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Background: The mechanisms underlying nicotinic acetylcholine receptor (nAChR) trafficking are unclear.
Results: Cysteine mutations within cytoplasmic loops of the a4 nAChR subunit change surface and total receptor expression,

and a cysteine in the first loop is palmitoylated.

Conclusion: a4 nAChR intracellular cysteines influence receptor stability and trafficking.
Significance: Identifying the determinants of nAChR trafficking will provide insight into nAChR biology.

Nicotinic acetylcholine receptor (nAChR) cell surface
expression levels are modulated during nicotine dependence
and multiple disorders of the nervous system, but the mech-
anisms underlying nAChR trafficking remain unclear. To
determine the role of cysteine residues, including their
palmitoylation, on neuronal 4 nAChR subunit maturation
and cell surface trafficking, the cysteines in the two intracel-
lular regions of the receptor were replaced with serines using
site-directed mutagenesis. Palmitoylation is a post-transla-
tional modification that regulates membrane receptor traf-
ficking and function. Metabolic labeling with [*H]palmitate
determined that the cysteine in the cytoplasmic loop between
transmembrane domains 1 and 2 (M1-M2) is palmitoylated.
When this cysteine is mutated to a serine, producing a depal-
mitoylated a4 nAChR, total protein expression decreases,
but surface expression increases compared with wild-type a4
levels, as determined by Western blotting and enzyme-linked
immunoassays, respectively. The cysteines in the M3-M4
cytoplasmic loop do not appear to be palmitoylated, but
replacing all of the cysteines in the loop with serines increases
total and cell surface expression. When all of the intracellular
cysteines in both loops are mutated to serines, there is no
change in total expression, but there is an increase in surface
expression. Calcium accumulation assays and high affinity
binding for [3H]epibatidine determined that all mutants
retain functional activity. Thus, our results identify a novel
palmitoylation site on cysteine 273 in the M1-M2 loop of the
a4 nAChR and determine that cysteines in both intracellular
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loops are regulatory factors in total and cell surface protein
expression of the @432 nAChR.

Neuronal nicotinic acetylcholine receptors (nAChRs)® are
part of the Cys-loop family of ligand-gated cationic channels.
They are assembled from different combinations of a2—al0
and 32— B4 subunits to form pentameric receptors (1). The sub-
unit structure contains four transmembrane domains giving
rise to two cytoplasmic loops, a small linker region between the
first and second transmembrane domains (M1-M2) and a large
loop between the third and fourth transmembrane domains
(M3-M4) varying in size between the subunits, with the a4
nAChR subunit containing the largest loop. The M3-M4 intra-
cellular loop of the rat a4 nAChR subunit contains specific
leucine residues that are critical for trafficking the receptor to
the cell surface (2) and also contains a motif necessary for
receptor targeting to axons (3). However, the mechanisms
underlying trafficking and targeting remain unclear.

Protein S-palmitoylation is a reversible, covalent attachment
of the 16-carbon fatty acid, palmitate, to cysteine residues on
proteins by thioester bond formation. It is a dynamic post-
translational modification that plays a role in the trafficking of
many soluble and membrane proteins, including nAChRs,
through the secretory pathway to the cell surface, localization
in specific membrane domains at the surface, and internaliza-
tion, recycling, and/or degradation (for review, see Refs. 4-7).
In neurons, palmitoylation modulates growth cone formation
and neurite outgrowth (8), presynaptic vesicle fusion (9), and
postsynaptic signal transduction (10).

