Journal of
General
Physiology

Mechanism of calcium potentiation of the a7
nicotinic acetylcholine receptor

Kathiresan Natarajan™*@®, Nuriya Mukhtasimova'®, Jeremias Corradi*, Matias Lasala*, Cecilia Bouzat*, and Steven M. Sine23@®

The a7 nicotinic acetylcholine receptor (nAChR) is among the most abundant types of nAChR in the brain, yet the ability of
nerve-released ACh to activate a7 remains enigmatic. In particular, a major population of a7 resides in extra-synaptic regions
where the ACh concentration is reduced, owing to dilution and enzymatic hydrolysis, yet ACh shows low potency in
activating a7. Using high-resolution single-channel recording techniques, we show that extracellular calcium is a powerful
potentiator of a7 activated by low concentrations of ACh. Potentiation manifests as robust increases in the frequency of
channel opening and the average duration of the openings. Molecular dynamics simulations reveal that calcium binds to the
periphery of the five ligand binding sites and is framed by a pair of anionic residues from the principal and complementary
faces of each site. Mutation of residues identified by simulation prevents calcium from potentiating ACh-elicited channel
opening. An anionic residue is conserved at each of the identified positions in all vertebrate species of a7. Thus, calcium
associates with a novel structural motif on a7 and is an obligate cofactor in regions of limited ACh concentration.

Introduction

The a7 nicotinic acetylcholine receptor (nAChR) was initially
discovered as a high affinity a-bungarotoxin-binding protein in
the brain (Bosmann, 1972) and cultured neurons (Greene et al.,
1973). Subsequent cloning (Schoepfer et al., 1990) and bio-
chemical analyses (Drisdel and Green, 2000) showed that a7 is a
pentamer composed of five identical subunits. a7 is among the
most abundant types of nicotinic receptors in the brain and
lodges within the plasma membranes of neurons (Bosmann,
1972), astrocytes (Sharma and Vijayaraghavan, 2001), and mi-
croglia (Shytle et al., 2004). Although a7 is found in many re-
gions of the brain, it is enriched in the hippocampus, cerebral
cortex, basal ganglia, and cerebellum (Breese et al., 1997). a7 is
also present in the periphery (Broide et al., 2019), including the
autonomic ganglia and neuroendocrine, gastrointestinal, lung,
and lymphoid tissues (Cuevas et al., 2000; Wang et al., 2003;
Plummer et al., 2005). The ion channel of a7 is highly permeable
to calcium (Fucile, 2004), on par with that of the NMDA re-
ceptor (Séguéla et al., 1993); thus, in addition to mediating ex-
citation, a7 can couple to calcium-dependent intracellular second
messengers. o7 contributes to cognition (Leiser et al., 2009),
sensory processing (Alkondon et al., 2000), attention (Williams
et al., 2012), working memory (Yang et al., 2013), and reward

(Mansvelder and McGehee, 2000) and is an emerging thera-
peutic target for neurodegenerative, neurological, and psychi-
atric disorders (Dineley et al., 2015; Deutsch et al., 2016).

In the brain and many peripheral tissues, cholinergic nerve
terminals contact postsynaptic regions largely devoid of den-
sities associated with point-to-point synaptic transmission
(Descarries et al., 1997; Lendvai and Vizi, 2008). In addition, a
major population of a7 localizes distant from cholinergic nerve
terminals and postsynaptic densities (Jacob and Berg, 1983;
Jones and Wonnacott, 2004; Duffy et al., 2009). Thus, an im-
portant mechanism for a7 signaling is volume transmission,
where cholinergic stimulation elicits a temporally and spatially
graded response that changes in concert with overall cholin-
ergic tone (Sarter etal, 2009). In volume transmission, nerve-
released ACh diffuses a relatively long distance before reaching
its receptor target, and as a consequence, dilution and enzy-
matic hydrolysis reduce the ACh concentration available to
occupy receptor binding sites. The low potency of ACh in ac-
tivating a7 (median effective concentration [ECso], ~100 pM;
Eiselé et al., 1993; Andersen, et al., 2013) suggests that in re-
gions distant from sites of ACh release, only a small proportion
of the receptor’s five binding sites will be occupied. However,
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extracellular calcium potentiates nAChRs from a variety of neurons
(Vernino, et al., 1992; Mulle, et al., 1992; Amador and Dani, 1995), as
well as a7 expressed in heterologous systems (Eiselé et al., 1993).
Thus, in regions remote from sites of ACh release, extracellular
calcium could act as an allosteric modulator of a7.

Although homeostatic processes maintain the extracellular
calcium concentration at ~2 mM, computational studies show
that in extracellular regions with small volume, such as the
neuropil, the local calcium concentration can change tran-
siently and over a physiologically significant range (Egelman
and Montague, 1999). Measurements of extracellular calcium
concentration in the brain confirm that neuronal stimulation
transiently depletes extracellular calcium (Nicholson, et al., 1977;
Rusakov and Fine, 2003). In pathological conditions, such as
epileptic seizures, hypoxia, or ischemia, extracellular calcium
concentrations fluctuate (Pumain et al., 1983; Silver and Ereciriska,
1990). Thus, within small extracellular volumes, activity-dependent
changes in extracellular calcium concentration could modulate
a7 signaling.

Despite the physiological significance of calcium potentiation
of a7, the biophysical and structural mechanisms behind po-
tentiation have not been fully elucidated. In a seminal study
using a receptor chimera composed of a7 sequence in the ex-
tracellular domain and 5-HT3 receptor sequence in the trans-
membrane and intracellular domains (Galzi, et al., 1996),
mutation of several negatively charged residues near the site of
agonist binding altered or prevented calcium potentiation of
ACh-elicited macroscopic currents. In a second study using full-
length a7 with a pore mutation that enhanced agonist sensitivity
(McLaughlin et al., 2006), covalent cross-linking of B-strands
flanking the ligand binding site endowed barium with agonist-
like activity. Activation by barium was blocked with the a7-
selective competitive antagonist MLA and was eliminated by
mutation of a negatively charged residue identified in the study
of the chimeric a7/5-HT3 receptor. Although these studies
provided important insights into calcium potentiation of a7, how
calcium potentiation manifests at the level of single receptor
channels and how calcium interacts with the receptor at the
atomic scale remained unresolved.

To define biophysical counterparts of calcium potentiation of
the a7 nAChR, we recorded single-channel and macroscopic
currents through human a7 nAChRs expressed in mammalian
fibroblasts. To identify structural counterparts of calcium po-
tentiation, we conducted MD simulations using the x-ray
structure of a pentameric a7-like ligand binding domain (Li
et al., 2011) in the presence of calcium ions. We then mutated
candidate residues identified by simulation within the full-
length human a7 nAChR and recorded single-channel and
macroscopic currents to identify sites required for calcium
potentiation.

Materials and methods

Expression and mutagenesis of the human a7 nAChR

BOSC-23 cells, a cell line derived from HEK 293 cells (Pear et al.,
1993), were maintained at 37°C in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS until they reached ~50%
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confluence. Thereafter, cDNAs encoding wild-type or mutant
human a7 nAChRs, the chaperone NACHO, and GFP were co-
transfected by calcium phosphate precipitation; the ratio of a7 to
NACHO cDNAs was 1:4. GFP was included to allow identification
of transfected cells for patch-clamp recording. The cDNA en-
coding NACHO was synthesized by GenScript and then sub-
cloned into the mammalian expression vector pRBG4 (Lee
et al., 1991) and was required for expression of the a7 nAChR
on the cell surface (Gu et al., 2016). The mutations E185Q, E158A,
and D160S were generated using the QuikChange site-directed
mutagenesis kit (Agilent Technologies) and were confirmed by
sequencing the entire coding region. Patch-clamp recordings
were made 24-48 h following transfection.

Single-channel recordings from cell-attached patches
Single-channel currents were recorded in the cell-attached
patch configuration with a membrane potential of -100 mV
and a temperature of 21°C. Patch pipettes were fabricated from
type 8250 glass (King Precision Glass), coated with Sylgard 184
(Dow Corning), and heat polished to yield resistances of 5-8 MQ.
For recordings without calcium, the extracellular and pipette
solutions contained (in mM) 142 KCl, 5.4 NaCl, 1 EGTA, and 10
HEPES, adjusted to pH 7.4 with NaOH. For recordings with ei-
ther calcium or barium, the extracellular and pipette solutions
contained (in mM) 142 KCl, 5.4 NaCl, 1.7 MgCl,, either 1.8 CaCl,
or 1.8 BaCl,, and 10 HEPES, adjusted to pH 7.4 with NaOH. ACh,
at a concentration of 100 mM in dH,0, was stored at -80°C, and
dilutions to the final concentrations were made on the day of
each experiment.

