necessary and sufficient for driving
LLPS (Burke et al., 2015; Lin et al., 2015; Molliex et al., 2015;
Patel et al., 2015). Previous studies focused primarily on pro-
tein-only systems and neglected the role of RNA and RNA-
protein interactions in phase separation. However, the emerging
view acknowledges a cooperative effect of RNA-RNA (Jain and
Vale, 2017; Van Treeck et al., 2018), RNA-protein, and protein-
protein interactions in RNP granule assembly and disease
progression. RNA can seed FUS and hnRNPA1 droplets by
increasing multivalent interactions (Burke et al., 2015; Molliex
et al., 2015; Schwartz et al., 2013). We and others have reported
that RNA differentially affects the in vitro viscoelastic properties
of Whi3 and LAF-1 droplets (Elbaum-Garfinkle et al., 2015;




Zhang et al., 2015). Our earlier work also demonstrated that RNA
structure is critical in establishing granule identity and the RNA-
protein interactions to maintain granule identity in the Whi3 sys-
tem (Langdon et al., 2018). In mammalian cells, RNA buffers
phase separation of FUS and RBPs; the high RNA-to-protein
ratio in the nucleus keeps RBPs soluble, whereas the low ratio
in the cytoplasm promotes condensation (Maharana et al.,
2018a). In fact, the RNA-binding ability of ALS mutant FUS is
what allows the protein to localize to SGs, where it exhibits a
neurodegenerative phenotype (Daigle et al., 2013), reinforcing
the role of RNA in granule formation and disease onset. Never-
theless, a fundamental molecular-level understanding of how
the initial interaction of RNA and IDR proteins affects LLPS and
drives the disease phenotype is lacking. In this study, we
address this gap by directly probing RNA interactions with
FUS, one of the major proteins implicated in ALS/FTD.

We sought to address the question of “when does the muta-
tion become aberrant?” by studying RNA-protein interactions
with wild-type (WT) FUS as well as several classes of ALS-linked
mutations: five arginine (R) mutations (R216C, R244C, R514G,
R521C, and R521G), five glycine (G) mutations (G156E,
G187S, G225V, G230C, and G399V), two nuclear localization
sequence (NLS) mutations (R495X and P525L), and two non-
ALS control mutations (R244K and R244A). Our results reveal
that FUS-WT binds RNA stoichiometrically in an RNA length-
dependent manner. Although a monomer binds RNA in two
steps to establish a stable interaction, multimers (two and three
units) of FUS-WT interact dynamically with RNA. Strikingly,
R244C, a single ALS-associated point mutant, exhibits altered
binding of RNA from the initial moment of contact, leading to
highly static interactions with RNA and build-up of aggregation.
Such altered RNA binding is shared among all R mutants,
consistently leading to formation of larger condensates with
diminished fluidity, strongly suggesting that arginine is important
for FUS to engage properly with RNA. In contrast, G mutants
display RNA binding and dynamics comparable with FUS-WT
but phase-separate into small gel- or solid-like condensates, re-
flecting the major role of glycine in contributing to the conden-
sate fluidity. Unlike R and G mutants, the NLS mutants resemble
FUS-WT in all aspects of RNA binding, confirming that the NLS
is a functionally separate domain that does not affect RNA bind-
ing or FUS-FUS interaction in a major way. The marked differ-
ence exhibited by R and G mutants reveals unique molecular
aberrations that may lead to different pathogeneses. Notably,
Karyopherin-p2 (Kapf2) not only dissolves the R and G mutant
condensates but also reverses the defective RNA binding,
recovering the FUS-WT interaction with RNA. Taken together,
we posit a plausible molecular connection between FUS-RNA
interaction and phase separation in WT versus ALS mutant FUS.

RESULTS

FUS-RNA Interaction Probed by smFRET Reveals Two
Modes of Interaction

We used single-molecule Forster resonance energy transfer
(smFRET) to probe the interaction between FUS-WT and RNA.
We prepared human full-length FUS by recombinant expression
with an MBP tag at the N terminus for solubility and hexa-histi-

dine for purification by Ni-NTA affinity column (Figures S1B
and S1C; STAR Methods). Because FUS interacts with single-
stranded RNA (ssRNA) (Wang et al., 2015), we prepared an
RNA substrate with FRET pair dyes (Cy3 and Cy5) separated
by 50 nt of poly-uracil (pdU50 for partial duplex U50) (Figure 1A;
STAR Methods; Kim and Myong, 2016). We chose a simple un-
structured homopolymer of ssRNA because FUS is a promiscu-
ous RNA binder known to bind RNAs with or without cognate
FUS-binding motifs with similar affinity (Lagier-Tourenne et al.,
2012; Wang et al., 2015). The resulting FRET value of pdU50
on its own is approximately 0.2, shown as a single FRET peak
generated by collecting FRET values from over 2,000 immobi-
lized RNA molecules. Addition of FUS even at low concentra-
tions (5 nM) immediately shifts the low FRET (0.2) to a single
high FRET peak (0.8), indicating that the two dyes are being
brought into close proximity (Figure 1B). Single-molecule traces
display a stable high FRET signal, suggesting that FUS induces
tight compaction of long ssRNA.

As FUS concentration increases (50-500 nM), the high FRET
population diminishes, whereas a broad mid-FRET peak (~0.5)
emerges (Figure 1B, right panel), concomitant with fluctuation
of the smFRET traces (Figure 1B, left panel). The FRET fluctua-
tion is a dominant pattern seen in more than 90% of all traces
obtained at 200-500 nM FUS concentration. If the FRET fluctua-
tion were to arise from successive binding and unbinding of FUS
molecules to RNA or existing FUS-RNA complexes, then we
would expect the rate of fluctuation to increase as a function of
protein concentration (Figure S1A). However, the frequency of
the FRET fluctuations observed at different FUS concentrations
remained unchanged (Figure 1C), strongly suggesting that the
FRET fluctuations arise from bound FUS species interacting
dynamically with the ssRNA. Removal of the excess protein
returned the RNA to the stable high FRET state observed at
low FUS concentrations, suggesting that the dynamic state is a
weakly engaged, transient state of the FUS-RNA complex.

To test potential stoichiometric changes of the FUS-RNA com-
plex, we used an electrophoretic mobility shift assay (EMSA) with
the same RNA construct used in the single-molecule assay and
varying concentrations of FUS (Figures 1D and 1E). The pattern
of mobility shift indicates that FUS binding to RNA induces a sin-
gle-shifted band (complex 1 [C1]) at low protein concentrations
(2-10 nM) and a second super-shifted band (complex 2 [C2]) at
higher protein concentrations (50-500 nM) (Figures 1D and 1E).
Interestingly, there is a linear correlation between the fraction
of C2 in EMSA and the percentage of single-molecule traces
that exhibit FRET fluctuations (Figure 1F), suggesting that dy-
namic FUS-RNA interactions arise from the species represented
by C2. Next, we further tested the stoichiometry by preparing
FUS tagged with a C-terminal GFP tag (Figures S1B and S1C).
We immobilized the same RNA construct, pdU50, labeled with
Cy5 (for localization) and applied various FUS-GFP concentra-
tions (Figure 1G). Because of the high fluorescence background,
we could not take measurements above a concentration of
10 nM FUS-GFP. At 2-5 nM, FUS-GFP displayed mostly sin-
gle-step photobleaching, (Figure 1H and 1J), which revealed
predominantly monomer FUS-GFP bound to RNA after subtract-
ing GFP-induced dimers (~30%) (Figure S1E; STAR Methods).
At 10-50 nM FUS-GFP, two-step photobleaching emerged in a
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Figure 1. WT FUS Interacts with RNA in Two Modes
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(A) Schematic of the smFRET experiment in which Cy3 and Cy5 attached to either end of U50 RNA report on the conformational change induced by FUS binding.
(B) smFRET representative traces and histograms for increasing FUS concentrations (0-500 nM) and after buffer wash of free protein in solution.
(C) Dwell time analysis of the dynamic FRET fluctuations at 50, 100, and 500 nM FUS fitted with a single-component exponential decay, with the bar graph

representing the mean and SD of the fitted decay time.

