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Cryo-EM structures of the D290V mutant of the hnRNPA2
low-complexity domain suggests how D290V affects phase
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Heterogeneous nuclear ribonucleoprotein A2 (hnRNPA2) is
a human ribonucleoprotein that transports RNA to designated
locations for translation via its ability to phase separate. Its
mutated form, D290V, is implicated in multisystem protein-
opathy known to afflict two families, mainly with myopathy
and Paget’s disease of bone. Here, we investigate this mutant
form of hnRNPA2 by determining cryo-EM structures of the
recombinant D290V low complexity domain. We find that the
mutant form of hnRNPA2 differs from the WT fibrils in four
ways. In contrast to the WT fibrils, the PY-nuclear localization
signals in the fibril cores of all three mutant polymorphs are
less accessible to chaperones. Also, the mutant fibrils are more
stable than WT fibrils as judged by phase separation, thermal
stability, and energetic calculations. Similar to other patho-
genic amyloids, the mutant fibrils are polymorphic. Thus, these
structures offer evidence to explain how a D-to-V missense
mutation diverts the assembly of reversible, functional
amyloid-like fibrils into the assembly of pathogenic amyloid,
and may shed light on analogous conversions occurring in
other ribonucleoproteins that lead to neurological diseases
such as amyotrophic lateral sclerosis and frontotemporal
dementia.

Multisystem proteinopathy (MSP) consists of a related group
of dominantly inherited degenerative disorders including
cognitive impairment, myopathy, Paget’s disease of bone and
motor neuron disease (1). Mutations leading to MSP were first
recognized in the valosin-containing protein gene in 2004 (2).
Then in 2013, MSP patients were found bearing missense
mutations in the low complexity domain (LCD) of heteroge-
neous nuclear ribonucleoproteins A2 and A1 (hnRNPA2,
D290V; hnRNPA1, D262V) and no valosin-containing protein
mutations (3). In two MSP-affected families, muscle biopsies
showed that hnRNPA2 was absent from nuclei where it nor-
mally resides and instead accumulated as fibrils in cytoplasmic
* For correspondence: David S. Eisenberg, david@mbi.ucla.edu.
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inclusions (3). This nuclear clearance and cytoplasmic inclu-
sion phenomenon are also observed for ribonucleoproteins
fused in sarcoma (FUS) (4) and TAR DNA-binding protein 43
(TDP-43) (5, 6).

The human hnRNPA2 belongs to a family of hnRNPs and is
expressed in cells such as neurons, oligodendrocytes, and
myocytes (3, 7). hnRNPA2 functions in maintaining RNA
metabolism through two functionally distinct domains, the
RNA-binding domain and the LCD. hnRNPA2 can bind a
variety of RNA/DNA sequences (8), such as those encoding
the A2 response element of the myelin basic protein (9) and
transport it to targeted locations for translation by forming
membraneless organelles (MLOs). hnRNPA2 was studied in
RNA transport granules in oligodendrocytes (9) and stress
granules in neurons (3). Its LCD was also found to undergo
phase separation to form liquid droplets similar to cellular
MLOs (10, 11). Studies of protein phase separation, including
with FUS, TDP-43, and T-cell intracellular antigen 1, have
found that MLOs constantly exchange contents with the
cellular environment and are transported between organelles
or cells (4, 12–17).

The LCD of hnRNPA2 can also self-assemble into a network
of amyloid-like reversible fibrils that macroscopically manifests
as a hydrogel. Our previous study showed that the LCD of
hnRNPA2 is rich in structural motifs termed LARKS (low-
complexity amyloid-like reversible kinked segments) that
enable amyloid-like assemblies having lower stability than
pathogenic amyloid (18, 19). LARKS contribute to the un-
derlying transient interactions in hydrogels (19). Using foot-
printing, Xiang et al. showed that the LCD of hnRNPA2
adopts the cross-β scaffold of LARKS in liquid droplets and in
hydrogels (20).

While in vitro results demonstrate amyloid-like assemblies
are required for hydrogel assembly, the relationship between
hydrogels and in vivo phase separation is not known. Indeed,
fibrils of WT hnRNPA2 have not yet been verified in vivo.
Furthermore, it remains to be seen whether amyloid fibrils of
WT hnRNPA2 formed in vivo could be pathogenic. However,
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D290V mutant hnRNPA2 structures suggest cellular toxicity
the extensive reversibility of WT hnRNPA2 fibrils in vitro
(9, 21) suggests WT fibrils would likely be reversible in vivo
and thus less likely to cause damage to cells.

So far, over 60 mutations have been identified within the
LCDs of ribonucleoproteins that are associated with neuro-
degenerative diseases such as amyotrophic lateral sclerosis.
Understanding the structure–function relationships of
mutated LCDs can better assist in understanding the diseases.
Identifying the disease-causing mutation D290V of hnRNPA2,
Kim et al., used ZipperDB (22) to argue that the mutant LCD
is more prone to aggregation than the WT LCD (3). In fact,
they showed that the hexapeptide containing this mutated
residue (NYNVFG) forms fibrils while the WT sequence
(NYNDFG) does not. They also showed that recruitment of
hnRNPA2 to stress granules was enhanced by the D290V
mutation (3). Increased formation of cytoplasmic inclusions of
the mutant hnRNPA2 was observed in mouse and Drosophila
models and in human patients (3). Thus, structural and
biochemical comparison of the WT to the mutant D290V
hnRNPA2 LCD is likely to suggest how a missense mutation
diverts function to pathology.

Here, we illustrate how a missense mutation diverts
hnRNPA2 LCD from forming functional fibrils to forming
pathogenic fibrils, and we propose four structural mechanisms
to explain observations of the mutant’s clearance from the
nucleus and formation of cytoplasmic inclusions. We support
our mechanisms with evidence from phase separation studies,
thioflavin-T (ThT)-monitored kinetics of fibril formation, as-
says of thermostability, negatively stained EM images, and
three cryo-EM structures of the mutant D290V hnRNPA2
LCD fibrils.
Results

hnRNPA2 LCD undergoes phase separation, and the D290V
mutant forms aggregates faster than WT hnRNPA2-LCD

