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SUMMARY

Liquid-liquid phase separation (LLPS) mediates for-
mation of membraneless condensates such as those
associated with RNA processing, but the rules that
dictate their assembly, substructure, and coexis-
tence with other liquid-like compartments remain
elusive. Here, we address the biophysical mecha-
nism of this multiphase organization using quantita-
tive reconstitution of cytoplasmic stress granules
(SGs) with attached P-bodies in human cells. Pro-
tein-interaction networks can be viewed as intercon-
nected complexes (nodes) of RNA-binding domains
(RBDs), whose integrated RNA-binding capacity
determines whether LLPS occurs upon RNA influx.
Surprisingly, both RBD-RNA specificity and disor-
dered segments of key proteins are non-essential,
but modulate multiphase condensation. Instead,
stoichiometry-dependent competition between
protein networks for connecting nodes determines
SG and P-body composition and miscibility, while
competitive binding of unconnected proteins disen-
gages networks and prevents LLPS. Inspired by
patchy colloid theory, we propose a general frame-
work by which competing networks give rise to
compositionally specific and tunable condensates,
while relative linkage between nodes underlies multi-
phase organization.

INTRODUCTION

Eukaryotic cells coordinate their biochemical reactions using or-
ganelles. In addition to traditional membrane-enclosed organ-
elles, cells feature a vast array of membraneless compartments,
which exhibit substructure and form interfaces with each other.
Unlike those of the nucleus (e.g., nucleoli, speckles) (Mao
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et al., 2011; Nizami et al., 2010; Zhu and Brangwynne, 2015),
membraneless organelles in the cytosol typically form in a
context-dependent manner as a consequence of altered RNA
homeostasis (stress granules, SGs; P-bodies, PBs) (lvanov
et al., 2019; Protter and Parker, 2016; Youn et al., 2019) or extra-
cellular cues (signalosomes) (Gammons and Bienz, 2018;
Schaefer and Peifer, 2019; Wu and Fuxreiter, 2016). Recent
studies suggest that the physics of liquid-liquid phase separation
(LLPS) dictate the formation of these droplet-like structures
(Brangwynne et al., 2009; Li et al., 2012), which are increasingly
referred to as condensates (Banani et al., 2017; Shin and
Brangwynne, 2017). However, despite a flurry of recent atten-
tion, the molecular rules that account for their unique protein
and nucleic acid compositions and “multiphase” patterning
remain elusive.

Similarities between proteins essential for assembly of diverse
condensates may inform the molecular origins of their formation
and compositional specificity. Many of these proteins feature a
modular organization with a structured self-oligomerization
domain (OD), intrinsically disordered region (IDR), and sub-
strate-binding moiety (Mitrea and Kriwacki, 2016; Figure 1A). In
the case of RNA-dependent condensates, essential proteins
feature an RNA-binding domain (RBD) with a folded,
sequence-specific region (e.g., RNA recognition motif [RRM])
and/or a promiscuous, low-affinity arginine-rich motif (e.g.,
Arg-Gly-Gly [RGG], Ser-Arg [SR]) (Chong et al., 2018; Mitrea
et al., 2016; Thandapani et al., 2013). In principle, compositional
specificity might be encoded by unique RBD-RNA interactions
combined with stable self-oligomerization or additive weakly in-
teracting IDR stickers (“self-associating IDRs”), both of which
are sufficient for LLPS in vitro (Feric et al., 2016; Frey et al.,
2006; Kato et al., 2012; Mitrea et al., 2016; Molliex et al., 2015;
Nott et al., 2015; Patel et al., 2015). Whether this is the case for
the vastly more complex condensates of the crowded intracel-
lular environment is unclear, particularly given that many RBDs
(e.g., RGG) and self-associating IDRs lack strong substrate
discriminatory abilities.

SGs (Kedersha et al., 1999) are an ideal prototype for dissect-
ing general mechanisms of intracellular LLPS, including that of
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specificity, as they feature multiphase structure, are not required
for cell viability, form in a controllable manner, and have known
composition (lvanov et al., 2019; Protter and Parker, 2016;
Youn et al., 2019). These micron-sized RNA-protein droplets
form in mammalian cells upon translational arrest and subse-
quent polysome disassembly, which releases exposed RNA
into the cytoplasm (“RNA influx”) (Boeynaems et al., 2017; Ke-
dersha et al., 1999, 2002, 2016; Kroschwald et al., 2015; Molliex
et al., 2015; Wheeler et al., 2016; Wippich et al., 2013). Despite
largely liquid-like dynamics, SGs may exhibit a less dynamic
substructure (Jain et al., 2016; Niewidok et al., 2018; Souquere
et al., 2009) and are frequently attached to the compositionally
related PBs (Eystathioy et al., 2002, 2003; Kedersha et al.,
2005; Moon et al., 2019; Tauber et al., 2020). Despite this
patterning and the known involvement of a complex network of
RNA-binding proteins (RBPs) (Markmiller et al., 2018; Youn
et al., 2018), studies indicate the essentiality of a single protein,
G3BP, for RNA-dependent SG condensation (Guillén-Boixet
et al,, 2020 [this issue of Cell]; Bley et al., 2015; Kedersha
et al., 2016; Matsuki et al., 2013; Yang et al., 2020 [this issue of
Celll; Tourriere et al., 2003). Although it features the modular ar-
chitecture described above (Figure 1B), why G3BP is important
for SG biogenesis relative to other abundant RBPs, and the
mechanisms by which compositional specificity and multiphase
coexistence of SGs/PBs are encoded, remain to be determined.

Here, we use quantitative live cell reconstitution and biochem-
ical assays, along with network concepts from graph theory and
the study of “patchy” colloids, to dissect the relative contribu-
tions of oligomerization, RNA binding, and protein disorder in
multiphase SG/PB condensation. We show that the constitutive
G3BP dimer, as well as its high-affinity binding partner UBAP2L,
serve as interaction nodes to collectively confer the high number
of RNA-binding contacts (RBD “valence”) needed to form a
condensed ribonucleoprotein (RNP) network following RNA
influx. Binding partners that lack RBDs act as “valence caps”
on the G3BP node, disengaging its protein-protein interaction

(PPI) network, thus decreasing RNA-binding capacity and abro-
gating SG assembly. We show that G3BP’s IDRs do not
self-interact but rather modulate RNA binding via relative juxta-
position of a repulsive acidic region (see also accompanying
papers Guillén-Boixet et al., 2020 and Yang et al., 2020). Differ-
entiation between PBs and SGs is context dependent, as
changes in node stoichiometry create unique condensates that
do not conform to any one description of a canonical RNP
body. We propose that similar competing protein interaction
networks are a ubiquitous mechanism by which cells spatiotem-
porally modulate multiphase coexistence and associated sub-
strate processing.

