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Abstract

Nicotinic acetylcholine receptors are a family of ligand-gated nonselective cationic channels that participate in funda-
mental physiological processes at both the central and the peripheral nervous system. The extent of calcium entry
through ligand-gated ion channels defines their distinct functions. The «9x10 nicotinic cholinergic receptor, expressed in
cochlear hair cells, is a peculiar member of the family as it shows differences in the extent of calcium permeability across
species. In particular, mammalian &9c:10 receptors are among the ligand-gated ion channels which exhibit the highest
calcium selectivity. This acquired differential property provides the unique opportunity of studying how protein function
was shaped along evolutionary history, by tracking its evolutionary record and experimentally defining the amino acid
changes involved. We have applied a molecular evolution approach of ancestral sequence reconstruction, together with
molecular dynamics simulations and an evolutionary-based mutagenesis strategy, in order to trace the molecular events
that yielded a high calcium permeable nicotinic ®9¢:10 mammalian receptor. Only three specific amino acid substitutions
in the o9 subunit were directly involved. These are located at the extracellular vestibule and at the exit of the channel
pore and not at the transmembrane region 2 of the protein as previously thought. Moreover, we show that these three
critical substitutions only increase calcium permeability in the context of the mammalian but not the avian receptor,
stressing the relevance of overall protein structure on defining functional properties. These results highlight the impor-
tance of tracking evolutionarily acquired changes in protein sequence underlying fundamental functional properties of
ligand-gated ion channels.
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Introduction

Calcium ions extensively regulate cellular activity. To achieve
this, a tight control of calcium signals in space, time, and
amplitude is necessary (Laude and Simpson 2009). lon chan-
nels that are permeable to Ca®" are important players in the
regulation of cellular Ca®* homeostasis and in signaling intra-
cellular Ca** effects. In contrast to voltage-gated Ca®* chan-
nels, ligand-gated channels provide Ca** influx into cells at
voltages close to the resting membrane potential, as is the
case for nicotinic acetylcholine receptors (nAChRs) (Shen and
Yakel 2009). These are members of the Cys-loop family of
receptors, which also includes GABA,, GABA glycine,
5-hydroxytryptamine-3  (5-HT;) and some invertebrate

anionic glutamate, and histamine receptors (Dent 2006;
Karlin 2002). nAChRs are expressed in the central and periph-
eral nervous system and are involved in pathologies, such as
myasthenia, epilepsy, schizophrenia, Parkinson’s disease,
autism, dementia with Lewy bodies, Alzheimer’s disease,
and addiction (Dani and Bertrand 2007).

The nAChRs function as homo or heteropentamers. Each
nicotinic subunit consists of an extracellular domain, which
harbors the binding site, four transmembrane «-helices
(TM1-4), and a variable intracellular region (Karlin 2002;
Unwin 2005). The mechanisms and molecular determinants
underlying agonist binding, channel gating, ion selectivity, and
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conductance have been extensively studied (Corringer et al.
2000; Karlin 2002; Keramidas et al. 2004; Giniatullin et al.
2005; Gay and Yakel 2007; Peters et al. 2010). In particular,
the determinants of calcium permeability of nAChRs have
been repeatedly assigned to the TM2 region of the protein,
which paves the channel pore and harbors the gate of the
channel (Bertrand et al. 1993; Corringer et al. 1999; Ferrer-
Montiel and Montal 1993; Fucile et al. 2000; Haghighi and
Cooper 2000; Tapia et al. 2007). This mainly derives from
mutagenesis studies where amino acids have been arbitrarily
mutated in order to alter side chain charge (Bertrand et al.
1993; Ferrer-Montiel and Montal 1993; Corringer et al. 1999;
Haghighi and Cooper 2000; Tapia et al. 2007) or hydropho-
bicity (Bertrand et al. 1993; Fucile et al. 2000). However, recent
mutagenesis studies point toward vestibule residues as deter-
minants of calcium permeability in Cys-loop receptors
(Livesey et al. 2011; Colon-Saez and Yakel 2014). Thus, how
this fundamental biological property is realized in this family
of neurotransmitter receptors, at the molecular level, is still an
open question.

Within the broad diversity of ligand-gated ion channels,
mammalian 910 nAChRs are among the ones that show
the highest calcium permeability (Mayer and Westbrook
1987; Kaupp and Seifert 2002; Weisstaub et al. 2002; Fucile,
Sucapane, Eusebi 2006; Lipovsek et al. 2012). They play a
fundamental role in controlling calcium concentration at
the base of cochlear hair cells, where they serve fast synaptic
transmission at the efferent-hair cell synapse, a system that
controls the dynamic range of hearing (Elgoyhen and Katz
2012). The tight control of calcium entry through «9a10
nAChRs is fundamental, as the subsequent activation of cal-
cium-dependent potassium channels hyperpolarizes hair cells
to reduce cochlear amplification (Fuchs and Murrow 1992a,
1992b; Glowatzki and Fuchs 2000). Interestingly, it has re-
cently been reported that mammalian «910 nAChRs have
higher calcium permeability than their avian homolog
(Lipovsek et al. 2012). This could relate to the different mech-
anisms of cochlear amplification used by mammalian versus
nonmammalian species (Dallos et al. 2008). In addition, sig-
natures of positive selection were reported for the «10 (but
not ®9) mammalian nAChR subunits using codon-based
maximum-likelihood analysis (Franchini and Elgoyhen
2006). This has led to the proposal that enhanced calcium
permeability of @910 nAChRs might be due to the evolu-
tionarily acquired changes in the @10 subunit (Lipovsek et al.
2012). This differential property between mammalian and
chicken 910 nAChRs opens the unique opportunity for
defining the underlying molecular determinants that shape
the extent of calcium permeability of a ligand-gated ion chan-
nel, along its evolutionary history. Using ancestral sequence
reconstruction, together with molecular dynamics (MD) sim-
ulations and an evolutionary-based mutagenesis strategy, we
have determined that it is the «9 (and not the «10) subunit
the one that defines the high calcium permeability of mam-
malian o9c:10 nAChRs. Moreover, we identified three amino
acid residues within the &9 subunit that differed only in the
mammalian lineage and are directly involved. Contrary to
expectation, these residues are located outside the TM2

pore-lining region of the channel. Furthermore, these nonsyn-
onymous substitutions cause an increase in calcium perme-
ability only within the context of the mammalian, and not the
avian, @910 receptor, stressing the relevance of overall pro-
tein structure on defining functional properties. This work
unravels the molecular underpinnings of an evolutionary pro-
cess with major implications for the operation of the efferent
olivocochlear system. Moreover, it aids toward understanding
how a fundamental property of cholinergic ligand-gated ion
channels was shaped along vertebrate evolution.

Results

Calcium Permeability of the o910 Nicotinic Receptor
Is Determined by the 9 Subunit

