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Influence of the M3–M4 intracellular domain upon
nicotinic acetylcholine receptor assembly, targeting
and function

S Kracun, PC Harkness, AJ Gibb and NS Millar
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Background and purpose: The aim of this study was to investigate the influence of the intracellular domain of nicotinic
acetylcholine receptor (nAChR) subunits upon receptor assembly, targeting and functional properties.
Experimental approach: Because most nAChR subunits form functional receptors only as heteromeric complexes, it can be
difficult to examine the influence of individual subunits or subunit domains in isolation. A series of subunit chimaeras was
constructed which contain the intracellular loop region (located between the M3 and M4 transmembrane domains) from
nAChR subunits a1–a10 or b1–b4. All of these chimaeras contain common extracellular and transmembrane domains (from
the nAChR a7 subunit and the 5-hydroxytryptamine receptor 5-HT3A subunit, respectively), thereby facilitating both
homomeric receptor assembly and detection with radiolabelled or fluorescent a-bungarotoxin.
Key results: The nAChR M3–M4 intracellular loop domain had no significant effect upon levels of total subunit protein
detected in transfected cells but had a significant influence upon levels of both cell surface and intracellular assembled
receptors. Comparisons of functional properties revealed a significant influence of the intracellular loop domain upon both
single-channel conductance and receptor desensitization. In addition, studies conducted in polarized epithelial cells
demonstrate that the nAChR loop can influence receptor targeting, resulting in either polarized (apical) or non-polarized
distribution.
Conclusions and implications: Evidence has been obtained which demonstrates that the large intracellular loop domain of
nAChR subunits can exert a profound influence upon receptor assembly, targeting and ion channel properties.
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Introduction

Nicotinic acetylcholine receptors (nAChRs) are oligomeric

neurotransmitter-gated ion channels in which five subunits

co-assemble to form a central ion channel pore. Nicotinic

receptors are prototype members of the ‘Cys-loop’ family

of ligand-gated ion channels, a family that also includes

receptors for 5-HT3 receptors, GABAA receptors and glycine

receptors (Lester et al., 2004; Millar, 2006). In vertebrates,

17 distinct nAChR subunits (a1–a10, b1–b4, g, d and e) have

been identified, which can co-assemble to generate a diverse

family of nAChRs (Le Novère and Changeux, 1995; Millar,

2003; Alexander et al., 2007).

Individual nAChR subunits adopt a complex membrane

topology, comprising a large extracellular N-terminal

agonist-binding domain and four a-helical transmembrane

domains (M1–M4). Previous studies have indicated that the

large intracellular domain (between M3 and M4) of nAChRs

is important for interaction with intracellular proteins

(Jeanclos et al., 2001; Huebsch and Maimone, 2003), receptor

targeting (Williams et al., 1998) and ion channel properties

(Kelley et al., 2003; Hales et al., 2006; Gee et al., 2007).

The aim of the present study is to undertake a detailed

comparison of intracellular domains from different nAChR

subunits. This has been achieved by the construction of a

series of subunit chimaeras containing a common extra-

cellular domain (from the nAChR a7 subunit) and trans-

membrane domains (from the 5-HT3A subunit), but with

different nAChR intracellular loop domains.
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Most nAChR subunits form only heteromeric complexes

in which an a-subunit must co-assemble with at least one

other type of subunit to generate a functional receptor. A

well-characterized example is the nAChR expressed at the

adult neuromuscular junction, which is assembled from four

different subunits (two copies of the a1 subunit co-assembled

with a single copy of each of the b1, d and e subunits).

Similarly, most nAChRs expressed in the nervous system

(neuronal nAChRs) are heteromeric complexes (Le Novère

and Changeux, 1995; Millar, 2003; Alexander et al., 2007).

There are a few examples of nAChR subunits, which are able

to generate functional homomeric receptors, notably a7,

a8 and a9 (Couturier et al., 1990; Elgoyhen et al., 1994;

Gerzanich et al., 1994). However, in each case, there is

evidence that these subunits are also able to form hetero-

meric complexes in at least some species (Keyser et al., 1993;

Gotti et al., 1994; Elgoyhen et al., 2001).

As a consequence of the propensity of nAChR subunits to

assemble into heteromeric complexes, it can be difficult to

examine the influence of individual subunits (or individual

subunit domains) in isolation. To examine the influence of

intracellular loop domains from individual subunits inde-

pendently, a series of subunit chimaeras has been con-

structed and characterized. Chimaeras have been

constructed containing the intracellular (M3–M4) loop

domain from all vertebrate neuronal nAChR subunits

(a2–a10 and b2–b4) and from the muscle nAChR a1 and b1

subunits. The starting point for constructing this series of

‘loop chimaeras’ was a previously described nAChR/5-HT3R

subunit chimaera containing the extracellular, agonist/

antagonist-binding domain of the nAChR a7 subunit and

the transmembrane domains of the 5-HT3A subunit, which,

like the native a7 and 5-HT3A subunits, is able to form

functional homomeric ion channels (Eiselé et al., 1993;

Cooper and Millar, 1998). In contrast to the considerable

problems that have been encountered in expression of the

nAChR a7 subunit in several mammalian cell lines (Cooper

and Millar, 1997; Kassner and Berg, 1997; Rangwala et al.,

1997), a major advantage of the a7/5-HT3A chimaera is that it

forms a functional ion channel very much more efficiently

(Cooper and Millar, 1998). Retention of the a7 extracellular

domain in the loop chimaeras permits detection of all

subunit chimaeras with the a7 antagonist a-bungarotoxin

(aBTX), either in radiolabelled form ([125I]aBTX) or con-

jugated to a fluorescent tag (Alexa-488 aBTX).