Previous studies have shown that WT hnRNPA2 LCD can
undergo phase separation (10, 11). Here, we investigate
whether the mutant can also undergo phase separation and
whether its biophysical behavior differs from WT using re-
combinant hnRNPA2 LCDs. Due to its high aggregation
propensity, we initially dissolved the hnRNPA2 LCD in 5.7 M
guanidinium hydrochloride (GnCl). Both the WT and the
mutant rapidly underwent phase separation upon dilution to a
final concentration of 100 μM GnCl. The mutant liquid
droplets (mean diameter: �1.8 μm, representative of the whole
well) are half the diameter of WT droplets (mean. diameter:
�3.4 μm) (Fig. 1A). We then performed “aging” experiments in
which the behaviors of both constructs were monitored over
time. The WT liquid droplets stayed dynamic for 24 h during
which they settled to the bottom of the plate and fused into
larger droplets (Fig. 1A, top), and then hardened into a
hydrogel-like state with spiky aggregates after 48 h. In contrast,
the mutant formed aggregates that look like fibrils within 3 h
(Fig. 1A and bottom; Movie S1). We then recorded negatively
stained EM of different time points of both WT and the
mutant phase separation. For the D290V mutant, in the first
2 J. Biol. Chem. (2024) 300(2) 105531
hour, only small droplets could be seen (Fig. 1B, bottom). For
the following 1 to 1.5 h, aggregates emanated from the droplets
and connected with nearby droplets, making a dense fibrous
network (Fig. 1B, bottom). No fibrous aggregates were
observed for WT even after 48 h (Fig. 1B, top).

Aggregates emergent from the mutant liquid phase are
partially irreversible and ThT-positive

To investigate the structural properties of the phase sepa-
ration of both constructs, immediately after phase separation
we added ThT, a fluorescent amyloid dye that changes
conformation and fluoresces at wavelength 482 nm when it
binds to cross-β structures (23). Both constructs underwent
phase separation rapidly, indicating the ThT does not affect
their ability to phase separate. The mutant liquid droplets
showed ThT signal immediately after forming, the signal grew
stronger with time, and after 4 h, a strong ThT signal was seen,
and in some places in the dropletsthe aggregates grew so large
that the fibril-like outline can be recognized in the fluores-
cence channel (Fig. 2B). Unlike the mutant, the WT did not
show ThT signal at 10 min after liquid droplet formation.
After 4 h, ThT signal was seen in the WT liquid droplets
(Fig. 2A). The phase separation behavior we observed in the
first 10 min indicates that the mutant hnRNPA2 LCD forms
cross-β structure in the liquid droplets faster than WT.

We then evaluated the reversibility of the 24 h WT liquid
droplets and the mutant aggregates by performing a thermo-
stability assay. The WT and mutant samples were heated to 55
�C, the temperature at which WT hnRNPA2 hydrogel melts
(18), and subsequently cooled to 4 �C. When heated, the
mutant aggregates were unchanged until 55 �C when some of
the aggregates melted and reformed small liquid droplets
(Fig. S1, top). In contrast, the hardened WT liquid droplets
were completely melted at 55 �C and dynamic small droplets
were observed (Fig. S1, bottom). When cooled to 4 �C, the
mutant reformed aggregates that were undisturbed by pipet-
ting, whereas the WT liquid droplets lost their hydrogel-like
characteristics and maintained liquid properties in line with
its behavior stated in the earlier section (Fig. S1). Namely, “de-
aged” WT liquid droplets regain normal liquid properties and
harden after a prolonged time.

Phase separation of the mutant hnRNPA2 is less sensitive to
pH changes than WT

To test whether phase separation of either construct is
sensitive to pH, we conducted phase separation experiments at
six different pH values ranging from 1.3 to 10.0. Liquid
droplets of both constructs with the addition of ThT were
incubated at room temperature for 22 h.

WT hnRNAP2 aggregation morphology varied notably
with pH. Values near physiological pH (5.5, 7.5, and 9.0)
produced droplet-shaped gels, exhibiting a strong ThT fluo-
rescence signal under the microscope (Fig. S2A). However, at
extreme acidic pH values such as pH 1.3 and pH 4.1,
WTaggregates appear as spikes (perhaps fibrous) protruding
from an amorphous center; the centers and the spikes are



Figure 1. Phase separation of hnRNPA2 LCD and its aggregation. A, images were taken using differential interference contrast microscopy (DIC). The
scale bar represents 10 μm. Top panel: phase separation of WT hnRNPA2 LCD at time points of 0 h, 22 h, and 48 h. Rightmost is a quantification of averaged
diameter of WT liquid droplets at 1 h timepoint. Bottom panel: phase separation of the mutant D290V hnRNPA2 LCD at time points of 0 h, 3 h, and 48 h.
Branched aggregates were observed for the mutant at much earlier time points than for the WT. Rightmost is a quantification of averaged diameter of the
D290V mutant liquid droplets observed in the left panel at 1 h timepoint. B, negative stain EM images of hnRNPA2 LCD phase separation at different time
points. The scale bar represents 200 nm. Top panel: WT hnRNPA2 LCD phase separation at time points of 0 min, 60 min, 22 h, and 48 h. Bottom panel: the
D290V mutant hnRNPA2 LCD phase separation at time points of 0 min, 60 min, 75 min, and 150 min. hnRNPA2, heterogeneous nuclear ribonucleoprotein
A2; LCD, low complexity domain.

D290V mutant hnRNPA2 structures suggest cellular toxicity
both ThT-positive. In contrast to these aggregates the drop-
lets formed at pH 10 appeared smooth and round like a
liquid, but their resistance to being stirred and mixed indi-
cated that they are actually gel-like solids (Fig. S2A). These
alkaline aggregates, like the aggregates at lower pH values,
exhibited intense ThT signal, suggesting cross-β structure is
present at all pH values despite the different morphologies of
the aggregates.

The mutant’s aggregation morphology appeared more uni-
form across pH values than did WT. The mutant formed
J. Biol. Chem. (2024) 300(2) 105531 3



Figure 2. Phase separation of hnRNPA2 LCD is ThT-positive. Phase separation images of hnRNPA2 LCD taken by differential interference contrast (DIC)
microscopy (Zeiss). Left panel is phase contrast channel image (DIC), middle panel is BO-PRO-1 channel image (BO-PRO-1 channel has an excitation and
emission of 462 nm and 482 nm, respectively. We use it for ThT), right panel is the overlay of DIC and ThT. A, WT hnRNPA2 LCD phase separation at time
points of 10 min and 4 h. The scale bar represents 20 μm B, the mutant D290V hnRNPA2 LCD phase separation at time points of 10 min and 4 h. Red arrows
show the outlines of fibril-looking aggregates. The scale bar represents 20 μm. hnRNPA2, heterogeneous nuclear ribonucleoprotein A2; LCD, low complexity
domain; ThT, thioflavin-T.

