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Disparities in voltage-sensor charge and
electromotility imply slow chloride-driven
state transitions in the solute carrier SLC26a5
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Outer hair cells (OHCs) drive cochlear amplification that enhances
our ability to detect and discriminate sounds. The motor protein,
prestin, which evolved from the SLC26 anion transporter family,
underlies the OHC's voltage-dependent mechanical activity (eM).
Here we report on simultaneous measures of prestin’s voltage-
sensor charge movement (nonlinear capacitance, NLC) and eM
that evidence disparities in their voltage dependence and mag-
nitude as a function of intracellular chloride, challenging deca-
des’ old dogma that NLC reports on eM steady-state behavior. A
very simple kinetic model, possessing fast anion-binding transi-
tions and fast voltage-dependent transitions, coupled together
by a much slower transition recapitulates these disparities and
other biophysical observations on the OHC. The intermediary slow
transition probably relates to the transporter legacy of prestin, and
this intermediary gateway, which shuttles anion-bound molecules
into the voltage-enabled pool of motors, provides molecular delays
that present as phase lags between membrane voltage and eM.
Such phase lags may help to effectively inject energy at the ap-
propriate moment to enhance basilar membrane motion.

hearing | molecular motor

uter hair cells (OHC) foster mechanical feedback within the

mammalian cochlear partition that enhances perception of
auditory stimuli by 2-3 orders of magnitude; this is known as
cochlear amplification (1, 2). Following the molecular identifi-
cation of prestin (3), an SLC26 family member (a5) that reca-
pitulates the electromechanical properties of the native OHC’s
voltage sensor/motor (4, 5), a preponderance of evidence pointed
to prestin-based electromotility (eM) as the basis of this boost
(6, 7). During the last couple of decades, measures of nonlinear
charge movement or capacitance (NLC), an electrical correlate
of voltage-dependent conformational changes within the motor
protein prestin, have served as surrogate, indeed as signature,
of voltage-evoked eM of the OHC (8-12). Intracellular chloride
plays an important role in prestin function (13), and recent evi-
dence indicates that anions serve a modulatory, allosteric-like
role (14-17). For the most part, anion effects, as well as many
other influences on prestin, have been limited to the study of
NLC, on the assumption that NLC reports on steady-state
characteristics of OHC eM. We now show that this assumption
is wrong.

Using simultaneous measures of charge movement and eM,
we show disparity between deduced characteristics of prestin
motor protein conformation. That is, a dissociation in magnitude
and voltage dependence of NLC and eM is revealed by lowering
intracellular chloride to physiological levels (< 10 mM,; ref. 6), all
previous comparisons having been made with abnormally high
intracellular chloride levels. Furthermore, this chloride effect,
which presents as a function of rate and polarity of voltage
stimulation, uncovers a mechanism predicted to be frequency
dependent in vivo, and likely plays an important role in fre-
quency selectivity and efficiency of cochlear amplification. A
very simple kinetic model, which recapitulates most known
behaviors of prestin, indicates that the chloride effect is due to
intermediary, non-voltage-dependent transitions, the kinetics of
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which are very much slower than those of prestin’s chloride-
binding or voltage-dependent state transitions. These slow con-
formational changes likely derive from prestin’s lineage as a slow
anion transporter, providing lags between voltage stimulation and
mechanical activity, possibly contributing to productive cochlear
amplification.

Methods

Recordings were made from single isolated OHCs from the organ of Corti.
Hartley albino guinea pigs were overdosed with isoflurane, the temporal
bones excised, and the top turns of the cochleae dissected free. Enzyme
treatment (1 mg/mL Dispase I, 10 min) preceded gentle trituration, and
isolated OHCs were placed in a glass-bottom recording chamber. A Nikon
Eclipse E600-FN microscope with 40x water immersion lens was used to observe
cells during voltage clamp. Experiments were performed at room temperature.

Solutions. Chloride levels were set to bracket the intracellular level in intact
OHGs, namely ~10 mM (6). An ionic blocking solution was used to remove
ionic currents, allowing valid measures of membrane capacitance. The base
high Cl solution contained (in millimoles): NaCl 100, tetraethyl ammonium-Cl
20, CsCl 20, CoCl, 2, MgCl, 1, CaCl, 1, Hepes 10. Lower chloride concen-
trations (10 and 1 mM) were achieved by substituting chloride with gluco-
nate. In a subset of experiments, aspartate was used as the substitute. Base
intracellular solutions contains (in millimoles): CsCl 140, MgCI2 2, Hepes 10,
and EGTA 10. The intracellular and extracellular Cl concentration was set the
same to guarantee levels in the subplasmalemmal space of the OHC.

