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A B S T R A C T

Stress granules (SGs) are membrane-less organelles (MLOs) or cytosolic compartments formed upon exposure to
environmental cell stress-inducing stimuli. SGs are based on ribonucleoprotein complexes from a set of cyto-
plasmic proteins and mRNAs, blocked in translation due to stress cell-induced polysome disassembly. Post-
translational modifications (PTMs) such as methylation, are involved in SG assembly, with the methylation
writer PRMT1 and its reader TDRD3 colocalizing to SGs. However, the role of this writer-reader system in SG
assembly remains unclear. Here, we found that PRMT1 methylates SG constituent RNA-binding proteins (RBPs)
on their RGG motifs. Besides, we report that TDRD3, as a reader of asymmetric dimethylarginines, enhances RNA
binding to recruit additional RNAs and RBPs, lowering the percolation threshold and promoting SG assembly.
Our study enriches our understanding of the molecular mechanism of SG formation by elucidating the functions
of PRMT1 and TDRD3. We anticipate that our study will provide a new perspective for comprehensively un-
derstanding the functions of PTMs in liquid-liquid phase separation driven condensate assembly.

1. Introduction

Multivalent interactions between cell biomacromolecules, including
proteins and RNAs, are responsible for membrane-less organelles
(MLOs) formation through liquid-liquid phase separation (LLPS), which,
in turn, creates independent cytosolic compartments for biochemical
reactions [1–7]. Specifically, protein-protein interactions involve mul-
tiple folded domains [8,9] or intrinsic-disordered regions (IDRs) of two
or multiple prion-like proteins [10,11] that are responsible for driving
LLPS or gelation of these proteins. Besides, RNA-protein interactions
include RNA-binding proteins (RBPs) and RNAs [9,12,13] that form

interacting networks based on the binding of RNA-recognition motif
(RRM) [14] or positively charged Arg-Gly-Gly (RGG) motifs and RNAs
[15]. Moreover, interactions between RNAs, also known as RNA self-
assembly, facilitate biomacromolecule aggregations and participate in
cytoplasm and nucleoplasm cell organization [16,17].

Among the MLOs formed through biomacromolecule interactions,
stress granules (SGs) count for an important proportion and are notably
induced in response to external stresses, including heat shock, oxidative
stress, or osmotic stress [18–22]. More importantly, by constantly
exchanging components with the cytoplasm, formed SGs help restore
cell redox homeostasis and participate in the healing process after stress
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removal [23,24]. In normal circumstances and when the antioxidant
response is well-regulated, the formation of SGs is transient and for a
short duration. After the restoration of the cell stress homeostasis, SGs
disassemble [25]. Thus, mutation-associated dysregulations affecting
the formation and disassembly of SGs are detrimental to the cells and
have been associated with neurodegenerative diseases [26,27], cancer
[28–32], and the aberrant/uncontrolled replication of viruses [33].

Understanding the assembly and composition of SGs has initiated
concurrent studies since SG assembly-disassembly pathway might
constitute a therapeutic target against several pathological conditions.
SGs are dynamic MLOs containing a large amount of untranslated
mRNAs. Their main structure consists of an inner core with higher
proteins and mRNA concentrations and a surrounding shell with lower
protein and mRNA concentrations, responsible for the SGs’ dynamism
[34]. The mRNA components of SGs originate from the cytosolic

compartment and are mainly involved in the multivalent interactions
with RBPs. They represent the leading cause of SG formation [35–37].
Indeed, proteomics studies have identified several molecular factors
involved in the formation of SGs, including G3BP1, which binds to the
released mRNAs in the cytoplasm and triggers the assembly of SGs [38].
The ubiquitination, removal, or knockdown of G3BP1 weakens the
driving force within the network under the percolation threshold that
reduces the formation of SGs, indicating that G3BP1 plays a crucial
regulatory role in post-translational modifications (PTMs) necessary for
SG assembly [39].

Protein arginine methyltransferase 1 (PRMT1), a type I methyl-
transferase catalyzing the formation of asymmetric dimethylarginine
(ADMA), is found to be localized in arsenite-induced SGs and methyl-
ated G3BP1 [40], TOP3B [41] and possibly other SG constituent pro-
teins. The ADMAs will be recognized by Tudor domain containing

