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Abstract

Heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) is a multifunctional RNA-binding protein that is
associated with neurodegenerative diseases, such as amyotrophic lateral sclerosis and multisystem pro-
teinopathy. In this study, we have used cryo-electron microscopy to investigate the three-dimensional
structure of amyloid fibrils from full-length hnRNPA1 protein. We find that the fibril core is formed by a
45-residue segment of the prion-like low-complexity domain of the protein, whereas the remaining parts
of the protein (275 residues) form a fuzzy coat around the fibril core. The fibril consists of two fibril protein
stacks that are arranged into a pseudo-21 screw symmetry. The ordered core harbors several of the posi-
tions that are known to be affected by disease-associated mutations, but does not encompass the most
aggregation-prone segments of the protein. These data indicate that the structures of amyloid fibrils from
full-length proteins may be more complex than anticipated by current theories on protein misfolding.

� 2023 Elsevier Ltd. All rights reserved.
Introduction

The misfolding of heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1) protein is a
common characteristic of several
neurodegenerative diseases, including
amyotrophic lateral sclerosis (ALS),
frontotemporal lobar degeneration (FTLD) and
multisystem proteinopathy (MSP).1–3 This member
of the family of multifunctional RNA-binding pro-
teins, is thought to play an important role in tran-
scription, mRNA splicing, stability, transport and
td. All rights reserved.
translation.4,5 It contains two RNA recognition
motifs (RRMs) and a so-called low-complexity
domain (LCD) that is glycine-rich and contains sev-
eral RNA-binding Arg-Gly-Gly repeats.6,7 The LCD
contains many uncharged polar amino acids and
is classified as prion-like due to the similarity of its
amino-acid composition to the prion domains of cer-
tain yeast proteins.2,8

The LCD of recombinant and putatively
monomeric hnRNPA1 protein is structurally
flexible and lacks stable conformational
elements.2,9 It carries a nuclear-localization signal
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sequence (NLS) that governs the nuclear localiza-
tion of the protein under physiological conditions.10

The nuclear-cytoplasmic shuttling of hnRNPA1 is
mediated by karyopherin-b2 (Kapb2, also known
as transportin-1) protein which binds directly to the
NLS.11,12 Cellular stress leads to a translocation of
hnRNPA1 into the cytoplasm where it undergoes
a liquid–liquid phase separation and participates in
the formation of stress granules (SGs).13–15

Recently, Kapb2 protein was shown to act as a
molecular chaperone of several RNA-binding pro-
teins and inhibited and reversed the formation of
amyloid fibrils from hnRNPA1 protein.16

Several changes to the hnRNPA1 amino acid
sequence were found to be associated with
familial forms of ALS or MSP.2,3,13,17 These
changes include the single-site mutations
Asp262Asn, Asp262Val, Asn267Ser, Pro288Ser
and Pro288Ala as well as frameshift mutations that
affect the C-terminal length of hnRNPA1 beyond
residue Gly303.2,3,13,17 The mutational changes
Asp262Val, Pro288Ala and Pro288Ser were
reported to accelerate the formation of fibrils
in vitro and to recruit hnRNPA1 protein into SGs
when expressed in cultured cells,2,3,13 Asp262Val
and Pro288Ala, decelerate SG disassembly in cul-
tured cells, but do not notably affect the liquid–liquid
phase separation of the mutant compared to wild-
type (WT) protein in vitro.3 The frameshift mutations
affect SG formation in cultured cells and the ability
of hnRNPA1 to undergo the liquid–liquid phase sep-
aration as well as to form fibrils in vitro.3

To gain a deeper understanding of mechanism by
which full-length hnRNPA1 protein forms amyloid
fibrils, we here determined the molecular structure
of the full-length hnRNPA1 amyloid fibril using
cryo-electron microscopy (cryo-EM). We find that
the fibril contains a stable core that is composed
of a 45-residue segment of the LCD, whereas the
majority of the fibril protein does not participate in
formation of the filament structure and decorates
the fibril core. The importance of the fibril core is
further supported by the observation that the
several of disease-related mutations are clustered
in the region found ordered by cryo-EM.

