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ALS-linked FUS mutations dysregulate G-quadruplex-
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by the accumulation of protein aggre-
gates in motor neurons. Recent discoveries of genetic muta-
tions in ALS patients promoted research into the complex
molecular mechanisms underlying ALS. FUS (fused in sar-
coma) is a representative ALS-linked RNA-binding protein
(RBP) that specifically recognizes G-quadruplex (G4)-DNA/
RNAs. However, the effects of ALS-linked FUS mutations on
the G4-RNA-binding activity and the phase behavior have
never been investigated. Using the purified full-length FUS, we
analyzed the molecular mechanisms of multidomain structures
consisting of multiple functional modules that bind to G4. Here
we succeeded to observe the liquid-liquid phase separation
(LLPS) of FUS condensate formation and subsequent liquid-to-
solid transition (LST) leading to the formation of FUS aggre-
gates. This process was markedly promoted through FUS
interaction with G4-RNA. To further investigate, we selected a
total of eight representative ALS-linked FUS mutants within
multidomain structures and purified these proteins. The
regulation of G4-RNA-dependent LLPS and LST pathways was
lost for all ALS-linked FUS mutants defective in G4-RNA
recognition tested, supporting the essential role of G4-RNA
in this process. Noteworthy, the P525L mutation that causes
juvenile ALS exhibited the largest effect on both G4-RNA
binding and FUS aggregation. The findings described herein
could provide a clue to the hitherto undefined connection
between protein aggregation and dysfunction of RBPs in the
complex pathway of ALS pathogenesis.

Neurodegenerative disorders such as amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTLD) are
characterized by the progressive degeneration of nerve cells in
the brain and spinal cord (1, 2). In these neural disorders, two
RNA-binding proteins (RBPs), TDP-43 (43 kDa TAR DNA-
binding protein) and FUS (fused in sarcoma), have been re-
ported as the common causative gene products, of which
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modulations lead to a gain of functional toxicity or a loss of
normal protein function (3-6). Even though the character-
ization of mutants and the analysis of proteinaceous inclusions
have provided important clues for elucidation how these gene
products are connected with the diseases, the molecular
mechanisms of ALS and FTLD remain unclear. Along this line,
one important issue is that these two proteins specifically bind
to mRNA containing G-quadruplex (G4) and transport to
distal neurites for local translation (7, 8). Recently, we reported
that ALS-linked mutations of TDP-43 are less active than wild-
type in binding with G4-RNAs (9). These results suggested
that the altered interaction between G4-RNAs and mutant
proteins is somehow connected with the pathogenesis of ALS
and FTLD.

On a noncanonical higher-order DNA/RNA structure, G4 is
composed of two or more guanine tetrads, which associate
through Hoogsteen hydrogen bonding leading to form a
square planar structure (10, 11). G4 plays essential roles in
telomere function, gene expression, and intracellular mRNA
transport, and thus its dysfunction leads to cancer and
neurodegenerative disorders (12). Recently, it has been antic-
ipated that such noncanonical RNA structures are involved in
the formation of RNA granules by liquid-liquid phase sepa-
ration (LLPS) (13, 14). The formation of RNA granules is
observed in vitro, but in the presence of RBPs, the functional
structures are considered to be composed of ribonucleoprotein
(RNP) complexes in cells (15-17). RNPs form membraneless
cellular compartments and play important roles, which have
been detected as germ granules and polar granules in germ
cells, stress granules and P-bodies in somatic cells, and
neuronal granules in neurons (13, 14, 18).

FUS is one of the most characterized RBPs known to exhibit
LLPS (19-27). The N-terminal proximal half of FUS is
composed of one QGSY-rich region and one Gly-rich domain
while its C-terminal proximal half contains a single RRM
(RNA recognition motif), two RGG (Arg/Gly-rich) domains
interposed by a Zn finger, and a C-terminal Pro/Tyr-rich re-
gion (PY-CTR) including nuclear localization signal (NLS)
(Fig. 1A). The N-terminal QGSY-rich region, one RGG region,
and the C-terminal two RGG regions are the disordered low-
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Figure 1. Liquid-liquid phase separation of FUS. A, structural feature of FUS protein. FUS comprises of, from N- to C-terminus, one QGSY-rich region, one
Gly-rich domain, one RRM, two RGG domains interspaced with a single Zn finger, and Pro-/Tyr-rich region (PY) containing NLS. Low-complexity (LC)
intrinsically disordered regions are indicated below the structural map. B, SDS-PAGE pattern of the purified FUS protein. Two micrograms of the purified
proteins was analyzed, in parallel with the marker protein mixture, by 10% SDS-PAGE, and the gel was stained with Coomassie brilliant blue. C, protein
concentration-dependent increase of the formation of FUS condensates. The FUS condensates formed were observed by phase-contrast microscopy (scale
bar, 20 um). High-magnification images are shown in Figure S1. The y-axis shows the level of turbidity and the standard errors (+SEM) obtained after three
independent experiments. Measurements were performed after incubating for 30 min at 25 °C. Samples of 16 uM and above were measured at 5-fold
dilution. The red arrowheads indicate the condensates during fusion. D, average diameters of the FUS condensates formed at 2 uM FUS concentration.
The size of FUS condensates was measured from the microscopic images. One typical high-magnification image is shown on the bottom.

complexity (LC) regions in the FUS protein sequence and are
considered to mediate LLPS (25). Within the FUS protein, at
least 57 residues of the N-terminal LC region between amino
acids 39-95 and the multiple RNA-binding regions are both
required for LLPS (24, 28). These findings altogether indicate
that multiple modules of FUS influence the formation or
disassembly of RNP compartments. However, the contribution
of LLPS to the formation and regulation of RNP compart-
ments carries the risk because RBPs with LC regions tend to
aggregate (1, 22). Since the aberrant phase separation of G4-
binding proteins such as FUS and TDP-43 is considered to
link with neurodegeneration, it is critically important to un-
derstand in details how the RNA structure promotes, inhibits,
and/or tunes the phase separation of associated proteins. Up to
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the present time, however, the molecular mechanism of the
sequential phase behavior of ALS-linked FUS in LLPS and
liquid-to-solid transition (LST) remains elusive.

The purpose of this study is to clarify how FUS-G4-RNA
interactions contribute to LLPS and/or LST and whether
ALS-linked FUS mutations affect their phase behavior. For this
purpose, we constructed an in vitro system for observation of
the formation and phase transition of FUS RNP condensates
using the purified full-length wild-type and mutant FUS pro-
teins and a set of FUS-binding target RNAs. Results herein
described clearly indicated that FUS forms specific complexes
with target RNAs in G4 structure-dependent manner and
exhibits transformation through LLPS and LST pathways. In
this process, multiple modules of FUS protein are involved.
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Noteworthy is that ALS-linked amino acid mutations gave
marked alteration in the G4-dependent formation of FUS
condensates and their phase separation and transition.

Results
Formation of the FUS condensates

In general, the phase-separating proteins with LC regions
such as FUS are often aggregation-prone, and thus the purifi-
cation of full-length intact proteins is difficult due to phase
separation or aggregation (29). To overcome this problem,
several methods have been taken by production of test proteins
as fusion proteins and/or by adding macromolecular crowding
agents such as dextran, poly-ethylene glycol, or Ficoll. In the
case of FUS, however, the fusion proteins often exhibit a wide
range of nonspecific nucleic-acid-binding ability (26, 30). In
addition, the treatment of fusion proteins with protease to
remove the tag protein quickly induces LLPS, and thus experi-
ments must be conducted using mixtures of different protein
states. Recently, however, we succeeded to purify the full-length
tag-free human FUS in soluble form (Fig. 1B) (31). At the final
purification step, FUS was prepared in a storage buffer con-
taining B-cyclodextrin (BCD), a cyclic oligosaccharide, consist-
ing of a macrocyclic ring of glucose subunits and forming
hydrophobic cavities. Protein aggregation is prevented mainly
through the temporary weak inclusion of the exposed aromatic
residues into the hydrophobic cavity of BCD (32).

Starting from this purified FUS, we first tried to form FUS
condensates lacking the surrounding membrane. The level of
FUS condensate formation promoted with increase of FUS
concentration (Figs. 1C and S1). The purified FUS at the
physiological cellular concentration of 2 uM immediately
formed protein condensates with an average diameter of about
2 pm, which are equal in size as intracellular condensates
(Fig. 1D) (22, 33). Fusions of droplets were frequently observed
at concentrations 16 pM and above (Figs. 1C and S2). Using
this system of in vitro formation of FUS condensates, we next
tried to examine possible influence of G4-RNA binding on the
condensate formation.

G4-RNA promotes the formation of FUS condensates

The purified FUS protein binds to G4-containing DNA/
RNAs under structure-dependent manner and induces the
deformation of G4 structure using its multiple RNA-binding
modules for stable binding (31). First we confirmed the
structure of G4-RNAs used for this assay using CD (circular
dichroism) spectroscopy analysis. As the model G4-RNAs, we
used human PSD-95 (postsynaptic density protein 95) and
CaMKIla (Ca/calmodulin-dependent protein kinase type II
subunit alpha) mRNAs, which carry G4s from 3’-untranslated
region of dendritic mRNAs (34). In the presence of 150 mM
NaCl, both of the model G4-RNAs formed the typical parallel-
stranded G4, which exhibited CD spectra with positive peak
around 265 nm and negative peak around 240 nm compared in
the absence of salt (Fig. 2, A and B).

