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tory perception. Gpsm2-Gai-Whirlin-Myo15-Eps8 complex at tips of the tallest stereocilia is proposed to define License 4.0 (CC BY-NC).
hair bundle row identity, although the underlying mechanism remains elusive. Here, we find that Gpsm2 could
undergo phase separation. Moreover, row 1-specific Gpsm2-Gai complex significantly promotes the formation of
the five-component tip complex density (5xTCD) condensates. The 5xTCD condensates display much stronger
actin-bundling ability than those without Gpsm2-Gai, which may provide critical insights into how Gpsm2-Gai
specifies the tallest stereocilia. A deafness-associated mutation of Gpsm2 leads to impaired formation of the
5xTCD condensates and consequently reduced actin bundling, providing possible clues for etiology of hearing

loss in patients with Chudley-McCullough syndrome.

INTRODUCTION

Sound detection relies on the epithelial mechanosensory hair cells in
the cochlea of inner ear. The mechanically sensitive organelles of
hair cells are stereocilia, a cluster of actin-rich protrusions at their
apical surface (1, 2). Stereocilia are interconnected by several kinds
of hair bundle links such as tip links (3, 4). A unique structural fea-
ture of stereocilia is that they are organized into rows of graded
height (5) (Fig. 1A). Such a staircase-like pattern is critical for mech-
anosensory transduction. Mechanical force evoked by sound waves
results in stereocilia deflection toward the tallest row, which, in
turn, activates the mechanoelectrical transducer channels located in
the shorter stereocilia, thus achieving the mechanoelectrical trans-
duction (1, 6).

Proper development of stereocilia is essential for auditory per-
ception, as manifested by severe hearing loss caused by genetic mu-
tations of genes that regulate stereocilia growth (2, 4). Many of these
genes encode actin cytoskeleton regulatory proteins that locate at
the electron-dense areas of the distal tips of stereocilia (7, 8), playing
crucial roles in promoting actin polymerization and bundling. Ex-
amples are Whirlin, myosin 15 (Myo15), and epidermal growth fac-
tor receptor pathway substrate 8 (Eps8) (9-11). Mice deficient in any
of these three genes exhibited similar stereocilia stunting and pro-
found deafness (10, 12, 13). Mechanistically, we and others demon-
strated that the three proteins can directly interact with one another
to form a tight complex (14, 15) (Fig. 1B). These interactions allow
Myo15 motor to transport protein cargos (Whirlin and Eps8) with-
in developing stereocilia where Eps8, an evolutionarily conserved
cytoskeletal effector, executes its actin-capping and actin-bundling
activities (9). Moreover, the ternary complex forms liquid-liquid
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phase separation (LLPS) in vitro and in living cells and facilitates
actin bundling, indicating that the electron-dense areas located at
the tips of stereocilia may form via LLPS of the tip complex in all
rows (14).

However, it still remains unclear how stereocilia adopt such a
staircase-like architecture and what determines the row identity of
the tallest stereocilia. Given the planar asymmetry in the staircase
pattern of stereocilia, recent studies on planar cell polarity may pro-
vide crucial clues for the possible underlying mechanism (16-20).
A complex of Inscuteable (Insc), G protein signaling modulator 2
(Gpsm2; also known as LGN), and heterotrimeric G protein Goi
(i.e., mInsc-Gpsm2-Gai complex) defines an apical compartment
(termed as the “bare zone”) with a sharp microvilli exclusion bound-
ary along the mediolateral planar polarity axis to create the V-shaped
hair bundles (16). Most notably, Gpsm2-Gai is then restrictedly en-
riched at the distal tips of stereocilia abutting the bare zone that
later become the tallest row (row 1), colocalized with Whirlin, Myo15,
and Eps8 (18, 21) (Fig. 1A). Mice deficient in Gpsm2 or Gnai (encod-
ing Gai) showed similar stereocilia stunting and severe hearing loss
as whirler mice (inactivating Whirlin), shaker-2 mice (lacking Myo15),
and Eps8-knockout mice did (18, 22-24). Recently, mutations in
Gpsm2 were found in patients with Chudley-McCullough syndrome
(CMCS; Online Mendelian Inheritance in Man: 604213), a rare auto-
somal recessive disease characterized by severe to profound sensori-
neural hearing loss and partial agenesis of the corpus callosum (25-27).
Moreover, Gpsm2 was found to interact with Whirlin directly, co-
localized into a highly dense nanodomain with a cap-like structure
at the tips of the tallest stereocilia (23). Therefore, the five compo-
nents (Myol5, Eps8, Whirlin, Gpsm2, and Gai) at the tips of the
tallest stereocilia may operate in the same pathway to determine the
row identity, although the underlying mechanism is largely unclear.

In this study, we characterize the Gpsm2-Whirlin interaction in
detail through a combination of biochemical and biophysical ap-
proaches. We found that Gpsm?2 itself could form LLPS in vitro and
in cells. Gpsm2-Goi significantly promotes the formation of the five-
component tip complex density (5xTCD) condensates (Gpsm2-Goi-
Whirlin-Myo15-Eps8). The promotion effect is most likely due to
Gpsm?2 LLPS, as a mutant of Gpsm?2 that disrupts its LLPS largely
impairs the 5XTCD condensates formation. Consistent with their
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Fig. 1. The Gpsm2-Whirlin interaction. (A) A schematic diagram illustrating the organization of hair cell stereocilia. An apical compartment (termed as the “bare zone")
with a sharp microvilli exclusion boundary along the mediolateral planar polarity axis is highlighted with a blue area. The five-component tip complex is also shown.
(B) Domain organizations of key components of the tip complex in stereocilia. The two-way arrows indicate direct interactions. TPR, tetratricopeptide repeat; HHD, harmonin
homology domain; PDZ, PSD-95/Discs-large/Z0-1 homology; PBM, PDZ binding motif; PTB, phosphotyrosine binding; WBD, Whirlin binding domain; SH3, src homology
3; PR, proline-rich region; SAM, sterile alpha motif; MyTH4, myosin tail homology 4; FERM, 4.1/ezrin/radixin/moesin; GBD, Gpsm2-binding domain; NTD, N-terminal

domain; CTD, C-terminal domain. Note that Eps8"™° contains PTB and WBD domains; Eps8<™® contains SH3, PR, and SAM domains with actin-bundling activity. Myo15

