
Probing the Allosteric Role of the α5 Subunit of α3β4α5 
Nicotinic Acetylcholine Receptors by Functionally Selective 
Modulators and Ligands

Caroline Ray||, Erik J. Soderblom+, Yushi Bai||, F. Ivy Carroll⊥, Marc G. Caron||,&,*, and Larry 
S. Barak||,*

||Department of Cell Biology, Duke University Medical Center, Durham, North Carolina 27710, 
United States

&Department of Medicine, Duke University Medical Center, Durham, North Carolina 27710, 
United States

+Duke Center for Genomic and Computational Biology, Duke University Medical Center, Durham, 
North Carolina 27710, United States

⊥Departments of Pharmacology and Toxicology, RTI International, 3040 E Cornwallis Road, 
Durham, North Carolina 27709, United States

Abstract

Nicotinic acetylcholine receptors regulate the nicotine dependence encountered with cigarette 

smoking, and this has stimulated a search for drugs binding the responsible receptor subtypes. 

Studies link a gene cluster encoding for α3β4α5-D398N nicotinic acetylcholine receptors to lung 

cancer risk as well as link a second mutation in this cluster to an increased risk for nicotine 

dependence. However, there are currently no recognized drugs for discriminating α3β4α5 

signaling. In this study we describe the development of homogenous HEK-293 cell clones of α3β4 

and α3β4α5 receptors appropriate for drug screening and characterizing biochemical and 

pharmacological properties of incorporated α5 subunits. Clones were assessed for plasma 

membrane expression of the individual receptor subunits by mass spectrometry and 

immunochemistry and their calcium signaling was measured in the presence of a library of kinase 

inhibitors and a focused library of acetylcholine receptor ligands. We demonstrated an 

incorporation of two α3 subunits in approximately 98% of plasma membrane receptor pentamers 

indicating a 2/3 subunit expression ratio of α3 to β4 alone or to coexpressed β4 and α5. With 

prolonged nicotine exposure the plasma membrane expression of receptors with and without 

incorporated α5 increased. Whereas α5 subunit expression decreased the cell calcium response to 

nicotine and reduced plasma membrane receptor number, it partially protected receptors from 
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nicotine mediated desensitization. Hit compounds from both libraries suggest the α5 and α5-

D398N subunits allosterically modify the behavior of nicotine at the parent α3β4 nicotinic 

acetylcholine receptor. These studies identify pharmacological tools from two distinct classes of 

drugs, antagonists and modifiers that are α5 and α5-D398N subtype selective that provide a 

means to characterize the role of the CHRNA5/A3/B4 gene cluster in smoking and cancer.
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Introduction

Smoking remains a leading cause of death and morbidity in the developed world. Smokers 

exhibit common behaviors characterized by heavy, early morning cigarette use, tolerance to 

repeated cigarette use, and withdrawal symptoms from chronic tobacco use. For 60% of 

cigarette smokers their difficulty in quitting is a direct consequence of tobacco related 

nicotine dependence 1. The molecular targets for nicotine are peripheral and central nervous 

system (CNS) nicotinic acetylcholine receptors (nAChRs) 2. As the name implies, nAChRs 

are activated by both the endogenous neurotransmitter acetylcholine and the environmental 

toxin nicotine. These receptors are integral membrane proteins formed by combinations of 

five subunits that function as cationic ligand gated ion channels for Na+, K+, and Ca2+. 

Multiple nAChR subtypes occur in the CNS. The human brain expresses nine different α 
subunits and 3 types of β subunits that mediate the release of dopamine and other 

neurotransmitters in a subtype specific manner 3. As a consequence of the many nAChR 

combinations and permutations, determining the role of an individual subunit in the 

physiology of nicotine dependence remains a difficult problem as does developing subtype 

specific ligands. Thus, there are very few drugs available for smoking cessation therapy and 

FDA approved treatments are restricted to nicotine based gums, lozenges, and patches; 

varenicline, a nAChR partial agonist, and the antidepressant bupropion whose mechanism of 

action in smoking cessation is not fully understood 4.
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Common acetylcholine and nicotine binding domains form at the interfaces of the subunit 

extracellular faces. Depending upon the subunit composition each receptor may have from 

two to five agonist and antagonist sites with differing affinities 5, 6. There are major 

differences in the pharmacokinetic properties of acetylcholine and nicotine and their effects 

on receptor function. Hydrolytic enzymes at nerve terminals inactivate acetylcholine within 

milliseconds whereas the functional half-life of nicotine is many hours. For α4β2 nAChRs, 

prolonged exposure to nicotine up-regulates their expression and may represent an early step 

in nicotine addiction 6–8.

A large-scale study of nAChR genetic variants associated with nicotine dependence in 

smokers identified the CHRNA5/A3/B4 gene cluster that is found on chromosome 15. This 

locus codes for α3, β4, and α5 receptor subunits. Of the many different nAChR subtypes 

considered for treating nicotine addiction, α3β4α5 receptors are intriguing targets because 

they provide the strongest evidence of a genetic association between nicotine mediated 

addictive behavior and lung cancer risk 1, 3, 9. Additionally, the CHRNA5 SNP rs16969968 

represents a D398N substitution in α5 associated with lung cancer 10, 11, and a second SNP 

in the gene cluster correlates to nicotine dependence 1. Some other associations between this 

gene cluster and addictive smoking behaviors include the expression of the α3 subunit in 

dopaminergic neurons, the observation that deletion in mice of the β4 subunit prevents signs 

of withdrawal, and a presence of α3β4 subunits in the peripheral nervous system that 

suggests a correlation to craving behaviors 5.

How the α5 subunit functions in modulating the signaling properties of α3β4 nAChRs is not 

well understood either under normal physiological conditions or in cancer. Identifying sub-

type specific small molecule ligands to contrast the functions of α3β4 and α3β4α5 nAChRs 

in nicotine addiction should help determine how α5 subunits modify receptor properties. 

This applies as well to identifying regulatory enzymes such as kinases that affect the on, off, 

and desensitized nAChR signaling states 12. Additionally, the large number of conotoxins 

that can discriminate between distinct nAChR subtypes provide biological evidence 

supporting comprehensive searches for conventional drugs with similar selective 

capabilities 13, as does the recent discovery of small molecules with selectivity between 

α4β2 and α3β4 receptors 14, 15. Conversely, the observation that cone snails disable prey by 

simultaneously targeting multiple subtypes of nAChRs with a mixture of different 

conotoxins suggests that a similar comprehensive approach against multiple subtypes of 

nAChRs may be needed for modifying the strong, diverse, and refractory nicotine-based 

behaviors in smokers.

It is common for cell-based assays characterizing nAChR ligands to have a degree of 

ambiguity. Attempts to express homogenous in cellulo nAChR populations using excesses of 

one transfected subunit often fail due to unrestricted subunit rearrangement that occurs in the 

endoplasmic reticulum 6, 16. Drug assays with nAChRs are therefore frequently based upon 

measurements of binding, calcium signaling, membrane potential changes, or 

electrophysiological properties in mixed populations of recombinant receptors 16–18. With 

this assay limitation in mind, correlations between biochemical and clinical data suggest 

partial α2β4 nAChR agonists like varenicline have anti-smoking efficacy as nicotine 
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substitutes and prevent reinforcing behaviors. Despite some early promise, many of these 

compounds have significant side effects that lessen their utility 5, 19.

