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Cadherin-23 is a component of early transient lateral links of the auditory sensory cells’ hair bundle, the
mechanoreceptive structure to sound. This protein also makes up the upper part of the tip links that control
gating of the mechanoelectrical transduction channels. We addressed the issue of the molecular complex
that anchors these links to the hair bundle F-actin core. By using surface plasmon resonance assays, we
show that the cytoplasmic regions of the two cadherin-23 isoforms that do or do not contain the exon68-
encoded peptide directly interact with harmonin, a submembrane PDZ (post-synaptic density, disc large,
zonula occludens) domain-containing protein, with unusually high affinity. This interaction involves the har-
monin Nter-PDZ1 supramodule, but not the C-terminal PDZ-binding motif of cadherin-23. We establish that
cadherin-23 directly binds to the tail of myosin VIIa. Moreover, cadherin-23, harmonin and myosin VIIa can
form a ternary complex, which suggests that myosin VIIa applies tension forces on hair bundle links. We
also show that the cadherin-23 cytoplasmic region, harmonin and myosin VIIa interact with phospholipids
on synthetic liposomes. Harmonin and the cytoplasmic region of cadherin-23, both independently and as a
binary complex, can bind specifically to phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which may
account for the role of this phospholipid in the adaptation of mechanoelectrical transduction in the hair
bundle. The distributions of cadherin-23, harmonin, myosin VIIa and PI(4,5)P2 in the growing and mature audi-
tory hair bundles as well as the abnormal locations of harmonin and myosin VIIa in cadherin-23 null mutant
mice strongly support the functional relevance of these interactions.

INTRODUCTION

Auditory sensory cells (hair cells) convert acoustic mechanical
energy into electrical receptor potential by means of a mor-
phologically and functionally polarized apical structure
called the hair bundle. This is a V- or U-shaped ensemble of
actin-filled modified microvilli, known as stereocilia, that are
arranged into three to four height-ranked rows. The immature
hair bundle also contains a genuine cilium, the kinocilium.

Transient fibrous lateral links connect early growing stereoci-
lia together and to the kinocilium (1–3). Identification of the
genes defective in Usher syndrome type I (USH1), a recessive
disease characterized by congenital profound deafness, vestib-
ular dysfunction and delayed onset retinopathy leading to
blindness, has led to the characterization of two major com-
ponents of these links, namely cadherin-23 and most likely
protocadherin-15 (4,5) that are encoded by USH1D (6,7) and
USH1F (8,9), respectively. The three other USH1 genes
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known to date encode the scaffolding submembrane protein
harmonin (USH1C) (10,11), the actin-based motor protein
myosin VIIa (USH1B) (12) and the putative scaffolding
protein sans (USH1G) (13). The early disorganization of the
growing hair bundle that is common to mutant mice defective
for any of the Ush1 genes (14), the similar, apical end distri-
butions of cadherin-23, protocadherin-15, harmonin and
myosin VIIa in the growing hair bundle and the interdependent
locations of some of these proteins (14–16), along with evi-
dence for direct physical interactions in vitro (13,15–19),
together suggest that these proteins may form molecular com-
plexes associated with the transient lateral links. In addition,
cadherin-23 and protocadherin-15 make up the upper and
lower part of the tip link, respectively (20,21). This single
oblique link runs from the tip of each stereocilium to the
side of the adjacent stereocilium from the taller row in the
mature hair bundle (22). The tip link transmits sound-evoked
tension forces to the mechanically gated transduction
channel, of as yet unknown molecular composition. Both the
connection of the basal part of the tip link to the transduction
channel and the anchoring of its upper part to the stereocilia
actin filaments that involves the locally restricted harmonin-b
isoforms are expected to play essential roles in this process
(15,23,24). Here, we studied the as yet poorly characterized
cadherin-23-associated molecular complexes that may
anchor the transient lateral links and the upper part of the
tip link in the stereocilia.

