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In Brief

Protein aggregation is a hallmark of ALS.
Bogaert et al. describe the molecular
interactions between disordered regions
of the FUS protein driving its liquid phase
behavior, maturation, and neurotoxicity.
These findings highlight the
physicochemical interactions driving FUS
phase separation and give us insights into
its misregulation in disease.
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SUMMARY

RNA-binding protein aggregation is a pathological
hallmark of several neurodegenerative disorders,
including amyotrophic lateral sclerosis (ALS) and
frontotemporal lobar degeneration (FTLD). To gain
better insight into the molecular interactions underly-
ing this process, we investigated FUS, which is
mutated and aggregated in both ALS and FTLD. We
generated a Drosophila model of FUS toxicity and
identified a previously unrecognized synergistic
effect between the N-terminal prion-like domain
and the C-terminal arginine-rich domain to mediate
toxicity. Although the prion-like domain is generally
considered to mediate aggregation of FUS, we
find that arginine residues in the C-terminal low-
complexity domain are also required for maturation
of FUS in cellular stress granules. These data high-
light an important role for arginine-rich domains in
the pathology of RNA-binding proteins.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar
degeneration (FTLD) are two adult-onset neurodegenerative dis-
orders affecting motor neurons and cortical neurons, respec-
tively. Despite affecting different neuronal populations, leading
to different symptoms, these two diseases are believed to consti-
tute two extremes of a disease spectrum, with patients often pre-
senting with symptoms of both (Swinnen and Robberecht, 2014).
Apart from the clinical overlap, there are also genetic and patho-
logical similarities. The RNA-binding protein TAR DNA-binding

protein 43 (TDP-43) was identified as the major component of
the ubiquitin-positive protein aggregates observed in most ALS
patients (~97%) and in patients of the FTLD-TDP subtype
(~45%) (Ling et al., 2013; Neumann et al., 2006). Moreover, mu-
tations in the TAR DNA-binding protein gene (TARDBP), the gene
encoding TDP-43, are a cause of both ALS and FTLD (Borroni
et al., 2009; Kabashi et al., 2008; Sreedharan et al., 2008). These
findings have directed the attention to problems in ribostasis,
which is the misregulation of RNA-binding proteins (RBPs) and
their responsive RNAs, as a major disease mechanism in ALS-
FTLD (Ramaswami et al., 2013). Further support for this hypoth-
esis has come from the discovery of other RBPs mutated and
aggregated in these diseases. Besides TDP-43, FUS has a prime
role in ALS-FTLD. Mutations in FUS are a cause of ALS and FTLD
(Borroni et al., 2009; Kwiatkowski et al., 2009; Vance et al., 2009),
and patients carrying FUS mutations present with cytoplasmic
protein aggregates of FUS. Interestingly, wild-type FUS aggre-
gates are also found in 10% of FTLD cases (Neumann et al.,
2009). Deciphering how and why RBPs, such as FUS, start aggre-
gating will be key to understanding the disease and could lead to
therapeutic strategies.

Several RBPs involved in ALS-FTLD, including TDP-43 and
FUS, are involved in stress granule metabolism (Boeynaems
et al., 2016; Li et al.,, 2013; Ramaswami et al., 2013). Under
normal conditions, these proteins reside in the nucleus where
they regulate transcription and splicing (Ling et al., 2013). How-
ever, upon cellular stress, these proteins localize to the cyto-
plasm where they assemble in membrane-less organelles called
stress granules (SGs) (Jain et al., 2016; Kedersha et al., 2013). As
these assemblies are very similar in protein content compared to
the ubiquitin-positive aggregates in ALS-FTLD, it has been sug-
gested that SGs could serve as stepping stones toward patho-
logical aggregation in the disease (Boeynaems et al., 2016; Li
et al.,, 2013; Ramaswami et al., 2013). Interestingly, SGs are
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dynamic and reversible assemblies opposed to solid aggre-
gates. Indeed, in recent years it has been found that SGs, and
other membrane-less organelles, form by a process of phase
separation (Boeynaems et al., 2017; Burke et al., 2015; Jain
et al., 2016; Kato et al., 2012; Lee et al., 2016; Lin et al., 2015;
Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015).
Low-complexity domains (LCDs) in these proteins promote their
demixing from the surrounding cytoplasm through weak multiva-
lent interactions (Boeynaems et al., 2018; Brangwynne et al.,
2015). Phase separation of FUS has been largely attributed to
its N-terminal QGSY LCD through hydrophobic interactions be-
tween degenerate [G/S]Y[G/S] repeats (Burke et al., 2015; Kato
et al., 2012; Lin et al., 2015; Murakami et al., 2015; Patel et al.,
2015; Schwartz et al., 2013). This domain is also called a
prion-like domain (PrLD), given the strong sequence similarity
with yeast prions (King et al., 2012). Interestingly, such PrLDs
seem to be pivotal in the aggregation of other ALS-FTLD-related
RBPs as well (Couthouis et al., 2011, 2012; Kim et al., 2013; Lin
et al., 2015; Molliex et al., 2015). Moreover, both FUS droplets
and hydrogels formed in the test tube have been shown to un-
dergo a switch to irreversible fibrillarization, potentially resem-
bling the maturation of dynamic SGs into solid aggregates (Mur-
akami et al., 2015; Patel et al., 2015).