This manuscript presents results from our studies to develop and provide tools to 

characterize a role for the α5 subunit in nAChRs biology. Our results provide cell-based 

assays for high throughput α3β4 and α3β4α5 screening, the identification of novel subtype 

specific ligands they bind, and the construction of α3β4 and α3β4α5 activity profiles, i.e. 

“response fingerprints”, using a library of enzyme inhibitors that change their 

desensitization. We show from mass spectrometry and immunochemical data that a 

homogeneous population of (α3)2(β4)3 receptors can be established in a model system of 

HEK-293 cells to enable comparative studies of α5 subunit modulation of α3β4 signaling 

and expression. We utilize these cells to screen a directed library of putative nAChR 

antagonists and evaluate a library of kinase inhibitors in order to identify compounds that 

differentially bind or selectively modulate the two different receptor subunit combinations 

(α3)2(β4)3 and (α3)2(β4)2(α5). Our results show that inclusion of the α5 subunit in the 

fully formed plasma membrane (α3)2(β4)2(α5) receptor can modulate its membrane 

expression and signaling, alter the response to kinases, and protect the mature receptor from 

desensitization in the continued presence of nicotine. Thus, association of the α5 subunit 

with cancer and addiction may result from α5 allosteric modification of multiple receptor 

behaviors in the presence of sustained nicotine exposure, where the term allosterism is not 

limited simply to ligand binding sites but is used in the broader context of “indirect 

interaction between topographically distinct sites mediated by a conformational change of a 

protein molecule,” 20. Moreover, these behaviors can be probed by drugs that are selective 

antagonists or enzymatic regulators of the receptor subtypes.

Results

The first part of the results will describe the development and validation of labeled receptor 

subunits, their corresponding cell clones, and their cell surface expression. The second part 

of the results will present data using the validated clones to assess two classes of compound 

libraries in primary screens and further characterize some hit compounds in secondary 

functional screens.

Epitope tagging and expression of nicotinic acetylcholine receptor subunits

nAChRs are approximately 300 kDa pentamers formed by subunits composed of four 

transmembrane domains and extracellular N and C termini 21. The N terminal regions are 

critical to creating interfaces in each pentamer that form canonical agonist acetylcholine 

binding sites and alternative allosteric sites 22. Pharmacological properties of these sites are 

affected by the particular arrangement of the subunits, and despite the ability of subunits to 

undergo stochastic arrangement certain combinations are favored 23. In the case of α5β4α3, 

the most likely arrangement is with an unpaired α5 subunit performing an allosteric function 

rather than participating in the formation of a canonical site, though it is now recognized that 

the α5 subunit is not always restricted to the fifth position 2, 24. Thus, difficulties in 

characterizing the physiological roles of nAChRs can arise from the expression of the 

numerous subunit combinations and their overlapping in vivo distributions.
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Various assay strategies have arisen to circumvent this combinatorial problem including 

using receptors composed of subunit concatamers, subunits labeled with GFP, subunit 

specific antibodies, and epitope tagging of subunits 6, 16, 25–27. For various reasons including 

low expression and loss of functionality of the pentamers, the first two methods did not work 

adequately for us when tested in multiple cell types. Therefore, our strategy for 

deconvoluting the composition of membrane bound receptors was insertion of minimally-

disruptive N-terminal epitopes following the subunit signal sequences, yielding HAα3, c-

MYCβ4, and V5α5 tagged receptor subunits as shown in the cartoon in figure 1A. As shown 

in figures 1B and C, immunofluorescence of live, non-permeabilized HEK-293 cells with a 

stable transfection of the subunits, and western blots of the corresponding cell lysates using 

monoclonal antibodies against the various epitopes, confirmed the plasma membrane and 

total cell expressions of the different receptor subunits.

Expression of plasma membrane receptors with chronic nicotine exposure

Studies have shown that nAChRs change their cellular expression in response to chronic 

nicotine exposure in culture and in vivo 28–30. In order to test the functionality of the 

epitope-tagged receptor clones and to measure nAChR plasma membrane expression we 

performed on-cell ELISA with non-permeabilized cells after overnight exposure of the cells 

to vehicle or 1 mM nicotine (fig. 2A). Nicotine produced a three-fold increase of cell surface 

receptor expression of the α3β4 clone as well as two-fold increases in expression of the α5 

and α5D398N containing clones (fig. 2B). Additionally, the substitution of the α5 subunit 

into the α3β4 had minimal effect on the EC50 of the response (fig. 2C). The 95% 

confidence intervals for the EC50s were 22–47 μM (α3β4) and 11–18 μM (α3β4α5). These 

data indicate that the N-terminal epitope tags do not interfere with the chronic nicotine 

response and that both the α3β4 and α3β4α5 receptor populations undergo an analogous 

upregulation by nicotine that has been observed for the α4β2 28. To better define the initial 

homogeneity or composition of those untreated populations of receptors we performed mass 

spectrometry.

Composition of plasma-membrane expressed nAChRs

Receptors expressed in the permanent cell lines were purified using surface biotinylation 

followed by purification on avidin beads and SDS PAGE. The molecular weight of each 

subunit was determined by western blotting using anti-epitope antibodies (fig. 3A). Bands 

corresponding to their molecular weights were excised from the gel and the relative 

quantities of individual subunits (fig. 3B) were determined by mass spectrometry as 

described in Methods. Figure 3C presents plots of the relative expression of the α3 subunit 

versus either the β4 subunit alone (left) or the β4 subunit plus the α5 subunit (right), or a 

combination of the preceding data (lower). The relative amounts of each subunit can be 

determined in a straightforward manner by utilizing the slope of the regression line (see 

Methods - Determining fractional expression per pentamer of nAChR subunits). For the α5 

not present β4/α3 = (2.93 ± 0.13)/(2.07 ± 0.13), and when the α5 is present (β4+ α5)/α3 = 

(2.99 ± 0.15)/(2.01 ± 0.15). Analyzing together both the previous scenarios in a pentamer 

model of two or three α3 subunits, we observe a probability p2α3 that on average 98% (1 

± 0.05) of pentamers contain precisely two α3 subunits (fig. 3C lower image). We similarly 

considered a model for the occurrence of α5 and β4 subunits in the α3β4α5 clone. If the α5 

Ray et al. Page 5

ACS Chem Biol. Author manuscript; available in PMC 2018 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



substitutes for the β4 subunit only once or not at all the percentages of pentamer receptors, 

p0α5 and p1α5 containing either zero or one α5 and correspondingly either three versus two 

β4 subunits are p0α5 and p1α5 0.57 ± 0.29 respectively (fig. 3 legend and Methods).

Restoration of the calcium response with loss of the α5 subunit

It is plausible that α5 subunits may play a role in Ca2+ permeability, which affects 

sensitivity to nicotine. When the D398N variant was associated with concatamers of α4β2 

subunits in a Xenopus oocyte expression system, calcium ion permeability decreased. 