Methods for data acquisition and event detection were as
described (Mukhtasimova et al., 2016). Briefly, single-channel
currents were recorded using an Axopatch 200B patch-clamp
amplifier, with the gain set to 100 mV/pA and the internal Bessel
filter to 100 kHz. Data were sampled at intervals of 0.2 ps using a
National Instruments model BNC-2090 A/D converter with a
PCI 611le acquisition card and recorded to the hard disk of a PC
computer using the program Acquire (Bruxton Corporation).
Data were accepted for analysis if the RMSD of the baseline noise
was between 120 and 180 fA at 5 kHz bandwidth. Traces of
single-channel currents were digitally filtered at 25 kHz, and
channel openings and closings were detected using the half-
amplitude threshold criterion using the program TAC4.2.0
(Bruxton Corporation). Overlapping channel openings, although
rare due to the inherently brief mean open time, were excluded
from analysis. Dwell time histograms were plotted using a log-
arithmic abscissa and a square root ordinate (Sigworth and Sine,
1987) with a uniformly imposed dead time of 8 ps and were fitted
by the sum of exponentials by maximum likelihood using the
program TACFit 4.2.0. Statistical analyses of the frequency of
channel opening and the average duration of channel openings
were performed using an unpaired nonparametric Mann-
Whitney test within GraphPad Prism version 5.04.

Single-channel recordings from cell-free outside-out patches

Following formation of a giga-ohm seal, the membrane beneath
the patch pipette was ruptured, and the pipette was slowly
pulled away from the cell until a cell-free outside-out patch
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formed (Hamill et al., 1981). The solution within the pipette
contained (in mM) 134 KCl, 10 HEPES, 5 EGTA, and 1 MgCl,. The
external solution with calcium contained 150 NaCl, 10 HEPES,
1.8 CaCly, and 1.0 MgCl,. The external solution without calcium
contained 150 NaCl, 10 HEPES, and 1.0 MgCl,. Single-channel
currents were recorded with a membrane potential of -70 mV.
The tip of the patch was perfused with external solution con-
taining 10 uM ACh with calcium for 30 s, followed by 30 s
without calcium, using a system composed of elevated solution
reservoirs for gravity-driven flow and switching valves con-
trolled by a VC3 controller (ALA Scientific; Liu and Dilger, 1991;
Corradi et al., 2009). The solution exchange time was estimated
by the change in the open pipette resistance upon switching
between solutions with different osmolarity and ranged be-
tween 0.1 and 1 ms. Single-channel currents were digitized at
5 us intervals using an Axopatch 200B patch-clamp amplifier
(Molecular Devices). Single-channel events were idealized by the
half-amplitude threshold criterion using the segmental k-means
procedure within QuB 2.0.0.28 software (Qin et al., 1996), with a
low pass digital filter of 7 kHz and a dead time of 30 ps.

Macroscopic current recordings

Macroscopic currents were recorded in the whole-cell configu-
ration at a holding potential of -50 mV. External solution con-
taining ACh with or without calcium was applied in pulses of
1.5-s duration, interspersed by a 10-s recovery application of
external solution with calcium. Macroscopic currents were ac-
quired using the program WinWCP V5.3.7 (Strathclyde Institute
of Pharmacy & Biomedical Sciences), filtered at 5 kHz, digitized
at 20 kHz, and analyzed using Clampfit 10.4 (Molecular De-
vices). Currents in response to three to five applications to the
same cell were recorded for each condition, and the values ob-
tained from different cells were averaged.

MD simulations

All-atom MD simulations were conducted using the x-ray
structure of the ligand-binding domain of an a7/AChBP chi-
mera (Li et al., 2011) in the presence or absence of calcium ions.
The coordinates for the a7/AChBP chimera were downloaded
from the Protein Data Bank (PDB accession no. 3SQ9). 30 Ca?*
ions and counter anions were placed randomly around the
protein, and the system was placed in a cubic box 120 A in each
dimension and solvated with TIP3P water molecules and
150 mM NaCl. Ca?* ions were modeled using the CHARMM36m
force field. All MD simulations were performed under periodic
boundary conditions using the NAMD software package
(Phillips et al., 2005) with the CHARMM36m force field, and the
particle-mesh Ewald sum method (Essmann et al. 1995) was used
to treat long-range electrostatic interactions. The CHARMM36m
force field provides improved accuracy in generating backbone
conformational ensembles (Huang et al., 2017). All the bond
lengths involving hydrogen atoms were fixed using the SHAKE
algorithm (Ryckaert et al., 1997), allowing for an integration time
step of 2 fs. A 12-A cutoff was used for nonbonded van der Waals
interactions. First, the system was energy minimized over a
maximum of 10,000 steps using the steepest descent energy
minimization algorithm. Next, the system was equilibrated in
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the constant number, volume, and temperature ensemble for up
to 5 ns, and finally production MD runs of 100 ns for the
calcium-free system and 150 ns for the calcium-added system
were performed in the constant number, pressure, and tem-
perature ensemble. Coordinates for the trajectory were saved
every 10 ps.

Residues within wild-type a7/AChBP (PDB accession no.
35Q9) that were predicted to form calcium binding sites were
mutated (E158A, D160S, and E185Q) in silico using the muta-
genesis wizard in Pymol (DeLano, 2002). For each mutant, the
system was energy minimized, equilibrated, and simulated up to
100 ns following the above-mentioned protocol for the simu-
lations of wild-type a7/AChBP. From the endpoint of the
calcium-free simulation for each mutant, the protein confor-
mation was taken, and 30 Ca?* ions, with charge neutralizing
anions, were placed randomly around the protein; the system
was equilibrated, and production simulations up to 100 ns for
E185Q and D160S and 150 ns for E158A were performed using
the same protocol described above to assess calcium association
with wild-type a7/AChBP.

Electrostatic analysis

The electrostatic surface potentials of wild-type and mutant
a7/AChBP were calculated using the PDB2PQR (Dolinsky et al.,
2007) and the Adaptive Poisson-Boltzmann Solver (APBS;
Baker et al., 2001) plugins in Pymol. APBS software solves the
equations of continuum electrostatics for the macromolecules.
The use of continuum solvation methods by APBS software
utilizes complete structural data and force field parameters
such as atomic charges and atomic radii, which are obtained
through the PDB2PQR software. The electrostatic potential is
computed by solving the Poisson-Boltzmann equation:

V.e(r)Ve(r) - wg(r) = -4mp(r),
where €(r) is the position-specific dielectric constant, ¢(r) is the

position-specific electrostatic potential, k is the reciprocal of the
Debye length, and p(r) is the position-specific charge density.

RMSD analysis

To compare the overall structural changes during the calcium-
free and calcium-bound simulations, the RMSD for all atoms in
the protein was calculated. RMSD values were calculated for
each frame along the entire trajectory as a function of time with
respect to the starting structure for both the calcium-free and
calcium-bound simulations. The RMSD of atoms within a mol-
ecule with respect to a reference structure, 1", is calculated as:

3
Z}

where M = Y _"m;, m; is the mass of atom i, and r;(t) is the position

RMSD =

1 N
=N "my |ri(t) - 7T
M ; i |Ti i

of atom i at time t after least squares fitting of the trajectory
snapshots to the reference structure.

Radius of gyration (Ry) analysis
The Rg was calculated to detect changes in the compactness of
the protein during MD simulations in either the presence or
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absence of calcium. The R, is defined as the distribution of the
atoms of a protein around an axis through its center of mass. It is
used to identify various polymer shapes of a protein and predict
structural changes. The Ry is calculated according to:

2
>oa|ril m
Ry = | —=—|,
! > oim
where Ry is the radius of gyration, m;, is the mass of atom i, and
r; is the position of atom i with respect to the center of mass of
the molecule.

