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Abstract

The α3β4α5 nAChR has been recently shown to be a useful target for smoking cessation 

pharmacotherapies. Herein, we report on the development and characterization of the α3β4α5 

nicotinic receptor column by frontal displacement chromatography. The binding affinity of the 

nicotine and minor alkaloids found in tobacco smoke condensates were determined for both the 

α3β4 and α3β4α5 nicotinic receptors. It was demonstrated that while no subtype selectivity was 

observed for nicotine and nornicotine, anabasine was selective for the α3β4α5 nicotinic receptor. 

The non-competitive inhibitor binding site was also studied and it was demonstrated while 

mecamylamine was not selective between subtypes, buproprion showed subtype selectivity for the 

α3β4 nicotinic receptor. The application of this methodology to complex mixtures was then 

carried out by screening aqueous-alcoholic solutions of targeted plant extracts, including 

Lycopodium clavatum L. (Lycopodiaceae) and Trigonella foenum graecum L. (Fabaceae) against 

both the α3β4 and α3β4α5 nAChRs.
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1. Introduction

Neuronal nicotinic acetylcholine receptors (nAChRs) are ligand gated ion channels that are 

composed of five transmembrane subunits oriented around a central pore [1]. Two families 
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of neuronal transmembrane subunits have been identified, the α subunit family composed of 

9 members (α2–α10) and the β subunit family composed of 3 members (β2 – β4) [1,2]. 

Functional nAChRs are constructed from α subunits alone, homomeric nAChRs, or a 

mixture of α and β subunits, heteromeric nAChRs. The homomeric nAChRs are formed 

using the α7 through α10 subunits, with the α7 nAChR being the most well characterized 

and abundant subtype. The heteromeric nAChRs were initially believed to be composed of 

two α2, α3 or α4 subunits and three β subunits, with the α4β2 nAChR being the most 

abundant subtype in the central nervous system [1,2], and the α3β4 nAChR the most 

abundant subtype in the peripheral nervous system [2]. However, heteromeric nAChR 

subtypes containing two α subunits, the α2, α3 or α4 subunit plus the α5 or α6 subunit have 

also been described [3], with α5 subunits predominantly expressed in combination with α3 

and β4 subunits [4,5].

It was initially believed that the α5 subunit played a purely structural role [3]. However, 

recent data suggest that the presence of the α5 subunit alters the activity of α3β4 nAChRs. 

Ciuraszkiewicz et al. have shown that the addition of α5 subunits to α3β4 nAChRs 

influences channel open time and burst duration [2]. Increased expression of α3β4α5 

nAChR in the habenuolopeduncular pathway results in decreased nicotine aversion usually 

associated with decreased α3β4 nAChRs expression [4] suggesting that α3β4α5 nAChR 

inhibition may be a useful target for smoking cessation pharmacotherapies [1]. In addition, 

α3β4α5 nAChR subunits expressed in the respiratory system are believed to play a role for 

lung tumor initiation and growth [5] and may also be new targets for receptor-specific anti-

tumor therapy.

Since ~70% of the drugs currently on the market are either nature-based or derived from a 

nature-based product [6], the screening of biological matrices for novel α3β4α5 nAChR 

inhibitors is a logical drug discovery program. However, the process is complicated by the 

complexity of the matrix and the variable concentrations of “active” components. Currently, 

dereplication is the most common approach for screening of complex matrixes (plant 

extracts) and has been approached using a variety of methods [7]. Another commonly used 

method to screen plant extracts is on-line screening with bioactive detection [8, 9]. These 

methods have been successfully used but predominantly to identify the most abundant 

compounds and not necessarily the most active. We have previously demonstrated that these 

issues can be addressed using bioaffinity chromatography and that this approach can be used 

for the isolation of active components from complex mixtures including tobacco smoke 

condensates and plant extracts [10–14]. The previous studies have utilized cellular 

membrane affinity chromatography (CMAC) including CMAC columns containing single or 

multiple nAChR subtypes [15, 16]. Thus, an objective of this study was the development 

and characterization of a CMAC column based upon immobilized cellular membranes 

obtained from cells lines expressing the α3β4α5 nAChR and the demonstration that this 

resulting column can be used to identify novel lead drugs for use in the treatment of 

smoking cessation.

