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The RNA-binding protein Fused in sarcoma (FUS) can form pathogenic inclusions in
neurodegenerative diseases like amyotrophic lateral sclerosis (ALS) and frontotemporal lobar
dementia (FTLD). Over 70 mutations in Fusare linked to ALS/FTLD. In patients, all Fus
mutations are heterozygous, indicating that the mutant drives disease progression despite the
presence of wild-type FUS. Here, we demonstrate that ALS/FTLD-linked FUS mutations in
glycine (G) strikingly drive formation of droplets that do not readily interact with wild-type FUS
whereas arginine (R) mutants form mixed condensates with wild-type FUS. Remarkably,
interactions between wild-type and G mutants are disfavored at the earliest stages of FUS
nucleation. In contrast, R mutants physically interact with the wild-type FUS such that wild-type
FUS recovers the mutant defects by reducing droplet size and increasing dynamic interactions
with RNA. This result suggests disparate molecular mechanisms underlying ALS/FTLD
pathogenesis and differing recovery potential depending on the type of mutation.

eTOC blurb

FUS is an RNA binding protein with over seventy mutations linked to the incurable
neurodegenerative diseases, ALS/FTLD. Rhine et al demonstrates that FUS mutations in glycine
do not associate with the wildtype at all levels while the mutations in arginine interacts with
wildtype FUS and thereby recover the mutant defect.
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. Introduction

Protein aggregation is a well-known pathological mechanism for many neurodegenerative

diseases (Elbaum-Garfinkle, 2019). In amyotrophic lateral sclerosis (ALS) and
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frontotemporal lobar dementia (FTLD), which exist on a pathological spectrum, various
RNA binding proteins form pathologic inclusions, including TDP-43, FUS, TIAL, TAF15,
EWSR1 and hnRNPA1 (Couthouis et al., 2012; DeJesus-Hernandez et al., 2011; Kapeli et
al., 2016; Kim et al., 2013; Kwiatkowski et al., 2009; Mackenzie et al., 2017; Rosen et al.,
1993; Sreedharan et al., 2008). They possess intrinsically-disordered regions (IDRs), which
promote aggregation and are often enriched with repeats of arginines and glycines (Fay et
al., 2017; Wang et al., 2018). In addition, they bind RNA, which promotes the formation of
phase-separated condensates (Colombrita et al., 2012; Daigle et al., 2013; Niaki et al., 2020;
Schwartz et al., 2013). Once formed, the condensates can convert to fibrillar solids, which
resemble the pathogenic inclusions observed in post-mortem ALS/FTLD neurons (French et
al., 2019; Patel et al., 2015).

FUS is a highly disordered protein known to undergo Liquid-liquid phase-separation (LLPS)
(Niaki et al., 2020; Schwartz et al., 2013; Wang et al., 2018). LLPS of FUS involves
extensive multivalent interactions between arginine and tyrosine-enriched motifs, which are
interspersed with glycines and other amino acids (Martin et al., 2020; Wang et al., 2018;
Yoshizawa et al., 2018). While FUS can interact homotypically, RNA promotes FUS-FUS
oligomerization in a length-dependent manner (Daigle et al., 2013; Maharana et al., 2018;
Niaki et al., 2020; Schwartz et al., 2013). Together, both FUS-FUS and FUS-RNA
interactions drive LLPS of FUS.

Mutations can disrupt FUS’s RNA binding and other intermolecular interactions. There are
over 70 ALS/FTLD-linked mutations in Fuswhich are all heterozygous (Deng et al., 2014).
They are enriched in IDRs and nuclear localization signal (NLS) (Deng et al., 2014).
Mutations in the NLS lead to severe disease pathology due to mislocalization and
aggregation (Guo et al., 2018; Hofweber et al., 2018; Qamar et al., 2018; Yoshizawa et al.,
2018). By contrast, mutations in the IDRs induce aberrant condensation and defective
interactions with RNA (Niaki et al., 2020; Patel et al., 2015). Over half of ALS/FTLD
mutations occur at arginine and glycine residues (Deng et al., 2014). We and others have
shown that FUS mutations in arginine have defective interactions with RNA and form larger
condensates, whereas glycine mutations form solid-like condensates (Niaki et al., 2020;
Wang et al., 2018).

Notably, ALS/FTLD progression occurs despite the presence of a healthy wild-type copy of
each protein (Kwiatkowski et al., 2009; Mackenzie et al., 2010; Sreedharan et al., 2008).
FUS mutations dysregulate normal FUS activities in RNA metabolism, including splicing
and RNA trafficking (Daigle et al., 2013; Kabashi et al., 2011; Sun et al., 2015; Wang et al.,
2011), but it is unclear if it is due to loss of function of the wildtype or the gain of toxicity
due to the mutation (Kamelgarn et al., 2018; Lebedeva et al., 2017; Lopez-Erauskin et al.,
2018; Sharma et al., 2016; Shiihashi et al., 2016; Sun et al., 2015). Do the wild-type and
mutant protein physically interact, at the molecular level or during condensate formation? If
so, does the mutant exert a disruptive effect on wildtype? Or can the wild-type protein
temporarily recover the mutant’s defect?

Here, we investigate how wild-type FUS affects mutant FUS RNA binding, oligomerization,
condensate formation, and fusion. We sought to dissect the interaction of wild-type and
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mutant FUS using single-molecule, ensemble, and cellular methods, focusing on four
fundamental questions: (1) Do wild-type and mutant FUS interact to form mixed
condensates with an RNA scaffold? (2) At what stage does mutant and wildtype FUS engage
with or disengage from each other? (3) What is the RNA binding phenotype of wild-type
and mutant FUS together? (4) How does this interaction change as mutant FUS matures? We
demonstrate that G mutants do not associate with wildtype FUS starting at the earliest stages
of FUS-RNA nucleation and condensate formation, whereas R mutants physically interact
with wild-type at all stages, resulting in the recovery of the R mutant defect. This recovery
effect is reduced if wild-type FUS is added to aged mutant FUS condensates. Moreover, we
show by mutational analysis that the molecular defects observed for the ALS/FTLD-linked
G156E mutation arise from the position and bulkiness of the amino acid substitution. These
results reveal that the accelerated gelation of G mutant may be an important facet of FUS-
mediated ALS/FTLD pathogenesis, and the lack of a physical association with wild-type
may contribute to a more severe pathology.

R. Results

We expressed, purified, and fluorescently labeled several ALS/FTLD-linked variants of
FUS: wild-type (WT), R mutants (R244C, R216C, R521G), and G mutants (G156E, G187S,
G399V). The ALS/FTLD lined R and G mutations are located in the QGSY-rich, RGG, and
NLS domains of FUS (Corrado et al., 2010; Deng et al., 2014; Kwiatkowski et al., 2009;
Mackenzie et al., 2010; Rademakers et al., 2010; Ticozzi et al., 2009). To limit premature
oligomerization of FUS during expression and purification, we used mild induction
conditions, maintained a low concentration throughout purification, stored in 1 M urea,
added a proteolytically removable solubility tag, maltose binding protein (MBP) and only
used fresh (<2 weeks old) proteins for experiments (Niaki et al., 2020). FUS was
nonspecifically labeled with Cy3- or Cy5-NHS ester to achieve 70-95% labeling efficiency
after excess dye was removed through filtration (Figure 1A). Although it was previously
reported that Cy3 and Cy5 dyes may cause aberrant LLPS of FUS, we observed minimal
changes in droplet morphology (Figure 1B-C) (Riback et al., 2019).

R.1. G mutant and wild-type FUS form independent condensates

To test whether WT and mutant FUS coalesce together into phase-separated droplets,
equimolar ratios of Cy3- and Cy5-FUS were combined under droplet-forming conditions.
Briefly, poly-Usg RNA (1 uM) was added to the Cy3- and Cy5-FUS mixture (1 uM) in
physiological salt conditions without molecular crowder. The tobacco etch virus (TEV)
protease was added to cleave the MBP to initiate condensation. First, we mixed the RNA
and Cy3- and Cy5-wild type FUS and observed mixed droplet formation, as expected
(Figure 1B-C). The Cy5-labeled R244C mutant also efficiently mixed with Cy3-WT FUS
(Figure 1B-C). In striking contrast, the Cy5-G156E mutant did not readily mix with Cy3-
WT, forming mostly independent droplets (Figure 1B—C). The same difference was also
exhibited in two other ALS/FTLD linked R and G mutations (Figure 1C). Notably, the
reduced mixing of G156E with WT FUS was observed with G156E-GFP and WT-mCherry,
suggesting that Cy3 and Cy5 labeling is not responsible for generating separate condensates
(Figure S1A). Cy5-labeled G mutant FUS also migrates separately from Cy3-WT FUS on
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electrophoretic mobility shift gels, consistent with the non-mixing condensates (Figure S1B—
C). In addition, the least mixed G mutant, G399V, formed multiple oligomeric states devoid
of Cy3-WT FUS (Figure S1B-C). The prominent self-association of G mutants with high
resistance to physical mixing with WT suggests a gelation process that is inherently different
from the LLPS of WT-FUS.

We tracked the overlap between mutant and WT FUS over time by using a custom-built
script (STAR Methods, Figure 1D). G mutants remained significantly less colocalized with
WT than the R mutants with WT (Figure 1D). We observed a slight increase in the
colocalization score from 4 h to 6 h for all G mutants, indicating a small degree of delayed
mixing. To test if the RNA-bound form of FUS is responsible for the reduced interaction
between G mutant and wild-type FUS, we incubated Cy3-WT and Cy5-G156E FUS without
RNA, which still formed independent condensates. Interestingly, when RNA was spiked in
after the incubation of the two proteins, we observed increased mixing, indicating that RNA
may promote mixing by scaffolding pre-nucleated WT and G mutant FUS (Figure S1D).

We next asked whether these mixed droplets are homogenous or if they contain
substructures (Gasior et al., 2019; Protter et al., 2018) that cannot be resolved by wide-field
microscopy. We used stimulated emission depletion (STED) microscopy to image FUS
droplets at 4-5-fold higher resolution than wide-field microscopy. To accommodate the far-
red depletion beam of our STED setup, we used labeled FUS with Alexa 594 and STAR
635P, which did not alter the condensate formation or morphology (Figure S1E). STED-
imaged R244C-WT and WT-WT droplets had evenly-distributed color, indicating
homogenous mixing within the droplets (Figure 1E). By contrast, Alexa-594-WT mixed
with STAR 635P-G156E FUS revealed numerous incomplete fusion events at the 4 h time
point (Figure 1E).

