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Summary

The mechanisms underlying ribonucleoprotein (RNP) granule assembly, including the basis for 

establishing and maintaining RNP granules with distinct composition, are unknown. One 

prominent type of RNP granule is the stress granule (SG), a dynamic and reversible cytoplasmic 

assembly formed in eukaryotic cells in response to stress. Here we show that SGs assemble 

through liquid-liquid phase separation (LLPS) arising from interactions distributed unevenly 

across a core protein-RNA interaction network. The central node of this network is G3BP1, which 

functions as a molecular switch that triggers RNA-dependent LLPS in response to a rise in 

intracellular free RNA concentrations. Moreover, we show that interplay between three distinct 

intrinsically disordered regions (IDRs) in G3BP1 regulates its intrinsic propensity for LLPS, and 

this is fine-tuned by phosphorylation within the IDRs. Further regulation of SG assembly arises 

through positive or negative cooperativity by extrinsic G3BP1-binding factors that strengthen or 

weaken, respectively, the core SG network.

Introduction

Biomolecular condensation is increasingly recognized as a vital strategy of cellular 

organization governing a variety of biological functions (Banani et al., 2017). One such 
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function is the regulation of RNA metabolism, which occurs in condensates known as 

ribonucleoprotein (RNP) granules (Buchan, 2014; Gomes and Shorter, 2019). RNP granules 

are dynamic assemblies of RNA and protein that are abundant in both the nucleus (e.g., 

nucleoli, Cajal bodies, speckles, paraspeckles, promyelocytic leukemia bodies (Dundr, 

2012)) and cytoplasm (e.g., P bodies, stress granules (SGs), RNA transport granules (Kiebler 

and Bassell, 2006)). Each type of RNP granule has a distinct identity defined by its 

constituents, material properties (e.g., surface tension, elasticity, viscosity), morphology, 

subcellular localization, and functions.

RNP granules assemble by liquid-liquid phase separation (LLPS), which occurs when 

protein-laden RNAs that are dispersed in the cytoplasm or nucleoplasm (soluble phase) 

coalesce into a concentrated state (condensed phase). In this condensed phase, the highly 

concentrated RNAs and RNA-binding proteins (RBPs) behave as a single organelle with 

liquid-like properties. The constituents of membraneless organelles remain in dynamic 

equilibrium with the surrounding nucleoplasm or cytoplasm and may form transiently or 

persist indefinitely. Some RBPs, particularly those harboring low complexity domains 

(LCDs), undergo concentration-dependent LLPS in vitro (Lin et al., 2015; Molliex et al., 

2015; Patel et al., 2015). However, how the LLPS of an individual RBP relates to assembly 

of an RNP granule consisting of hundreds of similar RBPs has remained unclear. Indeed, 

depletion or knockout of many individual RBPs that are capable of LLPS in vitro has no 

apparent impact on assembly of the RNP granule to which they belong (Buchan et al., 

2013).

One prominent type of RNP granule is the SG, a cytoplasmic assembly formed in eukaryotic 

cells in response to a variety of stressors (Ivanov et al., 2019). SG assembly correlates with 

arrest of translation initiation, which is accompanied by polysome disassembly and a rise in 

the cytoplasmic concentration of uncoated mRNAs (Panas et al., 2016). The mechanism 

underlying SG assembly has remained ill-defined, although insights have emerged from 

proteomic analysis of SG cores (Jain et al., 2016) and spatial proteomics (Jain et al., 2016; 

Markmiller et al., 2018; Youn et al., 2018), which have illuminated the protein content of 

SGs, along with similar studies that have characterized RNA content (Khong et al., 2017). 

These studies implicate hundreds of different proteins and thousands of different RNAs as 

constituents of SGs, but do not reveal the mechanism of SG assembly or the relative 

contribution of individual constituents. Whereas RNA self-assembly contributes to SG 

assembly (Van Treeck et al., 2018), evidence indicates an important role for RBPs as well. 

Several studies have implicated various RBPs as “essential” to SG assembly, including TIA1 

(Gilks et al., 2004), HDAC6 (Kwon et al., 2007), G3BP1 and G3BP2 (Kedersha et al., 

2016), PRRC2C (Youn et al., 2018), CSDE1 (Youn et al., 2018), and UBAP2L (Markmiller 

et al., 2018). Yet, insight into the relative importance of these proteins and how they relate to 

one another to govern assembly has been lacking. Indeed, a key gap in knowledge permitting 

us to understand the molecular basis of SG assembly and dynamics is lack of a conceptual 

framework built from fundamental biophysical principles.

Here we took an unbiased approach to obtain a holistic view of the determinants of SG 

formation and how these factors work together to assemble this RNP granule. This approach 

revealed that SG formation is encoded by a core protein-RNA interaction network. When the 
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collective interactions of this network breach a threshold saturation concentration, LLPS 

ensues and seeds SG assembly. The driving forces underlying LLPS are distributed unevenly 

across this network, with some nodes more important than others. G3BP1 and 2 are the 

nodes of highest centrality within this network and by virtue of this position are essential for 

SG assembly under certain conditions. Biophysical studies revealed details of how G3BP1 

functions as a molecular switch that triggers RNA-dependent LLPS. Importantly, interplay 

between three distinct intrinsically disordered regions (IDRs) in G3BP1 regulates its 

intrinsic propensity for LLPS, and this is fine-tuned by phosphorylation within the IDRs. 

Further regulation of SG assembly arises through positive or negative cooperativity by 

extrinsic G3BP1-binding factors that strengthen or weaken, respectively, the core SG 

network.

Results

G3BP Proteins Have the Highest Centrality within the Core SG Network

To identify genes essential for SG assembly, we conducted a genome-wide RNAi screen in 

which we targeted 21,121 genes with pools of four different siRNAs per gene (84,484 total 

siRNAs) in a U2OS cell line expressing a G3BP1-GFP reporter (Figures 1A, S1A–E). After 

confirmation in quadruplicate, we identified 210 genes whose depletion limited SG 

assembly in response to an exogenous stressor (Table S1). Gene ontological analysis 

revealed that this group was enriched in genes that regulate RNA metabolism and 

nucleocytoplasmic transport (Figure S1F). Of the 210 genes identified, 81 had been 

implicated in SG assembly in response to arsenite by a smaller-scale RNAi screen targeting 

7,317 genes (Ohn et al., 2008). This prior screen also identified 51 genes that regulate 

arsenite-dependent SG assembly that were not identified in our screen (Figure S1G, Table 

S1). Thirteen genes implicated in SG assembly in previous studies were not identified in 

either screen; thus, at least 274 genes are implicated in regulating the assembly of SGs in 

response to a variety of stressors (Figure 1A). We used these 274 genes to construct an 

interaction network of genes that regulate SG assembly. This “SG regulator network” was 

more densely connected (i.e., with higher edge density) than random networks (Figure 1B), 

suggesting that this network of genes operates within a common functional module (Jeong et 

al., 2001).

We next integrated this regulatory network with the 411 proteins previously defined as the 

SG proteome (Jain et al., 2016). This latter group formed a “SG constituent network” with 

higher edge density than random networks (Figure 1C), suggesting that this network of 

proteins also operates within a common functional module. The SG regulator network and 

SG constituent network had 36 proteins in common, which themselves constitute a network 

of very high edge density and topological centrality that we have termed the “core SG 

network” (Figure 1D–E). Interestingly, this network included all seven proteins that have 

been described as “essential” to SG assembly: TIA1 (Gilks et al., 2004), HDAC6 (Kwon et 

al., 2007), G3BP1 and G3BP2 (Kedersha et al., 2016), PRRC2C (Youn et al., 2018), CSDE1 

(Youn et al., 2018), and UBAP2L (Markmiller et al., 2018). Also worth noting, this 

integration of genetic screening and SG proteomics revealed that individual depletion of 
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most SG proteins had no appreciable impact on SG assembly, indicating that although they 

are constituents of the the SG they do not contribute significantly to its assembly.

Proteins within the Core SG Network Contribute to SG Assembly to Varying Degrees

To examine the importance of the 36 proteins in the core SG network, we used CRISPR/

Cas9 to create 23 U2OS cell lines harboring knockout of one or both isoforms of these genes 

and assessed SG assembly in response to arsenite using 17 SG markers (16 protein markers 

and polyadenylated (polyA) RNA, Table S2, and Figure 1F). To our surprise, nearly all of 

these genes were not essential for SG assembly (Figure 1F). Indeed, even cells with double 

knockout of paralogous isoforms of supposed “essential” genes (e.g., UBAP2 and UBAP2L, 

TIA1 and TIAR) still formed SGs (Figures 1F, S1H). Nevertheless, knockout of genes in the 

core SG network were consistently associated with reduced and/or delayed SG assembly. In 

contrast, cells with double knockout of G3BP1 and G3BP2 (hereafter referred to as 

G3BP1/2 dKO cells) were devoid of SGs (Figure 1G, Table S2), as previously reported 

(Kedersha et al., 2016). Notably, G3BP1 and G3BP2 have the highest betweenness centrality 

within the core SG network (Figure 1D). Indeed, the impact of each gene deletion on SG 

assembly correlated with betweenness centrality within the core SG network (data not 

shown). Nevertheless, whereas G3BP1/2 dKO cells formed no SGs in response to arsenite, 

these cells did assemble SGs in response to heat shock or osmotic stress (Figure S1I). Taken 

together, these observations indicate that the factors driving SG assembly differ depending 

on the initiating stimulus, and suggest that the relative importance of these factors in the 

assembly process correlates with the degree of their centrality within a core SG network. 

These results also highlight G3BP as an important node within the network of interactions 

that underlie SG assembly and as an essential factor in the context of arsenite stress. 

However, the mechanism whereby G3BP1 and G3BP2 contribute to SG assembly is 

unknown, and elucidating this became the focus of our study.

G3BP1 and G3BP2 are paralogous proteins that share a common domain architecture, with 

65% identity and 80% similarity in primary amino acid sequence (Figure 1H). Expression of 

GFP-G3BP1 or GFP-G3BP2 were each sufficient to restore SG assembly in response to 

arsenite in G3BP1/2 dKO cells based on 17 markers, indicating that these two proteins are 

redundant with respect to supporting SG assembly (Figure 1I–J, Table S2). These data 

illustrate the utility of G3BP1/2 dKO cells in assaying the ability of exogenous G3BP to 

restore SG assembly. Given the homology and functional redundancy between G3BP1 and 

G3BP2, we focused most of our subsequent studies on G3BP1.

G3BP1 Undergoes RNA-dependent Phase Separation

Many protein constituents of SGs harbor IDRs that facilitate LLPS in vitro, and these 

findings have led to the proposal that IDRs are important drivers of SG assembly in cells 

(Lin et al., 2015; Molliex et al., 2015; Nott et al., 2015; Patel et al., 2015). Given that G3BP1 

has multiple IDRs, we examined whether this protein undergoes LLPS in vitro. To our 

surprise, at physiological salt concentration (150 mM NaCl) we found no evidence of LLPS 

across a range of G3BP1 concentrations (Figures 2A, S2A). G3BP1 did exhibit 

concentration-dependent LLPS upon addition of the molecular crowding agent Ficoll 
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(Figures 2A, S2A), although the physiological relevance of this mono-component, crowder-

dependent LLPS is questionable based on subsequent observations below.

Since SG assembly correlates with a rise in the cytoplasmic concentration of uncoated 

mRNAs upon arrest of translation (Panas et al., 2016), we next characterized the influence of 

RNA on LLPS of G3BP1. We purified total RNA from U2OS cells and added increasing 

concentrations of this RNA to G3BP1 protein in vitro in the absence of Ficoll, and found 

that this RNA strongly promoted LLPS of G3BP1 (Figure 2B–C). The addition of RNase A 

rapidly reversed RNA-triggered LLPS in vitro (Figure 2D) and disrupted SGs in cells 

(Figure S2B, Video S1), confirming the role of RNA in enhancing LLPS of G3BP1.

Notably, whereas neither polyA-depleted cellular RNA nor tRNA triggered LLPS of G3BP1 

in the absence of Ficoll (Figure 2E), the polyA fraction of total cellular RNA triggered LLPS 

of G3BP1 nearly as potently as total RNA (Figure 2F–G). To pursue this finding in cells, we 

performed polyA RNA pulldown from U2OS cells. This pulldown recovered low levels of 

endogenous G3BP1, which increased upon arsenite treatment, indicating increased G3BP1-

mRNA interaction in response to stress (Figure 2H). Consistent results were obtained with 

G3BP2 (data not shown). The binding affinity of G3BP1 for mRNA was not significantly 

altered after arsenite treatment (Figure S2C), suggesting that the observed increase in 

G3BP1-mRNA interaction reflects increased availability of mRNA under stressed 

conditions. To further investigate the G3BP1-mRNA interaction, we used in vitro 

transcription to generate transcripts of four mRNAs found in SGs (ACTB, HSPA8, PABPC1, 

EEF2) (Khong et al., 2017). Both sense and antisense transcripts of these four mRNAs 

strongly triggered LLPS of G3BP1 (Figure 2I). However, annealing the sense and antisense 

transcripts to generate double-stranded RNA abolished the effect on LLPS with G3BP1 

(Figure 2I). We also found that long (~1–10 kB) homopolymeric RNAs (polyA, polyC, 

polyU, and polyG) promoted LLPS by G3BP1 (Figure S2D–E). However, long double 

strands of poly(I:C) and poly(A:U) failed to undergo LLPS with G3BP1 (Figure 2J). From 

these results, we conclude that regions of single-strandedness in RNA, but not specific 

sequence motifs, are required to trigger LLPS with G3BP1, consistent with previous reports 

that G3BP1 binds RNA in cells without clear preference for a consensus sequence 

(Edupuganti et al., 2017; Martin et al., 2016b).

To determine whether mRNA length influences LLPS with G3BP1, we in vitro-transcribed 

full-length HSPA8 (~2 kb) or smaller fragments thereof, covering the length of this 

transcript. We found a strong correlation between mRNA length and the ability to drive 

LLPS of G3BP1, with a lower limit of ~250 nucleotides (Figure 2K–L). The lower limit 

mRNA length is about 10 times longer than the minimum RNA length necessary for binding 

G3BP1 (data not shown). These results may explain why RNA enrichment in SGs appears to 

be correlated with RNA length rather than sequence motifs (Khong et al., 2017; Van Treeck 

et al., 2018). Furthermore, pre-treatment of total RNA with the RNA helicase DDX19A (a 

constituent of the core SG network) and ATP strongly mitigated the ability of RNA to 

promote LLPS of G3BP1, presumably by limiting intermolecular RNA-RNA interactions 

(Figure 2M). In summary, these results indicate that beyond binding to G3BP1, the features 

of RNA that favor LLPS with G3BP1 include long length, single-strandedness, and the 

availability of RNA-RNA interactions. This latter observation is consistent with a recent 
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report implicating RNA-RNA interactions in contributing to SG assembly in cells (Van 

Treeck and Parker, 2018).

In Vitro Phase Separation of G3BP1 with RNA Predicts SG Reconstitution in Cells

G3BP1 and G3BP2 have three major domains: an N-terminal NTF2-like (NTF2L) domain, a 

central segment predicted to be largely disordered, and a C-terminal RNA-binding domain 

(RBD) (Figures 1H, 3A, and S3A–B). The long, central IDR of G3BP1 has a non-uniform 

charge distribution separated by a region of predicted order and may be considered as two 

segments (Figure 3A–B): IDR1 (aa 143–225), which is highly negatively charged and highly 

acidic, and IDR2 (aa 226–334), which is slightly positively charged. The RBD is composed 

of a folded RNA-recognition motif (RRM) in tandem with an RG-rich IDR that is net 

positively charged and predicted to be disordered, which we designate IDR3 (Figure 3A–B).

To understand the contribution of individual domains of G3BP1 to LLPS, we generated 

constructs in which NTF2L, the long, central IDR (IDR1/2), or the RBD were deleted 

(Figure 3C). Deletion of NTF2L or the RBD abolished LLPS of G3BP1 in the presence of 

RNA (Figure 3C–E). Interestingly, IDR1/2 was dispensable for LLPS. Indeed, deletion of 

IDR1/2 promoted LLPS at lower threshold concentrations, whereas at higher concentrations, 

G3BP1 ΔIDR1/2 had poor solubility and was prone to aggregation (Figure 3C–E). Similar 

results were obtained when RNA was excluded and LLPS was driven by the addition of 

Ficoll (Figure S3C–D). We next assessed the ability of G3BP1 deletion mutants to 

reconstitute SG assembly in G3BP1/2 dKO cells in response to arsenite. Consistent with 

their in vitro behavior, neither GFP-G3BP1 ΔNTF2L nor GFP-G3BP1 ΔRBD restored SG 

formation, whereas expression of G3BP1 ΔIDR1/2 did restore SG assembly (Figure 3F). 