The injection of Xenopus laevis oocytes with cRNAs coding for
the different NAChR subunits results in the expression of
functional channels on the cell membrane. The considerable
size of the oocytes (~1mm), together with the high expres-
sion level of the heterologous protein, allows measuring cur-
rents that result from channel openings in response to
agonist application, using the two-electrode voltage clamp
technique. With the aim of determining whether the accu-
mulation of amino acid changes within the «10 subunit
(Franchini and Elgoyhen 2006) resulted in a preferred contri-
bution of this subunit to the reported high calcium perme-
ability of mammalian o910 nAChRs (Lipovsek et al. 2012),
we first studied the relative contribution of each subunit to
this property. We analyzed responses of homomeric receptors
(composed only of identical subunits) heterologously ex-
pressed in Xenopus oocytes. To assess Ca”* flux through re-
combinant nAChRs, we studied the contribution of the IClc,
to acetylcholine (Ach)-evoked responses. ICl, is a Ca>*-de-
pendent CI~ channel present in Xenopus oocytes, which has a
high sensitivity to Ca®* and is an optimal detector of calcium
entry to the oocyte (Barish 1983; Miledi et al. 1989). Receptors
with high Ca®* permeability, such as a7 (Seguela et al. 1993)
and rat @910 (Elgoyhen et al. 2001) nAChRs, have a prom-
inent contribution of IClc, to ACh-evoked responses, com-
pared with a modest contribution in nAChRs with lower Ca>*
permeability, such as o482 and chicken &9« 10 (Lipovsek et al.
2012). This can be evidenced by incubation of the oocytes
with the membrane permeant fast Ca>* chelator
1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic ~ acid-
acetoxymethyl ester (BAPTA-AM), which abolishes the CI™
component of the total measured current. Figure 1 shows
representative responses to 100 M ACh, at a membrane
holding potential (Vo) of —70 mV, before and after a 3-h
incubation with BAPTA-AM. Previously reported responses of
heteromeric @910 nAChRs (Lipovsek et al. 2012) are
included for the sake of comparison (fig. 1A). ACh-evoked
currents were markedly reduced in amplitude after treatment
with BAPTA-AM in the case of rat @910 (response after
BAPTA: 14.8£3.1% of the initial response, n=12), but re-
mained unaltered in the case of chicken 9210 nAChRs
(1003 + 14.1%, n=6, fig. 1A and supplementary table S1,
Supplementary Material online). It has been reported that
the rat 9 homomeric receptor has high calcium permeability
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Fic. 1. Chick @9 containing receptors do not activate the oocyte IClc,. Representative traces of responses evoked by 100 ;1M ACh in oocytes expressing
either heteromeric (A), homomeric (B) or hybrid (C), nAChRs, before (left—black trace) and after (right—gray trace) a 3-h incubation with the fast
calcium chelator BAPTA-AM (V},g1qa = —70 mV; [Caz)']e)mce“u,ar =1.8 mM). Traces are representative of n =4-12 per group.

(Katz et al. 2000), similar to that of the rat «910 heteromeric
receptor (Elgoyhen et al. 2007; Lipovsek et al. 2012; Weisstaub
et al. 2002). Accordingly, ACh-evoked currents were markedly
reduced after BAPTA-AM incubation, indicating a strong
contribution of IClc, to the initial response and therefore
influx of Ca®* through this homomeric receptor (fig. 1B,
upper traces). Thus, the percentage of remaining response
after BAPTA-AM (14.3 4= 2.9%, n = 7) was similar to that pre-
viously described for rat 910 nAChRs (supplementary table
S1, Supplementary Material online; Elgoyhen et al. 2001;
Lipovsek et al. 2012). In contrast, ACh responses remained
unaffected after BAPTA-AM incubation in oocytes expressing
the chicken «9 homomeric receptor (99.5 % 15.1%, n = 4; fig.
1B, middle traces and supplementary table S1, Supplementary
Material online), as observed for the chicken @910 nAChR
(fig. 1A; Lipovsek et al. 2012), indicating a negligible contribu-
tion of IClc,.

Mammalian (rat and human) @10 subunits are not able to
form functional homomeric receptors (Elgoyhen et al. 2007;
Sgard et al. 2002). However, the injection of Xenopus oocytes
with cRNA coding for the chicken 10 subunit resulted in the
expression of functional receptors (fig. 1B, lower traces). ACh-
evoked currents through chicken «10 receptors were reduced
after BAPTA-AM incubation (12.7 £ 4.7% of the initial re-
sponse, n = 10), indicating a strong contribution of IClc, to
the ACh response and thus influx of Ca®* (supplementary
table S1, Supplementary Material online). These results sug-
gest that it is the o9 subunit that dictates the extent of cal-
cium permeability of the 910 nAChR. In order to examine
this possibility further, we injected Xenopus oocytes with two
alternative combinations of o9 and 10 subunits, so as to
express interspecies hybrid receptors. ACh-evoked currents
were markedly reduced after BAPTA-AM incubation, indicat-
ing a strong contribution of IClc, to the initial response and
thus influx of Ca®* through the rat a9/chicken 10 hybrid
receptor (fig. 1C). The percentage of response remaining after
BAPTA treatment of this interspecies hybrid (21.8 £ 8.2%,
n=>5; supplementary table S1, Supplementary Material
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online) was similar to that observed with the rat «910 re-
ceptor (P=03329; fig. 1A and supplementary table S1,
Supplementary Material online). In contrast, ACh responses
of the chicken «9/rat «10 hybrid receptor remained unaf-
fected after BAPTA-AM incubation (103.4+20.0%, n=7;
fig. 1C), similar to the behavior of the chicken «9x10 receptor
(fig. 1A and supplementary table S1, Supplementary Material
online), indicating low calcium influx.

The two-electrode voltage clamp configuration allows us
to apply a voltage ramp to oocytes expressing nAChRs, mea-
sure the current through the activated channels at different
holding potentials and then plot the current/voltage (1-V)
curves. @910 receptors are nonspecific cation channels, per-
meable to Na*, K* and Ca®*, under physiological conditions.
In order to estimate the relative Ca* permeability of recom-
binant receptors, we measured the reversal potential (E,e,) as
a function of extracellular Ca®* concentration (0.2-5mM)
and fitted the data to the extended Goldman-Hodgkin—
Katz (GHK) equation. E,, is the zero-current potential in
figure 2, for example, the potential at which the current re-
verses sign. Only changes in extracellular concentration of
permeating ions will affect the E,.,. For the homomeric rat
a9 receptor, E,., showed a dependence on extracellular cal-
cium similar to that of the heteromeric rat 9«10 receptor
(fig. 2A left panel and B; insets show a zoom near the E,, for
0.5 and 5mM Ca’*). Accordingly, the fit of these data to the
extended GHK equation vyielded a high calcium permeability
ratio (pCa/pNa, 6.1% 1.2, n=4), like that of the rat «9«10
receptor (7.9 = 0.6, n = 11; P = 0.1820; supplementary table S1,
Supplementary Material online). Conversely, the pCa/pNa
value for the chicken a9 receptor (2.6 0.3, n = 12) was sim-
ilar to that obtained for the chicken «9a10 receptor
(23403, n=9; P=0.5098; fig. 2A center panel and B; sup-
plementary table S1, Supplementary Material online) but over
three times lower than that of rat «9¢:10 (P < 0.0007; supple-
mentary table S1, Supplementary Material online). Finally, the
chicken @10 homomeric receptor had a high pCa/pNa
(69+1.0, n=8), similar to that of the rat «9«10 receptor
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Fic. 2. Homomeric and hybrid receptors have different relative calcium permeabilities. (A) Representative -V curves obtained by application of voltage
ramps (—120 to +50 mV, 2s) at the plateau of the response to 100 M ACh in oocytes superfused with NMG"-based solutions containing different
Ca®* concentrations (0.5 mM, gray and 5 mM, black) for oocytes expressing either rat 9 (upper left), chicken a9 (upper middle), or chicken 10 (upper
right) nAChRs. Insets: Magnification near the E,,. (B) Plot of E,., values as a function of extracellular Ca®* concentration for rat «9, chicken &9, and
chicken or10 homomeric nAChRs. E,, values for rat @910 (red) and chicken o910 (blue) are shown for comparison. Values are mean £ SEM of 4-12
experiments per group. Solid lines are fit to the GHK equation (see Materials and Methods). (C) Idem as in (A) for oocytes expressing rat a9/chicken 10
hybrid nAChRs. (D) Idem as in (B) for the rat «9/chicken «10 hybrid nAChR.

(P =0.3907; fig. 2A right panel and B; supplementary table S1,
Supplementary Material online). Figure 2C shows representa-
tive 1=V curves for the rat o9/chicken 10 hybrid receptor
and figure 2D, E,, as a function of extracellular calcium con-
centration. Consistent with the results obtained from the
evaluation of the activation of ICl, (fig. 1C), the rat o9/
chicken a10 hybrid had a high pCa/pNa (9.0+ 1.0, n=7),
similar to that of the rat @910 receptor (P = 0.3013; supple-
mentary table S1, Supplementary Material online). Thus, the
chicken 10 subunit has no determinants capable of affecting
the calcium permeability of the o910 receptor.

