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ABSTRACT: Liquid—liquid phase separation (LLPS) is pivotal in BU sensor surface
generating membraneless organelles and assembling cellular inclusions.

Interactions mediated by RNA and intrinsically disordered regions of Win motif
proteins are ubiquitous mechanisms that drive their LLPS. Here, we identify Q Q N-terr‘nin}lv —
that a site-specific interaction stimulates the LLPS of WDRS, a chromatin- tail

associated protein hub. Our study proves that WDRS undergoes self- WDRS5
association between its N-terminal intrinsically disordered region and a Q Q

multitasking binding site. This mechanism facilitates the formation of liquid ]

droplets in a cell-free environment. Notably, WDRS undergoes phase Win site

separation in mammalian cells, forming nuclear puncta (NP) in response to

osmotic stress. Further, nuclear WDRS condensates encompass a critical

oncoprotein transcription factor, MYC, and WDRS-binding RNA under

hyperosmotic conditions. Our findings suggest that RNA modulates WDRS phase separation and influences nuclear puncta
formation, potentially serving as a general stress response mechanism. These outcomes illuminate a distinctive mechanochemical
signaling process, highlighting the functional interplay among WDRS, RNA, and MYC at the chromatin level, particularly during
osmotically induced LLPS.

B INTRODUCTION oncogenic conditions,”' > and dysregulatlon of its activity
leads to accelerated cancer progression. As a nucleic acid-
binding protein, WDRS interacts with RNA*"*® and DNA,**
modulating gene expression. In addition, WDRS forms a
transient complex with the oncoprotein myelocytomatosis
(MYC) transcription factor,””* facilitating its recruitment to
the regulatory sequences of different targeted genes. Recent
findings have also demonstrated the direct interaction of MYC
with RNA.*' In different contexts,**~** evidence supports the
colocalization of WDRS in phase-separated bodies. Yet, this
protein extensively engages in reversible interactions with
numerous regulatory prote,ins.zs’%’45 Given its wide-ranging
significance in diverse cellular processes,"*™** there is a
pressing need for a quantitative understanding of the

Liquid—liquid phase separation (LLPS) is essential for forming
membraneless organelles.' " These subcellular entities are
uniquely equipped with capacities to sequester and concentrate
specific proteins and nucleic acids.”~’ LLPS has recently
emerged as a crucial player in several critical functional
processes in the nucleus under physiological®” and patho-
logical'”"" conditions. For example, LLPS contributes to
heterochromatin generation,lz’13 augmentations of transcrip-
tional activity,'®"> and the assembly of enhancer elements
alongside their associated transcription-related proteins at
specialized loci referred to as superenhancers.'® These
superenhancers control the transcription of critical genes

central to maintaining cell identity or influencing cancer
. g ce 2l . 5 mechanisms leading to the phase separation of WDRS.
aggressiveness. In eukaryotic cells, various stressors induce

1 . _ . H h ite- ific i i \ h
RNA-binding proteins (RBPS)17 19 to be assembled into stress ere, we re.p ort that a site-specilic interaction .cata yz.es the

20,21 . 2223 phase separation of WDRS. We show compelling evidence
granules and nuclear stress bodies.

WD40 repeat protein 5 (WDRS) is an evolutionarily supporting that the underlying mechanism of the WDRS

conserved multitaskin§ protein hub ubiquitously expressed in condensate is the oligomerization and formation of a chain-like
all human tissues.”*~>° WDRS is localized into the nucleus to
drive the transcription of genes crucial for proliferation by Received:  June 2, 2025
interacting with transcriptional regulators.”””® It has been Revised:  December 10, 2025
extensively characterized as a regulatory factor of the Accepted:  December 11, 2025
multisubunit mixed lineage leukemia (MLL/SET1) enzymatic Published: December 24, 2025
complex involved in histone 3 lysine 4 (H3L4) methyl-

ation.””? Its expression is significantly amplified under
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Figure 1. The self-association of WDRS. (a) The AlphaFold 3 model of a WDRS dimer. The top-scored structure of the wild-type WDRS is
colored according to the average predicted local distance difference test (pLDDT) score of each residue. The atoms of Arg-14 are shown using
green van der Waals spheres. The region between the two folded domains is zoomed in to show interprotein contacts using a ball-and-stick model
with cyan, red, and blue spheres representing carbon, oxygen, and nitrogen atoms, respectively. A few interacting residues are annotated. (b) The
top and side views of the AlphaFold 3 model of 2 WDRS tetramer. The arrow indicates the side from which the view is taken. (c) The sequence
alignment using ClustalW for the Win motif residues from the IDR of human WDRS, MLL/SET1 family members, and histone H3. The conserved
residues are highlighted in red, while the conservative substitutions are depicted in blue. (d) The number of contacts formed by the AR motif of the
IDR tail of one monomer with the Win site of the other monomer during an all-atom MD simulation of the dimer. The black lines show a 10 ns
running average of the instantaneous data. (e) BLI sensorgrams for the WDRS-WDRS interaction. (f) BLI sensorgrams for the interaction of the
immobilized NT peptide with AN-WDRS. (g) The steady-state maximum BLI response for the WDRS-WDRS interaction. (h) BLI sensorgrams
for the AN-WDRS—AN-WDRS interaction. In (e—h), each sensorgram was recorded in at least three independent experiments. (i) A cartoon
illustrating the self-association of WDRS. (j) Steady-state fluorescence polarization (FP) anisotropy of the NT peptide—AN-WDRS interaction.
The NT peptide was labeled with rhodamine at the N terminus. The labeled peptide was titrated against various [ AN-WDRS] values. Data indicate
mean =+ s.d. from n = 3 independent experiments.

network of WDRS molecules. This network results from the intrinsically disordered tail and one of the binding sites of
self-association between a motif within the N-terminal WDRS. Such a mechanism significantly deviates from those
47 https://doi.org/10.1021/acschembio.5c00424
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Table 1. The Peptides Used in This Work”

Peptide Name Peptide Sequence
Bio-NT Biotinyl- MATEEKKPETEAARAQPTPSSSA-Nm2
Bio-R14N-NT Biotinyl- MATEEKKPETEAANAQPTPSSSA-nm2
TMR-NT TMR- MATEEKKPETEAARAQPTPSSSA-nm2
TMR-RI4N-NT TMR- MATEEKKPETEAANAQPTPSSSA-nm2
Bio-R5P Biotinyl- AAEDEEVDVTSVD-n12
Bio-MLL3win Biotinyl- VNPTGCARSEPKMS-NH2

“The C-terminus of all peptides was amidated. The N-termini of the NT, R14N-NT, and RSP peptides were biotinylated. The N-termini of the NT
and R14N-NT peptides were also labeled with tetramethyl rhodamine (TMR). The relevant sequences and linkers are marked in black and green,
respectively. N-terminal and C-terminal modifications are marked in blue, while the substitution is marked in red.

involving biomolecular segregations brought about by multiple
intrinsically disordered region (IDR)-mediated nonspecific
interactions. This is because the LLPS of proteins and nucleic
acids typically occurs in vitro and in cells due to weak and
multivalent interactions among these molecules.””™>* More-
over, the self-association of WDRS exhibits a low affinity,
which is in accordance with the LLPS prerequisite and aligns
with the behavior observed in other intrinsically disordered
proteins undergoing phase separation. LLPS has been
recognized as an adaptive cellular mechanism against
challenging environmental conditions.”> This study shows
that WDRS forms liquid-like nuclear puncta (NP) of
mammalian cells under hyperosmotic conditions. In addition,
we show that WDRS colocalizes with MYC condensates,
enriching MYC in a cell-free environment and living cells.
Therefore, this outcome highlights a distinctive mechanism of
LLPS mediated by an RBP, revealing a supplementary
signaling route that operates at the WDRS and MYC levels
under adverse conditions. We also demonstrate that these
WDRS condensates can accumulate a long non-coding RNA
(IncRNA) fragment with a regulatory function in their
assembly.