Besides the QGSY PrLD, FUS has other domains that could
play an important role in the disease. We generated a Drosophila
model of FUS toxicity and performed a systematic domain dele-
tion screen to identify FUS domains mediating toxicity of the full-
length protein. As expected, deleting the QGSY domain rescued
toxicity. However, the AQGSY construct showed some residual
toxicity, suggesting that other domains are indeed important for
the toxic function of FUS. We found that the RGG2 LCD is essen-
tial for toxicity, showing a synergistic effect of the N- and C-ter-
minal LCDs in FUS toxicity. Both domains also strongly inter-
acted in both FUS hydrogels and liquid droplets, and the
strength of this interaction correlated with the toxicity of the dele-
tion constructs in Drosophila. In addition, we confirmed the
importance of the RGG2 domain in phase separation and the
maturation of FUS in mammalian SGs. More specifically, we
identified the arginine residues in this domain as being mediators
of both phase separation and toxicity.

RESULTS

Wild-Type and Mutant FUS Induce Motor Neuron
Degeneration and Motor Defects in Drosophila

To study the molecular determinants of FUS toxicity in an in vivo
animal system, we generated a FUS Drosophila model. We
generated fly lines expressing wild-type and NLS mutant FUS
using site-directed integration. Ubiquitous expression of FUS
was lethal and yielded no fly offspring (Table S1). Motor neuron
expression (D42 Gal4) resulted in partial developmental lethality
(Figure 1A). Flies raised at 25°C had problems with eclosion from
the pupal case (Figure 1A). The few escapers displayed animma-
ture phenotype, characterized by a soft cuticle, disoriented scu-
tellar bristles, and unexpanded wings (Figure 1B). This pheno-
type was previously observed in TDP-43 fly models and is
caused by degeneration of a specific neuronal population in
the fly ventral nerve cord (Vanden Broeck et al., 2013). Lowering
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FUS expression levels specifically in the hatching phase, by
placing pharate adult pupae at 18°C, attenuated toxicity, indi-
cating that FUS toxicity is dose dependent (Table S2).

To overcome developmental phenotypes, we used the induc-
ible Gal80 system to restrict FUS expression to adult flies. Ubig-
uitous adult-onset expression of FUS resulted in a severely
shortened life span (Figure 1C). Restricting expression of FUS
to neurons or specifically motor neurons similarly shortened
the life span, highlighting the neuronal component of FUS
toxicity (Figure 1C). Furthermore, these flies showed an age-
dependent, progressive motor performance defect measured
by two different motor tests: flying ability (Figure 1D) and nega-
tive geotaxis (Figure S1A). Additionally, upon aging, these flies
displayed an erect wing phenotype (Figure S1B), which has
been previously observed in other fly models of neurodegenera-
tion (Yang et al., 2006). Age-dependent motor defects correlated
with a reduction of motor neurons in the ventral nerve cord (Fig-
ure 1D). These experiments show that the phenotypes in pharate
adults are predictive of adult-onset phenotypes and can be used
as an easy and reliable readout for FUS toxicity.

We did not observe a significant difference in toxicity between
wild-type and mutant forms of FUS expressed at similar levels,
although the P525L mutant had a trend toward lower protein
levels (Figures S1C and S1E-S1G). We also ruled out any poten-
tial effect on the expression of the Drosophila FUS ortholog ca-
beza (caz) (Figures S1D and S1H). We next investigated the
subcellular localization of the human FUS proteins in the fly ter-
gotrochanter motor neuron. In young animals, all FUS variants
were mainly nuclear, whereas upon aging the ratio of cyto-
plasmic versus nuclear FUS increased (Figures S1I-S1K). The
fact that we found no differences between wild-type and mutant
FUS is in contrast to previous findings (Lanson et al., 2011). How-
ever, it is important to note that we used site-directed integration
instead of random integration, which rules out any genomic ef-
fects in our experiments. Another recently generated fly model
also finds no difference between FUS wild-type (WT) and
P525L mutant toxicity (Marrone et al., 2018).

The QSGY and the RGG2 Domains Are Necessary

for FUS Toxicity

To evaluate the molecular determinants of FUS toxicity, we sys-
tematically deleted all domains from the full-length protein and
expressed these deletion constructs in Drosophila (Figure 2A).
Three domains strongly reduced FUS toxicity upon deletion:
the N-terminal QSGY PrLD, the C-terminal RGG2 domain, and
the nuclear localization signal (NLS) domain were crucial to
induce toxicity in fly motor neurons (Figure 2B). We did not detect
any effect of disrupting the RRM domain on toxicity, contrary to
previous reports in yeast (Sun et al., 2011) and fly (Daigle et al.,
2013). While we deleted the entire RRM domain, these two re-
ports made use of F-L mutants in the RRM binding site, which
could explain this discrepancy.

Of the pupae expressing AQGSY in their motor neurons,
62.7% were able to eclose in contrast to only 4% for full-length
FUS-expressing animals. However, 83.1% of the flies that did
eclose showed the immature phenotype seen in FUS-expressing
flies. Upon adult onset expression, QGSY deletion rescued the
shortened survival seen in FUS-expressing flies (Figure S2A).
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Figure 1. FUS Expression Induces Neurodegeneration and Motor Defects in Both Developmental and Adult Stages

(A and B) Motor neuron expression using the D42 gal4 driver of WT and mutant FUS induces eclosion defects (A) and immature phenotypes (B) in Drosophila.
Pictures give an example of a fly unable to eclose from the pupal case, and an escaper illustrating the immature phenotype.

(C) Ubiquitous, pan-neuronal and motor neuron-specific adult-onset expression of WT and mutant FUS reduces fly survival.

