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Membrane protein prestin is a critical component of the motor complex that generates forces and
dimensional changes in cells in response to changes in the cell membrane potential. In its native
cochlear outer hair cell, prestin is crucial to the amplification and frequency selectivity of the
mammalian ear up to frequencies of tens of kHz. Other cells transfected with prestin acquire voltage-
dependent properties similar to those of the native cell. The protein performance is critically dependent
on chloride ions, and intrinsic protein charges also play a role. We propose an electro-diffusion model to
reveal the frequency and voltage dependence of electric charge transfer by prestin. The movement of the
combined charge (i.e., anion and protein charges) across the membrane is described with a
Fokker-Planck equation coupled to a kinetic equation that describes the binding of chloride ions to
prestin. We found a voltage- and frequency-dependent phase shift between the transferred charge and
the applied electric field that determines capacitive and resistive components of the transferred charge.
The phase shift monotonically decreases from zero to —90° as a function of frequency. The capacitive
component as a function of voltage is bell-shaped, and decreases with frequency. The resistive
component is bell-shaped for both voltage and frequency. The capacitive and resistive components are
similar to experimental measurements of charge transfer at high frequencies. The revealed nature of the
transferred charge can help reconcile the high-frequency electrical and mechanical observations
associated with prestin, and it is important for further analysis of the structure and function of this
protein.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

suggests there are up to 12 transmembrane domains in prestin
(Zheng et al., 2001). Evolutionary trace analysis of the protein

Outer hair cells found in the cochlea of the mammalian ear
have a unique form of motility, called electromotility, resulting
from changes in the transmembrane electric field (Brownell et al.,
1985; Ashmore, 1987; Santos-Sacchi and Dilger, 1988). The major
features of electromotility are the cell dimensional changes, active
force production, and transfer of charge across the membrane
observed within a broad range of acoustic frequencies (Brownell
et al., 2001; Spector et al., 2006, for review). Prestin, a membrane
protein expressed in the plasma membrane of outer hair cells, is
required for the outer hair cell to exhibit electromotility (Liber-
man et al., 2002; Dallos et al., 2008). This membrane protein is a
member of a solute carrier/anion transporter family (Zheng et al.,
2000; Schlaechenger and Oliver, 2007). Hydrophobic analysis
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reveals an important role of residues near the conserved sulfate
transporter domain (Rajagopalan et al., 2006). The secondary and
tertiary structures of this protein are unknown (Dallos and Fakler,
2002; Deak et al., 2005; Navaratnam et al., 2005; He et al., 2006,
for review).

Non-motile cells transfected with prestin acquire electro-
motile features, including dimensional changes, force production,
and charge transfer that is readily measured by electrophysiolo-
gical techniques (Zheng et al., 2000; Rajagopalan et al., 2006).
Experimental measurements show that the total charge moved in
response to change in transmembrane electric field exhibits a
sigmoidal charge-voltage function for both outer hair cells and
prestin-transfected cells where the derivative of the charge with
respect to the voltage exhibits a characteristic bell-shaped
capacitance-voltage function. Prestin-associated charge move-
ment requires intracellular chloride ions (Oliver et al, 2001).
Intrinsic protein charges also play a role. When charged residues
are replaced by non-charged residues the magnitude of charge
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transferred does not change, but there is a translation of its
voltage dependence along the voltage axis (Oliver et al., 2001).
The exact composition of the transferred charge and mechanism
by which it is transferred by prestin are not experimentally
established; several models are proposed (Oliver et al., 2001;
Rybalchenko and Santos-Sacchi, 2003; Muallem and Ashmore,
2006) to explain the dependence of charge movement on ion
concentration and other parameters.

A displacement current (charge transfer across the membrane
as opposed to through the membrane) is measured for a variety of
biomembrane-based processes. In addition to prestin-associated
charge movement, it is also observed when hydrophobic anions
are dissolved in membranes (e.g., Benz and Nonner, 1981; Lu et al.,
1995); when voltage-gated ion channels are stimulated (e.g.,
Fernandez et al., 1983); and for ion movement by transporters (Lu
et al.,, 1995). In all cases a sigmoidal displacement charge-voltage
function and a corresponding bell-shaped capacitance-voltage
function is observed. The displacement charge is often described
with a two-state Boltzmann function (e.g., Huang and Santos-
Sacchi, 1994; Gale and Ashmore, 1997b). Although this discrete
model describes the experimental data obtained from outer hair
cells and prestin-expressing cells it does not provide a unique
solution; it is not possible to determine the number of charged
states within the membrane by fitting the experimental data to a
two or multiple-state Boltzmann function (Scherer and Gummer,
2004).