B RESULTS AND DISCUSSION

Direct Evidence for the WDR5 Self-Association. Using
the AlphaFold 3 server,”* we obtained five all-atom structures
of a WDRS dimer. In the top-scored structure (Figure 1a), the
N-terminal IDR tail of the first protein of the dimer was
docked into the Win site” ~>* of the second protein. Similarly,
the IDR tail of the second protein was docked into the Win site
of the first protein. Further, in the top-scored AlphaFold 3
structure of a WDRS tetramer (Figure 1b), the IDR tails of
individual WDRS proteins form the same specific interactions
with the Win pockets of the neighboring protein, producing a
closed, chain-like arrangement. In both cases, the AR motif of
the IDR tail was located within the Win pocket (Figure 1c).
Interestingly, the top-scored AlphaFold 3 structure of the
WDRS dimer containing an Arg-to-Asp mutation at position
14 of the IDR tail (R14N-WDRS) did not exhibit such a
specific tail-pocket interaction (Supplementary Figure Sla),
suggesting that Arg-14 plays a key role in this specific
interaction. The IDR tail-Win pocket binding was also
predicted by docking calculations,” which placed the Arg-14
residue within ~3 A from the center of the pocket in the
highest-scored structure (Methods; Supplementary Figure S2).

The binding is primarily driven by Arg-14 of the disordered
tail entering the Win site, which is about 34 A Angstroms away
from the tail’s base on the other side of the protein (Figure
la). There are only 14 residues between the tail’s base and
Arg-14, which would span approximately 49 A if fully

48

stretched. However, such an extended configuration is
energetically costly and therefore unlikely. Additionally, the
tail is rich in polar and charged residues that prefer a hydrated
environment and would face a significant energy penalty if they
directly contacted the protein surface. Therefore, self-binding
would involve substantial structural strain and a high energy
cost, making it unlikely.

Notably, the EAARAQ_sequence of the IDR tail resembles
the conserved Win motif’® of the MLL/SET1 family members
and histone H3 (Figure 1c). We identified that this IDR
fragment of one WDRS interacts with the Win binding site®>*’
of another WDRS through various noncovalent interactions
(Table S1). Specifically, Arg-14 of the Win-like motif of the
IDR forms multiple hydrogen bonds, as well as ionic and
cation—pi interactions with the Win site of another WDRS.
Hence, WDRS can potentially self-associate through the Win-
like motif-Win site interaction.

In addition to such specific interactions, the folded domains
of WDRS in the dimer form numerous nonspecific contacts,
including salt bridges between aspartic acid and lysine and
polar interactions between threonine and lysine (Figure Ia;
Supplementary Tables S2 and S3). Using a cutoff distance of
3.5 A, 12 such contacts are present within the top-scored
structure of the dimer. Similar contact interactions between the
folded domains were observed in all five AlphaFold 3 models,
with the contacts formed by polar and charged residues.
Identical interactions are also present in the AlphaFold 3
structure of a WDRS tetramer, although specific amino acids
involved in the contacts differ from those in the dimer
(Supplementary Figure S1b; Supplementary Tables S4 and
SS). Thus, on average, each folded domain of a WDRS protein
in the tetramer forms 11 contacts with each of its two
neighboring proteins. Such nonspecific contacts, in tandem
with a specific interaction between the IDR tail and the Win
pocket, create the required conditions for observing LLPS.%"**

Explicit-solvent molecular dynamics (MD) simulations were
used to examine the stability of the top-scored AlphaFold 3
structure of the WDRS dimer. The dimer was solvated in an
aqueous solution containing 150 mM KCI and simulated
unrestrained for 1 ys (Methods; Supplementary Figure Slc).
During the simulation, the root mean squared deviation of the
folded domain Car atoms remained below 2 A (Supplementary
Figure S1d). Notably, the specific binding of the IDR tail to
the Win pocket persisted through the simulations (Figure 1d).
Interestingly, in the one-microsecond simulation of the R14N-
WDRS mutant, which started from the AlphaFold 3 structure
of the wild-type WDRS, one of the two N-terminal IDR tails
was seen to leave the pocket (Supplementary Figure Sle,f),
reinforcing our conclusion regarding the critical role of Arg-14
in promoting the self-interaction of WDRS.
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Figure 2. WDRS forms liquid droplets in a cell-free environment. (a) Images of WDRS-induced phase separations were recorded at mVenus and
brightfield channels. The concentration of WDRS-mVenus was 30 #M. The experiment was independently repeated n = 4 times with similar results.
(b) Images of WDRS-induced phase separations were recorded at various concentrations of WDRS-mVenus. (c) The partition coefficient, P, is
determined by analyzing the representative intensity profiles derived from a selected confocal cross-section that traverses the core of a droplet
(inset) at 20 uM WDRS-mVenus. Intensity values were normalized to the background level (mean =+ s.d., n = 29 droplets). (d) Representative
heatmap of turbidity (ODgy,) at various concentrations of crowding agents. Thirty uM WDRS-mVenus was used. This experiment was
independently repeated n = 3 times with similar results. (e) The sphericity of WDRS droplets at 20 uM concentration using Image] (Methods;
mean =+ s.d., n = 179 droplets). (f) On the left side, the plot shows the time dependence of the image sequence of merging droplets. On the right,
the time dependence of the aspect ratio for the displayed merging event shows exponential decay. The fusion time, 7., is shown as mean + s.e.m.
This experiment has been independently repeated n = 3 times with similar results. (g) A sequence of FRAP images with a droplet before bleach (t =
0s), at bleach (t = S s), and the recovery (t = 6—50 s) (left). Quantification of the FRAP signal normalized to the maximum intensity (right). (h)
The effect of ARTEVY, a Win site inhibitor, on the droplet formation. (i) The effect of various [KCl] values on the droplet formation at a
concentration of 30 M WDRS. This experiment was independently repeated n = 3 times with similar results. (j) The droplet size was determined
at various [KCl] values (mean =+ s.d., n = 24 droplets). Here, the phase-separation buffer contained 10% (w/v) PEG-8k. In all imaging panels, the
horizontal scale bar was 10 ym.

To test these findings further, we investigated the self- site of WDRS, the NT peptide was immobilized onto the BLI
association of WDRS using biolayer interferometry (BLI). sensor surface, and AN-WDRS was kept free in the well. The
Here, WDRS, AN-WDRS, a deletion variant of WDRS lacking association and dissociation phases were also noted (Figure
the N-terminal IDR, or a 23-residue N-terminal tail (NT) 1f). Remarkably, the maximum BLI signals were attained much
peptide (Methods; Table 1; Supplementary Figure S3), were faster than those with high [WDRS] values against the
each immobilized onto a BLI sensor surface. At the same time, immobilized WDRS on the sensor surface (Figure le). Using a
WDRS or AN-WDRS was each kept free in the well. The steady-state BLI analysis, a low affinity of the self-association of
association and dissociation phases of the WDRS-WDRS WDRS was determined with an equilibrium dissociation
interaction were noted by time-dependent enhancements and constant (s.e.m.; Kp) of 18.6 + 3.5 uM (Figure 1g).
declines in the BLI response, respectively (Figure le). Notably, In addition, no BLI response was found for the AN-
the association curves do not saturate at higher WDRS WDRS—AN-WDRS interaction (Figure 1h), substantiating
concentrations, [WDRS], more than likely due to an altered that the Win-like motif of the IDR is directly involved in the
bimolecular association process. At the same time, the self-association of WDRS. While AlphaFold 3 predicted
dissociation phases were faster than the resolution limit of nonspecific surface-to-surface interactions between the struc-
BLI. A similar response was observed when AN-WDRS was tured regions of two WDRS molecules (Supplementary Tables
immobilized on the sensor surface and WDRS was kept free in S2 and S$3), our BLI experiments did not detect such
the well (Supplementary Figure S4a). To confirm that this interactions. The critical Arg-14 re51due predommantly drives
interaction occurred between the N-terminal IDR and the Win the Win-like motif-Win site interaction.”® Hence, we tested an

49 https://doi.org/10.1021/acschembio.5c00424
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R14N-NT peptide immobilized onto the BLI sensor and found
no BLI response with AN-WDRS in the well (Table 1;
Supplementary Figure S4b). Further, this finding was
confirmed by closely related experiments with R14N-WDRS,
a full-length WDRS, whose Arg-14 was replaced by Asn.
Hence, we immobilized R14N-WDRS onto the BLI sensors
and tested its binding with WDRS and RI14N-WDRS
(Supplementary Figure SS). The R14N-WDRS—WDRS
interaction showed a similar response to the WDR5—WDRS
interaction (Figure le). In contrast, the RI4N-WDRS—R14N-
WDRS interaction exhibited a significantly reduced BLI
response, confirming that Arg-14 is essential in mediating the
WDRS self-association. These experimental findings agree with
the determinations of full-atomistic computational studies
presented above. Again, these results validate the specificity of
the WDRS-WDRS interaction, likely leading to the accumu-
lation of WDRS chain-like networks on the BLI sensor surface
(Figure 1i).

