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Abstract 

The vertebrate senses of hearing and balance rely on the molecular machinery of 

the inner ear to convert sound into electrical signals that the brain can process. In the 

inner ear, mechanotransduction is mediated by hair cells. Tension in their tip links 

conveys force to mechanosensitive ion channels. Each tip link comprises two helical 

filaments of atypical cadherins bound at their N-termini through two unique adhesion 

bonds. The tip links must be connected to convey mechanical tension to the transduction 

channels, but the dynamics of the connection and how deafness mutations impair 

adhesion and strength are unknown. We developed molecular and biophysical tools to 

describe the strength and dynamics of the tip-link connection at the resolution of 

individual molecules. We find that the tip-link bond is more mechanically stable than 

classic cadherins and less sensitive to the Ca
2+
-poor endolymph that bathes tip links in 

the inner ear. The double-stranded tip link connection has cis-dimerization interfaces that 

keep binding interfaces close together, which extends the lifetime of the connection 

through single-stranded rebinding. This single-stranded rebinding persists under 

relevant forces to extend the lifetime of the connection. We also find that Ca
2+
 modulates 

the elasticity of the tip-link complex through both alteration of intrinsic single-bond 

kinetics and the effective concentration for rebinding. A deafness mutation within the 
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bond interface was discovered to increase the force sensitivity of the complex, giving 

insights into the etiology of the mutation. In a physiological context, the lifetime of the 

tip link is equal to the resting tension within the normal range of auditory stimuli. We 

propose that the tip-link connection is several thousand times more dynamic than 

previously thought, challenging current assumptions about tip-link stability and 

turnover rate. We further provide insight into how the mechanotransduction apparatus 

conveys mechanical information. 
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Chapter 1: General Introduction and Background 
 

1.1 Introduction 
 

 The conversion of mechanical stimuli into cellular signals is a key sensory feature 

common to all living organisms. Mechanotransduction initiates the integration of 

mechanical information from the environment, allowing organisms to build 

representations of their external world. Mechanotransduction serves diverse functions 

across all species: single-celled prokaryotes rely on mechanically gated ion channels to 

sense and respond to osmotic shock, plants rely mechanical cues to guide their roots 

through a complex soil environment, and mice use specialized cells and receptors 

surrounding the base of their whiskers to guide movement through their burrows 

(Haswell et al., 2011). The same fundamental mechanism—the conversion of mechanical 

force into an electrical current—allows humans to hear even a slight whisper from across 

a room. 

 Hearing is one of the fundamental senses in vertebrates and involves the detection 

of both the frequency and intensity of sound waves. The sense of hearing is mediated by 

the inner ear, where specialized organs containing sensory receptor cells convert sound 

pressure waves into electrical signals. The mammalian auditory organ—the organ of 

Corti—is perhaps the most evolutionarily and mechanistically sophisticated of these 
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structures, tuned to detect vibrations from as low as 15 Hertz (Hz) in elephants and as 

high as ~150 kHz in bats and dolphins (Fay, 1994). A vast and complicated array of 

mechanical mechanisms facilitates both the extraordinary range of frequency tuning at 

the level of the sensory organ, but also astounding sensitivity to even the smallest 

vibrations at the level of individual sensory receptor cells. The molecular machinery that 

perform the conversion of mechanical deflections into electrical signals is thought to be 

sensitive to movements as small as the width of a single carbon atom (Hudspeth, 1989a; 

Robles and Ruggero, 2001).  

 Deciphering the biophysical and molecular mechanisms of auditory transduction 

has proven difficult. Not only are the cochlea and the sensory receptor cells within 

encapsulated in bone soon after birth in mammals, the majority of the molecular 

components of the transduction machinery have only recently been identified, and some 

important pieces remain elusive. Consequently, the molecular motions that mediate 

mechanotransduction are also poorly understood. Measuring the precise biophysical 

properties of the mechanotransduction complex at the level of individual molecules is 

also technically challenging: extraordinarily sensitive instruments are required to 

measure their behavior on a scale of nanometers, piconewtons and microseconds, and 

fine attention must be paid to ensure that the researcher is measuring only the individual 

molecules of interest.  
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 This thesis aims to decipher the single-molecule biophysics of auditory 

transduction, focusing on how a critical component of the mechanotransduction complex 

in vertebrate hair cells—the tip link—is able to faithfully transduce mechanical 

information to a mechanotransduction channel, allowing us to hear that faint whisper 

across the room. 

 

1.2 Mechanotransduction in the Inner Ear 
 

 Auditory transduction starts with sound: information carried by pressure waves 

in a compressible medium. In mammals, pressure waves in air are funneled into the ear 

canal by the outer ear, where they vibrate the tympanic membrane, known colloquially 

as the ear drum. The tympanic membrane in turn vibrates the auditory ossicles, the 

smallest bones in the human body, and converts these vibrations to fluid pressure waves 

within the spiral-shaped cochlea via the oval window. Within the mammalian cochlea 

lies the organ of Corti, a thin layer of sensory receptor cells, supporting cells, and afferent 

neuron endings sandwiched between two membranes: the basilar membrane and the 

tectorial membrane.  

 The sensory receptor cells of the organ of Corti are termed hair cells, named for 

the microvillus-like stereocilia that protrude from their apical surface. Stereocilia contain 

a highly crosslinked intracellular actin meshwork that confers rigidity; they are tapered 

at their bases where they meet the apical surface of the cell, allowing them to pivot. 
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Stereocilia coalesce into a cohesive bundle containing tens or hundreds of stereocilia in a 

stereotyped, highly polarized structure; with the bundle they form rows of increasing 

height, reminiscent of a staircase. The tallest of these stereocilia contact the overlying 

tectorial membrane and cause the hair bundle to deflect when sound pressure waves 

cause the basilar membrane to shear relative to the tectorial membrane. How does this 

mechanosensitive organelle mediate mechanotransduction? 

 Early observations showed that the endolymph that bathes the hair bundle in 

auditory and vestibular organs has a positive potential relative to the cytosol of a hair cell 

(Smith et al., 1958), and it later was suggested that this potential might drive a current 

through stereocilia as they were deflected (Davis, 1953, 1965; Malcolm, 1974). This 

hypothesis was confirmed by Jim Hudspeth and David Corey in saccular hair cells of the 

American bullfrog Rana catesbeiana, showing that mechanical deflection of the hair bundle 

elicited a change in electrical conductance mediated by ion channels (Corey and 

Hudspeth, 1979; Hudspeth and Corey, 1977). The bullfrog was an attractive model 

organism in the early study of hair cell mechanics and physiology for several reasons: the 

bullfrog sacculus is easily accessible by dissection, even acutely dissociated hair cells 

remain healthy for hours under the appropriate conditions, and hair bundles remain 

largely intact even after large mechanical deflections (Hudspeth, 1989b).  

 Importantly, function follows form in the hair bundle: deflection towards the 

tallest row of stereocilia increases current flow, deflection towards the shortest row of 
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stereocilia decreases current, and sideways deflection has no effect, suggesting a critical 

element that is oriented along the short-to-tall axis of the bundle. (Shotwell et al., 1981). 

While it was postulated that the mechanically-evoked current likely flowed through ion 

channels, the detailed kinetics of this receptor current were described soon after by 

Hudspeth’s graduate student David Corey (Corey and Hudspeth, 1983). The paramount 

finding of this work was that the mechanically evoked current was elicited within 

microseconds, signifying that the ion channels mediating the receptor current were not 

activated by enzymatic regulation or second messengers as is the case with 

phototransduction in the retina. Rather, mechanical force directly gates the transduction 

channel by altering the difference in free energy between the open and closed states. This 

work also set the foundation for the study of the mechanical elements in the hair bundle. 

 The mechanical elements of the transduction complex were described 

biophysically in bullfrog hair cells (by Hudspeth and colleagues) and in turtle hair cells 

(by Robert Fettiplace) over the course of the 1980s. Using a glass fiber to simultaneously 

apply force and measure the position and stiffness of a hair bundle paired with 

electrophysiological measurements, Joe Howard and Jim Hudspeth showed that the 

transduction channel is gated by elastic elements stressed by hair bundle deflection 

(Howard and Hudspeth, 1987). The most important finding of this work was that in 

response to a step deflection, the change in bundle stiffness had a time course similar to 

that of adaptation of the receptor current, demonstrating a mechanical correlate of 
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transduction channel gating. This work led to a mechanical model of hair-cell 

mechanotransduction: springs at the base of the stiff stereocilia that pivot, a dashpot 

representing the dampening effect of stereocilia sliding, and “gating springs” directly 

attached to gate elements that opens the pores of transduction channels. The mechanical 

properties of the gating spring are important for translating the bundle deflection into a 

physiologically useful force to open the channels. A stiff gating spring will be highly 

sensitive to force stimuli but operate over a small range of forces, while a compliant 

gating spring will be less sensitive but operate over a larger force range.  

 This mechanical model was tested with highly refined experiments shortly 

thereafter. Howard and Hudspeth showed the hair bundle compliance is greatest when 

the transduction channel open probability is 50%, and that this compliance is directly 

associated with the opening and closing of the transduction channels (Howard and 

Hudspeth, 1988). This ‘gating compliance’ depends on the gating spring stiffness, the 

distance that the gate swings open, and the number of transduction channels. In the 

bullfrog hair bundle, the gating spring has a stiffness of ~ 1 pN/nm, an allosteric 

movement of ~4 nm facilitates channel opening, and each stereocilia except the tallest row 

contains 1-2 transduction channels. Despite initial skepticism about the relevance of 

nonmammalian models, these features appear to be largely conserved across all 

vertebrate hair cells (Russell et al., 1992; van Netten and Kros, 2000), so the basic 

mechanics of mechanotransduction in bullfrog saccular hair cells are likely translatable 
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to mammalian auditory hair cells. Indeed, later work has shown many of the molecules 

involved in hair-cell mechanotransduction are highly conserved across all vertebrates. 

These mechanical measurements are particularly important for identifying the molecular 

components of the transduction apparatus, since candidate molecules can be structurally 

identified using high-resolution imaging and independently assayed in isolation for their 

biophysical properties. 

 Highly detailed electron microscopy—both transmission and scanning EM—has 

been especially informative about the basic mechanics of hair cells: the presence of 

specialized ribbon synapses at the base of inner hair cells onto afferent neurons predicted 

specialized neurotransmission (Nouvian et al., 2006; Sobkowicz et al., 1982) and highly 

dense actin cores within stereocilia predicted their stiffness (Tilney et al., 1980). True to 

this theme, James Pickles used a special fixation method to preserve stereocilia crosslinks 

and examine them in more detail. In guinea pig (Cavia porcellus) organ of Corti hair cells, 

he found there were small links that projected from tips of shorter stereocilia onto the 

neighboring lateral wall of adjacent stereocilia, aligned along the axis of sensitivity of the 

hair bundle (Pickles et al., 1984) (Figure 1.1A-B). Due to their location and morphology 

these were termed ‘tip links’. Tip links were proposed to be the principal force transducer 

in hair cells and were a likely candidate for the gating springs proposed by Howard and 

Hudspeth’s biophysical experiments.  

 



 8 

 

 Further evidence supported the role of tip links as the primary force transduction 

element in hair cells. Pickles and other groups showed that noise exposure at a level that 

 

Figure 1.1 | (A) Scanning electron micrograph (SEM) image of a bullfrog sacculus hair bundle. Adapted 
from (Sukharev and Corey, 2004). (B) Transmission electron micrograph (TEM) image of two adjacent 
stereocilia with a tip link connecting them. Adapted from (Sukharev and Corey, 2004). (C) A digitized 
image of the tip link resolved from high-resolution freeze-etch electron microscopy, demonstrating the 
tight helical structure of the tip link. Adapted from (Kachar et al., 2000). (D) The hair cell stereocilia 
bundle is deflected along its axis of sensitivity and tenses tip links. (E) Thin-section TEM image of a tip 
link in a relaxed state. The apparent flexural rigidity suggests the tip link is likely too stiff to be 
transduction complex gating spring. Adapted from (Kachar et al., 2000). (F) Thin-section TEM image of 
a tip link in a tensed state. Adapted from (Kachar et al., 2000). 

aA B C

D E F
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results in temporary hearing threshold shifts causes tip links to break (Pickles et al., 1987) 

without affecting the overall structure of the hair bundle (Liberman and Dodds, 1987). 

After Crawford and Fettiplace described the dependence of transduction on extracellular 

Ca
2+
 (Crawford et al., 1991), Assad, Shepherd, and Corey explored the effect of Ca

2+
 on 

the transduction process more directly. They found that application of the Ca
2+
 chelator 

BAPTA puffed onto a hair bundle abolished transduction within hundreds of 

milliseconds and eliminated tip links when examined by scanning and transmission 

electron microscopy (Assad et al., 1991). Mechanically, BAPTA application also caused a 

positive displacement of an unrestrained bundle by ~130 nm, consistent with the rupture 

of a mechanical element (Assad et al., 1991; Pickles et al., 1984). These experiments 

supported the hypothesis that tip links directly pull on the transduction channel, an idea 

directly demonstrated only recently using force applied directly to tip links (Basu et al., 

2016).  

 Although the tip link was clearly the element that transduced mechanical force to 

the transduction complex, little was known about its structural properties. In the early 

2000’s, Kachar, Gillespie, and colleagues used rapid-freeze deep-etch electron 

microscopy to produce the first high resolution images of the tip-link structure (Kachar 

et al., 2000) (Figure 1.1C). They found the tip link was an ~170 nm helical filament with a 

diameter of 8-10 nm. There also appeared to be one tip link per stereocilia pair, both in 

guinea pig and bullfrog hair cells. Most tip links were bifurcated at each end, suggesting 
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it consisted of two intertwined filaments. These images also provided a rare insight into 

the mechanics of the tip link. In images where the tip link was captured in the slack state, 

the flexural rigidity of the link suggested that it is far stiffer than ~ 1 pN/nm (Figure 1.1D-

F), indicating that it may not be the essential component of the gating spring. This work 

was key to identifying molecular candidates for the tip link, since known candidate 

proteins could be selected based upon their predicted structural properties. 

1.3 The Hair-Cell Mechanotransduction Complex  
 

 Identification of components of the mechanotransduction complex has lagged 

behind the biophysical characterization of hair-cell mechanotransduction. However, 

advances in genetics and molecular biology over the last two decades have facilitated the 

identification of most of these molecules. In particular, many have been revealed by 

through analysis of deafness genes and their close homologs. 

  Cadherin 23 (CDH23), a long, atypical, Ca
2+
-dependent adhesion molecule of the 

cadherin family, was identified with a positional cloning strategy from the DFNB12 

deafness locus in the waltzer mouse, a deaf and balance-deficient mouse named for its 

waddling and circling behavior (Di Palma et al., 2001). Pathogenic mutations in the Cdh23 

gene result in disorganized hair bundles in waltzer mice and cause Usher syndrome type 

1D in humans (Wayne et al., 1996). CDH23 was an attractive candidate for the tip link, 

since its extracellular domain is exceptionally long and its predicted diameter is thin, 
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consistent with the ultrastructural analysis (Kachar et al., 2000). Siemens and colleagues 

positively identified CDH23 as a component of the tip link by showing antibodies raised 

against CDH23 stained the upper end of the tip link using immuno-gold TEM, and by co-

immunoprecipitating CDH23 with the only known component of the 

mechanotransduction complex at that time, myosin-1c (Siemens et al., 2004). 

 Other components of the mechanotransduction complex were identified through 

sheer brute force. Goodyear and Richardson endeavored to identify immunological 

markers for components of the hair bundle and performed a particularly valiant 

monoclonal antibody screen. By purifying the cell membranes of chicken vestibular 

organs and injecting the resultant fractions into mice, they were able to create hybridoma 

cell lines that produced monoclonal antibodies against specific structures in the hair 

bundle (Goodyear and Richardson, 2003). One of the antibodies, termed the ‘tip-link 

antigen’ specifically stained the lower end of the tip link and kinociliary links in hair cells, 

and the ciliary calyx in retinal photoreceptors. Consistent with the antibody’s specificity 

to the tip link, staining was sensitive to Ca
2+
 chelation. Ahmed and colleagues later used 

this same monoclonal antibody to immunoprecipitate the tip-link antigen protein from 

chicken retinas and identified it from mass spectrometry analysis as the atypical cadherin 

protocadherin 15 (PCDH15) (Ahmed et al., 2006). Similar to Cdh23, Pcdh15 is also a 

deaf/blindness gene:  pathogenic mutations in Pcdh15 cause Usher syndrome type 1F in 

humans (Ahmed et al., 2001) and disorganized hair bundles in mice (Ahmed et al., 2003).  
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 Kazmierczak and colleagues later used biochemistry, immunolocalization, and 

electron microscopy to show that CDH23 and PCDH15 interact to form the tip link 

(Kazmierczak et al., 2007). Each protein was heterologously expressed in HEK293 cells, 

and examination of purified protein with TEM showed they formed parallel, helical 

homodimers that interact end-to-end at their N-termini. Thus, a more complete picture 

of the tip link was expounded: two helically wound strands of CDH23 project from the 

taller stereocilia and connect with two helical strands of PCDH15, which project from the 

tip of a shorter, adjacent stereocilia. Interestingly, TEM analysis suggested these proteins 

were rigid, showing little bending across their length, and that each protein lost its 

rigidity when exposed to Ca
2+
 chelators. These characteristics appeared to confirm 

inferences about the mechanical properties of the tip link from earlier work (Kachar et al., 

2000), but still raised doubts as to whether the tip link formed the gating spring. 

 Since the identification of CDH23 and PCDH15, significant progress has been 

made in identifying other components of the transduction apparatus. Many of these 

proteins interact directly or indirectly with the tip link, and all localize to the site of 

mechanotransduction at the tips of stereocilia. Below is a summation of the known 

functions of these proteins, and how they interact with the tip link. 

TMC1/2: 
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 TMC1 and TMC2 are multi-span transmembrane proteins with high sequence 

similarity, and are pore-forming subunits of the mechanotransduction channel (Pan et 

al., 2018). These proteins are also mechanosensitive when measured independently in 

reconstituted lipid vesicles, with properties consistent with the hair-cell 

mechanotransduction channel (Jia et al., 2020). TMC1 binds directly to PCDH15 through 

both the extracellular and intracellular domains (Maeda et al., 2014). Exactly how tensile 

force on PCDH15 is converted into opening of the pore in TMC1/2 is not currently 

understood. 

TMHS/LHFPL5: 

 TMHS, also known as LHFPL5, is a tetraspan transmembrane protein that binds 

to PCDH15 and regulates its localization to stereocilia (Xiong et al., 2012). Using cryo-

EM, the Gouaux lab has recently shown that PCDH15 forms a complex with TMHS 

primarily through the transmembrane domains of each protein (Ge et al., 2018). The role 

of TMHS in mechanotransduction is not understood, but is thought to facilitate binding 

and force transmission to the transduction channel TMC1/2 (Ge et al., 2018; Qiu and 

Muller, 2018). 

TMIE: 

 TMIE (often pronounced as ‘Timmy’) contains two transmembrane domains and 

certain mutations within the Tmie gene causes deafness in humans and other animals 
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(Gleason et al., 2009; Mitchem et al., 2002; Naz et al., 2002). TMIE forms a complex with 

the CD2 intracellular splice isoform of PCDH15, and with the CD1 and CD3 isoforms of 

PCDH15 when co-expressed with TMHS (Zhao et al., 2014). TMIE is not required for 

localization of TMC1/2, TMHS, or PCDH15, but animals that lack TMIE have completely 

abolished mechanotransduction. The role of TMIE in mechanotransduction is not 

understood. 

MYO7A, harmonin (USH1C), sans (USH1G): 

 The dense actin core filaments of stereocilia provide an opportune anchoring point 

for the tip link and other transduction components. Although a direct link between 

PCDH15 and the actin core has not been established, CDH23 indirectly binds to actin 

through several proteins. The intracellular scaffolding proteins harmonin and sans 

(encoded by the Usher genes USH1C and USH1G respectively) bind to the intracellular 

C-terminus of CDH23 (Grati and Kachar, 2011; Yu et al., 2017), and these scaffolding 

proteins, in turn, are thought to bind to the motor protein MYO7A in mammalian 

cochlear hair cells and MYO1C in vestibular hair cells (Siemens et al., 2004). Both of these 

myosin motors bind actin and likely walk along the stereocilia actin core filaments 

(Hasson et al., 1997). This cadherin-myosin complex provides a probable source of tip-

link resting tension and of ‘slow adaptation’, although the role and source of slow 

adaptation in cochlear mechanotransduction remains controversial (Peng et al., 2013; 

Stauffer and Holt, 2007; Stauffer et al., 2005; Stepanyan and Frolenkov, 2009). 
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CIB2: 

 Cib2 is a deafness gene in mice that encodes an intracellular, Ca
2+
-binding protein. 

CIB2 is also a deafness gene in humans (Michel et al., 2017). CIB2 interacts with MYO7A, 

PCDH15, and TMC1/2, but not with other mechanotransduction complex components 

(Giese et al., 2017; Riazuddin et al., 2012). Certain mutations in Cib2 result in abolished 

mechanotransduction, but its precise role is not well established. Since ‘fast’ adaptation 

of the mechanotransduction current depends on intracellular Ca
2+
, it has been proposed 

that allosteric movements of CIB2 in response to Ca
2+
 binding may modulate the gating 

of the mechanotransduction channel (Giese et al., 2017).  

 

1.4 Structure and Biophysics of the Tip Link 
 

 Although neither the quaternary structure of the MET complex as a whole nor how 

force from the tip link is converted into transduction channel opening are well 

understood, work within the past decade has provided much more detailed insight into 

the structure and function of the tip link. Much of the basic structure of the tip link was 

predicted by comparing amino acid sequences to the much more well-studied members 

of the cadherin superfamily. CDH23 and PCDH15 comprise strings of extracellular (EC) 

domain repeats typical of cadherins, each of which form a Greek-key fold containing 

seven β-strands (Jaiganesh et al., 2018b; Sakaguchi et al., 2009). Each EC domain is shaped 



 16 

as an oblate spheroid, approximately 4.5 nm long and 3 nm wide. While classic cadherins 

have five EC domains, CDH23 and PCDH15 have 27 and 11 EC domains, respectively. 