We introduce an alternative approach and propose an electro-
diffusion model of prestin-associated charge transfer. The model
includes binding chloride ions to the protein with the subsequent
diffusion of charge across the membrane. We interpret this
charge as a combination of bound chloride ions together with
internal protein charges. The dynamics of charge translocation
in an electric field is described by the high friction limit of
the Fokker-Planck (or Smoluchowski) equation. While the
Fokker-Planck approach has been used for a variety of biophysical
problems this is the first time it has been incorporated into a
model of prestin-associated charge transfer. At steady state under
a DC electric field the problem has an analytical solution of
sigmoidal shape. Under an AC field the solution reveals a
voltage- and frequency-dependent phase shift (delay) between
the applied electric field and the transferred charge which results
in capacitive and resistive components of the charge. The total
amount of charge and its capacitive component both monotoni-
cally decrease with frequency, while the resistive component has
a maximum as a function of frequency. These results are
consistent with experimental observations (Lu et al., 1995; Farrell
et al., 2006). By comparing measurements of charge transfer
obtained at frequencies up to several tens of kilohertz (Gale and
Ashmore, 1997a,b) with our model we estimate the diffusion
coefficient for charge transfer in prestin. This insight into the
frequency-dependence of the charge movement is important
(Gale and Ashmore, 1997a,b; Frank et al., 1999; Ludwig et al.,
2001; Liao et al., 2007) because outer hair cells and presumably
prestin provide the active component of hearing at acoustic
frequencies.

The proposed modeling framework is also a general approach
for understanding voltage- and frequency-dependent properties
of ion motive membrane proteins. By considering an energy
landscape picture within the Fokker-Planck equation, a micro-
scopic picture of the charge transfer process is analyzed. This
approach is also well suited for understanding additional
influences such as lipid composition and membrane tension on
the charge transfer process. Phenomenological kinetic constants
can also describe the charge transfer process. However, the
relationship between the kinetic constants and external influ-
ences are not clear. Using the Fokker-Planck equation framework,

we not only obtain an estimate of the physical diffusion constant
of prestin movement, we also derive the phase shift between the
applied field and transferred charge along with the capacitive and
resistive components of the charge and present these three
characteristics as function of voltage and frequency. The latter
result is also a generic property of voltage-dependent ion
transporters (Lu et al., 1995).

2. A model of electric charge transfer by prestin
2.1. Conceptual description

A conceptual sketch of the prestin system is shown in Fig. 1.
The interaction of the protein with the intracellular chloride is
described in terms of the probabilities of binding and detachment
P and 1-P, respectively, and the corresponding rate constants, k;
and k_;. The total charge movement per molecule probably
involves anions and protein charges, and we assume that a
collective movement of the protein and chloride results in a net
translocation of a charge (Fig. 1a). The charge movement across
the membrane (z-direction) is described by a function p(zt)
defined as the probability density of observing the average
position of the charge system at point z and time t (Fig. 1b).
While prestin-associated charge may follow a 3-D trajectory, we
consider movement in the z-direction reported in experiments. To
define the “transferred” charge, we separate total width of the
protein, L, into two parts with lengths (1—I*)L and [*L, respectively,
where [* is a non-dimensional number such that 0 < [* < 1. The
charge is considered “transferred” if it reaches the part I*L part of
the protein (Fig. 1b). In this model, we assume that the charge is
not transported out of the membrane (currently, there is no
experimental evidence that prestin is a full transporter), however
this condition can be relaxed if new experimental information
on charge transport through the membrane becomes available
(see also Results and Discussion).