(D) EMSA gel using pdU50 RNA (2 nM) at increasing FUS concentrations (0-500 nM). The arrows indicate bands representing RNA alone, complex 1 (C1), and

complex 2 (C2).
(E) Quantification of EMSA band intensity.

(F) Correlation plot (R? = 0.95) between the fraction of C2 observed in the EMSA and the fraction of dynamic FRET traces at different FUS concentrations with SD.
(G) GFP-FUS experimental scheme used to count photobleaching steps to determine the stoichiometry of RNA:FUS at varying FUS conditions.

(H and 1) Representative single-molecule trace of one-step (H) and two-step (l) photobleaching. Arrows indicate individual photobleaching steps.

(J) GFP photobleaching counts for different FUS concentrations after subtracting the inherent dimerization because of GFP alone (Figure S1; STAR Methods).

small population of molecules (~15% at 50 nM), likely indicating
a stoichiometric shift from the C1 to the C2 state (Figures 1l and
1J). The small fraction of two steps is likely responsible for the
short burst of dynamic FRET fluctuations observed at 10 nM (Fig-
ure 1B). In addition, we confirmed that FUS-GFP displays the
same interaction with RNA as FUS-WT (Figure S1D). Taken
together, C1 represents a FUS monomer interacting stably
with ssRNA, yielding a steady high FRET signal, whereas C2 is
likely two units of FUS engaging weakly with RNA, establishing
highly dynamic interactions.

RNA Length Controls FUS Occupancy

We next asked whether RNA length plays a role in controlling the
valency for FUS binding. To test this, we prepared a series of
FRET-labeled RNA with varying lengths of poly-uracil (Figure 2A).
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All of the Cy3-labeled poly-uracil (polyU) strands (U10-U70; Fig-
ure 2A, left panel) were annealed to the same Cy5- and biotin-
labeled 18-mer RNA strand with a complementary sequence,
resulting in pdU10-pdU70 (Figure 2A, right panel). The native
gel displays a clear separation of mobility shift of both the sin-
gle-stranded and the partially duplexed RNA forms (Figure 2A).
These constructs were individually tested in the smFRET assay
with FUS-WT. Upon addition of FUS-WT (500 nM), the FRET
peaks shifted from lower (Figure 2B, light gray histograms) to
higher values in all cases, confirming that FUS binds to all lengths
of RNA (Figure 2B, dark blue histograms). FUS binding to
pdU10-pdU30 produced a sharp high FRET peak with corre-
sponding stable high FRET traces (Figure 2B). For pdU40, the
static high FRET signal is interspersed by bursts of FRET fluctu-
ations. By contrast, FUS binding to pdU50 and pdU70 yielded
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significantly broader FRET peaks that arise from sustained FRET
fluctuations displayed in single-molecule FRET traces (Fig-
ure 2B). Interestingly, pdU70 rendered two classes of FRET fluc-
tuations: one in a mid-FRET range (0.4-0.7) and the other with
low FRET (0.2-0.5) amplitudes, which we relate to C2 and C3
stoichiometric states, as demonstrated below (Figure S2).

Analysis by EMSA gels revealed that FUS (0, 5, 50, or 500 nM)
binding to pdU10-pdU30 led to only C1 formation (Figure 2C).
The FUS-pdU40 and pdU50 complex displayed clear C1 and
C2, whereas FUS-pdU70 showed an additional supershifted
band, complex 3 (C3) (Figure 2C). This strongly suggests that
C1, C2, and C3 correspond to one, two, and three units of FUS
bound to longer, 70-nt long RNA, which offers a higher valency
because of its length. It is noteworthy that, despite the differ-
ences in molecular weight of RNA substrates (Figure 2A), all C1
and C2 FUS-RNA complexes show the same mobility shift in
EMSA gels (Figure 2C), likely indicating extensive contact be-
tween RNA and protein, resulting in similar hydrodynamic radii
for all RNP complexes containing varying lengths of RNA.

Together, the smFRET and EMSA results reveal that short
lengths of RNA (up to U30) only allow a monomer of FUS to
bind stably, producing a steady high FRET signal, whereas
pdU40 and pdU50 accommodate two FUS molecules to bind,
inducing a dynamic conformational change on the RNA. For
pdU70, up to three FUS units can bind, giving rise to the mid-
and low-range FRET fluctuations, likely representing the C2
and C3 states, respectively (Figures 2B and 2C; Figure S2).
Here we establish that the length of RNA is important for
regulating FUS valency and, thus, driving the multi-valent
interactions.

R244C Displays Altered RNA Binding and Enhances
Aggregation Propensity Because of Loss of Arginine
To test whether the ALS/FTD-linked mutations alter FUS:RNA in-
teractions, we first investigated arginine mutations. Arginine is
the most frequently mutated (approximately 30%) amino acid

1[Mid FRET (56.7+5.8%) Low FRET (43.3+5.8%)
0.5
0
0 20 4 60

R521C, and R521G) and two non-ALS-
linked substitutions (R244K and R244A)
Here, we focus on one arginine mutation,
R244C, and the two controls (R244K and R244A) (all mutants are
shown in Figure 5). The R244C mutation is located within FUS’s
PRLD, adjacent to the RRM, and it is associated with severe
neurological dysfunction in ALS patients (Kwiatkowski et al.,
2009; Vance et al.,, 2009; Wang et al., 2013). We examined
whether R244C’s interaction with RNA is different from FUS-
WT (Figure 3A). Unlike the WT, at 5 nM, R244C binding to RNA
leads to two different FRET states in which smFRET traces
show either static mid-FRET or high FRET states (Figure 3A).
At higher concentrations (50-500 nM) of R244C, RNA molecules
exhibit mainly static high FRET traces with infrequent excursions
to mid-FRET states (Figure 3A). This is in stark contrast to the
highly dynamic FUS-WT-RNA interaction in the same concentra-
tion range (Figure 1B; Figure S3). EMSA analysis reveals that
R244C-RNA forms C1 but not C2 and aggregates at higher con-
centrations (>250 nM), visualized by thick smears near the
loading wells (Figure 3B). The lack of C2 in the EMSA and negli-
gible dynamics displayed in smFRET traces (Figure 3A) are
consistent with the observation that C2 in the WT is generating
the dynamic FUS-RNA interaction.

