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SUMMARY

Hsp70 is a key molecular chaperone in the protein quality control system to safe-
guard protein homeostasis in cells. Previous studies have shown that Hsp70
chaperones TDP-43, a pathogenic protein associated with amyotrophic lateral
sclerosis (ALS), in nuclear bodies and prevents it from the pathological aggrega-
tion. In this work, we report that Hsp70 undergoes liquid-liquid phase separation,
chaperones FUS, another ALS-linked pathogenic protein, in stress granules (SGs),
and prevents condensed FUS from amyloid aggregation. Knock-down of Hsp70
does not influence SG assembly but results in the liquid-to-solid transition in
SGs. NMR experiments further reveal Hsp70 predominantly uses its C-terminal
substrate-binding domain to interact with the low complexity domain of FUS,
which represents a mechanism distinct from that interacting with TDP-43. These
findings suggest that Hsp70 is widely involved in chaperoning the physiological
dynamics of various membrane-less organelles and adopts different mechanisms
to prevent the pathological aggregation of different proteins.

INTRODUCTION

Molecular chaperones are key players in the protein quality control system, which are essential to maintain
the protein homeostasis in cells (Hartl et al., 2011). A variety of chaperones widely exist in the cytoplasm and
membrane-bound organelles such as nucleus, endoplasmic reticulum, and mitochondrion (Alderson et al.,
2016; Moran Luengo et al., 2019). Recent studies have found that different chaperones such as Hsp90,
Hsp70, and Hsp40 are also involved in the formation and regulation of different membrane-less organelles
(MLOs) such as stress granules (SGs) and nuclear bodies (NBs) (Mateju et al., 2017; Jain et al., 2016; O'Meara
etal., 2019; Guetal, 2020; Yu et al., 2021; Gu et al., 2021; Pare et al., 2009; Frottin et al., 2019). For instance,
it has been reported that Hsp70 is important to facilitate the generation and maintain the dynamics of the
TDP-43 nuclear bodies (Yu et al., 2027; Gu et al., 2021). Hsp90 and AAA + ATPase VCP/p97 are involved in
SG disassembly and degradation (Mediani et al., 2021; Wang et al., 2019). HspB8, Bag3, and Hsp70 form a
chaperone network to maintain SG dynamics and integrity (Ganassi et al., 2016). These findings suggest
that chaperones play an important role in regulating the protein homeostasis in different MLOs.

The dynamic assembly of MLOs is driven by protein liquid-liquid phase separation (LLPS) (Banani et al.,
2017; Boeynaems et al., 2018; Boija et al., 2018; Brangwynne et al., 2009; Milovanovic et al., 2018; Strom
et al., 2017; Su et al., 2016; Zeng et al., 2018). SG is one of the most intensively studied MLOs, in which
SG-related proteins including G3BP, TIA1, and TDP-43 undergo LLPS to scaffold SG formation and
further recruit protein and RNA components into SGs (Guillen-Boixet et al., 2020; Li et al., 2013; McGurk
et al., 2018; Sanders et al., 2020; Yang et al., 2020). Under diseased conditions, the liquid-like nature of
SGs is disrupted, which leads to aberrant SG solidification. Underlying this process, the amyloid-forming
proteins in SGs including FUS, TDP-43, and hnRNPA1 may undergo liquid-to-solid phase transition to
form amyloid aggregation, which is believed to be causative to neurodegenerative diseases such as
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Fahrenkrog and Harel, 2018;
Gasset-Rosa et al.,, 2019; Mackenzie et al., 2010; Molliex et al., 2015; Murakami et al., 2015; Patel
et al,, 2015; Ramaswami et al., 2013; Shukla and Parker, 2016). Hsp70 has been previously found to
be recruited into SGs to assist SG disassembly (Ganassi et al., 2016; Jain et al., 2016). Hsp70 also exhibits
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2021). Importantly, Hsp70 level is downregulated in the spinal cord of patients with ALS (Chen et al.,
2016), and increasing the Hsp70 level can rescue the neuropathology in ALS-related fly models (Coyne
et al., 2017; Estes et al., 2011).

In this study, we found that Hsp70 directly interacts with FUS and chaperones the liquid-like state of SGs.
Hsp70 exhibits a high ability of LLPS in vitro, and its co-phase separation with FUS prevents FUS from
aberrant liquid-to-solid phase transition and fibrillation. The NMR study further reveals that Hsp70 uses
its C-terminal substrate-binding domain (CTD) to bind the FUS low complexity (LC) domain. This mecha-
nism is distinct from that underlying the interaction between Hsp70 and TDP-43. Our study reveals the
essential role of Hsp70 in safeguarding SGs in the dynamic state and in preventing pathological protein
aggregation.