a

Protein Charges

irL p
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1-P

Average Position
b of Charge Distribution, z

Fig. 1. Conceptual description of our model of electric charge transfer by prestin:
(a) chloride ions (minus sphere) are in the cytoplasm and can bind to the protein
with association and disassociation rates k; and k_;. The probabilities of the ion
being inside and outside of the protein are P and 1—P, respectively. We consider the
combined charge of the ion and internal charges of the protein (dark circles). The
translocation of the combined charge is characterized by changes in the average
position of charge distribution (asterisk) along the z-direction. In our model, this
position is described by the probability density, p(zt). Two regions of the
membrane, defined by I* and (1-[*) relative lengths are shown, indicating the
upper and lower parts of the membrane; (b) the combined charge has moved to
the upper part of the membrane. The movement was driven by the transmem-
brane electric field and results in conformational changes in the protein.
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When an AC electric field is applied across the membrane there
is a phase shift between the transferred charge and the applied
field. We introduce a capacitive (in phase with the applied field)
and resistive (90°-phase delay) component of the transferred
charge. The time derivative of the capacitive component repre-
sents the displacement current, which is associated with the non-
linear capacitance reported in experiments (e.g., Huang and
Santos-Sacchi, 1994; Gale and Ashmore, 1997b). The time
derivative of the resistive component is in phase with the field,
like an ohmic current also measured in experiments (Lu et al.,
1995; Farrell et al., 2006).

To analyze the dynamics of charge movement and chloride
binding, we introduce a set of coupled equations. A Fokker-Planck
equation is used to compute the time-dependent behavior of
p(zt), a kinetic equation is used to model ion binding which
supplies a boundary condition for the Fokker-Planck equation.
The proposed approach is physical and contains the effect of the
applied field explicitly. A limitation occurs when the frequency of
the applied field becomes very large (>MHz). In this limit, the
relaxation time scale of the surrounding polarizable medium
comes into play and the Markovian approximation breaks down.
We start by assuming that prestin works up to the kHz regime
where the Markovian-type models are valid.

2.2. Mathematical formulation
The binding kinetics is described by the equation

dp

=k =P —k.P (1
where k; is proportional to the concentration of intracellular
chloride. The movement of the charge in the z-direction is
described by the Fokker-Planck equation

op g o8 (DoV op
§=‘&=§<ﬁ& +D&> 2)
where | is the probability flux, V is the free energy of the prestin
system as a function of the vertical distance, z, that determines
the drift term in the flux, D is the diffusion coefficient, k is the
Boltzmann constant, T is the absolute temperature, and the ratio
kT/D can be considered as the effective coefficient of drag (Xing
et al., 2005).

The free energy of the system as a function of the charge
position contains several contributions: (1) electrostatic energy of
the moving charge distribution, (2) conformational energy of the
protein, and (3) response of the membrane to the protein
conformational change, including the effects of various membrane
components (i.e., cholesterol). In the current model, we consider
the electrostatic component of the free energy only. In this
component of the free energy, we take into account the externally
applied electric field and introduce an additional term to reflect
the effect of the charge distribution inside the protein. We present
the electrostatic energy gradient as —dV /6z = q¥ /L where q is the
magnitude of the moving charge, and ¥ is the electric potential.
We decompose potential ¥ into DC and AC components

VY =%+ Yac (3)
where

Wpe = Phe + P (4)
and

Yac = 'ch sin wt (5)

Here w is the frequency of the AC stimulus and the superscripts
i and e correspond to the internal protein and external applied
electric fields, respectively, and ¥}, is the potential reflecting the

protein charges. For the purpose of comparing our model with
experimental recordings of prestin-associated charge movement
we assume that ¥ is equivalent to the measured membrane
potential.

By substituting the electrostatic energy term into Eq. (2) the
Fokker-Planck equation becomes

op_pf_a¥ep @p
at_D< KTLoz a2 (6)

and is solved with boundary conditions

](t,z:O):% and J(t,z=L)=0 (7)

where the first condition is governed by the kinetics of chloride
binding (see Eq. (1)) and the second stipulates that there is no
transport out of or into the membrane at z =L, although the
boundary condition at z= L can be relaxed to include different
assumptions on charge transport by prestin. After we determine
p(z,t), the total probability of charge transfer is calculated as

L
P = / p(t,2)dz (8)
L(1-TI%)

In the case of application of AC electric fields, the amplitude of
probability P* is used to introduce capacitive, P = P* cos 6, and
resistive, P, = —P* sin 6, components of the transferred charge,
where 0 is the negative phase shift between the charge and the AC
applied field.