Then, fluorescence polarization (FP) anisotropy63 was used
to study the interaction of the rhodamine-labeled NT peptide
with AN-WDRS. The fraction bound increased at an elevated
AN-WDRS concentration, [AN-WDRS] (Figure 1j), with a
Kp (s.em.) of 11.5 + 2.3 uM. In contrast, no interaction was
found between RI4N-NT and AN-WDRS (Supplementary
Figure S6). Hence, we conclude that the Win-like motif of the
IDR drives the WDRS self-association with specificity and low
affinity. Notably, employing independent determinations and
different approaches (Figure 1gj), the affinities of WDRS-
WDRS and NT peptide—AN-WDRS interactions were closely
similar, suggesting related binding mechanisms in both cases.

To consolidate this conclusion further, we examined the BLI
binding curves of the immobilized RbBPS peptide (RSP)-
WDRS interactions. RSP interacts with WDRS through the
WDRS binding motif (WBM) site (Table 1).°* Again, this
interaction showed a nonsaturating regime at increased
[WDRS] values (Supplementary Figure S7a). We hypothe-
sized that an additional Win-mediated interaction occurs while
RSP binds to the WBM site of WDRS, allowing a chain-like
oligomerization process (Supplementary Figure 7b). To test
this hypothesis, a high-afinity Win-site peptidomimetic
inhibitor (sequence ARTEVY) was employed to block the
Win-mediated interaction.”® As expected, ARTEVY inhibited
the nonsaturation regime of the RSP—WDRS interaction in a
[WDRS]-dependent manner (Supplementary Figure S7c).
Similar results were obtained for the RSP—AN-WDRS
interaction (Supplementary Figure S7d and Table S6). In
addition, ARTEVY only affected the BLI sensorgrams of
WDRS (Supplementary Figure S8a), not those of AN-WDRS
(Supplementary Figure 8b). Finally, a Win-like motif-based
peptide ligand of mixed lineage leukemia 3 (MLL3yy;, )7
methyltransferase was utilized to explore its interaction with
WDRS or AN-WDRS, and closely similar results were acquired
(Table 1; Supplementary Figure S9 and Table S7). These
outcomes provide compelling evidence for the direct
implication of the N-terminal IDR in the self-association of
WDRS when the Win site is exposed.

Confirmatory Tests for the Chain-Like Oligomeriza-
tion of WDR5. Next, we performed a dynamic light scattering
(DLS) study to illuminate the distribution of various WDRS
assemblies in the solution. Initially, we tested the bovine serum
albumin, confirming its hydrodznamic radius of 4.2 + 0.6 nm
(Supplementary Figure $10).°® At 25 uM, AN-WDRS was
monodisperse (Supplementary Figure S1la). The hydro-
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dynamic radius was 1.8 + 0.2 nm, indicating its monomer
nature (Supplementary Figure S11b). In contrast, 25 uM
WDRS showed a polydisperse distribution with hydrodynamic
radii between 1.9 and 60 nm, corresponding to the monomeric
and oligomeric species (Supplementary Figure S11c,d).

WDR5 Undergoes Phase Separation under Physio-
logical Conditions. Given that WDRS self-associates at low
micromolar concentrations, we examined whether this hub
drives phase separation in a cell-free environment. Here,
mVenus,” a monomeric variant of yellow fluorescent protein,
was fused to the C-terminus of WDRS. This fusion protein was
purified and spectroscopically characterized (Supplementary
Figure S12). AlphaFold 2”"" predictions for WDRS-mVenus
indicated that the fusion to mVenus does not perturb the
structure of WDRS, as evidenced by the pLDDT and PAE
scores (Supplementary Figure S13ab). The N-terminal IDR
and the folded domain adopted typical conformations’”*
within the fusion protein complex (Supplementary Figure
S13c¢).

WDRS-mVenus was diluted into the phase separation buffer
containing 10% (w/v) 8 kDa-molecular weight poly(ethylene
glycol) (PEG-8k), a nonionic osmolyte (Methods). This
hyperosmotic condition corresponded to an osmolarity of 377
+ 6 mOsmol/L (Supplementary Table S8), mimicking the
densely packed milieu of the cell. Interestingly, we found that
WDRS forms homogeneous droplets in solution (Figure 2a).
The number and size of these droplets increased at elevated
[WDRS] values (Figure 2b). They also exhibited a condensed
phase composed of a WDRS-compact domain separated from
the dilute-surrounding solution. In contrast, AN-WDRS-
mVenus and mVenus did not undergo phase separation at
the tested concentrations (Supplementary Figure S14). Next,
we evaluated the partition coefficient, P, of WDRS within the
droplet. P is the ratio of the average intensity within the
condensate, I, to the average intensity within the surrounding
medium, I, The intensity profile was extracted from a
confocal cross-sectional analysis of the droplet (Figure 2c). In
addition, the turbidities of the WDRS-mVenus solutions in the
presence of various crowding agents were explored. Except for
PEG-0.4k and glycerol, these osmolytes produced a turbid
WDRS-mVenus solution in a concentration-dependent manner
(Figure 2d), likely due to distinctions in the local osmotic
pressure made by various crowding agents. The WDRS
droplets exhibited essential features of phase-separated
condensates, including a high sphericity (Figure 2e). More-
over, they showed typical fusion behavior with an average
fusion time of ~3.1s (Figure 2f). To rule out that mVenus is
not involved in droplet formation, we analyzed unlabeled
WDRS by diluting it into the phase separation bufter utilizing
transmitted light microscopy. Remarkably, we also observed
the formation of liquid droplets by unlabeled WDRS
(Supplementary Figure S15a). Based on steady-state FP
anisotropy measurements (Figure 1j; Supplementary Figure
S6), we were stimulated to test whether Arg-14 of the IDR is a
central player in the droplet generation.

Thus, we performed the same experiment with the R14N-
WDRS mutant. In agreement with our expectation, no droplet
was detected under similar conditions and within the same
concentration range (Supplementary Figure S15b). R14N-
WDRS only showed the droplets at a high concentration
regime, which suggests that R14N-WDRS requires an elevated
concentration to undergo phase separation, likely due to a lack
of Arg-14-dependent weak interaction. In addition, we
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Figure 3. WDRS undergoes LLPS in living cells. (a) The immunostaining of the endogenous WDRS in HeLa cells shows that WDRS is diffused in
the nucleus (top) but forms NP under hyperosmotic conditions (bottom). The cells were incubated in 300 mM sorbitol for 25 min. Magnification
of boxed regions in treated and nontreated cells to visualize NP. (b) A significant amplification of the number of NP with sorbitol under the
experimental conditions from (a) (mean + s.d., number of cells, n = 17). (c) The ratio of [WDRS] in NP to nucleoplasm (mean + s.d., n = 54).
(d) Time-lapse images of WDRS-mVenus-expressing HeLa cells were recorded in 300 mM sorbitol. (e) Images of HeLa cells expressing WDRS-
mVenus were recorded without sorbitol and with 300 mM sorbitol after 20 min (top). The line scan across the NP represents the accumulation of
WDRS in the specified region (bottom). Intensity was normalized to the maximum value. Magnification of the boxed area in sorbitol-incubated
cells indicates the NP (inset). (f) A single HeLa cell nucleus under sorbitol-free and sorbitol-incubated conditions (top) and the experimental
conditions from (e). The fluorescence intensity was measured across the nucleolus (bottom). The fluorescence intensity was normalized to the
maximum value. (g) FRAP images of sorbitol-incubated HeLa cells were recorded at various time points. The cells were incubated in 300 mM
sorbitol for 20 min. (h) A representative FRAP recovery curve of WDRS condensates. The experiment has been independently repeated for n = S
times with similar results. In all imaging panels, the horizontal scale bar was 10 pm.

