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The vertebrate inner ear, responsible for hearing and balance, is
able to sense minute mechanical stimuli originating from an
extraordinarily broad range of sound frequencies and intensities or
from head movements. Integral to these processes is the tip-link
protein complex, which conveys force to open the inner-ear transduc-
tion channels that mediate sensory perception. Protocadherin-15 and
cadherin-23, two atypically large cadherins with 11 and 27 extracellular
cadherin (EC) repeats, are involved in deafness and balance disorders
and assemble as parallel homodimers that interact to form the tip link.
Here we report the X-ray crystal structure of a protocadherin-15 +
cadherin-23 heterotetrameric complex at 2.9-Å resolution, depicting a
parallel homodimer of protocadherin-15 EC1-3 molecules forming an
antiparallel complex with two cadherin-23 EC1-2 molecules. In addition,
we report structures for 10 protocadherin-15 fragments used to build
complete high-resolution models of the monomeric protocadherin-15
ectodomain. Molecular dynamics simulations and validated crystal con-
tacts are used to propose models for the complete extracellular
protocadherin-15 parallel homodimer and the tip-link bond. Steered
molecular dynamics simulations of these models suggest conditions
in which a structurally diverse and multimodal protocadherin-15 ecto-
domain can act as a stiff or soft gating spring. These results reveal the
structural determinants of tip-link–mediated inner-ear sensory percep-
tion and elucidate protocadherin-15’s structural and adhesive proper-
ties relevant in disease.
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Inner-ear sensory perception begins when hair-cell mechano-
sensitive ion channels (1–3) are gated by “tip links,” fine pro-

tein filaments essential for hearing and balance (Fig. 1A) (4–7).
Tip links are 150 to 180 nm long (8–10), their integrity is calcium
(Ca2+)-dependent (5, 11), and they are formed by protocadherin-
15 (PCDH15; ∼200 kDa) and cadherin-23 (CDH23; ∼370 kDa)
(12, 13), two large proteins involved in hereditary deafness (14,
15), audiogenic seizures (16), and progressive blindness (17).
Mature tip links are thought to be heterotetramers formed by
parallel (cis) homodimers of PCDH15 interacting in an anti-
parallel trans mode (tip-to-tip) with cis homodimers of CDH23
(13), whereas immature tip links are likely formed by trans in-
teractions of two PCDH15 molecules (18, 19).
Some details of the PCDH15 and CDH23 interaction are well

understood: Immunogold electron microscopy (EM) suggests
that tip-link lengths are mostly consistent with the predicted
length of the combined proteins interacting tip-to-tip (8, 13);
competitive binding of exogenous PCDH15 and CDH23 tip frag-
ments to endogenous proteins blocks regeneration of tip links and
associated transduction currents during hair-cell development and
after tip-link rupture with a Ca2+ chelator (20); and structures of
the complex formed by the tips of PCDH15 and CDH23 engaged
in a heterodimeric molecular “handshake” have been obtained and
validated in vitro and in vivo (21, 22). Furthermore, mutations that
cause deafness in humans and mice have been shown to or are
predicted to break the handshake interaction (21–24). In addition,

studies of the CDH23 and PCDH15 heterodimer show that its
strength can be tuned by PCDH15 isoforms that have distinct N-
terminal tips (25). The strength of the heterotetrameric bond can
be further diversified when considering combinations of PCDH15
isoforms in parallel. However, little was known about the structure
of parallel cis dimers formed by PCDH15 until recently (26–28).
While negative-staining transmission EM showed conformationally
heterogeneous parallel dimers for tip-link components (13), most
extracellular fragments of PCDH15 (and CDH23) studied had
been monomeric in solution (26, 29–33). Recent crystal structures
of PCDH15 fragments (26–28) and a low-resolution EM-based
model suggest two points of dimerization (26, 27), yet a detailed
atomistic model of the complete ectodomain is still missing. In
addition, how PCDH15 engages in trans homodimers is unclear,
and the structural details and strength of the PCDH15 + CDH23
heterotetrameric bond are not known.
The oligomerization states of PCDH15 and CDH23 and the

architecture of their heterotetrameric bond are important deter-
minants of tip-link mechanics and inner-ear mechanotransduction
(10, 26). Disruption of either the complex between PCDH15 and
CDH23 or the oligomerization of PCDH15 impairs transduction
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(21, 22, 26). The inner-ear transduction channel is gated by a soft
element called the “gating spring,” which is either in series with
the tip link or the tip link itself (2, 3, 34–36). Whether cadherin tip
links are elastic or rigid remains controversial (6, 10, 30, 31). The
ultrastructure of tip links suggested a stiff elastic element (6), but
the length of tip links varies in situ (8). PCDH15 and CDH23
feature 11 and 27 extracellular cadherin (EC) “repeats” (Fig. 1B),
respectively, and initial studies of the structure and simulated
dynamics of the CDH23 EC1-2 tip predicted that these canonical
repeats and their linker region fully occupied by Ca2+ ions at sites
1, 2, and 3 would be stiff (30). However, while the EC repeats
along PCDH15 and CDH23 are predicted to share a common
fold, they vary in sequence, which can result in structural het-
erogeneity, as seen for other long cadherins (37, 38). For example,
crystal structures revealed a bent and L-shaped Ca2+-free PCDH15

EC9-10 linker region, with simulations evincing that unbending can
provide some elasticity to the tip link (31). Bending and flexibility at
this L-shaped EC9-10 linker region are also observed in low-
resolution cryo-EM conformations of a cis dimeric PCDH15 frag-
ment encompassing EC8 down to its transmembrane helix (27).
These results highlight the diverse mechanical responses of various
tip-link cadherin fragments.
Crystal structures and simulations have also shown that other

parts of PCDH15 can be structurally distinct. The PCDH15 EC3-
4 linker is flexible and binds two Ca2+ ions, instead of three. In
addition, this atypical linker binds Ca2+ ions with decreased
binding affinity (45 μM for site 3 and >100 μM for site 2) as
compared to the canonical Ca2+-binding linker of CDH23 EC1-2
(5 μM for site 3, 44 μM for site 2, and 71 μM for site 1) (30, 32,
39). Occupancy of Ca2+-binding sites at EC linkers will greatly
determine the mechanics of tip links and whether unfolding of EC
repeats could occur before unbinding of the handshake bond (21).
Interestingly, bulk endolymphatic Ca2+ concentration in the co-
chlea is tightly regulated and varies along its length from ∼20 μM
(base) to ∼40 μM (apex) (40, 41). However, Ca2+ concentration
near cochlear tip links could be significantly larger (42, 43), and
vestibular Ca2+ concentrations range from 90 to 150 μM (41, 44).
Yet, the structure and the Ca2+-dependent mechanics of entire
heterotetrameric tip links remain undetermined.
To better understand the mechanics of tip links and the first

steps of inner-ear mechanotransduction, we have determined 11
X-ray crystal structures of PCDH15 fragments (Fig. 1C and SI
Appendix, Table S1), including the structure of a PCDH15 EC1-3 +
CDH23 EC1-2 heterotetrameric complex depicting a parallel
homodimer of PCDH15 interacting with two molecules of
CDH23, and 10 other fragments covering all of PCDH15’s EC
repeats, all of its EC linkers, and its membrane-adjacent domain
MAD12 (28), also referred to as SEA (45), PICA (26), or EL
(27). These structures allowed us to assemble a complete model
of the monomeric ectodomain of PCDH15, to suggest models of
trans and cis PCDH15 homodimers, and to build a model of the
PCDH15–CDH23 bond. In addition, we used steered molecular
dynamics (SMD) (46) simulations to predict the Ca2+-dependent
mechanics of these models, which suggest a multimodal (stiff or
soft) elastic response for PCDH15 and indicates some conditions
in which PCDH15 can provide both the elasticity and extensi-
bility typically associated with the hair-cell gating spring.

