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Pendrin and prestin both belong to a distinct anion trans-
porter family called solute carrier protein 26A, or SLC26A. Pen-
drin (SLC26A4) is a chloride-iodide transporter that is found at
the luminal membrane of follicular cells in the thyroid gland as
well as in the endolymphatic duct and sac of the inner ear,
whereas prestin (SLC26A5) is expressed in the plasma mem-
brane of cochlear outer hair cells and functions as a unique volt-
age-dependent motor. We recently identified a motif that is crit-
ical for the motor function of prestin. We questioned whether it
was possible to create a chimeric pendrin protein with motor
capability by integrating this motility motif from prestin. The
chimeric pendrin was constructed by substituting residues
160-179 in human pendrin with residues 156 —169 from gerbil
prestin. Non-linear capacitance and somatic motility, two hall-
marks representing prestin function, were measured from chi-
meric pendrin-transfected human embryonic kidney 293 cells
using the voltage clamp technique and photodiode-based dis-
placement measurement system. We showed that this 14-amino
acid substitution from prestin was able to confer pendrin with
voltage-dependent motor capability despite the amino acid
sequence disparity between pendrin and prestin. The molecular
mechanism that facilitates motor function appeared to be the
same as prestin because the motor activity depended on the con-
centration of intracellular chloride and was blocked by salicylate
treatment. Radioisotope-labeled formate uptake measurements
showed that the chimeric pendrin protein retained the capabil-
ity to transport formate, suggesting that the gain of motor func-
tion was not at the expense of its inherent transport capability.
Thus, the engineered pendrin was capable of both transporting
anions and generating force.

Pendrin, also known as sodium-independent chloride-iodide
transporter, is found at the luminal membrane of follicular cells
in the thyroid gland. It transports iodine from the cytoplasm to
the follicle lumen, an activity that is necessary for production of
thyroid hormone. Pendrin is also expressed in the endolym-
phatic duct and sac, in the utricle and saccule, and in the exter-
nal sulcus of the inner ear (1). Impaired pendrin function pro-
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motes a progressive increase in endolymph volume followed by
an enlargement of the membranous labyrinth and surrounding
osseous structures, which leads to degeneration of inner ear
sensory cells (2). Mutations in this gene (3-5) are associated
with Pendred syndrome (6), which is an autosomal recessive
disorder characterized by severe to profound bilateral senso-
rineural hearing impairment, vestibular dysfunction, temporal
bone abnormalities, development of euthyroid goiter, and
impaired iodide organification.

Pendrin belongs to a distinct anion transporter family called
solute carrier protein 26A (SLC26A).% 11 members of this fam-
ily have been identified so far (7). Individual members of this
family serve two fundamentally distinct functions. Most mem-
bers, including pendrin (SLC26A4), transport monovalent and
divalent anions across a variety of epithelia. Prestin (SLC26A5),
found in the plasma membrane of cochlear outer hair cells (8,
9), is the only member in this family that functions as a voltage-
dependent motor with the capability to perform rapid electro-
mechanical and mechanoelectrical conversion on a microsec-
ond time scale (10, 11). Prestin-based somatic motility of
cochlear outer hair cells is responsible for cochlear amplifica-
tion in mammals (12-15).

Using a comparative and evolutionary approach (16) and
consensus amino acid sequence analyses, we recently identified
an amino acid motif within the sulfate transporter domain of
prestin. This motif appears to constitute the critical structural/
functional basis for the voltage-dependent motor capability of
prestin. Amino acid substitution using this motif from gerbil
prestin was able to convert zebrafish and chicken orthologs into
voltage-dependent motors.® Because pendrin is one of the para-
logs of prestin and shares 40% amino acid homology with pres-
tin, we questioned whether it was possible to create a modified
pendrin protein that gains voltage-dependent motor function
by adopting this motif from prestin. Because pendrin is an
anion transporter, we also examined whether the gain of func-
tion was at the expense of its transport function. The goal was to
determine whether the region being substituted in pendrin was
critical to its transporter function. We show that substitution of
14-amino acids is able to confer prestin-like motor capability to
pendrin. The gain of motor function is not at the expense of its
inherent transport capability. Thus, this is the first engineered

