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Cadherins form a large family of proteins often involved in calcium-dependent cellular
adhesion. Although classical members of the family can provide a physical bond between
cells, a subset of special cadherins use their extracellular domains to interlink apical special-
izations of single epithelial sensory cells. Two of these cadherins, cadherin-23 (CDH23) and
protocadherin-15 (PCDH15), form extracellular “tip link” filaments that connect apical
bundles of stereocilia on hair cells essential for inner-ear mechanotransduction. As these
bundles deflect in response to mechanical stimuli from sound or head movements, tip links
gate hair-cell mechanosensitive channels to initiate sensory perception. Here, we review
the unusual and diverse structural properties of these tip-link cadherins and the functional
significance of their deafness-related missense mutations. Based on the structural features
of CDH23 and PCDH15, we discuss the elasticity of tip links and models that bridge the
gap between the nanomechanics of cadherins and the micromechanics of hair-cell bundles

during inner-ear mechanotransduction.

dhesion molecules maintain cell-cell junc-

tions in multicellular organisms, providing
physical bonds between neighboring cells
through interactions of their extracellular do-
mains. Cadherins form one of the largest fami-
lies of adhesion molecules with more than 100
members encoded in the human genome (Take-
ichi 1990; Suzuki 1996; Junghans et al. 2005;
Hulpiau and van Roy 2011; Hirano and Takeichi
2012; Sotomayor et al. 2014). Classical cadher-
ins, which have been the most extensively
studied, mediate calcium-dependent cellular ad-
hesion through interactions of their extracellular
cadherin repeats (Brasch et al. 2012). The two
founding members of the classical cadherin sub-
family, E- and N-cadherin (CDH1 and CDH2),

are essential for embryo and brain morphogen-
esis (Kemler et al. 1977; Takeichi 1977; Berto-
lotti et al. 1980; Hatta et al. 1985), and have been
implicated in a plethora of biological processes
and diseases (van Roy and Berx 2008; Radice
2013). Less is known about other cadherins
present in junctions between different compart-
ments of the same cell, such as in apical special-
izations of photoreceptors in the eye, enterocytes
in the gut, and hair cells of the inner ear.

In photoreceptor cells, protocadherin-21
(PCDH21) has been implicated in extracellular
adhesion necessary for morphogenesis of the
outer segment, connecting nascent discs to the
inner segment of the same cell (Burgoyne et al.
2015). Similarly, protocadherin-24 (PCDH24)

Editors: Carien M. Niessen and Alpha S. Yap

Additional Perspectives on Cell-Cell Junctions available at www.cshperspectives.org

Copyright © 2017 Cold Spring Harbor Laboratory Press; all rights reserved
Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a029280


mailto:sotomayor.8@osu.edu
mailto:sotomayor.8@osu.edu
mailto:sotomayor.8@osu.edu
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org/site/misc/terms.xhtml
http://cshperspectives.cshlp.org/

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo™

Downloaded from http://cshperspectives.cshlp.org/ on August 26, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

A. Jaiganesh et al.

and the mucin-like protocadherin (CDHRS5)
have been shown to interact to form intermicro-
villar links that connect microvilli on the surface
of epithelial enterocytes (Crawley et al. 2014).
In the inner ear, cadherin-23 (CDH23) and pro-
tocadherin-15 (PCDH15) form tip link fila-
ments in hair cells essential for hearing and
balance (Siemens et al. 2004; Sollner et al.
2004; Ahmed et al. 2006; Kazmierczak et al.
2007; Corey 2007). In all three cases, the cadher-
ins involved interconnect apical specializations
within a single cell and are structurally distinct
from classical members of the family. In addi-
tion, their cytoplasmic molecular binding part-
ners go beyond the classical B-catenin paradigm,
and their mechanisms of interaction and func-
tion have not been fully determined. In this
review, we will focus on recent advances in the
study of CDH23 and PCDHI15 function in hear-
ing and balance.

INNER-EAR HAIR-CELL
MECHANOTRANSDUCTION
AND CADHERIN TIP LINKS

In the mammalian inner ear, mechanical stimuli
from sound or head movements are converted
into electrical signals triggering sensory percep-
tion through a process called mechanotransduc-
tion (Von Békésy 1956; Pickles and Corey 1992;
Reichenbach and Hudspeth 2014). This process
is performed by hair cells (Fig. 1A), specialized
mechanoreceptor cells in the cochlear and ves-
tibular sensory epithelia (Davis 1965; Gillespie
and Miiller 2009; Fettiplace and Kim 2014). As
hearing occurs, sound waves travel through
air into the ear and are transformed into fluid
pressure waves that move through the cochlea to
stimulate cochlear hair cells. Similarly, head
movements displace a gelatinous mass or crys-
talline structures (otoliths) to stimulate the
inner-ear vestibular hair cells that mediate the
sense of balance (Angelaki and Cullen 2008;
Eatock and Songer 2011).

As their name suggests, hair cells feature an
apical bundle of hair-like projections called ster-
eocilia (Fig. 1A,B). Each stereocilium is primar-
ily made of rigid actin filaments surrounded by
plasma membrane (Flock and Cheung 1977;

DeRosier et al. 1980). Hair-cell stereocilia bun-
dles, protruding from a single cell, are the sites
of transduction and have different shapes, sizes,
and morphologies depending on species, organ,
location within the organ, and developmental
stage (Schwander et al. 2010). Cochlear inner
hair cells (IHCs) generally display three rows
of stereocilia forming a largely linear bundle,
whereas cochlear outer hair cells (OHCs) have
three stereocilia rows forming a V-shaped bun-
dle (Fig. 1A). Vestibular hair bundles have five
or more rows arranged in a hexagonal matrix.
Yet, common to all wild-type hair-cell bundles is
a staircase-like arrangement of their stereocilia
rows from shortest to tallest (Belyantseva et al.
2003, 2005), which defines the polarity and ex-
citatory axis of hair cells (Fig. 1B,C). As hair-cell
bundles are stimulated, stereocilia move as rigid
rods back and forth along the excitatory axis
to initiate transduction and sensory perception
(Hudspeth and Corey 1977; Corey and Hud-
speth 1983; Fettiplace and Kim 2014).
Stereocilia in bundles are connected to each
other at various points along their length (Hack-
ney et al. 2013). Ankle links, made of VLGR1
and possibly usherin, hold the overall bundle
structure together by interconnecting stereocilia
bases (McGee et al. 2006; Michalski et al. 2007).
Shaft connectors, made of PTPRQ (Goodyear
et al. 2003), and transient lateral links (CDH23
and PCDHI15) connect the sides of stereocilia
during development and disappear as hair cells
mature (Michel et al. 2005). Horizontal top
connectors link the upper sides of stereocilia to
their tallest neighbors and are possibly formed
by stereocilin (Verpy et al. 2011). Kinocilial links
(CDH23 and PCDH15) connect the tallest ster-
eocilium to the kinocilium, a single true cilium
present in all hair bundles that is lost in mature
mammalian cochlear hair cells (Goodyear and
Richardson 2003; Goodyear et al. 2010). Finally,
tip links are defined as the oblique links between
the tip of each stereocilium to the side of its taller
neighbor (Fig. 1B) (Pickles et al. 1984). These
are the only hair-cell bundle filaments directly
involved in transduction and are formed by
CDH23 and PCDH15 (Fig. 1D) in rodent, fish,
avian, and human inner ears (Siemens et al.
2004; Sollner et al. 2004; Ahmed et al. 2006;

