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Yunpeng Sun,1,2,6 Shenqing Zhang,3,4,6 Jiaojiao Hu,1,2,6 Youqi Tao,3,4 Wencheng Xia,1,2 Jinge Gu,1,2 Yichen Li,3,4

Qin Cao,3 Dan Li,3,4,5 and Cong Liu1,7,*

SUMMARY

FUS is a multifunctional nuclear protein which undergoes liquid–liquid phase sep-
aration in response to stress and DNA damage. Dysregulation of FUS dynamic
phase separation leads to formation of pathological fibril closely associated
with neurodegenerative diseases such as amyotrophic lateral sclerosis and fron-
totemporal dementia. In this study, we determined the cryo-EM structure of a
cytotoxic fibril formed by the low-complexity (LC) domain of FUS at 2.9 Å resolu-
tion. The fibril structure exhibits a new and extensive serpentine fold consisting
of three motifs incorporating together via a Tyr triad. FUS LC employs 91 resi-
dues to form an enlarged and stable fibril core via hydrophilic interaction and
hydrogen bonds, which is distinct from most of previously determined fibrils
commonly stabilized by hydrophobic interaction. Our work reveals the structural
basis underlying formation of a cytotoxic and thermostable fibril of FUS LC
and sheds light on understanding the liquid-to-solid phase transition of FUS in
disease.

INTRODUCTION

Numerous amyloid proteins were found to form pathological amyloid aggregation which are closely

related to neurodegenerative diseases (Eisenberg and Jucker, 2012; Soto and Pritzkow, 2018; Dobson

et al., 2020; Qiang et al., 2017). Once formed under diseased condition, the pathological amyloid fibrils

are highly stable (Iadanza et al., 2018; Sawaya et al., 2021). Moreover, the pathological fibrils formed by

a-syn and Tau can self-propagate and spread from cell-to-cell involved in disease progression (Gambetti

et al., 2011; Jucker andWalker, 2013; Kam et al., 2018; Peng et al., 2018, 2020; Vaquer-Alicea and Diamond,

2019). Extensive structural studies of amyloid fibrils reveal that hydrophobic and steric-zipper like interac-

tion is important in determining the high stability of pathological fibrils (Paravastu et al., 2008; Eisenberg

and Sawaya, 2017; Fitzpatrick et al., 2017; Gremer et al., 2017; Li et al., 2018; Li and Liu, 2021). Importantly,

recent studies found that several RNA-binding proteins including fused in sarcoma (FUS), transactive

response DNA-binding protein 43 kDa (TDP-43), and heterogeneous nuclear ribonucleoprotein A1

(hnRNPA1) can undergo liquid–liquid phase separation (LLPS) and form highly reversible amyloid fibrils

mediated by the low-complexity amyloid-like kinked segments (LARKs) or reversible amyloid cores

(RACs) which are dominated by hydrophilic interaction (Colombrita et al., 2009; Bentmann et al., 2012;

Kato et al., 2012; March et al., 2016; Murray et al., 2017; Murray and Tycko, 2020; Guenther et al., 2018;

Hughes et al., 2018; Luo et al., 2018; Gui et al., 2019; Sawaya et al., 2021). Moreover, prolonged stress or

disease-mutation may promote the liquid-to-solid phase transition of these RNA-binding proteins to

form highly stable fibrils which are believed to play a key role in the pathogenesis of amyotrophic lateral

sclerosis (ALS) (Kim et al., 2013; Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015; Purice and Tay-

lor, 2018; Cao et al., 2019; Gasset-Rosa et al., 2019; Sun et al., 2020; Portz et al., 2021). Structural investiga-

tion of the pathological fibrils formed by these proteins is important for understanding the liquid-to-solid

phase transition of the RNA-binding proteins and its role in the related disease.

FUS is a nuclear protein playing key roles in the transcriptional regulation, RNAmetabolism, and DNA dam-

age response (Polymenidou et al., 2012; Schwartz et al., 2012; Wang et al., 2013; Deng et al., 2014; Yang

et al., 2014; Rhoads et al., 2018). FUS is widely involved in RNA processing events including mRNA alterna-

tive splicing, nuclear exporting, miRNA metabolism, and stability of long noncoding RNAs (Wang et al.,
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2008; Ju et al., 2011; Lagier-Tourenne et al., 2012; Ling et al., 2013; Fujii et al., 2005). FUS contains an N-ter-

minal low-complexity (LC) domain, and a C-terminal domain (CTD) with one RNA recognition motif (RRM)

