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Abstract

Human hearing relies upon the tip-to-tip interaction of two non-classical cadherins, 

protocadherin-15 (PCDH15) and cadherin-23 (CDH23). Together, these proteins form a filament 

called the tip link that connects neighboring stereocilia of mechanosensitive hair cells. As sound 

waves enter the cochlea, the stereocilia deflect and tension is applied to the tip link opening nearby 

transduction channels. Disruption of the tip link by loud sound or calcium chelators eliminates 

transduction currents and illustrates that tip-link integrity is critical for mechanosensing. Tip-link 

remodeling after disruption is a dynamic process, which can lead to the formation of atypical 

complexes that incorporate alternatively spliced variants of PCDH15. These variants are 

categorized into 6 groups (N1-N6) based upon differences in the first two extracellular cadherin 

(EC) repeats. Here, we characterized the two N-terminal EC repeats of all PCDH15 variants 

(pcdh15(N1) to pcdh15(N6)), and combined these variants to test complex formation. We solved 

the crystal structure of a new complex composed of CDH23 EC1-2 (cdh23) and pcdh15(N2) at 2.3 

Å resolution and compared it to the canonical cdh23-pcdh15(N1) complex. While there were 

subtle structural differences, the binding affinity between cdh23 and pcdh15(N2) is ~6 times 

weaker than cdh23 and pcdh15(N1) as determined by surface plasmon resonance analysis. Steered 

molecular dynamics simulations predict that the unbinding force of the cdh23-pcdh15(N2) 

complex can be lower than the canonical tip link. Our results demonstrate that alternative 

heterophilic tip-link structures form stable protein-protein interactions in vitro and suggest that 

homophilic PCDH15-PCDH15 tip links form through the interaction of additional EC repeats.

INTRODUCTION

At the molecular level, human hearing relies upon the tip-to-tip interaction of two unique 

non-classical cadherins, protocadherin-15 (PCDH15) and cadherin-23 (CDH23).1–5 

Together, these two proteins form a filament called the tip link that connects adjacent 

stereocilia of mechanosensitive hair cells.6, 7 Sound waves cause the stereocilia to deflect 

applying tension to the tip link and opening a nearby transduction channel.8, 9 Disruption of 

the tip link caused by loud sound or chemical treatments eliminates transduction currents 

and illustrates that tip-link integrity is critical for mechanosensing.10–13
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The proteins forming the tip link were first identified through genetic analysis that 

associated PCDH15 and CDH23 with inherited forms of deafness.14–17 Subsequent 

immunohistochemistry experiments showed that the lower portion of the tip link consists of 

a parallel dimer of PCDH15 while the upper portion is a parallel dimer of CDH23 (Figure 

1A, B).3 Similar to classical cadherins,18, 19 the interaction between PCDH15 and CDH23 

requires calcium, however, their domain structure and mode of interaction is significantly 

different. PCDH15 and CDH23 are exceptionally long cadherins with 11 and 27 

extracellular cadherin (EC) repeats, respectively, and their predicted end-to-end length is 

consistent with the overall size of the tip link (~170 nm) as observed by electron microscopy.
6, 7, 20, 21 The first two N-terminal EC repeats of each protein interact to form the link 

between PCDH15 and CDH23 (Figure 1B). Recently, the crystal structure of this bond 

revealed an overlapped, antiparallel heterodimer noted for its high mechanical strength.22 

The essential relevance in inner-ear mechanotransduction of the bond revealed by this 

structure has been validated both in vitro and in vivo.22, 23

Proper formation of the tip link is necessary to transduce mechanical stimuli from sound into 

an electrical response. When calcium ions are removed with a chelator, BAPTA, the tip link 

is disrupted and transduction currents are eliminated.10 Tip-link formation is a dynamic and 

reversible process.11 Following BAPTA treatment, which mimics sound-induced damage, tip 

links regenerate within 24 to 36 hours. Intriguingly, a recent study observed the formation of 

an atypical tip link containing only PCDH15 during regeneration.12 These links were 

observed in mouse inner-ear hair cells, but such interactions have never been observed in 
vitro. After 36 hours, tip links matured and returned to canonical CDH23-PCDH15 linkages 

(Figure 1A). While both types of tip links were able to mediate transduction currents, 

differences in the calcium-dependent decay of the transduction current were observed. These 

experiments highlight the fact that there is still much to be learned about how tip links form 

and regenerate and how they convert mechanical forces into biochemical signals.