RESULTS

G3BP Dimerization and RNA Binding Are Necessary but
Not Sufficient for Stress Granule Formation

To elucidate the molecular rules of SG assembly and multiphase
coexistence with PBs (Figure 1A), we began by examining the
minimal components required for SG assembly. In wild-type
(WT) human U20S cells, arsenite (As) treatment (400 pM, 1 h)
causes the formation of PB-attached SGs (Figure 1C).
Conversely, G3BP1 and G3BP2 (G3BP1/2) double knockout
(G3BP KO) cells do not exhibit As-induced SGs, but form PBs
(Figures 1D, 1E, S1A, and S1B; Kedersha et al., 2005, 2016). A
concentration threshold characterizes systems that undergo
LLPS (Boeynaems et al., 2018; Brangwynne et al., 2015), raising
the question of whether this is valid for G3BP-mediated SGs.
Live cell microscopy reveals that G3BP KO cells stably express-
ing ectopic G3BP at low concentrations (0-0.6 uM) never exhibit
microscopically detectable SGs following As treatment, but
upon exceeding ~0.6 uM, SGs become observable in nearly all
cells (Figures 1F and S1A-S1E). No G3BP isoform causes SG as-
sembly in the absence of stress, and micro-injection of RNase
prevents their formation (Figure 1K), both of which are consistent
with an essential role for RNA influx (Bounedjah et al., 2014).

Figure 1. G3BP Dimerization and RNA Binding Are Necessary but Not Sufficient for Stress Granule Formation
(A) Essential proteins for condensates. Inset: P-bodies (PBs, purple) attach to stress granules (SGs, green) with substructure (yellow).

(B) Top: Essential protein domain organization (IDR = intrinsically disordered region, SBD = substrate-binding domain). Bottom: G3BP SBD = RNA-binding
domain (RBD), with Arg-Gly-Gly (RGG) region and RNA recognition motif (RRM).

(C) U20S cells treated with 400 uM arsenite (As) form SGs with attached PBs. Lentivirus-based stable protein expression used in all experiments. Unless noted:
scale bar, 3 pm.

(D) Wild-type (WT) cells (+As) with GFP-CAPRIN1 (SGs, arrowhead) or GFP-DCP1A (PBs, arrow).

(E) Same as (D) but G3BP1/2 double KO (“G3BP KO”) cells.

(F) Dose-response of SG rescue (yes = check, no = X) by G3BP1-mCherry (mCh) in G3BP KO cells (+As).

(G) Quantification of GFP-G3BP concentration threshold for SGs in KO cells (EIF3F-mCh co-positivity, +/— As). Mean and SEM: n = 4 experiments, 4 images per.
All experiments: each dot = one cell analyzed.

(H) Top: representative images for (G). Bottom: KO cells (+As) with GFP-G3BP1 deletions (As) were fixed followed by oligo-dT RNA-FISH to detect polyA+ mRNA
(magenta) and SGs (check).

(I) WT U20S cells with CAPRIN1-GFP and mCh-tagged protein. SG partition coefficient (PC) mean and SEM: n = 3 experiments (n > 4 images per). Dashed line =
PC of mCh control.

(J) GFP-G3BP1 As were immunoprecipitated (IPed) from KO U20S cells (-As) with anti ()-GFP (then RNase and RIPA-wash) to isolate tightly bound 40S
ribosomes (* = low, ** = high RPS6). Representative blot (n = 3 experiments).

(K) WT U20S cells with GFP-CAPRIN1 were injected with buffer, RNase, or DNase, and As-treated; then SGs were assessed (n = 3 experiments, > 100 cells per).
(L) G3BP KO cells (+As) with mCh SG proteins and GFP-FKBP-G3BP1ANTF2. Dashed line = rescue threshold for WT G3BP1. Images: ~8 uM GFP. X = no SGs.
(M) Top: graph theory framework for network-based condensation. “Valence” (v) = “particle” (protein or protein complex) interaction sites: v = 0 (bystander), v =1
(cap); v = 2 (bridge), v>2 (node). Bottom: exposed RNA for G3BP complex-binding is low; following As, RNA is exposed (ribosomes disassemble), and
condensation occurs if RNA-binding v of G3BP node is sufficiently high.

See also Figure S1.
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Studies show that G3BP is dimeric, as is its isolated NTF2-
like domain (hereafter, NTF2) (Figures 1B and 2D; Guillén-Boixet
et al., 2020; Kedersha et al., 2016; Kristensen, 2015; Panas et al.,
2015; Yang et al., 2020; Tourriere et al., 2003; Vognsen et al.,
2013). To examine the necessity of individual G3BP regions,
we expressed a series of deletion constructs, determining con-
centration thresholds for SG formation (+/— As). Both dimeriza-
tion and RNA binding (via RRM or RGG) are essential for
G3BP’s central role in SG assembly, as SGs form in As-treated
cells expressing ARRM or ARGG, but not ARBD (both RRM
and RGG are deleted) or ANTF2 (no dimers) (Figures 1G, 1H,
and S1F-S1l). However, for ARGG, SGs are smaller and the
threshold for rescue is higher, which may account for divergence
from previous studies (Bley et al., 2015; Kedersha et al., 2016;
Matsuki et al., 2013). The requirement for the NTF2 and RBD cor-
relates with their ability to partition into SGs in WT cells (Figure 11),
which reflects interaction preference for RNPs in the SG network
relative to the bulk cytoplasm.

Self-associating IDRs are implicated as key drivers of LLPS
(Ruff et al., 2019) and potentially SG formation (Fang et al.,
2019; Molliex et al., 2015; Patel et al., 2015). However, for
G3BP, removal of either acidic IDR1 or both IDR1 and IDR2
(IDR1/2) causes only a minor shift in its threshold for LLPS (Fig-
ure 1G). Surprisingly, unlike AIDR1/2, deletion of just the proline-
rich IDR2 blocks rescue of SG defects, suggesting a modulatory
role for relative domain juxtaposition. As both IDR1 and IDR2 fail
to partition into SGs, while presence of acidic IDR1 decreases
partitioning of diverse fragments (Figure 1I), we hypothesized
that its high negative charge causes electrostatic repulsion of
RNA, the most abundant biomolecular component in SGs (Bou-
nedjah et al., 2014). Consistent with this, AIDR2 and ARBD simi-
larly lack the ability to bind rRNA-rich 40S ribosomes (Figure 1J).

Our findings underscore the importance of G3BP dimerization
and RNA binding in SG condensation. A simple physical picture
is that RBD dimers “cross-link” exposed RNA following poly-
some disassembly. To test this, we replaced G3BP’s NTF2
with synthetic light-activated (iLID- and sspB- [iLID/sspB]) (Gun-
tas et al., 2015) or constitutive (FKBP) (Rollins et al., 2000) dimer-
ization domains. Unexpectedly, stable expression of either full-
length (FL) G3BP dimer mimetic failed to rescue SGs at concen-
trations greatly exceeding physiological values (Figures 1L and

S1J). In parallel, we transiently expressed iLID/sspB-ANTF2 us-
ing Lipofectamine. In cells with both components at far higher
concentrations than achieved with tolerated stable expression,
SGs are observed (Figure S1J). This concentration threshold
(20 uM) is > 30x that of FL G3BP (0.6 puM) (Figures 1G, S1D,
and S1J). We cannot rule out the possibility that high levels of
plasmid-encoded mRNA and cationic Lipofectamine, which
can induce interferon signaling and SG assembly in WT cells,
contribute to this effect (Guo et al., 2019; Hagen et al., 2015;
Panas et al., 2019; Tourriere et al., 2003). Thus, NTF2-mediated
dimerization of the RBD is necessary, but not sufficient, for SG
formation at physiological G3BP concentrations (~1.8 uM in
Hela cytoplasm, Hein et al., 2015); ~2.2 uM in U20S, see Quan-
tification and Statistical Analysis).

