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SUMMARY
Sex differences are pervasive in human health and disease. One major key to sex-biased differences lies in
the sex chromosomes. Although the functions of the X chromosome proteins are well appreciated, how they
compare with their Y chromosome homologs remains elusive. Herein, using ensemble and single-molecule
techniques, we report that the sex chromosome-encoded RNA helicases DDX3X and DDX3Y are distinct in
their propensities for liquid-liquid phase separation (LLPS), dissolution, and translation repression. We
demonstrate that the N-terminal intrinsically disordered region of DDX3Y more strongly promotes LLPS
than the corresponding region of DDX3X and that the weaker ATPase activity of DDX3Y, compared with
DDX3X, contributes to the slower disassembly dynamics of DDX3Y-positive condensates. Interestingly,
DDX3Y-dependent LLPS represses mRNA translation and enhances aggregation of FUS more strongly
than DDX3X-dependent LLPS. Our study provides a platform for future comparisons of sex chromosome-en-
coded protein homologs, providing insights into sex differences in RNA metabolism and human disease.
INTRODUCTION

Many human disorders manifest in a sex-biased manner, yet the

molecular mechanisms responsible for these biases are not fully

understood (Mauvais-Jarvis et al., 2020). On a genetic level, the

most significant differences betweenmales and females lie in the

sex chromosomes. Although the X and Y chromosomes are, by

and large, not homologous, a handful of X chromosome-en-

coded proteins have Y chromosome-encoded homologs (Bellott

et al., 2014). These Y chromosome-encoded homologs were his-

torically thought to only be expressed and to function in the

reproductive system. However, a growing body of evidence sug-

gests that Y chromosome-encoded homologs are not only ex-

pressed throughout the body at transcript and protein levels

but are also evolutionarily conserved (Godfrey et al., 2020). How-

ever, the functional differences between the protein homologs

encoded on the X and Y chromosomes have not been thoroughly

investigated. Emerging evidence is starting to reveal that Y chro-
mosome-encoded proteins may function differently from their X

chromosome-encoded homologs (Gozdecka et al., 2018;

Nguyen et al., 2020; Shi et al., 2021).

One pair of sex chromosome-encoded proteins are the RNA

helicases DDX3X and DDX3Y. In females (specified as XX indi-

viduals), DDX3X escapes X inactivation, and two copies of the

protein are expressed, whereas inmales (specified as XY individ-

uals), one copy of each of the X- and Y-linked proteins is ex-

pressed (Cotton et al., 2015; Ditton et al., 2004). The DDX3X

gene (Xp11.4) encodes a DEAD-box RNA helicase (Sharma

and Jankowsky, 2014), which is evolutionarily conserved in

C. elegans (LAF-1), yeast (Ded1p), Drosophila (Belle), and hu-

mans (Sharma and Jankowsky, 2014). The functions of DDX3X

are more well studied than those of DDX3Y, including its activity

as a translation-initiation factor (Lai et al., 2008; Lee et al., 2008)

for a set of mRNAswith highly structured 50 UTRs (Ku et al., 2019;
Lai et al., 2008; Lee et al., 2008; Phung et al., 2019; Soto-Rifo

et al., 2012), and at repeat-associated non-AUG (RAN) start sites
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Figure 1. DDX3Y has a stronger LLPS pro-

pensity compared with DDX3X in vitro

(A) Structural prediction of DDX3X and DDX3Y

using PONDR (natural disordered regions), PLAAC

(prion-like amino acid regions), and catGRANULE

(LLPS propensity).

(B) In vitro droplet formation of 10 mM recombi-

nant DDX3X-mCherry or DDX3Y-mCherry in the

absence or presence of 200 ng/mL poly(U)-RNA.

Scale bars, 25 mm.

(C) Quantification of the total integrated intensity of

DDX3X condensation and DDX3Y condensation in

(B). A two-tailed t test was used to calculate the

p value. ***p < 0.001, **** p < 0.0001.

(D) Concentrations of DDX3 proteins in the light

phase (supernatant after centrifugation) versus

input protein concentrations.

(E) Turbidity (absorbance at 600 nm) of DDX3X-

mCherry and DDX3Y-mCherry LLPS. The mean

value of turbidity and protein concentration for

each condition from three separate protein purifi-

cations and three technical repeats were plotted

in (D) and (E).

(F) Time-lapse images of in vitro FRAP experi-

ments. The FRAP experiments were performed

identically for DDX3X-mCherry and DDX3Y-

mCherry droplets.

(G) FRAP curves for in vitro droplets of DDX3X-

mCherry (red) and DDX3Y-mCherry (blue). The

traces of the FRAP data represent mean ± SEM

(n = 3, from three independent experiments).

(H) Half-time and mobile fractions from (G). A two-

tailed t test was used to calculate the p value.

**p < 0.01.

See also Figure S1.
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(Cheng et al., 2019; Linsalata et al., 2019). In addition, DDX3X

(and its homologs) undergoes liquid-liquid phase separation

(LLPS) and is a conserved component of stress granules (SGs)

(Beckham et al., 2008; Elbaum-Garfinkle et al., 2015; Iserman

et al., 2020; Shih et al., 2012; Valentin-Vega et al., 2016). SGs,

which are composed of RNAs and proteins and form part of

the stress response, are correlated with changes tomRNAmeta-

bolism, including translational repression (Kimball et al., 2003;

Moon et al., 2019). Dysregulation of SGs has been implicated

in a wide range of human disorders, including cardiomyopathy,

Alzheimer’s disease, and amyotrophic lateral sclerosis (ALS),

many of which present with varying degrees of sex-biased inci-

dences, progressions, and outcomes (Ash et al., 2014; Bara-

daran-Heravi et al., 2020; Ferretti et al., 2018; Manjaly et al.,

2010; McCombe and Henderson, 2010; Meyer et al., 2014;

Schneider et al., 2020; Watkins et al., 2020). Additionally,

DDX3X mutations can lead to DDX3X syndrome, a disorder

that accounts for 1%–3% of intellectual disability cases and is

more prevalent in females than in males (Iossifov et al., 2014;

Lennox et al., 2020; Ruzzo et al., 2019; Scala et al., 2019;

Snijders Blok et al., 2015; Wang et al., 2018b).

Notably, the presence of the DDX3Y gene can only sometimes

compensate for the loss of the DDX3X gene (Chen et al., 2016).

For example, Ddx3y cannot fully compensate for the loss of

Ddx3x during embryonic and neuronal development in mice
2 Molecular Cell 82, 1–16, July 21, 2022
(Chen et al., 2016; Patmore et al., 2020). Furthermore, male

mice, but not female mice, survive conditional knockout of

Ddx3x in the bone marrow, but these male mice present with

distinct deficiencies in innate antimicrobial immunity compared

with Ddx3x conditional knockout female mice (Szappanos

et al., 2018). These findings highlight the fact that DDX3X and

DDX3Y have roles beyond the reproductive system and suggest

thatDdx3x andDdx3y possibly have distinct functions in immune

cells (Szappanos et al., 2018). Indeed, recently compiled prote-

omic databases show that both DDX3X and DDX3Y proteins are

expressed in the human immune system, including in T cells, B

cells, and NK cells (Bryk and Wisniewski, 2017; Joshi et al.,

2019). Moreover, previous studies revealed that the DDX3Y pro-

tein is present in the enteric nervous system and the human heart

(Cardinal et al., 2020; Godfrey et al., 2020; Vakilian et al., 2015).

Still, potential functional differences between DDX3X and

DDX3Y and their contributions to sex-biased human diseases

are largely unknown.

Like other DEAD-box helicases, DDX3X and DDX3Y contain a

helicase core composed of two RecA-like domains and one

intrinsically disordered region (IDR) on each of the N and C

termini. IDRs are frequently involved in the process of LLPS,

driven by weak multivalent interactions (Figure 1A). Although

DDX3X and DDX3Y share 92% amino acid sequence iden-

tity overall, the N-terminal IDRs (IDR1) are more divergent,



Figure 2. DDX3Y has a stronger LLPS propensity compared with DDX3X in cells

(A) Representative images of colocalization of DDX3X and DDX3Y with G3BP1 in HeLa, N2a, and HEK293T cells with the endogenous DDX3X knocked down

upon arsenite treatment (500 mM, 1 h). Scale bars, 10 mm.

(B) Violin plots of the total SG area of DDX3X- or DDX3Y-positive SGs per cell across 50 cells upon arsenite treatment (500 mM, 1 h) in endogenous DDX3X-

depleted HeLa, N2a, or HEK293T cells (n = 50 cells in total, from three biologically independent experiments). p values were determined by a two-tailed t test;

**p < 0.01, ***p < 0.001, ****p < 0.0001.

(legend continued on next page)
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accounting for 60% difference between DDX3X and DDX3Y

(Figures S1A and S1B). IDR1 of DDX3X specifically is known to

be essential for its LLPS in vitro and inside cells (Saito et al.,

2019; Shih et al., 2012). Since many of the differences between

the sequences of DDX3X and DDX3Y are concentrated in

IDR1, we wondered whether DDX3X and DDX3Y differ in their

propensity to LLPS and consequently differ in responding to

cellular stress.

Here, we show that DDX3Y has a greater LLPS propensity than

DDX3X. DDX3Y-positive SGs are less dynamic (less able to ex-

change particles with the light phase) than DDX3X-positive SGs.

Furthermore, we demonstrate that although DDX3X- and

DDX3Y-positive SGs share a large overlap of RNA constituents,

there are also RNA components that are unique to either SG.

We also show that the condensation of either DDX3X or DDX3Y

represses the translation of RNAs, with DDX3Y condensation

showing a significantly stronger inhibitory effect. Additionally, we

show that both helicases specifically augment the aggregation

of fused in sarcoma (FUS) in vitro and in cells, with DDX3Y having

amoreprofoundeffect. Collectively, our results suggest that these

sexually dimorphic RNA helicases differentially regulate RNA

metabolism through their distinct biochemical and biophysical

properties, which might contribute to sex bias in human diseases.

RESULTS

DDX3Yhas a stronger propensity thanDDX3X for in vitro

and cellular phase separation
Given that DDX3X is known to undergo LLPS in vitro, we wanted

to establish whether DDX3Y could also phase separate and how

it compares with DDX3X. Thus, we purified mCherry-tagged full-

length DDX3X and DDX3Y to near homogeneity (Figures S1C

and S1D). Full-length mCherry-tagged DDX3X and DDX3Y

formed noticeable droplets in vitro, and the addition of poly(U)-

RNA greatly stimulated this process (Figures 1B and 1C). Strik-

ingly, DDX3Y phase separation was more strongly enhanced

by the addition of poly(U)-RNA than DDX3X in vitro; the average

integrated fluorescence intensity of DDX3Y droplets was �10-

fold higher than that of an equal amount of DDX3X (Figures 1B

and 1C). As shown in Figure S1E, RNase treatment had no influ-

ence on the in vitro droplet formation, indicating negligible RNA

carry-over during protein purification. Furthermore, we deter-

mined the saturation concentration (Csat) of DDX3X and DDX3Y

using sedimentation analysis. The Csat of DDX3X was �5 mM

whereas that of DDX3Y was �3 mM, indicating that DDX3Y un-

dergoes LLPS at lower concentrations than DDX3X (Figure 1D).

In parallel, we performed a turbidity assay; the results consis-
(C) Cycloheximide (CHX) chase assay to determine the cellular half-life of DDX3X

were performed. ‘‘M’’ represents the protein ladder on the western blot membra

(D) Quantification of the protein levels in (C). The intensity of each DDX3X and DD

dehydrogenase (GAPDH) intensity before being normalized to the intensity at the c

4.41 h, respectively.

(E) Time-lapse images of photobleached SGs in HeLa cells expressing DDX3X-E

bleaching events and fluorescence recovery by DDX3X-EGFP- and DDX3Y-EGF

(F) FRAP curves for DDX3X-EGFP (red) and DDX3Y-EGFP (blue) in HeLa cells. T

surements, from three biologically independent experiments).

(G) The half-time and mobile fractions in (E) and (F). A two-tailed t test was used

See also Figure S2.
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tently showed that DDX3Y gave substantially higher turbidity at

the same total protein concentrations, compared with DDX3X

(Figure 1E), suggesting a greater degree of phase separation.

We next studied the dynamics of DDX3X and DDX3Y droplets

using fluorescence recovery after photobleaching (FRAP). The

recovery half-time for DDX3X droplets was �21.9 s, which was

significantly faster than the �83.4 s for DDX3Y droplets

(Figures 1F, 1G, and S1F; Videos S1, S2, S3, and S4). Also, we

observed a larger mobile fraction for DDX3X droplets (�99%)

than for DDX3Y droplets (�78%) (Figure 1H). These results

demonstrate that DDX3X is less prone to phase separation and

that DDX3X droplets are more dynamic than DDX3Y droplets

in vitro.

To assess if DDX3Y enters cellular SGs, we expressed DDX3X

or DDX3Y in several mammalian cell types, each of which lacks

endogenous DDX3Y (HeLa, N2a, and HEK293T cells). Before ex-

pressing either protein, we performed a transient knockdown of

endogenous DDX3X with >80% knockdown efficiency (Fig-

ure S2A). Exogenous expressions of DDX3X and DDX3Y were

at a similar level (Figures S2B and S2C). DDX3X and DDX3Y

were diffused throughout the cytoplasm in unstressedHeLa cells

(Figure S2D). Upon arsenite treatment (a commonly used oxida-

tive stress inducer [Markmiller et al., 2018; Protter and Parker,

2016]), both DDX3X and DDX3Y colocalized with the SG marker

G3BP1 (Markmiller et al., 2018; Figure 2A). Strikingly, the total

area of DDX3Y-positive SGs was larger than that of DDX3X-pos-

itive SGs in HeLa cells (1.6-fold), N2a cells (1.3-fold), and

HEK293T cells (1.7-fold) (Figure 2B). To control for possible dif-

ferences in protein concentrations, we expressed DDX3X and

DDX3Y across a range of concentrations in HeLa cells with

endogenous DDX3X depleted. The results consistently showed

that DDX3Y-positive granules were significantly larger than

DDX3X-positive granules at similar expressed concentrations

(Figures S2E–S2G). Additionally, we quantified the protein half-

life of DDX3X and DDX3Y in HeLa cells using cycloheximide

(CHX) chase experiments. As shown in Figures 2C and 2D, the

cellular half-life of DDX3X is indistinguishable from DDX3Y.

FRAP experiments performed on live HeLa cells expressing

DDX3X-EGFP or DDX3Y-EGFP (Figure S2H) reveal that the

average recovery half-time of DDX3X-positive granules was

�7.6 s, which was significantly faster than the�10.2 s measured

for DDX3Y-positive SGs (Figures 2E–2G; Videos S5 and S6).