We then analyzed the formation of FUS condensates in the
presence of various concentrations of these model G4-RNAs.
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As a control, a randomized RNA (synthesized oligomer of
mixed sequence composition) was used to compare and
measure the formation of FUS condensates (Fig. 2C). Both G4
RNAs significantly promoted the formation of condensates
compared with random RNA controls at concentrations 2 pM
and above. No condensate formation was observed without
FUS even at the highest concentrations of RNAs. Randomized
RNA had a slight effect on condensate formation, supposedly
due to nonspecific interactions with phosphate backbone,
RNA bases of unstructured RNA, and/or G4-like sequence
(35). Fluorescently labeled G4-RNAs were included in the FUS
condensates, but no fluorescence signal was detected when an
equal amount of BSA (bovine serum albumin) was added as a
control (Fig. 2D). These results strongly endorse the prediction
that the FUS condensates are formed through the LLPS pro-
cess, and this process is promoted in the presence of G4-RNA.

To get insights into the molecular basis of LLPS promotion,
we next examined whether this effect depends on either G4
structure or G-rich sequence. To discriminate these two pos-
sibilities, we performed the condensate formation assay using
two well-analyzed sequences, whose structures change
depending on monovalent salt species. Recently, we identified
that FUS binds to human telomere DNA forming hybrid type
G4 in the presence of KCl, but not to the unfolded DNA by
replacing to NaCl (Fig. 34; (31)). FUS also binds with both
parallel-stranded G4 and G-rich hairpin structures that were
formed by (G4C2),, a hexanucleotide repeat expansion RNA
transcribed within the ALS-related C9orf72 gene (Fig. 3B;
(31)). Although (G4C2), forms both structures in the presence
of KCl, but only the hairpin structure by replacement of KCI to
NaCl (Fig. 3B; (36, 37)). Neither telomere DNA nor (G4C2),
affected the formation of FUS condensate in the NaCl-
containing buffer (Fig. 3C and S3). These observations indi-
cate that FUS binds to the hairpin structure but the FUS
condensate formation is not promoted with FUS-hairpin
complexes. Conversely, both telomere DNA and (G4C2),
RNA significantly promoted the condensate formation of FUS
in the presence of 150 mM KCl-containing buffer, in which the
G4 structure is formed (Fig. 3C). Thus we concluded that the
FUS condensation is promoted when FUS binds to G4-
forming DNA/RNA.

Influence of ALS-linked mutations on the FUS binding of G4-
RNA

Up to the present time, more than 50 missense and internal
deletion/insertion mutations of FUS have been identified in
ALS patients (38—40). However, the effects of these mutations
on the G4-RNA-binding activity of FUS protein and its LLPS
pathway have never been investigated. These mutations are
located outside the RRM and Zn finger domains (see Fig. 1A).
With use of full-length tag-free FUS protein, we recently found
the involvement of multiple structural domains of FUS other
than the RRM and Zn finger domains in specific and stable
interaction with highly structured DNA/RNA probes (31).
Interestingly all ALS-linked missense and internal deletion/
insertion mutations in FUS are present in the so-called
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Figure 2. G4-RNA promotes the formation of FUS condensates. A and B, CD spectrum of model G4-RNAs. Two species of G4-RNA (PSD-94 and CaMKilla)
were subjected to CD spectroscopic analysis in the presence (NaCl) and absence (Control) of Na*. The CD spectrum has a positive peak near 265 nm and a
negative peak near 245 nm, both of which are characteristic of the parallel stranded G4-RNA structure. PSD-95 G4 contains four-A-loop between the first
and second G triplet. C, influence of G4-RNAs on the formation of FUS condensates. Purified FUS protein (2 uM) was mixed with each of G4-RNAs or a
reference randomized RNA (n20), and the level of FUS condensate formation was determined by measuring the turbidity. The graph shows the turbidity
value of FUS solution in the presence of increasing RNA concentrations. The turbidity (y-axis) represents the average of three independent experiments
together with £SEM values. In the absence of protein, no condensate was observed. Statistical significance was determined by two-tailed Student’s t test
**p < 0.01, ***p < 0.001. Representative images of the phase-contrast microscopy are shown for each. Scale bar represents 20 um. D, FUS condensates were
formed in the presence of terminal fluorescent-labeled G4 RNAs (2 uM). FUS condensates formed were observed with fluorescent microscopy. Using the

same concentration of BSA (2 pM), no fluorescent signal was detected.

disordered region (Fig. 4A). To get insight into possible
participation of this region in the recognition and binding of
G4 structure, we examined the direct binding activity of G4-
RNA for the purified FUS proteins with these ALS-linked
mutations. For this purpose, we selected a total of eight
representative ALS-linked FUS mutants: two (P18S and
A115N) within the N-terminal proximal QGSY-rich region;
two (A173-174 and G206S) within the Gly-rich domain; two
(R383C and M464I) within the split RGG domain; and two
(R521C and P525L) within the C-terminal PY region con-
taining nuclear localization signal (Fig. 4B). The full-length
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tag-free proteins were purified for all these eight FUS mu-
tants as in the case of wild-type FUS protein (Fig. 4C).

Using the SPR (surface plasmon resonance) assay system,
the kinetic parameters were measured for molecular in-
teractions between two representative model G4-RNAs (PSD-
95 and CaMKIla) and increasing concentrations of wild-type
or mutant FUS proteins. The dissociation constant (Kp) to
PSD-95 G4-RNA increased for four mutant FUS proteins,
P18S, R383C, M4641, and P525L (Fig. 4D; for details see
Fig. S4). Both R383C and M262I are located inside RGG
domain, one upstream and another downstream of Zinc-finger

SASBMB
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Figure 3. G4 structure is required for promotion of FUS condensation. A, conformational alteration of telomere DNA. Telomere DNA was subjected to
CD spectroscopic analysis in the presence of NaCl or KCl. Telomere DNA is known to form different conformations in the presence of KCl and NaCl (82). The
CD spectrum shows a positive peak near 290 nm and a negative peak near 235 nm in the presence of 150 mM KCl, both of which are characteristic of
hybrid-type G4 structure. It is, however, converted into unfolded form at 150 mM NaCl. B, conformational alteration of (G4C2),-RNA. (G4C2),-RNA exists in
equilibrium between hairpin and parallel G4 conformations at 150 mM KCl, but is converted into hairpin structure at 150 mM NaCl (31, 37). C, G4 structure-
dependent promotion of FUS condensation. The turbidity of FUS solution (2 pM) after incubation with 2 uM of telomere DNA or (G4C2),. The average values
of turbidity and +SEM values were measured after three independent experiments. Statistical significance was determined by two-tailed Student’s t test
***p < 0.001. Both of telomere DNA and (G4C2), RNA gave no effect on FUS condensate formation in the buffer containing 150 mM NaCl. Bottom panels
show representative images by phase-contrast microscopy. High-magnification images are shown in Figure S3.

domain, implying involvement of this RGG domain in recog-
nition of parallel-stranded PSD-95 G4-RNA. Two mutations
located near FUS terminus, P18S near N-terminal end, and
P525L near C-terminal end, gave marked decrease in binding
of PSD-95 G4-RNA (Fig. 4D; for details see Fig. S4).

To confirm this result, we also examined the binding affinity
of all these eight mutant proteins to another model RNA,
CaMKIIa G4-RNA. The binding affinity to CaMKIla G4-RNA
decreased for all eight FUS mutants (Fig. 4E; for details
seeFig. S5) even though the level of reduction was variable: the
reduction was the highest for P525L mutant; the reduction
level was intermediate for R383C, M4641, and R521C; but only
low-level reduction for other four mutants. In any case, the
involvement of most FUS domains in contact with G4-RNA
was suggested in agreement with the prediction that most of
the FUS domains participate in binding of G4-DNA/RNA (31).
The difference in binding affinity of two G4-RNAs, PSD-95
and CaMKIla, between eight FUS mutants might be due to
the difference in local structure of the G4 configuration be-
tween two G4-forming RNAs. Since PSD-95 G4-RNA contains
an A-loop (see Fig. 2A4), its G4 structure appears to be loosened
or melted even at lower temperatures as detected by UV
melting studies (9). In the binding of FUS to PSD-95 G4-RNA,
four residues, P18, R383, M464, and P525 participate in G4
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binding. In contrast, for binding to the tight G4 structure
formed by G repeats in CaMKIIa G4-RNA (see Fig. 2B), all
eight residues tested might be involved in tight G4 binding.
The maximum decrease in the binding affinity to CaMKIIa
G4-RNA was observed for P525L mutant at the extreme end of
PY-CTR containing NLS (Fig. 4E; for details see Fig. S5). Thus
the PY region might also participate in G4-RNA binding.