Each protein also has a specialized membrane-adjacent domain that has an atypical fold. 

The summed length of all extracellular domains is ~171 nm, a length which fits well with 

the observed length of tip links from high-resolution electron microscopy (Kachar et al., 

2000; Kazmierczak et al., 2007). Each EC domain pair is connected together by a highly 

conserved linker consisting of stereotyped repeats of negatively charged residues that 

coordinate Ca
2+ 
ions. These Ca

2+ 
ions stabilize the otherwise flexible linker and confer 

rigidity to the molecule.  

 Since CDH23 and PCDH15 bind at their N-termini, the N-terminal domains of 

each protein were attractive targets for structural analysis. The first molecular structure 

of a tip link fragment was solved for CDH23 EC1-2 by Marcos Sotomayor and colleagues 

(Sotomayor et al., 2010) and shortly thereafter by Elledge and colleagues (Elledge et al., 

2010). These structures revealed typical Greek-key folds and Ca
2+
-binding linkers, but 

also several novel features. CDH23 EC1 lacks the N-terminal tryptophan residue that 

typically mediates trans-binding in classic cadherins. Instead, the CDH23 N-terminus is 

elongated and modified by an atypical Ca
2+
-binding site at the tip of EC1 that appears 

important for structural integrity of EC1 (Sotomayor et al., 2010). The KD of Ca2+-binding 

sites at the EC1-2 linker was shown to be between 44 and 71 µM, a far higher affinity than 
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the linkers in classic cadherins, suggesting that these domains can remain relatively rigid 

in the Ca
2+
-poor cochlear and vestibular endolymph.  

 PCDH15 EC1-2 was the next obvious candidate for structural analysis; however 

this tip link fragment proved to be highly unstable and refractory to crystallization on its 

own (Sotomayor et al., 2012). Instead, PCDH15 EC1-2 was expressed in Escherichia coli, 

denatured and affinity purified, and then re-folded in the presence of denatured and 

bacterially expressed CDH23 EC1-2 protein. This complex was stable enough to form 

crystals and the structure was solved by x-ray crystallography (Sotomayor et al., 2012). 

PCDH15 EC1-2 has a similar fold to CDH23 EC1-2: it lacks the canonical N-terminal 

tryptophan, and it has an extended N-terminus. However, the N-terminus is held 

together by an intramolecular disulphide bond rather than a high-affinity Ca
2+
-binding 

site as in CDH23. These features create a unique heterophilic bond structure: rather than 

the exchange of an N-terminal tryptophan residue into a hydrophobic pocket of its 

binding partner as with classic trans cadherin bonds (Figure 1.2B), the tip link bond forms 

an extensive “handshake” overlap involving the first two EC domains (Figure 1.2A). The 

N-terminal disulphide and atypical Ca
2+
-binding site in PCDH15 and CDH23, 

respectively, appeared to function as clamps that stabilizes a loop which fits into the EC1-

2 divot in each partnering protein.  

 The tip-link bond interface is amphiphilic, and contains 55 charged, polar, and 

hydrophobic binding residues spread over a total length of ~10 nm (Figure 1.2C). It was  
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speculated that the interface might be directly mediated by Ca
2+
 since the tip link 

connection is sensitive to Ca
2+ 
chelators (Elledge et al., 2010; Sotomayor et al., 2010), yet 

when solved the structure showed no Ca
2+
 ions in the interface (Sotomayor et al., 2012). 

 

Figure 1.2 | (A) Schematic of the mechanotransduction complex. right, the ribbon structure of the tip link 
bond. The tip-link bond forms an extensive overlap interface involving the first two EC domains in a 
handshake confirmation. Structure adapted from (Sotomayor et al., 2012). (B) The atomic structure of E-
cadherin homophilic trans bond in the strand-swapped confirmation. Classic cadherin bond interfaces are 
smaller than the tip-link bond interface. Adapted from (Harrison et al., 2010). (C) Bond interface surfaces 
for PCDH15 (cyan) and CDH23 (blue). Known deafness mutations are highlighted in red. Adapted from 
(Sotomayor et al., 2012). (D) Snapshots of the tip-link bond at the end of a molecular dynamics simulation 
performed with and without Ca2+. Low Ca2+ may destabilize the tip-link bond through increased entropic 
stress. Adapted from (Sotomayor et al., 2012). 

Tip Link Bond E-Cadherin BondA B

C D
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Rather, molecular dynamics simulations of the tip link complex in a Ca
2+
-free 

environment showed extensive bending and suggested that Ca
2+
 accelerates unbinding 

through entropic stress (Sotomayor et al., 2012) (Figure 1.2D), as observed for classic 

cadherins (Haussinger et al., 2002).  

 Decades of work have portrayed the tip link as a relatively static structure, labile 

only with acoustic trauma or harsh Ca
2+
-chelation conditions (Indzhykulian et al., 2013; 

Lelli et al., 2010; Zhao et al., 1996), so it was surprising when affinity measurements 

showed the tip-link bond to have an equilibrium affinity (KD) of ~1-3 µM  and a lifetime 

of just seconds at zero force (Choudhary et al., 2017; Narui and Sotomayor, 2018; 

Sotomayor et al., 2012). In comparison, single classic cadherin bonds have affinities 

between 13 and 126 µM, with lifetimes on the scale of hundreds of milliseconds 

(Vendome et al., 2014). While the tip-link bond has a higher affinity and a longer lifetime 

than classic cadherin bonds, it is hard to reconcile how just two adhesive interfaces in the 

double-stranded heterotetrameric tip link—each with a KD of a few micromolar—could 

form a relatively static structure. This suggests that other structural and/or biophysical 

mechanisms act to stabilize the tip-link structure so that it may exert tension over long 

timescales. 

 A recent push to solve the entire atomic structure of the tip link has proven fruitful 

through efforts by the Sotomayor, Gouaux, Shapiro, and Mueller research groups. 

Structural analysis of strings of 2-4 EC repeats from CDH23 and PCDH15 from bacterially 
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expressed and refolded proteins revealed several atypical structures. The EC3-4 linker in 

PCDH15 coordinates only two Ca
2+
 ions rather than the canonical three, and even these 

two remaining sites have Ca
2+
 affinities of 50-100 µM, much weaker than the PCDH15 or 

CDH23 EC1-2 linker (Powers et al., 2017). These measurements suggest that these sites 

are rarely occupied in the Ca
2+
-poor cochlear endolymph. Surprisingly, the PCDH15 EC9-

10 linker is completely Ca
2+
-free and contains a noncanonical loop that appears to stabilize 

these two domains into a bent, “L” shaped structure (Araya-Secchi et al., 2016). Structural 

analysis of CDH23 also demonstrated the presence of non-canonical linkers and atypical 

secondary structures at linker sites (Jaiganesh et al., 2018a).  

 Steered molecular dynamics simulations of these atypical linkers indicate they 

have unusual mechanical properties. The PCDH15 EC3-4 linker appears to remain bent 

up to 10 pN tension, suggesting that the double-stranded tip link may elongate under 

forces greater than 20 pN (Powers et al., 2017). It has been proposed that elongation of 

this structure can change the elasticity of the tip link. The EC9-10 linker also appears to 

be more elastic than strings of other EC domains, with a spring constant of ~8 pN/nm 

(Araya-Secchi et al., 2016)—still far too rigid to be a component of the gating spring. 

 Although these molecular dynamics simulations and inferences from electron 

microscopy images of tip links suggest that they are too rigid to be gating springs of the 

mechanotransduction complex, recent biophysical measurements have suggested 

otherwise. Bartsch and colleagues made mechanical measurements of individual 
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PCDH15 molecules containing domains EC1-11, without the membrane-adjacent domain 

or the transmembrane and intracellular domains. They found a single strand of PCDH15 

acts as an entropic spring at low forces near resting tension, suggesting the molecule was 

much more elastic than previously thought—on the order of the stiffness of the gating 

spring (Bartsch et al., 2019). These experiments also suggested that unfolding of entire EC 

domains at near-endolymphatic Ca
2+
 may further act to increase the elasticity of the tip 

link. However, non-canonical force transmission through the C-terminus of EC11 in their 

experimental configuration, rather than through a MAD12 domain stabilized by other 

members of the mechanotransduction complex such as TMHS and TMC1, may have 

artificially decreased the unfolding force threshold for EC11.  

 Exactly how these elasticity measurements are translatable to the mechanics of the 

double-stranded heterotetrametric tip link is still under debate. PCDH15 exists as a 

parallel dimer which should roughly double its stiffness, yet it is also bound in series to 

CDH23, which should theoretically reduce its stiffness by 60-70%. The tip link is also 

helical and linked at several cis-dimerization points along its length, properties which are 

known to increase bending stiffness (Bathe et al., 2008). Since structural analysis and 

molecular dynamics simulations suggest the tip link is a rather rigid structure 

(Choudhary et al., 2019; Kazmierczak et al., 2007), biophysical measurements of the 

complete, dimeric tip-link complex will be needed to sufficiently distinguish whether tip 

links form gating springs.  
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 Structural features in the quaternary structure of the tip link also appear to be 

important for its biophysical function. While dimerization is likely important in 

determining the bending stiffness of the tip link, it may also be important for stabilizing 

the trans connection between CDH23 and PCDH15. Dionne and colleagues and 

Choudhary and colleagues both solved the cis-dimer structure of PCDH15 EC1-3 

(Choudhary et al., 2019; Dionne et al., 2018). These domains form an ‘x-dimer’ where 

dimerization at PCDH15 EC3 splays out and appears to stabilize the EC1-2 binding 

domains of PCDH15. Interestingly, the dimerization interface at PCDH15 EC3 has an 

affinity in the low micromolar range, similar to that of the CDH23-PCDH15 heterophilic 

binding interface. The importance of this interface was shown in the context of 

mechanotransduction: mutations at the EC3 cis-dimerization interface significantly 

reduced mechanotransduction magnitude as read out by Ca
2+
 imagining of hair cells in 

response to fluid-jet deflection of hair bundles (Dionne et al., 2018). These experiments 

suggest that quaternary structural adaptations are necessary to keep the EC1-2 binding 

domains close together, potentially to extend the lifetime of the tip link connection. 

 Although the equilibrium affinities of the tip-link bond and of several cis-

dimerization interfaces on PCDH15 are known, little is known about how the tip-link 

connection behaves under force. Molecular dynamics simulations provided insights into 

which amino acid residues are important for mediating force distribution in an individual 

tip-link bond and made predictions about the strength of the connection (Sotomayor et 
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al., 2012). However, these simulations were performed on timescales of less than 2 

microseconds and at speeds of nanometers/nanosecond, resulting in unbinding forces of 

500-1000 pN. These speeds represent those above the upper end of possible speeds 

experienced by a tip-link bond in vivo at the high frequency end of the mammalian 

cochlea (Robles and Ruggero, 2001). Because of computational limitations, 

physiologically relevant speeds (on the order of nanometers/second) were not attainable, 

and it is notoriously difficult to accurately extrapolate from SMD simulations to 

physiological timescales. Therefore, a more thorough experimental investigation of the 

tip link using physiologically relevant speeds and forces is needed to discern the strength 

and dynamics of the tip-link connection.  
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2.2 Introduction 
 

 The ability to accurately and specifically manipulate individual molecules to 

measure their activity has allowed researchers to reveal features of molecular phenomena 

that are not discernable from traditional bulk biochemical assays. With the advent of tools 

such as optical tweezers, the atomic force microscope, magnetic tweezers, and the 

centrifugal force microscope, it has become possible to apply molecular-scale forces to 

individual molecules to probe their behavior away from thermodynamic equilibrium.  

 Optical tweezers use a highly focused beam of light to hold small refractive objects 

such as micrometer-sized polystyrene or silica beads in a spring-like energy well. This 

technique can apply >100 pN of force onto biological molecules with a temporal 

resolution of <100 µs and a sub-nanometer distance resolution (Neuman and Block, 2004). 

Single-molecule force experiments using optical tweezers have shown how molecular 

motors such as kinesin walk along microtubules (Svoboda et al., 1993), measured the 

processivity of DNA polymerases in during DNA replication (Wuite et al., 2000), and 

described how shear stresses caused by blood-vessel rupture facilitate clotting (Zhang et 

al., 2009). This technique is particularly useful for measuring the strength of molecular 

adhesion bonds, since bond rupture is a robust signature and is easily described with 

established kinetic models  (Evans and Ritchie, 1997; Evans and Williams, 2002).  

 The reliability and ultimate success of single-molecule measurements of bond 

strength depends on the ability to distinguish the activity of the target molecule from 
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non-specific interactions such as surface-surface interactions and non-specific binding 

from unstable and misfolded protein molecules. It is also important to control 

experiments in such a way as to eliminate the measurement of multiple molecules 

simultaneously. It is therefore necessary to take three basic approaches when performing 

these experiments:  

 1. Passivate surfaces sufficiently such that non-specific interactions are 

 significantly reduced if not functionally eliminated. 

 2. Create a reliable linker that both acts as a mechanical signature and as a way to 

 distance target molecules from surfaces.  

  3. Assure that the molecules of interest are stable, monodisperse, and highly 

 purified.  

To accurately measure the strength of the tip-link connection, it was necessary to explore 

and troubleshoot each of these approaches in detail. 

2.3 Surface Passivation 
 

 Non-specific interactions between biomolecules and surfaces used in single-

molecule force spectroscopy experiments such as silica or polystyrene are a major 

contributor to artifactual background in data collection. Populations of non-specifically 

bound interactions are often difficult to filter out from specific interactions during data 

analysis and may skew the distributions of unbinding events. It is therefore important to 
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minimize these interactions to the greatest extent possible. Rendering surfaces more inert 

through the application of a passivating coating is a common way to reduce non-specific 

interactions. Protein blockers used in bulk biochemistry assays, such as bovine serum 

albumin (BSA) and the milk protein casein, are popular options for passivating surfaces 

in single-molecule experiments (Jeyachandran et al., 2010). Detergent such as Tween-20 

adsorbed onto hydrophobic surfaces is another common passivation technique (Cai and 

Wind, 2016; Hua et al., 2014). However, non-covalent blockers are susceptible to 

dissociation during the experiment, and these blockers often result in heterogenous 

surface coverage. 

 Polyethylene glycol (PEG) is a hydrophilic polymer that is inert to a wide variety 

of biomolecules and has become a popular option both for covalent surface passivation 

in single-molecule experiments (Chandradoss et al., 2014; Jain et al., 2012) and for use in 

medical devices (Joralemon et al., 2010). PEG is especially attractive since it is amenable 

to a variety of chemical end modifications during synthesis, which facilitates the specific 

attachment of biomolecules to surfaces. Commonly, a silica surface is functionalized with 

a chemical modifier that adds reactive groups such as nucleophilic thiols (-SH) or primary 

amines (-NH2), and then amine-reactive NHS-PEG or thiol-reactive maleimide-PEG are 

used to covalently passivate the surfaces. This process is often termed ‘PEG grafting.’ 

 PEG grafting does not result in complete elimination of non-specific binding, 

likely due to spaces left between PEG molecules after grafting or incomplete 
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functionalization of the surface (Roy et al., 2008). PEG grafting density is determined by 

two factors: the density of functional groups on the surface and the effective 

hydrodynamic diameter of the PEG polymer. Proper functionalization of silica surfaces 

often results in a surface density of 3-4 reactive -SH or -NH2 groups per square nanometer 

(Shircliff et al., 2013).  

 How many PEGs can theoretically be grafted per unit area under normal grafting 

conditions? 5-kDa PEG is a common choice for PEG passivation and is often grafted to 

surfaces in buffered low-salt solution. We can estimate the maximum theoretical grafting 

density by calculating the maximum packing density in water, based on the 

hydrodynamic diameter of PEG. First, we can calculate the radius of gyration of a 5-kDa 

PEG molecule (Fixman, 1962): 

!! = #
2%&'
6

 

Where RG is the radius of gyration, P is the persistence length, N is the number of PEG 

subunits, and U is the unit length of each subunit. PEG has a persistence length of 0.38 

nm in water and has a subunit length of 0.318 nm (Oesterhelt et al., 1999). A 5-kDa PEG 

has approximately 113 subunits. Therefore, the radius of gyration RG = 2.13 nm. The 

relationship between the radius of gyration RG and the hydrodynamic radius RH is 

theoretically calculated by !" = 0.665!!  (Gaylord and Gibbs, 1962), which agrees well 

with empirical measurements of hydrodynamic radius of different PEG polymer lengths 
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using dynamic light scattering (Linegar et al., 2010). So, RH ≈ 2.13 nm and the 

hydrodynamic diameter is ≈ 4.26 nm.  

 If we roughly approximate these packed PEG molecules as a sphere—or more 

precisely a ‘mushroom’ confirmation as described by deGennes, where most of the 

molecule is a sphere but a small tethering segment holds the polymer to the surface (de 

Gennes, 1980)—perfect packing at the surface should be determined by their area at 

maximum width (14.25 nm
2
). This is a far lower density than the common 

functionalization density of 3-4 reactive groups per square nanometer (Shircliff et al., 

2013). Additionally, the packing inefficiency of spheres in a two-dimensional space 

means that plenty of exposed surface is likely left between PEG molecules. One approach 

to fill in these spaces is to use PEG molecules of different sizes: large PEGs (such as 5 kDa 

PEG) are grafted first, and then smaller PEGs (such as 1-2 kDa PEG) are grafted second 

to fill in the intervening spaces (Pereira Gomes et al., 2018).  

 Another method to increase the density of PEG on a surface is to decrease its 

hydrodynamic diameter during grafting. Recently, efforts have been made to perform 

PEG grafting in poor solvents such as high salt buffers, which lowers the effective size of 

the molecules (Emilsson et al., 2015; Kingshott et al., 2002). The maximum theoretical 

grafting density should be the point at which the PEG molecules are still dissolved in 

solution, but just on the edge of solvation where the hydrodynamic radius is at its 

smallest. The conditions that define the edge of solvation (e.g. salt concentration, 
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temperature, PEG concentration, and PEG length) is called the ‘cloud point’, named for 

the visual cloudiness of the solution when PEG molecules precipitate out. 

 After grafting in a poor solvent near the cloud point, the coated surface can be 

switched to a good solvent, and the PEG molecules will become well solvated. However, 

since their density is now higher than their hydrodynamic radius, they should sterically 

repel each other to form a sort of PEG brush (de Gennes, 1980). In theory, this PEG brush 

is dense enough that biomolecules such as DNA or protein cannot penetrate the PEG 

layer and non-specifically interact with the silica surface. Since tip-link cadherins are 

exceptionally sticky molecules, we endeavored to translate cloud-point PEG grafting into 

a passivation technique for single-molecule force measurements.  

Detailed Protocol 

 200 µL of a 1% w/v solution of 3 µm, size-selected silica beads (Corpuscular) were 

resuspended in MilliQ water in a polypropylene tube. The beads were washed 5 times 

with 1 mL of MilliQ water to remove residual storage buffer and any contaminants. The 

washing process for all wash steps was carried out by resuspending and mixing the beads 

by pipetting, centrifuging at ~3,500 g for 30 seconds, and then carefully removing the 

solution by pipetting. After washing, the beads were suspended in a 1% v/v solution of 

Hellmanex iii (Sigma Aldrich), a high-pH detergent solution, and transferred to a 3-mL 

capacity borosilicate vial. With the cap loosely screwed on to allow steam to escape, the 
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vial was placed into a pre-heated beaker containing gently boiling water on a heating 

element. The beads were allowed to gently boil for 1 minute. Care was taken to avoid 

explosive boiling, which is common if the solution becomes too hot. After boiling, the 

beads were immediately transferred to a bath sonicator containing pre-heated 37°C 

water. The cap was sealed on the vial, which was then suspended in the water by its cap 

on a foam float and allowed to sonicate at 37°C for 5 minutes.  

 After sonication, the beads were transferred to a polypropylene tube and washed 

three times with 1 mL of MilliQ water. To remove remaining organic contaminants from 

the surface, the beads were washed three times with 200 µL anhydrous acetone under a 

fume hood. The beads were then sonicated for 5 minutes in acetone in a bath sonicator at 

37°C, rinsed with three times with 1 mL of MilliQ water, and washed two times with 200 

µL of 1M KOH. The beads were then sonicated for 20 minutes in a 37°C bath sonicator in 

200 µL of 1M KOH to etch the surface. The beads were then washed one more time in 200 

µL KOH, followed by three washes in 200 µL MilliQ water. The beads were then 

resuspended in anhydrous methanol and washed two times with 200 µL methanol. The 

bead solution can be stored in a desiccated container under argon or another intern noble 

gas at this stage. 

 To aminosilanize the surfaces of the beads, the methanol was removed from the 

bead solution. In a separate polypropylene tube, 1 mL of methanol was combined with 

50 µL of glacial acetic acid and mixed well. 10 µL of anhydrous (3-Aminopropyl)tri-
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ethoxysilane (APTES) was added to the methanol/acetic acid and quickly mixed. The 

solution was then immediately added to the beads and mixed well. The beads were 

rotated end-over-end at room temperature for 10 minutes to let the aminosilanization 

reaction proceed and to keep the beads well suspended and exposed to the solution 

during the reaction. After 10 minutes, the beads were washed three times in 200 µL 

anhydrous methanol and then one time in 100 µL MilliQ water. At this stage the beads 

are exceptionally hydrophobic and will stick to the tube walls, so the beads must be 

washed carefully and in a low volume.  

 Stock solutions of PEGylation buffers were then made. Solutions of 0.5 M Na2SO4 

and 1 M NaHCO3 were filtered through a 0.22-µm filter into a polypropylene tube and 

centrifuged at >18,000 g for 3 minutes to pellet any precipitates before use. A total of 10 

mg of 5 kDa PEG was used for grafting. Based on the desired relative coating density of 

methyl-terminated and biotin-terminated PEG (Nanocs), the ratio of each of these 

components was altered between 1:1 and 1:1280.  

