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Abstract 
 
 Prestin, an integral membrane motor protein in the outer hair cells of the inner ear, 

is proposed to be crucial for cochlear amplification. In support of this, in prestin knock 

out mice, there is a 40-60 dB loss of hearing sensitivity. Little is known about prestin’s 

structure-function relationship, and its membrane topology is highly debated. Two 

research groups have developed two contradicting topology models: the Dallos 12 

transmembrane domain model, and the Santos-Sacchi 10 transmembrane domain model. 

These two models are grossly different, in that the extracellular loops in one model are 

intracellular loops in the other. I hypothesize that prestin topology is a combination of the 

two published topology models. A methodology that has not yet been used to study 

prestin’s topological map is substituted cysteine accessibility method. This method 

requires the introduction of cysteine residues into predicted extracellular or intracellular 

loops of prestin. Plasmids containing the prestin sequence with the appropriate site-

directed mutations were transiently transfected into a mammalian cell line. Upon reacting 

the transfected cells with a membrane impermeable thiol-reactive probe, and a 

fluorescent label, residues were identified as accessible (extracellular) or inaccessible 

(intracellular). The resulting fluorescence was quantified and analyzed. It was found that 

residue A170 is accessible, and that residues C124 and G366 are inaccessible. The double 

mutation, C124A/A170C, helped to confirm that residue C124 is inaccessible and A170 

is accessible. The data suggests that the mutations A73C and C124A/G366C interfere 

with oligomerization, are misfolded, or are not properly plasma membrane inserted. This 

report supports the Dallos 12 transmembrane domain prestin topology model. 
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I. Background 
 

 A. The Mammalian Ear 
 
 The mammalian ear is responsible for the sensations of hearing and balance. 

There are three main parts of the ear: the outer ear, middle ear, and inner ear. The outer 

ear consists of the pinna and ear canal. The pinna directs sound into the ear canal, and the 

ear canal in turn funnels sound to the tympanic membrane, or eardrum (Howell 1915). 

The vibrations of the tympanic membrane are relayed to the three ossicles of the middle 

ear (the malleus, incus, and stapes). Vibrations are conveyed from the stapes footplate via 

the oval window to the inner ear. The inner ear, which is housed within the temporal 

bone, consists of the vestibule, the semicircular canals, and the cochlea. The semicircular 

canals and vestibule are involved in linear and angular acceleration. Anterior to the 

vestibule is the auditory apparatus, the cochlea (Howell 1915).  

 The vibrations of the oval window generate pressure waves of the fluid in the 

cochlea, and allow the basilar membrane to propagate a traveling wave. The basilar 

membrane decreases in width and increases in stiffness from cochlea apex to base, which 

allows the vibrations of the basilar membrane to be tonotopically tuned. The mass and 

stiffness along the length of the basilar membrane determine where it is most sensitive to 

sound induced vibrations (resonant frequency) (Kandel, Schwartz et al. 2000). The 

specialized hearing apparatus, the organ of Corti, resides on the basilar membrane; 

therefore, the organ of Corti moves with the basilar membrane at the point of resonant 

frequency (Oghalai 2004). 
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 B. The Organ of Corti 
 
 The organ of Corti is the sense organ of hearing and contains many specialized 

cells, including supporting cells and two types of hair cells, inner hair cells (IHCs) and 

outer hair cells (OHCs). These cells are overlaid by the acellular tectorial membrane. 

Both types of hair cells have stereocilia bundles that protrude from their apical cuticular 

plates. The apical surfaces of the hair cells and the intercalated supporting cells form a 

continuous smooth surface known as the reticular lamina. Supporting cells and nerve 

fibers surround the base of both hair cell types (Dallos, Popper et al. 1996). However, 

anatomically and functionally, IHCs and OHCs are very different. 

 IHCs are considered the principal sensory receptors of hearing, in that they 

transduce basilar membrane movements into nerve impulses (Santos-Sacchi 1991); they 

receive primarily afferent innervation (Kandel, Schwartz et al. 2000). IHCs are flask-like 

in shape, and their nuclei are centrally placed. The IHCs maintain a constant length and 

diameter for the entire span of the basilar membrane. There is one row of IHCs 

(approximately 3,000 cells) in the organ of Corti along the length of the basilar 

membrane. The stereocilia of the IHCs closely appose the tectorial membrane but are not 

thought to be directly attached (Nobili, Mammano et al. 1998). IHC stereocilia are 

thought to be deflected by fluid flow between the tectorial membrane and the reticular 

lamina rather than the basilar membrane motion (Kandel, Schwartz et al. 2000). 

 C. The Outer Hair Cell  
 
 OHCs are believed to amplify the movement of the basilar membrane in a 

frequency dependent manner, and are believed to be the cellular basis for cochlear 

amplification (see below) (Ashmore 1987); OHCs receive primarily efferent innervation 
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(Kandel, Schwartz et al. 2000). They have a long, cylindrical shape and their nuclei are 

eccentrically placed at the cell base. OHCs increase in length toward the apex of the 

cochlea, but maintain a constant diameter (Ashmore 2008). There are three rows of 

OHCs in most species, so there are three to four times as many OHCs as IHCs. In 

contrast to the IHC, the tallest of OHC stereocilia are embedded in the tectorial 

membrane. The consequence of this attachment is that OHCs are stimulated directly by 

basilar membrane motion (Nobili, Mammano et al. 1998). OHCs attach to other cells 

only at the apical reticular lamina, and at the basal Deiter’s cell cup. There are no 

attachments around the lateral wall, as it is surrounded by extracellular spaces (Brownell, 

Bader et al. 1985).  

  1. Outer Hair Cell Lateral Wall 
 
 Another distinctive feature of the OHC is the lateral wall, which includes the 

subsurface cisternae, cortical lattice, and plasma membrane (PM) (Holley and Ashmore 

1990). The subsurface cisternae is a network of membrane sheet structures that reside 

beneath the PM. This organelle was first discovered in neurons (Rosenbluth 1962), and is 

associated with ribosomes and the rough endoplasmic reticulum (Saito 1983). Although 

no clear role has been defined for this organelle in the OHC, it is known that it is neither 

necessary nor sufficient for electromotility, a property of OHCs which will be discussed 

below (Kalinec, Holley et al. 1992). 

 Between the PM and the subsurface cisternae resides the cortical lattice, a 

network of actin and spectrin. Filamentous actin winds circumferentially in the OHC, and 

spectrin acts to cross-link it (Holley and Ashmore 1990). The cortical lattice maintains 

the OHCs’ cylindrical cell shape. The proposed mechanical link between the cortical 
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lattice and the PM are pillars, a protein of unknown identity (Flock, Flock et al. 1986). 

Interestingly, the usual network of cytoskeletal proteins is absent in the body of the cell. 

 The third part of the lateral wall is the PM. The PM is densely packed with 

integral membrane proteins, approximately 3,000 – 6,000 particles/µm2 as observed in 

freeze fracture studies (Forge 1991; Kalinec, Holley et al. 1992). The particles are 10-11 

nm in diameter, so it is believed that they are made of multiple protein subunits (Zheng, 

Du et al. 2006). These particles are believed to be the protein responsible for 

electromotility (Kalinec, Holley et al. 1992).  

  2. Electromotility 
 
 The unusual anatomy of the OHC allows for its ability to change length when 

electrically stimulated (Brownell, Bader et al. 1985; Kachar, Brownell et al. 1986); this 

phenomenon has been termed “electromotility.” Isolated OHCs contract or elongate when 

their membrane potential is depolarized or hyperpolarized, respectively (Ashmore 1987). 

This process is extraordinarily fast, occurring at acoustic frequencies, and has been 

measured up to 70 kHz (Frank, Hemmert et al. 1999). These mechanical responses are 

not dependent on adenosine triphosphate (ATP) (Kachar, Brownell et al. 1986) or 

calcium, so the motility is not caused by actin and myosin (Ashmore 1987) or any other 

common energetically dependent molecular motor.  

 A common technique used to stimulate isolated guinea pig OHCs in vitro is by the 

patch clamp (Ashmore 1987). In brief, a glass pipette is used to make a tight seal with the 

cell. When suction is applied, the cell membrane ruptures and the solution in the pipette 

becomes continuous with the intracellular solution. Then, the whole cell 

electrophysiology can be analyzed (Purves and Williams 2001). The patch pipette is 
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normally placed at the basal end of the OHC where less motor proteins are present. 