PCDH15 and CDH23 are also found in alternative linkages within the hair cell bundle. Early 

in the development of outer hair cells, PCDH15 and CDH23 form lateral links that connect 

stereocilia in different rows together.24 As hair cells mature, these proteins form connections 

between the kinocilium and the tallest stereocilium known as kinocilial links.25 These 

alternative links play an important role in maintaining the shape and organization of the 

bundle and ensure that it behaves as a cohesive unit in response to an applied force. 

Immunostaining of hair cells suggest that variants of PCDH15, generated by alternative 

splicing of the genes, are located in different parts of the hair-cell bundle and may form 

noncanonical alternative linkages with potential biological function. However, these 

localization studies and further genetic analyses only focused on splice variants of the 

PCDH15 cytoplasmic domain (labeled CD1, CD2, and CD3) that may function redundantly.
2, 26, 27

Identifying N-terminal splice variants of PCDH15 in vivo remains a challenge because 

current antibodies are only able to distinguish among cytoplasmic domain variants. Genetic 

studies suggest that PCDH15 is present in hair cells as one of at least 26 variants,2 which 

may feature distinct extracellular domains that bind with either another variant of PCDH15 

or with CDH23 to form noncanonical tip links. While CDH23 exists in at least 11 variant 
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forms, only four of them, all featuring a canonical CDH23 tip, are long enough to form tip 

links. This study includes all possible PCDH15 variants that have unique modifications in 

their first two EC repeats expected to directly interact with CDH23 (Figure 1C). We 

considered all complexes formed by PCDH15 variants with two N-terminal EC repeats, 

pcdh15(N1) to pcdh15(N6), and the canonical CDH23 EC1-2 tip (cdh23). In addition, we 

tested possible pseudo-heterophilic interactions between different variants of pcdh15.

Using structural information with biophysical experiments, we have determined that subtle 

changes in the pcdh15 molecular structure due to alternative splicing leads to clear changes 

in the binding affinity of the cdh23-pcdh15 complex. In addition, steered molecular 

dynamics (SMD) results predict that dissociation of noncanonical complexes requires less 

force than that needed to unbind the canonical tip-link complex. Precisely when and where 

each splice variant appears in hair cells has not been determined, yet splice variants of 

PCDH15 are able to provide fine control of tip-link affinity and may enhance the dynamic 

range of its binding strength.

MATERIALS AND METHODS

Protein Expression and Purification

The gene coding for each mouse pcdh15 variant was inserted into pET21a for bacterial 

expression. The sequences for each variant are as follows: variant N1, residues Q27-D259 

(UniProt entry Q99PJ1-1, accession no. AAG53891); variant N2, residues Q27-D254 

(UniProt entry Q99PJ1-2, accession no. DQ354396); variant N3, residues Q27-D232 

(UniProt entry Q99PJ1-8, accession no. DQ354402); variant N4, residues Q27-D217 

(UniProt entry Q99PJ1-7, accession no. DQ354401); variant N5, residues M1-F260 

(accession no. DQ354407); and variant N6, residues Q27-F254 (UniProt entry Q99PJ1-24, 

accession no. AAY24693; Figure S1). All constructs were sequence verified and contained a 

C-terminal hexahistidine tag for purification by immobilized metal affinity chromatography. 

Proteins were expressed in E. coli BL21-CodonPlus(DE3)-RIPL cells at 30°C overnight in 

Terrific Broth (TB) medium. Expression was induced with 0.2 mM IPTG when OD600 

reached 0.4-0.6, except for variant N5, which was expressed at 37°C using 1 mM IPTG. All 

protein fragments were highly overexpressed as indicated by SDS PAGE analysis (Figure 

S1). The cells were pelleted at 6,000 rpm (Beckman JLA 8.1 rotor) and stored at −80°C. 