ALS-linked FUS mutants exhibit abnormalities in the
condensate formation

To get insight into the influence of ALS-linked mutations
on the formation of FUS condensates through LLPS pathway,
we next analyzed the effect of these mutations on the forma-
tion in the presence and absence of G4-RNAs. In the absence
of RNA, wild-type FUS formed condensates as detected by the
turbidity as well as the droplet level by microscopic observa-
tion (Figs. 54 and S6). Under the same conditions, six FUS
mutants [group-1; P18S, A115N, A173-174, G206S, M464],
and R521C] showed decrease in condensate formation
compared with wild-type FUS, but the levels of FUS conden-
sates of two mutants [group-2; R383C and P525L] were as high
as that of wild-type (Fig. 5A). Noteworthy is that these six
positions of FUS are important for not only the condensate
formation but also G4-RNA binding (see above).
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Figure 4. G4-RNA-binding kinetics of eight FUS mutants. A, order/disorder level was calculated for FUS using PONDR algorithm (Molecular Kinetics,
Washington State University). The positions of ALS-linked 56 missense and internal deletion/insertion mutations are shown along the FUS protein from N- to
C-terminus (40-42). B, a total of eight mutants with ALS-linked familial), sporadics), or both/s) at various locations on the FUS gene were selected and
analyzed in this study. The position of each mutation is shown along the FUS map in (A). C, full-length mutant FUS proteins were purified in soluble forms
according to the same procedure we developed for wild-type (31). One microgram each of the purified FUS proteins was analyzed by 10% SDS-PAGE, and
the gel was stained with Coomassie brilliant blue. Right panel shows a schematic diagram of the SPR assay system. Terminal-biotinylated poly dT,¢ was
bound to the streptavidin-coated sensor chip. Poly-dA¢ tailed G4-RNA (20 nM) was immobilized onto the sensor chip, and various concentrations of wild-
type and mutant FUS proteins were injected as the analyte. In this method, the dT;s oligomer was immobilized onto flow cell-2, and flow cell-1 was left
blank to serve as in-line reference surface, RNA and analyte was injected to the flow cells-1 and cell-2 of the sensor chip. Plasmon resonance values
(resonance unit; RU) were obtained from the flow-cell-2 data after subtracting the flow-cell-1 data. D and E, the dissociation constants (Kp) of wild-type and
mutant FUS proteins with PSD-95 or CaMKlla G4-RNA. The experiments were performed three times, and the y-axis represents the mean £SEM value. Kinetic
data of the sensorgram are shown in Figures S4 and S5.

In the presence of G4-RNA, however, the level of conden-
sate formation decreased for all eight mutant proteins (Figs. 5,
B and C, and S6), indicating interference of FUS condensate
formation by binding with G4-RNA. The reduction of
condensate formation detected by measuring the turbidity
decrease is not due to reduction of the condensate size for all
eight FUS mutants as detected by microscopy (Fig. S7). The
reduction of condensate formation of the two group-2 mutant

6 . Biol. Chem. (2021) 297(5) 101284

proteins, R383C and P525L, in the presence of G4-RNA might
be due to their low binding affinity to G4-RNA (Fig. 5, Band C,
and Fig. S6). In the case of four mutations [A115N, A173-174,
G206S, and R521C], the apparent binding affinity to PSD-95
G4-RNA is the same as that of wild-type (Figs. 5B and S6),
suggesting that the decrease in condensate formation is not
simply due to defective binding to G4-RNA. Thus the ALS-
linked FUS mutants all exhibited abnormalities in the
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Figure 5. Condensate formation of ALS-linked FUS mutants. Purified wild-type and eight mutant FUS proteins (2 uM each) were subjected to the assay
of condensate formation. A, turbidity level of FUS condensates in the absence of RNA. B, turbidity level of FUS condensates in the presence of PSD-95 G4-
RNA. C, turbidity level of FUS condensates in the presence of CaMKlla G4-RNA. The experiments were performed three times, and the y-axis represents the
mean +SEM value. Statistical significance was determined by two-tailed Student’s t test **p < 0.01, ***p < 0.001. Right panels show the representative
images by phase-contrast microscopy. High-magnification images are shown in Figure S6. Particle size data of condensates are shown in Figure S7.

condensate formation in vitro but its molecular basis might be
due to either the alteration in binding to G4-RNA or as yet
unidentified alteration in protein conformation.

Transition of FUS condensate from liquid to solid phase

We then followed the fate of FUS condensates in the pres-
ence of RNAs. The FUS condensates remained stable for a
while after addition of G4-RNA, but the condensates were
gradually broken and instead protein aggregates appeared after
4 h (Fig. S8). Since these solid-like aggregates did not arise
directly in the solution of purified FUS protein alone, it might
arise via liquid condensates (or condensate droplets). To block
nonspecific protein interactions, plasmid DNA was added into
the assay of condensate formation at relevant concentrations
(for details, see Experimental procedures). Even if the DNA is
removed from the reaction mixture, condensate droplets are
formed through LLPS pathway. In the absence of the DNA, the
condensates were unstable, and the transition from the
condensate droplets to the solid aggregates took place rapidly.
The conversion always took place via the condensate droplet,
and thus G4-RNAs promoted this process of FUS aggregation
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through LLPS pathway (Fig. 6A4). This LST process is very
rapid as observed by moving image (Movie S1), finally yielding
mossy aggregates (Fig. 6, A and B) similar to the previous
observations in vitro and in vivo (41-43). In the middle of this
G4-RNA-dependent reaction, the condensate droplet collided
with the FUS aggregates, leading to yield larger aggregates
(Fig. 6, A and C, and Movie S2 and S3). The aggregate was
further confirmed to be in a solid-phase state because it was
resistant to 1,6-hexanediol, an agent known to disrupt liquid-
phase condensates (Fig. S9) (44, 45). This transition was not
observed in the absence of RNA or with the addition of ran-
domized RNA (Figs. 64, and S104).

To confirm the causal relationship between the phase
transition of FUS condensates and the ALS-linked mutations,
we next analyzed the LST of FUS condensates for all eight
mutants in the presence of G4-RNAs (Fig. 6, D and E, and
Fig. S10, B and C). The six group-1 mutants [P18S, A115N,
A173-174, G206, M4641, and R521C] showed a decrease in
the transition level compared with wild-type FUS, while the
level of two group-2 mutations [R383C and P525L] was as high
as that of wild-type FUS. This finding was unexpected because
these two mutations reduced the formation of condensate
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Figure 6. Liquid-to-solid transition of FUS condensates. A, influence of G4-RNAs on the LST was measured with use of wild-type FUS protein (2 uM each)
in the presence of increasing concentrations of random RNA, and PSD-95 and CaMKlla G4-RNAs. Right panels show the representative images by phase-
contrast microscopy. Scale bar represents 20 um. B, electron micrograph of the aggregates of FUS (2 uM) formed in the presence of PSD-95 or CaMKlla G4-
RNAs (2 uM). C, LST of FUS condensates observed immediately after mixing in the presence of PSD-95 or CaMKlla G4-RNAs (2 uM). Moving images are
shown in Movies S2 and S3. D, turbidity level of FUS mutant proteins in the presence of PSD-95 G4-RNA. E, turbidity level of FUS mutant proteins in the
presence of CaMKlla G4-RNA. The experiments were performed in the absence of blocking DNA, and the measurements were performed after incubating
for 30 min at 25 °C. The turbidity (y-axis) represents the average of three independent experiments together with £SEM values. Statistical significance was
determined by two-tailed Student's t test *p < 0.05, **p < 0.01, ***p < 0.001. Particle size data and the representative images of mutant proteins are shown

in Figure S10.

droplets in the presence of G4-RNAs (see Fig. 5, B and D). The
group-2 P525L mutation affects the structure of PY-NLS (46),
thereby leading to alter the rate of condensate formation.
Likewise, the group-2 R383C mutation within the RGG region
may also play an important role in FUS structure needed for
protein—protein interactions in the solid phase. In contrast,
group-1 mutations do not appear to exacerbate aggregation
due to the reducing LLPS pathway.

Structure—function relationship of FUS mutants

FUS has been thought to form parallel cross-beta structures
(19, 24, 47). In order to understand its conformational alter-
ation generated by ALS-linked FUS mutations, we performed
secondary structure estimation using CD spectroscopy. The
CD spectrum of wild-type FUS exhibited strong positive peak
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at nearly 202 nm, which implied the enrichment of parallel -
sheet confirmation (Fig. 7A) (48). In the presence of NaOH,
the peak decreased due to structural destruction (Fig. 7A). In
comparison with FUS, human full-length TDP-43 possessed a
typical a-helix confirmation with a negative peak at 206 nm
under the same buffer condition as previously identified (49).
The positive peaks of all mutant proteins shifted to the longer
wavelength side compared with the wild-type, which is
generally a characteristic of shifting to B-turns, and the peak
intensity also increased (Fig. 7B). These mutations might cause
changes in p-sheet and p-turn occupancy (50, 51).