2.3. Method of the solution and parameter estimation

Eq. (6) was solved numerically by using FemLab (Comsol)
software. The steady state solution (6p /ot = 0) of Eq. (6) under the
application of a DC electric field can be found analytically. This
solution takes the following form:

9)
where
p=q¥/kTL and

The total probability that the charge is transferred, P¥ is then
given by the equation

y=1+k 1/ki

1— ef/zu*
T (d-eTy

We used the analytical solution (Egs. (9) and (10)) to test the
accuracy of the computational results. In the computational
steady state solution, we integrate the Fokker-Planck equation
until stabilization of the probability density p(t, z) at any z inside
the protein.

Our model includes three main parameters, the dimensionless
length, I*, charge, g, and an effective diffusion coefficient, D, that
determine prestin-associated charge transfer under the action of
DC or (and) AC electric field. To estimate parameters [* and q, we
consider the case when the system subjected to a DC field reaches
its steady state. The experimental charge-voltage function is
typically fit with a two-state Boltzmann function (Gale and
Ashmore, 1994, 1997b; Huang and Santos-Sacchi, 1994; Oliver et
al,, 2001)

¢

(10)

1
1 + exp[—(¥ — V") /o]
with Quax o, and ¥* as parameters. In the case of DC fields, the
transferred charge Q is represented by the function P*(¥5). While
the first approximations of parameters [* and q can be extracted
from the data in Fig. 2a and b where the normalized computed

Q/Qmax = (11)
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Fig. 2. Normalized probability of the charge transfer, P*, as a function of the
applied DC component of the membrane potential, ¥}, (solid lines) vs. normal-
ized experimental charge transferred by prestin in the outer hair cell membrane,
Q(dashed lines); ’I’EC =30mV: (a) effect of relative length I* (I* = 0.2; 0.4; and
0.6), on P* and (b) effect of charge q on P* (g = 0.7e; 1.1e; and 2e).

probability P*(P%,) is plotted for different values of I* and q vs.
normalized experimental charge, Q, we make accurate estimates
of the two parameters by minimizing an error function. The error
function is defined as

Er(",q) = _[P"(I,q. V) — QPP (12)

where ¥; are points along the voltage axis and the normalized
experimental charge, Q, is described by Eq. (11) with parameters
o =33mV and ¥* = —30mV that are close (supplemental Table
1) to those in (Gale and Ashmore, 1994, 1997b; Huang and Santos-
Sacchi, 1994). As a result of the minimization of the error function
(supplemental Fig. 1), we obtain [*=0.5 and q = 1.5e (average
charge per molecule). Parameter « in Eq. (11) is equal to (kT/dne),
where ¢ is fraction of the membrane thickness traversed by the
charge, and n is valence. The product of our model parameters q
and 1-[* is similar to the product of the denominator in the above
expression for o. Our estimates result in q(1-[*) = 0.75 which is
close to previous estimates of dne.

To estimate the diffusion coefficient, we use experimental
measurements of the capacitance-voltage functions under high-
frequency conditions (Gale and Ashmore, 1997a). In our modeling,
we consider the harmonic regime of the charge movement
generated by the application of an external AC electric field. The
probability P* will depend on the ratio k_;/k;, however, the
relative decrease in P* with frequency is independent of that ratio.
We use the values of the parameters I and q estimated from the

previous analysis of the steady state, and determine D from the
relative decrease of the calculated P* with increasing frequency.
We do this by comparing the measured decrease in nonlinear
capacitance (Gale and Ashmore, 1997a) with our calculations.
Assuming the protein spans the thickness of membrane at
~4.5nm, we estimate D = 0.5 x 10~8cm?/s. More discussion of
the diffusion coefficient is presented in the next section.