Because the proteins form inclusion bodies, pellets were resuspended in a denaturing lysis 

buffer (20 mM Tris-HCl, pH 7.5, 10 mM CaCl2, 20 mM imidazole and 6 M GuHCl) and 

subsequently sonicated (total time 5 min, 2 s on, 5 s off, Sonix cell sonicator). The lysate 

solution was clarified by centrifugation for 30 min at 20,000 rpm (Beckman JA-25.50 rotor), 

and the clarified solution was incubated with Ni-sepharose beads on a nutator for 1 h. The 

beads with bound protein were rinsed 2 times with 25 mL of denaturing lysis buffer, and the 

protein was released with (2 × 25 mL) elution buffer (20 mM Tris-HCl, pH 7.5, 10 mM 

CaCl2, 500 mM imidazole, 6 M GuHCl). Variants N1-N4 were then refolded through a six-

step dialysis process as previously described.22, 28 Briefly, the denatured protein sample was 

diluted to ~0.7 mg/mL with 2 mM DTT and dialyzed for 24 h against D buffer (20 mM Tris-

HCl, pH 8.0, 10 mM CaCl2) with 6 M GuHCl, followed by two additional 24 h steps of 

dialysis against D buffer with 3 M and 2 M GuHCl, respectively. In the final three 12 h 
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steps, the protein was dialyzed against D buffer with 1, 0.5, and 0 M GuHCl plus 400 mM 

L-arginine and 375 μM oxidized glutathione. All other variants were refolded overnight in 

20 mM Tris-HCl, pH 8.0, 2 mM CaCl2, 150 mM KCl, 50 mM NaCl, 400 mM L-arginine. 

After dialysis was complete, each variant was purified by size exclusion chromatography 

(SEC) on a Superdex S200 16/600 column in SEC buffer (20 mM Tris-HCl, pH 7.5, 2 mM 

CaCl2, 150 mM KCl, 50 mM NaCl, with 2mM DTT for N5 and N6).

For surface plasmon resonance (SPR) experiments, tagless cdh23 was produced by cloning 

the gene (residues Q24-D228, UniProt entry Q99PF4-1) into pTXB1 (NEB, IMPACT Kit 

E6901S), which fuses an inducible self-cleaving intein with a chitin binding domain to the 

C-terminus of cdh23. CDH23 cDNA was amplified by PCR (primers: 

CGGCGGCTCGAGATCTCCAACTTGGATATTCACCTTCCGTGTGAT; 

CCGCCGGCTCTTCCGCACGCGTCCTGATGATGATGGCCAGGTTGGC) and cloned 

into pTXB1 using the restriction sites NdeI and SapI. An alanine residue was inserted 

between the end of EC2 and the intein to improve cleavage efficiency. The protein was 

produced in E. coli BL21-CodonPlus(DE3)-RIPL cells grown at 15°C overnight in lysogeny 

broth (LB) medium and induced with 0.4 mM IPTG when OD600 reached 0.4-0.6. This 

protein fragment was purified under native conditions by lysing cells in a native lysis buffer 

(column buffer: 20 mM Tris-HCl, pH 8.5, 200 mM NaCl, 1 mM CaCl2, plus 0.1% (v/v) 

Triton X-100, 100 μM PMSF and protease inhibitor cocktail (Sigma, P8849)). Following 

centrifugation, the cell extract was loaded onto 10 mL of chitin beads and incubated for 90 

min while inverted every 15 min. The lysate was collected and the column was washed with 

20 column volumes (CVs) of column buffer to remove unbound proteins. The column was 

quickly washed with 3 CVs of cleavage buffer (column buffer plus 50 mM DTT). The 

protein was eluted with 4 CVs of cleavage buffer by stopping the flow and waiting for a 

minimum of 16 h at 4°C to induce self-cleavage of the intein. Finally, the protein sample 

was purified by SEC on a Superdex S200 16/600 column in SEC buffer.

Formation and Characterization of Tip-Link Proteins and Complexes

Each refolded variant of pcdh15 was analyzed on an AKTAmicro system (GE Healthcare 

Life Sciences) equipped with a Superdex 75 PC 3.2/30 column equilibrated with SEC buffer. 

When required, the molecular weight of constructs was determined using a miniDAWN 

TREOS (Wyatt) multi-angle light scattering (MALS) system placed directly in the flow path 

following the SEC column. To test for binding interactions between constructs, refolded 

protein samples were combined with a slight molar excess of cdh23 relative to pcdh15 

(1.2:1). In the case where two pcdh15 variants were combined, one variant was selected to 

be in slight excess. The total amount of protein for each run was between 25-50 μg. The 

proteins were incubated together on ice for 30 min to 1 h, and the samples were inverted 

every 15 min. The entire sample was injected onto the analytical SEC column for analysis. 

