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nAChRs: nicotinic acetylcholine receptors 

Var: varenicline 

VGCCs: voltage gated calcium channels 
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Abstract  

Study of α6β4 nicotinic acetylcholine receptors (nAChRs) as a pharmacological target has recently 

gained interest because of their involvement in analgesia, control of catecholamine secretion, 

dopaminergic pathways, and aversive pathways. However, an extensive characterization of the human 

α6β4 nAChRs has been vitiated by technical difficulties resulting in poor receptor expression. In 

2020, Knowland and collaborators identified BARP (β-anchoring and regulatory protein), a 

previously known voltage-gated calcium channel suppressor, as a novel human α6β4 chaperone. Here 

we establish that co-expression of human BARP with human α6β4 in Xenopus oocytes, resulted in the 

functional expression of human α6β4 receptors with ACh-elicited currents that allow an in-depth 

characterization of the receptor using two electrode voltage-clamp electrophysiology together with 

diverse agonists and receptor mutations. We report: (1) an extended pharmacological characterization 

of the receptor, and (2) key residues for agonist-activity located in or near the first shell of the binding 

pocket.  
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Significance Statement  

The human α6β4 nicotinic acetylcholine receptor (nAChR) has attained increased interest because of 

its involvement in diverse physiological processes and diseases. Although recognized as a 

pharmacological target, development of specific agonists has been hampered by limited knowledge of 

its structural characteristics and by challenges in expressing the receptor. By including the chaperone 

BARP for enhanced expression and employing different ligands, we have studied the pharmacology 

of α6β4, providing insight into receptor residues and structural requirements for ligands important to 

consider for agonist-induced activation.  
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Introduction  

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-activated ion channels (Le Novere 

and Changeux, 1995; Millar and Gotti, 2009) that have been extensively studied and are well-

established pharmaceutical targets. Mammals have 16 distinct genes for nAChR subunits (Corradi and 

Bouzat, 2016), and each particular subunit contains four transmembrane helices, and extracellular N- 

and C-terminal domains. The agonist binding site of the receptor is located extracellularly at subunit 

interfaces, where the α subunit carries the principal component and (in heteropentameric nAChRs) the 

β subunit carries the complementary component (Corringer et al 2000; Grutter et al., 2004). The 

binding pocket contains a highly conserved core of aromatic amino acids, and contacts with these and 

other first-shell side chains and backbone atoms contribute to the pharmacological diversity of 

nAChRs (Corringer et al 2000; Grutter et al., 2004). 

Interest in the human α6* (α6-containing) nAChRs as a drug target arises because of their relevance 

in (i) analgesia through their expression in dorsal root ganglia (Hone et al., 2012; Knowland et al., 

2020; Wieskopf et al., 2015), (ii) control of catecholamine secretion in chromaffin cells (Hernández-

Vivanco et al., 2014; Pérez-Alvarez et al., 2012), (iii) both reward pathways (Wall et al., 2017) and 

degenerative disorders such as Parkinson’s disease (Perez et al., 2010; Srinivasan et al., 2016), via 

expression in dopaminergic neurons, and (iv) expression in neurons of the medial habenula and 

interpeduncular nucleus (Henderson et al., 2014), which are implicated in aversive mood states such 

as addiction, anxiety, and depression (McLaughlin et al., 2017). 

A special challenge associated with an α6-subtype specific ligand centers on the close homology 

between the α4 and α6 subunits.  Both are expressed in numerous neuronal types and several drugs 

previously considered selective for α4* nAChRs have now been shown to be comparably potent at 

α6* nAChRs (Quik and Wonnacott, 2011). Studies of heterologously expressed receptors that could 

address these challenges are further hampered by the fact that human α6 subunits produce very small 
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currents when expressed with various β subunits (Knowland et al., 2020; Letchworth and Whiteaker, 

2011).  

In many cases, accessory proteins interact with ion channel subunits within exocytotic pathways or at 

the plasma membrane of native cells, influencing the native current levels, kinetics, permeability, 

subunit stoichiometry, and even pharmacology. As such, co-expression of accessory proteins with 

various ion channels in heterologous systems is common practice (Lee et al., 2014; Li et al., 2017). 

For several nAChRs, including α6, co-expression of distinct chaperone proteins increases current 

amplitudes to levels where systematic study becomes possible in heterologous systems (Gu et al., 

2019; Halevi et al., 2002; Knowland et al., 2020; Matta et at., 2017). In particular, the β-anchoring 

and regulatory protein (BARP), a transmembrane protein first recognized as a negative regulator of 

VGCCs (Beguin et al., 2014), has been demonstrated to enable ACh-elicited currents when co-

injected in Xenopus laevis oocytes with human α6 and β4 subunits (Knowland et al., 2020). However, 

no further characterization of the chaperoned receptor was provided. As such, a primary goal of this 

work was to address this deficiency.  

Here, we provide information on the pharmacological characteristics and key residues in the binding 

site of the human α6β4 receptor type. To circumvent the difficulties in expressing this receptor in 

heterologous systems, we used a dual approach with Xenopus laevis oocytes: the α6 subunit contained 

a hypersensitive serine mutation at the leucine 9´ on M2; and we co-injected mRNA for human BARP 

(Knowland et al., 2020).  

Given that a critical requirement in this area is the discovery of an α6 subtype selective agonist, we 

chose to evaluate cytisine (cytisinicline), which is a known α4 agonist and currently marketed (as 

Tabex) for smoking cessation. Further, we have an extensive ligand set based on modification of 

cytisine at either (or both) C(9) and C(10), where structural modification has already been 

demonstrated to impart differing selectivity across α4-,  α3- and α7-containing nAChRs. (Blom et al., 

2019; Minguez-Viñas et al., 2021; Rego Campello et al., 2018; Slater et al., 2002). We have found 

that 9-bromocytisine derivatives are potent α6β4 receptor agonists, with similar affinities as the 
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human α7 nAChR (Slater et al., 2002). Further, and in terms of receptor characteristics, our studies 

have highlighted those aromatic amino acids within the agonist binding site that are important for 

agonist activity. In combination, these results offer important new insights on the functional profile of 

the human α6β4 receptor, knowledge that will impact the search for new and α6 subtype-specific 

receptor agonists.  
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Materials and Methods  

Molecular Biology.  

