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Abstract

The α7 nicotinic acetylcholine receptor (α7 nAChR) is involved in various intracellular signaling 

pathways that mediate addiction, chronic pain, and other diseases, but its intracellular domain 

structures remain undetermined. The presence of seventeen native cysteines in α7 nAChR 

provides opportunities for extracting structural information through site-directed labeling of 

chemical probes in strategic locations, but it also creates uncertainties in channel function when 

those native cysteines must be mutated. Using site-directed mutagenesis and two-electrode voltage 

clamp electrophysiology measurements, we found that α7 nAChR’s function was well tolerated 

for mutations of all 13 cysteines as long as two pairs of disulfide-bond cysteines remained in the 

extracellular domain. Furthermore, surface plasmon resonance measurements showed that the 

cysteine mutations did not affect α7 nAChR binding to the intracellular protein PICK1. The study 

suggests that a high native cysteine content does not necessarily preclude the use of single cysteine 

labeling for acquiring structural information of functional proteins.
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Introduction

Cysteine has been used frequently for acquiring structural information because of the highly 

specific labeling chemistry of the cysteine thiol moiety. Site-specific labeling of cysteine is 

widely used in ESR, NMR, and various florescence experiments.1–4 In many applications, 

site specific cysteine labeling requires substitution of accessible native cysteines with other 

amino acids. If cysteine is in functionally important sites within proteins, its mutation can 

lead to loss of protein function.

Cys-loop receptors, named after a characteristic loop formed by 13 residues between two 

conserved disulfide-bond cysteines, play significant roles in neurological functions and 

disorders.5 These receptors consist of a pentameric assembly of identical or homologous 

subunits around a central pore and are activated upon neurotransmitter binding. Each subunit 

comprises the extracellular domain (ECD) that contains orthosteric agonist binding sites, the 

transmembrane domain (TMD) that forms the pore, and the intracellular domain (ICD) that 

governs interactions with intracellular proteins mediating subcellular distribution and 

downstream signaling events. Structures of Cys-loop receptors have been determined mostly 

for the ECD and TMD, only some of them contain partially resolved ICDs.6–8 The full-

length ICD structures, however, remain unavailable due to the intrinsic flexibility of multiple 

ICD segments that challenges technical limitations of both cryo-EM and crystallography. An 

alternative approach is needed to overcome these limitations. NMR and ESR, in conjunction 

with site-directed labeling of unique cysteines in strategic locations, are promising 

approaches that have provided structural distance restraints for flexible and even disordered 

proteins.9 One of the key prerequisites of this approach is that the selected cysteine 

mutations must not significantly alter protein function.

α7 nAChR is one of the most abundant nAChR subtypes in the brain, has wide distribution 

in non-neuronal tissues, and is a therapeutic target for a wide range of disorders and 

diseases, including addiction, chronic pain, schizophrenia and Alzheimer’s disease.10–12 The 

diverse roles of α7 nAChR derive in part from the calcium permeability of the channel,13 

but also from direct interactions with intracellular proteins involved in synaptic plasticity 

and downstream signaling pathways independent of calcium flux.14–16 Therapeutic 

strategies targeting the interactions of α7 nAChR with its protein partners are limited by the 

lack of structural information for the α7 nAChR ICD. Can site-directed labeling of unique 

cysteines be used to gain structural information for the ICD? Human α7 nAChR contains a 

total of 17 cysteines (Fig. 1), a much higher occurrence than that normally found in proteins.
17 The rich content of native cysteines in α7 nAChR provides opportunities for extracting 

structural information through site-directed labeling with chemical probes in strategic 

locations, but it also presents uncertainties toward channel functions when the native 

cysteines are mutated. Thus, we evaluated the functional tolerance of human α7 nAChR to 

cysteine mutations using site-directed mutagenesis followed by measurements using two-

electrode voltage clamp electrophysiology and surface plasmon resonance. The results 

suggest that a high native cysteine content does not preclude the use of single cysteine 

labeling for gathering structural information of functional proteins.
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Results and Discussion