2 The abbreviations used are: SLC26A, solute carrier protein 26A; gPres, gerbil
prestin; A4, human pendrin; NLC, nonlinear capacitance; M(}, megaohms;
di-8-ANEPPS, di-8-amino-naphthyl-ethenyl-pyridinium; DIDS, 4,4-diiso-
thiocyanatostilbene-2,2'-disulfonic acid; EGFP, enhanced green fluores-
cent protein.
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FIGURE 1. Consensus amino acid sequences of gPres and A4 and diagram of the construction of the chimeric pendrin containing the 14-amino acid
motif from gPres. A, 14 amino acids from gPres were used to replace 20 amino acids in A4 to generate A4(g14). The amino acid residues being swapped
between gPres and A4 are highlighted by the red box. Identical residues in the consensus sequences are shown in red. B, schematic drawings of the constructs

of gPres, A4, and A4(g14). After substitution, A4(g14) has 774 amino acids (a.a.).

protein that can function as an anion transporter and a molec-
ular motor.

EXPERIMENTAL PROCEDURES

Substitution of Amino Acid Residues of Pendrin with Amino
Acid Residues from Prestin—Gerbil (Meriones unguiculatus)
prestin (gPres) and human (Homo sapiens) pendrin (A4) were
used for substitution of amino acids. The equivalent regions in
gPres and A4 sequences were identified by amino acid sequence
alignment using BLAST. To construct chimeric pendrin,
A4(gl4), residues 160 -179 (HFLVSSSNGTVLNTTMIDTA) of
A4 were replaced by residues 156 —169 (IVIPGGVNATNGTE)
from gPres (Fig. 14). To do this, cDNAs of gPres and A4 were
cloned into the pEGFP-N1 vector to generate the C-terminal
EGFP-tagged fusion proteins. Unique restriction enzyme rec-
ognition sites, Scal and HindIIl, were identified in the native
pendrin protein coding sequence. DNA synthesis (GenScript
USA, Inc., Piscataway, NJ) was used to create the chimeric pen-
drin fragment and substituted into the human pendrin nucleo-
tide sequence using the mentioned restriction sites. The correct
orientation, reading frame, and amino acid composition of all
the constructs were confirmed by sequence analyses. The
unmodified A4 has 780 amino acids. After domain substitution
with 14 amino acid residues from gPres, the chimeric pendrin,
designated as A4(gl4), has 774 amino acids (Fig. 1B).

Site-directed mutagenesis was performed to mutate three
amino acid residues (P159V, G160A, and G161A) in the motil-
ity motif of both gPres and A4(gl4), using the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA). These
two oligonucleotide sets were as follows: 1) gPres(m), forward
(5'-TCGTCATCGTGGCAGGAGTGAACGCAACC-3') and
reverse (5'-GGTTGCGTTCACTCCTGCCACGATGACGA-
TGTCATCG-3'); 2) A4(gl4m), forward (5'-CGACGAAATC-

SEPTEMBER 2, 2011« VOLUME 286 +NUMBER 35

GTCATCGTGGCAGCAGTGAACGCAACCAACG-3') and
reverse (5'-CGTTGGTTGCGTTCACTGCTGCCACGATG-
ACGATTTCGTCG-3'). The correct orientation, reading
frame, and amino acid composition of all the constructs were
confirmed by sequence analyses.

Cell Culture and Transient Transfection—Human embry-
onic kidney (HEK) 293 cells were cultured in DMEM solution
(Invitrogen), supplemented with 10% fetal bovine serum. For
electrophysiological studies, the cells were passaged into
35-mm dishes 24 h before transfection. A4 or its mutants (4 ug)
were introduced into the dishes using 10 ul of Lipofectamine
(Invitrogen) following the protocol from the manufacturer.

