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FUS fibrillation occurs 
through a nucleation‑based process 
below the critical concentration 
required for liquid–liquid phase 
separation
Emilie Bertrand 1,3, Clément Demongin 1,3, Ioana Dobra 1, Juan Carlos Rengifo‑Gonzalez 1, 
Anastasia S. Singatulina 1,2, Maria V. Sukhanova 2, Olga I. Lavrik 2, David Pastré 1 & 
Loic Hamon 1*

FUS is an RNA‑binding protein involved in familiar forms of ALS and FTLD that also assembles into 
fibrillar cytoplasmic aggregates in some neurodegenerative diseases without genetic causes. The 
self‑adhesive prion‑like domain in FUS generates reversible condensates via the liquid–liquid phase 
separation process (LLPS) whose maturation can lead to the formation of insoluble fibrillar aggregates 
in vitro, consistent with the appearance of cytoplasmic inclusions in ageing neurons. Using a single‑
molecule imaging approach, we reveal that FUS can assemble into nanofibrils at concentrations in the 
nanomolar range. These results suggest that the formation of fibrillar aggregates of FUS could occur 
in the cytoplasm at low concentrations of FUS, below the critical ones required to trigger the liquid‑
like condensate formation. Such nanofibrils may serve as seeds for the formation of pathological 
inclusions. Interestingly, the fibrillation of FUS at low concentrations is inhibited by its binding to 
mRNA or after the phosphorylation of its prion‑like domain, in agreement with previous models.

Fused in Sarcoma (FUS) is a multifunctional RNA binding protein (RBP) that is involved in various RNA-related 
cellular functions including nascent mRNA  stabilization1, mRNA  degradation2,  splicing3–5,  translation6 and 
 transport7. Some of the functions of FUS are linked to its ability to form membraneless compartments (herein 
referred to as condensates), both  nuclear8 and  cytoplasmic9 via the process of liquid–liquid phase separation 
(LLPS)10. These condensates involve protein–protein interactions occurring between low complexity domains 
(LCD)11–13 or repeats of modular  domains14–16, but also RNA–protein and RNA-RNA interactions. Besides, 
FUS harbors a prion-like domain (PrLD) participating in transient multivalent interactions between proteins 
that are essential to the LLPS process, but also an RNA binding domain (RRM), a zinc finger domain and three 
RGG domains involved in the binding to RNA, which makes FUS a model protein to study the formation of 
RNA-rich protein condensates.

Interest in FUS is also linked to its involvement in neurodegenerative  diseases17–19. Indeed, wild type FUS 
(FUS WT) or its mutated forms are the components of the cytoplasmic inclusions detected in degenerating 
neurons of patients affected by Amyotrophic Lateral Sclerosis (ALS) and FrontoTemporal Lobar Dementia 
(FTLD)20,21. The question that arises is to understand the transition from a functional protein participating in 
various biological processes, mainly nuclear, to an abnormal protein forming insoluble fibrillar cytoplasmic 
aggregates playing the role of infectious agent in the propagation of the  neurodegeneration22.

High concentrations of FUS in condensates have been proposed to promote the conversion of droplets into 
fibrillar and insoluble  aggregates23,24. A major example of condensate that is suspected in this process is stress 
granules (SG)25. SGs are dynamic cytoplasmic condensates which gather RNA and proteins, including many 
RBPs with an LCD such as  FUS9,26–29. In addition, SGs are subjected to multiple rounds of assembly/disassembly 
that may lead to a decrease in RBP solubility and, consequently, to their definitive association into amyloid-
like  polymers30. Besides, in vitro, high concentrations of FUS are sufficient to generate fibrillar  aggregates31. 
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The presence of RNA was also shown to promote the transition between FUS liquid droplets and fibrillar 
 aggregates25,32. The ability of FUS to form fibrillar aggregates may be due to the presence of specific sequences 
in its PrLD capable of organizing the protein into amyloid-like  fibers30,33–35. Thus, a general consensus emerged: 
the transition from reversible assemblies of FUS to insoluble aggregates is promoted by high FUS concentra-
tion and condensate formation by LLPS even if the nature of the fibrillar precursors remains to be determined.

