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Heteromeric nAChRs are pentameric cation channels, composed of combinations of two or three � and three or two � subunits, which
play key physiological roles in the central and peripheral nervous systems. The prototypical agonist nicotine acts intracellularly to
upregulate many nAChR subtypes, a phenomenon that is thought to contribute to the nicotine dependence of cigarette smokers. The
�3�4 subtype has recently been genetically linked to nicotine dependence and lung cancer; however, the mode of action of nicotine on this
receptor subtype has been incompletely investigated. Here, using transfected mammalian cells as model system, we characterized the
response of the human �3�4 receptor subtype to nicotine and the mechanism of action of the drug. Nicotine, when present at 1 mM

concentration, elicited a �5-fold increase of cell surface �3�4 and showed a more modest upregulatory effect also at concentrations as
low as 10 �M. Upregulation was obtained if nicotine was present during, but not after, pentamer assembly and was caused by increased
stability and trafficking of receptors assembled in the presence of the drug. Experimental determinations as well as computational studies
of subunit stoichiometry showed that nicotine favors assembly of pentamers with (�3)2(�4)3 stoichiometry; these are less prone than
(�3)3(�4)2 receptors to proteasomal degradation and, because of the presence in the � subunit of an endoplasmic reticulum export motif,
more efficiently transported to the plasma membrane. Our findings uncover a novel mechanism of nicotine-induced �3�4 nAChR
upregulation that may be relevant also for other nAChR subtypes.

Introduction
Nicotine is the primary substance responsible for tobacco addic-
tion, which is mediated by its interaction with neuronal nicotinic
acetylcholine receptors (nAChRs). These pentameric ligand-
gated receptors, composed of � only (homomeric) or of � and �
(heteromeric) subunits, play important roles in the physiology of
the central and peripheral nervous systems (Gotti et al., 2009).

One of the most remarkable effects of chronic nicotine expo-
sure is the upregulation of brain nAChRs. Because of the well-
known addictive and pathogenic properties of nicotine, many
efforts have been dedicated to elucidate the mechanisms by which

this upregulation is achieved. Most of the investigations have
focused on the �4�2 subtype, which is the most widespread het-
eromeric nAChR subtype of the CNS (Govind et al., 2009). The
general conclusion of the studies is that nicotine’s upregulatory
effect is the result of its interaction with the intracellular and not
the surface-exposed receptor (Corringer et al., 2006; Lester et al.,
2009). Among suggested mechanisms are nicotine’s ability to as-
sist the assembly of pentamers, to increase their export from the
endoplasmic reticulum (ER), and to stabilize the receptors, in
particular those with the (�4)2(�2)3 stoichiometry (Nelson et al.,
2003; López-Hernández et al., 2004; Darsow et al., 2005; Kurya-
tov et al., 2005; Sallette et al., 2005; Moroni et al., 2006; Srinivasan
et al., 2011). Indeed, �4�2 receptors are present in two alternative
stoichiometries: 2�/3� and 3�/2�. Although these two forms
both present two nicotine orthosteric binding sites at the two �/�
interfaces, the fifth accessory subunit may confer subtle differ-
ences to the receptor’s pharmacological properties.

Although the �4�2 subtype is the most thoroughly investi-
gated nAChR, there has recently been a surge of interest in �3-
containing receptors that, not only mediate ACh-induced fast
excitatory ganglionic transmission in the autonomic nervous sys-
tem and adrenal medulla (De Biasi, 2002), but are also present in
selected regions of the brain, where they may influence the be-
havioral effects of nicotine and some manifestations of nicotine
withdrawal (for review, see Picciotto and Kenny, 2013). Indeed, a
series of linkage analyses, as well as candidate gene and genome-
wide association studies, have recently shown that variants in the
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human �3-�5-�4 nAChR subunit gene cluster on chromosome
15q24 –25.1 are linked to the risk of nicotine dependence and
smoking-associated diseases, including lung cancer (Berrettini et
al., 2008; Spitz et al., 2008; Thorgeirsson et al., 2008). Two of the
clustered nAChR genes (�3 and �4) are significantly overex-
pressed in small-cell lung carcinoma cells, an aggressive form of
lung cancer that is causally related to cigarette smoking (Improgo
et al., 2010).

The observations summarized above suggest that the �3�4
subtype carries out a prominent role in nAChR-linked patho-
physiological phenomena, and prompted us to carry out an in-
depth investigation of the response of this receptor subtype to
nicotine. Our purpose was, on the one hand, to characterize the
response of the �3�4 subtype to nicotine and, on the other hand,
to unravel the basis of the intracellular action of the alkaloid,
focusing on aspects that have remained unclear for other receptor
subtypes.

Materials and Methods
Materials. (�/�)[ 3H]-Epibatidine (specific activity � 70.6 Ci/mmol)
and [ 125I]-�-bungarotoxin (�Bgtx; specific activity � 220 Ci/mmol)
were purchased from PerkinElmer; CC4 and cytisine were synthesized as
described previously (Carbonnelle et al., 2003); MG132 was from Cal-
biochem. EZ-link NHS-SS-biotin and streptavidin-agarose were from
Pierce. All other reagents were from Sigma-Aldrich.

Plasmids. Human �3-pcDN�3 and �4-pcDN�3 were kind gifts of Dr.
Sergio Fucile (University of Rome). pN1EGFP was from Clontech;
pCINeoHA-CD3� and mRFP-KDEL were generously provided by A.M.
Weissman (National Institutes of Health) and by Erik L. Snapp (Einstein
College of Medicine), respectively. FP22 carrying tdTomato as fluoro-
phore was generated from Venus-22 (Ronchi et al., 2008).

Point mutations were generated using the QuikChangeLightning Site-
Directed Mutagenesis Kit (Agilent Technologies). The h�4-L345M export
mutant was generated from �4-pcDN�3, by substituting CTC in position
1033 with ATG: forward primer, 5�-GCTGCCTACCTTCATGTTCATGAA
GCGCCCTGGCCCCG-3�; reverseprimer,5�-CGGGGCCAGGGCGCTTC
ATGAACATGAAGGTAGGCAGC-3� (mutation in italics). The h�3
W180A nicotinic binding site mutant was generated from �3-pcDN�3, by
substituting TG in position 532 with GC: forward primer, 5�-CCATGAAG
TTCGGTTCCGCGTCCTAC GATAAGGCG-3�; reverse primer, 5�-CGCC
TTATCGTAGGACGCGGAACCGAACTT CATGG-3� (mutation in
italics).

Antibodies. The �3 and �4 pAbs were produced in male rabbits immu-
nized with the human peptides TRPTSNEGNAQKPRPLYGAELSNLNC
and GPDSSPARAFPPSKSCVTKPEATATSPP, respectively, affinity pu-
rified, and characterized as previously described (Grady et al., 2009).
Anti-GFP was from Abcam, anti-HA from Tebu-bio, and anti-ubiquitin
from Biomol.

Cell transfection. HeLa and SH-SY5Y cells were transfected by the
Ca3(PO4)2 method or with the Jet-PEI reagent (Polyplus transfection).
Equimolar amounts of �3 and �4 plasmids were used in both cases. Cells
were analyzed 24 h after transfection or subjected to further treatments as
specified in the figure legends.

