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The voltage-dependent motor protein prestin (also known as SLC26A5) is responsible
for the electromotive behaviour of outer-hair cells and underlies the cochlear
amplifier’. Knockout orimpairment of prestin causes severe hearing loss?>. Despite
the key role of prestin in hearing, the mechanism by which mammalian prestin senses
voltage and transduces it into cellular-scale movements (electromotility) is poorly
understood. Here we determined the structure of dolphin prestinin six distinct states
using single-particle cryo-electron microscopy. Our structural and functional data
suggest that prestin adopts a unique and complex set of states, tunable by the identity
of bound anions (CI" or SO,*). Salicylate, a drug that can cause reversible hearing loss,

competes for the anion-binding site of prestin, and inhibits its function by
immobilizing prestin in a new conformation. Our data suggest that the bound anion
together withiits coordinating charged residues and helical dipole act as adynamic
voltage sensor. An analysis of all of the anion-dependent conformations reveals how
structural rearrangements in the voltage sensor are coupled to conformational
transitions at the protein-membrane interface, suggesting a previously undescribed
mechanism of area expansion. Visualization of the electromotility cycle of prestin
distinguishes the protein from the closely related SLC26 anion transporters,
highlighting the basis for evolutionary specialization of the mammalian cochlear
amplifier ata high resolution.

Mammals have evolved a highly sophisticated sense of hearing® that
ischaracterized by extraordinary sensitivity and the ability to process
high-frequency sounds”. This evolutionary outcome is the result of
amechanism of amplification that relies on the specialized electro-
motility of the mammalian outer-hair cells (OHCs)* ™. The cochlear
amplifier depends on the voltage-dependent longitudinal contractions
or elongations of OHCs triggered by the concerted action of millions
of fast ‘motor’ proteinsin the basolateral membrane'. This molecular
motor was identified as prestin (SLC26A5), a piezoelectric member of
the SLC26 family of anion transporters’. Importantly, the absence or
dysfunction of prestinis associated with non-syndromic hearing loss in
mammals®*, Despite the intense attention to prestinsince its identifica-
tion as the OHC motor?, fundamental questions remain unanswered,
includingits oligomericstate™ ™%, its underlying voltage-sensing mecha-
nisms, the molecular basis of electromotility, and the evolutionary
relationship between prestin and other non-electromotive albeit
closely-related SLC26 family members".

We used single-particle cryo-electron microscopy (cryo-EM) to
determine the structure of prestin under various ionic conditions and
in complex with the reversible inhibitor salicylate. These structures,
together with site-directed mutagenesis, functional data and elec-
trostatic calculations show that prestin adopts a defined set of states
as part of its electromotility cycle. These states point to mechanisms
of voltage-dependent changes in area, highlight the evolutionary

differences with SLC26 transporters and constrain explicit models
that help to explain prestin’s behaviour as a piezoelectric motor.

The structure of the prestinhomodimer in CI”

Aninitial screening using fluorescence-detected size-exclusion chro-
matography (FSEC) led to the identification of a prestin candidate
fromthebottlenose dolphin (Tursiops truncatus). Dolphin prestin has
around 94% identity (around 97% similarity) to human prestin. HEK293
cellsexpressing dolphin prestin display the characteristic bell-shaped
nonlinear capacitance (NLC) witha V,, (the voltage at maximum NLC) of
-61+0.5mV(mean s.e.m., n=20) (Fig.1a) and similar voltage sensitiv-
ity values (1/a =37+3 mV, mean * s.e.m., n =20) to those reported for
other mammalian systems™'*’8, Importantly, HEK293 cells overexpress-
ing prestin at high levels undergo voltage-driven cell movements under
whole-cell patch-clamp configuration, consistent with robust levels
of electromotility (Fig. 1b, Extended Data Fig. 1a and Supplementary
Video1).Expressedinbaculovirus-infected mammalian cells, dolphin
prestinis characterized by amain gel-filtration peak of around 160 kDa
(predicted molecular mass of around 80 kDa), suggesting a stable
dimer insolution (Extended Data Fig. 1b, ¢). We report no evidence of
larger oligomeric assemblies.

We determined the structure of full-length dolphin prestin at a
resolution of 3.3 A using single-particle cryo-EM, with CI~ as the main

'Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, IL, USA. 2Grossman Institute for Neuroscience, Quantitative Biology and Human Behavior, The
University of Chicago, Chicago,, IL, USA. *Present address: Rectify Pharmaceuticals, Cambridge, MA, USA. *%e-mail: eperozo@uchicago.edu

Nature | Vol 600 | 16 December 2021 | 553


https://doi.org/10.1038/s41586-021-04152-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-021-04152-4&domain=pdf
mailto:eperozo@uchicago.edu

Article

anion (Fig. 1c, d and Extended Data Fig. 1d). It shows that prestinis a
symmetrichomodimer (G,) with 14 a-helical transmembrane (TM) seg-
ments (Extended DataFig.2), divided into two overlapping domains:a
gate domain (TM segments 5-7 and 12-14) and a core domain (TM seg-
ments1-4and 8-11) as part of the individual subunit. The TM regions are
domain-swapped with the STAS domain containing N-and C-terminal
cytoplasmic domains (Fig. 1d). This putative CI"-bound conformationis
structurally closest to that of the intermediate state in SLC26A9 (Protein
Data Bank (PDB) accession 6RTF)" (Extended Data Fig. 3), in which a
large cavity is observed that is accessible to the intracellular face of
the molecule between the gate and core modules. We observed no
explicit density associated with abound CI, as is the case with other
SCL26 structures™®?,

$0,> binding reveals new prestin states

Replacing Cl” with SO,* as the main anion reduces dolphin prestin’s
NLC by around 75% and shifts it approximately 80 mV towards positive
potentials (Fig. 2a). Thisisin agreement with previous studies of pres-
tinin other species'™* %, Thus, at 0 mV, almost half of its total charge
has moved across the electric field and SO,? -bound prestin would
display maximal conformational heterogeneity. Indeed, the cryo-EM
structural determination of SO,*-bound prestin revealed three distinct
new states: two conformations with solvent access to the anion-binding
pocket (downlandIl) and anintermediate conformation preceding the
‘up’ state (Fig. 2b-d and Extended Data Fig. 4). When compared with
CI™-bound prestin (up), the major differences among these states were
quantitatively described on the basis of two measurements between
the core and gate domains: z, the position of residue Arg399 (TM10,
core domain) relative to Val499 in TM14 in the gate domain®; and d, the
gap that separates the TM3-TM10 helical dipole (Fig. 2b).

When linked as part of a possible trajectory of conformational rear-
rangements, these states comprise the overall working cycle of pres-
tin, from the down to up conformations. In the down states, the core
domainis positioned towards the intracellular face of the membrane
(zof 8-10 A), whereas, in the up state, the core domain moves around
6 A towards the extracellular face of the membrane (Fig. 2b, c). The
movement (Fig. 2c and Supplementary Video 2) is reminiscent of a
partial ‘elevator’ rearrangement that is seen in other SLC transport-
ers whereby the uppermost conformation inprestin goes beyond
SLC26 transporters in an occluded (intermediate) state'. Moreover,
the core domain movements associated with the substitution of CI”
by SO, also trigger a unique widening of the anion-binding pocket
(parameter d). Molecular dynamics simulations confirm that these
structural changes lead to substantial changes in water penetration,
whereby the anion-binding pocket is fully water accessible in states
down Il and II, but water accessibility is substantially reduced in the
intermediate and up states (Fig. 2d). Even when the prestin voltage
sensor isinamaximally up conformation, the anion-binding site s still
notexposed to the extracellular side, preventing the release of anions
to the extracellular space. Even though further up states are yet to be
discovered, we speculate that prestin is unable to reach a completely
upward-facing state (in a canonical elevator cycle), which rational-
izes why mammalian prestin does not efficiently transport anions, in
contrast to other members of the SLC26 family.