2 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a029280


http://cshperspectives.cshlp.org/

g’é’;ﬁ\b Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Downloaded from http://cshperspectives.cshlp.org/ on August 26, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

Cadherin-23

~170 nm
Extracellular

B (o] Displacement

Stereocilia

Tip link cis

Protocadherin-15

Kinocilium

Hair cell Hair cell

E Hair-bundle F G 7ot
displacement Peak transduction current v

200 nm e
Transduction T |
current 200pA @ . Open N
-100 0 100 200

p— Hair-bundle displacement (nm)

Closed

Transduction
channel complex

———ei
~100 us  ~100 ms

Figure 1. Hair cell mechanotransduction and the cadherin tip link. (A) High-resolution images of a bullfrog hair cell
(left), a mammalian cochlear outer hair cell (OHC) stereocilia bundle (top right), and tip links (bottom right). The
hair bundle sits on the apical surface of the hair cell, and tip links connect the tip of each stereocilium to the side of
the taller neighbor. See schematics in B. (Image A left is reprinted from Hudspeth 1985, with permission from
American Association for the Advancement of Science; Image A top right is reprinted from Furness et al. 2008;
Image A bottom right is reprinted from Kachar et al. 2000, courtesy of The National Academy of Sciences.) Bars
represent 100 nm. (B) Schematic representation of a cochlear stereocilia bundle highlighting the location of the tip
link. (C) Bundle deflection results in increased tip-link tension. (D) The tip link is formed by the tip-to-tip (trans)
interaction of protocadherin-15 (PCDH15) and cadherin-23 (CDH23). Both proteins occur as parallel (cis) homo-
dimers. Red box shows location of the CDH23-PCDH15 handshake interaction shown on the right (Sotomayor
etal. 2012). Proteins are shown as ribbons and calcium ions as green spheres. Residue p.R139 (p.R113 without signal
peptide) mutated in deafness and a disulfide bond at the tip of PCDH15 are shown as sticks. (E) Hair-bundle
displacement (fop) results in fast opening of transduction channels as shown by the rapid increase in transduction
current (bottom). (F) Peak currents (green dot in panel E) plotted as a function of hair bundle displacement show a
sigmoidal relationship that can be reproduced by gating spring models (Sukharev and Corey 2004). (G) Mechano-
transduction apparatus. The tip link conveys force to transduction channels at the top of the stereocilium.
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Kazmierczak et al. 2007; Goodyear et al. 2010;
Alagramam et al. 2011).

Tip links are essential components of the
inner-ear mechanotransduction apparatus. As
stereocilia bundles are deflected toward the
tallest stereocilium in response to mechanical
stimuli, tension builds up in the oblique tip
links, which force open ion channels located at
the base of the filaments near the top of each
stereocilium (Assad et al. 1991; Beurg et al.
2009). Opening of these cation-selective chan-
nels by tip links results in potassium influx, hair-
cell depolarization, and a subsequent release
of neurotransmitters at the synapses located at
the base of hair cells. These are the first steps
in sensory perception mediated by hair cells
(Fig. 1E-G).

Unlike other components of the transduc-
tion apparatus, the molecular identity of tip
links is well defined. Multiple deletions, non-
sense, and missense mutations confirm the
involvement of both CDH23 and PCDHI15 in
hearing loss in various species (Alagramam
et al. 2001b, 2011; Di Palma et al. 2001a). Anti-
body labeling localizes CDH23 to the upper end
of tip links, and PCDHI15 to their lower end
(Kazmierczak et al. 2007; Indzhykulian et al.
2013). The predicted length for the combined
extracellular domains of CDH23 and PCDH15
(~170 nm) matches well the range of tip link
sizes observed by electron microscopy (150
to 185 nm) (Furness et al. 2008). The calcium-
dependent integrity of tip links, which are dis-
rupted with the calcium chelator BAPTA, is also
consistent with cadherin’s sensitivity to calcium
(Assad et al. 1991; Pokutta et al. 1994; Kazmier-
czak et al. 2007; Furness et al. 2008). Moreover,
crystal structures of the CDH23 and PCDH15
tips bound to each other, in vitro biochemical
assays, and the Noddy mouse model (see below)
support the notion that the heterophilic CDH23
and PCDHI15 interaction is essential for tip link
formation (Sotomayor et al. 2012; Geng et al.
2013).

Direct involvement of tip links in hair-cell
channel gating is also well established. First,
fast opening of transduction channels (50 to
200 ps) during hair-bundle deflection cannot
be accounted for by slow enzymatic or second-

ary messenger models (Corey and Hudspeth
1983). Correlation of tip link disappearance
through BAPTA treatments with the absence
of transduction currents further highlights their
relevance during transduction (Assad et al.
1991; Zhao et al. 1996). In addition, the align-
ment of tip links along the excitatory axis of hair
cells and their oblique orientation allow them to
convey force to either of their ends (Shotwell
et al. 1981; Pickles et al. 1984). Localization of
the site of transduction through calcium imag-
ing at the lower end of tip links, near PCDH15,
further supports a direct involvement of tip
links in gating (Beurg et al. 2009). Finally, recent
experiments show that direct mechanical stim-
ulation of CDH23, expected to be connected
to PCDH15 and the transduction channel, elic-
its hair-cell transduction currents (Basu et al.
2016). These results unequivocally place the
cadherin tip link as the core component of
the transduction apparatus that directly gates
transduction channels.

PHYSICS OF MECHANOTRANSDUCTION
AND GATING SPRING MODEL

Matching the electrophysiological and micro-
scopic mechanical response of hair-cell bundles
to the expected mechanical behavior of the mol-
ecules that form the hair-cell transduction
apparatus has been challenging. The extent of
bundle displacement under physiological con-
ditions, the endogenous forces that a single tip
link withstands during transduction, and the
natural resting tension on individual tip links
have all been estimated from exquisite but
indirect measurements that often involve data
from the whole hair-cell bundle (Howard and
Hudspeth 1988; Jaramillo and Hudspeth 1993;
Cheung and Corey 2006). These measurements
are often interpreted using a theoretical model
that can capture and reproduce the essential fea-
tures of hair-cell transduction recordings by as-
suming that ion channels are directly attached
and gated by a hypothetical spring of unknown
molecular identity (Corey and Hudspeth 1983).

In the simplest version of this “gating
spring” model, the transduction channel open
probability p, is obtained from a two-state Boltz-
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mann distribution with

1
Do = 11 eAg/kaT
where Ag is the energy difference between the
open and closed states, kg is the Boltzmann
constant, and T is the temperature. Assuming
that the channel gate swings a distance b
(Fig. 1F), and that the force applied to it through
the gating spring is f, then the energy difference
Ag can be written as

Ag=—fb+ Au,

where fb is the work done during channel open-
ing, and Au is the intrinsic energy difference
between open and closed states of the channel
in the absence of force (Sukharev and Corey
2004). The position of the free end of the spring
x, will be

_/f
X —kg+bpg,

where k, is the spring constant of the gating
spring, f /k, is the extension of the spring, and
bp, is the extension caused by channel opening.
This model can be used to obtain k,, b, and Au
from experiments where the force applied to the
system is kept constant, x; is inferred from the
bundle position, and the open probability is de-
duced from recorded currents. A similar model
can be obtained for experiments in which the
position of the bundle is held constant while
force and open probability are monitored.
More advanced models may incorporate addi-
tional terms accounting for myosin-mediated
adaptation, calcium-dependent reclosure of the
channel, and other biophysical phenomena rel-
evant for hair-cell transduction.
Electrophysiological data measured from
hair cells and interpreted within the context of
the gating spring theory suggest that transduc-
tion channels are gated rapidly (50 to 200 ps)
by piconewton forces applied through a gating
spring connected in series and with a stiffness
of ~0.5 to 1 mN/m. The channel gate swing is

Sensational Cadherins for Hearing and Balance

estimated to be ~4 nm, the resting tension in the
system is ~10 pN, and the stretching range is
>100 nm (Corey and Hudspeth 1983; Howard
and Hudspeth 1988; Jaramillo and Hudspeth
1993; Corey and Howard 1994; Shepherd and
Corey 1994; Cheung and Corey 2006). The tip
link, membrane deformation, scaffolding pro-
teins, and myosin adaptation motors may all
contribute to the soft gating spring elasticity
measured during transduction (Pickles et al.
1984; Howard and Spudich 1996; Powers et al.
2012, 2014). Yet, the structural properties of the
known components of the transduction appara-
tus put some constraints on what each part can
contribute. A better understanding of the di-
verse and exceptional structural features of the
CDH23 and PCDH15 proteins can thus further
guide a more comprehensive and multi-scale
model of hair-cell mechanotransduction.