Manipulation of the subsurface cytoskeletal integrity was made with
diamide and latrunculin. Diamide works on spectrin to unbundle actin fila-
ments and reduce OHC stiffness (18). On the other hand, latrunculin results
in actin depolymerization (19). OHCs were treated with 2 mM diamide in
extracellular solutions for 30 min before recordings. Latrunculin A (0.01 pM)
was perfused both intracellularly (via patch electrode) and extracellularly
during recording. All chemicals used were purchased from Sigma.

Cell Capacitance and Mechanical Response. An Axon 200B amplifier was used
for whole cell recording. Coupled voltage ramps (depolarizing followed
immediately by hyperpolarizing ramp) of varying durations from 100 to
5,000 ms were delivered to the cells from a holding potential of 0 mV. In a
subset of cells, ramp order was reversed after routine collection and com-
parison of the two yielded no significant differences. The ramp voltage was
set between -250 and +250 mV maximum, but span was fixed at 360 mV.
For each individual cell, the ramp voltage was set according to V}, of NLC
permitting responses to reach steady state to ensure good Boltzmann fits.
No averaging was done.

Nonlinear capacitance was measured using a continuous high-resolution
(2.56-ms sampling) two-sine stimulus protocol (10 mV peak at both 390.6
and 781.2 Hz) superimposed onto the voltage ramp (20, 21). Capacitance
data were fit to the first derivative of a two-state Boltzmann function (9)
(see Supporting Information for equation), providing Qmax, the maximum
nonlinear charge moved, V}, the voltage at peak capacitance or equivalently,
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at half maximum charge transfer, z, the valence, and Cj;,, the linear mem-
brane capacitance.

Simultaneous eM measurements were recorded with a Prosilica GE680
camera (Allied Vision Technologies). Video sampling of 3.3 ms were achieved
with binning and reduced region of interest. Video image resolution was
2.83 pixels per micrometer. The eM video recordings were digitally analyzed
with jClamp (www.SciSoftCo.com), allowing synchronous assessment of eM
and NLC in time and voltage. The edge of the cuticular plate was used to
track OHC length change, the patch electrode providing a fixed point at the
basal end of the cell. Sigmoidal fits (four parameters) provided estimates of
Vi, maximal movement and slope factor b. Shift of motility against NLC is
calculated by subtracting NLC V;, from eM V..

Model Assessment. The kinetic model was assessed using Matlab Simulink in
conjunction with jClamp. jClamp provides an automation link to Matlab,
which allows voltage stimuli to be delivered to and current responses to be
obtained from Simulink models. The kinetic model was interfaced to jClamp
via a model of the patch clamp amplifier and OHC. The linear component of
the patch-cell model possessed an R, of 5 MQ, R, of 500 MQ, and C;;,, of 15
pF. The nonlinear component, NLC derived from charge movement of the
prestin model, parameters laid out in Results. The exact same voltage stimuli
and exact same analysis of model two-sine currents were performed as with
the biophysical data. Mechanical contraction data of the model, namely eM,
was taken as the accumulated residence in the Cstate. Fits of model NLC and
eM were performed the same way as the biophysical data.

