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A B S T R A C T   

Nicotinic acetylcholine receptors (nAChR) are homo- or hetero-pentameric ligand-gated ion channels of the Cys- 
loop superfamily and play important roles in the nervous system and muscles. Studies on nAChR benefit from in 
silico modeling due to the lack of high-resolution structures for most receptor subtypes and challenges in ex
periments addressing the complex mechanism of activation involving allosteric sites. Although there is myriad of 
computational modeling studies on nAChR, the multitude of the methods and parameters used in these studies 
makes modeling nAChR a daunting task, particularly for the non-experts in the field. To address this problem, the 
modeling literature on Torpedo nAChR and α7 nAChR were focused on as examples of heteromeric and homo
meric nAChR, and the key in silico modeling studies between the years 1995–2019 were concisely reviewed. This 
was followed by a critical analysis of these studies by comparing the findings with each other and with the 
emerging experimental and computational data on nAChR. Based on these critical analyses, suggestions were 
made to guide the future researchers in the field of in silico modeling of nAChR. 

This article is part of the special issue on ‘Contemporary Advances in Nicotine Neuropharmacology’.   

1. Introduction 

Nicotinic acetylcholine receptors (nAChR) are pentameric ligand- 
gated ion channels that are members of the Cys-loop superfamily 
(Changeux, 2012). Each nAChR pentamer consists of an extracellular 
domain (ECD) that plays a role in ligand binding, a transmembrane 
domain (TMD) with a central ion channel, and an intracellular domain 
(ICD) (Fig. 1). Traditional agonists and antagonists of nAChR bind to 
orthosteric sites on the ECD. Heteromeric nAChR have two orthosteric 
sites between neighboring α and non-α subunits of the receptor (Blount 
and Merlie, 1989), whereas homomeric nAChR have five potential 
binding sites (Elgoyhen et al., 1994; Palma et al., 1996). The TMD of 
each nAChR subunit consists of four helices M1-M4. The ion pore is lined 
by the M2 helices of the five subunits (Hucho et al., 1986), and the short 
M2-M3 linker interacts with the ECD (Bertrand et al., 2008). The 
disordered M3-M4 loop is also known as the ICD, which shows great 
variability among nAChR subtypes and is considered to play a role in 
interactions with other cellular proteins (Stokes et al., 2015). Finally, the 
M4 helix is considered to play a role in protein folding and modulation of 
membrane-α7 interactions (Hénault et al., 2015). 

Muscle-type Torpedo nAChR (Unwin, 2005; Unwin and Fujiyoshi, 
2012), and more recently, α4β2 nAChR (Morales-Perez et al., 2016; 
Walsh et al., 2018) and α3β4 structures (Gharpure et al., 2019) including 
both the ECD and the TMD domains (ECD/TMD) are available in the 

Protein Data Bank at ~ 3–4 Å resolution. However, structural data on 
the remaining nAChR are fragmentary. The nAChR subunit structures 
solved so far include the ECD of monomeric nAChR subunits α1 (Delli
santi et al., 2007; Noridomi et al., 2017), α2 (Kouvatsos et al., 2016), α9 
(Zouridakis et al., 2019, 2014), and the solution NMR structure of the α7 
TMD (Mowrey et al., 2013). 

In this work, key studies on in silico modeling of nAChR were 
reviewed with a particular focus on the muscle-type Torpedo nAChR and 
α7 nAChR with the aim to provide a holistic picture of our current un
derstanding of heteromeric and homomeric nAChR mode of action and 
the state of the art in computational modeling of nAChR, specifically 
focused on α7 nAChR. In order to keep the review fluent and focused, 
discussion of particular experimental details was avoided, but the 
interested reader can find information regarding the simulation times, 
membrane models used in simulations, templates used for homology 
modeling and their references in Supporting Table 1 Also, canonical 
mature α7 numbering [https://www.ncbi.nlm.nih.gov/nuccore/NM 
_000746.6] and M2 helix residue numbering proposed by Miller 
(1989) were used instead of the arbitrary numbering used in some 
studies to prevent confusion and inconsistencies. 

2. Experimental and computational studies with Torpedo nAChR 

Our original understanding on the structure and mechanism of 
nAChR comes from mutation and labeling experiments with the Torpedo 
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nAChR. Prior to the high-resolution Torpedo nAChR structures, lower 
resolution cryo-EM models and photolabeling experiments were used to 
map the pore-lining M2 helix of the nicotinic receptors. Among these 
residues was L9′ on the M2 helix facing the channel vestibule, which was 
hypothesized to play a role as a gatekeeper for ion passage (Yamodo 
et al., 2010). Mutation of this residue to polar residues were shown to 
slow desensitization in α7 nAChR and Torpedo nAChR (Filatov and 
White, 1995; Labarca et al., 1995; Revah et al., 1991) and change the 
mode of action of certain ligands (Palma et al., 1997). Other M2 residues 
including 1′, 2′, 6′, and 10’ (Chiara et al., 2009; Cohen et al., 1992; 
Furois-Corbin and Pullman, 1991) were implicated in ion selectivity of 
the receptor channel. 

The M3 domain was also shown to have an α-helical structure based 
on photolabeling experiments in contact with the remaining TMD heli
ces and to some extent with the membrane (Hamouda et al., 2006; 
Lugovskoy et al., 1999). The M4 domain is also α-helical and is mostly in 
contact with the lipid molecules. This domain plays a role in protein 
folding, expression, and assembly. Mutants of this domain have dimin
ished expression, assembly, or activity (Baenziger et al., 2015; Hamouda 

et al., 2006; Tamamizu et al., 2000). 
Although mutation and photolabeling experiments can give infor

mation about the residues important for receptor action, they may not 
give information about the dynamics of the system. In the absence of 
reliable experimental methods, computational methods can be used for 
such analyses. Two methods commonly used to analyze structural 
changes of proteins are molecular dynamics and normal mode analysis 
calculations. 

