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Poly(ADP-ribose) drives condensation of FUS via a
transient interaction
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SUMMARY

Poly(ADP-ribose) (PAR) is an RNA-like polymer that regulates an increasing number of biological processes.
Dysregulation of PAR is implicated in neurodegenerative diseases characterized by abnormal protein aggrega-
tion, including amyotrophic lateral sclerosis (ALS). PAR forms condensates with FUS, an RNA-binding protein
linked with ALS, through an unknown mechanism. Here, we demonstrate that a strikingly low concentration of
PAR (1 nM) is sufficient to trigger condensation of FUS near its physiological concentration (1 uM), which is three
orders of magnitude lower than the concentration at which RNA induces condensation (1 pM). Unlike RNA,
which associates with FUS stably, PAR interacts with FUS transiently, triggering FUS to oligomerize into con-
densates. Moreover, inhibition of a major PAR-synthesizing enzyme, PARP5a, diminishes FUS condensation
in cells. Despite their structural similarity, PAR and RNA co-condense with FUS, driven by disparate modes
of interaction with FUS. Thus, we uncover a mechanism by which PAR potently seeds FUS condensation.

INTRODUCTION use NAD" to synthesize an RNA-like polymer called poly(ADP-

ribose) (PAR). PAR is attached as a post-translational modification

Biomolecular condensates form through multivalent interactions
that promote the assembly of proteins, RNAs, and other
molecules into a dense phase (Alberti et al., 2019). Multivalent
scaffolds, such as RNA, promote condensation of RNA-binding
proteins (Harmon et al., 2017; Li et al., 2012; Mitrea et al., 2016;
Rhine et al., 2020b). Significant effort has identified pathogenic
mutations in disordered RNA-binding proteins as well as disrup-
tions to pathways, such as DNA repair and autophagy, as key
drivers of neurodegenerative phenotypes (Elbaum-Garfinkle,
2019; Fujioka et al., 2020; Harrison and Shorter, 2017).
Recently, a family of druggable enzymes known as ADP-ribo-
syltransferases, commonly termed PARPs, was also identified
as contributors to neurodegenerative pathologies (Kam et al.,
2018; McGurk et al., 2019; Rulten et al., 2014). Some PARPs

of proteins (Gibson and Kraus, 2012), which is known primarily as
a transient signal for facilitating DNA strand break repair. PARyla-
tion of proteins is now recognized to have additional biological
roles and to be enriched among the protein components of bio-
molecular condensates, such as stress granules and nucleoli
(Leung, 2014; Leung et al., 2011; Leung, 2020). Elevated levels
of PARylation are detected in the motor neurons of patients with
amyotrophic lateral sclerosis (ALS) as well as in the cerebrospinal
fluid of patients with Parkinson disease (Kam et al., 2018; McGurk
et al., 2018b). Knockdown of PARP5a prevents disease in a fly
model of ALS, and small-molecule inhibitors of PARP1 or
PARP5a/b protect primary rodent neurons from TDP-43-associ-
ated neurotoxicity (McGurk et al., 2018a; McGurk et al., 2020).
In vitro, free PAR chains seed the formation of droplets or
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aggregates of key disease proteins, such as TDP-43, hnRNPA1,
fused in sarcoma (FUS), and a-synuclein (Duan et al., 2019;
Kam et al., 2018; McGurk et al., 2018a; Patel et al., 2015). These
in vivo and in vitro data demonstrate the relevance of PAR in neu-
rodegeneration, but the mechanism by which PAR-protein inter-
actions lead to condensation remains unexplored.

Solid-like aggregates of the disordered RNA-binding protein
FUS are found in the cytoplasm of degenerating neurons in a sub-
set of patients with ALS and frontotemporal lobar dementia (FTLD)
(Kwiatkowski et al., 2009; Vance et al., 2009). FUS, which is pre-
sent in both the cytoplasm and the nucleus (Dormann et al.,
2010), has roles in microRNA processing, RNA export, DNA dam-
age response, and stress granule formation (Daigle et al., 2013;
Deng et al., 2014; Dini Modigliani et al., 2014; Hyman et al.,
2014; Murray et al., 2017; Shelkovnikova et al., 2014; Svetoni
et al., 2016; Zhang et al., 2018).

FUS forms liquid-like droplets with RNA and other proteins
(Niaki et al., 2020; Patel et al., 2015; Wang et al., 2018). Although
PAR is similar to RNA in some respects, there are important
structural differences: each ADP-ribose unit consists of a ribose
connected to an adenosine via two phosphate groups, as
opposed to the single phosphate group found in RNA that joins
the ribose group of adjacent bases. Thus, there are twice as
many ribose and phosphate groups per base compared to
RNA (Leung, 2014). PAR binds to FUS in vitro and recruits FUS
to DNA damage foci in cells (Altmeyer et al., 2015; Rulten
et al., 2014; Singatulina et al., 2019). PAR binding requires the
positively charged RGG domains of FUS (Altmeyer et al., 2015;
Dasovich et al., 2021; Singatulina et al., 2019), which likely
interact with the negatively charged PAR chains. Here, we inves-
tigate the role of PAR in FUS liquid-liquid phase separation
(LLPS) to better understand the molecular FUS-PAR interaction
and how it might lead to ALS-associated protein aggregation.

Wefind that PAR induces FUS condensation with a potency one
thousand times higher than RNA. Strikingly, short-lived FUS-PAR
interactions are sufficient to trigger FUS-FUS oligomerization and
condensation, and PAR-seeded FUS condensates remain stable
even after the PAR is degraded or removed from the reaction. By
contrast, RNA-mediated FUS condensates completely dissolve
after the RNA is digested. Mutations in FUS linked to ALS or
FTLD alter the properties of FUS-PAR condensates. Furthermore,
we show that inhibition or knockdown of PARP5a, but not PARP1,
decreases FUS granule formation in neuronal cells. Together, our
data support a mechanism by which PAR acts by transiently inter-
acting with FUS to trigger the formation of FUS condensates that
do not require PAR to maintain their structural integrity. Despite
the low abundance and transient nature of PARylation in cells,
our data suggest that PAR could significantly impact FUS LLPS.
Given the elevated levels of PARylation in patients with neurode-
generation, our data support further investigations into causal
roles for PAR in neurodegenerative diseases.

RESULTS
Low concentrations of PAR are sufficient to promote
FUS condensation

We first carried outin vitro phase separation assays to test if PAR
promotes FUS condensation. Linear PAR polymers of varying
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lengths were synthesized by PARP5a and labeled with Cy5 to
enable fluorescent visualization of condensates (STAR Methods,
Figure S1A and S1B). We combined purified FUS protein (1 uM,
which is close to the range of physiological FUS concentration)
with different PAR lengths and concentrations (Figure 1A)
(Patel et al., 2015). As a comparison, we applied Cy3-labeled
poly-uracil RNAs of comparable lengths that we used in our
previous work (Niaki et al., 2020; Rhine et al., 2020a). Conden-
sates were visualized with 10 nM fluorescently labeled RNA
or PAR (STAR Methods). After incubating FUS with PAR or
RNA for 4 h, condensates were imaged using brightfield and
fluorescence microscopy.

Strikingly, we found that low concentrations of PAR (1-100 nM)
were sufficient for the condensation of FUS (Figures 1B and 1C,
and even as low as 10 pM for PAR;g; Figure S1C). By contrast,
equivalent concentrations of RNA did not induce FUS condensa-
tion (Figures 1B and 1C). The PAR effect is protein-specific, as
neither bovine serum albumin nor maltose-binding protein
formed condensates with PAR+g (Figure S1D). FUS-PAR droplets
are also length dependent, as monomeric and dimeric ADP-
ribose were insufficient for FUS LLPS (Figures S1D and S1E),
and very few observable droplets formed in PAR, reactions (Fig-
ures 1B, 1C, and S1F). These data suggest that a minimal length
of greater than four units of PAR is required to stimulate FUS
condensation and that PAR more potently stimulates FUS LLPS
than RNA does. Overall, longer PAR chains and higher PAR con-
centrations promoted more FUS condensation, although high
concentrations of FUS and PAR3; (1 1M each) led to aggregation
(Figure 1B). Shorter chains of PAR were more highly enriched in
the condensates than the longer PAR chains (Figures 1D and
S1G), indicating that a change in multivalent FUS-PAR interac-
tions may impact the nature of condensation.

To test if FUS-PAR condensates are liquid-like, we performed
controlled fusions of FUS-PAR droplets with a dual-laser optical
trap (Figure 1E) (Rhine et al., 2022). We observed that FUS-
PAR;g condensates and FUS-U,g condensates fuse with similar
kinetics, demonstrating that FUS-PAR droplets are indeed
liquid-like (Rhine et al., 2020a). Fluorescence recovery after
photobleaching (FRAP) experiments likewise showed that
PAR;¢ rapidly exchanges into and out of FUS condensates as
is expected for liquid-like droplets (Figure 1F). Overall, this
evidence indicates that FUS-PAR4¢ droplets have liquid-like
properties.

PAR transiently interacts with FUS

RNA-mediated FUS condensation requires prolonged and
stable FUS-RNA interactions (Rhine et al., 2020a; Schwartz
et al., 2013). Therefore, we tested whether the formation of
FUS-PAR condensates was also driven by a stable association.
Unlabeled FUS was incubated with Cy5-labeled PARs of vary-
ing lengths, and the resulting FUS-PAR complexes were
resolved on electrophoretic mobility shift assay (EMSA) gels.
All lengths of PAR induced the formation of higher-order FUS
complexes that collected near the top of the gel (Figures 2A,
2B, and S2A). In addition, PAR+¢ and PAR3, formed discrete
complexes reminiscent of FUS-RNA complexes found in our
previous study (Figure 2A) (Niaki et al., 2020). Because un-
bound PARg and PAR4¢ were too small to be visualized on



Please cite this article in press as: Rhine et al.,
doi.org/10.1016/j.molcel.2022.01.018

Poly(ADP-ribose) drives condensation of FUS via a transient interaction, Molecular Cell (2022), https://

Molecular Cell

¢ CellP’ress

A B
PAR, PAR, PAR, PAR,, U, U, U, Ugo
*
3
=
<
Z 8
g ~
Cy5-labeled PAR | G
(4-32 units) T s
o c
= e
- =
Cy3-labeled RNA s
(20-50 nt)
1 UM FUS + indicated RNA/PAR
C
0.04 PAR]
o1nM s - E
%003 o 10 nM % O0s 025s 05s 0.75s 1s
@ 77| @100 nM =
(] 3 2
2 002 B 1000 nM _5 - ny - P - - -
3 Z
2 0.01 o, ©
< 0 - - E( - e L& O L J
¥ £ 5 S o T
4 16 32 U_‘m_ E E % % 1 UM FUS + 1 uM U,  or 100 nM PAR,
PAR Length
0.3
F 18 ; ns
o \ < data
1000 103 810 o — fitted curve
3 o) & 08 = 16 T=0.2693 0.2
S 100 > @ 1 [ R2=0.99545| g
= 3 Q06 it 5 —
X 40 2 ] g 3 . —
5 g g o4 3 14 e 0.1
= 1 2 €02 © < S
0.0@ 5
0 1.2
4PA§ L;r?gtﬁZ Yao ° z 200 400 600 0 0.6 12 0
Time (s) Time (s) o)

PAR,

Figure 1. Sub-stoichiometric concentrations of PAR are sufficient to promote condensation of FUS
(A) Schematic of purified FUS added to Cy5-labeled PARs or Cy3-labeled poly-uracil RNAs of varying lengths.

(B) Representative wide-field fluorescence microscopy images of 1 M wild-type FUS incubated with decreasing concentrations of PARs or poly-uracil RNAs for
4 h. Asterisks denote images with increased contrast to better visualize weakly fluorescent droplets. Scale bar, 5 um.

(C) Quantification and heatmap of the area density (the fraction of area covered by condensates) of the data from (B). The density of the heatmap was normalized
from O to 1, based on the condition with the highest coverage (1 uM Uy,o). Error bars denote standard error of the mean (n > 8).

(D) Intradroplet concentration of varying lengths of PAR from the FUS + 100 nM PAR conditions. Concentrations were interpolated from a free dye standard curve
(see Figure S1G). Error bars are standard error of the mean (n > 30).

(E) Top, brightfield stillimages from C-Trap fusions of FUS-U,o or FUS-PAR;s condensates. Scale bar, 3 um. Bottom left, aspect ratio over time plot of one FUS-
PAR;6 fusion event. Bottom right, average fusion time (T) of FUS-U4 and FUS-PAR+s condensates. Error bars represent standard error of the mean (n > 5).
Statistics were calculated using Welch’s t test (d.f. = 4), where ns = not significant.