CTD

contains C-terminal MyTH4, FERM, and PBM domains, amino acids 2972 to 3511. Myo1 570 was used in the in vitro condensate reconstitution assays. (C) GST pull-down
assays showing that the minimal GBD on Whirlin is the fragment encompassing amino acids 717 to 746. Gpsm2'*: amino acids 15 to 350; IB, immunoblot. (D) ITC

assay showing the binding affinity between Gpsm2™* and Whirlin®EP.,

LLPS capabilities, 5xTCD condensates display much stronger actin-
bundling ability than Myo15-Eps8 and Whirlin-Myo15-Eps8 do,
which may provide critical insights into how Gpsm2-Gai specifies
the tallest stereocilia and defines hair bundle row identity. Notably,
a CMCS-associated mutation of Gpsm?2 interferes with the conden-
sate formation and consequently impairs actin bundling, offering
possible clues for the etiology of CMCS-related hearing loss.

RESULTS

Characterization of the Gpsm2-Whirlin interaction
Gpsm2-Gai requires Whirlin as an adaptor to reach the tips of the
tallest stereocilia and form the Myo15-Eps8-Whirlin-Gpsm2-Goi
complex specific to row 1 (21). We first set to dissect the interaction
between Gpsm2 and Whirlin. Previous report showed that a fragment
of Whirlin [amino acids 672 to 810] interacted with N-terminal do-
main of Gpsm2 (23). Gpsm?2 contains eight tetratricopeptide repeats
(TPRs) at its N terminus [hereafter Gpsm2TPR (amino acids 15 to
350)] and four GoLoco (GL) motifs at its C terminus (Fig. 1B). During
mitotic spindle orientation of asymmetric cell division, Gpsm?2 serves

Shi etal., Sci. Adv. 8, eabn4556 (2022) 10 June 2022

as an adaptor linking the spindle orientation machinery with the
cortical polarity cue(s) by binding to mInsc and the nuclear mitotic
apparatus (NuMA) via its TPRs and Gai via its GLs, respectively (28).
We confirmed the Gpsm2-Whirlin interaction by showing that glu-
tathione S-transferase (GST)-Whirlin® > effectively bound to purified
Gpsm2™® (Fig. 1C). Further truncation-based binding assays indicated
that Whirlin”""~7* (hereafter Whirlin®P, short for Gpsm2-binding
domain) was sufficient and necessary for Gpsm2™"R binding, as further
deletion of Whirlin®®P either at its N terminus (Whirlin”*’74%) or
C terminus (Whirlin”*”*®) diminished the binding (Fig. 1C). More-
over, isothermal titration calorimetry (ITC)-based assay using highly
purified proteins showed that Gpsm2*® binds to Whirlin®EP with a
dissociation constant (Kg) of ~1.4 uM (Fig. 1D).

Gpsm2-Whirlin complex structure

To gain insights into the assembly principles of the Gpsm2-Whirlin
complex, we tried to crystallize a chimeric construct in which
Whirlin®®P was fused C-terminally to Gpsm2'**, We were able to
obtain crystals of the chimera diffracting to 2.6-A resolution. We
solved the complex structure by molecular replacement and refined
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it to an Rgee 0f 28.3 and an Ry of 23.1 (table S1). The final struc-
ture includes the entire length of Gpsm2'*® and amino acids 729 to
743 of Whirlin.

In the complex structure, Gpsm2 ™™ folds as a right-handed super-
helix creating an inner concave groove that holds the extended
Whirlin®®® peptide in an antiparallel manner (Fig. 2, A and B). Each
TPR repeat consists of two helices, 0A and 0B, connected by a
short loop (Fig. 2A). The eight TPRs pack together to form a curved
o-helical solenoid, with oA helices facing the inner surface contact-
ing the elongated Whirlin®®® peptide (Fig. 2A). It is noted that the
overall conformation of the assembly is reminiscent of those of
Gpsm2™® in complex with other partners such as NuMA, Insc, and
Afadin (fig. S1) (29-32).

The Gpsm2-Whirlin interface

The Gpsm2 ™ *-Whirlin®®® interface is mainly mediated by electro-
static interactions and hydrogen bonding interactions. R221/R236
and K106 from Gpsm2TPR form salt bridges with E732""™" and
D734VPirin respectively (Fig. 2C). The side chain of Y1399P™2
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Fig. 2. Crystal structure of Gpsm2-Whirlin complex. (A and B) Ribbon (A) and
surface (B) diagram representation of the Gpsm2R-Whirlin®8 complex structure.
(C to E) Detailed interfaces between Gpsm2TPR and Whirlin®®P. Residues involved in
the interaction are shown with the stick model. Hydrogen bonds are shown as
black dashed lines. (F) Summary of ITC-based measurements of binding affinities
between wild type or mutants of Gpsm2™ * and Whirlin®®P. n.d., not detectable.
(G) Sequence alignment of the Whirlin fragment (amino acids 729 to 743) observed
in the complex structure from different species. In this alignment, the absolutely
conserved and conserved residues are colored in red and green, respectively. Res-
idues involved in binding to Gpsm2™* are annotated below as blue dots.
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forms a hydrogen bond with the main chain of P733""™i" (Fig. 2C).
N100°P*™* and R136%P™ form a hydrogen bond and a salt bridge
with the main chain and side chain of E737"M™" respectively
(Fig. 2D). D817 forms additional electrostatic interaction with
R739Whirin (Big 2D). It should be mentioned that the hydrophobic
interaction between L741"""" and L18/A21/L22/F40/A56/157 from
Gpsm2"P® further stabilizes the complex assembly (Fig. 2E). Con-
sistently, mutations that disrl%{pt these polar interactions weakened or
even abolished the Gpsm2™*-Whirlin®®® interaction in ITC-based
assays (Fig. 2F). In particular, substitution of E732 of Whirlin®® with
Ala totally abolished the interaction (Fig. 2F), suggesting that E732
is essential for the interaction, which explains why Whirlin”>*7* did
not interact with Gpsm2"™*® in the GST pull-down assay (Fig. 1C).
Notably, key residues in Whirlin“®® that contribute to the interface
are absolutely conserved among different species (Fig. 2G), implying
the indispensable function of the Gpsm2-Whirlin complex through-
out the evolution.

