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Pentameric ligand-gated ion channels (pLGICs) are extensively involved in fast synaptic 

transmission and play a key role in many different neurological processes, such as pain sensation, 

memory, and addiction. These receptors are known targets for a variety of established 

pharmacological agents with diverse clinical uses, but recent major progress in our understanding 

of pLGIC structure-function relationships allows for the enhanced discovery of new drugs with 

improved therapeutic potential and reduced adverse effects. This dissertation presents the 

integrated computational and experimental techniques employed towards this end for two different 

pLGICs, the α3 glycine receptor (GlyR) and the α7 nicotinic acetylcholine receptor (nAChR). 

Three primary accomplishments resulted from this work. First, an ensemble-based virtual 

screening protocol was developed to target the GlyR transmembrane domain (TMD). Small-scale 

screening calculations were performed as a pilot study and validated by functional 

electrophysiology measurements, resulting in a hit rate of over 90% success. Second, this 

screening protocol was expanded to identify compounds specifically targeting the cannabinoid-

binding site in α3GlyR. The lead compound from in vitro functional validation experiments 

progressed to in vivo behavioral tests in mice and was found to be a potent analgesic for 

inflammatory pain. Third, experimental restraints from nuclear magnetic resonance (NMR) and 
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electron paramagnetic resonance (EPR) spectroscopy were applied to determine the first structures 

of the α7nAChR intracellular domain (ICD). Although many different pLGIC structures have been 

solved in recent years, no structure obtained so far contains a complete ICD. This domain is an 

important target for therapeutic interventions for a variety of neurological disorders associated 

with intracellular signal transduction, but structure-based drug discovery is impossible without 

accurate structural information. The α7nAChR ICD structures determined here lay the foundation 

for future screening efforts in a previously unexplored area of drug discovery.  
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1.0  INTRODUCTION 

1.1 BACKGROUND AND SIGNIFICANCE 

Pentameric ligand-gated ion channels (pLGICs) mediate synaptic transmission in the central and 

peripheral nervous systems, converting chemical signals from presynaptic neurotransmitters into 

postsynaptic electrical signals. Eukaryotic members of this superfamily include inhibitory anion-

conducting glycine receptors (GlyRs) and γ-aminobutyric acid type-A receptors (GABAARs) as 

well as excitatory cation-conducting nicotinic acetylcholine receptors (nAChRs) and serotonin 

type-3 receptors (5-HT3Rs). These channels are found throughout the nervous system and play a 

critical role in many neurological processes, including cognition, memory, muscle control, sleep, 

and pain processing. Disruption of normal pLGIC signaling can lead to a variety of different 

neurological disorders, such as schizophrenia, Alzheimer's disease, hyperekplexia, Parkinson’s 

disease, epilepsy, depression, anxiety, and addiction. Accordingly, these receptors are known 

targets for a number of major classes of pharmaceutical drugs, including anesthetics, analgesics, 

antipsychotics, anticonvulsants, hypnotics, antidepressants, anxiolytics and smoking cessation aids 

(1-5). Despite their prevalence in clinical use, many of these medications are plagued by adverse 

side effects, high abuse liability, and/or relative inefficacy (6-8), suggesting that there are still 

opportunities for improvement. Recent significant advances in our understanding of pLGIC 
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structures and functions open a new pathway for the rational discovery of target-specific drugs 

with greater clinical outcomes (9-11). 

Traditional drug discovery efforts typically rely on high-throughput screening (HTS), 

which requires expensive infrastructure and extensive physical compound libraries, as well as 

systematic assay development and optimization efforts (12). In particular, HTS on pLGICs is 

further complicated by all the standard difficulties associated with studying membrane proteins, 

including recombinant expression, solubilization, and purification (13,14). Furthermore, HTS 

assumes no prior knowledge of drug binding sites on the target protein, failing to take advantage 

of available structural information to direct discovery efforts (12,15,16). Structure-based virtual 

screening is a cost-effective and efficient alternative to traditional HTS, providing a knowledge-

driven approach to drug discovery that narrows the extensive reach of chemical space (17). Virtual 

screening identifies the most likely lead compounds for a target protein (18-20), while 

simultaneously revealing the molecular mechanisms behind drug-target interactions to provide a 

basis for rational lead optimization and design (21,22). The recent surge in pLGIC structural 

knowledge provides an excellent foundation for in silico screening, as evidenced by a number of 

recent studies that successfully employed structure-based virtual screening to identify novel 

pLGIC ligands (23-30).  

Despite the wide-ranging pharmacology of the pLGIC superfamily, these channels all share 

a common structural framework consisting of five identical or homologous subunits arranged 

symmetrically around a central channel pore (9,31). Each subunit contains an N-terminal 

extracellular domain (ECD) folded in an immunoglobulin-like β-sandwich and a transmembrane 

domain (TMD) containing four transmembrane α-helices (TM1-TM4) where TM2 forms the ion 

conducting pore. Eukaryotic pLGICs also contain an additional intracellular domain (ICD) 
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connecting TM3 and TM4 that is more diverse in size and composition compared to the highly 

conserved ECDs and TMDs. Although a number of high-resolution pLGIC structures have been 

published in the past decade, no structure obtained so far contains a complete ICD, severely 

limiting our ability to identify compounds that can influence pLGIC trafficking, localization, 

assembly, and, most importantly, interactions with intracellular protein partners (32-41).  

In addition to sharing a common structural topology and organization, all pLGICs undergo 

conformational changes critical for normal channel function, transitioning between the closed, 

open, and desensitized states for ion conduction. Typically, signals from a neurotransmitter 

binding to the orthosteric site in the ECD are propagated to the TMD by small connecting loops 

between the conserved β-sheets and α-helices with variable length and structure among pLGICs 

(5,9). However, this archetypal ionotropic activity can also be modulated by ligand binding outside 

the orthosteric site to produce allosteric effects (2,9,42,43). In fact, allosteric modulators often 

achieve higher selectivity for specific pLGIC targets than orthosteric agonists due to the conserved 

nature of the orthosteric binding site among pLGICs (44). Thus, allosteric modulators are the most 

promising direction for selective pLGIC drug discovery. 

1.2 THESIS CONTRIBUTIONS 

The scope of this dissertation covers our drug discovery efforts to identify allosteric modulators of 

two different pLGICs: α3GlyR and α7nAChR. Specifically, three major accomplishments resulted 

from this work: 1) an effective virtual screening protocol for the GlyR TMD was established; 2) a 

novel analgesic compound acting at the cannabinoid-binding site in α3GlyR TMD was identified 

using this protocol; and 3) structures of the α7nAChR ICD were determined as a basis for future 
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structure-based screening efforts. The combined computational and experimental approaches 

employed to achieve each aim are summarized below and detailed in the subsequent chapters.  

Chapter 2 covers the development of an ensemble-based virtual screening strategy for 

lipid-facing binding sites in the GlyR TMD. A small database of ~1,500 FDA-approved drugs was 

screened on an ensemble of α1GlyR TMD structures generated from molecular dynamics 

simulations (MD) in varied lipid environments. The computational protocol was validated by 

electrophysiology to confirm glycinergic modulation of the top ranked compounds in vitro. In 

chapter 3, we expanded this protocol to screen a large database of over 2 million compounds on 

an ensemble of α3GlyR TMD structures from MD simulations. Functional validation of the top 

ranked compounds was performed using in vitro electrophysiology experiments and the in vivo 

analgesic activity of the lead compound was verified using behavioral tests in mice. Lastly, chapter 

4 details our structure determination calculations for the α7nAChR ICD. Experimental restraints 

from a variety of NMR and EPR spectra were used to guide iterative Rosetta calculations and 

validate the final α7nAChR ICD structures, which provide a first look at the complete structure of 

any pLGIC ICD. 
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2.0  ENSEMBLE-BASED VIRTUAL SCREENING AT THE CANNABINOID-

BINDING SITE IN GLYCINE RECEPTORS 

This chapter was adapted with permission from the Journal of Medicinal Chemistry 58 (7): 2958-

2966. Copyright 2015 American Chemical Society. 

2.1 INTRODUCTION 

Glycine receptors (GlyRs) are members of the superfamily of pentameric ligand-gated ion 

channels (pLGICs) that are activated by the neurotransmitter glycine. GlyRs are chloride-selective 

channels that mediate inhibitory neurotransmission in the central nervous system and regulate a 

variety of behaviors, including pain sensation, neuromotor activity, muscle relaxation, and anxiety 

(45-47). As such, these receptors are promising targets for therapeutic intervention. 

Most of the principal effects of Δ9-tetrahydrocannabinol (THC), the primary psychoactive 

component in cannabis (48), are mediated through the activation of the cannabinoid receptors 

(CB1 and CB2) (49). THC has serious negative effects on human health, including motor 

impairment and psychosis, but it has been found to provide relief in alleviating chronic pain (50). 

Previous evidence indicates that some effects of THC are independent of CB1 receptors (51). In 

particular, the analgesic effects of THC are mediated through THC potentiation of GlyRs, since 

http://www.pubs.acs.org/doi/abs/10.1021/jm501873p
http://www.pubs.acs.org/doi/abs/10.1021/jm501873p
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cannabinoid-induced analgesia is absent in mice lacking α3GlyR, but not in those lacking CB1 

and CB2 receptors (52). THC potentiates GlyRs with high affinity (53) and residue S296 in TM3 

of α1GlyR and α3GlyR has been shown to be critical for THC potentiation: the S296A mutation 

abolished THC potentiation of α1GlyR and α3GlyR and THC binding to the S296 site of α1GlyR 

was confirmed using high resolution NMR (52). Thus, the THC binding site at residue S296 of 

α1GlyR offers an ideal structural template for virtual screening to identify novel positive 

modulators acting at the same binding site as THC but without its negative effects. 

Structurally, each GlyR subunit consists of an extracellular domain (ECD), a 

transmembrane domain (TMD) with four transmembrane helices (TM1 to TM4), and an 

intracellular domain (ICD). Agonist binding to the ECD transiently opens the channel allowing 

Cl– ions to pass through the pore formed by the TM2 helices (54,55). At the time of this study, the 

only available structure of any GlyR was the NMR structure of the open-channel α1GlyR TMD, 

which can spontaneously form channels permeable to chloride ions in the absence of the ECD or 

ICD (56). This NMR structure provided a structural basis for screening and designing drugs that 

act on α1GlyR. 

It is well documented that membrane composition affects the activity of GlyRs and other 

pLGICs (57-59). Particularly, cholesterol has been shown to affect channel functions (60,61). In 

addition, the NMR structure of the α1GlyR TMD shows that residue S296 faces away from the 

intra-subunit helical bundle (Figure 1) and is exposed to lipids. The conformations of lipids around 

the site may affect the binding of THC and other modulators. Therefore, the potential involvement 

of lipids and/or cholesterol in the binding of THC and other modulators should be considered in 

virtual screening. 
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Virtual screening allows for fast and economical evaluation of compounds in a large 

chemical library, but the accuracy of virtual screening strongly depends on conformations of the 

target receptor. Most virtual screening programs allow ligands to move flexibly around a rigid 

receptor. In reality, receptor motion often plays a critical role in the dynamic process of drug 

binding. A dynamic ensemble of receptor structures can reveal binding pockets that could not be 

found in a single static structure. More accurate results can be obtained by performing virtual 

screening on an ensemble of receptor structures generated through molecular dynamics (MD) 

simulations instead of a single structure (62,63). 

 

 

Figure 1. Side view of the α1GlyR TMD NMR structure. 

Residue S296 is highlighted in green in one subunit. A model of the ECD is positioned over the TMD for context. 

 

In this study, we performed virtual screening with 1,549 FDA-approved drugs in the 

DrugBank database at the S296 site in the α1GlyR TMD. The promiscuous nature of small 

molecules and the interconnectedness of cell signaling pathways offers the potential for drug 
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repurposing, which enjoys the benefit of readily available pharmacokinetic and toxicological data 

obtained in previous clinical trials. Drug repurposing also significantly reduces the risks and 

timeline associated with clinical development. To increase the success of our virtual screening, we 

generated an ensemble of protein conformations through MD simulations with different lipid 

compositions and screened drugs in the presence and absence of lipids. The study served two 

purposes: 1) identify approved drugs that have potential analgesic effects by potentiating GlyRs 

and 2) establish a protocol for screening lipid-exposed druggable sites. More than a dozen 

compounds identified from the virtual screening were validated experimentally for their abilities 

to potentiate glycine-activated currents in Xenopus laevis oocytes expressing α1GlyR. The study 

has not only revealed drugs acting on the α1GlyR TMD with a mechanism similar to that of THC, 

but also paved a path for discovering new analgesic agents. 

2.2 METHODS 

An overview of the step-by-step protocol used in this study is shown in Figure 2. 
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Figure 2. Flowchart highlighting the screening protocol. 

2.2.1 System Preparation 

The NMR-determined structure of the human open-channel α1GlyR TMD (PDB: 2M6I) (56) was 

used for the initial coordinates of the protein in MD simulations. The protein was embedded into 

three different pre-equilibrated lipid bilayers: 1) pure POPC, 2) POPC/cholesterol in a 4/1 molar 

ratio with five cholesterol molecules initially within 4 Å of TM1 to TM3, and 3) identical to system 

2, except with eight cholesterol molecules initially within 4 Å of TM1 to TM3. The 4/1 molar ratio 
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of POPC/cholesterol was chosen because eukaryotic cell membranes typically are composed of 

approximately 20% cholesterol (64). The GROMACS g_membed tool (65) was used to insert the 

protein into POPC or POPC/cholesterol lipid bilayers (66,67). Each system was solvated in TIP3P 

water, ionized with 25mM NaCl, and contained ~90K atoms. 

 

 

Figure 3. Backbone RMSD trajectories of the α1GlyR TMD in MD simulations. 

Three α1GlyR TMD systems with different lipid environments are colored as follows: blue - pure POPC; red - 5 

cholesterol molecules initially within 4 Å of the α1GlyR TMD; green – 8 cholesterol molecules initially within 4 Å 

of the α1GlyR TMD. Three replicate simulations were calculated for each system.  

 

MD simulations of the three systems were run to obtain ensemble conformations of the 

α1GlyR TMD equilibrated in lipids. All simulations were performed using GROMACS 4.6.1 

(68,69) with the AMBER03 (70) force field and additional parameters for POPC and cholesterol 

(71-73). The same simulation protocol was applied to each system. Energy minimization was 

performed for 10,000 steps with harmonic position restraints of 10,000 kJ/mol/nm2 on the protein 

backbone atoms followed by 3 ns of equilibration, during which position restraints on the protein 



 11 

backbone were gradually reduced from 10,000 to 0 kJ/mol/nm2. NMR-derived distance restraints) 

(56) were included over the entire trajectory with a force constant of 1000 kJ/mol/nm2. For each 

system, three 50-ns replicate simulations were performed at a constant pressure and temperature 

(NPT) of 1 atm and 310 K. After 10-20 ns, the backbone RMSD of the α1GlyR TMD in each 

simulation converged to ≤ 6 Å (Figure 3). All bonds were constrained using the LINCS algorithm 

(74). The integration time step used for all simulations was 2 fs. Particle mesh Ewald was used for 

long-range electrostatic interactions. A 12-Å cutoff was used for nonbonded interactions. Full 

electrostatic and nonbonded interactions were evaluated every five steps. Systems were simulated 

with periodic boundary conditions in three dimensions. 

2.2.2 Virtual Screening 

To identify representative protein conformations from each system for virtual screening, we 

performed structural RMSD clustering using the Quality Threshold Clustering Algorithm (75) 

implemented in VMD (76) with a threshold distance of 1.3 Å. This threshold distance divided the 

structures into similarly sized clusters with a smaller intra-cluster RMSD and larger inter-cluster 

RMSD. RMSD clustering was performed over the backbone atoms in TM1 to TM3 (residues 210 

to 300) for each replicate simulation. TM4 was not included as it was furthest from the pore and 

most susceptible to random fluctuations. A representative structure was selected from each of the 

four major clusters. Each representative structure is the pentamer that has the minimum average 

RMSD between itself and all other structures in a given cluster. These representative pentameric 

structures were each divided into five sets of screening units, two adjacent subunits (Figure 2), in 

order to include potential intra- and inter-subunit binding sites in virtual screening. Four major 
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clusters were identified for each simulation. This yielded a total of 180 structures (4 representative 

structures × 3 systems × 3 replicates × 5 subunit pairs) for docking calculations.  

Virtual screening was performed on the DrugBank database of 1549 FDA-approved 

compounds. This database is already a small subset of compounds and thus no further filtering was 

done prior to screening. To account for the potential effects of lipids in drug binding, all drug 

compounds were screened on all 180 α1GlyR TMD structures twice: in the presence and absence 

of all lipid molecules within 7 Å of residue S296. The 7-Å threshold was selected to include only 

those lipid molecules that enclose the binding pocket. Docking calculations were performed using 

AutoDock Vina (77), where the protein and lipids remained rigid while drug compounds were 

flexible. The search space was set to a 20 Å square box centered on residue S296, encompassing 

both potential intra- and inter-subunit binding sites. Hits were defined as any docked conformation 

of a compound with binding energy corresponding to a disassociation constant Kd ≤ 1 μM (binding 

energy ∆G = RTlnKd, where T = 298 K and R is the ideal gas constant) on the 180 screening units. 

The screened compounds were ranked based on the total predicted binding energy of their hits 

among 180 screening units in the presence or absence of lipids. Using the total predicted binding 

energy in the ranking allowed us to account for both the number of hits and the binding energy of 

the screened compounds. Because of the small search space for molecular docking, high-scoring 

compounds were, by design, likely to be close to S296.  

2.2.3 Electrophysiology with Xenopus Oocytes 

RNA encoding α1GlyR or α7nAChR (25-50 ng) was injected into Xenopus laevis oocytes (stages 

5-6) and channel activity was measured using two-electrode voltage clamp experiments as 

described previously (78). Oocytes were maintained at 17 °C in a modified Barth’s solution (79). 
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Functional measurements were performed 1-4 days after injection with an OC-725C Amplifier 

(Warner Instruments) in a 20-μl oocyte recording chamber (Automate Scientific). Oocytes were 

clamped at a holding potential of -60 mV. The recording solutions contained 96 mM NaCl, 2 mM 

KCl, 1.8 mM CaCl2, 1 mM MgCl2 and 5 mM HEPES at pH 7.0. Channel modulation was measured 

by the simultaneous co-application of the desired compounds with an effective glycine 

concentration equivalent to ~5% of the maximal current (EC5). Because α7nAChR has fast channel 

desensitization, an effective acetylcholine concentration equivalent to 50% of the maximal current 

(EC50) was used to ensure the accuracy of modulation assessments for the selected drugs. THC 

was obtained from the National Institute on Drug Abuse. PNU-120596 was purchased from R&D 

Systems (MN). Conivaptan was purchased from Toronto Research Chemicals, cinacalcet and 

regorafenib from MedChem Express, and others from Sigma-Aldrich. The vendors have verified 

the compounds’ purity ≥ 98% by HPLC or TLC experiments. All compounds were first dissolved 

in DMSO and then diluted into buffer, with the final concentration of DMSO ≤ 0.05%. Data were 

collected and processed using Clampex 10 software (Molecular Devices).  