RESULTS
Hsp70 undergoes LLPS and co-phase separates with FUS in vitro and in SGs

It has been shown in different experiments that Hsp70 and FUS are both components of SGs (Bosco et al.,
2010; Jain et al., 2016; Markmiller et al., 2018; Mateju et al., 2017; Murray et al., 2017). To clarify whether
these two proteins exist in the same spatiotemporal context, we immunostained Hsp70 and FUS, as well
as G3BP1 (SG marker protein), simultaneously present in Hela cells (Figure 1A). RFP-FUS R521H, an
ALS-associated FUS mutant that tends to be involved in SGs (Guo et al., 2018), was overexpressed in the
cells. The result showed that upon stress (100 uM sodium arsenite for 1 h), both endogenous Hsp70 and
RFP-FUS R521H co-condenses into the G3BP1-positive SGs in Hela cells (Figure 1A), and RFP failed to
incorporate into SGs under stress conditions (Figure S1).

Given the co-condensation of Hsp70 and FUS in SGs, we next asked whether they have a direct interac-
tion. FUS is well known to have a high ability of LLPS and can interact with several other proteins that are
also able to undergo LLPS, such as hnRNPAT and Hsp40 (Gu et al., 2020; Kamelgarn et al., 2016). We thus
examined whether Hsp70 is able to undergo LLPS in vitro. We firstly purified recombinant Hsp70 fused
with His-tag in vitro, and then cleaved His-tag to avoid its potential influence in Hsp70 LLPS (Figure S2).
Next, we mapped the phase diagram of Hsp70 in the presence of molecular crowding agent PEG 3,350
and found that Hsp70 is able to spontaneously form liquid-like droplets with increasing concentration of
protein and PEG 3,350 as revealed by differential interference contrast (DIC) and fluorescent images
(Figure 1B). We confimed that PEG 3,350 is not involved in droplet formation (Figure S3). The fluores-
cence recovery after photobleaching (FRAP) assay showed that the fluorescence signal in the Hsp70
droplets rapidly recovered to ~70% in 500 s, indicating the liquid-like property of Hsp70 droplets
(Figure 1C).

Hsp70 is composed of an N-terminal nucleotide-binding domain (NTD, residues 1-386) and a C-terminal
substrate-binding domain (CTD, residues 387-641) (Figure S4A). To dissect the role of the two domains
in mediating Hsp70 LLPS, we examined the LLPS ability of Hsp70-NTD and Hsp70-CTD, respectively.
The result showed that both NTD and CTD are important for the LLPS ability of Hsp70, truncation of either
domain resulted in a decreased LLPS ability (Figures S4B-S4D). Meanwhile, both domains exhibited LLPS
capability (Figures S4B-S4D). FRAP analysis further confirmed the liquid-like property of the droplets
formed by each individual domain (Figures S4E and SF).

Next, under the LLPS condition of Hsp70, we mixed sub-stoichiometric FUS-EGFP with Hsp70
(Hsp70:FUS = 25:1). DIC and fluorescence images showed that Hsp70 underwent LLPS. FUS-EGFP, which
does not phase separate under this condition by its own, co-phase separated with Hsp70 (Figure 1D),
suggesting the direct interaction between Hsp70 and FUS. Upon decreasing the concentration of
Hsp70 below the threshold level, co-LLPS of Hsp70 and FUS-EGFP was eliminated (Figure S5A). In addi-
tion, we conversely mixed sub-stoichiometric Hsp70 with FUS-EGFP (FUS:Hsp70 = 10:1) under the LLPS
condition of FUS and found co-LLPS of Hsp70 and FUS-EGFP (Figure 1E). The co-LLPS relied on the
recruitment of Hsp70 by FUS-EGFP in the phase-separated state (Figure S5B). Meanwhile, to avoid
the potential effect of EGFP on Hsp70 LLPS, we tested the co-LLPS of Hsp70 and EGFP. EGFP could
not phase separate by its own (Figure S5D). Under the LLPS condition of Hsp70, EGFP did not co-phase
separate with Hsp70 as shown by DIC and fluorescence imaging (Figure S5C). Taken together, these re-
sults showed that Hsp70 exhibits capability for LLPS in vitro and can co-phase separate with FUS both
in vitro and in intracellular SGs.
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Figure 1. Hsp70 phase separates in vitro and colocalizes with FUS in SGs

(A) Confocal images of HeLa cells expressing RFP-FUS R521H. Cells were stressed with 100 pM sodium arsenite for 1 h and
stained with antibodies for DAPI, Hsp70, and G3BP1. Scale bar, 5 pm. White arrows indicate SGs.

(B) DIC and fluorescence images of Hsp70 at indicated conditions. Buffer condition: 50 mM Tris-HCI (pH 7.5), 100 mM
NaCl, PEG 3,350. Scale bar, 5 um. (C) FRAP of Alexa 488 labeled Hsp70. FRAP curves and montages of a Hsp70 droplet are
shown. Dashed circles indicate the bleached spot. Scale bar, 2 pm.

(D) DIC and fluorescence images show the incorporation of FUS-EGFP into Hsp70 droplets formed under the same
condition as (B). The DIC image (left) indicates no LLPS of FUS-EGFP under this condition. Scale bar, 5 um. The molar ratio
of Hsp70 and FUS-EGFP is indicated.