All experiments were performed at 4°C using a 100 μL loop and a flow rate of 50 μL/min.

Crystallization, Data Collection, and Structure Determination

To determine the molecular architecture of the noncanonical tip-link variant complex formed 

by pcdh15(N2) and cdh23, its structure was solved by x-ray crystallography. Refolded and 

SEC purified protein fragments were prepared individually and combined in a 1.2:1 mole 
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ratio and incubated on ice for 30 min to 1 h. The cdh23-pcdh15(N2) mixture was repurified 

by SEC to isolate the complex peak for crystallization (Figure S2). Crystals of the cdh23-

pcdh15(N2) complex were grown by vapor diffusion at 4°C by combining equal parts of 

protein (5 mg/mL) and reservoir solution containing 0.1 M HEPES, pH 7.5, 0.2 M 

ammonium acetate, and 25% (v/v) isopropanol. Crystals were cryoprotected with 25% 

glycerol and cryo-cooled in LN2. A 2.26 Å data set was collected at the Advanced Photon 

Source at Argonne National Laboratory. The data set was indexed, integrated, and scaled 

using HKL2000,29 and the structure was solved using molecular replacement with the 

canonical tip-link complex (PDB code: 4APX) as a search model in Phaser.30 Model 

building was done in Coot,31 and the refinement was completed using REFMAC532 

applying translation-libration-screw refinement near the end of the process. Data collection 

and refinement statistics are listed in Table 1. Coordinates for the noncanonical tip-link 

complex have been deposited in the PDB with entry code 4XXW.

Surface Plasmon Resonance Analysis

SPR experiments were carried out using a Biacore T100 system and Series S NTA sensor 

chip (GE Healthcare). The NTA surface was activated by flowing a 0.5 mM NiCl2 solution 

at a rate of 10 μL/min for 60 s. Next, ligand molecules, in this case, hexahistdine-tagged 

pcdh15 (N1 or N2) at a concentration of 1 μM, were flowed in at a rate of 10 μL/min for 30 

s. The target response due to immobilized ligand was set between 500-750 RU. Once the 

target response was reached, the analyte, cdh23 without an affinity tag, was passed through 

the flow cell at 30 μL/min for 60 s. After analyte binding and dissociation was observed, the 

ligand was removed from the sensor surface using 500 mM imidazole applied at 30 μL/min 

for 90 s. This process was repeated for at least 10 different analyte concentrations ranging 

from 0-50 μM. Data collected from higher concentrations of cdh23 was excluded in the 

fitting when the response curves showed evidence of non-specific binding to the sensor 

surface. Following data collection, Igor Pro Software was used to determine the steady-state 

binding affinity.

Molecular Dynamics Simulations

With structural details, it is possible to use molecular dynamics (MD) simulations to pull on 

the complex until the tip link is disrupted.33, 34 A system including the cdh23-pcdh15(N2) 

complex (PDB code: 4XXW, chains C and B), water molecules, and ions (150 mM KCl) 

was built using the VMD plug-ins psfgen, solvate and autoionize (153,825 atoms).35 A 

similar system was prepared using the canonical tip-link complex (PDB code: 4AQ8; 

solvated chains A and C encompassing 161,038 atoms). MD simulations of these two 

systems were done using NAMD 2.10 and 2.11,36 the CHARMM36 force field for proteins, 

and the TIP3P model for water.37 The systems were energy-minimized and equilibrated in 

the constant number, pressure and temperature ensemble (NpT), and the resulting states 

were used as the starting point for SMD simulations. Two independent sets of simulations 

were completed for each system as summarized in Table S1. All simulations were completed 

at T = 300 K. Constant-velocity stretching simulations used the SMD method and NAMD 

Tcl Forces interface.22, 38 Specifically, Cα atoms at the C-terminus of pcdh15 (N1 or N2) 

and cdh23 were attached to independent virtual springs of stiffness k = 1 kcal mol−1 Å−2. 
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The stretching direction was set to be the x-axis matching the vector connecting the C-

termini of the proteins. Maximum force peaks were computed from 50 ps running averages.