As proposed, force transmission through an area motor model**
requires prestin to populate at least two distinct conformations char-
acterized by different intramembrane cross-sectional areas. Indeed,
the movement of the binding pocket from down to up isaccompanied
by an eccentric contraction of the intermembrane cross-sectional
areaof prestin, whereby the CI™-bound up conformation corresponds
to a compact state and the SO, -bound down conformations rep-
resent expanded states. These two sets of conformations differ in
cross-sectional area by around 10% (Fig. 2b and Extended Data Fig. 5),
indicating a mechanism whereby prestin might exert lateral forces

554 | Nature | Vol 600 | 16 December 2021

a Prestn —GFP D
Prestin — GFP
. 4.0 Overlay [ I
8 S 20 | o j‘ r.‘ \‘\
o= =Y — "\'\“\“\‘1 |
z T VAN AATA RN
0 = AINMAAA ARt
AN B B
754 +150 mV
ST 501 Rest 7o my
oaQ
56 251 — Extended
o s
0 —
-100 0 100 d
Membrane potential (mV)
[
Chain A Chain B Side
90°
[
[
y |
Top |
[
[
[
[
M Gate / 310 1),
Core 4 2 1 |
[

N and C termini

Fig.1| The structure and function of dolphin prestinhomodimerinCI".
a,Normalized change inNLC (NLC = C - C;;,)) (top) and charge movement
(bottom) of dolphin prestin expressed in HEK293 cells and using patch-clamp
electrophysiology. Compared with mock-transfected (GFP only) cells, dolphin
prestinhasabell-shaped changein capacitancewitha V;,,0f—61+ 0.5 mV.
n=20.Dataaremean ts.e.m.The NLC curve of prestin (grey) versus
transfected cells with GFP alone (blue, n = 8) in whole-cell patches is shown.
Prestin’s NLC follows a Boltzmann distribution (fit with solid lines). b, The
electromotility of HEK293 cells transfected with dolphin prestinin the
whole-cell configuration. n =7. Cells were lifted of f the surface to avoid any
possible effect of cell-surface adhesion forces on the cellular movement. After
changing the membrane potential (the amplitude wasincreasedin eachstep),
the overexpression of dolphin prestinin HEK293 cells can visibly deform the
cells. By tracking the change in the two-dimensional projected area of the cell
(red and yellow traces), the cell expands after hyperpolarization. Cells
transfected with GFP only do not show such aresponse (bluesolid line).n=5.
Cellmovement has been normalized to the largest diameter of the cell, d,,.. Scale
bars, 5 pm (left), 1s (right, horizontal) and 0.05 (right, vertical).

¢, Cryo-EM density map and the overall structure of the dolphin prestin
homodimer at3.3 A nominal resolution when CI”is the main anion (Methods);
the subunits are coloured violet and green. Scale bar, 25 A. d, Side and top views
ofthe prestin structure coloured according to the different domains, with the
coredomaininred, thegatedomaininblue,and the Nand C terminiand STAS
domainingrey. UCSF ChimeraX was used forillustration.

that directly influence the physical state of the bilayer. Moreover, this
feature seems to be unique to the motor function when compared with
the CI” transporter SLC26A9 (ref. ; Extended Data Fig. 5).

Salicylate locks prestinin anintermediate state

The amphiphilicdrugsalicylate is known to cause tinnitus*?*°, abolish-
ing the NLC and electromotility in mammalian OHCs*"*?, while also
inhibiting CI” transport inits non-mammalian homologues®. Whole-cell
patch-clamp recordings show that 10 mM Na-salicylate flattens the NLC
curve of dolphin prestin across the physiological voltage range’*"*
(Fig. 3a and Extended Data Fig. 6). However, the molecular basis of
the inhibitory effects of salicylate remains unclear. We determined
the structures of the prestin-salicylate complex in the presence of
either CI" (360 mM) or SO,> (120 mM) at aresolution of 3.8 Aand 3.7 A,
respectively (Fig. 3b and Extended Data Fig. 7). In each case, 50 mM
Na-salicylate was present.

Salicylate probably outcompetes any other bound anion at the
binding pocket and, given that no anion can be resolved even under
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Fig.2|S0,> drives prestin towards the down and intermediate states at
zero membrane potential. a, Normalized NLC and charge transfer
measurement of HEK293 cells that were transiently transfected with dolphin
prestinin ClI"and SO,*.In SO, asthe main internal and external anion, the NLC
amplitudeisattenuated and V,,is shifted to around +20 + 3 mV compared with
inCl". Dataare mean +s.e.m. n =10. Statistical analysis was performed using
one-sided Student’s t-tests; *P=0.002.b, The wild-type prestin structureina
S0,*-based medium corresponds to three distinct configurations. Two
reaction coordinates (zand d) determine the structural landscape of prestin: z
isthe distance between the Arg399 backbone carbon and Val499 backbone
carbon;disthedistancebetween Arg399 Caand Phel37 Ca, equivalent to the
diameter of the binding pocket. All three residues are shown as sticks. On the
basis of the zand d values, we defined the following prestin states: down 1, down
11, intermediate (intermed.) (all SO,*) and up (CI), showninred, yellow, blue
andviolet, respectively. Right, cross-sectional areaexpansioninthe down
(expanded) versus up (compact) state. c, Movement of the anion-binding site
fromthe down state to the up state: as TM3 moves towards TM10, the electrical
field becomes more focused (red arrow); thisis followed by an elevator-like
movement of the binding site from down to up, shown by the cartoons and the
yellow arrow. Thestructures were aligned on the basis of residues 460-550
(TM13-TM14, the least mobile part of prestin). For clarity, only TM14 is shown.
d, All-atom molecular dynamics simulation of these states in a 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer reveals the
dynamics of the anion-binding pocket and the degree of water hydration
(cyan). The number of water moleculesin theintracellular cavity of prestin
reduces from the down state to the up state (left to right). Furthermore, the
pocketisthe widestinthe downIstate (weak anionbinding) and most confined
inthe up (CI") state. For clarity, only water molecules within eight of the
residues, GIn97, Phel01, Phel37 Val397,Ser398, Arg399, Glu280 and Glu404,
werescreened and illustrated.

saturating CI~ or SO,> concentrations (Fig. 3b), the salicylate den-
sity helps to confirm the overall nature of ion coordination at the
anion-binding pocket. In both structures, the salicylate density fits
snuggly into the pocket formed by the residues GIn97, Phel01, Phel37,
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Fig.3|The structural basis of prestininhibition by salicylate, and the
evolutionary origins of electromotility. a, Salicylate (NaSal; 10 mM) inhibits
prestin function, flattening NLC and charge transfer when expressed in HEK293
cells. n=7.Statistical analysis was performed using one-sided Student’s t-tests;
P=0.005.b, Theresolved structural densities point to asalicylate moiety
(showninred)boundtothe prestinanion pocket (at the core-gate interface).

