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17 Summary
18 FUS is a highly disordered RNA binding protein that readily undergoes phase separation. Mutations in FUS have 
19 been implicated in neurodegenerative diseases where mislocalized FUS facilitates the formation of aberrant 
20 RNP granules that aggregate in the cytoplasm. Still, the key molecular interactions which tune the assembly, 
21 size, and fluidity of FUS-containing granules remain unclear. Through an RNAi-based knockdown screen, we 
22 identified an RNA helicase, DDX6, which tunes FUS-positive stress granule (FUS-SG) formation in 
23 neuroblastoma cells. DDX6 plays a dual role in regulating FUS condensation by promoting the assembly of nano 
24 and meso-scale FUS clusters while limiting the size of micron-scale FUS droplets as a function of concentration. 
25 Remarkably, we show that a single DDX6 molecule is sufficient to recruit and assemble FUS into a higher-order 
26 complexes. Upon FUS phase separation into liquid droplets, DDX6 increases interphase molecular exchange, 
27 thereby promoting their fluidity. Notably, DDX6 also forms a non-contiguous ring around FUS condensates, 
28 preventing coarsening and reducing the interfacial tension on the droplets. We propose that the regulatory 
29 activity of DDX6 we observe may contribute to the biogenesis and regulation of FUS containing RNP granules 
30 in cells.  
31
32 Keywords: FUS, DDX6, RNA binding proteins, nanoclusters, phase separation, condensates
33
34
35 Highlights
36
37  FUS-SG formation is regulated by DDX6 in neuroblastoma cells.
38  DDX6 promotes higher-order assembly of FUS into nanoscale clusters.
39  DDX6 acts as a surfactant to reduce the size and increase the fluidity of FUS condensates.
40  Aberrant phase separation of FUS mutants is antagonized by DDX6.
41
42
43 eTOC Blurb
44
45 Mekonnen et al. demonstrate that DDX6 plays a dual role in promoting FUS phase separation and tuning FUS 
46 condensate size, fluidity, and fusion.
47

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5055158

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



2

48 Introduction
49 Biomolecular condensates are membranelles organelles in cells that form via phase separation, a process driven 
50 by multivalent protein-protein and protein-nucleic acid interactions. These condensates involve many cellular 
51 activities, including the integrated stress response (ISR) and ribosomal RNA biogenesis [1-7]. Moreover, 
52 assembling membraneless organelles expedites rapid intracellular biomolecular organization and adaption to 
53 environmental changes[8-10]. Cellular condensates comprise hundreds of unique nucleic acids and proteins, 
54 but their biogenesis depends on the activity of a small subset of biomolecules described as scaffolds. In the 
55 cytoplasm, stress granule (SG) formation upon stress is driven by the scaffold protein G3BP1 and the core 
56 ribonucleoprotein (RNP) network it helps assemble[3, 11]. In the nucleus, the formation of nuclear speckles 
57 involved in mRNA processing is facilitated by the SR family of splicing factors, including SRSF1[12]. This implies 
58 that most of the proteins and nucleic acids present are client molecules that preferentially partition into these 
59 condensates. Still, these proteins are critical in determining these condensates' material and functional 
60 properties. 
61
62 Apart from their role as scaffolds that drive assembly, proteins also control multiphase organization and activity 
63 of cellular condensates. In the C. elegans single-cell embryo, heterotypic protein-protein interactions regulate P 
64 granule condensates' asymmetric distribution. Interfacial clustering of the protein MEG-3 on PGL-3 condensates 
65 tunes their size, biophysical properties, and spatial arrangement [13-15]. Dysregulation of P-granule assymetry 
66 produces embryos with severe defects in anterior-posterior organization. In the nucleolus, concentric, condensed 
67 protein layers direct the synthesis and maturation of ribosomal RNA (rRNA) [8, 16]. This is partially regulated by 
68 DDX21, which localizes to the interfacial boundary between the fibrillar center and dense fibrillar component and 
69 promotes the fluidity of RNA Pol I condensates [17, 18]. Thus, intermolecular interaction networks of scaffolds 
70 and clients drive multiphase condensate assembly and proper cellular function. 
71
72 Fused in sarcoma (FUS) is a nuclear RNA binding protein (RBP) that regulates transcription, splicing, and 
73 trafficking of RNA [19-23]. Through its role in RNA processing, FUS can accumulate in the cytoplasm but is 
74 shuttled back to the nucleus by its cognate importin, Karyopherin-β2[24]. Mutations in FUS affecting its nuclear 
75 localization, RNA binding, and phase separation propensity are implicated in particularly severe forms of familial 
76 amyotrophic lateral sclerosis (ALS) and frontotemporal lobar dementia (FTLD) [25-28]. Notably, it contributes to 
77 the formation of insoluble cytoplasmic aggregates found in the motor neurons of ALS patients [29-34]. Upon 
78 stress, cytoplasmic mutant FUS is a client protein that preferentially partitions in SGs, increasing their size and 
79 abundance while significantly reshaping the biomolecular composition of the condensates [35, 36]. As a result 
80 of its prolonged mislocalization, FUS likely participates in de novo molecular interactions, which may drive its 
81 involvement in cell homeostasis, pathologies, and disease progression in neurodegeneration[37-41]. In this work, 
82 we aim to identify and explore what possible molecular interactions regulate the formation of these FUS-positive 
83 stress granules (FUS-SGs). 
84
85 To identify proteins involved in enhancing or inhibiting FUS-SGs, we performed an RNAi-based reverse genetic 
86 screening targeting proteins known as FUS-interacting proteins and those commonly found in SGs. These 
87 include the FET (FUS, EWSR, and TAF15) proteins, RNA helicases involved in RNA processing and translation, 
88 and ALS-associated proteins such as TDP-43. We found that DDX6, an RNA helicase involved in both P-body 
89 (PB) and SG biogenesis, plays a dual role by promoting FUS-SG assembly and tuning, number, size, and total 
90 production of FUS-SGs under oxidative stress in a concentration dependent manner. Furthermore, our in vitro 
91 FUS phase separation assays showed that DDX6 controls FUS phase separation through four mechanisms: (1) 
92 promoting FUS assembly into nanoclusters at low FUS concentration, (2) decreasing the size of FUS 
93 condensates at high FUS concentration, (3) increasing the molecular exchange of FUS between the dense and 
94 dilute phase, and (4) reducing surface tension by forming interfacial clusters on FUS condensates. Together, 
95 our data demonstrate that DDX6 is a crucial protein regulating the assembly and physical properties of FUS 
96 condensates.
97
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99 Materials and Methods