Molecular dynamics (MD) simulations are based on simplistic as
sumptions whereby atoms are modeled as charged spheres, bonded 
terms are simple linear equations and nonbonded interactions are 
modeled as pairwise additive terms (Adcock and McCammon, 2006). 
Despite the simplistic nature MD simulations have been used to sample 
protein dynamics and ligand-protein interactions for years with success 
(Mortier et al., 2015). The time scales of the computationally intensive 
MD simulations are likely to be significantly lower than the physiolog
ical timescale of nAChR function (nanosecond to microsecond versus 
millisecond to second). In fact, most studies surveyed in this work have 
simulation times below 100 ns, and even longer studies utilize parallel 

Abbreviations 

nAChR nicotinic acetylcholine receptor 
ACh acetylcholine 
ECD extracellular domain 
TMD transmembrane domain 
ICD intracellular domain 
MD molecular dynamics 
RAMD random accelerated molecular dynamics 
SMD steered molecular dynamics 
Ta-MD temperature-accelerated molecular dynamics 
NMA normal mode analysis 

FRODA framework rigidity optimized dynamics algorithm 
AChBP acetylcholine binding protein 
α7-AChBP humanized chimeric acetylcholine binding protein 
PCA principal component analysis 
RMSD root mean square deviation 
PMF potential of mean force 
MMPBSA Molecular Mechanics Poisson-Boltzmann Surface Area 
MMGBSA Molecular Mechanics Generalized Born Surface Area 
PAM positive allosteric modulator 
ago-PAM agonist-positive allosteric modulator 
DAA direct allosteric activation 
diEPP diethylphenylpiperazine  

Fig. 1. Structural domains of the nicotinic acetylcholine receptors shown on α4β2 nAChR crystal structure (PDB ID: 5KXI). A) ECD/TMD structure, B) Neighboring 
two subunits of the ECD, C) Pentameric TMD viewed through the pore axis. 
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sampling (e.g. multiple short trajectories) to sample the conformational 
space of the nAChR systems (Supporting Table 1). As a result, methods 
that rely on application of external potential or force were used in some 
studies to accelerate the sampling of receptor dynamics or ligand 
dissociation in a shorter timescale. Random accelerated molecular dy
namics (RAMD) (Lüdemann et al., 2000), steered molecular dynamics 
(SMD) (Grubmüller et al., 1996; Izrailev et al., 1999, 1997), and um
brella sampling (Kästner, 2011; Torrie and Valleau, 1977) are examples 
to these methods. In a similar manner, targeted molecular dynamics 
(Ta-MD) (Schlitter et al., 1993) can be used to drive a system into a 
target conformation within a short amount of time. 

An alternative to MD simulations is normal mode analysis (NMA) 
calculations. NMA calculations utilize a simplified representation of the 
vibrations in the protein system, which can be used to calculate the ef
fect of local movements on other regions of the protein within a much 
shorter amount of time than MD simulations (Brooks and Karplus, 1985; 
Levitt et al., 1985). NMA calculations have been successfully used to 
identify correlated motions between the protein domains (Bahar et al., 
2010; Ma, 2005). Both MD and NMA simulations were used extensively 
to model the dynamics of nAChR and the mechanism of channel 
opening. 

The general channel activation mechanism proposed for the nAChR 
involves a quaternary twist that rearranges the positions of the Cys-, β8- 
β9, and β1-β2 loops at the ECD, which triggers movement of the M2-M3 
linker and the pore-lining residues of the M2 helices (Bouzat et al., 2004; 
Cecchini and Changeux, 2014). Early calculations with the Torpedo 
nAChR structure showed different results regarding the channel acti
vation mechanism based on the computational method of selection. 
Implicit-membrane MD simulations and NMA calculations with the 
nAChR TMD with restrained M1, M3, and M4 loops showed kinking of 
the M2 helix and narrowing of the ion pore around the residues L9′ and 
L13’ in an asymmetric manner, which was interpreted by the authors as 
a sequential channel gating mechanism (Hung et al., 2005). On the other 
hand, explicit-membrane MD simulations with the nAChR TMD showed 
a pore breathing motion of the ion channel defined by the asymmetrical 
translational motion of the helices M1-M3 followed by a reversion after 
30 ns (Xu et al., 2005). However, the pore breathing motion was absent 
in later NMA calculations with the antagonist α-bungarotoxin-bound 
nAChR (Samson and Levitt, 2008). 

Changes in the orthosteric site and the C-loop were also investigated 
in computational studies. Early quantum mechanical calculations with 
nAChR to understand the ligand interactions at the orthosteric site 
showed that aromatic residues in the orthosteric site form important 
π-cation interactions with the charged nitrogen of nAChR ligands 
(Schmitt et al., 1999; Zhong et al., 1998). MD simulations with Torpedo 
nAChR ECD/TMD models showed that C-loop closure triggers upward 
motion of the β9 and β10 strands, which in turn caused counterclockwise 
rotation of the M1 and M2 helices around the pore axis (Liu et al., 2008). 
These structural changes were confirmed by Framework Rigidity Opti
mized Dynamics Algorithm (FRODA) calculations (Wells et al., 2005) 
that is based on constrained minimization of the protein structures with 
the putative closed state of the Torpedo nAChR, which identified the 
C-loop, β2-β3 loop, and the β8-β9 loop as high-mobility regions and the 
β1-β2 loop and the Cys-loop as moderate-mobility regions (Belfield 
et al., 2014). 