However, no changes were observed in that same system when α5 was coupled to the α3β4 

using a 1:1:2 transfection ratio with the α5 in excess 31. To examine the influence of the α5 

subunit on calcium flux in our HEK-293 cell model, we employed a knockdown strategy 

using RNA interference. Figure 4a shows the calcium response of the α3β4, α3β4α5, and 

α3β4α5-D398N clones in response to nicotine where the signal has been normalized by a 

total calcium cell response as described 32. Knockdown of the α5 subunit with siRNA had 

no effect on the α3β4 calcium response (fig.4B) but resulted in a two to four fold increase in 

the response of the WT and D398N α5 variants respectively (fig.4C and fig.4D). The effects 

of the siRNA knockdown on whole cell expression (western blot) versus plasma membrane 

expression (on-cell ELISA) is shown in figures 4E and 4F and indicates a preference for 

incorporating the α5 subunit into the mature receptor.

Assay validation through screening of a kinase inhibitor library

The trafficking, desensitization and binding of ligandgated ion channels like nAChRs are 

subject to regulation by serine, threonine, and tyrosine kinases, and this type of 

phosphorylation plays a role in many pathologies including nicotine addiction 12, 33. 

Moreover, phosphorylation of the α5 subunit could provide a novel mechanism in which to 

regulate pentamer signaling. Therefore, because kinase inhibitors could provide tool 

compounds or become the basis of novel pharmacophores to regulate nAChRs in vivo, we 

screened a 96 compound kinase inhibitor library to assess the responses of the α3β4(α5) 

cell lines, to further validate the assay, and importantly to produce a kinase fingerprint for 

each of the subtypes (figure 5A). Compounds 22 through 32 serve as controls. Even 

compound numbers in this range correspond to nicotine only and odd numbered ones 

correspond to nicotine plus mecamylamine. The ability of mecamylamine to block the 

nicotine response is shown by an area contained within the rose shaded box. Compounds 

were designated as hits if they were able to inhibit the response to nicotine and fell outside 

three standard deviations of the mean response (blue shaded area). In order determine 

whether the kinase inhibitors could discriminate between the different nAChR forms, all 

three receptors were assessed in the primary calcium assay on the same day in parallel. The 

results, sorted by potency against the α3β4 nAChR, are presented as a heat map summarized 

in Table I. Hit compounds included inhibitors of PKC (tamoxifen), PKA (H-89), and 

tyrosine kinases (tyrphostin). What is evident from the initial portion of the table is the 

generally greater reduction in signaling for receptors without α5, and in some cases a 

complete lack of desensitization in the presence of inhibitor, for example with tyrphostin 25 

or zaprinast. As a further validation of the primary assay, a dose response was performed on 

a representative sample of compounds showing activity in the primary screen (figure 5B).
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Primary screen against a nAChR directed library to identify biased compounds

We adopted a repurposing strategy similar to that described by Chong and Sullivan 34. We 

had Specs Chemicals assemble a directed library of 275 potential nAChR antagonists from 

an algorithm to identify likely candidates. The results of that screen are presented as 

supplemental data figure 1S-A. Compounds were binned for agonist and antagonist activity 

versus nicotine exposure of the different subunit combinations as above and also organized 

as a color map in order to more easily identify compounds that discriminated between the 

α3β4 and the presence of the α5 variants (supplemental figure 1S-B). Thirty-eight leads 

selected for further study on the basis of their differential responses with receptors 

containing α5 subunits were reevaluated in the aequorin calcium assay over 3 logs of 

concentration using a 6 point dose response (figure 6 and supplemental figure 2S). 

Approximately ¾ of them failed to discriminate between the different receptor variants in 

the secondary screen (figure 6A and supplemental figure 2S) whereas eight compounds 

demonstrated an ability to distinguish between the α3β4 and one of the α5 forms α3β4α5 

or α3β4α5-D398N (figure 6B). In particular, compounds 6, 8, 9 exhibited a differential 

response between receptors containing the α5 and α5-D398N.

All eight of the nonselective compounds in figure 6A are 2-bromo-5-substituted furans, as 

are six of the eight in figure 6B, with the exception of compounds 9 and 17. The furan 

compounds predominantly have an N-substituted carbamoyl group in the 5-position of the 

furan ring, with the exception of compounds 10 and 34 that have an alkoxycarbonyl group. 

Compounds 9 and 17, which can distinguish between α3β4 and one of the α5 forms and 

which also appear easier to synthesize than the other fourteen compounds, are also quite 

different from them. Compound 9 is a tertiary amine having two N-methyl groups and a 

large lypophilic third N-substituent. Compound 17, a quaternary salt, is a piperidine having 

two large lypophile N-substituents and is the only quaternary compound in this group of 16 

hits. The concentrations of these leads that produce half-maximal responses in antagonist as-

says are in the low to sub-micromolar range (see accompanying data with figure in 6B, for 

instance compound 9).

Assessment of compound 9 activity in secondary functional assays

Compound 9 was evaluated for its ability to affect α3β4 and α3β4α5 upregulation by 0.5 

mM nicotine (fig. 7A, B). It was compared to two compounds that were both active in the 

kinase inhibitor library screen, the PKC inhibitor bisindolylmaleimide (Bis) XI and the 

phosphodiesterase inhibitor zaprinast, the parent compound of sildenafil (Viagra). Each 

compound alone had no effect on the expression of either receptor subtype (legend fig. 7). 

However, in the presence of nicotine Bis XI was able to reverse the increased surface 

expression of the receptors due to nicotine exposure (fig. 7A), whereas both the zaprinast 

and compound 9 acted similarly and had no effect on upregulated receptor expression (fig. 

7B). In contrast, compound 9 and zaprinast demonstrated activity in dopamine transporter 

knockout mice (DAT-KO), a model for increased brain dopaminergic tone 35. When 

administered i.p., they reduced the typical hyperlocomotion behavior associated with the 

DAT-KO phenotype by approximately one-half and 1/3 respectively (fig. 7C).
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Discussion

In this study we describe model cell systems expressing homogeneous populations of 

(α3)2(β4)3 and (α3)2(β4)2(α5) receptors practical for drug discovery and biochemical 

characterization, determine α5 subunit regulation of their signaling and expression profiles, 

generate a kinase inhibitor fingerprint for them, and identify cognate antagonists of them as 

proof-of-principle that small molecule inhibitors can discriminate between the different 

α3β4(α5) pentamers. Considerable previous effort has gone into identifying compounds 

targeting the relatively large number of nAChR subunit combinations because of their 

physiological importance and relationship to nicotine addiction and cigarette smoking. By 

screening a small but focused nAChR library, we relatively quickly found candidate 

compounds that exhibit selectivity in inhibiting different variations of α3β4 and α3β4α5 

based pentamers, supporting the repurposing approach suggested by Chong and Sullivan in 

their seminal article concerning drug screening 34.