Online supplemental material

Fig. S1 shows the time evolution of interatomic distances be-
tween the associating calcium ion and the oxygen atoms of key
stabilizing residues from the C-loop and F-loop of the wild-type
a7/AChBP during the course of MD simulation. Fig. S2 shows the
time evolution of interatomic distances between the associating
calcium ion and the oxygen atoms of key stabilizing residues
from the C-loop and F-loop of the E158A mutant of a7/AChBP.
Fig. S3 shows the time evolution of the interatomic distances
between the associating calcium ion and the oxygen atoms of
key stabilizing residues from the C-loop and F-loop of the E185Q
mutant of a7/AChBP. Fig. S4 shows the time evolution of the
interatomic distances between the associating calcium ion and
the oxygen atoms of key stabilizing residues from the C-loop and
F-loop of the D160S mutant of a7/AChBP.

Results

Single-channel recordings

To investigate calcium potentiation at the single-channel level,
we recorded ACh-elicited single-channel currents from mam-
malian fibroblasts transfected with cDNAs encoding the human
a7 nAChR plus the chaperone NACHO, an endoplasmic reticu-
lum resident protein required for export of a7 to the plasma
membrane in nonneuronal cells (Gu et al., 2016). To register the
inherently brief channel openings by the a7 nAChR, we applied
our previously described methods for improved resolution of
single-channel dwell times (Mukhtasimova et al., 2016). Briefly,
single-channel currents were recorded in the cell-attached patch
configuration, which enhances patch stability and reduces
background noise, with a membrane potential of -100 mV, a
sampling interval of 0.2 ps, and a digital Gaussian filter of 25
kHz. In the absence of divalent cations plus 1 mM EGTA, a rel-
atively low concentration of ACh (10 pM) elicits infrequent
channel openings with durations spanning from ~10 to ~200 ps
(Fig. 1a). However, in the presence of 10 .M ACh and calcium, a
recording from a second patch of membrane from the same cell
reveals a marked increase in the incidence of channel openings
and an increase in the durations of the longest openings, which
approach 1 ms (Fig. 1 b). Similarly, in the presence of 10 uM ACh
and barium, a calcium surrogate, a recording from a third patch
of membrane from the same cell again reveals a marked increase
in the incidence of channel openings and an increase in the
durations of the longest openings, which approach 1 ms (Fig. 1c).
Measurements of the current amplitude for the population of
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channel openings from each patch reveals a mean amplitude of
18.6 pA in the absence of divalent cations plus EGTA and reduced
amplitudes of 14.5 and 14.3 pA in the presence of calcium and
barium, respectively (P = 0.0025). The kinetic signatures of the
infrequent and brief channel openings without calcium and the
robust and longer channel openings with either calcium or
barium were consistent from patch to patch and from cell to cell.
For these three recordings, dwell time histograms of channel
open durations are well described by the sum of two exponential
components, with mean durations of ~10 and ~100 ps. How-
ever, in the presence of either calcium or barium, the relative
weight of the component with longest mean duration increases
(time constants and relative weights are listed in the Fig. 1 leg-
end). Thus, the divalent cations calcium and barium increase the
frequency of channel opening and prolong the durations of the
openings.

Single-channel currents recorded in the outside-out

patch configuration

In Fig. 1, all three recordings were obtained from the same cell
but, owing to use of the cell-attached patch configuration, each
recording monitored activity from a different patch of mem-
brane. To demonstrate calcium potentiation of receptors within
the same patch of membrane, we recorded single-channel cur-
rents from cell-free outside-out patches (Hamill et al., 1981). In
addition, we used rapid solution exchange techniques (Liu and
Dilger, 1991; Corradi et al., 2009) to remove and reapply calcium
in the continued presence of ACh and thus assess reversibility of
calcium potentiation. A recording from an exemplar outside-out
patch containing the wild-type a7 nAChR, perfused with 10 pM
ACh plus calcium, reveals robust single-channel openings
throughout the first 30-s application period (Fig. 2). However,
upon exchange into a solution containing 10 uM ACh without
divalent cations, channel opening abruptly pauses and remains
quiescent until exchange into the original solution containing
ACh and calcium. This abrupt switching of channel opening
activity is mirrored in a plot of the duration of each opening
event against its time of occurrence during the recording; the
plot also confirms that without calcium, channel openings are
brief, whereas with calcium, channel openings are prolonged.
However, owing to the greater background noise inherent to
outside-out compared with cell-attached patches, the frequency
bandwidth is reduced for outside-out patches; thus, calcium-
dependent changes in mean open duration are best assessed
using the cell-attached patches, as in Fig. 1. Nevertheless, suc-
cessive recordings from the same patch of membrane confirm
that calcium dramatically increases channel opening of the wild-
type a7 nAChR and also demonstrate that calcium potentiation is
reversible.

Single-channel recordings at increased ACh concentrations

Owing to the low potency of ACh in activating a7, only a subset
of its five identical ligand binding sites is expected to be occu-
pied in regions distant from cholinergic nerve terminals, pro-
viding a physiological rationale for calcium potentiation in
extra-synaptic regions. However, for receptors in synaptic re-
gions where the ACh concentration is much higher, a rationale
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Figure 1. Potentiation of the a7 nAChR by
divalent ions at the single-channel level. (a)
Trace showing single-channel currents recorded
in the presence of 10 pM ACh in the absence of
divalent cations plus 1 mM EGTA. Recording was
obtained in the cell-attached patch configuration
with an applied potential of -100 mV and
Gaussian filter of 25 kHz (see Materials and
methods). Channel openings are upward de-
flections from baseline. Left: Plot of the dura-
tions of individual channel openings as a function
of their time of occurrence during the recording.
Right: A histogram of open dwell times fitted by
the sum of two exponentials with the following
time constants and relative weights: 1o = 1.2 x
1055, ap = 0.855; T, = 9.9 x 10-5 s, a; = 0.145.
For the population of channel openings from this
patch, the mean current amplitude was 18.6 +
13 pA. (b) Trace showing single-channel cur-
rents in the presence of 10 uM ACh and 1.8 mM
Ca?*; the cell-attached patch for this recording
was obtained from the same cell as in a. Left:
Plot of the durations of individual channel
openings as a function of time of occurrence
during the recording. Right: A histogram of open
dwell times fitted by the sum of two ex-
ponentials with the following time constants and
relative weights: 1o = 1.4 x 107 s, ag = 0.658;
T =83 x 107 s, a; = 0.342. For the population
of channel openings from this patch, the mean
current amplitude was 14.5 + 1.8 pA. (c) Trace
showing single-channel currents in the presence
of 10 pM ACh and 1.8 mM Ba?*; the cell-attached
patch for this recording was obtained from the
same cell as in a and b. Left: Plot of the durations
of individual channel openings as a function of
time of occurrence during the recording. Right: A
histogram of open dwell times fitted by the sum
of two exponentials with the following time
constants and relative weights: 1o = 1.2 x 107 s,
ag = 0.611; t; = 9.7 x 107 s, a; = 0.389. For the
population of channel openings from this patch,
the mean current amplitude was 14.3 + 2.0 pA.

Journal of General Physiology
https://doi.org/10.1085/jgp.202012606

620z JequiedeQ €0 uo 3senb Aq 4pd-909210z0z dbl/9091081/90921020z8/6/2S | APd-elome/dBl/B10"sseidnu//:dny woy pepeojumoq

5 of 18


https://doi.org/10.1085/jgp.202012606

1.8 mM Ca2t

mmm Calcium-free

Open Time, us

60 80
Time, s

100 120 140

Figure 2. Calcium potentiation demonstrated in the outside-out patch
configuration. Top: Continuous recording of current as a function of time
from an outside-out patch containing wild-type a7 nAChRs at a holding po-
tential of -70 mV and bandwidth of 7 kHz. Gray bars indicate perfusion with a
solution containing 10 pM ACh and 1.8 mM Ca?*, whereas black bars indicate
perfusion with 10 pM ACh without calcium. Bottom: The durations of indi-
vidual channel openings are plotted as a function of time of occurrence during
the recording.

for calcium potentiation is less clear. Thus, we compared calci-
um potentiation of single-channel currents from limiting low to
high ACh concentrations; the recordings were made in the cell-
attached patch configuration to enable the utmost in patch sta-
bility and temporal resolution of the brief channel openings. In
the absence of calcium, a limiting low concentration of 1 uM ACh
elicits only rare channel openings, which appear at a frequency
of approximately one every 30 s in a typical patch (Fig. 3 a,
upper left). However, in the presence of 1 uM ACh plus calcium,
the frequency of channel openings is increased (Fig. 3 a, lower
left); expressed as the average from four to six independent
patches for each condition (Fig. 3 a, left-middle), this increase
in frequency is significant (P < 0.03), suggesting any patch-to-
patch variation in opening frequency is smaller than the in-
crease in opening frequency mediated by calcium. Dwell time
histograms show a calcium-dependent increase in open du-
rations, which are fitted by a single brief exponential com-
ponent in the absence of calcium and two components in its
presence (Fig. 3 a, right-middle; and Table 1); for the overall
population of channel openings, the average open duration
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increases by approximately fourfold in the presence of calci-
um (Fig. 3 a, right).

