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Conformational State-Dependent Anion Binding in Prestin: Evidence
for Allosteric Modulation
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ABSTRACT Outer hair cells boost auditory performance in mammals. This amplification relies on an expansive array of intra-
membranous molecular motors, identified as prestin, that drive somatic electromotility. By measuring nonlinear capacitance, the
electrical signature of electromotility, we are able to assess prestin’s conformational state and interrogate the effectiveness of
anions on prestin’s activity. We find that the affinity of anions depends on the state of prestin that we set with a variety of pertur-
bations (in membrane tension, temperature, and voltage), and that movement into the expanded state reduces the affinity of
prestin for anions. These data signify that anions work allosterically on prestin. Consequently, anions are released from prestin’s
binding site during expansion, i.e., during hyperpolarization. This is at odds with the extrinsic voltage sensor model, which
suggests that prestin-bound intracellular anions are propelled deep into the membrane. Furthermore, we hypothesize that pres-
tin’s susceptibility to many biophysical forces, and notably its piezoelectric nature, may reflect anion interactions with the motor.

INTRODUCTION

Allosteric modulation of protein function is ubiquitous,
denoting the control of a protein’s conformational state
(tensed versus relaxed) and activity by perturbation (via
ligand or nonligand mechanisms) of sites distal to the
protein’s active site (1-4). Monod et al. (3) originally devel-
oped a concerted allosteric model to describe the effects of
oxygen binding on hemoglobin, but this model has also
been shown to be useful for understanding other proteins,
including intramembranous proteins. For example, modeling
the modulation of Maxi-K channels by voltage and Ca2+
has benefited from allosteric theory (5,6). One interesting
consequence of allostery is the coupling of the conforma-
tional state and ligand-binding affinity, a phenomenon that
forms the basis of state-dependent block of ion channels (7).

The conformational state of the outer hair cell (OHC)
motor protein, prestin, is primarily driven by voltage.
Changes in the conformational state of the molecule can be
gleaned from the voltage dependence of its nonlinear charge
movement or its equivalent bell-shaped nonlinear capaci-
tance (NLC) (8, 9). Indeed, the voltage at peak capacitance
(Vpkem) Or, equivalently, the half-maximal charge movement
(Vy), 1is a sensitive indicator of the distribution of motors in
the compact or expanded state, according to two-state
models of OHC motor activity (10,11). However, the distri-
bution is not fixed; rather, it depends on a host of external
influences. Prolonged negative holding potentials (prepulse)
(12), positive membrane tension (13-16), and increasing
temperature (17,18) can each significantly shift Vi, tight-
ward, in the depolarizing direction, in a multiexponential,
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time-dependent manner (19), indicating a redistribution of
compact motors into the expanded state.

Recent observations have established an important role for
anions in controlling prestin and OHC function (20-24).
Charge movement in prestin is modulated by Cl™ ions
with a K, of ~6 mM (21,22). We have argued that the
binding of anions works allosterically to modify prestin
activity (20,23-26). Here we capitalize on prestin’s sensi-
tivity to membrane tension, temperature, and voltage to
show that prestin’s binding affinity for the anions Cl~ and
salicylate is dependent on motor conformation, confirming
an allosteric interaction.

MATERIALS AND METHODS
General preparation and procedure

Hartley albino guinea pigs were overdosed with halothane. The temporal
bones were excised and the cochleae were dissected in a calcium-free (no
chelator) solution and then treated with enzyme (0.5 mg/mL Dispase I,
10-12 min). Individual OHCs were isolated by gentle trituration. The
suspension of cells was then transferred to a petri dish for the cells to settle.
The base extracellular solution contained (in mM) NaCl 132, CaCl, 2,
MgCl, 2, and Hepes 10. The final solutions were adjusted to ~300 mOsm
with D-glucose (except for the solutions used for the osmotic challenge
experiment, which were adjusted to ~280 mOsm) and pH 7.2-7.3 with
NaOH. The intracellular solution was the same as the extracellular solution
except for the addition of 10 mM EGTA. Other C1™ levels were achieved by
replacing C1~ with gluconate. Salicylate (10 mM) was added to the base
extracellular solution (~300 mOsm, pH 7.2-7.3) and subsequently diluted
into concentrations of 0.1, 1, 10, 100, 1000, and 10,000 uM. Continuous
local perfusion was achieved with the use of a custom-made Y-tube. Perfu-
sions of salicylate either as a concentration series or at a single dose were
performed with and without positive pressure in the patch pipette (increased
tension at ~0.7 kPa). Pipette pressure was monitored via a pressure monitor
(PMO15R; World Precision Instruments, Sarasota, FL). Whole-cell NLC
(see below) recordings were made after the pressure stabilized.
Experiments were performed at room temperature and at 32-35°C. To
study the effect of temperature, bath solutions at room temperature were
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exchanged with preheated bath solutions to increase the temperature around
the OHC of interest. A temperature probe (model DP26-TC-AP; Omega
Engineering) was placed in the bath near the recorded OHC to document
the temperature rise. Recordings of NLC were made when the temperature
rose ~10°C. A Nikon Eclipse E600-FN microscope with a 40x water
immersion lens was used to observe cells during electrical measurements.
Digital images were taken with a Hamamatsu image processor.