¢, Amagnification of the space between the TM1helix and the micro-dipole of
TM3and TM10reveals the anion-binding site formed by residues GIn97, Phe101,
Phel37,Leu397,Ser398 and Arg399 (yellow) (left). The salicylate molecule and
density are showninsalmon. Middle left, the relative positions of the TM3 and
TM10 densitiesin CI” (up, green) and in CI” +salicylate (inhibited I, blue). Middle
right, an overlay of the EM densities for sensor up (CI", green) versusinhibited |
(CI" +salicylate, blue). Right, cartoonillustrating the relative positions of TM3
and TM10 between the up (green) and inhibited I (blue) conformations.

d, Overlap of the inhibited I (CI” +salicylate) and inhibited 11 (CI” + salicylate)
structures at the anion-binding site (TM13-TM14 helices were aligned). Notably,
the TM6 helixiskinkedin the inhibited Il state (yellow) causing this
conformation tobe further expanded. e, Sequence alignment of prestin TM6
acrossdifferentspecies. We focused on the mammalian-only glycine residues
that probably underlie helix flexibility during its motor function. f, Mutating the
mammalian-conserved glycine residues (Gly274 and Gly275; GG) has major
consequences for NLC and charge transfer. Double mutation diminishes the
NLC, the GG to Gl mutation largely removed the NLC and the GG to IG mutation
left-shifted the NLC to -114 + 3. n=16. Statistical analysis was performed using
one-way analysis of variance; P=0.005. Mutation of the other conserved glycine
residues along the TM6 helix shows their effects on the prestin NLCand V,.
Statistical analysis was performed using one-sided Student’s t-tests; *P= 0.01.
Mutation of the residue that is conserved only in mammals (G270V) left shifts
theNLCto-75+ 0.6 (n=12), whereas G263V and G265C greatly diminishes the
NLC (n=11and n=19,respectively).

Leu397, Ser398 and Arg399 (Fig. 3¢). The majority of these residues
areconserved across SLC transporters and other prestinhomologues
(Extended Data Fig. 6¢). Comparing the anion-binding site in the up
conformation with that of the CI™ + salicylate structure (inhibited I)
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shows how the core domain TM10 moves approximately 3 A down-
wards, creating enough space to accommodate the larger salicylate
(Fig. 3¢c). The salicylate-inhibited structures (Cl"and SO,*") appear to
convergeinto anintermediate state that displays common conforma-
tions at the anion-binding site (Fig. 3d (left)). The major differences are
observed at the TM6-TM7 helices, in the periphery of the gate domain,
facing the lipid bilayer (Fig. 3d (right)). On the basis of these results,
we suggest that salicylate inhibits the motor function of prestin by
immobilizing the relative displacement of the core domain around
the anion-binding site.

The hybrid nature of prestin’s voltage dependence

Alarge body of experimental evidence points to the complex nature
of the voltage sensor in prestin®?****, whereby intrinsic charges or
dipoles interact with bound anions to generate the NLC, ultimately
driving electromotility. Indeed, neutralizing the residue Arg399 com-
pletely eliminates the NLC (Extended Data Fig. 8a, e) in mammalian
prestin® whereas neutralization of a series of positively charged resi-
dues (Lys276, Lys359, Lys56 and Lys449) have a partial effect on unitary
charge transfer®>¢, Yet, the voltage dependence of prestin shows an
acute dependence on the binding and occupancy of anions (Fig. 2a
and Extended Data Fig. 8b). The major effect of anions on prestin’s
function is to shift prestin’s V;, along the voltage axis (Fig. 2a). This
simple experimental manipulation enables astructure-based estimate
of prestin’s electrostatic properties (Extended Data Fig. 8b-d) and, by
extension, offers aglimpse of the mechanism of voltage dependence.
Owing to the presence of a relatively large intracellular water-filled
cavity, theelectric field displays fairly limited focussing (in contrast to
voltage sensing domainsinion channels and enzymes*>8). Within this
profile, itisclear that the anion-binding pocketis sensing only around
30-35% of the field. As aresult, positive fields at the anion-binding
pocket are only partially neutralized in the presence of abound anion,
regardless of their valence. In principle, this would explain the apparent
paradox posed by the non-correlated effects of anion valence with the
elementary charges estimated from NLC values®?, Voltage dependence
canbeestimated from the movement of the charged residues withina
defined electric field®. Gating charge calculations carried out on the
basis of the two extreme conformations (downIto the up state) estimate
that approximately 0.4 unitary charges move across the electric field
(Extended DataFig. 8d). These estimates are approximately consistent
with earlier evaluations of charge movement in prestin*®*, Thus, in
addition tothe TM3-TM10 helical dipole, the positive charges located
atthebilayer mid-plane (particularly Arg399) create an attracting field
for anion binding and together probably define prestin’s voltage sensor.

TMeé flexibility defines an electromotility elbow

In all of our conformations, TM6-TM?7 at the interface of prestin with
thelipid bilayer has been the most dynamic entity, as evidenced by the
diffused cryo-EM density in this region. Compared with a relatively
straight helical configurationin the up state, TM6 helix bends around
65° outwardly, most noticeably in theinhibited Il state (Fig. 3d). Around
this region, prestin appears to have a strong influence in the shape of
its surrounding micelle (Extended Data Fig. 5d). In the intermediate
and up conformations, the micelle surrounding prestin is shaped as
anelongated oblate that thickens towards the longitudinal ends of the
dimer (viewed extracellularly). By contrast, the micelle intheinhibited
IIstateis not only wider and thinner along the sides, butit also displays
a‘notch’thatinduces a considerable thinning of the micelle. Molecular
dynamics simulations show that TM6 bending substantially thinned
the lipid bilayer by up to around 25% at the lipid—prestin interface
(Extended DataFig. 5b, ).

We identified a series of glycine residues that seem to endow TM6
with its unusual flexibility. Although Gly265 appears to be highly
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Fig.4|Thestructural basis of prestin’s voltage sensitivity and somatic
electromotility. a, Acomplete set of prestin structures either stabilized by
using anion binding as a proxy for shifts in the midpoint of the NLC (V,,,) or
stabilizing the overall conformational dynamics by binding salicylate, namely:
up (in high CI"; PDB: 7S8X), inhibited 1 (CI” +salicylate; PDB: 7S9A), down1(SO,*;
PDB: 7S9B), down 11(SO,*; PDB: 7S9C), intermediate (SO,*"; PDB: 7S9D) and
inhibited 11(SO,* +salicylate; PDB: 7S9E). Each experimental condition is
represented by acartoon, withits core domain (blue) adjacent to the gateand
intracellular domains. Transitions between states depend on the binding/
displacement of anions or salicylate. The TM3-TM10 macrodipole gap is
represented by two yellow cylinders encompassing the anion-binding pocket.
b, The structural transition of prestinmonomer from the down toup
conformation after membrane depolarization (top, fromleft toright). Anions
areattracted to the focused positive potential field of the anion-binding
pocket, whichactsas voltage sensor. After depolarization, the voltage sensor
moves fromdown to up, whichisaccompanied by an eccentric contraction of
theintermembrane cross-sectional area of prestin as well asamajorincreasein
the hydrophobic thickness of the protein (exaggerated cartoon). If the plasma
membrane follows the footprint of prestin during the process of prestin charge
transfer, that means that the plasma membrane would thicken and the cell
would contract after membrane depolarization. This is consistent with the
OHC movement (contraction) after applying depolarizing potentials®®.
Moreover, salicylate physically occludes the pocket and inhibits the
voltage-sensor movement, and therefore inhibits the charge transfer and
electromotility of prestin.

