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Abstract

Prion-like domains (PLDs) are low-complexity protein sequences enriched within nucleic acid-
binding proteins including those involved in transcription and RNA processing. PLDs of FUS and
EWSR1 play key roles in recruiting chromatin remodeler mammalian SWI/SNF complex to
oncogenic FET fusion protein condensates. Here, we show that disordered low-complexity
domains of multiple SWI/SNF subunits are prion-like with a strong propensity to undergo
intracellular phase separation. These PLDs engage in sequence-specific heterotypic interactions
with the PLD of FUS in the dilute phase at sub-saturation conditions, leading to the formation of
PLD co-condensates. In the dense phase, homotypic and heterotypic PLD interactions are highly
cooperative, resulting in the co-mixing of individual PLD phases and forming spatially
homogeneous ternary co-condensates. Heterotypic PLD-mediated positive cooperativity in
protein-protein interaction networks is likely to play key roles in the assembly of SWI/SNF
complexes and their co-phase separation with transcription factors containing homologous low-
complexity domains.
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Introduction

Biomolecular condensates such as stress granules and transcription factories are membrane-less
subcellular bodies that form and are regulated via the phase separation of multivalent proteins
and nucleic acids 3. The perceived physiological functions of biomolecular condensates range
from signaling hubs under normal conditions to storage depots in response to cellular stress 3.
Sequence analyses of the proteins enriched in intracellular condensates both in the nucleus and
cytoplasm have previously revealed an abundance of proteins containing long stretches of
intrinsically disordered prion-like domains “°. Prion-like domains (PLDs) are typically
characterized by their low complexity sequence features with an overrepresentation of aromatic
(Y/F) and polar amino acids (G/S/Q/N) and depletion of charged residues 7. Proteins with PLDs
have been identified in all life forms &2, Prion proteins were initially discovered as proteinaceous
infectious agents in bovine spongiform encephalopathy and other neurodegenerative diseases
413-15 put are increasingly recognized with key functional roles in driving phase separation of
RNA-binding proteins in the cell, and in the formation of functional amyloids 517,

What roles do PLDs play in the context of protein phase separation? Multivalent
interactions between PLDs and with the solvent, which are encoded by the PLD sequence
composition and patterning 8% have been recognized to be a key feature driving the phase
separation of isolated PLD chains and PLD-containing proteins 2°-25, Previous studies using
hnRNP Al PLD have demonstrated that the distributed aromatic (Y/F) amino acids act as
“stickers” that mediate PLD-PLD interactions ¥2%, whereas the polar amino acids (Q/S/G) can be
described as “spacers”, which regulate chain solvation and cooperativity of sticker-sticker
interactions. Together, the sticker and spacer residues regulate PLD phase separation in a
context-dependent manner °. When part of a multi-domain protein, n-r and cation-r interactions
mediated by the aromatic sticker residues of PLDs have been shown to encode the driving force
for phase separation of many RNA and DNA binding proteins including FUS, EWSR1, TAF15,
hnRNP A1, and EBF1 2%27-2°_ Further, debilitating point mutations in PLDs have been reported to
promote the pathological transformation of protein condensates from a liquid-like state to solid
aggregates 202031 Thus, PLDs play important roles in the context of functional protein phase
separation as well as disease processes associated with the formation of aberrant biomolecular
condensates.

Many intracellular biomolecular condensates, such as stress granules and transcriptional
hubs, are known to contain a multitude of proteins containing prion-like low complexity domains
4532 Despite being broadly classified as prion-like based on the frequencies of certain amino
acids in a protein sequence ®7, individual PLD chains typically feature distinct sequence
composition, amino acid patterning, and chain length 42233, Do PLDs from distinct proteins interact
with one another and influence the phase separation of each other? Previous studies have
reported that the PLDs in transcription factors, including the FET family of fusion oncoproteins,
not only drive their phase separation but also facilitate the recruitment of essential coactivators,
such as the catalytic subunit of the mammalian SWI/SNF complex, BRG1, in transcriptional
condensates 283437, Interestingly, BRG1 contains an N-terminal PLD, which can engage with the
PLD of FET fusion proteins via heterotypic multivalent interactions 2. Although homotypic phase
separation of some PLDs, such as FUS and hnRNP A1, are well characterized 81°2?7, little is
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known about how heterotypic interactions regulate the co-phase separation of PLD mixtures. In
multi-component mixtures, multivalent homotypic and heterotypic interactions between PLD
chains can either positively or negatively cooperate, resulting in a rich phase behavior and dense
phase co-partitioning. Further, PLD-containing proteins such as FUS have recently been reported
to form a heterogeneous pool of oligomeric complexes below their saturation concentration for
phase separation 38, which are thought to represent distinct functional states of the protein than
the condensates that form at higher concentrations 3°. However, a key unanswered question is
whether heterotypic PLD interactions occur at sub-saturation conditions, which may provide a
mechanistic basis for the formation of functional protein complexes, such as the FET proteins and
BRG1, driving oncogenic transcriptional programs.