RESULTS AND DISCUSSION

The splice variants of PCDH15 can be categorized into 6 unique groups based upon the 

sequences of their first two EC repeats (Figure 1C). All PCDH15 splice variants (N1-N6) 

were produced and tested to systematically explore their properties, alone and in complex 

with cdh23 or other variants.

Analysis of Individual pcdh15 Variants

When individual fragments were analyzed by analytical SEC, each species appeared as a 

single peak representing a homogenous, properly folded protein sample (Figure 2A). Variant 

N3 could not be refolded and therefore, was excluded from this analysis. The retention 

volumes of N1 (1.22 mL), N2 (1.22 mL), N4 (1.14 mL), N5 (1.11 mL), N6 (1.18 mL), and 

cdh23 (1.19 mL) indicate that these samples are predominantly present as monomers in 

solution (Figure S4C). Variant N4 is unstable and aggregates when concentrated resulting in 

the appearance of a second peak near the void volume (0.87 mL). Compared with the other 

variants, N5 has a lower retention volume of 1.11 mL indicating a possible homodimer, but 

when further analyzed by MALS this splice variant of PCDH15 was determined to be a 

monomer (Figure S3). It should be noted that under non-reducing conditions variants N5 and 

N6 are present as both monomer and dimer (data not shown). Both N5 and N6 contain a 

single cysteine residue, which forms an intermolecular disulfide bond. These results suggest 

that strict homophilic dimerization of PCDH15 isoforms requires additional EC repeats or a 

non-reducing environment, if at all possible.

Heterophilic Complexes of pcdh15 Variants

When combined in solution, cdh23 and pcdh15(N1) come together to form the canonical tip-

link complex, and the newly formed peak at 1.09 mL represents one molecule of cdh23 

bound to one molecule of pcdh15(N1) (Figure 2B, green). Similarly, when pcdh15(N2) is 

mixed with cdh23 the proteins bind and form a heterophilic complex peak at 1.12 mL 

(Figure 2B, blue). This association is different from the canonical tip-link interaction as 

indicated by a shift in the complex peak to a higher retention volume. To complete the 

analysis, pcdh15 variants N5 and N6 were also combined with cdh23 but showed no 

evidence of a new complex peak (Figure S4A, D). When variants N1 and N2 of pcdh15 are 

combined to test the formation of a pseudo-heterophilic interaction, the results from SEC of 

the mixture indicate that a complex does not form (Figure 2B, orange). Variant N4 could not 

be combined with other pcdh15 variants due to its instability as noted above. Similarly, 

variants N5 and N6 were combined with each other, N1, and N2 and did not reveal 

formation of a complex (Figure S4B, E). Taken together, our experiments with the tips of 

PCDH15 suggest that PCDH15-PCDH15 bonds may involve pseudo-heterophilic 

combinations of variants we were unable to test (N3 or N4) or longer protein tips that extend 

beyond two EC repeats.
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Structure of the cdh23-pcdh15(N2) Complex

To understand the interaction mediated by pcdh15(N2), we solved its crystal structure when 

bound to cdh23. The proteins remain arranged in an antiparallel, overlapping handshake 

with contacts formed between both EC repeats (Figure 3A). The structure of the complex 

reveals similarities and important differences to the canonical tip-link structure. Overall fold 

and quaternary arrangement are very similar. This is reflected in the low calculated 

backbone RMSD (<2 Å) between the cdh23-pcdh15(N1) complex (4AQ8) and the 

noncanonical cdh23-pcdh15(N2) complex (4XXW). The interface area between cdh23 and 

pcdh15(N2) is ~1100 Å2, closely matching the canonical structure. Unlike variant N1, 

variant N2 of pcdh15 has a truncated N-terminus and is missing a canonical 310 helix 

(Figure 3B). The intramolecular disulfide bond that clamps together EC1 and stabilizes the 

overall structure of the complex remains intact. The noncanonical structure still includes 

three calcium ions between EC1 and EC2 of both pcdh15(N2) and cdh23. This implies that 

the mechanical properties of each protomer remain similar as the binding of these calcium 

ions dictates the overall flexibility and elasticity of each protein.