2.3 RESULTS 

2.3.1 Effects of Lipid Composition on Conformations of α1GlyR TMD 

We performed MD simulations of the α1GlyR TMD NMR structure in three systems with different 

lipid environments (Figure 4): (1) pure 1-palmitoyl-2-oleoylphosphatidylcholine (POPC); (2) 

POPC/cholesterol with five cholesterol molecules initially within 4 Å of TM1 to TM3; and (3) 

POPC/cholesterol with eight cholesterol molecules initially within 4 Å of TM1 to TM3. Each 
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system was subjected to three parallel 50-ns simulations. In all simulations, the RMSD of the 

α1GlyR TMD converged or stabilized after 10-20 ns (Figure 3). To examine whether the lipid 

composition affected the structure of the α1GlyR TMD, we calculated the pairwise RMSD values 

of the protein over the course of the MD simulations for each system. From each of the nine 50-ns 

trajectories, frames were extracted every 100 ps for analysis: 1,500 snapshots from simulations in 

pure POPC and 3,000 snapshots from simulations in POPC/cholesterol were collected. The 

presence of cholesterol did not greatly affect the tertiary structure of individual subunits. The mean 

pairwise RMSD for individual α1GlyR TMD monomers was 2.2 Å. In contrast, the mean pairwise 

RMSD calculated on pentamer structures was 3.5 Å, indicating more significant variations in 

quaternary structures. Figure 4d shows the pairwise RMSDs calculated from pentamers simulated 

in the absence and presence of cholesterol molecules. Snapshots were classified by the number of 

cholesterol molecules within 4 Å of TM1 to TM3. Note that during the simulation, the number of 

cholesterol close to the α1GlyR TMD varied due to the migration of cholesterol molecules. 

Overall, structures within the same group exhibit less structural variations than those belonging to 

groups with different numbers of cholesterols, demonstrating that MD simulations in the presence 

of different lipid compositions generate distinct ensembles of protein structures. The effect of 

cholesterol on the quaternary structure of α1GlyR TMD was also evidenced by the change in the 

pore radius (Figure 4e). Without cholesterol, the average minimum pore radius is 3.1 ± 0.3 Å, 

whereas the average minimum pore radius from simulations with cholesterol is 1.8 ± 0.4 Å. The 

penetration of cholesterol molecules into the intra-subunit space between TM3 and TM4 may have 

caused the conformational change of the channel and reduced the pore radius.  
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Figure 4. Lipid effects on the α1GlyR TMD structure during MD simulations. 

Top views of three α1GlyR TMD systems with adjacent lipid molecules from MD simulations. (a) System 1 with 

POPC; (b) system 2 with POPC/cholesterol; (c) system 3, identical to system 2 except with three more cholesterol 

molecules within 4 Å of TM1 to TM3 in the initial simulation set up. Residue S296 is highlighted in green. POPC and 

cholesterol molecules are shown as black and yellow sticks, respectively. (d) Mean pairwise RMSD of the α1GlyR 

TMD structures grouped by the number of cholesterol molecules within 4 Å of TM1-TM3 throughout MD simulations. 

The number of structures in each group is noted along the diagonal. (e) The presence of cholesterol in systems 2 

(green) and 3 (red) in MD simulations changed the pore profile of the α1GlyR TMD compared to system 1 (blue). 

The pore radii were calculated using the HOLE program (80). The presented mean (solid line) and standard deviation 

(dashed line) of the pore radii were sampled from 500 structures from three replicate simulations for each system.  
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2.3.2 Virtual Screening on an Ensemble of α1GlyR TMD Structures 

Representative protein conformations were generated through structural RMSD clustering. We 

examined the major structural clusters from each simulation using the Quality Threshold 

Clustering Algorithm (75) that provides clusters within a given size threshold and optimizes the 

intra- and inter-cluster RMSD. Through this process, we found that most of the simulations 

contained four major structural clusters. For a given cluster, the pentamer with the minimum 

average RMSD between itself and all other structures was selected as a representative structure. 

Each representative pentameric structure was divided into five screening units comprised of two 

adjacent subunits to include potential intra- and inter-subunit binding sites in virtual screening. 

This yielded a total of 180 screening units for docking calculations. In order to consider direct lipid 

involvement in the S296 binding site, we screened all compounds against the same 180 structures 

in the presence and absence of the surrounding lipids (POPC or POPC/cholesterol) from the MD 

simulations. The lipid molecules may help to form the binding pocket, but they could also 

potentially block the binding site. Nevertheless, the inclusion of a variety of conformations of lipid 

molecules is biologically relevant. We reasoned that compounds scoring well in both the absence 

and presence of lipids might increase the success of in vitro functional validation.  

Virtual screening in the presence of lipids showed that most of the α1GlyR TMD structures 

bound no more than 25 hit compounds, defined as those with predicted binding disassociation 

constants (Kd) ≤ 1 μM (Figure 5a-c). However, when lipids were excluded from the virtual 

screening, the number of hit compounds on individual structures over all three systems increased 

significantly (p < 0.001 in the two-sample Kolmogorov-Smirnov test) (Figure 5d). The data 

suggest a higher degree of selectivity when screening in the presence of lipids.  
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Figure 5. Lipids increase virtual screening selectivity. 

Distributions of the number of hit compounds (Kd ≤ 1 μM) from the virtual screening on α1GlyR TMD structures 

from (a) system 1, simulated and screened with POPC; (b) system 2, simulated and screened with POPC/cholesterol; 

(c) system 3, identical to system 2 except with three more cholesterol molecule within 4 Å of TM1 to TM3 in the 

initial simulation set up; and (d) screened all structures from three systems, but with neither POPC nor cholesterol in 

the virtual screening. 

 

For a given α1GlyR TMD structure, we examined how lipid molecules affected drug 

docking to the S296 site. The presence of lipids effectively reduced the number of hit compounds. 

Moreover, the lowest predicted binding energies of each compound in the presence and absence 

of lipids were not necessarily obtained on the same α1GlyR TMD structures, demonstrating the 

necessity of screening with an ensemble of structures. For the same α1GlyR TMD structures, the 
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presence of lipids could enhance or reduce the binding affinity of certain drugs. Figure 6 shows 

examples of both cases. For a given structure, we observed that the predicted binding affinity of 

adapalene improved when screened with lipids (Figure 6a-b). We also observed the opposite 

situation with a different drug: lipids blocked telmisartan binding to residue S296. The predicted 

Kd of telmisartan on this α1GlyR TMD significantly decreased in the absence of lipids (Figure 

6c-d). 

 

 
Figure 6. Representative examples of lipid effects on virtual screening. 

The presence of lipids improved adapalene (magenta) binding to the S296 site in the same structure and reduced the 

predicted Kd to (a) 179 nM from (b) 1.4 μM in the absence of lipids. Lipids weakened telmisartan (orange) binding to 

the S296 site and increased the predicted Kd to (c) 1.4 μM from (d) 7.2 nM. 
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2.3.3 Rank and Selection of Screened Compounds 

The 1549 FDA-approved screened compounds were separately ranked, with and without lipids, 

based on their predicted binding energies ≤ -8.18 kcal/mol (equivalent to Kd ≤ 1 μM) summed over 

the 180 screening units. Among the top 25 hits from the screenings with and without lipids, there 

were 14 overlapping compounds (Table 1). These 14 compounds were considered for further 

experimental testing.  

Cholesterol had a profound effect on the screening results; of the 14 top ranking 

compounds, six would not be highly ranked if screened only with POPC and without cholesterol. 

Since cholesterol is a component of native cell membranes, the inclusion of cholesterol in the 

screening is biologically relevant. Some of these top 14 compounds have been previously 

suggested to interact with receptors other than GlyRs, such as the drug pimozide with the dopamine 

D2 receptors in the central nervous system (81). None of these compounds, however, have been 

previously indicated to modulate GlyRs. All 14 compounds were filtered for Pan Assay 

Interference Compounds (PAINS) (82) and none were found to contain sub-structural features that 

would label them as “frequent hitters” in high throughput screens. In addition, none of the these 

compounds are structurally similar to THC, as measured by low Tanimoto coefficients (83). A 

simple 2D structural similarity search would not have yielded the same leading compounds. 
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Table 1. Top ranked compounds from the virtual screening. 

Compound Structure Compound Structure 

Cholecalciferol 

1 (6) a 

423 Å3 b 

0.275 c  

Risperidone 

12 (22) 

372 Å3 

0.186 
 

Adapalene 

2 (13) 

387 Å3 

0.173 
 

Conivaptan 

14 (3) 
446 Å3 

0.072 
 

Cinacalcet 

3 (24) 

325 Å3 

0.158  

Antrafenine 

16 (1) 

483 Å3 

0.089 
 

Pimozide 

4 (7) 

419 Å3 

0.120 
 

Telmisartan 

21 (11) 

470 Å3 

0.121 
 

Nandrolone 

phenpropionate 

6 (17) 

401 Å3 

0.207  

Tasosartan 

22 (25) 

360 Å3 

0.113  

Fluspirilene 

7 (5) 

439 Å3 

0.113 
 

Regorafenib 

24 (21) 

369 Å3 

0.055 
 

Dutasteride 

9 (9) 

445 Å3 

0.152 
 

Astemizole 

25 (19) 

428 Å3 

0.134  

a Ranks from virtual screening with lipids (without lipids). b Molecular volume. c Tanimoto coefficient as compared to 

THC. 



 21 

Table 2. Additional compounds selected for in vitro functional validation. 

Compound Structure 

THC 

452 (134) a 

325 Å3 b 

1.0 c 
 

Sulindac 

78 (114) 

304 Å3 

0.140 
 

Mefloquine 

172 (124) 

297 Å3  

0.182 

  

PNU-120596 

255 Å3 

 
a Ranks from virtual screening with lipids (without lipids). b Molecular volume. c Tanimoto coefficient as compared to 

THC. 

 

Sulindac and mefloquine, two compounds that ranked below the top 25 but higher than 

THC, were also selected for in vitro functional analysis (Table 2). Sulindac is a nonsteroidal anti-

inflammatory agent with analgesic and antipyretic effects, but its mechanism of action was 

unknown prior to this study (84). Mefloquine is an anti-malarial agent that binds to adenosine 

receptors in the central nervous system (85). Both of these compounds have a hydroxyl group, 

which was shown to be critical for THC binding to α1GlyR (52). However, neither of them are 

structurally similar to THC, as measured by low Tanimoto coefficients (83). PNU-120596 (Table 

2), a known highly specific positive allosteric modulator for the α7nAChR (86), was chosen as a 
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negative control in functional assays. This negative control was also predicted to bind the α1GlyR 

TMD with low affinity in virtual screening calculations. For all 180 α1GlyR TMD structures 

screened in the presence of surrounding lipids, PNU-120596 never bound with Kd ≤ 1 μM. When 

lipids were excluded from the screening, one α1GlyR TMD structure bound PNU-120596 with Kd 

≤ 1 μM. 

2.3.4 Functional Validation of Screened Compounds 

We were able to purchase 11 of the 14 top ranked compounds shown in Table 1 for functional 

validation. Antrafenine, tasosartan and nandrolone phenpropionate were not commercially 

available at the time of our experiments. These 11 top-ranked compounds and two additional 

compounds (sulindac and mefloquine) from Table 2, along with the positive control THC and 

negative control PNU-120596, were tested on oocytes expressing α1GlyR. Representative 

functional traces in Figure 7a show pimozide is a stronger potentiator than THC. In contrast, 

conivaptan shows no potentiation for α1GlyR. Among all thirteen tested compounds, seven (first 

tier) were found to potentiate the glycine receptor better than THC at 1 μM (Figure 7b), the Kd 

used as a threshold to define hits in the virtual screening. Another five compounds (second tier) 

also significantly potentiated the glycine receptor, but less effectively than THC (Figure 7c). 

Conivaptan and the negative control, PNU-120596, did not show potentiation up to the maximum 

tested concentration, 10 μM (Figure 7c). The measured potentiation and EC50 values of all tested 

compounds are summarized in Table 3. The compounds from the first tier give a hit rate of 54%, 

but the combined results from all tested compounds gives an overall hit rate of 92%.  
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Figure 7. Functional validation of virtual screening. 

(a) Representative current traces of Xenopus laevis oocytes expressing α1GlyR activated by glycine at 5% maximal 

effective concentration (EC5) and modulated by 10 μM pimozide, THC, or conivaptan. Black bars over the traces 

depict application of the indicated agonist or modulator. Scale bars indicate 30 seconds and 0.1 μA current. 

Potentiation of α1GlyR by the indicated concentrations of (b) first tier and (c) second tier modulators was normalized 
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to the glycine-elicited current without modulators. Data are fit to Hill equations with the parameters shown in Table 

3. Error bars designate the standard error of the mean (n ≥ 4 oocytes). 

 

Table 3. Potentiation at 1 μM, EC50, and maximum potentiation of the screened compounds. 

Compound 
Fold Potentiation  

at 1 μM 
EC50 (μM) 

Maximum Fold  

Potentiation 

pimozide 2.19 ± 14 1.7 ± 0.8 5.10 ± 70 

cholecalciferol 2.16 ± 26 0.4 ± 0.1 2.20 ± 14 

cinacalcet 1.82 ± 3 0.32 ± 0.07 2.10 ± 6 

dutasteride 1.82 ± 11 0.33 ± 0.09 2.00 ± 8 

sulindac 1.81 ± 7 0.38 ± 0.05 1.90 ± 4 

risperidone 1.80 ± 6 0.32 ± 0.06 1.90 ± 5 

adapalene 1.72 ± 7 1.3 ± 0.8 2.60 ± 27 

THC 1.62 ± 12 1.3 ± 0.6 2.60 ± 30 

fluspirilene 1.53 ± 2 1.2 ± 0.7 2.10 ± 15 

mefloquine 1.26 ± 4 2.5 ± 0.9 2.20 ± 19 

astemizole 1.22 ± 2 4.2 ± 1.8 2.80 ± 39 

telmisartan 1.20 ± 5 3.2 ± 1.5 2.10 ± 18 

regorafenib 1.16 ± 5 1.8 ± 0.2 2.00 ± 5 

conivaptan 1.06 ± 3 — 1.07 ± 5 

PNU-120596 1.02 ± 4 — 1.03 ± 2 
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To explore whether these drugs also act as modulators for other members of the pLGIC 

superfamily, we additionally tested each of the seven first tier compounds in Figure 7b on oocytes 

expressing α7nAChR. None showed significant modulation of acetylcholine-activated channel 

currents (Figure 8). This is consistent with the previous finding that THC has little effect on 

α7nAChR function, though some endogenous cannabinoids have been found to inhibit α7nAChR 

(87).  

 

 

Figure 8. First tier α1GlyR modulators do not affect α7nAChR. 

Modulation of α7nAChR expressed in Xenopus oocytes was measured at the EC50 for acetylcholine. Bar graphs show 

modulation of agonist-induced current in the presence of 10 μM of each of the indicated modulators. Error bars 

indicate standard error (n ≥ 4 oocytes). 

 

The measured potentiation of the top ranked compounds shows a moderate correlation 

(Pearson correlation coefficient, r = -0.72) with their total binding energies predicted by the virtual 

screening in the presence of lipids (Figure 9a). In general, compounds with a higher rank in the 

virtual screening in the presence of lipids provided a higher degree of potentiation of the α1GlyR 

current. However, the ranking generated from the virtual screening in the absence of lipids showed 
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no correlation (r = -0.052) with the experimental potentiation results (Figure 9b). The 

experimental data further highlights the importance of including lipids in the virtual screening. 

 

 

Figure 9. Correlation between virtual screening predictions and in vitro functional validation. 

Potentiation was measured at 1 μΜ for each of the top ranked tested compounds vs. the total docking energy obtained 

in (a) the presence of lipids or (b) the absence of lipids. Error bars show the standard error of the measured potentiation, 

n ≥ 4 oocytes. The difference in the total binding energy between (a) and (b) reflects a higher degree of binding 

selectivity when the virtual screening was done in the presence of lipids. 

2.4 DISCUSSION 

Using an ensemble of structures in the presence and absence of lipids for virtual screening is 

effective in identifying drugs that are positive allosteric modulators of GlyRs. Ten of the fourteen 

top-ranked compounds from the virtual screening (Table 1), as well as sulindac and mefloquine, 

have patent applications related to the treatment of pain; however, prior to this study, none of these 

compounds were known to potentiate α1GlyR. Such a high hit rate at the α1GlyR S296 site for 
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compounds relevant to analgesia is not likely a coincidence. Our results suggest that potentiation 

of α1GlyR by these compounds may provide similar analgesic effects to the action on GlyRs as 

exhibited by THC (52). These findings support the relevance of GlyRs as a therapeutic target in 

pain pathways. 

Virtual screening in the presence of lipids produced a subset of structurally diverse hit 

compounds distinct from those obtained in the absence of lipids. The presence of lipids affected 

the screening results at two stages: generating protein structures with the desired lipid composition 

over the course of MD simulations (Figure 4a-c) and virtual screening with lipids as a part of the 

binding pocket. The NMR structure of the α1GlyR TMD provided a reliable starting point for 

generating an ensemble of protein conformations in both POPC and POPC/cholesterol 

environments. Using a large ensemble of conformations for virtual screening instead of a single 

conformer reproduces the dynamic nature of channel proteins and reduces bias in the screening 

process. The presence of a varied lipid composition during MD simulations increased the diversity 

of the ensemble (Figure 4). Limiting the number of protein structures used in the virtual screening 

certainly saves computation time. However, the “best” structure for one pre-selected compound is 

not necessarily the most suitable structure for other compounds in the screened library. In fact, 

among the 14 compounds shown in Table 1, only six share the “best” docking structure with THC. 

Therefore, the inclusion of an ensemble of protein conformations in the virtual screening is highly 

recommended if computational resources permit. 