The two group-2 mutants, R383C and P525L, that did not
affect the LST in the presence of G4-RNA (see Fig. 6), showed
essentially the same spectra (Fig. 7B). These two mutant
proteins [R383C and P525L] appear to have anomalous
structures and different properties from group-1 mutations.
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Figure 7. Classification of ALS-linked mutations. A, far-UV CD spectrum of 0.2 uM FUS in the absence and presence of NaOH. Spectrum of full-length tag-
free TDP-43 under the same assay conditions is indicated as a control. B, CD spectrum of ALS-linked eight mutant FUS proteins. C, detection of confor-
mational alteration of 0.2 uM FUS in the presence of 0.2 uM G4 RNAs, after incubating for 30 min at 25 °C. CD spectra values were subtracted by each RNA
spectra (For RNA spectra see Fig. S11A). D, scatter plot of each peak of FUS and mutant proteins from (B). Circle indicates peak value of FUS wild-type, and
triangles indicate peak values of eight mutant proteins. Peak values of after mixing of FUS wild-type and G4-RNAs are also shown (+PSD-95 and + CaMKlla).
The orange line represents the exponential approximation curve of FUS wild-type and mutant proteins. The averages and +SEM for three independent
experiments are indicated. E, turbidity level of FUS condensates formed in the absence of RNA. The experiments and data analysis were performed as
described in Figure 6. Right panels show the representative images by phase-contrast microscopy. Red arrowheads indicate samples that showed aggregate
formation. Particle size data are shown in Figure S11B. F, classification of ALS-linked mutations in G4 binding. Characteristic variations are compared with
the wild-type: Down arrows indicate decrease; upward arrows indicate increase; circles, no change. n.d., not detected.

Besides, we confirmed conformational alteration of FUS by
G4-RNA binding. FUS-G4-RNA complexes exhibited more
emphasized positive peak around at same wavelength (Figs. 7C
and S11A), suggesting that the binding enhanced the stability
of the B-sheet state involved in the FUS-FUS association
essential for LLPS. In contrast, randomized RNA had no

=7

U
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apparent effect on the FUS conformation. The scatter plot
graph indicates the peak values of each CD spectrum of FUS
mutants and their exponential approximation curve (see
Fig. 6D). Group-2 peaks are significantly separated from the
fitting curve, and structural changes closer to the enhanced f3-
sheet state may facilitate the FUS-FUS association. This
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hypothesis is supported by the results that group-2 mutant
proteins avoided reduction at LLPS levels (see Fig. 54) and
LST levels (see Fig. 6, D and E). However, in the absence of
G4-RNA, the mimetic structure state is expected to be less
stable, due to the lack of enhancing effect by G4.

For instance, the P525L mutant protein easily aggregated
under the physiological conditions (43, 52, 53). The formation
of mutant FUS condensates was then examined in the absence
of blocking DNA. Although, the turbidity of the group-1 was
significantly suppressed, group-2 proteins were more turbid
than the wild-type, forming some aggregated masses in the
absence of G4-RNA, which were not observed for the wild-
type FUS (Fig. 7, E and F). These anomalous molecular char-
acteristics of group-2 might be related to the functional
toxicity of these mutants. Moreover, the P525L mutation is
also associated with altered nuclear localization, which may
have a serious impact on the pathogenesis of ALS. In fact, this
P525L mutation is known to be associated with severe clinical
course in juvenile ALS patients (54, 55). Along this line, it
could be worthwhile to note the synergistic effect of inhibition
of Karyopherin 2 (46) and G4-dependent phase behavior in
disease development. Although R383C and P525L mutations
tended to promote the conversion of FUS condensate droplet
to solid phase, this pathway was not identified in group-1
mutations (Fig. 7E). Similarly, in vivo analysis of humanized
mutant FUS mice with the group-1 mutation (R521C) revealed
a decrease in local protein synthesis without cytoplasmic ag-
gregation (56). In conclusion, we predict that the six group-1
mutations bring on the loss of normal function of FUS. On
the other hand, the group-2 R383C and P525L mutations also
impose a possible gain of toxic function in the pathogenic
mechanism via accelerating the formation of inclusion bodies.

Discussion
Role of G4-RNA in LLPS and LST of FUS protein

Previously, we demonstrated that FUS-RNA binding is
extremely dependent on the RNA conformation (31). Some of
the mRNAs that are transported to the distal areas for local
translation have more specific functions than general locali-
zation signals (57). In this study, we employed to a simple
in vitro model of FUS condensate that allows us to analyze the
underlying molecular interactions between G4 and FUS that
promote specific condensation. Thereby we observed the effect
of G4-RNA association on the formation of FUS condensates
and found, for the first time, the acceleration of FUS
condensate formation by G4-RNA. Our observations revealed
that FUS forms specific complexes with target RNAs and
exhibits transformation through LLPS and LST in G4
structure-dependent manner. We also examined the direct
binding activity of G4-RNA for a total of eight FUS proteins
with ALS-linked mutations and found that the binding affinity
was reduced for all of them. Its binding properties are
important factors to consider when studying the FUS function
and complex molecular mechanism underlying ALS. In
particular, ALS-associated RBPs, FUS, TDP-43, hnRNPA1l
(heterogeneous nuclear ribonucleoprotein A1), hnRNP A2/Bl1,
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hnRNPA3, EWSR1 (Ewing’s sarcoma RNA binding protein 1),
and TIA1 (T cell-restricted intracellular antigen-1) have been
suggested to exhibit RNP granules mediated by LLPS (28, 33,
47, 58-62). Surprisingly, all these proteins recognize and bind
to the G4-RNA (8, 63-67), but the participation of G4 struc-
ture in the LLPS pathway remains unidentified. All of these
proteins are known as aggregation-prone with LC regions, but
we have succeeded in purifying TDP-43 and FUS untagged
full-length proteins in soluble forms (8, 31).

RNP granule-like assemblies precipitated from the brain
tissue and cultured cell extracts by biotinylated isoxazole (b-
isox) are rich in LC sequences (19). The specific RNAs could
be required to form the granule-like assembly in the cellular
stress response (68, 69). The distribution of mRNA molecules
in RNP granules is calculated to be about 10% of the intra-
cellular mRNA molecules (70). Dendritic mRNAs that are
believed to enter neuronal RNP granules for dendritic trans-
location, encoding PSD-95, CaMKIla, MAP2 (microtubule-
associated protein 2), Arc (activity-regulated cytoskeleton-
associated protein), Shankl (SH3 and multiple ankyrin
repeat domains 1), Shank3, GluR1 (glutamate receptor 1),
FMR1 (fragile X mental retardation 1), and Dendrin, were
observed to be enriched by b-isox precipitation (20). Inter-
estingly, all these mRNAs have one or more G4-forming se-
quences in the untranslated region (34, 71).

As noted in this report, mutant studies indicated the partici-
pation of disordered LC regions of FUS in both the formation of
FUS condensates through LLPS pathway and the following LST
from the condensate droplet to the solid aggregate state. Here the
LLPS and LST pathways could be directly observed by phase-
contrast microscopy and moving images. The enhancement of
these processes by G4-RNA might be attributable to the con-
version of disordered state of LC to a stable state driving these
transitions. The disordered LC regions might undergo confor-
mational changes and become ordered state upon binding with
its partner RNA (72). FUS is known to undergo reentrant LLPS
with promiscuous RNAs by charge reversal, and the properties of
condensates are dependent on the stoichiometry (33, 73). How-
ever, we have found no evidence of the reentrant LLPS by pro-
gressively higher G4 RNA ratio (see Fig. 2C). Our results appear
to be consistent with recent report that RNAs of 30 nucleotides or
less do not bind to multiple FUS proteins (27). This particular
length appears to be required, which is reasonable occupancy as
FUS contains multiple units of RNA-binding modules (31, 74). In
fact, the dissolution of FUS condensate, which was not seen with
the short randomized RNA (20 nt) (see Fig. 2C), was observed
with the long randomized RNA (68 nt) (Fig. S12). Therefore, our
results do not show dynamic formation and dissolution of FUS
droplets (75), which could be due to G4 promote LLPS with
properties different from complex coacervation. Previous report
has shown that GFP-fused FUS protein promotes droplet for-
mation by TERRA (telomere repeat containing RNA) G4-RNA
(33). The dissolution of the droplets may be due to an interac-
tion different from what we have observed, or the GFP tag may be
affecting it. The binding of G4-RNA on to the LC regions induces
the cation—m interactions between the cationic and aromatic
residues of FUS, leading to drive FUS-mediated LLPS pathway
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(76-78). G4 is composed of guanine tetrads and stabilized by m-1t
stacking (79). We have recently found that FUS binds to G4 and
alters its conformation (31). It is plausible that the -1t stacked
guanine tetrads are destructed and provide more 7 interactions
during condensate formation, resulting in additional protein—
RNA or RNA-RNA interfaces. The recognition of G4 structure
enhances the formation of FUS condensate, but simple G-rich
sequence does not induce this LLPS process. Therefore, FUS is
able to bind to G-rich RNA hairpin structure (31), (74) but this
binding completely loses the ability to enhance the condensate
formation (see Fig. 3). Many RBPs bind to unstructured RNAs,
but some require higher-order RNA structures for molecular
organization by which particular functions in mRNA destiny. The
mechanism herein proposed may also operate for other ALS
responsible G4-binding proteins. The finding of G4-RNA-
depending formation of FUS aggregates through the LLPS and
LST pathways could provide new strategies to conquer ALS and
drug development.