Biochemical analyses: SDS-PAGE immunoblotting. SDS-PAGE and
blotting were performed by standard procedures. Primary antibodies
were revealed either by secondary peroxidase-conjugated IgG, fol-
lowed by ECL (PerkinElmer), or by infrared-conjugated IgG IRDye
800CW (LI-COR Bioscience). In the first case, films were digitized,
and band intensities were determined with ImageJ software (National
Institutes of Health) after calibration with the optical density calibra-
tion step table (Stouffer Graphics Arts). In the second case, blots were
scanned with the Odyssey CLx Infrared Imaging System (LI-COR
Biosciences), and band intensities were determined with Image Stu-
dio software (LI-COR Biosciences).

Binding assays. Cells were collected, rinsed twice with PBS (containing
2 mM PMSF), homogenized in the same buffer using a Potter homoge-
nizer, and then centrifuged for 60 min at 30,000 � g. The supernatant

was discarded, and the pellet was washed twice by centrifugation before
final suspension in PBS � 2 mM PMSF. The affinity constant (Kd) and the
apparent displacement constant (Ki) of nicotinic ligands were deter-
mined as previously described (Riganti et al., 2005).

Sucrose gradient centrifugation. Membrane suspensions, prepared as
described in binding assays, were supplemented with Triton X-100 to a
final concentration of 2% and incubated for 2 h at 4°C. After elimination
of insoluble material by centrifugation, the extracts were analyzed on
linear sucrose gradients, as described previously (Riganti et al., 2005).
Immobilization of the receptor contained in gradient fractions on micro-
wells coated with affinity-purified anti-�4 or �3 antibodies was done as
previously described (Riganti et al., 2005). A preparation of Torpedo
californica nicotinic AChR, prelabeled with 125I-�-Bgtx was run in
parallel.

Surface biotinylation assay. Cells were incubated for 30 min at 4°C with
0.3 mg/ml EZ-link NHS-SS-biotin; after quenching of free biotin with 50
mM glycine for 10 min at 4°C, the cells were lysed in 1% SDS lysis buffer.
Equal amounts of total protein were incubated overnight at room tem-
perature with streptavidin beads to capture biotinylated proteins. After
washing in lysis buffer, biotinylated proteins were eluted from streptavi-
din beads by boiling in Laemmli sample buffer.

Immunofluorescence. Cells grown on coverslips were fixed with 4%
paraformaldehyde, permeabilized with Triton X-100, and processed for
immunofluorescence using Alexa-488/568 secondary antibodies (Invit-
rogen). z-stack and confocal images were taken with Axiovert 200M
Microscope (Carl Zeiss) equipped with Spinning Disk confocal system
LCI MLS (PerkinElmer) using the 63� PlanApo lens and the 50 mW
solid state diode laser 488/561. Wide-field imaging was done with an
Axioplan microscope (Carl Zeiss), using the 63� PlanApo lens. Illustra-
tions were prepared with Adobe Photoshop software.

Statistical analysis. Data from binding studies and Western blotting were
expressed as mean � SEM and analyzed by Student’s t test (single compar-
isons) or one-way ANOVA followed by post hoc Bonferroni test or by
Kruskal–Wallis test followed by Dunn’s post hoc test (in the case of multiple
comparisons). The accepted level of significance was p 	 0.05. All statistical
analyses were done with Prism software, version 5 (GraphPad).

Homology modeling and molecular dynamics (MD). The 3D models of
the (�3)2(�4)3 and (�3)3(�4)2 nAChR-LBD (ligand-binding domain)
were built using as reference structure the crystallographic coordinates of
Aplysia-AChBP (ACh-binding protein) cocrystallized with the full ago-
nist (�)-epibatidine (PDB code 2BYQ) (Hansen et al., 2005). The
applied procedure was previously optimized by us to build the �7-
nAChR-LBD model (Grazioso et al., 2008). Human �3- and �4-nAChR-
LBD amino acid sequences were downloaded from the SWISS-PROT
database (codes P32297 and P30926, respectively) and aligned onto the
template sequence by means of the LALIGN server (Huang and Miller,
1991). After optimization of the sequence alignment, several models for
each of the two alternative stoichiometries (�3)2(�4)3 and (�3)3(�4)2

were generated by means of Modeler9v11 software (Sali and Blundell,
1993). MD simulations were then performed on the best models of each
of the two alternative pentamers in three different conditions: receptors
carrying the mutated �3 subunit (W148A), wild-type receptors with a
molecule of nicotine in each binding site (wild/nicotine), and wild-type
receptors without ligand (wild/apo). Nicotine adopted the same binding
mode of epibatidine, cocrystallized in the template structure. The amino
groups were ionized to better simulate physiological conditions, and the
atomic electrostatic charges were calculated at the AM1 level of theory.
Then, Generalized Amber Force Field (GAFF) (Wang et al., 2004) pa-
rameters were assigned to the ligand by the antechamber module imple-
mented in AMBER9 suite (Case et al.,. 2006). The ff03 (Duan et al., 2003)
version of the AMBER force field was used for the protein and the coun-
terions, whereas the TIP3P model (Jorgensen et al., 1983) was used to
explicitly represent water molecules.

Before starting the MD simulations, a minimization of the entire en-
semble was performed by setting a convergence criterion on the gradient
of 0.01 kcal mol �1 Å �1. After equilibration of water shells and counte-
rions for 40 ps at 300 K, MD simulations (at least 10 ns) on the receptors
were performed in isothermal-isobaric ensemble, and the root mean
square deviation of the C� atoms of the polypeptide chains was moni-
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tored versus the simulation time. In the production runs, the ligand-
receptor systems were simulated in periodic boundary conditions. The
other parameters were obtained following a previously applied compu-
tational protocol model (Grazioso et al., 2008). Once the (�3)2(�4)3 and
(�3)3(�4)2 nAChRs models attained geometrical stability, the trajecto-
ries were further studied by applying the molecular mechanics
generalized-born surface area (MM-GBSA) approach. The last 2 ns of
MD simulations allowed the collection of the snapshots that were used
for the subsequent MM-GBSA calculations.

MM-GBSA approach. The MM-GBSA approach uses the outcome of
MD simulations of ligand–protein or protein–protein complexes to cal-
culate the binding free energy according to the Gibbs equation (Eq. 1).
Therefore, the G terms were calculated from the difference between the
subunit complex enthalpy and the enthalpy of each subunit alone, aver-
aged from several MD frames (snapshots; Eq. 2) (Xiong et al., 2007).


Gbind � 
Ebind � T
S (1)


Gbind � Gsubunit complex � (Gsubunit1 � Gsubunit2) (2)


Ebind � 
HMM � 
Gsolv (3)


Gsolv � 
Gpolar � 
Gnonpolar (4)

In Equation 3, 
HMM is the average sum of the terms calculated by molec-
ular mechanics (MM) methods, Hbond � Hangle � Htorsion � HvdW �
HElectrostatics for the subunit complex, and for each subunit 1 or 2 alone.

Gpolar and 
Gnonpolar (Eq. 4) are the solvation energy terms, where the first
one is obtained from the solution of the Generalized Born approximation,
and Gnonpolar is the result of scaling the solvent accessible surface area by an
appropriate surface tension, derived from the application of the molsurf
module implemented in AMBER9 suite. The T
S term is the entropic con-
tribution that can be calculated from the normal mode (Kottalam and Case,
1990) analysis.

