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ABSTRACT

Prestin is a unique ATP- and Ca”"-independent molecular motor with piezoelectric characteristic
responsible for the electromotile properties of mammalian cochlear outer hair cells, that is the
capacity of these cells to modify their length in response to electric stimuli. This "electromotility" is
at the basis of the exceptional sensitivity and frequency selectivity distinctive of mammals. Prestin
belongs to the SLC26 family of anion transporters and needs anions to function properly, in
particular chloride. By X-ray crystallography here we reveal that the STAS domain of mammalian
prestin, considered an "incomplete" transporter, harbor an unanticipated anion-binding site. In
parallel we present the first crystal structure of a prestin STAS domain from a non-mammalian
vertebrate prestin (chicken) that behaves as a "full" transporter. Notably, in chicken STAS the
anion-binding site is lacking due to a local structural rearrangement, indicating that the presence of
the STAS anion-binding site is exclusive to mammalian prestin.

SUMMARY STATEMENT

The STAS domain of mammalian prestin harbors an anion-binding site absent in non-mammalian
homologues. This is correlated to different prestin functions, full anion transport in non-mammals
and incomplete transport coupled to electromotility and a mechanically amplified hearing process in
mammals.

SHORT TITLE

Mammalian prestin STAS holds an anion-binding site
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INTRODUCTION

In order to get insights into the anion-binding properties of prestin, a member of the SLC26 family
of anion transporters, we determined crystal structures of a mammalian STAS domain in presence
of several monovalent anions known to modulate activity in cell and the first crystal structure of a
domain from a non-mammalian vertebrate homologue. While in non-mammals prestin has been
shown to be an electrogenic anion transporter [1], in mammals prestin is considered an incomplete
transporter [2]. Mammalian prestin function relies on the presence of monovalent anions such as CI’
, Br', I, HCOs", NOs™ [2] and SCN" [3]. Physiologically the most relevant is chloride that has been
proposed to be the extrinsic voltage sensor [2]. The incomplete transport of chloride in mammals is
considered at the basis of the ATP- and Ca”*'-independent motor properties with piezoelectric
characteristic of prestin, giving rise to cochlear outer-hair cells (OHCs) electromotility [4].
Topologically, prestin is divided into a large transmembrane (TM) domain and a cytosolic C-term
portion composed by the STAS (Sulphate Transporters and Anti-Sigma factor antagonist) domain
[5]. The 3D structure of STAS domains from rat [6], E. coli [7] and M. tuberculosis [8] show a
conserved folding core, constituted by a central -sheet composed of 5-6 B-strands, surrounded by 5
a-helices. Recently, the experimentally validated 3D model of the mammalian TM domain of
prestin identified a central anion-binding site in the middle of the domain, along as a possible
pathway leading anions from the cytosol [9]. The general architecture of this model has been
confirmed by the very recent crystal structure of a prokaryotic SLC26 fumarate transporter from the
bacterium Deinococcus geothermalis [10]. However, the cytosolic recruitment site for anions has
not been identified yet.

MATERIALS AND METHODS

Cloning of chicken STAS

The STAS domain from Gallus gallus, deleted of the variable loop, was cloned with a protocol
similar to that used for the Rattus norvegicus domain, previously described [6]. Briefly, the
nucleotide sequences corresponding to amino acids [511-569] and [652-733] of Gallus gallus
prestin were separately amplified by PCR and ligated with a GlySer insert into the pBluescript 11
SK (+/-) storage phagemid (Agilent Technologies). The final construct S[511-569]GS[652-733]
was inserted into the pET SUMO vector (Invitrogen).

