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The divalent cation calcium potentiates the physio-
logical response of neuronal nicotinic receptors to
agonists by enhancing ionic current amplitudes, appar-
ent agonist affinity and cooperativity. Here we show
that mutations in several consensus Ca’* binding
sequences from the N-terminal domain of the neuronal
o7 nicotinic acetylcholine receptor alter Ca?* potenti-
ation of the a7-V201-5HT; chimera. Mutations E18Q
or E44Q abolish calcium-enhanced agonist affinity
but preserve the calcium increase of plateau current
amplitudes and cooperativity. On the other hand,
mutations of amino acids belonging to the 12 amino
acid canonical domain (07 161-172) alter all features
of potentiation by enhancing (D163, S169), reducing
(E161, S165, Y167) or abolishing (E172) calcium effects
on ionic current amplitudes and agonist affinity. Intro-
duction of the a7 161-172 domain in the calcium
insensitive 5-hydroxytryptamine (SHT) serotoninergic
receptor results in a receptor activated by SHT and
potentiated by calcium. In vitro terbium fluorescence
studies with an o7 160-174 peptide further show that
mutation E172Q also alters in vitro calcium binding.
Data are consistent with the occurrence of distinct
categories of regulatory calcium binding sites, among
which the highly conserved (07 161-172) domain may
simultaneously contribute to calcium and agonist
binding.

Keywords: agonist affinity/calcium binding site/
cooperativity/ionic currents/neuronal nicotinic receptors

Introduction

Brain neuronal nicotinic acetylcholine (ACh) receptors
are highly permeable to calcium (Mulle et al., 1992a,b;
Vernino et al., 1992, 1994; Bertrand et al., 1993; Séguéla
et al., 1993). Their responses to agonist are potentiated
by calcium ions in a dose-dependent manner (Mulle et al.,
1992a; Vernino et al., 1992; Léna and Changeux, 1993;
Ramirez-Latorre and Role, 1995). Potentiation by calcium
has been shown to occur on native nicotinic receptor
species expressed by medial habenula neurons (Mulle
et al., 1992a), chromaffin cells (Vernino et al., 1992)

5824

and ganglion neurons (Amador and Dani, 1995), as on
recombinant receptors composed of Torpedo o1Byd, rat
o2B2, a3f2, o3p4, ad4Pf4 and o7 nicotinic receptor
subunits reconstituted in Xenopus oocytes or fibroblasts
(Sine et al., 1990; Vernino et al., 1992; Eiselé et al., 1993;
Amador and Dani, 1995; Ramirez-Latorre and Role, 1995).

Several lines of evidence support a physiological modu-
latory role for calcium on nicotinic receptors. First, syn-
aptic vesicles contain high concentrations of calcium that
are released exocytotically from presynaptic neurons,
along with the neurotransmitter (Brown et al., 1995).
Second, large variations in external calcium concentration
have been observed in various brain regions during high
synaptic activity (Benninger et al., 1980; Pumain and
Heinemann, 1985; Heinemann et al., 1990; Livsey et al.,
1990). Third, modulation of the cholinergic spontaneous
synaptic currents occurs in ganglionic sympathetic neurons
upon rapid changes in external calcium concentration
(Amador and Dani, 1995).

On cells expressing nicotinic receptors, calcium ions at
millimolar concentration increase whole-cell responses in
a voltage-insensitive manner and independently of the
presence of calcium chelators injected into the cytoplasm
(Sine et al., 1990; Vernino et al., 1992; Eiselé et al., 1993;
Amador and Dani, 1995). Furthermore, single-channel
recordings reveal that calcium ions increase channel open-
ing frequency (Mulle et al., 1992a; Amador and Dani,
1995) together or not with mean open time (Sine et al.,
1990). Moreover, an analysis of the functional a7-V201-
SHT; chimera (Eiselé et al, 1993), containing the
N-terminal domain of the chick nicotinic o7 receptor
subunit (Couturier et al., 1990) joined to the corresponding
C-terminal part of the serotonergic 5-hydroxytryptamine
(5HT3) receptor (Maricq et al.,, 1991), reveals that the
chimera, like the o7 nicotinic receptor, is potentiated by
Ca’*, whereas the SHT; receptor is not. These data show
that the allosteric effect of calcium ions is mediated by
binding sites carried by the N-terminal domain of the
nicotinic receptor subunit.

