[}
&}
c

2
o

n

©

@)

—
o

'©
c
o
S
o

&

Research Article 1039

A motif of eleven amino acids is a structural adaptation
that facilitates motor capability of eutherian prestin
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Summary

Cochlear outer hair cells (OHCs) alter their length in response to transmembrane voltage changes. This so-called electromotility is the
result of conformational changes of membrane-bound prestin. Prestin-based OHC motility is thought to be responsible for cochlear
amplification, which contributes to the exquisite frequency selectivity and sensitivity of mammalian hearing. Prestin belongs to an anion
transporter family, the solute carrier protein 26A (SLC26A). Prestin is unique in this family in that it functions as a voltage-dependent
motor protein manifested by two hallmarks, nonlinear capacitance and motility. Evidence suggests that prestin orthologs from zebrafish
and chicken are anion exchangers or transporters with no motor function. We identified a segment of 11 amino acid residues in eutherian
prestin that is extremely conserved among eutherian species but highly variable among non-mammalian orthologs and SLC26A
paralogs. To determine whether this sequence represents a motif that facilitates motor function in eutherian prestin, we utilized a
chimeric approach by swapping corresponding residues from the zebrafish and chicken with those of gerbil. Motility and nonlinear
capacitance were measured from chimeric prestin-transfected human embryonic kidney 293 cells using a voltage-clamp technique and
photodiode-based displacement measurement system. We observed a gain of motor function with both of the hallmarks in the chimeric
prestin without loss of transport function. Our results show, for the first time, that the substitution of a span of 11 amino acid residues
confers the electrogenic anion transporters of zebrafish and chicken prestins with motor-like function. Thus, this motif represents the
structural adaptation that assists gain of motor function in eutherian prestin.
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Introduction

The outer hair cell (OHC) is one of two receptor cells in the organ
of Corti, and plays a crucial role in mammalian hearing. OHCs are
able to rapidly change their length (Brownell et al., 1985; Kachar
et al., 1986) and stiffness (He and Dallos, 1999) when their
membrane potential is altered. It is generally accepted that OHC
motility is responsible for amplifying low level signals in the
cochlea, which ultimately contributes to the exquisite frequency
selectivity and sensitivity of mammalian hearing (Liberman et al.,
2002; Dallos et al., 2008). This so-called electromotility is the
result of conformational changes of a membrane-bound protein
named prestin (Zheng et al., 2000). Prestin belongs to a distinct
anion transporter family, designated as solute carrier protein 26A,
or SLC26A (Zheng et al., 2000). All the SLC26A members share
two domains, one consisting of the sulfate transporter (SulpTP)
domain and the other comprising the Sulphate Transporter and
AntiSigma factor antagonist (STAS) domain. The SulpTP domain
is a ~438 residue region that contains hydrophobic o-helical
transmembrane spanning (TM) sequences (Zheng et al., 2000;
Oliver et al., 2001; Navaratnam et al., 2005; Lovas et al., 2011).
Members of this family serve two fundamentally distinct
functions. Although most members transport different anion
substrates across epithelia (Mount and Romero, 2004; Ohana
et al., 2009), mammalian prestin is unique in that it functions as a
voltage-dependent motor protein (Dallos and Fakler, 2002; He

et al., 2006). In contrast, prestin orthologs from zebrafish and
chicken are electrogenic anion exchangers or transporters with no
motor function (Albert et al., 2007; Schaechinger and Oliver,
2007; Tan et al., 2011).

Short-sequence motifs, typically 5-25 amino acid residues, are
often associated with evolutionary acquisition of important
structural or functional characteristics of a protein (Saito et al.,
2004; Saito et al., 2007). The newly derived functions are
typically associated with regions of a protein that have high
peptide sequence variability (Kimura, 1983). Evolutionary
studies combined with comparative genomic and bioinformatic
analyses have identified two regions of amino acid sequences that
are highly invariant among eutherian species, but highly
polymorphic among non-mammalian vertebrates and SLC26A
paralogs (Franchini and Elgoyhen, 2006; Rajagopalan et al.,
2006; Okoruwa et al., 2008; Elgoyhen and Franchini, 2011).
Based on the fact that motor capability is an innovation of
mammalian prestin, we predict that the structural innovation
underlying motor function in eutherian prestin evolved from a
site within the SulpTP domain that has well-conserved amino
acid composition among mammalian prestins but is highly
variable in non-mammalian prestin orthologs. One region of 11
amino acid residues within the SulpTP domain appears to be a
newly derived, highly conserved feature for the eutherian prestin
(Okoruwa et al., 2008) because insertions and deletions of amino
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acids are observed in both non-mammalian orthologs and the
other SLC26A paralogs. Therefore, this 11-amino-acid motif
[designated herein as the Motile Eutherian SLC26A Helper
(MESH) motif] represents structural innovation important for the
evolution of motor capability in eutherian prestin. To test
this hypothesis, we swapped corresponding residues from
the zebrafish and chicken with the MESH motif from gerbil
prestin. Zebrafish and chicken prestin orthologs function as anion
transporters with no motor capability (He et al., 2003; Albert
et al., 2007; Tan et al., 2011). A gain of motor function with the
hallmarks of nonlinear capacitance (NLC) and somatic motility
observed in the chimeric zebrafish and chicken prestin proteins
suggests this MESH motif represents the structural adaptation
that is crucial for the gain of motor function in eutherian prestin
during evolution.