Obtention of mRNA and conventional mutagenesis was done as previously reported by our group 

(please see Blom et al., 2019 and references therein). In summary, circular DNA of human nAChR α6 

subunit was in the pSP64T vector, and human BARP and β4 subunits DNA were in a pGEMhe 

plasmid. cDNA in the pSP64T vector was linearized using the EcoRI enzyme, while cDNA in 

pGEMhe was linearized with restriction enzyme SbfI (New England Biolabs). Next, purified linear 

DNA (Qiaquick PCR Purification kit, Qiagen) was prepared by in vitro transcription, using the SP6 or 

T7 mMessage Machine kit (Ambion), accordingly. Afterwards, the mRNA was isolated using the 

RNeasy RNA purification kit according to the manufacturer’s instructions (Qiagen) and was later 

quantified using UV-vis spectroscopy (NanoDrop 2000, ThermoFisher Scientific). Site-directed 

mutagenesis of specific residues was achieved by means of the Quick-Change protocol (Agilent 

Stratagene), and correspondingly all mutants were validated by sequencing. In our present work the 

human α6 subunit contains a background mutation in the transmembrane of TM2 helix termed 

α6L9´S. This mutation has been used previously by our group, and it is known to increase receptor 

expression and to lower whole cell EC50 values, which for convenience is referred to as a wild-type in 

the text (Post et al., 2015; Knox et al., 2022).  

Xenopus laevis Oocyte Preparation and Injection.  

Ion channel expression was carried out as formerly documented by our group (Xiu et al., 2009; Knox 

et al., 2022). Briefly, oocytes from stages V and VI were harvested, and afterwards injected with 

mRNAs, according to previously described protocols (Post et al., 2017). Because injecting a ratio of 

1:1 is known to gives rise to a mixed population of receptors (Moroni et al., 2006), and since we 

wanted to bias the receptor towards more α or more β in the pentamer, we used 1:10 or 10:1 injection 
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ratios of α:β subunits. Thus the α6L9′S, β4 and BARP mRNA were mixed in 1:10:5 or 10:1:5 ratio by 

mass. Each cell was injected with 50 ng mRNA in only a single injection. As can be observed in 

Supplemental Table1, the presence of BARP permits the finding of detectable currents and enables 

the calculation of the parameters of EC50 and Hill coefficients. After that, oocytes were incubated at 

18 °C for 72-96 h before recording. Incubation media consisted in a ND96 solution (96 mM NaCl, 2 

mM KCl, 1mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES, pH 7.5) supplemented with 0.05 mg/mL 

gentamycin (Sigma), 2.5 mM sodium pyruvate (Acros Organics), 0.67 mM theophylline (Sigma), and 

5% Horse Serum (Sigma).  

Ligand Preparation.  

 (-)-Cytisine was a generous gift from Achieve Life Sciences. Synthesis of the C(9)/C(10) cytisine 

derivatives, and the corresponding structures, which were prepared from (-)-cytisine, have been 

described elsewhere (Rego Campello et al., 2018). All other agonists were purchased from Sigma. 

Whole-Cell Electrophysiological Studies.  

Two-electrode voltage clamp electrophysiology measurements were accomplished using the 

OpusXpress 6000A (Axon Instruments) at ambient temperature (20−25 °C) as previously described 

(Xiu et al., 2009; Knox et al., 2022). First, oocytes were impaled with 3 M KCl filled borosilicate 

glass pipettes (R = 0.3−3.0 MΩ), and then clamped at a holding potential of −60 mV. As running 

buffer, a ND96 solution containing 1.8 mM of Ca2+ was used. Agonists were applied over 15 s, 

followed by a 2 min washout with buffer at a rate of 3 mL min−1 (chamber volume = 500 μL). At 

least three different batches of oocytes were used for each mutant and agonist combination. Data was 

sampled at 50 Hz. Two-electrode voltage-clamp traces were processed using Clampfit 10.3 (Axon 

Instruments). Raw traces were filtered using a low-pass Gaussian filter at 5 Hz, followed by a 

subtraction of the average baseline current preceding agonist application. And normalized peak 

currents were averaged and fit to the Hill equation, Inorm = 1/(1 + (EC50/[agonist]nH) using Prism 8 

(GraphPad Software, Inc.), where I norm corresponds to the normalized peak current at a given agonist 

concentration, EC50 the agonist concentration that produces a half-maximum response, and nH the 
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Hill coefficient: where the  peak currents obtained were always normalized to the maximum current 

observed for each corresponding oocyte. The EC50 obtained results are shown as mean ± standard 

error of the mean (SEM).  

 

RESULTS  

Heterologous expression of human α6β4 in Xenopus oocytes: pharmacological characterization 

To pursue an investigation of the human α6β4 receptor in Xenopus oocytes, we successfully combined 

(i) a L9´S mutation in the α6 M2 subunit, which is known to increase expression and conductance of 

nAChRs (Filatov and White, 1995; Fonck et al., 2005; Gleitsman et al., 2009; Xiu et al., 2009), with 

(ii) co-expression of BARP, the human α6β4 chaperone (Knowland et al., 2020). All experiments 

described here involved the human α6 subunit containing the L9´S mutation, but for simplification 

this is referred to here as a “wild-type”. Please observe in Supplemental Table 1 how in the absence 

of this mutation, no detectable currents were obtained.  In our initial studies, we used two 

α6:β4:BARP mRNA injection ratios, corresponding to 1:10:5 and 10:1:5, keeping the total amount of 

mRNA constant at 50 ng in each cell. We first considered the agonists acetylcholine, nicotine, 

varenicline, cytisine, choline, carbamylcholine and epibatidine, a set of agonists already characterized 

at the rat α6β2 receptor by our group (Post et al., 2015). In Figure 1, original currents traces for ACh 

(A) and cytisine (B) are shown. As can be observed in Figure 1 C-D, the dose-response relationship 

for each agonist was fitted by a single Hill term, indicating that likely only one population of 

receptors exists for each ratio injected. Interestingly, as shown in Table 1, for each agonist the EC50 

values obtained for both injected ratios were similar. Based on previous experience with this 

expression strategy, we anticipated that such large variation in the injection ratio of α6 and β4 would 

have created two stoichiometries of the receptor, one biased towards α6 and the other one to β4 (Blom 

et al., 2019; Post et al., 2015). Based on the data in Table 1, we conclude that either the two limiting 

stoichiometries have very similar pharmacology or that an essentially homogenous population of 

functional receptors is produced and detected regardless of mRNA injection ratio. For all agonists 
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except ACh, the 10:1:5 ratio of α6 and β4 consistently gave higher currents and, typically, larger Hill 

coefficients. As a consequence, we have employed the 10:1:5 (α6:β4:BARP) ratio throughout our 

study, and based on these observations, we suggest that this produces the (α6)3(β4)2 receptor 

stoichiometry.  