Figure 3 summarizes the conclusions drawn from the
above experiments: Whenever a receptor has a rat «9 subunit
(red circle), whether homomeric, heteromeric, or hybrid, the
activation of the IClc, is high (reduced percentage of response
after BAPTA, fig. 3A) and thus the relative calcium perme-
ability is high (fig. 3B). On the contrary, whenever a receptor
contains a chicken a9 subunit (blue circle), the activation of
the IClc, is low (fig. 3A) and thus the relative calcium perme-
ability is low (fig. 3B). Therefore, the high relative calcium
permeability of the mammalian «9«10 nicotinic receptor re-
sults from molecular determinants present in the &9 subunit
and not the 10 subunit as previously suggested by the
codon-based maximum-likelihood analysis of positive selec-
tion (Franchini and Elgoyhen 2006; Lipovsek et al. 2012).

Molecular Evolution of Mammalian «9 Subunits

The experiments described in the first section allocate the
differences in the extent of calcium permeability of «9c:10

receptors to the a9 subunit. However, previous analysis per-
formed on a9 coding sequences from 13 vertebrate species
found no evidences of positive selection in any region of the
a9 protein or in any lineage of the vertebrate phylogeny
(Franchini and Elgoyhen 2006). We now extend this analysis
to @9 subunit coding sequences from 52 vertebrate species,
including the relevant addition of six avian/reptile species.
The alignment in supplementary figure S1, Supplementary
Material online, shows all extant sequences used in the anal-
ysis; accession numbers are listed in supplementary table S2,
Supplementary Material online. We performed the branch-
site test of positive selection, which detects the presence of
sites under positive selection within a given gene in specific
lineages of a phylogeny (Yang and Nielsen 2002; Zhang et al.
2005). The mammalian, eutherian, and sauropsid lineages
were used as foreground branches in separate analyses. As
shown in table 1, we found no statistically significant evidence
of positive selection on the o9 subunit coding sequence.
Nonetheless, as the functional studies unequivocally indicate
that differences in calcium permeability are determined by
the a9 subunit, these could be conferred by the small number
of amino acid differences observed between lineages and that
are not detected by the positive selection analyses.

In order to further our insight into the evolutionary history
of the a9 subunit coding sequences and their limited number
of nonsynonymous substitutions across lineages, we per-
formed an ancestral sequence reconstruction for all the
nodes of the phylogeny depicted in supplementary figure
S2, Supplementary Material online. Our aim was to pinpoint
the occurrence of amino acid substitutions specific to each
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Fic. 3. The a9 nAChR subunit defines the extent of calcium perme-
ability of «9a10 receptors. (A) Percentage response to 100 uM ACh
after 3-h incubation with the fast calcium chelator BAPTA-AM for
heteromeric, homomeric, and hybrid nAChRs. The percentage of the
initial response remaining after BAPTA incubation was determined for
each oocyte individually and then averaged for each receptor. Values are
mean £ SEM. (B) Relative calcium permeability (pCa/pNa) as deter-
mined from fitting E,., data, as a function of extracellular calcium con-
centration, to the GHK equation extended to include divalent cations.
Values are mean = SEM. Note that whenever a rat «9 subunit is present
calcium permeability is high and whenever a chicken @9 subunit is
present the calcium permeability is low.

Table 1. Likelihood Value Estimates for the Branch-Site and Null
Hypothesis Models.

Branch Site Models Log Likelihood LRT P(z%)
Mammalia
Branch site —20,543.177331 0.008944 0.9246
Null hypothesis —20,543.186275
Eutheria
Branch site —20,546.529218 0.112204 0.7376
Null hypothesis —20,546.641422
Sauropsida
Branch site —20,548.677492 0 1
Null hypothesis —20,548.67749%4

Note—The branch-site test for positive evolution was conducted separately three
times using mammals (Mammalia), placental mammals (Eutheria), and birds/reptiles
(Sauropsida) as the foreground lineage. LRT =2 x (In LHa — InLH,). Ha, branch-site
model; Hy, null hypothesis; InL, log-likelihood.
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major group. The alignment of supplementary figure S1,
Supplementary Material online, shows all extant sequences
used in the analysis, together with the predicted ancestral
sequences of the major nodes.

Overall, a greater degree of divergence from the common
amniote ancestor was observed for the mammalian than for
the sauropsid (birds and reptiles) lineage (see also branch
lengths in supplementary fig. S2, Supplementary Material
online). A close inspection of the alignment of extant se-
quences and those predicted for the major nodes showed
that, when comparing mammalian versus sauropsid «9
amino acid sequences, both branching from the ancestral
amniote, 42 sites showed nonsynonymous branch-specific
substitutions (highlighted in the alignment). Supplementary
table S3, Supplementary Material online, shows the character
state and its corresponding marginal posterior probability for
each of these sites for all the major nodes of the phylogeny
and representative species of each group. Figure 4A summa-
rizes the evolutionary history of these sites, showing only
residues corresponding to the extant rat and chicken «9 se-
quences, the predicted ancestral sequences for their corre-
sponding groups (Eutheria and Diapsida, respectively), and
the predicted common amniote «9 ancestral sequence. The
amniote ancestral sequence shared 36 of these 42 amino acids
with the diapsid (and sauropsid) lineage. On the other hand,
it only shared six amino acids with eutheria (five with
Boreoeutheria) (fig. 4A). The observed asymmetry of se-
quence divergence after the split from the ancestral amniote
suggests that the high calcium permeability observed on
mammalian o910 receptors might be the divergent charac-
ter state; that is, the @910 receptor of the ancestral amniote
may have had low calcium permeability. If this were the case,
some of the nonsynonymous substitutions that accumulated
along the evolutionary history of the mammalian lineage
should have bestowed the high calcium permeability ob-
served in 910 receptors of extant mammals.

Three Mammalian-Specific Amino Acid Substitutions
Confer High Calcium Permeability to Mammalian
9010 nAChRs

In order to determine which of the 37 nonsynonymous sub-
stitutions acquired during the evolutionary history of mam-
malian o9 subunits are responsible for the resultant increase
in calcium permeability, we first singled out those differing
residues located in regions of the receptor known to affect ion
selectivity (highlighted in blue in fig. 4B). Two residues are
located in the extracellular vestibule (D110 and $127), four at
or flanking the TM2 pore-lining domain (A264(-4'), 1275(7'),
M279(11"), and A292(24')), whereas the remaining seven res-
idues (K433, L435, K436, T441, N442, S443, and S446) are in
the membrane associated (MA) a-helix of the intracellular
domain (rat «9 numbering—and for the TM2 domain, num-
bering after Miller [1989]). The phylogeny of figure 4C shows
the evolutionary history of the six sites located at the extra-
cellular and TM2 domains, clearly illustrating that the nonsyn-
onymous substitutions are exclusive to the mammalian
lineage.
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Fic. 4. Ancestral sequence reconstruction allocates nonsynonymous substitutions to the mammalian lineage. (A) Amino acid residues present at the 42
clade-specific sites for the rat and chicken o9 extant sequences and eutheria, diapsida, and amniote predicted ancestral «9 sequences. Red, mammalian
residue; blue, sauropsid residue; green, tetrapod residue. Note that the majority of the residues present in the predicted ancestral amniote sequence
corresponds to sauropsid residues. (B) Structure of the Torpedo californica nAChR (2bg9; Unwin 2005) showing, in blue, the homologous location of the
sites that present clade-specific nonsynonymous substitutions and are positioned along the ion conduction pathway. Clade-specific sites K433, L435,
K436, T441, N442, S443, and S446 of the MA a-helix are also highlighted in blue. Two subunits were removed for a better view of the channel. The pore-
lining transmembrane domain 2 a-helices are highlighted in pink. (C) Schematic phylogeny depicting the evolutionary history of the six sites analyzed by
site-directed mutagenesis: 110 and 127 at the extracellular vestibule, and 24, 11/, 7, and —4’ at, or flanking the TM2 domain (rat 9 and Miller 1989
numbering). For each site, the character state (amino acid) and the posterior probability of the marginal reconstruction are shown. Red, mammalian

residue; blue, sauropsid residue; white, residue present only in monotremes.

