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Prestin, a multipass transmembrane protein whose N- and C-termini are localized to the cytoplasm, must
be trafficked to the plasma membrane to fulfill its cellular function as a molecular motor. One challenge
in studying prestin sequence-function relationships within living cells is separating the effects of amino
acid substitutions on prestin trafficking, plasma membrane localization and function. To develop an
approach for directly assessing prestin levels at the plasma membrane, we have investigated whether
fusion of prestin to a single pass transmembrane protein results in a functional fusion protein with a sur-
face-exposed N-terminal tag that can be detected in living cells. We find that fusion of the biotin-acceptor
peptide (BAP) and transmembrane domain of the platelet-derived growth factor receptor (PDGFR) to the
N-terminus of prestin-GFP yields a membrane protein that can be metabolically-labeled with biotin, traf-
ficked to the plasma membrane, and selectively detected at the plasma membrane using fluorescently-
tagged streptavidin. Furthermore, we show that the addition of a surface detectable tag and a single-pass
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transmembrane domain to prestin does not disrupt its voltage-sensitive activity.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In response to changes in transmembrane potential, mamma-
lian sensory outer hair cells (OHCs) change length [1-3]. This mo-
tion enhances sound-induced vibrations within the cochlea and
improves hearing sensitivity [4]. The transmembrane protein pres-
tin is critical for this signal amplification process [5]. Prestin is a
molecular motor within the plasma membrane that responds to
changes in transmembrane potential, and the electrical activity
of prestin is tightly coupled to changes in the length of OHCs
[6,7]. The physiological role of prestin’s electromechanical cou-
pling (molecular piezoelectricity) function in hearing has been
clearly delineated [8,9]. Prestin responds to cellular depolarization
by reducing cell length, whereas prestin increases cell length when
cells become hyperpolarized. Currently, the molecular mechanism
of voltage-to-length conversion within this multipass transmem-
brane protein is not understood.

In contrast to other widely studied molecular motors (e.g., myo-
sin, kinesin, and dynein), prestin does not require ATP or calcium
for motor function [3,10]. Prestin belongs to a family of anionic
membrane transport proteins, solute carrier family 26 (SLC26),
for which little structural information is available. Like all mem-
brane proteins, prestin function requires proper insertion into the
plasma membrane. This latter property makes prestin challenging
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to study upon heterologous expression in cultured cells, since tran-
siently transfected cells exhibit heterogeneity in both the level of
prestin expressed and the amount of prestin trafficked to the plas-
ma membrane [11,12]. In addition, mutation of prestin can alter
these properties as well as electromechanical coupling, making it
difficult to interpret the effects of amino acid substitutions or dele-
tions [13]. Since mutagenesis coupled with functional analysis is
widely used to study prestin [11,14-21], an ability to selectively
identify, and potentially quantify, the membrane-localized fraction
would greatly enhance the biochemical and biophysical informa-
tion gleaned from these studies.

To establish a strategy for studying the function of membrane-
localized prestin, we investigated whether prestin could be meta-
bolically tagged in living cells with biotin, a vitamin that binds
with high affinity [22,23] to streptavidin-conjugated fluorophores.
The lack of endogenous surface biotinylation in mammalian cells
[24,25], and the impermeability of cell membranes to streptavidin
conjugates makes this strategy compatible with selective labeling
and purification of surface expressed membrane proteins. We
based our reporter construct on the most extensively studied
endogenously biotinylated protein, the 1.3 S subunit of Propioni-
bacterium shermanii transcarboxylase (commonly called PSTCD)
[26]. The biotin acceptor peptide (BAP) sequence from PSTCD has
been fused to the C-terminus of multiple cytoplasmic enzymes
and demonstrated to undergo in vivo metabolic biotinylation in
both bacteria and yeast [27]. Parrot and Barry extended this tech-
nology to metazoans [28], and they demonstrated that both se-
creted and simple, single-pass integral membrane proteins can
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be biotinylated [29]. One of their constructs, BAP fused to the
N-terminus of the platelet-derived growth factor receptor (PDGFR)
transmembrane domain, was used to introduce streptavidin conju-
gated contrast agents to the surface of tumor cells and enhance
magnetic resonance imaging (MRI) [30]. Herein, we demonstrate
the first use of BAP-PDGEFR for extracellular biotinylation of a mul-
ti-pass transmembrane protein.