Nonlinear Capacitance (NLC) Measurements—NLC was
measured from the HEK cells with clear membrane-associated
EGFP expression 24 — 48 h after transfection. During whole-cell
patch clamp recordings, cells were bathed in the extracellular
solution containing (in mm): 120 NaCl, 2 MgCl,, 2 CoCl,, 20
triethanolamine, 10 HEPES, 10 4-aminopyridine. Recording
pipettes were pulled from borosilicate glass with resistances
between 2.5 and 5.0 M() and filled with a solution containing
(in mm): 140 CsCl, 2 MgCl,, 10 EGTA, 10 HEPES. When intra-
cellular C1™ needed to be replaced, the following intracellular
medium was used for the solution in the patch electrode (in
mM): 150 sodium pentane sulfonate, 10 HEPES, 1 EGTA. When
100 mM salicylate was applied to the bath solution through a
perfusion pipette, the solution contained (in mm): 20 NaCl, 100
sodium salicylate, 2 MgCl,, 2 CoCl,, 20 triethanolamine, 10
HEPES, 10 4-AP. All solutions used in this study were adjusted
to pH 7.35, 300-310 mosM. Data included in this study were
from the cells whose membrane resistance, R,,, was greater
than 300 M() after whole-cell configuration was established.
Series resistance, ranging from 10 to 17 M(), was compensated
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off-line. The capacitive currents were sampled at 100 kHz and
low-pass filtered at 5 kHz. The capacitive currents were ampli-
fied by Axopatch 200B (Molecular Devices). Membrane capac-
itance was measured using a two-sine-wave voltage stimulus
protocol (10-mV peak at both 390.6 Hz and 781.2 Hz) with
subsequent fast Fourier transform-based admittance analysis
(18) from a holding potential of 0 mV. Data were acquired using
jClamp (Scisoft, New Haven, CT) and analyzed with Igor
(WaveMetrics, Portland, OR).

NLC can be described as the first derivative of a two-state
Boltzmann function relating non-linear charge movement to
voltage (19, 20). The capacitance function is described as

Qmaxa
expla(V,, — V;,)1(1 + exp[—a(V,, — V;,5)])?

Cm = Clin +

(Eq.1)

Four parameters (Q,,..» V1% Cj;,» and z) were obtained from the
equation, where Q... is maximum the charge transfer, Vi, is
the voltage at which the maximum charge is equally distributed
across the membrane, or equivalently, the peak of the voltage-
dependent capacitance, C;;, is linear capacitance, and a =
ze/kT is the slope of the voltage dependence of charge transfer
where k is the Boltzmann’s constant, T is absolute temperature,
z is the valence of the charge movement, and e is the electron
charge. The linear capacitance, C;,, is proportional to the sur-
face area of the membrane (the size of the cell). To compare the
magnitude of NLC obtained from different cells with different
sizes, we normalized NLC by C;;, of the cells. For the same
reason, Q,.., was also normalized by C;,..

Somatic  Motility Measurements—Voltage-dependent
somatic motility of the transfected HEK 293 cells was measured
and calibrated by a photodiode-based system (21, 22). A suction
pipette or microchamber was used to mechanically hold the cell
and to deliver voltage commands. Microchambers were fabri-
cated from 1.5-mm thin-wall glass tubes (World Precision
Instruments, Inc., Sarasota, FL). The microchamber had a
series resistance of ~0.3—0.4 M. When the cell was 50%
inserted into the pipette, the input resistance was 3—4 M{). The
electrical stimulus was a 100-Hz sinusoidal voltage burst with
100 ms in duration. Voltage commands of 400 mV (peak-to-
peak) were used. Because the cells were ~50% inserted into the
microchamber, the voltage drops on the extruded segment
were estimated to be 50% of the voltage applied, or 200 mV (21).
The photodiode system had a cutoff (3 db) frequency of 1100
Hz. The sampling frequency was 5 kHz. With an averaging of
200 trials and low-pass filtering set at 200 Hz, cellular motion as
low as 5 nm could be detected. All the electrophysiological
experiments were performed at the room temperature (20 =
2°C).

Transporter Function Assessment—To measure the trans-
porter function of A4(gl4), conventional radioisotope tech-
nique was used. '*C-Labeled formate (Moravek Biochemicals,
Inc., Brea, CA) was used as the substrate as described in a pre-
vious study (23, 24). HEK cells transfected with A4, gPres, and
A4(gl4) were tested. Untransfected and EGFP-transfected
HEK cells were used as negative controls. Fluorescence-acti-
vated flow cytometry was used to isolate EGFP-positive cells
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before transport capability was examined. For cell sorting, HEK
cells were detached and separated with trypsin (Invitrogen)
treatment 24 h after transfection. The cells were then centri-
fuged and resuspended in the DMEM solution with 10% FBS.
Cytometry analysis and sorting were performed using a FAC-
Star Plus (BD Biosciences) with a water-cooled argon laser
tuned to 488 nm. Green fluorescence was detected with a 530/
30-nm band-pass filter. Cell sorting was based on the fluores-
cence intensity of the transfected cells after calibration using
normal untreated HEK cells. Cells with fluorescence intensity
4-fold greater than the non-fluorescent cells were collected.
Data acquisition and analysis were performed with the Cell-
Quest software. 600,000 events (cells) were collected for each
sample. The collected cells were resuspended in culture
medium and allowed to attach to culture dishes for 6 h. The
floating dead cells were removed by changing the medium, and
the remaining (attached) cells were detached and replated into
a 24-well plate after cell counting with a hemacytometer. The
cells were cultured for another 42 h to ensure firm attachment
before the formate uptake was measured.

