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Abstract

Membrane-less organelles and RNP granules are enriched in RNA and RNA-
binding proteins containing disordered regions. Heterogeneous nuclear ribo-
nucleoprotein Al (hnRNPA1), a key regulating protein in RNA metabolism,
localizes to cytoplasmic RNP granules including stress granules. Dysfunctional
nuclear-cytoplasmic transport and dynamic phase separation of hnRNPA1
leads to abnormal amyloid aggregation and neurodegeneration. The intrinsi-
cally disordered C-terminal domain (CTD) of hnRNPA1l mediates both
dynamic liquid-liquid phase separation (LLPS) and aggregation. While cellular
phase separation drives the formation of membrane-less organelles, aggrega-
tion within phase-separated compartments has been linked to neurodegenera-
tive diseases. To understand some of the underlying mechanisms behind
protein phase separation and LLPS-mediated aggregation, we studied LLPS of
hnRNPA1 CTD in conditions that probe protein electrostatics, modulated spe-
cifically by varying pH conditions, and protein, salt and RNA concentrations.
In the conditions investigated, we observed LLPS to be favored in acidic condi-
tions, and by high protein, salt and RNA concentrations. We also observed that
conditions that favor LLPS also enhance protein aggregation and fibrillation,
which suggests an aggregation pathway that is LLPS-mediated. The results
reported here also suggest that LLPS can play a direct role in facilitating pro-
tein aggregation, and that changes in cellular environment that affect protein
electrostatics can contribute to the pathological aggregation exhibited in
neurodegeneration.
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INTRODUCTION

sclerosis; CTD, C-terminal domain; FTD, frontotemporal dementia;

hnRNPALI, heterogeneous nuclear ribonucleoprotein Al; IDP,
intrinsically disordered protein; LCD, low-complexity domain; LLPS,
liquid-liquid phase separation; MLOs, membrane-less organelles; RBD/
P, RNA binding domain/protein; SGs, stress granules; ThT,

Thioflavin T.

Recent studies suggest that cells organize many biochem-
ical processes in membrane-less compartments that
exhibit liquid-like properties.”> These membrane-less
organelles (MLOs) are hubs of proteins, RNA, or DNA
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molecules that condense at specific subcellular loci to ful-
fill defined biological functions. Given that constituent
macromolecules can be rapidly exchanged between the
loci and cytoplasm, researchers have proposed that MLOs
arise through a process of liquid-liquid phase separation
(LLPS).* Many MLOs, such as stress granules (SGs) and
P-bodies, dynamically assemble and disassemble in
response to cellular stress and other stimuli.>® Exten-
sive studies have identified that many RNA-binding
proteins, for example, hnRNPA1 and TDP-43, largely
contribute to this conditional cellular compartmentali-
zation.”® Although the molecular details underlying
LLPS in cells are largely obscure, several reports indi-
cate that constituent proteins harboring low-
complexity domains (LCDs) can mediate this process
through weak multivalent interactions.>*'° Interest-
ingly, proteins containing LCDs are also prone to
amyloidal aggregation, which is closely associated to
the pathogenesis of a myriad of neurodegenerative dis-
eases including amyotrophic lateral sclerosis (ALS),
Alzheimer's disease (AD), and frontotemporal demen-
tia (FTD).”®!! Unraveling the driving factors of LLPS
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and amyloidal fibril formation is imperative to under-
standing the pathophysiology of neurodegeneration.
The structure of hnRNPA1, a prominent member of
the heterogeneous nuclear ribonucleoproteins (hnRNP)
family, consists of two N-terminal folded RNA-binding
domains (RBDs) and an intrinsically disordered low-
complexity C-terminal domain (CTD; Figure 1a).'?
hnRNPA1 and other members in its family participate in
many aspects of RNA metabolism, including mobilizing
mRNAs in SG formation.'>'* SGs are MLOs that form in
response to cellular and environmental stressors, and
transiently store translationally stalled mRNAs until
stress is resolved.® Because SGs dynamically assemble
and disassemble, it has been suggested that SGs originate
from LLPS."®'° Various forms of stress are known to
cause SG formation, including oxidative, osmotic, and
acid stress.'® Prolonged existence of SGs or increased SG
formation accelerates the pathophysiology of neurode-
generative protein aggregation.'” Given its association
with SGs, hnRNPA1 mislocalization and dysregulation
have been implicated in ALS, AD, and FTD.®!1820
Despite  hnRNPAl's neuropathological significance,
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The low-complexity domain of the heterogeneous nuclear ribonucleoprotein hnRNPA1 reversibly phase separates into