Results
Sequence analyses of PCDH15 EC repeats and its MAD12 from
different species reveal an overall sequence identity of ∼46 ±
9%, with EC1 and MAD12 being the most conserved (∼59%)
and EC8 being the least (∼32%) (SI Appendix, Figs. S1 and S2
and Table S2). In contrast, comparison among EC repeats and
MAD12 in Homo sapiens (hs) PCDH15 reveals low overall se-
quence identity (∼21%), suggesting that there is structural vari-
ability throughout various parts of the protein’s ectodomain
within a single species. Previously published structures of WT
Mus musculus (mm) PCDH15 EC1-2 (bound to mm CDH23
EC1-2) (21), mm PCDH15 EC1-3 (26), hs PCDH15 EC3-5
without exon 12a (ex12a−) (32), hs PCDH15 EC8-10 (31), Sus
scrofa (ss) PCDH15 EC10-11+MAD12 (EC10-MAD12) (28),
and mm PCDH15 EC11-MAD12 (27) reflect this variability,
with unique features seemingly adapted for function in hetero-
philic (EC1-2) and homophilic binding (EC2-3 and EC11-MAD12),
and in force communication (EC3-5 and EC8-MAD12). Isoform-
specific structural variability of PCDH15’s ectodomain also hints at
functionally relevant adaptations (25).
To gain further insights into the function of specific repeats

and to build a complete model of PCDH15, we worked with
multiple WT (hs NP_001136235.1;mm NP_075604.2) and mutated
protein fragments (rationale for mutations are explained through-
out the text). Successful expression, purification, crystallization, and
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Fig. 1. Inner-ear mechanotransduction and PCDH15 structures. (A) Hair-cell
bundle row showing location of tip links. Force from sound or head move-
ments displaces the bundle to activate the transduction apparatus. (B) The
tip link is made of CDH23 (blue) and PCDH15 (purple). (C) Schematics of
PCDH15 (Left) and structures of PCDH15 fragments (Right) used to build
models of the entire PCDH15 ectodomain. PDB codes are indicated for all 11
structures presented here, with codes in parentheses for three additional
structures presented elsewhere (28, 31, 32). All structures are in surface
representation, with PCDH15 fragments in purple, CDH23 EC1-2 in blue, Ca2+

ions in green, and glycosylation sugars in red and yellow. Gray arrows in the
schematics indicate EC linkers with atypical canonical-like linker regions
(EC8-9 in light gray), with partial Ca2+-free linker regions (EC2-3, EC3-4, and
EC5-6 in gray), and with Ca2+-free linker regions (EC9-10 and EC11-MAD12 in
dark gray).
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structure determination (SI Appendix, Tables S1, S3, and S4) was
possible for mm PCDH15 EC1-2 with a biotin acceptor peptide
(BAP); hs PCDH15 EC1-3 with mutations p.G16D, p.N369D, and
p.Q370N (residue numbering in the text and structures corresponds
to processed protein, see SI Appendix, SI Methods), alone and in
complex with mm CDH23 EC1-2 carrying the mutation p.T15E, hs
PCDH15 EC2-3 (WT and mutant p.V250N), hs PCDH15 EC3-5
with exon 12a (ex12a+),mm PCDH15 EC4-7,mm PCDH15 EC5-7
(p.I582T variant), mm PCDH15 EC6-7, and mm PCDH15 EC7-8
(p.V875A variant). All of these protein fragments were purified
from bacterial inclusion bodies under denaturing conditions and
refolded (SI Appendix, SI Methods, Note 1, and Table S3). In ad-
dition, we solved the structure of the mammalian-expressed, and
thus glycosylated, mm PCDH15 EC9-MAD12 fragment. A sum-
mary of the protein structures presented is shown in Fig. 1C (see
also SI Appendix, Table S1). Below, we discuss overall properties of
EC repeats (from N to C terminus) as well as models and simu-
lations of the full-length monomeric and dimeric PCDH15 ecto-
domain in complex with CDH23 EC1-2 or EC1-3.

PCDH15 N-Terminal Structures Suggest cis and trans Interactions.
Individual EC repeat structures and their relative orientation
determine the architecture and shape of entire cadherin ecto-
domains. While our structures reveal that all PCDH15 repeats
(EC1 to EC11) have a typical seven β-strand cadherin Greek-
key motif topology (β-strands labeled A to G) (SI Appendix, Fig.
S1), there are some significant variations in loops, secondary
structure, linker regions, orientation of the EC repeats, and
oligomerization that might be important for PCDH15’s function.
The structure of mm PCDH15 EC1-2BAP (Fig. 1C) is similar

to other structures in which the same protein fragment has been
crystallized in complex with mm CDH23 EC1-2 (21), or as part
of mm PCDH15 EC1-3 (26) (core RMSD < 1.5 Å). Size-
exclusion chromatography (SEC) experiments suggest that the
mm PCDH15 EC1-2BAP fragment is monomeric in solution,
and an analysis of the structure’s crystallographic contacts does
not reveal possible homophilic interfaces that could mediate
PCDH15-PCDH15 trans interactions expected for immature tip
links (19). The mm PCDH15 EC1-2BAP linker region is ca-
nonical and is fully occupied by Ca2+ ions at sites 1, 2, and 3, as
expected for linker regions with the Ca2+-binding motif NTerm-
XEX-DXD-D(R/Y)(D/E)-XDX-DXNDN-CTerm (47). In con-
trast, the EC2-3 linkers in the structures of the hs PCDH15 EC1-
3 G16D/N369D/Q370N and hs PCDH15 EC2-3 WT fragments
(both dimeric in solution) have only two bound Ca2+ ions (sites 2
and 3) (SI Appendix, Fig. S3A). A couple of modified Ca2+-
binding motifs in which DYE is p.200NYE202, and DXNDN is
p.236DGDDL240, suggest that impaired Ca2+ binding at site 1 is
encoded in the sequence, yet a third structure of a designed
mutant hs PCDH15 EC2-3 p.V250N that disrupts cis homo-
dimerization has three bound Ca2+ ions (SI Appendix, Fig. S3B).
While we cannot rule out crystallization conditions, including
MgCl2 (SI Appendix, Table S4), as the source of this discrepancy
in ion occupancy, we do observe the p.E202 side chain now co-
ordinating Ca2+ at sites 1 and 2 (SI Appendix, Fig. S3 A and B).
These structures suggest that oligomerization can directly or
indirectly alter Ca2+ binding at the EC2-3 linker, an effect that
might be relevant to other cadherin complexes.
Interestingly, the crystal structures of hs PCDH15 EC1-3