The muscle-type nAChR was the first receptor type found to
be palmitoylated on both the a and 8 nAChR subunits (11).
More recently, the neuronal a7 and o432 nAChRs have been
shown to be palmitoylated (12, 13), but the specific palmitoyla-

3 The abbreviations used are: nAChR, nicotinic acetylcholine receptor; DIV,
days in vitro; IP, immunoprecipitation; 2-BP, 2-bromopalmitate; DMSO,
dimethyl sulfoxide; ANOVA, analysis of variance.
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tion sites have not been identified. We exchanged all of the
cysteines with serines in the intracellular loops of the a4
nAChR subunit to determine the role of cysteine modifications,
including palmitoylation, on the expression and trafficking of
the a4 nAChR subunit. Within the M1-M2 region, there is a
single cysteine residue, whereas the M3-M4 loop contains 11
cysteine residues. The cysteine in the M1-M2 loop is palmitoy-
lated and is conserved in the a2, a3, a4, a6, B2, and B4 nAChR
subunits. The homologous cysteine previously has been associ-
ated with use-dependent inactivation of «a3-containing
nAChRs in hyperglycemic and oxidative conditions (14). When
this cysteine is mutated to a serine, creating a depalmitoylated
mutant, total protein expression is decreased, whereas cell sur-
face expression increases. The cysteine to serine mutations in
the M3-M4 cytoplasmic loop lead to increased total and cell
surface protein expression. When all of the cysteines are
mutated to serines in both cytoplasmic domains, there is no
change in total protein expression, but surface expression is
increased. Functional activation, ligand-binding affinity, and
targeting to presynaptic terminals of the mutant 482 nAChRs
do not vary from wild-type (WT) a4 nAChR subunits. Our
results suggest that cysteine residues modulate both total and
surface protein expression of the a4 nAChR subunit.

EXPERIMENTAL PROCEDURES

Constructs—All constructs were made by PCR using appro-
priate pairs of forward and reverse synthetic oligonucleotide
primers (Invitrogen) and PfuTurbo DNA polymerase (Agilent
Technologies, Santa Clara, CA). The rat a4 nAChR subunit
containing an N-terminal FLAG tag and the untagged (2
nAChR subunit cDNAs were cloned into the mammalian cell
expression vector, C-terminal p3xFLAG-CMYV vector (Sigma).
Mutagenesis of the a4 nAChR subunit was performed using the
QuikChange site-directed mutagenesis kit (Agilent Technolo-
gies). Three mutant constructs were generated in the o4
nAChR: 1) a cysteine to serine mutation within the M1-M2
loop (a4C273S), 2) 11 mutations within the M3-M4 loop
(a4AC), and 3) mutation of all cysteines within the M1-M2 and
M3-M4 loops (a4AAC). For the a4AAC mutant, the a4AC
plasmid backbone was used with the a4C273S primers to gen-
erate a mutant lacking all of the intracellular cysteines (see sup-
plemental “Experimental Procedures” for primer pairs).

Antibodies—The following antibodies were used: rat mono-
clonal antibody (mAb) to the B2 nAChR subunit (mAb 295)
(kindly provided by Dr. J. Lindstrom, University of Pennsylva-
nia, Philadelphia, PA); mouse mAb against FLAG tag (1:1000,
F-3165, Sigma); a goat polyclonal Ab against the 82 nAChR
subunit (1:100, C-20, sc-1449, Santa Cruz Biotechnology, Santa
Cruz, CA) that binds to denatured 82 subunits on immuno-
blots; rabbit polyclonal anti-GAPDH Ab (1:5000, G-9545,
Sigma), rabbit polyclonal Ab against vesicular stomatitis
virus-G (1:2000, Sigma), and a mouse monoclonal Ab against
HA (1:2000, Abcam, Cambridge, MA). Goat anti-rat, anti-
mouse, and anti-rabbit horseradish peroxidase-conjugated sec-
ondary Abs were obtained from Pierce. The Alexa Fluor 488-,
Alexa Fluor 594-, and Alexa Fluor 647-conjugated goat anti-rat,
goat anti-rabbit, and goat anti-mouse secondary Abs were
obtained from Molecular Probes (Invitrogen).
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tsA 201 Cell Culture—Human tsA 201 cells, a derivative of
the HEK cell line 293, were cultured in DMEM (Invitrogen)
supplemented with 10% FBS (HyClone, Thermo Scientific,
Logan, UT) and 20 pg/ml gentamicin (Invitrogen) as described
previously (2). tsA 201 cells were transfected using Lipo-
fectamine 2000 according to the manufacturer’s instructions
(Invitrogen). For all experiments, tsA 201 cells were plated on
day 1 and transfected on day 2, medium was exchanged on day
3, moved to 30 °C to promote assembly of 432 nAChRs on day
4, and used for experiments on day 5.