The HMM, Gpolar, and Gnonpolar terms of Equations 3 and 4 were easily
calculated by means of the MMPBSA.py module of AmberTools13.0; the
polar desolvation terms (Gpolar) were estimated using the Onuffriev-
Bashford-Case model (Onufriev et al., 2004) and the modified Born
atomic radii. Surface area was computed applying the LCPO model.
SURTEN and SURFOFF values were used to estimate nonpolar contri-
butions to the solvation (Gnonpolar) according to the following:


Gnonpolar � SURFTEN � SASA � SURFOFF (5)

SURFTEN and SUROFF of Equation 5 were fixed to standard values.
To estimate the entropic contribution with the normal mode analysis

(Kottalam and Case, 1990) (nmode module of AMBER9 suite), the un-
solvated complexes should be minimized for a maximum number of 1 �
10 5 cycles to give an energy gradient 1 � 10 �4 kcal mol �1Å �1. Because
of the extensive computational requirement and the large SD of the
results, the normal mode analyses were not performed, assuming that
this term could be identical for both nAChR stoichiometries. For details
on the application of this method, the reader is referred to Grazioso et al.
(2008).

Results
Characterization of �3�4 transfected cells
We first studied the distribution and assembly of �3�4 receptors
in human epithelial (HeLa) and neuroblastoma (SH-SY5Y) cells
cotransfected with equal amounts of cDNAs specifying the two
subunits. In HeLa cells, immunolocalization experiments with
anti-�3 and anti-�4 (data not shown) antibodies showed exten-
sive colocalization of the subunits with the ER marker RFP-KDEL
(Fig. 1Aa,b), indicating that the majority of the receptors fail to be
exported from the ER. A different result was obtained with SH-
SY5Y cells. These are neuroblastoma cells that express mRNAs
for �3, �5, �7, �2, and �4 subunits. Under our conditions, how-
ever, these endogenous receptors could not be detected either by
immunofluorescence or by Western blot (data not shown). Con-

focal analysis detected transfected receptor in neurites, in which
the concentration of the ER marker was low (Fig. 1Ac,d), but
which were enriched in the plasma membrane (PM) protein
FP22. In transfected cells, this protein is transported to the PM,
although some is also detectable in the ER (Bulbarelli et al., 2002;
Ronchi et al., 2008) (Fig. 1Af).

To assess whether the failure of the receptor to reach the PM of
HeLa cells is the result of incomplete assembly of the subunits
into pentamers, we analyzed the size of the transfected receptors
by sucrose gradient sedimentation analysis (Fig. 1Ba). After cen-
trifugation, each fraction was analyzed by Western blotting and
by tritiated agonist ( 3H-epibatidine) binding. For the latter de-
terminations, the receptors were first immobilized on anti-�3
(black circles) or anti-�4 (gray squares) Ab-coated wells. Both
the binding of 3H-epibatidine to immunoimmobilized receptors
and the Western blot analysis showed that the majority of the
detergent solubilized �3�4 receptors sediment as a single species
between the Torpedo californica AChR single pentameric recep-
tors (9.5S) and receptor dimers (13S). Importantly, the Western
blot (red profile) and agonist-binding profiles (black and gray)
showed a close correspondence. Because the agonist binds only to
fully assembled pentamers, these results indicate that the vast
majority of receptors expressed in the ER is pentameric. Similar
results were obtained with transfected SH-SY5Y detergent ex-
tracts (Fig. 1Bb). Thus, although receptor subunits correctly as-
semble both in HeLa and in SH-SY5Y cells, in HeLa cells these
pentamers are unable to exit the ER.

Nicotine upregulates �3�4 pentameric receptors
Nicotine binds to various nicotinic receptor subtypes, although
with different affinity. In preliminary studies, we performed
competition binding experiments to investigate the affinity of
nicotine for the human �3�4 transfected subtype and deter-
mined an affinity (Ki) of 300 nM. We then treated transfected
HeLa and SH-SY5Y cells with nicotine, at concentrations in ex-
cess of the estimated Ki, for 24 h. In this and subsequent experi-
ments, nicotine was added to cells 24 h after transfection because
concomitant addition with cDNAs leads to reduced transfection
efficiency and cell viability.

Western blots showed that nicotine caused a dose-dependent
increase in the amount of both � and � subunits in both cell lines
(Fig. 1Ca,b). The increase in subunit receptor protein was paral-
leled by an increase in 3H-epibatidine binding (Fig. 1Cc,d) with a
half-maximal concentration (EC50) of 14.8 � 4 �M in HeLa cells
and 16.5 � 2 �M (EC50 � SE, n � 3) in SH-SY5Y cells. Treatment
with nicotine had no significant effect on the binding affinity for
agonist (epibatidine) of the receptor expressed either in HeLa or
SH-SY5Y cells (Kd determined on triplicate samples were as fol-
lows: HeLa, no nicotine: 0.443 � 0.09 nM; HeLa � nicotine 1 mM,
24 h: 0.548 � 0.09 nM; SH-SY5Y, no nicotine: 0.350 � 0.08 nM;
SH-SY5Y � nicotine, 1 mM, 24 h: 0.485 � 0.09 nM).

Nicotine prevents proteasomal degradation of �3�4 nicotinic
receptors if present during their synthesis
Because nicotine has been reported to decrease proteasomal deg-
radation of �7 and �4�2 nAChR subtypes (Rezvani et al., 2007;
Govind et al., 2012), we investigated whether this effect underlies the
upregulation also of the �3�4 subtype. These and the subsequent
experiments were performed only on HeLa cells because transfected
SH-SY5Y cells did not tolerate the drug treatments involved.

To analyze the stability of the receptor subunits, transfected
cells were treated for 8 h with the protein synthesis inhibitor
cycloheximide (CHX), and receptor levels were then assayed by
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Western blotting, 3H-epibatidine bind-
ing, and immunofluorescence. As shown
in Figure 2A, Ba, b, �50% of the receptors
were degraded by the end of the eight
CHX chase. The degradation of the receptor
was mainly the result of the proteasome, as it
was prevented by the proteasome inhibitor
MG132 (Fig. 2A,Bc). Although previous
work (Christianson and Green, 2004) has
demonstrated that unassembled nicotinic
subunits are dislocated to the cytosol and
degraded by proteasome, these results dem-
onstrate that also ER-retained pentamers
are subject to ER-associated degradation
(ERAD).

To assess the effect of nicotine on recep-
tor stability, we first added the drug together
with CHX to the 24 h transfected cells and
found that, under these conditions, nicotine
was without effect (Fig. 2Bd,e). We then in-
vestigated whether the alkaloid might stabi-
lize the receptor by acting at an early stage in
its biogenesis. To this end, we created a pool
of receptors assembled in the presence of
nicotine, by treating transfected cells with
the drug for 16 h, and then continued the
incubation with or without addition of
MG132. Cells that were not exposed to nic-
otine were similarly incubated with or with-
out the proteasomal inhibitor (Fig. 2Ca). As
shown in the Western blot analysis and in
the corresponding quantification panel
(Fig. 2Cb), without nicotine preincubation,
the proteasome inhibitor increased the lev-
els of nAChR subunits, in agreement with
the data of Figure 2A (Fig. 2Cb, samples 3,4).
In contrast, in cells preincubated with nico-
tine, MG132 had no significant effect, dem-
onstrating a stabilizing effect of nicotine
when present during receptor synthesis
(Fig. 2Cb, samples 5 and 6).

To confirm that nicotine is effective in
stabilizing the receptor if present at early
stages of its biogenesis but is ineffective on
previously assembled receptors, we com-
pared the degradation, in the absence of
nicotine, of receptors that were generated
in the presence or absence of the alkaloid
(Fig. 2Da). As shown in Figure 2Db, re-
ceptor synthesized in the absence of nico-
tine was reduced to �50% of its initial
value after 8 h of CHX chase. In contrast,
receptors synthesized in the presence of
nicotine were more stable during the
chase performed in the absence of the al-
kaloid, maintaining �75% of the pre-
chase concentration. Thus, the receptor
population generated in the presence of
nicotine does not require the subsequent
presence of the drug to maintain stability.