Gpsm2 undergoes phase separation in vitro

andin living cells

During our investigation of the Gpsm2-Whirlin interaction in cells,
we found an interesting discovery that red fluorescent protein (RFP)-
Gpsm2 formed condensed puncta in the cytoplasm when expressed
in cells (Fig. 3A). In a fluorescence recovery after photobleaching
(FRAP) experiment, RFP signals rapidly recovered after photobleach-
ing over a short period of time (Fig. 3, A and B), indicating that RFP-
Gpsm2 could freely exchange between the puncta and the surrounding
cytoplasm. We next purified full-length Gpsm2 protein and found
that it became turbid at room temperature and turned clear after
cooling on ice. The turbid solution formed many spherical liquid-
like droplets under differential interference contrast (DIC) micros-
copy (Fig. 3C). Furthermore, Cy3-labeled Gpsm2 formed spherical
droplets in a concentration-dependent manner under fluorescence
microscopy (Fig. 3C). These droplets could fuse with each other
over time (Fig. 3D). Quantification of distribution of droplet sizes
both in cells and in vitro revealed that the diameter of most droplets
was within the range of 1 to 3 pm (fig. S2). The aforementioned
biophysical features of Gpsm2 are reminiscent of biomolecular con-
densates formed via LLPS in many systems, suggesting that Gpsm2
can autonomously undergo LLPS in vitro and in living cells. Notably,
the number of Gpsm2 droplets decreased when the salt concentra-
tion was elevated (Fig. 3E), indicating that electrostatic interaction
may contribute to LLPS of Gpsm?2.

To figure out the mechanism of phase separation of Gpsm2, we
made a variety of truncation and deletion of Gpsm?2 and investigated
their LLPS abilities (Fig. 3F). Deletion of either TPR domain (TPR1
to TPR8) or GL motifs significantly disrupted LLPS (Fig. 3G). Dele-
tion of a linker region (amino acids 421 to 476) between TPR and
GL domains also disrupted LLPS. A unique characteristic of this
linker is its enrichment with lysine residue (Lys, K) (this linker is
hereafter named as “poly-Kloop”) (Fig. 3F and fig. S3). We replaced
all the lysine residues with Ala (referred to as the “KA” mutant) and
found that the Gpsm2KA mutant failed to form LLPS (Fig. 3G). These
results, together with the fact that LLPS of Gpsm2 is highly sensitive
to salt concentration, indicated that Gpsm2 LLPS may form via
multivalent electrostatic interactions between the poly-K loop and
other negative charged surface(s) of Gpsm2. Intriguingly, careful
sequence analysis revealed that the poly-K loop is absent in activa-
tor of G protein signaling 3 (AGS3; also known as Gpsm1), a close
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Fig. 3. Gpsm2 undergoes phase separation in vitro and in living cells. (A) Representative images showing expression of RFP-Gpsm2 in human embryonic kidney (HEK)
293T cells produced many spherical puncta. FRAP experiments showing that RFP-Gpsm2 signals recovered quickly after photobleaching within a short period of time.
The photobleached area is indicated with a yellow dotted box. Scale bar, 5 um. (B) Quantitative results for FRAP experiments of RFP-Gpsm2 in puncta and cytoplasm of
HEK293T cells. Time O refers to the time point of the photobleaching pulse. All data are represented as means + SEM from five droplets (n =5) in cells. (C) Representative
DIC and fluorescence images showing that purified full-length Gpsm2 protein underwent phase separation at indicated concentrations. Gpsm2 was sparsely labeled by
Cy3 at 1%. Scale bar, 5 um. (D) Representative images showing the Gpsm2 liquid-like droplets (indicated by arrows) fused with each other over time. Scale bar, 1 um.

(E) Fluorescence images showing that the number of the Gpsm2 droplets were reduced with increased NaCl concentration. Scale bar, 5 um. (F) Schematic diagram show-
R318RIsX8

ing the domain organization of Gpsm2. The deafness-associated mutation Gpsm

linker region between TPR and GL domains. (G) The percentage of cells showing spherical puncta with various Gpsm2 constructs. All data are expressed as

means + SEM. Five batches of cultures with 30 cells counted in each batch.

homolog of Gpsm2, although the two proteins share highly conserved
functional domains (fig. S3). Given the essential role of the poly-K
loop in LLPS, AGS3, which lacks this sequence, did not form LLPS
as expected (Fig. 3G).

A CMCS-associated mutation interferes with Gpsm2 LLPS
Notably, a mutation of Gpsm2, p.R318RfsX8, was found in patients
with CMCS (23). p.R318RfsX8 encodes a truncated protein lacking
the poly-K loop and all four GL motifs (Fig. 3F). Because key elements
required for LLPS are missing in this truncated protein, Gpsm2™® 18RISXS
failed to form LLPS as expected (Fig. 3G).