RESULTS AND DISCUSSION

Cadherin-23 binds to harmonin with a high affinity

Based on the analysis of Ush1c transcripts in the mouse inner
ear, three classes of harmonin isoforms (a, b and c) are pre-
dicted (25) (Fig. 1). All contain an N-terminal domain (Nter)
followed by two PDZ (post-synaptic density, disc large,
zonula occludens) domains and a predicted coiled-coil
domain. Isoforms a and b also contain a third PDZ domain
located at their C-terminal end preceded, in isoforms b only,
by an additional coiled-coil domain and a proline–serine–
threonine-rich sequence. It is still unknown whether harmonin
isoforms a and c are present in the hair bundle. We produced a
specific polyclonal antibody (harmonin-H1) against Nter (see
Materials and Methods). From the comparison of the immu-
nostaining patterns obtained in mice with this anti-pan-
harmonin and an anti-harmonin-b antibody, we could conclude
that harmonin isoforms a/c are present along the stereocilia,
forming immunoreactive patches both in growing (P1) and
mature (P15) hair bundles (Supplementary Material,
Fig. S1). The labeling was more intense in mature hair
bundles. Isoforms a/c were detected at the tips of stereocilia
from the small and mid rows, suggesting the possible associ-
ation of these isoforms with the tip-link lower insertion
point. They were also detected in the apical region of tallest
stereocilia that extends above the tip-link upper insertion
point. It has been reported that cadherin-23 binds to the
Nter, PDZ1 and PDZ2, but not PDZ3 domains of harmonin
in vitro (15,17,19). Therefore, cadherin-23 is expected to inter-
act with all harmonin isoforms. In addition, two cadherin-23
isoforms that do or do not contain the exon 68-encoded 35

amino acids insert have been reported (17) (Fig. 1). Based
on pull-down assays, the C-terminal consensus PDZ-binding
motif (ITEL) of cadherin-23 had previously been reported to
be involved in the binding of cadherin-23 to harmonin, and
the absence of the exon 68–encoded insert has been proposed
to enhance this binding, possibly by unmasking an internal
PDZ-binding sequence (17).

To analyze cadherin-23/harmonin interactions, we produced
the entire cytoplasmic regions of both cadherin-23 isoforms
(CDH23 + exon68 and CDH23Dexon68) and the full-length
harmonin-a isoform. We determined the harmonin-a concen-
tration dependence of the steady-state binding signal to
either CDH23 + exon68 or CDH23Dexon68 using a surface
plasmon resonance (SPR) assay. The equilibrium dissociation
constants (Kd) were very similar for both CDH23 isoforms
(Table 1), which argues against exon 68 playing a significant
role in harmonin binding. Surprisingly, these Kd values (97+
14 and 79+ 11 nM) are much lower than those reported for the
interaction of single PDZ domains with their binding partners
(26). Because such a high-affinity cadherin-23/harmonin-a
interaction could result from the involvement of several
harmonin-a domains, we studied the interactions of truncated
forms of harmonin-a with CDH23. No binding signal could
be detected for either the Nter or the PDZ3 domains alone—
proper folding of both truncated proteins was checked by cir-
cular dichroism experiments—at the highest concentration
used (500 nM), which indicates that the corresponding Kd

values are higher than 5 mM. This value is consistent with
the previously reported Kd (25 mM) of the complex between
Nter and a 20-residue CDH23 peptide (19). In contrast, the
affinities of the Nter-PDZ1 fragment for the two CDH23 iso-
forms were similar to those of the full-length harmonin-a,
while those of the Nter-PDZ1-PDZ2 fragment were only
1.5–1.9 times higher (Table 1). We deleted the C-terminal
consensus PDZ-binding motif (ITEL) in both CDH23 isoforms
and studied the binding of these DITEL fragments to
harmonin-a, Nter-PDZ1-PDZ2 and Nter-PDZ1. The Kd

Figure 1. Schematic representation of myosin VIIa, harmonin and cadherin-23
isoforms. Abbreviations: Nter, N-terminal; PDZ, post-synaptic density, disc
large, zonula occludens; CC, coiled-coil; PST, proline-, serine-,
threonine-rich; PBM, PDZ-binding motif; EC, extracellular; TM, transmem-
brane; MyTH4, myosin tail homology 4; FERM, band 4.1, ezrin, radixin,
moesin; SH3, src homology 3.
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values for the DITEL fragments were similar to those for the
entire CDH23 isoforms, showing that the ITEL motif of
CDH23 does not play an important role in the strengthening
of the cadherin-23/harmonin-a complex (Table 1).
This result, combined with the unusually low Kd values we
measured, suggests that the binding mechanism between
harmonin-a and cadherin-23 is non-canonical. Accordingly,
the defective mechanoelectrical transduction resulting from
the missense mutation that has been introduced in the PDZ2
domain of murine harmonin (harmonin-PDZ2AAA allele) and
predicted to disrupt the binding to the ITEL motif of
cadherin-23 (23) is in fact more likely to be explained by
the abnormal interaction between harmonin and other proteins
containing a consensus PDZ-binding motif, which may
include protocadherin-15.