 To perform the cloud-point PEG passivation reaction, a total of 10 mg of PEG was 

dissolved in 86.2 µL of Na2SO4. 13 µL of 1M NaHCO3 was added and the solution was 

mixed well. If the solution was cloudy, 5 µL increments of MilliQ water were added to 

the solution and vortexed until the solution just became clear. The dissolved PEG solution 

was then quickly added to pelleted beads and mixed well, taking caution to not introduce 
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bubbles. The bead-PEG solution was then allowed to react for at least two hours at room 

temperature, rotated on an end-over-end rotator.  

 After the reaction was complete, the beads were washed thoroughly with a tris-

buffered saline (TBS) solution containing 25 mM Tris pH 7.5, 150 mM NaCl and 0.05% 

Tween-20. After washing, the beads were bubbled with argon and the tube was stored in 

an argon-purged 50 mL screw-cap tube at 4°C away from light.  

 The beads were functionalized with 5 µM streptavidin in TBS-Tween for 1 hour at 

room temperature with end-over-end rotation. Streptavidin was separately fluorescently 

labeled with 1 mM NHS-Alexa 594 in 1x PBS for 1 hour at room temperature and free dye 

molecules were removed by buffer exchanging three times through a 7 kDa MWCO Zeba 

desalting column (ThermoFisher Scientific) into TBS-Tween. Beads were imaged on a 

SuperFrost plus slide with a sealed coverslip using a 10x air objective on an Olympus 

upright confocal microscope. Fluorescence intensity was measured using automatic ROI 

detection in ImageJ.  

 Biolayer interferometry was performed on an Octet Red 384 instrument (ForteBio). 

Aminosilane sensors were purchased from the company, which produced them through 

vapor-deposition onto a silica sensor surface. Stock streptavidin sensors were purchased 

from the company for passivation comparison. HEK293 cell supernatant from 

suspension-adapted Expi293 cells was used to test passivation efficiency. Briefly, full 
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ectodomain PCDH15 was expressed as described in Section 4.3 and dialyzed against TBS-

Tween buffer. This unpurified mix was then used directly to test passivation efficiency 

by dipping sensors into it and measuring the binding signal. 

Results 

 To perform force spectroscopy on single tip link bonds, we used a tethering system 

in which a 5’ biotinylated DNA tether with a 3’ attachment of a tip-link fusion protein 

was immobilized via a streptavidin intermediate to PEGylated silica beads containing 

biotins (see Figure 3.2 and Section 2.2). The density of tether attachment, and therefore 

the density of immobilized streptavidin, can be tuned by altering the density of biotin-

PEG in the grafting reaction. This process is important since proper spacing between 

tethering points can reduce the number of multiple attachments during optical tweezer 

experiments. To quantify streptavidin immobilization efficiency and density for different 

ratios of methyl-terminated and biotin-terminated NHS-PEG, we immobilized 

fluorescently labeled streptavidin at a saturating concentration onto the surface of cloud-

point PEGylated beads and quantified fluorescent intensity per bead (Figure 2.1A-C). 

Compared with a commercially available silica 5 µm bead with streptavidin directly 

immobilized to surface aminosilane groups via EDC-NHS chemistry without a PEG 

intermediate (Bang’s Laboratories), streptavidin coating was more uniform (Figure 2.1 

D). We also found that for ratios of biotin-PEG:me-PEG between 1:1280 and 1:40, 

streptavidin loading was linear with the proportion of biotins on the surface (Figure  
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2.1C). However, at a biotin-PEG:me-PEG ratio of 1:20, there was no difference in coating 

intensity relative to a 1:40 ratio. This suggests that streptavidin packing density plateaus 

at a biotin density of 1:20. Given that the hydrodynamic diameter of streptavidin is ~4 nm 

(Weber et al., 1989), we therefore propose that the PEG packing density is much higher 

than the predicted perfect packing density in the spherical ‘mushroom’ confirmation 

 

Figure 2.1 | (A) Schematic of the cloud-point PEG grafting process and fluorescent streptavidin 
immobilization. (B) PEGylated beads with ratios of biotin-PEG:me-PEG of 1:1280 and 1:20 were coated 
with streptavidin covalently labeled with Alexa-594 at a saturating concentration and imaged using a 10x 
air objective on a confocal microscope. Different ratios of biotin-PEG in the grafting mix result in 
different intensities of streptavidin labeling. (C) The fluorescence intensity for each bead in a full 10x 
field of view from (B) was measured using automatic ROI detection in ImageJ. The mean ± SD 
fluorescence intensity is plotted as a function of the ratio of biotin-PEG:mePEG. All points except for 
the 1:20 ratio was fit with a linear regression. Streptavidin staining intensity is linear for ratios of 1:1280-
1:40. (D) Commercially available 5-µm streptavidin-silica beads (Bang’s Laboratories) were labeled 
using NHS-Alexa-594 using the same procedure as for the cloud-point PEG beads and imaged using the 
same settings. right, a single 1:20 bead from (B). The streptavidin coating appears more uniform on the 
cloud-point PEG beads. 
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(14.25 nm
2
), and on the order of the maximal density of 3-4 reactive aminosilane groups 

per square nanometer (Shircliff et al., 2013). While a more thorough quantitative 

measurement of PEG coating density can be made using ultraviolet-visible (UV-vis) 

spectroscopy (Xia et al., 2012), we did not have access to these tools and were generally 

satisfied with our qualitative estimates of packing density. 

 We next sought to compare the passivation efficiency of cloud-point PEG grafting 

with standard PEG grafting performed in a buffered low salt solution. Using pre-

aminosilanized silica biolayer interferometry sensors (ForteBio), we separately 

performed PEG grafting onto the sensors using the cloud point method described above 

for silica beads. In a separate set of sensors, we performed PEG grating in 1x phosphate 

buffered saline (PBS). Each sensor was then coated with a saturating concentration of 

streptavidin until the signal plateaued. For each sensor, we used a 1:40 ratio of biotin-

PEG:me-PEG. To assess passivation efficiency, we used the cell culture supernatant from 

suspension-cultured HEK293 cells harvested after 5 days post-transfection with full-

ectodomain PCDH15 (see Section 4.3). 

 Compared to a stock streptavidin sensor (ForteBio) pre-blocked with 0.1% Tween-

20 for 10 minutes, PEG grafting of the surface substantially reduced background binding 

(Figure 2.2A). PEG grafting using the cloud-point method resulted in significantly less  
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background signal compared with PEG grating in PBS. We also compared the efficacy of 

passivation using both the cloud point and standard PEG grafting methods using smaller 

1 kDa PEG molecules. Both the cloud point and PBS PEG grafting of 1 kDa PEG were 

comparable in passivation efficiency compared with 5 kDa PEG grafting in PBS, and none 

were as passivated as the 5 kDa cloud-point PEG sensor (Figure 2.2B). These results 

indicate that cloud-point PEG grafting resulted in a denser, more passivated surface 

compared to standard PEG grafting. These results also suggest that 5 kDa PEG forms a 

more effective PEG brush than the smaller, 1 kDa PEG. 

 When cloud-point PEG grafted silica beads were used for optical tweezer 

experiments, we saw no evidence of nonspecific binding of biomolecules to the surface 

 

Figure 2.2 | (A) Binding phase of a biolayer interferometry assay. Sensors were equilibrated in TBS-
Tween for 1 minute, then dipped into sensor wells containing dialyzed HEK293 cell supernatant 
expressing full ectodomain PCDH15 molecules. Compared to stock streptavidin sensors, PEG grafting 
significantly reduces non-specific binding. (B)  Binding phase of a biolayer interferometry assay. 1 kDa 
PEG grafting using either the standard or cloud point method did not result in a significant change in 
background binding compared to standard grafting with 5 kDa PEG. Cloud point grafting with 5 kDa 
PEG resulted in the smallest amount of background binding. 
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of the beads (Figures 2.4B-C, 2.5B, 3.2). Overall, these methods establish a novel 

passivation technique for reducing non-specific surface interactions in single-molecule 

experiments.   

 

2.4 Molecular Tethers 
 

Introduction 

 A simple requirement for single-molecule force assays is that the biomolecules of 

interest are linked between two surfaces. In this configuration, force can be applied to the 

biomolecules by moving one surface relative to the other. Surfaces in these assays are 

often silica or polystyrene beads, coverslips, or thin AFM cantilever tips. However, these 

surfaces by themselves are highly prone to undesired non-specific interactions when they 

come into close contact with each other or with the target molecules, often mediated by 

van der Waals, electrostatic, and adhesion forces. These non-specific interactions can 

obscure the measurement of the interaction of interest, particularly in the case of bond 

rupture studies. The use of a long molecular tether can overcome some of these issues by 

positioning the molecules of interest far enough away from the surface such that non-

specific effects are minimized. 

 A molecular tether also provides a robust molecular signature. The force-extension 

behavior of certain polymers such as DNA and polyethylene glycol (PEG) is well known 



 46 

(McCauley et al., 2010; Oesterhelt et al., 1999), and their extensile properties can facilitate 

the positive identification of each tether as a single molecule. While long, elastic linkers 

can complicate the way force is loaded onto the molecules of interest especially in the 

case of slow force ramps, these effects are generally minimal and easily accounted for 

(Evans and Ritchie, 1999). DNA is a particularly attractive linker since it is amenable to a 

vast array of site-specific chemical modifications which facilitate biomolecule attachment, 

it has a stereotyped length dependent on the number of base pairs, and it is easily 

produced in most laboratory settings. If each biomolecule of interest is attached to the 

end of a DNA tether, the molecular rupture event is well defined as a catastrophic rupture 

of the tether.  

 Looped DNA linker geometries provide even more advantages beyond linear 

linkers. Here, biomolecules of interest are linked internally on the DNA strand, and 

binding of these two molecules forms an internal loop (Halvorsen et al., 2011). The 

effective concentration of the molecules of interest are determined by the distance they 

are spaced apart on the DNA molecule (Koussa et al., 2015), and this effective 

concentration dictates the proportion of molecules that are bound in equilibrium. As 

opposed to long linear linkers, loop unbinding results in a stereotyped increased in the 

tether length, and cannot be confused with the unbinding of the anchored ends to the 

surfaces. However, measuring tip-link cadherins is largely incompatible with looped 

linker geometry since their linear structure and relatively low affinity means that a loop 
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large enough to detect an unbinding event has a prohibitively low effective concentration. 

However, by ensuring that the strength of the anchored ends is far stronger than the 

desired molecular interaction, unbinding from the ends can be largely eliminated. We 

therefore chose to use linear tethers to measure the strength of the tip-link bond. 

Specific Methods and Results 

 In order to provide experimental flexibility and ensure a high proportion of DNA 

tethers with protein attached, tip-link fusion proteins were initially linked to a linear self-

assembling DNA origami structure (Halvorsen et al., 2011). Fusion proteins contained a 

polyhistidine tag used for affinity purification and a SNAP tag for immobilization to the 

DNA (Figure 2.3A). Briefly, an oligonucleotide specific for the last ~30 bp of digested 

ssM13 phage DNA was synthesized with a 5’ primary amine. This primary amine was 

covalently modified with BG-GLA-NHS (New England Biolabs) to add the SNAP-tag 

substrate benzylguanine and subsequently purified using a 7kDa MWCO Zeba desalting 

column (ThermoFisher Scientific). Affinity and size-exclusion chromatography purified 

tip-link fusion proteins containing the first 5 EC domains of CDH23 and PCDH15 (Figure 

2.3A) were incubated separately with the benzylguanine-modified oligonucleotide for 1 

hour at room temperature (Figure 2.3B). The DNA-protein hybrid was then affinity 

purified with magnetic Ni-NTA Dynabeads (ThermoFisher Scientific) according to 

manufacturer protocols in the presence of 2 mM Ca
2+
 and eluted with 200 mM imidazole. 

Remaining imidazole was removed using a Zeba 7-kDa MWCO desalting column  
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(ThermoFisher Scientific). The resultant DNA oligonucleotide-tip-link protein hybrid 

was positively identified by a molecular weight shift when run on a non-denaturing 4-

20% TBE-PAGE gel (4-20%) (Figure 2.3B). 

 A linear self-assembling DNA origami nanostructure was assembled using 

established protocols (Halvorsen et al., 2011; Koussa et al., 2015). Briefly, unmodified 

DNA oligonucleotide tiles covering the entire linear ssM13 phage were annealed using a 

slow touchdown protocol in a PCR thermocycler. The 5’ oligonucleotide was modified to 

have two covalently attached biotin molecules on its 5’ end (Integrated DNA 

Technologies). The resulting overall DNA tether had a 5’ dual biotin and 3’ sticky end 

 

Figure 2.3 | (A) Schematic of the 5 EC domain tip-link fusion proteins used for tether analysis 
experiments. (B) Analysis of DNA-protein hybrid coupling and polyhistidine purification. (C) Removal 
of tiling and 5’ dual biotin oligonucleotides by Blue Pippin (Sage Science) purification. (D)  
Quantificaiton of DNA oligo-protein hybrid annealing onto the DNA tether. The restriction enzyme SfoI 
was used to cut the DNA close to the 3’ end to aid in analysis of the molecular weight shift. Unannealed 
DNA is marked as (-) and annealed DNA is marked as (+). 
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complementary to the oligo used to make the DNA-protein hybrid. This DNA structure 

was purified using a Blue Pippin gel purification system (Sage Science) to remove excess 

oligonucleotides (Figure 2.3C). After purification, the DNA oligonucleotide-tip-link 

protein hybrids were annealed to the sticky end on the DNA tether separately at 30 °C 

for 30 minutes in a thermocycler. To quantify the amount of DNA tethers that contained 

the oligo-protein, a molecular weight shift assay was used. Because the relative size of 

the protein was small compared with the length of the DNA tether, a restriction enzyme 

was used to cut near the 3’ end of the DNA tether. The digested complex was run on a 

1% agarose gel, stained with SybrGold DNA stain (ThermoFisher Scientific) and the 

intensity of each band was quantified using ImageJ. For the example shown in Figure 

2.3D, the annealing efficiency was 85%.  

 Each tether containing the annealed tip link fusion protein + DNA hybrid for both 

CDH23 and PCDH15 was then immobilized onto 3-µM silica microspheres passivated 

with cloud-point PEG grafting and containing immobilized streptavidin (see methods in 

Section 2.2 and 2.4). We then used a two-bead optical tweezer assay to measure rupture 

forces (see detailed methods in Section 4.7-4.10), allowing us to assess the degree and 

types of non-specific interaction. We hypothesized that the tip-link fusion protein could 

bind non-specifically to the surface of the bead, non-specifically to the DNA tether, or 

specifically to the opposing tip-link fusion protein (Figure 2.4A). It is also possible that  
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Figure 2.4 | (A) A schematic of possible specific and non-specific binding interactions. The specific 
interaction, corresponding to two tether lengths, is shown as a green arrow. (B) Overlaid force-extension 
traces of tip-link fusion protein-DNA tethers containing PCDH15 EC1-5 and CDH23 EC1-5. Lengths 
corresponding to the length of one tether and one fusion protein are indicated by the red arrow, 
intermediate lengths indicated by the orange arrow, and two tether lengths—indicating a specific protein-
protein interaction—is indicated by the green arrow. (C) A scatter plot of peak rupture forces and tether 
contour lengths calculated from a worm-like chain model fit. Tethers of intermediate and specific lengths 
are present, indicating non-specific binding modes denoted by orange arrows in (A). 
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either DNA tether could bind to the silica bead, resulting in shorter than normal DNA 

tethers, even though the tip-link proteins might be bound specifically.  

 In repeated force-extension trials across multiple experimental replicates (Figure 

2.4B), most ruptures were distributed at two tether lengths (end-to-end DNA contour 

length ≈ 3750 nm), indicating a specific protein-protein interaction (Figure 2.4C). We also 

saw no evidence of rupture forces corresponding to a single tether length, indicating that 

the bead surface was well passivated against the protein (Figure 2.4A-B, red arrow). 

However, there was a significant proportion of ruptures of intermediate tether lengths 

and a lower rupture-force distribution than the full, two-tether-length interaction. We 

therefore concluded that the protein was either non-specifically interacting with the DNA 

tether—likely through the nicks left over in the DNA after oligo tile annealing—or the 

DNA tether itself was interacting non-specifically with the bead surface, resulting in 

ruptures of intermediate tether lengths. This is particularly problematic since the protein 

can also likely bind the free sticky end on the unannealed DNA tethers (Figure 2.3D), 

making filtering based solely upon length difficult. 

 Since we were confident our cloud-point PEG silica beads were sufficiently 

passivated against non-specific interactions and we did not see tether lengths 

corresponding to protein non-specifically binding to the other bead surface, we therefore 

endeavored to make tethers that lacked nicks or exposed single stranded DNA. We 

designed a PCR strategy to make completely double stranded DNA tethers with a 5’  
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forward primer containing a dual biotin moiety and a 3’ reverse primer containing the 

benzylguanine substrate (see detailed methods in section 4.4-4.5). ≥ 500 nM tip-link fusion 

protein was reacted with 100 nM of the DNA tether for 1 hour at room temperature. To 

visualize the proportion of tethers that successfully reacted with the tip-link fusion 

proteins, we used a restriction enzyme to digest the DNA close to the 5’ end (Figure 2.5A). 

We found we were able to get coupling efficiencies between 30-80% using this method.  

 

Figure 2.5 | (A) Analysis of dsDNA-protein hybrid coupling efficiency using DNA molecular weight 
shift analysis. DNA was digested near the 5’ end, run on a 1% agarose gel, and stained with Sybr Gold 
DNA stain (ThermoFisher Scientific) (B) A scatter plot of peak rupture forces and contour lengths 
calculated from a worm-like chain model fit. Compared with tiled DNA tethers shown in Figure 2.4C, 
nonspecific interactions corresponding to intermediate tether lengths are absent. 
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 We next used the PCR DNA tethers coupled to tip-link fusion proteins to measure 

rupture forces. Using the dual beam optical tweezer assay in exactly the same way as for 

the oligo-tiled tethers, we found that rupture forces corresponding to mid-length tethers 

were eliminated (Figure 2.5B). This indicated that fusion proteins were binding non-

specifically to the nicks or untiled spots within the oligo-tiled DNA tether, or that these 

sites were interacting with the bead surface. We hypothesize that the sticky, amphiphilic 

interface of the tip link bond is highly prone to non-specific interactions, particularly onto 

ssDNA and DNA nicks. These experiments highlight the need to explore alternative 

molecular tethers for single-molecule force assays and suggest that nick-free dsDNA 

tethers provide a low-background platform for measuring bond adhesion strength. 

 

2.5 Protein Expression and Purification 
 

Introduction  

 Another major factor in the accuracy and specificity of single-molecule 

measurements is ensuring that the biomolecules of interest are properly folded and stable 

over the time course of the experiment. Kazmierczak and colleagues first showed that 

PCDH15 and CDH23 interact at their N-termini to form the tip link (Kazmierczak et al., 

2007). Attempts to discern which EC domains mediated the interaction proved difficult, 

since N-terminal fragments of both PCDH15 and CDH23 were unstable and unable to 
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bind to full length proteins in a co-immunoprecipitation assay. Additionally, when 

Sotomayor and colleagues first measured the affinity of the tip-link bond, they found that 

N-terminal EC1-2 fusion proteins of CDH23 and PCDH15 were highly unstable 

(Sotomayor et al., 2012). In order to measure the interaction, they performed isothermal 

titration calorimetry on freshly refolded bacterially expressed proteins at 4 °C. At ≥ 10 °C, 

the proteins did not interact, suggesting either or both of the EC1-2 fusion proteins 

unfolded and disrupted either or both binding domains. 

 When attempting to make measurements of the tip-link interaction using optical 

tweezers and biolayer interferometry, we first tried to use bacterially expressed and re-

folded or mammalian expressed EC1-2 fusion proteins. However, we saw no specific 

interaction between these molecules in either of these assays. Our observations and those 

of other groups indicate that short N-terminal fragments containing EC1-2 or EC1-3 of 

tip-link cadherins are not stable. Interestingly, this observed instability of short N-

terminal domain fusion proteins are consistent with results seen in other cadherin classes, 

including classic cadherins (Chappuis-Flament et al., 2001).  

 How many domains are required for stability? Classic cadherins such as E-

cadherin and N-cadherin contain only five extracellular domains, and biochemical 

experiments show that at least four N-terminal extracellular domains are necessary for 

the stability of most cadherin fusion proteins (Baumgartner et al., 2000; Brieher et al., 

1996; Shan et al., 2004; Sivasankar et al., 1999; Zheng et al., 2004). We therefore reasoned 
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that 5 extracellular domains may be enough to impart stability on N-terminal tip-link 

fusion proteins, and proceeded to test their biochemical properties, stability, and specific 

adhesion. 

Specific Methods and Results 

 We cloned and produced tip-link fusion proteins for both CDH23 and PCDH15 

containing—from N- to C-termius—the first five extracellular (EC) domains, a Glycine-

Serine (GGGGSGGGGS) linker, a tandem 6x polyhistidine tag for purification, and a 

SNAP tag for immobilization onto DNA tethers and biolayer interferometry surfaces 

(Figure 2.6A). For more specific, detailed methods on fusion protein cloning, expression, 

and purification, see Section 4.3.  

 We first examined whether these proteins displayed specific, Ca
2+
-dependent 

adhesion. We immobilized each fusion protein through its His tag onto Ni-NTA 

Dynabeads (ThermoFisher Scientific) and performed a bead-aggregation assay 

essentially as described (Modak and Sotomayor, 2019). We observed Ca
2+
-dependent 

adhesion between CDH23 and PCDH15 beads (Figure 2.6B), which is consistent with 

specific adhesion seen in optical tweezer assays (Figure 2.5B). Interestingly, we observed 

homophilic adhesion between CDH23 molecules with the bead aggregation assay (Figure 

2.6B), but no homophilic adhesion for CDH23 with the optical tweezer assay. 