(D) Adult-onset FUS expression in the motor neurons induces neurodegeneration and affects flight ability. Extent of motor dysfunction is correlated to loss of
neurons. Survival graphs: log-rank Mantel-Cox; all other graphs: Kruskal-Wallis, Dunn’s multiple comparison.

**p < 0.01, ***p < 0.0001.

However, upon aging, these flies showed a clear reduction in
motor performance (Figure S2B) and displayed the erect wing
phenotype (data not shown). This indicates that the QSGY
domain contributes to FUS toxicity, but its deletion does not fully
abolish toxicity of the protein.

Flies expressing a protein lacking the RGG2 domain (ARGG2)
were able to eclose similar to control flies (98.1% and 90.8%,
respectively) and did not present with the immature phenotype
(Figure 2B). In addition, no differences in life span or motor perfor-
mance were observed upon adult-onset expression of ARGG2
(Figures S2C and S2D). These data indicate that the RGG2
domain is pivotal for FUS toxicity. Deletion of the NLS domain
reduced toxicity of FUS as well, although not as strongly as dele-
tion of the QGSY or RGG2 domain (Figure 2B). Deleting the NLS
from the full-length protein reduced the pupal lethality to 49.7%,
and only 15.2% of flies had an immature phenotype. In addition,
we did not observe any reduction in life span or motor perfor-
mance upon adult-onset expression (Figures S2E and S2F).

None of these phenotypes was due to lowered expression of
the deletion construct compared to full-length FUS, or any ef-
fects on caz expression (Figures S3A-S3C). As expected, dele-
tion mutants lacking the RGG2 and NLS distributed significantly
more to the cytoplasm in young fly motor neurons compared to
full-length FUS (Figure S3D). All other mutants distributed in a
similar way in the cell as the full-length protein (Figure S3D). Of

note, none of these deletion constructs was exclusively present
in the nucleus or cytoplasm, suggesting that there was still shut-
tling across the nuclear membrane.

The QSGY Domain Differentiates between FUS and caz
Toxicity
FUS and caz show a strong conservation at the level of domain
structure and amino acid composition (Figure 3A). However, caz
lacks the QGSY domain, which is most pronounced in verte-
brates (Figure S4), and this domain constitutes the PrLD in
FUS, which is important in FUS aggregation and toxicity (Kato
et al., 2012; Patel et al., 2015; Shelkovnikova et al., 2014; Sun
et al.,, 2011). Flies overexpressing caz were unable to eclose
and died in the pharate adult stage (Figure 2B). However,
mutating the NLS of caz (P398L, orthologous to P525L)
completely abolished eclosion problems and maturation defects
(Figure 3B). This observation was in contrast to what we previ-
ously observed for the human proteins, where both WT and
NLS mutants were toxic. We reasoned that this difference could
stem from the absence of the QGSY domain in caz. Indeed, addi-
tion of the QGSY domain to the mutant caz protein (hence, hu-
manizing the Drosophila protein) created a toxic chimeric protein
reminiscent of full-length FUS P525L toxicity (Figure 3B).

We next performed the reciprocal experiment and “Drosophi-
lized” the human FUS protein (Figure 3C). As discussed above,
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Figure 2. Molecular Dissection of FUS
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deletion of the QGSY domain reduced toxicity of FUS expres-
sion. Interestingly, introducing an NLS mutation (R521G) in
AQGSY FUS, hereby resembling even more the non-toxic caz
NLS mutant, further reduced toxicity (Figure 3C). Furthermore,
adult flies expressing the AQGSY-NLS mutant showed no
reduction in life span, and the residual motor problems observed
with the AQGSY mutant were absent in flies expressing the
AQGSY-NLS mutant (Figures S5A-S5F).

The N-Terminal and C-Terminal LCDs Are Sufficient

for FUS Toxicity

Our data showed that both the C- and N-terminal LCDs are
required for FUS toxicity. To investigate whether these do-
mains would also be sufficient for toxicity, we generated
different fly lines, which allowed us to express combinations
of the N-terminal and C-terminal domains (Figure 3D). Overex-
pression of the QSGY domain and the C terminus alone or in
trans was not toxic to fly motor neurons (Figure 3E). Similarly,
a fusion of the QGSY to the NLS domain was non-toxic (Fig-
ure 3E). However, toxicity was completely restored when
fusing the QGSY to the C-terminal domain through a flexible
protein linker (GGGGSx3) (Chen et al., 2013). When we used
a rigid protein linker (EAAARX4), this toxicity was again slightly
reduced (Figure 3E). These data clearly show that the QGSY
and C-terminal domain are sufficient to recapitulate full-length
FUS toxicity, but they must act in cis and require some confor-
mational flexibility.

Strength of FUS N-C-Terminal Interaction In Vitro
Correlates with Toxicity In Vivo
Our data indicate that FUS requires its two LCDs, both the prion-
like QGSY and the arginine-rich RGG2, in cis for toxicity. These
LCDs are known to act as binding modules and mediate phase
separation of FUS (Boeynaems et al., 2017; Burke et al., 2015;
Kato et al., 2012; Murakami et al., 2015; Patel et al., 2015;
Schwartz et al., 2013; Shelkovnikova et al., 2014). Of interest,
we and others have previously shown that arginine-rich domains
can bind PrLDs, likely through pi-cation, pi-pi, or both types of
interactions between tyrosine and arginine residues (Boeynaems
et al., 2017; Lee et al., 2016; Lin et al., 2016).