STRUCTURAL DETERMINANTS
OF CADHERIN-23 FUNCTION

Members of the cadherin family of proteins
feature at least two extracellular cadherin (EC)
repeats, a transmembrane domain that in most
cases involves a single a-helix, and a carboxy-
terminal cytoplasmic domain (Brasch et al.
2012; Hirano and Takeichi 2012; Sotomayor
et al. 2014). The EC repeats are similar in fold
and sequence, but not identical to each other
(Figs. 1D, 2A). Classical cadherins have five EC
repeats, whereas clustered protocadherins have
six, and other family members have up to 34 EC
repeats. In all cases, the EC segment is defined by
calcium-binding sites at the linker region be-
tween consecutive EC repeats (Ringwald et al.
1987; Nagar et al. 1996; Boggon et al. 2002).
These sites are highly conserved and often fea-
ture three calcium ions coordinated by negative-
ly charged residues at motifs in the preceding EC
repeat (XEX and DXE), the linker between the
EC repeats (DXNDN), and the following EC
repeat (DXD and XDX; Fig. 2B,D). Calcium
binding at these sites rigidifies consecutive EC
repeats, and also enhances mechanical strength
and resistance to unfolding in classical cadher-
ins (Pokutta et al. 1994; Cailliez and Lavery 2005;
Sotomayor and Schulten 2008; Oroz et al. 2011).
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Figure 2. Structural determinants of cadherin-23 (CDH23) function. (A) Structure of CDH23 EC1-2 (Sotomayor
et al. 2010). (B) Canonical calcium-binding site between EC1-2 highlighting conserved residues involved in
calcium coordination. Calcium ions are shown as green spheres. (C) Schematic of the cytoplasmic domain of
CDH23 (blue) with structurally solved fragments bound to harmonin (gray) (Pan et al. 2009; Wu et al. 2012). (D)
Calcium-binding sequence motifs and coordination of calcium ions at sites 1, 2, and 3. Dashed lines indicated
coordination by backbone oxygen. (E) Mapping of missense mutations causing deafness along the extracellular
domain of CDH23 (EC1 to EC27; residue numbers include signal peptide). Green columns (left) highlight
mutations to calcium-binding residues. Underlined mutations are presumed pathogenic based on phenotype
and predicted structural effect. All others are inferred pathogenic based on phenotype and genetic studies. Blue
asterisks at linkers indicate unusual calcium-binding motif sequences. Purple and red circles indicate predicted
N- and O-linked glycosylation sites.
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CDH23, forming the upper three fourths of
the tip link, is unique in that its longest isoform
features 27 EC repeats with a predicted length
of at least 120 nm (4.5 nm per EC repeat from
known canonical structures) (Di Palma et al.
2001b). This extraordinarily long extracellular
domain makes CDH23 ideally suited to function
as part of the ~170 nm-long tip link (Fig. 1D).
The structures for the EC1-2 tip of CDH23
(Fig. 2A), by itself and in complex with
PCDHI15 ECI1-2, show EC repeats forming a
typical Greek-key fold made of seven B-strands
each (Elledge et al. 2010; Sotomayor et al. 2010,
2012). A calcium ion at an atypical binding site
at the amino terminus of ECI1 (site 0) keeps
loops and B-strands together and, as expected,
three calcium ions are bound at the canonical
linker region between the repeats (Fig. 2B). Mea-
surements of binding affinity for calcium in
EC1-2 suggest that site 3 has the highest affinity
with a Kp of ~5 uM, whereas sites 2 and 1 have
Kp values of ~44 and ~71 uM (Sotomayor et al.
2010). Calcium concentration in the inner ear is
tightly controlled, and it may range from 20 to
40 uM in the endolymph fluid that bathes co-
chlear hair cells, or from 100 to 300 uM in ves-
tibular endolymph (Bosher and Warren 1978;
Salt et al. 1989). Thus, sites 2 and 3 are likely
occupied during transduction in canonical tip-
link EC repeats, yet binding affinities for all sites
throughout the extracellular domain of CDH23
and local calcium concentrations around tip
links remain to be determined (Mammano
et al. 2007; Ceriani and Mammano 2012).

Equilibrium and steered molecular dynam-
ics (MD) simulations of the CDH23 EC1-2
structure revealed three important aspects of
its nanomechanics (Sotomayor et al. 2010).
First, the flexural rigidity of EC1-2 is controlled
by calcium binding, with the ECI1-2 linker be-
having as a loose hinge when calcium is absent.
Second, calcium is also important for the linear
mechanical strength of EC repeats, with calcium
ions at sites 2 and 3 being responsible for a
twofold increase in the force required to me-
chanically unfold a pair of EC repeats. Last,
simulations suggest that EC1-2 and similar
canonical EC repeats are stiff, with a predicted
spring constant of at least ~700 mN/m per re-

Sensational Cadherins for Hearing and Balance

peat at a stretching speed of 0.1 nm/ns (before
unfolding occurs). A tip link made of two
strands with 27+ 11 EC repeats like ECI-2
each would have an effective spring constant
of ~37 mN/m at a stretching speed of 0.1 nm/
ns, too large for what is expected for the gating
spring (0.5 mN/m from equilibrium measure-
ments). However, this estimate does not take
into account the elasticity that could stem
from noncanonical linkers and from rearrange-
ments of the monomers within a superhelical
dimer of CDH23 molecules.

Sequence analyses of all CDH23 EC repeats
indicate that most of them are canonical, similar
to CDH23 ECI1-2. However, structures of re-
peats EC3 to EC27 are unknown, and there are
a few sequence variations that suggest the exis-
tence of calcium-deficient linkers that may lend
CDH23 unique mechanical properties. For ex-
ample, two variations in calcium-binding motifs
at the CDH23 EC12-13 linker (SXD replaces
DXD and NELDE replaces DXNDN) may affect
calcium coordination at its site 3 (Fig. 2D,E).
Similarly, the DRE motif is NRE at the EC21-
22 linker and SYE at the EC24-25 linker, which
might affect calcium binding at site 1 in each
case (Fig. 2D,E). In addition, the XDX motif at
the top of EC26 is missing, compromising coor-
dination of calcium at site 3 in the EC25-26
linker (Fig. 2D,E). Last, EC27 connects to a
stretch of about 100 residues that may fold as a
possible EC28 repeat next to the transmembrane
helix of CDH23. The EC27-28 linker does not
have any of the calcium-binding motifs typically
present in cadherins. Further structural infor-
mation from all these EC repeats is needed to
determine the elasticity of their atypical linkers
and the exact role that CDH23 plays in the gat-
ing spring model of mechanotransduction.