Fig. 1. PRMT1 plays a crucial role in SG assembly.
(A, B) SG formation in U2OS cells with PRMT1 knockdown by siRNA. Immunofluorescence and quantitative analysis of SG assembly by staining endogenous G3BP1
and PRMT1 with corresponding antibodies in U2OS cells. Cells were stressed by sodium arsenite (500 μM; 60 min). Representative images are shown in A. The SG
area ratio (SG area to cytoplasm area) was quantified in B. Scale bar, 20 μm. Error bars indicate SEM. N ≥ 20 cells per condition. (C, D) Western blot analysis of
ADMA modifications of immunoprecipitation HA-G3BP1 (C) or HA-TAF15 (D). Samples were obtained according to the time points shown in S1B. (E, F) SG formation
in PRMT1 knockdown U2OS cells with PRMT1 enzyme activity deficient mutation. Cells expressing Flag-PRMT1 or Flag-PRMT1 G80R were treated with sodium
arsenite (500 μM; 60 min), and stained for Flag and G3BP1. Representative images are shown in E. The SG area ratio was quantified in F. Scale bar, 20 μm. Error bars
indicate SEM. N ≥ 20 cells per condition. (G, H) SG formation in U2OS cells with inhibitor MS023.SG assembly and colocalization analysis by immunofluorescence
staining of G3BP1 plus PRMT1 in U2OS cells. DMSO and type I protein arginine methyltransferases inhibitor, MS023 (50 μM; 48 h) treated U2OS cells were compared
and cells were stressed by sodium arsenite (500 μM; 60 min) prior to immuno-staining. Representative images are shown in G. The SG area ratio was quantified in H.
Scale bar, 10 μm. Error bars indicate SEM. N ≥ 20 cells per condition.
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proteins subsequently [42]. One of these ADMA readers, TDRD3
[41,43,44], localizes to SGs via its Tudor domain [45] and recruits
methylated TOP3B [41]. PRMT1 and TDRD3 form a methylation
“writing” and “reading” system. However, the potential function of this
system in SGs remains elusive.

Here, we demonstrated that PRMT1 catalyzes the formation of
ADMA for methylation of SG G3BP1. Also, we showed that TDRD3 binds
directly to G3BP1 and bridges the methylated G3BP1 and RNAs. Coarse-
grained simulation and LLPS assays in vitro demonstrate that two or
more TDRD3 molecules recruited by multiple ADMA sites on G3BP1
increase the valence of the percolation network and promote LLPS. Our
findings establish a coherent framework for SG assembly, providing a
reference for other studies on PTM-regulated assembly mechanisms of
MLOs.

2. Results

2.1. PRMT1 promotes the assembly of SGs in U2OS cells

It has previously been reported that PRMT1 colocalizes with
arsenite-induced SGs marked by G3BP1 [38]. To assess whether PRMT1
is involved in SG assembly, we knocked down PRMT1 using siRNA. As
expected, we found a reduction in the ratio of G3BP1-marked SG area to
cytoplasmic area (SG area ratio) in stressed U2OS cells (Figs. 1A and B,
S1A). The area ratio is widely used to quantify the formation of droplets
in cells [46–50]. Therefore, the decrease in the SG area ratio demon-
strated the inhibition of SG assembly. PRMT1 is known to catalyze the

formation of ADMA in RGG motifs, and many RBPs contain RGG motifs
in SGs [15]. To verify whether ADMA occurs universally in SG constit-
uent proteins, we studied five proteins containing RGG motifs, including
G3BP1, TAF15, DDX3X, Caprin1, and UBAP2. We overexpressed these
five proteins and enriched them at different time points after arsenite
stress, as shown in Fig. S1B by immunoprecipitation (Figs. 1C and D,
S1C-E). Additionally, the assembly and disassembly of SGs at different
time points within the cells were assessed (Fig. S1F–I). We found that
all proteins were methylated during arsenite stress, and the ADMA level
decreased with SG disassembly when arsenite was washed out(Figs. 1C
and D, S1C-E). This result suggested that PRMT1 may play a crucial role
in catalyzing formation of ADMA during SG assembly. Therefore, the
wild type (WT) and enzyme activity deficient mutant (G80R) of PRMT1
[51,52] were rescued into PRMT1-knocked-down cells, respectively
(Figs. 1E and F, S1J and K). Both were recruited into arsenite-induced SG
assembly, but the G80R mutant did not restore the SG area ratio as the
WT-PRMT1 did (Fig. 1E and F). Meanwhile, we treated cells with type I
protein arginine methyltransferase inhibitor, MS023, and found similar
phenotypes as PRMT1 knockdown (Fig. 1G and H). These results indi-
cate that PRMT1 plays the role of a “writer” within SGs, orchestrating
the methylation events that are crucial for SG assembly.