Experimental procedures
Plasmids

E. coli expression plasmid pET-FUS was described previously
(31). E. coli expression plasmids for mutant FUS proteins (pET-
FUSp1ss, PET-FUSA1158 PET-FUSA173174, PET-FUSG206s, PET-
FUSgragacy PET-FUSmaear, PET-FUSgs21c, and pET-FUSpss1)
were all constructed in this study by PCR-based site-directed
mutagenesis method using a set of primer pairs (Table S1).

Proteins

Full-length tag-free human wild-type FUS protein and its
mutant proteins were overproduced in E. coli and purified as
described previously (31). The purified FUS proteins (0.5, 1, or
7 mg/ml) in the storage buffer (10% glycerol, 20 mM HEPES [4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-NaOH, pH
6.8, 300 mM NacCl, 0.1 mM EDTA [ethylenediaminetetraacetic
acid], and 10 mM B-cyclodextrin) were stored frozen at —80 °C.
Full-length tag-free human TDP-43 protein was overproduced
in E. coli and purified as described previously (8).

In vitro liquid-liquid phase separation and liquid-to-solid
transition assays

For liquid-like condensate formation, stock FUS proteins
were diluted in the reaction buffer (20 mM PIPES [1,4-
piperazinediethanesulfonic acid sesquisodium salt]-NaOH, pH
6.8,0.8 mM MgCl,, 1.8 mM CaCl,, and 150 mM NaCl or KCl, at
final concentrations), to which 0.1 mg/ml plasmid DNA
(pCMVtag2A; Agilent Technologies) or various concentrations
of RNAs were added to make in a final volume of 80 pul (Re-
actions containing plasmid DNA: Figs. 1, C and D, 2, C and D,
3C, 5,52, 53, S6-S8, and S12). By diluting the storage buffer, the
purified FUS immediately forms a protein condensate at the
physiological cellular concentration of 2 uM. To observe the
LST, plasmid DNA was removed from the reaction solution
(Reactions without plasmid DNA: Figs. 6, 7E, S9, S10, and
S11D). Turbidity measurements and photographs were taken
after incubating for 30 min at 25 °C using a spectrophotometer
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(Eppendorf BioPhotomelor pus), a phase-contrast microscopy
(Olympus CX42), and a fluorescent microscopy (Olympus
BX53). Particle size was counted using Image]J software (80). 1,6-
Hexanediol sensitivity analysis was performed using wild-type
FUS (2 uM) and two indicated G4-RNAs (2 uM) (Fig. S9). The
reactions were incubated in the presence or absence of blocking
DNA for 30 min at 25 °C as in standard method, then 1,6-
hexanediol was added and observed 15 min later as described
previously (45). Phase separation assay with FUS and the long
promiscuous RNA was performed using wild-type FUS (2 uM)
and various concentrations of long randomized RNA (68 nt) (8),
and turbidity was measured after incubating for 30 min at 25 °C.

Circular dichroism (CD) spectra analysis

The structure of DNA/RNA was confirmed by CD spectrum
analysis using 1 uM RNA in the buffer used for the phase
separation assay with or without monovalent salts at 25 °C
using a CD spectrometer (Jasco J-820) as described previously
(8). For conformational analysis of wild-type and mutant FUS
proteins (0.5 mg/ml), the purified protein samples were diluted
in PBS (phosphate-buffered saline) to make 0.2 pM solution
and then subjected to CD analysis in the presence or absence
of 0.2 uM RNAs (Table S1). Under the adjusted same condi-
tions, TDP-43 (0.2 uM) was analyzed as a control.

Surface plasmon resonance (SPR) analysis

SPR analysis was performed as described previously (8) in
the SPR buffers (20 mM PIPES-NaOH, pH 6.8 at 25 °C,
0.8 mM MgCl,, 0.05% Tween-20, and 150 mM NaCl) using a
BIAcore] instrument (Sytiva) at 25 °C. Kinetic constants of
RNA-protein interaction were calculated using BIAEVALU-
ATION software version 3.0 (Sytiva) according to the manu-
facturer’s instructions. The poly-dA;¢ tailed oligonucleotides
used in this study were obtained from GeneDesign, Inc.
(RNAs) and Fasmac Co., Ltd (Random RNA and DNAs).

Transmission electron microscopy (TEM)

TEM analysis was performed as described previously (81).
Ten microliters of reaction sample was adsorbed onto carbon
film-coated 400-mesh copper grids (Nisshin EM). Fixing the
grid by inverse forceps, 1% (w/v) phosphotungstic acid (pH
7.0) was added to the grid for 60 s and the grid was dried.
Samples were then imaged using a Hitachi H-7650 TEM at an
acceleration voltage of 80 kV.

Data availability

All data are in the manuscript and supporting information
or are available upon request from the authors: Akira Ishiguro
(akira.ishiguro.iu@hosei.ac.jp) at Hosei University.

Supporting article  contains

information.

information—This supporting

Acknowledgments—We are grateful to Miki Jishage, Alex D.
Reyes, Kaneyoshi Yamamoto, Masayuki Shimoda and Toshiyuki

J. Biol. Chem. (2021) 297(5) 101284 11


mailto:akira.ishiguro.iu@hosei.ac.jp

G-quadruplex promotes FUS condensation

Shinoda, and Masako Ishiguro for their support and helpful
advice.

Author contributions—A. Ishiguro and A. Ishihama conceptualiza-
tion; A. Ishiguro funding acquisition; A. Ishiguro and D. O. meth-
odology; A. Ishiguro, Y. N., and A. Ishihama project administration;
A. Ishiguro resources; A. Ishihama supervision; A. Ishiguro J. L., D.
O., and Y. N. visualization; A. Ishiguro and A. Ishihama writing—
original draft.

Funding and additional information—This study was supported by
Japan Society for the Promotion of Science (JSPS) Grant-in-Aid for
Scientific Research (17K07291 to A. Ishiguro, 20K07439 to J. L.),
Grants-in-Aid for Scientific Research on Innovative Areas (Brain
Protein Aging and Dementia Control) (17H05699 to Y. N.), and for
Transformative Research Areas (A) (Multifaceted Proteins: Expanding
and Transformative Protein World 20H05927 to Y. N.) from the
Ministry of Education, Culture, Sports, Science, and Technology,
Japan; by a Grant-in-Aid for Challenging Exploratory Research
(24659438 to Y. N.) from the Japan Society for the Promotion of Sci-
ence; by grants for Practical Research Projects for Rare/Intractable
Diseases (JP16ek0109018, JP19ek0109222, JP20ek0109316 to Y. N.)
and for Strategic Research Program for Brain Sciences (Integrated
Research on Neuropsychiatric Disorders) (JP20dm0107061 to Y. N.)
from the Japan Agency for Medical Research and Development; by
Intramural Research Grants for Neurological and Psychiatric Disor-
ders (27-9, 30-3 to Y. N.) from the National Center of Neurology and
Psychiatry; and an IBC Grant (H28) to Y. N. from the Japan Amyo-
trophic Lateral Sclerosis Association.

Conflict of interest—The authors declare that they have no conflict
of interests with the content of this article.

Abbreviations—The abbreviations used are: ALS, amyotrophic
lateral sclerosis; PCD, B-cyclodextrin; CD, circular dichroism;
FTLD, frontotemporal dementia; FUS, fused in sarcoma; LC, low-
complexity; LLPS, liquid-liquid phase separation; LST, liquid-to-
solid transition; NLS, nuclear localization signal; PY-CTR, C-ter-
minal Pro/Tyr-rich region; RBP, RNA-binding protein; RNP, ribo-
nucleoprotein; SPR, surface plasmon resonance; TEM, transmission
electron microscopy.

References

1. Taylor, J. P, Brown, R. H,, Jr., and Cleveland, D. W. (2016) Decoding ALS:
From genes to mechanism. Nature 539, 197-206

2. Deng, Z., Sheehan, P., Chen, S., and Yue, Z. (2017) Is amyotrophic lateral
sclerosis/frontotemporal dementia an autophagy disease? Mol. Neuro-
degener. 12, 90

3. Arai, T., Hasegawa, M., Akiyama, H., Ikeda, K., Nonaka, T., Mori, H.,
Mann, D., Tsuchiya, K., Yoshida, M., Hashizume, Y., and Oda, T. (2006)
TDP-43 is a component of ubiquitin-positive tau-negative inclusions in
frontotemporal lobar degeneration and amyotrophic lateral sclerosis.
Biochem. Biophys. Res. Commun. 351, 602—-611

4. Neumann, M., Sampathu, D. M., Kwong, L. K,, Truax, A. C., Micsenyi,
M. C,, Chou, T. T,, Bruce, J., Schuck, T., Grossman, M., Clark, C. M.,
McCluskey, L. F., Miller, B. L., Masliah, E., Mackenzie, I. R., Feldman, H.,
et al. (2006) Ubiquitinated TDP-43 in frontotemporal lobar degeneration
and amyotrophic lateral sclerosis. Science 314, 130-133

5. Kwiatkowski, T. J., Jr., Bosco, D. A., LeClerc, A. L., Tamrazian, E., Van-
derburg, C. R,, Russ, C., Davis, A., Gilchrist, J., Kasarskis, E. ]., Munsat, T.,
Valdmanis, P., Rouleau, G. A, Hosler, B. A., Cortelli, P., de Jong, P. ],
et al. (2009) Mutations in the FUS/TLS gene on chromosome 16 cause
familial amyotrophic lateral sclerosis. Science 323, 1205-1209

12 J Biol Chem. (2021) 297(5) 101284

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Vance, C., Rogelj, B, Hortobagi, T., de Vos, K. J., Nishimura, A. L.,

Sreedharan, J., Hu, X., Smith, B., Ruddy, D., Wright, P., Ganesalingam, J.,
Williams, K. L., Tripathi, V., Al-Saraj, S., Al-Chalabi, A., et al. (2009)
Mutations in FUS, an RNA processing protein, cause familial amyo-
trophic lateral sclerosis type 6. Science 323, 1208—1210

. Fujii, R., Okabe, S., Urushido, T., Inoue, K., Yoshimura, A., Tachibana, T.,

Nishikawa, T., Hicks, G. G., and Takumi, T. (2005) The RNA binding
protein TLS is translocated to dendritic spines by mGIuR5 activation and
regulates spine morphology. Curr. Biol. 15, 587-593

. Ishiguro, A., Kimura, N., Watanabe, Y., Watanabe, S., and Ishihama, A.