Lining the interface between cdh23 and pcdh15(N2) are residues that are highly conserved 

and interact favorably. There are also several sites where deafness mutations are located at 

the protein-protein interface, and one in particular, PCDH15 R113G,39 is found between the 

middle of EC1 of pcdh15 and the bottom of EC1 of cdh23. In the canonical structure, this 

residue is found pointing towards the interface (Figure 3C), whereas in the noncanonical 

structure R113 is pointing away from the interface (Figure 3D). The change in orientation of 

R113G is observed in both chains of pcdh15 found in the asymmetric unit of the cdh23-

pcdh15(N2) complex. Importantly, this change in orientation results in the loss of both a salt 

bridge between residue R113 of pcdh15 and residue E77 of cdh23, and an intramolecular 

hydrogen bond between E77 and N96 of pcdh15.

Comparison of Binding Affinity Using SPR

To quantitatively characterize the noncanonical complex and the heterophilic interaction 

between pcdh15 and cdh23, the binding affinity between these two proteins was measured 

using SPR experiments at ambient temperature (25°C). Variants pcdh15(N1) or pcdh15(N2) 

were immobilized onto a gold chip modified with NTA by way of their hexahistidine tags. 

The analyte, cdh23 produced without an affinity tag, was then introduced onto the chip at 

concentrations ranging from 0-50 μM. The sensorgram was measured over 2 minutes, and 

the steady-state response was plotted as a function of concentration to calculate the binding 

affinity (Kd) (Figure 4A and B, Table 2). Based upon these measurements, the binding 

affinity of the canonical tip-link complex was 0.84 ± 0.03 μM (Figure 4A inset). The binding 

affinity of the noncanonical tip-link complex was 5.12 ± 0.30 μM (Figure 4B inset). This 

result quantitatively shows that pcdh15(N2) binds less strongly to cdh23 than the native N1 

variant of pcdh15.

Comparison of Mechanical Strength In Silico

In addition to equilibrium binding affinity measurements, it is critical to understand how the 

tip-link complex will respond when a mechanical force is applied. During the sound 

transduction process, these proteins are capable of withstanding forces ranging from 10 to 
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100 pN.40–42 The strength of the tip link can be probed in silico through the use of SMD 

simulations by pulling on the C-terminus of cdh23 and pcdh15 and observing complex 

dissociation. In this study, the mechanical strength of the canonical tip-link complex was 

compared with the noncanonical complex in duplicate SMD simulations at four different 

pulling speeds from 0.02 nm/ns to 10 nm/ns (Figure 5A and B). The constant velocity 

method was selected because it mimics, as closely as possible, the physiological stimulus of 

hearing. The results from all conditions tested revealed one main force peak (>350 pN) that 

corresponds with the unbinding of the tip-link complex. At all pulling velocities, the protein 

complex dissociated prior to any unfolding of the protein structure. This is clearly shown in 

snapshots of the noncanonical complex unbinding trajectory at different timepoints (marked 

with red arrows in Figure 5B) throughout a pulling simulation completed at 0.1 nm/ns 

(Figure 5C).

It is well known that the amount of force required to unbind a complex will decrease as the 

loading rate or pulling speed is decreased.43, 44 Results from SMD simulations are most 

insightful at pulling speeds that approach or meet physiological hearing frequencies (10 

kHz) and can be accomplished on reasonable computational timescales (hundreds of 

nanoseconds). The slowest pulling speed used in this study was 0.02 nm/ns (similar to 

physiological speeds of the basilar membrane reacting to high-frequency, loud sound45), and 

both systems showed the expected decrease in unbinding force as a function of decreasing 

pulling speed (Figure 5D). At the slowest velocities tested, 0.02 and 0.1 nm/ns, the average 

force required to dissociate the noncanonical complex was markedly lower (by 167 pN or 

102 pN, respectively) than that required for the canonical complex (Figure 5D and Table S1) 

while at higher pulling speeds, 1 and 10 nm/ns, the average peak force values were closer in 

magnitude (26 or 41 pN, respectively). Closer examination of the trajectories reveals that the 

noncanonical complex dissociates at smaller forces when EC1 of cdh23 separates from EC2 

of pcdh15. This is in contrast to the canonical complex where the repeats always remain in 

close contact throughout unbinding and instead slide apart (Figure S5). Taken together, the 

results from the SMD simulations support the experimental results that indicate the existence 

of a weaker noncanonical tip-link bond.