3. Results and discussion
3.1. P*-probability as a measure of transferred charge

We analyze the effects of [* and q parameters and compare our
model results to experimental data obtained from outer hair cells
at low frequencies (<1 kHz) with whole cell recordings of charge
transfer. Fig. 2a shows the normalized probability of the
transferred charge, P*, as a function of the DC membrane potential
for three different I* values, 0.2, 0.4, and 0.6. Fig. 2b presents this
probability vs. the DC membrane potential for different g-values,
0.7e,1.1e, and 2e. In Fig. 2a and b, the solid lines correspond to the
computed charge, P*, where the dashed lines represent experi-
mentally determined Q—Y% functions observed in outer hair cells.

Our model describes prestin-associated charge transfer as
observed in outer hair cells (Gale and Ashmore, 1994, 1997b;
Huang and Santos-Sacchi, 1994; Oliver et al., 2001) and prestin-
expressing mammalian cultured cells (Zheng et al, 2000;
Rajagopalan et al., 2006). The magnitude of I* (which reflects
the portion of the protein traversed by the charge) translates the
P*—¥ function along the voltage axis, an increase/decrease
results in a shift in the hyperpolarization/depolarization direc-
tions (Fig. 2a). Likewise an increase (decrease) in the magnitude of
charge q results in a steeper (shallower) P*—¥ function (Fig. 2b).
In the steady state case, when the time derivative is equal to zero,
Eq. (2) reduces to a 1st-order ODE and it can be solved analytically
(Egs. (9) and (10)). By comparing our model results with
experimental data, we find an [* of 0.5 and g of 1.5e where
product of g and 1-I* is equal to 0.75, and is consistent with
previous two-state Boltzmann-function estimates (Gale and
Ashmore, 1994, 1997b; Iwasa, 1994; Santos-Sacchi et al., 1998).

3.2. Capacitive part of the transferred charge and estimation of the
effective diffusion coefficient

We compare our model to experimental data obtained from
outer hair cells at high frequencies with cell-attached recordings
of charge transfer to determine D. In Figs. 3 and 4, an AC electric
field of a constant amplitude and variable frequency is applied

e >
Wi o mV

6 kHz
22 kHz
38 kHz

57 kHz

0, degrees

Fig. 3. Frequency effects on charge transfer by prestin. The phase shift between
the transferred charge and the applied AC component of the membrane potential
vs. the applied DC component of the membrane potential for four different
frequencies.
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with a DC membrane potential. Fig. 3 presents the phase shift
between the probability of charge being transferred relative to the
AC potential applied for frequencies from 6 through 57 kHz. Fig. 4a
shows the amplitudes of that probability for the same frequencies.
The amplitudes are normalized by the maximum low-frequency
P* (reached at ¥¢.=-30mV (¥L.=30mV) for [*=0.5 and
q = 1.5e). In Fig. 4b and c, we present the capacitive and resistive
components of the transferred charge. Also, Fig. 4d shows the
computed resistive component of the charge along with
experimental data (Lu et al., 1995). Finally, Fig. 4e shows the
absolute value of phase shift and the ratio of the resistive to
capacitive component (left and right vertical axes, respectively) as
functions of frequency.

To analyze both the voltage and frequency effects of prestin-
associated charge movement, we perturbed our model with an AC
field riding on a DC field. In this case, the capacitive component of
the charge was defined as the product of the total charge
amplitude and the cosine of the phase shift between the charge
and the electric field. At any given frequency, the capacitive
component was bell-shaped as a function of voltage (Fig. 4b), and
it reached its maximum at ¥} = —30mV. Our high-frequency
solution is mainly determined by the coefficient of diffusion
across the membrane of the combined charge. Parameters [* and g
play a role too, but in our frequency analysis (Figs. 3 and 4), we
keep them at their optimal values. Experimental data in (Gale and
Ashmore, 1997a) present outer hair cell nonlinear capacitance as a
function of frequency. We compare our model with this data and
calculate a value of D (0.5 x 10~8 cm?/s) that causes a 50% decrease
in P. (P* cos 0) at 30kHz. The estimated diffusion coefficient is
smaller than for the diffusivity of chloride ions in solution (about
10~>cm?/s (Hille, 1984)) and greater than the diffusivity for
membrane proteins (about 10~''-10""°cm?/s, (Axelrod et al.,
1976; Jechiel and Edidin, 1987)). Also, our diffusion coefficient is
close to that for the diffusivity of lipids (Oghalai et al., 2000; de
Monvel et al, 2006) in outer hair cell membranes. This is
consistent with our interpretation of the diffusion coefficient as
an effective parameter reflecting interactions among main
components of the prestin system, including chloride ions,
protein, and membrane environment. While the primary mode
of the charge movement is most likely in z-direction (normally to
the membrane), it is coupled with in-plane movement of the
prestin system, which influences the value of D.