To test the effect on calcium permeability of the mamma-
lian branch-specific nonsynonymous substitutions located in
the extracellular and transmembrane domains, each amino
acid present on the rat &9 subunit was reversed to the cor-
responding residue on the predicted ancestral amniote sub-
unit. To evaluate the effect of all the substitutions
encountered in the highly variable intracellular domain, in-
cluding the seven clade-specific substitutions located in the
more conserved MA «-helix, we constructed a chimeric sub-
unit in which the entire intracellular domain of the rat o9
subunit was replaced by the intracellular domain of the
chicken @9 subunit. Mutant or chimeric rat &9 subunits
were coinjected with the wild-type rat «10 subunit.
Calcium permeability was evaluated, as before, by analyzing
the activation of the oocyte’s IClc, (fig. 5A and supplementary

table S1, Supplementary Material online) and by determining
the relative calcium permeability (pCa/pNa; fig. 5B and sup-
plementary fig. S3, Supplementary Material online).

The rat 910 mutant receptor bearing the D110N sub-
stitution, located at the extracellular vestibule, activated the
oocyte’s IClc, to a lesser extent (59.8 4 11.9% of remaining
current after BAPTA treatment, n =6; fig. 5A left panel and
supplementary table S1, Supplementary Material online)
than did the rat @910 wild-type counterpart (14.8 &= 3.1%,
n=12, P=0.0002 fig. 1A and supplementary table ST,
Supplementary Material online), indicating a reduction in cal-
cium influx. This substitution also reduced the relative cal-
cium permeability of the mutant receptor (5.5 £+ 0.3, n = 7; fig.
5B left panel and supplementary table S1, Supplementary
Material online), when compared with the wild-type rat
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Fic. 5. Mutations in the extracellular vestibule and the exit of the channel pore alter calcium permeability of the rat «9c¢ 10 receptor. (A) Representative
traces of responses evoked by 100 M ACh in oocytes expressing rat «9«10 single mutant receptors: rat ®9D110N«10 (left panel), rat «9S127F«10
(middle panel), and rat @9 A-4'Dar10 (right panel), before (left—black trace) and after (right—gray trace) a 3-h incubation with the fast calcium chelator
BAPTA-AM (Vhoia= —70 MV; [Ca®"loxeraceliuiar = 1.8 MM). Traces are representative of n=4-6 per group. (B) Plot of E, values as a function of
extracellular Ca®* concentration for rat 9D110N10 (left panel), rat «95127F10 (middle panel), and rat «9 A-4'Da10 (right panel) single mutant
receptors. E,, values for rat «9c10 (red) and chicken o910 (blue) are shown for comparison. Values are mean 4= SEM of 5-11 experiments per group.

Solid lines are fit to the GHK equation (see Materials and Methods).

9210 receptor (7.9 + 0.6, n = 11, P = 0.0206). The S127F sub-
stitution also produced a significant reduction of calcium
influx (49.4 4= 8.4% of remaining current after BAPTA, n=5,
P=0.0002; fig. 5A middle and supplementary table S1,
Supplementary Material online) and a significant decrease
in pCa/pNa (5404, n=5, P=0.0408; fig. 5B middle and
supplementary able S1, Supplementary Material online),
when compared with the wild-type rat o910 receptor.
These results indicate that these two residues located in the
vestibule of the receptor, away from the channel pore,
contribute to the selectivity for divalent versus monovalent
cations in the rat o910 receptor.

To further analyze whether these vestibule residues in fact
interact with passing calcium ions, we performed an MD
simulation on a homology model of the rat «9c10 receptor.
We applied a force vector to a hydrated calcium ion and
measured such force as the calcium was pushed into the
vestibule. The increase in force amplitude needed for the
calcium to move deeper into the channel, as simulation
time progresses, is an indicator of the strength of its interac-
tion with vestibule residues. Figure 6A shows a plot of the
force associated with calcium passage through the channel as
a function of simulation time (1.25 ns—five replicates). The
peaks (red arrows at 0.1, 0.7, and 1.1ns) indicate simulation
times where calcium interacts more strongly with particular
residues within the vestibule. Thus, as it transverses the ex-
tracellular vestibule, a calcium ion interacts first with residues
D110 and E129 of the 9 subunit (fig. 6B, at 0.1 ns) and res-
idues F39 and Y42 of the 10 subunit (all numbering after rat
«9). Then, it interacts with residues D124/D125 of the o9
subunit (fig. 6C, at 0.7 ns). Finally, the calcium ion interacts
with a number of highly conserved residues located at the
mouth of the channel pore: Residues E294 of the @9 and @10
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subunits, located in the respective TM2-TM3 loops, and res-
idues N74 of the o9 subunit and D71 and N74 of the «10
subunit, located in the respective 51-£2 loops (fig. 6D, at
1.1ns). Thus, this evidence shows a direct interaction of res-
idue D110 with permeating calcium. In addition, it positions
residue S127 between two consecutive interaction sites, E129
and D124/D125, denoting the relevance of the two mamma-
lian specific substitutions, located at the receptor vestibule,
on the calcium permeation mechanism.

When considering the residues located at or near the TM2
pore-lining domain of the rat «9c10 receptor, neither substi-
tutions A24'P, 17'V nor M17L had a significant effect on
either the activation of the oocyte’s ICl, or the relative cal-
cium permeability (pCa/pNa) (supplementary table ST,
Supplementary Material online, and fig. S3). In contrast, the
A-4'D substitution, located in an intracellular ring of charged
residues (Imoto et al. 1988), produced a significant decrease in
the activation of the oocyte’s IClc, (59.5+ 5.9% of current
remaining after BAPTA treatment, n=4; fig. 5A right and
supplementary table S1, Supplementary Material online),
when compared with the rat @910 wild-type counterpart
(14.8£3.1%, n=12, P < 0.0007; fig. 1A and supplementary
table S1, Supplementary Material online). Accordingly, the
A-4'D substitution also produced a significant reduction of
the relative calcium permeability (4.8+£0.3, n=11; fig. 5B
right panel and supplementary table S1, Supplementary
Material online), when compared with the rat «9«10 wild-
type receptor (7.9 & 0.6, n = 11, P = 0.0002). Finally, the com-
plete exchange of the intracellular domain, encompassing the
seven clade-specific substitutions of the MA «-helix to render
the rat «9(IC-chicken @9)x 10 chimeric receptor, had no effect
on relative calcium permeability (supplementary table ST,
Supplementary Material online, and fig. S3).
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Fic. 6. MD simulation shows calcium interaction with residues in the extracellular vestibule. (A) Force associated with hydrated calcium passage
through the channel vestibule, as a function of simulation time. Red arrows indicate force peaks that denote interactions with channel residues at
different times along the trajectory. (B-D) Structure of the homology model of the rat «9x10 receptor showing the passage of a calcium ion (purple)
through the channel vestibule at different simulation times. Residues D110 and S127, analyzed by site-directed mutagenesis, are highlighted in light blue.
Other residues interacting with the calcium ion are highlighted in yellow (a9 subunit) and green (10 subunit). Dark gray, a9 subunits; light gray, «10
subunit. Two «10 subunits and water molecules were removed for a better view of the vestibule. A close-up of the interactions is shown in the middle
panels. Dotted blue lines indicate interactions of the calcium ion with channel residues; the corresponding interaction distances are shown alongside in
A. (B) 0.1 ns: calcium interacts with residues D110 and E129 of the &9 subunit and with residues F38 and Y41 of one of the removed 10 subunits. (C)
0.7 ns: calcium interacts with D124 and D125 of the @9 subunit. (D) 1.1 ns: calcium interacts with residues E294 of the o9 subunit and E293 of the «10
subunit, located in the respective TM2-TM3 loops, and with residues N74 of the o9 subunit and D70 and N73 of the «10 subunit, located in the

respective 51-2 loops.