To test this hypothesis, we evaluated the binding of different
C-terminal deletion constructs (Figure 4A) to hydrogels
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et al.,, 2015), which are formed by the
prion-like QGSY domain. Both assays
gave very similar results, and deleting
RGG1 or RGG2 most drastically impaired binding (Figure 4B).
Compellingly, when we plotted toxicity of a deletion construct
in Drosophila against the strength of the in vitro interaction,
this returned a clear linear correlation (Figure 4C). The RGG1
deletion was an outlier in this correlation. However, we must
note that, in the in vitro experiment, we simply test the ability
of the C-terminal domain to bind the PrLD. Hence, even
though RGG1 and RGG2 share a similar binding propensity
when tested out of the context of the full-length protein, their
specific position in the sequence is of major importance to
toxicity. As RGG1 is located in the full-length protein at a
more central position, and shielded at both ends by two folded
domains, that is, the FUS RRM and zinc finger, we hypothe-
size that the RGG1 domain has not as much conformational
flexibility as the RGG2 located at the C-terminal end of the
protein.

Arginine Residues in RGG2 Are Required for FUS
Toxicity

Given the observation that the RGG2 domain (Figure 5A) was
important for toxicity and binding to PrLDs, we hypothesized
that the arginines could be important for the function and
toxicity of FUS. We wondered whether this function of the
RGG2 to bind to hydrogels and droplets would also be
mimicked in a more physiological setting. We first generated
recombinant full-length FUS and a mutant replacing all argi-
nines in RGG2 by glycines. Both WT and mutant FUS could
phase separate in the test tube, as indicated by the sponta-
neous droplet formation (Figure 5B). However, the RGG2
mutant did so at dramatically reduced levels (Figure 5C), con-
firming the importance of the RGG2 domain to FUS phase sep-
aration. In a next step, we tested this in a cellular setting. When
expressed in mammalian cells, FUS localized to SGs induced
by arsenite treatment (Figures 5D and 5E). Of note, since modi-
fying RGG2 interferes with nucleocytoplasmic targeting, we
used a FUS NLS mutant (P525L) as a control. Upon deletion
of the RGG2 domain, SG enrichment was strongly reduced,
and mutating all arginines in RGG2 to glycines gave similar re-
sults (Figure 5D), indicating that the arginine residues are
indeed the key mediators of the function of this domain.
When we evaluated the dynamics of FUS in these induced
SGs, we found that the RGG2 mutant was more dynamic and
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mutant (Figure 5F). Besides the arsenite-induced SGs, overex-
pression of FUS also resulted in spontaneous SGs assembly.
These granules were noticeably larger (Figure 5E) and repre-
sent a more mature type of SG since they formed over the
course of a 24-hr transfection period. The dynamics of FUS
in these mature SGs was significantly reduced, and they had
a larger insoluble fraction (Figure 5G), suggesting that FUS
can become more insoluble upon SG aging, as previously
observed for in vitro FUS droplets (Patel et al., 2015). Again,
mutating RGG2 increased the dynamics and the fractional re-
covery of FUS again, and the dynamics of the FUS RGG2
mutant were unaltered compared to those of young SGs
(half-life, unpaired t test, p = 0.15). These data show that, in
a cellular context, the RGG2 domain is involved in SG matura-
tion, a process suggested as a stepping stone toward FUS
aggregation.

Going back to our Drosophila model, we found that mutating
all RGG2 arginines into glycines strongly reduced toxicity
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to be responsible for the high aggregation
propensity of these proteins. Indeed, the PrLD of FUS is neces-
sary and sufficient for in vitro fibrillarization (Schwartz et al.,
2013; Sun et al., 2011). It was recently discovered that PrLDs,
and other LCDs, can undergo phase separation (Boeynaems
et al., 2017; Burke et al., 2015; Jain et al., 2016; Lee et al.,
2016; Lin et al., 2015; Molliex et al., 2015; Murakami et al.,
2015; Patel et al., 2015) or sol-gel transitions (Kato et al., 2012;
Murakami et al., 2015). These findings suggest that these do-
mains are involved in the biogenesis of membrane-less organ-
elles, as formation of them also seems to be mediated by similar
phenomena (Brangwynne et al., 2015). However, this function-
ality seems to come at a cost. Phase separation of such domains
could make them more aggregation-prone given their high local
concentrations inside membrane-less organelles. Indeed, it has
been suggested before that SGs could act as seeds of aggrega-
tion (Boeynaems et al., 2016; Li et al., 2013; Ramaswami et al.,
2013), and, interestingly, FUS droplets and hydrogels do mature
to solid aggregates in vitro (Murakami et al., 2015; Patel et al.,
2015). Hence, understanding the processes and interactions
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Figure 4. RGG Domains Are Required for Efficient Binding of the FUS C-Terminal Domain to Phase-Separated QGSY Hydrogels and Liquid

Droplets

(A) Scheme illustrating the C-terminal deletion constructs tested for QGSY droplet and hydrogel binding.

(B) The RGG domains are the main domains affecting binding of GFP fusion constructs to mCherry-QGSY hydrogels or QGSY droplets. Asterisk indicates higher
exposure setting to show that there is still some residual binding of single ARGG mutants to the hydrogel.

(C) Partitioning of the C-terminal deletion constructs in the QGSY droplets and hydrogels in vitro correlates with the toxicity of the corresponding full-length
deletion construct in fly. The red fit takes into account all values; the blue fit considers ARGG1 as an outlier.

that mediate phase separation, and the liquid-to-solid switch of
these proteins, can be expected to yield insights into the molec-
ular underpinnings of RBP pathology in ALS-FTLD.

