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Abstract

K7 nicotinic receptors are highly permeable to Ca2� as well as monovalent cations. We extended the characterization of the
Ca2� permeation of non-desensitizing chick K7 receptors (S240T/L247T K7 nAChRs) expressed in Xenopus oocytes by
(1) measuring the concentration dependence of conductance under conditions in which Ca2� or Ba2� were the only permeant
cations in the extracellular solution, and (2) measuring the concentration dependence of Ca2� block of K� currents through
the receptors. The first set of experiments yielded an apparent affinity of 0.96 mM Ca2� activity (2.4 mM concentration) for
Ca2� permeation and an apparent affinity of 0.65 mM Ba2� activity (1.7 mM concentration) for Ba2� permeation. The
apparent affinity of Ca2� inhibition of K� currents was 0.49 mM activity (1.5 mM concentration). The similarity of these
apparent affinities in the millimolar range suggests that the pore of K7 receptors has one or more low-affinity Ca2� binding
sites and no high-affinity sites. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nicotinic acetylcholine receptors (nAChRs) are
pentamers of homologous subunits surrounding a
central cation-permeable pore [1]. Neuronal and
muscle end-plate nicotinic receptors are relatively
non-selective among monovalent cations, with per-
meability ratios (PNa/PK) of approximately 1.2 [2].
Neuronal nicotinic receptors are, however, more per-
meable to Ca2� than muscle nAChRs [2^10]. In par-
ticular, K7 receptors (formed from the homomeric
assembly of ¢ve K7 subunits) are the most Ca2�-per-

meable of the neuronal nicotinic receptors
[6,7,10,11]. The in£ux of Ca2� through neuronal nic-
otinic receptors is important for their physiological
functions of mediating fast synaptic transmission in
the hippocampus [12,13], modulating excitatory and
inhibitory neurotransmission [14], and regulating
neuronal plasticity [13,15].

Previous studies have used changes in reversal po-
tential to measure the selectivity of neuronal nico-
tinic receptors for Ca2� [6^8,10] and £uorescence
measurements of intracellular Ca2� changes during
receptor activation to measure the proportion of
the inward current that is carried by Ca2� ions
[9,16,17]. These studies provide the evidence support-
ing the high Ca2� permeability of neuronal nAChRs
and indicate that a signi¢cant percentage of their
current is carried by Ca2�.
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The goal of this study was to further characterize
the permeation of Ca2� through neuronal K7 nico-
tinic receptors by characterizing the interaction of
Ca2� with the pore. We used a non-desensitizing mu-
tant of chick K7 receptors with a serine-to-threonine
mutation at position 240 and a leucine-to-threonine
mutation at position 247 (S240T/L247T K7 recep-
tors) [18,19]. These receptors had permeation proper-
ties that were virtually identical to wild-type K7 re-
ceptors. More importantly, these receptors avoided
the severe run-down problems reported for wild-
type K7 receptors in excised patches [18,20] and per-
mitted detailed permeation studies at the single-chan-
nel level. We took two complementary approaches.
In one set of experiments, we measured the concen-
tration dependence of Ca2� permeation and thereby
measured the apparent a¤nity with which Ca2� in-
teracted with the pore during Ca2� permeation. In
the other experiments, we evaluated the Ca2�-depen-
dent block of currents carried by K�, and thereby
determined the apparent a¤nity with which Ca2�

blocked monovalent cation currents. We found that
both apparent a¤nities were approximately 0.5^1
mM Ca2� activity (1^3 mM Ca2� concentration),
suggesting that the pore of K7 receptors is likely to
have one or more low-a¤nity Ca2� binding sites, no
high-a¤nity sites, and, unlike voltage-gated Ca2�

channels, does not promote electrostatic repulsion
between ions during permeation.

2. Materials and methods

2.1. Chemicals

(+)-Tubocurarine and CaCl2 were obtained from
Fluka (Milwaukee, WI, USA). QX-222 was obtained
from Tocris Cookson (St. Louis, MO, USA). Genta-
micin was obtained from Gibco-BRL (Gaithersburg,
MD, USA). All other chemicals were from Sigma
(St. Louis, MO, USA) or Fluka.