To determine whether mutant and wild-type FUS interacted /7 vivo, we performed a
multicolor co-transfection experiment with pFUSWT-GFP and prusmut-halo A diffuse FUS
localization was achieved by transfecting SH-SY5Y neuroblastoma cells with a low
concentration of FUS plasmid (Shelkovnikova et al., 2014; Takanashi and Yamaguchi, 2014)
(Figure S1F-G). FUS condensation into cytoplasmic granules was then triggered by addition
of 0.05 mM sodium arsenite (Figure 1F-G, Figure S1F-G). R244C and G156E FUS formed
granules without adding sodium arsenite (Figure S1H). Consistent with the /in vitro results,
the co-transfection of pFUSWT-GFP with either ppUSWT-Halo o ppUSR244C-Halo e to the
formation of mixed cytoplasmic granules while a small population of G156E-only granules
was observed with pFUSGL56E-Halo (Figyre 1G). Altogether, these results indicate that G
mutants, due to accelerated gelation, may form independent condensates in cells and in vitro
(Harmon et al., 2017).

R.2. WT and G mutant exclude each other from engaging with the same RNA

We next asked how early the segregation of the two proteins occurs during condensation. To
this end, we developed a single-molecule dual-color nucleation assay in which color-coded
WT and mutant FUS binding on an RNA scaffold was observed in real-time viatotal
internal reflection (TIRF) microscopy (Figure 2A). Unlabeled partially-duplexed Usg RNA
was tethered to the single-molecule surface by biotin-NeutrAvidin linkage, and a TEV-
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cleaved mixture of Cy3- and/or Cy5-labeled FUS was flowed in while recording the single-
molecule movies (Joo and Ha, 2012a, b; Sarkar and Myong, 2018). As individual molecules
of color-coded FUS engaged with RNA, fluorescence intensity increased in a stepwise
manner (Figure 2A-B). We interpreted single steps as arising from single FUS molecules
binding to a single RNA based on our 80-90% labeling efficiency of FUS (see Methods).
Decreases in fluorescence intensity can be interpreted as dissociation since photobleaching
is minimized by the imaging buffer. WT and mutants exhibit similar affinity to RNA as
measured previously by EMSA and here by fluorescence anisotropy (Figure S2A-F) (Niaki
et al., 2020). We confirmed FUS-RNA binding specificity devoid of surface interaction
(Figure S2G-M).

First, we tested one-color nucleation of FUS, which revealed the oligomerization status of
FUS on single RNA molecules and the kinetics of FUS oligomerization. Upon flowing in
2.5 nM Cy5-FUS to the single-molecule surface, R mutants on average accommodated more
FUS per RNA (1.6-1.8) than either WT FUS (1.2-1.4) or G mutants (1.4-1.6), which is
consistent with our previous reports showing that R mutants form large condensates (Figure
2B-D) (Niaki et al., 2020). Higher concentration of Cy3-WT FUS resulted in increased
oligomerization of FUS on RNA (Figure 2E). We measured dwell times corresponding to
initial binding (t;) and successive binding (ty), to determine k; and k. Unlike in kq, we
observed no FUS concentration dependence for k, which may indicate that there is a rate
limiting step in the monomer bound state, for example, a conformational rearrangement of
the monomer required for the subsequent binding of another unit. It may also be due to the
limited concentration of <10 nM, which is the highest concentration allowed by this assay
due to high background signal (Figure 2F).

To test the association between WT and mutant FUS, we applied the alternating laser
excitation of color-coded FUS variants (Kapanidis et al., 2015) from which stable (>10 s)
binding events were captured. Cy3- and Cy5-labeled FUS (2.5 nM each) were coincubated
and flowed together to a single molecule chamber containing unlabeled RNA on the surface.
The fluorescence intensity was tracked for both fluorophores over time (Figure 3A-B,
Figure S3A-B). Single-molecule traces showed binding events of one or both fluorophores
(Figure 3B, Figure S3A-B). More than 100 traces for each condition were categorized based
on the number of Cy3- and/or Cy5-binding events and binned into a two-dimensional
heatmap. In this plotting scheme, the middle of the heatmap represents heterotypic binding
events (Cy3 and Cy5 together) while the perimeter of the heatmap represents homotypic
binding events (Cy3 or Cy5 alone) (Figure 3C). Monomer-bound RNAs were excluded from
the heatmaps. Three mixed samples were compared: WT-WT, G mutant-WT, and R mutant-
WT. G mutant-WT FUS mixtures displayed a significantly higher fraction of homotypic
traces (i.e self-interacting, perimeter-enriched heatmaps) than the other conditions,
indicating that G mutants and WT did not readily interact even at the single-molecule level
(Figure 3C-D). Accordingly, the fraction of homotypic binding events (expressed as
colocalization score) for G mutants was substantially lower than for R mutants and WT
(Figure 3D). Taken together, G mutants disfavor physically associating with WT from the
very initial stages of nucleation when one, two, or three proteins start interacting on an RNA
scaffold (Figure 1). To test this hypothesis further, we determined the number of
unsuccessful (<1-2 s) Cy5-WT or Cy5-mutant binding attempts after an initial Cy3-WT
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binding event (see Figure 3B for an example). Indeed, Cy5-G mutants had significantly
more transient, unsuccessful interactions with Cy3-WT compared to the WT or R mutant
mixture (Figure 3E). This result indicates that G mutants may have a disrupted conformation
that is dynamically arrested and unable to accommodate interactions with WT (Foffi et al.,
2005).

Despite the Cy5-R mutants exhibiting a higher oligomerization status in one-color
experiments, co-incubating Cy3-WT with either G or R mutants did not increase the
oligomerization state of WT (Figure S3C-D).

R.3. WT recovers the R244C mutant defect by increasing dynamic RNP interactions and
reducing condensate size

The physical interaction between R mutant and WT FUS sparked an intriguing question:
could WT FUS ameliorate the RNA binding and LLPS defects observed in ALS/FTLD-
linked R mutant? The four prominent defects seen in R mutants include (1) static interaction
with RNA, (2) high aggregation propensity, (3) large size and (4) loss of fluidity in
condensates. First, we employed a previously established single-molecule (sm) FRET assay
to probe FUS-RNA interaction (Sarkar and Myong, 2018). WT FUS exhibits a highly
dynamic interaction with RNA compared to the more static interaction induced by R244C
and G156E FUS (Niaki et al., 2020).

To test the recovery effect in the context of RNA-FUS interaction, we performed the
smFRET measurement in which increasing concentrations of WT FUS (up to 1 uM) was
titrated to mutant FUS (fixed at 250 nM). Surprisingly, 50 nM of WT FUS mixed into 250
nM mutant was sufficient to recover the dynamic FRET fluctuations for R244C but not for
G156E (Figure 4B-D). Such recovery was observed for the G mutant only when equimolar
or excess concentrations of WT FUS was added (Figure 4B—C). The dynamic fraction for R
mutant increased as a function of WT FUS concentration whereas it remained low for
G156E FUS until WT FUS was in excess of G156E FUS (Figure 4D). This selective
recovery effect likely arises from the physical association between the R mutant and WT
FUS, which is disfavored for the dynamically arrested G mutant and WT FUS (Figure 3).

We next asked if this recovery observed at the single-molecule level extends to the scale of
condensates visualized by fluorescently labeled RNA formed with unlabeled protein.
Fluorescence recovery after photobleaching (FRAP) and droplet size were both monitored as
droplets matured (Figure 5A). When equimolar WT FUS (500 nM) was mixed with R244C
FUS (500 nM), droplet size was dramatically reduced compared to the R244C (1 uM)
condensates (Figure 5B, D). Strikingly, large (>10 um?) droplets of R244C-RNA droplets
completely disappeared (Figure 5D). All G mutants were the same size as WT (Figure 5E,
Figure S4A-B).

FRAP was performed by photobleaching (405 nm laser) RNA or FUS (Figure 5F). Our
values for RNA FRAP closely mirrored the FRAP values for protein, in agreement with
previous studies (Patel et al., 2015; Wang et al., 2018). The G156E droplets displayed a
slower recovery as expected (Figure S4C). The co-condensate of R244C mixed with WT
FUS had moderately reduced FRAP compared to WT FUS (Figure 5G). The lower fluidity

Mol Cell. Author manuscript; available in PMC 2021 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhine et al.

Page 8

of the R244C/WT mix may represent incomplete or partial recovery of the R244C by the
WT FUS or altered condensate formation under heterotypic conditions. The other R mutants
had no differences in FRAP compared to wild-type in either homotypic or heterotypic
conditions (Figure S4D).

The FRAP for WT/G156E mix shifted to a G156E-like recovery over the course of 2-4 h
(Figure 5H). At 2 h, the mixed population showed an average fluorescence recovery between
homotypic WT and G156E droplets (Figure 5H). Despite the low physical association
between G mutant and WT, an undetectable amount of the G mutant (Figure 1B-D) may
integrate into WT droplets and reduce the RNA diffusion of the entire condensate. Such
effect became more prominent as seen by further diminished FRAP concomitant with the
increase in G156E/WT mixing over time (Figure 1C-E, 5H). Similar result was obtained for
G187S and G399V co-condensates with WT (Figure S4D). In summary, WT was effective
in reducing the R244C condensate size to WT levels, but was not able to recover the fluidity
of the resulting condensates. The G mutants’ low, gel-like fluidity was not recovered by the
WT, consistent with the lack of recovery observed at the single-molecule level.

R.4. The G156E mutation does not affect FUS’s Cgyt

We next asked whether the gel-like properties of the G156E mutation could be explained by
changes in the phase separation propensity. Cgy is the concentration threshold above which
LLPS occurs; arginine and tyrosine residues control the Cqyt through reversible
intermolecular crosslinks whereas glycine-like residues do not influence Cgy (Choi et al.,
2020b; Harmon et al., 2017; Wang et al., 2018). Using a turbidity assay, we measured
condensate formation as a function of RNA and FUS concentrations for WT, R244C, and
G156E FUS to construct phase diagrams. As expected, R244C FUS had a lower Cgg, Which
is consistent with our previous results (Figure SSA-B) (Niaki et al., 2020). Nevertheless,
G156E’s Cgyt closely matched WT, suggesting that the mutation does not substantially
impact the phase separation propensity of FUS (Figure S5A). Instead, G156E alters the
physical properties of the condensates by promoting gelation that lead to dynamically
arrested condensates with limited internal diffusion (Foffi et al., 2005).

R.5. A large structural disruption at the Gly-156 residue drive ALS/FTLD mutant behavior

Glycine is the smallest amino acid with a side chain of a single hydrogen atom, predicted to
increase the fluidity of FUS droplets as a spacer between bulky residues like tyrosine,
arginine, and proline (Choi et al., 2020b; Harmon et al., 2017; Wang et al., 2018). Based on
the dramatic reductions in droplet fluidity, reduced interactions with WT, and lack of WT-
mediated recovery of the G mutants (Figures 1, 3-5), we asked if these changes arise from
the loss of glycine or the gain of glutamic acid in G156E, which causes aggressive form of
ALS and is one of the few FUS mutations also linked with FTLD (Deng et al., 2014).