(F) Average fluorescence recovery after photobleaching of 1 uM PAR;¢ with 10 nM Cy5-PAR+6 (magenta) or 1 uM U4o with 10 nM Cy3-U, (green) incubated with

1 uM FUS. Error bars are standard deviation (n > 8).

these EMSA gels for proper quantification, fluorescence anisot-
ropy was instead used to estimate the apparent Ky (Ky_app)
value of the FUS-PAR interaction. Compared with FUS and
RNA (Kq_app ~5 nM), FUS and PAR exhibited a weaker affinity
with a Ky app Up to 40-fold higher value (Figures 2C and 2D).
Notably, the PARg concentration that led to FUS condensation

(e.g., 10 nM) was 20-fold lower than the Ky g5, (>200 nM), sug-
gesting that the potent condensation facilitated by PAR does
not require high-affinity binding.

To better understand the nature of the FUS-PAR interaction, we
performed a single-molecule assay in which a Cy5-labeled
partially duplexed form of PAR or RNA (pdPAR or pdRNA,

Molecular Cell 82, 1-17, March 3, 2022 3



Please cite this article in press as: Rhine et al., Poly(ADP-ribose) drives condensation of FUS via a transient interaction, Molecular Cell (2022), https://
doi.org/10.1016/j.molcel.2022.01.018

¢ CellPress Molecular Cell

A
PAR, PAR, PAR,, PAR,,
TS ool = g = S s g
> c v c 0 Q99 c 0 S22 2 cooo
Eo-awl8B82d82 c-dw28B2&B2 o-adw2&B2RBS S _J,288288°
e e B n e e ol uuu-ﬁ;—uf—i’u 'm\{g’\tuuuauu
u M
| .Ju
- Cc2
widi C1
wedduledes
. 250 1
B g 10 C §200< U40 ] PAR1$ D
= 3 150‘!_4%}‘1 1 300 *
R & 100z w=F 1 " g
% c 504 1 =
3 2 os < 7 2w B £ 200
£E > 2507 PAR, 1PAR,, g
€ 8 2 ] x 100
5 £ 1504 1 *
> 0 o f §.8 S 1004 1 «
X x O c 4 4
£ << <% i 5 D e — T S S
o o 001 01 1 10 100 1000001 04 1 10 100 1000 o g Q(: 9(:
500 nM FUS [FUS] (M) o g
E F . . . . , —
Cy5-PAR N Long-vLived nJransient [Cy3-FUS] = 1 nM-
on SM g o H 1
stece /U 2/ /T 8 N L FETS—
ok 5nM|
g m Uso
r P . | S
8 O e
— of ' ! ' ' " 10nM]
'S F -
Cy3-FUS — - . . - : f—
binds  / J’?{ t 1 nMA
Cy5-PAR;.r’§ ? g g g ‘ / z ]
/ / £
of 5 nM -
8 N | PAR,
§ uuﬁk%m‘#““ T T o 'lum
2 ; ¢ - ¢ .
oy5 " PAR, ! 10 nM |
[
DNA duplex —
biotin/ 2
2z, NeutrAvidin g
G Long-Lived Transient 5| 5 nM|
Bindin Bindin 5 | | l PAR,,
Inding E Inding oI PPN VTR .m‘. bbbl ALL Lol il [
Durati umber @ i : " o et ol
= — el 10 nM|
2 \ 3
9 |Intensity A wr A
£ . " \ \ |
0 50 100 150 200 250 300
Time Time (s)
H ! U PAR
o %10 U50 PAR9 2% 10| ~50 9
£9 T o
S go
£ o o @
o5 o 8
€45 28 5
32 Se
c Cc > S
E : 0 g g 0
u 12557510 1255 7510 1255 7510 - 12557510 1255 7510 12557510

[Cy3-FUS] (nM) [Cy3-FUS] (nM)

(legend on next page)

4 Molecular Cell 82, 1-17, March 3, 2022



doi.org/10.1016/j.molcel.2022.01.018

Please cite this article in press as: Rhine et al., Poly(ADP-ribose) drives condensation of FUS via a transient interaction, Molecular Cell (2022), https://

Molecular Cell

respectively) was immobilized to a quartz slide via biotin-neutrA-
vidin linkage (Figure 2E). Cy3-labeled FUS was applied to the sin-
gle-molecule surface prepared with tethered pdPARg, pdPAR2,,
or pdUsg RNA, and total internal reflection microscopy was used
to visualize individual FUS, PAR, and/or RNA molecules (Rhine
etal., 2022) (STAR Methods). As observed previously, FUS stably
associated with pdUso RNA, indicated by the long-lasting Cy3
signalonasingle RNA (Rhine etal., 2020a) (Figure 2F). Conversely,
FUS interacted with both pdPARg and pdPAR,, in predominantly
transient bursts (<1 s), evidenced by a series of spikes in the Cy3
signal (Figure 2F). Quantification of the single-molecule traces
revealed that FUS-PAR binding was dominated by transient inter-
actions, whereas FUS-RNA binding was primarily long lived (Fig-
ures 2G-l). The frequency and intensity of the FUS-PAR
interactions increased as a function of FUS concentration (Figures
2F-2l and S2B-S2D). Together, these data suggest that FUS in-
teracts with PAR in a fundamentally disparate manner compared
with RNA.

Transient FUS-PAR interactions drive FUS condensation
The sub-stoichiometric and transient nature of the FUS-PAR
interaction led us to ask if PAR stimulates the FUS-FUS contacts
that give rise to FUS condensation. If so, PAR may not be needed
after seeding condensate formation to sustain the FUS droplets.
To test this possibility, we formed FUS-PAR droplets and applied
a PAR-degrading enzyme, PAR glycohydrolase (PARG) (Hata-
keyama et al., 1986). While the Cy5-PAR signal was efficiently
removed upon the addition of PARG, the FUS condensates re-
mained intact when visualized by the brightfield images or using
Cy3-FUS (Figures 3A and S2E), clearly indicating the sustained
FUS droplets after the degradation of PAR. In stark contrast,
FUS-RNA (U40) droplets treated with RNase resulted in a com-
plete disappearance of both the Cy3-RNA and FUS droplets
(Figure 3A, upper panels). Thus, PAR must be promoting FUS-
FUS contacts that are distinct from the contacts induced in the
presence of RNA and can support sustained LLPS. Dynamic
light scattering (DLS) of FUS-PAR condensates showed rapid
nucleation into large particles, which was a distinct kinetic
behavior compared with the formation of FUS-RNA condensates
(Figure S2F).

These findings led us to hypothesize that transient FUS-PAR
contacts are sufficient to induce FUS-FUS interactions, which

¢ CellP’ress

form FUS condensates that no longer require PAR. To test this
hypothesis, we confined PAR by preparing PAR-coated beads,
which were spun down to remove free PAR in solution (STAR
Methods). We then combined the PAR beads with Cy3-FUS
and visualized the beads with an inert Cy5-DNA (Figures 3B-
3D, S2G, and S2H). Strikingly, when Cy3-FUS was applied to
the solution containing PAR-coated beads, we observed the
robust formation of FUS droplets that were physically separated
from the PAR beads (Figures 3C and 3D), which is consistent
with our hypothesis that transient interactions between PAR
and FUS lead to the FUS condensation. In contrast, DNA- and
RNA-coated beads were insufficient to form FUS condensates
(Figures 3C and 3D).

To further test if the PAR-treated FUS can stimulate FUS
condensation, we removed the PAR beads by centrifugation af-
ter 1 h of incubation with Cy3-FUS; unreacted Cy5-FUS was
applied to the supernatant (PAR-bead-free) fraction (Figure 3E).
The PAR-treated Cy3-FUS recruited Cy5-FUS into FUS conden-
sates, indicating that the PAR-treated FUS is active in inducing
condensates on its own (Figure 3F). This finding strongly
supports the role of PAR in altering FUS into an LLPS-prone
form that can recruit other FUS molecules into a condensate
(Figure 3F).

Role of arginine and tyrosine in PAR-FUS phase
separation
The RGG domains of FUS, which are enriched with arginine and
glycine residues, are necessary for PAR interactions (Dasovich
etal., 2021; Singatulina et al., 2019). In addition, previous studies
showed the role of arginine and tyrosine as sticker residues that
enable condensation of FUS and other phase-separating pro-
teins (Choi et al., 2020; Martin et al., 2020; Qamar et al., 2018;
Wang et al., 2018). Therefore, we investigated the FUS-RNA
and FUS-PAR interactions with two FUS mutants: the one in
which all the arginine residues in the C-terminal RGG domains
were mutated to glycine (R>G) and the one in which all the tyro-
sine residues in the N-terminal QGSY-rich domain were mutated
to serine (Y>S) (Bogaert et al., 2018; Wang et al., 2018)
(Figure 3G).

As expected, wild-type FUS condensed on its own at >4 pM
and with RNA or PAR at all tested concentrations >1 uM
(Figures 3H, 3l, and S3A). R>G FUS showed no condensation

Figure 2. PAR interacts with FUS primarily through transient interactions

(A) Electrophoretic mobility shift assays (EMSAs) of increasing concentrations of FUS incubated with different lengths of 1 nM PAR. The annotations denote the
following complexes: M = multimers, C2 = complex 2 (FUS dimer), and C1 = complex 1 (FUS monomer).

(B) Quantification of normalized aggregation observed on an EMSA gel of all PARs and Uso RNA incubated with FUS (see Figure S2A).

(C) Fluorescence anisotropy binding isotherms of increasing concentrations of FUS incubated with 10 nM Cy5-PAR or Cy5-U,. Error bars represent standard
error of the mean (n = 3), and best fit lines were plotted by fitting with a four-parameter total binding equation in Prism 8.

(D) Apparent FUS-PAR/RNA K4 values derived from the fits in (C). Error is standard error of the mean (n = 3), and each PAR K4 was pairwise compared with the Ky

of Uyp using Welch’s t test, where * = p < 0.05.

(E) Schematic of the single-molecule nucleation assay with pdPAR constructs.

(F) Representative single-molecule traces of increasing concentrations of Cy3-FUS added to pdRNA or pdPAR constructs. Examples of long-lived and transient

binding interactions are denoted in the first trace.
(G) Schematic of analysis of single-molecule traces.

(H) Quantification of the average number of transient binding events per trace (i.e., per 300 s) for FUS with the pdPAR and pdRNA constructs. Error bars are
standard error of the mean (n > 100), and significance of pairwise pdUso-pdPAR averages was calculated using Welch’s t test where ns = not significantand ** = p

< 0.001.
(I) Same as (H) but with long-lived binding events.
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alone and very minimal condensation with PAR at >4-uM
concentrations (Figures 3H, 3l, and S3A); EMSA gels and sin-
gle-molecule assays showed that R>G FUS did not bind to
PAR (Figures 3J, 3K, and S3B). Y>S FUS alone also had minimal
condensation (Figure S3A), which is consistent with previous
data (Wang et al., 2018). However, addition of RNA and
PAR both led to the formation of wild-type-like, albeit smaller
condensates (Figures 3H and 3I), likely because Y>S FUS still
retains normal RNA and PAR binding (Figure S3B). We also
observed that Y>S FUS shifted to predominantly sustained inter-
actions with PAR (Figures 3J, 3K, and S3C).

Interestingly, when we performed the PAR-coated bead exper-
iment with Y>S FUS, it preferentially interacted with the beads
and formed very few droplets beyond those associated with the
beads (Figures 3L and 3M). The increased interaction of Y>S
FUS with the PAR-coated beads may arise from the long-lived
Y>S FUS-PAR interactions that we observed above (Figures 3J
and 3K). Y>S FUS also had decreased condensation with lower
concentrations of PAR (Figure S3D). As expected, R>G FUS
was unable to form any droplets with PAR-coated beads (Figures
3L and 3M). Together, these data support our model that PAR
promotes FUS condensation through transient interactions and
suggest that tyrosine FUS-FUS contacts may play arole in oligo-
merization mediated by transient PAR binding.

PARP5a knockdown reduces FUS condensation in cells
To determine whether the FUS-PAR interaction leads to FUS
condensation in cells, we created a FUS-Halo stable line of
SH-SY5Y human neuroblastoma cells (Figure 4A). FUS-Halo
was visualized with JF549 (Figure S4A). Sodium arsenite
(0.5 mM) treatment induced the formation of primarily cyto-
plasmic FUS granules (Figures 4A, S4B, and S4C). The FUS-
Halo was only mildly overexpressed (1.3- to 1.4-fold) in relation
to endogenous FUS (Figure S4D). The stress granule (SG)
markers elF3B and G3BP1 overlapped with FUS granules (Fig-
ure S4C), indicating that FUS granules may share some or all
components with SGs. The FUS granules also stained positive
for ADP-ribosylation (Figure S4C).