Motivated by these open questions, here we systematically investigate the phase behavior
of PLD mixtures encompassing FUSP® and the PLDs from the chromatin remodeler mammalian
SWI/SNF (mSWI/SNF) complex that aberrantly interact with FUS fusion oncoproteins in
transcriptional reprogramming 4°. Our study incorporates newly discovered PLDs from four
MSWI/SNF complex subunits: ARID1A, ARID1B, SS18, and BRG1, which are essential
components for spatiotemporal transcriptional regulation and chromatin remodeling *%43,
Employing in vitro experiments with reconstituted PLD systems in conjunction with cell culture
models, we show that there exists a broad range of saturation concentrations (Cs,.) of PLD chains
in vitro that directly correlate with their ability to form phase-separated condensates in live cells.
Surprisingly, we find that except BRG1, mSWI/SNF subunit PLDs undergo phase separation with
Csor Values substantially lower than the previously reported PLDs of RNA binding proteins,
including FUSPP 1827 This enhanced propensity of mSWI/SNF subunit PLD phase separation is
due to their longer chain length as compared to the PLD of FUS. We further show that in ternary
mixtures, mMSWI/SNF subunit PLDs significantly lower the saturation concentration for phase
separation of FUSPLP, Quantitative confocal fluorescence microscopy revealed that heterotypic
PLD interactions result in their co-partitioning in the dense phase with partition coefficients that
show a positive correlation with the number of aromatic and arginine stickers. Interestingly, we
find that heterotypic PLD-PLD interactions between FUS and mSWI/SNF subunit occur at sub-
saturation concentrations in vitro and in live cells, indicating strong affinities between these low
complexity domains. Heterotypic PLD interactions in the dilute phase drive their co-phase
separation. In ternary mixtures of PLD condensates, individual PLD dense phases undergo
complete mixing, and together, they form spatially homogeneous PLD co-condensates. This
finding indicates that homotypic and heterotypic PLD-PLD interactions are highly cooperative and
thermodynamically compatible in the dense phase despite substantially different saturation
concentrations of individual PLD chains. We conjecture that PLD-mediated interactions in the
sub-saturation conditions between multiple subunits of the mSWI/SNF chromatin remodeling
complex and FET proteins as well as their co-condensation may constitute an important step in
establishing transcriptionally relevant protein interaction networks.
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Results

Prion-like domains of mSWI/SNF subunits form dynamic phase-separated condensates in live
cells

mSWI/SNF chromatin remodeler complex is enriched in subunits that have large disordered low
complexity regions with unknown functions 4. Many of these disordered regions have prion-like
sequences (Fig. S1) %. Since PLDs of RNA and DNA binding proteins can drive phase separation
and contribute to the formation of biomolecular condensates in cells 4212/, we investigated
whether mSWI/SNF subunit PLDs are phase separation competent. We selected the top four
PLDs in the complex based on their length, functional and disease relevance, which correspond
to the following subunits - BRG1 [catalytic subunit], ARID1A, and ARID1B [among most mutated
proteins in cancer **], and SS18 [relevant to fusion oncoprotein SS18-SSX #°] (Fig. 1a&b; Fig.
S1). We noted that although the prion prediction algorithm PLAAC ° categorizes these low
complexity domains as prion-like, these PLDs have varying sequence composition and their
lengths are significantly higher than the PLDs from RNA binding proteins (Fig. 1b; Tables S1-3).
To determine if they were phase separation competent, we titrated concentrations of recombinant
PLDs in vitro (buffer: 125mM NaCl, 25mM Tris.HCI pH 7.5) and observed that apart from
BRG1PLP, all other PLDs form spherical condensates in a concentration-dependent manner (Fig.
1c; Fig. S2a). Further, ARID1BPP condensates showed cluster-like morphologies upon phase
separation, suggesting a percolation-type network formation 46 (Fig. 1c). Based on the optical
microscopy data, we quantified the saturation concentrations (Cs,;) for the PLDs as < 2.5 pM for
ARID1APP and SS18PP, and <5 pM for ARID1BPP (Fig. 1d; Fig. S2a). Under similar
experimental conditions, FUSP'P undergoes phase separation with a Cg,; of < 200 uM (Fig. S2a)
47 which is almost two orders of magnitude higher than ARID1AP™® and SS18P°. Although
BRG1PP did not phase separate under these conditions (Fig. S2a) it can be induced to form
spherical condensates in presence of a macromolecular crowder (20% Ficoll PM70; Fig. S2b) 2.
These data suggest that except for BRG1, mSWI/SNF subunit PLDs are highly phase separation
competent. We next probed whether these condensates are dynamic using fluorescence recovery
after photobleaching (FRAP) experiments. FRAP recovery traces indicate that all PLD
condensates rapidly exchange molecules (Fig. 1e). Based on the FRAP traces, we find that
ARID1APP forms the most dynamic condensates with more than 80% recovery, SS18P'P is
intermediate with ~60% recovery and ARID1BPP is the least dynamic with less than 40% recovery
within the same observational timeframe. The reduced dynamicity of ARID1BP° condensates is
consistent with the percolation-driven network formation observed for these condensates (Fig.
lc).

