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ABSTRACT

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are multifunctional proteins with integral
roles in RNA metabolism and the regulation of alternative splicing. These proteins typically
contain prion-like domains of low complexity (PrLDs or LCDs) that govern their assembly into
either functional or pathological amyloid fibrils. To date, over 60 mutations targeting the LCDs of
hnRNPs have been identified and associated with a spectrum of neurodegenerative diseases
including amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and Alzheimer's
disease (AD). The cryo-EM structures of pathological and functional fibrils formed by different
hnRNPs have been recently elucidated, including those of hnRNPA1, hnRNPA2, hnRNPDL-2, TDP-
43, and FUS. In this review, we discuss the structural features of these amyloid assemblies, placing
particular emphasis on scrutinizing the impact of prevalent disease-associated mutations map-
ping within their LCDs. By performing systematic energy calculations, we reveal a prevailing trend
of destabilizing effects induced by these mutations in the amyloid structure, challenging the
traditionally assumed correlation between pathogenicity and amyloidogenic propensity.
Understanding the molecular basis of this discrepancy might provide insights for developing
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targeted therapeutic strategies to combat hnRNP-associated diseases.

Introduction

Amyloid fibrils are highly ordered supramolecular
aggregates, where identical protein molecules stack in
a fibrillar conformation. They typically exhibit a cross-13
fold, where 3-sheets are often twisted slightly from one
layer to the next, creating a twisting helix along the
fibril’s axis [1,2]. Steric zippers are prevalent in amyloid
fibrils, effectively sealing off the structure from solvent
access, contributing to its remarkable stability [3].
Interestingly, many of the structured regions in amy-
loids arise from intrinsically disordered regions (IDRs)
of low complexity, known as low complexity domains
(LCDs), in their soluble counterparts. These regions are
key in facilitating self-templated aggregation, a process
well-documented in yeast prions and human prion-like
domains (PrLDs) [4-6].

For many years, amyloid aggregates have been pri-
marily associated with pathology, linked to a range of
debilitating diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and type II diabetes [2].
However, a growing body of research has revealed
that amyloids can also serve crucial biological functions
across all domains of life [1,2]. For instance, amyloids

have been shown to participate in structural support,
storage, transmission of information or signalling [2].
However, under certain conditions, such as increased
protein concentration or genetic mutations, even these
functional amyloids can undergo a transformation into
more stable, irreversible, and pathological forms.

A significant fraction of the proteins shown to tran-
sition to amyloids have RNA-processing functions,
with a notable representation of RNA-binding proteins
(RBPs) [1,7,8]. RBPs constitute a large class of proteins
that, together with RNA, form complexes within the
nucleus, known as ribonucleoproteins (RNPs). RNPs
are crucial in RNA metabolism, especially in cells with
complex and dynamic RNA profiles like neurons or
glial cells [7-11]. Among them, we find heterogeneous
nuclear ribonucleoproteins (hnRNPs), which are
involved in all aspects of RNA metabolism and in the
regulation of alternative splicing [12]. They exhibit
a modular structure, containing one or more RNA
binding domains (RBDs) that mediate interactions
with nucleic acids, the most common being the RNA
recognition motif (RRM). Additionally, they possess at

CONTACT Javier Garcia-Pardo €) Javier.Garcia.Pardo@uab.cat; Salvador Ventura €) Salvador.Ventura@uab.cat ) Institut de Biotecnologia i de
Biomedicina (IBB) and Departament de Bioquimica i Biologia Molecular, Universitat Autonoma de Barcelona, Bellaterra, Barcelona 08193, Spain

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the

Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0003-3114-1415
http://orcid.org/0000-0001-9179-6371
http://orcid.org/0000-0002-9652-6351
https://crossmark.crossref.org/dialog/?doi=10.1080/19336896.2024.2329186&domain=pdf&date_stamp=2024-03-20

least one LCD, which is required for establishing rele-
vant protein-protein interactions [4,7,9,13]. The LCD
often, but not always, includes the nuclear localization
sequence (NLS), facilitating nucleocytoplasmic shut-
tling as needed [9]. Recent evidence suggests that the
activity of hnRNPs is strongly associated to their ability
to switch between monomeric to amyloid-like confor-
mations, modulated by their LCDs, and eventually
influenced by the NLS [10].