It has recently been reported that con-
centrations of nicotine achieved in the
plasma of smokers reduce proteasome ac-

Figure 1. Characterization of �3�4 receptors expressed in HeLa and SH-SY5Y cells in the presence or absence of
nicotine. A, Immunofluorescence analysis. HeLa or SH-SY5Y cells cotransfected with �3 and �4 cDNAs and the cDNA of
either the ER protein RFP-KDEL or the PM red fluorescent protein FP-22, as indicated, were stained with anti-�3 antibody.
Maximum intensity projection of z-stack images are shown. Scale bar, 10 �m. B, Sedimentation analysis of �3�4
receptors expressed in HeLa or SH-SY5Y cells. Aliquots of fractions from sucrose gradients (sedimentation from left to right)
were either analyzed for 3H-epibatidine (epi) binding after immobilization on anti-�3- (gray profile) or anti-�4 (black
profile) coated microwells, or subjected to Western blot (red profile, and gels below the sedimentation profile). 125I-
�Bgtx-labeled torpedo AChRs were centrifuged in parallel: single pentameric receptors (9.5S) and receptor dimers (13S)
are indicated. C, Chronic treatment with nicotine increases the amount of subunits and of assembled pentamers in HeLa
(a,c) and SH-SY5Y (b,d) cells. Transfected cells were incubated for 24 h with the indicated concentrations of nicotine; equal
amounts of protein were then analyzed by Western blotting (a,b) or 3H-epibatidine binding (c,d). a, b, the histogram
shows the results of blots developed with anti-�3 (white columns) or anti-�4 (black columns) antibodies (n � 5). A
representative blot is shown under the quantification panel. c, d, 3H-Epibatidine binding to membrane preparations (n �
6). Immunoblot and binding results are expressed as fold increase over control samples grown in parallel in the absence of
nicotine. Asterisks indicate statistical probabilities of treated versus control samples determined by Kruskal–Wallis test
followed by Dunn’s post hoc test: *p 	 0.05; **p 	 0.01; ***p 	 0.001.
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tivity, thereby increasing total ubiquiti-
nated protein levels (Rezvani et al.,
2007). To evaluate whether nicotine af-
fects proteasome activity in HeLa cells,
we determined by Western blot the lev-
els of ubiquitinated proteins after incu-
bation with or without nicotine or
MG132. Incubation of cells with nico-
tine was without effect on the levels of
ubiquitinated proteins, whereas, as ex-
pected, MG132 led to their accumulation
(Fig. 3A). We also investigated the effect
of nicotine on a specific ERAD substrate,
the CD3� subunit of the T-cell antigen re-
ceptor. When expressed in the absence of
the other T-cell antigen receptor subunits,
CD3� is ubiquitinated by the ER E3 ubiq-
uitin ligase gp78 (Fang et al., 2001; Ballar
et al., 2011) and degraded by the protea-
some (Yang et al., 1998). Twenty-four
hours after transfection, translation was
blocked with CHX, and the cells were in-
cubated with the proteasome inhibitor or
with different concentrations of nicotine.
As shown and quantified in Figure 3B,
degradation of the substrate was pre-
vented only by MG132 (lane 2), whereas
nicotine, even at 1 mM, had no effect.
These results exclude any direct effect of
nicotine on proteasome activity in our cell
systems and confirm that its presence dur-
ing receptor biogenesis has a specific effect
on assembled pentamer stability.

Nicotine has at most a modest effect on
�3�4 pentamer assembly
A well-known effect of nicotine investi-
gated mainly on the �4�2 subtype is to
enhance pentamer assembly. Because un-
assembled subunits are rapidly degraded
by the ERAD process (Christianson and
Green, 2004), increased assembly could
also have contributed to the �3�4 recep-
tor upregulation that we observed. Su-
crose gradient analysis of transfected cells
revealed that the material recovered in
the more slowly sedimenting fractions,
corresponding to unassembled subunits
or assembly intermediates, was 	20%
of the total sample, whether or not the
cells were treated with nicotine (Figs. 1
and 3D), confirming the previously re-
ported efficient assembly of this nAChR
subtype (Wang et al., 1998; Sallette et
al., 2004). To determine the amount of
subunits that do not assemble and that
are therefore normally degraded by
ERAD, we treated cells with MG132.
Even under this condition, however, the majority of subunits
were assembled in pentamers, although a clear increase in
unassembled subunits compared with control cells was ob-
served (Fig. 3C). Nevertheless, the difference between the
amounts of unassembled material from MG132-treated cells

(31.9% of total expressed receptor) compared with untreated
cells (�18%; Fig. 3D) cannot account by itself for the observed
upregulation of �3�4 receptors (2- to 2.5-fold; Fig. 1), which
must therefore be mainly attributed to increased stability of
the assembled pentamers.

Figure 2. �3�4 receptors assembled in the presence of nicotine are protected from proteasomal degradation. A, �3�4
receptors are degraded by the proteasome. Transfected HeLa cells were incubated with 50 �g/ml CHX or CHX plus 10 �M MG132
for 8 h. Subunits were analyzed by Western blotting (top and first histogram), and pentamers by 3H-epibatidine binding (bottom
histogram): blot, n � 6 (CHX) or 2 (CHX � MG132); 3H-epi binding, n � 5. Values are normalized to sample without drugs.
Statistical significance was determined as in Figure 1. B, Nicotine does not stabilize receptors synthesized in its absence. Trans-
fected HeLa cells were fixed (a) or incubated for 8 h with CHX alone (b), with CHX plus MG132 (c), or with CHX plus 1 mM nicotine
(d). Wide-field images of cells stained with �3-antibody are shown. e, Transfected cells were either lysed or further incubated for
8 h with CHX alone or CHX plus nicotine and analyzed by Western blot with anti-�4 antibody. C, �3�4 receptors synthesized in the
presence of nicotine are less prone to proteasomal degradation. a, Schematic representation of the experiment. Cells were incu-
bated overnight in the presence (2) or absence (1) of 1 mM nicotine and then incubated for an additional 8 h with (4, 6) or without
(3, 5) MG132. b, Representative blot of the samples illustrated in a and quantification panel (n � 6). D, The presence of nicotine
is not required to stabilize receptors synthesized in its presence. a, Schematic representation of the experiment. Transfected cells
were incubated overnight in the absence (1, 2) or in the presence (3, 4) of 1 mM nicotine. Cells were either lysed (1 and 3,
respectively) or, after nicotine wash-out, additionally incubated for 8 h with CHX before being lysed (2, 4). b, Lysates were analyzed
by Western blot, using anti-�3 antibody followed by IR secondary antibody. Results are normalized to the values before addition
of CHX (n � 3). *p 	 0.05. **p 	 0.01. ns, Not significant.
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Nicotine increases the proportion of �3�4 receptors at
the PM
Up until now, we have described the effect of nicotine on the total
cellular levels of �3�4 receptors. To investigate nicotine’s effect
on receptor surface expression, we devised a protocol in which a
burst of receptor synthesis was induced in the presence or ab-
sence of the drug. To this aim, we incubated the 24 h transfected
cells with CHX for a long enough time to allow degradation of the
majority of preexisting receptors (Fig. 4Aa2), obtaining cells with
low levels of receptor protein but presumably with high levels of
the corresponding mRNAs. We then allowed translation to re-
sume in the presence or absence of nicotine for 22 h (Fig. 4Aa4,3).
In agreement with our initial observations (Fig. 1), the receptor
was detected only in the ER when synthesis was resumed in the
absence of nicotine (Fig. 4Aa3). However, when nicotine was
present during �3�4 synthesis, many cells displayed a fluorescent
pattern suggestive of partial PM localization (Fig. 4Aa4). As an-
tibodies against the extracellular domain of the receptor suitable

for immunofluorescence are not available, we assessed surface
expression by colocalization with the cotransfected fluorescent
PM protein FP22. A clear colocalization of surface-localized FP22
with the receptor expressed in the presence (Fig. 4Ab4) but not in
the absence of nicotine (Fig. 4Ab3) was detected. Surface expres-
sion of the receptor was also enhanced at lower concentrations of
nicotine (10 and 100 �M), as illustrated in Figure 4C.