D290V mutant hnRNPA2 structures suggest cellular toxicity
fibrous ThT-positive aggregates at all pH values sampled
(Fig. S2B), not just at low pH values as did the WT (Fig. S2A).
Some differences in robustness of aggregation are evident
when comparing the mutant aggregation at low and high pH
values; droplets of the mutant fused and aggregated faster at
acidic pH than basic pH (Fig. S2B). Nevertheless, the conser-
vation of morphology across all pH values indicates that ag-
gregation of the mutant hnRNPA2 LCD is less sensitive to pH
changes than WT.

Fibrils of the mutant grow faster and are more stable than
fibrils of WT hnRNPA2 LCD

We compared fibril growth kinetics and thermodynamics
of WT and the mutant hnRNPA2 LCD produced recombi-
nantly. The LCDs of WT and mutant were individually
dissolved in buffer containing 20 mM Mops, pH 7.5,
4 J. Biol. Chem. (2024) 300(2) 105531
150 mM KCl buffer and 2 M GnCl to a final concentration
of 4 to 5 mg ml−1 and was shaken at 4 �C for 3 days. ThT
assays showed that the mutant formed fibrils after 20 min
whereas WT formed fibrils after 25 h (Fig. 3A). WT
hnRNPA2 LCD fibrils remain intact up to 45 �C, but
completely melt at temperatures 55 �C and above (Fig. S3),
consistent with our previously reported results (18). The
mutant hnRNPA2 LCD fibrils, however, remain intact until
55 �C, and do not melt until 65 �C (Fig. 3B). Upon cooling
to 4 �C, both the mutant and the WT hnRNPA2 LCDs re-
form fibrils (Figs. 3B and S3).

Cryo-EM reveals the PY-NLS is buried in all three fibril
polymorphs of the mutant hnRNPA2-LCD

Atomic-resolution structures of amyloid fibrils of both
mutant and WT hnRNPA2 LCDs are essential for



Figure 3. ThT and thermostability assays of hnRNPA2 LCDs. A, ThT assay of WT and the mutant D290V hnRNPA2 LCDs. X-axis represents time in the unit
of minutes, Y-axis represents fluorescence signal. The WT ThT curve is colored blue, the mutant ThT curve is colored orange, the control ThT curve with
buffer only is colored green. The box shows a magnified view of the first 100 min of the ThT curve. B, representative negative stain EM images of the
thermostability assay of the mutant D290V hnRNPA2 LCD. The mutant fibrils are melted at 65 �C, which is colored yellow to highlight this transition. The
scale bar represents 200 nm. hnRNPA2, heterogeneous nuclear ribonucleoprotein A2; LCD, low complexity domain; ThT, thioflavin-T.

D290V mutant hnRNPA2 structures suggest cellular toxicity
understanding why the mutant accumulates in the cytoplasm,
not the WT. The fibril structure of WT hnRNPA2-LCD has
been determined and described previously (18). Here, we
collected cryo-EM data on fibrils of the D290V mutant.
During data collection and 3D classification, we found a total
of six polymorphs (PMs), yet only three of them (PM1-3) had
a sufficient number of particles to be determined to near-
atomic resolution (Fig. S4). Contrary to globular proteins
which fold into 3D shapes, molecules of the mutant
hnRNPA2 LCD are confined to 2D layers in each of the three
fibril PMs. These layers stack on top of identical layers,
forming a twisted, in-register β-sheet that runs parallel to the
fibril axis. The details of the three polymorphic fibrils are as
follows.
J. Biol. Chem. (2024) 300(2) 105531 5



D290V mutant hnRNPA2 structures suggest cellular toxicity
(1) PM1 consists of two protofilaments with pseudo-21 screw
symmetry, and is determined to a resolution of 3.3 Å. The
fibril is a left-handed helix with a pitch of 2335 Å, giving
rise to a helical twist of 179.63� and a rise of 2.40 Å. Out of
161 residues in the LCD, 54 residues, from Gly263 to
Gly316, form the fibril core. The fibril core contains the
disease-causing D290V mutation which is solvent exposed,
and half of the PY-nuclear localization signal (PY-NLS).
The PY-NLS is a 19-residue segment extending from
Tyr301 to Tyr319 (24); 16 of the 19 residues (Tyr301 to
Gly316) are ordered in the mutant structures. The
remaining three residues of the PY-NLS and 107 LCD
residues are disordered in the “fuzzy coat”. The interface
between the two protofilaments spans residues Tyr294 to
Gly311. The rest of the C-terminal residues are the PY-
NLS (Fig. 4B).

(2) PM2 is structurally similar to PM1. It also consists of two
protofilaments with pseudo-21 screw symmetry and is
determined to a resolution of 3.2 Å. It is a left-handed fibril
with a pitch of 2151 Å, giving rise to a helical twist of
179.60� and a rise of 2.39 Å. The same 54 residues from
Gly263 to Gly316 form the fibril core, with the disease-
causing D290V mutation exposed to the solvent on the
outer surface. The core adopts the same fold as PM1, but
PM2 has a smaller and more interdigitated interface be-
tween the two protofilaments involving residues Tyr294 to
Pro303 (Fig. 4C).

(3) PM3 has C1 symmetry and is determined to a resolution of
3.9 Å. PM3 is a left-handed fibril consisting of three pro-
tofilaments with a pitch of 2390 Å, giving rise to a helical
twist of −0.72� and a rise of 4.78 Å. Due to the limited
resolution of the PM3 map, we restricted our refinement of
PM2 to rigid body fitting, rather than allowing individual
atomic refinement. All three chains span 54 residues from
Gly263 to Gly316. The disease-associated mutation D290V
of chain A and chain B are solvent exposed on the fibril
outer surface. V290 of chain C is buried by van der Waals
interactions with Asn293 and Tyr294 of chain B. (Fig. 4D).
We acknowledge that the resolution of this map is limited,
especially for chain B.

All three PMs have a buried PY-NLS where Arg313 is
hidden within the fibril core (Fig. 5, A–C). Data and atomic
refinement statistics of all three PMs are summarized in
Table 1.