Recent advancements in cryo-electron microscopy
(cryo-EM) technology have enabled the determination
of the atomic structures of diverse hnRNP assemblies
[14-16]. The high-resolution structures of the amyloid
fibrils formed by the LCDs of hnRNPA1 (PDB 7BX7)
[17], hnRNPA2 (PDB 6WQK, PDB 8DU2, PDB
8DUW, PDB 8EC7) [18,19], TAR DNA-binding pro-
tein 43 (TDP-43) (PDB 7Q3U, PDB 7KWZ, PDB 6N37,
PDB 6N3B, PDB 6N3A, PDB 6N3C) [20-22] and Fused
in sarcoma (FUS) (PDB 6XFM, PDB 7VQQ) [23,24]
have been already reported (Figure 1). Additional stu-
dies have also unveiled the structure of the amyloid
fibrils formed by full-length hnRNPs, including
hnRNPDL-2 (PDB 7ZIR) [25], hnRNPA1 (PDB 7ZJ2)
[26] and TDP-43 (PDB 7PY2, PDB 8CG3) [27,28]
(Figure 1). Taken together, these studies have shown
that while most pathologic amyloids can adopt multiple
highly stable fibril structures, known as polymorphs,
functional amyloids typically adopt a single favourable
conformational state, exhibiting more polar amyloid
cores and a wider range of stabilities. This confers
lability and reversibility to the fibrils when they are
no longer advantageous.

More than 60 mutations in the LCDs of hnRNPs
have been linked to human diseases, including missense
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[4,18,31,32], TDP-43 [33-37], FUS [38,39] and
hnRNPDL [10,25] genes. They have been traditionally
thought to cause a gain of toxic function giving rise to
different human disorders, including amyotrophic lat-
eral sclerosis (ALS), frontotemporal dementia (FTD),
multisystem proteinopathy (MSP), Alzheimer’s disease
(AD) or Parkinson’s disease (PD) [1,9,13]. A fraction of
these mutations target the NLS motif of these proteins,
resulting in cytoplasmic mislocalization and the accu-
mulation of persistent proteinaceous inclusions [29].
Interestingly, emerging research suggests that certain
missense mutations in hnRNPs do not favour fibrilla-
tion, as was often assumed. A notable example is
hnRNPDL-2, an RBP involved in transcription and
RNA processing, where mutations have been linked to
limb-girdle muscular dystrophy D3 (LGMD D3). These
mutations are associated with a reduced tendency to
fibrillate, correlating with the absence of protein aggre-
gates in the muscular tissues of most LGMD D3
affected patients [10,25].

Understanding how LCD mutations in hnRNPs
influence fibril formation and regulate structure-
function relationships is essential for elucidating the
genetic basis of these diseases. In this review, we pro-
vide a comprehensive overview of the current structural
understanding of hnRNP assemblies, focusing on how
disease-associated mutations affect their structural and
functional integrity.

Disease-associated mutations in hnRNPA1 and
hnRNPA2

hnRNPA1 and hnRNPA?2 (A2) are integral components
of the 40S ribonucleoprotein (RNP) complex, a key
player in nuclear RNA packaging [10]. Notably, three
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Figure 1. Domain organization of hnRNPs that have been structurally characterized using cryo-EM. The RNA recognition motifs
(RRMs), low complexity domains (LCDs) and the nuclear localization signals (PY-NLS and NLS) are colored in orange, light blue and

dark blue, respectively.
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isoforms of hnRNPAI are produced by alternative spli-
cing, being hnRNPA1A (hereafter referred as Al) the
predominant variant [40] and the isoform described in
this review. Both Al and A2 proteins are highly
expressed in cells and share a similar domain architec-
ture consisting of two RRMs and a LCD that includes
the Proline-Tyrosine nuclear localization sequence (PY-
NLS) Figure 2(a) and Figure 3(a) [9,10]. These proteins
have been described to undergo liquid-liquid phase
separation (LLPS) and self-assemble into both patholo-
gical and functional fibrils [17,18,31,41].