conserved across all vertebrates*, aseries of three additional Glycine
residues appears only among mammals (Gly263, Gly274 and Gly275;
Fig. 3e) and helps to define the phylogenetic relationships between
bonafide mammalian electromotive OHCs with those of other verte-
brates. Two of these residues, Gly274 and Gly275, are located precisely
atthe hinge that allows TM6 bending in the inhibited Il state. Notably,
the C-terminal end of the TM6 is also capped by a cluster of charged
residues (Fig. 3f) afact that probably contributes to the membrane thin-
ning. To assess the importance of the TM6 glycine residues in prestin
function, we systematically mutated these residues, and the individual
mutants were subsequently evaluated using patch-clamp electro-
physiology. Mutating Gly274 and Gly275 to leucine and valine (GG to
LV) abolishes prestin NLC (Fig. 3f and Extended Data Fig. 9) without
changing the levels of expression. The potential role of helical flexibil-
ity has been suggested previously*®. Aligned with these observations,
electromotility and NLC are strongly influenced by the thickness of the
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bilayer*** as well as by membrane tension generated from changesin
surface area***¥,

The structural rearrangements that cause changes in the
cross-sectional areabetween these statesare not limited to TM6-TM?7,
as there are substantial conformational changes along other periph-
eral helices: TMS5b (gate) and TMS8 (core) (Extended Data Fig. 6a).
Thus, the present data clearly indicate a model in which TM6 helical
hinge-bending, the ‘electromotility elbow’, together with localized
rearrangements on TM5, TM7 and TMS, underlie the putative transi-
tionbetween the compact and expanded prestin states (Fig.4). This is
fully consistent with the process of OHC electromotility, whereby cell
elongation coincides with an expanded prestin state (hyperpolariza-
tion), while depolarization-driven contractions are correlated with a
compact prestin state? #4852,

A molecular model for electromotility

Here we have determined a complex set of interrelated conforma-
tions that define the prestin electromotility cycle at the molecular
level (Fig.4a). Similar prestin structures have recently beenreportedin
Cl (refs.****) as well as SO,* and salicylate®. Although these structures
were derived from different species, they are in overall agreement with
some of the conformational highlights described here and point to a
conserved structural basis of prestin function. Under physiological con-
ditions, in which ClI”is the major intracellular anion, prestin populates
its most compact state with its voltage sensor in the up conformation
at 0 mV. Displacement of CI” by SO, shifts the V;;, by around 100 mV
inthedepolarizing direction, enabling us to sample both the expanded
andintermediate conformations. Additional inhibited conformations
(stabilized withbound salicylate) show expansion at TM6 in the mem-
brane-proteininterface. Onthebasis of these structures, we have been
abletodelineate theintricate sequence of conformational changes that
take placein each prestin monomer (Fig4b) and, by doing so, we have
been able propose an explicit molecular mechanism of OHC electro-
motility. Transitions between the compact (up) and expanded (down)
conformations are accompanied by changesinthe TM3-TM10 helical
macrodipole (putatively affecting anion binding) and adisplacement
ofthecorerelative to the gate domain. These movements appear tobe
transmitted allosterically to the helicesin the gate domain (TM6-TM7)
such that, during the transitions from the down to up conformation,
the intrahelical spaces of the core domain contract, leading to the
reorientation of the TM6 electromotility elbow and TM1 helix.

Prestin is present in the lateral wall of OHCs at very high densities
(around 5,600-7,000 per pm?)™ in which they may interact coopera-
tively, directly or through adaptor proteins that are yet to beidentified.
Theefficiency of force transfer to the OHC lateral membrane depends
on how individual motors are arranged in the plasma membrane,
whether prestin is vectorially or randomly oriented. On the basis of a
model of the OHC lateral membrane with fully polarized prestins along
the longitudinal direction of the area change, the maximum expected
change in cell length would be around 2.6 um, or 5% elongation rela-
tive to the initial length (Methods and equation (3)). This estimate is
fully consistent with experimental values at which the OHC elongates
or contracts within alength of approximately 4% relative to the initial
length*®5%%, This estimate suggests that electromotility in OHCs is
probably intrinsic to the changes in the physical state of the plasma
membrane. However, a definitive understanding of the molecular and
cellular basis of OHC electromotility will necessitate consideration of
additional structural rearrangements and potentially other molecular
actors, such as cytoplasmic elements.
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Methods

Celllines

The HEK293S GnTI cells in suspension that were used for protein
expression and purification were obtained from ATCC (CRL-3022).
GnTI cells expressing dolphin prestin were grown at 37 °C and 7.8%
CO, in FreeStyle 293 expression medium (Gibco, Thermo Fisher Sci-
entific) supplemented with 2% heat-inactivated fetal bovine serum
(FBS) and 10 pug ml™ penicillin-streptomycin. Adherent HEK293T cells
were obtained from ATCC (CRL-1573) and were grown in Dulbecco’s
modified Eagle’s medium (Gibco, Thermo Fisher Scientific) supple-
mented with 10% FBS at 37 °C and 5% CO,. Sf9 cells (Thermo Fisher
Scientific, 12659017) were cultured in SF-900 Il SFM medium (Gibco,
Thermo Fisher Scientific) supplemented with 10% FBS and 10 pg miI™
gentamicinat 28 °C.

Generation of the prestin construct

The primary dolphin (T. truncatus) prestin construct was a gift fromthe
Shi laboratory'. Dolphin prestin was subcloned into a modified pEG
BacMam vector containing a C-terminal HRV 3C protease site, an eGFP
tagand an 8x-His tag with 5’ Notland 3’ Xbal restriction ites. Further-
more, the full-length coding sequence of dolphin prestin was subcloned
into the same vector without the protease site, the eGFP tag and the
8x-Histag for electrophysiology recordings. Our eGFP tag alone coding
sequence was subclonedintoapcDNA3 vector. The Pybaculovirus was
generated using the Bac-to-Bac method (Invitrogen) using Cellfectin|l
asthetransfection reagent (Thermo Fisher Scientific,10362100). The
QuikChange site-directed mutagenesis method (Agilent) was used to
introduce the mutations of Gly274 and Gly275—-GG to GI, GG to IG, GG
to LV, respectively—and G265C, G263V, G270V, R399Q and F101Y into
dolphin prestin using KOD DNA polymerase (71085, EMD Millipore).
All of the mutant and wild-type constructs were confirmed by DNA
sequencing before structural and electrophysiological experiments.

Expression and purification of dolphin prestin

To access a biochemically stable prestin preparation suitable for
single-particle cryo-EM, a variety of orthologues were examined. We
hypothesized that those adapted to detect high-frequency signals (that
is, bats and whales) might exemplify particularly robust systems. An
initial screening by FSEC led to the identification of a prestin candidate
fromthe bottlenose dolphin (T truncatus). P, virus was amplified once
toyield P, baculovirus, which was used to infect HEK293S GnTTI cells at
aratio of 1:10 (v/v). After 20-24 h of incubation at 37 °C,10 mM sodium
butyrate wasadded to the cells and the culture was transferred to 30 °C.
Cellswere collected 50-56 h after infection by low-speed centrifugation.
The cell pellets were washed with phosphate-buffered saline pH 7.4, col-
lected by low-speed centrifugation, flash-frozen and stored at —-80 °C
for later purification. For purification, all of the steps were performed
at4 °C. Theflash-frozen cell pellets (11) were thawed in a water bath at
roomtemperature, and were resuspended and dounce homogenized in
CI™-orSO,*-based buffer (buffer Aand buffer B, respectively). Buffer A
contained 360 mM NaCl, 20 mM Tris-HCI, 3 mM dithiothreitoland1mM
EDTA atpH 7.5, buffer B contained 125 mM Na,SO,, 5 mMMgSO,, 20 mM
Tris-OH and 10-15 mM methanesulfonic acid to adjust the pHto 7.5. A
protease inhibitor cocktail of 1 ug ml™ leupeptin, 1 ug mi™ aprotinin,
1pg ml™ pepstatin, 100 pg ml™”soy inhibitor,1mMbenzamidine, 0.2 mM
phenylmethylsulfonyl fluoride, 0.1 mg mI™ AEBSF and 10 pg ml™ DNase
as well as a cOmplete Protease Inhibitor Cocktail tablet (Roche) was
addedto the solutions. Protein was extracted with afinal concentration
of 1% n-dodecyl-B-b-maltopyranoside (DDM; Anatrace) and 0.2% cho-
lesteryl hemisuccinate (Anatrace) for 90 min. Solubilized supernatant
wasisolated by ultracentrifugation and the supernatant wasincubated
for2 hwith 2 mICNBR-activated Sepharose beads (GE Healthcare) cou-
pled with 4 mg high-affinity GFP nanobodies”. Beads were collected
by low-speed centrifugation and washed in batch with main buffer