In summary, only substitutions D110N, S127F, and A-4'D
reduced the calcium permeability of the rat @910 wild-type
receptor, albeit none to the full extent of the low calcium
permeability observed for the chicken @9a10 nAChR.
Therefore, we subsequently incorporated all three substitu-
tions into the rat @9 subunit. This triple mutant rat @910
receptor showed low calcium influx (100.5 4 13.9% of re-
maining current after BAPTA, n = 6; fig. 7A and supplemen-
tary table S1, Supplementary Material online), similar to that
observed for the chicken «9210 nAChR (P=0.9924).
Accordingly, the presence of all three substitutions reduced
almost 3-fold the relative calcium permeability of the rat
o910 triple mutant nAChR to a pCa/pNa value (3.2 404,
n=7) comparable to that of the chicken counterpart
(23£03, n=9, P=0.0541; fig. 7B and supplementary table
S1, Supplementary Material online). Altogether, these results
show that the occurrence of only three nonsynonymous sub-
stitutions within the @9 subunit was sufficient to increase the
calcium permeability of the mammalian o910 receptor, an

evolutionary event that occurred after the split from the
amniote ancestor.

The Increase in Calcium Permeability Is Exclusive to
the Mammalian Lineage

The three amino acids identified as determinants of the in-
crease in calcium permeability of mammalian «9«10 recep-
tors represent nonsynonymous substitutions, which are
exclusive to the mammalian lineage. We next asked whether
the introduction of these amino acids into the chicken a9
subunit can lead to a high calcium permeable chicken «9¢:10
receptor. Accordingly, we mutated each one of the three
amino acid residues in the chicken a9 subunit to the corre-
sponding residue present in mammalian «9 subunits and
expressed mutant receptors with the wild-type chicken «10
subunit.

Substitutions N110D and F127S in the extracellular vesti-
bule did not modify the relative calcium permeability, when
mutated individually (fig. 8A and supplementary table S1,
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Fic. 7. The rat ®9N110D/S127F/A-4' D10 triple mutant shows avian-
like low calcium permeability. (A) Representative traces of responses
evoked by 100 .tM ACh in oocytes expressing the rat «9N110D/S127F/
A-4Da10 triple mutant receptor, before (left—black trace) and after
(right—gray trace) a 3-h incubation with the fast calcium chelator
BAPTA-AM (Vhoia = —70 MV; [Ca®" Jaxeraceliuar = 1.8 MM). Traces are rep-
resentative of n =6. (B) Plot of E,, values as a function of extracellular
Ca®* concentration for the rat ®9N110D/5127F/A-4 Da10 triple mutant
receptor. E, values for rat 910 (red) and chicken 9«10 (blue) are
shown for comparison. Values are mean = SEM of 7-11 experiments
per group. Solid lines are fit to the GHK equation (see Materials and
Methods).

Supplementary Material online). The D-4’A substitution pro-
duced a significant increase in the relative calcium permeabil-
ity (pCa/pNa: 3.7+ 0.4, n=11; fig. 8B and supplementary
table S1, Supplementary Material online), when compared
with the wild-type chicken o910 receptor (2.3+0.3, n=9,
P =0.0070). When N110D and F127S were incorporated to-
gether with the D-4'A substitution, the relative calcium to
monovalent permeability did not differ from that of the
chicken wild-type receptor (pCa/pNa=27£03, n=6
P =0.3238; fig. 8B). These results indicate that the introduc-
tion of the mammalian-specific substitutions within the con-
text of the chicken o910 receptor does not reproduce the
high calcium permeability described for mammalian o910
receptors, and further support the conclusion that the
increased calcium permeability of «9c:10 nAChRs is a mam-
malian-specific event.

In order to further explore a plausible underlying mecha-
nism for this paradoxical observation, we generated homol-
ogy models for rat and chicken o9¢:10 wild-type and mutated
receptors at positions 110, 127, and 4’ and performed an
analysis of the electrostatic potential of channel vestibules.
Figure 9A shows the rat «9c10 wild-type receptor as an ex-
ample; shaded in gray is the electrostatic potential of a lon-
gitudinal plane that cuts midsagitally through the receptor
(the position of the plane is shown in the rotated upper view
of the receptor in the left panel). The values for the potential
were measured along a central Z axis (dotted line in fig. 9A)
and are plotted, for all four receptors, in figure 9B. At close
proximity to the mutations (purple asterisks) we observed
only slight modifications of the electrostatic potential, albeit
of the expected sign; for example, the change of the negative
D110 and polar S127 of the rat &9 subunit, for the polar N and
hydrophobic F, resulted in a less negative potential, whereas
the opposite changes within the chicken a9 subunit caused
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the reverse effect. Noticeably, these mutations had a stronger
long range effect on the electrostatic potential at the deepest
portion of the vestibule, immediately before the entrance to
the transmembrane region (TM), the region that corresponds
to the third calcium interaction site, at 1.1 ns of simulation
time, as described in the MD simulations (see fig. 6). Thus, in
the case of the rat #9010 receptor, the presence of the D110N
and S127F substitutions decreased the electrostatic potential
in this deep region of the vestibule, to an extent similar to that
of the chicken wild-type a9 10 receptor in accordance with
the predicted, and observed, reduction in calcium permeabil-
ity. On the contrary, the reverse substitutions, N110D and
F127S, on the chicken o9c¢10 receptor did not bring the elec-
trostatic potential closer to the less electronegative potential
observed for the rat wild-type receptor, but further apart, in
accordance with the lack of increase in calcium permeability
seen for the mutant chicken «9«10 receptor. This further
supports the conclusion that the accumulation of nonsynon-
ymous substitutions within the @9 subunit which affect cal-
cium permeability is a mammalian-specific event.

Discussion

This work unravels, at the molecular level, the evolutionary
history that led to the acquisition of high calcium permeabil-
ity of mammalian 910 nAChRs. As determined by ancestral
sequence reconstruction, and functional and structural anal-
yses, three mammalian-specific nonsynonymous substitu-
tions present at the extracellular vestibule and at the exit of
the channel pore of the «9 subunit are directly involved.
Moreover, we show that these three critical substitutions
only increase calcium permeability in the context of the
mammalian (rat), and not avian (chicken), receptor. This
highlights the importance of overall protein structure on de-
fining functional properties. It is worth noting that the codon-
based maximum-likelihood analysis failed to detect signatures
of positive selection on the a9 subunits. Given the functional
relevance of the extent of calcium permeability of o910
receptors for the operation of the efferent olivocochlear
system (Elgoyhen and Katz 2012; Lipovsek et al. 2012, and
discussed below) and the experimental evidence presented
here that identifies nonsynonymous substitutions specific for
the mammalian o9 subunits as directly involved in this prop-
erty, we suggest that this is a case of plausible phenotypic
adaptation in the absence of sequence-based signals (Hughes
2008). This has been reported before for vertebrate opsins
(Yokoyama et al. 2008) and voltage sensitive phosphatases
(Sutton et al. 2012). Moreover, our results open numerous
questions as to what, if any, were the functional consequences
of the strong signals of positive selection reported for the «10
subunits (Franchini and Elgoyhen 2006; Lipovsek et al. 2012).

Molecular Evolution of Calcium Permeability of
o9a10 Receptors

Historically, the study of structure—function properties of
neurotransmitter receptors, though based on structural
models, has taken a “trial and error” approach, in which
the participation of a residue was arbitrarily tested by
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vestibule. Location of the plane is shown on an upper view of the receptor (left panel). Only the subunits at the plane of the section are shown. The
dotted black line denotes the location of the central Z axis. The dotted light blue lines denote the location of the three sites of calcium interaction
corresponding to 0.1-, 0.7 - and 1.1-ns simulation times, as depicted in figure 6. Position of the two amino acid substitutions studied is denoted by
purple asterisks. (B) Electrostatic potential determined at the central Z axis for rat and chicken o910 wild-type and mutant receptors, spanning the
entire length of the vestibule. Purple asterisks denote the location of substituted residues 110 and 127.

site-directed mutagenesis. Even though this approach has
been successful in describing many properties of nAChRs
(Corringer et al. 2000), such mutations are not necessarily
related to the evolutionary processes that shaped the primary
structure, and hence, the functional characteristics of the
different subunits. Thus, the phylogenetic difference in cal-
cium permeability between rat and chicken o910 nAChRs,
together with the ancestral sequence reconstruction, provides
a unique roadmap to study how evolutionary processes have
shaped this functional property.