Additionally, a larger mobile fraction was observed in DDX3X-

positive SGs (86%) than in DDX3Y-positive SGs (77%) (Fig-

ure 2G), consistent with our in vitro FRAP experiments. These

results together suggest that DDX3X-positive SGs are more dy-

namic than DDX3Y-positive SGs.
and DDX3Y in HeLa cells. Two biological replicates for DDX3X and for DDX3Y

nes (markers: upper 75 kDa, lower 37 kDa).

X3Y band was normalized to the corresponding glyceraldehyde-3-phosphate

orresponding 0 h time point. The half-lives of DDX3X and DDX3Ywere 4.49 and

GFP (left) or DDX3Y-EGFP (right) from in-cell FRAP experiments. The photo-

P-positive SGs are highlighted by the arrow in each outlined box.

he trace of the FRAP data represents mean ± SEM (n = 20 independent mea-

to calculate the p value. **p < 0.01, ****p < 0.0001.
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IDR1 is a major contributor to the higher phase
separation propensity of DDX3Y
We constructed several truncated variants of DDX3X and

DDX3Y to study the effect of each domain on SG partitioning

(Figures S3A and S3B). Deletion of IDR1 from DDX3X

(DDX3XDIDR1) and DDX3Y (DDX3YDIDR1) led to the sequestration

of the variants into cell nuclei and thus completely prevented

either protein from entering cytoplasmic SGs, which is consis-

tent with previous work showing that IDR1 of DDX3X contains

a nuclear export sequence (Yedavalli et al., 2004; Figures S1A

and S3C). Both DDX3XDIDR1 and DDX3YDIDR1 were diffused in

the nucleus, even with arsenite treatment (Figure S3C), so we hy-

pothesized that the high nuclear RNA concentrations prevented

these truncations from forming condensates, since this phenom-

enon has been seen with other RNA binding proteins with IDRs

(Maharana et al., 2018). To test this, we treated cells expressing

DDX3XDIDR1 or DDX3YDIDR1 with actinomycin D (ActD), which in-

hibits transcription and thus decreases RNA levels. ActD treat-

ment led to the formation of DDX3X and DDX3Y puncta inside

the nucleus, consistent with an RNA-dependent LLPS buffering

mechanism (Figure S3D).

Deleting any individual domain in DDX3X and DDX3Y dramat-

ically decreased SG area, compared with the full-length

(Figures 3A, 3B, S3A, and S3B). Consistent with previous results,

IDR1 of either DDX3X or DDX3Y as a stand-alone protein entered

SGs and colocalized with G3BP1. Furthermore, a noticeable

fraction of IDR1 from either protein remained diffused throughout

the cytoplasm upon arsenite treatment, indicating that IDR1

alone is less prone to enter SGs. For DDX3X, the deletion of

IDR2 (DDX3XDIDR2) significantly decreased the total SG area of

DDX3XDIDR2-positive SGs per cell (by �1.4-fold) compared

with the wild-type DDX3X SGs. Deletion of the helicase domains

(both DEAD1 and DEAD2) from DDX3X also decreased the total

area of DDX3XDhelicase SGs (�1.2-fold) per cell, but to a

lesser extent than the deletion of IDR1 or IDR2. Similarly, for

DDX3Y, deletion of IDR2 or the helicase domains both led to a

�1.2-fold decrease in the size of DDX3YDIDR2-positive or

DDX3YDhelicase-positive SGs, compared with the full-length

DDX3Y SGs. Notably, the total SG area for each DDX3Y trunca-

tion was still larger than their DDX3X truncation counterparts

(�1.3- to 1.85-fold), suggesting that subtle sequence variation

throughout the protein contributes to the distinct behaviors of

DDX3X and DDX3Y (Figures 3A and 3B).

When we swapped IDRs between DDX3X and DDX3Y, we

observed that any domain-swapped variants containing IDR1

of DDX3Y formed significantly larger SGs than the hybrid vari-

ants that did not contain IDR1 of DDX3Y, whereas swapping heli-

case domains or IDR2 did not significantly affect SG sizes

(Figures 3C, 3D, S3E, and S3F). When we performed in vitro

droplet formation assays with wild-type and domain-swapped

variants (which were purified to a similar level of homogeneity;

Figures S3G and S3H), our results recapitulated the finding

that any domain-swapped variants that contained IDR1 of

DDX3Y more readily phase separated in the presence of RNA

than variants that did not contain IDR1 of DDX3Y (Figures 3E

and 3F). Our results further suggest that the IDR2 and helicase

domains may also contribute to the differences in propensity to

undergo LLPS, as the XIDR1YhelicaseYIDR2 variant more readily
formed droplets, compared with wild-type DDX3X, XIDR1Yhelicase

XIDR2, and XIDR1XhelicaseYIDR2 (Figures 3D and 3F). To dissect the

contributions of RNA binding and IDRs in phase separation of the

proteins, we next performed the in vitro droplet assays with wild-

type and domain-swapped variants in the absence of poly(U)-

RNA. As shown in Figure S3I, proteins containing IDR1 of

DDX3Y formed larger droplets than proteins containing IDR1 of

DDX3X. These results suggest that although each of the domains

in DDX3 proteins plays a distinct role in facilitating LLPS and in

their accumulation into SGs, the sequence of IDR1 is a signifi-

cant factor in determining the relative droplet sizes.

The weaker ATPase activity of DDX3Y compared with
DDX3X weakens its condensate disassembly
DDX3X and DDX3Y harness the energy of ATP hydrolysis to con-

trol RNA binding, unwinding, and release (Hondele et al., 2019).

Because LLPS droplets assemble through many multivalent,

weak interactions between RNAs and proteins (Wang et al.,

2018a), we stimulated the ATPase activity of DDX3X and

DDX3Y to see if this could induce condensate disassembly by

affecting protein-RNA interactions. As shown in Figures 4A and

4B, the addition of 4 mM ATP to protein-RNA droplets induced

the disassembly of both DDX3X and DDX3Y condensates. To

control the hydrotropic effect of ATP (Patel et al., 2017) in dis-

solving the droplets, we repeated the droplet assay using UTP

(which is not hydrolyzed by DDX3 and thus could only act as a

hydrotrope in this context; Patel et al., 2017). The addition of

UTP had no significant effect on the droplets formed by

DDX3X and DDX3Y with RNA (Figures 4A and 4B). These results

suggest that the ATPase activity of DDX3X and DDX3Y is amajor

factor in dissolving DDX3-RNA condensation, possibly by

breaking the multivalent protein-RNA interactions.

We next studied whether there are intrinsic differences in

ATPase activity between DDX3X and DDX3Y, as this could

explain the differences observed in their condensate disas-

sembly in response to ATP. Thus, we measured the ATPase ac-

tivities of both DDX3X and DDX3Y using a malachite green

ATPase assay. In this assay, we used maltose-binding protein

(MBP)-tagged proteins purified to near homogeneity

(Figures S4A and S4B). Both of the MBP-tagged DDX3X and

DDX3Y displayed the same melting temperatures in differential

scanning fluorimetry measurements, and the melting curves

are indicative of well-folded proteins devoid of aggregates

(Figures S4C and S4D; Gao et al., 2020).

To ensure that any potential RNA carry-over would not

confound our measurements, we performed themalachite green

ATPase assays in the absence of additional RNA or with

100 ng/mL total HeLa RNA. In reactions with no added RNA but

with 2 mM ATP, DDX3X and DDX3Y reactions had nearly iden-

tical amounts of free phosphate after a 30-min reaction time

(Figure S4E). This phosphate is likely due to the spontaneous hy-

drolysis of ATP, as it is also present in the controls with buffer

only. When RNA was added, DDX3X reactions produced more

free phosphates (indicative of more ATP hydrolysis) than

DDX3Y reactions. The malachite green ATPase assays were

also performed using RNase-treated and -untreated MBP-

tagged DDX3X and DDX3Y, respectively. As shown in Fig-

ure S4F, RNase treatment has no noticeable effects on the
Molecular Cell 82, 1–16, July 21, 2022 5



Figure 3. IDR1 of DDX3Y more strongly promotes phase separation than IDR1 of DDX3X
(A) Colocalization of DDX3X or DDX3Y domain truncation variants in HeLa cells with G3BP1 upon 500 mM arsenite treatment for 1 h. Scale bars, 10 mm.

(B) Violin plots of the total SG area of truncation SGs per cell (n = 50 cells in total, from three biologically independent experiments). The median of the total SG

areas per cell of wild-type DDX3X SGs and DDX3Y SGs are indicated by red and blue dashed lines, respectively. p values were determined by a two-tailed t test;

**p < 0.01, ***p < 0.001, ****p < 0.0001.

(C) Colocalization of DDX3X or DDX3Y domain-swapped variants in HeLa cells with G3BP1 upon 500 mM arsenite treatment for 1 h. Scale bars, 10 mm.

(D) Violin plots of the total SG area of DDX3X or DDX3Y domain swap SGs per cell (50 cells in total from three biologically independent experiments). The median

sum of SG areas per cell of wild-type DDX3X SGs and DDX3Y SGs is indicated by red and blue dashed lines, respectively. p values were determined by nested

t test to compare all domain-swapped variants with XIDR1 versus all domain-swapped variants with YIDR1; ****p < 0.0001.

(E) In vitro droplet formation of 7.5 mM recombinant DDX3X-mCherry, DDX3Y-mCherry, or domain-swapped variants of DDX3X and DDX3Y in the presence of

200 ng/mL poly(U)-RNA. Scale bars, 25 mm.

(F) Quantification of the total integrated intensity of the different conditions shown in (E). Error bars represent SD from three repeats at each condition. p values

were determined by nested t test to compare all domain-swapped variants with XIDR1 versus all domain-swapped variants with YIDR1; **p < 0.01.

See also Figure S3.
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ATPase activities. Collectively, these results suggest that DDX3X

is amore robust ATPase thanDDX3Y, and that the possible trace

amount of RNA carry-over in the purified MBP-tagged DDX3X

and DDX3Y was not responsible for the ATPase activity

differences.

To obtain a more complete picture of the ATPase differences

between DDX3X and DDX3Y, we performed a continuous

ATPase assay, as previously reported, using the MBP-tagged
6 Molecular Cell 82, 1–16, July 21, 2022
DDX3X and DDX3Y constructs (Song and Ji, 2019). DDX3X

reached a Vmax of 7.9 mM/min, whereas DDX3Y only achieved

a Vmax of 5.9 mM/min (Figure 4C). Both DDX3X and DDX3Y hy-

drolyzed ATP cooperatively (Hill coefficient z 2), as has been

previously reported for DDX3X (Song and Ji, 2019). Whereas

the ATPase activity of DDX3Y has not been previously investi-

gated, our Vmax values for the full-length DDX3X were higher

than those reported for a truncation lacking both IDRs (amino



Figure 4. The weaker ATPase activity of DDX3Y, compared with DDX3X, weakens its condensate disassembly

(A) In vitro droplet formation of 10 mM recombinant DDX3X-mCherry and DDX3Y-mCherry in the absence and presence of 200 ng/mL poly(U)-RNA with and

without the addition of 4 mM ATP or UTP. Scale bars, 25 mm.

(B) Quantification of the total integrated intensity of different groups of condensates shown in (A). A two-tailed t test was used to calculate the p value. n.s. means

p > 0.05, **p < 0.01, ***p < 0.001, and **** p < 0.0001.

(C) ATPase activity of DDX3X and DDX3Y, as measured by release of free phosphate, in mM/min. Error bars represent ± SD from six individual replicates. The

background value (initial rate when no protein was added) was subtracted from each point before plotting and curve fitting to the Hill equation. DDX3X: Vmax =

7.9 ± 0.4 mM/min, H = 1.9 ± 0.2, K1/2 = 297.2 ± 22.6 nM. DDX3Y: Vmax = 5.9 ± 0.7 mM/min, H = 1.5 ± 0.2, K1/2 = 617.9 ± 123.6 nM. All fitting parameter uncertainties

are ±SEM.

(D) Schematic of smFRET RNA probe.

(E) FRET efficiency distributions with increasing protein concentrations (2, 4, and 8 mM) of DDX3X and DDX3Y in the presence or absence of ATP. FRET values

were collected from over 1,000 molecules to build the histograms.

(F) Fitting of the Hill equation to relative values of the low-FRET peak area (with background subtracted) in (E) for DDX3X and DDX3Y.

See also Figure S4.
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acids 132–607) (7.9 versus 3.1 mM/min, 2.54-fold higher) (Song

and Ji, 2019). Our data suggest that ATP hydrolysis activity of

DDX3Y is significantly slower than that of DDX3X (Figure 4C).

DDX3X is a non-processive helicase: it binds its dsRNA sub-

strate, binds ATP, unwinds approximately 13–19 bp of dsRNA,

and releases the two RNA strands upon ATP hydrolysis (Song

and Ji, 2019). Given that ATP hydrolysis is a crucial step in this

catalytic cycle and that our ATPase data suggest that DDX3X

is a more efficient ATPase than DDX3Y, we next investigated

how the differences in ATPase activities may affect the dynamics

of these enzymes. To this end, we employed single-molecule

FRET (smFRET) assays with MBP-DDX3X and MBP-DDX3Y to

compare their RNA binding abilities and the dynamics of their

ATP-dependent interactions with RNA as described previously

(Figure 4D; Kim and Myong, 2016). At protein concentrations

of 2, 4, or 8 mM, DDX3X and DDX3Y tightly bound the RNA sub-
strate, resulting in high FRET, with a peak FRET efficiency (E) of

0.81–0.85 (Figures 4E and S4G; Table S1). This binding is spe-

cific to DDX3X and DDX3Y, as MBP (a non-RNA interacting pro-

tein) gave low FRET, like RNA alone (Figures S4H and S4I).

The addition of ATP to DDX3X and DDX3Y led to a low-

FRET population that was larger for DDX3X than it was for

DDX3Y (Figures 4E, S4J, and S4K; Table S1). Of note, this

low-FRET population of RNA molecules does not represent

full strand separation of the RNA duplex because alternating

direct illumination of the Cy3 and Alexa Fluor 647 probes

(lowest traces in Figures S4J and S4K) showed that both labeled

strands are present in each individual high- and low-FRET parti-

cles. This change in FRET from high to low efficiency likely

represents partial unwinding activity. As shown in Figure 4F,

the relative areas of the low-FRET peak, induced by addition of

ATP, increased along with increasing protein concentrations,
Molecular Cell 82, 1–16, July 21, 2022 7



Figure 5. DDX3X and DDX3Y condensation inhibit the translation of luciferase RNA, and DDX3X- and DDX3Y-positive SGs have shared and

unique RNA constituents in cells

(A) Schematic illustration of the in vitro translation assay.