Increasing the ACh concentration to 10 uM markedly in-
creases the incidence of channel openings, both in the absence
and presence of calcium (Fig. 3 b, left). However, the incidence
in the presence of calcium is much greater than in its absence
(Fig. 3 b, left-middle), as also shown in Figs. 1 and 2. Histograms
of open durations exhibit two exponential components either
without or with calcium but, with calcium, the relative weight of
the component with longest mean duration increases (Fig. 3 b,
right-middle; and Table 1), resulting in an increase in the av-
erage duration of channel openings (Fig. 3 b, right). In addition,
periods of robust channel opening are occasionally interspersed
by periods of reduced opening frequency (Fig. 3 b, lower left).
Such quiescent periods were most apparent in the presence of
calcium, and although a given patch contains multiple receptors,
the quiescent periods suggest enhanced entry into a long-lived
desensitized state.

In contrast to recordings obtained in the presence of 1 and
10 uM ACh, in the presence of 100 pM ACh, the incidence of
channel openings is robust either without or with calcium
(Fig. 3 c), and the average frequency of channel opening is not
different without or with calcium (P < 0.3; Fig. 3 c, left-middle).
Histograms of channel open dwell times exhibit two exponential
components, with mean durations and relative weights that are
similar without or with calcium (Fig. 3 ¢, right-middle, and
Table 1), and the average duration of channel openings is not
different without or with calcium (P < 0.45; Fig. 3 c, right). As
observed in the presence of 10 uM ACh (Fig. 3 b), in the presence
of calcium, periods of robust channel opening are occasionally
interspersed by periods of reduced opening frequency, again
suggesting enhanced entry into a desensitized state.

In summary, at low and intermediate ACh concentrations,
where the fractional occupancy of the five ligand binding sites is
expected to be low, both the frequency of channel openings and
the average duration of the openings are increased by calcium.
However, at a high ACh concentration, where the fractional
occupancy of the ligand binding sites is expected to increase, the
potentiating effect of calcium is not apparent at the single-
channel level.

MD simulations

To identify structural counterparts of calcium potentiation of
the a7 nAChR, we performed MD simulations using the crystal
structure of an a7 ligand binding domain chimera composed of
a7 and AChBP sequences in the presence of calcium ions. The a7/
AChBP chimera shares 64% sequence identity with the ligand
binding domain of human a7, and in the assembled pentamer,
the majority of solvent accessible residues is derived from a7 (Li
et al., 2011). Prior to simulation, a system ensemble was gener-
ated comprising one copy of the a7/AChBP pentamer, TIP3P
water molecules, sodium, and chloride ions at an effective con-
centration of 150 mM, and randomly placed calcium ions and
charge-neutralizing anions. The system ensemble was subjected
successively to 10,000 steps of energy minimization, 5 ns of
equilibration, and an MD production simulation of 150 ns under
conditions of constant number, pressure, and temperature (see
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Figure 3. Calcium potentiation depends on the ACh concentration. (a) Left: Plot of the durations of individual channel openings in the presence of 1 uM
ACh as a function of time of occurrence during the recording, without or with 1.8 mM Ca?*. Recordings were obtained in the cell-attached patch configuration
with an applied potential of ~-100 mV and Gaussian filter of 25 kHz. Left-middle: Comparison of the average channel opening frequency without or with 1.8 mM
Ca?*, obtained from four to six patches for each condition; channel opening frequency is expressed relative to that in the presence of 1.8 mM Ca?*. Right-
middle: Comparison of histograms of open dwell times fitted by the sum of either one or two exponentials, without or with 1.8 mM Ca?*, respectively. Right:
Comparison of the average duration of channel openings without divalent cations or with 1.8 mM Ca?*. (b and c) Results are shown as in a, but with ACh
concentrations of 10 (b) and 100 (c) pM. Error bars represent the SEM.
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Table 1. Distributions of open durations for wild-type a7 nAChR

[Ach] calcium free 1.8 mM Ca**
Mean open, s Weight Mean open, s Weight

1um 12x107°+17x 107 1.0 15 x 107 £ 3.7 x 1.0 x 1074 £ 9.7 x 0.67 +0.02 0.33 =

106 10-¢ 0.02

n=3 n==6

10 M 1.0 x 107> + 1.2 x 6.1x107 + 6.4 x 0.90 =+ 0.10 + 11x107°+13x107% 12 x 107 + 3.4 x 0.58 + 041 +
1076 106 0.03 0.06 10-° 0.06 0.06
n=6 n=4 n=4

100 pM 1.2 x 107 £ 1.6 x 8.9 x107 £ 1.6 x 055+ 0.03 045+ 03 12x107°+17x 9.5 x 107 + 8.5 x 0.59 + 041 +
106 10-¢ 106 106 0.04 0.04
n=6 n=6

Time constants and relative weights of exponential components were obtained by fitting open-duration histograms for n experiments.

Materials and methods). The time course of the all-atom RMSD
of the simulated relative to the initial structure shows an in-
crease followed by a stable plateau that extends to the conclusion
of the simulation (Fig. 4 a). The average structure between 80
and 100 ns of the simulation reveals five calcium ions bound to
the a7/AChBP pentamer (Fig. 4 b), with each cation lodged at an
interface between subunits and coordinated by anionic and
polar side chains at the periphery of the ligand binding sites
(Fig. 4 c). The residues coordinating calcium include Glul85
from the C-loop at the principal face of the ligand binding site
and Glul58, Aspl60, and Serl62 from the F-loop at the comple-
mentary face of the site. Time courses of the interatomic dis-
tance between an associating calcium ion and its target residues
reveal a period of ~60 ns during which the interatomic distances
are large and fluctuate widely, followed by a period with re-
duced and stable interatomic distances extending to 150 ns
(Fig. 4 d); time courses of association for the other four calcium
ions are qualitatively similar to those in Fig. 4 d (Fig. S1). Thus,
MD simulation reveals the association of five calcium ions, each
coordinated by anionic and polar residues from the principal
and complementary faces of each ligand binding site; these
residues emerge as candidates for mediating calcium potentia-
tion of the a7 nAChR.

To gain insight into contributions of electrostatic forces to the
association between calcium and the anionic and polar residues
at each subunit interface, we generated a 100-ns MD simulation
of the a7/AChBP pentamer in the absence of calcium, solved the
Poisson-Boltzmann equation for the final simulated structure,
and mapped the electrostatic potential on the surface of the
structure (see Materials and methods). The map reveals a region
of strongly negative electrostatic potential at subunit interfaces
that encompasses the key residues that coordinate calcium
(Fig. 5, boxed region). We then introduced in silico mutations
of each key anionic residue, generated a 100-ns MD simula-
tion for each mutant, and mapped the electrostatic potential
on the surface of the final structures. For the mutations D160S
and E185Q, the electrostatic potential within the boxed region
diminishes markedly compared with that for the wild-type
a7/AChBP pentamer (Fig. 5), despite neutralizing only one
of three local anionic residues in each case. By contrast, for the
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mutation E1584, the electrostatic potential within the boxed
region remains strongly negative. These results predict that
MD simulations of the mutant a7/AChBP pentamers in the
presence of calcium will show diminished or no association
for the D160S and E185Q mutants, but strong association for
the E158A mutant.

MD simulations of mutant a7/AChBP pentamers in the
presence of calcium

To evaluate expectations based on electrostatic surface potential,
we performed MD simulations of the mutant a7/AChBP pen-
tamers in the presence of calcium ions. For the E158A mutant,
following energy minimization, equilibration, and an MD pro-
duction simulation of 150 ns, the RMSD relative to the initial
structure reaches a stable plateau, and each of the five subunit
interfaces contains a calcium ion coordinated by the same ani-
onic and polar residues identified in the simulation of the wild-
type a7/AChBP: Glul85, Aspl60, and Serl62 (Fig. 6, a-c). Time
courses of the interatomic distances between an associating
calcium ion and its target residues reveal a period of ~80 ns of
large and fluctuating interatomic distances, followed by a period
with markedly reduced and stable interatomic distances ex-
tending to 150 ns (Fig. 6 d); similar time courses of association
are observed for the other four calcium ions (Fig. S2). Thus, in
accord with maintenance of a localized and strong electrostatic
surface potential for the E158 A mutant, MD simulation reveals a
calcium ion coordinated by the same key anionic or polar resi-
dues from the principal and complementary faces of each ligand
binding site, suggesting Glul58 does not contribute to calcium
association linked to potentiation of the a7 nAChR.