Next, we asked whether the altered RNA binding exhibited by
R244C is due to loss of arginine or gain of cysteine by preparing
non-ALS-linked variants, R244K and R244A. Lysine and alanine
were chosen as conservative and non-conservative substitu-
tions of arginine, respectively. If R244C’s altered RNA interaction
arises from loss of a positively charged arginine, then R244K
should resemble FUS-WT, whereas R244A should mimic
R244C. Indeed, we found that the smFRET result for R244K
showed increasing levels of dynamic FRET fluctuations as a
function of protein concentration (Figure 3C), highly similar to
FUS-WT (Figure 1B). By contrast, R244A displays mainly static
smFRET traces with infrequent dynamics (Figure 3D), similar to
R244C (Figure 3A). The EMSA shows that R244K forms C2 start-
ing from 25 nM concentration, concurrent with the emergence of
smFRET dynamics, again similar to FUS-WT (Figure 1C). R244A,
however, fails to form C2 even at high concentrations and

800 05 1
Norm. Counts
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aggregates (Figure 3F), resembling the R244C pattern (Fig-
ure 3B). We also observed a small degree of aggregation for
R244K at high concentrations, which may be due to the argi-
nine-to-lysine replacement, suggesting that arginine allows for-
mation of C1 and C2 without aggregation. Taken together, we
demonstrate that loss of the positively charged arginine in
R244C and R244A is responsible for the altered interaction
with RNA and that the R244C mutant may seed defective com-
plex formation that drives the increased aggregation seen in dis-
ease. The substitution analysis strongly suggests that arginine is
critical for properly engaging with RNA (C1) and that formation of
C1 is necessary for formation of C2, which exhibits a dynamic
interaction.

Defective RNA Binding of R244C Is Evident from the
Beginning

The EMSA analysis shown in Figure 3B led us to hypothesize that
the initial binding of a monomer (i.e., the formation of C1 com-
plex) may be altered in R244C to block the proper engagement
of the second FUS unit required for C2 formation. The EMSA
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does not transition to a high FRET state
for more than 50 s (Figure 4B, top), resulting in a heatmap with
a highly scattered pattern (Figure 4B, bottom).

To further investigate the binding mechanism of WT and
R244C, we performed an alternative single-molecule method
called protein-induced fluorescence enhancement (PIFE)
(Hwang et al., 2011; Hwang and Myong, 2014). Briefly, a single
dye attached to nucleic acid will become brighter upon contact
with a protein, detected as an increase in fluorescence intensity.
For our PIFE assay, we prepared two versions of the pdU50
construct, each with Cy3 dye at either end of the U50 so that
FUS binding can be detected on either end independently (Qiu
et al., 2013). Addition of the WT produced quick, clear, and uni-
form signal enhancement in both cases (~2x) (Figures 4C and
4E; Figures S4A and S4B), whereas R244C led to a substantially
delayed, less distinct, and non-uniform signal increase (Figures
4D and 4E; Figures S4C and S4D), consistent with the irregular
pattern observed in FRET measurement (Figure 4B). In addition,
the clear time delay between the two PIFE experiments for the
WT suggests that the protein makes contact with the tail end
of pdU50 first before folding in closer to the single-stranded
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Figure 4. Initial R244C-RNA Binding Is Defective Compared with FUS-WT
(A and B) Representative real-time flow traces for 2.5 nM WT FUS (A) and R244C (B) added to FRET-labeled pdU50 RNA. The black lines mark the introduction
of protein, and the red dashed line shows the transition to high FRET. The heatmaps are generated by overlaying more than 100 traces taken under each

condition listed.

(C and D) PIFE flow experiment for the tail and junction (jxn) Cy3-labeled pdU50 at 2.5 nM WT FUS (C) and 5 nM R244C (D). The red dashed line indicates signal

enhancement from protein binding.

(E) Quantification of the transition time taken by collecting the time required for FUS to bind RNA, observed by PIFE. The times were fitted with a single-

component exponential decay with SD.

(ss)/double-stranded (ds) junction (Figures 4C and 4E), likely
related to the two-step FRET increase observed above (Fig-
ure 4A). In summary, the initial binding of RNA by the WT occurs
in a well-ordered two-step process, producing a stable C1,
which leads to proper C2 formation. In contrast, R244C exhibits
irregular binding to RNA so that it forms a defective C1 state that
is incompatible with C2 formation, leading to aggregation at high
concentrations (Figure 3B). The different pattern was also
observed at higher protein concentrations (Figures S4E and
S4F). The C1 band present in the EMSA gel across R244C con-
centrations signifies the persistent nature of the defective mono-
mer-bound state. Together, our results provide strong evidence
that proper formation of the C1 state is necessary for formation
of a dynamic C2.

Arginine Mutants Display Diminished FUS-RNA
Interaction Dynamics and No C2

We next prepared two NLS mutations, P525L and R495X, which
are associated with an early-onset, highly aggressive form of
ALS. The severity of these cases is due to defects in their nuclear
import (Dormann et al., 2010) because of severely weakened
interactions with the nuclear transporter Kapp2. This results in
cytoplasmic mislocalization and aggregation of FUS (Guo
etal., 2018; Hofweber et al., 2018; Qamar et al., 2018; Yoshizawa
et al., 2018). We asked whether these mutants’ interactions with
RNA are also affected. The smFRET assay carried out at a high
(500 nM) protein concentration shows that both P525L and

R495X establish highly dynamic interactions with RNA, resem-
bling FUS-WT (Figure 5A). We also prepared five glycine ALS
mutations (G156E, G187S, G225V, G230C, and G399V) as an
additional class of mutation to compare alongside the arginine
(R) mutations. Glycines were classified as “spacers” important
for controlling the fluidity of FUS condensates (Wang et al.,
2018). The five G mutants displayed a range of interactions
with RNA but, in general, displayed substantially more dynamic
FRET fluctuations than R244C (Figures 5B and 5C). In fact, the
four other R mutations (R216C, R521C, and R521G) displayed
primarily static interactions, with the exception of R514G, which
showed the most dynamic interaction with RNA (Figure 5C).

To calculate how dynamic the interaction is between each
mutant FUS and RNA, we collected the fraction of time each
molecule (>120 traces per mutant) persists in the dynamic state
and plotted the population density in the form of a violin chart
(Figure 5D; STAR Methods). As expected, FUS-WT is the most
dynamic (median score of 0.97) (Figure 5D). The two NLS mu-
tants and the G mutants display a wide distribution of dynamic
fractions arising from traces displaying both dynamic and static
FRET states. With the exception of R514G, all other R mutants
show median scores clustering below 0.2, clearly indicating
mostly static interactions with RNA (Figure 5D). Compared with
R244C, R244K displayed dynamic FRET traces closer to FUS-
WT than R244A. To further quantify the static status of each
mutant, we analyzed and compiled the dwell times of the static
period from over 200 smFRET traces (Figure S5B), which
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showed that the four most static R mutants exhibit the longest
static dwell times.