100 SH-SY5Y Cell Culture
101 Human SH-SY5Y neuroblastoma cells (ATCC #CRL-2266) were cultured in DMEM (Thermo #11960044) 
102 supplemented with 10% fetal bovine serum( NEB Catalog # B9000), 2 mM glutamate (Fisher #25030081), 0.15% 
103 (v/v) sodium bicarbonate (Fisher #25080094), and 1 mM sodium pyruvate (Thermo #11360070). Cells were 
104 incubated at 37 °C with 5% CO2, and the media was changed every 96 h. SH-SY5Y cells were passaged using 
105 trypsin solution (Thermo #2530062) at a 1:10 split ratio. Frozen stocks were produced by resuspending cell 
106 pellets in 95% (v/v) fetal bovine serum with 5% (v/v) DMSO (Invitrogen # D12345 ).
107
108 The stable FUS-Halo cell line was generated by co-transfecting parental SH-SY5Y cell lines with pFUS-Halo[19] 
109 and the piggybac transposase (SBI #PB210PA-1) plasmids using Lipofectamine 3000 (Thermo #L3000008). 
110 Following 48 h incubation, the stably transfected cells were selected by treating with 200 μg/mL geneticin 
111 (Thermo #10131027), which was sufficient to kill non-transfected cells. Selection continued for at least 2 weeks 
112 before performing experiments with the FUS-Halo cells.
113
114 Immunofluorescence
115 FUS-Halo cells were passaged onto Nunc Lab-Tek II 4-well chambers (Thermo #154526) that were pre-coated 
116 with 5 μg/mL fibronectin. After 24 h incubation, the cells were washed three times with 1X dPBS (Thermo, 
117 #14190144) and fixed with 4% (v/v) paraformaldehyde (fisher, #AAJ19943K2) for 15 min at 25 °C. The samples 
118 were washed three times with 1X dPBS and were then permeabilized with 1X dPBS supplemented with 0.3% 
119 (v/v) Triton-X100 (millipore sigma, #9036-19-5 ) and 1% (w/v) bovine serum albumin (BSA; NEB Catalog # 
120 B9000) for 15 min at 25 °C. Following another set of three 1X dPBS washes, the primary antibodies (Table S2) 
121 were diluted in permeabilization solution and incubated for 16 h at 4 °C with gentle rocking. The cells were 
122 rewashed with 1X dPBS and treated with secondary antibodies for 1 h at 25 °C. After incubation with the 
123 secondary antibodies, the samples were treated with 25 nM JF549 and 1 μg/mL Hoechst for 15 min, mounted 
124 with Prolong Gold (Thermo #P10144), and sealed for imaging. An LSM-800 fluorescence confocal microscope 
125 with an Airyscan detector was used for superresolution imaging of the immunofluorescence slides. Pre-
126 processing of Airyscan images was performed by Zen Blue (Zeiss), and cell images were further analyzed using 
127 ImageJ. 
128
129 siRNA Screen
130 Short interfering RNAs (siRNAs) for the 25 candidate knockdowns were synthesized by IDT (Table S1). Nunc 8-
131 well chambers (Thermo #155361) were coated with 5 μg/mL fibronectin (Sigma #F1141-1MG) for at least 15 
132 min. FUS-Halo cells were seeded onto the 8-well chambers at ~50% confluency 48 h prior to the experiment. 
133 Approximately 24 h before imaging, the cells were transfected with 10 nM siRNA using Lipofectamine 3000. The 
134 following treatments were added to the cells at the indicated times prior to imaging: 0.5 mM sodium arsenite 
135 (Sigma #S7400-100G) 1 h prior to imaging; 25 nM Janelia Fluor 549 (Promega #GA1110) 30 min prior to 
136 imaging; and 1 μg/mL Hoechst 33342 (Thermo #62249) 15 min prior to imaging. Cells were imaged in the 408 
137 nm (Hoechst) and 550 nm (JF549) channels using an LSM-700 fluorescence confocal microscope with a 63x 
138 objective. FUS-positive granules were quantified using a custom Matlab script that we created previously [42]. 
139 In brief, this script identified granules through dynamic masking of high-intensity puncta in the FUS channel 
140 compared to the surrounding background signal. The nuclear mask was used to assign each FUS-positive 
141 granule to a nearby nucleus; if the granule was too far from the nearest nucleus or too large (i.e.,>10 μm2) to be 
142 considered a bona fide granule, the puncta was discarded. The mapped puncta were used to calculate the 
143 number of granules per cell and the average area of the granules for each condition. These parameters were 
144 compared to the noncoding siRNA control condition using Welch’s t-test.
145
146 Tuning DDX6 Abundance in Cells and Image Analysis 
147 To tune cellular DDX6 concentration, we used DDX6 siRNA 13.3 (Table 1) and DDX6-eGFP (Genscript, Table1). 
148 DDX6 siRNA 13.3 was transformed as described above at the following concentrations: 5 nM, 7.5 nM, 10 nM, 
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149 15 nM, and 20 nM. Cells were grown in Nunc 8-well plates (Thermo #167064) as described above and labeled 
150 with rabbit anti-FUS and mouse anti-DDX6 primary antibodies. Cells were imaged using an LSM-980 microscope 
151 with an Airyscan detector. After image processing, images were analyzed using CellProfilerTM cell image analysis 
152 software. Cells were first identified using Hoechst nuclear staining and the cell body using anti-FUS 
153 immunofluorescent staining. A mask was created to identify the cytoplasmic FUS signal by subtracting the 
154 nucleus primary object from the FUS cell body object. FUS-SGs were indentified using intensity thresholding 
155 parameters as described in the above section. Granules were assigned to cells based on the edges defined by 
156 the creation of the cell body object. 
157
158 6xHis-MBP-FUS Purification
159 The expression construct of recombinant FUS fused to N-terminal 6xHis and maltose binding protein (MBP-FUS) 
160 was transformed into BL21 DE3 competent E. coli (Sigma #CMC0014-20X40UL). A TEV protease recognition 
161 sequence was inserted between the MBP and FUS open reading frames. FUS was purified as described 
162 previously [28]. In brief, a 5 mL starter culture was incubated in lysogeny broth (LB) with 50 μg/mL kanamycin 
163 sulfate (Millipore Sigma #70560-51-9) at 37 °C for 16 h at 200 rpm. The starter culture was used to inoculate 0.5 
164 LB with kanamycin, which was then grown to an OD600 of ~0.4. MBP-FUS production was induced with 0.25 
165 mM IPTG (Thermo Scientific #DF0446-17-3 ) at 30 °C for 2 h at 200 rpm. The cells were then pelleted, lysed for 
166 purification, filtered before loading, and passed through a 5 mL HisTrap HP column (Cytiva #17528601) using 
167 an ÄKTA Pure 25 M FPLC system (Cytiva). The bound protein was eluted with an increasing imidazole gradient 
168 and stored in 25% (v/v) glycerol at 4 °C for up to 2 weeks. Untagged FUS was purified by incubating the FUS-
169 MBP from above with acTEV protease (Thermo #12575015; 1 µL acTEV to 10 nmol MBP-FUS) for 8 hours in a 
170 buffer containing 1 µM KCl and 1 µM Urea. The solution was then put back through the His-Trap column, and 
171 the flowthrough fractions containing untagged FUS were collected. 
172
173 6xHis-MBP-DDX6 Purification
174 DDX6 was fused to a 6xHis and MBP tag at the N-terminal end of the protein. The expression construct was 