To this end, we designed four non-ALS/FTLD-linked FUS mutation at the Gly-156 position:
G156A, which is small and uncharged like glycine; G156D, which has the same negative
charge but is one carbon shorter than glutamic acid; G156Q, which resembles glutamic
acid’s size and structure but not its charge; and G156P, which also does not have steric
hindrance at the R group (Figure 6A). The non-ALS/FTLD-linked G156A, G156D, and
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G156P FUS all recapitulated the rapid FRET fluctuations of WT-FUS whereas G156Q
resembled that of G156E FUS, displaying static high FRET with intermittent FRET
fluctuations. (Figure 6B). Overall, G156A, G156D, and G156P all showed a moderate level
of dynamic status whereas G156Q resembled the static G156E smFRET signature (Figure
6B). Thus, the bulkiness of the mutation at this residue appears to drive the disrupted RNA-
FUS interaction of G156E.

The droplet properties of G156A, G156D, G156P, and G156Q FUS alone were tested in the
same way as before, with labeled RNA. The droplet size and morphology of all Gly-156
mutant FUS were similar to WT and G156E (Figure 6C). However, the FRAP results
mirrored the pattern observed with SmFRET: G156Q had low droplet fluidity like G156E
whereas G156A, G156D, and G156P displayed high, WT-FUS-like droplet recovery (Figure
5F, 6D). In color-coded condensates, Cy5-labeled G156A readily mixed with Cy3-labeled
WT FUS as evident in colocalization score similar to Cy3-WT/Cy5-WT (Figure S5C-D).
Surprisingly, G156Q was also mixed with wild-type, indicating a key difference between
G156E and G156Q despite their other molecular similarities (Figure S5C-D). Overall, the
FUS-RNA interaction and droplet fluidity of G156Q closely resembled the ALS-linked
G156E FUS, whereas G156A and G156D followed the patterns of WT FUS. This result
signifies that the bulky size of E in G156E, rather than loss of G is primarily responsible for
the accelerated gelation of the G156E mutant.

Furthermore, we asked whether the 156 position is important for driving the mutant defects
of G156E. To test this, we created a G154E variant, which is not ALS-linked (Deng et al.,
2014; Mackenzie et al., 2010). Unlike the ALS-linked G156E mutation, the G154E protein
variant displayed WT-like characteristics seen by dynamics in SmFRET measurement and
high fluidity in droplets (Figure 6B—C). This result reveals that the position of the mutation
potentially plays an important role in giving rise to molecular defect.

R.6. Aged mutant FUS exerts a disruptive effect on WT FUS

FUS and FUS-RNA droplets solidify over time, mirroring the solid-like aggregates observed
in patients (Kwiatkowski et al., 2009; Niaki et al., 2020; Patel et al., 2015; Vance et al.,
2009; Wang et al., 2018). This maturation process occurs over the course of several hours /n
vitro and is greatly accelerated in mutants as evidenced by the decrease in mobile fraction of
condensate measured by FRAP (Figure 5F—H). /n vivo, mutant FUS mislocalizes to the
cytoplasm (Guo et al., 2018; Hofweber et al., 2018; Takanashi and Yamaguchi, 2014),
increasing the propensity to coalesce with other proteins due to the low RNA:protein ratio
(Maharana et al., 2018). Cellular stress can drive WT FUS to the cytoplasm (Guo et al.,
2018; Hofweber et al., 2018; Takanashi and Yamaguchi, 2014), increasing the interaction
frequency between WT and mutant FUS, which may have formed into higher order complex
(Daigle et al., 2013; Guo et al., 2018; Patel et al., 2015; Shiihashi et al., 2016; Sun et al.,
2015; Vance et al., 2013). Therefore, we asked if WT can recover pre-formed mutant FUS
condensates (Figure 7A).

To assess if the colocalization behaviors observed in Figure 1 changed after mutant FUS
aging, we mixed 3 hr pre-aged Cy5-mutant FUS with Cy3-WT FUS (Figure 7B). The
control, Cy3-WT and Cy5-WT quickly coalesced, forming mixed droplets within 10-20
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minutes. Cy3-WT applied to pre-aged Cy5-G156E remained unmixed, similar to our earlier
results (Figures 1B-D, 7B). The addition of Cy3-WT to the pre-aged Cy5-R244C gradually
mixed over the course of 1 h, which was slightly slower than for WT-WT mixing (Figure
7B-C).

We next monitored how the fluidity of pre-aged mutant FUS condensates were altered by
WT addition. Mutant FUS was pre-incubated for 3 hours independently, to which fresh WT
FUS was added (Figure 7A). Fluorescence recovery for both R244C and G156E increased
following the WT spike, but further droplet maturation led back to low mutant-like recovery
(Figure 7D-E). Droplet area was unaffected by WT FUS (Figure 7E). Notably, WT FUS
does not effectively disassemble mutant FUS droplets, a phenomenon that we observed with
known disaggregases such as Kapp2 (Guo et al., 2018; Hofweber et al., 2018; Kroschwald et
al., 2017; Yoshizawa et al., 2018) (Figure S6A-B). RNase A can likewise disassemble FUS-
RNA droplets (Figure S6C).

Finally, the fusion kinetics of pre-aged FUS condensates were tested using dual trap optical
tweezers outfitted with a confocal fluorescent microscope (see Methods). The homotypic
(WT-WT and G156E-G156E) and heterotypic (WT-G156E) droplet fusions were performed
by trapping a pair of droplets with fluorescent Cy3-labeled RNA in the dual traps and
bringing them in close proximity (until the Gaussian tails of fluorescence intensities
overlapped) to promote droplet fusion (Figure 7F). For heterotypic fusions, WT and G156E
mutant FUS condensates were formed and flowed through separate microfluidic channels
(Figure S7A). The droplet fusion kinetics were then extracted by determining the aspect
ratio of the fusing condensate over time (Figure 7G-H, also see Methods). Homotypic WT-
WT fusions occurred ~70% of the time, and the fusion had a characteristic fusion half-time,
T1/2, 0f ~0.22 s (Figure 7G-I). By contrast, both the heterotypic WT-G156E and homotypic
G156E-G156E fusion events only occurred in ~30% of cases, in agreement with the
decelerated mixing characteristic of the G mutant (Figure 71). Intriguingly, in all but one
case, the unfused droplets remained attached and could not be pulled apart by the optical
traps (Figure S7B-C), which suggests the existence of an attractive interaction similar to that
observed in STED imaging (Figure 1E). Of the fusion events, homotypic G156E-G156E
condensates fused significantly slower than WT-WT, with the t,/, of ~0.66 s (Figure 71).
Heterotypic WT-G156E fusion events were only slightly slower, suggesting that the G156E
condensate dominates the fusion kinetic, likely due to the higher viscosity (Figure 71).
Together, this provides further evidence about the inherently selective interaction between
WT and G156E FUS.

D. Discussion

In this work, we demonstrate that three ALS/FTLD-linked point mutations in FUS glycine
residues form dynamically arrested condensates that remain distinctive and do not mix with
wild-type FUS over long timescales. There exists a three-way interplay of homotypic
interactions among mutant proteins, homotypic interactions among wild-type FUS proteins,
and heterotypic interactions among mutant and wild-type proteins, all in the context of RNA
The preference for homotypic interactions exerts control over the timescales of fusion events
and the mixing of condensates formed by the mutant and wild-type proteins. Importantly, the
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preference for homotypic interactions is evident on multiple length scales, including the
single-molecule, condensate, and cellular levels. The three disease-linked glycine mutations
are located in different domains throughout FUS (Deng et al., 2014), and we find that the
bulky glutamic acid substitution at Gly-156 (ALS/FTLD-linked) — but not Gly-154 (not
ALS/FTLD-linked) — drives the formation of dynamically arrested condensates (Figure 6).
All three G mutants preferentially nucleate on RNA without wild-type FUS (Figure 3), thus
giving rise to independent droplets that do not efficiently mix with wild-type FUS
condensates (Figure 1). However, the G mutant condensates can eventually incorporate wild-
type FUS after 4-6 hours (Figure 1D), as STED imaging reveals complete mixing within
mature condensates (Figure 1G). Surprisingly, the wild-type FUS proteins that eventually
interact with the G mutant condensates also become dynamically arrested, as evidenced by
the drastic reduction in RNA exchange measured by FRAP (Figure 5). By contrast, arginine
mutations interact extensively with wild-type at all levels, including the single molecule
level in which wild-type and R mutant FUS molecules bind together on single RNA
molecules (Figure 3). Remarkably, such physical association leads to a recovery effect by
recovering dynamic RNA-protein interactions (Figure 4) and reducing condensate size
(Figure 5). Nevertheless, addition of wild-type FUS to pre-aged mutant FUS cannot
effectively recover the mutant condensate (Figure 7).

How do we explain the physical and chemical basis underlying the G mutant behavior? The
stickers-and-spacers model describes the behavior of associative biopolymers such as
multivalent protein and RNA molecules, which might provide mechanistic explanation for
our observations regarding G mutants and wild-type FUS (Choi et al., 2020b). In this model,
stickers engage in reversible physical crosslinks formed by a hierarchy of directional non-
covalent interactions (Choi et al., 2020a; Choi et al., 2020b; Martin et al., 2020; Peran and
Mittag, 2020; Wang et al., 2018). The number and strength of these physical crosslinks
control how associative biopolymers undergo phase separation and percolation (or gelation)
above Cgy (saturation concentration) and Cperc (percolation threshold), respectively. Cgqt and
Chperc are usually coupled with one another, and the effective solvation volumes of spacers
determine whether percolation is aided by phase separation or not (Choi et al., 2020b;
Harmon et al., 2017). If Cperc and the concentration of the dense, droplet phase (Cgense) are
similar, then phase separation is achieved through the formation and breakage of crosslinks
at equilibrium. However, mutations that lower Cperc without changing Cgense Will induce
rapid percolation (gelation), leading to the dynamical arrest as we observed in our RNA
condensates (Foffi et al., 2005; Zeng et al., 2020). We propose that these physical concepts
may explain our observations of the G mutants with wild-type FUS.

A plausible scenario is that the change of glycine to glutamate at position 156 lowers Cperc
by replacing a spacer residue with a bulky amino acid. The effects of a single substitution
can become extended in the context of a protein-protein network, whereby G mutants make
favorable crosslinks with other G mutants and not with wild-type. In agreement, large-scale
replacement of glycine residues in FUS decreased the fluidity of the resulting condensates
(Wang et al., 2018), highlighting the role of glycines as important spacers that lower gelation
propensity. Indeed, we and others have shown that ALS/FTLD-linked point mutations in
glycine residues are also sufficient to reduce fluidity (Niaki et al., 2020; Patel et al., 2015). It
is worth noting that glycine residues constitute approximately 30% of amino acids in FUS
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(152 out of 526), and mutations at over 20 of them are associated with ALS/FTLD,
reflecting an extremely high level of glycine enrichment and the critical role played by
glycine in FUS (Deng et al., 2014). The G156E mutation in FUS likely promotes aberrant
crosslinking and thereby lowers Cperc, leading to dynamically arrested phase separation
without altering Cgat or Cgense (Choi et al., 2020b) (Zeng et al., 2020) (Foffi et al., 2005;
Harmon et al., 2017; Ruter et al., 2020). Indeed, we observe that the G156E mutation has a
similar Cgy to wild-type FUS (Figure S5A), strongly suggesting that Cperc is decoupled from
Csat by the disease-linked mutation. The unique gelation of G mutants leads to the
unsuccessful coengagement of wild-type and G mutant to the same RNA at the single-
molecule level (Figure 3E), the slow exchange of RNA molecules in condensates (Figure
5H), and reduced droplet fusion (Figure 7F-I). By contrast, wild-type condensates have high
fluidity and likely engage in many transient interactions before eventually hardening into a
more solidified state as shown before (Patel et al., 2015). We further postulate that spacers
within the wild-type protein are more solvated and are therefore incompatible to interact
with the G mutant protein. Our observations of dynamical arrest are also concordant with
similar findings reported for model peptide-RNA systems (Boeynaems et al., 2019).

