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Abstract

The a9a.10 nicotinic acetylcholine receptor (nAChR) may be a potential target in pathophysiology
of the auditory system, chronic pain and breast and lung cancers. Alpha-conotoxins, from the
predatory marine snail Conus, are potent nicotinic antagonists, some of which are selective for the
a9a10 nAChR. Here we report a two-order of magnitude species difference in the potency of a-
conotoxin RgIA for the rat vs. human a9a.10 nAChR. We investigated the molecular mechanism
of this difference. Heterologous expression of the rat a9 with the human a10 subunit in Xenopus
oocytes resulted in a receptor that was blocked by RglIA with potency similar to that of the rat
a9a.10 nAChR. Conversely, expression of the human a9 with that of the rat a 10 subunit resulted
in a receptor that was blocked by RgIA with potency approaching that of the human a9a.10
receptor. Systematic substitution of residues found in the human a9 subunit into the homologous
position in the rat a9 subunit revealed that a single point mutation, Thr56 to 11e56, primarily
accounts for this species difference. Remarkably, although the a9 nAChR subunit has previously
been reported to provide the principal (+) binding face for binding of RglA, Thr56 is located in the
(=) complementary binding face.
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Introduction

Nicotinic acetylcholine receptors (nAChRs) are members of the Cys-loop family of ligand
gated ion channels, whose other members include 5SHT3, GABAA, GABA and glycine
receptors (Lester et al. 2004; Azam and Mclntosh 2006). Pentameric nAChRs are found
both at the neuromuscular junction as well as in central and peripheral neurons. The
neuronal NAChRs are composed of combination of a and/or B subunits; nine non-muscle a
(a2-a.10) and three B (B2—p4) subunits have been identified (Albuquerque et al. 2009).
Alpha subunits may combine as homopentameric, or different aand B subunits may combine
to form heteromeric, NAChRs. These various NAChR subtypes have distinct
pharmacological functions and physiological roles and have distinct yet overlapping

Corresponding author: layla.azam@utah.edu.

Authors have no conflict of interest. Layla Azam and J. Michael Mclntosh both contributed to conceptual design of the experiments.
Layla Azam contributed to acquisition and analysis of data. Layla Azam and J. Michael Mclntosh contributed to interpretation of data,
article drafting and revising and both approved the version for publication.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Azam and Mcintosh

Methods

Materials

Page 2

expression patterns in central and peripheral neurons (Gotti et al. 2006; Gotti et al. 2007,
Albuquerque et al. 2009; Millar and Gotti 2009; Wu and Lukas 2011).

a9 and a.10 subunits were originally characterized in cochlear hair cells (Elgoyhen et al.
1994; Elgoyhen et al. 2001). These subunits assemble to form the nAChR that mediates
synaptic transmission between efferent cholinergic fibers that descend from the brainstem
and hair cells of the cochlea. The nAChRs of outer hair cells not only regulate hair cell
innervation but also are part of the molecular mechanism that may protect the inner ear from
damage resulting from excessively loud noise (Elgoyhen et al. 1994; Vetter et al. 1999;
Elgoyhen and Katz 2011).