 When affinity-purified EC1-5 fusion proteins were examined using size-exclusion 

chromatography, we found evidence of multiple peaks possibly corresponding to  
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oligomeric forms of each protein (Figure 2.6C). While protein standards exist for 

estimating molecular weight on size-exclusion chromatography, we could not use this 

method since tip-link fusion proteins are linear molecules which elute from the column  

at a higher apparent molecular weight than for globular proteins. We hypothesized that 

each of these peaks corresponded to the monomeric, dimeric, or oligomeric form of each 

 

Figure 2.6 | (A) Schematic of the 5 EC domain tip-link fusion proteins. (B) Bead aggregation assay. 
Beads were allowed to aggregate for 30 minutes on an end-over-end rotator, were injected into a chamber 
as described in Section 4.7, and imaged. Aggregation between CDH23 and PCDH15 is dependent on the 
presence of Ca2+ in the solution. (C) Size exclusion chromatography of affinity purified CDH23 and 
PCDH15 EC1-5 fusion proteins using a Superdex 200 Increase sizing column. Signal is shown as 
absorbance at 280 nm.  
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protein since tip links exist as dimers with apparent cis-dimerization points near their N-

termini (Kazmierczak et al., 2007).  

 To determine the quaternary composition of each peak, we used size-exclusion 

chromatography with multi-angle light scattering (SEC-MALS) (Wyatt Technology) to 

measure molecular weight. We found that the smallest peak in each trace corresponded 

to a monomer for both CDH23 and PCDH15 based on the predicted molecular weight 

from the amino acid sequence (Figure 2.7A-B, Peak 2). The larger molecular weight peak 

(Peak 1, Figure 2.7A) for PCDH15 was approximately twice the molecular weight of the 

monomer peak, indicating that PCDH15 self-dimerizes, apparently through either cis- or 

trans-dimerization domains in EC1-5. While the dimer peak for CDH23 was less than the 

predicted molecular weight of a dimer, we note that the relative molecular weight shift 

of Peak 1 and Peak 2 is the same as for the PCDH15 dimer. Furthermore, peak broadening 

at higher molecular weights for the CDH23 trace resulted in increased error in 

determining the molecular weight of Peak 1. We therefore concluded that cis- or trans-

dimerization domains present in EC1-5 of each protein promote the formation of dimers.  

 Although the proteins had a propensity to self-aggregate, we reasoned that if we 

extracted the monomer fraction for each protein and performed optical tweezer 

experiments, that we may be able to observe specific heterophilic adhesion. To prepare 

these proteins for optical tweezer experiments, we isolated the monomeric fraction using 

size-exclusion chromatography (Figure 2.7, Peak 2), coupled the protein through the  
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Figure 2.7 | (A) Size-exlcusion chromatography with multi-angle light scattering (SEC-MALS) of a 
PCDH15 EC1-5 fusion protein. Corrected molecular weights obtained from light scattering are shown 
for each peak. Peak 2 corresponds to the predicted molecular weight of a monomer fusion protein and 
peak 1 corresponds to twice this molecular weight. We therefore conclude that the protein naturally self-
dimerizes. (B) SEC-MALS analysis of a CDH23 EC1-5 fusion protein. The molecular weight of the Peak 
2 corresponds to the predicted molecular weight of a monomer. Peak 1 has a predicted molecular weight 
~34% larger, but peak broadening at earlier elution times was a large source of error.  Given the relative 
shift in elution times between the PCDH15 and CDH23 peak 2, we concluded this peak corresponded to 
a dimer.  
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SNAP tag to linear PCR tethers (Figure 2.5A) and measured unbinding forces (Figures 

2.5B and 2.8). However, when we analyzed the distribution of rupture forces, we saw a 

broad distribution at multiple force loading rates. We hypothesized this unusual 

distribution may result either from two distinct binding states or may result from artifacts 

from exposed cis-dimerziation domains on each protein. Although we could fit the 

distributions with a double Gaussian function (Figure 2.8), which may indicate two 

distinct binding states, we reasoned that these could be artifacts. Therefore, without a 

clear, single distribution of rupture forces, we wanted to make sure that this theoretical 

(and messy) two-peaked distribution was not the result of dimerization or other protein 

artifacts. 

 Since EC1-5 tip link fusion proteins naturally dimerize, we endeavored to create a 

fusion protein that containing a single EC1-2 binding domain, but which otherwise was 

dimeric. In this way, we might suppress dimerization artifacts. While it appeared that 5 

EC domains was the minimum number necessary for stability for proteins containing the 

EC1-2 binding domain, a new paper at the time provided evidence that an EC3-5 fusion 

protein of PCDH15 was stable (Powers et al., 2017). We therefore created a 

heterodimerized molecule using antibody Fc domains containing charged mutations in 

the CH2 and CH3 domains within the Fc fragment (Gunasekaran et al., 2010) (Figure 

2.9A). These mutations prevent the formation of antibody Fc homodimers when 

heterologously expressed, and specifically create only heterodimers. For both CDH23  
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and PCDH15, EC1-5 was fused to the Fc domain containing aspartic acid mutations in Fc 

binding interface (EC1-5 DD) and EC3-5 was fused to the Fc domain containing lysine 

mutations in the Fc binding interface (EC3-5 KK). The EC3-5 KK protein had a tandem 

polyhisitidine tag fused to the C-terminus of the Fc domain for affinity purification and 

the EC1-5 DD protein had a SNAP tag fused to the Fc C-terminus.  

 This placement of affinity and immobilization tags ensured all molecules were 

heterodimers when measured on the optical tweezers. His-tag affinity purification 

removed free EC1-5 DD molecules that did not form with EC3-5 KK molecules and SNAP 

tag coupling to the DNA tether, and later immobilization and washing of the beads, 

removed free EC3-5 KK molecules. To produce these proteins, plasmids encoding each 

half of the heterodimer were co-transfected into suspension-adapted HEK293 cells and 

purified by affinity and size-exclusion chromatography (see Section 4.3 for detailed 

methods). When these proteins were visualized with size-exclusion chromatography,  

 

Figure 2.8 | Distributions of CDH23-PCDH15 unbinding forces at three force loading rates.  Unbinding 
events were segmented into 4 pN bins. Histograms were fit with a double Gaussian curve. The orange 
circle and green triangle are visual references for the peak of each distribution. 
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they formed a single peak—in contrast to the oligomeric forms of just the EC1-5 protein 

alone (Figure 2.9B-C). 

 We next measured unbinding forces for the EC1-5/3-5 fusion proteins. 

Experiments were performed with optical tweezers as described for the EC1-5 fusion 

proteins. We found that unbinding forces from EC1-5/3-5 fusion proteins formed a single 

distribution, roughly corresponding to the higher distribution peak from EC1-5 fusion 

proteins (Figure 2.10A-B). EC1-5/3-5 fusion proteins are monodisperse (Figure 2.9C), 

unbind with a single distribution across multiple force loading rates consistent with zero-

force kinetic measurements (Figure 3.1F-G), show specific Ca
2+
-specific adhesion (Figure 

3.1F), and are disrupted by a bond-interface mutation (Section 2.4). We therefore 

 

Figure 2.9 | (A) Diagram of Fc-dimerized fusion proteins containing a single EC1-2 binding domain. (B) 
Size exclusion chromatography of EC1-5 fusion proteins as shown in Figure 2.6C. (C) Size exclusion 
chromatography of EC1-5/3-5 fusion proteins. Each protein forms a single peak. 
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conclude that these proteins isolate the single tip-link bond interaction and that exposed 

cis-dimerization domains in EC1-5 result in non-specific binding. 

 

 

References 

Baumgartner, W., Hinterdorfer, P., Ness, W., Raab, A., Vestweber, D., Schindler, H., and 
Drenckhahn, D. (2000). Cadherin interaction probed by atomic force microscopy. Proc 
Natl Acad Sci U S A 97, 4005-4010. 

Brieher, W.M., Yap, A.S., and Gumbiner, B.M. (1996). Lateral dimerization is required 
for the homophilic binding activity of C-cadherin. J Cell Biol 135, 487-496. 

Cai, H., and Wind, S.J. (2016). Improved Glass Surface Passivation for Single-Molecule 
Nanoarrays. Langmuir 32, 10034-10041. 

Chandradoss, S.D., Haagsma, A.C., Lee, Y.K., Hwang, J.H., Nam, J.M., and Joo, C. 
(2014). Surface passivation for single-molecule protein studies. J Vis Exp. 

 

Figure 2.10 | (A) Distribution of rupture forces superimposed on DNA contour lengths obtained from 
force extension traces. Rupture forces outside 1 standard deviation of the mean contour length (red 
circles) were discarded from the rupture force distribution. Data was acquired at a 120 pN/s loading rate. 
(B) Distribution of rupture forces from EC1-5/3-5 fusion proteins superimposed on DNA contour lengths 
obtained from force extension traces measured with a 120 pN/s force loading rate. Data was analyzed as 
in (A). Unbinding forces form a single distribution. 

0 2 5 0 5 0 0 7 5 0 1 0 0 0 1 2 5 0 1 5 0 0 1 7 5 0 2 0 0 0
0

1 0

2 0

3 0

4 0

5 0

6 0

E C 1 -5 /3 -5  F c  p ro te in s
2 8 0  p N /s

D N A  c o n to u r  le n g th  (nm )

R
u
p
tu
re
 F
o
rc
e
 (
p
N
)

Tip Link Fc 1-5/3-5 Rupture Forces

0 2 5 0 5 0 0 7 5 0 1 0 0 0 1 2 5 0 1 5 0 0 1 7 5 0 2 0 0 0
0

1 0

2 0

3 0

4 0

5 0

6 0

P 1 5 -C 2 3  1 4 0 p N /s

D N A  c o n to u r  le n g th  (nm )

R
u
p
tu
re
 F
o
rc
e
 (
p
N
)

0

2
0

4
0

6
0

8
0

0 5
1
0

1
5

H
is
to
g
ra
m
 o
f 
P
1
5
-C
2
3
 1
4
0
p
N
/s

B
in
 C
e
n
te
r

#  v a lu es

Tip Link EC1-5 Rupture Forces

0

2
0

4
0

6
0

8
0

0 5
1
0

1
5

H
is
to
g
r
a
m
 o
f 
E
C
1
-5
/3
-5
 F
c
 p
r
o
te
in
s

r
u
p
tu
r
e
 f
o
r
c
e
 a
t 
2
8
0
 p
N
/s

U
n
b
in
d
in
g
 F
o
r
c
e
 (
p
N
)

C o u n t

A B



 63 

Chappuis-Flament, S., Wong, E., Hicks, L.D., Kay, C.M., and Gumbiner, B.M. (2001). 
Multiple cadherin extracellular repeats mediate homophilic binding and adhesion. J 
Cell Biol 154, 231-243. 

de Gennes, P.G. (1980). Conformations of Polymers Attached to an Interface. 
Macromolecules 13, 1069-1075. 

Emilsson, G., Schoch, R.L., Feuz, L., Hook, F., Lim, R.Y., and Dahlin, A.B. (2015). 
Strongly stretched protein resistant poly(ethylene glycol) brushes prepared by grafting-
to. ACS Appl Mater Interfaces 7, 7505-7515. 

Evans, E., and Ritchie, K. (1997). Dynamic strength of molecular adhesion bonds. 
Biophys J 72, 1541-1555. 

Evans, E., and Ritchie, K. (1999). Strength of a weak bond connecting flexible polymer 
chains. Biophys J 76, 2439-2447. 

Evans, E., and Williams, P. (2002). Dynamic Force Spectroscopy, Vol Physics of bio-
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3.2 Abstract 
 

 Hearing and balance are fundamental mechanical senses mediated by sensory hair 

cells in the inner ear. Here, the conversion of mechanical stimuli into electrical signals is 

initiated by force transmitted to a mechanotransduction channel through the tip link, a 

double-stranded protein filament held together by two adhesion bonds in the middle. 

Although decades of work have suggested the tip link is a static structure, the dynamics 

of this connection are unknown. To understand how the tip link conveys mechanical 

stimuli, we explored bond strength using single-molecule force spectroscopy and 

modeling. We find the tip link uses single-stranded rebinding to greatly enhance its 

lifetime at low force but acts as a mechanical circuit breaker at high force through tunable 

avidity. These measurements suggest this structure is far more dynamic than previously 

believed. Our results show how the tip link is likely to function during faint and loud 

sound and they reveal the etiology of a hereditary deafness mutation. 
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3.3 Introduction 
 

Our senses of hearing and balance rely on the extraordinarily sensitive molecular 

machinery of the inner ear to convert deflections as small as the width of a single carbon 

atom (Hudspeth, 1989; Robles and Ruggero, 2001) into electrical signals that the brain can 

process (Hudspeth and Konishi, 2000). In humans and other vertebrates, these senses are 

mediated by hair cells, named for the bundle of hair-like stereocilia protruding from their 

apical surfaces (Figure 3.1A). Deflection of this organelle during a mechanical stimulus 

tenses tip links, thin ~170 nm protein filaments that connect the tip of each stereocilium 

with the lateral wall of its tallest neighboring stereocilium (Kachar et al., 2000; Pickles et 

al., 1984), and which bind to (Maeda et al., 2014) and directly gate mechanotransduction 

channels at their lower ends (Figure 3.1A) (Basu et al., 2016; Beurg et al., 2009).  

The tip link is a double-stranded complex of the Ca
2+
-dependent extracellular 

adhesion proteins protocadherin-15 (PCDH15) and cadherin-23 (CDH23), bound at their 

N-termini (Figure 3.1A) (Kazmierczak et al., 2007; Sotomayor et al., 2012). CDH23 is a 

long atypical cadherin comprising the upper 2/3 of the tip link, consisting of 27 

extracellular (EC) domains, a specialized membrane-adjacent domain, and a single-pass 

transmembrane domain (Siemens et al., 2004). The CDH23 intracellular domain binds to 

the scaffolding proteins Harmonin and SANS, which in turn bind to myosin motors that 

ride along the actin core filaments of stereocilia (Grati and Kachar, 2011; Yu et al., 2017). 
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These myosin motors are likely responsible for millisecond-timescale adaptation of 

transduction current and for maintaining the resting open probability of the transduction 

channel. PCDH15 has a similar ultrastructure to CDH23 but contains only 11 EC domains 

(Ahmed et al., 2006). PCDH15 binds to several components of the mechanotransduction 

apparatus at the lower end of the tip link, including the pore-forming subunits of the 

mechanotransduction channel TMC1/2 (Maeda et al., 2014). PCDH15 must be bound to 

CDH23 in order to transduce force to the mechanotransduction channel (Assad et al., 

1991), but it is unclear how force is transmitted between PCDH15 and the transduction 

channel complex. 

While classic trans cadherin bonds are mediated by homophilic strand swapping 

of an N-terminal tryptophan residue into a hydrophobic pocket of its binding partner 

(Brasch et al., 2012), we previously demonstrated that the heterophilic trans tip-link bond 

has a far more extensive, amphiphilic “handshake” interface involving ~30 amino acids 

in the first two EC domains of each protein (Sotomayor et al., 2012). However, despite 

having a far more extensive interface, the equilibrium dissociation constant of a single 

tip-link bond is approximately the same as for classic cadherins (Baumgartner et al., 2000; 

Bayas et al., 2006; Fichtner et al., 2014; Panorchan et al., 2006; Rakshit et al., 2012; 

Sotomayor et al., 2012). Mutations that occur in the bond interface of each protein are 

known to cause deafness in humans and other animals (Ahmed et al., 2008; Astuto et al., 

2002; Doucette et al., 2009) and alter the equilibrium dissociation constant (KD) of the 



 71 

interaction (Narui and Sotomayor, 2018; Sotomayor et al., 2012). However, these 

measurements provide little insight into how the tip link functions in response to 

dynamic force stimuli. Tip links experience a 10 piconewton (pN) resting tension exerted 

by myosin motors (Eatock et al., 1987; Holt et al., 2002; Siemens et al., 2004), may 

experience forces up to 100 pN (Hudspeth, 1992), and are oscillated at over 100 kHz in 

some species (Fay, 1994). Therefore, examining the behavior of the tip link under these 

conditions is critical to describing its function, especially in the context of disease-causing 

mutations. 

The tip link’s double-stranded quaternary structure is also distinct from classic 

cadherins, which form clusters of tens or hundreds of monomeric proteins in a variety of 

tissues (Truong Quang et al., 2013) and which rely on the additive strength of many links 

to maintain their connection over hours, days, or weeks (Meng and Takeichi, 2009; 

Schwartz and DeSimone, 2008). The double-stranded tip link must be strong enough to 

continuously convey mechanical information to the mechanotransduction channel under 

the dynamic forces exerted by sound or head movement. However, since tip links are 

vulnerable to acoustic trauma in vivo (Pickles et al., 1987; Takumida et al., 1989), they 

apparently release under a high intensity stimulus. How does the tip link perform these 

dual functions?  

Here, we employed single-molecule force spectroscopy, biochemistry, and kinetic 

modeling to quantitatively characterize the dynamics of the tip-link connection. We show 
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the tip-link connection has multiple mechanisms—distinct from classic cadherin 

linkages—that facilitate mechanotransduction in the inner ear. These mechanisms 

include an increased resistance to mechanical force relative to classic cadherins, a double-

stranded architecture mediated by strong cis-dimerization that permits rebinding before 

rupture, and Ca
2+
-dependent elastic properties that modify the lifetime of the connection. 

We also show how a hereditary deafness mutation gives rise to a unique mechanical 

phenotype through modulation of its sensitivity to force. From these measurements we 

predict that the tip-link lifetime, in response to oscillatory stimuli, is largely insensitive 

to a wide range of hair-cell deflections within the physiological range. These results 

provide a depiction of the strength and the dynamics of the tip-link connection and 

provide a foundation for further studies of its role in transducing mechanical information 

in the inner ear.  

 

3.4 The Mechanical Resilience of the Tip-Link Bond 
 

To measure the mechanical strength of an individual tip-link bond, we used 

optical tweezers to perform single-molecule dynamic force spectroscopy on engineered 

fusion proteins (Figures 3.1B-D and 3.2). Fusion proteins were expressed in and purified 

from mammalian cells; they included between 3 and 27 EC domains of PCDH15 or 

CDH23, and an antibody Fc domain to promote dimerization. Paired Fc domains were  
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Figure 3.1 | (A) The hair-cell stereocilia bundle and mechanotransduction complex. (B) Single-bond fusion 
proteins containing one EC1-2 binding domain.  Antibody Fc domains (CH2, CH3) fused to the EC domains 
bind to create a dimer, masking non-specific binding of EC3-5. (C) Single-bond fusion proteins in the dual-
beam optical trap. Force was calculated as a linear function of displacement from a stiffness-calibrated 
optical trap. Extension was measured as the distance between the two surfaces of each microsphere. (D) 
Representative force-time and force-extension profiles for a single-bond unbinding event. The force-time 
profile was used to extract the force-loading rate pN s-1 in the linear regime preceding bond rupture. The 
force-extension profile was fit with an extensible worm-like chain (WLC) model (Bouchiat et al., 1999) to 
extract contour length, persistence length (bending stiffness), and unbinding force for each unbinding trace. 
(E) Histograms of unbinding forces at different force loading rates in 50 µM (cyan) and 2 mM Ca2+ (pink). 
(F) Most-probable unbinding forces plotted as a function of loading rate. A systematic kernel density 
estimation was used to determine the most likely unbinding force for each condition. Error is shown as the 
optimal kernel bandwidth. A weighted linear fit of the data was used to extract force-dependent kinetics 
(Evans and Ritchie, 1997). (G) Mean single-bond lifetime as a function of force, calculated using the 
intrinsic zero-force off rate koff

0 and the force scale fβ  from (F), and compared to the average lifetime of 
classic cadherin bonds (dashed black line) (Baumgartner et al., 2000; Bayas et al., 2006; Fichtner et al., 
2014; Panorchan et al., 2006; Rakshit et al., 2012). The propagated errors in lifetime due to errors in fit 
parameters from (F) are shown as light bands. 
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Figure 3.2 | (A) Schematic of the cloud-point PEG grafting process. The silica surface of a bead was 
hydroxylated with a high pH solution and aminosilanized with aminopropylsilane. Amine-reactive NHS-
PEG5k-Biotin and NHS-PEG5k-Me was grafted onto the surface in a poor solvent so that the hydrodynamic 
radius of the PEG molecule was as small as possible. Upon washing the surface with a low-salt saline and 
detergent solution, the PEG molecules became completely solubilized and formed a PEG brush. (B) 
Passivation efficacy assessed using fluorescence microscopy. Single stranded DNA and PCDH15 EC1-5 
His SNAP fusion proteins were labeled with a single FITC fluorophore and allowed to interact with either 
plain beads in a non-covalent blocking solution of casein and Tween-20 or with cloud-point PEGylated 
beads. After washing, the beads were imaged using a confocal microscope at an image plane through the 
center of the bead. Cloud-point PEGylation resulted in no discernable non-specific binding. (C) Size-
exclusion chromatography of single-bond tip link fusion proteins shows monodisperse protein. 100 µL of 
His-tag purified protein was run on a Superose 6 Increase column at 0.5 mL/min. The fluorescence detector 
was set to λEX = 280 nm, λEM = 340 nm to detect tryptophan fluorescence. (D) Coupling of purified 
single-bond fusion proteins to double-stranded DNA handles. DNA handles containing alternative 5’ dual-
biotin and 5’ benzylguanine were reacted with SNAP-tagged fusion proteins, and 100 ng of DNA or DNA-
protein was run on a 1% agarose gel. The gel was stained with Sybr Gold DNA stain and imaged with a  
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then linked to one end of a DNA tether through a SNAP tag.  DNA tethers were 

biotinylated at the other end and linked to streptavidin-coated silica microspheres of ~ 3-

µm diameter, passivated with a polyethylene glycol (PEG) brush (Figure 3.2A-B). These 

beads, attached to either CDH23- or PCDH15-linked DNA-protein complexes and 

distinguishable via a fluorescent marker, were placed in a flow cell on the microscope 

stage, and manipulated with a dual-beam optical tweezers setup (Methods). They were 

brought close together, to allow a PCDH15-CDH23 bond to form, and then moved apart 

while recording extension and force. As the force builds up the bond eventually ruptures, 

a transition that is easily identified by the abrupt drop to zero force. The use of long DNA 

Figure 3.2 (continued)  
fluorescent gel scanner. DNA-protein complexes are revealed as an apparent shift in molecular weight. (E) 
Schematic of the DNA-protein tethers immobilized on the PEGylated surface. (F) Force-time series of an 
entire recording session using single-bond proteins. Peaks highlighted in red represent single bond 
unbinding events, and events highlighted in blue represent tethers that were verified by a second pull but 
unbound before application of the force-loading protocol. (F’) A zoom-in of a representative single-
molecule unbinding event denoted by the brackets in (F). Using an automated protocol, beads were brought 
together for 2 seconds to facilitate bond formation and then pulled apart to detect a tether. Once a tether 
was detected, the tether length was quickly verified by relaxing and re-applying force, before pulling the 
tether at a constant velocity of 3000 nm s-1 for 3.5 seconds. (G) Histogram of DNA-protein contour lengths 
obtained from an extensible worm-like chain (WLC) fit of force-extension data for single-bond 
measurements above 22.7 pN s-1. Events are plotted in 10-nm bins and fit with a Gaussian curve (1904 ± 
23 nm, mean ± SD). Contour lengths form a single distribution around the predicted contour length of 1912 
nm, indicating the measurement of individual tethers containing the correct components. (G’) Histogram 
of DNA-protein persistence lengths calculated from the same WLC fits, plotted in 3-nm bins and fit with a 
Gaussian curve (14.3 ± 6.5 nm, mean ± SD). The persistence length of a polymer is a metric of its bending 
stiffness and can be used to check for the presence of multiple tethers during an experiment. (H)  Histograms 
of loading rates at different pulling speeds obtained from an extensible WLC fit of force-extension data for 
single-bond measurements. Each histogram is plotted in 5 pN s-1 bins and each was fit with a Gaussian 
curve (1.5 µm s-1: 45.4 ± 3.7 pN s-1, 3.0 µm s-1: 95.1 ± 5.6 pN s-1, 6.0 µm s-1: 189.8 ± 8.6 pN s-1, 9.0 µm s-1: 
271.5 ± 19.5 pN s-1, mean ± SD). (H’) Fit loading rate from (H) plotted against pulling speed. A linear 
regression fit well to the data (Slope = 0.03, Y-intercept = 3.229, R2 = 0.9983). 
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tethers reduced non-specific interactions and enabled the identification of each tether as 

a single molecule based on force-extension curves (Figures 3.2C-H). 