Recently, it has been proposed that phase separating proteins could assemble into clusters at subsaturated 
concentrations below the critical LLPS concentrations  (Ccrit). α-Synuclein can form instantaneous nanoscale 
assemblies, accounting for a very small volume fraction. However, these clusters can act as precursor to both 
macroscopic condensate formation as well as amyloid fibrils  formation36. More importantly, FUS and other 
members of the FET family (TAF15 and EWSR1) assemble into low abundance clusters of heterogeneous distri-
bution and a roughly spherical morphology in diluted solutions below  Ccrit required for the LLPS. It is proposed 
that the cluster formation and phase separation are coupled since FUS clusters produced below  Ccrit grow into 
micron scale condensates above  Ccrit

37. In this context, we explore the hypothesis in which a small fraction of FUS 
would adopt particular structures, independently of the LLPS mechanism, which could have an influence on the 
aggregation of this protein. The detection of these structures requires high-resolution and single-molecule obser-
vations, as AFM does. This approach has already demonstrated the plasticity of TDP-43-RNA and FUS-RNA 
aggregates in the presence of other  RBPs38. Here, we used AFM to shed light on the formation of nanofibrils, i.e. 
oriented structures of nanometer dimensions that FUS can produce during its incubation over long periods of 
time and at concentration below  Ccrit. Interestingly, the presence of RNA antagonizes the formation of nanofibrils. 
In addition, we determined the influence of phosphorylation on FUS self-assembling since FUS harbors many 
phosphorylation sites in its  PrLD39,40 which have a strong impact on the protein’s ability to switch into fibrillar 
 aggregates30,35,41. Compared to FUS wild type (FUS-WT), FUS phosphomimetic forms a less dense structure 
in which nanofibrils were no longer detected. Based on these results, we propose that FUS could assemble into 
nanofibrils which could play the role of seeds, independently of the formation of protein-rich liquid droplets, 
by a mechanism being negatively regulated by RNA and FUS phosphorylation.

Results
FUS can form fibrils of nanometer size. Using protein concentration ranging from 60 to 540 nM, con-
sistent with single-molecule analysis by AFM and below  Ccrit for LLPS mechanism which is estimated to be close 
to 3 µM37 (most probably depending on experimental conditions), it is possible to observe the structure of aggre-
gates formed during incubation of FUS in the AFM buffer at high resolution (Fig. 1A). Before long incubation 
in the AFM buffer, we ensured that FUS assemblies where not detectable after the purification process (Supp. 
Fig. S1A) To analyze the assembly kinetics, FUS was then incubated at low concentration in the AFM buffer for 
different times and a 10 µL droplet of the solution was deposited on a mica surface for 20 s prior to fixation and 
drying (see material and methods). The contact time between the mica and the FUS droplet is strictly the same 
for each sample to avoid any bias due to a surface driven assembly as already observed for some  proteins42,43. For 
the first minutes of incubation, AFM imaging reveals the presence of small structures with no particular orienta-
tion and very close to those that had been analyzed in a previous  study38. However, for incubation times of 1 h 
and more, some FUS assemblies evidence fibrillar shaped structures, hereafter named nanofibrils (Fig. 1A). It is 
important to point out that only a fraction of the objects adsorbed on the mica presents this orientation. Nanofi-
brils indeed coexist with FUS assemblies of granular morphology. The N-terminal SYQG-rich low complexity 
domain and the RGG domains of FUS are particularly important for the formation of nanofibrils. Indeed, the 
same experiment performed with a truncated form of FUS containing only the RRM (FUS 284–380 aa) is not 
able to produce FUS assemblies (suppl Fig. S1B). The formation of nanofibrils with FUS WT therefore depends 
on the incubation time but also on the protein concentration. For higher concentrations, the nanofibrils are 
detected at shorter incubation times. They gradually gather in more or less oriented aggregates, hereafter named 
fibrillar aggregates, indicating the possibility of generating lateral interactions between nanofibrils. Upon incu-
bation, the circularity of FUS assemblies decreases (Fig. 1B) indicating the appearance of highly oriented assem-
blies of low circularity (nanofibers), coexisting with round shape structures (circularity close to 1). Considering 
only isolated nanofibrils or higher order assemblies of nanofibrils but whose ends can be clearly detected, AFM 
measurements indicate that their length is stable after few hours of incubation and lies around 100 nm (Fig. 1C 
and Suppl. Fig. S1A). Their height remains also constant, around 3 nm (Suppl. Fig. S1A), according to their 
lateral association as observed on the surface. Finally, assemblies produced during the incubation of FUS in the 
AFM buffer, whatever with a granular or fibrillar shape, dissociated after detergent treatment (SDS) leading to 
the formation of isolated proteins or small oligomers which indicates their reversibility (38, Fig. 1D and Suppl 
Fig. S1C).

