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 Mutations in the myosin IIIa gene are linked to DFNB30 late onset deafness, in 

which those affected individuals can hear for the first twenty years of life. Mutations in 

the espin gene are linked to DFNB36 congenital deafness. Both myosin IIIa and espin 1 

are expressed in the inner ear hair cells and colocalize at stereocilia tips, the site of actin 

polymerization. Overexpression of these proteins in hair cells produce an increase in 

stereocilia length, and when both are co-expressed together they produce a length 

increase greater than when each one are overexpressed individually. These results suggest 

that these proteins interact  and influence stereocilia length regulation. We confirmed the 

interaction of these two proteins in heterologous COS-7 cells. We observed that when co-

expressed, these proteins promote elongation of filopodial actin protrusions in a 

synergistic manner. Mutational analyses show that myosin IIIa3THDI binds to the ankyrin 

repeats of espin 1. Live and fixed cell imaging shows that myosin IIIa transports espin 1 

to the filopodia tips where espin 1 promotes actin polymerizations through its WH2 

domain. Because of the late onset of deafness associated with myosin IIIa, it has been 



speculated that the lack of myosin IIIa function is partially  compensated by the 

paralogous protein, myosin IIIb. Myosin IIIb, encoded by a distinct gene, lacks a C-

terminal actin-binding domain shown to be essential for myosin IIIa filopodia tip 

localization. We observed that myosin IIIb localizes at stereocilia tips and is expressed at 

an earlier stage than myosin IIIa. We confirmed that  myosin IIIb transports espin 1 to 

stereocilia tips and promotes actin polymerization, consistent with the hypothesis that it 

partially compensates for myosin IIIa.  We found that binding to espin 1 is required for 

myosin IIIb movement and localization. We observed that myosin IIIb can downregulate 

the myosin IIIa localization in vestibular, but not in cochlear, hair cells. The interplay of 

myosins IIIa, IIIb, and espin 1 and their influence on stereocilia length unravels a novel 

molecular complex at the polymerizing end of F-actin and a framework to understand the 

cause of DFNB30 and DFNB36 deafnesses.
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Chapter 1: Introduction
1.1 Scope of Research
 The purpose of this dissertation is to present experimental research that offers a 

deeper understanding of the structure of the stereocilia tips of mammalian inner ear 

sensory  hair cells and the roles of the underlying deafness-associated proteins in actin 

elongation and stereocilia lengthening. These proteins, class III myosin isoforms and 

espin 1, constitute a novel dynamic molecular complex encircling the distal tip  of the 

actin core of the stereocilia. This molecular complex is close to the site of actin 

polymerization, the sound transduction apparatus and other stereocilia-tip specializations. 

Deciphering the exquisite mechanosensory organelles, stereocilia, is instrumental in 

understanding how hearing and balance work. Stereocilia also serve as an excellent 

model system for comparing their actin machinery with those in other actin-based 

membrane protrusions such as filopodia of fibroblasts, microvilli of intestinal epithelial 

cells, growth cones of axons, dendritic spines, inner and outer segments interface of 

photoreceptors, and bristles of Drosophila melanogaster. Several key proteins in the 

stereocilia tips are actin regulators found to be responsible for stereocilia degeneration 

and deafness. To elucidate the functions of espin 1 as well as myosins IIIa and IIIb, cell 

biology  and molecular techniques were used to investigate colocalization of these 

proteins in the stereocilia and filopodia and their ability to interact, elongate actin 

filaments, and regulate stereocilia length.
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1.2 Background

1.2.1 Molecular composition and morphology of stereocilia bundle

 Microscopic anatomy  and physiology  of the hair cell stereocilia in the inner ear 

end organs are important for high-speed, sensitive mechanoelectrical transduction—the 

transformation from the mechanical energy of sound pressure or motion into electrical 

signals through the hair cells (reviewed by Grillet et al., 2009; reviewed by  Gillespie and 

Müller, 2009). The stereocilia bundle, a microvillar staircase-shaped structure clustered 

together in different rows by  tethering extracellular links at  the apex of hair cells, is rich 

in filamentous actin decorated with unconventional myosins and actin-associated 

regulatory proteins. The paracrystalline actin core of each stereocilium contains 

uniformly polarized parallel actin filaments, tightly bundled by  regularly  spaced cross-

linking proteins (Tilney et al., 1983). These actin bundles have polymerizing ends at the 

tip  and depolymerizing ends at the base that give rise to a retrograde “conveyor belt” of 

the actin molecular treadmill (Rzadzinska et al., 2004). The entire staircase stereocilia 

bundle turns over continuously and synchronously such that the tonotopic organization is 

preserved by the proportionality of the actin flux rate to the length of stereocilia from the 

base to the apex of the cochlea (Rzadzinska et al., 2004). That is, the longer stereocilia of 

the apical region of the cochlea have faster actin flux rates than those shorter stereocilia 

in the basal region. This highly regulated actin treadmilling mechanism is controlled by 

those myosins and actin associated proteins. 

 The site of intracellular actin polymerization is close to other stereocilia-tip 

specializations such as the transmembrane mechanoelectrical transduction (MET) 

complex and extracellular matrix protein ensembles. The MET complex consists of: a 
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molecularly unidentified mechanically  gated channel, also known as the MET channel 

(Ricci et al., 2006), that is permeable to Ca2+ and K+; tip link, an extracellular 

filamentous structure connecting the tip and side of neighboring stereocilia (Kachar et al., 

2000; Kazmierczak et al., 2007; reviewed by Manor and Kachar, 2008); gating spring, an 

unidentified hypothetical elastic element (Ricci et al., 2006; reviewed by Fettiplace and 

Hackney, 2006); and an adaptation motor, myosin 1c, that modulates the tension of MET 

channel (Gillespie and Cyr., 2004). The extracellular matrix surrounding stereocilia tips 

and beneath tectorial membrane presents an array of extramembranous structures in 

addition to the tip  link including: attachment crowns; horizontal top connectors; cell 

surface coat; and contact regions (Furness et al., 1997; Goodyear et al., 2005; Legan et 

al., 2005). The understanding of how these molecular subdivisions interact 

physiologically to carry out the exquisite operation of sound transduction has been 

fragmentary.

 The stereocilia plasma membrane tightly envelops the actin core leaving a narrow 

cytosol space between the actin core and the membrane. The diffusion of ions, 

intracellular proteins (such as actin monomers and actin regulatory proteins), and other 

molecules is constrained into a one-dimensional flow between the stereocilia tip and 

base. Generally, the tips of tallest stereocilia at the upper row of the bundle have a 

rounded edge contour while the tethering tips of the shorter stereocilia have a bevelled 

conical shape pointed obliquely  to the side of the taller stereocilia in the adjacent taller 

row. Sometimes, the tip membrane of these shorter stereocilia is pulled by the tip  link 

which causes what is called ‘membrane tenting’ (Kachar et al., 2000). The base, also 

3



known as the ankle region, of stereocilia has a tapered appearance that reflects a pivotal 

hinge of the whole stereociliary body to coordinate stereocilia bundle deflections. PTPRQ 

and myosin VI are among molecular players believed to be responsible for maintaining 

the tapered shape of this ankle region (Sakaguchi et al., 2008). The core of the ankle 

region, which a relatively few actin filaments transverse, presents a heavily stained 

osmiophilic structure called a rootlet that stretches into the cuticular plate and lower part 

of the stereocilia shaft. The rootlet is believed to act as an anchor that reinforce the 

pivotal tapered base (Furness et al., 2008). Immunogold labeling data by Furness et al. 

(2008) localized tropomyosin, spectrin, β-, and γ-actin to these osmiophilic rootlets. 

There is speculation that the rootlet may also present myosin isoforms since tropomyosin 

has been implicated as a binding competitor of myosin to actin (Karkanevatos, 2001; 

Furness and Hackney, 2006).  

 To date, very few transmembrane proteins, including the tip-link proteins, have 

been localized to the plasma membrane of stereocilia. Two of them are the plasma 

membrane Ca2+-ATPase isoform 2 (PMCA2) pump and P2X receptor. PMCA2 is a 

calcium pump that use ATP to extrude Ca2+ from stereocilia, thereby maintaining a low 

cytosolic Ca2+ to counteract Ca2+ influxes during mechanotransduction. These pumps 

promote a high extracellular Ca2+ around the stereocilia bundle and the endolymph 

(Wood et al., 2004; Grati et al., 2006a). Mouse PMCA2 gene has been linked to several 

allelic mutations causing deafness and vestibular dysfunction in deafwaddler (dfw) mice 

(Street et al., 1998; McCullough and Tempel, 2004). The dfw mutant mouse emerged 

spontaneously in a C3H/HeJ colony strain which waddles when walking, bobs its head, 

4



and is deaf (Lane, 1987). Mapping the mouse chromosome 6 homologous to human 

chromosome 3p25-26, three mutant alleles, dfw, dfw2J, and dfw3J, have been identified to 

date. Each mutation leads to a similar phenotype yet a different inheritance pattern−i.e. 

partial loss-of function, functional null, or haplo-insufficiency of protein products 

(McCullough and Tempel, 2004). PMCA2 was used as a marker to track membrane 

trafficking using a combination of fluorescence recovery after photobleaching (FRAP) 

and computer simulation models to examine stereocilia membrane turnover (Grati et al., 

2006b). Interestingly, a large amount of PMCA2 embedded in the stereocilia surface 

exhibited high mobility of 0.1-0.2 µm2/s, which is relatively proportional to the speed of 

actin turnover in the stereocilia core. The remaining pool of PMCA2 was immobilized.  

Immunofluorescence data show that the mobile PMCA2 molecules are sequestered from 

stereocilia membrane into the cuticular plate and cytoplasm and are replaced with newly 

synthesized PMCA2 molecules that are incorporated into the stereocilia (Grati et al., 

2006b). These results suggest that stereocilia membrane proteins, like the proteins 

associated with the stereocilia actin core, are turned over rapidly between the apical 

membrane and cytoplasm. The immobilized pool PMCA2 molecules stay fixed through 

interaction with other components of the stereocilia while the mobile pool of PMCA2 is 

constantly exchanged.  

 Another stereocilia membrane protein identified to date is P2X receptor, which is 

an ATP-gated, nonspecific, cation channel. P2X receptors have been localized to the 

stereocilia and cuticular plate and are found in many other cell types (North, 2002). The 

physiological role of these receptors in stereocilia is not clear (Housley et al., 1999; 

Crumling et al., 2009).
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 Identification and characterization of individual molecules present in the hair cell 

stereocilia is an indispensable step  closer to understanding the mechanosensory function 

of the hair cell but this dissertation also takes into account the interaction between 

molecules and their influence on the structure and function of stereocilia. The major facet 

of this work specifically  focuses on the connection between the interacting espin 1, 

myosins IIIa and IIIb, their spatial and temporal expression patterns around the stereocilia 

tip actin core, and the lengthening of stereocilia.  

1.2.2 Actin treadmilling
 Actin treadmilling concept was first proposed by Wegner in 1976 (Wang, 1985) 

and corroborated numerous times in several types of cellular protrusions (Small, 1995; 

Tilney and DeRosier, 2005; and Medeiros et al., 2006). In stereocilia, Schneider et al. 

(2002) was first to demonstrate that the steady-state stereocilia undergo rapid turnover of 

actin filaments and the entire actin core of the mature stereocilium is renewed every 

48-72 hours (Schneider et al., 2002). Rapid incorporation of β-actin monomers and actin 

cross-linker espin into actin filaments at the tips of stereocilia was monitored in hair cells 

of organ of Corti and vestibular explants transfected with a plasmid DNA encoding either 

β-actin or small espin isoform fused with green fluorescent protein (actin-GFP or espin-

GFP; Rzadzinska et al., 2004). This observation, in terms of polymerization at the barbed 

end and depolymerization at the pointed end of actin filaments, is in good agreement with 

the general actin treadmilling mechanism observed in other cellular protrusions and 

somewhat resembles the migration and renewal of the photoreceptor discs in the retina 

(Nguyen-Legros and Hicks, 2000; Schneider et al., 2002). Additionally, the treadmill 
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rates were found to be scaled proportionally to the lengths of the stereocilia in the bundle, 

i.e. there was a faster actin flux rate in long stereocilia than in short stereocilia 

(Rzadzinska et al., 2004).  

 Retention and recycling of actin monomers are thought to contribute to actin 

treadmilling. The tight  membrane encapsulation of the actin core and a tapered base with 

a narrow opening to the cytoplasm below are among the morphological features believed 

to promote the actin retention and recycling within the stereocilium (reviewed by Manor 

and Kachar, 2008). Lechene et al. (2006) reported experimental results using multi-

isotope imaging mass spectrometry in adult mice and frogs that the renewal rate of newly 

synthesized proteins migrating into the stereocilia is relatively slow—on the order of 

months. These results put forward for consideration that the availability  of actin 

monomers are maintained largely by the recycling of actin monomers within each 

stereocilium and, to a lesser extent, by migration of newly  synthesized monomers from 

the cytoplasm (reviewed by Manor and Kachar, 2008). However, to what extent the 

stereocilia actin monomer pool is compartmentalized from the cytoplasmic pool remains 

to be determined.

 The research on actin treadmilling in stereocilia has intensified where physical 

modeling continues to be revised as the list  of newly identified molecular players in 

stereocilia gets longer and new parameters unraveled. A new concept of actin 

treadmilling now includes an active localization of actin regulatory proteins by myosins 

to the tip (e.g. espin [Rzadzinska et al., 2004], whirlin [Mburu et al., 2003] the formin 

protein mDia1 [Evangelista et al., 2003]) and to base (e.g. radixin [Pataky et al., 2004], 
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PTPRQ [Sakaguchi et al., 2008], and tropomyosin [Furness et al., 2008]) of stereocilia 

(reviewed by Manor and Kachar, 2008; Naoz et al., 2008). These actin and membrane 

associated cargoes have been implicated in assembly of the actin core and maintenance of 

the steady-state stereocilia. 

1.2.3 Molecular composition and functional properties of stereocilia tips

 During the formation and maturation of the stereocilia, the hair cell assembles 

actin filaments into fibers of various dimensions to bolster the mechanical rigidity 

necessary  for proper sensory function. These actin fibers are polarized such that the 

‘plus’ or ‘barbed’ ends are at the tips of the protrusions and the ‘minus’ or ‘pointed’ ends 

at the base. The site of actin polymerization is at  the plus ends where localized pools of 

actin monomers are being nucleated (Rzadzinska et al., 2004; Lin et al., 2005; Schneider 

et al., 2006). Electron-dense structures bridging the plus ends of actin filaments with the 

overlying plasma membrane have been routinely observed via electron microscopy (EM), 

a feature also commonly  seen in microvilli and filopodia (reviewed by DeRosier and 

Tilney, 2000; Lin et al., 2005). This electron-dense structure, also termed the ‘tip 

density,’ presumably contains an ensemble of heterologous proteins that directly  or 

indirectly influence actin polymerization for the maintenance of stereocilia. This tip 

density  may also sustain the shearing and tenting of the membrane pulled by the tip  link 

during stereocilia bundle deflection (Kachar et al., 2000). 

 Significant data, based on calcium (CG-1) and styryl (FM1-43) dye imaging, 

extracellular current flow, and susceptibility to antagonists, indicate that the 

transmembrane MET complexes are present at  the tips of the stereocilia (Jaramillo and 
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Hudspeth, 1991; Denk et al., 1995; Lumpkin and Hudspeth, 1995; Géléoc and Holt, 

2003; Si et al., 2003; Meyers et al., 2003). Recently, structural (Kachar et al., 2000) and 

biophysical data (Beurg et al., 2009) as well as unpublished data presented during the 

2009 Association for Research on Otolaryngology (ARO) Midwinter meeting (Harasztosi 

and Gummer, 2009) suggest that the MET channel is present specifically at shorter 

stereocilia tips nearby the insertion of the lower end of the tip  link. An unidentified elastic 

element closely associated with the MET channel was also proposed to be present 

beneath the insertion (Kachar et al., 2000). If these results hold true, the MET channel is 

presumably located beneath the lower tip link and above an elastic element, the tip 

density, and the site of actin polymerization.  

 MET channels open with a short latency  (~10 µs at mammalian temperature; 

Corey and Hudspeth, 1983) in response to a deflection of the stereocilia bundle, stay  open 

for approximately a hundred milliseconds, and then re-close in series of two different 

adaptation phases independent of the deflection duration (reviewed by  Fettiplace and 

Hackney, 2006). The fast adaptation phase occurs rapidly  on the microsecond scale and 

the other phase takes tens or hundreds of milliseconds (reviewed by Eatock, 2000). 

Second messenger cascades for the fast adaptation and activation of MET channel open 

and re-closure are precluded because the opening and fast re-closure of channel is too 

rapid (Corey and Hudspeth, 1983; Ricci et al., 1998; Fettiplace et al., 2001). Instead, a 

direct deactivation of the MET channel is favored. Biophysical experiments suggest that 

Ca2+ enters the channel upon mechanical deflection, immediately  binds to the channel at 

the cytoplasmic side, and closes it (Howard and Hudspeth, 1988; Holt and Corey, 2000; 

9



Kennedy et al., 2003; Cheung and Corey, 2006). The slow adaptation uses a distinct 

mechanism where the upper insertion point of the tip link slides down the taller 

stereocilium in response to elevated tension on it during a positive bundle displacement 

rendering channel(s) to re-close. The sliding of the tip link mechanism is believed to be 

exerted by myosin 1c (Gillespie and Cyr, 2004). One function of these adaptations is 

thought to keep the MET channels sensitive within their operating range (reviewed by 

Fettiplace and Hackney, 2006; also by Hudspeth, 2008).  

 The molecular identity of the tip-link filament has been resolved by Kazmierczak 

et al. (2007) to be an asymmetric double helical adhesion fiber consisting of cadherin 23 

(CDH23) and protocadherin 23 (PCDH15) that interact at their N-termini. Fluorescent 

and electron microscopic data show that the upper and lower parts of the tip link are 

comprised of CDH23 and PCDH15, respectively. Furthermore, advanced electron 

microscopy imaging indicate that the upper tip-link filament bifurcates into two branches 

inserting at the side of a taller stereocilium and the lower tip-link filament branches into 

three smaller filaments inserting at the top of the shorter stereocilium (Kachar et al., 

2000).  

 Although the molecular identity of the tip density and other compartments at the 

stereocilia tip  is poorly charted, a number of molecular players have been localized to 

these compartments. For instance, a molecular complex localized at the stereocilia tip, 

right above the actin core, was recently identified by Mburu et al. (2006) which may 

mediate membrane-to-cytoskeleton interactions as well as actin polymerization. This 

complex constitutes a combination of a scaffolding protein, whirlin (Mburu et al., 2003), 
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membrane associated proteins, protein 4.1R, erythrocyte protein p55 and Ca2+-

calmodulin serine kinase (CASK) (Mburu et al., 2006), and a motor protein, myosin XVa 

(Belyantseva et al., ARO 2002; Rzadzinska et al., 2004). 

 Other proteins such as filamentous actin capping proteins (e.g. gelsolin), ‘leaky’ 

caps (e.g. Ena/VASP, formins), signaling proteins (e.g. integrins), and membrane proteins 

(e.g. protein 4.1R) are present in the tip  density of filopodia or microvilli (Lin et al., 

2005; reviewed by Manor and Kachar, 2008), however many of these proteins have not 

been detected in stereocilia at the time of writing.  The tip of the shorter stereocilium was 

often found to be in physical contact with the taller stereocilium where some form of an 

extracellular membrane specialization in what is called a ‘contact region’ has been 

frequently visualized via EM (Furness et al., 1997). 

 Integrin and integrin-associated proteins (i.e. fibronectin and integrin-regulated 

focal adhesion kinase [FAK]) are cell-surface receptors known to interact with a variety 

of extracellular ligands. These proteins colocalize to the apical hair-cell surface when 

stereocilia are forming during hearing development. One of them, integrin α8β1, has been 

implicated in stereocilia defects. The integrin-α8β1-deficient knockout mice that 

withstood lethal kidney  defects demonstrate the difficulty in balancing. Integrin α8β1, 

and possibly other integrins, are likely  to regulate stereocilia maturation (Evans and 

Müller, 2000). 

1.2.4 Unconventional myosins in stereocilia
 The evolution of stereocilia can be reflected in the diversity of endogenous 

myosin isoforms known to regulate structural and functional integrity of these cellular 
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protrusions. A large number of reports have been published suggesting that myosins are 

expressed in all unicellular and multicellular eukaryotes, from yeasts to mammals and 

plants (reviewed by Sellers, 2000). Myosins comprise a vast superfamily, containing 24 

different classes identified to date (Foth et al., 2006), of actin-activated ATPases that 

directionally  translocate either towards the plus or minus ends of actin filaments 

(reviewed by Warrick and Spudich, 1987; Sellers, 2000; Berg et al., 2001; Thompson and 

Langford, 2002). Myosins, originally isolated from muscle tissues, are subcategorized 

into bipolar filament forming conventional myosins and non-filamentous unconventional 

myosins. Conventional myosins are generally implicated in contractile function and 

unconventional myosins implicated in structural or transport function (Rędowicz, 2007; 

Dosé et al., 2003).  All conventional myosins from either muscle or non-muscle tissue are 

members of class II myosins that multimerize into bipolar filaments through their long 

coiled-coil tails as seen in the thick filament of sarcomeres in the striated muscle 

(reviewed by Stull, 1996; and by  Sellers, 2000). The members of the other myosin classes 

are termed unconventional since they do not form bipolar filaments. These 

unconventional myosins are involved in a variety  of cellular functions, including cell 

migration, intracellular trafficking, adhesion, cytokinesis (reviewed by  Rędowicz, 2002), 

gene transcription (Vreugde et al., 2006), and actin elongation in stereocilia (Belyantseva 

et al., 2003).  

 Unconventional myosins share common features of an N-terminal ATPase,   

designated as a motor or head domain, a short regulatory neck domain containing a 

variable number of calmodulin binding, IQ, motifs (reviewed by Cheney and Mooseker, 
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1992), and a C-terminal tail region often unique to each myosin isoform due to different 

combinations of conserved functional domains and divergent amino acid sequences 

(Thompson and Langford, 2002). Myosins are mechanoenzymatic in that their motor 

domain uses the energy of ATP hydrolysis to translocate along the actin cables.

 Calmodulin has been implicated in regulating certain myosin molecules in either 

Ca2+dependent or independent manner via binding to the IQ motifs (Furness and 

Hackney, 2006; Dosé et al., 2003). Calmodulin has been found in both inner hair cells 

(IHCs) and outer hair cells (OHCs) including stereocilia and immunogold labeling which 

has shown concentrations of calmodulin that overlaps the presence of myosins in the tip 

link insertions (Furness et al., 2002). 

 The ability  of a myosin to perform specific cellular functions has been 

extrapolated by several principles including: 1) processivity—the ability to take multiple 

steps without detaching from the actin cable; 2) duty  ratio—the fraction of the total 

ATPase cycle time spent firmly attached to the actin cable; and 3) directionality—the 

direction of a motor moving toward barbed end and/or point end of the polarized actin 

cable (reviewed by  Krendel and Mooseker, 2005). Many  myosins, designated as 

processive motors, are dimeric, in which their dual motor heads take alternative steps via 

transitions between two states of actomyosin-ADP in the ATPase cycle (Mehta, 2001).

 Myosin was first reported in the stereocilia by Macartney et al. (1980) where 

immunofluorescent microscopy was used with purified polyclonal antibodies against 

muscle myosin. Myosins were previously suspected to participate in active nonlinear 

sound amplification processes in mammalian cochlea because these actin-dependent 
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enzymes have the capacity to generate force using ATP.  Eventually, it was suggested that 

one of these myosins, unconventional myosin 1c, participate in the slow adaptation in the 

hair cells. More unconventional myosins in the stereocilia and their functions have been 

steadily unraveled and the distribution of these myosin isoforms appears to be highly 

compartmentalized from the base, through the shaft, to the tip. Many of them have been 

implicated in deafness as well as lengthening, shaping, and/or bundling the stereocilia. 

 Myosin XVa is found to be expressed in IHCs and OHCs (Anderson et al., 2000).  

MYO15A, mapped to human chromosome 17p11.2, harbors autosomal recessive 

mutations associated with sensorineural deafness in humans (DFNB3). An x-ray radiation 

induced mutation in the mouse Myo15 gene homologous to the human counterpart led to 

profound deafness and vestibular dysfunction in mice. These affected mice, called 

shaker-2 mice, demonstrate typical head-tossing and circling behavior (Probst et al., 

1998). Inner ear hair cells of shaker-2 mice have abnormally short stereocilia (Beyer et 

al., 2000). Fluorescence and electron microscopies have shown that myosin XVa is 

localized to the electron-dense structure at the very top of stereocilia tips where the actin 

cores terminate (Rzadzinska et al., 2004) with highest concentration in the tallest 

stereocilia. Colocalization and live-cell imaging indicate that myosin XVa transports the 

scaffolding protein, whirlin to the tips of stereocilia (Belyantseva et al., 2005).  Mutations 

in whirlin also lead to abnormally short stereocilia in whirler mice, which present 

pathology similar to that of shaker-2 mice. Whole-cell patch-clamp recordings in 

Myo15sh/sh hair cells indicate that myosin XVa is not required for mechanotransduction 

but is required for fast  adaptation and Ca2+ sensitivity in IHCs (Stepanyan et al., 2006; 
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Stepanyan and Frolenkov, 2009). It  is generally postulated that myosin XVa is 

responsible for stereocilia elongation and transport of functional cargoes including 

whirlin and other proteins to the stereocilia tip. 