(B) In vitro translation inhibition at the indicated concentrations of DDX3X-mCherry or DDX3Y-mCherry. p values were determined by two-tailed t test;

****p < 0.0001.

(C) DDX3X-mCherry and DDX3Y-mCherry phase separation in the reticulocyte assay at each indicated concentration. Scale bars, 20 mm.

(D) Quantification of the total integrated intensity of different condensates shown in (C).

(legend continued on next page)
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which exemplifies the cooperativity of the DDX3X- and DDX3Y-

catalyzed reactions. Importantly, the smFRET histograms sug-

gest that DDX3X had higher (partial) unwinding activity than

DDX3Y, consistent with the kinetics data (Figure 4C). DDX3X

also showed a larger proportion of dynamic FRET recordings

upon addition of ATP than DDX3Y (Figure S4L). Together, the ki-

netics and smFRET data support the conclusion that DDX3Y has

slower ATPase and (partial) unwinding activities, leading to the

less dynamic characteristics of RNA-DDX3Y complexes.

Decreased dynamics may contribute to the weaker disassembly

of DDX3Y condensates compared with those of DDX3X, which in

turn contributes to the observation that DDX3Y condensates

persist in the presence of ATP to a greater degree than DDX3X

condensates (Figure 4A).

Translation is differentially modulated by DDX3X
and DDX3Y
Given that SGs are formed concomitant with translational

repression and are thought to harbor proteins that regulate

translation (Kimball et al., 2003), we employed a reticulocyte

in vitro translation assay to investigate how phase-separated

DDX3X and DDX3Y influence the translation of a luciferase re-

porter (Figure 5A). Upon titration of 4–10 mM mCherry-DDX3X

or mCherry-DDX3Y into the lysate, there was a dramatic,

dose-dependent decrease of luciferase signal with increased

concentrations of DDX3X or DDX3Y, indicating a decrease in

the in vitro translation (Figure 5B). Indeed, we observed a con-

centration-dependent increase in protein condensation of

DDX3X or DDX3Y within the lysate (Figures 5C and 5D). These

results indicate that the condensation of DDX3X and DDX3Y is

correlated with repressed mRNA translation. Of note, at each

concentration tested, DDX3Y induced a more pronounced

decrease in luciferase signal compared with DDX3X (Figure 5B).

To ensure that the observed effects were specific to DDX3X and

DDX3Y, we also titrated truncated versions of DDX3X and

DDX3Y, which only contained the minimally active helicase

domain (both RecA-like domains and the N- and C-terminal ex-

tensions) (Floor et al., 2016; Song and Ji, 2019) to serve as nega-

tive controls. As shown in Figure S5A, the luciferase signal re-

mained steady across all concentrations of the truncated

versions of DDX3X and DDX3Y, likely because these constructs

lack IDRs. We next studied whether adding ATP could alle-

viate translation repression by disassembling the DDX3X and
(E) Puromycin incorporation assay to determine the extent of translation repressio

cells that express exogenous DDX3X or DDX3Y.

(F) Quantification of puromycin signal in (E). Only cells expressing exogenous DD

quantified. The total puromycin signals in neighboring cells not expressing exogen

p value was determined by two-tailed t test; **p < 0.01.

(G) Schematic illustration of APEX2-mediated proximity labeling reaction.

(H) Volcano plots showing differential RNA enrichment in streptavidin pull-downs f

(right) compared with APEX2-EGFP-expressing cells after 500 mMarsenite treatm

DDX3X-enriched and APEX2-DDX3Y-enriched RNAs, respectively (adjusted p <

APEX2-DDX3Y-depleted RNAs (adjusted p < 0.05, log2-fold change <�1). The res

represent the transcripts with log2-fold change > 13 or log2-fold change < �13 in

(I) Gene ontology (GO) analysis of the differentially enriched RNA groups in (E); re

(J) Venn diagram quantifying the overlapping and distinct RNA clients enriched b

(K) Relative fold change of select RNAs used to conduct qRT-PCR validation of

See also Figure S5.
DDX3Y condensates in the in vitro translation assays. To this

end, the assays were repeated with the addition of 1 mM ATP.

Upon ATP addition, in vitro translation was partially restored in

both DDX3X and DDX3Y reactions; however, DDX3Y reactions

remained less translationally active than the corresponding

DDX3X reactions (Figure S5B). These findings support the notion

that the decreased ATPase activity of DDX3Y decelerates the

dispersal of DDX3Y-containing condensates, and thus ATP

does not fully restore in vitro translation.

Next, we investigated whether DDX3Y condensation had a

stronger translation repression impact than DDX3Y condensa-

tion in cells, using a puromycin incorporation assay in HeLa cells

after transient transfection of FLAG-DDX3X or FLAG-DDX3Y

with endogenous DDX3X depleted. Puromycin was incorporated

into newly synthesized proteins, and as shown in Figures 5E and

5F, the formation of DDX3X- and DDX3Y-positive SGs signifi-

cantly reduced puromycin signals, compared with the neigh-

boring cells which were not transfected and thus lacked

DDX3X-positive or DDX3Y-positive SGs. Notably, the puromycin

signals were weaker in cells with DDX3Y-positive SGs than in

cells with DDX3X-positive SGs (Figure 5F). These results suggest

a potential mechanism by which DDX3Y more effectively inhibit

translation through its unique biophysical properties. Phase sep-

aration can inhibit translation by sequestering translational ma-

chinery and/or mRNA transcripts into the phase-separated

compartment (Kim et al., 2019). DDX3Y-containing condensates

and SGs are larger and less mobile (Figures 1 and 2), which may

result in stronger translation inhibition than the smaller and more

dynamic DDX3X condensates that exchange material more

rapidly.
APEX-seq captures the protein-RNA interaction
patterns of DDX3X and DDX3Y
SGs that are formed under different stress conditions contain

distinct proteins and RNA constituents (Markmiller et al., 2018),

raising the possibility that SG contents vary based on the type

of stress presented to a cell. Neither the RNA composition nor

the differential effects that DDX3X or DDX3Y may exert on resi-

dent SG RNAs are known. Since SGs are largely thought to be

a mechanism for regulating mRNA metabolism (Buchan and

Parker, 2009; Jain et al., 2016; Khong et al., 2017), we sought

to define the RNA content of DDX3X- and DDX3Y-positive SGs.
n in cells with DDX3X- and DDX3Y-positive SGs. The white outlines indicate the

X3X or DDX3Y were selected, and the total puromycin signal in each cell was

ous DDX3X or DDX3Ywere quantified similarly and used to normalize the data.

rom APEX2-DDX3X-expressing cells (left) and APEX2-DDX3Y-expressing cells

ent for 1 h. Differentially expressed genes are shown in red and blue for APEX2-

0.05, log2-fold change > 1) and dark gray for APEX2-DDX3X-depleted and

t of the RNAs are shown in light gray for both DDX3X and DDX3Y. The triangles

the x axis; �log10 adjusted p > 15 in the y axis.

d: APEX2-DDX3X-enriched RNAs; and blue: APEX2-DDX3Y-enriched mRNAs.

y APEX2-DDX3X and APEX2-DDX3Y after arsenite treatment.

the sequencing results.
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Figure 6. A combination of DDX3X and DDX3Y shows a stronger propensity of LLPS and translation repression than DDX3X alone; and

DDX3Y enhances FUS aggregation and accelerates TAR DNA-binding protein 43 (TDP-43) aggregation more than DDX3X

(A) Immunofluorescence images of SGs containing both FLAG-DDX3X and HA-DDX3Y in HeLa cells treated with sorbitol, puromycin, or CCCP. Below each

image, traces of fluorescence intensity profiles through positions denoted by the white lines in the merged images. The area under the curve (AUC) normalized to

that of FLAG-DDX3X is plotted for each intensity profile and shows that the signal from HA-DDX3Y is consistently higher than the signal from FLAG-DDX3X.

(B) Amixture of DDX3X-mCherry and DDX3Y-mCherry at the annotated concentrations differentially repress in vitro translation of luciferase RNA. Overall, DDX3Y

represses translation more than DDX3X. p values were determined by two-tailed t test; ****p < 0.0001.

(C) In vitro droplet formation of recombinant DDX3X-mCherry and DDX3Y-mCherry at the annotated ratios in the presence of 200 ng/mL poly(U)-RNA (top panel).

Scale bars, 25 mm. Quantification of the total integrated intensity of each type of condensate (bottom panel). p values were determined by two-tailed t test;

*p < 0.05, ****p < 0.0001.

(D) DDX3Ymore strongly promotes FUS aggregation than DDX3X in vitro. The area under the curve for each time course of light scattering at 395 nm in Figure S6E

was used to compare the extent of aggregation for each condition. p values were determined by two-tailed t test; *p < 0.05, ***p < 0.001.

(E) Western blots showing the expression of DDX3X and DDX3Y in DOX-inducible stable cell lines expressing mClover3-FUS.

(F) Representative images showing the localization of FLAG-DDX3X, FLAG-DDX3Y, and mClover-FUS upon arsenite treatment (500 mm, 1 h). Scale bars, 10 mm.

(legend continued on next page)
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To this end, we employed an adapted ascorbate-peroxidase

(APEX2)-based proximity labeling method (Fazal et al., 2019;

Marmor-Kollet et al., 2020; Padrón et al., 2019; Figure S5C).

First, to examine the specificity of APEX2-catalyzed RNA bio-

tinylation, we generated a mito-APEX2 fusion protein consisting

of APEX2 fused to a mitochondrial matrix localization signal

(Figure S5D; Fazal et al., 2019; Mercer et al., 2011). Using a

previously described protocol (Fazal et al., 2019), followed

by qRT-PCR analysis, we could reliably identify mitochondrial-

specific RNAs (ND1 and ND2) labeled by mito-APEX2 (Fig-

ures S5E–S5G).

Next, using this validated approach, we expressed APEX2-

DDX3X, APEX2-DDX3Y, or APEX2-EGFP (control) in DDX3X

knockdown HeLa cells. Cells were then treated with arsenite or

DMSO for 1 h to generate three experimental cell populations.

We consistently observed that the total area of APEX2-DDX3Y-

positive SGs was significantly larger (1.5-fold) than that of

APEX2-DDX3X-positive SGs (Figures S5H and S5I). The results

suggest that the fusion of APEX2 to DDX3X or DDX3Y did not

significantly interfere with the ability of either protein to colocalize

with SGs in cells upon arsenite treatment.

The above cells were then incubated with biotin-phenol for

30 min, followed by H2O2 treatment for 1 min to activate the

APEX2 enzyme and covalently link biotin to RNAs (Figure 5G).

To confirm biotinylating, small aliquots of cell lysate for each

condition were blotted using a streptavidin antibody; this anti-

body detected multiple protein bands (consistent with the previ-

ous results; Fazal et al., 2019), confirming that the APEX2

enzyme was active (Figures S5J and S5K). Subsequently, we

performed biotin pull-down and poly(dT) extraction to enrich

biotinylated poly(A)-RNAs. Enriched RNAs were subjected to

next-generation high-throughput RNA-seq. The RNA-seq data

from the biological replicates in each group correlated well

(Figure S5L).

To determine whether DDX3X- and DDX3Y-positive SGs har-

bor uniquemRNAs, we compared the transcript levels of APEX2-

DDX3X or APEX2-DDX3Y libraries with that of APEX2-EGFP

libraries. Any transcript for which expression in either the

APEX2-DDX3X or APEX2-DDX3Y libraries was at least 2-fold

higher than in the APEX2-EGFPdataset (log2-fold enrichment >1)

was defined as ‘‘enriched.’’ We found that DDX3X-positive SGs

enriched 562 RNAs (Figure 5H; Table S2), and gene ontology

(GO) analysis indicated the encoded proteins were mainly

involved in the regulation of glycolipid and nucleic acid meta-

bolism (Figure 5I). DDX3Y-positive SGs enriched 1,020 RNAs

(Figure 5H); GO analysis suggested that some of the encoded

proteins were also involved in the regulation of glycolipid meta-

bolism, whereas others played a role in transcriptional regulation

(Figure 5I). Interestingly, although there was a large pool of RNAs

enriched in both DDX3X- and DDX3Y-positive SGs (where 61%

and 34% of DDX3X- and DDX3Y-positive SG-enriched RNAs,

respectively, are shared), there were also RNA targets that

were specific to each helicase (Figure 5J). In the absence of arse-
(G) The total area of granules containingmClover3-FUS and FLAG-DDX3X or gran

cells in total, from three biologically independent experiments). p values were de

(H) Schematic illustration of how sexually dimorphic RNA helicases DDX3X and

See also Figure S6.
nite treatment, there was a small number of transcripts with fold

change log2 > 1 or log2 <�1 in APEX2-DDX3X or APEX2-DDX3Y,

compared with APEX2-EGFP (Figures S5H and S5M). We vali-

dated a list of RNA targets specifically enriched by either

APEX2-DDX3X or APEX2-DDX3Y, ranging from lower to upper

enrichment, using qRT-PCR (Figure 5K). These results indicate

that DDX3X- and DDX3Y-positive SGs regulate distinct mRNA

targets. However, DDX3X and DDX3Y may act on shared tran-

scripts in divergent ways, as these two enzymes inhibit transla-

tion to different degrees (Figures 5A–5F).

DDX3X and DDX3Y co-phase separate into SGs
Whereas our study, up to this point, has focused on either

DDX3X or DDX3Y individually, XY individuals express both pro-

teins simultaneously (Cotton et al., 2015; Ditton et al., 2004; God-

frey et al., 2020). To examine whether DDX3X and DDX3Y go into

the same SGs, we expressed DDX3X and DDX3Y together in

cells with endogenous DDX3X transiently knocked down. We

found that all the antibodies we testedwere highly cross-reactive

(Figure S6A), likely due to the high similarity of these two pro-

teins. Thus, we used proteins with different tags (FLAG versus

HA), and tagged homologs were expressed to a similar extent

(Figure S6B).

