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How to think about membraneless organelles

introduction

emulsions are driven by physical interactions between similar molecules

vinaigrette organic extraction

Hyman, A. A.; Weber, C. A.; Jülicher, F. Annu. Rev. Cell Dev. Biol. 2014, 30, 39.
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Wilson, E. B. Science 1899, 10, 33.

“The living protoplasm … is a liquid, or rather a mixture of liquids in the form of a fine emulsion 
consisting of a continuous substance in which are suspended drops … of different chemical nature.”

protoplasm from a starfish egg

introduction

d ~ ~ , 
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of only slight staining capacity, which has 
often been called the groz~nd-szebstance. Dur- 
ing cell-division the meshwork in the 
neighborhood of the dividing nucleus as-
sumes a radiating appearance, giving rise 
to the so-called asters, or astral systems 
which are typically double, forming the 
amphiaster (Fig. 3, b) . W e  may define the 

/ 

Incidentally, still another interesting ques- 
tion arises, namely : I s  it possible to iden- 
tify any one of the three elements in 
question-granules, continuous substance, 
ground-substance-as the living substance 
or protoplasm proper, as distinguished from 
a lifeless nzetaplasm, and, if so, what are its 
structural relations ? 

Could we positively an-
swer all these questions we 
should have taken a long 
step forwards in the study 
of the cell. Far  from this, 
however, in point of fact, 
hardly any two observers 
have given exactly the same 
answers to them. Leaving 
aside the earlier views, we Oa.,n,,.n??~~:.,Q;fl:ji,$?~,ol$:~:f:~.<;Im.':;::<:+:.; .; ,,_, .,; , .., 

::<;.,:,,,-.,,?,,-, ,., :,;:. find in the recent literature b' d!/:..(.").,:;..;7!cr,:::t,"<~:.;;<..,yo.,;,;~,:,;j:,: .. ,: ,.,:;, 
<:, ,;.,..<;'.?,.., ;:,),<,.\-, of the subject, two principal , - .,- . 

.-,:. , ,,I .,' general views with a num- ,. . . . .;..t..' a , , . .  -., ..:.: ":-:+,; y :.:,, 
.,:, 

(.! .;,.-,:,'-: , ,:.. >, , .... . - .  ,"'. - . . . ber of modifications of each. 
FIG.1. ( a )  Protoplasm of the egg of the sea-urchin 

(Toxopneustes)i n  section ;( b )  protoplasm frorn a living 
star-fish egg (Asterias); ( c )  the same in a dying con- 
dition after crushing the egg ; ( d )  protoplasm from a 

The first of these agrees with the early 
view of ~ l ~ i ~and van~ ~ ~that the 
protoplasm forms a net-work, reticulu~n, or 

~ 

young ovarian egg of the same. (All the figures thread-wOrk, branching fibers 
magnified 1,200 diameters. ) embedded in a homogeneous ground-sub- 

stance which fills the interstices of the net- 
problems suggested by these a,ppearances work, and with granules or microsomes 
by a series of questions as follows: lying along the course of the threads or a t  

1. What  is the actual structure that gives the nodes of the network. Many of those 
the appearance of a meshwork? who adopt this interpretation further agree 

2. How faithfully does the preserved with their predecessors that the astral sys- 
structure, as seen in sections, reproduce tems formed during cell-division arise di- 
that existing in life? rectly through a rearrangement of the pre- 

3. What is the relation of the astral sys- existing network, about active centers or 
terns to i t ?  attractive or other forces, somewhat as  iron- 

4. What  is the finer structure and origin filings arrange themselves along the radia- 
of the meshwork ? ting lines of force in a magnetic field-an 

5.  Can this structure be taken as typ- arrangement which bears a remarkably 
ical of all protoplasm ; and if not, what is close though only superficial resemblance 
its relation to other forms of protoplasmic to the protoplasmic amphiaster. Boveri 
structure? and some others, however, regard the astral 

After seeking for answers to these queries, system as having no direct relation to the 
we may finally inquire how they bear on preexisting network, believing that the rays 
the theoretical views briefly reviewed above. either arise from a specific substance ( ar-

The idea of the cell containing emulsions is over 100 years old
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How do membraneless organelles form in the cell?
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Definition: spontaneous process of a homogeneous fluid de-mixing into two distinct liquid phases

introduction

■ Biomolecules diffuse between phase boundary 

Liquid–Liquid Phase Separation (LLPS)

■ In the cell, condensates are made up of RNA and protein

Hyman, A. A.; Weber, C. A.; Jülicher, F. Annu. Rev. Cell Dev. Biol. 2014, 30, 39.
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entropy prefers a mixed state

lower entropyhigher entropy

What drives liquid–liquid phase separation?

mixed phase phase separated

Hyman, A. A.; Weber, C. A.; Jülicher, F. Annu. Rev. Cell Dev. Biol. 2014, 30, 39.
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protein-protein interactions RNA-protein interactions

enthalpic intermolecular interactions drive liquid–liquid phase separation

What drives liquid–liquid phase separation?

Hyman, A. A.; Weber, C. A.; Jülicher, F. Annu. Rev. Cell Dev. Biol. 2014, 30, 39.
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introduction

Hyman, A. A.; Weber, C. A.; Jülicher, F. Annu. Rev. Cell Dev. Biol. 2014, 30, 39.

intrinsically disordered regions (IDRs) enable intermolecular charge-charge, charge-π, and π-π interactions

+

++

+

intrinsically disordered region

site of positive and aromatic residues

What drives liquid–liquid phase separation?

found frequently in proteins that form condensates

+
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the first observation of phase separation in cells

Brangwynne, C. P. et al. Science 2009, 324, 1729.

Posterior (P)Anterior (A)

P granules tagged with green fluorescent protein (GFP)

P granules segregate to posterior end of dividing C. elegans embryo
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Figure 1. Nomarski Images of a Loving Wild-type C. elegans Zygote Showing the Events Preceding First Cleavage 

In this and all subsequent figures, embryos are oriented anterior-left, postenor-right. (a) Formation of pronuclei and contractrons of the anterior membrane 
(approx. 27 min after fertilizatron at 25°C). The egg pronucleus at the anterior pole is not visible in this focal plane. (b) Pseudocleavage and pronuclear 
mrgratron. (c) Meetrng of the two pronuclei in the posterior half of the zygote. (d) Movement to the center and rotation of the pronuclei. (e) Formatron of the 
first mitotic spindle. (1) Anaphase and the beginning of cleavage. The asters are visible as round, granule-free regions; their positions show the asymmetric 
locatton of the spindle along the anterior-posterior axrs. (g) Telophase. Note the smaller disc-shaped aster in the posterior (PI) cell, as compared to the larger, 
spherical aster in the anterior (AE) cell. (h) Two-cell embryo. Bar: IO am 

tive in either sperm production or sperm function. The 
temperature sensitive (ts) allele b245 at the fern-2 locus 
prevents sperm production and converts hermaphrodite 
worms into “true females” at the restrictive temperature (L. 
Edgar, Ph.D. thesis, University of Colorado, 1982; Kimble 
et al., submitted). Two other ts alleles, hcl and hc24 at 
the fer-7 locus, result in production of defective sperm at 
the restrictive temperature (Ward and Carrel, 1979). In 
these mutant animals the oocytes are not fertilized; they 
undergo endoreplication of egg DNA, but no mitosis or 
cleavage. However, oocytes that come into contact with 
defective fer-l(hcl) sperm do show the increased Brown- 
ian and saltatory motion of cytoplasmic granules, termed 
“cytoplasmic activation,” that is seen after normal fertiliza- 
tion; this cytoplasmic movement is not seen in oocytes 
produced by either mutant hermaphrodites that make no 
sperm or wild-type hermaphrodites that have exhausted 
their sperm supply (Ward and Carrel, 1979). In both fem- 
2(b245) and fer-l(hc1 or hc24) oocytes, coalescence of 
P granules does occur after passage through the sper- 
mathecae, but segregation of granules to one end of the 
egg does not (Figure 3). Thus the oocyte apparently can 
initiate P-granule coalescence, perhaps triggered by ger- 

Figure 2. Localization of P Granules after Fertilizatron 

Embryos were cut out of hermaphrodites, fixed in cold methanol and 
acetone, and stained with K76 antibody and F-GAM as described rn 
Experimental Procedures. The left panels show Nomarski images with DAPI- 
stained chromosomes, and the right panels show immunofluorescence 
Images. (a) Zygote after meiosis II and prior to pronuclear migration. The 
egg pronucleus and both polar bodies are anterior (left), and the sperm 
pronucleus is posterior (right). Granules are dispersed throughout the 
cytoplasm. (b) Zygote at pronuclear meeting, showing localization of P 
granules at the postenor periphery (c) Two-cell embryo in which the Pl 
cell (posterior, right) is in prophase and P granules are prelocalized in the 
region of cytoplasm destined for the next P-cell daughter. (d) 26.cell embryo 
in which some P granules are detected in the D cell as well as in the more 
intensely stained P4 cell above and to the left. Bar: 10 pm. 

How do P granules localize to the posterior end during division? 
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P granules segregate to posterior end of dividing C. elegans embryo

the first observation of phase separation in cells

PAPA

A = anterior P = posterior
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Posterior (P)Anterior (A)

Brangwynne, C. P. et al. Science 2009, 324, 1729.

the first observation of phase separation in cells

P granules are evenly distributed

P granules segregate to posterior end of dividing C. elegans embryo
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Posterior (P)Anterior (A)

Brangwynne, C. P. et al. Science 2009, 324, 1729.

PAR-1 concentrates in the posterior of the cell

the first observation of phase separation in cells

gradient of PAR-1 protein

increasing PAR-1

P granules segregate to posterior end of dividing C. elegans embryo
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Posterior (P)Anterior (A)

Brangwynne, C. P. et al. Science 2009, 324, 1729.

the first observation of phase separation in cells

increasing MEX-5

P granules segregate to posterior end of dividing C. elegans embryo

gradient of MEX-5 protein

high MEX-5 levels correlate with P granule dissolution

PAR-1 reduces MEX-5 in the posterior
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Brangwynne, C. P. et al. Science 2009, 324, 1729.

gradient of phase separation is analogous to condensing of water 

the first observation of phase separation in cells

COLDHOT

P granules segregate to posterior end of dividing C. elegans embryo
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Brangwynne, C. P. et al. Science 2009, 324, 1729.

droplets flow off nuclei, drip, and often fuse into larger drops

the first observation of phase separation in cells

shear stress applied to nuclei

P granules behave like droplets
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Brangwynne, C. P. et al. Science 2009, 324, 1729.

Fluorescence Recovery After Photobleaching (FRAP)

the first observation of phase separation in cells

fraction of fluorophores bleached fluorescence recovery
(diffusion)

P granules behave like droplets

= fluorescent
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Brangwynne, C. P. et al. Science 2009, 324, 1729.

P granules possess a liquid like interior (diffusion occurs within granules)

photobleaching

η (viscosity) ≈ 1 Pa•s (similar to viscosity of glycerol)

the first observation of phase separation in cells

P granules behave like droplets
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1. Organization

Functions of Intracellular Phase Separation

2. Reaction Crucible 3. Sequestration

promote reactions prevent reactionscompartmentalize molecules 

the physiological functions of membraneless organelles
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the physiological functions of membraneless organelles

Larson, A. G. et al. Nature 2017, 547, 236.

1. Organization

Gene silencing by heterochromatin, in part, occurs via heterochromatin protein 1 α (HP1α) 

K9me3

HP1α
‘reader’

nucleosome
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the physiological functions of membraneless organelles

Larson, A. G. et al. Nature 2017, 547, 236.

1. Organization

Phosphorylation of HP1α increases affinity for K9me3

K9me3

HP1α
‘reader’

P

nucleosome
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Larson, A. G. et al. Nature 2017, 547, 236.

1. Organization

phosphorylated HP1α upon warming

phosphorylated HP1α forms a turbid solution 4 ºC
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Larson, A. G. et al. Nature 2017, 547, 236.

1. Organization

phosphorylated HP1α 
forms phase-separated droplets 
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LETTER RESEARCH

generated, only the chimaera that has both the hinge and phosphoryl-
ated NTE of HP1! swapped into HP1" formed higher-order oligomers 
(Extended Data Fig. 3d). These results suggest that sequence features 
of both the hinge and NTE that are specific to HP1! are required for 
oligomerization.

To identify HP1! regions that help stabilize the compact conforma-
tion of wild-type HP1! we performed cross-linking by BS3 (bis(sulfo-
succinimidyl)suberate) followed by mass spectrometry (Extended Data 
Fig. 1d). We found several putative inter-HP1! cross-links between the 
CTE and the hinge (21 out of 74, Supplementary Table). Deleting the 
14-amino-acid CTE in the context of NTE phosphorylation (nPhos-
HP1!(#CTE) lowers the saturation concentration by approximately 
tenfold compared to nPhos-HP1! (Fig. 1d, e). These results suggest 
that interactions between the CTE and the hinge stabilize the HP1! 
dimer in a compact auto-inhibited state that cannot make multivalent 
interactions (Fig. 2c). We therefore hypothesized that ligands which 
bind the CSD–CSD interface might alter the equilibrium between 
the closed and open states of nPhos-HP1!, regulating the ability of 
the CTE to stabilize the compact state. The shugoshin 1 (Sgo1) and 
lamin B receptor (LBR) proteins have been shown to interact directly 
with the CSD dimer of HP1! via a specific PXXVXL-like sequence in 
shugoshin, and a different sequence in LBR1,3. We therefore investi-
gated the effects of these sequences as peptides on the phase-separation 
properties of nPhos-HP1!.

Consistent with previous work, both peptides bind specifically to 
the CSD–CSD dimer1,3 (Extended Data Fig. 7a, b). Notably, the Sgo 
peptide promoted phase separation, lowering the saturation concen-
tration by around threefold when added at a concentration of 100 µM 
(Fig. 1d, e and Supplementary Video 3). The Sgo peptide also promoted 
nPhos-HP1! oligomerization (Extended Data Fig. 7c). By contrast, 
addition of the LBR peptide inhibited phase separation (Fig. 1c, d) 
and did not promote nPhos-HP1! oligomerization (Extended Data  
Fig. 7c). H3K9 methylated and unmethyated tail peptides and 

equi valent concentrations of spermine also promoted phase separa-
tion (Extended Data Fig. 8a). As the H3 tail peptide is rich in lysine 
and arginine, these results suggest that in addition to specific ligands 
such as the Sgo peptide, which directly regulate HP1! oligomerization, 
other molecules can contribute to phase separation though general 
electrostatic effects (Extended Data Fig. 8).

In the model in Fig. 2c, the phosphates on the NTE make bridging 
contacts with the hinge region of a neighbouring dimer. The hinge also 
binds DNA in the context of HP1! and HP1"5. We therefore wondered 
if DNA could bridge adjacent HP1 molecules and through its inherent 
multivalency promote phase separation. Saturating concentrations of 
DNA resulted in droplet formation by wild-type HP1! but did not 
cause droplet formation with HP1" (Fig. 3a). Mutating the basic patch 
in the HP1! hinge that is proposed to interact with DNA eliminated 
droplet formation (Fig. 3a). To understand this phenomenon better 
we used a DNA curtain assay and total internal reflection fluorescence 
microscopy to visualize the effects of HP1 on $ bacteriophage DNA 
molecules via the fluorescent dye YOYO-1, which intercalates into 
DNA4 (Fig. 3b, c).