Stress Granule Condensation Requires G3BP-UBAP2L
Complexes

From work with patchy colloids (Bianchi et al., 2011), a system of
interacting particles can only phase separate into a dynamically
connected network if each particle has a sufficient number of
sites to engage other particles, which defines its valence, v
(Figure 1M); here, the “particle” (or “vertex” in graph theory) rep-
resents an individual protein, RNA, or stable complex. Generally
speaking, v>2 are essential, with higher valences more readily
driving LLPS. In the case of synthetic G3BP dimers (Figure 1L),
there are only two interaction interfaces, and they thus feature
overall v=2 (two RBD-RNA interfaces); we refer to v=2 particles
as “bridges,” which might contribute to phase separation by
linking higher-valence particles, but cannot on their own form a
space-spanning interaction network (Figure 1M).

Given that a generic dimerization domain cannot replace
G3BP’s NTF2, we reasoned that rather than a bridge (v=2), the
G3BP dimer embodies a particle of v>3; we refer to such ob-
jects as “nodes” (Figure 1M). In the case of an endogenous
G3BP dimer, such valence would be achieved by at least one
heterotypic PPl with the NTF2 domains, in addition to the two
RBDs. If so, NTF2 might serve as an interaction platform for
additional RNA-binding nodes and amplify the overall
valence—and hence RNA-binding capacity—of the resulting
complex (Figure 2A). To screen for such SG proteins, we
harnessed NTF2’s dimerization abilities in the context of a

Figure 2. Stress Granule Condensation Requires G3BP-UBAP2L Complexes
(A) Dimeric G3BP RBD bridges (v=2) are not sufficient for SGs; G3BP must act as node (v>2) via additional high-affinity protein-protein interactions (PPIs) with its

NTF2 dimerization domain; right: live cell Corelet assay to screen for PPls.

(B) G3BP KO cells (No As) with G3BP NTF2 Corelets (red, sspB-mCh-G3BP1ARBD; no tag, iLID-Fe core) and GFP-tagged proteins (10-min activation). Checks =

putative NTF2 partners/PPls.

(C) GFP-G3BP1As IPed from G3BP KO cells (No As) with a-GFP (then RNase and RIPA-wash) to isolate tightly bound proteins. ANTF2 (red box) abolishes

binding. Representative blot (n = 3 experiments).

(D) GFP-tagged proteins IPed similar to (C), but + As. Representative blot (n = 3 experiments), * = high-affinity interaction.

(E) High-affinity, RNA-independent complexes predicted by IPs.

(F) Top (i): Quantification of GFP-G3BP concentration threshold for SGs in KO cells (+As). Mean and SEM: n = 3 experiments (n > 4 images per). Bottom (ji): KO
cells with GFP-tagged protein at indicated concentration, check = SGs, check* = smaller SGs.
(G) Panel of U20S KO cells (+As) examined for SGs by immunofluorescence. Indicated: no SG defect (check), smaller SGs (check®), very small SGs in rare

cells (check*).

(H) Quantification of G3BP variant concentration threshold for SGs in G3BP KO cells (+/— As). Mean and SEM: n = 3 experiments (>4 images per). Representative

images at indicated concentrations (+As, check = SGs).

() GFP-G3BP variants IPed similar to (D), but in G3BP1/2/USP10 3KO cells. Representative blot (n = 3 experiments).
(J) G3BP variants form complexes of different valence, which corresponds to ability to rescue SG defects.

See also Figure S2.
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two-component optogenetic biotechnology known as Corelets
(Bracha et al., 2018). Corelets are comprised of a 24-mer ferritin
“core” coated by iLID molecules, which acts as an oligomeriza-
tion platform following blue light-stimulated sspB-iLID interac-
tions (Bracha et al., 2018). By changing the relative concentration
of the two components, the oligomerization state (valence) can
be varied (0 to 24) and intracellular phase diagrams can be map-
ped (Bracha et al., 2018). We hypothesized that NTF2 dimers
would form homotypic links between cores and cause conden-
sation, allowing microscopy-based identification of heterotypic
NTF2-interacting partners by their relative partitioning (Fig-
ure 2A). In a panel of abundant (Table S1) and frequently studied
GFP-tagged SG (n = 20) and PB (n = 3) proteins, only eight SG
proteins (USP10, UBAP2L, CAPRIN1, FMR1, FXR1, NUFIP2,
G3BP1, and G3BP2A) partition strongly into NTF2 condensates
(G3BPARBD Corelets) (Figure 2B). These proteins are specific to
NTF2 interactions, as they are not observed in a non-SG Corelet
condensate (FUS IDR) (Figure S2A). To validate these proposed
NTF2-binding partners, we performed biochemical studies,
finding that G3BP-mediated co-immunoprecipitation (“co-IP”)
of USP10, CAPRIN1, and UBAP2L all require its NTF2 domain;
as interactions are preserved following RNase and stringent
washing, we refer to these as “high affinity” (Figure 2C).
Conversely, FMR1 and FXR1, which assemble into dimers (Adi-
nolfi et al., 2003; Dolzhanskaya et al., 2006), co-IP with UBAP2L,
but not G3BP and CAPRIN1, allowing us to infer the existence of
distinct high-affinity protein complexes (Figures 2D and 2E).
We reasoned that the identified proteins might serve as G3BP-
interacting bridges or nodes to contribute additional, essential
RNA-binding interfaces (valence) for condensing the SG RNP
network; we note that all but USP10 have RBDs. To investigate
this, we generated a series of single- and multi-KO U20S cell
lines. KO of USP10, CAPRIN1, NUFIP2, FXR1/FXR2/FMR1
(BKO), or FXR1/FXR2/FMR1/NUFIP2 (4KO) had no effect on
SG formation (Figures 2F and 2G). USP10 and CAPRIN1 are un-
likely to play major roles in SG condensation at endogenous
levels in U20S cells, as associated G3BP 3KOs (G3BP1/
G3BP2/USP10, G3BP1/G3BP2/CAPRIN1) require similar con-
centrations of G3BP for rescue relative to 2KO (Figure 2F). In
contrast, UBAP2/2L 2KO results in smaller SGs, which form in
only a minority of cells (Figure 2G), a finding supported by others
(Cirillo et al., 2020; Huang et al., 2020; Markmiller et al., 2018;
Yang et al., 2020; Youn et al., 2018). Since UBAP2/2L 2KO has
no effect on CAPRIN1 and G3BP1 levels and only slightly re-
duces USP10 and G3BP2 (Figure S2E), these data suggest
that UBAP2/2L (hereafter, paralogs referred to as “UBAP2L”)
might act as a critical G3BP-associated node. In strong support
of this hypothesis, we serendipitously discovered a missense
mutation in G3BP’s NTF2 domain (S38F), which blocks its ability
to rescue SG formation (Figure 2H). G3BP S38F forms dimers
(Figures 2D and S2D), binds USP10 (Figure S2C), and partitions
strongly into SGs when expressed with WT G3BP (Figure S2B).
However, the S38F variant is unable to form high-affinity com-
plexes with CAPRIN1 or UBAP2L (Figure 2I), suggesting that
the mutation changes G3BP from a v>3 node to a v=2 bridge,
which no longer engages required valence from UBAP2L. Impor-
tantly, a previously identified G3BP NTF2 variant (F33W) (Keder-
sha et al., 2016) retains association with UBAP2L, but not USP10

or CAPRIN1 (Figure 2l), yet displays a similar threshold concen-
tration for rescue as WT (Figure 2H). Taken together, these data
provide compelling support for G3BP-UBAP2L complexes play-
ing an essential role in SG condensation by virtue of their node
identities (Figure 2J).