Calcium (II) and the fluorescent lanthanide terbium
(Il), Tb**, bind to Torpedo nicotinic receptors (Chang
and Neumann, 1976; Riibsamen et al., 1976a,b; Fairclough
et al., 1986) at sites that resist hydrolysis and are thought
to be carried by short polypeptide sequences (Riibsamen
et al., 1976a,b, 1978) tentatively assumed to be analogous
to those of the metal binding sites present in calcium
binding proteins (Persechini et al., 1989; Strynadka and
James, 1989; Falke er al., 1994). Such metal sites most
frequently exhibit a helix-loop-helix motif, referred to as
an EF-hand (Persechini et al., 1989), in which the critical
metal binding groups are provided by residues 1, 3, 5, 7,
9 and 12 of a canonical sequence, with a phylogenetically
conserved glutamate residue at position 12 (Persechini
et al., 1989; Falke et al., 1994).
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Fig. 1. Upper part: schematic representation of the N-terminal domain of the chick 7 nicotinic receptor subunit depicting the five amino acid
sequences detected by the software CALM (Haiech and Sallantin, 1985). These sequences are rich in acidic and hydrophilic groups and contain a
terminal glutamate residue. In the a7-V201-5HT3 chimeric subunit shown, amino acids beyond residue 201 correspond to those of the SHT; receptor
sequence. The two disulfide bridges linking Cys127 to Cys141 and Cys189 to Cys190 are shown. The sequence in brackets below the a7 loop V
sequence corresponds to that of the 5HT; loop V. Lower part: time course of currents (/;) evoked by ACh in the absence or presence of 2.5 mM
calcium on the a7-V201-5HT; chimera and its loops /-V mutants in which the terminal glutamate residue is mutated to glutamine.

Here, we report that mutations in several putative
calcium binding loops from the N-terminal domain of the
o7 nicotinic ACh receptor alter calcium potentiation of
the o7-V201-5HT; chimera. Among these loops, domain
o7 161-172 exhibits metal binding properties and can be
transferred to confer potentiation to the SHT; receptor.
The data further support the occurrence of multiple calcium
regulatory sites on nicotinic ACh receptors.

Results

Mutations in the N-terminal domain of the
a7-V201-5HT3 chimeric receptor reduce, abolish or
increase calcium potentiation
We used the program CALM (Haiech and Sallantin, 1985),
designed to search for continuous calcium sites (Haiech
and Sallantin, 1985; Strynadka and James, 1989; Falke
et al., 1994), to examine the amino acid sequence of the
calcium-sensitive nicotinic receptor subunits o, 0.2, 3,
o4, o7, B1, B2, P4, y and & and that of the calcium-
insensitive serotonergic SHT; receptor. We identified five
sequences in the N-terminal domain: two of them, located
at homologous positions in all subunits tested, correspond
to segments 33—44 (loop II) and 161-172 (loop V) of the
chick o7 sequence (Figure 1). Loop V (16 EADISGYIS-
NGE,7,) in particular exhibits significant sequence homo-
logy with calmodulin calcium site IIl (DKDGNGYISAAE;
Strynadka and James, 1989). Three additional sequences,
detected by the software or by visual inspection on only
a subset of the subunits and with lower likelihood,
correspond to o7 segments 7-18 (loop I), 59-70 (loop
III) and 86-97 (loop IV).

Point mutations were introduced in these five sequences
at the level of their terminal glutamate residue, namely

E18, E44, E70, E97 and E172, to replace them by a
glutamine. When analyzed on receptors reconstituted in
Xenopus oocytes, these mutations had comparable effects
on both the chick a7 E237A mutant receptor (Galzi et al.,
1992; Bertrand et al, 1993) and the «o7-V201-5HT;
chimeric receptor (Eiselé et al, 1993). The mutant o7
E237A was used instead of the wild-type o7 receptor
because of its extremely low calcium permeability. How-
ever, the low ionic current amplitudes obtained upon
expression of this mutant and recorded in the absence of
external calcium (Figure 2E and F) prevented a reliable
quantitative analysis of the responses. Conversely, the o7-
V201-5HT; receptor can be expressed in large amounts
in Xenopus oocytes (Figure 1) and HEK 293 cells (Eiselé
et al., 1993; Corringer et al., 1995), thus allowing both
electrophysiological and equilibrium binding studies to be
performed. Therefore the a7-V201-5SHT; receptor was
selected as an experimental model and quantitation of
the experimental data will be presented only with this
chimeric receptor.