The action of wild-type HP1! on DNA appears to be cooperative, 
as suggested by the emergence of fluorescent puncta, a result of local 
compaction leading to higher local concentrations of YOYO-1-labelled 
DNA (Fig. 3c–e). A non-cooperative mechanism would manifest 
as a global increase in fluorescence during compaction. Typically, 
for wild-type HP1!, a single puncta appears, followed by rapid 
(vav = 2.25 µm!s%1 ± 0.026 (s.e.m.); vav is average speed of DNA com-
paction) compaction of the rest of the 48.5 kb (approximately 12 µm) 
$-DNA molecule without increased fluorescence outside the puncta 
(Fig. 3d, f and Supplementary Video 7). This compaction appears to 
be driven largely by electrostatic interactions, as increasing the level of 
monovalent salts reverses compaction (Fig. 3f, g). By contrast, YOYO-1 
intensity was less localized and DNA strands often exhibited multi-
ple fluorescent puncta during initial DNA binding and compaction 
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Figure 1 | Phase separation by HP1!. a,!Schematics of HP1! mutants. 
CD, chromodomain; CSD, chromoshadowdomain; CTE, C-terminal 
extension; H, hinge;  NTE, N-terminal extension. b, Left, phase separation 
of nPhos-HP1! at 4 °C, 75 mM KCl, 20 mM HEPES pH 7.2. Right, 
micrograph of phase-separated nPhos-HP1! taken at 10&. Scale bar, 
50 µm. c, Turbidity assay using a sigmoid function to measure saturation 
concentration. Dotted vertical lines indicate calculated saturation 

concentration. d, Saturation concentrations for nPhos-HP1! and nPhos-
HP1!(#CTE) with and without Sgo or LBR peptides (*limit refers to the 
highest concentration tested). e, Saturation concentrations of different 
HP1! proteins using spin-down assay (inset). Measurements are from 
three independent experiments (n = 3), error bars reflect standard error of 
the mean (s.e.m.). Chimaera, N terminus and hinge from HP1! with the 
chromodomain, CSD and CTE from HP1".
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

bHsp90 - dye

1 3  J U L Y  2 0 1 7  |  V O L  5 4 7  |  N A T U R E  |  2 3 9

LETTER RESEARCH

droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.
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droplets. Twelve-nucleosome arrays harbouring the H3K9me3 mark 
that were labelled with YOYO-1 were also readily incorporated into 
nPhos-HP1! droplets. By contrast, reduced Cy3 maleimide dye and 
Cy3-labelled bacterial Hsp90 appeared to be excluded from the nPhos-
HP1! droplets (Fig. 4a). A spin-down assay gave qualitatively similar 
results (Extended Data Fig. 8b). Using this assay we also found that a 
core transcription factor, TFIIB, was neither enriched in nor excluded 
from the HP1! phase. These results imply that macromolecules that 
interact with HP1! can remain solvated in the HP1! dominated 
phase, while others are either excluded or partitioned according to 
volume.

The results in Fig. 4a raised the possibility that phase separation helps 
compartmentalize heterochromatin components in cells. We therefore 
investigated how the phase-separation behaviour of HP1! correlates 
with its localization within the nucleus. We directly delivered chemi-
cally labelled HP1 proteins into NIH3T3 cells using the Chariot delivery  
system17. We used direct protein delivery to ensure high levels of NTE 
phosphorylation and because genetically encoded GFP tags inhibit phos-
phorylation-driven phase separation in vitro (Extended Data Fig. 2).  
We labelled the HP1 proteins with Cy3 using a small C-terminal KCK 
tag, which is permissive for phase separation (Extended Data Fig. 2). 
After 90 min, large puncta (>5 µm) were observed in a higher propor-
tion of cells with nPhos-HP1! compared to wild-type HP1!, while 
the average number of puncta were fewer for nPhos-HP1! versus 
wild-type HP1! (Fig. 4b and Extended Data Fig. 10). These results are 
consistent with the higher oligomerization and multivalency of nPhos-
HP1! versus wild-type HP1!. An HP1! mutant that is defective  
in dimerization and DNA-driven phase-separation, HP1!(CSDm), 
displayed substantially more diffuse localization (Fig. 4b).

Spreading of heterochromatin has been proposed to arise in  
part from oligomerization of HP1 proteins on H3K9 methylated  
chromatin8. Work with the Schizosaccharomyces pombe HP1 protein 

Swi6 has demonstrated such higher-order oligomerization and its 
importance for silencing in vivo18. To date however, higher-order oli-
gomerization of human HP1 proteins has not, to our knowledge, been 
reported19–21. Instead, previous work suggests that dimers of HP1! and 
HP1" bridge nucleosomes and compact chromatin10,19,21. Here we show 
that higher-order oligomerization of HP1! can be promoted by NTE 
phosphorylation (Fig. 2a), and further that higher-order oligomeriza-
tion is strongly correlated with phase separation. Simple calculations 
assuming one phosphorylated HP1! dimer bound per nucleosome give 
the local concentration of HP1! on extended chromatin with 20-bp 
DNA linkers as >100 µM, comparable to the saturation concentrations 
measured in this study. Ligands such as shugoshin and LBR can further 
increase or decrease the saturation concentration. Thus, depending 
on nuclear context, heterochromatin could exist in a more-permissive 
soluble state or a less-permissive phase-separated state. In addition, the 
two different drivers of phase separation, DNA binding and NTE phos-
phorylation, could provide qualitatively different means of regulating 
heterochromatin. For example, phase separation coupled to DNA bind-
ing may be used when rapid chromatin compaction is needed. Notably, 
wild-type HP1! compacts #-DNA at rates around 15 times faster than 
its own capsid packaging motor, although against smaller forces22  
(Fig. 3). By contrast, NTE phosphorylation may provide a means to 
regulate the size of heterochromatin bodies because phosphorylation 
enables large-scale assemblies without DNA binding.

Substantial work has been carried out on non-membrane-bound 
cellular bodies such as the nucleolus and P granules15,23. It has been 
speculated that chromatin organization may also entail phase-separa-
tion mechanisms24,25. Our findings provide experimental evidence for 
such a possibility. A role for phase separation in HP1 heterochromatin 
is also suggested by work in Drosophila26. Most simply, phase-separated 
HP1! droplets allow the means to physically sequester and compact 
chromatin while enabling recruitment of repressive factors (Fig. 4c). 

Figure 4 | Partitioning of specific macromolecules into HP1! phase 
and behaviour of HP1! molecules in cells. a, Micrographs of phase 
separated nPhos-HP1! droplets with either Cy3 labelled or YOYO-1-
labelled macromolecules visualized using Cy3 fluorescence or YOYO-1 
fluorescence, respectively. For each panel a representative micrograph is 
shown from three independent experiments. Scale bar, 50 µm. bHsp90, 
bacterial Hsp90. b, NIH3T3 cells transduced with Cy3-labelled HP1 

proteins and classification of puncta distribution. Top right, average 
number of distinct puncta per cell. Bottom right, percentage of cells 
that have at least one large puncta. A large puncta is defined as having a 
diameter >5µm in any direction within xy dimension of a z projection. 
Scale bars, 10 µm. Error bars represent s.e.m. nPhos-HP1!, n = 36; 
wild-type HP1!, n = 38; HP1!(CSDm), n = 26. c, Model for the role of 
regulated phase separation in chromatin organization.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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is due to dissociation from the membrane, fig.
S4). We found that N-WASP membrane dwell
time increased from 18 s outside clusters to 30 s
inside clusters (Fig. 1E). Thus, LLPS increases
themembrane dwell time of N-WASP in nephrin
clusters.
We used several different approaches to ex-

perimentally perturb dwell time and examined
the corresponding effects on activity. First, we
quantitatively compared his-N-WASP attached di-
rectly to SLBs to an identical density of N-WASP
attached indirectly to the bilayer through his-Nck
(Fig. 2A). The average dwell time of the former
is >2 hours (fig. S5), whereas that of the latter is

<20 s (Fig. 2B). The N-WASP–normalized actin
assembly rate of stably attached his-N-WASP
wasmore than 40 times that of his-Nck +N-WASP
(Fig. 2C). Membrane dwell time can also be in-
creased by increasing the local density of binding
sites, likely through a combination of decreased
rate of dissociation from binding partners and
more rapid membrane rebinding after initial
dissociation (17). We engineered his-Nck analogs
with either three repeats [his-Nck(SH3)3] or six
repeats [his-Nck(SH3)6] of the second SH3 do-
main (fig. S6A). To prevent phase separation of
his-Nck(SH3)6, we added 300 mM NaCl to the
buffer (fig. S6B). Doubling the local density of

SH3 domains increased N-WASP membrane
dwell time from 7.9 to 9.5 s (fig. S6C) and in-
creased the N-WASP–normalized actin assembly
rate 2.2-fold (fig. S6D). Finally, we clustered his-
Nck(SH3)6 with pNephrin (Fig. 2D), increasing
N-WASPmembrane dwell time from 9.5 to 12.1 s
(Fig. 2E) and the N-WASP–normalized actin as-
sembly rate threefold (Fig. 2F). Thus, increasing
N-WASP membrane dwell time through three
independent molecular mechanisms consistently
increased the N-WASP–normalized actin assem-
bly rate.
Next, we sought to systematically alter the

membrane dwell time of N-WASP within clus-
ters.We reasoned that dwell time is likely related
to the number of SH3-PRM interactions that
connect each N-WASP to Nck molecules that
are also bound to pNephrin (“N-WASP connect-
ivity”). This connectivity should, in turn, be
dictated by the relative stoichiometry of his-
pNephrin, Nck, and N-WASP. To test this idea
initially, we used SpringSaLaD (18) to simulate
pNephrin–Nck–N-WASP clustering onmembranes
(fig. S7, A to D). We found that N-WASP con-
nectivity shows a nonmonotonic dependence on
Nck concentration when pNephrin density and
N-WASP concentration are held constant (Fig. 3A).
At low concentrations most Nck is bound to
pNephrin, and increasing the concentration of
Nck increases multivalent SH3 interactions with
the PRM elements of N-WASP, thus increasing
N-WASP connectivity. However, once the number
of Nckmolecules exceeds the number of Nephrin
pTyr sites, further increases in Nck decrease con-
nectivity because N-WASPmolecules become de-
corated with Nck molecules that are not bound
to pNephrin (Fig. 3B and fig. S8).
To test this model experimentally, we varied

stoichiometry in nephrin clusters by keeping
the membrane density of his-pNephrin con-
stant (~1000 molecules/mm2), and varying the
concentrations of N-WASP and Nck in solution
(fig. S9, A to C). For three N-WASP conditions
(100 nM N-WASP, 250 nM N-WASP, and main-
taining a constant 1:2 N-WASP:Nck ratio), we
varied Nck concentration from 100 nM to 2 mM.
In all titrations, the membrane dwell time of
N-WASP showed a similar nonmonotonic rela-
tionship with Nck concentration, with a maxi-
mum at 200 to 500 nM Nck (Fig. 3C).
Because the Arp2/3 complex is the proximal

nucleator of actin filaments, we also examined
itsmembrane dwell time under these conditions.
Using a mask generated from the image of
N-WASP (Fig. 3D), we tracked single Alexa647-
Arp2/3 complex particles inside and outside of
clusters. Particles that remained on the mem-
brane for at least 3 s were classified as long-
lived. Outside clusters, only 6% of particles were
long-lived (Fig. 3E), whereas inside clusters, 21%
were long-lived (Fig. 3E). Photobleaching occurred
at a much slower rate than particle dissociation
from the membrane and does not apprecia-
bly affect these values (kdissoc, outside = 1.67 s!1,
kdissoc, inside = 0.35s!1, kbleach = 0.023 s!1, fig.
S10A). In titration experiments, the percent-
age of long-lived Arp2/3 complexes had the same
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Fig. 1. The specific activity of N-WASP is increased in phase-separated membrane clusters.
(A) Schematic of actin assembly assay. Molecules not drawn to scale. (B) TIRF images of
N-WASP (top) and actin (middle) during actin polymerization. Clusters were formed by adding
N-WASP (1 mM, 15% Alexa488 labeled) and Nck (2 mM) to membrane-bound pNephrin (~1000
molecules/mm2). Actin (1 mM, 5% Alexa647 labeled), Arp2/3 complex (3 nM), and CapZ (6 nM)
were added at t = 0 s. Scale bar, 5 mm. (C) Quantification of mean actin intensity inside and
outside of clusters from images in (A). Red line indicates rate at half-maximal intensity.
(D) Quantification of N-WASP–normalized actin assembly rate from 14 measurements
containing Arp2/3 complex and 13 measurements without Arp2/3 complex. In these
experiments, N-WASP is enriched ~2.2-fold inside clusters. Significance tested with one-way
analysis of variance followed by post hoc Tukey test. (E) Quantification of mEos2–N-WASP
membrane dwell time inside and outside of clusters from n = 28 measurements. Significance
tested with an unpaired t test. In (D) and (E), points represent individual measurements,
horizontal line represents mean, and error bars represent SEM. ns, not significant.
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is due to dissociation from the membrane, fig.
S4). We found that N-WASP membrane dwell
time increased from 18 s outside clusters to 30 s
inside clusters (Fig. 1E). Thus, LLPS increases
themembrane dwell time of N-WASP in nephrin
clusters.
We used several different approaches to ex-

perimentally perturb dwell time and examined
the corresponding effects on activity. First, we
quantitatively compared his-N-WASP attached di-
rectly to SLBs to an identical density of N-WASP
attached indirectly to the bilayer through his-Nck
(Fig. 2A). The average dwell time of the former
is >2 hours (fig. S5), whereas that of the latter is

<20 s (Fig. 2B). The N-WASP–normalized actin
assembly rate of stably attached his-N-WASP
wasmore than 40 times that of his-Nck +N-WASP
(Fig. 2C). Membrane dwell time can also be in-
creased by increasing the local density of binding
sites, likely through a combination of decreased
rate of dissociation from binding partners and
more rapid membrane rebinding after initial
dissociation (17). We engineered his-Nck analogs
with either three repeats [his-Nck(SH3)3] or six
repeats [his-Nck(SH3)6] of the second SH3 do-
main (fig. S6A). To prevent phase separation of
his-Nck(SH3)6, we added 300 mM NaCl to the
buffer (fig. S6B). Doubling the local density of