Valence Capping of the G3BP Node by RBD-Lacking
Binding Partners Prevents Stress Granule Formation
Having identified NTF2-interacting proteins that may contribute
RBD valence to the G3BP complex, we turned to investigate
the role of USP10, the only identified partner without an RBD.
We hypothesized that USP10 competes with RBPs (e.g.,
UBAP2L) for NTF2 binding and effectively “caps” the G3BP
node; reduction of the overall valence of the complex would
disrupt the formation of a space-spanning network (Figure 3A).
To test this “valence capping” model, we examined the effect
of USP10 concentration on G3BP-dependent SG formation.
Building on qualitative studies (Kedersha et al., 2016; Panas
etal., 2015), competitive inhibition experiments in G3BP KO cells
indicate that USP10 impacts the G3BP rescue threshold as a
function of stoichiometry, with a slope of ~1 (i.e., cells require
excess G3BP relative to USP10 to form SGs) (Figures 3B, 3C,
and S3F). This is consistent with GBBP monomer binding a single
USP10 molecule, which disengages other RBPs from its NTF2
interface. Expression of USP10’s NTF2-interaction motif
(“NIM,” amino acids 1-33) results in identical inhibition (slope~1)
(Figures 3B, S3B, and S3C), indicating that FL USP10 does not
act as a bridge between G3BP and other SG components. A
panel of controls (n = 15 proteins) demonstrates specificity of in-
hibition to USP10 (Figure S3A), and optogenetic approaches
support an NTF2-dependent mechanism of action (Figures
S3D and S3E).

Previous work speculated that differential USP10 versus CAP-
RIN1 binding toggle G3BP between conformations that inhibit or
promote RNP condensation (Kedersha et al., 2016). In contrast,
our valence capping model proposes that USP10 acts as a v=1
interactor (“cap”) that decreases the overall valence of the G3BP
complex. This hypothesis makes a specific and testable predic-
tion: NTF2-binding bridges and nodes (v>2) will similarly inhibit
SG formation if their RBDs are removed, such that they too
become caps (v=1) (Figure 1M). Informed by G3BP interaction
domain-mapping studies (Baumgartner et al., 2013; Solomon
et al., 2007; Youn et al., 2018), we generated GFP-tagged CAP-
RIN1 and UBAP2L caps (NIM only, v=1), bridges (NIM and RBD,
v=2), and bystanders (lacks NIM, v=0), and performed competi-
tive inhibition experiments in G3BP KO cells. Predicted bridges
and bystanders have no effect on G3BP rescue (slope~0),
whereas both CAPRIN1 and UBAP2L caps inhibit (positive slope)
(Figures 3D, 3G, and S3B). The UBAP2L NIM cap is a less potent
inhibitor than that of USP10 or CAPRIN1, which agrees with co-
IP studies assessing relative binding of the FL proteins to G3BP
(Figure 2C) and illustrates that degree of valence capping is
dependent on relative interaction strengths (Figure 3A).

Although disfavored by prior work (Panas et al., 2015, 2014;
Schulte et al., 2016), an alternative explanation is that USP10 dis-
rupts NTF2 dimers. To test this, we generated a USP10 NIM
doublet to change it from a cap (v=1) to a bridge (v=2,
“NIMx2"), reasoning that if NIM disrupts G3BP dimers, NIMx2
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would link two G3BP monomers into a complex with insufficient
valence (v=2) for condensation (Figure 3E). Inconsistent with this
model, expression of NIMx2 in WT cells causes formation of
granules in the absence of stress (Figure 3E). Examination of
KO cells (+/— As) co-expressing NIMx2 and G3BP deletions re-
vealed that both NTF2 and RNA binding are required (Figures 3F
and 3G), which signifies a requisite amplification of RNA-binding
valence. Strikingly, NIMx2 displays “reentrant” properties, pro-
moting SG formation at low ratios relative to G3BP and inhibiting
at high (>3) (Figures 3E-3G and S3B). This reentrant phase tran-
sition likely results from a lack of available NIM-free G3BP for
polymerization (Figure 3E) and can be recapitulated using an en-
gineered system (Figure S3G). Taken together, these data
negate the possibility that USP10 disrupts G3BP dimers, but
instead favors a valence-capping model (Figure 3H).

High Valence G3BP RBD Nodes Are Sufficient for Stress
Granule Formation with Attached P-Bodies

Our data suggest that highly multivalent RNA-binding complexes
are necessary for SG condensation, but a stringent test of this
model requires experimental control of RBD valence (Vggp). To
quantitatively interrogate the relationship between vggp, protein
complex concentration, and RNA availability, we again utilized
the optogenetic Corelet system (Bracha et al., 2018). Replacing
the dimerization domain (NTF2) of G3BP with sspB (“ANTF2
Corelets”) (Figure 4A), we find that non-stressed G3BP KO cells
require a very high degree of RBD oligomerization (vggp ~24 at
0.15 uM Core) for LLPS (Figures 4F and 4G). Following As treat-
ment (stress), LLPS occurs at lower core concentrations and va-
lences (vgap ~8 at 0.15 uM Core), and the resulting granules are
larger (Figures 4F and 4G). Stress-dependent LLPS occurs
rapidly (seconds) and is reversible (Figures 4B and S4A), indi-
cating that multivalent RNA-binding contacts are essential for
both SG formation and maintenance. Such condensates mimic
the properties of endogenous SGs, including a dependence on
RNA influx (Figures 4E-4H, S4F, and S4G), recruitment of SG
proteins and polyA+ mRNA with attachment of PBs (Figure 4J),
and liquid-like dynamics (Figures 4C and 4D). We therefore refer
to these structures as optogenetic SGs (opto-SGs).

The shiftin the ANTF2 Corelet phase threshold after RNA influx
can be visualized in As-treated cells subjected to repeated
cycles of activation and deactivation, which triggers valence-
dependent opto-SG assembly on a timescale similar to endoge-
nous SGs (Figures 4H and S4F). Such a shift is negated by

pretreatment with cycloheximide, which blocks polysome disas-
sembly and RNA influx (Figures 4E-4G and S4G), and long-term
inhibition of RNA transcription by Actinomycin D prevents opto-
SG formation (Figures 4F and 4G). We emphasize that these
drug-dependent changes in LLPS are not Corelet artifacts:
similar threshold shifts are absent for self-associating FUS IDR
Corelet condensates (Figures S4D and S4E), which do not recruit
SG proteins (Figure S2A) and are thus not SGs; this is consistent
with previous studies using an orthogonal Cry2-based opto-
Droplet approach (Shin et al., 2017; Zhang et al., 2019).