Results and Discussion

Cryo-EM structure of the full-length hnRNPA1
amyloid fibril

Amyloid fibrils from full-length hnRNPA1 protein
(residues 1–320) were plunge frozen in liquid
ethane and imaged with a cryo electron
microscope at 300 kV. The resulting images show
the presence of mainly one dominant fibril
morphology that is defined by a width of 19.9 ± 1.
1 nm and a fuzzy appearance without well-
resolved cross-overs (Figure 1(a)). Two-
dimensional (2D) class averages obtained with the
computationally cropped segments of the fibril
revealed the helical structure of the fibril and
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showed a well-resolved feature with 4.7–4.8 �A
spacing originating from the stacking of the b-
strands along the fibril axis (Supplementary
Figure 1(a)). The three-dimensional (3D) map,
which was reconstructed from the cryo-EM data,
achieved a spatial resolution of 3.32 �A, based on
the 0.143 Fourier Shell Correlation (FSC) criterion
(Figure 1(b), Supplementary Figure 1(b,c)). The
reconstruction implemented a left-hand fibril twist,
as a left-handed twist of the fibrils was obtained
with platinum-side shadowing and Transmission
electron microscope (TEM) (Figure 1(b),
Supplementary Figure 1(d)). The reconstructed
3D map was used to build an atomic model of the
fibril (Figure 1(b)).
The fibril core is formed by 45 residues (Gly251 to

Tyr295) from the LCD (Figure 1(c)). Each fibril
molecules extends by �7 �A along the fibril axis,
as measured at the Ca atoms (Figure 1(d)).
Residues Met1 to Asp250 and Phe296 to Phe320
are not seen in our 3D map suggesting that these
N- and C-terminal segments of the fibril protein
are conformationally disordered. The N- and C-
terminal residues of the fibril core (Gly251 and
Tyr295) are solvent exposed (Figure 1(c)),
allowing conformationally heterogenous N- and C-
terminal segments to protrude from and to
decorate the fibril core. This conclusion is
consistent with the diffuse appearance of the
fibrils in the cryo-EM micrographs (Figure 1(a))
and the substantially smaller width of the 3D map
(�6.2 nm) compared to the fibril width measured
with the cryo-EM micrographs (Figure 2).

Proteolysis of full-length hnRNPA1 amyloid
fibril

To further confirm that the N- and C-terminal
segments of hnRNPA1 protein surround the fibril
core, we subjected the hnRNPA1 fibrils to
proteolysis with proteinase K (PK). Proteolysis
resulted in three bands on the gel at
approximately 20, 10 and 7 kDa (Supplementary
Figure 2). To ascertain the molecular identity of
these bands, three bands were digested with
trypsin and analyzed with mass spectrometry
(Supplementary Figure 3–5, Supplementary
Tables 3–5). Analysis of the six most intense
peaks in the mass spectra of the 20 and 7 kDa
bands resulted in the identification of a number of
N-terminal protein fragments but no fragment from
LCD. In the case of the 10 kDa band, a similar
analysis identified one fragment from the fibril core
along with several N-terminal fragments. Our
results suggest that the fibril core of hnRNPA1
fibrils is very unstable when exposed to PK and
becomes digested more rapidly than the N-
terminal RRM domains, presumably because they
are folded into globular domains. Our Results
further strengthen the conclusion that the N- and
C-terminal segments of hnRNPA1 protein
surround the fibril core.



Figure 1. Cryo-EM structure of the full-length hnRNPA1 fibril. (a) Cryo-EM image of the fibrils. Scale bar:
100 nm. (b) Side view of the 3D map (left) and of the molecular model represented as ribbon diagram (right). (c)
Cross-sectional view of one molecular layer of the 3D map, superimposed with the molecular model. N-terminal and
C-terminal amino acid residues of the fibril core are labelled. In panels (b) and (c), the two fibril protein stacks are
colored in different shades of gray to guide the eye. d) Side view of fibril protein showing z-axial height of the protein
backbone.

Figure 2. Comparison of fibril width in the micrograph and in the 3D map. (a) Cross-sectional representation
of the fibril core with flexible and structurally disordered segments being added as dotted lines in arbitrary
conformation. It is possible that the N-terminal segment contains regions with stable conformation at the RRM
domains not shown in the figure. (b) Cryo-EM micrograph image (left) and 3D map of the fibril (right) scaled to the
same size. Scale bar: 50 nm.