CONCLUSIONS

The diversity created by alternative splicing of PCDH15 leads to important biological 

questions surrounding the purpose of such structures in hearing, balance, and normal hair-

cell function. Unfortunately, current antibodies are unable to distinguish variants N1-N6 in 

the ectodomain of PCDH15, therefore tracking when and where they appear in 

mechanosensitive hair cells remains a challenge. Our results clearly show that cdh23 and 

pcdh15(N1) form the most stable and mechanically strong tip link. For this reason, it is 

likely that this complex has been selected by the hair cell as the mature tip link, but it 

remains unclear why so many splice variants of PCDH15 remained through evolution. One 

consequence of creating alternative heterophilic tip links may be to tune the mechanical 

strength of the bond with CDH23. From this study, pcdh15(N2) results in a weaker tip-link 

interaction with cdh23, but it is possible that shortly after canonical tip-link disruption, for 

example due to exposure to loud sound, variant N2 may be enriched near the top of the 

stereocilia to form short-lived tip links while variant N1 is recruited to the proper position 
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for binding. We were unable to find evidence of a pseudo-heterophilic interaction between 

different pcdh15 variants. Therefore, PCDH15-PCDH15 links remain possible and may 

simply require the presence of additional EC repeats beyond the first two for binding to 

occur or may involve variants we were unable to test.

Current experimental evidence suggests that the tip link is a heterotetramer composed of one 

homodimer of PCDH15 and a second homodimer of CDH23.3 Therefore, it is possible that 

different variants of PCDH15 may pair together as a dimer to bind in the same anti-parallel 

handshake manner to CDH23. If this were the case, then variant N1 and N2 of pcdh15 could 

form at least 3 different types of tip links each with its own set of unique binding affinities 

and nanomechanical properties. There are at least 5 options possible when considering all 

known variants of pcdh15 (Figure S6). The main challenge becomes identifying and 

understanding the physiological significance of each of these variants.

There is previous experimental evidence found in a wide range of organisms, which 

demonstrates that alternative splicing events can lead to functionally relevant proteins. One 

such example is Dscam, a gene that codes for a family of cell adhesion molecules that 

regulate neural wiring in Drosophila melanogaster. Stochastic alternative splicing of Dscam 

can theoretically produce up to 19,008 isoforms each with a distinct ectodomain and binding 

specificity.46, 47 It is proposed that this level of complexity is required to provide each 

neuron a unique identity as each isoform has a strong preference for homophilic binding. In 

humans, neuroligin 1 (NLGN1) a protein located on the surface of neurons is an isoform 

specific ligand for neurexins. The splice isoforms of neuroligin 1 differentially regulate 

synaptogenesis.48, 49 Both of these examples emphasize the importance of investigating each 

PCDH15 variant and understanding its binding behavior potentially encoding for 

heterotetrameric tip links of diverse mechanical strength. This could have significant 

implications in our understanding of hearing, tonotopy, and remodeling of tip links 

following sound-induced damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CDH23 cadherin 23

cdh23 cadherin 23 EC1-2

EC extracellular cadherin

ITC isothermal titration calorimetry

MALS multi-angle light scattering

NTA nitrilotriacetic acid

PCDH15 protocadherin 15

pcdh15 protocadherin 15 EC1-2

RMSD root mean square deviation

SEC size exclusion chromatography

SMD steered molecular dynamics

SPR surface plasmon resonance
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Figure 1. 
Model of the tip link interaction and structural details of the splice variants of PCDH15. (A) 

The tip link is composed of CDH23 and PCDH15 and connects adjacent stereocilia located 

on the apical side of hair cells. Upon removal of calcium, the tip link is disrupted and forms 

short-lived PCDH15-PCDH15 links.12 (B) Each homodimer of CDH23 and PCDH15 bind 

together to form an antiparallel heterotetrameric complex. The first two EC repeats located 

at the N-terminus of each protein form a mechanically strong bond (outlined in red). (C) 