Primary Hippocampal Neuron Culture—Cultures were pre-
pared and maintained as described previously (15). Neurons
were transfected at 7—10 days in vitro (DIV) using the Clontech
CalPhos Mammalian Transfection Kit (BD Biosciences) as
described (16).

Neuron/tsA 201 Cell Coculture Experiments—Experiments
were performed as described previously (15). After 24 h, trans-
fected tsA 201 cells were coplated at 15,000 cells/well with the
neurons, transferred to 30 °C (12-13 DIV), and processed for
immunocytochemistry at 14—15 DIV.

Metabolic Labeling of nAChRs with [PH]Palmitate—tsA 201
cells were transfected with a4, 4AC, a4AAC, or a4C273S. On
the day of the experiment, medium was exchanged for starva-
tion (DMEM containing 1% fatty acid-free BSA), incubated at
37 °C for 30 min, and then metabolically labeled in starvation
medium containing 1 millicurie/ml [*H]palmitate (Perkin-
Elmer Life Science) for 4 h at 37 °C. The cells were washed in
PBS and lysed in solubilization buffer (50 mm NaCl, 5 mwm Tris,
pH8.0,5mMEDTA, 5 mM EGTA, 2% Triton X-100) with apro-
tinin, leupeptin, and pepstatin (all at 5 ug/ml), 1 mm PMSF, 1
mM benzamidine, and 1 X phosphatase inhibitor cocktails 1 and
2 (Sigma), and solubilized for 2 h at 4 °C. The lysates were spun
for 15 min at 16,000 X g, and the supernatants were transferred
to new tubes. The a4 FLAG-tagged subunits were captured by
immunoprecipitation (IP) using the FLAG M2 beads (Sigma) as
described previously (2). For the hydroxylamine experiment,
FLAG M2 beads were treated with 1 M hydroxylamine (Sigma)
or control 1 M Tris-HCI, pH 7.4 for 1 h. 10% of the IP eluates (5
pl) were run on a 7.5% SDS-PAGE, transferred to PVDF, and
blotted with anti-FLAG or anti-C-20 antibodies. The remain-
ing 90% of IP eluates were run on a parallel blot that was
stained with Coomassie Brilliant Blue (Bio-Rad Laboratories),
destained (50% methanol, 10% acetic acid), incubated with
Amplify (GE Healthcare) for 30 min, dried under vacuum at
80 °C for 2 h, exposed to film (Kodak BioMax MS) at —80°C for
21 days and then developed.

Pulldowns from Transfected tsA 201 Cells—Transfected tsA
201 cells were solubilized in 2% Triton X-100 buffer for 2 h at
4°C and captured by IP using FLAG M2 beads as described
previously (2).

Immunoblotting—Following separation using SDS-PAGE,
proteins were transferred onto PVDF membrane and incubated
with diluted Abs in PBS containing 3% nonfat milk powder. The
binding of the primary Abs to proteins was detected using
appropriate secondary Abs as described previously (2). Blots
were scanned and analyzed in Image]J software. a4 nAChR sub-
unit expression was normalized to GAPDH (n = 5).
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Immunostaining and Imaging—Transfected tsA 201 cells
were washed and fixed in Hanks’ balanced salt solution (with
Ca®>" and Mg>") supplemented with 4% paraformaldehyde and
4% sucrose, pH 7.4 (15 min, room temperature), blocked with
Hanks’ balanced salt solution containing 3% normal goat serum
and 3% BSA (for surface immunocytochemistry) or blocked
with Hanks’ balanced salt solution containing 3% normal goat
serum, 3% BSA, and 0.2% Triton X-100 (for total immunocyto-
chemistry) (30 min at room temperature), and incubated with
the appropriate primary (2 h, 4 °C) and secondary (90 min at
room temperature) antibodies. Coverslips were mounted onto
slides with ProLong Gold Antifade Reagent (Invitrogen).