(E) DIC and fluorescence images show the incorporation of Hsp70 into FUS-EGFP droplets. Buffer condition: 50 mM Tris-
HCI (pH 7.5), 100 mM NaCl. The DIC image (left) indicates no LLPS of Hsp70 under this condition. Scale bar, 5 um. See also
Figures S1-S5.

Hsp70 chaperones the liquid-like state of SGs

We have previously shown that Hsp70 does not influence the assembly of SGs (Gu et al., 2021). To further
investigate the influence of Hsp70 on the dynamics of SGs, we knocked down Hsp70 (encoded by HSPATA
and increased most dramatically in response to cellular stress) and Hsc70 (encoded by HSPA8 and most
abundant in Hela cells) by transfection with small interference RNA (siRNA) of HSPATA and HSPAS (si-
Hsp70). Western blot analysis confirmed the reduced expression level of the total Hsp70 proteins by
siRNAs (Figure S6é). Consistent with our previous report (Gu et al., 2021), knockdown of Hsp70 showed

¢? CellPress

OPEN ACCESS

iScience 25, 104356, June 17, 2022 3




iScience

- ¢ CellPress

G3BP1 RFP-FUS R521H

DAPI

1O-1s

0/dsH-1s

ns ** **
[ | | — | —
o o o
o FON FON FON
N~ ~ ~— -~
o
%)
= 'S 5 'S 5 S
D i o
(0] (0]
_ lo £ o E lo
[(ojy== O = ©

=
=
.nh.v 1O O lo
5 ™ 5] ™

o0 oo oo OO0 oo oo oo oooo

O 0 O < N O 0 O© I N O 0 O© T N

~ ~ —

(%) (%) (%)

Klanooal aousosalon|4  AJoA0D8I SouL9salon|4

OIS 0LdsH-Is D1 Q/dSH-Is

Alanooal aousdsalon|

HO-1S

0/dsH-1s

Time (s)

*%

120

60

30

o
o o
—

[1O-1s

(%)
Aianooal aouadsalon|

0/dsH-1s

yao yce

yp

yo

Time (s)

iScience 25, 104356, June 17, 2022

4



iScience ¢? CellPress
OPEN ACCESS

Figure 2. Knockdown of Hsp70 promotes solidification of RFP-FUS R521H in SGs

(A) The effect of siRNAs (si-Ctrl/si-Hsp70) on the formation of SGs. Confocal images of Hel a cells expressing RFP-FUS R521H under arsenite stress are shown
on the left. Cells were stained with antibodies for DAPI and G3BP1. White arrows indicate SGs. Scale bar, 5 um. Quantification of numbers of SGs per cell in
the imaging data is shown on the right. Values are means + S.D., n > 150 cells from 3 replicates. Student'’s t test; ns, not significant.

(B-E) Fluorescence images of RFP-FUS R521H in SGs (left) and fluorescence recovery curves of the FRAP assay (right). Hela cells transfected with negative
control siRNA (si-Ctrl) or siRNAs against Hsp70 (si-Hsp70) are treated with arsenite for 0.5 h (b), 2 h (c), 4 h (d), or 6 h (e) as indicated. Dashed circles indicate
the bleached spot. Data shown are means + S.D., n = 3 individual SGs. Student’s t test, ** p < 0.01; ns, not significant. Scale bar, 2 um. See also Figures S6
and S7.

no significant influence on the numbers of FUS-R521H-positive SGs formed in cells (Figure 2A). However, in
situ FRAP experiments showed that the Hsp70 knockdown significantly impaired the mobility of FUS-R521H
within SGs over time (Figures 2B-2E). As the cells were stressed for 0.5 h, the fluorescence intensity of FUS-
R521H recovered to nearly 100% within 135 s for both the control (si-Ctrl) and si-Hsp70 groups (Figure 2B).
In contrast, as the duration of stress was gradually increased to 2-6 h, the signal recovery of FUS-R521H in
the si-Hsp70 group was gradually impaired (Figures 2C-2E). After 6-h stress, only 60% of the fluorescence
signals recovered within 135 s (Figure 2E), indicating solidification of FUS in SGs.

We next asked whether Hsp70 knockdown specifically impairs the internal dynamics of FUS or it also influ-
ences the internal mobility of other proteins in SGs. We examined the dynamics of G3BP1, the key scaffold
protein of SGs, within SGs upon knocking down Hsp70 by in situ FRAP experiments. Importantly, we found
that the internal mobility of G3BP1 is severely impaired in the si-Hsp70 groups but not the control group,
especially in the cells stressed for 6 h (Figure S7). Taken together, our results showed that Hsp70 plays an
essential role in maintaining not only the internal dynamics of FUS but also other proteins such as G3BP1 in
SGs to safeguard the liquid-like state of SGs.

Hsp70 inhibits the liquid-to-solid phase transition of FUS into amyloid fibrils

We further examined the chaperone activity of Hsp70 in maintaining the dynamics of FUS in the liquid-like
droplets in vitro. FUS-EGFP is able to readily form liquid-like droplets in vitro and exhibits superior internal
mobility revealed by the FRAP assay (Figures 3A and 3B). Moreover, the liquid-like droplets of FUS-EGFP
are able to spontaneously undergo the liquid-to-solid phase transition over time, and amyloid fibrils can be
observed growing out of the droplets during the maturation process (Figure 3A). Although, Hsp70 forms
liquid-like droplet without further solidification (Figure S8). Remarkably, co-phase separation of Hsp70
with FUS-EGFP maintained the liquid-like property of FUS-EGFP droplets and prevented FUS-EGFP
from forming amyloid fibrils after 18-h incubation (Figures 3A and 3B).