SH3 domains increased N-WASP membrane
dwell time from 7.9 to 9.5 s (fig. S6C) and in-
creased the N-WASP–normalized actin assembly
rate 2.2-fold (fig. S6D). Finally, we clustered his-
Nck(SH3)6 with pNephrin (Fig. 2D), increasing
N-WASPmembrane dwell time from 9.5 to 12.1 s
(Fig. 2E) and the N-WASP–normalized actin as-
sembly rate threefold (Fig. 2F). Thus, increasing
N-WASP membrane dwell time through three
independent molecular mechanisms consistently
increased the N-WASP–normalized actin assem-
bly rate.
Next, we sought to systematically alter the

membrane dwell time of N-WASP within clus-
ters.We reasoned that dwell time is likely related
to the number of SH3-PRM interactions that
connect each N-WASP to Nck molecules that
are also bound to pNephrin (“N-WASP connect-
ivity”). This connectivity should, in turn, be
dictated by the relative stoichiometry of his-
pNephrin, Nck, and N-WASP. To test this idea
initially, we used SpringSaLaD (18) to simulate
pNephrin–Nck–N-WASP clustering onmembranes
(fig. S7, A to D). We found that N-WASP con-
nectivity shows a nonmonotonic dependence on
Nck concentration when pNephrin density and
N-WASP concentration are held constant (Fig. 3A).
At low concentrations most Nck is bound to
pNephrin, and increasing the concentration of
Nck increases multivalent SH3 interactions with
the PRM elements of N-WASP, thus increasing
N-WASP connectivity. However, once the number
of Nckmolecules exceeds the number of Nephrin
pTyr sites, further increases in Nck decrease con-
nectivity because N-WASPmolecules become de-
corated with Nck molecules that are not bound
to pNephrin (Fig. 3B and fig. S8).
To test this model experimentally, we varied

stoichiometry in nephrin clusters by keeping
the membrane density of his-pNephrin con-
stant (~1000 molecules/mm2), and varying the
concentrations of N-WASP and Nck in solution
(fig. S9, A to C). For three N-WASP conditions
(100 nM N-WASP, 250 nM N-WASP, and main-
taining a constant 1:2 N-WASP:Nck ratio), we
varied Nck concentration from 100 nM to 2 mM.
In all titrations, the membrane dwell time of
N-WASP showed a similar nonmonotonic rela-
tionship with Nck concentration, with a maxi-
mum at 200 to 500 nM Nck (Fig. 3C).
Because the Arp2/3 complex is the proximal

nucleator of actin filaments, we also examined
itsmembrane dwell time under these conditions.
Using a mask generated from the image of
N-WASP (Fig. 3D), we tracked single Alexa647-
Arp2/3 complex particles inside and outside of
clusters. Particles that remained on the mem-
brane for at least 3 s were classified as long-
lived. Outside clusters, only 6% of particles were
long-lived (Fig. 3E), whereas inside clusters, 21%
were long-lived (Fig. 3E). Photobleaching occurred
at a much slower rate than particle dissociation
from the membrane and does not apprecia-
bly affect these values (kdissoc, outside = 1.67 s!1,
kdissoc, inside = 0.35s!1, kbleach = 0.023 s!1, fig.
S10A). In titration experiments, the percent-
age of long-lived Arp2/3 complexes had the same
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Fig. 1. The specific activity of N-WASP is increased in phase-separated membrane clusters.
(A) Schematic of actin assembly assay. Molecules not drawn to scale. (B) TIRF images of
N-WASP (top) and actin (middle) during actin polymerization. Clusters were formed by adding
N-WASP (1 mM, 15% Alexa488 labeled) and Nck (2 mM) to membrane-bound pNephrin (~1000
molecules/mm2). Actin (1 mM, 5% Alexa647 labeled), Arp2/3 complex (3 nM), and CapZ (6 nM)
were added at t = 0 s. Scale bar, 5 mm. (C) Quantification of mean actin intensity inside and
outside of clusters from images in (A). Red line indicates rate at half-maximal intensity.
(D) Quantification of N-WASP–normalized actin assembly rate from 14 measurements
containing Arp2/3 complex and 13 measurements without Arp2/3 complex. In these
experiments, N-WASP is enriched ~2.2-fold inside clusters. Significance tested with one-way
analysis of variance followed by post hoc Tukey test. (E) Quantification of mEos2–N-WASP
membrane dwell time inside and outside of clusters from n = 28 measurements. Significance
tested with an unpaired t test. In (D) and (E), points represent individual measurements,
horizontal line represents mean, and error bars represent SEM. ns, not significant.
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is due to dissociation from the membrane, fig.
S4). We found that N-WASP membrane dwell
time increased from 18 s outside clusters to 30 s
inside clusters (Fig. 1E). Thus, LLPS increases
themembrane dwell time of N-WASP in nephrin
clusters.
We used several different approaches to ex-

perimentally perturb dwell time and examined
the corresponding effects on activity. First, we
quantitatively compared his-N-WASP attached di-
rectly to SLBs to an identical density of N-WASP
attached indirectly to the bilayer through his-Nck
(Fig. 2A). The average dwell time of the former
is >2 hours (fig. S5), whereas that of the latter is

<20 s (Fig. 2B). The N-WASP–normalized actin
assembly rate of stably attached his-N-WASP
wasmore than 40 times that of his-Nck +N-WASP
(Fig. 2C). Membrane dwell time can also be in-
creased by increasing the local density of binding
sites, likely through a combination of decreased
rate of dissociation from binding partners and
more rapid membrane rebinding after initial
dissociation (17). We engineered his-Nck analogs
with either three repeats [his-Nck(SH3)3] or six
repeats [his-Nck(SH3)6] of the second SH3 do-
main (fig. S6A). To prevent phase separation of
his-Nck(SH3)6, we added 300 mM NaCl to the
buffer (fig. S6B). Doubling the local density of

SH3 domains increased N-WASP membrane
dwell time from 7.9 to 9.5 s (fig. S6C) and in-
creased the N-WASP–normalized actin assembly
rate 2.2-fold (fig. S6D). Finally, we clustered his-
Nck(SH3)6 with pNephrin (Fig. 2D), increasing
N-WASPmembrane dwell time from 9.5 to 12.1 s
(Fig. 2E) and the N-WASP–normalized actin as-
sembly rate threefold (Fig. 2F). Thus, increasing
N-WASP membrane dwell time through three
independent molecular mechanisms consistently
increased the N-WASP–normalized actin assem-
bly rate.
Next, we sought to systematically alter the

membrane dwell time of N-WASP within clus-
ters.We reasoned that dwell time is likely related
to the number of SH3-PRM interactions that
connect each N-WASP to Nck molecules that
are also bound to pNephrin (“N-WASP connect-
ivity”). This connectivity should, in turn, be
dictated by the relative stoichiometry of his-
pNephrin, Nck, and N-WASP. To test this idea
initially, we used SpringSaLaD (18) to simulate
pNephrin–Nck–N-WASP clustering onmembranes
(fig. S7, A to D). We found that N-WASP con-
nectivity shows a nonmonotonic dependence on
Nck concentration when pNephrin density and
N-WASP concentration are held constant (Fig. 3A).
At low concentrations most Nck is bound to
pNephrin, and increasing the concentration of
Nck increases multivalent SH3 interactions with
the PRM elements of N-WASP, thus increasing
N-WASP connectivity. However, once the number
of Nckmolecules exceeds the number of Nephrin
pTyr sites, further increases in Nck decrease con-
nectivity because N-WASPmolecules become de-
corated with Nck molecules that are not bound
to pNephrin (Fig. 3B and fig. S8).
To test this model experimentally, we varied

stoichiometry in nephrin clusters by keeping
the membrane density of his-pNephrin con-
stant (~1000 molecules/mm2), and varying the
concentrations of N-WASP and Nck in solution
(fig. S9, A to C). For three N-WASP conditions
(100 nM N-WASP, 250 nM N-WASP, and main-
taining a constant 1:2 N-WASP:Nck ratio), we
varied Nck concentration from 100 nM to 2 mM.
In all titrations, the membrane dwell time of
N-WASP showed a similar nonmonotonic rela-
tionship with Nck concentration, with a maxi-
mum at 200 to 500 nM Nck (Fig. 3C).
Because the Arp2/3 complex is the proximal

nucleator of actin filaments, we also examined
itsmembrane dwell time under these conditions.
Using a mask generated from the image of
N-WASP (Fig. 3D), we tracked single Alexa647-
Arp2/3 complex particles inside and outside of
clusters. Particles that remained on the mem-
brane for at least 3 s were classified as long-
lived. Outside clusters, only 6% of particles were
long-lived (Fig. 3E), whereas inside clusters, 21%
were long-lived (Fig. 3E). Photobleaching occurred
at a much slower rate than particle dissociation
from the membrane and does not apprecia-
bly affect these values (kdissoc, outside = 1.67 s!1,
kdissoc, inside = 0.35s!1, kbleach = 0.023 s!1, fig.
S10A). In titration experiments, the percent-
age of long-lived Arp2/3 complexes had the same
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Fig. 1. The specific activity of N-WASP is increased in phase-separated membrane clusters.
(A) Schematic of actin assembly assay. Molecules not drawn to scale. (B) TIRF images of
N-WASP (top) and actin (middle) during actin polymerization. Clusters were formed by adding
N-WASP (1 mM, 15% Alexa488 labeled) and Nck (2 mM) to membrane-bound pNephrin (~1000
molecules/mm2). Actin (1 mM, 5% Alexa647 labeled), Arp2/3 complex (3 nM), and CapZ (6 nM)
were added at t = 0 s. Scale bar, 5 mm. (C) Quantification of mean actin intensity inside and
outside of clusters from images in (A). Red line indicates rate at half-maximal intensity.
(D) Quantification of N-WASP–normalized actin assembly rate from 14 measurements
containing Arp2/3 complex and 13 measurements without Arp2/3 complex. In these
experiments, N-WASP is enriched ~2.2-fold inside clusters. Significance tested with one-way
analysis of variance followed by post hoc Tukey test. (E) Quantification of mEos2–N-WASP
membrane dwell time inside and outside of clusters from n = 28 measurements. Significance
tested with an unpaired t test. In (D) and (E), points represent individual measurements,
horizontal line represents mean, and error bars represent SEM. ns, not significant.
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Activity of N-WASP to assemble actin is increased inside clusters

2. Reaction Crucible

Case, L. B. et al. Science 2019, 363, 1093.

is due to dissociation from the membrane, fig.
S4). We found that N-WASP membrane dwell
time increased from 18 s outside clusters to 30 s
inside clusters (Fig. 1E). Thus, LLPS increases
themembrane dwell time of N-WASP in nephrin
clusters.
We used several different approaches to ex-

perimentally perturb dwell time and examined
the corresponding effects on activity. First, we
quantitatively compared his-N-WASP attached di-
rectly to SLBs to an identical density of N-WASP
attached indirectly to the bilayer through his-Nck
(Fig. 2A). The average dwell time of the former
is >2 hours (fig. S5), whereas that of the latter is

<20 s (Fig. 2B). The N-WASP–normalized actin
assembly rate of stably attached his-N-WASP
wasmore than 40 times that of his-Nck +N-WASP
(Fig. 2C). Membrane dwell time can also be in-
creased by increasing the local density of binding
sites, likely through a combination of decreased
rate of dissociation from binding partners and
more rapid membrane rebinding after initial
dissociation (17). We engineered his-Nck analogs
with either three repeats [his-Nck(SH3)3] or six
repeats [his-Nck(SH3)6] of the second SH3 do-
main (fig. S6A). To prevent phase separation of
his-Nck(SH3)6, we added 300 mM NaCl to the
buffer (fig. S6B). Doubling the local density of

SH3 domains increased N-WASP membrane
dwell time from 7.9 to 9.5 s (fig. S6C) and in-
creased the N-WASP–normalized actin assembly
rate 2.2-fold (fig. S6D). Finally, we clustered his-
Nck(SH3)6 with pNephrin (Fig. 2D), increasing
N-WASPmembrane dwell time from 9.5 to 12.1 s
(Fig. 2E) and the N-WASP–normalized actin as-
sembly rate threefold (Fig. 2F). Thus, increasing
N-WASP membrane dwell time through three
independent molecular mechanisms consistently
increased the N-WASP–normalized actin assem-
bly rate.
Next, we sought to systematically alter the

membrane dwell time of N-WASP within clus-
ters.We reasoned that dwell time is likely related
to the number of SH3-PRM interactions that
connect each N-WASP to Nck molecules that
are also bound to pNephrin (“N-WASP connect-
ivity”). This connectivity should, in turn, be
dictated by the relative stoichiometry of his-
pNephrin, Nck, and N-WASP. To test this idea
initially, we used SpringSaLaD (18) to simulate
pNephrin–Nck–N-WASP clustering onmembranes
(fig. S7, A to D). We found that N-WASP con-
nectivity shows a nonmonotonic dependence on
Nck concentration when pNephrin density and
N-WASP concentration are held constant (Fig. 3A).
At low concentrations most Nck is bound to
pNephrin, and increasing the concentration of
Nck increases multivalent SH3 interactions with
the PRM elements of N-WASP, thus increasing
N-WASP connectivity. However, once the number
of Nckmolecules exceeds the number of Nephrin
pTyr sites, further increases in Nck decrease con-
nectivity because N-WASPmolecules become de-
corated with Nck molecules that are not bound
to pNephrin (Fig. 3B and fig. S8).
To test this model experimentally, we varied

stoichiometry in nephrin clusters by keeping
the membrane density of his-pNephrin con-
stant (~1000 molecules/mm2), and varying the
concentrations of N-WASP and Nck in solution
(fig. S9, A to C). For three N-WASP conditions
(100 nM N-WASP, 250 nM N-WASP, and main-
taining a constant 1:2 N-WASP:Nck ratio), we
varied Nck concentration from 100 nM to 2 mM.
In all titrations, the membrane dwell time of
N-WASP showed a similar nonmonotonic rela-
tionship with Nck concentration, with a maxi-
mum at 200 to 500 nM Nck (Fig. 3C).
Because the Arp2/3 complex is the proximal

nucleator of actin filaments, we also examined
itsmembrane dwell time under these conditions.
Using a mask generated from the image of
N-WASP (Fig. 3D), we tracked single Alexa647-
Arp2/3 complex particles inside and outside of
clusters. Particles that remained on the mem-
brane for at least 3 s were classified as long-
lived. Outside clusters, only 6% of particles were
long-lived (Fig. 3E), whereas inside clusters, 21%
were long-lived (Fig. 3E). Photobleaching occurred
at a much slower rate than particle dissociation
from the membrane and does not apprecia-
bly affect these values (kdissoc, outside = 1.67 s!1,
kdissoc, inside = 0.35s!1, kbleach = 0.023 s!1, fig.
S10A). In titration experiments, the percent-
age of long-lived Arp2/3 complexes had the same
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Fig. 1. The specific activity of N-WASP is increased in phase-separated membrane clusters.
(A) Schematic of actin assembly assay. Molecules not drawn to scale. (B) TIRF images of
N-WASP (top) and actin (middle) during actin polymerization. Clusters were formed by adding
N-WASP (1 mM, 15% Alexa488 labeled) and Nck (2 mM) to membrane-bound pNephrin (~1000
molecules/mm2). Actin (1 mM, 5% Alexa647 labeled), Arp2/3 complex (3 nM), and CapZ (6 nM)
were added at t = 0 s. Scale bar, 5 mm. (C) Quantification of mean actin intensity inside and
outside of clusters from images in (A). Red line indicates rate at half-maximal intensity.
(D) Quantification of N-WASP–normalized actin assembly rate from 14 measurements
containing Arp2/3 complex and 13 measurements without Arp2/3 complex. In these
experiments, N-WASP is enriched ~2.2-fold inside clusters. Significance tested with one-way
analysis of variance followed by post hoc Tukey test. (E) Quantification of mEos2–N-WASP
membrane dwell time inside and outside of clusters from n = 28 measurements. Significance
tested with an unpaired t test. In (D) and (E), points represent individual measurements,
horizontal line represents mean, and error bars represent SEM. ns, not significant.
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is due to dissociation from the membrane, fig.
S4). We found that N-WASP membrane dwell
time increased from 18 s outside clusters to 30 s
inside clusters (Fig. 1E). Thus, LLPS increases
themembrane dwell time of N-WASP in nephrin
clusters.
We used several different approaches to ex-

perimentally perturb dwell time and examined
the corresponding effects on activity. First, we
quantitatively compared his-N-WASP attached di-
rectly to SLBs to an identical density of N-WASP
attached indirectly to the bilayer through his-Nck
(Fig. 2A). The average dwell time of the former
is >2 hours (fig. S5), whereas that of the latter is