Overall, the calculations with the Torpedo nAChR showed mixed 
results depending on the selected method. Further, it is important to 
note that the ECD/TMD Torpedo nAChR structure used for these simu
lations (PDB ID: 2BG9) was later shown to have significant registry er
rors at the TMD of the structure (Corringer et al., 2010; Hibbs and 
Gouaux, 2011; Mnatsakanyan and Jansen, 2013). A new Torpedo nAChR 
cryo-EM structure at 2.7 Å resolution with α-bungarotoxin molecules 
bound at the orthosteric sites was published during the review process of 
this work (PDB ID: 6UWZ), which confirmed the previous discrepancies 
and also pointed to magnification errors with the previous Torpedo 
nAChR structure (Rahman et al., 2020). Therefore, issues with the TMD 

geometry may also have contributed to the observed discrepancies 
among the computational studies. 

In the following sections, the focus will be on the α7 nAChR structure 
and properties, and the computational modeling studies on α7 nAChR. 

3. Modeling applications to α7 nAChR 

3.1. α7 structure and properties 

α7 nAChR shares the general features of the heteromeric nAChR but 
it has mechanistic and structural differences important for its func
tioning. The homopentameric α7 is distinguished from heteromeric 
nAChR due to its low probability of opening (Yu and Role, 1998), rapid 
desensitization (Couturier et al., 1990), high calcium permeability 
(Séguéla et al., 1993), and five potential orthosteric ligand binding sites 
on the ECD (Palma et al., 1996). 

α7 nAChR has been targeted for the treatment of cognitive symptoms 
of diseases such as Alzheimer’s disease (Wallace et al., 2011), schizo
phrenia (Beinat et al., 2015; Martin and Freedman, 2007), and depres
sion (Mineur et al., 2017; Zhao et al., 2017). In addition to its function as 
a traditional ion channel, α7 nAChR is also involved in the cholinergic 
anti-inflammatory pathway (Borovikova et al., 2000; Wang et al., 2003), 
and α7 ligands with anti-inflammatory properties have been reported in 
in vitro and in vivo studies (Horenstein and Papke, 2017). 

Although there is no high-resolution structure for α7 nAChR at the 
moment, structures of some nAChR homologues and heteromeric 
nAChR have been solved and serve as templates for construction of 
homology models. Perhaps the most important nAChR analog for 
modeling purposes are the acetylcholine binding proteins (AChBP). 
AChBP is the common name of a group of homopentameric soluble 
proteins typically found in marine organisms that have ~21–27% 
sequence similarity to the α7 ECD (Brejc et al., 2001; Celie et al., 2005b; 
Hansen et al., 2005; Sixma and Smit, 2003; Smit et al., 2001). AChBP are 
particularly useful for modeling α7 nAChR due to their homopentameric 
structure, and AChBP structures co-crystallized with various ligands 
have been used templates for α7 ECD homology models (Fig. 2) (Shah
savar et al., 2015). 

In addition to the AChBP, structures of engineered AChBP with 
41–71% sequence identity to human α7 ECD (α7-AChBP) have been 
crystallized with various orthosteric and non-orthosteric ligands (Del
bart et al., 2017; Li et al., 2011; Nemecz and Taylor, 2011; Spurny et al., 
2015). 

3.2. Structural studies with α7 ECD/TMD models 

Studies of α7 nAChR prior to 2005 were mostly based on ECD-only 
models using the HEPES-bound AChBP (Brejc et al., 2001) or Torpedo 
nAChR structure at 9 Å resolution (Unwin, 1995, 1993) as template. The 
highest-resolution template for the TMD was the Torpedo nAChR TMD at 
4 Å resolution (Miyazawa et al., 2003). The Torpedo nAChR structures at 
4 Å resolution (Unwin, 2005; Unwin and Fujiyoshi, 2012) enabled 
modeling of higher quality homology models including both the ECD 
and TMD (α7 ECD/TMD). 

Two modeling studies focusing on α7 ion channel gating were pub
lished within 2005 for chick and human α7 ECD/TMD models. Sampling 
of the energetics of sodium ion passage from the channel pore through 
implicit-membrane MD simulations and umbrella sampling calculations 
with chick α7 ECD/TMD identified the region of the ion pore between 
T6′, L9′, and V13′ as the narrowest region with E20′ as a free energy well 
that played a role in ion selectivity of the receptor (Amiri et al., 2005). 
Explicit-membrane MD simulations with an apo state human α7 
ECD/TMD model showed subunit asymmetry caused by the displace
ment of two non-adjacent subunits. In addition, opening of the C-loop 
showed a correlated motion with ~10◦ counterclockwise rotation at the 
M2 domain of the TMD involving the residues L9′, V13′, and L17’ (Law 
et al., 2005) (Fig. 3, right panel). 
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The α7 channel opening mechanism was investigated by Cheng et al. 
in three related studies with an α7 ECD/TMD model through implicit- 
membrane MD simulations and NMA calculations (Cheng et al., 
2006a), explicit-membrane Ta-MD simulations (Cheng et al., 2006b), 
and explicit-membrane MD and PCA calculations (Cheng et al., 2007). 
The channel opening mechanism depicted by the results of the three 
studies was a highly intertwined one. Channel opening was triggered by 
C-loop closure, which resulted in a global twisting motion involving the 
β1-β2 loop, β8-β9 loop, and the β10-M1 junction (Fig. 3, left panel). 
Twisting at these domains reduced the distance between the Cys-loop 
and the β10-M1 junction (Ta-MD) and/or the Cys- and β1-β2 loops 
(PCA). Coupling between these loops and the M2-M3 linker of the TMD 
caused a downward tilt that expanded to the M2 and M3 helices through 
a clockwise rotation of the M2 helices by ~7◦, which in turn resulted in 
channel opening through removal of the residues L9′ and V13’ from the 
channel pore (Cheng et al., 2006b) similar to the MD simulations of Law 
et al. (2005). 