2.2. cDNAs, in vitro transcription,
cRNA microinjections, and maintenance of
Xenopus oocytes

The plasmid vectors, chick K7 cDNAs, mutagene-
sis, preparation of K7 cRNA, and the harvesting and

maintenance of Xenopus laevis oocytes were de-
scribed previously [19].

2.3. Two-electrode voltage clamp

Two-electrode voltage clamp was performed as de-
scribed [19]. Oocytes were superfused in each record-
ing solution for at least 4 min before applying ACh
in that solution. Unless otherwise stated, oocytes
were voltage-clamped at a constant holding potential
of 360 mV.

Oocytes were injected with 46 nl of 50 mM BAP-
TA 15 min prior to recording to chelate intracellular
Ca2� and prevent the activation of Ca2�-activated
Cl3 channels [3]. The e¡ectiveness of BAPTA in
each oocyte was con¢rmed by comparing current^
voltage (I^V) relationships obtained in Ca2�-contain-
ing normal extracellular solution (96 mM NaCl,
2 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, and 10
mM Na-HEPES, pH 7.5) to I^V curves obtained in
Ca2�-free extracellular solution containing 1 mM
EGTA instead of 2.5 mM CaCl2. In Ca2�-free extra-
cellular solution, I^V curves displayed strong inward
recti¢cation. In normal extracellular solution in the
absence of BAPTA injection, I^V curves were nearly
linear due to outward current carried by the Ca2�-
activated Cl3 channels at positive voltages. In nor-
mal extracellular solution after BAPTA injection,
I^V curves showed strong inward recti¢cation, and
were indistinguishable from those recorded in the
absence of extracellular Ca2�. Thus, strong inward
recti¢cation in normal extracellular solution was tak-
en as evidence that the injected BAPTA was e¡ective
in chelating intracellular Ca2�.

To obtain whole-cell I^V relationships of S240T/
L247T K7 receptors, voltage steps from the 360 mV
holding potential (10 mV intervals, 200 ms duration)
were applied during the steady plateau of ACh-
evoked current. Leak currents recorded in the ab-
sence of ACh were subtracted. To obtain whole-cell
I^V relationships of wild-type K7 receptors (Fig.
1B,C), oocytes were voltage-clamped at the holding
potential indicated, ACh was applied, and the peak
ACh-evoked inward current was measured. Receptor
run-down was adjusted by comparing the currents at
each voltage to the currents at repeated measure-
ments at 360 mV.
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2.4. Permeability ratios

For measurements of divalent-over-monovalent se-
lectivity, Ca-Na-MeS and Ba-Na-MeS solutions were
used (90 mM NaOH, 2.5 mM KOH, 1 mM
Mg(OH)2, 10 mM HEPES, and methanesulfonic
acid to pH 7.4). Ca(OH)2 or Ba(OH)2 (0^10 mM)
was added before adjusting the pH with methanesul-
fonic acid [7]. The impermeant anion methanesulfo-
nate (MeS3) was used instead of chloride to further
reduce any current through Ca2�-activated Cl3 chan-
nels that remained after the BAPTA injection. The
osmolarities of these solutions were similar to that of
ND96. Reversal potentials were determined by inter-
polation of the I^V plots. Selectivity ratios were cal-
culated from the shifts in reversal at di¡erent Ca2�

or Ba2� concentrations [21] by the following equa-
tion:

PCa=PNa � ANa�;o�13evV rev F=RT�
4 �ACa2�;1� evV rev F=RT �1� eV rev;1 F=RT�3134 �ACa2�;2� �1� eV rev;2 F=RT�31

where ACa2�;1 and ACa2�;2 are the activities of extra-
cellular Ca2� in the two conditions being compared
(see below), ANa�;o is the activity of Na�, Vrev is the
reversal potential, and F, R, and T have their usual
meanings.