K. Sharma, S. Banerjee, D. Savran, et al. Journal of Molecular Biology 435 (2023) 168211
Structural features of the fibril

The fibril is polar and consists of two staggered
fibril protein stacks (Figure 1b). The fibril shows a
pseudo 21-screw symmetry. Together with the
axial height change of the protein molecules (see
above), the symmetry helps to sterically interlock
the proteins in the fibril. There are two b-strands
per fibril protein, termed here b1 and b2, which
extend from residue Tyr260 to Asp262 and from
residue Asn265 to Asn272 (Figure 3). The two
3

fibril protein stacks pack at a distance of �7.3 �A
perpendicular to the fibril axis. This spacing
defines, together with the 4.7–4.8 �A spacing of the
molecules in the direction of the fibril axis, the fibril
cross-b structure. The fibril structure appears to
be stabilized through highly cooperative networks
of inter- and intramolecular interactions. These
interactions can roughly be divided into
interactions that extend within the cross-sectional
plane of the fibril, such as intra- and inter-
molecular side chain-side chain interactions, and



Figure 3. MD simulations of the hnRNPA1 fibril structure. (a) Temporal development of the RMSD at different
temperatures (light gray: 300 K, dark gray: 350 K, black: 400 K). (b) Averaged RMSF values of the Ca atoms of
residues Gly251-Tyr295 (light gray: 300 K, dark gray: 350 K, black: 400 K). Arrows above the x-axis indicate the
position of b-strands in the fibril protein. Error bars show the standard deviation (n = 12).
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interactions that run along the fibril z-axis. The latter
include the backbone-backbone hydrogen bonds,
which define the fibril cross-b structure, and
intermolecular side chain-side chain interactions
that run across different layers of the fibril. These
interactions are visualized by the molecular model,
although the current resolution of our
reconstruction does not allow their clear
observation in the 3D map.
To obtain further insights into the molecular

features responsible for the fibril stability, we
carried out molecular dynamics (MD) simulations
of the fibril core at 300 K, 350 K and 400 K. These
methods reveal relatively low root mean square
fluctuations (RMSFs) at the Ca atoms of residues
Tyr260 to Phe273 (Figure 3), indicating a high
structural stability of this sequence segment. As
these residues form also the fibril cross-b
structure, we conclude that the b-sheets constitute
the most stable structural elements of the fibril.
The core residues, which are closer to the
disordered parts of the fibril protein, are more
vulnerable to a loosening of their structure, as
indicated by their higher structural fluctuations
(Figure 3). This effect is particularly strong at
residues Gly287-Tyr295, which are also prone to
dissociate from the fibril core as demonstrated by
measurement of the distance between the
residues in the terminal fibril layers (i + 2 and
i � 3) and their next neighbors (layers i + 1 and
i � 2) (Supplementary Figure 6). Interestingly,
layer i � 3 shows a greater propensity to
dissociate from the fibril protein stack than layer
i + 2, indicating that the molecules at the two
opposing ends of the fibril differ in their
dissociation susceptibility (Supplementary
Figure 6).
The segment, which is in particular affected by the

structural loosening in our MD simulation, relates to

4

the NLS of hnRNPA1 and thus to the region of the
protein that is bound by Kapb2.12 Kapb2 dissociates
preformed hnRNPA1 aggregates in vitro and in cul-
tured cells16 and requires the hnRNPA1 PY
(Pro288-Tyr289) motif at the NLS as well as residue
Arg284 for binding.12 Interestingly, all three resi-
dues show increased distances between the termi-
nal layers at the end of our MD analysis, indicating
that they support the dissociation of molecules from
the fibril ends (Supplementary Figure 6).
The fibril cross-b structure does not match well
with the regions of high aggregation
propensity

Although the involvement of the LCD in fibril
formation was reported by several previous
studies,2,14,15,18 its importance for the formation of
the fibril cross-b structure is surprising – at least
when comparing the fibril cross-b structure with
the intrinsic aggregation propensity of hnRNPA1.
The intrinsic aggregation propensity of a sequence
can be revealed by widely used computational
tools, such as ZipperDB,19 Waltz,20 Aggrescan,21

