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Abstract

Prestin, the transmembrane motor protein is a novel protein underlying the motility of the outer hair cells. Nonlinear capacitance (NLC) or gating
charge current, which can be observed in both auditory and transfected non-auditory cells, is the electrical signature of prestin’s electromechanical
activity. To test the functional role of the C-terminus of prestin, several charged residue clusters were reversed en-block by site-directed mutagenesis.
They are D/E to K at 516, 518, 522, 524, 527, 528 and 531 (cluster a); R/K to D at 571, 572, 573, 576, 577 and 580 (cluster b); R to D at 571;
and E/D to K at 608, 609, 610, 611, 612 and 613 (cluster c). These constructs were transfected into Chinese hamster ovary cells (CHO) and
NLC recordings were performed to evaluate the effects of these charge substitutions. All of the mutants showed NLC. Charge cluster a reversal
significantly reduced the maximum charge movement (Qp,. ). All but one mutation (charge cluster c reversal) shifted V}, indicative of the operating
voltage range, in the depolarizing direction. None of the mutations affected unitary charge movement (z). These data suggest that the C-terminus
of prestin lies outside the membrane voltage field, and may play an important role in controlling the operating voltage range through control of the

protein’s conformational energy profile via allosteric means.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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Two types of receptor cells populate the mammalian organ
of Corti, the inner hair cell (IHC) and the outer hair cell
(OHC). IHC:s serve only as sensory receptors by transducing
basilar membrane vibrations into electrical signals. However,
OHC:s function both as receptors and effectors, possessing both
electro-mechanical and mechano-electrical activities, thereby
enabling amplification of the auditory stimulus to the IHCs
[2,5,21]. Voltage-dependent mechanical activity of the OHC
is detectable by whole-cell patch clamp recording as a nonlin-
ear capacitance (NLC), or equivalently, a gating charge current
[3,25]. Recently, the motor protein, prestin, which resides in
the OHC lateral membrane [4], was found to underlie OHC
electro-mechanical activity and mammalian cochlear amplifi-
cation [12,31,24]. Transfection of the gene into non-auditory
cells results in electro-mechanical characteristics similar to that
observed in the native outer hair cell [15,26,31]. Topology stud-
ies of this 744 amino acid protein, a member of the anion
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transporter family SLC26, show that its C- and N-termini reside
within the cytoplasm [6,15,16,18,30]. Interestingly, intracellu-
lar chloride was found to play a key role in influencing NLC in
both OHCs and prestin-transfected cells, but whether chloride
itself is an intrinsic voltage sensor or an allosteric modula-
tor is still debated [18,20]. We have found that removal of
intracellular chloride by substitution with other anions causes
shifts in prestin’s operating voltage range, in addition to alter-
ing the protein’s nonlinear charge transfer or NLC, indicating
that anions modulate energy barriers controlling prestin’s con-
formational state [20,27]. Additionally, we recently observed
prestin—prestin interactions via their intracellular termini [17].
Such results may indicate that charged residues within prestin
may interact with intracellular anions or influence interactions
with other proteins. Many charged residues within the putative
transmembrane regions of prestin have been manipulated [18];
however, little data are available on the role played by charged
residues found within the cytoplasmic termini, structures which
are unlikely to house the molecule’s voltage sensor. Here we
evaluate the effects of several C-terminal charge cluster rever-
sals on prestin’s electromechanical activity in order to gauge
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Fig. 1. C-terminal cartoon of gerbil prestin. Indicated are the charged clusters (a—c) which were mutated to residues of opposite polarity (large circles). The final
transmembrane domain from the topology model of Navaratnam et al. [18] is shown along with the intracellular residues that were not captured in the model based on
3D structure of the sequence of c1vclB, the putative anti-sigma factor antagonist tm1442. The model gives an excellent prediction of prestin’s C-terminal structure,
but nearly all of the charged clusters we mutated reside in regions with no clear secondary structure. The residues 569-617 though present in prestin, are absent in
clvclB. Parameters of the model fit: 19% i.d., 100% precision and a 6.4e-7 E value. The stop indicates the position (709) of the C-terminal truncation that results in

aloss in NLC [18].

the C-terminal contribution to allosteric modulation of motor
function.