G16D/N369D/Q370N and hs PCDH15 EC2-3 WT reveal crys-
tallographic contacts with arrangements that are compatible with
both trans and cis bonds for PCDH15 (Fig. 2A and SI Appendix,
Fig. S4). In both cases, the interfaces involve repeats EC2 and
EC3. The antiparallel interface observed in hs PCDH15 EC1-3
G16D/N369D/Q370N positions EC2 and EC3 from one subunit
opposite to EC3 and EC2 from the other (interface area of
919 Å2 with an aperture angle of 154.5°) (SI Appendix, Fig. S4A),
thus forming an antiparallel trans bond similar to that observed

for clustered and δ protocadherins where EC1 and EC4 also play
a role in the binding interface (48–51). The crystallographic
contact observed in the hs PCDH15 EC2-3 WT structure reveals
a potential “X” dimerization interface (∼1,052 Å2) (Fig. 2 A and
B), where monomers overlap their linker regions with an aper-
ture angle of 58.75°. In this arrangement, the EC2-3 contact
forms the hinge of a “molecular scissor” with an estimated KD <
1 μM according to sedimentation velocity (SV) analytical ultra-
centrifugation (AUC) experiments (Fig. 2 A–C and SI Appendix,
Fig. S5A). Both interfaces involve the same sides of EC2 and
EC3, suggesting that aperture-angle variations due to some rel-
ative displacement of the monomers could result in switching
between the antiparallel and X-dimer states, with the latter in
principle able to mediate both trans and cis PCDH15–PCDH15
bonds (SI Appendix, Fig. S4 D–F).
The X-dimer interface observed in hs PCDH15 EC2-3 WT is

similar to that reported by Dionne et al. (26), where a crystal
structure of the glycosylated mm PCDH15 EC1-3 WT fragment
(PDB ID code 6CV7) shows an X-dimer with an aperture angle
of 59.59° (SI Appendix, Fig. S6A). Overlapping the glycosylated
mm PCDH15 EC1-3 WT monomer in the antiparallel configu-
ration of our nonglycosylated hs PCDH15 EC1-3 G16D/N369D/
Q370N structure reveals potential steric clashes between sugars
at glycosylation site p.N180 and the cysteine-stapled loop in EC3
(with poor density in our structure), thus suggesting that a com-
plete antiparallel trans state is not feasible unless the involved
cysteine loop rearranges (SI Appendix, Fig. S4B). It is possible that
variations in the angle of the X interface controlled by glycosylation
lead to transitions from antiparallel to X-dimer states. Of note,
some mutations that disrupt the X-dimer, such as p.V250N and
p.V250D (26) in EC2-3, are also predicted to disrupt the PCDH15–
PCDH15 antiparallel dimer, and a monomeric state was observed
when the p.V250N mutation was incorporated into our glycosylated
mm PCDH15 EC1-4 fragment (SI Appendix, Fig. S5B and Table
S5). In contrast, the double mutation p.L306N/p.V307N at the
EC3–EC3 interface of the X-dimer is not predicted to disrupt the
trans antiparallel interface (SI Appendix, Fig. S4A), but the hs
PCDH15 EC2-3 p.L306N/p.V307N, hs PCDH15 EC1-3 p.L306N/
p.V307N, and hs PCDH15 EC1-4 p.L306N/p.V307N fragments are
monomers in solution (SI Appendix, Fig. S5 A and C and Table S5).
Thus, the antiparallel trans PCDH15–PCDH15 interface may use
the X-dimer interaction as a required intermediate or might be
short lived. While the partially deleterious impact of a similar set of
mutations (including p.V250D) on hair-cell mechanotransduction
highlights the relevance of EC2-3 contacts for PCDH15 function
in vivo (26), an evaluation of how these mutations alter PCDH15–
PCDH15 tip links (19) is still missing.
Using our structure of hs PCDH15 EC2-3, we asked if its X-

dimeric arrangement would be compatible with the trans heter-
odimeric “handshake” interaction between PCDH15 EC1-2 and
CDH23 EC1-2 (21). Alignment of EC2 repeats of PCDH15 from
the handshake and X-dimer structures allowed us to build a
model of the PCDH15 and CDH23 heterotetramer without
steric clashes, suggesting that this is a valid model for the tip-link
bond [obtained independently by Dionne et al. (26) using mm
PCDH15 EC1-3] (SI Appendix, Fig. S6B). Superposition of the
Danio rerio (dr) CDH23 EC1-3 structure (33) onto this complex
is also compatible with the heterotetrameric bond conformation
in which PCDH15 EC2-3 forms an X-dimer interface (SI Ap-
pendix, Fig. S6C), further suggesting that parallel dimerization in
CDH23 involves repeats beyond EC3.

Structure of the Heterotetrameric Tip-Link Bond. To better under-
stand the structural determinants of the heterotetrameric tip-link
configuration and to determine the cis configuration of PCDH15
upon complex formation with CDH23, we crystallized higher-
affinity variants (24) of tip-link fragments containing repeats EC1
to EC3 of PCDH15 and EC1 to EC2 of CDH23. This structure,
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comprising two molecules each of hs PCDH15 EC1-3 G16D/
N369D/Q370N in complex with mm CDH23 EC1-2 T15E, pro-
vides a complete view of the heterotetrameric tip-link bond (Fig.
2D). The two PCDH15 monomers are seen in an X configuration
flanking two molecules of CDH23, thereby forming a “double
handshake” consistent with the heterotetrameric model deduced
from the hs PCDH15 EC2-3 structure and independently proposed
by Dionne et al. (26) (Fig. 2 and SI Appendix, Fig. S6 A–C), but
with structural variations, as discussed below. The structure is also
compatible with longer fragments of CDH23 (SI Appendix, Fig.
S6D). Interface areas for the two handshakes in our structures are
different, with one of them being larger than all of the previously
published heterodimeric handshakes (21) (SI Appendix, Table S6).
The aperture angle for the hs PCDH15 dimer is 55.69° in the
tetramer, which is smaller than what is observed for the dimeric
mm PCDH15 EC1-3 (26) and hs PCDH15 EC2-3 fragments, im-
plying that the “scissor” is less open in the tip-link tetrameric
structure (SI Appendix, Fig. S6 A–C).
Interestingly, electron density quality is generally good through-

out the heterotetrameric hs PCDH15 EC1-3 G16D/N369D/

Q370N + mm CDH23 EC1-2 T15E structure, except for some
parts of the CDH23 EC2 repeats, which were not built (β-strands
F and G) (SI Appendix, Fig. S7A). Consistently, the PCDH15 EC1
and CDH23 EC1-2 repeats have larger B-factor values, which
suggest some inherent flexibility or disorder compared to other
regions of the model (SI Appendix, Fig. S7 A–C). Mutations G16D
and T15E had been identified as enhancers of equilibrium binding
for the mm PCDH15 EC1-2 and mm CDH23 EC1-2 complex
(24), and may have helped stabilize a heterotetrameric complex
that otherwise requires force or longer CDH23 fragments to form
(mutations p.N369D and p.Q370N complete a canonical DXNDN
Ca2+-binding motif at the end of PCDH15 EC3 and are not
expected to affect the structure in any way). Alternatively, the
stoichiometry of the complex might not be uniform across the
crystal lattice, yet a composite omit 2mFo–DFc map generated
with simulated annealing suggests that both mm CDH23 EC1-2
monomers are present in the crystal (SI Appendix, Fig. S7 B and C).
Some details of the handshake interactions seen in our het-