Cocondensation of Gpsm2 and Whirlin

We recently showed that Whirlin could form phase-separated con-
densation both in vitro and in living cells (14). Because Gpsm?2 phys-
ically interacts with Whirlin, we next wondered whether the Gpsm2
condensates and the Whirlin condensates can coexist with each other.
Green fluorescent protein (GFP)-Whirlin perfectly colocalized with

Shi etal., Sci. Adv. 8, eabn4556 (2022) 10 June 2022

was also indicated. Note that there is a lysine-rich region (poly-K loop) in the

RFP-Gpsm2 in the bright puncta when they were coexpressed in hu-
man embryonic kidney (HEK) 293T cells (Fig. 4A). Both GFP and
RFP signals in the puncta could recover after photobleaching within
a short period of time (Fig. 4B). We also found that mixing equal
amounts of Cy5-labeled Gpsm2 and Cy3-labeled Whirlin gave rise
to condensed liquid-like codroplets in solution (Fig. 4C). FRAP as-
say showed that both proteins could exchange between the con-
densed phase and the aqueous solution, although the recovery rates
were slower than those in cells (Fig. 4D). Collectively, these results
indicated that Gpsm2 and Whirlin could form cocondensates both
in vitro and in cells.

2202 ‘ez aunc uo Aisieaiun Buo] ceir reybueys e H10'90us10s'mmmy//:sdiy WoJj papeojumoqd

Reconstitution of 5xTCD condensates

Myol15, Eps8, Whirlin, Gpsm2, and Gai interact with each other to
form a five-component tip complex specific to the tallest stereocilia
(Fig. 1B). Thus, we reasonably hypothesized that Myo15, Eps8, and
Goi could be recruited to the Gpsm2-Whirlin cocondensates be-
cause of the interaction network. We tried to verify this point by
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Fig. 4. Cocondensation of Gpsm2 and Whirlin. (A) Representative images showing coexpression of GFP-Whirlin and RFP-Gpsm2 in HEK293T cells produced many
spherical puncta with both proteins colocalized with each other. Scale bar, 5 um. (B) FRAP experiment showing the exchange kinetics of each protein between the con-
densed puncta and dilute cytoplasm. All data are represented as means + SEM from five droplets (n=5) in cells. (C) Representative fluorescence images showing that
mixture of purified Whirlin and Gpsm2 protein at their individual concentration of 10 uM led to formation of the liquid-like codroplets. Whirlin and Gpsm2 were labeled
with Cy3 and Cy5, respectively, with each at 1% level. Scale bar, 5 um. (D) FRAP experiments showing the exchange kinetics of each protein between the condensates and
dilute solution. All data are represented as means + SEM from five independent experiments (N =5).

reconstitution of the five-component complex in vitro. We were able
to purify all these proteins except full-length Myo15 (14). Instead,
we successfully purified a truncated form of Myol15 (i.e., C-terminal
myosin tail homology 4-4.1/ezrin/radixin/moesin-PDZ binding
motif, amino acids 2972 to 3511) that includes both binding sites
for Whirlin and Eps8 (Fig. 1B) (14). In the following reconstitution
assays, we refer this truncated protein as Myo15“"°. Notably, although
we were able to purify full-length Eps8 (Eps8™™), however, the amount
of Eps8"" was relatively limited, which is not suitable for extensive
phase separation study. Instead, we were able to obtain a large amount
of a truncated Eps8 (Eps8™">; Fig. 1B) which includes the both bind-
ing sites for Whirlin and Myo15. Notably, Eps8™"" and Eps8"" showed
comparable effect on assembly of TCD condensates (fig. S4). There-
fore, we used Eps8™"" in the following in vitro reconstitution assay,
which was in accordance with our previous work (14). All the pro-
tein used in the reconstitution assays were freshly purified and be-
haved well (fig. S5).

We intended to study LLPS of the five-component complex using
labeled proteins under fluorescence microscopy. However, because
of the limitation of the fluorescence microscopy technology, we were
only able to simultaneously label four proteins at a time. Therefore,
we decided to stain for different combinations of the five compo-
nents. First, we chose not to label Myo15°™® for it could be recruited
to the Whirlin condensates together with Eps8™ ' in our previous
study (14). When mixing fluorescently labeled EpsSNTD (Alexa Fluor 488),
Whirlin (Cy3), Gpsm2 (Cy5), and Goz (Alexa Fluor 405) ata 1:1:1:1
molar ratio at their individual concentration of 5 pM, we readily ob-
served micrometer-sized, liquid-phase droplets with spherical shapes
under fluorescence microscopy (Fig. 5A). Then, we chose not
to label Whirlin and found that Eps8NP (Alexa Fluor 488), Myo15<™°
(Cy3), Gpsm2 (Cy5), and Goy; (Alexa Fluor 405) formed codroplets as
well (Fig. 5A). Fluorescence images showed that each droplet was
highly enriched with each component of the tip complex (Fig. 5A).

Shi etal., Sci. Adv. 8, eabn4556 (2022) 10 June 2022

These data strongly indicated that the five-component complex
can form liquid-phase condensation. To further verify this point,
we treated the 5xTCD condensates with 1,6-hexanediol, which
has been widely used for LLPS study. Treatment of 1,6-hexanediol
greatly impaired the LLPS (Fig. 5B), indicating the reversible char-
acter of the 5xTCD condensates. Formation of five-component tip
complex condensates was highly specific as they cannot form co-
droplets with an unrelated protein, thioredoxin (Trx) (fig. S6).