The fibril core is necessary for hnRNPA2 phase separation

Both WT and mutant hnRNPA2 LCD fibril cores span a
similar sequence range (Gly263-Tyr319 (18) and Gly263-
Gly316, respectively). To test the importance of the fibril
core in phase separation, we generated a construct of 104
residues of hnRNPA2 LCD without the 57-residue fibril core.
Under the conditions that produced phase separation in full-
length hnRNPA2, the deletion mutant did not undergo
phase separation (Fig. S5). We thus argue that the residues
defining the fibril core are essential for hnRNPA2 phase
separation.
6 J. Biol. Chem. (2024) 300(2) 105531
The mutant structures are energetically more stable than the
WT hnRNPA2-LCD

To quantify the structural features that lead to a more stable
mutant conformation, we calculated the atomic solvation en-
ergy of the PM1-3 fibril structures and compared the values to
the WT. We obtained the solvation energy per layer of the
fibril and an average solvation energy per residue. We illus-
trated these energies in a solvation energy map where each
residue is colored according to its energy. The solvation energy
per layer of the WT (−22 kcal mol−1 per layer) has a less
negative value than all three PMs of the mutant
(PM1: −28 kcal mol−1 per layer; PM2: −37 kcal mol−1 per layer;
PM3: −55 kcal mol−1 per layer), indicating the WT structure is
less stable on a per-layer basis than the mutant structures
(Fig. 6).

The mutant structures have an increased number of β-sheet
residues

Steric zippers are pairs of β-sheets where the sidechains
mate tightly with each other in a dry interface. Steric zippers
are highly energetically stable and are commonly found in
pathogenic amyloids (25). We compared the number of resi-
dues having phi and psi angles within the β-sheet regions of
the Ramachandran plots of both WT and the mutant struc-
tures. We categorized three residue types: S for residues in the
β-sheet region, H for residues in either left-handed or right-
handed α-helix region, and O for other residues that are
neither β-sheet nor α-helix. We found an increased number of
S residues (WT: 47%, PM1: 56%, PM2: 67%, and PM3: 67%)
and a decreased number of O residues (WT: 35%, PM1: 26%,
PM2: 18%, and PM3: 18%) in all three PMs of the mutant, and
a similar percentage of H residues (Fig. S6). The mutant
structures adopt more steric zipper motifs, namely, more
β-sheet residues, than the WT which lead to their increased
stability.

Discussion

Disease relevance of the structures of the D290V variant of
hnRNPA2 low-complexity domain

Advances in cryo-EM capabilities have enabled structure
determination of amyloid fibrils extracted from various organs,
including brain, kidney, and heart. About one third of the
amyloid structures determined to date (85/232) originate from
ex vivo samples (26). The majority; however, originate from
recombinant material. For central nervous system-related
diseases, for which structures exist from both ex vivo and
in vitro samples, structural differences can be substantial. In
other cases, close similarities can be found, extending over the
entire fold (Fig. S7, A–D), or subregions (Fig. S7, E–H)
Accordingly, caution is necessary in ascribing relevance to
disease of our structure of recombinant D290V variant
hnRNPA2, which is associated with MSP. In the case of MSP,
the chance of faithfully reproducing disease-relevant fibrils
in vitro may be greater than the faithful reproduction of
disease-relevant fibrils of age-related central nervous system
conditions such as Alzheimer’s and Parkinson’s. MSP, has an



Figure 4. The cryo-EM structures of the mutant D290V hnRNPA2 LCD fibril cores. A, domain structure of full-length hnRNPA2. The LCD (residues
181–341) was used for fibril structure determination. The gray bar shows the range of the residues that form the ordered fibril core of the cryo-EM structure.
The red bar shows the disease-causing mutation. The magenta bar shows the PY-NLS. The sequence of the ordered region is shown below with corre-
sponding colors. B–D, (B–D) are PM1, PM2, and PM3, respectively. Left: fibril reconstruction showing left-handed pitch and twist. Right: density and atomic
model of one cross-sectional layer of each fibril. Disease-causing mutation is colored red, and PY-NLS residues are colored magenta. N-term: N terminus; C-
term: C terminus. hnRNPA2, heterogeneous nuclear ribonucleoprotein A2; LCD, low complexity domain; NLS, nuclear localization signal; PM, polymorph.

D290V mutant hnRNPA2 structures suggest cellular toxicity

J. Biol. Chem. (2024) 300(2) 105531 7



Figure 5. Unlike WT, the conserved Arg313 of the PY-NLS is hidden in all three morphologies of the mutant hnRNPA2. A–D, cryo-EM structure of
PM1-3 and WT hnRNPA2, respectively, zoomed in region of the RX2-5PY motif of PY-NLS (colored magenta) is shown on the right, corresponding to the gray
box on the left. hnRNPA2, heterogeneous nuclear ribonucleoprotein A2; NLS, nuclear localization signal; PM, polymorph.

D290V mutant hnRNPA2 structures suggest cellular toxicity
age of onset of about 20, which is about half that of Alz-
heimer’s disease. The shorter incubation time for fibril for-
mation may be easier to simulate in a test tube. Moreover, the
hnRNPA2 sequence may have evolved to resist amyloid
polymorphism; WT hnRNPA2 yields only a single definite
structure, whereas pathogenic brain amyloids, such as WT tau
and α-synuclein, adopt several different PMs when elicited
in vitro.

Relative stability of WT and mutant hnRNPA2 LCD fibrils

We found that the mutant D290V hnRNPA2 LCDs are
more stable than the WT, as judged both biochemically and
computationally, by the following reasons.

(1) The emergence of aggregates from the fused liquid droplets
of the mutant hnRNPA2 is faster than WT. Although both
8 J. Biol. Chem. (2024) 300(2) 105531
WT and the mutant form aggregates after 48 h, the mutant
forms ThT-positive aggregates much faster and more
macroscopically obvious than WT. We observed that, after
2 to 3 h, the mutant hnRNPA2 LCD forms partially irre-
versible ThT-positive, fibrous aggregates from its fused
liquid droplets. In contrast, after 24 h the WT droplets
remain gel-like and reversible. The mutant shows ThT
fluorescence immediately when the liquid droplets form and
the signal strengthens as the aggregates grow, indicating
that some of the mutant hnRNPA2 LCDs adopt cross-β
structures shortly after the droplets form and over time they
assemble into cross-β-rich aggregates. That WT droplets fail
to display ThT signal until hours later suggests that cross-β
structures form gradually in the liquid droplets. We cannot
rule out the possibility that the ThT fluorescence from the
droplets may result from an over concentration of ThT. But



Table 1
Statistics of cryo-EM data collection, refinement, and validation

#1 PM1 (EMDB-277133)
(PDB 8DU2)

#2 PM2 (EMDB-27728)
(PDB 8DUW)

#3 PM3 (EMDB-28014)
(PDB 8EC7)