¢ CellP’ress

To identify the possible source of PARylation, we treated the
FUS-Halo cells with shRNAs specific for the major nuclear and
cytoplasmic PAR synthesis enzymes, PARP1 and PARP5a,
respectively (Figure S4E). Knockdown of PARP5a, but not
PARP1, led to a significant reduction in FUS granule size and
number (Figures 4A, 4B, S4F, and S4G), indicating that PARP5a
is required for cellular FUS condensation. Moreover, overex-
pression of the GFP-tagged version of a cytoplasmic isoform
of PARG (PARG102) led to a reduction in FUS granule formation
(Figures S4H and S4l). To determine whether the reduction in
FUS granule formation was due to the PARP activity, FUS-Halo
cells were treated with the inhibitors of PARP5a/b, GO07-LK or
IWR-1 (Huang et al., 2009; Voronkov et al., 2013), or the
PARP1 inhibitor Olaparib. While Olaparib did not reduce FUS
granule formation, PARP5a/b inhibitor treatment resulted in a
significant reduction in FUS condensation upon stress (Figures
4C and 4D). Altogether, these data indicate that PARP5a enzy-
matic activity is required for FUS granules and underscore the
physiological relevance of PAR in forming stress-responsive
condensates.

Next, we tested the localization of FUS and PARP5a in FUS-
Halo cells, which were transfected with GFP-PARP5a. Super-
resolution microscopy revealed that GFP-PARP5a puncta, like
endogenous PARP5a, did not completely colocalize with FUS
puncta (Figures 4E, 4F, and S4C). Live-cell imaging during the
stress process revealed transient colocalization between FUS
and PARP5a, but most FUS and PARP5a granules remained
discrete (Figure S4J). The weak PAR enrichment in FUS granules
suggests that a combination of PARP5a-mediated PARylation of
other proteins and noncovalent interactions with these PAR
chains may together contribute to FUS LLPS in cells.

PARP5a activity promotes FUS LLPS

Based on our cellular data, we tested if PARP5a activity is sufficient
to induce FUS condensation in vitro. Cy3-labeled FUS and Alexa-
Fluor488-labeled PARP5a catalytic domain (1 uM each) were com-
bined in vitro with increasing concentrations of PARP5a’s sub-
strate NAD* (0-1 mM). We observed FUS and PARP5a droplets

Figure 3. Transient FUS-PAR interactions are responsible for FUS condensation
(A) Representative wide-field images of wild-type FUS droplets that were treated with either RNase (for U4g sample) or PARG (for PAR samples) at the 3 h time

point. Scale bar, 5 um.
(B) Schematic of the bead droplet experiment.

(C) Wide-field images of wild-type FUS incubated with DNA-, RNA-, or PAR-treated beads for 4 h. Scale bar, 10 um.
(D) Quantification of the area coverage for bead reactions and for free polymer (see Figure S2H). Error bars denote standard error of the mean, and statistics were

calculated using Welch’s t test where ns = not significant, * = p < 0.05, and ***

p < 0.001.

(E) Schematic of how droplet reactions are fractionated midway through the reaction.

(F) Multicolor images of the pellet and supernatant fractions of the bead droplet experiments. For the pellet fraction, the Cy5 signal is the DNA conjugated to the
beads. For the supernatant fraction, the Cy5 signal is Cy5-labeled FUS added after separating the beads. Scale bar, 10 um.

(G) Schematic of wild-type, Y>S, and R>G FUS constructs. Black lines denote the locations of substitutions.

(H) Representative fluorescence wide-field images of FUS with either RNA (1:1 FUS:RNA) or PAR (10:1 FUS:PAR) after 4 h. Scale bar, 5 um.

(I) Quantification of the droplet area coverage of the FUS constructs. Error bars denote standard error of the mean (n = 5), and pairwise comparisons between
wild-type and the other constructs were performed with Welch’s t test. Orange points and text denoting significance level are Y>S FUS and gray are R>G FUS
where ns = not significant, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.

(J) Quantification of the number of transient and long-lived binding events of 1 nM FUS constructs with pdPARo.. Error bars are standard error of the mean (n >
100), and significance was determined with Welch'’s t test where *** = p < 0.001.

(K) Representative single-molecule nucleation traces of 1 nM Cy3-Y>S or Cy3-R>G FUS with pdPARz..

(L) Images of florescence wide-field images of 1 uM Y>S or R>G FUS with DNA-, RNA-, or PAR-treated beads after 4 h.

(M) Quantification of bead reactions with wild-type and mutant FUS. Error bars denote standard error of the mean (n = 5), and significance was calculated using
Welch’s t test where ns = not significant, * = p < 0.05, and *** = p < 0.001.
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Figure 4. PARP5a activity promotes FUS condensation in cells

(A) Representative confocal images of FUS-Halo SH-SY5Y cells treated with shRNAs for the indicated genes (see STAR Methods and timeline at the bottom of the
panel). FUS was visualized with JF549 (red), and nuclei were visualized with hoechst (blue). Cells were stressed with sodium arsenite for 1 h, and cells were live
imaged at 37°C. Scale bar, 8 um.

(B) Quantification of the FUS granules per cell in (A). The error bars denote standard error of the mean (n > 30), and Welch’s t test was used to calculate the
significance of the indicated pairwise comparisons where ns = not significant, * = p < 0.05, ** = p < 0.01, and ** = p < 0.001. NC-1, noncoding shRNA control.
(C) Same as (A), but instead of transfected shRNAs, cells were treated with PARP inhibitors for the indicated time period (see timeline at the bottom of the panel).
All images show live cells that were stressed with sodium arsenite for 1 h.

(D) Same as (B) but for the data in (C). Significance was calculated for each condition compared with untreated FUS-Halo cells.

(E) Airyscan confocal images of FUS-Halo cells transfected with GFP-PARP5a (green). The inset shows the dashed line box. Scale bar, 5 um.

(F) Normalized intensity plots show the enrichment of the FUS-Halo (red) and GFP-PARP5a channels for the yellow dashed lines in the inset in (E).

only when NAD" was added, indicating that the synthesis of PARin  cellular conditions when FUS granules were formed (Figure S4L).

situ can also promote FUS condensation (Figures 5A-5D). Interest-  These results suggest that PAR binding, but not PARylation, of

ingly, we found that high, non-physiological concentrations of FUS is the main mechanism of condensation.

NAD™ formed very few condensates, likely due to the high concen-

trations of PAR buffering the FUS condensation, as had been PAR does not hinder FUS-RNA condensation

described for RNA (Maharana et al., 2018) (Figure S4K). PARP5a  FUS has an RNA recognition motif, a zinc finger, and several

alone also led to robust droplet formation, but this buffering effect RGG domains that contribute to RNA binding (Deng et al.,

was not observed at high NAD* concentrations (Figures 5E-5G), 2014; Loughlin et al., 2019; Schwartz et al., 2013). Given that

indicating the distinct nature of these condensates. PAR interactions with FUS are largely transient and appear to
We next assessed the extent of PARylation under these con-  be necessary for proper FUS granule formation in cells, we

ditions and found that only the highest NAD* concentration next asked what effect PAR had on FUS-RNA condensation.

(1 mM) resulted in extensive PARylation of FUS (Figure 5B). Simi- ~ We reasoned that either (1) PAR and RNA would compete for

larly, we observed a negligible amount of FUS PARylation in  FUS binding and decrease droplet formation by independently
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(A) Representative wide-field fluorescence microscopy images of 1 uM wild-type FUS (10 nM Cy3-FUS) and 1 uM PARP5a (10 nM A488-PARP5a) incubated with

increasing concentrations of NAD™ for 4 h. Scale bar, 10 um.
) Western blot analyses of the PARylation reactions from (A).

) Quantification of droplet area (the fraction of area covered by condensates) of the data from (A). Error bars are standard error of the mean (n = 3).

3).

B
(&
(D) Number of co-localized, FUS-only, and PARP5-only droplets based on Cy3-FUS and A488-PARP5a signals in (A). Error bars are standard error of the mean
(n=
(E

) Representative wide-field fluorescence microscopy images of 1 uM PARP5a (10 nM A488-PARP5a) incubated with increasing concentrations of NAD* for 4 h.

Scale bar, 10 pm.
(F) Western blot analyses of the PARYylation reactions from (E).

(G) Quantification of droplet area (the fraction of area covered by condensates) of the data from (E). Error bars are standard error of the mean (n = 3).

sequestering FUS or (2) the two molecules would condense syn-
ergistically. Thus, we performed phase separation assays using
equimolar (1 uM each) FUS and U, RNA with or without PAR
(100 nM). Using turbidity as a readout, PAR did not appear to
significantly impact the condensation kinetics of FUS with RNA
(Figures 6A and 6B). Interestingly, we found that adding free
PAR in single-molecule nucleation assays increased the number
of transient FUS-binding events with pdUso RNA, indicating that
PAR may stimulate short-lived FUS-RNA interactions (Figures
6C, S5A, and S5B). There was no corresponding shift in the
long-lived FUS-RNA interactions (Figure S5B).

Totest whether FUS, RNA, and PAR co-condense into droplets,
we combined 1 pM FUS with Cy3-U4o RNA (1 pM) and Cy5-PAR of
various lengths (100 nM) and monitored droplet formation with
fluorescence microscopy (Figure 6D, S5C, and S5D). We
observed robust co-condensation of FUS, RNA, and PAR for all
PAR lengths (Figures 6E and 6F). FUS-RNA condensation area
was not impacted by adding long PARs. However, short PARs
significantly enhanced FUS LLPS in the presence of RNA,
when compared with FUS with PAR or RNA only (Figure 6G).
Together, these data suggest that PAR does not inhibit FUS-
RNA condensation.
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Figure 6. PAR co-condenses with FUS and RNA

(A) Normalized turbidity measurements of 1 uM FUS and 1 uM Uy, supplemented with 500 nM additional PAR (magenta) or U,o RNA (green). Error bars indicate
standard error of the mean (n = 3).

(B) The t4,» value of the turbidity measurements in (A). Error bars denote standard error of the mean of the fitted t,» values (n = 3), and Welch’s t test was used to
calculate the significance for the indicated comparisons where ns = not significant and * = p < 0.05.

(C) The number of 1 nM Cy3-FUS transient binding events on pdUso RNA supplemented with 100 pM free PAR. Error bars denote standard error of the mean, and
statistics were calculated using Welch’s t test where ** = p < 0.001.

(D) Schematic of possible outcomes of FUS-RNA-PAR co-condensate formation.

(E) Representative wide-field images of 1 uM FUS incubated with 1 uM U4o RNA (10 nM Cy3-Uy4g) and 100 nM PAR (10 nM Cy5-PAR). Scale bar, 5 um.

(F) Colocalization scores of the Cy3 and Cy5 channels in (E). Error bars are standard error of the mean (n = 5), and significance was calculated using Welch’s t test
where ns = not significant.

(G) The area density of the Cy5 channel in (E) (white bars) compared with RNA alone (green) or PAR alone (magenta) at comparable RNA or PAR concentrations.

Error bars denote standard error of the mean (n = 5), and significance was calculated using Welch’s t test for the indicated pairwise comparisons where ns = not
significant, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.

RNA and PAR formed distinct complexes with FUS on EMSA  plexes titrated with the other unlabeled polymer (i.e., PAR and
gels, indicating that they may compete for binding at low protein ~ RNA, respectively). We found that RNA was able to effectively
concentrations (Figures S5E and S5F). To further test this outcompete PAR for FUS binding but not vice versa (Figure S5G).
apparent binding competition, we performed fluorescence This result suggests that RNA has stronger affinity to FUS than
anisotropy with bound FUS-Cy5-RNA or FUS-Cy5-PAR com-  PAR has, which is consistent with their apparent K4 (cf. Figures
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2C and 2D). But more importantly, these data indicate that the
RNA- and PAR- binding sites at least partially overlap
(Figure S5G), as had been suggested by previous reports (Portz
et al., 2021; Singatulina et al., 2019).

How do FUS, RNA, and PAR form stable co-condensates if
RNA and PAR are competing for FUS binding? We hypothesized
that the co-condensed FUS-RNA-PAR may form a stable tripar-
tite condensate by linking RNA-bound FUS and PAR-bound FUS
with FUS-FUS contacts. FRAP measurements supported this
hypothesis; the apparent Uyg exchange rate in FUS-PAR g-Uyo
co-condensates decreased compared with FUS-U,q droplets
(Figures S5H and S5I). Notably, EMSA analyses revealed that
FUS also forms high-molecular-weight complexes with both
RNA and PAR (Figures S5E and S5F). Therefore, the multivalency
of the FUS-RNA-PAR interaction may limit the diffusion of RNA
within condensates, and a network of FUS-RNA and FUS-PAR
interactions may underly the architecture and component
dynamics of these FUS-RNA-PAR droplets.

PAR is weakly incorporated into FUS-RNA condensates
To decipher the interaction network within the tripartite FUS-RNA-
PAR co-condensate, we performed a series of dissolution assays
on droplets consisting of FUS, U4g RNA, and different lengths of
PAR. Four different treatments were used: (1) 1,6-hexanediol,
which disrupts hydrophobic interactions in phase-separated con-
densates (Kroschwald et al., 2017); (2) karyopherin-2 (Kapf2),
which extricates FUS from condensates (Guo et al., 2018; Hof-
weber et al., 2018; Qamar et al., 2018; Yoshizawa et al., 2018);
(3) RNase; and (4) PARG (Figure 7A). Real-time videos of the
Cy3-RNA and Cy5-PAR signals were recorded for each treatment,
and the intensity of droplets over time was plotted for both fluores-
cent signals (Figures 7A, 7B, and S6A-S6H).