To determine the minimal G3BP domain for opto-SG LLPS, we
examined ANTF2 Corelets with additional regions deleted.
Consistent with a lack of SG partitioning (Figure 11), G3BP’s cen-
tral IDRs do not self-interact, as IDR1, IDR2, and IDR1/2 Corelets
never cause LLPS (+/— As) (Figures S4H-S4K). In contrast, both
G3BP RBD (RRM and RGG) and IDR2-RBD Corelets form
polyA+ opto-SGs containing all tested SG proteins (Figures 4l,
4J, S4B, and S4C). Underscoring its utility as a biotechnology,
G3BP Corelets replicate several phenotypes of corresponding
GFP-tagged deletions. First, ANTF2/AIDR2 (synthetic GFP-
G3BPAIDR?2) fails to form granules (+/— As) (Figure 4l). Second,
similar to GFP-AIDR1, ANTF2/AIDR1 forms irregular granules
(Figures 4l and S4C). Third, RBD-only Corelets feature a right
shifted phase threshold relative to ANTF2 (Figure 4l). Finally, all
such condensates are reversible, form multiphase structures
with PBs, and similarly recruit SG proteins and polyA+ RNA (Fig-
ures 4J, S4B, and S4C). Thus, Corelets recapitulate nearly all
features of GFP-based rescue experiments (see also Figures
S4J and S4K) and represent a powerful synthetic approach for
assessing the relationship between RBD valence, RBD identity,
and SG/PB composition and coexistence.

Stress Granules with Attached P-Bodies Are the Default
Multiphase Condensate Encoded by High Valence

RBD Nodes

Unlike synthetic dimers, highly multivalent G3BP RBD Corelets
are sufficient to compensate for FL G3BP and assemble SGs.
Given that G3BP is a constitutive RBD dimer, this finding is
only biologically meaningful if interaction partners contribute
additional RBD valence (vggp) to the protein complex. If true,
we reasoned that such G3BP NTF2-associated proteins would
act similarly upon oligomerization of their RBDs, forming compo-
sitionally identical SGs that adhere to PBs (Figure 5A). To test
this, we mapped phase diagrams for UBAP2L and CAPRIN1

Figure 3. Valence Capping of the G3BP Node by RBD-Lacking Binding Partners Prevents Stress Granule Formation
(A) Interacting “caps” (v = 1) are proposed to disrupt networks of high v particles. Right: SG rescue competition assay (G3BP KO cells) tests model by co-ex-

pressing GFP-tagged NTF2 partners (cap, positive slope) with G3BP1-mCh.

(B) Competition assay for predicted caps in G3BP KO cells (+As). Indicated: y-intercept (G3BP rescue concentration, no competitor), best-fit slope demarcating +

SG cells.

(C) Representative images for (B, middle) at indicated protein concentrations (X, no SGs).

(D) Competition assay similar to (B) with CAPRIN1/UBAP2LAs.

(E) NTF2-interacting motifs (NIMs) inhibit SGs by “dimer breaking” or “valence capping,” differentiable using a v = 2 NIM bridge (“NIMx2”). If capping: low NIMx2
promotes condensation, polymerizing G3BP dimers (high vrgp); high, inhibits by saturation (vrgp = 2). If breaking, low and high NIMx2 link G3BP monomers

(vrep = 2). Right: GFP-NIMx2 induces SGs in WT U20S (-As).

(F) Representative images (X, inhibits SGs; check, promotes): G3BP KO cells (+/— As) expressing GFP-G3BPAs and mCh-NIMx1 (or x2)
(G) Images (X, inhibits SGs) for G3BP KO cells (+As) with mCh-G3BP1 and GFP-tagged protein (low or high levels).

(H) Molecular model for SG regulation by NTF2 PPlIs.
See also Figure S3.
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RBD Corelets (G3BP KO, +/— As) (Figures 5B and 5C). Surpris-
ingly, despite each featuring a single RGG, both RBDs are
even more potent than G3BP RBD (1 RRM, 1 RGG) at enabling
SG formation in both the Corelet system (Figure 5C) and when
placed into GFP-G3BP chimeric proteins (Figures 5E and S5J).
Similar to G3BP RBD Corelets, As-induced RNA influx causes
a shift in their associated phase thresholds and results in revers-
ible, PB-studded opto-SGs with all tested markers (Figures 5C,
5D, and S5). However, both As-induced threshold shifts are mi-
nor relative to G3BP RBD (Figure 4F), which could potentially
arise from self-interactions that contribute to LLPS. We refuted
this possibility, as RNA depletion inhibits CAPRIN1 RBD LLPS
(Figure S5A), as does scrambling its sequence (Figure S5C).
We thus infer that NTF2-associated RBPs are indeed capable
of contributing vggp to the multi-protein G3BP complex.

It is conceivable that multivalent NTF2-associated RBDs are
unique in engaging SG RNPs to form a condensed network
that coexists with that of PBs. However, the RBD of FXR1, a
dimeric RBP that interacts with UBAP2L but not NTF2 (Fig-
ure 2D), mimics G3BP RBD in all assays (Figures 5B-5E and
S5E-S5J). Remarkably, use of a large panel of additional Core-
lets (n = 25) indicates that high vggp is sufficient for PB-studded,
polyA+ SG assembly, irrespective of whether the RBD is folded
(RRM) or unfolded (RGG), from an SG or PB protein, or linked to
G3BP IDR (Figures 5F-5I and S5E-S5G). Despite this RBD inter-
changeability, we surmise that RBD-RNA specificity and relative
interaction strengths contribute to the lack of relationship be-
tween type and number of RNA-binding motifs and relative
phase thresholds (Figures 5C and 5F-5H). Importantly, Corelets
are capable of plugging into non-SG interaction networks, as
those of DCP1A—a PB protein with PPIs but no RBD —recruit
PB but not SG markers (Figure 5J). Thus, polyA+ SGs with
attached PBs are the “default” multiphase condensate encoded
by high-valence RBD nodes (Figure 5K).

A Self-Associating IDR in UBAP2L Is Critical to Its Ability
to Act as a Valence-Multiplying Node

Unlike other proteins, mild expression (<1 pM) of UBAP2L or
FXR1 rescues SG defects in G3BP KO cells (Figures 6A, 6B,
and S6A-S6C), implying that they can act as G3BP-independent
SG nodes. We hypothesized that, in each of these cases, a self-
associating domain would confer the requisite valence for node
identity (v>3). Although previous studies have indicated that

such a domain (dimerization) exists for FXR1 (Adinolfi et al.,
2003; Dolzhanskaya et al., 2006), one has yet to be described
for UBAP2L. Using a Corelet screen for PPl valence (n =
13 UBAP2L/CAPRIN1 fragments) (Figure 6C), we identified a
non-dimeric (Figure 6H), self-associating IDR in UBAP2L (781-
1087), which is essential for its ability to rescue SG defects in
G3BP KO cells (Figures 6C, 6D, and S6D-S6G). We surmise
that this “sticky” IDR facilitates weak interactions between
UBAP2L proteins in separate high-affinity complexes (FXR1/
UBAP2L, UBAP2L/G3BP), thus acting as an essential valence
multiplier for SG formation (Figure 6E).