Next, we assessed the activity of Hsp70 in preventing FUS amyloid fibrillation by combining the ThT
kinetics assay and the negative-staining transmission electron microscopy (TEM). We overexpressed
and purified FUS-LC, which is highly aggregation prone and was previously characterized to mediate
FUS fibrillation. Indeed, FUS-LC spontaneously formed amyloid fibrils monitored by the ThT assay and
TEM (Figures 3C and 3D). Notably, Hsp70 displayed a potent activity in inhibiting the amyloid fibrillation
of FUS in a dose-dependent manner. The fibrillation of FUS is nearly completely suppressed in the pres-
ence of an equal molar of Hsp70 (Figures 3C and 3D). In addition, we confirmed that Hsp70 under the
examined conditions does not form amyloid fibrils by its own (Figure S9). Taken together, our results
show that Hsp70 exhibits a potent chaperone activity in maintaining the liquid-like property of FUS drop-
lets and prevents condensed FUS from aberrant liquid-to-solid phase transition and fibrillation.

Hsp70-CTD predominantly binds FUS-LC

To further investigate the structural basis underlying the interaction between Hsp70 and FUS-LC, we per-
formed the solution NMR spectroscopy. We firstly prepared '°N-labeled FUS-LC and assigned its HSQC
spectrum according to a previous study (Figures ST0A and S10C) (Burke et al., 2015). Then, unlabeled
Hsp70 was gradually titrated into the ">N-labeled FUS-LC solution at pH 6.6. The result showed that the
overall signal intensities of the residues of ">N-labeled FUS-LC decreased gradually with the increasing
concentrations of Hsp70 (Figure S11A), indicating the direct binding between FUS-LC and Hsp70. No
obvious chemical shift was detected upon Hsp70 titration (Figure ST10B). Intriguingly, the most dramatical
intensity decrease (>55%) mainly occurred at serine residues of FUS-LC, as well as several other hydrophilic
residues including Thr, Tyr, and GIn (Figure S11B), indicating hydrophilic interactions between Hsp70 and
FUS-LC.

iScience 25, 104356, June 17, 2022 5



¢ CellPress

L 10 M
FUS-EGFP

10 uM FUS-EGFP
+ 50 uM Hsp70

ko)
2]
£
c (0]
© 1004
©
S 80
§\? 60
< 401
S
2 201
'_
= 0 T T T T v
= 0 20 40 60 80 100
Time (h)

iScience

B — 10 uM FUS-EGFP
— 10 pM FUS-EGFP
+ 50 uM Hsp70

Pre bleach Os 5s 45s 90s 120s

O XX

o
o
L 04 : : : i
0 30 60 90 120
_Pre bleach O0s 5s 45s 90s 120s
O S
< n S
| fo =
g 3 ol
(3 o 0 30 60 90 120
L Pre-bleachl Os 5s 45s 90s 120s g
S| ] ) } ) ) I o
=1 D
Hilejlo o oo ok
- = S
~— [HE

I_G

0 30 60 90 120
Pre-| bleach O0s 5s 45s 90s 120s 100
80
60
40 ]t
20
04 . . . :
0 30 60 90 120
Time (s)
D FUS-LC : Hsp70
~ FUS-LC 25 uM) FUS-LC 5:1 1:1

FUS-LC:Hsp70 =
5:1
14

Figure 3. Hsp70 maintains FUS in the state of liquid-like droplets and prevents it from amyloid aggregation

(A) Representative images of the liquid-like droplets of FUS-EGFP in the absence or presence of Hsp70 in a maturation process of 18 h. Scale bar, 5 pm.
(B) FRAP images (left) and curves (right) of FUS-EGFP droplets in (a) are shown. Data are shown as mean + SD with n = 3. Student's t test, * p < 0.05;

** p < 0.01; ns, not significant. Scale bar, 5 um.

(C) The ThT fluorescence assay of FUS-LC (25 uM) with the addition of different concentrations of Hsp70. The molar ratios of FUS-LC to Hsp70 are indicated.

Data correspond to mean

+ SD,n=3.

(D) Negative-staining TEM images of ThT samples at 110 h in (c). Scale bar: 500 nm. See also Figures S8 and S9.