(2016) TDP-43 binds and transports G-quadrfuplex-containing mRNAs
into neurites for local translation. Genes Cells 21, 466—-481

. Ishiguro, A., Kimura, N., Noma, T., Shimo-Kon, R., Ishihama, A., and

Kon, T. (2020) Molecular dissection of ALS-linked TDP-43: Involvement
of the Gly-rich domain in interaction with G-quadruplex mRNA. FEBS
Lett. 594, 2254—-2265

Sen, D., and Gilbert, W. (1988) Formation of parallel four-stranded
complexes by guanine-rich motifs in DNA and its implications for
meiosis. Nature 334, 364—366

Kim, J., Cheong, C., and Moore, P. B. (1991) Tetramerization of an RNA
oligonucleotide containing a GGGG sequence. Nature 351, 331-332
Varshney, D., Spiegel, J., Zyner, K., Tannahill, D., and Balasubramanian, S.
(2020) The regulation and functions of DNA and RNA G-quadruplexes.
Nat. Rev. Mol. Cell. Biol. 21, 459-474

Roden, C., and Gladfelter, A. S. (2021) RNA contributions to the form
and function of biomolecular condensates. Nat. Rev. Mol. Cell. Biol. 22,
183-195

Rhine, K., Vidaurre, V., and Myong, S. (2020) RNA droplets. Ann. Rev.
Biophys. 49, 247-265

Jain, A., and Vale, R. D. (2017) RNA phase transitions in repeat expansion
disorders. Nature 546, 243—247

Fay, M. M, Lyons, S. M., and Ivanov, P. (2017) RNA G-quadruplexes in
biology: Principles and molecular mechanisms. J. Mol. Biol. 429, 2127—
2147

Zhang, Y., Yang, M., Duncan, S., Yang, X., Abdelhamid, M., Huang, L.,
Zhang, H., Benfey, P. N., Waller, Z., and Ding, Y. (2019) G-quadruplex
structures trigger RNA phase separation. Nucleic Acids Res. 47, 11746—11754
Anderson, P., and Kedersha, N. (2006) RNA granules. J. Cell. Biol. 172,
803-808

Kato, M., Han, T. W, Xie, S., Shi, K, Du, X., Wu, L. C.,, Mirzaei, H.,
Goldsmith, E. J., Longgood, J., Pei, J., Grishin, N. V., Frantz, D. E,,
Schneider, J. W., Chen, S., Li, L., et al. (2012) Cell-free formation of RNA
granules: Low complexity sequence domains form dynamic fibers within
hydrogels. Cell 149, 753-767

Han, T. W., Kato, M., Xie, S., Wu, L. C., Mirzaei, H., Pei, J., Chen, M.,
Xie, Y., Allen, ], Xiao, G., and McKnight, S. L. (2012) Cell-free formation
of RNA granules: Bound RNAs identify features and components of
cellular assemblies. Cell 149, 768-779

Burke, K. A., Janke, A. M., Rhine, C. L., and Fawzi, N. L. (2015) Residue-
by-Residue view of in vitro FUS granules that bind the C-terminal domain
of RNA polymerase II. Mol. Cell 60, 231-241

Patel, A., Lee, H. O,, Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y.,
Stoynov, S., Mahamid, J., Saha, S., Franzmann, T. M., Pozniakovski, A.,
Poser, L., Maghelli, N., Royer, L. A., Weigert, M., et al. (2015) A liquid-to-
solid phase transition of the ALS protein FUS accelerated by disease
mutation. Cel/ 162, 1066—1077

Murakami, T., Qamar, S., Lin, J. Q., Schierle, G. S., Rees, E., Miyashita, A.,
Costa, A. R, Dodd, R. B., Chan, F. T., Michel, C. H., Kronenberg-Ver-
steeg, D., Li, Y., Yang, S. P., Wakutani, Y., Meadows, W., et al. (2015)
ALS/FTD mutation-induced phase transition of FUS liquid droplets and
reversible hydrogels into irreversible hydrogels impairs RNP granule
function. Neuron 88, 678—690

Murray, D. T., Kato, M., Lin, Y., Thurber, K. R., Hung, I, McKnight, S. L.,
and Tycko, R. (2017) Structure of FUS protein fibrils and its relevance to
self-assembly and phase separation of low-complexity domains. Cel/ 171,
615-627

Hofweber, M., Hutten, S., Bourgeois, B., Spreitzer, E., Niedner-Boblenz,
A., Schifferer, M., Ruepp, M. D., Simons, M., Niessing, D., Madl, T., and

SASBMB


http://refhub.elsevier.com/S0021-9258(21)01087-5/sref1
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref1
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref2
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref2
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref2
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref3
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref3
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref3
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref3
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref3
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref4
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref4
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref4
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref4
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref4
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref5
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref5
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref5
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref5
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref5
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref6
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref6
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref6
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref6
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref6
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref7
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref7
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref7
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref7
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref8
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref8
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref8
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref9
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref9
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref9
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref9
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref10
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref10
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref10
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref11
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref11
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref12
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref12
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref12
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref13
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref13
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref13
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref14
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref14
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref15
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref15
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref16
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref16
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref16
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref17
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref17
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref17
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref18
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref18
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref19
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref19
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref19
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref19
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref19
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref20
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref20
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref20
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref20
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref21
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref21
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref21
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref22
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref22
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref22
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref22
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref22
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref23
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref23
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref23
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref23
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref23
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref23
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref24
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref24
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref24
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref24
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref25
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dormann, D. (2018) Phase separation of FUS is suppressed by its nuclear
import receptor and arginine methylation. Cell 173, 706-719

Wang, X., Schwartz, J. C.,, and Cech, T. R. (2015) Nucleic acid-binding
specificity of human FUS protein. Nucleic Acids Res. 43, 7535—7543
Niaki, A. G., Sarkar, J., Cai, X., Rhine, K., Vidaurre, V., Guy, B., Hurst, M.,
Lee, J. C,, Koh, H. R,, Guo, L., Fare, C. M., Shorter, J., and Myong, S.
(2020) Loss of dynamic RNA interaction and aberrant phase separation
induced by two distinct types of ALS/FTD-Linked FUS mutations. Mol.
Cell 77, 82-94

Wang, J., Choi, J. M., Holehouse, A. S., Lee, H. O., Zhang, X., Jahnel, M.,
Maharana, S., Lemaitre, R., Pozniakovsky, A., Drechsel, D., Poser, I,
Pappu, R. V., Alberti, S., and Hyman, A. A. (2018) A molecular grammar
governing the driving forces for phase separation of prion-like RNA
binding proteins. Cell 174, 688—699

Alberti, S., Mateju, D., Mediani, L., and Carra, S. (2017) Granulostasis:
Protein quality control of RNP granules. Front. Mol. Neurosci. 10, 84
Schwartz, J. C., Wang, X., Podell, E. R., and Cech, T. R. (2013) RNA seeds
higher-order assembly of FUS protein. Cell Rep. 5, 918-925

Ishiguro, A., Katayama, A., and Ishihama, A. (2021) Different recognition
modes of G-quadruplex RNA between two ALS/FTLD-linked proteins
TDP-43 and FUS. FEBS Lett. 595, 310-323

Aachmann, F. L., Otzen, D. E., Larsen, K. L., and Wimmer, R. (2003)
Structural background of cyclodextrin-protein interactions. Protein Eng.
16, 905-912

Maharana, S., Wang, J., Papadopoulos, D. K., Richter, D., Pozniakovsky,
A., Poser, L, Bickle, M., Rizk, S., Guillén-Boixet, J., Franzmann, T. M.,
Jahnel, M., Marrone, L., Chang, Y. T., Sterneckert, J., Tomancak, P., et al.
(2018) RNA buffers the phase separation behavior of prion-like RNA
binding proteins. Science 360, 918—921

