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Background: Prestin converts electrical energy into mechanical work.
Results: The V499G/Y501H mutation significantly impairs fast motor kinetics of prestin.
Conclusion: Impaired kinetics is attributable tomutation at theVal-499 site that is conserved among SLC26 proteins regardless
of their function as motors or transporters.
Significance: V499G/Y501H mutated prestin provides clues to the molecular mechanisms underlying somatic electromotility
and thus cochlear amplification.

Outer hair cells (OHCs) are a mammalian innovation for
mechanically amplifying sound energy to overcome the viscous
damping of the cochlear partition. Although the voltage-depen-
dent OHCmembranemotor, prestin, has been demonstrated to
be essential for mammalian cochlear amplification, the molec-
ularmechanism bywhich prestin converts electrical energy into
mechanical displacement/force remains elusive. Identifying
mutations that alter themotor function of prestin provides vital
information for unraveling the energy transductionmechanism
of prestin. We show that the V499G/Y501H mutation does not
deprive prestin of its voltage-inducedmotor activity, but it does
significantly impair the fast motor kinetics and voltage operat-
ing range. Furthermore, mutagenesis studies suggest that Val-
499 is the primary site responsible for these changes. We also
show that V499G/Y501H prestin forms heteromers with wild-
type prestin and that the fastmotor kinetics of wild-type prestin
is not affected by heteromer formation with V499G/Y501H
prestin. These results suggest that prestin subunits are individ-
ually functional within a given multimer.

The mammalian cochlea has two classes of hair cells with
distinct morphology, innervation, and physiological functions.
Inner hair cells are presumed to be sensory, mechanoreceptor
cells that convert sound-induced mechanical stimuli into elec-
tric signals that ultimately excite afferent neurons. In contrast,
outer hair cells (OHCs)2 are primarily specialized for amplify-

ing sound energy that would otherwise dissipate due to viscous
damping in the cochlea. The membrane-based motor protein
prestin confers voltage-induced, cell length change onto OHCs
(1). The indispensability of this prestin-based OHC electromo-
tility to normal cochlear amplification was demonstrated by a
series of studies (2–5).
Changes in transmembrane electrical potential induce

charge displacement in prestin that is converted into mechan-
ical displacement/force. Growing evidence suggests that the
voltage sensor(s) of prestin is intrinsic (6–8). However, it
remains unclear how prestin converts electrical energy into
mechanical work and why this energy transduction process
only occurs in mammalian and platypus prestins and not in
non-mammalian prestin orthologs (9, 10). Although prestin
multimers (11–15) could serve as minimal motor units, the
functional significance of multimer formation is not clear.
Functional analyses ofmutated prestinswhosemotor functions
are augmented or attenuated in various ways provide clues for
unraveling the energy transduction mechanism of prestin. A
careful examination of the motor properties of various prestin
mutations must, therefore, be undertaken to understand the
evolution of electromotile performance in prestin, which is the
only member of the solute carrier family (SLC26) with this
capability. In contrast to prestin (SLC26A5), most other family
members function as transporters.
V499G/Y501H prestin (abbreviated as 499-prestin) (16) is a

fortuitously generated mutant that successfully targets the lat-
eralmembrane so that normalOHCmorphology ismaintained,
but its motor function at physiologically relevant membrane
potentials is reduced due to a significantly depolarized voltage
operating point (5). A knockin mouse model expressing 499-
prestin shows a decrease in hearing sensitivity and thereby
serves as a more appropriate model for demonstrating the con-
tribution of prestin-based OHC electromotility to mammalian
cochlear amplification compared with prestin knock-out mice
(5). In these latter mouse models, OHCs show significant mor-
phological and axial stiffness changes due to the absence of
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prestin protein expression in the lateral membrane (2–5).
These changes could by themselves result in a loss of gain inde-
pendent of whether prestin is associated with cochlear amplifi-
cation or not.
In this report, we highlight themotor properties of 499-pres-

tin to gain insights as to how motor function is affected by the
V499G/Y501H mutation. The Val-499/Tyr-501 site of prestin
is predicted to reside near the C-terminal end of the last trans-
membrane segment immediately preceding its intracellular
C-terminal domain (see “Results”). Because this region is highly
conserved among SLC26 family members, these two amino
acids were not expected to correlate with motor function,
which is unique to prestin. Hence, the drastic change in elec-
tromotility by the V499G/Y501H mutation was unexpected
and required comprehensive characterization. This report
demonstrates that the fast motor kinetics of prestin is signifi-
cantly impaired by themutation.We also show that 499-prestin
forms heteromers with wild-type prestin, which allows us to
study how individual prestin subunits contribute to the overall
motor properties of prestinmultimers. Our results suggest that
the changes in motor properties found in V499G/Y501H pres-
tin are attributable to V499G alone and that themotor function
of prestin is not affected by multimer formation, suggesting
functional independence of prestin subunits within multimers.

EXPERIMENTAL PROCEDURES

Hair Cell Preparation and in Vitro Electrophysiology—Adult
mice were euthanized with Euthasol (200 mg/kg), and OHCs
were isolated as described previously (17). Whole-cell record-
ings were performed at room temperature using the Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA). Recording
pipettes were pulled from borosilicate glass to achieve initial
bath resistances averaging 3–4 megaohms. Whole-cell nonlin-
ear capacitance (NLC) recordings were performed using a
0-mV holding potential and a sinusoidal voltage stimulus (2.5
Hz, 120-mV amplitude) superimposed with two higher fre-
quency stimuli (390.6 (f1) and 781.3 (f2) Hz, 10-mV amplitude
throughout the study unless otherwise specified. For stimulus
frequency-dependent NLC measurements, f1 was set at 195.3
(f2 � 390.6), 390.6 (f2 � 781.3), 781.3 (f2 � 1563), 1563 (f2 �
3125), and 3125 (f2 � 6250) Hz. Recording pipettes were filled
with an intracellular solution containing 140 mM CsCl, 2 mM