For the mixed neuron/tsA 201 cell assays, the cultures were
processed as described previously (15). They were fixed,
blocked, and incubated with the appropriate primary (2 h, 4 °C)
and secondary (90 min, room temperature) antibodies.

Cells and cocultures were visualized as described (15). Sin-
gle-plane fluorescence images were captured using a
Hamamatsu EM camera, and images were processed using the
Slide Book software (version 4.2). Figures were processed with
Adobe Photoshop CS5 Extended (Adobe Systems, Inc., San
Jose, CA).

Enzyme-linked Immunoassay for Quantitating Cell Surface
a4B2 nAChRs—Transfected tsA 201 cells were plated in
12-well dishes and analyzed for cell surface expression of a432
nAChRs using the methodology described previously (2). Sur-
face expression was detected with a rat mAb against the 32
nAChR subunit (mAb 295) whose epitope is located in the
extracellular domains of the subunit. The nonspecific back-
ground binding of antibodies to cells was determined by
expressing the 32 nAChR subunit alone. To inhibit palmitoy-
lation, medium was replaced with fresh medium containing
either 2-bromopalmitate (2-BP, 120 wMm, Sigma) or an equiva-
lent volume of DMSO as a vehicle control on day 4.

Fluorescence Calcium Accumulation Assays—tsA 201 cells
were transiently transfected with plasmid DNA for the (2
nAChR subunit and either WT a4, a4AC, a4AAC, or a4C273S
subunits. After 48 h at 37 °C, the cells were plated onto 96-well
plates at a density of 1 X 10° cells per well, and moved to 30 °C
overnight. The cells were washed twice with HEPES buffered
Krebs-Saline solution (155 mm NaCl, 4.6 mm KCI, 1.2 mm
MgSO,, 1.8 mm CaCl,, 6 mm glucose, 20 mm HEPES, pH 7.2),
loaded with calcium 5 NW dye (Molecular Devices, Sunnydale,
CA), and incubated for 1 h at room temperature in the dark.
Fluorescence was measured at 0.7-s intervals for 2 min per well
using a fluorescence plate reader (FLEXstation, Molecular
Devices) at an excitation of 494 nm and an emission of 525 nm.
Fluorescence was recorded for 60 s before stimulation and 60 s
after stimulation with various concentrations of epibatidine.
Functional responses were quantified by first calculating the
net fluorescence change (the difference between control, non-
stimulated groups, and agonist-treated groups). Results were
expressed as a percentage of maximal agonist group responses.
Curve fitting was generated using Prism software (GraphPad
Software, Inc., San Diego, CA).

Ligand Binding Studies—[*H]Epibatidine binding to a432
nAChRs was done directly in wells as described previously (2).
For inhibition experiments, cells were incubated with 400 pm
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[®H]epibatidine in the presence or absence of 10, 30, 100, 300,
or 1000 nM nicotine overnight at 4 °C. The bound epibatidine
was eluted in 0.5% SDS, 0.5 M NaOH for 1 h. The eluates were
mixed with liquid scintillation fluid, and the amount of radio-
activity present was measured in a LS6500 (Beckman Coulter,
Brea, CA). Background binding was determined using untrans-
fected cells and was subtracted from the amount of radioactiv-
ity in eluates. The data shown were normalized to the amount
bound in the absence of nicotine.