Concerning agonist potency, referring to EC50 values, Table 1 shows that choline is the least potent, 

followed by carbamylcholine, then acetylcholine and then cytisine, nicotine, varenicline, and the 

much more potent epibatidine. The order of potency (Epi ˃ Cyt ~ Nic ~ Var ~ ACh ˃ CCho ˃ Cho) 

for these agonists resembles that found for the rat α6β2 receptor (Post et al., 2015), and the potency 

for ACh is in the same range as reported for the rat α6β4 (Wieskopf., 2015).  

Relative efficacy studies for select agonists were carried out by applying two doses of ACh, followed 

by a dose of agonist at a concentration high enough to produce the maximal current in the dose-

response curve, followed by two more applications of ACh, with appropriate wash out steps in 

between. The relative maximal current responses values are shown in Supplemental Table 2 and are 

presented as relative to ACh. All agonists tested acted as partial agonists. 

 

Investigating steric-tolerance in the human α6β4 receptor binding site  

In order to characterize more fully the binding site of the human α6β4 receptor, we made use of a 

diverse set of cytisine derivatives, which have been functionalized at positions C(10) and C(9) (see 

caption in Figure 2). These structures have been used previously to explore structural elements within 

the ligand binding pocket of different nAChRs (Blom et al., 2019; Minguez-Viñas et al., 2021; Rego 

Campello et al., 2018). We selected ligands representing varying steric and electronic characteristics, 

and the concentration-response curves obtained are presented in Figure 2. Table 2 lists the EC50 fold 

shift relative to cytisine, where a shift of ˃2 was considered as a meaningful change. 

As can be observed in Table 2, although most of the compounds tested had a modification of potency 

compared to cytisine, in general variation in EC50 is smaller than seen in previous studies of other 
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nAChR subtypes. In particular, an increase of the size of the 10-substituent did not lead to a 

systematic decrease in potency as has been seen in other subtypes. Cytisine derivatives 6 (R1=H; 

R2=Me) and 3 (R1=H; R2=Et) had EC50 values comparable to cytisine 1, the larger iPr derivative 5 

showed a 9.6 fold shift, while the bulky, t-butyl variant 11 produced only a modest 4.4-fold shift. 

Perhaps surprisingly, compound 12 (R1=H; R2 =NHMe) showed the largest (17.6 fold) shift in EC50. 

Interestingly, ligands 10, 13 and 16, containing a 9-bromo moiety, demonstrated a substantial 

decrease of EC50 compared to the parent ligand 1.   

As a major goal of this work is to evaluate factors that distinguish different nAChR subtypes, Table 3 

compares the present results to previously published data from our group obtained for rat α4β2 

((α4)2(β2)3), rat α4β2 (stoichiometry 3:2) and human α3β4 (stoichiometry 2:3) receptors. While a 

general increase in EC50 is observed as the total volume of the agonist increases for α4β2 (both 

stoichiometries), and α3β4 receptors, the overall effect is substantially smaller with the α6β4 receptor. 

This suggests that other receptor subtypes have a more compact binding pocket than α6β4. To further 

probe this effect, we focused on the steric demand of 10-substituted cytisines using ligands 6, 3, 4, 5 

and 11 displaying a progressive increase in substituent size (Me < Et< C(CH3)=CH2) < iPr < t-Bu) 

but, given the similarity of the alkyl/alkenyl residues present, where no variation in electronic effects 

was expected.  

We also set to determine the origin of the differing responses to the ligand steric effects described 

above. As the α3β4 and α6β4 subtypes share the same complementary component of the binding site, 

and since the aromatic binding site residues within the principal component are identical between the 

diverse α subtypes, we focused on the residues near Trp179 (TrpB) and Tyr227 (TyrC2); both 

residues are known to be important for cytisine agonist action (Blom et al., 2019; Tavares et al., 

2012). Potentially influential residues (shown in yellow in the sequence alignment of Figure 4) were 

identified in loops B and C of the α6 residue and mutated to the homologous residues located in the 

α3 subunit. Mutations studied were T180S, T228P and N221E. A more detailed localization of these 

residues and the mutated counterparts can be observed in Figure 3. Here, Figure 4 shows the plot of 

shifts in agonist potency (EC50) versus total volume of the ligand in Å3 for each mutant, with a larger 
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slope implying a greater sensitivity to steric demands, and Supplemental Table 3 shows the results 

obtained. When the Thr180 residue is mutated to Ser, this resulted in a decrease of affinity for almost 

all compounds tested, though not statistically significant. Additionally, the T180S mutation did 

increase EC50 for cytisine. The residue adjacent to TyrC2 is Thr for the α6 subunit, but Pro within 

every other subunit except for the muscle type α1 subunit. Replacement of Thr228 by Pro in the α6β4 

receptor led to only a moderate increase of affinity for bulky substitutions compared to cytisine. 

Given that substituting Thr to Pro is arguably a more dramatic perturbation, the overall effect 

observed was smaller than that for the more subtle Thr-Ser mutation adjacent to TrpB (Supplemental 

Table 3). We also considered the residue located immediately prior to the vicinal cysteines in loop C, 

which through interactions with residues located on loop F may be relevant in defining the size of the 

binding pocket (Gharpure et al., 2019). In both the α6 and α3subunits this residue is Asn but in α4 is 

a Glu (see Figure 3C for localization and the alignment in Figure 4). When we mutated Asn221 to 

Glu (N221E), as seen in Figure 4, we observed an increase in the apparent affinity for cytisine. 