Indeed, despite the frequent observation that IDRs in many RBPs mediate LLPS in vitro, we 

found that the long central IDR of G3BP1 is dispensable for both LLPS and SG assembly in 

cells.

Two RNA-binding Entities in G3BP1 Contribute Independently to SG Assembly

The RBD of G3BP1 comprises two distinct RNA-binding entities: an RRM, a stable, folded 

structure that NMR spectroscopy shows to be composed of amino acids 335–410 (Mathieu 

et al., in preparation), and IDR3 (amino acids 411–466). To investigate the contributions of 

these domains to LLPS of G3BP1, we generated G3BP1 constructs in which these domains 

were individually deleted (Figure 3C). RNA-dependent LLPS was severely impaired by 

either of these deletions, whereas Ficoll-dependent LLPS was not appreciably affected 

(Figure 3G). Importantly, this observation indicates mechanistic differences in LLPS in the 

presence of RNA vs. Ficoll.

We next assessed the RNA-binding capacity of these mutants using electrophoretic mobility 

shift assay (EMSA). Removal of both the RRM and IDR3 domains (ΔRBD) abolished RNA 

binding (Figure 3H). Removal of the RRM significantly reduced RNA binding, whereas 

removal of IDR3 abolished RNA binding (Figure 3H), consistent with impaired RNA-

dependent LLPS of these mutants (Figure 3G). Interestingly, when introduced into G3BP1/2 
dKO cells, G3BP1 ΔRRM and ΔIDR3 mutants exhibited severely impaired ability to support 

SG formation (Figures 3I, S3E–F). We next further examined the RRM domain by 
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introducing two point mutations (F380/382D) that impair RNA binding by this domain. This 

mutant also failed to support SG assembly, confirming the importance of RNA binding by 

the RRM domain (Figure 3C, I). A prior study reported that the RRM domain is dispensable 

for SG assembly (Kedersha et al., 2016), although that observation was based on a different 

deletion (residues 340–415). To address this apparent discrepancy, we recreated the G3BP1 

Δ340–415 mutant and quantified rescue of SG assembly in G3BP1/2 dKO cells. Despite 

good expression, we found no assembly of SGs in response to arsenite in ~70% of cells and 

few, small SGs in ~30% of cells (Figure S3G–H). Thus, using three different RRM mutants, 

we observed strong impairment of SG formation. Based on these observations we conclude 

that both the RRM domain and IDR3 contribute to RNA-dependent LLPS and SG assembly.

Multivalent RNA Interaction Promotes SG Assembly

We next conducted domain swapping experiments to investigate the mechanism whereby 

RNA binding by G3BP1 contributes to SG assembly. We exchanged the RBD of G3BP1 

with five different classes of RBDs: the tandem RRMs from hnRNPA1 and hnRNPA2B1, 

the zinc finger motifs from RBM22 and ZC3H11A, the KH domains from NOVA and QKI, 

the YTH domains from YTHDF1, YTHDF2, and YTHDF3 (three proteins that specifically 

bind m6A-RNA (Zhao et al., 2017)), and the dsRBDs from ADAR1 and STAU1 (Figure 

4A). Despite similar levels of expression (Figure S4A), only the tandem RRMs from 

hnRNPA1 and hnRNPA2B1 reconstituted SG assembly in G3BP1/2 dKO cells (Figure 4A). 

Importantly, the ability of these chimeric proteins to reconstitute SG assembly did not 

correlate with RNA-binding capacity (Figure S4B).

Since two distinct RNA-binding entities (i.e., RRM and IDR3) are important for SG 

assembly (Figure 3I), and the only domain swaps that successfully replaced the native RBD 

were also multivalent (i.e., tandem RRM1-RRM2 of hnRNPA1 and hnRNPA2B1) (Figure 

4A), we hypothesized that the RNA-binding valency of G3BP1 may be an important feature 

in SG assembly. To test this idea, we reduced the RNA-binding valency of the G3BP1 

chimera with tandem RRM domains. Deletion of either RRM1 or RRM2, or introduction of 

missense mutations that interrupt RNA binding by either or both RRM1 and RRM2, all 

abolished the ability of the G3BP1 chimera to support SG formation (Figures 4B, S4C). As a 

further test, we increased RNA-binding valency by swapping the native RBD of G3BP1 with 

one, two, or three KH domains from QKI (Figure 4C–D). Whereas a single KH domain 

substitution restored the RNA-binding capacity to that of G3BP1 WT (Figure 4E), this was 

not sufficient to support SG assembly. In contrast, substitution with two or three KH 

domains reconstituted SG formation (Figure 4C–D) despite lower level expression of these 

proteins (Figure S4C). We found identical results upon increasing the valency of ZnF 

domains (Figure S4D). Based on these observations we conclude that multivalency for RNA 

binding contributes to RNA-dependent LLPS and SG assembly.

Interestingly, whereas the efficiency of SG reconstitution was equivalent with the 

introduction of two vs. three KH or ZnF domains, and the SGs were morphologically 

indistinguishable, the material properties of these SGs were different. Specifically, SGs 

assembled with three KH or ZnF domains were significantly less dynamic than those 

assembled with two KH or ZnF domains (Figure S4E), suggesting that the material 
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properties of SGs are influenced by the degree of association of G3BP1 with RNA. We also 

examined the consequence of duplicating the G3BP1 RBD domain (2xRBD). G3BP1 

2xRBD, which has double valency and RNA-binding capacity, efficiently reconstituted SGs 

in G3BP1/2 dKO cells, but these were also less dynamic (Figure S4F–J). This inverse 

correlation between fluidity of a biomolecular condensate and interaction valency of its 

constituents is consistent with observations in vitro (Li et al., 2012) and may reflect a 

general principle controlling material properties of biomolecular condensates.

SG Assembly Does Not Require G3BP1 Interaction with Specific RNA Sequence Motifs

The observation that different RNA-binding entities can substitute for the native RBD of 

G3BP1 suggests that no specific RNA motif interactions or RNA targets are essential for SG 

assembly. To investigate this further, we generated G3BP1 chimeras using six additional 

multivalent RBDs (Figure 4F). When expressed at equivalent levels (Figure S4K), the ability 

of these RBDs to support SG assembly did not correlate with any motif interaction 

preferences, but rather with relative RNA binding capacity (Figure 4G–H). Thus, the ability 

of G3BP1 to support SG assembly requires not only multivalent interactions with RNA, but 

also sufficient RNA-binding capacity above a threshold concentration. We note that IDR3 

has been reported to interact with two ribosomal proteins (RPS6 and RPS23), leading to the 

suggestion that G3BP1 interaction with the 40s ribosome may be important for SG assembly 

(Kedersha et al., 2016). The ability of multiple heterologous RNA-binding entities to replace 

IDR3 and reconstitute SG assembly suggests that IDR3 interaction with ribosomal proteins 

may not be essential for supporting SG assembly.

The NTF2L Domain Mediates Dimerization Without Significant Higher-Order 
Oligomerization

Previous studies have reported conflicting results regarding higher-order oligomerization 

(i.e., trimers and tetramers) of G3BP1 via the NTF2L domain (Tourriere et al., 2003; 

Vognsen et al., 2013). Given the frequency of oligomerization as a strategy to promote 

LLPS, including precedent for higher-order oligomerization of dimers to promote LLPS 

(Marzahn et al., 2016), we sought to clarify the ability of the NTF2L domain to mediate the 

assembly of multimers greater than dimers. Size exclusion chromatography coupled to 

multi-angle light scattering revealed exclusively dimer formation by G3BP1 across a range 

of concentrations (Figure S5A). Analytical ultracentrifugation analysis of purified G3BP1 at 

50 μM confirmed the dimeric state of the protein, with less than 2% found in higher-order 

species (Figure S5B–C). Finally, using in vitro cross-linking of purified protein with 

bissulfosuccinimidyl suberate (BS3), we confirmed the role of NTF2L in mediating this 

dimerization and saw no significant higher-order oligomerization (Figure S5D). Consistent 

with these results, BS3-cross-linked G3BP1 from cells with or without arsenite treatment 

confirmed the NTF2L domain-dependent dimeric state of the purified protein and no 

significant higher-order oligomerization (Figure S5E–F).

G3BP1 Dimerization Is Essential for LLPS In Vitro and SG Assembly in Cells

The NTF2L domain mediates interaction with several other SG proteins and these 

interactions influence the extent of SG assembly. For example, interaction of NTF2L with 

caprin-1 and UBAP2L promotes SG assembly, whereas interaction with USP10 limits 
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assembly (Kedersha et al., 2016; Markmiller et al., 2018; Panas et al., 2015; Youn et al., 

2018). Here we showed that G3BP1 lacking the NTF2L domain failed to reconstitute SG 

assembly in G3BP1/2 dKO cells, illustrating that this domain is essential for SG assembly 

(Figure 3F). Theoretically, this requirement in cells could be due to essential interactions of 

the NTF2L domain with binding partners; yet we found that NTF2L is also essential for 

LLPS of G3BP1 with RNA in vitro where these partners are not present (Figure 3D). 

Therefore, an alternative possibility is that the critical role of NTF2L is dimerization, which 

increases the valency of RBDs to promote LLPS of G3BP with RNA. We examined each of 

these possibilities in turn.

First, we fully replaced the NTF2L domain of G3BP1 with alternative dimerization domains 

that form constitutive dimers. Substituting NTF2L with glutathione S-transferase (GST, 211 

amino acids) (Fabrini et al., 2009) or a FK506-binding protein mutant (FKBPF36M, 108 

amino acids) (Rollins et al., 2000) each restored in vitro LLPS behavior to G3BP1 (Figure 

5A–C). When expressed in G3BP1/2 dKO cells, both chimeric proteins successfully 

reconstituted SGs, although the efficiency of the FKBPF36M chimera was reduced (Figure 

5D–E, Table S2). Thus, dimerization via the N-terminal domain per se, independent of the 

nature of the dimer domain, is necessary and sufficient to support both LLPS in vitro and SG 

assembly in cells. The observed difference in reconstitution efficiency of the two chimeras 

tested may reflect their respective dimer dissociation constants (Kd for GST = 0.34 μM, Kd 

for FKBPF36M = 40 μM). Notably, using U2OS cells expressing tdTomato-tagged 

endogenous G3BP1, we confirmed that these chimeric versions of G3BP1 co-mingle in SGs 

with endogenous G3BP1 (Figure S5G).

To fully assess the ability of these chimeric proteins with different dimer domains to 

reconstitute SG assembly, we mapped their intracellular phase separation thresholds by 

taking advantage of the natural variation in expression of GFP-G3BP1 when transiently 

transfected into G3BP1/2 dKO cells. Simultaneous cell-by-cell analysis of GFP-G3BP1 

expression level and SG formation permitted a determination of the G3BP1 concentration 

threshold that initiates SG assembly. The concentration threshold for SG assembly was 

similar for G3BP1 WT and GST-G3BP1, whereas this threshold concentration was markedly 

higher for FKBPF36M-G3BP1 (Figure 5F). These data illustrate that an essential function of 

the NTFL2 domain is to support LLPS through dimerization, independent of any NTFL2-

specific interactions.

G3BP1 Dimerization Is Essential to Maintain SG Assembly in Cells

FKBPF36M homodimers can be dissociated by a small molecule ligand such as the 

rapamycin derivative AP21998 or “D/D solubilizer” (Rollins et al., 2000). Addition of this 

ligand in sub-stoichiometric amounts abolished LLPS by FKBPF36M-G3BP1 but had no 

effect on LLPS of G3BP1 WT, further illustrating that dimerization per se is required for 

LLPS (Figure S5H). To examine the effect of disrupting G3BP1 dimer formation on SG 

assembly in cells, we pre-incubated G3BP1/2 dKO cells expressing FKBPF36M-G3BP1 with 

sub-stoichiometric amounts of this ligand and found that arsenite-induced SG assembly was 

abolished, confirming the importance of G3BP1 dimerization for this assembly (Figure S5I–

J). Remarkably, fully assembled SGs rapidly disassembled within 30 seconds by the addition 
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of ligand to the culture medium (Figure S5K–L, Video S2). These results indicate that 

dimerization of G3BP1 is not only essential for SG assembly, but also for maintenance of 

SGs, an observation that may have implications for the mechanism of SG disassembly upon 

removal of stress.

Cooperative Interactions between Members of the Core SG Network Regulate Assembly

Given that NTF2L-mediated interactions are not essential for SG formation, the mechanism 

whereby interactors of G3BP1 exert influence over assembly was unclear. We hypothesized 

that interactors of G3BP1 contribute to and regulate SG assembly by contributing to the 

overall sum of interactions within the SG network (Figure 1D). In support of this hypothesis, 

we found that the presence of an additional SG constituent (i.e., caprin-1) that binds the 

NTF2L domain of G3BP1 significantly reduced the threshold concentration of G3BP1 and 

RNA necessary for LLPS, thereby exhibiting positive cooperativity (Figure 5G). This 

cooperativity reflects a specific interaction between caprin-1 and G3BP1, as evidenced by 

point mutations that disrupt binding between caprin-1 and G3BP1 (G3BP1 F33W and 

caprin-1 F372A), each of which abolished the ability of caprin-1 to promote LLPS of 

G3BP1 with RNA (Figure 5H). Similar to caprin-1, we found that TIA1 also exhibited 

positive cooperativity with G3BP1 and RNA, significantly reducing the threshold 

concentration necessary for LLPS (Figure 5I–J).

To examine the significance of this biophysical behavior in cells, we measured the 

intracellular phase separation threshold for SG assembly as a function of intracellular 

concentrations of these binding partners. Consistent with in vitro results, over-expression of 

caprin-1 with G3BP1 in G3BP1/2 dKO cells significantly reduced the concentration 

threshold of G3BP1 necessary to initiate SG assembly even in the absence of arsenite 

(Figure 5K). Interestingly, in cells with very high caprin-1 levels, even cells with very low 

levels of G3BP1 were able to assemble SGs. Consistent with these results, we found that 

depletion of either caprin-1 or TIA1 by siRNA-mediated knockdown significantly raised the 

critical concentration threshold of G3BP1 necessary to initiate SG assembly (Figures 5L, 

S5M). Thus, both in vitro and cell-based results suggest that components of the core SG 

network influence SG assembly through positive (e.g., caprin-1, UBAP2L, TIA1) or 

negative (e.g., USP10) cooperativity, collectively setting the critical threshold concentration 

of constituents necessary for LLPS of G3BP1 with RNA (Figure 5J). However, no specific 

interaction appears to be essential, since SGs still assemble in cells with knockout of 

individual binding partners (e.g., caprin-1, UBAP2L, TIA1) or paralogous pairs (e.g., TIA1/
TIAR, UBAP2/UBAP2L) (Figure 1F).

G3BP1 IDR1/2 Regulates SG Dynamics and Composition

The precise role of IDRs in regulating the assembly or material properties of SGs remains 

poorly understood. To gain insight into this role, we pursued our surprising finding that the 

long central IDR (IDR1/2) of G3BP1 is not essential for LLPS of G3BP1 in vitro nor for SG 

assembly in cells (Figure 3C–F). The IDR1/2 segment did not exhibit LLPS in vitro even at 

high concentration (400 μM) and the presence of a crowding agent (Figure S6A), and did not 

reconstitute SG assembly when expressed in G3BP1/2 dKO cells (Figure S6B). Indeed, even 

when expressed in WT cells, the IDR1/2 segment was not recruited into arsenite-induced 
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SGs arising from endogenous G3BP (Figure S6C). These data indicate that IDR1/2 does not 

encode interactions that are essential for the assembly and/or maintenance of SGs.

However, deletion of IDR1/2 did alter the biophysical properties of G3BP1. Specifically, 

G3BP1 ΔIDR1/2 showed reduced solubility and underwent LLPS at lower concentrations in 

vitro (Figure 3D–E), and had relatively poor solubility in cells (Figure S6D). Additionally, 

although G3BP1 ΔIDR1/2 reconstituted SG assembly in G3BP1/2 dKO cells, efficiency was 

reduced (Figure S6E).