<20 s (Fig. 2B). The N-WASP–normalized actin
assembly rate of stably attached his-N-WASP
wasmore than 40 times that of his-Nck +N-WASP
(Fig. 2C). Membrane dwell time can also be in-
creased by increasing the local density of binding
sites, likely through a combination of decreased
rate of dissociation from binding partners and
more rapid membrane rebinding after initial
dissociation (17). We engineered his-Nck analogs
with either three repeats [his-Nck(SH3)3] or six
repeats [his-Nck(SH3)6] of the second SH3 do-
main (fig. S6A). To prevent phase separation of
his-Nck(SH3)6, we added 300 mM NaCl to the
buffer (fig. S6B). Doubling the local density of

SH3 domains increased N-WASP membrane
dwell time from 7.9 to 9.5 s (fig. S6C) and in-
creased the N-WASP–normalized actin assembly
rate 2.2-fold (fig. S6D). Finally, we clustered his-
Nck(SH3)6 with pNephrin (Fig. 2D), increasing
N-WASPmembrane dwell time from 9.5 to 12.1 s
(Fig. 2E) and the N-WASP–normalized actin as-
sembly rate threefold (Fig. 2F). Thus, increasing
N-WASP membrane dwell time through three
independent molecular mechanisms consistently
increased the N-WASP–normalized actin assem-
bly rate.
Next, we sought to systematically alter the

membrane dwell time of N-WASP within clus-
ters.We reasoned that dwell time is likely related
to the number of SH3-PRM interactions that
connect each N-WASP to Nck molecules that
are also bound to pNephrin (“N-WASP connect-
ivity”). This connectivity should, in turn, be
dictated by the relative stoichiometry of his-
pNephrin, Nck, and N-WASP. To test this idea
initially, we used SpringSaLaD (18) to simulate
pNephrin–Nck–N-WASP clustering onmembranes
(fig. S7, A to D). We found that N-WASP con-
nectivity shows a nonmonotonic dependence on
Nck concentration when pNephrin density and
N-WASP concentration are held constant (Fig. 3A).
At low concentrations most Nck is bound to
pNephrin, and increasing the concentration of
Nck increases multivalent SH3 interactions with
the PRM elements of N-WASP, thus increasing
N-WASP connectivity. However, once the number
of Nckmolecules exceeds the number of Nephrin
pTyr sites, further increases in Nck decrease con-
nectivity because N-WASPmolecules become de-
corated with Nck molecules that are not bound
to pNephrin (Fig. 3B and fig. S8).
To test this model experimentally, we varied

stoichiometry in nephrin clusters by keeping
the membrane density of his-pNephrin con-
stant (~1000 molecules/mm2), and varying the
concentrations of N-WASP and Nck in solution
(fig. S9, A to C). For three N-WASP conditions
(100 nM N-WASP, 250 nM N-WASP, and main-
taining a constant 1:2 N-WASP:Nck ratio), we
varied Nck concentration from 100 nM to 2 mM.
In all titrations, the membrane dwell time of
N-WASP showed a similar nonmonotonic rela-
tionship with Nck concentration, with a maxi-
mum at 200 to 500 nM Nck (Fig. 3C).
Because the Arp2/3 complex is the proximal

nucleator of actin filaments, we also examined
itsmembrane dwell time under these conditions.
Using a mask generated from the image of
N-WASP (Fig. 3D), we tracked single Alexa647-
Arp2/3 complex particles inside and outside of
clusters. Particles that remained on the mem-
brane for at least 3 s were classified as long-
lived. Outside clusters, only 6% of particles were
long-lived (Fig. 3E), whereas inside clusters, 21%
were long-lived (Fig. 3E). Photobleaching occurred
at a much slower rate than particle dissociation
from the membrane and does not apprecia-
bly affect these values (kdissoc, outside = 1.67 s!1,
kdissoc, inside = 0.35s!1, kbleach = 0.023 s!1, fig.
S10A). In titration experiments, the percent-
age of long-lived Arp2/3 complexes had the same
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Fig. 1. The specific activity of N-WASP is increased in phase-separated membrane clusters.
(A) Schematic of actin assembly assay. Molecules not drawn to scale. (B) TIRF images of
N-WASP (top) and actin (middle) during actin polymerization. Clusters were formed by adding
N-WASP (1 mM, 15% Alexa488 labeled) and Nck (2 mM) to membrane-bound pNephrin (~1000
molecules/mm2). Actin (1 mM, 5% Alexa647 labeled), Arp2/3 complex (3 nM), and CapZ (6 nM)
were added at t = 0 s. Scale bar, 5 mm. (C) Quantification of mean actin intensity inside and
outside of clusters from images in (A). Red line indicates rate at half-maximal intensity.
(D) Quantification of N-WASP–normalized actin assembly rate from 14 measurements
containing Arp2/3 complex and 13 measurements without Arp2/3 complex. In these
experiments, N-WASP is enriched ~2.2-fold inside clusters. Significance tested with one-way
analysis of variance followed by post hoc Tukey test. (E) Quantification of mEos2–N-WASP
membrane dwell time inside and outside of clusters from n = 28 measurements. Significance
tested with an unpaired t test. In (D) and (E), points represent individual measurements,
horizontal line represents mean, and error bars represent SEM. ns, not significant.
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is due to dissociation from the membrane, fig.
S4). We found that N-WASP membrane dwell
time increased from 18 s outside clusters to 30 s
inside clusters (Fig. 1E). Thus, LLPS increases
themembrane dwell time of N-WASP in nephrin
clusters.
We used several different approaches to ex-

perimentally perturb dwell time and examined
the corresponding effects on activity. First, we
quantitatively compared his-N-WASP attached di-
rectly to SLBs to an identical density of N-WASP
attached indirectly to the bilayer through his-Nck
(Fig. 2A). The average dwell time of the former
is >2 hours (fig. S5), whereas that of the latter is

<20 s (Fig. 2B). The N-WASP–normalized actin
assembly rate of stably attached his-N-WASP
wasmore than 40 times that of his-Nck +N-WASP
(Fig. 2C). Membrane dwell time can also be in-
creased by increasing the local density of binding
sites, likely through a combination of decreased
rate of dissociation from binding partners and
more rapid membrane rebinding after initial
dissociation (17). We engineered his-Nck analogs
with either three repeats [his-Nck(SH3)3] or six
repeats [his-Nck(SH3)6] of the second SH3 do-
main (fig. S6A). To prevent phase separation of
his-Nck(SH3)6, we added 300 mM NaCl to the
buffer (fig. S6B). Doubling the local density of

SH3 domains increased N-WASP membrane
dwell time from 7.9 to 9.5 s (fig. S6C) and in-
creased the N-WASP–normalized actin assembly
rate 2.2-fold (fig. S6D). Finally, we clustered his-
Nck(SH3)6 with pNephrin (Fig. 2D), increasing
N-WASPmembrane dwell time from 9.5 to 12.1 s
(Fig. 2E) and the N-WASP–normalized actin as-
sembly rate threefold (Fig. 2F). Thus, increasing
N-WASP membrane dwell time through three
independent molecular mechanisms consistently
increased the N-WASP–normalized actin assem-
bly rate.
Next, we sought to systematically alter the

membrane dwell time of N-WASP within clus-
ters.We reasoned that dwell time is likely related
to the number of SH3-PRM interactions that
connect each N-WASP to Nck molecules that
are also bound to pNephrin (“N-WASP connect-
ivity”). This connectivity should, in turn, be
dictated by the relative stoichiometry of his-
pNephrin, Nck, and N-WASP. To test this idea
initially, we used SpringSaLaD (18) to simulate
pNephrin–Nck–N-WASP clustering onmembranes
(fig. S7, A to D). We found that N-WASP con-
nectivity shows a nonmonotonic dependence on
Nck concentration when pNephrin density and
N-WASP concentration are held constant (Fig. 3A).
At low concentrations most Nck is bound to
pNephrin, and increasing the concentration of
Nck increases multivalent SH3 interactions with
the PRM elements of N-WASP, thus increasing
N-WASP connectivity. However, once the number
of Nckmolecules exceeds the number of Nephrin
pTyr sites, further increases in Nck decrease con-
nectivity because N-WASPmolecules become de-
corated with Nck molecules that are not bound
to pNephrin (Fig. 3B and fig. S8).
To test this model experimentally, we varied

stoichiometry in nephrin clusters by keeping
the membrane density of his-pNephrin con-
stant (~1000 molecules/mm2), and varying the
concentrations of N-WASP and Nck in solution
(fig. S9, A to C). For three N-WASP conditions
(100 nM N-WASP, 250 nM N-WASP, and main-
taining a constant 1:2 N-WASP:Nck ratio), we
varied Nck concentration from 100 nM to 2 mM.
In all titrations, the membrane dwell time of
N-WASP showed a similar nonmonotonic rela-
tionship with Nck concentration, with a maxi-
mum at 200 to 500 nM Nck (Fig. 3C).
Because the Arp2/3 complex is the proximal

nucleator of actin filaments, we also examined
itsmembrane dwell time under these conditions.
Using a mask generated from the image of
N-WASP (Fig. 3D), we tracked single Alexa647-
Arp2/3 complex particles inside and outside of
clusters. Particles that remained on the mem-
brane for at least 3 s were classified as long-
lived. Outside clusters, only 6% of particles were
long-lived (Fig. 3E), whereas inside clusters, 21%
were long-lived (Fig. 3E). Photobleaching occurred
at a much slower rate than particle dissociation
from the membrane and does not apprecia-
bly affect these values (kdissoc, outside = 1.67 s!1,
kdissoc, inside = 0.35s!1, kbleach = 0.023 s!1, fig.
S10A). In titration experiments, the percent-
age of long-lived Arp2/3 complexes had the same
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Fig. 1. The specific activity of N-WASP is increased in phase-separated membrane clusters.
(A) Schematic of actin assembly assay. Molecules not drawn to scale. (B) TIRF images of
N-WASP (top) and actin (middle) during actin polymerization. Clusters were formed by adding
N-WASP (1 mM, 15% Alexa488 labeled) and Nck (2 mM) to membrane-bound pNephrin (~1000
molecules/mm2). Actin (1 mM, 5% Alexa647 labeled), Arp2/3 complex (3 nM), and CapZ (6 nM)
were added at t = 0 s. Scale bar, 5 mm. (C) Quantification of mean actin intensity inside and
outside of clusters from images in (A). Red line indicates rate at half-maximal intensity.
(D) Quantification of N-WASP–normalized actin assembly rate from 14 measurements
containing Arp2/3 complex and 13 measurements without Arp2/3 complex. In these
experiments, N-WASP is enriched ~2.2-fold inside clusters. Significance tested with one-way
analysis of variance followed by post hoc Tukey test. (E) Quantification of mEos2–N-WASP
membrane dwell time inside and outside of clusters from n = 28 measurements. Significance
tested with an unpaired t test. In (D) and (E), points represent individual measurements,
horizontal line represents mean, and error bars represent SEM. ns, not significant.
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phase separation

Membrane

Liquid–Liquid Phase Separation in Biology
the physiological functions of membraneless organelles

Liquid–liquid phase separation increases the residence time of N-WASP at the membrane, 
increasing actin assembly

2. Reaction Crucible

Case, L. B. et al. Science 2019, 363, 1093.

is due to dissociation from the membrane, fig.
S4). We found that N-WASP membrane dwell
time increased from 18 s outside clusters to 30 s
inside clusters (Fig. 1E). Thus, LLPS increases
themembrane dwell time of N-WASP in nephrin
clusters.
We used several different approaches to ex-

perimentally perturb dwell time and examined
the corresponding effects on activity. First, we
quantitatively compared his-N-WASP attached di-
rectly to SLBs to an identical density of N-WASP
attached indirectly to the bilayer through his-Nck
(Fig. 2A). The average dwell time of the former
is >2 hours (fig. S5), whereas that of the latter is

<20 s (Fig. 2B). The N-WASP–normalized actin
assembly rate of stably attached his-N-WASP
wasmore than 40 times that of his-Nck +N-WASP
(Fig. 2C). Membrane dwell time can also be in-
creased by increasing the local density of binding
sites, likely through a combination of decreased
rate of dissociation from binding partners and
more rapid membrane rebinding after initial
dissociation (17). We engineered his-Nck analogs
with either three repeats [his-Nck(SH3)3] or six
repeats [his-Nck(SH3)6] of the second SH3 do-
main (fig. S6A). To prevent phase separation of
his-Nck(SH3)6, we added 300 mM NaCl to the
buffer (fig. S6B). Doubling the local density of

SH3 domains increased N-WASP membrane
dwell time from 7.9 to 9.5 s (fig. S6C) and in-
creased the N-WASP–normalized actin assembly
rate 2.2-fold (fig. S6D). Finally, we clustered his-
Nck(SH3)6 with pNephrin (Fig. 2D), increasing
N-WASPmembrane dwell time from 9.5 to 12.1 s
(Fig. 2E) and the N-WASP–normalized actin as-
sembly rate threefold (Fig. 2F). Thus, increasing
N-WASP membrane dwell time through three
independent molecular mechanisms consistently
increased the N-WASP–normalized actin assem-
bly rate.
Next, we sought to systematically alter the

membrane dwell time of N-WASP within clus-
ters.We reasoned that dwell time is likely related
to the number of SH3-PRM interactions that
connect each N-WASP to Nck molecules that
are also bound to pNephrin (“N-WASP connect-
ivity”). This connectivity should, in turn, be
dictated by the relative stoichiometry of his-
pNephrin, Nck, and N-WASP. To test this idea
initially, we used SpringSaLaD (18) to simulate
pNephrin–Nck–N-WASP clustering onmembranes
(fig. S7, A to D). We found that N-WASP con-
nectivity shows a nonmonotonic dependence on
Nck concentration when pNephrin density and
N-WASP concentration are held constant (Fig. 3A).
At low concentrations most Nck is bound to
pNephrin, and increasing the concentration of
Nck increases multivalent SH3 interactions with
the PRM elements of N-WASP, thus increasing
N-WASP connectivity. However, once the number
of Nckmolecules exceeds the number of Nephrin
pTyr sites, further increases in Nck decrease con-
nectivity because N-WASPmolecules become de-
corated with Nck molecules that are not bound
to pNephrin (Fig. 3B and fig. S8).
To test this model experimentally, we varied

stoichiometry in nephrin clusters by keeping
the membrane density of his-pNephrin con-
stant (~1000 molecules/mm2), and varying the
concentrations of N-WASP and Nck in solution
(fig. S9, A to C). For three N-WASP conditions
(100 nM N-WASP, 250 nM N-WASP, and main-
taining a constant 1:2 N-WASP:Nck ratio), we
varied Nck concentration from 100 nM to 2 mM.
In all titrations, the membrane dwell time of
N-WASP showed a similar nonmonotonic rela-
tionship with Nck concentration, with a maxi-
mum at 200 to 500 nM Nck (Fig. 3C).
Because the Arp2/3 complex is the proximal

nucleator of actin filaments, we also examined
itsmembrane dwell time under these conditions.
Using a mask generated from the image of
N-WASP (Fig. 3D), we tracked single Alexa647-
Arp2/3 complex particles inside and outside of
clusters. Particles that remained on the mem-
brane for at least 3 s were classified as long-
lived. Outside clusters, only 6% of particles were
long-lived (Fig. 3E), whereas inside clusters, 21%
were long-lived (Fig. 3E). Photobleaching occurred
at a much slower rate than particle dissociation
from the membrane and does not apprecia-
bly affect these values (kdissoc, outside = 1.67 s!1,
kdissoc, inside = 0.35s!1, kbleach = 0.023 s!1, fig.
S10A). In titration experiments, the percent-
age of long-lived Arp2/3 complexes had the same
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Fig. 1. The specific activity of N-WASP is increased in phase-separated membrane clusters.
(A) Schematic of actin assembly assay. Molecules not drawn to scale. (B) TIRF images of
N-WASP (top) and actin (middle) during actin polymerization. Clusters were formed by adding
N-WASP (1 mM, 15% Alexa488 labeled) and Nck (2 mM) to membrane-bound pNephrin (~1000
molecules/mm2). Actin (1 mM, 5% Alexa647 labeled), Arp2/3 complex (3 nM), and CapZ (6 nM)
were added at t = 0 s. Scale bar, 5 mm. (C) Quantification of mean actin intensity inside and
outside of clusters from images in (A). Red line indicates rate at half-maximal intensity.
(D) Quantification of N-WASP–normalized actin assembly rate from 14 measurements
containing Arp2/3 complex and 13 measurements without Arp2/3 complex. In these
experiments, N-WASP is enriched ~2.2-fold inside clusters. Significance tested with one-way
analysis of variance followed by post hoc Tukey test. (E) Quantification of mEos2–N-WASP
membrane dwell time inside and outside of clusters from n = 28 measurements. Significance
tested with an unpaired t test. In (D) and (E), points represent individual measurements,
horizontal line represents mean, and error bars represent SEM. ns, not significant.
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Liquid–Liquid Phase Separation in Biology

Shin, Y.; Brangwynne, C. P. Science 2017, 357, eaaf4382.