Patch-clamp and stimulus protocols

OHCs were recorded under a whole-cell, patch-clamp configuration. An
Axon 200B amplifier was used for data collection. NLC 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 on a 200 ms voltage
ramp from —180 to 4200 mV (12,27). All recordings and analyses were per-
formed using jClamp (SciSoft, Ridgefield, CT; www.scisoftco.com). Capac-
itance data were fit to the first derivative of a two-state Boltzmann function (8):

ze b
Cn = Onax—=—"— + Cii, where
O T
- Vm - m
b = eXp< Ze( T P ))7

where Qn,y is the maximum nonlinear charge moved; Vpem or Vi, is the
voltage at peak capacitance or, equivalently, at half-maximum charge trans-
fer; V, is the membrane potential; z is the valence; Cy, is the linear
membrane capacitance; e is the electron charge; k is Boltzmann’s constant;
and T is the absolute temperature. Qg the specific density of charge move-
ment is defined as O ax/(Crin — 6.5 pF); 6.5 pF corresponds to the area in
OHC:s devoid of prestin NLC (28). Peak NLC was calculated by subtracting
the linear capacitance (Cy;,) from the peak amplitude (Cypi). We used Ciiy
determined from the fit to each individual NLC trace. Paired r-tests were
used and reported as the mean + SE. Dose response curves were fitted in
SigmaPlot (Systat Software) using a four-parameter Hill equation. For the
CI™ dose response curve, the low-concentration end point was fixed to
25% of the maximum charge because we previously determined this asymp-
tote using a full range of Cl concentrations (22).

RESULTS

Membrane tension alters the IC50 of salicylate
on NLC

Salicylate is known to block NLC in OHCs via intracellular
interactions with the motor (29,30). Recently, it was shown
that salicylate competes with C1~ for prestin’s anion-binding
site(s) (20,21). We assessed salicylate’s relative affinity
(competition with Cl7) by noting the degree of reduction
in NLC with intracellular C1™ fixed at 10 mM, the normal
resting level of chloride (20). Fig. 1, A and B, demonstrate
that with a fixed extracellular salicylate perfusion of
0.1 mM, tension reduced the effectiveness of the salicylate
insult (intra- and extracellular solutions both contained
10 mM Cl). The reduction of nonlinear peak capacitance
was 11.22 + 0.68 pF for collapsed cells and 7.44 = 1.15 pF
for pressurized (~0.7 kPa) cells (n = 4, P < 0.01, paired
t-test). In percentage terms, this corresponds to reductions
of 22.08% and 16.57%, respectively. Since the perfusion is
done extracellularly, it is possible that the manipulation of
membrane tension can change membrane properties such
that salicylate entry into the cells will be different under the
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two conditions. To rule out this possibility, we introduced
0.1 mM salicylate intracellularly via the patch pipette, and
obtained comparable significant results. Indeed, even with
equal concentrations of salicylate intra- and extracellularly,
similar results were obtained. The use of an osmotic challenge
(~280 mOsm) produced comparable results (data not shown).

Tension effects were explored in greater detail in another
set of experiments to measure the IC50 of salicylate. A series
of salicylate concentrations (0.1-10,000 uM) were applied to
OHCs first under collapsed conditions and then, after
complete washout (assessed by the return of NLC to pretreat-
ment conditions), under pressurized conditions (~0.7 kPa).
Fig. 1 C illustrates the shift in the dose response curve ob-
tained for a single OHC. Data from four cells (with pipette
solutions containing 10 mM CI™) yielded a shift of IC50
from 144.77 + 61.33 to 550.05 = 221.49 mM. This repre-
sents an ~4-fold reduction in effectiveness, indicating an
equivalent reduction in the affinity of salicylate for prestin.
For cells with 140 mM Cl™ in and out, the shift for IC50s
for salicylate dose response curves was from 333.89 =+
46.81 to 563.77 = 27.99 mM (n = 3). The smaller shift at
higher chloride levels is consistent with our previous finding
that salicylate is more effective at lower chloride levels (20).