Figure 1.  FUS is able to produce nanofibrils at nanomolar concentration. (A) AFM images of FUS at different 
incubation times in AFM buffer. Size 1.5 × 1.5 µm. Inset: zooms on specific structures. Z scale: 10 nm. (B) 
Circularity measurements of the FUS structures adsorbed on mica surface for different incubation time and 
protein concentration. Red line: mean value. *, p < 0.05; **, p < 0.01. (C) Length measurements of nanofibrils 
formed after the incubation of FUS (540 nM) for different incubation time. Red line: mean value. *, p < 0.05; **, 
p < 0.01; ns, not significant. (D) AFM images of FUS assemblies (540 nM) after 1 h incubation in AFM buffer 
(left) followed by 10 min exposure to SDS at 0.5%. Z scale: 10 nm. (E) Height measurements of FUS assemblies 
after incubation and co-incubation with non-aggregated FUS at different times and concentrations. A threshold 
of 4 nm in height was applied. US samples indicate a sonication of the FUS assemblies for 1 min before addition 
of non-aggregated FUS. The protocol is detailed in supplementary Fig. S2B. Red line: mean value. ***, p < 0.005.
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Neurodegenerative diseases generally spread between contiguous regions of the brain over time. Fibrillar 
structures are suspected to contaminate neighbor neurons via the conversion of soluble pool of FUS into insoluble 
fibrillar  aggregates22. In vitro, it has been shown that adding FUS assemblies containing fibers to soluble FUS can 
act as seeds. This process is not specific to FUS since other PrLD-containing RBPs exhibit the same  behavior31. 
Thanks to AFM, we can follow the effect of preincubated FUS structures onto soluble FUS solution (Suppl. 
Fig. S2B). FUS was incubated for 24 h at 540 nM to promote the formation of aggregates of variable height and 
structure (h = 10.2 nm, circularity = 0.62). The addition of non-aggregated FUS leads to significant increase in 
the average height of the structures indicating that added proteins directly bind to preformed FUS assemblies 
in a coaggregation process (Fig. 1E). This notion is confirmed by the absence of complexes of height ranging 
from 4 to 7 nm in the distribution (Fig. 1E). The average circularity after this addition is closed to the circularity 
measured after 24 h incubation (0.67, data not shown) indicating that the orientation of structures is preserved. 
As an additional control, 24 h-assemblies of FUS were sonicated for 1 min leading to their dissociation (Suppl 
Fig. 2A). The average height of the population is strongly reduced: newly added FUS proteins being associ-
ated to these small assemblies (Fig. 1E). Finally, this coaggregation process seems to operate preferentially in a 
homogeneous system. Indeed, the incubation of preformed FUS aggregates with TIA1, an RBP also harboring a 
self-adhesive PrLD (Suppl. Fig. 3A), or the reverse (Suppl. Fig. 3B), did not lead to a significant increase in the 
height of the structures adsorbed on the mica indicating that FUS aggregation may be a protein specific process.

RNA interferes with the formation of nanofibrils. The formation and stability of RBP-RNA conden-
sates involve protein–protein interactions but also RNA–protein and RNA-RNA  interactions44,45. Indeed, RNA 
can act as a nucleating agent for the formation of condensates along incubation time (Suppl Fig. S4A and B). In 
addition, the gel shift assay confirms that upon the decrease of the urea concentration (FUS were stored at high 
concentration in 8 M urea buffer, see Materials and Methods), FUS RNA binding domains restore their RNA 
binding ability (Suppl Fig. 4A). However, for a high RNA/protein ratio, RNA buffers phase separation of FUS 
and other  RBPs46. Here we modulated the RNA–protein ratio by one order of magnitude while the concentra-
tions of the 2 partners remain low. Firstly, the RNA concentration was fixed at 5 nM, allowing a clear distinction 
between molecules (Supp Fig. S4C) and deposits were made after the incubation time in the test tubes spanning 
over several days. We previously controlled that the RNA, a non-specific 2Luc mRNA of 3000 nucleotides, did 
not undergo massive degradation under the selected incubation conditions (Suppl. Fig. S4D). When FUS was 
incubated in AFM buffer in the presence of RNA, we observed the formation of few isolated complexes whose 
size slowly increased with the incubation time (Fig. 2A). The increase in the concentration of FUS allows the for-
mation of some larger aggregates. Accordingly, the mean value of the height of the complexes increases over the 
incubation time (Fig. 2B). It is worth pointing out that nanofibrils that we observed for the same concentrations 
and incubation times with FUS alone are no longer detected upon addition of RNA. For longer incubation times 
(days), high FUS/RNA ratio favors the formation of granules which gather proteins and RNA whose appear-
ance seems close to that observed for stress granules by electronic  microscopy47,48. Taking into account only 
FUS/RNA complexes produced over 3 days, the mean value of circularity of FUS assemblies is higher than that 
measured without RNA (comparison between Figs. 1B and 2C). We then decrease the FUS/RNA ratio while the 
FUS concentration remained fixed at 540 nM. For a high ratio, i.e. at low RNA content, we detected in some large 
aggregates, the appearance of fibrillar structures (Fig. 2D) while a higher amount of RNA leads to the formation 
of aggregates with protruding edges and a granular morphology in which no fibrillar structures were detected. 
Interestingly, when large FUS/RNA aggregates produced over 3 days and then treated with RNAse for 1 h, the 
previously described nanofibrils reappeared, suggesting that the interaction between FUS and RNA limits their 
formation (Fig. 2E).