erotetrameric hs PCDH15 EC1-3 G16D/N369D/Q370N + mm
CDH23 EC1-2 T15E structure (Fig. 2 D and E) are subtly
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Fig. 2. Dimerization of PCDH15 at the EC2-3 linker and the heterotetrameric tip-link bond. (A) Front view of the hs PCDH15 EC2-3 dimer in surface representation
(mauve and purple). Dimer interface is shown in silver. (B) Interaction surfaces exposed and colored as in Awith interfacing residues labeled. Red labels indicate sites
of mutations used to test interface. (C, Left) SEC-MALS data for hs PCDH15 EC2-3 WT fragment and mutants. Molecular mass is plotted in colored dots. Horizontal
dashed lines indicate theoretical molar mass of 29.3 kDa and 58.7 kDa for monomer and dimer, respectively. (Right) c(S) distribution from SV-AUC experiments using
hs PCDH15 EC2-3 at various concentrations. Peaks at S ∼3.5 represent dimers. Vertical dashed line indicates expected position for monomer. Data for mutants are
shown in SI Appendix, Fig. S5. (D) Front and side views of the heterotetrameric hs PCDH15 EC1-3 G16D/N369D/Q370N +mm CDH23 EC1-2 T15E structure. Molecular
surfaces are shown as inAwith CDH23 in cyan and blue. Red box indicates CDH23 contacts highlighted in F. (E) Interaction surfaces exposed and colored as in Dwith
interfacing residues labeled. (F) Detail of contacts between CDH23 monomers at their α helices in EC1 (between β-strands C and D; red box in D). (Upper) Residue
p.E49 from each helix capping the dipole of the opposite helix. (Lower) p.E50:p.R53 salt bridges “interlocking” the helices of the two CDH23 monomers.
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different from those seen in the single handshake mm PCDH15
EC1-2 + CDH23 EC1-2 complex (21) (PDB ID codes 4APX and
4AXW in form I; 4AQ8 in form II). In both PCDH15 monomers
of the heterotetrameric structure, the side chain of residue
p.R113, known to be important for handshake formation and
inner-ear function (13, 20, 21, 52), interacts with CDH23’s p.Q98
rather than with CDH23’s p.E77 (SI Appendix, Fig. S7D). A
similar arrangement was seen in the structure of mm PCDH15
EC1-2 isoform CD1-2 bound tomm CDH23 EC1-2 (25) (PDB ID
code 4XXW). In addition, the CDH23 EC1 repeat of one of the
monomers is closer to its PCDH15 EC2 partner (SI Appendix, Fig.
S7 D and E), with PCDH15 EC1-2 and CDH23 EC1-2 interrepeat
angles varying across chains and structures (SI Appendix, Fig. S6
A–C), a flexing observed in previously published structures of the
mm PCDH15 EC1-2 + CDH23 EC1-2 complex (21).
Importantly, our heterotetramer crystal structure differs from

the heterotetramer model generated using our hs PCDH15 EC2-
3 dimer (SI Appendix, Fig. S6 B and C) and from the one gen-
erated by Dionne et al. (26). The α-helices between β-strands C
and D of the CDH23 EC1 repeats in the crystal structure are
significantly closer to each other (Fig. 2 D and F) than what is
observed in the models. Mismatched species (mouse versus hu-
man CDH23 EC1-2 differing at p.R35Q, p.P153Q, p.Q168R,
and p.V174T) and engineered mutations are unlikely to explain
this difference. Instead, electrostatic interactions among highly
conserved charged residues from both CDH23 monomers favor
a close contact in this region. Residue p.E49 from one CDH23
monomer “caps” the N terminus of the neighboring CD α-helix
in the opposite monomer (Fig. 2F). This conspicuous long-range
helix capping (53) appears to stabilize the overall structure of the
heterotetramer. Furthermore, p.E50 from one CDH23 monomer
forms a salt bridge with p.R53 of the neighboring CDH23 and vice
versa (Fig. 2F). Thus, the less open conformation of the PCDH15
“scissor” squeezes the CDH23 monomers together, creating a
CDH23–CDH23 interface with favorable contacts, which in turn
may stabilize the overall heterotetrameric structure. Taken to-
gether, our structures and data strongly support parallel dimer-
ization of PCDH15 at the N-terminal end mediated by EC2-3
repeats and tip-link bonds forming a heterotetramer with two
PCDH15 EC1-2 + CDH23 EC1-2 handshakes (Fig. 2 and SI
Appendix, Figs. S6 and S7).

PCDH15 Middle Region Structures Reveal Atypical Flexible Linkers.
The middle region of PCDH15, encompassing repeats EC4 to
EC8, has been less thoroughly explored than other parts of this
protein. A previous structure of hs PCDH15 EC3-5 ex12a−
(PDB ID code 5T4M) revealed two bound Ca2+ ions at the EC3-
4 linker region and a canonical Ca2+-binding site at the EC4-5
linker region (32). Monomers in the asymmetric unit displayed
different orientations of EC3 with respect to EC4, and this
flexibility was also evident in simulations of this fragment (32).
However, this structure lacked exon 12a, which encodes for a
seven-residue insertion p.V(414+1)PPSGVP(414+7) near the
EC3-4 linker region. Given that structural variations due to
isoform-specific (in-frame) insertions or deletions might be rel-
evant for function, we sought to obtain a structure with exon 12a,
present in some of the CD2 isoforms thought to be essential for
inner-ear mechanosensation (12, 54, 55). We solved the hs
PCDH15 EC3-5 ex12a+ structure, which has three molecules in
the asymmetric unit having distinct EC3-4 interrepeat confor-
mations and with two of the linkers with only one bound Ca2+

ion at site 3 (Fig. 3A and SI Appendix, Fig. S8 A–D). The in-
sertion enlarges the EC4 BC loop, which projects away from the
repeat without altering its folding (SI Appendix, Figs. S3C and
S8A). However, this insertion may affect Ca2+-binding affinity at
the nearby EC3-4 linker. Only the most bent conformation of
this isoform is compatible with the antiparallel PCDH15 EC1-3
interface (SI Appendix, Fig. S4 A–C), while all conformations

observed in the structure are compatible with the PCDH15 X-
dimer mediated by EC2-3 (SI Appendix, Fig. S8E). Overall, our
mm PCDH15 EC3-5 ex12a+ structure is consistent with en-
hanced flexibility at the EC3-4 linker.
Another atypical linker region is expected in PCDH15 EC5-6:

Sequence alignments show that EC5 has a modified XEX motif
(p.498YTD500) and lacks the DRE motif (p.553IVG555)
present in canonical Ca2+-binding linker regions (SI Appendix,
Figs. S1 and S2 A and B). In addition, the DXNDN linker is
p.586PPNNQ590 in EC5-6, although motifs involved in
Ca2+ binding at site 3 (top of EC6) are mostly unchanged (DXD is
p.621DRE623 and XDX is p.670SDG672). Two of our crystal
structures cover the EC5-6 linker, which is seen in three different
conformations (one in mm PCDH15 EC4-7 and two in mm
PCDH15 EC5-7 I582T) (Fig. 3B and SI Appendix, Fig. S3D). In all
cases, only one bound Ca2+ ion is observed at site 3 in EC6, as
expected from the modified motifs listed above. Relative orien-
tations of EC6 with respect to EC5 are substantially different (Fig.
3B). In contrast, structures of mm PCDH15 EC6-7 and mm
PCDH15 EC7-8 V875A show canonical, rather straight linkers
with three bound Ca2+ ions (natural variants I582T and V875A
are not expected to alter structures). While the two PCDH15
EC5-7 monomers in the asymmetric unit form a compelling par-
allel cis dimer in the mm PCDH15 EC5-7 I582T crystal structure
(interface area of 1,049.5 Å2) (SI Appendix, Fig. S8 F andG), all of
our fragments covering PCDH15 EC4-7, EC5-7, and EC6-7 were
monomeric in solution, as also reported for similar fragments by
Dionne et al. (26).
Overall, our structures of the middle region of PCDH15 suggest