Results

Gain of nonlinear capacitance in chimeric prestins of
zebrafish and chicken

We selected the site for investigation that encompasses residues
158-168 in gerbil prestin, representing the homologous regions
in other eutherians. The amino acids in this motif are invariant
among over 30 mammalian species examined (Okoruwa et al.,
2008), but exhibit insertions and deletions in the non-mammalian
vertebrate orthologs (see Table 1). To demonstrate that this
MESH motif represents the structural adaptation that confers
eutherian prestin with motor capability, chimeric prestin
constructs (see Fig. 1) were developed for physiological
analyses. Gerbil, zebrafish and chicken prestins were used for
substitution of amino acids. Fig. 1A shows the amino acid
sequences of gerbil, zebrafish and chicken prestins. The
equivalent regions in gerbil, chicken and zebrafish prestin
sequences were identified by amino acid sequence alignment
using BLAST. The residues 158-168 (IPGGVNATNGT) from
gerbil prestin were exchanged with those from either zebrafish
prestin [residues 158-171 (MVNGTNSSLVVNI)] or chicken
prestin [residues 158—174 (ISVGYNSTNATDASDYY)] (Fig. 1).
All three chimeric prestin clones exhibited cell surface
expression 24—48 hours after transfection, as evident by the
membrane-associated EGFP expression (Fig. 2A). Each chimeric

protein was then tested for NLC. NLC reflects voltage-dependent
charge movement that arises from the redistribution of charged
‘voltage sensors’ across the membrane (Ashmore, 1989; Santos-
Sacchi, 1991). We first measured NLC from gerbil prestin-
expressing human embryonic kidney (HEK) cells and an example
is shown in Fig. 2B. Gerbil prestin produced a bell-shaped
response with a peak capacitance of approximately 1.2 pF at
—73 mV. Four parameters (QOmax, Ciin, V1,2 and z), that are often
used to define the magnitude and voltage-dependency of NLC
(Dallos and Fakler, 2002; Ashmore, 2008), were obtained from
nonlinear curve-fitting of the NLC response using the first
derivative of the Boltzmann function (the equation is provided in
the Materials and Methods section). Q.x IS maximum charge
transfer, Cy;, is linear capacitance, V7, is the voltage at which
half of the total charges are translocated across the membrane,
and z is the valence of charge movement. Because HEK cells
varied in size, which was reflected by the Cy;, value, NLC and
Omax obtained from each cell were normalized by its Cy;,. The
normalized mean values and standard deviations of the four
parameters from six gerbil prestin-expressing cells are shown in
Fig. 2C. Using the same voltage protocol, we measured NLC
from eight zebrafish prestin-expressing cells. As shown in
Fig. 2B, a small elevated peak significantly shifted (P<<0.01) in
the direction of positive potential was observed. The response did
not reach a peak even at 150 mV in most cases, and could not be
determined due to membrane breakdown with large voltage
stimulation. Because no clear peak was observed within the
voltage applied in most cases for zebrafish prestin, no parameters
were obtained for zebrafish prestin. To determine whether there
was a gain of NLC in a zebrafish prestin chimera that contained
residues 158-168 from gerbil prestin [chimera designated as
Zf(g)], we measured NLC from Zf(g)-expressing cells. As shown
in Fig. 2B, a significant gain of the magnitude of NLC was
observed (P<<0.01). Accompanying the magnitude gain, the peak
response also shifted significantly (P<<0.01) toward the negative
potential. Eight Zf(g)-transfected cells were assayed and the
values of means and standard deviations of the four parameters
are presented in Fig. 2C.

Chicken prestin shows 58% amino-acid identity with rat
prestin (Schaechinger and Oliver, 2007) and has a small NLC

Table 1. Variation in the eutherian motif of prestin among vertebrate species

Species Common name Sequence

Eutherian consensus Mammal DDIV | IPGG-VNATNGT & —------ EAR
Rattus norvegicus Rat DDIV | IPGG-VNATNGT & —-———- EAR
Meriones unguiculatus Gerbil DDIV 1 IPGG-VNATNGT : ------ EAR
Monodelphis domestica Opossum DDMY : VGGGGANSTNGT : —————— EER
Ornithorhynchus anatinus Platypus DDMF 1 -AGG-MNSTNST : ------ EER
Anolis carolinensis Anole Lizard DEMF : -DIIDTNSTNST YA-DNF KAR
Gallus gallus Chicken DEVI : -SV-GYNSTNAT DASDYY SLR |
Meleagris gallopavo Turkey DEVT | -FV-GYNSTNTT DASDYY SLR
Taeniopygia guttata Zebra Finch DEII 1 -SL-DSNSTNTT DVLEYY SAR :
Xenopus tropicalis Frog DEMF : -DIMPANGTNST DFDEKI EAR :
Danio rerio Zebrafish DSMF ' M—-——-VNGTNST LVVN-TI EAR |
Oryzias latipes Medaka DHMF ' -PVFSGNATNNT SVFDK- EAC
Gasterosteus aculeatus Stickleback DSMF 3 =YVLPANGTNVT AVLD-V EAR E

Sequence alignment is depicted with the consensus residues conserved among all SLC26A5 orthologs being underlined. The conserved mammalian residues
are indicated by the gray highlighted residues. The vertical dashed lines indicate the boundaries representing the amino acids that comprise the MESH motif and
the equivalent regions in the other mammalian, opossum and platypus, and the non-mammalian vertebrate species.
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A

Gerbil MDHAEEN-E| PVATQKYHVE RPIFS LQ s YMFLPIT KWLPAYKFKE YVLGDLVSGI STGVLQLPQG 98
Chicken MEDAQESGEC LVQNQKYCVE RPIYN LQ L -HKRERT S K CSSKKAK SHLYSFLPIL KWLPRYPVKE YLLGDI ISGI STGVMQLPQG 99

Zebrafish MEHVTVSEE- PSATLMYHVE RPIFS ID LLHKRKKT PKP R CSSEKVK SVVFGFLPIL TWLPSYPLKE YLFGDIVSGI STGVMQLPQG 99
LAFAMLAAVP PVFGLYSSFY PVIMYCFFGT SRHISIGPFA VISLMIGGVA VRLVPDD VI GVNATNCT EARDALRVK VAMSVTLLSG 187