examined whether changes in salt concentration influence life of 17.3 s (Figure 2g, right). This data indicates the liquid
droplet formation in the case of RI4N-WDRS. Our results nature of the WDRS droplet. Next, we examined the effect of
showed that R1I4N-WDRS droplets maintained a similar size at ARTEVY on the droplet stability. ARTEVY showed a
100 mM and 200 mM KCIl. However, at 400 mM KCI, we concentration-dependent disruption of these droplets (Figure

observed a slight reduction in droplet size (Supplementary 2h), providing additional evidence that the Win-like motif-Win

Figure S16). Further, we assessed the unlabeled AN-WDRS; site interaction mediates them.
no liquid-like droplets were detected in this case. Hexanediol was used to substantiate the reversibility of the
Therefore, we conclude that the Win-like motif-Win site WDRS phase separation in a cell-free environment.”> WDRS-
interaction drives the phase separation of WDRS. Such site- mVenus-forming droplets were incubated into 10% (v/v)
specific homotypic interactions have been observed in other hexanediol, and their disassembly was confirmed (Supple-
proteins, such as nucleophosmin 1 (NPM1”* and Ras-GTPase- mentary Figure S17). The droplets underwent a transition to
activating protein binding protein 1 (G3BP1),*”* which smear-like shapes. In addition, we hypothesized that electro-
feature self-oligomerization domains that drive phase separa- static interactions facilitate these liquid droplets through Arg-
tion. 14 of the IDR and the acidic Win site (Supplementary Figure
Using fluorescence recovery after photobleaching (FRAP), S18a). As anticipated, we observed a disruption of the liquid
we examined the dynamics of fluidity within the WDRS droplets (Figure 2i) and a decrease in their size at elevated KCI
condensate.”* A confined region of the droplet was photo- concentrations (Figure 2j). This confirms that the WDRS-
bleached, followed by subsequent monitoring of the mVenus phase separation is at least in part mediated by
fluorescence recovery (Figure 2g, left). A substantial electrostatic interactions that stabilize self-association. The
resurgence in the intensity of the targeted region was noted, rhodamine-labeled NT peptide was also incubated in the phase
attaining ~66% restoration over a 50 s interval and with a half- separation buffer, and images were acquired. No droplets were
51 https://doi.org/10.1021/acschembio.5c00424
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Figure 4. MYC is incorporated in WDRS condensates. (a) Images of phase-separated WDRS binding partner MYC at 14 yM and 20 uM
concentrations. (b) The intensity profile of a confocal slice through a droplet center shows the MYC distribution. (c) Images show that MYC was
recruited into WDRS droplets. Twenty uM of each of MYC-mScarlet-I and WDRS-mVenus were added to the phase separation buffer. In (a,c), the
scale bar is S ym. This experiment was independently repeated n = 3 times with similar results. (d) An intensity curve of a droplet containing
WDRS and MYC. Red and green denote MYC and WDRS, respectively. (e) The enrichment ratio of MYC-mScarlet-I in WDRS-mVenus droplets
(n = 22). (f) Live-cell imaging showing the colocalization of WDRS and MYC within NP of HeLa cells exposed to 300 mM sorbitol-induced
hyperosmotic stress. The scale bar is 10 ym. This experiment was independently repeated for n = S times with similar results. (g) Intensity profiles
of MYC-mScarlet-I (red) and WDRS-mVenus (green) in coexpressing HeLa cells. This experiment was independently repeated for n = 15, where n

is the number of cells.

noted, even at a very high NT peptide concentration
(Supplementary Figure S18b), validating the direct partic-
ipation of the Win-like motif—Win site interaction in
generating the condensate.

In addition, we evaluated WDRS condensation at various
temperatures. The droplets were spherical at 25 and 37 °C
(Supplementary Figure S19 and Table S9). Surprisingly, at 10
°C, they underwent an aspherical shape and showed adhesion,
resulting in structures that deviated from the liquid phase. This
process indicates nucleation and growth mechanisms within
the condensates and incomplete merging events among
multiple droplets. Intriguingly, an extended incubation at 25
°C also led to the merging of various droplets (Supplementary
Figure S20a) with perturbed sphericity (Supplementary Figure
S20b), leading to gel-like structures (Supplementary Figure
S21). This data suggests a substantial temperature decrease
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and longer incubation times catalyze a transition from liquid to
gel-like condensates. WDRS has a seven-bladed, WD-40
repeat-based f-propeller structure. Each blade is made up of
four large antiparallel S-strands. One current theory is that this
structural composition may involve molecular rearrangements
within the condensate, especially the strengthening of
intermolecular interactions, such as the formation of extensive
hydrogen-bonded f-sheet networks.”® These rearrangements
cause a transition in material state from liquid-like to gel-like.

Osmotically Induced Nuclear Condensation of WDR5
in Mammalian Cells. In nonstressed HeLa cells, the
endogenous WDRS displayed a diffuse immunostaining
pattern within the nucleus (Figure 3a, top). However, the
endogenous WDRS underwent a substantial reorganization in
the sorbitol-induced hyperosmotic stress as its concentration
within punctate structures (Figure 3a, bottom). Osmotically
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Figure S. Sequestration of RNA in WDRS droplets and NP in HeLa cells. (a) Images of 10 #M phase-separated WDRS and 2 yM Alexa Fluor 568
(AF568)-labeled RNA. Images show that RNA was significantly accumulated into the WDRS condensates. The horizontal scale bar is 10 um. (b) A
representative confocal slice’s intensity profile through the droplet’s center was plotted for WDRS + RNA. Red and green denote RNA and WDRS,
respectively. (c) Images of 10 uM phase-separated F266A-WDRS and 2 yM AFS568-labeled RNA. Images show that the accumulation of RNA was
much lower in the F266A-WDRS condensates than in the WDRS condensates. The horizontal scale bar is 10 ym. (d) A representative confocal
slice’s intensity profile through the droplet’s center was plotted for 10 uM F266A-WDRS + 2 uM RNA. This experiment was independently
repeated 1 = 4 times with similar results. (e) Partition coefficients of fluorescently labeled RNA with WDRS and F266A-WDRS. RNA + WDRS (n
=20) and RNA + F266A-WDRS (n = 22), where n represents the number of distinct droplets from three biological replicates. (f) The partition
coefficient of mVenus-labeled WDRS and Alexa Fluor 488 (AF488)-labeled F266A-WDRS with and without RNA. In this experiment, we
measured the partition coefficient of wild-type and mutant WDRS as a droplet versus the dilute phase intensity ratio. WDRS without RNA (n =
15), WDRS with RNA (n = 22), F266A-WDRS without RNA (n = 18), and F266A-WDRS with RNA (n = 16). In e and f, RNA and protein
concentrations are indicated in a and c. A two-tailed unpaired t-test was used in e and f. (g) WDRS phase separation was induced by incubating the
cells in 300 mM sorbitol for 40 min. Immunofluorescence staining of WDRS and RNA shows the enrichment of RNA in NP. Images are
representative examples from n = 3 independent experiments. The horizontal scale bar is 10 gm. (h) The panel shows a plot of the enrichment of
RNA in NP without and with sorbitol using n = 27 cells and n = 34 cells, respectively, from n = 3 independent experiments. (i) The panel shows a
plot of the enrichment of WDRS in sorbitol-stimulated NP in the absence and presence of RNA using n = 18 cells and n = 20 cells, respectively,
from n = 3 independent experiments.

stressed cells”” exhibited many WDRS nuclear puncta (NP), was found in HeLa cells expressing only mVenus under the
showing a significantly higher accumulation of WDRS than in sorbitol-induced hyperosmotic condition (Supplementary
unstressed cells (Figure 3b,c). These observations on Figure S24c). Surprisingly, WDRS, which exhibited an
endogenous WDRS were recapitulated with HEK-293T cells amplified accumulation in the nucleoli under sorbitol-free
(Supplementary Figure S22). To test if these LLPS conditions, diffused outside the nucleoli and formed punctate
observations are replicated in exogenously expressed cells, structures (Figure 3f), supporting the redistribution of WDRS
HeLa cells were transiently transfected with WDRS-mVenus within the nucleus. In addition, we examined the diffusion
and AN-WDRS-mVenus (Supplementary Figure S23a). With- pattern of WDRS engaged in phase separation using FRAP. In
out osmotic stress, the exogenously expressed WDRS-mVenus osmotically stressed cells, when bleaching WDRS-mVenus,

diffused across the nucleus (Supplementary Figure S23b). In fluorescence quickly recovered (e.g, 30 s) with a half-life of
300 mM sorbitol, only WDRS-expressing cells formed NP ~2.5 s and an overall recovery of ~72% (Figure 3gh). This

(Figure 3d), but not the AN-WDRS, its truncated variant finding is consistent with a liquid-like behavior. On the other
(Supplementary Figures S23c and S24a). hand, the fluorescence recovery was much lower in unstressed
In those NP, we observed a ~2-fold higher accumulation of cells, with a half-life of ~2.1 s and a recovery of ~44%
WDRS with respect to nucleoplasm (Figure 3e; Supplementary (Supplementary Figure S25). Therefore, WDRS undergoes a
Figure $24b). No NP or higher accumulation in specific areas nuclear phase separation in membraneless organelles under
53 https://doi.org/10.1021/acschembio.5c00424
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hyperosmotic conditions. There is a tendency for WDRS to
phase separate and accumulate in NP in stressed cells,
suggesting that this phenomenon is a potential mechanism
for finely controlling local gene expression.