For an interior drug-binding site, it would be sufficient to directly use the ensemble of 

protein structures for screening without including lipids as part of the binding pocket. For the 

α1GlyR S296 site or any similar lipid-facing binding sites, however, lipid molecules may help 

form the binding pocket and should be considered for their influence on drug binding. Molecular 
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volumes for the top hits in Table 1 and Table 2 varied from below 300 to close to 500 Å3. Such 

flexibility in the molecular volume of the binding compound is likely a characteristic shared by 

binding sites at the protein-lipid interface in transmembrane proteins. Given the wide range of 

molecular volumes, it is not surprising that the presence of lipids during screening influenced the 

results. As shown in Figure 6, lipids can have a profound influence on the predicted binding 

affinity by forming additional stabilizing contacts at the binding site. In this way, lipids help 

accommodate compounds with widely varying molecular volumes at lipid-exposed binding sites. 

The vast majority of the compounds identified from our screening in the presence of lipids overlap 

with the compounds identified from the screening without lipids, but the total number of hit 

compounds from screening in the presence of lipids is less. It appears that screening in the presence 

of lipids can effectively filter the results. Furthermore, the results in Figure 9 clearly demonstrate 

the importance of including lipids in the virtual screening. Thus, for lipid-facing binding sites, 

including the surrounding lipid molecules in the virtual screening is highly recommended.  

In conclusion, our virtual screening on an ensemble of α1GlyR structures in different lipid 

environments has proved efficient to identify FDA-approved drugs that potentiate α1GlyR. Among 

the identified drug candidates, several were known or suspected to have analgesic effects; 

potentiation of α1GlyRs provides a plausible mechanism for the analgesic effects of these drugs. 

The screening results provide a valuable basis to further evaluate their analgesic properties in vitro. 

The protocol established in the current study can readily be transferred for discovering novel 

compounds of higher efficacy on GlyRs by screening larger chemical libraries. Finally, this 

screening methodology can be applied to other membrane proteins with lipid-exposed binding 

sites. 
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3.0  A NEW ANALGESIC POTENTIATOR OF Α3 GLYCINE RECEPTORS 

3.1 INTRODUCTION 

In previous chapter, we developed a virtual screening protocol to identify compounds acting at the 

cannabinoid-binding site in GlyRs (88). At the time of this pilot study, the only available GlyR 

structure was the NMR structure of the human open-channel α1GlyR TMD (56). As such, we 

focused our initial investigations on the cannabinoid-binding site in α1GlyR. Although 

potentiation of both α1 and α3GlyR contributes to cannabinoid-induced analgesia (52,89), α1GlyR 

is widely expressed throughout the central nervous system and mediates the majority of glycinergic 

neurotransmission. Altering the native function of α1GlyR can have severe neurological 

consequences, such as hyperekplexia or complete muscle rigidity (45). In contrast, α3GlyR 

expression throughout most of the CNS is relatively lower than that of α1GlyR (45); α3GlyR 

knockout mice exhibit no obvious abnormal behaviors and respond normally to tactile stimuli (90). 

However, α3GlyR is distinctly expressed in the superficial laminae of the dorsal horn over α1GlyR 

and inhibition of α3GlyR in this region is directly involved with the sensation of inflammatory 

pain (90,91). Consequently, selective potentiation of α3GlyR in nociceptive neurons may provide 

analgesia by reversing this inflammation-induced inhibition of α3GlyRs with fewer negative side 

effects (92-94). 
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 Since our initial drug discovery efforts (88), additional structures of both α1 and α3GlyR 

have been published (95-98); however, all but one of these structures captures a nonconductive 

(closed or desensitized) channel state. The x-ray structure of human α3GlyR bound with the 

antagonist strychnine (95) offers an ideal foundation for screening calculations on the closed-state 

of α3GlyR. There is no experimental structure for the open-channel α3GlyR. The cryo-EM 

structure of the zebrafish α1GlyR (98) is the only new open-channel GlyR structure published 

since the development of our virtual screening protocol; however, a later study determined that 

this structure is likely physically unrealistic and does not accurately represent the open-channel 

conformation (99). Thus, the NMR structure of the open-channel human α1GlyR TMD, which 

shares ~90% sequence identity with α3GlyR, is the best template for screening calculations on the 

open-state α3GlyR. Overall, these structures, combined with our prior knowledge that cannabinoid 

potentiation involves direct hydrogen bond interactions with S296 in α3GlyR (52,100), provide a 

robust basis for virtual screening calculations to identify novel modulators of α3GlyR. 

Our initial screening efforts with a small library of ~1,500 FDA-approved drugs resulted 

in the in vitro validation of ~90% of the top-ranked drugs as novel potentiators of α1GlyR (88), 

laying a solid foundation for the α3GlyR screening calculations performed in here. We expanded 

our computational approach to a targeted library of over 2 million compounds to identify 

compounds acting on α3GlyR. Thirteen top-ranked compounds from virtual screening on an 

ensemble of α3GlyR structures were tested in vitro using two-electrode voltage clamp 

electrophysiology, and ten significantly modulated (potentiated and/or inhibited) α3GlyR function. 

Of these confirmed α3GlyR modulators, the strongest potentiator showed selectivity for α3GlyR 

and was successful in treating inflammatory pain in vivo. Discovery of this novel glycinergic 
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analgesic opens a new avenue in the development of effective painkillers with fewer negative side 

effects. 

3.2 METHODS 

3.2.1 Molecular Dynamics Simulations to Generate an Ensemble of α3GlyR Structures 

Protein motion plays a critical role in the dynamic process of drug binding and protein flexibility 

is inherently linked to drug specificity (63,101,102). Ensemble docking, where drugs are screened 

across multiple varied static protein conformations, is an efficient way to reproduce the essential 

modes of protein dynamics in drug binding (18,22,88,103,104). Molecular dynamics (MD) 

simulations are an effective means of generating this structural ensemble for a target protein 

(63,101,104,105). Thus, to reflect the dynamic nature of α3GlyR in our virtual screening 

calculations, MD simulations were run for both open- and closed-channel conformations of 

α3GlyR. A homology model of the open-state α3GlyR TMD was generated based on the NMR 

structure of the human open-channel α1GlyR TMD (PDB: 2M6I) (56) using Modeller 9.14 

(106,107) (~90% sequence identity between the α3 and α1GlyR TMDs). The TMD of the x-ray 

structure of α3GlyR bound to the competitive antagonist strychnine (PDB: 5CFB) (95) was used 

as initial coordinates for the closed-state simulations. The open and closed α3GlyR structures were 

each embedded into a pre-equilibrated lipid bilayer consisting of POPC/cholesterol in a 4/1 molar 

ratio (66,67). Our previous efforts with α1GlyR demonstrated that the accuracy of docking 

calculations at a lipid-facing binding site like S296 in α3GlyR is increased by the inclusion of 

cholesterol (88). The 4/1 molar ratio of POPC/cholesterol was chosen because eukaryotic cell 
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membranes typically are composed of approximately 20% cholesterol (64). Both the open- and 

closed-channel systems were solvated in TIP4P water, ionized with 25mM NaCl, and contained 

~130K atoms. 

 MD simulations were run using GROMACS 5.0 (108) with the AMBER03 (70) force field 

and additional parameters for POPC and cholesterol (71-73). The same simulation protocol was 

applied to both the open- and closed-channel systems. Energy minimization was performed with 

1,000 kJ/mol/nm2 harmonic position restraints on all non-hydrogen atoms until the maximum force 

on any single atom was not greater than 250 kJ/mol/nm2 (~10,000 steps), followed by 3 ns of 

equilibration, during which harmonic position restraints on all non-Cα atoms were gradually 

reduced from 1,000 to 0 kJ/mol/nm2. Three 50-ns replicate simulations were calculated for each 

system at a constant pressure and temperature (NPT) of 1 atm and 310 K. All bonds were 

constrained using the LINCS algorithm (74). The integration time step used for all simulations was 

2 fs. Particle mesh Ewald was used for long-range electrostatic interactions (109). A 12-Å cutoff 

was used for nonbonded interactions. Full electrostatic and nonbonded interactions were evaluated 

every five steps. Systems were simulated with periodic boundary conditions in three dimensions. 

MD simulations were run using XSEDE resources through the NSF (MCB040002) at the 

Pittsburgh Supercomputing Center (Bridges) and Texas Advanced Computing Center (Stampede). 

3.2.2 Ensemble-Based Virtual Screening 

To identify representative α3GlyR conformations for virtual screening, structures from MD 

simulations were clustered using the Quality Threshold Clustering Algorithm (75) implemented in 

VMD (76). Replicate simulations from both the open- and closed-channel systems were 

individually clustered using an RMSD cutoff that optimally divided the structures into clusters 
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with a smaller intra-cluster RMSD (< ~1.3 Å) and larger inter-cluster RMSD (> ~2.0 Å). RMSD 

was measured over the backbone atoms in TM1 to TM3 (residues 210 to 300). TM4 was not 

included as it was furthest from the pore and most susceptible to random fluctuations. A 

representative structure was selected from each major cluster as the pentamer closest to the cluster 

center. Ten major clusters were identified for each system (open- and closed-channel), providing 

a total of 20 representative pentameric structures. Each pentamer was then divided into five sets 

of screening units consisting of two adjacent subunits in order to include potential intra- and inter-

subunit binding sites in virtual screening. Ultimately, 100 screening units were used for virtual 

screening. 

THC was screened across these 50 screening units from each system as a positive control 

compound using AutoDock Vina (77), where the protein and lipids remained rigid while THC was 

flexible. The search space was set to a 20 Å cube centered on residue S296, encompassing both 

potential intra- and inter-subunit binding sites. All surrounding lipids from MD simulations were 

included in all docking calculations since S296 is at the protein-lipid interface facing the lipid 

bilayer. The five α3GlyR screening units from each system that produced the lowest THC binding 

energy were selected for docking calculations on a large library of over 2 million compounds. This 

screening compound library was generated by filtering the ZINC database of over 35 million small 

molecules (110) for compounds with drug-like properties (111) and additional physicochemical 

features required for compounds to penetrate the blood-brain barrier and act on the central nervous 

system (112). Specifically, the filtering criteria included molecule size restrictions (molecular 

weight between 150 and 450 g/mol), chemical properties (lipophilicity < 3.0, hydrogen bond 

acceptors ≤ 5, hydrogen bond donors ≤ 5, and rotatable bonds ≤ 5), and pharmacophoric properties 

(net charge ≥ 0 and polar surface area < 90 Å2). Virtual screening with this focused library was 
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executed using AutoDock Vina (77) with the same parameters as described above for THC 

docking. All docking calculations were performed using resources from Open Science Grid 

(113,114), which is supported by the National Science Foundation and the U.S. Department of 

Energy’s Office of Science. The screened compounds were ranked based on the total predicted 

binding energy across all five α3GlyR screening units in the open- and closed-states, respectively.  

3.2.3 Molecular Dynamics Simulations to Elucidate the Binding Mode of the Lead 

Compound 

Geometry and parameters for the lead compound (compound 8) were assigned by analogy using 

the CHARMM General Force Field (CGenFF) for drug-like molecules (115-117) and refined using 

the Force Field Toolkit (ffTK) protocol (118). Initial coordinates of α3GlyR for ligand-bound MD 

simulations were selected from the representative structures identified in apo MD simulations. The 

closed- and open-channel structures that provided the highest number of screening units for 

docking calculations on the large compound library described above (ranked by THC binding 

energy) were used as the initial coordinates for ligand-bound MD simulations, including the 

surrounding POPC/cholesterol lipid bilayer. Compound 8 was docked to each subunit in the open- 

and closed-state pentamer structures using AutoDock Vina (77). The search space was set to a 20 

Å cube centered on residue S296. Both systems were solvated in TIP4P water, ionized with 25mM 

NaCl, and contained ~130K atoms. MD simulations were run using GROMACS 5.1 (108), the 

CHARMM36 force field (115,119-122), and the same simulation protocol as described above for 

the apo systems. Simulations were calculated using XSEDE resources through the NSF 

(MCB040002) at the Pittsburgh Supercomputing Center (Bridges) and Texas Advanced 

Computing Center (Stampede).  
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3.2.4 Electrophysiology with Xenopus Oocytes 

RNA encoding α3GlyR, α3βGlyR, α1GlyR, α1βGlyR, α1β3GABAAR, α7nAChR, ELIC, or the 

ELIC-α3GlyR chimera (10-50 ng) was injected into Xenopus laevis oocytes (stages 5-6) and 

channel activity was measured using two-electrode voltage clamp experiments as described 

previously (78). Oocytes were maintained at 17°C in a modified Barth’s solution (79). Functional 

measurements were performed 1-4 days after injection with an OC-725C Amplifier (Warner 

Instruments) and Digidata 1440A digitizer (Axon Instruments) in a 20-μl oocyte recording 

chamber (Automate Scientific). Data were collected and processed using Clampex 10 software 

(Molecular Devices). Oocytes were clamped at a holding potential of -60 mV. The recording 

solutions for oocytes expressing α3GlyR, α3βGlyR, α1GlyR, α1βGlyR, α1β3GABAAR, and 

α7nAChR contained 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2 and 5 mM HEPES 

at pH 7.0. The recording solutions for oocytes expressing ELIC and ELIC-α3GlyR contained 130 

mM NaCl and 10 mM HEPES at pH 7.0. All recording solutions for oocytes expressing 

heteromeric α3βGlyR or α1βGlyR also contained 0.1 mM picrotoxin in order to mask any residual 

currents from expression of homomeric α3GlyR or α1GlyR, respectively (123). With the exception 

of α7nAChR, modulation was measured by the simultaneous co-application of the desired 

compounds with an effective agonist concentration equivalent to ~2% of the maximal current 

(EC2) or ~20% of the maximal current (EC20). Due to the extremely fast desensitization of 

α7nAChR, an effective acetylcholine concentration equivalent to ~50% of the maximal current 

(EC50) was used to ensure the accuracy of modulation measurements.  

Site-directed mutagenesis of α3GlyR was introduced with the QuickChange Lightning Kit 

(Agilent). The ELIC-α3GlyR chimera was constructed using overlapping polymerase reaction by 

fusing the ECD of ELIC ending at R199 with the TMD of α3GlyR starting at Q219. The large 
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intracellular loop between TM3 and TM4 in α3GlyR was replaced with a short linker 

(310QPARAAK427). The C-terminal of TM4 starting from I450 was replaced with the C-terminal 

of ELIC (318RGITL322) and additional mutations were introduced to the ELIC ECD (R91A, 

F188Y) to increase sensitivity to the orthosteric agonist propylamine.  

Compounds 1, 3, 9, 11, and 13 were obtained from the National Cancer Institute 

Developmental Therapeutics Program Open Chemical Repository. Compounds 2, 4, 5, 6, 10, and 

12 were purchased from Sigma-Aldrich. Compound 7 was purchased from ChemBridge and 

compound 8 was purchased from Enamine. All compounds were first dissolved in DMSO and then 

diluted into buffer, with the final concentration of DMSO ≤ 0.1%. Channel activity in the presence 

of agonist alone was measured with an equivalent concentration of DMSO to that used during the 

simultaneous co-application of both agonist and compound.  

3.2.5 Behavioral Evaluation of Analgesia 

This work is a collaborative effort and Dr. Joel Caporoso, a postdoctoral scholar in Professor Yan 

Xu’s lab, carried out all animal experiments. The methods are included here for completeness. All 

animal experimental procedures were performed with approval from the Institutional Animal Care 

and Use Committee (IACUC) at the University of Pittsburgh and carried out in accordance with 

the approved guidelines. CD1 strain mice (25-35 g) were purchased from Charles River 

Laboratories and housed in a temperature- and humidity-controlled room with a 12-hour light/dark 

cycle. Food and water were available ad libitum. Mice were randomly divided into vehicle and test 

groups and were handled identically, with the exception of including screened compounds in the 

treatment for the latter group.  
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 Inflammation was induced by injection of 5 μL of 1 mg/mL Complete Freund’s Adjuvant 

(CFA) obtained from Millipore Sigma. Mice were anesthetized with 4% isoflurane and CFA was 

administered via intraplantar injection to the left hind paw using a Hamilton syringe with a 29-

gauge needle. Inflammation of the paw was incubated for 24 hours to maximize CFA-induced 

hyperalgesia. Mice were then habituated individually in plastic boxes for 30 minutes prior to 

behavioral assessment using the Hargreaves Test (124). Two different apparatuses were used to 

measure paw withdrawal latency (PWL) in response to painful stimuli. Initial behavior tests were 

performed using a radiant heat plantar stimulator meter (IITC Life Science Inc.). The active light 

intensity was set to 15% and applied to the midplantar region of the CFA-inflamed footpad. A 

cutoff time of 23 seconds was employed to prevent tissue damage. A 980 nm infrared laser with a 

1.6 mm beam (BWT Beijing Ltd.) was later acquired for PWL measurements. The beam was 

applied to the midplantar region of the CFA-inflamed footpad with laser power set to 1.5 W for 

male mice and 1.2 W for female mice due to inherent differences in pain sensitivity. In both 

experimental setups, the baseline PWL was measured from the average of 3 tests, separated by at 

least 1 minute. Following these baseline measurements, mice were removed from the apparatus 

and given an intraperitoneal injection of either vehicle or one of the test compounds. The 

experimenter was blinded to the identity of the injection solutions. After another 30-minute 

habituation period, PWL was measured every 15 minutes until mice no longer exhibited any 

analgesic effects. The maximum possible effect (MPE) of each treatment was calculated at each 

time point by Equation 1, where ttreatment is the average PWL for a given treatment (vehicle or test 

compound), tCFA is the average baseline PWL before treatment, and tnaive is the average PWL for 

naïve mice. 
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Equation 1. Maximum possible effect in the Hargreaves test. 

𝑀𝑃𝐸(%) =
𝑡𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝑡𝐶𝐹𝐴

𝑡𝑛𝑎𝑖𝑣𝑒 − 𝑡𝐶𝐹𝐴
∗ 100 

3.3 RESULTS 

3.3.1 Virtual Screening on an Ensemble of α3GlyR TMD Structures 

To generate a diverse ensemble of α3GlyR structures for virtual screening, MD simulations were 

run for both the open- and closed-state of the channel. Ten representative structures in each channel 

state across all three replicate simulations were identified by structural RMSD clustering, yielding 

a total of 100 screening units for the initial docking calculations with THC, the positive control 

compound. The average THC binding energy was not significantly different for the open- and 

closed-state α3GlyR structures (-5.17 ± 3.60 and -5.15 ± 3.32 kcal/mol, respectively), suggesting 

that both channel conformations are accessible for THC and likely other potentiators. For each 

channel state, the top five screening units that provided the lowest THC binding energy were used 

for screening calculations on a large library of over 2 million compounds, selected from the ZINC 

database (110) based on drug-like properties (111) and additional physicochemical features 

required for compounds to penetrate the blood-brain barrier and act on the central nervous system 

(112). Screened compounds were ranked based on their average predicted binding energies across 

the ensemble of open- and closed-state structures, respectively. Between the two groups of top-10 

hits from the respective open- and closed-channel screening calculations, there were 5 overlapping 

compounds (Table 4), resulting in 15 unique hits. Among these 15 compounds, 13 were 
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commercially available for functional validation; compounds 14 and 15 could not be purchased at 

the time of our experiments. 