Calculations and Statistics—For cell surface binding assays
and total protein analyses, the difference between groups was
analyzed statistically by paired ¢ test in Excel. For calcium accu-
mulation and ligand binding assays, curves were fitted using
Prism 5 software. Half-maximal effective (EC;,) values were
derived from the sigmoidal dose-response equation, ¥ = 100/
(1 + 10((logEC5, — X)-HS)), and half-maximal inhibitory (IC,)
values were derived from the sigmoidal dose-response equa-
tion, Y = 100/(1 + 10((logIC5, — X)-HS)), where Y'is the per-
centage of the maximal effect at a given concentration (X), and
HS is the Hill slope (HS = 1 was used for these calculations).
The K; values were determined using the one site — fit K, equa-
tion in Prism 5, Y = bottom + (top — bottom)/(1 + 10A(X —
logEC,,)), where logEC., = log(10AlogK:(1 + radioligandNM/
HotK,NM) and radioligandNM = 0.40 nM and HotKdNM =
0.015 nMm (17). The ECy, and K; values were compared between
the groups by one-way ANOVA. All results were expressed as
means * S.E.

RESULTS

a4 nAChR Is Palmitoylated at Cysteine 273 in M1-M2 Intra-
cellular Loop—To determine the functional roles of cysteines
within the a4 nAChR subunit, we used site-directed mutagen-
esis to replace the cysteine residues with serine residues in the
a4 nAChR cytoplasmic loops. We made three mutant con-
structs: a4C273S, in which the single cysteine in the M1-M2
loop was replaced with a serine; ®4AC, in which all 11 cysteines
in the M3-M4 loop were replaced with serines; and ®4AAC, in
which all 12 cysteines in both loops were replaced with serines
(Fig. 1A).

Our initial hypothesis was that the M3-M4 loop contained
one or more palmitoylation sites, so tsA 201 cells were tran-
siently transfected with N-terminally FLAG-tagged WT a4 or
the a4AC cysteine mutant nAChR subunits in the absence or
presence of the untagged 32 nAChR subunit and metabolically
labeled with [*H]palmitate, captured by IP with FLAG M2
beads, separated by SDS-PAGE, dried, and exposed to film (Fig.
1B). Both the @4 and B2 nAChR subunits were labeled meta-
bolically with [*H]palmitate (Fig. 1B, fop autoradiograph, lanes
1 and 2), as observed previously (13). The a4 nAChR subunits
are labeled in the absence or presence of the 82 nAChR sub-
units (Fig. 1B). Surprisingly, cells transfected with the «4AC did
not incorporate a detectably reduced amount of [*H]palmitate
compared with the a4 nAChR subunit, suggesting that none of
the cysteines in the M3-M4 loop were palmitoylated (Fig. 1B,
lanes 3 and 4). One-tenth of the IP eluate was run on a parallel
SDS-PAGE and immunoblotted for IP capture efficiency with
anti-FLAG antibody to detect the a4 nAChR subunit and with

JOURNAL OF BIOLOGICAL CHEMISTRY 23121



a4 nAChR Subunit Palmitoylation

A B :H-paimitate C sH-palmitate
N-terminus X b@' Wo WO%'\
¥ & O

75-

extracellular

intracellular

loop
(04C273S)