2. Materials and methods

2.1. Plasmid construction

The 736 bp BAP-PDGFR reporter gene was synthesized from a
24 primer set, composed primarily of 50 bp oligonucleotides, de-

signed using DNAWorks (Helix Systems, NIH) and the PCR-based
synthesis methods of Hoover and Lubkowski [31].The gene in-
cludes a 5’ Nhel restriction site and a 3’ HindlIIl restriction site,
and it encodes the murine Ig k-chain leader sequence, the hemag-
glutinin A (HA) epitope tag, a biotin acceptor peptide (BAP), the
transmembrane domain from platelet-derived growth factor
receptor (PDGFR), and a 19 amino acid cytoplasmic linker region.
Fig. 1A illustrates the protein fusion expressed by this construct.
The BAP coding sequence was derived from base pairs 1-390 of
the PinPoint Xa vector (Promega, Madison, WI). The murine Ig
K-chain leader sequence, which targets the fusion to the secretory
pathway [32], and the PDGFR transmembrane domain, which en-
sures exoplasmic display of BAP [33], were isolated from base pairs
737-799 and 907-1053 (respectively) of the pDisplay vector
(Invitrogen, Carlsbad, CA). All nucleotide segments were codon
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Fig. 1. Predicted BAP-prestin-GFP fusion protein topology .A, The biotin acceptor peptide (BAP) was fused to the exoplasmic face of the platelet-derived growth factor
receptor (PDGFR) transmembrane domain and attached to a 20 amino acid cytoplasmic linker. This engineered reporter gene and the 12-pass motor protein prestin were
cloned to the pEGFP-N1 plasmid (Clontech) to form a fusion (BAP-prestin-GFP) with a convenient external binding moiety. The protein segment from the BAP-PDGFR reporter
gene is shown in dashed outline and the transmembrane helices of the prestin-GFP fusion are numbered. BAP can be cleaved from PDGFR by Factor Xa protease and prestin
can be liberated from PDGFR by severing the cytoplasmic linker with Enterokinase. B, Translated sequence of BAP-prestin-GFP. The BAP-PDGFR reporter encompasses amino
acids 1-237 (bold), prestin 244-987 (gray), and GFP 995-1233 (italics). The BAP-PDGFR reporter contains a leader sequence (amino acids 1-21), hemagluinin tag (22-30), BAP
(35-164), PDGFR transmembrane domain (169-216), and cytoplasmic linker (218-237). Biotinylation occurs at Lys 122 (box). The proteolytic cleavage sites (underlined)
allow cleavage of the fusion following residue 164 or 234 by Factor Xa or Enterokinase, respectively. GFP contains A207 K (residue 1201 of overall fusion) modification to

prevent formation of non-obligate oligomers.
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optimized from their original sources using a human codon fre-
quency table [31].

The pEGFP-N1 vector (Clontech, Palo Alto, CA), which served as
a backbone for subsequent cloning, was modified through Quik-
change mutagenesis to include a point mutation within GFP. This
mutation (denoted A206 K in the literature) is located at residue
207 of the Clontech vector (due to an insertion that enhances
mammalian translation efficiency) and prevents non-specific inter-
action of the fusion proteins [34,35]. The synthesized BAP-PDGFR
gene fusion was digested and inserted into the Nhel and HindIII
sites of the pEGFP-N1 plasmid. Gerbil prestin (AF230376) was iso-
lated (EcoRI and BamHI) from a previously described prestin-GFP
fusion [36] and inserted downstream and in-frame with the
BAP-PDGFR gene fusion. The resulting construct is referred to as
BAP-prestin-GFP and the translated fusion protein sequence is
shown in Fig. 1B. The entire fusion was sequenced verified using
an eight-primer set (Baylor Sequencing Core, Houston, TX). Pres-
tin-GFP containing the A206 K mutation was used for control activ-
ity (nonlinear capacitance) measurements. The pSec-BirA vector
[29], which expresses E. coli biotin ligase (BirA) needed to biotiny-
late BAP-prestin-GFP was provided as a generous gift from Dr.
Michael Barry.