FUS-RNA-PAR droplets treated with 1,6-hexanediol disin-
tegrated uniformly with no biases toward RNA or PAR,
though PAR3;-containing droplets resisted dissolution (Fig-
ures 7B, 7C, and S6E). By contrast, Kapp2 treatment led to
the loss of the Cy5-PAR signal first for all conditions except
PAR3, (Figures 7B-7D and S6F; Video S1). These data sug-
gest that Kapp2 and PAR may bind to FUS in a similar
manner, consistent with a previous work demonstrating that
KapB2 interacts with the RGG motifs of FUS to promote
disassembly (Qamar et al., 2018). Interestingly, Kapp2-medi-
ated PAR and RNA loss was inversely correlated as a func-
tion of PAR length: longer PARs led to faster RNA ejection

Molecular Cell

but slower PAR loss (Figures 7C and 7D). Furthermore, this
direct relationship between PAR length and RNA release
may indicate that as PAR length increases, its contribution
to the stability of FUS condensates becomes more pro-
nounced, and thus, its removal disrupts the integrity of the
three-component system more.

As expected, RNase immediately degraded RNA, removing it
from the droplets (Figures 7B, 7C, and 7E ; Figure S6G). Intrigu-
ingly, RNase also temporarily removed PAR from FUS droplets,
but the FUS-PAR droplets gradually recovered to form conden-
sates that mimicked PAR-only condensates (Figures 7E, S1F,
and S6G; Video S2). PARG treatment degraded PAR signal
without producing any change in the RNA signal (Figures 7B,
7C, and S6H), indicating the importance of the FUS-RNA
network in maintaining the architecture of FUS-RNA-PAR
condensates.

We also found that RNA can enter pre-formed FUS-PAR
droplets, displacing most of the existing PAR (Figures 7F-7H;
Video S8). By contrast, PAR cannot enter pre-formed RNA
condensates (Figures 7F-H). Together, these results support a
model in which PAR potently promotes LLPS but is not stably
engaged with FUS in the condensate, allowing for facile penetra-
tion of RNA.

ALS/FTLD-linked FUS mutants have altered PAR LLPS
Over 70 mutations in FUS are linked with the neurodegenerative
diseases ALS and FTLD (Deng et al., 2014), and these mutations
can impact the material properties of FUS condensates. Muta-
tions in arginine residues increase LLPS propensity, whereas
mutations in glycine produce gel-like condensates with RNA
(Niaki et al., 2020; Rhine et al., 2020a). We incubated R244C
FUS and G156E FUS, both of which are linked to ALS, with
PAR+s and Uy RNA (Figures S7A and S7B). Both R244C and
G156E formed co-condensates with RNA and PAR (Figures
S7A and S7B), but we found that PAR was more highly enriched
in G156E FUS compared with wild-type and R244C FUS
(Figure S7B). G156E FUS also displayed low fluorescence
recovery of both RNA and PAR, suggesting that increased
PAR enrichment may drive solidification of the FUS condensate
(Figure S7C). As with wild-type FUS, RNA addition to mutant
FUS-PAR condensates led to PAR displacement (Figure S7D).
Therefore, PAR may contribute to a gel-like transition in G156E
FUS, but RNA can still displace this PAR.

Figure 7. The architectural network of FUS-RNA-PAR co-condensates

(A) Schematic showing how FUS-RNA-PAR co-condensates were treated with various proteins/chemicals.
(B) Representative fluorescence wide-field images of FUS-RNA-PAR co-condensates before and after treatment. The Cy5 (magenta) signal is PAR and the Cy3

signal (green) is RNA. Scale bar, 5 um.

(C) Stills from representative dissolution videos of FUS-RNA-PAR;¢ co-condensates. The Cy5 (magenta) signal is PAR and the Cy3 signal (green) is RNA. The
treatments were added just after the 0 s time point. For Kapp2, time points are shown for 0, 5, 15, and 30 s. Scale bar, 5 um.

(D) Intensity plots of the Cy3-RNA and Cy5-PAR signals for each of the indicated co-condensate reactions treated with Kapp2. Error bars denote standard
deviation (n = 10). The plot on the right shows the fitted t4,, value for the Cy3 and Cy5 dissolution intensity curves.

(E) Representative intensity plots of individual FUS-RNA-PAR condensates treated with RNase. The lighter lines indicate later time points during the video

acquisition, and bolded lines are highlighted times as indicated.

(F) Wide-field fluorescence images of FUS-Cy3-RNA (U,0) droplets immediately after adding Cy5-PAR 6.
(G) Same as (F) but for FUS-Cy5-PAR droplets after adding Cy3-RNA. The inset below shows more time points of the Cy3-RNA displacement of Cy5-PAR. The

scale bar is 5 pm, which also applies to (F).

(H) Quantification of the Cy3 and Cy5 fluorescence signals in (F) and (G). Error bars denote standard error of the mean.
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DISCUSSION

Here, we demonstrate that PAR can potently drive condensation
of the ALS/FTLD-linked disordered protein FUS. Unlike the
equimolar concentration requirement for RNA-mediated FUS
condensation, 1,000-fold lower concentrations of PAR are
sufficient to induce formation of liquid-like droplets with FUS
in vitro. Our data demonstrate that PAR initiates condensation
through a unique molecular mechanism in a length-dependent
manner.

The catalyst-like mechanism of PAR-mediated
condensation

We propose a model in which primarily transient interactions be-
tween PAR and the RGG domains of FUS drive condensation.
For longer PARs (e.g., >16 units), FUS can use PAR as a scaffold
for multivalent interactions that drive condensation (cf. Figure
2A), as has been described for FUS and RNA (Harmon et al.,
2017; Mitrea et al., 2016; Niaki et al., 2020). However, PARs of
all lengths can also prime FUS for condensation through tran-
sient interactions. The primed FUS is sufficient for formation
and maintenance of FUS condensate even in the absence of
PAR. The exact mechanism by which this occurs is unclear,
but our data suggest that PAR may interact with the RGG do-
mains of FUS, liberating the tyrosine residues of the disordered
QGSY-rich domain to promote condensation (Murray et al.,
2017; Portz et al., 2021). Notably, PAR binders are enriched
with RGG motifs in the human proteome, where FUS and its
related proteins EWSR1 and TAF15 are three of the most en-
riched PAR binders (Dasovich et al., 2021). We propose that
PAR, like RNA, can act like a nucleator for FUS condensation
but also distinctly as a transient catalyst. This distinct PAR prop-
erty bears resemblance to the cyclical turnover of an enzyme,
which can perform multiple rounds of reactions without being
consumed or sequestered by the substrate.

Such a trans-acting catalyst-like mechanism may explain why
PARP5a activity is required for proper FUS condensation, yet
without maintaining their physical association in cells. Three
possible scenarios may underlie such a mechanism. First,
PARP5a synthesizes PAR, which may then be released as a
soluble polymer that prompts FUS condensation. In vitro data
indicate that PAR can be released by PARG through its endo-
glycosidic activity or by the ADP-ribosylhydrolase TARG1, which
removes entire PAR chains from PARylated proteins (Sharifi
et al., 2013). However, definitive evidence of long-lived soluble
PAR in cells is currently lacking (Mashimo et al., 2013;
Pourfarjam et al., 2020). Second, PARP5a may PARylate FUS,
which then becomes proficient at condensation. However,
we did not observe an appreciable PARylation of FUS by
PARP5a in vitro at physiological NAD* concentrations or when
FUS granules are formed in cells, but we cannot exclude the
possibility that a low yet undetectable level of FUS PARylation
is sufficient for condensation. Third, FUS may assemble on
PARylated PARP5a, as it does on auto-PARylated PARP1 at
DNA damage foci in the nucleus (Altmeyer et al., 2015; Patel
et al.,, 2015; Singatulina et al., 2019). Alternatively, FUS can
non-covalently bind PAR conjugated to other PARP5a-modified
substrates. In all these contexts, the transient interactions
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between PAR and FUS may prime FUS to drive homotypic
FUS-FUS multimerization.

Notably, this mechanism is inherently different from the FUS-
RNA interaction, which exclusively relies upon the nucleation
of FUS on RNA molecules (Rhine et al., 2020a). Considering
the highly dynamic synthesis and degradation of the cellular
PAR and its functional role in recruiting proteins, this unique
switch-like mechanism that “turns on” the protein to condense
via a short-lived contact reveals a highly efficient pathway built
for a rapid and robust cellular response. These condensates
made from primed FUS can subsequently be resolved by cellular
chaperones, such as Kapf2. Taken together, RNA and PAR
enhance the otherwise weak FUS-FUS contacts but do so
through distinct mechanisms despite their biochemical similar-
ities. Our data further indicate that modulating the ratio of RNA
and PAR changes the physical size and dynamics of these con-
densates; therefore, it is important to investigate how cellular
condensates are regulated by proteins that can bind to both
RNA and PAR. This class of proteins may help condensate for-
mation by cross-linking protein networks that is mediated by
these two functionally distinct nucleic acid polymers.

The effect of PAR length in binding, condensation, and
neurodegeneration

One unique aspect of this study is that we analyzed, for the first
time, how protein condensation can be regulated by the length of
PAR. Although previous studies have demonstrated that PAR
can induce the phase separation of proteins (Duan et al., 2019;
Kam et al., 2018; McGurk et al., 2018a; Patel et al., 2015), these
reports used a mixture of PAR chains ranging from 2 to 300 units
in length, making it impossible to evaluate the relationship be-
tween PAR length and its potency in protein condensation.
Increasing evidence has revealed that cellular pathways are
only activated when PAR length exceeds a certain threshold.
For example, initiation of the programed cell death pathway par-
thanatos, DNA repair factor recruitment, and activation of the cell
cycle checkpoint kinase Chk1 are all more strongly promoted by
longer PAR chains (Andrabi et al., 2006; Fahrer et al., 2007;
Fahrer et al., 2010; Min et al., 2013).

Here, we demonstrate that PAR length determines the
threshold and physical properties of protein condensation.
Monomers, dimers, and tetramers of ADP-ribose are insufficient
for FUS condensation. For chains longer than eight units, the de-
gree of phase separation increases as a function of PAR chain
length. As PAR length is tightly controlled in cells by opposing
classes of enzymes and co-factors, the polymer length may
constitute part of the “PAR code” which directs the biological
outcome of condensates (Leung, 2020).

Notably, PAR levels are elevated in motor neurons of patients
with ALS, in patients with Parkinson’s disease, and in animal
models of Alzheimer’s disease (Kam et al., 2018; McGurk et
al., 2019). Furthermore, human genetic analyses revealed that
mutations in PAR-degrading enzymes (which result in abnor-
mally high PAR levels) are linked to several yet-to-be-named,
rare hereditary diseases with neurodegenerative phenotypes
(Ghosh et al., 2018; Mashimo et al., 2019; Sharifi et al., 2013).
Some of these phenotypes can be recapitulated in animal
models (Ghosh et al., 2018; Mashimo et al., 2019), which show
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an increased number of protein aggregates in cells (Hanai et al.,
2004). Together with these biochemical, cellular, and genetic
data, our study demonstrating PAR as a potent inducer of protein
condensation indicates a strong possibility that PAR contributes
to pathologic protein aggregation in neurodegeneration.

We surprisingly found that PAR enrichment is also elevated in
G156E condensates in vitro. These condensates display gel-like
properties, and G156E FUS has previously been implicated in
aggressive cases of ALS coupled with FTLD (dementia) symp-
toms (Patel et al., 2015; Ticozzi et al., 2009). Our results indicate
that the PARP5a inhibitors that we tested, namely, GO07-LK and
IWR-1, may be candidate therapeutics for reducing the neuro-
toxicity of ALS/FTLD-linked FUS. Previous reports have likewise
identified these PARP inhibitors as possible treatments for TDP-
43-mediated neurodegeneration (McGurk et al., 2018a), high-
lighting the deleterious role that PAR may play in promoting the
oligomerization of aggregate-prone proteins.