 

Table 4. Top-ranked compounds from virtual screening. 

Compound ZINC ID Rank* Structure 

1 01668173 1, 1 

 

2 02381395 2, 5 

 

3 01668172 3, 3 

 

4 02519816 5, 2 

 

5 05681142 7, 7 

 

6 00640036 4, 1513 

 

7 20322444 8, 4788 

 
*Ranks from virtual screening on open-channel, closed-channel conformations of α3GlyR. 
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Table 4 (continued) 

Compound ZINC ID Rank* Structure 

8 
Confidential 

Patent Pending 
9, 1299 

Confidential 

Patent Pending 

9 01713774 10, 30629 

 

10 05710513 34, 4 

 

11 01667310 59, 8 

 

12 01954783 91, 6 

 

13 01667308 209, 9 

 

14 05518709 6, 304 

 

15 05949118 15, 10 

 
*Ranks from virtual screening on open-channel, closed-channel conformations of α3GlyR. 
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3.3.2 Functional Validation of Screened Compounds 

Although THC binding to α3GlyR at S296 produces potentiation (52), virtual screening 

calculations alone cannot predict the functional impact of a novel compound binding to α3GlyR. 

As an initial step, we measured the functional modulation of each of the 13 compounds (10 M) 

on oocytes expressing α3GlyR (Figure 10a). All 13 compounds were tested at both EC2 and EC20 

agonist concentrations in order to observe both potential potentiation and inhibition effects. 

Indeed, we identified three compounds (8, 10, and 12) that potentiated α3GlyR at EC2 and nine 

that inhibited α3GlyR at EC20 (1, 2, 3, 4, 5, 6, 8, 9, and 10). Note that compounds 8 and 10 exhibited 

both positive and negative modulatory effects, depending on the effective concentration of agonist 

applied during recordings (Figure 10b). Although only compounds 8 and 10 were found to 

potentiate α3GlyR to a greater extent than THC at 10 μM, 10 of the 13 tested compounds produced 

significant modulation of α3GlyR, positive and/or negative, giving an overall hit rate of 77%. 

Of the 10 compounds found to modulate α3GlyR, the two strongest potentiators 

(compounds 8 and 10) and two strongest inhibitors (compounds 3 and 6) were further analyzed by 

collecting dose response curves at EC2 and EC20, respectively (Figure 10c). In agreement with the 

initial test at 10 M, compounds 8 and 10 exhibited dose-dependent potentiation of α3GlyR while 

compound 6 showed dose-dependent inhibitory effects. Surprisingly, the dose response curve for 

compound 3 at EC20 revealed biphasic effects, where low and high concentrations of compound 3 

potentiated and inhibited α3GlyR, respectively. In light of these new potentiating effects, an 

additional dose response curve for compound 3 was collected at EC2 that displayed the same 

biphasic nature, though positive modulation was enhanced and negative modulation was reduced 

compared to the effects observed at EC20 (Figure 10c).   
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Figure 10. Functional validation of virtual screening on α3GlyR. 

(a) In vitro electrophysiology responses from oocytes expressing α3GlyR activated by 2% (EC2, left) and 20% (EC20, 

right) of the maximal effective concentration for glycine. Modulation was measured as the ratio of currents in the 

presence (I) and absence (I0) of 10 M of THC or the indicated top ranked compounds from virtual screening. Stars 

indicate significant potentiation at EC2 or inhibition at EC20 at p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***) by the 

one-tailed Student’s t-test. (b) Compound 8 (10 M) modulation of α3GlyR at varying effective glycine 

concentrations, ranging from EC1 to EC50. As the effective glycine concentration increases, compound 8 shifts from 

positive (I/I0 > 1) to negative (I/I0 < 1) modulation. Maximal potentiation is observed at EC2 and maximal inhibition 
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is observed at EC20. (c) Dose response curves for THC, compound 8, and compound 10 at EC2 and as well as 

compound 3 and compound 6 at EC20 are color-coded as shown in (a). The dose response curve for compound 3 at 

EC2 is shown as a dashed line. Error bars in all panels indicate the standard error of the mean (n ≥ 4). 

3.3.3 pLGIC Selectivity and Off-Target Effects of the Strongest α3GlyR Modulators 

Selectivity of hit compounds for an intended drug target is an important consideration in the drug 

discovery process: compound activity on unrelated targets drastically increases the likelihood of 

side effects and clinical toxicity (125-127). Although THC potentiates both α3GlyR and α1GlyR, 

only α3GlyR has been shown to be essential in cannabinoid-induced analgesia (52). α1GlyR 

subunits are widely expressed throughout the nervous system and mediate the majority of 

glycinergic neurotransmission; altering the native function of α1GlyR generally has severe 

neurological consequences, such as hyperekplexia and complete muscle rigidity (45). Thus, 

selectivity for α3GlyR over α1GlyR is an important consideration in the development of novel 

analgesics. Selectivity of the four strongest α3GlyR modulators (compounds 3, 6, 8 and 10) was 

measured on oocytes expressing α1GlyR (Figure 11a). Only compound 8 preferentially 

potentiated α3GlyR over α1GlyR. Additional measurements with heteromeric α3βGlyR and 

α1βGlyR confirmed that compound 8 is a selective potentiator for α3-containing GlyRs (Figure 

11b). Compound 8 also demonstrated selectivity in potentiating α3GlyR over other pLGICs: no 

potentiation was observed on either α1β3GABAAR or α7nAChR (Figure 11b). 
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Figure 11. Modulation of off-target pLGICs. 

(a) Comparison of electrophysiology responses from oocytes expressing α3GlyR (blue, cyan) or α1GlyR (red, pink) 

activated by 2% (EC2; blue, red) or 20% (EC20; cyan, pink) of the maximal effective concentration for glycine. 

Modulation was measured as the ratio of currents in the presence (I) and absence (I0) of 10 M of the indicated top 

ranked compounds from virtual screening. At a low agonist concentration (EC2), compound 8 preferentially 

potentiates α3GlyR over α1GlyR. (b) Modulation by compound 8 (10 M) was measured in oocytes expressing the 

indicated channel constructs activated by EC2 (left) or EC20 (right) agonist concentration. Due to the extremely fast 

desensitization of α7nAChR, EC50 acetylcholine concentration was used to ensure the accuracy of modulation 

measurements. Compound 8 selectively potentiates α3-containing GlyRs over other pLGICs. Error bars in all panels 

indicate the standard error of the mean (n ≥ 4). 

 

In addition to our own electrophysiology measurements on pLGICs, off-target profiling for 

compound 8 on other CNS receptors was assessed by the Psychoactive Drug Screening Program 

(PDSP) at the University of North Carolina at Chapel Hill. Radioligand binding assays (128) 

showed that compound 8 has no significant cross-reactivity with the pLGICs α4β2nAChR or 5-
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HT3AR, opioid receptors (DOR, KOR, MOR, and NOR), N-methyl-D-aspartate receptors 

(NMDARs), or hERG potassium channels (Table 5). More importantly, PRESTO-Tango 

functional assays (129) revealed that, unlike THC, compound 8 has no agonist or antagonist 

activity on either CB1 or CB2 receptors (Figure 12). Overall, compound 8 was the clear top 

candidate to move forward into in vivo assessments of analgesia. 

 

 

Figure 12. Compound 8 does not act on cannabinoid receptors. 

Compound 8 (green) shows no agonist (top) or antagonist (bottom) activity on either CB1 (left) or CB2 (right) 

receptors in PRESTO-Tango functional assays performed by the PDSP (129). Positive controls for each experiment 

are shown in black. Activity is reported in relative luminescence units (RLU). Some non-specific antagonist activity 

is observed at the highest concentrations of compound 8 by the decrease in RLU, but this not considered significant. 

Error bars in all panels indicate the standard error of the mean (n = 3). 

 

  



 46 

Table 5. Off-target profiling for compound 8. 

Mean percent inhibition (n = 4) by 10 M compound 8 in radioligand binding assays was measured by the PDSP. 

Significant inhibition is considered > 50%: compound 8 shows no significant cross-reactivity for any of the tested 

targets. Negative inhibition represents a non-specific stimulation of binding, likely due to the high concentration of 

compound 8 used in these preliminary screening assays. 

Target α4β2nAChR 5-HT3AR DOR KOR MOR NOR NMDAR hERG 

% Inhibition -1.8 -5.7 7.1 5.0 20.6 -16.8 -2.4 -19.5 

 

3.3.4 Behavioral Evaluation of Lead Compound Analgesia 

The in vivo results presented here are part of the integrated drug discovery efforts in Professor Pei 

Tang’s and Professor Yan Xu’s groups; all animal experiments were performed in collaboration 

with a postdoctoral scholar, Dr. Joel Caporoso. Since cannabinoid action on α3GlyR has 

previously been shown to alleviate inflammatory pain (100), we first examined the efficacy of 

compound 8 in a mouse model of CFA-induced inflammatory pain. Injection of CFA into the hind 

paw generates hypersensitivity to thermal pain, reflected by the significant decrease in paw 

withdrawal latency (PWL) upon radiant heat stimuli in the Hargreaves Test (124), measured using 

a radiant heat plantar stimulator meter (IITC Life Science Inc.). Subsequent administration of 

compound 8 increased PWL, peaking ~1 hour after injection and persisting for ~30 minutes 

afterward (Figure 13a). Maximum efficacy was observed with 0.1 mg/kg of compound 8, where 

PWL reached the level of non-inflamed mice. The fact that compound 8 did not increase PWL 

beyond that of naïve mice suggests that it does not interfere with normal nociception and only 

alleviates pain brought on by inflammation. Dose response curves were calculated for the 
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maximum possible effect (MPE) at 1 and 1.5 hours after injection and both time points provided 

an estimated ED50 of 0.03 mg/kg (Figure 13b).  

These results suggest that compound 8 is effective in treating acute inflammatory pain, but 

many inflammatory pain disorders are chronic. Thus, effective therapeutics in this area must be 

resistant to drug tolerance. We administered 0.1 mg/kg of compound 8 to mice once per day for 

five consecutive days. CFA was injected on the fourth day and PWL was measured 24 hours later 

after the last injection of compound 8 using a 980 nm infrared laser (BWT Beijing Ltd.). Repeated 

doses did not decrease the analgesic effects of compound 8 (Figure 13c), where PWL peaked at 

~1.5 hours after administration of the fifth dose. The analgesia effects of compound 8 persisted for 

at least ~1 hour afterward, indicating that no significant drug tolerance was built up from these 

repeated doses. 
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Figure 13. Analgesic effects of compound 8 in vivo. 

(a) Responses of mice under maximum CFA-induced hyperalgesic conditions (24 hours post-application of CFA) 

were assessed by measuring paw withdrawal latency (PWL) to painful radiant heat stimuli before and after application 

of compound 8 (injection time = 0 hours). Compound 8 was injected at 0.005 (pink), 0.01 (purple), 0.0275 (blue), 0.04 

(green), 0.05 (orange), and 0.1 (red) mg/kg. Responses of naïve mice are shown in black for comparison. (b) Dose 

response curves of mice under maximum CFA-induced hyperalgesic conditions at 1 hour (blue) and 1.5 hours (red) 

post-application of compound 8. Response was measured as the maximum possible effect (MPE, Equation 1). (c) 

Responses under maximum CFA-induced hyperalgesic conditions were assessed for mice after a single injection of 

0.1 mg/kg compound 8 (blue) or after repeated injections of 0.1 mg/kg compound 8 once per day for five consecutive 

days (green). PWL to painful laser stimuli was measured before and after the final application of compound 8 

(injection time = 0 hours). Responses of CFA-treated mice injected with the vehicle solution are shown in white for 

comparison. The analgesic effects of the single dose and repeated doses of compound 8 are significantly different 

from vehicle but not significantly different from each other by repeated measures one-way ANOVA with Fisher’s 

LSD post hoc comparisons (p < 0.05). Error bars in all panels designate the standard error of the mean (n ≥ 4 mice). 
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3.3.5 Compound 8 Binds to the Cannabinoid Site in α3GlyR 

As mentioned above, THC potentiates both α3GlyR and α1GlyR through hydrogen bond 

interactions with the shared residue S296 on TM3 (52). Docking calculations from virtual 

screening predict that compound 8 similarly binds to S296 in α3GlyR; however, unlike THC, 

compound 8 selectively potentiates α3GlyR over α1GlyR. To experimentally elucidate the binding 

site and molecular basis for GlyR subtype-selectivity of compound 8, we performed additional 

electrophysiology experiments with chimeric and mutated α3GlyR. First, we constructed a 

chimeric channel consisting of the α3GlyR TMD and the ELIC ECD. Compound 8 inhibits ELIC, 

but potentiates the ELIC-α3GlyR chimera to the same extent as observed in the full-length α3GlyR 

(Figure 14a), confirming that the potentiation effects of compound 8 are determined by the TMD 

of α3GlyR, and not the ECD or ICD.  

Next, we measured the modulation of compound 8 on α3GlyR mutants. S296A has been 

shown to abolish potentiation by THC (52) and the same mutant also destroyed the potentiation 

by compound 8 (Figure 14a). This effect is likely due to the direct binding of compound 8 at S296 

and not an allosteric effect resulting from the mutation itself because S296A and WT α3GlyR are 

indistinguishable in their responses to the agonist glycine (Figure 14b). To further confirm that 

THC and compound 8 share a binding site in α3GlyR, we tested E300A α3GlyR (one helical turn 

below S296 on TM3) and found that this mutation also abolished potentiation by compound 8. In 

fact, compound 8 inhibits E300A α3GlyR at EC2 (Figure 14a); however, it is important to note 

that the EC50 for glycine is significantly increased by this mutation (Figure 14b), somewhat 

complicating the interpretation of these results. 

If THC and compound 8 bind to the same site in α3GlyR, why doesn’t compound 8 also 

interact with the equivalent binding site in α1GlyR? A sequence alignment of α3GlyR and α1GlyR 
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residues around the S296 binding site reveals that differences in TM4 are likely the reason why 

compound 8 exhibits GlyR subtype-selectivity (Figure 14c). Specifically, interactions with C402 

(equivalent to G402 in α1GlyR) likely confer selectivity for α3GlyR over α1GlyR. Indeed, the 

C402G mutation in α3GlyR abolishes potentiation by compound 8 (Figure 14a). Like S296A 

α3GlyR, C402G α3GlyR is very similar to WT α3GlyR in agonist-elicited channel activation, 

minimizing the possibility of ambiguous allosteric effects (Figure 14b). 

To gain further insight into the molecular details of compound 8 binding, we performed 

three replicate 200-ns molecular dynamics (MD) simulations of compound 8 bound to α3GlyR in 

open- or closed-channel conformations. Although it is unfeasible to run simulations long enough 

to illuminate the precise mechanism of potentiation, these simulations can clarify the specific 

interactions involved in compound 8 binding. Since the exact orientation of compound 8 bound to 

α3GlyR is unknown, we unbiasedly docked compound 8 to S296 in the five different subunits of 

each α3GlyR pentamer, resulting in a variety of starting conformations for the drug. Optimized 

structures were calculated using Gaussian 16 software at the MP2/6-31(G) level of theory. The 

final parameterization results are confidential due to a pending patent application, but Tables 6-8 

below provide partially censored values as an approximation of the range for the final parameters. 
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Figure 14. Compound 8 binds at the cannabinoid site in α3GlyR. 

(a) Electrophysiology measurements in Xenopus laevis oocytes activated by 2% (EC2) of the maximal effective agonist 

concentration (glycine for α3GlyR constructs, propylamine for ELIC and ELIC-α3GlyR) show that like α3GlyR, but 

unlike ELIC, the chimera ELIC-α3GlyR is potentiated by 10 μM compound 8. The potentiation effects of compound 

8 are determined by the TMD of α3GlyR, and not the ECD or ICD. Specifically, mutations at the cannabinoid-binding 

site in full-length α3GlyR abolish potentiation by compound 8. Error bars designate the standard error of the mean (n 

≥ 4 oocytes). (b) Glycine activation curves for S296A, E300A, and C402G α3GlyR mutants are shown with EC50 = 

246 ± 9, 382 ± 12, and 203 ± 14 μM, respectively. WT α3GlyR is shown for comparison with EC50 = 245 ± 15 μM. 

Only E300A is significantly different from WT by repeated measures one-way ANOVA with Fisher’s LSD post hoc 

comparisons (p < 0.05). Error bars designate the standard error of the mean (n ≥ 4 oocytes). (c) Sequence alignment 

of α1, α2, and α3GlyR TM3 and TM4 helices reveals a potential mechanism for the subtype-selectivity of compound 

8. Sites of critical interactions identified by mutagenesis are highlighted in the corresponding color from (a) and (b). 

All other sites of sequence dissimilarity are highlighted in orange. Hydrogen bonding with S296 likely confers 

selectivity for α1 and α3 subtypes over α2GlyR. Hydrogen bonding with C402 likely confers selectivity for α3GlyR 

over both α1 and α2GlyR. 
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Table 6. Summary of Lennard-Jones and electrostatic parameters for compound 8. 

Atom Charge (e) ε (kcal/mol) Rmin/2 (Å) 

C 

-0.094 -0.090 1.90 

-0.817 -0.099 1.86 

-0.230 -0.090 1.90 

-0.220 -0.090 1.90 

-0.173 -0.090 1.90 

-0.171 -0.090 1.90 

-0.153 -0.060 2.02 

-0.120 -0.090 1.90 

-0.118 -0.090 1.90 

-0.117 -0.090 1.90 

-0.106 -0.090 1.90 

-0.071 -0.090 1.90 

-0.004 -0.090 1.90 

0.011 -0.090 1.90 

0.065 -0.056 2.01 

0.342 -0.099 1.86 

0.438 -0.110 2.00 

0.601 -0.110 2.00 

N 
-0.902 -0.200 1.85 

-0.446 -0.200 1.85 

O 
-0.460 -0.120 1.70 

-0.427 -0.120 1.70 

H 

0.090 -0.035 1.34 

0.115 -0.030 1.36 

0.196 -0.030 1.36 

0.202 -0.030 1.36 

0.311 -0.046 0.23 

0.375 -0.046 0.23 
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Table 7. Interaction energies and geometries for compound 8-water complexes. 

Deviations between molecular mechanical and quantum mechanical calculations are shown for comparison. Quantum 

mechanical calculations of compound 8 interactions with water molecules were performed using Gaussian16. 