and several arginine glycine-rich (RGG-rich) regions (Figure 1A). LC domain of FUS contains high percent-

age of Gly (24.88%), Ser (23.94%), Gln (20.19%), and Tyr (12.68%). Previous structural studies identified that

the RAC1 (37SYSGYS42) and RAC2 (54SYSSYG59) within FUS LC is important in mediating both LLPS and

highly reversible fibril formation of FUS LC (Luo et al., 2018). Moreover, solid-state nuclear magnetic reso-

nance (ssNMR) study showed that residues 39–95 of FUS LC form a fibril core (FCtypeI) mainly by hydrophilic

interaction (Murray et al., 2017; Murray and Tycko, 2020).The same group recently reported a cryo-EM fibril
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Figure 1. mCerulean-FUS LC forms liquid-droplet, and irreversible and cytotoxic fibril

(A) Domain organization of FUS. The sequence of FUS LC studied in this work is shown.

(B–D) Fluorescence images of FUS LC in different states. Scale bars, 5 mm. FRAP experiments of FUS LC droplets at 0 h (C)

and irregular aggregates at 24 h (D). Scale bars, 2 mm. Data shown are means G s.d., with n = 4 individual droplets.

(E) NS-TEM images of the fibrils formed by FUS LC (after 5 days of incubation) before and after 50�C heating. Scale bar:

200 nm.

(F) Cytotoxicity of the irreversible fibrils of FUS LC to HEK 293T cells measured by the CCK-8 kit assay. The concentration

of FUS LC fibrils is indicated. Data are shown as mean G S.D., with n = 4 biologically independent samples. ***p <0.001

(10mM Fibril vs. 5mM Fibril: 0.009); ****p <0.0001 (10mM Fibril vs. PBS: <0.0001); ns, not significant. One-way ANOVA

followed by Tukey HSD post hoc test.
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structure formed by the C-terminal half of FUS LC. In that structure, residues 112–150 form a U-shape fibril

core (FCtypeII) (Lee et al., 2020). Notably, both full-length FUS and FUS LC can condense into highly stable

fibril after several rounds of seeding growth, which can be significantly accelerated by ALS disease-related

mutations (Kato et al., 2012; Murray et al., 2017; Ding et al., 2020; Patel et al., 2015). Therefore, structural

study of formation of the highly stable FUS fibril is important for understanding the pathogenesis of FUS

aggregation under diseased condition.

In this study, we determined the atomic structure of a highly stable fibrils formed by FUS LC by using cryo-

electron microscopy (cryo-EM) at an overall resolution of 2.9 Å. The fibril structure contains an extensive

and previously unobserved large fibril core (FCtypeIII) consisting of three structural motifs stabilized by hy-

drophilic interaction and a central Tyr triad layer. We further compared the cryo-EM structure of FUS LC

fibrils with different FUS LC fibril structures previously determined. The structural analysis elucidates that

the FCtypeIII forms a larger FC by comprising a large segment (residues 98–124) of LC and rearranging

the N-terminal regions including the two RACs, which provides structural understanding of the formation

of a highly stable FUS LC fibril.

RESULTS

FUS LC forms irreversible and cytotoxic amyloid fibril

To investigate the liquid-to-solid phase transition and the fibril formation of FUS, we constructed mCeru-

lean-FUS LC (residues 2–214, termed as FUS LC in short) and performed a maturation and aging assay of

this construct (Figure 1A). FUS LC forms liquid-like droplet instantly upon adding dextran as crowding re-

agent (Figure 1B). Fluorescence recovery after photobleaching (FRAP) assay showed that the intensity of

the fresh prepared FUS LC droplets (0 h incubation) rapidly recover in 280 s, demonstrating the high interior

dynamics and liquid-like property of FUS LC droplet (Figures 1B and 1C). In contrast, upon further incuba-

tion for 24h, FUS LC forms fibrillar structures protruding from the droplets (Figure 1B). FRAP results showed

that the dynamic property of FUS LC losses dramatically in the matured droplet (Figure 1D), suggesting a

liquid-to-solid phase transition of FUS LC.

To obtain substantial amount of the FUS LC fibril samples for further cytotoxicity and structural character-

ization, we incubated FUS LC for 5 days at 37�C and harvested the fibrils. By using negative-staining trans-

mission electron microscopy (NS-TEM), we confirmed that FUS LC forms typical amyloid fibrils which are

highly thermostable without obvious dissociation even being heated to 50�C for 30 min (Figure 1E).