To measure [*C]formate uptake, cells in the 24-well culture
cluster were first incubated for 30 min in the solution contain-
ing (in mMm): 130 NaCl, 20 HEPES, 5 KCl, 5 glucose, 2 CaCl,, and
1 MgCl, (pH 7.3 and 305 osm/liter). Cells were then incubated
in room temperature for 12 min in the solution containing (in
mM): 140 potassium gluconate, 20 HEPES, and 5 glucose (pH
7.3 and 305 osM/liter). [**C]Formate was added in this solution
with a concentration of 20 um. Cells were then washed three
times with cold potassium gluconate solution without [**C]for-
mate. Cells were lysed with 200 ul of 0.5 M NaOH and neutral-
ized with 0.5 M HCL The lysate was used for the liquid scintil-
lation counting to determine the ['*C]formate uptake. The
concentration (in pmol) of the '*C-labeled formate was deter-
mined from each well estimated to contain ~200,000 cells. In
each run, three wells were used and assayed for each plasmid.
The experiments were repeated in three separate runs. There-
fore, the data in each group were collected from a sample size
(n) of 3 X 3 = 9 trials for each plasmid and control.

RESULTS

Gain of NLC in the Chimeric Pendrin—Membrane targeting
is essential for the expression of function of a membrane-bound
protein. It has been demonstrated that gPres and A4 show
robust membrane-targeted expression when expressed in the
HEK 293 cells.®> To demonstrate that A4(g14) was expressed in
the membrane, we examined the expression of EGFP-tagged
A4(gl4) and a membrane-based dye, di-8-amino-naphthyl-
ethenyl-pyridinium (di-8-ANEPPS), using confocal micros-
copy (Zeiss LSM 510, Thornwood, NY). Di-8-ANEPPS is a
member of the ANEP (aminoaphthyl ethenyl pyridinium) class
of membrane potential dyes. Confocal images taken from trans-
fected HEK cells substantiated that the EGFP-tagged gPres, A4
and A4(gl4), and the di-8-ANEPPS were co-localized in the
membrane (Fig. 2A). Only the cells with strong cell surface
EGFP expression were selected for the experiments. To mini-
mize variation of expression levels among cells transfected with
different constructs, we selected cells with similar EGFP inten-
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FIGURE 2. Heterogenic expression and NLC measured from gPres, A4,
and A4(g14). A, representative confocal images of attached and detected
HEK cells transfected by A4 and A4(g14) with EGFP tag (in green). The mem-
brane of transfected cells was labeled by di-8-ANEPPS (di-8, in red), a
membrane-bound dye. Co-localization of fluorescent signals indicates the mem-
brane-associated expression of the proteins (merge, orange). Bar: 10 wm. B, exam-
ples (color-coded thin lines) of NLC obtained from HEK cells transfected with gPres,
A4, and A4(g14), respectively. The capacitance-voltage responses were fitted
with the Boltzmann function (color-coded heavy lines). C;,, was subtracted. pF,
picofarads. C, four parameters derived from curve fittings with Boltzmann's func-
tion. Data are expressed as mean = S.D. n = 18, 13, and 14 for gPres, A4, and
A4(g14), respectively. *, p < 0.05, **, p < 0.01 (Student's t test).

sities in the membrane for the electrophysiological experiments
described below.