Although PLDs have emerged as a driver of ribonucleoprotein phase separation under
physiological and pathological conditions, expression of these domains alone typically does not
lead to the formation of condensates in live cells 29284849 This is consistent with their known Cgy¢
values in vitro, which range from 100-200 uM and are typically much higher than their intracellular
concentrations 8274750 Since mSWI/SNF PLDs show low micromolar Cg, values in vitro, we
posited that they may form condensates in live cells at low expression levels. To test this idea,
we transiently transfected HEK293T cells with GFP-PLD plasmids. Upon expression, ARID1APP,
ARID1BFPP, and SS18FP readily formed spherical nuclear foci, whereas BRG1P° and FUSF-P
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remained diffused at all expression levels (Fig. 1f). To estimate the relative Cs, of mMSWI/SNF
PLDs within the nucleus, we used GFP fluorescence intensity as a proxy for concentration and
leveraged the stochastic nature of intracellular PLD expression. We observed that SS18°° has
the lowest Cg,; followed by ARID1AP® and ARID1BP'P (Fig. 1g). This rank order of cellular
saturation concentrations is similar to their in vitro phase behavior (Fig. 1d). Further, FRAP
experiments revealed that the nuclear condensates of ARID1AP°, ARID1BPP, and SS18°'° are
highly dynamic (Fig. 1h). Interestingly, the morphology of the PLD condensates varied with their
subcellular localization. Spherical condensates formed within the nucleus and irregular, yet
dynamic, assemblies were observed in the cytoplasm (Fig. S2c&d). Such differences could arise
from the distinct intracellular microenvironment of the cytoplasm and the nucleus, such as the
viscoelasticity of chromatin fibers, altered post-translational modifications, and abundance of
RNAs in the nucleus, which can markedly influence the coarsening behavior and biophysical
properties of condensates 51755,
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Figure 1: Prion-like domains of mSWI/SNF complex subunits form phase-separated condensates in vitro and
in live cells. a) A schematic of the mSWI/SNF complex bound to the nucleosome. This is adapted from Varga et al.,
BST, 2021 58, The four largest prion-like domains (PLDs) in the mSWI/SNF complex are displayed as shaded lines. b)
A bubble chart representation of the sequence composition of the five PLDs (FUS, ARID1A, ARID1B, SS18, and BRG1)
used in this study. The lengths of the PLDs are displayed as amino acid count “aa”. c) Differential interference contrast
(DIC) microscopy images of purified FUSP-C and mSWI/SNF PLDs at 50 uM protein concentration. d) Concentration
titrations of various PLDs are displayed with green circles denoting the two-phase regime and red circles denoting the
single-phase regime (see DIC images in Fig. S2). e) Fluorescence recovery after photobleaching (FRAP) curves for
condensates formed by ARID1AP'P, ARID1BP'P, and SS18PLP at 50 uM concentrations. The FRAP curves show the
average intensity and standard deviation of the intensity profiles over time (n = 3). f) Fluorescence microscopy images
of HEK293T cells expressing GFP-tagged PLDs (FUSP'P, ARID1APP, ARID1BPP, SS18PP and BRG1PWP), as
indicated. Hoechst was used to stain the cell nucleus which is shown in blue. The insets show images of cells
expressing GFP-tagged proteins below their respective saturation concentrations. g) The phase separation capacity is
quantified over various levels of nuclear fluorescence intensity (a proxy for protein concentration). Green circles indicate
the presence of nuclear condensates and red circles represent diffused expression patterns. The dark-shaded regions
represent the transition concentrations. h) FRAP curves for condensates formed by GFP-tagged PLDs in HEK293T
cells. The average intensity and standard deviation of the intensity profiles are shown over time (n = 3). The scale bar
is 5 microns for all images.

The length of PLD chains determines their saturation concentration in live cells

The phase separation capacity of PLDs has been attributed to multivalent chain-chain interactions
predominantly mediated by the distributed aromatic residues ! and the chain-solvent interactions
governed by polar residues such as Gly and Ser °. While SS18P'° has a lower percentage of
aromatic content than FUSF'P (Tables S1-3), it undergoes phase separation more robustly in vitro
and in live cells as compared to FUSP'P (Fig. 1; Fig. S2). We posited that this difference could
arise from the chain length of the PLDs, given SS18P-° is approximately two-fold longer (352 aa)
than FUSPLP (173 aa). In general, increasing the chain length of a polymer can act as an entropic
sink, thereby increasing the driving force for phase separation “¢°’. To test this idea, we designed
a FUSP'P variant where we doubled the length of PLD of FUS (346 aa), which we termed as
FUSZ*PLD (Fig. 2a). In contrast to the FUSFP'P which remained diffused at all expression levels, we
observed that FUS#*PLP formed phase-separated condensates in the cell nucleus at a relatively
low expression level (Fig. 2b), similar to the three mSWI/SNF subunit PLDs (Fig. 1f). The
estimated intracellular saturation concentration of FUS?*P'P was observed to be similar to that of
ARID1AP® and ARID1BP'® (Figs. 2¢ & 1g) and marginally higher than the SS18"-°. Analogous
to mSWI/SNF subunit PLD condensates, FRAP experiments revealed that FUS?P'P condensates
have a high degree of dynamic behavior (Fig. 2d). These data collectively suggest that, in addition
to their primary sequence features, PLD chain length is an important determinant of the driving
force for PLD phase separation. However, we note that the chain length alone is not sufficient for
driving the phase separation of PLDs. This is clearly highlighted by the weak phase separation
propensity of BRG1P'P (Fig. 1b-f) which features almost the same length (340 aa) as the SS18F-P
and FUS#*PLP_ put significantly reduced numbers of aromatic and arginine stickers (Tables S1-3).
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Figure 2: The length of the PLD chains influences their phase behavior inside cells. a) A bubble chart
representation of the sequence composition of three PLDs. The lengths of the PLDs are displayed as amino acid count
“aa”’. b) Fluorescence microscopy images of HEK293T cells expressing GFP-tagged proteins (FUSFPLP, FUS?XPLD_ or
SS18PLP), as indicated. Hoechst was used to stain the cell nucleus (shown in blue). The insets show images of cells
expressing GFP-tagged proteins below their respective saturation concentration (diffused distribution). c) Phase
separation capacities of PLDs are quantified over various levels of fluorescence intensity (a proxy for protein
concentration). Green circles indicate the presence of condensates and red circles indicate an absence of condensates.
The dark-shaded regions represent the transition concentrations. d) FRAP curve for condensates of GFP-tagged
FUS2XPLD and SS18PLPin HEK293T cells. The average intensity and standard deviation of the intensity profiles are
shown over time (n = 3). The scale bar is 5 microns for all images.
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MSWI/SNF PLD condensates recruit low-complexity domains of transcription factors and RNA
polymerase Il via heterotypic PLD-mediated interactions