To examine the effect of amide water exchange in the intensity change of Ser residue, we further per-
formed the NMR experiments at pH 6.1, which may quench water exchange. The results showed that
the number of residues with large intensity decrease (>55%) is largely decreased with no obvious pref-
erential distribution for serine residues (Figures 4A and 4B). No obvious chemical shift deviations were

detected upon Hsp70 titration at pH 6.1, which is similar to pH 6.6 (Figure S10D). Moreover, we predicted
the water exchange rates for FUS-LC using SPHERE by Heinrich Roder at different pH and temperatures

(Bai et al.,

1993). The results show that the Ser residue has a higher water exchange efficiency compared

with other amino acids at pH 6.6, and the water exchange value of Ser residue is significantly reduced by
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Figure 4. Residues intensity changes of signals in the 2D "H-">N HSQC spectra of ">N-labeled FUS-LC titrated by
Hsp70

(A) Intensity changes of "°N-labeled FUS-LC (25 uM) titrated by indicated molar ratios of Hsp70. Residues of FUS-LC are
shown in consecutive numbers on the x axis.

(B) Intensity changes of "5N-labeled FUS-LC (25 uM) titrated by Hsp70 (250 uM). Residues of FUS-LC are shown in groups
on the x axis based on their types. The red dotted line indicates 45% signal intensities. Residues with intensity drops below
45% are marked.

(C and D) Intensity changes of "5N-labeled FUS-LC (25 pM) titrated by indicated molar ratios of Hsp70-NTD (C) and Hsp70-
CTD (D). See also Figures S10-513.

lowering the temperature or pH. This may help to explain that the large signal decrease of Ser residues
at pH 6.6 may at least partially come from water exchange (Figure S12). Together, our results show that
Hsp70 directly binds to FUS-LC and induces the globally signal intensity reduction on multiple regions
across the entire FUS-LC.
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To further explore which domain of Hsp70 binds FUS-LC, we titrated "°N-labeled FUS-LC with Hsp70-NTD
and Hsp70-CTD, respectively. The result showed that although both domains induced the intensity drop of
FUS-LC, Hsp70-CTD is apparently more potent than Hsp70-NTD (Figures 4C and 4D), and no obvious chem-
ical shift was detected upon Hsp70 truncations titration (Figures S10E and S10F). In addition, consistent with
the NMR results, Hsp70-CTD showed a higher activity in preventing FUS-LC fibrillation (Figure S13). Taken
together, our results show that Hsp70 predominantly uses its CTD, which contains the substrate-binding
domain, to bind with multiple regions cross FUS-LC to chaperone FUS-LC against amyloid aggregation.

DISCUSSION

Hsp70 has been found to be widely present in various MLOs such as TDP-43 nuclear bodies and SGs (Jain
etal., 2016; Yuetal., 2021; Guetal., 2021; Ganassi et al., 2016). Our work showed that Hsp70 exhibits a high
ability of LLPS in vitro, which may drive the incorporation of Hsp70 into MLOs. The following important
question is whether the LLPS capability of Hsp70 is essential in recruiting into MLOs and fulfilling its chap-
erone activity in different MLOs. Study on identification of the key residues for mediating Hsp70 LLPS will
be important for further mutagenesis investigation to address this question.

Hsp70 is a key player in the protein quality control system and serves as a central node to bind other chap-
erones and co-chaperones (Kampinga and Craig, 2010). The condensation of Hsp70 in MLOs may further
recruit its binding partners to form a chaperone network to co-operatively regulate the protein homeosta-
sis in MLOs. The N-terminal nucleotide-binding domain (NTD) of Hsp70 is able to bind not only nucleotides
but also other chaperones such as Hsp40 and Hsp110 and co-chaperones such as Bag1 (Jiang et al., 2007;
Polier et al., 2008; Sondermann et al., 2001). Our previous findings showed that Hsp70-NTD predominantly
binds a conserved region, which mediates the LLPS and amyloid aggregation, of TDP-43 (Gu et al., 2021). In
sharp contrast, Hsp70 adopts a distinctive mechanism to bind FUS as we report in this work. The CTD,
rather than NTD, predominantly binds to the FUS-LC. Previous studies identified several other chaperones,
including Hsp27, TNPO1/kapB2, and Hsp40, that can also bind to FUS and prevent its amyloid aggregation
(Qamar et al., 2018; Liu et al., 2020; Gu et al., 2020; Yoshizawa et al., 2018; Guo et al., 2018; Hofweber et al.,
2018). Interestingly, different chaperones employee distinct domains (e.g. N-terminal domain (NTD) and
a-crystallin domain (ACD) of Hsp27 and G/F-rich region and C-terminal domain (CTD) of Hsp40, NTD,
and CTD of Hsp70) to bind FUS-LC via different binding patterns (Figure S14). Thus, different chaperones
may act solely or synergistically to safeguard FUS phase separation under different cellular circumstances.

In addition to molecular chaperones, RNA and other proteins in SGs were also found to regulate the assem-
bly and dynamics of SGs, as well as modulate phase separation and aggregation of FUS, TDP-43, and other
SG-containing proteins (Mann et al., 2019; Gwon et al., 2021). For instance, Donnelly et al found that RNA
plays an important role in preventing TDP-43 from pathological aggregation (Mann et al., 2019). We found
that the N protein from SARS-CoV-2 can enter SGs during virus infection, impairs the dynamic of SGs, and
induces solidification of SGs. Moreover, the N protein directly binds with FUS and promotes its amyloid
fibrils (Li et al., 2022), which is in sharp contrast to the effect of chaperones. Therefore, different types of
proteins and RNA may exhibit different or even opposite effects in regulating phase separation of SG-con-
taining protein as well as the assembly and dynamics of SGs.