Remarkably, the thermostable FUS LC fibril exhibits potent cytotoxicity to HEK293T cells in a dose-depen-

dent manner, implying the potential pathological relevance of the FUS LC fibril (Figure 1F). Together, our

results show that FUS LC undergoes liquid-to-solid phase transition and forms cytotoxic and thermostable

fibrils.

Cryo-EM structure determination of the amyloid fibril formed by FUS LC

We next performed cryo-EM to determine the atomic structure of the FUS LC fibrils. Firstly, the preformed

thermostable fibrils were fixed on a carbon grid and frozen in liquid ethane. Then, the cryo-EM data were

collected by using a Gatan K2 Summit camera on a Titan Krios transmission electron microscope. 16,394

fibrils from 1,089 micrographs were selected for the reconstruction of FUS LC fibril (Figure 2A and Table 1).

Only one dominant species of twist fibril with a population of over 99% were identified through two-dimen-

sional (2D) classification with a 1,024-pixel box size (Figure 2B). Finally, we reconstructed a three-dimen-

sional (3D) density map of FUS LC to an overall resolution of 2.9 Å at 0.143 cutoff of Fourier shell correlation

(FSC) by performing helical reconstruction using RELION3.1(Scheres, 2020) (Figures 2C and S1). According

to the density map, the fibril consists of a single protofilament where FUS LC subunits stack on top of each

other along the fibril axis. The fibril features a left-handed helix with a full pitch of�125 nm, a helical twist of

�1.44�, and a helical rise of 5.0 Å (Figure 2D and Table 1).

Overall structure of the FCtypeIII of FUS LC

Based on the high-quality cryo-EM density map, we were able to build an atomic model of the FCtypeIII of

FUS LC fibril unambiguously. FCtypeIII of FUS LC is composed of residues 34–124 (Figure 3A), which form ten

individual b-strands (b1–b10) arranging into a large serpentine fold (Figure 3B). The N-terminal fused His-

tagged mCerulean protein (29.9 kDa) is not involved in the structure of FCtypeIII. For each subunit, b2–b6

and b8–b9 are in the same layer (i), whereas strands b1, b7, and b10 swap up to (i+1/2) layer to interact
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with b4, b6, b8, and b9 from neighboring subunits in the layer (i) and (i+1), respectively (Figure S2). The

FCtypeIII can be divided into three structural motifs, including the N-terminal V-shape motif consisting

of b1–b4, the middle S-shape motif consisting of b5–b8, and the C-terminal N-shape motif formed by

b9–b10 (Figure 3C). Strikingly, the central interface of three motifs is formed by a Tyr triad (Y58, Y75, and

Y113, each from one motif). The aromatic side chains of Tyr form p–p interactions for stabilizing the inter-

face. In addition, an ordered solvent molecule is localized in the center of the Tyr triad (Figure 3C).

The FCtypeIII of FUS LC is formed predominantly by Tyr, Gln, Ser, Gly, and Thr, but not hydrophobic residues

such as Val, Leu, and Ile which are often observed in the structure of pathological FC previously determined

(Figure 3D). Notably, each of the three motifs is formed by zipper-like interaction (Figure 3E). The interfaces

are mainly formed by hydrophilic interaction by Gln and Ser (Figures 3C and 3E). Specifically, in the V-shape

A

D
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C

Figure 2. Cryo-EM structure determination of the FUS LC fibril

(A) Cryo-EM image of the irreversible fibrils formed by FUS LC. Scale bar: 100 nm.

(B) 2D class averages (box size: 1,024 pixels) used to calculate crossover distance and map projections (box size: 256

pixels) match 2D class averages.

(C) A central slice from the 3D reconstruction of FUS LC fibril. Scale bar: 1nm.

(D) Cryo-EM density map of the FUS LC fibril. Fibril parameters including half pitch, twist angle, and rise are labeled.

See also Figure S1.
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motif, b1–b4 forms a hydrophilic interface by the side chains of Gln, Ser, Tyr, and Thr (Q35, S37, S39, S42,

Q43, T45, T47, S53, Y55, S57, Q60, Q62, T64, and Y66) (Figures 3C and 3E). Residues 67–97 constitute an

S-shapemotif (strands b5–b8) including a b-hairpin structure composed of strands b7–b8 which is stabilized

by the hydrophilic interaction of Gln and Ser. The C-terminal N-shape motif features a b-hairpin structure.