Proteins production and purification

STAS domains from Rattus norvegicus (rPres STAS), sequence [505-563]GS[637-718], and Gallus
gallus (cPres STAS) were produced according to the protocol previously described [6]. Briefly, the
SUMO fusion proteins were produced in E. coli BL21(DE3) grown at 37 °C and induced for 5 h at
30 °C. Bacteria were suspended in 50 mM Na,HPO,, 300 mM NaCl, 10 mM imidazole, 10 mM B-
mercaptoethanol, pH 8.0 (buffer A), lysed and applied onto a His-Trap affinity column (GE
Healthcare) equilibrated with buffer A. The fusion proteins were eluted at 150 mM imidazole and
incubated with the SUMO protease 1 (LifeSensors) overnight at 4 °C. The (His)e-SUMO-tag and
the protease were removed through a His-Trap column. The final proteins were further purified by
means of a Superdex 75 prep-grade 16/60 (GE Healthcare) SEC column equilibrated with 20 mM
Tris-HCI, 150 mM NaCl, 5 mM DTT, pH 7.5. Pooled samples were concentrated at around 15 and
35 mg/ml for rPres and cPres STAS, respectively, and flash-frozen in liquid nitrogen.

Crystallization, structure determination, refinement and final models analysis

All crystals of rPres STAS in complex with anions were prepared with the vapour diffusion
technique, using 1.8-2.0 M Ammonium sulfate, 5% (v/v) PEG400, 0.1 M MES pH 6.5 and 0.1%
octyl-B-D-glucopyranoside as precipitant solution, at 293 K. In particular, complexes with bromide,



thiocyanate and nitrate were prepared by cocrystallization with 125 mM KBr, 250 mM NaSCN and
100 mM NaNOs, respectively, complexes with chloride and iodide by soaking with 1 M NH4CI and
500 mM KI, respectively. Attempts to identify chloride bound to STAS failed in the case of
soakings with less than 1 M chloride, indicating that the chloride seen in the anion-binding site is
not carried throughout the purification process. Even with 1 M NH,Cl the anomalous signal at 2 A
was much weaker than that observed for crystals soaked with 500 mM KI collected at the same
wavelength, strongly indicating that all four anomalous maxima identified in the structure soaked
with 0.5 M KI must be assigned to iodide and not to chloride.

Crystals of cPres STAS were prepared by vapour diffusion using 1.5 M ammonium sulfate, 12%
(v/v) glycerol, 0.1 M Tris pH 8.5 and 300 mM ammonium oxalate as precipitant solution.
Diffraction data were collected on cryoprotected crystals (20% glycerol) at 100 K, at the XDR1
beamline of the Elettra Synchrotron (Trieste), at 2 A wavelength for rPres STAS in complex with
chloride, iodide and thiocyanate, at 0.915 A for rPres STAS in complex with bromide and for cPres
STAS and at 1.2 A for rPres STAS in complex with nitrate. Data were processed with XDS [11]
and Aimless [12], structures were solved by molecular replacement with Phaser [13] using the
structure of the apo rPres STAS (PDB 3LLO) as search model. cPres chains were initially
reconstructed by automatic procedure using the "Model building" tool implemented in Phenix [14].
Initial models were refined alternating cycles of automatic refinement with phenix.refine [14] and
manual model building with COOT [15]. Statistics on data collection and final models are reported
in Table I. Ramachandran statistics (% Favoured/Allowed/Outliers): STAS-CI = 100/0/0; STAS-Br
= 99/1/0, STAS-I = 99/1/0, STAS-SCN = 99/1/0, STAS-nitrate = 99/1/0, chickenSTAS = 96/4/0.
Electrostatic calculations were performed solving the Poisson-Boltzmann equation by the APBS
tool [16], with atomic charges and radius information provided by PDB2PQR [17] on the web
service http://www.poissonboltzmann.org/. Analysis of molecular interfaces for the cPres STAS
domain were performed by PISA [18].

RESULTS AND DISCUSSION

Anion-binding site in mammalian prestin STAS

The five crystal structures of mammalian STAS (from rat prestin, rPres) presented here reveal for
the first time that CI', Br, I, SCN™ and NOs effectively bind in the same place of the domain,
concurring in the identification of an unanticipated unique anion-binding site. The presence and
location of CI', Br, I' and SCN™ were unambiguously determined by means of the proper anomalous
signal (Supplementary Figure S1). Statistics on X-ray diffraction data and final models are reported
in Table 1.