Although this parallel approach provides for powerful comparisons between
model and biophysical data, it is laborious. Thus, only visual “fits” to the data
are presented because no automatic iteration is possible. Instead, each set of
model parameters was selected and compiled in Matlab. Then jClamp was
used to stimulate, collect, and analyze the resulting model data, as was done
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Fig. 1. Nonlinear capacitance and eM are coupled. (A) OHCs possess a capaci-
tance that is nonlinear with voltage. Its peak resides at a voltage, V}, that
changes depending upon holding potential. In this case, V}, is =73 mV after
holding the cell at +60 mV for one minute (red line). V}, shifts to —-48 mV
after holding the cell at —80 mV for one minute (blue line). Similar shifts are
observed for eM. Fits: (red) NLC V}, —73.10, 2 0.69, Qmayx 3.15, Cji, 23.86; eM V},
—76.81, b 33.96, eMax 2.42; (blue) NLC V}, —48.76, 2 0.63, Qnax 3.42, Cji, 23.90;
eM V}, —55.48, b 37.13, eM.x 2.41. (B) Voltage stimulus used for the col-
lection of capacitance and eM. Dual sine superimposed on ramps is used to
evaluate C,, (Methods). Measures shown in A were obtained with hyper-
polarizing ramps. The effects of ramp duration and polarity are described in
subsequent figures. (C) A step voltage from 50 to -80 mV induces
an elongation of the OHC (red trace) and simultaneous jump in C,, (blue
trace). Cp, relaxes with a stretched (multi) exponential time course that is
mirrored by eM. The C,, trace was inverted, scaled and overlaid onto the eM
trace (blue trace on red), showing similar time courses. (D) eM shifts in the
depolarizing direction when intracellular chloride is reduced. The eM and
NLC were measured simultaneously with hyperpolarizing and depolarizing
ramps at the indicated ramp durations/rates. Regardless of polarity or rate,
a large shift of V, is observed, but the absolute values of V,, are more
depolarized with longer depolarizing ramps. Number of cells averaged is the
same as indicated in Fig. 3 A-C. SEs are not plotted for clarity. They are for 1,
10, and 140 mM Cl: black squares, 4.5, 3.7, and 3.8 mV; red squares, 5.0, 3.8,
and 2.7; green squares, 7.3, 3.8, and 9.6; black circles, 4.6, 4.2, and 3.8; red
circles, 3.5, 5.2, and 4.3; and green circles, 5.4,6.0,and 10.6.
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with OHGs. The data were then plotted for comparison with biophysical data,
followed by visual determination of goodness of fit. Another choice of model
parameters was then made and the process repeated. In consequence, an
enormous amount of time was invested in obtaining model data.

Results

Experiment. Under voltage clamp, OHCs display an NLC that is
bell shaped with its peak magnitude residing at a voltage (V3),
where prestin’s charge is equally distributed on either side, similar
in behavior to an ionic channel’s voltage-sensor charge (22) (Fig.
1A4). Coupled to this nonlinear charge movement is a mechanical
response of the whole cell (a length change; eM) that follows the
charge’s voltage dependence. Shifts in NLC V), along the voltage
axis, known to be induced by changing the long-term holding
potential (prepulse) of the OHC or prestin-transfected cells
(4, 20, 23), are accompanied by corresponding shifts in eM
voltage dependence. In this example (Fig. 14), a V}, shift of 25
mV for OHC NLC arises, along with a parallel V}, shift of 21.3
mV for eM. Furthermore, Fig. 1C illustrates that the time course of
OHC length change follows the time course of NLC during step
voltage stimulation, each showing stretched (multi) exponential
behavior (23). This tight coupling between NLC and eM is ob-
served when intracellular chloride is high, e.g., 140 mM, the typical
intracellular level used for experimentation during the last few
decades to study OHCs.

Recently, the level of intracellular chloride was estimated to
be <10 mM in OHGCs (6). As noted above with hyperpolarizing
prepulses, lowering intracellular chloride is known to shift NLC
V;, to depolarized levels (14). We confirm that the same is true
for eM (Fig. 1D). Here, voltage ramps (£180 mV) of different
duration/rate (100-5,000 ms or equivalently 4-0.08 mV/ms) and
polarity drove eM, while simultaneously summed high-frequency
dual-sine stimuli reported on NLC (see Methods for details; refs.
20, 21). Although eM V), shifted to depolarized levels regardless
of protocol rate, the faster depolarizing ramps produced a more
depolarized V},. It was surprising that, although lowering intra-
cellular chloride levels shifts both NLC V/, and eM V), to positive
voltages, a disparity between 1, of NLC and eM arises (Fig. 2).
As chloride levels reduce, V), of eM is shifted further to the right
than 1}, of NLC. In the examples shown, 10 mM chloride pro-
duced a disparity of 15.3 mV, and 1 mM chloride produced a
disparity of 39.7 mV. This disparity is dependent not only on
chloride level, but also on rate and polarity of voltage ramp stim-
ulation (Fig. 3 A-C). Note that there is a chloride-dependent
AV, disparity that is greater in the depolarizing ramp direction as
rate is increased, reaching an average disparity of about 45 mV
with depolarizing 100-ms ramps; but even at very slow ramp rates,
a chloride-dependent disparity remains. A large disparity is also
observed when we instead use aspartate to replace chloride (Fig.
3C). Finally, there is a decrease in disparity with shorter ramp
durations in the hyperpolarizing direction, and with 140 mM chlo-
ride, little disparity exists, which accounts for assertions of good
electromechanical coupling during the last couple of decades (8-12).