The dynamically arrested model posits that fusion of condensates will occur, albeit over a
longer timescale. This is indeed what we observe. Using STED microscopy we find that
wild-type and G mutant proteins eventually reach a well-mixed state (Figure 1E); further, we
observe that mixed condensates initially have an average fluidity (Figure 5H), and that wild-
type and mutant condensates can occasionally fuse in optical tweezers measurements
(Figure 7F-I). Over timescales of several hours, even the wildtype condensate undergoes
gradual hardening and gelation, though the sticker-sticker, sticker-spacer, and spacer-spacer
contacts are likely different from the G mutant. Perhaps this aged and hardened state of the
wild-type FUS makes the intermolecular or inter-condensate interactions less selective, i.e.,
more favorable for engaging with different aberrant conformers of the aged G mutants. We
note that dynamical arrest is distinct from fibrillization, which has been studied more
extensively in the context of neurodegeneration (Elbaum-Garfinkle, 2019). In cells,
additional factors such as ATP-dependent helicases, protein chaperones, heat shock proteins
or other RNA binding proteins may buffer G mutant gelation, allowing heterogeneous
interactions with wild-type FUS (Hondele et al., 2019; Maharana et al., 2018). DEAD/H-box
helicases in particular might be adept at fluidizing dynamically arrested RNA condensates,
as observed previously (Hondele et al., 2019). Indeed, we find that the addition of RNA to
separate condensates aids the coalescence of wild-type and mutant FUS 7n vitro (Figure
S1D). Other cellular proteins and RNAs may likewise act as scaffolds to enable wild-type-G
mutant mixing. Our /n vitro results suggest that this may also lead to accelerated hardening
since the mixed condensates converge to G mutant’s gel-like properties (Figures 5H and
7E).

Thus, the initial exclusion of wild-type FUS from G mutant FUS condensates is likely not
thermodynamic immiscibility; rather, there is a decelerated interaction between wild-type
and mutant that is driven by G mutant’s rapid gelation. Immiscibility arises in unique
circumstances that entail differences in condensate surface tension, RNA composition, or
post-translational modifications (Feric et al., 2016; Gibson et al., 2019; Langdon et al.,

Mol Cell. Author manuscript; available in PMC 2021 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhine et al.

Page 13

2018). Feric et al. demonstrate that subcompartments in nucleoli emerge from immiscible
phase separation driven by a relative difference in surface tension. Interestingly, the RNA
binding domain is responsible for the formation of immiscible condensates (Feric et al.,
2016). In the fungus Ashbya gossypii, Whi3 proteins form immiscible condensates,
governed by the interacting RNAs, CLN3 and BNI1, which exhibit differing shapes
(Langdon et al., 2018). In nucleosomes, acetylated and non-acetylated chromatin form
distinct compartments that touch one another without content mixing (Gibson et al., 2019).
Importantly, all of these condensates display liquid-like properties with differing fluidities
(Feric et al., 2016; Gibson et al., 2019; Langdon et al., 2018; Zhang et al., 2015). Because of
the decreased Cperc 0f FUS G mutants, the liquid-like properties of wild-type FUS are
supplanted by the arrested dynamics of the mutant (Boeynaems et al., 2019; Foffi et al.,
2005).

Arginine mutants do not have these altered interactions with wild-type FUS. Instead, we
observe that R mutants readily interact with wild-type FUS at the single-molecule,
condensate, and cellular levels (Figures 1 and 3). This is likely because the loss of the sticker
residue does not decrease Cperc; in our previous results and in this study, the R244C
mutation decreases Cgyt (Figure S5A) (Niaki et al., 2020). Although the global loss of
stickers increases Cgyt (Wang et al., 2018), we suggest that the loss of a single sticker residue
may simply allow alternative crosslinks that are stronger and thus decrease Cgs;. When R
mutants interact with wild-type FUS, the wild-type protein may inhibit these aberrant
crosslinks, which would be consistent with our single-molecule and condensate data
showing that R mutant condensate-and RNA-interaction properties can be recovered by
adding wild-type FUS (Figures 4 and 5). However, in pre-aging experiments, these aberrant
sticker-sticker interactions may be locked into position and unable to be recovered by wild-
type FUS as we observed in Figure 7.

These results demonstrate that mutant FUS LLPS is altered simply by adding wild-type
FUS. In cells, FUS interacts with many binding partners (Kamelgarn et al., 2016; Reber et
al., 2019), and these proteins and RNAs may further modulate its ability to undergo LLPS
and the properties of the resulting condensates (Maharana et al., 2018). Many granules are
known to constantly exchange protein and RNA constituents (Alexander et al., 2018; Khong
etal., 2017; Moon et al., 2019; Youn et al., 2019), providing ample opportunities for
heterotypic interactions such as the wild-type-mutant interaction we test here (Cid-Samper et
al., 2018; Langdon et al., 2018; Niaki et al., 2020; Shevtsov and Dundr, 2011; Shiina, 2019).
Previously, FUS has been shown to recruit other client proteins into its in vitro condensates
through extensive sticker-sticker crosslinks (Wang et al., 2018). The complex RNP network
that exists in dynamic equilibrium within cells consists of many binary and multivalent
interactions that may tune FUS and FUS mutant properties (Rhine et al., 2020).

What are the lost and gained interactions that drive ALS/FTLD-linked FUS variants to enter
a pathogenic fate? Although pulldown studies have not identified significant differences
between FUS and FUS mutant interactomes (Reber et al., 2019), RNA metabolism such as
splicing outcomes are compromised by FUS mutations (Sun et al., 2015). Two common
pathogenic features found in ALS/FTLD patients’ neurons are the aggregated and
mislocalized FUS along with other RNA binding proteins (Kwiatkowski et al., 2009; Vance
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et al., 2009). Our study provides a mechanism by which a single point mutation at three
glycine residues alters the protein properties to exclude wild-type FUS. The single-molecule
platform we have devised in this report is uniquely primed for probing and screening the
fundamental interactions that seed nucleation for LLPS. For FUS, linking the mutant FUS
and RNAs that modulate its LLPS is important for understanding how ALS/FTLD progress
in the cell — and for how to develop treatments that are effective against mutant FUS
gelation.

The molecular features pertaining to the ALS/FTLD associated mutants of FUS that we
present in this work may only partially depict the cellular defect found in neurodegeneration.
The stickers-and-spacers model may not fully explain our observation of G mutant forming
separate condensate from the wildtype FUS. It is plausible that the single G mutant induces
local fibril that manifest into aberrant RNA binding and conformational abnormality.

STAR Methods section
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Sua Myong (smyongl@jhu.edu).

Materials Availability—All unique reagents generated in this study are available from the
Lead Contact without restriction.

Data and Code Availability—Single Molecule FRET data acquisition and analysis
package can all be obtained freely from Center for Physics of Living Cells’ website (https://
cplc.illinois.edu/software/).

Matlab code from this manuscript can be downloaded from Github: (https://github.com/
Myong-Lab). IDL (http://www.exelisvis.co.uk/ProductsServices/IDL.aspx), MATLAB
(https:/lwww.mathworks.com/), Adobe (https://www.adobe.com/products/photoshop.html),
and Prism7 (https://www.graphpad.com/scientific-software/prism/) software with academic
or individual licenses can be obtained from their respective software companies. ImageJ is
an open-source program available from the NIH (https://imagej.nih.gov/ij/). The violin plot
MATLAB code was available online through MATLAB file exchange (https://
www.mathworks.com/matlabcentral/fileexchange/45134-violin-plot).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

E. coli Culturing—All expression plasmids were transformed into either competent BL21
E. coliwith Lysogeny broth plus 50 mg/L kanamycin sulfate (£. coli expression vectors) or
competent NEB Turbo £. coliwith Lysogeny broth (LB) plus 100 mg/L ampicillin
(mammalian expression vectors). Bacteria were grown overnight in LB plus antibiotic, and
afterwards were added 1:1 to 50% (v/v) glycerol to generate frozen stocks that were stored
at -80 °C until used for DNA or protein preparation as described below.
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Mammalian Cell Culture—Female human SH-SY5Y neuroblastoma cells (ATCC) were
grown at 37 °C with 5% CO, in a DMEM solution supplemented with 10% FBS, 2 mM
glutamate, 100 pg/mL Pen-Strep, 0.15% sodium bicarbonate, and 1 mM sodium pyruvate.
Cell lines were periodically tested with a mycoplasma-detecting test. A 10 cm? plate with 10
mL DMEM was used to grow and passage cells, and cells were washed twice with 1X
distilled PBS before trypsinizing with 0.05% trypsin. The trypsin was neutralized by 1:1
addition of DMEM. Cells were transferred to 15 mL conical vials and pelleted at 1500 x g
for 5 min and resuspended in fresh DMEM for 1:20-1:50 dilutions into new plates. For long-
term storage, SH-SY5Y cells were trypsinized and DMSO was added to a final
concentration of 5% (v/v). Cells were first frozen at -80 °C before being transferred to liquid
nitrogen for long-term storage.

METHOD DETAILS

Purification of WT FUS and ALS FUS Variants

Plasmid Preparation: £. coliexpression vectors for many FUS variants (WT, WT-GFP,
LCD-only, RBD-only, G156E, G187S, R216C, R244C, G399V, and R521G) were generated
by Genscript (Piscataway, NJ) for our previous work with FUS (Niaki et al., 2020).
Expression vectors for WT-mCherry, G154E, G156A, G156D, G156Q, G156E-GFP, and
R244C-GFP were created by site-directed mutagenesis of the WT FUS vector by Genscript
and/or synthesis of the fluorescent tag. Each expression vector is designed with a maltose
binding protein (MBP) tag and a 6xHis tag fused the N-terminus of the FUS open reading
frame, which was codon-optimized for £. coliexpression. A tobacco etch virus (TEV)
recognition motif was included between the poly-His tag and the FUS N-terminus.

Mammalian expression vectors for FUS were synthesized for WT FUS by Genscript. For the
GFP constructs, both GFP and mammalian codon-optimized FUS were synthesized and
cloned into a pcDNA3.1 vector. For the Halo constructs, a previously-generated EF1-Halo
plasmid was used as a target for FUS subcloning from the GFP construct by Genscript (Li et
al., 2016). Site-directed mutagenesis was then performed to introduce the R244C and G156E
mutations into the FUS-Halo vector.