Remarkably, a considerable decrease in affinity is observed for all derivatives tested compared to 

cytisine, with this mutation rendering the receptor more bulk-intolerant, which is supported by an 

apparent increase in the slope of the mutant receptor. Overall, our data points to these residues (T180, 

T228 and N221) as important determinants for the affinity of cytisine (and C(10) cytisine derivatives) 

in the α6β4 receptor, with steric effects playing some role. 

 

9-Bromocytisine derivatives: potent agonists at α6β4 receptors 

Electrophilic bromination of cytisine occurs predominantly at C(9) and is known to result in an 

increase of agonist activity in nAChRs (Abin-Carriquiry et al., 2010; Blom et al., 2019; Houlihan et 

al, 2001; Slater et al., 2002). In α6β4 receptors, cytisine ligands incorporating a C(9) bromo moiety 

led to a substantial decrease of EC50, as shown in Table 2 and Table 4. The increased potency, 

evident with 9-bromocytisine 16, was substantial and maintained in combination with C(10) 

substitution (NH2 or Et 10 and 13 respectively).  However, this was attenuated in the case of ligand 14 
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bearing a 10-NHMe substitution. This pattern has been seen before, and we previously speculated that 

this variance arises as a result of different conformational preferences of the C(10) substituents (Blom 

et al., 2019).  Furthermore, if we compare potency shifts due to the addition of a 9-Br group with the 

effects obtained at α4β2 and α3β4 receptors as seen in Table 3, we observe that the increase in 

potency is generally greater for the α6β4 receptor.  

Several reports have proposed that a C(9)-Br substituent in cytisine may interact with Val111 and 

Phe119 residues located on the complementary face of the α4β2 receptor (Abin-Carriquiri et al., 2010; 

Rego Campello et al., 2018). Consequently, we wondered whether mutating the equivalent β4 

residues, Ile113 and Leu121, which are represented in Figure 3C, would also affect the potency for 9-

bromocytisines. As shown in Table 4, the I113V β4 mutant had little impact on EC50 for cytisine or 

the three 9-bromo variants (10, 13 and 16) examined. Thus, the “bromo effect” discussed above is still 

present in the Val mutant. With ligands 3 and 9 (which correspond to 13 and 10 but lacking the 9-Br 

component), a 2 to 3 fold decrease in potency was observed in the I113V mutant. This may indicate 

that the mutation causes a re-alignment of the agonist and thus alters substituent-receptor interactions 

at the complementary binding face.  Mutation of Ile113 to Ala led to a decrease in potency for 

cytisine, while with ligands 13 and 16 the relative potentiation effect of Br was increased. Finally, 

mutation of β4-Leu121 residue to Ala (Table 4) had minimal impact on potency except for ligand 9 

(R2 = NH2), where we observed a very substantial reduction in potency.  

Relative efficacy studies were conducted also on most of the Br-containing agonists studied. As can 

be observed in Supplemental Table 2, in general cytisine and 10-substituted variants act to a 

different extent as partial agonists at α6β4 receptors. Exceptions are ligands 16 and 13 carrying a 9-

bromo residue which are more efficacious than cytisine 1 or the desbromo variant 3. Again, this is in 

line with previously published results that demonstrated that C(9)-halogenation of cytisine favored 

nAChRs receptor activation (Slater et al., 2002). 

 

Characteristic aromatic residues in the binding pocket: Relevance for agonist effects 
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The orthosteric binding site in nicotinic receptors is located in the extracellular domain at the interface 

between subunits. Here, highly conserved aromatic residues located on loops A (Tyr122, TyrA), B 

(Trp179, TrpB), C (two Tyr: C1-220 and C2-227) and D (Trp85, TrpD) form a well-documented 

aromatic ‘box’ wherein agonists are nested (see Figure 3C for relative organization of this site). To 

determine the functional significance of these aromatic amino acids in the α6β4 receptor, each residue 

was mutated to Ala. As shown in Table 5, the mutation of TrpD to Ala resulted in an apparent small 

increase in affinity for ACh and cytisine. Alanine mutation of TyrC2, a residue known to interact with 

cytisine through a cation-π interaction in the α4β2 receptors (Blom et al., 2019), led to no measurable 

agonist response with either ACh or cytisine. Additionally, the importance of the phenol residue of 

TyrC2 was assessed by mutation to Phe. As shown in Table 5, this mutation barely changes the EC50 

for ACh, however, the OH of tyrosine is essential for the agonist effects of cytisine, an effect 

previously observed for the α4β2 receptor (Blom et al., 2019). Mutation of TrpB to Ala led to loss of 

potency for both ACh and cytisine, but this was more pronounced for ACh. Interestingly, though, 

mutation of this key residue did not render the receptor completely unresponsive to either agonist, as 

would be expected as a consequence of the involvement of a cation-π interaction determinant for 

agonist binding. Finally, we investigated the role of TyrA. Here mutation to Ala resulted in similar 

decreases of potency for ACh and cytisine.  Our results here show that of the residues investigated, 

mutation of TyrC2 had the most deleterious effects upon agonist-induced activation in human α6β4 

receptor. This result, highlighting a critical role for TyrC2, parallels previous observations that 

determined experimentally that cytisine is able to interact with this residue through a combination of 

both cation-π effects and phenol-based hydrogen bond interactions in different nAChRs (Abin-

Carriquiry et al., 2010; Blom et al., 2019; Rego Campello et al., 2018). 
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DISCUSSION  

In the present work we sought to characterize the pharmacology of the α6β4 nAChR, an interesting 

subtype of this important class of receptors. The first challenge was to develop expression conditions 

in Xenopus oocytes that produced adequate quantities of receptor for detailed characterization. Two 

modifications of standard mRNA injection produced the desired result: incorporation of an L9’S 

mutation in the α6 subunit and coexpression of the chaperone BARP. In this way, consistent 

expression of a homogeneous population of receptors was achieved. 

Against a range of agonists, the α6β4 receptor showed typical responses. However, when probed more 

thoroughly using an array of systematically-modified cytisine derivatives, meaningful differences 

between α6β4 and other subtypes were seen. Most tellingly, the α6β4 agonist binding site is less 

sensitive to increasing steric bulk on the cytisine ligand than other receptor subtypes. This suggests a 

more open, ligand volume-tolerant agonist binding site in α6β4. Several residues adjacent to known 

contributors to the agonist binding site were evaluated as possible determinants of this more open 

structure, but no clear trends emerged. In contrast, the α6β4 subtype is more sensitive to substitution 

by Br at C(9) of cytisine, with Br-substituted derivatives (such as 10, 13 and 14) showing substantial 

increases in potency.  