Some common structural features shared by ligand gated ion channels and G protein coupled 

receptors, for example trans-membrane domains bounded by extracellular determinants, 

influenced our approach in modifying the nAChR subtypes and in developing a high 

throughput screen for them. Ideally, α3β4 pentameters should express sufficiently well in 

model cell systems so that plasma membrane expression level is not a limiting factor 

preventing their characterization or use in signaling assays. Identifying plasma membrane 

α3β4 subunits at levels commonly observed with stably expressed GPCRs, however, has 

been problematic, and a lack of reliable antibodies that recognize properly incorporated 

receptor subunits in the mature receptors may be a contributing factor 36. Additionally, 

despite reports of nAChRs successfully labeled with fluorescent proteins in their 

intracellular loops 37, we failed to develop sufficient, functional plasma membrane 

pentamers whose identity or plasma membrane expression could be validated using this 

strategy. In contrast, the solution of inserting distinct, short, high affinity epitopes following 

cleavable signal sequences of the individual subunits produced functional receptors for Ca2+ 

signaling whose identities and locations were easily determined using commercially 

available and proven anti c-MYC, HA, and V5 antibodies.

Population inhomogeneity remains a limiting factor in characterizing nAChRs. Fortunately, 

the composition of expressed nAChRs may be highly constrained despite the large number 

of available types of subunits 38. Commonly expressed forms for mature α3β4 pentamers 

have been reported as two α3 and three β4 per pentamer and three α3 and two β4 39–41. In 

Xenopus oocytes, which form predominates depends on the relative amounts of injected 

mRNA corresponding to the different subunits 39. Difficulties in obtaining homogeneous, 

functional receptor populations has led to work-arounds including designing receptor 

concatamers that express in Xenopus at low levels but are responsive in electro-physiology 

measurements 16, 42. This concatamer strategy also failed as we were unable to express 

visible amounts of functional plasma membrane α3β4 pentamers, despite western blots 

demonstrating that the protein was being made. Even though HEK-293 cells will express 

varying ratios of α3 and β4 subunits after transient transfection 39, it was unexpected that 

our stably transfected lines are upwards of 98% homogeneous in the expression of only two 

α3 subunits per pentamer as determined by mass spectrometry. This ratio of α3 expression 
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also occurs in our cell clones with an average replacement in approximately one-half of the 

pentamers of one β4 subunit by one α5 subunit, in agreement with Xenopus observations 43. 

Moreover, the limited knockdown of surface α5 to 0.74 in the on-cell ELISA of figure 4E 

compared to the much greater α5 knockdown in the whole cell western to 0.31 suggests that 

the plasma membrane expression of α3β4α5 subtype is more than two fold ( ) preferred 

over the α3β4.

Studies show that exposure to nicotine upregulates the number of α4β2 nAChRs in distinct 

areas of the brain, and in rat models the addition of the α5 subunit to either this subtype or to 

the α3β4 subtype makes it more resistant to upregulation 38. The mechanism employed in 

either case remains unclear, but for α3β4 nicotine induced increases may be a consequence 

of increased protein synthesis, receptor stability, and trafficking of assembled receptors to 

the plasma membrane 38, 40. Increases in the membrane expression of GPCRs like the 

dopamine receptor also occur in the presence of cell permeant ligands presumably through 

chaperoning, and the mechanisms responsible here may be similar 44. Our data in figure 2 

indicate that addition of either the α5 or α5-D398N does not prevent the upregulation of 

α3β4 surface receptor by nicotine.

We observed that nAChR cell clones containing stably expressed α5 subunits lose mature 

receptor expression over time. This plasma membrane down regulation suggests a role for 

the α5 in limiting channel activity. Supporting this notion are cell studies by Tammimaki et 

al 45 and our siRNA α5 knockdown observations (figure 4) that the reduction of calcium 

flux coinciding with α5 expression can be reversed by α5 suppression. The data additionally 

suggest that the D398N subunit may be better than wild type α5 in reducing the calcium 

flux. However, our experiments do not distinguish the relative contributions in changing 

calcium flux between a direct suppressive role for α5 subunits or whether a reduction of α5 

subunits simply allows better incorporation of β4 subunits to maintain the calcium response.

Src and tyrosine kinases regulate nAChRs, but the functional consequences of 

phosphorylation may vary between receptors and even kinase members of the same 

family 46. The amount of nicotine exposure in one cigarette is sufficient to desensitize 

nAChRs and will affect diverse aspects of smoking involving withdrawal and reinforcement 

of environmental cues, indicating that nicotine can reward smokers by mechanisms that 

involve both activating and desensitizing nAChRs (for a comprehensive review see Picciotto 

et al 47). PKC phosphorylation of α4β2 nAChRs can promote recovery from nicotine 

induced desensitization 12, 48. Our finding that the PKC inhibitor Bis XI blocks nicotine 

mediated upregulation is consistent with their observation. Additionally, our kinase inhibitor 

data for the α3β4 in Table I support phosphorylation as a mechanism of α3β4 receptor 

recovery. For example, the data show a lack of α3β4 calcium signaling in the presence of the 

tyrosine phosphorylation inhibitors tyrphostin 1 and tyrphostin 25, PKC 

propylphosphocholine compound inhibitors, and the PI3 kinase inhibitor wortmanin. 

Interestingly, the α5 subunit and the α5-D398N may have a role in maintaining nicotine 

signaling because in many instances as outlined in Table I signaling of the α3β4α5 is 

maintained versus the α3β4. Thus, in contrast to its role in reducing expression of the 

nAChR pentamer, the α5 subunit may act by an alternative allosteric mechanism to preserve 

the ability of α3β4α5 pentamers to recover from sustained nicotine exposure.
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The results of screening the different nAChRs with a directed nAChR antagonist library may 

provide a second example of allosteric modulation of receptor pentamers. The primary 

screen identified eight lead compounds using receptor subtype-based calcium flux assays. 

The most potent lead, compound 9, exhibited sub-micromolar activity and a 75% efficacy 

difference between the α3β4 and α3β4α5-D398N isotypes. To further investigate their 

properties, we searched the PubChem, Molecular Libraries database and found that 

compound 9 was the only one of the eight that had received any secondary screening 

validation in the Molecular Libraries program. Compound 9 was listed as a weak antagonist 

of the Kir2.1 inward rectifying potassium channel (PubChem 23723102, AID 743120). If 

these eight ligands directly bind the acetylcholine/nicotine binding sites at the two α3/β4 

sub-unit interfaces, then the most straightforward explanation why their response profiles 

can differentiate between receptor pentamers lacking α5 subunits, or containing α5 or α5-

D398N subunits, is that binding site conformations depend on the identity of the subunit 

occupying the fifth position. Moreover, while the DAT-KO studies cannot alone prove 

compound 9 has a mechanism of action solely involving α3β4 and α3β4α5 receptors in 
vivo, the results provide proof-of-concept support for this subtype-based cell strategy to 

identify drugs with a potential to treat nicotine-related behaviors.

These compound response profiles together with the kinase inhibitor results indicate that 

signaling differences between the α3β4 and α3β4α5 receptor subtypes can be 

pharmacologically realized on the basis of allosteric changes to the binding sites that are 

sequence dependent or that occur as the result of post translational modifications of 

regulatory phosphorylation sites in the subunit cytosolic loops. For treating nicotine 

addiction, modulating the conformations of α3β4α5 nAChRs and consequently their 

interactions with nicotine by use of non-selective kinase inhibitors in preference to selective 

nicotine binding site antagonists may at first seem counterintuitive. However, we propose 

that a strategy of targeting post translational nicotine regulatory sites either expressed or 

modulated by α5 subunits may provide substantial advantages over ligands that compete 

nicotine because it could repurpose drugs approved for treating other diseases including 

cancer. Moreover, this notion is testable in animal models using addiction-related behavioral 

paradigms.

