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A novel theoretical framework reveals more than
one voltage-sensing pathway in the lateral
membrane of outer hair cells

Brenda Farrell®, Benjamin L. Skidmore, Vivek Rajasekharan, and William E. Brownell

Outer hair cell (OHC) electromotility amplifies acoustic vibrations throughout the frequency range of hearing. Electromotility
requires that the lateral membrane protein prestin undergo a conformational change upon changes in the membrane potential
to produce an associated displacement charge. The magnitude of the charge displaced and the mid-reaction potential (when
one half of the charge is displaced) reflects whether the cells will produce sufficient gain at the resting membrane potential to
boost sound in vivo. Voltage clamp measurements performed under near-identical conditions ex vivo show the charge density
and mid-reaction potential are not always the same, confounding interpretation of the results. We compare the displacement
charge measurements in OHCs from rodents with a theory shown to exhibit good agreement with in silico simulations of
voltage-sensing reactions in membranes. This model equates the charge density to the potential difference between two
pseudo-equilibrium states of the sensors when they are in a stable conformation and not contributing to the displacement
current. The model predicts this potential difference to be one half of its value midway into the reaction, when one
equilibrium conformation transforms to the other pseudo-state. In agreement with the model, we find the measured mid-
reaction potential to increase as the charge density decreases to exhibit a negative slope of ~1/2. This relationship suggests
that the prestin sensors exhibit more than one stable hyperpolarized state and that voltage sensing occurs by more than one
pathway. We determine the electric parameters for prestin sensors and use the analytical expressions of the theory to estimate
the energy barriers for the two voltage-dependent pathways. This analysis explains the experimental results, supports the
theoretical approach, and suggests that voltage sensing occurs by more than one pathway to enable amplification throughout

the frequency range of hearing.

Introduction

Sound deflects the cochlear partition to produce a traveling
wave along the basilar membrane. The motion of the basilar
membrane is amplified by an axial force that merges with the
basilar membrane velocity to deliver power to the fluid-filled
cochlea (Dong and Olson, 2013). Force (Iwasa and Adachi, 1997)
is produced by outer hair cells (OHCs; Brownell et al., 1985) that
form part of the specialized epithelia of the organ of Corti. The
origin of the force is in part due to the specialized properties of
the lateral wall (Forge, 1991; Holley and Ashmore, 1990; Holley
et al., 1992; Legendre et al., 2008; Tolomeo et al., 1996; Triffo
et al., 2019) and the membrane protein prestin (Zheng et al.,
2000), found abundantly (Mahendrasingam et al., 2010) within
the lateral wall membrane. The voltage sensor prestin, i.e.,
SLC26A5, belongs within the superfamily of solute carriers
(SLCs) and subfamily of anion exchangers, SLC26. This membrane

protein is sensitive to changes in membrane tension (Adachi and
Iwasa, 1999; Kakehata and Santos-Sacchi, 1995) and membrane
voltage, with the latter most commonly investigated experimen-
tally at constant membrane tension. The protein (together with
other components of the voltage sensor) undergoes a conforma-
tional change upon changes in the membrane potential. One
consequence of this conformational change is the production of a
force and associated displacement charge (Santos-Sacchi, 1991),
which is enormous (Santos-Sacchi et al., 1998) because of the at-
tomoles of prestin sensors present in the lateral membrane of
each OHC.

The molecular entity responsible for the displacement charge
is not resolved. Structure-function studies of the membrane
protein prestin suggest the transmembrane domain exhibits a
7 + 7 inverted structural repeat (Gorbunov et al., 2014). This

Bobby R. Alford Department of Otolaryngology and Head & Neck Surgery, Baylor College of Medicine, Houston, TX.

Correspondence to Brenda Farrell: bfarrell@bcm.edu.

© 2020 Farrell et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Gen. Physiol. 2020 Vol. 152 No. 7 201912447

W) Check for updates

https://doi.org/10.1085/jgp.201912447

920z Aeniged 60 uo 1senb Aq ypd 2 vvZ1L6102 dBl/9Z1 L08L/LYYZL610Z8/L/2S | /4Pd-8lone/dBl/Bio sseidny//:dpy woy papeojumoq

1of16


https://orcid.org/0000-0003-0847-6401
mailto:bfarrell@bcm.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1085/jgp.201912447
http://crossmark.crossref.org/dialog/?doi=10.1085/jgp.201912447&domain=pdf

tertiary structure prediction was later supported by the crystal
structure of a bacterial SLC26 homologue, SLC26Dg (Geertsma
et al,, 2015), that is found in the same subfamily of anion ex-
changers as prestin. Each half of this inverted repeat structure
contributes to a core and gate subdomain with the core sug-
gested to harbor both a charge center and an anion-binding site
(Gorbunov et al., 2014). Other reports suggest that different
charge regions (Kuwabara et al., 2018; Tan et al., 2012), i.e., not
the core, may contribute to the displacement charge. Indeed,
whether charged amino acids of prestin (Bai et al.,, 2009;
Rybalchenko and Santos-Sacchi, 2008), intracellular anions
(Oliver et al., 2001), or both anions and amino acids (Muallem
and Ashmore, 2006) are the physiological voltage sensor is
controversial. Likewise, the quaternary structure of the protein
is not established. Some suggest it is a dimer (Bian et al., 2010;
Detro-Dassen et al., 2008; Zheng et al., 2006), while others
suggest that the protein within the plasma membrane is more
likely to be a tetramer (Hallworth and Nichols, 2012; Wang et al.,
2010). Our stoichiometric analysis and those of others (Homma
and Dallos, 2011) suggest that each monomer (of the putative
multimer) contributes to the displacement charge.

We do know from a multitude of electrophysiology experi-
ments that the product of the charge movement (ne,) along the
reaction coordinate (8), i.e., normal to the membrane (see Eq. 5),
ranges from 0.72 to 0.99 elementary charges (e,). We also know
that the total amount of displacement charge per OHC for ro-
dents is between 5 and 40 attomoles of charge and depends on
the linear capacitance of the lateral membrane, albeit not always
linearly (Corbitt et al., 2012; Mahendrasingam et al., 2010;
Santos-Sacchi et al., 1998). The voltage when half of the charge
has moved, Vy 5 (i.e., peak potential or mid-reaction potential or
setpoint), appears to be the most capricious parameter. It de-
pends on the membrane tension (Kakehata and Santos-Sacchi,
1995), the lipid composition of the membrane (Rajagopalan et
al., 2007; Sfondouris et al., 2008), phosphorylation (Dedk et al.,
2005; Frolenkov et al., 2001), and glycosylation (Matsuda et al.,
2004; Rajagopalan et al., 2010), and was found to increase from
base to apex across the cochlea for one mouse colony (Zhu et al.,
2013). Understanding the variable nature of this voltage is rel-
evant biologically, as this potential is expected to be close to the
resting (or silent) potential of the cell (Cody and Russell, 1987;
Dallos, 1985; Johnson et al., 2011; Russell and Késsl, 1992). Like-
wise, the charge density, %, where QF is maximum measured
charge per cell and Cry is the measured lateral membrane ca-
pacitance per cell, is also commonly reported, and together with
Vo5 is an indicator of whether the animal will boost the sound
in vivo (Patuzzi et al, 1989). We suggested that the charge
density varies along the length of a cell (Corbitt et al., 2012),
while others propose that charge density is highest in the middle
and lower at the poles of the lateral membrane of an OHC
(Santos-Sacchi, 2002). Mahendrasingam et al. (2010) found that
the charge density and Vy s were independent of the positional
origin (i.e., frequency) of the OHC within the cochlea of young
albino rats.

Here, we show that V5 is not capricious and that the ob-
servations can be explained within a theoretical framework
(Kim and Warshel, 2015, 2016) that derives expressions from a
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Hamiltonian, which considers three components participating
during a voltage clamp experiment: (1) the voltage-sensing
protein; (2) the membrane; and (3) the surrounding electro-
lyte. This model determines the displacement charge by calcu-
lating the externally flowing charges in the surrounding
electrolyte that arise from the charge movement occurring be-
tween two states of a voltage sensor in the membrane. The
measured current in the circuit, I, is the current arising
from the displacement charge from one sensor, Ip, and the linear
current that results from charging the membrane,

av
Icircuit = ID + CL,qu:

(1a)
where t is time, V is membrane potential, and Cy .4 is the linear
capacitance of the lipid bilayer where the protein sensor resides.
That is, C ., represents the variance of the charge distributions
of a voltage-sensing membrane protein, such as prestin when
the sensor is in its quasi-equilibrium state, i.e., at a membrane
potential when it is either very hyperpolarized (deactivated) or
very depolarized (activated) and not contributing to Ip. In the
case of an OHC with N independent prestin sensors residing in
the lateral membrane, Eq. 1a is written as

Nlrir = NIp + CLW%/' (1b)
where Crw =NCpe and Cpeq is the linear membrane capaci-
tance of the bilayer where one prestin voltage sensor resides.
Note that Crw or Cp e are usually not the linear membrane ca-
pacitance measured in an electrophysiology experiment, but for
the OHC, the magnitude of Crw can be estimated from such
experiments (Corbitt et al., 2012). This is important because a
useful relationship was derived (Kim and Warshel, 2015, 2016)
that connects the displacement charge (found by integration by
time of the first term on righthand side of Eq. 1) to the product
of Cpe and the potential difference between the two quasi-
equilibrium states. We use this fluctuation-dissipation-based
relationship to explain the association between the charge
density and the magnitude of the mid-reaction potential (V)
for OHCs from rodents. This association reveals that there is
more than one hyperpolarized state of the prestin sensor in the
lateral membrane.