flexibility and altered Ca2+ binding at EC3-4 and EC5-6 linkers.
Furthermore, three alternate conformations for each of the EC3-4
and EC5-6 linker regions assembled in an X-dimer mediated by
EC2-3 give rise to 45 unique possible combinations of PCDH15
monomers (4 representative conformations are shown in Fig. 3C).
Some of these conformations display a remarkable separation be-
tween EC7 repeats (up to ∼26.8 nm), compatible with a PCDH15–
PCDH15 transX-dimer (SI Appendix, Fig. S4D). Importantly, given
prior simulations of the EC3-4 fragment (32) and the architecture
of EC5-6, flexibility at these linker regions will occur even at high
Ca2+ concentrations, with a large number of structurally diverse
configurations facilitated by the EC2-3 X-dimer.

PCDH15 Ectodomain C-Terminal Structures Reveal Kinks and cis
Dimerization. Three previous studies reported high-resolution
structures covering parts of the C-terminal end of PCDH15,
including EC9 to MAD12 (hs PCDH15 EC8-10, mm PCDH15
EC9-10, ss PCDH15 EC10-MAD12, and mm PCDH15 EC11-
MAD12) (27, 28, 31). These structures revealed a semicanonical
EC8-9 linker region, a flexible, Ca2+-free and bent EC9-10 linker
region, a canonical EC10-11 linker region, and the L-shaped
arrangement of a ferredoxin-like MAD12 tucked against EC11,
with EC11-MAD12 inducing parallel dimerization (26–28). Our
structure of mm PCDH15 EC9-MAD12 (Fig. 4 A and B) displays
the bent EC9-10 linker region as observed in the hs PCDH15
EC8-10 and mm PCDH15 EC9-10 structures, albeit with a dif-
ferent azimuthal angle (31). Remarkably, this structure also
shows the EC10-MAD12 dimerization domain in a symmetric
dimer (one molecule per asymmetric unit). The total dimer in-
terface surface area is 1,267.9 Å2 (including contacts between
MAD12 and EC11 and between EC10 repeats) (Fig. 4B), some-
what larger than what is observed in the more asymmetric ss
PCDH15 E10-MAD12 structure (28) (∼1,160 Å2, two molecules
per asymmetric unit), with the interface area at the EC10–EC10
contact being larger (∼336 Å2 versus ∼185 Å2 for 6BXZ). Glyco-
sylation did not interfere with bending and dimerization (Fig. 4 C–E
and SI Appendix, Note 1 and Fig. S9). The mm PCDH15 EC9-
MAD12 structure confirms that dimerization is induced by EC11-
MAD12 and that it is compatible with a kinked EC9-10.
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Intriguingly, bending at the EC9-10 linker region in the context
of the dimer positions EC9 repeats pointing in opposite directions,
with the projections along their longest principal axis being par-
allel to a hypothetical membrane plane (SI Appendix, Fig. S4G).
Data from SEC-multiple angle light scattering (MALS) confirmed
that this protein fragment is dimeric in solution (SI Appendix, Fig.
S5B and Table S5), and the EC9-10 “kink” is also consistent with
our previous structures (31) and with low-resolution cryo-EM
images of a PCDH15 fragment encompassing repeat EC8 down
to PCDH15’s transmembrane helix (27). Small-angle X-ray scat-
tering (SAXS) data obtained using bacterially produced mm
PCDH15 EC9-MAD12 are also consistent with a dimer in solu-
tion, with molecular mass estimates of 98.12 kDa and a 5.6%
discrepancy with the sequence-derived molecular mass of 51.98 ×
2 = 103.96 kDa (SI Appendix, Note 2, Fig. S10, and Table S7).
Conformational transitions that straighten the EC9-10 linker,

observed in simulations (31) and in cryo-EM data (27), strongly
suggest that bending and unbending processes are relevant for
tip-link assembly and function. The variety of angles that EC9-10
may adopt in solution (27), along with dimerization of PCDH15 at
EC2-3 and MAD12, and the asymmetry and flexibility suggested by

SAXS data, offer an interesting set of arrangements for PCDH15 +
CDH23 filaments that might be adopted by tip links and kinociliary
links (8, 56). In addition, flexing at EC3-4 (Fig. 3A), EC5-6 (Fig. 3B),
and at EC9-10 (Fig. 4) seems to be a basic geometric requirement
for establishing a parallel PCDH15 cis dimer compatible with di-
merization points mediated by both EC2-3 and EC11-MAD12.
The structures and models discussed above depict parts of the

entire ectodomain of PCDH15, and only small fractions of the
entire tip link. Although each of them provides valuable insight
into PCDH15 function, the assembly of PCDH15 filaments and
force transduction mediated by tip links requires an understanding
of the structure, dynamics, and elastic response of the entire
PCDH15–CDH23 complex. Therefore, we used our structures to
build, simulate, and computationally stretch monomeric PCDH15
EC1-MAD12 models, heterotetrameric PCDH15 EC1-5 + CDH23
EC1-2 or PCDH15 EC1-5 + CDH23 EC1-3 bonds, and two in-
dependent complete dimeric PCDH15 EC1-MAD12 models
bound to CDH23 EC1-2 or CDH23 EC1-3.

Predicted Elasticity of the Complete PCDH15 Ectodomain Monomer.
To gain insights into the function and elastic behavior of PCDH15,
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Fig. 3. Flexibility of PCDH15 EC3-4 and EC5-6 linker regions. (A) Ribbon representation of hs PCDH15 EC3-5 ex12a+ with monomers (mauve, purple, and
magenta) superposed in two views illustrating flexibility at EC3-4. Also superposed are monomers of hs PCDH15 EC3-5 ex12a− (yellow and gray, PDB ID code
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and as similarly done for parts of CDH23 (33) and the entire
ectodomain of the olfactory cell adhesion molecule (57), we used
overlapping structures of PCDH15 fragments and built two at-
omistic models of its entire ectodomain. The first model was
built to get the hs PCDH15 EC1-MAD12 ex12a− WT protein
ectodomain (p.Q1 to p.I1342), which was coupled to a model of
hs CDH23 EC1-2 (p.Q1 to p.D205) using the original handshake
interaction (21) as a template (PDB ID code 4APX) (Fig. 5A
and SI Appendix, Fig. S11 A–K and Table S8) (∼172 kDa for
the complex). The second model was built to get the mm
PCDH15 EC1-MAD12 ex12a+WT protein ectodomain [p.D5 to
p.S1341(+7) carrying the p.I582(+7)T and p.V875(+7)A variations]
coupled to a model of mm CDH23 EC1-3 (p.V2 to p.D317) using
the handshake interaction observed in our hs PCDH15 EC1-3
G16D/N369D/Q370N + mm CDH23 EC1-2 T15E structure (Fig.
5B and SI Appendix, Fig. S11 L–V and Table S8) (∼184 kDa for the
complex). These PCDH15 models allowed us to visualize 3 in-frame
deletion segments and 15 sites of missense mutations implicated in
inherited deafness (Fig. 5 A–J and SI Appendix, Note 3 and Table
S9), thus providing a structural framework to propose mechanisms
underlying dysfunction of PCDH15.
Our models of the PCDH15 ectodomain adopt conformations