 Myosin VIIa harbors mutations that underlie hearing, balance, and vision defects 

in humans with Usher syndrome 1B (Weil et al., 1995), hearing and balance defects in 

shaker-1 mice (Gibson et al., 1995), circling behavior in zebrafish mutants (Ernest et al., 

2000), and deafness in Drosophila melanogaster (Kiehart et al., 2004; Todi et al., 2005). 

Myosin VIIa, mapped to human chromosome 11q13.5 (DFNB2, Weil et al., 1995; 

DFNA11, Tamagawa et al., 1996), is expressed in inner ear hair cells and retinal 

pigmented epithelial (RPE) cells, and localizes to cytoplasm and stereocilia of hair cells  

(Rzadzinska et al., 2004) as well as to the actin-rich apical portion of RPE cells and  

connecting cilia of photoreceptors (Hasson et al., 1995; Liu et al., 1999). Colocalization 

and binding assays have shown that myosin VIIa interacts with other Usher I gene 

products−i.e. harmonin and CDH23−in stereocilia.  Harmonin, implicated in both human 

and mouse deafness (Verpy et al., 2000), is a PDZ (postsynaptic density, disc large, 

zonula occludens) containing protein that bundles actin filaments and anchors cadherin 

23, the lower part of the tip link. These three proteins are believed to participate in 

maintaining proper cohesiveness of the stereocilia bundle (Boëda et al., 2002; Kros et al., 

2002). More recently, studies using an in vivo mouse X-linked transgenic mosaic 

complementation approach indicate that myosin VIIa acts as a rate-limiting factor of 

stereocilia lengthening (Prosser et al., 2008). 

 Myosin VI is different from other unconventional myosins in that it moves along 

actin filaments toward the minus end (Wells et al., 1999) and is believed to function as an 
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actin-based anchor and a minus-end transporter (reviewed by Sweeney and Houdusse, 

2007). The MYO6 gene, mapped to chromosome 6q13, is implicated in both autosomal 

dominant and recessive non-syndromic sensorineural deafness (DFNA22, Melchionda et 

al., 2001; DFNB37, Ahmed et al., 2003) and has been linked to mouse Snell’s waltzer 

deafness gene on mouse chromosome 9. Snell’s waltzer mice exhibit circling behavior, 

head-tossing, and deafness seen in other deaf mutant mice (Avraham et al., 1995). 

Myosin VI is localized to the tapered base of the stereocilia and is required for the 

integrity of this structure (Seiler et al., 2004). Recently, a cargo of myosin VI was 

putatively identified to be protein tyrosine phosphatase receptor Q (PTPRQ), in which 

PTPRQ and myosin VI knockout mice demonstrated similar pathological phenotype 

where the tapered base of stereocilia was disrupted and the neighboring stereocilia were 

partially fused in both knockout mice inner ears (Sakaguchi et al., 2008) suggesting that 

these proteins form a complex that maintains the organization of the stereocilia base as 

well as the structure of the stereocilia bundle. 

 Myosin IIa, also known as MYH9 or non-muscle myosin heavy chain-2A 

(NMHC-IIa), mapped to chromosome 22q11.2, is linked to both syndromic and non-

syndromic progressive deafness dominant forms (DFNA17), in which the former include 

platelet abnormalities, nephritis, and/or cataracts (Balduini et al., 2002; Mhatre et al., 

2003). Myosin IIa has been localized via immunogold labeling and immunofluorescence 

along the peripheral and central parts of the actin core in the stereocilia as well as 

cuticular plate at the base and in the hair cell cytoplasm (Lalwani et al., 2008). 

 Myosin 1c (formerly known as myosin 1β), probably the most intensively studied 

myosin isoform in stereocilia to date, is another unconventional myosin that has been 
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implicated in the slow adaptation of the MET response (reviewed by Gillespie and Cyr, 

2004). Members of the class I myosins has been found to express in microvilli of brush 

border intestinal cells (Tyska et al., 2005). Although the MYO1C gene has not been 

linked directly to a form of deafness, it is mapped to a genetic locus, 17p13, nearby the 

locus of the deafness-harboring MYO15A at 17p11.2. 

 Holt et al. (2002) devised a clever pharmacogenetic strategy using conditional 

transgenic mice to investigate the role of myosin 1c on the slow adaptation of MET 

response. In their transgenic model, they mutated tyrosine-61 of myosin 1c to glycine, in 

order to render it susceptible to inhibition by  an ADP analog while the overall health of 

the mice is virtually intact without the inhibition treatment. Their strategy  intended to 

circumvent potential issues associated with conventional knockout mice and to delineate 

the functional contribution of myosin 1c upon slow adaptation. In their whole-cell patch 

clamp recording results, the MET adaptation following hair bundle deflections was 

rapidly blocked in the transgenic utricular hair cells but not  in wild-type utricular hair 

cells when treated with N6-modified ADP, confirming that myosin 1c plays an important 

role in the slow form of adaptation. Myosin 1c was localized to the lower and upper 

anchors of the tip links and around the actin core of bull frog utricular and saccular 

vestibular stereocilia (Gillespie et al., 1993; Garcia et al., 1998; Steyger et al., 1998), to 

the base near the cuticular plate in frog saccular hair cells (Garcia et al., 1998), at the tips 

of rodent  vestibular stereocilia, and the entire shaft of cochlear stereocilia (Dumont et al., 

2002). Myosin 1c was found to interact with the tip-link associated CDH23 (Siemens et 

al., 2004; Phillips et al., 2006), which is known to interact indirectly  with myosin VIIA 
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(Boëda et al., 2002). Collectively, it is conceivable that myosin 1c, considering its anchor 

and transport  functions, actively regulates the tension of the tip  link complex during the 

slow adaptation where it crawls along the actin core. 

 The panoply of unconventional myosins in stereocilia does not end here. There is 

also a class of myosins characterized by a unique cis kinase domain at the N-terminus 

designated as the class III myosins.  A myosin III Drosophila orthologue, ninaC, has been 

localized to rhabdomeral photoreceptors of the fruit fly eye (Edwards and Battelle, 1987; 

Montell and Rubin, 1988; Battelle et al., 1998) and implicated as a requirement for 

phototransduction (Wes et al., 1999; reviewed by Bähler, 2000). The human myosin IIIa 

has been implicated in deafness (Walsh et al., 2002) as well as influencing stereocilia 

shape (Schneider et al., 2006). A large portion of this dissertation focuses on two class III 

myosin isoforms—myosins IIIa and IIIb—encoded by separate genes on human 

chromosomes 10 and 2, respectively. 

1.2.5 Mutations in MYO3A are linked to late onset non-syndromic deafness
 Although at least two main class III myosin isoforms, IIIa and IIIb, and their 

splice variants are known to express in humans, mice, and other vertebrate species, recent 

studies have focused largely  on myosin IIIa (MYO3A; Dosé and Burnside, 2000) because 

autosomal recessive mutations in the human MYO3A gene are implicated in non-

syndromic progressive deafness (DFNB30, chromosome 10q12.1; Walsh et al., 2002). 

Family members with DFNB30 mutations (i.e. homozygous and compound heterozygous 

mutations) in a three-generation extended Israeli family experienced bilateral age-

dependent progressive deafness beginning in the second decade. The deafness became 

more severe at high and middle frequencies and moderate at low frequencies by age 50. 
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Surprisingly, since myosin IIIa is expressed in the retina, vestibule, and cochlea (Walsh et 

al., 2002), the hearing affected members had normal vision and balance. Three loss-of-

function mutations were detected using a genome-wide linkage analysis technique on 18 

affected family members. These three mutant alleles are 3126T→G, 1777G→A, and 

732A→G. The 3126T→G substitution is a nonsense point mutation at amino acid 

position 1043 that causes a premature protein truncation at the junction of the head and 

neck domains of myosin IIIa. 1777G→A is a base substitution in the splice acceptor of 

intron 17, which leads a deletion of exon 18 and protein truncation at  amino acid 668 in 

the myosin IIIa head domain. 732A→G is a base substitution in the splice acceptor of 

intron 8 that seems to destabilize the RNA message resulting in a myosin IIIa null (Walsh 

et al., 2002).   Three different myosin IIIa mutations were observed in the same family.  

An existence of other unknown mutations in the MYO3A gene cannot be ruled out (Walsh 

et al., 2002). 

 Myosin IIIb is another class III myosin isoform encoded by a paralogous gene 

(GeneCards.org, 2008), MYO3B, that has been mapped to human chromosome 2q31.1-

q31.2. Myosin IIIb has a shorter C-terminal tail than myosin IIIa. Myosin IIIb was 

originally  detected in retina, kidney, and testis (Dosé et al., 2002). No hearing defects 

have been reported to date in association with the MYO3B gene. Nonetheless, the gene is 

near two other genetic loci implicated in deafness or retinal dystrophy. One of these 

genetic loci linked to an autosomal recessive non-syndromic deafness, DFNB59, is 

mapped to 2q31.1-2q33.1, which is near the MYO3B locus. DFNB59 has been linked to a 

protein known as pejvakin. Although pejvakin is implicated in pathologies related to 
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auditory nerve and outer hair cell deformities (Delmaghani et al., 2003; Schwander et al., 

2007), the function of this protein is unknown (Collin et al., 2007).  The other gene locus, 

implicated in vision, excretory, and male reproductive dysfunctions known as Bardet-

Biedl syndrome, is also mapped to 2q31.1-2q31.2. Since myosin IIIb is found to express 

in mammalian photoreceptors (Dosé et al., 2003), investigators suspected that myosin 

IIIb may  play a role in vision. Although MYO3B may not be linked directly  to either 

DFNB59 or Bardet-Biedl syndrome (Dosé et al., 2002), the proximity of these genetic 

loci conjectures that MYO3B is recombined into a cluster of a gene repertoire that has 

been evolutionarily conserved for sensory function (e.g. see Kappen, 2000). 

1.2.6 Expression patterns of class III myosins

 Presently, class III myosins are found to be expressed, at either the mRNA 

transcript or the protein level, in the inner ear hair cells of American bullfrog (Rana 

catesbeiana), domestic chicken (Gallus gallus domesticus), guinea pig (Cavia porcellus), 

rat (Rattus norvegicus), and mouse (Mus musculus) (Schneider et al., 2006), in the 

photoreceptors of fruit fly (Drosophila melanogaster) (Montell and Rubin, 1988), 

horseshoe crab (Limulus polyphemus; Battelle et al., 1998), several fish species including 

striped bass (Morone saxatilis), zebrafish (Danio rerio), green sunfish (Lepomis 

cyanellus), albino trout (Oncorhynchus mykiss; Lin-Jones et al., 2009), African clawed 

frog (Xenopus laevis; Lin-Jones et al., 2004), mouse (Katti et al., 2009), as well as the 

human (Homo sapiens) retinal pigment epithelial (RPE) cell line, ARPE-19 (Dosé and 

Burnside, 2000). Furthermore, myosin III is predicted, via computational analyses, to 

express in mosquito (Anopheles gambiae; NCBI accession number XM_318814), dog 
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(Canis lupus familiaris; XM_544234), cattle (Bos taurus; XM_615938 and 

XM_616244), horse (Equus caballus; XM_001495240), rhesus monkey (Macaca 

mulatta; XM_00101244, XM_001082604, XM_001082477, XM_001082224, 

XM_001082351), and chimpanzee (Pan troglodytes;  XM_507703 and XM_525960). 

 The myosin IIIa tissue expression in vertebrates is restricted (Dosé and Burnside, 

2000), with the strongest expression in the IHCs and OHCs of organ of Corti (Walsh et 

al., 2002; Schneider et al., 2006) and retina (Dosé et al., 2003).  The Drosophila myosin 

III orthologue, ninaC (neither inactivation nor afterpotential C), is expressed specifically 

in the fruit  fly photoreceptor cells (Montell and Rubin, 1988) and is required for the 

deactivation of phototransduction (Wes et al., 1999). Recently, immunocytochemical 

studies indicated that myosin IIIa is localized around the stereocilia tips forming a 

thimble-like pattern (Schneider et al., 2006). Myosin IIIa expression was detected in the 

rat IHCs and vestibular hair cells (VHCs) at postnatal day 0 (P0) and, subsequently, in 

OHCs at P3. The myosin IIIa immunoreactivity  levels were at their highest between P6 

and P10 before the levels dropped very low in the adults (Schneider et al., 2006). By 

using a special technique of antigen retrieval step, the immunoreactivity of myosin IIIa in 

the adults (>P30) was recovered. The brightest fluorescent puncta were often seen among 

the second row of stereocilia tips in the mature OHC bundles. Moreover, robust 

hybridization signals, using a 1 kilobase riboprobe corresponding to the N-terminal 

mouse IIIa, were observed in mouse cochlear and vestibular hair cells from P8 through 

P50 (Schneider et al., 2006). Myosin IIIa has also been localized to the inner segment of 
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mouse photoreceptors as well as calycal processes of rod and cone photoreceptors and 

sacculus in striped bass (Dosé et al., 2003). 

 The spatiotemporal expression patterns of myosin IIIa and the deaf phenotype of 

DFNB30 human subjects suggest that the mutations in the MYO3A gene affect the 

structure and function of the stereocilia.  Nonetheless, there is no definitive explanation 

how these mutations affect hearing later in life but not balance or vision (Schneider et al., 

2006).  A speculative explanation by a consensus in the literature is that myosin IIIb or 

another unidentified protein partially  compensates for the loss of function of myosin IIIa 

in hearing but only during the early years of life. The mechanistic reason why the hearing 

compensation does not endure through DFNB30 adulthood is unknown. 

 The vertebrate myosin IIIb tissue expression is found in the sensory epithelia of 

the retina and the olfactory  bulbs, the neural tissue of the brain (Katti et al. 2009), and the 

non-sensory  epithelia of the intestine and testis (Dosé et al., 2003). A recent study using a 

modified mass spectrometry technique, presented by Peter Gillespie during the 2009 

Association for Research on Otolarynology MidWinter Meeting, reported that myosin 

IIIb is present in the hair bundles of chicken VHCs (Gillespie et al., 2009). Myosin IIIb is 

also localized to the inner and outer segments of photoreceptors, cells in the inner nuclear 

layer and ganglion cells in the mouse retina (Katti et al., 2009), as well as the calycal 

processes and ellipsoids of green sunfish cone photoreceptors (Lin-Jones et al., 2009).  

These observed expression patterns indicate that both myosins IIIb and deafness-

associated IIIa localize to several similar cellular compartments. These localizations are 

consistent with the possibility that these proteins compensate for each other. Myosin III 
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knockout or transgenic mice would be good models to examine the physiologic and 

phenotypic relationship between deafness and class III myosins. 

1.2.7 Functional domains of class III myosins
 Class III myosins are among the most divergent members of the myosin 

superfamily identified to date since they possess a peculiar kinase domain (Fig. 1-1) at 

their N-terminus.  This built-in kinase autophosphorylates serine and threonine residues 

in the cis motor domain (Komaba et al., 2003; Montell and Rubin, 1988; Ng et al., 1996; 

Dosé et al., 2007a) and other trans protein substrates (Kempler et al., 2007). 
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Figure 1-1. Molecular maps of human myosin paralogues, IIIa and IIIb*. (a, c) Schematic 
diagrams of myosins IIIa (a; NCBI accession number AY101367) and IIIb (c; NM_138995) 
illustrating the orientation of head, neck, and tail regions as well as the functional domains. 
Polypeptide amino acid (aa) and open reading frame (ORF) nucleotide (nt) coordinates are 
displayed at  each myosin (top and bottom, respectively). The aa coordinates are predicted by 
SMART  unless otherwise cited.  Dotted/solid bar (head) represents the N-terminal kinase and the 
motor domain (ATPase).  The N-terminal kinase domain is a member of the highly conserved 
Ste20/PAK family kinases (Dosé et al., 2000; Dosé et al., 2003) and is implicated in 
downregulating the motor activity of myosin III. The motor domain contains two conserved ATP-
binding sites, residues for conformation change and movement, and an actin-binding site (Dosé et 
al., 2000; Rayment et al., 1993). Two IQ motifs are predicted in the neck region. An extra IQ 
motif is located in the myosin IIIa tail region. Both myosins contain the conserved cargo-binding 
3THDI (myosin III Tail Homology Domain I) in the tail but  only myosin IIIa has the actin-
binding domain, 3THDII (II, aa positions 1595—1616; Les Erickson et al., 2003; Dosé et al., 
2003).  (b, d) Coarse exon alignments** of myosins IIIa (b) and IIIb (d). Exon coordinates are 
numbered horizontally and intron coordinates are numbered (black boxes) vertically according to 
nucleotide length between exons (NCBI Spidey; Wheelan et al., 2001).  Exons and introns 
encompassing the 5′ and 3′-untranslated regions (-UTRs) are excluded. See text for further 
details. *Not to scale. **Use NCBI Spidey or elsewhere for precise alignment. 
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 This kinase domain is homologous to the Ste20/GCK family of protein kinases 

(Dosé and Burnside, 2000; Dan et al., 2001; Dosé et al., 2003). Bioinformatics searches 

via several models and databases (e.g. Simple Modular Architecture Research Tool 

[SMART, Schultz et al., 1998] database, CLUSTALW [Thompson et al., 2002]; Pfam 

[Finn et al., 2008]; UniProtKB [Boutet et al., 2007]) indicate a highest amino acid 

identity  of 56% between myosin IIIa kinase and a GCK member namely  misshapen-like 

kinase 1 (MINK1; Swiss-Prot accession no. Q9JM52; Accessed September 2009). 

MINK1 is found to respond to environmental stresses through the c-Jun N-terminal 

kinase signaling pathway  (Dan et al., 2000) and is implicated in cytoskeleton 

rearrangement and cell motility (Sells et al., 1997). Deletion of this kinase domain affects 

phototransduction in Drosophila (Porter and Montell, 1993a), causes stereocilia 

elongation and stereocilia tip bulging in rodents, and enhances filopodia localization in 

transfected COS-7 (Schneider et al., 2006) and HeLa cells (Les Erickson et al., 2003). 

Biochemical studies indicate that the autophosphorylation of myosin IIIa decreases the 

affinity for actin in the presence of ATP (Dosé et al., 2007a; Dosé et al., 2008; Kambara 

et al., 2006), suggesting that the phosphorylation attenuates the movement of myosin IIIa. 

Further studies are needed for clarifying the role of autophosphorylation of myosin III by 

the catalytic kinase domain.  

 The head region contains the canonical ATPase that catalyzes ATP hydrolysis 

promoting motor activity and movement of myosin III along the actin filaments (Fig. 1-1 

a, c). This motor domain contains several consensus sequences that predict ATP and 

actin-binding sites and a conserved region known to involve conformational movements 
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(Dosé and Burnside, 2000). The neck region (Fig. 1-1a, c) contains IQ domains and is 

believed to act as a ‘lever arm’ of the power stroke of myosin III (Rayment et al., 1993;  

Uyeda et al., 1996; Dosé et al., 2003). These IQ domains contain calmodulin-binding 

sites described earlier.  

 The diversity  of C-terminal tails of unconventional myosins are reflected by 

divergent amino acid sequences, a variety of tail lengths, and the presence of various 

functional domains implicated in a number of functions including anchoring the actin 

filament, dimerization, and binding cargoes (Foth et al., 2006). The tail region of myosins 

IIIa and IIIb encompasses a conserved domain called tail homology domain I (3THDI; 

Fig. 1-1a, c; Dosé et al., 2002). The function of this ~60 amino-acid long 3THDI (Lin-

Jones et al., 2004) has been unclear. The tail region of myosin IIIa also has a C-terminal 

conserved domain, 3THDII that is ~22 amino acids long. At the end of this C-terminal 

3THDII presents a consensus actin-binding site, DFRXXL (Smith et al., 1999).  3THDII 

is required for actin filament binding activity in vitro and colocalizes with the actin 

filaments in HeLa cells (Les Erickson et al., 2003). A point mutation in 3THDII disrupted 

targeting of striped bass myosin IIIa to filopodia tips in the transfected HeLa cells (Les 

Erickson et al., 2003) but not to the photoreceptor calycal processes in frog (Lin-Jones et 

al., 2004), or targeting of a human myosin IIIa to the stereocilia tips in rodents (Schneider 

et al., 2006).  

 Unlike many other myosins, myosins IIIa and IIIb are probably monomeric in that 

they are single-headed molecules.  No coiled-coil region has been predicted in the tail of 

these molecules. A gel filtration chromatography analysis, a size exclusion 
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chromatography technique often used instead of the gel electrophoresis to preserve 

quaternary protein structures (Eisenstein, 2006), showed no sign of dimerization of the 

myosin IIIa molecules (Komaba et al., 2003).  The walking mechanism of myosin IIIa is 

unknown (Dosé et al., 2007a), but there is speculation suggesting that the 3THDII 

domain tethers myosin IIIa to the actin filament (Les Erickson et al., 2003) while the 

single-headed motor domain is taking a step on the actin filament (Kambara et al., 2006).  

The kinetic mechanism of myosin IIIa has been examined by several investigators.  

Although there is some contradiction in their conclusions, the current consensus is that 

myosin III has a high affinity for actin (Kactin = 7 µM), has a high duty ratio, behaves as a 

processive motor that stays associated with the actin bundles for a relatively long time in 

the actomyosin-ADP state (Dosé et al., 2007a; Kambara et al., 2006).  These studies used 

human myosin IIIa.  Detailed analyses of myosin IIIb kinetics should be pursued in future 

research. 

1.2.8 Espin isoforms in stereocilia

 The actin core is a tight bundle of polarized actin filaments found to be cross-

linked by at least two actin cross-linkers: espin and fimbrin (Tilney et al., 1989; reviewed 

by Manor and Kachar, 2008).  Fimbrin, a member of the plastin/α-actinin family, is 

probably calcium sensitive (Glenney et al., 1981; Daudet and Lebart, 2002) whilst espin 

is not (Bartles et al., 1998; Chen et al., 1999).  Espin was given its name based on its 

immunolocalization (i.e. ectoplasmic specialization + in) by Bartles et al. (1996) when it 

was initially found in the actin-containing ectoplasmic region between Sertoli and 

maturing sperm cells in rodent testes.  Espin mediates actin bundling and microvillar 
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elongation in several cell types (Bartles et al., 1998; Chen et al., 1999; Loomis et al., 

2003; Sekerková et al., 2004; Rzadzinska et al., 2005). A total of six identified espin 

splice isoforms, 1, 2A, 2B, 3A, 3B, and 4, are encoded by a single Espn gene (NCBI 

accession number NC_000070) in the mouse genome (Chen et al., 1999; Loomis et al., 

2006).  Protein expression of espin isoforms, 1, 2B, 3A, and 4 isoforms in hair cells was 

reported (Zheng et al., 2000; Sekerková et al., 2006a). Recent research indicates that 

these espin isoforms are localized to the stereocilia along the actin core and are key 

molecular players in hair cell differentation, morphogenesis, maturation, and maintenance 

(Li et al., 2004; Rzadzinska et al., 2005; Sekerková et al., 2006b).  

1.2.9 Mutations in ESPN are linked to deafness and vestibular dysfunction
 The human ESPN gene is mapped to chromosome 1q36.3-p36.1 (Naz et al., 

2004). Several mutations in both ESPN and mouse Espn genes have been linked to 

autosomal recessive (Zheng et al., 2000; Naz et al., 2004; Boulouiz et al., 2008) DFNB30 

as well as autosomal dominant (Donaudy et al., 2006) inheritance patterns of deafness 

and/or vestibular dysfunction. Naz et al. (2004) reported two ESPN recessive mutations 

prevailing in two consanguineous Pakistani families, in which affected subjects were 

inherited with deafness and imbalance. Each of these naturally occurring mutations have 

a distinct frameshift 4-bp deletion (1988delAGAG or 2469delGTCA) that leads to a 

protein truncation that  affects the actin bundling module (ABM), a key functional domain 

for actin bundling and elongation activities (Loomis et al., 2003; Loomis et al., 2006). A 

single point, frameshift deletion mutation in the Espn gene of jerker mice, that affects the 

same C-terminal ABM shared by other espin isoforms, leads to stereocilia degeneration, 
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vestibular dysfunction, and deafness (Donaudy et al., 2006; Loomis et al., 2006; Naz et 

al., 2004; Rzadzinska et al., 2005; Zheng et al., 2000). The behavioral phenotype of this 

mutation in jerker mice is circling movements, head tossing (Grüneberg et al., 1941), and 

poor swimming performance (Jones et al., 2005) which bears resemblance to the 

phenotypes of Snell’s waltzer and shaker mice. The deaf jerker has shorter, thinner 

stereocilia at P0 in both vestibular and cochlear tissues (Rzadzinska et al. 2005; Sjöström 

and Anniko, 1992a) associated with motor abnormalities and dysequilibrium (Sjöström 

and Anniko, 1992b). Furthermore, there are indications that while these jerker mice have 

normal espin mRNA levels, they lack functional espin proteins (Loomis et al., 2006; 

Zheng et al., 2000). 