To measure the permeation of divalent cations in
the absence of other permeant ions, currents were
measured in Ca-NMG-MeS and Ba-NMG-MeS so-
lutions (100 mM MeSO3, 1 mM MgSO4, 10 mM
HEPES, and N-methyl-D-glucamine to pH 7.4) con-
taining Ca(OH)2 or Ba(OH)2 (0^10 mM, added be-
fore adjusting the pH). In these solutions, the imper-
meant cation N-methylglucamine (NMG�) replaced
all permeant monovalent cations. The osmolarities of
the solutions were similar to that of ND96. Slope
conductances at the reversal potential were measured
and were normalized to the slope conductance ob-
tained in a Ca2�-free normal extracellular solution
(96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM
EGTA, 10 mM Na-HEPES, pH 7.5). Leak currents
recorded in the absence of ACh were subtracted.

2.5. Calcium activity

The activity of Ca2� in di¡erent solutions was cal-
culated as follows. Activity coe¤cients for CaCl2 in
mixtures of CaCl2, NaCl, and KCl were obtained

from Butler [22]. The activity coe¤cients for Ca2�

were estimated from the activity of CaCl2 using Gug-
genheim's convention [22]: QCa2� = (QCaCl2 )2 where
QCa2� is the single ion activity coe¤cient of Ca2�.
For experiments where the anion species was
MeS3, the ion activities for Ba2� and Ca2� were
obtained from Kielland [23].

2.6. Membrane vesicle preparations from
Xenopus oocytes

The method for isolating membrane vesicles from
Xenopus oocytes was based on a protocol by Perez et
al. [24]. Brie£y, oocytes were rinsed and homoge-
nized in bu¡er A (200 mM KCl, 200 mM NaCl,
and 5 mM PIPES, pH 6.8) containing 300 mM su-
crose and the protease inhibitors 100 WM phenyl-
methylsulfonyl £uoride, 1 WM pepstatin, 1 Wg/ml
aprotinin, and 1 Wg/ml leupeptin. The homogenate
was layered onto a discontinuous sucrose gradient
of 50% and 20% sucrose (0.75 ml each) in bu¡er A
containing protease inhibitors. The gradient was cen-
trifuged at 30 000Ug for 30 min in a TLS 55 rotor in
a Beckman TL tabletop ultracentrifuge. The
20%:50% interface was collected, diluted three-fold
with bu¡er A and pelleted at 50 000Ug for 30 min
in a TLA 100.3 rotor. The membrane pellets were
resuspended in bu¡er B (50 mM KCl, 50 mM
NaCl, 300 mM sucrose, and 5 mM MOPS,
pH 6.8), frozen in liquid nitrogen and stored at
370³C.

2.7. Single-channel recording of oocyte-expressed
nAChRs reconstituted into planar lipid bilayers

Planar lipid bilayer recordings were performed as
described [19] except that the lipid bilayers contained
8 mg/ml 1-palmitoyl-2-oleoyl phosphatidylethanol-
amine, 4 mg/ml 1-palmitoyl-2-oleoyl phosphatidyl-
serine, and 8 mg/ml cholesterol (Avanti Polar Lipids,
Alabaster, AL, USA). Voltages were assigned as
trans relative to cis. The solutions contained 300
mM KCl, 0.5 mM CaCl2, 10 mM HEPES, pH 7.0,
and 20 WM ACh on the cis (extracellular) side, and
50 mM KCl, 50 mM NaCl, 10 mM HEPES, pH 7.0,
and 20 WM ACh on the trans (intracellular) side. To
promote fusion of vesicles to the planar lipid bilayer,
0.5 mM CaCl2 was present on the cis side. ACh was

BBAMEM 78198 24-1-02

L.K. Lyford et al. / Biochimica et Biophysica Acta 1559 (2002) 69^78 71



added to both chambers to activate nAChRs incor-
porated in either orientation (although all channels
incorporated with their extracellular side facing the
cis solution; see below). Membrane vesicles prepared
from Xenopus oocytes expressing S240T/L247T K7
nAChRs were incorporated into the bilayers by ap-
plying them directly onto the cis face of the bilayer
with a ¢re-polished glass probe [24]. Current ampli-
tudes were calculated from Gaussian ¢ts to ampli-
tude histograms or from visual ¢tting of opening
and closing transitions with computer-generated vec-
tors.