We first studied the unbinding of single bonds, by engineering asymmetric dimers 

in which only one strand contained the EC1-2 binding domain (Figure 3.1B-C). 

Unbinding force data were fit with the Bell-Evans model (Evans and Ritchie, 1997) to 

reveal several salient features (Figure 3.1E-F). The mean lifetime of the single tip-link 

bond at zero force (1/koff0) in 2 mM Ca
2+
 is 1.9 ± 0.4 seconds (koff0 = 0.5 ± 0.1 s-1) (Figure 

3.1G), agreeing well with independent zero-force measurements (Evans and Ritchie, 

1997; Narui and Sotomayor, 2018; Sotomayor et al., 2012). Force generally destabilizes 

adhesion bonds by lowering the energy barrier for unbinding, decreasing the time that 

two proteins will remain bound (Bell, 1978). We find the force sensitivity of the tip-link 

bond is fβ = 13.5 ± 2.0 pN, the characteristic force required to accelerate the rate of 

dissociation koff by e-fold (Figure 3.1F). The approximately linear relationship between the 

most probable rupture forces and the logarithm of the force loading rate in addition to 

the consistency between the measured zero-force off rate and the fit off-rate to our data 

indicates that the tip-link bond has traditional slip-bond behavior (Evans and Ritchie, 

1997). Compared with classic cadherins (mean zero-force lifetime -#$$
%

 = 0.75 s, fβ =  5.5 

pN) (Baumgartner et al., 2000; Bayas et al., 2006; Fichtner et al., 2014; Panorchan et al., 

2006; Rakshit et al., 2012), the single tip-link bond has a 2.5 fold enhanced lifetime at zero 

force, and is significantly more resistant to mechanical force (Figure 3.1G). 
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The tip-link bond is also destabilized by very low [Ca
2+
] (Assad et al., 1991; 

Sotomayor et al., 2012), so we measured unbinding in a Ca
2+
 concentration near that of 

the endolymph fluid that bathes tip links in the cochlea. However, we found that the 

mean lifetime of a single tip-link bond at zero force is reduced by only 50% in 50 µM Ca
2+
 

(Figure 3.1G). This insensitivity to low [Ca
2+
] is in stark contrast with classic cadherins, 

for which half-maximal adhesion of even the relatively Ca
2+
-insensitive N-cadherin is 

observed at 720 µM Ca
2+  

(Baumgartner et al., 2003). Thus, the tip-link bond is more 

resistant to force than classic cadherin bonds and less sensitive to the Ca
2+
-poor cochlear 

and vestibular endolymph, properties which enable the tip link to reliably convey 

mechanical stimuli in the inner ear. 

 

3.5 The Dynamics of the Double-Stranded Tip-Link 

 Connection 

 

Why is the tip link double stranded? Avidity describes the cumulative strength 

that results from multiple bonds, and one important contribution to avidity is the division 

of externally applied force among the individual components (Evans and Williams, 2002). 

Force-sharing among bonds can result in dramatic increases in lifetime because the off-

rate of a single bond has a roughly exponential dependence on force. Another 

contribution comes from the ability of individual components to rebind after they 

rupture, dynamically maintaining the overall connection. Since CDH23 and PCDH15 
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both form strong cis-dimers in vitro and in vivo, facilitated by bonds along their 

ectodomains (De-la-Torre et al., 2018; Dionne et al., 2018; Ge et al., 2018; Jaiganesh et al., 

2018; Kachar et al., 2000; Kazmierczak et al., 2007), we hypothesized the tip link might 

increase its lifetime through rebinding if opposing PCDH15 and CDH23 EC1-2 domains 

are kept in sufficiently close spatial proximity, creating a high effective local 

concentration and a consequently fast binding rate.  

The tip-link connection may be described by a kinetic model (Figure 3.3B and 

Section 4.11) in which a transition from the double-bound (B2) to unbound (U) state 

requires an intermediate single-bound (B1) state. If opposing PCDH15 and CDH23 EC1-

2 domains are spatially constrained by cis-dimerization interfaces (Dionne et al., 2018), 

the effective concentration might be sufficiently high and concentration-dependent 

binding rate Ceff kon of an unbound pair might then be sufficiently fast relative to the single 

bond off-rate koff to allow the bond to transition back to the B2 state before moving to the 

U state where complete rupture occurs. The effective local concentration Ceff can be 

approximated by calculating the volume of a sphere with a radius equal to the length of 

an individual EC1-2 binding domain (~10 nm) (Sotomayor et al., 2012), yielding Ceff ~400 

µM (Methods). Although N-terminal cis-dimerization interfaces for CDH23 are not yet 

solved, a cis-dimerization interface is present at PCDH15 EC3 (Dionne et al., 2018), 

consistent with our estimate of sphere size. Using a single-bond kon of 6.2 ± 2.8 x 104 M-1
 s

-

1 
(Choudhary et al., 2017) and a zero-force single-bond koff0 of 0.5 s-1 (Figure 3.1G), we  
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Figure 3.3 | (A) Schematic of dimeric, full-ectodomain proteins, which were used for both biolayer 
interferometry and force-spectroscopy experiments, attached to the biolayer interferometry sensor surface. 
PCDH15 is shown in purple and CDH23 in blue.  An incident white light transmitted through the fiber-
optic sensor is differentially reflected from the glass sensor surface and from the bound protein layer (here 
CDH23); changes in the protein layer upon binding of a soluble protein (here PCDH15) produce the binding 
signal. Fc domains, SNAP tag and tandem His6 tag as in Figure 3.1B. (B) State diagram for tip-link avidity. 
B2 is the doubly bound state, B1 the singly bound, and U is unbound. koff is the single-bond off-rate. The 
rebinding rate B1àB2 depends on the intrinsic on-rate kon and the effective concentration Ceff, which is 
determined by the volume through which the unbound ends can move. (C) Sample biolayer interferometry 
traces for dimeric full-ectodomain PCDH15 and CDH23 fusion proteins. left, Association enables 
calculation of Ceffkon. right, Dissociation of dimer (fit in red) indicates a long lifetime relative to the expected 
lifetime in the absence of re-binding (calculated in blue). Here, 320 nM of both PCDH15 and EC1-2 
truncated PCDH15 were used for the association phase (Figure 3.2C). (D) Scatter plot of tip-link lifetimes 
measured with biolayer interferometry at 2 mM Ca2+ (Mean ± SD). 
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Figure 3.4 | (A) Size-exclusion chromatography of full-ectodomain, double stranded PCDH15 (blue trace) 
and the PCDH15 control proteins lacking the EC1-2 binding domains (red trace). Proteins were labeled 
through their SNAP tags with BG-Alexa 647 and the fluorescence detected with 650 nm excitation and 665 
nm emission. Control proteins have a lower apparent molecular weight than WT proteins and each protein 
forms a single peak. (B) The passivation efficacy of cloud-point PEGylated BLI sensors. Stock streptavidin 
BLI sensors (Forte Bio) in TBS-Tween+Ca2+ buffer (Methods) with or without 0.1% Tween-20 were 
compared for passivation efficiency against Cloud-Point PEG-Biotin sensors coated with streptavidin. Each 
sensor was dipped into 100 nM PCDH15 protein and the signal resulting from background bindings was 
measured for 75 seconds. (C) Biolayer interferometry signal subtraction strategy. Biosensors were coated 
with PEG-streptavidin and loaded with full-length double-stranded CDH23 (sensors 1&3). The drift-control 
biosensors were biocytin-quenched and not CDH23-loaded (sensors 2&4). The drift-subtracted truncated 
control signal (sensor 3 – sensor 4) was then subtracted from drift-subtracted full-length experimental signal 
(sensor 1 – sensor 2) 
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estimated the zero-force rebinding rate (B1àB2) to be ~25 ± 14 s
-1
, and the overall lifetime 

of the connection to be 22-63 seconds (Section 4.11), much longer than the measured 

single-bond lifetime of 1.9 ± 0.4 seconds.  

To test the hypothesis that re-binding results in a substantially increased lifetime 

at zero force, we used biolayer interferometry (Abdiche et al., 2008; Concepcion et al., 

2009) and fusion proteins containing the entire dimerized extracellular domains of 

PCDH15 and CDH23 to measure the zero-force kinetics of the double-bond tip link 

connection (Figures 3.3A, 3.3C-D and 3.4). We found the mean lifetime of the connection 

(1/koff) to be 63.3 ± 3.8 s (SEM, n = 18) (Figure 3.3D) and the effective on-rate to be 3.46 ± 

0.7 x 10
5
 M

-1 
s
-1
, in reasonable agreement with our estimates and with published single-

bond on-rates (Choudhary et al., 2017). These values provide an empirical means of 

determining the effective concentration Ceff in the B1 state, yielding Ceff = 650 ± 200 µM: 

three orders of magnitude more concentrated than the equilibrium KD of a single-bond 

interaction (Narui and Sotomayor, 2018; Sotomayor et al., 2012), consistent with our 

estimates, and sufficient for promoting rapid rebinding to the B2 state. Thus, at zero force 

the lifetime of the tip-link connection is substantially increased by rebinding, facilitated 

by cis-dimerization domains which keep binding domains in close proximity and the 

effective concentration high.  
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3.6 The Strength and Dynamics of the Tip-Link Connection 

under Force 

 

In the inner ear, the tip link is subject to a resting tension of ~10 pN, evidently 

applied through myosin motors attached intracellularly through scaffolding proteins to 

CDH23 (Bahloul et al., 2010; Grati and Kachar, 2011; Jaramillo and Hudspeth, 1993; 

Siemens et al., 2004), and may experience forces exceeding 100 pN from high intensity 

sound in bullfrog saccular hair cells (Hudspeth, 1992). To determine the dynamics of the 

tip-link connection under force, we used optical tweezers to measure the unbinding 

kinetics of the double-stranded tip link containing the entire ectodomains (Figures 3.3A, 

3.5A-C and Table 3.1) (Section 4), the same fusion proteins used to measure lifetime at 

zero force using biolayer interferometry (Figure 3.3). We found a large increase in 

strength (Figure 3.5A, black circles) relative to the single bond (magenta squares). From 

single-bond data (Figure 3.1F), we can independently predict the rupture force in the case 

of simple load-sharing between two bonds (Evans and Williams, 2002) (Figure 3.5A, “No 

Rebinding”, and Section 4.11). This line predicts dimer strength with perfect parallel force 

loading between the two strands with a unidirectional transition through the states 

B2àB1àU, the maximum strength achievable from two slip bonds without re-binding.  

Within the range of 0-25 pN, measured unbinding forces are significantly higher 

than predicted by perfect load sharing (Figures 3.5A and 3.6). Since the single bond 

retains slip-bond behavior within this domain of unbinding forces, we can exclude other  
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Figure 3.5 | (A) Unbinding force as a function of loading rate for full-length dimers. Enhanced strength due 
to binding avidity was observed, particularly at slow loading rates. Displayed are most-probable unbinding 
forces for double-bond full-length dimer proteins in 2 mM Ca2+ (black circles) and single-bond unbinding 
forces from Figure 3.1F (magenta squares). A best-fit kinetic model to both the single-bond and double-
bond interactions is shown as solid lines. A no-rebinding model is shown as the blue dashed line; a constant-
Ceff model is shown as the green dashed line. (B) Calculated mean lifetime from the model fits in (A). The 
tip link has a pronounced increase in lifetime relative to the single bond due to avidity. At low forces, this 
results from a combination of force-sharing and rebinding. At high force, rebinding rates decrease and load 
sharing dominates, resulting in half the sensitivity to force relative to a single bond. (C) Histograms of 
unbinding forces shown in (A). Unbinding forces at each loading rate were systematically binned using the 
Freedman–Diaconis rule to yield N total bins of width ∆F. Bin centers were systematically chosen to yield 
the most likely unbinding force with the maximum number of counts. A kernel smoothing function density 
estimate is overlaid on the binned unbinding force data.  
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Figure 3.6 | (A) Tip-link lifetimes calculated directly from unbinding force data are consistent with 
lifetimes calculated from fits by the models. A zoomed inset is shown with the y-axis on a linear scale to 
highlight the difference in calculated lifetimes over the rebinding domain for full-length dimers. right, 
Histograms of systematically binned unbinding forces for single-bond (magenta) and double-bond 
(black) overlaid with a kernel smooth density function.  To estimate the apparent off-rate koff as a function 
of force !!""(##), we used the following equation (Dudko et al., 2008; Evans et al., 2009): $

%!""('#)
=

	∆'*$ 	
∑ ,%&
%'#
,#

, where ## is the '-. bin center, (/ is the loading rate, )# is the number of counts in bin '.The 

estimated mean lifetime as a function of force $
%!""('#)

 for each bin is plotted on the calculated mean 

lifetime plot from Figure 3.5A. (B) Effective concentration of the unbound binding domains as a function 
of force calculated from the model fit. Ceff decreases with a Gaussian decay dependent on the compliance 
parameter fc. Ceff becomes less than the concentration of the equilibrium dissociation constant for a single 
bond (Choudhary et al., 2017; Narui and Sotomayor, 2018; Sotomayor et al., 2012) at ~25 pN. The 
extrapolated Ceff at zero force matches well with our biolayer interferometry measurements (red circle). 
(C) A schematic of the force-dependent concentration model (Methods). The local concentration depends 
on the elasticity of the tip link filaments. When one bond is broken, the separation between unbound 
domains is further increased as the force is transmitted through the bound strand. 
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explanations for increased rupture forces such as catch-bond properties (Thomas, 2008). 

Although we were unable to reliably make single-bond optical tweezer measurements at 

loading rates below 22.7 pN s
-1 
to more thoroughly exclude unique bond behavior within 

this loading rate domain that might explain the observed increase in dimer unbinding 

forces, independent calculation of lifetimes a low forces corresponding to these loading 

rates show a good fit to each model (Figure 3.5A). Consequently, our data is consistent 

with rebinding under moderate force loads. Although it is difficult to estimate the 

physiological range of forces on a tip link in mammalian auditory hair cells, 0-25 pN is 

the range of forces over which the tip link normally operates in bullfrog saccular hair cells 

(Cheung and Corey, 2006; Jaramillo and Hudspeth, 1993). 

A rebinding model, based on single-bond kinetics and a Ceff that was determined 

from biolayer interferometry and is assumed to be independent of force, successfully 

predicts higher unbinding forces, but it predicts forces even higher than observed (Figure 

3.5A, “Ceff = Constant”). Why? Recent studies using optical tweezers and molecular 

dynamics simulations suggest that tip link proteins are far more elastic than initially 

thought (Bartsch et al., 2019; Choudhary et al., 2019). Elasticity will allow unbound 

domains in the B1 state (Figure 3.3A) to separate as force increases, decreasing Ceff and 

reducing rebinding. A three-state kinetic model in which Ceff decreases with a Gaussian 

decay dependent on the compliance parameter fc (Methods) (Evans et al., 2009) fits the 

data well (Figure 3.5A, “Ceff = Ceff (F)”), yielding fc = 10.0 ± 1.8 pN and an effective 
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concentration at zero force of Ceff0 = 465 ± 100 µM (Figure 3.6C). This model predicts a 

zero-force mean lifetime of 62 ± 17 s, in excellent agreement with both our biolayer 

interferometry measurements and our estimates based on extrapolating the effect of 

avidity from single-bond measurements. The model also predicts that protein elasticity 

is an important factor is determining the dynamics of the tip-link connection within the 

physiological range of forces experienced by the mechanotransduction apparatus. 

Importantly, these measurements enable the prediction of mean tip-link 

connection lifetimes as a function of force (Figure 3.5B and 3.6A) for different force 

histories. At a constant resting tension of 10 pN (Jaramillo and Hudspeth, 1993), the 

double-bond interaction lasts an order of magnitude longer than a single-bond 

interaction. Yet at very high forces of 50-60 pN the predicted lifetime is much less than a 

second. The tip link has apparently evolved to use avidity to stabilize the connection at 

the normally low operating forces but releases exponentially quicker at higher forces. 

 

3.7 Cis-Dimerization Stabilizes Avidity at the Tip-Link 

Connection under Force 
 

Our model predicts that the mechanical properties of tip-link cadherins 

significantly affect avidity and rebinding. Cis-dimerization links dimers of PCDH15 and 

CDH23 laterally at several points along their extracellular domains (De-la-Torre et al., 

2018; Ge et al., 2018; Jaiganesh et al., 2018; Kachar et al., 2000; Kazmierczak et al., 2007), 
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and disruption of a cis-dimerization domain at PCDH15 EC3 results in disruption of 

mechanotransduction (Dionne et al., 2018). For full-length tip link proteins, unbinding of 

one strand will result in the redistribution of the entire force load to a single binding 

domain (Figure 3.3B, Figure 3.6C). This force will then be propagated from the binding 

domain down the length of the filament and distributed to cis-dimerization domains on 

the other filament, dispersing the force load. If the number of cis-dimerization domains 

is decreased, the force load will be distributed at fewer points, making it more likely that 

the filaments will shear relative to each other. Filament shearing is likely to result in an 

increased distance between the two unbound binding domains in the B1 state, 

consequently decreasing the rebinding rate Ceffkon under force loads and decreasing the 

lifetime of the connection overall. These shearing and force distribution phenomena are 

well described for DNA, actin, and other biopolymer filaments (Bathe et al., 2008; De 

Gennes, 2001; Hatch et al., 2008; Ward et al., 2015).  

To test this effect, we truncated PCDH15 and CDH23 to their first five N-terminal 

EC domains in an effort to disrupt full cis-dimerization and used single-molecule force 

spectroscopy to determine its strength (Figure 3.7A). At higher loading rates (> 20 pN/s), 

truncated EC1-5 dimers displayed an enhanced binding strength relative to the single-

bond interaction, very similar to the full dimer proteins. This indicates that truncation 

did not disrupt the attachment of both EC1-2 binding domains. However, at slower  
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loading rates the truncated EC1-5 dimer ruptured at lower forces than the full dimer, 

exhibiting a lifetime similar to that predicted by a no-rebinding model with perfect force 

 
Figure 3.7 | (A) Avidity under force is enhanced by cis dimerization. Dimeric tip-link proteins were 
truncated to just the first five EC domains, to remove cis-dimerization interfaces further from the N-termini. 
Rupture data (blue circles) were fit with the force-dependent avidity model, with fixed parameters koff = 0.5 
s-1 and fβ = 13.5 pN (EC1-5/1-5). At the rupture forces tested, the model fit was indistinguishable from a 
model in which there is no rebinding. (A’) Truncated proteins show an enhancement in lifetime primarily 
attributable to force sharing above 6 pN. (A’’) Ceff decreases rapidly with applied force. (B) Low [Ca2+] 
destabilizes the tip link both by accelerating the single-bond off-rate (10 µM Ca2+, koff = 2.6 ± 0.8 s-1) and 
by altering the mechanical properties of the protein complex (10 µM Ca2+, fc = 2.9 ± 1.1 pN). (B’) Lifetimes 
of the tip link in 30 µM Ca2+ at forces between 0 and 30 pN were indistinguishable from lifetimes at 2 mM 
Ca2+ but were severely decreased at 10 µM Ca2+. (B’’) Ceff decreases rapidly with applied force at 10 µM 
Ca2+ through increased protein elasticity. (C) Scatter plot of tip-link lifetimes measured from biolayer 
interferometry experiments at various concentrations of Ca2+ and of the truncated EC1-5/EC1-5 dimer in 2 
mM Ca2+ (Mean ± SD). Student’s two-tailed unpaired t test was used to determine statistical significance 
(* = p < 0.05, ** = p < 0.01, *** = p < 0.001). (D) Schematic of singly bound dimeric tip links with and 
without an increase in elasticity produced by low extracellular Ca2+, illustrating the consequence of 
increased protein elasticity on Ceff.  