Finally, considering the periodic changes in the hair bundle
intracellular Ca2+ concentration that come with auditory
mechanoelectrical transduction (27), we explored the role of
Ca2+ ions in the cadherin-23/harmonin-a interaction using a
pull-down assay (Fig. 2). An interaction between CDH23 +
exon68 and harmonin-a was detected both at high and low
Ca2+ concentrations and in the virtual absence of Ca2+

(1 mM EGTA).
Our results go beyond the previously proposed multidentate

binding mechanism between CDH23 and harmonin, involving
both its Nter and PDZ2 domains (19). In contrast to these two
low-affinity interactions (Kd ¼ 25 and 10 mM, respectively),
the 100-fold higher affinity we report for the interaction
between CDH23 and the Nter-PDZ1 fragment of harmonin-a
suggests a so far unsuspected stability of the cadherin-23/
harmonin complex. It has been shown that the Nter-PDZ1 har-
monin fragment forms a structural supramodule, in which the

Nter and PDZ1 domains are tethered together (28). This supra-
modular structure might be responsible for the high-affinity
binding of harmonin to CDH23. Furthermore, the 1D NMR
spectra we performed on the Nter-PDZ1-PDZ2 fragment
showed that it is well folded and that it does not contain a flex-
ible region (see Supplementary Material, Fig. S2), a result
confirmed by the absence of cross peaks in a 2D total corre-
lated spectroscopy experiment (data not shown). This suggests
that the PDZ1 and PDZ2 domains may also be held together
by inter-PDZ domain interactions, therefore extending the
supramodular organization of harmonin isoforms.

Cadherin-23 interacts directly with the myosin VIIa tail

We have previously shown by pull-down experiments that the
PDZ1 domain of harmonin binds to the myosin VIIa tail (15).
Interaction between the myosin VIIa tail and harmonin-a or its
Nter-PDZ1 fragment was investigated by SPR. A Kd close to
1 mM was found in both cases (Fig. 3A and data not shown).

Both myosin-1c and myosin VIIa have been implicated in
the adaptation of mechanoelectrical transduction upon sus-
tained deflection of the hair bundle (29,30). Accordingly,
myosin-1c has been reported to co-immunoprecipitate with
cadherin-23 in transfected cells (30). We therefore sought a
possible myosin VIIa–cadherin23 interaction and indeed
detected a direct interaction of CDH23 with the myosin VIIa
tail by SPR (Kd ¼ 1.5 mM; Fig. 3A). The micromolar affinities
of the complexes of the myosin VIIa tail with either
harmonin-a or CDH23 are about 10 times lower than the affi-
nity of the CDH23/harmonin-a complex (see above). Thus,
myosin VIIa interacts in vitro with all the known USH1 pro-
teins, i.e. cadherin-23, harmonin, sans and the CD1 isoform
of protocadherin-15 (15,16,18), as does harmonin (18).

Cadherin-23, harmonin and myosin VIIa can form
a ternary complex

We then addressed the possibility that cadherin-23, harmonin
and myosin VIIa form a ternary complex. The myosin VIIa tail
was flowed in an SPR biosensor over either immobilized
harmonin-a alone or a pre-formed CDH23/harmonin-a
complex. The binary complex bound significantly more
myosin VIIa tail than harmonin-a alone (Fig. 3B), indicating
that the myosin VIIa tail can interact simultaneously with
CDH23 and harmonin-a, forming a ternary complex in vitro.
The myosin VIIa-binding sites on CDH23 and harmonin-a
are thus likely to be distinct from those involved in the for-
mation of the CDH23/harmonin-a binary complex.