In addition to disparity in voltage dependence, there is dis-
parity in correspondence between maximal charge movement
(Omax), estimated from Boltzmann fits to NLC, and maximal eM
(eMpax), estimated from sigmoidal fits to eM. Qnax has been
taken to report on the number of elementary charged motors
(prestin) in the OHC (8, 9), and consequently, there is a corre-
lation between prestin surface expression and Op,.x (24). Because
it is undisputed that prestin conformational changes drive eM
(25), the number of active prestin molecules should correspond
to measures of eM, with eM,.x correlated with Q.. Fig. 3D
shows that this is not the case; that is, although chloride re-
duction significantly reduces Qnax, €M does not follow. For
example, eM,,x values (mean + SE in micrometers; n = 9-14)
for 500-ms hyperpolarizing ramps were 2.19 + 0.12 @ 1 mM,;
2.01 + 0.20 @ 10 mM; and 2.41 + 0.28 @ 140 mM chloride.
Corresponding Oy, values (mean + SE in picocoulombs, n = 9-12)
were 2.04 + 0.09, 2.86 + 0.09, and 3.10 + 0.03. Neither eM,,,.x nor
Omax magnitude was significantly different for hyperpolarizing or
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Fig. 2. Reduction of intracellular chloride toward physiological levels
reveals disparity in NLC and eM operating voltage range. (A) The 10 mM
chloride condition evidences a V}, disparity of 15.3 mV with eM more depo-
larized than NLC. Fits: NLC V}, —20.15, z 0.59, Qmax 3-17, Cjin 18.66; eM V},
—4.87, b 34.58, eM o 1.64. (B) Under 1 mM chloride conditions the disparity
is larger, namely, 39.7 mV. Fits: NLC V}, —12.87, z 0.68, Qmax 2.38, Cjin 21.50;
eM V), 26.92, b 26.78, eMax 0.9.

depolarizing ramps. The slope factor (b; Methods) of eM with
140 mM at this 500-ms ramp rate was 34.8 +> 0.84 mV, which
translates to 17.3 nm/mV maximal sensitivity (€M,ax/4b). This is
similar to previously reported values (26, 27).

Iwasa (28) first identified the membrane tension dependence
of OHC NLC and introduced a mechanical energy term in the
Boltzmann model of prestin (29). In confirmation of its molec-
ular nature, tension dependence was subsequently shown to have
direct action on the motor/prestin (4, 5, 10). The susceptibility
of fast ramp rate effects to perturbations of whole-cell mechanics
is illustrated with turgor pressure manipulations (Fig. 3 E-G).
Increasing turgor pressure, which increases membrane tension,
eliminates the disparity (A}},) evidenced with 100-ms ramps. Also
revealed are disparate changes in V, of NLC and eM. Whereas,
the 1}, of NLC shifts in the depolarizing direction during in-
creases in membrane tension regardless of ramp polarity, the
direction of V), shift of eM depends on ramp polarity. That is,
hyperpolarizing ramps cause near-equivalent depolarizing shifts
in V}, of eM and NLC; depolarizing ramps, on the other hand,
cause a hyperpolarizing shift in eM V/,. It is this differing be-
havior that accounts for the elimination of AV}, during increases
in membrane tension, and points to a molecular phenomenon.

To ensure that the observations that we observe derive from
molecular actions of prestin, rather than mechanical character-
istics of the cell, we perturbed the cytoskeleton. We treated OHCs
with latrunculin (an agent causing actin depolymerization) and
diamide (a spectrin, actin-bundling protein antagonist), each of
which is expected to modify the OHC cortical cytoskeleton. Fig.
4 illustrates that only minor changes in the fast rate effects are
evident. These small effects we attribute to the influence of the
cytoskeleton in controlling tension delivered to the membrane.

Model. In the two-state area motor model of OHC electromotility
(29, 30), the accumulation of prestin motors into the contracted
state (small surface area) will shorten the cell, and accumulation
into the expanded state (large surface area) will lengthen the
cell. This two-state model cannot reproduce our data (see below).
To understand the molecular events underlying our time- and
chloride-dependent observations, we developed an extended, yet
very simple kinetic model, schematized in Fig. 54.