Interaction 
ΔEHF 

(kcal/mol) 

ΔECGenFF 

(kcal/mol) 

ΔΔE 

(kcal/mol) 

RHF 

(Å) 

RCGenFF 

(Å) 

ΔR 

(Å) 

N…HOH 
-3.86 -4.60 -0.74 3.24 3.14 -0.10 

-3.17 -3.26 -0.09 3.29 3.29 0.00 

O…HOH 
-6.60 -5.67 0.93 2.98 2.93 -0.05 

-6.93 -7.21 -0.28 2.95 2.95 0.00 

H…OHH 

-6.21 -6.38 -0.17 2.12 2.12 0.00 

-4.97 -4.91 0.06 2.07 2.07 0.00 

-6.38 -6.91 -0.53 2.08 2.08 0.00 

Average Deviation   -0.18   -0.02 

Root Mean Squared 

Deviation 
  0.51   0.04 

Absolute Average 

Deviation 
  0.40   0.02 

 

Table 8. Molecular and quantum mechanical dipole moments for compound 8. 

μ component 

(Debye) 
HF/6-31G(d) MP2/6-31G(d) CGenFF 

Dx -0.624 0.211 1.079 

Dy 1.106 0.956 0.529 

Dz -1.340 -1.250 -1.562 

DTotal 1.846 1.588 1.971 

 

MD simulations revealed that compound 8 was only able to form significant interactions 

when bound to an intra-subunit location between TM3 and TM4 helices. Specifically, compound 

8 in this position formed recurring hydrogen bonds with S296 (29.3% occupancy) and occasional 

hydrogen bonds with E300 (4.7% occupancy) and C402 (3.1% occupancy) in the closed-state 
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α3GlyR simulations (Figure 15a). Conversely, in the open-channel simulations, compound 8 in 

this binding site formed consistent hydrogen bonds with E300 (27.1% occupancy) and sporadic 

hydrogen bonds with S296 (3.0% occupancy) (Figure 15b). Although compound 8 binds to a 

similar intra-subunit site in both channel states, the drug is able to penetrate deeper into the intra-

helical space in the open-channel simulations. In particular, the TM4 helix is much further from 

TM3 in the open-state than in the closed-state, as evidenced by the distance between Cα atoms of 

S296 and C402 in MD simulations (15.3 ± 1.4 Å and 11.4 ± 0.6 Å, respectively). This separation 

allows compound 8 to bind deeper within the α3GlyR subunit in the open-state; however, in this 

position compound 8 loses contact with C402. No significant hydrogen bond interactions with 

residues other than S296, E300, and C402 are observed in either the open- or closed-channel 

simulations, but compound 8 is stabilized by hydrophobic interactions with other residues in the 

TM1, TM3, and TM4 helices and with the lipid bilayer (Figure 15a-b). Overall, these simulations 

reveal that compound 8 binds to an intra-subunit site close the protein-lipid interface to establish 

significant polar interactions with the three critical residues identified in electrophysiology 

experiments.  
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Figure 15. Compound 8 binds an intra-subunit site between TM3 and TM4 helices. 

Representative snapshots of compound 8 (purple) from MD simulations bound to α3GlyR in the (a) closed-channel 

and (b) open-channel conformations. Front views (left) show hydrogen bond interactions with S296, E300, and C402 

(residues critical for compound 8 potentiation from mutagenesis experiments), as well as the large separation of TM4 

in the open-state simulations. Side views (right) show compound 8 binds much deeper within the α3GlyR subunit in 

open-state than closed-state simulations. Other hydrophobic residues in close contact (< 4 Å) with compound 8 are 

shown in black. POPC and cholesterol molecules that form the outside of the binding pocket are shown in yellow and 

orange, respectively, in the side views. 
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3.4 DISCUSSION 

Through integrated computational virtual screening calculations, in vitro electrophysiological 

measurements, and in vivo behavioral tests, we have successfully identified a novel analgesic 

compound that is effective in treating inflammatory pain and shows no signs of tolerance to 

repeated exposure (Figure 13). While we cannot yet confirm that potentiation of α3GlyR is solely 

responsible for these analgesic effects, all evidence presented in this study supports this 

conclusion. Our own electrophysiology measurements established that compound 8 is a selective 

potentiator of α3GlyR over other pLGICs and PDSP screening assays found that compound 8 is 

inactive on several other CNS receptors involved the sensation of pain, including cannabinoid 

receptors and opioid receptors (Figure 11-12, Table 5). These results, combined with previous 

studies demonstrating the specific role of α3GlyR and its inhibition by prostaglandin E2 (PGE2)-

induced phosphorylation in inflammatory pain sensation (90-92,100,130), provide strong 

indications that compound 8 is indeed an α3GlyR-selective painkiller. However, additional in vivo 

behavioral experiments with α3GlyR knockout mice (90,100) as well as in vitro electrophysiology 

experiments of phosphorylated α3GlyR in the presence of PGE2 (90,92,100) are necessary to 

confirm this theory.  

As mentioned above, off-target profiling indicates that compound 8 does not act on opioid 

receptors (Table 5). More than 10 million adults in the U.S. have been prescribed long-term opioid 

therapies to treat their chronic pain (131), but opioid medications present serious risks: more than 

33,000 overdose deaths in the U.S. in 2015 alone involved opioids of some kind (132). The 

discovery and development of potent non-opioid analgesics is vital to combat this growing public 

health epidemic. Although we have not verified that the analgesic effects of compound 8 are 



 57 

specifically mediated by α3GlyR, the fact that this novel drug does not target opioid receptors is 

an important consideration in the development of effective alternatives for chronic pain. 

In addition to in vitro selectivity, our in vivo results indicate that compound 8 also exhibits 

high potency for analgesia: 0.1 mg/kg eliminated CFA-induced inflammatory pain in the 

Hargreaves Test (Figure 13). In comparison, 50 mg/kg of the cannabinoid dehydroxyl-cannabidiol 

were needed to produce similar effects in a comparable behavioral test (100). Outside of the 

glycinergic pathway for pain treatment, compound 8 still compares favorably to other painkillers. 

For example, the ED50s of morphine, an opioid receptor agonist, and gabapentin, a voltage-gated 

calcium channel inhibitor, are 5.8 mg/kg and 26 mg/kg, respectively, to treat CFA-induced thermal 

hyperalgesia in rats (133,134). Both morphine and gabapentin can produce negative side effects, 

including abuse and addiction (135,136). The ED50 of compound 8 determined here (0.03 mg/kg), 

is much smaller than that of either of these FDA-approved analgesics, decreasing the likelihood of 

adverse effects. 

Other recent drug discovery efforts on GlyRs have relied on high-throughput screening 

(HTS) (137,138), requiring expensive infrastructure and large physical compound libraries. 

Computational screening is an economical alternative to HTS, with the additional benefit of 

providing inherent insight into the molecular mechanisms behind drug-target interactions (21,22). 

A recent HTS for potentiators of α3βGlyR could not provide any information on the mechanism 

of action for its hits (137) and a subsequent crystallization study was required to reveal the binding 

site in α3GlyR of the lead compound (97). Here, not only have we identified a novel analgesic 

compound, but in the process have determined the binding site and critical interactions required 

for its action on α3GlyR (Figure 14-15), offering an ideal platform for the rational lead 

optimization and design of even more potent analgesics. 
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Although we have detailed information on the binding mode of compound 8, we have not 

yet fully elucidated the molecular mechanisms of our new analgesic: how exactly does compound 

8 binding to the cannabinoid site increase current through α3GlyR? As mentioned above, the TM4 

helix was significantly separated from the TM3 helix in the open-state simulations of α3GlyR 

bound to compound 8 (Figure 15). This aligns with previous results showing that conformational 

transitions from the closed- to open-channel involve a concerted movement of TM4 away from 

the TM1/TM3 helices (139,140). Specifically, the aromatic contacts between TM4 and TM1/TM3 

are critical for native pLGIC function (141-144), potentially because they facilitate interactions 

between the C-terminus of TM4 and the Cys-loop in the ECD that are essential for channel gating 

(59,145). Compound 8 interacts with many aromatic residues in the TM1, TM3, and TM4 helices 

through its multiple aromatic moieties (Figure 15); it is possible that compound 8 facilitates 

channel opening and/or stabilizes the open conformation by promoting these inter-helical aromatic 

interactions, thereby enhancing glycinergic currents. Further biochemical studies using α3GlyR 

mutants and non-aromatic analogs of compound 8 are required to verify this hypothesis. 

In addition to its potentiation effects, compound 8 can also inhibit α3GlyR, depending on 

the effective glycine concentration applied during the electrophysiology measurements (Figure 

10b). The ambient concentration of glycine in the extracellular and cerebrospinal fluid of the dorsal 

horn is usually low, ~5-20 M (146-148), corresponding to an effective concentration below EC5 

(Figure 14b). Previous studies have shown that this concentration does not significantly change 

upon inflammation (148,149) or acute injury (150). Rather, inhibition of α3GlyR by intracellular 

prostaglandins is primarily responsible for increased pain sensitization during inflammation (90). 

Thus, although compound 8 inhibits α3GlyR at higher effective concentrations of glycine, these 

levels are likely less physiologically relevant for the treatment of pain.  
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The ultimate goal of this study was to identify potentiators of α3GlyR for the treatment of 

pain; however, our virtual screening calculations could not predict the functional impact of 

compound binding to α3GlyR and many of the top ranked compounds exhibited inhibitory effects 

on α3GlyR in electrophysiology experiments (Figure 10a). While inhibition of α3GlyR is likely 

less pharmacologically relevant than potentiation for the treatment of pain (90,92-94), it is 

important to note that this result was not wholly unexpected. Although many cannabinoids, 

including THC, cannabidiol, and dehydroxyl-cannabidiol (52,100), exclusively potentiate 

glycinergic currents, some cannabinoids are inhibitory modulators (151,152). If these structurally 

similar compounds all act at the same binding site in α3GlyR near S296, it is possible that different 

interactions within this binding site have the ability to positively or negatively modulate channel 

currents depending on the chemical composition of the compound. This mechanism could be 

considered analogous to competitive antagonism of the orthosteric binding site in pLGICs, such 

as strychnine binding to the same site as the agonist glycine in α3GlyR to inhibit the channel (95). 

Alternatively, multiple cannabinoid binding sites may exist in α3GlyR with conflicting functional 

effects and subtle structural changes among the different compounds could affect the relative 

functional contributions of each binding site. Previous studies have shown that pLGICs and other 

ion channels can contain multiple binding sites for a single compound and that binding to these 

different sites can produce varied functional effects (153-157). Additional structural and 

mechanistic studies are required to distinguish between these two hypotheses and develop a more 

precise virtual screening protocol to specifically target potentiation of α3GlyR. 
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4.0  STRUCTURES OF THE Α7 NICOTINIC ACETYLCHOLINE RECEPTOR 

INTRACELLULAR DOMAIN 

4.1 INTRODUCTION 

Nicotinic acetylcholine receptors (nAChRs) are members of the superfamily of pentameric ligand-

gated ion channels (pLGICs) that can be activated by the neurotransmitter acetylcholine and the 

drug nicotine. nAChR subunits are classified as either α (α2-α10) or β (β2-β4) based on the 

presence of adjacent cysteines in the extracellular domain (ECD) of only the α subunits (158). 

These channels typically assemble as heteromers containing both α and β subunits, with the 

exception of α7-α9 subunits that can form homomers. nAChRs are non-selective cation channels, 

permeable to Na+, K+, and sometimes Ca2+ ions. In particular, the homomeric α7nAChR is 20× 

more permeable for Ca2+ than other nAChR subtypes (159,160). Along with α4β2nAChR, 

α7nAChR is the most abundant nAChR subtype in the mammalian brain (161) and is expressed in 

many different cortical and subcortical areas, most notably the hippocampus (162).  

Like other eukaryotic pLGICs, α7nAChR consists of an agonist-binding ECD, a 

transmembrane domain (TMD) containing four transmembrane helices (TM1-TM4), and a large 

intracellular domain (ICD) connecting TM3 and TM4 (Figure 16). The ICD of pLGICs plays a 

critical role in trafficking, localization and assembly (32-35) as well as channel conductance and 

desensitization (163-166). α7nAChR is unique among nAChRs in its nearly instantaneous channel 
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desensitization upon agonist binding; this low opening probability and predisposition for non-

conducting desensitized states may be associated with α7nAChR’s regulation of intracellular 

signal transduction pathways (167). In addition, α7nAChR plays an important role in cognition, 

learning, and memory (1,168,169) and is an important target for treating Alzheimer's disease 

(1,170), schizophrenia (171,172), neuroinflammation (173-175), addiction (176), and other 

neurological disorders (177,178). The involvement of α7nAChR in such a wide variety of 

processes may be mediated by networking with intracellular protein partners associated with 

diverse downstream signaling pathways (36-41). 

 

 

Figure 16. Current structural knowledge of the pLGIC ICD. 

(a) Side view of the pLGIC structure with the highest number of resolved ICD residues up to this point (5-HT3AR, 

PDB: 6BE1) (179). Only the MX and MA helices are visible. Unresolved residues are marked with a dashed line. The 

orthosteric agonist binding site is marked in purple for reference. (b) Disorder prediction of the α7nAChR ICD from 

the IUPred server (180,181). The ICD is flexible, but only a few residues exceed the 0.5 score threshold for 

intrinsically disordered proteins. 
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The ICD of α7nAChR is a particularly attractive target for therapeutic intervention as this 

domain is the most diverse in both size and composition among all pLGICs; the high degree of 

homology among the ECDs and TMDs of different pLGICs makes it difficult to develop drugs 

with high specificity for a single channel subtype. However, structure-based drug discovery is 

impossible without accurate structures of this domain. Although the number of high-resolution 

pLGIC structures has grown rapidly in recent years, no structure obtained so far contains a 

complete ICD. Large ICDs are naturally absent from the well-studied prokaryotic pLGICs, ELIC 

(79,182) and GLIC (183,184). X-ray and cryo-EM structures of eukaryotic pLGICs obtained so 

far are missing either the entire ICD (95-98,185-189) or a majority of ICD residues (179,190-193). 

In the single case where the full-length ICD was present in the sample, the cryo-EM structure of 

muscle-type Torpedo marmorata nAChR, only a small helical segment directly preceding the TM4 

helix could be observed, termed the MA helix (194). It seems that the inherent dynamic nature of 

the α7nAChR ICD excludes the possibility of using traditional X-ray crystallography or cryo-EM 

to determine its structures. However, both NMR and EPR spectroscopy are well suited to provide 

structural information on the dynamics of flexible proteins (195-199).  

To this end, we have determined structures of the α7nAChR TMD+ICD using a variety of 

restraints from NMR and EPR experiments implemented in Rosetta structure calculations, 

providing a first look at the complete structure and dynamics of the elusive pLGIC ICD. Many 

new structural features relevant to ionotropic and metabotropic channel function are revealed, 

including clear lateral windows for ion exit and insight into the structural basis of interactions 

between α7nAChR and various protein partners. The structures determined in this study lay the 

foundation for future efforts in a previously untouched area of drug development and the integrated 

approach described here can also be applied to solve the diverse ICD structures of other pLGICs. 
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4.2 METHODS 

An overview of the protocol used to determine structures of the α7nAChR TMD+ICD is shown in 

Figure 17.  

 

 

Figure 17. Overview of the α7nAChR TMD+ICD structure determination procedures.  
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4.2.1 Experimental Methods 

This work is a collaborative effort and writing for the experimental methods was primarily 

contributed by other members of Professor Pei Tang’s lab. These methods are included here for 

completeness. 

4.2.1.1 Sample Preparations 

α7nAChR constructs containing only a single unpaired cysteine were prepared after mutagenesis 

of the native cysteines as follows: C116S-C219A-C317S-C335S-C342S-C375S-C385S-C390S-

C427S-C435S-C443S-C449A-C460A. Two pairs of disulfide-bonded cysteines in the ECD 

(C128-C142 in the Cys-loop and C190-C191 in loop C) were not mutated in order to retain native 

function of the channel. Single cysteine constructs used in this study were C219, V311C, C317, 

C342, C375, C390, L415C, C427, C435, and C449. Site directed mutagenesis was performed 

using the QuickChange Lightning Kit for single or multi-site mutagenesis (Agilent Technologies). 

Full-length α7nAChR was expressed in E. coli and purified by NiNTA chromatography as 

previously described (200). 

For solution NMR experiments, the α7nAChR TMD+ICD constructs were expressed in E. 

coli Rosetta 2(DE3) pLysS (Novagen) in 15N or 15N/13C M9 media at 15°C for approximately three 

days before purification in LDAO using a His-tag affinity column following established protocols 

(201-203). The final NMR samples contained 0.2 - 0.3 mM protein, 1-2 % (~44 - 87 mM) LDAO 

detergent or nanodiscs (see below), 5 mM sodium acetate at pH 4.7, and 25 mM NaCl. 5% D2O 

was added for deuterium lock in NMR experiments. To prepare the α7nAChR TMD+ICD sample 

in nanodiscs, DMPC phospholipids were added to the sample in LDAO micelles at a molar ratio of 

80 lipids to one pentameric protein. The sample was incubated for 30 minutes before adding the 
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membrane scaffold protein MSP1D1 to the solution at a molar ratio of 2 (MSP1D1) to 80 (lipids). 

After incubating for one hour, detergent was removed using Bio-Beads SM-2 Resin (Bio-Rad 

Laboratories) or Detergent Removal Resin (Thermo Scientific).  

For paramagnetic relaxation enhancement (PRE) NMR experiments, single-cysteine 

α7nAChR TMD+ICD constructs in LDAO micelles were treated with the reducing agent TCEP for 

approximately one hour. After removing TCEP, the sample was labeled with a ~15 to 25-fold molar 

excess of the nitroxide spin label MTSL (Toronto Research Chemicals) to ensure labeling efficiency 

above 90%. After a 2-hour incubation at room temperature, the reaction was allowed to proceed 

overnight at 4°C. To remove free MTSL, the samples were dialyzed with three buffer changes and 

then subjected to size exclusion chromatography on a Superdex 200 10/300 column (GE 

Healthcare). For 19F NMR PRE experiments or 19F spin-spin (R2) relaxation measurements, the 

same single-cysteine TMD+ICD sample was labeled separately with three different reagents: TET 

(19F probe), MTSL (paramagnetic probe), or d-MTSL (diamagnetic probe). 19F labeling with TET 

followed previously published protocols (157,204-206). The site-directed TET-labeled protein (60 

μM) was mixed with site-directed MTSL-labeled or d-MTSL-labeled protein (~180 μM) in 10 mM 

PBS buffer at pH 7.4 with 150 mM NaCl, 1% LDAO, and 5 % D2O.  

