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SUMMARY

Hair cell stereocilia tip-links function to sense me-
chanical forces generated by sound waves and
maintain the structure of stereocilia by rooting the
tail of cadherins to highly dense structures known
as tip-link densities. Although the molecular compo-
nents are largely known, the mechanisms underlying
the tip-link density formation are unknown. Here, we
show that Myosin VIIB (MYO7B), USH1C, and
ANKS4B, which form a specific complex stabilizing
tip-links in intestine microvilli, could form dense con-
densates via liquid-liquid phase separation in vitro
and in cells. The MYO7A, USH1C, and USH1G com-
plex also undergoes phase separation in cells. For-
mation of the MYO7A/USH1C/USH1G and MYO7B/
USH1C/ANKS4B condensates requires strong and
multivalent interactions between proteins in both
tripartite complexes. Point mutations of MYO7A
found in Usher syndrome patients weaken or even
disrupt the multivalent interactions of the MYO7A/
USH1C/USH1G complex and impair its phase sepa-
ration. Thus, the stereocilia tip-link densities may
form via phase separation of the MYO7A/USH1C/
USH1G complex.
INTRODUCTION

Various cellular punctate structures such as nucleoli, stress

granules, postsynaptic densities, and presynaptic active zones

have been widely observed by fluorescent microscopes. These

structures are enriched in proteins or nucleic acids with diverse

cellular functions and often appear as electron-dense

assemblies under the electronmicroscope. These punctate elec-

tron-dense structures were recently demonstrated to form

autonomously without delimiting membranes via a physical-

chemical process known as liquid-liquid phase separation
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(LLPS) (Brangwynne et al., 2011; Molliex et al., 2015; Wu et al.,

2019; Zeng et al., 2018). The formation of highly condensed,

membraneless cellular compartments via LLPS is being recog-

nized as an emergingmechanismbywhich cells organize various

functional assemblieswith distinct featureswith respect tomem-

brane-separated cellular organelles (Banani et al., 2017; Feng

et al., 2019; Hyman et al., 2014; Shin and Brangwynne, 2017).

Stereocilia and microvilli are both actin-supported, finger-like

protrusions assembled at the apical surface of polarized epithe-

lial cells. They are specialized for their functions in various as-

pects of human physiology, including mechanical force sensing

by the vestibular and cochlea hair cells in the ear, nutrient ab-

sorption in the intestine, and urine concentration by kidney tu-

bules (Barr-Gillespie, 2015; Crawley et al., 2014a; Louvard

et al., 1992; Mooseker, 1985; Sauvanet et al., 2015; Schwander

et al., 2010). Stereocilia are organized in rows of increasing

height, forming a staircase-like structure called the hair bundle

(Figure 1A) (Barr-Gillespie, 2015; Gillespie and M€uller, 2009;

Schwander et al., 2010; Tilney et al., 1992). The mechanotrans-

duction (MET) channels are located at the apex of all except

the tallest row of stereocilia (Beurg et al., 2009; Fettiplace and

Kim, 2014; Jaramillo and Hudspeth, 1991). The MET channels

are coupled with a protein-based filamentous ‘‘gating spring,’’

known as the tip-link, which is formed by protocadherin-15

(PCDH15) at the lower half and cadherin-23 (CDH23) at the upper

half (Kazmierczak et al., 2007; Sotomayor et al., 2012). Deflec-

tions of the hair bundles produce stretching forces to the tip-

links, increase the open probabilities of the MET channels, and

finally transduce the mechanical forces into electrochemical sig-

nals (Hudspeth and Corey, 1977; Pickles et al., 1984). The upper

end of the tip-link inserts into the side of the adjacent taller rows

of stereocilia. The upper and lower end insertion sites are both

juxtaposed to electron-dense plaques, known as the upper

tip-link density (UTLD) and the lower tip-link density (LTLD),

respectively (Figure 1A). The plasma membranes at the upper

end insertion site shows a characteristic cup-shaped indenta-

tion, suggesting a rigid coupling between the tip-link and the

UTLD (Furness and Hackney, 1985; Kachar et al., 2000).

Immunostaining studies showed that Myosin VIIA (MYO7A),

USH1G (also known as Sans), and USH1C (also known as
).
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Figure 1. The Cytoplasmic Components of the Intermicrovillar Adhesion Complex Form Phase-Separated Protein Condensates In Vitro

(A) Schematic diagrams of a mature inner ear hair cell and an intestinal enterocyte showing the tip-links of stereocilia and microvilli. The stereocilia tip-link

complex consists of the extracellular CDH23/PCDH15 filaments and the cytoplasmicMYO7A/USH1C/USH1G tripartite complex forming electron-dense plaques

underneath plasmamembranes at the upper side of tip-links (also see Figure 1 in the review by Gillespie andM€uller, 2009). The intestinal intermicrovillar adhesion

complex consists of the extracellular CDHR2/CDHR5 filaments and the cytoplasmic MYO7B/USH1C/ANKS4B complex.

(B) Schematic diagrams showing the domain organization and the interaction network of the cytoplasmic protein components of the stereocilia USH1 complex

and the intermicrovillar adhesion complex. The N-terminal motor heads, the following linkers of MYO7B and MYO7A (gray), are not included in this study. The

double-arrow lines indicate the binding affinity derived by isothermal titration calorimetry measurements (Li et al., 2016a; Pan and Zhang, 2012).

(C) A representative image showing that mixing purified M7BNC, USH1C, and ANKS4B causes the solution to be opalescent (the ‘‘+’’ sign behind the tube is

invisible), whereas the M7BNC solution alone is clear and transparent. The concentration of each protein is 5 mM.

(D) SDS-PAGE showing that purified M7BNC, USH1C, and ANKS4B are highly soluble and showed no signs of aggregation. ‘‘S’’ stands for the diluted phase

recovered in supernatants and ‘‘P’’ stands for condensed phase recovered in pellets.

(E) A representative image of the SDS-PAGE analysis of the sedimentation assay at various protein concentrations.

(F) Quantification of the results in (E) showing the fraction of the proteins recovered from pellets in the sedimentation assays. The results were generated from 3

independent batches of experiments and were presented as means ± SDs.
Harmonin or autoimmune enteropathy-related 75-kDa antigen

[AIE-75]) are located at the UTLD, suggesting that they are

involved in the electron-dense plaque formation, although the

mechanism underlying the dense assembly formation is not un-

derstood (Grati and Kachar, 2011; Grillet et al., 2009). MYO7A,

USH1G, and USH1C form a very stable tripartite complex via

several pairs of specific interactions (Adato et al., 2005; Li

et al., 2017; Pan and Zhang, 2012; Wu et al., 2011; Yan et al.,

2010; Yu et al., 2017). The cytoplasmic tail (CT) of CDH23 inter-

acts with USH1C (Pan et al., 2009; Siemens et al., 2002), thus

linking the tail of the upper tip-link to UTLD (Figure 1A). The

UTLD assembly, on the cytoplasmic side, is directly linked to
the actin cytoskeleton viaMYO7Amotor domain-mediated bind-

ing to actin filaments (Hasson et al., 1997; Kros et al., 2002).

Collectively, PCDH15, CDH23, MYO7A, USH1C, and USH1G

form an interconnected, highly stable complex in stereocilia,

and this 5-protein complex is known as the tip-link complex.

Loss-of-function mutations of genes encoding any one compo-

nent of the complex can lead to the type I Usher syndrome

(USH1), the most severe form of inherited hearing and visual dis-

orders (Dror and Avraham, 2009; Friedman et al., 2011; Reiners

et al., 2006; Richardson et al., 2011; Schwander et al., 2010; Sor-

usch et al., 2014). Accordingly, the tip-link complex is also known

as the USH1 complex.
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Microvilli uniformly line the apical surface of epithelia cells of

the intestine and form a densely packed structure with uniform

length known as the brush border. Despite their striking differ-

ences in both morphology and functions, the intestinal brush

border assembly is driven by a set of proteins that are analogous

to the stereocilia tip-link complex, and this set of the protein

complex in microvilli is known as the intermicrovillar adhesion

complex (IMAC) (Crawley et al., 2014b, 2016; Li et al., 2016a).