175 transformed into BL21 E. coli, which were then used to inoculate a 5 mL LB with a kanamycin starter culture. 
176 After incubating at 37 °C for 16 h at 200 rpm, the starter culture was used to inoculate 1 L LB with kanamycin. 
177 The 1 L culture was grown at 37 °C to an OD of ~0.8. DDX6 expression was then induced with 0.25 mM IPTG, 
178 and the culture was incubated at 30 °C for 2 h at 200 rpm. After protein induction, the cells were pelleted at 5000 
179 x g for 10 min at 4 °C and either used immediately or stored at -80 °C.
180
181 Cell pellets were resuspended in DDX6 Lysis Buffer (50 mM Na2HPO4, 150 mM NaCl, 10 mM imidazole, 5 mM 
182 β-mercaptoethanol, 10 mg/L lysate RNase A, one-half-tablet complete protease inhibitor cocktail, 20 mM MgSO4, 
183 1% (v/v) IGEPAL CA-630, adjusted to pH 7.4) and sonicated at 20% amplitude for 6 min (8 s on/8 s off cycles). 
184 The lysate was centrifuged at 23644 x g for 30 min at 4 °C. The supernatant fraction was filtered through a 0.22 
185 μm filter and loaded onto an ÄKTA Pure 25 M FPLC system. The lysate was passed through a 5 mL HisTrap HP 
186 column that was equilibrated and washed with DDX6 Binding Buffer (50 mM Na2HPO4, 150 mM NaCl, 10 mM 
187 imidazole, 5 mM β-mercaptoethanol, adjusted to pH 7.4). Crude DDX6 protein was eluted by steadily increasing 
188 the fraction of DDX6 Elution Buffer (50 mM Na2HPO4, 150 mM NaCl, 500 mM imidazole, 5 mM β-
189 mercaptoethanol, adjusted to pH 7.4) and collecting fractions. The DDX6-containing fractions were detected by 
190 absorbance and SDS-PAGE, pooled together, and concentrated to <2 mL using a 50 mL Amicon filter (Sigma 
191 #UFC905008). The concentrated crude DDX6 was then loaded onto a Superdex 10/200 25 mL SEC column 
192 (Cytiva #28990944) that was equilibrated with DDX6 SEC Buffer (50 mM Na2HPO4, 150 mM NaCl, 5 mM β-
193 mercaptoethanol, adjusted to pH 7.4). SEC fractions were analyzed for SDS-PAGE, and pure fractions 
194 containing DDX6 were pooled and concentrated. Glycerol was added to a final concentration of 10% (v/v), and 
195 DDX6 aliquots were flash-frozen in liquid nitrogen for long-term storage at -80 °C.
196
197 Electrophoresis mobility shift assay (EMSA)
198 EMSA was performed with purified DDX6-MBP. 1 nM of Cy5-NHS labeled U40  and SON RNAs were incubated 
199 with DDX6 in a buffer containing 50 mM Tris pH 7.4, 2 mM MgCl2, 100 mM β-Mercaptoethanol, 0.1 mg/mL BSA, 
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200 and 100 mM KCl. After a 30-minute incubation at room temperature, samples were run on a  6% (w/v) acrylamide 
201 retardation non-denaturing gel at 150 V for 45 minutes. Gels were then imaged on a Typhoon 8100 with the cy5 
202 channel.
203
204 Fluorescent Protein Labeling
205 FUS and DDX6 protein was labeled with Cy3 NHS ester (Cytiva #PA13101) and Cy5-NHS ester (Cytiva 
206 #PA15100) as described and validated previously[19, 42]. In brief, proteins were desalted with 0.5 mL Zeba Spin 
207 Desalting Columns (Thermo Scientific #89883) in a PBS-containing buffer following the manufacturer’s protocol. 
208 The proteins were reacted with 4-5-fold-molar excess of fluorescent NHS ester for 45 min at 25 °C in the dark 
209 with rotation in 100 mM sodium bicarbonate. Excess dye was desalted with additional Zeba Spin Desalting 
210 Columns, and the dye conjugation efficiency was determined using a Nanodrop spectrophotometer. Labeled 
211 protein was stored at 4 °C in the dark for 2 weeks.
212
213 Single-molecule pulldown (SiMPull) assay
214 Single-molecule Analysis of FUS and DDX6 intermolecular interaction was performed using prism-based total 
215 internal reflection fluorescence microscopy as described [43, 44]. FUS and DDX6 were labeled with Cy3 and 
216 Cy5 using NHS-ester chemistry. First, the biotin-conjugated anti-MBP antibody was immobilized on a 
217 Polyethylene glycol (PEG) passivated slide surface through biotin- NeutrAvidin interaction. Then, MBP-tagged 
218 either FUS or DDX6 was added to the immobilized antibody-coated surface, followed by corresponding untagged 
219 (without MBP) DDX6 or FUS applied. The experiment was conducted at 10 mM Tris-HCl, pH-7.5, and 100 mM 
220 NaCl with an imaging buffer at room temperature [44].
221
222 Fluorescence correlation spectroscopy (FCS)
223 FCS was performed on a confocal C-TrapTM (Lumicks) instrument. FUS was labeled with Cy3 respectively using 
224 NHS-ester chemistry as described above and added to reactions at a final concentration of 20 nM. Cy3 labeled 
225 FUS, unlabeled FUS, and DDX6-MBP reactions were prepared in 1X cleavage buffer (100 mM NaCl, 50 mM 
226 Tris pH 7.4, 1 mM DTT, and 1 mM EDTA pH 8.0) with acTEV protease in a 50 µl. Reactions were incubated at 
227 room temperature for one hour. Fluorescence intensity measurements in the confocal volume were detected 
228 using ultra-low light detection and single photon counting. Sample intensity measurements were taken for 10 
229 minutes and processed using an in-house Python script, which performed autocorrelation analysis.
230
231 Dynamic Light Scatter (DLS)
232 Dynamic light scattering experiments were performed using the Dynapro® Plate reader II (Wyatt Technology) 
233 with fixed angle light scattering. 100 µl sample reactions were prepared in 1X cleavage buffer (100 mM NaCl, 50 
234 mM Tris pH 7.4, 1 mM DTT, and 1 mM EDTA pH 8.0) and deposited in a black Corning® 96 well plate (ref # 
235 3881) for data collection. Measurements were performed using an 800 nm excitation laser at 25°C with an 
236 acquisition time of 5 seconds and 8 acquisitions taken per measurement. 50 total measurements were collected 
237 for each sample prepared. Autocorrelation functions, diffusion rates, and hydrodynamic radii of measured 
238 particles are collected and processed using Dynamics software (version 7.10.1.21,WatersTM|Wyatt Technology) 
239 and analyzed using Microsoft Excel. 
240
241 In Vitro Phase Separation Reactions
242 Phase separation reactions were performed essentially as described previously[19]. In brief, FUS was buffer-
243 exchanged into 20 mM Na3PO4 using successive spins in Amicon filters (Sigma #UFC503008). FUS and DDX6 
244 were combined with 10 U AcTEV protease (Thermo #12575015) in 1X Cleavage Buffer (100 mM NaCl, 50 mM 
245 Tris pH 7.4, 1 mM DTT, and 1 mM EDTA pH 8.0) and incubated in 8-well Nunc chambers for up to 6 h. The 
246 surface of the chamber was imaged using a Nikon Ti Eclipse wide-field microscope in the brightfield, 488 nm, 
247 555 nm, and 637 nm channels. Videos were recorded using the same acquisition settings but for set intervals 
248 over time with definite focus enabled. Superresolution imaging was performed on an LSM-800 fluorescence 
249 confocal microscope. Phase separation images were processed using a custom Matlab script that masks each 
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250 droplet as a region of interest (ROI) and calculate statistics (e.g., number, area, total area coverage, etc.) en 