EMSA analysis revealed that mutants can be divided into three
categories. First, the NLS mutants and R244K exhibit a FUS-WT-
like pattern of C1 shifting to C2 as the protein concentration in-
creases (Figure S5A, class I). Second, R244A, R216C, R514G,
G156E, G187S, and G225V show a pattern in which C2 appears
at significantly higher protein concentrations (>250 nM), also
accompanied by an aggregated smear at high concentrations
(Figure S5A, class ll). Third, R244C, R521G, R521C, and G399V
are characterized by a persistent C1 but no C2 formation and a
direct transition to high a degree of aggregation (Figure S5A,
class lll). Thus, at high concentrations, class | mutants mostly
form C2 and display the highest level of RNA dynamics. Class
Il mutants, however, form an altered C1 and aggregate, corre-
sponding to static interaction with RNA. Class Il is between clas-
ses | and lll; both C2 and aggregated states generate a mixture of
dynamic and static FRET trajectories, respectively (Figure S5C).
Taken together, the smFRET and EMSA data orthogonally sup-
port that the FUS:RNA interaction is driven by precise complex
formation, with C2 the driving force for the dynamic FUS:RNA
interaction, which is greatly impaired for most arginine mutants.

Glycine Mutant Droplets Exhibit Accelerated Aging, and
R Mutants Become Larger Condensates

We next tested whether the altered RNA binding and increased
aggregation properties of the FUS mutations affect phase sepa-
ration. We used 1 puM unlabeled FUS (MBP cleaved; STAR
Methods) mixed with 1 pM unlabeled U40 RNA doped with
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SEM FUS form small droplets (area,

~1.5 um?, R), but R mutants grow much
larger (area, ~3-6 pm?) (Figure 6B). Even after 3 h, a stark differ-
ence in droplet size can be observed (Figure 6C). This is in
agreement with the EMSA results; the less dynamic and aggre-
gation-prone R mutants formed into much larger FUS-RNA con-
densates than FUS variants that showed a negligible degree of
aggregation on EMSA (Figure 3B; Figure S5).

Next, FRAP was performed by photobleaching the entire area
of the droplets. Thus, the recovery rate reflects the degree of RNA
exchange in and out of the droplet and its mobility within the
droplet, both of which can indirectly indicate the fluidity of the
droplets. The WT and NLS mutant FUS displays faster and
almost complete recovery of fluorescence, whereas R mutants
exhibit slower and incomplete recovery. Remarkably, by
contrast, G mutants display much slower and severely damp-
ened overall recovery of fluorescence (Figures 6D and 6E). To
further characterize the R mutants, we measured saturation con-
centration (Ceat) by performing a condensation assay at varying
protein concentrations (Wang et al., 2018). The result clearly
shows a substantially lower Cg for all three R mutants tested,
confirming the elevated aggregation propensity for the R mutants
(Figures 6F-6H). Building on the results observed above, we hy-
pothesize that the R mutants make deficient contact with RNA,
forming an altered configuration that leads to a higher aggrega-
tion propensity and supports growth to aberrantly large conden-
sates that are less fluid. Unexpectedly, G mutants display a
unique molecular pattern: they display WT-like interactions with
RNA in EMSA and smFRET assays and, likewise, form conden-
sates comparable in size with those of FUS-WT, but the conden-
sates undergo extremely rapid aging. Together, our results point



|
|
O

—a—WT
—=— P525L
—eo—R244K

—e— R244C
—=—R521C
—A—R521G
—*—R216C

— —— —=— G225V
= —e—G187S
—A— G399V

14
©

Normalized FRAP
S o b
E ()}

I
[N}

F  oam 0.5uM 06uM  075uM  0.9uM

200

100

12 _3 4 5 6 .
Time (hrs) E Time (s)
1 5 10
2
: 9 08
C
1 E 0.6+
8 8 041
=
H 0.2+
FRX LQLVULO >uv> TEZX QUUUO >V >
=43 235~ A/»3 2343 237n A»d
FAES] INES RSN N T~ m LN aNANlnn T m
Qo [s- 4 [CACRU) o oo QOOUQ
1.5uM G 3000+
—&— WTFUS
—e— R244C
® - R521C E
--A--R521G
a ¢
2000
g .
©
=
<
— L]
£ 10004
°
0 T T T
0.5 1.0 1.5 2.0
[FUS] (uM)
H
FUS variant| WT R244C R521C R521G
Cqae Conc. (UM)] 0.72+0.14 | 0.48+0.04 | 0.43+0.07 | 0.39+0.02
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(B and C) Area of WT and FUS mutant droplets plotted over time (B) and taken at the 3-h time point (C).

(D and E) FRAP curves for FUS variants (D) and the mobile fraction after 3 h (E).
All errors bars are SEM.

(F) Csaturation images taken for WT and R mutants.

(G) Numerical plot of Cgatyration results obtained in (F).

(H) Quantification of Cgatyration results obtained in (F).

toward disparate molecular mechanisms underlying pathogen-
esis, resulting from selective loss of arginine versus glycine.

Kapp2 Rescues FUS Mutant Defects at Multiple Scales
Recent studies have reported that Kap-p2 (Kapp2), a nuclear
import receptor, plays a critical role in disaggregating FUS and
FUS-related protein aggregates (Guo et al., 2018; Hofweber
et al.,, 2018; Qamar et al., 2018; Yoshizawa et al., 2018),
providing a promising new therapeutic avenue. So far, the disag-
gregation activity was studied only in the context of FUS conden-
sates without RNA. Here we tested the activity of Kapp2 in the
presence of RNA. Is Kapf2 able to reverse the defective molec-
ular signatures of mutant FUS, including loss of the dynamic
interaction with RNA, the increased aggregation propensity of
the FUS:RNA complex, and the formation of larger, non-spher-
ical FUS-RNA condensates?

First we conducted the EMSA analysis for R244C (500 nM) and
pdU50 RNA (1 nM) mixed with increasing concentrations of
Kapp2. We confirmed that Kapf2 does not bind RNA without
FUS (Figure 7A, second lane). The aggregated band of R244C-
bound pdU50 persists even in the presence of Kapf2 in
concentrations below that of R244C (500 nM). At an equimolar
concentration of Kapp2 (500 nM), the aggregated band is sub-
stantially diminished and completely abolished at even higher
concentrations, indicating clear FUS-RNA disaggregating activ-
ity by Kapp2. Interestingly, the FUS-RNA C1 band is maintained
across Kapp2 concentrations, suggesting that Kapf2 does not
compete with RNA binding to a significant degree. The same
EMSA assay performed with the most aggregation-prone G
mutant, G156E, also showed a similar Kapp2 dissolution effect,
albeit at a higher Kapp2 concentration (Figure S6B). Again,
Kapp2 did not noticeably disrupt G156E-RNA interaction. This
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Figure 7. Kapp2 Induced Recovery

A) EMSA gel of 500 nM R244C incubated with titrating concentrations of Kapp2 (0-1,000 nM).
B) Representative FRET traces and FRET histograms of 500 nM R244C in the absence and presence of equimolar concentrations of Kapf2.

¢
(
(C) Violin plot of the fraction of dynamic molecules observed in smFRET traces.
(D) Droplets formed using 1 uM R244C in the absence and presence of 0.5 and
(E) Quantification of the size of condensates.

(F) Plot of circularity of each droplet condition over time.