2.2. Plasmid expression and cell culture

HEK293 cells were grown in T75 flasks and 6-well plates con-
taining DMEM supplemented with 10% BCS (Invitrogen, Carlsbad,
CA), 1% penicillin-streptomycin, 143 mM HEPES, 16.1 mM
NaHCO3, and 10 mg/L (41 uM) d-Biotin (Sigma-Aldrich, St. Louis,
MO). Cells were transfected with prestin-GFP, or co-transfected
with BAP-prestin-GFP and pSec-BirA plasmids, using 2 pig of each
plasmid DNA and 3 pL/plamid Fugene 6 transfection reagent
(Roche, Indianapolis, IN) according to manufacturer’s directions.
For electrophysiology and imaging studies, cells were trypsinized
and replated onto #1.5 coverslips or MatTek dishes (MatTek Corp.,
Ashland, MA) 8-12 h after transfection and then evaluated 48-72 h
post-transfection.

2.3. Confocal imaging

Biotinylation of BAP and localization of the BAP-prestin-GFP fu-
sion to the membrane were verified using confocal microscopy
72 h post-transfection. Transfected HEKs were incubated with
5 ng/mL Alexa-633 conjugated streptavidin (Invitrogen, Carlsbad,
CA) for 20 min at room temperature. Cells were washed with PBS
and imaging was performed on an LSM 510 microscope (Zeiss,
Thornwood, New York). GFP and the Alexa-633 conjugated strepta-
vidin (SA-Alexa 633) were excited with 488 nm Argon laser light
and 633 nm HeNe laser light, respectively. Using a secondary dich-
otic and separate band pass filters for each channel, GFP fluores-
cence was collected between 500 and 530 nm and SA-Alexa 633
fluorescence was collected between 650 and 710 nm. The pinhole
for both channels was adjusted to produce an optical slice less than
13 um (2.9 and 2.1 Airy units for the GFP and SA-Alexa 633 chan-
nels, respectively). All imaging was performed using a 63X, 1.4NA
objective lens.

2.4. Electrophysiology

Kimax-51 capillary tubes (1.5/0.8 mm OD/ID) were heated on a
P-97 puller (Sutter, Novato, CA) to form fine tip micropipettes. The
micropipettes were filled with pipette blocking solution (130 mM
CsCl, 2 mM MgCl2, 10 mM EGTA, 10 mM HEPES) and threaded onto
a Ag*[AgCl electrode. Coverslips seeded at low cell density formed
the base of a patch clamp chamber in which the cells were bathed
in extracellular blocking solution (99 mM NaCl, 20 mM TEA-CI,

2 mM CoCl2, 1.47 mM MgCl2, 1 mM CaCl2, 10 mM HEPES), and
an agar bridge provided electrical continuity with the reference
bath containing a Ag*/AgCl reference electrode and pipette block-
ing solution. Blocking solutions [16] were titrated to pH 7.3 and
dextrose added to obtain 300 3 mOsm (Osmette A; Precision Sys-
tems, Natick, MA). Patch pipettes produced 2-4 MQ resistance in
open-bath and placement was controlled using a Burleigh PCS-
6200Micromanipulator (EXFO Life Sciences, Rochester, NY). On-cell
seals in excess of 1 GQ were obtained from healthy, single cells
showing strong GFP fluorescence 48 h post-transfection. Pipette
capacitance was compensated, the cell membrane ruptured to
establish whole-cell mode, and only cells with series resistance
less than 10 MQ and membrane resistance in excess of 1 GQ re-
tained for analysis. We apply an 800 Hz, 10 mV sine wave and
measure the current response as DC holding potential is stepped
from —140 to +140 mV in 2 mV increments (HEKA EPC 10 Plus
Amplifier with 18-bit DAC). Using a software-based phase-sensi-
tive detector, implemented in Patchmaster software (HEKA, Mah-
one Bay, NS), we determine the real and imaginary components
of the admittance (the complex current response scaled by the
command voltage) and calculate membrane capacitance (Cm)
and membrane resistance (Rm) [37]. At each DC potential four
complete sinusoidal voltage cycles occur and discrete capacitance
values are calculated from the latter three. Capacitance versus volt-
age (DC holding potential) traces are acquired for each cell and fit
to the first derivative of the two-state Boltzmann function (Eq. 1)
using MATLAB (MathWorks, Natick, MA).

m — Qmax (%)
exp[(Z)(V = Vip)] (1 +exp[—(V — V12)(Z)])