The cadherin-related family member 2 (CDHR2, also known as

protocadherin 24) and cadherin-related family member 5

(CDHR5, also known as mucin-like protocadherin) interact in

trans to form the filamentous tip-link (Crawley et al., 2014b).

The CT of CDHR2 is coupled to the actin filaments via a tripartite

complex composed of Myosin VIIB (MYO7B), USH1C, and

ANKS4B (Crawley et al., 2014b, 2016; Li et al., 2016a, 2017;

Weck et al., 2016; Yu et al., 2017).

Stereocilia are constantly subjected to stretching forces

generated by head movements or sound-induced vibrations

(Kachar et al., 2000; Schwander et al., 2010). Microvilli are also

continuously exposed to mechanical forces imposed by the in-

testinal peristalsis (Crawley et al., 2014b). In both systems, the

stereocilia andmicrovilli tip-linksmust be robust enough to avoid

being uprooted from the plasmamembranes. It is difficult to pre-

cisely determine the stretching forces applied to the stereocilia

or microvilli tip-links during their respective physiological pro-

cesses. Early biophysical studies suggested that the hair bundle

can sustain forces >150 pN (Howard and Hudspeth, 1988; Jara-

millo and Hudspeth, 1993). Band 3, a 14-transmembrane pass

protein connected with actin filaments in red blood cells, can

be pulled out from the plasma membranes by a force of �150

pN (Afrin and Ikai, 2006). The proteins that make up the tip-links

contain only 1 transmembrane helix. Usually, a single-pass

transmembrane protein can be pulled out from the membranes

by a force of 10–20 pN (Bell, 1978). How the fine filamentous

tip-links are robustly rooted into the stereocilia and microvilli

tip-link densities is not known.

In this study, we demonstrate that the multivalent interaction-

mediated formation of the intestinal MYO7B/USH1C/ANKS4B

complex can drive the formation of highly condensed, self-orga-

nized protein condensates via LLPS both in vitro and in living

cells. MYO7A, USH1C, and USH1G, the tip-link density compo-

nents in stereocilia, can also form condensed protein clusters in

heterologous cells via LLPS. Disease mutations of MYO7A iden-

tified in USH1 patients were found to disrupt or impair the forma-

tion of theMYO7A/USH1C/USH1G condensates via LLPS. Thus,

we propose that theMYO7A/USH1C/USH1G complex may form

UTLD through LLPS-mediated protein condensate formation.

Our study also suggests that intestinal microvilli may use the

MYO7B/USH1C/ANKS4B condensates to anchor their tip-links

and to maintain the structural stability of the brush border.

RESULTS

The MYO7B/USH1C/ANKS4B Complex Undergoes
Phase Separation In Vitro

At the cytoplasmic face, the IMAC is composed of MYO7B,

USH1C, and ANKS4B (Figures 1A and 1B) (Crawley et al.,

2014b, 2016). To reconstitute the IMAC in vitro, we purified the
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full-length USH1C and ANKS4B, as well as the entire tail of

MYO7B, including both the N- and the C-terminal myosin tail ho-

mology 4, band 4.1/ezrin/radixin/moesin (MyTH4-FERM) tan-

dems and the SH3 domain in between (referred to hereafter as

M7BNC) (Figure 1B). The expression and purification of the

high-quality M7BNC was facilitated by co-expressing its binding

partner USH1C PDZ3C. The USH1C PDZ3C was removed from

M7BNCby treating the complex with a buffer containing 300mM

NaCl (Figure S1). Unless otherwise specified, all of the purified

proteins used in the in vitro phase separation assays were free

of the fusion tags used for protein expression and purifications,

and the purities of the proteins are shown in Figure 1D.

Individually, all 3 proteins were highly soluble in physiological

relevant buffer (50 mM Tris-HCl, pH 7.8, with 100 mM NaCl)

and showed no signs of aggregation (Figures 1D and 2A).

When mixing M7BNC, USH1C, and ANKS4B at a ratio of 1:1:1,

the solution became opalescent (Figure 1C), reminiscent of the

LLPS phenomenon observed for the postsynaptic density

(PSD) assemblies (Zeng et al., 2016, 2018). To confirm this, we

used a sedimentation-based assay to analyze the compositions

and amount of proteins enriched into condensates. All 3 proteins

underwent LLPS and were enriched into the pellet when the

protein concentration was as low as 1 mM (Figure 1E). Approxi-

mately 80% of the proteins were recovered from the condensed

phase when the concentration of each protein reached R5 mM

(Figure 1F).

Next, we chemically labeled these proteins with different fluo-

rophores (each sparsely labeled at 1%) and checked the mixed

opalescent solution under a fluorescence microscope. Consis-

tent with the sedimentation-based assay, micron-sized droplets

with 3 proteins co-localized phase separated from the bulk solu-

tion at a protein concentration as low as 1 mM (Figure 2B), sug-

gesting that the condensed MYO7B/USH1C/ANKS4B assembly

may form at physiological conditions in microvilli. The numbers

and sizes of the condensed droplets increased when the

concentration of the protein mixture was raised (Figure 2B).

Fluorescence recovery after photobleaching (FRAP) experi-

ments revealed that each protein in the condensed MYO7B/

USH1C/ANKS4B droplets underwent exchange with proteins

in the surrounding dilute solutions (Figures 2C and 2D). We

observed a recovering ring-like structure in the early time points

after photobleaching for each protein, and the fluorescence sig-

nals of the proteins eventually became homogeneous at the later

time points (Figure 2C), suggesting their relatively slow diffusion

rates in the condensed phase. The formation of the MYO7B/

USH1C/ANKS4B condensates are sensitive to both salt concen-

tration and 1,6-hexanediol in the assay buffer (Figure S2), indi-

cating that both charge-charge and hydrophobic interactions

are important for the complex network formation.

MYO7B, USH1C, and ANKS4B Are Highly Concentrated
in the Condensed Phase
We next determined the absolute concentration of each protein

in the condensed phase using the fluorescence imaging-based

method developed in our earlier study of the PSD condensates

(Zeng et al., 2018). We used the confocal microscope to take z

stack images of the droplets spanning the entire z-dimension

with a fixed pinhole size. The thickness of each optical section



Figure 2. Image-Based Characterization of the Condensed Phase Formed by M7BNC/USH1C/ANKS4B

(A) Differential interference contrast (DIC) and fluorescent images showing that the purified M7BNC, USH1C, and ANKS4B were homogeneous and soluble, and

display no signs of aggregation.

(B) DIC and fluorescent images showing that the purifiedM7BNC/USH1C/ANKS4B tripartite complex phase separated to form condensed protein droplets at the

indicated concentrations. Only 1% of each protein was labeled with the indicated fluorophore, and this labeling ratio was used throughout this study. The images

were taken at �10 to �20 min after the proteins were mixed.

(C) Fluorescence recovery after photobleaching (FRAP) assay showing that proteins in the condensed phase exchange with their counterparts in the bulk dilute

phase. The assay concentration of each protein was 5 mM, and in each experiment, only the protein chosen for the assay was labeled with Cy3. The assays were

conducted at �15 to �90 min after the proteins were mixed. See also Video S1.(D) Quantification of the kinetics of the FRAP assays in (B) showing the relatively

slow recovery rates of the 3 proteins. The results were presented as means ± SDs with a total of R13 droplets analyzed for each protein.