(G) Initial FRAP curves of the droplets at 3 h.

All error bars are SEM.

result reveals that Kapf2 selectively dissolves aggregated FUS
bound to RNA without disrupting FUS-RNA interaction.

Second, we tested the R244C-RNA interaction using our
smFRET in the absence and presence of Kapp2. The high
FRET peak for R244C (500 nM) was accompanied by predomi-
nantly static smFRET traces (Figure 7B, left panel). Strikingly,
addition of equimolar Kapp2 (500 nM) induced the appearance
of a broad mid-FRET peak accompanied by highly dynamic
FRET fluctuations in a significant fraction of smFRET traces, sug-
gesting recovery of WT-RNA-like interactions by Kapp2 (Figures
7B and 7C). Consistently, G156E showed the same increase in
dynamics upon addition of Kapp2, albeit to a lesser extent, as
evidenced by a smaller mid-FRET peak (Figure S6C). Because
Kapf2 does not interact with RNA by itself, such rescue can
only arise from Kapf2 interacting with FUS to directly dissolve
aggregates, which is sufficient for recovering the WT-like dy-
namics of the FUS-RNA interaction. Rescue of FUS mutant dy-
namics by Kapp2, however, is not complete because a small
fraction of high-FRET peak remains, which we relate to the
less fluid condensate discussed below.
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1 uM KappB2 over time.

Third, we performed a R244C-RNA phase separation assay in
the absence and presence of Kapp2. As before, R244C-RNA
formed into large, aberrantly shaped condensates in the
absence of Kapf2. When 0.5-1 uM Kapf2 was added, the con-
densates were significantly smaller in size and more circular in
shape, reflecting recovery to the level of WT FUS over the course
of 5 h (Figures 7D-7F). Interestingly, FRAP analysis showed that
the remaining R244C droplets are just as solid-like as the R244C
condensates without Kapp2 (Figure 7G). This is in contrast to the
WT condensates, which dissolved completely when mixed with
Kapp2 (Figure S6D). Kapp2 addition to G156E-RNA condensate
substantially reduced the droplet size but left behind fiber-like
structures (Figure S6E). The small but non-fluid condensates of
R244C and G156E suggest that Kapf2 does dissolve mutant
RNP condensates but is unable to fully resolve a solid-like
component of the mutant droplet. This is likely related to the
small fraction of molecules trapped in the high FRET peak shown
above (Figures 7B and S6C).

Here we demonstrate that Kapf2 reverses FUS mutants’
behavioral defects by dissolving protein-RNA aggregates while



enabling proper and dynamic FUS-RNA interaction (via EMSA
and smFRET). Furthermore, addition of Kapf2 to mutant RNP
condensates revealed that these may be heterogeneous struc-
tures consisting of one component that is capable of interacting
with Kapp2 and another component that is recalcitrant to
Kapp2's activity.

DISCUSSION

The Initial Seeding Is Defective in Arginine Mutants

FUS is a nuclear RBP involved in many steps of RNA meta-
bolism. Because of its functions in transcription (Rabbitts et al.,
1998; Yang et al., 2014), mRNA splicing (Sun et al., 2015; Zhou
et al., 2013), and microRNA processes (Dini Modigliani et al.,
2014; Morlando et al., 2012; Zhang et al., 2018), its RNA-binding
property is a critical parameter to consider when studying FUS
function and phase separation. Previous studies have shown
that the high RNA-to-protein ratio in the nucleus buffers phase
separation of FUS despite the high concentration of FUS.
Accordingly, microinjection of RNase into cell nuclei induces
rapid condensation of GFP-labeled FUS proteins (Maharana
et al., 2018a), strongly demonstrating that RNA keeps FUS in a
soluble state in the nucleus. We used smFRET to examine how
FUS changes the conformation of the flexible chain of an RNA
substrate. Our result demonstrates that a monomeric FUS es-
tablishes a stable interaction with ssRNA by wrapping it around
the protein (i.e., a steady high FRET signal) (Figure 1). Real-time
flow measurements showed that such monomer FUS binding to
RNA involves a clear two-step process. FUS makes extensive
contact with RNA (Yoshizawa et al., 2018), and the two steps
may represent the C-terminal RNA binding domain making the
initial contact with RNA, followed by a conformational change
in FUS that makes a secondary contact that wraps RNA. Strik-
ingly, such two-step binding is abolished for the ALS-linked
R244C mutant, which exhibits extremely slow and poorly
defined binding (Figure 4). Such defective binding of a single
arginine point mutation is likely to have functional consequences
in the nucleus, where its primary roles involve RNA binding.
Furthermore, the defective monomeric state remains as is
(C1 in the EMSA gel; Figure 3B) or leads to higher order
complex of RNP aggregates in lieu of the formation of the dy-
namic C2 state seen in FUS-WT. Therefore, we interpret C1
(the monomer-bound high FRET state) as a critical step required
for proper C2 formation, which exhibits dynamic interactions
with RNA.

RNA Is a Multivalent Platform, and Multimer FUS
Induces Dynamic Interaction with RNA

We demonstrate that RNA length controls the valency of FUS,
consistent with previous findings (Schwartz et al., 2013; Weber
and Brangwynne, 2012). RNA length-dependent FUS binding re-
veals that 10-30, 40-50, and 70 nt of ssRNA can accommodate
up to one (C1), two (C2), and three units (C3) of FUS, respectively
(Figure 2C), suggesting that a monomer occupies ~20-25 nt.
Importantly, the C1 state involves a high degree of RNA compac-
tion by FUS, as evident from the same position of C1 bands on
EMSA gels despite different lengths of RNA. In contrast, the
C2 and C3 states both induce highly dynamic interactions with

RNA (Figure 2B). It is noteworthy that FUS, which binds ssRNA
with nanomolar affinity (based on our EMSA analysis), is present
at a concentration of 2-3 uM in cells (Maharana et al., 2018a).
The emerging view is that the long cellular mMRNA can be targeted
by multimers of FUS inducing highly dynamic interactions with
the cellular RNA. In the cytoplasm where the RNA-to-protein ra-
tio is low, such dynamic, multivalent protein-RNA interactions
can also lead to coalescence into RNP condensates.

We envision that proper RNP condensation entails two
sequential steps: the initial protein-RNA interaction and the sub-
sequent RNP-RNP interaction mediated by protein-protein con-
tact. Our results obtained for the WT FUS reflect that multimer
(C2)-induced dynamic FUS-RNA interaction is the proper pro-
tein-RNA format that supports the subsequent FUS-RNA:FUS-
RNA interaction that leads to LLPS. Strikingly, the majority of R
mutants exhibited loss of such a multimer-induced dynamic
FUS-RNA interaction (Figures 3 and 5), emphasizing the pivotal
role of arginine residues in enabling the proper RNA-protein con-
tact required for proper C2 formation. In contrast, the G mutants
are competent for multimer-induced FUS-RNA interaction but
condense into non-fluid droplets. This reveals that glycine
makes less of a contribution to FUS-RNA interaction but more
to RNP-RNP or protein-protein interaction.