FoldAmyloid,22 PASTA 2.0,23 TANGO 2.224 and
Amylpred 2.25 Analysis of the hnRNPA1 sequence
with these methods consistently identifies seg-
ments within the two RRMs, but not within the
cross-b sheet forming sequence elements, as par-
ticularly aggregation-prone (Figure 4). Five out of
seven tested methods (Aggrescan, FoldAmyloid,
Pasta 2.0, TANGO 2.2 and Amylpred 2) lacked
any hit within the fibril cross-b structure (Figure 4).
Only two (ZipperDB and WALTZ) showed hits
within these secondary structural elements. In case
of ZipperDB, however, the observation of true pos-
itives is compromised by a very high number (85) of
false positives in the disordered segments of the fib-
ril protein (Figure 4), indicating that this method



Figure 4. Location of the fibril cross-b structure in the hnRNPA1 sequence. Residue specific prediction of
aggregation prone regions within full-length hnRNPA1 protein using seven different prediction tools. The dotted and
continuous lines refer to the fibril structures of full-length (black, Protein Data Bank (PDB) entry 7ZJ2) and N-
terminally truncated hnRNPA1 protein (grey, PDB entry 7BX7).18 Dotted lines: residues not seen in the 3D map;
continuous line: residues seen in the 3D map. Arrows above the lines indicate b-strands. The b-strands were drawn
according to the respective publication and differences in their position may thus reflect different definitions. For
ZipperDB, every residue in the predicted aggregation prone six-residue sequence segment were counted as hits and
are assigned with a dot.
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shows low specificity. One of the segments pre-
dicted by ZipperDB (residues Gly243 to Gly248)
was shown to adopt a so-called low-complexity
aromatic-rich kinked segment structure as a peptide
crystal.26 The apparently best compromise between
true and false positives was obtained with WALTZ,
which showed 4 true positives within the cross-b
structure and only 21 false positive residues within
the remaining parts (ordered and disordered) of
the fibril protein (Figure 4).
In conclusion, the tested tools to predict the

amyloidogenic potential of a sequence do not
specifically predict the sequence segments that
form the fibril cross-b structure of the full-length
hnRNPA1 protein. Related conclusions were
obtained previously with experimentally verified
amyloid fibril structures from other fibril proteins,
such as the fibrils obtained from immunoglobulin
light chains and serum amyloid A protein. In all
cases, it was found that the predictions of the
5

highly amyloidogenic regions did match well the
experimentally verified b-sheet structure in the
amyloid fibril.27–29 These conclusions with amyloid
fibrils from relatively large-sized proteins (>50
amino acids) contrast to observations made with
short peptide fragments (<15 amino acids) corre-
sponding to segments with a high intrinsic aggrega-
tion propensity wheremany studies show that these
segments avidly form cross-b structures as amyloid
fibrils and peptide crystals.26,30–32
Location of the disease-related mutations in
the fibril structure

The structural importance of the LCD, which we
reveal here for the full-length hnRNPA1 fibrils with
cryo-EM, is indicated further by observations that
several ALS- and MSP-associated mutations are
located within residues Gly251 to Tyr295.2,3,13,17

Examples hereof include the disease-associated
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hnRNPA1 mutations Asp262Asn, Asp262Val,
Asn267Ser, Pro288Ala and Pro288Ser (Supple-
mentary Figure 7(a)). At least two of the affected
residues occur at strategic positions of the fibril
architecture. Asn267 is located in the center of the
fibril where it forms part of the interface between
the two protein stacks, while Asp262 helps to define
the fibril protein fold by forming an intermolecular
salt bridge with Arg284 (Supplementary Figure 7
(a)). The mutational changes, Asp262Asn and
Asp262Val, remove the charge at residue 262 and
lead to a substantial change of the residue’s chem-
ical properties. Indeed, Asp262Asn, Asp262Val and
Asn267Ser hnRNPA1 fibrils aremorphologically dif-
ferent from wild WT hnRNPA1 fibrils, as demon-
strated by TEM (Supplementary Figure 7(b)). The
same observation is made with fibrils formed from
Pro288Ser hnRNPA1 protein, although residue
Pro288 does not seem to be involved in the forma-
tion of crucial interactions within the fibril structure
(Supplementary Figure 7(b)). The observation of
structural effects upon mutation differs from previ-
ous results obtained with fibrils formed from shorter
constructs (residues Met286-Phe320) of hnRNPA1
protein, where the mutational variants Asp262Val
and Asp262Asn were reported not to substantially
affect the fibril structure.18 According to our data,
however, each mutation leads to a visibly different
fibril morphology as defined by the fibril width and
the distance between adjacent crossovers (Supple-
mentary Figure 7(b)).
Interestingly, we find that the full-length hnRNPA1