By constructing an extensive series of related subunit

chimaeras containing a variety of different intracellular loop

domains, it has been possible to examine the influence of

this domain upon aspects of receptor assembly, targeting and

function. This was achieved using a variety of experimental

techniques, including radioligand binding, immunoprecipi-

tation, fluorescence confocal microscopy and whole-cell

electrophysiology.

Materials and methods

Construction of subunit chimaeras

The construction of a chimaera (a7V201�5HT3A) containing

the rat nAChR a7 subunit extracellular domain and the

mouse 5-HT3A subunit transmembrane and intracellular

domains has been described previously (Cooper and Millar,

1997), as has been described for a related chimaera

(a74TM�5HT3A) in which the 5-HT3A intracellular loop domain

has been replaced with the equivalent region of the a7

subunit (Gee et al., 2007). Unique restriction enzyme sites

(NotI and BstZ17I) were introduced at the N- and C-terminal

ends of the large M3–M4 intracellular loop domain of

a74TM�5HT3A by use of the QuikChange site-directed muta-

genesis system (Stratagene, Amsterdam, The Netherlands) to

create a74TM�5HT3A(Not/Bst). In the original a74TM�5HT3A con-

struct, the amino-acid sequence at the M3 end of the M3–M4

loop is QDLQRP/MPKWTR (where ‘/’ indicates the junction

between 5-HT3A and a7 sequence). The first Met of the a7

sequence corresponds to position 327 in the rat a7 sequence

(numbered according to Figure 1 of Séguéla et al., 1993).

Introduction of the NotI site altered the first amino acid of

the a7 sequence from Met to Leu in a74TM�5HT3A(Not/Bst). The

amino-acid sequence at the M4 end of the M3–M4 loop in

a74TM�5HT3A is KFAACV/LDRLLF (where ‘/’ indicates the

junction between a7 and 5-HT3A sequence). The final Val of

the a7 sequence corresponds to position 466 in the rat a7

sequence (numbered according to Figure 1 of Séguéla et al.,

1993). Introduction of the BstZ17I site altered the last amino

acid of the a7 sequence from Val to Ile in a74TM�5HT3A(Not/Bst).

To generate a series of ‘loop chimaeras’, the M3–M4

intracellular loop domain was amplified by PCR from nAChR

subunit cDNA constructs with primers designed to introduce

NotI and BstZ17I sites. Fragments were amplified from rat

cDNA clones, with the exception of a8 which has not been

identified in mammalian species and was amplified from

chicken cDNA. After digestion with NotI and BstZ17I, PCR

fragments were ligated into the NotI and BstZ17I sites of

a74TM�5HT3A(Not/Bst). All plasmid constructs (in the mamma-

lian expression vector pZeoSV2þ ; Stratagene) were verified

by nucleotide sequencing. The series of nAChR subunit M3–

M4 intracellular loop domain chimaeras will be referred to as

a7/5-HT3A
a1-loop (etc.) or, more simply, as ‘a1 loop’ chimaera

(etc.).

Heterologous expression in tsA201 and MDCK cells

Human embryonic kidney (tsA201) cells were cultured in

Dulbecco’s modified Eagle’s medium containing 2 mM

L-Glutamax (Invitrogen-Gibco, Paisley, UK) and 10% heat-

inactivated FCS (fetal calf serum) (Sigma-Aldrich, Poole, UK)

at 37 1C in an atmosphere of 5% CO2. Cells were transfected

using the Effectene transfection kit (Qiagen, Crawley, UK)

according to the manufacturer’s instructions. Madin–Darby

canine kidney (MDCK) cells were transfected using a

modified Effectene protocol, in which a higher ratio of

transfection mixture to medium (2:1) was used. MDCK cells

were maintained in a humidified incubator at 37 1C with 5%

CO2. Cells were trypsinized 12–18 h after transfection and

re-seeded on Costar Transwell Clear Permeable Supports

(0.4 mm pore size, polyester membrane; Qiagen) and

re-incubated, as above, to induce polarization. Forty-eight

hours after transfection, MDCK cells were processed for

immunocytochemistry.