For residual dipolar coupling (RDC) NMR experiments, a lanthanide ion (paramagnetic: 

Tm3+ and Dy3+; diamagnetic: Lu3+) was incorporated into the single-cysteine α7nAChR TMD+ICD 

constructs using a thiol-specific disulfide reagent, N-[S-(2-pyridylthio)cysteaminyl]-EDTA 

(Toronto Research Chemicals), following published methods (207,208). Briefly, a two-fold molar 

excess of LnCl3 (Sigma-Aldrich) was added to 10 mM N-[S-(2-pyridylthio)cysteaminyl]-EDTA in 

100 mM Tris buffer at pH 7.3 and incubated for one hour. After incubation, EDTA was added to 

the solution to adjust the free LnCl3 amount below a 5% excess and the solution was incubated for 
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another 30 minutes. The TMD+ICD sample was treated with DTT in a 20-fold molar excess for 30 

minutes. After removing DTT, the TMD+ICD sample in 50 mM Tris buffer at pH 8.0, 120 mM 

NaCl, and 0.5% LDAO was mixed with a 10-fold molar excess of N-[S-(2-

pyridylthio)cysteaminyl]-EDTA-Ln3+ and incubated for two hours. All reactions were done at a 

room temperature in the dark. A desalting column was used to remove free small molecules from 

the protein sample. 

For EPR experiments, the purified α7nAChR constructs in LDAO micelles were labeled 

with MTSL using a protocol similar to that described above for PRE NMR experiments, but with 

a five-fold molar excess of MTSL. For DEER EPR measurements, the buffer was exchanged to 

PBS prepared in D2O and α7nAChR constructs in lipid vesicles were prepared by adding a 100-

fold molar excess of asolectin to the detergent solubilized protein. The detergent was then removed 

by incubation with Bio-Beads SM-2 Resin (Bio-Rad Laboratories) and the vesicles were collected 

by centrifugation at 200,000 × g for one hour.  

4.2.1.2 Electrophysiology with Xenopus Oocytes 

The function of the full-length α7nAChR and TMD+ICD constructs was measured using two-

electrode voltage clamp electrophysiology experiments in Xenopus laevis oocytes (78). For single 

cysteine α7nAChR mutants, 25 ng of α7nAChR RNA was co-injected with 25 ng RNA for RIC-

3, an α7nAChR chaperone that enhances surface expression (209). Responses to acetylcholine 

activation were compared to that of wild type α7nAChR (200). The function of the α7nAChR 

TMD+ICD construct was measured by injecting 100 ng of purified TMD+ICD in asolectin 

vesicles directly into Xenopus laevis oocytes. Ivermectin was used to activate the channel current 

(203). Channel function was measured 1-3 days post-injection in a 20-μL oocyte recording 

chamber (Automate Scientific) clamped at -60 mV with an OC-725C Amplifier (Warner 
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Instruments) and a Digidata 1440A digitizer (Axon Instruments). Recording solutions contained 

96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES at pH 7.0. Data were 

collected and processed using Clampex 10 software (Molecular Devices). 

4.2.1.3 NMR Spectroscopy 

Collection of NMR Spectra 

NMR spectra were recorded on Bruker Avance 700 - 900 MHz spectrometers equipped with a 

triple-resonance inverse-detection TCI cryoprobe (Bruker Instruments). A relaxation delay of 1 s 

was used in all NMR experiments unless specified otherwise. 1H-15N TROSY-HSQC spectra were 

acquired at 25, 30, 35, 40, and 45ºC with 1024 and 160 - 200 data points and spectral widths of 13 

and 23 - 28 ppm for the 1H and 15N dimensions, respectively. 1H-13C HSQC spectra were collected 

at 45ºC with 2048×320 data points and spectral widths of 11 ppm (1H) and 64 ppm (13C). In all 

NMR spectra, the 1H chemical shifts were referenced to the DSS resonance at 0 ppm and the 15N 

and 13C chemical shifts were referenced indirectly (210). 

For 1H, 15N, and 13C chemical shift assignment, a suite of three-dimensional (3D) spectra 

was acquired at 45ºC based on TROSY pulse sequences (211-214), including HNCA and 

HN(CO)CA with data points of 1024×36×80 and corresponding spectral windows of 12×23×28 

ppm for the 1H, 15N, and 13C dimensions, respectively; HNCACB and CBCA(CO)NH 

(1024×36×104 points, 12×23×56 ppm); HNCO (1024×56×64 points, 12×23×12 ppm); and 15N-

edited NOESY (215-217) (1024×40×144 points, 13×23×13 ppm) with a mixing time of 200 ms. 

The 3D NMR experiments were performed on both the wild-type and single-cysteine mutant 

TMD+ICD samples at 25ºC and/or 45ºC.  
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To determine PRE NMR distance restraints, 1H-15N TROSY-HSQC spectra were acquired 

on a group of single-cysteine TMD+ICD constructs labeled with MTSL in the absence and 

presence of a ~10-fold excess of ascorbic acid. To determine inter-subunit distances in the MA 

helical region, 19F PRE was quantified through 1D 19F R2 relaxation NMR spectra of TMD+ICD 

pentamers containing site-directed 19F labeled subunits mixed with MTSL or d-MTSL labeled 

subunits. For each sample, a series of spectra were collected with varied τ delays on a Bruker 

Avance 600 MHz spectrometer (19F frequency of 564.6 MHz) at 25ºC. Other experimental 

parameters include 30 ppm spectral width, 8192 complex points, and one second recycle delay.  

To determine RDC NMR restraints, 1H-15N IPAP HSQC spectra (218,219) were recorded 

at 35ºC for the single-cysteine TMD+ICD constructs labeled with the paramagnetic N-[S-(2-

pyridylthio)cysteaminyl]-EDTA-Tm3+/-Dy3+ or labeled with the diamagnetic N-[S-(2-

pyridylthio)cysteaminyl]-EDTA-Lu3+. The spectra were acquired with 2048×512 data points and 

16×23 ppm spectral windows in the 1H and 15N dimensions, respectively. 1H-15N TROSY-HSQC 

spectra were similarly acquired. 

To investigate the backbone dynamics of the TMD+ICD, 15N spin-lattice (R1) and spin-

spin (R2) relaxation rates as well as 15N-1H heteronuclear Overhauser effects (hetNOEs) were 

determined. The spectra for R1 and R2 measurements were acquired with 1024×176 data points 

and 13×23 ppm spectral widths in the 1H and 15N dimensions, respectively, and a relaxation recycle 

delay of 3 seconds. Variable delays (τ) ranging from 16 - 640 ms or 20 - 1500 ms were used for 

the R2 or R1 measurements, respectively. Each hetNOE spectrum had 1024×184 data points and 

13×23 ppm spectral widths in the 1H and 15N dimensions, respectively, and a relaxation recycle 

delay of 5 seconds. 
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NMR Data Processing and Analysis 

NMR spectra were processed using NMRPipe 4.1 and NMRDraw 1.8 (220) and analyzed using 

Sparky 3.13 (221). The 1H, 15N, and 13C chemical shifts were assigned manually based on the suite 

of 3D NMR spectra described above and used to obtain secondary structure predictions by TALOS 

(222). Hydrogen-bonding restraints were generated based on temperature coefficients of the 

backbone amide proton chemical shifts in the 1H-15N TROSY-HSQC spectra acquired at different 

temperatures (25, 30, 35, 40, and 45 ºC). Residues with coefficients < 4.5 ppb/K were considered 

to have hydrogen bonding in helical regions (223). 15N R1 and R2 relaxation rates and their 

uncertainties were obtained from the exponential fitting of NMR peak intensities versus the 

variable delays. The hetNOE values were calculated as the ratios of peak intensities with and 

without proton saturation and the associated uncertainties were determined from the signal-to-

noise ratio (224). 

NMR PRE-derived distances between the amide protons and the unpaired electron in the 

labeled MTSL were obtained from Equation 2, where K is a constant (1.23 × 10-32 cm6s-2) 

describing the spin properties of the MTSL label, ωh is the Larmor frequency of the proton spin, 

τc is the global correlation time of the protein, and R2
sp is the paramagnetic enhancement of the 

transverse relaxation rate as defined in Equation 3. NMR peak intensities in the oxidized (Iox) and 

reduced (Ired) samples were used to obtain R2
sp in Equation 3 as described previously (225), where 

t is the total INEPT evolution time (10 ms) and R2 is the amide proton transverse relaxation rate 

in the reduced state calculated using Equation 4. The half-linewidth, Δv1/2, is determined from the 

peak fitting with a Lorentzian line shape. 
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Equation 2. PRE NMR distance restraint. 

𝑟 = [
𝐾

𝑅2
𝑠𝑝 (4𝜏𝑐 +

3𝜏𝑐

1 + 𝜔ℎ
2𝜏𝑐

2
)]

1
6

 

 

Equation 3. PRE NMR intensity ratio. 

𝐼𝑜𝑥

𝐼𝑟𝑒𝑑
=

𝑅2𝑒−𝑅2
𝑠𝑝

𝑡

𝑅2 + 𝑅2
𝑠𝑝 

 

Equation 4. NMR transverse relaxation rate. 

𝑅2 = 𝜋∆𝑣1/2  

 

RDCs for individual resonances were obtained from the difference between the 15N 

chemical shifts in paramagnetic and diamagnetic IPAP spectra. The relation of RDC to the 

orientation of an aligned protein is defined by Equation 5 (226-228), where Da is the magnitude 

of the axial component of the molecular alignment tensor and R is the rhombicity. The angles θ 

and φ determine the N-H vector orientation relative the alignment tensor. The principal 

components of the alignment tensor were calculated based on the experimental RDC values using 

the REDCAT software (229,230). 

 

Equation 5. RDC NMR angles. 

𝑅𝐷𝐶(𝜃, ∅) = 𝐷𝑎(3𝑐𝑜𝑠2𝜃 − 1) +
3

2
𝑅 ∗ 𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2∅ 
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4.2.1.4 EPR Spectroscopy 

CW EPR experiments were performed at room temperature using a Bruker ElexSys 580 CW/FT 

X-band EPR spectrometer and a Bruker ER4122 SHQE-W1 high-resolution resonator. Aliquots 

of MTSL-labeled α7nAChR in detergent micelles in PBS (approximately 8-10 μL) were drawn 

into Pyrex capillary sample tubes. CW experiments were performed with a modulation amplitude 

of 1 G, a modulation frequency of 100 kHz, and a conversion time of 20.48 ms for a total of 1024 

points. The doubly-integrated intensity of the CW spectra was compared to a calibration curve to 

determine the spin concentration and MTSL labeling efficiency. 

Four-pulse DEER experiments (195) were performed on either a Bruker ElexSys 580 

CW/FT X-band ESR spectrometer or Bruker ElexSys 680 CW/FT X-band ESR spectrometer with 

a Bruker EN4118X-MD4 or Bruker ER4118-MD5 resonator. Samples contained 100 μL of 

MTSL-labeled α7nAChR reconstituted in lipid vesicles in deuterated PBS and 20 μL glycerol. 

Samples were then transferred into a 3 mm quartz tube and flash frozen in liquefied 

methylacetylene-propadiene and propane (MAPP) gas. The sample temperature was controlled at 

80 K using an Oxford ITC503 temperature controller and an Oxford CF935 dynamic continuous-

flow cryostat connected to an Oxford LLT 650 low-loss transfer tube. DEER experiments were 

carried out using the following pulse sequence: (π/2)ν1-τ1-(π)ν1-T-(π)ν2-τ2-(π)ν1-τ2-echo (231). The 

pump frequency (ν2) was set at the center of the nitroxide triplet with a pulse length (π)ν2 of 16 ns. 

The observer frequency (ν1) was offset by 70 MHz. The observer pulses (π/2)ν1 and (π)ν1 were set 

to 16 ns and 32 ns respectively. DEER data were acquired for 128 points. The time domain DEER 

signal data were analyzed using DeerAnalysis2016 by model-free Tikhonov regularization (232). 
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4.2.2 Computational Methods 

4.2.2.1 Rosetta Input Preparation 

Three classes of NMR PRE distance restraints were derived and employed in Rosetta structure 

calculations. In class 1, an upper bound of 15 Å was set for residues undetectable in the oxidized 

NMR spectrum, i.e. Iox/Ired ≤ 0.2. In class 2, a lower bound of 25 Å was set for residues with Iox/Ired 

≥ 1.0; in this case, the spin label was sufficiently far away to not affect the spectrum. In class 3, 

the distances were calculated using Equation 2 for detectable residues with 0.2 < Iox/Ired < 0.8. All 

three classes of PRE distance restraints were measured between the backbone nitrogen atom and 

Cβ atom of the MTSL-labeled residue. An error bound of ±5 Å was used in the initial calculations 

and was gradually reduced to ±3 Å in the later stages of calculations (round 14+). The error bound 

partially accounts for the inherent size and motion of the MTSL label itself, which could not be 

explicitly included in the structure calculations (225,233-235). Class 1 and class 2 restraints were 

implemented in Rosetta as sigmoid functions, where distances above 15 Å and below 25 Å were 

penalized, respectively. Class 3 restraints were implemented as harmonic constraints, where 

distances outside the error bound were penalized. Since PRE data do not distinguish intra- and 

inter-subunit distances, both class 1 and class 3 restraints were implemented ambiguously, where 

either intra- or inter-subunit residues could satisfy the restraint in the pentamer. Class 2 restraints 

were applied unambiguously for both intra- and inter-subunit residues.  

EPR DEER-derived quaternary structure restraints for the adjacent and across subunit 

distances were implemented in Rosetta as harmonic constraints, where distances outside ±1 SD 

from the model-free Tikhonov fitted mean were penalized.  
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4.2.2.2 TMD/ICD Structure Folding Calculations 

The comparative modeling protocol (RosettaCM) (236) in Rosetta 3.7 (237,238) with the 

talaris2014 energy function (239,240) was used for all structure calculations. Briefly, Rosetta uses 

a Monte Carlo Metropolis sampling algorithm to efficiently assemble short peptide fragments into 

a complete structure (241,242). Fragment libraries were generated using CS-Rosetta (243-247) on 

the Robetta server (248) with input chemical shifts and RDC data from NMR experiments. The 

RosettaCM protocol combines the de novo structure determination approach with known structures 

of homologous regions: aligned segments are merged with unaligned fragments and the resulting 

models are optimized by all-atom refinement and evaluated with physics- and knowledge-based 

potentials as well as their agreement with experimental restraints.  

Rosetta has previously been used to generate structures of atomic-level accuracy for 

proteins of moderate size (249-254), but the quality of models for larger proteins is often 

compromised by the lack of computational capacity to fully sample all potential conformations 

(255,256). Experimental restraints (233,243,257-259) and symmetry constraints (260-262) help to 

restrict the conformational space and significantly improve the accuracy of calculations for larger 

structures. In addition to applying NMR and EPR experimental restraints and pentameric 

symmetry constraints in Rosetta structure calculations, we developed an iterative folding protocol 

(Figure 17) to guide conformational sampling towards the global energy minimum while 

maintaining structural diversity to ensure that calculations do not become trapped in local energy 

minima (243,263,264). In each iteration of ICD folding (residues I291 to C449), 10,000 structures 

were calculated using input fragment libraries and restraints as described above, as well as template 

structures from homologous pLGICs as described below (only used in round 1) or from previous 

iterations (round 2+). These 10,000 structures were ranked by total score, calculated by Equation 
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6, where Sphysics and Sknowledge are the standard weighted physics- and knowledge-based potentials 

from the talaris2014 energy function, respectively (239,240). SDEER and SPRE are the harmonic and 

sigmoid restraint potentials described above, with optimized weights (w1 = 10, w2 = 5, w3 = 2) as 

described in the Results section. The top 1,000 structures were grouped by complete-linkage 

hierarchical clustering using a 3 Å RMSD cutoff (265). In the first iteration, pairwise RMSD values 

were calculated only over the backbone atoms of residues within the MX and MA helices (residues 

I291 to R322 and L411 to C449, respectively). In subsequent iterations, pairwise RMSD values 

were calculated over an additional ten residues, extending five residues forward from the MX helix 

and five residues backward from the MA helix, until all ICD residues were covered in the 10th 

iteration. The top ranked structures from each cluster were input as new template structures for the 

next iteration of folding calculations.  

 

Equation 6. Total score for Rosetta structures 

𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑆𝑝ℎ𝑦𝑠𝑖𝑐𝑠 + 𝑆𝑘𝑛𝑜𝑤𝑙𝑒𝑑𝑔𝑒 + 𝑤1𝑆𝐷𝐸𝐸𝑅 + 𝑤2(𝑆𝑃𝑅𝐸
𝑐𝑙𝑎𝑠𝑠1 + 𝑆𝑃𝑅𝐸

𝑐𝑙𝑎𝑠𝑠3) + 𝑤3𝑆𝑃𝑅𝐸
𝑐𝑙𝑎𝑠𝑠2 

 

We have previously determined the NMR structure of the α7nAChR TMD monomer (203). 

A similar iterative protocol as described above was employed to determine the pentameric 

structure of the TMD (residues L209 to G303 and D446 to V472, where TM3 and TM4 were 

connected by the same short linker as used previously (203)). In each iteration, 10,000 structures 

were calculated using input fragment libraries and experimental restraints as described above. A 2 

Å RMSD cutoff was used for complete-linkage hierarchical clustering of the top ranked 1,000 

structures in each iteration. Pairwise RMSD values were calculated only over residues within the 

helical regions of the TMD. The top ranked structures from each cluster were input as new template 

structures for the next iteration. All folding calculations for both the TMD and ICD were performed 
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using resources from Open Science Grid (113,114), which is supported by the National Science 

Foundation and the U.S. Department of Energy’s Office of Science. 

Previously determined MX and MA helical structures from homologous pLGICs were used 

as initial input templates in RosettaCM ICD folding calculations. Specifically, the MX and/or MA 

helices in the x-ray crystal structures of 5-HT3AR (PDB: 4PIR) (190) and α4β2nAChR (PDB: 

5KXI, MX helices) (193) as well as the cryo-EM structures of 5-HT3AR (PDB: 6BE1) (179) and 

Torpedo marmorata nAChR (PDB: 2BG9) (194) were used in round 1 as described above. NMR 

structures of the α7nAChR TMD monomer (PDB: 2MAW) (203) aligned to the quaternary 

structure of the resting state 5-HT3AR and Torpedo marmorata nAChR TMDs were used as input 

templates in the first iteration of Rosetta TMD folding calculations. The quaternary structure of 

human α4β2nAChR was excluded from these pentameric TMD assembly calculations since it is 

in a desensitized state. Sequence alignments of these channels with the α7nAChR TMD+ICD are 

shown in Figure 18. 