protein forms a fibril core that is essentially
indistinguishable from the one formed from
Figure 5. Comparison of the fibril core in full-
length and N-terminally truncated hnRNPA1 fibrils.
Super-imposition of one molecular layer of the fibril core
of full-length hnRNPA1 (light gray, PDB entry 7ZJ2) and
N-terminally truncated hnRNPA1 protein (dark gray,
taken from the PDB entry 7BX7).18
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truncated hnRNPA1 protein (Figure 5). The Root
mean square deviation (RMSD) of the two
structures is 0.688 �A. This similarity is remarkable
given that the two fibrils were formed not only by
different protein constructs but also under different
conditions of fibril formation. Full-length hnRNPA1
fibrils were formed at 25 �C in 40 mM 4-(2-hydroxye
thyl)-1-piperazineethanesulfonic acid (HEPES)-
KOH, 150 mM KCl, 5% (v/v) glycerol, 20 mM
glutathione, pH7.4, whereas the fibrils from the
truncated protein were grown by its incubation at
16 �C in 50 mM tris(hydroxymethyl)aminome
thane-HCl, 100 mM NaCl, pH 7.5.18 That is, differ-
ent protein constructs and different conditions of fib-
ril formation did not substantially affect the formed
fibril structure. This finding contrasts sharply to
observations made with other fibril proteins, such
as from a-synuclein, TAR DNA-binding protein 43
and Ab peptide, where even slight change in the
conditions of fibril formation or in the length of the
protein construct resulted in clearly different fibril
morphologies.33–35
Conclusion

Using cryo-EM, we have obtained the amyloid
fibril structure from full-length hnRNPA1 protein
(Figure 1). We found that the fibril core is formed
from a segment of the LCD, while the more N-
and C-terminal segments of the protein are
structurally heterogenous and are not seen in our
3D map (Figures 1 and 2). Our structure matches
a recently obtained structure of a N-terminally
truncated fragment of hnRNPA1 protein (Figure 5)
that lacked the two RRM domains.18 Our analysis
now shows that these domains do not contribute
to the formation of the core of full-length hnRNPA1
fibrils, although they exhibit the highest intrinsic
amyloidogenic potential of the fibril protein
sequence (Figure 4). This finding shows that it is
currently difficult, if not impossible, to correctly
anticipate which sequence segments will form the
fibril cross-b structure. Our data therefore support
the idea that the amyloid cross-b structure repre-
sents a generic state of the polypeptide chain,
which is primarily adopted due to an intrinsic struc-
tural prediction of the polypeptide backbone,36,37

while the amino acid side chains and their specific
interactions are more relevant to determine the
packing of the cross-b structural elements into a
stable fibril.30
Material and Methods

Protein purification and fibril formation

WT hnRNPA1 and its mutagenic variants
Asp262Asn hnRNPA1, Asp262Val hnRNPA1,
Asn267Ser hnRNPA1 and Pro288Ser hnRNPA1
were expressed and purified from E. coli as
glutathione S-transferase (GST)-tagged proteins.
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Expression constructs were generated in pDuet to
contain a tobacco etch virus (TEV)-cleavable site,
resulting in a GST-TEV-hnRNPA1 construct.38,39

GST-TEV-hnRNPA1 was overexpressed in E. coli
BL21-CodonPlus(DE3)-RIL cells (Agilent) and puri-
fied under the native conditions using a glutathione-
sepharose column (GE Healthcare) according to
the manufacturer’s instructions. Proteins were
eluted from the glutathione sepharose column with
assembly buffer (AB; 40 mM HEPES-KOH,
150 mM KCl, 5% (v/v) glycerol, 20 mM glutathione,
pH7.4, Supplementary Figure 8). The protein was
centrifuged for 10 min at 16,100 g, and the super-
natant was separated from the pellet to remove pro-
tein aggregates. The protein concentration was
determined using the Bradford assay (Bio-Rad)
and bovine serum albumin as a standard. Aggrega-
tion was initiated by addition of TEV protease (Invit-
rogen) to GST-TEV-hnRNPA1 (5 lM) in AB. Fibrils
were assembled by incubation at 25 �C for 24 h with
agitation at 1,200 r.p.m. using an Eppendorf
Thermomixer.
TEM analysis of negatively-stained specimens