Similar to carbonic anhydrase (31), we assume very fast anion
(chloride) binding and unbinding transitions (X,<X.). Because
the voltage-dependent mechanical activity of prestin is greater
than 80 kHz (32), we also assume very fast voltage-dependent
conformational transitions (X<C). The transition to state C carries
a unit charge, q; Omax, total charge moved, will reflect the max-
imal accumulation of motors in that state. The number of motors
in state C also equates to magnitude of eM (contraction), pro-
viding a Boltzmann-like sigmoidal response. Nestled between the
anion-binding and voltage-dependent transitions, resides a non-
voltage-dependent transition (X.«<>X), which is very much slower
than the other two transitions. The kinetics of these slow transitions
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is set to have the model resemble prestin’s electromechanical
behavior. The differential equations describing the model are
listed in the Supporting Information, where ki = 107 * [Cl];, k2 =
107 * kg, ag = 75 * exp(ty), Bo = 5.58 * 10° * exp(—E./RT), a =
10° * exp(zFV,/2RT), B = 583 * 10° * exp(~zFVn/2RT + 1,,/2 —
E,/RT), k% =0.001, T = 296 K, E, = 38.36 * 10° J/mol, F =
9.648 * 10" C/mol, R = 8315 J/Kmol, k = 1.381 * 10> VC/K.
The rates ap and p are tension sensitive, because tension is
known to increase prestin residence in the expanded (X) state
(10, 28), t,, in units KT (eRT/F); rates p and B, are equally tem-
perature sensitive, with Arrhenius activation energy, E,. Here,
o and p are voltage dependent, with sensor valence z. At T =296 K,
Viu=0mV, T,, = 0 kT, and [CI];, = 0.14 M, initial rates are
ki = 1.4e6, k, = 1ed, ap = 75, fp = 95, a = 1e6, and g = leS.
Model results recapitulate our biophysical data. Stimulation of
the model is with the same voltage protocols used to collect the
biophysical data, and analysis is the same. Fig. 5 B-D shows
chloride-, rate-, and polarity-dependent disparity similar to the
biophysical results illustrated in Fig. 3 A-C. The polarity de-
pendence of the fastest rates with low chloride levels is not as
rectified as the biophysical data, the model showing only minor
differences, and may result from the extraordinary simplicity
of the model. The triangles depict results obtained when inter-
mediary rates, oy and fy, are set 8 orders of magnitude faster.
Under such conditions, the model resembles a fast two-state
model, with no disparity between NLC and eM. We reason that
at high chloride levels the population of voltage-enabled Cl-bound
motors is enriched, and the fast kinetics of the voltage-dependent
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Fig. 3. The eM and NLC are disparate. (A) The eM and NLC operating
voltage disparities are dependent on chloride levels, ramp durations/rates,
and polarity. With 140 mM chloride intracellular, polarity effects are sym-
metrical but offset in the depolarizing direction. (B) For 10 mM chloride, the
offset is larger, and a depolarizing asymmetry arises at short ramp durations.
(C) With 1 mM chloride, the depolarizing offset is larger still, and the
depolarizing asymmetry at short ramp durations is also greater. Errors
bars are SE and numbers of cells are indicated. Triangles (up, blue: depo-
larizing ramp; down, purple: hyperpolarizing ramp) depict results obtained
with aspartate as the chloride substitute at 100 ms duration ramp. Com-
pare with model results in Fig. 5 B-D. (D) Qmax and eM,,x are not strictly
correlated. Normalized Qmax and eMp.x are derived from 500 ms hyper-
polarizing ramp data. As chloride levels decrease, Qmax decreases, but eM
does not follow. Error bars are SE, number as in Fig. 3 A-C. Compare with
model results in Fig. 5E. (E) Membrane tension reduces V,, disparity between
eM and NLC. V}, of NLC shifts in the depolarizing direction with increase in
membrane turgor pressure regardless of ramp polarity. (F) V,, of eM also
shifts in the depolarizing direction with hyperpolarizing ramps as tension
increases. However, eM V,, shifts in the hyperpolarizing direction when
measured with depolarizing ramps. (G) Net effect of shifts in V}, is to reduce
V}, disparity as membrane tension increases. AV}, obtained by subtraction of
data in A and B; n = 4. Compare with model results in Fig. 5 F-H.
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transitions work on this population to dominate the cell response,
thus appearing more similar to a fast two-state process.

Fig. 5E illustrates that the model, similar to the biophysical
results in Fig. 3D, exhibits poor correlation between Q,.x and
magnitude of eM. In this case, O« estimates can reduce with
essentially no change in eM. Fig. 5 F-H illustrates the effects
of tension on kinetic model behavior and shows similarity to the
biophysical data of Fig. 3 E-G. Namely, a reduction of the fast
ramp (100 ms) AV}, disparity results from inverse shifts of po-
larity dependent eM V/,. NLC V},, on the other hand, shifts in the
depolarizing direction for both polarity ramps. It is important to
note that Fig. S1 A-D illustrates that a variety of perturbations
to the model recapitulate biophysical behavior of NLC observed
during the previous two decades, including prepulse effect, chlo-
ride concentration effect, temperature effect, and exponential
relaxations of C,, induced by voltage step. The success of the
model strongly suggests that an intermediary slow transition
governs prestin behavior.