FUS Purification: FUS was purified as described previously (Niaki et al., 2020). Briefly,
the FUS expression vectors were transformed into BL21 (DE3) competent £. coli. cells. A
starter 5 mL £. coli culture was grown in LB with 50 mg/L Kanamycin sulfate overnight at
37 °C with 200 rpm shaking. LB (0.5 L — 2 L) was then inoculated with this starter culture in
the morning. After further incubation at 37 °C with shaking to an ODggq of approximately
0.4 (~ 2-3h), IPTG was added to a final concentration of 0.25 mM. Bacteria were further
incubated at 30 °C for 2 h. Cultures were then pelleted in a JA-14 rotor at 5000 rpm (3825 x
g) at 4 °C in large centrifuge bottles. The cell pellets were consolidated and either stored at
-80 °C or immediately used for purification.

FUS was purified via Nickel affinity column chromatography on an FPLC system. Cell
pellets were resuspended in FUS Lysis Buffer (1 M KCI, 1 M Urea, 50 mM Tris-HCI pH
7.4, 10 mM imidazole, 1.5 mM 2-mercaptoethanol, 1% (v/v) IGEPAL-CA630, 5% (v/v)
glycerol, one-half tablet of EDTA-free cOmplete protease inhibitor tablets, and 5 mg RNase
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A) on ice. The resuspended cells were lysed via sonication for 6 min with 8 s pulses at 20%
amplitude. Lysate debris was pelleted by centrifuging in a JA-20 rotor at 14000 rpm (23645
x g) at 4 °C in small centrifuge bottles. The supernatant fraction was collected and filtered
through 0.22 um filter attached to a 30 mL Luer-lock syringe into a new 50 mL conical vial.
FUS was then purified using a 5 mL His-Trap column (GE Healthcare) on an AKTA pure 25
M FPLC system (GE Healthcare). The lysate was loaded via a 50 mL Superloop, and the
column was washed for 10 column volumes with FUS Binding Buffer (1 M KCI, 1 M Urea,
50 mM Tris-HCI pH 7.4, 10 mM imidazole, 1.5 mM 2-mercaptoethanol, 5% (v/v) glycerol).
FUS was eluted with a linear gradient of FUS Binding Buffer to FUS Elution Buffer (1 M
KCI, 1 M Urea, 50 mM Tris-HCI pH 7.4, 500 mM imidazole, 1.5 mM 2-mercaptoethanol)
over the course of 25 2-mL fractions. FUS generally eluted in fractions 15 and 16, and
fraction 15 was used to perform all experiments. Purified FUS was immediately diluted 1:1
with 50% (v/v) glycerol and stored at 4 °C. The FUS concentration was determined by a
Nanodrop spectrophotometer using Beer’s Law with egyg of 139000 M=t cm™2. All
experiments used FUS that was no more than 3 weeks old.

Nickel columns for each protein were stripped and regenerated every 5-10 purifications by
incubating in Stripping Buffer (20 mM NazPO4 pH 7.0, 500 mM NaCl, 50 mM EDTA pH
8.0) for 20 min then 1 M NaOH for 2 h. Nickel (25 mL, 100 mM NiSQ,4) was flowed at 0.5
mL/min to regenerate the His-Trap column.

Labeling of Purified FUS: FUS was non-specifically labeled using Cy3, Cy5, Alexa 594,
and STARG635P NHS esters. First, purified FUS was buffer-exchanged to Labeling Buffer (1
M KCI, 1 M Urea, 1X PBS, 1.5 mM 2-mercaptoethanol, 5% (v/v) glycerol) using two 500
uL Zeba desalting columns to remove Tris, which interferes with amine labeling by NHS
esters. Zeba columns were prepared according to the manufacturer’s instructions by
spinning 300 uL of the desired buffer three times at 1500 x g for 2 min in an Eppendorf
microcentrifuge. FUS (~10 pM) was then incubated with 200 pM fluorophore (dissolved in
DMSO) in 100 mM NaHCOg for 30 min in the dark at room temperature with gentle
rotation. Excess dye was removed by again buffer-exchanging FUS to 20 mM NagPOg4 with
two 500 uL Zeba columns. The labeling efficiency of FUS was then determined using a
Nanodrop spectrophotometer and Beer’s Law UM dye divided by uM protein), and all
labeled FUS used in the following experiments were generally 70-95% labeled. Stored
labeled FUS was diluted 1:1 with 2X Labeling Buffer.

RNA Preparation
RNA Synthesis: The following RNAs were synthesized by IDT:

1. 18-mer: 5’-biotin-UGG CGA CGG CAG CGA GGC-3’-amino-modified
2. 18-mer-Usg: 5’-amino-modified-Usg GCC UCG CUG CCG UCG CCA-3’
3. Ugg: 57-Ugg-3’-amino-modified.

Highly-concentrated stocks were diluted in nuclease-free H,O to 1, 10, or 100 uM and
stored at —20 °C. Single-use 10 nM aliquots were then diluted in water and stored at —20 °C
until used.
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RNA Labeling: RNA (10 or 100 pM) was combined with 0.2 mg NHS-conjugated
fluorophores (Cy3 or Cy5) and 100 uM NaHCO3 and labeled overnight at room temperate in
the dark with gentle rotation. After the labeling reaction finished, NaCl and ice-cold ethanol
were added to 300 mM and 70% (v/v), respectively. RNA was stored at —20 °C for thirty
minutes and then pelleted at 21000 x g for 30 min at 4 °C. The supernatant fraction was
carefully removed and the pellet was washed with 70% (v/v) ethanol. The RNA pellet was
resuspended in 10 mM Tris pH 7.4 and pelleted again as described above. After the second
round of washing, the RNA pellet was air-dried for 20 min in the dark and resuspended in
T50 buffer (10 mM Tris pH 7.4, 50 mM NacCl). RNA concentration was then calculated
using a Nanodrop spectrophotometer with the appropriate extinction coefficient for the RNA
and fluorophore.

RNA Annealing: Complementary RNAs (i.e. constructs 1 and 2 from RNA Synthesis
above.) were annealed by combining the RNAs in a 1:1 ratio in T50 buffer. The RNA
mixture was then heated to 85 °C for 2 min followed by stepwise 1 °C/min cooling to room
temperature.

FUS-RNA Phase-Separation

Phase-Separation Reactions: All FUS phase-separation reactions occurred with the 6xHis
and MBP solubility tag cleaved and with RNA as previously described (Niaki et al., 2020;
Sarkar and Myong, 2018). Unlabeled FUS was buffer-exchanged into 20 mM NazPO,4 pH
7.4 using Amicon filters with a molecular weight cutoff of 50 kDa. This was achieved by
loading protein onto the top of the column, centrifuging per the manufacturer’s instructions
(21000 x g for 3 min), and diluting the remaining protein with 20 mM NazPO4 pH 7.4
successively. Using Amicon filters avoided premature aggregation observed through small-
scale dialysis and other methods while still removing a sufficient amount of the high-salt,
high-urea storage buffer. Labeled FUS was used immediately after the final buffer-exchange
into 20 mM NagPO4 pH 7.4 with Zeba desalting columns.

FUS (1 uM) was combined with 1 uM unlabeled U9 RNA and 10 nM Cy3-labeled Uyq in
1X Cleavage Buffer (50 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA pH 8, 1 mM DTT).
TEV (5 U) was added to start the reaction by cleaving the 6xHis and MBP solubility tags.
Cy3-labeled RNA was not used for reactions with labeled FUS. Reactions were carried out
in 8-well Nunc chambers. For reactions with WT and mutant FUS together, each FUS was
added to a final concentration of 500 nM for a total FUS concentration of 1 pM. For
reactions in which one FUS was incubated alone before addition of another FUS at a later
time point, the initial reaction proceeded with 1 uM mutant FUS at a lower volume before
addition of WT FUS to a final concentration of 500 nM each at a 1:1 mixing ratio. Each
droplet experiment was performed in with three separate batches of purified protein.

Droplets were imaged every 1 h on a Nikon Ti Eclipse wide-field microscope equipped with
a 100x oil-immersion objective. An EMCCD camera was used to capture images in the Cy3
(555 nm) and Cy5 (637 nm) channels. For reactions with both Cy3- and Cy5-labeled FUS,
Cy5-labeled FUS was briefly photobleached (~2 s) with high laser intensity to allow
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visualization of the Cy3 FUS, which underwent FRET with the Cy5 FUS in the droplets. For
videos, the Cy3- and Cy5-channels were imaged every 10 s for 30 min.

In Vitro Stimulated Emission Depletion Imaging: Two-color Stimulated Emission
Depletion (STED) imaging was performed using a previously-described setup (Han and Ha,
2015; Ma and Ha, 2019). Unlabeled WT and mutant FUS (500 nM each) were combined
with 10 nM Alexa 594-labeled WT FUS and 10 nM STAR 635P-labeled mutant FUS in
Cleavage Buffer. Uso RNA and TEV were added to start the reaction. Droplets were imaged
on a custom-built 100X oil-immersion objective STED setup with 600/620 and 655/670
excitation/emission pathways. A STED laser of 760-780 nm was used for depletion. To
overcome the partial overlap of the emission spectra, selective excitation and linear
unmixing was used to deconvolute the channels (Han and Ha, 2015).

Fluorescence Recovery After Photobleaching: FRAP experiments were performed on the
same Nikon Ti Eclipse wide-field microscope described in Phase Separation Reactions
above. A 50 mW 405 nm bleaching laser and a Brucker Galvano mirror scanner were used
to bleach small regions-of-interest containing single droplets. Droplets were bleached with
50% laser intensity for 5 ms per pixel with each ROI consisting of a 10-20-pixel diameter
circle. Cy3 fluorescence was measured twice before bleaching, and successively for 10 min
after bleaching at 3 s intervals for the first 2 min and 10 s intervals for the remaining 8 min.
Eight droplets were bleached per video.

Cell Culture Experiments—SH-SY5Y cells were passaged into 4-well Nunc chambers
with 500 uL DMEM mixture two days before imaging. The FUS mammalian expression
vectors (200 ng each plasmid; see Experimental Model and Subject Details above) were
transfected into SH-SY5Y cells one day before imaging by following the manufacturer’s
instructions for the Lipofectamine 3000 kit. Following one additional day of growth, cells
were prepared for imaging by adding Hoechst 33432 to a final concentration of 1X and,
when Halo-tagged expression vectors were used, Janelia Fluor 646 to a final concentration
of 25 nM. After a 15-minute incubation at 37 °C, cells were imaged on a Nikon Ti Eclipse
wide-field microscope as described for FUS droplets above (see Phase Separation Reactions
above). To stress cells, NaAsO, was added to a final concentration of 0.05 mM 1 h before
imaging. Cell culture experiments were performed in triplicate.