 Donaudy et al. (2006) identified another four ESPN mutations, i.e. three missense 

mutations (2155A→C, 2230G→A, 2321G→A) and one deletion (2541-2543delAAG), 

that were associated with autosomal dominant deafness. The majority of patients in their 

study came from Italy, while others were from Spain, Belgium, and Israel. Affected 

patients with the 2155A→C mutation show progressive sensorineural deafness that starts 

in the second decade and, by age forty, moderate deafness. Their high frequencies were 

mainly affected. The 2230G→A mutation causes severe sensorineural deafness including 

all frequencies. One patient that has the 2321G→A mutation, had a late onset deafness in 

all frequencies beginning at age 42. The 2541-2543delAAG mutation leads to congenital 

severe deafness. All these four mutations do not lead to any  detectable vestibular 

problems (Donaudy et al., 2006). 
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 More recently, a novel mutation that leads to an autosomal recessive form of 

deafness without vestibular involvement has been reported in a Moroccan family. This 

mutation is caused by a 1-bp insertion, 1757insG, which is predicted to induce a 

frameshift and a premature truncation of the protein after 71 erroneous amino acids 

(Boulouiz et al., 2008). This truncation renders the protein, if expressible, without the 

conserved C-terminal ABM and another functional domain, WH2, implicated in actin 

polymerization and bundling activity (Loomis et al., 2006). 

1.2.10 Expression patterns of espins
 In contrast to eukaryotic myosins, NCBI database searches and literature suggest 

that the evolution of espin is relatively  recent. To date, no espin orthologues with 

significant homology have been reported in invertebrates or lower organisms (Sekerková 

et al., 2004).  On the other hand, the expression of espins associated with actin bundles is 

prominent in various vertebrate cell types.  Espin is expressed in the actin-rich junctional 

plate of the Sertoli cell/spermatid in the rat testis (Bartles et al., 1996), in the principal 

cells of the adult rat epididymis (Primiani et al., 2007), in the microvilli of the brush 

border epithelial cells in rat intestine and kidney (Bartles et al., 1998), in the developing 

(E15-E20) rat lacrimal gland and lung (Sekerková et al., 2006), in the rat type I spiral 

ganglion neurons, in the synapses in the rat cochlear nucleus, and in the differentiating 

mouse bone marrow stem cells (Jeon et al., 2007) inoculated with Math1, a transcription 

factor known to promote hair cell differentiation (Kawamoto et al., 2003).  Moreover, 

espin expression has been detected in microvilli of many sensory cells including in the rat 

and mouse stereocilia of inner ear hair cells (Rzadzinska et al., 2005), in the calycal 
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processes of photoreceptors (Based on personal communication with Andrea Dosé), the 

vomeronasal organ sensory neurons, solitary  chemoreceptor cells, palatal taste buds, and 

Merkel cell mechanoreceptors (Sekerková et al., 2004). Moreover, espins are predicted to 

express in pufferfish (Tetraodon nigroviridis; NCBI accession number CAG03205), 

zebrafish (XP_695442), gray short-tailed opossum (Monodelphis domestica; 

XP_001365671), chicken (XM_417532), dog (XP_543304), cattle (XP_602703), and 

chimpanzee (XP_514338). 

 An ex vivo experiment was conducted on Sertoli cells to examine actin dynamics 

under a deprivation of male gonadotrophic hormones, testosterone and follicle-

stimulating hormone (FSH) following the removal of rat pituitary gland—a procedure 

called hypophysectomy. The Sertoli cells are the only cells in the seminiferous epithelium 

that express receptors sensitive to testosterone and FSH necessary  to maintain adhesion to 

the developing spermatids. Downregulation of the espin expression was observed in 

parallel to a decrease in the amount of polymerized actin within the Sertoli cell from the 

hypophysectomized rats. This result  putatively suggests that the actin bundles of 

ectoplasmic specialization are disrupted following the surgery due to a concomitant 

decrease in espin levels and therefore a decrease in the cross-linking activity and 

polymerization (Show et al., 2004). 

1.2.11 Espin 1 is the largest espin isoform
The espin mRNA variant 1 encodes the largest protein isoform (espin 1; NCBI accession 

numbers: NM_031475 [human], NM_207687 [mouse], U46007 [rat]) identified to date, 

with a molecular weight of ~110 kDa (Bartles et al., 1996).  The expression of espin 1 
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has been found in the testes and inner ear and is the only espin isoform that contains a 

predicted domain of eight or more ankyrin repeats (reviewed by Bartles, 2000) that 

extend approximately 300 amino acids at the N-terminus (Fig. 1-2a; Bartles et al., 1996; 

Chen et al., 1999; Lee et. al., 2006; Loomis et al., 2003; Sekerková et al., 2004; SMART, 

accessed October 2007).  

Figure 1-2 Molecular map of espin 1*. (a) Schematic diagram of mouse espin 1 (NCBI accession 
number NM_207687) illustrating orientation of the functional domains. Polypeptide amino acid 
(aa) and open reading frame (ORF) nucleotide (nt) coordinates are displayed (top and bottom, 
respectively). The aa coordinates are predicted by SMART. The ankyrin repeat  domain (ARD), 
located at the N-terminus, is a ~300 aa long predicted between amino acid position 31 and 330.  
Wiskott–Aldrich syndrome protein (WASP) homology 2 (WH2; Chereau et al., 2005) is located 
at  amino acid positions 658 and 705. The C-terminus contains two actin-binding sites, which 
make up the actin bundling module (ABM; aa positions 722 and 871). ‘Je’ denotes roughly the 
position of the single point  mutation at the ABM that causes the phenotype of the deaf jerker 
mouse. (b) Coarse predicted exon alignment of the espin 1 above with illustrations of intron 
lengths (black boxes) between the exons. Exons 1-5 encode ARD. Exons 11 and 12 encode the 
WH2. Exons 13-15 encode the ABM. See text  for further details. *Not to scale. **Use NCBI 
Spidey or elsewhere for precise alignment. 

The exact function of the ankyrin repeats domain (ARD) of espin 1 is unclear. Although, 

homologues to this protein domain have been well characterized in which peptide 

sequences and structures appear to be evolutionarily conserved dating back to early 

eukaryotes (reviewed by Bennett and Baines, 2001; Mosavi et al., 2002; Mosavi et al., 

2004; Sotomayor et al., 2005). The term, ankyrin, is derived from the protein, erythrocyte 

ankyrin, which was first cloned from an immature erythrocyte cDNA library  (Lux et al., 
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1990). These proteins containing ankyrin repeats have been localized to membrane 

skeleton and found to interact with a membrane associated anion exchanger and with the 

cytoskeletal protein, spectrin (Bennett and Baines, 2001; Hryniewicz-Jankowska et al., 

2002; Lambert and Bennett, 1993). 

1.2.12 Functional domains of espin 1 and other espin isoforms
 ABM in espin 1 and all other espin isoforms contains two actin-binding sites that 

participate in in vitro and in vivo actin-bundling activities (Bartles et al., 1998; Chen et 

al., 1999; Loomis et al., 2003). Espin isoforms’ role in cytoskeletal processes is 

influenced by  various combinations of highly conserved domains at  the upstream of the 

ABM. For instance, all espin isoforms except isoform 4 contain two proline-rich regions 

that mediate interactions with IRSp53 (insulin receptor substrate p53; a cytoskeletal 

protein adaptor; Loomis et al., 2006; Sekerková et al., 2003) and profilin, a distinct actin-

binding protein, (Sekerková et al., 2004). These isoforms also have an extra actin-binding 

site which may enhance actin-bundling activity in conjunction with ABM  (Chen et al., 

1999). All espin isoforms have the WH2 (Wiskott–Aldrich syndrome protein [WASP] 

homology  2) domain in which it binds ATP-actin monomers and participates in 

assembling actin filaments (Loomis et al., 2003; Naz et al., 2004; reviewed by Takenawa 

and Suetsugu, 2007). This WH2 domain predicts a glycine-rich consensus sequence 

called P-loop motif (phosphate-binding loop; GXXXXGK[TS]) that commonly  interacts 

with the phosphate groups of ATP or GTP (Bartles et al., 1996; Saraste et al., 1990; 

Walker et al., 1982), suggesting that WH2 binds to ATP-bound actin through the P-loop 

motif. 
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 Proteins equipped with ankyrin repeats are frequently found to mediate protein-

protein or membrane-protein interactions (Bartles et al., 1996; Bennett and Baines, 2001; 

Lin et al., 1999; Matsuno et al., 1997; Mosavi et al., 2002, 2004; Sedgwick and 

Smerdon, 1999; Witt et al., 2005). Each ankyrin repeat is about 30-33 amino acids long 

(e.g. compare literature with SMART protein sequence alignments) with a mixture of 

conserved and non-conserved residues. Research has indicated that the conserved 

residues make up the backbone of ARD and the non-conserved regions have a tendency 

to serve as binding sites at the exterior interface (Mosavi et al., 2002). NMR and X-ray 

crystallography  studies indicate that ARD contains antiparallel α-helices that stack to 

form a “superhelical spiral” (Lee et al., 2006; Mosavi et al., 2002; Sotomayor et al., 

2005). Atomic force microscopy  data also indicate that ARD elicits spring-like behavior 

(Lee et al., 2006; Li et al., 2006). These observations are consistent with the postulation 

that one of general functions of ARD, owning to its elasticity, is to sustain mechanical 

stresses and deformations experienced by eukaryotic cells (Bennett and Baines, 2001; Li 

et al., 2006; Witt et al., 2005). 

 The tips of the tallest  stereocilia of OHCs interact with the tectorial membrane 

through the connecting extracellular matrix, in which they experience high, recurrent 

shear stresses amid the basilar membrane vibrations and stereocilia deflections. The 

tethering tip links between stereocilia pull membranes upon stereocilia deflections and 

occasionally cause membrane tenting (Assad et al., 1989; Furness and Hackney, 1985; 

Kachar et al., 2000; Pickles et al., 1991). Espin 1ARD might be a good candidate as an 

absorber to sustain such stereocilia tip mechanical stress. Espin 1ARD could also be a 
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structural scaffold (reviewed by Mosavi et al., 2004) for protein-protein interactions at 

the stereocilia tips.

 Taken together, espins are not merely cross-linking proteins but rather 

multifunctional actin regulatory proteins in the sensory epithelia.

1.2.13 Colocalization and functional interactions between class III myosins 
and espin 1
 The original impetus for this dissertation research on class III myosins and espin 1 

in the stereocilia came from the finding that the espin 1 immunolocalization and temporal 

expression pattern at the stereocilia tip was virtually identical to that of myosin IIIa.  

Confocal images of optical sections across the tips of stereocilia clearly show the same 

thimble-like pattern of immunolabeling, using the anti-espin 1 or anti-myosin IIIa 

antibody. This finding was unprecedented since espin 1 localizes to the new compartment 

at the tip in contrast to other espin isoforms that are present inside the actin core and 

along the entire stereocilia length (Rzadzinska et al., 2005). Espin 1 is different from 

other isoforms due to its N-terminal ARD, which suggests that this domain is involved in 

the localization of espin 1.  These observations raised questions whether these proteins 

interact and if they, together, play a role in the structure and function of stereocilia. 

 Both myosin IIIa and espin 1 are implicated in sensorineural deafness (Walsh et 

al., 2002; Naz et al., 2004) and shown to influence stereocilia length (Schneider et al., 

2006; Rzadzinska et al., 2005). When rat VHCs were co-transfected with engineered 

myosin IIIa and espin 1 plasmid DNA constructs, these two proteins colocalized to the 

stereocilia tips and promoted significant  elongation of the stereocilia length (P = 0.002, 

ANOVA). This observation was reproducible when these two constructs were co-
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expressed in heterologous COS-7 fibroblasts, in which the elongation of filopodia 

appeared more dramatic. The disparity  in the lengthening of actin protrusions between 

these two cell types was no surprise since the actin treadmilling rate is faster in filopodia 

than in stereocilia (reviewed by Manor and Kachar, 2008).  

 Espin 1 and all other espin isoforms identified to date possess ABM  and the actin-

monomer binding domain, WH2. This WH2 domain is believed to be responsible for 

elevating local concentration of polymerizable actin monomers (Loomis et al., 2006). 

Live-cell images on COS-7 cell filopodia co-transfected with myosin IIIa and espin 1ARD 

constructs show that these two proteins actively  co-transport during the formation and 

extension of filopodia. Biochemical assays using the GST pulldown technique have 

confirmed that these two proteins interact. Espin 1 is the first cargo shown to be 

transported by myosin IIIa. These two proteins, together, elicit a powerful, synergistic 

elongation of both stereocilia and filopodia. We hypothesized that the mechanism 

underlying this synergistic elongation is due to the transport of the actin-polymerizing 

factor, espin 1, toward the stereocilia tip by myosin IIIa.  

 Since there is no explanation why DFNB30 individuals with a homozygous 

mutation in the MYO3A gene have had a normal ability to hear for the first twenty years 

and progressively become deaf from that point and on, we sought answers to whether 

myosin IIIb, the other member of class III myosins with a shorter tail, compensates for 

loss of myosin IIIa function.  Our anti-myosin IIIb antibody, which only cross-reacts with 

mouse myosin IIIb but not rat or human myosin IIIb, revealed that myosin IIIb is also 

localized to the same compartment as myosin IIIa and espin 1 in the mouse inner ear hair 
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cell stereocilia.  However, we found that the temporal expression of myosin IIIb differs.  

Myosin IIIb showed a peak of immunofluorescence around age P0, while myosin IIIa and 

espin 1 have the peak at age P8.  Furthermore, we found that myosin IIIb cannot self-

localize to the tips of filopodia due to the lack of actin-binding 3THDII in the tail.  

Myosin IIIb rather depends on espin 1 for the tip localization.  Taken together, we 

postulate that myosin IIIb compensates for myosin IIIa in the function of hearing during 

the development and maturation, but not everlasting maintenance, of stereocilia. 
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Chapter 2: Myosin IIIa Boosts Elongation of Stereocilia by 
Transporting Espin 1 to the Plus Ends of Actin Filaments
2.1 Abstract
Two proteins implicated in inherited deafness, myosin IIIa (Walsh et al., 2002), a plus-

end-directed motor (Komaba et al., 2003), and espin (Donaudy et al., 2006; Naz et al., 

2004; Sekerková et al., 2006; Zheng et al., 2000), an actin-bundling protein containing 

the actin-monomer-binding motif WH2, have been shown to influence the length of 

mechanosensory stereocilia (Rzadzinska et al., 2005; Schneider et al., 2006). Here we 

report that espin 1, an ankyrin repeat-containing isoform of espin (Sekerková et al., 

2006), colocalizes with myosin IIIa at stereocilia tips and interacts with a unique 

conserved domain of myosin IIIa. We show that combined overexpression of these 

proteins causes greater elongation of stereocilia, compared with overexpression of either 

myosin IIIa alone or espin 1 alone. When these two proteins were co-expressed in the 

fibroblast-like COS‑7 cell line they induced a tenfold elongation of filopodia. This 

extraordinary  filopodia elongation results from the transport of espin 1 to the plus ends of 

F‑actin by  myosin IIIa and depends on espin 1 WH2 activity. This study  provides the 

basis for understanding the role of myosin IIIa and espin 1 in regulating stereocilia 

length, and presents a physiological example where myosins can boost elongation of 

actin protrusions by  transporting actin regulatory factors to the plus ends of actin 

filaments.
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2.2 Introduction
Stereocilia, the prominent actin protrusions on the apical surfaces of sensory hair cells, 

emerge early during development. Their lengths are maintained at fixed heights for the 

lifetime of the organism. The bundle of parallel actin filaments that make up the core of 

each stereocilium is continually renewed, with the entire actin bundle constantly 

assembled at the tip, treadmilling downward, and disassembling at the base (Lin et al., 

2005; Rzadzinska et al., 2004; Schneider et al., 2002). Given that stereocilia can be up to 

100 µm in length, it  is likely that some form of regulated transport is necessary to localize 

components of the actin polymerization machinery to the plus end of actin filaments. 

Although several myosins have been shown to alter stereocilia length and shape 

depending on their expression levels (Belyantseva et al., 2005; reviewed by Manor and 

Kachar, 2008; Prosser et al., 2008; Rzadzinska et al., 2004; Tokuo and Ikebe, 2004; 

Tokuo et al., 2007), the mechanisms by which these motors or their binding partners 

regulate actin dynamics and stereocilia length remain unclear.

2.3 Materials and Methodsi 

2.3.1 Antibodies 
 Affinity-purified polyclonal antibodies (PB538 and PB539) were developed in 

rabbits immunized with a synthetic peptide (Princeton Biomolecules) corresponding to 

the amino acid sequence (LDALPVHHAARSGKLHCLR) of the first ankyrin repeat of 

mouse espin 1. A similarly raised antibody specific for a region conserved in all isoforms 
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of espin (pan-espin, PB127; Rzadzinska et al., 2005 and anti-myosin IIIa (PB638; 

Schneider et al., 2006) antibodies have been previously described.

2.3.2 Immunofluorescence and microscopy  
 After CO2 anaesthesia, rats, mice and guinea pigs were euthanized in accordance 

with National Institutes of Health (NIH) guidelines, and their temporal bones fixed by 

immersion in 4% paraformaldehyde in phosphate buffered saline (PBS; pH 7.4) for 2 h at 

room temperature. Sensory  tissue was dissected in PBS, permeabilized with 0.5% Triton 

X‑100 for 30 min and blocked overnight at 4 °C with 4% bovine serum albumin in PBS. 

Tissues were then incubated with primary  antibody for 2 h, rinsed with PBS, stained with 

Alexa Fluor 488-conjugated secondary antibody (Molecular Probes) for 1 h, 

counterstained with Alexa Fluor 568 phalloidin (0.001 U µl–1; Molecular Probes) and 

mounted using Prolong Antifade (Molecular Probes). Fluorescence confocal images were 

obtained with a Nikon microscope equipped with a×100 1.45 numerical aperture (NA) 

objective and a spinning disk confocal unit (PerkinElmer).

2.3.3 Electron microscopy

 Rat organ of Corti or vestibular tissues were either rapidly  frozen by contact with 

a liquid nitrogen cooled metal block in a LifeCell (The Woodlands) freezing apparatus or 

fixed, glycerinated and plunge-frozen in Freon 22 cooled in liquid nitrogen before freeze-

substitution in 1.5% uranyl acetate in absolute methanol at –90 °C. Freeze-substituted 

tissues were infiltrated with Lowicryl HM‑20 resin (Electron Microscopy Sciences) at –

45 °C, polymerized with UV light, thin-sectioned and labelled with immunogold. 

Samples were viewed and photographed with a Zeiss 922 electron microscope. As control 
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for the immunogold labeling, we also used the antibody PB288, which is unrelated to 

espin or to myosin IIIa (Fig. 2-1d).

2.3.4 Expression plasmids 
Espin 1 (NCBI accession number NM_031475) in pSPORT1 vector was obtained from 

imaGenes and PCR-cloned into pEGFP‑C2 (Clontech) and pcDNA3.1(–) (Invitrogen) 

through EcoRI and KpnI sites. The site-directed leucine to alanine mutations in the WH2 

motif of espin 1 were generated using a GeneTailor site-directed mutagenesis kit 

(Invitrogen). The ARD between amino acid positions 16 and 363 was PCR-amplified 

using the mouse espin 1 template (NM_207687) and subcloned in-frame into the 

mCherry‑C1 (Clontech) expression vector through XhoI and EcoRI sites, and pDEST 15 

GST expression vector (Invitrogen) using the Gateway  LR Clonase cloning method 

(Invitrogen). The GFP-tagged expression plasmids used were espin 1ΔARD (a gift  from 

James Bartles, Northwestern University, Chicago, IL), myosin X (a gift from Richard 

Cheney, UNC, Chapel Hill NC), myosin XVa (a gift from Thomas Friedman, NIDCD/

NIH), as well as full-length and deletion constructs of myosin IIIa that were generated in 

our laboratories. Myosin IIIa 2IQΔK constructs were generated as described previously 

(Dosé et al., 2008; Dosé et al., 2007a). Myosin IIIa 2IQK50R and myosin IIIaK50R 

constructs were generated by performing site-directed mutagenesis on the myosin IIIa 

2IQ and myosin IIIa full-length constructs, respectively. All expression plasmids were 

sequence verified. Further details about the clones used are available in Table 2-2, 

Figures 2-6, and 2-8.
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DNA construct 
(aa)

Species
 (accession no.) Vector Forward primer Reverse primer

GFP-myoIIIa 
Δ32

(1-1479)

human
(AY101367)

pEGFP-C1

5′-GCTAGGATCCCACCAT
GTTTCCATTAATTGGAAA
AACAATCATC

5’-GTCTGCGGCCGCGTGCCTG
CTGGTGCCAGCCCC

GFP-myoIIIa 
ΔK,33

(21-1515)

human
(AY101367)

pEGFP-C1

5’-GCTAGGATCCGTAGAT
GATTTAGCAACCCTAGA
AGTTTTGGATG

5’-GTCTGCGGCCGCGTGCCTG
CTGGTGCCAGCCCC

GFP-myoIIIa 
K50R

(1-1616)

human
(AY101367)

pEGFP-C1

5’-GCTAGGATCCCACCAT
GTTTCCATTAATTGGAA
AAACAATCATC

5’-GTCTGCGGCCGCGGACTGC
TGGACGAGGCGCCG

GFP-IIIa 
tailΔ3THDII

(1376-1594)

human
(AY101367)

pEGFP-C1

5′-CGTAGGATCCGCATC
AGAGGATTGTCACAACAC
CAACAGAAGTAGC

5′-GAGAGAGAGCCAGCAGCC
ACCCCCTACTAAGCGGCCGCA
TCG

GFP-IIIapre3THDI

(1376-1491)
human

(AY101367)

pEGFP-C1
5′-
CGTAGGATCCGCATCAG
AGGATTGTCACAACACCA
ACAGAAGTAGC

5′-CTCAGGTGTCTGTAAAGGA
GAGGAGCCAAAAATATTGAG
A
GCGGCCGCATCG

GFP-IIIa3THDI

(1492-1561)

human
(AY101367)

pEGFP-C1

5′-CGTAGGATCCCCCCCA
AGACGACCCCGGAAACC
CAAAAC

5′-CGATGCGGCCGCTCTTCGTT
CTCTTAAACTAGGGCTATGTT
CCTTTGGTCCAG

GFP-
IIIapost3THDI

(1562-1595)

human
(AY101367)

pEGFP-C1

5′-CGTAGGATCCCCACAG
CAAGAACTCCAGAATCAA
TGTATTAAGGCTAATG

5′-GAGAGAGAGCCAGCAGCC
ACCCCCTACTAAGCGGCCGC
ATCG

GFP-IIIa 
3THDIΔ33

(1492-1525)

human
(AY101367)

pcDNA 6.2/N-
EmGFP-DEST

5′-CGTAGGATCCCCCCCA
AGACGACCCCGGAAACC
CAAAAC

5′-CGCTGGTCTTCGTTTTTCT
TCTTG

myoIIIaK50R 
2IQ

(1-1143)

human
(AY101367)

pEGFP-C1
5’-GCTAGGATCCCACCAT
GTTTCCATTAATTGGAAA
AACAATCATC

5’-GCTACGCCGGCGAATGAA
TTCCTGATCAGAAGTTTGAA
TGGTTGTTACTGCTGTG

V5-IIIa3THDI 
(1492-1553)

mouse 
(AY101368)

pcDNA/
nV5-DEST

5′-CCTCCAAGACGACCTC
GGAAA

5′-TTATTTCCATTCTCTTGCAT
TAGAGCT

mCherry-espin 
1ARD

(16-363) mouse
(NM_207687)

pmCherry-C1
5′-GACGTGCTGAGGTCCC
TGC

5′-TTAGACCGACATGGTGGTG
TTGGGST-espin 1ARD

mouse
(NM_207687) pDESTTM15

5′-GACGTGCTGAGGTCCC
TGC

5′-TTAGACCGACATGGTGGTG
TTGG

GFP-espin 1ARD

mouse
(NM_207687)

pcDNA 6.2/N-
EmGFP-DEST

5′-GACGTGCTGAGGTCCC
TGC

5′-TTAGACCGACATGGTGGTG
TTGG

Table 2-1 Novel myosin IIIa clones and associated primers used in the dissertation. 

2.3.5 Cultures and transfection of COS‑7 cells

COS‑7 (American Type Culture Collection [ATCC], Manassas, VA) cells were 

trypsinized and plated on coverslips and maintained at 37 °C in Dulbecco’s Modified 

Eagle Medium (DMEM) with 10% fetal bovine serum (FBS). Cultures were transfected 

using GeneJuice transfect reagent (Novagen, EMD Chemicals, Inc, Gibbstown, NJ) and 

incubated for 24 h. Time-lapse videos of live cells were acquired at the maximum 

nominal laser power and camera gain allowed by the confocal microscope. Samples were 

42



also fixed for 20 min in 4% paraformaldehyde in PBS, permeabilized for 30 min in 0.5% 

Triton X‑100 in PBS, and counterstained or processed for immunofluorescence as 

described above.

2.3.6 Culture and transfection of rat inner ear tissue

Organ of Corti and vestibular tissues were dissected from postnatal day 0–4 rats and 

attached to coverslips previously coated with Cell-Tak (150 µg µl–1; BD Biosciences). 

Cultures were maintained in DMEM/F12 (Invitrogen) with 5–7% FBS and ampicillin 

(1.5 µg ml–1; Sigma) and kept at 37 °C and 5% CO2. For transfections, 50 µg of DNA was 

precipitated onto 25 mg of 1 µm gold particles and loaded into the Helios Gene Gun 

cartridges (BioRad). Tissue explants were transfected with the gene gun set at 95 psi of 

helium and maintained in culture for 18–48 h. Samples were fixed and counterstained for 

confocal microscope viewing as described above. The efficiency  of transfection ranged 

from 0–9 hair cells per explant.