In addition to the auditory system, transcripts and/or protein for the a9 and a.10 subunits
have been reported in lymphocytes, skin keratinocytes, sperm, dorsal root ganglion,
sympathetic neurons and immune cells (Lustig et al. 2001; Lips et al. 2002; Haberberger et
al. 2004; Kurzen et al. 2004; Peng et al. 2004; Kumar and Meizel 2005). The physiological
roles of the a9a.10 nAChR in non-auditory systems are not well understood. However,
recent studies have suggested that a9-containing receptors may be important in
pathophysiological states. a9a 10 antagonists are analgesic in neuropathic pain models
(Vincler et al. 2006; Mcintosh et al. 2009). The analgesic effects of a9a10 blockade may be
the result of an immunomodulatory effect. Chronic constriction injury (CCI) of the sciatic
nerve increases the number of ACh-producing lymphocytes at the site of nerve injury
providing a localized source of ACh (Vincler et al. 2006). The administration of 9a.10
antagonists significantly reduced the number of lymphocytes and macrophages, including
choline acetyltransferase-positive lymphocytes that occur after CCI (Vincler et al. 2006).
This a9a10-mediated decrease in the number of immune cells correlates with the analgesic
effects observed and is in agreement with the dependence of injury-induced behavioral
hypersensitivity on the presence of lymphocytes and macrophages (but see (Klimis et al.
2011; Lewis et al. 2012)). Small molecule a9a.10 nAChR antagonists have also recently
been developed. These antagonists are active in several animal models of chronic pain
(Holtman et al. 2011; Zheng et al. 2011). The a9a10 NAChR has also been implicated in
wound healing, human breast and lung cancer (Lee et al. 2010; Chikova and Grando 2011;
Lee et al. 2011; Wu et al. 2011; Chikova et al. 2012). Thus, there is an urgent need for
understanding the molecular pharmacology of the human a9a 10 receptor. a-conotoxins,
small, disulfide-rich peptides, have become standard ligands for structural and functional
studies of NAChRs. The most potent and selective ligand known for a9a.10 nAChR is a-
conotoxin (a-CTx) RglA, isolated from the carnivorous marine snail Conus regius (Ellison
et al. 2006). Here we show that a-CTx RglA is 300-fold less potent on the human vs. rat
a9a10 receptor. Mutational studies indicate that the primary determinant of this disparity is
a single amino acid difference between the rat and human a9 nAChR subunit. Nicotinic
ligands bind at the subunit interface between receptor subunits. Although the (+) face of the
a9 subunit has been considered the principal binding site for a9;a10 nAChRs (Perez et al.
2009), surprisingly, the point mutation identified in the present study lies on the (=) face of
a9. The present findings indicate a critical role for the complementary face of the a.9
subunit and provide mechanistic insight into a-CTx binding to the a9a.10 nAChR.

Acetylcholine chloride, atropine, and bovine serum albumin (BSA) were obtained from
Sigma. a-CTx RglA was synthesized as described previously (Ellison et al. 2006). Clones
of rat a9 and a10 cDNAs in pPGEMHe and pSGEM vectors, respectively, were kindly
provided by A. Belen Elgoyhen (Universidad de Buenos Aires, Buenos Aires, Argentina).
Clones for the human a9 and a.10 subunits were kindly provided by Lawrence Lustig (Johns
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Hopkins University, Baltimore, MD). The human subunits were subcloned into the pPSGEM
vector for Xenopus oocyte expression.

Construction of point mutations—Point mutants were made by PCR. Primers
containing the desired point mutation flanked by at least 15 bases on either side were
synthesized. Using the non-strand displacing action of APfu Turbo DNA polymerase, the
mutagenic primers were extended and incorporated by PCR. The methylated, nonmutated
parental cDNA was digested with Dpn /. The mutated DNA was transformed into DH10B or
DH5a competent cells and isolated using the Qiaprep mini prep kit (Qiagen, Valencia, CA)
and sequenced to ascertain the incorporation of the desired mutation.

cRNA preparation and injection—Capped cRNA for the various subunits were made
using the mMessage mMachine /n vitro transcription kit (Ambion, Austin, TX) following
linearization of the plasmid. The cRNA was purified using the Qiagen RNeasy kit (Qiagen,
Valencia, CA). The concentration of cRNA was determined by absorbance at 260 nm.
cRNA of either wildtype a9 or mutant a9 subunit was mixed at a 1:1 ratio with wildtype

a 10 for a final concentration of at least 500 ng/ul for each subunit cRNA. One hundred to
150 nl of this mixture was injected into each Xenogpus oocyte with a Drummond
microdispenser (Drummond Scientific, Broomall, PA), as described previously (Cartier et
al. 1996), and incubated at 17°C. Oocytes were injected within one day of harvesting and
recordings were made 2—4 days post-injection.

Voltage-clamp Recording—Oocytes were voltage-clamped and exposed to ACh and
peptide as described previously (Cartier et al. 1996). Briefly, the oocyte chamber consisting
of a cylindrical well (~30 ul in volume) was gravity perfused at a rate of ~2 ml/min with
ND-96 buffer (96.0 mM NaCl, 2.0 mM KClI, 1.8 mM CaCl,, 1.0 mM MgCl,, 5 mM HEPES,
pH 7.1-7.5, supplemented with 0.1 mg/ml BSA). The oocyte was subjected once a minute to
a 1 sec pulse of 100 pM ACh. For toxin concentrations of 1 uM and lower, once a stable
baseline was achieved, either ND-96 alone or ND-96 containing varying concentrations of
the a-conotoxins was perfusion-applied, during which 1-sec pulses of 100 uM ACh were
applied every 90 sec until a constant level of block was achieved. For toxin concentrations
of 10 uM and higher, the buffer flow was stopped and the toxin bath-applied and allowed to
incubate with the oocyte for 5 min, after which the ACh pulse was resumed.