We first created a Cys-null construct, in which all cysteines were mutated to serine except 

three cysteines in the TMD that were replaced by alanine (Fig. 1). Cysteine, with a pKa near 

8, can have either polar or non-polar characteristics depending on the local 

microenvironment. Alanine was chosen to replace cysteine in the hydrophobic environment 

of the transmembrane domain because of its similar size. Serine, which differs from cysteine 

only in having a hydroxyl group instead of the sulfhydryl moiety, was used in the 

presumably more polar environment of the ICD. Two pairs of disulfide-bond cysteines in the 

ECD were previously found to affect α7 nAChR function.18, 19 One pair contributes to the 

cys-loop (C128-C142) and was essential for surface expression of α7 nAChR in 

neuroblastoma cells.18 Another pair, formed by the vicinal cysteines (C190–191 in human 

α7 nAChR or C189–190 in rat α7 nAChR) in loop C, was essential for agonist response.19 

In line with these previous findings, our Cys-null construct expressed in Xenopus oocytes 

showed no activity in two electrode voltage clamp electrophysiology (TEVC) experiments 

(Fig. 2A). We then restored the pairs of C128-C142 and C190-C191 individually or together. 

Channel functions were observed only when both pairs of cysteines in the ECD were 

present. The α7 nAChR construct containing only the C128-C142 and C190-C191 cysteines 

is named Cys-min.

Xenopus oocytes expressing Cys-min showed a response to the agonist acetylcholine with 

an EC50 of 72±5 μM, close to that of wild-type α7 nAChR (86±11 μM) (Fig. 2A). Cys-min 

also showed fast desensitization (Fig. 2B) as characterized in wild-type α7 nAChR by a 

rapid decay of the macroscopic current in the presence of agonists. Although TEVC 

experiments have a limited ability to resolve very fast kinetics, previous experiments from 

other groups have successfully used TEVC in Xenopus oocytes to characterize 

desensitization of wild-type and mutants of α7 nAChR.20, 21 These results suggest that the 

13 cysteines mutated in Cys-min do not play a dominant role in the activation and 

desensitization processes. TQS (4-naphthalene-1-yl-3a,4,5,9b-tetrahydro-3-H-

cyclopenta[c]quinoline-8-sulfonic acid amide) is a positive allosteric modulator (PAM) of 

α7 nAChR that prevents channel desensitization through binding to the TMD.22 Cys-min 

showed similar potentiation by TQS as the wild-type α7 nAChR (Fig. 2C), suggesting that 

the mutated cysteines have negligible influence on functional modulations by PAMs like 

TQS. This is consistent with results reported previously for PNU-120596 potentiation of α7 

nAChR.23

The ICD of α7 nAChR contains nine native cysteines. It is known that α7 nAChR directly 

couples with numerous cytosolic proteins,15 including PICK1 (Protein interacting with C 

kinase), a widely-expressed adaptor protein implicated in numerous disorders and drugs of 

abuse.24 PICK1 binds to the α7 nAChR ICD via its PDZ domain.14 We measured the 

binding of the PDZ domain of PICK1 (PICK126) to the wild-type and Cys-min α7 nAChRs 

using surface plasmon resonance (Fig. 3). Equilibrium analysis shows that the apparent 

binding affinities for wild-type (KD = 2.5 ± 0.4 μM) and Cys-min (KD =2.6 ± 0.2 μM) α7 

nAChRs are nearly identical, suggesting that the ICD structure remains intact in the Cys-min 

α7 nAChR.
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We have further tested whether introducing additional cysteines into the ICD is functionally 

tolerated. On the basis of the Cys-min construct, we separately introduced eight non-native 

cysteines across the length of the ICD. These non-native cysteine sites were chosen to 

potentially provide crucial distance restraints to help define the α7 nAChR ICD structure. 