By contrast to wild-type a7/AChBP and the E158A mutant,
MD simulations of the E185Q and D160S mutants in the presence
of calcium ions show large and fluctuating interatomic distances
between the calcium ions and key anionic and polar residues
throughout 100 ns of simulation (Fig. 6, e and f); similar time
courses are observed for the other four calcium ions (Fig. S3 and
Fig. S4). Thus, as suggested by analyses of electrostatic surface
potential, either the E185Q or the D160S mutation is sufficient to
prevent stable association of calcium with a7/AChBP, despite
neutralizing only one of three local anionic residues in each case,
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Figure 4. Identification of candidate Ca?* binding sites by MD simula-
tion. (a) Time evolution of the all-atom RMSD of the a7/AChBP pentamer in
the presence of Ca?* ions. (b) Structure of the a7/AChBP pentamer with
bound Ca?* ions at the conclusion of a 150-ns MD simulation. View is from the
top of the pentamer, with Ca?* ions shown as purple spheres at each subunit
interface. (c) Ca?* ion bound to one subunit interface is shown with key
stabilizing residues depicted in stick representation; view is from the side of
the pentamer. (d) Time evolution of the interatomic distances between the
Ca2* ion that ultimately associates and the oxygen atoms of key stabilizing
residues from the C-loop and F-loop during the course of MD simulation.

suggesting both Glul85 and Aspl60 contribute to calcium
binding linked to potentiation of a7.

Single-channel recordings from mutant a7 nAChRs

To test predictions from the MD simulations, we generated
mutations of each anionic residue in the full-length human a7
nAChR and recorded single-channel currents from cell-attached
patches, either without or with calcium. For the mutation E158A
in the presence of 10 uM ACh without calcium, channel opening
is infrequent, whereas in the presence of 10 uM ACh with cal-
cium, channel opening is robust (Fig. 7 a, left), similar to the
profile observed for the wild-type a7 nAChR. The channel
opening frequency, assessed from four to six patches for each
condition, increases in the presence of calcium (P < 0.018; Fig. 7
a, left-middle). Histograms of open dwell times are fitted by the
sum of two exponential components without and three compo-
nents with calcium (Fig. 7 a, right-middle; and Table 2), and the
average duration of channel openings is prolonged in the pres-
ence of calcium (P < 0.0001; Fig. 7 a, right). Together, the results
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o7/AChBP

-5.0 kT/e +5.0 kT/e

Figure 5. Electrostatic analysis of wild-type and mutant a7/AChBP
pentamers in the absence of calcium. Each structure shows the electro-
static surface potential, computed by solving the Poisson-Boltzman equation,
for the structure obtained following a 100-ns MD simulation. Boxed regions
encompass residues observed to coordinate Ca?* in Fig. 4. Red patches
represent negative electrostatic potential, blue patches represent positive
potential, and white patches represent neutral potential. The mutations
D160S and E185Q reduce the negative electrostatic surface potential around
the calcium binding site, whereas the E158A mutation maintains a negative
electrostatic surface potential at the site. kT/e, electrostatic potential.

from MD simulation and single-channel recording show that
calcium binds to and potentiates the a7 nAChR harboring the
mutation E158A.

For the mutations E185Q and D160S in the presence of 10 uM
ACh, channel opening is similar without or with calcium (Fig. 7,
b and c, left columns). The channel opening frequency, assessed
from four to six patches for each condition, is not different
without or with calcium (P < 0.37, Fig. 7 b; P < 0.11, Fig. 7 c).
Histograms of open dwell times are fitted by the sum of three
exponentials for the E185Q mutant and two exponentials for the
D160S mutant; for both mutants, the histograms are very similar
without or with calcium (Fig. 7, b and c, middle-right columns;
and Table 2), and the average duration of channel openings is
not different without or with calcium (P < 0.44, Fig. 7b; P < 0.46,
Fig. 7 c). Thus, for the E185Q and D160S mutants, calcium does
not increase the frequency of channel opening, nor does it
prolong the average duration of channel openings. Together, MD
simulations and single-channel recordings show that both
Glu185 and Aspl60 are required for calcium association linked to
potentiation of the a7 nAChR.
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Figure 6. MD simulations of in silico mutations of a7/AChBP in the
presence of Ca2* ions. (a) Time evolution of the all-atom RMSD of the E158A
mutant of the a7/AChBP pentamer in the presence of Ca2* ions. (b) Structure
of the E158A mutant of a7/AChBP with bound Ca?* ions at the conclusion of a
150-ns MD simulation. View is from the top of the pentamer, with Ca?* ions
shown as purple spheres at each subunit interface. (c) Ca2* ion bound to one
subunit interface of the E158A mutant is shown with key stabilizing residues
depicted in stick representation; view is from the side of the pentamer.
(d) Time evolution of the interatomic distances between the associating Ca?*
ion and the oxygen atoms of key stabilizing residues from the C-loop and
F-loop during the course of MD simulation. (e and f) Time evolution of the
interatomic distances between the Ca?* ion and the oxygen atoms of key
stabilizing residues from the C-loop and F-loop from the E185Q and D160S
mutants during the course of MD simulation.
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Macroscopic currents recorded from wild-type and mutant

a7 nAChRs

To corroborate results from single-channel recordings from the
wild-type and mutant a7 nAChRs, we recorded whole-cell
macroscopic currents elicited by either 10 or 100 uM ACh,
without or with calcium. For each experiment, ACh was applied
successively to the same cell with calcium, without calcium, and
again with calcium, with 10-s recovery periods between each
application (see Materials and methods). A different cell from
the same transfection was used for each ACh concentration. For
the wild-type a7 nAChR, application of 10 pM ACh with calcium
elicits a robust macroscopic current that rises slowly and re-
mains steady throughout the application period (Fig. 8 a).
However, a second application of ACh without calcium elicits a
markedly reduced current. A third application of ACh with
calcium elicits a robust current with an amplitude equal to that
in the first application, confirming that calcium potentiation is
reversible, as also shown in Fig. 2. Comparison of the peak
macroscopic currents for several independent cells confirms the
strong potentiating action of calcium in the presence of 10 uM
ACh (Fig. 8 a, right). By contrast, when the ACh concentration is
increased to 100 puM, the current rises rapidly and decays bi-
exponentially, either without or with calcium, and the ampli-
tude of the current at its peak is indistinguishable without or
with calcium. The decay of the current from its peak is due to
desensitization, but the time course of the decay is not consid-
ered an accurate measure of desensitization onset kinetics ow-
ing to nonuniform agonist application inherent to the whole-cell
recording mode, combined with the fast desensitization kinetics
of a7. These results from whole-cell recording corroborate the
results from single-channel recording, showing that calcium
reversibly potentiates responses of the wild-type a7 nAChR ac-
tivated by low but not high ACh concentrations (Fig. 3).

Our simulations show that the EI58A mutant retains the
ability to bind calcium, and single-channel recordings show that
calcium potentiates currents elicited by 10 uM ACh. For the E158A
mutant, whole-cell macroscopic currents elicited by 10 uM ACh
show robust current with calcium, markedly reduced current
without calcium, and fully recovered current upon reapplication of
ACh with calcium (Fig. 8 b). By contrast, currents elicited by 100 uM
ACh are indistinguishable with or without calcium. On the other
hand, for the F185Q and D160S mutants, our simulations show that
calcium does not associate with either mutant, and single-channel
recordings show that calcium does not potentiate currents elicited by
10 uM ACh. For both the E185Q and D160S mutants, whole-cell
macroscopic currents, elicited by either 10 or 100 uM ACh, are ro-
bust without or with calcium, and recordings from independent cells
show no difference between the amplitudes of the currents without
or with calcium (P = 0.68 and 0.26, Fig. 8 c; P = 0.65 and 0.22,
Fig. 8 d). Thus, recordings of macroscopic currents corroborate the
results from MD simulations and single-channel recordings, show-
ing that E185 and D160, but not E158, are required for calcium as-
sociation linked to potentiation of the a7 nAChR.