Voltage commands, controlled by current injection, evoke elongation and shortening of 

the cell with a very short latency. There is approximately a 5% maximum change in the 

OHC length (Ashmore 1987). It was determined that OHC electromotility was dependent 

on membrane potential, not current, when it was demonstrated that motility was not 

affected in the presence of current blocking agents (Santos-Sacchi and Dilger 1988). 

Microchamber experiments are also used to stimulate OHCs. Essentially, OHCs are 

drawn into the microchamber without rupturing the PM (Dallos, Evans et al. 1991). This 

may be preferred over the patch clamp, because the intracellular solution of the OHC is 

undisturbed, although the membrane potential cannot be precisely controlled. 

 It was once was believed that all three components of the lateral wall were needed 

to generate electrically induced length changes. It is now known that only the PM is 

required (Holley, Kalinec et al. 1992; Huang and Santos-Sacchi 1994; Adachi and Iwasa 

1999). For example, in Kalinec et al. 1992, pieces of membrane were pulled into a patch 

pipette and the membrane pieces were displaced by electrical stimulation. In addition, it 

was revealed that electromotility is not dependent on either the subsurface cisternae or 

cortical lattice, as digestion with trypsin demolished these structures, but this did not 

affect electromotility (Kalinec, Holley et al. 1992).  Recall, freeze-facture studies showed 

many integral membrane proteins in the membrane of OHCs. Since only the membrane is 

necessary for electromotility, it was proposed that these integral membrane proteins were 

responsible.    
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  3. Nonlinear Capacitance 
  
 The PM of the OHC, like that of all cells, can store charge, and can be thought of 

as a capacitor (Molleman 2003). However, unlike most cells, the capacitance of the OHC 

membrane varies with the membrane potential, that is, the capacitance is partly non-

linear. This characteristic is called non-linear capacitance (NLC) (Ashmore 2008). NLC 

is not unique to OHCs, as it is also observed in skeletal muscle excitation-contraction 

coupling (Schneider and Chandler 1973) and in sodium channels in the squid giant axon 

(Armstrong and Bezanilla 1973). However, the non-linear component of the OHC 

capacitance is an extraordinarily large fraction of its total capacitance, as much as 50%. It 

is considered the electrophysiological signature of OHC electromotility (Santos-Sacchi 

1991; Brownell, Spector et al. 2001; Dallos and Fakler 2002).  

 In order for NLC to be a measure of electromotility, the two quantities must be 

closely linked. If electromotility is abolished, NLC must also be abolished, and vice 

versa. It has been shown that electromotility and NLC are dependent on each other. For 

example, gadolinium ions inhibit both electromotility and NLC, and this process is 

reversible (Santos-Sacchi 1991). In addition, salicylate, a drug that causes reversible 

tinnitus and hearing loss (Myers and Bernstein 1965), reduces both electromotility and 

NLC simultaneously (Kakehata and Santos-Sacchi 1996).    

 D. Cochlear Amplification 
  
 It is known that the basilar membrane is tonotopically tuned. The base of the 

basilar membrane responds to high frequency stimuli, and the apex responds to low 

frequency stimuli. This observation was first made by Georg von Békésy (Robles and 

Ruggero 2001) in the early part of the twentieth century. These characteristics can be 
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described as “passive properties” of the basilar membrane because they are observed after 

death and do not require active energy input. However, an “active process” is responsible 

for great sensitivity and frequency selectivity in living mammals (Kandel, Schwartz et al. 

2000). Recall, there is a specific resonant frequency for a given location on the basilar 

membrane. This resonance is dramatically amplified in the living cochlea. This process 

has been termed “cochlear amplification” (Davis 1983; Davis 1984). The discovery of 

otoacoustic emissions (Kemp 1978), or sound generated by the living cochlea, further 

suggests the existence of cochlear amplification in the inner ear. The cochlear amplifier 

provides approximately a 40-60 dB increase in hearing sensitivity in the living cochlea 

compared to the cochlea after death (Dallos 1992).  

 There are two proposed mechanisms for the cochlear amplifier. One of these is 

the force generated by the proteins associated with mechanoelectrical transducer channels 

within the stereocilia bundle of OHCs (Martin and Hudspeth 1999). The other 

mechanism is OHC electromotility (Dallos 1992). This study is concerned with the 

electromotility theory of cochlear amplification, and its proposed molecular basis, 

prestin.  

 E. Prestin 
 
 There are many types of molecular motors that allow for movement of organisms 

and molecules. Most motor molecules, such as the well characterized myosin, kinesin, 

and dynein, hydrolyze ATP in order to perform their respective mechanical processes 

(Cooper and Hausman 2007). The discovery of the OHC integral membrane protein, 

prestin, introduced a new type of molecular motor (Dallos and Fakler 2002); one that 

 7



depends on the membrane potential of the OHC to generate movement (Zheng, Madison 

et al. 2002). 

 Prestin was discovered by suppression subtractive polymerase chain reaction 

(PCR). In order to identify proteins that were unique to OHCs, gerbil cDNA from OHCs 

and IHCs (which presumably did not contain the motor protein because it is not 

electromotile) were compared. Generated clones were isolated and further examined. 

When one of these clones was transiently transfected into a cell line, electromotility was 

observed and NLC was also measured. This protein was named prestin, after presto, the 

musical word for fast or quick (Zheng, Shen et al. 2000).  

 Once the nucleotide and deduced amino acid sequence of prestin were identified, 

the next logical step was to verify its function using a prestin knock-out (KO) mouse 

(Liberman, Gao et al. 2002). OHCs isolated from these mice do not exhibit 

electromotility. Furthermore, there was a 40-60 dB loss in hearing sensitivity in these 

mice, suggesting prestin-based electromotility is the basis for the cochlear amplifier 

(Liberman, Gao et al. 2002).  

  1. Prestin is part of the SLC Transporter Family 
 
 The gerbil prestin (gPres) gene coding region is composed of 2,232 base pairs 

which encode a 744 amino acid protein with a molecular weight of approximately 80 kDa 

(Zheng, Shen et al. 2000). Prestin’s sequence indicates that it belongs to the Solute 

Carrier Anion Transport 26 family (SLC26) of integral membrane anion transporter 

proteins, and has been named SLC26A5. There are several conserved regions in this 

family, specifically the highly conserved sulfate transport motif (Zheng, Shen et al. 

2000), and the STAS (sulfate transporters and antisigma factor antagonists) domain 
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(Aravind and Koonin 2000) (Okoruwa, Weston et al. 2008). The roles of these regions 

are not yet known. Prestin is the only motor protein in this family; the others are anion 

transporters, and mutations in these proteins lead to genetic disorders (Schaechinger and 

Oliver 2007). Prestin shows approximately 40% amino acid sequence homology to 

pendrin (SLC26A4), which transports chloride and iodide. Mutations in pendrin cause 

Pendred’s Syndrome, which is a disorder leading to hearing loss and hypothyroidism 

(Scott, Wang et al. 1999). This evidence leads to the conclusion that even though prestin 

is the only motor protein in this family, it may require anions in order to function 

properly. 

 In order for the OHC to undergo electromotile shape changes, there must be a 

voltage sensor. This sensor can be intrinsic or extrinsic to prestin. It was hypothesized 

that charged residues present in prestin that are not present in pendrin might act as 

prestin’s voltage sensor. Mutations of these charged amino acids in prestin did not alter 

NLC in transfected cells (Oliver, He et al. 2001). However, removal of chloride from 

intracellular patch solutions was found to abolish NLC. When chloride was added back to 

the intracellular solution, NLC was restored. This suggested that intracellular chloride 

ions are the voltage sensor for prestin (Oliver, He et al. 2001). The following model was 

proposed: when the OHC membrane potential is hyperpolarized, chloride attaches to its 

binding site on prestin and is partially transported across the PM (prestin is in a “long” 

state and the OHC elongates). When the OHC membrane potential is depolarized, 

chloride is then carried back to the intracellular side of the membrane (prestin is in a 

“short” state and the OHC contracts). There is no clear evidence that prestin-mediated 

anions pass completely through the membrane; therefore prestin may be described as an 
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incomplete transporter of chloride. The movement of the anion is thought to represent the 

asymmetrical charge transfer, which underlies NLC (Dallos and Fakler 2002). 