Limitations of the study

Many of our experiments on protein condensation rely on
purified PAR, and the protein-conjugated PAR may behave
differently. Indeed, we observed that FUS and PARP5a are co-
condensed in vitro and only partially co-localized in cells. In addi-
tion, although FUS has been identified as an ADP-ribosylated
substrate (Ayyappan et al., 2021), it is unclear as to which
PAR-conjugated substrates are critical for the formation of these
FUS granules. An additional limitation of the current study is that
we only used linear PAR, which is made from PARP5a, and the
activity of PARP5a is critical for the formation of FUS granules.
Given that other biomolecular condensates, such as DNA repair
foci, are dependent on PARP1 which makes linear and branched
PAR, it is unclear how branching affects protein condensation.
We note that there can be minute amounts of residual-free
PAR present in PAR-bead solution even after the centrifugation.
Nevertheless, the robust formation of FUS droplets only seen
with PAR beads but not with RNA beads supports our hypothesis
that transient PAR-FUS interactions are the main driving force for
FUS-FUS interaction and FUS condensation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal FUS/TLS antibody
elF3b antibody

Mouse monoclonal G3BP1 antibody
Rabbit monoclonal MAR/PAR antibody
Rabbit polyclonal TNKS antibody
Monoclonal Halo-Tag antibody
Pan-ADP-ribose binding reagent

Mouse anti-alpha Tubulin antibody
Donkey anti-Mouse IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488

Goat Anti-Rabbit IgG H&L (Alexa

Fluor® 488)

Rabbit anti-Goat IgG (H+L), Superclonal™
Recombinant Secondary Antibody, Alexa
Fluor 488

Goat anti-Mouse 1gG (H+L) Irdye 800 CW
Secondary Antibody

Goat anti-Rabbit IgG (H+L) Irdye 680 RD
Secondary Antibody

Goat anti-Mouse 1gG (H+L) Secondary
Antibody, HRP

Goat anti-Rabbit IgG (H+L) Secondary
Antibody, HRP

Santa Cruz Biotech
Santa Cruz Biotech
Santa Cruz Biotech
Cell Signaling Tech
Santa Cruz Biotech
Promega

Millipore

Abcam

Invitrogen

Abcam

Invitrogen

Li-Cor

Li-Cor

Thermo Scientific

Thermo Scientific

sc-47711; RRID: AB_2105208
sc-16377; RRID: AB_671941
sc-365338; RRID: AB_10846950
83732; RRID: AB_2749858
sc-8337; RRID: AB_661615
G9211; RRID: AB_2688011
MABE1016; AB_2665466
ab7291; RRID: AB_2241126
A21202; RRID: AB_141607

ab150077; RRID: AB_2630356

A27012; RRID: AB_2536077

926-32210; RRID: AB_621842

926-68071; RRID: AB_10956166

31430; RRID: AB_228307

31460; RRID: AB_228341

Revert 700 Total Protein Stain Li-Cor 926-11011
Bacterial and Virus Strains

E. Coli BL21(DE3) Chemically Millipore Sigma CMC0014-20X40UL
Competent Cells

BL21-CodonPlus (DE3)-RIL Agilent 230245
Competent Cells

NEB® Turbo Competent E. coli (High New England Biolabs C2984H
Efficiency)

Chemicals, Peptides, and Recombinant Proteins

AcTEV Protease Fisher Scientific 12-575-015
Ribonuclease A from bovine pancreas Millipore Sigma R6513
cOmplete™ Protease Inhibitor Cocktail Roche 11697498001
Glucose Oxidase from Aspergillus niger Sigma-Aldrich G2133
Catalase from bovine liver Sigma-Aldrich C3155
IGEPAL® CA-630 Sigma-Aldrich 18896

Alexa Fluor™ 488 TFP ester Thermo Fisher A37563

Cy3 NHS Ester Cytiva PA13101
Cy5 NHS Ester Cytiva PA15100
Janelia Fluor® 549 HaloTag® Ligand Promega GA1110
Rnase Inhibitor, Murine New England Biolabs MO314L
1,6-Hexanediol,99% Sigma-Aldrich 240117-50G
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REAGENT or RESOURCE SOURCE IDENTIFIER
Lipofectamine™ 3000 Transfection Thermo Scientific 3000001
Reagent

Sodium (meta)arsenite (>90%) Millipore Sigma S7400-100G
Fibronectin bovine plasma Millipore Sigma F1141-1MG
Poly-D-lysine R&D Systems 3439-200-01
Geneticin™ Selective Antibiotic Thermo Scientific 10131035
(G418 Sulfate)

NP40 Cell Lysis Buffer Thermo Scientific FNNO0O021
Pierce™ ECL Western Thermo Scientific 32109
Blotting Substrate

Olaparib Selleckchem S1060
G007-LK Sigma-Aldrich 504907
IWR-1 Cayman Chemical 13659

PDD 00017273 MedChemExpress HY-108360
Alkyne linker: (2-[2-(2-Propynyloxy) TCI pP2225
ethoxylethylamine) CAS# 944561-44-8

dATP-Cy3= N6-(6-Aminohexyl)-dATP-Cy3 Jena Bioscience NU-835-CY3
EDAC, Hydrochloride Sigma-Aldrich 25952-53-8
Tris(3-hydroxypropyltriazolylmethyl)amine Sigma-Aldrich 760952-88-3
Experimental Models: Cell Lines

Human: SH-SY5Y ATCC CRL-2266
Human: WT-FUS-Halo SH-SY5Y (GenF) This paper N/A
Oligonucleotides

Biotin-18mer: 5’- /biotin/rUrGrG rCrGrA rCr Niaki et al., 2020; IDT N/A

GrG rCrArG rCrGrA rGrGrC/3AmMO/ -3’

U50-18mer: 5’- /5BAmMC6/rUrUrU rUrUrU Niaki et al., 2020; IDT N/A

rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU

rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU

rUrUrU rUrUrU rUrUrU rUrUrU rUrUrG

rCrCrU rCrGrC rUrGrC rCrGrU rCrGrC

rCrA -3’

U40: 5~ rUrUrU rUrUrU rUrUrU rUrUrU Niaki et al., 2020; IDT N/A

rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU

rUrUrU rUrUrU rUrUrU rUrUrU

rU/3AmMO/ -3

Bio-U40: 5’- rUrUrU rUrUrU rUrUrU rUrUrU IDT N/A

rUrUrU rUrUrU rUrUrU rUrUrU rUrUrU

rUrUrU rUrUrU rUrUrU rUrUrU rU/Bio/ -3’

DNA-18-mer: 5’- TGG CGA CGG CAG CGA IDT N/A

GGC -3’

Bio-DNA-18-mer: 5’- /Cy5/GCC TCG CTG IDT N/A

CCG TCG CCA/biotin/ -3’

PARP1-shRNA-1-F: 5’-rUrGrArCrUrUrGrGr IDT hs.Ri.PARP1.13.1
ArArGrUrCrArUrCrGrArUrArUrCrUTT-3’

PARP1-shBRNA-1-R: 5’-rArArArGrArUrArUr IDT hs.Ri.PARP1.13.1
CrGrArUrGrArCrUrUrCrCrArArGrUrCrAr

UrA-3’

PARP1-shRNA-2-F: 5’-rCrUrGrArArGrGr IDT hs.Ri.PARP1.13.2
ArGrCrUrArCrUrCrArUrCrUrUrCrArACA-3’

PARP1-shRNA-2-R: 5’-rUrGrUrUrGrArAr IDT hs.Ri.PARP1.13.2

GrArUrGrArGrUrArGrCrUrCrCrUrUrCrAr
GrGrU-3’

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

PARP1-shRNA-3-F: 5’-rGrGrArArGrGrUr
ArUrCrArArCrArArArUrCrUrGrArArAAG

PARP1-shRNA-3-R: 5’-rCrUrUrUrUrCrAr
GrArUrUrUrGrUrUrGrArUrArCrCrUrUrCr
CrUrC-3’

PARP5a-shRNA-1-F: 5’-rGrUrCrArCrAr
GrArArCrUrGrCrUrArCrUrArArArGrCr
ATG-3’

PARP5a-shRNA-1-R: 5’-rrArUrGrCrUrUr
UrArGrUrArGrCrArGrUrUrCrUrGrUrGrAr
CrUrU-3’

PARP5a-shRNA-2-F: 5’- rArUrGrArArUr
ArUrCrArGrCrCrArArUrUrUrCrUrArAr
AAA-3’

PARP5a-shRNA-2-R: 5’-rUrUrUrUrUrAr
GrArArArUrUrGrGrCrUrGrArUrArUrUrCr
ArUrGrU-3’

PARP5a-shRNA-3-F: 5°-rGrArCrArGrAr
ArUrUrGUrUrArCrUrUrArGrArArArAr
GGA-3’

PARP5a-shRNA-3-R: 5’-rUrCrCrUrUrUr
UrCrUrArArGrUrArArCrArArUrUrCrUrGr
UrCrArC-3’

IDT

IDT

IDT

IDT

IDT

IDT

IDT

IDT

hs.Ri.PARP1.13.6

hs.Ri.PARP1.13.6

hs.Ri.TNKS.13.1

hs.Ri.TNKS.13.1

hs.Ri.TNKS.13.2

hs.Ri.TNKS.13.2

hs.Ri.TNKS.13.5

hs.Ri.TNKS.13.5

Recombinant DNA

pTHMT/FUS\ (encoding Niaki et al., 2020 N/A

6xHis-MBP-FUS-WT)

PTHMT/FUSR244¢c (encoding Niaki et al., 2020 N/A

6xHis-MBP-FUS-R244C)

pTHMT/FUSg1s6e (€NCcOding Niaki et al., 2020 N/A

6xHis-MBP-FUS-G156E)

pTHMT/FUSy.s (encoding Genscript N/A

6xHis-MBP-FUS(Y>S))

pTHMT/FUSR.g (encoding Genscript N/A

6xHis-MBP-FUS(R>G))

Super piggyBac Transposase Systems Biosciences PB210PA-1

expression vector

pFUSWTHal° niggybac-EF1-Halo Rhine et al., 2020a N/A

pET24a-PARP5a (1093-1327) Tan et al., 2012 N/A

pGFP-cPARG102 Leung et al., 2011 N/A

pSAT1-PARG (318-976) This paper N/A

GST-TEV-Kapp2 Guo et al., 2018 N/A

Software and Algorithms

Matlab Mathworks N/A

NIS-Elements Ar Package Nikon Inc. N/A

Adobe Photoshop CC Adobe (https://www.adobe.com/ N/A
products/photoshop.html)

Prism 8 GraphPad (https://www.graphpad.com/ N/A
scientific-software/prism/)

Imaged (Fiji) NIH (https://imagej.nih.gov/ij/) N/A

ImageStudio 5.2 Li-Cor Biosciences N/A

Zen Blue Zeiss N/A

Matlab code This paper DOI:10.5281/zenodo.5866686
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Nunc™ Lab-Tek™ Chambered Coverglass Thermo Scientific 155361
Nunc™ Lab-Tek™ || Chamber Slide™ Thermo Scientific 154526PK
System

Superdex™ 200 Increase 10/300 GL Cytiva 28990944
HisTrap™ Fast Flow Crude Cytiva 17528601
HisPur™ Ni-NTA Resin Thermo Scientific 88221
Glutathione Sepharose 4 Fast Flow, 100 mL Cytiva 17513202
HiTrap™ Q HP Cytiva 17115401
Streptavidin Coated Polystyrene Particles Spherotech SVP-40-5
DNA Retardation Gels (6%) Invitrogen EC63655BOX
Any kD™ Mini-PROTEAN® TGX™ Precast Bio Rad 4569036
Protein Gels, 15-well, 15 uL

Nitrocellulose membranes, roll, pore VWR 10-6000-02
size 0.45 um

Amicon™ Ultra-0.5 Centrifugal Filter Unit Millipore Sigma UFC501096
(10K MWCO)

Amicon™ Ultra-15 Centrifugal Filter Unit Millipore Sigma UFC901024
(10K MWCO)

Zeba™ Spin Desalting Columns, 7K Thermo Scientific 89883
MWCO, 0.5 mL

Corning™ 96-Well, Non-Treated, Flat- Fisher Scientific 07-200-840
Bottom, Half-Area Microplate

High Pure miRNA Isolation Kit Roche 5080576001
HiTrap Desalting Cytiva 17140801
Monarch PCR & DNA Cleanup Kit New England Biolabs T1030S

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sua

Myong (smyong@jhu.edu).

Materials Availability

All unique reagents generated in this study are available from the lead contact without restriction.

Data and Code Availability

® Microscopy, single-molecule, and other raw data materials are available from the lead contact upon request.

e All original code has been deposited at Zenodo and is publicly available as of the date of publication at the following
DOI: https://doi.org/10.5281/zenodo.5866686.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

E. coli Culturing

BL21 or NEB Turbo E. coli were transformed with antibiotic resistant plasmids and cultured in Lysogeny broth. Cultures (5 mL) from
individual colonies were grown overnight for use in protein purification (see below) or for generating frozen stocks by combining 1:1
with 50% (v/v) glycerol and storing at -80 °C.

SH-SY5Y Cell Culturing

Female human SH-SY5Y neuroblastoma cells (ATCC, Manassas, VA) were stably transfected with a wild-type FUS-Halo plasmid
which conferred resistance to the antibiotic geneticin. The piggybac retrotransposon system was used to insert the FUS coding
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sequence into a random location in the genome. Stably-transfected cells were grown at 37 °C with 5% CO, in a DMEM solution sup-
plemented with 10% FBS, 2 mM glutamate, 0.15% sodium bicarbonate, 1 mM sodium pyruvate, and 200 ng/uL G418. Cells were
periodically tested with a mycoplasma-detecting test, and the absence of mycoplasma was also confirmed through Hoechst staining
and fluorescence microscopy (see below). Cells were passaged and prepared for long-term storage as described previously (Rhine
et al., 2020a).