nAChR M3–M4 intracellular domain
S Kracun et al 1475

British Journal of Pharmacology (2008) 153 1474–1484



Immunocytochemistry

Madin–Darby canine kidney cells were washed three times

with phosphate-buffered saline until loose cells and cell

debris were removed from the cell monolayer. The polyester

membrane was carefully excised from the surrounding

support using a scalpel, marked for orientation and fixed in

3% paraformaldehyde for 15–30 min. The membranes were

then washed five times in Hanks’ buffered saline solution

(HBSS), permeabilized with 1% Triton/HBSS, for 15–30 min

and blocked for 30 min in blocking solution containing

2% BSA/5% FCS/1% Triton/HBSS. Cells were incubated for

2 h at room temperature or overnight at 4 1C in blocking

solution containing Alexa-488 aBTX (Invitrogen-Gibco) and

DECMA-1 rat monoclonal antibody against E-cadherin,

(U3254; Sigma-Aldrich). Cells were washed five times in

HBSS, re-blocked for 30 min and then incubated for 1 h at

room temperature or overnight at 4 1C in blocking solution

containing rhodamine-conjugated goat anti-rat IgG second-

ary antibody (31680; Pierce, Cramlington, UK). Cells were

washed five times in HBSS, once in water and then mounted

under glass in Fluosave mounting fluid, with the apical cell

surface facing upwards. Confocal images were obtained with

a Zeiss LSM 510 Meta confocal microscope and LSM

acquisition software. Images were processed using Volocity

image analysis software (Improvision, Coventry, UK).

Radioligand binding

Radioligands [125I]aBTX (specific activity 7.4 TBq mmol�1)

and [3H]methyllycaconitine (MLA; specific activity

2.2 TBq mmol�1) were purchased from GE Healthcare (Little

Chalfont, UK) and Perkin Elmer (Seer Green, UK), respec-

tively. For studies with both intact and disrupted cells, cell

monolayers were rinsed and collected in HBSS and pelleted

by gentle centrifugation. Cell membranes were prepared

by freeze/thawing of cell pellets and were resuspended in

phosphate buffer containing protease inhibitors (with final

concentrations of 1 mg ml�1 pepstatin, 2 mg ml�1 leupeptin,

2 mg ml�1 aprotinin), transferred to 5 ml polystyrene assay

tubes and incubated with radioligand (10 nM [125I]aBTX or

10 nM [3H]MLA) for 2 h, shaking, on ice. In the case of aBTX

binding, 1% BSA was added to the assay. Nonspecific binding

was determined with 1 mM nicotine and 1 mM carbachol.

For cell-surface [125I]aBTX binding, cells were prepared as

above except, after pelleting, cells were resuspended by

gentle agitation and pipetting, and assayed in HBSS (contain-

ing protease inhibitors, as above) at room temperature.

[125I]aBTX and [3H]MLA-labelled samples were harvested

using a Brandel cell harvester (Model M36; Semat, St Albans,

UK) onto Whatman GF/A and Whatman GF/B filters

(respectively) and pre-soaked for at least 1 h in 0.5% w/v

polyethyleneimine. Radioactive counts were assayed in a

g-counter (Wallac 1261 Multigamma) for [125I]aBTX binding

and by a scintillation counter (Beckman LS 6500) for

[3H]MLA binding.

Metabolic labelling and immunoprecipitation

To facilitate immunoprecipitation, an eight amino acid

FLAG epitope tag (DYKDDDDK) was introduced at the

extreme C terminus of the a4, a5 and a6 chimaeric

constructs by site-directed mutagenesis, using the Quik-

Change mutagenesis system (Stratagene). Transfected tsA201

cells were metabolically labelled as described previously

(Cooper and Millar, 1997). After growth in methionine-free

medium for 15 min, cells were labelled with 9–12 MBq

Pro-mix, a mixture of [35S]methionine and [35S]cysteine,

(GE Healthcare) in 3.5 ml methionine-free medium for 3 h.

Complete medium containing 10% heat-inactivated FCS was

then added and the cells incubated for a further 90 min. Cells

were washed twice with 6 ml phosphate-buffered saline and

harvested into 500ml ice-cold lysis buffer (150 mM NaCl,

50 mM Tris/Cl, pH 8.0, 5 mM EDTA and 1% Triton X-100)

containing protease inhibitors (0.25 mM phenylmethyl-

sulphonyl fluoride, 1 mM N-ethylmaleimide and 2 mg ml�1,

each, of leupeptin, aprotinin and pepstatin). Solubilization

and all subsequent steps were performed at 4 1C. The cell

lysate was pre-cleared by incubation overnight with 35 ml

protein G-sepharose (GE Healthcare) in a 1:1 mixture with

lysis buffer. Non-solubilized material was pelleted by centri-

fugation at 16 000� g for 15 min. Cell lysates were incubated

with primary antibody for 3 h. The antibody–receptor

complex was immunoprecipitated by the addition of 30 ml

protein G-sepharose, incubated for a further 3 h and isolated

by centrifugation. Samples were washed four times with 1 ml

lysis buffer. Samples were examined by SDS-PAGE (sodium

dodecyl sulphate-polyacrylamide gel electrophoresis) fol-

lowed by autoradiography as described previously (Lansdell

et al., 1997).

Intracellular calcium assay

Transfected cells were re-plated onto poly-L-lysine-coated

black-walled 96-well plates (Marathon Laboratories, London,

UK) 18–20 h after transfection. Approximately 24 h after

plating, medium was removed and the cells incubated in

50 ml of 1mM Fluo-4 acetoxymethyl ester (Invitrogen-

Molecular Probes, Paisley, UK) in HBSS with 0.02% Pluronic

F-127 (Invitrogen-Molecular Probes) for 45–60 min at room

temperature. Cells were rinsed twice in HBSS and assayed

using a Fluorometric imaging plate reader (FLIPR) (Molecular

Devices, Wokingham, UK) in HBSS supplemented

with 18.8 mM CaCl2, 8.8 mM sucrose and 6.3 mM HEPES

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). Cells

were excited at 488 nm and the emitted fluorescence passed

through a 510–570 nm band-pass interference filter before

detection with a cooled CCD (charge-coupled device)

camera. Drug dilutions were prepared in a separate 96-well

plate delivered via an automated 96-tip pipettor. Fluores-

cence measurements were recorded simultaneously for all 96

wells at 1 s intervals, for 120 s, with agonist additions after

25 s. Average fluorescence intensity readings before agonist

applications were subtracted.