 Electromotility is not present in non-mammalian vertebrates, such as birds and 

fish (Albert, Winter et al. 2007). Instead, non-mammalian prestin orthologs have been 

found to electrogenically exchange chloride and divalent anions across the PM 

(Schaechinger and Oliver 2007). The prestin orthologs have a striking resemblance to 

mammalian prestin, in that the transport does not require ATP, requires chloride, and can 

be blocked by salicylate. Voltage-dependent charge movements are also present. These 

similarities suggest that prestin’s motor function evolved from an anion exchange 

function (Schaechinger and Oliver 2007). 

  2. The Amino and Carboxy Termini of Prestin 
 
 The structure of prestin has yet to be clearly elucidated, as prestin’s extremely 

hydrophobic core has made molecular modeling and x-ray crystallography a challenge. 

Considerable effort has been placed on determining a role for the amino (N-) and carboxy 

(C-) terminal regions of prestin. The N-terminus is relatively short, while the C-terminus 

is considerably longer, approximately 80 and 200 amino acids, respectively. Many have 

proposed that the termini are important for NLC, PM targeting, and oligomerization 

(Navaratnam, Bai et al. 2005; Zheng, Du et al. 2005; Bai, Navaratnam et al. 2006). To 

determine the location of the termini in relation to the PM, two synthetic epitopes (Xpress 

and V5) were placed on the N- and C-termini of prestin cDNA. Transfected cells were 

fixed and incubated in antibodies to each epitope in both permeabilizing and non-

permeabilizing conditions. Labeling was seen only in permeabilizing conditions. 

Antibody staining of isolated gerbil OHCs was also seen only in permeabilizing 
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conditions. Therefore, both the N- and C-termini are intracellular, which constrains 

prestin to have an even number of transmembrane domains (TMDs) (Zheng, Long et al. 

2001).  

 Prestin is the only SLC26 family member that exhibits NLC. The least conserved 

region between prestin and its other family members is the C-terminal region, so this 

region was proposed to be crucial for electromotility (Zheng, Du et al. 2005). C-terminal 

truncations, site-directed mutations, and chimeras have been used to examine NLC and 

PM targeting (Navaratnam, Bai et al. 2005; Zheng, Du et al. 2005; Bai, Navaratnam et al. 

2006). PM targeting was eliminated in C-terminal truncated prestin. Since NLC cannot be 

measured unless prestin is PM targeted, it is not known if these mutated proteins had any 

functional phenotype. To resolve this problem, the C-terminus was replaced with one 

from a closely related SLC family member, and this once again resulted in a loss of PM 

targeting. However, specific amino acid substitutions in the C-terminus did not eliminate 

PM targeting, but abolished NLC (Zheng, Du et al. 2005). Clearly, the specific sequence 

of prestin’s C-terminal region is required for PM targeting, an essential requirement for 

prestin to be functional. 

 Recall, freeze-fracture studies provided evidence that the integral membrane 

motor protein of OHCs is large (approximately 10 nm in diameter). This is too large to be 

a single prestin monomer. Hence, it has been proposed that functional prestin is 

composed of multiple subunits (Zheng, Du et al. 2006). Two groups have studied prestin 

oligomerization using a technique called Fluorescence Resonance Energy Transfer 

(FRET) (Navaratnam, Bai et al. 2005; Hallworth, Currall et al. 2006). Briefly, prestin 

cDNA with either N- or C-terminal truncations were inserted into a vector with cyan 
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fluorescent protein (CFP), or with yellow fluorescent protein (YFP) (Navaratnam, Bai et 

al. 2005). These constructs were co-transfected into cells. When the two fluorescent 

molecules with overlapping emission and excitation bands are close enough to each other 

(within <10 nm), a non-radiative transmission of vibrational energy occurs. As a result, 

excitation of CFP results in YFP emission. This energy transfer indicates that two 

molecules are within a functional distance of each other (Hallworth, Currall et al. 2006). 

N-terminal truncated prestin molecules did not show FRET, while C-terminal truncated 

prestin molecules did, indicating that the N-terminus of prestin is important for 

oligomerization (Navaratnam, Bai et al. 2005).  

 Studies by other methods confirmed that prestin is an oligomer. Western blot and 

yeast two-hybrid analysis demonstrated that prestin dimers are connected by disulfide 

bonds, and that these dimers act as building blocks for a higher order structure, such as a 

tetramer (Zheng, Du et al. 2006). However, another study suggested that prestin’s 

dimeric subunit stoichiometry is held together by non-covalent forces (Detro-Dassen, 

Schanzler et al. 2008). In addition, prestin was found to be a tetramer and a “bullet-

shaped molecule with inner cavities” by electron microscopy and 3-D reconstruction 

(Mio, Kubo et al. 2008). All of these studies indicate that functional prestin is composed 

of multiple subunits, which is consistent with the freeze-facture data. However, it was not 

clear from any of these studies whether the N- or C-terminus is responsible for 

oligomerization.  

  3. Current Assessment of Prestin’s Topology 
 
 A transmembrane domain is the portion of the protein that spans the lipid bilayer. 

The amino acids that are located in the lipid bilayer are hydrophobic, or like to be in the 
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lipid environment. Normally, transmembrane spanning regions are alpha helices that are 

at least twenty amino acids long (Cooper and Hausman 2007). Protein transmembrane 

domains and the intracellular and extracellular loops that link them can be analyzed with 

hydrophobicity software such as PHDtm (Rost, Casadio et al. 1995), TMHMM 

(Sonnhammer, von Heijne et al. 1998), TMPred (Hofmann and Stoffel 1993), TopPred2 

(Claros and von Heijne 1994), and HMMTOP (Tusnady and Simon 1998) (Zheng, Long 

et al. 2001). Hydrophobicity analysis software analyzes, but is not limited to, such 

parameters as amino acid sequence and alignments (Persson and Argos 1996), the 

hydrophobicity of the amino acids, and amino acid distributions (Tusnady and Simon 

1998). Hydrophobicity software generally predicts that prestin has 9-11 TMDs, which 

corresponds with many other SLC26 family members (Zheng, Long et al. 2001). 

However, because the N- and C-termini are located on the intracellular side of the PM, 

prestin is constrained to an even number of membrane spanning regions (Zheng, Long et 

al. 2001). Two research groups, Dallos and Santos-Sacchi, have reported contradictory 

information about prestin’s topological organization. The following section will provide 

information on how prestin’s topology has been studied, and the differences between the 

two proposed prestin topology models. 

  a. The Dallos 12 Transmembrane Domain Model 
 
 The Dallos research group performed many studies, including hydrophobicity 

analysis, to delineate prestin’s topological map. Although their models have undergone 

transformations (Figs 1 and 2), they are consistent in proposing that prestin has 12 TMDs. 

They believe that there are two glycosylation sites (which are extracellular) and a cGMP 

phosphorylation site (which is intracellular).  
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 N-linked glycosylation is a post-translational modification consisting of the 

addition of saccharides to the amide nitrogen of asparagine side chains. Glycosylation 

only occurs on an extracellular site of a transmembrane protein and serves various 

functions, such as protein folding, stability, and membrane targeting. Thus, 

demonstration of functional glycosylation at a specific site in a membrane protein is a 

clear indication of its extracellular location. However, the existence of a glycosylation 

site is not by itself proof of glycosylation. Computer modeling of prestin’s primary 

sequence located three potential glycosylation sites with the sequence Asn-X-Ser/Thr, 

where X is any amino acid. Possible prestin glycosylation sites, amino acids N163 and 

N166, have been studied (Matsuda, Zheng et al. 2004). The third site, N603, was not 

studied, because it is located in the intracellular C-terminal region. Single and double 

point mutations were performed at the two aforementioned sites, followed by reactions 

with enzymes that remove or prevent glycosylation. Western blot analysis showed that N-

linked glycosylation occurs at both predicted sites, so it was determined that prestin is a 
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NLC. The finding that cGMP does modify the function of prestin suggests that there is a 

cGMP phosphorylation site in the prestin protein. Interestingly, S238 was predicted to be 

extracellular according to the 12 TMD model. As a result of this finding, the predicted 

topology of prestin was changed in order to have S238 face the intracellular side of the 

cell membrane (T560 is in the C-terminal region, so it was previously shown to be 

intracellular). The Dallos group modified their original 12 TMD model to have 10 TMDs 

with 2 re-entrant loops (Deak, Zheng et al. 2005) (Fig 2). This model will continue to be 

referred to as the Dallos 12 TMD model.  

  b. The Santos-Sacchi 10 Transmembrane Domain Model 
 
 The Santos-Sacchi group proposed that prestin is composed of 10 TMDs 

according to computer modeling programs and hydrophobicity analysis. To test this 

hypothesis, they raised two antibodies against amino acids 274-290 and 359-375, which 

are located in between TMDs 5-6, and 7-8, respectively. Labeling was performed in non-

permeabilized live and fixed cells, and it was found that these epitopes are extracellular. 