To explore the role of IDR1/2 in SG dynamics, we used U2OS cells with endogenous 

G3BP1 tagged with tdTomato. We introduced exogenous GFP-tagged G3BP1 (WT or 

ΔIDR1/2) to permit simultaneous monitoring of their mobility within SGs by FRAP. As 

expected, when exogenous G3BP1 WT was introduced into these cells, endogenous and 

exogenous WT proteins showed identical rates of FRAP (Figure 6A–B, Video S3). However, 

exogenous G3BP1 ΔIDR1/2 showed significantly slower FRAP and a greater immobile 

fraction compared with endogenous WT protein, revealing a role for IDR1/2 in defining 

G3BP1 dynamics (Figure 6C–D, Video S4). By co-immunoprecipitation assay, we 

confirmed that GFP-G3BP1 (both WT and ΔIDR1/2) formed homodimers as well as 

heterodimers with HA-G3BP1 WT (Figure S6F), suggesting that these FRAP experiments 

likely underestimate the extent to which the exchange rate of G3BP1 is impaired by deletion 

of IDR1/2.

The Acidic IDR1 Domain of G3BP1 Is an Autoinhibitory Element

To further address the role of IDR1 and IDR2 in SG assembly, we directly compared SG 

assembly in G3BP1/2 dKO cells reconstituted with G3BP1 mutants with alterations in IDR1 

or IDR2. We examined assembly prior to treatment with arsenite (“spontaneous SGs”), as 

well as time points after arsenite treatment. Expression of G3BP1 ΔIDR1 not only fully 

reconstituted SG assembly following stress, but resulted in strongly increased formation of 

spontaneous SGs (Figures 6E–F, S6G–H). In contrast, expression of G3BP1 ΔIDR2 failed to 

support SG assembly (Figures 6E–F, S6G–H), which contrasts sharply with the ability of 

G3BP1 ΔIDR1/2 to reconstitute SG assembly. Taken together, these results reveal that the 

acidic region comprising IDR1 is an autoinhibitory element, and further that this inhibition 

is mitigated by the presence of IDR2.

We reasoned that the negative charge density present within IDR1, rather than motifs 

encoded in the primary amino acid sequence, might mediate its inhibitory effect on SG 

assembly. To test this notion, we generated three different G3BP1 mutants in which the 

primary IDR1 sequence was scrambled and the adjacent IDR2 was deleted (Figures 6G, 

S6I). All three of these mutants failed to reconstitute SG assembly, indicating that the 

inhibitory activity of IDR1 was preserved (Figures 6H, S6J). We also generated a mutant in 

which all 28 glutamates in IDR1 were substituted with charge-neutral glutamines (EQ28 

ΔIDR2, Figure S6I). By contrast with the scrambled mutants, this mutant supported robust 

SG assembly in G3BP1/2 dKO cells (Figures 6H, S6K). Together, these results indicate that 

the inhibitory activity of IDR1 is encoded by the negative charge density in this region rather 

than the primary sequence.
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We next turned to IDR2, which has a net positive charge density and is enriched in proline 

residues that may confer functionally relevant rigidity to this segment. To investigate the 

importance of spacing, composition, and primary sequence of IDR2, we engineered a series 

of substitutions or mutations. First, we substituted IDR2 with an IDR of similar length and 

composition derived from the S. cerevisiae transcription factor Ash1 (G3BP1-Ash1 IDR). 

This 79-residue proline-rich IDR adopts expanded coil-like conformations (Martin et al., 

2016a). When expressed in G3BP1/2 dKO cells, G3BP1-Ash1 IDR supported WT levels of 

SG assembly (Figures 6I–J, S6L), suggesting that the spacing and/or composition within this 

segment, rather than its primary sequence, is important for suppressing the inhibitory 

activity of IDR1.

To assess the importance of spacing, we introduced of a second copy of IDR2 (G3BP1–

2xIDR2) to double the putative spacing afforded by IDR2. This second copy of IDR2 

significantly enhanced SG assembly relative to G3BP1 WT, perhaps by separating the 

negatively charged acidic IDR1 from the positively charged IDR3 within the RBD, or by 

acting as a decoy interrupting this interaction (Figure S6M–N). We also assessed the 

importance of the proline residues in IDR2 by substituting all 33 proline residues in IDR1/2 

with serine (PS33). When expressed in G3BP1/2 dKO cells, this mutant supported WT 

levels of SG assembly, indicating that these proline residues are not critically important for 

the mitigating effect of IDR2 on IDR1 inhibition (Figures 6I–J, S6L). On the other hand, a 

mutant with all 17 positively charged residues in IDR2 substituted with alanine (RKH/A17) 

was unable to support SG formation when expressed in G3BP1/2 dKO cells, suggesting that 

beyond the spacing afforded by IDR2, this domain might engage in charge-dependent 

interaction with IDR1, mitigating the interaction between IDR1 and IDR3 (Figures 6I–J, 

S6L).

Notably, when we reconstituted SGs with G3BP1 ΔIDR1/2, 8 proteins from a panel of 17 

SG markers showed reduced recruitment to SGs (Figure 6K). This observation suggested 

that in addition to regulating SG assembly and dynamics, IDR1/2 might play a role in 

determining the composition of SGs. To comprehensively assess the role of IDR1/2 in SG 

composition, we performed proximity proteomics using APEX2-labeled G3BP1. For this 

analysis we compared G3BP1 WT to G3BP1–2xAsh1 IDR, in which both IDR1 and IDR2 

were replaced by Ash1 IDR sequences. We selected this mutant for head-to-head 

comparison because G3BP1–2xAsh1 affords highly efficient SG assembly despite harboring 

a completely different IDR primary sequence (Figure 6L–M). Despite indistinguishable 

kinetics and frequency of SG assembly in response to arsenite, altering this IDR sequence 

resulted in significant differences in SG composition. Specifically, nine proteins that are 

consistently reported in SGs (Jain et al., 2016; Markmiller et al., 2018) were absent from 

SGs seeded by G3BP1–2xAsh1 IDR, and recruitment of an additional four SG proteins was 

significantly reduced (Figure 6N, Table S3). Moreover, SGs seeded with G3BP1–2xAsh1 

IDR recruited 43 proteins not previously reported in SGs (Jain et al., 2016; Markmiller et al., 

2018), and 43 other proteins showed significantly increased recruitment to these mutant SGs 

(Figure 6N, Table S3). Thus, the long central IDR plays a role in defining SG composition.
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IDR1 Phosphorylation Tunes Interplay between 3 IDRs and Regulates LLPS

Several studies have suggested that post-translational modifications regulate G3BP1 (Sahoo 

et al., 2018; Tourriere et al., 2003; Tsai et al., 2016). Among these, phosphorylation of S149 

in IDR1 has been implicated as a regulator of SG assembly. Whereas the fact that S149 can 

be phosphorylated is clear, the precise role of this post-translational modification in SG 

assembly has been uncertain (Panas et al., 2019; Sahoo et al., 2018; Tourriere et al., 2003). 

Nevertheless, recent compelling evidence has been reported that G3BP1-S149 

phosphorylation is functionally relevant during physiological stress in neurons (Sahoo et al., 

2018).

To illuminate the biophysical mechanism of G3BP1 regulation by S149 phosphorylation, we 

generated G3BP1 variants in which the charge content of IDR1 was altered: a 

phosphomimetic form (S149E), in which the negative charge density is modestly increased, 

a non-phosphorylatable form (S149A) that does not alter charge, and EQ28, in which the 

negative charge density of IDR1 is substantially reduced. Consistent with a recent report 

(Panas et al., 2019), the phosphorylation state of S149 did not change the ability of G3BP1 

to dimerize as assessed by in vitro cross-linking analysis (Figure S7A–C). We then 

examined the impact of altered IDR1 charge content on LLPS in vitro. Compared to G3BP1 

WT, the S149E, S149A, and EQ28 variants had no significant influence on Ficoll-dependent 

phase transition (Figure S7D). In contrast, RNA-dependent LLPS of G3BP1 was strongly 

influenced by the charge content of IDR1: whereas G3BP1 S149A behaved similarly to WT, 

the S149E variant strongly impaired LLPS of G3BP1 with RNA, shifting the phase 

separation threshold to significantly higher concentrations of G3BP1 and RNA (Figures 7A, 

S7E). The charge-neutralizing EQ28 variant had the opposite effect and strongly promoted 

LLPS of G3BP1 with RNA (Figures 7A, S7E). Since only RNA-dependent LLPS of G3BP1 

was influenced by the charge content of IDR1, we next tested the influence of IDR1 charge 

content on RNA binding by G3BP1. As predicted by the LLPS results, EMSA using purified 

protein and RNA revealed similar RNA-binding capacity by G3BP1 WT and S149A, but 

decreased RNA binding by G3BP1 S149E and increased RNA binding by G3BP1 EQ28 

(Figure 7B). Consistent results were obtained in cells, where S149E showed reduced RNA 

binding and EQ28 showed increased RNA binding (Figure 7C). We hypothesized that the 

autoinhibitory activity of IDR1 reflects electrostatic intramolecular interaction with the 

RBD, thereby competing with RNA for binding. Further, we hypothesized that increased 

negative charge in IDR1 caused by phosphorylation enhances its autoinhibitory activity by 

strengthening the intramolecular IDR1-RBD interaction. To test these ideas, we performed 

GST pulldown experiments to investigate a putative IDR1-RBD interaction. We tested the 

ability of G3BP1 protein fragments (NTF2L domain alone, NTF2L-IDR1, and NTF2L-

IDR1/2) to interact with a fragment consisting of the RBD (which contains RRM-IDR3). No 

significant interaction was detected between the RBD and the NTF2L domain alone, as 

expected, but strong interaction was detected when IDR1 was included (NTF2L-IDR1) 

(Figures 7D–E). The presence of IDR2 (NTF2L-IDR1/2) mitigated this interaction (Figures 

7D–E), consistent with the ability of IDR2 to mitigate the autoinhibitory activity of IDR1 in 

SG assembly (Figures 6I–J). This interaction was enhanced by the S149E mutation and 

diminished by the charge-neutralizing EQ28 mutations (Figures 7F–G). We reasoned that 

electrostatic interaction between the negatively charged IDR1 and RBD was mediated by the 
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positive charge density in IDR3. To test this notion, we reduced the positive charge in IDR3 

by introducing five arginine-to-alanine substitutions (RBDRA5). RBDRA5 had greatly 

reduced interaction with NTF2L-IDR1, confirming electrostatic interaction between IDR1 

and the RBD, mediated by IDR3 (Figures 7H–I). The positive charges in IDR3 are also 

essential for RNA binding, as illustrated by lack of RNA-dependent LLPS of G3BP1-

RBDRA5 and the inability of this mutant to reconstitute SG assembly in G3BP1/2 dKO cells 

(Figures S7F–G). Of note, G3BP1-RBDRA5 provides a further example of differences in 

RNA-dependent and Ficoll-dependent LLPS (Figure S7F). Substitution of these same 

arginines in IDR3 with lysines (RBDRK5) did permit RNA-dependent LLPS in vitro and 

reconstituted SG assembly in G3BP1/2 dKO cells, illustrating that charge rather than other 

properties specific to arginine residues underlie these activities (Figures S7F–G).

We further explored the influence of IDR1-IDR3 interaction on G3BP1 conformation by 

using small angle X-ray scattering (SAXS) to analyze purified G3BP1 across a range of salt 

concentrations. Increasing NaCl concentration shifted the protein from an ensemble of 

compact conformations with a mean radius of gyration (⟨RG⟩) of 55 Å to extended 

conformations with ⟨RG⟩ of 72 Å. The sharp transition from compact to extended 

conformations occurred within the range of physiological ionic strength, indicating that 

G3BP1 size and shape is determined by electrostatic interactions. Moreover, at physiological 

ionic strength, this conformational change in G3BP1 is likely sensitive to the small changes 

in charge that occur with phosphorylation (Figures 7J–K). To further characterize the 

conformational landscape of G3BP1, we compared experimental SAXS data with an 

ensemble of in silico-generated conformations where the IDRs were modeled as self-

avoiding polymers. The in silico ensemble had a mean radius of 69 Å, consistent with the 

⟨RG⟩ measured at high NaCl concentration by SAXS (Figures 7K–L). Thus, at lower, 

physiological ionic strength, the IDRs are compacted by attractive electrostatic interactions 

relative to an unrestrained self-avoiding polymer. We then measured the distances within the 

G3BP1 dimer between the two negatively charged IDR1s and the positively charged IDR3s 

and observed a linear correlation between the overall radius of the protein and the distance 

separating IDR1 and IDR3, indicating that overall compaction likely reports on close 

association between these domains (Figures 7M–N). These observations strongly implicate 

intramolecular interaction between IDR1 and IDR3 that controls RNA interaction and RNA-

dependent LLPS.

Finally, we investigated the role of the G3BP1 conformational switch on the assembly of 

SGs. G3BP1 WT, S149E, S149A, and EQ28 all rescued SG formation in G3BP1/2 dKO 

cells (Figure 7O). By measuring the intracellular G3BP1 concentration threshold for phase 

separation by these mutants, we found that G3BP1 S149A required significantly lower 

concentrations to initiate SG assembly relative to G3BP1 WT (Figure 7P), as expected since 

G3BP1 WT is found as a mixture of phosphorylated and unphosphorylated forms in cultured 

cells (Gallouzi et al., 1998). Consistent with this observation, G3BP1 EQ28 initiated SG 

assembly at very low concentrations (Figure 7P). In contrast, G3BP1 S149E required higher 

concentrations to initiate SG assembly relative to WT (Figure 7P). Together, these data 

indicate that IDR1 regulates G3BP1-RNA LLPS through a conformational switch that 

controls RNA binding and the subsequent assembly of SGs in cells and, further, that this 

switch can be tuned by phosphorylation status.
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We were intrigued by the observation that each of the three major domains of G3BP1 were 

either non-essential or could be substituted by a heterologous domain with similar 

properties. This raised the question of whether any precise sequence or structure encoded by 

G3BP1 was essential to its function with respect to SG assembly. To address this question, 

we created a “synthetic G3BP1” molecule in which GST served as an N-terminal 

dimerization domain, tandem Ash-1 IDR sequences served as a disordered spacer segment, 

and tandem RRMs from hnRNPA1 served as a multivalent RNA-binding domain at the C 

terminus (Figure S7H). Remarkably, synthetic G3BP1 restored SG formation in G3BP1/2 
dKO cells (Figure S7H), although the fine-tuning ability through IDR1-IDR3 interaction and 

phosphorylation of IDR1 was lost.

Discussion

Cells partition a large fraction of RNAs and associated proteins into RNP granules, an 

organizational strategy that not only governs RNA metabolism but also generates cellular 

compartments that do double duty by regulating other biological pathways. SGs, for 

example, compartmentalize a fraction of mRNAs stalled in translation, which may limit the 

accumulation of irreversible RNA aggregates, but also serve as a compartment that promotes 

other stress-related functions (Onomoto et al., 2012; Samir et al., 2019; Thedieck et al., 

2013; Tsai and Lloyd, 2014; Wippich et al., 2013). The dynamic nature of RNP granules, 

including SGs, is essential to their function; indeed, impairment in the dynamics and 

material properties of RNP granules is strongly implicated as a factor in neurodegenerative 

diseases (Nedelsky and Taylor, 2019).

Here we introduce and functionally validate a conceptual framework for SG assembly in 

which assembly is driven by LLPS that occurs when the collective interactions of a core 

protein-RNA interaction network breach a threshold saturation concentration. This core 

network consists of ~36 proteins and associated mRNAs. Importantly, the interactions 

driving this LLPS are distributed unevenly across the core network, with some nodes more 

important than other. The central node of this network is G3BP1, which functions as a 

molecular switch that triggers RNA-dependent LLPS in response to a rise in intracellular 

free RNA concentrations. The threshold for phase separation – and corresponding SG 

assembly – is set predominantly by intrinsic properties of G3BP1 and RNA, and further 

regulated through positive or negative cooperativity by extrinsic factors that act upon core 

SG network.

With regard to the intrinsic properties of RNA that influence LLPS with G3BP, we found 

that length (> 250 nucleotides) and single-strandedness form the basis for this interaction. 

Furthermore, although intermolecular RNA-RNA interactions are not essential, they can 

promote assembly and lower the threshold of constituents required for LLPS. These 

conclusions are consistent with the observation that G3BP1 association with polyA RNA 

significantly increases after arsenite stress, as well as the previous report that the SG 

transcriptome is enriched predominantly in mRNAs and to a lesser extent non-coding RNAs 

(Khong et al., 2017). We found that no specific RNA sequence is required for LLPS with 

G3BP1, which is consistent with cross-linking experiments conducted in cells showing that 
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G3BP1 binds a variety of coding and non-coding RNAs without a specific consensus 

sequence (Edupuganti et al., 2017; Martin et al., 2016b).