Recently, the cryo-EM structures of the amyloid fibrils
formed by Al and A2 LCD, have been determined
[17,18]. These high-resolution structures revealed that
the filament amyloid cores of Al and A2 encompass
their PY-NLS sequences. Furthermore, in line with their
reversible nature, A1 and A2 fibrils display greater lability
compared to other pathogenic amyloid assemblies formed
by hnRNPs [17,18,30]. In this scenario, disease-associated
mutations in Al and A2 LCDs were predicted to alter the
dynamics of these proteins in the cell promoting their
transition into ordered aggregated structures that can
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Figure 2. Impact of hnRNPA1 disease-associated mutations on fibril stability. (a) domain organization of hnRNPA1. Residues covered
by the amyloid core in the cryo-EM hnRNPA1 fibril structure (PDB 7BX7) [17] are indicated with a brown bar. (b-g) stabilization
energy maps of the amyloid fibrils formed by the WT protein (b) and their corresponding disease-associated mutants D262V (c),
D262N (d), N267S (e), P288A (f) and P288S (g). Note that amyloid fibril structures are colored by energy, being red and blue the
stabilizing and destabilizing residues, respectively. In (a-g) the nature of the disease-associated mutations is indicated with green

(stabilizing) or red (destabilizing) filled circles.
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Figure 3. Impact of hnRNPA2 disease-associated mutations on fibril stability. (a) domain organization of hnRNPA2. Residues covered
by the amyloid core in the cryo-EM hnRNPA2 fibril structure (PDB 6WQK) [18] are indicated with a brown bar. (b-d) stabilization
energy maps of the amyloid fibrils formed by the WT (b) and their corresponding disease-associated mutants D290V (c) and P298L
(d). The structures are colored according to the energy values, as described in figure 2. In (a-d), the nature of the disease-associated
mutations is indicated with green (stabilizing) or red (destabilizing) filled circles.

Table 1. Calculated standard free energy of stabilization of disease-associated mutations in hnRNPs.

Mutation Related disease AAG (kcal/mol)* References
hnRNPA1 (PDB 7BX7) [17] D262V ALS, MSP —24,19 [17,29,30]
D262N ALS, MSP -11,32 [17,29,30]
P288S ALS, MSP 34,08 [17,29]
P288A ALS, MSP 15,01 [17,29]
N267S ALS, MSP —-5,25 [17,29]
hnRNPA2 (PDB 6WQK) [18] D290V MSP, ALS, Paget's disease of bone -2,77 [4,18,31]
P298L Paget’s disease of bone 12,07 [31,32]
hnRNPDL-2 (PDB 7ZIR) [25] D259N LGMD D3 —4,63 [10,25]
D259H LGMD D3 4,89 [10,25]
TDP-43 (PDB 7PY2) [27] A315E ALS 3,25 [33-35]
A315T ALS 4,75 [34-36]
M337v ALS -5,29 [33,35,37]
Q331K ALS 14,48 [33,35,37]
TDP-43 (PDB 8CG3) [28] A315E ALS 4,83 [33-35]
A315T ALS 14,21 [34-36]
M337v ALS 31,86 [33,35,37]
Q331K ALS 22,93 [33,35,37]
FUS (PDB 7VQQ) [24] P106L FTLD 17,72 [38]
S115N ALS —7,58 [39]

*Standard free energy of stabilization (AAG in kcal/mol) upon mutation calculated using Rosetta [42] and the indicated cryo-EM
structures. The mutations were classified as stabilizing or destabilizing, considering a threshold of AAG <-1 kcal/mol for the
first and AAG >1 kcal/mol for the latest. Calculations were performed as described elsewhere [25].

interfere with normal cellular processes, contributing to
the development of degenerative diseases [4,9]. To inves-
tigate the impact of these disease-associated mutations,
we systematically computed the energy changes caused by

these amino acid substitutions in the amyloid assembly

using Rosetta (Table 1).

In the case of Al, a set of single-point mutations
within its LCD, including the missense mutations
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D262N/V, N267S, and P288S/A, have been linked to
the development of ALS, MSP, and FTD [10,17,25,29]
(Figure 2). Notably, the residues N267 and P288 are
located within the PY-NLS region of the Al LCD,
playing a critical role in binding to the nuclear import
receptor karyopherin-32 (Kapf2). This binding is
essential not only for the nuclear import of Al but
also for preventing its amyloid fibrillation, the receptor
potentially acting as a chaperone to dissolve preformed
fibrils. On the contrary, D262N/V mutation is located
outside PY-NLS, being less likely to alter cellular loca-
lization of Al.