Methods

Materials

Human cDNAs for CHRNA3 (BC001642), CHRNB4 (BC096080.1), and CHRNA5 

(BC033639.1) were obtained from Open Biosystems (Thermo Fisher Scientific Pittsburg, 

PA), Plasmids pcDNA3.1 Hygro and pcDNA3.1 Zeo, and the reagents Lipofectamine 2000, 

Zeocin, G418, hygromycin, MEM, and HEPES were obtained from Life Technologies 

(Thermo Fisher Scientific). Plasmid EGFP-N3 was from Takara/Clontech (Mountain View, 

CA). Coelenterazine H was obtained from Promega (Madison, WI). Nicotine-ditatrate was 

obtained from Tocris, (Minneapolis, MN). Mecamylamine was purchased from Sigma (St 

Louis, MO). Tritiated-epibatidine, #NET1102, was purchased from Perkin Elmer (Waltham, 

MA). The Ambion Silencer siRNA, #AM4613, and CHRNA5 siRNA, ID118985; 

AM51331, were obtained from Ambion/Thermofisher. Mouse monoclonal anti-HA antibody 
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(clone 12CA5) was purchased from Sigma, rabbit polyclonal anti-MYC (#9106) from Ab-

Cam (Cambridge, MA), mouse monoclonal anti-V5 (#46-0705) from Life technologies, and 

Alexa Flour secondary antibodies from Molecular Probes/Thermo Fisher.

Cloning of Nicotinic Acetylcholine Receptors

An HA epitope tag (YPYDVPDYA) was added after the CHRNA3 N-terminal signal 

sequence and the product was sub-cloned with stop codon intact into an EGFP-N3 plasmid 

containing a Neomycin selection cassette. The CHRNB4 expression plasmid with a MYC 

epitope tag (EQKLISEEDL) after the N terminus signal sequence was sub-cloned into 

pcDNA3.1 ZEO. A CHRNA5 expression plasmid was constructed with a V5 epitope tag 

(GKPIPNPLLGLDST) after the signal sequence and sub-cloned into pcDNA3.1 Hygro. 

CHRNA5-D398N was constructed using a Quick Change Kit from Agilent Technology 

(Cary, NC) by site-directed mutagenesis with the following primers, 5′-

cacattggaagctgcgctcaattctattcgctacattac and 3′-gtaatgtagcgaatagaattgagcgcagcttccaatgtg.

An Aequorin Reporter Cell Line of Calcium Activity

An aequorin expression plasmid was constructed by inserting the MYC epitope tag onto the 

N-terminus of the mitochondrial-targeting Apo-aequorin expression vector p47, (a gift of Dr. 

Stanely Thayer, Department of Pharmacology, and University of Minnesota) and sub-cloned 

into pcDNA 3.1 Puro. HEK-293 cells were transfected with the plasmid using 

Lipofectamine 2000 according to the manufacturer’s protocol, and a stable cell line selected 

using puromycin at 2 μg/ml. These cells were maintained in DMEM with high glucose 

supplemented with 10% FCS and 2 μg/ml of puromycin.

Stable Cell Lines Containing nAChR subtypes

Cells were transfected with plasmids using Lipofectamine 2000 as above. α3β4 receptor 

expressing cells were selected with 50 μg/ml Zeocin, 250 μg/ml G418, and 2 μg/ml 

puromycin; and α3β4α5 cells were derived from the α3β4 parent line with 400 μg/ml 

hygromycin. Ten days post selection distinct receptor clones were plated into separate wells 

of 96 well plates by limiting dilutions. Clones were screened for ligand binding with 3H-

epibatidine as follows: 2x105 cells of each clone or control HEK-293 cells were seeded into 

24 well plates. The following day the media was replaced with 0.5 ml of clear MEM-HEPES 

containing 5 nM 3H-epibatidine, the cells were incubated at room temperature for 15 

minutes, then washed twice with clear MEM-HEPES, lysed on ice for 15 minutes with 50 μl 

of 0.1 N NaOH, and the suspension neutralized with 50 μl of 0.1 N HCl. Neutralized lysates 

were added to vial containing 2 ml of Biosafe II scintillation fluid and counted. Cell lines 

expressing the wild type clone of α3β4α5 (clone B8) and the mutant clone α3β4α5-D398N 

(clone E6 ) were sorted by FACS analysis using a Beckman Coulter MoFlo Astrios cell 

sorter for expression of the three epitope tags that were labeled with primary antibodies 

against the respective epitopes. Cells were further sub-cloned based on their cell surface 

expression of the V5 epitope determined by On-Cell ELISA assay, below and as described 

in 49.
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On-Cell ELISA Assay

Individual wells of 96 well, poly-D-lysine treated plates seeded with 3x104 nAChR-

expressing cells were stained on ice for 45 minutes with a 1/2000 dilution of a primary anti-

epitope antibody in clear MEM/HEPES/2% FBS, washed 3X with cold HHBS, fixed for 15 

minutes at room temperature with 4% paraformaldehyde in PBS, and rewashed. Prior to 

secondary antibody treatment the cells were exposed for 20 minutes at room temperature to 

a 1/50,0000 dilution in PBS of the general cell stain IRDye 800CW (LiCor, Lincoln, NE ) in 

order to enable immunofluorescence data to be normalized by cell number. The cells were 

next washed, treated at room temperature for 45 minutes with a 1/2000 dilution of secondary 

antibody 680 (Molecular Probes/Thermo Fisher ), rewashed 3x, placed in PBS, and imaged 

on a LI-COR Odyssey with the 700-nm and 800 nm channels using a LI-COR focal offset 

setting of 1.5. HEK293 stained control cells were used to determine a background signal and 

background corrected data were normalized by the IRDye 800CW staining determined in 

the 800 nm channel.

Fluorescence Imaging of Surface nAChRs

Cells were plated onto fibronectin coated 35 mM glass bottomed dishes (#P35G-0-10-C, 

MatTek Corporation, Ashland, MA) stained live on ice for 45 minutes with a 1/500 dilution 

of primary antibody in clear MEM/HEPES/5% BSA, washed 3 times with cold HBSS, fixed 

with 4% paraformaldehyde in room temperature PBS for 15 minutes, washed 3 times in 

HBSS, and counterstained for 45 minutes at room temperature with a 1/500 dilution of 

secondary antibody in MEM/HEPES/5% BSA. Primary and secondary antibody pairs were: 

CHRNA3, mouse monoclonal anti HA antibody and Alexa Fluor goat anti mouse 488; 

CHRNB4, rabbit polyclonal anti MYC and Alexa Fluor goat anti rabbit 568; CHRNA5, 

mouse monoclonal anti V5 and AlexaFluor goat anti mouse 568. Images were acquired with 

a Zeiss LSM510 microscope using a PlanApo, 40X, 1.4 NA oil-objective.