The gerbil prestin sequence [31] was submitted to Quick
Phyre (http://www.sbg.bio.ic.ac.uk/~phyre/) fold facility for 3D
structural modeling and the C-terminal region of prestin was
best fit with the structure encoded by the putative anti-sigma
factor antagonist tm1442 (PDBcode: 1vcl_B; characteristic of
the STAS domain [1]), at 19% i.d., 100% precision and a 6.4e-7
E value. The structure is shown in Fig. 1 along with noted muta-
tions that we made in the prestin sequence. Though the STAS
domain stretches from 525711, the model is more limited.

We changed two negatively charged clusters to positive
(residues 516-531 and 608-613; designated as charge clusters
a and c, respectively), and changed one positively charged clus-
ter to negative (571-580; cluster b). Additionally, a single site
charge substitution was made at residue 571, denoted by “*”
in Fig. 1. Charged amino acids were mutated en-block using
the megaprimer PCR amplification method. Amplification by
PCR was done using Hi-Fidelity DNA polymerase (Roche). The
parameters were: 10 cycles of 94 °C for 40, 55 °C for 2 min,

68 °C for 6 min; 30 cycles of 94 °C for 40s, 55°C for 2 min,
68 °C for 6 min with 20s extension for every cycle. A clone
of gerbil prestin served as the template (courtesy of Zheng et
al. [31]). Amplified products were purified, and ligated into
PCDNA 3.1. Each of the clones generated were sequenced
to exclude the possibility of PCR generated errors. Transient
co-transfection with EGFP into Chinese hamster ovary cells
(CHO) was achieved with Lipofectamine in accordance with the
manufacturer’s recommendations. The ratio of prestin to EGFP
plasmid (2:1) was kept constant in all the experimental groups.
All cells showing NLC were included in our analyses.

Cells were recorded by whole-cell patch clamp configura-
tion at room temperature using an Axon 200A amplifier (Axon
Instruments, CA, USA), as described previously [25]. Expres-
sion levels, as evidenced by NLC measures, were stable from
24-72h after transfection in control group. All statistical anal-
yses of the mutants were performed at the 48h time period
following transfection. The bath solution contained (in mM):
TEA 20, CsCl1 20, CoCl; 2, MgCl, 1.47, Hepes 10, NaCl 99.2,
CaCl,-2H,0 2, pH 7.2, and the pipette solution contained (in
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mM): CsCl 140, EGTA 10, MgCl, 2, Hepes 10, pH 7.2. These
conditions ensured that prestin-chloride interactions were max-
imal [18,20]. Osmolarity was adjusted to 300 £2 mOsm with
dextrose. Command delivery and data collections were carried
out with a Windows-based whole-cell voltage clamp program,
jClamp (Scisoft, CT, USA), using a NI PCI 6052E interface
(National Instruments Co., USA).

Capacitance was evaluated with a continuous high-resolution
2-sine wave technique fully described elsewhere [22,25]. Capac-
itance data were fitted to the first derivative of a two-state
Boltzmann function:

ze b
Cyp = ———— + Cj 1
m QmanT(1+b)2 + Clin ( )
where
(—ze(Vm - Vh))
b=exp| ———
kT

Omax 1s the maximum nonlinear charge transfer, Vj, the voltage at
peak capacitance or half-maximal nonlinear charge transfer, Vi,
the membrane potential, Cy;, linear capacitance, z the valence (a
metric of voltage sensitivity), e the electron charge, k the Boltz-
mann’s constant and 7 the absolute temperature. Qpqx is reported
as Oy the specific charge density, i.e. total charge moved normal-
ized to linear capacitance. A students ¢-test was used to evaluate
the effects of mutations on the different parameters of NLC.

FACS analysis of the different mutants and prestin were done
to determine levels of surface expression exclusively [17]. Two
antibodies to prestin peptides (aa 274-290 and 359-375) that
we model to lie on the outer surface of the membrane were used
to live stain transfected CHO cells [17]. Staining was performed
as previously described except that the secondary antibody used
was an Alexa 488 labeled goat anti-rabbit antibody. There was
good concordance between the two antibodies used to separately
stain transfected cells, results that internally validated our data
(see Fig. 4). We have previously established that prestin surface
expression in CHO cells were unchanged between 24—72 h after
transfection by both FACS analysis and measurement of NLC
[17]. The percentage of cells expressing prestin on its surface and
the magnitude in NLC in CHO cells are similar to that obtained
by other investigators [17,18].