Influence of post‑translational modifications on FUS assembly. We prepared a FUS mutant 
(FUS12E) in which 12 serine or threonine residues located in the PrLD were mutated into glutamate in order 
to mimic the phosphorylation of PrLD residues by DNA-dependent protein kinase (DNA-PK). This mutant has 
already been used to evidence the link between post-translational modification (PTMs) and the ability of FUS 
to condensation. FUS12E incubation with or without RNA has shown that FUS12E is no longer able to form 
fibrillar  aggregates41,49,50. In addition, these mutations decrease the capacity of FUS to generate condensates via 
its interaction with poly(ADP-ribose) during the DNA repair  processes51,52. When FUS12E is incubated at low 
concentration in the AFM buffer, it oligomerizes and assembles into round shape structures (Fig. 3A) but we did 
not detect any nanofibrils neither in the core nor in the shell of these assemblies. Over time, they become denser 
with an increase in the height of the core (Fig. 3B) indicating that these structures are scalable and that it is pos-
sible that they reach a high level of compaction close to what is observed for FUS WT (Fig. 1A). In addition, for 

Figure 2.  RNA slows down the kinetics of nanofibril assembly. (A) AFM images of RNA:FUS complexes 
([RNA] = 2.5 nM) at different incubation times in AFM buffer. Size 2 × 2 µm. Z scale: 9 nm. (B) Height 
measurements of RNA:FUS complexes ([RNA] = 2.5 nM) for different FUS concentrations and incubation times. 
Red line: mean value. *, p < 0.05; **, p < 0.01; ns, not significant. (C) Circularity measurements of RNA:FUS 
complexes ([RNA] = 2.5 nM) for different FUS concentrations and after 3 days incubation in AFM buffer. Red 
line: mean value. *, p < 0.05; **, p < 0.01. (D) Top: AFM images of RNA:FUS complexes ([FUS] = 540 nM, ) after 
3 days incubation in AFM buffer at different RNA concentrations (left: 0.8 nM, middle: 2.5 nM, right: 8 nM). 
Size 2 × 2 µm. Z scale: 9 nm. Bottom: zoom on FUS:RNA assembly produced with a low RNA concentration, 
revealing fibrillar structures in the dense core of the granule. Size: 1 × 1 µm. (E) AFM images of FUS:RNA 
complexes ([RNA] = 2.5 nM, [FUS] = 540 nM, incubation time: 3 days) before (top) and after (bottom) RNAse 
treatment (1 h). Size 2.5 × 2.5 µm. Inset: zooms on specific structures. Z scale: 9 nm.
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increased concentrations of FUS12E, these assemblies are no longer detected on the surface due to the oligomer-
ization of FUS12E (Zoom in Fig. 3A and C). At such high protein concentrations, oligomerization of FUS12E is 
massive and many nuclei are formed rapidly leading to the formation of numerous and short oligomers. At lower 
concentrations of FUS12E, the number of nuclei decreases which accordingly, leads to the formation of larger 
assemblies. Importantly, we did not detect the formation of nanofibrils as observed with the FUS WT (Figs. 1A 
and C). Indeed, the measurement of the circularity of the oligomers and then small aggregates produced by their 

Figure 3.  Phosphomimetic FUS is unable to trigger the formation of nanofibrils. (A) Top: large scale AFM 
image of FUS12E (60 mM) for 5 min of incubation in AFM buffer. Size 15 × 15 µm. Inset: zoom on the shell 
of the granule. Bottom: AFM images of FUS12E assemblies after incubation for 5 min-3 h in AFM buffer (size 
4 × 4 µm, z scale: 10 nm). Inset: zoom on the core of the granule with a z scale of 20 nm to evidence the granular 
shape of the core. (B) Height profiles of FUS12E assemblies according to the red line on AFM image on Fig. 3A 
(bottom). (C) AFM images of FUS12E (540 nM) after incubation for 10 min or 1 day in AFM buffer. (D) 
Circularity measurements of FUS 12E (540 nM) assemblies adsorbed on mica for different incubation time. Red 
line: mean value. **, p < 0.01.
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association during the incubation time indicates an average increase (Fig. 3D), unlike what was determined for 
the nanofibrils of FUS WT (Fig. 1B).