The intrinsic properties of G3BP1 that underlie LLPS with RNA are dimerization via the 

NTF2L domain and multivalency for RNA binding. Importantly, RNA binding by the RBDs 

(and therefore, LLPS) is controlled by a molecular switch. This switch in G3BP1 arises from 

competition between intra- and inter-molecular interactions (Figure S7I). When RNA 

concentrations are low, intramolecular interaction between the acidic IDR1 and the basic 

IDR3 is favored, creating a compact, “closed” conformation. Above a threshold 

concentration, RNA displaces IDR1 to bind IDR3, which permits the G3BP1 homodimer to 

adopt an expanded, “open” conformation, initiating LLPS. Thus, IDR1 functions as an 

autoinhibitory element that sets the threshold concentration of RNA necessary for LLPS. 

The autoinhibitory activity of IDR1 is regulated by IDR2, which is weakly basic and can 

impede IDR1 interaction with IDR3, and also by phosphorylation of IDR1, which 

strengthens the interaction with IDR3. Consistent findings regarding the molecular switch 

encoded by G3BP1 were found in the companion manuscript by Guillen-Boixet et al. 

(personal communication). The domain architecture of dimeric G3BP1 is another intrinsic 

property that influences LLPS. Dimerization via NTF2L not only doubles the valency for 

RNA binding, but also determines spacing between the two RBDs, with NTF2L 

dimerization establishing the center of the volume occupied by dimeric G3BP1 and the 

RBDs able to explore the periphery of this volume, which likely influence the ability of a 

G3BP1 homodimer to cross-link different RNA molecules and promote LLPS. In sum, our 

findings regarding the IDRs of G3BP demonstrate that, in contrast to the conventional view 

that the role of IDRs is to “drive” LLPS, IDRs in G3BP1 may have evolved to fine-tune the 

saturation concentration for LLPS. Beyond this important role, the IDRs in G3BP1 influence 

both the material properties and the composition of SGs.

Whereas intrinsic properties of G3BP1 and RNA are the most important determinants of SG 

formation, other proteins influence this assembly. For example, overexpression of caprin-1 

and TIA1 can lead to the formation of “spontaneous” SGs in the absence of an exogenous 

stress (Gilks et al., 2004). This phenomenon can now be fully explained within the 

conceptual framework for SG assembly that we advance here. The existence of a saturation 

concentration for LLPS is indicative of a cooperative process (Crick et al., 2013; Posey et 

al., 2018). A change in the network of interactions that lowers the saturation concentration 

for LLPS, thus impacting the cooperative transition positively, is termed “positive 

cooperativity.” In contrast, a change in the network of interactions that increases the 

saturation concentration represents “negative cooperativity.” The impact of a variety of 

extrinsic factors that regulate SG assembly can be understood to act through positive or 

negative cooperativity. For example, our data illustrate that introduction of either caprin-1 or 

TIA1 to a mixture of G3BP1 and RNA strengthens the collective network of interactions and 

lowers the saturation concentration for LLPS, exhibiting positive cooperativity. We 

document this same phenomenon in cells, where the concentration of endogenous caprin-1 

or TIA1 influences the G3BP1 saturation concentration necessary to trigger SG assembly. 

We speculate that many components of the core SG network function in this manner, 

lowering the saturation concentration of G3BP1 and RNA necessary for SG assembly. On 

the other hand, it has also been observed that overexpression of USP10, another component 

Yang et al. Page 16

Cell. Author manuscript; available in PMC 2021 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the core SG network, inhibits SG assembly (Kedersha et al., 2016). How might negative 

cooperativity be introduced to this system? USP10 and caprin-1 compete for overlapping 

binding sites in the NTF2L domain and exhibit mutually exclusive interaction with G3BP1 

(Kedersha et al., 2016). It is highly likely that USP10, upon being substituted for caprin-1, 

weakens the collective network of interactions. Notably, affinity capture proteomics using 

the NTF2L domain as bait reveals that a large number of G3BP1 interactors in the core SG 

network can be traced to NTF2L-mediated interactions (Peiguo Yang, unpublished 

observation), highlighting this domain as a central hub controlling network connectivity. 

Consistent findings regarding a central hub of interaction encoded by the NTF2L domain of 

G3BP1 were found in the companion manuscript by Sanders et al. (personal 

communication).

In conclusion, these studies illuminate the molecular basis of SG assembly and provide a 

conceptual framework for understanding regulation of this process that builds upon 

fundamental biophysical principles. Importantly, this conceptual framework accommodates 

all known biophysical principles and regulators of SG assembly, including the role of other 

proteins, post-translational modifications of proteins, duplexing or unwinding of RNA, or 

chemical modification of RNAs, all of which may be viewed as impinging upon the 

collective interactions of a core protein-RNA interaction network. Furthermore, the 

principles established here are likely generalizable to many biomolecular condensates. A 

“scaffold/client” model was recently advanced based on observations in simple, 

reconstituted systems where the assembly of condensates was regulated by the valency, 

concentration, and molar ratio of a small number of scaffold molecules (Banani et al., 2016). 

In light of the work presented here we can add network centrality as an important feature 

driving biomolecular condensation and providing a conceptual framework for how this 

condensation is regulated.

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, J. Paul Taylor (jpaul.taylor@stjude.org). All reagents 

generated in this study will be made available on request but may require a payment and/or a 

completed Materials Transfer Agreement if there is potential for commercial application.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—HEK293T and U2OS cells (both of female origin) were cultured in 

Dulbecco’s modified Eagle’s medium (HyClone) supplemented with 10% fetal bovine 

serum and 1% antibiotics, and maintained at 37°C in a humified incubator with 95% air and 

5% CO2. Cells were authenticated by short tandem repeat (STR) profiling. For bacterial cell 

culture, TOP10 and Rosetta 2(DE3) chemically competent bacteria strains were cultured in 

LB media containing appropriate antibiotic as described below, at 37°C in a shaker incubator 

(200 rpm).
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METHODS DETAILS

Cell Culture and Transfection—U2OS cells were purchased from ATCC (HTB-96). 

U2OS cells were cultured in Dulbecco’s modified Eagle’s medium (HyClone) supplemented 

with 10% fetal bovine serum (HyClone SH30071.03 and SH30396.03) and maintained at 

37°C in a humidified incubator with 5% CO2. FuGENE 6 (Promega, E2691) or 

Lipofectamine 2000 (Thermo Fisher Scientific, 11668019) were used for transient 

transfections per the manufacturer’s instructions. G3BP1/2 dKO cells have been previously 

described (Zhang et al., 2018). U2OS cells stably expressing G3BP1-GFP have been 

previously described (Figley et al., 2014).

Constructs—DNA fragments encoding human G3BP1 and G3BP2 were PCR-amplified 

from a U2OS cDNA library. The cDNA library was created by SuperScript III First-Strand 

Synthesis System (Thermo, 18080051). The FKBPF36M fragment was PCR-amplified from 

pLVX-rHom-1 (Takara, 635062). DNA fragments encoding G3BP1 or G3BP2 were inserted 

into the pEGFP-C3 backbone using NEBuilder HiFi DNA Assembly Master Mix kit (NEB, 

E2621). Deletion mutants of EGFP-G3BP1 and EGFP-G3BP1 S149E or S149A were 

created by the Q5 Site-Directed Mutagenesis kit (NEB, E0554S). To create EGFP-G3BP1 

swap mutants with different RNA-binding domains, RNA-binding domain fragments 

encoding hnRNPA1, hnRNPA2B1, hnRNPD, DAZAP1, SRSF4, TDP-43, RBMS2, 

hnRNPH2, RBM22, ZC3H11A, NOVA, QKI, YTHDF1, YTHDF2, YTHDF3, ADAR1, or 

STAU1 were amplified from a cDNA library and assembled into pEGFP-G3BP using 

NEBuilder HiFi DNA Assembly Master Mix. EGFP-G3BP1 swap mutants with different 

dimerization domains (GST or FKBPF36M) were obtained by overlapping extension-PCR 

methodology. Briefly, overlapping fragments encoding GST or FKBPF36M and G3BP1 

ΔNTF2L were amplified by PCR, mixed in an equimolar ratio, and used as a template to 

generate the fusion proteins. The resulting PCR product was then cloned into pGEX-2T or 

pEGFP-C3 plasmids using BamHI/EcoRI and BglII/ApaI restriction enzymes, respectively. 

The EQ28 coding sequence, IDR1 scrambled sequences, and RKH-17A IDR2 sequence 

were synthesized as dsDNA gene blocks through IDT and were further assembled into a 

pEGFP-G3BP1 construct. The Ash1 coding sequence was amplified from a His-Ash1 

plasmid reported previously (Martin et al., 2016a) and further assembled into a pEGFP-

G3BP1 plasmid. For protein expression, G3BP1-coding DNA was cut by BamHI and EcoRI 

and ligated into the pGEX-2T plasmid in which the thrombin site had been replaced with a 

TEV site using the Q5 Site-Directed Mutagenesis kit (NEB, E0554S). G3BP1 deletion 

mutants and G3BP1 S149E or S149A were further created through the Q5 Site-Directed 

Mutagenesis kit (NEB, E0554S). To create tandem KH, ZnF, and tandem G3BP1-RBD 

constructs, XbaI-SpeI mixed sites and BioBrick Assembly method was used. All constructs 

were confirmed by sequencing.

Genome-Wide RNAi Screen—The human kinome collection (Dharmacon) was reverse-

transfected into U2OS cells stably expressing G3BP1-GFP using Lipofectamine RNAiMAX 

(Life Technologies) at a final concentration of 25 nM. Briefly, reverse transfection is a 

process by which cells are overlaid onto a lipid/siRNA mix. Reverse transfection was 

employed since this process is more amenable to high-throughput assays. Cells were 

incubated at 43°C for 2 h at 48 h post-transfection. The cells were then fixed in 4% 
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paraformaldehyde (EMS), stained for DAPI, and imaged with an IN Cell 6000 imaging 

platform (GE Healthcare). Intensity, area, count of nuclei, and GFP-positive SGs were 

measured using the IN Cell Developer program. A robust SSMD (strictly standardized mean 

difference)-based algorithm on GUItars (a GUI tool for analysis of high-throughput RNA 

interference screening) was used for hit selection (Goktug et al., 2012). Briefly, SSMD is 

defined as the ratio of the mean to the SD of the random variable representing the difference 

between two independent populations. The bigger the magnitude of the SSMD between two 

populations, the more the two populations are separate from each other. An siRNA with an 

SSMD ≤ −1.5 is considered a fairly moderate hit. In high-throughput assays, the data 

analysis methods should be robust to outliers. The robust version of SSMD (robust SSMD or 

SSMD*) can be obtained by replacing the mean with the median and SD with median 

absolute deviation (Zhang, 2011). The higher the SSMD score, the higher possibility that the 

siRNA is a hit (Zhang, 2007; Zhang et al., 2006). Putative positive regulators of SG 

assembly from the arrayed siRNA screen were identified as having a robust SSMD value of 

≤ −1.5. The primary screen was performed in a single replicate, with each well containing a 

pool of 4 siRNAs that target the same gene. The hits with SSMD ≤ −1.5 were assayed in a 

confirmatory screen where the same putative hits were screened in quadruplicate. The hits 

from the confirmatory screen (SSMD ≤ −1.5) were further tested in a deconvolution screen 

where we tested the individual siRNAs for the targeted gene in quadruplicate.

Gene Ontology—Gene-annotation enrichment and functional annotation clustering of the 

hits acquired from the genome-wide RNAi screen were analyzed using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources 

(Huang da et al., 2009).

Protein-Protein Interaction Network—A composite protein-protein interaction (PPI) 

network was built by combining STRING (v10) (Szklarczyk et al., 2015), BioPlex (Huttlin 

et al., 2015), and InWeb (Hopkins et al., 2017), as well as three unbiased SG interactomes 

(Jain et al., 2016; Markmiller et al., 2018; Youn et al., 2018). Only physical protein-protein 

interactions were considered, and the interactome was filtered by edge confidence scores, 

with thresholds determined by best fitting the scale-free network property (Barabasi and 

Albert, 1999; Zhang and Horvath, 2005).

Network Enrichment Analysis—The significance of the generated subnetworks (e.g., 

RNAi and SG subnetworks) was evaluated by empirically estimating the probability of 

observing a denser network by random sampling 1,000 subnetworks from the entire 

interactome (or any background network to be tested). Network density (Wasserman and 

Faust, 1994) was calculated using R–igraph version 1.2.4.1.

Network Centrality Analysis—The network of 36 genes that was co-identified by the 

genetic screen and proteomics data was extracted from our curated PPI network. We used 

betweenness as the metric of node centrality and calculated the betweenness for each node 

in the 36-gene network using R–igraph version 1.2.4.1. Cytoscape version 3.7.1 (Shannon et 

al., 2003) was used for the visualization of this network in Figure 1D.
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CRISPR-Cas9-Mediated Knockout Cells—gRNA for each gene was designed through 

http://crispr.mit.edu/ and synthesized DNA oligos were ligated into BbsI- (NEB) digested 

px459 vectors (Addgene, 62988) (Ran et al., 2013). Targeting vectors were verified by 

Sanger sequencing. WT U2OS cells were transiently transfected with gRNA vector for 1–3 

days, followed by the addition of 2 μg/ml puromycin for 3 days. Knockout clones were 

obtained by single-cell dilution in 96-well plates and successful knockout was verified by 

antibody staining. For certain gene knockouts, a mixture of puromycin-selected cells were 

stained directly without single-cell isolation. We note that TIA1/TIAR KO cells still contain 

one WT allele of TIAR. TIA1/TIAR dKO cells were lethal, similar to the situation in 

HEK293 cells (Meyer et al., 2018).

CRISPR-Cas9-Mediated Knockin Cells—Genetically modified U2OS cells were 

generated using CRISPR-Cas9. Briefly, 400,000 U2OS cells were transiently co-transfected 

with 200 ng gRNA expression plasmid (cloned into Addgene, 43860), 500 ng Cas9 

expression plasmid (Addgene, 43945), and, if required, 500 ng donor plasmid via 

nucleofection (Lonza, 4D-Nucleofector X-unit) using solution P3, program CM-104 in small 

cuvettes according to the manufacturer’s protocol. For the G3BP1-tdTomato tagged cell line, 

cells were single-cell sorted by FACS for tdTomato-positive cells into 96-well plates. After 

sorting, cells were clonally expanded and screened for the desired modification using 

targeted next generation sequencing and/or PCR-based assays.

Immunofluorescence and Microscopy—Cells were grown in 4-well or 8-well 

chamber slides (Millipore). Transfected cells were fixed with 4% paraformaldehyde 

(Electron Microscopy Science) in PBS for 10 min, permeabilized with 0.2% Triton X-100 in 

PBS for 10 min, and then blocked with 1% BSA for 1 h, with all steps performed at room 

temperature. Samples were further incubated with primary antibodies in blocking buffer 

overnight at 4°C, then washed 3 times with PBST (0.1% Tween) and incubated with 

secondary antibody for 1 h at room temperature. Primary antibodies used in this study are 

listed in the Key Resources Table. Host-specific Alexa Fluor 488/555/647 (Thermo Fisher) 

secondary antibodies were used for visualization. For microscopic imaging, slides were 

mounted with ProLong Gold Antifade reagent with DAPI (Invitrogen). Images were 

captured using a Leica TCS SP8 STED 3X confocal microscope with a 63x oil objective.

G3BP1 Intracellular Phase Diagrams—U2OS G3BP1/2 dKO cells were transfected 

with GFP-G3BP1 WT along with an siRNA pool targeting caprin-1 or TIA1, or were 

transfected with either GFP-G3BP1 WT or mutants (GST-G3BP1, FKBPF36M-G3BP1, 

S149A, S149E, or EQ28) or were co-transfected with GFP-Caprin-1 and mCherry-G3BP1. 

After 48 h of expression, cells were placed in fresh medium for 1 h and stressed with 100 

μM sodium arsenite for 30 min at 37°C. After treatment, cells were fixed with 4% PFA and 

stained for PABP. Images were captured using Leica DMi8 microscope with a 20x objective. 

Phase diagrams were constructed by measuring GFP fluorescence intensity in each cell and 

assessing the presence of SGs using PABP as a marker, using Fiji software. Boxes highlight 

the 25% highest levels of expression of GFP-G3BP1 that did not support SG formation.
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Bacterial Cell Culture—cDNA clones were transformed into One Shot TOP10 

chemically competent E. coli (Thermo Fisher Scientific). Single colonies were grown 

overnight at 37°C in LB media containing selection antibiotic (50 μg/ml kanamycin for 

pEGFP vectors, 100 μg/ml ampicillin for pGEX-2T vectors). Cells were pelleted by 

centrifugation and lysed for harvesting DNA. All competent bacterial cells were stored at 

−80°C until transformation for cloning and recombinant protein expression.