Data Analysis—TFor the baseline response, at least three ACh responses were averaged. To
determine the percent block induced by toxin, 2-3 ACh responses, obtained after a steady
state block had been achieved, were averaged and the value divided by the pre-toxin
baseline value to yield a % response. The dose-response data were fit to the equation, Y =
100/(1 + 10"((LogECsq — Log[Toxin])xng)), where ny is the Hill coefficient, by non-linear
regression analysis using GraphPad Prism (GraphPad Software, San Diego, CA). Each data
point is mean + SEM from at least 3 oocytes.

Rat and human a9a10 nAChRs are differentially sensitive to a-CTx RglA

Disulfide-rich toxin antagonists from marine snails of the genus Conus have played pivotal
roles in dissecting the structure and function of nAChRs (Millard et al. 2004; Janes 2005;
Dutertre and Lewis 2006; Livett et al. 2006; Han et al. 2008; Azam and Mclntosh 2009;
Kasheverov et al. 2009; Armishaw 2010; Muttenthaler et al. 2011). The activity of a-CTx
RglA was originally characterized on heterologously expressed rat a9a.10 nAChRs and
native a9a.10 nAChRs expressed in rat cochlear hair cells (Ellison et al. 2006). For a
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number of previously characterized a-conotoxins the affinity for rodent vs. human nAChRs
has been similar (Dowell et al. 2003; Azam et al. 2005). In the present study, we compared
the activity of a-CTx RglA on the rat a9a.10 receptor with that of the human nAChR
(Figure 1). We note that current amplitudes of the oocyte-expressed human a9a.10 nAChR
were usually much smaller than those observed for the rat a9a.10 nAChR (Fig. 1A). Lower
expression of the human nAChR has also been observed by other investigators (Halai et al.
2009). In contrast to what has been reported for other a-conotoxins, there was a large, two-
order of magnitude difference of a-CTx RglA potency between the rat and human receptor.
a-CTx RglA blocked the rat a9a.10 nAChR expressed in Xengpus oocytes with an 1Cgq of
1.5 nM (95% confidence interval (CI): 0.84-1.8 nM) (Tables 1 & 2; Fig. 1B). When tested
on heterologously expressed human a9a.10 nAChR, a-CTx RglA was more than 300-fold
less potent with an 1Cgg of 490 nM (95% CI: 350-700 nM) (Tables 1 & 2; Fig. 1B).

A single amino acid residue in the rat a9 subunit confers high potency for a-CTx RgIA

a-conotoxins are water soluble peptides that bind to residues that lie within the extracellular
N-terminal binding domain of nAChRs. The rat and human a9 subunits are highly
homologous to each other, yet differ substantially from the rat and human a.10 subunits,
indicating divergence in evolutionary origin (Elgoyhen and Katz 2011). We first sought to
examine whether the difference in species sensitivity for a-CTx RglA was primarily due to
differences in the a9 or a.10 subunit. We therefore mixed species of a9 and a.10 subunits
and heterologously expressed these receptors in Xengpus oocytes. Thus, the rat (r) a9
subunit was co-expressed with the human (h) a10 subunit and the ha9 with the ra.10. The
potency of a-CTx RglA was strongly dependent on which species of the a.9 subunit was
present. a-CTx RglA blocked ra9ha 10 with an ICgq similar to the 1C5q obtained on
ra9ra10 combination (Table 1). When tested on ha9ra10 combination, the potency of a-
CTx RglA decreased, approaching that observed for the ha9ha 10 nAChR (Table 1),
indicating that the a9 subunit is the major contributor to a.-CTx RglA potency species
difference.