MgCl2, 10 mM EGTA, and 10 mM HEPES (pH 7.3). Cells were
bathed in an extracellular solution containing 120mMNaCl, 20
mM tetraethylammonium chloride, 2 mM CoCl2, 2 mM MgCl2,
10 mM HEPES (pH 7.3). Osmolarity was adjusted to 310
mosmol liter�1 with glucose. To simultaneously measure NLC
and OHC motility, a slower sinusoidal voltage stimulus (1 Hz,
120-mV amplitude) superimposed with two higher frequency
stimuli (390.6 and 781.2 Hz, 10-mV amplitude) was used (18).
The intracellular solution used for testing the effect of pen-
tanesulfonate on NLC contained 150 mM 1-pentanesulfonate,
0.5 mM CsCl, 1 mM EGTA, and 10 mM HEPES (pH 7.3). The
intracellular and extracellular solutions used for testing the
effect of iodide on NLC and OHC motility were identical and
contained 134mMCsI, 6 mMCsCl, 10 mM EGTA, 2 mMMgCl2,
and 10 mM HEPES (pH 7.3). When recording with iodide, the
silver electrodes were iodinated with concentrated CsI. Intra-

cellular pressure was kept at 0 mm Hg, and current data were
collected by jClamp (SciSoft Co., New Haven, CT) using a fast
Fourier transform-based admittance analysis to determine
NLC (19). OHC electromotility was captured using a
WV-CD22 digital camera (Panasonic, Japan), and ImageJ was
used to analyze sequential images as described previously (18).
Generation of Prestin Mutants and Evaluation of NLC in

HEK293T Cells—The mutated prestin constructs (shown in
Fig. 4) were cloned into a pEGFP-N2 vector as described previ-
ously (16). HEK293T cells were then transfected with the
mutated prestin-expressing plasmids, and NLC was measured
as described previously (20).
NLC and Motility Data Analyses—In this study, we describe

the voltage-dependent charge movement (q) and the resulting
electromotility (d) of prestin by using the two-state Boltzmann
model. Charge movement (q) is described by Equation 1.

q �
Qmaxexp[�(Vm � Vpk)]

1 � exp[�(Vm � Vpk)]
� ClinVm (Eq. 1)

Qmax is themaximumcharge transfer, and� (�zappe/kBT) is the
slope factor of the voltage-dependence of charge transfer where
zapp is apparent valence of charge, e is electron charge, kB is
the Boltzmann constant, and T is absolute temperature. Vm is
the membrane potential, and Vpk is the voltage at which the
maximumchargemovement per voltage is attained. Similarly, the
voltage-dependent cell length change is described by Equation 2.

d �
dmaxexp[�(Vm � Vpk)]

1 � exp[�(Vm � Vpk)]
� d0 (Eq. 2)

dmax is themaximumcell length change, and d0 is theminimum
length of OHCs at infinitely depolarized membrane potentials.
Differentiation of Equation 1 in terms of Vm yields Equation 3
for membrane capacitance (Cm).

Cm �
�Qmaxexp[�(Vm � Vpk)]

{1 � exp[�(Vm � Vpk)]}
2 � Clin (Eq. 3)

In cases where prestin-dependent changes in the specificmem-
brane capacitance (�C) are evident, the following equation was
used to analyze NLC.

Cm �
�Qmaxexp[�(Vm � Vpk)]

{1 � exp[�(Vm � Vpk)]}
2 �

�C

1 � exp[�(Vm � Vpk)]
� C0

(Eq. 4)

C0 represents linear capacitance, and �C represents the com-
bination of prestin-dependent changes in membrane area and
in either the dielectric constant or thickness of the cell mem-
brane (18, 21). To explain NLC for OHCs derived from 499-
prestin heterozygous mice (499het), the following monomer
(Equation 5), dimer (Equation 6), trimer (Equation 7), and
tetramer (Equation 8) binomial distribution models were used
for curve fit analyses.Cm(WT) andCm(499ki) were fixed using the
experimentally obtainedNLCparameters summarized inTable
1. The expression ratio of wild-type (WT-) and 499-prestin in
499het OHCs was defined as r:(1 � r) for each model.

Cm�499het) � rCm�WT� � �1 � r�Cm�499ki) (Eq. 5)
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Cm�499het� � r2Cm�WT� � 2r�1 � r�Cm�WT/499� � �1 � r�2Cm�499ki)

(Eq. 6)

Cm�499het� � r3Cm�WT� � 3r2�1 � r�Cm�WT2/499� � 3r�1 � r�2Cm�WT/4992�

� �1 � r�3Cm�499ki� (Eq. 7)

Cm�499het� � r4Cm�WT� � 4r3�1 � r�Cm�WT3/499� � 6r2�1

� r�2Cm�WT2/4992� � 4r�1 � r�3Cm�WT/4993� � �1 � r�4Cm�499ki) (Eq. 8)

Model Comparisons (Corrected Akaike Information
Criterion)—For comparing the models (Equations 5–8), the
F-test cannot be used because the models are not mathemati-
cally nested to each other. Therefore, Akaike’s method (cor-
rected Akaike Information Criterion (AICc)) was used for the
comparisons (18, 22), and AICc scores were calculated using
Equation 9,

AICc � N ln
SS

N
� 2K �

2K�K � 1�

N � K � 1
(Eq. 9)

where N is the number of data points used for a curve-fit anal-
ysis, SS is the absolute sum of squared difference, K is the num-
ber of free-fitting parameters plus one. Amodel with the lowest
AICc score is generally accepted as the most likely to correctly
represent the data. Prism (GraphPad Software) was used for the
curve-fitting analysis of both motility and NLC.
Co-immunoprecipitation Assay—Baculovirus expressing

WT-prestin tagged with an N-terminal FLAG epitope and
C-terminal GFP and baculovirus expressing 499-prestin tagged
with a C-terminal myc epitope were generated according to the
manufacturer’s instructions (Invitrogen). Approximately 2 �
107 sf9 cells were infected either singly or doubly with the bacu-
lovirus and cultured for 2 days at 28 °C. The infected cells were
collected andwashedwith a buffer containing 150mMNaCl, 30
mM Tris-Cl, and 5 mM EGTA (pH 7.5). Cells were lysed by
sonication on ice in a buffer containing 150 mM NaCl, 30 mM

Tris-Cl, 0.2 mM EGTA, 0.1 mM �-mercaptoethanol, and 20 mM

n-dodecyl �-maltoside (pH 7.5) supplemented with 50 �g/ml
leupeptin. Soluble and insoluble fractions were separated by
centrifugation (18,000 � g for 30 min at 4 °C) and applied to an
anti-FLAG M2-agarose column (Sigma). The column was
washed with a 5-column volume of a buffer containing 150 mM

NaCl, 30 mM Tris-Cl, 0.2 mM EGTA, and 10 mM n-dodecyl
�-maltoside (pH 7.5). Bound protein was eluted using a glycine
buffer containing 2 mM n-dodecyl �-maltoside (pH 3.5) and
analyzed by Western blot using anti-FLAG (OctA-Probe D-8,
Santa Cruz Biotechnology) and HRP-conjugated anti-myc (46-
0709, Invitrogen). The co-immunoprecipitation assay was
repeated three times to confirm reproducibility.
Bioinformatics—Over 200 non-redundant sequences of pres-

tin and other SLC26 members were obtained by PSI-BLAST
search and aligned using Clustal Omega to generate sequence
logos by WebLogo (23).