Figure 3. Effect of nicotine on proteasomal activity and on �3�4 receptor assembly. A, B,
Nicotine does not impair proteasome activity. A, HeLa cells were incubated with 50 �g/ml of
CHX for 3 h in the presence of 10 �M MG132, 1 mM nicotine, or no additional drug, as indicated.
The presence of polyubiquitinated proteins was then analyzed by Western blotting with anti-
ubiquitin antibodies. B, The degradation of the ERAD substrate CD3� is not affected by the
presence of nicotine. HeLa cells were transfected with HA-tagged CD3� and GFP cDNAs. After
24 h, cells were incubated for 3 h with 50 �g/ml of CHX either alone, or together with 10 �M

MG132, or with the indicated concentration of nicotine. Cell lysates were then analyzed by
Western blotting, using anti-HA and anti-GFP antibodies. C, D, �3�4 receptors are assembled
efficiently into pentamers. C, Sedimentation analysis of �3�4 receptors from transfected cells
treated for 8 h with MG132. Detergent extracts were analyzed as in Figure 1. D, Extent of
pentamer assembly in untreated, nicotine-treated (1 mM; 24 h), or MG132-treated (10 �M; 8 h)
cells. The histograms represent the percentage of material sedimenting more slowly than pen-
tamers (fractions 1–10), as pentamers (fractions 11–18), and as aggregates (fractions 19 –23)
detected by Western blot with anti �4 antibodies (n � 4, 3, and 5 for control, nicotine-, and
MG132-treated cells, respectively).

Figure 4. Nicotine facilitates transport of the receptor to the PM. A, Immunofluorescence
analysis. a, Transfected HeLa cells were either fixed (1), treated for 8 h with CHX (2), or, after CHX
removal, incubated for 22 h in the presence (4) or absence (3) of 1 mM nicotine. Wide-field
images of cells stained with anti-�4 antibody are shown. b, HeLa cells, cotransfected with �3,
�4, and FP-22 cDNAs, were treated as described for condition 3 and 4, respectively. In cells
incubated with nicotine (4), but not in those incubated without the drug (3), colocalization of
the receptor with PM-localized FP-22 is visible. Confocal images are shown. Scale bar, 10 �m. B,
Surface biotinylation assay. a, HeLa cells, cotransfected with �3, �4, and GFP cDNAs, were
treated for 8 h with CHX followed by 22 h without drugs (sample 1) or with 1 mM nicotine
(sample 2). Before lysis, cells were surface biotinylated at 4°C. A fraction of the cell lysates was
directly analyzed by Western blotting (first two lanes, labeled Input), whereas the remaining
part of each sample was incubated with streptavidin beads followed by centrifugation to re-
cover the bound (B) and not-bound (NB) fraction. The input samples correspond to one-fourth
of not bound and one-sixteenth of bound samples. b, Quantification of the results (mean �
SEM) (n � 5). **p 	 0.01. C, Dose dependency of nicotine-induced �3�4 receptor export to
the PM. Transfected cells were incubated for 8 h with CHX and then for 22 h with the indicated
concentration of nicotine. Cells were stained with �3 antibody, and the number of cells with PM
staining was counted.
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We then used cell-surface biotinylation to quantify the pro-
portion of receptors at the cell surface. Cells treated as above were
incubated with the cell-impermeant biotinylation reagent EZ-
link NHS-SS-biotin, and PM proteins from lysed cells were re-
covered with streptavidin beads. As shown in Figure 4B, a small
fraction of receptor �4 subunits deriving from untreated cells was
biotinylated, but this fraction increased almost threefold when
nicotine was present during receptor synthesis (4 times the
amount of bound vs not-bound sample was loaded on the gel of
Fig. 4Ba). The cells of these experiments were cotransfected with
GFP as control for the biotinylation assay. As shown in Figure
4Ba, the cotransfected soluble GFP was recovered only in the
not-bound fraction, indicating that intracellular proteins were
not biotinylated.

The biotinylation experiments indicate that the observed
nicotine-induced increase of receptor expression on the cell sur-
face was not only in absolute amount, but also, importantly, in
the proportion of surface-exposed receptor. To confirm this con-
clusion, we tested the effect of proteasomal inhibition, which
increases the levels of �3�4 (Figs. 2C and 5A,B) and 3H-
epibatidine binding receptors (Fig. 5C), on nAChR PM expres-
sion. Although most of these subunits are assembled to form
pentamers, (Fig. 3C,D), the resulting receptors were not detected
on the PM and remained trapped in the ER (Fig. 5E). In agree-
ment with the immunofluorescence data, the biotinylation assay
failed to reveal an increase in the proportion of PM receptors after
proteasome inhibition (Fig. 5D). Thus, in addition to enhancing

receptor stability, nicotine also facilitates receptor export from
the ER.

An ER export motif present in the �4 subunit is required for
surface expression of �3�4 receptors in nicotine-treated
HeLa cells
A recent paper reported the presence of an export motif (LXM)
(Mancias and Goldberg, 2008) in the intracellular loop between
the transmembrane domains M3 and M4 of murine �4 and �4
subunits which, by interacting with the COPII component Sec24,
increased the recruitment of �4-containing receptors to ERES
(Srinivasan et al., 2011). To investigate whether this export motif,
present also in the human �4 subunit but absent in the �3 sub-
unit, plays a role in �3�4 receptor trafficking, we mutated the Leu
in position 345 to Met (Fig. 6A). The cells were then transfected
with the mutated �4 subunit (*) together with the wild-type �3
subunit, subjected to the same CHX-nicotine protocol illustrated
in Figure 4A, and finally analyzed by immunofluorescence. As
reported in Figure 6C, deletion of the export motif led to the
almost complete retention of �3�4 receptors in the ER in the
absence as well as in the presence of nicotine. To exclude a pos-
sible effect of the mutation on the pharmacological properties of
the receptors, we performed saturation binding experiments on
WT and mutated receptors under control conditions and after
chronic nicotine treatment and found that 3H-epibatidine had
the same affinity for the two receptors and that both were equally
upregulated by nicotine (Fig. 6B). Thus, although the mutant
receptor was still responsive to the stabilizing effect of nicotine, it

Figure 5. Inhibition of the proteasome increases the number of �3�4 receptors but does
not promote their exit from the ER. A, Transfected HeLa cells were incubated for 8 h in the
presence or absence of 10 �M MG132. The cells were then fixed, permeabilized, and immuno-
stained with anti-�3 antibody. Wide-field images are shown. B, Lysates of cells treated as in A
were analyzed by Western blotting. The histogram shows the quantification of three experi-
ments (mean � SEM) normalized to the amount of �4 subunit detected in the absence of
MG132. **p 	 0.01. C, 3H-Epibatidine binding to membrane preparations from cells treated as
described for A. B, C, Statistical probabilities were determined by unpaired t test. *p 	 0.05. D,
Transfected HeLa cells, incubated with (sample 2) or without (sample 1) 10 �M MG132, were
surface biotinylated and analyzed as described in Figure 4 legend. The input and the not bound
samples are one-fifteenth of bound samples. The percentage of surface receptor is indicated
below the lanes. E, HeLa cells, cotransfected with �3, �4, and FP-22 cDNAs, treated with
MG132 as in A–D, were fixed, permeabilized, and immunostained with the anti-�3 IgG fol-
lowed by secondary Alexa-488-conjugated secondary antibodies. Maximum intensity projec-
tions of z-stacks are shown. Scale bar, 10 �m. Inset shows a 1.3� enlargement.