A number of aromatic (Tyr and Trp) residues are known to define a large part of the agonist binding 

site of nAChRs. We mutated these residues to Ala to probe their role in α6β4. The TrpD/Ala mutation 

had a small effect, while the TyrC2/Ala mutant was not responsive to ACh or cytisine. It has been 

established that TyrC2 makes a strong cation-π interaction with cytisine. Interestingly, the TyrC2/Phe 

mutation had no effect on ACh potency, but was strongly perturbative for cytisine, suggesting a role 

for the OH of TyrC2 in binding cytisine. When TrpB, the near universal cation-π binding site in 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on March 31, 2023 as DOI: 10.1124/molpharm.123.000672

 at A
SPE

T
 Journals on A

pril 9, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 

18 
 

nAChRs, is mutated to Ala, agonist potency is substantially impacted, but, interestingly, the mutant 

receptor is not totally unresponsive to either ACh or cytisine. Finally, the TyrA/Ala mutation showed 

decreased potency for both ACh and cytisine. These results point to a perhaps more important role for 

TyrC2 in binding cytisine than typically seen at other receptor/agonist combinations. 

Overall, our results reveal similarities, but also interesting differences, between α6β4 and other 

nAChR subtypes. It is hoped that such insights will be of value to efforts to develop selective 

agonists/antagonists for this important nAChR subtype.  
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FIGURE LEGENDS 

Figure 1: Examples of the human α6β4 response to ACh (A) and cytisine (B). Oocytes were injected 

with of α6:β4:BARP mRNAs in a ratio of 10:1:5. Bars above the traces indicate the timing of the 

agonist applications and the numbers above the bars give the agonist concentrations.  Inward current 

responses are shown as downward deflections of the trace. (C-D) Concentration-response relations for 

diverse nicotinic agonists measured for human α6β4 receptors expressed in Xenopus laevis oocytes. 

Oocytes were injected with a mRNA ratio of 10:1:5 (C) or 1:10:5 (D), corresponding to α6:β4:BARP. 

Agonist abbreviations are as follows; ACh: acetylcholine; CYT: cytisine; VAR: varenicline; EPI: 

epibatidine; CHO: choline; CCHO: carbamaylcholine; NIC: nicotine. Curved lines are fits to the Hill 

equation and are monophasic. Data points are means ± SD.  Please refer to Table 1 for the cell sample 

size, EC50, and Hill coefficients for the various agonists. 

 

Figure 2: Human α6β4 concentration-response relations for cytisine and the cytisine derivatives 

tested in this study.  Lines are fits to the Hill equation.  Inset shows the structural formula of cytisine.  

R1 and R2 indicate positions of C(9) and C(10) substituents, respectively.  R1 is H for single 

substituents, whereas R1 is Br for R1/R2 double substituents. Data points are mean ± SD.  See Table 

2 for the number of cells tested, EC50s and Hill coefficients for the concentration-response relation of 

the compounds.  

 

Figure 3: A schematic view of some of the functionally relevant residues probed in this study. The 

image depicts the crystalized α3β4 nAChR binding site with nicotine highlighted in pink (PDB 

ID:6PV7, Garpure et al., 2019). (A-C) Amino acids from the principal α3 side are shown in cyan, and 

from the β4 side are in violet. Residues relevant for this study are in brown, namely S180 (A), P228 
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(B), and E221 (C). (D) Amino acids from the principal α3 side are shown in brown, and from the β4 

side are in green. Residues that contribute to the aromatic box and important for interactions are 

labeled. Blue denotes H bonds, and cation-π interactions are in the residues corresponding color.  

 

Figure 4: Non-aromatic residues located at the binding site influence the tolerance of the human α6β4 

receptor for bulky agonists. (A) Effects of mutations of key residues of the α6 subunit on the 

relationship between ligand volume and shifts in relative potency. Total ligand volume in Å3 was 

plotted against the shift in the EC50 for each substituent relative to cytisine for the human α6β4 

receptor.  Only derivatives containing substituents that increased agonist volume without other 

alterations in their chemical properties were included in this analysis. Data points are means ± SD. * p 

<0.05 compared to the WT α6β4 obtained slope,  t-test. (B) Sequence alignment for amino acids located al 

Loop A, B and C in the binding site of various nAChR subunits from human origin.  Residues we 

mutated are highlighted in yellow, and residues that are part of the aromatic box are highlighted in 

blue.  
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TABLES 

Table 1: Estimated µM EC50 values and Hill coefficients for diverse nicotinic agonists tested against 

human α6β4 receptors. 

Agonist Stoichiometry EC50 pEC50 (CI95%)a Hill nb Imax µA 

ACh 1:10:5 0.6±0.2 0.2(0.2 to 0.3) 1.2±0.5 15 0.37-2.46 

ACh 10:1:5 1.6±1.0 -0.2(-0.1 to -0.2) 1.2±0.7 11 0.12-0.77 

Cyt 1:10:5 0.6±0.2 0.2(0.1 to 0.3) 1.4±0.7 6 0.07-0.62 

Cyt 10:1:5 0.5±0.2 0.3(0.2 to 0.3) 1.4±0.5 10 0.22-1.27 

Epi 1:10:5 1.6±0.5 c 3.0(2.8 to 3.1) 1.4±0.7 12 0.07-0.64 

Epi 10:1:5 4.4±1.0 c 2.4(2.3 to 2.4) 2.5±1.0 7 0.27-1.32 

Var 1:10:5 0.3±0.1 0.5(0.6 to 0.4) 1.4±0.5 7 0.06-0.56 

Var 10:1:5 0.1±0.0 0.9(0.9 to 1.0) 2.1±0.7 7 0.07-2.06 

Cho 1:10:5 84.1±36 -2.0(1.5 to 2.1) 1.0±0.5 7 0.09-0.26 

Cho 10:1:5 89.9±23 -2.0(-1.9 to -2) 1.7±0.8 9 1.02-5.05 

CCho 1:10:5 4.4±2.5 -0.6(-0.4 to -0.6) 1.1±0.5 9 0.10-0.25 

CCho 10:1:5 3.1±0.8 -0.5(- 0.4 to -0.6) 2.1±1.4 9 0.47-13.81 

Nic 1:10:5 0.2±0.1 0.7(0.4 to 0.6) 1.7±1.0 4 0.05-0.09 

Nic 10:1:5 0.3±0.1 0.5(0.4 to 0.6) 1.8±0.9 10 4.86-18.54 

The human α6β4 receptor was expressed in Xenopus laevis oocytes, where α6:β4:BARP mRNA 