Protein Purification—G3BP1 full-length and mutants were expressed and purified from 

E. coli Rosetta 2(DE3) cells (Millipore) and purified under native conditions unless 

otherwise noted. G3BP1-expressing constructs contain a TEV cleavage site between the N-

terminal GST and fusion protein. The ΔNTF2L mutant as well as IDR fragments contain 2x 

GGS linkers between the TEV site and fusion proteins for efficient TEV cleavage. E. coli 
were grown to OD600 of 0.8 and induced with 0.6 mM IPTG at 16°C overnight. Pelleted 

cells were resuspended in lysis buffer (250 mM NaCl, 50 mM HEPES 7.5, 1 mM DTT, 

protease inhibitor). After sonication, lysates were pelleted at 30,000 x g at 4°C for 30 min. 

Supernatants were applied to packed GST columns with 10 ml GST beads (GE) prewashed 

with lysis buffer at room temperature. Proteins were eluted with 10 mM glutathione (Sigma) 

in lysis buffer. The eluted proteins were incubated with TEV protease at 4°C overnight 

(Kapust et al., 2001). The proteins were further treated with 0.1 mg/ml RNaseA (Thermo 

Fisher) to remove RNA (Molliex et al., 2015). Cleaved proteins were further purified by ion 

exchange with a HiTrap SP or Q column. The fractions were analyzed by SDS-PAGE, 

pooled, and concentrated. The proteins were then purified by Superdex 200 16/200 column 

(GE) equilibrated in SEC buffer (400 mM NaCl, 50 mM HEPES 7.5, 1 mM DTT). The 

fractions were analyzed by SDS-PAGE, pooled, concentrated, filtered, flash frozen in liquid 

nitrogen, and stored at −80°C.

Liquid-Liquid Phase Separation—In vitro LLPS experiments were performed at room 

temperature unless otherwise indicated. LLPS of G3BP1 was induced by addition of 

indicated concentrations of Ficoll 400 or RNA. The samples were mixed in low binding 

tubes (COSTAR 3206) and transferred to a sandwiched chamber created by cover glass and 

a glass slide with a double-sided spacer (Sigma GBL654002). Samples were observed under 

a DIC microscope using a Leica DMi8 microscope with a 20x objective. All imaged were 

captured within 5 min after LLPS induction. For LLPS experiments in which RNA was 

added, total RNA was isolated from U2OS cells using TRIzol (Thermo Fisher Scientific) 

and the concentration of RNA was measured by Nanodrop (Thermo Fisher Scientific). For 

LLPS experiments in which we tested mRNA length-dependent G3BP1 LLPS, we 

maintained a constant mass of mRNA; thus shorter mRNAs have an increased molar 

concentration.

D/D Solubilizer Treatment—GFP-tagged FKBPF36M-G3BP1 was transfected into U2OS 

G3BP1/2 dKO cells for 48 h, allowing the cells to reach 80% confluence. GFP-G3BP1 WT 

was used as a control. U2OS G3BP1/2 dKO cells were pre-incubated with 250 nM D/D 

solubilizer (Takara) for 30 min before addition of 500 μM sodium arsenite and further 

treated for 1 h at 37°C, 5% CO2. After treatment, the cells were fixed and stained for SG 

markers and DAPI.

Yang et al. Page 21

Cell. Author manuscript; available in PMC 2021 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FKBP Live-Cell Dissolution—Live cell experiments were performed with the Opterra II 

Swept Field Confocal Microscope (Bruker) using Prairie View 5.5 Software. G3BP1/2 dKO 

cells were seeded into 35-mm poly-D-lysine-coated glass bottom dishes No. 1.5 (MatTek) 

48 h prior to imaging. Cells were transfected with GFP-G3BP1 WT or GFP-FKBPF36M-

G3BP1 24 h prior to imaging using FuGENE 6 (Promega). Immediately before imaging, the 

medium was changed to 1 mL complete phenol red-free DMEM medium (HyClone). During 

imaging, cells were maintained at 37°C and supplied with 5% CO2 using a Bold Line Cage 

Incubator (Okolabs) and an objective heater (Bioptechs). Imaging was performed using a 

60x Plan Apo 1.40NA oil objective and Perfect Focus (Nikon) was engaged for the duration 

of the capture. A multipoint time lapse was taken, imaging each field every 30 sec with the 

488-nm laser set at 80 power with 75-ms exposure using a 35-μm slit. Two min into 

imaging, 500 μM sodium arsenite (Sigma) was added to the sample. Thirty-two min into 

imaging, 250 nM D/D solubilizer was added while maintaining the 500 μM sodium arsenite 

concentration. Images were imported using the Bio-Formats plugin and analyzed in ImageJ 

1.51J (NIH). The intensity of the SGs was quantified on the frame immediately before and 

after D/D solubilizer addition, and set relative to the cytoplasmic intensity of the cell for the 

frame. The data was normalized to the maximum intensity of GFP-G3BP1 WT or GFP-

FKBPF36M-G3BP1 on the frame prior to addition of D/D solubilizer.

Protein Solubility Assay—G3BP1/2 dKO U2OS cells were transfected with GFP-tagged 

G3BP1 FL or IDR1/2 deletion constructs. ~24 h after transfection, cells were washed with 

ice-cold 1x PBS and lysed in ice-cold RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM 

NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS; Thermo Fisher, 89900). Cell lysates 

were then passed through a 21-gauge needle 10 times before being cleared by centrifugation 

at 21,000 x g for 30 min at 4°C to generate the RIPA-soluble fraction. The pellets were 

washed twice with ice-cold RIPA buffer and re-centrifuged for 10 min. RIPA-insoluble 

pellets and soluble fractions were mixed with 1x LDS sample buffer containing 0.1 M DTT 

and further boiled at 75°C for 5 min. Proteins were resolved by NuPAGE Novex 4%–12% 

Bis-Tris Gel (Thermo Fisher) and followed by Western blotting for GFP.

Western Blotting—Cells were washed with PBS and lysed with RIPA buffer (25 mM 

Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS; Pierce, 

89901) supplemented with proteinase inhibitor cocktail (Roche, 1186153001). Lysates were 

centrifuged for 10 min at 4°C at 21,000 x g. 4X NuPAGE LDS sample buffer (Thermo 

Fisher Scientific, NP0008) with 25 mM DTT was added to the supernatant and samples 

were boiled at 70°C for 5 min. Samples were separated in 4–12% NuPAGE Bis-Tris gels 

(Invitrogen) and transferred to nitrocellulose membranes using an iBlot 2 transfer device 

(Thermo Fisher Scientific). Membranes were blocked with Odyssey blocking buffer (LI-

COR) and then incubated with primary antibodies at 4°C overnight. Membranes were 

washed 3 times with PBST (0.1% Tween) and further incubated with dye-labeled secondary 

antibodies. Membranes were visualized with an Odyssey Fc imaging system (LI-COR).

Fluorescence Recovery After Photobleaching—FRAP experiments were performed 

with the Opterra II Swept Field Confocal Microscope (Bruker) using Prairie View 5.5 

Software. G3BP1/2 dKO cells or G3BP1-tdTomato knock-in cells were seeded into a 4-well 
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lab-Tek chambered coverglass (Nunc) 48 h prior to imaging. Cells were transfected with 

GFP-G3BP1 WT or mutants 24 h prior to imaging using FuGENE 6 (Promega). 

Immediately before imaging, the medium was changed to 1 mL complete phenol red-free 

DMEM medium (HyClone). During imaging, cells were maintained at 37°C and supplied 

with 5% CO2 using a Bold Line Cage Incubator (Okolabs) and an objective heater 

(Bioptechs). Imaging was performed using a 60x Plan Apo 1.40NA oil objective and Perfect 

Focus (Nikon) was engaged for the duration of the capture.

For imaging, cells without spontaneous SGs and of similar intensity were selected and the 

fields were stored as stage locations. The cells were then incubated with 500 μM sodium 

arsenite (Sigma) for 30 min. Following incubation, time lapses were taken using both the 

488-nm and 561-nm imaging lasers set at 100 power and 100-ms exposure each set at max 

speed (~0.27 ms period) for 100 frames. Photobleaching of SGs occurred 2 sec into capture, 

using the 488-nm FRAP laser to bleach both the green and red channels simultaneously. A 3 

μm-diameter circle was used for all FRAP experiments. Data was repeated in triplicate for 

each condition, with each replicate having at least n = 15 cells.

Data was opened in ImageJ 1.51J (NIH) using the Prairie Reader plugin. ROIs were 

generated in the photobleach region, a non-photobleached cell, and the background for each 

time lapse, and the mean intensity of each was extracted. These values were exported into 

Igor Pro 7.0 (WaveMetrics), where photobleach and background correction were performed, 

and fit FRAP curves were generated.

PolyA RNA Co-Immunoprecipitation—U2OS cells were exposed to 500 μM sodium 

arsenite for 1 h at 37°C. After treatment, cells were washed 3 times with PBS and harvested 

in 200 μL lysis buffer containing 20 mM Tris HCl, pH 7.5, 2.5 mM MgCl2, 100 mM NaCl, 

0.5% Triton, protease inhibitors, 0.2 U/mL RNase inhibitors (Promega). Cells were 

incubated 15 min on ice and centrifuged for 5 min at 1,000 x g at 4°C. 100 μL oligo-dT 

Dynabeads (Invitrogen) pre-equilibrated with lysis buffer were added and binding was 

performed for 30 min at 4°C on a rotating wheel. Dynabeads were washed five times with 20 

mM Tris HCl, pH 8, 150 mM NaCl, 0.02% NP-40, 0.1 U/mL RNase inhibitors, for 5 min on 

ice. Following this step, 50 μL of 20 mM Tris HCl, pH 7.5, was added to the beads and 

heated for 45 sec at 80°C. Supernatant was then quickly separated from beads. Half of the 

sample was analyzed by Western blot using anti-G3BP1 antibody and the other half was run 

on TBE-urea 6% gels and stained with SYBR Gold (Invitrogen) to detect RNA. The same 

experiment was performed in the absence of RNaseIn and in the presence of 0.1 U/mL 

RNase A (Invitrogen) as a negative control.

Depletion of PolyA RNA—Total cellular RNA was isolated from U2OS cells using 

TRIzol (Thermo Fisher, 15596018) and dissolved in H2O. The concentration of RNA was 

measured by Nanodrop (Thermo Fisher Scientific). For polyA depletion, 100 μg total RNA 

was mixed with 500 μl lysis/binding buffer (NEB) and 100 μl washed magnetic oligo d(T)25 

beads (NEB, S1550S) was added to the RNA sample. After incubating the sample at room 

temperature for 5 min, another 100 μl fresh beads were added. After 2 rounds of polyA RNA 

extraction, the leftover RNA was precipitated by isopropanol and washed by 75% ethanol 

and further resuspended in H2O.
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In Vitro Transcription—DNA templates encoding full length ACTB, HSPA8, PABPC1, 

EEF2 and fragments of HSPA8 were amplified from a U2OS cDNA library. T7 promoter 

sequence: TAATACGACTCACTATAGGGAG was added in the 5′ end of the DNA template. 

Transcription was carried out overnight at 37°C in a final volume of 20 μL and using 0.5 μg 

DNA template using HiScribe RNA synthesis kit (NEB, E2040S). The reaction was stopped 

by the addition of DNase I, transcription and quality of RNA was checked by agarose gel, 

and RNA was purified using Monarch RNA purification kit (NEB).

RNA Treatment with DDX19A Helicase—1 μg/μl total cellular RNA was incubated 

with 0, 0.1, or 0.2 μM purified DDX19A (MyBioSource) overnight at 37°C in 30 mM 

HEPES, pH 7.5, 75 mM NaCl, 5 mM MgCl2, 0.2 mM DTT, in presence or absence of 2 mM 

ATP, to allow the disruption of RNA-RNA interactions. Pre-treated RNA was then diluted 10 

times in 50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM DTT. 50 ng/μL helicase-treated RNA 

was then mixed with 50 μM purified G3BP1 and imaged by DIC using a Leica DMi8 

microscope with a 20x objective. In parallel, integrity and unwinding of RNA was analyzed 

on denaturing TBE-urea and native TBE RNA gels respectively. RNA was detected using 

SYBR Gold.

RNA Biotinylation—Purified RNA was biotinylated using a Thermo Fisher RNA 3′ end 

biotinylation kit as recommended by the manufacturer. Briefly, a final concentration of 500 

μM RNA was incubated with 2 mM biotinylated cytosine, T4 RNA ligase, PEG, and RNase 

inhibitors overnight at 16°C. RNA was then purified using a Monarch Total RNA Miniprep 

Kit and quantified by absorbance at 260 nm.

Electrophoretic Mobility Shift Assay—RNA binding of purified G3BP1 WT and 

mutants was assessed by incubating increasing concentrations of G3BP1 with 2 nM 

biotinylated RNA (20 bases –AGAUUCCACCACAAAGACCC - for purified G3BP1 and 

100 bases – 

AGCCUGAAUCUCAGAUUCCACCACAAAGACCUCAGCGGGAUCAAAGAGUGCGA

GA ACAACGAAUAAAUAUUCCUCCCCAAAGGGGACCCAGACCAAUCCG - for 

FLAG-tagged G3BP1 and purified G3BP1 RBD mutants) for 30 min at RT, in HEPES 50 

mM, pH 7.5, 150 mM NaCl, 1 mM DTT, 10 mM MgCl2. Complexes were then separated on 

TBE 4–12% gels at 100 V in TBE buffer 0.5X and transferred on a nylon membrane. RNA 

was revealed using Thermo Fisher Chemiluminescent Nucleic Acid Detection Module Kit 

according to manufacturer instructions.

GST Pulldown—100 nM GST, GST-RBD, or GST-RBDRA5 were incubated with 100 nM 

NTF2L-HA, NTF2-IDR1-HA WT or mutants, or NTF2L-IDR1/2-HA for 1 h at room 

temperature, in 50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 1 mM DTT. 

Complexes were pulled down using Glutathione-Sepharose 4B resin for 2 h at 4°C, washed 

3 times with 50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 1 mM DTT, and 

analyzed by Western blot using anti-GST and anti-HA antibodies.

Size Exclusion Chromatography Multi-Angle Light Scattering—Size exclusion 

chromatography multi-angle light scattering (SEC-MALS) experiments were carried out 

using a WTC-0150S5 (MW range 5000–1,250,000 Da) size-exclusion column (Wyatt 
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Technologies) with 3 detectors connected in series: an Agilent 1200 ultraviolet (UV) 

detector (Agilent Technologies), a Wyatt DAWN-HELEOS-II multi-angle light-scattering 

(MALS) detector, and a Wyatt Optilab T-rEX differential refractive index (RI) detector 

(Wyatt Technologies). The column was equilibrated with PBS. All data were collected at 

25°C. A 100-μL sample was injected into the column using an auto-sample injection method 

with a flow rate of 0.5 ml/min. Protein in the eluent was detected via UV absorbance at 280 

nm, light scattering, and refractive index detectors. The data were recorded and analyzed 

with Wyatt Astra software (version 7.0). The refractive index increment, dn/dc, was assumed 

to be 0.185 ml/g for measuring the concentration of the protein samples. EASI Graphs 

(Astra software) were exported and plotted as a molar mass distribution superimposed on 

light scattering and UV traces versus elution volume.