1. Organization

Functions of Intracellular Phase Separation

2. Reaction Crucible 3. Sequestration

promote reactions prevent reactionscompartmentalize molecules 

the physiological functions of membraneless organelles



Liquid–Liquid Phase Separation in Biology
the physiological functions of membraneless organelles

3. Sequestration

Wippich, F. et al. Cell 2013, 152, 791.

mammalian target of rapamycin complex 1 (mTORC1) controls translation of proteins



Liquid–Liquid Phase Separation in Biology
the physiological functions of membraneless organelles

Wippich, F. et al. Cell 2013, 152, 791.

stress granules sequester mTORC1, a key modulator of cell signaling
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Figure 7. Activity-Dependent Dynamic Cycling of DYRK3 on SGs and Mechanism of mTORC1 Reactivation by DYRK3
(A) DYRK3 dynamically associates with mRNA granules. HeLa cells were transfected with GFP-DYRK3 or GFP-DYRK3-K218M 24 hr prior to FRAP experiments.

For stress conditions (FRAP of GFP-DYRK3 on SGs after stress recovery in the presence of GSK-626616), cells were treated for 45 min with 1 M sorbitol and

allowed to recover for 240 min in the presence of 1 mM GSK-626616. Data are represented as mean ± SD. A representative cell for each condition is shown as

a false-color image. Scale bars, 10 mm.

(B) During stressful conditions, stress-induced translational silencing induces the condensation of SGs. DYRK3 will partition in SGs via its N-terminal domain, as

well as mTORC1 components, which prevents mTORC1 signaling. When stress signals are gone, the kinase activity of DYRK3 is required for the dissolution of

SGs and mTORC1 relocation to the cytosol, and for phosphorylating PRAS40, which attenuates the binding of PRAS40 to the TORC1 complex. Combined, this

allows full reactivation of mTORC1 signaling.
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Figure 1. An Image-Based Screen for Chemical Compound Inhibitors of Stress Granule Dissolution
(A) Schematic representation of the performed image-based screen for chemical compound inhibitors. HeLa cells were exposed to oxidative stress and allowed

to recover for 240 min in the presence of small compound inhibitors. The fractions of SG-positive cells were classified by immunostaining against PABP1,

automated microscopy and image analysis, feature extraction, and support vector machine (SVM) learning.

(legend continued on next page)
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DYRK3 kinase partitions in stress granules

3. Sequestration
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Figure 2. DYRK3 Condenses in Speckles and Partitions in Stress Granules
(A) A confocal image stack of a HeLa cell transiently expressing GFP-DYRK3 that condensed into distinct speckles distributed throughout the cytoplasm.

(B) GFP-DYRK3 condenses P-granule-like speckles in a concentration-dependent manner. A total of 241 cells were automatically segmented using compu-

tational image analysis, mean fluorescent intensity was measured per cell, and cells containing a homogeneous distribution [H] or granules [G] of GFP-DYRK3

were classified by SVM training.

(legend continued on next page)
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five of the fifteen proteins are proteins downstream of mTORC1 signaling
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mTORC1 is recruited to stress granules during stress

3. Sequestration
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Figure 5. Osmotic Stress Leads to Partitioning of mTORC1 Components in SGs and Affects mTORC1 Signaling
(A) Components ofmTORC1 localize to SGs induced by osmotic stress. Immunofluorescence of mTOR andmyc-RAPTOR shows colocalization with PABP1- and

GFP-DYRK3-positive SGs induced by 1M sorbitol for 45min. mTOR andmyc-RAPTOR are retained on SGs during recovery from osmotic stress by treating cells

with 1 mM GSK-626616 during 240 min recovery. See also Figure S4.

(B) Reactivation of mTORC1 activity after osmotic stress is sensitive to GSK-626616, even in the presence of CHX. The phosphorylation of S6K1 at Thr389 prior,

during 45 min treatment with 0.6 M sorbitol, and after 240 min recovery in the presence of 1 mM GSK-626616, 50 mg/ml CHX, or both is shown.

(legend continued on next page)
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pThr389 of S6K1 is a direct readout for mTORC1 activity
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Figure 5. Osmotic Stress Leads to Partitioning of mTORC1 Components in SGs and Affects mTORC1 Signaling
(A) Components ofmTORC1 localize to SGs induced by osmotic stress. Immunofluorescence of mTOR andmyc-RAPTOR shows colocalization with PABP1- and

GFP-DYRK3-positive SGs induced by 1M sorbitol for 45min. mTOR andmyc-RAPTOR are retained on SGs during recovery from osmotic stress by treating cells

with 1 mM GSK-626616 during 240 min recovery. See also Figure S4.

(B) Reactivation of mTORC1 activity after osmotic stress is sensitive to GSK-626616, even in the presence of CHX. The phosphorylation of S6K1 at Thr389 prior,

during 45 min treatment with 0.6 M sorbitol, and after 240 min recovery in the presence of 1 mM GSK-626616, 50 mg/ml CHX, or both is shown.

(legend continued on next page)
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stress granules sequester mTORC1, a key modulator of cell signaling
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Figure 7. Activity-Dependent Dynamic Cycling of DYRK3 on SGs and Mechanism of mTORC1 Reactivation by DYRK3
(A) DYRK3 dynamically associates with mRNA granules. HeLa cells were transfected with GFP-DYRK3 or GFP-DYRK3-K218M 24 hr prior to FRAP experiments.

For stress conditions (FRAP of GFP-DYRK3 on SGs after stress recovery in the presence of GSK-626616), cells were treated for 45 min with 1 M sorbitol and

allowed to recover for 240 min in the presence of 1 mM GSK-626616. Data are represented as mean ± SD. A representative cell for each condition is shown as

a false-color image. Scale bars, 10 mm.

(B) During stressful conditions, stress-induced translational silencing induces the condensation of SGs. DYRK3 will partition in SGs via its N-terminal domain, as

well as mTORC1 components, which prevents mTORC1 signaling. When stress signals are gone, the kinase activity of DYRK3 is required for the dissolution of

SGs and mTORC1 relocation to the cytosol, and for phosphorylating PRAS40, which attenuates the binding of PRAS40 to the TORC1 complex. Combined, this

allows full reactivation of mTORC1 signaling.
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Tau fibrils

many neurodegenerative diseases exhibit pathological protein aggregates
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tau undergoes phase separation in vitro

effects of the P301L mutation and phospho-AT8 tau, two pro-
minent disease-related forms of tau, on LLPS behavior. Both
forms of tau signi!cantly enhanced tau phase separation, result-
ing in droplets that displayed slower dynamics compared to wild-
type tau. Moreover, with increasing time the dynamic exchange of
all three tau proteins in and out of the droplets was signi!cantly
reduced indicating that prolonged phase separation leads to more
static tau structures. These !ndings resemble the enhanced phase
separation and aggregation of P301L tau24 and reduction in

dynamics of mutant FUS and mature hnRNPA1 droplets8,49.
Pelleting experiments show that phase separation leads to a
progressive accumulation of tau in pelletable structures (i.e. liquid
droplets) as well as heat-, reducing- and SDS-stable multimers.
We also used biochemical assays to demonstrate that prolonged
tau LLPS in vitro facilitates the time-dependent appearance of
PAD exposure and oligomeric tau conformations. The adoption
of PAD-exposed conformations during prolonged phase separa-
tion was relatively similar between wild-type and disease-related
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disease-related mutations lead to tau oligomers 

effects of the P301L mutation and phospho-AT8 tau, two pro-
minent disease-related forms of tau, on LLPS behavior. Both
forms of tau signi!cantly enhanced tau phase separation, result-
ing in droplets that displayed slower dynamics compared to wild-
type tau. Moreover, with increasing time the dynamic exchange of
all three tau proteins in and out of the droplets was signi!cantly
reduced indicating that prolonged phase separation leads to more
static tau structures. These !ndings resemble the enhanced phase
separation and aggregation of P301L tau24 and reduction in

dynamics of mutant FUS and mature hnRNPA1 droplets8,49.
Pelleting experiments show that phase separation leads to a
progressive accumulation of tau in pelletable structures (i.e. liquid
droplets) as well as heat-, reducing- and SDS-stable multimers.
We also used biochemical assays to demonstrate that prolonged
tau LLPS in vitro facilitates the time-dependent appearance of
PAD exposure and oligomeric tau conformations. The adoption
of PAD-exposed conformations during prolonged phase separa-
tion was relatively similar between wild-type and disease-related
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FUS forms granules in cells

degeneration (FTLD) (Deng et al., 2014; Woulfe et al., 2010).
Recent reports show that the prion-like LC domains of FUS
can polymerize into fibrous amyloid-like assemblies in a cell-
free system (Han et al., 2012; Kato et al., 2012; Kwon et al.,
2013, 2014). Once assembled, these structures exhibit the
macroscopic behavior of hydrogels. However, it has been diffi-
cult to understand the relationship between amyloid-like hydro-
gels that form in vitro and the in vivo function of the protein,
because there has been little work on the dynamics of FUS in
living cells and the relationship between this dynamic behavior
and the onset of disease.
Here, we show that both in vivo and at physiological concen-

trations in vitro FUS forms liquid-like droplets. We further
demonstrate that the liquid-like state can convert into a solid
state and that this conversion is exacerbated by disease-associ-
ated mutations in the prion-like domain. Our findings suggest
that aberrant phase transitions may be at the heart of many
neurodegenerative diseases.

RESULTS

The Prion-like Protein FUS Assembles into Various
Dynamic Compartments In Vivo
Previous reports have implicated FUS in the formation of stress-
inducible compartments, such as DNA damage sites and stress

granules (Li et al., 2013; Mastrocola et al., 2013; Rulten et al.,
2014; Wang et al., 2013). These studies often used transient
transfection protocols and overexpression plasmids to study
the subcellular localization of FUS. We used an approach based
on BAC (bacterial artificial chromosome) transgeneOmics
(Poser et al., 2008). BACs have the advantage that they allow
the expression of transgenes from their native genomic environ-
ment, including most, if not all, regulatory elements. First, we
generated a BAC transgene for the expression of GFP-tagged
FUS and introduced it into HeLa and embryonic stem (ES) cells
to generate stable cell lines (Figure 1A). Next, we used mass
spectrometry to determine the physiological concentration of
FUS in HeLa cells (Figure S1A). We found that the concentration
is around 2 mM, with a technical precision between replicates of
2.24 ± 0.7 mM and an estimated accuracy of 2- to 3-fold
(Wi!sniewski et al., 2014). This makes FUS one of the top 5% of
proteins in terms of protein abundance. Because FUS is 2- to
4-fold enriched in the nucleus under normal conditions (Fig-
ure S1B), the local concentration in the nucleus may be between
4 and 8 mM.
Using FUS-GFP HeLa cells, we found that, in unstressed cells,

FUS predominately localized to the nucleus (Figure 1B), in agree-
ment with previous reports. We also noticed that FUS formed
small foci in the nucleoplasm (Figure 1B). A similar distribution
was observed in mouse ES cells (Figure S1C). Cells treated

A

D

F G

E

B C Figure 1. FUS Forms Several Dynamic Com-
partments In Vivo
(A) Immunoblot of Kyoto HeLa cells without a

BAC transgene (WT) or with a BAC transgene for

expression of FUS-GFP (FUS-GFP). FUS-GFP cells

with FUS small interfering RNA (siRNA) treatment

(FUS siRNA). The expected molecular weight (MW)

of endogenous FUS is 75 kDa. The asterisk marks

transgenic FUS-GFP. The FUS-GFP expression

level (estimated by band intensity) is approximately

60% of the endogenous FUS. The total amount of

FUSexpressed in FUS-GFP cells (endogenous plus

FUS-GFP) is about 1.75-fold higher than the FUS

expression in wild-type cells. a-Tub, a-tubulin.

(B) Inverted black and white images of FUS-GFP-

expressing cells in control or actinomycin-D-

treated conditions (nuclear puncta are magnified

in the inset).

(C) Quantification of the average number of nu-

clear puncta in untreated (Untr.) and actinomycin-

D (ActD)-treated conditions (n = at least 10 per

condition). Error bars represent SD. *p < 0.00001.

(D) FUS-GFP-expressing cells in control, DNA-

damage, andheat-stress conditions. Sites of strong

FUS-GFP localization are shown by dark puncta at

the irradiation-induced DNA damage sites (marked

with red lines) and stress granules (marked with red

arrows). The insets show approximately 13-fold

magnifications of the FUS compartments.

(E) FUS-GFP fluorescence in the nucleus, cytoplasm, and stress granules (Granule) were measured after the induction of stress (time point 0) by time-lapse

imaging. The representative graph reports the fluorescence intensity in each compartment.

(F) FUS-GFP fluorescence in the nucleus, cytoplasm, and stress granules (Granule) weremeasured after the release of stress (time point 0) by time-lapse imaging.

(G) Recovery half-times (Characteristic time of recovery) of FUS-GFP fluorescence after photobleaching in the nuclear puncta, stress granules, and DNA

damage sites (n = 10 per condition). For nuclear puncta versus stress granule, p = 0.1016; for nuclear puncta versus DNA damage sites, p = 0.0004; for stress

granule versus DNA damage site, p = 0.0089. The line within the boxplot represents the median, and the outer edges of the box are the 25th and 75th percentiles.

The whiskers extend to the minimum and maximum values.

See also Movie S1.
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degeneration (FTLD) (Deng et al., 2014; Woulfe et al., 2010).
Recent reports show that the prion-like LC domains of FUS
can polymerize into fibrous amyloid-like assemblies in a cell-
free system (Han et al., 2012; Kato et al., 2012; Kwon et al.,
2013, 2014). Once assembled, these structures exhibit the
macroscopic behavior of hydrogels. However, it has been diffi-
cult to understand the relationship between amyloid-like hydro-
gels that form in vitro and the in vivo function of the protein,
because there has been little work on the dynamics of FUS in
living cells and the relationship between this dynamic behavior
and the onset of disease.
Here, we show that both in vivo and at physiological concen-

trations in vitro FUS forms liquid-like droplets. We further
demonstrate that the liquid-like state can convert into a solid
state and that this conversion is exacerbated by disease-associ-
ated mutations in the prion-like domain. Our findings suggest
that aberrant phase transitions may be at the heart of many
neurodegenerative diseases.