To assess the physiological relevance of the ternary
complex, we studied the distributions of harmonin isoforms

Table 1. Dissociation equilibrium constants (Kd) of the interaction between harmonin-a and cadherin-23 constructs

CDH23 + exon68 CDH23Dexon68 CDH23 + exon68DITEL CDH23Dexon68DITEL

Full-length harmonin a 97+14 nM 79+11 nM 127+12 nM 48+6 nM

Nter-PDZ1-PDZ2 64+6 nM 42+11 nM 66+13 nM 30+6 nM

Nter-PDZ1 94+8 nM 79+10 nM 106+5 nM 58+9 nM

Nter .5000 nM .5000 nM .5000 nM .5000 nM

PDZ3 .5000 nM .5000 nM .5000 nM .5000 nM

Figure 2. Harmonin-a interacts with CDH23 + exon68 independently of the
Ca2+ concentration. In vitro binding assay. The GST-CDH23 + exon68
fusion protein was immobilized on glutathione–Sepharose. The presence of
a harmonin-a/CDH23 + exon68 complex was revealed by western blot analy-
sis, using an anti-harmonin antibody. The positions of the 62 and 49 kDa mol-
ecular mass markers are indicated on the left. Note that the complex formed at
all Ca2+ concentrations tested (between 1 mM and 0.1 mM CaCl2), and in the
virtual absence of Ca2+ (1 mM EGTA).
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and myosin VIIa in the growing hair bundles from
cadherin-23-null mutant mice at P1. In these mice, harmonin
could not be detected anymore at the hair bundle apex, and
myosin VIIa, instead of being restricted to the hair bundle
apex, was now distributed along the stereocilia, with a mark-
edly decreased immunostaining (Fig. 4). We conclude that

the apical location of harmonin and myosin VIIa in the
growing hair bundle critically depends on the presence of
cadherin-23. Therefore, a ternary molecular complex invol-
ving cadherin-23, harmonin and myosin VIIa is likely to
exist also in vivo. In this complex, myosin VIIa may exert
tension forces on the transient lateral links of the growing

Figure 3. Interactions between cadherin-23, harmonin-a and myosin VIIa. (A) Myosin VIIa binds to harmonin-a and cadherin-23. The interaction of the myosin
VIIa tail with immobilized full-length harmonin-a (left) or CDH23 + exon68 (right) was monitored by SPR. Different concentrations of the myosin VIIa tail
(23.4–3000 or 15.6–2000 nM) were injected in a randomized order. Kd and their respective standard deviations were determined. RU, resonance unit. (B)
Harmonin-a and cadherin-23 can recruit myosin VIIa simultaneously. The myosin VIIa tail (125 nM) was injected over immobilized harmonin-a, which had
been pre-equilibrated or not with CDH23 + exon68 (125 nM). The SPR response corresponding to the binding of myosin VIIa tail to the harmonin-a/
CDH23 + exon68 complex (red curve) was higher than that to harmonin alone (blue curve).

3560 Human Molecular Genetics, 2010, Vol. 19, No. 18

 at Institut P
asteur M

Ã
©

diathÃ
¨que S

cientifique on S
eptem

ber 7, 2010 
http://hm

g.oxfordjournals.org
D

ow
nloaded from

 

http://hmg.oxfordjournals.org


hair bundle, thereby contributing to its cohesion. Myosin VIIa
may also contribute to the tip-link tension that is thought to
control the gating of mechanoelectrical transduction channels
in the mature hair bundle. Indeed, the high duty ratio of ver-
tebrate myosin VII motors combined with their low ATPase
activity qualify these myosins to exert local tension forces
(31–33).

Cadherin-23, harmonin and myosin VIIa bind to
phosphorylated forms of phosphatidylinositol including
phosphatidylinositol 4,5-bisphosphate

Given the paramount roles of harmonin, myosin VIIa,
cadherin-23 and phosphorylated forms of phosphatidyl-
inositol (PIP) in mechanoelectrical transduction and its adap-
tation process (24,29,30,34), we asked whether the three
proteins could directly interact with membranes containing
phosphatidylinositol (PI) lipids. Despite a basal binding to
non-phosphorylated PI-containing liposomes, the liposome-
binding of CDH23 and, to a lesser degree, that of harmonin-a
was largely dependent on the presence of a phosphorylated
PI head [4P, 5P, (4,5)P2], whereas the binding of the
myosin VIIa tail was mostly PIP-independent (Fig. 5A). Inci-
dentally, the binding of harmonin to phospholipids is likely
to involve its PDZ domains because PDZ domains have