Analytical Ultracentrifugation—Sedimentation velocity experiments were conducted in 

a ProteomeLab XL-I analytical ultracentrifuge (Beckman Coulter) following standard 

protocols unless mentioned otherwise (Zhao et al., 2013). Samples (50 μM G3BP1) in buffer 

containing 20 μM PBS, 50 mM HEPES, pH 7, 400 mM NaCl, 5 mM DTT were loaded into 

cell assemblies composed of double sector charcoal-filled centerpieces with a 12-mm path 

length and sapphire windows. Buffer density and viscosity were determined in a DMA 5000 

M density meter (Anton Paar) and an AMVn automated micro-viscometer (Anton Paar), 

respectively. The partial specific volumes and the molecular masses of the proteins were 

calculated based on their amino acid compositions in SEDFIT (https://

sedfitsedphat.nibib.nih.gov/software/default.aspx) (Cohn and Edsall, 1943). The cell 

assemblies, containing identical sample and reference buffer volumes of 390 μL, were 

placed in a rotor and temperature equilibrated at rest at 20°C for 2 h before it was 

accelerated from 0 to 50,000 rpm. Rayleigh interference optical data were collected at 1-min 

intervals for 12 h. The velocity data were modeled with diffusion-deconvoluted 

sedimentation coefficient distributions c(s) in SEDFIT (https://sedfitsedphat.nibib.nih.gov/

software/default.aspx) using algebraic noise decomposition and with signal-average 

frictional ratio and meniscus position refined with non-linear regression (Schuck, 2000). The 

s-value was corrected for time and finite acceleration of the rotor was accounted for in the 

evaluation of Lamm equation solutions (Zhao et al., 2015). Maximum entropy regularization 

was applied at a confidence level of P −0.68. The partial specific volumes of the proteins, 

based on their amino acid composition, were calculated in SEDFIT. All plots were created in 

GUSSI (http://biophysics.swmed.edu/MBR/software.html) (provided by Dr. Chad 

Brautigam). A two-dimensional size-shape distribution, c(s, f/f0) (with the one dimension 

the s-distribution and the other the f/f0-distribution) was calculated with an equidistant f/f0-

grid of 0.25 steps that varied from 1 to 3.5, a linear s-grid from 0.2 to 8 S with 100 s-values. 

Tikhonov-Phillips regularization was at one standard deviation. The velocity data were 

transformed to c(M,f/f0), c(s,f/f0), and c(s,M) distributions, with M the molecular weight, 

f/f0 the frictional ratio, s the sedimentation coefficient, and plotted as contour plots. This 

analysis was with regularization. The color temperature of the contour lines indicates the 

population of species. As in one-dimensional c(s), the peak width in c(s,M) contains 

contributions both from regularization (reflecting limited resolution given the signal-to-noise 

ratio of the data) and from true heterogeneity. The dotted lines of c(M, f/f0) indicate constant 
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s and for the c(s,M) plot constant f/f0. The distributions were not normalized (Brown and 

Schuck, 2006; Zhao et al., 2013).

Cross-Linking of Recombinant Proteins—10 μM recombinant proteins were 

incubated with 100 μM amine-specific cross-linker BS3 in a final volume of 20 μl for 30 min 

at room temperature. The cross-linking reaction was quenched by the addition of 50 mM 

Tris HCl, pH 7.5, and incubated for at least 15 min at room temperature. Samples were then 

analyzed by SDS-PAGE.

Cross-Linking of Cell Extracts—U2OS cells or U2OS G3BP1/2 dKO cells expressing 

indicating constructs were harvested in PBS, pelleted at 800 x g for 5 min and resuspended 

in 200 μl PBS buffer, pH 7, supplemented with 0.1% Triton X-100 and protease inhibitors. 

Cells were then incubated on ice for 15 min and centrifuged for 5 min at 1000 x g at 4°C. 

Supernatants were collected and protein concentration was assessed using Bradford reagent 

and BSA. 1 mg/ml protein lysate was then incubated with 2.5 mM BS3 for 30 min at room 

temperature in a final volume of 200 μl. The reaction was quenched by the addition of 50 

mM Tris HCl, pH 7.5, and incubated for 15 min at room temperature. Samples were then 

separated by Tris-acetate 3–8% SDS-PAGE and transferred to nitrocellulose membrane. 

Membranes were blocked with 5% BSA prepared in TBS + 0.1% Tween-20 and analyzed 

using mouse anti-G3BP1 antibody.

RNA Binding Assay of Recombinant G3BP1 with Isolated RNA—5 μM 

recombinant GST-tagged-G3BP1 was mixed with 50 ng/μl indicated RNA in 50 mM HEPES 

buffer, 150 mM NaCl, 1 mM DTT. Samples were incubated for 10 min at room temperature 

to allow RNA binding, followed by exposure to UV (254 nm, 400 mJ/cm2 followed by 200 

mJ/cm2). Four volumes of binding buffer containing 20 mM Tris HCl, pH 7.5, 137 mM 

NaCl, 1% Triton X-100, 2 mM EDTA, and 1x protease inhibitor (Roche) were added to one 

volume of G3BP1/RNA mix. Samples were treated with 4 U/mL of RNase I for 3 min at 

37°C and the reaction was stopped by the addition of RNaseIn (0.4 U/μL). GST-

G3BP1/RNA complexes were then isolated with Glutathione-Sepharose 4B beads for 2 h at 

4°C on a rotating wheel. For RNA detection, RNA-G3BP1 complexes were treated with 

alkaline phosphatase (Promega, M1821) and RNA was biotinylated using an RNA 3’ End 

Biotinylation Kit (Pierce) as described below.

RNA Binding Assay of Cellular G3BP1 WT and Mutants—The RNA binding assay 

was adapted from a previous report (Valentin-Vega et al., 2016). U2OS G3BP1/2 dKO cells 

expressing GFP-G3BP1 WT or indicated mutants were washed with PBS and exposed to 

UV (254 nm, 400 mJ/cm2 followed by 200 mJ/cm2). Cells were then harvested in lysis 

buffer containing 20 mM Tris HCl, pH 7.5, 137 mM NaCl, 1% Triton X-100, 2 mM EDTA, 

1x protease inhibitor (Roche) and incubated for 10 min on ice. Lysates were then 

successively treated with 8 U/mL DNase I for 5 min at 37°C and 4 U/mL RNase I for 3 min 

at 37°C. The reaction was stopped by the addition of RNaseIn (0.4 U/μL). Lysates were then 

centrifuged at 21,000 x g for 10 min at 4°C and 10 μl GFP-Trap beads (Chromotek, 

gtma-20) were incubated with the supernatant fraction at 4°C overnight. The beads were 

washed twice with lysis buffer, twice with 1 M NaCl, and twice with lysis buffer again. 
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Beads were further suspended in 100 μl 10 mM Tris-HCl, pH 7.5, and treated with 2 units of 

calf intestinal alkaline phosphatase (Promega, M182A) at 37°C for 10 min at 1000 rpm in a 

Thermomixer. Beads were washed with lysis buffer twice and RNA labeling was performed 

with an RNA 3′ End Biotinylation Kit (Pierce, 20160). After washing with lysis buffer 

twice, beads were boiled in 1x LDS sample buffer (Life Technologies, NP007) with 100 mM 

DTT. Protein-RNA complexes were separated by 4–12% NuPAGE Bis-Tris gels, transferred 

to nitrocellulose membranes, and blotted with IRDye 680LT streptavidin (LI-COR, 926–

68031).

Measurement of G3BP1 RNA-Binding Affinity Before and After Stress—FLAG-

G3BP1 was transiently expressed in U2OS G3BP1/2 dKO cells for 24 h. Cells were then 

exposed to 500 μM sodium arsenite for 1 h, quickly washed with PBS, and harvested in lysis 

buffer containing PBS, pH 7, 5 mM EDTA, 0.2% NP-40, 10% glycerol, 10 μg/mL RNase A, 

0.01 u/mL DNase I and protease inhibitors. Cells were further lysed by passing through a 

21-gauge needle attached to a 1 mL syringe 5 times. Samples were centrifuged for 5 min at 

1000 x g at 4°C, and the supernatant was collected. The lysate was pre-cleared for 1 h at 4°C 

using protein A/G beads and then incubated with anti-FLAG M2 beads for 90 min at 4°C on 

a wheel. Beads were successively washed with lysis buffer (twice), lysis buffer + 250 mM 

NaCl (400 mM NaCl final concentration; twice) and lysis buffer (twice). Finally, FLAG-

G3BP1 was eluted by incubating the beads in lysis buffer + 200 μg/mL FLAG peptide for 30 

min at room temperature while shaking. Supernatant containing FLAG-G3BP1 was 

collected and dialyzed against 50 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 1 

mM DTT overnight at 4°C. Relative FLAG-G3BP1 concentrations were assessed by 

Western blot and equal concentrations were used for EMSA. Free and bound RNA fractions 

were quantified using FIJI software and data were plotted against the Hill-Langmuir 

equation. Midpoint values for G3BP1 before and after stress were 0.211 ± 0.028 and 0.173 ± 

0.095 respectively.

APEX2-Mediated Proximity Labeling of Stress Granules—APEX2-G3BP1 and 

APEX2-G3BP1–2xAsh1 plasmids were constructed using pcDNA3 APEX2-NES, a gift 

from Alice Ting (Addgene plasmid 49386; http://n2t.net/addgene:49386; 

RRID:Addgene_49386). 2 μg APEX2-G3BP1 and APEX2-G3BP1–2xAsh1 plasmids were 

transfected into 10-cm dishes of G3BP1/2 dKO U2OS cells with Lipofectamine 2000 

(Thermo Fisher Scientific, 11668019) overnight. Cells were then exposed to 0.5 mM sodium 

arsenite for 1 h. After 30 min arsenite treatment, 0.5 mM biotin phenol (Sigma, SML2135) 

was added into the medium for a total of 30 min of incubation. Cells were further treated 

with 1 mM H2O2 for 1 min followed by quenching buffer (10 mM sodium ascorbate and 5 

mM Trolox in 1x PBS). Cells were lysed with 1 ml RIPA buffer (25 mM Tris HCl, pH 7.5, 

150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail, 

10 mM sodium ascorbate, 5 mM Trolox). The lysates were cleared by centrifugation at 

21,000 x g for 10 min at 4°C and then dialyzed in 500 ml RIPA buffer (25 mM Tris HCl, pH 

7.5, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) using Slide-A-Lyzer 

Dialysis Cassettes (10K MWCO) (Thermo Fisher Scientific, 66380) at 4°C overnight to 

remove free biotin phenol. Dialyzed lysates were incubated with 100 μl streptavidin 

magnetic beads (Thermo Fisher Scientific, 65001) at 4°C overnight with gentle rotation. 
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Beads were then washed with 2× 1 mL RIPA lysis buffer, 1× 1 ml of 1 M NaCl, 1× 1 mL of 

2 M urea in 10 mM Tris HCl, pH 8.0, and again with 2× 1 mL RIPA lysis buffer. To elute the 

biotinylated proteins, the beads were boiled for 10 min in 50 μl 1x NuPAGE LDS sample 

buffer (Thermo Fisher Scientific, NP0007) supplemented with 20 mM dithiothreitol DTT 

and 2 mM biotin. The streptavidin eluate was collected and run on an 10% SDS-PAGE gel 

for mass spectrometry. Proteins identified were plotted based on fold change of G3BP1_FL/

2xAsh1 Swap as well as P value.

Small Angle X-ray Scattering—Small angle X-ray scattering (SAXS) experiments were 

performed at BioCAT (beamline 18ID at the Advanced Photon Source, Chicago) with in-line 

size exclusion chromatography (SEC-SAXS) to separate dimeric protein from aggregates 

and ensure the best possible buffer subtraction. Samples were injected onto a Superdex 200 

Increase 5/150 GL column (GE Lifesciences) preequilibrated in the desired buffer and ionic 

strength using an FPLC running at 0.45 mL/min. The output of the column passed through 

UV and conductance monitors prior to injection into a coflow capillary system (Kirby et al., 

2016) in which the sample is sheathed in a matched buffer allowing for slower flow without 

risk of radiation damage. Scattering intensity was recorded using a Pilatus3 1M (Dectris) 

detector placed 3.5 m from the sample providing access to a q-range from 0.004–0.4 Å−1. 

0.5-second exposures were acquired every second during the elution. Data were reduced 

using BioXTAS RAW 1.4.0 (Hopkins et al., 2017). The contribution of the buffer to the X-

ray scattering curve was determined by averaging frames from the SEC eluent, which gave 

rise to baseline levels of integrated X-ray scattering, UV absorbance and conductance. 

Frames were selected as close to the protein elution as possible and, ideally, frames pre- and 

post-elution were averaged. Final q versus I(q) data sets were generated by subtracting the 

average buffer trace from all elution frames and averaging curves from elution volumes 

close to the maximum integrated scattering intensity; these frames were statistically similar 

in both small and large angles. Buffer subtraction, subsequent Guinier fits, and Kratky 

transformations were done using custom MATLAB (Mathworks) scripts.

In Silico Modeling—The size distribution of G3BP1 was determined by generating a large 

pool of conformations where the structures of the folded domains were held fixed and the 

IDRs were modeled as random self-avoiding chains. The NTF2L dimer structure was fixed 

to those in the crystal structure 4FCM (Vognsen et al., 2013). Presently there exists no set of 

coordinates for the G3BP1 RRM; however, substantial sequence conservation with known 

RRMs allowed for reliable homology modeling implemented in Swiss-Prot (Waterhouse et 

al., 2018). The IDRs linking the folded regions and C-terminal IDR3 were modeled using 

the “Random” algorithm in Ranch (Bernado et al., 2007). This algorithm builds random 

chains via addition of residues using a pool of accepted peptide backbone angles. The only 

restriction imposed by the algorithm on the conformations is that there are no steric clashes. 

Sidechains are ignored, and the resulting IDRs are simply an alpha carbon trace of the 

peptide backbone. The Ranch algorithm implemented in this way generates a pool of 

conformations in which all IDRs are close to the self-avoiding random walk limit, i.e., there 

are no attractive interactions between IDRs and/or folded domains. For this study, 20,000 

independent conformations were generated to ensure proper sampling of the conformational 

space.
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Radii of gyration for the random pool of conformations were calculated by using the 

‘measure radius’ function in VMD (Humphrey et al., 1996) on a selection containing all 

alpha carbons. This method does not account for the contribution of hydration shell water to 

the radius; thus the numerical values are a slight underestimate with respect to values 

measured by SAXS. Analysis of the distribution of radii was performed using MATLAB 

(Mathworks). The distances between different regions of G3BP1 were calculated by first 

measuring the location of the centers of mass of the relevant atoms, then calculating the 

vector distance between the two centers of mass. In order to produce a relevant metric to 

correlate the IDR distances to the global radius, we wanted to create a value that informed 

on whether IDR3 of each monomer was close in space to IDR1 of either monomer. This 

value was computed using the equation:

mean distance =

1
rab

+ 1
raa

−1
+ 1

rbb
+ 1

rbb
−1

2

where rxx represent the relevant distances between IDR3 on monomer “a” and “b”.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of Stress Granule Rescue in U2OS Cells by G3BP1 Mutants—
U2OS G3BP1/2 dKO cells transiently expressing indicated G3BP1 mutants were exposed to 

500 μM sodium arsenite for indicated times (0, 10 min, or 60 min) to induce SG formation, 

fixed, and stained for eIF3η. All images were taken with the same settings to allow the 

comparison of expression level between different conditions. For each cell, average GFP 

intensity was measured using Fiji software to control for expression level of the GFP-fused 

proteins, and cells were scored for the presence of SGs using eIF3η as a SG marker. When 

possible, only equivalent levels of expression were used to quantify SG rescue. Otherwise, 

all cells were considered for the quantification.

Enrichment of GFP-G3BP1 WT and Mutants in Stress Granules—The SG 

enrichment percentage of G3BP1 FL protein and G3BP1 2xRBD protein were quantified by 

CellProfiler as previously described (Mackenzie et al., 2017). Briefly, the cell boundary and 

the boundary of SGs were identified using CellProfiler. The ratios of GFP fluorescent signal 

intensity in the SGs to that in the entire cell were used as indicators for the SG enrichment 

percentages of these two proteins. At least 100 cells were included in each condition. ****P 
< 0.0001 by unpaired t-test.

Statistical Analysis—P > 0.05 was considered not significant. *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, ****P ≤ 0.0001 by two-tailed Student’s t test, one-way ANOVA, or Log-rank 

(Mantel-Cox) test. Statistical analysis was performed in GraphPad Prism or Excel.

DATA AND CODE AVAILABILITY

Data Resources—The published article includes all datasets generated or analyzed during 

this study.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. G3BP Is the Node of Highest Centrality within the Core Stress Granule (SG) Network
(A) Approach used to identify the core SG network. A genome-wide siRNA screen was 

performed in heat-shocked U2OS cells expressing G3BP1-GFP. Results from this screen 

were combined with published results and integrated with proteomic datasets. Genes that 

overlapped between the genetic screen and the proteomic datasets were assessed individually 

by CRISPR-Cas9-based knockout (KO).

(B-C) Network analyses showing connectivity (network edge density) of the SG regulator 

network (B) and SG constituent network (C). P values were estimated by empirically 
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calculating the probability of observing a denser network by randomly sampling 1,000 

subnetworks of similar size from the entire interactome.

(D) The core SG network of 36 core genes identified using the approach illustrated in (A). 