L-HVKDKV § K CTPKKIR N
P

LAYALLAAVP PVFGLYSSFY PVFLYTFFGT SKHISIGTFA VISMMVGGVA VROVPD | GYNSTNAT DA ]5LRDOKRVO VAVTLAFLSG 193
LAYAMLAAVP PVFGLYSSFY PVLLYTFFGT SKHISIGTFA VISLMIGGVA VREAPD -VNGTNES | EARDSRRVE VVVALTTLVG 190
IlQFCLGVCR FGFVAIYLTE PLVRGFTTAA AVHVFTSMLK YLFGVKTHKRY SGIFSVVYST VAVLONV L NV LGVGLM V LLLGGKE FNERFKEKLP 287
IIQLCLGFLR FGFVAIYLTE PLVRGFTTAA AVHVFTSQLK YLLGVKTSRY SGPLSVVYSL VAVFSKI T NI LIVGLT C LLLIGKE |NLRFKKKLP 293
IlQFVLGLLR FGFLAIYLTE PLVRGFTTAA AVHVSVSQLK YLLGVKTARF NGPLSVVYSL DAVLENI T NI LIIGL c FLY 1 IKQ LNERFKKKLL 290

PIPLEFFAV VNGTGISAGF NLHESYSVDV VGTLPLGLLP PANPDTSLFH
PIPVEIIVV | IGTGVSAGM NLTESYGVDV VGKIPUGLSA PAVPE!QLIP FIDAVAIA |IVGFSVAVSM AKI|IFALKHGY IDGNQELIA LGICNSVGSF 393
PIPGEIIVV IVSTGISYGM LMSENYGVDV VGKIPTGLLP PKVPDFSVFP FADAVPIA VVGFSITISL AKTFALKYGY SVDGNQELIA LGLCNFVSSF 390
FQTFSISCSL SRSLVQEGTG GKTALAGCLA SLMILLVILA TGFLFESLPQ AVLSAIVIVN LKGMFMQFSD LPFFWRTSKI ELTIWLTIFV SSLFLGLDYG 487
FQSFFPITCSM SRSLVQESTG GKTQIAGALS SIMVLLVIVA IGYLFEPLPQ TVLAAIVMVN LKGMFKQFAD VAHFWRTSKI ELAIWVVAFV ASLFLGLDYG 493
FHTFVVTASM SRSLVQESTG GHTEIAGLLA SLLVLLVVVA IGFVFQPLPT TVLAAIIMVN LLGMFKQTHED |PVLWRKSKI ELAIWLVSFF ASVLLGLDYG 490

YVDAIAIA IVGFSVTISM AKTLANKHGY VDGNQELIA LGICNSIGSL 387
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LITAVIIALL TVIYRTQSPS YKVLGQLPDT DVYIDIDAYE EVKEIPGIKI FQINAPIYYA NSDLYSNALK RKTGVNP I MGCARRKAMEK YAKE 581
LLTAVAFAMI TVIYRTQRPQ YRILGQIPDT DIYCDVEEYE EVKEYPGIKI FQANTSLYFA NSESYTSALK KKTGVDP I LAARRKAQKK HARE 587
LAVAMAFAIL TVIYRTQRPK NVVLGQIPDT GLYFDVDEYE EAEECSGIKI FQSNSSIYFA NSELYVKALK AKTGIDP L LDAK-KLQLK YAKR 589
VGNAN- |AN AAVVK- ... .- - - - VDGEV -DG E PEE LQRF EN VHT ! ILDFTQ 648
I ANKVKK KAVLKL DVEASVKH EIAN P K VDAGV QDG - PDE LEHF TN VHSLILDFAP 663
VNOGSLLKK NAVVLL DMELGVTH EVLN P K TNGOM TEK E --- -EFF TP IHSVILDFTP 661
VNFIDSVGVK TLAVMVKEY VGIYVYLAG CSFPOVVNDLT RNRFFENPAL KELLFHSIHD AVLGS H AEQ 736
VNFVDSVGAK TLKSVIKEY VGVCVCIAS CSGPVMNELT RLNFFDONTVT RELLFHSIHD AVLAC Q AsQ 737
VNFIDSVGAK TIKSVIKEY VDVKVVLAG CSRTLLSELR TLOFFSEPVT FDLIFPTIHD AVLOC H - 739

T 744

T 742

739

B cbe) I 746 a.a.

Ck(g) I

736 a.a.

Zf(9) I, 737 a2

Fig. 1. Construction of prestin chimeras containing the MESH motif and the consensus amino acid sequences of gerbil, chicken and zebrafish prestins.
(A) Amino acid sequences for gerbil, chicken and zebrafish prestins. Identical residues in the consensus sequences are shown in bold with the light shaded residues
indicating a non-synonomous alignment. Amino acid residues marked by red lines represents the motifs that were swapped. (B) Scheme of the constructs of
chimeric Zf(g), Ck(g) and Gb(z). The number of amino acid residues indicates the length of each chimeric protein after substitution.

with the peak significantly shifted in the positive potential (Tan
et al.,, 2011). We attempted to demonstrate that substitution of
this MESH motif could also confer chicken prestin with
significant gain of NLC. We first measured NLC from chicken
prestin-transfected cells (Fig. 3A). As shown in Fig. 3B, the NLC
of chicken prestin exhibited a small peak significantly shifted
toward the positive potentials compared to gerbil prestin
(P<0.01). Four parameters obtained from curve fitting of the
NLC response from chicken prestin-expressing cells (n=7) are
presented in Fig. 3C. We substituted chicken prestin residues
158-176 with the gerbil prestin residues 158—168. The resulting
Ck(g) chimeric protein was expressed in the membrane
(Fig. 3A). Measurements of NLC from Ck(g) showed that there
was a significant gain (P<<0.05) in the magnitude of NLC after
the residues were replaced. The gain of NLC was also
accompanied by a shift of V;, toward negative potential
compared with chicken prestin.