The top ranked 1,000 structures from the final round of folding calculations were clustered 

by pairwise backbone RMSD values. A structure of the α7nAChR TMD+ICD was generated by 

joining the top ranked structures from the major conformation of the TMD and ICD, respectively. 

The separate domains were aligned along the interfacial residues (I291 to Q294 and D446 to C449) 

and the ICD replaced the short artificial TM3-TM4 linker in the TMD structure. The resulting 

TMD+ICD structure was energy minimized and progressed to structure refinement calculations. 
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Figure 18. Sequence alignment of α7nAChR with input template structures. 

Alignments of the TM1-4, MX, and MA helices for α7nAChR with the previously solved x-ray/cryo-EM structures 

of other pLGICs (179,190,193,194). Only resolved residues for each structure are shown (PDB: 4PIR, 6BEI, 5KXI, 

2BG9). α7nAChR residues between the MX and MA helices (E328-G407) are not shown for clarity. 

4.2.2.3 TMD+ICD Structure Refinement 

To refine the α7nAChR TMD+ICD structure in an explicit lipid/water environment and optimize 

the TMD/ICD interface, we performed molecular dynamics (MD)-based refinement of the 

TMD+ICD structure embedded in a pre-equilibrated POPC lipid bilayer mixed with 20% 

cholesterol (66,67). The inclusion of cholesterol was based on the knowledge that eukaryotic cell 

membranes are typically composed of approximately 20% cholesterol (64). Systems were solvated 

in TIP3P water (266), ionized with 100 mM NaCl, and contained ~174,000 atoms. MD simulations 

were run using GROMACS 5.1 (108) and the CHARMM36 force field (115,119-122). Energy 
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minimization was performed with 1,000 kJ/mol/nm2 harmonic position restraints on all non-

hydrogen atoms until the maximum force on any single atom was not greater than 100 kJ/mol/nm 

(~10,000 steps), followed by 3 ns of equilibration, during which harmonic position restraints on 

all non-Cα atoms were gradually reduced from 1,000 to 0 kJ/mol/nm2. 1,000 kJ/mol/nm2 harmonic 

position restraints were applied to all Cα atoms over the entire simulation to maintain the initial 

protein conformation. Three replicate 50-ns simulations were run at a constant pressure and 

temperature (NPT) of 1 atm and 310 K. All bonds were constrained using the LINCS algorithm 

(74). The integration time step used for all simulations was 2 fs. Particle mesh Ewald was used for 

long-range electrostatic interactions (109). A 12-Å cutoff was used for nonbonded interactions. 

Full electrostatic and nonbonded interactions were evaluated every step and the neighbor list was 

updated every five steps. Systems were simulated with periodic boundary conditions in three 

dimensions.  

After MD-based refinement, final energy minimization calculations were performed in 

Rosetta to score the TMD+ICD structures and reintroduce strict pentameric symmetry. The 

FastRelax protocol, which consists of cycles of packing and all-atom minimization (267-269), was 

run using individual monomers extracted every 100 ps from the last 40 ns of each replicate 

simulation (400 structures × 3 replicate simulations × 5 subunits = 6,000 structures per system). 

Structures were relaxed for five cycles with NMR and EPR distance restraints as described above. 

The resulting structures were ranked by total score and the top 20 structures were optimized in 

Phenix 1.13 (270) with Ramachandran restraints. Rosetta FastRelax refinement calculations were 

performed using resources from Open Science Grid (113,114), which is supported by the National 

Science Foundation and the U.S. Department of Energy’s Office of Science. 
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4.2.2.4 Structure Validation, Quality Assessment, and Analysis 

Agreement between the calculated and observed distances for PRE NMR and DEER EPR 

restraints was evaluated using Q-factors (271-273) (analogous to the crystallographic R-factor) 

defined in Equation 7, where rexp is the experimental restraint distance and rcalc is the distance 

observed in the calculated structure. Q-factors were calculated separately for the DEER EPR and 

PRE NMR restraints (QDEER and QPRE
work, respectively). In addition, ~10% of the PRE restraints 

(13 and 32 restraints from class 2 and class 3, respectively) were randomly selected to exclude 

from the structure calculations for validation purposes. Q-factors for these restraints (QPRE
free) were 

calculated based on these restraints. 

 

Equation 7. Q-factors for calculated structures. 

𝑄 = √
∑ (𝑟𝑒𝑥𝑝(𝑖) − 𝑟𝑐𝑎𝑙𝑐(𝑖))2

𝑖

∑ 𝑟exp(𝑖)2
𝑖

 

 

The geometry and stereochemistry of the final structures was evaluated by MolProbity 

(274) implemented in Phenix 1.13 (270). Structure statistics are presented in Table 10 in Section 

4.3.6. Cα atoms of α7nAChR ICD structures were subjected to principal component analysis using 

the Python package ProDy (275) to calculate the superposition to the mean and the covariance 

matrix, which was diagonalized to determine the principal modes of structural variations observed 

in the ensemble. The modes were rank ordered by the size of the corresponding eigenvalues, where 

Mode 1 is the direction of maximal variance, followed by Mode 2, etc. VMD (76) was used for 

structure rendering, visualization, and analysis. Pore profiles were calculated using the HOLE 

program (80). 
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4.3 RESULTS 

This work is a collaborative effort and the data from electrophysiology, NMR, and EPR 

experiments described below were obtained by other members of Professor Pei Tang, Professor 

Yan Xu, and Professor Sunil Saxena’s labs. The results are included here for the completeness. 

4.3.1 Functional Characterization of α7nAChR Constructs for Structural Studies. 

Human α7nAChR expressed in E. coli and purified by NiNTA chromatography was used for all 

NMR and EPR experiments as described below. We have previously shown that this full-length 

WT α7nAChR construct can form functional ion channels that retain the pharmacological 

characteristics of native α7nAChR when reconstituted in Xenopus laevis oocytes (200). Most 

α7nAChR constructs used for structural studies here contain only a single unpaired cysteine 

residue for precise site-directed spin labeling. To verify that this cysteine mutagenesis did not 

affect native channel function, the single-cysteine C317 mutant α7nAChR was expressed in 

Xenopus laevis oocytes and responses to the agonist acetylcholine were compared to WT 

α7nAChR (Figure 19a). Activation curves for the C317 mutant and WT α7nAChR were not 

significantly different, indicating that the removal of unpaired cysteines in α7nAChR does not 

affect native channel function. 

Furthermore, we previously demonstrated that the α7nAChR TMD alone can 

spontaneously assemble into a pentamer and form a functional ion channel in the absence of the 

ECD and ICD (203). Although the α7nAChR TMD in isolation does not contain the native 

orthosteric agonist-binding site, channel current can be elicited by ivermectin, a positive allosteric 

modulator that acts through the TMD (276). Similarly, we examined the channel function of the 
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α7nAChR TMD+ICD expressed in Xenopus laevis oocytes. Like the TMD alone, the TMD+ICD 

was activated by ivermectin, as well as potentiated by PNU-120596, an α7nAChR-specific positive 

allosteric modulator (Figure 19b-c) (86). Thus, the α7nAChR constructs used here have 

pharmacological properties similar to those of α7nAChR in the native environment and are suitable 

for structural studies.  

 

 

Figure 19. Functional characterization of α7nAChR constructs. 

(a) In vitro electrophysiology responses to acetylcholine from Xenopus laevis oocytes expressing WT (black) and 

C317 mutant α7nAChR. Fitting to the Hill equation yields EC50 values of 94 ± 3 μM and 83 ± 4 μM for WT and C317 

mutant α7nAChR, respectively (n = 5 oocytes). The C317 mutant α7nAChR has all TMD cysteines mutated to alanine 

and all ICD cysteines mutated to serine except C317. All unpaired ECD cysteines were also mutated to serine. (b) 

Representative traces from Xenopus laevis oocytes injected with vesicles containing the purified α7nAChR TMD+ICD 

construct show activation by 30 μM ivermectin and potentiation by the indicated concentrations of PNU-120596. (c) 

Dose response curves for PNU-120596 potentiation of Xenopus laevis oocytes injected with vesicles containing the 

purified α7nAChR TMD+ICD construct. Modulation was measured as the ratio of currents in the presence (I) and 

absence (I0) of 30 μM ivermectin. Data were fit to the Hill equation and EC50 = 10 ± 1 μM (n = 5 oocytes). 
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4.3.2 Structural Restraints from NMR Experiments 

Preparation of the α7nAChR TMD+ICD in LDAO micelles provided the highest-quality NMR 

spectra and allowed for almost complete chemical shift assignment (Table 9). However, LDAO is 

a relatively harsh detergent that has the potential to destabilize native protein structures (277). To 

verify that LDAO does not destabilize the structure of α7nAChR, NMR spectra were also collected 

for α7nAChR TMD+ICD constructs in DMPC nanodiscs (278), a membrane mimetic similar to 

the native bilayer environment (279). As expected, fewer α7nAChR residues are observed in NMR 

spectra of DMPC nanodiscs compared to LDAO micelles due to the larger size and slower 

diffusion of nanodiscs (280) (Figure 20a). However, ICD residues that are visible in both micelle 

and nanodisc spectra have similar chemical shifts (Δδ <0.08ppm), suggesting that the protein 

structure is nearly the same in both preparations. Thus, LDAO micelles do not destabilize the 

native structure of α7nAChR and are appropriate for structural studies.  

Secondary structures and order parameters of the α7nAChR TMD+ICD were analyzed 

based on chemical shifts (281,282), revealing the four conserved TM helices, as well as MA and 

MX helices at the N- and C-termini of the ICD, respectively (Figure 20b). Additional small 

regions with α-helical character were also observed at discrete locations in the ICD between the 

conserved MA and MX helices, seemingly separated by less-ordered short loops. 

Paramagnetic relaxation enhancement (PRE) from NMR experiments provides long 

distance restraints (~13Å ≤ r ≤ 25Å) for structure determination. Briefly, the transverse relaxation 

rate (R2) is dependent on the inverse sixth power of the distance (1/R6) between the unpaired 

electron from an MTSL label and an observed proton (225,283-285). A representative 1H-15N 

TROSY-HSQC NMR spectra of the single-cysteine L415C α7nAChR TMD+ICD construct 

labeled with MTSL in the presence and absence of the reducing agent (ascorbic acid) is shown in 
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Figure 20c. A total of 520 PRE-derived tertiary and quaternary structure distance restraints were 

obtained from eight different single-cysteine TMD+ICD constructs in LDAO micelles (V311C, 

C317, C342, C375, C390, L415C, C427, and C435; Table 9). 

Residual dipolar couplings (RDCs) provide angular information relative to an external 

magnetic field, which is useful in determining the relative orientation of chemical bonds in a 

protein, regardless of spatial separation (286). RDCs were measured in 1H-15N-IPAP-HSQC NMR 

spectra using lanthanide ions chelated to thiol-reactive EDTA (208,287). A total of 462 RDC 

values for the 1H-15N backbone amide bonds were obtained from three different single-cysteine 

α7nAChR TMD+ICD constructs (C219, C317, and C427), ranging from -15 to 10 Hz at 900 MHz 

(Table 9). 

 

Table 9. Structural restraints from NMR and EPR experiments. 

Input 
ICD Folding 

Calculations 

TMD+ICD 

Refinement 

NMR Chemical 

Shifts 

N 126 219 

Cα 147 249 

C 110 187 

Cβ 65 145 

HA 84 181 

RDC NMR Angle Restraints 336 462 

PRE NMR Distance 

Restraints 

Class 1 62 62 

Class 2 127 318 

Class 3 133 140 

DEER EPR Distance Restraints 8 10 
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Figure 20. Structural restraints from NMR experiments. 

(a) Overlay of 2D 1H-15N TROSY-HSQC spectra of single-cysteine L415C α7nAChR TMD+ICD in LDAO micelles 

(red) and DMPC nanodiscs (blue). Spectra were acquired at 45°C and 900 MHz. Peak assignment is labeled in the 

LDAO spectrum. (b) Differences between the observed Cα chemical shift and that of the corresponding amino acid 

in a random coil conformation (Cα, top) are shown. Values greater than zero are indicative of α-helical structure. 

Order parameters (S2, bottom) derived from Cα, C, CO, N, and HN chemical shifts for each residue are shown. S2 is 

a general measure of flexibility, where 0 = flexible and 1 = rigid. Large values of S2 are indicative of α-helical structure. 

TMD residues are colored gold and ICD residues are colored green for clarity. (c) Overlay of 1H-15N TROSY-HSQC 

spectra of single-cysteine L415C α7nAChR TMD+ICD labeled with MTSL in the presence (red) and absence (cyan) 
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of 2 mM ascorbic acid. Spectra were acquired at 45°C and 900 MHz. Labeled peaks exhibit obvious PRE; note that 

these residues include those both close (G407, L411, N423) and far (Y364, G366) in sequence from the labeling site 

at L415C. 

4.3.3 Distance Restraints from EPR Experiments 

DEER EPR signal modulation is proportional to the dipolar coupling frequency with 1/R3 

dependence, where R is the interspin distance. For pLGICs, DEER spectra can be used to measure 

distance distributions between adjacent and non-adjacent subunits (204,288,289). Figure 21 

shows representative DEER data of the single-cysteine C449 α7nAChR TMD+ICD construct 

labeled with MTSL. DEER-derived quaternary structure distance restraints were obtained for 

single-cysteine α7nAChR TMD+ICD (C219, C375, and C449) and full-length α7nAChR (C317 

and E437C) constructs (Table 9). DEER data from each construct produced two major 

distributions by model-free Tikhonov regularization (Figure 21b), corresponding to the adjacent 

and across subunit distances (Figure 21c). 

 

 

Figure 21. Distance restraints from EPR experiments. 

(a) DEER EPR data of single-cysteine C449 α7nAChR TMD+ICD labeled with MTSL obtained at 80K after baseline 

correction (black) and fit by model-free Tikhonov regularization (blue). (b) Calculated distance distributions reveal 

two major populations at 2.2 ± 0.3 and 4.0 ± 0.4 nm. (c) Top view of a cartoon α7nAChR pentamer showing adjacent 

(#1) and across (#2) subunit distances corresponding to the two major distance populations shown in (b). 
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4.3.4 Weight Optimization of Experimental Distance Restraints 

The total score (Equation 6) was used to rank output structures from Rosetta calculations; 

obtaining an optimal balance between the standard physics- and knowledge-based potentials and 

the α7nAChR-specific experimental restraint potentials was critical for generating structures that 

satisfied the restraints while still sampling realistic protein‐like topologies (290). Generally, high 

weights for experimental restraints will increase restraint satisfaction but are likely to produce 

nonphysical models. Prior to the production Rosetta calculations outlined in Figure 17, optimized 

restraint weights were determined by small-scale empirical calculations of 1,000 ICD structures 

(Figure 22). The talaris2014 energy (Sphysics + Sknowledge) of the top 100 structures from each 

calculation was analyzed and final weights were chosen based on the peak position of the energy 

distribution. The highest weight tested that did not increase the peak (produce higher energy) 

compared to the distribution for weight = 1 was selected for each type of experimental restraint 

(w1 = 10, w2 = 5, and w3 = 2 in Equation 6). 



 86 

 

Figure 22. Optimization of experimental distance restraint weights in Rosetta. 

Talaris2014 scores (Sphysics + Sknowledge) of the top 100 structures from small-scale RosettaCM calculations with varied 

weights for (a) DEER EPR distance restraints, (b) class 1 and class 3 PRE NMR distance restraints, and (c) class 2 

PRE NMR distance restraints. The weighting color code shown in (a) applies to all three panels. The highest weight 

tested that did not shift the peak position towards higher energies compared to the distribution for weight = 1 was 

selected for each type of experimental restraint. The weight selected for each type of distance restraint is shown as a 

bold solid line and other weights are shown as dashed lines. 

4.3.5 Structure Determination of the α7nAChR ICD and TMD 

A total of 170,000 α7nAChR ICD structures (17 rounds) were generated over the course of 

iterative RosettaCM folding calculations (Figure 23). In each iteration, the top 1,000 structures 
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were clustered by RMSD and representative structures were input as new templates to the next 

iteration of folding calculations. By the 17th iteration, 96% of the calculated structures (959/1000) 

fell into a single major cluster where all structures were ≤ 3 Å pairwise backbone RMSD from all 

other structures in the cluster. As an approximation of the energy landscape, plotting the RMSD 

of structures from all iterations with respect to the single top ranked structure versus the total score 

(Equation 6) reveals a folding funnel characteristic of native protein structures (291) (Figure 

23a). Examined individually, both the score distributions and Cα RMSF values are gradually 

reduced with increasing iterations (Figure 23b-c), suggesting that the iterative folding protocol 

was successful in guiding the conformational sampling towards the global energy minimum while 

maintaining structural diversity to ensure that calculations did not become trapped in local energy 

minima.  

In general, low scoring ICD structures also presented low RMSDs with respect to the single 

lowest scoring structure; a small deviation from this funnel is observed at ~9 Å backbone RMSD, 

corresponding to the minor cluster from the final iteration that captured the remaining 4% of the 

calculated structures (41/1000). Principal component analysis of the top 1,000 structures from this 

last iteration agrees with these RMSD clustering results (Figure 23d): plotting the projections of 

the first two modes (accounting for over 98% of the total variance in the ensemble) reveals two 

distinct clusters that align exactly with the major and minor clusters described above. Although 

this minor cluster has signs of developing its own folding funnel, the scores of the top 20 structures 

from the major cluster are significantly better than the top 20 structures from the minor cluster (p 

< 0.0001 by the two-sample Kolmogorov-Smirnov test). Thus, only the major cluster was 

considered for further structural refinement.  
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Figure 23. Convergence of the iterative α7nAChR ICD folding calculations. 

(a) Structural convergence across 17 iterations of RosettaCM calculations for the α7nAChR ICD is shown. Only the 

top 1,000 structures by total score from each round are plotted. RMSD was calculated with respect to the best scoring 

structure from the final iteration (purple). Labels indicate the proportion of the top 1,000 structures from iteration 17 

that fall within each cluster. A folding funnel characteristic of native protein structures is observed. Evolution of (b) 

scores and (c) Cα RMSF values over 17 iterations of RosettaCM calculations for the α7nAChR ICD. Distributions of 

the top 1,000 structures by total score from each round are shown. The color code for different iterations shown in (b) 
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also applies to (a) and (c). (d) Projections of the first two modes from principal component analysis of the top 1,000 

structures from the 17th iteration matches the RMSD clustering results shown in (a), where the lowest scoring structure 

that progressed to refinement calculations is highlighted in purple. 