Although tumor microenvironments may exhibit modest
increases in osmolarity (320—340 mOsm; approximately 10—
15%), these levels generally do not cause the distinct phase
separation observed with high sorbitol treatment. To our
knowledge, WDRS nuclear condensates have not been
reported in cancer cells or in physiologically hypertonic
tissues, such as the renal medulla, under normal conditions.
However, cells chronically exposed to elevated osmotic
conditions, like renal medullary cells, could offer an interesting
physiological context to explore whether sustained hyper-
osmolarity affects WDRS condensation. We see this as a
promising area for future research.

MYC is Incorporated into WDR5 Condensates. MYC
binds to regulatory sequences, modulating the expression of
many target genes. WDRS plays a central role in this process,
facilitating the recruitment of MYC to the enhancer sites of
chromatin.”” Therefore, we asked whether MYC can form
droplets in vitro, with and without WDRS, its transcription
cofactor. Recombinant MYC-mScarlet-I fusion protein was
purified and characterized (Supplementary Figure $26). Here,
mScarlet-I is a bright monomeric red fluorescence protein.”®
Then, MYC-mScarlet-I was added to the phase separation
buffer containing 10% (w/v) PEG-8k. Fluorescence micros-
copy of the mixture revealed that MYC forms homogeneous
droplets at two tested concentrations (Figure 4a,b). Further,
MYC droplets showed a typical fusion and fission behavior
(Supplementary Figure S27a,b). The FRAP analysis of these
droplets indicated a halflife of ~5.3 s, which is ~2.5-fold
longer than WDRS droplets and a recovery of ~69%
(Supplementary Figure S27c). When MYC-mScarlet-I and
WDRS-mVenus were mixed, heterotypic droplets containing
WDRS and MYC were noted (Figure 4c,d).

The enrichment of MYC in these droplets was ~1.5-fold
higher than that of WDRS (Figure 4e). Finally, we explored
how the coexpression of MYC and WDRS behaves in living
cells under hyperosmotic conditions. Hence, HeLa cells were
cotransfected with MYC-mScarlet-I and WDRS-mVenus and
imaged at the respective channels. In 300 mM sorbitol-induced
hyperosmotic conditions, WDRS and MYC formed droplet-
like punctate structures (Figure 4f). Overlapping signals were
noted in those condensates (Figure 4g). These results suggest
that WDRS, which interacts with MYC,2”>#3%4%7% cap impact
targeted gene expression under adverse conditions through
LLPS. To examine whether the MYC—WDRS interaction
contributes to MYC localization within WDRS droplets, we
used an inhibitory peptide (EEEIDVVSV)>® that mimics the
MYC region responsible for binding WDRS. This competitive
peptide was applied at a relatively high concentration of 30 uM
to effectively disrupt the MYC—WDRS interaction. Interest-
ingly, upon this treatment, the accumulation of MYC within
the condensates was markedly reduced (Supplementary Figure
S$28). This observation suggests that this interaction plays a key
role in mediating the MYC sequestration into these
condensates.

Amyotrophic Lateral Sclerosis-Linked Proteins Coloc-
alize with WDR5 in NP under Hyperosmotic Stress.
Fused in sarcoma (FUS) and TAR DNA-binding protein-43
(TDP-43), key RBPs implicated in amyotrophic lateral
sclerosis (ALS), have been reported to accumulate in nuclear
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granules under high salt conditions.®” These prion-like domain
(PrLD)-containing proteins are also among the most studied
RBPs that undergo LLPS in health and disease.”" To explore
whether sorbitol-induced hyperosmotic stress promotes the
phase separation of ALS-related proteins and their accumu-
lation in NP, we performed immunofluorescence staining to
label endogenous WDRS, FUS, and TDP-43 in HeLa cells. We
examined the potential colocalization of WDRS NP with FUS
and TDP-43 in 300 mM sorbitol-induced hyperosmotic stress.
Co-immunostaining for WDRS and FUS, as well as WDRS and
TDP-43, revealed that both FUS and TDP-43 were present in
WDRS NP in response to sorbitol stress (Supplementary
Figure $29a,b) and colocalized with WDRS (Supplementary
Figure $29¢,d). These findings suggest that FUS and TDP-43
may play a regulatory role in the assembly or function of
WDRS-associated NP during hyperosmotic stress.

RNA Regulates the WDR5 Condensation Both In Vitro
and in Living Cells. Adding RNA to RBPs can significantly
influence their phase separation behavior.'”'”** To investigate
whether RNA regulates the phase separation of WDRS, we
performed an in vitro droplet formation assay, in which the
binding fragment of HOXA transcript at the distal tip long
non-coding RNA (HOTTIP IncRNA)** was added to a
WDRS-containing phase-separating mixture. For the sake of
simplicity, we will denote this binding fragment as RNA
hereafter. Remarkably, we found that RNA was sequestered in
WDRS droplets in a concentration-dependent manner (Figures
Sa,b and S30). Next, we confirmed that the RNA accumulation
into F266A-WDRS droplets was markedly diminished
compared to WDRS because of this mutant’s significantly
reduced RNA-binding affinity®® (Figure Sc,d).

Furthermore, we assessed RNA partitioning in wild-type and
mutant WDRS condensates. To determine the extent to which
RNA was sequestered into WDRS and F266-WDRS droplets,
we synthesized an RNA with a 5'-attached Alexa Fluor 568
(AF568) tag. Upon adding RNA, fluorescent RNA-containing
droplets appeared within minutes and enriched into liquid-like
droplets. We measured the RNA partition coefficient between
WDRS and F266A-WDRS liquid-like droplets across all sizable
droplets. This analysis confirmed that RNA partitions at a
higher concentration in WDRS droplets than in F266A-WDRS
droplets (Figure Se, Supplementary Table S10). Remarkably,
we found that RNA significantly increased WDRS partitioning
into droplets relative to the surrounding dilute phase and
RNA-free WDRS droplets (Figure Sf, Supplementary Table
S11). In contrast, this effect was much less pronounced for
F266A-WDRS. Our findings directly support that RNA plays a
crucial role in regulating the assembly of WDRS liquid-like
droplets. Next, we asked if the RNA is recruited into the
WDRS NP and modulates its phase separation in cells. Hence,
we transfected HeLa cells with RNA oligos and assessed the
distribution of endogenous WDRS by immunofluorescence
staining. Consistent with our in vitro results, RNA was
recruited to the WDRS-containing NP in HeLa cells (Figure
Sgh). Finally, RNA enhanced WDRS sequestration in NP
under hyperosmotic conditions (Figure 5i).