Data collection and processing
Magnification X81,000 X81,000 x81,000
Voltage (kV) 300 300 300
Electron exposure (e−/Å2) 36 36 36
Defocus range (μm) 0.5–5.0 0.5–5.0 0.5–5.0
Pixel size (Å) 1.1 1.1 1.1
Symmetry imposed C1/P21 C1/P21 C1
Initial particle images (no.) 128565 197905 171774
Final particle images (no.) 5675 14902 16114
Map resolution (Å) 3.3 3.2 3.9

FSC threshold 0.143 0.143 0.143
Helical rise (Å) 2.40 2.39 4.78
Helical twist (�) 179.63 179.60 −0.72
Map resolution range (Å) 200–3.3 200–3.2 200–3.9

Refinement
Initial model used (PDB code) De Novo De Novo Rigid body of PM2
Model resolution (Å) 4.0 3.4 4.5

FSC threshold 0.5 0.5 0.5
Model resolution range (Å) 200–3.6 200–3.4 200–4.2
Map sharpening B factor (Å2) 108 76 51
Model composition

Nonhydrogen atoms 3900 3900 5850
Protein residues 540 540 810

B factors (Å2)
Protein 79.00 59.21 109.54

R.m.s. deviations
Bond lengths (Å) 0.003 0.006 0.002
Bond angles (�) 0.469 0.514 0.393

Validation
MolProbity score 1.39 1.55 1.36
Clashscore 7.17 5.34 6.47
Poor rotamers (%) 0.00 0.00 0.00

Ramachandran plot
Favored (%) 98.08 96.15 98.08
Allowed (%) 1.92 3.85 1.92
Disallowed (%) 0.00 0.00 0.00

CC (mask) model versus data 0.81 0.83 0.67

EMDB, Electron Microscopy Data Bank; PDB, Protein Data Bank.

D290V mutant hnRNPA2 structures suggest cellular toxicity
we believe the aggregates from the mutant droplets
corroborate our idea that there is cross-β structure in the
droplets. However, further experiments involving deter-
mining the structure of those mutant aggregates are
required because they are prepared differently.

At 24 h, the aggregation we observed in the WT droplets
resembles what we previously observed, a hydrogel composed
of a dense fibril network that is heat-reversible (18). That the
WT droplets maintain the droplet shape, are ThT-positive, and
are reversible by heating indicates that the WT droplets form
hydrogels. We think the probability for droplets being seeded
by small aggregates from the bulk solution is low because the
sample was centrifuged to get rid of aggregates before the phase
separation assay. But we admit that we do not have sufficient
data to substantiate the sequence of events regarding phase
separation and fibril formation. That we do not see fibrous
networks in WT gel-like droplets, as we have seen for hydrogels
by negatively stained EM suggests that phase separation and
fibril formation might not necessarily be related. Overall, our
results from ThT and phase separation assays imply that the
mutant hnRNPA2 LCD has stronger and more stable intra-
molecular and intermolecular interactions than the WT.

(2) The mutant hnRNPA2 LCD forms fibrils with a much
shorter lag time (�20 min) and melts at a higher temper-
ature (65 �C) than the WT (�25 h and 55 �C). Our results
are consistent with previous evidence that, by agitation, the
GST-tagged mutant hnRNPA2 LCD forms fibrils faster
than the WT (3), and the mutant hnRNPA2 LCD is ther-
modynamically more stable than WT (27). Our results
suggest that the mutant hnRNPA2 LCD more easily as-
sembles into fibrils which are more resistant to dissociation
than WT fibrils.

(3) Aggregation behavior of the mutant hnRNPA2 LCD is less
sensitive to pH changes than the WT. Aggregates of mutant
hnRNPA2 exhibit the same morphology over a wide pH
range, unlike WT. When the pH is below 4, WT has more
abundant and thicker spiky aggregates than the mutant
hnRNPA2 LCD, because WT Asp290 will be protonated
and less likely to form H-bonds with residues Tyr288 and
Gly292 amide backbone (Fig. S8). Thus, we hypothesize that
the WTmay adopt an aggregated form potentially similar to
the structures the mutant will adopt at physiological pHs.
We conclude that both WT and the mutant hnRNPA2
LCDs phase separate and aggregate at high concentrations
under physiological conditions, adopting cross-β scaffolds,
with the mutant scaffold being more stable than WT,
possibly because the interaction motifs of WT hnRNPA2
LCDs are mainly LARKS rather than steric zippers.

(4) The mutant hnRNPA2 fibrils are energetically more stable
than WT according to solvation energy estimates calcu-
lated from hnRNPA2 LCD fibril structures. The
J. Biol. Chem. (2024) 300(2) 105531 9



Figure 6. Calculated solvation energy maps for hnRNPA2 LCD fibrils based on atomic solvation parameters. Residues are colored according to their
stabilization energies from unfavorable (blue, +2.5 kcal mol−1) to favorable (red, −2.5 kcal mol−1). Top left: WT hnRNPA2 LCD fibril core; top right: PM2 of the
mutant hnRNPA2 LCD fibril core; bottom left: PM1 of the mutant hnRNPA2 LCD fibril core; Bottom right: PM3 of the mutant hnRNPA2 LCD fibril core. The
scale bar represents 10 Å. hnRNPA2, heterogeneous nuclear ribonucleoprotein A2; LCD, low complexity domain; PM, polymorph.

D290V mutant hnRNPA2 structures suggest cellular toxicity
calculations are consistent with our biochemical experi-
ments. The mutant structure has a more negative value of
solvation energy per layer (PM1: −28 kcal mol−1 per layer;
PM2: −37 kcal mol−1 per layer; PM3: −55 kcal mol−1 per
layer) than the WT (−22 kcal mol−1 per layer), indicating
that it is energetically more stable and therefore requires
more energy to dissociate it than the WT. The mutant
structure solvation energy is in the middle of the energy
spectrum in terms of solvation energy values (26), where it
is not as stable as irreversible pathogenic amyloid fibrils
such as human amyloid serum A (28) (−69 kcal mol−1 per
layer) and Tau (29) (−63 kcal mol−1 per layer), but is much
more stable than the reversible functional amyloid-like
10 J. Biol. Chem. (2024) 300(2) 105531
fibrils such as FUS (30) (−12 kcal mol−1 per layer) and WT
hnRNPA2 (18) (−22 kcal mol−1 per layer). This implies that
the higher stability of the mutant structure might not be
the only reason for its accumulation in the cytoplasm.
Possible structural mechanisms of D290V mutant hnRNPA2
accumulation in the cytoplasm

Kim et al., reported in 2013 that the D290V mutant
hnRNPA2 is cleared out from the nucleus and forms cyto-
plasmic inclusions. Given the fibril structures of the WT and
mutant LCDs of hnRNPA2 and their relative stabilities, what is
the mechanism by which a missense mutation diverts the
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assembly of reversible functional amyloid-like fibrils to as-
sembly of irreversible pathogenic amyloid that leads to its
accumulation in the cytoplasm? We ruled out the possibility
that a difference in the polarity of amino acid composition of
the fibril core contributes to a difference in fibril stability. The
mutant and the WT hnRNPA2 LCDs have similar fibril core
sequences with almost identical polar residue compositions
(47% of polar residues in WT and 46% in the mutant). So, we
must look further to understand the dramatic biological effect
of a single missense mutation.