Electrophysiology

Cells, grown on glass coverslips coated in collagen and

polylysine (both 10 mg ml�1), were co-transfected with

pEGFP-C2 (Clontech, Mountain View, CA, USA), encoding

enhanced green fluorescent protein and plasmids containing
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chimaeric nAChR/5-HT3R subunit cDNA in the ratio of 1:10.

Whole-cell recordings were performed at room temperature,

24–72 h after transfection using cells that were identified

as expressing green fluorescent protein by fluorescence

microscopy. Recording solution contained (in mM) as follows:

110 NaCl, 5.4 KCl, 0.8 MgCl2, 1.8 CaCl2, 25 glucose, 0.9

NaH2PO4, 44 NaHCO3. Borosilicate electrodes (GC150F-7.5;

Harvard Apparatus, Edenbridge, UK) of resistance 4–8 MO
contained (in mM) 140 CsCl, 10 HEPES, 10 EGTA (ethylene

glycol bis(b-aminoethyl ether)-N,N,N’,N’,-tetraacetic acid),

0.5 CaCl2, 29.53 CsOH, pH adjusted to 7.26. The holding

potential was �60 mV. Fast cell superfusion was achieved

with a y-barrelled application pipette made from 1.5 mm

diameter y-tubing (AH-30-0114; Harvard Apparatus), which

was moved laterally using a stepper motor. A 20-s application

of 50 mM DMPP (1,1-dimethyl-4-phenylpiperazinium iodide)

was applied and evoked currents recorded using an Axopatch

200B amplifier. These were digitized online at 10 kHz

using WinEDR (Strathclyde Electrophysiology Software;

www.strath.ac.uk/Departments/PhysPharm) after filtering

and further amplification to provide a low-gain 0 Hz–2 kHz

record that was used to measure the agonist-induced mean

current. The kinetics of desensitization were analysed on

20 s agonist applications. Responses were inverted and fitted

with a single exponential or the sum of two exponential

functions. A high-gain band-pass (2 Hz–2 kHz Butterworth

filter) recording was used for variance and spectral density

analysis. The recording was divided into segments of 0.82 s

duration and edited to remove any segments with obvious

artefacts. A 10% cosine taper window was applied to each

segment and the single-sided spectral density computed by

fast Fourier transform and averaged over 96 logarithmically

spread frequency ranges. The mean background spectrum

was subtracted from the mean spectrum in the presence of

the agonist to give the net agonist-induced noise spectrum.

The single-channel conductance was calculated from the

variance of the noise and from integration of the net power

spectrum fitted with a single or the sum of two Lorentzian

components as appropriate (Dempster, 2001).

Statistics

For multiple comparisons, ANOVA was used with Tukey–

Kramer post-test for unequal sample sizes (Prism; GraphPad

Software Inc., San Diego, CA, USA).

Results

A series of 14 subunit chimaeras was constructed, each

containing the intracellular (M3–M4) loop domain from a

different nAChR subunit (a1–a10 and b1–b4). All chimaeras

contained a common extracellular domain (from the nAChR

a7 subunit) and the four transmembrane domains from the

5-HT3A subunit (Figure 1a). Previous studies have shown

that a similar chimaera (a7V201�5HT3A), which contains the

intracellular loop domain of the 5-HT3A subunit, generates

functional homopentameric receptors with a high-affinity

binding site for [125I]aBTX (Eiselé et al., 1993; Cooper and

Millar, 1998). As a7V201�5HT3A and the loop chimaeras

examined in this study contain an a7 extracellular domain

and 5-HT3A transmembrane domains, they might be ex-

pected to bind [125I]aBTX unless subunit folding or assembly

was disrupted by changes in the intracellular loop region.

Loop chimaeras were expressed in the human cultured cell

line tsA201 by transient transfection. Intact cells were

examined by cell-surface [125I]aBTX binding, which revealed

significant differences in the level of specific binding with

different loop chimaeras (Figure 1b). The highest levels of

cell-surface [125I]aBTX binding were detected with chimaeras

containing the a1, a4, a7 and a8 loop domains (B1400–

1800 fmol per mg protein). Intermediate levels of cell-surface

[125I]aBTX binding (B500–750 fmol per mg protein) were

detected with chimaeras containing the a3 and a6 loop

domains (Figure 1b). In contrast, specific cell-surface binding

of [125I]aBTX was low or absent with chimaeras containing

a2, a5, a9, a10, b1, b2, b3 and b4 loop domains (Figure 1b).

Levels of [125I]aBTX binding to loop chimaeras are summar-

ized in Table 1.

