
Amyotrophic lateral sclerosis (ALS) and 
frontotemporal lobar degeneration (FTLD) are 
two devastating neurodegenerative diseases 
that share disease mechanisms and underlying 
genetics, and can co-occur in the same indi-
vidual as ALS–FTLD. ALS is commonly char-
acterized by the deterioration of the motor 
neurons that control movement, whereas 
FTLD is associated with the deterioration of 
neurons in a part of the brain called the cortex, 
leading to behavioural changes and memory 
loss. Unfortunately, there are no effective ther-
apies for ALS and FTLD, and early diagnosis 
is challenging. A common hallmark of both 
conditions is the abnormal accumulation of 
a protein called TDP-43 inside degenerating 
neurons1–3. On page 139, Arseni et al.4 report 
the structure of TDP-43 aggregates isolated 
from the brains of two individuals who had 
died from ALS–FTLD.

TDP-43 is a crucial RNA-binding protein, and 
is situated mainly in the cell nucleus, where 
it regulates the expression of many genes3,5. 

Attempts to understand the mechanisms 
that underlie the mislocalization and aggre-
gation of TDP-43 in the cytoplasm are under 
way3. However, a major barrier limiting the 
development of diagnostic and therapeutic 
agents for ALS and FTLD is that the structure of 
TDP-43 aggregates in the brain has remained 
unknown.

Arseni and colleagues extracted filaments 
made of aggregated TDP-43 from two brain 
regions, the frontal cortex and the motor  
cortex — not an easy feat. First, they confirmed 
the disease-associated characteristics of the 
isolated TDP-43 aggregates. These charac-
teristics1,2 included insolubility, unusually 
extensive addition of phosphate groups (phos-
phorylation) to the serine amino-acid residues 
at positions 409 and 410 of the TDP-43 pro-
tein, and the presence of carboxy-terminal 
fragments of TDP-43.

Next, using a technique called cryo-electron 
microscopy (cryo-EM), Arseni et al. showed 
that TDP-43 molecules stack on top of one 

another, separated by about 4.8 ångströms, 
to form a single protofilament with a right-
handed helical twist of approximately 1.4°. 
Intriguingly, cryo-EM also revealed that, 
perpendicular to the helical axis, TDP-43 
forms what the authors call a double-spiral 
fold (Fig. 1).

This double-spiral fold is formed by 
79 amino-acid residues of TDP-43, extending 
from position 282 (a glycine) to position 360 
(a glutamine). This region lies in a domain of 
TDP-43 that has been described as ‘prion-like’ 
because of its similarity to another domain 
type that enables various yeast proteins to 
form what are known as prions3. These are 
infectious proteins that encode heritable traits 
in yeast. It is the prion-like domain that renders 
TDP-43 intrinsically prone to aggregation3,6.

The double-spiral fold comprises three 
segments of the TDP-43 prion-like domain: a 
region at the amino-terminal end that is rich in 
the amino acid glycine; a hydrophobic region 
that forms the nucleus of the fold; and the 
C-terminal end that is rich in the amino acids 
glutamine and asparagine (Fig. 1). Notably, 
the hydrophobic region enables TDP-43 to 
undergo a process called liquid–liquid phase 
separation, whereby the protein molecules 
condense to form membrane-less organelles3,5. 
This finding indicates that disease-associated 
TDP-43 filaments might originate from such 
liquid compartments3.

The presence of the double-spiral fold 
of TDP-43 filaments raises several exciting 
questions. How does this fold affect modifi-
cations of TDP-43 that occur after the protein 
chain is first synthesized? Which surfaces of 
the TDP-43 filaments are likely to capture 
other macromolecules? And how does the 
TDP-43 filament structure compare with 
those of protein filaments that accumulate  
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In some neurodegenerative diseases, a protein called TDP-43 
forms aggregates in the brain, resulting in neuronal cell death. 
The structure of these aggregates and their properties have 
been unveiled. See p.139