Six Ser residues (S108, S110, S112, S117, S119, and S121) align into a zipper-like architecture and form a

hydrophilic interface (Figure 3E). Thus, Ser and Gln are essential in forming the hydrophilic interface of

the FCtypeIII of FUS LC.

In addition to Ser and Gln, there are 13 Tyr residues in the FCtypeIII. Among them, Y58, Y75, and Y113 form a

Tyr triad in the center of FCtypeIII and stabilize the three motifs via p–p interaction (Figures 3C and 3F). Y55

and Y81 are on the edge of zipper-like interface and form hydrogen bonds with Q43 and Q102, respec-

tively. Y55 is involved in the formation of zipper-like interface. The rest of Tyr residues including Y38,

Y41, Y50, Y66, Y91, Y97, Y100, and Y122, faces outside of the FCtypeIII with the side chain exposing to the

Table 1. Statistics of cryo-EM data collection and refinement

Name FUS LC fibril

PDB ID 7VQQ

EMDB ID EMD-32092

Data collection

Pixel size (Å) 1.1

Defocus Range (mm) �2 to �1

Voltage (kV) 300

Camera K2 summit

Microscope Titan Krios

Exposure time (s/frame) 0.19

Number of frames 32

Total dose (e�/Å2) 40

Reconstruction

Micrographs 1,089

Manually picked fibrils 16,394

Box size (pixel) 256

Inter-box distance (Å) 28.2

Segments extracted 381,229

Segments after Class2D 276,426

Segments after Class3D 171,163

Resolution (Å) 2.9

Map sharpening B-factor (Å2) �104.169

Helical rise (Å) 5.0

Helical twist (�) �1.44

Atomic model

Non-hydrogen atoms 1,971

Protein residues 273

Ligands 0

r.m.s.d. Bond lengths 0.009

r.m.s.d. Bond angles 0.847

All-atom clash score 2.49

Rotamer outliers 0.00%

Ramachandran outliers 0.00%

Ramachandran allowed 12.36%

Ramachandran favored 87.64%
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solvent (Figure S3). Together, the cryo-EM structure demonstrated that FUS LC consists of three motifs sta-

bilized by hydrophilic interaction which is mainly contributed by Ser and Gln. The three motifs are assem-

bled together by a Tyr triad.

Structural comparison of different fibril structures of FUS LC

We next compared the cryo-EM structure of the thermostable fibril of FUS LC to the other three structures

formed by different segments of FUS LC (Figure 4A). We previously determined the two RACs of FUS LC

comprising of tandem (S/G)Y(S/G) motifs: RAC1 (37SYSGYS42) and RAC2 (54SYSSYG59)(Luo et al., 2018).

The RACs structures feature ordered-coil hydrophilic and hydrous interfaces which accounts for their

high instability (Figure 4B). Remarkably, these two RACs rearrange and form extended hydrophilic

zipper-like structures with Tyr, Gln, Thr, and Ser (Q35, S37, S39, S42, Q43, Q60, T64, Y66) in the V-shape

motif in the FCtypeIII (Figures 4C and 4D). Moreover, the b-turn region (residues 113–116) from N-shape

A

C

E F

D

B

Figure 3. Overall structure of the FUS LC fibril

(A) Density map and the structure model of one cross-sectional layer of the FUS LC fibril.

(B) Views of six layers of FUS LC fibril are shown in cartoon. The fibril axis is indicated. The b-strands are numbered and labeled accordingly.

(C) Top view of structure model of one subunit of FUS LC fibril (left). Cartoons on the right show topology of the subunit. Three structural motifs are present.

The N-terminal region is stabilized by the V-shape motif (purple) comprising of b1–b4. The S-shape motif (blue) and the N-shape motif (green) are stabilized

mainly by zipper-like hydrophilic interactions involving side chains within strands b5–b8 and b9–b10, respectively. Side chains of residues involved in zipper-

like interactions are colored in salmon.

(D) The surfaces of one subunit of FUS LC FCtypeIII and one polymorphic structure of a-syn FC are shown according to the hydrophobicity of the residues. PDB

IDs of the structures including FUS LC FCtypeIII and a-syn FC are provided in parentheses.

(E) Zoom-in views of the V-shape motif and two b-hairpin structures formed by b7–b8 and b9–b10 in S-shape and N-shape motif, respectively.

(F) Zoom-in view of the Tyr triad buried in the center of FUS LC fibril. The density of the unidentified solvent molecule in the center of the Tyr triad is marked.

