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Abstract

Over the past 10 years we have been developing a multi-attribute analytical platform that allows 

for the preparation of milligram amounts of functional, high-pure, and stable Torpedo (muscle-

type) nAChR detergent complexes for crystallization purpose. In the present work, we have been 

able to significantly improve and optimize the purity and yield of nicotinic acetylcholine receptors 

in detergent complexes (nAChR-DC) without compromising stability and functionality. We 

implemented new methods in the process, such as analysis and rapid production of samples for 

future crystallization preparations. Native nAChR was extracted from the electric organ of Torpedo 
californica using the lipid-like detergent LysoFos Choline 16 (LFC-16), followed by three 

consecutive steps of chromatography purification.

We evaluated the effect of cholesteryl hemisuccinate (CHS) supplementation during the affinity 

purification steps of nAChR-LFC-16 in terms of receptor secondary structure, stability and 

functionality. CHS produced significant changes in the degree of β-secondary structure, these 

changes compromise the diffusion of the nAChR-LFC-16 in lipid cubic phase. The behavior was 

reversed by Methyl-β-Cyclodextrin treatment. Also, CHS decreased acetylcholine evoked currents 
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of Xenopus leavis oocyte injected with nAChR-LFC-16 in a concentration-dependent manner. 

Methyl-β-Cyclodextrin treatment do not reverse functionality, however column delipidation 

produced a functional protein similar to nAChR-LFC-16 without CHS treatment.
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1. Introduction

The nicotinic acetylcholine receptor (nAChR) has long been the Holy Grail of membrane 

protein structure research. The nAChR has been postulated fundamentally for the regulation 

of various physiological processes in the human nervous system [1]. Moreover, nAChR 

assists in the communication between extracellular and intracellular compartments of the 

cell [2]. Also, nAChR has been implicated in a web of neurological diseases including 

myasthenia gravis disease, schizophrenia, Tourette’s syndrome, attention-deficit, 

hyperactivity disorder, autism, depression, anxiety, dementia, nicotine addiction, the 

neurodegenerative diseases Alzheimer’s, and Parkinson’s, as well as HIV-associated 

dementia and inflammation [3–12]. The nAChR has shown to be an important 

pharmacological target for the development of new treatments for various neurodegenerative 

diseases. The nAChR is a typical example of a multimeric membrane complex that although 

it is one of the most widely studied ion channels, its X-ray structure has been difficult to 

achieve, [13, 14]. A high-resolution structure of the nAChR and its complexes containing 

various nicotinic ligands is of crucial importance for the design of novel agents that target 

defined nervous system pathologies.

The nAChR was the first member of the Cys-loop and cation-selective pentameric ligand-

gated ion channels (pLGICs) [13]. The bases of what we know today about the pLGICs is 

because of the structures obtained from the acetylcholine-binding protein, which defined the 

structural bases of the extramembrane domains aiding the understanding of the interactions 

of agonists or antagonists in the binding site [15–17]. In 1982 the Heinrich Betz group 

isolated the Glycine receptor (GlyRs), however, the first X-ray crystallographic structure at 

3.0 Å resolution of closed human GlyRs-α3 homopentamer in complex with the selective 

antagonist strychnine was obtained in 2015 [18, 19]. The same working group improved the 

resolution of the GlyRs to 2.6 Å in complex with a positive allosteric modulator [20]. The 

first purifications of Gamma-aminobutyric acid receptors (GABAA) isolated from bovine 

brain carried out by Eric A. Bernard using affinity chromatography [21]. The first crystal 

structure of a human GABAA was obtained at 3.0 Å resolution [22]. In 2014 the first X-ray 

structure of mammalian Serotonin receptors (5-HT3R) was obtained at a resolution of 3.5 Å 

in complex with nanobodies [23]. In addition, a new structure of 5-HT3R was recently 

obtained at 4.3 Å resolution using Cryo-EM technology [24]. Finally, different structures of 

the pLGICs of prokaryotic organisms have also been successfully attained, providing a 

better understanding of the structure of homologous channels [25–27].
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In 1972 Jean Pierre Changeux and colleagues first isolated a nAChR protein sample from 

the electric tissue of the Torpedo marmorata [28]. During the past 3 decades, several 

research groups have unsuccessfully attempted to obtain a high-resolution structure of the 

nAChR. Toyoshima and Unwin initial attempts yielded a structure of the channel at 17 Å 

resolution determined by three-dimensional reconstruction from the image of tubular 

vesicles containing Torpedo marmorata’s nAChR [29]. Unwin and coworkers continued 

their efforts and improved the nAChR structure at 9 Å resolution using electron microscopic 

techniques, and finally a nAChR structure at 4 Å resolution [30–32]. More recently, a 2.7 Å 

resolution structure of α-bungarotoxin bound to the nAChR was achieved by cryogenic 

electron microscopy (CEM). The nAChR was purified from Tetronarce or Torpedo 
californica electric tissue solubilized with Triton and later exchanged to n-Dodecyl β-D-

maltoside (DDM) [33]. Moreover, in 2016 the same lab reported the first X-ray structure of 

the heteromeric neuronal α4β2 nAChR [34].

Although these structures have provided substantial information in nicotine binding, subunit 

stoichiometry, and overall oligomerization, these are low-resolution structures. Those 

obtained by CEM still present some structural issues, even the recently 2.7 Å resolution 

nAChR structure. Due to practical and modeling disadvantages, such as sample low signal to 

noise due to the low electron absorption of proteins, samples exhibit more beam-induced 

movement at tilt; the excess amount of ice cross section of a tilted frozen sample hinders 

image acquisition. Thus, only partial data has been used for structure reconstruction and 

refinement, which implies low quality and resolution. On this basis, higher resolution 

structural analysis is substantially needed for efficient ligand design for developing new 

pharmacological strategies for the neurodegenerative diseases that involve nAChR.

For decades, the solubilization, isolation and purification of nAChR from different sources 

have not been the most efficient, leaving different impurities in the purified nAChR in spite 

of the protocol used. Affinity purification, alkaline treatment, chaotropic salts and sucrose 

gradient are the methods regularly employed in nAChRs sample purification [35–38]. 