(E) Representative confocal images of the z axis optical sections of the condensed droplets with different sizes. The starting concentration of each protein was

8 mM. The representative imageswere each taken at the center along the z-dimension of each droplet. The images were taken at�10 to�90min after the proteins

were mixed.

(F) The line plots of the intensity distributions of the z-dimension slices in (D) showing comparable fluorescence intensities (FIs), although the sizes of the droplets

are very different.

(G) The quantification of FIs of different proteins in the condensed phase showing that all 3 proteins have similar intensities. The data for each protein were

generated from R10 droplets in 3 independent experiments and are shown as means ± SDs.

(H) The summary of the measured FIs and calculated absolute concentrations of the 3 proteins in the condensed phase.
was set to 0.9 mm, and all of the droplets chosen for imaging

were thicker than 6 mm. Thus, the point-spread functions of the

central several layers of the z-dimension slices were completely

within the droplets (Zeng et al., 2018). We used these central

layers to measure the average fluorescence intensity (FI) of
each labeled protein in 1 z-dimension slice (Figures 2E–2G

and S3A–S3D). In each individual measurement, only 1% of 1

single protein was labeled with Cy3 fluorophore to avoid poten-

tial signal crosstalk between multiple labeled proteins with

different fluorophores. Next, using a highly soluble Cy3-labeled
Cell Reports 29, 974–986, October 22, 2019 977



thioredoxin (Trx), we generated a standard curve (Figure S3E)

with which we could calculate the absolute concentration of

each protein in the droplets (Figure 2H).

The confocal imaging results showed that the intensities of

droplets of different sizes were essentially the same (Figures

2E and 2F), suggesting that once they formed condensates,

the concentration of each component in the condensed phase

remains constant, regardless of the sizes and shapes of the

droplets. The concentrations of M7BNC, USH1C, and ANKS4B

in the condensed phase are �2.4 mM (Figure 2H), indicating

that the 1:1:1 stoichiometric assembly of the M7BNC/USH1C/

ANKS4B complex remains unchanged in the condensed phase,

as in the dilute phase (Li et al., 2016a). Based on the fact

that �80% of the total proteins were concentrated into the

condensed phase in our sedimentation assays (Figures 1E and

1F), we did a simplified estimation that the concentration of

each protein in bulk solution is �1.6 mM (8 mM starting concen-

tration with �20% remaining in the dilute phase) by assuming

that the volume of condensed phase is very small. Thus, the pro-

tein concentrations of M7BNC, USH1C, and ANKS4B between

the condensed and dilute phases differ by >1,500-fold, high-

lighting that LLPS-mediated formation of the MYO7B/USH1C/

ANKS4B condensates can dramatically concentrate the 3 pro-

teins into tiny volumes of condensed droplets.

Multivalent and Specific Interactions Drive the
Formation of the MYO7B/USH1C/ANKS4B Condensates
MYO7B, USH1C, and ANKS4B form a stable tripartite complex

via several pairs of specific interactions (Figure 1B). Briefly, the

NPDZ1 tandem of USH1C interacts with the SAMPBM tandem

of ANKS4B with a very strong binding affinity (Kd �3 nM), the

CEN region of ANKS4B binds to the N-terminal MyTH4-FERM

(NMF) domain, and the USH1C PDZ3 domain plus its C-terminal

extension (named PDZ3C) specifically interacts with the C-termi-

nal MyTH4-FERM (CMF) tandem (Figure 1B) (Li et al., 2016a,

2017). The binding between the ANKS4B and USH1C is

�1,000 times stronger than that between ANKS4B and

M7BNMF and that betweenUSH1C andM7BCMF.We reasoned

that with the superstrong interaction, USH1C and ANKS4B can

form a tightly associated binary complex. The USH1C/ANKS4B

complex in return can bind to M7BNMFS (via ANKS4B CEN) and

to M7BCMF (via USH1C PDZ3) of the MYO7B tail (Figure 1B).

Therefore, the formation of the M7BNC/USH1C/ANKS4B com-

plex is mediated via highly specific and multivalent protein-

protein interactions, a feature that is inductive for forming

condensed protein complex droplets via LLPS (Figure S4C) (Ba-

nani et al., 2017; Hyman et al., 2014; Li et al., 2012; Shin and

Brangwynne, 2017; Zeng et al., 2018).

To validate this hypothesis, we used purified ANKS4B CEN,

USH1C PDZ3C, and ANKS4B sterile a motif, PDZ-binding motif

(SAMPBM) to conduct a series of titration experiments. ANKS4B

CEN should compete with ANKS4B in binding to M7BNMFS, the

isolated USH1C PDZ3C should compete with USH1C in binding

to M7BCMF, and ANKS4B SAMPBM could disrupt the complex

formation between ANKS4B and USH1C (Figure 1B). Therefore,

additions of excess amounts of each individual protein of

ANKS4B CEN, USH1C PDZ3C, and ANKS4B SAMPBM to the

M7BNC/USH1C/ANKS4B mixture were expected to disrupt
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the multivalent interaction of the complex and thus weaken or

even disperse its phase separation. ANKS4B CEN, USH1C

PDZ3C, and ANKS4B SAMPBM could inhibit the LLPS of

the MYO7B/USH1C/ANKS4B complex in a dose-dependent

manner, as revealed by the sedimentation-based assay (Figures

3A1–3A3, and quantified in Figure 3B). When the concentration

of USH1C PDZ3C or ANKS4B CEN reached 125 mM, the

M7BNC/USH1C/ANKS4B condensates were almost completely

dispersed. As a control, addition of a nonrelevant protein (e.g.,

Trx) did not affect the LLPS capacity of the M7BNC/USH1C/

ANKS4B complex (Figure S4A). In a parallel imaging-based

assay, additions of ANKS4B CEN, USH1C PDZ3, or ANKS4B

SAMPBM (each 100 mM) to the M7BNC/USH1C/ANKS4B

mixture (each 5 mM) invariably led to obviously fewer and smaller

condensed droplets of the tripartite complex (Figure 3C).

Based on our previous characterizations of the formation of

the M7BNC/USH1C/ANKS4B complex (Li et al., 2016a, 2017),

we designed 3 different mutations to disrupt or weaken each

pair of the interactions in the tripartite complex. Truncation of

USH1C NPDZ1 (USH1C DNPDZ1) should disrupt the USH1C

and ANKS4B interaction; deleting PBM from USH1C (USH1C

DPBM) should dramatically weaken the binding of USH1C to

MYO7B; and deleting 2 short stretches of peptide fragments in

the ANKS4B CEN region (ANKS4B D10 + D5) should weaken

the binding of ANKS4B to MYO7B by 8-fold (Figure S4B). We

then performed both sedimentation-based and fluorescence im-

aging-based phase separation assays by substituting ANKS4B

in the tripartite mixture with ANKS4BD10 +D5, or by substituting

USH1C with either of the 2 USH1C mutants. Every one of the 3

mutants weakened the phase separation of the tripartite com-

plex mixture (Figures 4A–4C). It was noticed that the USH1C

DNPDZ1 mutant had the weakest capacity in forming conden-

sates with MYO7B and ANKS4B, underscoring the critical role

of the very strong binding between USH1C and ANKS4B for

the phase separation of the tripartite complex. The above

in vitro experiments demonstrated that every pair of the 3 binary

interactions in the MYO7B/USH1C/ANKS4B complex, as indi-

cated in Figure 1B, is required for the tripartite condensate for-

mation via LLPS.

The capacity of MYO7B in simultaneously binding to ANKS4B

and USH1C via its NMFS and CMF tandems allows the MYO7B/

USH1C/ANKS4B complex to form open oligomers (Figure S4C).