See also Figures S2 and S3.
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Figure 4. Comparison of different structures of FUS LC fibrils

(A) The sequence involved in the formation of the two RACs, FCtypeIII, and FCtypeI are mapped with the secondary

structured highlighted.

(B) The structures of the two RACs in the reversible RACs structures (left) and in the FCtypeIII (right). The structure cartoons

are shown in the bottom.

(C) Structure model of a single subunit of the FCtypeIII. The topology diagram is shown in the bottom. The two RACs are

boxed and highlighted in red.

(D) Zoomed-in view is shown in (D).
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motif interacts with and stabilizes RAC2 in the FCtypeIII (Figure 4D). The relatively low B-factor of the two

RACs suggests that they are highly stable in the FCtypeIII (Figure 4E).

In addition to RAC1 and RAC2, an ssNMR structure of FCtypeI formed by FUS LC was reported (Murray et al.,

2017). We next compared the structure of FCtypeI and FCtypeIII. The FCtypeI consists of residues 39–95 which

form 6 b-strands and folds into a relatively smaller serpentine fold distinct from that of the FCtypeIII (Figures

4A and 4F). Specifically, residues 98–124 which form the N-shape motif of the FCtypeIII remain flexible and

are not involved in the formation of the FCtypeI (Figures 4C and 4F). Moreover, the RAC1 and RAC2 are

dynamic with high flexibility in the FCtypeI as demonstrated by the superposition of the 20 low-energy

structural models of FCtypeI (Figure 4G). Notably, D46, the only charged residue in both the FCtypeI and

the FCtypeIII, is excluded from the interior of the FCtypeIII and is completely solvent-exposed (Figure S4A).

Whereas, in the 20 low-energy structural models of FCtypeI, the side chain of D46 partially folds into the inte-

rior of FCtypeI and interacts with S44 and Q52 (Figure S4B). Altogether, the structural analysis suggests that

FUS LC incorporates the large segment (residues 98–124) as well as rearranges the N-terminal region (res-

idues 34–97) including the RACs to form a larger and more stable FCtypeIII.

DISCUSSION

FUS can form highly dynamic liquid-like droplet involved in stress granule formation (Portz et al., 2021; Murakami

et al., 2015). Under aging and diseased condition, FUS can further condense into thermostable amyloid fibrils

which are closely associatedwith ALS and frontotemporal dementia (Patel et al., 2015; Kato et al., 2012). Previous

work showed that multiple Tyr residues from the (S/G)Y(S/G) motifs of FUS LC may form p–p interaction to

mediate FUS LC LLPS(Martin et al., 2020). Meanwhile, FUS LC may use the two tandem (S/G)Y(S/G) motifs

(RAC1 and RAC2) to form highly unstable amyloid fibrils (Luo et al., 2018). Moreover, FUS LC can use its N-ter-

minal residues 39–95 to form a hydrophilic FCtypeI (Murray et al., 2017; Murray and Tycko, 2020). While, incorpo-

rating residues 97–124 into the FC structurally rearranges the entire FUS LC to form a much larger and stable

FCtypeIII, resulting in the formation of thermostable fibril of FUS LC as observed in this study (Figures 1E and

3A). In additional to the N-terminal of FUS LC, a recent study reported that the C-terminal half (residues 111–

214) of FUS LC can form amyloid fibril with a U-shape architecture (FCtypeII) which is distinct from those formed

by the mCerulean-FUS LC construct (FCtypeIII) (Figure S5). These structural studies demonstrate that, under

different condition, FUS may utilize different regions of LC to form different types of intra- and intermolecular

interactions, which enables FUS to form different molecular assembles including liquid-like droplets and distinct

fibril polymorphs (Kato et al., 2012; Luo et al., 2018; Murray et al., 2017; Patel et al., 2015; Murakami et al., 2015).

However, several key questions remain to be explored, including (1) whether FUS LC forms the same FCtypeIII

structure in the context of the full-length FUS as that fused with mCerulean (Figure S5A), (2) whether these

different fibril structures of FUS LC determined in vitro are indeed exist in cells, and (3) how these different struc-

tures interconvert and are regulated under normal or disease conditions.