We developed an additional test to confirm our estimate of the
diffusion coefficient on the basis of the experiments of Gale and
Ashmore (1997a). We consider the transient regime of the charge
transfer upon application of a voltage step. In our model, the
transient component of the transferred charge is represented by

Fig. 4. Frequency effects on charge transfer by prestin (I*=0.5, gq=15).
Characteristics of the transferred charge in response to the application of AC
electric fields as functions of the DC component of the membrane potential for four
different frequencies. Frequency dependence of the charge components and its
comparison with experimental data: (a) normalized amplitude of the transferred
charge, (b) normalized capacitive component of the transferred charge, (c)
normalized resistive component of the transferred charge, (d) upper panel:
normalized resistive component of the transferred charge as a function of
frequency at Yj. =-30mV; lower panel: experimental data for different
components of charge transfer associated with a hydrophobic ion dipicrylamine
(DPA) movement across the membrane within a broad frequency range (modified
from Lu et al., 1995); three sinusoidal curves show the measured charge, Q, vs.
applied electric field, E, also the charge amplitude decreases and Q-E phase shift
increases with frequency; the capacitive component of the charge monotonically
decreases with frequency; and the resistive component of the charge is bell-
shaped and has a single maximum like the theoretical curve in the upper panel,
and (e) absolute value of the phase shift (solid line and left axis) and ratio of the
resistive to capacitive components of the transferred charge (short-dashed line and
right axis); dotted lines are used for both characteristics beyond 100 kHz to show
the asymptotic behavior of the computed characteristics. The long-dashed lines
show the 3 dB frequency that corresponds to 45° and ratio of P,/P. equal to 1.

dP*/dt, and the kinetics of the corresponding process is fully
determined by the diffusion coefficient. Thus, we also estimated
the diffusion coefficient by minimizing the difference between the
experimental transient currents (Gale and Ashmore, 1997a) and

a

4 ¥omV
225 -150 -75 [ s 150

6kHz 10

22kHz 38 kHz
| —
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our model results. This additional estimate resulted in a similar
value: the difference between two coefficients was within 1.5-2
times depending on the DC resting and increment potentials.

We also consider the frequency dependence of the transferred
charge for different diffusion coefficients. Fig. 5 presents the total
charge (a) and its capacitive component (b) vs. frequency for three
different diffusion coefficients, 0.5, 0.8, and 1.1 x 10~8 where the
first of them is the above estimate and two other are larger but on
the same order of magnitude. Two particular frequencies
corresponding to 50%- and 3dB (1/+2)-decrease are shown in
Fig. 5. In general, the higher the diffusion coefficient, the better is
the frequency response of the protein and the greater are both 3-
dB and 50%, frequencies. Table 1 summarizes the values of these
two frequencies for the total charge and capacitive component
estimated at each of three diffusion coefficients under
consideration.

There is a discrepancy in 3-dB and 50%, frequencies for the
charge transfer (Gale and Ashmore, 1997a) and electromotility/
force production (Frank et al, 1999) of OHCs. It is possible
to reconcile the difference if both capacitive and resistive

3de

1.0

03 0.5x10°" 0.8x10°°

L | 10 30 60 100
Frequency, kHz

1 10 30 60 100
Frequency, kHz

Fig. 5. Frequency-dependence of the total transferred charge: (a) and its capacitive
component; (b) for three different diffusion coefficients, 0.5 (dotted lines), 0.8
(dashed lines), and 1.1 x10~8cm?/s (solid lines). Here total charge and its
capacitive component are represented by maximal values (¥} = —30mV) of the
P* and P, amplitudes. Two important values corresponding to 3dB- and 50%-
decrease are marked on the vertical axes.