In the following, we propose four structural mechanisms
that could explain why the D290V mutant hnRNPA2 accu-
mulates in the cytoplasm.

(1) A loss of function for mutant hnRNPA2 arises because its
PY-NLS is obscured in the fibril core, disrupting its
designated nuclear localization. Unlike the WT hnRNPA2
LCD structure, all three PMs of the mutant hnRNPA2 LCD
structures have a PY-NLS where the arginine residue,
R313, is deeply buried in the fibril core, making it inac-
cessible to chaperones such as karyopherin-β2 (Kapβ2)
(Figs. 4 and 5). Previous work has shown that the
conserved arginine, acting as an epitope of the RX2-5PY
motifs of PY-NLS of hnRNPA1, hnRNPD, and FUS binds
to the C-terminal arch of Kapβ2 by forming a salt bridge
(31–36). Thus, when R313 of hnRNPA2 is buried inside the
D290V mutant fibril core, the PY-NLS loses its function
because the conserved arginine can no longer interact with
Kapβ2 (36) (Fig. 5). In short, the structure of the mutant
fibril offers a simple mechanism by which a genetic lesion
promotes development of disease.

Of importance, our D290V mutant hnRNPA2 structure
reveals a difference from the WT structure that is consistent
with known loss of function of the mutant: hnRNPA2 is an
RNA-binding ribonucleoprotein that functions normally in
mRNA transport from the nucleus to the cytoplasm and then
to the designated locations for translation. However, in two
families afflicted with MSP, hnRNPA2 was found in the muscle
cell cytoplasm rather than in the nuclei. This loss of normal
function is consistent with the salient point of our mutant
structure: that the NLS is obscured, which could account for
the mislocalization of hnRNPA2 in these cases. Recent studies
by J. Paul Taylor’s lab have shown that a frameshift in the PY-
NLS of hnRNPA2 reduces its affinity to chaperone Kapβ2,
leading to hnRNPA2’s accumulation in the cytoplasm (37).
Both their and our results show the biological significance of a
fully accessible and intact PY-NLS.

There is a possibility that chaperones like Kapβ2 can also
bind to the WT, because R313 of the WT is also partially
tucked inside the WT structure, forming hydrogen bond with
nearby G310 carbonyl group (Fig. 5D). We propose the hy-
pothesis that the mutant will be much less accessible to
chaperones than WT because the R313 of PY-NLS of the
mutant is buried deeper in the fibril core.

(2) The D290V aggregates are somewhat more stable than the
WT aggregates, as discussed in the preceding section.
Compared to the WT hnRNPA2 structure, there is an
increased number of residues adopting β-sheet conforma-
tions in the mutant structures. In the WT structure, the
Asp290 side chain forms a Van der Waals interaction and a
hydrogen bond network with the Tyr288 side chain and
Gly292 backbone amide (Fig. S9). The mutant molecule
losing this hydrogen bond results in Gly292 adopting a
β-sheet conformation rather than a kinked conformation.
Due to this loss of hydrogen bond, we noticed a number of
structural differences deeper in the fold that appear linked
to residue 290. Notably, the sidechains of half of all the
residues flip between inward and outward facing orienta-
tions (Fig. S8B), and there is in an overall increase in the
β-sheet content of the mutant structures compared to WT
both upstream and downstream of Val290 (Fig. S6B). Many
upstream glycine residues change into β-sheet conforma-
tion, including Gly265, 268 to 269, 272 to 273 and Gly285.
Multiple downstream polar residues, including Tyr294,
Gln297, Asn300, Tyr301, and Met315, also adopt β-sheet
conformation in the mutant structures. Pathogenic amy-
loid fibrils normally have a high β-sheet content (https://
srv.mbi.ucla.edu/AmyloidAtlas/) creating stability (26).
We believe the stability of the mutant hnRNPA2 to be
rooted in the higher β-sheet content of its LCD. Notably, a
hereditary mutation resulting in a more stable α-synuclein
fibril structure is posited to drive pathogenesis of a familial
form of Lewy body dementia (38), indicating that pro-
duction of more stable fibrils via missense mutations may
be a common mechanism of pathogenesis in amyloid
disease.

(3) The side chain of the solvent-exposed V290 disease-
associated replacement presumably makes nonspecific in-
teractions with other proteins in cells. It is unexpected to us
that the disease-associated valine side chain is solvent
exposed in all three mutant PMs, because burying this
hydrophobic residue would make the structure more stable.
In PM3 of the mutant structure, the exposed valine in-
teracts with protofilament B. We thus speculate that the
exposed valine can also have nonspecific hydrophobic in-
teractions with other proteins or RNAs in the MLOs
(39–41), resulting in a sequestration and a loss of function
of other proteins. It is also notable to us that half of the
inward-facing residues in the WT structure become
outward-facing in the mutant structures and vice versa
(Fig. S8A). These changes lead to new surface epitopes that
could potentially contribute to the mutant’s toxicity in cells.

(4) Similar to other pathogenic amyloid fibrils such as tau (29),
α-synuclein (42), and islet amyloid polypeptide (43), the
hnRNPA2 LCD mutant structures are polymorphic. The
mutant structures are composed of two or three proto-
filaments with the same fold, but the protofilaments are
arranged slightly different from each other (Fig. 4). PM1
differs from PM2 with an 8-residue larger interface, and
PM2 differs from PM3 with an additional protofilament.
The other three unsolved structures are also different ar-
rangements of PM1/2 or PM3, with an even smaller
interface or an additional protofilament interacting at
J. Biol. Chem. (2024) 300(2) 105531 11
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another position (Fig. S4B). In principle, all six PMs of the
mutant hnRNPA2 LCD can have different first and second
nucleation rates, fragmentation rates, and extension rates,
resulting in some PMs (PM1-PM3) predominating over the
others. Polymorphism can affect the self-propagation rate
by providing more templates to seed and extend (44). It has
been shown that different PMs of α-synuclein fibrils have
different seeding capacities and cytotoxicity profiles (45).
The altered nucleation and seeding rates will likely change
the dynamics of RNA-containing MLOs and disrupt
cellular RNA metabolism. Most functional amyloids fold
into a single morphology presumably through evolution.
Due to the sensitivity of amyloids to change structures
under different environmental conditions or mutations, it
is not surprising that D290V of hnRNPA2 leads to such a
dramatic effect.