When they inserted a hemagglutinin (HA) epitope tag after residue 168, they were able to  
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label the epitope after the cells had been permeabilized. This demonstrated that the region 

between TMDs 2-3 was intracellular (Navaratnam, Bai et al. 2005) and provided 

evidence that prestin has 10 TMDs. This topology is drastically different than that 

proposed in (Deak, Zheng et al. 2005) (Fig 3). 

 There are two other reports that briefly mention prestin topology. Both predict a 

12 TMD model (Adler, Belyantseva et al. 2003; Rajagopalan, Patel et al. 2006). One 

study examines prestin topology with antibodies to the N- and C-termini, as well as 

residues 273-288. This model predicts both the termini to be intracellular, and residues 

273-288 to be extracellular (Adler, Belyantseva et al. 2003). Unfortunately, these 

residues cannot be extracellular if the model is predicted to have 12 TMDs (Figs 1 and 2). 

They can only be extracellular in a 10 TMD model (Fig 3). The other study predicts that 

prestin has 12 transmembrane helices with Evolutionary Trace Analysis software 

(Rajagopalan, Patel et al. 2006). This model is very similar to the original Dallos 

topology model, so it does not contain the two re-entrant loops; therefore, the  
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phosphorylation site is extracellular. These findings serve to further illustrate that 

prestin’s topology is still unresolved. 

 Thus, there is contradictory evidence about prestin’s topological map. The two 

models are the same in that both place the N- and C-termini on the intracellular side of 

the membrane, but they are contradictory for most other regions of the protein. An  

extracellular loop in one model is an intracellular loop in the other, and vice versa (Fig 4). 

The Dallos group provided strong evidence that prestin is a glycoprotein, and can be 

phosphorylated by cGMP-dependent protein kinase. Since the glycosylation and 

phosphorylation sites must be extracellular and intracellular, respectively, this evidence 

implies that prestin has 10 TMD with two re-entrant loops. However, the Santos-Sacchi 

group provided evidence that two of the intracellular loops in the Dallos model are indeed 

extracellular. In addition, the Santos-Sacchi group originally placed the phosphorylation 
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site on the intracellular side of the membrane, whereas the Dallos group had to 

completely change their original model to accommodate this site. Since prestin is 

proposed to be the molecular basis for cochlear amplification, it is necessary to resolve 

the differences between the two current models to elucidate prestin’s structure-function 

relationship. 

  c. A Novel Approach to Investigate Prestin Topology 
 
 It is clear that prestin’s function is linked to its topological organization in the 

PM. Therefore, it is crucial to establish the correct topology of prestin in order to 

understand its folding and function. This report uses a novel approach to evaluate specific 

features of both prestin models to reach a consensus on its topological map. Prestin’s 

topology has not previously 

been studied with Substituted 

Cysteine Accessibility Method 

(SCAM) (Akabas, Stauffer et 

al. 1992). In brief, single 

cysteine residues are 

introduced into or removed 

from the protein of interest at 

points that are predicted to be 

extracellular or intracellular. 

Cysteines can react with 

membrane impermeant thiol-

directed probes, such as Nα-(3-
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maleimidylpropionyl)biocytin, or biotin maleimide (BM). BM is a polar molecule, 

therefore, the reagent can react only with cysteines that are extracellular, or at least 

accessible to the extracellular medium (Blott, Higgins et al. 1999) (Fig 5). If the 

membrane impermeable reagent does not react with the cysteine, the site is predicted to 

be intracellular, or inaccessible (Zhu and Casey 2007). Increases or decreases in thiol-

directed probe binding can be used to determine if a particular cysteine is extracellular or 

intracellular. 

 An older technique that was used to study the transmembrane proteins is 

radioiodination (Keinanen and Rajaniemi 1986). Radioactive iodine is an oxidizing 

reagent that will attach to tyrosine residues 

(http://www.cbrinstitute.org/labs/springer/protocols/jun_radioiodination.html). If the 

tyrosine is extracellular, the reagent will react with the tyrosine, and the extent of the 

reaction can be quantified, for example, with autoradiography (Fisher 1982). This method 

is only useful if the protein of interest has tyrosine residues on either extracellular or 

intracellular surfaces, or in one specific location. This method is undesirable because the 

iodine can also react with histidine. In addition, the proteins can be greatly altered during 

the radioiodination procedure (Bolton and Hunter 1973). More recently, other techniques 

such as glycosylation scanning mutagenesis, alkaline phosphatase fusion, and epitope 

insertion have been used to study membrane protein topology (Zhu and Casey 2007). 

Glycosylation scanning mutagenesis consists of introducing a glycosylation site into a 

predicted extracellular region, and then assessing the level of glycosylation in transfected 

cells (Popov, Li et al. 1999). It is similar to the prestin study by Matsuda et al. 2004, 

except it uses inserted rather than endogenous glycosylation sites. Alkaline phosphatase 
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fusion is the insertion of the cDNA for alkaline phosphatase into predicted extracellular 

regions. If the insertion is extracellular, it can be detected by a colorimetric assay (Ujwal, 

Jung et al. 1995). Epitope insertion, such as addition of a HA tag, is also very common. 

Recall, a similar technique was used to determine the location of the prestin N- and C-

termini (Zheng, Long et al. 2001). All of these techniques involve mutagenesis of 

multiple sites or addition of large sequences, which can greatly alter or misfold the 

protein. SCAM is preferred over these methods because it includes only a single amino 

acid mutation. 

 SCAM is a powerful technique that has provided great insights into the topology 

and function of many integral membrane proteins, including, but not limited to, P-

glycoprotein (Blott, Higgins et al. 1999), human reduced folate carrier (Cao and Matherly 

2004) and Glut1 glucose transporter (Mueckler and Makepeace 2005).  

 The nucleotide binding domains of P-glycoprotein were postulated to be exposed 

extracellularly. However, SCAM determined that the nucleotide binding domains are not 

exposed to the cell surface (Blott, Higgins et al. 1999). They analyzed SCAM of P-

glycoprotein with Western blots. Briefly, transfected cells were incubated with BM. Then 

the cells were lysed, and a Western blot was performed. If biotinylated proteins were 

detected, then it was inferred that the biotin maleimide was bound to an extracellular 

cysteine residue. If the BM only reacts if saponin is used to permeabilize the cells, then 

the cysteine was located on an intracellular loop.  

 Similar Western blot methods were used to analyze SCAM of human reduced 

folate carrier. The human reduced folate carrier’s topology had been studied with 

glycosylation scanning mutagenesis and epitope tagging. However, these methods could 
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not clearly elucidate the locations of the last five extracellular and intracellular loops of 

the protein; SCAM was used to analyze the location of these loops (Cao and Matherly 

2004). The results were analyzed with Western blots, as explained above. In addition, this 

report went further, and used BM in conjunction with other maleimides, such as 

stilbenedisulphonate maleimide (SM) and N-ethylmaleimide (NM). SM is designed to 

react only with cysteines that are on the extracellular surface of cells. This maleimide is 

highly polar. NM will readily penetrate the PM and react with cysteines on the 

intracellular surface of the cell. SM and NM will block particular cysteines, and not allow 

BM to bind. This allows for further analysis of the location of the substituted cysteines 

(Cao and Matherly 2004). Some of the locations of the mutated sites in human reduced 

folate carrier were inconclusive with the Western blot analysis. In addition, results can be 

skewed if there are varying amounts of immunoprecipitate between experimental groups 

– if less BM is detected, it could be because there is less immunoprecipitate, not because 

there are less accessible cysteines. These complications lead to the idea that changes in 

biotin maleimide binding could instead be detected with changes in fluorescence 

intensity.  