251 masse [42]. 
252
253 Fluorescence Recovery After Photobleaching (FRAP)
254 Whole or partial droplet FRAP experiments were conducted with a 50 mW 405 nm bleaching laser and Bruker 
255 Galvano mirror scanner attached to a Nikon Ti Eclipse wide-field microscope. Movies were acquired in the 
256 Alexa488, Cy3, or Cy5 channels, depending on the experiment. Movies were generally recorded for 10 min with 
257 acquisition every 3 s for 2 min then every 10 s for the remaining time. FRAP experiments were analyzed as 
258 described previously [28]. In brief, we corrected for stage drift and loss of intensity throughout the video using 
259 background and reference ROIs. The intensity of bleached droplets was then calculated relative to the 
260 background intensity over time.
261
262 Optical trap-directed droplet fusion 
263 Controlled droplet fusions were performed essentially as described previously[45]. Large-scale (1 mL) phase 
264 separation reactions were performed as described above (see In Vitro Phase Separation Reactions). The 
265 droplets were flowed in a C-Trap Optical Tweezers (Lumicks) instrument. Two droplets were trapped with two of 
266 the optical tweezers, which were then moved into a separate flow channel with 1X Fusion Buffer (1X Cleavage 
267 Buffer with 10 mM Trolox, abcam # 53188-07-1). One trap was slowly moved in close proximity to another trap 
268 to allow spontaneous fusion and relaxation. Brightfield videos of each fusion event were recorded and analyzed 
269 as described previously by a custom Matlab script that determined the droplet aspect ratio over time to determine 
270 the viscoelastic properties of each droplet[45, 46].
271
272 Protein-ssDNA binding assays
273 Protein-ssDNA binding experiments were performed using optical tweezers combined with confocal microscopy 
274 (C-trap) from Lumicks B.V. Long single stranded DNA (48.5 knt) were formed by force stretching lambda double 
275 stranded lambda DNA with biotins in the same strand. Experiments were performed as detailed in[citation]. For 
276 DDX6 experiments, DDX6 was incubated in the DDX6 channel for 5-10 s then imaged in the imaging channel 
277 with an imaging buffer. For FUS and DDX6 interaction experiments, DDX6 was incubated in a different channel; 
278 ssDNA with DDX6 bound was taken into a channel where FUS was present and imaged. This allows a 
279 spontaneous binding of FUS either to ssDNA or DDX6 directly.
280
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281 Results
282
283 DDX6 knockdown inhibits FUS-positive SG formation
284
285 Mislocalization of FUS from the nucleus to the cytoplasm is a critical hallmark of ALS and FTLD. To model this 
286 mislocalization and to visualize FUS, we engineered an SH-SY5Y neuroblastoma cell line that stably expressed 
287 FUS with a C-terminal Halo tag. Because the nuclear localization signal (NLS) of FUS is at the extreme C-
288 terminus of the protein, the Halo tag interferes with the nuclear import of FUS, resulting in some cytoplasmic 
289 localization of FUS [47, 48]. The exogenous FUS-Halo expression does not induce cytoplasmic FUS 
290 condensation under physiological conditions; FUS-SGs are only observed when acute stressors such as sodium 
291 arsenite are added to the cells. We applied Janelia fluor labels to measure FUS-SG formation and evaluated 
292 how FUS-interacting proteins impact FUS condensation in live cells.
293
294 Using previously published FUS datasets [37, 41, 49-52], we identified 25 proteins that likely impact FUS 
295 condensation in cells. Many are linked with neurodegeneration, known components in PBs and SGs, or other 
296 FUS regulators such as the importin Karyopherin-β2 (TNPO1). We treated FUS-Halo SH-SY5Y cells with 
297 siRNAs, which targeted transcripts coding for these 25 proteins for 24 hours, added Janelia Fluor 549 and 
298 Hoechst dye for visualization, and stressed the cells with 0.5 mM sodium arsenite for 30 min prior to live-cell 
299 imaging with a confocal fluorescence microscope (Figure 1A). The FUS signal was analyzed with a custom 
300 Matlab script which identified FUS-SG puncta in each cell [42]; this allowed us to calculate the number of 
301 granules per cell and the average area of these granules, both of which we used to determine whether these 
302 proteins impacted FUS condensation in SH-SY5Y cells.
303
304 Our screen identified two proteins which significantly decreased the size and number of FUS-SGs per cell: the 
305 RNA helicases DDX6 and DHX36 (Figure 1B-C). In addition to these helicases, several other knockdowns 
306 significantly decreased the average area of FUS-positive granules: TAF15, EWSR1, Ataxin2, HSBP1, and SFPQ 
307 (Figure 1B). The positive control – a FUS knockdown –significantly reduced granule formation (Figure 1B-C). 
308 Meanwhile, a scrambled siRNA did not impact FUS condensation (Figure 1B-C). Because the DDX6 knockdown 
309 condition had the most significant decrease in the number of FUS-SGs per cell and the average area of FUS-
310 SGs, we focused on this protein for our studies. We further verified that siRNAs targeting different regions of the 
311 DDX6 mRNA had similar impacts on FUS-SGs (Figure S1B-D). FUS is known to interact with G3BP1 and 
312 Caprin1 within SGs, while DDX6 is found at low levels in SG but is enriched in PBs. To determine whether a 
313 physical association between DDX6 and FUS might underlie the regulation of FUS-SG condensation in cellulo, 
314 we performed Airyscan superresolution microscopy of fixed FUS-Halo cells. We found that FUS-Halo- and 
315 G3BP1-containing SGs are physically associated with DDX6- and Edc4-containing PBs (Figure 1D-E, S1A), 
316 which is consistent with other reports that have described PBs as points of assembly of new SGs and show that 
317 they remain tethered afterward [6, 53, 54]. 
318
319
320 DDX6 tunes FUS granule formation
321
322 The abundance of associated biomolecules in the environment can strongly impact a protein’s phase separation 
323 propensity [55-57]. Our knockdown results reveal that DDX6 is required for FUS-SG formation. Therefore, we 
324 tested whether applying a gradient of DDX6 concentration via titration of siRNA knockdowns and exogenous 
325 overexpression constructs would also impact the number and size of FUS-SG condensates in SH-SY5Y cells. 
326 To this end, we transfected the FUS-Halo SH-SY5Y cell line with varying concentrations of a DDX6-targeting 
327 siRNA ([siRNA] = 5-20 nM) and a DDX6-GFP overexpression construct (DDX6-GFP = 0.1-2.0 μg). We verified 
328 that our transfections successfully modulated the DDX6 concentration in cells using a Western blot for 
329 endogenous and exogenous DDX6 expression (Figure S1E-H). The titrated cells were stressed with sodium 
330 arsenite, fixed with paraformaldehyde, and imaged for FUS-SG count and size, as performed for the screen 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5055158

