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Prestin, which is a member of the sol-
ute carrier 26 anion transporter fam-

ily (SLC26A5), is a voltage-dependent 
membrane-based motor protein that 
confers electromotility on mammalian 
cochlear outer hair cells (OHCs).1 OHCs 
are a mammalian innovation, their pres-
ence2 and their endowment with func-
tional prestin is essential for normal 
hearing of mammals.3 In order to clarify 
the molecular mechanism underlying 
the voltage-dependent motility of pres-
tin, precise description of the relation 
between voltage-induced prestin-associ-
ated charge movement and the resulting 
cell displacement is essential. By simul-
taneously measuring voltage-dependent 
charge movement, which is manifested 
in the nonlinear capacitance (NLC) of 
the cell membrane, and voltage-induced 
OHC displacement, we provided com-
pelling experimental evidence that 
prestin-associated charge movement and 
the resulting electromotility are fully 
coupled, and that prestin has at least 
two voltage-dependent conformational 
transition steps. These findings provide 
a basis for understanding the molecular 
mechanism of prestin. Here we discuss 
the relevance of our finding in the elu-
cidation of the voltage-dependent motor 
mechanism of prestin, and speculate 
about possible voltage sensing mecha-
nisms of the molecule.

Our study provided experimental evi-
dence that prestin’s conformational 
change, representing compacted and 
expanded states of the molecule, has at 
least two voltage-dependent steps. How 
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should this finding be appreciated for 
understanding the underlying molecular 
mechanism of this novel motor protein, 
the only member of the SLC family that 
is motile? Since prestin has evolved from 
an SLC26 anion transporter ancestor, it 
is likely that prestin has acquired voltage-
dependent motile function by modifying 
the transporter mechanism. Necessity of 
intracellular chloride for normal motor 
function of prestin4 is in agreement with 
the hypothesis. In fact, in a very recent 
study, Tang et al. successfully converted 
pendrin (SLC26A4), which has close 
sequence similarity to prestin in the 
SLC26A family, into an electromotile 
protein by inserting a short amino acid 
segment that is uniquely found in mam-
malian prestin.5 In another very recent 
study, Oliver et al. succeeded in convert-
ing a non-motile non-mammalian prestin 
homolog into an electromotile protein by 
swapping multiple amino acid segments.6 
Quite interestingly, the amino acid seg-
ments used by Tang et al. and Oliver et 
al. did not overlap, implying that there are 
more ways than one for an SLC26 anion 
transporter to gain voltage-dependent 
motility function. It is thus likely that the 
voltage-dependent motilities of the chi-
meric proteins used in those studies are 
induced by different underlying molecu-
lar mechanisms. It is conceivable that the 
two distinct voltage-dependent OHC cell-
displacement processes that we observed 
in our study are intimately related to 
those potentially distinct voltage-induced 
motilities seen in the chimeric proteins. 
It would be interesting to measure the 
unitary displacements of the chimeric 
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a context that is no longer tenable, the 
helix dipole-based voltage-sensing model 
itself can be applicable to prestin. Voltage-
sensing α-helix dipoles have not been 
found in any voltage-dependent ion chan-
nel or transporter studied so far. However, 
such mechanism is theoretically possible 
and, as discussed below, it can explain 
prestin’s operation. It is also possible that 
charged amino acids and the α-helix 
dipole work in concert to serve as the 
aggregate voltage sensor of prestin. Partial 
attenuation of prestin’s voltage sensitivity 
was found in some prestin mutants whose 
charged amino acids were mutated to 
neutral ones. The residual may be due to 
the remaining α-helix dipole. Figure  1A 
shows a model where an α-helix dipole 
serves as the voltage sensor. Interaction 
energy of the α-helix dipole (μ) and the 
electric field (E) is calculated as μEcosθ, 
where θ is the angle between the μ and E 
vectors. The magnitude of E can be deter-
mined by the membrane potential (V

m
) 

divided by the thickness of the membrane. 
If the thickness of the membrane (L

m
)  