Impurities such as, ATPase, Rapsin, Calcium channels, Tyrosine kinase, Agrin receptor and 

low molecular weight proteins invariably were present at different degrees in all protocols 

assayed [39–47]. During the solubilization process detergents intercalate in the lipid 

membrane, breaking the existing intermolecular forces between lipid-lipid, lipid-protein and 

protein-protein, and then incorporate pieces of membranes in micellar structures that are 

surrounded by an aqueous environment. The size of the micelles and the ability of the 

detergent to protect the hydrophobic belt of the isolated protein depend largely on the 

physicochemical properties of the detergent. In this way, an ideal detergent should have the 

ability to mimic endogenous annular lipids and bear sufficient hydrophobic surface area, in 

order to decrease the hydrophobic mismatch of the protein. Integral membrane proteins are 

buried in a hydrophobic environment of biological membrane and to achieve its isolation it 

is necessary to use detergents. Choosing a detergent correctly for solubilization purposes is a 

crucial step, if the isolated membrane protein is for structural and functional studies. This is 

particularly critical for membrane proteins which have lipid-dependent functionality such as 

the nAChR.
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The lipid dependence of muscle nAChR and Torpedo has been postulated and studied for 

decades. The nAChR is an integral membrane protein composed of four homologous 

subunits with a stoichiometry with a 2α,β,γ and δ arranged in a pentameric structure [48–

51]. Each subunit traverses the membrane four times producing four transmembrane regions 

(M1– M4), and all subunits are in contact with lipid molecules [32, 52–55]. Given the 

hydrophobic profile of these subunits and both biochemical and molecular studies, different 

amino acid positions that are in contact with lipids have been postulated [56–61]. Due to its 

inherent topology and hydrophobic core embedded in lipid bilayer, the functional lipid 

dependence of nAChR is not surprising. The effect of phospholipids head group and its sn-2 

substituted acyl hydrophobic fatty acids have been studied by the reconstitution of nAChR in 

model membranes [62–69]. Cholesterol is one of the most abundant lipids in biological 

membranes and its structure presents particular physicochemical characteristics that regulate 

the fluidity of the membranes [70]. The effects of cholesterol on nAChR stability and 

functionality have been studied by reconstitution of nAChR in model lipid bilayer at 

different mole fractions. The effect of cholesterol on the nAChR functionality has been 

extensively studied and reported [56, 71–80].

In previous works we addressed the requirements of the nAChR solubilization from Torpedo 
californica without affecting functionality. Lipidomic studies were carried out for both, the 

whole electric organ tissue and nAChR detergent complexes with different lipid-like 

analogous detergents [39–42, 81]. However, some impurities such as Rapsyn remained in 

different degrees in all the purified nAChR with lipid-like detergents, being 1-palmitoyl-2-

hydroxy-sn-glycero-3-phosphocholine (LFC-16) the most suitable detergent for the 

solubilization process [39, 41, 81].

In the present study we present an improved purification strategy for nAChR solubilized 

with LFC-16 detergent. The procedure involves the use of two steps of affinity 

chromatography, using pre-packed column with acetylcholine bromide coupled to Affi-Gel 

15 and Capto Lentil Lectin (CLL) affinity chromatography prior to gel filtration 

chromatography (Figure 1). The purity of the nAChR-LFC-16 was accessed using SDS-

PAGE gels and Microfluidic Capillary Gel Electrophoresis (MCGE, Bioanalyzer). Our 

ultimate goal is to produce a pure and functional nAChR detergent complex for 

crystallization and X-ray diffraction purposes. For this we evaluated the nAChR-LFC-16 

mobility on the lipidic cubic phase (LCP) by measuring the nAChR mobile fraction and 

diffusion coefficient through fluorescence recovery after photobleaching (FRAP) [39, 81, 

82]. We also examined the functional characterization of nAChR-LFC-16 by recording 

macroscopic ion channel currents in Xenopus oocytes using the two-electrode voltage clamp 

[39, 41]. Knowing the nAChR functional sensitivity to lipid environment, and taking into 

account the success obtained with the neuronal X-ray structure of the heteromeric, which 

was co-crystallized with cholesteryl hemisuccinate, we evaluated the effect of this 

cholesterol analog in terms of stability and functionality of the purified nAChR-LFC-16 

complex using the sequential protocol.
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2. Materials and methods

2.1. Materials

Torpedo californica electroplax tissue was obtained from Aquatic Research Consultants, 

(San Pedro CA). The cholesteryl hemisuccinate (CHS) (C6512), Methyl α-D-

mannopyranoside (67770), Carbamoylcholine Chloride (C4382), Bromoacetylcholine 

bromide (B121), Ultrafree-MC Centrifugal filters (UFC30GV25) and Amicon Ultra 

Centrifugal Filters 100 K, (UFC910096) were acquired from Sigma Aldrich (St. Louis, 

MO). The 1-Palmitoyl-2-Hydroxy-sn-Glycero-3-Phosphocholine (LFC-16) (L216) were 

purchased from Anatrace (Maumee, OH). We have purchased the XK 16/20 empty column 

(28988937), HiTrap Capto Lentil Lectin (17548911) and Superdex 200 10/300 increase 

(28990944) from GE Healthcare Life Sciences (Marlborough, MA). Pierce detergent 

removal spin column (87777), Pierce bicinchoninic acid (23225) and α-BTX, Alexa Fluor™ 

488 conjugated (B13422) was purchased from Thermo Fisher (Waltham, MA). The High 

Sensitivity Protein 250 Assay Kit (5067–1575) has been purchased from Agilent (Santa 

Clara, CA). The Affi-Gel-15 (1536052) and 4–20% Criterion TGX Stain-Free Gel 

(5678093) was procured from Bio-Rad (Hercules, CA). All other chemicals used in this 

article were purchased from Sigma Aldrich (St. Louis, MO). The water used for all buffers 

or solutions preparations were purified through Milli-Q water purification system from 

Millipore (Burlington MA).