liquid-like droplets. (a) Heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) domain organization. Protein segments are color-coded on

the basis of their isoelectric point (pI). RGG recognition motifs in the C-terminal domain (CTD) are highlighted in yellow. (b) Fluorescence

microscopy image of hnRNPA1“™™ liquid-liquid phase separation (LLPS) in the absence of molecular crowding agent. Liquid droplets are
enriched in Alexa Fluor 488-labeled hnRNPA1™ (1:200 molar ratio of labeled to unlabeled hnRNPA1™). (c) Temporal fusion of Alexa
Fluor 488-labeled hnRNPA1“"™ droplets. Protein droplets merge over time, demonstrating liquid-like nature. (d) Differential interference

contrast (DIC) microscopy images of hnRNPA1“™ solution before and after the addition of 5% (vol/vol) 1,6-hexanediol, showing droplet

formation reversibility and liquid-like property. Experimental solution conditions: 20 uM hnRNPA1“™ in 300 mM NaCl; 10 mM sodium

acetate, 10 mM sodium phosphate, 10 mM glycine (apy buffer); pH 7.0
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mechanisms and driving forces of its LLPS and patho-
logic aggregation remain largely unknown. In this paper,
we investigate the effects of pH on salt- and RNA-
dependent hnRNPA1“™ phase separation. We demon-
strate that the CTD undergoes electrostatic-mediated
LLPS and that pH modulates phase separation thresh-
olds, and aggregation propensity and kinetics of
hnRNPA1“™ droplets. Characterizing these electrostatic
interactions will elucidate the evolution of a protective
cellular mechanism into a neurodegenerative disease-
causing phenomenon.

2 | RESULTS

21 | The hnRNPA1 low-complexity
domain undergoes liquid-liquid phase
separation

To gain insight into the forces that drive the LLPS of low-
complexity regions of intrinsically disordered proteins
(IDPs), we use as a model the C-terminal domain (CTD)
of the heterogeneous nuclear ribonucleoprotein
hnRNPA1 (hnRNPA1™), expressed and purified ini-
tially as a fusion protein with solubility-enhancing His-
mCherry tag (His-mCherry-hnRNPA1“™). hnRNPA1, a
highly alkaline RNA-binding protein (RBP; pI>10), con-
sists of two structured N-terminal RNA-binding domains
(RBD1 and RBD2) and an intrinsically disordered CTD
that harbors four RGG recognition motifs known to asso-
ciate with ribonucleic acids and modulate phase separa-
tion*** (Figure 1a). Untagged hnRNPA1“™® was
fluorescently labeled by N-terminal conjugation to Alexa
Fluor 488 dye and observed to separate into distinct lig-
uid phases (Figure 1b), inducible by increasing salt con-
centration without the aid of a molecular crowding
agent. These protein droplets can undergo rapid fusion,
reflecting liquid properties (Figure 1c). Addition of 5%
(vol/vol) 1,6-hexanediol, a compound that disrupts aro-
matic interactions known to contribute to LLPS,*
reverses droplet formation (Figure 1d).

2.2 | hnRNPA1°™ LLPS is modulated by
pH, and protein, salt and RNA
concentrations

SGs are enriched in RBPs and translationally stalled
mRNAs.** These granules form in response to stressors
that perturb the cellular microenvironment, including
acid stress.'® Recent studies have demonstrated that
hnRNPAL1 phase separates and is recruited to SGs.'*'> To
investigate the electrostatic forces that promote

hnRNPA1“™ phase separation, we varied the
concentrations of protein, NaCl and RNA in pH 4, 5, 6,
7 and 8 conditions and observed hnRNPA1“™ droplet
formation (Figure 2a-e). We observed that the propensity
of hnRNPA1™ to undergo LLPS was strongly pH-
dependent (Figure 2a,d,e). At constant salt concentration
and incubation time, acidic pH promoted formation of
larger hnRNPA1“™ droplets while neutral and basic
conditions induced smaller liquid droplets (Figure 2a).
We detected turbidity at the spectroscopically inactive
wavelength of 600 nm (Figure 2b) and measured droplet
sizes (Figure 2c), and observed both parameters to
inversely correlate with pH, that is, light scattering and
droplet dimensions decrease as pH increases.