In agreement with data reported for native receptors,
the potentiation of o7-V201-5HT; receptor by calcium
(Figure 2) occurs in a dose-dependent manner, is stronger
at low than at high agonist concentrations (Figure 2B), is
not observed if magnesium is added instead of calcium
(data not shown) and is insensitive to membrane potential
(Figure 2B). An analysis of ACh dose-response curves
reveals three effects of 2.5 mM calcium (Figure 2A):
(i) the increase in current amplitudes typically ranges from
10-fold at 10 uM ACh to ~2-fold at agonist saturation
(Figure 2A and B); (ii) ACh ECsy is nearly 3-fold lower
(0.0 mM Ca**, ECsy = 67 = 9 uM; 2.5 mM Ca?",
ECso = 27 *= 9 uM); and (iii) Hill coefficients rise from

5825



J.-L.Galzi et al.

a7 V201-5HT;
A B 15 wWT 1
1 g g
S Z 7 ach=tsum
3 -
0 [
g 108 ACh,M 10° 0 Ca?.mM 10

Lol 4ol vl 1 | TP BRI MR
10 ACh,M 102 10 ACh,M 103
a7-E237A o7-E237A-E172Q
5mM ACh 5mM ACh
+Ca 2+ +Ca 2+

TOTF

100 nA

-

4s

Fig. 2. (A) ACh dose-response relationship of the a7-V201-5HT;
receptor in the absence (A) and presence ([J) of 2.5 mM Ca?*. For
each cell, data were measured in the two conditions and normalized to
the maximal current obtained in the presence of calcium. Data points
are the mean = SD of six cells. Solid lines correspond to fitting with
the two-step sequential model (see Materials and methods) with
adjusted K and K value ratios, and derived ECsq and Hill coefficients,
given in Table I. Dashed lines correspond to fitting with the two-state
allosteric model (see Materials and methods). (B) Upper left panel:
plot of the ratio of current amplitudes, measured in the presence or
absence of added calcium, as a function of ACh concentration (data
points from A). A maximum ratio of ~10-fold is observed at low ACh
concentrations, whereas at ACh saturation the ratio is ~2-fold. The
solid line corresponds to the ratio of ACh dose-response curve fittings
in (A). Upper right panel: plot of agonist-evoked current amplitudes,
determined with 15 uM ACh, as a function of external calcium
concentration (mean of six cells). Values were normalized with respect
to currents evoked at 10 mM Ca®*. The mean current increase
between 0 and 10 mM calcium is 13-fold. Lower panel: current—
voltage relationship of the a7-V201-5HT}; receptor recorded in the
absence (A) and presence ([J) of 2.5 mM Ca2*. Currents were evoked
by an ACh concentration near the ECsq, and determinations were
effectuated after the injection of ~7 mM BAPTA in the oocyte (Galzi
et al., 1992). Reversal potentials determined in the absence and
presence of calcium are respectively -2 and -3 mV. (C and D) ACh
dose—response relationships of the a7-V201-5HT; receptor with point
mutation E172Q (mean of 10 cells, C) or E44Q (mean of three cells,
D) in the absence (A) and presence ((J) of 2.5 mM Ca?*. Solid lines
correspond to fitting with the two-step sequential model with adjusted
K and K| value ratios, and derived ECsy and Hill coefficients, given in
Table 1. Insets represent the current ratios obtained (as in Figure 1B)
as a function of the ACh concentration. (E and F) Time course of
currents () evoked by ACh in the absence or presence of 2.5 mM
calcium on the o7 E237A receptor mutant and its o7 E237A-E172Q
mutant, in which the terminal loop V glutamate residue is mutated to
glutamine. The very small amplitude of the double mutant prevents
reliable measurements over a broad ACh concentration range. The
slow current fluctuation is attributable to solution exchange artifacts.
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nH = 1.40 = 0.04 to 2.00 = 0.29 (see Table I), reflecting
increased apparent cooperativity of the response.

Mutants E70Q (loop III) and E97Q (loop IV) display
ionic responses almost identical to those of the wild type
in both the presence and absence of Ca?* (Figure 1); they
have not been characterized further. Other mutations, such
as DI156A, D130A, E188A, D100H and DS88A, also
yielded receptors indistinguishable from the wild type
(data not shown).

Mutants E18Q (loop I) and E44Q (loop II) remain
potentiated by calcium (Figures 1 and 2D and Table I).
As in wild type, their maximal response amplitudes
increase by 2- to 3-fold (Figure 2D and Table I), and Hill
coefficients of ACh dose-response curves rise from 1.3
to 1.7 (E18Q) or 1.5 to 2.2 (E44Q). However, their ECs,
for ACh is not significantly affected by the addition of
calcium ions (Table I).