The majority of the chosen cysteine mutations were found to be functionally tolerated as 

evidenced by agonist response curves of these mutant constructs with EC50 values similar to 

the wild-type α7 nAChR (Fig. 4). Although the introduction of cysteines to individual sites 

appears to be well tolerated, one should always be cautious about potential structural 

perturbations introduced by a probe labeled to cysteine.1–4

These results demonstrate that none of the nine native cysteines in the ICD are essential for 

channel function or structural integrity. They also demonstrate substantial tolerance for 

introduction of new cysteines into the ICD for structural studies. Altogether, without 

significantly compromising α7 nAChR functions, one can utilize native or introduced 

cysteine to derive distance restraints and ultimately determine structures of the ICD through 

strategic placement of spin probes.

The functional tolerance of α7 nAChR to cysteine mutations is likely the result of three 

factors. First, protecting the conserved disulfide-bond cysteines is a prerequisite for making 

functional channels. This is well demonstrated in the current study (Fig. 2) and previous 

studies.18, 19 Secondly, since the ICD cysteines are unlikely to form disulfide bonds in the 

reducing environment of the cytosol,25 their mutation would not be expected to cause major 

disruptions of ICD structure, as evidenced by channel current measurements (Fig. 2) and 

PICK1 binding results (Fig. 3). Finally, choosing conservative cysteine substitutions is 

critically important to retain channel function. We replaced native cysteines in the 

hydrophilic and hydrophobic regions with serine and alanine, respectively. An excellent 

match between α7 nAChR and Cys-min in channel activation by the agonist acetylcholine, 

and potentiation by the PAM TQS, suggests that serine and alanine are ideal cysteine 

substitutes. However, channel functions could be severely compromised if cysteines in the 

same positions were mutated to other amino acids. For example, mutations of C460A, 

C449A and C219A in our Cys-min construct did not substantially change channel function 

in the absence or presence of allosteric modulators. In contrast, a previous study showed that 

C460Y caused a significant decrease in the level of potentiation by PAMs and C449L 

resulted in nonfunctional receptors.26 Similarly, the homolog to C219 in neuromuscular 

nAChR was found to be critical for channel gating, but could tolerate conservative 

substitutions, including alanine.27 These results suggest that many cysteines can be readily 

substituted by conservative mutations to either alanine or serine.

It is worth mentioning that when examining receptor tolerance to cysteine mutations, in 

general, one should also consider receptor expression. Both α4β2 and α7 nAChRs are 

palmitoylated at cysteine residues.28 The C273S mutation in the cytoplasmic loop TM1 and 

TM2 of the α4 nAChR resulted in a nonpalmitoylated nAChR, which had normal functional 

activity; however, the mutation led to an increase in surface expression of the receptor and a 

decrease in the total expression.29 α7 nAChR does not have a cysteine homologous to C273 

in α4 nAChR. It is unclear which cysteine mediates palmitoylation of α7 nAChR. Deleting 

the segment where C317 resides in the cytoplasmic region close to TM3 abolished surface 
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α7 nAChR expression,30 but the C317A mutation did not cause a large variation in receptor 

expression or channel currents.31 Similarly, C427A in the cytoplasmic region adjacent to 

TM4 did not show large modifications in receptor expression and currents.31 For the purpose 

of structural studies, variation in the receptor expression level due to cysteine mutation is 

less concerning, as long as one can get a sufficient amount of functional proteins.

Although human α7 nAChR was used in the current study, the conclusions obtained from 

this study should be applicable to other α7 nAChRs, considering that the positions of all 

cysteines are highly conserved across vertebrate species. In terms of other subtypes of 

nAChRs or other members of Cys-loop receptors, there is much less cysteine conservation 

besides the pair of conserved cysteines in the ECD that form a disulfide bond and stabilize 

the Cys-loop or additionally, a vicinal cysteine pair in the C-loop that features the agonist 

binding site of alpha subunits of nAChRs. Nevertheless, the functional tolerance to cysteine 

mutations discussed above can still be a relevant reference for Cys-loop receptors at large.

Methods

Protein constructs and expression.