Structural changes upon calcium association
To gain insight into calcium-mediated structural changes in the
a7 nAChR, we superimposed averaged structures of a7/AChBP,
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Figure 7. Functional consequences of mutating candidate residues for Ca?* association in the a7 nAChR. (a) Left: For the mutation E158A, plot of the
durations of individual channel openings in the presence of 10 pM ACh as a function of time of occurrence during the recording without or with 1.8 mM Ca2*.
Recordings were obtained in the cell-attached patch configuration with an applied potential of ~100 mV and Gaussian filter of 25 kHz. Left-middle: Comparison
of the average channel opening frequency without or with 1.8 mM Ca2*, obtained from four to six patches for each condition; channel opening frequency is
expressed relative to that in the presence of 1.8 mM Ca?*. Right-middle: Comparison of histograms of open dwell times fitted by the sum of two or three
exponentials without or with 1.8 mM Ca?*, respectively. Right: Comparison of the average duration of channel openings without or with 1.8 mM Ca2*.

(b and c) Results are shown as in a, but for the mutations E185Q and D160S, respectively. Error bars represent the SEM.
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Table 2. Distributions of open durations for mutant a7 nAChRs
Calcium free 1.8 mM Ca**
Mean open, s Weight Mean open, s Weight
a’ 1.0x10°+ 82x107°+73x10° 074+ 0.26 + 0.02 99 x10°+ 2x107°+ 33x10%+ 054+ 033+ 012+
EI58A 11x10°® 0.02 11x 107® 73 x 107 4.5 x 107 0.05 0.06 0.03
n=4 n=4
a’ 6.8x10°+ 50x10°+ 24x10%+ 040+ 037+ 023+ 94x10%+ 65x10°+ 28x10*+ 050+ 039+ 010+
E185Q 23 x 107 23 x 1076 53 x 107> 0.02 0.02 0.03 2.0 x 107 2.7 x 1076 3.8 x10°° 0.09 0.05 0.06
n=4 n=4
a’ 1.0x10°+ 11x10%+10x107 0.69+ 0.30+0.03 10x10°+ 33x10%+17x10" 071+ 0.28 +0.03
D160S 1.0 x 107® 0.03 1.6 x 10°® 0.03
n=4 n=4

Time constants and relative weights of exponential components were obtained by fitting open duration histograms for n experiments. Duration values are

mean open + SD.

as well as those of the E158A mutant, either without or with
calcium ions, from the final 20 ns of the MD simulations.
Comparing the calcium-bound relative to the calcium-free
structures reveals that the C-loop and F-loop are drawn to-
gether toward the bound calcium ion; similar structural changes
are observed for both the wild-type a7/AChBP and the E158A
mutant (Fig. 9, a and b). These calcium-induced changes in the
C-loop and F-loop are analogous to those observed by comparing
Apo and epibatidine-bound structures of a7/AChBP (40) but are
smaller in magnitude.

The local structural changes at the site of calcium association
could propagate throughout the pentamer, resulting in a global
structural change that contributes to calcium potentiation. To
assess whether calcium promotes a change in the global struc-
ture of the ligand binding domain, we computed the R, as a
function of simulation time (Fig. 9 c); the R is a measure of the
distribution of atoms and their masses relative to the center of
mass of a protein and provides a measure of global structural
compactness (see Materials and methods). For the simulation of
wild-type a7/AChBP without calcium, the time course of the R,
shows an initial increase followed by a stable plateau. In the
simulation with calcium, the time course of the R, shows an
initial increase but then a decrease as successive calcium ions
bind (Fig. S1), and by the conclusion of the simulation, the Ry is
reduced compared with that in the calcium-free simulation.
The divergence of the two structures indicates that calcium
binding promotes an increase in protein compactness; a sim-
ulation time of 100 ns likely underestimates the divergence be-
tween the two structures compared with that ultimately achieved
at steady state.

For the simulation of the E158A mutant, the time course of
the R, without calcium shows an initial increase, whereas the
simulation with calcium shows an initial decrease, as observed
for wild-type a7/AChBP (Fig. 9 d). However, following the initial
divergence, the profiles for the two simulations merge despite
the continued association of calcium ions in the corresponding
simulation (Fig. S2). We speculate that the similar R, values at
100 ns arise from incomplete structural rearrangements of the
F-loop owing to the substitution of the small and hydrophobic
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Ala for the larger and anionic Glu; given that calcium remains
associated in the E158A mutant, a simulation of longer duration
would likely be required to distinguish whether the Ry with
calcium diverges from that without calcium at steady state.

For the simulations of the E185Q mutant, the time course of
the Ry is largely indistinguishable with or without calcium, al-
though with calcium the R, shows an initial increase rather than
a decrease, in contrast to wild-type a7/AChBP or the E158A
mutant (Fig. 9 e). Ultimately, however, the R, without and with
calcium merge during the second half of the simulation for the
E185Q mutant, in agreement with the absence of stable calcium
association. For the simulations of the D160S mutant, the time
course of the Ry is indistinguishable without or with calcium
(Fig. 9 f), as anticipated from the absence of stable calcium as-
sociation. Thus, MD simulations reveal local structural changes
in the C-loop and F-loop upon coordination of calcium, and
analyses of the Ry show that these local changes are associated
with a global increase in compactness of the ligand binding
domain. Although the increase in compactness is confined to the
ligand binding domain and is likely incomplete, in the full-
length a7 nAChR, changes in compactness in the ligand bind-
ing domain may give rise to structural changes in the pore
domain.

Discussion

We show that extracellular calcium is a powerful potentiator of
the human a7 nAChR activated by low but not high concen-
trations of ACh. Potentiation manifests as an increase in the
frequency of channel openings together with an increase in the
average duration of the openings. The dual effects of calcium on
channel opening frequency and open durations predict more
than an order of magnitude greater response to ACh in the
presence compared with the absence of calcium, thus increasing
cellular excitability and increasing intracellular calcium. MD
simulations using the high-resolution structure of a surrogate
of the a7 ligand binding domain show that calcium associates
with a pair of anionic residues that frame the periphery of the
ligand binding sites. Mutagenesis of the residues identified by
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Figure 8. Calcium potentiation of ACh-elicited macroscopic currents for
wild-type and mutant a7 nAChRs. (a) Left: Recordings of current as a
function of time in the whole-cell configuration following successive 1.5-s
applications of the indicated concentrations of ACh with, without, or with
1.8 mM Ca?*, at a membrane potential of =50 mV and bandwidth of 5 kHz
(see Materials and methods). Currents elicited by 10 and 100 pM ACh were
recorded from different cells. For each cell, currents elicited by the same
concentration of ACh were compared in the absence and presence of calcium.
Right: Plots of the amplitude of the peak current averaged for four to six cells
per condition. (b-d) Results are shown for the indicated mutants as in a. For
wild-type a7 activated by 100 uM ACh, the time course of current decay is
fitted by the sum of two exponential components: Tr.s; = 70 + 27 ms (relative
area 0.47 + 0.22) and g0, = 652 + 296 ms (relative area 0.34 + 0.20); n = 27.
Error bars represent the SD.

simulation shows that each anionic residue is required for the
potentiating action of calcium. The results suggest a novel role
of calcium in extending the signaling range of ACh to extra-
synaptic regions harboring a7 and in modulating signaling in
those regions. Owing to the role of a7 in inflammatory, neu-
rological, and neurodegenerative disorders, the molecular-level
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Figure 9. Local and global structural changes in wild-type and mutant
a7/AChBP in the presence and absence of calcium. (a) Superposition of
averaged wild-type a7/AChBP structures following MD simulation in the
presence (dark blue backbone) or absence (light blue backbone) of Ca?*. Key
residues are depicted in stick representation and the Ca?* ion as a purple
sphere. (b) Superposition of averaged E158A mutant a7/AChBP structures
following MD simulation in the presence (dark blue backbone) or absence
(light blue backbone) of Ca?*. (c~f) Time evolution of the R, for the indicated
wild-type and mutant a7/AChBP structures in the presence or absence of
Ca?.

findings will be important toward therapeutic drug design.
The results also raise further questions, including the stoi-
chiometry of ACh and calcium occupancy associated with
potentiation of a7, the precise anatomical location of a7 rela-
tive to calcium channels or transporters, and the consequences
of a7-mediated calcium influx in activating intracellular second
messengers.

