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ABSTRACT: The homopentameric α7-nicotinic acetylcholine receptor
(nAChR) is a ligand-gated ion channel widely expressed in the human nervous
system and susceptible to allosteric modulation. A recent cryo-EM structure
(EMD 22983; PDB ID 7KOX) revealed unassigned Coulomb density. Unbiased
molecular dynamics simulations of buffer components around α7-nAChR show
that (±)-epibatidine can occupy not only the orthosteric site but also the pore
near the desensitization gate, consistent with the unmodeled Coulomb density
and expanding the receptor’s pocketome.

The α7 nicotinic acetylcholine receptor (nAChR) is a
pentameric ligand-gated ion channel that plays a crucial

role in physiological processes in the human brain.1 During the
activation cycle, the receptor can adopt three distinct states.
After the binding of competitive agonists, the receptor
undergoes structural rearrangements from an inactive state to
an active one with an open pore conformation, enabling ions to
pass through the receptor. However, after overstimulation,
nAChRs can adopt a desensitized state, featuring a funnel-
shaped pore with a constriction site at the position −1′,
resulting in a nonfunctional, nonactivatable state (Figure
S1).2−5 Mechanisms leading to desensitization of the receptor
remain incompletely understood. Several allosteric modulators
have been described to impact the activation and desensitiza-
tion of the receptor.6−11 Recently, the first cryo-EM structures
of the α7-nAChR in all three states (inactive, active,
desensitized) have been resolved (PDB IDs: 7KOO, 7KOX,
7KOQ), revealing further insights into differences between the
states.4 Strikingly, the corresponding cryo-EM map (EMD
22983) resolved at a nominal resolution of 2.7 Å of the active
state shows unmodeled Coulomb density in two regions of the
receptor pore (Figure S2A-D) suggesting binding of additional
molecules in these regions. For other receptors, such as G
protein-coupled receptors, or compounds in other pentameric
ligand-gated ion channels, such as benzodiazepines, recent
publications revealed additional potential binding sites
indicating that the pocketome of most receptors might not
have been completely identified.12−14 Thus, to shed light on
which molecules might bind in the regions of unmodeled cryo-
EM density in α7-nAChR, we performed 12 replicas of 3 μs
long unbiased molecular dynamics (MD) simulations of free
ligand diffusion.15,16 In each replica, molecules present in the
experimental buffers used to obtain the cryo-EM structures,

Ca2+, (±)-epibatidine, PNU-120596, Na+, Cl−, and Tris, were
placed at random positions in the water phase of the
simulation box around α7-nAChR in the active state
embedded in a membrane at concentrations of ∼4 mM except
150 mM for NaCl and 20 mM for Tris, as used in experiments
(see also Materials and Methods in the SI).
During the simulations, the receptor and membrane

remained structurally invariant (Figures S3, S4). To compare
the occupancy density of the molecules observed in the MD
simulations with the unmodeled cryo-EM densities, we applied
a C5 symmetry to the occupancy densities (Figure S5), as
done for the experimental cryo-EM maps.4 In the cryo-EM-
derived atomic models of α7-nAChR in all three states (PDB
IDs: 7KOX, 7KOO, 7KOQ4), a binding site for calcium
between E44 and E172 was resolved. This binding site was
identified in our simulations, too, acting as a positive control
(Figure S6; for RMSD values compared to the binding mode
in the cryo-EM structure, see Figure S7). However, no binding
site for PNU-120596 was resolved in these structures. In our
MD simulations, we observed binding of PNU-120596 in the
pore just a few Å away from its reported intersubunit
transmembrane pocket in PDB ID: 8V8217, ∼18 Å above
the desensitization gate. We also observed that sodium binds
to the binding site of calcium (Figure S8), indicating that this
region attracts positively charged moieties. This is in line with
the assumption that the double positively charged positive
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allosteric modulator MB327 binds to the same binding site.18

To identify further potential binding sites, we focused on
regions displaying a high local correlation between occupancy
densities observed during MD simulations and densities of the
cryo-EM map of the human α7-nAChR (EMD 229834) at a
false discovery rate of 1% (see Materials and Methods in the

SI) (Figure 1A, Figure S9). A high local correlation for
epibatidine is found in the orthosteric binding site, which
provided another positive control (Figure 1A−C). During the
free ligand diffusion MD simulations, we observed 13 binding
events in the orthosteric binding site (Table S1), where a
binding event was recorded if the distance of ligand heavy