been reported to interact with PIP (35). The binding of
CDH23 correlated with the proportion of phosphatidyl-
inositol 4,5-bisphosphate [PI(4,5)P2] in the liposomes to a
greater degree than that of harmonin-a and the myosin
VIIa tail, thus confirming the binding specificity of CDH23
for PI(4,5)P2 (Supplementary Material, Fig. S3). Notably,
CDH23 tethered to the PI(4,5)P2 liposomes could still
recruit harmonin-a (Fig. 5B), thus suggesting that
cadherin-23 contains different binding sites for PI(4,5)P2

and harmonin-a. To assess the physiological relevance of
these results, we co-transfected HeLa cells with expression
vectors encoding the eGFP-fused cytoplasmic region of
cadherin-23 (eGFP-CDH23) and the myc tag-fused pleckstrin
homology domain of phospholipase C (Myc-PH), used as a
PI(4,5)P2 reporter (36). The eGFP-CDH23 and myc-PH pro-
teins entirely co-localized at the plasma membrane in
speckled immunostainings. Likewise, an eGFP–harmonin-a
construct co-localized with myc-PH at the plasma membrane
in co-transfected HeLa cells, but only after treating the cells
with hydrogen peroxide (H2O2), which increases the
PI(4,5)P2 concentration (37) (Fig. 6).

In mouse auditory hair cells, PI(4,5)P2 immunoreactivity
could be detected along the stereocilia of growing and
mature hair bundles (Fig. 7) (30). The presence of PI(4,5)P2

in the apical region of the growing hair bundles thus argues
in favor of the existence of a molecular complex associated
with CDH23 at the insertion points of early transient lateral
links, which also involves harmonin, myosin VIIa and
plasma membrane PI(4,5)P2, and would be anchored to the
stereocilia actin cytoskeleton through myosin VIIa and
harmonin-b isoforms that can bind to F-actin (15). This
complex is required for the structural integrity of growing
hair bundles, as indicated by their early fragmentation in
mutant mice defective for myosin VIIa, harmonin or
cadherin-23 (14). In addition, we and others have shown that
in mature hair bundles, these proteins are present in the
region of the tip-link upper insertion point: cadherin-23 and
harmonin-b have locally restricted distributions (14,23,24),
while myosin VIIa is detected all along the stereocilia
(V.M., unpublished data). Moreover, myosin VIIa, harmonin-b
and PI(4,5)P2 have all been implicated in the adaptation
process of mechanoelectrical transduction that re-sets the sen-
sitivity of the transduction channels while the mechanical
stimulation of the hair bundle is maintained (24,29,34). We
suggest that a molecular complex similar to that observed in
the apical region of growing stereocilia also exists at the
tip-link upper insertion point in mature stereocilia. The stab-
ility of the interaction between harmonin and cadherin-23
whatever the Ca2+ concentration (see Supplementary
Material, Fig. S2) indicates that this particular interaction is
not a target of the Ca2+ modulation of adaptation (27). Still,
the binding of the cadherin-23/harmonin complex to
PI(4,5)P2 may account for the reported PI(4,5)P2 dependence
of adaptation. In the adaptation process driven by a sustained
deflection of the hair bundle towards the tallest stereocilia,
harmonin-b limits the reclosure of the transduction channels,
likely by preventing the full relaxation of the tip-link tension
(24). Incidentally, the direct binding of myosin VIIa to
cadherin-23 may explain the persisting anchoring of the tip
link to the stereocilia actin filaments in the absence of

Figure 4. Abnormal distributions of myosin VIIa and harmonin in the hair
bundles from early post-natal (P1) cadherin-23-null mutant mice. The distri-
butions of harmonin isoforms, myosin VIIa and cadherin-23 are shown in
the hair bundle of outer hair cells from wild-type (WT) and cadherin-23-null
(Cdh232/2) mice. Actin filaments have been stained using TRITC-conjugated
phalloidin (red). Note the absence of any harmonin-b and cadherin-23 immu-
nostainings and the abnormal locations of myosin VIIa and other harmonin
isoforms in the Cdh232/2 hair bundles. Scale bars: 2 mm.
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harmonin-b (24). Finally, we propose that the cadherin-23/
harmonin complex, by virtue of its direct binding to
PI(4,5)P2, contributes to the plasma membrane curvature that
is observed at the tip-link upper insertion point.