The extracellular N-terminal ligand binding regions of rat and human a9 subunits are highly
homologous, differing in only 7 residues from a total of 206 amino acids (Fig. 2). To
determine which residue(s) were responsible for conferring the higher potency of a-CTx
RglA for the rat subunit, each amino acid residue that was different between the rat and
human subunits was individually switched. Of the 7 residues that were exchanged, only the
switch from rat Thr56 to lle, found in homologous position in the human subunit, affected
the potency of a-CTx RglA (Table 2; Fig. 3A). The ICsg of a-CTx RglA for ra9T56Ira.10
was increased to 2.5 uM (Table 2).

The importance of Thr56 in the rat a9 subunit in interacting with a-CTx RglA was further
tested by placing the inverse mutation into the human a9 subunit, i.e. replacing human 1le56
with Thr. The 1Csq for a-CTx RgIA for ha9156Tha10 was 1.9 nM (95% CI: 1.6-2.3 nM;
Fig. 3B), 250-fold lower than that of wildtype ha9ha10 (Table 2). Thus, a single amino acid
change in the human a9 subunit produced a receptor whose affinity for a-CTx RglA was
comparable to that of the rat a9a.10 nAChR.

Discussion

In this study, we report the differential sensitivity of rat vs. human a9a10 nAChR to a-CTx
RglA. This toxin is 300-fold more potent on rat vs. human a9a10 nAChR. For non-a9a.10
heteromeric nAChRs, the ligand binding site is composed of the interface between the
principal (+) face of the a subunit and the complementary (-) face of the  subunit. The
a9a 10 subtype is unique among mammalian nAChRs in being composed solely of two
different a subunits. Based on amino acid homology, the a9 subunit distinctly differs from
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other a subunits (Elgoyhen et al. 1994) and may represent an early evolutionary branch
point for NnAChRs (Le Novere and Changeux 1995). a9 subunits will form a
homopentameric receptor when expressed in Xenopus oocytes and therefore a9 has been
assumed to be similar to other a subunits in providing the principal (+) ligand binding site.
In contrast, neither the human nor rat a10 subunit forms a functional receptor when injected
alone (Elgoyhen et al. 2001; Sgard et al. 2002). Expression of a9 alone, however, is very
low and addition of the a.10 subunit not only modifies function but also boosts expression
levels by 100-fold or more (Elgoyhen et al. 2001; Sgard et al. 2002). The @10 subunit has
therefore been considered as a necessary, possibly “structural” subunit, analogous to the
function served by B subunits present in other nAChR subtypes. The three-dimensional
solution structure of a-CTx RgIA has been solved by NMR (Clark et al. 2008; Ellison et al.
2008). Using this information, Perez et al. used molecular modeling, docking and molecular
dynamics simulations to determine the binding sites of a-CTx RglA on the a9a10 nAChR
(Perez et al. 2009). Their results indicated that a.-CTx RglA binds to the (+) face of the a9
subunit and the (=) face of the 10 subunit. A role for Pro197 and Asp198 in the (+) face of
the a9 subunit in interacting with a-CTx RgIA was suggested (Perez et al. 2009). However,
both of these residues are conserved between the rat and human subunits and therefore
cannot explain the differential sensitivity of a-CTx RglA for the rat vs. human subtype The
results of the present study indicate the converse situation. That is, a-CTx RglA interacts
with the (=) complementary face of the a9 subunit. The critical residue that determined high
vs. lower potency of a-CTx RglA for rat vs. human a.9a.10 receptors was an a9 residue at
position 56. Thr56 in the rat subunit conferred the higher sensitivity and 11e56 in the human
subunit conferred the lower sensitivity. Thr/lle56 is located in the (=) complementary
binding face of the a9 subunit.