Functional Impact of RNA Association on WDR5
Activity. As a direct interactor of histone H3 lysine K4
(H3K4), WDRS is potentially a transcriptional activator.®”**
Next, we conducted a luciferase reporter assay to determine
gene activation. In this way, we examined the functional
implications of the physical association between RNA and
WDRS.* The luciferase reporter assay is widely used in cell
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biology to determine whether a transcriptional regulator
influences target gene e}cpression.?ﬂ’%’87 Interestingly, F266A-
WDRS showed a drastically diminished ability to activate the
luciferase reporter gene compared to WDRS, as evidenced by
the low luminescence signal (Methods; Supplementary Figure
S31). This finding agrees well with this mutant’s significantly
reduced RNA-binding affinity.”® This result suggests that the
absence of WDRS interaction with the IncRNA binding
fragment significantly impairs its ability to activate gene
expression in the reporter assay. Hence, this outcome
illuminates the role of RNA participation in regulating
WDRS function and its phase separation behavior. In
simplified reasoning, if the association of IncRNA with
WDRS in its diffuse state upregulates gene expression, as
shown previously,”® then its accumulation along with RNA in
NP would more than likely further enhance the expression of
WDRS target genes. Our study also establishes the phase-
separation profiles of MYC and ALS proteins and their
colocalization with WDRS in NP. However, it does not show
direct evidence of the functional implications of this
coexistence. This warrants future explorations of WDRS-
mediated LLPS in mammalian cells.

B CONCLUSIONS

In summary, we utilize full-atomistic MD simulations, a deep
learning-based system, protein engineering, and an array of
biophysical, biochemical, and imaging approaches to identify a
unique molecular mechanism driving the LLPS of WDRS in
cell-free environments and living cells. The WDRS self-
association nucleates LLPS through a site-specific interaction
between its relatively short N-terminal IDR and a multitasking
Win pocket. Moreover, we demonstrate the formation of
heterotypic condensates containing WDRS, RNA, and other
binding proteins. A network of specific and nonspecific
protein—protein and protein-RNA interactions also mediates
these multicomponent condensates. Notably, the condensate
formation in mammalian cells induces a substantial nuclear
redistribution of WDRS, especially in nucleolar regions. A
relatively small accumulation of MYC in the WDRS-driven
condensates aligns with a weak—affinity interaction between
MYC and WDRS.”””” Our findings reveal that RNA modulates
the phase separation profile of WDRS and can stimulate the
formation of WDRS NP. In this case, RNA amplifies the
partitioning of WDRS into the phase-separated condensates
through a recruitment pathway. This study provides compel-
ling evidence for colocalization of the most well-studied PrLD-
containing RBPs, FUS and TDP-43, with WDRS in NP under
hyperosmotic conditions. Further, luminescence data suggest
that WDRS can locally regulate protein expression, high-
lighting its functional importance in cellular stress adaptation.
Previous studies have shown that, under stress conditions,
phase-separated nuclear bodies protect accumulated proteins
from the detrimental effects of stress.”®® This suggests that
phase separation via the WDRS-RNA interaction may serve as
a general stress response mechanism to protect essential
biomacromolecules and regulate local gene expression. These
outcomes unravel the complex mechanisms governing
heterotypic nuclear LLPS and the interplay between WDRS,
MYC, and RNA in driving these multicomponent dynamic
processes.
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B METHODS

Proteins Examined in This Study. The amino acid sequences of
WDRS and MYC were extracted from Uniprot (WDRS-P61964;
MYC-P01106). For the sake of simplicity, the full-length WDRS (or
wild-type WDRS) and N-terminus truncated WDRS, i.e.,
WDRS*™** were named WDRS and AN-WDRS, respectively. To
assess the folding of the structured domains, the predicted WDRS and
RI14N-WDRS mutant conformations were compared with the crystal
structure 4Y7R.>’

All-Atom Molecular Dynamics (MD) Simulations. Unless
specified otherwise, all-atom MD simulations were performed using
the classical MD package NAMD2”® under periodic boundary
conditions and a 2 fs integration time step. The CHARMM36 force
field”" was used to describe proteins, the TIP3P water model,”* and
the compatible model of ions.”> The RATTLE™ and SETTLE’
algorithms were applied to covalent bonds involving hydrogen atoms
in proteins and water molecules, respectively. The particle mesh
Ewald (PME)”® algorithm was used to evaluate long-range electro-
static interactions over a 1 A—spaced grid. van der Waals interactions
were assessed using a smooth 12 A-cutoff distance. Langevin
dynamics maintained the temperature at 295 K. Wherever a constant
number of atoms, pressure, and temperature (NPT) ensemble was
used, the pressure was maintained at 1 atm using the Nose—Hoover
Langevin piston pressure control’’ by adjusting the system’s
dimensions. In all simulations involving harmonic restraints, the
spring force constant was set to 1 kcal/(mol A%). The AlphaFold 3**
server was used to generate the initial atomic structures of WDRS
assemblies. The program was supplied with the protein sequence and
the information that either two or four such proteins exist in the
system. The AlphaFold 3%* structure predictions were performed for
both WDRS and RI14N-WDRS. Each AlphaFold 3 calculation
produced five structures ranked according to their atoms’ average
predicted Local Distance Difference Test (pLDDT) score.

For our all-atom MD simulations of the WDRS dimers, we solvated
the top-ranked structure of the WT dimer with 150 mM KCI,
producing a system with sizes 12 nm X 12 nm X 1S nm and
containing 206,568 atoms. Another variant of that system was built by
introducing the R14N mutation within the AlphaFold 3 structure of
the WDRS dimer with 206,560 atoms. Both systems were minimized
for 5000 steps and then simulated in the NPT ensemble for S ns,
having the C, atoms of the protein harmonically restrained to their
initial coordinates. After S ns, all restraints were released, and the
systems were simulated in the NPT ensemble for 1 s.

MD Simulations for Generating Docking Configurations.
Docking studies were performed using a hi% -ambiguity-driven
protein—protein docking (HADDOCK) server.”” Thirty-three con-
figurations were generated based on the protocol prescribed in the
HADDOCK guide.”® The 1-through-29 residues of the WDRS
protein were first arranged to have a secondary structure of an « helix,
a polyproline-II helix, and an unstructured peptide (Supplementary
Figure S2a). The three configurations are immersed in a 150 mM KCl
solution, a system of sizes 12 nm X 12 nm X 12 nm containing
166,959 atoms. The systems were first minimized for 5000 steps,
equilibrated for 3 ns in the constant volume and temperature
ensemble with the C, atoms harmonically restrained, followed by a 3
ns restrained NPT simulation. Finally, the restraints were released,
and the systems were simulated for 200 ns each. In each simulation,
the peptide conformation was considerably diverted from its initial
configuration (Supplementary Figure S2b).

Dihedral Principal Component Analysis. The three 200 ns
trajectories were combined for statistical analysis of the microscopic
configurations. A set of dihedral angles represented each config-
uration. The dihedral angles were then transformed to their sine and
cosine representations. The resulting data set was subjected to a
covariance analysis to reduce the dimensionality of the configurational
space. The first two principal axes accounted for ~50% of the variance
(Supplementary Figure S2c). Thus, we projected the configuration
space onto these two axes and used 900 bins to divide the phase
space. Thirty bins with the highest number of configurations were
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selected, and the first configuration within each was chosen for the
docking calculations.

Docking Calculations. A total of 33 structures, which included
the 30 highest probable conformations and the three initial
conformations (& helix, polyproline II, and unstructured), were
used for docking calculations. We docked the peptide conformation
into the WDRS protein by specifying the docking pocket using the
residues 49, 52, 65, 89, 107, 108, 130, 131, 149, 150, 170, 172, 173,
177, 191, 192, 216, 234, 259, 260, 279, 321. The docking calculations
produced a range of docked poses for each configuration with varying
scores. The top-scored conformation is shown in Supplementary
Figure S2d. Analyses of the MD trajectories were carried out utilizing
the MDAnalysis package.””'® The plots were produced using
Matplotlib.""