NLS, R, and G Mutants Display Disparate Molecular
Phenotypes

We examined a total of 15 versions of FUS proteins: WT FUS and
12 ALS/FTD-linked FUS mutations with two control R mutants.
Despite the severe pathogenic nature of the two NLS mutants,
our results reveal that they are comparable with the WT FUS in
every aspect with regard to RNA binding (Figure S5), including
multimer-induced dynamics (Figure 5) and the formation of
normal-sized fluid condensates (Figure 6). This result reiterates
the significance of the NLS domain, which, when mutated, can
disrupt nuclear transport, leading to advanced disease onset,
albeit through a distinct molecular mechanism compared with
IDR-clustered ALS mutations (Guo et al., 2018; Hofweber
et al., 2018; Qamar et al., 2018; Yoshizawa et al., 2018). Based
on our findings, the R mutants interact statically with RNA,
arising from the formation of a defective C1 that gives rise to
aggregated RNP complexes and large and noncircular conden-
sate. The two control mutants, R244K and R244A, strongly sug-
gest that R244C’s molecular defects are due to the loss of
arginine.

At first glance, our results may appear to contradict a recently
published report (Wang et al., 2018) that defined the role of argi-
nines, which were classified as “stickers” in increasing the pro-
pensity for phase separation, whereas loss of arginine in our
results increased the aggregation potential. However, there
are two major differences. The previous study mutated many
arginines (10-40) simultaneously, which increased the Cg; (the
threshold concentration to induce phase separation), and that
study was conducted in the absence of RNA. Here we investi-
gated the effect of a single arginine mutation in the presence of
RNA. Taken together, the overall high density of arginine is crit-
ical for promoting protein condensation, whereas individual argi-
nines may be important for establishing proper contacts with
RNA, allowing the formation of fluid condensates. We predict
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that the molecular deficiency of the R mutants will affect their
RNA-binding functions in the nucleus. However, the G mutants
exhibit a unique pattern of WT-like dynamic interaction with
RNA on a single-molecule level but extreme loss of fluidity in
condensates. Unlike the R mutant case, the characteristic of
glycine mutants are in agreement with the predicted molecular
grammar of glycine as a spacer, enhancing fluidity (Wang
etal., 2018). Our study demonstrates that removing even a single
glycine can drastically affect the fluidity of FUS-RNA conden-
sate, emphasizing the critical role of every glycine in driving fluid
RNP condensation. Based on our molecular probing, the G
mutations may not reduce FUS activity in the nucleus, where
protein-RNA interaction dominates, but may drive formation of
gel/solid-like condensates in the cytoplasm, where RNA concen-
trations are low and the protein’s phase separation propensity is
amplified (Maharana et al., 2018a). The solid-like condensates
may also accelerate disease progression and dampen disaggre-
gation potential by other proteins.

Kapp2 Reverses the Molecular Defect of R and G Mutants
The recent studies that led to the discovery that Kap-2 can act
as a protein disaggregase (Guo et al., 2018; Hofweber et al.,
2018; Qamar et al., 2018; Yoshizawa et al., 2018) have sparked
interest in the potential application of such proteins as treatment
for incurable neurodegenerative diseases. Our recent study
showed that ubiquillin-2, which physically associates with FUS
in cells, is capable of relaxing static mutant FUS-RNA interac-
tions and promoting fluid condensate formation (Alexander
et al., 2018). Here we demonstrate that Kapf2 rescues the mu-
tants’ defective interactions with RNA by reviving the dynamic
FUS-RNA interaction in both mutants. The Kapp2-induced in-
crease in dynamics was more pronounced in the R mutants
than in the G mutants, based on the fraction of molecules in
the mid-FRET peak, which is further quantified in a violin plot
(Figure 7). One puzzling observation is that there is no C2 forma-
tion for R244C+Kap-p2 despite the distinct appearance of mid-
FRET preak accompanied by FRET fluctuations. One possibility
is that the dynamic FRET fluctuation arises from the FUS-Kapf2
complex interacting with RNA, but this requires further probing of
the molecular mechanism.

Kapp2 led to formation of smaller droplets in both R and G mu-
tants, suggesting that Kapp2 interaction prevents aberrant
accumulation of aggregates that eventually result in larger con-
densates. Nonetheless, compared with the FUS-RNA droplets
formed by WT protein that were dissolved completely by
KapB2, both R and G mutant condensates remained as small
but non-fluid condensates or fibrous solids, respectively (Fig-
ure 7). Such undissolved aggregates are consistent with the
small fraction of the high FRET peak persisting even after
Kapf2 addition. This result reveals that the rescue effect of
KapB2 may not be equivalent in all FUS mutant molecules or in
the types of FUS aggregates that form. Our future efforts will be
directed to elucidating the mechanistic basis of the Kapp2
rescue effect on FUS-RNA interaction. It will also be critical to
probe FUS variants with non-ALS/FTD-linked mutations to see
whether the molecular phenotypes that we observed are due
to the specific positions of R and G or simply due to the type
of amino acid substitutions.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-GFP (RABBIT) Antibody Biotin Conjugated

Rockland Antibodies & Assays

600-406-215; RRID:AB_10796022

Bacterial and Virus Strains

E. Coli BL21(DE3) Chemically Competent Cells

Millipore Sigma

CMC0014-20X40UL

Chemicals, Peptides, and Recombinant Proteins

AcTEV Protease

Fisher Scientific

Cat #: 12-575-015

Ribonuclease A from bovine pancreas Millipore Sigma R6513
cOmplete Protease Inhibitor Cocktail Roche 11697498001
Glucose Oxidase from Aspergillus niger Sigma-Aldrich G2133
Catalase from bovine liver Sigma-Aldrich C3155
IGEPAL® CA-630 Sigma-Aldrich 18896
HisTrap FF Crude, 5 mi GE Healthcare 17528601
Cy3 NHS Ester GE Healthcare PA13101
Cy5 NHS Ester GE Healthcare PA15100
Oligonucleotides

Biotin-18-mer: 5'- /biotin/rUrGrG rCrGrA rCrGrG rCrArG IDT N/A
rCrGrA rGrGrC/3AmMO/ —3'

U10-18-mer: 5'- /6AmMC6/rUrUrU rUrUrU rUrUrU rUrGrC IDT N/A
rCrUrC rGrCrU rGrCrC rGrUrC rGrCrC rA —3'

U20-18-mer: 5'- /SAmMC6/rUrUrU rUrUrU rUrUrU rUrUrU IDT N/A
rUrUrU rUrUrU rUrUrG rCrCrU rCrGrC rUrGrC rCrGrU

rCrGrC rCrA -3

U30-18-mer: 5'- /SAmMC6/rUrUrU rUrUrU rUrUrU rUrUrU IDT N/A
rUrUrU rUrUrU rUrUrU rUrUrU rUrUU rUrUrU rGrCrC rUrCrG

rCrUrG rCrCrG rUrCrG rCrCrA —3'

U40-18-mer: 5'- /5SAmMC6/rUrUrU rUrUrU rUrUrU rUrUrU IDT N/A
rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU

rUrUrU rUrGrC rCrUrC rGrCrU rGrCrC rGrUrC rGrCrC rA —3'

U50-18-mer: 5'- /5SAmMC6/rUrUrU rUrUrU rUrUrU rUrUrU IDT N/A
rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU

rUrUrU rUrUrU rUrUrU rUrUrU rUrUrG rCrCrU rCrGrC rUrGrC

rCrGrU rCrGrC rCrA —3'