Recent advances in cryo-EM results in rapid accumulation of pathological amyloid fibrils structures formed

by different proteins including Tau, a-syn, and human PrP (Shi et al., 2021; Schweighauser et al., 2020; Wang

et al., 2020; Iadanza et al., 2018; Li et al., 2018). These fibril structures demonstrate that hydrophobic inter-

action serves as one of the major driving forces for stabilizing the fibrils which are normally very stable once

formed (Sawaya et al., 2021; Dobson et al., 2020). Whereas, in this study, we showed that hydrophilic inter-

action is dominated in the structure of the thermostable fibril of FUS LC. Strikingly, FUS LC uses nearly 90

residues to form an extensive FCtypeIII, which is larger than most of FC of the single protofilament from the

pathological fibrils and FUS LC FCtypeI previously determined (Figure 5A). Thus, despite that FUS LC can

only form less stable hydrophilic interaction within the FC which may play an important role in mediating

dynamic assembly of FUS LC (Figure 4F), it may still form thermostable fibril by incorporating a large num-

ber of residues to build up a larger and more stable FC (Figure 5B). Furthermore, the large FC is stabilized

by several hydrophilic zipper-like interaction within the three motifs and excludes the charged residue from

Figure 4. Continued

(E) The B-factor putty of the three layers of FCtypeIII is shown. The two RACs shown in the box feature low B-factor

compared to the other regions of the FCtypeIII.

(F) The structure model of one FUS LC subunit in FCtypeI. The topology diagram is shown in the bottom.

(G) Superposition of the 20 low-energy models of FCtypeI shows highly dynamic property of the two RACs. RACs are

colored in red. PDB IDs of the structures including two RACs crystal structures, FCtypeIII, and FCtypeI are provided in

parentheses.

See also Figures S4 and S5.
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the interior of FC, which both contribute to the increased fibril thermostability. Thus, our structural study

provides insight into understanding the high diversity of amino acid composition and driving force for

forming thermostable amyloid fibrils with different fibril polymorphs.

Limitations of the study

This study reveals a cryo-EM structure of a cytotoxic and thermostable amyloid fibril formed by the FUS LC.

The limitation is that the FUS LC construct used in this study contains an N-terminal mCerulean tag, which is

relatively large and may influence the packing of FUS LC in fibrils. Whether FUS LC forms the same FCtypeIII

structure (1) in the absence of the N-terminal fusion tag and (2) in the context of the full-length FUS need be

further explored.
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Figure 5. Structural analysis of fibrils formed by FUS LC and other proteins, and the diagram illustration of the

potential conversion of FUS LC between different states

(A) Distribution of FC residues numbers (of a single protofilament) from 100 different cryo-EM amyloid fibril structures (the

full list of the PDB codes of the fibril structures are listed in data and code availability). The surface hydrophobicity of the

representative FC structures from different subgroups is shown. The structure models of both FCtypeIII and FCtypeI are

highlighted. PDB IDs of the representative FC structures are provided in parentheses.

(B) Domain organization of FUS. Different regions of FUS LC identified to form FC in different fibril structures are colored.

Specifically, residues 34–124 that are involved in FCtypeIII are colored in slate. Residues 37–97 that are involved in the

structural model of FCtypeI is colored in cyan. The two RACs segments are highlighted in red.

(C) Schematic illustration of different states of FUS. FUS LC is highly dynamic in monomeric state. The RACs and FCtypeI

may play important roles in mediating FUS LC dynamic assembly in the reversible phase separated state. Under

pathological conditions, FUS LC may further assemble into irreversible amyloid fibrils by forming the FCtypeIII.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact Cong Liu (liulab@sioc.ac.cn).

Materials availability

Reagents generated in this study will be available upon request.

Data and code availability

d The cryo-EM density map and corresponding atomic model generated in this work have been deposited

at the EMDB database and PDB database and are publicly available as of the date of publication. Acces-

sion numbers are listed in the key resources table.

d This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed

in the key resources table. These accession numbers of 100 existing atomic models analyzed in Figure 5

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

BL21 (DE3) E. coli TransGenBiotech Cat#CD601-03

Chemicals, peptides, and recombinant proteins

mCerulean-FUS LC This study N/A

Critical commercial assays

Cell Counting Kit-8 Yeasen Biotechnology (Shanghai) Co., Ltd. Cat#40203ES76

Deposited data

FUS LC fibril core, type III, coordinate This paper PDB: 7VQQ

FUS LC fibril core, type III, cryo-EM map This paper EMD: 32092

FUS RAC1, coordinate (Luo et al., 2018) PDB: 5XSG

FUS RAC2, coordinate (Luo et al., 2018) PDB: 5XRR

FUS LC fibril core, type I, coordinate (Murray et al., 2017) PDB: 5W3N

FUS LC fibril core, type II, coordinate (Lee et al., 2020) PDB: 6XFM

See Data and code availability section

Experimental models: Cell lines

HEK-293T ATCC ATCC� CRL-3216, RRID: CVCL_0063

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism Software GraphPad https://www.graphpad.com/