The voltage-sensing and motor functions of mammalian
prestin are manifested by two hallmarks: NLC and electromo-
tility. NLC and electromotility are fully coupled (19, 20, 25, 26)
and can be characterized by a simple two-state Boltzmann
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function with indistinguishable fitted parameters between the
two (25). Because NLC can be easily and accurately measured
experimentally, it is often used to characterize prestin function
(10). NLC is characterized by a bell-shaped dependence on
membrane potential with a peak between —80 and —20 mV in
outer hair cells (20) and in prestin-transfected cell lines (8, 27).
We measured NLC from gPres-, A4-, and A4(gl4)-transfected
cells. NLC was also measured from EGFP-expressing cells,
transfected with the EGFP plasmid, as a negative control. 24
cells from EGFP-expressing cells were measured, and an exam-
ple of the lack of NLC (a flat response) is depicted in Fig. 2B
(black line). In contrast, gPres-expressing cells showed a robust
bell-shaped capacitance-voltage relation with a peak capaci-
tance of about 1.2 picofarads near —67 mV (Fig. 2B, thin red
line). Four parameters (Q,,... Cin Vis, and z) were obtained
from curve-fitting of NLC response using the first derivative of
the Boltzmann function (heavy red line). Q,,,,, is the maximum
charge transfer, C,,, is the linear capacitance, Vi, is the voltage
at which the maximum charge is equally distributed across the
membrane, or equivalently, the peak of the voltage-dependent
capacitance, and z is the valence of the charge movement.
Because HEK cells varied in sizes that were reflected by the C;;,
value, we normalized NLC and Q,,,,, obtained from each cell by
its C;;,,. The normalized mean values and standard deviations of
the four parameters from the 18 gPres-expressing cells are plot-
ted in Fig. 2C. Using the identical voltage protocol, we mea-
sured NLC from 13 A4-transfected cells. A small NLC response
with the peak near —46 mV was observed (Fig. 2B, blue lines).
Parameters obtained from curve-fitting showed that the Q,,..../
Ciinw NLC/Cy;,,, and z value were all significantly less than those
of gPres (Fig. 2C). In contrast, when NLC from A4(gl4)-ex-
pressing cells was measured, a significant gain of magnitude of
NLC was observed (Fig. 2B, green lines). Accompanying the
~300% gain in magnitude was the shift of the voltage-depen-
dent curve toward the positive potential with reference to the
curve of A4. 14 A4(gl4)-expressing cells were measured, and
Student’s ¢ test showed that the Q,,,,./C;;,,, NLC/C,;,,, and z val-
ues were all significantly greater (»p < 0.01) than those of A4
(Fig. 2C).

Intracellular anions, such as Cl, play a critical role in volt-
age-dependent motor activity of prestin (27). Removal of intra-
cellular Cl™ eliminates or reduces NLC, motility, and voltage-
dependent stiffness of outer hair cells (27-31). We examined
whether NLC of A4(gl4) was also affected by the removal/re-
duction of intracellular Cl, as observed with prestin. A track-
ing procedure was used to continuously monitor the peak
capacitance (C,,) after obtaining whole-cell configuration (32).
With this method, the reduction in NLC and the time course of
the change were monitored. Fig. 34 shows an example from
suchrecording. As shown in the inset, a substantial reduction of
C,, was observed within the first 10 s after the membrane was
ruptured and the intracellular C1~ began to be replaced by pen-
tane sulfonate in the patch electrode. The C,, value stabilized
near 1 min. We measured NLC from six A4(gl4)-expressing
and nine gPres-expressing cells at 2 min after membrane rup-
ture. As Fig. 3A shows, the magnitude of NLC of either gPres-
expressing or Ad4(gl4)-expressing cells was significantly
reduced when the intracellular CI™ concentration was reduced/
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FIGURE 3. Changes of NLC after removal of intracellular CI~, application of salicylate, and mutations. A, examples of NLC obtained from gPres- and
A4(g14)-expressing cells before and after intracellular CI~ was replaced by pentane sulfonate. The inset shows the time course of the change of peak
membrane capacitance (C,,,) of an A4(g14)-expressing cell after the membrane was ruptured. B, examples of NLC recorded before, during, and after (washout)
100 mm salicylate perfusion. pF, picofarads. C, effects of P-V/G-A mutations on NLC of gPres and A4(g14). In A-C, heavy lines represent curve fitting using the
Boltzmann function. D, NLC parameters of gPres (n = 18), gPres(m) (n = 7), A4(g14) (n = 14), and A4(g14m) (n = 8) derived from curve fittings. Data are

expressed as mean = S.D.; **, p < 0.01 (Student’s t test).

replaced. The reduction of NLC was accompanied by a shift of
voltage dependence toward more negative potentials. Although
the residual NLC response seen in A4(g14) and gPres might be due
to incomplete wash of intracellular Cl~ or from transport activity,
the drastic reduction in magnitude suggests that NLC seen in
A4(g14) was sensitive to intracellular CI™ concentration.