Given that the model recapitulates most of the available bio-
physical data, we are confident that it can be used to investigate
other expected qualities that enable the OHC to function effectively
as cochlear amplifier. To this end, we tested the phase character-
istics of the model. Fig. S1 E-G shows that (i) eM phase lags that of
stimulating membrane potential, (i) the phase lag is chloride and
voltage dependent, and (iii) depending on intermediary gateway
kinetics, the phase lag exhibits variable frequency dependence. Fig.
S2 confirms that we do find small phase lags in OHC eM.

Discussion

OHC eM is voltage dependent and necessarily coupled to its
charged voltage sensor (8, 9, 12, 26, 27, 33). Thus, it is expected
that sensor-charge movement, measured as displacement currents
or NLC, should correspond to mechanical movements of the cell.
In fact, a strict correspondence is predicted based on two-state
Boltzmann models that incorporate transition speeds that match
the very fast voltage-induced mechanical response (>80 kHz)
(32). The incongruence of our data with this scheme, especially
at physiological chloride levels, requires rethinking of prestin’s
molecular mechanism.

Measures of prestin’s NLC alone are not sufficient to rule on the
existence of kinetic schemes above two states, given that C,-V,,
functions can be fit equally well by two-state Boltzmann or mul-
tistate Langevin functions within physiological voltage ranges
(34, 35). However, by evaluating simultaneous measures of NLC
and eM, we are able to identify at least three state transitions,
including fast anion-binding and voltage-dependent ones, and an
intermediary slow one. The intermediary state transition controls
the delivery of primed (anion bound) motors into a voltage-
enabled pool, and likely corresponds to the allosteric-like
behavior we have observed previously (16, 17). Thus, rather than
a typical allosteric mechanism, chloride binding to the evolutionary
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Fig. 4. The eM and NLC V,, disparity is little influenced by cytoskeletal in-
tegrity. The dotted lines are fits from the 10 mM chloride plot of Fig. 3B. The
effects of diamide and latrunculin are absent with hyperpolarizing ramps
(red symbols). On the other hand, diamide slightly reduces and latrunculin
slightly increases fast ramp effects.
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ancient transport-binding site functions to effect a slow confor-
mational change that enables a process (voltage sensing and eM)
unrelated to transport per se. We had previously separated NLC
and anion transport via mutations in prestin, and identified
charged amino residues that contribute to charge movement (36).
In consequence, the intermediate transition serves as a gateway
controlling the magnitude and voltage dependence of eM, and
underlies the disparity between measures of NLC and eM.

We emphasize that our data do not suggest that NLC and eM
are intrinsically separable, but that they only appear disparate
because our measuring techniques are subject to intermediate
rate effects that the disparity highlights. This is somewhat anal-
ogous to the recently observed need to integrate sensor charge
across long time ranges to reconcile large shifts in the voltage
sensor domain Q-V function of Shaker channels (37). Thus, we
find that the apparent operating voltage range of prestin depends
on the frequency of interrogation of its behavior. With our
measures of NLC, we are studying a nonstationary population of
voltage-dependent motors, varying according to the kinetics of
the intermediary gateway. That is, NLC measures that charac-
terize the voltage-dependent conformational change in prestin at
discrete frequencies cannot provide steady-state behavior as
previously thought, because we are not dealing with an invariant
fast two-state system. The kinetic model starkly illustrates this:
when intermediate rates are set very fast, model behavior is
similar to fast two-state behavior. As a correspondence, we find
that differing 1, is obtained by varying integration times of step-
induced charge movement. Thus, past estimates of steady-state
prestin behavior have been influenced by this gateway. For ex-
ample, we and others had assumed that lowering intracellular
chloride levels shifts eM correspondingly with NLC in the posi-
tive direction along the voltage axis. We now know that eM shift
is greater. Physiologically, acoustic frequency stimulation in vivo
will be influenced by intermediary kinetics corresponding to its
equivalent frequency bandwidth. This may underlie some of the
differences between low- and high-frequency cochlear behav-
ior. It is important to note that the simple model we provide
here has single exponential kinetics, whereas previously ob-
served kinetic characteristics of NLC (e.g., see Fig. 1 NLC time
course), which we can now ascribe to this gateway, clearly show
that the transition actually has stretched exponential behavior
providing control ranging from the submillisecond to the sec-
onds timescale (20, 23). Implementing this kinetic diversity will
certainly increase the complexity of the model, but may im-
prove its correspondence with biophysical data. For example,
at the present time we needed to decrease the transition rates
from the millisecond to the second timescale to obtain the
voltage prepulse effect as in Fig. S14. As noted above, NLC
relaxations do have components in this slower time range.