In contrast, mutation E172Q (loop V) abolishes the
potentiation of ACh responses by calcium ions on both
the o7 E237A and a7-V201-5HT; receptors (Figures 1
and 2F). As shown in Figure 2C, the addition of 2.5 mM
Ca?* to the ®7-V201-5HT;-E172Q receptor results in
negligible changes in response amplitudes, apparent
affinity for ACh (ECs[0.0Ca?*] = 78 = 16 uM;
ECs[2.5Ca?*] = 111 %= 18 uM) and cooperativity of the
response (nHjg oca2+) = 1.4; nHp sc,2+) = 1.4). Moreover,
these ECs5, values and Hill coefficients are almost identical
to those determined in the absence of calcium on the wild-
type receptor (Table I). Thus mutation E172Q abolishes
calcium potentiation without significantly altering the
other parameters of the response to ACh.

Binding of ACh, measured as the inhibition of ['%I]a-
bungarotoxin (-Bgtx) binding (Weber and Changeux,
1974; Corringer et al., 1995), reveals that upon adding
10 mM calcium, the ACh apparent dissociation constant
(K, values in Table II) weakly decreases for the a7-V201-
SHT; receptor or weakly increases for the E172Q mutant.
Binding measurements performed on E18Q and E44Q
mutants reveal no significant differences between 0.0 and
10 mM calcium.

Because the most critical mutant, E172Q, belongs to
loop V, we systematically mutated residues E161, D163,
S165, Y167 and S169 which respectively occupy con-
sensus positions 1, 3, 5, 7 and 9 of a putative calcium
binding loop. Mutants E161R, S165E, Y167F and S169E
exhibit, in the absence of external calcium ions, ECs
values and Hill coefficients comparable with those of the
wild type (see Table I). At variance, as described for
Torpedo receptor (Czajkowski et al, 1993), mutation
D163N reduces the apparent ACh affinity. In all cases,
however, potentiation is maintained, as indicated by the
concomitant increase in apparent ACh affinity, cooperativ-
ity and maximal response amplitude (Table I) upon adding
2.5 mM calcium. An increase of apparent affinity and
maximal response amplitude (Table I) is significantly more
pronounced for mutants D163N and S169E; it is less
pronounced for mutants E161R, S165E and Y167F than
for wild type. Therefore, several mutations at different
positions within loop V interfere with calcium potentiation.

Potentiation of the 5HT; receptor upon transfer of
the a7 161-172 domain

Transfer of o7 loop V into the wild-type SHT; receptor
was used as an additional test for its contribution to
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Table II. Summary of ACh equilibrium binding experiments in the
absence and presence of calcium

cDNA type 0.0 mM Ca?* 10.0 mM Ca?*
K, M) ny K, (M) ny
a7-201-5HT;
Wild type 131 + 8 1401 111 *13 1.6 £ 0.1
Loop I
E18Q 35+13 13x01 35*4 14 * 0.1
Loop II
E44Q 451 49 1.1 *0.1 510 = 60 1.0 £ 0.1
Loop V
D163A 1110+ 19 11 *01 853 x17 1.0 £ 0.1
E172Q 10711 1501 162 *4 14 £ 0.1

The inhibition of initial ['2*IJa-Bgtx binding velocity to intact HEK
293 cells expressing the a7-V201-5HT; and mutated receptors was
measured as a function of the ACh concentration in the absence or
presence of 10.0 mM Ca?*. K, and ny values were determined as
described in Corringer et al. (1995).

calcium potentiation. As shown on Figure 3A and B,
responses of the wild-type SHT; receptor to serotonin
(SHT) decrease upon adding calcium (2.5 mM) in a
voltage-sensitive manner (Figure 3B) and without affecting
apparent SHT affinity or Hill coefficients (Table I), as
expected if calcium behaves as a channel blocker (Maricq
et al., 1991, Eiselé et al., 1993). Introduction of the o7
loop V at the homologous position in the SHT; receptor
gives the SHT3; CA1 mutant (Figure 3C-E). In the absence
of calcium, this mutant exhibits a lower affinity for SHT
(ECsp mutant = 23 * 5 uM; ECsy wild type = 3.0 =
0.5 uM) and significantly lower cooperativity (nyg
mutant = 1.4; ny wild type = 1.8) than wild type (Table
I). Second, calcium increases both response amplitudes at
high agonist concentrations and the cooperativity of the
response (Figure 3C and Table I), indicating that potenti-
ation takes place. Third, the addition of calcium is not
accompanied by alterations of SHT apparent affinity
(0.0Ca**, ECsy = 23 + 5 uM; 2.5Ca?*, ECsy = 23 +
4 uM; Table I). Fourth, the introduction of a mutation
homologous to a7 E172Q in the SHT; CAl mutant
(mutation E189Q yielding mutant SHT; CA2) almost
abolishes potentiation by calcium (Figure 4A-C), sup-
porting a similar functional role for this glutamate residue
on both the nicotinic and serotonergic chimeric receptors.
Furthermore, two additional microchimeric SHT; recep-
tors, in which only half of a7 loop V is introduced
(residues 161-166 and 167-172), respond to agonist
application. Yet, in the presence of calcium their ionic
currents decrease (Figure 4D), as on the wild-type SHT;
receptor which is not potentiated, indicating that only the
complete 07 loop V sequence confers calcium potentiation
onto the SHT; receptor, and supporting the fact that there
are potentiation determinants in each half of that loop.

