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ABSTRACT OF THE DISSERTATION 
 

Towards an Understanding of Human alpha-7 Nicotinic 

Acetylcholine Receptor Selectivity: 

The Creation and Characterization of a Soluble Ligand Binding Domain 

Template. 

by 

 

Ákos Nemecz 

Doctor of Philosophy in Chemistry and Biochemistry 

 

University of California, San Diego, 2011 

 

Professor Palmer Taylor, Chair 

Professor Elizabeth Komives, Co-Chair 

 

 

Receptors play a vital role in the transduction of cell to cell signaling.  They are 

important proteins with recognition capacity in signal transduction, particularly in 

neurons.  Cholinergic neurons in the central and peripheral nervous systems are defined 

by storage, release, and stimulation of the neurotransmitter acetylcholine.  At the 

synaptic cleft, the release of acetylcholine from presynaptic neurons triggers activation 

through channel opening of the nicotinic acetylcholine receptors (nAChRs) in the 

postsynaptic membrane.  Previous research implicates the nAChRs in diseases 
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including schizophrenia, drug addiction (specifically nicotine addiction), Alzheimer’s and 

Parkinson’s diseases.  The work presented here uses a comprehensive approach 

including structural studies, protein engineering, functional studies, and protein 

characterization to gain insight into the distinguishing characteristics that may contribute 

to ligand selectivity and structural components that contribute to receptor function. 

The main aim of this work was to create a soluble template of the ligand binding 

domain of human α7-nAChRs to understand pharmacological selectivity, while also 

creating an efficient tool for therapeutic development.  In order to validate this study, 

methods to test the functional activity of nAChRs were developed and in the process a 

novel calcium FRET sensor based assay was developed as a cost-effective tool for drug 

screening and functional ligand characterization on nAChRs and other ligand-gated, 

calcium-permeable, ion channels.  To process the information generated by the 

developed assay, a novel data storage system in the form of a database was created.  

The creation of a soluble template fully identical to the ligand binding domain of human 

α7-nAChR was not successful, but the protein generated served to identify structurally a 

glycosylation site on the receptor as well as proved to be a better binding homologue for 

α7-nAChRs than any other proteins currently available. 

Overall, the mutational conversion of a soluble homologue to the human α7-

nAChR gave insight into the structural understanding of the extracellular domain of 

nAChRs.  This template provides a better model to create lead compounds as 

therapeutics for diseases associated with the nAChRs.  
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CHAPTER 1: 
Introduction 

Receptors play a vital role in the transduction of cell to cell signaling.  They are 

important proteins with recognition capacity in signal transduction, particularly in 

neurons.  There are many types of receptors but one family of receptors, the ligand-

gated ion channel (LGIC) family, plays an important role in the chemical-to-electrical 

transduction of neuronal signaling.  Cholinergic neurons in the central and peripheral 

nervous system are defined by storage, release, and stimulation of the neurotransmitter 

acetylcholine (ACh).  At the neuromuscular junction, the release of acetylcholine from 

presynaptic neurons into the synaptic cleft triggers activation through channel opening of 

the nicotinic acetylcholine receptors (nAChRs) in the postsynaptic membrane.  The 

associated conductance of the open channel leads to depolarization at the motor 

endplate and stimulation of muscle contraction.  The family of nAChRs belongs to the 

Cys-loop family of receptors, so named because of a conserved disulfide linkage in their 

amino-terminal, extracellular domains, within the super-family of LGICs.  Other Cys-loop 

receptors include the 5-HT3, GABAA, GABAA-ρ, glycine, and the invertebrate glutamate 

and histamine receptors.  Within the family of nAChRs, there exist two subtypes, the 

muscle and neuronal type receptors.  Each subunit of the nAChR contains an 

extracellular ligand-binding site that is formed at the subunit interface, four 

transmembrane alpha helices, and an intracellular cytoplasmic domain as shown in 

Figure 1-1.  Neuronal type nAChRs exist as homomeric or heteromeric pentamers 

formed from 2-10 and 2-4 subunits, while muscle-type nAChRs consist of five subunit 

classes: 1, 1, , , and .  In fetal tissue, receptors are composed of (1)21, 

whereas in adult muscle  substitutes for  (1).  Thus far, up to twelve different vertebrate 

neuronal nAChR subunits have been found: 2-10, and 2-4.  7 subunits can form 
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functional homopentamers (2, 3), whereas 2-6 and 9-10 subunits require co-

expression with  subunits or other  subunits to form functional channels (4).  The 

neurotransmitter binding site is contained entirely within the extracellular domain, which 

is formed by the N-terminal region of the linear sequence, and exists at the subunit 

interface between an α primary face subunit and any complementary face subunit 

(Figure 1-1). 

A central role of cholinergic receptors in signal transduction, particularly that 

involved in motor activity of fish and mammals, is evident from a host of natural toxins 

such as α-cobratoxin, α-bungarotoxin (α-Btx), α-conotoxin (α-Ctx), lophotoxin, and d-

tubocurarine that target nAChRs for predation or defense against predation (5-7).  

Likewise, previous research implicates the nAChRs in diseases including schizophrenia, 

drug addiction (specifically nicotine addiction), Alzheimer’s and Parkinson’s diseases (8, 

9).  The work presented here uses a comprehensive approach including structural 

studies, protein engineering, functional studies, and protein characterization to gain 

insight into the distinguishing characteristics that may contribute to ligand selectivity and 

structural components that contribute to receptor function.  The introduction that follows 

offers a glimpse into the complexities of the nAChR family. 
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Figure 1-1: Cys-loop receptor schematics. 
A.) Schematic representing a single subunit of a Cys-loop receptor (modified from the 
glutamate-gated chloride channel of Caenorhabditis elegans PDB ID: 3RIF (10)) . B.) 
Muscle subtype pentameric representation with an arrow indicating the acetylcholine 
binding site, which upon binding allows for cations to flow through channel pore, also 
indicated by an arrow (PDB ID: 2BG9 (11)). 
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1.1 Historical development of nAChR discoveries 

nAChRs in the neuromuscular junction were the first receptors to be identified, 

studied eletrophysiologically, and characterized biochemically.  With the discovery of 

milligram quantities of nAChRs in the electric organ of the Torpedo ray by Feldberg et. 

al.(12) and the potent binder α-Btx (13), the receptors were soon isolated and the 

subunits were later cloned, resulting in the determination of the subunit stoichiometries 

described above.  Subsequently, efforts were made to understand the three-dimensional 

structure of the receptor and to map ligand binding sites.  A nicotinic receptor from the 

electric organ of Torpedo californica provided sufficient material for many studies, 

including visualization by electron microscopy at 4.6 Å (14). Using mutagenesis and 

affinity labeling, non-neighboring residues along the linear sequence of the protein were 

identified as important in ligand binding: Cys192, Cys193 (15), Tyr93, Trp149, 

Tyr190, Tyr198, Trp55, Tyr111, Tyr117, Tyr190 (1, 16-19).  These studies made 

it apparent that binding sites were composed of residues from more than one subunit.  

The idea of several loops or domains of the protein coming together in three dimensions 

to form a pocket at the subunit interface explains how residues distant in the linear 

sequence were contributing to a binding site. 

 

1.2 Acetylcholine binding proteins (AChBPs) 

In 2001, a Dutch research group published an X-ray crystal structure of a soluble 

protein homologous to the extracellular domain of the nAChR, named the acetylcholine 

binding protein (AChBP, Figure 1-2) (20).  AChBP was discovered in a freshwater snail 

Lymnaea stagnalis (Ls), where it is secreted by glial cells into the synaptic cleft and 

apparently serves to buffer acetylcholine levels (21).  AChBP exists as a homopentamer 
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and therefore has been most heavily compared to the neuronal 7 nicotinic receptor 

subtype, with which it has ~25% sequence identity.  Nearly all residues conserved within 

the nicotinic receptor family are present in AChBP, including the residues important in 

ligand binding; many are in close spatial proximity and form an aromatic nest (20).  

AChBP is conducive to study as a receptor surrogate, as large quantities (several 

milligrams) of the protein can be expressed with relative ease in both yeast and 

mammalian cell lines (20, 22).  Following the discovery and crystal structure of Ls-

AChBP, other AChBPs have been discovered and crystallized from a sea slug Aplysia 

californica (Ac), and another freshwater snail Bulinus truncatus (Bt) (23).  AChBPs have 

also been discovered in Haliotis discus hannai (24), and even the marine polychaete 

Capitella teleta (25).  The divergence between these proteins is of the same magnitude 

as that between Ls and the α7-nAChR, with only ~30% identity. 

The soluble nature and robust expression of the AChBP homologues has 

allowed for the correlation of structure to ligand binding function.  Our laboratory has 

extensively studied the ligand binding domain (LBD) via crystallography and binding 

titration assays (22, 26-29).  The several crystal structures of ligands with the AChBPs 

have helped elucidate the range of ligand association surfaces within the binding pocket, 

as well as the subtle and marked differences between agonists and competitive 

antagonists, both small and large. 
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Figure 1-2: Ls-AChBP Crystal Structure. 
A.) Top down view and B.) side view of a homomeric pentamer of Lymnaea stagnalis co-
crystallized with nicotine (PDB ID:1UW6) (30). 
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1.3 Structural studies of LGICs and their derivatives 

Following the discovery and crystallization of the AChBPs a 4Å model of the 

muscle nAChR was provided by Nigel Unwin using previous electron microscopy data of 

the receptor (11, 14, 31).  In 2007, the ligand-bound, monomeric structure of a variant of 

the α1 subunit was reported on by Dellesanti et. al. (32).  Shortly thereafter, a 

presentation was given on crystal structures of the α9 subunit bound with a few 

compounds, but this work has currently not been published (33).  The α1 subunit was 

the first crystal structure of the extracellular region of a subunit from the nAChRs.  

Comparisons between the structures and binding sites of the AChBPs and the nAChR 

subunits, some of which are shown in Figure 1-3, show a strong conservation not only in 

residues but conformation around the binding pocket, with more variability in regions 

outside of the pocket, such as the region which would interact with the transmembrane 

domain.   

Structures of full length proton gated ion channels (part of the LGIC family) in 

Erwinia chrysanthemi and Gloeobacter violaceus have been solved recently to high 

resolution (34, 35).  These structures represent both the closed and open forms of those 

respective receptors.  Due to the simplicity of the ligand, a proton, structures solved at 

differing pHs led to the first high resolution images of a LGIC in the open and closed 

states.  Although this breakthrough helped identify some of the events that take place 

during channel opening, the prokaryotic LGIC is quite simple compared to the human 

nAChR, given that it lacks a cytoplasmic domain. 

Just this past year an improved breakthrough in the structural definition of LGICs 

appeared with the crystallization of the eukaryotic, glutamate-gated, Cys-loop family 

member ion channel from Caenorhabditis elegans (10).  The receptor was crystallized 

with the allosteric modulator ivermectin, with the aid of a mouse monoclonal antibody 
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fragment antigen-binding region.  Three additional structures added the endogenous 

neurotransmitter glutamate, or an open channel blocking toxin picrotoxin, or iodide to the 

complex.  These structures reveal the allosteric modulator’s binding region and provide 

valuable information on conformational changes and binding mode of the receptor to its 

endogenous agonist.  The use of picrotoxin and iodide provide information about the 

pore of the channel in context with ion selectivity and gating as well as allosteric 

inhibitors of the receptor.  Although the structural determination of a eukaryotic receptor 

was a significant step, the authors were forced to make significant modification to the 

protein.  In order to crystallize the eukaryotic glutamate receptor the entire cytoplasmic 

domain between transmembrane helices M3 and M4 was removed as well as a 

significant portion of the extracellular N-terminal region and a smaller portion of the C-

terminal region.  Such drastic modifications show that although techniques and 

technology are progressing, the determination of a human nAChR and more specifically 

the full-length unmodified version is more than likely not possible in the near future and 

alternative strategies must be found to permit detailed structural studies.  The relatively 

low resolution (>3Å) of the structures also prohibits structure-based drug discovery as 

the specific orientation and molecular interactions of small-molecule therapeutics require 

higher resolution to accurately determine binding modes. 
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Figure 1-3: Crystal structure alignment with α1 subunit. 
In cyan is the reported structure of the mutated muscle α1 subunit bound to α-Btx (PDB 
ID: 2QC1) (32) overlaid with Ls-AChBP bound to α-Cobratoxin in red (PDB ID: 1YI5) 
(36), Bt-AChBP in yellow (PDB ID: 2BJ0) (23), as well as Ac-AChBP bound to α-Ctx-ImI 
in gray (PDB ID: 2BYP) (22). 
  



 

 

10

1.4 Therapeutics and the Relationship of nAChRs to Diseases  

Many therapeutic agents are derived from natural products, such as the natural 

toxins previously mentioned as well those produced in plants.  Derivatives of natural 

products, such as (-)-lobeline, (-)-cytisine, (±)-epibatidine, (-)-nicotine, d-tubocurarine, 

and anabaseine among others, have been created and screened for potencies against 

the nAChRs with various results (37-41).  Only a few derivatives, such as DMXBA/GTS-

21 or varenicline, have made it to market or clinical trials (42-45).  Although natural 

products have been a large focus of the field, novel techniques using in vitro 

methodologies such as fragment-based drug discovery, or even unique fragment-based 

methods such as in-situ click-chemistry (46), have also been employed to bring 

therapeutics to market (47, 48).  Fluorescence imaging and microplate machinery have 

allowed for methodologies such as membrane potential dyes to be excellent tools in high 

throughput screens (49).  An increasing number of high throughput studies and 

methodologies have been created in relation to the nAChRs in attempts to increase the 

number of viable drugs that are FDA approved for diseases in which the nAChR has a 

role (48-52).  Another area of focus for therapeutic development has been allosteric 

targets of the nAChR.  Non-competitive inhibitors (53) and positive allosteric modulators 

(PAMs) (54) have been researched to properly identify ways to modify nAChR function 

(55). 

The nAChR has been a target for therapeutic development due to the multiple 

diseases in which it plays a role.  As previously mentioned, nAChRs are linked to 

diseases including schizophrenia, drug addiction (specifically nicotine addiction), 

Alzheimer’s and Parkinson’s diseases (8, 9).  The nAChRs have also been linked with 

the dopaminergic system and thus have a relevant role in the diseases that affect 

cholinergic and its inter-related neurotransmitter systems (56). 
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1.5 Objectives of the Dissertation 

In the brain, there is a delicate balance between excitation and inhibition of 

electrical potentials leading to cell signaling events.  Receptor signaling is a major 

component of the chemical to electrical response produced by cells.  Revealing the 

molecular organization and interaction between ligands and the resulting functional 

signal produced by a LGIC receptor provides insight into alleviating drug addictions and 

the consequences of neural degenerative diseases such as Alzheimer’s and Parkinson’s 

disease.   

The major objectives of my dissertation work are to create a soluble template 

resembling a human receptor upon which therapeutic drugs may be designed and 

discovered.  In order to accomplish this I first needed to establish activity assays for the 

full-length nAChR, which is a membrane protein.  This was needed in order to make a 

valid comparison with the converted soluble template.  These studies are addressed in 

Chapter 2. 

The AChBP receptor surrogate is most like the 7 neuronal nAChR, in that it is 

homomeric.  Although α7-nAChR may not be the primary nAChR subtype implicated in 

nicotine addiction and other diseases, it lends itself to a simpler study that can then be 

correlated with more abundant receptors in brain such as the heteromeric α4β2-

nAChRs.  The creation of a viable soluble α7-nAChR extracellular domain (ECD) could 

be accomplished either by solubilizing the α7-nAChR-ECD itself, or by converting the 

AChBP receptor surrogate to mimic the α7-nAChR-ECD.  In Chapter 3, efforts towards 

solubilization of the α7-nAChR-ECD are discussed.  Conversion of the AChBP proved 

difficult, but significant progress towards this goal was achieved and is addressed in 

Chapter Error! Reference source not found..  Altogther these studies provide a novel 

oluble structural homologue of the membrane bound full-length nAChRs.  This 
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humanized template will be useful in structure-guided drug design requiring soluble 

templates, such as the fragment based in-situ click-chemistry (46).  Potential therapeutic 

agents discovered could then be optimized through the use of crystallographic data 

which can now be obtained. 

A large amount of kinetic data was obtained during this thesis work, and high-

throughput screening approaches were developed.  In order to connect the relevant data 

obtained from the different receptors, and compounds, with chemical structures I 

designed a custom database.  This project-specific database may potentially be modified 

to suit other projects involving similar data.  This database built off the previous 

experience of another custom database built for the electronic organization of the lab’s 

frozen-cell inventory.  A description of the software and resulting databases of my 

dissertational work is contained in the Appendix. 
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CHAPTER 2: 
Full-length Receptor Studies 

2.1 Introduction 

The assays available for studying full-length ligand-gated ion channels (LGICs) 

are protein, ligand, and species specific.  These assays typically follow one of two 

protocols: one uses radioactively-labeled ligands in a whole-cell or membrane fraction 

fashion and the other uses fluorometric techniques either with fluorescently-labeled 

ligands or dyes that showed a change in membrane potential or the specific flux of ions.  

Any technique that implements a radioactive or fluorescently-labeled ligand relies on the 

composition and the affinity of the ligand.  Compounds with high cell-permeability or low 

solubility often produce a significant amount of background, whereas compounds that 

bind poorly may require such high concentrations to obtain usable signal that the method 

becomes cost prohibitive.  Ligand-based studies are also limited to the specific site of 

binding for the labeled ligand and cannot be used to test the overall flux of ions, the 

LGIC’s function, through the LGIC receptor.  Hence gradients of response extending 

from that of a full agonist to antagonist cannot be discerned. 

Although these caveats of ligand-based experiments were known, direct binding 

or competitive binding affinities of ligands afford important additional information to 

functional potency.  The background values and affinity of the radioactive ligands 

available [3H-Methyllycaconitine (MLA), 3H-α-Btx, 3H-Epibatidine (Epi)] for the α7-nAChR 

left the signal-to-noise ratio impractically low for the radioactive experiments attempted 

and thus this assay, although extensively attempted, was not used to study the hα7-

nAChR.  With the purchase of a new FlexStation III machine from Molecular Devices, 

non-ligand-based fluorometric studies seemed to be most promising.  In order to have 
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reproducible results, an in-depth optimization was carried out using the dyes available 

from Molecular Devices for the FlexStation III as explained in Section 2.2. 

During optimization a recently developed G-protein coupled receptor (GPCR) 

cell-based neurotransmitter fluorescently engineered reporter (CNiFER), from 

collaborators in Dr. David Kleinfeld’s laboratory, was also tested as a control for 

optimization parameters.  The muscarinic acetylcholine receptor (mAChR) M1-CNiFER 

cell-line provided the quickest and easiest reproduction of quality results.  The 

superiority of the CNiFER cell-line led to the development of LGIC-CNiFERs discussed 

in Section 2.3.  This allowed for increased reproducibility while eliminating the cost of the 

dyes. 

Finally, in order to correlate properly the effects of mutations in AChBP to 

function, we attempted to reproduce the AChBP/5-HT3A chimeric studies performed by 

Steven M. Sine at the Mayo Clinic.  Since these findings were refuted by Thomas Grutter 

at the Institute Pasteur, we received cDNA from both individuals and attempted to 

confirm their findings, all of which are outlined in Section 2.4. 

2.2 Implementation and Optimization of Fluorometric Studies 

2.2.1 Introduction 

Previous studies have shown the use of fluorometric assays to be valuable in 

obtaining results from high-throughput assays (1, 2).  In order to show the capabilities of 

the FlexStation III for screening purposes and acquiring detailed affinity values, existing 

cell-lines that contained nAChRs were used.  These included a mouse neuronal muscle 

cell-line (BC3H1), containing fetal muscle nAChR, and an α7 and α6-containing human 

neuroblastoma cell line (SH-SY5Y).  Cell lines containing endogenous receptors were 

chosen over transfected cell-lines to optimize the assay in efforts to eliminate potential 
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issues of cell surface receptor concentration.  Initially, membrane potential and calcium 

dyes that were purchased from Molecular Devices were tested on both SH-SY5Y and 

BC3H1 cells.  After completion of instrument and assay optimization using a known cell-

line, simpler quick optimizations were performed on newly created, over-expressing 

transfected cell-lines of various nAChRs.  The muscle nAChR contained in the BC3H1 

cell-line is an important off-target for drugs designed to be used on neuronal receptors 

such as hα7-nAChR.  In addition to the BC3H1 cell-line, a mouse muscarinic 

acetylcholine receptor (mAChR) M1 over expressed in HEK293 cells that contained a 

troponin fluorescence resonance energy transfer (FRET) sensor provided by Nguyen 

and Schroeder et. al. (3) was screened as another off-target of the nAChR.  These cell-

lines were screened against a library of compounds created using AChBP binding 

affinities by collaborators in the Sharpless laboratory. 

 
2.2.2 Optimization Procedures 

The first dye ordered from Molecular Devices was the Calcium 4 Dye.  Cells were 

kept in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) 

and 1% glutamine.  Cells were lifted from a 10cm plate using 10ml of media into poly-d-

lysine treated black, transparent bottom, 96-well plates with 100μl per well.  The 

following day Calcium 4 dye (diluted to specification) was added 1:1 with the media to 

total volume of 200μl.  After one hour incubation at 37°C (10% CO2) cells were assayed 

on the Flexstation III machine.  The assays were performed at 37°C and 50μl of ligand 

was injected at a rate of 16μl/s after an initial 20s baseline reading.  Cells in the 

individual wells were excited at 485nm and read at 525nm at 1.52s intervals for 200s.  

The initial ligands tested were (-)-nicotine (Nic), (+)-nicotine, carbamylcholine (Carb), 

and MLA.  Ligand concentrations tested varied from 5nM to 500μM and diluted into 
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either water, Hank’s balanced salt solution (HBSS) with 20mM Hepes, or HBSS with 

20mM Tris-HCl, pH 7.5 and 56mM NaCl. 

In subsequent experiments media was replaced with 100μl of HBSS with 20mM 

Tris-HCl, pH 7.5 and 56mM NaCl before addition of dye.  (±)-Epibatidine and 

anabaseine were also tested in subsequent experiments, as well as succinylcholine for 

BC3H1 cells exclusively.  Analyses of reads were performed using Softmax Pro.  Dye 

measurements were normalized for cell density by dividing each time-point by the 

average of the first ten (in subsequent experiments five) points during the baseline 

measurement. 

Membrane potential dyes (red and blue), which differ in color as a result of 

different quenching agents, were excited at a wavelength of 530nm and read at 565nm 

and incubated for only 30min instead of one hour.  Injection of antagonist occurred at 

30s after a baseline read and then ligand injection occurred after an addition 30s of 

measurement to stabilize potential after addition of antagonist.  Subsequent antagonist 

blocks were performed by pretreatment of antagonist via addition to the dye/buffer 

mixture five minutes prior to assay.  Ultimately the antagonist was mixed with the 

dye/buffer mixture before addition to the cells and incubated for the equivalent time the 

dye was incubated.  The injection time of ligands was also extended to 30s to have a 

more complete measurement of background signal and variation. 

Trituration after ligand injection was added to ensure proper mixing of the 

solution for SH-SY5Y cells.  The rate of injection was increased to 78μl/s.  Trituration 

was performed twice with volumes at either 50μl or 100μl depending on total assay 

volume, which was also varied, of 100μl or 200μl respectively.  BC3H1 cell assay 

conditions were changed to add a trituration of 50μl twice after ligand injection at a rate 

of 62μl/s with a total volume of 150μl (1:1 ratio dye/HBSS+20mM Hepes).  Due to 
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significant cell blow off and a lack of signal, trituration was removed and the rate of 

injection reduced to 47μl/s for both cell lines. 

To optimize the cost effective use of the blue membrane potential dye upon 

BC3H1 cells, the dilutions of the dye and total volume used were varied.  Total 

dye/buffer volumes were varied with 50μl, 75μl, 100μl, 150μl, and 200μl tested.  For 

each volume tested the original dye solution was diluted either 1:2, 1:4, 1:6, 1:8, or 1:10 

from the original concentration before being mixed 1:1 with HBSS+20mM Hepes.  (-)-Nic 

at 10μM and 100μM final concentrations was used as the ligand to test for dye efficiency 

with 50μl injected at 47μl/s. 

M1-CNiFER and 5HT3A-CNiFER cells were assayed similarly to the initially 

described setup with excitation at 436nm and two emission measurements at 485nm for 

eCFP and 528nm for Citrine cp174 forcing the read interval to be 3.84s.  Ligand with a 

volume of 50μl was injected into either 100μl of media or HBSS+20mM Hepes at 20s for 

these optimization experiments.  Optimal results were obtained when cells were 

incubated with 100μl of artificial cerebral spinal fluid (aCSF) [containing 121 mM NaCl, 

2.4 mM Ca2+, 1.3 mM Mg2+, 5 mM KCl, 26 mM NaHCO3, 1.2 mM Na2HPO4, 10 mM 

glucose, 5 mM Hepes Na+, pH 7.4]. 

 

2.2.3 Screen Procedures 

A large number of unknown compounds were screened for both agonist behavior 

and potential antagonism against the specified receptor.  Cells were plated into the 96-

well plates and prepared as previously described.  For CNiFER cells, the media was 

replaced by addition of 150μl of aCSF.  For BC3H1 cells or other membrane dye 

screens, the media was replaced by addition of 150μl of either HBSS+20mM Hepes or 

aCSF containing the appropriate dye. 
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After ~30min incubation, 50μl of each test ligand (at a final concentration of 

13.3μM) was injected at a rate of 47μl/s into a different well and the fluorescence was 

measured as previously described for the respective assay type.  After the completion of 

the plate measurement (~40min), 50μl of a previously determined agonist with a final 

concentration around its EC90 was injected into each well and the fluorescence was 

measured in the same manner.  The addition of the agonist solution effectively 

decreased the final concentration of each test ligand to 10μM.  Test ligand responses 

were corrected for background by subtracting the response from an antagonist or buffer 

control.  Responses where then normalized to controls that contained a known agonist 

on the same plate.  Ligands with a normalized change in fluorescence ≥ 0.25 (over an 

N>4) in the first experiment were rescreened as potential agonists.  To discover potential 

antagonists, data from the second experiment in which an agonist was injected were 

analyzed.  The ligand responses were corrected for background as before and then 

normalized to the buffer control wells (to which agonist was added in the second 

experiment).  Those with a normalized response ≤ 0.5 (over an N>4) were screened to 

determine action and amount of antagonism.   

Agonist behavior was confirmed by a third experiment that tested for a blockade 

by a known selective antagonist to the receptor, and only after a positive confirmation 

was it assayed to determine an EC50, as described in Section 2.3.5.2.  Antagonists were 

further characterized, also as described in Section 2.3.5.2, to determine competitive and 

non-competitive components of antagonism. 

 

2.2.4 Results of Optimization 

The initial experiments performed with both SH-SY5Y cells and BC3H1 cells 

using the Calcium 4 Dye yielded no results until the media was replaced by HBSS mixed 
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with 20mM Tris-HCl, pH 7.5 and 56mM NaCl.  After replacement of the media the 

background interference produced was greatly reduced and Carb elicited responses 

from SH-SY5Y cells.  This response was not blocked by MLA while completely blocked 

by atropine (Figure 2-1B).  An atropine block of the signal indicated that the responses 

measured were of endogenous mAChRs.  Further testing using HEK293-GnT1- cells 

reproduced the same response and verified that there were endogenous mAChR in this 

cell-line.  Since (-)-Nic did not produce a response (Figure 2-1A), and mAChR responses 

were not of interest, further optimization was carried out to observe a nicotinic response. 

Membrane potential dyes (red and blue) were simultaneously tested against SH-

SY5Y and BC3H1 cell lines.  A (-)-Nic concentration gradient produced concentration 

dependent responses using the red dye (later replicated with (±)-Epi), whereas a 

response was not seen in the blue dye for SH-SY5Y cells (Figure 2-2B and D).  

Alternatively, the blue dye produced concentration dependent responses for the BC3H1 

cell line, while significant blow off of cells removed any determination of signal from the 

red dye.  The initial responses showed the capability to visualize a nicotinic response 

from the endogenous receptors and even the effects of desensitization by high 

concentrations were seen in SH-SY5Y cells.  The concentration dependent effect was 

later replicated for BC3H1 cells using both membrane potential dyes with the ligands 

succinylcholine, (-)-Nic (Figure 2-2A and C), and Epi, which were all blocked by α-Btx.  

Since SH-SY5Y cells contain multiple nAChRs that vary in subunit composition, further 

optimization was only continued for BC3H1 cells.  These initial optimizations also 

showed that double injections, with antagonist before agonist, caused fluctuations in the 

membrane potential (one such example is illustrated in Figure 2-2D), and thus pre-

incubation was performed to allow for antagonists to come to equilibrium as well as 

produce a more stable baseline for measurement. 
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Although the red membrane potential dye worked for both SH-SY5Y cells and 

BC3H1 cells, the blue membrane potential dye produce a significantly more rapid 

response in BC3H1 cells, yielding a plateau within 20s versus 60s or more for the red 

dye (Figure 2-2A and C).  Thus, blue membrane potential dye was chosen to purchase 

in bulk and for further optimization upon BC3H1 cells. 