The putative open (Chiodo et al., 2015), desensitized (Chiodo et al., 
2017), and closed state (Chiodo et al., 2018) structures of α7 ECD/TMD 
revealed significant differences among the three states. The global 
quaternary twist angle distributions calculated were 20◦ for the open 
state, 24◦ for the desensitized state, and 25◦ for the closed state. The 
global twisting motion had an effect on the distances between the 
Cys-loop and the M2-M3 linker, which was ~2 Å larger in the 

desensitized and ~2.5 Å larger in the closed state compared to the open 
state. In addition, the distance between the M2-M3 linker and the β1-β2 
loop was 2 Å larger in the closed state compared to the open state. 

The arrangement of the M2 helices were parallel in the desensitized 
model, which tilted into a V-like conformation in the open state model 
that better allowed passage of water and ions, and an inverted-V-like 
conformation in the closed state model that mostly blocked the ion 
channel. The pore radius around the residues L9′, L16′, and E20’ grad
ually decreased through the open (~5 Å), desensitized (~2 Å), and 
closed states (<2 Å), which was also reflected by the decrease in the 
number of water molecules. The average number of water molecules in 
the ion channel were 50% lower in the desensitized state and 90% lower 
in the closed state compared to the open state. The presence of water 
molecules in the ion channel and the predicted closed channel pore 
radius of 2 Å is consistent with the findings of early studies with α7 TMD 
models (Sankararamakrishnan et al., 1996; Sansom et al., 1995). 

Partial channel opening and C-loop closure triggered by high con
centrations of Ca2+ ions has been proposed based on MD simulations and 
umbrella sampling calculations with α7 ECD/TMD (Suresh and Hung, 
2019). The ECD residues implicated with Ca2+ interactions were 
consistent with the residues identified in past electrophysiology exper
iments (Galzi et al., 1996). At the TMD, the presence of Ca2+ ions were 
associated with a sharp root mean square deviation (RMSD) increase at 
the M2-M3 linker and shifting of the M2 helices towards the M3 helices. 

Fig. 2. Molecules commonly used in in silico studies or co-crystallized with α7 analogs.  

Fig. 3. Structural domains of the α7 ECD (left panel) and important TMD residues (right panel).  
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The energy barrier for Ca2+ passage from the ion channel was ~10 
kcal/mol lower in the Ca2+-added simulations compared to the 
Ca2+-free calculations implying a more accessible ion channel. 

3.3. Structural studies with α7 ECD models 

Studies with α7 ECD homology models with fivefold occupancy 
showed stability differences and subunit asymmetry in multiple studies 
measured by RMSD and root mean square fluctuation (RMSF) differ
ences among the individual subunits of the protein. The symmetrizing 
and stabilizing effect of agonist binding on the α7 ECD was observed in 
MD simulations with apo, ACh- (agonist), ACh plus Ca2+ (agonist +
potentiator), and D-tubocurarine-bound (antagonist) α7 ECD models 
(Henchman et al., 2005, 2003). The asymmetric motions of the 
antagonist-bound and apo structures were argued by the authors to be 
functionally relevant through hindering the ion flow at the α7 ECD 
vestibule. On the other hand, symmetrizing effect of ACh binding was 
also reported in MD simulations with AChBP that does not have an ion 
channel (Gao et al., 2005), so the importance of this symmetrization is 
not clear. 

Interestingly, increased α7 ECD symmetry was observed in antago
nist α-cobratoxin-bound simulations as well, although at a lesser extent 
(Yi et al., 2008). Further, asymmetric clockwise tilting of a single sub
unit by ~10◦ during the apo MD simulations resulted in a swing motion 
that involved C- and F-loop residues. The residues involved in this mo
tion were previously shown to go through large structural movements 
upon receptor activation in SCAM experiments (Lyford et al., 2003; 
McLaughlin et al., 2007), which led the authors to the conclusion that 
spontaneous asymmetric motions in the absence of an agonist may lead 
to the formation of subunits with “open conformations” similar to the 
conformation of agonist-bound subunits. 

3.4. Ligand binding to α7 orthosteric site 

A key question in α7 ECD studies is the role of the C-loop in ligand 
binding and receptor activation. SMD simulations and potential of mean 
force (PMF) calculations to determine the mechanism of ACh dissocia
tion from the α7 ECD orthosteric site and the residues involved in 
dissociation identified the lowest-energy dissociation pathway as ACh 
sliding under the C-loop in a direction parallel to the membrane (Zhang 
et al., 2006).1 Dissociation resulted in loss of interactions with Y93, 
Y188, W149, and the negative face residue W55, consistent with the 
mutagenesis and fluorescence-quenching studies with the α7 receptor 
(Gao et al., 2005; Puskar et al., 2011; Van Arnam et al., 2013; Williams 
et al., 2009). 

α-conotoxins are 12–20 amino acid peptides that act as competitive 
inhibitors of nAChR (Lebbe et al., 2014; Nasiripourdori et al., 2011). The 
lowest-energy dissociation pathway of α-conotoxin ImI from the α7 
orthosteric site calculated by RAMD and SMD calculations with α7 ECD 
was parallel to the C-loop similar to the mechanism proposed for ACh 
Zhang et al. but the residues involved in ligand binding were not the 
same. Contrary to the case of ACh that formed interactions with the 
aromatic cage residues of the positive face, α-conotoxin ImI formed 
hydrogen bonds with the negative face residues D197, E162, and D164, 
plus π-cation interactions with Y195 (Yu et al., 2012). 

The importance of steric factors in α-conotoxin ImI binding was 
observed in MD simulations with α-conotoxin ImI-bound α7 ECD mu
tants N111S, Q117S, Q117A, P120A, and G153S (Yu et al., 2011). These 
mutants were shown to have altered binding affinities to α-conotoxin 
ImI (Quiram and Sine, 1998), which correlated with disruption or 
improvement of packing at the interface between α-conotoxin ImI and 

α7 ECD during the MD simulations for all mutants except N111S, which 
could not be accounted for. 