Determination of Receptor Stoichiometry by Mass Spectrometry

For each determination of receptor expression, 4x107 cells were washed in ice cold PBS, and 

with mild rocking they were surface-treated with Sulfo-NHS-Biotin (kit #89881, Pierce/

ThermoFisher) for 30 minutes at 4°C 40. The biotin conjugation reaction was quenched and 

the cells lysed using the proprietary kit reagents per the kit protocol in buffer also containing 

1X protease inhibitors (#11873580001, Roche Indianapolis, IN). The cells were then 

sonicated on ice with a Fisher Scientific 550 Sonic Dismembrator using 5 one second bursts 

at 30% power, incubated for 30 minutes on ice, centrifuged at 10,000 x g for 2 minutes, and 

the biotin-labeled surface proteins were recovered using a NeutrAvidin gel provided with the 

kit. The enriched biotinylated proteins were eluted at 95°C for 5 minutes in SDS PAGE 

sample buffer containing 50 mM DTT and protease inhibitors.

Targeted Liquid Chromatography Mass Spectrometry with Multiple Reaction Monitoring for 
nAChR Subunit Stoichiometry

SDS-PAGE separation of receptor enriched samples was performed and gel bands 

corresponding to the entire molecular weight region of nAChR subunits α3, β4, and α5 

(approximately 45 kDa to 55 kDa) were excised and subjected to an ingel trypsin digestion 
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at 37°C for 18 hours. Extracted peptides were split into two aliquots and lyophilized to 

dryness. Each aliquot was then resuspended in 2% acetonitrile/0.1% formic acid containing 

either 1.66 fmol/μL (5 fmol total on column) or 16.6 fmol/ μL (50 fmol total on column) 

stable-isotope labeled (SIL) SpikeTide TQL peptides (C13/N15 at C-terminal Arg or Lys 

residues, JPT Corporation, Germany) corresponding to two unique peptides within subunit 

α3, β4, and α5 protein sequences. Injections of 3 μL of each sample were acquired in 

triplicate on a Waters NanoAcquity UPLC equipped with a 75 um x 150 mm BEH C15 1.8 

um column running a linear gradient of 5% to 40% acetonitrile/0.1% for-mic acid over 30 

min at 400 nL/min at 55°C. Eluting peptides were analyzed on a Waters Xevo TQ-S triple 

quadrupole mass spectrometer through an electrospray ionization interface operating at 2.5 

kV. The instrument was operated in a positive ionization targeted MRM mode with a cone 

voltage of 35.0 V, a charge state dependent normalized collision energy of 30–42, and the 

auto-dwell time feature set to acquire at least 10 points across a 20s peak width. Retention 

time windows were set to 4 min and with 4 unique transitions chose per targeted precursor 

ion. Calculation of measured MRM ratios between endogenous and SIL spiked standards 

was performed within the Skyline (MacCoss Laboratory, University of Washington) 

software package. Endogenous peptide quantities were determined by the calculated slope 

between triplicate high (50 fmol) and triplicate low (5 fmol) SIL peptide quantities. 

Endogenous peptide fmol quantities were then calculated based on fitting the measured 

intensity to the corresponding SIL peptide slope. Protein molar stoichiometry was 

determined based on the lowest empirical stoichiometry of the protein components within 

that particular sample.

Determining fractional expression per pentamer of nAChR subunits

The relative amounts of the α3, β4, and α5 subunits were determined by linear regression as 

follows. Each separate experiment j defined a point ( ) representing the subunit 

expressions. For Nj receptor pentamers there are 5Nj total components represented by the 

 and  subunits and the subunits have experimental fractional expressions per 

pentamer of , and . A regression line that best fits all the points 

( ) goes through the origin since  when Nj = 

0. Therefore each term  should provide an estimate of the regression line slope, defined 

as slopereg, where . Solving for the fractional expressions  and 

 using the relationships  and  we find for each experiment 

 and , and by fitting that  and .

Probability of occurrence of the α3 subunit

The probability of occurrence pα3 of an α3 sub-unit in a formed pentamer is . Let 

p2α3 and p3α3 be the respective probabilities of incorporating either 2 or 3 α3 subunits in the 

pentamer, those two forms being the only alternatives that we consider possible. Then p2α3 + 
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p3α3 and the expectation value (fractional expression) pα3 · 5 = f3 = p2α3 · 2 + p3α3 ·3 so that 

. The probability of occurrence in a pentamer of either a β4 or α5 

subunit is . Thus, for the α5 subunit not being a replacement for the α3, the relative 

probability of an α5 subunit replacing a β4 subunit is . Let p0α5 and 

p1α5 be the respective probabilities of incorporating either 0 or 1 α5 subunits by replacing a 

β4 subunit, those two forms being the only alternatives that we consider possible. Then p0α5 

+ p1α5 = 1 and the expectation value (fractional expression) is: 

 so that .

Aequorin-Based Whole Cell Calcium Assay

In stable cell lines the intracellular calcium activation of plasma membrane nAChRs was 

measured using mitochondrial localized aequorin as described 32. Two to three million cells 

were first plated in 60 or 100 mm tissue culture dishes in standard media. Two days later the 

cell media was replaced with 2–4 ml DMEM (a 60 or 100 mm dish respectively) containing 

10% serum and 2.5 μM Coelenterazine H. The cells were incubated 2–3 hours at 37°C, and 

gently scraped and transferred to 15 ml tubes where an equal volume of HBSS containing 

and excess of 100 mM calcium chloride was added for 10 minutes at room temperature. This 

brief calcium incubation eliminates a nonspecific calcium spike associated with calcium 

diffusion into non-viable cells during the start of the assay. The cells were next pelleted by 

centrifugation at 4°C, washed with cold assay buffer (13 mM NaCl, 5.4 mM KCl, 10 mM 

CaCl2, 5 mM glucose, 25 mM HEPES at pH 7.5), suspended in 4–6 ml of fresh assay buffer, 

and held at 4°C until use.

Agonist Measurements

Agonists were diluted in assay buffer and 50 μL aliquots were added to each well of a 96 

well plate with opaque walls. Luminescence was measured using a Berthold LB940 plate 

reader with multiple injection ports. For calcium flux measurements, 50 μL of stirred cells 

that were protected from light were injected into a well and readings were obtained at 1 

second intervals for 10–15 seconds. After reading a plate the remaining luminescent signal 

for each well was determined by injecting 100 μL of lysis buffer (0.1% Triton X-100 in 

deionized water with 100 mM CaCl2) into each well and recording for 4 seconds. Results 

were normalized as the (peak agonist-induced signal)/ (peak agonist induced signal + peak 

cell-lysis signal). A Z factor between 0.46–0.76 was obtained for the 96/384 well plate assay 

using nicotine (60 μM) as the control. DMSO had no effect on the assay when present 

between 0–1.6 %.

Kinase Library Screen Agonist Assay

Measurements were conducted using 96 well plates, and compounds were tested at 30 μM 

final concentration for agonist activity as above in a 0.2% DMSO/Ca assay buffer and with 

30 μL of cells.
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Kinase Library Screen Antagonist Assay

The plates with compound were first read and the compounds were then allowed to incubate 

with the cells for a further 25 minutes at room temperature before 30 μL of nicotine was 

added to a final concentration of 20 μM for α3β4 cells and 60 μM for α3β4α5 cells. 

Positive controls contained only assay buffer in 1% DMSO and negative controls also 

contained 20 μM of the non-selective, non-competitive nAChR antagonist mecamylamine in 

1% DMSO. Following these measurements the cells were lysed as above for normalization 

of the signals.