STRUCTURAL DETERMINANTS OF
PROTOCADHERIN-15 FUNCTION

PCDHI15, which forms the lower end of tip links
(Alagramam et al. 2001a; Ahmed et al. 2001,
2006), is shorter than CDH23 but has a similar
overall architecture. The extracellular domain of
PCDHLI5 has 11 EC repeats, followed by a single
transmembrane helix and a large cytoplasmic
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domain (up to 541 residues, depending on the
isoform). The predicted length of the PCDH15
extracellular domain (EC1-11) is ~50 nm, which
when added to the length of the extracellular
domain of CDH23 (~120nm), would be
compatible with a tip-to-tip interaction for a
~170 nm long tip link (Fig. 1D,G). The struc-
ture of PCDH15 EC1-2 (solved in complex with
CDH23 EC1-2; Fig. 1D) revealed a pair of EC
repeats with typical cadherin fold, but with a
unique intramolecular disulfide bond at the
top of EC1 that keeps loops and B-strands to-
gether as a calcium ion does in site 0 of CDH23
EC1 (Sotomayor et al. 2012). In addition, a rigid
and bulky loop within B-strand A of PCDH15
tucks against the narrow wrist of the adjacent
CDH23 linker, leading to an antiparallel heter-
odimeric “handshake” bond that has been vali-
dated in vitro and in vivo (Sotomayor et al. 2012;
Geng et al. 2013). This handshake bond is con-
sistent with the tip-to-tip antiparallel arrange-
ment of PCDH15 and CDH23 expected for
hair-cell tip links.

The PCDH15 EC1-2 structure within the
handshake revealed straight repeats and an
expected canonical linker with three bound cal-
cium ions (Fig. 3A). However, sequence analyses
for other parts of the PCDHI5 extracellular
domain suggest that its linkers are diverse. For
instance, the DXNDN motif is modified in
the linkers EC2-3 (DGDDL), EC3-4 (DENNQ),

Sensational Cadherins for Hearing and Balance

EC5-6 (PPNNQ), EC9-10 (HPGEI), and EC10-
11 (DENNH), suggesting that these may not
bind three calcium ions as canonical linkers
do, with implications for their flexibility and
mechanical strength. Recent PCDHI15 struc-
tures including two of these linkers (EC3-4
and EC9-10) confirm their predicted atypical
architecture (Araya-Secchi et al. 2016; Powers
et al. 2017). In the first case, the EC3-4 linker
is found in two conformations in the crystal, and
in both it features calcium ions only at sites 2
and 3 (Fig. 3A), with affinities (Kp) of 45 and
>100 UM, respectively (Powers et al. 2017). In
the second case, the PCDH15 EC9-10 linker is
calcium-free, it has a unique 3, helix located in
the center and an atypical loop in EC10 that sta-
bilizes a ~90° bent conformation (Figs. 3A, 4A,
C). This bent, “L” shaped conformation is unique
and preferred, as indicated by two different crys-
tals structures from mouse and human proteins
that show the same bending, and by small-angle
X-ray scattering data confirming its presence in
solution (Araya-Secchi et al. 2016).

The atypical linkers in EC3-4 and EC9-10
have a direct impact on the nanomechanics and
elasticity of PCDHI15. MD simulations predict
that the EC3-4 linker with two bound calcium
ions is more flexible than canonical linkers, a
finding that is consistent with the two slightly
bent conformations observed in the crystal
structures. In addition, steered MD simulations

Figure 3. (Continued) Structural determinants of protocadherin-15 (PCDH15) function. (A) Canonical (ECI-2)
and noncanonical (EC3-4, EC8-9, EC9-10) linkers of PCDH15 (Sotomayor et al. 2012; Araya-Secchi et al. 2016;
Powers et al. 2017). Calcium ions are shown as green spheres. Location of missing ions is indicated with *. Residue
numbers do not include signal peptide. (B) Isoform classes CD1, CD2, and CD3 are determined by the presence of
exon 35 (479 aa), 38 (283 aa), or 39 (182 aa), respectively, in the cytoplasmic domain of PCDH15. Left, schematic
of PCDH15 with all EC repeats and missense mutations and in-frame deletions known to cause deafness. Residue
numbers include signal peptide. The D435 variation (blue) is predicted to be evolutionary advantageous (Gross-
man et al. 2010). The upper green column highlights missense mutations in calcium-binding residues as in Figure
2E. Purple and red circles show predicted N- and O-linked glycosylation sites. Blue asterisks at linkers indicate
unusual calcium-binding motif sequences. Right, table of individual isoforms in each class that are predicted to be
transmembrane proteins. An isoform that has a modified exon 35 is denoted with *, whereas CD2 isoforms that do
not have exon 38 are indicated with A. (C) Comparison of amino-terminal domains (up to the first two EC repeats
only) of PCDH15 isoforms. The schematic rectangular region defines the beginning of the amino terminus and is
colored as follows: signal peptide in gray, exon 2 in gray and red, exon 3 in green, and exon 4 in purple. Labels of
individual isoforms are highlighted in blue for secreted proteins, magenta for cytosolic proteins, and black for
membrane proteins. Isoforms labeled with # have alternate carboxy-terminal residues. (D) Linkages in the hair
bundle where PCDH15 is located throughout development. (E) Model proposing the transient formation of
atypical tip links composed of PCDH15-PCDH15 proteins (Indzhykulian et al. 2013).
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Cytoplasmic
tether extension

A9 nm

~4.5 nm

Accordion Scissor elevator Sliding
model model model

EC10
Figure 4. Structural basis of tip-link elasticity. (A) Location of the noncanonical inter-repeat linkers in proto-
cadherin-15 (PCDH15; magenta). Structures of the cadherin-23 (CDH23; blue) EC1-2 and PCDH15 EC1-2
handshake (4APX), PCDH15 EC3-5 (5T4M), and PCDH15 EC8-10 (4XHZ) with a bent EC9-10 calcium-free
linker are shown in molecular surface representation. (B) Possible sources of gating-spring elasticity and exten-
sion: membrane deformation, cytoplasmic tether extension, unbending and/or unfolding of PCDH15 EC re-
peats. (C) Unbending of the PCDH15 EC8-10 structure observed by MD simulations (Araya-Secchi et al. 2016).
(D) Models of tip-link extensibility that involve tertiary structure rearrangements (accordion and scissor elevator
models) and sliding of hypothetically overlapped tips.
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suggest that its increased flexibility does not dra-
matically compromise the EC3-4 mechanical
strength, which is important to withstand phys-
iological stimuli applied to tip links (Powers
et al. 2017). In contrast, the bent EC9-10 linker
remains fixed in a rather stable conformation
unless a force larger than 10 pN is applied to
it, suggesting that it may remain bent even
when subjected to physiological resting tension.
Steered MD simulations of EC8-10 also suggest
that unbending of EC9-10 provides some elas-
ticity, with an effective spring constant of ~8

mN/m at 0.02 nm/ns and an extension of ~4

nm (Araya-Secchi et al. 2016). Further compli-
ance may arise from the combined response of
all atypical linkers in PCDH15, including a link-
er of unknown structure between EC11 and a
possible EC12 repeat that connects to the trans-
membrane helix of PCDH15. The overall nano-
mechanics of full-length PCDH15 alone, in a
parallel dimer, and in complex with CDH23
remains to be determined.