An emerging feature underlying transcriptional regulation by prion-like low complexity domains in
transcription factors is their ability to directly engage with chromatin remodeler SWI/SNF
complexes %3640 and RNA polymerase Il (RNA pol Il) 2%, the C-terminal domain (CTD) of which
also has a prion-like sequence (Fig. S3). Previous studies have reported that BRG1, the catalytic
subunit of the mSWI/SNF complex, can enrich within optogenetically induced FUSPP
condensates and FUS fusion protein condensates in live cells 2. We posited that this functional
engagement can be, in part, mediated by disordered PLDs of FUS and BRG1. Indeed, FUS?*PtP
condensates showed a strong colocalization with BRG1"? in live cells (Fig. S4), which otherwise
remains homogeneously distributed in the nucleus (Fig. 1f). This observation of BRG1PP
partitioning into FUS?P'P condensates clearly suggests the occurrence of heterotypic PLD-PLD
interactions in these systems. To explore these heterotypic interactions systematically, we
analyzed the degree of the partitioning of PLDs of FUS and RNA pol Il into condensates formed
by ARID1APP, ARID1BP'P: and SS18P'P. To this end, we defined scaffolds and clients in each
pair of PLD mixtures: scaffold is the protein that forms condensates (C > Cs,;) and the client,
defined as the protein that does not phase separate under the experimental conditions (C < Cgyy),
partitions into the scaffold condensates (Fig. 3a). The degree of client partitioning is determined
by the sequence-specific scaffold-client interactions and the chain solvation free energy difference
between the dense phase and the dilute phase °8-%°. When the experimental conditions are the

same and the scaffold concentration is fixed, partition coefficients, defined as k = Id"’“se/ld,l o'
Lute

of a group of similar clients to a scaffold condensate can report on the relative strength of scaffold-
client interactions 8%, In our experiments, we observe that each of the PLD condensates can
recruit other PLDs (Fig. 3b), indicating a synergistic interplay between homotypic and heterotypic
PLD interactions. However, the distribution of k values (Fig. 3c) spans over two orders of
magnitude (~2—200), suggesting that there is a broad range of specificity of heterotypic
interactions. We observed a few common trends for all three scaffold condensates: SS187-°,
ARID1AP® and ARID1BPP. Firstly, the partitioning of three strongly phase-separating mSWI/SNF
PLDs within each other’s condensates are similar and comparable to their self-partitioning (k ~
50—-220), suggesting that the homotypic PLD interactions are similar in strength as the heterotypic
interactions between these PLDs. Secondly, BRG1P®, which showed a substantially low
propensity of phase separation (weaker homotypic interactions) than the other PLDs, partitioning
within mSWI/SNF PLD condensates is almost 15-100-fold lower (k ~ 2-5), suggesting
substantially weaker heterotypic PLD interactions in this case. Interestingly, we observed that
FUSPLP partitioned in mSWI/SNF subunit PLD condensates to a similar degree as the SS18FtP,
ARID1AP® and ARID1BP®, (k ~ 50—185) suggesting highly favorable heterotypic interactions.
Finally, the CTD of RNA Pol Il was observed to partition within mSWI/SNF PLD condensates to
intermediate degrees (k ~ 20—80; Fig. 3b&c).
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Figure 3: Heterotypic PLDs interact and enrich within homotypic PLD condensates. a) A Schematic of the co-
partitioning assay based on confocal fluorescence microscopy. 50 uM concentration of the scaffoldP-P was used to form
condensates and ~1 pM of the AlexaFluor488 labeled client” P was utilized to determine the partition coefficient (k).
Created with BioRender.com. b) Partitioning of AlexaFluor488 labeled client PLDs (ARID1APP, ARID1BP-P, SS18PLD,
BRG1P®, RNA Polymerase Il CTD%°, and FUSP'P) within condensates of ARID1AP-°, ARID1BPLP: and SS18PLP,
respectively. Enrichment s calculated as shown in (a) and displayed as a box-and-whisker plot. c) The average partition
coefficient (k) is tabulated along with the standard deviation from the mean. The scale bar is 10 microns.