Table 1
3-dB- and 50%-decrease frequencies (kHz) for the total transferred charge and its
capacitive component for three diffusion coefficients, 0.5, 0.8, and 1.1 x 10~% cm?/s.

D (cm?[s) 0.5x1078 0.8 x10°% 11x10°8
f34p (P*), kHz 31 50 69
fsox (P*), kHz 54 86 108
f3as (Pc), kHz 18 35 51
fsox(Pc), kHz 31 57 95

The total charge and the capacitive components are computed as maximal
amplitudes of P* and P, estimated at ¥} = —30mV.

components of the charge are taken into account. We find that
for the same diffusion coefficient of 0.5 x 1078 cm?/s, the capaci-
tive component of the charge has the 3-dB and 50% frequencies
equal to 18 and 31kHz, while these frequencies for the total
charge increase, respectively, to 31 and 54 kHz (Table 1). If both
the resistive and capacitive components of charge movement are
included in the analysis, the electrical frequency response can be
closer to the flatter and broader mechanical responses of Frank
and colleagues (Frank et al., 1999). This prediction requires further
examination.

3.3. The phase shift and resistive component of transferred charge

We found a voltage-dependent phase shift between the
transferred charge and the applied AC electric field (Fig. 3). The
dependence of this angle on the DC component of the membrane
potential is bell-shaped. Its minimum occurs at a potential where
the voltage sensitivity of the transferred charge (P*) is maximum
(i.e., near —30mV). For any DC potential, the phase shift is close to
zero at low frequencies, and its absolute value monotonically
increases with frequency approaching 90° for very high frequency
(Fig. 4e). The phase shift is about 60° at frequency of 50 kHz and
about 75° at 100kHz. The phase shift is negative which means
that the charge is delayed with respect to the membrane
potential. The time derivative of this charge component is in
phase with the applied AC field indicating an ohmic (resistive)
electric current. This resistive component of charge transfer has
been reported for a hydrophobic ion, dipicrylamine (DPA), move-
ment through myocyte membrane (Lu et al., 1995) and for prestin-
associated charge transfer in outer hair cells (Farrell et al., 2006).

The resistive part of the charge, P, (Fig. 4c) is determined by
—sin 0 (Fig. 3) and P* (Fig. 4a), which increase and decrease with
frequency, respectively. Their product increases with frequency up
to a maximal value of about 0.5 at a frequency close to 40 kHz and
then decreases when frequency further increases (see also Fig. 4d,
presenting the resistive component of the charge as a function of
frequency). While the resistive part of the transferred charge is
not a monotonic function of frequency, its ratio to the capacitive is
monotonic (Fig. 4e). This means that at low frequencies the
transferred charge is of capacitive nature, but the resistive
component becomes relatively more significant at higher fre-
quencies. Thus, both components can be significant to high-
frequency electromotility and active force production. The main
predicted features of the transferred charge frequency depen-
dence, such as a charge-electric field phase shift increasing with
frequency, the monotonically decreasing capacitive component of
the charge, and the charge resistive component having a single
maximum, are similar (Fig. 4d) to the experimental observation of
Lu and colleagues (Lu et al., 1995) of the hydrophobic ion of DPA
movement across the myocyte membrane within a broad
frequency range. Our analysis of the transferred charge compo-
nents can stimulate further experiments to study high-frequency
performance of prestin-containing cells.