3. Results

The goals of these experiments were to determine
the properties of Ca2� and Ba2� selectivity and per-
meation of K7 nAChRs, and to measure the apparent
a¤nity with which the divalent cations bind within
the pore. We used a mutant receptor that has re-
duced desensitization properties, making it possible
to perform single-channel studies in planar lipid bi-
layers where agonist is continually present. In addi-
tion, the slow desensitization improved the experi-
ments in oocytes, where I^V measurements could

Fig. 1. S240T/L247T K7 nAChRs have pore properties that are similar to those of wild-type receptors. (A) Traces of ACh-evoked cur-
rents from wild-type (left) and S240T/L247T (right) K7 nAChRs recorded in normal extracellular solution. The ACh concentrations
are those that gave maximal responses for each receptor (1 mM for wild-type, and 10 WM ACh for S240T/L247T K7 nAChRs).
(B) Whole-cell I^V relationships of both wild-type and S240T/L247T K7 nAChRs display inward recti¢cation in normal extracellular
solution. Currents from both receptor types were evoked with maximal doses of ACh (same as in panel A) at the holding potentials
indicated. To compare I^Vs, the current amplitudes from each receptor type were normalized to the values obtained at 360 mV. The
mean peak currents ( þ S.D.) at 360 mV were 0.15 þ 0.09 WA (n = 6, two batches) for wild-type K7 nAChRs and 4.0 þ 2.1 WA (n = 4,
two batches) for S240T/L247T K7 nAChRs. (C,D) Both wild-type and S240T/L247T K7 nAChRs show voltage-dependent block by
QX-222. I^V relationships for (C) wild-type and (D) S240T/L247T K7 nAChRs were generated in the presence (open symbols) and ab-
sence (closed symbols) of 20 WM QX-222. Currents were recorded in Ca2�-free normal extracellular solution. Results are from single
cells representative of three and six experiments with wild-type and mutant receptors, respectively. In panel C, the peak currents
evoked by 300 WM ACh were determined at the holding potentials indicated. In panel D, 10 WM ACh was applied at a holding poten-
tial of 360 mV and the I^V relationship was obtained from a series of 10 mV voltage steps (3100 mV to 20 mV, 200 ms per step)
applied during the steady plateau of inward current.

BBAMEM 78198 24-1-02

L.K. Lyford et al. / Biochimica et Biophysica Acta 1559 (2002) 69^7872



be made during a single sustained maximal inward
current level, avoiding repeated applications of ago-
nist and receptor run-down. The non-desensitizing
receptor carried two mutations in the M2 pore-form-
ing domain, a serine-to-threonine mutation (S240T)
and a leucine-to-threonine mutation (L247T) [19].
This receptor was similar in its non-desensitizing
properties to the L247T mutant characterized previ-
ously [18,25]. Fig. 1A shows current recordings of
wild-type K7 nAChRs and the S240T/L247T K7
nAChRs, indicating the rapid desensitization kinetics
of the wild-type nAChRs and the stable, long-lasting
response of the S240T/L247T K7 nAChRs.

3.1. The S240T/L247T K7 nAChR and wild-type
K7 nAChR have similar permeation properties

The permeation properties of S240T/L247T K7
nAChRs were similar to those of wild-type receptors
in several important ways, indicating that the pores
of S240T/L247T K7 receptors were very similar to
those of wild-type receptors. We have shown previ-
ously that S240T/L247T nAChRs, like wild-type K7
nAChRs [8], are non-selective between Na� and K�,
with a PNa/PK of 1.2 [19]. In addition, both wild-type
[7] and S240T/L247T K7 nAChRs [19] are highly
permeable to Ca2� (see below). The single-channel
conductance of the mutant receptors (35 pS; see be-
low) was similar to that of wild-type receptors in
hippocampal neurons (38 pS [20]) and chick sympa-
thetic neurons (35 pS [26]).