Having achieved reproducible concentration dependent curves using the blue 

membrane potential dye with BC3H1 cells, the amount of dye used was optimized to 

reduce assay cost.  The optimization variations are outlined in Section 2.2.2: 

Optimization Procedures.  The variation of the total volume produced the most dramatic 

differences with the smaller volumes being irreproducible.  Both 150μl and 200μl 

produced similar results, thus 150μl was kept as the assay volume.  Dye concentration 

changed the shape of the curve with a more pronounced peak at higher concentrations, 

whereas dilutions below 1:4 were not measurable. 

Early in the optimization of the dyes, the M1-CNiFER cell-line was tested as a 

control to compare to the mAChR responses visualized with the SH-SY5Y and 

HEK293GnT1- cell lines.  Due to the nature of a GPCR signaling cascade and release of 

intracellular calcium, both cells with media and HBSS+20mM Hepes responded robustly 

to a Carb concentration gradient (Figure 2-3).  Both conditions were blocked by atropine, 

but the cells in media retained a slight background signal (Figure 2-3C).  A 5-HT3A-

CNiFER cell-line described in Section 2.3.3.5 was also tested with media and 

HBSS+20mM Hepes as the buffer but produced no signal.  The lack of adequate levels 

of calcium in the solution is attributable to lack of response for the LGIC and also 

explains the lack of response from the Calcium 4 Dye with the BC3H1 cell-line.  In 

subsequent measurements, HBSS buffer was replaced with aCSF, which contains 

adequate calcium.  The relative ease of producing a robust and definitive signal using 
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CNiFER cells led to the development of LGIC-CNiFER cell-lines, discussed in Section 

2.3, to avoid the necessity of dyes and reproducibility issues pertaining to cell 

detachment. 

In order to properly validate the assay upon the endogenous fetal muscle 

receptors of BC3H1, select agonists and antagonists were chosen to measure their 

potencies and compare them to previously reported values.  The results of two such 

measurements are shown in Figure 2-4.  The EC50 values generated for both (±)-Epi of 

260nM (n=4) and (-)-Nic of 7.8μM (n=4) match those previously reported (4, 5). 

To properly show the reproducibility of the experiment, and because the α1 

muscle nAChR present in the BC3H1 cell-line is a known off-target for the neuronal 

nAChRs of interest, we screened a library of compounds meant to target neuronal 

nAChRs, but generated using the AChBPs by collaborators in the K. Barry Sharpless 

laboratory.  The protocol outlined in Section 2.2.3 was developed to efficiently screen the 

library of over 400 compounds. 
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Figure 2-1: SH-SY5Y Calcium 4 Dye response. 
SH-SY5Y cells incubated with Calcium 4 Dye.  Replicates are zeroed to the average of 
the first ten points.  A.) (-)-Nic injected at 20s at a final concentration of 50μM.  B.) Carb 
(green inverted triangle) injected at 20s at a final concentration of 50μM; in orange: MLA 
(orange triangle) and atropine (blue diamond) injected at 20s at a final concentration of 
100μM then Carb injected at 55s at a final concentration of 44.4μM; and HBSS+20mM 
Tris-HCl, pH 7.5 and 56mM NaCl (black square) injected at 20s.  The relative 
fluorescence units (RFU) indicate an effect upon mAChRs and not nAChR by Carb. 
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Figure 2-2: Comparison of membrane dye responses. 
A and B.) Membrane potential dyes from Molecular Devices (red and blue, respectively), 
which differ in color as a result of different quenching agents, were excited at a 
wavelength of 530nm and read at 565nm and incubated for only 30min with BC3H1 
cells.  (-)-Nicotine was injected at 30s.  A.) Peak heights are 1.168, 0.987, 0.157 and 
0.040 for 100μM, 31.6μM, 31.6nM and 0nM Nic respectively.  Curves show a 
concentration dependent response, but only a plateau near the end of measurement.  
B.) Peak heights are 0.616, 0.510, 0.105, and 0.058 for 100μM, 31.6μM, 31.6nM and 
0nM Nic, respectively.  Curves also show a concentration dependent response but 
actually peak within 30s of ligand injection.  C and D.) Red and blue (respectively) 
membrane potential dyes incubated with SH-SY5Y cells.  MLA or buffer was injected at 
20s and (-)-nicotine was injected at 55s.  C.) Peak heights are zeroed to blocked curve 
and are 0.201, 0.238, and 0.002 for 500μM, 50μM, and 5nM Nic respectively.  The steep 
peak of 500μM (-)-nicotine shows a desensitization effect as the lower concentration 
reaches a higher peak value.  D.) Peak heights are zeroed to second peak of blocked 
curve and are 0.058, -0.008, -0.007 for 500μM, 50μM, and 5nM Nic respectively.  The 
first injection of MLA produces a change in membrane potential in this case. 
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Figure 2-3: M1-CNiFER responses. 
M1-CNiFER cell-line with 100μl media (A and C) or 100μl HBSS+10mM Hepes (B and 
D) no incubation and assayed at 37ºC.  A and B.) eCFP and Citrine cp174 (blue and red 
respectively) responses from the maximum concentration (100μM) of Carb.  RFU are 
measured emissions.  C and D.) RFU is ratio of Citrine cp174 over eCFP zeroed to 
average of first three measured points to account for cell density variations.  Values are 
not replicated due to over saturation of replicate measurements.  Concentration gradient 
of 100μM, 10μM, 1μM, 100nM (open circles, squares, triangles, and diamonds 
respectively), 50nM, 5nM, and 0nM Carb (solid circles, squares, and triangles 
respectively) with the solid diamond being 1μM Carb blocked by atropine.  C.) Peak 
responses zeroed to the atropine block background signal of (0.082) are 0.404, 0.354, 
0.355, 0.331, 0.282, 0.042, and 0.022 for the respective concentrations.  D.)  Peak 
responses zeroed to the atropine block background signal of (0.024) are 0.227, 0.100, 
0.160, 0.139, 0.076, -0.015, and 0.000 for the respective concentrations. 
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Figure 2-4: α1-muscle nAChR responses. 
Blue membrane potential dye assay setup.  Responses were normalized for cell-density 
by dividing each measurement by the average of the first five baseline measure values.  
A.) 150μl Dye mixture (1:1 with HBSS+20mM Hepes) volume injected with 50μl ligand.  
Agonist dose-response curves produced from concentration gradients of (±)-Epi (green 
triangle) and (-)-Nic (blue circle).  Normalized RFU is the peak height of responses.  
Curve minimum is 1.03, maximum is 1.6, R2 of 0.824, with a Hill-slope of 1.44, and an 
EC50 of 151nM for (±)-Epi.  Curve minimum is 1.01, maximum is 1.65, R2 of 0.874, with a 
Hill-slope of 1.55, and an EC50 of 6.66μM for (-)-Nic.  B.) 150μl Dye mixture (1:2 with 
HBSS+20mM Hepes).  Agonist dose-response curves produced from concentration 
gradients of succinylcholine.  Dose-dependent shifts are seen for increasing 
concentrations of α-Btx (10nM-blue circle, 30nM-red square, 60nM-green triangle).  A 
reduction of signal is attributable to the practically irreversible binding of the potent 
antagonist.  Curve values for 0nM α-Btx are 1.17 maximum, R2 of 0.864, Hill-slope of 
1.66, and an EC50 of 5.47μM.  For 10nM α-Btx: 1.13 maximum, R2 of 0.701, Hill-slope of 
1.09, and an EC50 of 5.83μM.  For 30nM α-Btx: 1.07 maximum, R2 of 0.669, Hill-slope of 
0.938, and an EC50 of 14.6μM.  For 60nM α-Btx: 1.03 maximum, R2 of 0.00716, Hill-
slope of 0.0331.  
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2.2.5 Screening Results 

Preliminary results of the screen found 12 agonists and 16 antagonists and 22 

weak antagonists on the BC3H1 cell-line.  The 16 antagonists were also screened for 

agonist behavior at higher concentrations to ensure that the diminished signal in the 

antagonist screen was not a result of very weak agonism that desensitized the 

receptors.  Of the 16 antagonists, four were found to have weak agonism which was 

missed due to the choice of 13.3μM as the agonist screen test concentration.  Table 2-1 

shows the screening results of the library of compounds ranked by the normalized 

antagonist response values.  Generally, agonists should desensitize the receptor after a 

40min incubation, or come to equilibrium such that no response, or a diminished 

response for weak agonists, would be seen upon injection of the known agonist.  Thus 

agonists are expected to behave like antagonists in the second experiment, the 

antagonist screen.  Therefore, ranking the normalized response from lowest to highest 

should identify all compounds to be further screened, both agonists and antagonists, as 

those with the lowest antagonist scores.  This can be seen by the results of the mouse 

M1-mAChR screen also shown in Table 2-1.  Unfortunately, baseline drifts, adverse 

effects of compounds on the cells, compound fluorescence, cell detachment, and cell 

death may produce a false response.  In addition, the prolonged incubation required to 

complete the assay in the presence of the toxic dyes results in abnormally high 

responses of test compounds once normalized to the controls present in the final column 

of the plate.  A qualitative analysis of the response curves yielded more usable results 

for the BC3H1 cells.  Although the experiment was replicated five times, most 

compounds have usable data for at least a duplicate, but on average three assay values 

were used to determine screen results. 
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Of the 16 agonists, only two compounds (three tested batches but ultimately two 

unique structures) were found to potently (under 10μM EC50) affect the BC3H1 cells.  

Table 2-2 outlines the functional potencies of the characterized agonists from the 

screen.  Six weak agonists had functional potencies at the boundary of the range of the 

assay and thus were very difficult to measure.  These six compounds are clearly 

agonists, but their EC50 values can only be given as a range of 40-100μM.  The 

remaining 7 weak agonists had functional potencies ranging between 10-40μM (Table 2-

2).  The relatively few hits from this screen bode well for the selectivity of the compounds 

created for neuronal receptors.  The antagonists devoid of agonist behavior were not 

further characterized. 

The same screen was performed on the M1-CNiFER cell line (3), the results of 

which are shown in Table 2-1.  Analysis of the combined screens produced only one 

agonist, TW6 (2.3μM EC50), which was not found to have an effect upon the muscle 

nAChR.  A total of 73 compounds were found to have some antagonistic effect 

qualitatively (66 quantitatively), with 28 compounds inhibiting ~75% or more of the 

agonist signal (strong antagonists), 13 compounds inhibiting ~60-75% of the agonist 

signal, and 11 compounds inhibiting ~50-60% of the agonist signal.  Another 21 

compounds were noted, as they inhibited below or close to the 50% mark of the agonist 

signal.  Thus, they should be considered for testing as off-target antagonists on M1-

mAChRs if they are of interest in the nAChR screens.  Of the compounds screened 

against M1-CNiFER cells there were three fluorescent compounds: II-161-jrf339, II-162-

jrf340, and II-186-jrf361, for which no data could be obtained because of the 

fluorescence of the ligand.  The M1 receptor was screened, similarly to the muscle-

nAChR, as another off-target of the nAChR family.  Thus it was expected that not many 

compounds would be found to affect the receptor.  The screen of the M1-CNiFER cell-
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line was significantly more decipherable due to the benefits of the CNiFER cell-line, as 

previously mentioned, and the ranking of the normalized antagonist responses, from 

lowest to highest, do identify the agonist near the top.  Similarly to the BC3H1 screen, 

antagonists were also not characterized for this cell-line.  The cross-correlation of the 

two off-target receptors is shown in Table 2-3, ranked in potency of the antagonists 

identified upon the mouse M1-mAChR.  Of the 52 more potently identified antagonists, 

10 were found to also antagonize the α1-nAChR.  In addition, bs309 was found to 

weakly antagonize both receptors, and the α1-nAChR partial agonist II-116-jrf303 was 

found to antagonize M1-mAChR.  Thus the cross-correlation of the effect was 12 out of 

50 identified compounds (24%) for α1-nAChR, and 12 out of 74 identified compounds 

(16%) for the M1-mAChR. 

The main purpose of the screen on BC3H1 cells and M1-CNiFER cell-line was to 

produce preliminary data and optimize screening conditions.  Ultimately the neuronal 

nAChRs of interest shall be screened and the antagonists found through the above 

screens found to affect the neuronal receptors will be fully characterized upon the off-

target receptors as well.  As a result of the coordination required to evaluate potential 

compounds as therapeutic targets, a database was created to conform to workflow of 

the group as discussed in the Appendix. 
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Table 2-1: Screen Results on mouse α1-nAChR and M1-mAChR. 
Researcher provided IDs of the compounds are colored dependent on qualitative 
analysis with agonists in green, weak agonists in blue, and potential/very weak agonists 
in light blue.  Potent antagonists are colored in red, moderate antagonists in orange, 
weak antagonists in beige, and potential/very weak antagonists in light beige/pink.  
Quantitative values are heat map color coded with green as the most potent agonist and 
red as the most potent antagonist.  Blue font indicates presence of fluorescence, while 
pink background with blue font indicates no data obtained due to saturation by 
fluorescence in M1-mAChR screen. 
Mouse α1-nAChR-Qualitative analysis was the ultimate determinant for compound 
classification of mouse α1-nAChR.  Qualitative analysis yielded 6, 2, and 4 for the 
respective agonist strength categories; and 4, 12, and 22 (weak and very weak merged) 
for the respective antagonist categories.  Quantitative results would yield 49 compounds 
as agonists, yet a qualitative view of those compounds shows that there is no change in 
response upon compound injection and the change in membrane potential was due to 
some other factor.  On the other hand only 18 compounds would be viewed for 
antagonism (7 of which qualify quantitatively as agonists), whereas 16 compounds 
actually displayed a clear antagonistic response and 22 more compounds, although 
weak, would qualify to be screened. 
Mouse M1-mAChR-Qualitative analysis included two runs that, due to cell blow-off that 
were not quantitatively analyzed.  This analysis yielded 1 potent agonist; and 24, 20, 13, 
and 16 for the respective antagonist strength categories.  Quantitative values roughly 
match those determined quantitatively with 1 potent (>0.75) and 2 potential agonists 
(>0.25); while antagonists yielded 28 potent (<0.25), 13 moderate (<0.40), 11 weak 
(<0.50), and 14 potential (<0.60). 
 

Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

TW2C9H12N2 1.16 -0.17 bs319 0.11 -0.07

C9H12N2 1.46 -0.02 bs230 -0.11 -0.05

bs143 -0.12 0.14 bs315 -0.04 -0.03

bs184 -0.25 0.17 bs92 0.01 -0.02

bs152 -0.21 0.19 bs210 0.00 -0.01

bs161 -0.34 0.19 bs45 -0.01 0.01

bs128 -0.24 0.21 bs311 0.04 0.02

bs312 0.31 0.32 bs321 -0.03 0.02

bs181 -0.21 0.34 bs217-2 -0.01 0.03

bs313 0.3 0.36 II-172-jrf350 0.00 0.04

bs315 0.01 0.36 TW6 0.89 0.04

bs315 -0.03 0.36 bs99 0.02 0.06

bs81 0.4 0.4 bs105 0.01 0.06

bs162 -0.29 0.41 bs324 -0.09 0.06
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

II-63-jrf250 0.27 0.42 bs53 -0.04 0.07

bs183 0.28 0.47 II-173-jrf351 -0.02 0.08

bs239 0.18 0.49 NPG-1-23-8 0.15 0.10

bs109 -0.2 0.5 NPG-1-23-9 0.01 0.10

bs123 -0.09 0.51 bs229 0.04 0.11

bs163 -0.1 0.51 II-199-jrf371 0.02 0.12

II-124-jrf311 0.06 0.51 jrf199-I-298 -0.01 0.12

bs160 -0.21 0.54 II-26-jrf224 0.04 0.13

bs150 -0.05 0.56 NPG-1-29-7 -0.02 0.13

II-145-jrf328 0.2 0.57 bs199 -0.05 0.13

bs82 0.11 0.59 bs243 0.04 0.14

C19H21N5O2 -0.44 0.61 NPG-1-29-5 -0.01 0.15

TD6-C9H16BrNO2 0.46 0.61 jrf200-I-299 0.08 0.16

II-200-jrf372 -0.2 0.61 NPG-158-4 0.02 0.18

Azide-tropine 0.13 0.62 bs322 -0.08 0.19

bs142 -0.07 0.62 II-105-jrf292 0.01 0.25

C24H28N4O 0.02 0.62 C30H34N6O3 -0.02 0.26

bs239-R 0.86 0.62 bs187 0.19 0.27

C26H31N5O2 (12-14-07) -0.09 0.63 II-116-jrf303 -0.01 0.30

bs110 -0.16 0.63 bs249 -0.05 0.31

II-116-jrf303 -0.1 0.63 II-124-jrf311 -0.06 0.31

bs146 -0.23 0.66 II-63-jrf250 -0.02 0.33

bs141 -0.17 0.68 II-103-jrf290 -0.02 0.35

bs126 -0.17 0.69 bs129 0.00 0.35

bs159 -0.21 0.7 NPG-2-66 -0.01 0.35

bs111 -0.22 0.71 NPG-1-32-1 0.01 0.36

II-101-jrf288 -0.14 0.73 bs74 0.09 0.37

bs144 -0.16 0.74 bs47-4 -0.04 0.40

NPG-1-158-1 -0.04 0.74 II-126-jrf313 -0.01 0.42

TWAnabasineC18H15N3 0 0.74 bs109 0.02 0.43

II-89-jrf276 -0.15 0.74 C17H23N5O2 0.00 0.44

II-186-jrf361 -0.32 0.75 bs188 0.14 0.44

II-64r431,jrf251 0.03 0.75 bs310 0.00 0.45
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

NPG-2-109-3 0.07 0.75 II-132-jrf319 -0.02 0.46

NPG-1-34-1 -0.49 0.77 bs179 -0.01 0.47

NPG-1-81-10 0 0.77 bs116 -0.03 0.48

C16H20N4O -0.04 0.77 II-121-jrf308 0.02 0.48

NPG-1-20 -0.32 0.78 bs126 -0.02 0.49

NPG-1-23-2 -0.42 0.78 bs194 -0.02 0.49

II-193-jrf367 0.12 0.79 II-109-jrf296 0.00 0.52

C24H27N7O (070307) 0.26 0.8 II-129-jrf316 -0.02 0.52

II-172-jrf350 -0.24 0.81 jrf189-I-282 0.01 0.54

NPG-1-21 0.07 0.82 bs96 0.00 0.54

II-184-jrf359 0.22 0.82 II-89-jrf276 -0.04 0.54

bs151 0.11 0.83 jrf201-I-300 0.03 0.54

II-90-jrf277 -0.07 0.83 II-83-jrf270 0.13 0.54

II-122-jrf309 0.01 0.83 bs312 -0.05 0.55

C20H22N4O3 -0.14 0.85 II-41-jrf234 0.01 0.55

NPG-1-23-1 -0.48 0.85 II-82-jrf269 0.21 0.55

C19H21N5O -0.17 0.85 NPG-1-29-3 0.00 0.57

bs127 -0.22 0.86 bs108 0.03 0.58

II-39-jrf232 -0.12 0.86 II-123-jrf310 0.00 0.59

II-100-jrf287 -0.02 0.86 bs309 0.23 0.59

C11H7NO2 0.04 0.87 NPG-1-24-8 -0.02 0.60

II-117-jrf304 -0.14 0.87 NPG4-243-A 0.00 0.61

bs45 0 0.88 bs118 0.02 0.63

C20H23N6O2 -0.01 0.88 II-86-jrf273 -0.02 0.63

II-161-jrf339 0.09 0.88 II-184-jrf359 -0.02 0.63

NPG-2-66 0 0.88 NPG-1-24-3 -0.02 0.64

bs158 0.01 0.88 II-42-jrf235 0.00 0.64

II-98-jrf285 -0.1 0.88 II-118-jrf305 -0.01 0.65

C20H23N5O -0.4 0.88 bs291 -0.05 0.65

bs324 -0.06 0.89 II-104-jrf291 0.03 0.65

bs217-2 -0.01 0.89 II-85-jrf272 0.00 0.66

NPG-1-77B 0.04 0.89 II-24-jrf222 -0.01 0.67

II-162-jrf-340 -0.33 0.89 TW6C34H35N9O4 -0.03 0.67
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

bs179 -0.05 0.9 bs242 -0.01 0.67

C34H38BrN5O5 -0.39 0.9 II-110-jrf297 -0.02 0.67

bs108 -0.23 0.9 NPG-1-8b 0.00 0.67

bs124 -0.17 0.9 II-107-jrf294 0.01 0.67

bs176 -0.15 0.91 C19H23N5O2 0.00 0.67

bs229 -0.04 0.91 bs154 0.02 0.68

C16H20N4O 0.06 0.91 NPG-1-24-1 -0.02 0.68

II-118-jrf305 -0.33 0.92 C28H32IN5O3 -0.01 0.68

II-119-jrf306 -0.45 0.93 NPG-2-194-MIN 0.03 0.68

C12H20N4O -0.02 0.93 bs184 0.03 0.68

TW2C15H20N4O 0.01 0.94 bs170 0.01 0.69

NPG-2-73-3 0.06 0.94 bs132 -0.02 0.69

C30H34N6O3 -0.21 0.94 NPG-2-73-3 -0.03 0.69

II-111-jrf298 -0.5 0.95 jrf181-I-270 0.00 0.69

II-123-jrf310 -0.06 0.95 NPG-2-195-MAJ -0.02 0.70

II-173-jrf351 -0.32 0.95 bs166 0.19 0.70

TD9-C22H26F6N9OP -0.02 0.95 TW2C14H18N4O -0.05 0.70

bs177 -0.07 0.95 bs149 0.10 0.71

NPG-1-24-3 -0.15 0.96 II-51-jrf241 0.06 0.71

NPG-1-66A 0.01 0.96 bs147 0.08 0.71

II-182-jrf357 -0.16 0.97 bs216 -0.01 0.71

NPG-1-158-2 0.47 0.97 II-100-jrf287 0.01 0.71

II-161-jrf339a -0.13 0.97 II-38-jrf231 0.01 0.72

C16H25N5O5S -0.15 0.98 II-114-jrf301 0.00 0.72

TWtestC9H10N2 0.1 0.98 II-112-jrf299 -0.03 0.72

C21H26Br2N4O -0.27 0.98 bs176 0.06 0.73

NPG-1-61-H 0.05 0.98 NPG-1-20 0.02 0.74

NPG-2-146-3 (Sazetidine A) 1.66 0.99 jrf180-I-266 0.06 0.74

bs166 0.24 0.99 NPG-158-3 -0.01 0.74

NPG-1-29-4 -0.42 1 NPG-1-29-1 0.01 0.74

bs74 0.18 1 II-99-jrf286 0.01 0.74

bs74 0.06 1 NPG-1-23-2 0.15 0.74

bs99 -0.18 1 jrf187-I-279 0.00 0.75
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

NPG-1-81-11 0.01 1.01 TW5 0.11 0.75

jrf202-I-301 -0.03 1.01 II-98-jrf285 0.02 0.75

II-126-jrf313 -0.47 1.01 NPG-1-29-4 0.00 0.75

II-125-jrf312 -0.45 1.01 bs123 -0.02 0.75

bs210 0.39 1.02 NPG-1-7-3 0.01 0.75

NPG-1-19 -0.19 1.02 bs113 0.00 0.75

C15H20N6S 0.15 1.02 II-96-jrf283 0.01 0.75

NPG-1-77A -0.02 1.02 bs239-R 0.18 0.76

TWAnabasineC23H21N5O 0.05 1.02 II-192-jrf366 -0.02 0.77

C27H29N5O3 1.19 1.02 II-128-jrf315 -0.01 0.77

TW1 -0.02 1.02 TW15 0.00 0.77

II-38-jrf231 -0.1 1.03 bs239 0.05 0.77

bs262 0.12 1.04 II-25-jrf223 -0.02 0.77

bs230 -0.09 1.04 bs222 0.17 0.78

II-127-jrf314 -0.46 1.04 II-145-jrf328 -0.03 0.78

II-113-jrf300 -0.29 1.05 NPG-1-30-1 0.06 0.78

C17H21N5O2 -0.5 1.05 NPG-1-79 -0.02 0.78

NPG-1-22 -0.45 1.05 C28H31N5O3 -0.02 0.78

NPG-1-32-1 -0.3 1.06 C21H25(I)N4O3+ -0.06 0.79

jrf183-I-275 -0.04 1.06 TW9 0.00 0.79

II-112-jrf299 -0.06 1.06 C20H22N4O3 0.07 0.79

jrf186-I-278 0.05 1.06 II-108-jrf295 0.13 0.79

TD3-C15H17N5 0.01 1.06 bs307 0.10 0.79

NPG-1-26-hex 0.03 1.07 bs313 0.01 0.80

C10H20CIN5O2 -0.42 1.07 II-125-jrf312 0.05 0.80

NPG-1-81-3 0.14 1.07 NPG-1-21 -0.01 0.80

bs80 0.23 1.08 bs183 -0.01 0.80

jrf200-I-299 -0.07 1.08 NPG4-243-C 0.01 0.80

NPG-2-195-MIN 0.05 1.08 bs150 0.08 0.80

C24H29CIN6O3 -0.07 1.08 II-65-jrf252 0.03 0.80

bs175 0.4 1.08 C26H31N5O2 -0.01 0.80

jrf193-I-289 0.03 1.08 C23H26N4O2 0.00 0.81

bs258 0.14 1.09 II-84-jrf271 0.00 0.81
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

TW2C14H18N4O 0 1.09 C21H26BrN4O+ -0.01 0.81

II-185-jrf360 -0.12 1.09 bs142 -0.02 0.81

II-84-jrf271 -0.12 1.09 C11H7NO2 -0.05 0.81

II-110-jrf297 -0.48 1.1 II-113-jrf300 -0.01 0.81

NPG-2-85-2-1 0.49 1.1 bs157 0.06 0.81

II-135-jrf322 0 1.11 C16H22N6 -0.01 0.82

II-139-jrf324 0.34 1.12 NPG-1-22 -0.01 0.82

jrf184-I-276 -0.01 1.12 NPG-2-89-3 -0.02 0.82

bs133 0.03 1.12 II-193-jrf367 -0.01 0.82

NPG-1-24-8 -0.42 1.12 NPG-1-23-1 0.02 0.82

bs311 0.05 1.12 bs120 -0.02 0.82

TD18-C16H21BrN2O4 0.06 1.12 bs189 0.02 0.82

C29H31N5O3 -0.11 1.13 jrf184-I-276 0.04 0.82

jrf197-I-294 -0.11 1.13 C35H37N9O4 -0.02 0.82

C13H17NO3S -0.04 1.13 jrf194-I-291 0.03 0.82

bs118 0.29 1.13 C20H23N6O2 -0.02 0.83

II-121-jrf308 -0.53 1.14 NPG-1-77-A -0.02 0.83

NPG-1-81-8 -0.02 1.14 C34H38N5O5 -0.04 0.83

bs156 0.19 1.14 II-122-jrf309 -0.06 0.83

NPG-1-29-1 -0.42 1.14 NPG-2-195-MIN 0.04 0.83

NPG-1-81-7 0.05 1.14 TW2C19H25N5O2 0.02 0.83

bs147 -0.03 1.14 II-97-jrf284 0.00 0.84

II-112-jrf302 -0.41 1.15 NPG-2-194-MAJ 0.00 0.84

C26H31N5O2 (11-07-09) 0.24 1.15 NPG-1-26-hex -0.01 0.84

NPG-1-69-2 -0.02 1.15 TWA C18H15N3 -0.01 0.84

C14H19BrN4O -0.19 1.16 bs133 -0.02 0.84

bs321 -0.02 1.16 NPG4-243-B 0.00 0.84

bs121 0.01 1.16 NPG-1-29-6 -0.06 0.84

II-25-jrf223 -0.12 1.16 tert-C15H15NO1 0.13 0.85

bs297 -0.01 1.17 bs47-2 -0.04 0.85

bs249 0.15 1.17 bs115 -0.02 0.85

NPG-1-33-1 -0.3 1.17 C16H18N4O3 0.00 0.85

NPG-1-81-9 -0.03 1.18 NPG-1-66-B -0.03 0.85
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