U70-18-mer: 5'- /5SAmMC6/rUrUrU rUrUrU rUrUrU rUrUrU IDT N/A
rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrUr

UrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUry

rUrUrU rUrUrU rUrUrU rUrGrC rCrUrC rGrCrU rGrCrC rGrUrC

rGrCrC rA -3’

U40: 5'- rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrd IDT N/A
rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrJ rU/3BAmMO/ —3'

Recombinant DNA

pTHMT/FUSwt (encoding 6xHis-MBP-FUSWT) GenScript N/A
PTHMT/FUSps25. (encoding 6xHis-MBP-FUSP525L) GenScript N/A
PTHMT/FUSR495x (encoding 6xHis-MBP-FUSR495X) GenScript N/A
PTHMT/FUSR244¢c (€encoding 6xHis-MBP-FUSR244C) GenScript N/A
PTHMT/FUSR244k (encoding 6xHis-MBP-FUSR244K) GenScript N/A
PTHMT/FUSR244a (encoding 6xHis-MBP-FUSR244A) GenScript N/A
PTHMT/FUSgs14¢ (encoding 6xHis-MBP-FUSR514G) GenScript N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
PTHMT/FUSR216c (encoding 6xHis-MBP-FUSR216C) GenScript N/A
PTHMT/FUSRs21g (encoding 6xHis-MBP-FUSR521G) GenScript N/A
PTHMT/FUSRs21¢ (encoding 6xHis-MBP-FUSR521C) GenScript N/A
PTHMT/FUSg230c (€ncoding 6xHis-MBP-FUSG230C) GenScript N/A
PTHMT/FUSg225y (encoding 6xHis-MBP-FUSG225V) GenScript N/A
PTHMT/FUSg1s6e (encoding 6xHis-MBP-FUSG156E) GenScript N/A
PTHMT/FUSg1g7s (encoding 6xHis-MBP-FUSG187S) GenScript N/A
PTHMT/FUSgsg9v(encoding 6xHis-MBP-FUSG399V) GenScript N/A
pTHMT/FUSw-EGFP (encoding 6xHis-MBP-FUSWT-EGFP) GenScript N/A
Software and Algorithms

MATLAB and IDL scripts https://physics.illinois.edu/cplc/software/  N/A
NIS-Elements Ar package Nikon Inc. N/A

Other

Nunc Lab-Tek Chambered Coverglass Thermo Scientific 155361
DNA Retardation Gels (6%) Invitrogen EC63655BOX
Amicon Ultra-0.5 Centrifugal Filter Unit Millipore UFC501096

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sua
Myong (smyong@jhu.edu).
All unique reagents generated in this study are available from the Lead Contact without restriction.

METHOD DETAILS

Preparation of WT FUS, FUS mutants, and RNA constructs

Plasmid preparation

Bacterial expression plasmids for wild-type FUS and all the ALS mutant variants were fused to a 6-HIS tag and an MBP tag at the N
terminus. Plasmids were designed and order via gene synthesis and codon-optimized for expression in E. coli (o THMT/FUS), by
Genscript (Piscataway, NJ). All bacterial constructs encode a protease cleavage site between the 6xHIS-MBP tag and the FUS gene.
Protein Purification

FUS was purified using Ni-Affinity columns. 6xHis-MBP-FUS (wild-type and mutants) expression plasmids were transformed into
BL21 (DE3) competent E. coli cells (NEB). Cells were grown at 37°C till OD600 reached 0.4, when protein expression was induced
by 0.25mM IPTG. Proteins were expressed at 30°C for 2h. Harvested cell pellets were lysed by sonication (Lysis Buffer: 1MKCI, 1 M
Urea, 50mM Tris-HCI, pH 7.4, 10mM imidazole, 1.5mM B-mercaptoethanol, 1% NP-40, 5% glycerol, and protease inhibitor tablet),
followed by centrifugation at 20,000 g for 1 h at 4°C. The supernatant was passed through a HISTRAP HP column (GE), using an AKTA
pure 25M FPLC system (GE). Proteins were eluted using a gradient of imidazole (Elution Buffer: 1M KCI, 1 M Urea, 50mM Tris-HCI,
pH 7.4, 1.5mM B-mercaptoethanol, 5% glycerol, 500mM imidazole). FUS-containing fractions showing the correct size correspond-
ing were pooled and stored in 30% Glycerol at 4°C.

RNA sample preparation

The following single strand modified RNA oligonucleotides were purchased from IDT:

(1) 18-mer: 5'-biotin-UGG CGA CGG CAG CGA GGC-3'-amino modified;
(2) U(10 to 70)-18-mer: 5'-amino modified-(U)19.70GCC UCG CUG CCG UCG CCA-3';
(8) U40: 5'-(U)40-3"-amino modified.

Amino modified RNA strands were end-labeled with Cy5 or Cy3 via NHS-ester-amine chemistry.

ForsmFRET and EMSA, RNA substrate pdU50 was generated as follows: Partially complementary single RNA strands 18-mer and
U50-18-mer (strands 1 and 2), labeled with Cy5 and Cy3, repectively, were annealed by mixing them at 1:1 molar ratio in appropriate
buffer (10 mM Tris-HCI, pH 7.5, 100 mM NaCl), heating to 85°C for 2 min, followed by slow cooling (1°C per min) to room temperature.
Annealing was verified by gel electrophoresis on 6% DNA retardation gel from Invitrogen.

For phase separation assay, a mixture of unlabeled U40 (strand 3) and Cy3-labeled U40 were used (100:1 ratio, respectively)
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Characterization of WT FUS and FUS mutants

Slide Surface Preparation

For all the single molecule experiments passivated PEG slides were used. In brief, quartz slides and glass coverslips were thoroughly
washed in Methanol and Acetone. Next they were sonicated in 1M KOH for 30min and flamed for 30 s. The slides and coverslips were
coated with aminosilane for 20 minutes, then treated with a mixture of 98% mPEG (m-PEG-5000, Laysan Bio, Inc.) and 2% biotin PEG
(biotin-PEG-5000, Laysan Bio, Inc) over night. The slides and coverslips were then washed a dried using nitrogen gas and stored
in —20°C.

Single molecule FRET and PIFE measurements

All smFRET assays were performed at room temperature. Dual FRET pair (Cy5/Cy3)-labeled or Cy3 labeled PIFE RNA substrates
were immobilized on PEG-passivated quartz slides via biotin-Neutravidin linkage. For protein-RNA interaction smFRET experiments,
purified 6xHIS-MBP-FUS was applied on the slide, in imaging buffer containing an oxygen scavenger system to stabilize fluoro-
phores (20 mM Tris-HCI, pH 7.5, 100 mM KClI, 0.5 w/v % glucose, 1 mg/mL glucose oxidase, 1.8 U/mL catalase, 5-10 mM trolox).
Movies were recorded over different regions of the imaging surface, using a home-built prism-type TIRF-FRET microscope.

The flow experiments were done using a syringe pump. The pump was used to withdraw 50uL at a rate of 1mL/min with 10 s delay

after the start of the recording.