Figure 6. The LFM export motif is necessary for �3�4 receptor exit from the ER. A, Sequence
of intracellular loop of �4 subunit. The export motif (bold) was mutated in �4*, as indicated. B,
Unaltered epibatidine binding and nicotine-induced upregulation of �3�4* receptors. The
curves illustrate a representative experiment in which ligand concentrations were tested in
triplicate. Kd values of 0.443 � 0.09 and 0.370 � 0.07 nM for WT and �3�4*, respectively,
were obtained by means of nonlinear regression analysis of 3 or 4 independent experiments. C,
Nicotine fails to enhance PM localization of export motif-deleted receptor. Transfected cells
were incubated for 8 h with CHX and then for 22 h with or without nicotine. Cells were then
analyzed by immunofluorescence with anti-�4 antibody.

12322 • J. Neurosci., July 24, 2013 • 33(30):12316 –12328 Mazzo et al. • Nicotine-Induced �3�4 Receptor Upregulation



was crucially dependent on the presence
of the export motif for nicotine-enhanced
export.

Membrane-permeant competitive
nicotinic ligands upregulate �3�4
receptors and promote their arrival to
the PM
We next asked whether the observed ef-
fects of nicotine on �3�4 receptors were
specific to this agonist or whether other
membrane-permeant nicotinic ligands
could affect receptor stability and traffick-
ing. We found (Fig. 7A) that a 24 h treat-
ment of transfected HeLa cells with the
full agonist cytisine (0.1 and 1 mM) or the
very partial agonist CC4 (1 mM) upregu-
lates the �3�4 receptors to a similar extent
as nicotine, regardless of the pharmaco-
logical properties of the two ligands (Sala
et al., 2013). Despite its different phar-
macological properties, CC4, like nico-
tine, was capable of enhancing transport
of the �3�4 receptor to the PM (Fig. 7B).

Both cytisine and CC4 are competitive
ligands that bind to the same site (inter-
face between the � and � subunits) as nic-
otine; to evaluate whether binding at this
specific site is necessary for the upregula-
tory effect of nicotinic ligands, we tested
the effect of mecamylamine, a membrane-
permeant noncompetitive antagonist that
binds to nicotinic receptors in the lumen
of the channel (Papke et al., 2001). As
shown in Figure 7C, chronic treatment
with this noncompetitive ligand failed to
upregulate �3�4 receptors in the trans-
fected cells.

Competitive membrane permeant
ligands induce (�3)2(�4)3

stoichiometry
In heteromeric nAChR receptors, two �
and two � subunits generate two binding
sites for ACh and nicotine at the two �/�
subunit interfaces; the fifth, accessory,
subunit, which may be either � or �, has
no influence on the number of agonist
binding sites. Because nicotine must be
present during receptor biogenesis to ex-
ert its effects, we hypothesized that it
might promote the assembly of pentamers
with a stoichiometry that could affect
both receptor stability and export. We
therefore determined the �4 to �3 stoichi-
ometry in untreated and nicotine-treated
cells. We first performed preliminary ex-
periments with HeLa cells transfected
with an equal ratio of �3 and �4 cDNAs.
Western blotting was performed with
infrared-conjugated secondary antibod-
ies, and the optimal concentration of
lysate proteins to obtain linearity was de-

Figure 7. Membrane-permeant competitive ligands upregulate and enhance trafficking of �3�4 receptors. A, Upregulation of
nicotinic receptors in HeLa cells. Transfected cells were incubated for 24 h without drugs, with cytisine, or with CC4, at the indicated
concentrations. Samples were analyzed by Western blotting, using anti-�3, and anti-�4 antibodies (top), or by 3H-epi binding.
The results are expressed as the fold increase over untreated sample (n � 3). B, CC4 favors the arrival of the �3�4 receptor to the
PM. HeLa cells, cotransfected with �3, �4, and FP22 cDNAs, were incubated for 8 h with CHX and then for 22 h in the presence of
1 mM CC4. Wide-field images of cells stained with the anti-�4 antibody are shown. Scale bar, 10 �m. C, Mecamylamine does not
upregulate �3�4 receptors. Transfected HeLa cells were further incubated for 24 h without drugs, with 1 mM nicotine, or with 1 mM

mecamylamine. Cell lysates were analyzed by Western blotting (top). Bottom, 3H-epi binding to membrane preparations obtained
from similarly treated cells. Statistical significance was determined by Kruskal–Wallis test followed by Dunn’s post hoc test (n�4).
*p 	 0.05. **p 	 0.01. ns, Not significant.

Figure 8. Nicotine and CC4 promote the formation of pentameric receptors with two �3 and three �4 subunits. A–C, HeLa cells
were transfected with cDNAs coding for �3 and for either the wild-type �4 (A,C) or for the export motif-deleted �4* subunit (B,
see Fig. 6A). The transfected cells were incubated for 24 h either with or without 1 mM nicotine (A,B) or for 8 h with or without 10
�M MG132 (C). D, E, HeLa cells, transfected with the wild-type �3 and �4 subunits, were incubated for 8 h with CHX and then for
22 h with or without 1 mM nicotine (D) or 1 mM CC4 (E). For all panels, total cell lysates were analyzed by Western blotting; samples
were run in duplicate on the same gel and probed separately with anti-�3 and �4 antibodies followed by incubation with an IR
secondary antibody. The mean �4/�3 signal ratio, normalized to the ratio obtained in the absence of treatment, is shown.
Statistical significance was evaluated by paired t test: n � 4 for A, B, D, E and � 3 for C. ***p 	 0.001.
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termined. We then compared the ratio of
the �4 to �3 signal in control and
nicotine-treated cells. As shown in Figure
8A, after 24 h of treatment with nicotine,
the � to � ratio was increased (1.39-fold),
indicating that nicotine promoted the for-
mation of pentamers with (�3)2(�4)3

stoichiometry. To be noted, the expected
enrichment ratio of a population of recep-
tors with uniform (�3)2(�4)3 stoichiom-
etry versus a population of receptors with
exclusive (�3)3(�4)2 stoichiometry is
2.25. We obtained a similar result with
cells transfected with the export sequence
mutated �4* subunit (Fig. 8B). In con-
trast, the stoichiometry of receptors gen-
erated in the presence of MG132 was
unchanged (Fig. 8C).

We then investigated whether the partial
agonist CC4, which, like the agonist nico-
tine, upregulates the receptor and enhances
its trafficking, similarly affects subunit stoi-
chiometry. As shown in Figure 8E, receptors
assembled in the presence of CC4 had a sim-
ilarly increased proportion of (�3)2(�4)3

pentamers as found in cells incubated with
nicotine with the same experimental proto-
col (Fig. 8D). Thus, occupancy of the ago-
nist binding site at the �3�4 interface,
independently from the pharmacological
effect that is elicited, appears to be sufficient
to promote (�3)2(�4)3 stoichiometry, with
the consequent effects on receptor stability
and export from the ER.