Formvar and carbon-coated 200 mesh copper
EM grids (Electron Microscopy Sciences) were
glow discharged for 40 s at 40 mA using PELCO
easiGlow glow discharge cleaning system (TED
PELLA). 3.5 ml of fibril sample were placed on the
grid. After 1 min, the sample was blotted with filter
paper (Whatman) and the grids were washed
three times with 10 ml water followed by three
washing with 10 ml 2% (w/v) uranyl acetate
solution. The grids were allowed to dry for 10 min,
before they were analyzed at 120 kV with a
JEOL1400F TEM equipped with CMOS camera
(TVIPS).
Platinum side shadowing and analysis

The specimens for platinum side shadowing were
prepared by glow discharging formvar and carbon-
coated 200 mesh copper EM grids (Electron
Microscopy Sciences) for 40 s at 40 mA using
PELCO easiGlow glow discharge cleaning system
(TED PELLA). 3.5 ml of the fibril sample were
placed on the grids and incubated for 1 min before
the grids were blotted with filter paper (Whatman).
The grids were washed three times with 10 ml
water and allowed to dry for 15 min. Afterwards,
grids were coated with a 1 nm thick layer of
platinum which was evaporated at an angle of 30�
with a Balzers TKR 010 system. The grids were
analyzed using a JEOL1400F TEM which was
operated at an accelerating voltage of 120 kV and
equipped with a CMOS camera (TVIPS).
Cryo-EM

The C-flat holey carbon grids (CF 1.2/1.3-4C,
Electron Microscopy Sciences) were glow-
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discharged using PELCO easiGlow glow
discharge cleaning system (TED PELLA) and
added with 3.5 ml of fibril sample. The sample was
incubated on the grid for 30 s, blotted on both
sides for 8 s at a humidity > 95% and then plunge-
frozen in liquid ethane using FEI Vitrobot MarK-3
(Thermo Fisher Scientific). The plunge-frozen
grids were screened with a JEM 2100F (JEOL)
TEM at an accelerating voltage of 200 kV and
equipped with a CMOS camera (TVIPS). The
image data for the cryo-EM reconstruction were
recorded with a Titan Krios TEM operated at
accelerating voltage of 300 kV. Images were
taken with a K2 quantum detector (Gatan). The
data acquisition parameters are listed in the
Supplementary Table 1. The fibril width and
crossover distances were measured using Fiji.40
Helical reconstruction

The recorded multi-frame tiff files were converted
to mrcs files and gain corrected using the IMOD
software.41 The converted mrcs files were aligned
and motion-corrected using Motioncor2.42 CTFFind
4.143 was used to estimate the contrast transfer
function of the motion-corrected micrographs. The
helical 3D reconstruction of the fibrils was done with
Relion 3.1.44 54,904 particles with a box size of 350
pixels and inter-box distance of 13.7 �A (�3.76%)
were extracted from manually picked fibrils in
2,624 micrographs. The reference free 2D classes
were generated to evaluate the homogenous sub-
sets of the extracted particles. Initially, a featureless
cylinder was used as a reference map for the 3D
classification. The best class with 54,408 particles
was re-extracted with a box size of 256 pixels and
an inter-box distance of 13.7 �A (�5.4%). Due to
the cross-sectional similarity of the 3D class aver-
age with the PDB entry 7BX7 we used the 3D
map corresponding to 7BX7 (Electron Microscopy
Data Bank, EMDB, entry EMD-30235)18 as a refer-
ence map for the subsequent 3D classification. The
re-extracted particles were subjected to 3D classifi-
cation using a single class and a regularization
parameter value of 60 followed by a 3D auto-
refinement. The beam tilt, aberrations, defocus
per particle and astigmatism per micrograph were
adjusted by contrast transfer function refinement
tool of RELION to enhance the resolution of the
3D constructed map. The adjusted particles were
polished by the RELION’s implementation of Baye-
sian polishing and auto-refinement. The final 3D
map with a soft-edge mask was obtained. The
reconstruction details are listed in Supplementary
Table 1.
Model building and refinement