METHOD DETAILS

FUS Purification

The bacterial expression plasmids for WT FUS, R244C FUS, and G156E FUS were designed for previous research (Niaki et al., 2020).
The Y>S and R>G FUS genes were synthesized by Genscript (Piscataway, NJ) and inserted into the WT FUS plasmid backbone. All
FUS plasmids consisted of an N-terminal maltose binding protein (MBP) tag and 6xHis tag, which were separated from the FUS ORF
by a tobacco etch virus (TEV) protease recognition site. The plasmids were transformed into BL21 (DE3) bacteria, and FUS was
purified as described previously (Rhine et al., 2020a). All FUS used for the following experiments was <2 weeks old.

In brief, the 6xHIS-MBP-FUS plasmids were transformed into competent BL21(DES3) E. coli cells (New England Biolabs, Ipswich,
MA). A starter culture (5 mL) was incubated overnight in lysogeny broth (LB) and 50 mg/L kanamycin sulfate at 37 °C with 200 rpm
shaking. The next day, the starter culture was added to LB (0.5-2 L) and allowed to incubate further at 37 °C with shaking. Once the
0OD600 of the culture reached 0.4 (after approximately 2-3 h), the cells were induced with 0.25 mM IPTG and proteins were expressed
at 30 °C for 2 h. The cells were centrifuged at 5000 x g at 4 °C for 10 min, and the pellets were collected for immediate purification or
stored at -80 °C.

The pellets were resuspended in FUS Lysis Buffer (1 M KCI, 1 M Urea, 50 mM Tris-HCI pH 7.4, 10 mM imidazole, 1.5 mM B-mer-
captoethanol, 5% (v/v) glycerol, 1% (v/v) NP-40, 5 mg/L culture RNAse A, half-tablet EDTA-free protease inhibitor) and lysed by
sonication. The lysate was centrifuged at 23644 x g at 4 °C for 30 min, and the supernatant was filtered through a 0.22 um syringe
filter.

The supernatant was loaded into an AKTA pure 25 M FPLC system (GE Healthcare/Cytiva) and applied to a 5 mL HisTrap HP
column (GE Healthcare/Cyvita). The column was washed with 10 column volumes of FUS Binding Buffer (1 M KCI, 1 M Urea,
50 mM Tris-HCI pH 7.4, 10 mM imidazole, 1.5 mM B-mercaptoethanol, 5% (v/v) glycerol). FUS was eluted by linearly increasing
the imidazole concentration with FUS Elution Buffer (1 M KCI, 1 M Urea, 50 mM Tris-HCI pH 7.4, 500 mM imidazole, 1.5 mM B-mer-
captoethanol). The fractions containing substantial FUS were stored in FUS Elution Buffer with 25% glycerol at 4 °C.

The HisTrap HP column was stripped every 5-10 purifications by incubating in Column Stripping Buffer (500 mM NaCl, 50 mM
EDTA, pH 8.0, 20 mM Na3P0O4, pH 7.0) for 20 min, then in 1 M NaOH for 2 h. Nickel (100 mM NiSO4) was flowed through the column
at 0.5 mL/min for 50 min to regenerate the HisTrap HP column.

PARG Purification

Bacterial expression vectors for PARG were codon-optimized for bacterial expression and included a His-SUMO tag at the N-termi-
nus. The vectors were transformed into competent BL21(DE3) E. coli cells (New England Biolabs, Ipswich, MA). A 30 mL starter
culture was grown overnight at 37 °C. Following overnight incubation, the 30 mL starter culture was added to a 1 L culture and grown
to an ODgqg of ~0.4. The culture was cooled to 4 °C for 1 h, and IPTG was added to a final concentration of 0.5 mM. The cells were
incubated overnight at 16 °C with shaking. Next, the cells were pelleted at 5000 x g at 4 °C for 30 min, and the pellet was resuspended
in PARG Lysis Buffer (250 mM NaCl, 50 mM HEPES pH 7.5, 30 mM imidazole, fresh 1 mM DTT, half tablet EDTA-free protease
inhibitor) for storage at -80 °C.

The resuspended cells were thawed, DTT was added to 1 M, and NP-40 was added to 0.1% (v/v). The cells were lysed by
sonication and centrifuged at 17000 x g at 4 °C for 30 min. The supernatant was filtered through a 0.22 um syringe filter and loaded
onto an AKTA pure 25 M FPLC system (GE Healthcare/Cytiva, Marlborough, MA). The supernatant was applied to a 5 mL HisTrap HP
column (GE Healthcare/Cytiva, Marlborough, MA), and the column was washed with 10 column volumes of PARG Lysis Buffer. PARG
was eluted by linearly increasing imidazole concentration using PARG High Imidazole Buffer (250 mM NaCl, 50 mM HEPES pH 7.5,
300 mM imidazole, fresh 1 mM DTT). The fractions containing PARG were pooled, concentrated using an Amicon filter, and
centrifuged at 16000 x g for 5 min at 4 °C to remove aggregates.

The concentrated PARG was then run on a Superdex 200 10/300 column (GE Healthcare/Cytiva, Marlborough, MA), which was
equilibrated and eluted with PARG SEC Buffer (50 mM HEPES, pH 7.5, 400 mM NaCl, 5 mM DTT). The PARG-containing fractions
were pooled, concentrated, and centrifuged at 16000 x g again as described above. PARG protein was aliquoted, flash-frozen with
liquid nitrogen, and stored at -80 °C.

Purification of the PARP5a Catalytic Domain

The catalytic domain of PARP5a (residues 1093-1327) was expressed and purified as described previously, with modification (Tan
etal., 2012). Bacterial expression vectors for PARP5a include a His tag at the N-terminus. The vectors were transformed into compe-
tent BL21(DE3) E. coli cells (New England Biolabs, Ipswich, MA). A 50 mL starter culture was grown overnight at 37 °C. Following
overnight incubation, the 10 mL starter culture was added per 1 L culture and grown to an ODgqg oOf ~0.8. The culture was cooled
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to4°Cfor1h,and IPTG was added to a final concentration of 0.5 mM. The cells were incubated overnight at 16 °C with shaking. Next,
the cells were pelleted at 5000 x g at 4 °C for 30 min, and the pellet was resuspended in PARP5a Lysis Buffer (300 mM NaCl, 50 mM
HEPES pH 8.0, 20 mM imidazole, 10 mM benzamide, 0.5 mM TCEP, 10% glycerol) for storage at -80 °C.

The resuspended cells were thawed, 1X EDTA-free protease inhibitor cocktail was added and NP-40 was added to 1% (v/v). The
cells were lysed by sonication and centrifuged at 17000 x g at 4 °C for 30 min. The supernatant was filtered through a 0.22 um syringe
filter and HisPur Ni-NTA resin (Thermo Scientific, Waltham, MA) equilibrated in lysis buffer was added (1.25 mL slurry per L culture, 1
CV). The resin and lysate were gently stirred for 2 h on ice, then the mixture was transferred to a disposable polypropylene gravity
column. The resin was washed with PARP5a Low-Salt Wash Buffer (500 mM NaCl, 50 mM HEPES pH 8.0, 20 mM imidazole,
0.5 mM TCEP, 10% glycerol, 5 CV), PARP5a High-Salt Wash Buffer (1 M NaCl, 50 mM HEPES pH 8.0, 20 mM imidazole, 0.5 mM
TCEP, 10% glycerol, 5 CV), then PARP5a Low-Salt Wash Buffer (5 CV). The protein was then eluted with PARP5a Elution Buffer
(500 mM NaCl, 50 mM HEPES pH 8.0, 300 mM imidazole, 0.5 mM TCEP, 10% glycerol, 5 CV), concentrated to <2 mL with an Amicon
Spin Filter (10,000 MWCO, Millipore, Burlington, MA). The protein was desalted into Storage Buffer (200 mM NaCl, 50 mM HEPES pH
8.0,0.1 mM TCEP, 10% glycerol) using a HiTrap Desalting Column (2 x 5 mL, GE Healthcare/Cytiva, Marlborough, MA) hooked up to
an NGC chromatography system (Bio-Rad, Hercules, CA). PARP5a was further purified with a Superdex 200 column equilibrated with
PARPS5 activity buffer (50 mM NaCl, 20 mM HEPES pH 7.5, 0.1 mM TCEP, 5 mM MgCl,, 5% v/v glycerol). Fractions containing pure
PARPS5 were aliquoted, flash-frozen with liquid nitrogen, and stored at -80 °C.

Kapp2 Purification

Karyopherin-B2 was expressed and purified as described previously (Guo et al., 2018). To purify GST-TEV-Kapp2, BL21 DE3 RIL E.
coli cells transformed with the appropriate plasmid were grown at 37 °C in LB supplemented with ampicillin until cells reached an
ODeggp of ~0.6. Expression was induced overnight at 25 °C with 1 mM IPTG. Cells were pelleted by spinning at 4000 rpm for
20 min at 4 °C and resuspended with resuspension buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 1mM EDTA, 2mM DTT, 20% glycerol,
supplemented with protease inhibitors) before lysing by sonication. Cell lysate was separated by spinning at 16000 rpm at 4 °C for
45 min. Cell lysate was then loaded onto Glutathione Sepharose® 4 Fast Flow (Cytiva) and incubated in batch at 4 °C for 90-120 min.
Beads were then spun at 4000 rpm for 3 min and washed with 20 CV resuspension buffer. Beads were then incubated with ATP buffer
(50 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EGTA, 0.5 mM MgCl,, 5 mM ATP, 2 mM DTT, 20% glycerol, supplemented with protease
inhibitors) for 10 minutes at room temperature, then washed with 10 CV ATP buffer. Beads were then washed with 5 CV Buffer A
(20 mM imidazole, pH 6.5, 75 mM NaCl, 1 mM EDTA, 2 mM DTT, 20% glycerol). Protein was eluted in batch by incubating 2 CV Buffer
A with 20 mM glutathione (pH 6.5) for 30 minutes at 4 °C before eluting by spinning at 4000 rpm for 5 min. Eluant was then incubated
with TEV protease (1:100 molar ratio) overnight at 30 °C with shaking at 300 rpm. Protein was further purified using a salt gradient
(Buffer A and Buffer B (20 mM imidazole, pH 6.5, 1 M NaCl, 1 mM EDTA, 2 mM DTT, 20% glycerol)) over a HiTrap Q HP column
(Cytivia). Protein was then collected and frozen in liquid nitrogen and stored at -80 °C before use.

PAR Preparation and Labeling

PAR was synthesized, purified, and fractionated as described previously (Tan et al., 2012). PAR was labeled with Cy5 and purified as
described before (Dasovich et al., 2021). pdPAR was prepared via four steps: alkyne conjugation to PAR, DNA attachment to PAR,
Cy3 labeling of DNA-PAR chimera, and annealing (Abraham et al., 2020). Briefly, 1 nmol of PAR in 100mM imidazole-HCI pH 7,
750 mM alkyne linker pH ~7, 100 mM EDC were prepared (total volume 50 pL) and incubated at 20 °C overnight. The reaction mixture
was cleaned up using Monarch PCR & DNA Cleanup Kit following the manufacturer’s instructions for oligonucleotide clean-up.
Alkyne-PAR was attached to azide-18nt DNA under Cu(l)-catalyzed alkyne-azide cycloaddition (CuAAc). For 10 uL CuAAc reaction,
200 uM DNA, 100 uM PAR, 100 mM phosphate buffer pH 7.4, 1 mM CuSO,4, 5 mM THPTA, and 10 mM sodium ascorbate were mixed
in a PCR tube and incubated at room temperature for 2 hours. DNA-PAR was purified by ion exchange chromatography on Agilent
1260 infinity Il HPLC equipped with Agilent Bio SAX column (NP5, Non-porous, 5 um, 4.6 x 250 mm), mobile phase A (25 mM Tris-HCl,
pH 9), and mobile phase B (25 mM Tris-HCI, 1 M NaCl pH 9). DNA-PAR was eluted at 1 mL/min, 25 °C by a linear gradient of mobile
phase B (30% to 80% over 20 min). The DNA-PAR fraction was ethanol precipitated and purity assessed on 15% urea-PAGE. The
HPLC purified DNA-PAR chimera was fluorescently labeled at 2’-end of PAR with dATP-Cy3 using ELTA). The details of ELTA method
were described previously (Ando et al., 2019). Briefly 20 pL labeling reaction, 20-50 pmol of PAR, dATP-Cy3 (3-5 x of ), 20 mM
Tris-HCI pH 7.5, 20 mM Mg(Oac),, 2.5 mM DTT, 50 ng/uL of LMW polylC, 50 ng/uL OAS1 were mixed and incubated at 37 °C, 2
h, 750 RPM. Poly IC was digested over 1 h, 37 °C by RNase R treatment and unreacted dATP-Cy3, OAS1, and salt was removed
by Monarch PCR & DNA Cleanup Kit to give DNA-PAR-Cy3 (strand1). Partially complementary biotin-DNA-Cy5 (strand2) and
DNA-PAR-Cy3 (strand1) were annealed by mixing them at 1.1:1 molar ratio in 10 mM Tris-HCI, pH 7.5, 100 mM KClI, heating to 95
°C for 2 min, followed by slow cooling (2 °C per min) to room temperature. Annealing was verified by gel electrophoresis on 6%
DNA retardation gel.