RESULTS

The Prion-like Protein FUS Assembles into Various
Dynamic Compartments In Vivo
Previous reports have implicated FUS in the formation of stress-
inducible compartments, such as DNA damage sites and stress

granules (Li et al., 2013; Mastrocola et al., 2013; Rulten et al.,
2014; Wang et al., 2013). These studies often used transient
transfection protocols and overexpression plasmids to study
the subcellular localization of FUS. We used an approach based
on BAC (bacterial artificial chromosome) transgeneOmics
(Poser et al., 2008). BACs have the advantage that they allow
the expression of transgenes from their native genomic environ-
ment, including most, if not all, regulatory elements. First, we
generated a BAC transgene for the expression of GFP-tagged
FUS and introduced it into HeLa and embryonic stem (ES) cells
to generate stable cell lines (Figure 1A). Next, we used mass
spectrometry to determine the physiological concentration of
FUS in HeLa cells (Figure S1A). We found that the concentration
is around 2 mM, with a technical precision between replicates of
2.24 ± 0.7 mM and an estimated accuracy of 2- to 3-fold
(Wi!sniewski et al., 2014). This makes FUS one of the top 5% of
proteins in terms of protein abundance. Because FUS is 2- to
4-fold enriched in the nucleus under normal conditions (Fig-
ure S1B), the local concentration in the nucleus may be between
4 and 8 mM.
Using FUS-GFP HeLa cells, we found that, in unstressed cells,

FUS predominately localized to the nucleus (Figure 1B), in agree-
ment with previous reports. We also noticed that FUS formed
small foci in the nucleoplasm (Figure 1B). A similar distribution
was observed in mouse ES cells (Figure S1C). Cells treated
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B C Figure 1. FUS Forms Several Dynamic Com-
partments In Vivo
(A) Immunoblot of Kyoto HeLa cells without a

BAC transgene (WT) or with a BAC transgene for

expression of FUS-GFP (FUS-GFP). FUS-GFP cells

with FUS small interfering RNA (siRNA) treatment

(FUS siRNA). The expected molecular weight (MW)

of endogenous FUS is 75 kDa. The asterisk marks

transgenic FUS-GFP. The FUS-GFP expression

level (estimated by band intensity) is approximately

60% of the endogenous FUS. The total amount of

FUSexpressed in FUS-GFP cells (endogenous plus

FUS-GFP) is about 1.75-fold higher than the FUS

expression in wild-type cells. a-Tub, a-tubulin.

(B) Inverted black and white images of FUS-GFP-

expressing cells in control or actinomycin-D-

treated conditions (nuclear puncta are magnified

in the inset).

(C) Quantification of the average number of nu-

clear puncta in untreated (Untr.) and actinomycin-

D (ActD)-treated conditions (n = at least 10 per

condition). Error bars represent SD. *p < 0.00001.

(D) FUS-GFP-expressing cells in control, DNA-

damage, andheat-stress conditions. Sites of strong

FUS-GFP localization are shown by dark puncta at

the irradiation-induced DNA damage sites (marked

with red lines) and stress granules (marked with red

arrows). The insets show approximately 13-fold

magnifications of the FUS compartments.

(E) FUS-GFP fluorescence in the nucleus, cytoplasm, and stress granules (Granule) were measured after the induction of stress (time point 0) by time-lapse

imaging. The representative graph reports the fluorescence intensity in each compartment.

(F) FUS-GFP fluorescence in the nucleus, cytoplasm, and stress granules (Granule) weremeasured after the release of stress (time point 0) by time-lapse imaging.

(G) Recovery half-times (Characteristic time of recovery) of FUS-GFP fluorescence after photobleaching in the nuclear puncta, stress granules, and DNA

damage sites (n = 10 per condition). For nuclear puncta versus stress granule, p = 0.1016; for nuclear puncta versus DNA damage sites, p = 0.0004; for stress

granule versus DNA damage site, p = 0.0089. The line within the boxplot represents the median, and the outer edges of the box are the 25th and 75th percentiles.

The whiskers extend to the minimum and maximum values.

See also Movie S1.
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degeneration (FTLD) (Deng et al., 2014; Woulfe et al., 2010).
Recent reports show that the prion-like LC domains of FUS
can polymerize into fibrous amyloid-like assemblies in a cell-
free system (Han et al., 2012; Kato et al., 2012; Kwon et al.,
2013, 2014). Once assembled, these structures exhibit the
macroscopic behavior of hydrogels. However, it has been diffi-
cult to understand the relationship between amyloid-like hydro-
gels that form in vitro and the in vivo function of the protein,
because there has been little work on the dynamics of FUS in
living cells and the relationship between this dynamic behavior
and the onset of disease.
Here, we show that both in vivo and at physiological concen-

trations in vitro FUS forms liquid-like droplets. We further
demonstrate that the liquid-like state can convert into a solid
state and that this conversion is exacerbated by disease-associ-
ated mutations in the prion-like domain. Our findings suggest
that aberrant phase transitions may be at the heart of many
neurodegenerative diseases.

RESULTS

The Prion-like Protein FUS Assembles into Various
Dynamic Compartments In Vivo
Previous reports have implicated FUS in the formation of stress-
inducible compartments, such as DNA damage sites and stress

granules (Li et al., 2013; Mastrocola et al., 2013; Rulten et al.,
2014; Wang et al., 2013). These studies often used transient
transfection protocols and overexpression plasmids to study
the subcellular localization of FUS. We used an approach based
on BAC (bacterial artificial chromosome) transgeneOmics
(Poser et al., 2008). BACs have the advantage that they allow
the expression of transgenes from their native genomic environ-
ment, including most, if not all, regulatory elements. First, we
generated a BAC transgene for the expression of GFP-tagged
FUS and introduced it into HeLa and embryonic stem (ES) cells
to generate stable cell lines (Figure 1A). Next, we used mass
spectrometry to determine the physiological concentration of
FUS in HeLa cells (Figure S1A). We found that the concentration
is around 2 mM, with a technical precision between replicates of
2.24 ± 0.7 mM and an estimated accuracy of 2- to 3-fold
(Wi!sniewski et al., 2014). This makes FUS one of the top 5% of
proteins in terms of protein abundance. Because FUS is 2- to
4-fold enriched in the nucleus under normal conditions (Fig-
ure S1B), the local concentration in the nucleus may be between
4 and 8 mM.
Using FUS-GFP HeLa cells, we found that, in unstressed cells,

FUS predominately localized to the nucleus (Figure 1B), in agree-
ment with previous reports. We also noticed that FUS formed
small foci in the nucleoplasm (Figure 1B). A similar distribution
was observed in mouse ES cells (Figure S1C). Cells treated
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B C Figure 1. FUS Forms Several Dynamic Com-
partments In Vivo
(A) Immunoblot of Kyoto HeLa cells without a

BAC transgene (WT) or with a BAC transgene for

expression of FUS-GFP (FUS-GFP). FUS-GFP cells

with FUS small interfering RNA (siRNA) treatment

(FUS siRNA). The expected molecular weight (MW)

of endogenous FUS is 75 kDa. The asterisk marks

transgenic FUS-GFP. The FUS-GFP expression

level (estimated by band intensity) is approximately

60% of the endogenous FUS. The total amount of

FUSexpressed in FUS-GFP cells (endogenous plus

FUS-GFP) is about 1.75-fold higher than the FUS

expression in wild-type cells. a-Tub, a-tubulin.

(B) Inverted black and white images of FUS-GFP-

expressing cells in control or actinomycin-D-

treated conditions (nuclear puncta are magnified

in the inset).

(C) Quantification of the average number of nu-

clear puncta in untreated (Untr.) and actinomycin-

D (ActD)-treated conditions (n = at least 10 per

condition). Error bars represent SD. *p < 0.00001.

(D) FUS-GFP-expressing cells in control, DNA-

damage, andheat-stress conditions. Sites of strong

FUS-GFP localization are shown by dark puncta at

the irradiation-induced DNA damage sites (marked

with red lines) and stress granules (marked with red

arrows). The insets show approximately 13-fold

magnifications of the FUS compartments.

(E) FUS-GFP fluorescence in the nucleus, cytoplasm, and stress granules (Granule) were measured after the induction of stress (time point 0) by time-lapse

imaging. The representative graph reports the fluorescence intensity in each compartment.

(F) FUS-GFP fluorescence in the nucleus, cytoplasm, and stress granules (Granule) weremeasured after the release of stress (time point 0) by time-lapse imaging.

(G) Recovery half-times (Characteristic time of recovery) of FUS-GFP fluorescence after photobleaching in the nuclear puncta, stress granules, and DNA

damage sites (n = 10 per condition). For nuclear puncta versus stress granule, p = 0.1016; for nuclear puncta versus DNA damage sites, p = 0.0004; for stress

granule versus DNA damage site, p = 0.0089. The line within the boxplot represents the median, and the outer edges of the box are the 25th and 75th percentiles.

The whiskers extend to the minimum and maximum values.

See also Movie S1.
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degeneration (FTLD) (Deng et al., 2014; Woulfe et al., 2010).
Recent reports show that the prion-like LC domains of FUS
can polymerize into fibrous amyloid-like assemblies in a cell-
free system (Han et al., 2012; Kato et al., 2012; Kwon et al.,
2013, 2014). Once assembled, these structures exhibit the
macroscopic behavior of hydrogels. However, it has been diffi-
cult to understand the relationship between amyloid-like hydro-
gels that form in vitro and the in vivo function of the protein,
because there has been little work on the dynamics of FUS in
living cells and the relationship between this dynamic behavior
and the onset of disease.
Here, we show that both in vivo and at physiological concen-

trations in vitro FUS forms liquid-like droplets. We further
demonstrate that the liquid-like state can convert into a solid
state and that this conversion is exacerbated by disease-associ-
ated mutations in the prion-like domain. Our findings suggest
that aberrant phase transitions may be at the heart of many
neurodegenerative diseases.

RESULTS

The Prion-like Protein FUS Assembles into Various
Dynamic Compartments In Vivo
Previous reports have implicated FUS in the formation of stress-
inducible compartments, such as DNA damage sites and stress

granules (Li et al., 2013; Mastrocola et al., 2013; Rulten et al.,
2014; Wang et al., 2013). These studies often used transient
transfection protocols and overexpression plasmids to study
the subcellular localization of FUS. We used an approach based
on BAC (bacterial artificial chromosome) transgeneOmics
(Poser et al., 2008). BACs have the advantage that they allow
the expression of transgenes from their native genomic environ-
ment, including most, if not all, regulatory elements. First, we
generated a BAC transgene for the expression of GFP-tagged
FUS and introduced it into HeLa and embryonic stem (ES) cells
to generate stable cell lines (Figure 1A). Next, we used mass
spectrometry to determine the physiological concentration of
FUS in HeLa cells (Figure S1A). We found that the concentration
is around 2 mM, with a technical precision between replicates of
2.24 ± 0.7 mM and an estimated accuracy of 2- to 3-fold
(Wi!sniewski et al., 2014). This makes FUS one of the top 5% of
proteins in terms of protein abundance. Because FUS is 2- to
4-fold enriched in the nucleus under normal conditions (Fig-
ure S1B), the local concentration in the nucleus may be between
4 and 8 mM.
Using FUS-GFP HeLa cells, we found that, in unstressed cells,

FUS predominately localized to the nucleus (Figure 1B), in agree-
ment with previous reports. We also noticed that FUS formed
small foci in the nucleoplasm (Figure 1B). A similar distribution
was observed in mouse ES cells (Figure S1C). Cells treated
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B C Figure 1. FUS Forms Several Dynamic Com-
partments In Vivo
(A) Immunoblot of Kyoto HeLa cells without a

BAC transgene (WT) or with a BAC transgene for

expression of FUS-GFP (FUS-GFP). FUS-GFP cells

with FUS small interfering RNA (siRNA) treatment

(FUS siRNA). The expected molecular weight (MW)

of endogenous FUS is 75 kDa. The asterisk marks

transgenic FUS-GFP. The FUS-GFP expression

level (estimated by band intensity) is approximately

60% of the endogenous FUS. The total amount of

FUSexpressed in FUS-GFP cells (endogenous plus

FUS-GFP) is about 1.75-fold higher than the FUS

expression in wild-type cells. a-Tub, a-tubulin.

(B) Inverted black and white images of FUS-GFP-

expressing cells in control or actinomycin-D-

treated conditions (nuclear puncta are magnified

in the inset).

(C) Quantification of the average number of nu-

clear puncta in untreated (Untr.) and actinomycin-

D (ActD)-treated conditions (n = at least 10 per

condition). Error bars represent SD. *p < 0.00001.

(D) FUS-GFP-expressing cells in control, DNA-

damage, andheat-stress conditions. Sites of strong

FUS-GFP localization are shown by dark puncta at

the irradiation-induced DNA damage sites (marked

with red lines) and stress granules (marked with red

arrows). The insets show approximately 13-fold

magnifications of the FUS compartments.

(E) FUS-GFP fluorescence in the nucleus, cytoplasm, and stress granules (Granule) were measured after the induction of stress (time point 0) by time-lapse

imaging. The representative graph reports the fluorescence intensity in each compartment.

(F) FUS-GFP fluorescence in the nucleus, cytoplasm, and stress granules (Granule) weremeasured after the release of stress (time point 0) by time-lapse imaging.

(G) Recovery half-times (Characteristic time of recovery) of FUS-GFP fluorescence after photobleaching in the nuclear puncta, stress granules, and DNA

damage sites (n = 10 per condition). For nuclear puncta versus stress granule, p = 0.1016; for nuclear puncta versus DNA damage sites, p = 0.0004; for stress

granule versus DNA damage site, p = 0.0089. The line within the boxplot represents the median, and the outer edges of the box are the 25th and 75th percentiles.

The whiskers extend to the minimum and maximum values.

See also Movie S1.

Cell 162, 1066–1077, August 27, 2015 ª2015 Elsevier Inc. 1067

DNA damagecontrol heat stress

droplets
accumulate
in cytoplasm

droplets
accumulate

at DNA
lesions

droplets
localize

to nucleus 

FUS Forms Several Dynamic Compartments in Cells



Liquid–Liquid Phase Separation in Biology
LLPS in amyotrophic lateral sclerosis

Patel, A. et al. Cell 2015, 162, 1066.

FUS Compartments have Liquid-like Properties in Cells

liquids from solid gels (Hyman et al., 2014). Therefore, we next
asked whether FUS droplets are deformable by shear force.
Indeed, under such conditions, FUS droplets changed their
shape, as would be expected for a dynamic liquid with no mem-
ory of its previous state (Figure 3G; Movie S4). Furthermore, we
found that when two FUS droplets touched each other, they
rapidly fused and relaxed into one larger droplet within seconds
(Figures 3H and S3I; Movie S4). Such rapid relaxation times are
expected for liquid droplets with low viscosity.
Previous studies had identified the N-terminal prion-like

domain as critical for the formation of hydrogels (Kato et al.,
2012). Therefore, we generated a deletion mutant of FUS lacking
this N-terminal domain (FUSDLC) and purified it from insect cells
using the same protocol as for wild-type FUS. When we mixed
10 mM of wild-type or FUSDLC protein with 10% dextran, only
wild-type protein formed droplets, whereas truncated FUS re-
mained diffuse (Figure S3J). This indicates that the prion-like
domain is essential for forming liquid droplets, presumably
because of its sticky nature and ability to undergo many weak
interactions.