We measured NLC from chimeric gerbil prestin with
substitution of residues 158-171 from zebrafish prestin
[chimera designated as Gb(z)] to determine whether there was
an elimination or reduction of NLC. If residues 158—168 in gerbil
prestin were important for the gain of NLC in eutherian prestin,
substitution by residues from an equivalent region in zebrafish
prestin would substantially reduce NLC in the chimera Gb(z).
Fig. 4A shows an example of NLC measured from Gb(z). Nine
Gb(z)-transfected cells were measured and compared to gerbil
prestin-transfected cells. Gb(z)-transfected cells exhibited a

significant reduction (P<<0.01) in the magnitude of NLC. The
reduction is accompanied by a significant shift (P<<0.01) in Vy,,
toward the negative potential. Four parameters resulting from
Boltzmann curve fitting are presented in Fig. 4B. The reduction
in NLC of Gb(z) suggests that this MESH motif is important for
the manifestation of NLC properties in gerbil prestin.

A prolyl residue and three glycyl residues are present in the
eutherian motif and together these residues might constitute a
kink with a flexible random coil. Substitutions were made to
replace proline 159 with valine (P159V) and the adjacent glycine
with alanine (G160A) in gerbil prestin, Zf(g) and Ck(g) to
determine whether such alterations would affect the magnitude
and voltage-dependency of NLC. All three mutated proteins
[designated gPres(m), Zf(gm) and Ck(gm)] were expressed in the
plasma membrane and exhibited NLC. As shown in Fig. 5, there
was shift in V7, of approximately 20 mV towards the negative
potential in all three mutants. The shifts were statistically
significant (P<<0.05) in all three mutants. However, no
differences were found in any of the three mutants when the
magnitude of NLC was compared before and after mutation.

Gain of motor function in chimeric prestins of zebrafish
and chicken

Substitution of the MESH motif from gerbil prestin significantly
augmented the magnitude of NLC in Zf(g) and Ck(g). We used
the microchamber technique (He et al., 1994; He, 1997; Zheng
et al., 2000; Albert et al., 2007) to measure electromotility of the
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Fig. 2. Heterogenic expression and NLC of gerbil and zebrafish prestin
and Zf(g). (A) Representative confocal images of HEK cells transfected with
gPres, zPres and Zf(g). The image on the left is from an attached HEK cell
and the others are from detached HEK cells, transfected with EGFP-tagged
constructs. Scale bar: 10 um. (B) NLC (thin traces) obtained from gPres-,
zPres- and Zf(g)-transfected HEK cells. The capacitance—voltage responses of
gPres and Zf(g) were fitted with the Boltzmann function (thick lines). NLC
was normalized by linear capacitance (Cy;,). (C) Means + s.d. of four
parameters obtained from gPres (n=6) and Zf(g) (n=38) after fitting with
Boltzmann function. **P<<0.01 (Student’s r-test).

transfected HEK cells to determine whether the gain of NLC
could confer Zf(g) and Ck(g) with motor capability. An estimated
voltage of =200 mV (peak-to-peak) was applied to the extruded
membrane segment. This voltage magnitude was large enough to
generate saturated responses. HEK cells transfected with gerbil
prestin exhibited large cycle-by-cycle response to the sinusoidal
voltage stimulation (Fig. 6A). The magnitude of the motile
response was 8527 nm (mean * s.d., n=8). We also measured
motility from HEK cells transfected by zebrafish or chicken
prestin. No signs of time-registered and stimulus-following
responses were detected in any of the cells transfected with
zebrafish or chicken prestin (n=9 and 7 for zebrafish and chicken
prestin, respectively) measured with a system resolution of 5 nm.
Examples of lack of motility are presented in Fig. 6. We used the
same voltage protocol to measure motility from eight Zf(g)- and
six Ck(g)-expressing cells. Cycle-by-cycle responses to the
sinusoidal voltage stimulus were observed in both Zf(g)- and
Ck(g)-transfected cells (Fig. 6). The magnitude of motility was
3329 nm for Zf(g) and 57*13 nm for Ck(g), both being
significantly less than that of gerbil prestin-transfected cells
(P<0.01). This was not surprising because the magnitude of NLC
in Zf(g) and Ck(g) was also significantly less than that of gerbil
prestin. However, the gain of motility in Zf(g) and Ck(g) clearly

correlated with the enlargement of NLC seen in these chimeric
proteins.

We also measured the motile response from Gb(z) to
determine whether there was a significant reduction of motility.
If the MESH motif is important for motor function in prestin,
then substituting it with 13 amino acids from the corresponding
region of zebrafish prestin would substantially reduce motility in
Gb(z). We measured five Gb(z)-transfected cells. An example is
depicted in Fig. 6. Gb(z)-transfected cells still retained some
cycle-by-cycle responses with a magnitude of 23*8 nm (n=5).
By contrast, the motile response of gerbil prestin was 8527 nm
(n=8). Thus, substitution of the MESH motif with 13 amino
acids from zebrafish prestin caused a 73% reduction of the
motility magnitude seen in Gb(z).

Transport function of chimeric prestin is retained

Because prestin orthologs from zebrafish and chicken
demonstrate the ability to transport anions (Schaechinger and
Oliver, 2007), we wanted to find out whether the substitution
affects the structure underlying transport capability. In other
words, whether the gain of motor function in Zf(g) and Ck(g) was
at the expense of transport function? We measured anion
transport capability by using standard radioactive-labeled
formate uptake assays (Bai et al., 2009; Tan et al., 2011).
Pendrin (human), a paralog of prestin, was used as a positive
control (Tan et al., 2011). The vector carrying EGFP was used as
a negative control. HEK cells transfected with human pendrin
showed a robust formate-transport capability with an increase of
~300% (140*=17 pmol) compared to the EGFP control
(47x3 pmol) (Fig. 7). Formate-transport capability of zebrafish
and chicken prestin also showed a significant increase above
control levels (P<<0.01 and P<0.05, respectively). Cells
transfected with gerbil prestin did not show a significant
increase relative to the control. This is consistent with a
previous study (Tan et al., 2011). The formate uptake of Zf(g)
and Ck(g) were also significantly greater than the EGFP-
transfected control (P<<0.01 and P<0.05, respectively).
Comparisons between Zf(g) and zebrafish prestin, as well as
between Ck(g) and chicken prestin, showed that formate uptake
was not statistically different in either group (P>0.05),
suggesting that the transport activities of zebrafish and chicken
prestins were unaffected by swapping of this motif.