Gpsm2-Gai significantly promotes LLPS of
Whirlin-Myo15™-Eps8N™ condensates

Because both Whirlin-MyolSCTD-EPSSNTD (3xTCD) condensates
and 5xTCD condensates formed via LLPS, we intended to sys-
tematically compare the phase separation abilities among 3xTCD,
4XTCDP*™ (Gpsm2-Whirlin-Myo15°TP-Eps8~'P), 4xTCD%*?
(Gai3—Whirlin—MyolSCTD—EPSSNT ), and 5xTCD condensates. We
found that addition of Gpsm2 (but not Go;3) to the 3xTCD signifi-
cantly increased the number of liquid-like droplets (Fig. 5C). Fur-
ther addition of Goi; into the resulting 4xTCDGPsm2 did not further
increase the number (Fig. 5C). In addition, we also compared the
threshold concentration for LLPS among different complexes. As we
demonstrated previously (14), Eps8™"" alone and Eps8VTP-Myo15°™°
complex did not form LLPS even at their individual concentration
of 30 uM. The 3xTCD formed LLPS at their individual concentra-
tion of 5 uM, while 4xTCDP*™? (but not 4XTCD“?) and 5xTCD
formed LLPS at much lower threshold concentration of ~1 uM
(Fig. 5D). These data suggested that Gpsm2, but not Gai, enhanced
LLPS of 3xTCD. The promotion effect is most likely due to the Ehase
separation of Gpsm2, as mutations of Gpsm2 (i.e., Gpsm2** and
Gpsm2®318REX8) that impaired the LLPS of Gpsm2 also showed
defects in assembly of 5xTCD condensates (Fig. 5, C and D). Con-
sistently, Gai did not form LLPS by its own (fig. S7). It should be
noted that the threshold concentration for 5xTCD was close to or
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Five-component tip complex density (TCD) condensates

Fig. 5. Gpsm2-Gui significantly promotes formation of the five-component tip complex condensates. (A) Representative fluorescence images showing that mixture
of Whirlin, Myo1 5™ Eps8N™C, Gpsm2, and Gayz at their individual concentration of 5 uM led to formation of the liquid-like codroplets. Top: Whirlin, Eps8"™°, Gpsm2, and
Goz were labeled with Cy3, Alexa Fluor 488, Cy5, and Alexa Fluor 405, respectively, with each at 1% level. Bottom: Myo15CTD, EpsBNTD, Gpsm2, and Ga;; were
labeled with Cy3, Alexa488, Cy5, and Alexa405, respectively, with each at 1% level. Scale bar, 5 um. (B) Treatment of 1,6-hexanediol greatly impaired the LLPS of the 5XTCD
condensates. Scale bar, 5 um. The concentration of each component was 15 pM. (C) Quantification data of the number of the liquid-like droplets formed by 3xTCD
(Whirlin-Myo15TP-Eps8NTP), 4xTCD®P™2 (Gpsm2-Whirlin-Myo15P-Eps8NT?), 4xTCDC*3 (Gaiz-Whirlin-Myo15™-Eps8V™), wild-type 5xTCD condensates, and 5xTCD with
Gpsm2 mutations (i.e, Gpsm2* mutant and Gpsm2R318RfSX8 mutant). Data were presented as means + SEM from three independent experiments (six fields for each
experiment) using Student’s t test (****P < 0.0001; ns, not significant). (D) Phase separation diagram of different tip complex components at indicated concentrations.

Highlighted red dots, phase separation; gray dots: no phase separation.

even lower than 1 uM, suggesting that the 5xTCD condensates may
form at the physiological conditions.

5xTCD condensates induce robust actin bundling

How can the 5xTCD condensates contribute to additional actin elon-
gation at the tallest stereocilia? We next wanted to investigate the
correlation between the TCD condensates and actin cytoskeleton
dynamics. To this end, we carried out the actin-bundling experi-
ments in the presence of various TCD condensates (Fig. 6A). We
used Eps8'- here because Eps8“® is necessary for actin bundling
(Fig. 1B) (33). Therefore, Eps8 used in the following actin bundling
experiments was its full-length form. As expected, Eps8*"alone could
induce actin bundling, although with sporadic actin bundles (Fig. 6A).

Shi etal., Sci. Adv. 8, eabn4556 (2022) 10 June 2022

Addition of Myo15°™® to Eps8"™" did not change the activity much
(Fig. 6, A and B). The 3xTCD condensates significantly produced
more bundled actin filaments, as described in our previous work (14).
Consistent with their phase separation abilities (Fig. 5, C and D),
4xTCD®P*™ condensates exhibited much stronger actin-bundling
ability than 3xTCD condensates did, while 5xTCD condensates dis-
played similar ability as 4xTCD®"*™ condensates did (Fig. 6, A and B).

Moreover, we used transmission electron microscopy (TEM) to
directly visualize actin bundles in the presence of the tip complex
condensates. In line with the observation in fluorescent microscopy
assays, thicker actin bundles were observed under TEM when 5xTCD
or 4xTCDP*™ condensates were added in the system than those in
3xTCD condensates (Fig. 6, C and D). The five-component complex
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Fig. 6. The five-component tip complex condensates induce much stronger actin bundling than those without Gpsm2-Gai. (A) Representative images under flu-
orescent microscopy showing that wild-type five-component tip complex condensates have the strongest actin-bundling ability. Scale bar, 25 um. A diagram showing
the process of actin-bundling experiment in vitro is also indicated. (B) Quantitative analysis of the average fluorescence intensities of actin bundles in (A). Average fluo-
rescence intensity was calculated by dividing the total fluorescence intensity (subtracting out background signal) by the total area of a given field. Note that the size of
the selected fields in this statistical process was the same. Statistics were performed by two-tailed Student’s t test. Results were represented as means + SEM from six fields
(n=6).***P <0.001; **P<0.01. a.u., arbitrary units. (C) Representative images of actin bundles induced by various wild-type and mutant forms of the tip complex mixture
under TEM. Scale bar, 100 nm. (D) Distribution of the width of actin bundles from the different groups of experiments. Statistics were performed by two-tailed Student’s
t test. All data were represented as means + SEM from six fields (n = 6). ****P < 0.0001, ***P < 0.001, and **P < 0.01. (E) The five-component droplets colocalized with F-actin

bundles. Rhodamine-phalloidin was used to label F-actin. Scale bar, 5 um.