 Once the topology of a protein is known, SCAM can be used to determine the 

importance of particular amino acids to the protein’s structure-function relationship. For 

example, transmembrane 4 of the Glut1 glucose transporter was demonstrated not to form 

the pore of the molecule (Mueckler and Makepeace 2005). All of the amino acids in this 

transmembrane domain were individually substituted with cysteine. The mutated DNA 

(deoxyribonucleic acid) was transcribed into cRNA (capped ribonucleic acid), and the 

cRNA was injected into frog oocytes. The expression levels, transport activity, and 
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sensitivity to a thiol-reactive probe were then analyzed for each mutation (Mueckler and 

Makepeace 2005). 

 SCAM is a powerful method that has been used to determine topology and 

transmembrane functionality of many proteins. It is preferred over other methods because 

only a single amino acid substitution is required. Sulfhydryl chemistry is very specific, 

and many different types of thiol-reactive probes are available that can be used to study 

many aspects of protein structure and function. Prestin topology, which is clearly 

disputed between many research groups in the auditory field, has not yet been studied 

with SCAM. Since Western blot analysis results can be easily manipulated, fluorescence 

changes were proposed to analyze the SCAM results.  
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II. Specific Aim 
 
 It is important to determine the topology of prestin in order to better understand 

its function, and to grasp the cellular basis behind cochlear amplification. As previously 

mentioned, there are two competing prestin topology models, put forth by the Dallos and 

Santos-Sacchi research groups. There are considerable differences between these models 

(Fig 4). My overall hypothesis is that prestin topology is the combination of the two 

published topology models. This study utilized a novel approach, SCAM, in order to 

assess specific discrepancies between the two prestin topology models. This method 

employs single point amino acid substitutions to cysteine residues that can be 

fluorescently labeled only if accessible to the extracellular medium. Four putative 

residues were selected to have the most informative value in determining the membrane 

topology of prestin (Fig 6). Plasmids containing prestin sequences with the appropriate 

site-directed mutation were transiently transfected into a mammalian cell line. These 

cells, transfected or not, were reacted with a membrane impermeable thiol-directed probe 

at accessible cysteine residues. The probe was visualized with a fluorescent label. The 

resulting fluorescence was imaged with a confocal microscope, and quantified and 

evaluated with fluorescence intensity measurements. Thus, with differences in 

fluorescence intensity, I was able to predict the orientation of prestin in the membrane.  

 
Specific Aim: To use SCAM in conjunction with confocal microscopy and 

fluorescence intensity measurements to determine whether a specific amino acid residue 

is accessible or inaccessible to the extracellular medium. 
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III. Experimental Design and Methods 
 

 A. DNA Construct 
 
 A double stranded gPres construct was obtained from Jim Bartles of Northwestern 

University. This gPres cDNA is in a pEGFP-N2 vector (Clontech, Mountainview, CA). 

The enhanced green fluorescent protein (GFP) is directly conjugated to the C-terminus of 

prestin. This construct will be referred to as gPres-GFP. 

  1. Transformation and DNA Preparation 
 
 gPres-GFP was transformed into One Shot Top Ten Chemically Competent Cells 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s recommendations. The 

transformed cells were plated on kanamycin resistant agar plates, and incubated for 12 h 

at 37°C. Five to ten colonies were individually incubated in 3 mL of Luria-Bertani (LB) 

medium (see Appendix) supplemented with 50 mg/L kanamycin at for 12 h at 37°C. The 

DNA from the cells in each colony was prepared and isolated (Ish-Horowicz and Burke 

1981). One colony was selected for a larger preparation. The colony was incubated in 100 

mL of LB medium supplemented with 50 mg/L kanamycin for 16 h at 37°C. Then, the 

DNA was subsequently isolated with a Plasmid Maxi Kit (Qiagen, Valencia, CA) in 

accordance with the manufacturer’s recommendations. The DNA pellet was re-suspended 

in Tris-Ethylene Diamine Tetraacetic Acid (Tris-EDTA) (TE) Buffer (see Appendix). 

The size of gPres-GFP was verified by digestion with EcoRI and BglI, followed by 

electrophoresis in a 0.7% agarose gel in Tris-Acetate-EDTA (TAE) Buffer (see 

Appendix). 
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 B. Primer Design 
 

 

 The primers used to make specific mutations were designed according to 

Stratagene’s primer design guidelines. The primers were 25-45 base pairs in length, did 

not directly overlap, and were phosphorylated at the 5’ end. The mutated base pairs were 

centrally located in the primers (Table 1). Sequencing primers were designed to anneal 

150 base pairs upstream from the mutated sites. All primers were generated by Integrated 

DNA Technologies (Coralville, IA). 

 C. Mutagenesis 
 
 The following mutations were generated: A73C, C124A, A170C, and G366C (Fig 

6). The double mutations, C124A/A170C and C124A/G366C, were made in the 

previously mutated A170C and G366C constructs. The mutations were generated using a 

QuikChange II XL Site Directed Mutagenesis Kit (Stratagene, La Jolla, CA) in 

accordance with the manufacturer’s recommendations. The nucleic acid exchanges were 

confirmed by DNA sequencing with sequencing primers at the Molecular Biology 

Research Core Facility at Creighton University. 
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 Alanine and glycine are the smallest of the amino acids. They have small, 

uncharged, aliphatic R-groups. Both prefer a hydrophobic environment, although they 

can exist in a hydrophilic environment (Cooper and Hausman 2007). These amino acids 

are very versatile, which is why alanines or glycines were mutated to cysteines, or vice 

versa. Other reports also suggest using these amino acids for the SCAM experiments 

(Blott, Higgins et al. 1999; Cao and Matherly 2004; Gagnon, Holt et al. 2005). 

 The mutation sites were selected because they were predicted to have the most 

informative value in determining the membrane topology of prestin. The negative 

control, A73C, is located in the N-terminal region of prestin. The thiol-reactive probe 

should not react with this introduced cysteine residue. There was no positive control for 

this experiment, because neither the Dallos nor Santos-Sacchi research groups tested an 
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extracellular loop and agreed on its location. Another mutation, A170C, is located in the 

second extracellular loop of the Dallos 12 TMD model. It is in the same loop as the two 

predicted glycosylation sites, N163 and N166. The Dallos group provides strong 

evidence that the glycosylation sites are present, while the Santos-Sacchi group denies 

their existence. The next mutation, G366C, is located in the fourth extracellular loop of 

the Santos-Sacchi 10 TMD model. This region was suggested to be extracellular by 

antibody labeling, but is intracellular on the Dallos model. Another mutation, C124A, 

was the first cysteine to be removed. There are 9 cysteines present in prestin, but this one 

was selected because it is located on an extracellular loop in the Santos-Sacchi model; 

and, as with G366C, is intracellular in the Dallos model. Both models predict that the 

remaining 8 cysteines are located in the hydrophobic regions. Double mutations were 

performed to further validate changes in maleimide binding for the three mutations, 

C124A, A170C, and G366C.  

 D. Cell Culture 
 
 Human embryonic kidney (HEK) 293 cells (ATCC, Manassas, VA) were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (FBS) (Biomeda, Burlingame, CA). The cells 

were grown in 25 cm2 tissue culture flasks (Corning, Lowell, MA), and incubated at 37°C 

in air supplemented with 5% carbon dioxide (CO2). After the cells were 80% to 90% 

confluent, they were removed from the flasks with a 0.25% trypsin solution (Gibco) and 

plated differently depending on the experiment to follow. For cell culture maintenance, 

they were split 1:5 in tissue culture flasks. For confocal microscopy, they were split 1:10 
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in 35 x 10 mm tissue culture dishes (BD Falcon, San Jose, CA). These dishes were ready 

for transfection in 48 h. 