Energetic calculations assessing the impact of these
mutations on the amyloid structure of A1 LCD (PDB
7BX7) [17] Table 1 and Figure 2(b-g), revealed an
increased stability for the D262N/V and N267S muta-
tions Figure 2(c-e), potentially enhancing their aggre-
gation tendencies by facilitating the establishment of
additional or stronger contacts. D262N/V mutant pro-
teins have been reported to yield fibrils with a similar
morphology to that of the WT protein [17], but these
fibrils were reported to be more stable, consistent with
Sun et al. and Gui et al. experiments, in which Asp
mutations impaired fibril reversibility as measured by
proteinase K digestion or increasing the temperature,
respectively [17,30]. Moreover, Beijer et al. and
Sharma et al. reported that although D262V does not
notably affect LLPS properties of the Al mutant pro-
tein, it significantly delays stress granules (SGs) disas-
sembly in vitro, supporting these previous findings
[26,29]. In a similar manner, the N267S mutation
has been reported to introduce a steric zipper that
stabilizes the Al protofilament interface [4,17].
Additionally, this mutation may also have an impact
on Kapfi2 binding, thus impairing Kapf32-mediated
chaperone activity.

On the other hand, P288S/A Figure 2(f-g) effects
might not seem to be obvious considering only the
current structural context, since these mutations were
predicted to be highly destabilizing. Although P288
appears to be oriented away from the fibril core in
the WT structure, this residue participates in the
Kapp2 binding. Overall, P288A LLPS properties are
similar to those of the WT protein, but it delays SG
disassembly in vitro, similar to the D262V mutation
[29]. Moreover, both P288S/A mutants accelerate Al
fibrillation [26,29], a result that is consistent with
ZipperDB showing an introduction of a new steric
zipper upon mutation [29]. Thus, P288S/A effect
might be driven by a reduced Kapf32 binding, allowing
the PY-NLS to engage in novel amyloid interactions
and accumulation of Al in the cytoplasm. However,

energetic calculations suggest that the fine structure of
the mutant fibrils would differ from that of the WT
protein. A recent study has reported the architecture
of the fibrils formed by full-length hnRNPA1 (PDB
77]2) [26]. The core of these fibrils corresponds to the
protein LCD and its structural configuration mirrors
that of the fibrils formed by the LCD alone.
Accordingly, computational analyses suggest that
mutations exert a comparable thermodynamic influ-
ence on the integrity of these full-length fibril
structures.

Point mutations in the A2 gene have also been
implicated in the development of ALS and MSP
(Figure 3). The D290V substitution bears striking
similarities to the D262V mutation identified in Al
[4,18,31]. Fibril stability calculations using the A2
structure (PDB 6WQK) ([18] Figure 3(b-d) reveals
that this mutation confers greater thermodynamic sta-
bility to the fibrils Table 1 and Figure 3(c). This
finding aligns with the work of Lu and colleagues
[18], who reported the first cryo-EM structure of the
amyloid fibrils formed by the LCD of this protein.
They also crystallized a hexameric segment containing
the D290V substitution [18]. Upon comparing the WT
and mutant crystal structures, they observed the for-
mation of steric zippers in the D290V variant, which
may shift reversible into irreversible fibril aggregation
[10,18].

In a recent study, the same research group eluci-
dated the cryo-EM structures of three polymorphs gen-
erated by the D290V mutation in the LCD of A2, with
findings consistent with our calculations, since the
resulting fibrils were more stable than that of the WT
protein [19]. Additionally, other studies have shown
that D290V enhances A2 recruitment within cytoplas-
matic SGs and induces aggregation [4,31,43,44].
Therefore, the pathogenicity of the D290V mutant
might be attributed to both enhanced aggregation and
the mislocalization and accumulation of irreversible A2
aggregates within the cytoplasm.