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



8

331 above (Figure 2A). We found that decreasing DDX6 concentration by increasing siRNA amount resulted in a 
332 gradual reduction in FUS-SG total area per cell, consistent with what we observed in our screen in Figure 1 
333 (Figure 2B, Figure S1I-J). Surprisingly, overexpression of DDX6-GFP resulted in an unexpected pattern of 
334 change in FUS-SGs. We first observed that FUS-SGs increased in total area for plasmid transfection amounts 
335 of 0.1 – 1 μg (Figure 2C). However, this trend reversed when >1 μg DDX6-GFP was added: the FUS-SG total 
336 area decreased (Figure 2C). Therefore, while DDX6-GFP overexpression promoted overall FUS-SG 
337 condensation between 0.4-1.5 g of plasmid transfection, the extent of FUS-SG formation decreased above 1.5 
338 μg. Our results demonstrate that DDX6 protein levels dynamically regulate the FUS-SG formation in SH-SY5Y 
339 cells and indicate that DDX6 may buffer FUS-SG formation in the cell. 
340
341
342 DDX6 promotes FUS cluster assembly
343
344 FUS and DDX6 share several relevant protein partners, including Atxn2 and UBQLN2, which impact SG 
345 formation [40, 58, 59]. It has been reported that DDX6 regulates SG biogenesis in cells [6, 60]; however, it is 
346 unclear if DDX6 can affect FUS-SG assembly through direct interactions with FUS. We used several orthogonal 
347 in vitro methods to test if DDX6 can interact with and regulate FUS condensation in a two-component system. 
348 We purified human FUS and DDX6 protein from E. coli (Figure S2A). Each overexpression construct was 
349 designed with an N-terminal MBP tag that antagonized native phase separation; cleavage of the MBP tag was 
350 initiated by adding TEV protease, which allowed phase separation under physiological salt conditions. For 
351 visualization, we fluorescently labeled and doped in 1% FUS and DDX6 with Cy3 and Cy5, respectively, which 
352 we previously showed does not impact FUS [42]. 
353
354 We first tested how DDX6 would affect FUS cluster assembly by employing dynamic light scattering (DLS) and 
355 fluorescence correlation spectroscopy (FCS), which are well suited to measure 1 nm-1 μm sized particles. We 
356 prepared untagged FUS (i.e., pre-cleaved FUS without the MBP solubility tag) to bypass the kinetic bottleneck 
357 of TEV protease-mediated MBP cleavage and to achieve rapid assembly. We first performed DLS 
358 measurements at a FUS concentration of 200 nM, significantly below the critical Csat (~1 μM) for FUS droplet 
359 formation [28]. At this concentration, we found that FUS forms clusters of ~200-400 nm in diameter (Figure 3A). 
360 However, adding DDX6 at concentrations as low as 10 nM led FUS cluster sizes to increase by an order of 
361 magnitude, approaching 2-3 μm (Figure 3A). Higher concentrations of DDX6 (25 & 100 nM) also resulted in the 
362 detection of >3 μm particles (Figure 3B). We also imaged this assembly process, increasing sub-saturated 
363 concentrations of FUS in the presence of 100 nM DDX6, and found that cluster assembly was driven by DDX6 
364 (Figure S3F). We then performed these same DLS measurements at 4 μM, well above its Csat, which induced 
365 robust phase separation of FUS. Strikingly, we found that increasing concentrations of DDX6 strongly reduced 
366 the cluster size to 200 nm in diameter. Therefore, consistent with the cellular results, our DLS data demonstrates 
367 that DDX6 potently stimulates higher order FUS cluster assembly in a substoichiometric manner while limiting 
368 particle size at higher FUS concentrations.
369
370 Next, we performed FCS to test further the role of DDX6 on FUS assembly over a wide range of concentrations. 
371 At a sub-saturated concentration of 100 nM FUS (1% labeled with Cy3-FUS), the addition of DDX6 slowed the 
372 diffusion of FUS clusters by half, indicating an increase in size (Figure 3F). For higher concentrations of FUS 
373 (500 nM), we observed an intriguing pattern of an increase followed by a decrease in FUS cluster size as a 
374 function of DDX6 concentration, which is reminiscent of the cellular data, which also demonstrated a rise followed 
375 by a fall in FUS-SG size as a function of increasing DDX6 transfection (Figure 3G, Figure S1I). At a FUS 
376 concentration of 1 μM that exceeds its Csat, the same range of DDX6 concentrations significantly increased the 
377 diffusion, i.e., it decreased the size of FUS clusters by an order of magnitude(Figure 3H). The result indicates 
378 that DDX6 may tune FUS phase separation by promoting assembly at sub-Csat and reducing the condensate 
379 size above its Csat, which mirrors FUS-SG regulation in cells (Figure 2). 
380