Qmax is the maximum nonlinear charge movement provided by
prestin. Vy; is the voltage at the peak of the capacitance versus
holding potential curve. z is the valence of charge movement by
prestin and inversely proportional to the width of the NLC curve.
Boltzmann’s constant k, absolute temperature T, and the charge
carried by an electron e, are all constant values. Since variation in
cell size causes differences in the maximal charge transfer (Qmax),
the charge movement is normalized to C;,, and computed on a
cell-by-cell basis. This quantity, designated as charge density, has
units of fC/pF [38]. Representative NLC curves are reconstructed
from mean Qmax, V1,2 and z obtained from BAP-prestin-GFP or pres-
tin-GFP expressing cells, and each result is normalized to maximal
nonlinear capacitance (Qmaxze/4KT) of the corresponding group.

5 +Clin (1)

3. Results
3.1. Rationale for protein design

Established biotinylation techniques [39,40] are not suitable for
detecting prestin localized to the plasma membrane, since the
N- and C-termini of prestin are both intracellular [41]. This pre-
cludes use of direct BAP fusions to achieve extracellular labeling.
Moreover, the predicted 12 transmembrane helices [16] of prestin
are thought to be tightly packed [19], with high conservation of the
entire transmembrane domain region among the eutherian clade
[42]. This suggests that the insertion of BAP into a predicted sur-
face exposed loop could adversely affect prestin folding and func-
tion. To provide an externally accessible biotinylation site without
altering the primary sequence of the prestin hydrophobic core, we
fused the BAP-PDGEFR reporter to the N-terminus of prestin. Addi-
tionally, GFP was fused to the C-terminus of prestin to assay suc-
cessful transfection and visualize intracellular protein
localization. Fig. 1A shows the predicted topology of the resultant
BAP-prestin-GFP fusion protein.
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3.2. Fluorescence imaging

We found that BAP-prestin-GFP is biotinylated and inserts into
the plasma membrane, when co-expressed in human embryonic
kidney (HEK) cells with the E. coli biotin ligase, BirA. Confocal
imaging shows that a streptavidin (SA) conjugated fluorophore
(SA-Alexa 633) cannot permeate the cell membrane and therefore
only labels the membrane-localized fraction of BAP-prestin-GFP in
live cells (Fig. 2A). In contrast, BAP-prestin-GFP is not biotinylated
in the absence of BirA (data not shown). To establish if BAP-pres-
tin-GFP is metabolically labeled with biotin, we removed pixels
with low fluorescent intensity values (the lower 5% or 35% for
GFP and SA-Alexa 633, respectively) and then visualized the
remaining colocalized signal (pixels with non-zero fluorescent val-
ues in each channel). We found that nearly all the SA-Alexa 633
fluorescence coincided with GFP fluorescence (Fig. 2B), indicating
that the biotinylated BAP-prestin-GFP is properly trafficked and
membrane localized.

L)

Fig. 2. BAP-prestin-GFP localizes to the cell membrane. A, Brightfield, GFP, SA-Alexa
633, and overlay images (counter-clockwise from upper right) for HEK cells co-
transfected with pSec-BirA and BAP-prestin-GFP plasmid DNA. The streptavidin
conjugated dye selectively labels the membrane localized fraction of BAP-prestin-
GFP and does not non-specifically interact with untransfected HEKs. Scale bar
20 um. B, After thresholding to remove low intensity pixels, an overlay of the
remaining colocalized signal demonstrates efficient biotinylation of BAP-prestin-
GFP. 92% of pixels with SA-Alexa 633 fluorescence also have GFP signal, and these
are displayed in panel B. Precise one-to-one correspondence was not observed due
to slight non-specific background staining and photomultiplier tube (PMT) detector
noise.
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Fig. 3. BAP-prestin-GFP retains activity. NLC curves constructed from mean V;5, z,
and Qmax (see experimental section) are normalized to the peak capacitance of each
group. BAP-prestin-GFP shows normal V; ), and z, and maintains an ability to move
charge despite reduction in charge density (Qmax/Ciin) compared to prestin-GFP
(p<0.05). BAP-prestin-GFP (n=8): Vi, —84.8+3.7mV, z 0.66 +0.03, Qmax/Ciin
3.15 £ 0.29fC/pF. Prestin-GFP (n=12): Vi —75.1+5.1mV, z 0.68 £ 0.01, Qmax/Ciin
18.01 + 2.87fC/pF. All values are mean + SE.