Mutation of an � subunit residue
required for nicotine binding induces
the (�3)2(�4)3 stoichiometry and
promotes receptor transport to the PM
To further investigate the basis of ligand-
induced stoichiometry modulation, we
analyzed the effect of mutating a residue
known to be essential for agonist binding
(Trp 180 of the �3 subunit) (Xiu et al.,
2009). As expected, the mutant receptor (�* W180A) expressed
in HeLa cells was incapable of binding epibatidine (Fig. 9B), al-
though it was expressed at similar levels as the wild-type (Fig. 9A)
and was correctly assembled into pentamers (Fig. 9C). We then
assessed the effect of nicotine on the stability and surface expres-
sion of the receptor. As expected, nicotine had no effect on
receptor stability (Fig. 9D). However, very surprisingly, we ob-
served a constitutive PM staining of the mutant receptor at a level
comparable with that observed when the wild-type receptor was
synthesized in the presence of 1 mM nicotine (Fig. 9E; compare
with Fig. 4C).

To evaluate a possible correlation between subunit stoichiom-
etry and increased surface expression of the mutant receptor, we
compared the � to � ratio of the mutant and wild-type receptors.
In accordance with a role of subunit stoichiometry in promoting
export, we found that the (�3)2(�4)3 stoichiometry was favored
in the mutant receptors (Fig. 9F). Thus, as in the case of nicotine-
treatment, a change in subunit stoichiometry of the mutant re-
ceptor correlates with increased transport to the cell surface.

Computational investigations predict that (�3)2(�4)3

stoichiometry is energy-favored in the presence either of
nicotine or of mutated � subunit
To elucidate the mechanism underlying the change in stoichiom-
etry induced by both nicotine and the mutated � subunit, we
performed computational investigations using MD simulations
to estimate the intersubunit binding energy.

The 3D homology models of (�3)2(�4)3 and (�3)3(�4)2 pen-
tamers were produced from the crystallographic coordinates of
Aplysia-AChBP (ACh-binding protein) (Hansen et al., 2005) as
described in detail in the experimental section. Both pentamers
contain two conventional �3(�)/�4(�) orthosteric binding site
interfaces and two dissimilar interfaces resulting from the pres-
ence of a different fifth subunit (�4 or �3). We refer to these as
interfaces I and II in the (�3)2(�4)3 model and interfaces III and
IV in the (�3)3(�4)2 model, respectively (Fig. 10A). MD simula-
tions were performed on both the (�3)2(�4)3 and (�3)3(�4)2

nAChR models. The contact strengths between different subunits
were estimated by means of the MM-GBSA technique that esti-

Figure 9. Mutation of an �3 residue essential for agonist binding alters subunit stoichiometry and enhances receptor transport
to the PM. A, Equal amounts of protein from cells transfected with wild-type or mutated (�3* containing the W180A mutation)
receptors were analyzed with anti-�3 and anti-�4 antibodies. B, Saturation curve of specific 3H-epibatidine binding to mem-
brane preparations from HeLa cells transfected with wild-type or mutant receptors. The binding curves are from a representative
experiment, which was repeated three times with superimposable results. C, Sucrose gradient analysis of detergent extracts of
HeLa cells transfected with the �3*�4 receptor. Fractions were analyzed by Western blotting with anti-�3 antibodies. D, Lack of
effect of nicotine on �3*�4 receptor stability. Transfected cells, incubated for 24 h with or without 1 mM nicotine, were analyzed
by Western blotting. E, �3*�4 receptor is detected on the PM. Wide-field image of cells stained with �3 antibody is shown. The
percentage of cells showing PM staining is reported below the image. F, Comparison of �4/�3 stoichiometry in wild-type and
�3*-containing receptors. Lysates prepared from HeLa cells transfected either with wild-type or �3*-containing receptors were
analyzed as in Figure 8. ***p 	 0.001.
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mates the binding energy of two different interacting molecules
(Gilson and Zhou, 2007). The calculations yielded the 
Ebind,
which includes the strength of the internal (including bond, an-
gle, and torsional angle energies), electrostatic, and van der Waals
energies as well as the solvation free energy shift (see Materials and
Methods). Three different conformational states were simulated:
wild-type receptor without ligand (wild/apo), wild-type receptor
with a molecule of nicotine in each binding site (wild/nicotine),
and receptor carrying the mutated �3 subunit (W148A). As shown
Figure 10B, the presence of nicotine or of the �3 mutant strongly
increased the binding energy for interface I, although it had much
smaller effects on the other interfaces analyzed.

These results suggest that nicotine, by binding in its orthosteric
site in �/� assembly intermediates, favors the recruitment of �4 as
accessory subunit; the results also explain the increased (�3)2(�4)3

stoichiometry in receptors carrying the �3 W148A mutation.

Discussion
In this study, we investigated the previously poorly characterized
effects of nicotine on the �3�4 nAChR subtype. Because this
receptor assembles efficiently into pentamers also in the absence
of nicotine (Wang et al., 1998; Sallette et al., 2004; current study),
the work presented here has allowed us to highlight a second
effect of the drug on receptor assembly: induction of the assembly
of pentamers consisting of two � and three � subunits
[(�3)2(�4)3]. We think that our results, which show that en-
hanced stability and trafficking of the receptor are secondary to
this altered �4 to �3 ratio, are of general relevance to the mech-
anisms of nicotine-induced nAChR upregulation.

Nicotine induces assembly of receptors with
(�3)2(�4)3 stoichiometry
It is well known that nicotine, by accessing the ER lumen, pro-
motes the generation of �3�2 and �4�2 pentamers, which as-

semble slowly in the absence of the drug
(Wang et al., 1998; Sallette et al., 2004;
Kuryatov et al., 2005; Sallette et al., 2005).
Instead, as reported by others (Wang et
al., 1998; Sallette et al., 2004) and con-
firmed here, �3�4 receptors assemble ef-
ficiently also in the absence of nicotine.
Sucrose gradient analysis of untreated
cells revealed a low proportion of as-
sembly intermediates, even when the
proteasome was inhibited. Thus, an im-
provement over a situation in which
pentamer formation is already efficient
could not explain the more than twofold
upregulation of total �3�4 receptors and
the threefold increase in the proportion
exported to the cell surface. We therefore
concluded that nicotine was acting
through a mechanism additional to en-
hancing pentamer formation.

One possibility that we considered was
that nicotine could be binding to preas-
sembled pentamers, and that the nicotine-
receptor complex was both more stable
and more efficiently exported from the
ER; however, our results ruled out this hy-
pothesis, as nicotine had no stabilizing ef-
fect on preassembled receptors, nor did it
increase their trafficking to the cell sur-
face. Thus, nicotine’s effect is exerted only

when it is present during receptor synthesis/assembly.
We thus hypothesized that the drug, present during the as-

sembly process, might promote assembly of a particular subunit
stoichiometry, and that this might be the basis for its observed
biological effects. Both the �4�2 (Nelson et al., 2003) and the
�3�4 (Krashia et al., 2010) receptor exist in vivo as two popula-
tions with different subunit stoichiometry (three �/two � or two
�/three �). These two receptor types have the same number of
agonist binding sites (two) per pentamer but have distinct phar-
macological and functional properties (Moroni et al., 2006;
Krashia et al., 2010; Mazzaferro et al., 2011). The two stoichiom-
etries are present also in cell lines expressing �4�2 receptors, and
the proportion of (�4)2(�2)3 receptors can be increased by con-
ditions that promote the availability of the �2 subunit or by
chronic nicotine treatment (Nelson et al., 2003).