Given that SG size and composition are sensitive to different

types of stressors (Fujimura et al., 2012; Markmiller et al.,

2018; Saito et al., 2019; Szaflarski et al., 2016), we studied

SGs triggered by a range of stressors, including energy depletion

(carbonyl cyanide 3-chlorophenyl hydrazone, CCCP), osmotic

stress (sorbitol), translation inhibition (puromycin), proteasome

inhibition (MG132), and ER stress (thapsigargin). Under these

conditions, MG132 and thapsigargin did not induce SG forma-

tion (Figure S6C). However, when CCCP, sorbitol, or puromycin

was used to stress cells, DDX3X, DDX3Y, andG3BP1 colocalize,

although the fluorescence intensity of FLAG-DDX3X was much

lower than that of HA-DDX3Y (Figure 6A). To ensure that our ob-

servations were not due to differential recognition by the anti-

FLAG and anti-HA antibodies, we repeated the experiments us-

ing HA-DDX3X and FLAG-DDX3Y. We observed the same lower

intensity of DDX3X, even though total protein levels for each

DDX3 homolog were similar and not affected by either tag (Fig-

ure S6D). These results suggest that, although DDX3X and

DDX3Y phase separate to SGs together, DDX3Y has a stronger

propensity to go into SGs than DDX3X, in line with our previous

observations.

Given that DDX3X and DDX3Y can co-phase separate into

SGs, we wondered howmixtures of DDX3X and DDX3Y affected

translation compared with DDX3X or DDX3Y alone. As shown in

Figure 6B, a 3:1 ratio of DDX3X (6 mM) and DDX3Y (2 mM), which

is close to the physiological ratios between DDX3X and DDX3Y

(Godfrey et al., 2020), led to a 1.4-fold more robust repression

of translation compared with DDX3X (8 mM) alone and a 3.6-

fold more robust repression of translation compared with a

mixture of DDX3X (6 mM) and MBP (2 mM). Moreover, a mixture
ules containingmClover3-FUS and FLAG-DDX3Y per cell was quantified (n = 50

termined by a two-tailed t test; ****p < 0.0001.

DDX3Y differentially regulate RNA translation through phase separation.
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of DDX3X (2 mM) and DDX3Y (6 mM) less efficiently repressed

translation relative to DDX3Y (8 mM) alone. Furthermore, the

in vitro LLPS assays were performed with different ratios of

DDX3X and DDX3Y in the presence of RNA. The addition of

DDX3Y to DDX3X stimulated droplet formation, and condensa-

tion was positively correlated with the relative amount of

DDX3Y (Figure 6C).

DDX3Y more strongly promotes FUS aggregation than
DDX3X does
Dysregulation of SGs can promote FUS aggregation, leading to

cell death (Bentmann et al., 2012; Guo et al., 2018; Kamelgarn

et al., 2016; Silva et al., 2019). Thus, we studied how DDX3X

and DDX3Y influence in vitro FUS fibrillization. When we added

1 mM wild-type FUS to either DDX3X or DDX3Y, we saw that

the aggregation of FUS, detected by light scattering at 395 nm,

was enhanced by both helicases but was more extensively

aggravated in the presence of DDX3Y (Figure S6E). To quantify

the effect of DDX3X and DDX3Y on FUS aggregation over

time, wemeasured the area under the curve (AUC) for each scat-

tering time course. Both DDX3X and DDX3Y enhanced FUS ag-

gregation, but DDX3Y had a stronger enhancement, even at high

concentrations of either protein (Figures 6D and S6E). We also

studied the colocalization of FUS and DDX3X or DDX3Y in

HeLa cells upon arsenite treatment. We constructed a DOX-

inducible stable cell line that expressed FUS. As shown in

Figures 6E and 6F, whereas wild-type FUS was mainly located

in the nucleus with transfection of empty vector, a portion of

FUS formed puncta that colocalize with DDX3X-positive gran-

ules and DDX3Y-positive granules in the cytoplasm with trans-

fection of DDX3X andDDX3Y expression plasmids. Furthermore,

DDX3Y-FUS puncta were significantly larger than DDX3X-FUS

puncta (Figure 6G). As XY individuals are at a higher risk of devel-

oping ALS (Manjaly et al., 2010), these data not only suggest that

DDX3X and DDX3Y affect FUS aggregation but also suggest that

the enhanced propensity to promote LLPS by DDX3Ymight lead

to a XY-specific increase of FUS aggregation.

DDX3Y more strongly accelerates TDP-43 aggregation
than DDX3X does
Finally, we testedwhether DDX3X or DDX3Ymight also stimulate

the aggregation of TDP-43, another prominent RNA binding pro-

tein connected to ALS and frontal temporal dementia (FTD)

(Portz et al., 2021; Tan et al., 2017). We found that DDX3X or

DDX3Y did not enhance the total amount of TDP-43 aggregation

(Figures S6F and S6G). However, both helicases accelerated

TDP-43 aggregation (Figures S6F and S6H). The half-time t1/2
(i.e., the time at which 50% TDP-43 aggregation had occurred)

was reduced from �6.9 h in the absence of helicase to �5.7 h

in the presence of DDX3X and �4.4 h in the presence of

DDX3Y (Figures S6F and S6H). These findings suggest that

DDX3Y can accelerate TDP-43 aggregation more potently

than DDX3X.

DISCUSSION

Herein, we report the first comparative study of the sexually

dimorphic RNA helicases DDX3X and DDX3Y in the regulation
12 Molecular Cell 82, 1–16, July 21, 2022
of translation via distinct phase separation behaviors (Figure 6H).

Importantly, we reveal the molecular mechanism underpinning

the higher propensity of DDX3Y to phase separate and its lower

propensity to disassemble once condensed. Firstly, we find that

the condensation propensity differences of DDX3X and DDX3Y

are most likely due to the sequence composition of both

IDR1s. Overall, the percentages of both negatively and positively

charged amino acids in YIDR1 (17.3% and 16.1%, respectively)

are higher than in XIDR1(16.7% and 14.9%, respectively),

whereas the percentage of charged amino acids is similar be-

tween the other domains of DDX3X and DDX3Y (Figure S6I).

This finding suggests that YIDR1 can form more charge-charge

interactions to support phase separation. In addition to these

electrostatic interactions, cation-p and p-p (Vernon et al.,

2018) interactions are known to facilitate LLPS (Qamar et al.,

2018). As such, Tyr to Phe and Arg to Lys mutations in IDRs

dramatically impair phase separation (Schuster et al., 2020). In

line with this, Phe84 and Lys118 in XIDR1 correspond to Tyr83

and Arg116 in YIDR1, suggesting that YIDR1 is capable of more

cation-p and p-p interactions than XIDR1, which might result in

the stronger phase separation of DDX3Y found in these studies

(Figure S1A). Indeed, Lys118 in DDX3X is a known site of post-

translational acetylation (Saito et al., 2019). Acetylation at this

site decreases the phase separation of DDX3X in vitro and inside

of cells through the disruption of cation-p interactions. Given

that the analogous position in DDX3Y is an arginine (Arg116),

which is often thought of as a ‘‘non-acetyl’’ mimetic, this position

is likely a key source of difference between DDX3X and DDX3Y

and merits future study.

Second, our data suggest that the distinct dynamics of

DDX3X- and DDX3Y-positive SGs may also be related to differ-

ences in their ATPase-driven SG remodeling activity (Jain et al.,

2016; Tauber et al., 2020; Figure 4). Furthermore, the differences

in dynamics of DDX3X and DDX3Y condensates may also

explain why DDX3Y more strongly repressed translation than

DDX3X. DDX3X- and DDX3Y-positive SGs sequester distinct

mRNAs in addition to a shared pool of transcripts, suggesting

that the differences in ATPase activity and translational repres-

sion may have functional consequences, especially under stress

(Figures 5G–5K). The results shared here suggest that DDX3X

and DDX3Y might influence the translation of the overlapping

mRNA targets to different degrees in addition to exerting differ-

ential regulation of distinct RNA components. They might also

differentially sequester other translational components.

One important question that remains to be answered is the de-

gree to which DDX3X and DDX3Y overlap functionally. Studies

by others have suggested that DDX3X andDDX3Y are redundant

in protein synthesis under unstressed conditions (Venkatara-

manan et al., 2021). Our data suggest that their divergent roles

may not be apparent until they are driven to phase separate dur-

ing the stress response.

Stress leads to various human disorders, many of which

display sex-biased features. For instance, ALS is �20% more

common in males than females (Manjaly et al., 2010). We

showed that DDX3Ymore strongly promotes FUS self-assembly

in vitro and formed larger FUS granules in cells (Figures 6D–6G),

possibly through its stronger phase separation propensity,

compared with DDX3X. Furthermore, DDX3Y more strongly
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accelerated TDP-43 aggregation than DDX3X (Figures S6F–

S6H). Other known SG resident proteins such as TIA-1,

hnRNPA1, and hnRNPA2 have been previously indicated in

ALS (Fernandes et al., 2020; Gilks et al., 2004; Harrison and

Shorter, 2017; Khalfallah et al., 2018; Molliex et al., 2015). Future

investigation on the scope and extent of DDX3X’s and DDX3Y’s

impact on these proteins in sex specificity in neurodegenerative

diseases will be intriguing.

Limitations of the study
HeLa cells may not be perfectly suited to the task of uncovering

the biological targets in DDX3Y-specific SGs, because they lack

a Y chromosome and thus may also lack some of the specific

transcripts that may be targeted by DDX3Y. However, we

feel that reconstituting HeLa cells (with endogenous DDX3X

depleted) with ectopically expressed DDX3X or DDX3Y provided

a clean system to reveal the different RNA sequestration impacts

of DDX3X and DDX3Y due to their intrinsic differences in phase

separation. Thus, we believe our findings are an excellent proof

of principle. Additionally, even though our recombinant proteins

were purified to apparent homogeneity andwere not expected to

have unequal carry-over of RNA, there could have been some ef-

fect of potential impurities on the magnitude of the differences

we measured. However, we believe that the difference itself is

a true observation about these proteins. The apparent unwinding

activity observed in the smFRET assays is not an indication of

complete unwinding by DDX3X/DDX3Y, and this assay is not a

conventional assay to study helicase activity. Both the donor

and acceptor fluorophores being present in all molecules

compiled in the smFRET analysis indicates only partial unwind-

ing of the RNA substrate.We believe our smFRET assay ismainly

reflecting the ATPase and dynamic activity of the proteins with

RNA and gives insight into the differences between DDX3X

and DDX3Y in these features. Our experiments should therefore

serve as a crucial first step toward understanding the role of

sexually dimorphic proteins in disease.
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Lipofectamine 2000 Thermo Fisher Cat# 11668019

Pierce streptavidin magnetic beads Thermo Fisher Cat# 88816

Agencourt AMPure XP Beckman Coulter Cat# A63881

TRIzol Invitrogen Cat# 15596026

IPTG Thermo Fisher Cat# 34060

DAPI Sigma-Aldrich Cat# D9542

Fisher BioReagents� Bovine Serum Albumin, Heat

Shock Treated

Fisher Scientific Cat# BP1600-100

Polyuridylic acid potassium salt Sigma-Aldrich Cat# P9528-10MG

Sodium arsenite Spectrum Chemical Cat# S-222

Sorbitol solution Spectrum Chemical Cat# S-1525

Thapsigargin ACROS Organics Cat# AC328570010
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MG132 Sigma-Aldrich Cat# 474790-1MG

Hydrogen peroxide solution Sigma-Aldrich Cat# H1009

Biotin-phenol Iris Biotech Cat# LS-3500.1000

Sodium azide Sigma-Aldrich Cat# S2002

Sodium ascorbate Sigma-Aldrich Cat# A7631

Trolox Sigma-Aldrich Cat# 238813

Cycloheximide Sigma-Aldrich Cat# C7698

Critical commercial assays

Malachite Green Phosphate Assay Kit Sigma-Aldrich Cat# MAK307-1KT

Flexi� Rabbit Reticulocyte Lysate System Promega Cat# L4540

Luna� Universal One-Step RT-qPCR Kit NEB Cat# M3005L

Truseq Stranded mRNA Library Prep Illumina Cat# 20020594

Dynabeads� mRNA Purification Kit (for mRNA purification

from total RNA preps)

Invitrogen Cat# 61006

EnzChekTM Phosphate Assay Kit Thermo Fisher Cat# E6646

RNA Clean and Concentrator-5 Zymo Research Cat# R1016

Deposited data

APEX-seq with stress treatment This paper GEO: GSE171792

APEX-seq without stress treatment This paper GEO: GSE193783

Raw data This paper; Mendeley Data https://dx.doi.org/10.17632/9hs5d4fvgd.1

Experimental models: Cell lines

Human: HeLa ATCC CCL-2, RRID:CVCL_0030

Human: HEK 293T ATCC CRL-3216, RRID:CVCL_0063

Mouse: N2a ATCC CCL-131, RRID:CVCL_0470

Oligonucleotides

Primers for all the recombinant DNA This paper Table S3

Recombinant DNA

pPB DDX3X This paper N/A

pPB DDX3Y This paper N/A

pPB DDX3X-IDR1 This paper N/A

pPB DDX3Y-IDR1 This paper N/A

pPB DDX3X-Helicase This paper N/A

pPB DDX3Y-Helicase This paper N/A

pPB DDX3X-IDR2 This paper N/A

pPB DDX3Y-IDR2 This paper N/A

pPB DDX3X-DIDR1 This paper N/A

pPB DDX3Y-DIDR1 This paper N/A

pPB DDX3X-DIDR2 This paper N/A

pPB DDX3Y-DIDR2 This paper N/A

pPB DDX3X-DHelicase This paper N/A

pPB DDX3Y-DHelicase This paper N/A

pPB DDX3XIDR1-DDX3YHelicase-DDX3YIDR2 This paper N/A

pPB DDX3YIDR1-DDX3XHelicase-DDX3XIDR2 This paper N/A

pPB DDX3XIDR1-DDX3Xhelicase-DDX3YIDR2 This paper N/A

pPB DDX3YIDR1-DDX3Yhelicase-DDX3XIDR2 This paper N/A

pPB DDX3XIDR1-DDX3Yhelicase-DDX3XIDR2 This paper N/A

pPB DDX3YIDR1-DDX3Xhelicase-DDX3YIDR2 This paper N/A

pcDNA3 mito-APEX2 This paper N/A
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pPB DDX3X-EGFP This paper N/A

pPB DDX3Y-EGFP This paper N/A

pcDNA3 FLAG-DDX3X This paper N/A

pcDNA3 FLAG-DDX3Y This paper N/A

pcDNA3 HA-DDX3X This paper N/A

pcDNA3 HA-DDX3Y This paper N/A

pET-MCN_His-TEV_V5-DDX3X-mCherry (Hondele et al., 2019) N/A

pET-MCN_His-TEV_V5-DDX3Y-mCherry This paper N/A

pET-MCN_His-TEV_V5-DDX3XIDR1-DDX3YHelicase-DDX3YIDR2-

mCherry

This paper N/A

pET-MCN_His-TEV_V5-DDX3YIDR1-DDX3XHelicase-DDX3XIDR2-

mCherry

This paper N/A

pET-MCN_His-TEV_V5-DDX3XIDR1-DDX3Xhelicase-DDX3YIDR2-

mCherry

This paper N/A

pET-MCN_His-TEV_V5-DDX3YIDR1-DDX3Yhelicase-DDX3XIDR2-

mCherry

This paper N/A

pET-MCN_His-TEV_V5-DDX3XIDR1-DDX3Yhelicase-DDX3XIDR2-

mCherry

This paper N/A

pET-MCN_His-TEV_V5-DDX3YIDR1-DDX3Xhelicase-DDX3YIDR2-

mCherry

This paper N/A

pMAL-c2X (Walker et al., 2010) Addgene Plasmid #75286,

RRID:Addgene_75286

pMAL-c2X-DDX3X This paper N/A

pMAL-c2X-DDX3Y This paper N/A

pcDNA5/FRT/TO APEX2-GFP (Padrón et al., 2019) Addgene Plasmid #129640,

RRID:Addgene_129640

pJ4M/TDP-43 (Hallegger et al., 2021) Addgene plasmid # 104480,

RRID:Addgene_104480

pPB APEX2-DDX3X This paper N/A

pPB APEX2-DDX3Y This paper N/A

pPB APEX2-EGFP This paper N/A

Software and algorithms

HISAT2 (Kim et al., 2015) https://daehwankimlab.github.io/hisat2/,

RRID:SCR_015530

DESeq2 (Love et al., 2014) https://bioconductor.org/packages/

release/bioc/html/DESeq2.html,

RRID:SCR_015687

featureCounts (Liao et al., 2014) http://subread.sourceforge.net/,

RRID:SCR_012919

trimmomatic (Bolger et al., 2014) http://www.usadellab.org/cms/index.php?

page=trimmomatic, RRID:SCR_011848

R https://www.r-project.org https://www.r-project.org,

RRID:SCR_000036

Fiji (Schindelin et al., 2012) https://imagej.net/Fiji, RRID:SCR_002285

GraphPad Prism GraphPad Software https://graphpad.com,

RRID:SCR_002798

Other

384-well microscopy plates Brooks Life Sciences Cat#4ti-0203

Amicon ultra-15 EMD Millipore Cat# UFC901024
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kathy

Fange Liu (liufg@pennmedicine.upenn.edu).