Previous studies showed that calcium potentiates nAChRs
from a variety of neuronal cells. In cells from the medial habenula
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(Mulle et al., 1992), adrenal medulla (Vernino et al., 1992), and
sympathetic ganglia (Amador and Dani, 1995), a physiological
concentration of calcium increased the amplitude of macroscopic
currents elicited by low to intermediate concentrations of agonist
by two- to threefold. In neurons from the medial habenula, the
increase in current was accompanied by a commensurate increase
in single-channel opening frequency, without a change in open
channel dwell times, as registered with a recording bandwidth of
2 kHz and dead time of 0.1 ms. However, in the present work with
a7, the majority of channel openings would not have been re-
solved with a dead time of 0.1 ms (see Figs. 1, 3, and 7). In addition,
in the recordings from the medial habenula, the channel open
durations extended to tens of milliseconds, similar to those sub-
sequently observed for the heteromeric a34 nAChR (Sine, et al.,
2019), a major nAChR subtype in the medial habenula (Quick
et al,, 1999; Grady et al, 2009). Notably, recombinant a3p4
nAChRs expressed in Xenopus laevis oocytes showed calcium po-
tentiation of macroscopic currents (Vernino et al., 1992). Thus,
while calcium potentiation of nAChRs has been demonstrated in a
variety of neurons, the types of nAChRs in these neurons were not
established.

Calcium potentiation of the a7 nAChR was ultimately dem-
onstrated in studies of recombinant a7 expressed in heterolo-
gous systems. Studies of a7 expressed in Xenopus oocytes showed
that calcium increased the amplitude of macroscopic currents
elicited by a relatively high concentration of ACh (100 pM;
Eiselé et al., 1993), and studies of an a7/5-HT3 chimera showed
that calcium increased the amplitude of currents elicited by
saturating concentrations of ACh (Galzi et al., 1996). In the
present work, we studied the full-length human a7 nAChR ex-
pressed in a human fibroblast cell line, implemented the utmost
temporal resolution in single-channel recording, and com-
plemented this with macroscopic current recordings coupled
with rapid solution exchange techniques.

In contrast to expectations from previous studies of the a7
nAChR, we found that in the presence of low but not high
concentrations of ACh, calcium increases the frequency of
channel opening and increases the average duration of the
openings. Furthermore, analyses of channel open dwell times
reveal that in the absence of calcium, an exponential component
with brief mean duration (~10 ps) predominates over a com-
ponent with 10-fold longer mean duration, but that in the
presence of calcium, the relative weight of the component with
longer mean duration markedly increases. The increased chan-
nel opening frequency, combined with the increase in the av-
erage duration of channel openings, predicts that in regions
distant from points of ACh release, calcium could potentiate
responses to ACh by up to 20-fold. Thus, we conclude that under
conditions in which the ACh concentration is low, calcium is a
necessary cofactor in the activation of a7.

By leveraging the three-dimensional structure of a surrogate
for the a7 ligand binding domain (Li et al., 2011) and subjecting it
to MD simulation in the presence of calcium, we identify a novel
mode of calcium association with a7. The simulations reveal that
calcium bridges a pair of anionic residues, one from the prin-
cipal face, Glul85 within the C-loop, and the other from the
complementary face, Aspl60 within the F-loop, that together
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Complementary Face

E185 D160
a7 human SERFYECCKEPYPD QEADISGYIPNGEW
a7 chimp SERFYECCKEPYPD QEADISGYIPNGEW
a7 rat NEKFYECCKEPYPD QEADISSYIPNGEW
a7 bovine SEKFYECCKEPYPD QEADISGYIPNGEW
a7l cat SEKFYECCKEPYPD QEADISGYIPNGEW
a7 dog SEKFYECCKEPYPD QEADISGYIPNGEW
a7 elephant SEKFYDCCKEPYPD QEADISSYIPNGEW
a7 armadillo SERFYDCCKEPYPD QEADISGYIPNGEW
a7 opposum SERFYDCCKEPYPD QEADISGYISNGEW
a7 platypus NERFYDCCKEPYPD QEADVSGYISNGEW
a7 lizard TETFYDCCKEPYPD QEAEISGYISNGEW
a7 chick TESFYECCKEPYPD QEADISGYISNGEW
a7 finch TESFYECCKEPYPD QEADISGYISNGEW
a7 frog SENYYECCKEPYLD LESDISEYISNGEW
a7 zebrafish NERFYDCCKEPYPD IDADITGYIANGEW
a7 fugu NEVFYDCCKEPYPD NEADISGYMANGEW
Principal Face Complementary Face
E185 D160
al HSVTYSCCPDTPYLD DQPDLSNFMESGEW
o2 NSKKYDCCA-EIYPD QTVDLKD YWESGEW
o3 HDIKYNCCE-EIYPD SSMNLKD YWESGEW
oé NTRKYECCA-EIYPD SRVDQLD FWESGEW
a5 GNRTDSCC--W-YPY QDVDKRD FFDNGEW
a6 HDIKYNCCE-EIYTD SKVDMND FWENSEW
a7 SERFYECCK-EPYPD QEADISGYIPNGEW
a9 NVISYGCCS-EPYPD DSGDLSDFIEDVEW
alo RVLTYGCCS-EPYPD AAASLAD FVENVEW
B2 NENPD---D-STYVD EVASLDDFTPSGEW
B3 GNRRDGVYS---YPF ENVDRKD FFDNGEW
B4 TVNPQ---D-PSYVD PTASMDD FTPSGEW

Figure 10. Sequence alignments of residues within the principal and
complementary faces of a7 subunits from different species (upper
alignment) and from different types of human nAChR subunits (lower
alignment). Anionic residues conserved at positions equivalent to Glu185 and
Asp160 are highlighted in red.

frame the entrance to the ligand binding site. Subjecting either
residue to charge neutralization eliminates calcium potentia-
tion, showing that this pair of anionic residues is required for
calcium association linked to potentiation. An anionic residue,
either Glu or Asp, is conserved at positions equivalent to Glul85
and Aspl60 across a7 subunits from vertebrate species (Fig. 10),
suggesting that the interaction of calcium with anionic resi-
dues from opposing subunits is a general structural feature of
o7 potentiation.

Our study is the first to show that Glu185 within the C-loop is
required for calcium stabilization linked to potentiation. By
contrast to its sequence conservation in o7 across vertebrate
species, Glul85 is not conserved across different types of human
nAChR subunits; an anionic residue is present at equivalent
positions of only the a4 and a2 subunits (Fig. 10). Potentially,
these heteromeric a subunits could form a calcium binding site
when paired with the B3 subunit, which contains an aspartate
residue at the position equivalent to Aspl60. However, pre-
dominant types of heteromeric nAChRs, such as a4f2 and a3p4,
lack the pair of anionic residues at positions equivalent to Glu185
and Aspl60. Thus, while the structural mode of calcium inter-
action depicted in Fig. 4 c and Fig. 9 a is required for potentiation
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of a7, different structural modes of calcium interaction linked to
potentiation remain to be discovered in other types of nAChRs.

Using an a7/5-HT3 chimera, Galzi et al. (1996) showed that a
stretch of 12 residues within the F-loop of chick a7 was required
for calcium potentiation, and that mutations of individual resi-
dues increased, decreased, or abolished potentiation. Notably,
mutation of Glul72, corresponding to Glul69 in the a7/AChBP
structure (Fig. 10), to glutamine eliminated calcium potentia-
tion. However, high-resolution structures of nAChRs obtained
subsequently show that Glul72 establishes an electrostatic in-
teraction with the invariant residue Arg 209 (Walsh et al., 2018;
Gharpure et al., 2019; Rahman et al., 2020), a key component of
the principal coupling pathway linking agonist binding to
channel gating (Lee and Sine, 2005; Mukhtasimova and Sine,
2013). While the local environment of Glul72 appears incom-
patible with forming a calcium binding site, Glul72 may instead
contribute to coupling of calcium binding to potentiation. Mu-
tation of the a7/5-HT3 residue Asplé3, corresponding to Aspl60
in a7/AChBP, to asparagine enhanced calcium potentiation, an
effect contrary to ours and incompatible with simple electro-
static stabilization of calcium. Mutation of the a7/5-HT3 residue
Ser169, corresponding to Prol66 in a7/AChBP, to glutamate en-
hanced calcium potentiation, which is compatible with electro-
static stabilization of calcium. However, the presence of Ser in
chick and Pro in human a7 indicates that any contribution of
Serl69 to potentiation would be species specific. Finally, muta-
tion of the a7/5-HT3 residue Glul6l, corresponding to Glul58 in
a7/AChBP, to arginine did not affect calcium potentiation as we
observed upon mutation of Glul58 to alanine. Major differences
between the present work and that by Galzi et al. (1996) are that
an a7/5-HT3 chimera was studied rather than the full-length
human a7, and potentiation was assessed from changes in the
magnitude of the macroscopic current elicited by a saturating
concentration of ACh, rather than from changes in single-
channel and macroscopic currents elicited by low and inter-
mediate concentrations of ACh.