injection ratio varied from 1:10:5 to 10:1:5. Agonist responses were measured using two-electrode 

voltage clamp electrophysiology. Monophasic concentration-response curves were fitted to the Hill 

equation. Agonist EC50 values are shown as Mean ± SD. a pEC50 corresponds to (-1*logEC50). b 

corresponds to the number of cells. c EC50 values in nM concentrations.  
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Table 2:  The µM EC50 values and Hill coefficients of diverse cytisine derivatives tested with human 

α6β4 receptors.  

 Derivative EC50
a pEC50 (CI95%)b Hill nc Imax µA Fold shiftƗ 

1 Cytisine 0.5±0.2 0.3(0.2 to 0.3) 1.4±0.2 10 0.22-1.27 1 

2 F 2.7±0.6*** -0.4(-0.6 to -0.1) 1.3±0.9 9 0.08-1.43 5.4 

3 Et 0.6±0.3 0.2(0.1 to 0.3) 2.0±0.4 9 0.11-1.13 1.2 

4 C(CH3)=CH2 2.4±0.6*** -0.4(0.3 to 0.4) 2.0±0.5 12 0.07-1.55 4.8 

5 iPr 4.8±0.5*** -0.7(0.6 to 0.7) 1.4±0.9 6 0.05-0.73 9.6 

6 Me 0.7±0.3 0.2(0.1 to 0.2) 1.8±0.4 8 0.08-1.58 1.4 

7 Tolyl 0.4±0.2 0.4(0.3 to 0.5) 2.1±0.4 6 0.07-1.43 0.8 

8 OMe 1.4±0.3*** -0.1(-0.0 to -0.3) 2.0±0.5 6 0.05-0.16 2.8 

9 NH2 1.5±0.8** -0.2(-0.1 to -0.3) 1.2±0.4 9 0.06-0.21 3 

10 Br/NH2 30±7.0d*** 1.6(1.4 to 1.7) 1.9±0.9 7 0.05-0.86 0.06 

11 tBu 2.2±0.5*** -0.3(-0.3 to -0.4) 1.7±0.5 7 0.05-0.12 4.4 

12 NHMe 8.8±2.3*** -0.9(-0.8 to -1.0) 1.2±0.3 7 0.10-0.45 17.6 

13 Br/Et 30±6.4 

d*** 

2.0(1.5 to 2.0) 1.6±0.7 8 0.06-0.22 0.06 

14 Br/NHMe 3.8±1.1*** -0.6(-0.5 to -0.7) 1.1±0.4 7 0.06-0.22 7.6 

15 CF3 4.0±1.0*** -0.6(-0.4 to -0.7) 1.3±0.4 6 0.05-0.93 8 

16 9-Br 13±3.4 d 

*** 

2.0(1.8 to 2.0) 1.4±0.5 10 0.06-0.21 0.02 

The human α6β4 receptor was expressed in Xenopus laevis oocytes, and for this set of experiments 

the α6:β4:BARP mRNA injection ratio was 10:1:5. Agonist responses were measured as detailed in 

methods. Concentration-response relations were monophasic and fitted to the Hill equation. Agonist 

EC50 values are represented as Mean ± SD. Ɨfold shifts compared to cytisine.  a ** p <0.01, ***p <0.001 
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compared to cytisine EC50, t-test; bpEC50 corresponds to (-1*logEC50); c  corresponds to the number of cells; 

d EC50 values in nM concentrations.  

 

 

Table 3: Comparison of folds shifts versus ligand volume for cytisine and the derivatives studied 

obtained in the human α6β4, rat α4β2 (stoichiometry 2:3), rat α4β2 (stoichiometry 3:2) and human 

α3β4 (stoichiometry 2:3) receptors. 

 Derivative α6β4 α3β4  

(2:3)Ɨ 

α4β2  

(3:2)* 

α4β2 (2:3)* Ɨ Volume (Å)* 

1 Cytisine 1 1 1 1 198 

2 F 5.4 13 1.2 1.3 203 

9 NH2 3 36 66 5.4 208 

6 Me 1.4 5.8 1.9 2.3 216 

8 OMe 2.8 15 17 14 225 

10 Br/NH2 0.06 0.19 0.3 0.23 226 

12 NHMe 17.6 13 19 44 228 

15 CF3 8 5.8 17 18 230 

3 Et 1 15 16 4.3 234 

14 Br/NHMe 7.6 28 46 37 246 

4 C(CH3)=CH2 4.8 22 44 17 249 

5 iPr 9.6 12 42 7.7 252 

13 Br/Et 0.06 0.039 0.38 0.21 253 

11 tBu 4.4 25 35 7 270 

Entries in the middle four columns are the EC50 for the derivatives divided by that for cytisine.  

Ligand volumes were taken from a previously publication (Blom et al., 2019). Ɨ data obtained from 

Knox et al., 2022; * Data obtained from Blom et al., 2019.  
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Table 4: The µM EC50 values and Hill coefficients for cytisine and the 9-Br halogenated derivatives 

measured for the WT and mutated α6β4 receptors.  