dictated by the relative orientation (tilt and azimuthal angles)
of successive EC repeats observed in various crystallographic
structures, including the EC9-10 kink observed in hs PCDH15
EC8-10 (31) (used for the hs PCDH15 EC1-MAD12 ex12a−
model) and in mm PCDH15 EC9-MAD12 (used for the mm
PCDH15 EC1-MAD12 ex12a+ model). These may represent only
some of the possible conformations adopted in solution and might
not be representative of states observed under physiological ten-
sion experienced by hair-cell tip links in vivo (10 to 100 pN) (35,
36, 58, 59). Short equilibrations followed by SMD simulations of
the entire hs and mm PCDH15 ectodomain monomers bound to
the tips of CDH23 and with all their Ca2+-binding sites occupied
allowed us to explore their conformational dynamics and elasticity
in silico. Constant-velocity stretching of the hs PCDH15 EC1-

MAD12 ex12a− + CDH23 EC1-2 heterodimer complex at 0.1
nm/ns revealed straightening of the structure (Fig. 5K, SI Appen-
dix, Fig. S12A and Table S10, and Movie S1) in a first phase
characterized by a soft effective spring constant (k1 ∼3.3 mN/m
and ∼10 nm extensibility) (Fig. 5L), followed by stretching of the
EC5-6 and EC9-10 linker regions, ensued by stretching of the
entire chain (k2 ∼24.4 mN/m and ∼5 nm extensibility). Subsequent
unrolling and then unfolding of MAD12 at a force peak of ∼331
pN happened without unbinding of CDH23 EC1-2 from PCDH15.
The elastic response of mm PCDH15 EC1-MAD12 ex12a+ +
CDH23 EC1-3 at 0.1 nm/ns was similar to that of the human
complex (k1 ∼1.5 mN/m and ∼15 nm extensibility, k2 ∼27.5 mN/m
and ∼5 nm extensibility, unfolding peak at ∼356 pN) (SI Appendix,
Fig. S12 B and C and Movie S2), suggesting that, at the stretching
speeds tested, unfolding of MAD12 occurs before unbinding.
The soft elasticity phase observed during stretching simula-

tions of the monomeric PCDH15 EC1-MAD12 + CDH23 EC1-
2/3 complexes stems mainly from unbending of the Ca2+-free
EC9-10 linker region, as previously predicted (31), and from
stretching of EC5-6 and various other linkers. The predicted
spring constants at 0.1 nm/ns are an upper limit, as this stretching
speed is one order of magnitude faster than physiological speeds
of the basilar membrane (60) at loud high-frequency sound and
drag might be reduced at slower speeds. Similarly, unfolding
forces of MAD12 at 0.1 nm/ns represent an upper bound as
simulations and experiments at slower stretching speeds will nat-
urally report smaller forces (61, 62). The elastic response of
MAD12 in the context of stretching simulations of the monomeric
hs and mm PCDH15 EC1-MAD12 + CDH23 EC1-2/3 complexes
is consistent with simulations stretching the dimeric mm PCDH15
EC9-MAD12 (SI Appendix, Fig. S12 D and E and Movie S3) and
our previous simulations of ss PCDH15 EC10-MAD12 (28). Our
new simulations including the entire monomeric PCDH15 ecto-
domain predict soft elasticity and unfolding of MAD12 before
unbinding of the cadherin handshake at fast stretching speeds.
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Predicted Strength of the Heterotetrameric PCDH15–CDH23 Bond. To
better understand the behavior of the handshake bond in the
context of the heterotetrameric arrangement predicted from our
hs PCDH15 EC2-3 structure and the conformation observed in
the hs PCDH15 EC1-3 G16D/N369D/Q370N + mm CDH23
EC1-2 T15E complex, we built two model systems for simulation
(SI Appendix, Fig. S13). The first one includes two molecules of
hs PCDH15 EC1-5 ex12a− (p.Q1 to p.P587) forming an X-dimer
(as seen in the hs PCDH15 EC2-3 structure) coupled to two
molecules of hs CDH23 EC1-2 (p.Q1 to p.D205), each arranged
as seen in the mouse handshake complex (PDB ID code 4APX)
(21) and mutated to match the human sequence (SI Appendix,
Fig. S13A). The second system includes two molecules of mm
PCDH15 EC1-5 ex12a+ [p.Q1 to p.L585(+7)] forming an X-
dimer coupled to two molecules of mm CDH23 EC1-3 (p.Q1
to p.D317) with the cis and trans interactions based on the hs

PCDH15 EC1-3 G16D/N369D/Q370N + mm CDH23 EC1-2
T15E tetrameric structure (SI Appendix, Fig. S13C). In both mod-
els, referred to here as hs and mm (PCDH15 EC1-5)2 + (CDH23
EC1-2/3)2, all linkers and repeats were in conformations obtained
from crystal structures and all Ca2+-binding sites were occupied.
To mimic possible low Ca2+ concentration conditions in the cochlea,
three additional models of the hs (PCDH15 EC1-5)2 + (CDH23
EC1-2)2 tetramer were built with two, one, or zero Ca2+ ions per
linker, respectively (SI Appendix, Table S10). All systems, satu-
rated and not saturated with Ca2+, were equilibrated and then
stretched to test their stability and elasticity in silico.
Equilibration trajectories of the hs andmm (PCDH15 EC1-5)2 +

(CDH23 EC1-2/3)2 tetramers saturated with Ca2+ revealed a ten-
dency for the PCDH15 EC5 ends to get closer to each other within
10 ns (from ∼16 nm in hs and ∼12 nm in mm to ∼10 nm in both).
The hs CDH23 EC1-2 monomers also got close to each other,
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representations with transparent molecular surfaces. Ca2+ ions are shown as green spheres and mutations are highlighted in orange. Dashed boxes and labels
correspond to selected missense mutations shown in C–G. (B) The mm PCDH15 EC1-MAD12 ex12a+ + CDH23 EC1-3 model with PCDH15 in-frame deletion
mutations that cause deafness highlighted in red (multiresidue deletions) and yellow (single-residue deletions). Dashed boxes and labels correspond to
detailed views in H–J. (C–J) Detail of missense mutations and in-frame deletions that cause deafness. (K) Snapshots of the monomeric hs PCDH15 EC1-MAD12
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for PCDH15 EC10-MAD12 unfolding (magenta-6BXZ with unfolding at MAD12) (28), for hs PCDH15 EC1-MAD12 ex12a− + CDH23 EC1-2 unfolding (S1b-d, blue
with unfolding at MAD12), and for mm PCDH15 EC1-MAD12 ex12a+ + CDH23 EC1-3 unfolding (S2b-d, cyan, with unfolding at MAD12).
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mimicking the arrangement seen in the hs PCDH15 EC1-3 G16D/
N369D/Q370N + mm CDH23 EC1-2 T15E structure, where
β-strands A and G of EC2 from one CDH23 monomer are closer
to the same strands in EC2 from the adjacent monomer. However,
the p.E50:p.R53 salt bridge between adjacent CDH23 monomers
(as seen in the crystal structure of the heterotetrameric bond) (Fig.
2F) did not form in the hs complex. The PCDH15 p.R113 salt
bridge with CDH23 p.E77, absent in the mm model, was formed
throughout its equilibration trajectory. While these rearrange-
ments of specific bonds highlight the dynamic nature of the het-
erotetrameric complex, key features—like the double handshake
bond and the PCDH15 EC2-3 interface for parallel dimerization
—remained stable during these short equilibrations.
Systems with fewer Ca2+ ions at all linkers exhibited two dis-