The correlation between ligand mode of action and C-loop opening 
distances was explored with MD simulations and umbrella sampling 
calculations using α7 ECD models bound to agonists, antagonists, and 
partial agonists (Tabassum et al., 2017). The lowest agonist binding 
energies were observed when the C-loop was mostly closed and lower 
antagonist energies were observed when the C-loop was mostly open, 
although the energy barriers of 1–2 kcal/mol could not be considered 
significant in MD simulations. As a result, the authors suggested ligand 
dissociation profiles as a metric to predict mode of action of α7 ligands 
rather than the binding energies. 

The predicted binding configuration of α7 agonists in docking cal
culations with the α7 ECD was proposed as a way to predict ligand 
selectivity, potency and activity (Xiao et al., 2012). Ligands interacting 
with the residues Y195, W149, Y93, and L119 such as epibatidine, 
nicotine, and varenicline were proposed to be non-selective and 
high-affinity α7 agonists. Ligands with additional interactions with the 
negative face Q117 were proposed to be moderate α7 affinity and 
selectivity, and interactions with the D- and F-loop residues were 
attributed to ligands with high α7 affinity and specificity. 

Another important aspect of α7 binding studies is prediction of 
ligand binding energies. Molecular Mechanics Poisson-Boltzmann Sur
face Area (MMPBSA) and Molecular Mechanics Generalized Born Sur
face Area (MMGBSA) are two methods commonly used to calculate 
ligand binding energies. They use continuum electrostatics to calculate 
the polar solvation energy and an empirical function to calculate the 
nonpolar solvation energy (Genheden and Ryde, 2015). Docking of eight 
α7 agonists (Grazioso et al., 2008, Table 1) to an α7 ECD model followed 
by MD simulations and MMPBSA calculations with different atomic 
parameters and energy calculation software yielded binding energies 
within 1–2 kcal/mol of the experimental binding energies for the 
best-performing method with an R2 = 0.69 (Grazioso et al., 2008). 

In another study, a modified MMPBSA method (Ferrari et al., 2007) 
using an α7 ECD model relaxed through structure minimization rather 
than MD simulations for the binding energy calculations showed good 
correlation between the calculated and experimental energies for a set of 
sixteen known α7 agonists in a training set (R2 = 0.81), but the binding 
energies calculated for six novel α7 agonists (Grazioso et al., 2009, 
Fig. 3) that were designed based on the lowest-energy fragments in the 
training set showed no correlation with the experimental energies 
(Grazioso et al., 2009). 

MMPBSA and MMGBSA calculations were used in another study on 
α-conotoxin ImI-bound α7 ECD following MD simulations to predict the 
effect of α-conotoxin ImI mutations on α7 binding. When tested on 
sixteen α-conotoxin ImI mutants, the best correlation (R2 = 0.69) with 
the experimental binding energies was found for the MMGBSA calcu
lations (Yu et al., 2011). 

3.5. α7 allosteric ligand binding 

The activity of α7 nAChR can be modulated by a large number of 
ligands. α7 positive allosteric modulators (PAMs) are ligands that have 
no activity when applied by themselves but potentiate agonist responses 
upon co-application (Supporting Fig. 1). Two classes of α7 PAMs were 
defined based on their effect on the desensitized states of the receptor 
(Grønlien et al., 2007; Williams et al., 2011). Type I PAMs like NS-1738 
(Timmermann et al., 2007) and 5-HI (Zwart et al., 2002) increase cur
rent peak amplitudes with no apparent effect on receptor desensitiza
tion, whereas type II PAMs like TQS (Grønlien et al., 2007) and 
PNU-120596 (Hurst et al., 2005) can recover the receptor from the 
non-conductive Ds state. The proposed binding site for PAMs is in the 
TMD based on mutagenesis and docking studies (Collins et al., 2011; 
Young et al., 2008). 

Different than the type I and II PAMs, agonist-positive allosteric 
modulators (ago-PAMs) such as GAT107 (Gill et al., 2011; Thakur et al., 

1 Note that in a reversible process, one can model it from either direction. 
Dissociation is usually preferred because it is computationally less intensive 
than modeling association. 
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2013) and B–973B (Garai et al., 2018; Post-Munson et al., 2017) activate 
α7 when applied by themselves through direct allosteric activation 
(DAA) and act as type II PAMs when co-applied with orthosteric agonists 
(Supporting Fig. 1). GAT107 was originally proposed to exert DAA 
through the TMD PAM site based on docking and mutation studies 
(Collins et al., 2011; Gill et al., 2011; Young et al., 2008). The mecha
nism of activation was explained by C-loop closure upon GAT107 
binding at the TMD PAM site based on explicit-membrane MD simula
tions and metadynamics calculations with an α7 ECD/TMD model 
(Grazioso et al., 2015). However, the plausibility of this mechanism is 
challenged by the observations that GAT107 can activate α7 mutants 
with no functional orthosteric sites and the DAA activity can be selec
tively blocked by antagonists such as 2,3,5,6 MP-TQS (Gill-Thind et al., 
2015) without affecting its PAM activity (Horenstein et al., 2016; Papke 
et al., 2014). 

To explain these observations, a second binding site on the ECD was 
explored through docking calculations covering the vestibular space 
behind the orthosteric site (Horenstein et al., 2016) based on ligand 
binding at this vestibular site in α7-AChBP crystal structures (Spurny 
et al., 2015). GAT107 docked to the region surrounded by the residues 
L56, M58, K87, I90, L92, F100, A102, Y118, P120 with the residues R99 
and D101 of the neighboring vestibules forming salt bridge at the rim of 
the binding site. Inhibition of GAT107 DAA by disruption of this salt 
bridge through the D101A mutation and blocking of this site with 
MTSEA treatment of the α7D101C mutant lend support to ago-PAM 
binding at the vestibular site. Later docking calculations with B–973B 
also showed poses at the identified DAA site (Quadri et al., 2019). 