Our expression constructs consist of DNA encoding the full-length human α7 nAChR. For 

expression in Xenopus oocytes, mutations were introduced into the oocyte expression vector 

pMXT-α7 nAChR32 using the QuikChange Lightning Site-directed Mutagenesis kit 

(Agilent) and confirmed by DNA sequencing. For expression in E. coli, mutations were 

introduced into the E. coli expression vector pTBSG1-α7 nAChR.33 The wild type and Cys-

min α7 nAChRs were expressed in E. coli and purified as reported previously33 with the 

following modifications. Briefly, the α7 nAChR constructs were expressed in Rosetta 

2(DE3)pLysS (Novagen) by induction with 0.2 mM IPTG at an OD600 of 0.8 for 16 h at 15 

°C in LB broth containing 500 mM sorbitol and 10 mM choline. Cells from 1 liter induction 

medium were suspended in 150 ml of buffer containing 50 mM Tris, pH 8, 500 mM NaCl, 

500 mM sucrose, 10 mM choline, and HALT protease inhibitor. All subsequent operations 

were at 4 °C. Cells were lysed using a Microfluidics M-110Y microfluidizer and the cell 

lysate was adjusted to 0.33% (w/v) dodecylphosphocholine (DPC, Anatrace) and 20 mM 

imidazole and incubated for 1 h. The insoluble fraction was removed by ultracentrifugation 

(1 h, 200,000 × g) and the supernatant incubated with 2 ml of NiNTA resin (GEHealthcare) 

for 1 h, mixing by inversion. The resin was washed with 100 mM imidazole pH 8, 300 mM 

NaCl, 0.2% DPC, 0.02 mg/ml asolectin to a flat baseline, and eluted by adjusting the 

imidazole concentration to 300 mM. The pentamer fraction was isolated by size exclusion 

chromatography (SEC) using a S200 10/300 column (GEHealthcare) equilibrated with 20 

mM HEPES pH 7.4, 300 mM NaCl, 0.2% DPC, 0.02 mg/ml asolectin.

To obtain the PDZ domain of PICK1, the DNA encoding the first 126 amino acids of PICK1 

(PICK126) was subcloned into the pTBGS1 vector.34 with a Twin-Strep Tag (IBA) followed 

by a TEV cleavage site at the N-terminus of PICK126. PICK126 was expressed in Rosetta 

2(DE3)pLysS (Novagen) in LB broth containing 500 mM sorbitol. Induction was with 0.2 

mm IPTG at an OD600 of 0.8 for 16 h at 15 °C. Cells were collected by centrifugation and 

suspended in buffer A (20 mM sodium phosphate pH 8, 300 mM sodium chloride). All 

subsequent operations were at 4 °C. Cells were lysed using a Microfluidics M-110Y 
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microfluidizer and the membranes collected by ultracentrifugation (200k × g, 1 hour). After 

resuspension in 8 ml buffer A per gm membrane, membranes were solubilized with 2% 

(w/v) n-dodecyl-β-D-maltoside (DDM, Anatrace), and the clarified extract applied to a 2 ml 

Strep-Tactin XT Superflow column at 1 ml/min. The column was washed with buffer A 

containing 0.1% DDM to a flat baseline and then eluted with 5 column volumes 50 mM 

biotin. The eluate was concentrated and subjected to size exclusion chromatography using a 

S200 10/300 column (GE Healthcare) equilibrated in SPR running buffer (10 mM HEPES 

pH 7.4, 150 mM NaCl, 0.05% DDM. The yield of purified PICK126 was ~0.5 mg/liter 

induction media.

Electrophysiology measurements.

TEVC measurements of α7 nAChR constructs in Xenopus oocytes have been described 

previously.33, 35 Briefly, capped complementary RNA (cRNA) was synthesized with the 

mMessage mMachine kit (Ambion), purified with the RNeasy kit (Qiagen) and 25ng α7 

nAChR RNA co-injected with 25 ng RIC3 RNA into Xenopus laevis oocytes (stages 5–6). 