II-33-jrf229 -0.05 1.18 bs144 0.00 0.85

II-131-jrf318 -0.38 1.18 NPG4-243-D 0.00 0.85

jrf194-I-291 0.21 1.19 C13H16N6 0.05 0.85

bs137 -0.01 1.19 NPG-1-33-1 0.06 0.85

NPG-1-12-3 0.11 1.19 jrf204-I-304 -0.02 0.86

II-199-jrf371 0.04 1.19 jrf203-I-303 0.04 0.86

bs322 -0.06 1.19 C34H38BrN5O5 0.00 0.86

jrf190-I-284 -0.04 1.19 bs171 0.01 0.86

C20H21N5O -0.13 1.19 NPG-1-24-5 -0.02 0.86

TW2C12H14N2 0 1.2 II-130-jrf317 0.00 0.86

bs157 -0.14 1.2 jrf196-I-293 0.02 0.86

NPG-2-194-MIN 0.16 1.2 II-120-jrf307 -0.07 0.87

NPG-1-81-4 0.07 1.2 bs153 0.06 0.87

bs139 0.03 1.21 jrf179-I-265 0.04 0.87

NPG-1-6-6 -0.03 1.21 C29H31N5O3 0.03 0.87

II-192-jrf366 0.13 1.21 bs81 0.18 0.87

NPG-1-15-2 0.03 1.21 bs122 0.07 0.87

NPG-1-61-P 0.05 1.22 C24H27BrN4O3S -0.01 0.87

jrf203-I-303 0 1.22 jrf193-I-289 0.25 0.87

NPG-1-7-3 -0.29 1.22 II-111-jrf298 -0.01 0.87

II-132-jrf319 -0.4 1.22 TW4 0.26 0.87

bs307 -0.04 1.22 bs258 -0.03 0.87

NPG-2-87-3 0.23 1.22 II-133-jrf320 0.01 0.87

II-86-jrf273 -0.12 1.22 bs141 0.18 0.87

bs309 0.2 1.23 II-40-jrf233 0.02 0.87

NPG-1-173-3 0.04 1.23 TW12 -0.01 0.88

bs208 0.28 1.23 bs181 0.02 0.88

II-120-jrf307 -0.04 1.24 TWA C23H21N5O -0.01 0.88

bs140 -0.15 1.24 NPG-1-26-but -0.01 0.88

C15H15NO2 0.19 1.24 II-131-jrf318 -0.02 0.88

II-108-jrf295 -0.05 1.24 jrf191-I-286 0.03 0.88

NPG-1-60-H 0.27 1.24 C17H23IN4 0.01 0.88

C10HBN2 -0.03 1.24 TW1C17H21N5O2 -0.04 0.88
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

bs116 0.02 1.26 bs151 -0.01 0.88

C16H22N6 -0.08 1.27 bs148 0.03 0.88

II-129-jrf316 -0.28 1.27 NPG-2-87-3 0.02 0.88

bs155 0.07 1.27 NPG-1-31-1 -0.02 0.88

jrf191-I-286 0 1.28 II-39-jrf232 0.06 0.89

bs217 -0.03 1.28 NPG-1-61-P 0.01 0.89

bs105 0.09 1.28 II-127-jrf314 -0.02 0.89

NPG-1-29-7 -0.25 1.28 bs159 0.02 0.89

NPG-1-30-1 -0.23 1.28 jrf178-I-264 -0.02 0.89

NPG-2-85-1-3 0.1 1.29 C32H36N8O3 -0.04 0.89

C7H14N2O2 0.2 1.29 II-135-jrf322 0.03 0.89

C28H32IN5O3 -0.25 1.29 NPG-1-81-10 -0.01 0.89

NPG-1-60-P 0.17 1.29 C23H28N4O3 -0.02 0.89

C12H14N2 -0.4 1.3 II-88-jrf275 -0.03 0.90

NPG-2-97-2 0.04 1.3 NPG-1-77-B -0.02 0.90

II-107-jrf294 -0.01 1.31 jif-185-1-227 0.02 0.90

II-104-jrf291 -0.03 1.31 II-102-jrf289 0.00 0.90

C16H18N403 -0.07 1.31 C18H23N5O -0.05 0.90

NPG-1-31-1 -0.25 1.31
NPG-2-146-3 
(Sazetidine A) 0.03 0.90

bs319 0 1.31 II-101-jrf288 0.01 0.90

II-133-jrf320 0.24 1.31 II-32-jrf228 0.06 0.90

jrf187-I-279 0.06 1.32 bs139 0.19 0.90

NPG-1-23-9 0.09 1.32 TW16 0.06 0.90

jrf179-I-265 0.68 1.32 C24H27N7O -0.02 0.91

II-95-jrf282 -0.08 1.32 II-90-jrf277 0.01 0.91

TD1-C12H16N4O 0 1.32 jrf183-I-275 0.05 0.91

NPG-2-85-1-1 0.23 1.33 bs162 0.03 0.91

jrf181-I-270 0.09 1.33 Methyl-Azide-Tropine 0.07 0.91

NPG-2-195-MAJ 0.14 1.34 TW2C12H14N2 0.12 0.91

C11H16N6 -0.09 1.34 TW13 0.03 0.91

jrf180-I-266 0.03 1.34 bs262 -0.03 0.91

bs47-2 -0.19 1.35 C17H24BrN5O 0.18 0.91

C14H12O3 0.2 1.35 NPG-1-81-14 -0.02 0.92
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

TW2C14H16N4O 0.17 1.36 bs297 -0.07 0.92

TW4 -0.12 1.36 jrf186-I-278 0.01 0.92

bs120 -0.02 1.36 bs163 0.01 0.92

NPG-1-51-3 0.32 1.37 NPG-1-34-1 0.01 0.92

TW2C18H19N5O2 0.15 1.37 bs82 -0.06 0.92

TD4-C17H28N40 -0.02 1.37 bs155 0.03 0.92

bs74 0.07 1.37 TW14 -0.01 0.92

II-99-jrf286 -0.02 1.38 bs134 -0.03 0.92

NPG-1-66B -0.04 1.38 Sazetidine A 0.08 0.93

jrf199-I-298 -0.06 1.38 TW1 -0.01 0.93

bs243 0.59 1.39 bs 131 0.00 0.93

NPG-1-29-6 -0.04 1.39 bs70 -0.04 0.93

bs216 0.19 1.39 II-64-r431,jrf251 0.03 0.93

bs308 0.11 1.39 C24H28N4O 0.24 0.93

C32H34N6O4 -0.2 1.4 II-139-jrf324 -0.03 0.93

C15H15NO2 0.18 1.4 II-87-jrf274 0.02 0.93

II-37-jrf230 -0.07 1.41 NPG-1-81-11 -0.02 0.93

NPG-1-61-B 0.1 1.42 NPG-1-66-A -0.03 0.93

bs148 0.27 1.43 C14H16N4O -0.02 0.93

bs70 0.1 1.43 TW2C18H19N5O2 0.03 0.93

NPG-1-26-but -0.25 1.44 bs152 -0.02 0.93

jrf185-1-277 0.03 1.46 II-182-jrf357 -0.02 0.93

bs129 -0.1 1.46 bs143 -0.01 0.94

bs288 0.06 1.46 jrf197-I-294 0.02 0.94

C35H37N9O4 -0.39 1.47 TWA C14H16N4O 0.02 0.94

jrf195-I-292 -0.04 1.47 NPG-1-65-5 0.02 0.94

NPG-1-48-3 0.39 1.48 C23H29ClN6O3 -0.01 0.94

Methyl-azide-tropine 0.27 1.48 TW3 0.07 0.94

II-128-jrf315 -0.31 1.48 NPG-1-60-B -0.01 0.94

NPG-1-65-5 -0.01 1.48 jrf192-I-288 0.02 0.94

II-43-jrf237 -0.05 1.48 bs161 -0.03 0.94

NPG-2-194-MAJ 0.26 1.48 TW11 0.03 0.94

C24H27BrNO3S 0.01 1.49 II-191-jrf365 -0.03 0.94
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

II-103-jrf290 -0.05 1.49 NPG-2-85-1-1 0.01 0.94

C21H25N5O2 0.43 1.49 C16H25N5O5S 0.15 0.94

NPG-1-60-B 0.21 1.51 C10H8N2 0.01 0.94

II-96-jrf283 -0.15 1.51 II-185-jrf360 -0.02 0.94

bs134 0.12 1.52 C20H23N5O2 -0.02 0.94

bs222 -0.03 1.52 C18H15N3 0.05 0.94

NPG-2-89-3 0.1 1.53 C7H14N2O2 0.13 0.94

NPG-1-8b -0.16 1.53 jrf190-I-284 -0.03 0.94

NPG-1-24-1 -0.27 1.53 NPG-1-15-2 -0.03 0.95

C14H13NO2 0.24 1.54 bs121 -0.01 0.95

bs197 0.23 1.55 bs217 -0.01 0.95

bs154 0.98 1.56 bs175 0.00 0.95

II-109-jrf296 0.08 1.56 II-117-jrf304 0.01 0.95

bs131 0.04 1.58 NPG-1-60-H 0.00 0.95

TD14C19H23F6N4OP 0.27 1.58 II-115-jrf302 0.01 0.95

bs132 0.34 1.59 C21H25N5O2 0.01 0.95

II-141-jrf326 0.26 1.59 bs160 0.08 0.95

bs187 -0.05 1.6 TW7C31H34N8O3 -0.04 0.96

C23H28N4O3 (070307) 0.12 1.6 NPG-1-61-H 0.07 0.96

bs149 0.72 1.61 TW18 -0.02 0.96

II-130-jrf317 -0.38 1.61 NPG-1-19 -0.01 0.96

TW2C16H14N2 0.14 1.62 Azide-Tropine 0.01 0.96

bs171 -0.03 1.62 Buffer -0.03 0.96

II-134-jrf321 -0.44 1.63 II-171-jrf349 -0.01 0.96

bsNnBA 0.31 1.63 NPG-1-81-4 0.01 0.96

NPG-1-24-5 -0.01 1.65 C14H12O3 0.02 0.96

bs170 0.6 1.66 jrf188A-I-280 -0.03 0.96

C11H17NO2 0.33 1.66 C10H9BrO -0.02 0.96

TW3 -0.03 1.67 NPG-158-1 -0.01 0.96

TD17-C21H23F6N6O2P 0.04 1.67 II-91-jrf278 -0.02 0.97

II-171-jrf349 -0.07 1.67 bs208 -0.03 0.97

bs164 -0.06 1.69 TWTESTC9H10N2 -0.05 0.97

C28H31N5O3 -0.3 1.7 bs110 -0.03 0.97
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

C20H23N5O2 -0.43 1.72 NPG-2-85-2-1 0.09 0.97

jrf178-I-264 0.01 1.72 C16H20N4O -0.03 0.97

bs113 -0.39 1.73 bs NaBAc 0.05 0.97

NPG-1-158-4 0.37 1.74 C13H10O3 0.08 0.97

NPG-1-29-5 -0.36 1.74 C11H16N6 -0.02 0.97

NPG-1-81-5 0.03 1.75 C16H20N4 -0.03 0.97

TW2C21H20N4O 0.06 1.77 NPG-2-85-1-3 0.01 0.98

C16H20N4 0.23 1.78 C11H10NO2 0.00 0.98

C23H26N4O2 (052107) 0.21 1.78 II-141-jrf326 0.00 0.98

II-105-jrf292 -0.05 1.79 TW2C19H17N5O 0.03 0.98

NPG-1-81-2 0.15 1.8 jrf195-I-292 0.00 0.98

NPG-1-158-3 0.32 1.81 II-66-jrf253 0.00 0.98

bs53 0.08 1.83 C15H20N6S -0.03 0.98

II-85-jrf272 -0.15 1.86 II-33-jrf229 0.13 0.98

TW2C19H17N5O 0.09 1.86 NPG-1-60-P 0.02 0.99

C13H16N6 0 1.88 NPG-1-12-3 -0.03 0.99

II-97-jrf284 -0.21 1.88 II-119-jrf306 -0.02 0.99

II-40-jrf233 0.07 1.89 TW2 -0.02 0.99

NPG-1-23-8 -0.19 1.9 TW2C9H12N2 0.04 0.99

II-32-jrf228 -0.1 1.91 bs288 -0.06 0.99

C32H36N8O3 -0.26 1.92 TW2C15H20N4O -0.02 0.99

C18H23N5O 0.31 1.92 bs177 0.03 0.99

bs115 0.1 1.92 bs111 -0.05 0.99

II-191-jrf365 0.28 1.92 bs140 -0.01 0.99

TW2 -0.03 1.92 C26H31N5O -0.02 0.99

bs199 -0.04 1.93 NPG-1-48-3 -0.02 0.99

bs310 0.05 1.93 bs137 -0.03 0.99

TD16-C20H21F6N6O2P 0.06 1.94 II-62-jrf249 -0.02 0.99

TWAnabasineC14H16N4 0.09 1.96 C10H20ClN5O2 0.00 0.99

bs188 0.03 2 bs80 0.03 0.99

bs122 -0.16 2 C23H21N5O -0.01 0.99

bs242 0.31 2.04 bs124 -0.04 0.99

II-62-jrf249 0.01 2.08 bs156 0.06 1.00
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

bs189 0.07 2.08 C12H14N2 -0.02 1.00

II-88-jrf275 -0.24 2.09 C14H19BrN4O 0.00 1.00

II-24-jrf222 -0.08 2.11 C14H13NO2 0.04 1.00

II-93-jrf280 0.81 2.12 C17H21N5O2 0.00 1.00

C10H9BrO 0.16 2.12 NPG-158-2 0.00 1.00

bs291 -0.03 2.13 II-93-jrf280 -0.01 1.00

jrf192-I-288 0.02 2.15 C32H34N6O4 -0.03 1.01

TD5-C13H15N5S2 0.02 2.15 TW3C17H21N5O2 -0.09 1.01

bs153 0.23 2.18 NPG-1-173-3 -0.01 1.01

II-83-jrf270 -0.05 2.21 II-92-jrf279 -0.03 1.01

II-114-jrf301 -0.3 2.23 bs128 -0.02 1.01

bs96 0.11 2.31 C12H20N4O -0.02 1.01

TW7 0.12 2.35 NPG-1-81-1 -0.02 1.01

C17H24BrN5O 0.51 2.38 NPG-1-81-2 -0.02 1.01

TD2-C11H15N5 0.1 2.43 TW2C16H14N2 -0.04 1.01

II-94-jrf281 -0.12 2.46 bs127 0.03 1.01

II-102-jrf289 0.13 2.46 TW4C10H18ClN5O -0.06 1.01

II-42-jrf235 -0.1 2.46 C27H29N5O3 -0.03 1.02

NPG-1-79 0.03 2.5 II-200-jrf372 0.01 1.02

C13H10O3 0.29 2.54 NPG-1-61-B -0.01 1.02

C17H23N5O2 -0.15 2.54 bs308 -0.05 1.02

TW2C19H25N5O2 0.18 2.55 II-45-jrf237 -0.03 1.02

TD13-C20H24F6N5OP 0 2.59 II-37-jrf230 0.01 1.02

NPG-1-81-14 0.31 2.64 bs158 0.11 1.02

II-65-jrf252 0.16 2.65 II-95-jrf282 0.10 1.02

II-91-jrf278 -0.1 2.73 TW2C21H20N4O 0.15 1.02

TD15-C22H24F6N5P 0.22 2.73 NPG-1-51-3 0.00 1.03

II-66-jrf253 0.1 2.73 bs112 -0.04 1.03

jrf-196-I-293 0.05 2.79 II-161-jrf-339a 0.05 1.03

jrf188-I-280 0.07 2.82 II-94-jrf281 0.00 1.03

bs92 0.11 2.82 NPG-1-81-3 -0.02 1.03

TW5 0.07 2.97 jrf188(A)-I-280 0.06 1.03

TD11-C18H22F6N5P 0.14 3.01 NPG-1-69-2 -0.02 1.03
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Table 2-1 Cont. 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

NPG-1-81-1 0.3 3.03 NPG-1-81-8 -0.02 1.04

II-82-jrf269 -0.05 3.07 TW17 -0.03 1.04

C21H25IN4O3 0.08 3.07 TW2C17H21N5O2 -0.05 1.04

TD12-C24H34F6N4O5P 0.54 3.11 NPG-1-81-7 -0.01 1.04

II-42-jrf236 0.13 3.16 NPG-1-81-9 -0.02 1.04

TW6 0.13 3.41 II-186-jrf361 0.09 1.05

II-87-jrf274 -0.22 3.44 bs164 0.03 1.05

bs47-4 -0.01 3.55 C20H21N5O -0.03 1.05

II-92-jrf279 0.42 3.62 C9H12N2 -0.04 1.05

jrf188a-I-280 0.06 3.73 TW5C21H28F6N5O4P -0.04 1.05

jrf201-I-300 -0.1 3.83 C13H17NO3S -0.02 1.05

II-26-jrf224 -0.18 3.93 C19H21N5O2 -0.01 1.05

jrf189-I-282 -0.14 4.01 C19H21N5O -0.02 1.06

C19H23N5O2 0.14 4.37 C20H23N5O -0.02 1.06

jrf-204-I-304 0.1 4.6 NPG-1-77A -0.11 1.06

II-51-jrf241 -0.22 4.63 bs146 0.00 1.07

II-41-jrf234 -0.03 4.69 C22H26N9O+ (empty) -0.09 1.07

C17H21N5O2 -0.15 5.98 NPG-1-81-5 -0.01 1.07

C21H28F6N5O4P+ 0.25 6.95 TW2C14H16N4O 0.02 1.08

NPG-1-29-3 -0.13 7.03 C15H15NO2 0.02 1.09

II-134-jrf321 0.01 1.11

NPG-2-109-3 -0.01 1.23

NPG-2-97-2 0.13 1.26

jrf202-I-301 -0.01 1.33

C17H23N5O2 0.01 1.44

II-43-jrf236 -0.02 1.90

C21H28F6N5O4P+ 0.02 2.83

II-161-jrf339 -0.03 
#VALUE

!

II-162-jrf340 0.06 
#VALUE

!
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Table 2-2: Mouse α1-nAChR agonist results. 
EC50 values determined for the characterized agonists.  Researcher given ID is color 
coded based on screen results mentioned in Table 2-1.  Values in bold font denote a 
partial agonist behavior thus explaining the weak response of II-116-jrf303 in the screen.  
The Hill-slope of the screens shows cooperativity that is indicative of an agonist with the 
nAChR.  Weak agonists above 40μM (below the dark solid line) were not replicated in 
full as such determinations are outside the range of the assay conditions, which is 
corroborated by the high error of those replicated. 
 

Research ID EC50 (μM) ± Std dev. Average Hill-slope 

TW2C9H12N2 1.6±0.6 1.70 

C9H12N2 4.8±3.2 1.95 
NPG-2-146-3 
(Sazetidine-A) 4.5±2.7 1.55 

TD6-C9H16BrNO2 14.1±5 1.67 

II-116-jrf303 22.8±6.5 1.58 

bs239 24±0.5 1.89 

bs239-R 24.2±11.8 1.38 

bs81 24.6±10 1.83 

Methyl-azide-tropine 30.4±8.3 2.07 

NPG-1-48-3 36.5±3.9 1.49 

II-193-jrf367 49±32 1.98 

C14H19BrN4O 49.6 2.43 

Azide-tropine 51.2 1.84 

II-63-jrf250 58.2 1.84 

bs82 61.5±30.3 1.04 

NPG-1-158-2 62.4±45.2 1.71 
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Table 2-3: Cross-correlation of mouse α1-nAChR and M1-mAChR. 
Side by side comparison of screen values for compounds that qualitatively, or 
quantitatively for M1-mAChR, were determined to interact with both respective receptors 
in either screen.  Color scheme is the same as in Table 2-1.  Order is ranked by potency 
of antagonism for mouse M1-mAChR. 
 

α1-nAChR M1-mAChR 

Research ID 
Agonist 
Screen 

Antagonist 
Screen Research ID 

Agonist 
Screen 

Antagonist 
Screen 

bs315 -0.03 0.36 bs315 -0.04 -0.03

bs210 0.39 1.02 bs210 0.00 -0.01

bs311 0.05 1.12 bs311 0.04 0.02

II-172-jrf350 -0.24 0.81 II-172-jrf350 0.00 0.04

bs324 -0.06 0.89 bs324 -0.09 0.06

II-173-jrf351 -0.32 0.95 II-173-jrf351 -0.02 0.08

II-116-jrf303 -0.1 0.63 II-116-jrf303 -0.01 0.30

II-124-jrf311 0.06 0.51 II-124-jrf311 -0.06 0.31

II-63-jrf250 0.27 0.42 II-63-jrf250 -0.02 0.33

bs312 0.31 0.32 bs312 -0.05 0.55

bs309 0.2 1.23 bs309 0.23 0.59

II-86-jrf273 -0.12 1.22 II-86-jrf273 -0.02 0.63
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2.3 Characterizing Ligand-Gated Ion Channel Receptors with 

Genetically Encoded Ca++ Sensors 

2.3.1 Abstract 

We present a cell based system and experimental approach to characterize 

agonist and antagonist selectivity for ligand-gated ion channels (LGIC) by developing 

sensor cells stably expressing a Ca2+ permeable LGIC and a genetically encoded 

Förster (or fluorescence) resonance energy transfer (FRET)-based calcium sensor.  In 

particular, we describe separate lines with human α7 and human α4β2 nicotinic 

acetylcholine receptors, mouse 5-HT3A serotonin receptors and a chimera of human 

α7/mouse 5-HT3A receptors.  Complete concentration-response curves for agonists and 

Schild plots of antagonists were generated from these sensors and the results validate 

known pharmacology of the receptors tested.  Concentration-response relations can be 

generated from either the initial rate or maximal amplitudes of FRET-signal.  Although 

assaying at a medium throughput level, this pharmacological fluorescence detection 

technique employs a clonal line for stability and has versatility for screening laboratory 

generated congeners as agonists or antagonists on multiple subtypes of ligand-gated ion 

channels.  The clonal sensor lines are also compatible with in vivo usage to measure 

indirectly receptor activation by endogenous neurotransmitters. 

 

2.3.2 Introduction 

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated ion 

channels (LGIC) belonging to the sub-family of Cys-loop receptors.  They are found in 

the central and peripheral nervous systems of both vertebrate and invertebrate species.  

Specific nAChR subtypes are recognized pharmaceutical targets for many central 
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nervous system (CNS) diseases and conditions (6).  For example: the α7-nAChR is 

targeted for schizophrenia (7), Alzheimer’s disease (8), and cognition enhancement (9), 

and the α4β2-nAChR is also targeted for Alzheimer’s disease (10, 11), and for tobacco 

addiction (12, 13).  Therefore, a particular challenge in therapeutic considerations is 

achieving subtype selectivity among the nAChRs.  Sorting out the desirable actions 

within the subunit diversity of the nAChR family from the largely unwanted responses, 

via off-target receptors, is an important facet of the therapeutic approach (14). 

For selection of pharmacologic leads, a facilitated and rapid assay of nAChR 

subtype selective agents is required early on in the screening process (15).  While 

electrophysiological methods through whole cell recording and patch clamp analysis can 

subsequently be used to uncover mechanism, they lack the scalability, cost reduction 

and automation that can be attained through the use of photon generated signals from 

multi-well plates (16, 17).  The scalability and automation derived from fluorometric 

imaging plate readers (FLIPR) have encouraged the use of fluorescence-based dyes in 

screening therapeutics on nAChRs (1, 18).  Yet conventional fluorescent dyes to detect 

depolarization or intracellular calcium, are limited by cost, variations in dye 

administration, dye shelf life, and cell perturbations during injection.  Hence a stable, 

clonal cell line containing a light detection sensor and a receptor, which is generated 

from incorporating the respective genetic material, become critical considerations in 

developing a medium throughput assay for selective receptor activation.  Bioluminescent 

Ca2+ reporters, such as GFP-aequorin, have been shown to be an applicable method in 

creating cell lines that contain a genetically encoded light detection method (19, 20).  

Although bioluminescent reporters address the issues of variations in dye administration, 

shelf life, and cost; they are still susceptible to cell perturbations during injection, 

interference from fluorescent ligands, and are limited in time resolution due to the length 
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of their decay.  Applications that take advantage of fusing fluorescent protein Förster (or 

fluorescence) resonance energy transfer (FRET) pairs with Ca2+ binding proteins, such 

that changes in intracellular Ca2+ levels can be visualized through a combination of 

donor quenching and acceptor sensitization, have become a prevalent method for 

enabling investigators to monitor signal transduction pathways in varying cells (21).  The 

use of FRET pairs over Ca2+ sensing bioluminescent reporters minimizes the 

perturbations of ligand fluorescence and cell perturbation by solvent during the injection 

phase.  Although many genetically encoded Ca2+ sensors exist (22, 23), the 

development of the Ca2+ sensor TN-XXL allowed for a highly sensitive and effective 

FRET based sensor (24).  Its incorporation with over-expressed G-protein-coupled 

receptors (GPCR) to produce cell-based neurotransmitter fluorescent engineered 

reporters (CNiFERs) offered the potential to overcome most of the limitations of the Ca2+ 

bioluminescent reporters (3).  In our previous studies, the generation of a genetically 

encoded sensitive Ca2+ sensor with a stably over-expressed GPCR allowed for in vivo 

validation of a compound’s activity in situ in brain (3).  High-throughput fluorescence 

methodology (1), which has been previously utilized, affords a dual application to the 

stable, clonal cell line sensors we generated for transplanted cells.  Here we report on 

generating and utilizing nAChR CNiFERs to measure nAChR activation via Ca2+ flux 

through ion channels in the cell membrane as opposed to GPCR mediated release 

primarily from intracellular stores described previously (Figure 2-5).  Our studies extend 

the application of CNiFERs to prevalent and targeted CNS nAChR subtypes, the α7 and 

α4β2, and also the 5-HT3A serotonin receptor.  A chimaeric receptor CNiFER composed 

of α7/5-HT3A was also generated to gain additional insight into activation of the wildtype 

α7-nAChR.  The chimaeric receptor has been shown to have a desensitization rate 

comparable to 5-HT3A receptors, and more recently a higher conducting variant has 
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been created (25-27).  This chimaeric receptor still maintains ligand affinities for that of 

the full-length α7-nAChR, which allows for a positive allosteric modulator (PAM) free 

study of the α7-nAChR (26).  We report on a cell-based assay incorporating the use of 

nAChR CNiFERs to identify and characterize nAChR agonists and antagonists with a 

low cost, medium throughput fluorescence assay.  The system is capable of detection on 

a monolayer of cells in a 7mm diameter well of a 96-well plate and has the potential to 

be scaled to a high throughput platform. 
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Figure 2-5: Simplistic representation of LGIC-CNiFERs and their response.  
Upon activation of a calcium permeable receptor, Ca2+ enters the cell and upon binding 
to TN-XXL produces a conformational change eliciting a fluorescence change reflected 
in quenching of the donor fluorescence and excitation of the acceptor. 
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2.3.3 Results and Discussion 

2.3.3.1 Cell Based Neurotransmitter Fluorescent Engineered Reporters 
(CNiFERs) 

The first CNiFERs were developed for applications of monitoring cortical 

acetylcholine release in the cerebral cortex of rats using the M1-CNiFER (3).  The 

CNiFERs presented here were developed to facilitate pharmacological screening, 

potency rank ordering and characterization of compounds for calcium permeable ligand-

gated ion channels (LGICs), with a particular focus on the homomeric α7 and 

heteromeric α4β2 nAChRs.  The 5-HT3A serotonergic LGIC receptor exists in its simplest 

form as a homopentamer similar to the α7-nAChR (28).  Although the 5-HT3A receptor 

has a large calcium conductance, the 5-HT3AB heteromeric receptors do not and 

therefore may have limited applicability with this technique (29).  Since antagonists, such 

as tropisetron, for the 5-HT3A receptor are known to activate α7-nAChRs, 5-HT3A 

CNiFERs not only expand the neurotransmitter target base, but also become a model 

system for testing opposing receptor responses (30).  LGIC agonist responses were 

measured with CNiFERs by monitoring TN-XXL FRET ratios, emissions of citrine cp174 

(527 nm) to eCFP (485 nm), over 120 seconds with agonist injections occurring at the 30 

second time-point.  Figure 2-6A is an example of the fluorescent signals generated from 

a 5-HT3A CNiFER single concentration response to 3μM 5-Hydroxytryptamine (5-HT) 

injected at 30 seconds.  FRET ratios of the emissions for a concentration range of 0.3-

3μM 5-HT is shown in Figure 2-6B.  Concentration response curves can then be 

generated from the peak FRET ratio values for each concentration. 

2.3.3.2 α7-nAChR CNiFERs 
Due to the rapid rate of desensitization of the α7-nAChR in the time frame of 

milliseconds (31), monitoring agonist-elicited fluorescence responses were not possible 
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without including a PAM (32).  In our case we used the type II PAM, N-(5-Chloro-2,4-

dimethoxyphenyl)-N’-(5-methyl-3-isoxazolyl)-urea (PNU-120596), and found that 

concentrations of 10μM and above incubated on cells for at least 30min (data not 

shown) yielded a maximal agonist-elicited fluorescence response (Figure 2-7A).  

Characteristic of a type II PAM, PNU-120596 will increase ion flux through the α7-

nAChRs by decreasing its desensitization rate (33).  PNU-120596 likely interacts with a 

region in the transmembrane helices spanning TM1, TM2, and TM4 to prevent an 

activated α7-nAChR from switching to its desensitized state once activated (34).  PNU-

120596 modulating activity results in an increase in the number of receptors remaining in 

an open or activated state.  Accordingly, not only is a larger response produced, but also 

a lower concentration of agonist is likely needed to observe a response.  Agonist EC50 

values measured with the α7-nAChR CNiFER in the presence of PNU-120596 are less 

than those reported in the literature for α7-nAChR agonists without PNU-120596, as 

observed in Table 2-4.  Nevertheless, these considerations are not likely to affect the 

rank ordering for agonist potencies.  Assay of antagonists is conducted as a null method 

and should be independent of agonist used, provided a single receptor subtype is being 

analyzed.  When (±)-epibatidine responses from α7-nAChR CNiFERs were blocked with 

three concentrations (3, 10, 30nM) of methyllycaconitine (MLA) (Figure 2-7B).  Schild 

analysis of the parallel concentration versus fluorescence readout showed MLA to block 

α7-nAChR CNiFERs competitively with a slope of -1.2±0.3 and with an observed Ka 

value of 3.2±1.4nM for the antagonist (Figure 2-7C, Table 2-5). 
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Figure 2-6: Direct FRET measurement of response. 
A.)  Measured time-course emission wavelengths for eCFP (485nm) and Citrine cp174 
(527nm) on 5-HT3A CNiFERs.  5-HT was injected at 30sec at 3μM concentration to 
produce a Ca2+ influx causing a concentration dependent FRET response from the TN-
XXL reporter.  Measurements were taken every 3.84sec with excitation at 436nm.  B.)  
FRET-Ratio (Citrine cp147/eCFP) time-course responses from 5-HT3A CNiFERs to 
varying concentrations of 5-HT.  Peak values or initial rates may be used to plot a 
concentration dependent curve to estimate EC50 values.  Peak values were used to 
generate concentration response curves. 
  