We inserted a tobacco etch virus (TEV) protease cutting site

(ENLYFQ) between the SH3 domain and the C-terminal

MyTH4-FERM tandem. The mutant MYO7B tail could be ex-

pressed with an N-terminal Trx tag and a C-terminal His6-tag

(referred to asM7BNTC; Figure S4D), and purified to homogene-

ity and with high solubility (lane 1 in Figure 4D). The wild-type

(WT) M7BNC with an N-terminal Trx tag and a C-terminal His6-

tag but without the TEV site inserted (referred to as M7BNC0 to
differentiate the same protein without the fusion tags used in

the rest of the experiments) was also purified as the control.

When mixed with USH1C and ANKS4B, the M7BNTC had com-

parable LLPS capacity with WT M7BNC0 (Figure 4D, lanes 3–6).

The TEV protease could efficiently cleaveM7BNTC and generate

Trx-M7BNFS and M7BCMF-His (Figure 4D, lane 13). We found

that the addition of the TEV protease, either cleaving M7BNTC

before mixing with USH1C and ANKS4B (Figure 4D, lanes 7–8)



Figure 3. Isolated Protein Domains Competing for Specific Multivalent Interactions Inhibit Formation of the MYO7B/USH1C/ANKS4B

Condensates

(A) Representative images of the SDS-PAGE analysis of the sedimentation-based assays showing that the ANKS4B CEN (A1), USH1C PDZ3C (A2), and ANKS4B

SAMPBM (A3) at indicated concentrations can inhibit LLPS of the M7BNC/USH1C/ANKS4B tripartite complex. The concentration of the tripartite complex was

5 mM for each protein. This concentration of the tripartite complex was used throughout this study unless otherwise specified.

(B) Quantifications of each protein recovered from pellets in the sedimentation assays described in (A). Statistical results were derived from 3 independent

experiments and were shown as means ± SDs. The quantitative data were derived from 3 independent experiments and shown as means ± SDs. ns, not sig-

nificant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using 2-way ANOVA with Dunnett’s multiple comparison test.

(C) DIC and fluorescence images showing that ANKS4B CEN, USH1C PDZ3C, and ANKS4B SAMPBM inhibited the droplet formation of the M7BNC/USH1C/

ANKS4B condensates. The concentration of ANKS4BCEN, USH1CPDZ3C, and ANKS4BSAMPBMusedwas 100 mM. The imageswere taken at�10 to�20min

after the proteins were mixed.
or first mixing M7BNTC with USH1C and ANKS4B followed

by adding TEV (Figure 4D, lanes 9–10), nearly abolished the

phase separation of the M7BNTC/USH1C/ANKS4B mixture

(Figure 4D). This result also suggested that the TEV protease

could freely meet and cut M7BNTC in the condensed phase of

the M7BNTC/USH1C/ANKS4B droplets. Under the microscope,

we could readily capture the time-dependent dispersion of

the M7BNTC/USH1C/ANKS4B droplets upon initiation of the

M7BNTC cleavage by addition of the TEV protease to the

phase-separatedM7BNTC/USH1C/ANKS4Bmixture (Figure 4E;

Video S2). The results shown in Figures 3 and 4 demonstrated

that the formation of the MYO7B/USH1C/ANKS4B condensates

requires highly specific and multivalent interactions among the 3

proteins, as illustrated in Figures 1B and S4C.

M7ANC/USH1C/USH1G and M7BNC/USH1C/ANKS4B
Both Undergo LLPS in Living Cells
The highly concentrated M7BNC/USH1C/ANKS4B conden-

sates formation prompted us to investigate the assembly of

the MYO7A/USH1C/USH1G complex in stereocilia. The stereo-

cilia and microvilli share USH1C in common and have other ho-

mologous components sharing very similar mechanisms in

forming multivalent protein interaction networks (Figure 1B) (Li

et al., 2016a, 2017; Yu et al., 2017). Unfortunately, the purified

MYO7A tails, including the N-terminal MyTH4-FERM domain,

the following SH3 domain, and the C-terminal MyTH4-FERM

domain (M7ANC), were found to be of low solubility and

undergo non-specific aggregations (data not shown). Thus,
M7ANC was not amenable for phase separation study

in vitro. In addition, in vitro purified USH1G was prone to aggre-

gation (data not shown). To study the possible LLPS of the ster-

eocilia tip-link complex, we resorted to heterologous HeLa

cells.

When expressed alone, the fluorescence-tagged M7ANC

and USH1C were diffused throughout the entire cytoplasm of

cells. Venus-USH1G showed slight nucleus enrichment. In

addition, in cells with high expression levels, Venus-USH1G

can form a few puncta along with being diffused in cytoplasm

(Figure 5A). When CFP-USH1C, Venus-USH1G, and mCherry-

M7ANC were co-expressed, we observed several very bright

spherical puncta in the cytosol of the vast majority of cells (Fig-

ure 5B, and see Figure 6C for images of a group of cells). Each

of these bright spherical puncta contains all 3 proteins perfectly

co-localized together. Line-scanning analysis showed that for-

mation of the M7ANC/USH1C/USH1G cluster massively con-

centrates the 3 proteins into these droplets (Figures 5C and

5D), suggesting that the M7ANC/USH1C/USH1G tripartite

complex may also undergo LLPS-mediated condensation in

cells. Similarly, when expressed individually, CFP-USH1C,

Venus-ANKS4B, and mCherry-M7BNC were diffused in HeLa

cells (Figure 5A). When the 3 proteins were co-expressed,

they also formed highly condensed spherical puncta in HeLa

cells (Figures 5B and 6C, and quantified in Figures 5C and

5D), indicating that the M7BNC/US1HC/ANKS4B complex

could also form membraneless condensates in living cells.

The puncta formed by M7ANC/USH1C/USH1G showed higher
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Figure 4. Mutations Disturbing the SpecificMultivalent Interactions ofMYO7B/USH1C/ANKS4B Tripartite Complex Inhibit Its LLPSCapacity

(A) Representative SDS-PAGE analysis of the sedimentation-based assays showing that the ANKS4B and USH1C mutants (ANKS4B D10 + D5, USH1C DPBM,

and USH1C DNPDZ1) had lower capacities in forming M7BNC/USH1C/ANKS4B condensates when compared to their respective WT counterparts.

(B) Statistics of the protein fractions recovered from pellets in the sedimentation assays showing that the LLPS capacities of the ANKS4B and USH1Cmutations

were decreased. The data were quantified from 3 independent experiments and shown as means ± SDs. ****p < 0.0001 using 2-way ANOVA with Dunnett’s

multiple comparison test.

(C) DIC and fluorescence imaging showing that the indicated mutations of ANKS4B and USH1C affected their LLPS capacities. The mutant proteins were not

labeled, and thus their images are in black. The images were taken at �10 to �20 min after the proteins were mixed.

(D) Sedimentation-based assay showing that the N-terminal and C-terminal MyTH4-FERM coupling is critical for LLPS of theM7BNC/USH1C/ANKS4B complex.

Both the M7BNTC and M7BNC0 used in this assay contained an N-terminal Trx tag and a C-terminal His6-tag (related to Figure S4D). The USH1C and ANKS4B

used for the present experiment also each contained an N-terminal Trx tag.

(E) DIC images showing the preformed condensed droplets gradually dispersed in parallel with TEV-mediated progressive cleavage of M7BNTC. Arrows indicate

that the large droplets underwent time-dependent dispersions. The TEV protease is added into the system at �10 min after the proteins were mixed.

Related to Video S2.
protein condensation/enrichment fold than the M7BNC/

US1HC/ANKS4B complex, as revealed by image-based esti-

mation (Figures 5C and 5D), presumably due to the tighter

tripartite complex formation by M7ANC/USH1C/USH1G (Pan

and Zhang, 2012).