To examine whether differences in levels of radioligand

binding could be attributed to differences in levels of

subunit expression, levels of subunit protein were examined

by introduction of a recombinant epitope tag to facilitate

detection by immunoprecipitation. The a4, a5 and a6 loop

constructs were selected (as examples of constructs display-

ing high, low and intermediate levels of cell-surface

[125I]aBTX binding, respectively). A recombinant FLAG

epitope tag was introduced at the C terminus. FLAG-tagged

subunit chimaeras were expressed in tsA201 cells and

metabolically labelled (with [35S]methionine and

[35S]cysteine). Tagged subunits were immunoprecipitated

with mAbFLAG-M2 and examined by SDS-PAGE, followed

by autoradiography. Bands of the expected molecular weight

were detected for all three subunit chimaeras and were of

a similar intensity (Figure 2). If anything, the chimaera

showing the lowest level of cell-surface [125I]aBTX binding

(the a5 loop chimaera; Figure 1b) gave a somewhat more

intense band on SDS-PAGE (Figure 2). This would suggest

that differences in the levels of cell-surface [125I]aBTX

binding for these chimaeras are not a consequence of

differences in the levels of expressed subunit protein.

Further radioligand binding studies were performed with

disrupted cell preparations to determine levels of total (that

is, both surface and internal) binding sites. To reduce levels

of nonspecific binding, binding studies with disrupted cells

were performed with [3H]MLA, rather than [125I]aBTX. For

all loop chimaeras, specific binding of [3H]MLA was detected,

although differences in the level of binding were observed.

(Figure 1c).

To examine whether the loop chimaeras are able to

generate functional ligand-gated ion channels, subunit

chimaeras were expressed in tsA201 cells and examined

using a FILPR, an approach which has been shown

previously to be well suited to the functional screening of

nAChR/5-HT3R subunit chimaeras (Gee et al., 2007).

Evidence of functional ion channel expression (assayed by

agonist-induced elevations in intracellular calcium) was

observed with chimaeras containing the a3, a7, a8 and a10

loop domains (data not shown). Interestingly, despite the

high levels of cell-surface radioligand binding detected, no

nAChR M3–M4 intracellular domain
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Figure 1 Intracellular (M3–M4 loop) chimaeras. (a) A series of subunit chimaeras was constructed containing the intracellular M3–M4 loop
domain from all vertebrate nAChR a and b subunits (a1–a10 and b1–b4). All subunit chimaeras contained a common extracellular domain
(from the nAChR a7 subunit) and common transmembrane domains (from the 5-HT3A subunit). Horizontal lines represent the approximate
relative length of the various intracellular loop domains of each subunit. The exact number of amino acids (aa) within each of these subunit
domains is indicated next to the subunit name. To illustrate more clearly the location of the loop domains examined, the six N- and C-terminal
amino acids of each domain are indicated. Amino acids that were altered by the introduction of NotI and BstZ17I restriction enzyme sites are
underlined. (b) Cell-surface [125I]aBTX binding to loop chimaeras expressed in human tsA201 cells. (c) Binding of [3H]MLA to loop chimaeras
determined with disrupted tsA201 cells. Data in (b and c) are presented as fmol per mg protein and are means of 3–7 independent
experiments, each performed in triplicate. Error bars represent s.e.mean. aBTX, a-bungarotoxin; MLA, methyllycaconitine.
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evidence of functional expression was observed with the a1

or a4 loop constructs.

As previous studies have demonstrated that, among

receptors in the Cys-loop superfamily, the M3–M4 intra-

cellular loop domain can exert a dramatic influence upon

single-channel conductance (Kelley et al., 2003; Hales et al.,

2006; Gee et al., 2007), we have determined the single-

channel conductance of receptors generated by the loop

chimaeras. Previous studies conducted with a7V201�5HT3A

(which contains a 5-HT3A intracellular loop) identified a

single-channel conductance of 0.8±0.1 pS, n¼5 (Gee et al.,

2007), which is not significantly different from the sub-pS

conductance observed with the wild-type 5-HT3A subunit

(0.7±0.1 pS, n¼ 5) recorded under identical conditions

(Gee et al., 2007). As a control for the present studies on

the nAChR loop chimaeras, we have independently deter-

mined the conductance of the a7V201�5HT3A chimaera. A

conductance estimate of 0.5±0.1 pS (n¼5) was obtained,

which is not significantly different from that reported

previously (Gee et al., 2007).

Previous studies have reported that a subunit chimaera

containing the a7 intracellular loop (a74TM�5HT3A) generates

receptors with a single-channel conductance of 30.5±4.0 pS,

which is significantly larger (Po0.001) than the sub-pS

conductance of both 5-HT3A and of the a7V201�5HT3A

chimaera (Gee et al., 2007). We have performed noise

analysis of whole-cell responses to determine the single-

channel conductance of chimaeras containing the a3, a7,

a8 and a10 loop domains. As the a7 loop chimaera (a7/5-

HT3A
a7-loop) is essentially equivalent to the previously

described a74TM�5HT3A chimaera (Gee et al., 2007), it would

be expected to give similar results. The a7 loop chimaera

does, however, contain two amino acid differences from the

previously described a74TM�5HT3A chimaera (methionine to

leucine and valine to isoleucine mutations, which arose

due to introduction of the NotI and BstZ17I sites into

a74TM�5HT3A; see Materials and methods for details). The

single-channel conductance determined in this study for the

a7 loop chimaera (Table 1) was not significantly different to

that determined previously by Gee et al. (2007) for the

a74TM�5HT3A chimaera (see above).