A second mutation in the LCD of A2, specifically
P298L, has been associated with development of Paget’s
disease of bone [31,44]. Some studies suggest that pro-
teins harbouring the P298L mutation exhibit altered
LLPS behaviour and increased aggregation propensity
in vitro. [44] Although the exact effects of the P298L
mutation on A2 are not fully understood, our calcula-
tions indicate that it may lead to decreased fibrils sta-
bility Table 1 and Figure 3(d). As P298 is located within
the PY-NLS, its pathologic effects might be by an
impaired binding of Kapf32 to the A2 PY-NLS, similarly
to the previously discussed effect of P288S/A in Al.



Disease associate mutations in hnRNPDL-2

hnRNPDL is a highly conserved DNA- and RNA-
binding hnRNP protein involved in mRNA biogenesis
and alternative splicing regulation [11,45]. This protein
exhibits a typical hnRNP composition, comprising two
globular RRMs followed by a C-terminal LCD (aa 201-
285), which contains the PY-NLS [10,25] Figure 4(a).
Notably, alternative splicing renders three hnRNPDL
isoforms with different aggregation and LLPS beha-
viours. hnRNPDL-2 (hereafter referred to as DL-2) is
the predominant variant in human tissues and the only
isoform capable of forming functional amyloid fibrils
able of binding ssDNA/RNA [10]. The cryo-EM struc-
ture of the functional fibrils formed by full-length DL-2
was recently determined by Garcia-Pardo and co-
workers [25]. Their study provided insights into the
overall arrangement of the RRMs within the fibril,
revealing that they form a solenoidal coat surrounding
the amyloid core. Contrary to what is observed in Al
and A2 proteins, the PY-NLS of DL-2 does not con-
tribute to the formation of its amyloid core, highlight-
ing distinct structural features specific to DL-2.

Missense mutations in DL-2 cause LGMD D3, a rare
human myopathy driven by the impaired fibrillation of
DL-2 mutant proteins. LGMD D3-associated mutations
change the highly conserved D259 to either Asn or His.
Similar to Al and A2 analogous Asp mutations,
D259N/H are located in DL-2 LCD, mapping into the
amyloid core of the fibrils.
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Energetic calculations of the D259N/H mutations on
DL-2’s amyloid structure (PDB 7ZIR) [25] Figure 4
(b-d) suggest that the D259N mutation slightly stabi-
lizes the fibrils, resembling to Asp substitutions in other
hnRNPs Table 1 and Figure 4(c). Conversely, the
D259H mutation is predicted to be destabilizing
Table 1 and Figure 4(d). However, neither mutation
appears to lead to the formation of steric zippers, sug-
gesting that these alterations may have a limited impact
on fibril stability and might not necessarily induce
disease through enhanced aggregation or increased
fibril stability [25]. Supporting this hypothesis, ultra-
centrifugation studies of WT and mutant aggregates
revealed that D259N/H proteins exhibit reduced amy-
loidogenicity compared to the WT protein. The result-
ing fibrils were observed to be shorter and less
organized [25]. This finding aligns with the absence of
aggregates in the muscular tissues of patients, suggest-
ing a loss-of-function mechanism where mutant pro-
teins are inefficient at forming functional amyloid
structures in the affected muscle [25,46].

Disease-associated mutations in TDP-43

TDP-43 is a ubiquitously expressed hnRNP involved in
multiple cellular processes, particularly in various
stages of RNA metabolism. TDP-43 features
a characteristic modular architecture, including an
N-terminal domain containing the NLS, two RRMs,
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Figure 4. Impact of hnRNPDL-2 disease-associated mutations on fibril stability. (a) domain organization of hnRNPDL-2. The residues
covered by the amyloid core in the cryo-EM hnRNPDL-2 fibril structure (PDB 7ZIR) [25] are indicated with a brown bar. (b-d)
stabilization energy maps of the amyloid fibrils formed by the WT (b) and their corresponding disease-associated mutants D259N (c)
and D259H (d). The structures are colored according to the energy values, as described in figure 2. In (a-d), the nature of the disease-
associated mutations is indicated with green (stabilizing) or red (destabilizing) filled circles.
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Figure 5. Impact of TDP-43 disease-associated mutations on fibril stability. (a) domain organization of TDP-43. The residues
encompassed by the amyloid core of two ex vivo fibril structures of TDP-43, derived from patients with ALS-FTLD (PDB 7PY2) [27]
and type A FTLD-TDP (PDB 8CG3) [28], are indicated with brown bars. b-k) stabilization energy maps of the ALS-FTLD (b-f) and type
A FTLD-TDP (g-k) amyloid fibrils. The structures of the WT (b and g) and their corresponding disease-associated mutants A315E (c
and h), A315T (d and i), M337V (e and j) and Q331K (f and k) are shown. The structures are colored according to the energy values,
as described in figure 2. In a-k), the nature of the disease-associated mutations is indicated with green (stabilizing) or red
(destabilizing) filled circles.