2.2. TDRD3 recognizes and binds with methylated G3BP1 to promote SG
assembly

TDRD3 is known as an ADMA reader [43,53] and localizes around
SGs [41,45,54]. We knocked down TDRD3 in U2OS cells to evaluate its

Fig. 2. TDRD3-methylated G3BP1 interaction is essential for SG assembly.
(A, B) SG formation in U2OS cells with TDRD3 knockdown by shRNA. Representative images are shown in A. The SG area ratio was quantified in B. Scale bar, 20 μm.
Error bars indicate SEM. N ≥ 20 cells per condition. (C) Western blot analysis of ADMA modification of Flag-G3BP1 transfected into U2OS cells was detected using
corresponding antibodies. TDRD3 was immunoprecipitated with G3BP1. Samples were obtained according to the time points shown in S1B. (D) His-pull-down of the
methylated or unmethylated G3BP1 RRM-RGG with TDRD3 Tudor domain. The gel was stained by Coomassie blue. (E) ITC results of unmethylated and methyalted
G3BP1 peptides titrating to 0.1 mM TDRD3 Tudor. (F) N596 residue of TDRD3 Tudor domain is essential for recognizing G3BP1 Rme. (G, H) SG formation in TDRD3
knockdown U2OS cells with TDRD3 ADMA binding site mutation. Cells expressing mCherry-TDRD3 were treated with sodium arsenite (500 μM; 60 min), and stained
for G3BP1. Representative images are shown in G. The SG area ratio was quantified in H. Scale bar, 20 μm. Error bars indicate SEM. N ≥ 20 cells per condition.
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contribution to SG assembly (Fig. S2A). As expected, we found a
decreased SG area ratio in TDRD3-knocked-down stressed cells (Fig. 2A
and B). Then, we assessed and detected the interaction between meth-
ylated G3BP1 and TDRD3 in cells by immunoprecipitation. TDRD3
interacted with methylated G3BP1, not the mutant G3BP1 (R435K/
R447K), which cannot be methylated by PRMT1 (Fig. 2C). We also
tested the binding ability of the TDRD3 Tudor domain to the G3BP1
RRM-RGG region by pull-down assay. The TDRD3 Tudor domain
showed higher affinity to the methylated G3BP1 RRM-RGG than the
unmethylated one (Figs. 2D, S2A). This result was further confirmed by
isothermal titration calorimetry (ITC) assays, which demonstrated that
the unmethylated G3BP1 peptide did not bind to the TDRD3 Tudor
domain. In contrast, the R447me2a peptide exhibited an affinity with a
dissociation constant (Kd) of 0.37 ± 0.03 mM (Fig. 2E), which was
consistent with our previous nuclear magnetic resonance (NMR) titra-
tion result (Kd = 0.35 ± 0.01 mM) [55]. To find the key residue of the
TDRD3 Tudor domain for binding methylated G3BP1 RRM-RGG, we
used NMR to reveal details of the interaction. We titrated methylated
G3BP1 RRM-RGG (G3BP1 Rme) to the TDRD3 Tudor domain and
analyzed the chemical shift perturbations (CSPs) of the TDRD3 Tudor
domain. The assignment results of the TDRD3 Tudor domain were from
a previous study [56] (BMRB Entry:18490), and N596 of the TDRD3
Tudor domain disappeared during the titration (Fig. 2F), indicating its
relevance for binding G3BP1 Rme. We also assessed and demonstrated
that the N596A mutant of the TDRD3 Tudor domain did not bind to
methylated G3BP1 peptide as in our previous study [55]. The rescued
wild-type TDRD3 and N596A mutant were recruited into arsenite-
induced SGs in TDRD3-knocked-down cells, but the N596A mutant did
not restore the SG area ratio as the WT-TDRD3 did (Fig. 2G and H).
These results indicated that the interaction between TDRD3 and meth-
ylated G3BP1 was necessary for SG assembly.