MATERIALS AND METHODS

Preparation of proteins

The following coding sequences were amplified and cloned
into a pGST//1 vector (derived from pGEX-4T-1; Amersham)
for expression in Escherichia coli prokaryotic cells or in pFast

Bac (GE Healthcare) for expression in SF9 insect cells
(baculovirus system): full-length harmonin-a (accession
no. AF228924) and its Nter (residues 1–79), Nter-PDZ1
(1–203), Nter-PDZ1-PDZ2 (1–299), PDZ3 (434–545) trun-
cated fragments; the cytoplasmic region of cadherin-23
either including the sequence encoded by exon68 (CDH23 +
exon68, residues 847–1114 and 847–1110; accession no.
AY563163.1) or lacking this sequence (CDH23Dexon68, resi-
dues 847–1079 and 847–1075; accession no. AY563164.1).
Proteins were produced in BL21(DE3)codonPlus-RP E. coli
cells. The glutathione S-transferase (GST)-tagged proteins
were purified using a glutathione Sepharose 4B column, fol-

Figure 5. Interactions of cadherin-23, harmonin and myosin VIIa with phospholipids. (A) Binding to non-phosphorylated and phosphorylated forms of PI. Real-
time SPR profiles showing the interaction of full-length harmonin-a, myosin VIIa tail or CDH23 + exon68 (1.25 mM each) with immobilized liposomes contain-
ing 20% of PI, PI4P, PI5P or PI(4,5)P2. The binding of CDH23 + exon68 and harmonin-a depended strongly on the phosphorylation of the PI lipids, unlike that
of myosin VIIa. (B) PI(4,5)P2-tethered cadherin-23 is able to bind to harmonin-a. Real-time SPR profiles showing the interaction with immobilized 20%
PI(4,5)P2-containing liposomes of the following proteins (250 nM): CDH23 + exon68 alone (1, black curve and scale), full-length harmonin-a alone (2,
green curve and scale) or CDH23 + exon68 followed by harmonin-a (3, red curve and scale).
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lowed by size-exclusion chromatography. For the different
harmonin-a constructs, the GST tag was removed using
recombinant tobacco etch virus NIa proteinase. The
cadherin-23 fragments were eluted from a glutathione
Sepharose 4B column with reduced glutathione. The integrity
of the different cadherin-23 fragments was verified by mass
spectrometry (QSTAR XL QqTOF mass spectrometer; AB-
MDS-Sciex, Thornill, Canada). For some SPR experiments,
the CDH23 + exon68 fragment was produced in SF9 cells
using the baculovirus expression system. The His6-tagged
CDH23 + exon68 fragment was purified using Ni-NTA
agarose beads, followed by size-exclusion chromatography.
The His6-tagged tail of myosin VIIa was purified as previously
described (15).

Antibodies

The following primary antibodies were used: rabbit polyclonal
antibodies against myosin VIIa (15,38), harmonin-b (15) or
cadherin-23 (14), mouse monoclonal IgG against Myc (mAb
9E10 from Santa Cruz Biotechnology) and IgM against
PI(4,5)P2 (mAb 2C11 from Molecular Probes, Eugene). For
harmonin distribution studies in hair cells, a rabbit antiserum
(harmonin-H1; 1:500) was produced against the Nter frag-
ment. Primary antibodies were detected using Alexa488- or
Cy3-conjugated secondary antibodies (Molecular Probes).
F-actin was visualized with TRITC-conjugated phalloidin
(Sigma).

In vitro binding experiments

To explore the role of Ca2+ in harmonin/cadherin-23 complex
formation, CDH23 + exon68 was incubated with glutathione
beads, and then incubated with untagged harmonin-a in
50 mM HEPES (pH 7.2), 150 mM KCl, 1 mM Tris(2-
carboxyethyl)phosphine (TCEP) at 48C for 2 h. The concen-
tration of free Ca2+ was estimated by Igor Pro software
(Wavemetrics, Portland, OR, USA).