Although the α3β4α5 nAChR is believed to play an important role in smoking cessation, the 

receptor has not been fully characterized. Previous studies have demonstrated that CMAC 

columns containing the α3β2 nAChR, α3β4 nAChR, α4β2 nAChR or α4β4 nAChR can be 
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used to characterize the receptors at their orthosteric as well as their allosteric binding 

sites[15, 16]. Thus, a second objective of this study was to demonstrate that the 

CMAC(α3β4α5 nAChR) column can be used to probe competitive and non-competitive 

binding to the immobilized receptor.

We now report the development and initial characterization of the CMAC(α3β4α5 nAChR) 

column and its comparison to the CMAC(α3β4 nAChR) column. The results clearly 

demonstrate that there are differences in the binding affinity between the two subtypes. In 

addition, due to the interest in the identification of highly selective ligands for the α3β4α5 

nAChR and to demonstrate the utility of this approach in screening of complex matrix, plant 

extracts were screened against the CMAC(α3β4α5 nAChR) and CMAC(α3β4 nAChR) 

columns. Several alkaloids have been previously identified as nicotinic receptor ligands. In 

fact, Huperzine A, an alkaloid commonly found in many club moss species, was found to 

slow the rate of recovery from desensitization of α7 nAChR [17]. Fayuk and Yakel 

postulated this alkaloid may play a role of cholinergic signaling modulator in hippocampus. 

As a result, Lycopodium clavatum L, a club moss species, was chosen as its known to 

contain a large amount of alkaloids, including but not limited to lycopodine, sieboldine, 

lycodine, fawcettimine.

2. Materials and Methods

2.1. Materials

D-MEM and Penicillin/streptomycin were purchased from Quality Biologicals 

(Gaithersburg, MD). Fetal Bovine serum was obtained from Atlanta Biologicals 

(Lawrenceville, Ga). [3H]-Epibatidine (>97 %) was purchased from Perkin Elmer 

(Waltham, MA). IAM (immobilized artificial membrane) particles were purchased from 

Regis Technologies Inc (Morton Grove, IL). Hygromycin (80%) was obtained from 

Amresco (Solon, OH). The HR 5/2 glass columns were purchased from Amersham 

Pharmacia Biotech (Uppsala, Sweden). Tris-HCl and NaCl (>99 %) were obtained from 

Fischer Scientific (Jessup, MD). MgCl2 (≥ 98%),, CaCl2 (≥ 99%), KCl (>99 %), Sodium 

cholate hydrate (>99 %),, Leupeptin (> 90%), Ammonium acetate (>99 %), Benzamidine 

hydrochloride (>99 %), Phenylmethanesulfonyl fluoride (PMSF, ≥98.5%), G418, Nicotine 

(> 99%), Cytisine (≥ 99%), Nornicotine (≥ 98%), Anabasine (≥ 97%), Mecamylamine 

hydrochloride (> 96%), Bupropion hydrochloride (≥ 98%), and all other chemicals were 

purchased from Sigma-Aldrich unless otherwise stated (St. Louis, MO). Club Moss 

(Lycopodium clavatum L). aqueous-alcoholic extract was from Hawaii Pharm (Honolulu, 

Hawaii) and Trigonella foenum-graecum L. aqueous-alcoholic extracts wasfrom Herb 

Pharm (Williams, OR).

2.2. Methods

2.2. Preparation of α3β4 and α3β4βα5 stationary phases

2.2.1. Cell lines—The HEK293 cell line stably expressing the human α3β4 nAChR was 

developed as previously described [18]. The α3β4α5 membranes were obtained from 

HEK-293 cell lines were obtained from Jon Lindstrom from University of Pennsylvania 

generated by transfecting the stable α3β4 with constructs containing α5 subunits with 
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hygromycin-selectable element [19]. D-MEM media with 1% Penicillin/streptomycin, 10% 

Fetal Bovine Serum and 0.7mg/mL of Geneticin (G418) were used to maintain the α3β4α5 

cells. 400 μg per mL of hygromycin were used in the transfection steps.

2.2.2. Immobilization of α3β4α5 and α3β4 nicotinic receptors—The α3β4 

membranes were prepared and immobilized following a previously described protocol [20]. 