2.3. TDRD3 reconstitutes the methylated G3BP1-RNA interaction to
enhance their LLPS

The formation of SGs relies on the multivalent interaction between
G3BP1 and RNAs, which also drives LLPS when G3BP1 and RNAs are
mixed in vitro [38]. The RGG motif of G3BP1 interacts with RNAs
through its positive charges [15], and this RGG-RNA interaction may be
blocked by methylating arginine and covering these sites with the
TDRD3 Tudor domain. TDRD3 seems to act as a “cap” to reduce the
valence in the interaction network modeled in a previous study [57].
However, our in vitro phase separation assay showed that although the
ADMA modification of G3BP1 RRM-RGG significantly reduced the LLPS
ability of G3BP1 and RNAs (Fig. 3A and B), the introduction of the
TDRD3 Tudor domain completely restored and even further enhanced
the phase separation ability of methylated G3BP1 and RNAs, with little
effect on the phase separation ability of non-methylated G3BP1 RRM-
RGG and RNAs (Fig. 3A and B). Increasing the concentration of the
TDRD3 Tudor domain or the ratio of G3BP1 Rme promoted the system to
undergo stronger phase separation in a dose-dependent manner
(Fig. S3A–D). Furthermore, TDRD3 did not form LLPS with methylated
G3BP1 without RNAs (Fig. 3C). These results suggested that TDRD3 may
function as a bound-bridge, linking methylated G3BP1 and RNAs
together. To verify this speculation, we titrated three different RNAs,
Poly A, Poly C, and Poly U, to the TDRD3 Tudor domain (Fig. S3E-G).
The CSPs of the TDRD3 Tudor domain perturbed by RNAs suggested that
RNA interfered with some residues on the back of the aromatic cage of
the TDRD3 Tudor domain, such as E578 and K590 (Figs. 3D, S3H),
indicating that the Tudor domain of TDRD3 built a bridge between
methylated G3BP1 and RNAs. Mutations in the RNA-binding sites,
E578A/K590A, or the key ADMA-binding site N596A in the TDRD3
Tudor domain attenuated the LLPS of G3BP1-TDRD3-RNA (Fig. 3E).

Fig. 3. TDRD3 facilitates LLPS by remodeling methylated G3BP1-RNA interactions.
(A, B) LLPS of the methylated or unmethylated G3BP1 RRM-RGG (±ADMA) with or without the TDRD3 Tudor domain (50 μM). Total RNA, 20 ng/μL. Scale bar, 20
μm. The droplets ratio was quantified and presented in B, n = 16. Error bars indicate SEM. (C) A mixture of methylated G3BP1 RRM-RGG (Rme, 50 μM) and TDRD3
Tudor domain (50 μM). (D) Mapping the key residues for Tudor-ADMA and Tudor-RNA interactions respectively on the crystal image of TDRD3 Tudor (PDB ID:
5YJ8). (E) LLPS of methylated G3BP1-RNA (50 μM) with the wild-type or two functionally deficient mutants of the TDRD3 Tudor domain (50 μM). RNA, 20 ng/μL.
Scale bar, 20 μm.
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These results suggested that TDRD3 reconstitutes the interactions be-
tween methylated RGGs on G3BP1 and RNAs, enhancing the ability of
G3BP1 to form LLPS with RNAs.

2.4. TDRD3 increased the interaction valence within the percolation
system

The G3BP1-TDRD3-RNA system, a percolation system [5,58–60],
showed a lower percolation threshold of G3BP1 concentration (Fig. 3A).
We also found that the two-site (R435 and R447) methylated G3BP1
peptide was able to bind two TDRD3 Tudor domains simultaneously in
our previous work [55]. Thus, we inferred that it would modify the
existing valence of the interaction network when multiple TDRD3
molecules bound to the methylated G3BP1 and bridged the ADMA-RNA
interactions, theoretically changing the percolation threshold. To test
our speculations, we established a coarse-grained simulation model.
Rigid patchy colloids were used to model folded TDRD3 Tudor domains
and G3BP1 RRM domains with surfaces annotated by interaction sites
identified from NMR CSPs (Fig. S4A-C) and verified by corresponding
mutations (Fig. S4D), similar to what we did on the TDRD3 Tudor
domain (Figs. S2C, 3E, S3H). By the way, we referred to the assignment
of the G3BP1 RRM domain from our previous study [61] (BMRB Entry:
51133). The flexible RNA and G3BP1 RGG region models were based on
nucleotide or amino acid residues. In the simulations, each arginine on
the RGG region formed an interaction site with RNA, whereas TDRD3
bound to methylated R435 and R447, providing more RNA-binding sites
and representing an increase in the number of interaction sites with RNA
after ADMA recognition by TDRD3s (Fig. 4A).

We simulated four different conditions at different G3BP1 concen-
trations corresponding to unmethylated G3BP1-RNA system, methyl-
ated G3BP1-RNA system, unmethylated G3BP1-TDRD3-RNA system,
and methylated G3BP1-TDRD3-RNA system (Fig. 4A). To determine the
LLPS capacity, we analyzed the size of clusters formed by protein and
RNA at equilibrium (Fig. 4B). Our simulations showed that the size of
clusters increased with increasing concentrations of G3BP1. The intro-
duction of RGG methylation reduced the size of clusters, and the further
introduction of TDRD3 significantly increased the size of clusters.
However, the introduction of TDRD3 in the unmethylated system did
not cause significant changes in the clusters (Fig. 4C). The trend of the
cluster size agreed with the experimental data on phase separation
(Fig. 3A). The simulation results suggested that the increase in RNA-
binding sites at the RGG domain of G3BP1 can effectively enhance the
phase separation ability of the G3BP1-RNA system.