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5055158

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



9

381 DDX6 alone did not form visible condensates at physiological salt and DDX6 concentrations (Figure S2A); 
382 however, dextran and RNA did produce DDX6 aggregates at high concentrations (Figure S2B-E). In addition, 
383 dynamic light scattering (DLS) measurements revealed that DDX6 assembled nanoscale clusters that did not 
384 grow past 200 nm in diameter after 3 hours (Figure S2F). 
385
386
387 DDX6 can recruit and nucleate FUS oligomers as a single molecule
388
389 DDX6 has several canonical binding partners, including LSM14A, 4E-T, and EDC3, that promote PB assembly 
390 and imply its role as a scaffold protein[61-64]. Our results demonstrate the promotion of FUS assembly at sub-
391 saturated concentrations, supporting this claim. We performed single molecule pulldown (SiMPull) 
392 measurements on a total internal reflection fluorescence (TIRF) microscope to test this further. We immobilized 
393 MBP-tagged Cy5-DDX6 to our imaging surface coated with an anti-MBP antibody and flowed in Cy3-labeled 
394 FUS, untagged FUS (10 nM) (Figure 4A). We detected high Cy3/Cy5 colocalization levels, providing evidence 
395 of direct interaction between the two proteins at the level of single molecules (Figure 4B). Furthermore, we 
396 observed a gradual increase in Cy3-FUS intensity per Cy5-DDX6 spots over time, indicating that a single DDX6 
397 molecule recruits multiple units of FUS(Figure 4C). Individual single-molecule traces at Cy5-DDX6-MBP foci 
398 revealed examples of nearly 10-fold increases in Cy3-FUS intensity after 300 s. We identified patterns in FUS 
399 assembly that follow both smooth (left) and uneven (right) increases over time(Figure 4C). We calculated the 
400 normalized mean intensity for colocalized Cy3-FUS intensity and discovered a linear increase as a function of 
401 time, indicating gradual accumulation of FUS at immobilized DDX6 foci(Figure S3D). Notably, the inverse 
402 arrangement of labelled DDX6 flowed over immobilized MBP-FUS produced only transient spikes in fluorescence 
403 intensity over time. Furthermore, labeled FUS applied to immobilized MBP-FUS showed no change in 
404 fluorescence, strengthening the specificity of FUS assembly dependent on DDX6 (Figure 4D-G & S3E). 
405
406 To examine the potential FUS-DDX6 interaction in the context of nucleic acid, we next used dual-trap optical 
407 tweezers, C-TRAP (LUMICKS). We attached -ssDNA to the dual-trap beads and flowed in low nanomolar 
408 concentrations of FUS and DDX6 separately and sequentially. Cy3 FUS did not bind the ssDNA alone (Figure 
409 S3E). By contrast, Cy5-DDX6 bound and diffused on the DNA (Figure S3F). Remarkably, FUS oligomers 
410 engaged with DDX6 and co-diffused along the ssDNA (Figure S3C). These results indicate that DDX6 could 
411 recruit FUS multimers to ssDNA, confirming its ability to interact with and nucleate FUS assemblies.
412
413 In summary, we demonstrate that DDX6 and FUS physically interact and, importantly, that DDX6 can recruite 
414 and induce higher-order assembly of FUS into nanoscale clusters. Our experiments demonstrate several key 
415 findings: (1) FUS and DDX6 directly interact; (2) DDX6, even at the single molecule level, promotes the 
416 nucleation of FUS clusters, and (3) DDX6 may buffer the over-growth of micron-scale FUS condensates.
417
418
419 DDX6 tunes FUS condensate size by forming interfacial clusters 
420
421 Given that DDX6 can modulate the assembly of sub-micron-sized FUS clusters, we asked how DDX6 may 
422 regulate the physical properties of micron-scale phase separated FUS droplets by imaging. (Figure 5A). We 
423 added DDX6 protein (0.1-4 μM) to 4 μM FUS and observed that 0.1-1 μM DDX6 (1:40 to 1:4 DDX6:FUS) reduced 
424 FUS condensate area while concomitantly increasing the number of condensates over twofold (Figure 5C-D). 
425 This anti-correlated pattern between the condensate area versus count slightly reversed at higher DDX6 
426 concentrations but reflected directional inhibition of FUS condensation as shown by a quantification of droplet 
427 total area (Figure 5E). This agrees with DLS measurements, which showed that DDX6 inhibits FUS phase 
428 separation by buffering the assembly of FUS into phase separated > 1 μm droplets at high concentrations (Figure 
429 3B). Importantly, this dynamic change in FUS droplet size and count aligns with the outcomes on FUS-SG size 
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430 we observed in SH-SY5Y cells (Figure 2, Figure S1I-J). Together, this result further demonstrates the role of 
431 DDX6 in tuning the size of the FUS condensates in vitro and FUS-positive granules in cells.
432
433 Interestingly, Cy5-DDX6 formed a distinct ring-like pattern around FUS condensates (Figure 5B). This 
434 phenomenon was observed from low, substoichiometric DDX6 concentrations (i.e., 160-fold less DDX6 than 
435 FUS) up to equimolar FUS and DDX6 concentrations, indicating that the ring-like structure is an inherent 
436 concentration-independent pattern. Superresolution Airyscan imaging revealed that DDX6 is mostly depleted 
437 from the internal FUS-containing condensate and consists of small puncta within the ring-like structures attached 
438 to the FUS condensates (Figure 5B), which resembles the pattern of DDX6 containing P-bodies juxtaposed at 
439 the periphery of FUS-SGs in cells (Figure 2A) Furthermore, we found that these puncta diffused along the surface 
440 of the FUS condensates (Video S1). This ring-like morphology is reminiscent of interfacial clusters observed by 
441 others [15, 55, 65-68]. 
442
443
444 DDX6 interfacial clusters alter the material properties of FUS condensates
445
446 Next, we asked if DDX6 also altered the surface properties of the condensates. FUS droplets that would 
447 otherwise fuse upon contact and wet the imaging surface persisted as attached couplets and were organized in 
448 chains and bunches in the presence of DDX6 (Figure S4A). To further explore this, we performed controlled 
449 fusion experiments of FUS droplets with and without DDX6 using dual-laser optical tweezers, C-TRAP [45]. We 
450 found that FUS-DDX6 condensates are highly resistant to fusion; we collected and plotted the fusion data from 
451 droplets of varying sizes over time and extracted a slope that represents the inverse capillary velocity, 
452 viscosity() divided by surface tension (). A marked increase in the / slope for FUS-DDX6 droplets signifies 
453 that DDX6 reduced the surface tension acting on the droplets, resisting fusion (Figure 5F-G). These data suggest 
454 that DDX6 forms interfacial clusters around FUS condensates that inhibit coalescence, thereby regulating the 
455 condensate size. We show that a nonspecific protein, BSA, cannot recapitulate the effect of DDX6 on FUS, 
456 further strengthening the specific role of DDX6 on FUS (Figure S4D).
457
458 In a previously reported case of interfacial clusters, it was stated that the surfactants reduced the coarsening of 
459 condensates while increasing the exchange of the scaffold protein between the two phases[15]. To test whether 
460 DDX6 exerted a similar effect on FUS, we performed fluorescence recovery after photobleaching (FRAP) of FUS 
461 condensates with and without DDX6. Consistent with the previous findings, we observed that DDX6 significantly 
462 increased FUS fluidity by increasing the interphase exchange of FUS between the dense and dilute 
463 phases(Figure 5H-I). By contrast, the DDX6 clusters were largely immobile, failing to exchange with other DDX6 
464 proteins inside the ring or with free DDX6 in solution (Figure 5J). The outer shell-like property exhibited by DDX6 
465 also agrees with the previous interfacial clusters formed by MEG-3 in C. elegans [15]. 
466
467
468 DDX6 regulates the size and fluidity of RNA-FUS co-condensates
469
470 DDX6 and FUS are both RBPs. In the cell, they are in RNA-rich environments where RNA can promote 
471 nucleation or buffer phase separation of the RBPs depending on the relative concentrations. To test the effect 
472 of RNA in vitro, we used the U40 homopolymer, an unstructured RNA frequently employed to promote phase 
473 separation. Our phase separation experiments showed the same FUS-DDX6 core-ring architecture and U40 
474 localized to the core of the FUS condensates. We further confirmed that switching the Cy3/Cy5 labeling of FUS 
475 and DDX6 did not affect the localization of any of the three components (Figure S5A-B). 
476
477 Similar to FUS-DDX6 condensates, we also observed that FUS-RNA-DDX6 condensates changed in average 
478 area and count as a function of DDX6 concentration in a very similar manner to our FUS-DDX6 experiments in 
479 Figure 5 but to a lesser magnitude (Figure 6A-C). Likewise, the total area coverage of the RNA-containing 
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480 condensates showed a similar decrease to approximately half of the initial area when the highest DDX6 
481 concentration was applied (Figure 6D). DDX6 also increased the FRAP recovery of U40 and FUS, reflecting the 
482 increased exchange of FUS and RNA between the dense and dilute phases in the presence of DDX6 (Figure 
483 6E-G). Nevertheless, the impact of DDX6 on FUS exchange was less than the condition without the RNA. From 
484 these findings, we conclude that DDX6 regulation of FUS condensation is similar but slightly attenuated by the 
485 presence of RNA, and DDX6 can increase the interphase mobility of both FUS and RNA in the tripartite 
486 condensates. Measurement of FUS droplet size and number with structured SON RNA displayed a similar impact 
487 as the unstructured U40 (Figure S5C-F). Finally, we found that the DDX6 regulation of FUS condensates is 
488 ATPase independent by performing our droplet assays with ATP, Mg2+, and a DQAD mutant of DDX6, which 
489 cannot hydrolyze ATP. Adding ATP and magnesium at physiological concentrations with DDX6WT produced a 
490 mild reduction in droplet formation. Experiments with DDX6DQAD produced similar, albeit diminished, effects on 
491 droplet area and count (Figure S5G-H & S6). 
492
493
494 DDX6 antagonizes phase separation of ALS-linked FUS variants
495  
496 DDX6 effectively diminishes FUSR244C and, to a lesser extent, FUSG156E droplet size (Figure 7A-B). For FUSR244C, 