The color density and size of each node is proportional to its betweenness centrality in the 

network. Genes tested by CRISPR-Cas9 in (F) are in bold.

(E) Network analysis of 36 core SG genes comparing connectivity with the SG constituent 

network. The P value was estimated similarly as in (B-C) but using the network of SG 

constituents as background.

(F) U2OS cell lines with CRISPR-Cas9-based single or double KOs. Cells were exposed to 

sodium arsenite (500 μM, 1 h) and SG assembly was assessed by staining with a panel of 17 

SG markers.

(G) U2OS cells with KO of G3BP1, G3BP2, or both G3BP1 and G3BP2 were exposed to 

sodium arsenite (500 μM, 1 h) and stained for the SG marker eIF3η. Scale bar, 20 μm.

(H) Comparison of human G3BP1 and G3BP2 proteins. NTF2L, NTF2-like; IDR, 

intrinsically disordered region; RRM, RNA-recognition motif; RG-rich: arginine-glycine 

rich.

(I-J) G3BP1/2 dKO cells were transfected with GFP-G3BP1 or GFP-G3BP2, exposed to 

sodium arsenite (500 μM, 1 h), and stained for eIF3η. Cells were imaged (I) and the 

percentage of cells positive for SGs was quantified (J). Error bars indicate SD. ****P < 

0.0001 by one-way ANOVA, Tukey’s multiple comparisons test. Scale bar, 20 μm.

See also Figure S1, Tables S1 and S2.
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Figure 2. G3BP1 Undergoes LLPS with RNAs that Have Specific Features
(A) Summary of phase separation behaviors of G3BP1 FL with increasing concentration of 

Ficoll (crowding agent). Corresponding images are shown in Figure S2A.

(B-C) LLPS of purified recombinant G3BP1 in the absence of a crowding agent and 

increasing concentrations of total RNA purified from human cells. Scale bar, 20 μm.

(D) LLPS of purified recombinant G3BP1 with 100 ng/μl total RNA, with or without the 

addition of 1 μg/ml RNase A. Scale bar, 50 μm.
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(E) LLPS of purified recombinant G3BP1 with the addition of RNA species as indicated. 

Scale bar, 20 μm.

(F) LLPS of purified recombinant G3BP1 with increasing concentrations of total (left 

panels) or polyA (right panels) RNA. Scale bars, 50 μm.

(G) Summary of phase separation behaviors of G3BP1 in (F).

(H) PolyA pulldown from U2OS cells exposed to sodium arsenite (500 μM, 1 h) revealing 

RNA (SYBR Gold staining) and G3BP1 pulldown (immunoblot). Representative image 

from 4 experiments is shown. The level of G3BP1 pulled down by polyA RNA was 

normalized to the total RNA level. Quantification was performed using 4 replicates. Error 

bar indicates SD. **P = 0.0038 by unpaired t-test.

(I) LLPS of purified recombinant G3BP1 in the absence of a crowding agent and the 

addition of mRNAs as indicated. Scale bar, 20 μm.

(J) LLPS of purified recombinant G3BP1 in the presence of long double strands of poly(I:C) 

or poly(A:U). Scale bar, 20 μm.

(K) In vitro-transcribed HSPA8 sense-strand RNA of different lengths was assessed by 

agarose gel and ethidium bromide staining.

(L) In vitro-transcribed HSPA8 sense-strand RNA was mixed with 200 μM recombinant 

G3BP1 to assess its ability to trigger LLPS in the absence of a crowding agent. Scale bar, 20 

μm.

(M) DIC images and RNA gels showing effect of helicase pre-treatment of RNA on G3BP1-

RNA LLPS. Scale bar, 10 μm.

All in vitro LLPS experiments were performed in 150 mM NaCl.

See also Figure S2 and Video S1.
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Figure 3. G3BP1 Phase Separation Correlates with SG Reconstitution
(A) G3BP1 domains aligned with results of PONDR (Predictor of Natural Disordered 

Regions) and NCPR (net charge per residue; 5-amino acid window) analyses.

(B) Human G3BP1 protein is shown with major domains marked by highlighted colors. 

Charged residues are shown in blue (basic; Arg and Lys) and red (acidic; Asp and Glu).

(C) Constructs used to investigate the function of individual domains of G3BP1.

(D) LLPS of purified recombinant G3BP1 in 150 mM NaCl and 50 ng/μl total RNA and the 

absence of a crowding agent. Scale bar, 10 μm.
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(E) Summary of phase separation behaviors of G3BP1 shown in (D).

(F) G3BP1/2 dKO cells were transfected with indicated G3BP1 constructs, exposed to 

sodium arsenite (500 μM, 1 h), and stained for eIF3η. Scale bar, 20 μm.

(G) LLPS of recombinant G3BP1 proteins in 150 mM NaCl, with or without crowding agent 

or total RNA from human cells. Scale bar, 10 μm.

(H) Electrophoretic mobility shift assay of purified G3BP1 proteins showing biotinylated 

RNA as detected by HRP-conjugated streptavidin. Asterisk indicates RNA-G3BP1 complex.

(I) G3BP1/2 dKO cells were transfected with indicated G3BP1 constructs, exposed to 

sodium arsenite (500 μM, 1 h), and stained for eIF3η. Scale bar, 20 μm.

See also Figure S3.
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Figure 4. Multivalency in RNA Binding Mediates SG Formation
(A-C) G3BP1/2 dKO cells were transfected with G3BP1 constructs in which the RBD was 

substituted with different types of RBDs as indicated. Cells were exposed to sodium arsenite 

(500 μM, 1 h) and stained for eIF3η. Scale bars, 20 μm.

(D) Cells from (C) were imaged and the percentage of cells positive for SGs was quantified. 

Error bars indicate SD. ****P < 0.0001 vs. no KH by one-way ANOVA, Dunnett’s multiple 

comparisons test.
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(E) G3BP1/2 dKO cells were transfected with indicated G3BP1 constructs. 

Immunoprecipitated G3BP1 cross-linked to RNA was assessed by immunoblotting for biotin 

(RNA) and GFP (G3BP1). Binding of RNA was quantified and normalized to protein signal. 

Results show quantification of triplicate experiments. Error bars indicate SD. ****P < 

0.0001 vs. FL by one-way ANOVA, Dunnett’s multiple comparisons test.

(F) RNA-binding proteins with tandem RRM motifs are shown together with their top 

binding motif and domain structure.

(G) G3BP1/2 dKO cells were transfected with G3BP1 constructs in which the RBD was 

substituted with indicated tandem RRM domains. Cells were exposed to sodium arsenite and 

stained as in (A). Scale bar, 20 μm.

(H) G3BP1/2 dKO cells were transfected with indicated G3BP1 constructs and analyzed as 

in (E). Green bars correspond to functional swap mutants for SG formation, orange bars 

correspond to non-functional swap mutants. Results show quantification from triplicate 

experiments. Error bars indicate SD.

See also Figure S4.
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Figure 5. NTF2L Domain-Mediated Dimerization and Interaction with Core SG Components 
Regulate SG Assembly
(A) Structures of the G3BP1 NTF2L (PDBID: 4FCJ), GST (PDBID: 1UA5), and FKBPF36M 

(PDBID: 1YEM) dimers.

(B) Constructs used to investigate the function of the NTF2L domain.

(C) LLPS of purified recombinant G3BP1 in the presence of a crowding agent and 150 mM 

NaCl. Scale bar, 50 μm.
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(D-E) G3BP1/2 dKO cells were transfected with indicated G3BP1 constructs, exposed to 

sodium arsenite (500 μM, 1 h), and stained for eIF3η. Cells were imaged (D) and the 

percentage of cells positive for SGs was quantified (E). Scale bars, 50 μm. Error bars 

indicate SD. **P = 0.0098 vs. G3BP1 by two-way ANOVA, Sidak’s multiple comparisons 

test.

(F) Intracellular phase diagrams of indicated G3BP1 constructs transfected into G3BP1/2 
dKO cells. Cells were exposed to sodium arsenite (30 min), fixed, and stained for PABP. SG 

formation and GFP intensities were assessed cell-by-cell. Cells with SGs are plotted as filled 

circles; cells without SGs are plotted as empty circles. Boxes highlight the 25% highest 

levels of expression among SG-negative cells.

(G) Co-phase separation of purified recombinant G3BP1 with BSA or caprin-1 in the 

absence of a crowding reagent, in 150 mM NaCl, and with increasing concentrations of total 

RNA from human cells.

(H) Co-phase separation of purified recombinant G3BP1 and caprin-1 variants as in (G).

(I) Co-phase separation of purified recombinant G3BP1 and TIA1 as in (G).

(J) Phase diagram of G3BP1 with caprin-1 and TIA1 as shown in (G-I).

(K) Intracellular phase diagrams of G3BP1 with addition of caprin-1. G3BP1/2 dKO cells 

were co-transfected with mCherry-G3BP1 and GFP-caprin-1 and intracellular phase 

diagrams were measured as in (F). Expression of caprin-1 reduces the G3BP1 threshold for 

SG formation (blue arc). Cells with high caprin-1 levels assembled SGs at very low levels of 

G3BP1 (red oval).

(L) Intracellular phase diagrams of G3BP1 after knockdown of caprin-1 or TIA1. G3BP1/2 
dKO cells were co-transfected with GFP-G3BP1 WT and a pool of siRNA targeting 

expression of caprin-1 or TIA1 and intracellular phase diagrams were measured as in (F).

See also Figure S5, Table S2, and Video S2.
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Figure 6. The Long Central IDR of G3BP1 Regulates SG Assembly, Dynamics, and 
Composition; G3BP1 IDR1 Is an Autoinhibitory Element
(A-D) U2OS cells expressing tdTomato-tagged endogenous G3BP1 were transfected with 

indicated GFP-tagged G3BP1 constructs, exposed to sodium arsenite (500 μM, 1 h), and the 

relative mobility of endogenous tdTomato-G3BP1 was compared to exogenous GFP-G3BP1 

by FRAP. Error bars indicate SEM. n.s., not significant, ****P < 0.0001 by two-way 

ANOVA, Sidak’s multiple comparison test. Mobile fractions were 76% (tdTomato-G3BP1 

Yang et al. Page 45

Cell. Author manuscript; available in PMC 2021 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FL), 73% (GFP-G3BP1 FL) in (A-B); 79% (tdTomato-G3BP1 FL) and 54% (GFP-G3BP1 

ΔIDR1/2) in (C-D). Scale bar, 10 μm.

(E-F) G3BP1/2 dKO cells were transfected with indicated G3BP1 constructs and exposed to 

sodium arsenite (500 μM). Cells were imaged and the percentage of cells positive for SGs 

was quantified prior to arsenite exposure (0 min) or 10 min or 60 min after arsenite 

exposure. Error bars indicate SEM. *P = 0.0224, ****P < 0.0001 by two-way ANOVA, 

Dunnett’s multiple comparisons test.

(G-H) G3BP1/2 dKO cells were transfected, stressed, imaged, and quantified as in (E-F). 

G3BP1 mutant constructs had deletion of IDR2 and either a scrambled IDR1 sequence (Scr) 

or mutation of all 28 glutamates in IDR1 to glutamine (EQ28). Error bars indicate SEM. 

****P < 0.0001 by two-way ANOVA, Dunnett’s multiple comparisons test.

(I-J) G3BP1/2 dKO cells were transfected, stressed, imaged, and quantified as in (E-F). 

G3BP1 mutant constructs had substitution of IDR2 with Ash1 IDR, substitution of all 33 

proline residues in IDR1/2 to serine (PS33), or substitution of 17 positively charged residues 

to alanines (RKH/A17). Error bars indicate SEM. **P = 0.0077 (0 min) and 0.0014 (10 

min), ****P < 0.0001 by two-way ANOVA, Dunnett’s multiple comparisons test.

(K) G3BP1/2 dKO cells were transfected with indicated G3BP1 constructs, exposed to 

sodium arsenite (500 μM, 1 h), fixed, and stained with SG markers as indicated. Confocal 

images were taken for partition coefficient analysis. Error bars indicate SD. **P =0.0011, 

***P =0.0001, ****P < 0.0001 by two-way ANOVA, Sidak’s multiple comparisons test.

(L-M) G3BP1/2 dKO cells were transfected with indicated G3BP1 constructs (L) and 

exposed to sodium arsenite (500 μM, 1 h). Cells were imaged and the percentage of cells 

positive for SGs was quantified (M). Error bars indicate SD.

(N) Fold change of spectral counts of proteins identified by APEX2 proximity labeling and 

P values are plotted. Colored circles indicate proteins more enriched in SGs formed with 

G3BP1–2xAsh1 IDR (red; 10 representative proteins are labeled) or with G3BP1 FL (blue).

See also Figure S6, Tables S3, Videos S3 and S4.
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Figure 7. IDR1 Phosphorylation Tunes Interplay between 3 IDRs and Regulates LLPS
(A) Summary of RNA-triggered LLPS of G3BP1 under indicated conditions, in the presence 

of 150 mM NaCl. Corresponding images are shown in Figure S7E.

(B) Electrophoretic mobility shift assay of G3BP1 WT and IDR1 mutants.

(C) CLIP analysis of G3BP1 IDR1 mutants. Indicated G3BP1 constructs were transiently 

expressed in G3BP1/2 dKO cells and analyzed as in Figure 4E. Error bars indicate SD. **P 
= 0.005 vs. S149A by one-way ANOVA, Dunnett’s multiple comparisons test.
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(D-E) GST pulldown of purified GST-RBD with HA-G3BP1 N-terminal mutants indicates 

an intramolecular interaction between G3BP1 RBD and IDR1, and IDR2 mitigates this 

interaction. Results are quantified in (H). Error bars indicate SD. ***P = 0.0002 and ****P 
< 0.0001 vs. NTF2L-IDR1-HA by one-way ANOVA, Dunnett’s multiple comparisons test.

(F-G) GST pulldown of GST-RBD with NTF2L-IDR1-HA. RBD interactions with WT or 

mutant IDR1 (S149E, EQ28) were assessed as in (G) and quantified in (J). Error bars 

indicate SD. ***P = 0.0006 and ****P < 0.0001 by one-way ANOVA, Tukey’s multiple 

comparisons test.

(H-I) GST pulldown of GST-RBD mutants with NTF2L-IDR1-HA. IDR1 interactions with 

WT or RBDRA5 were assessed as in (G) and quantified in (L). Error bar indicates SD. ***P 
= 0.0002 by unpaired t-test.

(J) Small-angle X-ray scattering (SAXS) data for G3BP1 WT at high and low NaCl 

concentration. Data are presented as normalized Kratky plots where the intensity is 

normalized by the zero-angle scattering and the momentum transfer (q) is normalized by the 

radius of gyration (Rg). The intersection of dashed lines indicates the theoretical maximum 

of a solid sphere. Experimental data with a higher maximum coupled to a shift to the right is 

caused by conformational flexibility. Comparing the experimental data to synthetic data for 

a sphere and a self-avoiding random walk (SARW) indicates that G3BP1 is flexible in both 

conditions and expands toward maximal random dimensions at high NaCl concentration.

(K) Rgs were extracted from SAXS data by Guinier analysis at 50–1000 mM NaCl. Data 

were fit to a logistic function suggesting a minimum dimension of ~55Å at low NaCl 

concentration to a maximum extension of ~72 Å at high NaCl concentration with a transition 

with a midpoint at ~215 mM NaCl, indicating an interaction between oppositely charged 

regions of the protein. Error bars indicate SD.

(L) Distribution of G3BP1 radii in randomly generated conformations.

(M) In random synthetic conformations, the distance between IDR1 and IDR3 is positively 

correlated with the total RG.

(N) Representative conformations of G3BP1. Conformations with representative radii were 

sampled from the randomly generated pool shown in (E) to show compact conformations 

enriched in buffers with ionic strength below 200 mM (top) and extended conformations that 

would be enriched at high ionic strength (bottom).

(O) G3BP1/2 dKO cells transiently expressing indicated G3BP1 constructs were exposed to 

sodium arsenite (500 μM, 1 h), fixed, and stained for eIF3η. Scale bar, 50 μm.

(P) Intracellular phase diagram of indicated G3BP1 constructs transfected into G3BP1/2 
dKO cells. Cells were exposed to 100 μM sodium arsenite (30 min), fixed, and stained for 

PABP. SG formation and GFP intensities were assessed cell-by-cell. Cells with SGs are 

plotted as filled circles; cells without SGs are plotted as empty circles. Boxes highlight the 

25% highest levels of expression among SG-negative cells.