Salicylate, one of the most widely used drugs, is known to
induce reversible reduction of NLC and motility in outer hair
cells (32—34). Salicylate is thought to directly interact with the
voltage sensor/motor (27, 32). We examined NLC change of
A4(gl4) in response to salicylate treatment. 100 mm salicylate
was perfused to the cell through a pipette (with a tip diameter of
5-10 wm) positioned 20 wm away from the cell. As in the exam-
ple shown in Fig. 3B, salicylate perfusion induced significant
reduction of NLC. The reduction in NLC was reversible after
salicylate was washed out in the bath.

Comparative and evolutionary-based analyses of the consen-
sus sequence alignments of prestin and its orthologs show that
non-mammalian orthologs lack a prolyl residue and have only
one glycyl residue in the equivalent region (16). A4 also lacks a
prolyl residue and two glycyl residues in the equivalent region
(Fig. 1A). A prolyl residue often acts as a structural disruptor in
the middle of regular secondary structure elements such as
a-helices and B-sheets, whereas a glycyl residue is more flexible
than other amino acids. However, the combined Pro-Gly resi-
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dues might also contribute to an «-helical structure (35). We
questioned whether mutation of prolyl and glycyl resides in the
motif would affect the magnitude and voltage dependence of
NLC in A4(g14) and gPres. Substitutions were made to replace
Pro with Val and the adjacent two Gly residues with Ala. The
prolyl and glycyl residues and their substitutions (Val and Ala)
all have non-polar and electrically neutral side chains. The
mutant proteins, designated as gPres(m) and A4(g14m), exhib-
ited robust membrane targeting 24 h after transfection. We
measured NLC from seven gPres(m) cells and eight A4(g14m)
cells. Examples of such recordings are presented in Fig. 3C.
Four parameters related with NLC are presented in Fig. 3D. For
either mutated protein, the magnitude of NLC was not signifi-
cantly different from the unmodified counterpart (p > 0.05 for
either case). However, there was an ~20-mV shift of Vi, toward
the negative voltage for both mutated proteins. The shift was
statistically significant (p < 0.01 for both gPres(m) and
A4(gl4m) proteins).

Gain of Motor Function in the Modified Pendrin—Substitu-
tion of the motif from gPres conferred A4(gl4) with signifi-
cantly augmented NLC. We questioned whether the gain of
NLC was accompanied by a concurrent gain of motor capabil-
ity. We measured electromotility of A4(gl4)-transfected HEK
cells using the microchamber technique (8, 21, 36). Because a
spherical cell cannot effectively change its surface area, we pro-
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FIGURE 4. Electromotility measurements of gPres, A4, and A4(g14),
respectively. A, measurement of somatic motility of the HEK cell using the
microchamber technique. The cell was about 50% inserted into the micro-
chamber, and the length change of the extruded segment was measured in
response to the voltage waveform shown in the bottom panel of B. B, exam-
ples of motility responses measured from gPres-, A4-, and A4(g14)-trans-
fected HEK cells. EGFP-transfected cells were used as the negative control.

duced a dumbbell-shaped cell by drawing the cell into the suc-
tion pipette or the microchamber (Fig. 44). An estimated volt-
age of 200 mV (peak-to-peak) was applied to the extruded
membrane segment. This voltage magnitude was large enough
to generate a saturated response because the resting membrane
potential of the A4(gl4)-transfected HEK cells was between
—10 and 0 mV, and the Vi, was between —70 and —20 mV.
When the voltage stimulation was applied to the extruded seg-
ment of the gPres-transfected HEK cells, a large cycle-by-cycle
response following the voltage stimulation was seen (Fig. 4B).
We measured motility from eight gPres-transfected cells. The
response magnitude was 85 = 27 nm. In contrast, none of the 12
A4-transfected cells measured exhibited any time-registered
responses with the system resolution of 5 nm. Interestingly, 11
A4(gl4)-transfected HEK cells displayed unambiguous motility
(supplemental Video 1) when the cells were stimulated with the
same voltage protocol. The motility magnitude was 51 * 19
nm, significantly less (p < 0.01) than the magnitude of 85 = 27
nm (n = 8) seen in the gPres-transfected cells. However, this
was consistent with the observation that the magnitude of NLC
of A4(gl4)-expressing cells was significantly less than the cells
with gPres expression. Nevertheless, substitution of 14 amino
acids from gPres clearly rendered A4 with motor capability.
Transport Capability of the Modified Pendrin Was Retained—
Pendrin is a transporter that mediates the exchange of anions
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FIGURE 5. Transport activity of gPres, A4, and A4(g14), respectively. '“C-
Labeled format uptake was measured after cell sorting using flow cytometry.
Untransfected and EGFP vector-transfected cells were used as controls. Data
are expressed as mean * S.D.