The α3β4α5 membranes were prepared with slight modifications of this protocol [20]. 

Briefly, 1.8 × 107 Hek α3β4α5 cells were obtained and suspended in 20mL of Tris-HCl 

[50mM, pH 7.4] containing 5 mM EDTA, 3 mM benzamidine, 0.1 mM PMSF and 1/100 

protease inhibitor cocktail. The suspension was then homogenized with a glass homogenizer 

20 to 25 times. The mixture was then centrifuged for 30 minutes at 4° C at 100,000g. The 

resulting pellet was then suspended with 10mL of Tris-HCl [50 mM, pH 7.4] containing 100 

mM NaCl, 2 mM MgCl2, 3 mM CaCl2, 5 mM KCl, 2% Cholate and 1/100 protease inhibitor 

cocktail P4589). This mixture was stirred for 18 hours at 4°C and subsequently centrifuged 

at 100,000 x g for 20 minutes and the supernatant which contains nAChR-Cholate solution 

was collected.

The supernatant was mixed with 200 mg of dried IAM-PC liquid chromatography stationary 

phase and stirred gently for 1 hour at 25°C. After an hour, the resulting mixture was 

transferred into dialysis tubing and dialyzed for 48 hours at 4°C against 1L of Tris-HCl 

[50mM, pH 7.4] containing 5mM EDTA, 100 mM NaCl, 0.1 mM CaCl2 and 0.1 mM PMSF.

The resulting mixture was centrifuged for 3 min at 4°C at 700 x g and the supernatant was 

discarded. The pellet (nAChR-IAM) was washed with 5mL of Tris-HCl [50mM, pH 7.4] 

and centrifuged. This process was repeated until the supernatant was clear. The nAChR-

IAM (200 mg) was packed into a Tricorn 5/20 glass column GE Healthcare Life Sciences 

(Uppsala, Sweden) to yield a 150 mm × 5 mm (ID) chromatographic bed.

2.3. Frontal Chromatography on α3β4 and α3β4α5 nAChR IAM columns

The α3β4 and α3β4α5 nAChR-IAM packed columns were placed in a chromatographic 

system consisting of a Shimadzu LC-10 AD pump (Shimadzu, Columbia, MD) isocratic 

HPLC pump, a 50-mL sample superloop (Amersham Pharmacia Biotech) and an IN/US 

system β-ram model 3 on-line scintillation detector (IN/US, Tampa, FL, USA) with a dwell 

time of 2 s and running Laura Lite 3 software. 20 mL of ammonium acetate [10mM, pH 7.4] 

with varying concentrations of [3H]-epibatidine were injected into the column using a 50 mL 

sample superloop. Ammonium acetate buffer [10 mM, pH 7.4] was pumped through the 

system at 0.2 mL/min at room temperature and the elution profile was monitored by the on-

line flow scintillation detector. The chromatographic data was summed up in 1 minute 

intervals and smoothed using the Microsoft excel program with a 10-point moving average. 

The mean and standard deviation could be obtained using the retention volume. The 

concentrations used with [3H]-epibatidine were 20 pM, 30 pM, 60 pM, 90 pM, 120 pM, 180 

pM for the α3β4α5 and 30pM, 60 pM, 90 pM, 120 pM, 180pM, 300 pM for the α3β4 

nicotinic receptor.

For the frontal displacement studies, 60 pM [3H]-epibatidine was used as the marker ligand 

for both the α3β4 and α3β4α5 nAChR, with varying concentrations of nicotine (25 nM, 50 
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nM, 75 nM, 100 nM, 125 nM, 150 nM, 200 nM); cytisine (5 nM, 7,5 nM, 10 nM, 25 nM, 50 

nM, 75 nM, 100 nM); nornicotine (15 nM, 25 nM, 50 nM, 100 nM, 150 nM, 250 nM) and 

anabasine (α3β4: 250 nM, 500 nM, 600 nM, 750 nM, 1 μM, 2 μM concentrations; α3β4α5: 

50 nM, 75 nM, 120 nM, 250 nM, 500 nM, 1 μM).