All the nAChR loop chimaeras examined (a3, a7, a8 and

a10 loop domains) generated receptors with single-channel

conductances, which were significantly larger (Po0.001)

than the sub-pS conductance observed with the 5-HT3A loop

domain (Figure 3). Significant differences were also observed

between chimaeras containing different nAChR subunit loop

Table 1 Characterization of nAChR/5-HT3R subunit chimaeras

Loop chimaera [125I]aBTX binding
(fmol mg�1)
(n¼4–7)

[3H]MLA binding
(fmol mg�1)

(n¼5)

Functional
expression

Conductance (pS)
(n¼5–9)

Time constant for
desensitization (ms)

(n¼6–21)

Targeting
(MDCK cells)

a1 loop (a7/5-HT3A
a1-loop) 1857±346a 1424±111c No ND ND Non-polarized

a2 loop (a7/5-HT3A
a2-loop) 132±34b 353±39d No ND ND ND

a3 loop (a7/5-HT3A
a3-loop) 502±158 388±75d Yes 29.4±2.8e 278±23g ND

a4 loop (a7/5-HT3A
a4-loop) 1457±259a 1635±197c No ND ND Apical

a5 loop (a7/5-HT3A
a5-loop) 139±48b 1008±148c No ND ND ND

a6 loop (a7/5-HT3A
a6-loop) 718±193 1037±50c No ND ND ND

a7 loop (a7/5-HT3A
a7-loop) 1391±307a 1187±89c Yes 36.1±3.2e 1334±141h Apical

a8 loop (a7/5-HT3A
a8-loop) 1442±429a 1139±189c Yes 24.9±0.8e 967±184h Apical

a9 loop (a7/5-HT3A
a9-loop) 13±5b 272±41d No ND ND ND

a10 loop (a7/5-HT3A
a10-loop) 179±69b 592±60 Yes 10.5±1.7f 217±16g ND

b1 loop (a7/5-HT3A
b1-loop) 129±48b 381±50d No ND ND ND

b2 loop (a7/5-HT3A
b2-loop) 41±16b 775±24 No ND ND ND

b3 loop (a7/5-HT3A
b3-loop) 40±12b 269±18d No ND ND ND

b4 loop (a7/5-HT3A
b4-loop) 5±2b 88±10d No ND ND ND

Abbreviations: aBTX, a-bungarotoxin; MDCK, Madin–Darby canine kidney; MLA, methyllycaconitine; ND, not determined.

Data shown are means±s.e.mean.

Statistical significance: a vs b Po0.05, c vs d Po0.05, e vs f Po0.001, g vs h Po0.001.
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Figure 2 Immunoprecipitation of FLAG-tagged loop chimaeras. An
FLAG epitope tag was introduced at the C terminus of chimaeras
containing intracellular loop domains from the a4, a5 and a6
subunits. Tagged chimaeras were immunoprecipitated from meta-
bolically labelled human tsA201 cells and examined by SDS-PAGE.
The a4, a5 and a6 loop chimaeras are representative of chimaeras
displaying high, low and intermediate levels of [125I]aBTX, respec-
tively, but expressed levels of subunit protein appear to be broadly
similar. The positions of molecular weight markers are shown. aBTX,
a-bungarotoxin; SDS-PAGE, sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis.
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domains. Chimaeras with the highest conductance were

those that contained the a3, a7 and a8 loop (Table 1). The

a10 loop chimaera gave an intermediate conductance, which

was both significantly smaller than that observed with the

a3, a7 and a8 loop chimaeras (Table 1; Po0.001) and

significantly larger than that observed with the 5-HT3A loop

chimaera (Po0.001).

The influence of the intracellular loop upon desensitiza-

tion was also examined. All chimaeras tested showed

extensive desensitization (see Figure 4), but significant

differences were detected in the time constant for desensi-

tization for different loop chimaeras (Figure 4 and Table 1).

The decay time constants for chimaeras containing the a7

and a8 loop domains were significantly larger (Po0.001;

n¼8–21) than those determined with chimaeras containing

the a3 and a10 loop domains (Table 1).

Finally, the influence of intracellular loop domains upon

receptor targeting was examined by expression of loop

chimaeras in polarized epithelial MDCK cells. Fluorescence

confocal microscopy was used to detect the distribution of

subunit chimaeras labelled with Alexa-488 aBTX (Figures 5a

and c). For comparison, staining of endogenous E-cadherin,

which is expressed exclusively on basolateral membranes

(Mays et al., 1995), was examined (Figures 5b and c).

Subunits that displayed high levels of specific [125I]aBTX

binding (a1, a4, a7 and a8 loop chimaeras) were expressed in

polarized MDCK cells. Fluorescence confocal microscopy

revealed predominantly apical staining for chimaeras
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containing the a4, a7 and a8 loop domains. In contrast, the

a1 loop chimaera displayed a non-polarized (apical and

basolateral) distribution (Figures 5a and c).