Directed Specs-Library Screen of Lead Compounds

Potential lead compounds were selected by Specs Chemicals based on predicted agonist and 

antagonist activity against nAChRs using their proprietary software and the algorithm 

(PASS, version 1.41 professional) applied to their screening libraries containing over five-

million compounds. The group contained 266 potential antagonist compounds and 11 

potential agonist compounds. Compounds were provided as 10 mM stocks in DMSO and 

screened as above for agonist activity and antagonist activity at a concentration of 33 μM.

Knockdown of α5 Receptor Subunits by siRNA expression

A day before transfection, 100 mM dishes were plated with approximately 5 x 106 cells each 

and the following day they were transfected with RNAi MAX (#13778-075, Life 

technologies/ Thermo Fisher Scientific) using the manufacturers protocol. Plates received 

either of the following: no RNA, 10 pmol of negative control, or 10 pmol siRNA specific to 

the α5 subunit. The cells were incubated for 48 hours, and then assayed for calcium activity 

as described. The signal from the secondary antibody in the on-cell assay was measured as 

above on a LiCor Odyssey reader.

SDS PAGE of α5 Knockdown Cells

Cells were washed in PBS, resuspended in 200 ml of ice cold 1% SDS/10 mM Tris/pH 7.4 

containing protease inhibitors, sonicated three times for 3 seconds each on ice and 

centrifuged at 13,000g for 5 minutes at 4°C. The total protein was determined using a BCA 

Protein Assay Kit (# 23225, Pierce/ Thermo Fisher Scientific), with equal amounts of 

protein loaded into each well of 4–12% Nu PAGE gels (NOVEX, Lifetechnologies, Thermo 

Fisher Scientific). Proteins were transferred and probed for the presence of the α5 subunit 

using a mouse anti-V5 epitope-tagged antibody and developed with an anti-mouse 680 

secondary antibody. Blots were probed for GAPDH as a loading control.

Locomotion of Dopamine Transporter Knockout Mice

Horizontal locomotion activity was evaluated by an open field automated activity monitor 

(21 × 21 × 30 cm; AccuScan Instruments, Columbus, OH) 50. DAT knockout mice, 

generated as previously described 35, were acclimated to the open field for 30 min, 

intraperitoneally injected with either vehicle (4%DMSO-Saline) or 20 mg/kg of compound 
9 or 10 mg/kg of zaprinast (Sigma #Z0878), and immediately returned to the chamber for 2 

hours after injection. Mice were reused three times within a 10-day interval to allow drug 

wash out. Total number of beam breaks seen in 5 min segments assessing all movements 
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including running and turning behaviors were recorded in terms of the total distance 

traveled. All experiments were conducted within the guidelines of the Duke University 

Institutional Animal Care and Use Committee.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of components of the nAChR α3β4α5 in HEK 293 cells
A. Diagram of the different subunits of the α3β4α5 nAChR showing position of the HA, 

MYC, and V5 epitope tags, relative positions of the transmembrane regions, and the location 

of the D398N mutation in the α5 subunit. B. Immunofluorescence localization of the 

expression of the α3, β4 subunits of the nAChR on the plasma membrane as components of 

the complete α3β4 receptor in a permanently transfected line of live, non permeabilized 

HEK-293 cells. A corresponding SDS-PAGE gel evaluated with the same antibodies also 

demonstrates the expression of both α3 and β4 subunits in these cells. C. Fluorescence 

images comparable to those in (B) of cells in which the α5 subunits are also expressed as 

part of the complete α3β4α5 receptor imaged using a primary anti V5 antibody. The 

corresponding western blot is shown below. Fluorescence images of secondary fluorescent 

antibodies were acquired using the fluorescein and rhodamine channels with a 40X plan 

apochromat NA 1.4 oil objective on a Zeiss LSM-510 confocal microscope.
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Figure 2. Plasma Membrane Expression of nAChR subunits in HEK-293 cells
A. The expressions of the different subunit combinations were measured by on-cell ELISA 

in a 96 well plate format on live cells using a primary antibody against the MYC epitope for 

α3β4 receptors and the V5 epitope for α3β4α5 WT and D398N receptors (upper image). 

Data from individual wells were normalized by the well’s cell number, determined 

independently using the cell permeable fluorescent, infrared dye IR800CWNHS (lower 

image). B. The plasma membrane expression levels for each receptor type correspond to 0 

nicotine exposure, white bars, and 1 mM nicotine exposure black bars. The receptor 

expression levels are presented as order pairs of values representing the mean ± STD and are 

as follows: α3β4, (0.33 ± 0.11, 0.971 ± 0.12); α3β4α5, (0.55 ± 0.07, 1.10 ± 0.11); α3β4α5-

D398N, (0.45 ± 0.05, 0.92 ± 0.10). Individual experiments, N = 3, were performed in 

replicates of 8–16 wells C. Dose response of the change in receptor expression in the 

presence of various concentrations of nicotine. Background subtracted results were 

normalized by the response at 1 mM nicotine and data are presented as the mean ± SEM of 

the normalized response.
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Figure 3. Expression of plasma membrane components of the nAChR α3β4 and α3β4α5 from 
HEK 293 cells as measured by mass spectrometry
Stable cell lines expressing α3β4 or α3β4α5 were biotinylated on the cell surface and 

purified on avidin resin for use in mass spec analysis. A. Shown is a composite of western 

blots against the different subunits using anti epitope antibodies. B. Image of an Acqua-

stained (a coomassie blue based protein reagent), SDS-Page gel containing biotinylated 

plasma membrane proteins from the cell lines. The material between 50–75 kDa designated 

by the hatched box was cut from the gel and eluted for mass spectrometry. C. Plotted are 

mass spectrometry ratio determinations with standard deviations (error bars) from seven (left 

plot) and six (right plot) independent preparations of the relative ratios of nAChR receptor 

subunits. Data were fit by linear regression. The red reference lines have slopes of 1.5. 

Results for the best fit lines describing the subunit ratios are in blue and are flanked by the 

95% confidence intervals (hatched curves). From left to right image to below the slopes of 

the lines have the values as mean ± std error (1.41 ± 0.15, 1.49 ± 0.19, 1.47 ± 0.06). The 

ratio of α5 to β4 subunits,  with the corresponding paired β4 measurement of the six 

determinations, ( , β4),were: (0.17, 8.9); (0.12, 24.3); (0.45, 4.7); (0.44, 3.4); (0.10, 10.8); 

(0.22, 17.1).
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Figure 4. Subunit Dependence of the Calcium Response of the nAChR Permanent Cell Lines
Receptor subunits were expressed in HEK-293 cells also permanently expressing a 

mitochondrial localized aequorin-based calcium reporter. Calcium response data per well 

were normalized by the total calcium response in that well determined upon cell lysis (see 

Methods). Measurements at given concentrations were performed at least in triplicate and 

the sigmoid concentration response curves of the different receptor variants were fit using 

GraphPad prism version 5.0 to determine the parameters basal response and maximal 

response (presented as mean ± sem), and additionally the EC50 95% CI. A. Results were 

respectively, α3β4 (0.0 ± 0.04, 0.9 ± 0.03, 11–21, N = 5), α3β4α5 (0.0 ± 0.03, 0.49 ± 0.06, 