Figure 1 | TDP-43 filaments from individuals with ALS–FTLD adopt a 
double-spiral fold. Arseni et al.4 used a technique called cryo-electron 
microscopy to determine the structure of filaments formed by the protein 
TDP-43 that were isolated from the brains of two individuals who had died 
from a combination of two disorders of the nervous system: amyotrophic 
lateral sclerosis with frontotemporal lobar degeneration (ALS–FTLD). 
The filaments are formed by stacks of individual TDP-43 molecules. a, The 
structure of the portion of the protein that was stacked, from the glycine 

residue at position 282 (G282) in the amino-acid sequence of TDP-43 to 
the glutamine at position 360 (Q360), forms a double-spiral fold. This fold 
consists of three major regions: a glycine-rich region (amino acids 282–310; 
red); a hydrophobic region (amino acids 311–342; grey); and a region rich 
in the amino acids glutamine and asparagine (343–360; blue). Arrows 
represent structural elements called β-strands. b, A filament consisting 
of five TDP-43 molecules is shown. (Adapted from ref. 4, Extended Data 
Figs 4b and 6b.)
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in other neurodegenerative diseases?
Examining known phosphorylation sites 

associated with TDP-43 aggregation, Arseni 
and co-workers noted that the sites that are 
abnormally phosphorylated in ALS–FTLD  
(the serine residues at positions 409 and 410) 
lie outside the fold and are therefore accessi-
ble and compatible with the structure. That 
is, these phosphorylation events could occur 
after TDP-43 has aggregated. Furthermore, 
the authors characterized the TDP-43-filament 
surface and discerned two distinct features: a 
prominent groove formed by the main chain 
of amino acids 282–286 at the N-terminal end, 
and polar patches that arise from the abun-
dance of glutamine and asparagine residues at 
the C-terminal end. These two features prob-
ably enable TDP-43 filaments to engage with 
various macromolecules.

Notably, these surface features are not 
found in disease-associated filaments made 
of other proteins, such as the tau filaments 
and α-synuclein filaments that are seen in 
the brains of people with Alzheimer’s disease 
and Parkinson’s disease, respectively7,8. On the 
basis of these findings, the authors suggest 
that the macromolecules that interact with 

TDP-43 aggregates are probably distinct from 
those that interact with protein filaments  
associated with other neurodegenerative dis-
eases. This would hint that the mechanisms 
underlying ALS and FTLD differ from those 
associated with these other disorders.

Another crucial aspect to consider con-
cerns ALS-associated mutations in the gene 
encoding TDP-43, which can sometimes 
alter the region of the protein that forms the 
double-spiral fold. Would these alterations 
have any effect on the double-spiral-fold struc-
ture? Arseni et al. report that, of 24 mutations 
that affect that region of TDP-43 and that 
are associated with ALS, 18 are predicted to 
result in TDP-43 variants that could form the 
double-spiral-fold structure. Thus, it will be 
enlightening to establish whether TDP-43 fila-
ments adopt different folds in individuals who 
carry the mutations that are not compatible 
with the double-spiral-fold structure.

Finally, stark differences were revealed 
between the structures of brain-derived 
TDP-43 filaments and synthetic filaments 
assembled from portions of the TDP-43 
prion-like domain9,10. The inconsistencies 
between these structures highlight the 

difficulty in developing models of ALS–FTLD 
in vitro that faithfully recapitulate the dis-
ease. A major challenge will be to generate 
the double-spiral fold with synthetic TDP-43. 
Furthermore, in developing and regenerating 
muscle, TDP-43 forms filaments that might 
be required in proper muscle formation11. 
However, whether these TDP-43 filaments 
resemble the TDP-43 filaments found in neu-
rons of  individuals with ALS–FTLD remains  
unclear.

Unveiling the structure of TDP-43 filaments 
is a milestone that opens exciting avenues 
for the development of new diagnostic and 
therapeutic strategies. One challenge with 
ALS–FTLD is that there are no tools for early 
diagnosis, and no dye compounds are availa-
ble that bind to TDP-43 filaments in the brain 
to image them. The double-spiral-fold struc-
ture revealed by Arseni and colleagues might 
enable the design of imaging dyes. It will also 
be of interest to determine how therapeutic 
enzymes that break up protein aggregates 
might act on the double-spiral fold of TDP-43 
filaments to make the protein soluble3. Excit-
ingly, the structure should help to inform the 
development of small-molecule drugs that 
prevent the formation of the double-spiral fold 
and inhibit TDP-43 aggregation. Such drugs 
could provide an urgently needed intervention 
for treating these debilitating disorders.