Competition between Protein-Protein Interaction Nodes
Encodes Multiphase Condensation

Consistent with previous studies (Cirillo et al., 2020; Jain et al.,
2016; Niewidok et al., 2018), super-resolution live cell micro-
scopy revealed the presence of micro-phases (“cores”) within
SGs (Figure 6G), which could provide insight into the rules gov-
erning phase miscibility. Since high-affinity UBAP2L complexes
containing both FXR1 and G3BP are undetectable (Figure 2D),
we hypothesized that the two dimeric nodes compete for avail-
able UBAP2L, with their relative stoichiometry critical for the
observed mixed distribution in SGs by conventional confocal mi-
croscopy. Indeed, unlike UBAP2L, high ratios of FXR1 to G3BP
cause demixing within SGs, as detected by G3BP-enriched
and -depleted regions in individual granules (Figures 6F and
S7A-S7C).

We reasoned that node stoichiometry similarly impacts SG/PB
coexistence. In agreement with this, overexpression of UBAP2L
in G3BP KO cells causes the formation of condensates that are
not canonical SGs or PBs, containing common markers of both
(Figures 6H, SBA-S6C, and S6H-S6J). The collapse of many SG
and PB components into a single miscible phase may result from
UBAP2L’s high-affinity interaction with the essential PB node,
DDX6 (Figure 6H), which forms complexes with many PB pro-
teins (Ayache et al., 2015; Brandmann et al., 2018; Kamenska
et al., 2016; Ohn et al., 2008; Ozgur et al., 2015; Youn et al.,
2018). Intriguingly, DDX6 is weakly recruited to SGs in WT cells,
whereas other PBs (EDC3 and DCP1A) are repelled (Figure 6l).
Remarkably, relative network distance between upregulated no-
des correlates with resulting condensate miscibility (Figure 6J):
in contrast to neighboring nodes that favor a single miscible
phase (e.g., G3BP/UBAP2L, EDC3/DCP1A), simultaneous

Figure 4. High-Valence G3BP RBD Complexes Are Sufficient for Stress Granule Formation with Attached P-Bodies

(A) Corelets allow optogenetic tuning of vggp (0 to 24) on a 24-subunit Ferritin (Fe) core to mimic endogenous vrgp of G3BP complex. All Corelet experiments
(unless noted): vrgp is denoted low (~2-4), medium (~6-8), or high (~18-24); core ~0.25 uM; cells = G3BP KO U20S.

(B) Reversible GBBP1ANTF2 Corelets after 1 h As. Indicated: seconds after oligomerization (+blue light) or monomerization (—blue light), scale bar, 3 um in all

images unless noted.

(C) ANTF2 Corelets fuse and relax to a sphere following As, activation (3-min). Scale bar, 2 pm.
(D) FRAP of ANTF2 Corelets (+As). Intensity relative to fluorescence before granule bleach. Mean and SEM: n = 8 experiments. Representative images shown,

scale bar, 2 pm.

(E) ANTF2 Corelet cells (medium v) treated with cycloheximide (CH) then As (six 10-min cycles: 5-min activate, 5-min deactivate). Images: after cycle.

G) Representative images for (F).

F) Intracellular ANTF2 Corelet phase diagrams for drugs that alter available RNA. Each dot = single cell (5-min activation), best-fit phase threshold shown.

H) Similar to (E) but no CH. Standard deviation of pixel intensity relative to first image shown.
1) Similar to (F) but for additional As (+/— As; dots shown for +As). Representative images for high v cells.

(J) GFP-tagged proteins co-expressed with indicated G3BP Corelets (iLID-Fe lacks GFP tag). Following As and 10-min activation, cells were fixed; arrowheads,
PBs attached to SGs. Right: oligo-dT RNA FISH (Corelet, green; polyA+ RNA, magenta).

See also Figure S4.
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overexpression of distant nodes (e.g., G3BP/DCP1A) decouples
SGs from PBs (Figures 6K and S7D). This SG/PB dewetting
would reflect an increased interfacial tension between the two
phases (Feric et al., 2016; Zarzar et al., 2015), which may arise
from a decreased relative amount of shared substrate.

Finally, we asked whether competition between nodes with
shared preference for the SG RNP network, but unfavorable
PPIs, is sufficient for multiphase coexistence. Underscoring the
importance of PPIs, co-expression of G3BP NTF2 Corelets (Fig-
ure 2B) and NTF2-associated FL SG nodes universally results in
a single miscible phase (Figure 6M). In contrast, G3BP RBD
(lacking the UBAP2L-binding NTF2 domain) opto-SGs are
immiscible with FL UBAP2L granules, forming on their surface
and pulling them into close proximity as the multiphase granule
grows; upon deactivation, opto-SGs dissolve and attached
UBAP2L condensates disperse (Figures 6L). Multiphase coexis-
tence is also observed in a panel of RBD Corelets expressed with
their FL node counterparts (Figures 6M and S7E); note in partic-
ular how FL UBAP2L forms clear multiphase condensates with
all RBD Corelets, likely as a consequence of its additional PPI
connectivity to the PB network (Figure 6H). Multiphase coexis-
tence is less apparent for RBD Corelets expressed with FL
G3BP, with the exception of CAPRIN1, which results in conspic-
uous, multiphase SGs (Figure 6M). Since all opto-SGs are
compositionally identical in G3BP KO cells (Figures 4 and 5),
this result implies that RBD-RNA specificity plays a modulatory
role in encoding multiphase coexistence, perhaps by clustering
specific RNA sequences with different preferred interactions
(Boeynaems et al., 2019; Courel et al., 2019; Fei et al., 2017; Feric
et al., 2016; Hubstenberger et al., 2017; Langdon et al., 2018;
Moon et al., 2019).

A Minimal Model of PPl Network Phase Behavior

Demonstrates Tunable Multiphase Coexistence

Given that many of our experimental findings can be interpreted
using valence concepts from the study of patchy colloids, we
sought to develop a formal theoretical framework to demon-
strate the thermodynamic consistency of our interpretation of
the data (Figure 7). Building on prior studies of patchy colloids
(Bianchi et al., 2006; Jacobs et al., 2014) and inspired by the
endogenous network depicted in Figure 6J, we specified a
reduced set of protein complexes with monovalent binding sites,

which are allowed to interact according to a prescribed PPI
network. We then calculated the conditions for phase coexis-
tence assuming that all interactions have equal affinities (see
Quantification and Statistical Analysis). Despite the simplicity
of this approach, our minimal model reproduces the key features
of tunable multiphase behavior observed in our experiments,
including coexisting substrate-dependent and -independent
phases (Figure 7A). Eliminating the interactions between two
halves of the network by introducing a saturating cap protein
(Figure 7B) alters the compositions of the phases and increases
the interfacial free-energy barrier between the condensed
phases, which tends to suppress wetting (Feric et al., 2016; Zar-
zar et al., 2015). Reducing the valence of the substrate-binding
node by capping the self-interaction sites (Figure 7C) destabi-
lizes the substrate-containing phase. Similarly, removing the
substrate inhibits phase separation of the substrate-binding
node (Figure 7D). Thus, a minimal patchy-colloids framework is
sufficient to describe how tuning the interactions of shared com-
ponents can contribute to coexisting or disconnected networks
in a multiphase system.