Fig. 1B^D provides additional critical evidence
that the non-desensitizing S240T/L247T K7 receptor
has ion permeation properties similar to those of
wild-type K7 receptors. I^V relationships for both
receptor types (Fig. 1B) show that both receptors
display similar inward recti¢cation. In addition,
both the wild-type K7 nAChRs (Fig. 1C) [18] and
the S240T/L247T K7 nAChRs (Fig. 1D) show similar
voltage-dependent block by QX-222, an open-chan-
nel blocker that binds to residues in the pore-lining
M2 domain [27]. This indicates that the overall pore
geometry as probed by a pore-blocking molecule was
not greatly a¡ected by the S240T and L247T muta-
tions. In summary, the non-desensitizing S240T/
L247T nicotinic receptors had monovalent ion selec-
tivity, single-channel conductance, Ca2� permeabil-
ity, inward recti¢cation, and voltage-dependent block

by QX-222 that were similar to those of wild-type
receptors, and we conclude that the ion permeation
pathway was not functionally a¡ected by the S240T
and L247T mutations.

3.2. Selectivity and apparent a¤nity of S240T/L247T
K7 nAChRs for Ca 2+

To determine the selectivity of S240T/L247T K7
nAChRs for Ca2� over Na�, currents were recorded
in solutions containing 90 mM Na� and varying con-
centrations of Ca2� (Fig. 2) as described by Sëguëla
et al. [7] for wild-type K7 nAChRs. To reduce the
activation of Ca2�-activated Cl3 channels, oocytes
were injected with BAPTA, a high-a¤nity Ca2� che-
lator. In addition, Cl3 currents were minimized by
replacing extracellular chloride with the impermeant
anion MeS3. Ba2� currents were also measured be-
cause Ba2� is less e¤cient than Ca2� at activating
Ca2�-activated Cl3 channels [6] and has been com-
monly used as a Ca2� substitute in studies of divalent
ion permeation. Figs. 2A and 2B show I^V relation-
ships in Ca-Na-MeS and Ba-Na-MeS, respectively.
The reversal potentials from these data were plotted
versus log Ca2� activity (Fig. 2C) and log Ba2� ac-
tivity (Fig. 2D). The slopes of these plots were used
to calculate a permeability ratio of Ca2� to Na�

(PCa/PNa) of 43 and a PBa/PNa of 4.1. The large
positive Erev value in 5.2 mM ACa2� (10 mM Ca2�

concentration; Fig. 2C) could have resulted from a
large Ca2� in£ux overwhelming the bu¡ering ability
of the injected BAPTA, resulting in some Ca2�-acti-
vated Cl3 current. Thus PCa/PNa may be somewhat
overestimated. In comparison, wild-type rat K7
nAChRs expressed in oocytes are reported to have
a PCa/PNa of 6^20 [7,10] and a PBa/PNa of 16.6 [6].
Taking into account the uncertainties regarding
Ca2�-activated Cl3 currents and the sensitivity of
permeability ratios to small di¡erences in reversal
potentials, our results suggest that S240T/L247T K7
nAChRs had Ca2� and Ba2� selectivity in the same
range as wild-type K7 nAChRs.

To determine the apparent a¤nity of binding sites
within the pore for Ca2� and Ba2�, conductances
were determined at di¡erent Ca2� and Ba2� concen-
trations in the absence of other permeant ions. In
these experiments, Na� was replaced with NMG�,
a large impermeant cation. As described above, Cl3
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was replaced with MeS3 and oocytes were injected
with BAPTA to minimize the contribution of Ca2�-
activated Cl3 channels. Fig. 3 shows I^V plots of
ACh-evoked responses in the presence of di¡erent
concentrations of Ca2� (Fig. 3A) or Ba2� (Fig. 3B)
as the only permeant ion. To determine the apparent
a¤nity of divalent cations for the pore, the slope
conductance at the reversal potential was measured
from each curve, normalized by the conductance
measured in a Ca2�-free normal extracellular solu-
tion, and plotted versus Ca2� or Ba2� activity (Fig.
3C,D, respectively). The data were ¢tted with the
Michaelis^Menten equation (G = Gmax/[1+Km/AX2� ]),
yielding apparent a¤nity constants of 0.96 mM
ACa2� (2.4 mM Ca2� concentration) and 0.65 mM
ABa2� (1.7 mM Ba2� concentration).