Also relevant biologically is the speed of the conformational
change of prestin, especially given the recent proposition that
OHCs’ electromotility may not be the only process responsible
for amplifying sound in vivo (Cooper et al., 2018; Vavakou et al.,
2019). Conventional models predict that the conformational
change should proceed at reaction rates >70-90 kHz (time
constant <2 s at 37°C) to not limit hearing, while considering
that nonecholocating mammals exhibit a median limit of 52 kHz,
with a maximum limit of 70-90 kHz for mice (Heffner et al.,
2001). However, the only reported high-temporal-resolution
measurement of charge displacement suggests that the rate is 16
kHz (time constant ~10 ps) at 26°C (Gale and Ashmore, 1997),
although these data are sparse and the voltage dependence of the
reaction was not explored. A more recent report also found a
slower rate of 9-10 kHz (Santos-Sacchi and Tan, 2018), but the
bandwidth of the instrument is unclear. These rates (Gale and
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Ashmore, 1997; Santos-Sacchi and Tan, 2018) are three to five
times lower than force production rates (50 kHz) produced by
the cell (Frank et al., 1999). The speed of the conformational
change will depend on the magnitude of the activation (hyper-
polarized state to depolarized state) and deactivation (depolar-
ized state to hyperpolarized state) barriers for the reaction (AG?)
determined at zero membrane potential V = 0. For example, the
well-studied K* channels exhibit relatively slow conformational
changes (time constant ~5-30 ms, up to 32 Hz; Rodriguez et al.,
1998) that are preceded by a faster event that reflects higher
(24 wpT; Chowdhury and Chanda, 2012) and lower (8 wzT;
Delemotte et al., 2015; Sigg et al., 2003) barriers (xz, Boltzmann’s
constant; T, temperature). The fastest indirect experimental
estimate reported for a conformational change of any membrane
protein is 860/ms (time constant of 1.16 s, 137 kHz room tem-
perature, T = 24°C), which is the rate for conditions with no
activation barrier, i.e., no uphill energy to overcome for the
reaction to proceed (Chakrapani and Auerbach, 2005). The
magnitude of the activation and deactivation energy barriers for
the prestin-based voltage-sensing reaction are unknown. We
will estimate the energy barriers for the first time by analyzing
the electrophysiology data obtained from rodents with this
theoretical framework (Kim and Warshel, 2015, 2016).

The paper is arranged as follows. We first summarize the
theoretical model and the experimental methods. This is fol-
lowed by a description of the charge displacement measured
with OHCs isolated from two guinea pig colonies by electro-
physiology techniques. This data and reported data (Cheatham
et al., 2005; Homma et al., 2013; Mahendrasingam et al., 2010;
Yamashita et al., 2012; Zhu et al., 2013, 2015) are then compared
with the model, which provides evidence for two hyperpolarized
states of the prestin sensor. The kinetic scheme and the energy
barrier for each voltage-dependent pathway are then presented
and physiological implications discussed. We end by presenting
limitations of the data and the model.

Theoretical model

A voltage clamp experiment was simulated in silico for a protein
(Ciona intestinalis voltage-sensitive phosphatase), where the 3D
structure of the two states, i.e., activated and deactivated, and
the molecular entity of the charge that moves are known. Sim-
ulation results (e.g., charge movement, mid-reaction potential,
and barrier activation energy) were found to exhibit good
agreement with closed-form analytical expressions (to second
order; Kim and Warshel, 2016). We use their closed-form ex-
pressions to analyze OHC electrophysiology data after we ex-
press them in terms of the parameters obtained in such
experiments.

The charge moved, q (in this case net positive displacement
charge), is related to the product of the voltage-independent or
linear capacitance of the bilayer where the protein sensor re-
sides, Cpeq and the potential difference between two putative
quasi-equilibrium states, AV, :

q= cL,quVminr (Za)

where AV, =V - V, and Vy and Vj, are the equilibrium
(minimum) potentials when the voltage sensors are fully

Farrell et al.

Data and model reveal two pathways for voltage sensing in outer hair cells

JGP

hyperpolarized, denoted by subscript h and fully depolarized
denoted by subscript d (Eq. 33 of Kim and Warshel, 2016). After
we rearrange Eq. 2a and write it in terms of this pseudo-
equilibrium potential difference AV, between the two states,

BV = (2b)

Leq
we note the righthand side of Eq. 2b is the charge density of one
voltage sensor. We rewrite Eq. 2b in terms of experimentally
measured parameters. Specifically, N independent prestin sen-
sors that each exhibit a charge of ¢ and with each residing on a
membrane to exhibit a linear membrane capacitance of Crq,
that is

Ng Qr
AV = =T
min NCLqu

Con’ (2c)
where the superscript exp denotes the potential difference be-
tween the pseudo-states is determined experimentally. Note
that Cr,.q (and Crw) is a linear capacitance, and equivalent to the
quotient of the charge moved and the voltage difference be-
tween the two pseudo-minimum states of the sensor. Eq.
2 connects the quasi-equilibrium voltage for each state relative
to the potential when each state is equally occupied, Vo 5. Then,
for a sensor that transforms from one state to a second state via a
symmetrical barrier (Eq. 58 in Kim and Warshel, 2016), an ex-
pression for the mean V5 can be written in terms of the mean
experimental charge density, QF /¢, (Eq. 2c) and the pseudo-
potentials

Ves=Vy - Layee oy, L 91 (3a)
0.5 d ) min d ) CLW
and
1 1Qn
Vos=Vi, +=AVEE =V, += =L 3b
0.5 h+2 min h+2CLW ( )

Combining Eq. 3a and Eq. 3b,

(Vh + Vd)
2

(3¢)
Eq. 3 predicts that a plot of Vo5 versus AV,> would exhibit a
constant mean Gaussian value for prestin voltage sensors that
possess constant intrinsic properties, (ie., CLeqs G V4, Vi, and
Vo.s; case 1). If the prestin voltage sensors exhibit more than one
hyperpolarized state, (e.g., Vi, changes, but the depolarized state,
V3, is unchanged), then AVfrﬁﬁ would decrease as Vj 5 increases to
exhibit a slope of -1/2 (case 2). Likewise, if the prestin voltage
sensors exhibit more than one depolarized state, (e.g., V4
changes, but the hyperpolarized state, V4, is unchanged), then
AV P should increase as Vs decreases to exhibit a positive slope
of 1/2 (case 3). If the sensors are not identical and both pseu-
dopotentials are not constant, then a plot of Vo5 versus AV,
will not exhibit a predictable relationship (case 4). We show that
a plot of Vo 5 as a function of AV,.? has a negative slope, with an
approximate value of one half for OHCs from rodents. This is
evidence for more than one hyperpolarized state of the sensor.

The slope, § in Eq. 3, represents the progress of the reaction

at V=Vys. For any membrane potential, the slope, § in Eq. 3

Vos =
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describes the change, dAGS, in the barrier energy, AGS, for the
reaction relative to the change dAG® in standard Gibbs free en-
ergy, AG°, for the reaction. An expression (Eq. 57 in Kim and
Warshel, 2016) to calculate the slope, § is

5 =%+C% (V - Vos), ()
where at V=V, then 8§ = 0, V=V, then § = 1, and V = V5 then
8§ = 0.5.Note that 8 is the fraction of the distance the charge
has moved normal to the dielectric membrane and is related
experimentally to the measured voltage sensitivity, o

ap = Eszeo = EIT (nd)e,, (5)
where e, is elementary charge, n is the number of charges that
move, and z is the product of n and 8 (z = n8), where we also note
that 8 is not estimated independently from n in electrophysiol-
ogy experiments.

Eq. 2 was derived by calculating the voltage-dependent free
energy of each state at each voltage in terms of the membrane
capacitance (see Eq. 30 in Kim and Warshel, 2016), which fa-
cilitates the derivation of an expression for the solvent reorga-
nization energy for charge transfer, A. This represents the
energy required to rearrange the environment (e.g., electrolyte),
but without charge transfer actually occurring, and is

q* = 2Cpeeh, (6a)

where the square of the charge increases with the product of the
linear capacitance of the lipid bilayer wherein the protein sensor
resides, and the solvent reorganization energy. In terms of the
measured charge arising from millions of independent prestin
sensors, we rewrite Eq. 6a upon multiplying each side by N? and
rearranging

N2g? = 2N?Cp o,

Ceg 24
(@M = 2NACy, = 2NAC,, = =
CL,eq CL,eq

(6b)

2
CLW ’

where the square of the measured charge increases linearly with
the square of the lateral wall capacitance.

We show here that we can estimate Cpeq, Vos, and g for
prestin sensors residing on the lateral membrane of OHCs from
electrophysiological data and then estimate A with Eq. 6a and the
energy barrier (AG§) with

§ Cie _ 9 ?
AG® = V —
G 2 05 + ZCL’eq ’ (7)

where the negative and positive signs within the parentheses rep-
resent the activation (hyperpolarized to depolarized direction) and
deactivation (depolarized to hyperpolarized) energy, respectively.

Expressions used to determine the experimental parameters
needed to compare with the model

During an OHC electrophysiology experiment performed under
constant experimental conditions (i.e., membrane tension,
temperature, and ionic composition), we measured the four
parameters needed to make use of expressions Egs. 2, 3, 4, 5, 6,
and 7, i.e., Ctw, QF, Vo5, and og. The measured OHC membrane
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capacitance (C) is the sum of the linear (C;) and voltage-
dependent (Cy;) capacitance, where the linear capacitance en-
compasses both the capacitance of the lateral wall membrane
(Crw) where voltage-sensors reside and the capacitance of the
nonlateral wall region (Cnw),

(82)

Cr = Cyzw + Crw.

The nonlateral wall region includes the capacitance of the ster-
eocilia bundle (Csg), the basal pole (Cz), and the cuticular plate
(Ccp; Corbitt et al., 2012; Fig. S1). C; was calculated at voltages
positive to the peak capacitance where the slope, 8C/3V (cal-
culated for three to five consecutive data points) was close to
zero, and Cy;, was determined by subtracting Cr, from the mea-
sured capacitance. We determined Cyrw by calculating the ca-
pacitance of the stereocilia bundle and plotting the maximum
measured charge movement (Q%) for each cell as a function of

[CL-Csg] to find the root exp -% of
Q7 = Blog[Cy - Css] +7, (8b)

where B and y are constants determined experimentally. Then
Cniw is determined with

Cnrw = CL - Csp - (CB + Ccp) = |:CL - Csp - exp (—/Zg)} ’ (SC)

and Cry is then calculated with Eq. 8a (Corbitt et al., 2012).
The electrical parameters associated with the nonlinear
capacitance (denoted by superscript m) were determined di-
rectly from the data. QI was determined by integrating the Cy;,
over the membrane voltage range -0.18 < V < 0.18, i.e., om -
m =

N, N,
iC}\,L(Vi)dVE ZP:Q}VL(Vi), where dV approximately equals
p} i

0.003 V, Ci; and Qi are the voltage-dependent capacitance,
and charge measured at potential V!, and Np is the total number
of points (100-200). The Vo5 and the peak capacitance, Cy,
were determined from a plot of C as a function of membrane
potential, V (Fig. S1). The maximum voltage sensitivity, a(Vys),
was determined from the derivative of the normalized mea-
sured charge <%‘—’¥%.L>, ie., {a(Vo,s) = max [8 (%’?) /SV]}, where the
voltage sensitivity o was then determined wi

SR

Materials and methods

Electrophysiological data were curated as described (Farrell and
Bengtson, 2019) and are available from Collaborative Research in
Computational Neuroscience repository http://crens.org/data-
sets/ear/ear-1.