RESULTS

Motor Characteristics of 499-prestin—Prestin-dependent
charge movement is manifest in the bell-shaped, voltage-de-
pendent membrane capacitance referred to as NLC (24, 25).

OHCs derived fromWTmice display typical NLC profiles (Fig.
1A, black). In contrast, OHCs derived from 499-prestin
knockin (499ki) mice show very small NLC within the
�120-mV observation window because of the extremely depo-
larized voltage operating point (Vpk) of 499-prestin under nor-
mal recording conditions using intracellular chloride (Fig. 1B,
black; also see Fig. 6A) (5). To confirm the authenticity ofmotor
function, we measured the NLC of 499ki OHCs in the absence
of chloride by using a pentanesulfonate solution, which is
known to attenuate themagnitude of theNLCpeak by reducing
� (Fig. 1A, gray) (6, 26). The NLC of 499-prestin observed at
depolarizing voltages was almost completely flattened by pen-
tanesulfonate (Fig. 1B, gray), suggesting that the rising Cm
observed at positive Vm does indeed represent 499-prestin
activity.We alsomeasuredNLC and electromotility ofWT and
499ki OHCs in the presence of iodide (Fig. 1, C and D). For
WT-prestin, iodide is known to shiftVpk in the hyperpolarizing
direction (26). The bell-shaped NLC (Fig. 1D, inset) and dis-
placement of 499kiOHCs (Fig. 1D) became evidentwith iodide,
confirming that 499-prestin is functional as a motor albeit with
altered properties. The OHC displacement observed in 499ki
OHCs with iodide is quite large (�1 �m) compared with the
relatively small charge movement (201 � 38 fC; Fig. 1D, inset),
implying that 499-prestin induces a greater displacement for a
given chargemovement compared withWT-prestin. However,
becauseOHCdisplacement wasmeasured using a 1-Hz voltage
stimulus, whereas the associated NLC was measured using two

FIGURE 1. 499-prestin is a functional motor. A and B, effect of pentanesul-
fonate on WT (A) and 499ki OHCs (B). NLC was measured in the presence (gray)
or absence (black) of pentanesulfonate. C and D, motor function of WT (C) and
499ki OHCs (D) measured in the presence of iodide. Five representative
results of OHC displacement are shown together with a representative NLC
(inset). Typical voltage-dependent OHC displacement and bell-shaped NLC of
499ki became evident due to the hyperpolarizing Vpk shift induced by iodide.
The motility responses were analyzed using Equation 2 (solid lines).
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small sinusoidal voltage stimuli at higher frequencies (f1 � 391
Hz, f2 � 781 Hz) superimposed onto the 1-Hz stimulus (see
“Experimental Procedures”), the relatively small charge dis-
placement seen in 499ki OHCs could result from reduction in
motor kinetics, which may be induced by the V499G/Y501H
mutation. In other words, the stimulus frequencies used for
measuring NLC in 499-prestin (391 and 781 Hz) might be too
high to induce charge displacements that are comparable with
WT-prestin. To test this possibility, we performed stimulus fre-
quency-dependent NLC measurements on 499ki OHCs under
the iodide condition. The measurements were also performed
onWTOHCs under the same iodide condition for comparison
(Fig. 2, A and B) and with chloride (for WT; supplemental Fig.
S1). To quantitatively describe the frequency dependence of
NLC, we divided the magnitude of NLC (Qmax) by that deter-
mined at f1 � 391 Hz (Fig. 2C). We used recordings at 391 Hz
(f1) as reference because it is our standard stimulus condition
used for most NLC recordings. As expected, the magnitudes of
NLCofWTOHCsdid not decrease significantly as the stimulus
frequency increased (f1 � 195–3125 Hz; f2 � 2f1 � 391–6250
Hz), reaffirming the excessively fast motor kinetics of
WT-prestin (Fig. 2,A andC) (10). In contrast, the NLC of 499ki
OHCs showed significant frequency dependence (Fig. 2, B and
C), suggesting that the motor kinetics of 499-prestin is in fact
significantly impaired by V499G/Y501Hmutation. Because the

frequency-dependent NLC of 499ki plateaued at higher fre-
quencies, which do not limit the admittance analysis-based
capacitance measurement due to sufficiently large stimulus
pipette conductance (�0.1 microsiemen), it is likely that the
small and apparently widened NLC of 499ki seen at higher fre-
quencies (Fig. 2B) is controlled by the static conformation
(compacted versus elongated)-dependent change in the specific
capacitance of the cell membrane (21). Therefore, Equation 4
was used to analyze the NLC of 499ki OHCs. Calculations indi-
cate that the magnitude of �C, which represents incremental
capacitance due to the prestin-dependent change inmembrane
area plus any change in membrane thickness, was determined
to be 0.74 � 0.07 pF (mean � S.D., n � 5). Inclusion of the �C
term (fixed at 0.74 pF) did not significantly change the stimulus
frequency-dependent NLC profile of WT OHCs due to its rel-
atively smaller contribution (data not shown). A hyperpolariz-
ing shift of Vpk at higher stimulus frequencies was also evident
in 499ki (Fig. 2D). Such stimulus frequency-dependentVpk shift
was not evident inWT. The reason for the shift seen in 499ki is
unclear. Because the overall circuit admittance is significantly
limited by the membrane plus stimulus pipette conductances,
i.e. not by the prestin-related capacitance change at lower stim-
ulus frequencies, we could not determine themaximum charge
displacement of 499ki. However, ourNLCmeasurements allow
us to predict the magnitude of NLC that should correspond to

FIGURE 2. Voltage stimulus frequency-dependent NLC measurement. Examples of stimulus frequency-dependent NLC measurements on WT (A; n � 5) and
499ki OHCs (B; n � 5) are shown. NLC measurements were performed using five different f1 frequencies with corresponding f2 frequencies being twice as large
as f1. Equations 3 and 4 were used to determine the Qmax values of WT and 499ki OHCs, respectively. The obtained Qmax values were divided by those
determined at 390.6 Hz, and resulting quotients were plotted as a function of the f1 stimulus frequency in C. Vpk values were also plotted as a function of the f1
stimulus frequency in D. Error bars represent S.D.
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the motility data measured at 1 Hz. The data indicate that the
NLC would be at least twice that determined at 391 Hz (Fig.
1D). This estimate implies that the fundamental motor mech-
anism of prestin, besides its slowed kinetics, would probably
not be significantly affected by the V499G/Y501H mutation.
The Val-499/Tyr-501 Site—To gain insights into the struc-