3.3. A¤nity of divalents measured from block of
monovalent currents

The conductance versus activity relationships indi-
cate that Ca2� and Ba2� interact with the pore of K7
nAChRs with low a¤nity during the permeation
process. However, the interaction of multiple ions
within a pore during permeation can give the appear-
ance of low-a¤nity interaction from conductance^
activity plots, even when the individual ion binding
sites have very high a¤nity [28,29]. For example, L-
type Ca channels have a high-a¤nity binding site for
Ca2� block of monovalent currents with a Kd of V1
WM [29,30], but because of multiple-ion interactions
during Ca2� permeation, the conductance^activity
relationships suggest a Km of 14 mM [31]. To test
for the presence of high-a¤nity Ca2� binding sites,
we examined the a¤nity with which divalent ions

Fig. 2. Selectivity of S240T/L247T K7 nAChRs for Ca2� and Ba2� over Na�. Currents were evoked by 100 WM ACh in (A) Ca-Na-
MeS and (B) Ba-Na-MeS solutions containing concentrations of Ca2� or Ba2� ranging from 0 mM to 10 mM (as indicated in the ¢g-
ure). Representative data are shown from single cells. The reversal potentials were plotted versus (C) log ACa2� (n = 4) and (D) log
ABa2� (n = 4).
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inhibited the £ux of permeant monovalent cations.
To pursue this set of experiments, S240T/L247T K7
nAChRs were expressed in Xenopus oocytes, and
membrane vesicles from the oocytes were reconsti-
tuted into planar lipid bilayers (see Section 2). The
main advantages of this approach are: (1) channels
are studied at the single-channel level, so that con-
ductance measurements are not contaminated by
changes in channel gating [3,5], (2) the contributions
of other ion channels are eliminated by selecting bi-
layers that contain only the nAChR channel, and (3)

both the intracellular and extracellular solutions can
be manipulated precisely.

To verify that the channels were nicotinic recep-
tors, and to determine the orientation of the recep-
tors in the bilayer, the reconstituted channels were
tested with the nicotinic antagonists tubocurarine
(TC; 4.4 WM) and hexamethonium (Hex; 100 WM).
TC and Hex dramatically reduced the single-channel
open times and apparent current amplitudes, respec-
tively, in a reversible manner on the cis but not the
trans side (data not shown). Thus, because TC com-

Fig. 3. S240T/L247T K7 nAChRs conduct Ca2� and Ba2� with apparent a¤nities of 0.96 mM and 0.65 mM (ion activity), respec-
tively. Currents were evoked by 100 WM ACh in (A) Ca-NMG-MeS or (B) Ba-NMG-MeS in which the divalent cation was the only
permeant ion. Insets show ACh-evoked currents in (A) 10 mM Ca2� or (B) 10 mM Ba2� at a holding potential of 360 mV (scale
bars are 1 WA and 5 s in both panels). The data shown are representative of those obtained from seven or eight oocytes (A or B, re-
spectively). Panels C and D show saturation isotherms for ACh-evoked currents of S240T/L247T K7 nAChRs in Ca2� and Ba2�, re-
spectively. The slope conductances from I^V plots were measured at the reversal potentials and were plotted versus ACa2� or ABa2� .
To pool data from the oocytes, the slope conductances from each cell were normalized to the conductance at Erev obtained in Ca2�-
free normal extracellular solution. The solid line represents the ¢t of the data to the equation: G = Gmax/(1+Km/AX2� ), where Gmax is
the maximum normalized conductance, Km is the half-maximal Ca2� concentration (apparent a¤nity constant), and AX2� and is the
activity of Ca2� or Ba2�. The maximum normalized conductance for Ca2� was 0.46 and the Km was 0.96 mM ACa2� (2.4 mM Ca2�

concentration) (n = 7, two batches). The maximum normalized conductance for Ba2� was 0.39 and the Km was 0.65 mM ABa2� (1.7
mM Ba2� concentration) (n = 8, two batches).
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petes for ACh at the agonist binding site located on
the extracellular, N-terminal domain [32], the chan-
nels were incorporated into the bilayers with their
extracellular surface facing the cis chamber. In addi-
tion, the block by Hex and TC con¢rms the chan-
nels' nicotinic nature; both Hex and TC block ACh-
evoked currents in oocytes expressing S240T/L247T
K7 nAChRs (data not shown).