 E. Transient Transfection 
 
 Wild type (wt) gPres-GFP and mutated gPres-GFP plasmids were transiently 

transfected into HEK 293 cells using Lipofectamine 2000TM (Invitrogen) in accordance 

with the manufacturer’s recommendations. The cells were incubated in air supplemented 

with 5% CO2. The medium in the dishes was replaced with fresh DMEM/10% FBS 24 h 

after transfection. The cells were maleimide labeled (section F) 48 h after transfection.  

  1. Transient Transfection Controls 
 
 Negative control cells were transfected with Lipofectamine and TE Buffer that 

did not contain DNA (referred to as a mock transfection). Also, each wt and mutant DNA 

construct was assigned a number during the transfection, so experiments (sections F, G, 

and H) could be performed blind by the investigator. 

 F. Maleimide Reaction 
 
 A stock solution of 5 mM biotin maleimide (BM) (Invitrogen) in dimethyl 

sulfoxide (DMSO) (Sigma-Aldrich) was further diluted to a working solution of 50 µM 

in DPBS (Dulbecco’s Phosphate Buffered Saline) (Gibco). The concentration of DMSO 

in DPBS did not exceed 1% (v



 (3) a significant decrease in the red-green ratio compared to the wt. 

 In mutated proteins in which cysteines were added (A73C, A170C, G366C), the 

red-green ratios should either significantly increase (i.e. more BM-Sav-568 is present) or 

no significant change (i.e. same relative amount of BM-Sav-568) compared to the wt 

gPres-GFP should be observed. If the red-green ratio was decreased (i.e. less BM-Sav-

568 present), it was assumed that either the mutated protein was not properly PM inserted 

or misfolded. In the mutant where a cysteine was removed (C124A), the red-green ratio 

should either significantly decrease, or have no significant change compared to the wt 

gPres-GFP. If the red-green ratio was increased, it was assumed that the protein was not 

properly PM inserted or misfolded. In the mutated proteins containing two mutations 

(C124A/A170C and C124A/G366C) one cysteine was removed and another was added. 

There are four possible outcomes of the double mutations. First, if the removed and 

added cysteines are both extracellular, then no significant change compared to wt should 

be observed. Second, if the removed and added cysteines are both intracellular, then no 

significant change compared to the wt should be observed as well. Third, if the removed 

cysteine is extracellular and the added cysteine is intracellular, then there should be a 

significant decrease in the red-green ratio compared to the wt. Fourth, if the removed 

cysteine is intracellular and the added cysteine is extracellular, then there should be a 

significant increase in the red-green ratio compared to the wt.  
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IV. Results 
  
 The red-green ratios were compared between each experimental group (wt gPres-

GFP, A73C, C124A, A170C, G366C, C124A/A170C, and C124A/G366C) by the 

analysis of variance (ANOVA) test. There were statistically significant differences 

between these groups (F(6,467)=19.72, p<0.001). Then, each experimental group was 

compared to the wt gPres-GFP with a Dunnett’s test with SPSS software (Chicago, IL). 

The Dunnett’s test is used when experimental groups are compared to one reference 

group, or in this case, wt gPres-GFP.  

 The red-green ratios for mutated protein A170C was significantly higher 

compared to wt gPres-GFP (p<0.001) (Fig 8). Since a cysteine was added to this protein, 

an increase in the red-green ratio suggests that the cysteine was accessible to maleimide 

binding. The red-green ratios for C124A and G366C were not significantly different 

compared to the wt (p>0.05) (Fig 8). These results are consistent with reduced 

accessibility of the cysteines. The red-green ratio for C124A/A170C was significantly 

increased compared to wt (p<0.001). A cysteine was added, and then subtracted from this 

protein. This is consistent with the single cysteine substitutions which suggest that the 

A170C mutation is accessible to maleimide binding, and that C124A does not contribute 

to increased maleimide binding. A73C and C124A/G366C do not fit the criteria outlined 

in the Fluorescence Intensity Measurements and Analysis section. The A73C red-green 

ratio was significantly decreased compared to wt (p<0.001) (Fig 8). A cysteine was added 

in this protein, but less BM-Sav-568 was able to bind. The C124A/G366C red-green ratio 

exhibits a significant decrease compared to the wt, respectively (p<0.05) (Fig 8). Again, 

less BM-Sav-568 was able to bind to these proteins.  
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 In the preliminary experimental series, many of the above results were observed. 

However, the variance of the wt gPres-GFP (the reference group or control), was much 

higher than in the data reported here. Thus, the statistical power of that data set was much 

lower. In addition, in the preliminary data set, A170C did not show any BM-Sav-568 

labeling, on either transfected or untransfected cells in the dish; data for A170C could not 

be collected. These problems with the first trial called into question the validity of the 

results. Therefore, the second trial was analyzed and discussed in this report. 
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V. Discussion 
 
 Cochlear amplification is crucial for mammalian hearing sensitivity and 

frequency selectivity. These characteristics help us enjoy complex auditory signals (e.g. 

complex speech, music). It is believed that OHC electromotility is responsible for this 

cochlear amplification. The discovery of the motor protein prestin uncovered the basis for 

OHC electromotility. Prestin’s structure-function relationship can help researchers 

understand how OHC electromotility is connected to cochlear amplification. However, 

before prestin’s structure-function relationship can be revealed, its basic structure must be 

understood. The topology of a membrane protein is the first important step needed to 

uncover its secondary, tertiary, and quaternary structure. It is of upmost importance to 

assess prestin’s topology, and resolve the differences between the two proposed prestin 

topology models. The research in this report used a novel approach to investigate specific 

amino acids in prestin’s sequence. These results were quantified as red-green ratios, and 

were compared. Furthermore, these results are compared to the two published topology 

models. Although there are some limitations to SCAM, it will prove useful in 

determining whether a specific amino acid residue is accessible or inaccessible to the 

extracellular medium. More research using different methods in conjunction with the 

ones presented here can help further elucidate prestin’s structure. 

A. Interpretation of Results 
 

 The red-green ratio, or red channel intensity to green channel intensity, quantifies 

the amount of BM-Sav-568 fluorescence normalized to the amount of GFP fluorescence. 
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If the red-green ratios were higher than wt, it suggested that more BM-Sav-568 was 

present, and therefore, more cysteines were accessible to the extracellular medium. If the  

red-green ratios were lower, it suggested that less BM-Sav-568 is present, and fewer 

cysteines were accessible to the extracellular medium. Any cysteine, whether located in 

an accessible portion of the protein of interest or in another integral membrane protein 

endogenous to the HEK 293 cell, reacted with the maleimide. The cysteines in prestin, 

although predicted to be deep in the transmembrane regions of prestin in both models, are 

capable of forming a covalent bond with the thiol-reactive probe if accessible to the 

extracellular medium. Therefore, it was necessary to examine the results of the mutated 

proteins in comparison to the wt gPres-GFP, with the red channel fluorescence 

normalized to the background of the HEK 293 cells. In this report, relative changes in the 

red-green ratios depended on the addition or removal of a cysteine, and this change could 

be detected despite the other cysteines present in prestin or in other integral membrane 

proteins native to HEK 293 cells. 

 In A170C, an alanine was replaced with a cysteine. The addition of a cysteine 

should either increase the red-green ratio if accessible, or not be significantly different if 

inaccessible. There was a significant increase in the red-green ratio in this mutated 

protein, which suggests that it is accessible (Table 2). 

 In G366C, a glycine was replaced with a cysteine. The addition of a cysteine 

should either increase the red-green ratio if accessible, or not be significantly different if 

inaccessible. There was no significant difference between the G366C and wt red-green 

ratios, which suggests that G366C is inaccessible (Table 2). 
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 In C124A, a cysteine was replaced with an alanine, and it was the first cysteine 

removed from prestin. Thus, the removal of a cysteine should lead to a decrease in the 

red-green ratio if accessible. Alternatively, there is no significant difference from wt if 

inaccessible. Since there was no significant difference, C124A is predicted to be 

inaccessible (Table 2). 