tural-functional relationships that underlie the fast motor
kinetics of prestin, we performed a bioinformatics analysis
using the primary sequence of gerbil prestin because the struc-
ture of prestin, except for a portion of its C-terminal domain
(27) and its membrane topology, have not been defined. Fortu-
nately, the membrane topology of the bacterial member of the
SulP/SLC26 family, BicA, was predicted using the SCAMPI-
msa algorithm, and this result agrees with themembrane topol-
ogy of this protein determined experimentally (28). Because
prestin also belongs to the SLC26 family, we ran the SCAMPI-
msa algorithmhoping to obtain a better prediction of themem-
brane topology of prestin. As shown in Fig. 3A, the algorithm
predicted the Val-499/Tyr-501 site (indicated by “*”) to lie
within the C-terminal end of the 12th transmembrane segment
(shaded in gray) that immediately precedes the C-terminal
domain (enclosed by black lines). In addition, locations of�-he-
lixes (shown in red) and �-strands (shown in blue) were pre-
dicted by JPred3, and these predictions of the secondary struc-
ture of gerbil prestin agree with those solved experimentally for
rat (27, 28) (shaded in yellow with the same color coding). The
predictions made by these two independent programs are con-
sistent with each other; i.e. the locations of transmembrane
segments predicted by SCAMPI-msa (shaded in gray) overlap
with the locations of �-helixes predicted by JPred3 (shown in

red). These predictions are also similar to the published loca-
tion of Val-499/Tyr-501 (5).
The degree of residue conservation for the Val-499/Tyr-501

region was also interrogated using a PSI-BLAST search fol-
lowed by multiple sequence alignment. Fig. 3B provides five
partial sequences of SLC26 proteins containing the Val-499/
Tyr-501 site. Among these, only gerbil prestin is electromotile.
There seems to be no obvious correlation between residue con-
servation at the 499 and 501 positions and function, i.e.motor
versus transporter. However, the high degree of residue conser-
vation at the 499 position (Fig. 3C) suggests the importance of
this site for fundamental properties shared among SLC26 pro-
teins. Comparedwith 499, the 501 position is less conserved. At
the very least, the presence of Tyr at the 501 position does not
seem to correlate with the voltage-dependent motor activity,
which is only observed in mammalian and platypus prestins.
The results of this exercise indicate that there seems to be noth-
ing obviously special about 499 and 501 that would induce one
to mutate them to learn something about the molecular mech-
anisms underlying the motor action of prestin, hence the ser-
endipitous nature of this discovery (16).
Motor Properties of Various Single/Double Mutations of

Amino Acids 499 and 501—To gain further insight into the
unique motor properties conferred by the V499G/Y501H
mutation, we generated a series of prestin mutants that were
heterologously expressed inHEK293T cells andmeasuredNLC
to examine how charge translocation is affected (Fig. 4). The �
value is a usefulmetric for evaluating thesemutations and com-
paring the results among different prestin constructs. Recall
that � is determined by both valence (z) and distance (�) of

FIGURE 3. Val-499/Tyr-501 site of prestin. A, predicted locations of transmembrane segments and secondary structures. Only a partial sequence of gerbil
prestin (461–744) including the intracellular C-terminal domain (enclosed by the black lines) is shown. The locations of Val-499 and Tyr-501 are indicated by
asterisks. Shaded in gray are membrane-spanning regions associated with the 11th and 12th transmembrane domains of prestin predicted by the SCAMPI-msa
algorithm. Regions projected to be intracellular, membrane-spanning, or extracellular are noted as “i,” “M,” and “o,” respectively. A secondary protein structure
prediction server, Jpred3, was also used to predict �-helix (red) and �-sheet (blue) regions. Partial amino acid sequences in the C-terminal domain of rat prestin
whose tertiary structures are solved (27) are also shown below the corresponding sequence of gerbil prestin (shaded in yellow). B, comparison of the amino acid
sequence at the Val-499/Tyr-501 site in various species. A partial amino acid sequence of gerbil prestin (485–506) along with the corresponding sequences of
other SLC26A family members from different organisms is shown. The locations of Val-499 and Tyr-501 are indicated by asterisks. The bold characters indicate
amino acids that are conserved among the five SLC26A proteins shown. C, a graphical representation of amino acid residue conservation at the Val-499/Tyr-501
site. The locations of Val-499 and Tyr-501 are indicated by asterisks. Amino acids are colored according to their chemical properties: green for polar (Gly, Ser, Thr,
Tyr, Cys, Gln, and Asn), blue for basic (Lys, Arg, and His), red for acidic (Asp and Glu), and black for hydrophobic (Ala, Val, Leu, Ile, Pro, Trp, Phe, and Met) amino
acids. The relative height of any given logo/letter represents the frequency of that amino acid, whereas the total height of the stack represents the degree of
sequence conservation (maximum, 4.3 bits).
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voltage-induced charge movement within the prestin molecule
(“zapp” defined in Equations 1–3 is an apparent valence that is
written as z�) whose magnitude could reflect the kinetics of
voltage-induced charge displacement. Voltage-induced charg-
ing/discharging a capacitor is a fast process, and the phase is 90°
advanced relative to that of the voltage stimulus. NLC is deter-
mined from the magnitude of this phase-shifted current com-
ponent (19). If stimulus frequency exceeded the motor kinetics
of prestin, underestimation of prestin-related charge move-
ment would occur. In the two-state Boltzmann model, this
wouldmanifest as reduction in�, and reduction inQmax should
accompany this reduction in � because Qmax is defined as
�NkBTwhereN is the number of prestinmolecules (18). In fact,
reductions in � associated with decreases in Qmax at higher
stimulus frequencies can be observed in WT OHCs (supple-
mental Fig. S1).
We first tested V499G and Y501H prestins so that the effect

of each individual mutation was evaluated separately. Y501H
prestin showedWT-like NLC (Fig. 4A) with similar �, Vpk, and
kinetics (Fig. 4, D–F). Because NLC of V499G was too small to
be confidently analyzed in HEK293T cells as was the case for
V499G/Y501H (Fig. 4B), the NLC of 499ki OHCs measured
under the chloride condition was used for comparison in Fig. 4,
D and E, and indicated as “(499ki).” For the same reason, the
degree of stimulus frequency-dependent reduction in Qmax
determined for 499ki OHCs under the iodide condition (Fig. 2)

was used in Fig. 4F for comparison (also indicated as (499ki)). A
significant reduction in �, shift in Vpk, and reduction in the
degree of stimulus frequency-dependent Qmax are evident in
499ki, and similar changes are assumed for V499G. The
absence of detectable NLC (Fig. 4B) is not due to misfolding
and/or mistargeting of the prestin mutants expressed in
HEK293T cells because stimulus frequency-dependent NLC of
those mutants determined under the iodide condition (supple-
mental Fig. S2) qualitatively resembles that of 499ki OHCs
measured under the same condition as in Fig. 2B. These obser-
vations suggest that the unique motor property found in
V499G/Y501H prestin is attributable to V499G. This conclu-
sion is consistent with the fact that the 501 site is not highly
conserved among SLC26 family members as noted above, indi-
cating that it is probably not important for function, be it trans-
port or electromotility.
We then generated additional prestin mutants focusing on

the 499 site (Fig. 4C). Because Val or Ile dominates the 499
position (Fig. 3C), a hydrophobic residue of a certain size
appears to be required, and both of these properties are signif-
icantly altered in V499G. In fact, replacement with Leu did not
significantly change � or the fast motor kinetics (Fig. 4, D and
F), consistent with the fact that Leu is similar in size and hydro-
phobicity to Ile. Vpk of V499L, however, showed a hyperpolar-
izing shift (Fig. 4E), suggesting the importance of the 499 site for
determining the voltage operating point of prestin. We then