By aligning the sequences of the rat a9 and AChBP from Aplysia using the solved structure
of the apo form of Aplysia californica acetylcholine binding protein (Ac-AChBP) (Hansen
et al. 2005) as a template, the location of Thr56 was determined (Figure 4). Thr56 lies in
close proximity to Trp60, one of the residues of the (=) complementary binding site of
Lymnae stagnalis (Ls) AChBP involved in interacting with agonists and antagonists (Brejc
et al. 2001; Bourne et al. 2005). Moreover, Arg57 of Ac-AChBP, located in the homologous
position to a9 Thr56, makes contacts with residues in both a-CTx Iml and a-CTx PnlA
[A10L;D14K] (Ulens et al. 2006). Ser59 in the a7 subunit, homologous to Thr56 in a.9, also
confers a-CTx Iml selectivity (Quiram and Sine 1998). Additionally, a9Thr56 in only two
residues away from the Thr59 in the p2 nAChR subunit that has been shown to interact with
a-CTx MII (Harvey et al. 1997). Lys59 (homologous to Thr59 in the B2 subunit) facilitates
the binding of a-CTx BulA to the p4 subunit (Shiembob et al. 2006). Thus, a-CTx RglA,
like other conotoxins, interacts with the (=) binding face of the nAChR subunit.
Unexpectedly, however, this (=) face is presented by the a9 rather than a.10 subunit. Our
results do not exclude the possibility that a-CTx RgIA also binds to the a9(+)/a10(-)
interface. In this case, there may be as many as five binding sites for the toxin on the a9a.10
receptor. Indeed, five toxins are bound in an AChBP-a-CTx complex, which serves as a
surrogate model of nAChRs and by analogy, five a-CTx may be bound to the homomeric
a7 nAChRs (Celie et al. 2005). We are not aware, however, of a report indicating 5 binding
sites present for a heteromeric nAChR. It is of interest that although the a10 subunit will not
self-assemble to form a functional nAChR, if the N-terminal binding domain of the a.10
NAChHR subunit is fused to the C-terminal portion of the 5-HT3 receptor, a functional
chimera that responds to ACh is formed (Baker et al. 2004). Thus, it appears that the a10
subunit contains the requisite recognition sites, minimally on the (+) face, to functionally
bind ACh.

The current studies were performed on mammalian nAChRs heterologously expressed in
Xenopus oocytes. It would also be desirable to perform similar experiments using NAChRs
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expressed in a mammalian cell line. However, reliable expression of a9a.10 nAChRs in
such cell lines has been problematic (Baker et al. 2004). We note that oocyte-expressed rat
a9a10 nAChRs have similar biophysical and pharmacological properties compared to
native rat a9a.10 nAChRs found in cochlear hair cells (Elgoyhen et al. 2001; Gomez-Casati
et al. 2005). Sensitivity to antagonists, including a-CTx RglA, has also been comparable
between native and oocyte-expressed a9a.10 nAChRs (Mclntosh et al. 2005; Ellison et al.
2006).

The a9 nAChR is increasingly recognized for its potential role in physiological and
pathological processes. Other a9a. 10 antagonists are being investigated as possible human
therapeutics (Satkunanathan et al. 2005; Adams et al. 2011; Lewis et al. 2012). One a.9a.10
antagonist, a.-conotoxin VVc1.1 (ACV1), was advanced through human clinical trials for
chronic pain by Metabolic Pharmaceuticals (Melbourne, VIC, Australia). Vc1.1
development was stopped after completion of a phase 2A trial due to concerns about lower
affinity at human versus rat a9a10 nAChRs. Small molecule antagonists of a9a10 nAChRs
are also being investigated as novel analgesics (Holtman et al. 2011; Zheng et al. 2011). The
a9 subunit has been shown to play a key role in regulating initial events of keratinocyte
migration and adhesion (Nguyen et al. 2000; Nguyen et al. 2004; Chernyavsky et al. 2007).
Manipulation of a9 nAChR signaling may, therefore, be applicable to treatment of non-
healing wounds. Nicotine is regularly consumed in the form of tobacco by a substantial
portion of the world’s population. Nicotine is known to stimulate growth of various cancers.
Recently the a9 receptor was shown to be ubiquitously expressed in breast cancer. Although
non-malignant breast tissue also had a9 subunits, breast cancer tissue from patients had
dramatically increased levels of a9 expression (Lee et al. 2011). Furthermore, stimulation of
the a9 nAChR leads to breast cancer growth (Lee et al. 2011) and block of a9 receptors
inhibits growth (Tu et al. 2011). Also, different forms of the a9 nAChR affect
transformation and proliferation of bronchial cells (Chikova and Grando 2011). Increased
risk of lung cancer is associated with single nucleotide polymorphism at position 442 of the
gene coding for the a.9 subunit (Chikova and Grando 2011; Chikova et al. 2012). Thus, the
development of novel agents, with activity at a9 nAChRs, may provide novel therapeutic
avenues. The molecular information of the present study may help inform the development
of conotoxin analogs of a-CTx RglA and other conotoxins targeting the a9a10 nAChR
(Halai et al. 2009) and possibly the development of small molecule a.9a10 antagonists with
analgesic activity (Vincler et al. 2006; Vincler and MclIntosh 2007; Olivera et al. 2008;
Azam and Mclntosh 2009).
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Figure 1.