Anions and eM. The operating voltage range of eM is dependent
on chloride level (Fig. 1D), showing a greater dependence than
that of NLC. In a similar way, Op,.x estimates of charge movement
do not correlate well with eM. The disparities may be explained
because NLC only reports on the voltage-enabled population of
motors at interrogation frequencies, whereas eM is evaluated at
ramp rates much slower than that of the intermediate transition
rates. Still, it is interesting to note that steady-state eM magni-
tude is little affected by chloride removal. It was previously ob-
served that removal of intracellular chloride abolished eM (13).
That observation involved replacement of chloride with pentane
sulfonate, which we subsequently showed causes NLC V}, to shift
to very hyperpolarized voltages, effectively shifting eM outside
practical interrogation voltage ranges (16). In the present study,
we successfully evaluate the full range of eM at various chloride
levels and show robust mechanical responses, despite large re-
ductions in chloride. We and others have determined the K; for
prestin, ranging from 1 to 6 mM, using measures of NLC (13, 15,
17). Our robust eM observations along with clear indications that
NLC measures may not faithfully depict prestin’s steady-state
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Fig. 5. Kinetic model of prestin. (A) Simple kinetic model of prestin activity
within the plasma membrane. X, state is unbound by anion. The X, state is
bound by anion but intrinsic voltage-sensor charge is not responsive to
membrane electric field. Slow conformational transition to X state enables
voltage sensing of electric field (arrow depicts positive charged sensor
movement into the membrane field). Depolarization moves positive sensor
charge outward within the membrane field, simultaneously resulting in
compact state C, which corresponds to cell contraction (yellow arrows). (B—
D) Kinetic model recapitulates AV}, disparity of biophysical data. Plots cor-
respond to those plots of Fig. 3 A-C. Note increasing Vj, disparity with
chloride reduction and shorter ramp durations. There is a slight asymmetry at
fast ramp rates for the 1 mM chloride condition. Triangles depict results
obtained when the intermediate transition rates were increase by a factor of
1e8. No disparity is detected under these conditions, as expected for a simple fast
two-state model. (E) Kinetic model recapitulates uncorrelated Qmax and €My
of biophysical data. As chloride levels decrease, Qnax decreases, but eM does not
follow. Compare with biophysical data of Fig. 3D. (F-H) Kinetic model recapit-
ulates membrane tension dependence of biophysical data. Plots correspond to
those plots of Fig. 3 E-G. Note similarity of model behavior and biophysical
behavior, resulting in reduced AV, disparity as membrane tension increases.

properties indicate that the K, for prestin mechanical activity
needs reassessment.

Models of Prestin. The earliest molecular models of prestin, based
on OHC NLC and eM, were simple two-state Boltzmanns (8, 9,
29, 30), corresponding to two area states, compact and expanded.
The first observation of tension effects on OHC NLC led to a
modified Boltzmann model, where a mechanical energy term
supplemented that of electrical energy (28, 29). Those whole-
cell experiments correctly implicated a molecular basis, as sub-
sequent experiments revealed (4, 5, 10). Here we find that the
disparity between eM and NLC is susceptible to membrane tension,
thus directly implicating molecular underpinnings. To be sure,
the hallmark of the intermediate transition rate, the C,, re-
laxation indicative of the shifting Q-V function, is impervious to
intracellular pronase treatment (20), does not depend on OHC
length (23), and is found in prestin transfected cells (4), as ex-
pected for a membrane-based phenomenon. Indeed, the minor
effects of present cytoskeletal perturbations on the AV, disparity
confirm those observations. In accordance, it must be emphasized
that water movements into and out of the OHC that can alter
OHC shape are expected to be slow (38), and thus their greatest
contribution to the disparity in AV}, would be during long ramps,
which is just the opposite of what we find. In fact, chloride (water)
movement into or out of the cell should depend on ramp polarity
but at long durations disparity remains the same for each polarity
ramp. In addition, the order of ramp delivery is without effect on
the data. We conclude that our results cannot be due to whole-cell
mechanical properties or chloride/water movements during
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stimulation, and that the success of our model derives from its
accurate description of prestin’s molecular behavior.