scientificsoftware/prism/

MotionCor2 (Zheng et al., 2017) https://emcore.ucsf.edu/ucsf-software

CTFFIND (Rohou and Grigorieff, 2015) https://grigoriefflab.umassmed.edu/ctffind4

RELION (Scheres, 2020) https://www3.mrc-lmb.cam.ac.uk/relion

COOT (Emsley et al., 2010) https://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

PHENIX (Adams et al., 2010) https://phenix-online.org/documentation/

reference/real_space_refine.html

UCSF Chimera (Pettersen et al., 2004) https://www.cgl.ucsf.edu/chimera/
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from PDB database are listed as below: 5O3L, 5O3O, 5O3T, 5OQV, 6HRE, 6HRF, 6A6B, 6H6B, 6GK3,

6GX5, 6CU7, 6CU8, 6QJH, 6QJM, 6QJP, 6QJQ, 6SSX, 6SST, 6SDZ, 6OSJ, 6OSM, 6OSL, 6R4R, 6SHS,

6IC3, 6HUD, 6NWP, 6NWQ, 6N37, 6N3B, 6N3A, 6N3C, 6VHA, 6VH7, 6VHL, 6VI3, 6LRQ, 7BX7, 6TJO,

6TJX, 6XYO, 6XYP, 6XYQ, 6WQK, 6L4S, 6XFM, 6VW2, 6UUR, 6LNI, 6Y1A, 6ZRF, 6ZRQ, 6ZRR, 6PEO,

6PES, 6L1T, 6L1U, 6UFR, 6VPS, 7MKF, 7MKG, 7MKH, 7LNA, 7NCA, 7NCG, 7NCH, 7NCI, 7NCJ, 7NCK,

6ZCF, 6ZCG, 6ZCH, 6Z1O, 6Z1I, 7KWZ, 7M61, 7M62, 7M64, 7M65, 6W0O, 7DA4, 7DWV, 7LC9, 7E0F,

7C1D, 7P6A, 7P6B, 7P6C, 7P6D, 7P6E, 7P65, 7P66, 7P67, 7P68, 7NRS, 7NRT, 7NRQ, 7NRV, 7NRX, 7VQQ.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Purification of recombinant mCerulean-FUS LC

The gene encoding FUS LC (residues 2–214) was inserted into pET22b vector with a His-tagged mCerulean

at the N terminus. mCerulean-FUS LC was overexpressed in Escherichia coli BL21 (DE3) at 25�C overnight

after induction by 0.5 mM isopropyl-1-thio-D-galactopyranoside (IPTG). Then, cells were collected by

centrifugation and lysed in the lysis buffer (50mM Tris-HCl, pH 7.5, 500 mMNaCl, 4 mM b-mercaptoethanol

and 2 mM Phenylmethylsulfonyl fluoride) at 4�C. Cell lysate was sonicated, followed by centrifugation at

30,966 3 g for 45 min at 4�C. The supernatant was loaded into Ni column (HisTrap FF, GE Healthcare)

and mCerulean-FUS LC protein was eluted with the elution buffer consisting of 50mM Tris-HCl, pH 7.5,

500 mM NaCl, 500 mM imidazole and 4 mM b-mercaptoethanol. The protein was further fractionated by

Superdex 75 (GE Healthcare) in 50mM Tris-HCl, pH 7.5, 100 mM NaCl and 5% glycerol.

Fluorescence recovery after photo bleaching (FRAP) assay and fibril formation

The PFRP assay was performed using the FRAP mode of the Leica SP8 confocal microscopy system with a

1003 oil objective. In brief, 100 mM mCerulean-FUS-LC in the buffer containing 50mM Tris-HCl, pH 7.5,

100 mM NaCl, 2% glycerin and 10% Dextran 70 were incubated at 37�C for 0 h and 24h. A circular region

of interest (ROI) approximately 2 mm in diameter was bleached for 2.5 s using a full power 405 nm laser.