Vertical lines in blots in (I) and (K) indicate noncontiguous lanes from the same gel.

See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-ATXN2 (22/Ataxin-2) antibody BD Biosciences 611378; RRID: AB_398900

Mouse monoclonal anti-G3BP (23/G3BP) antibody BD Biosciences 611126; RRID: AB_398437

Rabbit polyclonal anti-ATXN2L antibody Bethyl Laboratories A301–370A; RRID: AB_937724

Rabbit polyclonal anti-CAPRIN1 antibody Proteintech 15112–1-AP; RRID: AB_2070016

Rabbit polyclonal anti-CSDE1 antibody Bethyl Laboratories A303–158A; RRID: AB_10895727

Mouse monoclonal anti-DDX3 antibody Santa Cruz sc-81247; RRID: AB_2092867

Rabbit polyclonal anti-FMR1 antibody Bethyl Laboratories A305–200A; RRID: AB_2631593

Rabbit polyclonal anti-G3BP2 antibody Bethyl Laboratories A302–041A; RRID: AB_1576543

Rabbit polyclonal anti-G3BP2 antibody Proteintech 16276–1-AP

Mouse monoclonal anti-GAPDH Santa Cruz sc47724; RRID: AB_627678

Mouse monoclonal anti-GFP antibody Santa Cruz sc-9996; RRID: AB_627695

Rabbit polyclonal anti-GST antibody Abcam ab19256, RRID: AB_444809

Rabbit polyclonal anti-HA-tag antibody Abcam ab9110, RRID: AB_307019

Rabbit monoclonal anti-HDAC6 antibody Abcam ab133493

Rabbit polyclonal anti-NUFIP2 antibody Bethyl Laboratories A301–600A; RRID: AB_1078870

Rabbit polyclonal anti-PABP antibody Abcam ab21060; RRID: AB_777008

Rabbit polyclonal anti-PRRC2C antibody Abcam ab117790; RRID: AB_10903523

Rabbit monoclonal anti-TAF15 antibody Abcam ab134916; RRID: AB_2614922

Goat polyclonal anti-TIA1 antibody Santa Cruz sc-1751; RRID: AB_2201433

Mouse monoclonal anti-TIAR (6/TIAR) antibody BD Biosciences 610352; RRID: AB_397742

Rabbit monoclonal anti-TRIM25 antibody Abcam ab167154; RRID: AB_2721902

Rabbit monoclonal anti-TRIM56 antibody Abcam ab154862;

Rabbit polyclonal anti-UBAP2 antibody Bethyl Laboratories A304–627A; RRID: AB_2620822

Rabbit polyclonal anti-UBAP2L antibody Abcam ab138309;

Rabbit polyclonal anti-USP10 antibody Proteintech 19374–1-AP; RRID: AB_10858617

Rabbit polyclonal anti-YB1 antibody Cell Signaling Technology 4202S;

Rabbit polyclonal anti-YTHDF1 antibody Proteintech 17479–1-AP; RRID: AB_2217473

Rabbit polyclonal anti-YTHDF2 antibody Proteintech 24744–1-AP; AB_2687435

Mouse monoclonal anti-YTHDF3 antibody Santa Cruz sc-377119; RRID: AB_2687436

Goat polyclonal anti-eIF3η (N-20) Santa Cruz sc-16377; RRID: AB_671941

IRDye 680LT Streptavidin LI-COR P/N 926–68031

IRDye 800CW Goat anti-Rabbit IgG (H + L) LI-COR P/N 926–32211

IRDye 680RD Goat anti-Rabbit IgG (H + L) LI-COR P/N 926–68071

IRDye 800CW Goat anti-Mouse IgG (H + L) LI-COR P/N 926–32210

IRDye 680RD Goat anti-Mouse IgG (H + L) LI-COR P/N 926–68070

Donkey anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 555 Thermo Fisher Scientific A-31572; RRID: AB_162543

Donkey anti-Goat IgG (H+L) Secondary Antibody, Alexa Fluor 555 Thermo Fisher Scientific A-21432; RRID: AB_2535853
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REAGENT or RESOURCE SOURCE IDENTIFIER

Donkey anti-Goat IgG (H+L) Secondary Antibody, Alexa Fluor 647 Thermo Fisher Scientific A-21447; RRID: AB_141844

Donkey anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 488 Thermo Fisher Scientific A-21202; RRID: AB_141607

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 488 Thermo Fisher Scientific A-11008; RRID: AB_143165

Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 488 Thermo Fisher Scientific A-11029; RRID: AB_138404

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 555 Thermo Fisher Scientific A-21428; RRID: AB_141784

Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 555 Thermo Fisher Scientific A-21422; RRID: AB_141822

Bacterial and Virus Strains

Rosetta 2(DE3) Competent Cells Millipore 71400–4

HI-Control BL21(DE3) Chemically Competent Cells (SOLOs) Lucigen 60435–1

HI-Control 10G Chemically Competent Cells (SOLOs) Lucigen 60110–1

One Shot TOP10 Chemically Competent E. coli Thermo Fisher Scientific C404003

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Lipofectamine 2000 Invitrogen 1168019

Fugene Promega E2691

Dharmafect Duo Dharmacon T-2010

Protease inhibitor Roche 11697498001

OligodT25 dynabeads Thermo Fisher Scientific 61005

GFP-Trap_MA beads ChromoTek gtma-20

NuPAGE LDS sample buffer (4X) Thermo Fisher Scientific NP0007

20% paraformaldehyde Electron Microscopy Science 15713-S

ProLong Gold Antifade Mountant with DAPI Thermo Fisher Scientific P36931

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific 89900

SimplyBlue™ SafeStain Thermo Fisher Scientific LC6065

SYBR™ Gold Nucleic Acid Gel Stain Thermo Fisher Scientific S11494

TRIzol Reagent Thermo Fisher Scientific 15596018

RNaseA Thermo Fisher Scientific EN0531

RNase I Life Technologies AM2294

RNase IN Promega N2111

Turbo DNase Thermo Fisher Scientific AM2238

Alkaline Phosphatase, Calf Intestinal Promega M1821

Sodium Arsenite Solution Sigma 35000–1L-R

Ficoll400 Sigma F2637

Ni-NTA agarose GE 17–5318-02

Glutathione Sepharose 4B GE 17075601

EZ view Red Protein A affinity gel Millipore-Sigma P6486
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REAGENT or RESOURCE SOURCE IDENTIFIER

EZ view Red Protein G affinity gel Millipore Sigma E3403

EZ view Red Anti-Flag M2 affinity gel Millipore Sigma F2426

FLAG peptide Sigma F3290

Glutathione reduced Sigma G4251

Imidazole Sigma I2399

(Isopropyl β-D-1-thiogalactopyranoside) IPTG Goldbio 12481C100

Dithiothreitol (DTT) Sigma 43815

D/D compound Takara 635054

SMARTpool: ON-TARGETplus CAPRIN1 siRNA Dharmacon L-016057–00–0005

SMARTpool: ON-TARGETplus TIA1 siRNA Dharmacon L-013042–02–0005

tRNA Sigma 10109495001

polyA Sigma 10108626001

polyG Sigma P4404–5MG

polyC Sigma P4903–10MG

polyU Sigma P9528–10MG

Poly(I:C)HMW Invivogen tlrl-pic

Poly(I:C)LMW Invivogen tlrl-picw

Poly(A:U) Invivogen tlrl-pau

bis(sulfosuccinimidyl)suberate (BS3) Thermo Fisher Scientific 21580

Recombinant DDX19A MyBioSource MBS1371734

Biotin tyramide Sigma SML2135

H2O2 Sigma H1009

Sodium Ascorbate Sigma A7631

Trolox Sigma 238813

Dynabeads™ MyOne™ Streptavidin C1 Thermo Fisher Scientific 65001

Biotin Sigma B4501

BSA Sigma A3294S

ATP Sigma A2383

Critical Commercial Assays

HiScribe high yield RNA synthesis kit New England Biolab E2040S

RNA 3′ end biotinylation kit Thermo Fisher Scientific 20160

Chemiluminescent Nucleic Acid Detection Module Thermo Fisher Scientific 89880

polyA Spin mRNA Isolation Kit New England Biolabs S1560S

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs E2621S

Q5 Site-Directed Mutagenesis Kit New England Biolabs E0554S

Monarch RNA Cleanup Kit New England Biolabs T2040S

NEBNext Magnesium RNA Fragmentation Module New England Biolabs E6150S

SuperScript III First-Strand Synthesis System Thermo Fisher Scientific 18080051

Magnetic mRNA Isolation Kit New England Biolabs S1550S

Cell. Author manuscript; available in PMC 2021 April 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yang et al. Page 52

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Experimental Models: Cell Lines

Human: U-2 OS ATCC HTB-96

Experimental Models: Organisms/Strains

Oligonucleotides

gRNA sequence for SG gene KO

ATXN2 AAAGTACAGAATCCAGT
TCG

ATXN2L TTTCCGGTGCACAGCAT
CCA

CAPRIN1 CGACAAGAAACTTCGGA
ACC

CSDE1 TATCATCGGACCGACGG
ACT

DDX3 AGTGGAAAATGCGCTCG
GGC

FMR1 ATCCTTATGTGCCGCCTC
TT

G3BP1 TAGTCCCCTGCTGGTCG
GGC

G3BP2 CGCCCTACAAGCAGCGG
ACT

HDAC6 GGTGGAATCCTGGCCGG
TTG

NUFIP2 TGCTCATGTTTCAGCGG
CTT

PRRC2C GGTGGACGTAAACTGGG
TCC

TAF15 GGAAGTTACGGTCAGTC
TGG

TIA1 TATGTACTCTTTGGAGCG
GG

TIAR CATATGGGCGGTCAGTG
GTT

TRIM25 GTCGCGCCTGGTAGACG
GCG

TRIM56 GCACTGTCTCGCGGCAC
TCG

UBAP2 TTTCCCGAGCACCTCGA
CAA

UBAP2L AGAGACTATAGTCGGCG
ACG
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REAGENT or RESOURCE SOURCE IDENTIFIER

USP10 GCCTGGGTACTGGCAGT
CGA

Recombinant DNA

Plasmid: EGFP-C3-G3BP1 This paper N/A

Plasmid: EGFP-C3-G3BP2b This paper N/A

Plasmid: EGFP-C3-G3BP1 ΔNTF2L[1–142] This paper N/A

Plasmid: EGFP-C3-G3BP1ΔIDR1/2[143–334] This paper N/A

Plasmid: EGFP-C3-G3BP1ΔRBD[335–466] This paper N/A

Plasmid: EGFP-C3-GST-G3BP1[143–466] This paper N/A

Plasmid: EGFP-C3-FKBPF36M-G3BP1[143–466] This paper N/A

Plasmid: EGFP-C3-G3BP1 F380/382D This paper N/A

Plasmid: EGFP-C3-G3BP1–2xIDR2 This paper N/A

Plasmid: EGFP-C3-G3BP1 S149A This paper N/A

Plasmid: EGFP-C3-G3BP1 S149D This paper N/A

Plasmid: CMV-HA-G3BP1 This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-HnRNPA1RRM[12–181] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-HnRNPA2B1RRM[7–179] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-HnRNPDRRM[99–257] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-DAZAP1RRM[10–190] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-SRSF4-RRM[2–177] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-TDP43RRM[105–261] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-RBMS2RRM[56–220] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-HnRNPH2RRM[11–188] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-RBM22-ZF[159–185] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-ZC3H11A-ZF[2–110] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-NOVA-KH[51–120] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-QKI-KH[83–205] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-QKI-2KH[83–205] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-QKI-3KH[83–205] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-RBM222ZF[159–185] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-RBM223ZF[159–185] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-YTHDF1YTH[390–523] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-YTHDF2YTH[411–544] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-YTHDF3YTH[417–550] This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-HnRNPA1RRM[12–181] 
F57/59D

This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-HnRNPA1RRM[12–181] 
F148/150D

This paper N/A

Plasmid: EGFP-C3-G3BP1[1–334]-HnRNPA1RRM[12–181] 
F57/59/148/150D

This paper N/A

Plasmid: EGFP-C3-GST-2xAsh1-IDR-HnRNPA1RRM[12–181] This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: EGFP-C3-G3BP1 EQ28 This paper N/A

Plasmid: EGFP-C3-G3BP1–2xRBD This paper N/A

Plasmid: EGFP-C3-G3BP1ΔIDR1[143–226] This paper N/A

Plasmid: EGFP-C3-G3BP1ΔIDR2[227–334] This paper N/A

Plasmid: EGFP-C3-G3BP1 ΔIDR2[227–334]-Acidic-scrambled-1 This paper N/A

Plasmid: EGFP-C3-G3BP1 ΔIDR2[227–334]-Acidic-scrambled-2 This paper N/A

Plasmid: EGFP-C3-G3BP1 ΔIDR2[227–334]-Acidic-scrambled-3 This paper N/A

Plasmid: EGFP-C3-G3BP1ΔIDR2[227–334]-EQ28 This paper N/A

Plasmid: EGFP-C3-G3BP1 Δ143–334]+Ash1-IDR This paper N/A

Plasmid: EGFP-C3-G3BP1 ΔIDR1[143–226]+Ash1-IDR This paper N/A

Plasmid: EGFP-C3-G3BP1 ΔIDR2[227–334]+Ash1-IDR This paper N/A

Plasmid: EGFP-C3-G3BP1 ΔIDR [143–334]+2xAsh1-IDR This paper N/A

Plasmid: EGFP-C3-G3BP1-IDR1/2(P-S) This paper N/A

Plasmid: EGFP-C3-G3BP1-IDR2(RKH-A17) This paper N/A

Plasmid: mCherry-G3BP1 This paper N/A

Plasmid: EGFP-Caprin-1 This paper N/A

Plasmid: CMV-Flag-G3BP1 This paper N/A

Plasmid: CMV-HA-G3BP1 This paper N/A

Plasmid: APEX2-NES-G3BP1 This paper N/A

Plasmid: APEX2-NES-G3BP1Δ IDR[143–334]+2xAsh1-IDR This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1 This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1 F33W This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1Δ NTF2L[1–142] This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1-NTF2L[1–142] This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1-NTF2L[1–142] This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1Δ IDR1/2[143–334] This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1-IDR1/2[143–334] This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1Δ RBD[335–466] This paper N/A

Plasmid: pGEX-2T-thrombin-G3BP1-Δ RRM[335–410] This paper N/A

Plasmid: pGEX-2T-thrombin-G3BP1-Δ RGG[411–466] This paper N/A

Plasmid: pGEX-2T-thrombin-G3BP1-RBD[335–466] This paper N/A

Plasmid: pGEX-2T-thrombin-FKBPF36MG3BP1[143–466] This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1-TEV-HIS S149A This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1-TEV-HIS S149E This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1 EQ28 This paper N/A

Plasmid: pGEX-2T-thrombin-G3BP1 NTF2L-HA This paper N/A

Plasmid: pGEX-2T-thrombin-G3BP1 NTF2L-IDR1HA This paper N/A

Plasmid: pGEX-2T-thrombin-G3BP1 NTF2LIDR1/2-HA This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1 RBD This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pGEX-2T-TEV-G3BP1 RBD-RA5 This paper N/A

Plasmid: pGEX-2T-thrombin-G3BP1 IDR1-S149EHA This paper N/A

Plasmid: pGEX-2T-TEV-G3BP1 IDR1-EQ28-HA This paper N/A

Plasmid: HIS-SUMO-Caprin1 This paper N/A

Plasmid: HIS-SUMO-Caprin1 F372A This paper N/A

Plasmid: HIS-SUMO-TIA1 Mackenzie et al., 2017 N/A

Plasmid: pSpCas9(BB)-2A-Puro (PX459) V2.0 Ran et al., 2013 Addgene 62988

Plasmid: pRK793 Kapust et al., 2001 Addgene 8827

pLVX-rHom-1 Takara 635062

APEX2-NES Lam et al., 2015 Addgene 49386

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Image Studio LI-COR https://www.licor.com/bio/products/
software/image_studio_lite/

GraphPad Prism Software GraphPad https://www.graphpad.com/
scientificsoftware/prism/

Igor Pro 6 Wavemetrics https://www.wavemetrics.com/

SlideBook 6 software Intelligent Imaging 
Innovations

https://www.intelligent-
imaging.com/slidebook.php

CellProfiler Broad Institute https://cellprofiler.org/

R–igraph version 1.2.4.1 igraph https://rdrr.io/cran/igraph/

Cytoscape version 3.7.1 Cytoscape Consortium https://cytoscape.org/
release_notes_3_7_1.html

Other
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