containing 0.05% DDM (Anatrace) and 0.01% cholesteryl hemisuccinate.
Thebeadsweretransferred to a plastic columnand further washed (each
wash step was four column volumes), exchanging step-wise to buffer
containing buffer A (or buffer B) with 0.02% GDN. Additional protease
inhibitors were added in each wash step (1 ug ml™ leupeptin, 1 pg ml™
aprotinin, 1 pug ml™ pepstatin, 100 pg ml™ soy inhibitor). Protein was
cleaved by HRV 3C protease®® for 2-4 h, concentrated and analysed
using SEC on a Superose 6,10/300 GE column (GE Healthcare), with
the running buffer including buffer A (or buffer B), 0.02% GDN, 1 pg mI™
aprotinin and 1 pg ml™ pepstatin. Peak fractions were collected and
concentrated usinga100 kDa molecular mass cut-off centrifugal filter
(Millipore concentrator unit) to 2-3 mg ml™. The concentrated protein
was used immediately for the cryo-EM grid-freezing step. For samples
with salicylate, 50 mM Na-salicylate was added to the purified protein
before freezing the cryo-EM grids.

Cryo-EM sample preparation and imaging

Quantifoil 200-mesh 1.2/1.3 grids (Quantifoil) were plasma-cleaned
for 30 sin an air mixture in a Solarus Plasma Cleaner (Gatan). Puri-
fied prestin samples were applied onto the grids and frozen in
liquid-nitrogen-cooled liquid ethane using a Vitrobot Mark IV (FEI) and
the following parameters: 3.5 plsample volume;2.5s,3.5s,5 sblot times
(blot time varied from sample to sample); blot force 3;100% humid-
ity; temperature of 22 °C, and double filter papers on each side of the
vitrobot. Grids were screened ona200 kV Talos side-entry microscope
(FEI) equipped with aK2 summit direct detector (Gatan) using a Gatan
626 single-tilt holder. Replicate grids from the same preparation were
eitherimaged at our own facility (University of Chicago) or shipped to
the National Cryo-Electron Microscopy Facility at the National Cancer
Institute (NCI) and Case Western Reserve University (CWRU). Grids
were imaged on a Titan Krios with a K3 detector (in super-resolution
mode) and GIF energy filter (set to 20 eV) at a nominal magnifica-
tion of x130,000, corresponding to a super-resolution pixel size of
0.5315A,0.55 A or 0.56 A per pixel depending on the default set-up at
the above-mentioned EM facilities, respectively. Videos were acquired
atle A2 perframe for 50 frames.

Single-particle cryo-EM analysis

All of the structure determination steps were performed using
Relion®. All the movies were binned by 2 and motion-corrected using
Motioncor2 (ref. ¢°). Contrast transfer function (CTF) estimation
was performed using CTFFIND4.1 (ref. '). A total of 2,000 particles
was manually picked and classified in 2D to generate templates for
autopicking. We used either the SPHIRE-crYOLO package® or Relion’s
built-inreference-based auto picker for particle picking and the coor-
dinates were fed into Relion for particle extraction. For each dataset,
we picked between1,000,000-5,000,000 initial particles, which were
processed for 2D classification. Around 150,000-400,000 particles
were selected from good classes depending on the dataset. Between
130,000 t0 250,000 of these particles were used to generate aninitial
model with C; symmetry (for only the very first obtained density for
prestin) and, in other cases, C, symmetry wasimposed. All of the parti-
cleswere then processed for 3D refinement with C,symmetry, yielding
a4.8 Anominal resolution map for the up (CI") state. Classification of
the particles with C; symmetry resulted in amap that closely resembled
the overall architecture of the C,-symmetry-imposed map, albeit with a
lower resolution. Postprocessing of the focused TM map was performed
using the star file of the K3 detector at 300 kV and a masked nominal
resolution of 3.3 A was calculated for up (CI") state according to the
gold-standard 0.143 Fourier shell correlation criterion®*®*, The nominal
resolution for other states was 3.8,3.7,4.2, 6.7 and 4.6 A for the inhibited
I,inhibited I, down |, downIlandintermediate states, respectively. After
asubset of particles (between 110,000 to 180,000 depending on the
state) wasidentified for the final refinement, the particlesunderwent
per-particle CTF refinement followed by Bayesian polishing. A final 3D
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refinement step was performed, followed by a postprocessing step
using a tighter mask and by imposing C, symmetry. Local resolution
was calculated using ResMap®.

Model building and molecular visualization

For the very first dolphin prestin model, Swiss-Model*® was used to gener-
ateahomology model based on murine and human SLC26A9 template
structures®®. The homology model was then mutated to poly(alanine)
using Chainsaw®, and all of the loops were subsequently deleted. The
secondary structural elements were then rigid-body fit to the density.
The 3.3 A density map (up) was used for the initial model building. The
rest of model building was pursued manually and in Coot®® 7 by regis-
teringsecondary structural elements using bulky residues (such as Phe,
Arg) and building loops where appropriate. The density was of sufficient
quality to assign rotamers for key residues. Side chains of residues that
could not be assigned even tentative rotamers were stubbed at the Cp.
Models were refined in real space without secondary structure restraints
using phenix.real_space_refine’”2. Strong non-crystallographic sym-
metry constraintsin phenix.real_space_refine were used toimmobilize
the domain that was not currently being refined (that is, the cytosolic
domain during the TM-domain-focused map refinement). Several itera-
tions of manual refinement and global refinement using Phenix and Coot
were performed after visual screening. The dimer model was generated
by applying C, symmetry operations to the monomer in UCSF Chimera
and ChimeraX”>™, The initially built model was used as template for
building the models for our other five EM densities. A primary fit was
made using Cryofit2 tool in Phenix. The resulting structures were next
processed for several rounds of refinement in Phenix and Coot. The EM
density map used in modelling the TM6-TM7 kink in theinhibited Il state
was not postprocessed or sharpened, as the kink is more defined before
any postprocessing step. The sidechains and other parts of this model
were fit to the postprocessed map. For models containing salicylate, a
PDB file of salicylate was imported into Coot and fit to the density as a
ligand. Molecular visualization and analyses were performed using UCSF
Chimera, ChimeraX and VMD”®,

Patch-clamp electrophysiology

Adherent HEK293 cells were used for all heterologous expression experi-
ments. HEK293T cells were plated for 24 hbefore transient transfection.
Then, 3-3.5 pg prestin plasmids (without eGFP) and 0.4 pg eGFP plasmid
were transfected into HEK293T cells using 10 pl of Lipofectamine 3000
(reagent 2:1ratio; Thermo Fisher Scientific) in 500 ml Opti-MEM (Life
Technologies). Cells were transferred from 37 °Cto 30 °C after20-24 h
incubation to boost the expression. After 24 h to 48 h of incubation,
successfully transfected cells were used for NLC measurements.