A series of experiments were used to support that the puncta-

like structures formed by M7ANC/USH1C/USH1G and M7BNC/

US1HC/ANKS4B in HeLa cells are membraneless compart-

ments. First, FRAP assays showed that the puncta in both sys-

tems were liquid-like membraneless assemblies instead of

immobile aggregates. After photobleaching, the fluorescent sig-

nals within the puncta for both the M7ANC/USH1C/USH1G and

M7BNC/US1HC/ANKS4B assemblies could recover, although

the signal recovery speeds were relatively slow, possibly due

to the strong assemblies of both complexes (Figures 5E and

5F; Video S3). Second, in cells, small puncta formed by

M7ANC/USH1C/USH1G could readily fuse into larger droplets

over a short period of time (Figure 5G; Video S4), again indi-

cating the dynamic property of the puncta and the membrane-

less feature of the puncta. Third, we used DiO perchlorate, a lipid

membrane marker (Tsang et al., 2019), to show that the spher-

ical puncta formed by M7ANC/USH1C/USH1G did not overlap

with various structures stained by DiO perchlorate, indicating

that the USH1G/USH1C/MYO7A droplets are free of the lipid

membrane enclosure (Figure 5H). The above experiments

strongly indicate that both M7ANC/USH1C/USH1G and
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M7BNC/US1HC/ANKS4B complexes can form condensed

membraneless compartments via LLPS in living cells. We further

demonstrated that the M7ANC/USH1C/USH1G complex can

be recruited by membrane-tethered CDH23 CT to plasma mem-

branes forming puncta-like structures (Figure S5) (Li et al.,

2016b).

Disease Mutations Affect the LLPS Capacities of Both
the IMAC and Stereocilia Tip-Link Complex
Numerous mutations in the genes encoding proteins of the

stereocilia tip-link complex have been identified as causing

severe-to-profound congenital hearing impairment, vestibular

dysfunction, and prepubertal-onset retinopathy (El-Amraoui

and Petit, 2005; Richardson et al., 2011). According to the Hu-

man Gene Mutation Database (www.hgmd.cf.ac.uk/) and the

ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/), muta-

tions in MYO7A account for �50% of the total mutations that

lead to hearing impairments in USH1 syndrome patients. A total

of 138missensemutations involving 126 amino acidswere found

to be in the M7ANC region. We selected 6 among the 126 muta-

tions, which were previously demonstrated to disrupt or weaken

pairwise interactions of the multivalent interactions responsible

for assembling the M7ANC/USH1C/USH1G complex, to study

their impact on LLPS of the complex using HeLa cells as the

assay system (Li et al., 2017; Wu et al., 2011) (Figures 6A and

6B). Mutations at the corresponding positions in MYO7B were

http://www.hgmd.cf.ac.uk/
https://www.ncbi.nlm.nih.gov/clinvar/
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also tested for their impact on the phase separation of the

M7BNC/USH1G/ANKS4B complex.

Various mCherry-tagged M7ANC or M7BNC mutants were

each co-expressed with CFP-USH1C/Venus-USH1G or CFP-

USH1C/Venus-ANKS4B in HeLa cells, respectively. All of the

mutants, except for M7ANC L2193F and M7BNC L2090F, which

showed modest reductions (by �3- to 3.5-fold) in binding to

USH1C PDZ3C (Figure 6B), showed significant decreases

in forming condensed puncta with 3 proteins co-localized

together by quantifying the percentage of the puncta formation

of cells expressing these proteins (Figures 6C–6E). Although the

fraction of puncta positive cells in M7ANC L2193F- (‘‘A5’’ in Fig-

ure 6C) or M7BNC L2090F- (‘‘B5’’ in Figure 6C) expressing cells

was comparable to that of the corresponding WT protein-ex-

pressing cells, the levels of the protein enrichment in the puncta

of the 2 mutant-expressing cells were significantly decreased

compared to the WT counterpart-expressing cells (Figures 6F

and S6). As the control, the expression levels of each MYO7A

or MYO7B mutant were essentially the same and comparable

to those of the WT counterparts (Figures 6G and 6H). The effect

on the puncta formation of each MYO7A/MYO7B mutant was

highly correlated with the impact of the mutation on its quantita-

tive binding-affinity reduction in binding to USH1C or to USH1G/

ANKS4B (Li et al., 2017; Wu et al., 2011) (Figure 6B), indicating

that the LLPS capacities of the M7ANC/USH1C/USH1G and

M7BNC/USH1G/ANKS4B complexes are very sensitive to

the binding affinities of the respective multivalent interaction

network of the 2 assemblies in living cells. Thus, we propose

that formation of the M7ANC/USH1C/USH1G condensates is

likely to be the underlying mechanism for the formation of

UTLD observed in the stereocilia of hair cells. Mutations of

MYO7A (and likely mutations in USH1C and USH1G) that can

cause impaired assembly of the M7ANC/USH1C/USH1G com-

plex also weaken the condensed phase formation of the com-

plex, a process that may lead to hearing and vision impairments

due to destabilized tip-link formation and/or maintenance of

stereocilia. It will be ideal in the future to test these mutants in

hair cells or in enterocytes to assess their impact on the tip-

link density formation.
Figure 5. The MYO7A/USH1C/USH1G and the MYO7B/USH1C/ANKS4B

(A) All of the fluorescence-tagged proteins except for Venus-USH1G were diffus

zation, expressed diffusely or tended to form a few puncta when the expression

(B) Representative fluorescence images showing the co-expressed mCherry-M7

ANKS4B in HeLa cells formed phase-separated protein-dense puncta in HeLa c

dashed lines are analyzed in (B).

(C) The line plot distributions of the mCherry signal intensities showing the punct

cytosolic background signals than the puncta formed by the M7BNC/USH1C/AN

(D) Quantification of protein enrichment fold based on fluorescent intensity. The e

the surrounding cytosol. The result was derived from 3 batches of cell cultures. D

(E) Representative images of the FRAP assays of condensed puncta in HeLa cel

USH1C/Venus-ANKS4B were co-expressed in HeLa cells. Only the mCherry-M7

was enlarged and shown in the insets. See also Video S3.

(F) Quantification of the kinetics of the FRAP assay in (D) showing that theM7BNC/

USH1G does. The results were presented as means ± SDs, with a total of 19 an

(G) Fluorescence images showing 2 neighboring M7ANC/USH1C/USH1G punct

co-expressed in HeLa cells, and themCherry-M7ANC channel of the signals was u

and shown in the insets. See also Video S4.

(H) A representative image of lipid marker DiO staining showing that the cellular

were not associated with lipid membranes.
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DISCUSSION

The protein-dense tip-link densities of stereocilia were first

observed and described >30 years ago (Furness and Hackney,

1985). The characteristic indentation at the upper tip-link inser-

tion site and the cone-shaped organization of the lower stereoci-

lium tip suggest robust root anchorage of both ends of the

tip-links suitable for transmitting and sustaining sound wave-

induced deflective tensions in stereocilia (Furness and Hackney,

1985; Kachar et al., 2000). Genetic and cell biological studies

have revealed that the MYO7A/USH1C/USH1G tripartite com-

plex was localized and concentrated at UTLD (El-Amraoui and

Petit, 2005; Grati and Kachar, 2011; Grillet et al., 2009; Richard-

son et al., 2011), but how the highly dense MYO7A/USH1C/

USH1G assembly visible by electron microscopy forms remains

elusive. The tip-link densities are to a certain degree analogous

to the pre- and postsynaptic densities observed in neuronal syn-

apses in that, for example, neuronal synapses are also asym-

metric with presynaptic protein assemblies juxtaposed to the

postsynaptic density signaling machineries; each presynaptic

bouton is physically connected to a postsynaptic dendritic pro-

trusion(s) via cellular adhesion proteins, including cadherins;

both presynaptic and postsynaptic protein assemblies form via

large and multivalent protein-protein interaction networks

assembled into very densely packed nano- to micrometer scale

structures visible under the electron microscope; and both pre-

synaptic and postsynaptic densities are attached to plasma

membranes on one side and open to cytoplasm on the other

side. We recently demonstrated that pre- and postsynaptic den-

sity protein assemblies are formed by specific and multivalent

protein-protein interaction-mediated LLPS (Wu et al., 2019;

Zeng et al., 2016, 2018, 2019). In this study, we discovered

that the multivalent interactions among MYO7B, USH1C, and

ANKS4B can drive the formation of the highly condensed

M7BNC/USH1G/ANKS4B complex, with each protein concen-

tration reaching �2.4 mM in vitro (Figure 2). The condensates

can interact with and concentrate purified CDHR2 CT in vitro

(Figure S5A). Using heterologous HeLa cells as an assay system,

we further showed that both MYO7A/USH1C/USH1G and
Complexes Underwent LLPS in Heterologous Cells

ely expressed in the cytosol. Venus-USH1G showed nucleus-preferred locali-

level was high.