2.2. Enhanced purification and extraction of Torpedo californica nAChR

The native nAChR was solubilized from Torpedo californica electroplax tissue, according to 

the protocols described by Asmar-Rovira and Padilla-Morales [39, 42] with the following 

modifications: The membranes were solubilized in 3.5 mM LFC-16, 0.2 mM CHS, 300 mM 

NaCl and 40 mM Tris-HCl pH 7.4 for 1 hr. at 4 °C followed by ultracentrifugation at 

162,600 g for 1 hr. at 4 °C. FPLC ÄKTA Explorer 100 (GE Healthcare Life Sciences 

18111241) was used for all sequential chromatography steps. The first step of purification is 

affinity chromatography. We used affinity columns (XK GE columns) pre-packed with 

acetylcholine bromide coupled to Affi-Gel 15. The column was equilibrated with 2 column 

volumes of DB-1X (5 μM LFC-16, 0.2 mM CHS, 10 mM MOPS, 0.1 mM EDTA and 0.02% 

NaN3 (wt/vol), pH 7.4) at flow rate of 2 mL/min. Afterward, the solubilized membrane was 

injected into the first step of affinity chromatography at a flow rate of 1 mL/min. Then 

nAChR-DC was eluted with 13 mM carbamoylcholine chloride in DBS-1X buffer (5 μM 

LFC-16, 0.2 mM CHS, 100 mM NaCl, 10 mM MOPS, 0.1 mM EDTA, 0.02% NaN3, pH 

7.4) at flow rate: 2 mL/min. After elution from the column, microfiltration was performed 

with Ultrafree-MC centrifugal filter, for sample clarification. Subsequently, the second 

chromatography step was performed with HiTrap Capto Lentil Lectin affinity 

chromatography (CLL). First, the column was equilibrated with 10 column volumes of the 

equilibration buffer, consisting of 20 mM Tris-HCl, 500 mM NaCl and 0.5% sodium 

deoxycholate (wt/vol) pH 8.3 at a flow rate of 1 mL/min. Afterward, the nAChR-DC was 

injected into the CLL at a flow rate of 0.5 mL/min. Subsequently, the nAChR-DC was eluted 

with 0.2 M methyl α-D-mannopyranoside, 0.5% deoxycholate, 20 mM Tris-HCl and 500 

mM NaCl pH 8.3 at flow rate of 1 mL/min. Collected sample fractions were concentrated 

using centrifuge filters with a 100 K cutoff. Then, size exclusion chromatography was 
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performed as the last step of purification with a Superdex 200 10/300 increase Gel filtration 

GE column at a flow rate of 0.25 mL/min. The column was equilibrated with 2 column 

volumes of DB-1X pH 7.4. Lastly, the eluted protein was concentrated with Amicon 100 K 

cutoff. The protein concentration was determined by the method of the bicinchoninic acid 

assay (BCA). Finally, the purity was analyzed by microchip-based capillary gel 

electrophoresis (MCGE) and SDS-PAGE.

2.3. Purity analysis determination

The purity analysis determination of the purified nAChR-DC was performed with analyzed 

by microchip-based capillary gel electrophoresis MCGE with the Agilent 2100 bioanalyzer 

method, which provides highly precise analytical impurity detection of proteins using a 

stable covalent fluorescent dye to epsilon amino groups of lysine residues prior to automated 

protein purity detection on the MCGE for the nAChR-DC [83–86]. We used for the first time 

a high sensitivity protein purity assay (HSP-250 kit) for the nAChR-DC, which allows a 

sensitivity in picograms superior to traditional techniques such as silver-stained SDS-PAGE 

or coomassie-stained SDS-PAGE [84, 85, 87, 88]. The MCGE assay was performed 

according to the protocols described in Agilent High Sensitivity Protein 250 Assay [85]. 

Briefly, 2.5 μL of DB-1X buffer and 0.5 μL of standard labeling buffer was mixed with 2 μL 

of the purified sample to obtain a final protein concentration of 2 μg. Subsequently, 0.5 μL of 

dye was added to each sample tubes and incubated for 30 min. on ice. Upon completion of 

the incubation period, 0.5 μL of ethanolamine was used to stop the labeling reaction. 

Accordingly, the sample was diluted to a 1:100 ratio (sample: ultrapure water). Then 4 μL of 

the labeled diluted protein was mixed with 2 μL of 1 M dithiothreitol (DTT) using 

denaturant conditions at 95°C for 5 min. Afterward, the denatured sample was cool down on 

the ice and spin down for 15 seconds. Finally, the HSP-250 gel matrix and samples were 

loaded on a microchip for purity analysis determination in the Agilent 2100 bioanalyzer 

assay [83–85].

2.4. On-column delipidation

The on-column delipidation of the purified nAChR-DC was performed with the pierce 

detergent removal spin column according to the method described by Antharavally with 

minimal modifications [89]. The spin column was centrifuged at 1500 g for 1 min to remove 

the storage buffer. The delipidation column was equilibrated with three volumes of 400 μL 

of DB-1X buffer without CHS and centrifuged at 1,500 g for 1 min. Then 100 μL of the 

sample was injected into the column and incubated for 5 minutes at room temperature. 

Lastly, the sample was eluted by centrifugation for 2 min. at 1500 g.

2.5. Functional characterization of nAChR-Detergent complex in Xenopus Oocytes.

For the functional characterization of nAChR-DC prepared as described above, we used a 

protocol originally reported by Miledy research group [90] which was modified and 

successfully performed by our group [39, 40]. Defolliculated Xenopus laevis oocytes at 

stages V and VI were commercially obtained from Ecocyte (Ecocyte BioScience, Austin 

TX). Oocytes were incubated at 17°C in ND-96 media containing in mM: 96 NaCl, 2 KCl, 

1.8 CaCl2, 1 MgCl2, 5 HEPES, 2.5 Na-pyruvate; supplemented with gentamicin (50 mg/

mL), tetracycline (50 mg/mL) and theophyline (0.5 mM); and adjusted to a pH of 7.6 with 
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NaOH. Oocytes were microinjected with 50 nL of 3 mg/mL of nAChR-DC from Tc 
prepared supplemented with cholesterol (CHS), and CHS plus Methyl-β-Cyclodextrin 

treatment using a Nanoject II (Drummond Scientific, Broomall, PA).

2.6. Macroscopic ion channel functional assay

Macroscopic currents were measured using the Two-electrode voltage clamp (TEVC) 

technique 16–36 hours after injection. Oocytes continuously perfused a calcium free OR-2 

containing in mM: 82 NaCl, 2.5 KCl, 1 MgCl2, 5 HEPES; and adjusted to a pH of 7.6 with 

NaOH; and exposed to a 5 seconds application of 100 μM acetylcholine was applied using a 

computer control 8 channel perfusion system (VC-8, Warner Instruments, Hamden, CT) at a 

holding potential of −70 mV using a Gene Clamp 500B amplifier (Axon Instruments, Foster 

City, CA). The electrodes were filled with a solution of 3 M KCl and the resistances were 

calculated to average 1.3 mΩ. Macroscopic currents were filtered at 100 Hz and digitized at 

1000 Hz using a Digidata 1440A interface (Axon Instruments, Foster City, CA) and 

acquired using the Clampex 10.2, (pCLAMP 10.2 software, Molecular Devices) running on 

a Microsoft Windows-based computer.