(8d)

Animals and OHC isolation

Animals from two colonies were used in this study. The animals
from the first colony were multicolored (pigmented) guinea pigs
bred at Baylor College of Medicine and supplemented with an-
imals purchased from Elm Hill Laboratories. The animals from
the second colony were albino guinea pigs purchased from
Charles River. Baylor College of Medicine Animal Care and Use
Committee approved the care and use of animals.
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Guinea pigs were classified based on sex and sexual maturity.
Animals were considered prepubertal (juvenile) if either their
age was less than postnatal day 35 (p35) or weight was <426 g
(males) or <361 g (females). Electrophysiological data were ob-
tained from 9 albino (475-632 g) and 15 pigmented (405-960 g)
adult males; 14 albino (306-400 g) and 5 pigmented (240-390
g) prepubertal males; 9 albino (249-356 g) and 11 (210-340 g)
pigmented prepubertal females, and 1 pigmented adult female
(800 g). For the females, sexual maturity was also monitored by
ensuring the vaginal closure membrane had not yet opened
(Joshi et al., 1973; Stockard and Papanicolaou, 1919). We also used
the periodic opening of the vaginal closure membrane to mon-
itor the estrous stage of the adult females. The adult female was
sacrificed at midphase.

Sequencing data were obtained from adult male pigmented
(three animals; 40-70 d; 500-700 g; five cochleae); prepubertal
female pigmented (five animals; 16-28 d; 250-400 g; eight co-
chleae); and prepubertal female albino (four animals; 23-30 d;
210-260 g, eight cochleae) guinea pigs.

Electrophysiological data were obtained from 89 OHCs,
namely 39 (17 albino and 22 pigmented) from adult males, 21 (15
albino and 6 pigmented) from prepubertal males, 28 (10 albino
and 18 pigmented) from prepubertal females, and 1 pigmented
from an adult female. All electrophysiological data were col-
lected within 47 to 182 min after sacrificing the animals, with a
mean time of recording after sacrifice of 125 + 32 min (pig-
mented) and 112 + 36 min (albino; Table S1). OHCs were isolated
and separated by cochlear turns (Corbitt et al., 2012), except for
one cell whose turn was not identified.

Sequencing the prestin gene from cochleae of C. porcellus
Sequencing was conducted on cochlear tissue extracted from
guinea pigs. Temporal bones were removed and the bullae were
immersed and then dissected in RNAlater (Thermo Fisher Sci-
entific). Each bulla was opened to visualize the cochlea, the otic
capsule was removed, and the modiolus was cut at the base
below the first turn. The extracted cochlea was then stored in
RNAlater at —-20°C. To isolate RNA, frozen cochleae (2-5 co-
chleae) were suspended in liquid nitrogen and homogenized
with a pestle. RNA was extracted with RNeasy Lipid Tissue
Mini Kit (Qiagen) and RNase-Free DNase Set (Qiagen) per in-
structions and assayed by monitoring the UV absorbance rela-
tive to control (no tissue added) with a Cytation 3 imaging reader
(BioTek Instruments).

Single-strand cDNA was synthesized for quantitative RT-PCR
from ~1 pg of RNA with SuperScript III First-Strand Synthe-
sis SuperMix (Invitrogen, Thermo Fisher Scientific) per in-
structions and purified with DNA Clean and Concentrator
(Zymo Research Corp.). Primers were chosen based on prestin
FASTA sequence of isoform X1 of C. porcellus (Table S2), with
100 bp upstream and 50 bp downstream included in the BLAST
(Basic Local Alignment Search Tool) search. One primer set was
chosen to flank exon 4, which is missing in isoform X3 (primer
set 1), and two additional sets were chosen that flank exon 12
(primer sets 3A and 3B), which is missing in isoform X2. Each
PCR reaction contained the same concentration of reactants at a
total volume of 25 or 50 pl. The reactants (for 25 pl) were 40 ng
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of single-strand cDNA, 10x PCR mix (2.5 pl), 10 mM dNTPs (0.75
pl), 10 uM primers (forward and reverse each 0.75 pl), and
Pfx50 DNA polymerase (0.5 ul), made up to final volume with
sterile water. The time and temperature, T, of the reaction steps
were initial denaturation (94°C for 5 min); 35 cycles of dena-
turation (94°C for 15 s/cycle), annealing (T dependent on the
primer set for 30 s, Table S1), extension (68°C for 1 min), final
extension (68°C for 5 min), and conservation (4°C). The mo-
lecular weight of products was determined by electrophoresis on
1.5% agarose gel, where all bands detected were processed and
then sequenced with Applied Biosystems 3130XL Genetic Ana-
lyzer at the DNA sequencing and Gene Vector Core at Baylor
College of Medicine.

Whole-cell patch-clamp voltage clamp assay

Chemicals were purchased from Sigma-Aldrich, except XE991,
which was obtained from Tocris Bioscience. Dissection solution
contained (in mM): 147 NaCl, 5.5 KCl, 10 HEPES, 2 CaCl,, and 2.5
MgCl,. Extracellular solution contained (in mM): 20 CsCl, 105 NaCl,
10 HEPES, 2 CoCl,, 1.5 MgCl,, 2 CaCl,, and 20 (CHs-CH,),NH,CL
The solution in the patch-pipette contained (in mM): 140 CsCl,
2 MgCl,, 10 EGTA, and 10 HEPES. In three experiments, the in-
tracellular chloride concentration was 10 mM, with glutamate as
the dominant anion in solution. Cesium glutamate was prepared by
titrating glutamic acid (Sigma 232068; 1 M) with CsOH (1 M) until
the pH of the solution reached 7.0. The composition of this solution
within the patch pipette was (in mM): 133 CsCsHgNO,, 6 CsCl,
2 MgCl,, 10 EGTA, 10 HEPES, and 1 Cs,CO;. All solutions were
adjusted to pH 7.2 with CsOH or NaOH, and osmolality was ad-
justed to 300 + 2 mOsm kg™ with D-glucose. The extracellular
solution containing XE991 was perfused into the bath to a final
concentration of 30-60 uM at least 5 min before recording. The
pipettes were made of fused quartz, formed by use of a laser-based
puller (Sutter Instruments), coated with Sylgard (Dow Corning),
and exhibited resistances between 2 and 6 MQ.

The size of each cell was measured from a bright-field image
of the OHC obtained before the electrophysiological measure-
ment (Corbitt et al., 2012). All experiments were conducted at
room temperature and at a constant pipette pressure of 0 + 0.1
kPa, which was maintained by use of a high-speed pressure
clamp (HSPC-1; ALA Scientific Instruments). The membrane
capacitance was calculated from the measured electrical ad-
mittance with a two-sine stimulus (Corbitt et al., 2012; Farrell
et al., 2006), where we usually report the membrane capaci-
tance calculated at the lower of the two frequencies. Values of
membrane (R,) and series (R,) resistances were determined
from the electrical admittance at positive voltages (typically
0.09-0.15 V) where there was no measurable voltage-dependent
capacitance. Most recordings (81 of 89 cells) exhibited an R, < 10
MJQ; the rest (8 of 89 cells) exhibited an R, < 12 MQ. The DC
conductance was measured between -0.1 and 0.1 V with a
voltage step-function (Farrell et al., 2006). V, 5 was corrected for
the voltage drop across the pipette by calculating the product of
Vos and R,/(Rs + Ry). The ratio was calculated either with DC
conductance measured at the same voltage as the Vo5 or with
the conductance measured from the admittance at a voltage
when there was no detectable voltage-dependent capacitance.
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Algorithms written in LabVIEW (version 8.5.1; National In-
struments) controlled the stimuli and data acquisition. Data
analysis and statistics were performed with Matlab v8.2-v9.0
(Mathworks) and JMP (v 7.02, SAS Institute).

Molecular modeling and pKa prediction

The I-TASSER protein structure and function prediction server
was used to produce a model of prestin that would permit
size estimation and pKa analysis (Roy et al., 2010; Yang et al.,
2015; Zhang, 2008). This predictive method uses sequence
homology-based templates to construct full-length models from
fragments of these templates. The bacterial fumarate trans-
porter SLC26Dg (Protein Data Bank [PDB] accession no. 5DAO;
Geertsma et al., 2015) was used as a template for the trans-
membrane and STAS domains, because it is homologous with
prestin, SLC26A5. The coordinates for rat STAS domain (PDB
accession no. 3LLO) are known (Pasqualetto et al., 2010) and
were used as constraints in this predictive model. Because
prestin has areas with no acceptable sequence alignment (38% of
sequence length), I-TASSER implements ab initio modeling
(Yang et al., 2015) for these regions. The templates and the
template-free modeled regions were used to construct spatial
restraints and guide model refinements. These simulations
generated five clusters from which one structure from each
cluster was selected based on the highest confidence score
(C-score; Yang et al., 2015). This highest C-score correlates to
RMSD. The model with the highest C-score was selected for size
analysis and pKa prediction. Structural models were made from
the sequence of human, guinea pig, rat, and gerbil prestin, and
the transmembrane domain of guinea pig. A 3D molecular sur-
face was generated around the transmembrane domain of each
model based on the van der Waals size of each atom. To deter-
mine the dimensions of the transmembrane domain, the scale-
bar overlay tool in Chimera was used to measure the distance
between the two farthest points.

Titratable residues of this model were surveyed for pKa shifts
with PROPKA 3.0 running on the PDB2PQR server (Dolinsky
et al., 2004; Olsson et al., 2011). Residues that were not com-
pletely buried (i.e., solvent-accessible with two cutoffs at 90 and
25%) were used to estimate the net charge within the domains of
our predicted model, assuming pH 7.2. The fit of the model into
the membrane was achieved with the Orientation of Proteins in
Membranes (OPM) server (Lomize et al., 2012). The model was
visualized with Chimera (v.1.11; Pettersen et al., 2004).