Membrane voltage prepulse and temperature
alter salicylate’s effect on NLC

The data obtained so far indicate that increasing membrane
tension, which tends to redistribute the motors into the
expanded state, reduces the affinity of salicylate for prestin’s
anion-binding site. If the conformation of prestin were
responsible for this effect, we would expect any method
we used to redistribute prestin into the expanded state to
work similarly. Fig. 2 A confirms that by heating the cells,
we diminished the ability of salicylate to reduce NLC. The
average reductions of nonlinear peak capacitance for 1| mM
salicylate treatment were 9.9 = 1.00 pF at room temperature
and 5.58 = 0.73 pF after an ~10°C increase in bath temper-
ature (n = 4, P < 0.05, paired r-test). Intermediate
temperatures between room temperature and +10°C were
proportionally effective. The effectiveness of salicylate
insult (reduction of NLC) fell at a rate of 0.366 pF/°C with
increases in temperature (see Fig. S1 in the Supporting
Material).

Additionally, Fig. 2 B shows that holding at negative volt-
ages, which redistributes prestin into the expanded state,
diminishes the ability of salicylate to reduce NLC. The
average reduction of nonlinear peak capacitance for 1 mM
salicylate treatment was 10.50 + 0.16 pF at ~ +55 mV
holding potential and 6.41 *+ 1.05 pF at ~ —75 mV holding
potential (n = 4, P < 0.005, paired t-test). Intermediate
holding voltages between +55 and —75 mV were propor-
tionally effective. The effectiveness of salicylate insult
(reduction of NLC) fell at a rate of 0.029 pF/mV with hyper-
polarization (see Fig. S1).
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FIGURE 1 Competition between
salicylate and chloride for prestin’s
anion-binding site is dependent on
membrane tension. (A) Image of patch-
clamped OHC under collapsed condi-
tions and associated NLC traces
obtained before (control) and after
perfusion with 0.1 mM salicylate. Cell
diameter is 10 um. (B) Corresponding
image (note the reduced length and
increased diameter of cell) and NLC
traces for the same cell after an increase
in pipette pressure (0.7 kPa). The aver-
aged reduction of nonlinear peak capac-
itance due to salicylate perfusion is
11.22 + 0.68 for collapsed cells and
744 + 1.15 pF (n = 4, mean = SE,
P < 0.01, paired #-test). (C) Plot from

1506425 another cell of the dose response curve
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Membrane tension reduces chloride’s binding
affinity for prestin

Finally, we confirmed the generality and physiological
significance of our results by testing the effects of membrane
tension on Cl-anion affinity. In this series of experiments, the
chloride concentration was set to the same level intra- and
extracellularly, and the effects of membrane tension on
NLC were determined for a range of chloride ion concentra-
tions (1-140 mM). NLC was measured first under collapsed
conditions and then under pressurized conditions (~0.7 kPa).
Fig. 3 A illustrates the average shift (n = 4-5) in the dose
response curve. The fitted sigmoidal (Hill) functions indicate
a Ky, of 1.68 mM under collapsed conditions, and 4.74 mM
under pressurized conditions. The shift of Viem due to
~0.7 kPa pressurization is ~20 mV to the right regardless
of chloride concentration (Fig. 3 B), indicating that the
results are not due to chloride-dependent changes in the
susceptibility to membrane tension.

It is important to note that with each type of manipulation
available to us, we had to limit the perturbation magnitude to
maintain our cell recordings during the lengthy protocols;
therefore, we obtained only a limited interrogation of the
changes in binding affinity that might be realized by
a complete shift between compact and expanded states.

DISCUSSION

The OHC motor is voltage-dependent (31) and possesses
a voltage sensor that controls its conformational state
(compact/expanded) at rates in excess of 75 kHz
(10,11,32). The voltage dependence of the sensor charge
movement is shallow, with a Boltzmann slope factor of
~29 mV, and thus very large voltage changes (>200 mV)

T
10 100 1000

Salicylate (uM)

10000 for salicylate before and after membrane

tension delivery. Averaged results show
a shift in IC50 from 144.77 + 61.33 to
550.05 + 221.49 (mean *+ SE).

are required to fully redistribute motors between its two
conformations (compact and expanded) (8, 9). The midpoint
voltage (Vpkem Or Vi) of this operational range can be modi-
fied by several manipulations, including membrane tension,
prior (prepulse) holding voltage, and temperature. The effect
of tension on Vi is on the order of a 20 mV rightward
(i.e., depolarizing) shift per kPa of intracellular pressure,
with the cell being able to withstand only a few kilopascals
before it ruptures (15,16). Changes in the holding potential
can shift Vi tens of millivolts, with the shift being oppo-
site to the prepulse polarity and having maximum effective-
ness near normal resting potentials (12,19). Increases in
temperature cause a 20 mV rightward shift per 10°C
(17,18).