Fig. 1 depicts the structural features of prestin’s C-terminus.
Large circles indicate the charge reversals that were made and
confirmed by sequencing. All charge substitution mutants dis-
played NLC, and did not affect unitary charge movement z.
Omax, Was significantly different only with mutation of residues
516-531 (charge cluster a), which reduced Qpax. Fig. 2 shows
an example of a NLC capacitance function obtained from this
mutation and a control cell. For presentation purposes, we aver-
aged fitted Boltzmann parameters, presented in Table 1, and
constructed average NLC functions of each mutation based on
their average values (Fig. 3). The mutation of cluster a had a
significant decrease of Oy, but unitary charge movement (z)
remained normal, indicating that the mutated protein’s voltage
sensor remained unaltered, and only the number of functional
proteins decreased. We confirmed that the levels of prestin sur-
face expression in this (and other) mutant(s) were similar to
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Fig. 2. NLC traces from prestin transfected CHO cells. CHO cells were trans-
fected with constructs containing normal prestin (control) or the reversal of
charge cluster a as indicated in Fig. 1. The solid traces are fitted curves. V}, of
the reversal mutation shifts in the depolarizing direction along the voltage axis,
and QOmax significantly decreases.

Table 1
Average fitted Boltzmann parameters
Osp fC/pF)£SE. z*SE. Vh (mV) £ S.E.

Control (n=15) 6.15 £ 0.71 0.58 £+ 0.03 —99.85 + 2.51
Cluster a (n=5) 2.90 £ 0.58 0.53 £+ 0.04 —57.41 £ 5.51
Cluster b (n=06) 6.23 £ 1.50 0.52 £ 0.04 —67.93 £ 1.73
Cluster ¢ (n=5) 5.10 £ 0.38 0.71 £0.01 —108.20 £ 6.45
Residue 571 (n=7)  4.86 £ 0.63 0.65 £ 0.05 —90.19 £+ 0.97

controls by FACS analysis (Fig. 4). z (and Omax) remained sta-
ble in the other mutations too, confirming that these residues, as
expected, do not serve as charge carriers through the membrane.
Some substitutions significantly affected Vj,, with opposite
charge substitutions changing V}, in the same depolarizing direc-
tion. For example, a change of negative charge in cluster a to
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Fig. 3. C-terminal charge reversals predominately alter prestin’s operating volt-
age range. For visual clarity, we averaged fitted parameters from each muta-
tion, presented in Table 1, and constructed NLC functions of each based on
their average values. Traces from each mutation are indicated as a, b, ¢ and
571, and show some significant differences from control NLC, namely, for
Vhand Qg (* Py, < 0.05; ** Py, < 0.05; *** Py, < 0.05; Ppr < 0.05, respec-
tively. The trace from control cells is the heavy black line.
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positive, and a change in positive charge in cluster b to negative
resulted in a depolarizing shiftin Vy to —57.41 £5.51 (n=5) and
—67.93 £ 1.73 mV (n=6), respectively. These effects on prestin
activity are likely due to changes in the steady state energy profile
of prestin, i.e. an allosteric effect possibly through interference
with interacting proteins or anions (see discussion). Interest-
ingly, mutation of charge cluster ¢ within the most distal charged
cluster, showed little difference from controls. Finally, the single
charge substitution at residue 571 showed only minor changes.

The topology of prestin (SLC26AS5) has received much
attention, as has that of the other family members of SLC26
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[6,13-19,30]. Initial efforts indicated that the protein consists of
12 transmembrane domains (TM), with both C- and N-terminal
regions residing intracellularly [6,15,16,18,29,30]. Though the
location of these termini are fairly certain, various prediction
programs provide a confusing profile of TM domains. Even so,
epitope tagging and the putative location of reactive residues
have narrowed our view. One of the popular maps places two N-
glycosylation sites on the second extracellular loop [16], but we
have since observed that this site may not reside extracellularly,
but instead intracellularly [17]. Though our new model flips the
protein within the plane of the membrane, while conserving the

(S

—-
o

10

Log antiprestin fluorescence intensity
=)

0 50 100 150 200 250

Cell size (forward scatter)

LN L e W e B L e e

0 50 100 150 200 250
Cell size (forward scatter)

Log antiprestin fluorescence intensity

Log antiprestin fluorescence intensity

LB DL B B L N B B B W

0 50 100 150 200 250
Cell size (forward scatter)