tinct behaviors in our equilibrium simulations. The system with
two Ca2+ ions per linker was stable, with the two PCDH15 EC5
repeats coming as close as ∼9 nm in a configuration that is more
compatible with a parallel dimer than the one observed in the
system with fully saturated linkers (three Ca2+ ions per linker,
except for PCDH15 EC2-3 and EC3-4 with two Ca2+ ions each).
More dramatic conformational changes, including bending and
twisting of linkers, were observed for systems with one and zero
Ca2+ ions per linker, especially at the PCDH15 EC3-4 linker
regions. The conformational changes observed with less Ca2+,
resulting in overall shrinkage of the end-to-end distance of the
complex, are consistent with results from simulations of tip-link
cadherins (21, 30, 32) that in the absence of bound Ca2+ ions
exhibited enhanced hinge-like flexibility at their linker regions.
These results are also consistent with EM images showing curled
and collapsed tip-link cadherins in the absence of Ca2+ (13).
Stretching of the equilibrated hs (PCDH15 EC1-5)2 +

(CDH23 EC1-2)2 tetramer saturated with Ca2+ at the constant
speeds tested (10, 1, and 0.1 nm/ns) revealed unbinding of the
CDH23 EC1-2 monomers from PCDH15 without unfolding of
EC repeats (SI Appendix, Fig. S13A and Movie S4). At the
slowest stretching speed (0.1 nm/ns), the hs (PCDH15 EC1-5)2 +
(CDH23 EC1-2)2 complex straightened, with repeats EC4-5 of
PCDH15 establishing close contacts in a parallel arrangement.
The “scissor” conformation of the PCDH15 EC1-3 dimer closed
itself as the stretching proceeded, thereby squeezing the CDH23
EC1-2 monomers together. As a result, an intricate network of
hydrogen bonds developed between conserved CDH23 EC1 res-
idues. Furthermore, a rotation of the CDH23 EC1-2 monomers
(SI Appendix, Fig. S13A) preceded unbinding at large force
(∼1,080 pN, simulation S3d), which was roughly three times as
large as the force observed during unfolding of MAD12 in the
monomeric hs PCDH15 EC1-MAD12 + CDH23 EC1-2 com-
plex (∼330 pN, simulation S1d), and ∼1.5 times larger than the
force predicted for the unbinding of two noninteracting parallel
handshakes (∼720 pN) (21). Similarly, stretching of the mm
(PCDH15 EC1-5)2 + (CDH23 EC1-3)2 complex at 0.1 nm/ns
resulted in unbinding at a large force peak (∼800 pN, simula-
tion S7d) (SI Appendix, Fig. S13D), with squeezing of the
CDH23 EC1-3 monomers. Thus, force-induced “locking” of
CDH23 may make the tip-link bond more resistant against
unbinding. Remarkably, two force peaks were observed at the
slowest stretching speed (0.02 nm/ns, simulation S7e), suggesting
the existence of an intermediate state before complete unbinding
(SI Appendix, Fig. S13E, and Movie S5), which occurred after
forces reached ∼730 pN. The PCDH15 EC2-3 X-dimer interface
was distorted but not lost after unbinding. These results suggest
that the mechanical strength of the tetrameric tip-link bond is
bolstered by the PCDH15 EC2-3 X-dimer.
Stretching of the equilibrated hs (PCDH15 EC1-5)2 +

(CDH23 EC1-2)2 tetramers not saturated with Ca2+ at all linker
regions revealed a more complex set of events during unbinding
(SI Appendix, Fig. S13B). SMD simulations of the system with
two Ca2+ ions per linker at 0.1 nm/ns revealed unbinding without

unfolding (force peak at ∼737 pN, simulation S4d) with com-
plete separation of the PCDH15 EC2-3 X-dimer interface. SMD
simulations of the system with one Ca2+ ion per linker region at
0.1 nm/ns revealed sequential unbinding (main force peak at
∼833 pN, simulation S5d) with severe stretching of linker re-
gions. SMD simulations of the system with 0 Ca2+ ions per
linker region at 0.1 nm/ns revealed minor partial unfolding,
rupture of the EC2-3 X-dimer, and unbinding (force peak at
853 pN, simulation S6d) (Movie S6). The starting states for
SMD simulations of systems with 1 and 0 Ca2+ ions per linker
region were shorter due to bending of ECs with respect to
each other, resulting in a longer stretching phase (<25 nm to
∼27.5 nm in SI Appendix, Fig. S13B) at low force with rather
soft elasticity (k1Ca ∼20.5 mN/m and k0Ca ∼21.7 mN/m) dominated
by unbending and straightening of the repeats. Extension of the
linkers between EC repeats at higher force resulted in a dis-
placement of the force peak to longer end-to-end distances.
Overall, our simulations of the heterotetrameric PCDH15–

CDH23 bond suggest that parallel dimerization and Ca2+ ions
modulate the tip-link strength, which might in turn determine
whether unbinding happens before unfolding of EC repeats.

Predicted Elasticity of the Complete PCDH15 Ectodomain Dimer. Our
structures and biochemical data obtained using various PCDH15
fragments indicate that there are two possible points of parallel
dimerization. The first one involves PCDH15 EC2-3 and the
second involves PCDH15 EC11-MAD12. These results are con-
sistent with data presented by Dionne et al. (26) on various
fragments of PCDH15, and also with structures of the PCDH15
ectodomain tail reported by Ge et al. (27). Additional MALS
experiments with the full-length ectodomain of mm PCDH15
EC1-MAD12 confirm that it is a dimer in solution that can
withstand mild Ca2+-chelation with EDTA (SI Appendix, Fig. S5D
and E). However, atomistic models of the entire PCDH15 ecto-
domain seem to be incompatible with an arrangement in which
both points of dimerization exist simultaneously (SI Appendix, Fig.
S4G), even when the PCDH15 EC9-10 linker unbends (SI Ap-
pendix, Fig. S14 A–E). This incompatibility might result from the
constraints imposed by limited crystallographic conformations
sampled by fragments containing only a few EC repeats, rather
than the entire PCDH15 EC1-MAD12 protein. To model a parallel
dimeric PCDH15 complex as observed in tip links (6, 13), we sys-
tematically searched for conformations obtained from equilibrium
and SMD simulations that could be assembled into structures
compatible with both points of dimerization (Fig. 6 A and B, SI
Appendix, Fig. S14 E–G, and Movies S7 and S8).
The first tetramer model has the hs (PCDH15 EC1-MAD12

ex12a−)2 + (CDH23 EC1-2)2 complex (p.Q1 to p.I1342 and
p.Q1 to p.D205 per monomer; ∼343 kDa), while the second
contains the mm (PCDH15 EC1-MAD12 ex12a+)2 + (CDH23
EC1-3)2 complex [p.Q1 to p.S1341(+7) carrying the p.I582(+7)T
and p.V875(+7)A variations for PCDH15 and p.Q1 to p.D317
for CDH23; ∼369 kDa] (SI Appendix, Table S8). All EC repeats
and linker regions in these hs andmm (PCDH15 EC1-MAD12)2 +
(CDH23 EC1-2/3)2 tetrameric models were obtained from crys-
tallographic conformations or coordinates from simulations of
crystal structures (SI Appendix, Fig. S14 F and G). In equilibrium
simulations of the hs heterotetrameric model, in which
the PCDH15 EC9-10 segment is initially straight (Fig. 6A and
SI Appendix, Fig. S14F), we observed rebending at this linker
region, with one of the PCDH15 monomers more kinked than
the other (SI Appendix, Fig. S15A, Left). A similar asymmetric
bent conformation is maintained in an equilibration of the mm
model (Fig. 6 B and E). These results are consistent with simulations
of the isolated PCDH15 EC8-10 fragment (31) and suggest that the
EC9-10 kink can exist within the entire PCDH15 homodimer.
Equilibrated states of both hs and mm (PCDH15 EC1-