Following the initial notion that the TM2 a-helices line the
channel pore (Leonard et al. 1988) and that the TM2 flanking
rings of charged residues, at positions -4, -1/, and 20/, are
crucial determinants of channel conductance (Imoto et al.
1988), the molecular determinants of ion permeation of Cys-

loop receptors were, almost axiomatically, searched for and
allocated to the pore-lining TM2 «-helices and flanking rings
(Imoto et al. 1997; Villarroel et al. 1991; X Konno et al. 19971;
Cohen et al. 1992; Galzi et al. 1992; Villarroel and Sakmann
1992; Wang and Imoto 1992; Bertrand et al. 1993; Jensen et al.
2005). For calcium permeability in particular, the participation
of residues at sites 7,9, 12/, 16/, 17’ of the TM2 domain, -1" at
the intermediate ring, and 20’ at the extracellular ring has
been reported for a7, ®4p82, o384 and/or «1815¢ nAChRs
(Galzi et al. 1992; Bertrand et al. 1993; Fucile et al. 2000;
Haghighi and Cooper 2000; Fucile, Sucapane, Grassi, et al.
2006; Di Castro et al. 2007; Tapia et al. 2007). Our sequence
analysis shows that the TM2 domain and flanking regions are
highly conserved in «9c:10 nAChRs (see Lipovsek et al. 2012
for «10 alignments and supplementary fig. S1, Supplementary
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Material online, for &9 alignments), with the exception of sites
-4,7',17', and 24’ of the &9 subunit, studied in this work. The
observation that mutation of residues located at positions 7,
17, and 24’ to their amniote ancestral state does not alter
calcium permeability indicates that the TM2 region was not
affected by the evolutionary process that rendered a high
calcium permeable mammalian «910 nAChR.

The finding that residue A-4, of the intracellular ring at the
exit of the channel pore, is a determinant of calcium perme-
ability of @910 nAChRs also differs from that reported for
other nicotinic receptors (Corringer et al. 1999; Haghighi and
Cooper 2000). It is important to note that this site is highly
conserved among nAChRs and that «9 subunits are unique in
showing a branch-specific substitution at this position, with
mammalian @9 subunits being the only ones bearing a
nonpolar uncharged residue (alanine). The increase in cal-
cium permeability, due to the A for D nonsynonymous sub-
stitution in mammalian 9 subunits, probably results from a
reduced negative electrostatic potential at the end of the pore
region of the channel that would otherwise interfere with the
exit of calcium. However, this effect is highly dependent upon
the overall protein context, as the same D for A substitution
does not affect the extent of calcium permeability of the
a3 4 receptor (Haghighi and Cooper 2000) or of the highly
calcium permeable «7 receptor (Corringer et al. 1999).

The participation of the extracellular vestibule of nAChRs
in ion conductance and selectivity was proposed early on by
theoretical modeling (Dani 1986). MD simulations, performed
on a homology model of the muscle nAChR, revealed the
interaction of three rings of residues located within the ex-
tracellular vestibule (positions E83, D97, and N47 of the
human o1 subunit) with passing sodium ions (Wang et al.
2008). Moreover, the innermost ring has been implicated in
calcium permeability in the human 5-HT;4 high conductance
mutant receptor and the rat @7 nAChR (Hansen et al. 2008;
Livesey et al. 2011; Colon-Saez and Yakel 2014). The present
MD simulations, performed on a homology model of the rat
9010 nAChR, additionally show a close interaction of a per-
meating calcium ion with residues located at three sites ho-
mologous to those three rings of residues. Moreover, we
provide experimental evidence showing that two residues
located at the upper ring (D110) and near the middle ring
(S127) of the extracellular vestibule are directly involved in the
evolutionary process that rendered the mammalian «9¢:10
receptor highly calcium permeable. The introduction of a
negative charge at position 110 in @9 mammalian subunits
may have enhanced the attraction of calcium ions into the
channel vestibule. The change from phenylalanine to serine at
position 127 in the mammalian &9 subunits replaced a bulky
hydrophobic residue with a small hydrophilic one. This oc-
curred at a strategic location between two major sites for
calcium interaction. This amino acid change could have pro-
duced a better exposure of the adjacent E129 and D124/D125
to calcium ions and/or may have favored calcium permeabil-
ity by eliminating the steric hindrance caused by the phenyl-
alanine side chain. The observation that wild-type rat «9¢:10
nAChRs had a subtle more negative electrostatic potential at
the level of S127 than the double D110N/S127F mutant
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receptor might support the former. Most important, the re-
sults from the analysis of the electrostatic potentials show
that the mammalian-specific nonsynonymous substitutions
have a long range effect at the deepest region of the vestibule,
making the potential significantly less negative, likely favoring
the passage of bulky hydrated calcium ions into the trans-
membrane domain. Contrary to expectation, in the case of
chicken receptors the introduction of mammalian-specific
residues at positions 110 and 127 produced a long range
alteration to a more negative electrostatic potential at the
end of the vestibule, likely further impeding the passage of
calcium ions into the channel pore and thus accounting for
the observation that the introduction of rat residues into a
chicken protein background does not increase calcium per-
meability. Altogether, our functional and in silico study of the
vestibule region of o910 receptors indicates that the extra-
cellular vestibule participates in divalent to monovalent
cation selection and further supports the notion that this
region of the channel is involved in the concentration and
selection of permeating ions based on electrostatic interac-
tions (Dani 1986; Song and Corry 2009).

A Mammalian-Specific Increase in Calcium
Permeability of «9c¢10 nAChRs

The observation that the introduction of mammalian-specific
substitutions within the context of the chicken o9« 10 recep-
tor did not completely reproduce the increase in calcium
permeability described for mammalian receptors suggests
that the consequences of a given substitution greatly
depend on the overall sequence (and hence structure) of
the protein, a phenomena referred to as epistasis. It is also
in agreement with the long standing notion that proteins
evolve by a combination of neutral drift and functionally se-
lected substitutions, implying that the effect of an adaptive
mutation depends on the presence of other, possibly
nonadaptive changes (Zuckerkandl and Pauling 1965;
Bloom and Arnold 2009). This has been reported for the
evolution of several protein families, including steroid recep-
tors (Bridgham et al. 2009), opsins (Yokoyama et al. 2008), and
coral GFP-like proteins (Field and Matz 2010) (reviewed in
Harms and Thornton 2010) and extensively documented in
directed evolution experiments (Weinreich et al. 2006). It can
also be observed while performing horizontal comparisons
within the superfamily of Cys-loop receptors, for which nonre-
ciprocal functional effects upon reciprocal amino acid
changes have been reported, albeit not fully acknowledged
as epistatic in nature (e.g, cation vs. anion selectivity [re-
viewed in Keramidas et al. 2004] and divalent cation selectiv-
ity [Bertrand et al. 1993; Corringer et al. 1999; Fucile et al. 2000;
Haghighi and Cooper 2000; Plazas et al. 2005; and this work]).
Similar effects have also been demonstrated for horizontal
comparisons of calcium permeability on glutamate receptors
(Jatzke et al. 2003). The observation that the reciprocal rat/
chicken mutations at positions 110 and 127 of the extracel-
lular vestibule of the o9 subunit did not reverse the calcium
permeability phenotype, nor produce reciprocal long range
changes in electrostatic potentials, indicates the occurrence of
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differential epistatic phenomena even between closely related
orthologous proteins. In addition, the present results further
support the notion that horizontal comparisons rarely iden-
tify the combination of residues sufficient to swap the func-
tion of one protein to that of another, as they ignore
evolutionary history. Horizontal comparisons of extant pro-
teins involve only the ends of the evolutionary tree, whereas
protein function evolved as mutations accumulated vertically
through time in ancestral protein lineages (Harms and
Thornton 2010).