formed codroplets at their individual concentration corresponding
to those in the actin-bundling assay (fig. S8). The 5xTCD compo-
nents colocalized into small consecutive puncta along with F-actin
bundles (Fig. 6E), suggesting that the 5xTCD condensates may act
along the F-actin bundles. To further prove that the robust actin-
bundling activity of the 5xTCD condensates was attributed to LLPS,
we took advantage of the Gpsm2** mutant characterized in Fig. 3
because this mutant is expected not to affect any of the interactions
among the five-component complex, but instead, it significantly im-
paired LLPS of the 5xTCD condensates (Figs. 5C and 3F). Satisfy-
ingly, the tip complex mixture with the Gpsm2** mutant showed
limited actin-bundling capability compared with its wild-type coun-
terpart (Fig. 6, A to D). As expected, the ti comg)(lex with the CMCS-
associated mutation of Gpsm2, Gpsm2 SI8REXS showed reduced
actin bundles as well (Fig. 6, A to D), probably due to its weakened

Shi etal., Sci. Adv. 8, eabn4556 (2022) 10 June 2022

LLPS ability. These data suggested that formation of the 5xTCD
condensates via LLPS is crucial for robust actin-bundling activity at
the tips of the tallest stereocilia and consequently may define hair
bundle row identity.

DISCUSSION

Staircase-like architecture of hair cell stereocilia is crucial for audi-
tory perception, but little is known about how this planar asymmetry
is achieved. Recently, several elegant studies on planar cell polar-
ity may provide important clues. In the development of stereocilia,
planar-polarized enrichment of Gpsm2-Gai at a microvilli-free
compartment in the apical surface of hair cells enables their specific
localization at row 1 immediately adjacent to the microvilli exclu-
sion zone. At the tips of the tallest stereocilia, Gpsm2-Gai interacts
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with the Whirlin-Myo15-Eps8 complex to build a five-component
tip complex. It is believed that the complex greatly elongates row 1
and specifies the tallest stereocilia. Given that Gpsm2-Gai complex
does not directly involve in actin dynamics, it is still puzzling how
Gpsm2-Goi defines the hair bundle row identity.

An interesting observation of our present study may offer criti-
cal insights. We find that Gpsm2 can autonomously form LLPS
in vitro and in cells. Moreover, the row 1-specific five-component
tip complex could also form LLPS. The 5xTCD condensates display
much stronger phase separation ability and actin-bundling capabil-
ity than those without Gpsm2-Gai (Figs. 5 and 6). The promotion
effect is mainly attributed to the LLPS of Gpsm2, as a mutant of
Gpsm2 (Gpsm2**) that interferes with its LLPS largely impairs the
5xTCD condensates formation and actin bundling (Figs. 5 and 6). No-
tably, the fact that Gpsm2-Gai-Whirlin-Myo15°T° complex (5xTCD
without Eps8) did not induce actin bundling at all demonstrates that
Eps8 was the only actin-bundling factor among the complex (Fig. 6).

How does the robust actin bundling event contribute to the over-
elongation of the tallest stereocilia? Such an actin bundle-lengthening
property of Eps8 may stem from the ability of actin bundling to
stabilize the actin core of stereocilia that further facilitates the actin
polymerization at the dynamic filament ends in the tallest stereocilia
(34). Alternatively, Eps8-induced actin bundling may cause pro-
nounced barbed-end elongation and thereby makes a longer bundle,
as Espin (another actin-bundling protein) does in microvilli (35). It
should be noted that the 5xTCD condensates might enhance actin
polymerization/nucleation in addition to actin bundling, possibly
by condensing higher amounts of Myo15 at row 1, especially when
the motor domain of Myo15 was shown to directly accelerate actin
filament polymerization by driving nucleation (36). Unfortunately,
because of the technical challenges, we were unable to obtain quali-
fied full-length Myo15 protein to prove this point in the current work.
However, our reconstitution experiment has demonstrated that the
row 1-specific condensates can condense Myo15°>; hence, it is
reasonable to believe that full-length Myo15 would be enriched at
row 1 to facilitate hair bundle elongation. Therefore, we propose
that Gpsm2-Gaoi significantly promotes formation of LLPS-mediated
5xTCD condensates that, in turn, largely enrich Eps8 and Myo15 to
induce robust actin elongation at the tips of the tallest stereocilia
(Fig. 7). Consistently, a recent study has showed that, in Gpsm2™~/~
mutant hair cells, stereocilia are uniformly short, and Myo15-Eps8
is distributed in comparable amounts among all rows, which is in
sharp contrast with that in wild-type mice where Myo15-Eps8 is pre-
dominantly localized at the tips of the tallest stereocilia (most likely
via enrichment effect of row 1-specific TCD condensates) (21).

Compared with Gpsm2, Goi seems to be dispensable for promo-
tion of LLPS. This is expected because Gai could not form LLPS by
its own (fig. S7) and therefore would not add valency into the sys-
tem to further promote LLPS. We believe that cortical localized Goi
may serve as an adaptor between the 5xTCD condensates and corti-
cal membrane, thus acting as a cortical anchoring site for the actin
elongation machinery (including but not limited to the 5xTCD con-
densates). Therefore, it would not be unexpected that depletion of
Goi would lead to defects of stereocilia elongation and first row
identity as reported previously because the actin elongation ma-
chinery would lose its cortical anchoring site in the absence of Gai.
This is reminiscent of the scenario in asymmetric cell division where
Goi functions as a linker between apical cortical membrane and
spindle orientation machinery such as Gpsm2-NuMA complex (28).