Our experiments confirm previous ideas that phase sepa-
ration, hydrogel formation and fibril formation are connected
events in the aggregation of both WT and mutant hnRNPA2
LCD, and probably sequential states (20, 46). Similar phe-
nomenon are also observed for FUS (4) and TDP-43 (5, 6).
Thus, our structures for both WT and mutant fibrils establish
their clear differences, including monomorphic versus poly-
morphic fibrils. At the same time, we find the mutant differs
from other pathogenic amyloids in that it is not as energeti-
cally stable. Our results show that the mutant hnRNPA2 LCD
has an intermediate solvation energy value between functional
fibrils and pathogenic amyloid, indicating that stability is not
the only factor that contributes to its accumulation in the
cytoplasm. We propose four mechanisms in addition to sta-
bility to explain: (1) loss-of-function by the hidden PY-NLS; (2)
an increase in the β-sheet content; (3) nonspecific interactions
by exposed Valine 290; and (4)) polymorphism.

In summary, comparison of the recombinant WT and re-
combinant D290V mutant hnRNPA2 structures offers hy-
potheses for how a missense mutation leads to nuclear
clearance and cytoplasmic accumulations. To test our hy-
potheses, future research is needed on whether both the WT
and the mutant hnRNPA2 can bind chaperones like Kapβ2
in vitro and in vivo.
Experimental procedures

Materials and purification of mCh-hnRNPA2 LCD fusion
protein

The construct for overexpression of both the WT and the
mutant mCherry-hnRNPA2-LCD fusion protein was provided
by Dr Masato Kato of the University of Texas, Southwestern. A
tobacco etch virus (TEV) cleavage site was inserted between
mCherry and hnRNPA2 LCD. HnRNPA2 LCD without the
fibril core construct was designed using benchling and ordered
through Twist Bioscience.

Protein overexpression and purification procedures followed
the same protocol reported previously (18). Protein was over-
expressed in E. coli BL21(DE3) cells with 0.5 mM IPTG at 25 �C
for overnight. LB media with 0.1 mg ml−1 ampicillin was used
12 J. Biol. Chem. (2024) 300(2) 105531
for cell culture. Harvested cells were resuspended in lysis buffer
containing 50 mM Tris–HCl pH 8.0, 500 mM NaCl, 2 M
guanidine HCl, 2 mM tris(2-carboxyethyl)phosphine (TCEP),
and Halt protease inhibitor cocktail (Thermo Fisher Scientific)
for 30 min on ice and then sonicated. The cell lysate was
centrifuged at 32,000g for an hour. The supernatant was filtered
and loaded onto a 5 ml HisTrap HP column (GE HealthCare)
for purification. The HisTrap column was preequilibrated with
the lysis buffer. After proteins were loaded onto the column,
proteins were washed with the lysis buffer until the UV280
spectrum line became flat. The sample then was washed with a
20 column volume gradient at the speed of 1 ml/min from 100%
wash buffer containing 25 mMTris–HCl pH 8.0, 150 mMNaCl,
2 M GnCl, 20 mM imidazole, and 2 mM TCEP to 100% elution
buffer containing 25 mM Tris–HCl pH 8.0, 150 mM NaCl, 2 M
GnCl, 300 mM imidazole, and 2 mM TCEP. Purified mCherry-
hnRNPA2-LCD fusion proteins were dialyzed overnight at
room temperature against a dialysis buffer containing 20 mM
Tris–HCl pH 7.5, 200 mM NaCl, 20 mM 2-Mercaptoethanol,
0.5 mM EDTA, and 0.1 mM PMSF. The protein solutions were
concentrated to 40 to 80 mg ml−1 and flash frozen in liquid
nitrogen and stored in −80 �C for future use.

TEV cleavage and formation of hnRNPA2 LCD fibrils

Purified and concentrated mCherry-hnRNPA2-LCD was
incubated with 1:200 v/v of 10 mg ml-1 TEV protease at 25 �C
overnight. Proteins were centrifuged at 13,000g for 10 min, the
supernatant was discarded, and the protein was washed and
remixed with dialysis buffer. The same process was repeated
three times. The LCD alone was then dissolved in buffer
containing 20 mM Mops, pH 7.5, 150 mM KCl buffer and 2 M
GnCl to a final concentration of 4 to 5 mg ml−1. Samples then
were shaken at 4 �C for 3 days using a digital dry bath (Torrey
Pines Scientific) at speed 9. Fibrils presence was checked by
negative-stain EM.

Negative staining transmission electron microscopy

Samples for transmission electron microscopy were pre-
pared by applying 2.5 μl of sample on glow-discharged 400
mesh carbon-coated formvar support films mounted on cop-
per grids (Ted Pella, Inc). The samples were allowed to adhere
for 2 min, and washed twice with water. The samples were
then stained for 2 min with 2% uranyl acetate and allowed to
dry for 1 min. Each grid was inspected using a T12 (FEI)
electron microscope.

Phase separation and “aging” experiments with ThT

Purified and concentrated mCherry-hnRNPA2-LCDs were
incubated with TEV protease and washed as described in the
previous section. The LCD alone was dissolved in 5.7 M GnCl,
and then diluted to 100 uM GnCl using the buffer containing
20 mM Tris–HCl, pH 7.4 and 150 mM NaCl. Samples
immediately turned turbid and underwent phase separation.

For the “aging” experiments, samples were put in a 96-well
plate and monitored over time using a differential interfer-
ence contrast microscopy (Zeiss). For phase separation with
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ThT assays, 20 μM final concentration of ThT was added to the
sample and monitored over time using Zeiss. The plate was
imaged in phase contrast channel (differential interference
contrast) with 300 ms exposure time, in the BO-PRO-1 channel
(ThT) with 100 ms exposure time. BO-PRO-1 channel has an
excitation and emission of 462 nm and 482 nm. All images
were taken at full camera resolution without any binning.
Measurements were taken at every 15 min, and representative
images were presented in the main texts. Liquid droplets
diameter quantification is measured using the software Nano
Measure 1.2 (https://nano-measurer.software.informer.com/).
Twenty droplets from each image, with a total of 10 images and
200 droplets, were averaged to get the mean diameter which is
representative of the whole well.