The membrane capacitance was measured in whole-cell configura-
tion, using a sine wave stimulus withafrequency of 1 kHz and an ampli-
tude of 10 mV, applied during voltage steps 10 ms after the transient
response. Voltage steps varied from —140 mV to 140 mV with aholding
potential of =70 mV. The admittance (Y(w)) of the system was calculated
by spectral analysis and the DC conductance (b) was obtained from
the steady state current before the sine wave stimulus. The circuit com-
ponents—the capacitance (C), membrane resistance (R,) and series
resistance (R,)—were calculated as follows’”:

_FFT(V(1))

97 FFT((¢)) (1)

A=R(Y,) (2)
B=3(Y,) (3)
A-b

Re= W+ 8- ab) @

_ (A-b)Y’+B?
™ p(A2 + B2 - Ab) ©)
2 2_ 2
_ 1  (A+B*-Ab) ©)
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where FFT is fast Fourier transform; R and Jare the real and imaginary
components of the admittance, respectively. The membrane capaci-
tance was fitted to the derivative of aBoltzmann function plus alineal
component:

bbb

where Q,..« is the maximum charge transfer in response to voltage
stimulation; V,,is the voltage at which the maximum charge s equally
distributed across the membrane or, in other words, the peak of the
voltage-dependent capacitance; G, is the linear capacitance, whichis
proportional to the surface area of the cell; and ais the slope factor of
the voltage dependence of the charge transfer,

Cm = Clin +

a=ze/kT (8)

The unitis mV™. kis Boltzmann’s constant, T is the absolute tem-
perature, zis the valence of charge movement, and eis the electron
charge. The NLC was obtained by subtracting the linear component
(NLC=C,, - C;;,) divided by G, (NLC/C;;,) to compare the magnitude of
NLC obtained from different cells with different levels of prestin expres-
sion. The charge movement was also normalized to C;;, and therefore
has the units of femtocoulomb per picofarad (Q.,,/Cin, fC pF ). We
used our customwritten MATLAB codes for data processing and fitting.
For salicylate inhibition recordings, first, the NLC was measured and
10 mM Na-salicylate was then added to the bath; after 3 min, the NLC
measurement was repeated.

Borosilicate glass pipettes were pulled using the Sutter micropipette
puller (P-1000, Flaming/Brown). The resistance of the capillary pipettes
ranged from1.6 MQto0 2.4 MQ. The current was amplified using an Axo-
patch200B amplifier (Molecular Devices) and the datawere acquired
at5 kHzwith aDigidata1440A (Axoninstruments) interface using the
pCLAMP10 acquisition software (Molecular Devices). Theinternal and
external (bath) solutions were chosen such that the endogenousionic
current from HEK293 cells was minimal. Here we used almost identical
solutions to those that were used in other prestin studies®,

For the CI™-based experiments, the internal solution contained
140 mM CsCl, 2 mM MgCl,, 10 mM EGTA and 10 mM HEPES. The exter-
nal solution contained 115 mM NaCl, 20 mM TEA-CI, 5 mM CsCl, 2 mM
CoCl,2 mM MgCl,, 10 mM HEPES and 5 mM glucose. The osmolarities
of the internal and external solutions were adjusted with glucose to
310 mOsm I and 320 mOsm I, respectively, and were both adjusted
to pH 7.4. For sulfate-based measurements, the internal solution con-
tained 10 mM CsCl, 115 mM Cs,SO,, 2 mM MgCl,, 10 mM EGTA and
10 mM HEPES. The external solution contained 10 mM CsCl, 115 mM
Na,S0,,5 mMMgSO, and 20 Tris-OH. The pH was adjusted to 7.4 using
10-15 mM methanesulfonic acid. All data were acquired from at least
fourindependent cell transfections.

Electromotility measurements

For testing dolphin prestin electromotility, HEK293T cells tran-
siently expressing dolphin Prestin were first tested for their
level of NLC while bathed in the CI™-based extracellular solution.
The electromotility was followed only when the NLC was more
than 0.8 pF (indicative of high prestin expression). To track the cell



movement better, cells were first lifted off the substrate using a uMp
piezoelectric manipulator (Sensapex). To evoke prestin-mediated
electromotility, either voltage steps of 0.4 s, going from -140
to+150 mVin10 mVincreasing steps (Fig.1b) or, in some cases, con-
stant voltage steps of =120 to +120 mV were applied. Simultaneously,
the video of the cell movement was recorded using a CS2100M-USB
Quantalux sCMOS camera (Thorlabs) and using x60 magnification.
The videos were analysed using a custom Python code to track the
cell movement. The maximum cellular displacement normalized
to the largest diameter of the corresponding cell, d,, as shown in
Fig.1b. The normalized values in Extended Data Fig. 1a are the cor-
responding values at achange of membrane potential from +120 mV
to —-120 mV. The holding potential was set at =70 mV, and all the
recordings were performed in the whole-cell configuration atroom
temperature. All data were acquired from at least threeindependent
cell transfections.

Phylogeny analyses and sequence alignments

Selected metazoan prestin protein sequences were extracted from
the complete proteomes in the NCBI Assembly database. From each
proteome, one protein showing the highest BLAST’® bit score to the
human prestin protein query was extracted. For generation of the
phylogenetic tree, sequences were aligned using MUSCLE (v.3.5)”°,
and the ML phylogeny was inferred using RAXML (v.8.2.11)*° (best-fit
model of evolution: LG + G + X). The schematic representation of the
phylogeny was generated using iTOL®. Clustal Omega was used for all
other sequence alignments®.

Molecular dynamics calculations

All-atom systems were constructed using the sixatomic cryo-EM struc-
tures of prestin determined in different conditions. The orientation and
position of the prestin structuresin membranes were calculated online
using the web server of the Orientations of Proteins in Membranes
(OPM) database®. The protein wasinserted into a POPC lipid bilayer and
solvated in100 mM KCl using the VMD program’®, Titratable residues
were assigned their default protonation state at pH 7. One additional
chloride ion, sulfate ion or salicylate molecule was added into one of
the two ion-binding sites of prestin. The two ion-binding sites were
further hydrated by water molecules according to prediction using the
Dowser++program®. The resulting systems contain~300,000 atoms
with orthorhombic periodic box dimensions of ~180 x 120 x 150 A>and
were electronically neutral.

All of the simulation systems were initially energy-minimized for
5,000 steps, and then equilibrated for 20 ns with gradually decreas-
ing positional restraints being applied to the protein heavy atoms.
Each system was further simulated for 150 ns under the NPT ensemble
to investigate the morphology of lipid molecules surrounding the
protein, the backbone atoms of which were harmonically restrained
with a force constant of 1 kcal mol™ A2, Two representative systems
(occluded (CI") and inhibited 11 (SO,* and salicylate)) were simu-
lated for another 1 ps to increase the statistical significance using
the special-purpose supercomputer ANTON2 (ref. %). To calculate the
electrostatic potential of the central ion-binding sites, we performed
an extra 50 ns simulation under the NVT ensemble for each system
after the 150 ns NPT run, with the same positional restraint applied
to the backbone atoms of the protein. To calculate the fraction of
membrane potential, the same simulations were performed under an
additional TM voltage of 500 mV or -500 mV. To estimate the gating
charge corresponding to the conformational change of apo-prestin,
we constructed five new systems based on the occluded (CI") system
by changing the protein from up (CI") to the other five conformations
using 20 ns targeted MD simulations. Thus, the final systems have
exactly the same compositions, and without any ions in the central
binding sites. Each system was then simulated for 50 ns under the
NVT ensemble at -500 mV, =100 mV, 100 mV and 500 mV, with the

backbone atoms of the protein being harmonically restrained with
aforce constant of 1 kcal mol™ A2 and the ions in the solution were
prevented from entering the cavity of the protein using the tcl force
plugin.