FUS12E has already been shown to retain its RNA binding  ability51. When FUS12E is incubated with RNA, 
it is distributed over almost the entire length of the RNA while FUS WT associates with RNA into a compact 
nucleus (Fig. 4A). Such interaction leads to the formation of extended complexes, larger than free mRNA (Suppl 
Fig. S4E). Nevertheless, even for a high concentration of FUS12E, the fusion of the secondary structure of the 
RNA does not occur as observed with another RBP such as YB-1, which forms nucleofilaments with long  RNA53 
or hnRNPA1 which unwinds RNA secondary  structure54 (Fig. 4A). The second observation concerns the propor-
tion of RNAs interacting with FUS12E. For the same protein/RNA molar ratio (540/5), FUS WT concentrates 
on a few RNAs, leaving the others free while FUS12E is homogeneously distributed among the available RNAs 
(Fig. 4B). In addition, if both FUS WT and FUS12E form large and compact assemblies after long incubation 
time, they differ in their shape: FUS12E is unable to produce oriented structures evidenced by an increase of 
the average circularity of aggregates and the total absence of nanofibrils (Fig. 4C and comparison with Fig. 2D).

Figure 4.  FUS12E distributes along RNA and forms large and compact assemblies. (A) AFM images of 
RNA:FUS12E complexes ([RNA] = 5 nM) after different incubation times in AFM buffer. Z scale: 10 nm. (B) 
Diagram representing the proportion of molecules with a maximum height higher than 3.5 nm for RNA alone, 
RNA:FUS12E and RNA:FUS WT assemblies with [RNA] = 5 nM and [protein] = 540 nM after incubation 
for 1 h. Each point corresponds to the analysis of an area of 9 µm2 (total of 90 µm2 for each condition). Red 
line: mean value. *, p < 0.05; ***, p < 0.005. (C) Circularity measurements of RNA:FUS12E (5 nM : 540 nM 
respectively) complexes adsorbed on mica for different incubation times. Red line: mean value. *, p < 0.05; **, 
p < 0.01; ***, p < 0.005.
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Discussion
The condensation of proteins into droplets via the mechanism of LLPS plays a major role in the spatiotemporal 
organization of the intracellular  environment55. Such condensates can be considered as microreactors which 
promote some biochemical reactions while others are repressed or store compounds until their conditions of use 
are  optimal56. The formation of protein condensates in solution requires a protein concentration above a critical 
one  (Ccrit) beyond which the system dissociates into a protein-rich phase, the condensate, and a protein-poor 
phase with a protein concentration close to the  Ccrit (Fig. 5). In vitro, these critical concentrations are in the 
micromolar range (23,24,37,41,57–59 and LLPSDB data  base60) and vary accordingly to the solubility of the protein 
under consideration and its ability to interact with its neighbor via multivalent  interactions14. In FUS condensates 
formed by LLPS, the protein concentration is very high and the droplets can evolve into solid structures such 
as fibrillar aggregates. The formation of fibers during the aging process is favored by the presence of pathologi-
cal  mutations23 or, maybe,  RNA41,61 which may play the role of a nucleating agent for some RBP assemblies but 
this is still a debated issue since RNA may have an opposite  effect46,62,63. Finally, the LLPS mechanism follows 
a nucleation  mechanism64. In addition, the formation of structurally different oligomers in the dilute phase in 
protein solution with a concentration below the  Ccrit may explain why the LLPS of some proteins occurs quickly, 
whereas others like tau and α-synuclein require  hours65. In the case of FUS, Dynamic Light Scattering analyses 
of dilute solutions in which the FUS concentration is below  Ccrit revealed the presence of dynamical FUS clus-
ters which encompass hundreds of FUS monomers that reach a steady-state over time. These clusters grow into 
micron-scale condensates above  Ccrit

37.
The in vitro detection of FUS clusters which can play the role of seeds in the FUS condensate formation 

requires the use of microscopic approaches including differential interference contrast (DIC) and/or the use of 
tagged proteins. The resolution of these techniques means that condensates can only be detected and analyzed 
when they reach a threshold size. On the other hand, the presence of fluorescent Tag can also modulate the 
critical concentration or the kinetics of  aggregation66. Our AFM approach avoids these pitfalls and allows the 
detection at the nanometric scale of the different structures that FUS can adopt during incubation 38, even over 
long periods of time.