We summarized our findings for both the salt-
dependent and the RNA-dependent LLPS of hnRNPA1°™
using two sets of phase diagrams (Figure 2d.,e). Higher
NaCl concentrations consistently decreased the protein
concentration thresholds for LLPS (Figure 2d), which was
further minimized at more acidic pH conditions. Con-
versely, as the pH approaches physiological and basic con-
ditions, the protein concentration thresholds increased,
thereby requiring higher salt and protein concentrations
to induce droplet formation. Similar yet more pronounced
trends were observed in the RNA-dependent
hnRNPA1°"™ phase separation (Figure 2e). At physiologi-
cal pH, RNA promoted LLPS even at approximately 3 pM
hnRNPA1°™ whereas salt minimally induced phase sepa-
ration even with 12 pM hnRNPA1™.

2.3 | hnRNPA1°™ LLPS-mediated
aggregation is modulated by pH conditions,
and salt and RNA concentrations

While examining hnRNPA1“™ LLPS properties, we
observed that reversible droplet assembly was accompa-
nied by the formation of protein aggregates within a few
hours in most of our experimental conditions. To investi-
gate the role of phase separation in driving protein aggre-
gation and fibrillation, we employed a Thioflavin T (ThT)
fluorescence assay to test the correlation between
hnRNPA1°™ LLPS and aggregation, varying pH condi-
tions, and salt and RNA concentrations (Figure 3a-d).
Incubation of hnRNPA1<™ droplets in both LLPS-
unfavorable and LLPS-favorable salt conditions (10-
50 mM and 100-1,000 mM, respectively; Figure 3a) with
ThT dye resulted in the formation of ThT-positive aggre-
gates. We observed that LLPS-inducing conditions
resulted in the rapid formation of aggregates, usually
within 2-6 hr, and exhibited high ThT fluorescence
intensity endpoints (Figure 3a). In contrast, non-LLPS-
inducing conditions resulted to slower aggregation
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kinetics and lower ThT fluorescence intensity endpoints
(Figure 3a). Furthermore, pH also affected the formation
rate of aggregates, with more acidic pH conditions gener-
ally demonstrating faster aggregation initiation (with
minimal nucleation or lag phase) and reaching the maxi-
mal ThT fluorescence intensity endpoints earlier as com-
pared to the neutral and alkaline counterparts.

Similarly, hnRNPA1“™ aggregation experiments
were also performed at varying RNA concentrations
(non-LLPS condition: 1 pg/ml; LLPS-inducing conditions:
10-1,000 pg/ml), and parallel results were observed
(Figure 3c). Notably, the final fluorescence intensity max-
ima were generally higher for RNA-dependent LLPS-
mediated aggregates as compared to those in the salt-
dependent conditions. Strikingly, ThT-positive aggregates
formed in the presence of minimal RNA (1 pg/ml) at
pH 6, 7 and 8, with the fastest appearance occurring after
3 hr in pH 6.

The time elapsed to attain half-maximum ThT fluo-
rescence signal (t;,,) was determined for each experimen-
tal condition and plotted as exponential decays to more
clearly illustrate the observed trends (Figure 3b,d). In
general, conditions of higher NaCl or RNA concentra-
tions and lower pH displayed shorter t;,, whereas condi-
tions of lower NaCl or RNA concentrations and higher
pH showed longer t;/,. Furthermore, the trend is more
pronounced in salt-dependent hnRNPA1“™ aggregation.
Overall, these results show that electrostatic forces modu-
late the aggregation propensity of hnRNPA1<™, and that
acidic pH conditions as well as high protein and salt/
polyelectrolyte/multivalent ligand concentrations favor
hnRNPA1“"™ aggregation.