MAD12)2 + (CDH23 EC1-2/3)2 tetrameric complexes were used
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as starting points for SMD simulations at various stretching
speeds (Fig. 6 C–E, SI Appendix, Fig. S15, and Movies S9 and
S10). In the slowest simulations (0.1 nm/ns) of the hs complex,
straightening by unbending of various linker regions (most no-
tably the EC9-10 kink) was followed by elongation of the EC3-4,
EC5-6, and EC9-10 linkers and subsequent partial unrolling and
unfolding of both MAD12s at the C-terminal end. Unbinding of
CDH23 from PCDH15 was not observed at the slowest stretching
speeds used. The initial straightening phase had an effective spring
constant of k1 ∼45 mN/m (extensibility ∼5 nm), while unrolling
and unfolding occurred at ∼510 pN, with a recoil reflected in
rebending at the EC9-10 linker region (SI Appendix, Fig. S15 A
and B). A similar series of events was observed for the mm
complex when stretched at 0.1 nm/ns, with an initial straightening
phase that had an effective spring constant of k1 ∼37 mN/m (ex-
tensibility ∼5 nm) and that was followed by MAD12 unrolling and
unfolding at ∼630 pN (SI Appendix, Fig. S15 C and D). The

effective spring constant decreased to k1 ∼24 mN/m (extensibility
∼5 nm) (Fig. 6 C, Inset) at a stretching speed of 0.02 nm/ns, with
subsequent asymmetric unrolling and unfolding of MAD12s oc-
curring at a force peak of ∼520 pN without unbinding (Fig. 6 C–E
and Movie S11). Simulations thus predict that the complete
PCDH15 ectodomain dimer is significantly stiffer than the mo-
nomeric PCDH15 ectodomain. Unfolded MAD12s, however, could
provide soft elasticity and extreme extensibility (∼40 nm).

Discussion
Our structures, biochemical data, and simulations provide an
integrated atomistic view of the entire PCDH15 ectodomain and
its possible modes of homophilic and heterophilic interaction
(Fig. 7A). We found two points of parallel dimerization for
PCDH15 (at EC2-3 and EC11-MAD12) and provide a detailed
and unique view of the two trans PCDH15-CDH23 handshakes
in the heterotetrameric bond facilitated by the PCDH15 EC2-3
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X-dimer. Simulations suggest that the two handshakes in the
heterotetramer are squeezed together by closing of the X-dimer
scissor when tension that mimics physiological stimuli is applied.
This squeezing strengthens the heterotetrameric bond with un-
binding forces predicted to be on average ∼1.3 times larger than
the sum of unbinding forces for independent handshakes, rem-
iniscent of catch-bond behavior where the dissociation lifetime
of a bond is increased by tensile forces (63). The dual handshake
may also facilitate, through avidity, a strengthened mechanical
response and extended lifetime of the tip-link bond (64).
Our structures also unmasked three points of Ca2+-indepen-

dent flexibility for PCDH15 at linker regions EC3-4, EC5-6, and
EC9-10. Simulations of the entire monomeric PCDH15 ecto-
domain bound to CDH23 EC1-2/3 revealed a soft elastic response
dominated by these flexible points, while the heterotetrameric
complex (dimeric PCDH15 bound to two CDH23 monomers) was
stiffer yet still presented kinks at the PCDH15 EC9-10 linker re-
gion that could provide some limited extensibility. Intriguingly, our
simulations predict that PCDH15’s MAD12 unrolls and then un-
folds before CDH23 unbinding at the stretching speeds (down
to 0.02 nm/ns). Unfolding of MADs in PCDH15 and CDH23
(28) could explain uncompromised hair-cell mechanotransduction
under extreme stimuli that would require large tip-link extensibility
(∼100 nm) (65, 66). These results highlight the potential complex-
ities of the tip-link mechanical response and provide a structural
framework to both compare and interpret complementary experi-
mental results (26, 27, 59, 64, 67–69) and to understand the function
of PCDH15 as a key component of the tip links that open inner-ear
transduction channels (SI Appendix, Note 4).
In vivo conditions for tip links vary significantly across organs

and species. For example, Ca2+ concentration near tip links will
greatly depend on the organ in which hair cells are located. The
vestibular endolymph Ca2+ concentration is 90 to 150 μM, while
the bulk cochlear endolymph Ca2+ concentration varies from 20
to 40 μM (40, 41). Intriguingly, Ca2+ concentrations near hair
bundles in the cochlear subtectorial space might be significantly
higher than previously thought (>300 μM), both because of the
action of stereocilia Ca2+ pumps functioning in a restricted space
and because of the buffering effect of the tectorial membrane (42,
43). Similarly, resting tension and physiological forces will vary
within and across organs, where glycosylation and differential
expression of various tip-link PCDH15 isoforms may also be

diverse. The complexity of PCDH15’s ectodomain revealed by our
structures and simulations and the various sets of environments in
which it functions in mechanotransduction indicate that PCDH15
might be a versatile and multimodal protein that can be tuned to
display distinct elastic responses (Fig. 7B and SI Appendix, Fig.
S16). While under some conditions PCDH15 may display the soft
elasticity and extensibility attributed to gating springs, including
significant extensibility through MAD12 unfolding, directly de-
termining the exact in vivo conditions in which PCDH15 func-
tions remains a necessary and challenging step required to fully
comprehend the role played by tip links in inner-ear mechano-
transduction.
PCDH15 is also found in auditory cortex interneurons (16),

eye photoreceptors (52, 70), and various other tissues (15),
where it may play a role in cell–cell adhesion and tissue devel-
opment and maintenance. PCDH15’s interaction with CDH23
seems to be essential for auditory cortex wiring (16), while its spe-
cific role in photoreceptor function is less clear. Our PCDH15
structures and biochemical assays probing mutations that impair
heterophilic binding to CDH23, cis dimerization, and Ca2+ binding
provide data that can inform the exploration of PCDH15’s function
beyond inner-ear mechanotransduction.

Materials and Methods
Detailed procedures for all methods are provided in SI Appendix, SI Methods.

Data Availability. Coordinates for all structures are available in the Protein
Data Bank (IDs 6N22, 6MFO, 6N2E, 5ULY, 6EB5, 6E8F, 5W1D, 6BXU, 6BWN,
5TPK, and 6EET; see SI Appendix for additional details). Other data are
available upon request.
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