Although most computational studies involving PAMs utilize the 
TMD PAM site defined in earlier studies (Collins et al., 2011; Young 
et al., 2008), the structure and location of this site was revisited in 
multiple studies following the reports of an error in assignment of the 
M1 helix of the Torpedo nAChR structure used to propose the TMD PAM 
binding site (Corringer et al., 2010; Hibbs and Gouaux, 2011; Mnatsa
kanyan and Jansen, 2013). 

Consensus docking calculations with the analogs of type II PAMs A- 
867744 (Faghih et al., 2009; Malysz et al., 2009), TBS-516 (Chatzidaki 
and Millar, 2015), and TQS (Gill-Thind et al., 2015; Gill et al., 2012; 
Grønlien et al., 2007) (Supporting Fig. 1) to a refined α7 ECD/TMD 
model identified an intrasubunit site (Newcombe et al., 2018, Fig. 9) 
defined by the residues L248, S249, and F253 of the negative face 
subunit, and L247, L248, T251, and M254 positive face subunit, but 
TBS-516 formed additional interactions with M278 and V281, and 
A-867744 formed interactions with S222 (Newcombe et al., 2018). 
Differently, docking of B–973B and GAT107 to the TMD of α7 ECD/TMD 
showed poses under the M2-M3 linker defined by the residues F253, 
M254, V257, P269, I271, F275, L215, and C219 of the positive-face 
subunit and the residues L209, Y210, L213, and N214 of the negative 
face subunit at a position different than the proposed PAM site, which 
was consistent with the greater sensitivity of B–973B to the M254L 
mutation compared to GAT107 because the extended configuration of 
B–973B would cause clashes with the bulkier leucine residue whereas 
GAT107 could fit in the pocket in different configurations (Quadri et al., 
2019). In a study using the 5-HT3A structure (Hassaine et al., 2014) as 
the template, docking of type I and type II PAMs to α7 ECD/TMD showed 

Table 1 
List of the simulation times, membrane models, template references and template names for the studies reviewed in this study. NA indicates the particular parameter 
does not apply to that model. The templates of the α7 ECD/TMD models were split such that the structure on the left hand side is the template for the ECD and the right 
hand side is the template for the TMD. Ac symbol in the template names stands for Aplysia californica and Ls stands for Lymnaea stagnalis.  

Reference Time 
(ns) 

Membrane 
Model 

Template Reference Template name 

Amiri et al. (2005) 60 Implicit (Brejc et al., 2001)/(Miyazawa et al., 2003) HEPES-bound Ls-AChBP/Torpedo nAChR TMD 
Bisson et al. (2008) 0.5 NA Brejc et al. (2001) HEPES-bound Ls-AChBP 
Cheng et al. (2006a) 1 Implicit (Brejc et al., 2001)/(Miyazawa et al., 2003) HEPES-bound Ls-AChBP/Torpedo nAChR TMD 
Cheng et al. (2006b) 2 POPC (Hansen et al., 2005)/(Unwin, 2005) Epibatidine-bound Ac-AChBP/Torpedo nAChR 
Cheng et al. (2007) 2 POPC Unwin (2005) Torpedo nAChR 
Chiodo et al. (2015) 200 POPC (Hansen et al., 2005)/(Hibbs and Gouaux, 2011) Epibatidine-bound Ac-AChBP/C. elegans GluCl 
Chiodo et al. (2017) 200 POPC (Hansen et al., 2005)/(Hibbs and Gouaux, 2011) Epibatidine-bound Ac-AChBP/C. elegans GluCl 
Chiodo et al. (2018) 200 POPC (Hansen et al., 2005)/(Hibbs and Gouaux, 2011) α-conotoxin ImI-bound/C.elegans GluCl 
Grazioso et al. (2008) 5 NA Hansen et al. (2005) Epibatidine-bound Ac-AChBP 
Grazioso et al. (2009) NA NA Hansen et al. (2005) Epibatidine-bound Ac-AChBP 
Grazioso et al. (2015) 500 POPC (Hansen et al., 2005)/(Unwin, 2005) Epibatidine-bound Ac-AChBP/Torpedo nAChR 
Gulsevin et al. (2019) 20 NA Li et al. (2011) Epibatidine-bound α7-AChBP 
Henchman et al. (2003) 10 NA Brejc et al. (2001) HEPES-bound Ls-AChBP 
Henchman et al. (2005) 15 NA Brejc et al. (2001) HEPES-bound Ls-AChBP 
Horenstein et al. (2016) 50 NA Li et al. (2011) Epibatidine-bound α7-AChBP 
Huang et al. (2006) 13 NA Celie et al. (2004) Nicotine-bound Ls-AChBP 
Huang et al. (2008) 6.5 NA Celie et al. (2004) Nicotine-bound Ls-AChBP 
Kombo and Bencherif (2013) NA NA Hansen et al. (2005) Epibatidine-bound Ac-AChBP 
Law et al. (2005) 15 POPC (Brejc et al., 2001)/(Miyazawa et al., 2003) HEPES-bound Ls-AChBP/Torpedo nAChR TMD 
Leffler et al. (2017) NA NA (Celie et al., 2005a; Dutertre et al., 2007; Hansen et al., 2005;  

Ulens et al., 2006) 
α-conotoxin-bound AChBP 

Newcombe et al. (2018) NA NA (Unwin, 2005; Unwin and Fujiyoshi, 2012) Refined Torpedo nAChR 
Quadri et al. (2019) 200 POPC (Li et al., 2011)/(Morales-Perez et al., 2016) Epibatidine-bound α7-AChBP/α4β2 nAChR 
Sankararamakrishnan et al. 