3 | DISCUSSION

Studies have shown that many aggregation-prone pro-
teins involved in neurodegenerative diseases also
undergo LLPS.'>*7*7 Although aggregation does not nec-
essarily proceed via LLPS, with protein aggregation/fibril-
lation and phase separation being two independent
processes,”® highly enriched phase-separated proteins

usually exhibit greater tendency to aggregate compared
to more dilute homogeneous protein solutions. Here, our
work demonstrates that hnRNPA1™ is able to assemble
into protein-rich droplets via LLPS (Figure 1), and such
in vitro phase separation is tunable by variables that
modulate electrostatic forces. Specifically, higher salt and
RNA concentrations and acidic pH conditions reduce the
hnRNPA1“™ protein concentration threshold required
for LLPS. We further observed temporal formation of
ThT-positive aggregates in conditions favorable to
hnRNPA1“™ droplet formation (Figure 3). The struc-
tural flexibility and conformational freedom exhibited by
proteins/domains with low sequence complexity, as is the
case for intrinsically disordered proteins — IDPs and pro-
teins with significant intrinsically disordered regions -
IDRs, combined with the inherent capacity for multiva-
lent interactions and propensity for nonspecific interac-
tions are characteristics that can drive LLPS, the
formation of mesh-like networks of biomolecules. Separa-
tion from the bulk phase into liquid droplets is the result
of a dynamic interplay between energetically favorable
and unfavorable interactions within the network versus
that in the surrounding solution. Potential bias for aggre-
gation afforded by the liquid droplet environment
(e.g., changes in local pH and/or salt/polyelectrolyte/
multivalent ligand concentrations) and the resultant
increased protein concentration pose significant risks
in vivo as with SGs. Hubs of promiscuous weak-
interacting proteins prolonged by dysfunctional clearance
can eventually lead to cytotoxic aggregates identified in
neurodegenerative diseases.?®

In the solution conditions we tested, we find that
hnRNPA1™ readily phase separates, aided only by salt
and/or RNA (a polyelectrolyte and weakly-interacting
multivalent ligand), in the absence of non-physiological
molecular crowding agents that have the potential to
complicate experiments involving multiple variables.
Here, we show that pH plays a regulatory role in
hnRNPA1“™ LLPS as lower concentrations of salt or
nucleic acids are required with increasingly acidic condi-
tions. Provided that varying pH conditions and concen-
trations of salt and RNA controls the hnRNPA1¢™

FIGURE 2

Modulation of heterogeneous nuclear ribonucleoprotein A1 C-terminal domain (hnRNPA1™) liquid-liquid phase

separation (LLPS) by varying pH, and protein, salt and RNA concentrations. (a) Representative fluorescence microscopy images of 20 pM
Alexa Fluor 488-labeled hnRNPA1°™ with 1 mg/ml RNA at pH 5, 7 and 8. While phase separation occurred in all pH conditions, LLPS is
favored at lower pH. (b) LLPS monitored by optical density (ODgqo) measured at 600 nm after 5 min of incubation. Measured optical density

increased with increasing solution acidity. Error bars represent measurement standard deviations. Conditions: 20 pM Alexa Fluor
488-labeled hnRNPA1°™, 1 mg/ml RNA, 10 mM NaCl in apy buffer, pH 4-8 (n = 3). (c) Droplet dimensions at different pH conditions after
5 min of incubation. Droplet size increased with increasing solution acidity. Same experimental solution conditions as (b) (n = 100). (d) and

(e) Phase diagrams depicting the salt concentration-dependence and RNA concentration-dependence of hnRNPA1“™ LLPS from pH 4 to

8. Open circles (o) and closed circles (@) indicate the absence and presence of phase separation, respectively
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Salt-dependence of hnRNPA1¢™® aggregation vs. pH