voltage-sensing moiety remains to be 
determined. Extrinsic anions such as 
chloride were first proposed as the voltage 
sensor of prestin,4 however, there is now 
growing evidence that the voltage sensing 
charges are intrinsic to the prestin mol-
ecule but require allosteric regulation by 
chloride.8-10 However, systematic muta-
tions of charged amino acids to neutral 
ones have not yielded the identity of the 
key charged amino acid residues.4,11,12 In 
other words, the voltage-dependent charge 
movement of prestin cannot be eliminated 
by any mutation of charged amino acids, 
singly or in groups, tested so far except in 
non-germane cases of impaired membrane 
targeting caused by some mutations. One 
possible voltage sensor is the α-helix dipole 
that places partial positive charge (+0.5) 
near the N-terminus and partial nega-
tive charge (-0.5) near the C-terminus.13 
A model that assumes the α-helix dipole 
as the voltage sensor was previously pro-
posed to explain the underlying molecu-
lar mechanism of OHC electromotility.14 
Although the model was introduced in 

proteins in order to compare to those of 
wild-type prestin as determined in our 
study (0.20 nm + 0.34 nm = 0.54 nm step 
along the axial direction of an OHC).7 It 
is possible that the unitary displacements 
of those chimeric motors are much smaller 
than those found in wild-type prestin, 
and that prestin has evolved to enhance 
the voltage-induced displacement by 
combining multiple (at least two) voltage-
dependent displacement processes in a 
facilitative, possibly nonlinear manner. It 
would also be interesting to measure the 
electromechanical coupling efficiencies of 
those chimeric proteins, and to compare 
the values to those obtained for wild-
type prestin in our study (1.9 nm/aC and  
3.5 nm/aC),7 for gaining insights into the 
efficacies of the chimeric proteins. It may 
be possible that the electromechanical cou-
pling efficiency of prestin is synergistically 
enhanced by combining multiple voltage-
dependent displacement processes.

Very little is known about the elec-
tromechanical coupling mechanism 
of prestin. Even the identity of the 

Figure 1. Hypothetical voltage sensing mechanisms of prestin. Two different structural states of prestin (expanded vs. compacted) are shown in green 
with a hypothetical voltage sensing α-helix (gray cylinder), whose N-terminus faces the extracellular side. The α-helix dipole, the direction of which 
is from the C-terminus (negatively charged) to the N-terminus (positively charged) by definition, is shown with arrow. Shown in light blue is the cell 
membrane. The length of the hypothetical voltage sensing α-helix is assumed to be similar to the thickness of the cell membrane in the models. If 
the typical cell membrane thickness of ~3 nm were used, and if the partial charge present at the N-terminus and the C-terminus were assumed to be 
+0.5 and -0.5, respectively, the magnitude of the α-helix dipole moment would be calculated as 2.4 x 10-28 Cm (computation: 0.5 x 1.6 x 10-19 x 3 x 10-9). 
In model (A and C), the structure of the hypothetical voltage sensing α-helix is assumed to be maintained during physiological membrane potential 
changes, whereas, in (B and D), the propensity of the α-helix formation is assumed to be moderate or low, and thus is assumed to be significantly 
reduced to induce destruction of the helix structure under hyperpolarized membrane potential. In (C and D), a hypothetical intrinsic positive charge 
(black circle) and a hypothetical extrinsic anion binding site with bound chloride (red circle) are included for explaining the observed Vpk shifts induced 
by chloride substitution with various anions (see text for detail).
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forming transmembrane segment to 
enhance/attenuate the α-helix dipole, or 
to increase/decrease α-helix forming pro-
pensity. Designing such mutants requires 
precise structural information of prestin. 
Unfortunately, the structure of prestin 
is not yet solved, although some prestin 
topology models have been proposed in 
references 17 and 18. Recently, the detailed 
transmembrane topology of archetypal 
BicA transporter from Synechococcus, 
which is a member of the sulfate perme-
ase (SulP) family that includes the mam-
malian SLC26 family, was determined.19 
Meantime, until the structure of prestin 
becomes available, these topology models 
would be useful to some extent for design-
ing prestin mutants to test the above con-
sidered voltage sensor models of prestin.
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peak of the nonlinear capacitance func-
tion and maximum slope of the motility 
function) both in the hyperpolarizing 
direction and depolarizing direction with 
different degrees and changes in the mag-
nitude of prestin-associated charge move-
ment are observed even if endogenous 
anions are substituted with large non-
halide anions such as 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid 
(HEPES), pentane sulfonate, gluconate, 
malate and even salicylate, suggesting 
that those substituted anions are capable 
of binding to prestin, and differently 
modulating its motor function.8,9,16 By 
focusing on the fact that most substituted 
anions tested so far significantly affect 
V