Materials availability
All materials generated in this study are available on request to lead contact.

Data and code availability
d RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are

listed in the key resources table. Original western blot images have been deposited at Mendeley and are publicly available

as of the date of publication. The DOI is listed in the key resources table. Microscopy data reposted in this paper will be shared

by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture, transfection, and Escherichia coli strains
HeLa, HEK293T, andN2a cells were cultured in DMEM+GlutaMAX (GIBCO) with 10%FBS (GIBCO) and 1%Pen/Strep (Corning) in a

humidified incubator with 5% CO2 at 37
�C.

For bacterial cell culture, TOP10 and BL21(DE3)-RIL chemically competent bacterial strains grew in lysogeny broth containing the

corresponding antibiotics at 200 rpm, 37�C.
The negative control siRNA fromAmbion (AM4611) was used as a control siRNA in the knockdown experiments. DDX3X siRNAwas

purchased from Ambion (Assay ID 145803). Lipofectamine 2000 (Invitrogen) and Lipofectamine RNAiMax (Invitrogen) from Invitrogen

were used for plasmids and siRNA transfection, respectively. It took 48 hrs for siRNA knockdown and 24 hrs for plasmid expression.

METHOD DETAILS

Constructs
For recombinant MBP-DDX3X and MBP-DDX3Y protein expression: DNA fragments encoding human DDX3X were PCR-amplified

from the HeLa cDNA library, and the human DDX3Y coding sequence was PCR-amplified from pCMV6-DDX3Y (Origene RC226072).

These DNA fragments were then inserted into the pMAL-c2x vector (Walker et al., 2010) (Addgene Plasmid #75286) using restriction

enzymes BamHI and SalI. A TEV enzyme digestion sequence (protein sequence ENLYFQG; DNA sequence GAAAACCTG

TACTTCCAGGGA) was added to the forward primers, and a His-tag sequence (protein sequence HHHHHH; DNA sequence

CATCATCACCATCACCAC) was added to the reverse primers. For in vitro LLPS experiments, the pETMCN_His-TEV_V5-DDX3Y-

mCherry construct was made by swapping the DDX3Y with the DDX3X in the pETMCN_His-TEV_V5-DDX3X-mCherry (Hondele

et al., 2019) using NdeI and BamHI restriction enzymes. For expression of DDX3X and DDX3Y in mammalian cells, DNA fragments

encoding the full-length DDX3X and full-length DDX3Y were inserted into the pPB vector with FLAG (DYKDDDDK) and HA

(YPYDVPDYA) tags before the N-terminus of the proteins using MfeI and SalI (XhoI was used for digesting the pPB vector) restriction

enzymes. The plasmids expressing FLAG or HA single-tagged DDX3X and DDX3Y were made by inserting the DNA fragments en-

coding full-length DDX3X or full-length DDX3Y into the modified pcDNA3 vector with FLAG or HA tag in frame at the N-terminus.

For the truncation variants of DDX3X and DDX3Y, the following truncations were put into the pPB vector (domain prediction based

on PONDR; Xue et al., 2010): IDR1 of DDX3X (amino acids 1 - 168); IDR1 of DDX3Y (amino acids 1 - 164); IDR2 of DDX3X (amino acids

580 - 662); IDR2 of DDX3Y (amino acids 579 - 660); helicase domain of DDX3X (amino acids 169 - 579); helicase domain of DDX3Y

(amino acids 165 - 578); DIDR1 truncation variant of DDX3X (amino acid 169 - 662); DIDR1 truncation variant of DDX3Y (amino acids

165 - 660); DIDR2 truncation variant of DDX3X (amino acids 1 - 579); DIDR2 truncation variant of DDX3Y (amino acids 1 - 578);

DHelicase truncation variant of DDX3X (amino acids D169 - 579); DHelicase truncation variant of DDX3Y (amino acids D165 -

578). For domain-swap variants of DDX3X and DDX3Y, the following constructs were inserted into the pPB vector: DDX3XIDR1-

DDX3YHelicase-DDX3YIDR2; DDX3YIDR1-DDX3XHelicase-DDX3XIDR2; DDX3XIDR1-DDX3Xhelicase-DDX3YIDR2; DDX3YIDR1-DDX3Yhelicase-

DDX3XIDR2; DDX3XIDR1-DDX3Yhelicase-DDX3XIDR2; DDX3YIDR1-DDX3Xhelicase-DDX3YIDR2. DDX3X-EGFP, DDX3X-mCherry,

DDX3Y-EGFP, and DDX3Y-mCherry with a linker sequence (amino acids GlyGlySerGly) inserted between DDX3X/DDX3Y and

EGFP/mCherry were inserted into the pPB vector using MfeI and SalI restriction enzymes. Those domain-swap variants were cloned

into the pETMCN_His-TEV_V5-mCherry vector to express mCherry-tagged proteins in E.coli as well.

For APEX2-seq experiments, the DNA fragment encoding APEX2 was PCR amplified from pcDNA5/FRT/TO APEX2-GFP (Addg-

ene, 129640) and fused to DDX3X and DDX3Y using fusion PCR. APEX2-DDX3X and APEX2-DDX3Y were inserted into the pPB
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vector using MfeI and Sal I restriction enzymes, and APEX2-EGFP was inserted into the pPB vector using MfeI and XhoI restriction

enzymes. To validate the biotin labeling efficiency of APEX2, the plasmid pPB mito-APEX2 was constructed. The DNA fragment en-

coding a mitochondria matrix localization sequence (amino acids MLATRVFSLVGKRAISTSVCVRAH) derived fromCOX4was added

to the APEX2 forward primer for the PCR reaction. The PCR product was subsequently inserted into the pcDNA3 vector by using

BamHI and XhoI restriction enzymes.

All the sequences of the primers used for these clones are summarized in Table S3, and each plasmid was validated by Sanger

sequencing.

Protein purification
The pMAL-c2X-DDX3X, pMAL-c2X-DDX3Y plasmids were transformed into Escherichia coli strain BL21-RIL to express the MBP-

tagged recombinant proteins. The pETMCN_His-TEV_V5-DDX3X-mCherry (Hondele et al., 2019), pETMCN_His-TEV_V5-DDX3Y-

mCherry and other domain-swap variants in the pETMCN_His-TEV_V5-mCherry vectors were transformed into E. coli strain

BL21-RIL to express the mCherry-tagged recombinant proteins. The bacteria were cultured in lysogeny broth at 37�C till

OD600 nm = 0.8 before administration of 1 mM IPTG at 16�C for 16 hrs. The pellets from 2 L bacterial culture were resuspended

with 80 mL binding buffer (25 mM Tris-HCl, pH 7.5, 500 mM NaCl) and sonicated. After centrifuging at 12,000 rpm for 30 min to re-

move the cell debris, the supernatant was loaded to a Ni-NTA column. Next, 10 column volumes of the binding buffer supplemented

with 50mM imidazole was used as buffer A to wash away the non-specific binding proteins. Another 10 column volumes of a high salt

buffer (25 mM Tris-HCl, pH 7.5, and 2MNaCl) was used to decrease the amount of bound RNAs from DDX3X or DDX3Y. Finally, four

column volumes of the binding buffer supplemented with 500 mM imidazole was used to elute the bound proteins. The DDX3X-

mCherry and DDX3Y-mCherry recombinant proteins were dialyzed into the storage buffer (25 mM Tris-HCl, pH 7.5, 500 mM

NaCl, 10% glycerol, and 2 mM DTT) and the His-tag was cleaved using TEV enzyme simultaneously with the dialysis. Then, the pro-

teins were concentrated using Amicon Ultra-15 (Millipore) tubes before loading to a Superdex 200 column, with buffer (25 mM Tris-

HCl, pH 7.5, and 500 mM NaCl) for mCherry tagged proteins and buffer (25 mM Tris-HCl, pH 7.5, 200 mM NaCl) for MBP tagged

proteins. MBP-tagged proteins were purified at 4�C, while mCherry-tagged proteins were purified at room temperature. The purity

of the proteins was analyzed by SDS-PAGE. Purified proteins were aliquoted, snap-frozen in liquid nitrogen and stored at -80�C.
Once thawed, aliquots were never refrozen.

GST-TEV-FUSWT was purified as described (Sun et al., 2011). Briefly, E. coli cells were lysed by sonication on ice in PBS with pro-

tease inhibitors (cOmplete, EDTA-free, Roche Applied Science). The protein was purified over Glutathione Sepharose 4 Fast Flow

(GE Healthcare) and eluted from the beads using 50 mM Tris-HCl pH 8, 20 mM trehalose, and 20 mM glutathione. Purified protein

was snap-frozen in liquid nitrogen and stored at -80�C.
pJ4M/TDP-43 was a gift from Nicolas Fawzi (Addgene plasmid # 104480). TDP-43 was purified as previously described (Hallegger

et al., 2021). Briefly, the plasmid was transformed into BL21(DE3) RIL E. coli. Cells were harvested by centrifugation and lysed by

lysozyme (1 mg/mL) and sonication in wash buffer (20 mM Tris-HCl pH 8.0, 1 M NaCl, 10 mM imidazole, 10% glycerol, 1 mM

DTT, 5 mM Pepstatin A, 100 mM PMSF, and cOmplete, EDTA-free, Roche Applied Science protease inhibitors). The protein was pu-

rified over Ni-NTA agarose beads (QIAGEN) and eluted from the beads using elution buffer (wash buffer except with 300 mM imid-

azole rather than 10mM imidazole). The protein was further purified over amylose resin (NEB) and eluted with 20mMTris-HCl pH 8.0,

1 M NaCl, 10 mM imidazole, 10% glycerol, 1 mM DTT, 5 mM Pepstatin A, 100 mM PMSF, and 10 mM maltose. The protein was

concentrated, snap-frozen in liquid nitrogen, and stored at -80�C.

Differential scanning fluorimetry assay
Purified MBP-DDX3X and MBP-DDX3Y proteins were diluted to 0.25 mg/mL. 19 mL of each protein was transferred to a well of a

384-well plate, and 1 mL of 5-fold SYPRO Orange (Thermo Fisher) was added to each well. The plate was sealed and spun at

3,600 g for 2 min. The fluorescent signal at 570 nm was collected using a qRT-PCR machine with the temperature ramping from

20 to 95�C. The data were analyzed using DSF World (Wu et al., 2020).

In vitro LLPS assay
The in vitro LLPS was set up at room temperature with total volume of 20 mL in PCR tube. Proteins were diluted to 100 mM (DDX3X-

mCherry and DDX3Y-mCherry) or 75 mM (DDX3X-mCherry, DDX3Y-mCherry and all the domain-swap mutants) using the storage

buffer. 10 mL buffer (25 mM Tris-HCl, pH 7.5, 500 mM NaCl) and 2 mL diluted protein were transferred to the PCR tube. Then,

8 mL water was added to the tube to observe the LLPS of protein alone; 2 mL polyU-RNA (2mg/mL, dissolved in water) and 6 mL water

were added to the tube to observe the LLPS of protein with RNA; 2 mL polyU-RNA (2 mg/mL, dissolved in water), 2 mL ATP buffer

(40 mM ATP and 50 mM MgCl2) or UTP buffer (40 mM UTP and 50 mM MgCl2) and 4 mL water were added to the tube to observe

the LLPS of protein with RNA and ATP or UTP. To observe the LLPS of different combinations of DDX3X-mCherry and DDX3Y-

mCherry, the proteins were diluted to the proper concentrations. Then 10 mL buffer, 2 mL diluted protein and 8 mL water were trans-

ferred to a PCR tube. The mixtures were mixed by pipetting and transferred to 384-well glass-bottomed plate. After incubating at

room temperature for 1 hr, the plate was spun at 100 g for 1 min. Then the images were taken using a Zeiss LSM 880 confocal mi-

croscope under a 63 3 oil lens.
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Immunofluorescence cell staining
Cells were passaged to a 6-well plate with a coverslip in each well and cultured overnight. The cells were washed once in PBS and

then fixed using 4% paraformaldehyde in PBST (PBS with 0.05% Tween-20) at room temperature for 15 min. Then, the cells were

washed twice by PBST and permeabilized by 0.5% Triton at room temperature for 20 min. After being washed once by PBST,

the cells were blocked with 1% BSA in PBST at room temperature for 30 min. Then, the blocking solution was replaced with

1 mL blocking solution supplemented with desired primary antibodies (at 1:1000 dilution) and incubated at room temperature for

1 hr or 4 �C overnight. After 4 washes with PBST, the corresponding Alexa Fluor-conjugated secondary antibodies were applied

(1:1,000 diluted in the blocking solution) and incubated at room temperature for 1 hr. After being washed three times by PBST,

the cells were incubated with 0.5 mg/mL DAPI for 1 min. After 4 times PBST washes, an antifade reagent (Invitrogen) was used to

mount the slides. The images were taken using a Leica TCS SP8 confocal microscope. The ‘‘analyze particles tool’’ in Fiji (Schindelin

et al., 2012) was utilized to quantify the sizes of the SGs in mammalian cells in about 50 different cells per condition. The sizes of the

SG in cells were analyzed by two researchers independently.