29–199, N = 6), α3β4α5-D398N (0.03 ± 0.02, 0.18 ± 0.11, 11–503, N = 3). Cells expressing 

only the reporter showed no response. Insert shows control demonstrating the effect of the 

antagonist mecamylamine on α3β4 signaling. B–D. Responses were measured in the 

presence of siRNA against the α5 subunit. (B) Data were fit with a shared parameter model 

(GraphPad Prism) for basal /maximal /EC50 95% CI, (0.01±0.04, 1.09±0.04, 23–53 μM, 

N=3). (C) The common fitting parameters were basal/EC50 95% CI of (0.06±0.06, 56–263 
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μM) and maximal responses of 1.69 ± 0.18, 0.91 ± 0.13, 0.97 ± 0.14, N=3. (D) The common 

fitting parameters were basal/EC50 95% CI of (0.20±0.06, 78–407 μM) and maximal 

responses of 2.4± 0.28, 0.51 ± 0.15, 0.74 ± 0.16, N=3. E. Shown in the bar graph are the 

effects of siRNA treatment on whole cell expression of α5 wild type and D398N subunits in 

stable cell line as determined by the corresponding subunit western blots. Data 

corresponding to control and siRNA knockdown plasmids are presented as mean ± STD. For 

the western blot they are, α3β4α5 (1.16 ± 0.02, 0.31 ± 0.16, N=3); α3β4α5-D398N (1.42 

± 0.31, 0.39 ± 0.17, N=3) and for the on-cell determination are, α3β4α5 (0.99 ± 0.047, 0.74 

± 0.084, N=4); α3β4α5-D398N (1.00 ± 0.017, 0.86 ± 0.026, N=4 with eight replicates 

analyzed for each condition). F. The lower section shows a representative western blot 

corresponding to the α5 subunit determinations (bands at 54 kDa) and normalizing GAPDH 

bands at 37 kDa. The right-hand upper image shows representative sections of a 96 well 

plate from a LiCor on-cell determination of α5 plasma membrane subunit expression as a 

function of siRNA treatment.
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Figure 5. Screening of a Kinase Inhibitor Library against Cell Lines Expressing nAChR
A. Cells were treated with 20 μM nicotine in the presence of 12.5 μM library compound and 

analyzed in the aequorin calcium assay as described above. The blue shaded area represents 

compounds lying within three standard deviations of the normalized mean response in the 

presence of nicotine plus vehicle (compounds 22, 24, 26, 28, 30, 32; mean ± std/1.00±0.07, 

n = 12). The red shaded area represents compounds within the 95% confidence interval of 

the nAChR antagonist mecamylamine (compounds 23, 25, 27, 29, 31; mean ± std/0.26±0.02, 

n=10). The square and circular points represent the results of two independent assays. Data 

were analyzed using GraphPad Prism ver. 5. B. The four panels are representative dose 

responses for triplicate wells in the primary calcium assay of a subset of hits from the 
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primary screen that were chosen as controls for validation purposes. The IC50s for the 95% 

confidence intervals were: bisindolylmaleimide XI (0.81 to 3.1 μM), roscovitine (2.3 to 6.2 

μM), tamoxifen (2.5 to 7.9 μM), and staurosporine (2.2 to 6.8 μM) (N = 3).

Ray et al. Page 26

ACS Chem Biol. Author manuscript; available in PMC 2018 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Screening of a Directed Library against Cell Lines Expressing α3β4, α3β4α5 and 
α3β4α5D398N nAChRs
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Antagonist assays for compounds from the directed Specs Library that were considered hits 

in the primary screen were performed as described. Dose responses were calculated from 

triplicate wells in three independent experiments to determine the effects of compounds on 

inhibition of the whole cell calcium mediated nicotine response (100 μM) in HEK-293 cell-

lines permanently transfected with one of the nAChRs. Data were analyzed using GraphPad 

Prism 5.0 and the results for the IC50’s and Efficacies (indicated as Bottom of the curve) are 

presented as 95% confidence intervals. Solid black line is the α3β4-nAChR, solid red line is 

the α3β4α5-nAChR and the solid green line represents the α3β4α5D398N-nAChR A. 

Representative compounds from the secondary screen that showed antagonist activity but 

that did not show any distinct bias for at least one of the three receptor subtypes. B. 

Compounds that displayed bias or preference in antagonizing the signaling of at least one of 

the receptor subtypes when compared to the other two.
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Figure 7. Secondary Screening of Representative Hit Compounds
Relative expression of α3β4 and α3β4α5 nAChRs upon upregulation by 0.5 mM nicotine, 

and (A) 0.5 mM nicotine plus 1.0 μM bisindolylmaleimide XI or (B) 0.5 mM nicotine plus 

10 μM compound 9 and 0.5 mM nicotine plus 10 μM zaprinast. Results expressed as mean ± 

sem were normalized to the surface expression of the respective vehicle treated parent 

receptor and assessed by repeated measure anova. A. α3β4 plus vehicle = 1, plus nicotine 

alone (1.28 ± 0.057) and with nicotine plus Bis XI (1.07 ± 0.059), vs. α3β4 ** p < 0.01, vs. 

α3β4 plus nicotine # p < 0.05; α3β4α5 plus vehicle = 1, plus nicotine alone (2.05 ± 0.16) 

and with nicotine plus Bis XI (1.36 ± 0.065), vs. α3β4α5 * p < 0.05 and *** p < 0.001, vs. 

α3β4α5 plus nicotine ### p < 0.001, (N = 6) B. α3β4 plus vehicle = 1, plus nicotine alone 

(1.22 ± 0.053) and with nicotine plus #9 (1.23 ± 0.16), plus nicotine plus zap (1.16 ± 0.06); 

α3β4α5 plus vehicle = 1, plus nicotine alone (1.56 ± 0.076) and with nicotine plus #9 (1.58 

± 0.063), plus nicotine plus zap (1.64 ± 0.025), vs. α3β4α5 ** p < 0.01 and *** p < 0.001, 

(N = 3). The compounds added alone at the same concentration as specified above without 

nicotine present had no effect on receptor expression upregulation, α3β4 plus vehicle = 1, 

plus #9 (1.05 ± 0.10), plus zap (1.03 ± 0.03); α3β4α5 plus vehicle = 1, plus #9 (0.97 

± 0.04), plus zap (0.95 ± 0.01), (N = 3). Data were analyzed by repeated measures anova 

with Tukey’s multiple comparison test C. Scatter plots of experimental values (left image) 
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and bar graphs summarizing these results (right image) of locomotion data for DAT-KO 

mice. The plots show relative average locomotion for the 30 minute period following the 

various treatments. Values for each condition are normalized by the pre-treatment average of 

that group for 20 minutes prior to injection.. Error bars in the scatter plot represent mean ± 

std. In the column graph the error bars represent mean ± sem and these results are: for the 

vehicle group (0.86 ± 0.066, N = 20), for compound 9 (0.40 ± 0.066, N = 19), and for 

zaprinast (0.57 ± 0.073, N = 15). Data were analyzed by one way anova with Tukey’s 

multiple comparison test, * p < 0.05 and *** p < 0.001.
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