(a)
5101 pH4 3101 pHs 1 3101 pHe [NaCl] (mM)
%8“/0.8 {;—o.& 1 Sos; 10
=50
S 06 S 0.6 {1 5 0.61
o o o 100
2 2 2 200
8 04] o 2 044 500
[e] (o] [e] —
2 0.21 2 2 0.2 —— 1000
= = =
= 00 [ = 0.0+
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (hrs) Time (hrs) Time (hrs)
(b)
T 9
o8 Los8 7
?.:3 0.6 § 0.6 o
0 0.4 0 0.4 8
5 S =8
= 0.2 = 0.2 24
= =
= = 14
F 0.0 F 0.04= o] ]
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 200 400 600 800 1000
Time (hrs) Time (hrs) [NaCl] (mM)
RNA-dependence of hnRNPA1¢™ aggregation vs. pH
(©
—~ 1.0 —~ 1.0 {1 — 1.0
> 3 3 [RNA] (ng/mL)
S 08l S L 0.8 e
[0 [0] [0
e 0.6 2 e 0.6 e 10
g 3 g 50
§ 04 g g 041 100
2 0.2 2 S 021 —ggg
e = e
= 0.0- [= = 0.0- —1000
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (hrs) Time (hrs) Time (hrs)
(d)
T 9
;:1.0- ;:1.0- pH 8 g
Sos < 08 71
8 8 N
S 06 § 06 T 5!
804 8 04 a4
S S <3
=02 = 0.24 21
= lE 11¢
F 00 F 0.0 o ]
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 200 400 600 800 1000
Time (hrs) Time (hrs) [RNA] (ug/mL)

FIGURE 3 Solution pH, and salt and RNA concentrations tune heterogeneous nuclear ribonucleoprotein Al C-terminal domain
(hnRNPA1“™) aggregation. hnRNPA1°™ aggregation kinetics at varying salt (a,b), RNA (c,d), and pH (a-d) conditions monitored by
Thioflavin T (ThT) fluorescence over 6 hr. Solid and dashed lines indicate aggregation proceeding in LLPS-favorable or unfavorable
conditions, respectively. Time elapsed to attain half-maximum ThT fluorescence signal (t,,,) plotted as functions of NaCl and RNA
concentrations (b, d). t,, values for the aggregation reactions were determined using the Boltzmann equation and fitted as exponential
decays for visual guide. Conditions: 20 pM hnRNPA1°™, 3 uM ThT, apy buffer at pH 4-8 (n = 3)
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concentration threshold for LLPS, our data also suggest
that electrostatic forces are a regulatory element of phase
separation. Given that pH modulates a protein's proton-
ation state, it has been shown that folded, stable proteins
become more insoluble in conditions nearing their iso-
electric point as the proteins’ gradual net loss of charges
reduces the number of hydrogen bonding with surround-
ing water molecules.?® In the case of hnRNPA1°™, in
pH conditions approaching its pI of 10.3, LLPS propensity
as well as droplet size decreased (Figure 2). In contrast,
the presence of salt and RNA greatly favors the phase
separation of hnRNPA1“™ across all pH conditions.
hnRNPA1“™ alone did not phase separate in the range
of protein concentrations in which our experiments were
conducted. Interaction with ions in solution allowed
hnRNPA1“™ to overcome the protein concentration
minima and undergo LLPS. Our results with RNA, which
can also be visualized as a large polyelectrolyte, suggest
that some electrostatic interaction is required between
the alkaline hnRNPA1“™ and anions for LLPS to occur.
This electrostatic interaction is more favorable in more
acidic pH conditions as the hnRNPA1<™ gradually gains
a more positive/less negative net charge. Furthermore,
RNA may act as a multivalent weakly-interacting ligand
recognized by hnRNPA1“"™ RGG motifs (Figure 1a), pro-
viding nonspecific interactions to recruit additional pro-
teins to form liquid droplets.

While we observed that increasing acidity encourages
hnRNPA1“™ LLPS and aggregation, such characteristics
cannot be generally applied across all systems that
undergo phase separation. Some intrinsically disordered
proteins such as a-synuclein have exhibited similar acidic
pH-dependent solubility/aggregation trends® while others
like TDP-43 have been shown to exhibit the opposite
trend.*® Mompean et al. presents a case that repulsive
electrostatic forces govern TDP-43™ LLPS and that
lower pH adds to the protein's net charge, which subse-
quently disfavors phase separation.>? Comparing the
charge of TDP-43“™ and hnRNPA1“™ reveals that TDP-
43T is more positively charged in acidic pH environ-
ments (reported +13.2°" for TDP-43™ vs +11 for
hnRNPA1“™ at pH 4, calculated at http://protcalc.
sourceforge.net/). hnRNPA1“™ is more positively
charged at acidic pH compared to higher pH, and our data
suggest that some positive charges on hnRNPA1<™ favor
LLPS, potentially via ionic interactions with salts and
polyanions, and allow for tuning via electrostatic forces.
We acknowledge that other solution conditions (e.g., the
presence of osmolytes) as well as inter- and intramolecu-
lar forces beyond electrostatic interactions also drive
phase separation and should not be disregarded.>*°
Overall, LLPS is a complex phenomenon whose mecha-
nisms and regulation deserve further research.