FIGURE 4. NLC of various prestin constructs measured in HEK293T cells. A, examples of NLC measured on HEK293T cells expressing WT-prestin or Y501H
prestin. B, examples of NLC measured on HEK293T cells expressing V499G or V499G/Y501H prestin. Each construct contains a C-terminally attached enhanced
GFP tag for visual confirmation of successful heterologous expression. C, NLC of various prestin mutants. Representative NLC of WT-prestin and V499L, V499F,
and V499A prestin mutants are shown. D and E, summary of NLC parameters in various prestin mutants. All NLC measurements were performed under the
chloride condition. NLC data were analyzed using Equation 3 and Equation 4 (for V499A) to determine NLC parameters for each prestin construct. Obtained �
and Vpk values are summarized in D and in E, respectively. The � and Vpk values (mean � S.D.) were as follows: WT, 0.031 � 0.005 mV�1 and �91 � 18 mV (n �
24); Y501H, 0.030 � 0.003 mV�1 and �95 � 17 mV (n � 14); V499A, 0.023 � 0.003 mV�1 and 3.5 � 18 mV (n � 18); V499L, 0.030 � 0.004 mV�1 and �113 � 18
mV (n � 13); and V499F, 0.025 � 0.003 mV�1 and �79 � 19 mV (n � 10). The horizontal solid and broken lines indicate the means and S.D. of WT. The asterisks
shown after the construct name indicate a statistically significant difference (p 	 0.05) compared with WT. Because the NLC of V499G and V499G/Y501H was
too small to be detected in HEK293T cells, the � and Vpk data for V499G/Y501H were obtained from 499ki OHC recordings (Table 1 and Fig. 6). F, voltage stimulus
frequency dependence. NLC measurements were performed on HEK293T cells expressing various prestin constructs (WT (n � 6), Y501H (n � 5), V499L (n � 5),
V499F (n � 4), and V499A (n � 7)) and using five different f1 frequencies (195.3, 390.6, 781.3, 1563, and 3125 Hz). The corresponding f2 frequencies were twice
as large as f1. The obtained Qmax values were divided by those determined at 390.6 Hz, and resulting quotients were plotted against the f1 stimulus frequency.
The data for (499ki) are from Fig. 2. Examples of stimulus frequency-dependent NLC can be found in supplemental Fig. S3. Error bars represent S.D.
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replaced Val with Phe to further examine the steric effect of an
amino acid residue at the 499 site without altering the degree of
hydrophobicity. The V499F mutation resulted in significant
decrease in� (Fig. 4D). Although the reduction in� seems to be
qualitatively manifest in the relatively greater degree of reduc-
tion ofNLC at higher stimulus frequencies comparedwithWT,
Y501H, and V499L (Fig. 4F), the difference was statistically
indistinguishable from that of WT. Unlike V499L, V499F did
not show significant shifts inVpk (Fig. 4E). These results suggest
that the hydrophobicity of the residue at the 499 site is more
important than molecular size for defining the motor charac-
teristics of prestin.We also replaced Val with another nonpolar
residue, Ala, whose hydrophobicity is intermediate between
Val and Gly. As expected, NLC phenotypes were intermediate
betweenWT-prestin and 499-prestin in terms of�,Vpk, and the
kinetics (Fig. 4, D–F). These results may imply that hydropho-
bicity at the 499 site is important for the stability of the last
transmembrane helix in the membrane and that this structural
integrity is required to support fast voltage-dependent motor
function.
Heteromer Formation between WT-prestin and 499-prestin—

Prestin is known to form multimers that could conceivably
function as minimal motor units (11–15). It is also known that
499-prestin forms multimers just like WT-prestin (5). Because
this self-association may be essential for the energy transduc-
tionmechanismof prestin, the drastic alteration inmotor prop-
erties seen in 499-prestin may indicate a change in the way
prestin subunits interact. If this were the case, 499-prestin sub-
units might not be readily interchangeable with WT-prestin.
To test this idea, we examined heteromer formation between
WT- and 499-prestin in a baculovirus/sf9 heterologous expres-
sion system, which attains a high efficacy of coexpression in sf9
cells that are known to produce functional prestin (29).
Epitope-tagged prestin constructs were used because antibod-
ies that distinguish 499- from WT-prestin are not available.
FLAG-tagged WT-prestin and myc-tagged 499-prestin con-
structs were used for testing heteromer formation. Use of GFP

(�27 kDa)-taggedWT-prestin allows the various constructs to
be identified by differences in molecular mass (Fig. 5A). The
WT-prestin (FLAG-WT-prestin-GFP, �110 kDa) and/or the
499-prestin (499-prestin-myc, �82 kDa) were expressed in sf9
cells and purifiedwith a FLAGaffinity column.As expected, the
WT-prestin construct bound to the FLAG affinity column irre-
spective of the expression of the 499-prestin construct. In con-
trast, 499-prestin did not bind to the column by itself when
singly expressed but did bind to the column when coexpressed
withWT-prestin (Fig. 5B, left). Absence of the bound 499-pres-
tin band was not due to reduced protein expression because
protein was clearly detected in the unbound fraction (Fig. 5B,
right). Dimeric bands that were observed for WT- and 499-
prestins extracted fromWT and 499ki OHCs (5) were also evi-
dent for constructs expressed in sf9 cells especially when longer
exposures were used. The fact that 499/499 multimers are col-
lected by the FLAG column is indicative of trimer/tetramer
formation between WT- and 499-prestin. Additional bands
with molecular masses slightly different from those of a WT-
prestin homodimer and a 499-prestin homodimer due to the
addition of GFP to the WT-prestin construct were also seen
(labeled as “WT/499”; Fig. 5B). The greater reactivity of the 499
multimer band versus the WT/499 band probably reflects the
greater number ofmyc epitopes associated with 499 homomul-
timers when comparedwithWT/499 heteromultimers. Collec-
tively, these results suggest that WT- and 499-prestin form
homomultimers in a similar fashion.
It is likely that WT-/499-prestin heteromers exhibit unique