2 m
M

50
 µM

30
 µM

10
 µM

Tru
nc
ate
d

0

25

50

75

100

Li
fe
tim
e 
(s
)

ns
**

ns

***

[Ca2+]

A B C

D
High Ca2+

Low Ca2+

A’

A’’

B’

B’’

2 mM Ca2+

30 µM Ca2+

10 µM Ca2+

Full Length

EC1-5/EC1-5

Single Bond

No Rebinding



 89 

sharing (Figure 3.7A, pink dashed line). A fit of our force-dependent concentration 

rebinding model to the data (Figure 3.7A, blue line) was not sufficiently distinguished 

from the no-rebinding model. Therefore, we conclude that although the truncated EC1-5 

dimer binds with both EC1-2 binding domains, rebinding does not occur at forces above 

6 pN (Table 3.1). Importantly, these data are an independent test that full-length dimers 

show rebinding under force: EC1-5 truncated dimers bind through two EC domains as 

evidenced by the increase in most probable unbinding force relative to the single bond 

and fit with the predicted no-rebinding model, but do not show the enhanced rupture 

forces seen in full-length dimers due to disruption of cis-dimerization domains. 

Due to the limitations of our optical tweezer instrument, we were not able to 

reliably make measurements at slower loading rates, and we are thus unable to measure 

rebinding behavior in this domain. However, we were able to assess rebinding at zero-

force by measuring the lifetime of the truncated EC1-5 tip-link connection using biolayer 

interferometry. We found the lifetime to be 27.1 ± 3.7 s (SEM, n = 11) (Figure 3.7C), 

approximately half as long as the full-length tip-link connection at zero force (63.3 ± 3.8 

s, Figure 3.3D), but still over an order of magnitude longer than a single bond (1.9 ± 0.4 s, 

Figure 2.1G). We determined the truncated EC1-5 tip-link connection has an effective 

concentration for rebinding Ceff of ~172 µM at zero force (Section 4.11), compared with 

~650 µM for the full-length tip-link connection measured with biolayer interferometry. 

At 6 pN, Ceff drops to essentially zero for the truncated EC1-5 dimer but is maintained at 
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~349 µM for the full-length tip-link connection (Figure 3.6B). Therefore, Ceff of the EC1-5 

truncated dimer drops extremely rapidly with even a small force application. These data 

highlight the importance of full cis-dimerization in enhancing the strength and lifetime 

of the tip-link connection relative to a single tip-link bond. 

 

3.8 Extracellular Ca2+ Alters Tip-Link Lifetime through Elastic 

Modulation 
 

Ca
2+ 
ions link the EC domains in each tip-link protein (Sotomayor et al., 2010, 2012), 

and act to maintain its structural integrity (Bartsch et al., 2019). Chelation of extracellular 

Ca
2+
 disrupts tip links in intact hair cells (Assad et al., 1991), and destabilizes the CDH23-

PCDH15 interaction (Sotomayor et al., 2012) (Figure 2.1G and 3.7C). Molecular dynamics 

simulations suggest that as the concentration of Ca
2+
 bathing the tip link decreases, the 

junctions between each EC domain become more flexible due to decreased occupancy of 

Ca
2+
 (Sotomayor et al., 2012), and the series elasticity of EC domains is increased 

(Choudhary et al., 2019). Experimentally, we showed that protein elasticity is important 

in determining the extent of avidity under force (Figure 3.5A and 3.7A). Therefore, 

increased compliance in low Ca
2+
 should cause unbound EC domains in the B1 state 

(Figure 3.3B) to separate more rapidly as force increases, decreasing Ceff and reducing 

rebinding. 
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In 30 µM Ca
2+
, the concentration found in bulk cochlear endolymph (Bosher and 

Warren, 1978; Salt et al., 1989), the lifetime of the tip-link connection at all forces was not 

significantly altered relative to 2 mM Ca
2+
 (Figure 3.7B), again demonstrating that the tip 

link is well equipped to convey mechanical stimuli at physiologic concentrations of Ca
2+
. 

Consistent with these results, tip-link lifetime at zero force was not significantly 

decreased in 50 or 30 µM Ca
2+
 when measured with biolayer interferometry (Figure 3.7C). 

However, at the sub-endolymphatic level of 10 µM Ca
2+
, the tip-link connection was 

severely weakened under force when measured with force spectroscopy (Figure 3.7B) 

and significantly destabilized when measured with biolayer interferometry (Figure 3.7C). 

Based on model fits to our force spectroscopy data, the single-bond off-rate at this calcium 

concentration is accelerated ~ 4-fold and the protein compliance is increased ~10-fold 

(Table 3.1), causing Ceff to decrease rapidly with force. Thus, depleted extracellular Ca
2+
 

modifies the lifetime of the tip-link connection through two distinct mechanisms. 

Such a striking difference in lifetime in 30 and 10 µM Ca
2+
 suggests that the kinetics 

of the tip-link connection can be altered by small fluctuations in the concentration of 

extracellular Ca
2+
. The Ca

2+
 pump PMCA2 maintains a high local concentration near the 

vertebrate hair bundle and is important for maintenance of the electrochemical gradient 

of Ca
2+ 
during mechanoelectric transduction (Beurg et al., 2010; Grati et al., 2006; Yamoah 

et al., 1998). Recent work has also shown that Ca
2+
 is sequestered near the tectorial 

membrane in the mammalian cochlea and is depleted during sound overstimulation 
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(Strimbu et al., 2019). In light of our results, we propose these cellular properties provide 

an opportunity for dynamic regulation of tip link resilience—and therefore the 

magnitude of mechanoelectric transduction—through extracellular [Ca
2+
].  

 

3.9 The Mechanical Phenotype of a Hereditary Deafness 

Mutation 

 

Hearing loss is one of the most common congenital disorders, and more than half 

of all cases are due to genetic causes (Korver et al., 2017). A broad spectrum of Usher 

syndrome mutations disrupt tip-link integrity in hair cells (Alagramam et al., 2011; 

Sakaguchi et al., 2009), including the human R113G mutation in PCDH15, which causes 

hearing loss without a vestibular or visual phenotype (Ahmed et al., 2008). The R113 

residue participates in the binding interface (Figure 3.8B), and the R113G mutation 

reduces bond affinity in vitro (Choudhary et al., 2017; Sotomayor et al., 2012). To 

determine how this mutation disrupts function, we used polarized Fc-domain 

dimerization to introduce this mutation either heterozygously (R113G
+/-
) or 

homozygously (R113G
+/+
) into full-ectodomain PCDH15 proteins (Section 4.3) and 

measured its strength with force spectroscopy. The heterozygous R113G
+/-
 tip-link bond 

(brown circles) is weaker than the wild-type, and the homozygous R113G
+/+
 bond (purple 

circles) is much weaker at all forces (Figure 3.8C-D). The exceptional reduction in strength  
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Figure 3.8 | (A) A kinetic state diagram representing a tip-link connection heterozygous for the R113G 
mutation in PCDH15 (PCDH15R113G +/-). The doubly bound complex (B2) can transition to a single-bound 
state containing a mutated PCDH15 (B1*) or to a single-bound state with the wild-type PCDH15 (B1), with 
rates that differ between mutant and wild type. (B) The location of the human deafness mutation R113G in 
the mouse PCDH15-CDH23 bond interface (PDB 4AXW). (C) Unbinding data from dimeric, full-
ectodomain proteins measured at 2 mM Ca2+, with one (brown) or both (purple) PCDH15 strands mutated, 
simultaneously fit with the four-state model.  (D) Calculated mean lifetimes of the wild-type and mutant 
tip-link connections. (E) Scatter plot of tip-link lifetimes measured from biolayer interferometry 
experiments with PCDH15R113G +/+ proteins (mean ± SD). Student’s two-tailed unpaired t test was used to 
determine statistical significance (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). (F) Mean CDH23-PCDH15 
single-bond lifetime as a function of force, calculated from single-bond kinetics of the PCDH15R113G – 
CDH23 bond, which were extracted from the best-fit model simultaneously fit to PCDH15R113G +/+ and 
PCDH15R113G +/- force spectroscopy data (Figure 3.8C). Relative to the wild type tip-link bond, the R113G 
mutation increases both the zero-force single bond off rate (from 0.5 to 1.4 s-1) and the force sensitivity of 
the bond (from 13.5 to 1.8 pN). At a resting tension of 10 pN, a single wild-type bond lasts approximately 
1 s, while a single PCDH15R113G-CDH23 bond lasts less than 10 ms. 
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by a single amino acid substitution is additional confirmation that our measurements are 

specific to the tip-link bond. 

To understand how this mutation disrupts function, we performed a simultaneous 

fit of R113G
+/-
 and R113G

+/+
 unbinding forces, using modified three- and four-state force-

dependent models (Figure 3.8A and Section 4.11). Most strikingly, the R113G mutation 

causes the single-bond off-rate to be ~8 times more sensitive to force (fβR113G = 1.8  0.3 pN) 

compared with the wild-type bond (fβWT
 = 13.5  2.0 pN), without altering the elasticity-

mediated force dependence of Ceff (Figure 3.8F and Table 3.1). As a consequence, the 

R113G
+/+
 PCDH15 dimer remains bound to the CDH23 dimer 39% as long as the wild type 

at zero force but lasts just 0.3% as long at a resting tension of 10 pN. These results are also 

consistent with our biolayer interferometry measurements, which indicate a significant 

reduction in zero-force lifetime (Figure 3.8E). Since cochlear hair cells experience 

considerably more force than vestibular hair cells or the calyceal processes of retinal 

photoreceptors (Sahly et al., 2012), PCDH15 R113G
+/+
 likely unbinds more rapidly in the 

cochlea, consistent with the more profound deafness phenotype in PCDH15 R113G
+/+
 

human patients compared with the balance or visual phenotype.  
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Table 3.1 | Kinetic fit parameters of force spectroscopy data (mean ± SD). Values in red are held constant 
in the fit. PCDH15R113G+/+ and +/- data were simultaneously fit.  

Condition Mean 
Lifetime (s)

Single-bond 
fβ (pN)

Single-bond 
koff (s-1)

Single-bond            
kon (M-1 s-1) x 104

Ceff (mM) fc (pN)
Number of 
Unbinding 
Events

EC1-5/3-5 Single Bond    
2 mM Ca2+ 1.9 ± 0.4 13.5 ± 2.0 0.5 ± 0.1 -- -- -- n = 411

EC1-5/3-5 Single Bond   
50 µM Ca2+

0.9 ± 0.1 16.8 ± 0.8 1.2 ± 0.1 -- -- -- n = 174

Full Length Dimer           
2 mM Ca2+ 62 ± 17 13.5 0.5 7.0 0.5 ± 0.1 10.0 ± 1.8 n = 247

EC1-5/1-5 Dimer            
2 mM Ca2+

91 ± 261 13.5 0.5 7.0 0.7 ± 2.0 0.7 ± 0.2 n = 159

Full Length Dimer          
30 µM Ca2+ 72 ± 24 11.4 ± 3 0.5 ± 0.1 7.0 0.6 ± 0.1 10 ± 4 n = 339

Full Length Dimer         
10 µM Ca2+ 6 ± 5 22.0 ± 15.7 2.6 ± 0.8 7.0 0.9 ± 0.7 2.9 ± 1.1 n = 344

Full Length Dimer 
PCDH15 R113G +/- 40 ± 17 1.8 ± 0.3 1.4 ± 0.6 10 ± 4 0.5 10.5 ± 3.0 n = 316

Full Length Dimer 
PCDH15 R113G +/+ 24 ± 10 1.8 ± 0.3 1.4 ± 0.6 10 ± 4 0.5 10.5 ± 3.0 n = 264
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Figure 3.9 | Histograms of rupture forces for all dimeric unbinding data at each tested loading rate. 
Unbinding forces at each loading rate were systematically binned using the Freedman–Diaconis rule to 
yield N total bins of width ∆F. Bin centers were systematically chosen to yield the most likely unbinding 
force with the maximum number of counts. A kernel smoothing function was used to estimate the unbinding 
probability density as a function of force; the result is overlaid on the binned unbinding force data in red 
(Bura et al., 2009; Cheng et al., 2011; Moffitt et al., 2009). 
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3.10 The Lifetime of the Tip-Link is Insensitive to a Broad 

Range of Physiological Stimuli 
 

Individual tip links are subjected to a resting tension, which maintains 

transduction channels in their optimally responsive state (Eatock et al., 1987; Holt et al., 

2002; Siemens et al., 2004). Estimates for the operating range of a single 

mechanotransduction complex, characterized as the range of forces that change channel 

open probability Popen from ~10% to ~90%, vary by three-fold or more depending on the 

organism, type of hair cell, and stimulus method (Beurg et al., 2008; Cheung and Corey, 

2006; Howard and Hudspeth, 1988; Jaramillo and Hudspeth, 1993; Martin et al., 2000; 

Tinevez et al., 2007; van Netten et al., 2003). However, sensitive experiments in bullfrog 

saccular hair cells suggest that channels open with a force of ~5 pN added to the resting 

tension (~10 pN), for an operating range of 10-15 pN (Cheung and Corey, 2006; Jaramillo 

and Hudspeth, 1993). These measurements are consistent with optical coherence 

tomography measurements, where stimulation with a moderately loud sound—

corresponding to 50-60 dB—moves the hair bundle by less than 10 nm (Chen et al., 2011). 

Our force spectroscopy experiments were performed with fixed loading rates and 

used to calculate mean lifetime as a function of static force (Figure 3.5). However, in vivo, 

auditory stimuli in vertebrate auditory organs oscillate hair bundles with a sinusoidal 

force waveform (Fettiplace, 2017) at speeds which are beyond the capability of our optical 

tweezer instrument. To understand the behavior of the tip-link connection in oscillating 
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hair bundles in relation to the force operating range of the transduction channel, we 

performed Monte Carlo simulations of tip-link lifetime using our empirically-determined 

kinetic parameters (Table 3.1) and an established quantitative model of hair bundle 

mechanics based on bullfrog saccular hair cells (Figure 3.10A-B and Section 4.13) (Assad 

and Corey, 1992). Remarkably, we find that within the normal operating range of the 

transduction complex (~0-20 pN; corresponding to peak stereocilia displacements up to 

~130 nm), the mean lifetime of the connection is essentially insensitive to changes in 

stimulus frequency (~20 Hz – 10 kHz; Figure 3.10D). Although peak forces should 

increase the unbinding rate, there is more efficient re-binding from state B1àB2 during 

the slack half-cycle of the sine wave (Figure 3.10C).  As the relative time spent at high-

force and low-force portions of a cycle is independent of frequency, lifetime is expected 

to be independent as well, provided the probability of rupture in an individual cycle is 

small.  At very large stimulus magnitudes, corresponding to damaging noise stimuli (Ren 

et al., 2016), the lifetime is significantly reduced.  

The forces acting on an individual tip link are also modified by the “slow-

adaptation” myosin motors that adjust resting tension in tens of milliseconds (Assad and 

Corey, 1992; Howard and Hudspeth, 1988; Kros et al., 2002). The extent of adaptation 

varies in different types of organs across species, but most measurements indicate a 

resting tension of 10 pN. To this end, we incorporated a motor component to our model, 

where the motor climbing rate is 1.6 µm s
-1
 and the motor slip rate is 0.01 s

-1
, yielding a  
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Figure 3.10 | (A)  A schematic of the modified mechanical model (Assad and Corey, 1992) (Methods) used 
to calculate mean tip-link lifetimes. ks is the pivot stiffness of the stereocilia bundle, kg is the gating spring 
stiffness, kp is the probe stiffness, xp is the probe deflection magnitude, and Ft is the force on the tip link. xp 
is hair bundle deflection magnitude is multiplied by g = 0.12 (Cheung and Corey, 2006; Howard and 
Hudspeth, 1988). (B) Force on an individual tip link Ft as a function of time, at a 3 Hz stimulus frequency 
with and without “slow” adaptation (xp = 18 nm). (C) A single Monte Carlo simulation trajectory of tip-
link lifetime performed using force-dependent off-rates and concentration-dependent on-rates obtained 
from force spectroscopy of full-length dimers (Figure 3.5), incorporating the effect of adaptation. 
Unbinding and rebinding events are marked with squares. (D) Mean tip-link lifetimes, based on thousands 
of simulations at frequencies between 1-10,000 Hz and at hair bundle deflection magnitudes of 0-1000 nm 
(error bars = SEM, n = 5,000). Without adaptation, tip-link lifetime is insensitive to both frequency and 
amplitude within the physiological range of hearing in humans (~20-10,000 Hz) for hair bundle deflections 
up to 133 nm, corresponding to a peak force of ~9 pN above resting tension on the tip link. (E) Mean tip-
link lifetimes, with motor-based adaptation. Adaptation increases mean tip-link lifetime by reducing the 
force amplitude of each oscillation via slippage of the adaptation motors. 
  

B

D

C

E

A



 100 

resting tension of 10 pN (Section 4.13). At low frequencies (when the period is longer than 

the adaptation time constant; here below ~10 Hz), adaptation acts to reduce the stimulus 

amplitude by reducing tension on the tip link within one stimulus cycle, preventing a 

high static load and largely negating the effect of a prolonged high tension stimulus 

(Figure 3.10E). This effect is likely most important in vestibular hair cells, which 

experience relatively slow, static deflections (Fettiplace and Ricci, 2003). At higher 

frequencies, adaptation reduces resting tension because the slipping rate is faster than the 

climbing rate, so an oscillatory stimulus causes net relaxation (Eatock et al., 1987). With 

adaptation, even at a peak stimulus deflection of 1000 nm (peak force 72 pN above rest) 

the lifetime only dropped to 60% of that at resting tension (Figure 3.10E). Overall, these 

surprising results indicate that multiple effects act to maintain an essentially constant 

lifetime of the connection at physiologically relevant frequencies and stimulus 

amplitudes yet facilitate rupture of the connection when it is presented with stimulus 

magnitudes associated with damaging sound levels.  
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4.2 Cell Lines 
 

 The Expi293F cell line was obtained from Thermo Fisher Scientific. This cell line 

was derived from the Human Embryonic Kidney (HEK) 293 cell line, originally obtained 

from female fetal kidney tissue. Expi293F cells were adapted to Expi293 media 

supplemented with 50 IU/mL Penicillin and 50 µg/mL streptomycin. Cells were 

maintained using standard subculture conditions at 37°C and 8% CO2. 

 

4.3 Protein Production and Purification 
 

Using antibody Fc heterodimers (Gunasekaran et al., 2010; Zhao et al., 2016), we 

engineered dimeric mouse PCDH15 and CDH23 proteins containing their first five EC 

domains, and we restricted binding to a single PCDH15-CDH23 bond by removing EC1-

2 from one protein of each parallel dimer (Figure 3.1B). This design was essential: 

monomeric EC1-2 and EC1-5 fusion proteins without the paired EC3-5 were unstable and 

bound non-specifically (Sotomayor et al., 2012). For single-bond tip link proteins with 

one EC1-2 binding domain, the coding regions of EC1-5 for mouse Pcdh15 and Cdh23 

were amplified by PCR from full-length cDNA clones. This corresponds to base pairs 422-

2269 from Pcdh15 RefSeq cDNA NM_023115 and base pairs 408-2066 from Cdh23 RefSeq 

cDNA NM_023370. Fusion proteins containing only the EC1-2 binding domains for each 

protein were unstable and bound non-specifically, and the addition of EC3-5 was 
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necessary to stabilize these proteins, as determined from both biolayer interferometry 

and force spectroscopy. The EC3-5 domains were created by deleting amino acids 28-262 

for PCDH15 and 25-228 for CDH23 using site-directed mutagenesis (New England 

Biolabs). This strategy preserved the native signal peptide sequence. The EC1-5/EC3-5 

dimer architecture was necessary to eliminate background binding of monomers when 

EC3-5 was exposed. Cleavage of the signal peptide was confirmed by transfecting and 

expressing individual plasmids and ensuring they were secreted from transfected 

Expi293 cells (ThermoFisher) and by glycosylation-corrected molecular weight 

determination using SEC-MALS (Wyatt Technology). 

The coding sequences of antibody Fc heterodimerization domains were amplified 

from the pFUSE-hIgG1-Fc1 plasmid (Invivogen) containing two charged mutations on 

each opposing domain (Gunasekaran et al., 2010; Zhao et al., 2016). The SNAPtag 

sequence was amplified from the pSNAPf vector (NEB). Each of these fragments were 

cloned into a pFUSE vector (Invivogen) using NEBuilder® HiFi DNA Assembly Master 

Mix (NEB) along with a tandem 6x polyhistidine tag separated by a GSG linker.  

For tip link fusion proteins containing two EC1-5 dimeric binding domains, the 

same assembly principle was applied as described above. For full-length dimeric tip link 

fusion proteins, the coding sequences for the entire extracellular domain up to the last 

hydrophilic amino acid before the transmembrane domain for PCDH15 and CDH23 were 

used. The PCDH15 R113G mutation was introduced using site-directed mutagenesis 



 112 

(NEB). All plasmids encoding these proteins were screened for sequence fidelity by 

Sanger sequencing (GENEWIZ).  

Plasmids encoding each half of the final dimerized proteins were co-transfected 

into HEK Expi293 suspension culture cells in Expi293 medium at a ratio of 4:1 PEI:DNA 

(w/w), diluted in OptiMem (Invitrogen). A typical transfection used 15 µg of each 

plasmid with 120 µg PEI in 30 mL of cells at a confluency of 4 x 10
5
 cells/mL. Cells were 

grown in 8% CO2, shaking at 125 RPM. Transfected cells were grown at 37°C for 16-20 

hours, then 7 mL Expi293 medium containing 2 mM sodium butyrate and 0.5x 

penicillin/streptomycin was added, and the cells moved to a 30 C incubator. Cell 

supernatant was harvested 72-96 hours post-transfection. Cells were removed by 

centrifugation at 7,000 x g for 15 minutes, and the remaining supernatant was 0.22 µm 

filtered and stored at 4 C until purification.  