Our data not only demonstrate electrostatic interac-
tions tinkering with LLPS but also a strong accelerating
effect of salt and RNA on aggregation kinetics (Figure 3).
Greater salt and RNA concentrations generally increased
hnRNPA1“™ aggregation across all pH conditions. Spe-
cifically, more acidic pH conditions exhibited shorter lag
times for both salt- and RNA-dependent protein aggrega-
tion. Conversely, alkaline conditions showed longer lag
phases and discouraged aggregation. Interestingly, at
constant pH, the concentrations of salt and RNAs
at which hnRNPA1“™ droplets formed had shorter lag
times (smaller t,,, values) compared to conditions where
LLPS was not observed, suggesting that the same electro-
static forces that drive phase separation also play a role
in hnRNPA1™ aggregation. Such accelerated aggrega-
tion may be related to the formation of amyloid-like
structures common to many neurodegeneration-
associated IDPs that form ThT-positive fibrillary aggre-
gates. A recently discovered amyloid folding core capable
of assembling reversible fibrils is present within
hnRNPA1™, further suggesting that the aggregation in
the protein-rich droplet phase may be amyloidal.*
Despite these observations, LLPS and aggregation are not
always linked. We recently demonstrated the decoupling
of LLPS and fibrillation via the chemical chaperone/
osmolyte trimethylamine N-oxide (TMAO) using TDP-43
as a model system, which suggests that the phase separa-
tion induced by similar compounds may protect against
amyloid formation.?® Other studies on hnRNPA1 have
also shown that LLPS and aggregation are independent
processes.® The formation of ThT-positive hnRNPA1<™
aggregates in LLPS-unfavorable conditions further sup-
ports phase separation and aggregation as independent
processes. Across all experimental conditions, we
observed greater final ThT fluorescence signals in LLPS-
favorable vs LLPS-unfavorable conditions (Figure 3a,c)
during the observation window, suggesting the existence
of LLPS-independent aggregation pathway/s. Such con-
sistent trend warrants future studies to understand LLPS-
mediated and LLPS-independent aggregation pathways
for neurodegenerative disease-associated IDPs.

Our results examine the impact of pH on salt- and
RNA-dependent LLPS and aggregation of hnRNPA1“™
(Figure 4). In summary, we showed hnRNPA1™ LLPS
to be modulated by electrostatic interactions, particularly
by using pH, and salt and RNA concentrations as vari-
ables. Detection of ThT-positive aggregates in both LLPS-
and non-LLPS-inducing conditions suggests the plausibil-
ity of two aggregation pathways: LLPS-mediated and
LLPS-independent, which can also be affected by LLPS-
modulating factors. These in vitro observations do not
completely reflect the mechanisms of recruitment or
aggregation of SG-related proteins; however, self-


http://protcalc.sourceforge.net/
http://protcalc.sourceforge.net/

TSOI ET AL.

THE

PROTEIN

WILEY_| s

FIGURE 4

B
° A&l
. o

Phase Separation Modulators

pH

Temperature
Salts/Polyelectrolytes
Protein Concentration
Cosolvents (e.g, TMAO)
Ligands

SOCIETY

\_\_ps-lv\ediated
Aggregation

s

Electrostatic modulation of liquid-liquid phase separation (LLPS)-mediated (indirect) and LLPS-independent (direct) protein

aggregation pathways. Although enhancement of LLPS is not necessarily linked with increased protein aggregation propensity, the same

physicochemical properties that modulate phase separation can also affect protein aggregation, which can manifest in the initial non-phase
separated solution (i.e., LLPS-independent protein aggregation) and/or occur in either of the two resultant liquid phases (i.e., LLPS-mediated
protein aggregation; L1 and L2). Enhancement or inhibition of protein aggregation via LLPS depends on the specific phase solution

microenvironments

association mechanisms similar to LLPS-mediated fibril-
lation may exist in vivo. The hypothesis that LLPS may
mediate formation of pathological hnRNPA1 aggregates
in neurodegenerative diseases is supported by recent
observations that hnRNPAI1 aggregates appear to localize
to stress granules in ALS, FTD, and AD.*'! Consistent
with these findings, our data suggest that LLPS may play
a direct role in hnRNPA1<™ aggregation, likely by pro-
viding an environment not only of increased local protein
concentration but also of other solution components that
simultaneously enhance LLPS and protein self-
interaction.