Shi etal., Sci. Adv. 8, eabn4556 (2022) 10 June 2022

Row 1-specific Gpsm2-Gai-mediated condensates enrich
actin dynamic regulators and facilitate row 1 elongation

Row 1

Hair cell ,:
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Fig. 7. A model depicting that row 1-specific Gpsm2-Gai-mediated condensates
enrich actin dynamic regulators and facilitate row 1 elongation. In the devel-
oping stereocilia, Gpsm2-Gaii is restrictedly transported to the tips of the tallest
stereocilia where they form a five-component complex with Whirlin-Myo15-Eps8.
Gpsm2-Goi notably promotes the 5XTCD condensates that, in turn, effectively en-
rich actin dynamic regulators (including but not limited to Eps8 and Myo15) and
facilitate robust actin elongation at the tips of the tallest stereocilia. In contrast,
shorter rows are unable to generate stereocilia with a comparable height, most
likely because of lack of Gpsm2-Gai that leads to weakened phase separation abil-
ity and actin elongation capability.

Loss of Goi resulted in severe defective asymmetric cell divisions due
to the mislocalization of the spindle orientation machinery during
the process (37, 38).

How is the assembly/disassembly of the row 1-specific TCD con-
densates regulated? How are these regulatory processes correlated
with stereocilia development? We believe that at least two issues
should be taken into account: (i) timing of the interactions among
the tip complex and (ii) protein level of the tip complex. Our data
show that the protein concentration is critical for LLPS formation.
The threshold concentration that promotes Gpsm2 LLPS is about
10 uM; the five-component tip complex could undergo LLPS at
their individual concentration of ~1 pM. It should be mentioned
that we used a truncation form of Myo15 in the current study. Full-
length Myo15 may work as a dimer, which would further expand
the valency of the system and lower the threshold concentration of
LLPS. In the developing stereocilia, Myo15 and Eps8 formed an
early tip complex already broadly enriched at E16.5 (21). By con-
trast, Whirlin, Gpsm2, and Gai were highly enriched at the exclu-
sion zone at E16.5, and they were enriched at tips at later stages to
form the five-component tip complex specific to row 1 (21). When
the concentration of tip-accumulated five components reaches the
threshold concentration of LLPS, the 5xTCD condensates form
autonomously and trigger robust actin elongation event. In support
of this idea, Krey et al. (39) recently found that the protein level of
the TCD components were temporally regulated during develop-
ment. Notably, enrichment of the above proteins at tips of the tallest
stereocilia was highly correlated with the elongation of row 1 (39). At
the mature stage (P21.5), the protein level sharply decreased (39),
probably because of gene transcription and/or expression regulation
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or protein degradation system. It is most likely that accumulation of
row 1-specific tip complex leads to formation of TCD condensates
that promotes robust actin elongation event, while reduction of pro-
tein level disrupts LLPS and subsequently stops the elongation process.

We understand that direct investigation of the TCD condensates
in hair cells is still challenging at current stage because of technical
limit, and future work is definitely needed to demonstrate their crit-
ical roles in stereocilia development. Nevertheless, our work provides
a proof of concept that condensation of row 1-specific tip complex
via LLPS may underlie hair bundle row identity.

MATERIALS AND METHODS

Protein expression and purification

The coding sequences of Whirlin (GenBank: AB040959.1), Gpsm2
(GenBank: NM_029522.2), AGS3 (GenBank: NM_001355574.1),
Goi3 (GenBank: NM_006496.3), Myo15 (GenBank: NM_010862.2),
and Eps8 (GenBank: NM_007945.3) were cloned into a previously
described modified pET32a vector with a Trx tag and a Hise-tag at
its N terminus (14). Primers of all constructs are listed in table S2. For
the GST pull-down assays, various fragments of Whirlin were cloned
into the pGEX-4T-1 vector. Mutations were created through site-
directed mutagenesis method and confirmed by DNA sequencing. All
constructs were expressed in Escherichia coli BL21 (DE3) (Transgen
Biotech; catalog no. CD601) or Codon Plus (WeidiBio; catalog no.
EC1007) host cells at 16°C for 18 hours induced by 0.2 mM isopropyl-
B-p-thiogalactoside (final concentration). Recombinant proteins were
purified as previously described (14). In general, Hiss-tagged and
GST-tagged proteins were purified by Ni**—nitrilotriacetic acid aga-
rose affinity chromatography and GSH [glutathione (reduced form)]-
sepharose affinity chromatography, respectively. Eluted target proteins
were further purified by a size exclusion chromatography (SEC)
(HiLoad 26/600 Superdex 200 pg, Cytiva) in the buffer of 50 mM
tris (pH 8.0), 300 mM NacCl, 1 mM dithiothreitol (DTT), and 1 mM
EDTA. For the reconstitution of the tip complex, His-tagged pro-
teins were cleaved by human rhinovirus 3C protease at 4°C over-
night and then purified by another step of SEC purification.

ITC assay

ITC assays were performed on a MicroCal iTC200 system (Malvern
Panalytical, UK) at 25°C. Various Gpsm2™** and Whirlin“®® frag-
ments were dissolved in the buffer containing 50 mM tris (pH 8.0),
100 mM NaCl, 1 mM EDTA, and 1 mM DTT. The Whirlin®* pro-
teins (~500 uM) were loaded into syringe, and the Gpsm2'** pro-
teins (~50 uM) were loaded into the cell. In each titration, 2-ul
aliquot of protein in the syringe was injected into the cell, and the
time interval was 120 s to make sure that the titration peak returned
to the baseline. Titration data were fitted with the one-site binding
model using Origin 7.0.

GST pull-down assay

Freshly purified Hiss-Gpsm2™™® was incubated with various forms of
GST-Whirlin fragments for 1 hour at 4°C. After centrifugation for
10 min at 4°C, the supernatant was loaded into 30-ul GSH-sepharose
4B slurry beads to incubate for 30 min at 4°C. After washing with
PBS buffer three times, the bound proteins were eluted by boiling
with 30 pl of 2 x SDS-polyacrylamide gel electrophoresis loading
dye and detected by Western blot using anti-His antibody (Smart-
lifesciences, catalog no. SLAB28; 1:5000).