497 regulation of droplet area was much more prominent than droplet count (Figure 7C-D). The effect of DDX6 on 
498 the FUSR244C droplet area was quite dramatic: FUSWT droplet area fell with the addition of 100 nM DDX6; in 
499 contrast, the FUSR244C area fell by more than 2-fold difference in effect compared to FUSWT (Figure 7D-E). 
500 However, The droplet count only increased by 20%, resulting in a decrease in total area of FUSR244C droplets 
501 (Figure 7E). Overall, regulation of FUSR244C condensates is underscored by the near-complete loss of large and 
502 non-circular condensates when 1 μM DDX6 is added (Figure 7G-H). Given that large and irregularly shaped 
503 condensates are a signature of pathogenic phase separation of FUSR244C in vitro [28], our data suggests that 
504 DDX6 may directly antagonize disease-associated maturation of FUS mutants.
505
506 Unlike FUSWT and FUSR244C, we found that FUSG156E droplet count did not have a discernible trend but decreased 
507 FUSG156E droplet area as a function of DDX6 concentration (Figure 7E). Consequently, DDX6 exerts a mild effect 
508 on the total area covered by FUSG156E condensates (Figure 7F). This is likely because FUSG156E condensates 
509 are gel-like and small [19]. Furthermore, we tested how DDX6 affected FUSG156E fluidity. We found that adding 
510 equimolar DDX6 leads to a notable increase in both FUSR244C and FUSG156E FRAP (Figure 6I), indicating that 
511 DDX6 can increase the fluidity of this disease-associated mutant. In summary, DDX6 tunes the condensate size 
512 and material property of disease-associated FUS mutants. 
513
514
515 Discussion
516
517 The diversity of protein-protein and protein-RNA interactions within the cell produces a multiphase emulsion of 
518 compositionally unique condensates. How these interactions regulate the formation and properties of cellular 
519 condensates remains largely unknown. In this work, we utilize in cellulo and in vitro methods to examine how 
520 DDX6, a key regulator of PB and SG formation, effectively regulates the assembly and material properties of 
521 FUS condensates (Figure 8). 
522
523 We performed a targeted RNAi screen in SH-SY5Y cells to find genes that might regulate FUS condensation. 
524 We focused our search on proteins associated with FUS and core SG components (Figure 1). Our screen 
525 identified the protein DDX6 as a regulatory candidate, as its depletion reduced FUS-SG formation, and 
526 overexpression promoted the formation of larger granules to a point (Figure 2). Based on this finding, we 
527 hypothesized that DDX6 promoted FUS-SG assembly. A study of the literature provides no precise mechanism 
528 by which DDX6 might impact FUS-SG formation. However, its interaction with PB- and SG-associated proteins 
529 is important for proper cellular function. 
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530
531 DDX6 is an ATP-dependent RNA helicase required for miRNA-mediated transcription inhibition and decapping 
532 in PBs [69-71]. Thus, it is plausible that DDX6 regulates the formation of FUS-SG condensates by an ATP-
533 dependent remodeling of RNA. However, in our in vitro droplet assay, DDX6 directly impacted FUS phase 
534 separation across a range of sub-stoichiometric concentrations, even without RNA or ATP (Figures 3 & 4). During 
535 the nucleation process, DDX6 promoted the formation of large clusters at FUS: DDX6 ratios as low as 40:1. In 
536 FUS droplet forming conditions, DDX6 formed interfacial clusters that increased FUS condensate fluidity, 
537 decelerated droplet coarsening, and antagonized spontaneous fusion events. Although this interfacial DDX6 
538 produced little FRAP, real-time video recording of its movement on the surface revealed striking examples of 
539 rapid diffusion on the surface of FUS droplets. Together, these results suggest that DDX6 plays a dual role: it 
540 can drive FUS nanocluster assembly below its Csat while constraining the size of condensates above the Csat, 
541 possibly through its interfacial localization. Importantly, this DDX6-mediated regulatory activity can occur 
542 independently of RNA or ATP. 
543
544 The ability of DDX6 to increase the rate of molecular exchange between the dense and dilute phases can be 
545 explained by several potential mechanisms. First, DDX6-induced FUS clusters may exhibit FUS-FUS interaction 
546 with a high association and dissociation rate, leading to more rapid recovery. Second, DDX6 may actively 
547 channel FUS in and out of the condensate, lowering the energetic barrier required to enter and exit the 
548 condensate. Third, DDX6 reduces the surface tension at the droplet-solvent interphase. Doing so may reduce 
549 the energy that FUS and RNA need to traverse this interfacial barrier[72]. Our results indicate that the third is 
550 most likely, given the apparent changes in surface tension measured by controlled droplet fusions measurements 
551 (Figure 5). 
552
553 Several recent publications have reported that cells contain a stable pool of RNP nanoclusters at a concentration 
554 below the threshold required for phase separation[73-75]. This pool can act as a sensor that is activated by 
555 changes in cellular homeostasis, e.g., oxidative stress. Even at concentrations far surpassing what has been 
556 measured in cells, DDX6 does not undergo robust phase separate at a wide range of salt, pH, RNA, and cofactor 
557 concentrations [76](Figure S2A-F). However, our DLS measurements revealed that it can form nanoscale 
558 clusters on its own; in the cell, these nanoclusters may interact with other proteins and trigger their assembly 
559 into sub-micron RNP complexes that are precursors to condensates. These interactions likely occur through 
560 contacts made using the C-terminal RecA domain by which DDX6 binds its protein partners in the cell[61, 69, 
561 71, 77]. It becomes clear that both self-assembly and heterotypic interactions with partner proteins play a critical 
562 role in defining the function of DDX6. 
563
564 Even though DDX6 is an ATP-dependent RNA helicase, its ability to control FUS-RNA phase separation does 
565 not require ATP hydrolysis. RNA did not directly impact this function in our experiments, but it did accentuate the 
566 trends we observed in the FUS-DDX6 condensates. Nonetheless, the addition of ATP and Mg2+ likely enhances 
567 its regulatory capabilities. Others have reported that mutating the DEAD domain of DDX6 to DQAD disrupts its 
568 ability to tune the size and morphology of SGs within cells. Our in vitro droplet assays show that DDX6DQAD can 
569 still regulate FUS; however, its effect is attenuated. Interestingly, DDX6 exhibits an ATP-independent diffusion 
570 along single-stranded nucleic acids, and FUS can co-diffuse through the physical interaction with DDX6 (Figure 
571 S3C). In light of other reports that only observe weak ATPase activity by DDX6 [71], our ATPase-independent 
572 assays may also be relevant in cells. DDX6’s activity in antagonizing the phase transitions of ALS-linked FUS 
573 variants introduces new avenues for applying this knowledge to therapeutic purposes as well.
574
575 Our multi-scale approach showed that DDX6 regulates protein condensates in cells and in vitro. In the cell, 
576 increasing DDX6 abundance leads to increases followed by decreases in total FUS-SG condensation. In our 
577 droplet experiments, DDX6 promoted FUS nanocluster assembly in low FUS concentration, while applying DDX6 
578 caused a reduction in condensate size at high FUS concentration. Despite the complex milieu of the cell and the 
579 many other molecular interactions DDX6 and FUS participate in cells, the similarity between the in vitro and 
580 cellular observation suggests that the role of DDX6 may be dominant and prominent. Notably, the DDX6-
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581 dependent effect may be cell or tissue-specific. We found that our in vitro results agree well with the cell-based 
582 observations found in Ripin et al., who showed that depletion of DDX6 in U2OS cells decreases SG formation.
583 Interestingly, Majerciak et al. recently showed that the deletion of DDX6 in HeLa cells produced substantial PB-
584 SG assembly defects. Furthermore, examining tissue-specific expression for DDX6 shows exceptionally high 
585 levels in the brain[78]. These findings and our own indicate strong cell type and likely even organism levlel 
586 specificity in the role of DDX6. This diversity likely depends on differing expression levels, DDX6 splice variants, 
587 and different protein and nucleic acid binding partners[79]. 
588
589 Biomolecular condensates and their existence as a multiphasic emulsion within the cell provide living systems 
590 with a dynamic method for cellular organization. Our findings here provide one mechanistic explanation of how 
591 the cell might regulate these condensates' size, abundance, and material properties. With further exploration of 
592 protein valency, RNA sequence composition and structure, and chaperone contribution, we believe a more 
593 complete model for biomolecular condensates' functional role in living systems and disease can be further 
594 illuminated. 
595  
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625 Figure 1: DDX6 drives FUS-SG formation in SH-SY5YFUS-Halo cells. (A) Schematic of the reverse genetic 
626 screen to identify proteins that impact FUS-SG phase separation. (B) Quantification of the average FUS-SG 
627 area (top) and average FUS-SGs per cell (bottom) in SH-SY5YFUS-Halo cells treated with the indicated sivRNAs 
628 and stressed with sodium arsenite. Error bars denote standard deviation. Statistics were calculated using a one-
629 tailed Welch’s t-test compared to the NC-1 (noncoding shRNA) control where ns = not significant and *** = 
630 p<0.001. Red arrow highlights DDX6. (C) Representative live-cell microscopy images of FUS-Halo (green) and 
631 Hoechst (blue) in SH-SY5YFUS-Halo cells treated with the indicated siRNAs and sodium arsenite. Scale Bar = 10 
632 μm. (D) Airyscan confocal immunofluorescence images of Hoechst (blue), DDX6 (magenta), FUS-Halo (green), 
633 and G3BP1 (yellow) in SH-SY5YFUS-Halo cells. The white box denotes the inset, and the white-dashed line denotes 
634 the intensity profile plot. Scale Bar = 10 μm. (E) Same as (D) but for arsenite-treated cells.