PCDH15 is present in at least 26 alternative splice variants, and a subset of these variants 

has alterations in the first two EC repeats (opaque ovals). These variants have been grouped 

into 6 categories numbered N1-N6 (Figure S1). The start of the N-terminus is drawn as a 

rectangle where the end of exon 2 is indicated in red, exon 3 is shown in cyan, and exon 4 is 

shown in purple.
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Figure 2. 
Analytical SEC analysis of pcdh15 variants and complexes. (A) Chromatograms of 

individual cdh23 and pcdh15 variants. (B) Mixtures of cdh23 and pcdh15. Formation of 

heterophilic tip link complexes is noted by the presence of a second peak in the trace.
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Figure 3. 
Structure of a noncanonical cdh23-pcdh15 complex. (A) X-ray crystal structure of cdh23 

and pcdh15(N2) (PDB: 4XXW) overlaid with the canonical cdh23 and pcdh15(N1) (PDB: 

4AQ8) complex (shown in gray). (B) Region of gray box in panel (A), highlighting 

important structural differences at the N-terminus of pcdh15. (C) Detail of the interface 

between cdh23 and pcdh15 shows residue R113 pointing towards the interface in the 

canonical structure. (D) In the noncanonical structure, R113 is oriented away from the 

interface and forms fewer favorable interactions with nearby residues.
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Figure 4. 
Measurement of cdh23-pcdh15 binding affinity by SPR. (A) Raw sensorgrams of binding 

between cdh23 at varying concentrations with immobilized pcdh15(N1). Inset plot shows 

peak response as a function of cdh23 concentration. Kd is 0.84 ± 0.03 μM for the canonical 

complex. (B) Sensorgrams for binding of cdh23 to pcdh15(N2) with a measured Kd of 5.12 

± 0.30 μM.

Narui and Sotomayor Page 16

Biochemistry. Author manuscript; available in PMC 2019 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
SMD simulations predict that the complex formed by cdh23 and pcdh15(N2) can be weaker 

than the complex formed with pcdh15(N1). (A-B) Force vs. end-to-end distance for (A) 

canonical complex formed by cdh23 and pcdh15(N1) (simulations S3b to S3e, Table S1) and 

(B) noncanonical complex formed by cdh23 and pcdh15(N2) (simulations S1b to S1e) at 

pulling speeds of 10 nm/ns (blue); 1 nm/ns (light green); 0.1 nm/ns (dark green); and 0.02 

nm/ns (cyan; running average of 1 ns in black). (C) Snapshots from simulation S1d (0.1 

nm/ns; Table S1) during unbinding at timepoints indicated by red arrows in (B). (D) Plot of 

average peak force vs. pulling speed for both variants (Table S1). Bars represent the standard 

error.
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Table 1

Data Collection and Refinement Statistics for the Crystal Structure of cdh23 and pcdh15(N2)

Data Collection and Refinement

 Space group C121

 Unit cell parameters:

  a, b, c (Å) 157.75, 57.79, 155.26

  α,β,γ (°) 90, 99.17, 90

 Molecules per asymmetric unit 2

 Beam source APS 24-ID-C

 Wavelength (Å) 0.97920

 Resolution limit (Å) 2.26

 Unique reflections 65061 (2736)

 Redundancy 3.2 (2.5)

 Completeness (%) 96.8 (84.9)

 Average I/σ(I) 13.4 (2.3)

 Rmerge 0.08 (0.40)

Refinement

 Resolution Range (Å) 50.0-2.26 (2.30-2.26)

 Residues (atoms) 866 (6790)

 Water molecules 463

 Rwork (%) 18.7 (28.4)

 Rfree (%) 23.3 (35.2)

 RMS deviations

  Bond lengths (Å) 0.018

  Bond angles (°) 1.806

 B-factor average

  Protein 54.3

  Ligand/ion 39.1

  Water 44.9

Ramachandran Plot Regions

 Most favored (%) 88.9
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Data Collection and Refinement

 Additionally allowed (%) 10.7

 Generously allowed (%) 0.4

 Disallowed (%) 0.0

Interface Area (Å2) 1102.3

PDB ID code 4XXW
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Table 2

Summary of Binding Affinity Measurements of cdh23 and pcdh15 Complexes Using Different Experimental 

Methods and Conditions.

Method Temperature (°C) (μM)

cdh23 + pcdh15(N1)22 ITC 10 2.9 ± 0.4

cdh23 + pcdh15(N1) SPR 25 0.84 ± 0.03, n = 2

cdh23 + pcdh15(N2) SPR 25 5.12 ± 0.30, n = 2
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