.) .) 
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Figure 2-7: α7-nAChR CNiFER: PNU-120596 activation and methyllycaconitine 
antagonism. 
A.)  Concentration dependent response of PNU-120596 incubated for 30 minutes on α7-
nAChR CNiFERs and stimulated with 0.1μM (±)-epibatidine.  The response curve shows 
that concentrations greater than 10μM PNU-120596 would produce a maximal response.  
B.) Competitive blockade of (±)-epibatidine elicited responses on α7-nAChR CNiFERs 
by MLA.  The EC50 values for each curve shifted from 3.6nM to 17nM, 29nM, and 160nM 
for 3nM, 10nM, 30nM MLA respectively.  C.)  Schild plot of concentration dependent 
shifts.  A slope of -1.2±0.3 confirmed MLA to block competitively. 
  

.) 

.) 

.) 
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Table 2-4: Comparison of Agonist EC50 using CNiFER and non-CNiFER detection.f 

 
7/5-HT3A 

CNiFER 
7/5-HT3A 

7-

nAChR 

CNiFER 

7-nAChR 

4β2-

nAChR 

CNiFER 

4β2-nAChR 

(±)-Epibatidine 

(EC50, nM) 
250+50 (n=5)a 180+20b 

28+16 

(n=24)c 
17±2.6d 

14±9 

(n=17)a 
27±6 (n=6)d 

(-)-Nicotine 

(EC50, nM) 

10,000 +2,600 

(n=3)a 
19,100 +7,300b 

410+270 

(n=10)c 

1,160 ±180d†, 

92±12e 

1,850±810 

(n=4)a 

 2,700 ±200d*, 

3,500b* 

a. Measured in aCSF 
b. Measured with Ca2+ dye (Fluo-3-AM) on HEK293 cells expressing human receptors (26) 

*(Geometric Mean[-SD=2.4, +SD=5.1])(35) 
c. Measured with 10M PNU-120596 in aCSF 
d. Measured with potential-sensitive dye against human receptors. *(3α2β) (36)  
e. Measured with potential-sensitive dye and 3M PNU-120596.† 

 †To be published Kuryatov A, Mukherjee J, and Lindstrom J 
f. Each n is calculated as an EC50 value from an individual concentration-response curve. 
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2.3.3.3 α7/5-HT3A Chimaeric Receptor CNiFER 
The chimaeric α7/5-HT3A receptor does not exhibit the rapid desensitization rate 

seen with the wildtype (wt) α7-nAChR and thus neither requires PNU-120596, nor would 

PNU-120596 be effective (34), for achieving sufficient fluorescence signals within the 

time frame of the assay.  In the presence of PNU-120596, agonists tend to have 

approximately a 10-fold higher affinity for the α7-nAChR (Table 2-4).  The EC50 value for 

(±)-epibatidine measured in the presence of PNU-120596 for α7-nAChR CNiFERs was 

28±16nM, whereas the EC50 value measured without PNU-120596 on α7/5-HT3A 

CNiFERs was 250±50nM.  In this case the chimaeric α7/5-HT3A receptor can possibly 

yield measurements of potency closest to the actual channel opening event of the 

compound for the wt α7-nAChR.  This difference may reflect affinity differences between 

the activatable and desensitized state of the receptor originally shown in the muscle 

nAChR (37).  Concentration-response curves generated with (±)-epibatidine on α7/5-

HT3A CNiFERs were blocked with MLA (3, 10, 30nM) to characterize MLA antagonism.  

The resulting shifts were similar to those seen with the α7-nAChR CNiFERs (Figure 2-

8A).  The decrease in the maximum responses in the presence of MLA (Figure 2-8A) 

was also seen on several occasions with the α7-nAChR CNiFERs.  This suggests a non-

competitive component of antagonism, or that the half time of 2.3min for dissociation of 

MLA is too slow to allow for complete dissociation from the receptor in the timeframe of 

our measurements (38).  Schild analysis showed a slope of 21.8±0.2, which indicates 

that MLA is not solely a competitive antagonist at the α7/5-HT3A CNiFERs (Figure 2-8B).  

However, the major competitive component yielded a Ka of 2.5±0.1nM, a value very 

close to that measured on the α7-nAChR CNiFERs (Table 2-5).  The similarity of the 

antagonist affinities shows that using a PAM only affects agonist constants and 

employing the null method for determining Ka values negates the effect of PAMs.  The 
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similarity of these values for occupation by the antagonist validates the use of these 

chimaeric α7/5-HT3A CNiFERs for characterizing ligands for the α7-nAChR without the 

need to use a PAM.  Antagonist binding is more apt to be characterized by a single 

binding state as shown with the muscle nAChRs (39). 

2.3.3.4 α4β2-nAChR CNiFERs 
To characterize the α4β2-nAChR CNiFERs, concentration-response relationship 

data were generated with various concentrations of (±)-epibatidine in the absence and 

presence of a known competitive antagonist, dihydro-beta-erythroidine (DHβE) (0.3, 1, 

3μM).  The resulting concentration-response curves showed a parallel shift with little 

decrease in the maximum revealing competitive antagonism (Figure 2-9A).  Schild 

analysis confirmed DHβE acts competitively with a slope of 20.9±0.1 and measured a Ka 

value of 136±54nM (Figure 2-9B, Table 2-5). 

2.3.3.5 5-HT3A Serotonin CNiFERs 
The 5-HT3A receptor was generated from a single transfected subunit to form a 

homomeric pentamer.  Concentration-response curves show serotonin to be an agonist, 

as expected, with an EC50 of 349±78nM (n =16).  A near competitive block is achieved 

with ondansetron as an antagonist (Figure 2-10, Table 2-5).  Other setrons, such as 

tropisetron and granisetron appear to show a greater noncompetitive component (data 

not shown), but this observation may result from slow dissociation of the antagonist 

during the agonist exposure interval, as previously mentioned with MLA on the α7-

nAChR. 
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Table 2-5: Comparison of Antagonist Ka from CNiFERs to non-CNiFERs detection.f 
LGIC-

CNiFER 
Antagonist CNiFER Ka, nM Slope IC50, nM 

7-nAChR MLA 3.2 + 1.4a (n=6) -1.2+ 0.3 2.9 ± 1.2c 

7/5-HT3A MLA 2.5 + 0.1 b (n=2) -1.8+ 0.2 36 ± 13d 

42-nAChR DHE 136 + 54 b (n=5) -0.9 + 0.1 88 ± 24c*, 85(Kb)
d* 

5-HT3A Ondansetron 1.6 + 0.9 b (n=7) -1.3 + 0.04 16.0±5.7(Ki)
e 

a. Measured with 10M PNU-120596 in aCSF 
b. Measured in aCSF 
c. Measured with potential-sensitive dye  (to be published Kuryatov A, Mukherjee J, 

and Lindstrom J).*(2α3β) (40) 
d. Measured with Ca2+ dye (Fluo-3-AM) on HEK293 cells expressing human 

receptors (26) *(Geometric Mean [-SD=66, +SD=109])(35) 
e. Measured competition against [3H]-ICs-205-930 in mouse neuroblastoma-glioma 

cells (NG-108-15) (5-HT3AB)(41, 42) 
f. Each n is calculated from a Schild regression plot. 
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Figure 2-8: α7/5-HT3A CNiFER: Methyllycaconitine antagonism. 
A.)  Competitive blockade of (±)-epibatidine elicited responses on α7/5-HT3A CNiFERs 
by MLA.  The EC50 values for each curve shifted from 86nM to 230nM, 900nM, and 
8.3μM for 3nM, 10nM, 30nM MLA respectively.  B.)  Schild plot of concentration 
dependent shifts.  A slope of 21.8±0.2 shows MLA to block competitively but with a 
percentage of receptors still occupied, attributing to a slight non-competitive component 
that may be an artifactual result of slow dissociation. 
  

.) .) 
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Figure 2-9: α4β2-nAChR CNiFER: DHβE antagonism. 
A.)  Competitive blockade of (±)-epibatidine elicited responses on α4β2-nAChR 
CNiFERs by DHβE.  The EC50 values for each curve shifted from 8.9nM to 42nM, 
130nM, and 270nM for 300nM, 1μM, 3μM DHβE respectively.  B.)  Schild plot of 
concentration dependent shifts.  A slope of 20.9±0.1 confirmed DHβE to block 
competitively.  
  

.) .) 
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Figure 2-10: 5-HT3A CNiFER: Ondansetron antagonism. 
A.)  Competitive blockade of 5-HT elicited responses on 5-HT3A CNiFERs by 
ondansetron.  The steep Hill coefficient of 2.6 shows the more cooperative nature of the 
5-HT3A receptor.  The EC50 values for each curve shifted from 220nM to 1.6μM, 2.6μM, 
and 4.5μM for 5nM, 10nM, 15nM ondansetron respectively.  B.)  Schild plot of 
concentration dependent shifts.  A slope of -1.3±0.04 confirmed ondansetron to block 
competitively. 
  

.) .) 
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2.3.4 Concluding Analysis 

CNiFER detection of agonist responses and blockade of the responses by 

antagonists, originally shown for a GPCR, muscarinic M1 receptor, are equally 

applicable to calcium permeable ligand-gated ion channels, as shown here for subunits 

of the Cys-loop receptor family.  The chief advantages stem from the versatility of the 

system enabling one to measure responses to a variety of receptors in the same family 

by multi-array analysis.  By developing the assay in a clonal cell line in which stable lines 

were first generated from the receptor subtype followed by plasmid transfection, or 

transduction with a viral vector containing the recombinant DNA encoded sensor, one 

can robustly generate previously established receptor subtype clones containing the 

FRET based sensor.  These sensor clones may be used for either a robust medium-

throughput assay or for in vivo implantation to determine neurotransmitter release (3).  

The Molecular Devices FlexStation III instrument allows for multiple well samples in a 96 

well plate to be assayed over 30min plate intervals.  This method could be scaled for use 

with higher throughput assaying via the FLIPR, or even for integration with high content 

screening platforms.  Comparison of LGIC CNiFERs to their non-CNiFER counterparts 

shows similar ligand affinities and demonstrates that the TN-XXL sensor does not affect 

LGIC dissociation constants (Table 2-5).  Our demonstration of (±)-epibatidine and 5-HT-

elicited responses with predicted concentration ratio shifts from well known competitive 

antagonists provides a characterized cell system to distinguish defined receptor 

responses from indirect actions.  We establish the utility of the CNiFER sensor for 

characterizing agonist and antagonist parameters for new ligand candidates on LGIC 

nicotinic and serotonin systems.  A chief limitation is the slow read time between 

measurements and the sensitivity of the sensor, resulting in difficulty with fast 

desensitizing receptor systems; yet with the judicious use of agents that maintain an 
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active state and retard desensitization, this obstacle may be overcome and a suitable 

rank ordering of potency determined for agonists and antagonists.  Distortions that might 

be achieved with more prolonged measurements of maximal depolarization can be 

minimized through monitoring the initial rate of depolarization.  The slow off-rate 

antagonists that reduce signal and reveal an artifactual non-competitive component to 

antagonism exhibit another limitation from the reported on assay.  By analyzing only the 

competitive aspect of the compound, one can effectively estimate Ka values.  Therefore 

the use of LGIC CNiFERs in the development of therapeutics for CNS disorders is 

robust and cost-effective. 

 

2.3.5 Methods 

2.3.5.1 Generation of Stable Ca2+ Sensing nAChR Cell Lines 
Individual HEKtsA201human α4β2 nicotinic receptor stable cell lines were 

generated as previously described (36).  Briefly human cDNA clones encoding α4 

(pcDNA3.1/Zeo(-)) and β2 (pRc/CMV) nAChR subunits were transfected in equal 

amounts into HEKtsA201 cells using the FuGene6 transfection agent (Roche 

Diagnostics, Indianapolis, IN).  Zeocin (0.5 mg/ml) was used for selection of α4 

expression, and G418 (0.6 mg/ml; both from Invitrogen, Carlsbad, CA) was used for β2 

selection to produce a stable, clonal cell line.  Selection of the HEKtsA201 human α7-

Ric3 nicotinic receptor stable cell lines and their pharmacological properties has been 

reported by Kuryatov, Mukherjee, and Lindstrom.  The basic approach to preparing the 

line was similar to that used for the α4β2-nAChR cell line and its functional properties 

were similarly assayed using a potential-sensitive indicator after treatment with chemical 

chaperones to upregulate the amount of AChR.  The stable clones were used to 
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generate individual nAChR CNiFERs.  The TN-XXL control CNiFERs (lacking over-

expressed receptors) (3, 24), and mouse 5-HT3A CNiFERs were developed as described 

in (3).  TN-XXL gene expression was introduced into each of the α7-Ric3 and α4β2 cells 

via lentiviral transduction as described (3) and fluorescence activated cell sorted (FACS) 

for high levels of eCFP and Citrine cp174 fluorescence.  Chimaeric receptor DNA of 

human α7(1-202)/mouse 5-HT3A was kindly provided by Dr. Steven Sine (Mayo Clinic, 

Rochester, MN).  The α7/5-HT3A chimaeric CNiFER was generated by calcium 

phosphate transfection of TN-XXL control cells with an α7/5-HT3A gene subcloned into 

pcDNA3.1+ containing 5-HT3A conductance-enhancing mutations of R432Q, R436D, and 

R440A (43).  Stable selection was achieved using G418 (0.5 mg/ml) to yield a TN-XXL 

control cell, as described in (3), containing over-expressed α7/5-HT3A receptors, which 

were then selected by FACS as noted above. 

2.3.5.2 Flex Assay on Receptors 
Cells were cultured in 10cm plates with DMEM (Mediatech, Manassas, VA) 

supplemented with 10% FBS (Gemini Bio-Products, West Sacramento, CA; Atlanta 

Biologicals, Lawrenceville, GA) and 1% Glutamine (Invitrogen), and incubated at 37°C 

with 10% CO2.  Cells were selected at ~70% confluency and plated the day before using 

100μl volumes per well into black, transparent flat-bottom, TC treated 96-well plates 

(Thermo, Waltham, MA; E&K, Greiner Campbell, CA).  Plates were removed from the 

incubator the next day and the media was replaced with 100μl of artificial cerebral spinal 

fluid (aCSF) [containing 121mM NaCl, 2.4mM Ca2+, 1.3mM Mg2+, 5mM KCl, 26mM 

NaHCO3, 1.2mM Na2HPO4, 10mM glucose, 5mM Hepes Na+, pH 7.4].  For all assays 

performed on α7-nAChR CNiFERs 10μM of the PAM, PNU-120596 (Tocris, Ellisville, 

MO), was prepared in aCSF.  In the case of antagonist measurements, antagonists, at 

1.5 times the final desired concentration, were prepared in aCSF.  For non-CNiFER cell 
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lines, Blue Membrane Potential dye (Molecular Devices, Sunnyvale, CA) was prepared 

in aCSF and diluted 2 fold the recommended dilution.  Plates were incubated for at least 

30min at 37°C and 10% CO2 for any assay that included antagonist, dye, or PAM 

modification to the aCSF.  Following incubation, plates were removed and placed into 

the Molecular Devices FlexStation III instrument and run at 37°C.  Injection rates varied 

between 27–48μl/sec, and 50μl of the specified agonist prepared at 3x final 

concentration in the aforementioned aCSF solution was injected after 30sec of baseline 

measurement.  Reads of both donor eCFP (485nm) and acceptor Citrine cp174 (527nm) 

emission with eCFP excitation (436nm) were made at 3.84sec intervals as shown in 

Figure 2-6A, or for non-CNiFER experiments with blue membrane dye, 565nm was read 

with an excitation of 530nm, for 90–120sec depending on the experiment.  FRET ratios 

of the two wavelengths were plotted as shown in Figure 2-6B, and the peak height or 

initial rate of ion flux for the well was used to determine EC50 values for the injected 

agonist, acquired using SoftMax Pro 5.2 (Molecular Devices).  All wells were replicated 

(two or three times) in the same plate.  Mean peak FRET ratios calculated from 

replicates were exported and plotted against agonist concentrations using Graphpad 

Prism 4 (Carlsbad, CA).  A sigmoidal concentration-response (variable slope) regression 

of the mean peak FRET ratios was fit to generate a concentration-response curve and 

obtain an EC50 value. 

To measure potencies of competitive antagonists, three concentration-response 

curves with different antagonist concentrations were compared to a control curve 

(without antagonist).  Mean FRET responses generated concentration response curves, 

and antagonist dependent shifts in EC50 values were used to calculate dose ratios (DR), 

as a concentration ratio of EC50’/EC50 for the specified agonist (where EC50’ is in the 

presence of the antagonist at the specified concentration).  DRs were used to produce a 
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Schild regression plot for analysis of competitive antagonism and generate a Ka value.  

Analysis consisted of potting Log (DR-1) against -Log [Antagonist].  The Schild Ka value 

for competitive antagonists was calculated from the x-intercept at y = 0, as the –Log (Ka) 

(44, 45).  All errors reported are arithmetic standard deviations unless otherwise noted. 
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2.4 Chimeric Receptors 

Since the α7/5-HT3A chimera already exists (25), it would be of interest to have a 

functional AChBP/5-HT3A chimeric receptor (46), for functional testing of the AChBP to 

determine agonist and antagonist behavior of compounds which bind the AChBP.  This 

way one could compare the conversion of a mutated AChBP in both functional and 

binding assays.  Such a receptor was created in both the Sine (46) and Grutter labs (47).  

Having developed assays for functional testing of full-length receptors, we set about to 
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reproduce a functional response from the chimeric receptors obtained from these two 

labs.   

 

2.4.1 Results 

In order to create stable cell-lines from the cDNA, the vector was changed to 

pFLAG-CMV3 to provide for neomycin resistance.  Dr. Sine sent two constructs which 

he thought were the constructs labeled as C3 and C3L in the published manuscript (46).  

These constructs were labeled 130 and 136.  The sequences of Dr. Sine’s constructs did 

not match those reported in his manuscript as seen in Figure 2-11, thus the full construct 

was sequenced to have a proper identification of every residue (Figure 2-12). 

Dr. Grutter sent two constructs both meant to match the C3 construct of Dr. Sine 

but engineered with the C-terminal portion of either mouse or rat 5-HT3A.  In order to 

swap the constructs into the proper vector an additional XbaI restriction endonuclease 

site needed to be removed from Dr. Grutter’s cDNAs.  Dr. Grutter sent sequences of his 

cDNA and CMV-F sequencing showed proper insertion to the vector and matched the N-

terminal portion of his sequence (Figure 2-11), thus full sequencing was not completed 

(Figure 2-12).  The 5-HT3A portions of the cDNAs differed between the constructs in that 

Dr. Sine included mutations to the rat 5-HT3A that enhanced conductance of the receptor 

(43). 
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Figure 2-11: Sequence alignment of extracellular domain of provided cDNAs. 
Ls-WT is sequence of Ls-AChBP produced by our laboratory.  Ls-C3 and Ls-C3L are the 
published sequences from (46), while Sine-130 and Sine 136 are the actual sequences, 
respectively, of the cDNA received and placed into pFLAG-CMV3.  5-HT3a-Mouse and 
5-HT3a-Rat are the sequences for the respective 5-HT3A receptors.  Ls-AChBP/Mouse 
5HT3A and Ls-AChBP/Rat 5HT3A are the theoretical sequences provided by Dr. 
Grutter, while Grutter-Mouse and Grutter-Rat are the actual sequences of cDNA 
provided and spliced into pFLAG-CMV3. 
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Figure 2-12: Sequence alignment of transmembrane and C-terminal portion of 
provided cDNAs. 
Sine-130 and Sine 136 are the actual sequences of the cDNA received and placed into 
pFLAG-CMV3 from Dr. Sine.  5-HT3a-Mouse and 5-HT3a-Rat are the sequences for the 
respective 5-HT3A receptors.  Ls-AChBP/Mouse 5HT3A and Ls-AChBP/Rat 5HT3A are 
the theoretical sequences provided by Dr. Grutter, while Grutter-Mouse and Grutter-Rat 
are the actual sequences of cDNA provided and spliced into pFLAG-CMV3. 
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The cDNAs, now in pFLAG-CMV3 were transfected into both HEK293 cells and 

HEK293 cells containing the TN-XXL plasmid to produce chimeric CNiFER cell-lines.  

Transient transfected cell-lines and later stably selected cell-lines were tested using 

varying concentrations of both (-)-Nic and Epi.  Neither cell-line elicited a response that 

was greater than the response elicited by an injection of buffer using both the CNiFER 

and the membrane potential dye protocol. 

To ensure that the transfections themselves were successful fluorescent imaging 

was chosen using Alexa-Fluor 647 conjugated α-Btx (purchased from Molecular 

Probes).  Controls of HEK293 cells showed no expression while all four cell-lines (Sine-

130, Sine-136, Grutter-Mouse, Grutter-Rat) showed cells bound with the labeled α-Btx 

Figure 2-13.  These results verified what was reported in (47).  Subsequent experiments 

were not performed as a result of these findings. 
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Figure 2-13: Fluorescent imaging of chimeric cell-lines. 
Top images are brightfield images of cells, while bottom images have Cy5 filter enabled.  
Arrows indicate most prominent examples of bound Alexa-Fluor α-Btx.  A.) Sine-130, B.) 
Sine-136, C.) Grutter-Mouse, D.) Grutter-Rat (although cells were over confluent it was 
still quite evident that receptor expression was present).  
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CHAPTER 3: 
Creation of a soluble α7-nAChR-ECD 

3.1 Summary 

A soluble version of the human α7-nAChR extracellular domain (hα7-nAChR-

ECD) is highly desirable for crystallography and functional studies in the absence of 

cells.  In order to create this soluble version, two principal strategies exist.  The first 

strategy would be to start with the hα7-nAChR and attempt to express and solubilize the 

hα7-nAChR-ECD, whereas the second strategy would be to convert an existing soluble 

homologue towards the sequence of the hα7-nAChR-ECD.  This chapter focuses upon 

the first of the two strategies. 

To generate the hα7-nAChR-ECD, it is necessary to either proteolyze the full-

length receptor or insert a termination codon into the sequence and attempt to express 

the truncated variant.  Expression strategies include the choice of the expression vector, 

the affinity purification tag, and the tag location (N or C terminal).  The choice of where to 

truncate the ECD, as well as minimal mutations within the hα7-nAChR-ECD, such as 

removing the extra cysteine residue, or more modifying the hydrophobic regions such as 

the familial defining Cys-loop are additional expression strategies. 
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3.2 α7-nAChR extracellular domain mutations. 

Several studies have attempted to express, in robust quantities, the alpha-7 

nAChR extracellular domains (1-3) or variants (4-6), yet none have resulted in crystal 

structures.  One issue in the solubility of the ECD is that the transmembrane domain 

interface of the ECD is strongly hydrophobic, and thus conversion to a more hydrophilic 

surface would be beneficial for solubility.  Since previous researchers in our laboratory 

had also attempted to express a soluble version of hα7-nAChR, I decided to reconfirm 

some of their failed attempts as well as try a few new variations that were not yet 

evaluated.  One of such variations included the conversion of the Cys-loop to a more 

hydrophilic surface of the Ac-AChBP rather than Ls-AChBP as this had not been 

attempted yet. 

Another issue in making a soluble hα7-nAChR-ECD is whether or not in the 

absence of the transmembrane domain the individual subunits of the pentamer would 

associate.  This hypothesis is corroborated by the observance of single subunit 

expression in various alpha subunits (7, 8).  Stronger association could be achieved by 

the introduction of inter-subunit salt-bridges or disulfide bonds. 

 

3.2.1 hα7-nAChR-ECD. 

Previous unpublished work in our laboratory included an attempt to solublize the 

extracellular region of the α7-nAChR.  Some attempts incorporated a site for proteolysis 

of the full-length receptor, whereas others included expressing a truncated variant of the 

ECD and replacing regions of the α7-nAChR sequence with those from Ls-AChBP.  One 

specific region tested was the Cys-loop between the Cys127 and Cys140, whereas other 

attempts included substituting the first α-helix of α7-nAChR for that of Ls-AChBP, 
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converting C117V to match the AChBPs, and replacing all conserved residues between 

the AChBPs (Ls, Ac, Bt) into the hα7-nAChR-ECD.  Varying the location of the tag and 

type of tag was also attempted.  In order to verify some of the expression techniques, 

some clones were retested, and a few newer permutations of the old attempts were 

constructed.  The clones were all transfected in HEK293 Gnt1- cells and expression was 

tested via 3H-Epi as well as 3H-Btx radioligand binding.  The clones were also tested via 

western blot.  The new mutation sequences used Ac-AChBP instead of Ls-AChBP 

sequences as these had never before been attempted.  The list of mutation sequences 

created is shown in Figure 3-1, and a graphical representation of the regions mutated is 

shown in Figure 3-2.  The results of the expression studies are listed in Table 3-1. 

The mutation sequences included an extended swap of the primary α-helix.  The 

extent of mutation at the N-terminal region from the hα7-nAChR-ECD to the Ac-AChBP 

sequence was significantly extended than previously attempted, and was done until the 

conserved P27LTV sequence.  The incorporation of this sequence changes the residue 

numbering by one (-1) as the Ac-AChBP alpha-helix sequence differs in length from the 

hα7-nAChR sequence by one less.  The mutation sequence also incorporated a change 

of charge in the mutation D24K (new numbering), the change of charge and length of the 

lysine residue could potentially interfere in folding and the ligand binding domain as 

visualized by Figure 3-3, especially since the β9-10linker has a P191K mutation in hα7-

nAChR next to the conserved Glu192 displayed in hydrogen bonding with Lys24.  To 

correct for this mutation two variations were attempted.  One mutation removed the 

lysine residue: K24A; whereas the other was meant to neutralize the change by 

reversing the mutation. 

Previous lab members had truncated the ECD at residue C218* to remove the C-

terminal part of the protein.  In an attempt to remove some of the residual C-terminal 
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sequence the ECD was truncated at a significantly shorter location of L208*.  The 

previously mentioned mutations, along with C117A, were combined systematically for a 

total of 12 mutation sequences (Figure 3-1).  With the exception of a mutation sequence 

containing a C-terminal FLAG tag and the Cys-loop of Ls-AChBP, which was performed 

to replicate the results of a previous lab member, all mutation sequences were in an 

expression vectors that contained an N-terminal FLAG tag.  With no mutation sequence 

producing positive results, no further efforts were attempted. 
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Figure 3-1: hα7-nAChR-ECD mutation sequence alignment.  
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Figure 3-2: Structural mapping of hα7-nAChR-ECD mutations. 
Single subunit view from outside the pore (left) and from within the pore (right) of the 
AChBP pentamer of Ac-AChBP (modified from PDB ID: 2BYR).  In yellow is the alpha-
helix mutation, with the N-terminal FLAG and conserved residue backbone of P27LTV in 
white (altered Ac-AChBP numbering).  Lys24 is shown in stick representation.  Orange 
section is the Cys-loop mutation, and magenta represents the free cysteine (C117A).  
Residues involved in the ligand binding domain are shown in line representation. 
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Table 3-1: Expression results of hα7-nAChR-ECD mutation sequences. 
The original mutation sequence used was hα7-nAChR truncated at Cys117.  The name of 
the mutation sequence is in brackets [], whereas the sequence of mutations incorporated 
is listed before the name.  Most mutation sequences were built from simpler mutation 
sequences, thus the name of the starting mutation sequence from which it was created 
is included in the list of incorporated mutations to simplify the table.  None of these 
mutation sequences showed expression. 
 

hα7-nAChR ECD (C118*) Mutation 
Sequences Expression Results 

L208*-[Trunc] No 

Ac(C127-C140)-[Cys] No 

Cys+C117A-[C117A] No 

Cys-L208*-[CysTrunc] No 

CysTrunc+C117A-[C117ATrunc] No 

Cys+Ac(1-P27)-[AcKa7] No 

AcKa7+K24A-[AcAa7] No 

AcKa7+K24Q-[AcNa7] No 

AcKa7+L208*-[AcKa7Trunc] No 

AcKa7+C117A-[AcKa7C117A] No 

AcKa7C117A+L208*-[AcKa7all] No 

AcAa7C117A+L208*-[AcAa7all] No 

hα7-nAChR ED C-FLAG No 

hα7-nAChR ED Ls-Cys C-FLAG No 
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Figure 3-3: Lys24 representation. 
Residues within 6Å of Lys24 shown in stick representation are displayed in line 
representation from the structure of Ac-AChBP in complex with Epibatidine (PDB ID: 
2BYQ).  In Ac-AChBP Lys24 hydrogen bonds with Glu192 (new numbering). 
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3.2.2 Inter-subunit disulfide bonds. 

It is hypothesized that subunit interactions in hα7-nAChR-ECD are too weak to 

form a stable pentameric quaternary structure when expressed without the hα7-nAChR 

transmembrane and cytoplasmic region.  Initially it was hypothesized that creating 

stronger interactions via inter-subunit salt bridges could strengthen subunit interface 

interactions enough to form a pentamer.  Ultimately, two proposed inter-subunit disulfide 

bonds replaced the initial salt bridge conception. 