In this work, we exploited prestin’s sensitivity to these
biophysical forces to test the hypothesis that anions work
allosterically by interrogating the effect of the motor confor-
mational state on anion affinity. Although we were only able
to interrogate conformation-dependent binding affinity over
a limited population shift between compact and expanded
states (see Materials and Methods), each perturbation we
made to shift the state dependence of prestin motors from
the compact to the expanded state reduced the affinity of
the tested anion for the motor. We reason that prestin’s
anion-binding site, which has been tentatively identified in
prestin as homologous to the Cl-binding motif conserved
in CIC channels (GXXXP (26,33,34)), is altered during
induced conformational change to modify binding affinity
for anions. We especially note a parallel in the reciprocal
nature of the voltage dependence and tension dependence
of prestin (piezoelectricity) and the reciprocal nature of anion
binding and the conformational state of prestin (allostery).
The piezoelectric nature of prestin was first identified by
Iwasa (13), who found that membrane tension can cause
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FIGURE 2 Competition between salicylate and chloride for prestin’s
anion-binding site is dependent on temperature and holding voltage. (A)
A representative OHC was whole-cell patched with 140 mM C1™ in and
out, and perfused with 1 mM salicylate first at 23°C (solid lines) and then
at 34°C (dashed lines). The reduction of NLC after salicylate perfusion
(thin lines) is less under the high-temperature condition. Average reductions
of nonlinear peak capacitance for salicylate treatment are 9.9 + 1.00 pF
(mean = SE) vs. 5.58 *= 0.73 pF (mean = SE) (n = 4, P < 0.05, paired
t-test). (B) A representative OHC was whole-cell patched and perfused
with 1 mM salicylate at room temperature. The OHC was held at either
—70 mV (dashed lines) or + 50 mV (solid lines). The reduction of NLC after
salicylate perfusion (thin lines) is less at the —70 mV holding potential. The
average reduction of nonlinear peak capacitance for salicylate treatment is
10.50 *= 0.16 (mean = SE) at positive holding potentials and 6.41 =
1.05 (mean =+ SE) at negative holding potentials (n = 4, P < 0.005, paired
t-test).

a shift in the voltage dependence of OHC NLC; thus, tension
can induce displacement currents in the OHC (14,35). This
linkage between deformation and electrical activity is greater
in the OHC than in piezoelectric crystals (36), and has been
the focus of models that aim to enhance the frequency-
dependent effects of electromotility (37). We conjecture
that the piezoelectric nature of prestin may ultimately reside
in the allosteric action of anions. Furthermore, we hypothe-
size that the sensitivity of prestin to the range of biophysical
perturbations observed to influence the state of the motor
may involve anion interactions with the motor. To be sure,
the shift magnitudes from membrane tension, temperature,
and prepulse are dwarfed by that observed when physiolog-
ically tolerable chloride concentrations are changed within
the OHC: at the K, for the Cl-dependent V., shift
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FIGURE 3 Chloride binding to prestin is state-dependent. OHCs were
whole-cell patched and NLC was recorded. Chloride concentration was
set to the same level intra- and extracellularly, and the effects of membrane
tension on NLC were determined for a range of chloride ion concentrations
(1-140 mM). NLC was measured first under collapsed conditions and then
under pressurized conditions (~0.7 kPa). OHC NLC was fitted (Eq. 1) to
determine V), and total nonlinear charge moved (Qpmax), With Opax normal-
ized to cell surface area (Qy,) for comparison across cells. (A) OHC Qy, is
Cl™ -dependent, with ~25% of the charge insensitive to chloride as demon-
strated previously (22). Changing prestin’s state by application of positive
membrane tension shifts the dose response curve to the right. Paired #-test
significance (*, P < 0.05; n = 4-5) is noted in the figure. The fitted
sigmoidal (Hill) functions indicate a K, , of 1.68 mM under collapsed condi-
tions and 4.74 mM under pressurized conditions. (B) The shift of V), due to
~0.7 kPa pressurization is ~20 mV to the right regardless of chloride concen-
tration, indicating no chloride-dependent changes in the susceptibility to
membrane tension.