Our studies of the mutations E185Q and D160S suggest an
additional, unexpected functional contribution of these residues.
In particular, both mutants exhibited robust responses to ACh,
and the average open durations were similar to those of the
wild-type a7 nAChR in the presence of calcium (see Figs. 3 and
7). These observations seemed counterintuitive, because with
calcium no longer able to potentiate, activation might be ex-
pected to approach that of wild-type a7 in the absence of calci-
um. However, while Glul85 and Aspl60 are required for calcium
potentiation, they may also contribute to the setpoint for acti-
vation. For wild-type a7 in the absence of calcium, electrostatic
repulsion between the two residues may reduce the setpoint,
reducing activation, whereas mutation of either residue would
relieve the repulsion, thus increasing the setpoint and increas-
ing activation.

Our observation that calcium potentiation depends on ACh
concentration suggests a novel relationship between occupancy
by ACh and calcium and the efficacy with which the a7 channel
opens. At low concentrations of ACh, only a subset of the five
identical ligand binding sites will be occupied so that calcium
could bind to sites either with or without bound ACh. In this

Natarajan et al.
Mechanism of calcium potentiation of the a7 nicotinic acetylcholine receptor

JGP

scenario, the major brief kinetic class of openings would be as-
sociated with receptors with low ACh occupancy, whereas the
minor long kinetic class would be associated with receptors with
increased ACh occupancy; the role of calcium, whether bound to
sites with or without ACh, is to promote the long over the brief
kinetic class of openings without affecting the stability of the
open states. On the other hand, at high concentrations of ACh,
the fractional occupancy by ACh will increase, which promotes
the more stable kinetic class of channel openings; increased ACh
occupancy thus supersedes any further stabilization provided by
calcium binding. The stoichiometric and spatial relationships
between occupancy by ACh and calcium and the kinetics of a7
channel gating thus emerge as essential questions for future
study.

Although our results from mutagenesis combined with
functional analyses corroborate the sites of calcium associa-
tion identified by MD simulation, there could be additional
calcium sites associated with potentiation. Our simulations
were performed using the software NAMD that incorporates
the CHARMMS36m force field (see Materials and methods),
which although state of the art, does not include polarizable
interactions. While electrostatic interactions between inor-
ganic cations and side chains with fixed electric charge are
readily detected, interactions between inorganic cations and
polarizable side chains are either underestimated or not de-
tected. This issue is particularly relevant for calcium, a cation
with high charge density for which modeling has been empir-
ical (Zhang et al., 2020). Future simulations with improved
modeling of the calcium ion and that include polarizable in-
teractions (Inakollu et al., 2020) may allow more robust detec-
tion of potential calcium binding sites. In addition, the structure
of a7/AChBP does not include the pore and cytoplasmic domains
of the full-length a7 nAChR, and additional calcium binding sites
could be elsewhere in the structure. For example, anionic resi-
dues within the lumen of the extracellular domain have been
shown to contribute to calcium selectivity in ion permeation
(Colén-Séez and Yakel, 2014), although they have not been
evaluated for contributions to potentiation. It is also possible that
potentiation of a7 may depend jointly on calcium occupancy of
the sites identified herein, as well as calcium sites not yet
identified. Thus, while our study identifies sites of calcium as-
sociation required for potentiation, additional sites of calcium
association linked to potentiation are still possible.

Our MD simulations reveal not only sites of calcium binding,
but also local and global conformational changes associated with
calcium binding. The time length of our simulations is likely
insufficient to reveal the full range of conformational changes in
response to calcium binding, but the observed changes may
provide a glimpse of the initial structural changes induced by
calcium. The local conformational changes include displacement
of the C-loop and F-loop toward the bound calcium ion, motions
analogous to those induced by agonist (Celie et al., 2004; Hansen
et al., 2005; Gao et al., 2005), while the global conformational
changes show increased compactness of the ligand binding do-
main. The protein backbones stemming from both the C-loop
and F-loop extend to the junction between the ligand binding
and pore domains, providing a means to convey changes due to
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calcium binding to the pore. In addition, the global conforma-
tional changes are reminiscent of the twisting motions revealed
by superposition of crystal structures captured in apo and ago-
nist bound states (Sauguet et al., 2014; Kaczanowska et al., 2014;
Du et al.,, 2015; Basak et al., 2018; Masiulis et al., 2019); these
global changes may be transmitted between the ligand binding
and pore domains via the C-loop and F-loop, as well as the Cys-loop
and B1-B2 loop, all of which span the junction between the binding
and pore domains. Although the conformational changes due to
calcium binding are likely smaller than those due to agonist binding
(Li et al., 2011), these smaller changes may prime the receptor so
that changes elicited by agonist are either more stable or occur more
rapidly. A recent study in which MD simulations were applied to a
model of the full-length a7 nAChR also revealed conformational
changes in the presence of calcium that were consistent with a
partially activated state (Suresh and Hung, 2019).

A classical paradigm in neurotransmitter signaling is point-
to-point, rapid on and off synaptic transmission. A second, more
recent paradigm is diffusion or volume transmission in which
nerve-released neurotransmitter diffuses to spatially distant
receptor targets (Descarries et al., 1997; Lendvai and Vizi, 2008).
The slow on-and-off nature of volume transmission is well
suited to slowly activating and inactivating metabotropic re-
ceptors, such as those for monoamine, indolamine, and peptide
neurotransmitters. Volume transmission is also compatible
with a7 signaling in extra-synaptic regions where calcium
could potentiate activation by low ACh concentrations. Cho-
line, a product of ACh hydrolysis, is an efficacious agonist for
a7 (Alkondon et al., 1997), but its potency is lower than that of
ACh, enabling only partial occupancy of the five binding sites
on a7. Our results suggest that extracellular calcium compen-
sates for low agonist occupancy, and that simultaneous occu-
pancy by an organic and an inorganic cation increases both
cellular excitation and calcium influx. The increased agonist
efficacy conferred by calcium would promote activation of a7
nAChRs located distant from sites of ACh release, expanding
the spatial range of signaling. In addition, extracellular calcium
can be depleted transiently during periods of intense neuronal
activity or pathological conditions, owing to the small volume
of the neuropil in the context of calcium uptake processes
(Egelman and Montague, 1999; Nicholson et al., 1977; Rusakov
and Fine, 2003; Silver and Ereciriska, 1990; Pumain et al., 1983).
Finally, a7 may regulate its own activity through local and
transient depletion of extracellular calcium owing to its high
calcium permeability. Thus, the structure of a7 allows it to
function as a coincidence detector for both ACh and calcium,
enabling multifaceted modes of regulation.
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Figure S1. Time evolution of the interatomic distances between the associating calcium ion and the oxygen atoms of key stabilizing residues from
the C-loop and F-loop of the wild-type a7/AChBP during the course of MD simulation. (a-e) Results for four associating calcium ions are shown, while
results for the fifth calcium ion are shown in Fig. 4 d of the main text. (d) For one of the binding sites, two trajectories are shown, one for the first calcium that
binds and then dissociates (a) and the other for the second calcium that binds shortly after the first calcium dissociates (b).
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Figure S2. Time evolution of the interatomic distances between the associating calcium ion and the oxygen atoms of key stabilizing residues from
the C-loop and F-loop of the E158A mutant of a7/AChBP during the course of MD simulation. (a-e) Results for all five associating calcium ions are shown.
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Figure S3. Time evolution of the interatomic distances between the associating calcium ion and the oxygen atoms of key stabilizing residues from
the C-loop and F-loop of the E185Q mutant of a7/AChBP during the course of MD simulation. (a-e) Results for all five associating calcium ions are shown.
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Figure S4. Time evolution of the interatomic distances between the associating calcium ion and the oxygen atoms of key stabilizing residues from

the C-loop and F-loop of the D160S mutant of a7/AChBP during the course of MD simulation. (a-e) Results for all five associating calcium ions
are shown.
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