Cloning and Generation of Expression Constructs. A
bacterial codon-optimized version of the WDRS-mVenus and MYC-
mScarlet-I was synthesized by Integrated DNA Technology (IDT,
Coralville, IA). The cDNAs of WDRS-mVenus, AN-WDRS-mVenus,
MYC-mScarlet-I, and mVenus were amplified and cloned in pET-28a
at Nhel and HindIII sites. The cDNAs of WDRS and AN-WDRS were
cloned in the pET3a vector, which yielded pET3a-WDRS and pET3a-
AN-WDRS, respectively. R14N-WDRS and F266A-WDRS were
created in pET3a-WDRS using site-directed mutagenesis (New
England Biolabs, Ipswich, MA). For the expression in the mammalian
system, the cDNA of WDRS and AN-WDRS were cloned in the
pmVenus-N1 (Addgene #27793) at Nhel and Agel sites. The cDNA
of MYC was cloned in pLifeAct-mScarlet—I—N1 (Addgene #85054)
at Nhel and BamHI sites, in which LifeAct was replaced by our
targeted gene. All these ¢cDNAs were genetically fused to the
fluorescent proteins using a (GGS), linker. The cDNAs of these
proteins were amplified using a set of primers (Supplementary Table
S12). DNA sequencing confirmed all cloning and mutagenesis work
(MCLAB, San Francisco, CA). pmVenus-Cl1 (Addgene plasmid
#27794) and pmVenus-N1(Addgene #27793) were a gift from Steven
Vogel. pmScarlet—I—C1 (Addgene #85044), pLifeAct mScarlet-
I NI (Addgene #85054) were kindly gifted by Dorus Gadella.

Protein Expression and Purification. The purification
procedure for WDRS and AN-WDRS closely followed the method
outlined earlier."">'% In brief, the pET3a vector encompassing 6 X
His-TEV-WDRS, 6 X His-TEV-AN-WDRS, 6 X His-TEV-R14N-
WDRS, or 6 X His-TEV-F266A-WDRS was transformed into
competent Rosetta BL21(DE3) pLysS strain of E. coli (Novagen,
Cat #71403). Following the transformation, these cells were cultivated
overnight on Luria—Bertani (LB) agar plates supplemented with
carbenicillin and chloramphenicol at 37 °C. Subsequently, a single
colony from these transformations was employed to inoculate a 50
mL starter culture of the Terrific Broth (TB) medium. Incubation of
the starter culture occurred overnight at 30 °C. The next day, the
starter culture was utilized to inoculate 1 L of TB media. The resulting
expression culture was grown at 37 °C until ODyg, reached 0.5. Then,
this was equilibrated at RT for 30 min. Induction was initiated by
adding 100 uM IPTG, and the culture was incubated at 16 °C for ~20
h. Harvested cellular pellets were subjected to lysis through multiple
passages using a microfluidizer (model M110L; Microfluidics,
Newton, MA). The lysis buffer was 50 mM Tris—HCl, 300 mM
KCl, S mM EDTA, 2 mM DTT, and pH 7.5, supplemented with 0.5
mM PMSF and an EDTA-free protease inhibitor. The lysate was
subsequently centrifuged, and the supernatant was filtered using a
0.22 pm-cutoff filter, then processed through a Ni-NTA column
integrated with an NGC Quest 10 Plus Chromatography System
(Bio-Rad, Hercules, CA). WDRS was eluted using an imidazole
gradient, and the 6 X His tag was subsequently cleaved utilizing a
TEV protease. Then, the Ni-NTA column was again employed to
eliminate the 6 X His tag and the TEV protease from the protein
solution. mVenus, WDRS-mVenus, and AN-WDRS-mVenus were
purified similarly, except that 1 mM IPTG was used as an inducer.

To purify MYC-mScarlet-I, E. coli BL21 (DE3) cells were
transformed with pET-28-MYC-mScarlet-I and induced with 1 mM
IPTG. The sedimented cell pellets of 1 L culture were reconstituted in
35S mL of denaturing buffer containing 300 mM KCl, 50 mM Tris—
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HCI, 20 mM imidazole, 8 M urea, pH 7.5, which was supplemented
with cOmplete protease inhibitors (Roche, Indianapolis IN).
Subsequently, the resuspended cells were lysed using a microfluidizer
(model M110L; Microfluidics). The lysate was centrifuged, and then
the supernatant was loaded to a Ni-NTA column on an NGC Quest
10 Plus Chromatography System (Bio-Rad). This was washed with a
10-column volume of the washing buffer (50 mM Tris—HCI, 300 mM
KCl, 30 mM imidazole, 8 M urea, and pH 7.5). The elution buffer was
50 mM Tris—HCI, 300 mM KCl, 500 mM imidazole, 8 M urea, and
pH 7.5. The protein samples were sequentially dialyzed in three steps.
First, they were dialyzed against a buffer containing 150 mM KCl, 50
mM Tris—HCI, 2 mM DTT, 4 M urea, and pH 7.5. Then, they were
dialyzed against the same buffer containing 2 M urea. Finally, the
dialysis of protein samples was performed against two changes of the
buffer, with 10% (v/v) glycerol and without urea. Any remaining
precipitates after dialysis were removed through centrifugation at
6000g for 10 min. Pure fractions were consolidated and utilized in a
cell-free environment for subsequent experiments. MYC-mScarlet-I
was further characterized by its excitation and emission being
recorded via a SpectraMax i3 plate reader (Molecular Devices, San
Jose, CA).

Peptide Synthesis, Labeling, Purification, and Analysis. The
peptides were synthesized and purified by GenScript (Piscataway, NJ;
Table 1). Their purity was greater than 95%. All peptides were
amidated at the C terminus. For the BLI experiments, the peptides
were Dbiotinylated at the N terminus. Conversely, the label-free
peptides were acetylated at the N terminus. The peptides were labeled
at the N terminus with tetramethyl rhodamine (TMR) for the steady-
state fluorescence polarization (FP) assays. GenScript conducted a
comprehensive amino acid (AA) analysis and solubility tests to
ascertain their quality.

Biolayer Interferometry (BLI). The OctetRED384 system
(FortéBio, Fremont, CA) was utilized to conduct BLI experiments.
Our experimental procedures closely mirrored those detailed in our
previous studies.®® In this study, WDRS, AN-WDRS, or N-terminal
tail (NT) peptide (each biotinylated) were immobilized onto
streptavidin-coated BLI sensors. Biotin labeling was performed at
the N terminus of these ligands. A flexible (GGS), peptide spacer was
introduced to alleviate potential steric hindrance between the
biotinylated site and the peptide sequence. For WDRS and AN-
WDRS, 11 poly(ethylene glycol) (PEG) repeats were used for the
same purpose. For the association phase, these ligand-immobilized
sensors were immersed in wells containing the analyte, while the
subsequent shift to analyte-free wells facilitated the recording of the
dissociation phase. All the binding curves were rectified by subtracting
the response corresponding to the reference well that contained the
analyte only. Unless otherwise stated, the running buffer contained
150 mM KCl, 20 mM Tris—HCl, 1 mM TCEP, 1 mg mL™" BSA, and
pH 7.5. Further data analysis and curve fittings were achieved by
employing the Octet data analysis software (FortéBio). Using global
fitting of BLI curves acquired at different analyte concentrations, we
extracted the corresponding kinetic rate constants of association and
dissociation, k., and kg respectively. The equilibrium dissociation
constant, Ky, was indirectly derived from these kinetic parameters. All
reported data and plots resulted from three independent BLI
measurements.

Steady-State Fluorescence Polarization (FP) Measure-
ments. 23-residue N-terminal tail (NT) peptide and its mutant
RI14N-NT were labeled using TMR, employing primary amine
chemistry (GenScript; Table 1). These TMR-labeled peptides were
introduced into the wells at a final concentration of 20 nM. To
evaluate their interactions with AN-WDRS, a steady-state fluores-
cence polarization (FP) anisotropy104 assay was conducted in
triplicate. The running buffer contained 150 mM KCl, 20 mM
Tris—HCI, 1 mM TCEP, and pH 7.5. A serial dilution of AN-WDRS
was employed against a fixed concentration of the labeled peptides.
This assay used black flat-bottom 96-well Costar assay plates
(Corning Inc.,, Kennebunk, ME). The SpectraMax i3 plate reader
(Molecular Devices) was utilized to acquire all steady-state FP
measurements. Data was acquired using the SoftMax Pro 6.4 software
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(Molecular Devices). Measurements were conducted in a light-
protected environment. Data were collected at the beginning and after
a one-hour incubation at RT. Subsequently, the acquired dose—
response data were averaged for fitting using a logistic regression
function. This fitting facilitated the determination of the K.