Fluorescence recovery after photobleaching
The FRAP assays were conducted using the bleaching module of the Zeiss LSM 880 confocal microscope for DDX3X and DDX3Y

droplets individually. The 488 nm laser was used to bleach the EGFP signal, and the 561 nm laser was used to bleach the mCherry

signal. Bleaching was focused on a circular region of interest (ROI) using 100% laser power, and time-lapse images were collected

afterward. A same-sized circular area away from the bleaching point was selected as an unbleached control. The fluorescence in-

tensity was directly measured in the Zen software. The valueswere reported as relative to pre-bleaching time points. GraphPad Prism

was used to plot the data. The halftime for each replicate was calculated using the following formula: y=a,(1-exp(-b,x)) + c, in which a

is the slow recovery fraction, c is the rapid diffusion fraction, and b is the recovery rate. The halftime is ln2 / b, and amobile fraction is

a + c. The two-tail t-test was used to calculate the p-values. For FRAP of the live cells, cells expressing DDX3X-EGFP or DDX3Y-

EGFP were cultured in 35 mm poly-D-lysine coated glass-bottomed dishes (Mattek). Before taking the images, cells were treated

with 500 mM sodium arsenite for 1 hr in the FluoroBrite DMEM medium with 10% FBS. A 20 3 lens was used at zoom scale 6.

For FRAP of in vitro LLPS, a 63 3 oil lens was used.

Formation of stress granules in cells
Cells were seeded in a 6-well plate and cultured overnight. The following stressors: 500 mM sodium arsenite (1 hr), 1 M sorbitol (1 hr),

50 mM thapsigargin (1 hr), 40 mg/mL puromycin (3 hrs), and 10 mMMG132 (3 hrs) were added to the cell culture media (DMEM + 10%

FBS) each in a separate well. For the stress condition of 60 mMCCCP, CCCPwas added to glucose-free DMEMwith 10% FBS. After

the treatment, cells were fixed and subjected to the immunofluorescence imaging procedure detailed above.

Sequence alignment
The amino acid sequences of DDX3X and DDX3Y were downloaded from CCDS Database and aligned using Clustal Omega. The

alignment results were redrawn using ESPript 3.0 (Robert and Gouet, 2014). The sequences were used to predict the natural disor-

dered regions by PONDR (Xue et al., 2010), prion-like amino acid regions by PLAAC (Lancaster et al., 2014) and LLPS propensity by

catGRANULE (Mitchell et al., 2013).

Turbidity assay
DDX3X-mCherry andDDX3Y-mCherry proteins were diluted to 10, 20, 30, 50, 75, 100, 125 and 150 mMusing the storage buffer. 15 mL

buffer (25 mM Tris-HCl, pH 7.5, 200 mM NaCl), 3 mL diluted protein were transferred to the PCR tube, 3 mL polyU-RNA (2 mg/mL,

dissolved in water), and 9 mL water were mixed in a PCR tube. After incubating for 20 min at room temperature, the mixtures

were transferred to a 384-well black plate with a clear flat bottom. The turbidity was measured by using a Tecan plate reader at

OD600 nm. Then, the solution was transferred to a clean Eppendorf tube, and spun at 16,000 g for 2 min. The supernatant was

used to measure protein concentration using Bradford method.

Construction of DOX-inducible cell lines
5 mg of the lentiviral vectors expressing mClover3-FUS, 2.5 mg VSVG plasmid, and 3.75 mg pPAX2 plasmid were co-transfected to

100%confluent HEK 293T cells in 6-well plate with 40 mL polyethylenimine. Themediumwas changed after 6 to 8 hrs. 500 mLmedium

containing the virus was collected twice a day and 500 mL fresh medium was replenished at each time. The virus was collected in a

total three-day period, and then spun down at 3000 rpm for 5 min at room temperature. The HeLa cells were infected with lentivirus

with 8 mg/mL polybrene. After induction with 100 ng/mL of doxycycline (DOX) for two days, the cells were subjected to cell sorting.

Western blots were performed to validate the expression of mClover3-FUS by using anti-GFP antibody.

Colocalization of DDX3X/Y with FUS in cells
The DOX-inducible HeLa cells expressing mClover3-FUS were seeded in a 6-well plate with 100 ng/mL of DOX and a coverslip in the

well. 1 mg of empty vector, DDX3X-pPB, or DDX3Y-pPBwere transfected to those cells respectively using lipofectamine 2000. 24 hrs
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later, sodium arsenite was used to each well at a final concentration of 500 mM for 1 hr. The cells were then subjected to the immu-

nofluorescence cell stain protocol as discussed above.

Cycloheximide chase assay
The cycloheximide (CHX) chase assay was performed to explore the half-life of DDX3X and DDX3Y proteins in cells. HeLa cells were

seeded in 6-well plate and transfected with 1 mg of DDX3X-pPB and DDX3Y-pPB respectively. 24 hrs later, CHX was added to the

cells at a final concentration of 100 mg/mL and incubated for different time intervals. Then, the cells were collected and lysed with

RIPA buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, and 1% NP-40). The protein concentrations were measured using

a Bradford assay and the same amount of cell lysate was used in Western blot analyses. The intensity for each band was quantified

using Fiji. The intensity for each DDX3X and DDX3Y band was normalized to the corresponding GAPDH intensity firstly, and then for

each replicate at different time points were normalized to time 0 hr. The data were plotted in Prism and an exponential decay formula

was used to determine the half-life of DDX3X and DDX3Y. The degradation rate Kdecay was estimated by ln(At/A0) = - Kdecay twhere At

and A0 stand for the quantity at time t and time 0. Thus, the half-life (t1/2), when 50% of the protein is decayed is described by t1/2 =

ln2 / Kdecay.

Puromycin incorporation assay
HeLa cells were seeded in a 6-well plate with a coverslip in it, and then transfected with 1 mg of pPB-DDX3X and pPB-DDX3Y respec-

tively. After 24 hrs, a final concentration of 500 mM sodium arsenite was added to the DMEM and incubated for 5 min to trigger stress

granule formation. Then, themediumwas replaced by fresh DMEMmediumwith puromycin (1 mg/mL). After incubating for 30min in a

humidified incubator with 5% CO2 at 37
�C, the cells were then washed with 13 PBS and subjected to the immunofluorescence cell

staining protocol as described above using anti-puromycin and anti-FLAG antibodies.

Malachite green ATPase assay
ATPase measurements were taken using the Malachite Green Phosphate Assay Kit according to the manufacturer’s instructions.

Briefly, 1.0 mM MPB-DDX3X or MBP-DDX3Y was incubated with 100 ng/mL total RNA extracted from HeLa cells for 15 min in the

reaction buffer (25 mM Tris-HCl, pH 8, 200 mM NaCl, 1 mM DTT, and 2 mM MgCl2) before the addition of 2 mM ATP. The reaction

was incubated at room temperature for 30 min. Then the reaction was quenched by the addition of malachite green mixture and left

for an additional 30 min to develop the color. The samples were then loaded into a clear-bottom 384-well plate and absorbance at

OD600 nm wasmeasured. Values were converted from absorbance units to mM free phosphate using a standard curve generated with

the kit’s phosphate standard. Background values (free phosphates detected from reactions lacking RNA) were subtracted from the

value from reactions with RNA. Data were plotted in Prism. Significance was calculated using Student’s two-tailed t test.

Continuous ATPase assay
ATPase measurements were taken using the EnzChek Phosphate Assay Kit (ThermoFisher) as previously described (Song and Ji,

2019). Briefly, MBP-DDX3X or MBP-DDX3Y was titrated at the indicated concentrations into 500 mL reactions containing 40 mM

Tris-HCl pH 7.5, 50 mM NaCl, 0.5 mM MgCl2, 2 mM DTT, 0.5 units Super RNaseIN, 0.01% NP-40 substitute and 100 nM annealed

duplex RNA (sequence in Table S3). After 10 min of incubation at room temperature, the reaction was started by adding 2 mMmag-

nesium ATP. The reaction progress was monitored over five min at 30 sec intervals as absorbance at 360 nm. Absorbance values

were the converted to mM/min using a standard curve and initial rates were plotted and fit to Hill kinetics using Prism.

smFRET
PEG-passivated slides were prepared according to previously published protocols with minor modifications (Jamiolkowski et al.,

2017). Briefly, glass coverslips and slides were sonicated at 40�C twice with acetone for 15min followed by sonication with methanol

(25 min), 1 M KOH (40 min), and ethanol (15 min). Plasma cleaning was then used to remove any remaining contaminants

from the surfaces. Plasma cleaned slides and coverslips were then incubated in a solution composed of 1.4 mL of

3-aminopropyltriethoxysilane (APTES), 2.3 mL of glacial acetic acid, and 46mL of methanol overnight at room temperature. Silicated

slides and coverslips were then incubated with polyethylene glycol (PEG, Laysan Bio, Inc., containing 20% (w/w) mPEG succinimidyl

valerate, MW 2000 and 1% biotin-PEG-SC, MW 2000) in 0.1 M sodium bicarbonate (pH 8.3) for four hrs followed by an additional

incubation overnight in a humidifying chamber. Slides and coverslips were then washed with MilliQ water and used to construct

flow chambers for singlemolecule experiments with double-sided sticky tape. Double strandedRNAwith a 5’ overhangwas obtained

as follows: 5’-biotin/ACCGCUGCCGUCGCUCCG/AlexF647N/-3’; and 5’-/Cy3/UUUUUUUUUUUUUUUUUUUUUUUUUUUU

UUUUUUUUUUUUUUUUUUUUUUCGGAGCGACGGCAGCGGU-3’ were ordered from IDT; the two strandswere annealed by heat-

ing the sample at 65�C for 5 min, then slowly cooling the sample to room temperature over 3 hrs. 2 mM protocatechuic acid (PCA),

0.05 mMprotocatechuate-3,4,dioxygenase, 2.45mM6-hydroxy-2,5,7,8- tetramethylchromane-2-carboxylic (Trolox), 1 mM cyclooc-

tatetraene (COT), and 1mM4-nitrobenzyl alcohol (NBA) were added to the imaging buffer (125mMNaCl and 50mMTris-HCl pH 7.5).

70 pM biotinylated, fluorescent dsRNA was added to the flow cell and incubated for 6 min. Unbound RNA was washed out and

recording either commenced or DDX3X or DDX3Y were first added as indicated in the text. The TIRFmicroscope, optics and camera

were used to record smFRET as in previous report (Jamiolkowski et al., 2017). All FRET measurements were carried out at room
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temperature (�23�C) using a frame interval of 100 ms with alternating 532 nm/640 nm laser excitation (ALEX; effective frame interval

200 ms). Data analyses were carried out using custom scripts written in either Python or Java. Background-corrected fluorescence

intensities and FRET distributions were corrected for differential quantum yield, differential detector sensitivity, direct excitation of the

A647 by the 532 nm laser and leakage of Cy3 fluorescence into the acceptor detector channel as in previous report (Hellenkamp et al.,

2018; Jamiolkowski et al., 2017). Only recordings exhibiting a single step photobleaching event in the direct acceptor excitation

(ALEX) channel were further analyzed and included in FRET distributions.

RNA isolation
A Direct-zol RNAMicroPrep kit (Zymo Research) was used to isolate total RNA following themanufacturer’s instructions. DNA diges-

tion was performed on the column at room temperature for 15 min to remove the DNA contamination of the extracted RNA. For a

larger scale of RNA purification, total RNA was purified by TRIzol reagent (Invitrogen), following the manufacturer’s instruction.

qRT-PCR
qRT-PCRwas performed using a Luna Universal One-Step RT-qPCR kit (NEB) to assess the relative abundance of RNA in each sam-

ple. All samples used for qRT-PCRwere treated with DNase I to remove possible DNA contamination. The primers used for qRT-PCR

are listed in Table S3.

Cellular APEX labeling
To enable APEX labeling in mammalian cells, we followed a previously established protocol (Fazal et al., 2019). Briefly, the cells were

treated with or without 500 mMsodium arsenite in DMEMmedia for 30min. Then, the DMEMmedia with 500 mMsodium arsenite was

replaced with DMEM media supplemented with 500 mM sodium arsenite and 500 mM biotin-phenol for another 30 min. Next, H2O2

(Sigma-Aldrich) was added to each cell culture dish at 1 mM final concentration for exactly 1 min with gentle agitation. To stop the

labeling, the culture media was removed, and the quenching solution (10 mM sodium ascorbate, 10 mM sodium azide, and 5 mM

Trolox in PBS) was immediately used to wash the cells three times. Finally, 1 mL quenching solution was applied to cover the cells.

Cells were then collected with a cell scraper. The unlabeled control samples were prepared in parallel under the same procedure as

aforementioned, without the addition of the H2O2.

Validation of APEX labeling
To validate APEX labeling in cells, after the cellular labeling reaction, the cells were lysed using RIPA buffer (25 mM Tris-HCl, pH 7.4,

150 mM NaCl, 2 mM EDTA, and 1% NP-40) supplemented with 10 mM sodium ascorbate, 10 mM sodium azide, 5 mM Trolox, and

proteinase inhibitor on ice for 15 min. After centrifugation, the supernatant of the cell lysate was loaded on an SDS-PAGE gel and

transferred to a PVDF membrane (Millipore) by a semi-dry transfer instrument. The membrane was blocked with 5% BSA in PBST

at 4 �C overnight. 1:20,000 diluted streptavidin-HRP antibody (cell signaling) in 5% BSA was used at room temperature for 1 hr to

detect the biotinylated proteins. After washing three times with PBST, the membrane was visualized by ECLWestern Blotting Detec-

tion Kit (Thermo Fisher). The endogenous biotinylated proteins were also visible at 130, 75, and 72 kDa in both the labeled and

unlabeled cells (as expected).

Purification and sequencing biotinylated RNA
After the cellular APEX-labeling, total RNAwas extracted using TRIzol following themanufacturer’s instruction. To enrich biotinylated

RNAs, Pierce streptavidin magnetic beads (Thermo Fisher) were used (20 mL beads per 50 mg RNA). The beads were washed 3 times

with 500 mL B&W buffer (5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, and 0.1% TWEEN 20), followed by 2 times with 500 mL

solution A (0.1 M NaOH and 50 mM NaCl), and once with 500 mL solution B (100 mM NaCl). The beads were then suspended in

125 mL solution B. 50 mg RNA diluted in 125 mL water was mixed with the beads and incubated at 4 �C for 2 hrs with rotation.