Collective analysis of the experimental trend of partition coefficient data revealed a more positive
correlation with the number of aromatic and arginine residues of the respective PLD chains (Fig.
S5) than any other sequence features including the net charge per residues (NCPRs), number of
hydrophobic residues, and PLD chain length. This observation indicates that the aromatic and
arginine residues collectively act as stickers to drive homotypic phase separation of the system
as well as heterotypic PLD-PLD interactions leading to their co-partitioning 8127,

Heterotypic interactions drive PLD co-condensation in live cells

Based on the observed extent of heterotypic PLD interactions among mSWI/SNF subunit PLDs
and with FUSP'P in our in vitro client partitioning assay (Fig. 3), we next asked whether mSWI/SNF
PLDs can interact with each other and form co-condensates in living cells. To test this, we co-
expressed pairs of PLDs with a GFP tag and a mCherry tag. In our first set of studies, we took
advantage of the very low C,, of SS18"°, which forms condensates robustly upon expression in
the cell nucleus and used it as the scaffold PLD for live cell experiments. Heterotypic PLD
interactions within phase-separated GFP-tagged SS18°° condensates in live cells were probed
by the degree of mCherry-tagged client PLD partitioning. We used mCherry alone as a reference.
We observed that SS18P° condensates recruit other PLDs in cellulo (Fig. 4a). Quantification of
the degree of partitioning revealed that while ARID1A and ARID1B are strongly enriched within
SS18PP condensates, BRG1P° only exhibited mildly enhanced enrichment compared to the
mCherry control, whereas FUSPP showed a strong level of colocalization (Fig. S6). This observed
trend in our cellular assays is consistent with our results from in vitro partitioning experiments
performed with purified proteins (Fig. 3), further supporting that heterotypic PLD interactions are
sequence-specific. We next performed similar experiments with ARID1AP® (Fig. S7) and
ARID1BPP (Fig. S8) as scaffold condensates and made similar observations that except for
BRG1PP, other PLDs strongly partition within the scaffold condensates. However, we noted that
Pol Il CTD® did not significantly enrich within condensates of any of the three mSWI/SNF PLDs
in cells (Fig. S9). This observation contrasts with our in vitro client recruitment assay results
showing moderate degrees (k ~ 20—80) of enrichment (Fig. 3). This may be due to post-
translational modification of the Pol Il CTD in cells, specifically, phosphorylation, which was

previously shown to inhibit Pol Il CTD recruitment to condensates formed by the FET family PLDs
61
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Figure 4: Heterotypic PLDs co-condense in live cells. a) HEK293T cells co-expressing GFP-SS18PC and either
one of the mCherry-tagged PLDs (ARID1AP-°, ARID1BP'P, FUSPLP and BRG1P'P) or mCherry alone. b) The degree of
colocalization is displayed as intensity profiles for condensates shown in the inset images. Green represents the
intensity profile of GFP-SS18P'° and red represents the profile for mCherry-tagged PLD. The enrichment coefficients
are reported in Fig. S6. The scale bar is 10 microns for all images.
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mMSWI/SNF PLDs lower the saturation concentration of FUSPP and form spatially homogeneous
co-condensates

How do heterotypic PLD interactions impact the phase behavior of multi-component PLD mixtures
encompassing FUS and mSWI/SNF subunit PLDs? To systematically address this, we chose
FUSPP as our primary PLD system, which phase separates with a saturation concentration of ~
200 uM in vitro (Fig. S2a), giving us a broad range of concentrations to test. To probe how
MSWI/SNF PLDs affect FUSP'P phase separation, we choose two specific PLD systems:
ARID1APP| which features strong heterotypic interactions with FUSP?, and BRG1P'P that has
weak heterotypic interactions with FUSP'P (Fig. 3 & Figs. S6-8). While FUSP'P (Cy,¢ ~ 200 uM)
has moderate phase separation driving force, BRG1P'P (C,,. > 200 uM) has a substantially lower
tendency to undergo phase separation and ARID1APP (C,,. = 2.5 uM) is highly phase separation
competent (Fig. 1 & Fig. S2a). We observed that in the presence of both ARID1AP° and BRG1PP
at concentrations below their respective C,;, the saturation concentration of FUSP? is lowered in
a non-linear fashion (Fig. 5a & Fig. S10). These observations suggest that heterotypic
interactions are highly cooperative with homotypic interactions in driving phase separation of the
PLD mixtures °. In the co-PLD phase diagram (Fig. 5a), we identify five specific regimes: regimes
() and (V) are homotypic phase separation regimes of the two PLDs; regime (ll) is a single-phase
regime where the mixture of PLDs stay soluble; regime (lll) is a PLD co-condensation regime
where each of the component PLD concentrations is less than their respective C,, but the mixture
undergoes phase separation; and regime (IV) is another PLD co-condensation regime where
each of the component PLD concentrations is higher than their respective Cg,;.