motor properties that would manifest in a distinct NLC, pro-
viding indirect evidence for WT-/499-prestin heteromer for-
mation. To test this prediction, we crossedWT and 499ki mice
to obtain 499-prestin heterozygous (499het) mice and meas-
ured NLC of OHCs isolated from these mice in which both
WT- and 499-prestins are expressed. Because prestin expres-
sion density in OHCs is �10 times higher than that typically
achieved in mammalian and insect cell lines, it is possible to
examine NLC with higher resolution and to define contribu-
tions originating from multiple prestin components. Results
from 499het OHCs were compared with WT and 499ki OHCs
measured under the same conditions (chloride, 391/781 Hz)
(Fig. 6). Equation 3was successful for interpreting theNLCdata
obtained in 499het OHCs, and the resulting NLC parameters
for OHCs harvested from all three genotypes are summarized
in Fig. 6, B–E, and in Table 1. The � (Fig. 6B) and Vpk (Fig. 6C)
values of 499het were statistically distinct from those of WT,
supporting the biochemical evidence showing formation of
WT-/499-prestin heteromers (Fig. 5). TheClin values were sim-
ilar among WT, 499het, and 499ki, suggesting that the total
number of prestin molecules expressed is similar among WT,
499het, and 499ki (Fig. 6D). In addition, charge densities of
499het OHCs were similar from cell to cell (Fig. 6E), indicating
that the expression ratio of WT- and 499-prestin is constant
among 499het OHCs. Stimulus frequency dependence of
499het was very similar to that of WT (Fig. 6, F–H), strongly
suggesting that the fast motor kinetics of WT-prestin and the
slowed motor kinetics of 499-prestin remain unaffected within
WT-/499-prestin heteromers. This independence of the motor
kinetics allowed us to predict that the contribution of voltage-

FIGURE 5. Heteromer formation between WT- and 499-prestin. A, WT- and
499-prestin constructs used for the copurification assay. Wild-type prestin
was tagged with an N-terminal FLAG epitope and C-terminal GFP, whereas
the 499-prestin construct was tagged with a C-terminal myc epitope. B, copu-
rification of 499-prestin with WT-prestin. The prestin constructs shown in A
were singly or coexpressed in sf9 cells, purified using a FLAG affinity column,
and analyzed by Western blot. The numbers indicate molecular masses in kDa.
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induced charge movement of 499-prestin to the overall NLC of
499het is very small compared with that of WT-prestin under
our experimental conditions (391/781 Hz). Therefore, the
observation that charge density of 499het was approximately
half ofWT (Fig. 6E) strongly implies that the expression ratio of
WT- and 499-prestin in 499het OHCs is approximately equal.
We also performed further analyses on 499het NLC because

there should be individualNLC components derived fromWT-
prestin and 499-prestin even if WT-/499-prestin heteromers
with distinct NLC parameters were not present. Therefore,
curve fit analyses were performed on the 499het NLC data
based on monomer (Equation 5), dimer (Equation 6), trimer
(Equation 7), and tetramer models (Equation 8) by defining the
NLC parameters of WT-prestin monomer or homomers

(Cm(WT)) and 499-prestin monomer or homomers (Cm(499ki))
using parameters summarized in Table 1 for WT and 499ki
(Fig. 6I). The expression ratio ofWT- and 499-prestin in 499het
OHCswas defined as r:(1 � r) for eachmodel. NLC parameters
(�, Vpk, Qmax, and Clin) of the WT-/499-prestin heteromers
were set as free fitting parameters for the oligomer models
(Equations 6–8). The curve fit results are summarized in
Tables 2 and 3. A significant improvement in curve fit by the
dimer model (Fig. 6I, solid line) compared with the monomer
model (Fig. 6I, broken line) is clearly manifest in the lower sum
of squares and the resulting higher R2 values (Table 3). Further
improvements using trimer and tetramer models were not
obvious. The likelihood of each model being correct compared
with the othermodels was evaluated by calculating AICc scores

FIGURE 6. Distinct prestin-dependent charge movement of 499het. A–E, NLC observed in WT, 499het, and 499ki OHCs. Gray, blue, and red dots represent
individual NLC recordings. Curve fit analyses using Equation 3 were performed on individual recordings to obtain the statistics summarized in B–E and Table
1 as means � S.D. Average NLC curves generated using the NLC parameters summarized in Table 1 are shown with bold solid lines in A. F–H, voltage stimulus
frequency-dependent NLC in WT and 499het OHCs. NLC measurements were performed on WT (n � 3) and 499het (n � 4) OHCs under the chloride condition
using five different f1 frequencies (195.3, 390.6, 781.3, 1563, and 3125 Hz). The corresponding f2 frequencies were twice as large as f1. Representative recordings
for WT (F) and 499het (G) are shown. The obtained Qmax values were divided by those determined at 390.6 Hz, and resulting quotients were plotted against f1
stimulus frequency in H. Differences between WT and 499het are not significant. I, interpretation of 499het NLC. Using WT NLC (Cm(WT)) and 499ki NLC (Cm(499ki))
as defined by the NLC parameters summarized in Table 1 (shown with bold black and red lines in A), four different prestin models (monomer (Equation 5), dimer
(Equation 6), trimer (Equation 7), and tetramer (Equation 8)) were tested to see which model best explains the observed 499het NLC data shown with pale blue
dots (total 36 NLC recordings). The broken line indicates the monomer-based curve fit, whereas the solid line indicates the dimer-based curve fit. Trimer- and
tetramer-based curve fits generated lines that looked no different from that of the dimer model. Fitting parameters obtained by the analyses are summarized
in Table 2. The apparent line at 0 mV is a result of NLC data correction by the series resistance, Rs. The NLC data were individually corrected because of different
Rs values among recordings. Because the data points at 0 mV did not change with the correction, an “apparent” vertical line emerges. Error bars represent S.D.

TABLE 1
Summary of the NLC parameters of WT, 499het, and 499ki OHCs determined in Fig. 6A
Data represent average � S.D.