Online supplemental material

Table S1 provides the mean times of electrophysiology record-
ings of OHCs relative to the lifetime temporal boundary of the
animal. Table S2 lists primers used to sequence the prestin gene
from C. porcellus. Table S3 shows the average charge density by
cochlear region. Table S4 shows the predicted charge of topology
models of prestin. Fig. S1 contains electrophysiology data ob-
tained from one OHC showing the definition of measured pa-
rameters and magnitude of the calculated two pseudo-potentials.
Fig. S2 shows measured voltage sensitivity for OHCs from two
guinea pig colonies. Fig. S3 shows results upon sequencing the
prestin gene and separating the PCR products by electrophoresis.
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Fig. S4 shows mid-reaction potential as a function of charge
density where experimental data are grouped in smaller bins.
Fig. S5 shows the specific capacitance of membrane determined
at negative voltages. Fig. S6 is a model of the transmembrane
region of guinea pig prestin within a bilayer and predicted with
the OPM server. Fig. S7 is a comparison of hearing loss with
experimental charge density in mice from wild type and en-
gineered animals.

Results

Experimental magnitude of C,w, QF, as, and Vg 5 in OHCs of
two guinea pig colonies

The capacitance of the nonlateral wall region was found to be
~4.82 pF and is similar to that previously reported (4.86 pF)
when only cells isolated from adult male guinea pigs were
considered (Corbitt et al., 2012). We found no differences when
cells were isolated from animals of either phenotype or when
cells were isolated from adult or juvenile animals with this da-
taset. The capacitance of the lateral membrane ranged from 5.0
(¢ 2.4) pF for cells that originate from turn 1to 17.9 (+ 2.74) pF for
cells from turn 4. Had the sensors on the lateral membrane been
identical and independent, then Eq. 6b predicts that Q¥ should
increase linearly with Crw. In contrast, Q¥ increases with the
logarithm of lateral wall capacitance (Corbitt et al., 2012), or the
square of the charge increases much more steeply with CZ,, for
sensors found on basal originating cells (Ciw < 10 pF) than for
sensors found on the apical originating cells (Fig. 1). We pro-
posed that the change in the slope, a% implies that the charge
density varies along the length of the cell (Corbitt et al., 2012)
and now suggest that this variation in charge density arises
because A and Cp ., are not constant for the prestin sensors on
each OHC.

We found the maximum voltage sensitivity a (Vo s) for OHCs
originating from pigmented animals (8.62 + 0.95 V-!) to be
significantly greater (P < 0.0001; number of observations, 28)
than a(Vys) observed for cells isolated from albinos (7.65 =+
0.88 V-1 number of observations, 41). In addition, we found that
the maximum voltage sensitivity decreases across the cochlea
from the base (9.32 + 0.69 V1) to apex (8.08 + 0.76 V1) for OHCs
isolated from pigmented animals, with no gradient (basal, 7.76 +
0.98 V-1 apical, 7.59 + 0.83 V1) observable for OHCs isolated
from albinos (Fig. S2). This latter observation of cells from al-
binos is in agreement with earlier reported measurements
(Santos-Sacchi et al., 1998). The positional differences between
basal and apical regions for cells from pigmented animals are
statistically significant. We determined az with corresponding
z=n§ calculated with Eq. 5 for experiments performed at 24°C
(Table 1). When o  is plotted as a function of lateral membrane
capacitance, it decreases monotonically for cells from pigmented
animals, with no relationship observed for the population of
cells isolated from albinos (Fig. S2). The observations were
similar when experiments were conducted with an additional
potassium channel blocker (XE991) in the bath, which is selec-
tive for the KCNQ family (Table 1). Therefore, we grouped the
results (XE991 and no XE991) from cells obtained from pig-
mented animals and calculated the mean ap and z for cells
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Figure 1. Comparison of Eq. 6b (solid black line, adjusted R2 of 0.516) to
data assuming identical and independent voltage sensors in the mem-
brane. Closed and open symbols represent OHCs from normal mammalian
phenotype (pigmented) and albino guinea pigs. Open circles, diamonds, and
squares represent OHCs from adult males, juvenile males, and juvenile fe-
males, respectively. Colored symbols (blue, cyan, green, and red) represent
OHCs that originate from turns 1, 2, 3, and 4, and black symbols represent
OHCs of unknown origin. 86 cells with 144 mM chloride in patch pipette are
shown. The dashed red line (left) was calculated with Eq. 6b for A of 3.95 kgT
and Cy,eq 0.584 aF; the dashed red line (right) was calculated for A of 2.16 kg T
and Cpeq 1.07 aF.

originating from basal and apical regions of 37.1 + 2.5 V-1 (z, 0.95
+ 0.06; number, 16) and 32.9 * 2.7 V! (z, 0.84 + 0.07; number,
27). This observation of different sensitivity was not expected,
nor has it been previously reported. Experiments conducted
with OHCs extracted from mammals at room temperature have
shown that o is constant across the cochlea (Mahendrasingam
et al., 2010; Santos-Sacchi et al., 1998) at 28-32 V! for mice
(Cheatham et al., 2005; Gao et al., 2007; Yamashita et al., 2012);
29-30 V! for guinea pigs (Corbitt et al., 2012; Santos-Sacchi
et al.,, 1998); and 37 V! for gerbils (Wang et al., 2010), with
the most sensitive reported value at 37-39 V-! for OHCs from
young rats (Mahendrasingam et al., 2010). Because splice var-
iants are known to affect the voltage sensitivity of membrane
proteins (Al-Sabi et al., 2013), we then investigated whether
there was evidence for variants of prestin in the cochlea of our
guinea pigs.

We performed PCR on the cDNA synthesized from RNA that
was isolated from the cochlea of adult male and prepubertal
female pigmented guinea pigs and compared it with that ex-
tracted from albinos. Primers were chosen to detect variants X2
and X3 of prestin (Table S2). Although there are no known splice
variants with missing regions in the STAS domain of guinea pig,
isoforms that have complete or partial deletions are reported for
humans (Liu et al., 2003). Primer set 4 was designed to flank the
STAS domain and to detect such putative deletions. The an-
nealing temperature was selected such that it was 2-5°C lower
than the melting temperatures of both primers. To confirm that
no variants were present in these regions, we conducted addi-
tional experiments after lowering the annealing temperature by
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Table 1. Voltage sensitivity depends on the positional origin of OHCs
from one guinea pig colony (normal mammalian phenotype)

Cells and region az (V) z OBS P value
(a) basal 36.4 (15) 0.93 (0.04) 4 0.0227
(a) apical 33.8 (1.8) 0.86 (0.05) 1

(b) basal 37.3(2.7) 0.96 (0.07) 12 <0.0001
(b) apical 323 (3.0) 0.83 (0.08) 16

(c) basal 313 (3.8) 0.80 (0.10) 1 0.5294
() apical 30.5 (3.4) 0.78 (0.09) 30

P values determined with one-way ANOVA. (a) and (b) represent
observations with cells extracted from animals of normal phenotype with and
without XE991 in the bath, and (c) represents observations with cells
extracted from albinos. ANOVA effect tests revealed no significant influence
of adding XE991 to the bath (P value = 0.7551). The SD of the mean is shown
in parenthesis. OBS, number of observations.

a further 1.3-2°C. In all experiments, only isoform X1 was de-
tected upon sequencing (Fig. S3). We conclude that splice var-
iants cannot explain the voltage sensitivity gradient (Fig. S2 and
Table 1).

The normalized charge movement and the capacitance of the
lateral membrane are plotted as a function of membrane po-
tential in Fig. 2 a. Vo 5 is not constant but ranges from -0.083
0.030 V for turn 1 to -0.050 + 0.018 V for turn 4 cells extracted
from albinos, and from -0.102 * 0.019 V (turn 1) to -0.052 =+
0.020 V (turn 4) for cells extracted from a normal pigmented
phenotype. When examining this parameter as a function of
lateral membrane capacitance; Vo5 increases monotonically
with Crw, becoming more positive as Cry increases (Fig. 2 b).
There is no statistical difference between the gradient observed
for each phenotype. However, the linear relationship is better
with cells from pigmented phenotype (adjusted R? of ~0.6)
compared with cells from albinos (adjusted R? of ~0.2). A similar
relationship was observed for OHCs extracted from mice, al-
though reported in terms of the length of OHCs, where they
found OHCs to exhibit a Vo5 gradient of 1.6 pm/mV across the
cochlea (Zhu et al., 2013). The gradient is more than that mea-
sured in cells from guinea pigs, at 0.7 um/mV. This mismatch in
the slopes between the two species disappears when examined
on the frequency scale, rather than by length. Mice exhibit OHC
lengths that range from 13 to 30 um and function within a fre-
quency range of 1 to 90 kHz (Keiler and Richter, 2001; Miiller
etal., 2005), whereas lengths for guinea pig OHCs range from 20
to 94 pm and function within a range of 0.06 to 43 kHz (Pujol
et al., 1992; Wilson and Johnstone, 1975). This observation of a
Vos gradient is different from the study with OHCs from young
albino rats where no gradient was observed across the cochlea;
Vos was similar for OHCs from apical and basal regions at
-0.038 + 0.03 V and -0.042 + 0.03 V (Mahendrasingam et al.,
2010).

OHCs exhibit significant membrane conductance even in the
presence of channel blockers. Two problems can arise when
voltage clamping with the whole-cell patch-clamp technique. A
significant voltage drop across the patch pipette occurs (e.g., 26%
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Figure 2. Vo5 depends on the positional origin of the cell for the guinea pig cochlea. (a) Normalized charge for OHCs extracted from both phenotypes.
(b) Vo5 increases as lateral membrane capacitance increases. Cells with 144 mM chloride in patch pipette are shown (no XE991 added). Symbols are defined in

Fig. 1. The number of cells plotted is 70.

at voltages >0.08 V) for OHCs and is a possible source of error on
the voltage measurements, especially as the conductance varies
with potential. Also, OHCs may not be space clamped along their
length owing to their unique geometry. To check whether the
trends and the scatter (Fig. 2) are related to these two problems,
we conducted further measurements in the presence of XE991 at
concentrations <60 pM, which is 10-fold its half-maximal in-
hibitory concentration (Yeung and Greenwood, 2005). When
XE991 was added to the extracellular solution, it caused at least a
twofold improvement in the voltage clamp, with the fractional
drop consistently <13%. In addition, the conductance measured
at Vo5 in the presence of XE991 was as high as 335 pS, and the
zero-current potential was more depolarized (V > 0.03 V, data
not shown). We also report a surprising 20mV depolarizing shift
of V.5 upon addition of XE991 (Table 2); this channel blocker did
not affect the other electrical parameters. The increase in the
magnitude of Vo5 is not correlated with the voltage drop cal-
culated at either Vo 5 or at positive voltages in the presence or
absence of XE991, suggesting that the voltage drop across the
pipette is a reasonable estimate and does not overtly affect the
results.