2.7. Statistical analyses

Statistical analyses were performed using the GraphPad Prism 6 software (GraphPad 

Software, San Diego, CA, www.graphpad.com). Data samples were analyzed separately 

using Two-way mixed model ANOVA and One-way ANOVA. All TEVC data were analyzed 

using a non-parametric unpaired t-test with a Mann Whitney post-analysis. Comparisons of 

the means for the individual treatments were_made at the 5% significance level based on the 

F-test of the analysis of variance.

3. Results

3.1. Purification and purity analysis determination of the nAChR-Detergent complex

We have optimized the original protocol describing the purification of nAChR from it native 

Torpedo californica electric organ using lipid-like detergents. The intention behind this 

optimization is none other than to improve the purity level of the nAChR-DC without 

compromising its stability and functionality. The whole purification process of the nAChR-

DC was improved by the implementation of several purification steps and sample 

preparation. We took into consideration the physicochemical characteristics of the receptor 

and used them as an advanfor the isolation of what until now was considered a burden in 

obtaining a clean preparation of nAChR-DC. This could be carried out thanks to the 

development of new commercially available efficient affinity columns. Figure 1 presents the 

whole purification and characterization procedures for the nAChR-DC; briefly, the core 

chromatographic purification steps consist of three consecutive steps. The first step is 

affinity chromatography by acetylcholine bromide coupled to Affi-Gel 15 as an affinity 

column and nAChR-DC eluted with 19.24 mL of 13 mM Carbamylcholine Chloride, 

followed by a second affinity chromatography using Capto Lentil Lectin to eliminate non 

glycosylated proteins and a final size exclusion chromatography. All chromatographic steps 

used buffers supplemented with 0.2 mM cholesterol to maintain nAChR-DC stability. In our 

original reported protocol and other researcher’s protocols the solubilization of nAChR-
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enriched crude membrane fractions was performed by sucrose gradient [42, 81, 91, 92]. This 

step was eliminated and the solubilization was performed under a 3-fold increase of salt 

which represents a final concentration in the solubilization buffer of 300 mM NaCl. In 

addition, the final concentration of the detergent employed in the solubilizing step was 3.5 

mM and decreased substantially to 1.5 times the critical micelle concentration (CMC) for 

the subsequent chromatography steps. Another important change to our original protocol 

was the use of Affi-Gel 15 instead of Affi-Gel 10 due to a better interaction of the former 

with proteins that exhibit slightly acid isoelectric point. The comparison of the purified 

nAChR-DC protein profiles using our original and the improved protocol is presented in 

figure 2; the absorbance at 280 nm of each eluted protein peaks were monitored at different 

elution volumes. The peripheral protein impurities that invariably accompany nAChR-DC 

purification in any reported purification protocol have been removed in our improved 

protocol (Figures 2 a and b). The molecular weight range of the nAChR-DC subunits and 

impurities also has been assayed by SDS-PAGE electrophoresis. Figure 2 (c, d and e) 

presents the characteristic αβγδ bands for the purified nAChR-DC in the traditional and 

improved protocols. The nAChR-DC purity was improving since the first chromatographic 

step as compared to our original protocol, with 46% of purity, 88% purity after Capto Lentil 

Lectin column, and average nAChR-DC purity of 94% nAChR-DC for the gel filtration step.

3.2. Macroscopic ion channel functional assay

Consistent with what we previously observed in Báez et al., 2016, the TEVC results suggest 

that increasing cholesterol concentration in the LFC-16-nAChR-DC significantly reduces the 

ACh-induced macroscopic peak currents in Xenopus laevis oocytes [78]. When not 

supplemented with CHS (control), mean peak amplitudes average −363 ± 29 nA (n = 5) 

(Figure 3a). However, as CHS concentration increases, the peak amplitude of the responses 

are significantly reduced; at 0.1 mM CHS the amplitude is −184 ± 41 nA (n = 5; p = 0.008 

when compared to control) (Figure 3b) and at 0.2 mM CHS the amplitude is −50 ± 4 nA (n 

= 7; p = 0.003 respectively when compared to control) (Figure 3c). To evaluate the 

reversibility of cholesterol supplementation, nAChR-LFC-16 was treated with Methyl-β-

Cyclodextrin. The Methyl-β-Cyclodextrin treatment was able to substantially improve the 

nAChR-LFC-16 mobility in LCP experiments presented in the data in brief, however it was 

not able to reverse functionality in TEVC (Figure 3d). Oocytes treated with Methyl-β-

Cyclodextrin evoke currents with amplitudes of −46 ± 6 nA (n = 11; compared to −50 −50 ± 

4 nA for 0.2 mM CHS) (Figure 3d). Interestingly, when the same sample was partially 

delipidated using Pierce Detergent Removal Spin Column, the result was reverted levels 

(−320 nA± 35 nA, n = 4; compared to −363 ± 29 nA in control) (Figure 3e). It is imperative 

to mention that the most recently nAChR structure obtained by CryoEM used DDM as the 

final exchange detergent. The activity of nAChR-DDM complex measured by TEVC 

resulted in mean ACh evoked responses (−12 ± 2 nA), 0.45% of that evoked by the nAChR-

LFC-16 [39]. These results cast doubt on the ability of DDM to preserve receptor 

functionality, although results reported by Rahman 2020, of the nAChR-DDM activity 

measured by liposome patch-clamp electrophysiology experiments at a holding potential of 

±50 mV and −75 mV exhibited opening amplitude of near 6 pA inherent to this technique 

[33].
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4. Discussion

Despite all the efforts made by different groups to obtain a functional crystallographic 

structure of the nAChR, a successful high-resolution X-ray structure has not been obtained 

so far. All of these efforts have been unsuccessful due to various pitfalls throughout all 

stages of the nAChR purification process including its solubilization. We have handled 

problems related to the solubilization process through the use of lipid-like detergents which 

minimize the loss of essential annular lipids to maintain the activity of nAChR in the 

detergent complex [39, 41, 81]. However, the greatest barrier that has arisen in the 

purification of nAChR has been the protein impurities that co-elute with nAChR due to their 

association in the native membrane. In this work we optimized our previous purification 

process using three sequential chromatographic purification steps consisting of one affinity 

chromatography with acetylcholine bromide coupled to Affi-Gel 15 and followed by a 

second affinity chromatography using CLL to eliminate non-glycosylated proteins, and a 

final gel filtration. Furthermore, the resulting nAChR-LFC-16 complex under the 

purification conditions used were tested in terms of mobility in LCP, and functionality. In 

addition, nAChR-LFC-16 crystals were harvested using a new device developed in our 

laboratory the RMP@LMx (U.S. patent 10,155,221, provisional patents 15996946 and 

15997728 for devices proposed). Examples of crystal harvest performed and diffracted at 

Argonne Advance Photon Source facilities are in the data in brief [93].