Two emergent features of the two-component PLD phase diagrams (Fig. 5a & Fig. S10)
are worth highlighting. The first of them is our observation that the PLD mixtures co-phase
separate under conditions where the single PLD component concentrations are below their
respective Cg,; (regime IlI). In biomolecular mixtures of multiple PLD components, the phase
separation driving forces are effectively determined by the synergistic balance of homotypic and
heterotypic PLD interactions. Intriguingly, the lowering of Cg,; of FUSP'® by mSWI/SNF subunit
PLDs (Fig. 5a & Fig. S10) shows a concave trend, which is indicative of positive cooperativity
where the heterotypic interactions enhance the phase separation of the mixture °. Therefore, in
this case, the heterotypic PLD interactions dominate over the homotypic interactions leading to
an effective lowering of the Cs,, of either of the PLD chains.

The second key feature of the ternary PLD mixture is the mixing of PLD dense phases within the
co-condensates even though the Cg,, of individual PLDs differ by almost two orders of magnitude
(Fig. 1 & Fig. S2). This is evident from confocal fluorescence microscopy images, which revealed
that the ternary PLD mixtures formed co-condensates that are spatially homogeneous in regimes
Il and IV (Figs. 5a-c). The co-mixing of individual PLD phases within ternary PLD condensates
(Fig. 5d) was not only observed in vitro but also in live cells when two PLDs were co-expressed
(Fig. 3; Figs. S7&S8). These observations again suggest that the homotypic and heterotypic PLD
interactions are either highly similar or the heterotypic interactions are dominant in this system.
We reason the latter to be the most plausible case based on our experimentally determined two-
component phase diagrams (Fig. 5a & Fig. S10) and the discussion above. If the homotypic chain
interactions were dominant over heterotypic interactions in the ternary mixture, multi-phasic
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condensate morphologies may emerge 47496263 with spatially co-existing individual PLD phases,
which is the opposite of our experimental observations (Fig. 5b-d & Fig. S10).
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Figure 5: Heterotypic PLD interactions promote phase separation and form monophasic PLD co-condensates.
a) Co-phase diagram of FUSPP and ARID1AP® shows lowering of saturation concentration of heterotypic PLD
mixtures. The green circles indicate two-phase regimes, and the grey circles indicate single-phase regimes. The legend
provides the description of the shaded regions highlighted in five distinct colors. b) Fluorescence microscopy images
of PLD samples from the specific regions of the phase diagram shown in (a). ARID1AP'P is labeled with AlexaFluor488
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and FUSPP is labeled with AlexaFluor594. c) Fluorescence microscopy images of PLD co-condensates formed by the
mixtures of SS18P'° with ARID1APLP (top) and SS18P-P with FUSP-P (bottom) at concentrations above the saturation
concentrations of respective PLDs. SS18PLP is labeled with AlexaFluor488, ARID1AP'C, and FUSPLP are labeled with
AlexaFluor594, respectively. The scale bar is 5 microns for allimages. d) A schematic showing formation of monophasic
ternary PLD co-condensates, corresponding to regimes Il and IV in the phase diagram shown in (a). This is created
with BioRender.com.

Heterotypic PLDs interact in the sub-saturation concentrations

In our experiments thus far, we observed that condensates formed by mSWI/SNF subunit PLDs
can recruit other PLDs in vitro and in live cells. Further, heterotypic PLD interactions lead to a
lowering of FUSPP saturation concentration and the formation of spatially homogeneous PLD co-
condensates. Since heterotypic interactions seem to dominate over homotypic interactions in
ternary PLD mixtures (Fig. 5 & Fig. S10), we next asked whether these PLDs interact with each
other at concentrations below their saturation concentrations. To address this, we first employed
a bead halo assay % with a pair of PLDs. In these experiments, AlexaFluor488-labeled scaffold
PLDs containing a hexahistidine (Hisg) tag were immobilized on the surface of Ni-NTA micro-
spheres through Ni-Hiss interactions. The scaffold PLD was designed to contain a solubility tag
(MBP; see Materials and Methods) to abrogate phase separation on the bead surface. We used
two mSWI/SNF PLDs, SS18P° and BRG1P'P, as scaffolds in our experiments. The scaffold PLD
concentration used for these measurements was fixed at 250 nM, which is much lower than their
respective Cs,¢. AS a negative control, we used a Hiss-MBP-GFP that is not expected to interact
with the PLD chains. Next, 250 nM of AlexaFluor594-labeled FUSP'P (client PLD) was added to
the solution (Fig. 6a). We expect that if heterotypic PLD interactions are present at these scaffold-
client concentrations that are much lower than their Cs,, they would enable recruitment of the
client PLD (FUSP'P) to the bead surfaces coated with a scaffold PLD (SS18P° or BRG1P'D).
Further, the relative degree of client recruitment will depend on the strength of scaffold-client
interactions, with SS18P'° being a significantly stronger scaffold than the BRG1°P (Fig. 3).
Indeed, we observed that FUSPLP is preferentially recruited on the SS18PP- and BRG1P'P-coated
beads as compared to the GFP-coated beads (Fig. 6b&c). These data suggest that SS18°-° and
BRG1P'P interact with FUSPLP at a concentration much lower than their saturation concentrations.
We further noted that the relative FUSP'P enrichment was much higher on SS18P'P-coated beads
as compared to BRG1P'P-coated beads (Fig. 6¢). These results not only provide evidence of the
presence of heterotypic PLD-PLD interactions at their sub-saturation concentrations but also lend
further support that the heterotypic interactions between FUSP® and mSWI/SNF component
PLDs are sequence-specific (Fig. 6¢). We further attempted to quantify apparent binding affinities
by titrating FUSP'P concentration and keeping the scaffold PLD concentration fixed. However,
instead of an apparent two-state binding isotherm, we observed a monotonic increase in the
enrichment of FUSP'P on the bead surface (Fig. S11) as the FUSP'P concentration increased.
This observation may suggest non-stoichiometric binding and homotypic interactions between the
FUSFLP on the surface of the bead at higher client concentrations %9,
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Figure 6: Heterotypic PLDs interact at sub-saturation concentrations. a) A schematic representation of the bead
halo assay. Created with BioRender.com. b) 250 nM of AlexaFluor488-labeled Hiss-MBP-PLD (either SS18P-° or
BRG1PP) or control Hiss-MBP-GFP was attached to Ni-NTA beads. 250 nM of FUSFLP labeled with AlexaFluor594 was
then added to the above beads (see Materials and Methods for further details). Binding was quantified using the ratio
of fluorescence intensities (fluorescence signal from FUSP-®/fluorescence signal from the scaffold PLD or GFP control)
on the surface of the bead. c) A bar chart of the intensity ratios is plotted along with the mean and standard deviation
(n = 8 beads). d) HEK293T cells co-expressing OptoFUSPLP-NLS (Cry2-mCherry-FUSPLP-NLS) and GFP-SS18PLP below
their saturation concentrations. Upon blue light activation, OptoFUSP'® co-condenses with GFP-SS18P-P. Mean
intensity profiles of the co-condensates formed are shown as a function of time for condensates within the inset image.
Green represents the intensity profile of GFP-SS18PP and red represents the intensity profile for OptoFUSP-P. The
corresponding movie is shown in Movie S1. e) Pre-existing GFP-SS18FL0 clusters act as nucleation sites for
OptoFUSPP condensates upon blue light activation (also see Movie S2 & Movie S3). The scale bar is 5 microns for
all images.