Hana M. Odeh and James Shorter are 
in the Department of Biochemistry and 
Biophysics, Perelman School of Medicine, 
University of Pennsylvania, Philadelphia, 
Pennsylvania 19104, USA.
e-mail: jshorter@pennnmedicine.upenn.edu

1.	 Neumann, M. et al. Science 314, 130–133 (2006).
2.	 Arai, T. et al. Biochem. Biophys. Res. Commun. 351, 

602–611 (2006).
3.	 Portz, B., Lee, B. L. & Shorter, J. Trends Biochem. Sci. 46, 

550–563 (2021).
4.	 Arseni, D. et al. Nature 601, 139–143 (2022).
5.	 Hallegger, M. et al. Cell 184, 4680–4696 (2021).
6.	 Johnson, B. S. et al. J. Biol. Chem. 284, 20329–20339 

(2009).
7.	 Schweighauser, M. et al. Nature 585, 464–469 (2020).
8.	 Shi, Y. et al. Nature 598, 359–363 (2021).
9.	 Cao, Q., Boyer, D. R., Sawaya, M. R., Ge, P. 

& Eisenberg, D. S. Nature Struct. Mol. Biol. 26, 619–627 
(2019).

10.	 Li, Q., Babinchak, W. M. & Surewicz, W. K. 
Nature Commun. 12, 1620 (2021).

11.	 Vogler, T. O. et al. Nature 563, 508–513 (2018).

J.S. declares competing interests. See go.nature.
com/3dcfmrr for details.
This article was published online on 8 December 2021.

Efforts to prove Fermat’s last theorem, and 
a bewildered translator tackles a book 
about birds. 

100 years ago
Three Lectures on Fermat’s Last Theorem. 
By L. J. Mordell — The “last theorem of 
Fermat” states that if x, y, z, p denote 
positive integers, the equation xp + yp = zp is 
impossible if p exceeds 2: thus no cube can 
be the sum of two cubes, and so on … For 
three centuries this theorem has baffled the 
efforts of all who have attacked it, although 
it has attracted the attention of all first-
rate arithmeticians, and a great number of 
amateurs … A perplexing circumstance, 
often alluded to, is the fact that, in a private 
note, Fermat distinctly asserted that he 
had proved the theorem. Now Fermat was 
never convicted of a false assertion, and 
only once of a wrong conjecture … It is not, 
perhaps, unreasonable to hope that a proof 
may be found.
From Nature 5 January 1922

150 years ago
Bird-Life. By Dr. A. E. Brehm — Dr. Alfred 
Edmund Brehm has the fatal facility of 
being able to write endless nonsense on 
a subject which, in better hands, might be 
made truly instructive … Take his second 
paragraph, as Mr. Jesse translates it, and 
translates it very well too: — “Birds have 
much in common with mammals; and it is 
certain that some striking resemblances 
between individuals of both classes cannot 
be denied. Every impartial observer must 
recognise in the eagle the image of the lion, 
or rather its true representative in the bird-
world; in the owl we see the cat; the raven 
resembles the dog, the vulture, the hyena; 
the hawk, the fox; the parrot, the monkey; ... 
the butcher-bird, the weasel ... the ostrich, 
the camel ... and so on ...” What, then, is 
the use of all this? Even the translator has 
to append a note stating that the author 
has not truly explained what he is writing 
about … [I]t is plain that the writer to whom 
such ideas as the foregoing occurred has 
no pretension to be accounted a scientific 
man. Their association jars upon the 
feelings and contravenes the knowledge of 
any student of morphology.
From Nature 4 January 1872

From the archive

“Unveiling the structure 
of TDP-43 filaments opens 
exciting avenues for  
the development of  
new diagnostic and 
therapeutic strategies.”
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