In our previous purification procedure, we used Affi-gel 10 coupled to acetylcholine 

bromide as an affinity chromatography, while in the improved procedure an Affi-Gel 15 was 

used. Affi-Gel is nothing other than agarose modified with N-hydroxysuccinimide esters. 

The rationale behind this change lies in the isoelectric pH of the nAChR which is estimated 

to have a value of 5.6. Binding studies of different proteins to Affi-Gel 10 and 15 

demonstrated that proteins at pH near or below its isoelectric point couples best to Affi-Gel 

10, and that Affi-Gel 15 is more efficient binding proteins at pH near or above its isoelectric 

point [94]. The change to Affi-Gel 15 helps not only to increase the purity of the nAChR-

LFC-16 complex by removing muscle skeletal receptor tyrosine-protein kinase, ATPase and 

high molecular weight proteins greater than 200 kDa (Figure 2 c left), but to improve the 

overall protein yield. The purification of native muscle-type nAChR from Torpedo 
californica that led to the 2.7 Å resolution by CEM, used a single affinity purification 

fallowed by size exclusion chromatography and produced a dimeric receptor. These results 

are not surprising since, DDM induced the formation of 25% and 50% of aggregates and 

monomers for the nAChR, respectively [42]. The authors tried to increase the ratio of 

monomer : dimer by 50 mM β-mercaptoethanol reduction treatment [33]. The innovation of 

this purification was the use of NHS-activated Sepharose 4 Fast Flow coupled to an agarose 

matrix (2 - [(4-aminobutanoyl) amino] −N, N, N-trimethylethanamine) for the affinity 

chromatography. However, the purity of the eluted protein as shown on the SDS PAGE still 

have Rapsyn traces and Na+/K+ dependent ATPase, and other traditional impurities cannot 

be observed because the bands beyond 75 MW are not showed on the gel [33]. These high 

molecular weight contaminants were observed after 100 mM β-mercaptoethanol reduction 

treatment of the purified nAChR from Torpedo californica [95].
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The first purification protocols for the nAChR from the electrical organ of Electrophorus 
electricus and Torpedo marmorata were carried out using columns packed with solid 

supports conjugated with different toxins extracted from cobra venoms. Although this 

strategy produced good performance, the functionality and purity of the isolated protein 

were compromised. In these cases, between 120 and 1000 grams of the initial tissue were 

used and the amount of nAChR obtained was in a range of 2.3 and 50 mg respectively [92, 

96]. Our Affi-Gel 15 coupled to acetylcholine bromide produced approximately 4 mg of 

highly pure nAChR-LFC-16 from a starting 40 grams of Torpedo californica electric organ. 

This implies an increase in the yield of nAChR-LFC-16 of approximately 3-fold.

The lipid requirements of the nAChR and its homologues receptors in order to conserve 

stability and to undergo agonist-induced state transitions have been highly documented [64, 

71, 97–103]. The nAChR lipid requirement is not only limited to the type of phospholipid 

head-group, but its esterified fatty acid. Also, the number of cholesterol molecules in the 

inner annular lipid shell surrounding the receptor transmembrane core are important. [54, 73, 

100, 103, 104]. The X-ray structure of the human α4β2 nicotinic receptor at 3.9 Å was 

achieved by diffracting crystals that were obtained by co-crystallization with the agonist 

nicotine and CHS [34]. Taking into account the lipid requirements of nAChR from Torpedo 
californica and the success attained using CHS for the α4β2 nicotinic receptor structure, we 

decided to supplement all the buffers for the purification steps. CHS was initially used as a 

cholesterol substitute for the modulation cell membrane fluidity. Since cholesterol molecules 

were observed in protein complexes diffracted by X-rays, it has been attempted to use 

cholesterol-like molecules for the process of solubilization of membrane proteins [34, 105–

107]. One of these molecules has been CHS however; its structure is slightly different from 

that of cholesterol. CHS contains an ester group, which gives it a negative charge at neutral 

pH, making it more hydrophilic than cholesterol.

The determination of the best CHS concentration for nAChR-LFC-16 purification using 

different CHS concentrations, ranging from 0.01, 0.1, 0.2 and 0.5 mM to supplement the 

solubilization and subsequent chromatography steps without CLL is presented in the data in 

brief [93]. The results consistently demonstrated that 0.2 mM CHS, disassembly of receptor 

subunits is minimized and a cleaner signal of the native nAChR-LFC-16 was obtained. This 

behavior was also confirmed by SEC and SDS-PAGE of the flow through, wash and elution 

of affinity chromatographic step [93]. The others CHS concentrations presents high values, 

they contain contaminants or affect the receptor stability by beginning to disassemble the 

subunits. Although CHS buffers supplementation in the affinity purification steps 

substantially removes impurities that were traditionally observed by SDS-PAGE from the 

nAChR-detergent complex, care must be taken to preserve stability, particularly in regards to 

the effect those CHS molecules excessively incorporated on the surface of the lipid/detergent 

belt that cover the hydrophobic region of nAChR, could have in the nucleation process in the 

LCP. During the nucleation and crystal growth processes in LCP, the membrane proteins 

must have an adequate average mobile fraction over a period of several weeks [108–111]. 

The possibility of nAChR-LFC-16 aggregates or oligomers due to CHS treatment could 

restrict the translational diffusion because of the physicochemical properties of hydrated 

monoolein at the cubic-Pn3m mesophase. Due to this, diffusion is highly dependent on the 

native three-dimensional conformation of nAChR-LFC-16. In order to evaluate this 
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constraint, CD spectrometry assays were carried out for each treatment used during the 

purification of nAChR-LFC-16 complex prior to diffusion experiments. For more details of 

the CD results see our data in brief [93].