RNA Preparation

RNA was synthesized, labeled, and annealed as previously described (Niaki et al., 2020). Briefly, RNA was synthesized by Integrated
DNA Technologies with 5’ or 3' amine modifications for labeling with Cy3 or Cy5 NHS esters. Unlabeled RNA was stored as a stock at
1 mM at -20 °C, and 100 uM aliquots were used for preparing droplet and other experiments.

Molecular Cell 82, 1-17.e1-e11, March 3, 2022 e6




Please cite this article in press as: Rhine et al., Poly(ADP-ribose) drives condensation of FUS via a transient interaction, Molecular Cell (2022), https://
doi.org/10.1016/j.molcel.2022.01.018

¢ CellPress Molecular Cell

To label the RNA with the NHS esters, 100 uM unlabeled RNA was combined with 0.1 mg Cy3- or Cy5-NHS and 10 mM sodium
bicarbonate. Labeling reactions were incubated overnight in the dark at room temperature with rotation. The labeled RNA was
purified by performing two successive ethanol precipitations: ice-cold ethanol was added to 70% (v/v) and incubated at -20 °C
for 30 min; the RNA was centrifuged at 21000 x g for 30 min at 4 °C; the supernatant fraction was discarded and the pellet was washed
twice with 70% (v/v) ethanol; and the pellet was resuspended in 50 puL T50 (10 mM Tris-HCI pH 8.0, 50 mM NaCl) buffer. The purified
labeled RNA stock was stored at -20 °C, and 1 uM aliquots were used for most experiments.

RNA annealing between complementary strands was performed by mixing the FRET acceptor (Cy5) and donor (Cy3) strands at a
1.2:1 molar ratio and heating to 95 °C. The RNA was then cooled to 4 °C at a rate of 2 °C/min. RNA stocks were stored at -20 °C, and
10 nM single-use aliquots were prepared for single-molecule experiments. RNA prepared for single-molecule nucleation
experiments followed this general protocol but did not use a Cy3-labeled strand because it would interfere with the Cy3-FUS signal.

Protein Labeling

Purified FUS was labeled as described previously (Rhine et al., 2020a). Briefly, four 0.5 mL Zeba Spin Desalting Columns (7K MWCO)
columns were washed with 300 uL FUS Labeling Buffer (1 M Urea, 1 M KCI, 1X PBS, 5% (v/v) glycerol) three times at 1500 x g,
following the manufacturer’s protocol. FUS was exchanged into this buffer by flowing through two of the Zeba columns. The
buffer-exchanged protein was reacted with ~20 uM Cy3-NHS for 45 min in the dark at room temperature with rotation in 0.1 M
sodium bicarbonate. Excess dye was removed using the remaining two Zeba columns, and the labeled protein was stored in the
dark at 4 °C for up to 2 weeks.

PARP5a catalytic domain was diluted to 2 mg/mL with 0.1 M sodium bicarbonate pH 8.3 in a volume totaling 250 pL. Alexa Fluor
488 TFP ester (ThermoFisher A37563, 0.1 mg) was added and the reaction was stirred at room temperature for 1 hr. PARP5a catalytic
domain was separated from excess dye with a 5 mL HiTrap desalting column on an NGC chromatography system (Bio-Rad)
equilibrated in PARP5a activity buffer (50 mM NaCl, 20 mM HEPES pH 7.5, 0.1 mM TCEP, 5 mM MgCl,, 5% (v/v) glycerol). The Alexa
Flour 488 concentration of the labeled PARP5a was determined with a NanoDrop OneC, then the protein was aliquoted, flash-frozen
with liquid nitrogen, and stored at -80 °C.

In Vitro Phase Separation Reactions

All phase separation assays were performed by cleaving the 6x-His and MBP tags from purified FUS proteins with TEV protease as in
previous studies (Rhine et al., 2020a; Rhine et al., 2021). Successful cleavage of all proteins was verified with SDS-PAGE and
Coomassie staining (data not shown). FUS protein was buffer-exchanged from the elution buffer into 20 mM NazPO,4, pH 8.0, using
successive spins in Amicon filters. In general, PAR phase separation reactions used FUS (1 uM), unlabeled PAR (90 nM), and Cy5-
labeled PAR (10 nM) in 1X Cleavage Buffer (100 mM NaCl, 50 mM Tris pH 7.4, 1 mM DTT, and 1 mM EDTA, pH 8), unless otherwise
indicated. RNA droplet reactions generally used 1 uM RNA and 10 nM Cy3-RNA. For conditions with 10 nM or less PAR, all PAR was
Cy5-labeled and there was no unlabeled PAR. Reactions (200 pL) were incubated at room temperature for 4 h in Nunc Lab-Tek 8-well
chambers. Images were acquired with a Nikon Ti Eclipse wide-field microscope in the brightfield, Cy3, and/or Cy5 channels.

Fluorescence Recovery After Photobleaching (FRAP)

FRAP experiments were performed by photobleaching entire droplets or granules with a 50 mW bleaching laser (405 nm) and Bruker
Galvano mirror scanner as described previously (Niaki et al., 2020). Movies were acquired in either the Cy3 (RNA) or Cy5 (PAR)
channels, depending on the experiment. Eight droplets were bleached for each experiment, and the fluorescence recovery was
measured over the course of 10 min by acquiring Cy3 or Cy5 images ever 3 s for 2 min then every 10 s for 8 min.

Bead Phase Separation Experiments

Phase separation reactions containing PAR-conjugated beads were performed essentially as described above (see In Vitro Phase
Separation Reactions). StreptAvidin-coated 4.0 um beads (0.1%; Spherotech, Lake Forest, IL) were combined with biotinylated
PAR or RNA (100 nM) and/or Cy5-labeled DNA duplex (10 nM). After reacting for 5 min at room temperature, the beads were pelleted
by centrifuging at 21000 x g for an additional 5 min. The pelleted beads were washed three times with T50 buffer, resuspended in T50
buffer, and added to phase separation reactions at a final concentration of 0.001% (w/v). We estimated that the local concentration of
polymer on the beads was ~10-100 nM, and the total concentration of RNA or PAR in the reaction could not exceed 1 nM based on
the initial quantity of polymer reacted with the beads. For experiments in which the droplet reaction was pelleted, droplet reactions
were incubated in 1.5 mL Eppendorf tubes for 1 h and pelleted at 21000 x g. The supernatant and pellet were fractionated; after an
additional 3 h incubation, droplets were visualized as described above.

PARP5a Catalysis Phase Separation Reactions

All phase separation assays were performed by cleaving the and 6x-His and MBP tags from purified FUS proteins as explained in
previous studies (Rhine et al., 2020a; Rhine et al., 2021). In general, PARP5a phase separation reactions used FUS (1 uM), PARP5a
(1 uM), and Cy3-labeled FUS (10 nM) with the indicated NAD* concentration in 1X PARylation Buffer (50 mM NaCl, 20 mM HEPES pH
7.5, 0.1 mM TCEP, and 5 mM MgCl,). Reactions were incubated at room temperature for 4 h. Images were acquired with a
DeltaVision CoolSnap HQ microscope in the TRITC and FITC channels. For western blotting, samples used for microscopic
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visualization were mixed with lithium dodecyl sulfate sample buffer to a final concentration of 1X, separated with 4-8% Bis-Tris gels in
MOPS-Tris running buffer, then transferred to PVDF membranes. Membranes were dried, then blocked with 5% non-fat dry milk in
TBS-T overnight. Membranes were probed with poly/mono-ADP ribose (Cell Signaling Technology #83732) and anti-FUS (Santa
Cruz sc-47711) diluted 1:1000 in 5% non-fat dry milk in TBS-T for 1 h at ambient temperature, then anti-Rabbit IRDye680 RD (Li-Cor
Biosciences) and anti-Mouse IRdye800 CW (Li-Cor Biosciences) diluted 1:10,000 in 5% non-fat dry milk in TBS-T for 1 h at ambient
temperature. Data were acquired with an Odyssey (Li-Cor Biosciences).

Dissolution of In Vitro Droplets

Phase separation reactions were carried out as described above (see In Vitro Phase Separation Reactions) and incubated at room
temperature for 3 h. While acquiring fluorescence microscopy videos with a framerate of 1 fps, dissolution agents were added by
pipetting directly into the reaction approximately 5 s after the start of the video. The videos continued for 3 min with frame acquisition
slowing to 0.2 fps after the first minute. Each agent was added to the following final concentrations: 5% (v/v) 1,6-hexanediol; 1 pM
KapB2; 125 ung/mL RNAse A; and 2 uM PARG. Dissolution of FUS-PAR droplets were imaged in the Cy5 channel only, whereas
dissolution of FUS-RNA-PAR droplets were imaged in the Cy3 and Cy5 channels.

RNA/PAR Spike Droplets

Phase separation reactions were prepared as described in In Vitro Phase Separation Reactions and incubated for 3 h with RNA (1 uM
unlabeled, 10 nM labeled) or PAR (90 nM unlabeled, 10 nM labeled). The other polymer was added to the final concentrations listed
above by pipetting directly into the reaction just after the first frame of a 30 min fluorescence microscopy video (1 frame every 10 s).

Optical Trapping and Fusion of Droplets

Droplets were formed as described above (see In Vitro Phase Separation Reactions) and flowed into a C-Trap quad-trap laser setup.
Two of the optical traps were used to weakly trap a pair of droplets, which were then moved into a separate flow channel consisting of
1X Fusion Buffer (1X Cleavage Buffer with 10 mM Trolox) supplemented with RNA (1 uM) or PAR (100 nM), depending on the reaction.
One of the trapped droplets was slowly moved into the other droplet’s trap until the two droplets either successfully or unsuccessfully
fused, as described previously (Rhine et al., 2020a). Fluorescence confocal images were acquired before and after each fusion event.

Electrophoretic Mobility Shift Assays (EMSAs)

Stoichiometric FUS-PAR and FUS-RNA interactions were resolved by EMSAs on 6% polyacrylamide retardation gels as described
previously (Sarkar and Myong, 2018). Concentrations of FUS, PAR, and RNA were varied for each well. Most often, increasing
concentrations of FUS were added to 1 nM Cy5-labeled PAR in 1X EMSA Binding Buffer (100 mM B-mercaptoethanol, 100 mM
KCI, 50 mM Tris, pH 7.4, 2 mM MgCl,, 100 pg/mL BSA). In reactions with RNA, FUS was kept at 500 nM while PAR and Cy3-labeled
U40 concentrations were varied. The reactions were covered from light and incubated at room temperature for 1 h. Loading dye was
added to the reactions before undergoing electrophoresis at 100 V for ~1.5 h. The gels were imaged on a Typhoon 5 fluorescent
scanner (GE Healthcare/Cytiva).

Fluorescence Anisotropy
FUS-RNA or FUS-PAR isothermal binding plots were tested and constructed as described previously (Rhine et al., 2020a). Briefly,
anisotropy reactions were performed in 1X EMSA Binding Buffer for 1 h in Thermo Scientific Nunc MicroWell 96-well plates.
Increasing concentrations of FUS were added to Cy3-U4o or Cy5-PAR, which was fixed at 10 nM. Fluorescence polarization was
measured by a Tecan Spark 10M plate reader.

Competition assays were performed with the same general workflow, but 100 nM FUS was incubated with either 10 nM Cy5-U4o or
10 nM Cy5-PAR;5 to achieve complete binding. Increasing concentrations of unlabeled PAR+g or U,o were added to each reaction,
respectively, and a decrease in anisotropy was interpreted as a successful displacement of the labeled polymer from FUS.

Turbidity Measurements

Turbidity assays were performed essentially as described previously (Rhine et al., 2020a). Briefly, FUS protein was exchanged into
20 mM NazPQ,, pH 8, as described above (see In Vitro Phase Separation Reactions). FUS (1 uM) and RNA (1 uM) were combined in
1X Cleavage Buffer with TEV protease. PAR was added to 500 nM in applicable reactions. Reactions (100 uL) were prepared in
Thermo Scientific Nunc MicroWell 96-well plates, and the A4qo value was measured over 2 h in a Tecan Spark 10M plate reader.
Turbidity values were normalized to the maximal turbidity for each reaction. The t1» value was determined by fitting the turbidity
values to a sigmoid curve in Matlab.

Single-Molecule Nucleation

Single-molecule nucleation experiments were performed as described previously (Rhine et al., 2020a; Rhine et al., 2021). Briefly,
low-density biotin PEG-passivated slides were purchased from the Slide Production Core for Microscopy at Johns Hopkins Medical
Institute. Slides were assembled with 5 lanes using double-sided tape and epoxy, which glued the coverslip and slide together.
Reagents were flowed onto the slide in the following order: 1 mg/mL NeutrAvidin, T50 buffer, ~50 pM pdPAR or pdRNA (prepared
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above), T50 buffer, Imaging Buffer (20 mM Tris-Hcl, pH 7.4, 100 mM KCI, 0.5% (w/v) glucose, 1 mg/mL glucose oxidase, 1.8 U/mL
catalase, 10 mM Trolox, 2 U TEV, and 4 U RNase inhibitor), and Imaging Buffer with Cy3-labeled FUS. Long videos of the single-mole-
cule surface (300 s) were obtained to plot Cy3-FUS intensity over time. A short burst of Cy5 exposure at the beginning and end of each
video was used to filter out nonspecific binding spots.