FUS has been found to form amyloid aggregates in motor neurons of patients with ALS (Blair et al., 2010; Lai
et al., 2011). Several mutations of FUS, such as G156E and R244C, have been identified in patients with
familial ALS, which dramatically promote FUS amyloid aggregation (Patel et al., 2015). Thus, it will be
interesting to further investigate how different regulators including chaperones and RNA cooperate to
spatiotemporally regulate the physiological state of FUS and prevent it from pathological aggregation.
Such studies may inform further efforts on the development of therapeutic treatment for ALS.

Limitations of the study

Hsp70 functions in cells in an ATP-dependent manner. Further studies are essential to explore whether ATP
regulates the LLPS of Hsp70 and whether the LLPS of Hsp70 plays a role in cells.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

G3BP1 BD RRID:AB_398438
Hsp70 Abcam RRID:AB_733035

Bacterial and virus strains

BL21 (DE3) E. coli

TransGenBiotech

Cat#CD601-03

Chemicals, peptides, and recombinant proteins

Hsp70 This study N/A

Hsp70-NTD This study N/A

Hsp70-CTD This study N/A

MBP-FUS-EGFP This study N/A

FUS-LC This study N/A

Experimental models: Cell lines

Hela Cell Bank of the Chinese Academy of Sciences SCSP-504
Oligonucleotides

UUCUCCGAACGUGUCACGUTT Genepharma N/A
CCAAGCAGACGCAGAUCUUTT Genepharma N/A
GCUGUUGUCCAGUCUGAUATT Genepharma N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/
GraphPad Prism Software GraphPad https://www.graphpad.com/

scientificsoftware/prism/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by
the lead contact, Dan Li (lidan2017@sjtu.edu.cn).

Materials availability

The materials generated in this study are available from the lead contact without restriction.

Data and code availability

All data supporting the findings of this study are presented within the article and supplemental information.
This paper does not report original code. All other data are available from the lead contact upon reason-

able request.

METHOD DETAILS

Plasmid construction, protein expression and purification
Forexpressionin E. coli, full-length Hsp70, Hsp70-NTD (residues 1-386) and Hsp70-CTD (residues 387-641)
were cloned into vector pET28a with an N-terminal Hisg tag. Full-length FUS was cloned into pET32a vector
containing an MBP-His, tag fused at the N terminus and an EGFP tag at the C terminus. FUS-LC (residues
1-163) was cloned into pET22b vectors with an N-terminal His, tag. For expression in mammalian cell lines,
RFP-FUS R521H were subcloned into pCAG vector.
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For protein purification, full-length Hsp70 and its domains (Hsp70-NTD and Hsp70-CTD) were induced to
express in E. coli BL21 (DE3) after adding 1 mM IPTG. After induction, cells grew at 16°C for 16 h, then the
cells were lysed in 50 mM Tris-HCI (pH 7.5), 500 mM NaCl, 4 mM B-mercaptoethanol, 2 mM PMSF. Cell su-
pernatant was collected after centrifugation (14,000 rpm, 4°C, 30 min) and subjected to Ni column (GE
Healthcare). Proteins were then eluted by elution buffer containing 50 mM Tris-HCI (pH 7.5), 100 mM
NaCl, and 150 mM imidazole. The eluted proteins were concentrated and subjected to size-exclusion chro-
matography column Superdex 75 16/60 (GE Healthcare) in 50 mM Tris-HCl (pH 7.5), 100 mM NaCl and 2 mM
DTT. All proteins were concentrated and then quickly frozen in liquid nitrogen. The cleavage of his-tag was
performed by bivine Thrombin (Yeasen), and the purity of Hsp70 was confirmed by SDS-PAGE and western
blot. We measured the 260/280 ratio of the purified protein by Nanodrop 2000 (ThermoFisher) to be 0.58,
indicating that the purified protein was free of nucleic acid contamination.

Full-length MBP-FUS-EGFP was expressed in E. coli BL21 (DE3) cells. Cells were grown to an OD,qg of 0.8
and then incubated with 0.5 mM IPTG overnight at 16°C. Cells were lysed with the lysis buffer containing
50 mM Tris-HCI (pH 8.0), 500 mM NaCl, 10 mM imidazole, 4 mM B-mercaptoethanol, and 100 pg ml~!
RNase A, and 1 mM PMSF. Then the cell supernatant was collected and loaded onto Ni column (GE Health-
care). The protein was eluted with 50 mM Tris-HCI (pH 8.0), 500 mM NaCl, 100 mM imidazole, and 4 mM
B-mercaptoethanol. Then the MBP-His, tag was cleaved by GST-tagged 3C prescission protease during
dialysis in 50 mM Tris-HCI (pH 7.4), 1 M KCI, 10% glycerol, 4 mM B-mercaptoethanol for 4 h. The cleaved
MBP-His and 3C protease were further removed with Ni column and Glutathione Sepharose column (GE
Healthcare). Then the protein was concentrated and subjected into size-exclusion chromatography column
Superdex 200 16/600 in 50 mM Tris-HCI (pH 7.5), 500 mM KCI, 2 mM DTT and 10% glycerol.