and a C-terminal LCD (aa 274-414) [7,9,47]
Figure 5(a). While the N-terminal region of TDP-43
is crucial for its dimerization and RNA splicing activity,
the LCD of this protein significantly influences its
solubility and plays an important role in regulating its
recruitment into SGs and its self-assembly into both
functional and pathological aggregates [9,10,33].

The presence of inclusions containing full-length
and fragmented TDP-43 is considered the main histo-
pathological hallmark of ALS, FTLD and other neuro-
degenerative conditions, collectively known as TDP-43
proteinopathies [22,28,29]. However, this pathological
signature is not exclusive to ALS and FTLD, as TDP-43
inclusions have also been identified in the brains of
patients with other neurodegenerative disorders,
including AD and PD [33,37].

Recently, Arseni and colleagues determined the
cryo-EM structures of TDP-43 amyloid fibrils extracted
from the frontal and motor cortices of patients with
ALS-FTLD [27] and type A FTLD-TDP [28]. These
seminal studies showed that each disease subtype was
characterized by distinct polymorphic amyloid fibril
structures, suggesting a strong association between
polymorphism and disease. Thus, distinct mutations
in TDP-43 can give rise to different fibril structures,
impacting the disease phenotype [21]. In addition,
abnormal post-translational modification (PTM) pat-
terns, particularly increased phosphorylation in mutant
proteins, have been implicated in promoting more
stable and irreversible TDP-43 aggregation [34,35,48].

Over 40 point mutations in TDP-43 have been
described so far, with nearly all of them located in the
LCD and associated with disease [7-9]. These muta-
tions exhibit diverse effects on the protein’s aggregation
and LLPS behaviour. In this review, we will focus on
describing four of the most prevalent and extensively
studied mutations within the LCD of TDP-43 Table 1
and Figure 5(b-k). Specifically, the amino acid substitu-
tions A315E, A315T and M337V in TDP-43 are muta-
tions linked to familial ALS, while Q331K is associated
to the development of sporadic ALS [49]. Despite the
different nature of these mutations, all of them have
been reported to display a similar effect on TDP-43
aggregation, enhancing filament formation
[22,33,35,48-50] and seeding capacity [22,50]. In addi-
tion, these mutations lead to equivalent patterns of
cytoplasmic mislocalization of TDP-43 [34,49] and
modify LLPS behaviour, resulting in less dynamic con-
densates [36,50]. This altered behaviour contributes to
neuronal dysfunction and cell death by disrupting
TDP-43’s normal functions [22,33,50]. Furthermore,
these disease-associated mutants not only present mod-
ified self-assembly properties but also lose their
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protective function against DNA damage, which leads
to an accumulation of DNA lesions and compromises
genome integrity in ALS patients [51].

Although some authors have suggested that muta-
tions in TDP-43 enhance fibril stability [34,37,47,49],
resulting in the accumulation of irreversible aggregates
[33,36], there is a lack of consensus in this regard. To
shed light on the potential role of these mutations in
TDP-43 pathogenesis, we have conducted energy cal-
culations using two recently solved prototypical struc-
tures from patients with ALS-FTLD (PDB 7PY2) [27]
Table 1 and Figure 5(b-f) or with type A FTLD-TDP
(PDB 8CG3) [28] Table 1 and Figure 5(g-k). Our ana-
lysis indicates that nearly all the examined mutations
are predicted to be destabilizing. The only exception is
the M337V mutation, which appears to slightly increase
the stability of the fibril structure derived from ALS-
FTLD patients Table 1 and Figure 5(e).