We also measured the formate uptake of Gb(z) to determine
whether Gb(z) had acquired transport capability. As shown in
Fig. 7, formate uptake of Gb(z) was not statistically different
from that of gerbil prestin. Thus, this 13-amino-acid motif in
zebrafish prestin does not appear to be the structural factor
important for transport function.

Discussion

We showed that the swapping of a span of 11 amino acid residues
confers the electrogenic anion transporters of zebrafish and
chicken prestin orthologs with motor function. This is the first
time it has been demonstrated that a substitution of 11 amino acid
residues, the MESH motif, is sufficient to confer zebrafish and
chicken prestin orthologs with prestin-like capabilities, regardless
of the orthologous protein context within which it is placed.
As further proof of principle, we were able to confer prestin’s
motor-like property into human pendrin by swapping of the
mammalian MESH motif (Tan et al., 2011). Furthermore, the
Gb(z) chimera with the MESH motif replaced by 13 amino acids
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Fig. 3. Heterogenic expression and NLC of gerbil and chicken prestin
and Ck(g). (A) Confocal images of detached HEK cells transfected with
gPres, cPres and Ck(g). Scale bar: 10 um. (B) NLC obtained from gPres-,
cPres- and Ck(g)-transfected HEK cells. Thick lines represent curve fitting
using the Boltzmann function. (C) Means + s.d. of four parameters obtained
from Boltzmann function for gPres (»=6), cPres (n=7) and Ck(g) (n=7).
*#P<0.01 (Student’s t-test).

from the equivalent region from zebrafish prestin showed a
significant reduction of NLC. On the basis of our findings, we
propose that the MESH motif represents the structural adaptation
that is important for the gain of motor function in prestin.
Although the two chimeric prestin orthologs were reduced in
length by two residues in Zf(g) and six residues in Ck(g), the cell
membrane localization and anion transport capability were not
altered. The fact that the gain of motor function is not
accompanied by loss of transport function implies that the
molecular structures underlying the motor and transport
properties of the chimeric proteins, Zf(g) and Ck(g), are
separated. This is in contrast to a recent study that suggested
that prestin-based electromotility is a dual-step process mediated
by the transport of monovalent anions (Schaechinger et al.,
2011). However, our conclusion is consistent with an earlier
study that suggested that motor and transport activity are
independent (Bai et al., 2009). The inability of the MESH
motif to influence transport function in the Zf(g) and Ck(g)
chimeras also supports the notion that this peptide stretch was
accessible for evolutionary changes and subsequent divergence
from the non-mammalian vertebrates. We noted that the
magnitude of NLC and motility of Zf(g) or Ck(g) was still
significantly less than that of gerbil prestin. This is not surprising
because the amino acid sequences, and perhaps the associated
secondary and tertiary structures of eutherian prestin and non-
mammalian prestin orthologs, are different. It is conceivable that

NLC/Ciin(%)
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Fig. 4. Heterogenic expression and NLC of gerbil prestin and Gb(z)
containing 13 amino acid residues from zebrafish prestin. (A) NLC
obtained from gPres- (n=6) and Gb(z)-transfected (n=9) HEK cells. The insets
show confocal images of detached gPres- and Gb(z)-transfected HEK cells.
Scale bar: 10 um. The capacitance—voltage responses (thin traces) were fitted
with the Boltzmann function (thick lines). (B) Four parameters derived from
curve fittings with Boltzmann’s function. Data are expressed as mean * s.d.
**#P<0.01 (Student’s #-test).

the full expression of motor function would require additional
regions and/or structures in the molecule to work together.
Questions might be raised as to whether the gain of NLC in Zf{(g)
or Ck(g) is the result of increased level of membrane expression of
the chimeric proteins, as an effect of the substitution of the gerbil
prestin peptide. In order to minimize this possibility, great care was
taken to identify and record from transfected cells with similar-
appearing intensities of EGFP fluorescence in the membrane. This
should be useful to minimize variation between different cells and
constructs. Use of such an approach for cell selection represents the
current standard for profiling the electrophysiological properties of
prestin in transfected cells. Currently, no technically feasible and
reliable (i.e. sensitive enough) methodologies are available to
quantify membrane protein expression for individual cells during
electrophysiological recording. Although we cannot quantify the
level of membrane expression in different cells, increased level of
membrane expression of Zf(g) or Ck(g) is inconsistent with our
findings. The main reason to argue against such possibility is that
the significant gain of NLC is also accompanied by a significant
shift of Vj, in both Zf(g) and Ck(g). An increase of prestin
expression in the membrane might result in an enlargement in the
magnitude of NLC, but should not cause a shift of voltage
dependency (Seymour et al., 2011). In addition, the gain of NLC is
accompanied by a gain of somatic motility. The expression of a
protein with no motor capability in the membrane will not generate
somatic motility, regardless of how densely the protein is
expressed. It is, therefore, conceivable that the significant gain of
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Fig. 5. NLC after point mutations. (A) NLC obtained from gPres and gPres
with P159V and G160A mutations (gPres Mut). (B) NLC responses from
Zf(g) and Zf(g) with P159V and G160A mutations [Zf(gm)]. (C) NLC
responses from Ck(g) and Ck(g) with P159V and G160A mutations [Ck(gm)].
Thin traces indicate the NLC response and thick lines represent the
corresponding Boltzmann fitting.

NLC is not due to improvement of membrane targeting for Zf(g)
and Ck(g). During functional evolution of prestin from zebrafish to
gerbil, NLC becomes more prominent, along with a characteristic
shift of V1, from positive to negative potentials (Tan et al., 2011;
Izumi et al., 2011). The shift in voltage dependency after
substitution correlates with the trend of 7V, shift during
evolutionary transition from non-mammals to mammals, when
gain of motor function of prestin is first observed in the prototherian
(platypus) species (Tan et al., 2011).