To further confirm this idea, we fused two TDRD3 Tudor domains to
form a tandem Tudor chimera (TTC). The TTC would increase RNA-
binding sites when Tudor recognizes ADMA on G3BP1 by different
means (Fig. 4D). Our experimental results from in vitro assay showed
that in the methylated G3BP1-RNA system, the TTC exhibited a stronger
LLPS ability compared to a single Tudor domain with the same number
of TDRD3 Tudor domains (Fig. 4E and F).

In conclusion, TDRD3 reconstructed a stronger interaction network
of G3BP1 and RNA by increasing RNA-binding sites, promoting the
ability of this system to undergo stronger phase separation under
methylated conditions.

3. Discussion

Cytoplasmic stress granules (SGs) play a critical role in antioxidative
stress responses and are formed through a liquid-liquid phase separation
(LLPS) by RNA-binding proteins (RBPs) that harbor low-complexity
sequence domains [62]. Cytosolic molecular factors, including G3BP1
and PRMT1, respectively interacting with mRNAs catalyzing the for-
mation of asymmetric dimethylarginine (ADMA), are involved in the
assembly of SGs [38,39]. Despite its involvement in SG activation, the
potential function of PRMT1 and its “reader” TDRD3 in SG assembly
requires more investigation.

In this study, we found that PRMT1 and TDRD3, functioning as
ADMA writer and reader respectively, promoted SG assembly in cells
stimulated by arsenite. Our in vitro LLPS assay revealed that methylation
of G3BP1 weakened its phase separation ability with RNA (Fig. 3A, line
2). This result is consistent with a previous study, reporting that
demethylation of G3BP1 promotes SG assembly [40]. However, the
additional TDRD3 Tudor domain boosted the LLPS of methylated G3BP1
and RNAs (Fig. 3A, line 3). TDRD3 is crucial for SG assembly (Fig. 2A)
and recruits other RNA-binding proteins such as TOP3B [41]. These
results suggest that SG assembly involves complex conditions
[34,35,63]. The amount of SGs decreased 30 min after arsenite stress
while the size and area ratio kept increasing during SG assembly
(Fig. S1F–I), which may lead to bias when using quantity alone to
measure the formation of SGs.

Additionally, studies are showing the diversity of SGs. Heat shock
and stimulation with sorbitol of G3BPs-knock-down cells still form SG-
like foci marked by FXR1 or EIF4G while arsenite, clotrimazole, and
rocaglamide A did not [64]. Overexpressed TDRD3 formed SG-like foci
containing type-I interferon effectors in cells without G3BPs [65]. SGs
can even be “hijacked” by viruses to participate in their transcription
and translation [33,66]. These findings indicate that various functional
SGs may contain unique component networks, the dysregulation of
which would lead to diseases [67]. The methylation system, including
PRMT1 and TDRD3, may constitute one of the mechanisms by which
SGs recruit different components to serve functions during cell stress.
Furthermore, the diversity of SGs observed across various cell types
presents a significant challenge to the study of SG regulation and the
development of therapeutic strategies for related diseases.

SGs are associated with a variety of neurodegenerative diseases such
as Alzheimer’s disease (AD), lateral sclerosis of the spinal cord (ALS),
and Parkinson’s disease (PD) [5,68–72]. However, the intrinsic-
disordered regions (IDRs)-driven, weak, and multivalent interactions,
which form droplets or amyloid precipitates, are difficult to target and
regulate by small molecules due to the lack of structural binding pockets.
The molecular mechanism revealed in this study that PRMT1 and
TDRD3 promoted SG assembly by rebuilding protein-RNA interaction,
which provided a mechanistic basis and potential targets for developing
drugs for diseases caused by abnormal SGs.

4. Conclusion

In summary, we report that ADMA formation frequently occurs on
RGG-containing RBPs in SGs, which is essential for integrated SG as-
sembly. Subsequently, PRMT1 methylates adjacent RGGs on G3BP1,
providing multiple Tudor-binding sites to recruit TDRD3. TDRD3
enhanced the protein-RNA interaction by recognizing multiple ADMAs
on RBPs like G3BP1, lowering the percolation threshold of LLPS, and
finally promoting the assembly of SGs. (Fig. 4G).

5. Materials and methods

5.1. Cell culture and transfection

U2OS cells and HEK293T cells were cultured in DMEM supple-
mented with 10 % fetal bovine serum and 1 % penicillin-streptomycin at
37 ◦C with 5 % CO2. Cells were transfected with plasmid DNA using
Lipofectamine 3000 (Thermo Fisher Scientific, Shanghai, China). The
shRNA oligonucleotide sequence for TDRD3 was 5’-
CCGGGCAGTGGATTACCTAGAAATACTCGAGTATTTCTAGGTAATCCA.