The post-processed, masked 3D map was
sharpened by the autosharpen tool in Phenix45

and forwarded to model building in Coot.46 The fibril
model for truncated hnRNPA1 fibrils (PDB entry
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7BX7) was used as a starting model. A single
polypeptide chain was manually fitted into the den-
sity map in Coot. The structural refinement was
done in Coot by imposing Ramachandran and
beta-sheet restraints. The steric clashes between
atoms, rotamer and Ramachandran outliers were
analyzed by the validation report generated using
the validation tool in Phenix and subsequently cor-
rected in Coot. Once a reasonable main- and
side-chain density fit was achieved for one single
polypeptide chain, a fibril stack composed of twelve
polypeptide chains was built using the pdbsymm
tool implemented in Situs.47 The described iterative
refinement process and validation was repeated for
fibril stack until a satisfactory density to model was
achieved. The secondary structure assignment
was done manually for the fibril model. The beta-
strands were defined by the residues which lie in
the b-sheet region in the Ramachandran plots and
involved in backbone hydrogen bonding (bond dis-
tance <3�A) along the fibril axis. The model building
and refinement details are listed in Supplementary
Table 2.
Prediction of aggregation-prone regions

The residue specific aggregation propensity of
hnRNPA1 was determined using seven different
computational programs: ZipperDB, LARKSdb,
Waltz, Aggrescan, FoldAmyloid, PASTA 2.0,
TANGO 2.2 and Amylpred 2. In case of ZipperDB,
if a residue with Rosetta energy below the
threshold of �23 kcal/mol was found then the
corresponding residue and the following five
residues were counted as hits. For Aggrescan,
residues with an a4v value of greater than �0.02
were counted as hits. In the case of Amylpred 2,
the consensus method was used to assign a
residue as a hit. For FoldAmyloid, 5 or more
successive residues with a score greater than
21.4 were counted as hits. In PASTA 2.0,
thresholds were kept on the region with 90%
specificity which means a residue was counted as
a hit if the energy was below the cutoff value of
�2.8 PASTA energy units. For TANGO 2.2, an
amino acid was counted as a hit that have a score
above 5%. In the case of WALTZ, residue with a
score greater than 0.00 was counted as a hit.
MD simulations

All-atom MD simulations were used to
characterize the conformational dynamics of the
fibril structure. The cubic simulation box had a
size of 102.75 �A. The box was filled with 33,308
water molecules. The system was neutralized with
0.15 M NaCl, leading to a system size of 140,386
atoms. The force-field parameters for the peptides
were taken from Amber99sb-star-ildn.48 The
TIP4P-Ew model49 was used for the water mole-
cules. For NaCl, the Mamatkulov-Schwierz force
field parameters50 were used. The simulations were
8

performed at three different temperatures (T) with a
fixed particle number (N) and volume (V), using the
Gromacs simulation package, version 2018.51,52

Periodic boundary conditions were applied, and
the particle-mesh Ewald method was used for the
periodic treatment of Coulombic interactions.53

Bonds to hydrogen atoms were constrained using
LINCS,54 and a 2 fs time step was used. Close Cou-
lomb real space interactions were cut off at 1.2 nm
and the Lennard-Jones interactions were cut off
after 1.2 nm, respectively. The long-range disper-
sion corrections for energy and pressure (P) were
applied to account for the errors stemming from
truncated Lennard-Jones interactions. To equili-
brate the system at 300 K, first an energy minimiza-
tion with the steepest descent algorithm was
performed. The system was equilibrated for 1 ns,
first in the NVT, where N, V and T are constant
(canonical ensemble). Afterwards, it was equili-
brated in the NPT, where N, P and T are constant
(isothermal–isobaric ensemble). For both, the
Berendsen thermostat and barostat with sT = 0.1 ps
and sP = 0.1 ps was used. Afterwards, this system
was used to equilibrate at 350 K by running for
1 ns in NVT with the Berendsen thermostat. To
equilibrate at 400 K, the system at 350 K was used
and equilibrated for 1 ns in NVT via the Berendsen
thermostat. For the NVT production run, we per-
formed 200 ns simulations employing the velocity
rescaling thermostat with stochastic term55 with a
time constant of sT = 0.1 ps. The RMSF was calcu-
lated from the production run discarding the first
50 ns for equilibration. For the RMSF and RMSD,
the experimental structure was used as reference.
The maximum distance between two adjacent resi-
dues within one stack was calculated using the pro-
duction run after 50 ns.
Accession Numbers