We observed acquisition of somatic motility in Zf(g) and
Ck(g). It has been reported that transmembrane voltage can
modulate membrane tension to create a state of flexoelectricity,
which can result in membrane movement even in nontransfected
or tethered HEK cells (Zhang et al., 2001; Brownell et al., 2010).
The amplitude of such tension-based membrane motion depends
on the ionic strength in the solution and is proportional to
voltage, with conversion efficiency of about 1 nm per 100 mV.
With such low conversion efficiency, the total length change of
the non-transfected HEK cells would only correspond to about
4 nm (if =200 mV was applied to the cell segment). Such
membrane motility (Zhang et al., 2001), if any, was below the 5-
nm resolution limit of our measurement system. The motion
observed from Zf(g) and Ck(g) is, however, at least ten times
greater than the tension-based motility. Therefore, the gain of
somatic motility in Zf(g) or Ck(g) was not an artifact related to
the tension-based membrane motility.

Schaechinger and colleagues recently reported that a zebrafish
prestin containing substitutions of two different sites from rat

prestin rendered the chimeric protein with motor capability
(Schaechinger et al., 2011). These two fragments were
represented by rat prestin amino acid residues 86-140 and
381-438. Approximately 26% (113/438) of the SulpTP domain
residues were exchanged from the rat into the zebrafish prestin.
NLC was only observed when both rat prestin regions were
included in the zebrafish chimera. In contrast, chimeric zebrafish
prestins with either region alone exhibited properties similar to
those of zebrafish prestin. The first region encompasses the
SLC26A transporters signature pattern (residues 109—130, Prosite
PS01130) and is conserved among all SLC26A members (Zheng
et al., 2000). The second region putatively includes two
hydrophobic a-helices, representing TM domains 9 and 10 in
the 12 TM model (Oliver et al., 2001; Dallos and Fakler, 2002).
Comparisons of the rat and zebrafish prestin amino acid
sequences show an alignment where the identical (identity) or
common replacement (positive) residues display 87% (48/55)
identity and 98% (54/55) positive for the first region and 57%
(33/58) identity and 78% positive (45/58) for the second region.
Of the non-synomonous amino acids, only one residue (P124) in
region 1 and four residues (S383, S392, C395 and C415) in
region 2 were non-conserved substitutions, based on point
accepted mutation 250 (PAM250) log-odds matrix scores. It is,
therefore, difficult to comprehend why and how these five amino
acids, scattered in these two regions, could be responsible for the
gain of motor function in their zebrafish prestin chimera. By
contrast, we predict that the structure(s) responsible for the
evolution of motor capability should lie in a region(s) that is new
and conserved in mammalian prestin, but is highly variable in the
non-mammalian vertebrate prestin orthologs. The structural basis
of innovation of motor capability in mammalian prestin should
reflect the functional changes in the SLC26A transporter to
acquire motile properties. Apparently, the present study and the
study of Schaechinger et al. (Schaechinger et al., 2011) were
fundamentally different in the way in which the areas (structures)
were identified. At present, it is difficult to reconcile our
conclusion with that of Schaechinger et al. (Schaechinger et al.,
2011). However, it is possible that there might be several areas in
the prestin molecule that facilitate, in toto, the maximum gain of
motor function.

Based on the acquisition of NLC and motor-like activities in
Ck(g) and Zf(g), the mechanism by which the eutherian motif
elicits the acquisition of these properties is not clear. It is
conceivable that both length and amino acid composition of the
MESH motif contribute to the acquisition of motor function. We
deduced this from our experimental data and comparative
sequence alignments (Table 1). One of the significant deletions
during the evolution of mammalian prestin is the deletion of five or
six residues at the carboxyl end of this segment (Okoruwa et al.,
2008). It appears that 10—12 residues is the length constraint at this
site for motor function because most of the other non-mammalian
vertebrate prestin orthologs exhibited sizes of 16—17 residues at
this site. This peptide stretch is 10 residues in the prototherian
platypus and 12 amino acids in the metatherian opossum.
Demonstration of NLC and motility in platypus (Tan et al.,
2011; Izumi et al., 2011) and opossum (our unpublished data)
implies that variation of 10-12 residues at this site is feasible.
Residue composition also appears to be an important prerequisite.
As shown in Table 1, there is a segment after the IPGGV (158—
162) where the majority of amino acids (six residues, NATNGT,
163-168) are common to the different vertebrate species. The
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Fig. 6. Motility measured from prestin and chimeric proteins.

(A) Examples of motile responses measured from HEK cells transfected with
gPres, Zf(g), zPres or Gb(z). (B) Examples of motility responses measured
from Ck(g)- and cPres-transfected HEK cells. The responses were the results
of 200 averages. The electrical stimulus (bottom panel) was a 100-Hz
sinusoidal voltage burst with duration of 100 milliseconds. The estimated
voltage drop on the extruded segment varied from —200 to 200 mV.

substitution of a glycyl residue (G167) within this stretch is fixed
within the eutherian motif and is probably another adaptive
feature. The contribution of G167 still needs to be ascertained. The
IPGGV (158-162) peptide is present in the eutherian orthologs
with the PGG peptide, providing a different configuration to the
equivalent segment in non-mammalian orthologs. Both platypus
and opossum have glycyl residues in these positions, but lacked the
eutherian-derived proline. The mutational data suggest that the
composition of glycyl and prolyl residues per se did not appear to
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Fig. 7. Formate uptake by HEK cells transfected with prestin orthologs
and chimeras. Human pendrin was used as a positive control and the pEGFP
vector was used as a negative control. Means + s.d. (n=9 for each construct).
**P<0.05 (Student’s t-test).

be crucial for the gain of NLC. With recent inclusion of protein
sequences from echolocating bat and whale species (Li et al., 2008;
Li et al., 2010), SLC26AS5 peptide sequences are now available
from over 50 eutherian species. Polymorphisms are observed
adjacent to eutherian motif in some of the echolocating species.