ANC/CFP-USH1C/Venus-USH1G and mCherry-M7BNC/CFP-USH1C/Venus-

ells. The white lines outline the cell body and nucleus of each cell. The yellow

a formed by M7ANC/USH1C/USH1G have higher in-puncta signals and lower

KS4B complex.

nrichment fold was calculated as the mean FI in the puncta divided by the FI of

ata are presented as mean ±SEM from >150 puncta.

ls. mCherry-M7ANC/CFP-USH1C/Venus-USH1G and mCherry-M7BNC/CFP-

ANC and mCherry-M7BNC signals were monitored. The yellow boxed region

USH1C/ANKS4B complex exhibits a faster recovery rate thanM7ANC/USH1C/

d 23 droplets for M7BNC and M7ANC, respectively.

a fused within 1 min. The mCherry-M7ANC/CFP-USH1C/Venus-USH1G were

sed to show the droplet fusion process. The yellow boxed region was enlarged

droplet-like puncta formed by mCherry-M7ANC/CFP-USH1C/FLAG-USH1G
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MYO7B/USH1C/ANKS4B could form condensed membrane-

less droplets via LLPS in living cells. Membrane tethered

CDH23 CT can recruit MYO7A/USH1C/USH1G to the plasma

membrane, forming punctate structures (Figures S5B–S5D). A

panel of MYO7A mutations found in USH1 patients, which

have been previously shown to weaken or impair the binding

of MYO7A to USH1C or USH1G (Li et al., 2017; Wu et al.,

2011), were also found to weaken phase separation-mediated

MYO7A/USH1C/USH1G condensates formation in the cell cul-

ture model (Figure 6). Based on these observations, we propose

that UTLDs of stereocilia may be formed by phase separation-

mediated formation of the MYO7A/USH1C/USH1G conden-

sates. It will be interesting to test whether the lower tip-link

density of stereocilia could also be formed by phase separa-

tion-mediated formation of the MYO15A/Whirlin/Eps8 conden-

sates, as MYO15A, Whirlin, and Eps8 have been shown to

form a multivalent tripartite complex through several pairs of in-

teractions (Manor et al., 2011; Zampini et al., 2011). The high-

density upper and lower tip-link densities could serve as root

anchorage bases for the C-terminal tails of CDH23 and

PCDH15, respectively. To the best of our knowledge, no electron

microscope studies have reported similar observations of elec-

tron-dense plaques at the bases of the tip-links of intestinal

microvilli. However, fluorescence imaging studies have clearly

shown that MYO7B, USH1C, and ANKS4B are confined and

highly enriched at the bases of the tip-links of intestinal microvilli

(Crawley et al., 2014b, 2016; Weck et al., 2016). Our in vitro and

heterologous cell studies have demonstrated that MYO7B,

USH1C, and ANKS4B can form highly concentrated conden-

sates via phase separation. Thus, we suggest that MYO7B,

USH1C, and ANKS4B may also form tip-link density-like struc-

tures for stable anchorage of the C-terminal tails of CDHR2

and CDHR5 in the intestine and kidney microvilli.

It should be noted that, in addition to the 3 specific pairs of in-

teractions investigated for each complex in this study, other pro-

tein-protein interactions associated with the MYO7A/USH1C/

USH1G and MYO7B/USH1C/ANKS4B complexes may further

promote the dense tip-link complex condensates formation.

For example, the cochlea-specific exon68 of CDH23, which

was shown to facilitate the dimerization of CDH23 CT, has the

capacity to form large protein assemblies with USH1C (Wu
Figure 6. USH1 Disease Mutations of MYO7A Affect the LLPS of the M

(A) Schematic diagrams showing the domain organization of MYO7A and MYO

respective tail regions. The identity of each mutation and the impact of the muta

(B) A summary of each mutation and the impact of the mutation on the binding

generated from isothermal titration calorimetry (ITC)-based assays (Li et al., 2017

quality in vitro; N.D., the interaction is not detectable by ITC.

(C) Representative contrast-adjusted images of WT mCherry-M7ANC or its var

mutants, except for A5 (L2193F), show a reduced number of puncta positive cel

(D) Representative contrast-adjusted images of WT mCherry-M7BNC or its var

mutants, except for B5 (L2090F), show a significantly reduced number of puncta

(E) Statistical results showing the fraction of puncta positive cells in (C) and (D). T

SDs, with the total cell number n > 240 for each MYO7A or MYO7B construct. E

using 1-way ANOVA with Dunnett’s multiple comparison test. ns, not significant;

(F) Quantitative comparisons of protein enrichment folds in the condensed drople

and its B5 (L2090F) mutant. The statistical data were generated from 3 batches o

construct, and the results were shown as means ± SEMs. ***p < 0.001; ****p < 0

(G andH)Western blot analysis showing that each construct ofM7ANC (G) orM7B

(C) and (D). Tubulin was used as the loading control.
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et al., 2012). Both USH1C and USH1G were reported to have a

tendency to self-associate and form oligomers (Bahloul et al.,

2017; Yan et al., 2010; Yu et al., 2017). MYO7A, analogous to

MYO6 (Yu et al., 2009), has been suggested to undergo cargo

binding-induced dimerization (Sakai et al., 2011). Since the

multivalent protein-protein interactions are critical for the forma-

tion ofmembraneless biological condensates, including pre- and

postsynaptic densities (Li et al., 2012;Wu et al., 2019; Zeng et al.,

2016, 2018), the above-mentioned protein-protein interactions

can further increase the valency of the MYO7A/USH1C/

USH1G assembly and thus promote its phase separation.

In summary, we have shown that the MYO7A/USH1C/USH1G

andMYO7B/USH1C/ANKS4B complexes each can form specific

and very-high-density protein condensates via LLPS. Thedensely

packed MYO7A/USH1C/USH1G complex formed via LLPS is

likely to be important for the formation of the observed upper

tip-link density in stereocilia. MYO7A mutations found in USH1

patients weaken or disrupt the binding of the motor to USH1C

or USH1G and impair the MYO7A/USH1C/USH1G condensates

formation. Our study provides evidence showing that the forma-

tion of biological condensates via LLPS may be closely associ-

ated with physiological functions such as hearing, vision, nutrient

absorption, and urine filtering in different tissues and organs.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-mCherry Abcam Cat#ab167453; RRID: AB_2571870

Anti-tubulin Developmental Studies

Hybridoma Bank

Cat#E7; RRID: AB_528499

Chemicals, Peptides, and Recombinant Proteins

Recombinant protein:USH1C full-length and PDZ3C (Uniprot: Q9Y6N9,

1-552 and 428-552)

Li et al., 2016a N/A

Recombinant protein: USH1C mutants DNPDZ1 and DPBM (Uniprot:

Q9Y6N9, 195-552 and 1-548)

This paper N/A

Recombinant protein: ANKS4B full-length, CEN and SAMPBM (Uniprot:

Q8K3X6, 1-423, 253-352, 345-423)

Li et al., 2016a N/A

Recombinant protein: ANKS4B D10+D5 (Uniprot: Q8K3X6, deleting 269-

278 +334-338)

This paper N/A

Recombinant protein: M7BNC (Uniprot:Q6PIF6, 960-2116) Li et al., 2017 N/A

Recombinant protein: CDHR2 Cytoplasmic tail (Uniprot: E9Q7P9, 1176-1308) Li et al., 2016a N/A

1,6-Hexanediol Sigma-Aldrich Cat# 240117

Alexa Fluor 488 succinimidyl ester ThermoFisher Cat#A20000

Cy3 monosuccinimidyl ester AAT Bioquest Cat#271

Cy5 monosuccinimidyl ester AAT Bioquest Cat#151

DiO perchlorate AAT Bioquest Cat#22066

Critical Commercial Assays

ViaFect Transfection Reagent Promega Cat#E4981

Experimental Models: Cell Lines

Human: HeLa cells ATCC CCL-2; RRID: CVCL_0030

Human: HEK293T cells ATCC CRL-3216; RRID: CVCL_0063

Experimental Models: Organisms/Strains

Escherichia coli BL21 (DE3) cells Invitrogen Cat# C600003

Stellar Competent Cells Takara Bio Cat# 636763

Recombinant DNA

Plasmid for recombinant protein expression: 32m3c-USH1C full-length Li et al., 2016a N/A

Plasmid for recombinant protein expression: M3C-PDZ3C Li et al., 2016a N/A

Plasmid for recombinant protein expression: 32M3C-USH1C mutants

(DNPDZ1,DPBM)

This paper N/A

Plasmid for recombinant protein expression: 32M3C-ANKS4B Full-length,

CEN, SAMPBM

Li et al.,2016a N/A

Plasmid for recombinant protein expression: 32M3C-ANKS4B D10+D5 This paper N/A

Plasmid for recombinant protein expression: 32M3C-CDHR2 cytoplasmic tail Li et al., 2016a N/A

Plasmid for recombinant protein expression: 32M3C-M7BNC Li et al., 2017 N/A

Plasmid for recombinant protein expression: M3C-TEV protease This paper N/A

Plasmid for recombinant protein expression: 32M3C-M7BNTC This paper N/A

Plasmid for heterologous cells transfection: CFP-USH1C This paper N/A

Plasmid for heterologous cells transfection: Venus-ANKS4B This paper N/A

Plasmid for heterologous cells transfection: Flag-ANKS4B This paper N/A

Plasmid for heterologous cells transfection: Venus-USH1G This paper N/A

Plasmid for heterologous cells transfection: Flag-USH1G This paper N/A
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Plasmid for heterologous cells transfection: mCherry-M7BNCWT and 6 disease

Mutants (NMFS, B1-B6)

This paper N/A

Plasmid for heterologous cells transfection: mCherry-M7ANCWT and 6 disease

Mutants (NMFS, A1-A6) (Uniprot:P97479-2, 965-2215)

This paper N/A

Plasmid for heterologous cells transfection: SEP-CDH23 Cytoplasmic tail

(Uniprot: Q9H241, 3104-3354)

This paper N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Prism GraphPad https://www.graphpad.com/

scientific-software/prism/
LEAD CONTACT AND MATERIALS AVAILABILITY

Plasmids generated in this study do not appear to be generic and unique and thus are not deposited in public repositories. Further

information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mingjie Zhang

(mzhang@ust.hk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HeLa Cells and HEK293T Cells Culture
HeLa and HEK293T cells (both from ATCC) were cultured in DMEM media supported by 5% fetal bovine serum. Both HeLa and

HEK293T cells were derived from female tissues.

Bacterial Strain
Escherichia coli BL21 cells were used in this study for the production of recombinant proteins. Cells were cultured in LB medium

supplemented with necessary antibiotics.

METHOD DETAILS

Plasmids Construction
The M7BNC (reference number UniProt: Q6PIF6, residue 960-2116), USH1C and ANKS4B were cloned into a modified pET vector

containing an N-terminal Trx-His6 tag, as described in our previous studies (Li et al., 2016a, 2017). Various point mutations, trunca-

tions, and insertions of M7BNC, USH1C, and ANKS4B were generated using standard PCR-based method and confirmed by DNA

sequencing. The point mutations of M7ANC and M7BNC were introduced by site-directed mutagenesis using PfuUltra (Agilent). For

the HeLa cell experiments, the M7ANC (reference number UniProt: P97479, residue 935-2215) and M7BNC were cloned into

pmCherry C-3 vector; the USH1C was cloned into pECFP vector; and USH1G (reference number Uniprot: Q495M9) and ANKS4B

were cloned into mVenus C1 vector, all using standard PCR-based method.

Protein Expression and Purification
All recombinant proteins were expressed in Escherichia coli BL21 (DE3) cells (Agilent Technologies) in LB medium at 16�C for 16-20

hours. The N-terminal His6-tagged proteins were purified using Ni2+-nitrilotriacetic acid agarose column followed by size-exclusion

chromatography (Superdex 200 26/600 column from GE healthcare) with column buffer containing 50 mM Tris pH 7.8, 100 mMNaCl

(300 mMNaCl for the separation of M7BNC and USH1C PDZ3, Figure S1), 1 mM EDTA, 1 mMDTT. The affinity tags were cleaved by

HRC-3C protease followed by another step of size-exclusion chromatography as described above.

Protein Fluorophore Labeling
The fluorophore Cy3/Cy5 NHS ester (AAT Bioquest) and Alexa 488 NHS ester (ThermoFisher) were dissolved in DMSO. Proteins of

high purity were prepared in labeling buffer containing 100mMNaHCO3, pH 8.3, 100mMNaCl, 1mMEDTA and 1mMDTT, andwere

concentrated to 5-10 mg/mL. The concentrated proteins were incubated with corresponding fluorophore at molar ratio 1:1 in room

temperature for 1 hour and the reactions were quenched by 200 mM Tris, pH 7.8. The unreacted fluorophores and other small mol-

ecules were separated from the proteins using a Hitrap desalting column with buffer containing 50 mM Tris pH 7.8, 100 mM NaCl,

1mM EDTA and 1 mM DTT. The fluorophore labeling efficiencies were determined by Nanodrop (ThermoFisher). For the imaging

experiment, the labeled proteins were further diluted with the same proteins in the same buffer and the final labeling ratio was 1%

(i.e., only 1% of the total proteins were labeled with fluorophore). This labeling ratio was used throughout this study.
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In Vitro Sedimentation Assay and Imaging
All purified proteins were prepared in buffer containing 50 mM Tris, pH 7.8, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT. Before each

experiment, the proteins were centrifuged at 16, 873 g at 16�C for 10mins to remove possible non-specific aggregates. Then proteins

were mixed or diluted to reach designated concentrations.

For the sedimentation assays, the final volume of each mixture was 30 mL. The proteins were mixed at indicated concentration,

stoichiometry, and buffer condition (different concentration of salt and 1,6-Hexanediol). The mixtures were vortex for 2-3 s to ensure

they were mixed thoroughly. After equilibrium at room temperature for 5 mins, the mixtures were centrifuged at 16, 873 g at 25�C for

20 mins. After centrifugation, the supernatant was immediately transferred into a new tube. The tube containing the pellet was

washed by 500 mL of same buffer and then the pellet was re-suspended using 60 mL 13 loading buffer (2% SDS, 0.1% bromophenol

blue, 10%glycerol and 10% b-ME) and boiled at�90�C for 20mins to fully resolve the pellet. Proteins in both fractions were analyzed

by 10%SDS-PAGEwith Coomassie blue staining. The quantification of the amount of proteins were derived from the band intensities

analyzed by the ImageJ software (Schindelin et al., 2012). Typically, 5 mL samples were loaded for the SDS-PAGE analysis and

following quantification. For the quantification of 1 mMand 2.5 mMgroups in Figure 1F, the loading volumewas 10 mL in order to better

visualize the band and to minimize quantification error.