Shi etal., Sci. Adv. 8, eabn4556 (2022) 10 June 2022

Crystallization, data collection, and structure determination
To obtain stable Gpsm2'"*-Whirlin®®® complex, Gpsm2™™* (amino
acids 15 to 350) was fused with Whirlin®®P (amino acids 717 to 746).
The best crystals of the fusion protein (~10 mg/ml) were obtained
by the hanging drop diffusion method at 16°C in the buffer contain-
ing 1.2 M ammonijum tartrate dibasic and 0.1 M tris (pH 8.8). Crys-
tals were cryoprotected in the corresponding reservoir solution with
25% glycerol before x-ray diffraction experiments. The diffraction
data were collected at BL41XU at Spring-8 (Hyogo, Japan). The dif-
fraction data were processed with XDS (40). The complex structure
was solved by the molecular replacement method using the struc-
ture of GPSM2™® in Gpsm2-NuMA complex (Protein Data Bank
code: 3RO2) as the searching model through the software suits of
Phaser (41). Further refinement was performed using Phenix (42)
and Coot (43). The final refinement statistics of the complex
structures are listed in table S1. Structural diagrams were prepared
by PyMOL.

Protein labeling with fluorophore

Freshly purified untagged proteins were labeled as described previously
(14). In general, proteins were first dissolved in the buffer containing
300 mM NaCl, 100 mM NaHCO; (pH 8.3), and 4 mM B-mercaptoethanol
(B-ME). Cy-3/Cy5 N-hydroxysuccinimide (NHS) ester (AAT Bioquest;
catalog no. 271/280) and Alexa Fluor 405/488 NHS ester (Thermo
Fisher Scientific; catalog no. A30000/A20000) were dissolved in di-
methyl sulfoxide and incubated with the indicated proteins (molar
ratio of 1:1) at room temperature for 1 hour. The labeling reaction
was quenched by addition of the buffer of 200 mM tris (pH 8.2). The
mixture was then purified with a HiTrap desalting column with the
buffer containing 50 mM tris (pH 8.0), 300 mM NaCl, and 4 mM
B-ME to remove the unlabeled fluorophore. Fluorescence labeling effi-
ciency was determined by NanoDrop 2000 (Thermo Fisher Scientific).

In vitro phase separation assay

All freshly purified and labeled proteins were dissolved in the buffer
containing 50 mM tris (pH 8.0), 300 mM NaCl, and 4 mM B-ME. After
centrifugation at 16,873g for 10 min at 4°C, samples were placed on
ice before the phase separation assay. Each phase separation sample
was made by mixing of indicated labeled proteins at indicated con-
centrations for 10 min at 25°C. Each sample was then injected into
ahomemade chamber as described previously (44) for fluorescence
imaging (Leica TCS SP8).

FRAP assay

FRAP assay was performed as previously described (14). In brief,
the assay was carried out on a Leica SP8 confocal microscope. For
Cy3-labeled protein droplets, a circular region of interest (ROI) was
bleached by a 561-nm laser beam at room temperature. For FRAP
assay on liquid-phase droplets in living cell, HEK293T cells (American
Type Culture Collection; catalog no. CRL-3216; Research Resource
Identifiers: CVCL_0063) were cultured on glass-bottom dishes (MatTek)
and transfected with the indicated plasmids. GFP and RFP signals
were bleached with 488- and 561-nm laser beams at 37°C, respec-
tively. For each experiment, the fluorescence intensity of a neighbor-
ing droplet with similar size to the bleached one was also recorded
for intensity correction. Background intensity was subtracted before
data analysis. The ROI intensity at time 0 s (right after the photo-
bleaching) was set as 0%, and the prebleaching intensity was normal-
ized to 100%.
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Actin-bundling assay

To obtain preassembled F-actin filament, monomeric rabbit G-actin
(Cytoskeleton) was induced to polymerize for 1 hour at room tempera-
ture in the polymerization buffer containing 50 mM tris (pH 8.0),
1 mM adenosine 5'-triphosphate, 0.5 mM DTT, 0.2 mM CaCl,, 2 mM
MgCl,, and 50 mM KCIl. Freshly purified wild-type and mutant form
of five-component tip complex mixture and other tip complexes with-
out Gpsm2-Gojz were incubated with the above preassembled F-actin
(~2 uM) at room temperature for 1 hour. Actin was then labeled with
rhodamine-phalloidine (Cytoskeleton) for 15 min. The samples were
carefully mounted between a slide and a coverslip and imaged by
fluorescence microscopy (Leica TCS SP8). In these assays, the concen-
tration of each component was shown as follows: Eps8*™, 0.25 uM;
Whirlin, 0.5 uM; Myo15°™, 0.5 uM; Gpsm2 WT/mutants, 0.5 uM;
Go;s, 0.5 pM; F-actin, ~2 uM.

Samples for TEM (Tecnai G2 Spirit 120 kV) were adsorbed to
glow-discharged, carbon-coated formvar films on copper grids for
1 min and negatively stained with 0.75% (m/v) uranium acetate for
45 s. The concentration of each component in this assay was shown
as follows: Eps8™™, 0.25 uM; Whirlin, 1 uM; Myo15°™, 1 uM; Gpsm2
wild type/mutants, 1 uM; Gays, 1 pM; F-actin, ~2 pM.

Statistical analyses

All statistics [e.g., number of samples (1) and biological replicates (N)
for all experiments] were described in the figure legends. All data
were represented as means + SEM using the two-tailed Student’s
t test, using GraphPad Prism. All experiments were performed at
least three times independently.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn4556

View/request a protocol for this paper from Bio-protocol.
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