Previous studies have shown that extracellular
Ca2� reduces the unitary conductance of other
(non-K7) neuronal nAChRs [5,33,34]. However,
block of K7 nAChRs by intracellular Ca2� has not
been examined at the single-channel level. Thus, uni-
tary currents of reconstituted S240T/L247T K7
nAChRs were measured in the presence of varying

concentrations of trans Ca2� (Fig. 4). As the concen-
tration of Ca2� was increased, the unitary currents at
360 mV were reduced (Fig. 4A). The unitary con-
ductance decreased from 52 to 19 pS as the Ca2�

concentration increased from 0.5 to 20 mM (Fig.
4B).

To determine the a¤nity of the intracellular block-
ing site, the unitary chord conductance at 360 mV
was plotted versus the activity of Ca2� (Fig. 5). The
IC50 for Ca2� inhibition of monovalent currents was
0.49 mM ACa2� (1.5 mM Ca2� concentration). This
value was similar to the apparent a¤nity of Ca2�

during permeation (Km) determined in Fig. 3C.
Thus, these data are consistent with the hypothesis
that the K7 nAChR has one or more low-a¤nity
Ca2� binding sites. The data also indicate that the
pore of K7 nAChRs does not have a high-a¤nity
Ca2� binding site and does not promote the dramatic
ion^ion interactions observed in L-type Ca channel
permeation [28,29].

4. Discussion

This paper demonstrates that the pore of S240T/
L247T K7 nAChRs contains one or more low-a¤nity

Fig. 5. Block of unitary conductance by Ca2� activity has an
apparent a¤nity (Ki) that is similar to the Km for Ca2� perme-
ation. Chord conductances at 360 mV were plotted versus the
activity of Ca2� indicated. Each symbol shape represents a dif-
ferent experiment. Filled symbols indicate that Ca2� concentra-
tions were raised equally on both sides of the bilayer and open
symbols represent changes in trans Ca2� only. The data were ¢t
to the equation Q= Qmin+(Qmax3Qmin)/(1+ACa2� /Ki), where Qmax

and Qmin are the maximum and minimum conductances (67 and
16 pS, respectively), and Ki is the half-maximal inhibitory con-
centration. The Ki was 0.49 mM ACa2� (1.5 mM Ca2� concen-
tration).

Fig. 4. Intracellular Ca2� blocks unitary K� current. (A) Sin-
gle-channel currents from S240T/L247T K7 nAChRs incorpo-
rated in planar lipid bilayers. The concentrations of CaCl2 on
the trans side are indicated in the ¢gure. The holding potential
was 360 mV for all traces (trans relative to cis), and downward
transitions (channel openings) represent current £ow from cis to
trans. (B) Single-channel I^V relationships recorded at di¡erent
Ca2� concentrations.
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Ca2� binding sites (with binding constants of 0.5^1
mM) and no high-a¤nity sites. We found that the
apparent a¤nity for Ca2� permeation was 0.96 mM
Ca2� activity (2.4 mM Ca2� concentration), which is
reasonably close to the apparent a¤nity for Ca2�-
dependent block of K� current of 0.49 mM Ca2�

activity (1.5 mM concentration).
Although the S240T/L247T K7 nicotinic receptors

utilized in this study had two mutations in the pore-
lining domain, many lines of evidence indicate that
the pores of the mutant nicotinic receptors are func-
tionally similar to those of wild-type K7 receptors:
(1) both wild-type and L247T/S240T receptors have
similar single-channel conductances of 35^38 pS (in
the presence of 2^2.5 mM Ca2�) (Figs. 4 and 5)
[20,26]; (2) both receptors have similar selectivity
for Ca2� over monovalent cations (Fig. 2) [7,10];
(3) both receptors show similar degrees of inward
recti¢cation (Fig. 1B); (4) QX-222, which blocks nic-
otinic receptors by interacting with the pore, shows
similar voltage-dependent block of both wild-type
and L247T/S240T receptors (Fig. 1C,D); and
(5) both receptors show similar lack of selectivity
between Na� and K� (PNa/PKW1.2) [2,19]. Previous
single-channel studies with wild-type K7 nAChRs
were limited by the severe run-down of activity in
the excised patch con¢guration which allows multiple
solutions to be readily tested [18,20].