2.3.7 Image analysis

Image analysis was performed with ImageJ software (NIH). To estimate the relative 

increase in stereocilia length, we compared the heights of the tallest row of well-

preserved stereocilia of cochlear and vestibular hair cells transfected (HT) with the 

average height of all their respective neighboring (usually  between 3–5) non-transfected 

cells (HNT) within the field of view of our camera/confocal setup  (30 × 45 µm). The 

average ratio of stereocilia length was calculated as 1 = 
HT

HNT

. ANOVA was performed 
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using MATLAB (Mathworks). Cross-correlation analysis for the intensity plot in Fig. 3 

was performed using Microsoft Excel.

2.3.8 Western blotting

100-mm dishes of transfected semi-confluent COS‑7 cells were rinsed in PBS and 

scraped in 160 µl of lysis buffer: PBS, 1% Triton‑X, 5 mM  DTT, 1 mM Pefabloc, 5 µg 

ml–1 pepstatin A, 5 µg ml–1 leupeptin, 2 mM EDTA, 0.2 mM PMSF and 1% mammalian 

protease inhibitor cocktail (Sigma). After addition of 1× loading sample buffer and 

dithiothreitol (Invitrogen), samples were boiled and 10 µl of lysates were loaded in 4–

12% Bis-Tris minigel (Invitrogen). Western blots were incubated overnight at 4 °C with 4 

µg ml–1 of the primary antibody. Horseradish peroxidase-conjugated goat anti-rabbit 

antibodies (Santa Cruz) and ECL chemiluminescence system (Amersham Biosciences) 

were used for detection.

2.3.9 GST pulldown assays 

Protein expressions of glutathione S‑transferase (GST) alone or fused to ARD (GST–

ARD) were optimized under L‑arabinose induction in BL21-AI bacteria (Invitrogen). 

GST proteins were purified from bacterial extracts using glutathione–Sepharose 4B beads 

according to the manufacturer’s instructions (Amersham Biosciences). GFP–myosin 

IIIaΔK, –pre3THDI, –3THDI and –post3THDI proteins were extracted from 24-h COS‑7 

transfectants by  brief sonication and 20‑min ultracentrifugation at 145,000 g in ice-cold 

lysis buffer (1% Triton X‑100, 5 mM DTT, 150 mM NaCl, 50 mM Tris pH 7.4, 2 mM 

EDTA, 3 mM Pefabloc SC, 1× Pefabloc [Roche] and 1× mammalian protease inhibitor 

cocktail [Sigma]). To test for myosin IIIa interactions, the same amount of GST–espin 
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1ARD or GST alone was bound to 4B beads for 1 h at 4 °C followed by incubation with 

the GFP-tagged myosin IIIa fragment in CLB for 2 h. The beads were then washed four 

times with lysis buffer. Bound proteins were separated by  electrophoresis on NuPAGE 

Bis-Tris 4‑12% gels (Invitrogen) and analyzed by western blotting using rabbit 

polyclonal anti-GFP and anti-GST antibodies (Invitrogen).

2.3.10 ATPase assays

The steady-state actin-activated ATPase activity of baculovirus expressed myosin IIIa 

2IQK50R and wild-type were assessed in an NADH-coupled assay (Dosé et al., 2008; 

Dosé et al., 2007a). ATPase activity  of fully  phosphorylated myosin IIIa was compared 

with unphosphorylated myosin IIIa after a 60-min incubation at room temperature in the 

presence and absence of 200 µM  ATP, respectively. The kinase activity of the myosin IIIa 

2IQ constructs was assayed using 32P-ATP or western blotting with anti-

phosphothreonine antibodies (Dosé et al., 2008; Dosé et al., 2007a).

2.4 Results

2.4.1 Espin 1 and myosin IIIa localized to tips of stereocilia of inner ear hair 
cells

Using antibodies specific for the ARD of espin 1 (Fig. 2-1), we show by confocal 

microscopy that espin 1 is localized at stereocilia tips (Fig. 2-2) with a tip-to-base 

gradient distribution (Fig. 2-3) similar to that previously described for myosin IIIa. 
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Figure 2-1  Specificity of the antibodies generated against the ARD of espin 1. (a) Immunoblots 
of lysates from COS-7 cells transfected with GFP-espin 1, GFP-espin 1ARD, and GFP-myoIIIaΔK 
as well as lysates from bacteria expressing GST-espin 1ARD show that  both PB538 and PB539 
specifically recognize the ARD of espin 1. (b) GFP-espin 1 (left column) overexpressed in COS-7 
cells is recognized by PB539. The same antibody shows no labeling in COS-7 cells with 
overexpressing GFP-myoIIIaΔK only (right  column). (c) In the negative control, our myosin IIIa 
specific antibody (PB638) fails to recognize GFP-espin 1 in COS-7 cells. GFP constructs are in 
green and Alexa Fluor 568-conjugated secondary antibody is red. Scale bar is 5 µm. (d) Control 
experiments for the post  embedding immunogold labeling in directly frozen freeze-substituted 
adult  rat  cochlear hair cells shows no gold labeling at the tip of stereocilia when using the PB288 
antibody, unrelated to espin 1 and myosin IIIa. Scale bars, 200 nm. (Dr. Sousa assisted with Western 
blotting; Dr. Kachar performed electron microscopy)
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Immunofluorescence of espin 1 was more intense in the longer stereocilia where the 

characteristic tip-to-base fluorescence intensity  gradient also had a longer decay  length 

(Fig. 2-3a, b). In contrast to other espin isoforms, which are present inside the actin core 

and along the entire stereocilia length (Rzadzinska et al., 2005), espin 1 was excluded 

from the actin cores and formed a thimble-like distribution at the tips of stereocilia (Fig. 

2-2g, h). Immunofluorescence in developing hair cells of the rat organ of Corti showed 

that espin 1 can be detected at the tips of stereocilia during their elongation and 

maturation phases (Fig. 2-2d–f). 

Figure  2-2  Espin 1  distribution in stereocilia is similar to myosin IIIa distribution. (a–c) Confocal 
images show that  espin 1  (green, a) localized at the tips of stereocilia in rat  cochlear hair cells at 
postnatal day  (P) 6 matches the localization observed for myosin IIIa (green, b). In  contrast, pan-espin 
labeling (green) is seen along the entire stereocilia (c). (d–f) Immunofluorescence of rat  cochlear hair 
cells at  different developmental time-points shows that espin 1  targets stereocilia tips as early  as P0 
(d) and undergoes progressive compartmentalization at  the tips during P2 (e) and P4 (f), reaching a 
peak  of intensity at about P6 as shown in b. (g, h) Longitudinal (g) and cross-section  (h) images reveal 
a thimble-like distribution of espin 1 (green) at the tips of stereocilia in P8  rat  cochlear hair  cells. 
Scale bars, 5  µm. Antibodies: espin 1 (PB539), myosin IIIa (PB638) and pan-espin  (PB127). In all 
immunofluorescence images, the immunolabeling was visualized using Alexa‑488-conjugated 
secondary antibody and F‑actin (red) is visualized using Alexa 568-phalloidin. (Dr. Salles assisted 
with immunohistochemistry)
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Figure 2-3  Tip-to-base gradient distribution of espin 1 in vestibular stereocilia. (a) Espin 1 
(green) localization in guinea pig vestibular stereocilia reveals a tip-to-base gradient  that is more 
extended in longer stereocilia (inset T) than medium (inset  M) and short (inset  S) stereocilia. (b) 
Measurements of green (espin 1) and red (actin) relative pixel intensity (rpi) of fluorescence 
along the stereocilia for each rectangular inset  in g confirm this tip-to-base concentration gradient 
of espin 1 immunofluorescence. (Dr. Salles assisted with immunohistochemistry)

Immunoelectron microscopy confirms that the localization of espin 1 is confined to the 

space between the stereocilia actin core and the enveloping plasma membrane (Fig. 2-4a), 

except perhaps at the very tip of the actin bundle, where there appears to be labeling 

closer to the center of the core (Fig. 2-4b). we also confirmed pan-espin localization 

throughout the stereocilia (Fig. 2-4c).  
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Figure 2-4  Electron micrographs of thin section of rat  stereocilia. (a–c) Immunogold labelling 
shows espin 1 localized at  the tip of stereocilia around the actin core (a, b), whereas labelling 
with a pan-espin antibody shows localization throughout the entire stereocilia actin cores (c) in 
plunge frozen vestibular (a, c) or directly frozen cochlear (b) tissues obtained from adult rats. 
Scale bars, 200 nm. (Dr. Kachar performed electron microscopy)

 To confirm the localization of espin 1 at  the tips of stereocilia, we overexpressed 

GFP–espin 1 in organotypic cultures of hair cells. Transfected hair cells show that GFP–

espin 1 localizes at the tips of stereocilia, showing a tip-to-base gradient of intensity  (Fig. 

2-5a, b) comparable to the immunolocalization (Fig. 2-3). These localization patterns — 

tip-to-base gradients and thimble-like distributions (Schneider et al., 2006), as well as the 

temporal expression pattern (Waguespack et al., 2007) — closely match those of myosin 

IIIa. We hypothesized that targeting espin 1 to stereocilia tips, which is the site of actin 

polymerization (Rzadzinska et al., 2004; Schneider et al., 2002), influences actin 

polymerization and stereocilia elongation. Analysis of the heights of stereocilia of 

cochlear and vestibular hair cells transfected with GFP–espin 1 showed that stereocilia 

were elongated when espin 1 was overexpressed (Fig. 2-5g), consistent with our 

hypothesis.
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Figure 2-5  Espin 1 alone or 
when overexpressed with 
m y o s i n I I I a e l o n g a t e s 
stereocilia. (a) GFP–espin 1 
localizes to stereocilia tips in 
a t i p - t o - b a s e g r a d i e n t 
distribution in transfected 
cultured organ of Corti hair 
cells. (b) High magnification 
close-up view (upper panel) 
and measurement  of the 
relative pixel intensity (rpi, 
lower panel) of GFP–espin 1 
and ac t in (Alexa 568-
phalloidin) fluorescence 
along the distal portion of the 
stereocilia shown in the 
rectangular inset in a matches 
the tip-to-base concentration 
g r a d i e n t  o b s e r v e d f o r 
endogenous espin 1 (Fig. 1h). 
(c–f) Organ of Corti (c) and 
vestibular (d) hair cells 
t ransfec ted wi th GFP–
m y o s i n I I I a s h o w t i p 
localization similar to that  of 
espin 1. Co-transfection of 
vestibular hair cells with 
GFP–myosin IIIa (arrow, 
green) and untagged espin 1 
together (e, f, images of two 
different  cells) produce 
longer stereocilia than in hair 
cells transfected with GFP–
espin 1 alone (a) or with 
GFP–myosin IIIa alone (c, 
d). (g) The average ratios of 

stereocilia length (l) between transfected (HT) and neighboring non-transfected (HNT) cells, l = 
HT

HNT

. GFP–espin 1 alone = 1.5 ± 0.67, n = 19 (~50% increase); GFP–myosin IIIa alone = 1.1 ± 

0.14, n = 16 (~10% increase); and GFP–myosin IIIa and espin 1 = 2.3 ± 0.69, n = 14, (~130% 
increase). Note that a value of L = 1 (indicated by the dotted line in the graph) corresponds to a 
zero percent increase in length. Data are mean ± s.d.; the mean value for the hair cells co-
transfected with espin 1 and myosin IIIa was significantly higher than that of the cells transfected 
with espin 1 alone (P = 0.002, ANOVA); the mean bundle heights for hair cells transfected with 
myosin IIIa alone were not significantly higher than the controls (P = 0.149, ANOVA). Scale 
bars, 5 µm. (Dr. Salles and Mr. Manor assisted with transfection and measurements, respectively)
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2.4.2 Co-expression of GFP-myosin IIIa and espin 1 enhanced stereocilia 
elongation in transfected hair cells
 The striking similarity  of the tip-to-base gradient localization of both espin 1 and 

myosin IIIa prompted us to investigate whether myosin IIIa helps localize espin 1 to the 

tips of stereocilia and whether they have a combined role in the regulation of stereocilia 

length. We compared stereocilia length in hair cells transfected with espin alone, myosin 

IIIa alone and with a combination of both plasmids (Fig. 2-5). Hair cells transfected with 

myosin IIIa and espin 1 combined showed an increase in stereocilia length, higher than 

the increase observed for myosin IIIa alone and espin 1 alone (Fig. 2-5). It is important to 

note that any analysis of lengthening due to overexpression of myosin IIIa and espin 1 in 

hair cells must take into account intrinsic limitations due to natural variations in 

stereocilia length and, importantly, the fact that stereocilia are already quite elongated and 

express substantial amounts of endogenous espin 1 and myosin IIIa. 

2.4.3 Myosin IIIa transported espin 1 to filopodia tips in COS-7 cells
 We tested whether myosin IIIa can effectively interact  with and transport espin 1 

in COS‑7 cells, using filopodia as a model to study actin protrusions. Myosin IIIa and 

espin 1 are not naturally  expressed at detectable levels in COS‑7 cells (Schneider et al., 

2006). Myosin IIIa has been shown to induce filopodial actin protrusions and localize to 

their tips in cultured cells particularly  well when its kinase domain is removed (myosin 

IIIaΔK; Schneider et al., 2006; Les Erickson et al., 2003) suggesting that the kinase could 

serve to downregulate the functional activity of myosin IIIa. We examined the 

distribution of co-expressed mCherry–ARD of espin 1 (mCherry–espin 1ARD) with GFP-

tagged myosin IIIaΔK (Fig. 2-6). 
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Figure 2-6  Espin 1 interacts with myosin IIIa through its ankyrin repeats domain (ARD) in transfected 
COS‑7 cells. (a) mCherry-tagged espin 1ARD shows filopodia tip localization when co-transfected with 
GFP–myoIIIaΔK but failed to localize at the filopodia tips when co-transfected with GFP–myosin X or 
GFP–myosin XVa. Scale bar, 5 µm. (b) Selected video images from a time-lapse video (Movie 2-1) show 
co-transport of GFP–myoIIIaΔK and mCherry–espin 1ARD during the formation and extension of filopodia in 
COS‑7 cells. Scale bar, 2.5 µm. (c) Single representative frame from a time-lapse video of a single 
filopodium (Movie 2-2) graph with the normalized relative pixel intensity of the fluorescence along the 
filopodium show co-distribution (cross-correlation of the green and red intensity values = 0.990 for this 
frame; the average cross-correlation for six randomly selected frames from the same video was 0.99) of 
GFP–myoIIIaΔK and mCherry–espin 1ARD forming a tip-to-base gradient and colocalization of the green 
and red fluorescence puncta (arrowheads) corresponding to the co-transport of GFP–myoIIIaΔK and 
mCherry–espin 1ARD trafficking into and out of the tip of the filopodia. Scale bar,  0.5 µm. (d) Schematic 
representation of the constructs analyzed in this figure. GST, glutathione S‑transferase; GFP, green 
fluorescence protein; myosin IIIaΔK, myosin IIIa with a deletion of it kinase domain; 3THDI and 3THDII, 
myosin IIIa tail homology domains 1 and 2, respectively. (e) Western blots of GST pulldowns show that 
purified GST-tagged espin 1ARD co-precipitates with GFP–myosin IIIaΔK, but not with GST alone. 
Precipitates were detected using anti-GST and anti-GFP antibodies. (Dr. Salles and Mr. Manor assisted with 
live-cell imaging and measurements)
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We also co-expressed mCherry–espin 1ARD with GFP-tagged myosin X and GFP-tagged 

myosin XVa. As all of these myosins accumulate at the tips of filopodia (Belyantseva et 

al., 2005; Bohil et al., 2006; Tokuo and Ikebe, 2004), they provide a well-defined spatial 

compartment where any potential interaction can be clearly  visualized. Co-transfections 

showed that  mCherry–espin 1ARD is efficiently targeted to the tips of filopodia initiated 

by myosin IIIaΔK, but not by  myosins X or XVa (Fig. 2-6a), demonstrating a specific 

colocalization of ARD with myosin IIIa. Live imaging of COS‑7 cells transfected with 

GFP–myosin IIIaΔK
 and mCherry–espin 1ARD showed dynamic colocalization at the 

filopodia tips from the early steps of their initiation and elongation (Fig. 2-6b; Movie 

2-1). 

Movie  2-1  Time-lapse imaging of the 
simultaneous expression of GFP-
myosin IIIaΔK (top), mCherry-espin 
1ARD (middle) in live COS-7 cells, and 
images merged (bottom). GFP-myosin 
IIIaΔK induces extension of filopodia 
and transports mCherry-espin 1ARD, 
accumulating at  the tips of the actin 
protrusions. Cell was imaged 24 h after 
transfection. Video acquisition was 
performed for ten minutes with 
exposure times of 7.9 seconds for each 
frame (alternating 3.9 seconds for each 
of the green and red color channel). The 
movie can be viewed at  the following 
URL address: http://www.nature.com/
ncb/journal/v11/n4/extref/ncb1851-
s1.mov. (Dr. Salles performed live-cell 
imaging)
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Live imaging also showed matching forward and rearward intra-filopodial movements of 

the GFP–myosin IIIaΔK
 and mCherry–espin 1ARD fluorescence puncta while maintaining 

steady-state tip-to-base distributions (Fig. 2-6c; Movies 2-2, 2-3), similar to the 

distributions of myosin IIIa and espin 1 observed in stereocilia (Figs. 2-3, 2-5). 

Movie  2-2  GFP-myosin IIIaΔK (green) and mCherry-espin 1ARD (red) co-expressed in COS-7 
cells accumulate in a tip-to-base gradient in the resulting filopodia, while maintaining a dynamic 
bidirectional intra-filopodial observed as fluorescence puncta moving towards and away the 
filopodia tips. The colocalization of the moving puncta was demonstrated by the comparison of 
the plots of pixel intensity profiles for the green and the red channels in individual frames and the 
cross correlation analysis shown in figure 2-4 c. Cell was imaged 24 h after transfection. Video 
acquisition was performed with exposure times of 4.2 seconds for each frame (alternating 2 
seconds for each of the green and red color channel). The movie can be viewed at  the following 
URL address: http://www.nature.com/ncb/journal/v11/n4/extref/ncb1851-s2.mov. (Dr. Salles 
performed live-cell imaging)

Movie  2-3  GFP-myosin IIIaΔK (green) 
and mCherry-espin 1ARD (red) co-
expressed in COS-7 cells accumulate in 
a tip-to-base gradient in the resulting 
filopodia, while maintaining a dynamic 
bidirectional intra-filopodial observed 
as fluorescence puncta moving towards 
and away the filopodia tips. Cell was 
imaged 24 h after transfection. Video 
acquisition was performed with 
exposure times of ~4 seconds for each 
frame (alternating exposure times of 1.5 
seconds for the green channel and 2.3 
seconds for the red channel). The total 

duration of the recoding was 5 min. The movie can be viewed at the following URL address: 
http://www.nature.com/ncb/journal/v11/n4/extref/ncb1851-s3.mov. (Dr. Salles performed live-cell 
imaging)
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The intensity profiles for mCherry–espin 1ARD and GFP–myosin IIIaΔK
 within each frame 

of the video (Fig. 2-6c) are closely correlated (cross-correlation = ~0.990), supporting the 

view that these two proteins traffic together in the filopodia. The interaction between 

espin 1ARD and myosin IIIaΔK
 was confirmed with a GST pulldown assay (Fig. 2-6e). The 

dynamic localization of espin 1ARD at filopodia tips when co-transfected with myosin IIIa, 

but not with myosin X or with myosin XVa, along with our GST pulldown assay results, 

led us to hypothesize that myosin IIIa transports espin 1 to the tips of stereocilia. 

2.4.4 Myosin IIIa interacted with espin 1 through its conserved domain, 
3THDI, in C-terminal tail
 We next asked which specific region of myosin IIIa is involved in the interaction 

with espin 1. Myosin IIIa has the two conserved binding domains, 3THDI and 3THDII 

(Dosé et al., 2003). We first co-transfected COS‑7 cells with espin 1 and GFP–myosin 

IIIa and showed that the two proteins colocalize at actin bundles as well as at filopodia 

tips (Fig. 2-7a, b). This pattern of colocalization was abolished when we used a GFP– 

myosin IIIa construct  that lacks the portion of the tail containing both 3THDI and 

3THDII (GFP–myoIIIaΔ32; Figs. 2-7a,b and 2-8).

Figure 2-7  Myosin IIIa interacts with espin 1 through its 3THDI domain. (a) Schematic 
representation of the espin 1 and myosin IIIa constructs analyzed in this figure. ABM, actin 
binding module; WH2, Wiskott-Aldrich homology domain 2; GFP–myosin IIIaΔ32, myosin IIIa 
lacking exon 32 which causes a frame shift rendering the protein without  the 3THDI and 3THDII 
domains. (b) Co-expression of untagged espin 1 shows that GFP–myosin IIIa, GFP–IIIa 
tailΔ3THDII, and GFP–myosin IIIa3THDI (green) colocalize with espin 1 (red) along actin filament 
bundles. In contrast, GFP–myosin IIIaΔ32, GFP–myosin IIIapre3THDI, and GFP-myosin IIIapost3THDI 
are dispersed in the cytoplasm, despite the presence of espin 1 bundles. Scale bar, 5 µm. (c) 
Western blots of GST  pulldowns confirm that the 3THDI region of myosin IIIa is necessary and 
sufficient for binding to espin 1ARD, as pre3THDI and post3THDI show no binding to GST–espin 
1ARD. Precipitates were detected using anti‑GST and anti‑GFP antibodies.
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Figure 2-8  Schematic map of wild-type and deletion constructs. Only the myosin IIIa coding 
regions are shown. Full-length espin 1 is 871 amino acid-long in mouse and 854 amino acid-long 
in human (mouse espin 1 is illustrated here). The tail domain of myoIIIa encompasses 3THDI, 
3THDII, and the third IQ domain, however; only 3THDI and 3THDII were considered in this 
study. Myosin IIIaΔ32 lacks exon 32, which causes a frame shift eliminating 3THDI and 3THDII, 
and introduces 26 new amino acids. Myosin IIIaΔ33,34 lacks exons 33 and 34, which causes a 
frame shift  approximately one-third of the way through 3THDI and therefore eliminates the rest 
of 3THDI and 3THDII, and introduces 72 new amino acids. 

We next co-transfected COS‑7 cells with espin 1 and with a GFP-tagged myosin IIIa tail 

portion lacking 3THDII (GFP–IIIa tailΔ3THDII; Fig. 2-7a, b) and narrowed down the region 

of interaction to the 3THDI and its immediate flanking regions. We observed 

colocalization of espin 1 with GFP–myosin IIIa tail that contained only the 3THDI 

domain (GFP–3THDI; Fig. 2-7a, b), but not with regions of only the myosin IIIa tail 
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immediately amino-terminal (pre3THDI) or carboxy-terminal (post3THDI) to the 3THDI 

domain (Fig. 2-7a, b). This suggests that the 3THDI domain is necessary for the myosin 

IIIa–espin 1 interaction. Together these data suggest that espin 1 and myosin IIIa interact 

specifically through their ARD and 3THDI domains, respectively. We verified this 

interaction in vitro using a GST pulldown assay and showed that GST–espin 1ARD binds 

to GFP–myosin IIIa3THDI, but not to the -pre3THDI or -post3THDI regions (Fig. 2-7c). 

2.4.5 Myosin IIIa and espin 1 synergistically elongated filopodia in COS‑7 
cells
 The fact that stereocilia length can be influenced by either espin 1 (Rzadzinska et 

al., 2005; Zheng et al., 2000) or myosin IIIa (Schneider et al., 2006), along with the 

observation that they both localize to the same compartment at stereocilia tips and 

interact biochemically, suggests a combined functional role for the myosin IIIa–espin 1 

complex in the elongation of stereocilia F‑actin. We discovered that COS‑7 cells co-

transfected with myosin IIIaΔK and espin 1 (Fig. 2-9a–c) show filopodial actin protrusions 

that can be up to ten times longer (mean length = 14.3 ± 9.1 µm; number of cells, nc = 18; 

number of filopodia, nf = 56) than those transfected with myosin IIIaΔK alone (1.7 ± 0.83 

μm, nc = 12, nf = 49), or with espin 1 alone (1.3 ± 0.28 μm, nc = 13, nf = 104). Mean 

lengths of filopodia of COS‑7 cells transfected with an empty GFP vector was 1.26 ± 0.7 

µm (nc = 10, nf = 59). e synergistic effect between myosin IIIa and espin 1 is specific for 

myosin IIIa, as elongation was not enhanced when espin 1 was co-expressed with either 

myosin X (2.40 ± 1.50 μm, nc = 16, nf = 165) or myosin XVa (2.08 ± 1.63 μm, nc = 15, nf = 

134).
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Figure 2-9  Myosin IIIa and 
espin  1 synergistically elongate 
f i lopodia in COS‑7 cel ls 
through espin 1 WH2 activity. 
(a–c) Overexpression of either 
GFP–myosin IIIaΔK (a) or GFP–
espin 1 (b) resulted in formation 
of short filopodia (mean lengths 
= 1.7 ± 0.83 µm and 1.3 ± 0.28 
µm, respectively). In contrast, 
co-expression of GFP–myosin 
IIIaΔK (green) and espin 1 (c) 
had a synergistic effect that 
generated extremely long 
filopodia (14.3 ± 9.1 µm). 
F‑actin (red) was visualized 
using Alexa 568-phalloidin. 
Graph (inset) of the relative 
pixel intensity (rpi) of the GFP–
myosin IIIaΔK distribution in the 
single filopodium indicated by 
the rectangle in c shows the 
charac te r i s t i c t ip - to -base 
decaying gradient. (d) Co-
expression of full-length GFP–
myosin IIIa and espin 1 
produced a more limited tip 
localization of these proteins 
and elongation of filopodia (3.7 
± 3.2 µm) when compared with 
co-expression of GFP–myosin 
IIIaΔK and espin 1. (e) The 
enhanced elongation phenotype 
was restored to a limited extent 
(5.93 ± 3.10 µm) when COS‑7 
cells were co-transfected instead 
with GFP–myosin IIIaK50R and 
espin 1. (f) The enhanced 
elongation phenotype was 

similar to c when the cell was co-transfected with GFP–myosin IIIaΔK,33,34 and espin 1 (10.02 ± 
4.7 µm). (g) Co-expression of GFP–myoIIIaΔK and espin 1 lacking ARD (espin 1ΔARD, labeled 
with the pan espin antibody, red) failed to elongate filopodia (2.05 ± 1.8 µm) and to show tip 
localization of espin 1ΔARD (inset). (h) Co-expression of GFP–myosin IIIaΔK and espin 1 with a 
mutated WH2 domain (espin 1mWH2, labeled with an anti-espin 1 antibody, red) failed to elongate 
filopodia (2.65 ± 1.5 µm) despite the fact  that espin 1mWH2 localized to the tip and formed the tip-
to-base gradient  matching the distribution of the GFP–myoIIIaΔK (inset). Scale bars, 2.5 µm. 
Measurements of filopodia lengths for each of the combinations shown in the panels above are 
presented as box-plots; upper and lower whiskers represent the range, the top and bottom of the 
box represent  the upper and lower 25th percentile, and the filled squares represent the mean 
values. (Dr. Salles and Mr. Manor assisted with transfection and measurements)
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 We used myosin IIIa without the kinase domain to observe the behavior of the 

dephosphorylated and more functionally  active myosin. To exclude the possibility that 

deletion of the kinase domain produces aberrant behavior, we developed a kinase-dead 

construct, myosin IIIaK50R (Fig. 2-10a). This construct allowed us to examine the role of 

autophosphorylation in the regulation of motor function, which in turn enabled us to 

investigate the role of myosin IIIa motor function in espin 1 tip-localization activity. We 

have determined that inactivation of the myosin IIIa kinase in a myosin IIIa 2IQ construct 

reduces KATPase, yet it does not affect maximal ATPase activity (Table 2-1; Fig. 2-10).