Subramanian, M., Rage, F., Tabet, R., Flatter, E., Mandel, ]. L., and Moine,
H. (2011) G-quadruplex RNA structure as a signal for neurite mRNA
targeting. EMBO Rep. 12, 697-704

Tauber, D., Tauber, G., and Parker, R. (2020) Mechanisms and regulation
of RNA condensation in RNP granule formation. Trends. Biochem. Sci.
45, 764-778

Grigg, J. C., Shumayrikh, N., and Sen, D. (2014) G-guadruplex structures
formed by expanded hexanucleotide repeat RNA and DNA from the
neurodegenerative disease-linked C9orf72 gene efficiently sequester and
activate heme. PLoS One 9, €10.1371

Haeusler, A. R., Donnelly, C. ], Periz, G., Simko, E. A. ], Patrick, G. S.,
Kim, M.-S., Maragakis, N. J., Troncoso, J. C., Pandey, A., Sattler, R,
Rothstein, J. D., and Wang, J. (2014) C90rd72 nucleotide repeat structures
initiate molecular cascades of diseases. Nature 507, 195-200

Lattante, S., Rouleau, G. A., and Kabashi, E. (2013) TARDBP and FUS
mutations associated with amyotrophic lateral sclerosis: Summary and
update. Hum. Mutat. 34, 812-826

Kapeli, K., Martinez, F. J., and Yeo, G. W. (2017) Genetic mutations in
RNA-binding proteins and their roles in ALS. Hum. Genet. 136, 1193—
1214

Kuang, L., Kamelgarn, M., Arenas, A., Gal, J., Taylor, D., Gong, W.,
Brown, M., St. Clair, D., Kasarskis, E. J., and Zhu, H. (2017) Clinical and
experimental studies of a novel P525R FUS mutation in amyotrophic
lateral sclerosis. Neurol. Genet. 3, €172

Huang, C., Tong, J., Bi, F., Wu, Q., Huang, B., Zhou, H., and Xia, X. G.
(2012) Entorhinal cortical neurons are the primary targets of FUS mis-
localization and ubiquitin aggregation in FUS transgenic rats. Hum. Mol.
Genet. 21, 4602-4614

Monahan, Z., Ryan, V. H,, Janke, A. M., Burke, K. A., Rhoads, S. N,
Zerze, G. H., O'Meally, R, Dignon, G. L., Conicella, A. E., Zheng, W.,
Best, R. B, Cole, R. N., Mittal, J., Shewmaker, F., and Fawzi, N. L. (2017)
Phosphorylation of the FUS low-complexity domain disrupts phase sep-
aration, aggregation, and toxicity. EMBO J. 36, 2951-2967

Marrone, L., Drexler, H., Wang, J., Tripathi, P., Distler, T., Heisterkamp,
P., Anderson, E. N, Kour, S., Moraiti, A., Maharana, S., Bhatnagar, R.,
Belgard, T. G., Tripathy, V., Kalmbach, N., Hosseinzadeh, Z., et al. (2019)
FUS pathology in ALS is linked to alterations in multiple ALS-associated
proteins and rescued by drugs stimulating autophagy. Acta Neuropathol.
138, 67-84

SASBMB

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

G-quadruplex promotes FUS condensation

. Sabari, B. R, Dall’Agnese, A., Boija, A, Klein, I. A., Coffey, E. L., Shri-

nivas, K., Abraham, B. J., Hannett, N. M., Zamudio, A. V., Manteiga, J. C.,
Li, C. H, Guo, Y. E, Day, D. S., Schuijers, ., Vasile, E., et al. (2018)
Coactivator condensation at super-enhancers links phase separation and
gene control. Science 361, eaar3958

Li, S., Yoshizawa, T., Yamazaki, R., Fujiwara, A., Kameda, T., and Kita-
hara, R. (2021) Pressure and temperature phase diagram for liquid-liquid
phase separation of the RNA-binding protein fused in sarcoma. /. Phys.
Chem. B 125, 6821-6829

Zhang, Z.-C., and Chook, Y.-M. (2012) Structural and energetic basis of
ALS-causing mutations in the atypical proline-tyrosine nuclear localiza-
tion signal of the Fused in Sarcoma protein (FUS). Proc. Natl. Acad. Sci.
u. S. A. 109, 12017-12021

Lin, Y., Protter, D. S., Rosen, M. K., and Parker, R. (2015) formation and
maturation of phase-separated liquid droplets by RNA-binding proteins.
Mol. Cell 60, 208-219

Nakamura, R., Konishi, M., Sakaguchi, Y., Hatakawa, Y., Tanaka, A,
Sakane, T., Saito, M., and Akizawa, T. (2020) JAL-TA9 inhibits aggre-
gation of hPrP180-192 through the cleavage reaction. . Pharm. Phar-
macol. Res. 4, 23—32

Jiang, L. L., Che, M. X., Zhao, J., Zhou, C.]., Xie, M. Y., Li, H. Y., He, ]. H,,
and Hu, H. Y. (2013) Structural transformation of the amyloidogenic core
region of TDP-43 protein initiates its aggregation and cytoplasmic in-
clusion. J. Biol. Chem. 288, 19614—19624

Micsonai, A., Wien, F., Kernya, L., Lee, Y. H., Goto, Y., Réfrégiers, M., and
Kardos, J. (2015) Accurate secondary structure prediction and fold
recognition for circular dichroism spectroscopy. Proc. Natl. Acad. Sci.
u. S. A. 112, E3095-E3103

Liu, C, Huang, H., Ma, L., Fang, X,, Wang, C.,, and Yang, Y. (2019)
Modulation of B-amyloid aggregation by graphene quantum dot. R. Soc.
Open Sci. 6, 190271

Fushimi, K., Long, C., Jayaram, N., Chen, X,, Li, L., and Wu, J. Y. (2011)
Expression of human FUS/TLS in yeast leads to protein aggregation and
cytotoxicity, recapitulating key features of FUS proteinopathy. Protein
Cell 2, 141-149

Zhou, B., Wang, H., Cai, Y., Wen, H., Wang, L., Zhu, M., Chen, Y, Yu, Y.,
Lu, X., Zhou, M., Fang, P., Li, X., and Hong, D. (2020) FUS P525L mu-
tation causing amyotrophic lateral sclerosis and movement disorders.
Brain Behav. 10, e01625

Conte, A., Lattante, S., Zollino, M., Marangi, G., Luigetti, M., Del
Grande, A., Servidei, S., Trombetta, F., and Sabatelli, M. (2012) P525L
FUS mutation is consistently associated with a severe form of juvenile
amyotrophic lateral sclerosis. Neuromuscul. Disord. 22, 73-75

Eura, N, Sugie, K., Suzuki, N, Kiriyama, T., Izumi, T., Shimakura, N.,
Kato, M., and Aoki, M. (2019) A juvenile sporadic amyotrophic lateral
sclerosis case with P525L mutation in the FUS gene: A rare co-
occurrence of autism spectrum disorder and tremor. . Neurol. Sci. 398,
67-68

Loépez-Erauskin, J., Tadokoro, T., Baughn, M. W., Myers, B., McAlonis-
Downes, M., Chillon-Marinas, C., Asiaban, J. N., Artates, J., Bui, A. T,
Vetto, A. P, Lee, S. K, Le, A. V., Sun, Y., Jambeau, M., Boubaker, J., et al.
(2018) ALS/FTD-Linked mutation in FUS suppresses intra-axonal protein
synthesis and drives disease without nuclear loss-of-function of FUS.
Neuron 100, 816—830

Kloc, M., Zearfoss, N. R., and Etkin, L. D. (2002) Mechanisms of sub-
cellular mRNA localization. Cel/ 108, 533—544

Alberti, S., Saha, S., Woodruff, J. B., Franzmann, T. M., Wang, J., and
Hyman, A. A. (2018) A user’s guide for phase separation assays with
purified proteins. . Mol. Biol. 430, 4806—4820

Advani, V. M., and Ivanov, P. (2020) Stress granule subtypes: An
emerging link to neurodegeneration. Cell Mol. Life Sci. 77, 4827—-4845
Molliex, A., Temirov, ], Lee, ]., Coughlin, M., Kanagaraj, A. P., Kim, H. ],
Mittag, T., and Taylor, J. P. (2015) Phase separation by low complexity
domains promotes stress granule assembly and drives pathological
fibrillization. Cell 163, 123-133

Rayman, J. B., Hijazi, J., Li, X., Kedersha, N., Anderson, P. J., and Kandel,
E. R. (2019) Genetic perturbation of TIA1 reveals a physiological role in
fear memory. Cell Rep 26, 2970-2983