Metal binding to the a7 161-172 domain

Terbium ions replace calcium in most metal binding
proteins/peptides (Riibsamen et al,, 1976a,b; McManus
et al., 1990; D’Souza et al., 1994), and Tb>*—protein
complexes can be detected by fluorescence resonance
energy transfer from these sites. The synthetic peptide o7
160-174, which comprises a full loop V, contains two
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Fig. 3. (A) SHT dose-response relationship of the wild-type SHT;
receptor in the absence (A) and presence ((J) of 2.5 mM Ca2*. Data
points are the mean * SD of five cells. Solid lines correspond to
fitting with the two-step sequential model (see Materials and methods)
with adjusted K and K value ratios, and derived ECs( and Hill
coefficients, given in Table I. Typical time courses of the evoked
currents recorded in the two conditions are illustrated in the inset.

(B) Upper left panel: plot of the ratio of current amplitudes measured
in the presence or absence of added calcium as a function of SHT
concentration (data point from A). Each point represents the mean of
five determinations. The solid line is the ratio of SHT dose-response
curve fittings in (A). Upper right panel: plot of agonist-evoked current
amplitudes, determined with 4 uM 5HT, as a function of external
calcium concentration (mean of four cells) The mean current decrease
between 0 and 10 mM calcium is 9-fold. Values were normalized to
the zero Ca?* condition. Lower panel: current—voltage relationship of
SHT-evoked responses on the SHT; receptor in the absence (A) and
presence ([J) of 2.5 mM Ca?*. Reversal potentials (-1 mV),
determined in the absence and presence of calcium, were
indistinguishable. (C) SHT dose-response relationship of the chimeric
SHT; CALl receptor obtained in the absence (A) and presence ((J) of
2.5 mM Ca2*. This chimera exhibits the SHT; receptor sequence
except for residues 161-172 (loop V in Figure 1), which are those of
the a7 nicotinic receptor subunit. Data points are the mean * SD of
four cells. Solid lines correspond to fitting with the two-step sequential
model with adjusted K and K value ratios, and derived ECsy and Hill
coefficients, given in Table I. Time course of SHT-evoked currents
recorded in the absence and presence of Ca?* are illustrated in the
inset. (D) Currents evoked by 15 uM 5SHT depend on the external
calcium concentration. Currents were normalized with respect to the
maximal value determined at 10 mM Ca?*. The current increases as
much as 3.5-fold between 0.0 and 10 mM calcium. (E) Plot of the
ratio of current amplitudes measured in the presence or absence of
added calcium as a function of SHT concentration (data points from
C). The solid line is the ratio of SHT dose-response curve fittings
from (C).

aromatic residues (Tyr167 and Trp173) that can serve as
fluorescence energy donors for in vitro titration experi-
ments. When Tb>* at a fixed concentration (10 uM) is
mixed with increasing amounts of peptide o7 160-174,
Tb3*+ fluorescence is enhanced (Figure 5A). It reaches a
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Fig. 4. (A) Dose-response relationship of the chimeric SHT; CA2
receptor to SHT recorded in the absence (A) and presence ((J) of

2.5 mM Ca?*. This chimera exhibits the SHT; receptor sequence
except for residues 161-171 (loop V in Figure 1), which are those of
the a7 nicotinic receptor subunit, and residue E172 mutated to
glutamine. Data points are the mean * SD of four cells. Solid lines
correspond to fitting with the two-step sequential model with adjusted
K and K value ratios, and derived ECsq and Hill coefficients, given in
Table 1. (B) SHT3 CA2 mutant receptor ionic responses elicited by
SHT applications in the absence and presence of 2.5 mM calcium.
(C) Plot of the ratio of current amplitudes measured in the presence or
absence of added 2.5 mM calcium as a function of SHT concentration
(data point from A). The solid line is the ratio of SHT dose-response
curve fittings in (A). (D) Ionic responses to SHT application on
oocytes expressing the SHT3 CAl mutant containing the a7 loop V
sequence (residues 161-172) and the two microchimeras containing
only part of the a7 loop V (residues 161-166, middle, or residues
167-172, right). Agonist-evoked ionic current is enhanced in the
mutant SHT; CALl in response to a 0.0-2.5 mM Ca®* jump, whereas
it is depressed in the two microchimeric constructs containing only
part of loop V.