Electrophoretic Mobility Shift Assay—Three-color protein-RNA interactions were
resolved on 6% retardation gels. Alexa 488-labeled Usg RNA (1 nM) was added to
increasing concentrations of Cy3- and Cy5-labeled FUS (100 nM, 500 nM, and 1 uM).
Binding reactions were incubated at room temperature in the dark for 45 min in Binding
Buffer (50 mM Tris-HCI pH 7.5, 100 mM KCI, 100 pg/mL BSA, 100 mM 2-
mercaptoethanol, 2 mM MgCl,). Before loading, Loading Buffer (final concentration of
bromophenol blue, sucrose) was added to the reactions. The 6% retardation gels were
electrophoresed for 1.5 h at 100 V and imaged on a Typhoon 5 fluorescent gel imager.
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Single-Molecule Total Internal Reflection Microscopy

Single-Molecule Nucleation Experiments: Low-density biotin PEG-passivated slides were
purchased from the Slide Production Core for Microscopy at Johns Hopkins Medical
Institute, where they were prepared as described previously (Joo and Ha, 2012a; Sarkar and
Myong, 2018). Slides were stored at —20 °C, and were thawed to room temperature
approximately 15 min prior to assembly. Individual lanes were created using double-sided
tape. The coverslip was glued to the slide using the double-sided tape and quick-drying
epoxy. Flow chambers were constructed using P200 tips as buffer reservoirs and epoxy
molds for syringe connections.

The prism-type TIRF microscope setup that was used for these experiments has been
described previously (Joo and Ha, 2012b). Nucleation assays were performed at room
temperature. First, 1 mg/mL NeutrAvidin was flowed onto the single-molecule surface and
incubated for five minutes. Following a T50 buffer wash, 50 pM pdUsg was flowed onto the
surface. For two-color nucleation experiments, unlabeled pdUsg was used. For single-color
Cy3- or Cy5-labeled FUS experiments, pdUsg RNA with Cy5- or Cy3-labeled 18-mer
(construct 1 from RNA Synthesis above). were used, respectively. Following another T50
buffer wash, Imaging Buffer (20 mM Tris-HCI pH 7.4, 100 mM KClI, 0.5% (w/v) glucose, 1
mg/mL glucose oxidase, 1.8 U/mL catalase, ~10 mM Trolox, 2 U TEV, 4 U RNase
Inhibitor) was flowed using a syringe pump at 1 mL/min flow rate. Protein was diluted in
Imaging Buffer immediately prior to flowing onto the surface, which was synchronized with
the start of the video with a 6 s delay. Flow videos were acquired using 100 ms exposure
time with maximum gain for 300 s. For two-color flow experiments, laser excitation was
alternated between Cy3 and Cy5 every 1 s (10 frames). For one-color flow experiments,
laser excitation alternated for one cycle to visualize labeled RNA during the delayed flow
period followed by constant excitation of the protein label channel.

For control experiments, protein was flowed onto the single-molecule surface without the
RNA addition step.

FRET Experiments: FRET experiments were carried out essentially as described in Single-
Molecule Nucleation Experiments. (Niaki et al., 2020; Sarkar and Myong, 2018), except for
the following changes: (1) P200 reservoirs and epoxy molds were not used for most
SMFRET experiments, (2) FRET-labeled pdUsg was used instead of unlabeled or singly-
labeled pdUs, (3) unlabeled FUS was equilibrated with labeled RNA for ~30 min before
imaging, and (4) the surface was illuminated with the Cy3 laser only.

Fluorescence Anisotropy—Anisotropy reactions were carried out in Binding Buffer
(see Electrophoretic Mobility Shift Assays above). for 1 h in Thermo Scientific Nunc
MicroWell 96-well microplates. FUS concentration was varied from the micromolar to the
picomolar range and Cy3-Uyq concentration was held constant at 10 nM. Fluorescence
polarization was measured by a Tecan Spark 10M plate reader with fluorescent excitation at
563 nm and emission at 615 nm (20 nm bandwidth).

Phase Diagrams—Phase diagrams were determined using a turbidity assay in which
varying concentrations of FUS were combined with varying concentrations of RNA in
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LLPS-favorable conditions. Reactions were incubated in the same buffer conditions as the
droplet reactions described above (see FUS-RNA Phase Separation) in Thermo Scientific
Nunc MicroWell 96-well plates. The A4qq value was measured over 4 h every 5 min by a
Tecan Spark 10M plate reader, and the absorbance value for each well was visualized using
Matlab. In general, we observed that A4qq steadily increased from 0.05 to 0.10 for conditions
with robust LLPS; wells with a lower FUS concentration had smaller increases. We
calculated the percentage turbidity increase for each well compared to the condition with the
highest turbidity increase (Figure S5B). We then assayed for droplets for set of conditions
(125 nM RNA with varying R244C FUS concentration) in triplicate to determine which
percentage cutoff to use for LLPS versus no LLPS. This cutoff was used to map the phase
diagram.

Heterotypic Droplet Fusion

Microfluidic Chamber & Droplet Preparation: Droplets were formed as described above
in RNase-free 1.5 mL microcentrifuge tubes and transferred to 1 mL syringes (see FUS-
RNA Phase Separation above). To prevent mixing and controllably maneuver the WT and
G156E droplets, we performed all our experiments in a custom-built microfluidic chamber
(Figure S7A) as described previously (Whitley et al., 2017). First, we carefully cleaned a
pair of glass coverslips (Fisher Scientific, number 1). Then, using a laser engraver (Universal
Laser Systems, VLS2.25) we cut out a pattern in Nescofilm (Karlan) with a design for three
laminar-flow channels (Figure S7A). We carefully placed the pattern between glass slides,
and moved it onto a heat block until the melted Nescofilm formed a uniform seal. Next, we
fit the chamber onto a custom-built bracket, to which we attached Tygon tubing to all the
inlets and outlets. Finally, we passivated the surfaces of both the chamber and the tubing
with polyethylene glycol (PEG; Laysan Bio, MW 5000) by following a previously described
protocol (Comstock et al., 2015; Ha et al., 2002). After each experiment, we washed the
chamber with ethanol and water, and dried it with nitrogen. To extend the lifetime of the
PEGylated surface we stored the chamber between experiments in the dark at 4° C.

Optical Trapping: To optically trap and monitor fusions of FUS droplets, we used a
custom-built instrument which combines three modules: optical tweezers, bright-field and
fluorescence microscopy (Mears et al., 2014; Min et al., 2009). The optical tweezers consist
of two traps generated by timesharing a single beam generated by a 5-W, 1,064-nm fiber
laser (YLR-5-1064-LP, IPG Photonics). To adjust the distance between the trapped droplets,
we precisely controlled the trap separation by deflecting the laser with an acousto-optic
deflector (DTSXY-250-1064, AA Opto-Electronic).

To avoid any excess oxygen by slowly flushing the chamber with 5 mL of filtered MilliQ
water, after which we filled all channels with 1X Cleavage Buffer (see FUS-RNA Phase
Separation above). Next, we gently filled the channels with droplet solutions (40 L at
100-1,000 pL/h), and kept a constant flow rate of 5 uL/h throughout all measurements. We
consistently used the top and bottom channels for the WT and G156E solutions,
correspondingly.
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To minimize the influence of laser-light on droplet integrity, we used the lowest possible
trapping power (72 mW), which was sufficient to stably trap the droplets. We controlled the
chamber position with a three-axis translational stage (Newport; ESP300) to move the
optical traps into channels containing either WT or G156E droplets and to trap one of each
(the order of trapping either WT or G156E droplets was alternated for mixed fusions). We
moved trapped droplet pairs to the middle, blank channel (10X cleavage buffer, see FUS-
RNA Phase Separation above) to record fusions.

Bright-field and Epifluorescence Imaging of Optically-trapped Droplets: We used
bright-field imaging to inspect droplet morphology and singularity before and after each
fusion attempt. Once we trapped a droplet pair and positioned it in the blank channel, we
excited Cy3-labelled RNA within droplets with a 532-nm laser (WorldStar Tech,
TECGL-30) in epifluorescence configuration. We set the exposure time to 50 ps and
collected fluorescence images of WT-WT, WT-G156E, and G156E-G156E fusions with an
EMCCD camera (Andor, iXon3 860 EMCCD) every 0.01 sec (Supplementary Videos 1-3).

To ensure that we did not forcefully merge the droplets by bringing them too close to one
another, we plotted the Cy3 fluorescence intensity along the trap separation coordinate in
real-time. At the start of each fusion attempt, we kept the two droplets at a distance
corresponding to two fully separated Gaussian fluorescence intensity profiles. We decreased
the trap separation, reducing the distance between the droplets, until the two Gaussian
profiles started to overlap at the tails. We then fixed the trap position and allowed the
droplets to attempt to fuse.

Counting Fraction of Successful Fusions—After positioning the droplets in close
proximity, we waited for up to ~500 s for the droplets to merge. We followed each fusion
attempt with a recording of a bright-field video of the droplet pair released from the traps.
We observed two types of events: the droplets either coalesced or remained separate. In case
of successful fusion, we observed a larger-sized droplet in one of the traps (Figure S7B, left
panel). We confirmed that only one droplet was present by overlapping the traps and pulling
them apart in small increments. This single droplet either remained in the same trap or fell
into the other trap. In addition, we clearly resolved a single, fused droplet by bright-field
imaging when released from the trap (Figure S7C, left panel). Events were scored as
unsuccessful if no fusion was observed after ~500 s (Figure S7B, right). In all but one case,
we noticed that unfused droplets were attracted to each other and remained tethered when
we tried to pull the droplets apart. These unfused droplet dimers could not be separated by
increasing the trap distance. Furthermore, we could clearly resolve unfused droplet dimers
by bright-field imaging, when released from traps (Figure S7C, right panel).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of Phase Separation Images—For image processing, Nikon images were
first converted from the Nikon image format (.nd2) to TIFF images for each channel using
Fiji. Each channel was then further processed in Adobe Photoshop by adjusting the contrast
and exposure to limit background and better visualize droplets. Multi-channel images were
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merged into one Photoshop document and exported as overlaid or individual channel TIFF
images.

Colocalization between Cy3- and Cy5-labeled FUS was quantified using a customized
Matlab script. First, a binary mask was generated for droplets in both the Cy3 and Cy5
channels. The masks were overlaid to identify droplets present in both channels. The number
of overlapping droplets was divided by the total number of droplets (Cy3 droplets plus Cy5
droplets minus overlapping droplets) to determine the colocalization score. Significance was
calculated using a two-sample proportion z-test.

Analysis of FRAP Videos—FRAP videos were processed using a custom Matlab 2015b
code as described previously (Niaki et al., 2020). Briefly, 8 droplets were selected for
photobleaching by drawing circular ROIls; these droplets usually ranged in size from 1-5
um2, depending on the condition. The droplet intensity before after photobleaching was
determined and normalized for each ROI with the initial intensity equal to 1 and the frame
after photobleaching equal to 0. Background intensity was subtracted, and a reference ROI
was used to correct for photobleaching caused by Cy3 excitation. Drift in the xy-plane was
also corrected using a reference droplet. We occasionally observe FRAP values above 1.0
because the droplets continue to grow over the 600 s video, especially at the 1-2 h
timepoints. Generally, Welch’s t-test was used to test the significance of the FRAP values for
the final time point of each pairwise comparison.