Figure 2-10  Actin-activated ATPase activity of 
myosin IIIa 2IQ constructs. (a) A diagram of 
the myosin IIIa 2IQ constructs examined. (b) 
The results for myosin IIIa 2IQK50R (squares) 
are compared to that of myosin IIIa 2IQ wild-
type (Dosé et al., 2007a; open circles) and 
myosin IIIa 2IQΔK (Ricci et al., 2006; 
diamonds). The steady-state ATPase rate of 0.1 
µM myosin was measured using the NADH 
coupled assay in the presence of 1 mM ATP and 
a range of actin concentrations. The error bars 
represent the standard deviation from the mean 
and include data from 3-4 protein preparations. 
The enzymatic parameters determined from the 
fits to the data are summarized in the Table 2-1. 
Full phosphorylation of myosin IIIa 2IQ results 
in a ~40% reduction in ATPase activity 
compared to unphosphorylated myosin IIIa 2IQ, 
in the presence of 20 µM actin (data not 
shown). A previous study reported the kinetic 
mechanisms of the myosin IIIa 2IQΔK and 
myosin IIIa 2IQ WT  (Dosé et al., 2007a) 
constructs, which demonstrated the specific 
steps in motor ATPase cycle that  are altered by 
the presence of the kinase domain. (c) The 
kinase activity of 1 µM myosin IIIa 2IQ WT 
was monitored by 32P incorporation (200 µM 
[32P]ATP) over a 60 minute period (lanes 1-5 

are 0, 5, 15, 30, and 60 minute time points, respectively). The results are compared to myosin IIIa 
2IQK50R that demonstrated little or no kinase activity under identical conditions (lanes 6-10 are 0, 
5, 15, 30, and 60 minute time points, respectively). The top panel, labeled 32P, is the 
phosphorimage demonstrating the degree of 32P incorporation while the bottom panel, labeled C, 
is the same gel coomassie stained to demonstrate that the total protein concentration in each lane 
is similar. (Drs. Yengo and Moore performed the ATPase assay)
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Motor ATPase
Parameters MIIIa 2IQ MIIIa 2IQ∆K MIIIa 2IQK50R

aV0 (sec)-1 0.07 ± 0.03 0.08 ± 0.02 0.07 ± 0.05
bkcat (sec)-1 0.77 ± 0.08 1.5 ± 0.1 0.76 ± 0.08
cKATPase (µM) 34 ± 11 6.0 ± 1.4 11.9 ± 3.7

Table 2-2  Steady-state motor ATPase parameters of the myosin IIIa 2IQ constructs.
aSteady-state ATPase activity in the absence of actin measured with the NADH coupled 
assay. bMaximum rate of actin-activated ATPase measured with the NADH coupled 
assay. The values for KATPase and kcat were determined from the fit of the data in Figure 
2-8 to the equation: (V0 + (kcat [actin]) / (KATPase + [actin])). cActin concentration at which 
the actin-activated ATPase rate is one-half maximal from the NADH assay. (Drs. Yengo and 
Moore performed the measurements)

 We next evaluated the role of kinase activity  in myosin IIIa tip localization in 

COS‑7 cells using GFP-tagged constructs. Full-length myosin IIIaK50R localized more 

efficiently to the tips of filopodia in COS‑7 cells (39% at tips nc = 137) than wild-type 

(5% at tips nc = 200), although not as strikingly  as myosin IIIaΔΚ (93% at tips n = 105). 

Furthermore, co-expression of myosin IIIaK50R and espin 1 (Fig. 2-9e) produced longer 

filopodia (mean length = 5.93 ± 3.10 µm, nc = 15, nf = 89) than those produced by  co-

expression of wild-type myosin IIIa and espin 1 (3.7 ± 3.2 µm, nc = 15, nf = 63; Fig. 

2-9d), but  not as long as those seen with myosin IIIaΔK and espin 1 co-expression. These 

data show that myosin IIIa motor ATPase activity parallels the ability  of myosin IIIa to 

localize to filopodia tips and to elongate filopodia when co-expressed with espin 1. 

Interestingly, espin 1 co-expressed with a myosin IIIaΔK lacking the tail domain 

downstream of exon 32 (myosin IIIaΔK,33,34; Fig. 2-8) resulted in slightly shorter filopodia 

(10.0 ± 4.74 µm, n = 64; Fig. 2-7f) than co-expression with myosin IIIaΔK. Using COS‑7 
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cell co-expression and GST pulldown assays, we confirmed that the upstream portion of 

3THDI (3THDIΔ33, Fig. 2-11) binds to espin 1. 

Figure 2-11  The first 24 amino acids of the 3THDI domain are sufficient  for binding espin 1. (a) 
The mapping of the GFP-IIIa 3THDIΔ33 fusion protein is illustrated. (b) GFP-3THDIΔ33 (green) 
colocalizes with espin 1 (red, labeled with PB539). PB539 (red) is labeled with Alexa Fluor 568-
conjugated secondary antibody. Scale bar is 5 µm. (c) GST pull-down shows that  GFP-IIIa 
3THDIΔ33 interacts with espin 1ARD but not with GST.

The 3THDII of myosin IIIa has been shown previously to be an actin-binding site (Les 

Erickson et al., 2003). Previous studies reported that myosin IIIa lacking the 3THDII 

actin-binding domain does not localize to filopodia tips (Les Erickson et al., 2003; 

Schneider et al., 2006), but here we show that when co-expressed with espin 1, myosin 

IIIa goes to the tip and promotes filopodia elongation (Fig. 2-9f). It seems that the 

association with espin 1, which does have actin-binding sites, compensates for the 
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missing actin-binding site in the myosin IIIa without the 3THDII domain. Co-expression 

of espin 1 and myosin IIIa results in enhanced localization of espin 1 at filopodia tips 

(Fig. 2-12). 

Figure 2-12  Colocalization of myosin IIIa and espin 1 at  filopodia tips. (a) Close up views of 
COS-7 cells show that espin 1 (red) colocalizes with GFP-myoIIIaΔK (green) at the filopodia tips 
when these two proteins are co-expressed in COS-7 cells. (b) Espin 1 (red) colocalizes with GFP-
myoIIIaΔK (green) at  the filopodia tips (actin is labeled Alexa fluor 647 shown in blue) when 
these two proteins are co-expressed in COS-7 cells. (c) Close up views of the regions outlined by 
rectangles in (b) show the increased concentration of GFP-myosin IIIaΔK (arrows, green) and 
espin 1 (arrows, red) but not actin (arrowheads, blue) at  the filopodia tips. Bars = 3 µm. (Dr. Salles 
assisted with immunocytochemistry and imaging)

When myosin IIIaΔK was co-expressed with espin 1 lacking the ARD domain, both espin 

tip  localization and filopodia elongation were abolished (Fig. 2-9g). These results show 
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that the actin crosslinking activity  of espin 1 is not solely responsible for the enhanced 

elongation of filopodia or stereocilia observed in our experiments. We conclude that espin 

1 promotes enhanced elongation of filopodia only when transported to the polymerization 

end of actin filaments by myosin IIIa. The finding that espin 1 elongates filopodia only 

when localized to the F‑actin plus ends by myosin IIIa suggests that  WH2-dependent 

polymerization activity is involved in elongation. We tested this hypothesis by 

substituting the first two of three highly conserved Leu residues of the espin 1 WH2 

motif (L655A, L656A), which have been shown to be essential for its actin-monomer-

binding activity  (Quinlan et al., 2005; Loomis et al., 2006). In COS‑7 cells co-transfected 

with the WH2-mutated espin 1 construct (espin 1mWH2) and myosin IIIaΔK (Fig. 2-9h), the 

average length of filopodia (2.65 ± 1.50 µm, nc = 10, nf = 75) remained comparable to the 

protrusions induced by myosin IIIaΔK alone. The lack of enhanced elongation despite the 

colocalization of espin 1mWH2 and myosin IIIaΔK at the tips of filopodia (Fig. 2-9h) 

demonstrates that the WH2 motif is essential for the effect of espin 1 in elongation.

2.5 Discussion

2.5.1 Myosin IIIa–espin 1 complexes  are dynamically associated with the 
treadmilling actin core

The steady-state distribution of myosin IIIa in a tip-to-base gradient is probably 

dynamically maintained. The length of myosin IIIa distribution should be inversely 

proportional to the net velocity  of myosin towards the tip  (Naoz et al., 2008), which will 

be slower for faster treadmilling actin cores (that is, in longer stereocilia [Rzadzinska et 

al., 2004] and filopodia [Mallavarapu and Mitchison, 1999]). This prediction is also 

consistent with our observation that wild-type myosin IIIa, which has relatively low 
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activity, has decreased tip localization in the filopodia, compared with the more active 

kinase mutant forms of myosin IIIa used in our experiments (Fig. 2-9). However, in 

stereocilia where the actin treadmilling is much slower, the wild-type myosin IIIa self-

localizes effectively to the tip  (Schneider et al., 2006; Fig. 2-5). Similarly, the observed 

steady-state tip-to-base gradient distribution of espin 1 is not compatible with a model 

where espin 1 passively  diffuses and binds to myosin IIIa resident at  the tip, as this would 

result in a homogenous distribution along the entire length of the stereocilia with no 

detectable concentration gradient  at steady-state. The gradient distribution of espin 1 at 

steady-state is reminiscent of a myosin VI‑driven gradient for the stereocilia membrane 

protein PTPRQ, and is best explained by a model that includes binding, directed transport 

and diffusion of myosins and their cargo (Sakaguchi et al., 2008). A more detailed 

consideration of this dynamic process that also accounts for actin treadmilling and plus-

end directed motors predicts a similar distribution, which can be several microns long for 

longer stereocilia (Naoz et al., 2008). Thus, we favor a model where myosin IIIa–espin 1 

complexes are dynamically associated with the treadmilling actin core. This model 

suggests that espin 1 is transported to the tips of stereocilia by myosin IIIa, where it 

remains bound to the surface of the actin core for a period of time. Interestingly, 

abolishing or reducing myosin IIIa kinase activity enhances the affinity of myosin IIIa for 

actin, providing further evidence that the kinase domain has a role in regulating myosin 

IIIa motor kinetics and actin-binding properties (Dosé et al., 2008; Kambara et al., 2006). 

While the myosin IIIa–espin 1 complex is tightly bound to actin, it travels back towards 

the base of the stereocilia along with the treadmilling actin core. In support of this model, 
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live video imaging in transfected COS‑7 cells shows fluorescent puncta of GFP–myosin 

IIIaΔK and mCherry–espin 1ARD (Movie 2-4) that move rearwards at rates matching the 

rates reported for actin treadmilling in filopodia (~0.5 µm min–1; Mallavarapu and 

Mitchison, 1999). We suggest that these puncta are stably bound to the surface of the 

treadmilling actin filament bundle. 

Movie  2-4  GFP-myosin IIIaΔK (green) and mCherry-espin 1ARD (red) co-expressed in COS-7 
cells accumulate in a tip-to-base gradient in the resulting filopodia, while maintaining dynamic 
intra-filopodial movements. Cell was imaged 24 h after transfection. Video acquisition was 
performed with exposure times of 7.9 seconds for each frame (alternating 3.9 seconds for each of 
the green and red color channel). Because of the longer exposure time than in the stream 
acquisition shown in Movie  2-2 this movie highlights the slower moving fluorescence puncta, 
which were estimated to be moving at ~0.5 µm/min in the retrograde direction. The movie is 
located at  the following URL address: http://www.nature.com/ncb/journal/v11/n4/extref/ncb1851-
s4.mov. (Dr. Salles performed live-cell imaging)

2.5.2 Myosin IIIa may possess other unidentified cargoes
 Notably, the stereocilia tips are also the site of mechanoelectrical transduction 

(MET; Ricci et al., 2006), that the myosin IIIa developmental expression level is 

correlated with maturation of MET in stereocilia (Waguespack et al., 2007), and that 

myosin IIIa has been shown to transport components of the photoreceptor transduction 

machinery  in Drosophila (Porter et al., 1993a; Wes et al., 1999). We cannot exclude the 

possibility that the localization and dynamics of the myosin IIIa–espin 1 complex are also 
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affected by interactions with other proteins at the stereocilia tip. Furthermore, ankyrin 

repeats have been shown to be promiscuous binders of membrane proteins (Mosavi et al., 

2004). It is possible that the turnover and dynamic localization of the espin 1–myosin IIIa 

complex are influenced by interactions with components of the MET machinery, and 

vice-versa.
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Chapter 3. Myosin IIIb, Myosin IIIa Paralogue, Depends on its Espin 1 
Cargo for Tip Localization and Elongation of Stereocilia
3.1 Abstract
 Myosin IIIa is an actin-dependent motor protein that co-transports with espin 1 to 

the stereocilia tips of vertebrate inner ear hair cells and influences the length of 

mechanosensory stereocilia. Myosin IIIb is a second class III myosin isoform known to 

express in hair cells and photoreceptors. Encoded by  a separate gene, myosin IIIb is 

different from myosin IIIa in their C-terminal tail. Myosin IIIb lacks a second actin-

binding domain, 3THDI in the tip of the C-terminal tail. Research on myosin IIIb is 

limited relative to the well-characterized myosin IIIa. Several mutations in the human 

myosin IIIa gene (MYO3A) lead to a non-syndromic progressive deafness that starts at the 

second decade of life. There is speculation that myosin IIIb partially  compensates for the 

loss of function of myosin IIIa. We report differences between myosins IIIb and IIIa in 

localization, expression, and actin elongation in the hair cell stereocilia and filopodia of 

COS-7 cell. Myosin IIIb localizes to the same stereocilia tip compartment as myosin IIIa 

in both vestibular and cochlear hair cells but less prominent in the shortest and tallest  

rows of cochlear stereocilia bundle. Peak myosin IIIb localization is detected at 

stereocilia tips of cochlear hair cells ~eight days earlier than myosin IIIa. Similar to a 

functionally active myosin IIIa kinase deletion mutant, an overexpression of GFP-myosin 

IIIb kinase mutant results in stereocilia tip localization and stereocilia elongation. 

Synergistic elongation of COS-7 filopodia is observable when the GFP-myosin IIIb 
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mutant is co-expressed with espin 1. Unlike myosin IIIa which contains 3THDII, the 

espin 1 cargo is essential for the mobility of myosin IIIb along the actin filaments. This 

observation reveals a new kind of cargo-dependent movement of a myosin. Furthermore, 

myosin IIIa is downregulated by overexpression of GFP-myosin IIIb in the vestibular, but 

not in the cochlear, stereocilia tips. Taken together, we argue that myosin IIIb can 

partially compensate for the functions of myosin IIIa in stereocilia. 

3.2 Introduction
 The inner ear hair cell’s mechanosensory  bundle is composed of tens to hundreds 

of stereocilia arranged in a staircase pattern of increasing lengths. Stereocilia possess 

remarkably  well-defined structures which are dynamically regulated by the activities of 

unconventional myosins, actin-binding, and membrane-associated proteins for the 

lifetime of the cell (reviewed by Manor and Kachar 2008). The emergence and 

coordinated elongation of stereocilia at the apical surfaces of hair cells occurs early 

during the development of hearing. The length of each mature stereocilium is established 

while the bundle of tightly packed, parallel actin filaments in the stereocilium core is 

continually renewed. This renewal of the actin bundle is achieved by continuous 

polymerization at the tip and depolymerization at the base that maintains a steady-state 

length of the stereocilium (Lin et al., 2005; Rzadzinska et al., 2004; Schneider et al., 

2002). Although the exact molecular description for regulating the actin molecular 

treadmill and the steady-state length of stereocilia remains rudimentary, several recent 

studies have provided insight towards understanding the molecular processes involved in 
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the elongation and maintenance of stereocilia (Manor and Kachar, 2008; Naoz et al., 

2008).  

 The actin-based, plus-end directed motor protein, myosin IIIa (Dosé et al., 2003), 

and the actin regulatory protein, espin 1 (Sekerková et al., 2006a), have each been 

implicated in sensorineural deafness (DFNB30, Walsh et al., 2002; DFNB36, Naz et al., 

2004, respectively), and have been shown to colocalize to the tips of stereocilia and 

COS-7 cell filopodia. When overexpressed, these proteins synergistically elongate both 

stereocilia and filopodia (Figs. 2-5 and 2-9). The colocalization and cell transfection data 

as well as live-cell imaging (Figs. 2-5, 2-12; Movies 2-1, 2-2, 2-3, and 2-4), biochemical 

(Fig. 2-6), and molecular data (Figs. 2-6, 2-7, 2-9, 2-10, 2-11) collectively indicate that 

myosin IIIa and espin 1 interact through their tail homology domain I (3THDI) and 

ankyrin repeats domain (ARD), respectively, co-transport to the plus ends of actin 

filaments, and participate in the elongation of stereocilia. 

 Myosins IIIa and IIIb are the two class III myosins, each of which, have a unique 

N-terminal kinase domain (Ng et al., 1996; Komaba et al., 2003: Dosé et al., 2007a; 

Kempler et al., 2007; Katti et al., 2009) and the 3THDI. Myosin IIIb has a shorter C-

terminal tail that lacks the actin-binding tail homology domain II (3THDII; Fig. 1-1; 

Dosé et al., 2003). Interestingly, 3THDII has been shown to be essential for the tip 

localization of myosin IIIa in HeLa cell filopodia (Les Erickson et al., 2003), but not in 

stereocilia (Schneider et al., 2006), or in COS-7 cell filopodia co-expressing espin 1 (Fig. 

2-7). Myosins IIIb and IIIa are encoded by separate genes that are alternatively  spliced 

across tissues and vertebrate species (Dosé and Burnside, 2000; Dosé and Burnside, 
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2002; Katti et al., 2009). The expression of these proteins is limited to sensory epithelia

—i.e. photoreceptors (Dosé et al., 2003; Katti et al., 2009), inner ear hair cells (Gillespie 

et al., 2009; Schneider et al., 2006; Walsh et al., 2002), and olfactory bulbs (Katti et al., 

2009)—and a few other non-sensory tissues (Dosé and Burnside, 2002; Dosé et al., 2003; 

Katti et al., 2009; Lin-Jones et al., 2009). Mutations in the MYO3A gene lead to late-

onset, progressive deafness at the beginning of the second decade and beyond. These 

mutations do not affect vision or balance (Dosé and Burnside, 2002; Walsh et al., 2002). 

A possible explanation is that, in the cochlea, myosin IIIb compensates for the loss of 

myosin IIIa during the early  years of hearing and consistently in the vestibular system 

(Walsh et al., 2002; Les Erickson et al., 2003; Schneider et al., 2006; Katti et al., 2009; 

Lin-Jones et al., 2009).

 Since the compensation for a loss-of-function MYO3A mutation does not last a 

lifetime, a protein candidate for this compensation has to be slightly  different from 

myosin IIIa in terms of structure, function, localization, and/or developmental expression. 

Myosin IIIb is a good candidate to serve as a myosin IIIa compensator since it  is 

paralogous to myosin IIIa sharing an overall amino acid identity  of ~50% (Dosé et al., 

2003; Katti et al., 2009), and is predicted to contain the same functional domains—i.e. 

kinase and motor domain in the head region, IQ domains in the neck region, and the 

highly  conserved 3THDI in the tail region. In humans, myosin IIIb differs from myosin 

IIIa in the C-terminal tail region by lacking a predicted IQ (SMART, accessed August 

2009) and the 3THDII domain. Myosin IIIb is expressed in the inner ear and retina and 
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localizes to several of the same subcellular compartments as myosin IIIa (Schneider et 

al., 2006; Gillespie et al., 2009; Katti et al., 2009). 

 Espin 1, recently identified as another molecular component involved in length 

regulation at the tips of stereocilia (section 2.4.2), has an N-terminal ARD that has been 

shown to bind to the myosin IIIa 3THDI (Fig. 2-7). Ankyrin repeats are highly conserved 

motifs found in many proteins that have been implicated in binding various membrane-

associated proteins. These ankyrin-repeats containing proteins are thought to serve as 

adaptors between the membrane and the cytoskeleton (Bennett, 1992; Hryniewicz-

Jankowska et al., 2002). Unlike smaller espin isoforms lacking the N-terminal ARD, 

which are present along the entire stereocilia length (Rzadzinska et al., 2005), espin 1 

colocalizes with myosin IIIa exclusively at the tips of stereocilia (Figs. 2-2 and 2-3; 

Schneider et al., 2006). All espin isoforms are encoded by a single gene and share a WH2 

actin-monomer binding domain which is implicated in actin bundle elongation (Loomis 

et al., 2006), and the ~125 amino-acid long C-terminal ABM  (Fig. 1-2; Bartles, 2000) 

required for cross-linking actin filaments and microvillar elongation (Sekerková et al., 

2004). Mutations in the human espin gene, ESPN, have been associated with both 

autosomal recessive (Naz et al., 2004) and dominant deafnesses (Donaudy et al., 2006), 

in which the recessive form affects both hearing and vestibular function. Furthermore, a 

well-characterized recessive null mutation in the mouse Espn gene (Espnje/je; deaf jerker 

mouse) has been directly linked to stereocilia degeneration and vestibular dysfunction 

(Rzadzinska et al., 2005).  
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 We compared the spatiotemporal expression of myosins IIIb and IIIa in the 

stereocilia tips during the stereocilia development. Interestingly, a peak in the myosin IIIb 

expression was observed at postnatal day (P) zero—about eight days earlier than myosin 

IIIa. The myosin IIIb expression subsequently recedes to background levels 

concomitantly  with a peak in myosin IIIa expression at P8. Subsequent cell biology and 

molecular experiments were employed to further investigate similarities and differences 

between myosins IIIb and IIIa in terms of their phenotype, interaction with espin 1, and 

influence on stereocilia elongation. Data accumulated from these experiments provide the 

basis for understanding different roles of class III myosin isoforms and may lead to 

answers to the question of how individuals with loss-of-function mutations in the MYO3A 

gene can hear for the first two decades. 

3.3 Materials and Methodsii

3.3.1 Antibodies
 The affinity-purified polyclonal antibody (PB791) was developed in rabbits 

immunized with a synthetic peptide (Princeton Biomolecules) matching the amino acid 

sequence (GESNRGHEETSRNC) in the tail region of mouse myosin IIIb (Fig. 3-6a). 

The antibodies specific for an N-terminal region conserved in mouse espin 1 (PB539; 

section 2.3.1) and a C-terminal region in mouse myosin IIIa (PB638; Schneider et al., 

2006) have been previously described.
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3.3.2 Immunofluorescence and microscopy
 Mice were euthanized by CO2 overdose according to National Institutes of Health 

(NIH) guidelines, and their temporal bones perfused with 4% paraformaldehyde (PFA) in 

phosphate buffered saline (PBS; pH 7.4) through the round window and fixed for 2 hours 

at room temperature. Inner ear epithelia were dissected in PBS, permeabilized with 0.5% 

Triton X‑100 for 30 min and blocked overnight at 4 °C with filtered 4% bovine serum 

albumin in PBS. Epithelia were then incubated with primary antibody for 2 hours, rinsed 

with PBS three times, stained with Alexa Fluor 488-conjugated secondary antibody 

(Molecular Probes) for 1 hour, rinsed with PBS three times, counterstained with Alexa 

Fluor 568 phalloidin (0.001 U µl–1; Molecular Probes), rinsed with PBS three times, and 

mounted using ProLong Gold antifade reagent (Invitrogen). Fluorescence confocal 

images were obtained with a Nikon microscope equipped with a ×100 1.45 numerical 

aperture (NA) objective and a spinning disk confocal unit (PerkinElmer).