Then, the beads were placed on a magnetic stand to remove the solution and washed 3 times with 500 mL B&W buffer. Finally,

the beads were resuspended in 54 mL water. To release the biotinylated RNA, 33 mL proteinase buffer (3 3 PBS, 6% N-Lauryl sar-

cosine sodium solution (Sigma-Aldrich), 30 mM EDTA, and 15 mM DTT) was added to the beads with 10 mL proteinase K (Thermo

Fisher) and 5 mL RNase inhibitor. The beads were then incubated at 42 �C for 1 hr and 55�C for 1 hr on a shaker at 600 rpm. The

RNA was then purified using a RNA Clean and Concentrator 5 kit (Zymo Research) following the manufacturer’s instruction. The re-

sulting RNA was then used for RNA-seq library construction using a TruSeq Stranded mRNA Kit (Illumina). The concentrations for all

the libraries were determined by KAPA Library Quantification Kit (KAPA Biosystems) following the manufacturer’s protocol and sub-

jected to Next-generation high-throughput sequencing using an Illumina NextSeq 550 with a single-end 75-bp read length.

Validation of the APEX labeling of RNA
To test the specificity of APEX2 labeling, APEX2 was fused with a mitochondrial localization signal (MLATRVFSLVGKRAIS

TSVCVRAH, derived from COX4) at its N terminus. The localization of the fused protein was validated by immunofluorescence. Total

RNA was first extracted from the labeled and unlabeled cells, which was then followed by enrichment of biotinylated RNA using the

streptavidin magnetic beads as described above. To test for the RNA enrichment, primers against mitochondria-translated tran-

scripts ND1 and ND2, and cytoplasm translated transcripts GAPDH and TRMT10A were designed and listed in Table S3. qRT-PCR
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was performed in the labeled and unlabeled controls. The ratios of RNA recovered in the labeled samples relative to unlabeled con-

trols were calculated.

High throughput data analysis
The high throughput sequencing reads were adaptor and quality trimmed using Trimmomatic (Bolger et al., 2014) with the following

command: trimmomatc SE -phred33 ILLUMINACLIP:TruSeq3-SE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15

MINLEN:30. Then, the reads were aligned to the GRCh38 human genome reference using HISAT2(Kim et al., 2015). The default pa-

rameters were used. Aligned reads were quantified using featureCounts (Liao et al., 2014). Read counts were further analyzed using

DESeq2 (Love et al., 2014). Gene ontology (GO) analysis was carried out with the Metascape (Zhou et al., 2019).

In vitro translation
In vitro translation assays were performed using the Flexi Rabbit Reticulocyte Lysate System (Promega). Each reaction (25 mL) con-

tains 10 mL rabbit reticulocyte lysate, 0.25 mL amino acid mixture minus leucine (1 mM), 0.25 mL of amino acid mixture minus methi-

onine (1 mM), 1 mL Mg(OAc)2, 0.25 mL luciferase mRNA (1 mg/mL), 0.5 mL RNase inhibitor, 0.25 mL DTT (1 M), and 12.5 mL of different

concentrations of DDX3X-mCherry, DDX3Y-mCherry, or buffer (25 mM HEPES-KOH, pH 7.4, 150 mM KCl, and 2 mM DTT). Assem-

bled reactions were incubated at 30�C for 90mins. A standard reaction containing 75 mL of the luciferase substratemixed with 5 mL of

the unpurified translation mixture in a white 96-well plate. The luminescence was measured using a luminometer (Promega). To

observe any LLPS in the lysate, the lysate from the translation assays was transferred to 384-well glass-bottomed plate. Then,

the plate was spun at 100 g for 1 min. The images were taken using a Zeiss LSM 880 confocal microscope under a 63 3 oil lens.

FUS aggregation assay
First, 0, 0.25, or 0.5 mM MBP-TEV-DDX3X or MBP-TEV-DDX3Y was incubated with 1 mg TEV protease for 30 min at room temper-

ature. Then, 1 mMGST-TEV-FUSWT (or an equal volume of FUS elution buffer [50 mM Tris-HCl pH 8, 20 mM trehalose, 20 mM gluta-

thione]) was added to the reaction and turbidity was used to assess aggregation bymeasuring absorbance at 395 nm in a Tecan plate

reader. Readings fromDDX3X or DDX3Y alone were subtracted from the appropriate FUS conditions. Area under the curve was used

to compare the extent of aggregation for each condition (GraphPad Prism).

TDP-43 aggregation assay
Firstly, 0, 0.25, or 0.5 mMMBP-TEV-DDX3X or MBP-TEV-DDX3Y in buffer (200 mM NaCl, 25 mM Tris-HCl pH 8.0) was incubated in

TDP-43 assay buffer (150mMNaCl, 20 mMHEPES-NaOH pH 7.0, 1mMDTT) with 0.25 mg TEV protease for 30 minutes at room tem-

perature. Turbidity was assessed by measuring absorbance at 395 nm in a Tecan plate reader. TDP-43 was buffer exchanged into

TDP-43 assay buffer (Bio-Rad Micro Bio-Spin Chromatography Columns, following manufacturer’s instructions) and concentration

was determined via NanoDrop. Turbidity measurements were paused after 30 minutes in order to add 4.0 mM TDP-43 (or an equal

volume of TDP-43 assay buffer) to the reaction. Then, turbidity measurements were resumed for an additional 16 hours. The data was

standardized by subtracting out the initial reading at t = 1 min. from each respective condition. Values from conditions with DDX3X or

DDX3Y alonewere then subtracted from the appropriate conditions with TDP-43. Area under the curve analysis was used to compare

the extent of aggregation for each condition. The t1/2 of aggregation was determined by performing a nonlinear regression (asym-

metric sigmoidal) on the data starting after TDP-43 addition (t = 31 min.) (GraphPad Prism).

Protein quantification and western blot
Protein concentrations of the samples were calculated using the Bradford Assay (Bio-Rad). Protein samples were boiled at 95�C in

Laemmli sample buffer for 10min. After brief centrifugation, the samples were loaded onto SDS-PAGE gels. After running at 180 V for

1 hr, the gels were transferred to the PVDF membranes (Millipore) by semi-dry transfer apparatus at 20 V for 50 min. Then, the PVDF

membranes were blocked with 5%milk or BSA in 13 PBST for 30 mins at room temperature or 4�C overnight. The membranes were

then incubated in 3%milk or BSA in 13 PBST containing the corresponding primary antibodies overnight at 4�C. After washing three

times with 1 3 PBST, the horseradish peroxidase (HRP)-conjugated secondary antibodies (1:20,000) in 1% milk were applied and

incubated at room temperature for 1 hr. After washing three timeswith 13 PBST, themembranes were visualized using ECLWestern

Blotting Detection Kit (Thermo Fisher).

QUANTIFICATION AND STATISTICAL ANALYSIS

Imageswere analyzed using Fiji. All data are presented as themean ± standard error of mean (s.e.m.) or standard deviation (s.d.) from

the independent determinations. The statistical analyses were performed using the GraphPad Prism (GraphPad Software, Inc,; La

Jolla, CA, USA). Differences of means were tested for statistical significance with unpaired two-tailed Student’s t-test. *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001; n.s. means p > 0.05.
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Figure S1 DDX3Y has a stronger LLPS propensity compared to DDX3X in vitro. Related to 

Figure 1. (A) Amino acid sequence alignment of human DDX3X and DDX3Y. The nuclear export 

signal (NES) is underlined in purple. (B) Percentage of sequence differences attributable to the 

individual domains (IDR1, DEAD1, DEAD2, and IDR2) between DDX3X and DDX3Y. (C) 

Chromatographic profiles of the purification of DDX3X-mCherry and DDX3Y-mCherry. The black 

line refers to A280nm, and the gray line refers to A260nm. The final A260nm/A280nm was determined using 

a Nanodrop spectrophotometer. The ratios of A260nm/A280nm of DDX3X and DDX3Y indicate that 

the purified proteins don’t contain noticeable RNA carry-over. (D) SDS-PAGE results of purified 

DDX3X-mCherry and DDX3Y-mCherry proteins. (E) Top: in vitro droplet formation of 10 µM 

recombinant DDX3X-mCherry or DDX3Y-mCherry, with or without RNase treatment, in the 

presence of 200 ng/µL poly(U)-RNA. Scale bar, 25 µm. Bottom: quantification of the total 

integrated intensity of DDX3X condensation and DDX3Y condensation from the top panel. A two-

tailed t-test was used to calculate the p-values between +/- RNase treatment. A nested t-test was 

used to calculate the p-value between DDX3X and DDX3Y groups; n.s. p > 0.05, ****p < 0.0001. 

(F) One representative biological replicate of Figure 1F. Size-comparable droplets of DDX3X and 

DDX3Y were chosen. Time-lapse images of the DDX3X-mCherry (10 µM) and DDX3Y-mCherry 

(10 µM) droplets from in vitro FRAP experiments.  

  



 

  



Figure S2 DDX3Y has a stronger LLPS propensity compared to DDX3X in cells. Related to 

Figure 2. (A) Western blots showing the expression of DDX3X in DDX3X-knockdown and 

knockdown control HeLa, N2a, and HEK 293T cells. The intensity of each band was quantified 

using Fiji. The intensity of each DDX3X band was normalized to the corresponding GAPDH 

intensity and then normalized to the knockdown control samples. Error bars represent s.d. of three 

biological replicates. p values were determined by a two-tailed t-test; *** p < 0.001; **** p < 0.0001. 

(B) Western blot results show that FLAG-DDX3X and FLAG-DDX3Y are expressed at comparable 

levels in HeLa, N2a, and HEK 293T cells. The intensity of each band was quantified using Fiji. 

The intensity of each DDX3X or DDX3Y band was normalized to the corresponding GAPDH 

intensity and then normalized to the DDX3X overexpression samples. Error bars represent s.d. 

of three biological replicates. p values were determined by a two-tailed t-test; n.s. p > 0.05. (C) 

RT-qPCR results show that the transcript level of DDX3X and DDX3Y were comparable in HeLa, 

N2a, and HEK 293T cells. Each sample was normalized to the corresponding loading control 

GAPDH first and then normalized to DDX3X. p values were determined by a two-tailed t-test; n.s. 

p > 0.05. (D) Representative images of FLAG-DDX3X or FLAG-DDX3Y localization with G3BP1 

in HeLa cells before arsenite treatment. The expression of FLAG-DDX3X and FLAG-DDX3Y did 

not lead to puncta formation for this condition. Scale bar, 10 µm. (E) Western blot results showing 

the expression level of DDX3X and DDX3Y in HeLa cells transfected with different amounts of 

plasmids. (F) Immunofluorescent cell stain of SGs formed by different amounts of DDX3X and 

DDX3Y. The SGs were triggered by 500 µM sodium arsenite for 1 hr. Scale bar, 10 µm. (G) The 

total SG area per cell were quantified (n = 50 cells in total, from three biologically independent 

experiments) and displayed in violin plots. p values were determined by a two-tailed t-test; **p < 

0.01, ****p < 0.0001. (H) Construct and expression of DDX3X-EGFP and DDX3Y-EGFP in HeLa 

cells. A GlyGlySerGly (GGSG) linker was inserted between DDX3X/Y and EGFP. 

  



 

  



Figure S3 IDR1 of DDX3Y more strongly promotes phase separation than IDR1 of DDX3X. 

Related to Figure 3. (A) Western blot results showing the expression of the wild type and truncated 

variants of DDX3X (including DDX3XΔhelicase, DDX3XΔIDR2, DDX3XΔIDR1
, DDX3XIDR2, DDX3Xhelicase

, 

DDX3XIDR1) and DDX3Y (including DDX3YΔhelicase, DDX3YΔIDR2, DDX3YΔIDR1
, DDX3YIDR2, 

DDX3Yhelicase
, DDX3YIDR1). The IDR2 domains alone do not express in HeLa cells. (B) RT-qPCR 

to show the transcript level of different DDX3X and DDX3Y truncations. All the truncations were 

normalized to the loading control GAPDH first and then normalized to DDX3X. DDX3X truncations 

were expressed at the comparable level to the corresponding DDX3Y truncations. p values were 

determined by a two-tailed t-test; n.s. p > 0.05. (C) Representative images of localization of 

DDX3ΔIDR1, DDX3YΔIDR1, DDX3Xhelicase, DDX3Yhelicase, and G3BP1 in HeLa cells upon arsenite 

treatment (500 µm, 1 hr). Scale bar, 10 µm. (D) Representative images of localization of 

DDX3ΔIDR1 and DDX3YΔIDR1 with and without 5 μg/mL of actinomycin D (ActD) treatment for 2 hrs. 

Scale bar, 10 µm. (E) Western blot results showing the expression of the wild type and domain-

swap variants of DDX3X and DDX3Y. (F) RT-qPCR to show the transcript level of different DDX3X 

and DDX3Y domain-swap variants. All the truncations were normalized to the loading control 

GAPDH first and then normalized to DDX3X. All the domain-swap variants were expressed at the 

comparable level. p values were determined by a two-tailed t-test; n.s. p > 0.05. (G) 

Chromatographic profile of the domain-swap variants with mCherry tag during purification. The 

black line refers to A280nm, and the gray line refers to A260nm. The final A260nm/A280nm was determined 

using a Nanodrop spectrophotometer. The ratios of A260nm/A280nm of DDX3X and DDX3Y indicate 

that the purified proteins don’t contain noticeable RNA carryover. (H) SDS-PAGE gel of the final 

purified the domain-swap variants with mCherry tag. (I) In vitro droplet formation of 7.5 µM 

recombinant DDX3X-mCherry, DDX3Y-mCherry, and domain swap variants of DDX3X and 

DDX3Y in the absence of poly(U)-RNA. Scale bar, 25 µm. Quantification of the total integrated 

intensity of the different types of condensations. Error bars represent s.d. from three repeats at 



each condition. p values were determined by nested t-test in the Prism to compare all domain-

swapped variants with XIDR1 versus all domain-swapped variants with YIDR1; ***p < 0.001. 

  



 

  



Figure S4 The weaker ATPase activity of DDX3Y compared to DDX3X weakens its 

condensate disassembly. Related to Figure 4. (A) Chromatographic profile of MBP-DDX3X and 

MBP-DXDX3Y during purification. The black line refers to A280nm, and the gray line refers to A260nm. 