Previous studies have reported an aberrant LLPS
behaviour of TDP-43 condensates featuring the
M337V or Q331K mutations [50]. Notably, both
M337 and Q331 residues are situated within the amy-
loid core of the TDP-43 structure derived from ALS
with FTLD patients. These residues participate in med-
iating {3-sheet interactions that could be important for
the dynamics of TDP-43 aggregation Figure 5(b-f).
Specifically, the Q331K substitution introduces an
unbalanced charged group within the amyloid core
structure, potentially explaining its predicted destabiliz-
ing effect Table 1 and Figure 5(f).

In contrast, the M337 residue appears exposed to the
solvent in the amyloid structure associated with type
A FTLD-TDP Figure 5(j). This positioning could
account for the opposed energetic effect of the
M337V  mutation in the two analysed amyloid
structures.

In the case of residue A315, its structural positioning
varies in amyloid fibrils derived from different patho-
logical contexts. Specifically, in amyloid fibrils asso-
ciated with ALS-FTLD, A315 is exposed to the solvent
Figure 5(c-d), whereas in the type A FTLD-TDP struc-
ture, it forms part of the amyloid core Figure 5(h-i).
This structural context correlates with the more pro-
nounced destabilizing effects observed for both the
A315E and A315T mutations in the type A FTLD-
TDP amyloid fibrils, as depicted in Figure 5.
Furthermore, the ex vivo TDP-43 structure from ALS-
FTLD cases revealed two additional densities adjacent
to solvent-exposed residues R293 and A315, suggesting
potential interaction sites. Previous research has indi-
cated that single-stranded DNA (ssDNA) interactions
with TDP-43 can facilitate the assembly of the WT
protein into a hydrogel and trigger the irreversible
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precipitation of proteins associated with ALS [33,48].
Mutations such as A315E/T might interfere with these
ssDNA interactions, potentially altering TDP-43 self-
assembly. Ultimately, TDP-43 aggregation is influenced
by PTMs, including phosphorylation [27,34]. The
introduction of a threonine residue by the A315T
mutation could create a new phosphorylation site,
potentially impacting the assembly properties of
TDP-43.

Disease-associated mutations in FUS

FUS is a hnRNP that participates in various cellular
processes, including DNA damage repair, transcription
regulation, cell proliferation and RNA metabolism
[7,9,38]. As depicted in Figure 6(a), FUS has
a complex architecture composed of a single globular
RRM domain, a N-terminal LCD (aa 1-214), multiple
Glycine-rich regions and a C-terminal PY-NLS that
mediate its nucleocytoplasmic shuttling [7,10,38].
Similar to TDP-43, the FUS LCD is an essential element
that mediates protein-protein interactions within con-
densates [10]. Moreover, both FUS and TDP-43 share
common functional and pathological features, includ-
ing their association to neurodegeneration [38].

FUS was recognized as the primary component of
TDP-43-negative cytoplasmic inclusions observed in
rare ALS and FTLD cases, who presented FUS causative
genetic mutations [9,38]. In contrast to TDP-43, most

of the identified pathogenic mutations in FUS are
located in the PY-NLS region [9,38]. Often these muta-
tions affect the nuclear import of this protein, leading
to its accumulation in the cytosol and giving rise to
a gain of toxic function [4,7,9]. Moreover, different
single-point mutations in the LCD of this protein
have been associated to a conversion of functional
and reversible liquid-like cytoplasmatic droplets into
solid and more stable assemblies that accumulate as
cytoplasmatic inclusions within degenerating motor
neurons [9,10,38]. Despite extensive research, the
pathogenic mechanisms underlying these mutations
remain poorly understood.