CTGCTTTTTG-3′ oligonucleotides. The siRNA oligonucleotide
sequence for PRMT1 was 5’-GCCAACAAGUUAGACCACGTT-3′ (synthe-
sized by GenePharma) [73,74].

For overexpression of WT and mutated proteins after siRNA treat-
ment, cells were initially transfected with siRNA. Eight hours later, they
were further transfected with either Flag-PRMT1 or the Flag-PRMT1
G80R. The cells were then collected for subsequent experimental

M. Qin et al.
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Fig. 4. TDRD3 enhances G3BP1-RNA interaction valence.
(A) Schematic of the G3BP1-TDRD3-RNA model, simulating G3BP1 RGG at a coarse-grained level, and representing G3BP1 RRM and TDRD3 Tudor domain as rigid
bodies. (B) Variation in maximum cluster size within simulated systems. (C) Equilibrium molecular dynamics (MD) configurations of (un)methylated G3BP1-RNA
with or without TDRD3 Tudor domain. (D) Schematic illustrating how tandem Tudor chimera (TTC) increases RNA-binding sites. (E, F) LLPS of G3BP1 Rme (50
μM) and RNAs (20 ng/μL) with a single TDRD3 Tudor domain (50 μM) or the TTC (25 μM). Scale bar, 20 μm. The droplet ratio is quantified in F, with n = 16. Error
bars indicate SEM. (G) Model of PRMT1 and TDRD3 promote SG assembly by rebuilding the protein-RNA interaction network.
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procedures 48 h after the initial siRNA transfection.

5.2. Arsenite addition and washout experiment, small-molecule treatment

For arsenite treatment, cells were stressed with 500 μM sodium
arsenite in fresh medium at 37 ◦C for 60 min. As shown in Fig. S1B, cells
were collected or observed at different time points. Each time point
represents: 0 min, without treatment with sodium arsenite; 30 min,
treatment with 500 μM sodium arsenite for 30 min; 60 min, treatment
with 500 μM sodium arsenite for 60 min; 240 min, treatment with 500
μM sodium arsenite for 60 min and then released by washing out for 180
min in fresh medium.

For small-molecule treatment, MS023 (Med Chem Express, China,
1,831,110–54-3) was used to treat U2OS cells at 50 μM for 48 h.

5.3. Plasmids and antibodies

The genes encoding human TAF15, DDX3X, Caprin1, and UBAP2
were cloned into the pKH3 vector with an N-terminal HA tag. The genes
encoding the human PRMT1 protein or the enzyme activity deficient
mutant PRMT1 G80R were cloned into the p3xFLAG-Myc-CMV-24
vector with an N-terminal 3xFlag tag. The genes encoding the human
TDRD3 wild-type or N596A mutant protein were cloned into the
pcDNA3.1 vector with a C-terminal mCherry tag. The gene encoding
human G3BP1 was cloned into the pKH3 vector with an N-terminal HA
tag and the p3xFLAG-Myc-CMV-24 vector with an N-terminal 3xFlag
tag. The gene encoding mutant G3BP1 (R435K/R447K) was cloned into
the p3xFLAG-Myc-CMV-24 vector with an N-terminal 3xFlag tag.

Anti-PRMT1 (A33) antibody was purchased from Cell Signaling
Technology (Shanghai, China, 2449S; 1:100 dilution for IF, 1:1000
dilution for WB). Anti-G3BP1 (H− 10) antibody was purchased from
Santa Cruz (Shanghai, China, sc-365,338; 1:100 dilution for IF). Anti-
Flag antibodies were purchased from Proteintech (Wuhan, China,
20,543–1-AP; 1:1000 dilution for WB) and Sigma–Aldrichd (Shanghai,
China, F1804; 1:100 dilution for IF, 2–4 μg for IP). Anti-HA antibodies
were purchased from Proteintech (Wuhan, China, 66,006–2-Ig, 2–4 μg
for IP; 51,064–2-AP, 1:1000 dilution for WB). Anti-ADMA antibody was
purchased from ImmuneChem (Burnaby, British Columbia V5J3J1
Canada, ICP0810; 1:500 dilution for WB). Anti-TDRD3 antibody was
purchased from Proteintech (Wuhan, China, 13,359–1-AP; 1:1000
dilution for WB). Anti-GAPDH antibody was purchased from Proteintech
(Wuhan, China, 60,004–1-Ig; 1:10000 dilution for WB). Anti-Actin
antibody was purchased from Proteintech (Wuhan, China, 81,115–1-
RR; 1:10000 dilution for WB). Host-specific Alexa Fluor 488/594-conju-
gated secondary antibodies (Proteintech, Wuhan, China) were used for
IF.