Most of the current topological models of the SLC26A
sequences, including mammalian prestin, feature a SulpTP core
domain comprising of 10 or 12 TM regions (Oliver et al., 2001;
Dallos and Fakler, 2002; Mount and Romero, 2004; Navaratnam
et al., 2005; Dossena et al., 2009). In these models, the MESH
motif is outside of the predicted o-helical hydrophobic TM
spanning regions and is within a predicted hydrophilic loop. The
motif is located within the second extracellular loop in the 12 TM
model (Oliver et al., 2001; Deak et al., 2005) and is the first
intracellular loop in the 10 TM model (Navaratnam et al., 2005).
On the basis of these topological models, it was surprising that
the MESH motif could elicit the gain of function observed in the
chimeric zebrafish and chicken prestin proteins. Interestingly,
two putative N-glycosylation (N163 and N166) sites were
identified within the MESH motif, as predicted by the 12 TM
model. These two asparagines are highly conserved within the
SLC26A family (Matsuda et al., 2004). There are conflicting
reports about whether or not these two sites are actually
glycosylated in prestin (Matsuda et al., 2004; Navaratnam et al.,
2005; Rajagopalan et al., 2010). Cell surface expression is
unaffected by substitution of both asparagines with alanine
residues, and these mutant proteins exhibited only minor
alterations in their physiological properties (Matsuda et al.,
2004; Navaratnam et al., 2005; Rajagopalan et al., 2010; Azroyan
et al., 2011). However, recent evidence demonstrated that the
mouse Slc26A4 paralog, pendrin, is glycosylated at the
equivalent sites (N167 and N172) (Azroyan et al., 2011).
Undoubtedly, these models are inadequate to explain the
contribution of the MESH motif to the conformational changes
of prestrin from the compact to expanded state, with membrane
potential determining the probability of each conformation
(Oliver et al.,, 2001; Dallos and Fakler, 2002). In fact,
structure—function correlations of the whole SLC26A family
are poorly understood, with conflicting topological models. We
have recently determined the three-dimensional (3D) structure of
the SulpTP domain of rat prestin by combining ab initio structure
prediction, 3D folding recognition by threading, homology
modelling and molecular dynamics simulations. Our results
suggest that the MESH motif is in the first intracellular loop
(Lovas et al., 2011). Therefore, the MESH motif most likely
facilitates and translates the internal charge movement into
expansion and contraction of the molecule, which ultimately
promotes somatic motility at a microsecond time scale.
Understanding how this MESH motif facilitates motor function
ultimately depends on the full elucidation of the 3D structure of
prestin. The present identification of the crucial amino acid
sequence represents the first of many required steps towards a
mechanistic understanding of how prestin works.

In conclusion, we have identified a small fragment that
represents one of the key adaptive structures in the eutherian
prestin. This motif is capable of conferring motor-like properties
to non-mammalian vertebrate prestin orthologs without
disrupting their transport capabilities. Studies are ongoing to
investigate the length and sequence constraints of this eutherian
motif in motor function.
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Materials and Methods

Swapping of the 11-amino-acid fragment

Gerbil (Meriones unguiculatus), chicken (Gallus gallus) and zebrafish (Danio
rerio) prestin cDNAs (courtesy of Dominik Oliver, Philipps University, Marburg,
Germany) were cloned into the pEGFP-N1 vector to generate the C-terminal EGFP
fusion proteins. Amino acids 158-168 of gerbil prestin were defined as a site
exhibiting considerable diversity between mammals and non-mammalian
vertebrates (Okoruwa et al., 2008) and the equivalent regions in gerbil and
zebrafish prestin sequences were identified by amino acid sequence alignment. The
residues from the gerbil (residues 158-168, IPGGVNATNGT) were exchanged
with those from either zebrafish (residues 158-171, MVNGTNSSLVVNI) or
chicken (residues 158-174, ISVGYNSTNATDASDYY) (Fig. 1) to create the
chimeras Zf(g) and Ck(g), respectively. Chimera mutants were constructed by
swapping this site into cDNA fragments that were flanked by unique restriction
enzyme sites specific for cDNAs from each species. These fragments were
synthesized and cloned into the pUC57 vector (GenScript, Piscataway, NIJ).
Chimeric cDNAs were produced by digestion of the orthologs from gerbil, chicken
and zebrafish and then re-ligated to incorporate the chimeric cDNA fragments to
generate EGFP fusion proteins. As shown in Fig. 1, the zebrafish Zf(g) or chicken
Ck(g) prestin chimeras were constructed with the gerbil site being swapped.
A third chimera had the zebrafish fragment substituted into gerbil prestin to
create a Gb(z) prestin protein. Additional prestin clones were produced by
site mutagenesis, performed using the QuikChange Lighting site-directed
mutagenesis kit (Stratagene, La Jolla, CA), where two residues, P159V and
G160A, in the motility motif were substituted in gerbil prestin [gPres(m)], in
chicken chimera [Ck(gm)] and in zebrafish chimera [Zf(gm)].

The three oligonucleotide sets were as follows: gerbil, forward 5'-
TCGTCATCGTGGCAGGAGTGAACGCAACC-3" and reverse 5'-GGTTGCGT-
TCACTCCGCCACGATGACGATGTCATCG-3'; Ck(g), forward 5'-GCCTGA-
TGAAGTGATCGTGGCAGGAGTGAACGCAACC-3' and reverse 5'-GGTTGC-
GTTCACTCCTGCCACGATCACTTCATCAGGC-3'; and Zf(g), forward 5'-
CCCCAGACTCCATGTTTATCGTGGCAGGAGTGAACGCAA-3' and reverse
5'-TTGCGTTCACTCCTGCCACGATAAACATGGAGTCTGGGG-3'. The correct
orientation, reading frame and amino acid composition of all the constructs were
confirmed by sequence analyses.