plateau at a peptide:ion ratio of ~1.5-2.0:1, indicating
interaction between the peptide and the ion. Moreover,
calcium in the millimolar range inhibits energy transfer
to Tb3* (Figure 5B), and the substitution of Glul72 by
glutamine in the synthetic peptide results in a dramatic
reduction of energy transfer (Figure 5A). These data are
consistent with the notion that, on the intact receptor,
calcium interacts with loop V (Figure 5C) to potentiate
the ACh response.

Discussion

The neurotransmitter-gated channels, such as the nicotinic
ACh, 5HT;, glycine or GABA 4 receptors, contain several
categories of topographically distinct regulatory sites
which differentially recognize agonists, competitive and
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Fig. 5. (A) Terbium binding to the synthetic peptide comprising o7
amino acids 160-174 (OJ) or to the same peptide with the E172Q
mutation (A). Terbium is used at a 10 pM concentration. Data points
correspond to four ((J) and three (A) independent determinations.
(B) Inhibition of terbium (10 pM) binding to 10 uM synthetic o7
160-174 peptide by calcium. The experimental ICsy mean value is
3.1 £ 0.4 mM. (C) Model of the ACh and calcium binding sites on
the nicotinic receptor. Amino acids Y92, W148, Y187, C189 and
C190 from the principal component and residues W54 and D163 (a7
subunit numbering) from the complementary component of the ACh
binding site belong to five loops (Corringer et al., 1995; Czajkowski
and Karlin, 1995; Karlin and Akabas, 1995). The mutation of residues
E161, D163, S165, Y167, S169 and E172 (loop V in Figure 1) alters
calcium potentiation.

noncompetitive antagonists, and a large variety of ions,
chemicals and peptides as positive or negative allosteric
effectors (Léna and Changeux, 1993; Galzi and Changeux,
1994; McDonald and Olsen, 1994; Smart et al., 1994).

Among these effectors, the divalent cations zinc or
calcium have been detected in the brain at the level of
nerve terminals (Assaf and Chung, 1984; Brown et al.,
1995). Zinc ions, for instance, modulate the responses of
GABA, (Draghun et al., 1990; Smart et al., 1994) and
glycine (Laube et al., 1995) receptors to their neuro-
transmitter. In addition, calcium ions bind to several
sites on nicotinic receptors (Chang and Neumann, 1976;
Riibsamen et al., 1976a,b, 1978; Fairclough et al., 1986)
and exert distinct effects on channel properties (Mulle
et al., 1992b; Vernino et al., 1994; Amador and Dani,
1995) or on the regulation of channel activation (Mulle
et al., 1992a; Vernino et al., 1992; Eiselé et al., 1993;
Amador and Dani, 1995) and desensitization (Cohen et al.,
1974; Heidmann and Changeux, 1979).

Our work suggests that the calcium effect referred to
as potentiation (reviewed in Léna and Changeux, 1993)
might itself be mediated by multiple allosteric sites, some
of which affect neurotransmitter binding. In agreement
with these notions, dose-response curves reveal distinct
effects of calcium depending on which residue is mutated
from the extracellular domain of the a7 subunit. When
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mutations are performed within loop V, analyses of dose—
response curves in terms of either a sequential model for
channel activation (Del Castillo and Katz, 1957) or a two-
state allosteric scheme (Monod et al., 1965; see Materials
and methods), are consistent with the assumption that
calcium affects solely the isomerization between the
resting and open channel states (K, = o/} in the sequential
model or L = [resting state]/[open channel state] in the
allosteric model). This interpretation accounts for (i) the
calcium-dependent potentiation; (ii) the increased current
amplitude at all ACh concentrations, including saturation;
(iii) the increased cooperativity of ACh dose-response
relationships; and (iv) the calcium-promoted shifts of ECs,
values. For none of these constructs need the intrinsic
affinity of the agonist for its sites be changed by >1.4-
fold (see Table I). Similarly, for mutants E18Q (loop I)
and E44Q (loop II), analyses of dose-response curves are
also consistent with the assumption that calcium affects
the isomerization constant (K, or L) for channel activation,
because these receptors exhibit increased current ampli-
tudes and cooperativities in the presence of calcium.
However, the expected change in ECsy values is not
observed, indicating that calcium may, in addition, alter
the intrinsic agonist dissociation constants K (see Materials
and methods).