Fig. 4. Surface expression of cells transfected with normal prestin and mutant prestin were similar. Shown above are FACS plots of cells transfected with empty
vector (I), normal prestin (II), charge cluster reversal a (III), charge cluster reversal b (IV) and charge cluster reversal ¢ (V). The cells were live-stained with two
antibodies against two peptides that we model to lie on the outer surface of the cell [18]. The percentage of cells with prestin surface expression (boxed area) reflecting
efficiencies of transfection (inset) varied from 3.5 to 8.0% and are in line with results obtained by other groups (Oliver and Zheng, personal communication, see also
[18]). The intensities of fluorescence between the different groups were similar confirming similar levels of surface expression.
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Fig. 4. (Continued ).

intracellular termini and reversing the resident milieu of the non
membrane bound loops, it maintains the intracellular location
of a ¢cGMP phosphorylation site proposed by Dallos and
coworkers [6]; their modified model required a reentrant loop
to intracellularly expose their previously predicted extracellular
location of the site. Our model predicts simple TM transits.
Clearly, the controversy over prestin’s membrane topology
indicates a complex interaction with the plasma membrane,
which structural studies must finally divulge.

More germane to the present work, despite the seemingly
clear localization of the C-terminus intracellularly, there are
some observations which indicate that this domain is not sim-
ply accessible to attempted perturbations made intracellularly,
outside the lipid bilayer. For example, the lack of an effect of
intracellular trypsin or pronase treatment on OHC and trans-
fected cell NLC indicates that prestin’s termini are somehow
protected [7-9,28]. We would therefore expect that deletion of
either the C- or N-terminus would abolish NLC, a view that
has been confirmed by mutational analysis (see Fig. 1); [17,29].
Interestingly, in channel forming bacterial colicins an intracellu-
lar hydrophilic group of residues (or even larger appended tags)
can be moved across the membrane in response to changes in
voltage [10,11], a mechanism that could also operate in prestin
since these charged clusters may be constrained close to the PM
within the restricted sub-plasmalemmal space bounded by the
subsurface cisternae. Indeed, this type of mechanism that colicin
employs has been offered as a possible mechanism to account
for area changes evoked by prestin activation [23]. Thus, we

have no direct empiric evidence that the C-terminus of prestin
is statically placed outside the bilayer. Nevertheless, our cur-
rent work bears on this issue, since mutating charged residues
in prestin that do not reside within the membrane field should
not directly alter unitary charge movement. We found with our
charge reversal mutations that, in no case, was the unitary charge
of prestin’s voltage altered, implying that these residues lie
outside the membrane field. However, clear effects on voltage
sensing were observed, with three mutations, a, b and R571D
showing significant changes in V},. We interpreted these results
to indicate a shift in the steady state energy profile of the protein.
Since both mutations of cluster a and b (which have opposite
charge) shift V}, in the same direction, it is possible that simul-
taneous mutations of both could produce an augmented shift.
Additionally, one mutant (charge cluster a that is most proximal
to the membrane) shows a significant decrease in the total charge
moved. We interpret this to mean that the number of functional
motors in this mutant has decreased. This view is additionally
supported by similar levels of surface targeting of prestin deter-
mined by FACS in cells transfected with this mutant compared
to normal prestin. Moreover, this observation is also in line with
our previous work on truncations at the most distal section of the
C-terminus, where the number of functional motors within the
membrane decreased as stop codons were successively placed
within the residue range of 715 to 710. Truncations at residues
more proximal to 710 produced non-functional motors despite
proper membrane targeting. We additionally showed in that work
that homo-multimerization occurs among prestin molecules, and
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hypothesized that obligate interactions underlie prestin’s motive
force. It may be that our charge reversals also interfere with inter-
actions of other proteins at the C-terminus.

One other possibility arises. It is known that C1~ interactions
with intracellular moieties of prestin are crucial for prestin func-
tion, and we have proposed that, in contrast to models suggesting
extrinsic voltage sensing by CI™, Cl~ serves as an allosteric
modulator of prestin. For this reason, it may be that anions might
interact with the C-terminal charge clusters, at least with those
two clusters which reside most proximal to the membrane (clus-
ters a, b), since only those showed substantial shifts in voltage
sensing. Recently, manipulation of the STAS domain, which
is conserved within the C-terminus among SLC26 transporter
family members has been shown to inhibit sulfate transport in
SULTR1.2 [19]. This was observed in the presence of normal
membrane targeting. We are currently investigating whether our
charge reversal mutants alter multimerization and Cl~ sensitiv-
ity in prestin.

In sum, we hypothesize that the C-terminal charged clusters
of prestin, while not interacting with the membrane field to alter
unitary charge movements in prestin, may work by intracellu-
lar interactions with either other proteins or anions, namely via
allosteric means.
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