For the frontal displacement studies on the non-competitive inhibitor binding site for both 

the α3β4 and α3β4α5 nAChR, varying concentrations of ligands were tested. MCM (1 μM, 

5 μM, 10 μM, 25 μM, 50 μM) was run on the α3β4 nAChR column and (0.5 μM, 1 μM, 

5μM, 25μM) was run on the α3β4α5 nAChR column. Buproprion (1 μM, 5 μM, 10 μM, 25 

μM, 50 μM, 100 μM) was run on the α3β4 nAChR column and (1 μM, 5 μM, 10 μM, 20 μM, 

50 μM, 75 μM) was run on the α3β4α5 nAChR column.

MCM and buproprion were monitored in the positive ion mode using single ion monitoring 

at m/z = 168.1 [MW +H] ion and 240.10 [MW+H], respectively, with the capillary voltage 

at 4000 V, the nebulizer pressure at 45 psi, and the drying gas flow at 12 L/min at a 

temperature of 350°C.

2.4. Data analysis

The dissociation constants, Kd, for the marker and displacer ligands were calculated using a 

previously described approach [21]. The experimental approach is based upon the effect of 

escalating concentrations of a competitive binding ligand on the retention volume of a 

marker ligand that is specific for the target receptor. For example, for the nicotinic receptors, 

epibatidine is used as a marker ligand, then the binding affinity can be calculated for EB and 

a displacer using the following equation:

(Eqn 1)

where, V is retention volume of EB; Vmin, the retention volume of EB when the specific 

interaction is completely suppressed and P is the product of the Bmax and the (Kd/KdM). 

From the above plot and a plot of 1/(V − Vmin) vs. [EB], dissociation constant values, Kd, 

for [3H]-MPP+ and the drugs can be obtained. The data was analyzed by non-linear 

regression with a sigmoidal response curve using Prism 4 software (Graph Pad Software, 

Inc., San Diego, CA, USA) running on a personal computer.

2.5. Plant extracts

2.5.1. Trigonella foenum-graecum seed extract preparation—The extract was 

prepared by HerbPharm as previously described [12]. T. foenum-graecum seed was 

extracted by maceration for 3 weeks at 1:2.5 ratio at 72% ethanol, ratio expressed as mass 

raw plant material (T. foenum-graecum seed) in weight (g) per volume (mL) of extraction 

solvent.

2.5.2. Lycopodium clavatum L extract preparation—The extract was prepared at 

Hawaii Pharm (Honolulu, HI). Briefly, Lycopodium clavalatum L. was extracted by 

maceration for 3–6 months at a 1:3 ratio at 60% ethanol, ratio expressed as mass raw plant 

material (Lycopodium clavatum L.) in weight (g) per volume (mL) of extraction solvent.
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2.5.3. Displacement Studies—Lycopodium clavatum L. and Trigonella foenum-

graecum L. aqueous-alcoholic extracts were tested for the presence of potential nAChR 

ligands. Both extracts were injected at two different concentration levels: 0.1% (v/v) and 

0.5% (v/v) with 60 pM [3H]-epibatidine for the agonist-binding sites and 1% (v/v) and 5% 

(v/v) with 1 μM MCM for the non-competitive inhibitor binding site.

3. Results and Discussion

3.1. Characterization of the α3β4α5 nAChR

The CMAC (α3β4α5 nAChR) column was prepared through the direct immobilization of 

crude membrane preparations from HEK-293 cell lines transfected with the stable constructs 

containing α3, β4 and α5 subunits. No attempt was made to isolate or purify the individual 

receptors, as we have previously shown that sufficient quantities of the nAChR were 

solubilized using 2% cholate. In order to characterize the immobilized α3β4α5 nAChR, 

frontal affinity chromatography was carried out. This technique is used to characterize the 

binding of small molecules to the immobilized membrane-bound target (nAChR) and allows 

the determination of the binding affinities (Kd) and the number of active binding sites on the 

column (Bmax). A typical chromatogram of increasing concentrations of [3H]-epibatidine 

([3H]-EB) obtained using frontal chromatographic techniques on the CMAC (α3β4α5 

nAChR) stationary is presented in Figure 1. The concentration-dependent decreases in the 

retention time of the chromatographic traces demonstrate that specific binding interaction 

between epibatidine and the α3β4α5 nAChR was observed (Figure 1), with a Kd of (20.7 ± 

12.6) pM for α3β4α5 nAChR and (15.43 ± 10.4) pM for α3β4 nAChR, similar to previously 

reported values [18].