Besides the prion-like QGSY domain, FUS has other domains
that may be important for its functioning and toxicity. To investi-
gate this, we generated a Drosophila FUS toxicity model charac-
terized by neurodegeneration and motor phenotypes as
described before (Jackel et al., 2015; Lanson et al., 2011). This
facile readout allowed us to investigate which FUS domains
were important for this phenotype. Deleting the QGSY PrLD
only partially reduced toxicity, indicating the importance of
additional domains to FUS toxicity. Indeed, RGG2 deletion
completely abolished toxicity. This domain has been implicated
before in FUS pathology, more specifically by modulating the po-
tency of the FUS NLS (Dormann et al., 2010, 2012). However,
since mutating the NLS domain did not alter the toxicity of full-
length FUS, and deletion of the full NLS domain only partially
affected toxicity, we ruled out that the effect of RGG2 deletion
is solely mediated by altered nucleocytoplasmic localization.
Interestingly, two other reports have shown that the RGG do-
mains could aid in the aggregation of FUS (Schwartz et al.,
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2013; Sun et al., 2011), and it has been suggested that their
RNA binding capability may be involved in this process (Ozdilek
et al., 2017; Schwartz et al., 2013).

As both the QGSY and RGG2 domain were identified as key
players in the toxicity, we wondered whether both would be
necessary and sufficient for toxicity. Analysis of the evolutionary
conservation of FUS showed that the prion-like QGSY domain is
absent in the fruit fly, and discriminated between FUS and caz
toxicity. Therefore, we wondered whether the QGSY and the
C-terminal LCD should be functionally linked to cause toxicity.
Indeed, using fusion proteins, we showed that both LCDs are
required in cis for toxicity and prefer a flexible conformation.

As we and others have recently shown that arginine-rich do-
mains can interact with PrLDs (Boeynaems et al., 2017; Lee
et al., 2016; Lin et al., 2016), we wondered whether this would
also be the case for FUS. We investigated the interaction of
the C-terminal LCD to hydrogels and droplets formed by the
QGSY domain. Scanning the C-terminal domain with deletions
allowed us to map the exact domains responsible for this inter-
action. We identified the RGG2 domain as a major player in
the N-C-terminal interaction of FUS, and the strength of the
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interaction was correlated with toxicity in our Drosophila model.
One exception was the RGG1 domain. Although RGG1 has
similar binding capabilities as RGG2, deletion of the domain
was redundant in our fly model. This finding strongly indicates
that the position along the sequence dramatically affects the
properties of these RGG domains.

Given the prime role for RGG2 in phase separation in vitro and
toxicity in fly, we wondered whether this domain could affect
phase separation and pathological hallmarks in a mammalian
setting. We first found that simply mutating all arginines to gly-
cines in RGG2 dramatically reduced full-length FUS phase sep-
aration in vitro. Subsequently, we showed that this mutant dis-
plays reduced SG targeting in mammalian cells. Additionally,
the maturation of FUS upon SG aging was significantly reduced.
This observation suggests that the RGG2 domain is a key medi-
ator of the maturation of dynamic FUS assemblies, which is sug-
gested to parallel its pathological aggregation.

In conclusion, we identified FUS RGG2 as a key domain in the
toxicity and phase separation of FUS. The RGG2 domain has pre-
viously been implicated in FUS pathology, by modulating the po-
tency of its NLS sequence or promoting aggregation. We now

%

ries of recent studies have as well impli-
cated the RGG2 domain in the phase
behavior and aggregation of FUS. The
RGG2-NLS region serves as the binding
site for nuclear import factors, and while this had been already
implicated in FUS nuclear translocation (Dormann et al., 2010,
2012), it was now shown that transportin-1 binding to the
RGG2-NLS region can also prevent and even reverse FUS phase
separation and aggregation (Guo et al., 2018; Hofweber et al.,
2018; Qamar et al., 2018; Yoshizawa et al., 2018). Additionally,
methylation of RGG2 arginines also reduced FUS phase separa-
tion, likely via interfering with pi-cation or pi-pi interactions be-
tween N-terminal tyrosines and C-terminal arginines (Hofweber
et al., 2018; Qamar et al., 2018). All of these data point at molec-
ular interactions mediating liquid-to-solid switches of phase
separated RBPs and shed light on the complex underpinnings
of RBP pathology in neurodegenerative disease.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-FUS Bethyl Laboratories A300-302A
Anti-Tubulin Cell Signaling #2125
Anti-FLAG (mouse) Sigma-Aldrich F3165
Anti-FLAG (rabbit) Cell Signaling #2368S
Anti-TIA1 Santa Cruz sc-1751
Bacterial and Virus Strains

E. coli BL21-CodonPlus(DE3)-RIL cells Agilent #230240

Chemicals, Peptides, and Recombinant Proteins

FUS LC
mCherry-FUS LC
FUS full-length

Dr. Nicolas Fawzi
Dr. Masato Kato
Dr. James Shorter

Burke et al., 2015
Kato et al., 2012
Guo et al., 2018

FUS RGGmut full-length Dr. James Shorter This study
cOmplete protease inhibitor cocktail Sigma-Aldrich 11697498001
Arsenite Sigma-Aldrich S7400
Lipofectamine 3000 Thermo Scientific L3000015
NucBlue Thermo Scientific R37605
Prolong Gold Antifade Thermo Scientific P36934
Experimental Models: Cell Lines