(CI7, HCO3, OH™, I, or formate) across the plasma mem-
brane (7, 37), whereas mammalian prestin is a molecular motor
with diminished transport capability (24, 27). We questioned
whether the region being replaced in A4 was structurally and
functionally important to its transport function. In other words,
was the gain of motor function of A4(gl4) at the expense of
transport function? We measured anion transport activity of
A4 and A4(gl4) by using radioactively labeled formate uptake
assays (23, 24) after EGFP-positive cells were sorted out by fluo-
rescence-activated flow cytometry. A4-transfected cells were
used as a positive control, whereas cells transfected with the
pEGFP plasmid only were used as a negative control. Formate
uptake by untreated (non-transfected) cells was also measured
to rule out a possible membrane permeability change after
Lipofectamine treatment. EGFP-transfected cells had a formate
uptake of about 81 * 12 pmol/~200,000 cells (Fig. 5). A similar
number (~200,000) of untreated cells showed similar uptake
levels.

Cells transfected with A4 showed a formate uptake of 239 =
8 pmol/~200,000 cells. This was a 295% increase over the back-
ground level (Fig. 5). The formate uptake of A4(gl4)-trans-
fected cells was 234 = 21 pmol, an increase of ~289% from the
background. No statistical significance (p > 0.05) was found
between them. To verify that the formate uptake observed in A4
and A4(g14) was not an artifact due to a nonspecific change in
membrane permeability, an anion transporter blocker, DIDS,
was added to the solution (23). As shown, formate uptake was
significantly reduced across all the groups. Comparison
between A4- and A4(gl4)-transfected groups revealed no sta-
tistical difference (p > 0.05), suggesting that DIDS inhibition
was equally effective to A4 and A4(gl4).

DISCUSSION

We showed that substitution of a span of 14 amino acids
from gerbil prestin was able to confer pendrin, a chloride-io-
dide transporter, with motor function. This is the first time, to
our knowledge, that it was demonstrated that a minor modifi-
cation in amino acids can render a transport protein with motor
capability. This is astonishing because of the significant dispar-
ity in the amino acid context within which it was placed. If
prestin comprises two conceptually essential functional do-
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mains, the voltage sensor and the actuator, concurrent acquisi-
tion of NLC and motility indicates that the substituted
sequence contains the same structural determinant for the
these two functional domains. We noted that the magnitude of
NLC and motility of A4(g14) was still significantly less than that
of gPres. This is not surprising because the primary sequences
of pendrin and prestin are sufficiently different. It is conceiva-
ble that the full expression of motor function would require
additional regions and/or structures in the molecule to work
together.

The motor activity of the modified pendrin appears to be
based on the same mechanism(s) as that of prestin because
NLC of A4(gl4) was sensitive to removal of intracellular C1™
and could be blocked by salicylate, which may compete for the
Cl™ binding site in the molecule (27). Presently, there is no
crystallographic structure information available for any mem-
ber of the SLC26A proteins. However, based on the 12- or
10-transmembrane loop model (38, 39), this motif is located in
the second external loop or in the intracellular loop. It would be
quite unusual for the motif to be located outside of the trans-
membrane domain. It is well recognized that the charged resi-
due(s) serving as voltage sensor for voltage-dependent channels
are usually located within the transmembrane domain. If this
domain is present in the extracellular or intracellular loop, this
unusual location could be consistent with the notion that pres-
tin does not have an intrinsic voltage sensor (27). The mem-
brane topology of pendrin is quite controversial (37). In the
12-loop model where N and C termini are both located in the
intracellular side, the substituted segment would be in the sec-
ond extracellular loop. Regardless of what the topology of pen-
drin is and where the substituted segment is located, one thing
that is quite certain is that substitution and reduction of the
total amino acids from 780 to 774 did not affect the structural
integrity and inherent transport function of pendrin. The fact
that the gain of motor function is not accompanied by a loss of
transport function suggests that the amino acids and the region
being replaced in pendrin are not critical for its transport func-
tion. The implication is that the transport and motor activities
are independent, and each has its own structural bases in the
chimeric pendrin. This also supports the notion that the motor
and transporter mechanisms may not have to be mechanisti-
cally related, although prestin and pendrin evolved from a com-
mon ancestral gene (16).