DISCUSSION

Cells feature a rich diversity of membraneless condensates,
each of which embodies numerous components and coexists
with distinct liquid-like compartments (“multiphases”) (Banani
etal.,2017; Mao et al., 2011; Nizami et al., 2010; Shin and Brang-
wynne, 2017). This spatiotemporally dynamic intracellular emul-
sion reflects the self-assembly output from complex networks of
biomolecular interactions. What mechanism might account for
multiphase patterning and how is molecular specificity of each
condensate encoded? In this work, we have combined biochem-
ical and quantitative intracellular reconstitution approaches with
concepts from patchy colloids to introduce a biophysical frame-
work whereby competing RNA-protein networks control multi-
phase condensation (Figure 7).

In the examined prototype in which cytoplasmic stress gran-
ules (SGs) feature attached P-bodies (PBs), G3BP is of critical
importance (Bley et al., 2015; Kedersha et al., 2016; Matsuki
et al., 2013). Similar to many proteins essential to forming intra-
cellular condensates (e.g., NPM1, nucleolus) (Mitrea and Kri-
wacki, 2016), G3BP features a modular architecture with a

Figure 5. Stress Granules with Attached P-Bodies Are the Default Multiphase Condensate Encoded by High-Valence RBD Nodes

(A) Corelet assay to test whether NTF2 partners contribute vggp to G3BP complex.

(B) Valence-dependent condensation (+/—As) examined for indicated RBDs fused to G3BP IDR in Corelet system (images correspond to C). All Corelet
experiment images (unless noted): vrgp is noted low (~2-4), medium (~6-8), or high (~18-24); core ~0.25 uM; cells = G3BP KO U20S; scale bar, 3 um.

(C) Intracellular phase diagrams for RBDs in (B) +/— As. Each dot = single cell (5-min activation), best-fit phase threshold shown.

(D) GFP-tagged proteins expressed with indicated RBD Corelets (iLID-Fe lacks GFP tag). Following As and 10-min activation, cells were fixed; arrowheads, PBs

attached to SGs. Right: oligo-dT RNA FISH.

(E) SG rescue threshold for GFP-tagged chimeric G3BP1 with swapped RBDs (G3BP KO cells with EIF3F-mCh, representative images below). Mean and SEM:

n = 4 experiments (>4 images per).
(F) Similar to (B) and (C) but with TIA1 RBD Corelets.

(G) Similar to (D) but with TIA1 RBD Corelets.

(

(I) Similar to (B) and (D) but with RBD from LSM14A (essential PB protein).
(J) Similar to (D) but with DCP1A (PB protein that lacks RBD).

H) Similar to (D) but with TIA1 RBD (number of RRMs altered; +/— G3BP1 IDR).

(K) Phase diagram cartoon depicting SG formation as function of nucleating complex concentration and its vggp. WT cells would exist in green region; G3BP

KO/capped, red.
See also Figure S5.
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dimeric oligomerization domain (OD) and RNA-binding domain
(RBD), connected by intrinsically disordered regions (IDRs)
(Tourriere et al., 2003; Figures 1A and 1B). Notwithstanding
tremendous attention focused on self-associating IDRs in
LLPS (Elbaum-Garfinkle et al., 2015; Kato et al., 2012; Lin
et al., 2015; Molliex et al., 2015; Nott et al., 2015; Patel et al.,
2015; Wang et al., 2018), studies have shown that both ODs
and RBDs have essential roles in condensate formation (Feric
et al., 2016; Mitrea et al., 2016), including in the case of G3BP-
dependent SGs (Bley et al., 2015; Kedersha et al., 2016; Matsuki
et al., 2013). Nevertheless, a mechanistic understanding of the
contributions of oligomerization, disorder, and RNA binding to
multiphase condensation has remained elusive.

Our findings reveal that despite the common assertion that
weakly self-associating IDRs are critically important for LLPS,
G3BP’s IDRs are dispensable for its role in SG assembly (Fig-
ure 1), and one should be wary of equating their mere presence
with physiological condensation (Riback et al., 2017). Instead,
along with two accompanying papers from the Alberti and Taylor
labs (Guillén-Boixet et al., 2020; Yang et al., 2020), we uncover a
modulatory role for IDRs in tuning the RNA-binding capacity of
the associated protein complex and its ability to induce RNP
condensation. In the case of G3BP, juxtaposition of its RBD
and acidic region (IDR1) prevents RNA engagement and SG as-
sembly. Since similar acidic tracts are found in many SG (e.g.,
CAPRIN1, FMR1) and nucleolar (e.g., UBTF, NPM1) proteins,
such electrostatic-based tuning of RNA-binding affinity may be
broadly utilized, and phosphorylation/dephosphorylation of res-
idues near RBDs might toggle RNA-protein interactions (Kim
et al., 2019). More in line with recent work (Ruff et al., 2019),
we identify a self-associating IDR in UBAP2L that is critical for
SG formation. By conferring the ability to weakly interconnect
multiple UBAP2L/G3BP and FXR1/UBAP2L complexes, this
tyrosine-rich region likely acts as an essential RBD valence multi-
plier (Figures 6C-6E).

Several studies suggest that dimerization of substrate-binding
domains might be sufficient for assembly of certain condensates
(Larson et al., 2017; Strom et al., 2017). However, our work high-

lights the contribution of higher degrees of substrate-binding
valence, v, and illustrates the importance of careful consider-
ation of ectopic protein expression levels relative to endogenous
values in intracellular studies of condensate assembly. Although
our experiments are consistent with the assertion that G3BP pri-
marily exists in stress-independent homodimers (Guillén-Boixet
et al., 2020; Panas et al., 2015; Schulte et al., 2016; Yang et al.,
2020), synthetic RNA-binding dimers are unable to compensate
for FL G3BP at physiological concentrations (Figure 1L). Rather,
G3BP’s dimerization domain (NTF2) must serve as a valence-
amplifying interaction platform, recruiting RBD-containing
bridges (e.g., CAPRIN1) and secondary nodes (e.g., UBAP2L),
the latter of which is also critical for SG assembly (Figure 2).
We confirmed the essentiality of such interconnected RBD com-
plexes using an engineered system (Corelets) (Bracha et al.,
2018), showing that high-valence G3BP RBD oligomers (nodes)
are dramatically more potent than dimers (bridges) at rescuing
SG defects in G3BP knockout cells (Figure 4). Importantly, multi-
valent RBDs of NTF2-associated RBPs (Figure 5) are similarly
competent to form PB-studded SGs, a shared preference for
the SG RNP network that allows multicomponent G3BP com-
plexes to induce condensation at physiological protein concen-
trations (Table S1). Such protein complexes (Figures 2 and 6),
organized via weakly connected oligomeric nodes, provide suf-
ficient RNA-binding contacts to rapidly condense RNPs into
stress granules following polysome disassembly (“RNA influx”).