The overall 3D structure of rPres STAS is poorly affected by the binding of anions, all located in
the same cleft between loops B2-al and B3-a2 (Figure 1). The anion-binding site is a relatively
large and deep cavity, situated in a region proposed to facing the TM domain [6]. This localization
suggests that effectively it can be the very first binding site for intracellular chloride, that is then
translocated to the anion pathway identified in the TM domain [9]. The cavity has a positive
potential, mainly due to the dipoles of backbone NHs from the N-termini of helices al and a2
(Figure 2). These NHs establish ion-dipole interactions with CI', Br and I (Supplementary Figure
S2A,B,C). Similar ion-dipole interactions between chloride and backbone NHs from the N-termini
of alpha-helices are found in the CIC family of chloride channels and transporters [19]. Another
correspondence between STAS and CIC is the presence of an acidic residue near the bound anion,
D653 in STAS (Figure 1) and E148 in CIC, where it is considered the gate of the selectivity filter.
By analogy, one can hypothesizes that the conserved D653 plays a functional role in prestin.

Bound in similar position, nitrate and thiocyanate make hydrogen bonds with 1544 and D653 NHs
(Supplementary Figure S2D,E). Notably, we could not detect any binding for anions that are unable
to induce NLC such as sulphate [2] and oxalate [1,20], nor for acetate, that can induce NLC but



with a significant decrease in the slope factor [2]. This indicates that the STAS anion-binding site is
specific for those anions that are able to fully modulate mammalian prestin function.

The cavity remains unchanged upon anion binding (Figure 1,2) indicating that the binding site is
preformed, ready to accommodate and release anions without the need of conformational
rearrangements. These observations are in accordance with the low affinity (low millimolar) shown
by anions as determined on full-length prestin in cochlear OHC [2], and seems a necessary
prerequisite for the fast rate at which prestin must operate, in the range of several tens of kHz.
Based on the anomalous signal, a second chloride and three other iodide ions were identified bound
on the surface of the STAS domain, in positions where neither Br' nor SCN™ or NO;3™ were found.
The solvent exposed location of the second chloride (not in a positively charged deep cleft like the
anion-binding site), the lack of strong interactions with STAS and the fact that only iodide is found
in the same position suggest that this is an unspecific binding. However, we cannot completely rule
out that, even with a lower affinity, this site might have some significance for the interaction of the
domain with the physiological relevant chloride.

Crystal structure of a non-mammalian prestin STAS

We also determined the crystal structure of the STAS domain from chicken prestin (cPres), the first
one from a non-mammalian vertebrate (Supplementary Figure S3A,B). The overall architecture
resembles that of the rat homologue, with similar arrangements of secondary structure elements
(Figure 3A). In each molecule three cysteins cluster to form a binding site for ions, most probably
Zn”" in our structure on the basis of x-ray fluorescence measurement on the crystal and geometry of
coordination (Supplementary Figure S3C). The physiological relevant metal ion and its role is still
unclear. These cysteines are conserved in avian prestins and in a species of turtle, the chinese
softshell turtle Pelodiscus sinensis (Supplementary Figure S3D), suggesting a specific role in these
species.

The major structural difference between chicken and rat STAS domains is at the level of the f2-al
loop and the following al helix (Figure 3B). The B2-al loop is closer to the 3-02 loop (whose
position is conversely very similar in chicken and rat), with the consequence that the anion-binding
site is absent in chicken STAS (Figure 3C,D) indicating that anion-binding is a property peculiar to
the mammalian domain. The interaction between loops f2-al and 3-02 in chicken is stabilized by
the formation of a short parallel B-sheet (Figure 3B,D). Interestingly, the sequence around loop [32-
al is fully conserved in mammals (INAPI), while is different and variable in non-mammals (Figure
3E) [21], indicating a close relationship between the evolutionary appearance and maintenance of
this sequence and the correlated anion-binding and electromotile properties in prestin.