After 1–2 days, channel function was measured in a 20-μl oocyte recording chamber 

(Automate Scientific) clamped at −60 mV with an OC-725C Amplifier (Warner 

Instruments). The perfusion rate was 2.4 ml/min, providing complete buffer exchange for the 

20 μl recording chamber every 0.5 sec. The recording solutions contained 96 mm NaCl, 2 

mm KCl, 1.8 mm CaCl2, 1 mm MgCl2, and 5 mm HEPES, pH 7.0 and the indicated 

concentrations of the acetylcholine and TQS. Data were collected and processed using 

Clampex 10 software (Molecular Devices). Nonlinear regressions and statistical analysis 

were performed using Prism software (GraphPad). Comparisons between agonists response 

curves were assessed using the extra sum-of-squares F test. To measure desensitization, 

current was elicited by the application of 1 mM acetycholine that was continuously applied 

until the elicited current had returned to baseline.

Surface Plasmon Resonance

In the surface plasmon resonance (SPR) experiments, equilibrium analysis36 was used to 

determine the apparent KD for PICK126 binding to each immobilized construct. Purified 

wild type and Cys-min α7 nAChR were immobilized on an NTA sensor chip (GE 

Healthcare) with densities between 500 and 1200 response units (RU) using a Biacore 3000. 

Responses to PICK126 binding for a series of concentrations ranging from 0.1 to 30 μM 

were measured at a flow rate of 30 μL/min. After reference and buffer subtraction, the 

equilibrium values for each sensogram were fit by non-linear regression and used to plot the 

resonance response as a function of PICK126 concentration. Each concentration of 

PICK126 was measured by three separate injections. Dissociation constants were derived by 

non-linear regression analysis using the Langmuir isotherm equation.
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Figure 1. 
(A) Homology structure of human α7 nAChR showing cysteine positions. For clarity, 

cysteines are highlighted only in a single subunit (yellow). Native cysteines forming 

disulfide bonds are in blue; native cysteines mutated to create the Cys-min construct are in 

cyan; non-native cysteines introduced by mutation are in magenta. Cysteines in the 

transmembrane domain were mutated to alanine. All other cysteines, except four cysteines in 

blue, were mutated to serine. The homology model was based on 5HT3AR (PDB ID: 6BE1). 

The dotted line represents a region in the intracellular domain where no homology structure 

is available. (B) Sequence of human α7 nAChR. Disulfide bonds are annotated, native 

cysteines are marked in yellow, and residues mutated to cysteines are magenta. The 

intracellular domain and the transmembrane domain are marked in thin and thick lines, 

respectively.
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Figure 2. 
Functional validation of α7 nAChR cys-min construct. (A) Agonist concentration response 

curves of Xenopus oocytes expressing wild-type (wt) α7 nAChR, an α7 nAChR construct 

with no unpaired cysteines (Cys-min), or a construct with no cysteines (Cys-null). Error bars 

indicate standard error of means. (B) Representative current traces of Xenopus oocytes 

expressing wt α7 nAChR or the cys-min construct showing similar desensitization by 1 mM 

acetylcholine. (C) Representative current traces of Xenopus oocytes injected with RNA for 

α7 nAChR or the cys-min construct showing potentiation by positive allosteric modulator 

TQS. Bars indicate application of acetylcholine (20 μM) and TQS (30 μM). Scale bars are 1 

μA and 30s.
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Figure 3. 
PICK1 binds α7 nAChR and the Cys-min construct similarly. For comparison, normalized 

data of equilibrium binding from surface plasmon resonance were fit to the Langmuir 

binding equation to determine apparent KD values. Error bars indicate standard error and are 

smaller than the symbol size when not visible.
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Figure 4. 
Functional validation of α7 nAChR constructs with single non-native cysteine. Response to 

agonist in Xenopus oocytes injected with RNA for the indicated constructs is similar to the 

wild-type α7 nAChR (bold line). Only V444C is significantly different from wild type 

(p=0.5) based on the extra sum-of-squares F test. Error bars indicate standard error.
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