Several previous reports have shown that K7 nic-
otinic receptors have a high selectivity for Ca2� or
Ba2� over monovalent cations [6,7,10] and that Ca2�

£ux through these receptors is large enough to in-
crease intracellular Ca2� [9,11,16,17,25]. However,
to our knowledge this is the ¢rst study to measure
the a¤nity of divalent ion interactions with the pore
of K7 nicotinic receptors by measuring the concen-
tration dependence of Ca2� or Ba2� permeation and
the concentration dependence of Ca2� block of
monovalent currents.

Although K7 nAChRs are selective for Ca2�, they
are signi¢cantly di¡erent from voltage-gated Ca2�

channels that are exquisitely selective for Ca2� over
monovalent cations, with PCa/PNa of V1000 [28]. L-
type Ca channels have a Km for Ca2� permeation of
14 mM (concentration) [31], but monovalent currents
through these channels are blocked by Ca2� with a
Ki of V1 WM [29,30]. The large di¡erence between
the Km for Ca2� permeation and the Ki for Ca2�

block of monovalent currents of L-type Ca channels
is probably due to the existence of a single high-af-
¢nity Ca2� binding site in the pore (with a Kd for
Ca2� binding of V1 WM) that can interact simulta-
neously with two Ca2� ions during Ca2� permeation
[29]. Electrostatic repulsion between the two Ca2�

ions is likely responsible for the rapid £ux of ions
through the pore [29]. K7 receptors, however, have a
Km for Ca2� permeation of 2.4 mM (concentration),
and a Ki for block of monovalent currents by Ca2�

of 1.5 mM (concentration). The similarity of these
two values suggests that the pore of K7 receptors
contains one (or more) low-a¤nity Ca2� binding
sites that do not promote ion repulsion in the pore.
Thus, the pore of the K7 nicotinic receptor is func-
tionally very di¡erent from that of highly selective
voltage-gated Ca2� channels.

Negatively charged membranes, including phos-
phatidylserine-containing bilayers used in these stud-
ies, have a surface potential that can increase the
concentrations of cations at the membrane surface.
In addition, ¢xed negative charges within the pore of
the channel can have large e¡ects on local concen-
trations of both monovalent and divalent cations at
the mouth of the pore [35]. In principle, increased
screening of these surface and ¢xed charges by the
addition of Ca2� could reduce the local concentra-
tion of permeating K�, producing a Ca2�-dependent
reduction in channel conductance. This explanation
is insu¤cient, however, because the e¡ects of surface
charge are limited to a layer approximately 8^9 Aî

from the charged surface [35]. The outer mouth of
the AChR pore is 65 Aî away from the extracellular
membrane surface, and the inner mouth is 15 Aî

away from the intracellular surface [36]. Thus,
screening of lipid surface charge is unlikely to be
the cause of the observed Ca2�-dependent decrease
in unitary conductance. Fixed charges in the pore are
likely to increase the local concentrations of Ca2�

and monovalent cations at the mouth of the pore
[35], but these charges are expected to have a similar
e¡ects on the local concentration of Ca2� during
both Ca2� permeation and Ca2�-dependent block
of monovalent permeation. Thus, our key observa-
tion ^ that the apparent a¤nities for Ca2� permea-
tion and Ca2� block are approximately equal ^ is not
a¡ected by the presence of ¢xed charges.

The £ux of Ca2� through K7 nicotinic receptors
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plays an essential role in their physiological functions
[12^15]. The rapid £ux of Ca2� through the pore is
assisted by the low a¤nity with which the ion binds
during transit. The low a¤nity of Ca2� binding is
accompanied by a fairly low selectivity (V20) [6,7],
but for these channels the high £ux of Ca2� even
with modest selectivity is su¤cient to cause signi¢-
cant elevation of intracellular Ca2� [9,11,16,17].
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