3.3.3 Expression plasmids 

 Full length mouse myosin IIIb (NCBI accession number BC156281) in 

pENTR223.1 vector was obtained from Open Biosystems and the insert recombined with 

pcDNA 6.2/N-EmGFP-DEST vector by LR clonase using the Gateway Technology 

(Invitrogen).  Full length human myosin IIIb variant 2 (NM_138995) was obtained from 

Origene and the insert was subcloned by PCR and ligated to pCR8/GW/TOPO entry 

vector (Invitrogen).  The insert was subsequently recombined with pcDNA 6.2/N-

74



EmGFP-DEST vector by LR clonase.  Wild-type and WH2 mutant (mWH2) human espin 

1 inserts in the untagged vector (pcDNA3.1(-); Invitrogen) have been described earlier 

(section 2.3.4).  Constructs encoding myosin IIIb and espin 1 deletion mutants (except 

GFP-hMyoIIIbΔTAIL) were PCR subcloned into pCR8/GW/TOPO entry vector and 

recombined with pcDNA 6.2/N-EmGFP-DEST, pDEST 15 GST, and/or pcDNA/nV5-

DEST expression vector by LR clonase.  GFP-hMyoIIIbΔTAIL deletion mutant construct 

was directionally subcloned into the pEGFP-C tag expression vector (BD Biosciences 

Clontech, CA) via 5′ NotI and 3′ SpeI restriction sites.  All expression plasmids were 

verified by sequencing, immunofluorescence, and immunoblot. Further details about the 

clones used are found in Table 3-1 and Figures 1-1, 1-2, 3-6 and 3-7.
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DNA construct (aa) Species
 (accession no.) Vector Forward primer Reverse primer

GFP-hMyoIIIb
(1-1341)

human
(NM_138995)

pcDNA 6.2/N-
EmGFP-DEST

5′- ATGAAACATC
TGTATGGATTATT

TCAC

5′-TTTAATGTTGA
GCAAAAGAGTCT

CC

GFP-hMyoIIIbΔK

(345-1341) human
(NM_138995)

pcDNA 6.2/N-
EmGFP-DEST 5′-GATGATTTGGT

CAACCTAGAGGT
T

5′-ATGTTGAGCA
AAAGAGTCTCCT

TT

GFP-hMyoIIIbΔTAIL

(1-1141)

human
(NM_138995)

pEGFP-C2

5′-GCTAGCGGCC
GCCACCATGCTT
GGACTTGAATCA
CTTCCAGATCCC

ACAGACAC

5′-GCCACATTCCC
CCGTCGCAGCAG
GTACGACTAGTG

CTA

mMyoIIIb-GFP 
(1-1333)

mouse 
(BC156281) pcDNA 6.2/N-

EmGFP-DEST

n/a n/a

GFP-
mMyoIIIbΔ3THDI,post

(1-1247)

mouse 
(BC156281) pcDNA 6.2/N-

EmGFP-DEST

5′-GCAGCAGCCT
CGGAGGTGAG

5′-TTATGCTCGCT
GCTTCTGGGAGA

GACCTTC

GFP-mMyoIIIbΔK

(303-1333)

mouse 
(BC156281) pcDNA 6.2/N-

EmGFP-DEST

5′-GTTGCTAAAA
CCAGGCATGAAA

GGATG 5′-TCAGTGTTGA
GCAAAGGGGTCT

TCTC GFP-mMyoIIIbTAIL

(909-1333) mouse 
(BC156281) pcDNA 6.2/N-

EmGFP-DEST

5′-GAGGCTCACA
TTCACACAGTTC

TCCA

5′-TCAGTGTTGA
GCAAAGGGGTCT

TCTC 

GFP-
mMyoIIIbpre3THDI

(909-1333)

mouse 
(BC156281) pcDNA 6.2/N-

EmGFP-DEST

5′-GAGGCTCACA
TTCACACAGTTC

TCCA 5′-TTATGCTCGC
TGCTTCTGGGAG

AGACCTTC

GFP-mMyoIIIb3THDI

(909-1333)

mouse 
(BC156281) pcDNA 6.2/N-

EmGFP-DEST

5′- CCTCGCAGAC
GGTGTCAGCAGC

CC AAAATG 

5′- TCACCCAGGG
GACAGGCATTTG
TAATACTGGTC

GFP-
mMyoIIIbpost3THDI

(909-1333)

mouse 
(BC156281) pcDNA 6.2/N-

EmGFP-DEST

5′-GCCTGTGCCC
CTGAGGAAAC

5′-TCAGTGTTG
AGCAAAGGGGT

CTTCTC 

GFP-espin 1ΔABM

human
(NM_031475)

pcDNA 6.2/N-
EmGFP-DEST

5′- ATGGCCCTGG
AGCAGGCGCTGC

AG

5′- TTACCGGACT
GGTGACAGTGCA
GGTGACACAGA

AGGCAGV5-espin 1ΔABM

human
(NM_031475) pcDNA/

nV5-DEST

5′- ATGGCCCTGG
AGCAGGCGCTGC

AG

5′- TTACCGGACT
GGTGACAGTGCA
GGTGACACAGA

AGGCAG

Table 3-1 Novel myosin IIIb and espin 1 clones and associated primers used in the dissertation.

3.3.4 Cultures and transfection of COS‑7 cells 

 COS‑7 cells (ATCC) were trypsinized, plated on coverslips and maintained at 37 

°C in DMEM with 10% FBS. Cultures were transfected using either GeneJuice 

76



(Novagen) or Lipofectamine transfection reagent (Invitrogen) according to 

manufacturer’s instructions and incubated for 24 hours. Samples were then fixed for 20 

min in 4% PFA in PBS, permeabilized for 30 min in 0.5% Triton X‑100 in PBS, and 

counterstained or processed for immunofluorescence as described earlier.

3.3.5 Culture and transfection of rat inner ear tissue

 Organ of Corti and vestibular tissues were dissected from postnatal day  0–8 rat 

and attached to coverslips previously coated with Cell-Tak (150 µg µl–1; BD 

Biosciences). Cultures were maintained in DMEM/F12 (Invitrogen) with 5–7% FBS and 

ampicillin (1.5 µg ml–1; Sigma) and kept at 37 °C and 5% CO2. For transfections, 50 µg 

of DNA was precipitated onto 25 mg of 1 µm gold particles and loaded into the Helios 

Gene Gun cartridges (BioRad). Tissue explants were transfected with the gene gun set at 

95 psi of helium and maintained in culture for 18–48 hours. Samples were fixed and 

counterstained for confocal microscope viewing as described above. The efficiency of 

transfection ranged from 0–9 hair cells per explant.

3.3.6 Quantification

 Physical quantities of stereocilia and filopodia were measured using confocal 

microscopy and NIH ImageJ.

 Relative pixel intensity  of protein fluorescence was quantified by the difference in 

the fluorescence intensity between a region over the stereocilia bundle and an arbitrary 

background region (Waguespack et al., 2007) divided by the fluorescence intensity of 

phalloidin (red). All relative pixel intensity numbers were normalized.  
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 To estimate the relative increase in stereocilia length (Fig. 3-8), we compared the 

heights of the tallest row of well-preserved stereocilia of cochlear and vestibular hair 

cells transfected (HT) with the average height  of all their respective neighboring (usually 

between 3–5) non-transfected cells (HNT) within the field of view of our camera/confocal 

setup (30 × 45 µm). The average ratio of stereocilia length was calculated as 1 = HT

HNT

. 

ANOVA was performed using MATLAB (Mathworks). 

 Measurements of average filopodia lengths of transfected COS-7 cells (Figs. 3-11 

and 3-13) were made using NIH ImageJ by measuring the distance from the periphery  of 

the cell to the filopodia tip.

 The mean pixel intensity  of immunofluorescence in non-transfected hair cells  

versus transfected hair cells (Fig. 3-10) was quantified by taking the ratio of the absolute 

immunofluorescence intensities of the non-transfected and transfected hair cell bundles. n 

= 10 non-transfected/transfected vestibular hair cell pairs, and n = 3 for cochlear hair cell 

pairs.  

3.3.7 Western blotting 

100-mm dishes of transfected semi-confluent COS‑7 cells were rinsed in PBS and 

scraped in 300 µl of ice-cold cell lysis buffer (CLB): dH2O, 1% Triton‑X, 5 mM 

dithiothreitol, 150 mM  NaCl, 50 mM Tris, 2 mM EDTA, 1 mM Pefabloc, 1x Pefabloc 

protector, and 1% mammalian protease inhibitor cocktail (Sigma). After addition of 1× 

loading sample buffer (Invitrogen), samples were boiled and sample reducing agent 

(Invitrogen) added. 10 µl of lysates were loaded in NuPAGE 4–12% Bis-Tris mini-gel 
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(Invitrogen). Western blots were blocked overnight at 4 °C with 5% nonfat milk (Bio-

Rad, Hercules, CA) and incubated with primary antibody for 2 hours. Horseradish 

peroxidase-conjugated goat anti-rabbit  antibodies (Santa Cruz) and ECL 

chemiluminescence system (Amersham Biosciences) were used for detection.

3.3.8 GST pulldown assays 

Protein expressions of glutathione S‑transferase (GST) alone or fused to ARD (GST–

espin 1ARD) and protein purification are previously  described (2.5 Materials and 

Methods). Briefly, GST proteins were isolated from bacterial lysates using glutathione–

Sepharose 4B beads (Amersham Biosciences). GFP–mMyosin IIIbΔK, –pre3THDI, –3THDI 

and –post3THDI fusion proteins were extracted from 24-hour transfected COS‑7 cells by 

brief sonication in ice-cold CLB and 30‑min ultracentrifugation at 145,000 g. To test for 

myosin IIIb interactions, the same amount of GST–espin 1ARD or GST alone was bound 

to 4B beads for 1 hour at 4 °C followed by incubation with the same amount of a GFP-

tagged myosin IIIb fragment in CLB for 1 1/2 hours. The beads were then washed three 

times with CLB. 10 µl of co-precipitates were loaded, separated by electrophoresis on 

NuPAGE Bis-Tris 4‑12% gels, and analyzed by Western blotting using rabbit polyclonal 

anti-GFP and anti-GST antibodies (Invitrogen).

3.4 Results

3.4.1 Myosin IIIb localized to stereocilia tips earlier than myosin IIIa during 
stereocilia development
 We used three affinity purified antibodies, anti(α)-myosin IIIb (PB791), α-myosin 

IIIa (PB638), and α-espin 1 (PB539), to compare localizations of myosins IIIb, IIIa, and 

espin 1 in the hair cell during the stereocilia development from the mouse cochlea and 
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vestibular epithelia and in the transfected heterologous COS-7 cell line. The specificity of 

these antibodies has been confirmed via Western blotting and COS-7 cell transfection 

(Figs. 3-1, 2-1, and 4-4; Schneider et al., 2006). The α-myosin IIIb antibody was 

generated against  a fourteen-amino acid peptide corresponding to the pre3THDI region (-

pre3THDI) in the carboxl(C)-terminal tail of mouse myosin IIIb (Fig. 3-6a; section 3.3.1). 

The α-myosin IIIa antibody was generated against a seventeen-amino acid peptide 

corresponding to the actin-binding 3THDII domain in the C-terminal tail region of mouse 

myosin IIIa (Schneider et al., 2006). Lastly, the α-espin 1 antibody was generated against 

a twenty-amino acid peptide corresponding to the first ankyrin repeat of espin 1ARD (Fig. 

3-7a; section 2.3.1). The α-myosin IIIa and α-espin 1 antibodies cross-reacted with 

human and rat orthologues (Figs. 2-1, 2-2, and 2-5; Schneider et al., 2006). Conversely, 

the α-myosin IIIb antibody did not  cross-react with a human or rat orthologue (data not 

shown). Since the α-myosin IIIb antibody reacted only  with mouse myosin IIIb, mouse 

inner ear epithelia or mouse plasmid DNA constructs were used in all α-myosin IIIb 

immunofluorescence preparations.
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Figure 3-1  Specificity of the affinity-purified antibody, PB791, generated against  the C-terminal 
tail of myosin IIIb. (a) Immunoblots of COS-7 cell lysates transfected with mMyoIIIb-GFP, GFP-
mMyoIIIbpre3THDI, GFP-hMyoIIIa, and hEspin 1 show that PB791 specifically recognizes the tail 
of myosin IIIb but not  myosin IIIa or espin 1. The presence of myosin IIIa and espin 1 is 
confirmed by anti-myosin IIIa (PB638) and anti-espin 1 (PB539) antibodies. See Figure 3-6a for 
the mapping of the PB791 epitope. (b) GFP-mMyoIIIbΔK (left  column) overexpression in COS-7 
cells is recognized by PB791. The same antibody shows no labeling in COS-7 cells with 
overexpressing GFP-hMyoIIIaΔK (middle column) or GFP-hEspin 1 (right column). (c) In the 
negative controls, PB638 (left  column) and PB539 (right  column), fail to recognize GFP-
mMyoIIIbΔK in COS-7 cells. GFP constructs are in green and Alexa Fluor 568-conjugated 
secondary antibody is red. Scale bar, 5 µm.
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 The myosin IIIb tip localization results in our immunofluorescence experiments 

(Fig. 3-2a) were nearly indistinguishable from the myosin IIIa (Fig. 3-2b) and espin 1 

(Fig. 3-2c) localizations at the stereocilia tips of both the cochlear and vestibular hair 

cells. However, fluorescent puncta of myosin IIIb was often less visible in the stereocilia 

rows besides the middle stereocilia row (Fig. 3-3). This phenotype is different from 

myosin IIIa where the puncta are more visible in the taller and shorter rows (e.g. compare 

Figs. 3-2a with b; Schneider et al., 2006).  

Figure 3-2  Myosin IIIb localization at the stereocilia tips is the same as myosin IIIa and espin 1 
localizations. (a, b, c) Confocal images show that  myosin IIIb (a, green) localizes at the tips of 
stereocilia in mouse cochlear hair cells which matches the localization observed for myosin IIIa 
(b, green) and espin 1 (c, green) but  reaches a peak fluorescent intensity at  about  postnatal day 
(P) 2 as opposed to myosin IIIa and espin 1 at  P6. Primary antibodies used: α-myosin IIIb 
(PB791), α-myosin IIIa (PB638), and α-espin 1 (PB539). In all immunofluorescence images, the 
immunolabeling was visualized using Alexa‑488-conjugated secondary antibody and the 
filamentous actin (red) was visualized using Alexa 568 phalloidin. (Dr. Salles assisted with 
immunohistochemistry)

Figure 3-3   Prominent myosin IIIb immunofluorescence in 
the middle row of stereocilia bundle of mouse inner hair cell 
at  P2. Myosin IIIb puncta are mostly observable at  the 
stereocilia tips in the middle row (arrow). Myosin IIIb 
demonstrates the thimble-like pattern, a resemblance of 
myosin IIIa.
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In the basal turn of the rodent cochlea, stereocilia appear from the apical surface of the 

IHCs and OHCs at embryonic day (E) ~18. By ~P21, the stereocilia bundles fully 

matured (Lim and Anniko, 1985; Tilney et al., 1988; Kaltenbach et al., 1994). The 

maturation of IHCs at the cochlear base precedes the maturation of OHCs, and 

development advances toward the cochlear apex over several days (Zine and Romand, 

1996; Waguespack et al., 2007). In the immature hair cells of the basal regions of the P0 

mouse cochlea, myosin IIIb immunolabeling was observed at the tips of the emerging 

stereocilia (Fig. 3-4c; P2 shown in Fig. 3-4a), in contrast to the paucity of myosin IIIa 

immunolabeling during that age (Fig. 3-4b). The levels of myosin IIIb immunoreactivity 

at the stereocilia tips progressively  declined through P4, P6, and P8 (Fig. 3-4a) against 

the maturational phase of the stereocilia and the increasing immunoreactivity  levels of 

myosin IIIa (Fig. 3-4b). The relative pixel intensity (rpi) of myosin IIIb 

immunofluorescence intensity was found to be inversely correlated to the myosin IIIa 

fluorescence intensity from P0 to P8 (Fig. 3-4c). No fluorescence signal of myosin IIIb 

was detected in mouse adult cochlear hair cells during P40 with or without the antigen 

retrieval step (data not shown). In the mouse vestibular stereocilia, myosin IIIb 

immunoreactivity was detectable from P0 through P8 and in adults (Fig. 3-5). These 

results indicate that the difference in myosin IIIb and IIIa expression is in the cochlear 

hair cells but not in the vestibular hair cells.

83



Figure 3-4  Myosin IIIb has a different  phase of immunoreactive protein expression from myosin 
IIIa. (a) Immunofluorescence of mouse cochlear hair cells at different developmental time points 
shows that  myosin IIIb compartmentalizes at stereocilia tips at  P2 and regresses during P4, P6, 
and P8 reaching a low immunofluorescence intensity. (b) Myosin IIIa immunofluorescence in 
mouse cochlear hair cells at  different developmental time points shows that  myosin IIIa targets 
stereocilia tips at  P2 and undergoes progressive compartmentalization at the tips during P4 and 
P6, reaching a peak of immunofluorescence intensity at about P8. (c) The graph illustrates 
relative pixel intensity (rpi) measurements of myosin IIIb (circle) and myosin IIIa (triangle) 
immunofluorescence in the stereocilia bundle versus different developmental time-points from P0 
to P8. The difference in the temporal immunoreactive expression pattern between myosins IIIb 
and IIIa is reflected by the opposite slopes of the best  linear fits (R-squares of 0.96 and 0.97). The 
error bars represent the standard error of the mean (± s.e.m). (Dr. Salles and Mr. Manor assisted with 
immunohistochemistry, imaging, and quantification)
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Figure 3-5  Spatiotemporal expression of myosin IIIb in mouse vestibular stereocilia. Myosin 
IIIb (green) localizes at  the stereocilia tips of the mouse vestibular hair cell at  P0, P1, P2, P8, and 
P40, indicating a stable presence of myosin IIIb in the vestibular stereocilia. Myosin IIIb 
localization reveals a tip-to-base gradient that  is more extended in longer stereocilia than shorter 
stereocilia (arrowheads). Scale bars, 5 µm. Primary antibody used: α-myosin IIIb (PB791). In all 
immunofluorescence images, the immunolabeling was visualized using Alexa‑488-conjugated 
secondary antibody and the filamentous actin (red) was visualized using Alexa 568 phalloidin. 
(Dr. Salles assisted with immunohistochemistry)

3.4.2 The profile of myosin IIIb overexpression in the stereocilia
 We further explored the phenotype and function of myosin IIIb via protein 

overexpression in transfected hair cells and COS-7 cell line. Wild-type and mutant 

myosins IIIb, IIIa, and espin 1 plasmid DNA constructs were generated in the laboratory 

for the purpose of cell transfection and GST pulldown experiments. Figures 3-6 and 3-7 

illustrate diagrammatic panels of those engineered constructs. The integrity of the 

constructs has been confirmed by sequencing (data not shown), Western blotting (Figs. 
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3-6b and 3-7b), and immunofluorescence (Figs. 2-5, 2-6, 2-7, 2-9, 2-12, 3-6, 3-7, 3-8, 

3-9, and 3-12).

Figure 3-6  Full length and mutant myosin III constructs. (a) Schematic map of myosin IIIa and IIIb wild-
type and deletion mutant constructs fused to GFP. Full length human myosin IIIa (NCBI accession number 
AY101367), myosin IIIb (NM_138995), and mouse myosin IIIb (BC156281) are shown respectively at the 
top. Asterisks (*) denote the epitope position in the mouse myosin IIIb molecule recognized by the anti(α)-
mMyoIIIb (PB791) antibody (Fig. 3-1). GFP-mMyosin IIIb delta (Δ) kinase deletion mutant (GFP-
mMyoIIIbΔK) lacks the N-terminal kinase domain.  GFP-hMyosin IIIb Δtail deletion mutant (GFP-
hMyoIIIbΔTAIL) lacks the entire C-terminal tail. The last four constructs at the bottom are derived from the 
mouse myosin IIIb DNA template.  GFP-mMyoIIIbTAIL encodes exclusively the C-terminal tail 
encompassing the 3THDI domain.  GFP-mMyoIIIbpre3THDI encodes a divergent amino acid region between 
second IQ motif and 3THDI. GFP-mMyoIIIb3THDI encodes exclusively the conserved 3THDI domain. GFP-
mMyoIIIbpost3THDI encodes the last 27 amino acids downstream of the 3THDI. Predicted molecular weights 
(kDa) of the constructs are indicated at the right. See Tables 2-1 and 3-1 as well as Figure 1-1 for further 
details about the constructs depicted here. (b) Western blots of myosin IIIa and IIIb expression constructs. 
COS-7 cell lysates were prepared from transfected cultures and an equal volume of protein lysate (10 µl) 
was separated by SDS-PAGE and processed for immunoblot analysis using α-GFP and α-mMyoIIIb 
antibodies (indicated at bottom). The α-GFP antibody was used instead to stain those GFP-hMyoIIIb 
constructs (lanes on left) not recognizable by the α-mMyoIIIb antibody as well as the GFP-hMyoIIIa 
construct.  Mr(K), relative molecular weights in kilodaltons, is indicated vertically on the left.  Construct 
names are indicated diagonally on the top. Although more than one band was detected in several construct 
lanes likely due to protein degradation or background, all construct lanes demonstrate a positive band that 
matches with the corresponding expected molecular weight of the protein construct.
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Figure 3-7  Full length and mutant espin 1 constructs. (a) Schematic map of wild-type, deletion 
mutant, and base substitution espin 1 mutant  constructs. These espin constructs were derived 
from the human espin variant 1 (hEspin 1; NCBI accession number NM_031475) or the mouse 
espin variant  1 (mEspin 1; NM_207687) cDNA template. Asterisks (*) denote the epitope 
position in the espin molecules recognized by the α-espin 1 (PB539) antibody (Fig. 2-1; section 
2.3.1). hEspin 1 is an untagged full length construct. hEspin 1mWH2 is the same as hEspin 1 except 
that two leucine residues in the WH2 motif are substituted with alanine residues (L655A, L656A; 
section 2.3.4). GFP-hEspin 1ΔABM and V5-hEspin 1ΔABM are espin 1 deletion mutants that lack the 
ABM (Actin Bundling Module). GST-mEspin 1ARD is a GST construct fused to the ARD 
(Ankyrin Repeats Domain) of mouse espin 1. See Tables 2-1 and 3-1 as well as Figure 1-2 for 
further details about the constructs depicted here. (b) Western blot of espin 1 expression 
constructs. COS-7 cell lysates were prepared from transfected cultures and an equal volume of 
protein lysate (10 µl) was separated by SDS-PAGE and processed for immunoblot analysis using 
α-espin 1 antibody (indicated at bottom). Mr(K), relative molecular weights in kilodaltons, is 
indicated vertically on the left. Construct  name is indicated horizontally on the top. All construct 
lanes demonstrate a positive band that  matches with the corresponding expected molecular weight 
of the protein construct. 
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 To examine the ability of hair cells to properly compartmentalize exogenous 

myosin IIIb to the tips of stereocilia and the effect of myosin IIIb on stereocilia 

elongation, we transfected rat vestibular hair cells at P2 with wild-type mouse GFP-

tagged myosin IIIb (GFP-mMyoIIIb; Fig. 3-8a) or with mouse GFP-tagged myosin IIIb 

lacking the kinase domain (GFP-mMyoIIIbΔK; Fig. 3-8b). 

Figure 3-8  Myosin IIIbΔK overexpression results in stereocilia elongation of rat vestibular hair 
cells (VHCs). (a, b) Both GFP–mMyoIIIb (a) and GFP-mMyoIIIbΔK (b) accumulate at  stereocilia 
tips in transfected P2 VHCs. Stereocilia of the GFP-mMyoIIIbΔK transfected cells appears 
significantly longer (arrow) than those of non-transfected (arrowhead) cells (P = 0.001, ANOVA). 
(c) The average ratios of stereocilia length (L) between transfected (HT) and neighboring non-
transfected (HNT) hair cells, l = HT

HNT

. GFP-mMyoIIIb = 1.511 ± 0.125 (~51% increase); n = 6. 

GFP-mMyoIIIbΔK = 1.66 ± 0.216 (~66% increase); n = 13. Note that  a value of L = 1 (indicated 
by the dotted line in the graph) corresponds to a zero percent increase in length. Error bars 
represent ± s.e.m. Scale bar, 5 µm. (Dr. Salles and Mr. Manor assisted with  transfection and quantification, 
respectively)

Myosin IIIb was concentrated at the tip of each stereocilium within 18 hours after hair 

cell transfection. Analysis of the lengths of VHC stereocilia transfected with GFP-

mMyoIIIbΔK showed that stereocilia were elongated (Fig. 3-8c). The reason for the 

removal of kinase (ΔK) in the GFP-mMyoIIIbΔK construct has been explained in chapter 

2 (section 2.4.5) and by  Schneider et al. (2006). Briefly, since myosin III is more active 
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without its kinase domain (Dosé et al., 2008), removing it helps in studying the function 

of myosin III. 