 α6β4 EC50
 a pEC50 (CI95%)b Hill n c Imax µA Fold shift 

1 Cytisine 0.5±0.2 0.3(0.2 to 0.3) 1.4±0.2 10 0.22-1.27 1 

16 Br(9) 13±3.4 d *** 2.0(1.8 to 2.0) 1.4±0.5 10 0.06-0.21 0.02 

3 Et 0.6±0.3 0.2(0.1 to 0.3) 2.0±0.4 9 0.11-1.13 1 

13 Br/Et 30±6.4 d*** 2.0(1.5 to 2.0) 1.6±0.7 8 0.06-0.22 0.06 

9 NH2 1.5±0.8** -0.2(-0.1 to -0.3) 1.2±0.4 9 0.06-0.21 3 

10 Br/NH2 30±7.0d*** 1.6(1.4 to 1.7) 1.9±0.9 7 0.05-0.86 0.06 

 α6β4I113V EC50
 a pEC50 (CI95%)b Hill nc Imax µA Fold shift 

1 Cytisine 0.9±0.2 0.1(0.0 to 0.1) 1.1±0.3 9 0.06-3.36 1 

16 Br(9) 19.1±1.9 d*** 1.7(1.6 to 1.8) 1.1±0.3 9 0.07-2.37 0.02 

3 Et 3.1±0.8*** 2.5(2.3 to 2.5) 1.1±0.5 7 0.06-1.56 3.4 

13 Br/Et 4.9±1.3 d*** 2.3(2.2 to 2.4) 1.6±0.6 8 0.17-0.68 0.006 

9 NH2 5.6±1.6*** -0.7(-0.6 to -0.8) 1.0±0.2 8 0.07-1.83 6.2 

10 Br/NH2 18.1±4.5 d*** 1.7(1.7 to 1.8) 1.0±0.2 7 0.07-2.64 0.02 

 α6β4I113A EC50
 a pEC50 (CI95%)b Hill nc Imax µA Fold shift 

1 Cytisine 3.1±1.1 -0.5(-0.3 to -0.6) 1.2±0.4 7 0.05-19.10 1 

16 Br(9) 7.3±3.2 d*** 2.1(2.0 to 2.3) 1.4±0.7 7 0.07-1.34 0.003 

3 Et 0.8±0.2** 0.1(0.0 to 0.3) 0.8±0.2 5 0.20-14.07 0.25 

13 Br/Et 4.4±0.0 d*** 2.4(2.2 to 2.6) 1.4±0.3 4 0.07-11.52 0.0013 

9 NH2  5.5±1.4** -0.7(-0.6 to -0.8)  1.0±0.4   6 0.04-1.86    1.8  

10 Br/NH2  0.2±0.1*** 0.7(0.5 to 1.3) 0.8 ±0.2  4 0.78-9.30    0.07 

 α6β4L121A EC50
 a pEC50 (CI95%)b Hill nc Imax µA Fold shift 
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1 Cytisine 0.3±0.1 0.7(0.6 to 0.8) 2.1±0.8 8 0.18-17.23 1 

16 Br(9) 13.6±8.5 d** 2.0(1.7 to 2.1) 1.6±0.6 7 0.19-27.22 0.03 

3 Et 0.3±0.2 0.5(0.3 to 0.8) 1.0±0.5 8 0.12-6.95 1 

13 Br/Et 14.2±3.2 d*** 2.8(2.3 to 2.9) 1.0±0.7 6 0.12-6.77 0.03 

9 NH2 23.5±4.5*** -1.4(-1.3 to -1.5) 0.9±0.1 9 0.08-1.27 78.3 

10 Br/NH2 0.1±0.0*** 1.0(0.9 to 1.1) 0.8±0.2 8 0.18-2.97 0.3 

WT and mutated α6β4 receptors were expressed in Xenopus laevis oocytes, and the potency of diverse 

cytisine derivatives with or without Br at the C(9) position were obtained. As above, the mRNA 

injection ratio was 10:1:5 corresponding to α6:β4:BARP. Dose response curves were monophasic and 

fitted to the Hill equation. Agonist EC50 values are represented as mean ± SD; fold shifts compared to 

cytisine. a **p <0.01, ***p <0.001 compared to the corresponding cytisine EC50, t-test; bpEC50 corresponds to (-

1*logEC50); c corresponds to the number of cells;  d EC50 values in nM concentrations.  
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Table 5: The µM EC50 values and Hill coefficients for ACh and cytisine measured for WT and 

mutant α6β4 receptors.  

Receptor Agonist EC50
 a pEC50 (CI95%)b Hill n c Imax µA Fold shift 

α6β4 ACh 1.6±1.0 -0.2(-0.1 to -0.2) 1.2±0.7 11 0.12-7.77 1 

TRPD-ALA ACh 0.4±0.2** 0.4(0.4 to 0.5) 1.2±0.1 9 0.06-6.98 0.6 

TYRC2-ALA ACh ND ND ND 7 ND  

TYRC2-PHE ACh 3.1±1.1** -0.5(-0.4 to -0.6) 1.2±0.6 9 0.07-4.94 2 

TRPB-ALA ACh 43.4±24.4*** -1.6(-1.5 to -1.7) 0.9±0.3 11 0.05-0.40 27 

TYRA-ALA ACh 12.9±3.1*** -1.1(-1.0 to -1.1) 0.7±0.2 6 0.29-5.89 8 

Receptor Agonist EC50
 a pEC50 (CI95%)b Hill n c Imax µA Fold shift 

α6β4 Cytisine 0.5±0.2 0.3(0.2 to 0.3) 1.4±0.5 10 0.22-1.27 1 

TRPD-ALA Cytisine 0.3±0.1* 0.6(0.5 to 0.7) 1.5±0.1 7 0.06-1.55 0.5 

TYRC2-ALA Cytisine ND ND ND 7 ND  

TYRC2-PHE Cytisine 15.4±2.8*** -1.2(-1.1 to -1.2) 1.0±0.2 8 0.62-14.17 29 

TRPB-ALA Cytisine 3.8±0.9*** -0.6(-0.5 to -0.7) 0.6±0.1 10 0.07-0.71 7.2 

TYRA-ALA Cytisine 3.3±0.7*** -0.5(-0.4 to -0.6) 0.8±0.2 6 0.05-8.63 6.2 

Key aromatic residues of the binding site, namely TRP-D, TYR-C2, TRP-B and TYR-A, were 

mutated to alanine and mutant receptors were expressed in Xenopus laevis oocytes. Agonist EC50 

values are represented as mean ± SD; fold shifts compared to ACh or cytisine accordingly. a * p <0.05, 

** p <0.01, ***p <0.001 compared to cytisine or ACh EC50 accordingly, t-test; bpEC50 corresponds to (-

1*logEC50); c corresponds to the number of cells.   
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Supplemental Table 1: The µM EC50 values and Hill coefficients obtained for human α6β4 or 

α6L9Sβ4 receptors, with or without the chaperone BARP elicited by ACh.  