GENETIC DETERMINANTS OF CADHERIN-
23 AND PROTOCADHERIN-15 FUNCTION

Another layer of complexity in the analysis
of the mechanical properties of CDH23 and
PCDHI15 is added by the existence of isoforms
produced by alternative splicing (Lagziel et al.
2005; Ahmed et al. 2006; Takahashi et al. 2016).
There are at least 11 isoforms documented for
human CDH23 (Uniprot Q9H251), with four of
them (isoforms 5, 6, 10, and 11) lacking a
transmembrane domain. There are two major
variations among the 7 isoforms that do have
transmembrane domains. The first set of varia-
tions alter the amino-terminal extracellular
domain, with isoforms 7 and 9 being shorter
as they start at the end of EC21, effectively in-
cluding six EC repeats along with EC28 on the
extracellular side. The other five, isoforms 1 to 4
and isoform 8, include the entire extracellular
domain with repeats EC1-27 and EC28 and
some minor in-frame insertions and deletions
in EC2, EC4, and EC13. The second variation
involves changes at the carboxyl terminus of
the protein, with isoforms 4 and 9 lacking 35
residues (exon 68) in a cytoplasmic domain

Sensational Cadherins for Hearing and Balance

that otherwise would contain a total of 264 res-
idues. Solution structures (Fig. 2C) have shown
how some cytoplasmic fragments of CDH23,
including part of exon 68, bind to harmonin,
a CDH23-binding protein, and connect it to
the actin cytoskeleton (Kraemer and Yap 2003;
Pan et al. 2009; Pan and Zhang 2012; Wu et al.
2012). Structural changes caused by these two
major sequence variations and how they alter
CDH23’s homophilic and heterophilic binding
capabilities as well as intracellular binding part-
ners have yet to be fully resolved (Boéda et al.
2002; Siemens et al. 2004; Kazmierczak et al.
2007; Xu et al. 2008; Bahloul et al. 2010).

PCDHI15 protein products seem to be even
more diverse than CDH23, as there are at least
26 different isoforms with distinct extracellular
and cytoplasmic domains (as documented in
Uniprot Q99PJ1; Fig. 3B,C). PCDHI15 can be
categorized into one of three different classes
based on the sequence of the intracellular
domain (Ahmed et al. 2006), which is charac-
terized by the presence of exon 31 encoding
the single-pass transmembrane region, followed
by a conserved membrane proximal domain
and finally a variable region encoded by either
exon 35, 38, or 39 (Fig. 3B). The presence of
these exons generates three different isoform
classes named CD1, CD2, and CD3, with a
CD1 exemption featuring a modified exon 35
and two isoforms identified as CD2 but lacking
exon 38 (Fig. 3B). A fourth class corresponds to
potentially secreted isoforms (SI) that lack a
transmembrane domain. Therefore, alternative
splicing of PCDH15 may introduce a tremen-
dous amount of diversity into linkages that are
formed by PCDH15.

Localization of some CD isoforms of
PCDHI5 has been determined experimentally,
although there are inconsistencies over where
and when these appear in the inner ear. The
precise location of PCDH15 isoforms is signifi-
cant because formation of the tip link requires
that the protein be located near the top of
the stereocilium and close to the transduction
channel. Initial studies indicated that in mature
cochlear hair cells PCDH15-CD1 was found
throughout the stereocilia, PCDH15-CD2 could
not be detected, and PCDH15-CD3 was located
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at the apex of the stereocilia (Ahmed et al.
2006). More recent studies have also localized
PCDHI15-CD2 at stereociliary tips using a
different antibody for imaging by immunofluo-
rescence and electron microscopy (Pepermans
et al. 2014). These results suggest that either
CD2 or CD3 are likely to be a part of the tip
link and the transduction machinery, whereas
other isoforms of PCDHI5 are available to
form alternative linkages within the hair cell bun-
dle (Goodyear et al. 2010; Hackney et al. 2013).
The functional role of each cytoplasmic
PCDHI15 isoform in hearing remains an impor-
tant open question within the field. Knockout
mice were generated for each of the three cyto-
plasmic isoform classes, and the results showed
that only PCDH15-CD2 deficient mice had
unusual cochlear hair cell morphology and
were deaf, although the vestibular function was
preserved (Webb et al. 2011). In a conditional
PCDH15-CD2 knockout mouse, hair-cell bun-
dles developed normally, but after deletion of
exon 38, tip links were lost and sound transduc-
tion was compromised (Pepermans et al. 2014).
Further studies revealed that PCDH15-CD?2 in-
teracts with other likely members of the trans-
duction machinery such as TMHS and TMIE
(Xiong et al. 2012; Zhao et al. 2014). Together,
this evidence strongly indicates that PCDH15-
CD2 is an integral part of the tip link filament
and is an essential PCDH15 isoform for hearing,
with the CD1 and CD3 isoforms functioning
redundantly, and none of them being essential
by themselves for vestibular function.
Interestingly, zebrafish have two protocad-
herin-15 paralogs, pcdhl5a that is required for
hair cell mechanotransduction, and pcdhl5b
that is expressed in the eye (Seiler et al. 2005).
There are only two zebrafish Pcdhl15a isoforms,
CD1 and CD3, and Pcdh15a-CD3 interacts with
transduction channel candidates TMC1 and
TMC2 (Maeda et al. 2014, 2017). Yeast two-
hybrid assays and coimmunoprecipitation ex-
periments suggest that the interaction between
PCDH15-CD3 and TMC1/2 is also possible for
mouse proteins, suggesting that this isoform is
important for hair-cell mechanotransduction.
Current research has been primarily focused
on the CD isoforms with variations in the intra-

cellular domain of PCDHI15 because of its
close association with the hair-cell transduction
channel. However, alternative splicing of
PCDHI5 leads to alterations not only in the
intracellular domain but also the extracellular
domain. The crystal structure of the tip link
bond between PCDHI15 and CDH23, along
with genetic and biophysical studies have high-
lighted the significance of the first two EC re-
peats of each protein in hearing (Kazmierczak
et al. 2007; Lelli et al. 2010; Sotomayor et al.
2012; Geng et al. 2013), so it is reasonable to
expect that changes within the first EC repeats
of PCDH15 could lead to important differences
in tip link bond strength and may also affect
other linkages within the hair-cell bundle where
PCDHI5 can be found (Fig. 3D).

The extracellular domains of PCDHI5
can be divided into 7 groups based on the com-
ponents found within the first two amino-ter-
minal EC repeats (hereby labeled N1 to N7). The
canonical PCDH15 isoform (CD1-1) and 5 oth-
er isoforms feature a signal peptide with the rest
of exon 2, small exon 3 and exon 4 followed by
the rest of their specific PCDH15 extracellular
domain sequences (N1 in Fig. 3C). A second
category of isoforms (N2) is similar to the
canonical form except they lack small exon 3
(equivalent to a 5 residue in-frame deletion),
and a third category lacks a portion of both
exon 3 and exon 4 (equivalent to a 27 residue
in-frame deletion). Four other groups of iso-
forms are missing significant portions of either
the first or second EC repeat found in the ca-
nonical form. These are usually replaced by EC
repeats found in other portions of the PCDH15
protein (Fig. 3C). Importantly, there is no direct
way to experimentally distinguish between iso-
forms that have changes in the extracellular
domain as current antibodies were designed to
recognize epitopes found within the intracellu-
lar domain of PCDHI15 (CD1, CD2, or CD3).