Cell Image Processing—Images were processed as described above for droplet images
(see Analysis of Phase Separation Images above).

Analysis of EMSA Images—Images were processed with Fiji and Adobe Photoshop
essentially as described for droplet images (see Analysis of Phase Separation Images above).
Intensity plots were generated using the “Plot Profile” function on Fiji and normalizing the
intensity for each channel. The Pearon’s correlation coefficient for the Cy3 and Cy5
channels was calculated using R Studio.

Analysis of Single-Molecule Traces—Single-molecule nucleation and FRET traces
were analyzed with IDL mapping scripts and a suite of customized Matlab scripts (Li et al.,
2016). A mapping file generated from a control bead slide was first used to map spots
between the Cy3 and Cy5 channels with the correct offset. Mapped traces were then
analyzed using Matlab scripts that plotted the Cy3 and Cy5 intensities for each spot over
time. For alternating-excitation traces, the Cy3 and Cy5 excitations were de-interleaved and
plotted separately. For FRET traces, FRET was calculated and plotted as described
previously. The dynamic fraction of each trace was calculated by manually identifying
portions with FRET fluctuations. These values were then plotted using a freely-available
violin plot Matlab code.

Kinetics were determined by indicating each binding event (t;, ty, etc.) on single-molecule
nucleation traces. Binding events were considered “real” if they lasted >10 s, and a poisson
distribution was fitted to each single-color nucleation histogram. The preflow time (6 s) was
subtracted from the initial binding event. Cumulative distribution frequency plots were
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generated from the dwell times for each condition as described previously (Zhuang et al.,
2000). Single-exponent decays were fit for each 1-CDF plot using Matlab’s built-in curve
fitting application, and standard deviations were calculated from the 95% confidence interval
of the exponential fit. The apparent kg, values were equal to the exponential term.

Analysis of Two-Color Nucleation Traces—Cy3- and Cy5-binding events were
manually identified for >100 traces for each two-color condition. In general, a binding event
was considered legitimate if the protein remained bound and fluorescent for at least 10 s. We
also considered the number of photobleaching events to accurately determine the number of
binding events. Because we did not observe unbinding in SmFRET experiments, we assumed
that all FUS remained bound and that all decreases in fluorescence intensity were due to
photobleaching, not unbinding. However, we cannot exclude the possibility that higher-order
multimers may dissociate from the RNA as our FRET assay is not sensitive enough to
discern differences between higher-order multimers. Once the number of binding events was
identified, traces were manually binned into the two-dimensional heatmaps, and the
proportion in each heatmap was calculated from the total number of RNAs with two or more
proteins bound. Because RNAs with only one protein bound could not be considered mixed
or unmixed, we excluded these bins from our heatmaps and from the colocalization
calculations. The colocalization score was calculated by dividing the number of molecules in
the interior of the heatmap by the total number of molecules. Error was determined using the
proportion, and significance was calculated using Welch’s t-test.

Attempted binding events were identified as transient (<1 s) increases in intensity that
occurred after an initial Cy3-WT binding event but before a successful Cy5-mutant binding
event (for an example, See Figure 3B). The average and error of attempted binding events
was determined from the distribution of each condition. Welch’s t-test was performed to
calculate significance.

Anisotropy Binding Isotherms—Anisotropy was calculated automatically by the Tecan
software via the following equation: r = 1000 x (I, = l¢) / (I, + 2 I¢) where Iy is parallel
fluorescence intensity and I, is perpendicular fluorescence intensity. Binding isotherms were
plotted and fitted using GraphPad Prism 7. Error is reported as the error of the fitted Kp
value for three replicates, and Welch’s t-test was used for pairwise comparisons of fitted Kp
values.

Quantification of the Number of Successful Fusion Events—We calculated the
fraction of successful fusions, FF. = Ngee/Niota Where Ny qqpis the number of successful
fusions, and Ay is the total number of all fusion attempts. The average and standard
deviation for each condition was determined, and Welch’s t-test was performed to test the
significance.

Quantification of Fusion Time, t1/2, from Fluorescence Movies—We processed
the fluorescence recordings with custom MATLAB (MATLAB R2019b) code which used
standard functions for image processing (Figure S7D). The field of view was 128 x 128
pixels or 102.4 x 102.4 um. For all steps, we processed each .tiff frame individually. Firstly,
we converted the images to ‘uintl6’ (function: cast), and adjusted the pixel intensity to
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saturate the bottom and top 1% of all values (function: imadjust) (Figure S7D, panel 1).
Then, we de-noised the image by creating a morphological structuring element in a shape of
a 1-pixel disk (functions: strep and imopen) (Figure S7D, panel 2), and adjusted the pixel
intensity once again (functions: greythresh and imadjust) (Figure S7D, panel 3). Next, we
detected edges of the droplets; the most reliable method for edge detection involved finding
local maxima in the gradient in pixel intensities calculated using the derivative of a Gaussian
filter (function: edge, method: ‘Canny’, degree: 0.5) (Figure S7D, panel 4). We then closed
disconnected edges (function: imclose), filled the objects (function: imfill, method: ‘holes’)
and cleaned the image of small areas of background-intensity pixels in the background
(function: bwmorph, method: ‘majority’). Finally, we determined the droplet centroid, major
and minor axes, and radii by fitting the objects to an ellipse (function: regionprops) (Figure
S7D, panel 5).

We calculated the aspect ratio, A.R. = Imajor/lminor Where Imajorand /pnorare the major and
minor axes. When two objects were detected, corresponding to spatially nonoverlapping
droplets, we summed the two aspect ratios.

We determined the fusion time ¢y, for different fusion events from the time at which fusion
reached half completion (Figure S7TE). We systematically identified the start of each event
using changepoint analysis (Beausang et al., 2011). The end of fusion was defined by fitting
a line to a stable baseline in aspect ratio of a merged droplet.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. ALS/FTLD-linked FUS mutations in glycine cause decelerated mixing with
wild-type FUS
. G mutant does not associate with wild-type FUS, leading to separate
condensates
. R mutant interacts and condenses with wild-type FUS, thereby recovering the

. The position and bulkiness of the G156E is critical for encoding the mutant

mutant defect

properties
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Figure 1: Glycine mutations in FUS lead to separate condensate formation.
(A) Schematic of purified and labeled FUS preparation for droplet experiments. (B) Wide-

field images of 500 nM Cy3-WT FUS with 500 nM Cy5-WT, Cy5-R244C, or Cy5-G156E
FUS, and 1 uM unlabeled Uz RNA after 2 h of incubation. Images were acquired in both
the Cy3 (green) and Cy5 (red) channels and overlaid using Fiji and Adobe Photoshop CC
2019. The scale bar is 5 pm. (C) Wide-field images of Cy3-WT with Cy5-mutant FUS at 2
h, 4 h, and 6 h. The scale bar is 5 um. (D) Quantification of (C) by using intensity masking
and identifying overlapping droplets. The number of overlapping droplets was divided by
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the total number of droplets to calculate the colocalization score. Statistical significance was
determined using a two-sample proportion z-test with ns = not significant and * = p < 0.05.
(E) Stimulated emission depletion (STED) images of Alexa-594-labeled WT FUS with
STAR-635P-labeled mutant FUS after 4 h of incubation. Unlabeled FUS was 1 uM
concentration whereas labeled FUS was 10 nM. The scale bar is 500 nm. (F) Schematic of
SH-SYS5Y stress via sodium arsenite addition. (G) Live cell imaging of SH-SY5Y
neuroblastoma cells transfected with 200 ng pFUSWT-GFP and 200 ng pFusMut-Halo gnq
stressed with 0.05 mM sodium arsenite for 1 h. Images show GFP, JF646, and overlay (GFP
+ JF646 + Hoechst) signal. Yellow arrows indicate granules with only G156E-Halo FUS
signal and not WT-GFP FUS.
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Figure 2: Arginine mutations enhance oligomerization of single FUS molecules.
(A) Schematic of the one-color nucleation experiment in which FUS is flowed onto an RNA

surface in real-time. (B) Sample single-molecule traces of either 2.5 nM Cy3-WT or 2.5 nM
Cy5-R244C FUS interacting with RNA. The Cy3 (green) and Cy5 (red) intensity is shown
over time at each spot. Flow occurs 6 s after the start of the video. Shaded arrows indicate
binding events and unshaded arrows indicate photobleaching events. The dwell times used to
quantify kinetics, t; and ty, are indicated on the last trace to show how Kinetics were
determined. (C) Frequency histograms depicting the number of stable FUS binding events
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per RNA molecule for different FUS variants. All FUS were flowed at 2.5 nM, and all FUS
were Cy5-labeled except Cy3-WT. (D) Average FUS count per RNA obtained by fitting a
Poisson distribution to histograms from (C). Error is standard error ((A/n)%-5). Statistics were
calculated using a two-sample Poisson distribution test where ns = not significant, * = p <
0.05, and ** = p < 0.01. (E) Same as (C) but with 0.5, 1, 5, and 10 nM Cy3-WT FUS instead
of 2.5 nM Cy3-WT. (F) 1-CDF plots for the two-step dimerization reaction on RNA (t; for
monomer, t, for dimer) for Cy3-WT FUS concentrations of 0.5 (lightest blue), 1, 2.5, 5, 7.5,
10, and 15 nM (darkest blue). The apparent kq and k5 rates for each concentration were
plotted; the standard deviation for each point is smaller than the size of the icons, so they are
not shown.
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Figure 3: Two-color single-molecule nucleation of FUS shows reduced interactions between G
mutant and wild-type FUS.

(A) Schematic depicting two-color FUS nucleation on a single-molecule RNA surface. (B)
Example single-molecule traces showing Cy3 (green) and Cy5 (red) intensity over time for
the green and red excitation of the single-molecule surface. Sample traces are shown for 2.5
nM Cy3-WT FUS with either 2.5 nM Cy5-WT or Cy5-G156E FUS simultaneously flowed
into the flow cell. (C) Heatmaps of the normalized frequency of each combination of FUS
multimers in reactions of 2.5 nM Cy3-WT and 2.5 nM Cy5-mutant FUS. For instance, the
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1-1 bin corresponds to the frequency of traces with a monomer of Cy5-mutant and a
monomer of Cy3-WT on that RNA molecule. More transparent bins denote a lower
proportion of overall traces falling into the indicated bin (bottom left). (D) The FUS
colocalization fraction calculated from (C) by dividing the number of traces with some
combination of both FUS molecules (the interior of the heatmap) by the total number of 2-
mer+ traces. Error was calculated from the proportion and the number of traces, and
significance was determined using a two-sample proportion z-test where ns = not significant,
*=p<0.05, and *** = p < 0.001. (E) Quantification of the average number of binding
attempts by Cy5-mutant FUS on traces that had Cy3-WT FUS bind first. Error bars denote
SEM. Significance was calculated using a two-tailed two-sample Student’s t-test with *** =
p < 0.001. Degrees of freedom were calculated using the Satterthwaite two-sample
approximation.