While FUS WT fibrillation is closely related to condensate formation, here we demonstrate that FUS can 
organize as nanofibrils at FUS concentration well below LLPS  Ccrit (Fig. 5). These nanofibrils are nanometric 

Figure 5.  FUS nanofibril formation proceeds independently of the LLPS. In the LLPS process, FUS condensate 
formation is triggered when a sufficiently high protein concentration is reached above which the system 
separates in two phases (left). Protein clusters produced at low concentrations could be the crucible for the 
dense phase (condensate) formation which could evolve toward fibrillar structure. FUS fibrillar assemblies 
(nanofibrils) could be formed also at low protein concentrations with a sufficient long incubation time (right) 
and independently of the LLPS process. In this context, FUS incubation in the presence of RNA and/or FUS 
phosphorylation impedes the formation of nanofibrils.
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in size with a length that does not exceed 200 nm and a maximum height of 3 nm, but they are able to interact 
laterally, leading to the formation of densely packed structures of microscopic size over long incubation time. 
It is important to mention that this fibrillation process is not exclusive, other granular-like structures are also 
produced during incubation as detected  elsewhere37. The presence of PrLD combined with RGG domains con-
fer to FUS a great structural plasticity that may be linked to the variability of the structures observed by AFM.

In the FUS condensates formed by LLPS, it has been proposed that RNA promotes the formation of 
fibrous  aggregates41 while RNA rather seems to allow the maintenance of liquid characteristics of the TDP-43 
 condensates62,67. In general, the effect of RNA on the LLPS process is  biphasic45. At low RNA/RBP ratios, RNA 
appears to play a nucleating role, promoting condensate formation. At higher ratios, RNA can lead to dissolution 
of condensates by dispersing RBPs with PrLD and limiting multivalent interactions between RBPs. In our system 
where FUS is organized independently of the LLPS process, RNA, in all cases, promotes higher order  assemblies38. 
Indeed, due to the cooperative nature of the binding of FUS on  RNA61, even in the presence of a large excess of 
RNA, FUS will concentrate on a few RNA molecules. However, the fibrillar structures are only observed at low 
RNA / FUS ratio (Fig. 2D). The increase in the local concentration of FUS helped by the nucleating property of 
RNA, combined with the low availability of RNA in these granules, promotes protein–protein interactions and 
potentially their organization into fibrils.

Another characteristic, which contributes to its numerous cellular functions, is the FUS ability to undergo 
a large number of post-translational  modifications49,68. Indeed, the PrLD is enriched in serine/threonine resi-
dues which have a high potential for  phosphorylation41. FUS also harbors 3 RGG domains, in which there are 
many methylation sites. Methylation of arginines produces divergent effects since, depending on the residues 
involved, it can inhibit the formation of  condensates69 but promote the formation of cytoplasmic aggregates 
by modifying the subcellular distribution of the  protein70. The phosphorylation of residues in the PrLD, which 
targets the attractive interactions between these domains, has an unambiguous consequence: the capacity of FUS 
to aggregate and form fibrillar aggregates is reduced whether in vitro or in vivo41. In order to characterize the 
influence of phosphorylation on the structure of the aggregates, we used a phosphomimetic of FUS (FUS12E) in 
which 12 amino acid residues being potential sites of phosphorylation in the PrLD, were replaced by glutamate 
residues. The side chain of glutamate mimics the presence of the phosphate groups and generates an electrostatic 
repulsion between PrLD which basically harbours only two charged residues in FUS WT. Besides, some of the 
mutations are localized in the fibrillar core of the PrLD of FUS (residues 112–150) which is involved in amyloid 
fibril  formation33,35. Whatever the incubation conditions of FUS12E, we never detected any fibrillar structure 
with FUS12E. Therefore, the results demonstrate the involvement of the PrLD domain of FUS in the fibrillation 
process and the limited interactions between PrLD after the phosphorylation. Then, on a monomolecular scale, 
FUS12E is distributed homogeneously along all the RNA in contrast with FUS WT (Figs. 2A, 4A and 4B). Such 
distribution of FUS12E could promote interactions with some of the FUS partners and support the idea that the 
multiple PTMs of FUS participate in the large variability of the functions of this protein in cellular processes.