Since Ls-AChBP resembles the apical portion of the hα7-nAChR-ECD more 

closely in sequence identity than Ac-AChBP, its crystal structure was chosen to model 

the hα7-nAChR-ECD in that region (Figure 3-4C), whereas Ac-AChBP was chosen as 

the model template for the basal region of the hα7-nAChR-ECD (Figure 3-4D).  The 

homology model created is shown in Figure 3-4, specifically focusing on the subunit 

interface across the apical and basal portions (Figure 3-4A and B).  Figure 4-1B’s 

representation of the β-sheet fold may aid in referencing the locations shown in Figure 3-

4 relative to the subunit. 

The uncertainty of the location and distances between residues in hα7-nAChR-

ECD produced a number of potential mutation sequences that could create a theoretical 

inter-subunit disulfide bond.  As it was unclear which residues would be in the closest 

contact across the subunit interface, two variants were chosen for the apical portion and 

three variants were ultimately chosen for the basal portion.  These bonding pairs were 

K5C/E18C or K8C/L17C for the apical portion, and N46C/E172C, Q47C/E172C, or 

Y128C/N170C for the basal portion (hα7-nAChR-ECD numbering).  The six possible 

variations of mutation sequence are shown in Figure 3-5.  The tag was kept constant as 

an N-terminal FLAG and further studies to alter the expression tag were not attempted.  

Since these mutations should not alter the binding site, only a radioligand quick screen 
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was performed to test for expression using both 3H-Epi and 3H-Btx as the ligand source.  

Neither test showed expression for any of the constructs.  To verify the strategy, two 

constructs were created to mimic the proposed locations of the disulfide bonds across 

the subunit interface of hα7-nAChR in the soluble Ac-AChBP, shown in Figure 3-4 with 

sequences in Figure 3-6.  Once again, neither of the mutation sequences showed 

expression via the radioligand quick screen assay.   

In hindsight, introducing a single cysteine can be difficult as shown by (9-12), and 

introducing two cysteines that are meant to remain reduced is severely unlikely.  The 

lack of expression of the proof-of-concept experiment with Ac-AChBP demonstrates the 

difficulty in introducing free cysteines into a protein.  The initial strategy of inter-subunit 

salt bridges was never attempted, due to the relative difficulty in predicting the precise 

location of residues in a three dimensional setting through an accurate homology model, 

although it may have been more likely to succeed. 
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Figure 3-4: Crystal structure and homology model images of proposed disulfide 
bridge locations. 
A.) Apical, B.) Basal portion of a homology model of the chick α7-nAChR-ECD with the 
residues to mutate highlighted in yellow and the assumed distances between the Cα 
carbons of those residues (PDB ID: 1OL3) (13).  C.) Crystal structure (PDB ID:1I9B) of 
apo (bound with Hepes) Ls-AChBP (14).  D.) Crystal structure (PDB ID: 2BYN) of apo 
(bound with Peg) Ac-AChBP (15) showing the sequence aligned residues from hα7-
nAChR to be mutated in yellow and their actual distances measured between Cα 
carbons. 
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Figure 3-5: Sequence alignment of hα7-nAChR disulfide bridge mutation 
sequences. 
The six mutation sequences created combined the variations of two possible apical 
disulfide bridges (K5C/E18C [ds1-3] or K8C/L17C [ds4-6]) with three possible basal 
disulfide bridges (N46C/E172C [ds1,4], Q47C/E172C [ds2,5], or Y128C/N170C [ds3,6]).
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Figure 3-6: Sequence alignment of Ac-AChBP disulfide bridge mutation 
sequences. 
The two mutation sequences created combined the variations the apical disulfide 
bridges (M7C/M19C) with two possible basal disulfide bridges (D128C/S171C [dsA] or 
N48C/K173C [dsB]).  
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CHAPTER 4: 
Creating an α7 nicotinic acetylcholine recognition 

domain from the acetylcholine binding protein: 
crystallographic and ligand selectivity analyses. 
The second more novel strategy is to slowly and strategically mutate a soluble 

homologue such as the AChBP towards the hα7-nAChR-ECD.  This strategy, conceived 

by the dissertation author, yields many possibilities for the direction of mutation towards 

the end goal of the most complete template.  In order to produce the best results only 

robustly expressing AChBPs were chosen as the starting template, thus excluding Bt-

AChBP.  Since the focus of the research group is therapeutic drug discovery, the 

mutagenesis scheme became the core ligand binding domain.  The results pertinent to 

the focus of the mutagenesis scheme are described in Section 4.1.  A year into the study 

the dissertation author discovered that a former collaborator and student of Dr. Palmer 

Taylor, Dr. Steven M. Sine at the Mayo Clinic, had for four years already been using the 

latter mentioned strategy.  To speak to the many possibilities for direction or mutational 

choices, their research group’s less thorough strategy was using only Ls-AChBP in a 

yeast expression system and randomly mutating large regions of the protein in hopes to 

arrive at an expressing template.  Their strategy, in press in Nature Neuroscience, 

yielded a greater sequence identity but one lacking several key residues in the ligand 

binding domain, thus not necessarily creating a viable template for drug discovery.  

Unfortunately their study had no characterization of the created construct besides a 

crystallographic study and thus without a test for functional conversion a comparison 

cannot be made to the exhaustive characterization of the core mutations made in this 

study. 
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4.1 Creating an α7-nicotinic acetylcholine recognition domain 

from the acetylcholine binding protein: crystallographic 

and ligand selectivity analyses. 

4.1.1 Summary 

Determining the structure of the ligand binding domain of the nicotinic 

acetylcholine receptor (nAChR) has been a long standing goal in the design of selective 

drugs useful in implicated diseases for this prevalent receptor family.  Acetylcholine 

binding proteins have proven to be useful surrogates with structural similarity and 

sequence identity to the extracellular domain of the nicotinic receptor.  Yet these soluble 

proteins have their unique features and do not serve as exact replicates of the nAChRs 

of interest.  Here we systematically modify the sequence of these proteins towards the 

homomeric human alpha-7 nAChR.  These chimeric proteins exhibit a shift in affinities to 

reflect alpha-7 binding characteristics, yet maintain expression levels and stability 

conducive for crystallization.  We also present a pentameric humanoid nAChR 

extracellular domain with the structural determination of the alpha-7 nAChR 

glycosylation site.  

 

4.1.2 Introduction 

The pentameric Cys-loop ligand-gated ion channels are a dominant functioning 

target for rapid control of tissue excitability by neurotransmitters.  Within this large family, 

nicotinic receptors have received the greatest attention in structural characterization and 

in definition of the ligand binding site (1-3).  Structural determination of the extracellular 

domain of a human alpha-7 nicotinic acetylcholine receptor (nAChR) provides a potential 

framework for structure-guided drug design for disorders in which the nicotinic receptor 
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family has been implicated (1, 2).  Using mutagenesis and affinity labeling, non-

neighboring residues in the primary sequence of the protein were identified as important 

in ligand binding (4-8).  Several studies have shown expression of alpha-7 nAChR 

extracellular domains (9-11) or variants (12-14), yet none have resulted in crystal 

structures.  Studies involving the Lymnaea stagnalis (Ls) and Aplysia californica (Ac) 

acetylcholine binding proteins (AChBP) have yielded many structural analyses of the 

binding site for these mollusk homologues (15-21).  Recently determined structures of 

multiple ligand complexes with the Ac-AChBP (18, 19), along with binding and 

mutagenesis studies have begun to define the structural determinants of ligand 

specificity (4, 8). Here we develop a systematic study converting the Ls and Ac nAChR 

extracellular domain homologues specifically in the ligand binding region towards the 

human alpha-7 nAChR (hα7-nAChR), producing a humanized template that maintains a 

robust stability found with the AChBPs. 

 
4.1.3 Experimental Procedures 

4.1.3.1 Cell culture and protein expression 
HEKtsA201, HEK293 and HEK293S-GnT1- cells (22) are maintained in 

Dulbecco's Modified Eagle’s Medium (Mediatech) with 10% fetal bovine serum (Gemini 

Bio-Products; Atlanta Biologicals), 1% d-glutamine (Invitrogen) at 37°C and 10% CO2.  

After verification by sequencing, cDNAs were transfected via calcium phosphate by 

mixing (listed at final concentrations) 1x HEPES buffer, 125mM CaCl2, and 20ng of 

cDNA.  Negative controls contained sterile H2O instead of cDNA, while positive controls 

were either Ls-WT, Ac-WT, or Ac-Y55W cDNA.  Solutions were left to sit for 45+ minutes 

then added onto a monolayer of cells.  Cells were then incubated for two days before 

expression of soluble protein was tested. 
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Stable cell-lines were generated using G418 (0.5mg/ml from Invitrogen) selection 

in HEK293S-GnT1- cells.  Cells in multilayer flasks were maintained in media with 2% 

fetal bovine serum.  Protein expressed, using stable cell-lines, in media preserved with 

0.02% NaN3 was purified on an affinity column using anti-FLAG agarose beads (Sigma).  

Saturation of the column was checked using the scintillation proximity assay (SPA) quick 

screen described.  Protein concentrations were determined via Bradford assay.  The 

resolution quality of purification was checked via FPLC by running 10 μg of protein in 

filtered 50mM Tris-HCl pH 7.5, 140mM NaCl, and 0.02% NaN3 over a Superose 6 

10/300 GL column.  Purifications showing peaks indicative of pentameric AChBP on the 

FPLC were used in further characterizations. 

Generation of hα7-nAChR CNiFER cell lines in HEKtsA201 was performed as 

previously described (23). In brief, TN-XXL gene (24) expression was introduced into 

HEKtsA201 hα7-nAChR stable cells via lentiviral transduction (25) and fluorescence 

activated cell sorted for high levels of eCFP and Citrine cp174 fluorescence.   

4.1.3.2 Flex-Assay 
Fluorescence detection of receptor activation was performed as previously 

described (23).  In brief, cells plated a day prior to the assay had the media replaced 

with 100µl of artificial cerebral spinal fluid (aCSF) containing 10μM of the positive 

allosteric modulator (PAM) PNU-120596 (26), from Tocris, or antagonists at 1.5 times 

the final desired concentration in aCSF and PAM. Plates were incubated for at least 

30min at 37°C and 10% CO2, and run at 37°C on a Molecular Devices FlexStation III.  

Injection rates varied between 27-48μl/s, and 50µl of (±)-epibatidine at 3x final 

concentration was injected after 30sec of baseline measurement.  Reads of both donor 

eCFP (485nm) and acceptor Citrine cp174 (527nm) emission with eCFP excitation 

(436nm) were made at 3.84sec intervals.  All wells were replicated (two or three times) 
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in the same plate.  Mean peak FRET ratios calculated from replicates, using SoftMax 

Pro 5.4 (Molecular Devices) were exported and plotted against agonist concentrations 

using GraphPad Prism 4.  Net charge analysis (27) was not used since the PAM 

minimizes desensitization and responses do not necessarily return to baseline within the 

time-frame of our experiments.  A sigmoidal concentration-response (variable slope) 

regression of the mean peak FRET ratios was fit to generate a concentration-response 

curve and obtain an EC50 value.   

To measure potencies of competitive antagonists, three concentration-response 

curves with different antagonist concentrations were compared to a control curve 

(without antagonist).  Mean FRET responses were used to generate concentration-

response curves, and antagonist dependent shifts in EC50 values were used to calculate 

dose ratios (DR), as a concentration ratio of EC50'/EC50 for the specified agonist (where 

EC50' is in the presence of the antagonist at the specified concentration).  Ki values were 

calculated from the DR with Ki = [Antagonist] / (DR-1) (28, 29). The average Ki 

generated from multiple antagonist concentrations per plate constituted an n of one.  All 

errors reported are arithmetic standard deviations unless otherwise noted. 

4.1.3.3 Scintillation Proximity Assay (SPA) 
Quick screen binding assays were performed using 100µl of 0.2mg/ml anti-

mouse SPA Antibody-Binding Beads (Amersham Biosciences) mixed with 33.6μg 

monoclonal anti-FLAG M2 antibody from mouse (Sigma) in 0.1M NaPO4 buffer, pH 7.0 

(SPA cocktail).  Media (5µl), collected two days after transfection, was added to the 

cocktail and finally 10µl of (±)-[3H]epibatidine (Perkin Elmer) was added at a final 

concentration of 10nM.  Solutions were each counted for one minute on either a 

Beckman LS 6500 liquid scintillation counter or Wallac 1450 Microbeta Trilux.  Negative 

and positive controls consisted of media (5µl) from the respective transfections.  Non-
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expressing mutants were transfected and verified de novo in triplicate.  Western 

Immunoblots were also performed upon media (15μl) from transfections to verify lack of 

expression. 

Competition curves and direct binding were measured following the protocol 

previously described (30). Concentrations of SPA bead and (±)-[3H]epibatidine were 

optimized for noise/background ratios.  Competing ligand was added at either half-log or 

1/3-log dilutions.  Briefly, AChBP (500pM in binding sites) in SPA cocktail and (±)-

[3H]epibatidine (20nM for Ac-AChBP, 5nM for Ls-AChBP) were combined with increasing 

concentrations of the competing ligand.  Total and non-specific binding were determined 

in the absence and presence, respectively, of a saturating concentration (4μM) of MLA.  

After background subtraction, data were fitted to a sigmoidal dose-response curve 

(variable slope), and Ki values were calculated from the observed EC50 values (31) using 

GraphPad Prism version 4. 

4.1.3.4 Mutagenesis 
Ls and Ac WT cDNAs were mutated using overlap extension PCR method (32).  

Briefly, fragments were primed on either WT or mutated sequences to obtain desired 

mutations.  PCR reactions were digested using HindIII/XbaI and then purified using an 

agarose gel and Qiagen Gel Extraction Kit.  Digested inserts were ligated into a cut 

pFlag-CMV-3 (Sigma) vector.  After transformation, each mutant sequence was purified 

using a Qiagen Miniprep Kit and sequenced using an ABI Sequencer or sent for 

sequencing (Retrogen).  

A combinatorial cassette fashion of mutagenesis was used to obtain the first 

mutant AChBPs.  The five sets are outlined in Figure 4-1A, and represented visually 

upon a structure in Figure 4-1B and C.  Since set five extends set one, this yielded an 

initial 23 mutants for both Ac and Ls.  Mutations were then extended based on 
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expression studies to yield a total of 96 Ac and 28 Ls mutant cDNAs.  Sequence 

alignments were produced using BioEdit. 

4.1.3.5 Crystallography 
Select mutants were screened against the Hampton Crystal Screen Cryo (HR2-

122).  Solutions that formed prospective crystals were further screened by varying 

protein and precipitate concentration.  Crystals were then picked and frozen in liquid 

nitrogen and screened for diffraction at the Advanced Light Source Synchrotron in 

Berkeley, CA (BL 5.01, 5.02, 8.21, 8.22).  A crystallographic data set was collected, at 

100K and a wavelength of 1.0λ, for single crystals diffracting less than 3.5Å.  Mutants I 

and II were both grown in condition 1 (0.1M Na+ acetate pH 4.6, 0.02M CaCl2, 30% (±)-

2-methyl-2,4-pentanediol), while Mutant III was grown in condition 21 (0.1M Na+ 

cacodylate pH 6.5, 0.2M Mg2+ acetate, 30% (±)-2-methyl-2,4-pentanediol).  

Ramachandran plot statistics Favored (Allowed) Outliers are 98% (1.81%) 0.19%; 

98.06% (1.94%) 0%; 98.14% (1.82%) 0.05% for Mutants I, II, and III respectively.  An 

initial model was generated using molecular replacement using a library of Ac-AChBP 

structures.  Both CCP4i (33) and Phenix (34) were used to refine structures, while Coot 

(35, 36) was used to manipulate PDB structures in between refinements.  Images were 

produced using both Coot and Pymol (37). 
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Figure 4-1: Alignment of Ac-AChBP, hα7-nAChR, Ls-AChBP, and three selected 
mutants. 
A.) Set mutations are highlighted upon hα7-nAChR sequence for Ac-AChBP and 
upon Ls-AChBP for Ls, as the sets varied slightly between mutants.  The 
sequences of the three selected mutants are shown, and mutations that are 
contained within them are also highlighted.  Secondary structure above the 
sequences is shown for Ac-AChBP.  Solid triangles and solid upside-down 
triangles represent residues within 4Å of DMXB-A, MLA, or α-Ctx-ImI on the 
primary and complementary subunits respectively.  Asn residues outlined by a 
red rectangle denote glycosylation sites.  Sequence alignment figure was created 
using Aline (38).  B.) Representation of mutations on a two-subunit interface with 
the same colors as in A.  C.) Representation of mutations with space-filling 
models of DMXB-A (red), MLA (yellow), and α-Ctx-ImI (Cyan). 
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4.1.4 Results 

4.1.4.1 Mutation sequences and structural overlay 
Figure 4-1C shows an overlay of three ligands with preferences for association 

with α7-nAChRs: α-conotoxin ImI (α-Ctx ImI) (PDB ID: 2BYP, (18)), DMXB-A (PDB ID: 

2WNJ, (19)), and methyllycaconitine (MLA) (PDB ID: 2BYR, (18)) used to identify 

candidate residues for mutation.  These three ligands cover the largest contact surface 

area within the pocket.  Homology modeling and crystal structure analysis were used to 

adjust gap placement in the sequence alignment between the three proteins (Figure 4-

1A).  We systematically mutated residues within 4Å of any of the respective ligands in 

any of the five binding pockets.  The residues marked with solid triangles in the ligand 

binding domain were deemed to be critical (Figure 4-1A).  Selected interactions are 

more prevalent than those previously described (18), as not all pockets are necessarily 

synonymous.  Initially the mutation sequence was conservative and kept to three 

residues per set, but each set was later extended to include a broader region.  Mutated 

regions were chosen strategically in order to conserve predicted subunit interactions.  

These regions were systematically combined in case a lack of expression by one region 

could be potentially recovered by mutations in a neighboring region.  Once the most 

extensive set of mutations possible was determined (a combination of mutation sets 2, 3, 

and 5 [Mutant I]), ligand selectivity was evaluated.  In efforts to achieve hα7-nAChR 

properties, extended mutations were added to the first mutation sets (Mutant I), and a 

full structural and functional study was performed upon the selected final mutant (Mutant 

III). 

Lymnaea stagnalis (Ls) and Aplysia californica (Ac) AChBPs were mutated as 

described in Methods in a combinatorial fashion of five initial sets.  Mutations were then 
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extended based upon expression studies of the first 23 mutants.  Supplementary Table 

4-1 shows the results of the initial expression study where expression was determined 

by comparing cpm of bound ligand in media samples from transfected cDNA mutation 

sequences to a control transfection of AChBP-WT cDNA, using the SPA quick screen 

described.  Ls-AChBP was amenable to mutations only in sets 1, 4, and 5 which are 

located in peripheral regions.  The combination of these sets with any other mutations 

hindered expression leaving only 3 of 23 expressing mutant cDNAs; whereas, Ac-

AChBP had 11 of 23 mutation sequences express.  The only non-expressing region for 

Ac-AChBP was found in mutation set 4, the β8-9 linker and its inclusion in any 

combination. 

4.1.4.2 Characterization of Ls-AChBP mutants 
Ls-AChBP proved to be problematic in the core of the binding region and thus 

very few extended mutations were attempted.  Supplementary Table 4-2 shows the 

results of a sixth set and the few extended mutation sequences created for Ls-AChBP.  

Only an extension of set 5 showed positive results, limiting our further studies.  Thus our 

extended mutational efforts focused on Ac-AChBP. 

4.1.4.3 Characterization of Ac-AChBP mutants 
Since the β8-9 linker (F-loop) proved to be problematic for the Ac-AChBP, the 

mutation sequence containing all but that set, Mutant I, was chosen as the first 

intermediate mutant to test for binding activity.  The described binding assays, as well as 

crystallographic studies, were carried out upon this intermediate (Mutant I).   

Analyzing the initial binding characteristics described in Tables 4-1 and 4-2 of the 

mutant showed that full conversion of binding characteristics towards the hα7-nAChR, 

specifically among the larger antagonists, was not obtained from the smaller set of 

mutations in the binding pocket.  Extended mutations were thus carried out on this 
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mutated sequence to better replicate α7 selectivity.  Crystallographic studies were 

performed to ensure that the 12 residue mutations of Mutant I did not hinder the 

structural determination of further mutants generated.  An initial snapshot of the mutant 

was obtained at 3.0Å (Supplementary Figure 4-1).  Extended mutations were made, and 

a total of 96 mutant cDNAs were generated.  Expression results are shown in 

Supplementary Table 4-3.  Specific mutations of V53N, T91L, D77T, T76K, and mutated 

regions on the β8-9 linker proved to reduce expression greatly or eliminate it entirely.  

Although a sequence repeat of T158D159 exists near the region of a two residue disparity, 

removal of one repeat did not yield robust expression, seen in Supplementary Table 4-3.  

The complementation of the mutation sequence of Mutant III with the removal of the 

T158D159 repeat did however recover weak expression.  This was our first observation of 

recovered expression by adding neighboring mutation sequences, yet this was not 

prevalent and only found in a few other β8-9 linker mutation sequences. 

Ultimately, three extended mutants, Mutant II, Mutant III (both shown in Figure 4-

1, Supplementary Table 4-3), as well as a third mutant (Mutant IV) that added Q162E, 

V163A, L165I, and S167G to Mutant III were chosen as further intermediates to test for 

hα7-nAChR selectivity.  Since previous reports suggest that the β9-10 linker (C-loop) 

plays a defined role in ligand binding and gating (21, 39, 40), we looked at Mutant II, 

which lacked mutation sets 5 and 1 of the β9-10 linker from Mutant III.  Mutant IV proved 

unstable in yielding consistent binding characteristics and FPLC profiles (data not 

shown); therefore Mutant III was chosen as a final mutant of the mutated ligand binding 

domain.  Although other regions of the β8-9 linker did express, the results of Mutant IV 

and the distance of those regions from the binding residues identified in Figure 4-1A 

deterred us from their characterization. 
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Table 4-1: Agonist Dissociation Constants (Ki) for AChBP mutants and EC50 
Values for hα7 nAChR activation (Mean ± s.d. nM). 
Values for soluble proteins use (±)-[3H]epibatidine competition, while (±)-epibatidine is 
reported for hα7-nAChR.  Direct binding of (±)-[3H]epibatidine is reported as Kd.  hα7-
nAChR values from this report use peak height values as noted in the experimental 
procedures.  Literature values are given as a range (nM) if more than one value found.  
Literature EC50 values are net-charge calculations as per (27), unless no such values 
existed, then values are using peak height calculations and denoted by a † 
 

Compound 
Ac-

AChBP 
WT 

Ac-
AChBP 
Y55W 

Mutant I Mutant II Mutant III hα7nAChR hα7nAChR Literature 

(±)-[3H] 
Epibatidine 

7.4 ± 0.86 
0.33 ± 
0.031 

12.1 ± 2.2 5.0 ± 0.2 30 ± 4 
28 ± 15 

(EC50) 

16-22(41, 42) 

EC50:72-1300(43, 44)† 

(-)-Nicotine 280 ± 40 48 ± 11 
34000 ± 

3000 
17000 ± 

1000 
81000 ± 
11000 

740 ± 200 

(EC50) 

1000-2500 (41, 42, 45, 
46) 

EC50:40200-113340 (41, 
43, 45, 47, 48) 

EC50:940±120*(47) 

DMXB-A  100 ± 40 71±24 
5600 ± 

100 
420 ± 80 4700 ± 1700

2400 ± 500 

(EC50) 

652-2000(41, 46) 

EC50:6000-11000(27, 49, 
50) 

EC50:4300±300*(47) 

Tropisetron 109 ± 28 89 ± 15 
1600 ± 

400 
100 ± 20 730 ± 170 

92 ± 16 

(EC50) 

6.9±2.4R(51) 

EC50:600±100(52) 

PNU282987 
33000 ± 

9000 
55000 ± 
26000 

ND 580 ± 30 2600 ± 200
40 ± 19 

(EC50) 

24-27RC(53-56) 

EC50=128-~3000R(53-57)

PHA543613 
15000 ± 

1000 
4500 ± 

500 
ND 740 ± 40 3200 ± 300

4.2 ± 0.2 

(EC50) 

8.8±1.3R(55, 58) 

EC50=65-~3000R(55, 58) 

PHA568487 
33000 ± 

5000 
35000 ± 

9000 
ND 

1300 ± 
100 

2700 ± 800
35 ± 12 

(EC50) 

44±7RC(55) 

EC50=258±26R(55) 

ND=No Data; *V274T Mutant values; RRat α7nAChR; Cα7/5HT3A chimera 
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Table 4-2: Antagonist Dissociation Constants (Ki) for AChBP mutants and hα7-
nAChR (Mean ± s.d. nM). 
Values for soluble proteins use competition against (±)-[3H]epibatidine, while hα7-nAChR 
values from this report are determined using competitive functional shifts by the 
antagonists of (±)-epibatidine binding as described in experimental procedures.  IC50 
denotes cases where there were no literature Ki measurements. 
 

Compound 
Ac-

AChBP 
WT 

Ac-
AChBP 
Y55W 

Mutant 
I 

Mutant 
II 

Mutant 
III 

hα7-
nAChR 

hα7-nAChR 
Literature 

(-)-Lobeline 
0.42 ± 
0.15 

0.53 ± 
0.05 

170 ± 
20 

190 ± 
40 

960 ± 
180 

5300 ± 
3000 

13100 (41) 

Methyllycaconitine 4.0 ± 1.3 3.1 ± 0.5 31 ± 13 10 ± 1 41 ± 14 3.2±1.4 
10.3±3.0 (41) 

IC50: 1.7-2.9 (23, 44) 

α-Bungarotoxin 270 ± 40 240 ± 40 27 ± 12 49 ± 18 62 ± 39 0.4 ± 0.3 0.48-1.06 (41, 45) 

α-Ctx ImI 1.7 ± 1.1 2.5 ± 0.5 
280 ± 

40 
90 ± 20 

190 ± 
110 

3500 ± 
2300 

IC50 86.2-1560R (59-
61) 

α-Ctx 
ArIB[V11L,V16D] 

>5,000 >5,000 
1400 ± 

300 
40 ± 20 

17.8 ± 
0.9 

13 ± 13 4.0-12.6MR (62, 63) 

RRat α7nAChR, MMouse α7nAChR  
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4.1.4.4 Mutant Stability 
Mutant II yielded variable FPLC profiles, and it was determined that this mutant is 

cold sensitive (Figure 4-2A-D), yet maintained a stable oligomeric structure at room 

temperature for 41 days (Figure 4-2E and F).  Reversible equilibration between 

pentamer (25ºC) and the presumed monomer (4ºC), based on FPLC peak profiles of the 

mutant, was evident as long as protein concentrations remain high (Figure 4-2C and D).  

Lowering the concentration, below 100μg/mL, resulted in an irreversible dissociation at 

both 4ºC and 25ºC, with dissociation at 4ºC occurring more rapidly (data not shown).  

Mutant II was also irreversibly alkaline sensitive as shown in Supplementary Figure 4-

2A, and slightly sensitive to acidic conditions Figure 4-3A.  The addition of the β9-10 

linker (mutation set 5 and extensions) increased stability whereby Mutant III is 

completely stable at 4ºC and therefore can be kept for significantly longer periods 

(Figure 4-2G and H).  Mutant III was also less sensitive to acidic conditions than Mutant 

II, but maintained a strong aversion to alkaline conditions (Figure 4-3B and 

Supplementary Figure 4-2B). 
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Figure 4-2: FPLC of Mutant II and III. 
A.) FPLC of Mutant II at Room Temperature two days after purification showing a single 
pentameric form.  B.) Same purification after one week storage at 4°C showing 
dissociation into what is presumed through elution volume to be the monomeric species.  
C and D.) Partial recovery of pentameric form after transfer of the sample in B. to RT for 
one day and full recovery of pentameric species after two days at RT.  E.) Signs of 
degradation at elution peaks 20.53, 21.22, and 26.57 after 41 days of Mutant II, from the 
sample in A., kept at RT.  F.) Significant degradation after 64 days at RT whereby after 
79 days full degradation occurs.  G.) Mutant III directly after purification stored at 4°C 
showing a single pentameric form.  H.) Mutant III after 21 weeks storage at 4°C 
predominantly in pentameric form without appreciable signs of degradation. 
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Figure 4-3: pH Sensitivity of Mutants II and III. 
A.) Mutant II pH sensitivity during (±)-[3H]epibatidine binding at one hour incubation 
shows slight sensitivity to acidic conditions and more so for alkaline conditions.  B.) 
Mutant III pH sensitivity during (±)-[3H]epibatidine binding shows only an alkaline 
sensitivity.  
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4.1.4.5 Binding characteristics and functional assays 
Tables 4-1 and 4-2 show a comparison of the binding characteristics of Mutant II 

and III to Ac-AChBP as well as a comparison to both literature values of hα7-nAChR and 

the functional agonism and antagonism determined using the Flex assay described 

herein.  Direct correlations of agonist affinities to the EC50 values cannot be made as 

binding affinities are enhanced in the presence of PNU-120596 (26).  Therefore, we 

used the rank ordering of affinities in our assays, as well as literature values for 

activation of hα7-nAChR for comparisons.  For agonists the rank ordering of (±)-

epibatidine >> DMXB-A ~tropisetron > (-)-nicotine >> PHA543613 > PHA568487~ 

PNU282987 from wild-type Ac-AChBP should change to either PHA543613 ~ tropisetron 

> (±)-epibatidine ~ PNU282987 > PHA568487 >> DMXB-A > (-)-nicotine based upon 

literature values for hα7-nAChR, or to PHA543613 > (±)-epibatidine ~ PHA568487 ~ 

PNU282987 > tropisetron >> (-)-nicotine > DMXB-A based upon the reported functional 

values.  Comparison of rank ordering of Mutant III [(±)-epibatidine > tropisetron > 

PNU282987 ~ PHA568487 ~ PHA543613 > DMXB-A >> (-)-nicotine] to literature values 

shows all but (±)-epibatidine and tropisetron change affinities to shift the rank ordering 

towards that expected for hα7-nAChR.  Functional ordering may not match as a result of 

the use of PNU-120596.  The β9-10 linker mutations (mutation set 5 with extensions) 

seem to reduce affinity for all agonists although to varying extents (compare Mutant II 

and III).  Mutant I, containing some of the β9-10 linker mutations (mutation set 5) and 

lacking the central extended mutations, also seems to lose appreciable affinity for the 

agonists.   