Receptor Ratio EC50 pEC50 (CI95%)a Hill nb Imax µA 

α6β4BARP 1:1:5 NE NE NE NE* NE 

 1:10:5 NE NE NE NE* NE 

Receptor Ratio EC50 pEC50 (CI95%)a Hill nb Imax µA 

α6L9Sβ4 10:1 NE NE NE NE** NE 

 1:10 NE NE NE NE Ɨ NE 

Receptor Ratio EC50 pEC50 (CI95%) a Hill nb Imax µA 

α6L9Sβ4BARP 1:1:1 1.6±0.4 -0.2(-0.1 to -0.4) 1.2±0.3 2 Ɨ Ɨ 0.21-0.22 

 1:1:5 0.5±0.1 0.3(0.2 to 0.5) 1.3±0.1 8 1.27-19.74 

 1:10:1 2.8±0.5 -0.4(-0.3 to -0.6) 1.2±0.5 13 0.17-0.74 

 1:10:5 0.6±0.1 0.2(0.2 to 0.3) 1.2±0.2 15 0.37-2.46 

apEC50 corresponds to (-1*logEC50); 
b number of oocytes recorded per condition; * 20 oocytes were 

impaled; **23 oocytes were impaled; Ɨ 15 oocytes were impaled; Ɨ Ɨ 10 oocytes were impaled, number 

of oocytes with detectable currents. Data presented as Mean ± SD.  
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Supplemental Table 2: Agonist efficacies relative to ACh for human α6β4 receptors.  

 Agonist Efficacy to ACh % na 

1 Cyt 61 8 

 Var 45 6 

 Cho 35 6 

 CCho 28 8 

 Nic 40 6 

 Derivative Efficacy to ACh % na 

2 F 33 10 

3 Et 29 9 

4 C(CH3)=CH2 15 10 

5 iPr 47 9 

7 Tolyl 18 7 

8 OMe 31 8 

9 NH2 32 9 

13 Br/Et 88 10 

16 9-Br 81 10 

α6β4 receptors were expressed as mentioned in methods, by using two-electrode voltage clamp 

electrophysiology the potency of diverse agonist versus the relative efficacy to ACh was obtained. a 

corresponds to the number of cells. 
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Supplemental Table 3: The µM EC50 values and Hill coefficients for cytisine and various derivatives 

for WT and mutated α6β4 receptors, and agonist volumes.  

 α6β4 EC50
a pEC50 (CI95%)b Hill nc Imax µA Fold shift Volume (Å)* 

1 Cyt 0.5±0.2 0.3(0.2 to 0.3) 1.4±0.2 10 0.223-1.268 1 198 

6 Me 0.7±0.3 0.2(0.1 to 0.2) 1.8±0.4 8 0.077-1.579 1.4 216 

3 Et 0.6±0.3 0.2(0.1 to 0.3) 2.0±0.4 9 0.112-1.129 1 234 

4 C(CH3)=CH2 2.4±0.6*** -0.4(0.3 to 0.4) 2.0±0.5 12 0.066-1.548 4.8 249 

5 iPr 4.8±0.5*** -0.7(0.6 to 0.7) 1.4±0.9 6 0.053-0.728 9.6 252 

 α6T180Sβ4 EC50
 a pEC50 (CI95%)b Hill nc Imax µA Fold shift Volume (Å)* 

1 Cyt 1.6±0.5 -0.2(-0.1 to -0.3) 2.0±1.0 7 0.182-2.095 1 198 

6 Me 7.4±1.6*** -0.9(-0.8 to -1.0) 1.6±0.3 8 0.054-1.345 4.6 216 

3 Et 7.7±0.9*** -0.9(-0.8 to -0.9) 1.4±0.2 9 1.638-22.591 4.8 234 

4 C(CH3)=CH2 10.5±1.6*** -1.0(-0.9 to -1.0) 1.8±0.5 6 0.050-0.196 6.6 249 

5 iPr 7.8±1.5*** -0.9(-0.8 to -1.0) 1.8±0.3 9 0.067-0.643 4.8 252 

 α6T228Pβ4 EC50
 a pEC50 (CI95%)b Hill nc Imax µA Fold shift Volume (Å)* 

1 Cyt 0.8±0.2 0.1(0.0 to 0.2) 1.2±0.3 7 0.098-2.410 1 198 

6 Me 1.2±0.7 -0.1(-0.1 to -0.2) 0.9±0.3 7 0.342-10.520 1.5 216 

3 Et 0.2±0.1*** 0.6(0.5 to 0.8) 0.9±0.3 8 1.638-22.591 0.3 234 

4 C(CH3)=CH2 2.1±0.4*** -0.3(-0.2 to -0.4) 1.5±0.6 8 0.356-5.881 2.6 249 

5 iPr 0.8±0.2 0.1(0.1 to 0.2) 1.6±0.5 8 0.468-20.456 1.0 252 

 α6N221Eβ4 EC50
 a pEC50 (CI95%)b Hill nc Imax µA Fold shift Volume (Å)* 

1 Cyt 0.2±0.0 0.8(0.7 to 0.9) 1.3±0.3 8 0.199-3.471 1 198 

6 Me 1.1±0.3*** -0.1(-0.0 to -0.1) 1.3±0.3 7 0.488-2.032 5.5 216 

3 Et 2.8±0.8*** -0.4(-0.4 to -0.5) 1.1±0.3 10 0.047-4.016 14 234 

4 C(CH3)=CH2 4.4±1.6*** -0.6(-0.5 to -0.8) 1.4±0.1 8 0.067-0.755 22 249 

5 iPr 3.5±0.4*** -0.5(-0.5 to -0.6) 1.3±0.2 17 0.141-9.868 17.5 252 

Mutated and WT α6β4 receptors were expressed in Xenopus laevis oocytes, and the potency of diverse 

cytisine derivatives with increasing bulk sizes was obtained. Folds shifts were compared versus cytisine 

as the parent compound for each receptor subtype expressed. * Data of total ligand volume was 

previously published (Blom et al., 2019).  Agonist EC50 values are represented as Mean ± SD.  a ** p 
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<0.01, ***p <0.001 compared to cytisine EC50, t-test; bpEC50 corresponds to (-1*logEC50); ccorresponds to the 

number of cells.  
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