Likewise, although there is theoretical (Rabbitt et al.,
2009) and experimental (Nakagawa et al., 2006) evidence
that OHCs may not be space clamped during whole-cell patch-
clamp experiments, as they are long polarized cells and ex-
hibit a nonuniform conductance (Ramamoorthy et al., 2013),
a more recent report suggests that the OHC is isopotential
(Song and Santos-Sacchi, 2015). This leads us to suggest at the
concentrations used, XE991 causes a shift because of an in-
teraction of XE991 with the voltage-sensory machinery to
alter the chemical component of the energy. Independent of
this observation, we provide evidence that Eq. 3a can de-
scribe the trends (Fig. 2) observed with and without XE991 in
the bath.
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Comparison of the experimental results with Eq. 3a

Shown in Fig. 3 is the mean charge density AV,.! plotted as a
function of the mean V5. The data were grouped (bin width 5
pF) based on the linear capacitance of the lateral membrane. We
bundled the results for both mammalian phenotypes to improve
the power, as the relationships were similar for both pheno-
types. We then fitted the data to Eq. 3a, where V; was the only
free parameter, where the fit is shown as a blue dashed line in
Fig. 3. When AV,ffiF,’1 < 0.25 V, the experimental data lies close to
the central tendency of the theoretical line, but when AV} >
0.25V, V5 is larger than expected and exhibits greater variance
(see Fig. S4 for data shown at higher resolution). Similar trends
are found when AVZ? is calculated per cell and aggregated based

on the positional polarity of the cell in the cochlea (Table S3). We

Table 2. Vg5 increases from base to apical region of cochlea and is
sensitive to the addition of XE991

Cells and region Vos (V) 0BS P value
(a) basal -0.062 (0.020) 4 0.0399
(a) apical -0.035 (0.020) 1

(b) basal -0.091 (0.022) 12 0.0003
(b) apical -0.054 (0.023) 16

(c) basal -0.071 (0.024) 1 0.0697
(c) apical -0.057 (0.019) 30

(a) and (b) represent measurements with cells extracted from normal
phenotype with and without XE991 in the bath, and (c) represents
measurements with cells extracted from albinos. The P value of the ANOVA
is shown for each group. ANOVA effect tests on cells from a normal
mammalian phenotype demonstrate the significant influence of adding XE991
to the bath (P value = 0.0035). The SD of the mean is shown in parentheses,
OBS, number of observations.
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Figure 3. Data from wild type rodents is described by Eq. 3a. (a) Vo5
increases as AV, decreases for measurements made without (open blue
circles) and with (open red circles) 60 uM XE991 in the bath. The dashed blue
line is the fit of data (open blue circles) to Eq. 3a with intercept, V4 0.034 V
(adjusted R?, 0.916), and dashed red line is the fit of data (open red circles) to
Eq. 3a with intercept, 0.0499 V (adjusted R? 0.793), where the number of
data points was used as a weight in the fits. Bars represent SEM. Diamonds
(red) represent data from albino rats (Mahendrasingam et al., 2010). Open
squares represent data from mice in which Ciyw was calculated from the
surface area of the lateral membrane 2mr(l - r) from measurements of OHC
length, [, and radius, r, with a specific membrane capacitance of 0.01 pF/um.
Black (Cheatham et al,, 2005; r, 2.7 um; [, 25 um), cyan (Homma et al,, 2013; r,
2.7 um; [, 25 um), magenta (Yamashita et al, 2012; r, 3.2 um; [, 21.2 um), green
(zhu et al,, 2013; 1, 3.5 pm; [, 19.04 um), and red (Zhu et al,, 2015; r, 3.0 um; [,
17.5 um). (b) Vo 5 as a function of AV?, . determined at negative potentials (44
cells; no XE991 in the bath). The dashed blue line is the fit to Eq. 3a with an
intercept at 0.02 V (adjusted R?, 0.91). The dashed black line is the linear fit of
data with a slope of -0.664 and an intercept at 0.046 V (adjusted R, 0.97).
(c) Data from wild type animals are compared with data in which the mice
were engineered to change key proteins. Cyan with black edge represents
hzt/499, and cyan represents 499 KI (Homma et al,, 2013); Cy is the same as
wild type. Magenta with black edge represents neo/neo (r, 3.15 um; , 19.06
um), and magenta represents neo/prestin KO (r, 3.15 um; [, 17.55 um;
Yamashita et al,, 2012). Solid gray represents C1 Kl (Gao et al., 2007); Cyw is
the same as wild type reported in Homma et al. (2013). Solid green with black
edge represents connexin-26 KO/hzt (r, 3.5 um; [, 18.5 um); solid green,
connexin-26 KO (r, 3.5 um; [, 18.09 pm; Zhu et al,, 2013). Solid red represents
connexin-26 KO (C.w is the same as wild type; Zhu et al,, 2015), and solid
black represents hzt/prestin KO (r and [ = 84% of wild type; Cheatham et al,,
2005). The two arrows on the right represent the range of the ex vivo
(Johnson et al,, 2011; purple arrow) and in vivo (Cody and Russell, 1987;
Dallos, 1985; Russell and Késsl, 1992; pink arrow) membrane potential of
OHCs at 37°C. The dashed lines are described in panel a.

determined the pseudo-minimum at the depolarizing voltage, V,
to be 0.033 V and determined an unconstrained linear fit of
-0.401 (fit not shown; adjusted R? = 0.95). Also shown on the
plot are the data determined in the presence of XE991, where V,
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is at 0.05 V with an unconstrained linear fit of -0.37 (fit not
shown; adjusted R®> = 0.87). These data obtained by voltage
clamping OHCs from albino and normal guinea pigs show that
Vo5 is related to AV, as predicted by Eq. 3a.

Data reported from other rodents also align with the rela-
tionship observed for OHCs from guinea pigs. Measurements
made with OHCs from young albino rats (Mahendrasingam
et al, 2010) are shown in Fig. 3 a (open red diamonds). In
this case, parameters were determined upon fitting the data to a
two-state Boltzmann function (Mahendrasingam et al., 2010).
We determined Crw by two methods: (1) from the length (1)
and radius (r) of the cells and by making use of Cpy = 2mr(l -
r) x 0.01, where we found it to be 8.9 and 3.3 pF for apical and
basal originating cells; and (2) by use of equation Eq. 8a, where
we estimated the lateral membrane capacitance to be 9.56 (ap-
ical cells) and 3.55 pF (basal cells). We used the average of these
values to calculate AV,.>. Data from five studies that examined
OHCs isolated from wild type mice (Cheatham et al., 2005;
Homma et al., 2013; Yamashita et al., 2012; Zhu et al., 2013, 2015)
are also plotted in Fig. 3 a. These data are not partitioned based
on positional polarity of the cells (frequency position) within the
cochlea; one average value is determined for each electrical
parameter. Four of the five values lie within the data observed
for the high-frequency guinea pig cells, with one (red square)
exhibiting a value that is more hyperpolarized for the reported
AVZP . This shows that Vs is related to AV,.¢, as predicted by Eq.

3a for OHCs from guinea pigs, rats, and mice.

Comparison of the experimental results from engineered mice
with Eq. 3a
Further evidence to show that V5 is related to AVrﬁ is provided
when key proteins were changed by knockout (KO) or knockin
(KI) experiments. Zhao and colleagues engineered mice to KO
connexin 26 and reported a hyperpolarizing shift for Vq 5. Close
examination of this data shows an average charge increase from
0.72 to 0.8 pC for cells extracted from homozygotes compared
with wild type animals. Although they reported that this in-
crease in charge was not statistically significant, we note this
increase is noticeable in their data (see Fig. 6 A of Zhu et al.
(2013)) and correlates with their reported increase in prestin-
gene expression. We used the mean reported length of the cell
and assumed the radius to be 3.5 pm to determine a mean lateral
wall capacitance of 3.58, 3.4, and 3.49 pF for cells from wild type,
homozygote, and heterozygote. AV,.? was calculated and is
shown in Fig. 3 ¢, where the points lie within the range observed
for the wild type rodents (solid green squares). For a second
study with another mouse, Zhu et al. (2015) observed a depo-
larizing shift when connexin 26 was conditionally knocked out,
albeit they also observed a reduced voltage sensitivity and re-
duced endocochlear potential, where the latter is expected to
limit the hearing thresholds of the animal independent of the
charge displacement reaction. These data are also shown (Fig. 3 ,
solid red square).

Data obtained from cells extracted from a mouse that was
modified to decrease the production of prestin (neo-neo mouse)
exhibits a lower AV;xifl, increased voltage sensitivity, and a small

depolarizing shift (<10 mV) of V, 5 relative to the wild type. The
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data are also shown in Fig. 3 c (magenta), where the measured
values fall beyond that observed for cells from wild type rodents
(Yamashita et al., 2012). In this same study, the results obtained
from cells from the heterozygote (neo/prestin KO) mouse are
plotted and also fall beyond that observed for cells from wild
type rodents (Yamashita et al., 2012). In these cases, the AV} is
57% (neo/prestin KO) and 35% (neo-neo mouse) lower, while the
Vo.s is slightly depolarized or about the same for both cases. This
shows that, for cells extracted from the neo-neo mouse, this
manipulation of lowering the number of sensors has a (rela-
tively) small effect on V, 5, implying that the intrinsic properties
of the sensor are similar to the wild type. In contrast, OHCs from
the KI 499 mouse (cyan) lie well beyond the rest of the data
(Homma et al., 2013); there is a significant positive shift in Vo5
and a 10-fold reduction of AV,Z?;. Like the neo-neo variant, data
obtained from OHCs from the heterozygote 499 mice also exhibit
a50% decrease in AV,.», with a slightly depolarized V5 (Fig. 3 c)
and reduced (10% lower) voltage sensitivity. Data obtained from
the C1 KI mouse (gray) exhibited similar charge density to the
wild type, but with a significantly negative V5 and decreased
voltage sensitivity (Gao et al., 2007). Finally, the data obtained
from cells extracted from the heterozygote prestin KO mouse
(black) are comparable to the wild type, where the authors
suggested that the number density of prestin molecules in-
creased to compensate for the lack of one wild type prestin gene
(Cheatham et al., 2005). This result was also different from the
first prestin KO study, in which electromotility (displacement
charge not measured) was reduced twofold in cells extracted
from the heterozygote mice (Liberman et al., 2002).