Similarly built interconnected nodes appear to underlie the for-
mation of diverse condensates (Figure 1A), suggesting that such
wiring may confer a common evolutionary advantage. Impor-
tantly, G3BP’s PPI network is conserved in simple metazoans
such as Drosophila (Baumgartner et al., 2013). Our data suggest
a possible rationale for such node-node connectivity (e.g.,
G3BP-UBAP2L via NTF2) in affording switch-like control of
LLPS by ligands (Choi et al., 2019), a mechanism we refer to
as “valence capping.” NTF2-binding partners (e.g., USP10)
that lack RBDs effectively turn G3BP complexes from v>3 no-
des into v=2 bridges, thereby lacking the requisite RNA-binding
contacts to condense the SG network (Figure 3). This physical

Figure 6. Competition between Protein-Protein Interaction Nodes Encodes Multiphase Condensation

(A) SG proteins compensate for G3BP if acting as v>2 nodes.

(B) Expression (~0.4 uM) of GFP-tagged proteins in G3BP KO cells (+As, oligo-dT RNA FISH). Checks = polyA+ SGs. Scale bar, 3 um, unless noted.
(C) Corelet screen in G3BP KO cells (+As) to uncover additional valence. Oligo-dT RNA FISH, 10-min activation, fixed. Arrowhead: condensates lack

polyA+ mRNA.

(D) G3BP KO cells (+As) expressing GFP-UBAP2LAs and EIF3F-mCh scored for SGs. Mean and SEM: n = 4 experiments (>4 images per). Images: check = SGs,

scale bar, 1 um.

(E) SG formation requires sufficiently high vggp complexes, which can be achieved partly via self-associating UBAP2L IDRs (purple tails) in different complexes.
(F) Triple co-expression (GFP-G3BP1, mCh-UBAP2L, iRFP-FXR1) in G3BP KO cells (+As). Line traces for single granules shown. Scale bar, 1 pm.
(G) Super-resolution STED of live G3BP KO cells (+As) with <2 uM of either iRFP-G3BP (left) or GFP-G3BP1 and iRFP-FXR1 (right). Arrowhead: G3BP-depleted

regions in SGs.

(H) Left: Immunofluorescence of UBAP2L KO cells (+As) with GFP-UBAP2L. Check = co-localization. Right: IP of GFP-UBAP2L (G3BP KO cells + As) to detect

high-affinity interactions (*).

(I) SG partition coefficients of GFP-tagged proteins in WT cells (+As) with mCh-CAPRIN1. Mean and SEM: n = 3 experiments (n > 4 images per).
(J) Schematic of how protein interaction network may inform molecular mechanism of multi-phase SGs/PBs.
(K) G3BP KO cells (+As) expressing mCh- and GFP-tagged proteins (left to right by network distance from G3BP) pairwise (<2 uM). Legend below. Scale

bar, 1 um.

(L) G3BP KO cells with G3BBPANTF2 Corelets (green) and UBAP2L-iRFP (<1 pM) were As-treated (1 h) then activated and deactivated.
(M) G3BP KO cells (+As) expressing panel of Corelets (red; untagged core) and GFP-tagged proteins (green, ~2-3 uM); fixed post-activation (10-min). Scale

bar, 3 um.
See also Figures S6 and S7.
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Figure 7. A Minimal Model of PPI Network Phase Behavior Demonstrates Tunable Multiphase Coexistence

(A) A minimal network model consisting of a substrate-binding complex, a bridge complex, and a high-valence self-interacting complex. Top: Large circles
represent a single protein, protein complex, or substrate unit; small circles indicate monovalent interaction sites; and lines indicate equal-affinity protein-protein
or protein-substrate interactions. Middle: Free-energy landscape calculated at phase coexistence. The coordinate A¢ indicates the distance between a pair of
phases, whose compositions are identified above, along a linear path AE’. The vertical axis reports the free-energy density in thermal units. Inset: Depiction of the
three coexisting phases with concentration vectors $ in a four-dimensional concentration space. Bottom: A cartoon of wetted droplets with a shared component.
(B) Disruption of the Bridge-Node 2 interactions, e.g., via saturation with “cap” proteins, separates the network. The compositions of the « and 8 phases shift and

the a-( interfacial free-energy barrier height increases, which tends to disfavor wetting of the two phases.
(C) Inhibition of the Node 1 self-interactions, e.g., via capping, destabilizes the « phase.

(D) Removal of the substrate also destabilizes the « phase.

model likely represents a broadly applicable framework for un-
derstanding how organisms exert spatiotemporal control over
phase separation, for example during tissue patterning (Brang-
wynne et al.,, 2009; Gammons and Bienz, 2018; Saha et al.,
2016; Wu and Fuxreiter, 2016) and condensate spacing
(Spencer et al., 2017; Zhang et al., 2018). We speculate that con-
centrations and composite interaction strengths of intercon-
nected caps, bridges, and nodes have been finely tuned to allow
context-dependent “phase switches.” In the case of SGs, such a
switch is hijacked by diverse viruses to ensure their survival
(Panas et al., 2014, 2015; Schulte et al., 2016), which likely re-
flects a physiological utility (e.g., USP10) (Kedersha et al.,
2016; Panas et al., 2015).

Considering the overlap between PB and SG PPI networks
(Figure 6J; Youn et al., 2018), another possible evolutionary basis
for interconnected nodes is that valence-capping—or ligand-
based competition for a node’s PPI interfaces more gener-
ally—provides a facile way to control directional substrate
(e.g., RNA) processing (Kim et al., 2019; Riback et al., 2019).
Indeed, we show that subtle manipulation of node stoichiometry
causes restructuring of multiphase organization (Figure 6), sup-
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porting a biophysical framework in which the relative overlap be-
tween networks of interactions (protein-protein, protein-RNA)
defines phase immiscibility (or coexistence) and relative RNP
partitioning (Figure 7). De novo multiphase SGs can result from
competition for substrate between a synthetic RBD node and
its FL counterpart in an endogenous complex (Figures 6L and
6M). Further, shifting the stoichiometry of highly interconnected
nodes is sufficient to encode compositionally distinct hybrid
condensates (Figures 6H and 6K), hypertrophied examples of
endogenous multiphase SGs (Figures 6F and 6G), or even de-
coupled SG/PBs (Figure 6K). Thus, competing nodes appear
to promote a composition-dependent “tug-of-war” between
PPIs and protein-RNA interactions, the outcome of which deter-
mines condensate specificity and association (Figure 7). The
possibility for even relatively non-overlapping networks to
become miscible by shifting the stoichiometric balance high-
lights the richness of the high-dimensional phase diagrams un-
derlying multiphase condensation (Jacobs and Frenkel, 2017;
Mao et al., 2019).

Our results illustrate that, rather than a binary classification
scheme for a given multiphase (e.g., SG versus PB), a spectrum



of condensates, each with their own biomolecular composition,
is the inevitable consequence of distinct cellular states. Future
studies will integrate new experimental findings regarding the
caps, nodes, and bridges that define the network connectivity
within a given set of condensates, together with theoretical ap-
proaches that consider more complex networks of particle-
based interactions. In addition to having major implications for
substrate processing and organismal development, these efforts
will be important for understanding how condensates are manip-
ulated by pathogens to ensure their survival (Mclnerney, 2015) or
pathologies to drive cell death (Freibaum and Taylor, 2017). We
envision that such network-based approaches based on soft
matter physics will inform the identification of nodes most
amenable to therapeutic targeting, and thus inspire new treat-
ment strategies for devastating human diseases.
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O G3BP rescue competition data analysis in G3BP KO
U20S cells
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(G3BP KO cells)
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