For phase separation experiments with different pHs,
buffers we used are the following: 20 mM sodium acetate, pH
1.3 and 150 mM NaCl; 20 mM sodium acetate with acetic acid,
pH 4.1 and 150 mM NaCl; 20 mM sodium acetate with acetic
acid, pH 5.5 and 150 mM NaCl; 20 mM Tris–HCl, pH 7.5 and
150 mM NaCl; 20 mM Ches, pH 9.0 and 150 mM NaCl;
20 mM Ches, pH 10.0 and 150 mM NaCl.

For liquid droplet thermostability assays, phase separation
was formed in the 96-well plate and sat at 25 �C for 24 h. The
plate was then incubated at 37 �C for an hour and stirred with
pipette. The 96-well plate was then incubated at 4 �C over-
night, and stirred with pipette the next day. Sample status was
checked and recorded using Zeiss.

Thermostability assays of hnRNPA2 LCD fibrils

Both the WT and the mutant hnRNPA2 LCD alone fibrils
were heated up from 4 �C to 95 �C with a 10 �C increment,
and at each temperature, samples were incubated for 15 min in
a PCR machine. A total of 2.5 μl of samples at each temper-
ature were taken and checked by negative stain EM. After
heating at 95 �C for 15 min, the samples were incubated at 4
�C overnight and then checked by negative stain EM.

Cryo-EM data collection, reconstruction, and model building

A total of 2.5 μl of hnRNPA2 LCD alone fibrils at a concen-
tration of 4 mg ml−1 were applied to glow-discharged Quantifoil
Cu R 1.2/1.3, 300 mesh carbon grids. Samples were blotted with
filter paper to remove excess sample and then plunge-frozen in
liquid ethane using a VitrobotMark IV (FEI). Cryo-EMdata were
collected on a Gatan K2 Summit direct electron detector on a
Titan Krios (FEI) microscope equipped with a Gatan Quantum
LS/K2 Summit direct electron detection camera (operated with
300 kV acceleration voltage and slit width of 20 eV). Super-
resolution movies were acquired with a pixel size of
1.1 Å pixel−1 (0.55 Å pixel−1 in super-resolution movie frame).
Thirtymovie frameswere recorded eachwith a frame rate of 5Hz
using a dose rate of 1.2 e– Å−2 frame−1 for a final dose of
36 e– Å−2 on the sample. Automated data collection was driven
by the Leginon automation software (https://emg.nysbc.org/
redmine/projects/leginon/wiki/Leginon_Homepage) package
(47). A total of 4366 micrographs were collected with a defocus
range from 0.5 to 5.0 μm.
Unblur (48) was used to correct beam-induced motion with
dose weighting and anisotropic magnification correction,
leading to a physical pixel size of 1.064 Å pixel−1. Micrographs
summing all frames were all corrected for gain reference, and
then micrographs with a group of three frames were used to
estimate the contrast transfer function using CTFFIND 4.1.8
(https://grigoriefflab.umassmed.edu/ctffind4) (49). Micro-
graphs with crystalline ice, severe astigmatism, or obvious drift
were discarded. All subsequent data processing was performed
using RELION 3.1.1 (https://relion.readthedocs.io/en/
release-5.0/) (50, 51).

All filaments were picked using crYOLO (https://cryolo.
readthedocs.io/en/stable/) (52), trained with 100 micrographs
we picked manually using EMAN2 e2helixboxer.py (53). Par-
ticles were first extracted using a box size of 1024 and 686
pixels with an interbox distance of 10% of the box length. 2D
classification using 1024-pixel particles was used to estimate
the fibril pitch and helical parameters. We also performed 2D
classifications with 686-pixel particles to select particles for
future 3D classification. We performed Class3D jobs with
three classes and manually controlled the tau_fudge factor and
healpix_order to obtain resolutions around 8 to 9 Å, using an
elongated Gaussian blob as an initial reference. We selected
particles that contribute to the highest resolution class and
generated an initial 3D reconstruction by running Class3D
with 1 class. To obtain a higher resolution reconstruction, we
reextracted particles with a box size of 320 pixels from the
fibril tubes containing the Class3D-selected 686-pixel particles.
All 320-pixel particles were used directly for 3D classifications.
The final subset of selected particles was used for high-
resolution gold-standard refinement as described previously
(51). We apply a lowpass filter of 40 Å (–ini_high 40). The final
overall resolution estimates for PM1-3 were evaluated to be
3.3 Å, 3.2 Å, and 3.9 Å, respectively, based on the 0.143 Fourier
shell correlation (FSC) cutoff (54). Projections from the final
reconstruction closely match the 2D class averages, helping to
validate the reconstruction.

The refined map was sharpened using phenix.auto_sharpen at
the resolution cutoff (55), and a near-atomic resolution model
was built de novo into the sharpened map using COOT (56). We
generated a five-layer model using the helical parameters from
the final 3D refinement and then refined the structure using
phenix.real_space_refine (57). After the last round of refinement,
the final model was validated using phenix.comprehensive_vali-
dation (58, 59). The same protocols were performed for all three
PMs. All the statistics are summarized in Table 1.
Atomic solvation energy calculations

The solvation energy was calculated as described previously
(26, 60). The solvation energy for each residue was calculated
by the sum of the products of the area buried for each atom
and the corresponding atomic solvation parameters. The
overall energy was calculated by the sum of energies of all
residues. Different colors were assigned to each residue,
instead of each atom, in the solvation energy map. The energy
reported for FUS is the average over 20 NMR models.
J. Biol. Chem. (2024) 300(2) 105531 13

https://nano-measurer.software.informer.com/
https://emg.nysbc.org/redmine/projects/leginon/wiki/Leginon_Homepage
https://emg.nysbc.org/redmine/projects/leginon/wiki/Leginon_Homepage
https://grigoriefflab.umassmed.edu/ctffind4
https://relion.readthedocs.io/en/release-5.0/
https://relion.readthedocs.io/en/release-5.0/
https://cryolo.readthedocs.io/en/stable/
https://cryolo.readthedocs.io/en/stable/


D290V mutant hnRNPA2 structures suggest cellular toxicity
Data availability

All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials.
Additional data related to this paper may be requested from
the authors. The cryo-EM density maps of PM1-3 of the
D290V mutant of hnRNPA2 have been deposited in the
Electron Microscopy Data Bank under the accession code
EMDB-27713, EMDB-27728, and EMDB-28014 respectively.
The resulting atomic models have been deposited in the Pro-
tein Data Bank under the accession code PDB-8DU2, PDB-
8DUW, and PDB-8EC7, respectively.
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