In summary, based on our single molecule level approach, we demonstrated that FUS can undergo a fibrilla-
tion mechanism independently of the LLPS process, indicating that a low concentration of FUS in the cytoplasm 
may be sufficient to trigger the formation of cytoplasmic insoluble inclusions. The presence of RNA and/or the 
phosphorylation of FUS PrLD residues clearly antagonize the formation of FUS fibrillar structures leading to 
the appearance of spherical condensates. If we assume that fibrils are seeds for the assembly of cytoplasmic 
inclusions observed in neurons of affected patients, our results rather support the notion that the binding of 
FUS to RNA in the cytoplasm and the phosphorylation of its PrLD would negatively regulate the formation of 
pathological inclusions.

Materials and methods
Protein expression and purification. The FUS-RRM sequence (294–385 aa) was amplified from coding 
regions of full length Human FUS (FUS-FL, accession number NP_004951.1), cloned into pMS2 vector between 
Nhe1 and BamH1 restriction sites (forward primer: GCG GCT AGC GGA TAA TTC AGA CAA C and reverse: 
AAT GGA TCC GCG AGT AGC AAA TGA GAC). Then it was cloned with the HA tag and inserted in the bacterial 
expression vector pET22b containing (His)6-tag sequence between HindIII and Xho1 restriction sites (forward 
primers: GCG AAG CTT ATG GGC TAC CCC TAC G ACGTG, reverse: GCT CTC GAG GCG AGT AGC AAA TGA 
GAC).

BL21 (DE3) competent E. coli cells were transformed with the constructed plasmids pET22b-MBP-TEVtag-
FUS-FL-12E (41, Addgene #98655), pET22b-FUS-RRM, and pET22b-FUS-FL51 and grown at 37 °C in 1L 2xYT 
medium (With ampicillin for FUS-FL and FUS-RRM or kanamycin for FUS-12E). The protein expression was 
induced by 1 mM IPTG added at OD600nm = 0.8. The culture was grown during 4 h at 37 °C and cells were har-
vested and washed with 20 mL of cold 20 mM Tris–HCl buffer, pH 7.6, containing 100 mM KCl. The cell pellet 
was resuspended in 15 mL of buffer A (20 mM Tris–HCl, pH 7.6, 2 M KCl, 1 mM DTT, 1 mM PMSF, 10 mM 
Imidazole, and EDTA-free protease inhibitor Cocktail (Roche)) and cells were disrupted by sonication on ice 
(Bioblock Vibracell sonicator, model 72412). The cell lysate was centrifuged at 4 °C for 30 min at 150,000 × g in 
a TL100 Beckman centrifuge.

The MBP-TEVtag-FUS-FL-12E, FUS-RRM and FUS-FL protein containing His-6 tag were purified fol-
lowing the manufacturer’s recommendations (Qiagen). The supernatant was incubated for 2 h at 4 °C with 
 Ni2+-NTA-agarose (Qiagen) (20 mg of proteins/ml of resin) pre-equilibrated in buffer A. The resin was then 
washed extensively with buffer A and increasing concentrations of imidazole (from 10 to 75 mM) and by reduc-
ing progressively the KCl concentrations (from 2 M till 0.5 M). The elution of the protein was performed by 
step-wise increasing concentration of imidazole from 250 mM to 1 M in buffer A.
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For FUS-RRM and FUS-FL, protein-containing fractions (250–1 M imidazole) were dialyzed (Slide A-Lyzer 
Dialysis Cassette G2 20MWCO, protein Biology) overnight against 20 mM Tris–HCl buffer, pH 7.4, containing 
0.5 mM DTT, 8 M Urea and 200 mM NaCl and finally concentrated by centrifugation (SpinXR Concentrator 
5KMCO, Corning) at stock concentrations respectively of 1.25 mM and 1.45 mM in 8 M urea stored at − 80 °C.

For MBP-TEVtag-FUS-FL-12E, the pure fractions were pooled and diluted 5 times with 50 mM Tris–HCl, 
pH 8.0, 1 mM DTT, 0.5 mM EDTA in order to proceed to the endoproteolysis of the construct. In this step, 20 µg 
of TEV protease were added to the pool and incubated 16 h at room temperature and gentle agitation. Finally 
the sample was centrifuged at 4 °C for 30 min at 150,000 × g in a TL100 Beckman centrifuge. The supernatant 
containing TEV and MBP was discarded and the pellet was resuspended in 100 µL of 20 mM Tris–HCl, pH 7.6, 
200 mM KCl, 0.5 mM DTT, and 8 M Urea. The final preparations were stored at − 80 °C. TIA1 was purchased 
from Novus Biological.