Dynamic Light Scattering (DLS) Measurements. WDRS and
AN-WDRS were filtered to remove the aggregates and then
concentrated by centrifugation at 4500g at 4 °C using a 3 kDa cutoff
Spin-X UF concentrator (Corning). Bovine serum albumin (BSA)
was prepared and filtered in the same buffer. This buffer was 20 mM
Tris—HCI, 150 mM KCI, 1 mM TCEP, and pH 7.5. Light scattering
assays were performed using DynaPro NanoStar I1I (Wyatt
Technology, Santa Barbara, CA). Three independent measurements
were made for each protein sample, and the data were analyzed using
the DYNAMICS software (Wyatt Technology). Data were fitted
using the regularization method.'®

Cell Culture and Transfection. HeLa and HEK-293T cells were
cultured in six-well plates, coated with collagen or uncoated (Cellvis,
Mountain View, CA), at an approximate density of ~2 X 10° cells per
well. The culture environment was kept at 37 °C, 5% CO2, and 70%
relative humidity. A PCR test was performed to ensure the absence of
mycoplasma contamination. FuGENE-HD (Promega, Madison, WI)
or Lipofectamine 3000 (Invitrogen by Thermo Fisher Scientific,
Carlsbad, CA) was employed for transfection, which was carried out
in serum-free Dulbecco’s Modified Eagle Medium (DMEM). Opti-
MEM (Thermo Fisher Scientific) was chosen as the medium for
preparing transfection mixtures, which consisted of a transfection
reagent and plasmid DNA. In cases of cotransfection, a balanced 1:1
ratio of the two plasmids was employed. To achieve recombinant
protein expression levels closely similar to endogenous WDRS and
MYC, plasmid concentrations ranged from approximately 500 to 800
ng per well. The transfection mixture was incubated at RT for 15—20
min before being added to the wells. Cells were incubated with the
transfection mixture for ~6 h. Then, the complete media was added,
allowing for the expression of recombinant proteins for approximately
24 h. Subsequently, the cells were washed using Dulbecco’s
phosphate-buffered saline (DPBS; Thermo Fisher Scientific) and
then replenished with imaging media, DMEM with 25 mM HEPES
and no phenol red (Thermo Fisher Scientific) for live-cell imaging.

Fluorescence Imaging of Phase Separation. To avoid any
stimulatory effect of fluorescent protein conjugation on phase
separation, monomeric versions of yellow and red fluorescent
proteins, mVenus and mScarlet-I,”® respectively, were employed for
phase separation experiments. Live-cell imaging of HeLa cells was
conducted using a spinning-disc confocal microscope, which involved
a Yokogawa CSU-W1 50 um 60 Pinhole system (Nikon, Tokyo,
Japan). This was integrated into an inverted Nikon Ti-E microscope
with a 100X oil immersion objective (1.4 NA). The experimental
setup was enclosed within an incubation chamber (Okolab USA,
Ambridge, PA), and an Andor Zyla CMOS camera captured the
images. The image acquisition process was managed using the NIS-
Elements software (Nikon). The time series data underwent
subsequent analysis via ImageJ/FIJI. During live- and fixed-cell
imaging, the excitation wavelengths for mVenus and mScarlet-I were
488 and 561 nm, respectively. The emissions of these fluorophores
were at the wavelengths of 525 + S0 nm and 630 + 75 nm,
respectively. mVenus images were pseudocolored and shown as green
throughout the article. During live-cell imaging, the exposure time for
each fluorophore was 400 ms. The exposure time for LLPS
experiments in a cell-free environment was 30 ms. The phase
separation buffer contained 20 mM Tris—HCI, 150 mM KCI, 1 mM
TCEP, and pH 7.5 with 10% (w/v) PEG-8K. We used the buffers
with 20 mM Tris—HCl and 1 mM TCEP for salt analysis experiments
and added KCI concentrations, [KCl], 75 mM, 150 mM, and 450
mM. For RNA accumulation and sequestration experiments, the
binding fragment of HOTTIP RNA was synthesized and labeled with
Alexa Fluor 568 (AF568) by Integrated DNA Technologies (IDT,
Coralville, TA). Various concentrations of RNA were added to the
phase separating WDRS mixtures, and confocal imaging was
conducted. The purified F266A-WDRS was labeled with Alexa
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Fluor 488 (AF488) to facilitate fluorescence droplet imaging. The
excitation intensity for AF488 was optimized to achieve an emission
profile like that of mVenus. This adjustment was essential to
effectively compare fluorescence signals between the dye and mVenus,
minimizing discrepancies due to differences in their intrinsic
brightness or spectral properties. For experiments about the
colocalization analysis, images of HeLa cells coexpressing WDRS-
mVenus + MYC-mScarlet-I were captured. The Coloc2 tool was
employed for precise colocalization assessment.'”® Combining object-
recognition-based colocalization analysis with pixel—intensity corre-
lation facilitated the derivation of an object-corrected Pearson
coefficient.”®

Immunofluorescence for Detecting Nuclear Punctum (NP)
Proteins. HeLa and HEK-293T cells were fixed with 4%
paraformaldehyde (PFA) for 1S min at RT. After removing PFA,
cells were rinsed thrice in DPBS for S min each. To detect WDRS,
anti-WDRS (1:200) was used as the primary antibody (Cell Signaling
Technology, Danvers, MA; Cat #: 13105). To visualize the FUS and
TDP-43, anti-FUS (1:400) and anti-TDP-43 (1:400) were used as the
primary antibodies (Proteintech, Rosemont, IL; Cat #68262-1-Ig, Cat
#60019-2-Ig). Antimouse and Antirabbit IgG conjugated with AF488
and Alexa Fluor 594 (AF594) (1:1000) (Cell Signaling) were
employed as the secondary antibodies. The nuclei were stained with
DAPI (Thermo Fischer Scientific, Cat # 62248). Images were taken
with a spinning-disc confocal instrument (Yokogawa CSU-W1 S0 ym
60 Pinhole, Nikon) on an inverted Ti-E microscope (Nikon, Japan)
with a 100X oil-immersion objective (1.4 NA).

Luciferase Reporter Assay. HEK293T cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin—streptomycin
and maintained at 37 °C in a humidified atmosphere with 5% CO,. A
firefly luciferase reporter plasmid containing the GAL4 UAS sites
upstream of the luciferase gene was used. Plasmids were prepared
using a standard plasmid isolation kit. Cells were cultured in 24-well
plates up to 70—80% confluency. Cotransfection in each well was
performed using FuGENE (Promega, USA), with firefly luciferase
plasmid and indicated amounts of pGAL4-DBD (DNA binding
domain) or pGAL4-WDRS or pGAL4-F266A-WDRS under the
control of a constitutive promoter. 24—48 h post-transfection, cells
were washed with PBS and lysed. The lysates were transferred to a 96-
well plate for luminescence measurements. The luciferase gene
product was measured using a luciferase assay kit (Promega, USA) on
a luminescence plate reader. The relative light units (RLU) were
normalized as the fold activity of the control. All experiments were
performed in triplicate, and the data were expressed as mean +
standard deviation (s.d.).

Fluorescence Recovery after Photobleaching (FRAP). These
experiments were performed on the same confocal microscope as
described above. 405 nm laser was used to bleach the region of
interest on droplets and in living HeLa cells. Images were collected
utilizing the 488 nm laser at a 400 ms exposure before and after
bleaching. Images before bleaching were captured to determine the
baseline. Upon data collection, images from each data set were
analyzed within Image], where they were treated as 16 bit stacks.
FRAP curves were created using the Image] FRAP Calculator Macro
plug-in, evaluating fluorescence intensity versus time. The data points
were copied into Origin v9.7 (OriginLab, Northampton, MA). These
curves were fitted using a single-exponential function. This approach
enabled the determination of the recovery half-time.

Image Processing and Statistical Analysis. Quantifying
fluorescence intensity and size measurement of imaged particles
were conducted using Image]J. Particle analysis was performed using
the particle analyzer tool in Image]. FRAP Calculator Macro plug-in
in ImageJ v1.353f was employed for the FRAP curve analysis. Origin
v9.7 (OriginLab, Northampton, MA) was used for statistical analyses
and curve fittings. A steady-state analysis was performed to fit the BLI
data. To determine the Kp, a logistic regression function was used to
fit the FP anisotropy data set.'*”'®” An unpaired two-tailed student t-
test was used for comparison. Statistical significance was considered at
a test level p < 0.05.
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Molecular Graphics. All protein graphics were prepared using the
PyMOL Molecular Graphics System (Version 2.4.0 Schrodinger,
LLC).
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