The MD simulations other than the ANTON2 simulation were
performed using the NAMD program®® with a time step of 2 fs.
The CHARMMS36 force field with torsional backbone corrections® %
was used for protein, lipids and ions and the TIP3P model®® for water
inall of the simulations. The GAMMP program was used to parameter-
ize the all-atom force field for salicylate and sulfate anions®. InNAMD,
the temperature and pressure were controlled at 300 K and 1 atm,
respectively, using the Langevin dynamics and the Nose-Hoover Lan-
gevin piston method®?*?. The van der Waals interactions were smoothly
switched offat10-12 A. The long-range electrostatic interactions were
calculated using the particle mesh Ewald method®*. In ANTON2, the
Nose-Hoover thermostat and the semi-isotropic MTK barostat® were
used to control the temperature and pressure, respectively. The k-space
Gaussian split Ewald method®®®” was used to calculate the long-range
electrostatic interactions.

Electrostatic potential and fraction of membrane potential
calculations

The electrostatic potential maps were calculated using the PMEPOT
plugin of VMD?. Snapshots (n=4,000) from the last 40 ns trajectory
of each system run under the NVT ensemble were used for the calcu-
lation. The time-averaged three-dimensional electrostatic potential
maps were then used to compute the two-dimensional potential in
the x-z plane®?°1°° crossing the two central ion-binding sites. Snap-
shots (n=4,000) from the last 40 ns trajectories of the systems run
under a TMvoltage of +500 mV and -500 mV were used for the calcula-
tion of the fraction of membrane potential drop. The time-averaged
three-dimensional electrostatic potential maps were then used to com-
pute the fraction of membrane potential in the x-z plane crossing the
two central binding sites.

Lipid bilayer morphology and cross-section areas of the protein
For area calculations, PDB models were aligned such that their z axis
aligns with the symmetry axis using the PPM server. On the basis of local
resolution maps, residues 460-505 always had a sub-3 A resolution
and were the least mobile. We therefore aligned all of the structures
based on this region, unless otherwise specified. We kept the same
criteriafor SLC26A9 for comparison. The CHARMM-GUI®¥ membrane
builder toolwas used for prestinand SLC26A9 area calculation across
the membrane thickness.

Charge displacement calculations

The gating charges of protein conformational change were estimated
by calculating the average displacement charge usingQ , = ; qlLZ—; where
g;and z,are the partial charge and the unwrapped z coordinate of atom
i, respectively, and L, is the length of the simulation box along the z
direction®®°°, Snapshots (n=4,000) from the last 40 ns trajectories
atdifferent TM voltages of each system were used to calculate the aver-
age displacement charges. The calculated average displacement
charges of each system were then linearly fitted together, and the off-
set constants correspond to the gating charge changes between dif-
ferent conformations.

Calculation of cell motility based on prestin’s cross-sectional
expansion

We assumed that all of the prestin dimers are aligned along the lateral
line ofthe OHCs and that they are cooperative. It was further assumed
that the OHC membrane fully follows the footprint of prestinand only
the lateral wall of OHC extends due to cross-sectional expansion of
prestin. For simplicity, it was also assumed that OHCs have a perfect
cylindrical shape.
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ALopc=Aonc X P * AMprestin/ QTR opc), 9)

where AL, is the maximum possible somatic motility of the OHC
based solely based on collective cross-sectional expansion of prestin
moleculesinthelateral wall; Ag,cis the average lateral area of an OHC;
pisthe prestin density (prestin counts per pm?); A4, e, is the average
cross-sectional area expansion of a prestin dimer from down to up
(CI"); Roycis the average circumferential radius of OHC; and L, is the
average length of OHC. Typical values used for the above variables
were as follows: Ag,c = average length of p = 7,000 prestin per pm?,
AApresin = 700 A%, Royc = 4 pmand Loy = 50 pm (refs, #485255),

Note that the OHC dimensions (length and diameter) vary along
tonotopically defined frequency segments of the cochleaand are also
species dependent. Thus, the calculations provided represent rough
estimates of whether prestinin-plane areaexpansion at the molecular
scale could underlie somatic motility in the OHCs.

Statistical analysis

Statistical significance (criteria, *P < 0.005) was determined using
unpaired Student’st-tests. In the electrophysiology data, this was deter-
mined by acomparison of data obtained from wild-type dolphin prestin
in CI"with wild-type prestin in SO,*". To compare electrophysiology
data of the mutants with wild-type prestin, we used one-way analysis
ofvariance with Tukey’s post hoc test. The software used in this project
was curated by SBGrid'.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The atomic structure coordinates have been deposited at the RCSB
PDB under accession numbers 7S8X, 7S9A, 7S9B, 7S9C, 7S9D and
7S9E; and the EM maps have been deposited in the Electron Micros-
copy Data Bank under accession numbers EMD-24928, EMD-24930,
EMD-24931, EMD-24932, EMD-24933 and EMD-24934. All materials
generated during the current study are available from the correspond-
ing author under amaterials transfer agreement with The University
of Chicago.
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Extended DataFig.1|Function, biochemistry and structural features of
electromotile prestin. a, Electromotility analysis of HEK293 cells transfected
withwild-type dolphin prestincompared to GFP-only transfected cell
(Mock-GFP). The cellular displacement was normalized based on the cell
largest diameter, d, (Fig. 1b). The normalized electromotility was 0.05+02
(n=6)versus 0.008+0.002 (n=5) for wild-type prestinand Mock-GFP,
respectively. These values were measured at the depolarizing voltage step
changing from+120 mV to-120 mV (mean + SD, is the number of independent
cells. One-sided Student t-test, unpaired, P=0.005). b, Size-exclusion
chromatography (SEC) curves of the full-length dolphin prestin purified in

GDN, runonaSuperose 6 column, in high Cl” (red) and SO,> (blue) based
solution. The fractionsindicated by black dotted linesinboth represent
purified proteins that were used for cryo-EM imaging. ¢, Purified dolphin
prestincryo-EM samples, run on aStain-free SDS-PAGE gel, indicating size

of ~80 kDa for the full-length prestin monomer (representation of n = 3).

d, Topology of dolphin prestin. Different domains are indicated by color; the
gatedomainis coloredinblue, the core domaininred and the C- and N-termini
aswell asthe STAS domainingrey. The transmembrane helices are numbered
from1to14.The N-and C-terminias well as the STAS domain are oriented
towards the cytoplasm.
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¢, Cross-sectional area calculations of the transmembrane domain of