CHS supplementation induces a significant change in favor of β structures and total loss of β 
turns and slightly increases the thermal denaturation temperature compared to the nAChR-

LFC-16 without CHS treatment. This behavior is not unique to the nAChR-DC preparation 

since, membrane proteins and soluble proteins exhibit amino acid sequences that provide 

consensus cholesterol-binding motifs, known as Cholesterol Recognition Amino acid 

Consensus (CRAC), or inverted CARC, when amino acid consensus sequence exhibits the 

opposite orientation along the polypeptide chain [112–114]. Despite the increase in the 

number of X-Ray determined membrane protein structures, which showed resolved lipids 

such as cholesterol, there are not enough studies to correlate function with the presence of 

these lipids [115–119]. Furthermore, an overview of 73 crystallographic structures with 

cholesterol-bound of soluble and membrane proteins have shed light into the structural 

characteristics of cholesterol binding, where in the majority of the cases studied, cholesterol 

is positioned with its α-face oriented toward the β-strands and its β-face facing the α-helical 

structure [120]. CARC motifs have been identified in the Torpedo californica nAChR [77, 

105, 121, 122]. Experimental evidence supports the hypothesis that cholesterol induces 

amyloid-beta aggregation by increasing β-sheet formation and aromatic side chain mutation 

eliminate the cholesterol aggregation effect [123, 124]. This β-sheet formation effect could 

be explained in terms of π-π stacking of cholesterol steroid group and the benzyl group of 

phenylalanine and/or tyrosine. Moreover, cholesterol and its analogs have other regions that 

could stabilize the native secondary structures of the protein or induce transitions to other 

secondary structures. These regions are found in the 3β-Hydroxy-5 cholestene and CHS 

molecules in the carbons (C7, C12, C21, and C26). In CHS the hydroxyl at position C3 is 

replaced by the 3-hemisuccinate group which does not affect the interactions in the 

aforementioned carbons. However, the 3-hemisuccinate group is C3-esterified and at the 

hemisuccinate tail end contains a carboxylic group, which has a higher negative charge 

density at physiological pH than cholesterol hydroxyl group. The −C=O portion of this head 

group function as a hydrogen-bond acceptor and the deprotonated carboxylic acid will form 

in addition to hydrogen-bond, electrostatic interaction with charged amino acids.

The physicochemical properties of detergents and lipids in the vicinity of proteins can 

modulate the degree of its secondary structures and, in turn, the thermal stability of the 

protein and its functionality [118, 125–127]. In other hand, some α-helices situated between 

α-helix could be protected by its hydrophobic environment from alpha to beta transitions. 

However, a change in the physicochemical properties of the surroundings, such as the one 

provided by CHS in the nAChR-LFC-16 DC can change the tendency and favor the alpha to 

beta strand transition [128, 129]. The presence of 0.2 mM of CHS in the nAChR-LFC-16 

complex produces an increase in the content of α-helix, β-strand anti-parallel and parallel of 

3.1%, 5.5% and 16.6% respectively (See Table 1 in Ref. [93]). This suggests that CHS is 

promoting the α-helix or other secondary structure to β-strand transitions through 

hydrophobic interactions, hydrogen and salt bridges with amino acids in the locality where it 

is found. The numbers of turns were diminished and the other types of structures are also 

drastically decreased by 14.3%. Methyl-β-cyclodextrin treatment of nAChR-DC was used 
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with the intention of eliminating excess CHS, although we understand that it can also 

eliminate other endogenous lipids that co-solubilized with nAChR. This treatment has a 

significant effect on α-helix and parallel β-strand content and increased more than 2-fold the 

percent of β-strand anti-parallel compared to the nAChR-LFC-16 alone. Also, the percent of 

turns and other possible secondary structure were restored to similar nAChR-LFC-16 

complex values. A decrease in α-helixes produces a decrease in melting temperature 

measured at 222 nm. Changes in the content of secondary structures are in agreement with 

the thermal stability of the preparations [118, 130].

Evidently, CHS supplementation apparently produces some degree of perturbations of the 

lipid environments of the nAChR-LFC-16 that can traduce to a protein structure altering the 

diffusion rate in LCP. A complete explanation of the FRAP results is explained upon at data 

in brief [93]. The diffusion properties within the LCP matrix were found to be highly 

dependent on the stability of the protein detergent complex [39, 81, 108]. The mobile 

fraction drastically decreases throughout the 30-day period studied for all sample 

supplemented with CHS (See figure in Ref. [93]). Apparently, CHS supplementation 

produces some degree of molecules intercalation in the lipid annular lipids of the nAChR-

LFC-16 producing conformational changes in the protein structure, which alter the diffusion 

rate in LCP. The diffusion properties within the LCP matrix have been found to be highly 

dependent on the stability of the protein [108]. Our previous FRAP studies in which 

cholesterol analogue detergents 3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxy-1-

propanesulfonate (CHAPSO) and sodium cholate 3α,7α,12α-Trihydroxy-5β-cholan-24-oic 

acid (Cholate), were used as the primary membrane solubilizing agent showed no 

considerable diffusion differences during the 30-day period and a ΔFFR value of 0.5 and 

0.09 respectively [39]. It is clear that CHS differs structurally from the aforementioned 

cholesterol analogues and CHS is produced from a modification in the OH of the cholesterol 

head group, and the contrary CHAPSO and Cholate are derived from modifications in the 

alkyl side chain of cholesterol molecules. However, CHS in our protocol is not the primary 

solubilizing agent, but its presence seems to produce similar effects diffusion coefficient 

magnitude showing an average in the range of 10−9 cm2/sec during the 30-day period 

assayed. This represents a difference in the order of one magnitude less compared to the 

nAChR-LFC-16 [39, 81].

To our best knowledge, this is the first time that a nAChR-detergent complex isolated and 

purified from Torpedo-rich membranes has undergone secondary structure assay without 

being reconstituted in a lipid mixture. Previous works have shown the secondary structure 

predictions of the entire or individual subunits of the nAChR purified by traditional methods 

or attained by recombinant technologies and reconstituted in different phospholipid, 

phospholipid/cholesterol, [98, 131–136]. The invariable take home message in all reported 

studies was that the degree and composition of secondary structures is highly dependent on 

the lipid environment where nAChR is buried as a complete protein, or for its individual 

subunits. This behavior has not been the exception in our CD results, since the presence of 

CHS in the native lipid environment of nAChR-LFC-16 produced different degrees of 

alterations in the secondary structure of the receptor. The destabilizing effect of CHS is not 

only on stability, but it significantly affects the amplitude of the current measured in 
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Xenopus oocytes injected with the nAChR-LFC-16 obtained from the purification 

supplemented with CHS (Figure 3 and 4).