RNA production: Linearized plasmid pSP72-2Luc, containing two full-length cDNAs of luciferases from 
Renilla reinformis and Photinus pyralis separated by a polylinker was used as templates for RNA synthesis by T7 
polymerase of 2Luc mRNA (~ 3000 nt). Transcription in vitro was performed by HiScribe T7 High Yield RNA 
Synthesis Kit (NEB). Synthesized RNA was purified using phenol extraction.

AFM experiments. Sample preparation: FUS contains an N-terminal SYQG-rich low complexity domain 
absolutely necessary to generate the process of LLPS, FUS granule assembly and FUS inclusion formation both 
in vitro and in cells. To avoid multivalent interactions between adhesive motifs enriched in FUS LCD and to 
maintain FUS in a soluble state, the protein is stored in a buffer containing 8 M urea (four FUS productions 
have been used to perform this study). The aggregation process is triggered when FUS is diluted in the AFM 
buffer (15 mM KCl, 10 mM Tris–HCl [pH 7.5], 2 mM  MgCl2, 1 mM DTT) where the urea concentration no 
longer exceeds 300  mM38. Before its incubation in AFM buffer, FUS WT exists as monomers or small oligomers 
(Suppl Fig. 1A). FUS WT and mutants were incubated in AFM buffer in the presence or absence of 2Luc mRNA 
at 20 °C for 10 min, 1 h or 1–7 days as indicated. After incubation time, a 10 µL droplet in which putrescine 
 (Pu2+) was added to a final concentration of 5 mM, was deposited on the surface of freshly cleaved mica at room 
temperature for 20 s. Putrescine promotes the attraction between negatively charged polyelectrolytes like RNA 
and mica surface via multivalent counterion  correlations71. The mica surface was then rinsed with 0.02% uranyl 
acetate solution and dried with a filter paper to stabilize the biological complexes in their conformation for AFM 
imaging in air.

RNAse treatment: 50 µL of sample containing FUS:RNA complexes (540 and 2.5 nM respectively) was incu-
bated for 3 days. Then, 0.1 ng of RNAse A (ThermoFisher Scientific) was added to this solution for 1 h at room 
temperature with gentle agitation.

AFM imaging and image analysis: AFM images recorded in air were performed on the Nanoscope V Mul-
timode 8 (Bruker, Santa-Barbara, CA, USA) in PeakForce Tapping (PFT) mode using Scanasyst-Air probes 
(Bruker). In this experiment, continuous force-distance curves were recorded and the tip is oscillated in the 
vertical direction with an amplitude of 100–300 nm and at low frequency (1–2 kHz) (53). The main benefits of 
using PFT mode is a strong decrease of lateral and shear forces since the interacting time between the tip and the 
surface is very short allowing the acquisition of high resolution 3D images. Images were recorded at 2048 × 2048 
pixels at a line rate of 1.5 Hz.

The “particle analysis” tool on the Nanoscope Analysis software (version 1.50) was used to determine the 
molecular dimensions (height and area) of at least 60 proteins (FUS FL, FUS 12E or TIA1) or mRNA:protein 
(FUS FL or FUS12E) particles from, at least, 3 independent samples. Basically, for each sample, a threshold in 
height (indicated in the figure legends) was applied to remove small particles or patterns (isolated proteins or 
free mRNA when RNA/RBP complexes were analyzed, uranyl acetate background) from the analysis. Then, for 
each particles of interest, the particle analysis tool established the maximum height of the particle and the surface 
that it occupied on mica surface. For the determination of the proportion of FUS/RNA complexes adsorbed on 
the surface (Fig. 4B), all molecules/complexes containing RNA were identified. Then a threshold in height was 
applied to discard free mRNA molecules and the remaining complexes were counted. For nanofibril length meas-
urements, the “section” tool on the Nanoscope Analysis software was used and only lengths of isolated nanofibrils 
or involved in assemblies but with clearly detectable ends were analyzed (Suppl Fig. S1A) Circularity of particles 
was determined using the ImageJ software (v1.48, Wayne Rasband, National Institutes of Health, USA). Particles 
detected with a size lower than 20 pixels were discarded from the analysis. Significance of height, surface and 
circularity measurements were obtained using t-test; *, p < 0.05; **, p < 0.01; ***, p < 0.005; ns, not significant.

Data availability
All the data presented in this study are available on request from the corresponding author.
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