Cell culture and immunocytofluorescence analysis

The cDNA constructs encoding full-length harmonin-a and
CDH23 + exon68 were cloned into the pEGFP vector, and
the construct encoding the PH domain (residues 16–132) of
phospholipase C (BC015249) was cloned into the
pCMV-Myc vector. For transient transfection experiments,
HeLa cells were transfected with the DNA of interest using
lipofectamineTM 2000 (Invitrogen), and cells were grown for
24 h before fixation. For PI(4,5)P2 enrichment at the plasma
membrane, cells were incubated with 100 mM H2O2 for
20 min before fixation. For immunocytofluorescence exper-
iments, cell samples were fixed using 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS), stained with a
primary antibody for 1 h, washed in PBS three times for
5 min, stained with a secondary antibody for 1 h, washed as
above and mounted using Fluorosave (Calbiochem, USA).

Cochlear dissection and immunostaining

Whole-mount preparations of the mouse organ of Corti were
obtained as follows. Animals were killed by exposure to
CO2 followed by decapitation, and the inner ears were
removed and placed in PBS. The organ of Corti was
exposed by removing the stria vascularis, and the tissues
were fixed by immersion in 4% PFA in PBS for 1 h. The
samples were washed three times in PBS, incubated at room
temperature for 1 h in PBS containing 20% goat serum and
stained overnight with the primary antibodies diluted in PBS
containing 1% BSA. The samples were washed three times
in PBS and incubated with either Alexa 488-conjugated or
Cy3-conjugated goat anti-rabbit Fab’2 antibodies diluted in
PBS containing 20% goat serum, at room temperature for
1 h. After three washes in PBS, the tectorial membrane was
carefully removed, and the pieces were mounted using Fluor-
osave. Samples were analyzed by means of a Zeiss LSM510
Meta confocal microscope.

Lipids and preparation of vesicles

PI, phosphatidylinositol 4-phosphate (PI4P), phosphatidyl-
inositol 5-phosphate (PI5P), PI(4,5)P2, phosphatidylethanola-

Figure 6. Colocalization of PI(4,5)P2 with either cadherin-23 or harmonin-a in
transfected HeLa cells. Upper panel: CDH23 + exon68 fused to eGFP
(eGFP-CDH23 + exon68) and the myc-tagged PH domain of phospholipase
C (myc-PH), used as a PI(4,5)P2 reporter, co-localized at the plasma mem-
brane. Lower panel: full-length harmonin-a fused to eGFP (eGFP-harmonin-a)
and myc-PH co-localized at the plasma membrane after H2O2 treatment of the
cells. Scale bars: 5 mm.

Figure 7. PI(4,5)P2 immunodetection in growing (P1) and mature (P15) hair
bundles from mouse outer hair cells. Scale bars: 1 mm.
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mine (PE), phosphatidylserine (PS), phosphatidylcholine (PC)
were purchased from Avanti Polar Lipids (AL, USA). Phos-
pholipids were mixed in the following molar ratios: 35%
PC, 13% PS, 35% PE and 17% either PI or PIP. Large unila-
mellar vesicles (LUVs) were prepared by the rehydration of
argon-dried lipids in buffer A (20 mM HEPES pH 7.2,
150 mM KCl, 1 mM TCEP), followed by sonication, filtration
on a 0.4 mm pore size filter (Millipore) and extrusion
through a 100 nm pore size filter in a mini-extruder (Avanti).

SPR experiments

SPR experiments were performed on a Biacore 2000 system
(GE Healthcare), equilibrated at 258C with buffer A. For
cadherin-23/harmonin-a interactions, 300–600 resonance
units (RU ≈ pg/mm2) of GST-fused CDH23 constructs were
captured on an anti-GST antibody-coupled CM5 sensorchip
surface (GE Healthcare), over which the full-length
harmonin-a and its fragments were then flowed at 20 ml/min
for 90 s. For harmonin-a/myosin VIIa and cadherin-23/
myosin VIIa interactions, harmonin-a (1500 RU) and
CDH23 (1700 RU) were covalently immobilized on a CM5
sensorchip, over which the myosin VIIa tail was flowed at
30 ml/min for 120 s. Protein–lipid interactions were monitored
using a lipophilic L1 sensorchip (GE Healthcare) on which
7000–8500 RU of the different LUVs were captured, and pro-
teins were then flowed over the LUV at 10 ml/min for 300 s.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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