Asymmetry of C versus V function

The model specifies that the capacitance where voltage sensors
reside is identical in the two pseudo-minimum states (Kim and
Warshel, 2016). This assumption is not strictly valid for the
voltage sensors found in OHCs (Santos-Sacchi and Navarrete,
2002). For our data, the membrane capacitance observed in the
hyperpolarized region is 2.76 + 1.32 pF (number of observations,
62) more than the capacitance measured at positive voltages
(Fig. S5). We estimated the linear capacitance at the negative
voltage, C7, and calculated the net difference (AC) by comparing
it with that determined at positive potentials. We then deter-
mined the capacitance of the lateral membrane at negative po-
tentials, C}y,, by adding this difference onto the Cry determined
with Eq. 8a. In some observations, C} could not be estimated, as
the capacitance had not reached its plateau (hyperpolarized)
value. When AC > 5 pF, we discounted the measurements and
report a AC of 2.87 (+1.27) and 2.53 (+1.47) pF for cells from apical
and basal regions. This amounts to a 13% (apical) and 21% (basal)
increase in the linear capacitance of the lateral membrane. We
estimate the specific capacitance at this region to be 0.01106 +
0.0016 pF/pm? (Fig. S5), with a change in the specific capaci-
tance of ~0.00156 pF/um?. We partitioned the data making use
of C, (compare Cry) and plotted it as a function of Vg5 in
Fig. 3 b. The data, when constrained to fit Eq. 3a, exhibit an
intercept of 0.02 V (dashed blue line), whereas the data when
unconstrained exhibit a steeper slope with a value of -0.66 and
an intercept of 0.046 V (dashed black line). Therefore, we
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conclude upon fitting the guinea pig data unconstrained to a
linear function (Fig. 3) that the mean value for all unconstrained
slopes is approximately -0.48 (i.e., mean of slopes -0.4, -0.37,
and -0.66) which is approximately -0.5.

More than one configurational state of the prestin sensor
when hyperpolarized

We calculated with Eq. 3 V}, and V; for prestin sensors on the
lateral membrane of rodents and found that V} increases
monotonically by threefold while V4 remains approximately
constant (Fig. 4 a). The hyperpolarized state of the sensor be-
comes less energetically stable (more positive) as V;, increases,
while the depolarized state of the sensor remains at the same
level. Again, this suggests that there is more than one configu-
rational state of the sensors when hyperpolarized. We next
characterized the states with the data obtained with linear ca-
pacitance measured at positive potentials (Fig. 3 a and Fig. S4)
and calculated the mean charge moved, g; the mean area of the
Sensor, Apeq,; the mean capacitance of the membrane where a
sensor resides, Cp;; and the mean Vg 5 of the prestin sensor on
the lateral membrane.

Determine q, Amean, Ci,eq, and Vo5 for one prestin sensor in
lateral membrane
We found that § is relatively constant at approximately -0.5
when the reaction is midway (Fig. 3) and first assumed that the
charge (ne,) is displaced along the entire fraction of the dielec-
tric at the end of the reaction, i.e., § = 1, and calculated the mean
surface area, Ay, that one voltage sensor occupies in the lateral
membrane. We did this to establish that the value is reasonable,
given the size of the topology model of prestin determined with
the I-TASSER server (Roy et al., 2010; Yang et al., 2015; Zhang,
2008; Fig. 4 b). We found for our experimental data that the
limiting membrane area for the wild type voltage sensor was 51
to 121 nm?, which we calculated from the experimental values of
AVZP and a specific capacitance of 0.0095 pF/pm? (Fig. S5).
Similar values were calculated for sensors from wild type
rats and mice (Fig. 4 c). Examination of this data shows
|Vo_5|0<[Amean]_l'5. Our predicted transmembrane domain of
prestin (Fig. 4 b) exhibits a radius of 3.4 and 3.15 nm when
viewed from the cytoplasmic and extracellular sides, respec-
tively. The maximum area of this domain is ~36.3 nm?, slightly
larger than that obtained for the fumarate bacterial transporter,
SLC26Dg (Geertsma et al., 2015), at 34.2 nm? (Fig. 4 c). As ex-
pected, the areas for this template and our predictive model are
less than the area calculated from the electrophysiological data,
because membrane proteins are usually present at concen-
trations of 1-2% in membranes. The model that fits into a
symmetrical membrane of thickness 2.78 nm (Fig. S6) provides a
limit for the membrane-spanning sensor area and a limit for Vo 5
at -0.177 V, albeit in one conformation and for one monomer.
Likewise, Cy¢q is calculated with neo/AV;;xi?1 and found to ex-
hibit two limits. The first is 0.584 (+0.065) aF, which is apparent
at a mean Vg 5 less than -0.06 V and increases monotonically to
1.07 (+0.038) aF as Vo5 increases to -0.03 V (Fig. 4 d). This
change in the capacitance is almost exactly twofold. The ca-
pacitance for our model sensor, where we assume the same
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Figure 4. Evidence for two hyperpolarized states of the prestin sensor. (a) Calculated pseudo-minima determined from data (guinea pig) shown in Fig. 3 a,
where circles represent XE991 added (red) and not added (blue) to the bath. Open and closed symbols represent the pseudo-minima of the hyperpolarized
and depolarized states, respectively. (b) I-TASSER 3D predicted structure of prestin (guinea pig transmembrane domain). Tan and cyan colors depict the
backbone and space-filling model of the transmembrane domain. The structure is viewed from the cytoplasmic side. The diameter of the overlaid circle (68
A) represents the distance between two points furthest apart on the space-filling model. The inset shows the dimension of a dimer in the same orientation.
(c) Mean membrane area of wild type sensor. The filled gray circle with a black border represents the mean membrane area of the predicted model (shown in
b), and the gray circle with cyan border represents the mean area of SLC26Dg homologue (PDB accession no. 5DAQ). The dashed line is the power rela-
tionship |Vos| = [38.5A,,1E,,,,]'1'15 obtained from OHCs from guinea pig (open blue circles). (d) The capacitance of the membrane where one sensor resides,
calculated assuming the reaction ends at § = 1; hence z = n. Dashed lines represent the mean capacitance measured for a putative monomer and dimer.
Arrows indicate capacitance calculated for the homology model of transmembrane prestin (see b). (e) Charge of the sensor for wild type and engineered
animals. The mean value for the wild type sensor (solid line) and minimum and maximum values (dashed lines). (f) The charge density of the sensor from
rodents after correcting for lower number density for cells from heterozygote animals. The dashed line is the fit of data from all rodents with and without
XE991in the bath to Eq. 3a with intercept, V4 0.037 V (adjusted R?, 0.538). Symbols in c-f are described in Fig. 3, a and c, except open magenta circles, which
represent experiments performed with OHCs from the normal mammalian phenotype in the presence of XE991 in the bath with 10 mM chloride and 133 mM
glutamate within the patch pipette.

specific capacitance (0.095 pF/pm?), is 0.34 aF (monomer) and
0.878 aF (dimer; black arrows, Fig. 4 d). The charge is shown as a
function of Vo 5 in Fig. 4 e. The magnitude of the charge is similar
for all sensors at 0.873 + 0.0577 (maximum 0.952; minimum
0.767; C1¢q 0.584 aF) and 0.872 + 0.083 (maximum 0.95; mini-
mum 0.756; Cr, ¢ 1.07 aF) with a range for all wild type at 0.859 +
0.066 (maximum 0.952; minimum 0.746). Corresponding data
for sensors from KI 499 heterozygote mice (solid cyan black
edge), neo-neo mice (solid magenta black edge), and C1 KI (gray
square) are also shown in Fig. 4 d, with the latter positioned
beyond the wild type sensor region. The sensors from cells of
heterozygote neo-neo mice exhibited similar V5 and similar q
values to native cells. Their decreased density arises from a
lower number of sensors within the same (approximate) area of

Farrell et al.

Data and model reveal two pathways for voltage sensing in outer hair cells

the lateral membrane, and we corrected Cp ., by multiplying by
the ratio of charge density determined for heterozygotes relative
to that determined for wild type cells. Consider that such a
correction would be needed with prestin-transfected cells, as the
charge density measured (even with inducible cell lines) is al-
ways much less (e.g., AV;,> 0.0206 V; Bian et al., 2010) than that
observed for native cells, but the electrical characteristics of
prestin (e.g., 0.76 e, and Vo5 -0.077 V; Bian et al., 2010) are
similar to those of native cells. The charge density is lower be-
cause significant regions of the plasma membrane of these cul-
tured cells are devoid of sensors, and the two regions (sensor and
sensorless) are indistinguishable experimentally.

The magnitude of AV, i.e., the equilibrium potential dif-
ference between two putative quasi-equilibrium states for
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prestin sensors from the lateral membrane of all rodents (except
for 499 KI and heterozygote 499, C1 KI and neo/prestin KO) is
shown as a function of Vy 5 in Fig. 4 f, where we fitted all the data
to Eq. 3a independent of chemical bath composition. An alter-
native limit to interpret the data of Fig. 3 is to assume that Cy ¢, is
constant at some maximum measured value (e.g., CLeq =1.098
aF) and then calculate values for n and § at the end of the reaction.
Although we cannot discount this alternative limit, we suggest
that the first approach is more appropriate, i.e., the reaction
completes at 8 = 1 and the relationship (Figs. 3 and 4) is primarily
the result of a change in Cy ., because it is illogical for & to be 0.535
at the end of the reaction and ~0.5 midway in the reaction (Fig. 3).
(Note: Cpeq =1.098 aF, the alternative approach when n is cal-
culated with AV;? Cy /e, and § is calculated with Eq. 5 [n/z], finds
1.7 charges [maximum 1.92, minimum 1.44] moving a fraction of
the distance, § = 0.535 [maximum 0.63, minimum 0.432]).