(4.8 mM, close to the resting intracellular [C1 7] (20)), the
shift is ~—8 mV/mM (22). Thus, we would predict that other
perturbations that affect the prestin state, such as changes in
the membrane lipid environment of OHCs (38,39) or prestin-
transfected cells (40), result from alterations of anion-
binding affinity.

The competitiveness of salicylate with chloride for pres-
tin’s anion-binding site results from a higher affinity for
salicylate over chloride (21). If we assume that chloride
and salicylate binding affinity can be manipulated indepen-
dently, then the reduced binding affinity of chloride by our
manipulations could have increased salicylate’s effective-
ness. This was not the case, and we must conclude that our
manipulations affect the binding site in a manner that influ-
ences binding of all anions. Thus, the effects of salicylate are
direct, and not a result of displacing chloride. This is in line
with the variable effects of different species of anions on
NLC (25).
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In summary, all perturbations that caused Ve to shift in
the depolarizing direction, i.e., that caused prestin motors to
move into the expanded state, reduced prestin’s anion-
binding affinity. These observations have direct implications
for the mechanism of voltage sensing in prestin (Fig. 4).
Oliver et al.’s (21) popular model of prestin as a dysfunc-
tional anion transporter, in which an intracellular chloride
anion serves as extrinsic voltage sensor, predicts that trun-
cated transport of chloride from its intracellular binding
site on prestin to an extracellularly directed intramembranous
site within the protein evokes prestin’s expanded state. On
the contrary, our data necessarily indicate that intracellularly
bound anions are released (due to reduced affinity) upon
motor expansion, and thus conflict with their model. We
maintain that anion binding is associated with motor contrac-
tion and OHC shortening, in line with our previous observa-
tions that increasing Cl ™ intracellularly boosts the number of
motors residing in the contracted state (22,23). Of interest, an
analysis of a variety of models, including those resulting
from intrinsic sensing, extrinsic sensing, and a combination
of transporting and sensing mechanisms, found that pre-
dicted movements of chloride during transport are associated
with the contraction of prestin (41). We believe these fine
points of contention with the extrinsic voltage sensor model
can be used to argue for a general mechanism of allostery
that portrays prestin as a protein of normal character that
does not require unusual modes (or models) of action. To
be sure, we determined that the sensor charge movement in
prestin relies on particular charged residues, as is the case
in other voltage-dependent proteins (42), and that prestin’s
voltage-dependent charge movement can be isolated from
its anion transport (26). These data do not imply that models
that detect (incorporate) composite charge movement contri-
butions from anions and intrinsic residues are faulty in their

FIGURE 4 Two models representing the events after anion binding to
prestin. The left panel depicts the extrinsic voltage sensor model (21), where
CI™ binds and enters the defunct transporter, which in turn triggers an exten-
sion of prestin. The right panel depicts the intrinsic voltage sensor model
(23-25), where Cl™ binding to prestin allosterically promotes the contracted
state, but voltage sensing results from movement of intrinsically charged
amino acid residues (red: positive residues; black: negative residues) (26).
Our new data confirm that during expansion, anions are released from pres-
tin. (In both panels, d is the perpendicular distance traversed across the
membrane field by the voltage sensor.)

375

assessment of NLC (41,43), as we fully acknowledge that
any charged species moving through the membrane field
can contribute to NLC. We simply want to point out that
the assignment of charge components to effect electromotil-
ity or not is not a simple process, and it could be that the
movement of a transported anion through prestin (and its
resultant displacement current) is unrelated to the mechanism
that drives the voltage-dependent mechanical activity of the
protein. Thus, the only thing that is absolutely clear to us is
that NLC is modulated by anions. Consequently, our new
findings and our previous observations that also conflict
with the extrinsic voltage sensor model—namely, that 1),
changes in the intracellular anion concentration and species
shift the voltage dependence of NLC (Vpem); 2), the anion
valence does not correlate with the voltage sensor valence;
3), prestin successfully transports anions; 4), the intrinsic
charge contributes to prestin’s voltage sensing; and 5),
single-site mutations can separate voltage sensing and trans-
port (23,25,26)—lead us to conclude that anions work
through an allosteric action on prestin.

SUPPORTING MATERIAL

A figure is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)01669-5.

We thank Fred Sigworth for his thoughts on allostery.
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