As α3β4α5 nAChR was shown to be immobilized in a functional state, the binding affinity 

of nicotine and two minor alkaloids found in tobacco smoke condensates (anabasine and 

nornicotine), as well as cytisine, an alkaloid found in Cytisus laburnum L. (Fabaceae) with 

known nAChR activity, was tested. In the displacement studies, increasing concentrations of 

the test ligands were added to the mobile phase with a constant concentration of [3H]-EB 

and the change in its retention volume, measured at the midpoint of the breakthrough curves, 

was used to determine the binding affinity of the ligand (Figure 1). The Kd values for tested 

alkaloids for both the α3β4 and α3β4α5 nAChR subtypes are reported in Table 1. While 

nicotine, cytisine and nornicotine were similar between both subtypes (28 vs 15 nM; 8.5 vs 

5.4 nM; 36 vs 21 nM) respectively, the difference observed with anabasine was significant. 

Anabasine had a 10 fold higher affinity for the α3β4α5 nAChR vs the α3β4 nAChR (68 vs 

530 nM, respectively). This would be consistent with previous findings that the levels of 

anabasine typically found in cigarette smoke, resulted in a significant increase in nicotine 

self-administration in rats [22], suggesting that anabasine could contribute to the reinforcing 

effects of tobacco. Although, the α5 subtype is believed to play a predominantly structural 

role, the results of this study indicate, that the α5 can significantly alter the binding affinity 

of nicotinic ligands and as a result can be selectively targeted for the identification of novel 

nicotinic ligands that may play a role in smoking cessation.

In addition to probing the interactions at the competitive agonist binding site, we examined 

the non-competitive inhibitor site, as several drugs that show promise for smoking cessation 
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are non-competitive inhibitors and in some cases are in the clinic. For example, buproprion 

(Zyban) has been clinically approved for smoking cessation [23], while MCM shows 

effectiveness in smoking cessation [24, 25].

To this end, we developed a frontal displacement chromatographic method for the screening 

the NCI binding site for the first time. The binding affinity of MCM was determined on the 

CMAC (α3β4 nAChR) to be 8.5 μM (Fig. 2), which is consistent with previously reported 

values [15]. A similar binding affinity was obtained for the α3β4α5 nAChR with a Kd of 3.4 

μM obtained (Figure 2). Buproprion binding affinity for both subtypes was also determined 

with a Kd of 9.2 μM and 40.4 μM obtained for the α3β4 and α3β4α5 nAChRs, respectively, 

indicating a slightly higher affinity for the α3β4 nicotinic receptor. The data indicates that 

subtype selectivity between the α3β4 and α3β4α5 nAChRs can be easily differentiated using 

frontal displacement chromatographic techniques.

3.2. Plant Screening

The role of the α3β4α5 nAChR in smoking addiction has been clearly demonstrated [4], and 

has resulted in the α3β4α5 nAChR being targeted for smoking cessation. To date, there are 

very few ligands that have been demonstrated to have high selectivity for the α3β4α5, as a 

result, the identification of novel α3β4α5 nAChR inhibitors is desired. A potential source for 

such a compound could be botanical matrices, for example, to date several alkaloids, have 

been identified as nAChRs ligands, e.g.: (S)-nicotine, (R,S)- anatabine, anabasine, cytisine, 

nornicotine. As a result, we have screened two different concentrations (0.1% and 0.5%) of 

aqueous-alcoholic solutions of targeted plant extracts, including Lycopodium clavatum L., 

and Trigonella foenum graecum L. against both the α3β4 and α3β4α5 nAChRs. Prior to 

analysis of the plant extracts, an equivalent amount of ethanol present in the extract was 

added to the mobile phase for both the agonist binding site (60 pM [3H]-epibatidine) and the 

non-competitive inhibitor binding site (1 μM MCM), and no displacement of the marker 

ligand was observed in either case (data not shown). Lycopodium clavatum L. was chosen as 

an extract, as it is known to contain a large amount alkaloids, while Trigonella foenum 

graecum L. was chosen as it is known to contain no significant amounts of alkaloids, with 

the exception of Trigonelline in Trigonella foenum graecum L. In both cases, only slight 

displacements of [3H]-EB was observed with 0.1% of the extract, as a result all extracts 

were run at 0.5%. As expected, a 0.5% solution of Lycopodium clavatum L. resulted in a 

significant decrease of the retention of epibatidine to the α3β4α5 (data not shown), 

indicating the presence of competing ligands for the nicotinic agonist binding site from 