The results presented in this work suggest that the evolu-
tionary processes that brought about the increase on the
extent of calcium permeability of «9c¢10 receptors were spe-
cific to the mammalian lineage. This receptor participates in
the efferent control of cochlear amplification in all verte-
brates, thereby modifying the dynamic range of hearing.
ACh-mediated receptor opening leads to hyperpolarization
of hair cells, which is brought about by activation of calcium
sensitive potassium channels (Fuchs and Murrow 19923,
1992b; Glowatzki and Fuchs 2000). Thus, calcium entry
through the o910 nAChR plays a key role. The selection
pressure might have derived from the fact that large conduc-
tance, calcium and voltage-gated (BK) potassium channels
activated by ACh are expressed at efferent contacts and are
the basis for ACh-mediated hyperpolarization of outer hair
cells in higher frequency regions of the rat cochlea (Wersinger
et al. 2010), compared with cochlear low-frequency regions or
the chicken hearing organ, where hair cell hyperpolarization is
served by SK potassium channels (Fuchs and Murrow 1992a,
1992b; Glowatzki and Fuchs 2000; Samaranayake et al. 2004).
The calcium affinity of BK channels is 2 orders of magnitude
lower than that of SK channels (Fakler and Adelman 2008),
requiring higher calcium influx for activation. Thus, we pro-
pose that three amino acid changes within the o9 subunit,
together with other lineage-specific background changes,
were fixed along mammalian evolutionary history, and ren-
dered the mammalian hair cell nicotinic receptor highly cal-
cium permeable, presumably for enhanced efferent control of
the cochlea at high frequencies. These changes most likely
complemented other adaptations that support high fre-
quency hearing in mammals, such as the appearance of so-
matic electromotility in outer hair cells as a means of signal
amplification (Manley et al. 2004).

Materials and Methods

All experimental protocols were carried out in accordance
with the National Institutes of Health guide for the care
and use of laboratory animals as well as Institutional
Animal Care and Use Committee of Instituto de
Investigaciones en Ingenieria Genética y Biologia Molecular.

Expression of Recombinant Receptors in Xenopus
laevis Oocytes and Two-Electrode Voltage Clamp
Rat and chicken @9 and @10 cDNAs constructed in pSGEM, a
modified pGEM-HE vector suitable for Xenopus laevis oocyte
expression studies, were used as described previously
(Elgoyhen et al. 2007; Lipovsek et al. 2012). Capped cRNA

was transcribed in vitro using the RiboMAX Large-Scale
RNA Production System (Promega, Madison, WI), with plas-
mid linearized with Nhel. All amino acid substitutions were
incorporated by site-directed mutagenesis using the
QuickChange Il Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA). Chimeric subunits were generated by means
of fusion polymerase chain reaction (PCR) (Szewczyk et al.
2006). Final products were sequenced.

Xenopus laevis frogs were obtained from Nasco (Fort
Atkinson, WI). The maintenance of stage V and VI oocytes
has been described in detail elsewhere (Katz et al. 2000;
Weisstaub et al. 2002). Typically, oocytes were injected
with 50 nl of RNase-free water containing 0.01-1.0ng of
cRNAs (at a 1:1 molar ratio) and maintained in Barth's
solution at 18°C.

Electrophysiological recordings were performed 2—6 days
after cRNA injection under two-electrode voltage-clamp with
a Geneclamp 500 amplifier (Molecular Devices Inc, Sunny
Vale, CA). Both voltage and current electrodes were filled
with 3M KCl and had resistances of approximately 1-
2MQ. The preparation was grounded by means of an
Ag/AgCl wire in a 3M KCl solution connected to the bath
through a 3 M KCl agar bridge. During electrophysiological
recordings, oocytes were continuously superfused
(~10ml/min) with normal frog saline comprised of (mM):
115 NaCl, 2.5 KCl, 1.8 CaCl,, and 10 HEPES buffer, pH 7.2.
ACh was applied in the perfusion solution of the oocyte
chamber.

In order to minimize the activation of the native oocyte’s
Ca”*-sensitive chloride current, IClc, (Barish 1983), by Ca®*
entering through nAChRs, all experiments, unless otherwise
stated, were carried out in oocytes incubated with the mem-
brane permeant Ca”* chelator BAPTA-AM (100 2M) for 3 h
prior to electrophysiological recordings. This treatment has
been previously shown to effectively chelate intracellular Ca>*
ions and, therefore, to impair the activation of the IClc, (Katz
et al. 2000). In order to minimize the activation of the oocyte’s
nonselective inward current through a hemigap junction
channel in response to the reduction of the external divalent
cation concentration, all experiments were carried out in oo-
cytes injected with 7.5 ng of an oligonucleotide (5'-GCTTTAG
TAATTCCCATCCTGCCATGTTTC-3') antisense to connexin
C38 mRNA (Ebihara 1996).

In order to assess whether calcium ions are a major com-
ponent of the inward nicotinic current on the different o9/
«10 receptors, we took advantage of the oocyte’s endogenous
Ca”*-dependent CI~ channels as indirect reporters of calcium
entry through activated «9 and/or «10 nAChRs. Current am-
plitudes were measured, on normal frog saline, on the same
oocyte before and after a 3-h incubation in BAPTA-AM. The
percentage of the initial response remaining after BAPTA in-
cubation was determined for each oocyte individually.
Mean £ SEM of the percentage response after BAPTA was
then determined for each receptor.

The solution used for monovalent cation permeability
studies (pK/pNa) was, in mM: 10 HEPES, 0.5 CaCl,, 2 KCl,
10-96 NaCl, and 20-110 N-methyl glucamine (NMG") in
order to compensate for changes in osmolarity, pH adjusted
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to 7.2 with HCl. The solution used for the calcium permeabil-
ity studies (pCa/pNa) was, in mM: 10 HEPES, 0.2—5 CaCl,, and
100-120 NMG" in order to compensate for changes in os-
molarity, pH adjusted to 7.2 with HCl. In all the experiments,
oocytes were superfused for 2 min with the test solution
before the application of ACh and were transferred back to
normal frog saline for at least 3 min before changing to a
different test solution.

I-V relationships were obtained by applying 2-s voltage
ramps from —120 to +50mV, at the plateau response to
10 or 100 uM ACh from a holding potential (V)q4) of
—70mV. Leakage correction was performed by digital sub-
traction of the -V curve obtained by the same voltage ramp
protocol prior to the application of ACh. Generation of volt-
age protocols and data acquisition was performed using a
Digidata 1200 and the pClamp 7.0 software (Molecular
Devices Inc.). Data were analyzed using Clamp Fit from the
pClamp7.0 software and Graph Pad Prism 6.00 for Windows
(GraphPad Software, San Diego, CA).

The relative Ca>* to monovalent permeability was evalu-
ated by analyzing the shift in the reversal potential (E,,) as a
function of the extracellular Ca>* concentration. All monova-
lent cations in the extracellular medium were replaced by the
impermeant monovalent cation NMG" in order to enhance
the shift in E,., upon variation of Ca”*, as previously described
(Ferrer-Montiel and Montal 1993; Katz et al. 2000; Sgard et al.
2002; Weisstaub et al. 2002). The internal concentrations of
Na® and K" used in the calculations were 10 and 110 mM,
respectively (Costa et al. 1989). The relative pCa/pNa was
calculated with the GHK constant field voltage equation as-
suming no anion permeability and extended to include diva-
lent cations (Lewis 1979). The relative pK/pNa used for the
calculations was experimentally determined for all receptors
by analyzing the shift in the reversal potential (E,.,) as a func-
tion of the extracellular Na* concentration and fitting the
data to the GHK equation as previously described (Bertrand
et al. 1993; Ferrer-Montiel and Montal 1993). Permeability
ratios were calculated for each oocyte and then averaged;
values are the mean 4= SEM. E, in normal frog saline was
determined for all receptors to further evaluate monovalent
relative permeability. The pK/pNa values obtained are de-
picted in supplementary table S4, Supplementary Material
online.

For several mutant receptors evaluated we identified a
change in the pK/pNa relative monovalent cation permeabil-
ity, with respect to that of the corresponding wild-type re-
ceptor. For these mutant receptors, we also observed a
significant change in the E., determined in normal frog
saline (supplementary table S4, Supplementary Material
online). As @910 receptors show a very prominent K* out-
ward current that contributes to the E,, these changes in
pK/pNa had a profound effect on the E., shifts observed
while changing the extracellular calcium concentration. In
those cases, in order to compare the shifts in E,, elicited by
changes in extracellular calcium concentration independently
of the differences in pK/pNa between mutant and wild-type
receptors, the E,, values of the mutant receptors, plotted in
the E,e, versus [Ca®"] graphs were normalized to the values as
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expected for the pK/pNa determined for the corresponding
wild-type receptor.