WT (n � 32) 499het (n � 36) 499ki (n � 21)

� (mV�1) 0.030 � 0.002 0.027 � 0.003 0.020 � 0.005
Vpk (mV) �77 � 15 �66 � 15 168 � 40
Qmax (fC) 979 � 129 490 � 57 115 � 73
Clin (pF) 6.9 � 0.9 7.1 � 0.6 6.7 � 0.4
Charge density (fC/pF) 142 � 11 69 � 7.4 17 � 10
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(Equation 9). The AICc score was the lowest for the dimer
model, suggesting that it is most likely to be correct. It is noted,
however, that the lowest AICc score of the dimer model over
trimer and tetramer models was due to the smaller number of
free fitting parameters for attaining an equally good fit. Because
there is experimental evidence supporting tetramer formation
of prestin (11, 13, 14) and because the curve fits themselves
were equally good among the oligomer models, the higher oli-
gomermodels should not be discarded solely based on this test.
The expression ratio, r, determined by the four models ranged
from0.43 to 0.58, suggesting that approximately equal amounts
of WT- and 499-prestin are present in 499het OHCs. The dis-
tinct NLC observed in 499het OHCs, which cannot be
explained by simple sums of NLCs derived fromWT and 499ki
OHCs (Fig. 6I, broken line versus solid line), strongly supports
formation of WT-/499-prestin heteromers in OHCs, which is
consistent with the biochemical evidence (Fig. 5).
Functional Significance of PrestinMultimer Formation—The

functional importance of prestin multimer formation is not
clear. The fact that the fast motor kinetics ofWT-prestin is not
affected by 499-prestin in 499het OHCs (Fig. 6H) strongly sug-
gests functional independence of prestin subunits in a given
prestin multimer. We further examined functional independ-
ence of WT- and 499-prestin in 499het OHCs in terms of cell
motility. To begin, we divided the observed OHC displacement
(d) by the observed prestin-dependent charge movement (q),
which was determined by the area between the NLC curve and
Clin within the observation window (�120 mV). This quotient
was defined as the electromechanical coupling efficiency (18).
Because of its very small NLC andOHCdisplacement observed
within �120 mV under the chloride condition, the electrome-
chanical coupling efficiencies of 499ki OHCs were determined
using iodide (Fig. 7A). We also determined electromechanical
coupling efficiency for WT OHCs in the presence of iodide for
comparison (Fig. 7A). Compared with WT OHCs, a signifi-
cantly larger (on average 3.14-fold) electromechanical coupling
was observed for 499ki OHCs under our experimental condi-
tions (1.4 versus 4.4 nm/fC; Fig. 7A). Notice that the electrome-
chanical coupling efficiency is defined as d/q (�120 mV) and
not dmax/Qmax (�∞mV) because this lattermetric could not be

determined reliably for 499hetOHCs expressing bothWT- and
499-prestin due to the presence ofmultiplemotor components.
It is emphasized that the�3-fold increase in electromechanical
coupling efficiency is due to use of the 391/781-Hz stimulus
frequency that is faster than the motor kinetics of 499-prestin.
We simply used this artificially enhanced electromechanical
coupling efficiency of 499ki OHCs as a metric to assess func-
tional independence of WT- and 499-prestin in 499het OHCs.
Electromechanical coupling efficiencies of 499het OHCs

were also determined under the chloride condition, and the
results were compared with those of WT OHCs determined
under the same condition (Fig. 7B). As expected, seemingly
increased electromechanical coupling efficiency compared
with WT was found in 499het OHCs (3.3 versus 2.0 nm/fC;
1.65-fold increased). We then tested the idea that the appar-
ently increased electromechanical coupling efficiency of 499het
OHCs can be explained byweighted averages ofWT- and 499ki
OHCs for the dimer, trimer, and tetramer models considered
above (Table 2). If electromechanical coupling efficiencies of
WT- and 499-prestin were assumed not to change upon het-
eromer formation as predicted from independence of the
motor kinetics (Fig. 6H), then the overall electromechanical
coupling efficiency of 499het for n-mer models could be calcu-
lated using a binomial formula,

�
j � 0

n

rn � j�1 � r� j
n!

j!�n � j�!

�n � j� EWT � jE499

n
(Eq. 10)

where r and (1 � r) are the ratio of WT- and 499-prestin
expressed in 499het OHCs (Equations 5–8), and EWT and E499
are electromechanical coupling efficiencies of WT- and 499-
prestin, respectively. Because the electromechanical coupling
efficiency of 499het OHCs was determined by NLC/motility
measurements using the �120-mV voltage excursion, Equa-
tion 10 needs to be corrected to facilitate comparisons with the
experimental observations; i.e. Equation 10 assumes infinite
voltage excursions to capture the entireNLCprofiles. Using the

TABLE 2
Summary of fitting parameters determined in Fig. 6I based on differ-
ent prestin models

TABLE 3
Evaluation of four different prestin models
Parameter, the number of free-fitting parameters used for each prestinmodel-based
curve fit analysis; SS, absolute sum of squares; R2, goodness of fit.

Parameter SS R2 AICc

Monomer 1 4906 0.57 �1094
Dimer 5 3800 0.66 �2595
Trimer 9 3799 0.66 �2589
Tetramer 13 3799 0.66 �2581

FIGURE 7. Electromechanical coupling efficiencies of WT, 499het, and
499ki OHCs determined for the 391/781-Hz stimulus. OHC displacements
and associated NLC were measured under iodide and chloride conditions,
and the resulting electromechanical coupling efficiencies were plotted in
A and B, respectively. See Fig. 1 for representative recordings of WT and 499ki
OHCs under iodide condition and Fig. 6 and supplemental Fig. S4 for WT and
499het OHCs under the chloride condition. The d/q values are 1.4 � 0.4 nm/fC
(average � S.D., n � 15) for WT OHCs and 4.4 � 1.4 nm/fC (average � S.D., n �
11) for 499ki OHCs (p 	 0.0001) under the iodide condition (A) and 2.0 � 0.6
nm/fC (average � S.D., n � 11) for WT OHCs and 3.3 � 1.1 nm/fC (average �
S.D., n � 10) for 499het OHCs (p � 0.0014) under the chloride condition (B).
Error bars represent S.D.
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values summarized in Tables 1 and 2 for each n-mer model,
charge movement of each homomer/heteromer component
that should be observed with the �120-mV window is
described by Equation 11.

qj � rn � j�1 � r� jQmaxj� 1

1 � exp���j�
120�Vpkj��

�
1

1 � exp���j��120�Vpkj��
� (Eq. 11)

Therefore, electromechanical coupling efficiency of 499het
OHCs that should be observed in the �120-mV window (Eobs)
is calculated as

Eobs �
1

qT
�

j � 0

n n!qj

j!�n � j�!