 To determine whether stereocilia tip  localization of myosin IIIb depends on its C-

terminal tail, a construct lacking the tail region (GFP-hMyoIIIbΔTAIL) was used to 

transfect rat hair cells. Those hair cells positive for GFP-hMyoIIIbΔTAIL expression 

showed diffuse fluorescence in the cytoplasm with no apparent fluorescence in the 

stereocilia (Fig. 3-9b; n = 17). This finding suggests that  the 3THDI domain, implicated 

as the espin 1 cargo binding domain, in the C-terminal tail is necessary for the tip 

localization.  

Figure 3-9 C-terminal tail of myosin IIIb is required for stereocilia tip localization. (a) GFP-
mMyoIIIb accumulates at  the stereocilia tips of rat  vestibular hair cells. Tip-to-base concentration 
gradient of myosin IIIb fluorescence is observed (rectangular inset). (b) GFP-hMyoIIIbΔTAIL fails 
to target  the stereocilia tips suggesting that  endogenous espin 1 cannot bind to myosin IIIb 
lacking the tail region. (c) Measurements of GFP-mMyoIIIb and GFP-hMyoIIIbΔTAIL relative 
fluorescence intensity (rpi) along the stereocilium in each rectangular inset  (a and b) illustrate the 
distribution of these GFP fusion proteins. The tip-to-base concentration gradient of myosin IIIb 
fluorescence is reflected by the MyoIIIb slope. (Dr. Salles assisted with hair cell transfection)
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 To test the effect of myosin IIIb overexpression in the stereocilia tips on the 

myosin IIIa expression, rat cochlear hair cells and VHCs at age of P8 were transfected 

with GFP-mMyoIIIb and immunostained with the α-myoIIIa antibody. Myosin IIIa 

immunolabeling was observed at the stereocilia tips of the GFP-mMyoIIIb transfected 

cochlear hair cells (Fig. 3-10a) but not of the transfected VHCs (Fig. 3-10b).

Figure  3-10 GFP-myosin IIIb overexpression downregulates myosin IIIa localization in 
stereocilia tips of vestibular hair cells. (a) Rat  vestibular hair cells transfected with GFP–
mMyoIIIb (green) and immunostained with anti-myosin IIIa antibody (PB638; blue). The myosin 
IIIa immunofluorescence intensity is attenuated in the stereocilia tips of GFP–mMyoIIIb 
transfected cells (upper right stereocilia bundle) compared to that of stereocilia tips of non-
transfected cell (bottom left). (b) Rat  cochlear hair cells transfected with GFP–mMyoIIIb (green) 
and immunostained with anti-myosin IIIa antibody (PB638; blue). There is no difference in the 
immunofluorescence intensity of myosin IIIa (bottom image) between the transfected (left) and 
non-transfected cell (right). Scale bars, 5 µm. (c) The mean ratios of myosin IIIa 
immunofluorescence intensity (rfi) between non-transfected (rpiNT) hair cells and neighboring 
transfected (rpiT) hair cells (n = 10, both GFP-mMyoIIIb transfected and non-transfected 
vestibular hair cells; n = 3 for both transfected and non-transfected cochlear hair cells; P < 0.005, 
ANOVA). The error bars represent  ± s.e.m. (Dr. Salles and Mr. Manor assisted  with hair cell transfection and 
measurements)
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The mean pixel intensity ratio of the myosin IIIa immunofluorescence of transfected 

VHC to non-transfected VHC was greater than in cochlear hair cells (Fig. 3-10c). These 

data suggest that the overexpression of GFP-mMyoIIIbΔK downregulates the myosin IIIa 

localization in VHC stereocilia tips, but not in cochlear hair cell stereocilia tips. This is an 

implication that myosins IIIb and IIIa share the same compartment in the stereocilia tips 

and that myosin IIIb potentially has roles overlapping with myosin IIIa in vestibular more 

than cochlear hair cells. 

3.4.3 Tip localization of myosin IIIb depended on its espin 1
 We next evaluated the distribution and elongation effect of GFP-mMyoIIIbΔK on 

filopodia in transfected COS-7 cells (Fig. 3-11). Control immunostains of COS-7 

confirmed that myosin IIIb is not expressed endogenously (Fig. 3-1b). When COS-7 cells 

were overexpressed with GFP-mMyoIIIbΔK alone, the motor protein failed to localize to 

the filopodia tips (Fig. 3-11a) presumably  due to the absence of the actin-binding 3THDII 

in the tail region of myosin IIIb (Fig. 3-6). This phenotype is consistent with the 

phenotype of COS-7 cells transfected with GFP-hMyoIIIaΔK-33-34 (Schneider et al., 2006), 

which has deletions of exons 33 through 35, and lacks 3THDII (see exon map Fig. 1-1c). 

Conversely, the filopodia tip localization phenotype was rescued when the COS-7 cells 

were transfected with GFP-mMyoIIIbΔK and hEspin 1 (Fig. 3-11c). The synergistic 

elongation of COS-7 filopodia has been previously  observed when co-transfected with 

myosin IIIa and espin 1 (Fig. 2-7). Here, COS-7 cells co-transfected with GFP-

mMyoIIIbΔK had similar elongation phenotype, in which the mean filopodia length is 
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twice longer than those transfected with GFP-mMyoIIIbΔK alone or hEspin 1 alone (Fig. 

3-11d).

Figure 3-11  The filopodia tip localization of myosin IIIb depend on espin 1. (a) GFP-
mMyoIIIbΔK localizes to the cytoplasm but  not filopodia tips of the transfected COS-7 cell. (b) 
GFP-hEspin 1 localize to the actin bundles including the filopodia tips. COS-7 cells in both a and 
b rows were counterstained with phalloidin Alexa 568. (c) GFP-mMyoIIIbΔK and hEspin 1 
colocalize to the filopodia tips. COS-7 cell was stained with anti-espin 1 antibody (PB539; red). 
The right  column across the rows show close ups of filopodia tips from the images on the left 
(rectangles). Scale bar, 5 µm. (d) Measurements of average filopodia lengths of transfected 
COS-7 cells. GFP-mMyoIIIbΔK alone = 1.47 ±0.07, nf  = 93, nc  = 18; GFP-espin 1 alone = 2.94 
±0.11, nf  = 162, nc  = 10; and GFP-mMyoIIIbΔK and GFP-espin 1 = 2.94 ±0.11, nf  = 177, nc  = 27. 
Data are ± s.e.m.; the mean value for the COS-7 co-transfected with myosin IIIbΔK and espin 1 
was significantly higher than that of the cells transfected with GFP-mMyoIIIbΔK or espin 1 alone 
(P = 0.002, ANOVA). Co-transfection nf and nc denote number of filopodia and number of cells, 
respectively. (Mr. Manor assisted with measurements)
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3.4.4 Myosin IIIb interacted with espin 1 through its  conserved domain, 
3THDI, in C-terminal tail 
 To confirm the colocalization of myosin IIIb and espin 1 and to eliminate the 

question of whether the affinity of the mMyoIIIbΔK deletion mutant for espin 1 is 

artificial due to protein misfolding, COS-7 cells were transfected with full length myosin 

IIIb fused to GFP (GFP-mMyoIIIb) and untagged full length espin 1. These proteins 

colocalize to actin bundles of the cell (Fig. 3-12a, top row). This interaction between 

myosin IIIb and espin 1 was confirmed by a GST pull-down assay, which the GFP-

mMyoIIIbΔK fusion protein co-precipitated with the GST-mEspin 1ARD (Fig. 3-12b, upper 

left pane) but not with the GST alone. Since the conserved 3THDI domain of myosin IIIa 

binds to the ARD of espin 1 (Fig. 2-7), we sought to confirm the region of interaction on 

myosin IIIb to be 3THDI. COS-7 cells were co-transfected with hEspin 1 and with a 

GFP-tagged myosin IIIb tail portion encoding either 3THDI (GFP–mMyoIIIb3THDI) or its 

immediate flanking regions (GFP-mMyoIIIbpre3THDI or GFP-mMyoIIIbpost3THDI). 

Colocalization of GFP-mMyoIIIb3THDI with espin 1 was exclusively observed (Fig. 3-12a, 

third row) as there was no espin 1 colocalization for the regions immediately amino-

terminal, GFP-mMyoIIIbpre3THDI (Fig. 3-12a, second row), or carboxy-terminal, GFP-

mMyoIIIbpost3THDI (Fig. 3-12a, fourth row), to the myosin IIIb 3THDI domain. The 

myosin IIIb3THDI-espin 1ARD interaction was verified in vitro using the GST pulldown 

technique, which GST–espin 1ARD binds to GFP–mMyoIIIb3THDI, but not to the GFP-

mMyoIIIbpre3THDI or -post3THDI regions (Fig. 3-12b). These data indicate that espin 1 and 

myosin IIIb interact through their ARD and 3THDI, respectively. This suggests that the 
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function of 3THDI as a cargo-binding site for espin 1 is conserved across class III 

myosins.

Figure 3-12  Myosin IIIb interacts with espin 1 in transfected COS-7 cells and in vitro. These two proteins 
interact through 3THDI of myosin IIIb and ARD of espin 1. (a) Co-expression of untagged hEspin 1 shows 
that mMyoIIIb-GFP (first row; green) and GFP-mMyoIIIb3THDI (third row) colocalize with hEspin 1 (red) 
in filopodia. Conversely, GFP-mMyoIIIbpre3THDI (second row), and GFP-mMyoIIIbpost3THDI (fourth row) are 
diffused in the cytoplasm, despite the presence of hEspin 1 bundles. (b) Western blots of GST pull-downs 
confirm that myosin IIIb interacts (dotted lanes) with espin 1 and that the 3THDI region of myosin IIIb is 
necessary for binding to espin 1ARD, as mMyoIIIbpre3THDI and mMyoIIIbpost3THDI show no binding to espin 
1ARD. Precipitates were detected using anti-rabbit polyclonal α-GST  and α-GFP antibodies. The double 
bands of GFP-myosin III fusion proteins are probably due to a degradation or modification of the GFP 
moiety (e.g. proteolysis, phosphorylation, dephosphorylation, or oxidation) as the GFP alone control 
showed the same double band pattern (data not shown). 
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3.4.5 The actin bundling module of espin 1 is required for filopodia tip 
localization and synergistic elongation phenotype of myosin IIIb
 Synergistic elongation of filopodia was observed when COS-7 cells were co-

transfected with myosin IIIa and espin 1 (Fig. 2-9). We next ask whether myosin 

IIIb:espin 1 has a combined functional role, similar to that of myosin IIIa:espin 1, in the 

elongation of COS-7 cell filopodia. COS‑7 cells co-transfected with GFP-mMyoIIIbΔK 

and espin 1 (Fig. 3-13a; also seen in Fig. 3-11c) yielded long filopodial actin protrusions 

(mean length = 6.7 µm ± 0.27, nc = 45, nf = 178; nc = number of cells, nf = number of 

filopodia; Fig. 3-13g). Although GFP-hMyoIIIaΔK and hEspin 1 co-expression produced 

longer filopodia (13.0 ± 1.1 μm, nc = 23, nf = 70; Fig. 3-13g) than with GFP-mMyoIIIbΔK, 

their synergistic phenotype is similar in terms of combined elongation with espin 1 (Fig. 

3-13a, d).  

 We further investigated the function of myosin IIIb and espin 1 co-expression in 

filopodia elongation by testing the dependency of myosin IIIb on espin 1’s functional 

domains, ABM and WH2. We showed that myosin IIIb interacts with espin 1 through its 

3THDI domain and espin 1’s ARD (section 3.4.4). Since espin 1 binds to actin filaments 

through its ABM (Bartles et al., 1996), we predicted that the deletion of ABM from espin 

1 (hEspin 1ΔABM) will abolish the localization of myosin IIIb toward the filopodia tips and 

the synergistic elongation phenotype. This prediction was confirmed when COS-7 cells 

were co-transfected with GFP-mMyoIIIbΔK and V5-hEspin 1ΔABM (Fig. 3-13b, g), in 

which these two proteins colocalized diffusely  in the cytoplasm but neither targeted 

filopodia tips nor elongated filopodia (1.36 ± 0.06 μm, nc = 17, nf = 88). Conversely, co-
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transfection of GFP-hMyoIIIaΔK with V5-hEspin 1ΔABM showed filopodia tip  targeting 

(Fig. 3-13e) and produced modest elongation (2.5 ± 0.17 μm, nc = 95, nf =78; Fig. 3-8g).

Figure 3-13  The actin bundling module (ABM) of espin 1 is required for the COS-7 filopodia tip 
localization and elongation phenotype of myosin IIIb, but not  of myosin IIIa. Both ABM and 
WH2 domains of espin 1 are required for enhanced filopodia elongation. (a) GFP-mMyoIIIbΔK 
and espin 1 synergistically elongate filopodia (mean length = 6.7 ± 9.1 µm). (b) GFP-mMyoIIIbΔK 
and V5-hEspin 1ΔABM fail to elongate filopodia but instead colocalize to the cytoplasm indicating 
that the ABM of espin 1 is essential for the tip localization of myosin IIIb (1.36 ± 0.006 µm). (c) 
GFP-mMyoIIIbΔK and hEspin 1mWH2 colocalize to filopodia tips and generate relatively short 
filopodia indicating that WH2 is essential for the synergistic elongation (2.7 ± 0.15 µm). (d—f) 
GFP-hMyoIIIaΔK and hEspin 1 synergistically elongates filopodia (13.0 ± 1.1 µm) (d) while GFP-
hMyoIIIaΔK and V5-hEspin 1ΔABM (e) or GFP-hMyoIIIaΔK and V5-hEspin 1mWH2 (f) Co-
expression produces shorter filopodia indicating that ABM and WH2 are not  essential for the tip 
localization of myosin IIIa but  are essential for the synergistic phenotype (2.5 ± 0.17 µm and 2.7 
± 0.15 µm, respectively). Scale bars, 2.5 µm. (g) Measurements of filopodia lengths for each of 
the combinations shown in the panels above.  The gray columns represent the mean filopodia 
length (µm) and the error bars represent the ± s.e.m. (Mr. Manor assisted with quantification)
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We conclude that  the ABM of espin 1 is required for the tip localization and elongation 

phenotype of myosin IIIb, but not for myosin IIIa. We postulated that the elongation of 

filopodia is also influenced by  WH2 polymerization activity of espin 1 based on the 

results from COS-7 cell co-transfection with myosin IIIaΔK and the WH2-mutated espin 1 

construct (hEspin 1mWH2; Fig. 2-9h). Here, we tested whether GFP-mMyoIIIbΔK can 

target filopodia tip with hEspin 1mWH2 and mimic the GFP-hMyoIIIaΔK-hEspin 1mWH2 co-

expression phenotype. As a result, GFP-mMyoIIIbΔK was able to colocalize with hEspin 

1mWH2 at the filopodia tip  (Fig. 3-13c) and does not enhance filopodia elongation (2.7 ± 

0.15 µm, nc = 15, nf = 61), which is identical to the phenotype of control GFP-

hMyoIIIaΔK-hEspin 1mWH2 (2.7 ± 0.15 µm, nc = 22, nf =147; Fig. 3-13f, g). Taken 

together, these results as well as those results in Chapter 2 suggest that both myosins IIIb 

and IIIa regulate stereocilia length by transporting the actin polymerizing factor, espin 1, 

to the plus end of actin filaments. 

3.4.6 The myosin III-espin 1 complexes as regulators of stereocilia length

 It has been established that all three actin-associated proteins, myosins IIIb, IIIa, 

and espin 1 localize to the actin plus ends of stereocilia tips of inner hair cells.  Espin 1 is 

a cargo of myosins IIIb and IIIa in which these proteins coalesce into previously 

unrecognized molecular complexes that participate in actin cross-linking and 

polymerization activities. We developed sketch models of stereocilia length regulation as 

a function of these novel myosin IIIb/ and myosin IIIa/espin 1 complexes at the 

stereocilia tips (Fig. 3-14). 
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Figure 3-14  Models of myosin III/espin 1 complexes involved in the dynamic elongation of the stereocilia. 
Diagrams illustrating myosin IIIb alone in stereocilia (left) as well as the interactions between myosin IIIb 
and espin 1 (middle) and between myosin IIIa and espin 1 (right) along the actin filaments. Myosin IIIb 
(middle), lacking the C-terminal actin binding 3THDII domain, depends on espin 1 through 3THDI 
(purple) and ABM (green; middle inset) for localization toward the plus end of actin filaments. In contrast, 
myosin IIIa, having its own actin binding 3THDII in the C-terminus, can localize to the tip with or without 
espin 1. The actin polymerizing factor, WH2 (orange), of espin 1 is transported by myosin IIIb or IIIa to the 
stereocilia tip and stays near the actin polymerization site. The four arrows represent the actin treadmilling 
downward. Short and long upward arrows represents difference in the net velocity between the myosins 
IIIb and IIIa complexes (discussed in section 3.5.5).  Each color code on the left depicts a functional domain 
of myosin IIIb or myosin IIIa and on the right a functional domain of espin 1.

Myosin IIIb is dynamically bound to the actin core through two anchors: the cis motor domain 

(pink) and the trans espin 1ABM (yellow). Conversely, myosin IIIa is bound to the actin core 

through three anchors that include the actin-binding 3THDII domain (blue). Both myosins IIIb 
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and IIIa walk toward the plus end of actin filaments as the actin core treadmills downward (Fig. 

3.14). However, myosin IIIb, not IIIa, essentially depends on the espin 1 cargo for motility since 

it lacks the 3THDII domain. 

3.5 Discussion

3.5.1 Myosins IIIb and IIIa share the same compartment at the stereocilia tips 
but their temporal expression differs
 We show that, in mice, myosin IIIb has the same immunolocalization pattern as 

myosin IIIa and espin 1 at the stereocilia tips in both cochlear and vestibular hair cells. 

Brightest fluorescent puncta of myosin IIIb were often seen in the middle row of 

stereocilia bundle of cochlear OHCs, (Fig. 3-3), somewhat similar to that of myosin IIIa 

(3-2b; Schneider et al., 2006). The tip-to-base gradient distribution in the stereocilia of 

VHCs, as seen in the myosin IIIa and espin 1 immunostains (Fig. 2-3b), was also seen in 

the myosin IIIb immunostains (Figs. 3-5 and 3-9c). Both myosins III exhibit the same 

thimble-like pattern at the stereocilia tips (Fig. 3-3). Otherwise, myosins IIIb and IIIa 

display  a different developmental course of protein expression in the cochlear stereocilia 

tips. The peak immunoreactivity of myosin IIIb appears at  least eight postnatal days 

earlier than that of myosin IIIa (Fig. 3-4). The dynamics of myosins IIIb and IIIa 

expression within the stereocilia tip  compartment during stereocilia development suggest 

that these two proteins’ activities do not completely overlap in the cochlea.

3.5.2 Myosin IIIb potentially compensates for myosin IIIa in stereocilia tips
 We extend our findings on the pattern of myosin IIIb spatiotemporal expression 

by studying myosin IIIb overexpression in rat inner hair cells using GFP-myosin IIIb 

wild-type and mutant constructs. Comprehensive data on cell transfection with myosin 

IIIa (Schneider et al., 2006) and espin 1 (chapter 2) have shown characteristic targeting to 
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stereocilia/filopodia tip and elongation activities. Comparably, exogenous GFP-

mMyoIIIb (Fig. 3-8a) and GFP-mMyoIIIbΔK (Fig. 3-8b) are found to be 

compartmentalized at the tips of vestibular stereocilia. GFP-mMyoIIIbΔK also influences 

the length of stereocilia (Fig. 3-8c).

 Since myosins IIIb and IIIa target the same compartment, we checked whether 

myosin IIIb overexpression affects the tip  localization of myosin IIIa. A distinct 

fluorescence protocol, using a combination of hair cell transfection and immunostaining, 

was used to juxtapose GFP-mMyoIIIbΔK and myosin IIIa at  the stereocilia tips of rat  hair 

cells. Overexpression of GFP-mMyoIIIbΔK abolishes immunolocalization of myosin IIIa 

in vestibular stereocilia tips (Fig. 3-10a) but not in cochlear stereocilia tips (Fig. 3-10b, c) 

demonstrating the ability of the cochlear hair cell to co-compartmentalize these myosin 

III isoforms. Conversely, the myosin IIIa compartmentalization is downregulated by 

myosin IIIb in the vestibular stereocilia tips. These observations may  reflect 

physiological differences among myosins IIIb and IIIa as well as structural differences 

between vestibular and cochlear stereocilia tips. Additionally, the developmental 

relationship  between myosin IIIb expression and stereocilia maturation is presumably 

different from myosin IIIa (Waguespack et al., 2007). We argue that  the myosin IIIa 

compensation hypothesis is supported since the overlap  of their function is temporally 

constrained.  That is, myosin IIIb temporarily  compensates the loss-of-function of myosin 

IIIa in individuals with MYO3A mutations during the first two decades of hearing. 
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3.5.3 Why doesn’t myosin IIIb expression endure into adulthood?  
 Myosin IIIa expression is steady during stereocilia maturation throughout 

adulthood (Schneider et al., 2006). Conversely, myosin IIIb expression is detected at P0 

and drops back to background levels by P8 (Fig. 3-4a). Although the difference in 

temporal expression pattern between myosins IIIb and IIIa is presumably attributed to 

their developmental roles in stereocilia lengthening, the cause of decline in myosin IIIb 

expression remains an open question. Possible explanations for this decline in expression 

include that: another molecule (e.g. myosin IIIa) may act as a competitive or 

noncompetitive inhibitor of myosin IIIb; the myosin IIIb gene or protein expression may 

be regulated; and myosin IIIb may have short half-life. Several weak PEST sequences 

have been detected in the myosin IIIb primary structure via the PESTfind online program 

(Dosé et al., 2003). PEST sequences are regions rich in proline (P), glutamic acid (E), 

serine (S), and threonine (T). These regions are implicated in rapid intracellular 

proteolytic degradation (Rogers et al., 1986). Multiple protein bands of myosins IIIb and 

IIIa from fish retinal preparations have been reported (Lin-Jones et al., 2009). These 

bands had less molecular weights than the protein standards and yielded various 

intensities across different fish retinal preparations which suggest that these bands are 

degraded protein products. Myosins IIIb and IIIa may  have specific half-lives and be 

labile to other molecules that degrade them. Furthermore, downregulation of myosin IIIa 

was observed when myosin IIIb was overexpressed in vestibular stereocilia suggesting 

that they  may influence each other’s regulatory mechanism. A study on protein stability 

and cross-inhibition of these myosin isoforms would be an interesting avenue for future 

research.
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3.5.4 Myosin IIIb, lacking 3THDII, depends on its espin 1 cargo for stereocilia 
tip localization and stereocilia elongation

 We favor the model of synergistic elongation of hair cell stereocilia by myosin 

IIIa and espin 1, in which co-expression of these proteins produce longer stereocilia and 

COS-7 filopodia than the expressions of these proteins separately. The highly  conserved 

3THDI and 3THDII domains in the tails of myosins IIIb and IIIa have shown to influence 

the localization and actin elongation activities of these motor isoforms (Les Erickson et 

al., 2003; Schneider et al., 2006; Figs. 2-5, 2-9, and 3-13). Colocalization and GST 

pulldown assays indicate that 3THDI in the tail of both myosin isoforms mediates cargo-

binding to espin 1 (Figs. 2-7 and 3-12). Myosin IIIb does not have the actin-binding 

3THDII in its C-terminus, therefore, it cannot effectively  localize to the filopodia tip or 

elongate filopodia (Fig. 3-11a) unless it is co-expressed with espin 1 (Fig. 3-13c). Espin 1 

is implicated in actin polymerization through its WH2 and ABM domains, in which ABM 

binds to actin filaments and WH2 binds to actin monomers. ABM is found to be an 

essential element for tip localization of myosin IIIb. Myosin IIIb tip localization is 

abolished when co-expressed with V5-hEspin 1ΔABM (Fig. 3-11b). These results unravel a 

new concept of cargo-dependent activity of a class III myosin, where the cargo, espin 1, 

serves as an actin-binding “crutch” necessary for myosin IIIb’s processive transport along 

actin filaments (Fig. 3-14). Taken together, we postulate that myosin IIIb expression is 

transient during hearing development; directly depends on espin 1 for active co-transport 

toward the plus ends of actin filaments; and temporarily  compensates for the function of 

myosin IIIa in the regulation of stereocilia length.
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3.5.5 Is myosin IIIb less processive than myosin IIIa? 
 Although both myosins IIIbΔK and IIIaΔK, when co-expressed with espin 1, 

synergistically  elongate COS-7 filopodia, myosin IIIbΔK yielded half of the elongation 

length resulting from co-transfection of myosin IIIaΔK and espin 1 (Fig. 3-13g). 

Furthermore, myosin IIIbΔK display longer tip-to-base gradient distribution in the co-

transfected filopodia than myosin IIIaΔK (e.g. compare Fig. 3-13a with d; and 3-13c with 

f). We use a model where the length of myosin distribution is inversely  related to both the 

net velocity of myosin towards the tip as well as the relative fraction of immobilized 

myosin molecules permanently bound to the treadmilling actin core and/or diffusing 

away from the regions of higher concentration at the plus ends of actin filaments (Naoz et 

al., 2008). Our preliminary quantitative analysis on myosin IIIb tip-to-base gradient 

distribution (data not shown) suggests that myosin IIIb has a slower net velocity  than 

myosin IIIa. Myosin IIIb has fewer actin-binding sites than myosin IIIa and it is 

dependent on the binding to espin 1 to move along the actin filaments. The intrinsic 

walking mechanism of myosin IIIb is thought to involve domain-to-actin and domain-to-

domain interactions between: the motor and F-actin (Dosé et al., 2007a); the 3THDI and 

ARD (section 3.4.4); and the ABM  and F-actin (Chen et al., 1999). These binding 

activities enable espin 1 cargo to operate as a foot for myosin IIIb to walk (Fig. 3-14). 