 The double mutation C124A/A170C added one cysteine and removed another, so 

the net change in cysteines is zero. The previous results suggest that C124A is 

inaccessible, and A170C is accessible. If this is true, the red-green ratio of C124A/A170C 

should be significantly increased compared to wt. There was a significant increase of this 

ratio compared to the wt, which helps to validate that C124A is inaccessible and A170C 

is accessible (Table 2). 
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 A73C was the negative control for the experiment, as it is located in the 

intracellular N-terminal region of the protein. Therefore, I predicted that this mutation’s 

red-green ratio would not be significantly different from the wt. Instead, there was a  

significant decrease in the red-green ratio, which suggests that less BM-Sav-568 bound to 

the protein (Table 2). Recall, the N-terminus of prestin was demonstrated to be 

responsible for homo-multimerization (Navaratnam, Bai et al. 2005). In prestin with N-

terminal truncations past amino acid 20, FRET was diminished, and NLC was altered. 

Interestingly, this mutated prestin was still PM targeted. So it is possible that NLC was 

lost because prestin was not able to form oligomers (Navaratnam, Bai et al. 2005). 

Therefore, the A73C mutation may interfere with oligomerization, which in turn could 

affect proper PM insertion, misfolding, or quaternary structure characteristics. This could 

account for the irregular results obtained in these experiments. I suggest that a new 

mutation in the N-terminal region be used as a negative control. The new mutation should 

be located in the first twenty amino acids. Also, a mutation should be performed in the C-

terminal region and in the same loop as the phosphorylation site. All of these could act as 

negative controls (see Future Directions). NLC should be measured on these mutated 

proteins as soon as possible, so a proper negative control can be identified.  

 The double mutation C124A/G366C also added one cysteine and removed 

another, so the net change in cysteines is zero. The previous results suggest that both 

C124A and G366C are inaccessible. If this is true, the red-green ratio of C124A/G366C 

should not be significantly different from the wt. Instead, there was a significant decrease 

in the red-green ratio (Table 2). It is possible that this mutated protein was improperly 

PM inserted or misfolded. PM bound proteins are synthesized in the membrane of the 
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rough endoplasmic reticulum. If the protein is misfolded, the protein is usually 

ubiquitinated, or marked for degradation (Cooper and Hausman 2007). However, this 

protein did not seem to be degraded, because clear GFP fluorescence is observed in the 

PM of the HEK 293 cells. The protein must be sufficiently folded to be secreted to the 

PM; however, it is unknown if the protein is functional, and it must be tested with NLC. 

Also, introduction of cysteine residues into a protein may result in a disulfide bond 

formation artifact (Dormady, Lei et al. 1999), which would alter the protein’s structure 

and function, but may not cause it to be degraded. In addition, the conformation of the 

C124A/G366C mutated protein could bury cysteines that were originally accessible, and 

cause them to be inaccessible. Less BM would be able to bind to this protein, which 

would account for a significant decrease in the red-green ratio compared to the wt. All of 

these circumstances may contribute to the results of the mutated protein C124A/G366C. 

 The results from these experiments fit with the Dallos 12 TMD model, and do not 

fit with the Santos-Sacchi 10 TMD model. One of the mutated sites, A170C, is accessible 

to the extracellular medium. A170C is located in the second extracellular loop of the 

Dallos model. This mutation is also close to the glycosylation sites N163 and N166. The 

A170C mutation strongly favors the Dallos model. Two of the mutated sites, C124A and 

G366C, are inaccessible to the extracellular medium. C124A is located in a 

transmembrane region in the Dallos model, and on the first extracellular loop of the 

Santos-Sacchi model; the results favor the Dallos model. G366C is located in the fifth 

intracellular loop of the Dallos model and on the fourth extracellular loop of the Santos-

Sacchi model; again, the results favor the Dallos model. G366C is in a region that was 

shown to be extracellular with antibody labeling by the Santos-Sacchi research group. 
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However, they used this antibody to label live OHCs in the organ of Corti, but there 

seems to be intracellular labeling and unspecific binding. The double mutation, 

C124A/A170C, also indicates that C124A is inaccessible and A170C is accessible.   

B. Hydrophobicity Analysis of the Models 
 
 Hydrophobicity analysis was performed with STRAP software (Medical School 

Charite of Humboldt University, Berlin, Germany) (assisted by graduate student 

Benjamin Currall). This software averages hydrophobicity plot profiles from 20 different 

hydrophobicity analysis programs. TMDs can be inferred according to the 

hydrophobicity profile; stretches of amino acids that are highly hydrophobic are 

considered to be in the membrane. Where there was a switch of hydrophobic to more 

hydrophilic amino acids, that region was either inferred to be either extracellular or 

intracellular, depending on the direction and location of the adjacent TMDs. The 

hydrophobicity plot profiles of the two published topology models were inferred for 

comparison (Fig 9). It is obvious that these plot profiles can be interpreted in many 

different ways. For example, the Dallos model splits a predicted hydrophobic region into 

two TMDs (TMD numbers 10 and 11) (Fig 9A), while the Santos-Sacchi model predicts 

that it is one TMD (TMD number 9) (Fig 9B). Also, the first inferred TMD in the Dallos 

model hydrophobicity plot is clearly in a hydrophilic region, and is similar to a region in 

the last intracellular loop, or C-terminus. Since these two regions are very similar, if one 

is predicted to be a TMD, then the other one should also be considered a TMD as well 

(Fig 9A). There are large differences between the hydrophobicity plots of the two 

published models. I believe that there are 9 clear hydrophobic TMD regions (Fig 9C). 

Since prestin’s N- and C-termini are intracellular, either there must be an even number of 
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TMDs or re-entrant loops 

must be present. I predict that 

the second TMD does not 

completely span the 

membrane because there is not 

a clear hydrophilic region 

between TMDs 1-2. Instead, I 

propose that it is a re-entrant 

loop that faces the 

extracellular region. This re-

entrant is reminiscent of the P-

Loop, a region that forms a 

pore in voltage-gated ion 

channels.  It is possible that 

this region could form part of 

the incomplete pore described 

in Mio et al 2008. Also, it has 

been suggested that the first 

two prestin transmembrane 

domains form the chloride-

binding site (Rajagopalan, 

Patel et al. 2006), which is 

consistent with this P-loop region forming a pore.  
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 In addition to the hydrophobicity analysis, the amino acids in the transmembrane 

regions were compared between the two published models and the 9 TMD 

hydrophobicity plot. The hydrophobic stretches of amino acids between the groups are 

very similar, but differences in interpretation completely change prestin’s topology model 

(Fig 10). 

 Prestin’s hydrophobicity plots can be interpreted in many different ways, but 

hydrophobicity plots should not be the only way to determine the topology of a protein. 
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The data from this report supports the Dallos 12 TMD topology model; however, more 

mutations must be performed in other areas of the protein in order to test if prestin has 9 

TMD, as proposed in this report (see Future Directions). 

C. Disadvantages and Advantages of the Method 
 
 One of the limitations of SCAM is that thiol-reactive probes will form covalent 

bonds with any accessible free sulfhydryl groups. Any cysteine that is accessible in the 

HEK 293 cell or in the protein of interest will react with the maleimide. Gerbil prestin 

contains 9 endogenous cysteines. Only one (C124) was removed in these experiments. 

The remaining cysteines in prestin are capable of forming a covalent bond with the thiol-

reactive probe if accessible to the extracellular medium. The remaining 8 cysteines 

should be removed for further analysis. Removing the cysteines should decrease the 

background fluorescence and provide more accurate measurements if any of the cysteines 

are accessible. Other limitations of the method include the resolution limit of the confocal 

microscope. The confocal microscope can only show that two fluorophores are within 

200 nm of each other. A more reasonable separation for a functional interaction is of the 

order of nanometers. Also, all samples must be analyzed in the same time period, due to 

possible changes in laser power. In addition, the confocal imaging and the intensity 

measurements are labor intensive and inefficient; because of this, a limited number of 

samples can be analyzed. 