Hela ATCC ATCC CCL-2

U20S mCherry-G3BP1 Kedersha et al., 2016

Experimental Models: Organisms/Strains

Dr. Nancy Kedersha

Transgenic FUS fly lines Genetivision N/A
P{Act5C-GAL4}25FO1 Bloomington Stock Center Bl4414
P{GD4553} nsyb-GAL4 Vienna Drosophila Research Center VDRC44011
w[*]; P{w[+mW.hs] = GawB}D42 Bloomington Stock Center BI8816
P{w[+mW.hs] = GawB}elav[C155] Bloomington Stock Center BI458

y[1] w[*]; P{w[+mW.hs] = shakB(lethal)-GAL4.4.1}2GL15 Bloomington Stock Center BI51633
w[1118] Bloomington Stock Center BI5905

w[*]; P{w[+mC] = tubP-GAL80[ts]}2/TM2 Bloomington Stock Center BI7017

Oligonucleotides

Primers IDT N/A
Recombinant DNA

CMV6 FUS-FLAG WT plasmid Origene TP301808
CMV6 FUS-FLAG MT plasmids Biomatic This study
FUS-GFP plasmid Dr. Simon Alberti Patel et al., 2015

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Ludo Van Den Bosch (ludo.
vandenbosch@kuleuven.vib.be).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly Culture Conditions, Stocks, and Transgenic Lines

Drosophila melanogaster strains were maintained on standard yeast, cornmeal, and agar-based medium (5% glucose, 5% yeast
extract, 3.5% wheat flour, 0.8% agar) in a 12 hr light/dark rhythm. The w1718 (Canton-S10) line was used as control. Crosses for
adult offspring frequencies and eclosion assay were performed at 25°C. Crosses for assessment of adult fly motor performance/ac-
tivity, lifespan were set at 18°C to complete normal development. Progeny was collected daily and the flies were transferred to 25°C
or 29°C. Flies were put on 29°C if the driver line was combined with a ubiquitously expressed temperature-sensitive Gal80 inhibitor
(tub-Gal80ts), to induce expression.

GALA4 driver lines P{Act5C-GAL4}25FO1 (act5C-GAL4), P{GD4553} (nsyb-GAL4), P{GawBJelav[C155] (c155-GAL4), P{shakB(lethal)-
GAL4.4.1}12GL152 (shakB-GAL4) and P{GawB}D42 (D42-GAL4) were obtained from the Bloomington Stock center. UAS-mCD8-GFP
stock was kindly provided by Randall S. Hewes (University of Oklahoma).

All FUS constructs were sequence verified and injected into Drosophila embryos by Genetivision (Houston, TX, USA). Genomic
landing site VK31 was used for site-specific transgene insertion on the third chromosome. Untagged transgenes were used to
exclude possible alterations of FUS function or subcellular localization.

For all our experiments the w1118 was used as a control. Although this line does not overexpress a non-toxic protein, we have
previously shown that this line behaves similarly to fly lines expressing non-toxic proteins (Boeynaems et al., 2016). We have also
never observed differences between w1118 and VK31 control lines.

Cell Culture and Transfection

G3BP-mCherry U20S (Dr. Paul Anderson and Dr. Nancy Kedersha, Harvard Medical School) and Hela cells (ATCC CCL-2)
were grown at 37°C in a humidified atmosphere with 5% CO, for 24 hr. Cells were transiently transfected using Lipofectamine
3000 (Invitrogen) according to manufacturer’s instructions.

METHODS DETAILS

FUS Plasmids

All deletion and RGG mutant FUS constructs were obtained from Biomatik (Ontario, Canada). GFP tagged FUS constructs were a
kind gift from Dr. Simon Alberti (Max Planck Institute, Germany). C-terminally Flag tagged FUS was purchased from Origene (Mary-
land, USA). NLS mutants were made by side directed mutagenesis kit from Stratagene (California, USA) according manufacture
procedures.

Offspring Frequencies
To calculate adult offspring frequencies, the F1 generation eclosing from crosses was counted for 9 days, every 2-3 days, starting
from the first day of eclosion. The percentage of balanced negative to balanced positive flies was calculated.

Eclosion Assay

Pharate adult flies were transferred to a Petri dish and monitored for 72 hr at 25°C or at 18°C. The percentage of eclosed flies was
defined as ratio of total empty pupal cases to total pupal cases. Enclosed flies were scored for immature phenotype. If flies displayed
signs of immaturity, they were scored affected. Bar plots were generated by giving each eclosing or affected fly a score of 1, and each
uneclosed or unaffected fly a score of 0.

Motor Performance Assays
To assay adult motor performance, negative geotaxis and flight ability were analyzed.

To conduct the negative geotaxis assay, flies were placed one hr in advance in a transparent tube in the dark, under red light. The
flies were then tapped to the bottom and scored according to their ability to climb. A fly was scored successful (score 1) when it
reached the top of the 30 cm vial in 45 s. 50 —100 flies per genotype were tested.

Flight ability was measured using the ‘cylinder drop assay’. Flies were gently tapped down on top of a 34 cm cylinder using a funnel.
Flies unable to fly immediately dropped to the bottom whereas flies able to hold on to the wall of the container were considered fliers.
Flies were ranked according to their flying abilities into 6 categories (0 = unable to fly and 6 = found at the top of the container).
50 —100 flies per genotype were tested.