The large number of isoforms produced by
alternative splicing raises an important question
about the biological role of PCDH15 diversity.
Within the mature hair cell bundle, PCDH15
is located not only in tip links, but in other
linkages such as lateral links and kinocilial links
(Fig. 3C). Perhaps it is necessary for many
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variants of PCDH15 to be found in hair cells to
maintain diverse connections and to tune bond
strength. Interestingly, recent experiments sug-
gest that PCDHI15-PCDHI5 tip links are
formed in mature hair cells shortly after disrup-
tion with BAPTA (Indzhykulian et al. 2013).
The investigators provided data indicating that
such noncanonical PCDH15-PCDH1S5 tip links
are formed transiently, perhaps by two different
isoforms of PCDH15, with canonical PCDH15-
CDH23 tip links reestablished after ~36 h (Fig.
3E). Regeneration after tip link disruption with
BAPTA is thought to mimic normal tip link
development and to be a good model for regen-
eration after noise induced damage (Zhao et al.
1996; Lelli et al. 2010). However, until individual
PCDHI15 isoforms can be uniquely identified,
the precise spatiotemporal expression and
composition of hair-cell bundle linkages during
normal development and regeneration will re-
main unknown.

INSIGHT INTO TIP-LINK FUNCTION FROM
DISEASE-CAUSING MUTATIONS

The structural and genetic determinants of
CDH23 and PCDHI15 function reviewed above
have provided a framework to analyze the effect
of mutations that alter tip-link function and
cause disease. In turn, these analyses have also
shed light into the in vivo function of CDH23
and PCDHI15.

A review of the tip link literature indicates
that more than 100 missense mutations of
the CDH23 extracellular domain (Fig. 2E) are
pathogenic and cause deafness (and in some
cases vestibular problems), as suggested by seg-
regation and genetic analyses (Bolz et al. 2001;
Bork et al. 2001; Astuto et al. 2002; de Brouwer
et al. 2003; Pennings et al. 2004; Ouyang et al.
2005; Schultz et al. 2005; Roux et al. 2006;
Wagatsuma et al. 2007; Baux et al. 2008; Oshima
et al. 2008; Usami et al. 2008; Ammar-Khodja
et al. 2009; Shahin et al. 2010; Brownstein et al.
2011; Manji et al. 2011; Roux et al. 2011; Schultz
et al. 2011; Bonnet and El-Amraoui 2012; De
Keulenaer et al. 2012; Han et al. 2012; Miyagawa
etal. 2012, 2013; Ganapathy et al. 2014; Lu et al.
2014; Woo et al. 2014; Atik et al. 2015; Lenar-
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duzzi et al. 2015; Sloan-Heggen et al. 2015; Abdi
et al. 2016; Moteki et al. 2016; Sloan-Heggen
et al. 2016). The structural and biochemical
effects of some of these mutations have been
tested in vitro using the mouse CDH23 EC1-2
fragment, alone and in complex with PCDH15
EC1-2 (Sotomayor et al. 2010, 2012). For in-
stance, the p.D124G mutation that causes pro-
gressive hearing loss in human patients effec-
tively eliminates the side chain of a charged
residue that coordinates calcium at the EC1-2
linker. Experiments showed that this mutation
does not prevent folding, but rather decreases
affinity for calcium, thereby indirectly altering
the flexibility and elasticity of the EC1-2 linker.

Disease mutations have also helped to eluci-
date distinct roles that the CDH23 and PCDH15
bond may play in mechanotransduction and
hair-cell bundle development. A validation of
the CDH23 and PCDHI5 interaction and its
function in mechanotransduction came from
the analysis of the PCDH15 p.R139G mutation.
In vitro experiments show that the handshake
interaction is impaired by this mutation (Kaz-
mierczak et al. 2007; Sotomayor et al. 2012), and
genetic analysis show that p.R139G causes deaf-
ness in humans (Ahmed et al. 2003, 2008). In
experiments in which OHC tip links are rup-
tured with a calcium chelator and subsequent
regeneration is induced through addition of
calcium ex vivo, wild-type PCDH15 fragments
applied extracellularly blocked tip-link regener-
ation but fragments carrying the p.R139G
mutation did not (as revealed by monitoring
recovery of transduction currents) (Lelli et al.
2010). Collectively, these results indicate that
the intact heterophilic handshake interaction is
required for hair-cell channel gating and mecha-
notransduction, even in properly developed hair
bundles.

In parallel, Noddy mice validated the heter-
ophilic handshake interaction in vivo and also
indicated its potential role in both mechano-
transduction and hair-cell bundle development
(Geng et al. 2013). These mice carry a PCDH15
pI134N mutation that completely abolishes
CDH23 EC1-2 and PCDHI15 ECI-2 binding
in vitro, and that causes deafness and vestibular
dysfunction without mislocalization of PCDH15
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in vivo. In addition, the Noddy mutation causes
significant stereocilia bundle splaying and mis-
placement of kinocilia, suggesting that the
CDH23 and PCDHI15 handshake interaction
might be relevant for bundle development and
maintenance as well. It is possible that impaired
mechanotransduction leads to bundle degener-
ation thus explaining the phenotype (Vélez-
Ortega et al. 2017), or that the handshake
is required for mechanotransduction as well as
bundle development and maintenance (in both
cochlear and vestibular hair cells). Sorting out
the developmental and transduction roles of the
CDH23 and PCDHI5 interaction may require
further analysis of the expression and localiza-
tion of all the isoforms from each protein in each
type of hair cell (cochlear IHC and OHC as well
as vestibular) and across different species.

The plethora of CDH23 and PCDHI5
mutations that are pathogenic in humans can
also provide insight into their function in differ-
ent organs. Several missense mutations impair
handshake formation, as discussed above, but
many others occur throughout the extracellular
domain of CDH23 and PCDHI15 and are less
likely to impair their binding (Figs. 2E, 3B). It
is unclear why more deafness-causing missense
mutations are found throughout the extracellu-
lar domain of CDH23 than in PCDHI15, but
many of them occur at calcium-binding motifs
and may impair calcium binding, which would
mechanically weaken the tip link (de Brouwer
et al. 2003; Sotomayor and Schulten 2008;
Schwander et al. 2009; Sotomayor et al. 2010).
This may explain why some mutations cause
progressive hearing loss but not vestibular dys-
function (p.D124G), as calcium levels in the
vestibular system are about one order of magni-
tude higher than in the cochlea. Intriguingly,
nonsense mutations in PCDH15 and CDH23
result in Usher syndrome, a human disease
that affects both hearing and vision (Friedman
et al. 2011; Bonnet and El-Amraoui 2012;
Mathur and Yang 2015). It has been difficult
to correlate defects in PCDH15 and CDH23 to
disease phenotype in the eye, as mouse photo-
receptors do not express the longest CDH23 iso-
form and lack the calyceal processes in which
CDH23 and PCDHI15 localize in macaque, frog,

and human eyes (Lagziel et al. 2009; Sahly et al.
2012). It is possible that mutations that affect the
mechanical properties of CDH23 and PCDH15
might be less deleterious for their function
in shaping outer segments of photoreceptors
(Schietroma et al. 2017) and hence may not re-
sultin an Usher syndrome phenotype. However,
this hypothesis needs to be tested in animal
models that include calyceal processes. Overall,
there seems to be a clear correlation between
severity of phenotype, organs affected, and the
biochemical consequences of mutations causing
disease (Sotomayor et al. 2012).