 This novel variant of SCAM has several advantages over other implementations 

of this method. The thiol-reactive probe used in this study, BM, has not previously been 

used in conjunction with Sav-568 to determine the topology of a protein. In most other 

SCAM experiments, a Western blot was used to determine if the protein of interest and 

 44



the thiol-reactive probe interacted (see Background). In this method, the protein is 

removed from its “native” environment of the cell. The folding and conformation of the 

protein is completely disrupted. One advantage to the fluorescence method used in this 

study is that the protein is not extracted from the PM, and thus remains in a “native” 

environment. Healthy, intact cells (healthy cells have rounded nuclei that are not 

granulated, and are approximately 10 to 15 microns in diameter) were chosen to be 

analyzed on the confocal microscope. The PM ROIs can also be chosen, and any 

fluorescence in other regions of the cell can be ignored (GFP fluorescence is also present 

in other areas of the cytoplasm, as prestin is not exclusive to the PM of HEK 293 cells).  

D. Future Directions 
 
 First, the mutated proteins must be tested for functionality. NLC is the 

electrophysiological signature of electromotility, and prestin function. Since HEK 293 

cells are round, and not cylindrical like OHCs, it is difficult to determine if 

electromotility is present; therefore, NLC is the available test to determine if the prestin is 

functional. Unfortunately, at the time that this study was completed, the laboratory did 

not have the capabilities to test the mutated proteins for NLC. The NLC can be present, 

and the prestin can be functional, only if the protein is inserted in the PM. PM insertion 

does not indicate that the protein is functional; however, it would be helpful to know if 

the protein is present in the PM before performing maleimide experiments and NLC. If 

the mutated protein is present in the PM, it can be extracted with a membrane extraction 

kit, and then detected with a Western blot. If the mutant prestin is able to be detected, 

then it can be assumed that it is located in the PM. If not, then the mutated protein can be 

excluded from analysis. Although all of the mutated proteins appeared to form aggregates  
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and be located in the PM, the Western blot may prove otherwise. It is also important to 

mention that wt GFP has a tendency to dimerize (Tsien 1998). However, if this occurs in  

gPres-GFP transfected cells, it does not seem to affect gPres function, as NLC can be 

measured in these cells (Matsuda, Zheng et al. 2004; Zheng, Du et al. 2005).  

 Second, more mutations need to be generated and used for the experiments 

outlined in this report. I suggest four negative controls: A12, A249, A724 and A726 (Fig 

11). A12 is in the N-terminus. Recall, an N-terminal truncation past amino acid 20 

resulted in diminished FRET and abolished NLC (Navaratnam, Bai et al. 2005); it is 

important to perform another cysteine substitution in the N-terminal region that is located 

before amino acid 20. Another negative control, A249, is located in the same loop as the 

phosphorylation site. This site is intracellular in the two published topology models. 

Finally, the last negative control should be in the C-terminal region. A724 (or A726) is 

not in the STAS region (Aravind and Koonin 2000; Zheng, Shen et al. 2000), and is not 

in any charged clusters (Zheng, Du et al. 2005; Bai, Navaratnam et al. 2006). In addition, 

C-terminal truncations performed beyond E721 had no effect on NLC (Navaratnam, Bai 
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et al. 2005; Zheng, Du et al. 2005). Cysteine substitutions should also be performed at 

the following sites: G127, G275, A329, G405, and A438 (Fig 11). These mutations differ 

in cellular localization in the Dallos 12 TMD model and Santos-Sacchi 10 TMD model.  

 Third, other maleimides and other permeabilizing reagents can be used in 

conjunction with biotin maleimide to determine which cysteines are extracellular and 

intracellular. SM or NM can be applied prior to BM to block either extracellular cysteines 

or all cysteines, respectively (see Background). Detergents such as saponin can be used to 

permeabilize the cells prior to the maleimide reaction to further examine the topology of 

prestin (Cao and Matherly 2004). The results of this experiment should be analyzed with 

confocal microscopy and fluorescence intensity measurements, as well as with Western 

blots.  

 Fourth, flow cytometry can be used to evaluate changes in fluorescence intensity 

between the cells transfected with mutated and wt gPres-GFP DNA. An advantage to 

flow cytometry is that many cells, approximately 20,000, can be analyzed per run. The 

data collection and analysis are not labor intensive. This method is much more efficient 

than confocal microscopy and fluorescence intensity measurements. However, in flow 

cytometry the fluorescence intensity of the entire cell, not just the PM, is detected. 

 Finally, another interesting way to study the topology of prestin, as well as its 

structure-function relationship, is with patch clamp fluorometry. This technique has been 

used to study conformation changes in ion channels, including cyclic nucleotide gated 

channels (Zheng and Zagotta 2000). In brief, a cysteine substitution is performed, the 

cysteine is labeled with a maleimide conjugated to a fluorophore, and then the patch 

clamp technique is employed. The membrane patch can be excised from the cell, and then 
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fluorescence changes can be correlated with changes in membrane potential (Zheng 

2006). This technique would be very useful to study prestin, as prestin undergoes great 

conformation changes as a motor protein.  

E. Conclusion 
 
  The techniques put forth to analyze SCAM, confocal microscopy in conjunction 

with fluorescence intensity measurements, were an effective way to assess specific 

discrepancies between the two prestin topology models. This research did not support the 

hypothesis that prestin topology is a combination of elements of the two published 

topology models; instead, the Dallos 12 TMD topology model was supported. However, 

based on hydrophobicity analysis, it is possible that prestin has 9 TMDs, one of them 

being a re-entrant loop that may have functional implications. It is exciting that this 

project, in conjunction with other experiments, can give a great deal of insight into 

prestin’s topological map and structure-function relationship. 
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VI. Appendix 

A. Reagents and Solutions 
 
  Luria-Bertani (LB) Medium 
 
  10 g Bacto-Tryptone 
  5 g yeast extract 
  10 g NaCl 
  1 L autoclaved/nanopure water 
  pH to 7.5 
 
  Mounting Medium 
 
  5 mL Glycerol 
  5 mL PBS 
  0.1 g n-propylgallate 
  1.50 mg DAPI 
 
  4% Paraformaldehyde (PFA) 
 
  4 g Paraformaldehyde 
  100 mL PBS 
  pH to 7.4 and filter with course filter paper 
   
  Phosphate Buffered Saline (PBS) 
 
  3.04 g NaH2PO4H2O 
  11.07 g Na2HPO4 anhydrous 
  1 L distilled water 
  0.1 g Thimerosal 
    
  Tris-Acetate-EDTA (TAE) Buffer 
 
  40 mM Tris-acetate 
  2 mM EDTA 
  pH 8.0 
 
  Tris-EDTA (TE) Buffer 
 
  10 mM Tris-HCl, pH 7.5 
  1 mM EDTA 
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B. Abbreviations 
 

IHC Inner Hair Cell 
OHC Outer Hair Cell 
ATP Adenosine Triphosphate 
PM Plasma Membrane 
NLC Non-Linear Capacitance 
PCR Polymerase Chain Reaction 
KO Knock Out 
gPres Gerbil Prestin 
SLC Solute Carrier Anion Transport Family 
STAS Sulfate Transporter and Antisigma factor antagonists 
N- Amino 
C- Carboxy 
TMD Transmembrane Domain 
FRET Fluorescence Resonance Energy Transfer 
CFP Cyan Fluorescent Protein 
YFP Yellow Fluorescent Protein 
cAMP Cyclic Adenosine Monophosphate 
cGMP Cyclic Guanosine Monophosphate 
PKG Protein Kinase G 
SCAM Substituted Cysteine Accessibility Method 
BM Biotin Maleimide 
SM Stilbenedisulphonate Maleimide 
NM N-ethylmaleimide 
DNA Deoxyribonucleic Acid 
cRNA Capped Ribonucleic Acid 
GFP Green Fluorescent Protein 
LB Luria-Bertani Medium 
EDTA Ethylene Diamine Tetraacetic Acid 
TE Tris-EDTA Buffer 
TAE Tris-Acetate-EDTA Buffer 
HEK Human Embryonic Kidney 
FBS Fetal Bovine Serum 
CO2 Carbon Dioxide 
DMSO Dimethyl Sulfoxide 
DPBS Dulbecco’s Phosphate Buffered Saline 
PFA Paraformaldehyde 
PBS Phosphate Buffered Saline 
Sav-568 Streptavidin-Alexa Fluor 568 
ROI Region of Interest 
ANOVA Analysis of Variance 
STRAP Structural Alignment Program for Proteins 
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