Antagonist elicited parallel shifts of (±)-epibatidine dose-response curves 

generated Kis from the functional assay of hα7-nAChR in cultured cells.  The Kis 

generated from the dose ratios when compared to IC50s should better reflect the 
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antagonist’s affinity or receptor occupation.  Antagonist values in Table 4-2 do not fully 

maintain the pattern of higher affinity for Mutant II as seen by only a small difference of 

α-bungarotoxin (α-Btx) and an increase in affinity for α-Ctx ArIB[V11L,V16D] by Mutant 

III.  Measurements of low affinity ligands (Kd>5μM) consume significant amounts of 

ligand, limiting our analysis for some of the peptidic antagonists, such as α-Ctx 

ArIB[V11L,V16D].  Antagonists better reflect a conversion to hα7-nAChR.  Assays with 

α-Ctx ArIB[V11L,V16D] show the largest increase in affinity to match those values of the 

hα7-nAChR, whereas α-Btx also significantly increases affinity but is still a hundred fold 

off of the hα7-nAChR values determined.  However, the values determined for α-Btx did 

match those previously reported (60-70nM) for an aggregating extracellular domain of 

hα7-nAChR (14).  (-)-Lobeline loses 10,000-fold affinity to more closely resemble that of 

hα7-nAChR with a five~ten fold affinity difference remaining.  α-Ctx ImI shows a 100-fold 

reduction in affinity, but still has a ten-fold difference from our determined Ki of hα7-

nAChR.  Although MLA has a lower affinity for Mutant III than for either hα7-nAChR or 

Ac-AChBP-WT, we see no change in binding pose from the crystal structures (Figure 4-

4). 

A non-competitive component can be seen for several antagonists in our 

functional assays.  This may be attributed to slow dissociation rates relative to the time-

frame of the assay, particularly manifested for (-)-lobeline and the peptidic antagonist α-

Btx.  (-)-Lobeline showed the strongest non-competitive component making it difficult to 

determine a Ki as no significant signal was detected at concentrations above 16μM. 

4.1.4.6 Crystallographic analysis- 
Crystal structures were obtained for all three mutants.  Mutant II and III were both 

crystallized with the antagonist MLA and diffracted to 2.3Å and 2.9Å, respectively (Table 

4-3 shows the refinement statistics).  Mutant I was crystallized with both (-)-nicotine and 
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α-Btx.  Both structures were of the same phasing and analysis showed no ligand (due 

presumably to the weak affinity of (-)-nicotine and the complexity of α-Btx) in either 

structure as well as similar overall poses, thus the Apo form of Mutant I was solved using 

the crystal formed from the (-)-nicotine solution.   

Figures 4-4, 4-5, and Supplementary Figure 4-3 show that neither a significant α-

carbon backbone structural change nor ligand repositioning to a distinct pose occurs 

with the sequence of mutations in Mutants II and III to Ac-AChBP WT.  Supplementary 

Figure 4-1 similarly shows no significant backbone change for the intermediate Mutant I 

except for the multiple conformations found for the β9-10 linker due to the lack of full 

ligand occupation.   

Analysis of the pose of MLA in Mutant III is consistent with the expected 

hydrogen bond distance (19) between the protonated tertiary nitrogen on MLA and the 

backbone carbonyl oxygen of Trp147 (Figure 4-4A).  Although no significant overall 

conformational change is observed between Ac-AChBP WT and Mutant III, changes of 

residue side chain positions and space filling surface areas (Supplementary Figure 4-4) 

are seen with the most significant change between Ac-AChBP WT and Mutant III 

occurring in the position of Y55W (Figure 4-4B). 

Upon substituting a larger charged residue with the Q186R mutation, Arg186 

adopts a more flexible state seen with the multiple conformations among subunits.  The 

Q38L mutation yields fewer interactions with MLA and a larger gap space, potentially 

allowing for greater movement of the pyrrolidine-dione of MLA.  This is consistent with 

the weaker densities seen in that region (Figure 4-4B). 

The mutation sequence from Ac-AChBP to the hα7-nAChR sequence introduces 

a glycosylation site at position Asn110 in both Mutants II and III.  As a result of crystal 

packing, peripheral mannose residues of this oligosaccharide are visualized in one out of 
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the five subunits in this GnT1- cell-line expressed protein (Figure 4-5D).  The 

interconnecting carbohydrates have significantly weaker density demonstrating the 

flexibility of the oligosaccharide that is stabilized peripherally by the symmetry mates of 

the peptide (Figure 4-5D).  An overlay of α-Ctx-ImI with Mutant III shows potential points 

for polar interaction and with a few distances of 2.1 Å the potential for steric occlusion 

between the oligosaccharide and the ligand (Supplementary Figure 4-5).  The overlay 

demonstrates that the sugar may possibly interact with any ligand binding in the apical 

portion of the ligand binding pocket.   

We also find seven residues of the C-terminal segment, weakly defined, for Ac-

AChBP in a conformation directed towards the ligand binding pocket of one out of the 

five subunits, presumably due to crystal packing in Mutant II (Supplementary Figure 4-6).  

A qualitative electrostatic analysis of the structures (excluding the 

oligosaccharide), while showing only a subtle overall difference, reveals a significant 

change in the ligand binding region shifting to a more negative dipole from WT to Mutant 

II on the complementary face.  A clear difference between Mutant II and III can be 

visualized in the β9-10 linker of the primary face (Supplementary Figure 4-4).  Mass 

spectrometry of Mutant III in Supplementary Figure 4-7 verifies a predicted molecular 

weight with two glycosylation sites, although it shows that the mutant is found 

predominantly to contain a single oligosaccharide. 
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Figure 4-4: Subunit overlay of MLA bound proteins. 
A.)  Residues shown are within 4.0Å of MLA fit inside the 2Fo-Fc electron density map 
shown at 1.0σ.  The only two polar contacts are also shown: the hydrogen bonds (2.8Å 
and 3.2Å respectively) between Ser167 and the pyrrolidine-dione of MLA and the tertiary 
nitrogen of MLA to the carbonyl of Trp147.  B.) Overlay of all residues within 4.0Å of MLA 
from all subunits in the Ac-AChBP WT (gray and black), Mutant II (cyan and blue), and 
Mutant III (green and dark green) crystal structures.  View of MLA shows a subtle shift in 
the pyrrolidine from Ac-AChBP WT to Mutant III, with an overall synonymous pose of 
binding.  Ac-AChBP WT residues names are listed above the hα7-nAChR mutational 
variant except for Ser94 whose interactions are between the peptide carbonyl and MLA, 
thus no mutation was performed.  Conserved residues are listed individually.  
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Figure 4-5: Pentamer alignments of WT, Mutant II, and Mutant III AChBP. 
A.) Side view and B.) top view of both unit cell pentamers aligned from Ac-AChBP WT 
(gray and black), Mutant II (cyan and blue) and Mutant III (green and dark green), all 
bound with MLA (respective PDB IDs: 2BYR, 3SIO, 3SH1).  Alignment shows no 
significant overall change in the peptide backbone positions between mutants.  Mutant III 
has some variation in the β9-10linker from the other proteins.  The best visualized 
oligosaccharide at Asn110 is shown centered in A.  C.) Ribbon view of a single subunit 
overlay showing 
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Table 4-3: Crystallographic Statistics. 
Ions are Ca+2 for Mutant I, and Mg+2 for Mutant III.  MPD: (±)-2-methyl-2,4-pentanediol. 
 

 Mutant I Mutant II Mutant III 
Data collection    
Space group P 21 21 21 C 1 2 1 P 1 21 1 
Cell dimensions    
    a, b, c (Å) 108.922, 152.22, 

176.775 
143.218, 142.336, 
144.477 

85.793, 140.183, 
136.806 

 ()  90.0, 90.0, 90.0 90.0, 90.02, 90.0 90.0, 105.2, 90.0 
Resolution (Å) 37.2-3.0 (3.05-3.0)* 48.16-2.30(2.34-

2.30)* 
50.00-2.9(2.99-
2.90)* 

Rmerge 0.220(0.959) 0.113(0.552) 0.138(0.952) 
I / I 9.5(1.143) 25.048(2.81) 13.909(1.250) 
Completeness (%) 100(99.9) 99.8(98.7) 99.7(95.7) 
Redundancy 11.7(7.6) 6.8(6.3) 7.5(6.6) 
    
Refinement    
Resolution (Å) 37.20-3.00 48.16-2.32 48.054-2.9 
No. reflections 56723 119855 516673 
Rwork / Rfree 0.1888/0.2401 0.1816/0.2302 0.2130/0.2580 
No. atoms 17570 19701 18393 
    Protein 17354 17815 17397 
    Ligand/ion    
       Methyllycaconitine NA 490 490 
       Sugar 28 492 330 
       MPD+ions 97 72 105 
    Water 91 832 71 
B-factors 36.555 39.026 69.197 
    Protein 36.477 37.351 67.695 
    Ligand/ion    
       Methyllycaconitine NA 48.773 90.748 
       Sugar 53.458 80.799 113.513 
       MPD+ions 52.668 57.691 81.382 
    Water 29.102 42.841 64.444 
R.m.s. deviations    
    Bond lengths (Å) 0.014 0.009 0.013 
    Bond angles () 1.601 1.383 1.442 

*Values in parentheses are for highest-resolution shell. 
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4.1.5 Discussion 

4.1.5.1 Comparison of Ls and Ac as templates 
Although homologous in structure, the 32.3% difference in residue identity 

between the two mollusk AChBPs is clearly manifested in the initial expression results 

for the 23 mutations.  The β8-9 linker (mutation set 4) does not express in Ac yet 

expresses in Ls even though Ls requires a three residue deletion to match hα7-nAChR.  

The core of the binding pocket near the pore (mutation set 2 and extended mutations) of 

the pentamer seems more amenable to mutations in Ac than Ls.  This may result from a 

closer resemblance of Ac-AChBP to hα7-nAChR in this region of the binding pocket.  

Although the binding characteristics of Ls-AChBP better resemble those of hα7-nAChR 

(64), the lack of the conserved Trp55 in Ac-AChBP likely plays a significant role in 

differences.  Ac-AChBP also differs in the location of the peripheral glycosylation site by 

a shift in six residues (Figure 4-1A).  Recovering this area via mutation may confer 

subunit interactions towards those of hα7-nAChR.   

Considering the extended mutations in Ac-AChBP, some of the mutations 

conferring low expression can be rationalized in terms of structure, while others defy a 

current explanation.  Removal of the glycosylation site (T76K part of the consensus 

sequence N-I-T) and regions near it showed a weakening of expression.  These side 

chains can be expected to reside at or very near the subunit interface.  The T91L 

mutation is in another region that has close subunit interface contacts and may need 

more substantial regional mutations to accommodate a neighboring subunit.  In both 

AChBPs the non-conserved residues are small (Thr/Ala in Ac or Ala/Ala in Ls) while hα7-

nAChR contains two Leu.  Some non-expressing mutants were quite surprising such as 

the β8-9 linker in Ac.  Due to the flexibility of the β8-9 linker (65-67) one would consider 
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this alteration to be more accommodating than those within the core of the pocket.  The 

β8-9 linker does contain a two point deletion to achieve hα7-nAChR similarity and the 

neighboring beta-sheets were not fully swapped, thus the precise spatial 

correspondence of residues may have been disrupted by the mutations.  Yet Ls-AChBP 

contains a three residue deletion and is quite amenable to the similar mutational change.  

The lack of mutations in the β8-9 linker may be a cause of the remaining difference of 

affinities for some of the larger ligands in Mutant III. 

4.1.5.2 Overall binding correlation 
A brief synopsis of differences in affinity between different animal species for α7-

nAChR is shown in Supplementary Table 4-4.  Reported values for a common ligand 

and animal species occasionally may differ by approximately ten-fold between 

laboratories.  Five to ten-fold differences for the same ligand between animal species 

are also found.  The Ac-AChBP β8-9 linker more closely resembles the rat nAChR than 

human for homologous residues within binding proximity (27). Thus one can expect 

similar differences in a comparison of hα7-nAChR values to those of a soluble receptor 

surrogate. 

A lack of complete correlation may also speak to the intrinsic quaternary 

structure that plays a role in ligand binding, reflecting the receptor’s capacity to 

differentially occupy ligand in an activatable (resting), active (open channel) and 

desensitized states.  Moreover, nAChRs are designed to equilibrate between these 

states, particularly in the presence of agonist, with distinct kinetic constants (68, 69).  By 

contrast the AChBPs may exist in only a single binding state.  The absence of multiple 

binding states is consistent with the absence of cooperativity of binding of agonists in 

AChBP (70), whereas most homomeric and heteromeric nicotinic receptors exhibit 

cooperativity for agonist occupation and functional responses.  Subunit interactions with 



121 

 

the receptor not only play a crucial role in defining the binding site, but also in facilitating 

the state change coupled with ligand binding.  AChBP may only exist in a single bound 

state, perhaps most closely resembling the potential ‘desensitized’ form.  This could 

explain the greater disparities in affinities of agonists versus antagonists between Mutant 

III and hα7-nAChR.  Based on our findings, a soluble form of the hα7-nAChR 

extracellular domain would most likely also differ in ligand affinity characteristics from the 

full-length receptor. 

A single binding state may be more conducive for achieving crystallization.  A 

single state of low and uniform free energy allows for tight interactions of the pentamer; 

whereas sequences promoting multiple states of near equivalent free energy, expected 

of an activatable receptor with desensitization capacity such as the hα7-nAChR, would 

require multiple alternative interactions.  Accordingly, ligand binding is not governed 

simply by the immediate residues of the pocket interface, but rather intersubunit 

interactions attendant to conformational changes and cooperativity. 

4.1.5.3 hα7-nAChR glycosylation 
Although the putative glycosylation sites for hα7-nAChR have been identified, 

thus far the only thorough analysis of the role of glycosylation in ligand binding to hα7-

nAChR has been with the glycosylation states affecting α-Btx binding.  This α-neurotoxin 

binds to the β9-10 linker in the periphery of the ligand binding region and glycosylation of 

hα7-nAChR has no effect upon its binding (71).  Yet the generation of the stable mutant 

AChBPs presented here has revealed the location and extent of glycosylation of the 

extracellular domain of hα7-nAChR to be within the vicinity of ligand binding for those 

ligands that bind in the apical region of the pocket.  In our case the oligosaccharide did 

not interact with MLA, but rather was pulled away from the binding side by symmetry 

mates (Figure 4-5D).  Additionally all of the binding studies presented were performed 
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upon a Gnt1- variant of HEK293S cells such that the oligosaccharide is homogeneous 

and only present in the high mannose form.  The creation of the reported mutants will 

now allow for an in-depth characterization of the role of glycosylation in hα7-nAChR 

ligand binding. 

4.1.5.4 Structural analysis 
The overall backbone alignment of Ac-AChBP and Mutant III showed no 

significant change as has been already discussed, but the mutation sequences do alter 

the binding site volume found in the ligand binding region.  Not only is there a change in 

the electrostatic potential of the protein’s surface from the incorporated mutations, but 

there are changes to the surface of binding space available to ligands (especially with 

the incorporation of a novel glycosylation site) shown in Supplementary Figures 4-3, 4-4, 

and 4-5.  We have aligned all represented subunits and/or pentamers, rather than a 

single simplified subunit view, in Figures 4-4B, 4-5A, and 4-5B as well as Supplementary 

Figure 4-3 and 4-5 to demonstrate the heterogeneity found in a single crystal structure.  

Although an overall static pose, the conformational variations of residues and 

oligosaccharides adopted between subunits via various crystal packing offers a glimpse 

into the flexibility of the those regions.  Another aspect that could potentially increase 

crystal structure resolution and potentially alter ligand specificity is the removal of the 

long flexible C-terminal region of the Ac-AChBP.  The weak visualization of the C-

terminal approaching the ligand pocket, and the expression of a truncated variant A209* 

(Supplementary Table 4-3) suggest that future experiments of Ac-AChBP or any variant 

be performed upon a truncated form. 

4.1.5.5 Conclusions 
We present here a systematic generation, through successive reiterations, of a 

mutant AChBP that resembles the properties of the native hα7-nAChR.  This results in a 
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marked improvement of ligand affinity correlation to hα7-nAChR from the WT Ac-AChBP 

to Mutant III, especially for the larger antagonists.  Yet the lack of perfect correlation of 

Mutant III speaks to the intrinsic role that peripheral residue interactions, in both the 

principal and adjoining subunits, play in shaping the ligand binding domain.  The stability 

of the mutant sequences generated allows us to speculate that our success, albeit 

limited, may be repeated with other variants of the nAChR family to produce a 

“homomeric” ligand binding region resembling heteromeric receptors of interest such as 

α4β2.  Such mutant constructs may serve to enhance the use of the AChBP as soluble 

homologues in the template-guided therapeutic design of novel agents for nAChR linked 

disorders. 
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cell based neurotransmitter fluorescent engineered reporter (CNiFER), 3-(2,4-

dimethoxy-benzylidene)anabaseine (DMXB-A), dose-ratio (DR), fluorescence resonance 

energy transfer (FRET), human-alpha7-nicotinic acetylcholine receptor (hα7-nAChR), 

Lymnaea stagnalis (Ls), methyllycaconitine (MLA), 2-methyl-2,4-pentanediol (MPD), 

positive allosteric modulator (PAM), polymerase chain reaction (PCR), scintillation 

proximity assay (SPA). 

4.2 Supplementary Tables and Figures 
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Supplementary Table 4-1: Initial Mutant Expressions. 
23 total mutants were created in each AChBP, as set 5 extends set 1, in order to test for 
expression of mutations.  All sets in Ac-AChBP contained a Y55W mutation.  Expression 
was tested via (±)-[3H]epibatidine binding.  Non-expressing mutants were tested via 
Western blot to verify non-expression. 
 

Sets 
Ac-Y55W AChBP 

Mutants 
Ls-AChBP 
Mutants 

1 Yes Yes 
2 Yes No 
3 Yes No 
4 No Yes 
5 Yes Weak 
12 Yes No 
13 Yes No 
14 No No 
52 Yes No 
53 Yes No 
54 No No 
23 Yes No 
24 No No 
34 No No 
123 Yes No 
124 No No 
134 No No 
523 Yes No 
524 No No 
534 No No 
234 No No 
1234 No No 
5234 No No 
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Supplementary Table 4-2: Lymnaea stagnalis-AChBP extended mutations 
expression results. 
Five additional mutation sets were made in Ls-AChBP for a total of 28 mutants.  Only an 
extension of mutation set 5 yielded positive results thus further efforts were halted for Ls-
AChBP. 
 

Ls-AChBP Mutants Expression Result
H145Y; H146G; S147G; R148W; + Set 2 No 

N181S;  S182E; + Set 5 Weak 
Set 6 No 
V51N; T57S; Q73T; A87L; V106N; D108S; E110H; H145Y; 
H146G; S147G; R148W; +Set 2+Set3 

No 

Q73T; A87L; V106N; D108S; E110H; H145Y; H146G; 
S147G; R148W;N181S; S182E; +Set 2,3,4,5,6 

No 
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Supplementary Table 4-3: Aplysia californica-AChBP extended mutations 
expression results. 
73 additional mutation sets were created for Ac-AChBP to generate a total of 96 
mutants.  Although mutation sets with a greater amount of mutations than Mutant III 
were found to express Mutant III was chosen as the final variant after stability issues 
were found with Mutant IV. 
 

Supplementary Table 4-3 cont. 
Ac-AChBP Mutants Expression 

T96K No 
Y55W; S189E Yes 
Set 2 + S150G; F152W (Herein Referred to as 2') Yes 
Set 2’ + D77T; T91L Very Weak 
Set 2’ + D77T Yes 
Set 2’ + T91L No 
Set 2’ + E153S; I154L (Herein Referred to as 2''') Yes 
Set 2''' + D77T Yes 
Set 2''' + K25D Yes 
Set 2''' + T76K; D77T Very Weak 
Set 2''' + K25D; T76K; D77T Very Weak 
Set 2''' + T24N; K25D Yes 
Set 2''' + T24N; K25D; T76K; D77T No 
V101A; L102T; S103F; P104H; No 
Set 2 + V101A; L102T; S103F; P104H No 
A209* Yes 

Set 4 + Q181G; T182K No 
K157Q Yes 
TDTD/MQ159 No 
TDTD/AQ159 No 
K157Q; TDTD/MQ159 No 
Q162E Yes 
TDTD/MQ159; Q162E No 
K157Q; TDTD/MQ159; Q162E No 
V163A; L165I Yes 
Q162E; V163A; L165I Yes 
TDTDQVDL->MQEADI No 
KTDTDQVDL->QMQEADI No 
KTDTDQVDL->QAQEADI No 
Q162E; V163A; L165I; S167G Yes 
TDTDQVDLSS->MQEADISG No 
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Supplementary Table 4-3 cont. 
Ac-AChBP Mutants Expression 

Y55W; S167G Yes 
Y55W; S167G; Y169I Yes 
Y55W; A170P Yes 
S167G; Y169I; A170P Weak 
S171N Yes 

Set 5 + Q184S; V185E (Herein Referred to as 5') Yes 
Set 6 Yes 
Set 6 + L33F; F35L Yes 
Set 6 + L33F; F35L;  TDTD/MQ159 No 
Set 6 + D39Q Yes 
Set 2,3 + T110N; H111S; D112S; S114H (Herein Referred to as 23') Yes 
Set 23' + S150G; F152W (Herein Referred to as 2'3') Yes 
Set 2'3' + R59S Yes 
Set 2'3' + R59S; D77T; T91L No 
Set 2'3',6 + R59S (Mutant II) Yes 
Set 2'3',6 + R59S; D77T; T91L No 
Mutant II + Set5 + Q184S; V185E (Mutant III) Yes 

Mutant III+D39Q Weak 
V53N; Y55W No 
Mutant III+V53N No 
Mutant III+D77T No 
Mutant III+V53N; D77T; T91L No 
Set 5’ + Q181G; T182K; N199T Yes 

Mutant III+K157Q Weak 
Mutant III+TDTD/MQ159 (without F152W) Very Weak 
Mutant III+TDTD/AQ159 Very Weak 
Mutant III+K157Q; TDTD/MQ159 (without F152W) Yes 
Mutant III+Q162E Weak 
Mutant III+TDTD/MQ159; Q162E (without F152W) Weak 
Mutant III+K157Q; TDTD/MQ159; Q162E (without F152W) Weak 
Mutant III+V163A; L165I Yes 
Mutant III+Q162E; V163A; L165I Yes 
Mutant III+TDTDQVDL->MQEADI (without F152W) No 
Mutant III+KTDTDQVDL->QMQEADI No 
Mutant III+KTDTDQVDL->QAQEADI No 
Mutant III+Q162E; V163A; L165I; S167G (Mutant IV) Weak 
Mutant III+TDTDQVDLSS->MQEADISG (without F152W) No 
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Supplementary Table 4-3 cont. 
Ac-AChBP Mutants Expression 

Mutant III+S167G Very Weak 
Mutant III+S167G; Y169I No 
Mutant III+A170P Weak 
Mutant III+S167G; Y169I; A170P No 
Mutant III+ L33F; F35L; TDTD/MQ159 (without F152W) No 
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Supplementary Table 4-4: Ki comparison of selected compounds against α7-
nAChR across species. 
Significant outliers are placed within parentheses. Tropisetron, PNU-282987, PHA-
543613, PHA-568487, and α-Ctx ImI were only found to have rat Ki values or did not 
have Ki values and thus are not represented here. ND represents no data found.  For 
some species data may exist but since the purpose of this article is to find human values 
an extensive search of other species was not performed.   
 

 Human Rat Mouse Chick 
(±)-Epibatidine 16-22 (41, 42) 4.0-255 (72-78) ND ND 

(-)-Nicotine 
1000-2500 (41, 

42, 45, 46) 
130-6070 (42, 46, 51, 73-
76, 78-83) (15000) (72) 

620±70(81) 
1300-1440 (84, 

85) (18) (86) 

DMXB-A 
652-2000 (41, 

46) 
130-650 (46, 50, 78, 87) ND ND 

(-)-Lobeline 13100 (41) 
11000-11600 (79, 81) 

(41000) (72) 
10000±3000 

(81) 
ND 

Methyllycaconitine 10.3±3.0 (41) 
0.98-4.3 (72, 73, 76, 78, 82, 

88, 89) 
ND 2.8-5.4 (86, 90) 

α-Bungarotoxin 
0.48-1.06 (41, 

45) 
0.16-1.78 (76, 81, 82, 91, 

92) (17.4) (73) 
0.13-2 (81, 93) 

0.70-1.91 (84-
86) 

α-Ctx 
ArIB[V11L,V16D] 

ND 4.0-12.6 (62, 63) 7.04-8.26 (63) ND 
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Supplementary Figure 4-1: Comparison of intermediate Mutant I. 
A.) Side view of alignment of unit cell pentamers from Ac-AChBP WT (gray and black), 
Mutant I (pink and magenta), Mutant II (cyan and blue) and Mutant III (green and dark 
green) (respective PDB IDs: 2BYR, 3T4M, 3SIO, 3SH1).  Alignment shows no significant 
change in the peptide backbone positions between mutants.  B.) Top down view of all 
pentamer alignment.  Arrow points to α-helix of Mutant I that kinks towards a symmetry 
related molecule.  C.) β9-10 linker regions of Apo form of Mutant I showing similar 
orientation.  D.) β9-10 linker region of Apo form of Mutant I showing deviation as a result 
of crystal packing and lack of ligand.  Left arrow points to a more closed form of the β9-
10 linker, right arrow points to a small shift of β8-9 linker of Apo Mutant I. 
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Supplementary Figure 4-2: Kinetics of pH sensitivity. 
A.) Mutant II pH sensitivity during (±)-[3H]epibatidine binding in which alkaline conditions 
show a clear loss of signal, whereas acidic conditions show a less marked degradation 
with Mutant II appearing most stable at pH 7.0.  Arrow indicates point at which pH for 
alkaline conditions was neutralized to pH 7.0, showing that alkaline sensitivity is 
irreversible.  B.) Mutant III pH sensitivity during (±)-[3H]epibatidine.  Double line 
represents a time period of 192 days in an effort to compare four month incubation times 
between mutants.   
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Supplementary Figure 4-3: Subunit overlays. 
Side view overlay of all ten subunits from the unit cell of Ac-AChBP WT (gray and black), 
Mutant II (cyan and blue), and Mutant III (green and dark green) viewed from the exterior 
(left) and interior (right) of the channel.  No significant overall change is seen in the 
bound pose between any subunit, and only subtle changes in a few β9-10 linker loops 
may be visualized. 
  



134 

 

 
Supplementary Figure 4-4: Vacuum Electrostatic representation of Ac-AChBP WT, 
Mutant II, and Mutant III. 
Primary face of a subunit from each respective protein with stick representation of bound 
ligand (MLA) and oligosaccharides are shown in black, blue, and green respectively.  
170° y-axis rotation of the same subunit show the complementary face interactions. 
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Supplementary Figure 4-5: α-Ctx-ImI overlay with Mutant III glycosylation. 
Overlay of all five bound α-Ctx-ImI ligands (yellow) (PDB ID: 2BYP) with all ten subunits 
of Mutant III (green) (PDB ID: 3SH1) shows several points of contact within 4 Å.  Only a 
few points of contact are represented above, with the closest distance measured at 2.1 
Å.  This overlay shows the possible polar contacts as well as interference that would 
result in displacement of the oligosaccharide, both of which may lead to ligand specificity 
of hα7-nAChRs.  
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Supplementary Figure 4-6: C-Terminal of Ac-AChBP WT sequence. 
Crystal structure of Mutant II (PDB ID: 3SIO) showed definition of C-terminal in two out 
of ten subunits due to crystal packing arrangement.  Alignment of the two pentamers 
(cyan and blue) with the two subunits is shown above. 2Fo-Fc electron density of the 
terminal chain is shown at 1σ in cyan while a composite OMIT map (also at 1σ) is shown 
in magenta both for the cyan subunit.  The C-terminal bends up and in towards the 
binding pocket with a loss of density 8 Å away from the pyrrolidine of MLA.  The 
remaining five residues of the C-terminal are not visualized in the structure. 
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Supplementary Figure 4-7: Mass Spectrometry Analysis of Mutant III. 
MALDI-TOF profile of Mutant III acquired using a DE-STR MALDI-TOF mass 
spectrometer.  Arrows point to the peaks of the monomer, dimer, trimer, tetramer, and 
pentamer.  Inset shows a magnification of the monomeric peak.  Two variations, a singly 
glycosylated and doubly glycosylated form are visible with the singly glycosylated form 
as the predominant species having a shoulder peak resulting from either incomplete 
glycosylation or ragged ends (94).  The calculated theoretical mass of Mutant III is 
26296.68 with 1219.83 added for each high-mannose. 
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4.3 Further extension of mutation sequences. 