A

C

E

D F

B Figure 2. FUS Compartments Have Liquid-
like Properties In Vivo
(A) Representative heatmap kymograph showing

fluorescence intensity within one half-bleached

FUS-GFP stress granule over time. AU, arbitrary

units.

(B) Internal rearrangement of fluorescent FUS-

GFP molecules within a half-bleached FUS-GFP

stress granule in (A) is shown by quantification of

fluorescence in bleached (orange line) versus un-

bleached regions (blue lines) over time. Intensity

changes in a bleached or an unbleached pixel re-

gion over time was plotted.

(C) Raw and rendered 3D shapes of a stress

granule in heat- or arsenate-stressed living cell.

The panels show the xy, xz, and yz planes,

respectively.

(D) A plot showing the sphericity values of heat-

or arsenate-induced stress granules (n = 10 per

condition). A value of 1 represents a sphere. Error

bars represent SD. p = 0.5445.

(E) Raw and rendered montages of FUS-GFP

stress granule fusion events in heat- and arsenate-

induced stress conditions.

(F) The shape changes of an FUS-GFP droplet over

the time course of a fusion event measured as

aspect ratio (ratio between the long axis and the

short axis of a stress granule over time with an

exponential fit). As fused granules relax to a

spherical shape, the aspect ratio reaches 1.

See also Movie S2.

Therefore, FUS structures have all the
hallmarks of liquid droplets both in vivo
and in vitro: they are spheres, they fuse,
they deform under shear stress, and
they rearrange their contents within sec-
onds. This indicates that under physiolog-
ical conditions, FUS does not assemble
into solid-like aggregates or gels but

rather forms dynamic droplets that exhibit all the properties of
a true liquid. It further confirms that FUS has an intrinsic ability
to phase separate and form liquid droplets, suggesting that
FUS may play a central role in forming liquid compartments at
sites of DNA damage and during stress.

Multivalent PAR Chains Nucleate FUS Droplets In Vivo
and In Vitro
Previous studies identified a poly(ADP) ribose (PAR)-binding
domain in the C-terminal region of FUS and showed that FUS
is rapidly recruited to DNA damage sites in a PAR-dependent
manner (Mastrocola et al., 2013). Indeed, we found that PAR
polymerase 1 (PARP1) arrives within seconds of DNA damage,
and FUS was detectable immediately after arrival of PARP1 (Fig-
ure 4A). To investigate whether PAR is required for FUS accumu-
lation, we interfered with PAR formation by adding an inhibitor of
PARP1/2 to cells shortly before laser-mediated irradiation (Rul-
ten et al., 2014). Indeed, inhibition of PARP1/2 prevented the
recruitment of FUS (Figures 4B and 4C). Conversely, inhibition
of a PAR-degrading enzyme (PARG) prolonged the presence of
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liquids from solid gels (Hyman et al., 2014). Therefore, we next
asked whether FUS droplets are deformable by shear force.
Indeed, under such conditions, FUS droplets changed their
shape, as would be expected for a dynamic liquid with no mem-
ory of its previous state (Figure 3G; Movie S4). Furthermore, we
found that when two FUS droplets touched each other, they
rapidly fused and relaxed into one larger droplet within seconds
(Figures 3H and S3I; Movie S4). Such rapid relaxation times are
expected for liquid droplets with low viscosity.
Previous studies had identified the N-terminal prion-like

domain as critical for the formation of hydrogels (Kato et al.,
2012). Therefore, we generated a deletion mutant of FUS lacking
this N-terminal domain (FUSDLC) and purified it from insect cells
using the same protocol as for wild-type FUS. When we mixed
10 mM of wild-type or FUSDLC protein with 10% dextran, only
wild-type protein formed droplets, whereas truncated FUS re-
mained diffuse (Figure S3J). This indicates that the prion-like
domain is essential for forming liquid droplets, presumably
because of its sticky nature and ability to undergo many weak
interactions.
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like Properties In Vivo
(A) Representative heatmap kymograph showing

fluorescence intensity within one half-bleached

FUS-GFP stress granule over time. AU, arbitrary

units.

(B) Internal rearrangement of fluorescent FUS-

GFP molecules within a half-bleached FUS-GFP

stress granule in (A) is shown by quantification of

fluorescence in bleached (orange line) versus un-

bleached regions (blue lines) over time. Intensity

changes in a bleached or an unbleached pixel re-

gion over time was plotted.

(C) Raw and rendered 3D shapes of a stress

granule in heat- or arsenate-stressed living cell.

The panels show the xy, xz, and yz planes,

respectively.

(D) A plot showing the sphericity values of heat-

or arsenate-induced stress granules (n = 10 per

condition). A value of 1 represents a sphere. Error

bars represent SD. p = 0.5445.

(E) Raw and rendered montages of FUS-GFP

stress granule fusion events in heat- and arsenate-

induced stress conditions.

(F) The shape changes of an FUS-GFP droplet over

the time course of a fusion event measured as

aspect ratio (ratio between the long axis and the

short axis of a stress granule over time with an

exponential fit). As fused granules relax to a

spherical shape, the aspect ratio reaches 1.

See also Movie S2.

Therefore, FUS structures have all the
hallmarks of liquid droplets both in vivo
and in vitro: they are spheres, they fuse,
they deform under shear stress, and
they rearrange their contents within sec-
onds. This indicates that under physiolog-
ical conditions, FUS does not assemble
into solid-like aggregates or gels but

rather forms dynamic droplets that exhibit all the properties of
a true liquid. It further confirms that FUS has an intrinsic ability
to phase separate and form liquid droplets, suggesting that
FUS may play a central role in forming liquid compartments at
sites of DNA damage and during stress.

Multivalent PAR Chains Nucleate FUS Droplets In Vivo
and In Vitro
Previous studies identified a poly(ADP) ribose (PAR)-binding
domain in the C-terminal region of FUS and showed that FUS
is rapidly recruited to DNA damage sites in a PAR-dependent
manner (Mastrocola et al., 2013). Indeed, we found that PAR
polymerase 1 (PARP1) arrives within seconds of DNA damage,
and FUS was detectable immediately after arrival of PARP1 (Fig-
ure 4A). To investigate whether PAR is required for FUS accumu-
lation, we interfered with PAR formation by adding an inhibitor of
PARP1/2 to cells shortly before laser-mediated irradiation (Rul-
ten et al., 2014). Indeed, inhibition of PARP1/2 prevented the
recruitment of FUS (Figures 4B and 4C). Conversely, inhibition
of a PAR-degrading enzyme (PARG) prolonged the presence of
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liquids from solid gels (Hyman et al., 2014). Therefore, we next
asked whether FUS droplets are deformable by shear force.
Indeed, under such conditions, FUS droplets changed their
shape, as would be expected for a dynamic liquid with no mem-
ory of its previous state (Figure 3G; Movie S4). Furthermore, we
found that when two FUS droplets touched each other, they
rapidly fused and relaxed into one larger droplet within seconds
(Figures 3H and S3I; Movie S4). Such rapid relaxation times are
expected for liquid droplets with low viscosity.
Previous studies had identified the N-terminal prion-like

domain as critical for the formation of hydrogels (Kato et al.,
2012). Therefore, we generated a deletion mutant of FUS lacking
this N-terminal domain (FUSDLC) and purified it from insect cells
using the same protocol as for wild-type FUS. When we mixed
10 mM of wild-type or FUSDLC protein with 10% dextran, only
wild-type protein formed droplets, whereas truncated FUS re-
mained diffuse (Figure S3J). This indicates that the prion-like
domain is essential for forming liquid droplets, presumably
because of its sticky nature and ability to undergo many weak
interactions.
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(C) Raw and rendered 3D shapes of a stress
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(D) A plot showing the sphericity values of heat-

or arsenate-induced stress granules (n = 10 per

condition). A value of 1 represents a sphere. Error

bars represent SD. p = 0.5445.

(E) Raw and rendered montages of FUS-GFP

stress granule fusion events in heat- and arsenate-

induced stress conditions.

(F) The shape changes of an FUS-GFP droplet over

the time course of a fusion event measured as

aspect ratio (ratio between the long axis and the

short axis of a stress granule over time with an

exponential fit). As fused granules relax to a

spherical shape, the aspect ratio reaches 1.

See also Movie S2.

Therefore, FUS structures have all the
hallmarks of liquid droplets both in vivo
and in vitro: they are spheres, they fuse,
they deform under shear stress, and
they rearrange their contents within sec-
onds. This indicates that under physiolog-
ical conditions, FUS does not assemble
into solid-like aggregates or gels but

rather forms dynamic droplets that exhibit all the properties of
a true liquid. It further confirms that FUS has an intrinsic ability
to phase separate and form liquid droplets, suggesting that
FUS may play a central role in forming liquid compartments at
sites of DNA damage and during stress.

Multivalent PAR Chains Nucleate FUS Droplets In Vivo
and In Vitro
Previous studies identified a poly(ADP) ribose (PAR)-binding
domain in the C-terminal region of FUS and showed that FUS
is rapidly recruited to DNA damage sites in a PAR-dependent
manner (Mastrocola et al., 2013). Indeed, we found that PAR
polymerase 1 (PARP1) arrives within seconds of DNA damage,
and FUS was detectable immediately after arrival of PARP1 (Fig-
ure 4A). To investigate whether PAR is required for FUS accumu-
lation, we interfered with PAR formation by adding an inhibitor of
PARP1/2 to cells shortly before laser-mediated irradiation (Rul-
ten et al., 2014). Indeed, inhibition of PARP1/2 prevented the
recruitment of FUS (Figures 4B and 4C). Conversely, inhibition
of a PAR-degrading enzyme (PARG) prolonged the presence of
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liquids from solid gels (Hyman et al., 2014). Therefore, we next
asked whether FUS droplets are deformable by shear force.
Indeed, under such conditions, FUS droplets changed their
shape, as would be expected for a dynamic liquid with no mem-
ory of its previous state (Figure 3G; Movie S4). Furthermore, we
found that when two FUS droplets touched each other, they
rapidly fused and relaxed into one larger droplet within seconds
(Figures 3H and S3I; Movie S4). Such rapid relaxation times are
expected for liquid droplets with low viscosity.
Previous studies had identified the N-terminal prion-like

domain as critical for the formation of hydrogels (Kato et al.,
2012). Therefore, we generated a deletion mutant of FUS lacking
this N-terminal domain (FUSDLC) and purified it from insect cells
using the same protocol as for wild-type FUS. When we mixed
10 mM of wild-type or FUSDLC protein with 10% dextran, only
wild-type protein formed droplets, whereas truncated FUS re-
mained diffuse (Figure S3J). This indicates that the prion-like
domain is essential for forming liquid droplets, presumably
because of its sticky nature and ability to undergo many weak
interactions.
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aspect ratio (ratio between the long axis and the
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spherical shape, the aspect ratio reaches 1.
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Therefore, FUS structures have all the
hallmarks of liquid droplets both in vivo
and in vitro: they are spheres, they fuse,
they deform under shear stress, and
they rearrange their contents within sec-
onds. This indicates that under physiolog-
ical conditions, FUS does not assemble
into solid-like aggregates or gels but

rather forms dynamic droplets that exhibit all the properties of
a true liquid. It further confirms that FUS has an intrinsic ability
to phase separate and form liquid droplets, suggesting that
FUS may play a central role in forming liquid compartments at
sites of DNA damage and during stress.

Multivalent PAR Chains Nucleate FUS Droplets In Vivo
and In Vitro
Previous studies identified a poly(ADP) ribose (PAR)-binding
domain in the C-terminal region of FUS and showed that FUS
is rapidly recruited to DNA damage sites in a PAR-dependent
manner (Mastrocola et al., 2013). Indeed, we found that PAR
polymerase 1 (PARP1) arrives within seconds of DNA damage,
and FUS was detectable immediately after arrival of PARP1 (Fig-
ure 4A). To investigate whether PAR is required for FUS accumu-
lation, we interfered with PAR formation by adding an inhibitor of
PARP1/2 to cells shortly before laser-mediated irradiation (Rul-
ten et al., 2014). Indeed, inhibition of PARP1/2 prevented the
recruitment of FUS (Figures 4B and 4C). Conversely, inhibition
of a PAR-degrading enzyme (PARG) prolonged the presence of
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liquids from solid gels (Hyman et al., 2014). Therefore, we next
asked whether FUS droplets are deformable by shear force.
Indeed, under such conditions, FUS droplets changed their
shape, as would be expected for a dynamic liquid with no mem-
ory of its previous state (Figure 3G; Movie S4). Furthermore, we
found that when two FUS droplets touched each other, they
rapidly fused and relaxed into one larger droplet within seconds
(Figures 3H and S3I; Movie S4). Such rapid relaxation times are
expected for liquid droplets with low viscosity.
Previous studies had identified the N-terminal prion-like

domain as critical for the formation of hydrogels (Kato et al.,
2012). Therefore, we generated a deletion mutant of FUS lacking
this N-terminal domain (FUSDLC) and purified it from insect cells
using the same protocol as for wild-type FUS. When we mixed
10 mM of wild-type or FUSDLC protein with 10% dextran, only
wild-type protein formed droplets, whereas truncated FUS re-
mained diffuse (Figure S3J). This indicates that the prion-like
domain is essential for forming liquid droplets, presumably
because of its sticky nature and ability to undergo many weak
interactions.
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Therefore, FUS structures have all the
hallmarks of liquid droplets both in vivo
and in vitro: they are spheres, they fuse,
they deform under shear stress, and
they rearrange their contents within sec-
onds. This indicates that under physiolog-
ical conditions, FUS does not assemble
into solid-like aggregates or gels but

rather forms dynamic droplets that exhibit all the properties of
a true liquid. It further confirms that FUS has an intrinsic ability
to phase separate and form liquid droplets, suggesting that
FUS may play a central role in forming liquid compartments at
sites of DNA damage and during stress.

Multivalent PAR Chains Nucleate FUS Droplets In Vivo
and In Vitro
Previous studies identified a poly(ADP) ribose (PAR)-binding
domain in the C-terminal region of FUS and showed that FUS
is rapidly recruited to DNA damage sites in a PAR-dependent
manner (Mastrocola et al., 2013). Indeed, we found that PAR
polymerase 1 (PARP1) arrives within seconds of DNA damage,
and FUS was detectable immediately after arrival of PARP1 (Fig-
ure 4A). To investigate whether PAR is required for FUS accumu-
lation, we interfered with PAR formation by adding an inhibitor of
PARP1/2 to cells shortly before laser-mediated irradiation (Rul-
ten et al., 2014). Indeed, inhibition of PARP1/2 prevented the
recruitment of FUS (Figures 4B and 4C). Conversely, inhibition
of a PAR-degrading enzyme (PARG) prolonged the presence of
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amorphous and lacked ordered structures (Figure S6C). The
fiber state of FUS, instead, was characterized by many fibrillar
assemblies with a diameter of around 9 nm, and many of these
fibrils were laterally aligned (Figure S6C). These structures are
reminiscent of the amyloid-like aggregates identified in previous
work (Kato et al., 2012). Thus, we conclude that the liquid droplet
state is metastable and transitions into a thermodynamically
more stable aggregated state with time.