5.4. Co-immunoprecipitation

HEK293T or U2OS cells were transfected with the indicated plas-
mids, collected, and lysed in lysis buffer (Beyotime, Shanghai, China,
P0013) containing 0.1 % Triton X-100 in the presence of a mammalian
protease inhibitor cocktail (Sigma-Aldrich, Shanghai, China, P8340).
After clarification by centrifugation, cell lysates were incubated with a
corresponding antibody overnight at 4 ◦C with rotation and then incu-
bated with protein A/G microbeads (Santa Cruz, Shanghai, China, sc-
2003) for 3 h at 4 ◦C with rotation. After incubation, the beads were
washed five times with lysis buffer containing 0.1 % Triton X-100 and
then boiled in SDS-polyacrylamide gel electrophoresis (SDS–PAGE)
sample buffer. The bound proteins were separated on an SDS–PAGE gel
and transferred onto a nitrocellulose membrane for western blot
analysis.

5.5. Imaging of SGs in cells

For the immunofluorescence study, U2OS cells were cultured on 20

mm × 20 mm glass coverslips coated with poly-D-lysine (Sigma–Aldrich,
Shanghai, China, ST508) and placed in 35 mm dishes (Wuxi NEST
Biotechnology Co., Ltd., Wuxi, China). Transfected cells were sequen-
tially fixed with 4 % paraformaldehyde (Electron Microscopy Science,
Beijing, China) in PBS for 10 min, permeabilized with 0.2 % Triton X-
100 in PBS for 10 min, and blocked with 1 % BSA for 30 min, with all
steps performed at room temperature. Samples were further incubated
with primary antibodies in a blocking buffer overnight at 4 ◦C, washed
three times with PBST (0.1 % Tween), and incubated with a secondary
antibody for 1 h at room temperature. Then, 4,6-diamidino-2-phenylin-
dole (DAPI) was used to visualize nuclei.

Images were acquired with a Nikon Ti confocal microscope with 445-
nm, 488-nm, and 594-nm lasers. Additionally, Fig. 2A and E were ac-
quired by LSM880 (Zeiss) with 405-nm, 488-nm, and 594-nm lasers. The
same types of images were acquired with the same laser power and
exposure time, shown under the same B&C ratio and enlarged to the
same scale to make them comparable.

5.6. Cloning, protein expression, and purification

Purification of the proteins were similar with our previous work
[55]. In short, G3BP1 RRM-RGG (327–466), TDRD3 Tudor (555–608)
and their mutants were insert into the pET-28a vector with a 6 × His tag
at N terminal. Proteins were overexpressed in Escherichia coli BL21 at
37 ◦C, inducing by 0.5 mM IPTG for 6 h. The buffer for purification was
2 M NaCl and 20 mM NaH2PO4, with pH 6.5. Nickel affinity columns
(QIAGEN, Shanghai, China) and HiLoad 16/600 Superdex 75 column
(GE Healthcare, Shanghai, China) were used to purify proteins. The
methylated G3BP1 RRM-RGG (Rme).was acquired showed in our work
[55].

5.7. His pull-down

His-G3BP1 RRM-RGG or that expressing with PRMT1 (10 μL, 0.1
mM) was mixed with label-free TDRD3 Tudor domain (10 μL, 0.1 mM) at
4 ◦C in Ni-PBS buffer (150 mM NaCl, 20 mM NaH2PO4, pH 6.5) for 1 h.
The nickel affinity resin (10 μL, QIAGEN, Shanghai, China) was then
added, washed with 20 μL Ni-PBS buffer with an additional 50 mM
imidazole, and finally analyzed by SDS-PAGE.

5.8. Isothermal titration calorimetry (ITC) assay

The experiment was conducted using a MicroCal PEAQ-ITC instru-
ment at a temperature of 25 ◦C. The buffer contained 150 mM NaCl and
20 mM Tris, with pH = 7.5. The peptides R447me2a (GPPRme2aGGMVQK)
and its unmethylated counterpart (GPPRGGMVQK) were synthesized by
Tsingke Biotechnology Co., Ltd. (Nanjing, China). The concentration of
the G3BP1 peptide was 3.8 mM, which was incrementally added to the
TDRD3 Tudor domain at a concentration of 0.1 mM, with each addition
consisting of 2 μL. The MicroCal PEAQ-ITC Analysis Software was
employed to fit the binding affinity of the peptides to the TDRD3 Tudor
domain using the one-site binding model.