3.3. Patch-clamp analysis of prestin function

We next investigated whether the BAP-prestin-GFP fusion re-
tains prestin function. The ability of prestin to move charge within
the membrane is tightly coupled to its motor function and has
been established as a benchmark for prestin activity [43,44]. We
used the whole-cell patch clamp technique to control the voltage
across the cell membrane and assayed transmembrane charge
movement. In the absence of prestin, HEK cells show uniform, lin-
ear capacitance that is proportional to the size of the cell due to the
dielectric properties of the plasma membrane [45]. When func-
tional prestin is present in the plasma membrane, a nonlinear,
bell-shaped capacitance versus voltage curve is detected [46]. This
charge movement, analogous to the gating current in ion channels,
is commonly described as nonlinear capacitance (NLC) and thought
to result in part from a voltage-induced conformational change in
prestin. Fig. 3 shows NLC plots for BAP-prestin-GFP and prestin-
GFP without the extra transmembrane domain and BAP reporter.
These NLC plots were constructed from mean fit parameters (see
experimental section for details) and therefore only display the
average increase in capacitance (prestin-associated charge move-
ment) above the linear capacitance (membrane surface area).
BAP-prestin-GFP clearly is functional, since it shows bell-shaped
NLC comparable to wild-type prestin lacking a BAP fusion. With
BAP-prestin-GFP, the voltage at peak capacitance (V;,,) and valence
of charge movement (z) are indistinguishable from prestin-GFP.
This confirms that the operating range and voltage sensitivity of
prestin activity were not impacted by the BAP-PDGFR reporter
fusion. There was a reduced charge density (Qmax/Gin) With the
N-terminal fusion that might reflect a lower trafficking and
reduced surface expression compared to the unmodified prestin-
GFP. This reduced surface expression will be advantageous for
future single molecule tracking experiments.

4. Discussion

The findings described herein provide the first evidence that a
BAP-PDGFR reporter can be used with a multi-pass transmem-
brane protein for in vivo biotinylation and subsequent detection.
This approach is particularly useful for identifying the mem-
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brane-localized fraction of a target protein or introducing a fluores-
cent label when commercially available antibodies are insufficient.
For prestin, live cell labeling is not currently possible in the ab-
sence of BAP-PDGFR using simple affinity tags (e.g., HA, FLAG, or
myc tags) that are recognized by commercial antibodies. Intracel-
lular tags have been used as N- or C-termini fusions to detect pres-
tin within fixed, membrane-permeabilized samples. For cell
surface detection of prestin, these tags have not been introduced
within a surface-exposed region of prestin, due the intracellular
localization of prestin’s N- and C-termini and because all our at-
tempted insertions have proven to be detrimental to prestin traf-
ficking and function. Furthermore, it remains challenging to
develop antibodies directed at a surface-exposed region of prestin
for live cell imaging, since extracellularly available epitopes of
prestin are poorly defined and of low antigenicity.

Our findings provide direct evidence that biotinylated BAP-
prestin-GFP localizes to the plasma membrane and is functional.
While biotinylation was achieved metabolically by coexpressing
BirA and BAP-prestin-GFP, this post-translational modification
could be achieved through the addition of BirA and biotin to tissue
culture cells expressing BAP-prestin-GFP. This latter approach may
prove to be more efficient, since the amount of BirA and biotin can
be easily varied in the growth medium to maximize labeling effi-
ciency. The results described herein show that biotinylated BAP-
prestin-GFP will be useful for future biophysical studies. This con-
struct will enhance studies examining the relationship between
changes in prestin sequence and function. In its current form, this
reporter system will be useful for deconvoluting the effects of
mutations on protein expression, translocation, and function. Fur-
thermore, this system can be used to label membrane-localized
prestin in live cells with fluorescent probes having larger molar
absorptivity (extinction coefficient) [47] and higher quantum yield
[48] than intrinsically fluorescent proteins. These brighter fluoro-
phores are expected to enable quantitative fluorescent microscopy
and single molecule tracking in future studies of prestin. In addi-
tion, this general approach is expected to be compatible with
cell-surface labeling of other multi-pass transmembrane proteins,
such as prestin homologs in the SLC26 protein family.
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