Discussion

A series of subunit chimaeras has been constructed with

the aim of investigating the influence of nAChR and 5-HT3

receptor intracellular domains upon phenomena such as

receptor assembly, cell-surface expression, intracellular tar-

geting and function. All chimaeras contained a common

extracellular domain (derived from the nAChR a7 subunit)

and common transmembrane regions (from the 5-HT3A

subunit). As has been demonstrated previously, these

features facilitate both detection of expressed subunit

chimaeras by aBTX and efficient homomeric assembly

(Eiselé et al., 1993; Cooper and Millar, 1998; Gee et al.,

2007). Consequently, all of the loop chimaeras examined in

this study would be expected to bind [125I]aBTX, unless

subunit folding or assembly was disrupted by the intra-

cellular loop domain. Interestingly, we have observed

substantial differences in the levels of cell-surface [125I]aBTX

binding with different loop chimaeras (Figure 1b). These

differences appear not to be a consequence of differences in

the level of expressed subunit protein, as loop chimaeras

with high, low and intermediate levels of cell-surface

[125I]aBTX binding were detected in similar amounts

by immunoprecipitation of the FLAG-tagged chimaeras

(Figure 2).

All chimaeras were also examined using radioligand

binding on disrupted cells, thereby permitting detection of
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Figure 4 Influence of nAChR intracellular domain upon the kinetics
of desensitization. a7 loop (a) and a10 loop (b) are shown as
examples of chimaeras with slow and fast desensitization, respec-
tively. Subunits chimaeras were expressed in tsA201 cells whole-cell
responses obtained by 20 s applications of 50mM DMPP. These were
inverted and fitted with one or the sum of two exponential functions
of the form I ¼ IssþImax�eð�t=tÞ, where Iss is the steady state current,
Imax the peak steady-state current, t, the time constant. The insets
show, on an expanded timescale, the fit to the initial part of the
response. Traces are representative examples of n¼8–21 responses
from 3–12 cells. DMPP, 1,1-dimethyl-4-phenylpiperazinium iodide;
nAChR, nicotinic acetylcholine receptor.
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Figure 5 Targeting of loop chimaeras examined in polarized
epithelial (MDCK) cells. Representative confocal images are shown
illustrating a non-polarized distribution of the a1 loop chimaera (left
panels) and a polarized (apical) distribution of the a4 loop chimaera
(right panels). The main images are single confocal section from
15–17 separate 0.5 mm sections. Above and to the left of the main
images are representative X–Z and Y–Z confocal sections from each
image in which the apical cell surface is located at the top and to the
left, respectively. (a) Labelling of subunit chimaeras with Alexa-488
aBTX. (b) Antibody (rhodamine) staining of endogenous E-cadherin,
which is located on the basolateral membrane of MDCK cells. (c)
Merged images from (a and b) in which Alexa-488 aBTX staining is
shown in green and antibody staining of endogenous E-cadherin is
shown in red. Scale bars¼7mm. aBTX, a-bungarotoxin; MDCK,
Madin–Darby canine kidney.
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intracellular, as well as cell-surface, receptors. Whereas some

loop chimaeras could not be detected on the cell surface, all

of the intracellular loop chimaeras gave detectable levels of

specific radioligand binding in disrupted cell preparations

(Figure 1c). We assume that differences in the level of

[3H]MLA binding reflect differences in the efficiency with

which loop chimaeras are able to fold and oligomerize into a

native conformation (Figures 1b and c). Comparisons of the

two sets of radioligand binding data indicate that intra-

cellular loop domains influence both efficiency of subunit

folding/assembly and also the proportion of correctly folded

receptors, which are detectable on the cell surface. For

example, the a5, a6 and a7 loop chimaeras have similar

levels of [3H]MLA binding in disrupted cells (Figure 1c) but

very different levels of cell-surface [125I]aBTX binding

(Figure 1b).

A FLIPR-based assay was used to assess whether nAChR/

5-HT3R chimaeras were able to generate functional receptors

(Gee et al., 2007). As expected, no evidence of functional

expression was detected for loop chimaeras, which failed to

give cell-surface [125I]aBTX binding. As has been demon-

strated previously for the a7 loop chimaera (Gee et al., 2007),

clear evidence of functional expression was observed for

the a3, a8 and a10 loop chimaeras. Interestingly, a good

correlation was not observed between those chimaeras that

displayed high levels of cell-surface [125I]aBTX binding and

those for which clear evidence of functional expression

could be detected. The a1 and a4 loop chimaeras, for

example, gave high levels of cell-surface [125I]aBTX binding,

but no evidence of functional expression. The a3 and a10

loop chimaeras gave relatively low levels of cell-surface

[125I]aBTX binding, but clear evidence of functional expres-

sion. It appears, therefore, that the nAChR intracellular loop

domain can also exert a profound influence upon the ability

of subunits, once assembled, to generate functional recep-

tors. Similar discrepancies between levels of radioligand

binding and function have been reported in studies with

other types of nAChR subunit chimaeras and with subunits

altered by site-directed mutagenesis (Garcı́a-Guzmán et al.,

1994; Valor et al., 2002; Castelán et al., 2007; Gee et al.,

2007).