Role of the STAS domain in mammalian prestin

It is known that the presence of a correctly folded STAS domain is essential for prestin function [5].
Results obtained on prestin chimeras where mammalian and non mammalian STAS domains have
been exchanged [20] show that the original functional properties (NLC or transport) are maintained,
at least at the course-grained level accessible to the electro-physiological measurements. Our results
clarify that this is due to the conservation of the fold between mammalian and non-mammalian
STAS (rmsd between rat and chicken STAS 1.2 A, with 60% sequence identity). Further, while the
TM domain is the main responsible for NLC/electromotility in mammals and transport in non-
mammals, the STAS domain is responsible for the fine tuning of these properties. We propose that
the anion-binding site in the STAS domain of mammalian prestins represents a reservoir of ready-
to-use anions, increasing their local concentration, for the fast rate at which this molecular motor
must operate, up to 120 kHz in the ultrasonic hearing of some cetaceans [22], values never reached
by electro-physiological measurements on electromotile prestin. This rapidness is not necessary for
transport in non-mammalian prestin for which the presence of a STAS anion-binding site does not
seem essential. The resting level of chloride in OHCs is near or below 10 mM [23] and in-side-out
patches measurements from rat OHCs have shown that the half-activating chloride concentration is



around 6 mM for full-length prestin [2]. This suggests that in physiological conditions half or more
of the STAS anion-binding sites are occupied by chloride and considering that prestin acts as dimer
or tetramer [24,25], that all functional oligomers have at least one anion permanently bound.

Results presented here reveal for the first time important structural differences between mammalian
(incomplete transporters) and non-mammalian (full-antiporters) prestins, directly correlated to their
different function. Very recently, the first crystal structure of a bacterial prestin homologue, the
SLC26 prokaryotic fumarate transporter from Deinococcus geothermalis, has been published [10].
This structure shows that the TM domain of SLC26 transporters is composed by 14 transmembrane
segments organized in two inverted repeats, confirming our previous 3D model of the mammalian
transmembrane domain of prestin [9]. However it does not present indications on the localization of
possible anion-binding site in prestin and on the relative orientation of the transmembrane and
STAS domains. Our findings complement such structural information resulting in a better picture of
the structural and functional organization of SLC26 transporters. Here we show that the STAS
domain of mammalian prestin, unlike the non-mammalian one, harbors a unique anion-binding site
important for the fine regulation of the high-frequency electromotile properties of this exceptional
molecular motor. We propose that the STAS domain structurally interacts with the TM domain
(deletion of STAS abrogate function [5]), and that it is oriented with the anion-binding site facing
the TM domain, for a fast anion translocation.
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Table 1. Data collection and refinement statistics

Data collection
Wavelenght (A)
Space group
Cell dimensions
a, b, c(A)
o By ()
Resolution (A)

NNmV\B QXVU

mEmmm QY&

<l /ol>
Completeness (%)
Redundancy

Refinement

Resolution (A)

No. reflections

ms\olﬂ \ %?mm

No. atoms
Protein
Ligand/ion
Water

B-factors (A2)
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (&)
Bond angles (°)

rPres/Cl

2
P3,21

62.13, 62.13, 66.59
90.00, 90.00, 120.00
41.85-1.87
(1.91-1.87)*

7.1 (74.9)

7.5 (86.1)

26.2 (2.2)

98.8 (84.2)

15.6 (7.0)

31.01-1.87
23464
15.7/19.6

1014
35/2)
87

34.0
53.5/43
42.1

0.003
0.764

rPres/Br

0.915
P3:21

61.41, 61.41, 66.42
90.00, 90.00, 120.00
41.51-1.83
(1.87-1.83)