EGFP photobleaching measurements

Partially duplex U50 RNA (pdU50) only labeled with Cy5 was immobilized on the surface of the PEG slide. EGFP fused WT FUS was
introduced to the slides at varying concentrations (2.5-50nM) with buffere containing 20mM Tris and 100mM KCI. Movies were ac-
quired from different regions of the slide while the sampled was excited by 488nm laser to bleach the EGFP molecules.

For subtracting the inherent dimerization of EGFP from the photobleaching step measurements, 5nM WT FUS::EGFP was added
on the surface of slide primed with 10nM anti-GFP antibody for 15min then bleached using a 488nm laser. The photobleaching steps
were counted and the dimer and multimer fraction was used as to subtract the background.

Electrophoretic Mobility Shift Assay (EMSA)

Ensemble RNA-protein interaction was assayed via EMSA. Briefly, 0.5-1 nM dual (Cy5/Cy3)-labeled RNA substrate (same as used in
smFRET assay) and protein (6xHIS-MBP-FUS) at varying concentrations were mixed in appropriate buffer (50mM Tris-HCI, pH 7.5,
150mM KCI, 2mM MgCl,, 100mM B-mercaptoethanol, 0.1mg/mL BSA), and incubated at room temperature for 30 min. Reaction
mixtures were mixed with loading dye and species separated by electrophoresis on a 6% DNA retardation polyacrylamide gels
(Invitrogen). Gels were imaged using fluorescence mode on a Typhoon scanner (GE Healthcare). Quantifications on the EMSA
gels were performed using ImageQuantTL software.

Phase separation and C,; measurements

Purified 6xHIS-MBP-FUS protein (that was stored in 1M KClI, 1 M Urea, 50 mM Tris-HCI, pH 7.4) was buffer exchanged with 20mM
sodium phosphate pH 7.4 buffer, using centrifugal filters 30kDa molecular weight cutoff (Amicon, Millipore). 1 uM of buffer-
exchanged protein was mixed with RNA 1uM unlabeled 40nt long polyU RNA (U40) and 10nM Cy3-labeled U40] in buffer
(100 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM DTT). Phase separation and droplet formation was initiated by adding
the appropriate amount of TEV protease to cleave the MBP tag. Droplets formed on the surface of an 8-well Nunc Lab-Tek cham-
bered coverglass were imaged over time, using a Nikon Ti Eclipse microscope with a 100x oilimmersive objective spanning an area of
~133 x 133um?, at 555nm with a Cy3 emission filter and an EMCCD Andor camera.

For measuring the saturation concertation, droplets were formed at varying concentrations (0.3-2uM) using the same methods
described above. In order to quantify droplet formation, we used the intensity-based cell counting macro from NIS-Element AR soft-
ware provided by Nikon, extracting the number and size distribution of the droplets at each time point. Then, the data were plotted
using Origin Pro 8.5.

Fluorescent Recovery After Photobleaching (FRAP) measurements

FRAP experiments were done using the same microscope with a 50mW bleaching laser at 405nm and a Brucker galvano mirror scan-
ner. Multiple granules were bleached completely in the same field of view (ROI of 10-20 pixels in diameter) for 5ms per pixel using
50% laser intensity. Acquiring data for the recovery resumed immediately after bleaching using a 555nm excitation laser with a
Cy3 emission filter at every 3 s for the first 2 minutes and every 10 s for the rest of the time points.

Fluorescent Anisotropy

Fluorescence anisotropy experiments were carried out on Thermo Scientific Nunc MicroWell 96-well microplates (Cat # 152038).
Binding reactions were incubated on the plate for one hour. Following the incubation period, fluorescence polarization was measured
using a TECAN Spark 10M plate reader with fluorescent excitation at 563 nm and emission at 615 nm (20 nm bandwith).

QUANTIFICATION AND STATISTICAL ANALYSIS
Single molecule FRET and PIFE
All the traces single molecule traces were visualized and analyzed using customized MATLAB codes.

FRET histograms and time traces for each experimental condition were generated from thousands of single molecules recorded
over ~20 movies.
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To quantify dynamics of RNA-protein interaction, we measured the time between consecutive FRET events for each condition
(dwell time) using a custom MATLAB code. Similar quantification was performed to measure the binding time in different PIFE con-
structs. Histogram of these data was fit with an exponential decay and the decay time was extracted.

The FRET heatmaps were generated by an in-house MATLAB script overlaying more than 100 traces synced by the start of
each trace.

To quantify the different mutant smRET traces, we measured the fraction of time in which each molecule spends time in the
dynamic state (non-static state). More than 150 traces were used in each case. The values (from 0 to 1) were then plotted using a
violin plot MATLAB script.

EMSA gel quantification
Quantifications on the EMSA gels were performed using ImageQuantTL software. Intensities of each band was normalized based on
the total intensity of each lane after background subtraction.

Phase separation and C saturation

In order to quantify droplet formation, we used the intensity-based cell counting macro from NIS-Element AR software provided by

Nikon, extracting the number and size distribution of the droplets at each time point. Then, the data were plotted using Origin Pro 8.5.
For measuring the C saturation, the total area covered by the droplets were measured as a function of FUS concentration using

NIS-Element AR software. The Cg,; was defined as the intersection between the fit of the linearly growing region of the graph and

the x axis. In other words, the concentration of the protein in which the droplets start to form.

FRAP analysis
The FRAP data were analyzed using a custom MATLAB 2015b code. The average fluorescent intensity of each ROl was recorded
over time and corrected for the general fluorescent bleaching using the equation below:
_I(t)-B
Icorr(t) - lref(t) _B
where, B is the background, |_ref (t) is the intensity of an unbleached droplet at any given time, and I(t) is the intensity of the bleached
spot. The corrected intensity is then normalized as follows:

lcorr (t) — Icorr (bleaChed)
leorr(prebleached) — I.o (bleached)

lnorm (t) =

where, .o (bleached) and Io-(prebleached) are the intensity of the bleached droplet immediately after and before bleaching,
respectively.

Fluorescent Anisotropy
Anisotropy was calculated using the following equation:
Iy — 1o

=1 P
r 000xlp+2le

Where Ip is the parallel fluorescence emission and le is the perpendicular fluorescence emission. For KapB2 competitive binding
assays, the wild-type FUS and Cy3-U40 RNA concentrations were held constant at 100 nM and 10 nM, respectively, while Kap2
concentration was varied from 1 uM to ~15 pM via successive 1:2 dilutions. All reactions were carried out in Binding Buffer (see
Electrophoretic Mobility Shift Assay (EMSA) section).

DATA AND CODE AVAILABILITY

Single Molecule FRET data acquisition and analysis package can all be obtained freely from the website (https://cplc.illinois.edu/
softwarey/).

IDL (http://www.exelisvis.co.uk/ProductsServices/IDL.aspx) and MATLAB (https://www.mathworks.com/) software with aca-
demic or individual licenses can be obtained from their respective software companies.

Violin plot MATLAB code was available online through MATLAB file exchange (https://www.mathworks.com/matlabcentral/
fileexchange/45134-violin-plot)

OriginLab (https://www.originlab.com/) software with academic or individual licenses can be obtained from the software company.
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