Early activity assay performed in planar lipid bilayer characterization using our previous 

purification procedure with zwitterionic cholesterol-analog detergents CHAPSO a 

sulfobetaine derivative of cholic acid and Cholate retained ion channel function. Both 

present comparable ion channel traces; mean ion channel current values for CHAPSO and 

Cholate were −1.92 ± 0.04 pA and 2.48 ± 0.03 respectively [42, 81]. However, CHAPSO 

and Cholate nAChR detergent complexes present more aggregates and monomers than 

monomers at the gel filtration profile [42, 81]. Also, macroscopic currents were obtained 

using TEVC for nAChR-Cholate or nAChR-LFC-16. Results demonstrated that after 5 sec. 

application of 100 μM acetylcholine (ACh) to an oocyte injected with nAChR-Cholate or 

nAChR-LFC-16 resulted in normalized amplitude with respect to the crude membranes of 

1.0 and 1.32 respectively. These responses were completely abolished by the addition of α-

BTX [39]. We carried out TEVC for the nAChR-LFC-16 purified with buffer supplements 

with different CHS concentrations (Figure 3 and 4). The results showed a significant 

reduction in ACh evoked macroscopic peak current which appears to be CHS concentration 

dependent (Figure 3 a, b, and c).

This suggests that CHS not only affects the fluidity of nAChR-LFC-16 in LCP, but also that 

it somehow alters the conformation of nAChR-LFC-16 in the Xenopus oocyte membrane. 

This behavior could be attributed to the changes in the degree of the secondary structure 

produced by the presence of CHS in nAChR-LFC-16. Furthermore, CHS can mimic 

cholesterol much more accurately than other analogous cholesterol detergents that we have 

previously studied, since the hemisuccinate is substituted in the same spatial region as the 

usual head group of cholesterol. In this way it can diffuse into the annular lipids surrounding 

nAChR-LFC-16 and carry out direct molecular interactions with amino acids at specific 

subunit special positions. Using the Unwin nAChR structure at 4 Å resolution and molecular 

dynamics simulations, three distinct cholesterol binding sites per subunit have been revealed 

[100]. Also, similar simulation and docking in α4β2 nAChR showed that anionic lipids and 

cholesterol could potentially modulate the channel gating transition via direct interactions 

with specific amino acids in the receptor subunits [137]. Taking into consideration that CHS 

mimic cholesterol physicochemical properties, it could be causing two types of effects: one 

directly interacting with the subunits and altering the functionality of the nAChR-LFC-16, 

and the second effect could occur when CHS interact with the lipid region that surrounds the 

receptor. In the latter, the functionality of the nAChR-LFC-16 could be affected by changes 

in fluidity that prevents the necessary conformational changes for gating [56, 71–73, 99, 

138–140]. To evaluate these possibilities, we used Methyl-β-Cyclodextrin in order to remove 

excess CHS molecules from the nAChR-LFC-16 prior to be injected into oocytes for TEVC 

studies. Methyl-β-Cyclodextrin treatment at 0.5 mM/1 hour was unable to reverse the 

functionality of the nAChR-LFC-16 purified under CHS supplementation (Figure 3 d). This 

result suggests the possibility of CHS interacting directly with the nAChR subunits, since 

the Methyl-β-Cyclodextrin treatment used was strong enough to remove CHS from the 

peripheral boundary lipids in the nAChR detergent complex. Moreover, the change in degree 

of secondary structure measured by CD suggests a direct effect in which the CHS could be 

in contact with the nAChR subunits. Furthermore, Methyl-β-Cyclodextrin treatment reversed 
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the reestablishment of nAChR-LFC-16 mobility and diffusion through LCP [93]. Is 

important to highlight that the human α4β2 nicotinic receptor X-ray structure was 

successfully achieved by co-crystallization with CHS using vapor diffusion technique and 

the stability and activity of the α4β2-DC were never determined prior to crystallization.

Methyl-β-Cyclodextrin has been the most widely used method for acute cholesterol 

depletion to increase the fluidity of membranes, however this treatment appears to be not 

strong enough to remove cholesterol molecules that are embedded in membrane proteins 

cavities. To address this possibility, we carried out partial delipidation of the nAChR-

LFC-16 supplemented with CHS using Pierce Detergent Removal Spin Column. Delipidated 

nAChR-LFC-16 injected into Xenopus oocyte results in average ACh evoked responses of 

−320 nA± 35 nA, which is similar to the nAChR-LFC-16 without CHS supplementation 

(Figure 3 e and a). Seemingly, CHS supplementation induces highly specific interaction of 

CHS molecules with nAChR subunits which results in distortion in the extracellular portion 

of the receptor. Apparently the delipidation column was unable to remove all of the CHS 

molecules, leaving a pool of nAChRs whose tertiary structure reflects distortion by direct 

interaction with CHS. The cholesterol effect in the dynamics and the organization assembly 

of lipid bilayer fluidity has been reported previously as an allosteric effector on ligand 

binding sites in nAChR [56, 61, 98, 99, 140–142].

In our previous report we found that detergent used to complex and extract Tc-nAChRs are 

able to alter the functionality of the receptor [39]. On that report we found that LFC-16 is a 

detergent that has the least alterations in functionality associated with their Tc-nAChRs DCs, 

when the native Tc-nAChRs crude membranes were homogenized and injected in oocytes, 

we found a desensitization half-time (dt1/2) of 5.59 ± 1.65 sec [39]. On that same study 

solubilization with LFC-16 forming Tc-nAChRs-LFC-16-DCs resulted in a dt1/2 of 6.11 ± 

0.29 sec. In this study we are seen slowed desensitization kinetics in comparison to that 

previous study 11.87 ± 0.78 sec, this could be a result of the changes that we have done to 

the purification protocol which were necessary to achieve a higher purity of nAChRs. 

However, when comparing the desensitization kinetics among the different treatments shown 

we have found that as expected, as the cholesterol concentration increases the changes in 

desensitization kinetics of the resulting Tc-nAChRs-DCs become more significant (dt1/2 0.1 

mM CHS 8.04 ± 1.36 sec, *p=0.0317; dt1/2 0.2 mM CHS 2.48 ± 0.57 sec, **p=0.0079), 

which is consistent with what the behavior observed on Tc-nAChRs following cholesterol 

enrichment [78]. Interestingly addition of Methyl-β-cyclodextrin to 0.2 mM CHS partially 

reversed some of the effect on desensitization kinetics 3.95 ± 2.05 sec (nAChR-LFC-16 

11.87 ± 0.78 sec; 0.2 mM CHS 2.48 ± 0.57 sec). Furthermore, on-column delipidation of 

nAChR-LFC-16 samples enriched with 0.2 mM CHS completely reversed the 

desensitization kinetics of the channel (9.20 ± 1.02 sec vs 11.87 ± 0.78 sec nAChR-LFC-16, 

p=0.1111), suggesting that removal of the enriched lipids is able to reverse the functional 

deficiencies associated with the addition of cholesterol used in the purification procedure.