Mol Cell. Author manuscript; available in PMC 2021 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rhine et al. Page 37

LN

smFRET RNA Surface

Dynami% Fraction
0

Wﬂ 2
= WHWWWW
it Swmmom

0.0l et 0_.50s250  0__.504250nM
0 20 40 60 20 40
RNA FRET Fluctuations Time (s) Time (s) gﬁf:ﬁ) ((23510525)

Figure 4: Defective single-molecule FRET signature of G156E-FUS is ineffectively recovered by
WT FUS.

(A) Schematic of FUS binding to single RNAs in smFRET measurements. (B) Sample
FRET efficiency traces for FRET-labeled pdUsg RNA with 250 nM R244C and increasing
WT concentrations (0 nM, 50 nM, and 250 nM). (C) Same as (B) but with G156E. (D)
Violin plot of the dynamic fraction of >100 traces for each condition in (B) and (C). The
dynamic fraction represents the proportion of the trace with rapid FRET fluctuations (see
Methods). The black bar indicates the median dynamic fraction for each condition.
Significance was calculated using a two-tailed two-sample Student’s t-test with ns = not
significant, * = p < 0.05, and ** = p < 0.01. Degrees of freedom were calculated using the
Satterthwaite two-sample approximation.
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Figure 5: G156E-FUS exerts a delayed disruptive effect on WT FUS RNA droplet fluidity.
(A) Schematic detailing the experimental setup in which 1 uM FUS is combined with 1 uM

(1:100 Cy3-labeled:unlabeled) Uso RNA to form droplets. (B) Representative wide-field
images of WT, R244C, and WT/R244C mixed (500 nM each) droplets at 2 h, 4 h, and 6 h.
The scale bar is 5 pm. (C) Same as (B) but with G156E and WT/G156E mixed droplets
instead. (D) Area quantification (WT = blue, R244C = red, mix = gray) of the droplets from
(B) via intensity thresholding and ROl auto-selection. Left, scatter plot of area versus time.
Error is standard deviation. Right, dot plot of all droplet areas for the 3 h time point. (E)
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Same as (D) but with G156E (green). (F) Representative fluorescence recovery after
photobleaching (FRAP) images from WT FUS at the 3 h time point for one droplet. The
scale bar is 0.5 um. (G) Left, fluorescence recovery for WT, R244C, and WT/R244C mixed
droplets at 4 h over 300 s. Error is SEM with n = 8. Right, bar plot of recovery at the 300 s
time point. (H) Same as (G) but for G156E and WT/G156E mixed droplets at 2 h, 3 h, and 4
h. All statistics for this figure are calculated using a two-tailed two-sample Student’s t-test
with ns = not significant, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. Degrees of
freedom were calculated using the Satterthwaite two-sample approximation.
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Figure 6: ALS/FTLD-linked G156E mutation disrupts the LLPS of FUS due to a bulky amino
acid substitution.

(A) Structures of the different amino acids introduced at position 156. (B) Representative
SmFRET traces of 500 nM G156A, G156D, G156Q, G154E, and G156P FUS with 50 pM
FRET-labeled pdUsy RNA. The dynamic fraction of >100 molecules was quantified and is
visualized with a violin plot. (C) Wide-field images of 1 uM G156A, G156D, G156Q,
G154E and G156P FUS with 1 pM U4g RNA and TEV protease at 2 h, 4 h, and 6 h. The
fluorescent signal is 10 nM Uzg RNA, and the scale bar is 5 um. Droplet area was quantified

_G156P_ G‘|54E ~G156Q  G156D  G156A
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by intensity thresholding and is plotted over time, and droplet fluorescence recovery after
photobleaching is shown for the 4 h timepoint: G156E = green circle, G156A = yellow
circle, G156D = yellow-green square, G156Q = lime diamond, G154E = gray circle, and
G156P = purple circle. Significance was calculated using a two-tailed two-sample Student’s
t-test with ns = not significant, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. Degrees of
freedom were calculated using the Satterthwaite two-sample approximation.
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Figure 7: Mutant FUS traps new WT FUS that enters mutant condensates.
(A) Schematic showing how mutant FUS is pre-aged in the absence of WT FUS. (B) Wide-

field images of Cy5-labeled WT, R244C, and G156E FUS that are pre-aged at 1 uM
concentration with 1 uM unlabeled U4g RNA for 3 h. Following the addition of Cy3-WT
FUS (blue arrow), both Cy3-WT and Cy5-mutant FUS are 500 nM each with 1 uM total
RNA. Images immediately following the addition of Cy3-WT are shown at 0 min, 10 min,
20 min, and 30 min. The scale bar is 5 pm. (C) Quantification of colocalization in (B). (D)
Wide-field images of unlabeled R244C and G156E FUS are incubated under droplet-
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forming conditions alone at 1 pM concentration for 3 h. Droplets are visualized by 10 nM
Cy3-labeled Uy4g. Following addition of unlabeled WT (blue arrow), each FUS is at 500 nM
concentration. (E) Droplet area and fluorescence recovery for mutant alone (R244C = red,
G156E = green) and mutant with WT spike (gray). For FRAP curves, recovery is shown at 3
h (circles), 4 h (squares), and 6 h (diamonds). Statistical significance was calculated for the
final time point for each spiked reaction compared to the mutant alone. (F) Schematic of the
optical trap experiment, in which individual droplets are immobilized and brought in close
proximity until spontaneous fusion occurs. (G) Representative plots of droplet pair aspect
ratio over time for WT-WT, WT-G156E, and G156-G156E. (H) Still Cy3 fluorescence
images from sample optical tweezer droplet fusions of pre-aged WT-WT, WT-G156E, and
G156E-G156E droplet pairs. The scale bar is 1 pm. (1) Quantification of the fraction of
successful droplet fusions and of the fusion time for WT-WT, WT-G156E, G156E-G156E.
Fusion times were estimated by determining the aspect ratio for each frame of the videos
from (G) and plotting over time. All statistics for this figure are calculated using a two-tailed
two-sample Student’s t-test with ns = not significant, * = p < 0.05, ** = p < 0.01, and *** =
p < 0.001. Degrees of freedom were calculated using the Satterthwaite two-sample
approximation.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

E. ColiBL21(DE3) Chemically Competent Cells Millipore Sigma CMC0014-20X40UL
NEB® Turbo Competent £. coli (High Efficiency) New England Biolabs C2984H
Chemicals, Peptides, and Recombinant Proteins

ACTEV Protease Fisher Scientific 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
His-Trap FF Crude, 5 mL GE Healthcare 17528601
Cy3 NHS Ester GE Healthcare PA13101
Cy5 NHS Ester GE Healthcare PA15100
Alexa Fluor™ 594 NHS Ester (Succinimidyl Ester) Thermo Scientific A20004
Abberior STAR 635P Abberior ST635P
Janelia Fluor® 646 HaloTag® Ligand Promega GAl12A
RNase Inhibitor, Murine New England Biolabs MO0314L
Lipofectamine™ 3000 Transfection Reagent Thermo Scientific L.3000001
Sodium (meta)arsenite (>90%) Millipore Sigma S7400-100G
Experimental Models: Cell Lines

Human: SH-SY5Y ATCC CRL-2266
Oligonucleotides

Biotin-18mer: 5’- /biotin/rUrGrG rCrGrA rCrGrG rCrArG rCrGrA Niaki et al., 2020; IDT N/A
rGrGrC/3AmMO/ -3

U50-18mer: 5’- /SAMMC6/rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU Niaki et al., 2020; IDT N/A
rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUryJ rUr0ru

rUrUrU rUrUrU rUrUrU rUrUrG rCrCrU rCrGrC rUrGrC rCrGrU

rCrGrC rCrA -3’

U40: 5’- rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUryU Niaki et al., 2020; IDT N/A
rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU rUrUrJ rU/3AmMO/ -3°

Recombinant DNA

pTHMT/FUSy,t (encoding 6xHis-MBP-FUSWT) Niaki et al., 2020 N/A
pTHMT/FUSRy44c (encoding 6xHis-MBP-FUSR244C) Niaki et al., 2020 N/A
PTHMT/FUSgy16c (encoding 6xHis-MBP-FUSR216C) Niaki et al., 2020 N/A
pTHMT/FUSRs,16 (encoding 6xHis-MBP-FUSR521G) Niaki et al., 2020 N/A
pPTHMT/FUSgs6e (encoding 6xHis-MBP-FUSG156E) Niaki et al., 2020 N/A
pTHMT/FUSg1575 (encoding 6xHis-MBP-FUSG187S) Niaki et al., 2020 N/A
pTHMT/FUSg399v(encoding 6xHis-MBP-FUSG399V) Niaki et al., 2020 N/A
pTHMT/FUSggp(encoding 6xHis-MBP-FUSRBD) Genscript N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pTHMT/FUS, cp(encoding 6xHis-MBP-FUSLCD) Genscript N/A
pTHMT/FUSg3s6a(encoding 6xHis-MBP-FUSG156A) Genscript N/A
pTHMT/FUSg156p(encoding 6xHis-MBP-FUSG156D) Genscript N/A
pTHMT/FUSg;s6q(encoding 6xHis-MBP-FUSG156Q) Genscript N/A
pTHMT/FUSg154e(encoding 6xHis-MBP-FUSG154E) Genscript N/A
pTHMT/FUSg15¢p(encoding 6xHis-MBP-FUSG154E) Genscript N/A
pTHMT/FUSy,-EGFP (encoding 6xHis-MBP-FUSWT-EGFP) Niaki et al., 2020 N/A
pTHMT/FUSyr-mCherry (encoding 6xHis-MBP-FUSWT-mCherry) Genscript N/A
PTHMT/FUSR,44c-EGFP (encoding 6xHis-MBP-FUSR244C-EGFP) Genscript N/A
pTHMT/FUSg156e-EGFP (encoding 6xHis-MBP-FUSG156E-EGFP) Genscript N/A
pFUSWT-CFP_ncDNA3.1(+)-C-eGFP Genscript N/A
pFUSWT-Halo piggyhac-EF1-Halo Li et al., 2016; Genscript N/A
pFUSR244C-Halo piggyhac-EF1-Halo Li et al., 2016; Genscript N/A
pFUSGLS6E-Halo piggyhac-EF1-Halo Li et al., 2016; Genscript N/A
Software and Algorithms
MATLAB and IDL scripts https://physics.illinois.edu/cplc/software/;

This manuscript
NIS-Elements Ar Package Nikon Inc.
Adobe Photoshop CC Adobe (https://www.adobe.com/products/
photoshop.html)
Prism 7 GraphPad (https://www.graphpad.com/
scientific-software/prism/)
ImageJ (Fiji) NIH (https://imagej.nih.gov/ij/)
RStudio RStudio (https://rstudio.com/products/
rstudio/download/)
Other
Nunc™ Lab-Tek™ Chambered Coverglass Thermo Scientific 155361
DNA Retardation Gels (6%) Invitrogen EC63655BOX
Amicon Ultra-0.5 Centrifugal Filter Unit Millipore UFC501096
Zeba™ Spin Desalting Columns, 7K MWCO, 0.5 mL Thermo Scientific 89883
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