Discussion

Kinetic scheme

We present a kinetic scheme in Fig. 5 with two pathways for
charge movement. Consider the reactant which we posit is a
dimer and in a fully hyperpolarized state (R;). Upon applying a
positive potential, each monomer of the dimer transfers charge
(n=0.86e,) simultaneously to produce the depolarized product
(P,). This interacts in a voltage-independent step (equilibrium
constant, K;) to form the depolarized dimer that we posit rep-
resents the contracted state of the molecule (P - P). We suggest
that the latter is the detected stable depolarized state (Fig. 4 a).
This mechanism is similar to that proposed for ion channels,
where monomers behave independently and synchronously
(Zagotta et al., 1994). The second pathway is where each monomer
of the hyperpolarized dimer displaces -0.86e, and +0.86e,
charges in a voltage-independent step. This intermediate tran-
sition (T - T) then undergoes a voltage-dependent transition in
which +0.86e, of charge is displaced across the membrane to
produce the P - P state. The monomers of a dimer act in a syn-
chronous fashion. The net charge moved by the dimer during the
reaction is -0.86e, + 0.86e, + 0.86¢,. This scheme provides two
configurational states, Ry and (T - T), of the sensor when hy-
perpolarized as suggested by data in Figs. 3 and 4. These data and
analysis support the hypothesis that the sensor is a dimer (Bian
et al., 2010; Detro-Dassen et al., 2008; Zheng et al., 2006).

The parameters determined for the pathways are found in
Table 3. The V, 5 associated with pathway 1 (K; and K;) is -0.076
+ 0.014 (minimum -0.1; maximum -0.056) V. We calculate the
activation energy barrier AG? at 2.68 kzT/monomer (T = 24°C,
1.58 kcal/mol of monomers) and 5.36 kzT/dimer (3.16 kcal/mol
of dimers) with expression Eq. 7 and reorganization energy for
charge transfer (K;) for the wild type sensor at ~3.95 T/
monomer (2.33 kcal/mol of monomers) and 7.91 kg T/dimer (4.67
kcal/mol of dimers) with Eq. 6a. Note that the AG® (V =0) at
~5.4 «gT is the magnitude expected for a fast reaction
(Delemotte et al., 2015; Sigg et al., 2003). Likewise, the Vo5 as-
sociated with K3 and K, is -0.031 V (+ 0.007; minimum -0.043;
maximum -0.013), where we calculate AG® of 1.2 kg T/dimer (0.7
kcal/mol of dimers) and reorganization energy at 2.16 k3 T/dimer
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Figure 5. Reaction scheme with two charge-displacement pathways.
The first pathway is a voltage-dependent reaction with a rate constant, ky,
and (R,) is converted to (P,), where each monomer acts independently and
synchronously. This is followed by a reaction where monomers interact (rate
constant, k;) to produce the depolarized state P - P. The second pathway
forms state T - T by an electroneutral reaction (rate constant, k_s), which is
followed by a voltage-dependent reaction (rate constant, k_4), where n
charges are displaced by the dimer. The reverse rates are indicated for each
step. The inset shows the reaction for step k; and the definition of the
equilibrium constants. Solid arrows and dashed arrows represent voltage-
dependent and -independent reactions.

(1.27 kcal/mol of dimers). This second pathway (K and K,) de-
creases the activation energy required for the voltage-dependent
step significantly by making use of an electroneutral mechanism.
It resembles most closely an anion-antiporter exchange mecha-
nism proposed by Muallem and Ashmore (2006). They suggested
that anions together with net positively charged residues move
across the dielectric upon depolarization. The anion that is
transferred then exchanges with 2 x monovalent anion at the
extracellular side to produce a neutralized motif that is then

Table 3. Parameters determined for pathways at T= 24°C (wild type)

Parameter Cieq (aF) Vos(V) z AGE (kgT) A(xsT)
Ky (V) 0.584 -0.076 0.859 2 x 268 2 x
(0.065) (0.014) (0.066) (forward) 3.97
2 x 0.125
(reverse)
Ks (V) 1.07 -0.031 0.859 119 (forward) 2.16
(0.038)  (0.007) (0.066)

0.145 (reverse)
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shuttled back to the intracellular side in a voltage-independent
manner. Their scheme explained the concomitant decrease of
QM with an increase of Vy5 as intracellular [Cl7] decreased
(Oliver et al., 2001). In contrast, our hypothesis was deduced
from experiments performed with ~140-145 mM of intracel-
lular chloride. When we performed experiments in 10 mM
intracellular chloride with coion glutamate, results were
similar to those observed at high concentrations of intracel-
lular chloride (magenta circles in Fig. 4, d-f). However, it is
probable that the putative negative charge originates from an
anion, as there is evidence that prestin exhibits a nonselective
anionic conductance (Bai et al., 2017), and transport of anions
albeit weakly appears to be integral to the function of the
protein (Mistrik et al., 2012; Schinzler and Fahlke, 2012). Our
scheme also resembles some details of other models (Homma
and Dallos, 2011; Song and Santos-Sacchi, 2013), one of which
(Homma and Dallos, 2011) suggests there is one pathway with
two voltage-dependent steps, while the other (Song and
Santos-Sacchi, 2013) suggests there is one pathway with a
voltage-dependent transition (e.g., K,) that is followed by a
voltage-independent transition (e.g., K3) upon rapid anion
binding to the sensor at the cytoplasmic side. Our data and
analysis and the other models (Homma and Dallos, 2011;
Muallem and Ashmore, 2006; Song and Santos-Sacchi, 2013)
all suggest there are more than two stable states of the sensor.

This analysis also finds that the net displacement charge is
positive, as suggested (Homma and Dallos, 2011; Muallem and
Ashmore, 2006; Song and Santos-Sacchi, 2013). Of interest, we
found the transmembrane domain of the topology model
(Fig. 4 b) to conform to the positive inside rule observed for
membrane proteins (von Heijne and Gavel, 1988). This would
produce a potential difference across the membrane in the op-
posite sense of the plasma membrane (see below). In contrast,
the ligand-free STAS domain (Pasqualetto et al.,, 2010) is pre-
dicted to be an extremely negatively charged domain at -16.3
(percent buried, <90) or -14 (percent buried, <25) charges,
presumably ensuring the STAS is found within the cytoplasm
and surrounded by positive counter ions (Table S4). Finally,
the chemical component of the free energy change or the dif-
ference between two conformational states at V = 0 is given by
AGperm = -RTInq [Ky(V = O)]ZKZ , and we calculate AGy,, at
6.7 1T (3.96 keal/mol; A, = —RTln[(Kl)sz], which equals
-(0.860 x e, x 2 x - 0.1)), where we assume V 5 is constant and
independent for AV,.? > 0.3 V (Fig. 3 a and Fig. S4), and we take
the minimum Vj 5 as the limit.

This analysis indicates that we detect two states. We calculate
with Eq. 6b the predicted charge if only one of the states exists
within the lateral membrane and compare these calculations
with the experimental data to show that these two states cover
the data range (Fig. 1, dashed red lines). We note that meas-
urements that lie between the two limits represent cells with
different mixtures of the two states of the sensors. Thus, we now
suggest that charge density varies not necessarily by a different
number density (Corbitt et al., 2012), but by different mixtures
of the two putative states. Such mixtures will cause local var-
iations in Vo5 within the lateral membrane as reported (Santos-
Sacchi, 2002), and likewise local variations in charge density
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(Corbitt et al., 2012), which is supported by nonuniform distri-
bution of the OHC transmembrane potential (Ramamoorthy
et al., 2013).

Physiological implications

These data (Figs. 3 and 4 and Table 3), when considered within a
theoretical framework, suggest there is more than one pathway
for charge displacement in the lateral membrane of OHCs. This
multiplicity of pathways, if confirmed, implies there is diversity
for both the reaction rate and the gain needed for sound am-
plification in vivo. This multiplicity would seem to be a rea-
sonable biological strategy for a reaction that is critical for
hearing. For example, we predict that the voltage-dependent
rate at V=0 for pathway 2 (k_3) is 64 x faster than pathway
1 (ky), i.e., e12/e7>3¢, with the reverse rate for pathway 2 (k3)
marginally faster (10%) than the reverse rate for pathway 1 (k-,),
ie., e 0145/e7025 Tikewise, for the engineered sensors, we cal-
culate AG? (at V =0) for the sensors of the connexin 26 KO
mouse with the mean forward (k;) rates 60% slower than wild-
type sensors e™>% /"% with the mean reverse rate (k_;) 10%
faster than the wild type sensors (Cpeq 0.52 aF, Vo5 -0.090 V,
and z 0.81). Zhao and colleagues suggest that the hyperpolarizing
shift observed (Figs. 3 c and 4, c-f, green squares; Zhu et al.,
2013) is responsible for hearing loss in the connexin 26 KO
mouse. However, we suggest the hearing loss is not primarily
caused by electromotility, or more precisely charge movement,
because the degree of hearing loss was significant and does
not correlate with charge density or Vo5 (Fig. S7). Likewise,
the sensors from the C1 KI mouse exhibited forward rate (k;)
at V=0 that is 18% slower than the wild type (e77!/e >3¢),
with the reverse rate for the Cl sensor almost barrierless
(i.e., parentheses of Eq. 7 is very small CL,eq, 0.41 aF, Vo5 -0.133
V, and z 0.68). These animals exhibit hearing thresholds similar
to the wild type animals except at low frequencies <5 kHz (Gao
et al., 2007), where a hearing loss of <12 dB (Fig. S7) was re-
ported. The 499 animal suffers a significant hearing loss (Dallos
et al., 2008), which is readily apparent by the 10-fold reduction
in the charge density and the significant positive Vo 5, even with
iodide as the anion (Fig. 3 c; Homma et al., 2013). If we assume
that the number density of sensors and the linear capacitance of
lateral membrane is comparable to the wild type, then we cal-
culate a Cp ¢, that is four to five times more than the wild type
and calculate activation and deactivation barriers for forward
(k-3 ) and reverse (k; ) rates of 7.7 and 11 kT, respectively (Cyeq
2.7 aF, V5 0.168 V, and z 0.51). This predicted increase in the
deactivation energy AG? for the 499 sensors provides an ener-
getic explanation for why this mutation impairs kinetics at
frequencies >200 Hz (Homma et al., 2013). It also predicts that
the depolarized state is more stable than the hyperpolarized
state, which is the opposite of the wild type sensor.