Inhibited II %

SLC26A9(12) along the hydrophobic thickness using CHARMM-membrane
builder. Cross-sectional area change of SLC26A9 from Inward-facing to
Intermediate states (6RTC and 6RTF) per monomer®. Note that prior to area
calculation, the spatial arrangements of all the structures with respect to the
hydrocarbon core of the lipid bilayer were first adjusted using the PPM
server(30). Thestructures were aligned based onresidues 460 to 505
(TM13-TM14).d, Comparison of the change in the micelle morphology between
two salicylate-inhibited structures Inhibited I (CI") and Inhibited I1 (SO* +
Salicylate) states. The overlay of the two states shows drastic changesin the
micelle thickness especially around TMé6 region in addition to the overall
changesinthe micellein-lane direction, both indicative of major structural
rearrangements between the two states. ChimeraX was used forillustration.
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Extended DataFig. 8| Electrostatic calculations and charge transfer of
prestinacross the membrane. a, Mutation of the key residuesin the anion
binding pocket either completely abolishes the NLC (R399Q) or right shifts the
V,;,by more than 80 mV (F101Y) to around +25+ 5mV (mean +s.e.m.; n, isthe
number ofindependent cells. One-sided Student t-test, P=0.001); a similar
effecthasbeenobservedinother prestinhomologues using patch-clamp
electrophysiology (51). b, Snapshots from the MD trajectories of the systems,
and calculation of the electrostatic potential across the membrane at two
states, the Down I state (with SO,> in the left cavity, and without SO,* in the
right cavity) versus Up (with CI" in the left cavity and without any CI” in the right
cavity). Thex-zplaneis crossing the two central anion-binding sites. Inboth
models, the positive field is mainly focused around the transmembrane mid-
plane and around the anion-binding site, creating an attractive (blue) field for
thebinding of the anion. However, in the Up state the field is more positive
around the mid-plane compared to the correspondingregioninthe
Intermediate state. Inboth cases, the presence of the anion only partially
neutralizes (-35%) the positive field around the bilayer mid-plane. Note that the

actualsize of the simulationbox s larger than whatis illustrated here

(see Methods). ¢, Averaged1-D fraction of membrane potential in the z
directionalongthe two central binding sites (shown as dashed blue linesin
panel Awith the central binding sites highlighted using the red cross symbols).
Thel-Dand 2-D mapsweredirectly extracted from the ensemble averaged 3-D
fraction of membrane potential map. The location of the phosphate atoms of
theouterandinnerlipid leaflets along the z axis was highlighted with dashed
graylines).d, Displacement of charge for prestinin the Up and Down|
conformations at different transmembrane potentials. The gating charge
betweenthetwostatesis 0.38+0.25e calculated as the offset constant
between thelinear fits. (n = 3; dataare mean + SD; One-sided Student’s t-test;
P=0.05).e,R399 inboth monomers have been mutated to Q, S and Eindifferent
systemsto seethe contribution of R399 residue to the positive charge at the
bilayer mid-plane using electrostatic calculations. R399 mutation to polar
residues shows that R399 has almost -40% contribution the positive charge of
thefield at the bilayer mid-plane. The remainder likely comes from the TM3-
TMI10 helical dipole and other positive charges in this area.
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individual data points, that has been averaged in Fig. 3f, hasbeen presented theNLC.



Article

Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

Up, Inhibited I Down I, Down II, Intermediate  Inhibited II
Compact (EMDB- Expanded Expanded (EMDB- (EMDB-
(EMDB- 24930 (EMDB- (EMDB- 24933 24934
24928 PDB 7S9A) 24931 24932 PDB 7S9D) PDB 7S9E)
PDB 7S8X) PDB 7S9B) PDB 7S9C)
Data collection
and processing
Magnification 81,000 81,000 81,000 81,000 81,000 81,000
Voltage (kV) 300 300 300 300 300 300
Electron exposure (e—/A?) 50 50.5 50 50 50 50
Defocus range (um) -1to-2.5 -0.7t0-22 -0.5t0-25 -05t0-25 -1to-2.5 -1to-2.5
Pixel size (A) 0.5315 0.55 0.56 0.56 0.5315 0.5315
Symmetry imposed C2 C2 C2 C2 C2 C2
Initial particle images (no.) 380,000 350,000 900,000 200,000 250,000 260,000
Final particle images (no.) 150,000 137,000 212,000 65,000 92,000 112,000
Map resolution (A) 33 3.8 4.2 6.7 4.6 3.7
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 2.2-4.5 2.5-4.5 3.4-5.5 3.4-5.5 3.3-5.5 2.2-4.5
(ResMap) (ResMap) (ResMap) (ResMap) (ResMap) (ResMap)
Refinement
Initial model used (PDB de novo de novo de novo de novo de novo de novo
code)
Model resolution (A) 3.2 3.6 4.1 6.5 4.3 3.6
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Model resolution range (A) n/a n/a n/a n/a n/a n/a
Map sharpening B factor (A%) -123 -144 -179 -185 -165 -142
Model composition
Non-hydrogen atoms 10426 10420 10458 10340 10462 10476
Protein residues 1350 1350 1356 1340 1354 1354
Ligands 0 2 0 0 0 2
B factors (A?)
Protein 42.2 61.7 125.5 402.9 147.1 69.3
Ligand n/a 443 n/a n/a n/a 60.2
R.m.s. deviations
Bond lengths (A) 0.005 0.004 0.006 0.005 0.007 0.005
Bond angles (°) 0.720 1.004 0.818 0.851 1.104 1.073
Validation
MolProbity score 2.02 1.79 2.35 2.60 2.43 2.02
Clashscore 11.67 6.24 19.62 32.39 22.83 11.34
Poor rotamers (%) 0.00 0.00 0.78 0.00 0.35 0.00
Ramachandran plot
Favored (%) 93.29 93.14 89.76 87.84 89.00 92.87
Allowed (%) 6.56 6.56 9.94 11.76 10.70 7.13
Disallowed (%) 0.15 0.30 0.30 0.30 0.30 0.00




nature portfolio

Corresponding author(s):  Eduardo Perozo

Last updated by author(s): Sep 22, 2021

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q)
—t
(e
D)
o
(@)
=
S
S
T
o
(@)
=
>
(@)
wv
e
3
=
Q
&=

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX [0 O

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OOX X X OO X XK

XX [ O [

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  CryoEM data collection: Gatan Latitude
Electrophysiological data collection: Clampex 10.7

Data analysis CryoEM data analysis: motioncor2, Ctffind4, Relion3, ResMap
Model building and analysis: Swiss-model web server, Chainsaw 2, Coot 10, Phenix 1, UCSF Chimera 1, Chimera X
Molecular Dynamics simulations: VMD 1.9.2, NAMD?2
All above-mentioned software used in this project was curated by SBGrid.
Electrophysiological data analysis: Clampfit 10.7, Matlab2017b

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

L20Z Y210\

Cryo-EM density maps of Prestin have been deposited in the Electron Microscopy Data Bank under accession codes EMDB-24928 (Up), EMDB-24930 (Inhibited 1),
EMDB-24931 (Down 1), EMDB-24932 (Down Il), EMDB-24933 (Intermediate), and EMDB-24934 (Inhibited Il). The atomic models of the Prestin dimer have been




deposited in the Protein Data Bank under accession code
7S8X (Up), 7S9A (Inhibited 1), 7S9B (Down 1), 7S9C (Down 11), 7S9D (Intermediate) and 7S9E (Inhibited I1), respectively.
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deemed to be sufficient to determine mean and standard error of the mean, allowing for comparison between different mutants.

Data exclusions  For cryo-EM experiments, micrographs or particles were excluded if they did not improve map quality due to astigmatism, drift and or ice
contamination. This is standard practice for cryo-EM structure determination. For electrophysiological experiments, recordings were excluded
from analysis if leak or endogenous currents prevented
NLC analysis. This is standard practice in electrophysiology.

Replication Structure determination was completed once, as is standard. All electrophysiological results contain data from multiple cells, ensuring
reproducibility. For mutants that failed to yield NLC, at least 8 cells were measured, and at least four different transfections was done. This is

standard practice in electrophysiology.

Randomization  Particles are split in two half groups in the 3D refinement step, which is a standard step in analyzing cryo-EM data. No other randomization
was employed or needed, as is standard for structural and electrophysiological work.

Blinding Blinding was not employed, as is not applicable here nor is standard for structural determination and electrophysiological work.
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