 

Similar convergence was obtained for the TMD calculations, where a total of 40,000 

structures (4 rounds) were generated and the major cluster in the final iteration corresponded to a 

folding funnel in the energy landscape. Fewer iterations were required for the TMD than for the 

ICD because the monomeric structure of the α7nAChR TMD was already determined by NMR 

(203). TMD calculations were only needed to assemble the pentameric complex while taking into 

account quaternary structure distance restraints from DEER EPR experiments. 

4.3.6 Refined α7nAChR TMD+ICD Structures 

The top ranked TMD and ICD structures from the final iterations (rounds 4 and 17, respectively) 

were combined by aligning along the interfacial residues (I291 to Q294 and D446 to C449). The 

resulting α7nAChR TMD+ICD structure was refined by MD simulations in an explicit lipid bilayer 

to optimize the TMD/ICD interface. After final energy minimization calculations with Rosetta 

FastRelax, the top 20 structures were selected based on total score (Figure 24a). The average 

pairwise RMSD in the helical regions is 2.75 ± 0.57 Å for backbone atoms and 3.13 ± 0.53 Å for 

all heavy atoms. Q-factors for EPR DEER and working PRE NMR distance restraints are low, i.e. 

calculated structures satisfy the experimental restraints. Q-factors for free PRE NMR distance 

restraints (excluded from all structure calculations) are only slightly higher than QPRE
work, 

indicating that the structures are not overfit to the working restraints. Additional detailed structure 

statistics are provided in Table 10.   
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Figure 24. Refined structures of the α7nAChR TMD+ICD. 

(a) Side (left, middle) and cytoplasmic (right) views of the α7nAChR TMD+ICD, averaged over the top 20 structures 

from refinement calculations, ranked by total score. A single monomer is shown on the left with labeled ICD helices. 

Residues in (a) are colored based on (b) Cα RMSF values calculated across the top 20 structures, where the scale 

ranges from blue (1 Å) to red (5 Å). Helices are marked at the corresponding residues across the top of the plot. (c) 
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Zoom-in view of the intra-subunit salt bridge between D380 and R426 in a representative α7nAChR TMD+ICD 

structure. A single subunit is shown for clarity. Ten of the top 20 structures show sidechain D380O-R426N distances 

less than 4 Å. The average sidechain D380O-R426N distance across all 20 structures is 4.32 ± 1.73 Å. (d) Zoom-in 

view of intra-subunit hydrophobic packing between L313 in the MX helix, V352, and F440 in the MA helix in a 

representative α7nAChR TMD+ICD structure. A single subunit is shown for clarity. 

 

Table 10. Structure statistics for the α7nAChR TMD+ICD. 

 Backbone Heavy atom 

Helical 
Pairwise 

RMSD (Å) 

TMD+ICD helices (residues 211 to 230, 

237 to 262, 269 to 292, 306 to 321, 326 to 

337, 355 to 370, 387 to 393, 404 to 469) 

2.75 ± 0.57 3.13 ± 0.53 

TMD helices (residues 211 to 230, 237 to 

262, 269 to 292, 448 to 469) 
1.55 ± 0.41 1.88 ± 0.39 

ICD helices (residues 306 to 321, 326 to 

337, 355 to 370, 387 to 393, 404 to 447) 
3.09 ± 0.70 3.53 ± 0.66 

Pairwise 
RMSD (Å) 

TMD+ICD (residues 209 to 472) 3.13 ± 0.54 3.63 ± 0.52 

TMD (residues 209 to 292, 448 to 469) 1.85 ± 0.43 2.29 ± 0.44 

ICD (residues 293 to 447) 3.42 ± 0.60 3.97 ± 0.59 

 

Q-factors 

QDEER 0.083 ± 0.026 

QPRE
work 0.034 ± 0.016 

QPRE
free 0.050 ± 0.021 

Structure 
Statistics 

MolProbity Score 2.64 ± 0.051 

Ramachandran Favored (%) 98.42 ± 0.89 

Ramachandran Outliers (%) 0.00 

Rotamer Outliers (%) 0.00 

All data are reported as mean ± SD of the top 20 structures after refinement.  



 92 

The secondary and tertiary structure of the α7nAChR ICD is characterized by short 

horizontal MX α-helices parallel to the plane of the lipid bilayer (P306 to L321) and longer MA 

α-helices beginning at L409 and continuing into TM4 in the membrane, analogous to those 

observed in previously solved partial ICD structures of other pLGICs (179,190,193,194). Three 

additional helical regions are found in the α7nAChR ICD between the MX and MA helices. First, 

a short α-helix extending away from the pore axis and angled down into the cytoplasm is observed 

adjacent to the MX helix spanning residues P326 to H337 (here named the h1 helix). However, 

despite the stable secondary structure in this region, these residues are highly dynamic across the 

bundle of 20 TMD+ICD structures, with maximum Cα RMSF values of ~4.8 Å for H337 (Figure 

24b). Second, residues P355 to I365 in the middle of the ICD form another small α-helix (h2), 

bordered by a short 310 helix spanned by residues R368 to L370. This small 310 helix is positioned 

at a right angle with respect to the h2 helix so that the solvent-exposure of the hydrophobic 

sidechains for residues L362, L363, and L370 is minimized. The last small α-helix in the ICD 

before the MA helix is found in residues R387 to T393 (h3), positioned perpendicular to the MA 

helix. Other notable tertiary structural features include a stable intra-subunit salt bridge between 

D380 and R426 in the MA helix (Figure 24c), as well as a distinct Cα RMSF minimum at V352 

(Figure 24b): this residue is consistently involved in tight intra-subunit hydrophobic packing 

between L313 in the MX helix and F440 in the MA helix (Figure 24d). 
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Figure 25. Salt bridges stabilize the α7nAChR ICD structure. 

(a) Overview of inter-subunit salt bridges stabilizing the quaternary structure of the ICD. Only two subunits are shown 

for clarity. (b) Zoom-in view of the R419-E417-R387 salt bridges (cyan). Thirteen of the top 20 structures show 

sidechain R419N-E417O distances and/or sidechain E417O-R387N distances less than 4 Å. (c) Zoom-in view of R424-

D429 salt bridge (cyan). Fifteen of the top 20 structures show sidechain R424N-D429O distances less than 4 Å. (d) 
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Zoom-in view of K324-D301 salt bridge (cyan). Eleven of the top 20 structures show sidechain K324N-D301O 

distances less than 4 Å. 

 

The quaternary structure of the α7nAChR ICD is characterized by four distinct inter-

subunit salt bridges (Figure 25a). Two of these salt bridges are found between adjacent MA helices 

(E417-R419 and R424-D429), forming the central core structure of the ICD (Figure 25b-c). E417 

is also involved in another inter-subunit salt bridge with R387 at beginning of the h3 helix (Figure 

25b). Finally, D301 in the TM3-MX loop forms a salt bridge with K324 in the connecting loop 

between the MX and h1 helices (Figure 25d). This salt bridge acts as an anchor point for the 

mobile h1 helix, whose residues that are further from the MX helix experience greater fluctuations 

(Figure 24b). A previous study showed that mutations to some of these salt bridge residues can 

induce significant changes to α7nAChR expression (163): D429A mutants showed decreased 

expression compared to WT while E417A, R419A, and R424A mutants showed increased 

expression. D301A did not affect α7nAChR expression and mutations to K324 were not tested, 

suggesting that this salt bridge is likely less critical for stabilizing the quaternary structure of the 

α7nAChR ICD.  

4.3.7 Pore Conformation and Ion Permeation Pathway 

Pore profiles of the α7nAChR TMD+ICD structures determined here are in a non-conductive state, 

as expected since all NMR and EPR structural restraints were obtained in the absence of any 

channel-activating ligands. The TMD is most constricted at L248 (9’) with a radius of ~1.7 Å 

(Figure 26a), too small to allow a hydrated Na+ or Ca2+ ion to pass through (~3.6 or 4.1 Å radius, 

respectively) (292). This hydrophobic gate at the 9’ position has also been observed previously in 
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other resting state cationic pLGICs (79,179,190,293). However, the second TMD constriction 

observed in structures of 5-HT3AR at the -1’ position is not shared by α7nAChR, despite their 

matching pore-lining residues in the lower half of the TMD. In fact, E238 (-1’) does not face the 

pore in α7nAChR; rather, G237 (-2’) is the final pore-lining residue in the TM2 helix (Figure 

26a). The α7nAChR pore widens at the top of the ICD into a small vestibule before constricting 

again in the middle of the MA helix at F425 to a radius of ~1.7 Å. The rest of ICD below F425 

maintains a non-conductive pore radius below 3.2 Å, ending with a final constriction point at L411 

where the radius is ~1.4 Å. This end of the ICD is characterized by tight inter-subunit hydrophobic 

packing of residues F425, I421, V418, I414, and L411 along one side of the MA helices, forming 

a series of hydrophobic girdles that would be impossible for ions to pass through without 

significant conformational changes (Figure 26b). Instead, lateral windows formed by charged and 

polar residues directly above these hydrophobic girdles are observed, providing a pathway for ions 

exiting the TMD to reach the cytoplasm (Figure 26c). The size of this lateral window was 

estimated by measuring the distance between the sidechain oxygen atoms of S431 and S436. The 

average distance over the top 20 structures is 7.9 ± 1.5 Å, sufficiently large for a hydrated Na+ ion 

to pass through; the upper range of this distribution would also be large enough for a hydrated Ca2+ 

ion to pass through. 
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Figure 26. Pore conformation and ion permeation pathway. 

(a) The average pore profile of the top 20 α7nAChR TMD+ICD structures after refinement is shown in purple with 

standard deviations as dashed lines. Pore profiles of closed-state 5-HT3AR structures are shown for comparison in 

orange (cryo-EM, PDB: 6BE1 (179)) and pink (x-ray, PDB: 4PIR (190)). The radius of a hydrated Na+ ion (3.6 Å) is 

marked for reference. (b) Side view along the pore axis of a representative α7nAChR TMD+ICD. Side chains of pore-

lining residues in the TMD and hydrophobic girdles in the ICD are highlighted. Cyan and magenta dots define pore 

radii greater or less than the radius of a hydrated Na+ ion (3.6 Å), respectively. (c) Zoom-in view of lateral windows 

formed by charged and polar residues in adjacent MA helices showing a clear pathway for ions exiting the TMD to 

reach the cytoplasm. The average distance between the sidechain oxygen atoms of S431 and S436 (7.9 ± 1.5 Å) is 

marked with a dashed line as an estimate of the window size.  

4.3.8 Structural Basis for Metabotropic Signaling 

The α7nAChR ICD directly interacts with a large number of cytosolic protein partners (36), but 

the structural basis of these interactions is not well understood. Only a few mutagenesis studies 

published so far have made progress in this direction by identifying ICD residues critical for 

interactions with various intracellular proteins. For example, six ICD residues (362LLYIGF367) 
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were pinpointed to be essential for the selective transport of α7nAChR to dendrites over axons in 

hippocampal neurons (33). Although the exact mechanism by which these residues regulate 

α7nAChR targeting has not been confirmed, this short stretch contains a tyrosine motif (YXX) 

known to interact with adaptor protein complexes for transmembrane protein transport (294). 

Indeed, a later study found that the clathrin adaptor AP-1 complex μ1 subunit was responsible for 

dendritic localization of ACR-16, an α7nAChR homolog in C. elegans (295). Here, residues 

362LLYIGF367 consistently form part of the h2 helix in the α7nAChR TMD+ICD structures, 

surrounded on either side by large stretches of residues in turn/coil conformations (Figure 27a-b). 

Although there are some variations in tertiary folding among these structures, the conserved 

secondary structure in this region is likely required for efficient interactions with the adaptor 

protein complexes. 

Resistance to inhibitors of cholinesterase 3 (RIC-3) is a chaperone protein found primarily 

in the endoplasmic reticulum that can dramatically increase the expression of α7nAChR on the 

cell surface (296,297). A mutagenesis study demonstrated that specific residues along the 

hydrophobic side of the MA helix (L411, V418, and F425) were required for interactions between 

α7nAChR and the chaperone protein RIC-3 (34). Specifically, a later work established that the 

coiled-coil domain of RIC-3 is required for accurate folding and assembly of α7nAChR (298). In 

the context of the α7nAChR TMD+ICD structures determined here (Figure 26b, 27a), RIC-3 

likely shields the large hydrophobic surface of the MA helix during monomeric folding and/or 

pentameric assembly in order to prevent degradation or aggregation with other exposed 

hydrophobic regions (299).  
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Figure 27. Protein binding sites in the α7nAChR ICD for cytoplasmic signaling. 

(a) Side and cytoplasmic views of a representative α7nAChR TMD+ICD structure highlighting ICD residues 

suggested previously to be critical for protein-protein interactions. The dendritic targeting sequence (362LLYIGF367) 

(33) is shown in magenta. The RIC-3 binding region in the MA helix (411LAKILEEV418) (34) is shown in blue. The 

G protein binding site (322RMKR325) (39) is shown in cyan. (b) Zoom-in view of the helical structure in the dendritic 

targeting residues that can bind clathrin adaptor proteins (magenta). (c) Zoom-in view of the G protein binding residues 

(cyan) near the lipid bilayer (black) from refinement MD simulations. R325 forms consistent hydrogen bonds with 

POPC phosphate headgroups throughout the simulations (dashed line). 

 

A recent study revealed that residues 322RMKR325 directly bind the G proteins Gαq and 

Gβγ to activate downstream signaling pathways involving phospholipase C and IP3-mediated 

intracellular calcium release (39). G proteins are membrane-associated and accordingly, residues 
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322RMKR325 in the α7nAChR structures determined in our study are also positioned to be in 

direct contact with the lipid bilayer. In fact, the R325 sidechain formed hydrogen bonds with POPC 

phosphate headgroups in ~73% of the total simulation time during the refinement MD simulations 

(Figure 27c). Such a high propensity for direct lipid interactions in this segment of the ICD, 

combined with the knowledge that G proteins can modulate their surrounding lipid environment 

(300), suggest that the lipid bilayer is likely an important factor in the structural basis of α7nAChR-

G protein interactions. 

4.4 DISCUSSION 

Here we present the first complete structures of a pLGIC ICD, refuting the notion that the majority 

of this domain is intrinsically completely unstructured (179,190,194,301). The integrated 

experimental and computational approach developed here for structure determination of the 

α7nAChR ICD can be applied to solve the structures of other pLGIC ICDs, as well as other flexible 

proteins that have proven to be difficult targets for traditional structure determination tactics. Thus 

far, x-ray crystallography and cryo-EM have been unable to capture a complete picture of the 

elusive pLGIC ICD due to its inherent flexibility (95-98,179,185-194). In fact, the most flexible 

region of the α7nAChR ICD is found immediately following the furthest residues solved in any of 

the previous structures of partial pLGIC ICDs (Figure 24), shedding light on the reason why 

neither x-ray crystallography or cryo-EM have been able to resolve pLGIC ICD residues past this 

point. Alternatively, NMR and EPR spectroscopy provided an ideal platform to obtain structural 

information for the dynamic α7nAChR ICD.  
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While the α7nAChR ICD is certainly more flexible than the TMD, as evidenced by the 

RMSD values from individual domains shown in Table 10 and RMSF values shown in Figure 24, 

helical secondary structural elements, intra-subunit salt bridges and hydrophobic packing for 

tertiary structure as well as inter-subunit salt bridges for quaternary structure all provide 

considerable stability to the ICD (Figure 24-25). It is important to note that the dynamics of the 

ICD calculated here align well with the inherent ICD flexibility measured by EPR and NMR 

experiments. For example, the magnitude of conformational heterogeneity in a sample is 

proportional to the width of the distance distribution from DEER EPR (302,303); standard 

deviations of distance distributions from DEER EPR are ~4 Å across all ICD labeling sites (Figure 

21), matching the ~4 Å heavy atom RMSD values for ICD structures determined here (Table 10). 

Order parameters from NMR chemical shifts also show correlation with the resulting ICD 

structures; the locations of the MX, h1, h2, h3, and MA helices (Figure 24) align well with the 

peak regions for high values of S2 in the ICD (Figure 20). 

The α7nAChR structures determined here generally resemble the partial ICD structures 

determined previously for other pLGICs with horizontal MX helices parallel to membrane and 

longer MA helices connecting to TM4 (179,190,193,194). One important difference is observed 

between α7nAChR and the structures of 5-HT3AR at the interface between the MA and TM4 

helices. The MA helix is a continuous, unbroken extension of TM4 in 5-HT3AR (179,190), but a 

distinct kink is observed between the MA and TM4 helices in α7nAChR at L448-C449. This 

conformational change leads to a much tighter association between the α7nAChR TM4 helix and 

TM1-TM3 helical bundle compared to 5-HT3AR (Figure 24). Indeed, previous studies of GLIC 

chimeras containing the ICD of α7nAChR or 5-HT3AR demonstrated that GLIC-α7nAChR 

constructs were functional without any sequence modifications, whereas GLIC-5-HT3AR required 
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optimization of the TMD-ICD interface in order to produce channel current (304,305). This 

suggests that significant constraints exist between the MA and TM4 helices in 5-HT3AR, but not 

in α7nAChR, supporting the kinked conformation of the MA and TM4 helices in the α7nAChR 

structures determined here.  

Another significant difference between the structures of α7nAChR and 5-HT3AR is the 

openness of the lateral windows for ion exit between MA helices. These portals are blocked by the 

TM3-MX loop in both x-ray and cryo-EM structures of 5-HT3AR (179,190). Although of a few of 

the α7nAChR structures determined here also present lateral windows partially occluded by the 

TM3-MX loop, most are open directly to the cytoplasm, wide enough for hydrated Na+ or Ca2+ 

ions to pass through (Figure 26). The existence of these lateral windows has been previously 

proposed (194), but the structures presented here provide the first complete look at the pLGIC ion 

permeation pathway through the ICD and into the cytosol. In addition, a previous mutagenesis 

study demonstrated that α7nAChR conductance could be increased or decreased by mutations to 

the negatively charged/polar and positively charged residues, respectively, that form the lateral 

windows for ion exit in the structures determined here. Specifically, Q428A, S431A, and E432A 

mutations decreased current whereas H298A and R424A increased current compared to WT 

α7nAChR (163). The tight hydrophobic packing seen at the bottom of the MA helix combined 

with this mutagenesis data strongly support the lateral windows for ion exit observed in the 

structures of α7nAChR.  

The α7nAChR structures determined here provide the first insight into the structural basis 

of pLGIC interactions with cytoplasmic protein partners (Figure 27). As mentioned above, 

α7nAChR is involved in many different neurological processes that are likely mediated by 

networking with a variety intracellular protein partners associated with diverse downstream 
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signaling pathways (36-41). The structures revealed in this study are the first critical component 

required to understand the molecular details of these intracellular interactions. This knowledge 

will be critical for future structure-based drug discovery efforts to target specific α7nAChR 

network interactions.  
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