Many ALS-associated mutations map to the C-terminal nu-
clear localization sequence (NLS) of FUS. Mutations in the NLS
increase the cytosolic fraction of FUS (Kwiatkowski et al.,
2009; Vance et al., 2009). We confirmed this result by making
a BAC cell line containing a deletion of the NLS (Figure S6D).
Because phase transitions are extremely sensitive to protein
concentration, we hypothesized that these NLS mutations could
accelerate the conversion of FUS to a fibrous state by increasing
the concentration of FUS in the cytoplasm. Indeed, we found that
increasing concentrations of FUS had a higher propensity to

convert from a droplet to a fibrous state (Figures S6E and
S6F). Therefore, we conclude that the aggregation of FUS is
concentration dependent and that ALS-associated mutations
in FUS may promote the formation of aggregates as seen in pa-
tient cells by accelerating the conversion from a liquid droplet to
a fibrous state.

DISCUSSION

In this paper, we show that, both in vivo and at physiological pro-
tein concentrations in vitro, the prion-like protein FUS forms
liquid compartments. The evidence for this is 3-fold. First, the in-
dividual FUS molecules rapidly rearrange within the compart-
ment. Second, the compartments formed by FUS are spherical.
Finally, two FUS compartments can fuse and relax into one
sphere. FUS rapidly shuttles between liquid compartments in
the nucleus and the cytoplasm depending on the type of stress.
Importantly, we show that, with time, a population of FUS
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Figure 5. The Physical Properties of FUS Droplets Change with Time and Are Accelerated by a Patient-Derived Mutation in the Prion-like
Domain
(A) Recombinant human FUS with a single ALS-associated mutation (G156E, +) in the prion-like domain was expressed and purified from insect cells.

(B) Coomassie-stained SDS-PAGE gel of purified G156E FUS-GFP (!82 kDa). MW, molecular weight.

(C) Diagram illustrating the method to control in vitro fusion experiments using two optical traps demonstrated by the signal of two FUS droplets. The green bar

indicates the time of a fusion event, which can be inferred from the increase in the combined normalized laser signal. AU, arbitrary units.

(D) Representative montages of ‘‘fusion’’ and ‘‘no-fusion’’ events in the optical trap experiments.

(E) A boxplot of fusion times of wild-type (WT) and G156E FUS-GFP droplet pairs scaled by the mean drop size at different time points using optical trap. The line

within the boxplot represents the median and the outer edges of the box are the 25th and 75th percentiles. The whiskers extend to the most extreme points not

considered outliers. Outliers are calculated as the points that are smaller than q1 " 1:5#q3 " q1$ and larger than q3 " 1:5#q3 +q1$, where q1 and q3 are the 25th

percentile and 75th percentile, respectively. N/A indicates that fusion times could not be determined because fusion events were no longer detectable.

s, seconds; h, hour.

(F) Fraction of wild-type (WT) and G156E FUS-GFP droplet pairs showing fusion at different time points in vitro using an optical trap. Error bars represent binomial

confidence intervals. h, hours.

See also Movie S6.
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more stable aggregated state with time.
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a BAC cell line containing a deletion of the NLS (Figure S6D).
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S6F). Therefore, we conclude that the aggregation of FUS is
concentration dependent and that ALS-associated mutations
in FUS may promote the formation of aggregates as seen in pa-
tient cells by accelerating the conversion from a liquid droplet to
a fibrous state.
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ment. Second, the compartments formed by FUS are spherical.
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state is metastable and transitions into a thermodynamically
more stable aggregated state with time.

Many ALS-associated mutations map to the C-terminal nu-
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a BAC cell line containing a deletion of the NLS (Figure S6D).
Because phase transitions are extremely sensitive to protein
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fiber state of FUS, instead, was characterized by many fibrillar
assemblies with a diameter of around 9 nm, and many of these
fibrils were laterally aligned (Figure S6C). These structures are
reminiscent of the amyloid-like aggregates identified in previous
work (Kato et al., 2012). Thus, we conclude that the liquid droplet
state is metastable and transitions into a thermodynamically
more stable aggregated state with time.

Many ALS-associated mutations map to the C-terminal nu-
clear localization sequence (NLS) of FUS. Mutations in the NLS
increase the cytosolic fraction of FUS (Kwiatkowski et al.,
2009; Vance et al., 2009). We confirmed this result by making
a BAC cell line containing a deletion of the NLS (Figure S6D).
Because phase transitions are extremely sensitive to protein
concentration, we hypothesized that these NLS mutations could
accelerate the conversion of FUS to a fibrous state by increasing
the concentration of FUS in the cytoplasm. Indeed, we found that
increasing concentrations of FUS had a higher propensity to

convert from a droplet to a fibrous state (Figures S6E and
S6F). Therefore, we conclude that the aggregation of FUS is
concentration dependent and that ALS-associated mutations
in FUS may promote the formation of aggregates as seen in pa-
tient cells by accelerating the conversion from a liquid droplet to
a fibrous state.
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In this paper, we show that, both in vivo and at physiological pro-
tein concentrations in vitro, the prion-like protein FUS forms
liquid compartments. The evidence for this is 3-fold. First, the in-
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Domain
(A) Recombinant human FUS with a single ALS-associated mutation (G156E, +) in the prion-like domain was expressed and purified from insect cells.

(B) Coomassie-stained SDS-PAGE gel of purified G156E FUS-GFP (!82 kDa). MW, molecular weight.

(C) Diagram illustrating the method to control in vitro fusion experiments using two optical traps demonstrated by the signal of two FUS droplets. The green bar

indicates the time of a fusion event, which can be inferred from the increase in the combined normalized laser signal. AU, arbitrary units.

(D) Representative montages of ‘‘fusion’’ and ‘‘no-fusion’’ events in the optical trap experiments.
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percentile and 75th percentile, respectively. N/A indicates that fusion times could not be determined because fusion events were no longer detectable.
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increase the cytosolic fraction of FUS (Kwiatkowski et al.,
2009; Vance et al., 2009). We confirmed this result by making
a BAC cell line containing a deletion of the NLS (Figure S6D).
Because phase transitions are extremely sensitive to protein
concentration, we hypothesized that these NLS mutations could
accelerate the conversion of FUS to a fibrous state by increasing
the concentration of FUS in the cytoplasm. Indeed, we found that
increasing concentrations of FUS had a higher propensity to
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in vitro fusion of droplets via optical trap experiments

droplets lose ability to fuse over time
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Mutated FUS droplets lose the ability to fuse more quickly than wild type droplets

G156E is a patient derived mutation in FUS 
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droplets converts from a liquid state to an aggregated state,
which is reminiscent of the pathological state seen in ALS pa-
tients with mutations in the FUS protein. This conversion from
liquid to solid is accelerated either by mutations in the prion-
like domain that induce the early onset of ALS or by raising the
protein concentration, which mimics mutations in the NLS.
Therefore, our data suggest that aberrant phase transitions
may be at the heart of ALS and potentially other related diseases.
FUS compartments are amember of an expanding set of RNA-

protein compartments, such as P granules and nucleoli, which
probably form by liquid-liquid demixing from cytoplasm. Demix-
ing, or phase separation, is a powerful way to locally and rapidly
form compartments when needed. Indeed, FUS moves to sites
of DNAdamagewithin seconds of a triggering event, presumably
forming a compartment that recruits myriad additional factors
required for DNA damage repair (Dutertre et al., 2014; Lukas

et al., 2011). The liquid-like nature of the compartment means
that DNA repair enzymes could diffuse rapidly within the
compartment, while the phase boundary would maintain a high
local concentration of these enzymes and provides identity to
the compartment (Hyman and Brangwynne, 2011; Hyman
et al., 2014; Weber and Brangwynne, 2012).
Solid aggregates of FUS protein are commonly seen in ALS

patients. However, our results clearly show that, under physio-
logical conditions, FUS forms a liquid. Therefore, the onset of
ALS must involve, in some way, a transformation from a liquid
to an aggregated state. One explanation for this transformation
is that the raised concentration of FUS in liquid compartments
triggers aggregation. In fact, many experiments in vivo and
in vitro have shown that increasing the concentration of FUS
converts the protein into an aggregated state (Shelkovnikova
et al., 2014; Sun et al., 2011). This is presumably the mechanism
underlying patient mutations in the NLS of FUS, which also leads
to an increased cytoplasmic concentration (Kwiatkowski et al.,
2009; Vance et al., 2009). Indeed, we have shown that, in vitro,
the conversion from liquid to a solid-like state is concentration
dependent (Figure S6F). The liquid-to-solid phase transition
that we observe in vitro is reminiscent of the process of protein
crystallization, where formation of a metastable liquid phase
often precedes the formation of crystals. Although the chemistry
and physics of protein crystallization is not fully understood, it is
thought that the higher density of proteins in the liquid phase
triggers nucleation of the crystal (Dumetz et al., 2008; Galkin
and Vekilov, 2000; Lomakin et al., 2003; Vekilov, 2010). An alter-
native idea is that the orientation and the altered dynamics of
the molecules at the phase boundary promote crystal formation
(Vekilov, 2004).
The droplets with fibers protruding from them are remarkably

similar to the transition states in protein crystallization studies.
For instance, when lysozyme or hemoglobin is crystalized, inter-
mediate liquid droplets can be seen with small fibers emanating
from them (Galkin et al., 2002; Galkin and Vekilov, 2000; Vekilov,
2004). These states are also reminiscent of previously reported
states that precede the formation of amyloid in in vitro aggrega-
tion reactions of the yeast prion Sup35 (Serio et al., 2000). An
alternative idea would be that there are two competing reactions
in a test tube: liquid compartment formation and fibrous
aggregation. Compartment formation is much quicker, but the
soluble protein could slowly aggregate in the background, thus
depleting the pool of monomeric FUS and leading to disas-
sembly of the FUS droplets over time. We think this idea is less
compelling, because we observe a decrease in droplet fusion
with time, a change in droplet morphology, and also the droplets
increase in size during incubation (compare panels 0 hr and 4 hr
in Figure 6A). However, most likely, both conversion of liquid
droplets into fibers structures and a fibrous aggregation reaction
in the solution are taking place at the same time.
One problem is that we still do not know how pathological

aggregates arise in living cells. Do they form in liquid compart-
ments, or do they form in the bulk cytoplasm or nucleoplasm?
We speculate that the liquid-solid transformation of FUS initially
takes place in subcellular compartments but that later stages of
the disease are characterized by aggregation reactions occur-
ring in a compartment-independent manner. This is because
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Figure 6. FUS Converts from a Liquid Droplet to Fibrous Aggregates
(A) Representative images of the morphological changes in in vitro droplets of

wild-type (WT) or G156E FUS-GFP during an ‘‘aging’’ experiment over 8 hr.

(B) 3D rendered morphology of a G156E FUS-GFP ‘‘starburst.’’

(C) Recovery of fluorescence after photobleaching of wild-type (WT) FUS-GFP

or G156E FUS-GFP assemblies at time points 0 and 8 hr (h). Error bars

represent SD over seven independent measurements.

See also Movie S7.
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soluble protein could slowly aggregate in the background, thus
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sembly of the FUS droplets over time. We think this idea is less
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Figure 6. FUS Converts from a Liquid Droplet to Fibrous Aggregates
(A) Representative images of the morphological changes in in vitro droplets of

wild-type (WT) or G156E FUS-GFP during an ‘‘aging’’ experiment over 8 hr.

(B) 3D rendered morphology of a G156E FUS-GFP ‘‘starburst.’’

(C) Recovery of fluorescence after photobleaching of wild-type (WT) FUS-GFP
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droplets converts from a liquid state to an aggregated state,
which is reminiscent of the pathological state seen in ALS pa-
tients with mutations in the FUS protein. This conversion from
liquid to solid is accelerated either by mutations in the prion-
like domain that induce the early onset of ALS or by raising the
protein concentration, which mimics mutations in the NLS.
Therefore, our data suggest that aberrant phase transitions
may be at the heart of ALS and potentially other related diseases.
FUS compartments are amember of an expanding set of RNA-

protein compartments, such as P granules and nucleoli, which
probably form by liquid-liquid demixing from cytoplasm. Demix-
ing, or phase separation, is a powerful way to locally and rapidly
form compartments when needed. Indeed, FUS moves to sites
of DNAdamagewithin seconds of a triggering event, presumably
forming a compartment that recruits myriad additional factors
required for DNA damage repair (Dutertre et al., 2014; Lukas

et al., 2011). The liquid-like nature of the compartment means
that DNA repair enzymes could diffuse rapidly within the
compartment, while the phase boundary would maintain a high
local concentration of these enzymes and provides identity to
the compartment (Hyman and Brangwynne, 2011; Hyman
et al., 2014; Weber and Brangwynne, 2012).
Solid aggregates of FUS protein are commonly seen in ALS

patients. However, our results clearly show that, under physio-
logical conditions, FUS forms a liquid. Therefore, the onset of
ALS must involve, in some way, a transformation from a liquid
to an aggregated state. One explanation for this transformation
is that the raised concentration of FUS in liquid compartments
triggers aggregation. In fact, many experiments in vivo and
in vitro have shown that increasing the concentration of FUS
converts the protein into an aggregated state (Shelkovnikova
et al., 2014; Sun et al., 2011). This is presumably the mechanism
underlying patient mutations in the NLS of FUS, which also leads
to an increased cytoplasmic concentration (Kwiatkowski et al.,
2009; Vance et al., 2009). Indeed, we have shown that, in vitro,
the conversion from liquid to a solid-like state is concentration
dependent (Figure S6F). The liquid-to-solid phase transition
that we observe in vitro is reminiscent of the process of protein
crystallization, where formation of a metastable liquid phase
often precedes the formation of crystals. Although the chemistry
and physics of protein crystallization is not fully understood, it is
thought that the higher density of proteins in the liquid phase
triggers nucleation of the crystal (Dumetz et al., 2008; Galkin
and Vekilov, 2000; Lomakin et al., 2003; Vekilov, 2010). An alter-
native idea is that the orientation and the altered dynamics of
the molecules at the phase boundary promote crystal formation
(Vekilov, 2004).
The droplets with fibers protruding from them are remarkably
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FUS granules convert to aggregated, fibrous state more quickly in mutant
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Liquid–Liquid Phase Separation in Biology
outlook

More tools to control phase separation in cells (e.g. optogenetics)

Alberti, S.; Gladfelter, A.; Mittag, T. Cell 2019, 176, 419.

Uncovering regulatory mechanisms that control LLPS

More studies on the physiological functions of LLPS are necessary
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Figure 7. Activity-Dependent Dynamic Cycling of DYRK3 on SGs and Mechanism of mTORC1 Reactivation by DYRK3
(A) DYRK3 dynamically associates with mRNA granules. HeLa cells were transfected with GFP-DYRK3 or GFP-DYRK3-K218M 24 hr prior to FRAP experiments.

For stress conditions (FRAP of GFP-DYRK3 on SGs after stress recovery in the presence of GSK-626616), cells were treated for 45 min with 1 M sorbitol and

allowed to recover for 240 min in the presence of 1 mM GSK-626616. Data are represented as mean ± SD. A representative cell for each condition is shown as

a false-color image. Scale bars, 10 mm.

(B) During stressful conditions, stress-induced translational silencing induces the condensation of SGs. DYRK3 will partition in SGs via its N-terminal domain, as

well as mTORC1 components, which prevents mTORC1 signaling. When stress signals are gone, the kinase activity of DYRK3 is required for the dissolution of

SGs and mTORC1 relocation to the cytosol, and for phosphorylating PRAS40, which attenuates the binding of PRAS40 to the TORC1 complex. Combined, this

allows full reactivation of mTORC1 signaling.
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