The reconstructed cryo-EMmapwas deposited in
the EMDB with the accession codes EMD-14739.
The coordinates of the fitted atomic model were
deposited in the PDB under the accession code
7ZJ2. The following previously published
coordinates were used in Figures 4 and 5: PDB
entry 7BX7.
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Z., Chook, Y.M., (2006). Rules for nuclear localization

sequence recognition by Karyopherinb2. Cell 126, 543–

558.

13. Liu, Q., Shu, S., Wang, R.R., Liu, F., Cui, B., Guo, X.N., Lu,

C.X., Li, X.G., et al., (2016). Whole-exome sequencing

identifies a missense mutation in hnRNPA1 in a family with

flail arm ALS. Neurology 87, 1763–1769.

14. Gui, X., Luo, F., Li, Y., Zhou, H., Qin, Z., Liu, Z., Gu, J., Xie,

M., et al., (2019). Structural basis for reversible amyloids of

hnRNPA1 elucidates their role in stress granule assembly.

Nature Comm. 10, 1–12.

15. Molliex, A., Temirov, J., Lee, J., Coughlin, M., Kanagaraj,

A.P., Kim, H.J., Mittag, T., Taylor, J.P., (2015). Phase

separation by low complexity domains promotes stress

granule assembly and drives pathological fibrillization. Cell

163, 123–133.

https://doi.org/10.1016/j.jmb.2023.168211
https://doi.org/10.1016/j.jmb.2023.168211
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0005
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0005
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0005
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0005
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0010
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0010
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0010
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0010
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0010
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0015
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0015
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0015
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0015
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0015
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0015
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0020
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0020
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0020
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0025
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0025
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0025
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0025
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0030
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0030
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0030
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0035
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0035
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0035
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0040
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0040
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0040
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0045
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0045
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0045
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0050
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0050
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0050
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0055
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0055
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0055
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0055
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0060
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0060
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0060
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0060
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0065
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0065
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0065
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0065
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0070
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0070
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0070
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0070
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0075
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0075
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0075
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0075
http://refhub.elsevier.com/S0022-2836(23)00310-8/h0075


K. Sharma, S. Banerjee, D. Savran, et al. Journal of Molecular Biology 435 (2023) 168211
16. Guo, L., Kim, H.J., Wang, H., Monaghan, J., Freyermuth,

F., Sung, J.C., O’Donovan, K., Fare, C.M., et al., (2018).

Nuclear-import receptors reverse aberrant phase

transitions of RNA-binding proteins with prion-like

domains. Cell 173, 677–692.

17. Naruse, H., Ishiura, H., Mitsui, J., Date, H., Takahashi, Y.,

Matsukawa, T., Tanaka, M., Ishii, A., et al., (2018).

Molecular epidemiological study of familial amyotrophic

lateral sclerosis in Japanese population by whole-exome

sequencing and identification of novel HNRNPA1 mutation.

Neurobiol. Aging. 61 (255), e9–255.e16.

18. Sun, Y., Zhao, K., Xia, W., Feng, G., Gu, J., Ma, Y., Gui, X.,

Zhang, X., et al., (2020). The nuclear localization sequence

mediates hnRNPA1 amyloid fibril formation revealed by

cryoEM structure. Nature Comm. 11, 1–8.

19. Goldschmidt, L., Teng, P.K., Riek, R., Eisenberg, D.,

(2010). Identifying the amylome, proteins capable of

forming amyloid-like fibrils. Proc. Natl. Acad. Sci. U. S. A.

107, 3487–3492.

20. Beerten, J., van Durme, J., Gallardo, R., Capriotti, E.,

Serpell, L., Rousseau, F., Schymkowitz, J., (2015).

WALTZ-DB: a benchmark database of amyloidogenic

hexapeptides. Bioinformatics 31, 1698–1700.
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