Responses of rat and human a9a.10 nAChRs to ACh and a-CTx RglA. A) Rat and human
a9a10 nAChRs were heterologously expressed in Xengpus oocytes as described in
Methods. 100 pM ACh generally evoked larger currents in Xenopus oocytes expressing rat
a9a.10 nAChRs than in oocytes expressing human a9a10 nAChRs. Ten nM a-CTx RglA
caused substantial block of ACh-induced current of rat a9a.10 nAChRs, whereas 100 nM a.-
CTx RglA blocked less than 50% of the current of human a9a10 nAChRs. The toxin was
perfusion-applied. Representative traces are shown. B) The rat a9a.10 nAChR was 300-fold
more sensitive to a-CTx RglA than was the human a9a10 nAChR. Values are mean +
SEM from at least three oocytes and are shown in Table 1.
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Figure 2.

Amino acid sequence alignment of N-terminal binding regions of rat and human a9 nAChR
subunits. The a9 N-terminal binding region is highly homologous between the two species,
differing in only 7 amino acids. All the non-homologous residues in the rat a9 subunit were
individually mutated to the human counterpart. TM1 indicates the beginning of the first
transmembrane region.
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Figure 3.

Thr56/lle is responsible for the rat vs. human difference in potency of block by a-CTx
RglA. (A) Mutation of Thr56 in the rat a9 subunit to lle, found in homologous position in
the human subunit, shifts the potency of a-CTx RglA towards that of the human receptor.
(B) Replacement of 1le56 in human a9 to Thr56, found in rat a9, shifts the potency of RgIA
towards that of the rat receptor. Values are mean £ SEM from at least three oocytes and are
shown in Table 2.
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Figure 4.

Top panel: Model of the a9a.10 nAChR showing two adjacent subunits. The location of the
critical residues conferring the species difference, Thr/lle56, for binding of a-CTx RglA to
the a9 subunit is shown. This residue is located on the (=) complementary binding face of
the a9 subunit. The adjacent subunit could either be an a9 or an a.10 subunit. Bottom
panel: Sequence alignment of rat subunits aligned with Aplysia californica acetylcholine
binding protein (Ac-AChBP). Arrows indicate residues shown to interact with a.-conotoxins.
Numbering indicates that of the particular subunit or AChBP (see Discussion). Note that a.9
Thr56 aligns with residues in the (=) face of the the nAChR subunits and AChBP.
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ICs0s for a-CTx RglA on mixed-species a9a.10 nAChRs. Data are average from at least three different
oocytes. r, rat; h, human. ClI: confidence interval.

nAChR IC50 (NM) | 95% ClI Hill Coefficient
ra9rl0 1.49 1.13-1.95 1.2+0.19
ra9ha 10 3.48 2.78-4.34 0.97 £ 0.07
ha9ral0 245 148-405 0.50 +0.07
ha9hal0 494 348-703 0.56 +0.07
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Table 2

ICgps for a-CTx RglA on wildtype rat, wildtype human, and rat mutant a9a10 nAChRs. The human receptor
and the only mutant that shifts the 1C5q of RglIA towards the human subtype are in bold. r, rat; h, human. Data
are average from at least three different oocytes. CI: confidence interval.

nAChR/mutant | 1Cso (nM) | 95% CI (nM) | Hill slope
ra9ra10 1.49 1.13-1.95 1.24+0.19
ha9ha10 494 348-703 0.56 +0.07
ra9S6Nra 10 231 1.71-3.12 1.16 £0.13
ra9S14Nra.10 1.83 1.30-2.57 1.26 £0.21
ra9A24Kra 10 1.24 0.87-1.76 0.86 +0.12
ra9T561ral0 2,560 1,230-5,330 | 0.71+0.16
ra9R71Gra10 0.95 0.55-1.62 0.93+0.21
ra9S117Ara10 1.73 1.39-2.16 1.39+0.18
ra9S136Nra10 2.47 2.00-3.05 0.77 £ 0.05
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