In vitro interactions of Tb?>*/Ca?* ions with a peptide
(o7 160-174) exhibiting the a7 loop V sequence, together
with the fact that loop V confers calcium potentiation to
the 5HT; receptor, suggest that residues from the 161-
172 segment contribute directly to calcium binding. Yet,
within this segment, different mutations at a given position,
such as mutations E161-I, -R or -Q, but also D163 -A
or -N and S165-E or -K, alter potentiation in a comparable
manner (data not shown), suggesting that the chemical
nature of the amino acid side chain at these positions is
not critical. Thus, at variance with canonical high-affinity
calcium sites, all amino acid side chains tested may not
point towards the bound calcium ion. As in several low-
affinity calcium sites (Falke et al., 1994), they may either
not contribute to binding at all, or interact with the metal
ion through their backbone carbonyl groups.

Furthermore, the mutation of some residues within loop
V, in particular mutations D163N (Table I) and D163A
(Table II), together enhance potentiation by calcium and
drastically reduce its apparent affinity for ACh in equilib-
rium binding experiments, suggesting that residue Asp163
may simultaneously belong to a calcium binding loop and
to the cholinergic ligand binding area. Several lines of
experimental evidence support this view. On Torpedo nico-
tinic receptor, the 9 A-long affinity cross-linking reagent
S-(2-[*Hlglycylamidoethyl)dithio-2-pyridine establishes a
covalent bond between the amino acid Cys192 or Cys193
from the principal component of the ACh binding site
carried by the o-subunits (Czajkowski and Karlin,
1991, 1995) and Aspl80 and Glul89 of the &-subunit
(Czajkowski and Karlin, 1995). Based on these chemical
data as well as on site-directed mutagenesis experiments
(Czajkowski et al., 1993), 8Asp180 and 8Glul89 may
thus contribute to ligand binding (Czajkowski et al., 1993)
as part of the complementary component of the cholinergic
ligand binding area (Galzi and Changeux, 1994; Corringer
et al., 1995; Karlin and Akabas, 1995). Interestingly, these
two amino acids are respectively homologous to Asp163
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and Glul72 of the o7 subunit (Figure 5C), and consistent
with the data obtained on Torpedo receptor. Our study
shows that mutations D163N and E172Q altogether alter
ACh apparent affinity and calcium affinity. However, at
variance to studies performed on Torpedo receptor, muta-
tion of a7 Glul72 seems to affect ACh binding only as
a consequence of calcium binding alterations.

The ACh and calcium sites which thus appear topo-
graphically distinct may be located in close proximity to
each other and may even share amino acids from loop V.
According to such a structural model, some functional
groups from loop V, such as Glul72, would contribute to
calcium binding, while others, such as Aspl63, would
contribute to ACh binding (Figure 5C). The tertiary and
quaternary structural changes that take place in the course
of receptor activation would then alter in a concerted
manner the affinity of both sites for their respective
ligands. Our data, in any case, open the way to an analysis
of the metal ion binding sites which regulate the functional
properties of the nicotinic receptors at loci distinct from
the ion channel.

Materials and methods

Electrophysiological recordings

The o7-V201-5HT; (Eiselé et al., 1993), the o7 receptor and their
derived point mutants (Galzi et al., 1992) were reconstituted in Xenopus
oocytes and recorded as described in Bertrand et al. (1991). Current—
voltage relationships were determined in the presence and absence
of internal 1,2-bis(2-aminophenoxy)-ethane N,N,N',N'-tetraacetic acid
(BAPTA) using ramps starting at negative and ending at positive
potentials within 500 ms. On the o7-V201-5HT; receptor, calcium has
no effect on reversal potentials in the presence of BAPTA. In the absence
of BAPTA, a slight shift in reversal potential is observed (20 * 7 mV,
n = 3), which reflects weak calcium permeability and subsequent
activation of the calcium-dependent chloride channels. Because of the
ramp protocol, the ratio of /-V curves measured in the absence and
presence of calcium is linear (in the presence of BAPTA), indicating no
voltage-sensitive component of the effect of calcium on current ampli-
tudes. Dose-response curve data are fitted using the simplex algorithm,
and all curves (and curve ratios) are generated with the theoretical values
given by the best fits.

Electrophysiological data analysis
Curve fitting of the agonist dose-response data point was performed
using a sequential model (Del Castillo and Katz, 1957):

K K K (53
R+ nF <> RF <> ... <> RFn OFn

where R are closed and O open channels, K = ([R][F]")/[RFn] is the
dissociation constant of the agonist for its n identical sites per receptor
molecule, and Ky = [RFn)/[OFn] is the ratio of closed to open channels
(Mulle et al., 1992a).