The occurrence of heterogeneous nanoscopic oligomers of FUS in the pre-phase
separation regime has recently been reported 8. Our observations that heterotypic PLDs interact
and recruit each other on the bead surface at concentrations several orders of magnitude lower
than their saturation concentrations now suggest that heterotypic interactions between prion-like
LCDs can also occur in the dilute phase independent of phase separation. However, a key
unanswered question is whether such interactions take place in the complex intracellular
microenvironment of a living cell. To test heterotypic interactions between mSWI/SNF subunit
PLDs and FUSP'P in absence of phase separation, we employed a light-activated phase
separation approach “8, In this assay, we used an optoFUSP'P-NSS construct to induce FUSPLP
condensation in live cell nucleus using blue light, while co-expressing GFP-SS18P'° near sub-
saturation level (Fig. 6d). When FUSP'P condensation was actuated by blue light, we made two
key observations. The first one was that SS18P° was enriched simultaneously at sites where
optoFUSPLPNLS condensates were formed upon blue light activation (Fig. 6d & Movie S1). We
note that in this case, there were no pre-existing SS18P'° condensates. Secondly, we observed
that in cells containing pre-existing SS18P'° clusters, they acted as nucleation centers for
optoFUSPP condensation (Fig. 6e & Movie S2). This feature is further highlighted in cells with
multiple pre-existing SS18°° condensates where optoFUSP'® condensation only occurred at
those sites (Fig. S12 & Movie S3). Collectively, we conclude that FUS and SS18 PLDs form
soluble complexes in the dilute phase below their saturation concentrations and SS18PLP clusters
can nucleate condensation of the FUSP'P in live cells (Fig. 6d&e; Fig. S12).

Discussion

mSWI/SNF (also known as BAF) complex is a multi-subunit ATP-dependent chromatin remodeler
with critical functions in genome organization and spatiotemporal transcriptional programming
during development 42436768 Mutations in mSWI/SNF subunits including ARID1A/B, BRG1, and
SS18 are linked to multiple tumor types. However, apart from the ATP-dependent catalytic activity
of the subunit BRG1 in nucleosome repositioning and eviction %7, the functions of other subunits
in controlling chromatin landscape are less understood. Interestingly, one common feature among
ARID1A/B, BRG1, and SS18 primary sequences is that they all have long stretches (~ 300-500
amino acids) of disordered low-complexity domains without any known functions #4. Sequence
analysis revealed that these LCDs are prion-like (Fig. S1) 8. Employing in vitro experiments with
purified LCDs as well as cell culture models, here we show that AIRD1A/B and SS18 PLDs
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undergo liquid-liquid phase separation with saturation concentrations substantially lower than
previously reported PLDs from RNA binding proteins, including FUSP'P (Fig. 1 & Fig. S2). While
aromatic residues have been shown to play a major role in driving PLD phase separation 819,
here we find that the strong phase separation driving forces for the PLDs of SS18 and ARID1A/B
arise from their longer chain length as compared to FUSP'P. We tested this idea by increasing the
FUSPLP chain length two-fold, which resulted in a substantially lower intracellular saturation
concentration of FUS?*PP similar to the PLDs of SS18 and ARID1A/B. However, despite of
similar chain length, BRG1P'P, which contains significantly reduced numbers of aromatic stickers
(Tables S1-3), showed a very weak driving force for phase separation (Cs,; > 200 uM; Fig. 1 &
Fig. S2), highlighting that longer chain length alone is not sufficient for driving phase separation
of PLDs. Together, these results suggest that PLD chain length along with the number and
strength of aromatic stickers collectively governs their phase separation driving force.