J. Biol. Chem. (2021) 297(5) 101284 13


http://refhub.elsevier.com/S0021-9258(21)01087-5/sref25
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref25
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref26
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref26
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref27
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref27
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref27
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref27
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref27
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref28
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref28
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref28
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref28
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref28
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref29
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref29
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref30
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref30
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref31
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref31
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref31
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref32
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref32
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref32
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref33
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref33
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref33
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref33
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref33
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref34
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref34
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref34
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref35
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref35
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref35
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref36
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref36
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref36
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref36
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref37
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref37
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref37
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref37
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref38
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref38
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref38
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref39
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref39
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref39
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref40
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref40
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref40
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref40
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref41
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref41
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref41
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref41
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref42
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref42
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref42
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref42
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref42
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref43
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref43
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref43
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref43
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref43
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref43
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref44
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref44
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref44
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref44
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref44
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref45
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref45
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref45
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref45
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref46
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref46
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref46
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref46
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref47
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref47
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref47
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref48
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref48
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref48
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref48
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref49
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref49
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref49
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref49
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref50
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref50
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref50
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref50
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref51
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref51
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref51
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref52
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref52
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref52
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref52
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref53
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref53
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref53
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref53
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref54
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref54
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref54
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref54
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref55
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref55
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref55
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref55
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref55
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref56
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref56
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref56
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref56
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref56
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref56
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref57
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref57
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref58
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref58
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref58
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref59
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref59
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref60
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref60
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref60
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref60
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref61
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref61
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref61

G-quadruplex promotes FUS condensation

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

André, A, and Spruijt, E. (2020) Liquid-liquid phase separation in
crowded environments. Int. . Mol. Sci. 21, 5908

Takahama, K., Kino, K., Arai, S., Kurokawa, R., and Oyoshi, T. (2011)
Identification of Ewing’s sarcoma protein as a G-quadruplex DNA- and
RNA-binding protein. FEBS J. 278, 988—998

. Mori, K, Lammich, S., Mackenzie, I. R. A., Forne, 1, Zilow, S.,

Kretzschmar, H., Edbauer, D., Janssens, J., Kleinberger, G., Cruts, M.,
Herms, J., Neumann, M., Van Broeckhoven, C., Arzberger, T., and Haass,
C. (2013) hnRNP A3 binds to GGGGCC repeats and is a constituent of
p62-positive/ TDP43-nagative inclusions in the hippocampus of patients
with C90rf92 mutations. Acta Neuropathol. 125, 413-423

Scalabrin, M., Frasson, I, Ruggiero, E., Perrone, R., Tosoni, E., Lago, S.,
Tassinari, M., Palu, G., and Richter, S. N. (2017) The cellular protein
hnRNP A2/B1 enhances HIV-1 transcription by unfolding LTR promoter
G-quadruplexes. Sci. Rep. 7, 45244

Liu, X., and Xu, Y. (2018) HnRNPA1 specifically recognizes the base of
nucleotide at the loop of RNA G-quadruplex. Molecules 23, 237
Imperatore, J. A., McAninch, D. S., Valdez-Sinon, A. N, Bassell, G. ]., and
Mihailescu, M. R. (2020) FUS recognizes G quadruplex structures within
neuronal mRNAs. Front. Mol. Biosci. 7, 6

Teixeira, D., Sheth, U, Valencia-Sanchez, M. A., Brengues, M., and
Parker, R. (2005) Processing bodies require RNA for assembly and
contain nontranslating mRNAs. RNA 11, 371-382

Buchan, J. R, and Parker, R. (2009) Eukaryotic stress granules: The ins
and outs of translation. Mol. Cell 36, 932-941

Khong, A., Matheny, T., Jain, S., Mitchell, S. F., Wheeler, J. R., and
Parker, R. (2017) The stress granule transcriptome reveals principles of
mRNA accumulation in stress granules. Mol. Cell 68, 808—820
Blice-Baum, A. C., and Mihailescu, M. R. (2014) Biophysical character-
ization of G-quadruplex forming FMR1 mRNA and of its interactions
with different fragile X mental retardation protein isoforms. RNA 20,
103-114

Basu, S., and Bahadur, R. P. (2016) A structural perspective of RNA
recognition by intrinsically disordered proteins. Cell. Mol. Life Sci. 73,
4075-4084

Banerjee, P. R., Milin, A. N., Moosa, M. M., Onuchic, P. L., and Deniz, A.
A. (2017) Reentrant phase transition drives dynamic substructure for-
mation in ribonucleoprotein droplets. Angew. Chem. 56, 11354—11359

14 J Biol Chem. (2021) 297(5) 101284

74.

75.

76.

77.

78.

79.

80.

81.

82.

Loughlin, F. E., LUkavsky, P. J., Kazeeva, T., Reber, S., Hock, E.-M.,
Colombo, M., Von Schroetter, C., Pauli, P., Clery, A., Muhlemann, O.,
Polymenidou, M., Ruepp, M. D., and Allain, F. H. (2019) The solution
structure of FUS bound to RNA reveals a bipartite mode of RNA
recognition with both sequence and shape specificity. Mol. Cell 73, 490—
504

Alshareedah, I, Kaur, T., Ngo, J., Seppala, H., Kounatse, L. D., Wang, W.,
Moosa, M. M., and Banerjee, P. R. (2019) Interplay between short-range
attraction and long-range repulsion controls reentrant liquid condensa-
tion of ribonucleoprotein-RNA complexes. | Am. Chem. Soc. 141,
14593-14602

Qamar, S., Wang, G., Randle, S. J., Ruggeri, F. S., Varela, J. A,, Lin, J. Q.,
Phillips, E. C., Miyashita, A., Williams, D., Str6hl, F., Meadows, W, Ferry,
R., Dardov, V. ], Tartaglia, G. G., Farrer, L. A., et al. (2018) FUS phase
separation is modulated by a molecular chaperone and methylation of
arginine cation-m interactions. Cell 173, 720734

Murthy, A. C,, Dignon, G. L., Kan, Y., Zerze, G. H., Parekh, S. H., Mittal,
J., and Fawzi, N. L. (2019) Molecular interactions underlying liquid-liquid
phase separation of the FUS low-complexity domain. Nat. Struct. Mol.
Biol. 26, 637-648

Boeynaems, S., Holehouse, A. S., Weinhardt, V., Kovacs, D., Van Lindt, J.,
Larabell, C., Van Den Bosch, L., Das, R., Tompa, P. S., Pappu, R. V., and
Gitler, A. D. (2019) Spontaneous driving forces give rise to protein-RNA
condensates with coexisting phases and complex material properties.
Proc. Natl. Acad. Sci. U. S. A. 116, 7839-7898

Raguseo, F., Chowdhury, S., Minard, A., and Di Antonio, M. (2020)
Chemical-biology approaches to probe DNA and RNA G-quadruplex
structures in the genome. Chem. Commun. 56, 1317-1324

Mahboubi, H., Kodiha, M., and Stochaj, U. (2013) Automated detection
and quantification of granular cell compartments. Microsc. Microanal. 19,
617-628

Ozawa, D., Nomura, R, Mangione, P. P., Hasegawa, K., Okoshi, T.,
Porcari, R, Bellotti, V., and Naiki, H. (2016) Multifaceted anti-
amyloidogenic and pro-amyloidogenic effects of C-reactive protein and
serum amyloid P component in vitro. Sci. Rep. 6, 29077

Zhang, X. Y., Cao, E. H.,, Zhang, Y., Chou, C., and Bai, C. (2003) K" and
Na'-induced self-assembly of telomeric oligonucleotide ((TTAGGG)n. /.
Biomol. Struc. Dynam. 20, 693-702

SASBMB


http://refhub.elsevier.com/S0021-9258(21)01087-5/sref62
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref62
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref63
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref63
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref63
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref64
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref64
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref64
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref64
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref64
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref64
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref65
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref65
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref65
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref65
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref66
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref66
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref67
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref67
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref67
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref68
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref68
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref68
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref69
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref69
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref70
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref70
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref70
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref71
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref71
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref71
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref71
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref72
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref72
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref72
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref73
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref73
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref73
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref74
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref74
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref74
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref74
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref74
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref74
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref75
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref75
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref75
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref75
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref75
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref76
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref76
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref76
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref76
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref76
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref77
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref77
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref77
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref77
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref78
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref78
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref78
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref78
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref78
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref79
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref79
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref79
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref80
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref80
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref80
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref81
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref81
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref81
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref81
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref82
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref82
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref82
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref82
http://refhub.elsevier.com/S0021-9258(21)01087-5/sref82

	ALS-linked FUS mutations dysregulate G-quadruplex-dependent liquid–liquid phase separation and liquid-to-solid transition
	Results
	Formation of the FUS condensates
	G4-RNA promotes the formation of FUS condensates
	Influence of ALS-linked mutations on the FUS binding of G4-RNA
	ALS-linked FUS mutants exhibit abnormalities in the condensate formation
	Transition of FUS condensate from liquid to solid phase
	Structure–function relationship of FUS mutants

	Discussion
	Role of G4-RNA in LLPS and LST of FUS protein

	Experimental procedures
	Plasmids
	Proteins
	In vitro liquid–liquid phase separation and liquid-to-solid transition assays
	Circular dichroism (CD) spectra analysis
	Surface plasmon resonance (SPR) analysis
	Transmission electron microscopy (TEM)

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