pk
, chloride is included in our models 

in an effort to provide a tentative picture 
of how extrinsic anions could affect V

pk
 

(Fig. 1C and D). The models shown in 
Figure 1C and D are based on Figure 1A 
and B, respectively, but assume a posi-
tively charged component that is situated 
in the close vicinity or on the C-terminus 
of the hypothetical voltage sensing helix. 
The identity of the positive charge can 
be a positively charged amino acid or a 
partial positive charge derived from the 
N-terminus of another α-helix that is in 
the reversed configuration. The extrin-
sic anion-binding site is assumed to be 
situated close to the positive charge. In 
the absence of extrinsic anion binding, 
the positive charge further stabilizes the 
voltage sensing α-helix by charge-dipole 
interaction but attenuates the magni-
tude of the α-helix dipole in Figure 1C, 
while it increases the α-helix forming 
propensity in Figure 1D. In both models, 
binding of an extrinsic anion to prestin 
is expected to screen the positive charge, 
and thus is expected to affect V

pk
 of pres-

tin by either increasing the magnitude 
of the α-helix dipole in Figure 1C or 
reducing the α-helix forming propensity 
in Figure 1D. The different degrees and 
directions of V

pk
 shifts observed in the 

chloride substitution experiments with 
various anions4,8,9,16 can be explained by 
different degrees of the positive charge 
screening in our models.

The validity of the voltage sensor 
models described above can be tested by 
introducing a charged amino acid at either 
(or both) end of a potentially α-helix 

and the length of the voltage sensing 
α-helix (L

h
) are assumed to be similar as 

in Figure 1A, the calculation of the μ-E 
interaction energy becomes insensitive to 
L

m
 and L

h
 [μEcosθ = (0.5 x 1.6 x 10-19 x 

L
h
) x (V

m
/L

m
) x cosθ = 0.5 x 1.6 x 10-19 

x V
m
 x cosθ]. The μ-E interaction energy 

is maximized when  (Fig. 1A, right). 
If the position and the angle of the volt-
age sensing α-helix in the membrane 
shown in the right side of Figure 1A did 
not change by V

m
, the voltage-dependent 

difference in the μ-E interaction energy 
between the expanded-state (Fig. 1A, left) 
vs. the compacted-state (Fig. 1A, right) 
would be calculated as 19 k

B
T/V, where 

k
B
 and T are the Boltzmann constant and 

absolute temperature, respectively. Since 
our model in Figure 1A assumes greater 
θ (0° << θ < 90°) for the expanded-state 
(Fig.  1A, left), the voltage-dependent 
energy difference of the μ-E interaction 
between the two distinct prestin conforma-
tions would become smaller than 19 k

B
T/V. 

However, the experimentally determined 
voltage sensitivity of prestin is typically  
30–35 k

B
T/V for the simple 2-state 

Boltzmann model, and 25.2 k
B
T/V and 

23.9 k
B
T/V for the 3-state Boltzmann 

model.7 All these values are greater than 
19 k

B
T/V, supporting the possibility of 

the α-helix dipole serving as the voltage 
sensor in the prestin molecule. Another 
possibility is shown in Figure 1B, where 
the formation of an α-helix is disrupted 
(Fig. 1B, left) or induced (Fig. 1B, right) 
by V

m
 change. It is known that the stabil-

ity of an α-helix is significantly affected by 
the charge-dipole interaction.15 Therefore, 
if there were a transmembrane segment in 
prestin, whose α-helix forming propensity 
is moderate and thus greatly influenced by 
the magnitude and the polarity of V

m
, it is 

possible that the helix-non-helix transition 
induced by V

m
 is used as the voltage sens-

ing mechanism.
How should chloride, which is essen-

tial for normal function of prestin, be 
included in the models considered above? 
At this point, it is hard to speculate how 
chloride confers normal motor function 
on prestin due to the lack of knowledge 
regarding prestin-motor function in 
the absence of extrinsic anion binding. 
Variable shifts in the voltage operating 
point (V

pk
; the membrane potential at the 
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