(1996) 
0.5 Implicit Unwin (1995) 9 Å Torpedo nAChR 

Sansom et al. (1995) 0.5 Implicit (Unwin, 1995, 1993) 9 Å Torpedo nAChR 
Suresh and Hung (2016) 45–65 NA Celie et al. (2005a) α-conotoxin PnIA variant-bound Ac-AChBP 
Suresh and Hung (2019) 45–65 DOPC Unwin (2005) Torpedo nAChR 
Tabassum et al. (2017) 60 NA Ulens et al. (2006) α-conotoxin ImI-bound Ac-AChBP 
Targowska-Duda et al. (2018) 100 POPC Hassaine et al. (2014) 5-HT3AR 
Xiao et al. (2012) NA NA Hansen et al. (2005) Epibatidine-bound Ac-AChBP 
Yi et al. (2008) 32.6 NA Bourne et al. (2005) α-cobratoxin bound Ls-AChBP 
Yu et al. (2011) 10.5 NA (Dellisanti et al., 2007; Ulens et al., 2006)/(Unwin, 2005) α1 ECD and α-conotoxin ImI bound Ac-AChBP/ 

Torpedo nAChR 
Yu et al. (2012) 7 NA (Dellisanti et al., 2007; Ulens et al., 2006)/(Unwin, 2005) α1 ECD and α-conotoxin ImI bound Ac-AChBP/ 

Torpedo nAChR 
Zhang et al. (2006) 1 NA Brejc et al. (2001) HEPES-bound Ls-AChBP  
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poses at three different sites whereby the binding site under the M2-M3 
linker showed poses for both types of PAMs, the intrasubunit site showed 
poses of type II PAMs, and the intersubunit site showed poses of type I 
PAMs (Targowska-Duda et al., 2018). The locations of these sites were 
consistent with the PAM sites bearing the intrasubunit (Newcombe 
et al., 2018) and intersubunit sites (Collins et al., 2011; Young et al., 
2008) alluded in the previous studies (Targowska-Duda et al., 2018, 
Figs. 3 and 4). 

Most recently, allosteric agonists of α7 that selectively bind at the 
ECD allosteric site with no TMD site binding were identified in a study 
where sixteen diethylphenylpiperazine (diEPP) derivative α7 nAChR 
partial or silent agonists (Quadri et al., 2016) were screened by docking, 
MD simulations, and MMPBSA calculations (Gulsevin et al., 2019). The 
two molecules identified as hits (2NDEP and p-CF3 diEPP, Supporting 
Fig. 1) activated the orthosterically-compromised α7C190A mutant 
when co-applied with PNU-120596, which was blocked by application 
of 2,3,5,6 MP-TQS in support of ECD-only binding. 

3.6. α7 nAChR comparisons with other nAChR 

Because the structure of the α4β2 receptor was solved relatively 
recently, the majority of the studies comparing α7 and heteromeric 
nAChR were based on homology modeling using the AChBP or the 
Torpedo nAChR structures as the template. Comparison of α7 and α4β2 
ECD homology models to identify the structural differences at the 
orthosteric sites showed that the α7 orthosteric site is more lipophilic 
and less negatively charged than that of α4β2, especially around the 
critical residue W149 (Bisson et al., 2008). Another difference between 
α7 and α4β2 was identified as long-range electrostatic interactions be
tween the receptor and the ligands through MD simulations and docking 
calculations. The selectivity of α4β2 agonists to this subtype despite 
similar docking poses at the orthosteric sites of α7 and α4β2 ECD models 
was explained by the authors with the greater negative charge of α4β2 
ECD (− 37e− ) compared to the α7 ECD (− 20e− ) (Huang et al., 2006). A 
binding energy formula derived by fitting docking energies of ligands 
that includes long-range electrostatic interactions qualitatively pre
dicted the potency changes of AR-R17779 and 4-OH-GTS-21 associated 
with the Q117F mutation (Huang et al., 2008). 

Screening of α-conotoxin [γ4E]GID single-point mutations at sixteen 
positions using the FoldX server (Schymkowitz et al., 2005) to find 
conotoxin variants with increased α4β2 selectivity while maintaining 
feasible binding energies identified E4R, R12F, and V13R as candidates 
for experimental studies, but these mutants were not tested experi
mentally (Suresh and Hung, 2016). Another approach to screen for 
α-conotoxin GID mutants with increased α4β2 selectivity used the Tox
Dock protocol that is based on ensemble docking calculations with 
extensive conformational sampling of the peptide conformations to dock 
α-conotoxin GID mutants to α4β2 ECD (Leffler et al., 2017). Three 
α-conotoxin GID mutations (A10V, V13I, and V13Y) were predicted to 
be bioactive by the algorithm, and two of these peptides (V13I and 
V13Y) showed decreased α7 and α3β2 nAChR selectivity. 

The dissociation pathway of the α-conotoxin GID mutant [γ4E] from 
α7 and α4β2 ECD investigated through MD simulations and umbrella 
sampling showed that the initial steps of dissociation from α7 involved 
interactions mostly with the negative face residues Q27, Q57, and Q161 
through a pathway parallel to the C-loop consistent with the studies with 
α-conotoxin ImI (Yu et al., 2012), whereas dissociation from α4β2 was 
through a pathway nearly perpendicular to the C-loop with very few 
interactions with the negative face residues (Suresh and Hung, 2016). 
The dissociation energy plateau calculated for α7 was 12 kcal/mol 
higher, which was considered by the authors to be consistent with the 
higher α7 potency of α-conotoxin GID observed in binding assays (Nicke 
et al., 2003). 