Proteins were purified using Ni-NTA or TALON metal affinity purification. First, 

the supernatant was dialyzed against tris-buffered saline (TBS) containing 2 mM Ca
2+
 (20 

mM Tris, 125 mM NaCl, 2 mM CaCl2, pH 7.4) overnight at 4 C in 3.5 kDa MWCO dialysis 

tubing (Repligen). 1-1.5 mL of Ni
2+
 Sepharose Excel (GE Life Sciences) or TALON resin 

(Takara) per 30 mL of supernatant was sedimented in a 10 mL purification column, and 

then washed with 3 resin bed volumes of PBS followed by 0.5 bed volumes of TBS+Ca
2+
 

buffer. The filtered supernatant was next passed through the column by gravity at a rate 

of ~1-2 mL/min. For Ni-NTA purification, the column was then washed with 3 column 
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volumes TBS-Tween+Ca
2+
 buffer with 15-30 mM imidazole. For TALON purification, the 

resin was resuspended and washed with 15 column volumes TBS+Ca
2+
 in batch mode 3 

times. In each case, the protein was eluted by resuspending the Ni
2+
 Sepharose with 3 mL 

TBS+Ca
2+
 buffer with 200 mM imidazole and incubating in a tube on a rotator for 1 hour 

at 4C. This mixture was then filtered through a 0.2 µM filter and concentrated on a 10 

kDa (for EC1-5/EC3-5 proteins) or a 100 kDa (for full length proteins) MWCO column 

(Vivaspin, GE Healthcare). The protein was buffer exchanged 2-3x using either 7 kDa 

MWCO Zeba Columns for EC1-5/EC3-5 proteins or 40 kDa MWCO Zeba Columns for 

full length proteins (ThermoFisher). 

Proteins were purified by size exclusion chromatography on a Superose 6 Increase 

10/300 column (GE Healthcare). Purity and molecular weight were confirmed by staining 

with a SNAP-tag-reactive benzylguanine-Alexa 647 dye (NEB) and running the proteins 

on a 4-20% NuPAGE Tris-Glycine gel. The gels were stained with Krypton protein stain 

(ThermoFisher) and imaged using a laser gel scanner (GE Typhoon) at 532 nm and 635 

nm excitation. 

 

4.4 DNA tethers 
 

Circular ssDNA from the M13 bacteriophage (New England Biolabs) was 

linearized at a single site using the restriction enzyme BtscI (New England Biolabs) and 
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a site-specific oligonucleotide (Koussa et al., 2015). A forward primer containing dual 5’ 

biotins (Integrated DNA Technologies) was purchased and a reverse 5’ benzylguanine 

primer was synthesized from a primer with a 5’ primary amine on a 12-carbon linker 

(IDT). Synthesis was accomplished with excess BG-GLA-NHS (NEB) in PBS pH 7.4 for 1 

hr at room temperature and buffer exchanged on a Zeba 7k MWCO desalting column. 

The forward and reverse primers were used to amplify a 2385 base pair DNA fragment 

from the linearized M13 template using Q5 DNA Polymerase 2x HotStart Master Mix 

(NEB). The amplified DNA tether was purified using Ampure XP beads at a ratio of 0.7:1 

suspended beads to PCR mix and eluted in TBS+Ca
2+
 buffer. The DNA tether was stored 

at -20 C in aliquots until use. 

 

4.5 DNA-Protein Complexes 
 

Purified SNAP-tagged tip-link fusion proteins (>1 µM) were reacted with >500 nM 

purified DNA tethers at room temperature for 1.5 hr. Coupling efficiency was assessed 

by running the DNA-protein complexes on an agarose gel and staining for DNA (Figure 

3.2D). The DNA-protein complex was desalted on Zeba Spin Desalting Columns 

(ThermoFisher) to remove excess imidazole (if present) and was then purified by Ni-NTA 

purification using Ni-Sepharose High Performance resin (GE Healthcare) to remove free 

DNA tethers. The DNA-protein complex was purified as for protein purification, but the 
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washing steps were carried out in the absence of imidazole and was performed entirely 

in batch mode. The resulting complex was concentrated to 20 µL on a 10-30 kDa MWCO 

column (VivaSpin, GE Healthcare) and buffer exchanged using Zeba Spin Desalting 

Columns (ThermoFisher). 

 

4.6 Bead Passivation and Functionalization 
 

Glass beads (silica microspheres of 3 µm diameter, 200 µL of 1% w/v; Bangs 

Laboratories) were cleaned and hydroxylated by first washing them in a glass tube in 

MilliQ water, then cleaning with 1% Hellmanex III detergent (Hellma Analytics) by 

boiling. Beads were then sonicated in the detergent for 5 minutes, then washed and 

sonicated consecutively with acetone, 1 M KOH, and MilliQ water, and were then rinsed 

in anhydrous methanol.  

The cleaned beads were aminosilanized by resuspending them in methanol and 

20% v/v glacial acetic acid, then adding 1% v/v APTES (Sigma) in a glass tube and mixed 

by swirling. The solution was then covered with argon gas and rotated end-over-end for 

10 min at room temperature. The beads were then rinsed repeatedly with methanol and 

MilliQ water to remove free aminosilane.  

The beads were passivated with polyethylene glycol (PEG) using a variant type of 

“cloud point” PEGylation (Al-Ani et al., 2017) (Figure 3.2A-B). 10 mg of mPEG-5k-NHS 
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and 10 mg of Biotin-PEG-5k-NHS were dissolved in 86.2 µL of 0.5 M Na2SO4 in separate 

tubes. These reagents were mixed in varying ratios between 1:1 and 1:640 to a final 

volume of 86.2 µL, giving a cloudy solution. The varying ratios resulted in different 

surface biotin densities, used later to tune the density of DNA-protein tether on the 

surface of the beads. 13 µL of 1-M NaHCO3 was added to the mixed PEG solution until 

the solution just became clear. The cleaned beads were pelleted using centrifugation, the 

supernatant removed, the PEGylation solution added to the beads, and the beads mixed 

into the solution by carefully pipetting without forming bubbles. The beads were then 

mixed on an end-over-end rotator with the top end of the tube at a 90
o
 angle from the axis 

of rotation for 2 hr. The beads were then washed with TBS+Ca
2+
 buffer with 0.02% Tween-

20 via successive centrifugation, bubbled with argon and stored at 4
 
C.  

The surfaces of the beads were functionalized with streptavidin to enable binding 

of biotinylated DNA tethers. 1 µL of PEGylated beads containing surface biotin were 

diluted 1:50 with TBS+Ca
2+
 buffer + 0.02% Tween-20 + 0.1 mg/mL Roche Blocking Reagent 

(TBS-TB+Ca
2+
 buffer), and then 50 µM streptavidin was added and allowed to coat the 

surface for 10 min at room temperature while rotating. One batch of beads was coated 

with NHS-Alexa 594 labeled streptavidin to enable identification under the microscope 

via fluorescence and to distinguish PCDH15-linked beads from CDH23-linked beads. To 

remove free streptavidin, the beads were then washed five times by consecutive pelleting 

at 300 x g for 1 min and washing with 200 µL TBS-TB+Ca
2+
 buffer. 
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The beads were coated with the DNA-protein tethers by resuspending pelleted 

beads with 3-5 µL of the concentrated, His-purified, DNA-protein complex. The beads 

were rotated for 1 hr at room temperature and then washed three times with 200 µL TBS-

TB+Ca
2+
 buffer and resuspended in 10 µL of TBS-TB+Ca

2+
 buffer buffer. The coated beads 

were rotated at 4 C until use. 

For full-length tip link fusion proteins under some conditions (10 µM Ca
2+
, R113G 

mutations), it was necessary to perform experiments without the DNA tether in order 

increase the rate of data collection. For these experiments, fusion proteins were directly 

biotinylated with BG-Biotin (NEB), buffer exchanged with a Zeba Desalting Column 

(ThermoFisher) three times, and directly coated onto streptavidin coated beads. 

Individual tethers were verified using a WLC fit to the force-extension traces (Bouchiat 

et al., 1999) and tether frequency was kept below 1:10 tethers:attempts.  

 

4.7 Recording Chamber Preparation 
 

Plain 75x25 mm glass microscope slides (VWR) and 22x22 mm glass coverslips 

(Gold Seal, ThermoFisher) were cleaned by boiling in 1% Hellmanex III (Hellma 

Analytics) in MilliQ water. The glass was then sonicated for 30 minutes at 37°C. After 

washing thoroughly in MilliQ water, the slides were dried and stored at room 

temperature in a sealed and dessicated container.  
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A recording chamber was prepared by laying thin strips of Kapton Tape (DuPont) 

onto a pre-cleaned microscope slide, then placing and sealing the glass coverslip on top 

by applying pressure along the tape lines. This created several channels with a height of 

~1 mm. Each channel was flushed with 5 mg/mL Roche Blocking reagent dissolved in 

PBS and allowed to sit in a humidified chamber for 10-30 minutes at room temperature 

in order to block the glass surfaces and prevent bead sticking. The channel was then 

flushed with 10-20 chamber volumes of TBS-TB+Ca
2+
 buffer. Each chamber was used 

immediately after blocking and washing. 

1 µL each of the coated beads containing either PCDH15 or CDH23 protein-DNA 

tethers was diluted 1:100 in TBS-TB+Ca
2+
 buffer and injected into the recording chamber. 

The chamber was then hermetically sealed with vacuum grease and locked onto the 

microscope stage of the instrument. For each condition, measurements were taken from 

experimental and sample replicates.  

 

4.8 Instrument Description 
 

The optical tweezers system used in these experiments is functionally similar to 

the one previously described (Halvorsen et al., 2011), with several important differences. 

First, the micropipette was replaced with a second optical trap. This was achieved by 

using a polarizing beam splitter to split the 1064 nm laser beam into two polarized 
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components. One beam remained stationary as in the previous setup, and the second 

beam was driven by a piezo mirror with fine control (Mad City Labs, Madison WI), 

steered in the back focal plane of the objective.  

The coverslip containing the recording chambers was mounted on an M-686 XY 

Stage with Piezoceramic Linear Motors (Physik Instrumente) which was directly attached 

to the microscope. 

 

4.9 Single-Molecule Force Experiments 
 

Experiments in 2 mM Ca
2+
 were performed at room temperature in TBS-TB+Ca

2+
 

buffer. For experiments in Ca
2+
 concentrations below 2 mM, TBS-TB+Ca

2+
 buffer was 

made without Ca
2+
 or Tween-20 (20mM Tris, 125mM NaCl, pH 7.40) using an established 

method (Sotomayor et al., 2010). Residual Ca
2+ 
from this solution was removed by passing 

100 mL of TBS buffer over 5 g of pH-neutralized Chelex 100 resin (BioRad) in a column 

three times at a flow rate of ~3 mL/min, which yields a solution containing <0.2 µM Ca
2+
 

(Sotomayor et al., 2010). Ca
2+ 
was added back to the Ca

2+
-free TBS buffer to the desired 

concentration from a stock standard of 1 M CaCl2 solution (Sigma).  

Beads were identified on the optical tweezer microscope by Alexa 594 

fluorescence, and picked up in each of the trapping beams. Custom software (LabVIEW) 

was used to control data acquisition and piezo motion. Bead positions were determined 
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in real time at 1400 frames per second with sub-pixel fitting of a polynomial to the dark 

edges of the beads. The stiffness of each trap was calibrated at 50 mW of laser power 

using a blur-corrected power spectrum fit (Wong and Halvorsen, 2006). Experiments 

were performed at 950 mW of laser power, which corresponded to a trap stiffness of ~0.1 

pN/nm.  

Experiments were performed by bringing the piezo-mirror-driven bead close to 

the stationary trapped bead for 0.05 – 5 seconds and then retracting at a constant velocity. 

Formation of an individual tether was cursorily checked by tether length and by 

displacement of the stationary bead from the center of the trapping beam (Figure 3.2F). 

When the software detected a single tether, the bead was brought back to the original 

bead, just close enough that the tether was slack but that there was no chance of forming 

a second tether. The tether was then quickly pulled out at a constant velocity until the 

tether ruptured completely. Bead retraction was performed at force loading rates 

between 0.39 and 377.8 pN s
-1
.  

 

4.10 Data Analysis 
 

Tethering and unbinding events were analyzed individually using custom 

software (MATLAB). For each set of beads, the average diameter of the two beads was 

calculated using the polynomial fits to the edges of the beads obtained from the imaging 
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camera. For bead-diameter determination, each set of beads was held stationary in the 

optical traps for 1400 frames and the diameter of each bead in pixels was determined 

using the averaged distances from polynomial fits. Pixel distances were converted to nm 

using a conversion factor of 30.3162 nm/pixel at the defined magnification and verified 

using a reticule. Extension was measured as the edge-to-edge distance between the two 

beads in each frame. Individual unbinding traces were fitted with a worm-like chain 

model to obtain unbinding force, contour length, and persistence length. The 

distributions of contour lengths and persistence were verified (Figure 3.2G) to ensure 

only single-molecule bonds were analyzed. Force loading rates were calculated from the 

linear force regime of each unbinding trace, and the average loading rate at each force 

was calculated (Figure 3.2H). 

Unbinding forces from at least three experimental replicates were averaged 

together for each loading rate tested to account for preparation variability (see Table S1 

for rupture data statistics). The most-probable unbinding force is the force where the 

unbinding probability density is at a maximum. For each set of unbinding forces at a 

given loading rate we used a kernel smoothing function (ksdensity in MATLAB with 

default options) to estimate the unbinding probability density as a function of force (Bura 

et al., 2009; Cheng et al., 2011; Moffitt et al., 2009). The error estimate for each most 

probable unbinding force was taken to be the kernel bandwidth which was systematically 
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chosen based on the spread of the unbinding force data and the number of rupture forces 

measured. 

Single-bond unbinding data was analyzed using an Evans-Ritchie model for the 

dynamic strength of molecular adhesion bonds (Evans and Ritchie, 1997). Double-bond 

unbinding data was fit with a multi-state avidity force-dependent avidity model in 

MATLAB.  

 

4.11 A Model for Force-Dependent Avidity 
 

Conforming to the overall structure of the tip-link connection, we modeled the 

system as two bonds loaded in parallel. In this condition, the force applied to the tip 

link is distributed equally between the two component bonds. If one bond breaks, the 

remaining bond assumes the entire force load unless and until the other bond rebinds. 

We therefore described the two-bond interaction using the following differential 

equations: 

./&
.0

= 1'$$-#(/) − 2-&/& 

./)
.0

= −31'$$-#( + -)5/) + 2-&/& 

where /& represents the fraction of tip links in the double-bound state, and /) 

represents the fraction of tip links in the single-bound state. -#( is the solution on-rate 
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of a single PCDH15 - CDH23 bond.	1'$$ is the effective concentration of the unbound 

EC1-2 interface domains. -& is the force-dependent off-rate of the PCDH15 - CDH23 

bond when there are two bonds splitting the force load (B2àB1): 

-& = -#$$
% ∙ 8

*
&$! 

where -#$$
%
 is the solution off-rate of a single PCDH15 - CDH23 bond, 9 is the applied 

force, and :+ is the force which accelerates the off-rate by e-fold.  

-) is the force dependent off-rate of the PCDH15 - CDH23 bond when there is one bond 

bearing the entire force (B1àU): 

-) = -#$$
% ∙ 8

*
$! 

In the case where F=0, these equations can be solved analytically. From this we calculate 

the mean lifetime ; to be: 

; =
1'$$-#( + 3-#$$

2-#$$
&  

In these experiments, the force changes linearly in time with a loading rate =,: 

9 = =,0 

We assume the effective concentration can change as force is applied due to the 

extensibility of the filaments. Each filament can be thought of as a series of springs each 
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with a spring constant >. If one strand breaks, the free ends separate and tension on the 

bound strand is doubled, leading to a lower effective concentration Ceff. 

1'$$(9) = 1'$$
% ∙ 8

-.*$"/
#

 

1'$$
%
 is the local effective concentration at zero force; the reduction in Ceff with force is 

characterized by a force :0 = A>-1B (Evans et al., 2009). 

The most probable unbinding force of the dimeric interaction is calculated by 

finding the most probable unbinding time and multiplying it by the loading rate. The 

most probable unbinding time is calculated by finding the maximum of the unbinding 

probability density function: 

−C
./&
.0

+
./)
.0

D = -)/) 

The heterogeneous system is described by the following reaction equations: 

./&
.0

= 1&-#([)]/)& + 1)-#([&]/)) − 2(-&) + -&&)/& 

./)&
.0

= −31&-#([)] + -)&5/)& + -&)/& 

./))
.0

= −31)-#([&] + -))5/)) + -&&/& 

where /& represents the fraction of tip links with two bonds. /)4 represents the fraction 

of tip links with one bond where the index j indicates which bond type. -#([4] is the 
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solution on-rate of a single PCDH15 - CDH23 bond.	-54 is the force dependent off-rates 

of the PCDH15 - CDH23 bond, where the index E denotes the number of bonds and F 

denotes the bond type: 

-54 = -#$$[4]8
*
5$! 

-#$$[4] is the solution dependent off rate for the F67 bond type. 14 is the force dependent 

concentration for the F67 bond type. 

14 = 1#8
-8 *
$"[%]9

#

 

Here we assume that the effective concentration for the F67 bond type decays as force is 

applied with a characteristic for :0[4]. 

The most probable unbinding time of the dimeric heterogeneous interaction is 

calculated by finding the maximum of the unbinding probability density function: 

−C
./&
.0

+
./)&
.0

+
./))
.0

D = -))/)) + -)&/)& 

The most probable unbinding time is multiplied by the loading rate to yield the most 

probable unbinding force. 

Each model was fit to the data using fminsearch in MATLAB to find the 

minimum of the G&. 
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G& =H
395

':; − 95
<#='>5

&

.95
&

?

5@)
 

where 95
':;

 is the E67 experimental most probable unbinding force and 95
<#='>

is the most 

probable unbinding force predicted by the model. .95
&
 is the estimated square error for 

the E67 unbinding force. To estimate the error for each fit parameter obtained, we 

calculated the local curvature of the G& as a function of that fit parameter. The variance 

(I:5)& of the fit parameter	J5 is estimated by: 

(I:5)& = 2CAB
#

A:'#
D
-)
. 

 

4.12 Biolayer Interferometry 
 

Proteins were produced and purified in the same manner as for force spectroscopy 

experiments. Protein molarity was verified using two complementary methods: UV 

absorbance at 280 nm in solution, and fluorescence intensity in a SDS-PAGE gel stained 

with the quantitative Krypton (ThermoFisher) protein stain relative to a BSA standard 

(ThermoFisher). To create passivated two-dimensional streptavidin-coated biosensors, 

we used Aminopropylsilane Dip and Read Biosensors (ForteBio), which contain a two-

dimensional surface of primary amine groups. Dry sensors were first hydrated in a 

variant cloud-point buffer (100 mM HEPES, 0.6M K2SO4, pH 7.75) in the sensor tray for 

at least 5 min. All experiments were performed in a 384-well tilted-bottom microplate 
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(Pall ForteBio). Amine-reactive NHS-PEG12-Biotin (ThermoFisher) was dissolved to 4 

mM in cloud-point buffer and distilled water was added in ~5 µL drops until the buffer 

just became clarified. Sensors were immediately coated in NHS-PEG12-Biotin solution for 

2300 seconds on an Octet Red384 instrument (ForteBio) in real time to assess sensor 

coating efficiency. Sensors whose signals did not group together during the coating were 

discarded. Sensors were then repeatedly and sequentially washed in cloud-point buffer 

and ultrapure water, then equilibrated in TBS-Tween+Ca
2+
 buffer. Biotinylated sensors 

were then coated for 200 seconds with 5 µM streptavidin (ProZyme), and washed twice 

in TBS-Tween+Ca
2+
 buffer. Drift sensors were quenched with 10 µM biocytin (Sigma 

Aldrich).  

In each experiment, CDH23 was biotinylated using a custom-synthesized 

benzylguanine-PEG15-biotin linker, excess linker was removed using a desalting column 

or polyhistidine purification, and the proteins were buffer exchanged into TBS-

Tween+Ca
2+
 buffer. CDH23 was immobilized to a binding signal of 0.175 - 0.25 nm above 

baseline in TBS-Tween+Ca
2+
 buffer and washed in at least four separate wells of TBS-

Tween+Ca
2+
 buffer before association with PCDH15. Biocytin-quenched drift sensors 

were dipped into the same concentration of CDH23 for the same length of time as the 

experimental sensors, in parallel. To assess kinetics, the CDH23+ and CDH23- sensors 

were dipped into a baseline solution of TBS-Tween+Ca
2+
 buffer, then dipped into a 

solution of 10-300 nM PCDH15 or PCDH15 lacking EC1-2 in TBS-Tween+Ca
2+
 buffer to 
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measure association, and finally into the same baseline solution to measure dissociation. 

PCDH15 and PCDH15 lacking EC1-2 proteins were kept equimolar during each 

experiment. Experiments were performed using both biological and experimental 

replicates. Solutions for low Ca
2+
 experiments were prepared as described for single 

molecule experiments.  

 PCDH15 proteins lacking EC1-2 were produced by deleting the EC1-2 coding 

region from DNA plasmids encoding the full-length extracellular fusion proteins using 

the same genetic deletion strategy employed for the EC1-5/EC3-5 dimers used for force 

spectroscopy. The change in apparent molecular weight was confirmed on an SDS-PAGE 

gel and via size-exclusion chromatography (Figure 3.4A). 