Mutations that did not fall within the region of the LBD were also created.  The 

main mutation sequence that resulted from these extensions was based around 

unpublished material that converted the apical portion of Ac-AChBP towards that of α1-

nAChR by Dr. Todd T. Talley in collaboration with Dr. Jon Lindstrom from University of 

Pennsylvania to study the main immunogenic region in relation to myasthenia gravis.  

This same region, but slightly extended, was converted to the sequence of hα7-nAChR 

to address the issues of the glycosylation site at Asn74 in Ac-AChBP with relation to the 

hα7-nAChR glycosylation site as discussed in Section 4.1.  Along with these mutations, 

further mutations were introduced to extend the β9-10 linker region in an effort to 

potentially allow for the expression of the β8-9 linker.  The expression results shown in 

Table 4-4 were quite promising and speak to the conclusions of Section 4.1.  

Surprisingly, expression of the apically mutated regions was robust, yet significantly 

altered the binding of the source radioactive ligand, 3H-Epi.  As a result, a switch to 3H-

Btx was necessary, and western blots were the primary means to validate expression of 

these constructs.  The list of all of the constructs created, incorporating the previously 

used nomenclature of the mutation sets, is shown in Table 4-4.  These extended 

mutation sequences build a significantly larger identity to hα7-nAChR and open the door 

for a variety of further studies. 
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Table 4-4: Ac-AChBP extended mutations expression results 
 

Ac-AChBP Mutation Sequences Expression 
Y55W+αhelix+glycosylationsite Yes 
Set 5'+9' Yes 
Mutant III+αhelix+glycosylationsite (Mutant V) Yes 
Mutant V + D39Q Yes 
Mutant III + E153S; I154L Yes 
Mutant III + E153S; I154L+αhelix+glycosylationsite Yes 

 
  



140 

 

4.4 Acknowledgements 

Section 4.1 is a reprint of the material, except for references, as it appears in 

Nemecz Á, Taylor, P. “Creating an α7 nicotinic acetylcholine recognition domain from 

the acetylcholine binding protein: crystallographic and ligand selectivity analyses.” J Biol 

Chem (2011), Epub doi:10.1074/jbc.M111.287583.  This dissertation author was the 

primary investigator, conducted and was engaged in all of the experiments, and principal 

author of the study. 

 

Accession codes - Atomic coordinates and structure factors have been 

deposited with the Protein Data Bank: accession code 3SH1, 3SIO, 3T4M. 

  



141 

 

4.5 References 

1. Karlin, A. (2002) Emerging structure of the nicotinic acetylcholine receptors, Nat 
Rev Neurosci 3, 102-114. 

2. Changeux, J. P., and Edelstein, S. J. (2005) Nicotinic Acetylcholine Receptors:  
From Molecular Biology to Cognition, Odile Jacob/Johns Hopkins University 
Press, New York. 

3. Tierney, M. L., and Unwin, N. (2000) Electron microscopic evidence for the 
assembly of soluble pentameric extracellular domains of the nicotinic 
acetylcholine receptor, J Mol Biol 303, 185-196. 

4. Middleton, R. E., and Cohen, J. B. (1991) Mapping of the acetylcholine binding 
site of the nicotinic acetylcholine receptor: [3H]nicotine as an agonist photoaffinity 
label, Biochem 30, 6987-6997. 

5. Sine, S. M., Quiram, P., Papanikolaou, F., Kreienkamp, H. J., and Taylor, P. 
(1994) Conserved tyrosines in the alpha subunit of the nicotinic acetylcholine 
receptor stabilize quaternary ammonium groups of agonists and curariform 
antagonists, J Biol Chem 269, 8808-8816. 

6. Galzi, J. L., Bertrand, D., Devillers-Thiery, A., Revah, F., Bertrand, S., and 
Changeux, J. P. (1991) Functional significance of aromatic amino acids from 
three peptide loops of the alpha 7 neuronal nicotinic receptor site investigated by 
site-directed mutagenesis, FEBS Lett 294, 198-202. 

7. Mishina, M., Tobimatsu, T., Imoto, K., Tanaka, K., Fujita, Y., Fukuda, K., 
Kurasaki, M., Takahashi, H., Morimoto, Y., Hirose, T., and et al. (1985) Location 
of functional regions of acetylcholine receptor alpha-subunit by site-directed 
mutagenesis, Nature 313, 364-369. 

8. Galzi, J. L., Revah, F., Black, D., Goeldner, M., Hirth, C., and Changeux, J. P. 
(1990) Identification of a novel amino acid alpha-tyrosine 93 within the 
cholinergic ligands-binding sites of the acetylcholine receptor by photoaffinity 
labeling. Additional evidence for a three-loop model of the cholinergic ligands-
binding sites, J Biol Chem 265, 10430-10437. 

9. Fischer, M., Corringer, P. J., Schott, K., Bacher, A., and Changeux, J. P. (2001) 
A method for soluble overexpression of the alpha7 nicotinic acetylcholine 
receptor extracellular domain, Proc Natl Acad Sci U S A 98, 3567-3570. 

10. Wells, G. B., Anand, R., Wang, F., and Lindstrom, J. (1998) Water-soluble 
nicotinic acetylcholine receptor formed by alpha7 subunit extracellular domains, J 
Biol Chem 273, 964-973. 

11. Avramopoulou, V., Mamalaki, A., and Tzartos, S. J. (2004) Soluble, oligomeric, 
and ligand-binding extracellular domain of the human alpha7 acetylcholine 
receptor expressed in yeast: replacement of the hydrophobic cysteine loop by the 



142 

 

hydrophilic loop of the ACh-binding protein enhances protein solubility, J Biol 
Chem 279, 38287-38293. 

12. Person, A. M., Bills, K. L., Liu, H., Botting, S. K., Lindstrom, J., and Wells, G. B. 
(2005) Extracellular domain nicotinic acetylcholine receptors formed by alpha4 
and beta2 subunits, J Biol Chem 280, 39990-40002. 

13. Zouridakis, M., Kostelidou, K., Sotiriadis, A., Stergiou, C., Eliopoulos, E., Poulas, 
K., and Tzartos, S. J. (2007) Circular dichroism studies of extracellular domains 
of human nicotinic acetylcholine receptors provide an insight into their structure, 
Int J Biol Macromol 41, 423-429. 

14. Zouridakis, M., Zisimopoulou, P., Eliopoulos, E., Poulas, K., and Tzartos, S. J. 
(2009) Design and expression of human alpha7 nicotinic acetylcholine receptor 
extracellular domain mutants with enhanced solubility and ligand-binding 
properties, Biochim Biophys Acta 1794, 355-366. 

15. Celie, P. H., van Rossum-Fikkert, S. E., van Dijk, W. J., Brejc, K., Smit, A. B., 
and Sixma, T. K. (2004) Nicotine and carbamylcholine binding to nicotinic 
acetylcholine receptors as studied in AChBP crystal structures, Neuron 41, 907-
914. 

16. Celie, P. H. N., Kasheverov, I. E., Mordvintsev, D. Y., Hogg, R. C., van Nierop, 
P., van Elk, R., van Rossum-Fikkert, S. E., Zhmak, M. N., Bertrand, D., Tsetlin, 
V., Sixma, T. K., and Smit, A. B. (2005) Crystal structure of nicotinic acetylcholine 
receptor homolog AChBP in complex with an α-conotoxin PnIA variant, Nat 
Struct Mol Biol 12, 582-588. 

17. Bourne, Y., Talley, T. T., Hansen, S. B., Taylor, P., and Marchot, P. (2005) 
Crystal structure of a Cbtx-AChBP complex reveals essential interactions 
between snake alpha-neurotoxins and nicotinic receptors, Embo J 24, 1512-
1522. 

18. Hansen, S. B., Sulzenbacher, G., Huxford, T., Marchot, P., Taylor, P., and 
Bourne, Y. (2005) Structures of Aplysia AChBP complexes with nicotinic agonists 
and antagonists reveal distinctive binding interfaces and conformations, Embo J 
24, 3635-3646. 

19. Hibbs, R. E., Sulzenbacher, G., Shi, J., Talley, T. T., Conrod, S., Kem, W. R., 
Taylor, P., Marchot, P., and Bourne, Y. (2009) Structural determinants for 
interaction of partial agonists with acetylcholine binding protein and neuronal 
alpha7 nicotinic acetylcholine receptor, Embo J 28, 3040-3051. 

20. Hansen, S. B., and Taylor, P. (2007) Galanthamine and non-competitive inhibitor 
binding to ACh-binding protein: evidence for a binding site on non-alpha-subunit 
interfaces of heteromeric neuronal nicotinic receptors, J Mol Biol 369, 895-901. 

21. Taylor, P., Talley, T. T., Radic, Z., Hansen, S. B., Hibbs, R. E., and Shi, J. (2007) 
Structure-guided drug design: conferring selectivity among neuronal nicotinic 



143 

 

receptor and acetylcholine-binding protein subtypes, Biochem Pharmacol 74, 
1164-1171. 

22. Reeves, P. J., Callewaert, N., Contreras, R., and Khorana, H. G. (2002) Structure 
and function in rhodopsin: high-level expression of rhodopsin with restricted and 
homogeneous N-glycosylation by a tetracycline-inducible N-
acetylglucosaminyltransferase I-negative HEK293S stable mammalian cell line, 
Proc Natl Acad Sci U S A 99, 13419-13424. 

23. Yamauchi, J. G., Nemecz, A., Nguyen, Q. T., Muller, A., Schroeder, L. F., Talley, 
T. T., Lindstrom, J., Kleinfeld, D., and Taylor, P. (2011) Characterizing ligand-
gated ion channel receptors with genetically encoded Ca2++ sensors, PLoS One 
6, e16519. 

24. Mank, M., Santos, A. F., Direnberger, S., Mrsic-Flogel, T. D., Hofer, S. B., Stein, 
V., Hendel, T., Reiff, D. F., Levelt, C., Borst, A., Bonhoeffer, T., Hubener, M., and 
Griesbeck, O. (2008) A genetically encoded calcium indicator for chronic in vivo 
two-photon imaging, Nat Methods 5, 805-811. 

25. Nguyen, Q.-T., Schroeder, L. F., Mank, M., Muller, A., Taylor, P., Griesbeck, O., 
and Kleinfeld, D. (2009) An in vivo biosensor for neurotransmitter release and in 
situ receptor activity, Nat Neurosci 13, 127-132. 

26. Hurst, R. S., Hajos, M., Raggenbass, M., Wall, T. M., Higdon, N. R., Lawson, J. 
A., Rutherford-Root, K. L., Berkenpas, M. B., Hoffmann, W. E., Piotrowski, D. W., 
Groppi, V. E., Allaman, G., Ogier, R., Bertrand, S., Bertrand, D., and Arneric, S. 
P. (2005) A Novel Positive Allosteric Modulator of the  alpha7 Neuronal Nicotinic 
Acetylcholine Receptor: In Vitro and In Vivo Characterization, J Neurosci 25, 
4396-4405. 

27. Papke, R. L., and Porter Papke, J. K. (2002) Comparative pharmacology of rat 
and human alpha7 nAChR conducted with net charge analysis, Br J Pharmacol 
137, 49-61. 

28. Taylor, P., and Insel, P. A. (1990) Molecular basis of pharmacologic selectivity . 
Chapter 1, In Principles of drug action : the basis of pharmacology. 3rd Ed. 
(Pratt, W. B., and Taylor, P., Eds.) 3rd ed., pp 1-102, Churchill Livingstone, New 
York. 

29. Wyllie, D. J. A., and Chen, P. E. (2009) Taking the time to study competitive 
antagonism, Br J Pharmacol 150, 541-551. 

30. Talley, T. T., Yalda, S., Ho, K. Y., Tor, Y., Soti, F. S., Kem, W. R., and Taylor, P. 
(2006) Spectroscopic analysis of benzylidene anabaseine complexes with 
acetylcholine binding proteins as models for ligand-nicotinic receptor interactions, 
Biochem 45, 8894-8902. 

31. Cheng, Y., and Prusoff, W. H. (1973) Relationship between the inhibition 
constant (K1) and the concentration of inhibitor which causes 50 per cent 
inhibition (I50) of an enzymatic reaction, Biochem Pharmacol 22, 3099-3108. 



144 

 

32. Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K., and Pease, L. R. (1989) Site-
directed mutagenesis by overlap extension using the polymerase chain reaction, 
Gene 77, 51-59. 

33. Potterton, E., Briggs, P., Turkenburg, M., and Dodson, E. (2003) A graphical user 
interface to the CCP4 program suite, Acta Crystallogr D Biol Crystallogr 59, 
1131-1137. 

34. Adams, P. D., Afonine, P. V., Bunkoczi, G., Chen, V. B., Davis, I. W., Echols, N., 
Headd, J. J., Hung, L. W., Kapral, G. J., Grosse-Kunstleve, R. W., McCoy, A. J., 
Moriarty, N. W., Oeffner, R., Read, R. J., Richardson, D. C., Richardson, J. S., 
Terwilliger, T. C., and Zwart, P. H. (2010) PHENIX: a comprehensive Python-
based system for macromolecular structure solution, Acta Crystallogr D Biol 
Crystallogr 66, 213-221. 

35. Emsley, P., and Cowtan, K. (2004) Coot: model-building tools for molecular 
graphics, Acta Crystallogr D Biol Crystallogr 60, 2126-2132. 

36. Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features and 
development of Coot, Acta Crystallogr D Biol Crystallogr 66, 486-501. 

37. Schrödinger, LLC. (2010) The PyMOL Molecular Graphics System, Version 1.3, . 

38. Bond, C. S., and Schuttelkopf, A. W. (2009) ALINE: a WYSIWYG protein-
sequence alignment editor for publication-quality alignments, Acta Crystallogr D 
Biol Crystallogr 65, 510-512. 

39. Wang, H.-L., Toghraee, R., Papke, D., Cheng, X.-L., McCammon, J. A., Ravaioli, 
U., and Sine, S. M. (2009) Single-Channel Current Through Nicotinic Receptor 
Produced by Closure of Binding Site C-Loop, Biophys J 96, 3582-3590. 

40. Toshima, K., Kanaoka, S., Yamada, A., Tarumoto, K., Akamatsu, M., Sattelle, D. 
B., and Matsuda, K. (2009) Combined roles of loops C and D in the interactions 
of a neonicotinoid insecticide imidacloprid with the alpha4beta2 nicotinic 
acetylcholine receptor, Neuropharmacol 56, 264-272. 

41. Gopalakrishnan, M., Buisson, B., Touma, E., Giordano, T., Campbell, J. E., Hu, I. 
C., Donnelly-Roberts, D., Arneric, S. P., Bertrand, D., and Sullivan, J. P. (1995) 
Stable expression and pharmacological properties of the human alpha 7 nicotinic 
acetylcholine receptor, Eur J Pharmacol 290, 237-246. 

42. Sullivan, J. P., Donnelly-Roberts, D., Briggs, C. A., Anderson, D. J., 
Gopalakrishnan, M., Piattoni-Kaplan, M., Campbell, J. E., McKenna, D. G., 
Molinari, E., Hettinger, A. M., Garvey, D. S., Wasicak, J. T., Holladay, M. W., 
Williams, M., and Arneric, S. P. (1996) A-85380 [3-(2(S)-azetidinylmethoxy) 
pyridine]: in vitro pharmacological properties of a novel, high affinity alpha 4 beta 
2 nicotinic acetylcholine receptor ligand, Neuropharmacol 35, 725-734. 



145 

 

43. Briggs, C. A., McKenna, D. G., and Piattoni-Kaplan, M. (1995) Human alpha 7 
nicotinic acetylcholine receptor responses to novel ligands, Neuropharmacol 34, 
583-590. 

44. Astles, P. C., Baker, S. R., Boot, J. R., Broad, L. M., Dell, C. P., and Keenan, M. 
(2002) Recent progress in the development of subtype selective nicotinic 
acetylcholine receptor ligands, Curr Drug Targets CNS Neurol Disord 1, 337-348. 

45. Peng, X., Katz, M., Gerzanich, V., Anand, R., and Lindstrom, J. (1994) Human 
alpha 7 acetylcholine receptor: cloning of the alpha 7 subunit from the SH-SY5Y 
cell line and determination of pharmacological properties of native receptors and 
functional alpha 7 homomers expressed in Xenopus oocytes., Mol Pharmacol 45, 
546-554. 

46. Briggs, C. A., Anderson, D. J., Brioni, J. D., Buccafusco, J. J., Buckley, M. J., 
Campbell, J. E., Decker, M. W., Donnelly-Roberts, D., Elliott, R. L., 
Gopalakrishnan, M., Holladay, M. W., Hui, Y. H., Jackson, W. J., Kim, D. J., 
Marsh, K. C., O'Neill, A., Prendergast, M. A., Ryther, K. B., Sullivan, J. P., and 
Arneric, S. P. (1997) Functional characterization of the novel neuronal nicotinic 
acetylcholine receptor ligand GTS-21 in vitro and in vivo, Pharmacol Biochem 
Behav 57, 231-241. 

47. Briggs, C. A., McKenna, D. G., Monteggia, L. M., Touma, E., Roch, J. M., 
Arneric, S. P., Gopalakrishnan, M., and Sullivan, J. P. (1999) Gain of function 
mutation of the alpha7 nicotinic receptor: distinct pharmacology of the human 
alpha7V274T variant, Eur J Pharmacol 366, 301-308. 

48. Chavez-Noriega, L. E., Crona, J. H., Washburn, M. S., Urrutia, A., Elliott, K. J., 
and Johnson, E. C. (1997) Pharmacological characterization of recombinant 
human neuronal nicotinic acetylcholine receptors h alpha 2 beta 2, h alpha 2 beta 
4, h alpha 3 beta 2, h alpha 3 beta 4, h alpha 4 beta 2, h alpha 4 beta 4 and h 
alpha 7 expressed in Xenopus oocytes, J Pharmacol Exp Ther 280, 346-356. 

49. Stokes, C., Papke, J. K., Horenstein, N. A., Kem, W. R., McCormack, T. J., and 
Papke, R. L. (2004) The structural basis for GTS-21 selectivity between human 
and rat nicotinic alpha7 receptors, Mol Pharmacol 66, 14-24. 

50. Kem, W. R., Mahnir, V. M., Prokai, L., Papke, R. L., Cao, X., LeFrancois, S., 
Wildeboer, K., Prokai-Tatrai, K., Porter-Papke, J., and Soti, F. (2004) Hydroxy 
metabolites of the Alzheimer's drug candidate 3-[(2,4-dimethoxy)benzylidene]-
anabaseine dihydrochloride (GTS-21): their molecular properties, interactions 
with brain nicotinic receptors, and brain penetration, Mol Pharmacol 65, 56-67. 

51. Macor, J. E., Gurley, D., Lanthorn, T., Loch, J., Mack, R. A., Mullen, G., Tran, O., 
Wright, N., and Gordon, J. C. (2001) The 5-HT3 antagonist tropisetron (ICS 205-
930) is a potent and selective alpha7 nicotinic receptor partial agonist, Bioorg 
Med Chem Lett 11, 319-321. 



146 

 

52. Papke, R., Schiff, H., Jack, B., and Horenstein, N. (2005) Molecular dissection of 
tropisetron, an a7 nicotinic acetylcholine receptor-selective partial agonist, 
Neurosci Lett 378, 140-144. 

53. Bodnar, A. L., Cortes-Burgos, L. A., Cook, K. K., Dinh, D. M., Groppi, V. E., 
Hajos, M., Higdon, N. R., Hoffmann, W. E., Hurst, R. S., Myers, J. K., Rogers, B. 
N., Wall, T. M., Wolfe, M. L., and Wong, E. (2005) Discovery and structure-
activity relationship of quinuclidine benzamides as agonists of alpha7 nicotinic 
acetylcholine receptors, J Med Chem 48, 905-908. 

54. Hajos, M. (2004) The Selective  7 Nicotinic Acetylcholine Receptor Agonist PNU-
282987 [N-[(3R)-1-Azabicyclo[2.2.2]oct-3-yl]-4-chlorobenzamide Hydrochloride] 
Enhances GABAergic Synaptic Activity in Brain Slices and Restores Auditory 
Gating Deficits in Anesthetized Rats, J Pharmacol Exp Ther 312, 1213-1222. 

55. Walker, D. P., Wishka, D. G., Piotrowski, D. W., Jia, S., Reitz, S. C., Yates, K. 
M., Myers, J. K., Vetman, T. N., Margolis, B. J., and Jacobsen, E. J. (2006) 
Design, synthesis, structure–activity relationship, and in vivo activity of 
azabicyclic aryl amides as α7 nicotinic acetylcholine receptor agonists, Bioorg 
Med Chem 14, 8219-8248. 

56. Mazurov, A., Hauser, T., and Miller, C. H. (2006) Selective alpha7 nicotinic 
acetylcholine receptor ligands, Curr Med Chem 13, 1567-1584. 

57. Jensen, A. A., Frolund, B., Liljefors, T., and Krogsgaard-Larsen, P. (2005) 
Neuronal nicotinic acetylcholine receptors: structural revelations, target 
identifications, and therapeutic inspirations, J Med Chem 48, 4705-4745. 

58. Wishka, D. G., Walker, D. P., Yates, K. M., Reitz, S. C., Jia, S., Myers, J. K., 
Olson, K. L., Jacobsen, E. J., Wolfe, M. L., Groppi, V. E., Hanchar, A. J., 
Thornburgh, B. A., Cortes-Burgos, L. A., Wong, E. H., Staton, B. A., Raub, T. J., 
Higdon, N. R., Wall, T. M., Hurst, R. S., Walters, R. R., Hoffmann, W. E., Hajos, 
M., Franklin, S., Carey, G., Gold, L. H., Cook, K. K., Sands, S. B., Zhao, S. X., 
Soglia, J. R., Kalgutkar, A. S., Arneric, S. P., and Rogers, B. N. (2006) Discovery 
of N-[(3R)-1-azabicyclo[2.2.2]oct-3-yl]furo[2,3-c]pyridine-5-carboxamide, an 
agonist of the alpha7 nicotinic acetylcholine receptor, for the potential treatment 
of cognitive deficits in schizophrenia: synthesis and structure--activity 
relationship, J Med Chem 49, 4425-4436. 

59. Pereira, E. F., Alkondon, M., McIntosh, J. M., and Albuquerque, E. X. (1996) 
Alpha-conotoxin-ImI: a competitive antagonist at alpha-bungarotoxin-sensitive 
neuronal nicotinic receptors in hippocampal neurons, J Pharmacol Exp Ther 278, 
1472-1483. 

60. Alkondon, M., and Albuquerque, E. X. (1993) Diversity of nicotinic acetylcholine 
receptors in rat hippocampal neurons. I. Pharmacological and functional 
evidence for distinct structural subtypes, J Pharmacol Exp Ther 265, 1455-1473. 



147 

 

61. Ellison, M., McIntosh, J. M., and Olivera, B. M. (2003) Alpha-conotoxins ImI and 
ImII. Similar alpha 7 nicotinic receptor antagonists act at different sites, J Biol 
Chem 278, 757-764. 

62. Innocent, N., Livingstone, P. D., Hone, A., Kimura, A., Young, T., Whiteaker, P., 
McIntosh, J. M., and Wonnacott, S. (2008) Alpha-conotoxin Arenatus 
IB[V11L,V16D] [corrected] is a potent and selective antagonist at rat and human 
native alpha7 nicotinic acetylcholine receptors, J Pharmacol Exp Ther 327, 529-
537. 

63. Whiteaker, P., Christensen, S., Yoshikami, D., Dowell, C., Watkins, M., Gulyas, 
J., Rivier, J., Olivera, B. M., and McIntosh, J. M. (2007) Discovery, synthesis, and 
structure activity of a highly selective alpha7 nicotinic acetylcholine receptor 
antagonist, Biochem 46, 6628-6638. 

64. de Kloe, G. E., Retra, K., Geitmann, M., Kallblad, P., Nahar, T., van Elk, R., Smit, 
A. B., van Muijlwijk-Koezen, J. E., Leurs, R., Irth, H., Danielson, U. H., and de 
Esch, I. J. (2010) Surface plasmon resonance biosensor based fragment 
screening using acetylcholine binding protein identifies ligand efficiency hot spots 
(LE hot spots) by deconstruction of nicotinic acetylcholine receptor alpha7 
ligands, J Med Chem 53, 7192-7201. 

65. Shi, J., Koeppe, J. R., Komives, E. A., and Taylor, P. (2006) Ligand-induced 
conformational changes in the acetylcholine-binding protein analyzed by 
hydrogen-deuterium exchange mass spectrometry, J Biol Chem 281, 12170-
12177. 

66. Gao, F., Bren, N., Burghardt, T. P., Hansen, S., Henchman, R. H., Taylor, P., 
McCammon, J. A., and Sine, S. M. (2005) Agonist-mediated conformational 
changes in acetylcholine-binding protein revealed by simulation and intrinsic 
tryptophan fluorescence, J Biol Chem 280, 8443-8451. 

67. Cheng, X., Ivanov, I., Wang, H., Sine, S., and McCammon, J. (2007) 
Nanosecond-Timescale Conformational Dynamics of the Human α7 Nicotinic 
Acetylcholine Receptor☆, Biophys J 93, 2622-2634. 

68. Sine, S., and Taylor, P. (1979) Functional consequences of agonist-mediated 
state transitions in the cholinergic receptor. Studies in cultured muscle cells, J 
Biol Chem 254, 3315-3325. 

69. Katz, B., and Thesleff, S. (1957) A study of the desensitization produced by 
acetylcholine at the motor end-plate, J Physiol (Lond) 138, 63-80. 

70. Hansen, S. B., Radic, Z., Talley, T. T., Molles, B. E., Deerinck, T., Tsigelny, I., 
and Taylor, P. (2002) Tryptophan fluorescence reveals conformational changes 
in the acetylcholine binding protein, J Biol Chem 277, 41299-41302. 

71. Marinou, M., and Tzartos, S. J. (2003) Identification of regions involved in the 
binding of alpha-bungarotoxin to the human alpha7 neuronal nicotinic 
acetylcholine receptor using synthetic peptides, Biochem J 372, 543-554. 



148 

 

72. Jensen, A. A., Mikkelsen, I., Frølund, B., Bräuner-Osborne, H., Falch, E., and 
Krogsgaard-Larsen, P. (2003) Carbamoylcholine homologs: novel and potent 
agonists at neuronal nicotinic acetylcholine receptors, Mol Pharmacol 64, 865-
875. 

73. Rueter, L. E., Donnelly-Roberts, D. L., Curzon, P., Briggs, C. A., Anderson, D. J., 
and Bitner, R. S. (2006) A-85380: a pharmacological probe for the preclinical and 
clinical investigation of the alphabeta neuronal nicotinic acetylcholine receptor, 
CNS Drug Rev 12, 100-112. 

74. Bunnelle, W. H., Dart, M. J., and Schrimpf, M. R. (2004) Design of ligands for the 
nicotinic acetylcholine receptors: the quest for selectivity, Curr Top Med Chem 4, 
299-334. 

75. Mukhin, A. G., Gundisch, D., Horti, A. G., Koren, A. O., Tamagnan, G., Kimes, A. 
S., Chambers, J., Vaupel, D. B., King, S. L., Picciotto, M. R., Innis, R. B., and 
London, E. D. (2000) 5-Iodo-A-85380, an alpha4beta2 subtype-selective ligand 
for nicotinic acetylcholine receptors, Mol Pharmacol 57, 642-649. 

76. Davies, A. R., Hardick, D. J., Blagbrough, I. S., Potter, B. V., Wolstenholme, A. 
J., and Wonnacott, S. (1999) Characterisation of the binding of 
[3H]methyllycaconitine: a new radioligand for labelling alpha 7-type neuronal 
nicotinic acetylcholine receptors, Neuropharmacol 38, 679-690. 

77. Romanelli, M. N., and Gualtieri, F. (2003) Cholinergic nicotinic receptors: 
competitive ligands, allosteric modulators, and their potential applications, Med 
Res Rev 23, 393-426. 

78. Schmitt, J. D. (2000) Exploring the nature of molecular recognition in nicotinic 
acetylcholine receptors, Curr Med Chem 7, 749-800. 

79. Miller, D. K., Crooks, P. A., Zheng, G., Grinevich, V. P., Norrholm, S. D., and 
Dwoskin, L. P. (2004) Lobeline analogs with enhanced affinity and selectivity for 
plasmalemma and vesicular monoamine transporters, J Pharmacol Exp Ther 
310, 1035-1045. 

80. Kem, W. R., Mahnir, V. M., Papke, R. L., and Lingle, C. J. (1997) Anabaseine is 
a potent agonist on muscle and neuronal alpha-bungarotoxin-sensitive nicotinic 
receptors, J Pharmacol Exp Ther 283, 979-992. 

81. Marks, M. J., Stitzel, J. A., Romm, E., Wehner, J. M., and Collins, A. C. (1986) 
Nicotinic binding sites in rat and mouse brain: comparison of acetylcholine, 
nicotine, and alpha-bungarotoxin, Mol Pharmacol 30, 427-436. 