635
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636
637

638 Figure 2: The intracellular abundance of DDX6 regulates FUS-SG phase separation. (A) Representative 
639 Airyscan confocal immunofluorescence images of Hoechst (blue), FUS (green), and DDX6 (magenta) in SH-
640 SY5YFUS-Halo cells treated with increasing amounts of DDX6-targeting siRNA (left) or increasing amounts of a 
641 DDX6-GFP overexpression construct. Scale Bar = 10 μm. (B) Quantification of average FUS-SG area for cells 
642 treated with increasing concentrations of DDX6-targeting shRNA or DDX6-GFP. Dots represent the mean of 
643 individual replicates. The error bars denote standard error across all replicates. 

644
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646
647 Figure 3: DDX6 dynamically regulates FUS cluster assembly and condensation. (A) DLS distribution of 
648 particle size as a function mass % for particles detected at a sub-saturated FUS concentration of 200 nM with 
649 increasing concentrations of DDX6. (B) Same as (A) for 4 M FUS. (C) FCS measurement of the average FUS 
650 diffusion coefficient of 100 nM FUS with increasing concentrations of. Error bars denote standard deviation. (D) 
651 Same as (C) but with 500 nM FUS. (E) Same as (C) but with 1000 nM FUS. 
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665

666 Figure 4: A single molecule of DDX6 can nucleate FUS clusters. (A) Schematic of TIRFM experimental setup 
667 with fixed DDX6-MBP (cy5) and FUS (Cy3) flowed in the imaging chamber. (B) Image of TIRF slide surface with 
668 Cy3/Cy5 colocalization at 2 and 10 minutes. (C)Representative Cy3/Cy5 TIRF traces representing linear (left) 
669 and stepwise (right) increases in Cy3 intensity. (D) Schematic of inverse experimental setup with fixed FUS-MBP 
670 (Cy3) and DDX6 (Cy5) flowed in. (E)Representative Cy3/Cy5 traces showing spikes in Cy5 intensity with no 
671 change in average intensity over time. (F) Schematic of experimental setup with fixed FUS-MBP (Cy3) with free 
672 FUS (Cy3) flowed in. (G)Representative traces Cy3 traces showing no change in intensity over time.
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689 Figure 5: DDX6 regulates FUS condensate size and coarsening. (A) Representative wide-field fluorescence 
690 images of 4 μM FUS + 40 nM Cy3-FUS (green) incubated with the indicated DDX6 concentration + 10 nM Cy5-
691 DDX6 (magenta). Scale Bar = 10 μm. (B) Representative airyscan confocal fluorescence images of 4 μM FUS 
692 + 40 nM Cy3-FUS and 4 μM DDX6 + 40 nM Cy5-DDX6. Scale Bar = 10 μm. (C) Quantification of the average 
693 FUS droplet area per field-of-view. Error bars denote standard deviation. (D) Same as (C) but for average FUS 
694 droplet count. (E) Same as (C) but for total FUS droplet area coverage. (F)Representative confocal bright-field 
695 images of 1 μM FUS droplets with or without 1 μM DDX6 visualized by the optical trap. Scale Bar = 1 μm. (G) 
696 Quantification of the droplet length scale and corresponding fusion time coefficient for FUS droplets with 
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697 (magenta) or without (blue) DDX6. (H) FRAP of the Cy3-FUS signal in 4 μM FUS droplets with (magenta) or 
698 without (blue) 4 μM DDX6. (I) Mobile fraction value for FRAP measured in (E) at 300 s. (J) Screen capture of 
699 Cy3-FUS (green) and Cy5-DDX6 (magenta) FRAP showing a droplet pre, at, and 300 seconds after bleaching. 
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705
706
707 Figure 6: FUS-RNA condensates are regulated by DDX6. (A) Wide-field bright-field and fluorescence images 
708 of 1 μM FUS + 10 nM Cy3-FUS (green), 1 μM U40 + 10 nM A488-U40 (cyan), and the indicated DDX6 
709 concentration + 10 nM Cy5-DDX6 (magenta). (B) Quantification of average FUS-RNA droplet count per field-of-
710 view for increasing concentrations of DDX6. Error bars denote standard deviation. (C) Same as (B) but for 
711 average FUS-RNA droplet area. (D) Same as (B) but for average total area coverage (TAC). (E) Average FRAP 
712 of A488-U40 over time for FUS-RNA droplets with (magenta) or without (blue) DDX6. Error bars denote standard 
713 deviation. (F) Same as (E) but for Cy3-FUS signal. (G) Average FRAP value at 300 s for A488-U40 and Cy3-FUS 
714 with (magenta) or without (blue) DDX6. Error bars denote standard deviation
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718
719 Figure 7: DDX6 antagonizes aberrant phase separation of FUS mutants. (A) Wide-field bright-field and 
720 fluorescence images of 1 μM FUSR244C + 10 nM Cy3-FUSR244C (green), 1 μM U40 + 10 nM A488-U40 (cyan), and 
721 the indicated DDX6 concentration + 10 nM Cy5-DDX6 (magenta). (B) Same as (A) but for FUSG156E. (C) 
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722 Quantification of average FUSR244C droplet area (black) and count (red) with increasing DDX6 concentrations. 
723 Error bars denote standard error. (D) Quantification of total area coverage of FUSR244C droplets with increasing 
724 concentrations of DDX6. Error bars denote standard error. (E) Same as (C) but for FUSG156E. (F) Same as (D) 
725 but for FUSG156E. (G) Histogram plot of FUSR244C droplet circularity with 1 μM DDX6 (magenta) or without DDX6 
726 (green). (H) Same as (G) but for average FUSR244C droplet area. (I) Average FRAP over time of the indicated 
727 FUS condensates with or without DDX6. Error bars denote standard error.
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