FROM HAIR-CELL BUNDLE
MICROMECHANICS TO TIP-LINK
NANOMECHANICS AND BACK

Structural, genetic, biochemical, and biophysi-
cal studies of CDH23 and PCDHI5, their
various isoforms and their mutant forms, have
opened the door to explore the first steps of
sensory perception in the inner ear at the mo-
lecular level. The exceptional properties of these
cadherins, as revealed by partial structures of
their unique interacting tips and atypical linkers,
highlight the complexity of this system and place
constraints on how to interpret and model
experiments that test the micromechanics of
hair cells. In the simplest model of hair-cell me-
chanotransduction, the tip link is assumed to
withstand and convey physiological forces and
to be a soft and extensible spring that directly
connects to and gates transduction channels.
We critically evaluate this model and explore
how to refine and extend it in light of what is
known and what needs to be determined regard-
ing the nanomechanics of CDH23 and PCDH15.

How Strong Is the Tip Link?

Following the discovery of CDH23 and
PCDHLI5 as proteins that connect tip-to-tip to
bridge neighboring stereocilia and form the tip
link, it is reasonable to hypothesize that the
overall strength of the tip link is determined by
the strength of the CDH23-PCDHI15 hand-
shake bond (Kazmierczak et al. 2007; Sotomayor
et al. 2012). If this interaction is broken, the tip
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link will not convey force to transduction chan-
nels. Steered MD simulations that apply force to
mimic physiological stretching predict a strong
heterodimer bond, with rupture of a single cad-
herin handshake occurring when the force ex-
ceeds 400 pN at a stretching speed of 0.02 nm/
ns (theoretically estimated to be ~40 pN for very
slow stretching) (Evans and Ritchie 1997) and
with unbinding occurring before unfolding of
EC repeats of known structure when all calci-
um-binding sites are occupied (Sotomayor et al.
2012). Unbinding before unfolding occurs even
when considering the EC9-10 calcium-free link-
er in simulations of a chimeric complex formed
by combining the CDH23 EC1-2 and PCDH15
EC1-2 handshake with the PCDH15 ECS8-10
structure (Araya-Secchi et al. 2016). These re-
sults suggest that the tip-link handshake bond is
the “Achilles” heel” of the transduction appara-
tus, in which rupture may represent a safety
mechanism that protects other components of
the system. However, we do not know the local
calcium concentration around tip links and the
exact affinity of all CDH23 and PCDH15 calci-
um-binding sites. Unfolding before unbinding
may occur under some circumstances when cal-
cium concentration is too low for all sites to be
occupied (Sotomayor et al. 2012). In addition,
simulation predictions need to be verified exper-
imentally and should incorporate structures of
all tip link EC repeats as they become available.

Equilibrium measurements have shown that
binding affinity of the CDH23 ECI-2 and
PCDHI15 EC1-2 dimer complex is ~3 uM at
10°C in vitro, similar to what has been measured
for classical cadherins (Katsamba et al. 2009;
Harrison et al. 2010, 2016; Sotomayor et al.
2012). Yet, equilibrium binding affinity is not
necessarily a good measure of the mechanical
strength of the bond. In addition, parallel ho-
modimerization of each cadherin resulting in a
heterotetrameric complex (Kazmierczak et al.
2007) may significantly increase the affinity
and mechanical strength of a hypothetical dou-
ble handshake bond (Sotomayor et al. 2012).
Moreover, glycosylation may also play a role
in allosterically tuning affinity and strength.
Further overlap of EC repeats, as seen in
other protocadherin bonds (Cooper et al. 2016;
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Goodman et al. 2016; Nicoludis et al. 2016),
could provide additional mechanical resistance,
but equilibrium binding affinities for EC1-4
homophilic bonds of clustered protocadherins
are similar to those involving EC1 to ECI inter-
actions in classical cadherins (Goodman et al.
2016). Additionally, there is no experimental
evidence that further overlap of EC repeats
could occur for CDH23 and PCDH15. Measure-
ment or prediction of the tip link unbinding
strength must also take into account the time
scale of sound mechanotransduction (down to
~50 ps for a 20-kHz frequency), which would
require fast stretching speeds that currently can
only be achieved through MD simulations or
high-speed atomic force microscopy (Lee et al.
2009; Rico et al. 2013).

Is the Cadherin Tip Link Elastic?

Inner-ear mechanotransduction models feature
a soft spring connected in series with the trans-
duction channel to modulate its force-induced
gating (Markin and Hudspeth 1995). The tip
link made of CDH23 and PCDH15 does convey
force to the transduction channel (Basu et al.
2016), but does it have the expected elasticity
(~0.5 mN/m) and extensibility (>100 nm for
extreme stimuli) (Howard and Hudspeth
1988; Shepherd and Corey 1994; Cheung and
Corey 2006) to be the gating spring? Initial
MD simulations of the linear CDH23 ECI1-2
structure indicated that canonical CDH23 EC
repeats are stiff and unlikely to provide the nec-
essary elasticity (Sotomayor et al. 2010), suggest-
ing that another element in the transduction
apparatus might form the gating spring. How-
ever, SMD simulations of PCDH15 that include
the bent EC9-10 linker indicate that unbending
results in a soft elastic behavior. Moreover,
simulations of the chimeric CDH23 ECI-2
and PCDH15 EC1-2 handshake with PCDH15
EC8-10 predict that unbending occurs before
unbinding (Araya-Secchi et al. 2016), further
emphasizing the role that unbending of EC re-
peats can play in mechanotransduction (Fig. 4).

In simulations of the chimeric complex
formed by CDH23 EC1-2 and PCDH15 EC1-
2+8-10 at the slowest pulling speed tested
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(0.1 nm/ns), the effective spring constant during
unbending was ~8 mN/m with a combined ex-
tension of ~5nm (Araya-Secchi et al. 2016).
Given a 10 pN resting tension in the tip link
(Jaramillo and Hudspeth 1993), a lower limit
for the effective equilibrium spring constant
would be ~10 pN / 5 nm =2 mN/m. Similarly,
a set of bent EC repeats in series (“accordion
model” in Fig. 4D) could behave as a soft spring,
with 8 EC repeats in such a conformation having
an effective equilibrium spring constant of 10
PN/ (2.7 x 4 nm) ~1 mN/m, avalue thatis close
to that expected for the gating spring. Although
sequence analyses indicate that there are other
EC repeats in CDH23 and PCDH15 with atyp-
ical linkers that might be flexible (Fig. 4A), there
are currently no other structures showing bent
linkers in the tip link. In addition, the role played
by unbending has not been tested in vivo, and
maximum extensibility in the accordion model
is limited to ~10 nm per 8 EC repeats, although
experiments suggest that if tip links’ attachments
to the cytoskeleton do not slip, extreme stimuli
can extend them by >100 nm without altering
transduction (Shepherd and Corey 1994).
Other sources of elasticity and extensibility
for the tip link include emergent properties from
parallel (cis) dimerization (“scissor elevator”
model), sliding of overlapped regions in
CDH23 and PCDHI15, and unfolding of weak
EC repeats (Fig. 4A,B,D). In the “scissor eleva-
tor” model, rearrangement of dimer compo-
nents in each molecule could provide some elas-
ticity. Images of the complete extracellular
domains of CDH23 and PCDH15 by negative
staining transmission electron microscopy indi-
cate heterogeneity of conformations supporting
this model (Kazmierczak et al. 2007), but these
rearrangements are unlikely to result in much
extension unless significant bending of EC re-
peats occurs. The sliding of overlapped CDH23
and PCDHI5 tips could provide elasticity and
some notable extensibility depending on the
degree of overlap, but so far there is no evidence
that overlap goes beyond EC1-2 for this com-
plex, and beyond EC1-4 in other vertebrate
cadherins (Tsukasaki et al. 2014; Cooper et al.
2016; Goodman et al. 2016; Nicoludis et al.
2016). Complete or partial unfolding of EC re-

peats could provide significant extensibility for
the tip link (~100 residues x 3.8 A-4.5 nm =
33.5 nm per unfolded repeat), adding a soft en-
tropic elastic response caused by the unfolded
polypeptide (3kgT/nl*~0.9 mN/m per unfolded
repeat for small forces at room temperature,
with =100 amino acids and the length of an
amino acid set to /= 3.8 A). However, refolding
of EC repeats may take milliseconds and be
incompatible with the time scale of fast mecha-
notransduction (hundreds of microseconds) and,
so far, unfolding is not predicted to occur before
unbinding of the dimeric handshake bond.