Taken together, the radioligand binding and FLIPR data

suggest that the M3–M4 loop exerts a strong influence on

subunit folding and receptor trafficking. It is interesting, for

example, that chimaeras containing the a1 or a4 M3–M4

loops are expressed efficiently on the cell surface, whereas

wild-type a1 and a4 subunits, when expressed alone, are not

efficient (Green and Claudio, 1993; Cooper et al., 1999). This

is presumably due to chimaeras containing these loops

being able to assemble into pentameric complexes, whereas

unassembled subunits such as a1 and a4 are retained within

the endoplasmic reticulum (Green and Millar, 1995). It is

possible that those chimaeras that were not detected at high

levels on the cell surface (for example, those containing a2,

a5, a9, a10, b1, b2, b3 and b4 loop domains) contain

intracellular retention signals. Such signals may, perhaps, be

masked when wild-type subunits assemble into heteromeric

complexes, thereby facilitating cell-surface expression, as has

been described for other Cys-loop receptor subunits (Boyd

et al., 2003). The lack of correlation between chimaeras that

generated high levels of cell-surface [125I]aBTX binding and

those that generated functional channels (Table 1) is also of

interest. It is possible that there are critical folding events in

which the M3–M4 loop domain participates, which are

required for the generation of functional receptors.

Despite the well-established evidence that the conduc-

tance of Cys-loop type ligand-gated ion channels is influ-

enced by amino acids located within the second

transmembrane domain, there is now strong evidence to

indicate that channel conductance is also influenced by

other subunit domains, including the M3–M4 intracellular

loop (Kelley et al., 2003; Hales et al., 2006; Gee et al., 2007).

Noise analysis of the loop chimaeras is entirely consistent

with previous data implicating the intracellular loop in

modulating channel conductance. It has been proposed that

the influence of the intracellular loop domain is a conse-

quence of positively charged amino acids (Kelley et al., 2003;

Hales et al., 2006), and it has been demonstrated that

the replacement of three arginine residues within the

membrane-associated amphipathic (MA) region of the 5-

HT3A subunit intracellular loop results in a dramatic increase

in single-channel conductance (Kelley et al., 2003). Inspec-

tion of the MA region of the subunits examined in this study

(a3, a7, a8 and a10) indicates that our findings are in general

agreement with the proposal that positively charged amino

acids in this region are important.

Our results provide evidence that the rate of receptor

desensitization is influenced by the M3–M4 intracellular

domain. This is perhaps a surprising finding, given that

residues within the M2 transmembrane domain of nAChRs

have been shown to be important in determining rates

of receptor desensitization (Revah et al., 1991). There is,

however, evidence that subunit domains other than M2 can

influence desensitization. Recent studies with nAChR/

5-HT3R subunit chimaeras have demonstrated that the

N-terminal extracellular domain can influence receptor

desensitization (Gee et al., 2007). Taken together, these

results indicate that receptor desensitization can be influ-

enced by a variety of subunit domains.

The ability of intracellular loop domains to influence

receptor targeting has been examined in polarized epithelial

MDCK cells. MDCK cells have been used extensively to

examine the targeting of transmembrane proteins (Mellman,

1995; Nelson and Yeaman, 2001) and have also been used to

demonstrate the influence of subunit composition upon

the targeting of GABAA receptors (Connolly et al., 1996).

Cultured MDCK cells establish clearly defined and easily

identifiable polarized membranes. As a control, we examined

the distribution of endogenous E-cadherin, a protein which

is selectively targeted to the basolateral membrane in MDCK

cells (Mays et al., 1995). As the selective targeting of

E-cadherin to the basolateral membrane is dependent on

MDCK polarization (van Beest et al., 2006), this also provides

a means of confirming cells are polarized. MDCK cells are

well suited for studies with aBTX, as they do not express

endogenous nAChRs. In addition, there is evidence to

indicate that sorting of transmembrane proteins to epithelial

apical and basolateral membranes is a useful model for

axonal and dendritic sorting in neurons (de Hoop and Dotti,

1993). A clear difference was observed between the muscle
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nAChR a1 loop chimaera (which displayed a non-polarized

distribution) and neuronal nAChR a4, a7 and a8 loop

chimaeras (which displayed apical targeting). These loop

chimaeras have provided a useful mechanism by which to

examine independently the role of intracellular domains of

individual nAChR subunits. The use of these chimaeras has

also circumvented difficulties we have encountered in

detecting efficient expression of neuronal nAChR subunit

combinations in MDCK cells. These studies suggest that

nAChR targeting is influenced by the M3–M4 intracellular

loop domain, a conclusion which is in agreement with

previous studies in chick ciliary ganglion neurons (Williams

et al., 1998). Furthermore, these studies demonstrate that in

these constructs, the nAChR M3–M4 intracellular domain

contains determinants of receptor targeting, which can

function in the absence of neuron-specific interacting

proteins.

In summary, we have constructed a series of subunit

chimaeras that have enabled the influence of intracellular

domains of nAChR subunits to be examined independently

of other co-assembled subunits. There is evidence that

demonstrates that the intracellular (M3–M4) domain exerts

an important influence upon subunit folding and assembly

(as demonstrated by radioligand binding) and upon the

formation of functional receptors. It is also clear that the

intracellular domain influences both the efficiency of cell-

surface expression and the targeting of assembled subunits in

polarized cells. Evidence to support the involvement of the

nAChR intracellular domain in determining single-channel

conductance has also been obtained.
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