After bleaching, time-lapse images were captured. For each indicated time point (t), the fluorescence in-

tensity of ROI was corrected by the intensity of a neighboring unbleached region. The fluorescence inten-

sity of pre-bleaching was set to 100% and the fluorescence intensity at each time point (It) was used to

calculate the fluorescence recovery (FR) according to the following formula: FR(t) = It/Ipre-bleaching. Im-

age J was used for quantification and GraphPad Prism to plot and analyze the FRAP experiments. 100 mM

mCerulean-FUS-LC in the buffer containing 50mM Tris-HCl, pH 7.5, 100 mM NaCl, and 2% glycerin was

incubated at 37�C for 5 days and harvested for cryo-EM fibril sample preparation.

Cell viability assay

HEK293T cells were cultured to test the cytotoxicity of FUS LC fibrils with Cell Counting Kit-8 (CCK-8) kit.

FUS LC fibrils was sonicated at 20% power for 15 times (1 s per time, 1 s per interval) on ice by JY92-IIN son-

icator. HEK293T cells cultured in 96-well plate were treated with sonicated FUS LC fibrils at final concentra-

tions of 5 and 10 mM for 24 h. Then cell viability was tested with Cell Counting Kit-8 kit following the man-

ufacturer’s protocol. Briefly, CCK-8 solution (10 ml/well) was added to each well. The absorbance of plate

was measured at 450 nm after incubating for 30 min. The data was analyzed with GraphPad Prism 6.

Negative-staining transmission electron microscopy

A drop of 5 ml of FUS LC fibril samples was loaded onto a glow-discharged, carbon-coated, 200 mesh cop-

per grid (Beijing Zhongjingkeyi Technology Co., Ltd.). The grid was held for 45s and washed by absorbing a

drop of double-distilled water and a drop of 3% uranyl acetate, respectively. The grid was then stained with

a drop of 3% uranyl acetate for another 45 s and dried in air. The images were captured by a Tecnai T12

microscope (FEI).

Cryo-EM data collection

Holey carbon copper Quantifoil grids (R2/1, 300 mesh) were used to prepare cryo-EM samples. Grid with a

drop of 4 ml of FUS LC fibril samples loaded on, was plunge-frozen in liquid ethane using Vitrobot Mark

IV(FEI) and transferred to Titan Krios transmission electron microscope (Thermo Fisher Scientific) operated

ll
OPEN ACCESS

14 iScience 25, 103701, January 21, 2022

iScience
Article



at 300 kV. Cryo-EM micrographs with a defocus from �2 to �1 mm were captured with a Gatan K2 direct

detector in super-resolution mode. 32 movies per micrograph were recorded with a pixel size of 1.1 Å

pixel�1 using a dose of 40 e�Å�2. Automated cryo-EM data collection was performed with EPU software

(Thermo Fisher Scientific).

Imaging processing, reconstruction, and model building

32 movie frames were processed using MotionCorr2 to correct beam induced with dose weighting and

stacked(Zheng et al., 2017). CTFFIND4.1.8 was then used to estimate the contrast transfer function(Rohou

and Grigorieff, 2015). Manual picking method of RELION3.1 was used to picked filaments manually and RE-

LION 3.1 was used to carry out subsequent steps of helical reconstruction.

16,394 fibrils from 1,089micrographs were selected andmanually picked for further processing. Fibrils were

first extracted using 1,024-pixel box size with an inter-box distance of 113 Å and only one dominant specie

of twist fibril with a population of over 99% was identified according to the reference-free 2D classification

using segments with a 1,024-pixel box size. 256-pixel box size with an inter-box distance of 28 Å was then

applied to extracted segments for further 2D classification and segments comprising an entire helical

crossover were selected. An initial 3D reference was de novo generated with suitable 2D class averages

by relion_helix_inimodel2d, low-pass filtered to 60 Å and applied as reference to perform 3D classification.

3D jobs with K = 3 were performed to select homogenous segments. Local optimization of helical twist and

rise was carried out to optimize twist parameters once separated b-strands were clearly shown. A final

reconstruction with Refine3D was performed with selected segments. The final overall resolution estimate

was calculated to be 2.9 Å based on the map–map Fourier shell correlation (FSC) at 0.143 cutoff with a soft-

edge solvent mask and noise substitution PostProcess.

Atomic model building

Solid state NMR structure of FUS LC fibril (PDB: 5W3N) was used as initial model. The model was built into

the central region of the electron density map in COOT(Emsley et al., 2010). A 3-layer model was generated

and refined by real_space_refine program in PHENIX(Adams et al., 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

One-way ANOVA followed by Tukey HSD post hoc test was performed in the GraphPad Prism software

following standard procedures.
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