FUS-LC (residues 1-163) was expressed in E. coli BL21 (DE3) and then induced with 0.5 MM IPTG at 16°C for
48 h. Cells were collected and lysed by sonication in 50 mM Tris-HCI (pH 8.0), 6 M guanidine hydrochloride
on the ice. Cell pellet was removed by centrifugation (14,000 rpm, 4°C, 40 min) and then cell supernatant
was loaded onto a Ni column after filtration. Protein was eluted in 50 mM Tris-HCI (pH 8.0), 6 M guanidine
hydrochloride and 50 mM imidazole. Further the eluted protein was purified via high performance liquid
chromatography (HPLC) (Agilent) and freeze dried by FreeZone lyophilizer (Thermo Fisher). FUS-LC pow-
der was dissolved into 50 mM Tris-HCI (pH 8.0), 8 M urea and then desalted into 5 mM CAPS (pH 11.0) for
long-term storage. For further experiments, the concentrated FUS-LC was diluted into each individual
buffer solution to aimed concentration.

Fluorescent labeling of proteins

For labeling proteins with active amine groups, Hsp70 was desalted into reaction buffer containing 50 mM
NaPhosphate (pH 7.0), 50 mM NaCl. The proteins were then incubated with a 5-fold Alexa 488 Cs-malemide
(Invitrogen, A10254) for 1 hour at room temperature. Then, the labeled proteins were further purified with a
Superdex 75 10/300 size-exclusion chromatography column (GE Healthcare) in 50 mM NaPhosphate (pH
7.0), 50 mM NaCl. Hsp70-NTD and Hsp70-CTD performed the same labeling procedure as that for full-
length Hsp70. For Hsp70 with active thiol groups, Hsp70 was desalted into reaction buffer containing
50 mM Tris-HCI (pH 7.5), 100 mM NaCl and 4 mM Tris (2-Carboxyethyl) Phosphine (TCEP) (Invitrogen,
T2556) to remove DTT in storage buffer and then incubated with a 5-fold Alexa 647 C,-malemide (Invitro-
gen, A20347) for 1 hour at room temperature. The labeled protein was subjected to size-exclusion chroma-
tography column Superdex 75 10/300 in 50 mM PBS (pH 7.0), 500 mM NaCl. For further LLPS experiments
and confocal imaging, the unlabeled protein was mixed with the fluorescent labeled protein with the molar
ratio of 50:1 (unlabeled: labeled).

In vitro LLPS assay

For the protein LLPS assay, all experiments were performed at room temperature. 50 pM full-length Hsp70
and its domains phase separated in the buffer containing 50 mM Tris-HCI (pH 7.5), 100 mM NaCl and PEG
3,350 (0-10%). The LLPS of FUS-EGFP was induced in the buffer containing 50 mM Tris-HCI (pH 7.5),
100 mM NaCl. For co-LLPS experiments, 10/2 uM FUS-EGFP were mixed with 1/0.2/50 pM Hsp70 in the
buffer containing 50 mM Tris-HCI (pH 7.5), 100 mM NaCl; 10/2 uM EGFP were mixed with 1/0.2 uM
Hsp70 in the buffer containing 50 mM Tris-HCI (pH 7.5), 100 mM NaCl; or, 50/5 pM Hsp70 were mixed
with 2/0.2 uM FUS-EGFP/EGFP in the buffer containing 50 mM Tris-HCI (pH 7.5), 100 mM NaCl and 10%
PEG 3,350.
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Differential interference contrast (DIC) and fluorescent imaging for protein LLPS

LLPS samples were loaded onto glass slides and sealed with coverslip. DIC images of LLPS and co-LLPS
samples were acquired on a Leica TCS SP8 microscope with a 100x objective (oil immersion) at room
temperature. Fluorescent images of protein samples were acquired with the Leica TCS SP8 confocal micro-
scopy using a 100x objective (oil immersion) at a resolution 2,048 2,048 pixel.

Turbidity measurement

LLPS of Hsp70 and its domains were induced in the buffer as described above. Turbidity measurements
were conducted at 600 nm in a 384-well plate with 20 pL samples using a Varioskan Flash spectral scanning
multimode reader (Thermo Fisher).

Fluorescence recovery after photobleaching (FRAP)

All FRAP experiments were performed on a Leica TCS SP8 microscope with 100X oil objective by using the
FRAP module. For protein samples, 20 uL LLPS sample of Hsp70 or its domains was placed in a glass bot-
tom dish (Nest, 80100). FRAP images were acquired at 488 nm and performed with 1,024 x 1,024 pixel.
Bleaching area of droplet was restricted to a graphical region and then quenched for 2.58 s at full laser
power. After photo bleaching, images were obtained at 2.58 s/frame.