Although the tip link displays some of the
soft elastic behavior expected for the gating
spring, other parts of the mechanotransduction
apparatus may contribute elasticity and extensi-
bility as well. Proteins that connect PCDH15 to
the transduction channel, or those that connect
the transduction channel or CDH23 to the cy-
toskeleton might have the ideal properties (Fig.
4B), but we know little about the architecture
of the transduction complex. Furthermore, the
lipid bilayer that surrounds the channel could
provide soft elasticity (Powers et al. 2012, 2014;
Kim 2015; Peng et al. 2016), and significant
extensibility if membrane tethers are formed
(Li et al. 2002). Whether membrane tether for-
mation can occur before unbinding of PCDH15
from CDH23 needs to be determined with more
complete in vitro and in silico models of the
transduction apparatus. An interesting and
feasible model that is compatible with all exper-
imental data available would have unbending of
the calcium-free PCDHI15 EC linkers as the
source of elasticity with limited extensibility
for physiological gating spring function (Araya-
Secchietal. 2016), and either unfolding, slippage
of the CDH23 attachment to the cytoskeleton,
or membrane tether formation explaining the
large extensions indirectly estimated for extreme
nonphysiological stimuli (Shepherd and Corey
1994).

How is Mechanical Force Conveyed to Other
Components of the Transduction Machinery?

The exact molecular composition of the trans-
duction channel and its linkage to PCDH15 re-
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Figure 5. Protocadherin-15 (PCDH15) and the hair-cell mechnotransduction apparatus. (A) Putative assembly
of membrane components involved in mechanotransduction near PCDH15. Circles represent residues colored
by property (positive, blue; negative, red; polar, green; hydrophobic, white; cysteine, yellow). Gray arrows
indicated experimentally suggested (isoform-dependent) interactions between membrane components. (B)
Three models of force transmission by tip links. In the first model, PCDH15 directly connects to the transduction
channel complex, whereas in the second and third models force is conveyed through accessory proteins or the
membrane bilayer.
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mains unknown. The transmembrane proteins
TMIE, TMHS, and TMC1/2 have all been
shown to be integral components of the trans-
duction apparatus (Fig. 5A), but structural de-
tails remain elusive. Identification of the pore
forming subunit and how the transduction
machinery assembles remain controversial (Ka-
washima et al. 2011; Xiong et al. 2012; Pan et al.
2013; Zhao et al. 2014; Beurg et al. 2015a, 2016;
Effertz et al. 2015; Kurima et al. 2015; Corey and
Holt 2016; Fettiplace 2016; Wu and Muller
2016; Wu et al. 2016; Erickson et al. 2017;
Cunningham et al. 2017). There is evidence
that PCDHI5 interacts directly with TMIE and
TMCI1/2 (Zhao et al. 2014; Beurg et al. 2015b;
Maeda et al. 2014, 2017), which would favor
a model in which force is directly conveyed to
the transduction channel by the tip link via
PCDHLI15, or at least through an accessory mem-
brane protein connected to PCDH15 (Fig. 5B).
In an alternative scenario, PCDHI15 could
convey force indirectly by stretching the mem-
brane around it, thereby activating mechano-
sensitive channels gated by membrane tension,
similar to Piezo proteins in eukaryotes and MscS
and MscL in bacteria (Kung et al. 2010; Coste
et al. 2012; Anishkin et al. 2014; Syeda et al.
2016). There is some evidence that lipids are
involved in transduction channel adaptation,
whereby transduction currents decay in the
presence of sustained stimulation (Eatock et al.
1987; Holt et al. 2002). However, the molecular
mechanisms of adaptation are controversial
(Peng et al. 2013, 2016; Corns et al. 2014; Berger
and Hudspeth 2017) and whether membrane
tension plays a role in hair-cell channel gating
and adaptation needs to be experimentally
verified (Powers et al. 2012, 2014; Kim 2015).

CONCLUDING REMARKS: BEYOND
INNER-EAR HAIR-CELL
MECHANOTRANSDUCTION

Multiple experiments have shown that tip links
in rodent cochlear and vestibular hair cells
are formed by CDH23 and PCDHIS5, with
additional evidence supporting this model for
human, fish, and avian tip links (Siemens et al.
2004; Sollner et al. 2004; Ahmed et al. 2006;

Kazmierczak et al. 2007; Goodyear et al. 2010;
Alagramam et al. 2011). The nature of the
mechanical stimuli in the senses of hearing
and balance is very different, and perhaps vari-
ous splice isoforms might be differentially used
to respond to sound (low and high frequency)
and vestibular stimuli (low frequency). The use
of various protein isoforms and even the protein
composition of the tip link may vary in other
species such as amphibian and reptiles, for
which the CDH23 and PCDHI15 tip-link model
has not been thoroughly probed. Even less is
known about tip links in hair-cell-like receptors
found in the statocyst of octopuses, on the velum
and tentacles of jellyfish, and on the oral area
of tunicate (Burighel et al. 2011; Duncan and
Fritzsch 2012; Manley et al. 2012; Manley
2017). A thorough comparison of tip links
from diverse species and an investigation
of the molecular evolution of CDH23 and
PCDHI15 (Shen et al. 2012; Lambert et al.
2017) may provide further information about
tip link function in organs that respond to
diverse mechanical stimuli.

CDH23 and PCDH15 are unique members
of the cadherin superfamily. Their overall archi-
tecture, heterophilic interaction, and noncanon-
ical linkers in their extracellular domains
contrast with the more uniform structural char-
acteristics of the clustered protocadherins and
the classical and desmosomal cadherins. The
unique properties of CDH23 and PCDHI5
might have been acquired throughout evolution
to perform their specific function in inner ear
mechanotransduction. Similarly, several non-
classical, nonclustered members of the super-
family feature distinct extracellular domains
and might be involved in functions that go
beyond cell-cell adhesion. PCDH21 in photore-
ceptors, PCDH24 and CDHR5 in the gut
epithelium, and the giant FAT and DCHS cad-
herins implicated in regulation of cell polarity
and proliferation seem to have adopted similar
strategies to acquire function by varying their
extracellular linkers. Sequence analyses predict
several noncanonical linkers in these proteins
that may bend or be flexible as observed in
PCDHI5 (Jin et al. 2012; Araya-Secchi et al.
2016; Powers et al. 2017). Interestingly, electron
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microscopy studies of FAT and DCHS show
multiple bends along their extracellular domain
(Tsukasaki et al. 2014), consistent with lack of
calcium-binding motifs at linkers as predicted.
The lack of a common sequence motif among
these calcium-free linkers suggests that they
could provide a variety of conformations and
play diverse roles in cadherin function (Jin
et al. 2012), including changing their mechani-
cal properties. Exploring the architecture, bio-
physics, and evolution of nonclassical, nonclus-
tered members of the superfamily may help
elucidate the mechanisms underlying their nor-
mal function and their role in disease (Redies
et al. 2012; Hirabayashi and Yagi 2014).
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