In 2022, Sun and co-workers reported the cryo-EM
fibrillar structure formed by the full-length FUS LCD
fused to an N-terminal mCerulean tag [24]. This struc-
ture revealed a dominant fibril conformation displaying
a unique serpentine fold comprising 10 individual B-
strands spanning residues 34-124. We, therefore,
assessed whether the disease-associated mutations tar-
geting this region (i.e P106L and S115N) affect the
stability of FUS amyloid fibrils Figure 6(b-d). As
shown in Table 1 and Figure 6, energy calculations
report destabilizing and stabilizing effects for P106L
and SI115N mutations, respectively. It is important to
note that the P106L substitution adds a hydrophobic
residue that cannot be easily accommodated into the
amyloid structure, leaving the side chain of this new
residue exposed the solvent, which may explain the
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Figure 6. Impact of FUS disease-associated mutations on fibril stability. (a) domain organization of FUS. The residues covered by the
amyloid core in the cryo-EM FUS fibril structure (PDB 7VQQ) [24] are indicated with a brown bar. (b-d) stabilization energy maps of
the amyloid fibrils formed by the WT protein (b) and their corresponding disease-associated mutants P106L (c) and S115N (d). The
structures are colored according to the energy values, as described in figure 2. In a-d), the nature of the disease-associated
mutations is indicated with green (stabilizing) or red (destabilizing) filled circles.



decreased fibril stability. In contrast, the S115N muta-
tion is likely to introduce additional stabilizing hydro-
gen bond interactions within the amyloid core, which is
consistent with our energy calculations.

Previously, it has been reported that the interaction of
FUS with specific RNAs modulates protein self-assembly
and granule integrity [52]. In a similar context, single-
point mutations in FUS have been associated to an
altered RNA binding and enhanced FUS aggregation
[53]. It is possible that the P106L mutation in FUS
might exert comparable effects by altering the local resi-
due environment and its interactions. Alternatively, this
mutation might result in a different polymorph in which
the newly introduced leucine residue resides at the sol-
vent protected core of the fibril, stabilizing it through
increased hydrophobic packing.

Concluding remarks

RBPs form RNP complexes with RNA, playing an
essential role in RNA metabolism and alternative spli-
cing regulation [7-11]. A subset of these RBPs belongs
to the hnRNPs protein family, whose functionality is
intricately tied to their ability to transition between
monomeric and amyloid-like states [54]. This confor-
mational switch is primarily orchestrated by their LCD
regions [55]. Notably, mutations within the LCD of
hnRNPs have been associated with altered protein self-
assembly and functionality, leading to a variety of neu-
rodegenerative diseases, including ALS, FTD, MSP, AD,
and PD. Despite significant progress in genetic research
on these diseases, the precise pathogenic mechanisms
of these mutations remain incompletely understood.

Recent advancements in cryo-EM have enabled the
elucidation of the structures of amyloid fibrils formed
by different hnRNPs, including A1, A2, DL-2, TDP-43,
and FUS LCDs. These structures have shed light on the
molecular interactions within amyloid cores and have
revealed fundamental conformational differences
between functional and pathologic amyloids.

In this review, we analyse the current literature
addressing the structure of amyloid assemblies formed
by hnRNPs and discuss how disease-associated muta-
tions might impact their structure and function. We
have systematically evaluated the energetic impact of
prevalent mutations targeting the LCDs of these pro-
teins. Contrary to the prevailing notion that mutations
within the hnRNPs’ amyloid core invariably lead to
more stable and irreversible aggregates, our calculations
revealed a predominance of destabilizing -effects
induced by disease-related mutations in the analysed
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structures. However, we also observed a set of muta-
tions causing a significant stabilizing effect, reinforcing
intra- and inter-subunit interactions.

Our analysis highlighted specific trends for certain
residue substitutions. For instance, mutations involving
Asp residues frequently result in a stabilization of the
amyloid fold. Conversely, substitutions involving Pro
or Ala residues tend to promote destabilizing effects. It
is now clear that a single protein sequence can give rise
to distinct fibril polymorphs, each associated with
a different disease condition. Similarly, the same muta-
tion can induce distinct effects on different poly-
morphs, contingent upon the local environment of the
affected residue. This is the case of the TDP-43 M337V
mutation, which exerts divergent stabilizing or destabi-
lizing influences depending on the specific TDP-43
amyloid structure being analysed.

Overall, our findings suggest that fibril stability
alone is not the sole determinant of hnRNPs pathogen-
esis. Neither amyloid structure stabilization nor desta-
bilization could be univocally associated with toxicity
or altered function. Ultimately, the LCD mutations that
we analysed argue that pathogenicity does not always
correlate with amyloidogenic propensity.
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