For living cells assay, Hela cells were grown in chambered coverglass (Thermo Fisher Scientific, 155,383),
and then transfected with mEGFP-G3BP1 or RFP-FUS R521H. Cells were treated with 100 uM of sodium arse-
nite for indicated time to induce SGs after culturing for 24 h. SGs were bleached by a 488 nm or 561 nm laser
at 100% power and then acquired time-lapse images at 2.58 s per frame for indicated time. Data analysis
were processed by Fiji and GraphPad Prism. All experiments were repeated independently for more than
three times. All statistic values were displayed as mean + S.D. The statistical significance in this study is
determined by the unpaired, two-tailed Student's ttest. p > 0.05 is set to not significant; *p < 0.05; **p < 0.01.

Nuclear magnetic resonance (NMR)

All titration experiments were performed at 298 K or 288 K on a Bruker 900 MHz spectrometer equipped with
cryogenically cooled probes. The his-tag of Hsp70was cleaved by thrombin. The labeled protein of '>N-FUS-LC
was prepared in the NMR buffer (25 mM MES, 100 mM NaCl, and 10% D,0) at different pH (pH 6.1/6.6). Before
experiments, full-length Hsp70 and its domains were desalted into the indicated NMR buffer. Each NMR sam-
ple was prepared to a volume of 500 ul containing ">N-FUS-LC (25 uM) and indicated concentrations of Hsp70
or its domains. The "N increments of the NMR samples were increased to 256. The backbone assignment of
FUS-LC was accomplished based on previous studies (Burke et al., 2015), and all NMR data were processed by
NMRpipe and analyzed by SPARK (Delaglio et al., 1995; Lee et al., 2015).

Thioflavin T (ThT) fluorescence assay

All ThT experiments were performed in ThT assay buffer containing 50 mM Tris-HCI (pH 7.5), 100 mM NaCl,
50 uM ThT and 0.05% NaN3 was incubated with 0.5% preformed FUS-LC fibril seeds (monomer equiva-
lence) in 384-well plates (Corning) at 25°C. Each ThT sample was prepared to a volume of 60 pL containing
FUS-LC (25 uM) and indicated concentrations of Hsp70 or its domains. The Varioskan Flash spectral scan-
ning multimode reader (Thermo Fisher Scientific) was used to monitor the ThT fluorescence with excitation
at 440 nm and emission at 485 nm. The sample plate was shaken at 600 rpm for 10 seconds before each
measurement of ThT fluorescent intensity.

Cell cultures and transfection

Hela cells (Cell Bank of the Chinese Academy of Sciences, Shanghai, SCSP-504) were cultured in the Dul-
becco’s Modified Eagle Medium (sigma, D0819) supplemented with 10% (v/v) fetal bovine serum (FBS,
BioWest) and 1% penicillin/streptomycin at 37°C in 5% CO,. According to the manufacturer’s instruction,
PolyJet™reagent (SignaGen, SL100688) was used for the transfection of plasmids into Hela cells, follow-up
experiments were performed 24 h after cell transfection. In the knockdown assay, the siRNA (Genepharma)
was transfected into the Hela cells using the LipofectamineTM RNAiMax Transfection Reagent (Invitrogen)
according to the manufacturer’s instruction. Cells were harvested after incubation with siRNA for 48-72 h.
The siRNA oligos used in this study are listed below:

si-Ctrl: 5'- UUCUCCGAACGUGUCACGUTT -3';
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si-Hsp70: 5'- CCAAGCAGACGCAGAUCUUTT -3%;
si-Hsc70: 5'- GCUGUUGUCCAGUCUGAUATT -3

Induction of stress granules by arsenite stress

Hela cells were grown on coverslips in a 24-well plate or grown in chambered coverglass (Thermo Fisher
Scientific, 155383), and then transfected with the indicated plasmids or siRNA. Cells were then treated with
100 uM NaAsO; for indicated time.

Immunostaining and confocal imaging

Hela cells were grown on coverslips in the 24-well plate before transcription and treatment. The cells were
then fixed in 4% paraformaldehyde in PBS for 15 min at room temperature, permeabilized in 0.5% TritonX-
100 (Sigma) in PBS for 15 min and blocked with 3% goat serum in PBST (PBS + 0.1% Triton X-100) for 1 h.
Cells were incubated with anti-G3BP1 antibody (BD, 611127) and anti-Hsp70 antibody (Abcam, ab45133)
overnight at 4°C or at room temperature for 1-2 h. AlexaFluor-488 (Invitrogen, A11001) and AlexaFluor-
647 (Invitrogen, A11011) were used as the second antibodies, respectively. After washing for 3 times
with PBST, cells were mounted on glass slides using the ProLong™ Gold Antifade Mountant with DAPI
(ThermoFisher, P36935). Fluorescent images were taken using the Leica TCS SP8 confocal microscopy
system using 100x oil objective. Images were processed and assembled into figures using LAS X (Leica)
and Fiji.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism and Microsoft Excel software were used for statistical analysis. All experiments were
repeated independently for more than three times. All statistic values were displayed as mean + S.D.
The statistical significance in this study is determined by the unpaired, two-tailed Student's t test,
p > 0.05 is set to not significant, *p < 0.05, **p < 0.01.
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