The final A260nm/A280nm ratio was determined using a Nanodrop spectrophotometer. (B) SDS-PAGE 

gel of the bacterial cell lysate and the final purified MBP-DDX3X and MBP-DDX3Y. (C) Differential 

Scanning Fluorometry (DSF) melting curves showing the relative fluorescence units with 

increasing temperature. The fluorescence is a product of SYPRO Orange dye, which resides on 

hydrophobic residues of exposed residues of DDX3X/DDX3Y and has a max fluorescence at 620 

nm. The steady increase in fluorescence is due to the unfolding of the protein with increased 

temperature and the subsequent binding of the SYPRO Orange dye. (D) The melting 

temperatures (Tm, the temperature at which 50% of a protein sample is in a folded and 50% is in 

an unfolded state) of MBP-DDX3X and MBP-DDX3Y determined by DSF. p values were 

determined by a two-tailed t-test; n.s. p > 0.05. (E) Malachite green ATPase assay. Reactions 

were assembled as described in methods. Measurements were taken with 1.0 μM MBP-DDX3X, 

MBP-DDX3Y, or buffer with 2 mM ATP either in the absence of RNA (“- RNA”) or with the addition 

of 100 ng/μL total HeLa RNA (“+ RNA”) to stimulate ATPase activity after a 30 min reaction. “-

RNA” values were subtracted from their corresponding “+ RNA” values as background 

(“Background Subtracted”). Values = mean ± s.d., n = 3 repeats. (F) Malachite green ATPase 

assays of MBP-DDX3X and MBP-DDX3Y with or without RNase treatment. Values = mean ± s.d., 

n = 3 repeats. A two-tailed t-test was used to calculate the p-values between +/- RNase treatment; 

a nested t-test was used to calculate the p-value between DDX3X and DDX3Y groups; n.s. p > 

0.05, **p < 0.01. (G) – (L) Recordings of single-molecule fluorescence intensities excited at 532 

nm, corrected for channel sensitivities and spectral bleed-through as described in Methods. 

Green, Cy3 donor fluorescence; red, sensitized emission of Alexa 647 due to FRET; blue FRET 

Efficiency. The sudden decrease of the Alexa 647 and FRET traces accompanied by an increase 

of Cy3 intensity in each panel indicates photobleaching of the Alexa 647. Photobleaching of Alexa 



647 was corroborated by direct excitation in alternating frames at 640 nm. (G) Representative 

fluorescent intensities and the FRET efficiency of RNA probe with MBP-DDX3X (left) and MBP-

DDX3Y (right), which show high FRET. The histograms of FRET efficiencies are shown in Figure 

4E. (H) The RNA probe alone gave low FRET, with a peak at E = ~0.12. Left panel: schematic of 

the RNA construct immobilized on the coverslip surface. Middle panel: representative figure 

showing the raw traces of the fluorescent intensities and the FRET efficiency trace. Right panel: 

histogram showing the distribution of FRET efficiencies from ~1000 traces. (I) The RNA probe 

with MBP (a control with no DDX3), gave low FRET, like the RNA probe alone. Left panel: 

schematic of the FRET assay configuration. Middle panel: representative plot showing the raw 

traces of the fluorescent intensities and the FRET efficiency trace. Right panel: histogram figure 

showing the distribution of FRET efficiency from ~400 traces, similar to the RNA in the absence 

of MBP. (J) Corresponding fluorescent intensities and FRET efficiency of the RNA probe with 

MBP-DDX3X and 1 mM ATP show high FRET and low FRET. The histogram is shown in Figure 

4E. The lower panel of the low FRET trace shows ALEX direct excitation of Alexa 647 at 640 nm, 

indicating both donor and acceptor are present. (K) Corresponding fluorescent intensities and 

FRET efficiency of the RNA probe with MBP-DDX3Y and 1 mM ATP show high FRET and low 

FRET. The histogram is shown in Figure 4E. The lower panel of the low FRET trace shows ALEX 

direct excitation of Alexa 647, indicating both donor and acceptor are present. (L) Examples of 

corresponding fluorescent intensities and FRET efficiency of the RNA probe with 8 μM MBP-

DDX3X (upper) and MBP-DDX3Y (lower) and 1 mM ATP, which show dynamic FRET presumably 

due to kinetics of dissociation and reassociation of the protein.  

  



 

  



 

Figure S5 DDX3X and DDX3Y condensation inhibit the translation of luciferase RNA, and 

DDX3X- and DDX3Y-positive SGs have shared and unique RNA constituents in cells. 

Related to Figure 5. (A) Quantification of translation inhibition in the presence of the mCherry-

tagged protein truncation variants (which contain only the helicase domains of DDX3X or DDX3Y) 

at the indicated concentrations. Error bars represent s.d. from three biological repeats at each 

condition. Images below the graph did not reveal noticeable phase separation in the reticulocyte 

assay at 10 μM DDX3; scale bar, 10 µm. (B) The in vitro translation assays performed at the same 

conditions as in Figure 5B except with the addition of 1 mM ATP. (C) Schematic illustration of 

APEX2-mediated proximity labeling reaction and spatial labeling of RNAs and proteins. (D) 

Schematic illustration of mito-APEX2 fusion system in the mitochondrial matrix. APEX2 fusion 

with the first 24 amino acids from mitochondrial protein COX4 allowed us to validate the APEX2-

proximity labeling method used in the experiments shown in Figure 5G. (E) Representative 

images of co-localization of mito-APEX2 with ATP5A (a mitochondrial protein). (F) Western blots 

show the APEX2 labeling using an anti-biotin antibody. Proximity labeling only occurred in the 

presence of both BP and hydrogen peroxide. Bands at 130, 75, and 72 kDa are endogenous 

biotinylated proteins. BP: biotin phenol. (G) RT-qPCR quantification of cytosolic (GADPH and 

TRMT10A) and mitochondrial (ND1 and ND2) transcripts in APEX-RNA labeling experiments. (H) 

Representative images of localization of APEX2-DDX3X, APEX2-DDX3Y, or APEX2-EGFP with 

G3BP1 in HeLa cells before and after arsenite treatment (500 µM, 1 hr). Scale bar, 10 µm. (I) Box 

plot of the total SG area of APEX2-DDX3X- or APEX2-DDX3Y-positive SGs per cell across 20 

cells upon arsenite treatment (500 µM, 1 hr); (20 cells each from 3 biologically independent 

experiments). p values were determined by two-tailed t-test; ** p < 0.01. (J) Western blot results 

showing the expression of APEX2-EGFP, APEX2-DDX3X, and APEX2-DDX3Y in HeLa cells. (K) 

Western blot results showing the APEX2 labeling using an anti-biotin antibody. Ars: arsenite; BP: 

biotin phenol. (L) Correlation between the biological repeats of APEX-seq samples including 



APEX2-DDX3X, APEX2-DDX3Y, APEX2-EGFP with (left) and without arsenite (right) treatment. 

(M) Top, a volcano plot showing differential RNA enrichment in streptavidin pull-downs from 

APEX2-DDX3X expressing cells compared to APEX2-EGFP expressing cells without 500 µM 

arsenite treatment. Differentially expressed genes are shown in red for APEX2-DDX3X-enriched 

RNAs (adjusted p < 0.05, log2 fold change > 1) and dark gray for APEX2-DDX3X-depleted RNAs 

(adjusted p < 0.05, log2 fold change < -1). Bottom, the corresponding volcano plot for APEX2-

DDX3Y expressing cells. Differentially expressed genes are shown in blue for APEX2-DDX3Y-

enriched RNAs (adjusted p < 0.05, log2 fold change > 1). The rest of the RNAs (which do not fit 

the criteria of the differential expression with log2 fold change < -1 or log2 fold change > 1, adjusted 

p < 0.05) are shown in light gray for both DDX3X and DDX3Y. The triangles represent the 

transcripts with log2 fold change > 2 in the X-axis; -log10 adjusted p >10 in the Y-axis. Of note, 

without arsenite treatment, APEX2-DDX3X, APEX2-DDX3Y and APEX2-EGFP are diffuse in the 

cytoplasm as shown in Figure S5H. Therefore, there are no significantly enriched transcripts by 

APEX2-DDX3X and APEX2-DDX3Y in comparison to APEX2-EGFP in the no arsenite treated 

condition.  

  



 

  



Figure S6 A combination of DDX3X and DDX3Y shows a stronger propensity of LLPS and 

translation repression than DDX3X alone, and DDX3Y enhances FUS aggregation and 

accelerates TDP-43 aggregation more than DDX3X. Related to Figure 6. (A) Western blot 

showing the expression of FLAG-DDX3X or FLAG-DDX3Y using anti-DDX3 (Abcam ab196032, 

left) or anti-DDX3Y (Invitrogen PA5-22050, right) antibodies. The results showed that neither of 

the antibodies distinguished DDX3X from DDX3Y. (B) Western blots showing the expression of 

FLAG-DDX3X, HA-DDX3X, FLAG-DDX3Y, HA-DDX3Y using anti-FLAG or anti-HA antibodies. 

The intensity of each band was quantified using Fiji. The intensity of each DDX3X or DDX3Y band 

was normalized to the corresponding GAPDH intensity and then normalized to the DDX3X 

samples. Error bars represent s.d. of three biological replicates. P values were determined by a 

two-tailed t-test; n.s. p > 0.05. (C) Immunofluorescence images of FLAG-DDX3X, FLAG-DDX3Y, 

and G3BP1 in Hela cells treated with MG132 (proteasome inhibitor, 10 µM, 3 hrs) or Thapsigargin 

(potent inhibitor of sarco/endoplasmic reticulum Ca2+-ATPases, 10 µM, 1 hr). Under these 

conditions, we did not detect SG formation. Scale bar, 10 µm. (D) Reciprocal immunofluorescence 

images of SGs containing both HA-DDX3X and FLAG-DDX3Y in HeLa cells treated as the same 

as in Figure 6A. Below each image, traces of fluorescence intensity profiles through positions 

denoted by the white lines in the merged images. AUC normalized to that of HA-DDX3X is plotted 

for each intensity profile and shows that the signal from FLAG-DDX3Y is consistently higher than 

the signal from HA-DDX3X. (E) The impact of DDX3X and DDX3Y on FUS aggregation was 

measured using a Tecan plate reader measuring scattering at 395 nm. The indicated 

concentration of MBP-TEV-DDX3X, MBP-TEV-DDX3Y, or MBP (or buffer alone) was incubated 

with 1 µg TEV protease for 30 min at room temperature to generate untagged DDX3X and 

DDX3Y. 1 µM GST-TEV-FUS (or an equal volume of elution buffer, see methods) was then added 

to the reaction, and turbidity was used to assess aggregation by measuring scattering at 395 nm. 

(F) The impact of DDX3X and DDX3Y on TDP-43 aggregation was measured using a Tecan plate 

reader measuring scattering at 395 nm. The indicated concentrations of MBP-TEV-DDX3X or 



MBP-TEV-DDX3Y, or an equal volume of elution buffer (200 mM NaCl, 25 mM Tris-HCl pH 8.0) 

for conditions without either protein, was incubated in TDP-43 assay buffer (150 mM NaCl, 20 

mM HEPES-NaOH pH 7.0, and 1 mM DTT) with 0.25 µg TEV protease for 30 minutes at room 

temperature to generate untagged DDX3X and DDX3Y. Turbidity was assessed by measuring 

scattering at 395 nm. 4.0 µM TDP-43 (or an equal volume of TDP-43 assay buffer) was then 

added to the reaction, and turbidity was measured for an additional 16 hours (n = 3; dotted lines 

of corresponding colors represent ± s.e.m.). (G) Area under the curve of the individual replicates 

summarized in Figure S6F was used to compare the extent of aggregation for each condition 

(one-way ANOVA comparing to the 4.0 µM TDP-43 condition, Dunnett’s multiple comparisons 

test, ± s.e.m., n.s. means p > 0.05). (H) The t1/2 of aggregation was used to compare the kinetics 

of aggregation for each condition. The t1/2 was obtained by performing nonlinear regression 

(asymmetric sigmoidal) on the individual replicates summarized in Figure S6F from the time of 

TDP-43 addition (t = 31 min) through the end of the assay (t = 16.5 hrs). Decreased halftime 

values indicate that both DDX3X and DDX3Y accelerate TDP-43 aggregation (one-way ANOVA 

comparing to the 4.0 µM TDP-43 condition, Dunnett’s multiple comparisons test, ± s.e.m., *p < 

0.05 and ***p < 0.001). (I) The fraction of negative and positively charged amino acids in the IDR1, 

IDR2, and helicase domain of DDX3X (red) or DDX3Y (blue). The fractions were calculated using 

numbers of the charged residues over the total number of amino acids in the individual domains 

via CIDER software. 

  



Table S1. Summary of smFRET values, related to Figure 4. 

 Relative area of Low 
FRET peak 

Average low-FRET Efficiency Average high-FRET 
Efficiency 

RNA probe 
only 

1 0.124 (0.120, 0.127) NA 

8 µM MBP 0.933 (0.877, 0.970) 0.164 (0.156, 0.172) 0.789 (0.656, 0.816) 
8 µM MBP + 
DDX3X/3Y 

0 NA 0.807 (0.800, 0.814) 

2 µM DDX3X NA NA 0.841 (0.830, 0.850) 
4 µM DDX3X NA NA 0.822 (0.819, 0.825) 
8 µM DDX3X NA NA 0.818 (0.814, 0.822) 
2 µM DDX3Y NA NA 0.845 (0.834, 0.851) 
4 µM DDX3Y NA NA 0.811 (0.808, 0.814) 
8 µM DDX3Y NA NA 0.819 (0.815, 0.824) 
2 µM DDX3X 
+ ATP 

0.061 (0.022, 0.10) 0.010 (-0.0097, 0.032) 0.836 (0.827, 0.844) 

4 µM DDX3X 
+ ATP 

0.249 (0.218, 0.285) -0.0039 (-0.0081, - 0.00074) 0.840 (0.834, 0.845) 

8 µM DDX3X 
+ ATP 

0.41 (0.37, 0.45) -0.010 (-0.014, - 0.0062) 0.819 (0.812, 0.825) 

2 µM DDX3Y 
+ ATP 

0.019 (0.013, 0.034) 0.001612 (0.001608, 0.001671) 0.85 (0.84, 0. 86) 

4 µM DDX3Y 
+ ATP 

0.161 (0.130, 0.185) -0.0064 ( -0.011, - 0.0019) 0.818 (0.813, 0.822) 

8 µM DDX3Y 
+ ATP 

0.23 (0.20, 0.26) -0.0077 (-0.012, - 0.0031) 0.824 (0.816, 0.830) 

"NA" indicates the absence of the corresponding peak. 
The values in the parentheses are the 95% confidence intervals of the indicated value. 
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