Lifespan Analysis

Ten newly hatched flies were placed on standard food and were transferred to a new vial every three days. After each transfer the
surviving flies were counted. The density of flies per vial was controlled for, and female and male flies were separated. 50-100 flies per
genotype were analyzed.
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Immunohistochemistry of Ventral Nerve Cords

Immunostaining on ventral nerve cords was performed using standard techniques. The following primary antibodies were used:
mouse monoclonal anti-GFP, 1:100 (Roche, Basel, Switzerland); rat anti-elav 7E8A10, 1:100 (Developmental Studies hybridoma
bank); rabbit anti-FUS A300-292A, 1:100 (Bethyl Laboratories, Texas, USA); rabbit anti-FUS A300-293A, 1:100 (Bethyl Laboratories,
Texas, USA) and rabbit anti-FUS A300-294A, 1:100 (Bethyl Laboratories, Texas, USA).

Secondary antibodies conjugated to Alexa488 and Alexa555 were used at 1:200 (Invitrogen, Carlsbad, California, USA). Ventral
nerve cords were mounted in Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA) and analyzed with a Fluo-
view FV1000 confocal microscope (Olympus). Images of multiple fluorescent-labeled ventral nerve cords were obtained by sequen-
tial scanning of each channel at equal laser intensity unless noted otherwise.

Motor Neuron Degeneration

FUS constructs were expressed in motor neurons labeled with a membrane bound GFP. The ventral nerve cord was dissected at
different time points and stained for GFP. A confocal image was taken every 5um using with a Fluoview FV1000 confocal microscope
(Olympus). The number of motor neurons was counted in the TH1-TH2 region of the ventral nerve cord.

In Vivo Subcellular Localization

FUS variants were expressed terotrochanter (TTM) motor neurons using ShakB-GAL4 to drive expression. We opted to measure the
ratio in TTM neurons as they have a large cytoplasm and are motor neurons. To measure FUS cytoplasmic/nuclear ratios in terotro-
chanter motor neurons (TTM) neurons, Fiji Software was used to measure the fluorescence intensity (mean gray values) of confocal
images. Images were made with equal laser intensity unless noted otherwise with a Fluoview FV1000 confocal microscope
(Olympus). Ten TTM neurons of different VNCs were analyzed. Mean gray values of nucleus and cytoplasm were measured and
the cytoplasmic versus nuclear intensity ratio was calculated. Statistical analysis was done using one-way ANOVA with post hoc
Bonferroni’s multiple comparison test.

Transgene Expression Levels Using ddPCR

Fifty fly heads (Tubulin-GAL4 driven expression) or 30 larval central nervous systems (D42-GAL4 driven expression) were mixed with
1 mL TriPure reagent (Sigma Aldrich, St. Louis, MO, USA) and ground with a pestle. Total RNA was isolated by using standard pro-
cedures. cDNA was generated from 1 ug of RNA of each sample by using SuperScript Ill First-Strand Synthesis SuperMix (Thermo
Fisher Scientific, Waltham, MA, UAS) according to manufacturer conditions. ddPCR was performed on an QX200 Droplet Digital PCR
System with Probe mix (Biorad, Hercules, CA, USA) with primers designed by IDT PrimerQuest Tool (IDT, Coralville, lowa). Expres-
sion levels of transcripts from the various samples were normalized to the housekeeping gene Rap2L.

Transgene Forward primer (5'-3') Probe (5'-3') Reversed primer (5'-3')

FUS (C-terminal TGG ACA GCA GCA AAG CTATAA AGC AGA ACC AGT ACAACA GCAGCA CTT GGC CAT AGT TAC CTC CAC
assay)

FUS (QSGY GAC AGC AGA GTT ACAGTG GTT CCA TAG CCT GAA GTG TCC GTG GAC  GGC TCT GGC CAT AAG AAG AAT AG
assay) ATA G

caz CCG TGA TGG TGA CTG GAA AT AAT AAC ACC AAC TTT GCC TGG CGC  CCC TTG GGA GTC TTA CAT CTATTG
Rap2L GAA CGA TGG TGG CGA ATACT ATC GAG GCA TCT GCA AAG GAT CGG  ATC CAC CGC TGA AGG TAATG

Transgene Expression Levels Using Western Blot

Thirty larval central nervous systems were homogenized on ice in radioimmune precipitation buffer (RIPA: 0.1% sodium dodecyl sul-
fate [SDS], 150 mM NaCl, 0.5% Na, 1% NP-40, 50 mM Tris-HCI [pH 8.0]) supplemented with protease inhibitor (Complete Protease
inhibitor, Roche, Indianapolis, IN, USA). Homogenates were incubated on ice for 20 min, sonicated, and cleared at 14,000 rpm for
20 min at 4°C. Supernatants were used for immunoblotting. Protein concentrations were measured by BCA assay (Perbio Science
N.V.). Twenty micrograms of protein was loaded on a 10% Nupage Bis-Tris gel (Invitrogen) and blotted on a polyvinylidene difluoride
(PVDF) membrane. Membranes were blocked in 5% skimmed milk in PBS and probed with primary antibodies. Immunodetection
was performed with specific secondary antibodies conjugated to horseradish peroxidase and the ECL-plus chemiluminescent
detection system (Amersham Biosciences, Little Chalfont, UK) with bands quantified on a LAS-3000 Station (GE Healthcare, Chi-
cagdo, IL, USA). The signal was normalized to the signal obtained from tubulin for quantification. Antibodies: rabbit anti-FUS (Bethyl
laboratories, A300-302A) and rabbit anti-tubulin (Cell signaling, #2125).