Statistics and Reagents

Statistical analysis was performed on Graph Pad Prism 6.00 for
Windows (GraphPad Software). Statistical significance was
evaluated by the Student’s t-test (two-tailed, unpaired sam-
ples), corrected for multiple comparisons using the Holm—
Sidak method. P < 0.05 was considered significant. All salts,
BAPTA-AM, NMG", HEPES, and ACh chloride were pur-
chased from Sigma Chemical Co. ACh chloride was dissolved
in distilled water as a 100 mM stock and stored in aliquots at
—20°C. BAPTA-AM was stored at —20°C as aliquots of a
100 mM solution in dimethyl sulfoxide, thawed, and diluted
1,000-fold into Barth'’s solution shortly before incubation of
the oocytes.

Sequence Analysis and Ancestral Sequence
Reconstruction

Coding sequences for the o9 subunit of 52 vertebrate species
were downloaded from GenBank (www.ncbinlm.nih.gov/
genbank, last accessed September 11, 2014), Ensembl (www.
ensembl.org, last accessed September 11, 2014), or UCSC
(http://genome.ucscedu/, last accessed September 11, 2014)
databases. The alignment used for the branch-site test for
positive selection and ancestral sequence reconstruction is
shown in supplementary figure S1, Supplementary Material
online, and accession numbers are listed in supplementary
table S2, Supplementary Material online. All sequences were
visually inspected, and missing exons were obtained from the
NCBI Genome Project traces database (http://blast.ncbi.nlm.
nih.gov/Blast.cgj, last accessed September 11, 2014). Sequence
alignment was performed using the ClustalW tool imple-
mented in the MEGA5 software (Tamura et al. 2011)
(www.megasoftware.net, last accessed September 11, 2014),
visually inspected, and manually edited.

To test for the presence of positive selection, we applied
the branch-site test of positive selection developed by Yang
and coworkers (Yang 2007; Yang and Nielsen 2002; Zhang
et al. 2005) using the “codeml” program implemented in
PAML. The branch-site model allows w, the ratio of nonsyn-
onymous to synonymous substitution rate, to vary both
among sites in the protein and across branches on the tree
and requires the a priori specification of foreground (the
branch of interest) and background (all other branches) lin-
eages within the phylogeny. Accordingly, the analysis assigns
each site in the protein to one of three site classes. Class 0 and
1 sites include codons that are conserved (0 < wy < 1) or
neutral (w; = 1) throughout the tree and have the same w
value in the background and foreground lineages; codons
assigned to class 2 sites are conserved or neutral on the back-
ground branches but become under positive selection on the
foreground branches, with @, > 1. The test aims to detect
positive selection affecting a few sites along the foreground
lineage (the class 2 sites) by comparing the branch-site model
(Ha), in which class 2 sites are under positive selection (with @
» > 1), to a null model (Hy) in which class 2 sites are neutral
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(with @, = 1) through a likelihood ratio test (LRT). The LRT
(twice the log-likelihood difference between the two models)
is compared with a x> distribution with the degrees of
freedom equal to the difference in parameters between
the two models. This analysis was conducted separately
three times, using either the mammalian, eutherian, or saur-
opsid lineages as foreground lineages.

With the exception of the C-terminal portion which is
conserved and forms a well-described a-helix (the MA «-
helix), the intracellular domain located between TM3 and
TM4 is the most variable region of all nicotinic subunits show-
ing a great number of insertions, deletions, and nonsynony-
mous substitutions, even when comparing the same subunit
from different species. This precludes the accurate prediction
of ancestral sequences for this portion of the protein and was
therefore not included it in the ancestral sequence recon-
struction analysis.

Ancestral sequence reconstruction was performed on the
Datamonkey web server (http://www.datamonkey.org/, last
accessed September 11, 2014) (Delport et al. 2010), imple-
menting a model-based, maximum-likelihood approach
(Yang et al. 1995). For the nucleotide sequences, the best-
fitting nucleotide model was inferred from the alignment. For
amino acid sequences, the JTT rate matrix (Jones et al. 1992)
was determined to best fit the data and used in the analysis.
The character state and its marginal posterior probability
were determined for each site at each of the internal nodes
of the phylogeny depicted in supplementary figure S2,
Supplementary Material online. Inferred sequences for the
major nodes are included in the alignment of supplementary
figure S1, Supplementary Material online.

Homology Modeling, MD Simulation, and
Determination of Electrostatic Potentials

We used the comparative protein structural modeling pro-
gram, MODELLER9v6 (Sali and Blundell 1993) to generate
homology models of the rat and chicken 9010 nAChRs,
wild type and 110 and 127 mutants, using the Torpedo
nAChR structural model (2BG9; Unwin 2005) as template.
Alignment was performed using the Multalin server
(Corpet 1988). Modeling was performed using standard pa-
rameters, for 100 runs. The outcomes were ranked on the
basis of the internal scoring function and the best models
were chosen.

For the MD simulations performed on the wild-type
9210 nAChR, the best model chosen from the homology
modelling was used as the target model and imbedded in a
fully  solvated 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine lipid bilayer, using water model TIP3 to solvate.
lons were added creating an overall neutral system in approx-
imately 0.13M NaCl using the VMD software (Humphrey
et al. 1996). The ions were equally distributed in a water
box. The final system contained approximately 400,000
atoms and was submitted to MD simulation for 1ns using
NAMD 2.6 (Phillips et al. 2005). The NPT ensemble was used
to perform MD calculations. Periodic boundary conditions
were applied to the system in the three coordinate directions.

A pressure of 1atm and a temperature of 310 K were main-
tained throughout.

To represent the receptor structure in an active state a
molecular docking of ACh was performed, using AutoDock
4.0 suite, on every binding site (Morris et al. 1998). The grid
maps were calculated using the autogrid4 option and were
centered on the ligand-binding sites. The volumes chosen for
the grid maps were made up of 60 x 60 x 60 points, with a
grid-point spacing of 0.375 A. The autotors option was used
to define the rotating bond in the ligand. In the Lamarckian
genetic algorithm dockings, an initial population of random
individuals of 1,500 with a population size of 50 individuals, a
maximum number of 2.5 x 10° energy evaluations, a maxi-
mum number generations of 27,000, a mutation rate of 0.02,
and cross-over rate of 0.80 were employed. The docked com-
pound complexes were built using the lowest docked-energy
binding positions. ACh was constructed using Gaussian03
(Frisch et al. 2004) and the partial charges of different com-
pounds were corrected using ESP methodology.

For the MD simulation of Ca>* permeation, the cation was
initially centered on the upper end of the channel. Using
constant velocity SMD simulations on an equilibrated recep-
tor/Ca”* complex and the corresponding ligand on the re-
ceptor’s binding sites, main interactions were evaluated. Ca®*
coordinates were determinate using an average of distances
between subunits. Force was applied on the calcium ion
through a connecting spring adhered at its center of mass,
with a velocity of 0.00001 Altime step and a harmonic con-
stant of 6 kcal/(mol A%). The NAMD program and Charmm27
force field were used at 310K, 1atm and simulation time was
1.25 ns. Figures were generated using the PyMOL Molecular
Graphics System (Version 1.5.0.4 Schrodinger, LLC).

The electrostatic potential of the rat and chicken «9«10
receptors, wild type and mutant, was determined using
Adaptive Poisson Boltzmann Solver (Baker et al. 2001). The
linearized Poisson—Boltzmann equation was solved for each
protein without ligands. Calculation parameters for protein
dielectric, solvent dielectric, and temperature were 2.0, 78.5,
and 298.15K, respectively. VMD software (Humphrey et al.
1996) was used to visualize electrostatic potentials on a lon-
gitudinal plane that cuts through the middle of the receptors.
The electrostatic potential values for the central Z axis were
obtained from the DX files using the potential.py script (Baker
et al. 2001).

Supplementary Material

Supplementary figures S1-S4 and tables S1-54 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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