Each experimental kinetic trace was first analyzed using the ForteBio Octet Data 

Analysis Software 10.0 (Pall ForteBio). Each sensor trace from the biocytin-quenched drift 

sensor was subtracted from the corresponding experimental sensor, and the subtracted 

traces were processed using Savitzky-Golay filtering. The drift-corrected sensor trace 

from the control PCDH15 lacking EC1-2 was then subtracted from the drift-corrected 

PCDH15 experimental sensor trace. The final subtracted traces were exported into Prism 

8.1 software (GraphPad) and each dissociation phase were fitted with using single-

exponential kinetic equations. On-rates were measured at 300 nM PCDH15. Data was 

collected several times in experimental replicates (WT 2 mM Ca
2+
 n=18, 50 µM Ca

2+
 n=9, 

30 µM Ca
2+
 n=6, 10 µM Ca

2+
 n=9, PCDH15 R113G

+/+ 
2 mM Ca

2+
 n=5).  
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4.13 Monte Carlo Simulations of Tip Link Lifetime 
 

We used an established quantitative model of hair bundle mechanics (Assad and 

Corey, 1992) to calculate the force on a single tip link in response to an oscillatory bundle 

deflection, at frequencies from 1 Hz to 10 kHz. We modeled a hair bundle with a gating 

spring stiffness of 0.6 mN m
-1
 and a geometry factor of g = 0.12 (Figure 3.10A-B); thus 

positive deflection by 133 nm would increase tip-link tension by 9 pN, enough to open 

essentially all channels if the gating swing is 4 nm (Cheung and Corey, 2006; Howard 

and Hudspeth, 1988). We assumed resting tension of 10 pN (Jaramillo and Hudspeth, 

1993). In this model, the gating spring does not exert compressive force, so a waveform 

with high amplitude cannot produce negative tension. For each dt of the simulation (1-10 

µs depending on conditions), we calculated the tip-link tension, the force-dependent off-

rates, the force-dependent Ceff and the rebinding rate, and then the probability that the tip 

link remained bound. Each simulation was run until both strands unbound, typically 5-

10 s. To obtain a histogram of lifetimes, we ran the Monte Carlo simulation 5000 times for 

each condition, with phase-randomized sinusoidal stimuli (Figure 3.10D-E). 

To model “slow adaptation”, we used a motor climbing rate of 1.6 µm s
-1
 and a 

motor slip rate of 0.01 s
-1
, yielding a resting tension of 10 pN. When calculating the effect 

of adaptation, we calculated the slipping and climbing of the adaptation motor in each dt 

and how that affected tip-link tension. 
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4.14 Quantification and Statistical Analysis 
 

 All kinetic measurements using biolayer interferometery were measured at least 

five times in each experimental condition (n = 5-18). Experimental replicates were 

performed at least three times.  We used ForteBio Octet Data Analysis Software 10.0 (Pall 

ForteBio) and Prism 8.1 software (GraphPad) for kinetic fitting. Student’s two-tailed 

unpaired t test was used to determine statistical significance (* = p < 0.05, ** = p < 0.01, *** 

= p < 0.001). 

 

4.15 Key Resources  
 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Bacterial and Virus Strains  
 DH5α E. Coli New England 

BioLabs 

Cat# C2987 

   

Chemicals, Peptides, and Recombinant Proteins 
Tip-link fusion proteins This Paper N/A 

Streptavidin Prozyme Cat# SA20 

Expi293™ Expression Medium ThermoFisher 

Scientific 

Cat# A1435101 

 

Penicillin-Streptomycin (10,000 U/mL) ThermoFisher 

Scientific 

Cat# 15140148 

 

NEBuilder® HiFi DNA Assembly Master Mix New England 

BioLabs 

Cat# E2621 

Q5® Hot Start High-Fidelity 2X Master Mix New England 

BioLabs 

Cat# M0494 

Polyethylenimine (PEI) PolySciences, Inc. Cat# 24765-1 

Sodium butyrate Sigma Cat# B5887 

TALON® Metal Affinity Resin Takara Cat# 635503 
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Dialysis Tubing, 3.5 kDa MWCO Repligen Cat# 132111 

Ni Sepharose excel resin GE Cat# 17371201 

Vivaspin protein concentrator spin columns GE Cat# 289322XX 

Zeba™ Spin Desalting Columns ThermoFisher 

Scientific 

Cat# 89882 

Superose 6 Increase 10/300 column GE  Cat# 29091596 

SNAP-Surface® Alexa Fluor® 647 New England 

BioLabs 

Cat# S9136S 

Krypton™ Fluorescent Protein Stain ThermoFisher 

Scientific 

Cat# 46628 

BtscI New England 

BioLabs 

Cat# R0647S 

BG-GLA-NHS New England 

BioLabs 

Cat# S9151S 

Ni Sepharose High Performance Resin GE Cat# 17526801 

Silica Microspheres Bangs Laboratories Cat# SS05001 

Hellmanex III detergent Sigma Cat# Z805939 

APTES Sigma Cat# 440140 

mPEG-5k-NHS NANOCS Cat# PG1-SC-5k-

1 

Biotin-PEG-5k-NHS NANOCS Cat# PG2-BNNS-

5k-1 

TWEEN® 20 Sigma Cat# P1379 

Roche Blocking Reagent Sigma Cat# 11096176001 

Alexa Fluor™ 594 NHS Ester (Succinimidyl 

Ester) 

ThermoFisher 

Scientific 

Cat# A37572 

BG-Biotin New England 

BioLabs 

Cat# S9110S 

Corning® 75x25 mm Plain Microscope Slides VWR Cat# 2947-75X25 

Gold Seal™ Cover Slips ThermoFisher Cat# 3306 

Kapton Tape DuPont Cat# PPTDE-1 

Chelex 100 Resin Bio Rad Cat# 1421253 

BSA Standard ThermoFisher 

Scientific 

Cat# 23208 

Aminopropylsilane Dip and Read Biosensors ForteBio Cat# 18-5045 

NHS-PEG12-Biotin ThermoFisher 

Scientific 

Cat# A35389 

Biocytin Sigma Cat# B4261 

AMPure XP beads Beckman Coulter Cat# A63880 



 132 

1M Tris-HCI ThermoFisher Cat# 15568025 

NaCl Sigma Cat# S9888 

Calcium chloride solution Sigma Cat# 21115 

PBS ThermoFisher Cat# 10010049 

Opti-MEM ThermoFisher Cat# 51985034 

Tris-Glycine Gel ThermoFisher Cat# 

XP04205BOX 

Imidazole Sigma Cat# I5513 

   

Critical Commercial Assays 
HiSpeed Plasmid Maxi Kit Qiagen Cat# 12662 

Monarch® DNA Gel Extraction Kit New England 

Biolabs 

Cat# T1020 

Monarch® Plasmid Miniprep Kit New England 

Biolabs 

Cat# T1010 

Q5® Site-Directed Mutagenesis Kit New England 

BioLabs 

Cat# E0554S 

   

Experimental Models: Cell Lines 
Human: Expi293F™ Cells ThermoFisher 

Scientific 

Cat# A14527 

DH5α E. Coli New England 

BioLabs 

Cat# C2987 

   

Oligonucleotides 
Primer: DNA tether Forward 5’ Dual Biotin: 

/2Bio/aacatccaataaatcatacaggcaaggcaaagaattag

caaaattaagcaataaagcctc 

This Paper N/A 

Primer: DNA tether Reverse 5’ Amine C12 

linker:  

/AmMC12/acactccagagaccttctgctggtggttcgttcg 

This Paper N/A 

   

Recombinant DNA 
M13mp18 Single-stranded DNA New England 

BioLabs 

Cat# N4040S 

pINFUSE-hIgG1-Fc1 InvivoGen Cat# pfc1-hgin1 

pSNAPf  New England 

BioLabs 

Cat# N9183S 
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Software and Algorithms 
Prism GraphPad https://www.gra

phpad.com/scien

tific-

software/prism/ 

ImageJ NIH https://imagej.nih

.gov/ij/ 

LabSolutions Shimadzu https://www.ssi.s

himadzu.com/pr

oducts/informati

cs/labsolutions.ht

ml 

LabVIEW National 

Instruments 

https://www.ni.c

om/en-

us/shop/labview.

html 

SnapGene SnapGene https://www.sna

pgene.com/ 

MATLAB MathWorks https://www.mat

hworks.com/pro

ducts/matlab.ht

ml 

Octet Data Acquisition and Analysis software ForteBio https://www.mol

eculardevices.co

m/products/biolo

gics/octet-

systems-software 
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Chapter 5: Discussion and Future Directions 
 

The inner ear serves as a gateway for mechanical information from our 

environment. Our perception of sound and head movement is mediated by a 

mechanotransduction complex that converts nanometer-scale deflections into electrical 

signals. Yet, how this apparatus functions at the level of individual molecules has been 

poorly understood. Our results characterize for the first time the strength and dynamics 

of the tip-link complex with single-molecule resolution and show how a Ca
2+
-dependent 

tunable avidity governs the lifetime of the connection in response to force.  

 

5.1 On the Lifetime of the Tip-Link In Vivo 
 

Although previous studies have depicted the tip link as a relatively static structure 

(Indzhykulian et al., 2013; Lelli et al., 2010; Zhao et al., 1996), our results indicate that the 

tip link is a highly dynamic connection.  Disparate views are understandable: tip links 

ruptured by chelation of extracellular Ca
2+
 or by exposure to damaging noise stimuli in 

vivo were found to recover with a time constant of approximately 3-6 hours 

(Indzhykulian et al., 2013; Zhao et al., 1996), suggesting that normal tip-link lifetime 

should be at least as long as that recovery time. In contrast, we measure a tip-link lifetime 

of ~8 seconds—three orders of magnitude shorter than previously suggested—under 
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both resting tension and oscillatory forces of physiological amplitude (Figure 3.10D-E). 

We speculate that a combination of off-target effects has confounded the interpretation 

of the previous recovery experiments.  

First, extracellular Ca
2+
 chelators, typically bath-applied to stereocilia for 15 

minutes or paired with a force stimulus, have detrimental effects beyond tip-link rupture, 

including disassembly of the actin core within shorter rows of stereocilia and removal of 

most lateral links (Indzhykulian et al., 2013; Velez-Ortega et al., 2017; Zhao et al., 1996). 

These effects may slow the time course of recovery independent of intrinsic tip-link 

kinetics by decreasing the concentration of the CDH23 and PCDH15 tip-link binding 

domains across the inter-stereocilia gap. Second, Ca
2+
 chelation paired with a high force 

stimulus lowers the energy barrier to tip-link protein unfolding (Bartsch et al., 2019; 

Sotomayor et al., 2010); lengthy refolding may be required before re-binding (Zhao et al., 

1996). Finally, treatment with Ca
2+
 chelators abolishes CDH23 immunoreactivity at the 

tips of bullfrog stereocilia (Siemens et al., 2004) and reduces immunoreactivity from the 

tip-link region in mouse (Indzhykulian et al., 2013), indicating either CDH23 recycling 

away from the site of mechanotransduction and/or unfolding of the epitope sites. Taken 

together, these effects make estimations of tip-link lifetime from recovery experiments 

difficult. 

Our measurements of tip-link single-bond kinetics at zero force match well with 

previously published biochemical results (Choudhary et al., 2017; Narui and Sotomayor, 
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2018; Sotomayor et al., 2012), and appear to be independent of whether tip-link protein 

was expressed in bacteria and re-folded—which results in no post-translational 

modifications—or expressed in mammalian HEK293 cells where proteins are 

glycosylated and modified in the secretory pathway. However, post-translational 

modifications specific to the hair cell could act to change the affinity of the bond interface 

or to stabilize the PCDH15-CDH23 interaction, analogous to how phosphorylation of the 

C-terminal tail of most GPCRs increases their affinity for β-arrestins (Seet et al., 2006). 

Unidentified accessory proteins may also act to stabilize the tip-link interaction, 

although high-resolution images of the tip-link filament in hair cells reveal a smooth 

strand without bulges attributable to accessory proteins (Kachar et al., 2000). Finally, a 

subset of electron microscopy images from an early study of tip-link ultrastructure 

suggested the possibility of three tip-link strands based upon indents at the lower end of 

tip links after BAPTA chelation (Kachar et al., 2000), which may modestly extend the 

lifetime of the tip link. However, further biochemical studies have shown that full-length 

CDH23 and PCDH15 preferentially form dimers in vitro (Kazmierczak et al., 2007), both 

by themselves and when bound together, so there is little to support a trimeric 

arrangement. Interestingly, although these studies show that tip link filaments form a 

helical structure, recent molecular dynamics simulations show that helix unwinding of 

full-length dimeric PCDH15 bound to CDH23 EC1-2 during stretching does not 
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significantly twist the PCDH15 EC1-2 binding domains, likely due to strong cis-

dimerization at EC3 (Choudhary et al., 2019). 

The fact that the tip-link connection is predicted to last ~8 seconds at resting 

tension and under physiologically relevant sinusoidal stimuli suggests that the tip link 

can rebind, or new tip links can form, on a timescale of seconds. For the re-forming rate 

to match the ~8 second lifetime (Figure 3.5B and 3.10E), the effective concentration of free 

CDH23 and PCDH15 binding domains must be ~0.34 µM, assuming a measured apparent 

on-rate of 3.5 ± 
0.7 x 10

5
 M

-1 
s
-1
. This concentration is quite plausible, as it roughly 

corresponds to the two binding domains occupying a sphere with a diameter of ~210 nm, 

~30% longer than the length of an intact tip link (Auer et al., 2008; Furness et al., 2008; 

Kachar et al., 2000). Since CDH23 and PCDH15 are relatively stiff at endolymphatic Ca
2+
 

concentration (Choudhary et al., 2019; Kachar et al., 2000; Sotomayor et al., 2010), they 

are complexed with membrane and intracellular proteins (Ge et al., 2018; Maeda et al., 

2014; Schwander et al., 2010), and their insertion points appear to be spatially constrained 

even when broken (Grati and Kachar, 2011; Indzhykulian et al., 2013; Zhao et al., 1996), 

their N-termini may be confined to a much smaller volume, further increasing the re-

forming rate. Likewise, negative hair bundle deflection slackens tip links and decreases 

the distance between insertion points (Kachar et al., 2000), which increases the effective 

concentration of free tip-link binding domains and would consequently increase the re-

forming rate.  
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If the tip-link lifetime is short, addition of tip-link binding domains to a solution 

bathing live hair cells would be expected to decrease mechanical sensitivity in seconds or 

minutes, as rebinding of the cadherin ends would be quenched by binding of free binding 

domains. Although a previous attempt to measure the dynamic nature of the tip-link 

connection through competition with free tip-link proteins did not result in a substantial 

decrease in transduction current (Lelli et al., 2010), these experiments used a free tip-link 

concentration an order of magnitude lower than our 50% equilibrium bound estimate of 

0.34 µM. The concentration of tip-link binding domains is likely much higher—on the 

order of tens of micromolar—since >90% of transduction channels appear to be 

transducing at any given time (Fettiplace and Kim, 2014). Additionally, 

electrophysiological experiments assaying loss of transduction were performed at least 

ten minutes after washout of free tip links. Therefore, based on our measurements and 

predictions about tip-link lifetime, we expect that these experiments would not be able to 

capture the dynamic behavior of the tip-link connection.  

Further experiments will be necessary to determine the lifetime of the tip link in 

an intact hair cell; however, tip-link competition experiments present difficulties due to 

the instability of CDH23 and PCDH15 proteins at high concentrations. If fragments of 

either tip-link protein containing a binding domain were able to be expressed, purified, 

and stabilized, one may be able observe the kinetics of the tip-link connection in an intact 

hair cell. Using a readout of mechanotransduction such as electrophysiological 
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measurements, application of tip-link fusion proteins at sufficient concentrations should 

abolish transduction on the scale of tens of seconds, if our kinetic experiments are 

predictive of the tip-link lifetime in vivo. Since we have described essentially all of the 

kinetic values for tip-link state transitions in the bound and unbound states, we could 

expand our kinetic model of tip-link lifetime to include the reformation rate. In this way, 

we could model the decrease in transduction magnitude as a function of free tip-link 

fusion protein concentration. These values could allow us to determine the reformation 

rate of the tip link across the stereocilia gap. 

 

5.2 Dynamic Regulation of Tip-Link Lifetime by Extracellular 

 Ca2+ 

 

We have shown that the tip-link connection can be modulated through disruption 

of cis-dimerization or by altering the elastic properties via changes in extracellular Ca
2+
. 

Modeling indicates that the lifetime with sinusoidal stimuli is essentially equal to that 

under resting tension for stimulus amplitudes of up to ~70 nm bundle deflection, even 

without accounting for adaptation. There is thus an opportunity for the regulation of the 

probability that a tip link is bound—and therefore for regulation of overall 

mechanoelectric transduction magnitude—through the concentration of extracellular 

Ca
2+
.  
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Extracellular Ca
2+
 is nearly tenfold enriched within ~10 µm of the hair bundle 

compared to bulk endolymph in bullfrog hair cells (Yamoah et al., 1998) through the 

action of the PMCA2 Ca
2+
 pump (Dumont et al., 2001). PMCA2 is localized to stereocilia 

in both bullfrog saccular hair cells and mammalian cochlear hair cells. Additionally, Ca
2+
 

appears to be sequestered by the tectorial membrane overlying hair cells in the organ of 

Corti in the absence of auditory stimulation and depleted during a high magnitude 

stimulus (Strimbu et al., 2019). Depletion of Ca
2+
 from the tectorial membrane might be 

mediated by Ca
2+
 entry through the mechanotransduction channel, changing the local 

concentration of Ca
2+
 bathing the tip link.  

Although the degree to which the concentration of Ca
2+
 decreases during 

stimulation is not known, our force spectroscopy experiments indicate that subtle 

changes in [Ca
2+
] can drastically change tip-link lifetime—and therefore the proportion of 

tip links bound—through modulation of cadherin elasticity. Decreased [Ca
2+
] also has the 

effect of reducing the bending stiffness of tip-link proteins (Bartsch et al., 2019; 

Choudhary et al., 2019; Kazmierczak et al., 2007), which decreases the effective diameter 

of each molecule. This will result in the free binding domains of each molecule being 

separated by a greater average distance across the stereocilia gap, further reducing the 

probability that the tip link will re-form. We suspect this process is likely balanced via 

the re-establishment of local extracellular Ca
2+
 through PMCA2 in the absence of 

transduction. Both of these mechanisms would augment the ability of the tip link to act 
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as a mechanical circuit breaker: the force-dependent unbinding rate becomes faster than 

the rebinding rate at high force, and the slight elasticity of the bound strand allows the 

free ends of the unbound cadherins to pull away from each other, decreasing the 

rebinding rate.  

It would be interesting to investigate the action of the PMCA2 pump on the 

lifetime of the tip-link connection. If one was able to block the PMCA2 pump with a 

specific blocker such as carboxyeosin, bath-applied BAPTA should break tip links much 

more quickly. Tip links are often ‘cut’ using bath-applied BAPTA, which takes 

approximately 15 minutes to abolish mechanotransduction (Lelli et al., 2010; Marcotti et 

al., 2014). It is strange that bath application takes such a long time to cut tip links, 

especially considering that fluid-jet application of BAPTA can break tip links on the order 

of seconds (Assad et al., 1991; Beurg et al., 2018). Comparing the time course of these two 

methods argues for a type of diffusional barrier against the action of BAPTA and would 

support the hypothesis that PMCA2 acts to maintain a high concentration of Ca
2+
 around 

the tip links.  

 

5.3 Mechanics of the Tip Link 

 

 A recent study examining the mechanical properties of a PCDH15 EC1-11 

monomeric fusion protein provided evidence of whole EC-domain unfolding at 
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physiologically relevant forces (Bartsch et al., 2019). The implication of this observation 

is that EC-domain unfolding will increase the elasticity of the tip link, especially at higher 

forces, to a value consistent with the idea that the tip link forms the mechanical gating 

spring (see discussion in Section 1.4). These experiments were performed in 2 mM, 20 

µM, and 0 µM Ca
2+
 at a fixed force loading rate of 120 pN s

-1
. While EC-domain unfolding 

was not observed below 60 pN in 2 mM Ca
2+
, the most likely unfolding force in 20 µM 

Ca
2+
 was ~50 pN. The kinetic parameters of unfolding were defined by the force 

sensitivity fb = 9.35 pN and the zero force off rate -#$$
% 	= 0.0006 s-1.  

 We wondered whether unfolding was physiologically relevant and compared 

unfolding forces to unbinding forces. Using the kinetic parameters from Bartsch et al., we 

used our kinetic model for tip-link dimer unbinding to model unfolding. Since PCDH15 

EC domain refolding does not occur at forces higher than 4 pN (Bartsch et al., 2019), we 

discarded the contribution of refolding to our model. We found that unfolding forces 

were far higher than unbinding forces at all loading rates and at any Ca
2+
 concentration 

(Figure 5.1). These data suggest that unbinding of the tip-link connection happens before 

unfolding across physiologically relevant forces. However, Bartsch and colleagues noted 

that the PCDH15 ΔV767 mutation, which causes hereditary deafness in humans, resulted 

in far lower unfolding forces even at 2 mM Ca
2+
. Taken together, these results indicate 

that EC domain unfolding of any kind may be pathogenic. 
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 Is the elasticity of the tip link consistent with that of the gating spring? Our 

measurements were performed on the entire ectodomains of each tip-link protein to 

measure the strength of the tip-link connection, and we should theoretically be able to 

extract the elasticity of the tip link from our force-extension data. However, an accurate 

measurement of elasticity requires careful correction for the other elastic elements in 

series with the tip-link fusion proteins (Bartsch et al., 2019). Since we did not 

independently measure the extensible properties of these linkers and the accessory 

proteins fused to the tip-link ectodomains, we cannot say with confidence whether the 

tip-link elasticity is consistent with that of the gating spring. However, if one was able to 

 

Figure 5.1 | Most likely EC domain unfolding forces in 20 µM Ca2+ (Bartsch et al., 2019) in the dimeric tip 
link calculated using the model in Section 3.11 (orange line). Most likely unfolding forces are overlaid onto 
the plot in Figure 3.7B. EC domain unfolding forces in the dimeric tip link are far higher than unbinding 
forces. 

2 mM Ca2+

30 µM Ca2+

10 µM Ca2+

20 µM Ca2+
Tip Link Unbinding EC Domain Unfolding
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make fusion proteins containing only the linker and accessory proteins and directly 

measure the elasticity of that complex using the same optical tweezer apparatus, we 

could easily subtract these properties from our force extension traces. These subtracted 

traces would provide an excellent measurement of the elasticity of the entire tip-link 

complex, finally addressing the decades-old question whether the tip link forms the 

gating spring.  
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