Dynamic Light Scattering

FUS was transferred into 20 mM sodium phosphate buffer (pH 7.4). 1 uM of wildtype FUS was used to form droplets with U40 RNA
(1uM) or PAR16 (100nM) in 1X Cleavage Buffer. All the components, except RNA and PAR, were filtered by 0.22uM syringe filters
before mixing. Samples were incubated in a 96-well plate (Corning®, Product Number 3880). DLS results were acquired immediately
after adding TEV protease to the 4-hour time point with an interval of 10 minutes by Wyatt DynaPro Plate Reader Il (Wyatt Technol-
ogy), and the particle sizes were transformed into size distribution data by the Dynamic 7 software (Wyatt Technology). After extract-
ing the distributions into a set of.csv files, a MATLAB script was applied to visualize the data.

Stable Cell Line Production

SH-SY5Y cells cultured without antibiotic were transfected with 800 ng of FUS-Halo and 800 ng of the Super Piggybac Transposase
plasmid using Lipofectamine 3000. Two days after transfection, G418 was added to a final concentration of 400 ng/uL. The media
was refreshed every 4-7 days until the cells reached confluency and were then cultured as described above.

Live Fluorescence Confocal Microscopy of FUS-Halo Cells

Fibronectin (5 ng/mL) was used to pre-treat 4-well Nunc chambers for 15 min. FUS-Halo cells were passaged into the fibronectin-
treated chambers with 500 pL DMEM mixture 2-3 days before imaging so that they would be 60-80% confluent for imaging. Cells
were transfected 1 day prior to imaging (see below), if applicable. Sodium arsenite (0.5 mM for all conditions except controls) was
added 1 h prior to imaging, and JF549 (25 nM for all stressed conditions except controls) and Hoechst (1 pg/mL) were added
30 min prior to imaging. Cells were washed three times with 1X pre-warmed distilled PBS before adding fresh DMEM supplemented
with sodium arsenite for applicable conditions. Cells were imaged in the 408 nm (Hoechst), 488 nm (GFP, when applicable), 550 nm
(JF549) channels using an LSM-700 confocal microscope. Digital gain and laser exposure were optimized for each image, and cells
were maintained at 37 °C throughout imaging.

shRNA and Plasmid Transfections
Lipofectamine 3000 was used following the manufacturer’s directions. Short-hairpin RNAs (10 nM) and GFP-tagged PARP or PARG
mammalian expression plasmids (800 ng) were transfected ~16-24 h prior to imaging.

PARP Inhibitor Treatment

Inhibitors of PARP activity were added 1, 4, or 24 h prior to imaging. To limit intracellular loss of inhibitors, these cells were not
washed with PBS prior to imaging. The inhibitors were added at the following final concentrations: Olaparib (10 uM); IWR-1
(5 uM); and GO0O7-LK (1 uM) (Evers et al., 2008; Huang et al., 2009; Voronkov et al., 2013).

Western Blot of FUS Expression

FUS-Halo cells were cultured in 12-well plates to confluency at 37 °C. Cells were treated with shRNA as described above ~16 h prior
to harvesting, if applicable. For lysis, the cells were transferred to 4 °C, and the media was removed from the plate. Cells were washed
three times with 1X ice-cold dPBS and resuspended in 165 pL NP-40 Lysis Buffer. Lysis occurred on ice for ~10 min. The samples
were then transferred to Eppendorf tubes and centrifuged at 21000 x g for 10 min at 4 °C. Following centrifugation, the supernatant
fraction from each tube was transferred to a new tube, and the lysate was mixed 1:1 with 2X Laemmli Sample Buffer for electropho-
resis. These samples were heated to 100 °C and centrifuged again at 21000 x g for 1 min at room temperature. After loading onto an
Any kD TGX Precast Protein Gel, the gel was electrophoresed at 100 V for ~1.5 h. The gel was then transferred to a nitrocellulose
membrane in Western Transfer Buffer (10% (v/v) methanol, 25 mM Tris pH 8.3, 192 mM glycine) for 1.5 h at 100 A. The nitrocellulose
membrane was treated with primary antibodies at 1:500 dilution in Blocking Buffer (5% (w/v) milk powder, 0.1% (v/v) Tween in 1X
dPBS) overnight at 4 °C, secondary antibodies at 1:5000 dilution in Blocking Buffer at room temperature for 2 h, and ECL Blotting
Reagent for ~2 min at room temperature with three 1X dPBST (1X dPBS with 0.1% (v/v) Tween-20) washes between each treatment.
The membrane was imaged using the “Chemiluminescence” function with high dynamic range on an Amersham Imager 600 RGB.

FUS-Halo IP and PARylation Western Blotting

SH-SY5Y cell lines with endogenous FUS-Halo were passaged onto 100 mm cell culture dishes that were treated with poly-D-lysine
(R&D Systems, Minneapolis, MN). All steps were performed on ice or at 4 °C unless otherwise indicated. For each IP, 107 cells were
seeded onto five dishes in the DMEM mixture and grown at 37 °C + 5% CO,, for 48 h. The cells were washed with 1X dPBS and then
DMEM mixture containing PARG inhibitor, PDD 00017273 (10 uM), sodium arsenite (0.5 mM) was added to a final volume of 10 mL
per dish. The cells were incubated at 37 °C + 5% CO, for 1 hr, then the DMEM mixture was aspirated and cold 1X dPBS containing
PDD 00017273 (10 uM), G7-LOOK (1 uM) and Olaparib (10 pM) was added (1.5 mL per dish). Cells were harvested with a cell scraper
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and cells from the five dishes corresponding to each condition were combined in the same tube and pelleted at 400 x g for 3 min. The
supernatant was aspirated then 400 pL lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM MgCl,, 1 mM EGTA, 1 mM DTT, 1 mM
NaF, 0.5% NP-40, 50 uM Olaparib, 50 uM G7-L00K, 100 uM PDD 00017273, 1X cOmplete protease inhibitor cocktail) was added.
The cells were resuspended gently with a pipet then incubated for 30 min. Insoluble material was pelleted at 13,800 x g for 12 min,
then the supernatant was transferred to new tubes. Cell extracts were diluted to 1 mL with dilution buffer (50 mM HEPES pH 7.5,
150 mM NaCl, 1 mM MgCl,, 1 mM EGTA, 1 mM DTT) then 4 uL was mixed with SDS sample buffer for the input. Remaining extract
was incubated with 50 L of HaloTrap agarose (Chromotek, Planegg-Martinsried, Germany) for 1 h with end-over-end rotation. The
samples were transferred to spin columns (Chromotek, Planegg-Martinsried, Germany) and washed three times with 500 uL wash
buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM MgCl,, 1 mM EGTA, 1 mM DTT, 0.05% NP-40), then 30 uL of SDS sample buffer
was added and the columns were incubated at 95 °C for 10 min. IP samples were eluted from the agarose by spinning the columns at
2,500 g for 2 min. Samples were separated with 4-8% Bis-Tris gels in MOPS-Tris running buffer, then transferred to PVDF
membranes. Membranes were dried, stained with Revert 700 (Li-Cor Biosciences), then blocked with 5% non-fat dry milk in
TBS-T overnight. Membranes were probed with pan-ADP-ribose (Millipore MABE1016) and anti-Halo (Promega G9211) diluted
1:1000 in 5% non-fat dry milk in TBS-T) for 1 hr at ambient temperature, then anti-Rabbit IRDye680 RD (Li-Cor Biosciences) and
anti-Mouse Irdye800 CW (Li-Cor Biosciences) diluted 1:10,000 in 5% non-fat dry milk in TBS-T for 1 h at ambient temperature.
Data were acquired with an Odyssey (Li-Cor Biosciences).

Immunofluorescence and Super Resolution Imaging of Fixed Cells

SH-SY5Y cell lines with endogenous FUS-Halo were passaged onto Lab-Tek Il 4-well chambers. Transfection and arsenite stress
was performed as described above (see Live Fluorescence Confocal Microscopy of FUS-Halo Cells). Cells were washed three times
with 1X dPBS and fixed with 4% paraformaldehyde for 15 minutes at room temperature. Cells were permeabilized with 1X dPBS
supplemented with 0.3% Triton-X100 and 1% BSA. For antibody staining, cells were washed three times with 1X dPBS and antibody
was added at the appropriate dilution in permeabilization buffer; fixed cells were incubated overnight at 4 °C with gentle rotation.
Following antibody treatment, JF549 and Hoechst were added; the fixed cells were then mounted with Prolong Gold and sealed
for imaging. Super resolution imaging was performed on an LSM-800 with an Airyscan attachment. Airyscan processing was
performed by Zen Blue (Zeiss), and cell images were further processed as described below (FUS Granule Counting and Cell Image
Processing).

QUANTIFICATION AND STATISTICAL ANALYSIS

Processing and Quantification of Droplet Images and Videos

For presentation in the manuscript, Nikon images were converted into TIFF images using Fiji. The brightness and contrast were
adjusted in Adobe Photoshop, and the same adjustment was generally applied to all conditions in a figure when appropriate. Certain
images with lower concentrations of PAR had increased contrast to better visualize droplets. For multi-channel images, each channel
was processed separately before being overlaid.

Droplet statistics were quantified by intensity thresholding using a custom Matlab script or the NIS-Element AR cell counting
software (Nikon). Both software packages calculated several droplet characteristics, including droplet count, average area, average
circularity, and overall area coverage. Droplet colocalization was calculated by employing a separate Matlab script described
previously (Rhine et al., 2020a). Each condition was given a colocalization score by dividing the number of overlapping droplets
by the total number of droplets in both fluorescence channels.

FRAP videos were analyzed by a custom Matlab script which was employed in our previous work (Niaki et al., 2020). Regions of
interest (ROIs) were manually defined by the user, including background and reference ROlIs that corrected for basal photobleaching
caused by the Cy3 or Cy5 laser. The average fluorescence intensity of each ROl was calculated, corrected, and normalized. A similar
script was used to analyze dissolution and spike videos, in which intensity changes in individual droplets were tracked over time
before being normalized as a percentage of their initial value.

Analysis of Optical Trapping Data

The fusion time was calculated essentially as described previously with Matlab scripts (Rhine et al., 2021). Briefly, we converted each
frame into a binary image and modeled the fusing droplets as a single ellipse. We then calculated the aspect ratio (the ratio of major
axis length to minor axis length) for each frame. The aspect ratio as a function of time was fit to an exponential decay function, starting
at the initial aspect ratio before fusion and asymptotically approaching the final aspect ratio of the fully relaxed droplet, to obtain the
relaxation time constant for that fusion event. Initial and final aspect ratios were also included as fit parameters.

EMSA and Western Blot Image Processing

Images were processed as described above (Analysis of Droplet Images and Videos). The intensities of individual bands were
quantified using ImagedJ’s gel analysis function and were normalized to the highest intensity band. For Western Blots, intensities
were generally normalized to the tubulin band. Intensity plots were generated using Fiji’s plot gel function, and intensity values
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were normalized to the highest intensity in each channel. Line plots of multichannel fluorescence intensity were made using Fiji’s plot
profile function, and the intensities were normalized to the highest intensity in each fluorescence channel.

Binding Isotherm Plots

Binding isotherms were constructed by plotting anisotropy over concentration of FUS. Ky_,p, values were determined by fitting each
isotherm in Prism 8 with a four-component total binding fit where the ‘NS’ (nonspecific binding) component was constrained to
0. Three independent Ky_,p,, fits were used to generate an average and calculate error.

Analysis of Single-Molecule Data

Single-molecule videos were processed using IDL as described previously (Roy et al., 2008). Processed trace data were visualized
with Matlab (Sarkar and Myong, 2018). Nucleation data was analyzed as described previously (Rhine et al., 2020a; Rhine et al., 2022),
except that binding events were manually binned into “short” (<1 s) and “long” (>2 s) FUS interactions and the intensity of each
binding interaction was also recorded.

FUS Granule Counting and Cell Image Processing

Images of cells were processed for publication as described above (see Processing and Quantification of Droplet Images and
Videos). FUS granule counts were determined using a Matlab script. Briefly, this script identified cells by masking the nuclear
Hoechst stain and granules through dynamic masking of higher-intensity granules within the cytoplasm. Granules were assigned
to the nearest nuclear signal. Nuclei with weak FUS signal, granules that were too distant to be mapped to a nuclear mask, and
granules that were too large were all filtered. The number of granules per identified nucleus and the size of each of these granules
were calculated by the Matlab script. Intensity profiles of antibody and FUS-Halo intensities were generated as described above
in EMSA Image Processing using the plot profile function in Fiji.
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