82. Macallan, D. R., Lunt, G. G., Wonnacott, S., Swanson, K. L., Rapoport, H., and 
Albuquerque, E. X. (1988) Methyllycaconitine and (+)-anatoxin-a differentiate 
between nicotinic receptors in vertebrate and invertebrate nervous systems, 
FEBS Lett 226, 357-363. 



149 

 

83. Mullen, G., Napier, J., Balestra, M., DeCory, T., Hale, G., Macor, J., Mack, R., 
Loch, J., 3rd, Wu, E., Kover, A., Verhoest, P., Sampognaro, A., Phillips, E., Zhu, 
Y., Murray, R., Griffith, R., Blosser, J., Gurley, D., Machulskis, A., Zongrone, J., 
Rosen, A., and Gordon, J. (2000) (-)-Spiro[1-azabicyclo[2.2.2]octane-3,5'-
oxazolidin-2'-one], a conformationally restricted analogue of acetylcholine, is a 
highly selective full agonist at the alpha 7 nicotinic acetylcholine receptor, J Med 
Chem 43, 4045-4050. 

84. Anand, R., Peng, X., Ballesta, J. J., and Lindstrom, J. (1993) Pharmacological 
characterization of alpha-bungarotoxin-sensitive acetylcholine receptors 
immunoisolated from chick retina: contrasting properties of alpha 7 and alpha 8 
subunit-containing subtypes, Mol Pharmacol 44, 1046-1050. 

85. Anand, R., Peng, X., and Lindstrom, J. (1993) Homomeric and native alpha 7 
acetylcholine receptors exhibit remarkably similar but non-identical 
pharmacological properties, suggesting that the native receptor is a heteromeric 
protein complex, FEBS Lett 327, 241-246. 

86. Vijayaraghavan, S., Pugh, P. C., Zhang, Z. W., Rathouz, M. M., and Berg, D. K. 
(1992) Nicotinic receptors that bind alpha-bungarotoxin on neurons raise 
intracellular free Ca2+, Neuron 8, 353-362. 

87. de Fiebre, C. M., Meyer, E. M., Henry, J. C., Muraskin, S. I., Kem, W. R., and 
Papke, R. L. (1995) Characterization of a series of anabaseine-derived 
compounds reveals that the 3-(4)-dimethylaminocinnamylidine derivative is a 
selective agonist at neuronal nicotinic alpha 7/125I-alpha-bungarotoxin receptor 
subtypes, Mol Pharmacol 47, 164-171. 

88. Ward, J. M., Cockcroft, V. B., Lunt, G. G., Smillie, F. S., and Wonnacott, S. 
(1990) Methyllycaconitine: a selective probe for neuronal alpha-bungarotoxin 
binding sites, FEBS Lett 270, 45-48. 

89. Hardick, D. J., Cooper, G., Scott-Ward, T., Blagbrough, I. S., Potter, B. V., and 
Wonnacott, S. (1995) Conversion of the sodium channel activator aconitine into a 
potent alpha 7-selective nicotinic ligand, FEBS Lett 365, 79-82. 

90. Yum, L., Wolf, K. M., and Chiappinelli, V. A. (1996) Nicotinic acetylcholine 
receptors in separate brain regions exhibit different affinities for 
methyllycaconitine, Neurosci 72, 545-555. 

91. Barrantes, G. E., Rogers, A. T., Lindstrom, J., and Wonnacott, S. (1995) alpha-
Bungarotoxin binding sites in rat hippocampal and cortical cultures: initial 
characterisation, colocalisation with alpha 7 subunits and up-regulation by 
chronic nicotine treatment, Brain Res 672, 228-236. 

92. Alkondon, M., Pereira, E. F., Wonnacott, S., and Albuquerque, E. X. (1992) 
Blockade of nicotinic currents in hippocampal neurons defines methyllycaconitine 
as a potent and specific receptor antagonist, Mol Pharmacol 41, 802-808. 



150 

 

93. Lukas, R. J. (1993) Expression of ganglia-type nicotinic acetylcholine receptors 
and nicotinic ligand binding sites by cells of the IMR-32 human neuroblastoma 
clonal line, J Pharmacol Exp Ther 265, 294-302. 

94. Tomizawa, M., Maltby, D., Medzihradszky, K. F., Zhang, N., Durkin, K. A., 
Presley, J., Talley, T. T., Taylor, P., Burlingame, A. L., and Casida, J. E. (2007) 
Defining nicotinic agonist binding surfaces through photoaffinity labeling, 
Biochem 46, 8798-8806. 

 
 



151 

CHAPTER 5: 
Conclusions and Future Directions 

The overall goal of the work presented here was to gain insights into the 

structural characteristics of human nAChRs and their pharmacological selectivity through 

the creation of a soluble template of the LBD of hα7-nAChR.  In order to validate this 

study, methods to test the functional activity of nAChRs were developed, and in the 

process, a novel calcium fret-sensor based assay was developed as a cost-effective tool 

for drug screening.  This tool helped elaborate on the complexities of pharmacological 

selectivity, whereas the creation of a template provided a means for structural 

characterization of the hα7-nAChR-ECD. 

More specifically, in the first body of work I outlined the optimization and 

incorporation of a new methodology to study the pharmacological effects of a library of 

ligands on the ion channels they gate.  An enhancement to this methodology was the 

creation of the LGIC-CNiFER cell-lines, which provided robust and cost-effective tools 

for the functional study of calcium permeable full-length LGICs.  This work has allowed 

for others to efficiently screen large libraries of compounds to determine not only their 

efficacy on the target receptor, but also to test interactions with known, likely off-target 

receptors.  In addition, the expansion of the CNiFER system indicates that the 

incorporation of the TN-XXL FRET sensor into cells with a known calcium permeable 

receptor or a process that ultimately leads to the release of intracellular calcium stores 

will produce a robust tool with a straight-forward assay to study that system.  The 

combination of the functional studies with the work outlined in the main aims of this study 

provides great detail on the structural component of ligand selectivity and the 

relationship between structure and function of a LGIC.  

The main aim of this dissertation produced a novel, but modest template of the 
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hα7-nAChR-ECD.  The new homologue binds hα7-nAChR selective ligands that are 

especially selective even in comparison to any soluble homologue of the receptor.  The 

template also was readily crystallized and diffracted to resolutions under 3Å, lending 

itself to study structural components of binding for hα7-nAChRs.  For the first time the 

glycosylation site of hα7-nAChR, which may play a role in protecting the LBD pocket 

from certain toxins, was visualized as a result of this mutant, allowing for the design 

novel therapeutics with enhanced selectivity.  The incorporation of the oligosaccharide 

allows for the study of the role of the glycosylation domain.  The relatively few mutations 

that extended upon the mutant (discussed in Section 4.1) created gave insight into the 

importance of the subunit interactions that play a role in defining the LBD.  Extending the 

mutations more peripherally may help recover the hα7-nAChR characteristics.  A 

thorough characterization of these extended mutation sequences by the methods 

outlined in Section 4.1 will give more insight into the properties of ligand selectivity.  

While crystallization of novel compounds that may have been well characterized 

functionally, but lack structural information, is another aspect in which this template 

benefits further studies.   

Overall this dissertation work has provided tools for many individuals to expand 

the knowledge in the field of LGICs.  In doing so, it has also provided some minor novel 

discoveries in the structural component of the hα7-nAChR-ECD.  The creation of a 

template for the study of relevant human nAChRs, such as the hα7-nAChR, provides a 

valuable resource for therapeutic drug development, whereas the process and strategy 

to produce the hα7-nAChR template may be implemented to develop other similar 

templates to study the structural components of other nAChR subtypes. 
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Appendix: 
Databases 

Throughout the course of my dissertation studies computer science skills were 

necessary in updating antiquated organization systems of the laboratory.  This was 

especially the case for the freezer inventory of cell-lines kept at the CORE BioServices 

facility and the results generated on a compound library produced by collaborators in the 

K. Barry Sharpless laboratory.  It had often been the case that lab members would 

purchase cell-lines when the lab already had them frozen, or that stably transfected cell-

lines created by former lab members were misplaced.  In order to properly locate and 

annotate previous researchers’ immortalized cell-lines, as well as stably transfected cell-

lines, to complete the previously described research, it was apparent that a more rapid, 

searchable method for our stored cell-lines must be created. 

Similarly, the problems with storing chemical information in Microsoft Excel, even 

with a ChemDraw plugin available for Microsoft Excel, is that on many occasions the 

structures would not be correctly linked to the row in which the name was contained.  

Also, as a result of many people performing the experiments on several occasions, 

compounds were tested that weren’t found in the current database of information and 

the detailed information from the individual experiments were not stored in one location.  

To store all the information in a Microsoft Excel worksheet would render the ability to 

quickly access a specific compound’s information unmanageable and even not viewable. 

  



154 

 

A.1 Cell Freezer Inventory 

In order to ease the transition and reduce the learning curve for lab members, the 

design of the Freezer Inventory database was made to match almost identically the 

previous paper version of the inventory.  Figure A-1 shows a scanned image of a sample 

page from the old freezer inventory notebook, while Figure A-2 shows what an average 

cell-line information page (kept in a separate location and different order than the 

storage location information) would look like.  The example given shows an average 

page where issues, such as the lack of the location of this cell line seen on this page, 

were fairly common.  Occasionally, the name of the cell-line might be indecipherable, or 

the vector information and tag information would be missing, thereby making future 

purification of the protein difficult.  Such labeling practices lead to the confusion of a 

purified protein (Bt-AChBP) with that of another (Ac-AChBP-Y55W) which lead to 

confusion and potential misrepresentation of data generated for a publication (1).  Ac-

AChBP-Y55W has now permanently replaced Bt-AChBP as the third protein to compare 

against Ls or Ac AChBPs since the former frozen cell-line properly expressing the Bt-

AChBP could not be found, and re-transfections yielded poorly expressing cell-lines not 

feasible for purification (data not shown). 
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Figure A-1: Scanned image of freezer inventory. 
A page of the freezer inventory notebook included the identification on the ampule, date 
it was frozen, passage, color code, mycoplasma test date, origin (if the ampule was 
moved from a previous location), description, position and date thawed.  The box 
diagram shows which positions are empty.  
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Figure A-2: Scanned image of cell line information 
A typical page in the cell inventory notebook that was meant to contain all the 
information listed above, but not necessarily filled out completely. 
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The database was created using Microsoft Access, as this software was readily 

available and the most user-friendly with regards to learning how to edit the coded 

aspects of the database to allow for the continuation of its use.  Figure A-3 shows a 

snapshot of the report generated for the entire catalog of racks that our lab utilizes.  This 

allows users to quickly find an empty box if needed.  The same format shown in Figure 

A-1 was utilized, but with the electronic version changes made do not necessitate 

reprinting sheets.  Also it is unnecessary to recopy the entire sheet if someone writes in 

pen.   

The extra detail provided about the box is listed separately if a user wants to view 

the box information (Figure A-4).  To simplify the view of the box information, only the 

pertinent information was chosen for display.  If more cell-line information is required it 

can quickly be accessed because it is linked and there is no need to search through 

another notebook for the same information, as was the case in the old system.  The 

electronic version allows for the cell-lines to be organized alphabetically, enabling a 

quicker visual search.  The ability to use a search function via the table eliminates the 

necessity of the BoxDetail report entirely.  The ultimate reason for the report was to 

satisfy the transition from paper to electronic version.   

Boxes stored at the CORE BioSciences facility, as well as the information for 

each vile can be printed easily from the database, allowing for all the information to be 

backed up in a paper format if one wishes.  These complexities were to ensure that even 

users who were accustomed to non-electronic methods of inventory keeping and 

management could enter values, while those that were electronically savvy could use 

the improvements of searching and linked information to increase efficiency of use.  This 

allows for an individual to know where standard, stable cell-lines are kept and also when 
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they need to be propagated and re-frozen, ensuring no essential stocks are completely 

eliminated.   

Due to the nature of a tissue culture room, the risk of contamination is constant.  

Mycoplasma, a genus of bacteria that lack a cell wall, are unaffected by many common 

antibiotics (2).  Mycoplasma cells are very small (about 0.1 μm in diameter) and cannot 

be seen through the conventional microscopes used in the laboratory.  Thus, special 

testing must be done in order to detect a contamination.  As a result, if frozen cell-lines 

are not regularly tested, then the thawing of a contaminated cell-line could contaminate 

an entire stock of cultured cells.  Therefore, the database was designed to include the 

ability to monitor cells that were recently entered into the database, to store cell 

information even if removed from the physical storage, as well as designating required 

fields for input in order to add a cell into the database.  As a consequence of previous 

contaminations resulting from the thawing of untested cell-lines, new lab rules were also 

implemented, which ensured that the tissue culture specialist monitors the mycoplasma 

test results of any cell-line being transferred to the CORE BioSciences facility.   
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Figure A-3: Snapshot of Rack Report from Freezer Inventory. 
This screen capture shows the report generated for the racks and boxes occupied in the 
CORE BioSciences Facility by our lab.  The report scrolls and thus is cut off to show the 
same box represented in Figure A-1.  The menu to the left shows the available tables 
that may be searched as well as the forms and reports included in this database.  A 
single right-click upon one of the positions (checked or empty boxes) brings up the 
simple menu shown by the red arrow.  The option to Add is only available for empty 
boxes, whereas the option to Remove is only available for filled boxes.  The option to 
View or Edit brings up the locked (View Form) or unlocked (Input Form) view of the 
information as shown by Figure A-5 and Figure A-6 respectively.  A single right click on 
the box name (indicated by the blue arrow) will bring up the BoxDetail report represented 
in Figure A-4. 
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Figure A-4: BoxDetail Report of Freezer Inventory. 
The detail of the box is the same as for the box represented in Figure A-1.  The report 
generated clearly displays the date and time of generation.  The cell-line names 
contained in the box are alphabetized for quick identification.  The information presented 
in this report includes the date the cell-line was frozen, passage number, date of 
mycoplasma testing, and the positions in the box that contain the cell-line.  The report is 
scrollable, and thus not all information is displayed in this screen capture. 
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Figure A-5: View Form of cell-line information stored in the Freezer Inventory 
Database. 
The print button in the upper right hand corner allows for the storage of the information in 
a paper form as a back-up.  The view is grayed to inform the user that this is not an 
editable version.  The date thawed information is presented for the historical cell-lines 
which can also be viewed. 
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Figure A-6: Input Form of cell-line information stored in the Freezer Inventory 
Database. 
An empty form used to input cell-line information.  The items highlighted by the red 
rectangle are only visible if the transfected option is checked.  Records may be copied in 
the case of multiple vials, or previously entered records may be edited and then saved 
via the Save Changes Button.  A user may also view the cell-line information of different 
records by moving through the records, clicking either Previous or Next Record. 
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A.2 Sharpless Library Database 

It was determined that a better method than a “masterlist” worksheet in Microsoft 

Excel was needed to maintain the data from protein screens of a library of compounds 

generated through a collaboration with the K. Barry Sharpless laboratory.  Several 

different applications were researched to replace the old system.  A review of the 

software available, filtered for only those that were reasonably priced, proved that 

Cambridgesoft’s product, which was available for free through the license provided by 

the Department of Chemistry and Biochemistry, was best suited to provide a database to 

best match the group’s needs.  An example of a previous database, used for a separate 

project designed in Dr. Valery Folkin’s lab, from The Scripps Research Institute, 

incorporated both chemical structures and microplate data generated from the 

compounds represented by the structures into one database.  Since this database also 

used Cambridgesoft’s ChemBioOffice Suite, which implemented Microsoft Access’ 

database tools, it made programming the extra requirements extremely simple and 

practical for the same reasons mentioned in Section A.1 for the CORE Freezer 

Inventory. 

 

A.2.1 Relationship Diagram of Database Tables 

The relationship table of the database, shown in Figure A-7, outlines the 

structuring of the database.  Since multiple compounds/batches were given on occasion 

by the organic chemists, we decided to keep the experimental data separate for each 

batch, as the compound purity of each batch could potentially affect the results, thus 

making it important to be able to exclude an entire batch from the results.  Consequently, 

each structure stored within the database could have multiple “Given Compounds” 



164 

 

associated with it, hence the table’s name.  Within the “Given Compounds” table, the 

initial set of data generated included quick screens, as described in Section 2.2.3.  

These screens were performed on soluble protein as well as full-length receptors, as 

previously mentioned.  With the variability of the experimental procedures of each 

screen, it was important to ensure each type was correctly labeled and could be grouped 

together, thus a look-up table for “Screen Classifications” was created.  Following the 

quick screen analysis, compounds that needed further characterization had potential 

secondary screens performed and then a final kinetic analysis performed to determine 

affinity.  In order to average the values generated per analysis, it was important to group 

together the affinity measurements based on the analysis performed, thus another look-

up table for the “Compound Classification” was created.  A list of protein names was also 

included as a look-up table to ensure that all values generated for a given protein were 

grouped together for that protein. 

Since multiple experiments are performed on various proteins for each 

compound, separate tables were created for both the quick screen and kinetics values 

generated.  Having these separate tables reduces duplication of stored values, such as 

the information in the “Given Compounds” table.  Separating quick screen values from 

the kinetics values allows for the removal of the Hill-slope field which does not exist for 

quick screen values, and allows for the different look-up tables to be referenced for the 

type of experiment performed.  Each table’s values are linked back to the specific “Given 

Compound” upon which the experiment was performed by the LinkID, which references 

the ID of the given compound.  
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Figure A-7: Relationship Table of Sharpless Database 
Each window represents a table.  The molecule table (MolTable) can have multiple 
“Given Compounds” all linked via the LinkID to the ID of the molecule.  Each “Given 
Compound” can have multiple quick screen or kinetics values also linked via the LinkID 
of the respective table to the ID of the given compound.  The protein names and types of 
screens are each locked to the respective reference look-up table. 
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A.2.2 Microsoft Access functionality 

The user begins on the Main Form shown in Figure A-8.  Individual values of a 

compound are listed on this form and also can be modified if the form is switched into 

editable mode.  When the user clicks upon the “Make Form Editable” button, the red 

label beside the button changes to green and the word “locked” is replaced by “editable”.  

This allows the user to change any field except for the averages shown in color on the 

right side of the form for both quick screen values and kinetics values (Figure A-8).  The 

user cannot change the structure of an existing molecule as this modification is done via 

the ChemBio Finder side of the software.  If multiple batches exist for a molecular 

structure, a second similar form automatically opens that allows for the user to cycle 

through the quick screen and kinetics values of each given batch (Figure A-9).  This 

window closes when the user moves to another compound on the main window. 

The colors of the quick screen and kinetics values change based on the number 

of replicates used in generating the average and standard deviation of the mean.  The 

number stays red until at least three values are used to generate an average and then it 

changes to green.  To keep the main form manageable, the replicate values of the quick 

screens are entered in a separate form.  Since the values for each replicate of the quick 

screen are stored in a separate table, clicking the “Open Quick Screen Value” button 

opens a new form window that displays and inputs information linked only to the 

currently displayed compound (Figure A-10). 
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Figure A-8: Main Form of Sharpless Database. 
The main form can either be a method of viewing the data or inputting/editing the data.  
This is visualized by the “Make Form Editable” button, which changes a label from red to 
green with a change in words to inform the user that the form is either locked or 
unlocked for making changes.  If a crystal structure exists for a compound, a button 
appears below the first column to open the “Crystal Structure Window” (Figure A-12).  
Buttons above the quick screen value averages and kinetic value averages allow the 
user to input the respective information in separate forms as shown in Figures A-10 and 
A-11 respectively.  Values are shown with the standard deviation of the mean and color 
coded to indicate if the replicates used in the average are more than three (green) or not 
(red).  Users can search for a given molecule by name in the field below the Research 
ID of the current compound, or they can jump to a specific compound number simply by 
typing in the number below the chemical formula of the compound. 
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Figure A-9: Multiple Batches Form of Sharpless Database. 
If multiple “Given Compounds” exist for a particular structure a new window 
automatically opens up that displays the other “Given compounds” information.  The 
user can use the arrow buttons to cycle through the values of all “Given compounds” that 
have the same structure. 
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Within this window, users can enter in the value determined for a particular 

protein, the date the experiment was performed, the normalized value of the experiment, 

the screen type in the case of full-length receptors that are screened functionally for 

agonists and antagonists, and a button to check in case of a failed experiment or a value 

that necessitates exclusion.  For both the protein names and the screen type, it is 

important, from a computational component, to have identical representations of the 

protein name, or screen type, for any replicates that must be averaged.  Therefore look-

up tables, which the user may update at any given time, exist for these two choices.  If 

the user wishes to later change a name of a screen type or protein, then all entries 

referencing that value will automatically be updated.  As a result, when entering the 

values for the protein name or screen type, the user must choose from a drop-down list 

as shown for protein names in Figure A-10.   

Affinity of the compound for a protein that passed the screen is entered when the 

user clicks upon the “Open Kinetics Value” button.  This opens up a window, similarly 

formatted to the “Quick Screen Value” form, but instead references the “Kinetic Values 

Table” (Figure A-11).  Here the values for a “Given Compound” along with the date the 

experiment was performed for the specific protein, the Hill-slope of the concentration-

dependent curve, the type of value determined, and whether or not to exclude the data 

point from averaging are entered.  Both the protein name and type of value determined 

behave similarly, as previously mentioned for the “Quick Screen Values” form.  Figure A-

11 shows specifically the drop-down list for the type of value generated that references 

the “Compound Classification” look-up table.  The current experiments performed in the 

laboratory mentioned in Chapters 2 and 3 allow for users to generate Kd or Ki values for 

compounds acting upon soluble proteins, an EC50 value for agonists behaving fully or 

partially, a Ki for compounds competitively inhibiting a full-length receptor, a Ka for 
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compounds non-competitively antagonizing a full-length receptor, or, due to the mixed 

nature of antagonism, the behavior is unknown.  If a new methodology is implemented 

such as radioactive ligand binding to full-length receptors, then a new classification may 

simply be added to the look-up table, and since the general reported values don’t 

change between kinetics experiments the database can robustly adapt to this change.   

The “Quick Screen Value” form and “Kinetics Value” form can both be cycled 

through compounds by simply changing the record.  This allows the user to move to a 

different compound and add more values with the compound name always displayed on 

top.  Searching for a specific compound in these forms is not available.  If a user wishes 

to batch-import a large set of values, they can simply copy and paste from a Microsoft 

Excel sheet into the data table itself, ensuring only that the format and order of the fields 

matches that of the database. 
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Figure A-10: Quick Screen Values Form. 
The form to enter quick screen values for an individual compound.  The option to 
exclude a given replicate from averaging is enabled by checking the exclude box.  The 
“Screen Type” may be left empty for the case of soluble proteins that have no function, 
whereas the quick screen type may be entered for full-length receptors to indicate what 
type of screen the value represents.  The drop down combo box displays how the user 
would choose to ensure that all values for the protein name match.  A similar drop down 
combo box appears for the “Screen Type”. 
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Figure A-11: Kinetics Values Form. 
The kinetics values and their Hill-slopes determined for a given compound are entered 
on this form.  The option to exclude a given replicate is enabled by checking the exclude 
option for the row to be excluded.  The “Value Type” option is referenced from the 
“Compound Classification” look-up table and a similar combo box appears for the protein 
name from the “Protein Names” look-up table. 
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Users from our laboratory can notify chemists if they need more of a compound 

by checking the “Need More” box in the Main Form (Figure A-8).  The stock 

concentration (mM), amount of compound received (mg), date it was received, in which 

box the compound is stored in the freezer, and whether or not to display the compound 

in the report view of selected compounds are all entered in the first column.  These 

values along with notes (also in the first column) and the supplied name of the 

compound by the researcher are all stored in the “Given Compounds” table.  The 

structure of the compound and the location of a PDB file for the crystal structure of the 

compound in association with an AChBP are stored in the Molecule Table (MolTable), 

since they are only unique to the synthesized molecule. 

The box checked “Do we have a crystal structure?” is determined if a file is 

stored for the molecule.  If a user checks the box, while the form is in an editable state, a 

message box appears for the user to input the location of the PDB file.  In the future, 

when or if this material is published and deposited into the Protein Data Bank (PDB) the 

PDB accession ID code may also be entered for the compound.  If a file is stored for the 

compound, a button to open the associated crystal structure file in a new window 

appears.  If the user clicks this button, then the window shown in Figure A-12 appears 

that provides the user a built in Pymol application via an AxPymol plugin for Microsoft 

Access (3). 
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Figure A-12: Crystal Structure Window. 
Using an AxPymol plugin, a PDB file for which the location is entered into the database 
is opened.  All of the functionality of a Pymol (3) window is available and only those 
compounds for which an association to a crystal structure file is present may open this 
window. 
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Another means to access the information stored within the database is through 

the reports generated.  Users begin with the database inventory, which shows all of the 

structures with their researcher provided name, date the compound was received, 

amount received, stock concentration, location, whether more compound is needed, if 

the compound is to be displayed in the selected compound report, and any special notes 

for the compound (Figure A-13A).  If multiple batches were given for a compound the 

structures will appear multiple times in the inventory as the location and other 

information could differ for each compound. 

If the user clicks upon the “Display Compounds” button, a new report is opened 

that shows the selected compounds with their respective values for each replicate 

associated to the compound (Figure A-13B).  The averages, standard deviation of the 

mean, and the number of replicates used for the average are shown below each 

protein’s list of replicates.  The quick screen values are displayed to the left, whereas the 

kinetics values are on the right.  This report has the option to print the entire set in the 

event that one wishes to compare several compounds side by side which may not fit on 

the screen.  If multiple batches for a molecule were selected to be displayed, then these 

values are merged in the “Compound Set” report.   

If the “Open Publication Table” button is clicked, then a message box appears for 

the user to input the title after which the report is generated with the provided title.  In the 

case of Figure A-14, the title chosen was “Agonists” as these compounds behaved like 

agonists with the human α7-nAChR.  The publication table now shows only the averages 

with the standard deviation of the mean, Hill-slope, number of replicates, and type of 

value from kinetics experiments with each protein.  Once again, if multiple batches of a 

compound were chosen to be displayed, the average kinetic value would be for the 

combination of the batches for a given molecular structure. 



176 

 

 
Figure A-13: Inventory and Selected Compounds Reports. 
Reports generated from the compounds within the database.  A.) Report for the entire 
inventory of compounds showing each compounds’ structure, the ID name provided for 
the compound, the amount that was received for the batch, the stock concentration of 
the batch, whether or not more is needed from the chemists, the date the compound was 
received, the compound’s storage location in the freezer, whether or not to display the 
compound in a more in-depth report, and notes about the compound.  Clicking “Display 
Compounds” opens the “Compound Set” report shown in B.  B.) Report for selected 
compounds, that gives their replicate quick screen values with average, and replicate 
kinetics values with averages.  Clicking “Create Publication Table” opens the 
“Publication” report shown in Figure A-14, whereas the print button allows for a hard 
copy to be created. 
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Figure A-14: Publication Reports. 
Report generated for publication for which the title, in this case “Agonists” is input by the 
user before the report displays.  This report only shows the average affinity values to be 
reported for a publication. 
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A.2.3 ChemBio Finder functionality 

In order to add new structures to this database, a separate program, ChemBio 

Finder, must be opened.  This application allows for structure-data files (sdfs) to be 

added as new records.  A separate layout was created for this application to allow the 

user to still view the compound information, although no experimental values are shown 

(Figure A-15).  Since this application accesses the same database information from the 

Microsoft Access software, creating a new structure within the database will populate a 

new molecule and information about the specific batch may be entered using this 

software. 

This software permits users to search for chemical similarities or sub-structures 

of compounds.  After a structural search is performed, the user must simply check the 

“Display Me” box for the returned compounds of interest.  These changes are 

automatically saved in the database and the user can return to the Microsoft Access 

software to generate a report for compounds containing the queried functional group or 

sub-structure.  ChemBio Finder also allows for the complete export of all structures 

contained within the database. 
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Figure A-15: ChemBio Finder Form. 
Screen capture of ChemBio Finder window.  The blue arrow indicates an interactive 
Chem3D structure that the user can rotate, zoom, and change representation to better 
visualize the molecular structure of the compound.  Users can move between records by 
clicking on the left/right arrows (indicated by the two green arrows).  Clicking on the 
query structure button (black arrow) changes the form into query mode and allows the 
user to draw a chemical structure in the top structure box.  After a query, only those 
structures that meet the criteria are returned and viewable.  One must simply exit query 
mode or retrieve the entire list to return to the complete database. 
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A.2.4 Discussion of database strengths and weaknesses 

The versatility of including structural searches with generation of reports of 

experimental values allows for increased efficiency during the development of lead 

compounds for therapeutic drug targets.  Although this database was created specifically 

for the methodology used against the library of compounds generated by the K. Barry 

Sharpless group, similar studies could also use it with minimal need of modification.  

More specifically, if one wishes to create a new unique library of compounds the entire 

application can be used as is, only requiring a different database file to be generated.  

Alternatively, these unique libraries and information produced can be merged to 

decipher receptor selectivity using an array of compound libraries. 

One weakness of the database is the requirement to use two software platforms 

to enable complete functionality.  Also, the cost of the software relies on the Chemistry 

and Biochemistry Department consistently renewing the Cambridgesoft license.  Other 

software exists that could overcome these specific drawbacks of the database, but 

unfortunately the continued flexibility would then diminish as the complexity for altering 

the design increases with the other software.  This would require laboratory individuals 

to be skilled in the field of computer science, which is not normally the case. 
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