5.9. NMR spectroscopy and titration

Nuclear magnetic resonance (NMR) spectroscopy is a useful tech-
nique for identifying interactions between molecules at an atomic level.
In particular, the 1H15N-HSQC spectrum generated by NMR can indicate
the presence of amino acids, with each peak corresponding to a partic-
ular amino acid. During titration experiments, changes in the spectral
peaks of amino acids can reveal residues involved in direct interactions.
The chemical shift perturbations (CSPs) were calculated as:

Δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Δ2
H + 0.04Δ2

N
2

√
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where Δ was the total CSPs and ΔH and ΔN were the CSPs of the 1H and
15N dimensions, respectively.

20 nt poly(A), poly(C), poly(U) and CAACUCU were synthesized by
Accurate Biotechnology (Hunan) Co., Ltd., Hunan, China.

5.10. Liquid-liquid phase separation assay and its quantification

Similar with our previous work [55], all components were dissolved
in the buffer with 150 mM NaCl, 20 mM NaH2PO4 and pH at 6.5. Alexa
Fluor 488 NHS (Themo Fisher Shanghai, China, A10169) was used to
label the N-termini of G3BP1 RRM-RGG. An LSM710 (Zeiss) microscope
was used to acquire LLPS images.

The LLPS and SG area ratio were calculated as

Ratio =
Sg

St

where Sg is the area of the droplets and St is the total area of the visual
field [46–50].

5.11. Molecular dynamics simulation

In this study, we employed a multiscale coarse-grain method for the
simulation of the RRM-RGG protein, wherein a residue-based resolution
commonly applied for IDR was utilized for the disordered RGG region
(residues 425–466), with each bead of rres = 0.19 nm representing an
amino acid [75,76]. The RRM domain (327–424) is modeled as a
spherical rigid body of rRRM = 2.3 nm with 6 interaction sites on the
surface, the relative positions of which were mapped from the 3D
structure of RRM and the sites were determined according to the NMR
data for the interacting amino acids. Similarly, TDRD3 was treated as a
spherical rigid body of rTDRD = 2.3 nm with 3 interaction sites on the
surface [77]. RNA chains were modeled at single-nucleotide resolution,
with rnt = 0.35 nm and 150 beads in each chain All simulations were
performed in a cubic box of length lbox = 100 nm with periodic bound-
ary conditions using reduced units of kBT = 1.0. The simulations were
performed for four different protein concentrations (100, 200, 300 and
400 chains), with a fixed RNA concentration of 40 chains.

The potential energy function contains exclusive volume, bonded,
and electrostatic interaction terms. Exclusive volume effects among
residue/nucleotide and domains are modeled using a spring potential
Uev = kev(r − σ)2

,r < σ, where kev = 50.0 and σ is the sum of a particular
pair of particle radii. Bonded interactions are modeled by a harmonic
potential kbond(r − r0)

2, with kbond = 100.0 and an equilibrium bond
length of r0res = 0.38 nm for proteins and r0nt = 0.70 nm for RNA. A
harmonic angular term kangle(θ − θ0)

2 is added on RNA to reflect the
stiffness of the RNA chains, where spring constant kangle = 2.0 and
equilibrium angle θ0 = 180◦ [78]. Electrostatic interactions among the
interaction sites are modeled using a Coulombic term with Debye-
Hückel electrostatic screening to account for the salt concentration, and
the equation has the functional form

E =
Cqiqj

r
exp( − κr), r < rcut

where κ=0.1 is the inverse of the Debye screening length, C = 5.0 is a
function of the dielectric constant of the solvent water, and rcut is set as
3σ. Overdamped Langevin dynamics was applied for RNA and proteins:

γṙi = Fi(t)+ ξ(t)

where Fi(t) is the total potential energy of particle i mentioned above;
ṙi is the velocity of particle i; γ is the friction coefficient due to the sol-
vent environment and was set as 0.5 and 0.25 for residue beads and rigid
bodies, respectively; and ξi is the thermal noise with < ξi(t)ξj(tʹ) >=

2D1δijδttʹ, where 1 is the unit tensor and D = kBT/γ is the diffusion
constant. The simulation was performed with 1 × 105 equilibration steps

followed by 5 × 107 running steps with an integration time step of 0.001
τ, where τ is the characteristic time scale for the coarse-grained system.
All simulations were performed on RTX3080 graphics processing units
(GPUs).

Clusters (droplets) were identified using the distance between do-
mains, with a cutoff distance of 7.0 nm, i.e., any two domain particles
with a center-to-center distance of <7.0 nm were considered to be part
of the same cluster. A cluster with a size >50 was regarded as a phase-
separated droplet. A distance cutoff of 0.55 nm between RNA beads and
protein interaction sites was used for valence calculations. All simula-
tion snapshots were generated using OpenGL.
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