Some recent evidence suggests that prestin can transport
anions (23) and/or is an electrogenic transporter of bicarbonate
and chloride ions (40). Consensus sequence analysis shows that
prestin and pendrin have the highest homology in the sulfate
transporter region. The two proteins differ most in the regions
at the N and C termini, especially in the two charge clusters in
the C terminus (8). In the substituted region, pendrin and pres-
tin differ significantly in the composition and number of amino
acids (Fig. 1). Pendrin lacks one prolyl and two glycyl residues
and contains a span of 17 amino acids for the equivalent 11-
amino acid (IPGGVNATNGT) motif in prestin (Fig. 14). The
lack of motor capability in pendrin and prestin orthologs sug-
gests that the composition and number of amino acid residues
in this region are important for motor function. It appears that
prolyl and glycyl residues impart some alterations in NLC prop-
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erties and thus likely have a minor impact on the structure
and/or function of prestin and A4(g14). This was demonstrated
by the substitution of prolyl and glycyl residues with valyl and
alanyl residues, which did not affect the membrane expression
or the magnitude of NLC, although a shift of voltage depend-
ence occurred for both mutant proteins (Fig. 3C). We should
point out that prolyl, glycyl, valyl, and alanyl residues all have
non-polar and neutral side chains, whereas the size of their side
chains differs. Thus, it is not entirely surprising that mutations
of prolyl and glycyl residues did not reduce or abolish NLC.

In all previous studies, loss or reduction of NLC after amino
acid mutations was used as a criterion to search for amino acids
that are critical for the voltage sensor and for the roles of C and
N termini (27, 31, 39, 41, 42). However, loss of function after
mutation may not be an unequivocal demonstration of the role
of the amino acid(s) for a specific function. For example, muta-
tion in amino acid residue Cys-499 resulted in a significant
reduction of NLC and somatic motility (15). It is unclear, how-
ever, why mutation of this single amino acid can cause reduc-
tion of NLC and motility. On the contrary, we measured gain of
function, which can occur only if that segment is responsible for
the function. Questions may be raised about whether the gain of
function was due to improved protein expression in the mem-
brane after modification. We, in fact, noticed that unmodified
A4 appeared to have more expression in the membrane than
A4(gl4) based on the level of EGEP intensity in the membrane.
More importantly, the gain seen in A4(gl4) was accompanied
by a significant shift in voltage dependence (Fig. 2). An increase
in the membrane expression level alone would not cause the
shift of voltage dependence (43). Furthermore, the gain of NLC
was accompanied by concurrent gain of somatic motility. Col-
lectively, all these data suggest that the gain of function does not
originate simply from an increase in the amount of protein
expression in the membrane and that fundamental changes
must have occurred in the modified molecule that confer it with
new capability. We should point out that currently, there is no
technically feasible and reliable way to quantify the membrane
expression at the individual cell level.

A recent study by Schaechinger et al. (44) showed that a
substitution of a fragment of 54 amino acids from rat prestin
can render zebrafish prestin with motor capability. This frag-
ment is located between amino acid residues 86 and 140, a
region that encompasses the sulfate transport motif (8). The
amino acid composition in this fragment is highly similar
between rat prestin and zebrafish prestin, with a difference of
only seven amino acid residues that are scattered along the
length of this peptide fragment. It is difficult to explain why this
difference could turn zebrafish prestin into a mammalian pres-
tin-like motor. The motif we identified is not located in the
same region as that reported by Schaechinger et al. (44).
Although it is difficult to reconcile the two findings, it is possi-
ble that there may be several areas in the prestin molecule that
are important for electromechanical conversion.

Prestin is the only protein identified that can perform rapid
electromechanical and mechanoelectrical conversion on a
microsecond time scale. The force generated by one prestin
molecule is on the same order of magnitude as a myosin motor
(8). Its piezoelectricity is 4 orders of magnitude greater than the
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best man-made material (17, 29). We showed that a minor
change in amino acid sequence allowed pendrin to gain NLC
and motility, the two hallmarks for the prestin motor. Although
it represents the first of several required steps toward mecha-
nistic understanding of how prestin works, it is also the first
engineered pendrin that can function as an anion transporter
and a voltage-dependent motor (force generator). This may
also represent an important first step for modification and
eventual synthesis of prestin and pendrin for a variety of poten-
tial applications in protein chemistry, nanotechnology, and
medicine in the future.
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