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            Abstract
Hearing and balance use hair cells in the inner ear to transform mechanical stimuli into electrical signals1. Mechanical force from sound waves or head movements is conveyed to hair-cell transduction channels by tip links2,3, fine filaments formed by two atypical cadherins known as protocadherin 15 and cadherin 23 (refs 4, 5). These two proteins are involved in inherited deafness6,7,8,9,10 and feature long extracellular domains that interact tip-to-tip5,11 in a Ca2+-dependent manner. However, the molecular architecture of this complex is unknown. Here we combine crystallography, molecular dynamics simulations and binding experiments to characterize the protocadherin 15â€“cadherin 23 bond. We find a unique cadherin interaction mechanism, in which the two most amino-terminal cadherin repeats (extracellular cadherin repeats 1 and 2) of each protein interact to form an overlapped, antiparallel heterodimer. Simulations predict that this tip-link bond is mechanically strong enough to resist forces in hair cells. In addition, the complex is shown to become unstable in response to Ca2+ removal owing to increased flexure of Ca2+-free cadherin repeats. Finally, we use structures and biochemical measurements to study the molecular mechanisms by which deafness mutations disrupt tip-link function. Overall, our results shed light on the molecular mechanics of hair-cell sensory transduction and on new interaction mechanisms for cadherins, a large protein family implicated in tissue and organ morphogenesis12,13, neural connectivity14 and cancer15.
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                    Figure 1: 
                        Structure of tip-link protocadherin 15 bound to cadherin 23.
                      [image: ]


Figure 2: 
                        Pcdh15-EC1+2â€“Cdh23-EC1+2 complex formation probed using ITC and site-directed mutagenesis.
                      [image: ]


Figure 3: 
                        Mechanical strength of the Pcdh15-EC1+2â€“Cdh23-EC1+2 complex probed by SMD simulations.
                      [image: ]


Figure 4: 
                        Pcdh15-EC1+2â€“Cdh23-EC1+2 complex formation, its Ca
                        2+
                         dependence and the role of the deafness mutation R113G, probed using analytical SEC.
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Forced unbinding of complex
Forced unbinding of Pcdh15-EC1+2âˆ’Cdh23-EC1+2 (simulation SNA7; trajectory shown from t = 270 ns up to t = 336 ns). Protein is depicted in cartoon representation, with Pcdh15-EC1+2 in purple, Cdh23-EC1+2 in blue, and Ca2+ in green. C-terminal CÎ± atoms are red. Molecular surfaces for Pcdh15-EC1+2 and Cdh23-EC1+2 are shown in transparent purple and blue. Version B shows the same trajectory with opaque molecular surfaces.  (MOV 4431 kb)


Details of complex forced unbinding
Details of Pcdh15-EC1+2âˆ’Cdh23-EC1+2 forced unbinding (simulation SNA7; trajectory shown from t = 270 ns up to t = 336 ns). Protein is depicted as in Video I, with residues at the interface shown in stick representation. Molecular surfaces are not shown in version A. Version B shows opaque and transparent surfaces for Pcdh15-EC1+2 and Cdh23-EC1+2, respectively.  (MOV 6319 kb)


Equilibration of complex in the presence of Ca2+
Equilibration of Pcdh15-EC1+2âˆ’Cdh23-EC1+2 in the presence of Ca2+ (simulation SA1, lasting 1 Âµs). Protein is depicted in cartoon representation. Pcdh15-EC1+2 is in purple, Cdh23-EC1+2 in blue, and Ca2+ in green.  (MPG 3033 kb)


Equilibration of complex in the absence of Ca2+
Equilibration of Pcdh15-EC1+2âˆ’Cdh23-EC1+2 in the absence of Ca2+ (simulation SA3, lasting 1 Âµs). Protein is depicted in cartoon representation and coloured as in Video 3.  (MPG 3072 kb)


Dynamics of contacts during equilibrium simulations
Dynamics of contacts between Pcdh15-EC1+2 and Cdh23-EC1+2 during equilibrium MD simulations. Contact maps between residue pairs involved in the Pcdh15-EC1+2âˆ’Cdh23-EC1+2 interface are shown throughout microsecond-long MD simulations performed in the NpT ensemble with and without Ca2+ (SA1 left; SA3 right). The distance between pairs of CÎ± atoms is displayed using a linear gray scale (0 Ã…: black; > 10 Ã…: white). A red box highlights location of native contacts lost at the end of simulation SA3 without Ca2+. (MPG 3533 kb)
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        Editorial Summary
Mechanism of hair-cell sensory transduction
Hair cells in the inner ear transform mechanical stimuli into electrical signals that are crucial for hearing and balance. These cells contain actin-rich stereocilia that are interconnected by filaments such as the tip link, which forms the mechanotransduction apparatus. The adhesion molecules protocadherin 15 and cadherin 23 form the tip link. In this study, David Corey et al. use a combination of structural and biophysical experiments to characterize the bond between cadherin 23 and protocadherin 15. The bond is mechanically strong enough to resist forces in hair cells and requires calcium to maintain stability. These results provide molecular insights into the mechanics of hair-cell sensory transduction.
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