The main objective of this study was to evaluate the effect of CHS supplementation during 

nAChR purification from the Torpedo californica electric organ using our improved 

purification protocol and also to examine the nAChR-LFC-16 functionality for future 

crystallographic attempts. Our improved purification strategy has successfully produced 
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nAChR detergent complex with a higher degree of purity that makes it available for more 

robust studies including high throughput crystallization trials (Figure 2). In this study we 

evaluated the use of CHS as a supplementary lipid to ameliorate the loss of essential lipids 

during the solubilization process of membrane proteins. Our focus of interest for several 

years has been the purification of the nAChR from Torpedo californica electric tissue in 

order to obtain a functional X-ray structure. The results presented here suggest that greater 

caution should be exercised in seeking to supplement the lipid needs of lipid-dependent 

transmembrane receptors, if a functional structure is to be obtained.

5. Conclusion

For a long time, hard work has been done to obtain a crystallographic structure of the 

nicotinic acetylcholine receptor in Torpedo californica at high resolution by implementing 

lipid-analogous or non-analog detergents [39, 40, 42, 81]. Obtaining this nAChR atomic 

structure at high resolution by crystallography has had several obstacles such as purity and 

stability of protein in detergent complexes, making it difficult to obtain a crystal for X-ray 

diffraction. For that reason, our main objective was to improve and characterize the 

preparation of nAChR-DC in Torpedo californica in its natural state supplemented with 

CHS. We achieved what decades of independent laboratories effort and work had not been 

able to accomplish using new solubilization processes, which integrate small adjustments of 

CHS, NaCl and LFC-16 to improve extraction and purification process. Additionally, we 

optimized our previous purification process using three sequential chromatographic 

purification steps consisting of one affinity chromatography with acetylcholine bromide 

coupled to Affi-Gel 15, followed by second affinity chromatography using CLL to eliminate 

non-glycosylated proteins and final gel filtration. Finally, we have demonstrated the CHS 

effect in terms of mobility in LCP, secondary structure and function of the nAChR-DC under 

the purification conditions. With this work, we have been able to significantly improve and 

optimize the production of native nAChR-DC in its purest form without affecting the 

functionality and stability of the protein detergent complex.
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Highlights

• We describe a method for the isolation of membrane proteins derived from 

natural sources supplemented with cholesteryl hemisuccinate.

• We performed a relative easy and reliable process of sequential purification 

chromatography to obtain a highly pure and functional preparation of nAChR-

detergent complexes (nAChR-DCs).

• This is a purification process that could be applied to other nAChRs that 

respond to acetylcholine in order to be able to isolate them in an active and 

stable form.

• This method may also be used in the purification of recombinant nAChRs 

proteins.
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Figure 1. Improved purification and biophysical characterization of the Torpedo californica-
nicotinic acetylcholine receptor in lipid-like detergent complexes (Tc-nAChR-DC).
The scheme presents the step by step the procedure used for the preparation of a highly pure, 

stable and functional nAChR-LFC-16 complex. The most relevant innovation involves a 

sequential purification system, which consists of (5 & 7) two steps of FPLC-affinity 

purification and (8) one step of FPLC-size exclusion chromatography. (9) Using SDS gels 

and Microfluidic Capillary Gel Electrophoresis (MCGE) Bioanalyzer, for the evaluation of 

protein purity. (10) We performed circular dichroism (CD) for the secondary structure 

predictions and (11) Fluorescence Recovery After Photobleaching (FRAP) using confocal 

microscopy for stability measurements in LCP. (12) Finally, we used the TEVC to access the 

functionality of the purified nAChR-LFC-16 injected into Xenopus Laevis oocyte.
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Figure 2: Comparison of the traditional and improved sequential purification of Torpedo 
californica nAChR-LFC16 complex.
Chromatography was performed using a Superdex 200 10/300 increase Gel filtration GE 

column, flow rate of 0.25 ml/min. The elution profile was monitored at 280 nm. (a) Elution 

profile Tc-nAChR-LFC-16 using traditional chromatographic procedure. (b) Elution profile 

of the same preparation, but using sequential FPLC-Affi-Gel 15-Capto Lentil Lectin-SEC 

purification steps, (c) SDS-PAGE 4–20%, protein migration patterns for both purification 

protocols (left) traditional chromatography, (right) sequential purification, and (d and e) 

Microfluidic Capillary Gel Electrophoresis electropherograms showing the nAChR 

characteristic 2αβγδ bands for the traditional and sequential protocols.
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Figure 3: Macroscopic ion channel functional responses of LFC-16 solubilized and purified 
nAChR-DCs supplemented with different concentrations of cholesterol.
Protein samples corresponding to purification under different conditions were microinjected 

into Xenopus laevis Oocytes; and responses were induced by a 5 second application of 100 

μM ACh, measured (represented by bars) at −70 mV. Conditions tested were (a) without 

cholesterol (No CHS, n=5) with different concentrations of CHS ((b) 0.1 mM, n=5; & (c) 

0.2 mM, n=7), (d) with supplementation of Methyl-β-Cyclodextrin (n=11) and (e) following 

delipidation (n=4).
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Figure 4: Mean current amplitudes of LFC-16 solubilized and purified nAChR-DCs 
supplemented with different concentrations of cholesterol.
Conditions tested includes: (a) nAChR-LFC-16 DCs without cholesterol (white bar); 

nAChR-LFC-16 DCs supplemented with either 0.1 mM and 0.2 mM cholesterol (light gray 

bars); with nAChR-LFC-16 DCs supplemented with 0.2 mM cholesterol and Methyl-β-

Cyclodextrin (dark gray bar); and nAChR-LFC-16 DCs supplemented with 0.2 mM 

cholesterol run through a delipidation column (black bar). Mean amplitudes were analyzed 

and compared using an unpaired non-parametric t-test with a Mann Whitney analysis (** p≤ 

0.01, *** p≤ 0.001).
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