Lycopodium L.. In the case of the non-competitive inhibitor binding site, no displacement 

was observed with a 0.5 or 1 % solution of Lycopodium clavatum L. on either the α3β4 or 

α3β4α5 nAChR (data not shown), as a result, the concentration of the extract was increased 

to 5%. This is consistent with the fact that non-competitive inhibitors binding affinity are 

typically in the μM range, while competitive agonist/antagonist are typically in the nM 

range. Of interest, a 5% solution of Lycopodium clavatum L. caused a significant decrease in 

the retention time of 1 μM MCM for the α3β4 nAChR, while having no effect on the 

α3β4α5 nAChR (Figure 3), indicating that there a selective non-competitive inhibitors for 

the α3β4 nAChR present in the extract of Lycopodium clavatum L.. While Trigonella 

foenum graecum L. showed no displacement of [3H]-EB for the agonist binding site, a small 
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displacement (<8%) of 1 μM MCM was observed for both α3β4 and α3β4α5 nAChRs (Fig. 

4B and 4B, respectively), the displacement was significantly less than what was observed 

for Lycopodium clavatum L. (~25%), indicating that this method can be used to screen for 

active complex mixtures, prior to isolation of the active components.
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Highlights

• The α3β4α5 nicotinic receptor was fully characterized

• Anabasine is selective for the α3β4α5 versus the α3β4 nicotinic receptor

• Characterization of non-competitive inhibitor binding site by frontal 

chromatography

• Application to the screening of plant extracts was demonstrated
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Figure 1. 
Frontal chromatogram of increasing concentrations of [3H]-epibatidine on the α3β4α5 

nicotinic receptor column, where: A =240pM, B = 150 pM, C = 100 pM, D=80 pM and 

E=60pM. Ammonium acetate buffer [10 mM, pH 7.4] was used as eluent at a flow rate of 

0.2 mL/min.
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Figure 2. 
Frontal chromatogram of increasing concentrations of mecamylamine on the CMAC (α3β4 

nAChR) column (from right to left: 1 μM, 5 μM, 10 μM, 25 μM, 50 μM). Ammonium 

acetate buffer [10 mM, pH 7.4] was used as eluent at a flow rate of 0.2 mL/min.
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Figure 3. 
Representative frontal elution profile of 1 μM MCM (i) and 1 μM MCM + 5% Lycopodium 

clavatum L. (ii) on the CMAC (α3β4 nAChR) column (A) and on the CMAC (α3β4α5 

nAChR) column (B). Ammonium acetate buffer [10 mM, pH 7.4] was used as eluent at a 

flow rate of 0.2 mL/min.
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Figure 4. 
A. Representative frontal elution profile of 1 μM MCM (i) and 1 μM MCM + 5% Trigonella 

foenum graecum L. (ii) on the CMAC (α3β4 nAChR) column (A) and the CMAC (α3β4α5 

nAChR) column (B). Ammonium acetate buffer [10 mM, pH 7.4] was used as eluent at a 

flow rate of 0.2 mL/min.
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Table 1

Binding affinities (Ki) determined using frontal displacement chromatography on both the α3β4 and α3β4α5 

nAChRs using [3H]-epibatidine as the marker ligand.

Compound α3β4α5 α3β4

Epibatidine 20.7 ± 12.6 pM (r2=0.96) 15.43 ± 10.4 pM (r2=0.89)

Nicotine 15.4 ± 9.6 nM (r2=0.98) 28.15 ± 14.6 nM (r2=0.97)

Cytisine 5.4 ± 3.5 nM (r2=0.89) 8.52 ± 5.7 nM (r2=0.95)

Nornicotine 20.8 ± 11.7nM (r2=0.88) 35.6± 18.9 nM (r2=0.98)

Anabasine 67.5± 25.8 nM (r2=0.92) 528.1 ± 135.6 nM (r2=0.86)
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