4 | MATERIALS AND METHODS
41 | Protein expression, purification,
and labeling

His6-mCherry-tev  cleavage site-hnRNPA1™  was
expressed in DE3 Escherichia coli Rosetta cells (Novagen,
Merck KGaA, Darmstadt, Germany) in terrific broth
(TB) medium. Cells were grown at 37°C in the presence
of kanamycin and chloramphenicol until the optical den-
sity at 600 nm (ODgqo) reaches 0.8-1.0, then induced with
1 mM isopropyl p-d-1-thiogalactopyranoside and grown
overnight at 18°C. Cells were resuspended in 500 mM
NaCl, 10 mM imidazole, 50 mM Tris, pH 8 with a prote-
ase inhibitor cocktail (GenDEPOT, Katy, TX) before lysis
using a cell homogenizer (Avestin, Ottowa, Canada). The
lysate was centrifuged and supernatant was loaded onto a

gravity HisPur column (Thermo Fisher Scientific, Wal-
tham, MA), washed with the lysis buffer and eluted with
500 mM NaCl, 300 mM imidazole, 50 mM Tris, pH 8.
The protein solution was dialyzed overnight with lysis
buffer and 1:50 mass ratio of TEV protease for cleavage of
the His-mCherry tag. The tag was removed using cobalt
column. The flow-through was concentrated and further
purified by reverse-phase HPLC using a C3 column
(Agilent, Santa Clara, CA). The protein solution was dia-
lyzed against water and stored at —80°C until later use.
Proteins were labeled using NHS ester chemistry with
Alexa Fluor 488 dye (Thermo Fisher Scientific) at a 1:10
protein: dye ratio, incubating for 2 hr at room tempera-
ture. Labeled protein was purified using HPLC.

4.2 | hnRNPA1°™ LLPS experiments

Purified hnRNPA1“™ liquid-liquid phase separation
(LLPS) experiments were performed using variable pro-
tein (0-100 pM), salt (0-1 M NaCl), and RNA (0-1,-
000 pg/ml) concentrations in afy buffer (10 mM sodium
acetate, 10 mM NaH,PO,, 10 mM glycine) in pH condi-
tions ranging from pH 4-8. 10-20-pl drops were pipetted
onto 35 mm glass bottom dishes (ibidi, Martinsried, Ger-
many) and monitored for droplet formation (with incuba-
tion time of 5 min) using EVOS FL (Thermofisher
Scientific) optical and fluorescence microscopy. Turbidity
was measured using Nanodrop2000 (Thermofisher Scien-
tific), and droplet sizes were determined using ImageJ>’
particle selection analysis.
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4.3 | ThT fluorescence assay
hnRNPA1“™ aggregation was detected by monitoring
changes in thioflavin T (ThT) fluorescence using a Tecan
Spark plate reader, employing 440 nm excitation and
480 nm emission wavelengths. Protein aggregation reac-
tions were conducted using 20 yM hnRNPA1“™, 3 uM
ThT (GenDepot), 10-1,000 mM NaCl conditions or 1-1,-
000 pg/ml torula yeast RNA (Sigma Aldrich, St. Louis,
MO), 10 mM ofy buffer in pH conditions ranging from
pH 4-8. Aggregation kinetics were monitored for over 6 hr.
Half-maximum ThT fluorescence was determined
using Boltzmann equation, a function used to describe
sigmoidal patterns, as given by:

YA A1 —A;
=Ax+ 1 4 e(x—xo)/dx

where A, is the minimal baseline and A, is the maximal

baseline, X, is the time at which the change in signal is at

50% (t1,2), and dx is the time constant.
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