7.8 (199.8)

8.2 (211.1)

25.0 (1.7)

99.9 (98.4)

19.5 (17.9)

41.51-1.83
24555
15.3/19.7

1014
29/1@
69

414
60.6/69.4
46.5

0.011
1.219

rPres/I

2
P3:21

61.91,61.91, 66.49
90.00, 90.00, 120.00
41.74-2.40
(2.49-2.40)

16.1 (173.3)

17.2 (186.1)

14.9 (1.7)

99.8 (98.1)

14.7 (13.9)

41.74-2.4
11066
18.8/22.1

1023
44/40)
31

50.6
58.0/69.4
40.7

0.003
0.793

rPres/SCN

2
P3,21

62.37,62.37, 66.75
90.00, 90.00, 120.00
41.99-2-04
(2.09-2.04)
8.1(113.8)

8.5 (121.9)

22.2 (2.1)

97.4 (87.3)

17.4 (14.2)

41.99-2.04
18020
16.3/19.8

1014
32/3@
42

48.4
69.6/0
473

0.016
1.259

rPres/NO3

1.2
P3:21

62.22, 62.22, 66.87
90.00, 90.00, 120.00
41.96-1.81
(1.85-1.81)

7.5 (114.3)

8.2 (124.9)

15.0 (1.7)

99.9 (98.5)

6.4 (6.2)

41.96-1.81
14033
16.4/19.0

1014
39/40)
94

34.1
59.4/0
4238

0.008
1.057

cPres

0.915
V2

81.6,56.9,101.1
90.00, 96.19, 90.00
46.59-2.30
(2.38-2.30)

6.9 (66.5)

7.6 (72.5)

18.9 (2.8)

96.1 (96.9)

6.4 (6.3)

46.59-2.30
19851
21.0/25.7

2150
12/3©)
54

50.8
62.1/62.0
45.7

0.016
1.432

*Values in parentheses are for highest-resolution shell.
(1) Ligands: 3 x 1,2-ethanediol, tetraethylene glycol, triethylene glycol. lons: 2 chlorides

(21 Liogands: 4 x 1 2-ethanedinl tetraethvlene slveol Ton: 1 hromide



Figure 1. The anion-binding site in rPres STAS

(A) Superposition of rPres STAS in presence (wheat) and absence (cyan) of
(magenta). Secondary structure elements and the overall 3D architecture of

conserved. Close-up view of the anion-binding site in presence (B) and absence
showing that binding does not alter the local structure. Helices al, a2 and o3, loog
a2 and main residues are indicated (see also Figure S1).



Figure 2. Molecular surface of rPres STAS colored according to electrostatics

In blue positive and in red negative potentials (5 kT/e). (A) apo structure, PDB entry 3LLO [6],
(B) with bound chloride (green sphere), (C) as in (B) without the anion. The binding site is a deep
cavity with a positive potential that is not altered by anion binding (see also Figure S2).
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Figure 3. Comparison of rPres and cPres STAS domains
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B2 B. ol
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PGIKIFQANTSLYFANSESY
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PGIKIFQANTSLYFANSESY
PGIKIFQANASLYFANSELY
SGIKIFQSNSSIYFANSELY
EGIKIFYSNASVYFVNSDLY
PGIFIFRSSATLYYANAEMY

(A) Superposition of rat (cyan) and chicken (grey) STAS shows that the secondary structure
elements and the overall 3D architecture are generally conserved. The most relevant differences are
the orientation of helix al and the position of loop B2-al that in chicken interacts with loop B3-02
with the formation of a short B-sheet (Bc) (B). The consequence is that the rPres anion-binding site
(C) is absent in cPres (D). (E) Alignment of residues around the B2-al segment showing
conservation of the INAPI stretch in mammals and sequence variation in non-mammals (adapted
from [22]). Secondary structures (L = loop, E = B-strand, H = helix) are indicated (see also Figure

S3).
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