Prion-like domain (PLD) co

Cé-yco‘hd‘ensarf.ion of
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Figure 7: Schematic illustration of heterotypic PLD-mediated co-assemblies driving functional protein
interaction networks. Heterotypic PLD interactions occur in the dilute phase at sub-saturation concentrations which
upon increasing protein concentration can lead to co-phase separation of the mixture into spatially homogeneous multi-
component condensates (top panel). Our results collectively suggest that transcriptional proteins can be assembled
into co-phase-separated hubs through sequence-specific positively cooperative interactions among low-complexity
domains (bottom panel). Created with BioRender.com.

Although the saturation concentrations of the PLDs of SS18 and ARID1A/B and FUSP'P differ by
two orders of magnitude at a fixed temperature (Fig. 1 & Fig. S2), mSWI/SNF subunit PLD
condensates formed completely miscible co-condensates with FUSPLP in vitro and in live cells
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(Figs. 4&5). This observation seems apparently puzzling at first based on the difference in Cgq
values of respective PLD chains, which may represent highly dissimilar strengths of homotypic
inter-chain interactions in FUSP® and mSWI/SNF PLDs. If the homotypic interactions are
substantially different in a ternary mixture of polymers, it can form coexisting dense phases with
differential densities 45263, However, as shown in (Fig. 2) and discussed above, the difference in
the Cg,; values between the mSWI/SNF PLDs and FUSP® likely stems from the difference in their
chain length, with mSWI/SNF PLDs having much longer chains. According to the polymer model,
the free energy of liquid-liquid phase separation is an inverse function of the chain length .
Therefore, the lower saturation concentration of mSWI/SNF PLDs likely arises from their
increased chain length, where longer chains act as an entropic sink, rather than stronger
interactions between the chains 2. Further, our ternary phase diagrams (Fig. 5 & Fig. S10)
suggest that heterotypic interactions between these PLD chains are dominant over the homotypic
interactions in PLD mixtures, which is also consistent with the observed miscibility of FUSPLP
condensates with ARID1AP® and SS18P° condensates. Such positive cooperativity in
interactions between PLDs of mSWI/SNF subunits and that of FET proteins may have important
functional relevance in the formation of transcriptional hubs where transcription factors and
coactivators can coexist in a single homogeneous phase-separated hub.

Prion-like LCDs provide unique properties to a protein such as the ability to self-associate
and the capability to engage with heterotypic PLDs 283437 |t is therefore not surprising that PLDs
are enriched in proteins that play a role within the same biological process such as transcription
initiation, where multivalent heterotypic PLD interactions can allow transcription factors and co-
activators to assemble through co-phase separation (Fig. 7). Our results on the mixtures of PLDs
reducing the saturation concentration for phase separation of the individual components suggest
that transcription factors and co-activators can enhance phase separation of each other through
co-scaffolding (Fig. 7). This implies that multiple proteins with PLDs can provide a positive
cooperative effect to reduce the concentration required for phase separation of the collection of
proteins. We speculate that heterotypic PLD-mediated positive cooperativity in protein-protein
interactions is likely to play key roles in the assembly and operation of SWI/SNF complexes and
their interactions with transcription factors containing similar low-complexity domains 28:3536.73,

The ability of the FET family of transcription factors containing an N-terminal PLD to
orchestrate oncogenic gene expression has recently been linked to their aberrant interactions
with the BAF complex subunits, such as BRG1%4%, Given multiple mSWI/SNF subunits contain
long PLDs, could such interactions be mediated by these intrinsically disordered LCDs (Fig. 7)?
Indeed, our results suggest that mSWI/SNF subunit PLDs can engage in sequence-specific
interactions with each other and with the PLD of FUS. Previously, heterotypic interactions have
been reported for transcription factors containing PLDs such as EBF1 and FUS . We further
tested this idea by co-expressing FUS and a fusion oncoprotein FUS-DDIT3 containing an N-
terminal PLD in the same cells. We observed that FUS strongly co-localizes within FUS-DDIT3
condensates (Fig. S13). Since PLDs are common in many endogenous and cancer-associated
fusion transcription factors, based on our results reported here, we propose a common mode of
functional protein-protein interactions in transcriptional regulation for these factors through
sequence-specific heterotypic interactions between low-complexity protein domains.
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Finally, a key finding of our study is that the PLD-mediated multivalent interactions can occur at
sub-micromolar concentrations below their saturation concentrations (Figs. 6&7). These results
imply that heterotypic PLD-mediated protein-protein interactions are likely to be present at
physiologically relevant protein concentrations inside living cells. Such interactions can lead to
the formation of heterotypic clusters at the single-phase regime, similar to homotypic pre-
percolation clusters observed for RNA-binding proteins . Given intracellular concentrations of
many proteins at their endogenous level often resides at sub-saturation level 4, our results
reported in this work suggest that the functional protein-protein networks can arise from
heterotypic interactions mediated by multivalent LCDs in the dilute phase independent of phase
separation.
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