Cell culture and transient transfection

HEK cells were cultured in the attached condition in DMEM solution (Invitrogen,
Carlsbad, CA), supplemented with 10% fetal bovine serum. Prestin or mutants
(4 ng) were introduced into the dishes using 10 pl lipofectamine (Invitrogen,
Carlsbad, CA) following the protocol from the manufacturer.

Confocal imaging

Membrane-associated expression of prestin mutations was verified 24 hours after
transfection by confocal imaging, performed on LSM 510 microscope (Zeiss,
Thornwood, New York) using a 40 x water immersion objective.

NLC measurements
NLC measurements using whole cell patch clamp techniques were performed 24—
48 hours after transfection on cells with robust membrane-associated EGFP
expression. Before electrophysiological recordings, HEK cells were detached and
separated with trypsin (Invitrogen) treatment. The detached cells were then bathed
in the extracellular solution containing 120 mM NaCl, 2 mM MgCl,, 2 mM
CoCl,, 20 mM TEA, 10 mM HEPES and 10 mM 4-AP. Recording pipettes were
pulled from borosilicate glass with resistances of 2.5-5.0 M2 and filled with a
solution containing 140 mM CsCl, 2 mM MgCl,, 10 mM EGTA and 10 mM
HEPES. Membrane capacitance was measured using a two-sine-wave voltage
stimulus protocol (10 mV peak at both 390.6 and 781.2 Hz) with subsequent fast
Fourier transform-based admittance analysis (Santos-Sacchi et al., 2001) from
a holding potential of 0 mV. The capacitive currents were sampled at 100 kHz
and low-pass filtered at 5 kHz. Series resistance was compensated off-line. The
capacitive currents were amplified by Axopatch 200B (Molecular Devices,
Sunnyvale, CA). Data were acquired using jClamp (Scisoft, New Haven, CT) and
analyzed with Igor (WaveMetrics, Portland, OR).

The NLC can be described as the first derivative of a two-state Boltzmann
function relating nonlinear charge movement to voltage (Ashmore, 1989; Santos-
Sacchi, 1991). The capacitance function is described as:

Qmaxa
exple(Vin — V1 2)I(1+ exp[— (Vi — Vi 2)])’

Cn= Cl[n +

where, Omax is maximum charge transfer, V), is the voltage at which the
maximum charge is equally distributed across the membrane or, equivalently,
the peak of the voltage-dependent capacitance, Cy;, is linear capacitance and o is
the slope of the voltage dependence of charge transfer. o is given by a=ze/kT,
where £ is Boltzmann’s constant, 7 is absolute temperature, z is valence of charge
movement and e is electron charge. The Q,,,.x Was normalized by Cj, in the results.

The Cy;, is proportional to the surface area of the membrane (the size of the cell).
Because Cy;, is not relevant to this study, we subtracted the linear capacitance and
only presented the NLC as a function of voltage for the data presented in the
Results section. To compare the magnitude of NLC obtained from different cells
with different sizes, we normalized the NLC by Cj;,. Data were collected from
cells whose membrane resistance were greater than 300 QM after rupturing and
exhibited normal C,, and R,, values. Series resistance was compensated offline.
For each construct, NLC data were acquired from cells representing at least four
separate transfection experiments.

Motility measurements

Somatic motility of the transfected HEK cells was measured and calibrated using a
photodiode-based system (He et al., 1994; Zheng et al., 2000). To measure
electromotility of transfected HEK cells, a suction pipette or microchamber was
used to mechanically hold the cell and to deliver voltage commands.
Microchambers were fabricated from 1.5-mm thin-wall glass tubes (World
Precision Instruments, Sarasota, FL). The microchamber had a series resistance
of approximately 0.3-0.4 MQ. When the cell was 50% inserted into the
microchamber, the input resistance was 3-4 MQ. The electrical stimulus was a
100-Hz sinusoidal voltage burst of 100 milliseconds in duration. Voltage
commands of 400 mV (peak-to-peak) were used. Because the cells were
approximately 50% inserted into the microchamber, the resultant voltage drops
on the extruded segment were estimated to be 50% of the voltage applied, or
200 mV (Dallos et al., 1991; He et al., 1994). 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 values
as low as 5 nm could be detected.

Transporter function assessment

To measure the transport function of prestin orthologs, a conventional radioisotope
technique was used. We first applied fluorescence-activated flow cytometry
(FACS) to obtain EGFP-positive cells before ['*C]formate uptake was measured.
Details for cell sorting and format uptake measurements are provided elsewhere
(Tan et al., 2011; Bai et al., 2009). Pendrin and EGFP-only vector (pEGFP) were
used as the positive and negative controls, respectively. Transport capabilities of
the gerbil, chicken and zebrafish prestins and of the Zf(g) and Ck(g) chimeric
proteins were examined. To measure ['*C]formate uptake, cells in the 24-well
culture cluster were first incubated for 30 minutes in 130 mM NaCl, 20 mM
HEPES, 5 mM KCl, 5 mM glucose, 2 mM CaCl, and 1 mM MgCl, (pH 7.3 and
305 Osm/l). Cells were then incubated at room temperature for 12 minutes
140 mM potassium gluconate, 20 mM HEPES and 5 mM glucose (pH 7.3 and 305
Osmy/1). [*C]formate was added to this solution to a final concentration of 20 M.
Cells were then washed three times with the cold potassium gluconate solution
without [**C]formate. Cells were lysed with 200 ul 0.5 M NaOH, and neutralized
with 0.5 M HCL. The lysate was used for the liquid scintillation counting
to determine the ['*C]formate uptake. The concentration (in picomoles) of the
[**C]-labeled formate was determined from each well estimated to contain
approximately 200,000 cells. In each run, three wells were assayed for each
plasmid. The experiments were repeated in three separate runs. Therefore, the data
in each group were collected from a sample size (n) of nine trials for each plasmid
and control.
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