3.4. Relation to other models of charge transfer by prestin

There have been a number of models proposed to explain the
frequency (Iwasa, 1997; Dong et al.,, 2000) and voltage depen-
dence of charge transfer by the membrane protein prestin (Oliver
et al., 2001; Rybalchenko and Santos-Sacchi, 2003; Muallem and
Ashmore, 2006). An early model (Iwasa, 1997; Dong et al., 2000)
developed before the identification of prestin assumed that the
outer hair cell motor (the charge) occupies two or three stable
states where motor and charge transfer dynamics, including non-
linear capacitance and current noise, were described by hypothe-
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tical rate constants of switching from one state to the other.
Experimental observations revealed a critical role for chloride ions
binding to prestin (Oliver et al., 2001). In addition to chloride ions,
the data presented in Oliver et al. (2001) demonstrate a role of
internal protein charges in charge transfer, because their muta-
tions cause shifts in voltage dependence of nonlinear capacitance.
The role of chloride ions is the key part of recent models (Oliver et
al., 2001; Rybalchenko and Santos-Sacchi, 2003). The first of the
models relates the translocated charge with the chloride ion
moving across a part of the membrane, and the second model
suggests that charge movement is associated with a conforma-
tional change of prestin caused by the binding of chloride ions.
More recently, a transport-based model (Muallem and Ashmore,
2006) was proposed to explain the reduction of charge transfer
and shifts of the Q-% function in the depolarization direction as a
result of decreasing intracellular chloride ion concentration in
outer hair cells (Fakler and Oliver, 2002). Charge transport in
Muallem and Ashmore (2006) includes an ion of intracellular
chloride binding the protein, its interaction with positive intrinsic
protein charges, and exchange to a divalent ion of extracellular
sulfate. These steps of transport are described in terms of several
(eight) finite states of the protein and charge, including the
corresponding rate constants. Three of pairs of the rate constants
are voltage-dependent and others, not associated with the applied
electric field, describe association/dissociation of ions (chloride
and sulfate) to and from the protein. Presently, none of the models
can explain all main data on electric charge transfer by prestin, in
particular its frequency dependence. Here we propose a novel
model that uses a Fokker-Planck equation to describe the kinetics
of the translocated charge and give a physical basis for the
frequency effect, including the cut-off frequency, where diffusion
controls the magnitude of the charge and its phase shift relative to
the applied electric field.

Prestin is critical to outer hair cell’s role in high-frequency
hearing (Liberman et al., 2002; Dallos et al., 2008). Mammalian
cells transfected with prestin show a constant frequency response
to at least 20kHz (Ludwig et al., 2001). Mammalian prestin is
associated with the fastest molecular motor complex and active
up to frequencies of several tens of kHz (Frank et al., 1999). The
efficiency of the outer hair cell motor (Spector, 2005; Spector and
Jean, 2004) is similar to other slower molecular motors such as
myosin and kinesin that convert chemical into mechanical energy.
Our model does not assume a finite number of states and
hypothetical rate constants for charge switching between the
states as used in previous analyses of prestin. Rather, in our
consideration, the charge can occupy any position along its way
across the protein, and this continuous path is characterized by a
probability density function. In the present model, we have not
included contributions from possible prestin conformational
energy or the energy of the surrounding membrane. Additional
energy terms will affect the quantitative details of the model,
however, the overall modeling framework would be unchanged.
The membrane composition could have a significant effect on
prestin performance via redistribution of the local mechanical
forces and (or) electric fields. Additional energetic contribution
from the surrounding membrane is probably the next most
important effect to include. These contributions will modify V in
Eq. (1), and quantitative estimates of these effects are possible.

Our model can be used as a framework to compute the kinetic
parameters of earlier finite state models as long as the detailed
energy landscape of the protein is known (e.g., Xing et al., 2005).
Phenomenological kinetic rate constants can be directly computed
from the Fokker-Planck equation. Depending on the time regime
of interest, the kinetic rate constant can have complex depen-
dence on the applied oscillatory voltage. Our modeling provides a
uniform explanation across different time regimes.

4. Conclusions

(1) Prestin-associated charge movement is modeled with
Fokker-Planck equation where we assume that a combination
of chloride ions and intrinsic protein charges is translocated
across the membrane.

Consistent with experiments, the model exhibits a voltage and
frequency-dependent phase shift and resistive component of
the transferred charge. The phase shift changes from zero at
low frequencies toward —90°. The resistive component is bell-
shaped in terms of voltage, and it has a single maximum as a
function of frequency. The frequency affects the capacitive
component in two ways, via the total amount of the
transferred charge and the phase shift between the charge
and the applied AC field.

By including both the capacitive and resistive components in
the analysis of prestin-associated charge we show that the
cut-off frequency can be extended, and it can help reconcile
the discrepancy between the frequency responses of electrical
and mechanical measurements.
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