Thus, since the complete complex of myosin IIIb/espin 1 bound to F-actin will only  be 

formed a fraction of the time proportional to product of the on/off rates of each 

interacting domain (i.e. myosin IIIb head/F-actin, 3THDI/ARD, ABM/F-actin), the 

product of this fraction and myosin IIIa’s tip-directed velocity should provide a first-

approximation to the tip-directed velocity of myosin IIIb. Slower myosin IIIb that is 
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expressed earlier during development when stereocilia are immature perhaps suggests a 

different developmental role for this motor protein. A comprehensive study on the 

kinetics and a mathematical modeling of the myosin IIIb/espin 1 co-transport should be 

pursued in future research.   
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. Discussion
4.1 Molecular properties of myosins IIIa, IIIb, and espin 1

 Our multilevel protein characterization of myosins IIIa, IIIb, and espin 1 from hair 

cells has revealed novel dynamic molecular complexes intimately  bound around the actin 

cores at the tips of stereocilia. The dissection of these myosin III/espin 1 complexes was 

achieved by mutational analysis, in which an array of deletion and amino acid 

substitution mutants of myosin III and espin 1 permits a broader understanding of their 

domain-to-domain interactions, transport along the actin core, and elongation of actin 

filaments. The kinase deletion mutants, myosins IIIΔK, are characterized as more 

functionally active since they  localize more efficiently to actin plus ends and demonstrate 

a greater ability  to produce longer stereocilia and filopodia when co-expressed with espin 

1 (chapters 2 and 3). Further mutational experiments collectively indicate that the ARD, 

WH2, and ABM domains of espin 1 as well as the motor and 3THDI domains of myosin 

III are necessary for the myosin III:espin 1 synergistic elongation of filopodia.  

 The significant differences in the structure of myosins IIIa and IIIb lie in the C-

terminal tail. When myosin IIIb alone is overexpressed in COS-7 cells, it does not 

localize to actin filaments or go to the filopodia tip. Despite the presence of the actin 

binding site in myosin IIIb’s motor domain, the failure of filopodia tip targeting is due to 

the lack of a second actin-binding site, in the 3THDII, which is present in the tail of 

myosin IIIa. This is a strong indication that 3THDII is an important feature for an 

autonomous walking mechanism of myosin IIIa. In contrast to myosin IIIa, myosin IIIb 
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depends on espin 1 for processivity (section 3.4.5; Figs. 3-11, 3-13). The espin 1 

dependency of myosin IIIb and the autonomy of myosin IIIa lead to the understanding of 

how the co-expression of myosin IIIa and espin 1 generates longer filopodia than the co-

expression of myosin IIIb and espin 1. The autonomy of myosin IIIa also supports the 

hypothesis that  myosin IIIa is a monomeric motor protein (Komaba et al., 2003; Dosé et 

al., 2007b). The previous studies indicate that myosin IIIa does not dimerize and this 

study, along with others, indicates that myosin IIIa walks without the help  of espin 1. The 

notion is that the two cis actin binding sites reflect bipedalism as a walking mechanism 

for myosin IIIa (Kambara et al., 2006). Myosin IIIa may also use the ABM of espin 1 as 

an additional foot, although not required, as part of its walking mechanism (Fig. 3-14).

 The underlying mystery that 3THDII is essential for tip localization of myosin 

IIIa in HeLa filopodia (Les Erickson et al., 2003), but not in stereocilia (Schneider et al., 

2006), or in COS-7 cell filopodia co-expressing espin 1 (Fig. 3-11) has been solved. The 

tip  localization of a myosin III, lacking the 3THDII, depends on whether espin 1 is 

present in each cell system.

 The espin 1 dependency  of myosin IIIb, as well as the myosin IIIb fluorescence 

distributions, suggest that myosin IIIb has slower mobility than myosin IIIa due to the 

extra binding requirement involved with espin 1. The duration of myosin IIIb binding to 

both espin 1 and actin presumably  depends on the on/off rates of each binding interface. 

Such binding requirements may render myosin IIIb with: a slower processive movement

—i.e. less ability of the motor to make steps without detaching from the actin track 

(Reggiani and Bottinelli, 2007); and/or a lower duty ratio—i.e. the motor spends less of 
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its ATPase cycle time attached to its actin track (Howard, 2001). The caveat to this 

presumption is that biophysical properties of this unusual myosin IIIb walking 

mechanism have not been explored.

 3THDI and 3THDII in the myosin III tail are highly  conserved across vertebrate 

species (Dosé et al., 2003). 3THDII has been characterized, in which a point mutation in 

the consensus amino acid motif, DFRXXL (Smith et al., 1999), inside the 3THDII was 

found to be essential for the binding to actin filaments (Les Erickson et al., 2003). 

Conversely, little is known about the function of the ~63 amino-acid long 3THDI (Dosé 

et al., 2003). In this study, we characterized the 3THDI in both myosin III isoforms. The 

human myosins IIIa3THDI and IIIb3THDI share an amino acid identity  of 45%. Sequence 

alignment of these 3THDI domains is illustrated in Figure 4-1. 

Figure 4-1 A boxshade output of a ClustalW alignment  (Thompson et al., 1994) of human 
myosin IIIb3THDI (NCBI accession number NM_138995) and myosin IIIa3THDI (AY101367). Exon 
map is indicated on top of each row. Exons 32, 33, 34 encode the 3THDI of both myosins IIIb 
and IIIa (Fig. 1-1). Consensus amino acid residues are indicated above the alignment  (Consensus) 
where the residues in the alignment  match, otherwise ‘.’ is indicated. Red boxes indicate amino 
acid identity (i.e. residues match the Consensus) and clear boxes indicate amino acid residues that 
do not match. The amino acid position for the individual sequences is at the left, and the numbers 
above the sequences are for the overall alignment. The rectangular boxes highlight  a repeat 
arrangement of residues in the exons 32 and 34. The lengths of myosins IIIb3THDI and IIIa3THDI are 
predicted to be 64 and 62 amino acids long, respectively (Dosé et al., 2003). These sequences 
share 45.3% amino acid identity. 
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 We found that the 3THDI contains a cargo-binding site for espin 1 (sections 2.4.4 

and 3.4.4). The 3THDI is encoded by exons 32, 33, and 34 in both myosin III isoforms 

(Fig. 1-1). Myosin IIIaΔK colocalizes with espin 1 and elongates filopodia even when the 

exons 33 and 34 are deleted from the 3THDI (Fig. 2-9). The GST pulldown assay 

confirms that the exon 32 fragment alone of the 3THDI (3THDIΔ33) is sufficient for 

binding to espin 1 (Fig. 2-11). We suspect that the cargo binding site for espin 1 is in 

exon 32 of 3THDI since a COS-7 overexpression experiment showed that this exon 32 

fragment colocalizes with espin 1 more than the C-terminal fragment of 3THDI encoded 

by exons 33 and 34 (3THDIΔ32; data not shown). An effort using site-directed 

mutagenesis was put forth to try to narrow down the binding site in the exon 32 of 

myosin IIIa 3THDI to fewer amino acid residues. Those amino acid residues in the 

3THDI that are electrostatic and conserved across vertebrate species (Fig. 4-2) were 

considered as a potential requirement for the binding to the ARD of espin 1. 
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Figure 4-2 Analysis of 24 conserved amino acid N-terminal 3THDI polypeptide of myosin IIIa. (a) 
Multiple sequence alignment of N-terminal myosin IIIa 3THDI polypeptides predicted from nine vertebrate 
species (illustrated in left column). The N-terminal region of myosin IIIa3THDI is focused since this region is 
sufficient for the binding to espin 1. The arrows on the top show the N-terminal orientation of 3THDI and 
the exon 32/exon 33 junction. The Consensus sequence above the alignment and below the exon map 
illustrates amino acid residues that match with the majority of residues aligned to each amino acid position. 
Red boxes indicate amino acid identity and clear boxes indicate amino acid residues that do not match. (b) 
The Consensus sequence is illuminated in one- and three-letter amino acid code. Biochemical property of 
each amino acid is codified by color (box legend). The “+” and “-” signs illuminate positive and negative 
charge residues as candidates for the electrostatic binding to espin 1 ARD. 

 The site-directed mutagenesis project in conjunction with a colocalization assay 

intended to identify  specific amino acid(s) of myosin IIIa 3THDI responsible for the 

binding to espin 1 was carried out but never was completed. A total of six 3THDI (i.e. 

myosin IIIa cDNA encoding only  the exons 32, 33, and 34 of the 3THDI) mutant probes 

were used to co-transfect COS-7 cells with espin 1. Each 3THDI mutant probe is 

conferred with one or two charge residue substitution(s) in the N-terminal region of 

3THDI. No change in the colocalization was observed among the mutant probes. 
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Although, it is interesting to see that none of these amino acid substitutions of positive or 

negative charge residues in the N-terminal 3THDI abolished the colocalization with espin 

1 (Fig. 4-3).  

Figure 4-3 Colocalization of myosin IIIa 3THDI substitution mutants with espin 1. The leftmost column 
illustrates an exon map of myosin IIIa 3THDI in each row with specific charge residue substitution(s) (‘X’ 
denotes an amino acid substitution to alanine).  The exon map is not to scale. (a) The positive charge 
arginine residues (aa positions 1494-1495) in the GFP-fused myosin IIIa 3THDI (GFP-hMyoIIIa3THDI) are 
substituted with alanines (RR→AA). This GFP-hMyoIIIa3THDI mutant colocalizes with espin 1. (b) The 
positive charge arginine-lysine residues (aa positions 1497-1498) in the GFP-hMyoIIIa3THDI are substituted 
with alanines (RK→AA). This GFP-hMyoIIIa3THDI mutant colocalizes with espin 1. (c) The positive lysine 
residue (aa position 1500) in the GFP-hMyoIIIa3THDI is substituted with an alanine (K→A). This GFP-
hMyoIIIa3THDI mutant colocalizes with espin 1.  (d) The negative charge glutamic acid-aspartic acid residues 
(aa positions 1506-1507) in the GFP-hMyoIIIa3THDI are substituted with alanines (ED→AA). The ED 
residues are a part of the conserved PED motif (Dosé et al., 2003). This GFP-hMyoIIIa3THDI mutant 
colocalizes with espin 1. (e) The positive histidine residue (aa position 1514) in GFP-hMyoIIIa3THDI is 
substituted with an alanine (H→A). This GFP-hMyoIIIa3THDI mutant colocalizes with espin 1 too. The co-
transfected COS-7 cells were stained with α-espin 1 antibody. These preliminary results suggest that none 
of these charge residues are completely required for the binding to espin 1. 

A total of eleven amino acid substitutions (8 substitutions are shown in Figure 4-3) out of 

the 24 amino acids in the exon 32 fragment of myosin IIIa 3THDI did not abolish the 

colocalization with espin 1. Possible explanations for this observation include that the 

binding site is within the remaining thirteen amino acids yet to be mutated and that there 
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may be more than one cargo-binding site in the 3THDI domain. The 3THDI has an amino 

acid repeat arrangement of KXLXXEDXXYY and KXLXEDXYY in the exons 32 and 34, 

respectively (Fig. 4-1, rectangles). One of the two ED negative clusters are part of the 

conserved PED motif reported by Dosé et al. (2003). These repetitive negative clusters 

are sandwiched by leucine and tyrosine residues and the spacing in between differs by a 

distance of one amino acid. These preliminary observations lead to a conjecture that  there 

may be more than one cargo-binding site, and that each site has a slightly different 

geometrical configuration. Perhaps there is more than one type of cargo binding to this 

3THDI domain. The occurrence of a single domain in the tail of a myosin motor binding 

to multiple cargoes has been previously reported (Pashkova et al., 2005). A future study 

on identifying specific binding site(s) in the 3THDI would be an interesting project since 

it should help elucidate the stoichiometry  of the myosin III/espin 1 interaction and may 

offer an insight into other possible cargo-binding activities. 

 Studies strongly indicate that espin splice isoforms are more than just F-actin 

cross-linkers and favor a model where these proteins are multifunctional actin regulatory 

proteins (Sekerková, et al., 2004; Rzadzinska et al., 2005). Each espin isoform has a 

different combination of functional domains (reviewed by Sekerková et al., 2006a) that 

participate in actin bundling, polymerization, binding to other proteins, and possibly other 

unknown functions. Myosin III specifically interacts with the espin 1 isoform, since it is 

the only isoform that has the N-terminal ARD. Deletion of ARD from espin 1 abolishes 

colocalization with myosin III while the ARD alone is sufficient  for the binding to 

myosin III (Figs. 2-7, 2-9, and 3-12). 
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 Because ankyrin repeats are highly conserved motifs often found to involve 

promiscuous interactions with heterologous proteins (reviewed by Mosavi et al., 2004), 

we have checked the specificity of the interaction between myosin III 3THDI and espin 1 

ARD. We sought to find out if ankyrin repeats from an unrelated protein can non-

specifically bind to myosin III. A polypeptide of 24 ankyrin repeats was subcloned from a 

commercially available cDNA encoding an epithelial ankyrin (NCBI accession number 

BC021657) and fused to a small tag, V5. These 24 ankyrin repeats did not colocalize with 

the myosin IIIa tail (Fig. 4-4c). 

Figure 4-4 Specificity of binding of α-espin 1 (PB539) antibody and of myosin III to the first 
ankyrin repeat of espin 1 ARD. (a) Schematic representation of the constructs analyzed in this 
figure. GST, glutathione S‑transferase tag; ARD, ankyrin repeats domain; 5-9 ARD, the last five 
ankyrin repeats of the ARD; V5, a 13 amino-acid tag; ANK3, 24 ankyrin repeats domain from an 
epithelial ankyrin (see main text  for details). Position of the epitope recognized by the PB539 
antibody is indicated. (b) Immunoblots of COS-7 cell lysates transfected with GST-ARD, 
GST-5-9 ARD, and V5-ANK3 show that PB539 specifically recognizes the first ankyrin repeat  of 
espin 1 but not  other ankyrin repeats. The presence of all proteins is confirmed by α-V5 and α-
GST antibodies. (c). Co-expression of GFP-hMyosin IIIa tail (GFP-hMyoIIIaTAIL) and V5-ANK3 
in COS-7 cells. The specificity of myosin IIIa binding to highly homologous ankyrin repeats is 
tested. The GFP-hMyoIIIaTAIL (green) does not  colocalize with ANK3 (red), which suggests that 
the binding of myosin III3THDI to espin 1ARD is specific.
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Furthermore, the specificity of our α-espin 1 antibody has been double checked because 

ankyrin repeats are highly homologous (Fig. 4-4b). Taken together, these findings point to espin 1 

as a true interacting partner of myosins IIIa and IIIb. 

4.2 Stereocilia length regulation and overtime maintenance by myosins IIIa, IIIb, 
and espin 1

 The life of cochlear and vestibular hair cell stereocilia is divided into three phases: 

(1) development; (2) maturation; and (3) steady-state maintenance. During rodent 

development (~E18), immature stereocilia are indistinguishable from surrounding 

microvilli in length and width. Once into the maturational phase during ~P1, stereocilia 

undergo drastic morphological changes, where the stereocilia lengths elongate 

differentially and thicken giving rise to the staircase architecture of the hair bundle 

(Tilney et al., 1996; Kaltenbach et al. 1994; Zine and Romand, 1996). These 

morphological changes coincide with the onset  and maturation of mechanosensitivity. 

(Waguespack et al., 2007). Fully  mature stereocilia, from ~P21 and onward, undergo 

steady-state maintenance by means of the actin treadmilling where the actin 

paracrystalline is constantly turned over.  

 The expression and localization of myosin IIIa and espin 1 coincide with the 

maturational and steady-state maintenance phases. According to our comprehensive 

developmental and functional data, we interpret that these proteins together regulate the 

elongation during the maturational phase and the actin treadmilling during the steady-

state maintenance phase. What about myosin IIIb? The expression of myosin IIIb peaks 

at ~P0 and drops back to background levels by ~P8. An investigation on the myosin IIIb 

expression earlier in the developmental phase, before birth, is beyond the scope of our 
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research. However, we were able to see that the expression of myosin IIIb is at highest at 

the end of the developmental phase at birth and then recedes against the maturation of 

stereocilia. We believe that  myosin IIIb plays different role than myosin IIIa, in which 

myosin IIIb may be more functional specifically during the developmental phase. It is 

possible that myosin IIIb is involved in transporting a different  set of cargoes in the 

preparation for the maturational phase of stereocilia growth.

 Overexpression of myosin IIIa or espins in the hair cells have been previously 

shown to influence the shape and length of stereocilia (Rzadzinska et al., 2005; Schneider 

et al., 2006). This study shows, for the first  time, that these proteins, when co-expressed, 

co-transport with one another to the actin polymerization site and produce even longer 

stereocilia.  

 The co-transport function of espin 1 and myosin III towards the tips of stereocilia 

is important for bringing the WH2 domain to the site of actin polymerization. The WH2 

domain has an actin-monomer binding site which is implicated in actin nucleation 

(Loomis et al., 2006), and therefore actin polymerization. The elongation of filopodia of 

co-expressed COS-7 is reduced when the WH2 of espin 1 is inactivated. The inactivity  of 

WH2 does not affect the filopodia tip localization of the myosin IIIa or myosin IIIb 

complex. These findings reinforce the concept of espin 1 as a cargo where WH2 is 

brought to the actin polymerization site by myosins III. 

 Cargo transport by myosins XVa, X, and other unconventional myosins to the tips 

of actin protrusions have been implicated in the regulation of length and number of actin 

protrusions (Berg and Cheney, 2002; Tokuo and Ikebe, 2004; Belyantseva et al., 2005; 
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Prosser et al., 2008). However, it is the first time to directly observe a combined 

influence of a myosin motor and an actin-polymerizing element on the lengthening of 

both stereocilia and filopodia—an elongation phenotype that we coined ‘synergistic 

elongation.’ The elongation of an actin protrusion is said to be synergistic when the co-

expression of two proteins results in more elongation than the sum of elongated lengths 

by each protein expressed individually. We proposed that myosin III and espin 1 together 

give rise to this previously unrecognized emergent property  of synergistic elongation. A 

caveat to this is that our studies relies heavily  on using myosin III kinase deletion 

mutants. This issue, however, has been addressed fully through phosphorylation and 

ATPase activity studies. These assays strongly suggest that  the removal of kinase does 

not cause myosin III to behave aberrantly (section 2.4.5). The wild-type myosins III, 

when co-expressed with espin 1, do not produce as much actin elongation because its 

kinase autoregulate its motor domain. This autoregulation suggests that myosin III can 

fine tune its own motor activity under physiological conditions. 

4.3 Proposed explanation for the myosin IIIa compensation problem

 Hitherto, the underlying mechanism for the myosin IIIa late-onset deafness have 

been unknown. Affected DFNB30 individuals are either myosin IIIa null or have severely 

truncated protein products (Walsh et al., 2002), yet they hear normally for the first twenty 

years, well after the onset  of hearing function and stereocilia maturation. We revisited the 

working hypothesis that, in fact, there is functional redundancy among the class III 

myosins and that myosin IIIb, the only  paralogue to myosin IIIa identified, partially 

compensates for myosin IIIa in affected individuals. The compensation of a myosin 
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isoform for another myosin isoform has been previously observed. For instance, Bao and 

others (2007) reported that myosin IIa, a nonmuscle myosin II isoform, compensates for a 

second myosin II isoform, myosin IIb. Myosin IIb knockout mice have brain and cardiac 

defects. They developed an additional transgenic mouse model where the myosin IIb 

gene is replaced with a synthetic GFP-tagged myosin IIa gene. In their results, the 

replacement of myosin IIb with IIa rescued the brain defects but not cardiac defects (Bao 

et al., 2007).

 Although a myosin III knockout model has been one of our top research priorities, 

unfortunately, no myosin IIIa or IIIb knockout models materialized by the time of 

writing. At any rate, we tested the myosin IIIa compensation hypothesis using different 

approaches with our new myosin IIIb probes on the mouse inner ear and in the COS-7 

cells. Key similarities and differences between myosins IIIa and IIIb have been 

delineated. Myosin IIIb goes to the same compartment in the cochlear stereocilia tip  as 

myosin IIIa and interacts with espin 1 but is expressed earlier in the developmental stage 

of stereocilia. The differences in distributions between myosins IIIa and IIIb are due to 

the presence of 3THDII in the myosin IIIa molecule since the deletion of myosin IIIa 

3THDII results in identical subcellular localizations as myosin IIIb. These differences are 

also due to myosin IIIb’s dependence upon espin 1. Co-expression of either myosin IIIa 

or IIIb with espin 1 results in the synergistic elongation of filopodia, but  myosin IIIb 

produces less synergistic elongation. Collectively, these results suggest that myosin IIIb is 

inferior to myosin IIIa in that it: cannot function without espin 1 or other heterologous 

protein; crawls slower along the actin track; influences less on the stereocilia elongation; 
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and is transiently expressed during the development. We argue that these myosin IIIb 

qualities are consistent with the context of immature, short stereocilia (or microvilli) in 

the developmental phase, during which myosin IIIb is being expressed and myosin IIIa is 

not. We propose that the myosin IIIa compensation hypothesis is supported in that 

myosin IIIb temporarily takes the place of myosin IIIa. Our findings should be a catalyst 

for further research on myosin IIIb. 

4.4 Myosins IIIa and IIIb may transport other cargoes

 Several lines of evidence indicate that espin 1 is a cargo for myosin IIIa. Espin 1 

interacts with myosin IIIa in vivo and in vitro. They co-express and colocalize to the same 

stereocilia tip compartment. Other unconventional myosins including myosin XVa do not 

have the same affinity  for espin 1 or the ability  to transport  it in COS-7 cells (section 

2.4.3). The myosin IIIb isoform is unusual in that it essentially depends on the espin 1 

cargo for mobility, although it  is possible that  myosin IIIb has other cargoes to depend on 

for its mobility. 

 Generally, both myosins IIIa and IIIb reproducibly yield higher fluorescence 

intensity in the middle row of the stereocilia bundle than in the taller and shorter rows. 

We propose two possible explanations for the higher fluorescence intensity in the middle 

stereocilia row: (1) myosin III epitope masking is greater in the taller and shorter rows or 

(2) myosins III target to the stereocilia tips in the middle row more efficiently  than other 

tips. Although, it seems that myosin IIIa accumulates at other tips in the taller and shorter 

rows slightly  more than myosin IIIb, it is possible that the myosin IIIb localization to the 

stereocilia tips is compromised due to the dependence on the availability of espin 1 
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cargoes in the cytoplasmic pool. And, as a result, there is a greater impact on the 

attenuated myosin IIIb fluorescence intensity at the tips in the taller and shorter rows. 

 The myosin tail binding to multiple cargoes is a common feature seen in 

unconventional myosins. The tail of NINAC, a myosin III orthologue, has been 

implicated in interacting with INAD, a PDZ protein, and transporting phototransduction 

complexes to rhabdomeres in fruit  fly  photoreceptors (Wes et al., 1999). Proteins with 

PDZ domains often serve as scaffolds for signaling complexes (Ranganathan and Ross, 

1997). Comparably, the highly  conserved ankyrin repeats and other domains in the espin 

1 cargo also have been implicated as scaffolds for assembly  of macromolecular 

complexes. There are 8 to 10 ankyrin repeats in the espin 1 ARD suggesting that extra 

protein-protein interactions may have not been identified in the myosin III/espin 1 

complexes. Furthermore, repetitive amino acid peptides are found in the conserved 

3THDI (Fig. 4-1), which putatively suggest a presence of more than one cargo binding 

site. 

 A progressive loss of myosin IIIa immunofluorescence intensity  at a later stage of 

stereocilia maturation was observed in rat and guinea pig adults unless an antigen 

retrieval step is included in the immunostaining protocol. The antigen retrieval step is 

where samples are incubated in citrate buffer at 60 °C for 30 minutes. This retrieval step 

recovers the myosin IIIa antigenicity  and prevents the loss of immunofluorescence 

intensity suggesting that the epitope is unmasked (Schneider et al., 2006). This drop in 

intensity level in adults may indicate a time-dependent change in the crowded molecular 

environment around the myosin IIIa epitope, thereby  obscuring the access for the 
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antibody to bind. When performing the antigen retrieval step, the epitope becomes 

accessible again. This observation putatively suggests that the molecular composition of 

the stereocilia tip continues to change after stereocilia development. 

4.5 Closing Remarks and Perspective of Future Research

 Hearing is among the least understood sensory systems in vertebrates in terms of 

the underlying molecular mechanisms responsible for the high capacity in sound/motion 

detection and discrimination. The finding of the novel myosin III/espin 1 complexes  and 

their influence on stereocilia length is pivotal to understanding the molecular mechanism 

of hearing. The length and shape of stereocilia impact stereocilia bundles’ response to 

deflection, the energy transfer into gating of the MET channels, and lead to a deeper 

understanding of how sound transduction is modulated. The identification of espin 1 as a 

cargo and the characterization of myosin IIIb as another myosin III member open doors 

to more research on the molecular biology of the stereocilia tips. Future research should 

follow on the identification of other cargoes for class III myosins, expand developmental 

data on myosin IIIb expression to include embryonic profiles, and development of new 

mathematical models for the dynamics of myosin III/espin 1 complex. Identification and 

characterization of molecules in the stereocilia tips involved in actin polymerization and 

mechanoelectrical transduction continue to serve as stepping stones toward understanding 

why deafness occurs. 
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