For imaging studies, the proteins were pre-mixed and injected into a homemade chamber as described before (Zeng et al., 2016).

The DIC and fluorescent images were taken by Nikon Ni-U upright fluorescence microscope at room temperature.

Quantification of the Protein Concentration in the Condensed Phase
The proteins used for the concentration quantification were all labeled with Cy3 and diluted with corresponding unlabeled proteins to

reach 1% final labeling ratio. In each measurement, only one protein was labeled and the rest two were unlabeled to avoid possible

signal crosstalk. Each protein mixture (8 mM for each component) was injected into a homemade chamber and imaged using Zeiss

LSM880 confocal microscope. The images were taken in a z stack mode with a pinhole size of 0.9 mm and step interval of 0.45 mm,

thus the two consecutive images have half of their optical section overlapped. The image sequences (from the lowest slice at the

coverslip surface level to the apex of the droplet) represented the signal continuum of the whole z-dimension of each assayed droplet

(Figure S2). All the assayed droplets were thicker than 6 mm in height, so the central layers of optical sections chosen for quantification

were surely within the droplet height.

For the quantitative analysis, we first identified the ‘‘0’’ slice, which has the highest fluorescent intensity and is located at the center

of z-dimension of the droplet. We then averaged FI values of the ‘‘-2,’’ ‘‘0’’ and ‘‘2’’ slices (i.e., total 3 non-overlapped slices covering

2.7 mm optical section thickness) to derive the mean FI of each droplet. Over 13 or more droplets were measured for each protein to

generate the FI of the condensed phase. For the standard curve, a highly soluble Cy3 labeled Trx solutions at indicated concentra-

tions were measured at similar Z-dimension position (3-5 mm away from the coverslip) with a same image setting. Importantly, all the

imaging-basedmeasurements were conducted with the same settings (e.g., pinhole, laser power, detector gain, resolution, etc.) and

in one image session to ensure the consistence and accuracy. With this standard curve, the absolute concentrations in the

condensed phase can be calculated (Zeng et al., 2018). The images were analyzed by ImageJ and the quantification were performed

by Prism.

In Vitro Fluorescence Recovery after Photobleaching (FRAP) Assay
FRAP assays were conducted on a Zeiss LSM 880 confocal microscope at room temperature for in vitro samples. In each experi-

ment, only one protein was labeled with Cy3 at 1% ratio. Droplets with diameter 6-8 mm were assayed and 561 nm laser was

used to bleach the Cy3 signal. The images were taken in 20 mins at 5 s/frame and 240 frames in total. Fluorescent intensities of sur-

rounding droplets with comparable sizes were also recorded for the calibration of the fluorescent intensities. For the quantitative

analysis, the fluorescent intensity before photo-bleaching was normalized to 1 and over 13 droplets for each protein were assayed.

The results were expressed as mean ± SD. The images were analyzed by ImageJ and the quantification were performed by Prism.

HeLa Cell Culture and Imaging
HeLa cells (ATCC) were cultured in 35mmglass-bottom culture dishes (MatTek) in DMEMmedia supplementedwith 10% fetal bovine

serum in 37�Cand 5%CO2. 24 hr after plating, the cells were transfectedwith 0.7 mg ofWTmCherry-M7ANC/mCherry-M7BNC or the

corresponding mutant was co-transfected with 0.7 mg CFP-USH1C and 0.7 mg Venus-USH1G/Venus-ANKS4B, using ViaFect trans-

fection kit (Promega). The transfected HeLa cells were cultured for 16-20 hours before imaging or fixation. Except for the FRAP assay

and the capture of puncta fusion (which were performed in live cells), HeLa cells were fixed with 4% paraformaldehyde solution

(diluted in PBS) containing 4% sucrose.

For the live cell imaging, cells were incubated in a humidified chamber with 5% CO2 at 37
�C. Cells were imaged using Zeiss LSM

880 confocal microscope by a 63 3 oil-immersion lens without immunostaining and processed with ImageJ or ZEN. For the FRAP

assay, either mCherry-M7ANC/Venus-USH1G/CFP-USH1C or mCherry-M7BNC/Venus-ANKS4B/CFP-USH1C were co-trans-

fected into HeLa cells and the mCherry signal was bleached using 561 nm laser beam, and images in mCherry signal channel

were taken in 4 mins at 2 s/frame and 240 frames in total. For the quantitative analysis of FRAP, the pre-bleaching mCherry signal

intensity was normalized to 1, and each data point was shown as mean ± SD. Over 19 puncta for mCherry-M7ANC or mCherry

M7BNC were assayed.
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For the lipid membrane staining, 16-20 hr after transfection, DiO perchlorate (ATT Bioquest), dissolved at 1.5 mg/mL in DMSO

(Sigma-Aldrich), was added to the dish at 2 mg/mL final concentration. Cells were incubated at 37�C for 30 min and then washed

with 1 mL DiO-free medium three times. Then the cells were fixed with 4% paraformaldehyde solution containing 4% sucrose.

For the characterization of M7ANC or M7BNC mutants in Figure 6, HeLa cells were fixed for further analysis. Data were collected

from three batches of independent cultures, and the experiments were conducted in a blinded fashion. A total of 16 fields were taken

for each dish of cells. Over 310 M7BNC mutant or WT cells, and more than 240 M7A NC mutant or WT cells were assayed for the

puncta-positive cells quantification. The results were expressed as mean ± SD, and one-way ANOVA with Dunnett’s multiple com-

parisons test were used to compare the difference between mutants andWT (Figure 6E). For the in-puncta protein enrichment quan-

tification, the enrichment fold was calculated as the mean fluorescent intensity in the brightest puncta of the cell divided by the mean

fluorescent Intensity in the surrounding cytoplasm. More than 155 puncta-positive cells were assayed for the protein enrichment

quantification. The results were presented as mean ± SEM.

HEK293T Cell Culture
HEK293T cells (ATCC) were cultured in glass-bottom dishes in DMEMmedia supplemented with 10% fetal bovine serum in 37�C and

5%CO2. 24 hr after plating, the cells were transfected with 0.7 mg of mCherry-M7ANC, 0.7 mg CFP-USH1C, 0.7 mg Flag-USH1G, and

0.7 mg SEP-CDH23 CT using ViaFect transfection kit (Promega). 16-20 hr after transfection, the cells were fixed for further micro-

scopic observation.

Western Blot
HeLa cells were cultured and transfected using the similar method as they were imaged. The HeLa cells were lysed and proteins were

extracted using loading buffer containing 2%SDS, 0.1%bromophenol blue, 10%glycerol and 10% b-ME and resolved by 10%SDS-

PAGE. The mCherry-M7ANC and mCherry-M7BNC were detected by anti-mCherry antibody (Abcam ab167453) and the tubulins

were detected by anti-tubulin antibody (Developmental Studies Hybridoma Bank E7) as loading control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the definitions and exact values of n (e.g., number of cell cultures, number of droplets, number of

experiments, etc.), distributions, deviations, and error of mean were reported in the figures and corresponding figure legends.

The statistical methods used were also reported in the figure legends and corresponding method details. Statistical analysis was

performed using GraphPad Prism version 7.00 (GraphPad Software, La Jolla California USA, https://www.graphpad.com).

DATA AND CODE AVAILABILITY

The published article includes all data generated or analyzed during this study.
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