Figure 1. Local correlation map between the occupancy density of epibatidine during MD simulations and the cryo-EM map (EMD 229834). (A)
The occupancy density (density threshold 0.05) color coded with local correlation to the cryo-EM Coulomb density is mapped on the active
structural model of the human α7-nAChR (PDB ID: 7KOX4). Red colors indicate a high local correlation and blue colors a low local correlation.
Regions of high local correlation are highlighted by boxes; the colors indicate the close-up of each binding site in panels B−F, respectively. (B)
Exemplary binding mode of epibatidine (orange) in the orthosteric binding site. For all epibatidine binding modes at the end of the MD
simulations see Figure S10. (C) Comparison of the epibatidine binding mode observed in MD simulations (orange) to the epibatidine binding
mode in the cryo-EM structure of α7-nAChR (PDB ID: 7KOX4) (purple) (for alignment details see Materials and Methods in the SI). (D)
Exemplary epibatidine (orange) binding mode at the desensitization gate. For all epibatidine binding modes at the end of the MD simulations, see
Figure S12. (E) Exemplary epibatidine (orange) binding mode from panel D shown in 5-fold symmetry in the cryo-EM Coulomb density at
threshold 0.005 (pink). All symmetrized ligands are covered by Coulomb density, although only one ligand could bind at a time due to steric
reasons. The inactivation gate (L247, position 9′) is colored in blue. S240 (position 2′), used to characterize binding at the desensitization gate (see
Materials and Methods in the SI and panel D), is colored in green. A257, used to characterize binding in the extracellular end of the transmembrane
domain (see see Materials and Methods in the SI), is colored in red. (F) Top-down view of panel E.
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atoms to W148, an amino acid central in the binding site, was
below 5 Å, as used before to characterize binding in
nAChRs,18−20 for at least 100 consecutive ns. The ligand
then remains within the binding site until the end of the MD
simulations in 11 cases (Figure S10; for RMSD values
compared to the binding mode in the cryo-EM structure, see
Figure S11). Furthermore, we observed a high local correlation
between epibatidine binding within the pore of α7-nAChR and
the unmodeled Coulomb density there in the cryo-EM map
(PDB ID: 7KOX, EMD 229834). Particularly interesting is the
high local correlation at the desensitization gate (Figure 1A),
which has been suggested to hinder ion transfer in the
desensitized state of the receptor.5 We observed six binding
events at the desensitization gate (Figure 1D, Table S2).
However, in contrast to the orthosteric binding site,
epibatidine moves more within this binding site, with only
two binding events persisting until the end of the simulations
(Figures S2E and F and S12). This higher mobility might
explain why the observed Coulomb density cannot be clearly
assigned to one specific molecule conformation. To ensure that
binding is not an artifact of the periodic boundaries used
during the simulations, we visually inspected the binding
trajectories, verifying that epibatidine can reach the desensi-
tization gate from the extracellular site (Figure S13). We
further investigated epibatidine binding to the region of
MB327-PAM-1, recently proposed for resensitizing ligands
that allosterically modulate nAChR to counteract organo-
phosphosphate poisoning.18−21 However, in this region, only
two unstable binding events were observed (Table S3).
Noteworthy, we can also observe a high local correlation in
the intracellular part of the nAChR (Figure 1A, Figure S9).
However, the intracellular loop connecting the MA with the
MX region is not resolved in the cryo-EM maps, which will
potentially overlap with the suggested binding site (Figure
S14).
Most interestingly, several PDB structures of nAChRs

[α3β4-nAChR (PDB IDs: 6PV7, 6PV822), α4β2-nAChR
(PDB IDs: 5KXI5, 6CNK, 6CNJ23, 6UR824), α7-nAChR
(PDB ID: 7KOQ4, 8F4V25)] in the desensitized state have
negatively charged glutamates at position −1′ pointing toward
each other. For some of these structures (PDB IDs: 6PV7,
6PV8, 5KXI, &CNK, 6CNJ), it has been suggested that the
negatively charged side chains are stabilized by a positively
charged sodium ion.5,22,23 Although sodium ions also bind in
this region in our simulations of the active conformation, able
to potentially stabilize negatively charged side chains in the
desensitized state, we can also see clear occupancy density
from other positively charged compounds such as TRIS and
epibatidine (Figures S5, S8). This suggests that positively
charged compounds may bind in this area with low selectivity,
which might play a role in the activation−desensitization cycle
of the receptor.
Our data collectively suggest that epibatidine, characterized

as an orthosteric agonist of nAChRs, may also bind to the
desensitization gate of α7-nAChR. Although these data are
supported by the presence of significant Coulomb density in
the cryo-EM map of the α7-nAChR that was not modeled,
further experimental verification is required to corroborate this
prediction and assess potential electrophysiological conse-
quences. Estimation of the effective binding energy with MM-
PBSA suggests that E237 and, to a lesser extent, S240
contribute toward epibatidine binding (Figure S15). To our
knowledge, so far, only ligands that block the open channel but

are located more to the extracellular side have been
described.26 As the desensitization gate is structurally highly
similar between α7 and the other subtypes, including α4, β2, δ,
ε, and γ, one can speculate that epibatidine can also bind to the
desensitization gates. Minimizing a pose of epibatidine bound
to the desensitization gate, generated by MD simulations of
α7-nAChR in the active state, in the structure of the
desensitized nAChR suggests that epibatidine might be present
in the desensitization gate in the desensitized state of the
nAChR (Figure S16). Mechanistically, the results enable one
to speculate that epibatidine initially and likely more strongly
binds to the orthosteric site, upon which the receptor is
activated and the pore opens. Subsequently, epibatidine may
also bind to the desensitization gate and stabilize the
configuration of negatively charged glutamates, which may
contribute to the complexity of α7-nAChR desensitization,29
similar to what has been found for other desensitized
structures.4,5,22,23 More recent structures of α7-nAChR do
not include unresolved densities at the desensitization gate.
However, some, e.g., PDB ID: 7EKT27, do not include
epibatidine as a buffer component but rather encenicline,
which is larger, and others, e.g., PDB ID: 8UT117, which do
include epibatidine, possess a narrower diameter (by ∼3.3 Å in
PDB ID: 8UT1) at the height of S240 compared to the
structure of 7KOX. The prediction could be taken into account
in the design of new ligands that modulate the activity of
nAChRs and further our understanding of the activation−
desensitization pathway of nAChRs.
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Biology), Forschungszentrum Jülich, Wilhelm-Johnen-Straße,
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