As the final example to ligand binding studies, a Bayesian model 
trained with binding affinities and six molecular descriptors of small 
nAChR ligands to predict ligand binding affinities to human and rat 

α4β2, α7, α3β4, α6β2β3 showed accuracies between 0.65 and 0.83 for 
the test sets, and human α7 was among the highest-accuracy proteins at 
100 nM and 500 nM affinity cutoff (Kombo and Bencherif, 2013). The α7 
accuracies from docking calculations were ~0.71, which improved to 
~0.82 when a constraint between the charged nitrogen and W149 
backbone oxygen was applied. 

4. Summary and future directions 

In summary, computational structural studies of Torpedo nAChR and 
α7 nAChR yielded valuable information regarding the activation 
mechanism of nAChR, and the results from ECD-only or TMD-only 
models were mostly consistent with the results from ECD/TMD 
models. However, few questions on nAChR mode of action remain open. 

C-loop closure has been directly linked to channel opening in some 
MD studies (Grazioso et al., 2015; Suresh and Hung, 2019; Tabassum 
et al., 2017), but nAChR mutants with compromised C-loops can still be 
activated (Gulsevin et al., 2019; Horenstein et al., 2016; Papke et al., 
2014; Purohit and Auerbach, 2013). Based on these results, C-loop 
closure may be one of the involved factors for channel activation, but not 
the only one. As for symmetry, involvement in receptor activation was 
suggested based on ECD-only models (Henchman et al., 2005, 2003), but 
systematic studies exploring the roots and functional role of symmetry in 
homomeric nAChR activation are necessary to understand its precise 
role. 

Classical MD- and docking-based calculations yielded results that 
explain the properties of ligands that are chemically related at a quali
tative level, but either approach fell short of generating predictive 
models that apply to a wider range of molecules or the results predicted 
by the computational models were not tested experimentally. This was 
the case both for small-molecule ligands (Grazioso et al., 2009, 2008; 
Huang et al., 2008, 2006; Zhang et al., 2006) and α-conotoxin peptides 
(Suresh and Hung, 2016; Yu et al., 2012, 2011). On the other hand, 
computational methods such as statistics-based affinity screening for 
small molecule ligands (Kombo and Bencherif, 2013) and the ToxDock 
docking protocol to overcome conformational sampling issues associ
ated with peptide ligands (Leffler et al., 2017) performed better in 
predicting the relative binding energies of α7 ligands, which should be 
utilized more frequently. 

Computational studies on α7 nAChR also led to the identification of 
novel allosteric sites on the receptor and the mode of action of these 
ligands. Multiple proposals have been made regarding the position of 
TMD PAM binding site (Collins et al., 2011; Newcombe et al., 2018; 
Quadri et al., 2019; Targowska-Duda et al., 2018; Young et al., 2008), 
but the compact structure of the α7 TMD makes experimental validation 
of these predictions problematic. The ECD allosteric site (or better a site 
equivalent to it) has been previously observed in α7-AChBP crystal 
structures (Delbart et al., 2017; Spurny et al., 2015), docking studies 
with α7-AChBP (Kuang et al., 2016) and α4β2 ECD (Arias et al., 2015), 
but only recently has been confirmed as the binding site of ago-PAMs 
GAT107, B–973B, and allosteric agonist diEPP derivatives (Gulsevin 
et al., 2019; Horenstein et al., 2016; Quadri et al., 2019). 

In the light of these results, a few factors stand out for the ongoing 
success of the computational studies. The first one is the simulation 
timescales. The advancements in the GPU technology drastically 
increased timescales affordable in MD simulations. The putative open, 
closed, and desensitized states of the receptor were obtained through 
MD simulations at the timescale of hundreds of nanoseconds. Consid
ering the changes observed in these calculations compared to the shorter 
MD simulations, longer MD simulations should be run to better sample 
the nAChR dynamics. Recent results from MD simulations with the α4β2 
crystal structure showed that independent simulations can result in 
significantly different trajectories (Yu et al., 2019) suggesting that the 
results averaged from replicate simulations or application of statistical 
methods are likely to be more reliable compared to the results of a single 
simulation. 
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Secondly, binding energy calculations of ligands posed at a single, 
arbitrary interface of homomeric nAChR does not yield reliable results 
and thus should be abandoned in favor of considering all protein sub
units in the analyses. Because orthosteric sites can go through stochastic 
changes throughout the MD simulations, comparison of ligand poses at 
structurally similar orthosteric sites can improve the correlation be
tween the calculated and measured energies (Gulsevin, 2017). 

Thirdly, availability of new structures enables better analysis of 
certain nAChR subtypes and also allow building of better homology 
models. Examples to these new structures include α4β2 nAChR 
(Morales-Perez et al., 2016; Walsh et al., 2018), α3β4 nAChR (Gharpure 
et al., 2019), and more recently, the muscle-type Torpedo nAChR 
(Rahman et al., 2020). The α4β2 receptor has higher homology to α7 
nAChR in comparison to the Torpedo nAChR, and thus may be a more 
reliable template for the modeling of the α7 TMD. The α3β4 and new 
Torpedo nAChR structures include a portion of the ICD, which can be 
used to build improved nAChR models involving the ICD. Finally, the 
new Torpedo nAChR structure gives a more accurate view of the protein, 
particularly at the TMD and the F-loop that was missing in the previous 
Torpedo nAChR structure, which will allow more accurate computa
tional analyses on this protein. 

Overall, studies on nAChR revealed many important aspects of 
nAChR activation and provided information on ligand modes of action. 
The aim of this review was to lay out the results from computational 
studies to give a concise summary of the predicted mechanisms of 
nAChR activation, prediction of ligand – nAChR interactions, and allo
steric activation mechanisms. The validity and the success of these 
methods were analyzed based on experimental and other computational 
studies. It is hoped that the conclusions from the results of these studies 
will be useful in future modeling studies with the nicotinic acetylcholine 
receptors. 
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