Caveats associated with the model and data

Many of the assumptions implicit in the model are discussed in
Kim and Warshel (2016), except the assumption that the mem-
brane is symmetrical. This is relevant, as cell membranes are
asymmetrical both chemically and when considering surface
charge (Farrell et al., 2006). Considering the influence of the

Journal of General Physiology
https://doi.org/10.1085/jgp.201912447

920z Aeniged 60 uo 1senb Aq ypd 2 vvZ1L6102 dBl/9Z1 L08L/LYYZL610Z8/L/2S | /4Pd-8lone/dBl/Bio sseidny//:dpy woy papeojumoq

13 of 16


https://doi.org/10.1085/jgp.201912447

surface charge, usually the inner leaflet exhibits a more negative
surface charge than the outer leaflet, where this difference be-
tween the surface potentials can be written as

MY, = Vi(-d) - V - V,(0), (9a)

where V;(~d) is the potential at the surface of the internal leaflet,
V.(0) is the potential at the external leaflet, V is the trans-
membrane potential, and ¢, = Vi(-d) - V,(0), and equivalent to
the voltage drop across the membrane (Farrell et al., 2006). At
V = Vy 5, the voltage drop across the membrane is then

M, =, - Voss, (9b)
and for a change in Ay, then
AN, = A, - AV 5. (9¢)

When Ay, becomes more negative, Vo5 will shift in a positive
direction, and when A, becomes more positive, Vo 5 will shift in
a negative direction. Such shifts, as a result of changes in 1, are
described for membrane proteins (Gonzalez-Pérez et al., 2010)
including prestin (Kuwabara et al., 2018). Thus, any manipulation
that changes 1, (without also affecting n8) will shift V; 5 according
to Eq. 9. For example, one natural variation in At; is the degree of
phosphorylation at residue S238 (Dedk et al., 2005; Frolenkov et al.,
2001). The effect of Ay, in this case, would be to shift both pseudo-
equilibrium potentials (V3 and V3,) to higher voltages. This illus-
trates that a change in the potential drop across the membrane as a
result of depletion or excess charge at the surface (provided it is
within a Debye length) can affect V5 and contribute to the ex-
perimental variance. Indeed, the main findings required averaging
the results from many cells to account for this variance and that
associated with Q¥ and Cpy (Figs. 2, 3, and 4). Clearly, it would be
useful to normalize Vs measured in cells based on Ay, of the
membrane. It would also be useful to develop models for the case
when sensors are placed within asymmetrical membranes.

As stated, the expressions derived to calculate the magnitude
of the energy barriers (Table 3) may not include the energy
needed to move the charge (Kim and Warshel, 2016). Also, re-
action rates depend on the diffusive-motion of the sensor in the
membrane, the electrical term (Kramers, 1940; Sigg et al., 2003),
and for prestin, membrane tension (Adachi and Iwasa, 1999;
Kakehata and Santos-Sacchi, 1995). As mentioned, reported
high-resolution measurements of the rate are sparse and only
documented the limiting reaction rate (Gale and Ashmore, 1997).
More data are needed to better discern the rate laws. This could be
accomplished by measuring rates of charge movement, rates of
membrane displacement, or rates of force production at high
temporal resolution concomitantly with membrane potential, and
in conjunction with performing experiments in silico (Kasimova
et al., 2018; Kim and Warshel, 2015, 2016; Machtens et al., 2017;
Roux, 2008) with model sensors in asymmetric membranes.

Our experiments were performed under nonphysiological
conditions (e.g., solutions with ion channel blockers and non-
physiological buffers), so it is not expected that V 5 determined
ex vivo should coincide with in vivo measurements of the silent
or resting membrane potential (Cody and Russell, 1987; Dallos,
1985; Russell and Kossl, 1992). We do, however, find that the
membrane potential measured in cells in the basal region at
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-72 mV (range -70 to -105 mV; Cody and Russell, 1987) and
-64 mV (range -58 to -70 mV; Russell and Kdssl, 1992) are
comparable with our ex vivo measurements of Vo5 at -72 mV
(range -47 to -105 mV) after correcting to physiological tem-
perature (Meltzer and Santos-Sacchi, 2001; Fig. 4 d, bottom ar-
row). In contrast, the resting membrane potential was -71 mV
(range -75 to -56 mV) for turn 3 cells (Dallos, 1985), while
the central tendency of Vy 5 is 30 mV more depolarized at -40
( 0.022) mV after correcting for temperature (Meltzer and Santos-
Sacchi, 2001). These data are closer to the ex vivo resting membrane
potential measurements reported by Johnson et al. (2011).

Finally, it is well known that OHCs cannot survive for long
times after extraction from the cochlea. However, we did not
find a correlation with the magnitude of the electrical parame-
ters and time of the recording relative to the lifetime boundary
of the animal (Table S1). Indeed, our data and this analysis are
consistent with other rodent data, including recordings from
OHCs of mice that were made after a shorter time (~20-30 min)
relative to the lifetime boundary of the animal (e.g., the data
represented with cyan [Homma et al., 2013] in Fig. 3). We note
that this rundown impacts all ex vivo preparations (Cheatham
et al., 2005; Homma et al., 2013; Mahendrasingam et al., 2010;
Yamashita et al., 2012; Zhu et al., 2013, 2015), and even if our
main finding, i.e., Figs. 3, 4, and 5, results in part because of loss
of physiology gradients, our analysis shows that prestin can
form two stable hyperpolarized states. Further work is required
to establish whether they are relevant physiologically.
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Figure S1. Example of the electrophysiological data obtained when performing a whole-cell voltage clamp assay on OHC. (a) Image of OHC showing
region where voltage sensors reside (red) on the lateral membrane; scale bar =10 pm. (b) Voltage sensitivity with the maximum value indicated. (c) Membrane
capacitance determined from admittance measurements. Linear capacitance at positive, C;, and negative, C], potentials and Vo 5 are shown. Red and blue lines
indicate calculated pseudo-minima determined with Eq. 3 from measured parameters. (d) Maximum charge measured, QF. Cell (original number 99) was
obtained from a juvenile normal (pigmented) female guinea pig, and the experiment was conducted in the presence of 60 uM XEE9L. Voltages were corrected
for the voltage drop across the pipette where the measured parameters are C;, 24.45 pF; C], 25.94 pF; Cw, 18.56 pF; Vo5, -0.022 V; QF, 3.02 pG; and ag,
34.98 V-1,
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Figure S2. Voltage sensitivity depends on the positional polarity of the OHC within the cochlea for one guinea pig colony. Voltage sensitivity for OHCs
extracted from albino guinea pigs (a) and for OHCs isolated from normal (pigmented) guinea pigs (b). Vo5 was placed at the same voltage for visualization of the
data. The right panel shows voltage sensitivity as defined in Eq. 5 and calculated from the data and Eq. 8d as a function of lateral membrane capacitance. The
symbols are defined in Fig. 1.
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Figure S3.  Only isoform X1 of guinea pig prestin was found after sequencing. (a-n) PCR products separated by electrophoresis. The panels represent
samples extracted from the cochlea of prepubertal female (PF) albino (a-e), prepubertal female pigmented (f-j), and pigmented adult male (AM; k-n) guinea
pigs. In each subpanel, lane 1: ladder (*, 500 bp; **, 1,000 bp), lane 2: negative control (no template DNA), and lane 3: PCR products. Green arrows mark bands
confirmed to be PCR products of prestin isoform X1. Purple and blue arrowheads mark the expected but absent bp position for isoforms X3 (primer set 1) and X2
(primer sets 3A and 3B). Bands marked by black arrows correspond to products of unrelated proteins that were confirmed by sequencing. (o) Schematic
representation of targets for primer sets used. Green blocks represent exons of isoform XI. Purple and blue blocks are absent in isoforms X3 and X2,
respectively.
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Figure S4. Vg5 as a function of AV
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for OHC data from guinea pigs where data were grouped in smaller increments. The symbols represent data with

(red circles) and without (blue) XE991 in the bath. Data were averaged based on the value of AVSy with a bin width of 0.01V. The bars are SEM. The dashed

blue line was fit to Eq. 3a, where AVSP < 0.4 V was included in the fit. Vyis 0.

min

adjusted R? = 0.737.

min

030 V; adjusted R? = 0.389. The dashed red line was fit to Eq. 3a with V4 of 0.054 V;
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Figure S5. Voltage-independent membrane capacitance determined at negative voltages (open circles; 59 cells) as a function of the surface area of

the cell. The solid line is fitted to data where capacitance was determined at positive voltages with slope 0.0095 pF/um? and intercept 2.14 pF; adjusted R? =
0.79 (83 cells). The dashed line is fit-constrained to the same intercept with slope 0.011062 pF/um? adjusted R2 = 0.807.
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Figure S6. Model of the transmembrane region of guinea pig prestin shown within a bilayer predicted with the OPM server. The acidic (red) and basic
(blue) titratable residues, as well as the extracellular (cyan) and cytoplasmic (orange) interfaces, are shown.
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Figure S7. Hearing loss measured in vivo is correlated to charge density determined from ex vivo preparations of OHCs. (a) Net hearing loss in mice
relative to wild type controls measured with either compound action potential or auditory brainstem response. Solid brown (Dallos et al., 2008) and open
brown, prestin KO (Yamashita et al, 2012); cyan, 499 Ki (Dallos et al., 2008); solid gray, C1 Kl (Gao et al., 2007); magenta with black edges, neo/neo mouse
(Yamashita et al., 2012); magenta, neo/prestin KO (Yamashita et al,, 2012); green with black edges, connexin 26 hzt (Zhu et al,, 2013); and solid green, connexin
26 KO (Zhu et al,, 2013). (b) The loss at 32 kHz relative to measured experimental charge density. The dashed line represents the best linear fit with a slope of
-0.0051 V/dB and intercept 0.2343 V. The open squares are wild type control. See Fig. 3 a for label identification.

Table S1 shows the mean time of recording of OHCs relative to the lifetime temporal boundary of the animal. Table S2 lists primers
used to sequence the prestin gene of C. porcellus. Table S3 lists the average charge density measurements by region with cells
extracted from pigmented phenotype with and without XE991 in bath and measurements with cells extracted from albinos. Table
S4 shows the predicted charge of prestin 3D coordinate models created with I-TASSER.
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