Recently, extensive models, some deriving from OHC meas-
ures, incorporating transporter or multistate behavior have been
devised to replicate some of the available biophysical data, mostly
prestin’s anion dependence (39-41). Prestin’s anion transporter
capabilities are controversial, some groups championing transport,
others not (36, 42-44). However, another simple four-state model
(sum of two voltage-dependent Boltzmanns) was found to rival an
earlier model (45) in goodness of fit of NLC and salicylate’s effect
on OHC NLC (41). In a subsequent addition (33), the authors
suggest that chloride binding could screen intrinsic voltage-sensor
charge thus underlying V/, shifts; however, ions of any one polarity
are not expected to produce extreme V/, shifts in both positive and
negative directions, as has been measured in OHCs (16). In any
case, their model cannot reproduce our data, as chloride binding
leads directly to fast voltage-dependent reactions. It should be
noted, that we previously identified a voltage dependence of
NLC relaxations, which could signal that the slow intermediate
transition may possess some measure of voltage dependency
(23). In subsequent model renditions we intend to evaluate this
possibility, and the possible effects of electric field on anion
binding. In its present form, however, our simple model derives
from typical ligand gated channels (e.g., ACh receptor channels)
where fast ligand-binding kinetics leads to very much slower
conformational changes that gate open conductance (46, 47). For
prestin, the slower, voltage-independent intermediate conforma-
tional change enables voltage sensing. It is well known that
a voltage-independent transition can affect the characteristics of
a linked voltage-dependent one (37, 48, 49). It may be that the
other more complicated, although untested (re the host of bio-
physical data available), models of prestin possess some of the
qualities of our model, but to date our model is the simplest
capable of recapitulating the widest known set of OHC biophysical
data. In league with the transporter models, however, we speculate
that the transporter lineage of prestin underlies the slow transition
process that controls the fastest known molecular motor.

What Is Required of the OHC as an Amplifier? To provide amplifi-
cation within the cochlear partition, the OHC must exert its
force fast and at the right time. OHCs can respond to sinusoidal
voltage stimulation above 80 kHz (32), and although resistor-
capacitor (RC) filtering posed initial skepticism due to expected
decreases in eM driving force at high acoustic frequencies (26,
50), much work has basically eliminated this concern (14, 51-55).
However, one of those potential mechanisms that we envisioned
to overcome the RC problem does not survive tests with our
model. We previously suggested (14) that should chloride levels
fluctuate at acoustic rates near prestin (analogous to stereo-
cilia mechano-electrical transducer Ca*" flux effects on bun-
dle mechanics), this could drive high-frequency mechanical
responses, bypassing an RC limit. Our observations indicate that
such fluctuations are of limited effect because prestin’s in-
termediary rates will low pass filter responses, with the in-
termediate transition imposing its time dependence on chloride-
driven eM. Nonetheless, chloride flux at rates at or below in-
termediary rates could significantly affect eM.

Some cochlea models require a phase lag between OHC
voltage and OHC force, typically 1.57 rad, thereby delivering
force to the basilar membrane at an appropriate phase angle to
cancel viscous drag (56-58). This requires a delay between re-
ceptor potential and activation of eM. Although various mech-
anisms have been invoked to establish phase lags in cochlear
models, none have been based on intrinsic biophysical mecha-
nisms of the OHC motor. We suggest that the disparity that we
observe between NLC and eM may represent a delay proffered
by the additional states required to replicate the biophysical
data. To this end, we find in the model that phase lags between
membrane voltage and eM are generated by the intermediary
gateway, and that chloride level and membrane resting potential
control lag magnitude (Fig. S1). It must also be remembered that
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the gateway is actually multiexponential, thus in addition the
model can generate frequency-dependent phase delays depend-
ing on the kinetics of the gateway. However, we find that model
lag magnitudes are a fraction of 1.57 rad. Indeed, we find
a small phase lag in our physiological measures of eM (Fig. S2),
thus contributing to those model phase requirements. It should
be mentioned, however, that more recent models of OHC-
based amplification do not have lags required of older models
(59). Based on new concepts, it is not OHC action on the
basilar membrane, but instead on the fluid micromechanics of the
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subtectorial membrane space that affords amplification (60,
61). Although our data are in harmony with the phase-lag re-
quiring models, it remains to be seen how our predicted phase
characteristics of the OHC motor impact on newer models,
and whether the throttling kinetics of prestin’s intermediary
gateway can influence amplification.
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