Hydrogel Binding Assay

Purified FUS LC domain (residue 2-214) fused to GFP or mCherry was prepared as described previously (Kato et al., 2012). Hydrogel
droplets of mCherry:FUS LC domain were prepared as described elsewhere (Kato et al., 2017). The GFP-FUS C-terminal deletion
mutants (Figure 3A) were constructed in pHis-parallel-GFP vector by amplify and ligate the DNA fragments from the parental deletion
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constructs (Figure 1E), and overexpressed in E. coli BL21(DE3) and purified with Ni-NTA resin as described before (Kato et al., 2012).
These proteins were diluted in 1 mL gelation buffer containing 20 mM Tris-HCI pH 7.5, 200 mM NaCl, 20 mM BME, 0.5 mM EDTA and
0.1 mM PMSEF at the final concentration of 1 uM and poured into the mCherry:FUS LC hydrogel dishes. The hydrogel dishes were
incubated at 4°C for 24 hr. GFP and mCherry signals in the hydrogel droplets were visualized by Leica SP5 confocal microscope.
Signal intensities were analyzed with ImageJ.

FUS LC Domain Droplet Assay

FUS LC domain was expressed in E. coli and purified as described previously (Burke et al., 2015). FUS LC droplets were generated by
diluting the stock solution to the 200 uM in 50 mM MES buffer 250 mM NaCl at pH 5. 1 uM of GFP-FUS constructs were added to the
FUS LC droplets. Fluorescent droplets were incubated in plastic Cell Counter slides (Bio-Rad) at room temperature. Chambers were
sealed using nail varnish to prevent evaporation. Pictures were taken on a Zeiss LSM 780 Meta NLO confocal microscope. Droplet
enrichment was calculated as the ratio of the mean fluorescence intensity in the droplet over the mean fluorescence intensity of the
background.

Full-Length FUS Droplet Assay

FUS WT and FUS RGG mutant proteins were expressed from MBP-fusion constructs using the pMAL-TEV vector, which is a pMAL
(New England BiolLabs, Ipswich, MA) modified to contain a TEV cleavage site kindly provided by Yuh Min Chook (UTSW). Proteins
were expressed from E. coli BL21-CodonPlus(DE3)-RIL cells (Agilent) by induction with 1mM IPTG for 16 hr at 15°C. Bacteria were
lysed by sonication in buffer containing 20mM HEPES pH 7.5, 2mM EDTA, 50mM NaCl, 2mM DTT, 10% glycerol, with protease in-
hibitors (cOmplete, EDTA-free, Roche Applied Science). MBP-FUS proteins were purified by affinity chromatography using amylose
resin (New England BiolLabs, Ipswich, MA), eluted with buffer containing 20mM HEPES pH 7.5, 2mM EDTA, 50mM NaCl, 2mM DTT,
10% glycerol, 10 mM maltose and further purified by heparin-affinity chromatography to disrupt association with nucleic acid.

For droplet forming experiments, MBP-FUS was buffer exchanged into buffer containing 50mM Tris pH 7.4, 1mM DTT, 50mM KCl,
0.5% glycerol. To induce droplet formation, TEV protease (Invitrogen) was added into 4uM MBP-FUS and liquid-liquid phase sep-
aration was monitored by absorbance at 395nm at room temperature using a TECAN plate reader. Parallel experiments were set up in
a different plate and at indicated time point, 10ul samples were spotted onto a coverslip and imaged by Differential interference
contrast (DIC) microscopy.

Immunohistochemistry and Microscopy of Stress Granules
Cells were fixed 24 hr after transfection in 4% formaldehyde in PBS post fixed with methanol followed by standard immunostaining.
Following antibodies were used: anti-FLAG (F3165, Sigma), rabbit anti-FLAG (#2368S, Cell Signaling), and goat anti-TIA1 (sc-1751,
Santa Cruz). AlexaFluor 488 and AlexaFluor 555 secondary antibodies (Life Technologies) were used. Slides were mounted using
ProLong Gold antifade reagent (Life Technologies). Confocal images were obtained using a Zeiss LSM 780 Meta NLO confocal mi-
croscope. Images were analyzed, formatted, and quantified with Fiji software.

Stress granules were induced by incubating the cells for 1 hr with 0.5 mM NaAsO, (Sigma).

Stress Granule Enrichment
Stress granule enrichment in Hela cells was quantified as the ratio of fluorescence intensity in the stress granule over the intensity of
the surrounding cytoplasm. All stress granules per cell were quantified, of at least 30 cells from 3 independent experiments.

Stress Granule FRAP Measurements

Stable mCherry-G3BP1 U20S cells were cultured in glass bottom dishes (Ibidi) and transfected with GFP-FUS constructs as
described above. After 24 hr spontaneous granules (i.e., matured granules), positive for both mCherry and GFP, were analyzed.
Induced (“young”) granules represent stress granules formed only after treatment for 1 hr with 0.5mM NaAsO, (Sigma). GFP granules
were bleached and fluorescence recovery after bleaching was monitored using Zen software on a Zeiss LSM 780 Meta NLO confocal
microscope. Raw data were background subtracted and normalized using Excel, and plotted using Prism software. FRAP curves
were fitted with a one phase exponential curve.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters and distributions are reported in the Figures and corresponding Figure Legends. Statistical analysis was per-
formed in Excel or GraphPad Prism.
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