Our quantitative determinations revealed that cells treated
with nicotine showed a 30 – 40% increase in the � to � ratio of
receptor subunits, indicating that the agonist promotes assembly
of receptors with two � and three � subunits. Although the ob-
servation that nicotine alters the subunit stoichiometry in
nAChRs is not new, the mechanism of this alteration was previ-
ously not clear, and it was generally thought that nicotine selec-
tively stabilizes receptors with the (�4)2(�2)3 stoichiometry
(Srinivasan et al., 2011), leading to the enrichment of this pen-
tamer species in the receptor population. In contrast, our results,
which show that nicotine is ineffective on preassembled recep-
tors, indicate that the alkaloid acts directly during the assembly
process to promote generation of the (�3)2(�4)3 stoichiometry.

This mechanism of action of nicotine is also strongly sup-
ported by our MD simulations, which are compatible with the
hypothesis that nicotine, by binding in the orthosteric site at �/�
interfaces of assembly intermediates, favors the recruitment of �4
as accessory fifth subunit.

Figure 10. MD simulations on homology models of �3�4 receptor. A, Schematic representation of �3�4 pentamers with the
two stoichiometries: (�3)2(�4)3 on the left and (�3)3(�4)2 on the right. The two conventional �3(�)/�4(�) orthosteric
binding sites are depicted. The fifth subunit can be either �4 (on the left, in red) or �3 (on the right in blue), determining two
different interfaces in each stoichiometry: interfaces I and II in the (�3)2(�4)3 model and interfaces III and IV in (�3)3(�4)2. B,
Predicted binding energy (kcal/mol) by the MM-GBSA method. The results obtained for (�3)2(�4)3 (interfaces I and II) and
(�3)3(�4)2 (interfaces III and IV) models are highlighted in red and blue, respectively. Indicated values were obtained from the
difference between the subunit complex energy and the sum of energy of each subunit alone. MD simulations were performed for
10 ns. Values from 1 frame every 5 of the last 200 frames (40 frames in total) corresponding to the last 2 ns of the simulation (at
which time equilibrium had been reached in all the simulations) were averaged to obtain the indicated values.
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Our work also demonstrates that other permeable competi-
tive ligands, independently from their pharmacological effects,
favor the (�3)2(�4)3 stoichiometry, whereas an antagonist that
binds within the channel is without effect on receptor stability
and trafficking. Thus, occupation of the ACh binding site, located
at the �/� interface, appears to be sufficient to promote the
(�3)2(�4)3 stoichiometry.

Effects of altered subunit stoichiometry on receptor
trafficking and stability
Regardless of the mechanism underlying their generation,
(�3)2(�4)3 receptors appear to be endowed with two indepen-
dent properties, which together result in their approximately
fivefold upregulation at the cell surface: (1) increased trafficking
to the PM and (2) enhanced stability.

1. Our conclusion that nicotine enhances �3�4 trafficking
independently from its effect on receptor stability rests on two
observations: first, treatment with nicotine resulted in an increase
(determined by surface biotinylation) of surface receptors not
only in absolute amount but also in proportion to total expressed
receptor; second, this proportion was not increased by inhibition
of the proteasome, which did, however, increase the total amount
of receptor. Interestingly, a mutant (�3W180A), incapable of
binding nicotine, showed increased surface expression compared
with the wild-type, in parallel with an increased � to � ratio,
indicating that the presence of nicotine is not itself required for
receptor upregulation at the plasma membrane; rather, compet-
itive ligands appear to act indirectly by inducing a conforma-
tional change in the subunits during the early stages of pentamer
assembly.

Our work also points to the mechanism by which (�3)2(�4)3

stoichiometry favors export from the ER. Based on the work of
Srinivasan et al. (2011), which identified an export motif (LXM)
in the intracellular loop of murine �4 and �4 subunits and of
human �2, we deleted this motif from human �4 and found that
cell surface expression of the mutant receptor was nearly com-
pletely abolished both in the presence and absence of nicotine,
although total receptor levels were upregulated by the drug to the
same extent as the wild-type. This result again disjoins the two
phenomena of receptor stabilization and receptor export from
the ER and demonstrates that the latter is crucially dependent on
the LXM motif. Because the �3 subunit does not have this motif,
a receptor with (�3)2(�4)3 stoichiometry, by being enriched 1.5-
fold in the export motif compared with those with the three
�-two � composition, would be recruited more efficiently to
ERES.

2. Whereas the mechanism behind increased export of pen-
tamers with (�3)2(�4)3 stoichiometry is straightforward, it is
more difficult at present to understand why pentamers of this
composition escape ERAD. Our results clearly rule out a direct
effect of nicotine on the proteasome (as reported by Rezvani et al.,
2007) and also a stabilizing effect on assembled receptors. We can
only imagine that, as in the case of �4�2 receptors, �3�4 recep-
tors with different stoichiometries may behave differently with
respect to post-translational modifications, such as phosphoryla-
tion (Exley et al., 2006; Wecker et al., 2010) or glycosylation; such
differences could affect the interactions of the receptor with the
ERAD machinery (Jeanclos et al., 2001; Ficklin et al., 2005; Rez-
vani et al., 2009).

Pathophysiological implications
Because predicted nicotine concentrations in smokers’ brain are
well below its EC50 for �3�4 upregulation (Matta et al., 2007), it

is generally thought that nicotine-induced upregulation of this
receptor subtype does not play a role in the neuroadaptations
underlying somatic withdrawal symptoms during nicotine absti-
nence (Davila-Garcia et al., 2003; Nguyen et al., 2003; De Biasi
and Dani, 2011). In agreement, studies on animal models of
chronic nicotine exposure have failed to reveal �3�4 upregula-
tion (Davila-Garcia et al., 2003; Nguyen et al., 2003). Neverthe-
less, in neurons, such as those of the habenula–interpeduncular
pathway, expressing many different nAChRs (Grady et al., 2009),
subtle changes in specific subtype levels could be masked. Thus, it
is possible that a minor increase of this receptor at the cell surface
does occur in some brain regions of smokers. Future quantitative,
subtype-specific studies will be required to definitely settle this
important question.

In addition to a possible role of nicotine-induced �3�4 up-
regulation in the brain, it is worthwhile to consider extraneuronal
tissues, where nicotine may reach much higher concentrations.
�3 and �4 transcripts are present in bronchiolar epithelial cells as
well as in lung cell lines, and there is increasing evidence that
these receptors play crucial roles in signal transduction underly-
ing tumor initiation or growth (Egleton et al., 2008; Improgo et
al., 2011). Furthermore, proliferative and prosurvival effects of
nicotine in small-cell lung carcinoma have been documented
(Schuller, 2009; Improgo et al., 2011). Because nicotine concen-
tration in the sputum of human subjects who have smoked one
cigarette (Clunes et al., 2008) is in the range of the EC50 observed
by us for �3�4 upregulation, it is tempting to speculate that
receptor upregulation may enhance the proliferative and prosur-
vival effects of nicotine on tumor cells.

In conclusion, we think that the mechanism of action of nic-
otine on �3�4 receptors revealed here may be relevant to the
response to nicotine also of other receptor subtypes. Nicotine-
enhanced recruitment of � subunits into pentamers could ex-
plain several functional data of altered receptor stability/
stoichiometry of the �4�2 subtype after nicotine treatment
(Srinivasan et al., 2011; Govind et al., 2012). Future studies will be
aimed at unraveling the relevance of the mechanism described
here to all nAChRs.
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