�n � j� EWT � jE499

n
(Eq. 12)

using Equation 13.

qT � �
j � 0

n

qj (Eq. 13)

The relative electromechanical coupling efficiency (Eobs/EWT)
calculated for the dimer, trimer, and tetramermodels using the
parameters listed in Tables 1 and 2 all fall in the range of 1.6–
1.7, which is comparable with the experimentally determined
value of 1.65 for 499het OHCs. Note that this experimentally
determined value is smaller than that predicted based on the
above mentioned implication that WT- and 499-prestin func-
tion independently, i.e. 2.07 (computation, (1
 3.14)/2� 2.07).
This difference occurs because the electromechanical coupling
efficiency was determined by d and q, and these parameters
were measured within the �120-mV window using chloride.
Hence, the motor function of 499-prestin multimers with an
�3-fold higher coupling efficiency would not be fully captured
within the �120-mV window due to their highly depolarized
Vpk. Collectively, this exercise supports functional indepen-
dence of prestin subunits in a given prestin multimer.

DISCUSSION

In the present study, we show that 499-prestin is functional
as a voltage-dependent motor, although the kinetics is signifi-
cantly slowed. Even at lower stimulus frequencies, motor func-
tion at physiologically relevant membrane potentials is very
small due to the extreme depolarization in Vpk. Furthermore,
our stimulus frequency-dependent NLC measurements on
499het OHCs (Fig. 6, F–H) together with the exercise using
apparently increased electromechanical coupling efficiency of
499-prestin (Fig. 7) revealed functional independence of prestin
subunits within multimer complexes. This result is consistent
with a previous study proposing mechanical independence of
each prestin subunit (30). However, it should be emphasized
that the mechanical independence of prestin subunits needs to
be discussed separately for motor kinetics and voltage-operat-
ing point (Vpk). Our results suggest mechanical independence
of prestin subunits in connection with motor kinetics but not
for the voltage-operating point. Notice that the observedVpk of

499het OHCs cannot be explained by simple summation of
NLC parameters determined forWT and 499ki OHCs (Table 1
and Table 2), indicating that Vpk is not determined indepen-
dently. Because the Vpk of prestin is known to be sensitive to
membrane thickness likely due to hydrophobic mismatch (31),
it is possible that voltage-dependent conformational change of
WT-prestin affects the Vpk of 499-prestin in the same hetero-
mer complex due to hydrophobicmismatch and vice versa. It is
also interesting that the Vpk of 499het is significantly biased
toward that ofWT (Table 1). Recall thatVpk is defined as �/zappe
where � is the conformational energy difference between the
expanded and compacted states of prestin in the absence of an
externally applied voltage. Using this definition, theVpk ofWT-
and 499-prestin can be written as �WT/zapp,WTe and �499/
zapp,499e, respectively. IfWT- and 499-prestin form heteromers
with equal stoichiometry, their respective Vpk is simply esti-
mated as (�WT 
 �499)/(zapp,WT 
 zapp,499)/e. Such computa-
tions have provided good estimates forWT-/Cl-prestin hetero-
mers (�99 � 14 mV predicted versus �94 � 12 mV actual
measurement; Ref. 32) and for D154N/D342Q prestin hetero-
mers (�49 � 14 mV predicted versus �43 � 4 mV actual mea-
surement; Ref. 12). Using this approach, the predicted Vpk of
WT-/499-prestin heteromers based on the NLC parameters of
WT and 499ki (Table 1) is 
21 � 25mV. However, neither the
observedVpk of 499het OHCs (�66� 15mV) (Table 1) nor the
Vpk parameter determined for any dimer, trimer, or tetramer
component (Table 2) is close to the predicted value of
21mV.
This discrepancy implies that the sensitivities of 499- andWT-
prestin to membrane thickness may differ; i.e. 499-prestin may
bemore sensitive tomembrane thickness (or hydrophobicmis-
match) thanWT-prestin. Sensitivity of theVpk of prestin to the
thickness of the cell membrane is in fact known to differ among
different prestin orthologs (33). Therefore, it is possible that the
Vpk sensitivity of prestin is altered by the V499G/Y501H
mutation.
The current study also provides important insights regarding

the motor mechanism of prestin. In this regard, it is interesting
to point out that the NLC ofWT-prestin measured using chlo-
ride (Fig. 6, F and H) showed a greater stimulus frequency
dependence compared with that measured using iodide (Fig. 2,
A and C). The significant increase (p � 0.0056) in the apparent
electromechanical coupling efficiency ofWT-prestin under the
chloride condition (2.0 � 0.6 nm/fC; Fig. 7A) compared with
that determined under the iodide condition (1.4 � 0.4 nm/fC;
Fig. 7B) suggests that iodide better supports the fast motor
action of prestin. Although different anions are known to affect
the NLC of prestin in various degrees in terms of �, Vpk, and
Qmax (6, 7, 26), their effects on motor kinetics have not been
examined.Our study raises the possibility that changes in� and
Qmax induced by some anionsmay be attributable to changes in
motor kinetics. Therefore, characterizing anion effects in terms
of the motor kinetics would be important in future studies for
better defining the roles of anions in the energy transduction
process of prestin.
The unique motor property of 499-prestin is now thought to

relate to mutation of Val-499,which is highly conserved among
SLC26 family members (Fig. 3), implying that Val-499 is funda-
mentally important for SLC26 proteins regardless of their phys-
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iological roles as transporters or motors. Our study demon-
strates the importance of the Val-499 site for retaining fast
motor kinetics and the physiologically relevant voltage operat-
ing point of prestin. The important characteristic required for
the Val-499 site seems to be high hydrophobicity (Fig. 4).
Because the region is predicted to reside at the C-terminal end
of the 12th transmembrane helix (Fig. 3), it is conceivable that
the high hydrophobicity at the Val-499 site is required for this
transmembrane helix to be stably embedded in the cell mem-
brane, which may be essential for the fast motor action of pres-
tin. The intermediate NLC phenotype seen in the Ala mutant
(V499A) whose hydrophobicity is intermediate between Val
and Gly is in good agreement with this scenario.
It is conceivable that the motor function of prestin evolved

from an ancestral SLC26 transporter by modifying the trans-
port mechanism to attain motor function (34). Such a possibil-
ity is supported by recent studies in which electromotile SLC26
proteins were generated by replacing portions of the non-elec-
tromotile SLC26 proteins with those of electromotile prestin
(35–37). For example, Tan et al. (36) and Tang et al. (37) suc-
ceeded in converting non-electromotile SLC26 members into
electromotile SLC26 members by swapping a very short non-
charged amino acid segment. These results suggest that most if
not all SLC26 proteins are potentially pre-equipped with the
required molecular components to become motile, such as a
voltage sensor(s) and an actuator(s). This possibility suggests
that examination of the consequences of various mutations in
other SLC26 transporters is important not only for defining
their transport mechanisms but also for understanding the
motor mechanism of prestin.
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