The ionic response amplitude is given by I = x/{1 + [Ky (1 + K/
F)"}, where x = (number of receptor molecules contributing to the
response) X (unitary currents), F is the ligand concentration and n (the
number of sites) is taken as five for both homooligomeric receptors (0.7-
V201-5HT; chimera and 5HT3) (Lindstrom, 1995; Palma et al., 1996).
Dose-response curves are fitted assuming that the same number of
receptor molecules are activated in the absence and presence of calcium
for the a7-V201-5HT; chimera and its mutants, and that for all wild-
type and mutant SHT; receptors, channel block by calcium (2.5 mM)
reduces the number of responsive receptor molecules to 35%. ECs,
values are given by ECso = K/({[(2XKy + 1)/K]V#}-1) and Hill
coefficients at ECsg are given by nH = dlog ([(I~/in)(Imax—Imin)V/{1-
[ imin)/ (Imax—Imin)]})/dlog [FIM] with M = 1 mol/l

The dissociation K and activation K constants are adjusted pairwise
and their ratios (K[O.OCaz*‘]/K[Z.SCaZ*] and K0[0.0C82+]/K0[2.5c32+]), given in
Table I, are indicative of alterations by calcium of binding or isomeriz-
ation constants for activation.

Plots of Ic,/Ipc, versus agonist concentration report the ratios of



experimentally determined currents given in dose-response curves. The
solid line is the ratio of the theoretical dose-response curves fitted for
0.0 and 2.5 mM Ca’*.

As calcium is slightly permeable through the o7-V201-5HT; chimeric
channel and subsequently activates calcium-dependent chloride channels,
and because the extent of SHT; channel block by calcium could not be
estimated quantitatively for mutants SHT; CAl and 5HT; CA2, no
further determination of intrinsic calcium affinity for its regulatory sites
was attempted.

Dose-response curves were also adjusted with the two-state allosteric
scheme (Monod et al., 1965):

-

R O
“ -
Lc
RF = OF
| |
| |
| L |
RF, = OF,

with the fraction of open channels O = [(1 + a)")/[(1 + o) + ROL(1 +
RO-o)"], where n is the number of sites, o is the concentration of ligand
[F] normalized to its affinity for the O state (o0 = [FI/Kp), RO. is the
ratio of dissociation constants for the R and O states (ROc = Ky/Kg).
and ROL is the equilibrium constant between the R and O states in the
absence of added ligand (ROL = [R)/[O]). The fitting of a7-V201-5HT;
chimera (and its loop V mutant’s) dose-response curves in the absence
and presence of calcium can be obtained with identical values for Kg,
Ko and n, but with distinct ROL values (ROLyg ocp2- /ROLp5 scp2-) = 20
for a7-V201-5HT; in Figure 2A), in agreement with a nonexclusive
binding of calcium (Rubin and Changeux, 1966).

Equilibrium binding

Equilibrium binding experiments were performed as described by
Corringer et al. (1995). cDNAs were transfected into HEK 293 cells by
calcium phosphate precipitation. ['>IJa-Bgtx binding measurements
were performed at 18°C on intact cells. ACh apparent affinity (K, value)
was determined as the concentration reducing by 50% the initial velocity
of 2.5 or 5.0 nM ['ZTJa-Bgtx binding in the absence or presence of
10 mM calcium. The initial rate of ['2I]o-Bgtx binding was linear
during the first 5 min of association at 2.5 or 5.0 nM. Although mutants
D163N and D163A exhibited maximal ACh-evoked responses of similar
magnitude when expressed in Xenopus oocytes, only mutant D163A
exhibited o-Bgtx binding. The drastically reduced o-Bgtx binding
capacity of mutant D163N may result from the occurrence of an NXS
consensus glycosylation sequence. This issue has not been investigated
further.

Fluorescence measurements

Fluorescence measurements were performed, as described in McManus
et al. (1990), in 10 mM Tris—HCI buffer (pH 7.2) on a Perkin Elmer
LS-5B spectrofluorimeter, with an excitation wavelength of 285 nm.
Emission was monitored between 500 and 600 nm with a cut-off filter
(Corning 3603-75C), and the peak centered at 545 nm was integrated
for quantitation. Tb** at a fixed (10 uM) concentration is mixed with
increasing concentrations of peptide. In the reverse experiment, where
the peptide at a fixed concentration (10 uM) is mixed with increasing
amounts of Tb3*, energy transfer is also observed, but peptide precipita-
tion occurs at Tb>*:peptide ratios >1.5:1, precluding reliable titration.
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