M3-M4 loop

(@A) D :H-paimitate

adp2
NH,OH: -
75-

ad4AAC

FIGURE 1. The o4 nAChR subunit is palmitoylated at Cys?”3. A, schematic of the a4 nAChR subunit, identifying the cysteines in the cytoplasmic loops that
were mutated to serine residues: M1-M2 loop (C273S); and M3-M4 loop (C370S, C401S, C412S, C425S, C446S, C452S, C488S, C496S, C533S, C535S, C537S).B-D,
tsA 201 cells were transiently transfected with N-terminally FLAG-tagged o4 (lane 1), a4 and B2 (lane 2), «4AC (lane 3), or «4AC and 32 (lane 4) nAChR subunits
(Band D) or with N-terminally FLAG-tagged a4, «4AAC, a4C273S, or a4ACNnAChR subunits (C). UT denotes untransfected cells processed in parallel as a control
(Band Q). The cells were metabolically labeled with 1 millicurie/ml [®H] palmitate, solubilized, and the FLAG-tagged subunits were captured by IP with FLAG M2
beads. The IP eluates were separated by SDS-PAGE, dried under vacuum, exposed to film at —80 °C, and developed after 21 days (B and C, top panels). 5 ul of
IP eluate (10% of total IP) was run on a SDS-PAGE and analyzed by Western analysis using anti-FLAG antibody and anti-f2 antibody (B and C, bottom panels).
D, lysates from a4p2 expressing cells were treated with 1 m Tris-HCI (control) or 1 m hydroxylamine (NH,OH) to confirm thioester linkage to intracellular
cysteines. Molecular mass is in kDa along the left side of the blot.

anti-C20 antibody to detect the B2 nAChR subunit (Fig. 1B, sion levels. a4 nAChR protein levels were quantified by densi-
bottom blots). tometry from five separate experiments and corrected for
Because [*H]palmitate incorporation was similar between ~GAPDH expression. Data were normalized and WT a4 nAChR
the WT o4 and the a4AC mutant nAChR subunit, the a4, was set to 100 = 30.3%. a4AC significantly increases total
a4AC, adAAC, and 4C273S nAChR subunits were transfected  expression levels compared with a4, (202.1 = 33.9%, p = 0.02),
and metabolically labeled with [PH]palmitate. The a4 and whereas a4AAC increases protein expression but is not signif-
a4AC nAChR subunits were labeled (Fig. 1C, lanes 1 and 4),but  icant (200.6 * 54.4%, p = 0.11). In contrast, a4C273S expres-
the a4AAC and the a4C273S mutant did not incorporate sionisdecreased significantly (19.3 = 4.1%, p = 0.04) compared
[*H]palmitate (Fig. 1C, lanes 2 and 3), indicating that Cys*’®is  with a4 (n = 5). A representative blot is shown (Fig. 2B).
the only cysteine in the a4 nAChR subunit that is palmitoy- Immunocytochemistry further verified the changes in a432
lated. To determine whether [*H]palmitate was linked to the @4 nAChR surface and total protein expression. tsA 201 cells were
and 32 nAChR subunits by hydroxylamine-sensitive thioester transfected transiently with the same plasmid combinations
bonds, an IP sample from a432 lysate was run in parallel with  used in Fig. 2, A and B, and processed for immunocytochemis-
an IP sample that was treated with hydroxylamine (Fig. 1D). try. Single plane images were collected using identical settings.
The [*H]palmitate was absent from the sample treated with  Cells were fixed and processed with or without permeabiliza-
hydroxylamine, indicating that labeling was due to palmitoyla-  tion to qualitatively examine total or cell surface expression,
tion of cysteine residues. respectively. The expression patterns observed by immunocy-
Cysteines in a4 nAChR Intracellular Loops Modulate Surface  tochemistry were comparable with those observed by cell sur-
and Total o4B2 nAChR Protein Expression—To examine face and Western assays. All three of the mutants appeared to
whether cysteine modifications altered o432 nAChR traffick- have increased surface immunostaining intensities when com-
ing to the cell surface, the B2 subunit was coexpressed with  pared with the wt a4B82 nAChR (Fig. 2C, top panels). When cells
either the WT &4, or with each of the a4 mutants («4AC, were fixed and permeabilized with 0.2% Triton X-100 and
a4AAC, a4C273S) and processed for enzyme-linked immuno-  imaged to detect total @432 nAChR expression, a4AC had
assay to detect protein expression at the cell surface. The increased staining intensity, ®4AAC had comparable intensity,
absorbance data were normalized, and the WT a4 nAChR sub-  and a4C273S had decreased total intensity compared with WT
unit was set to 100.0 = 13.8%. Compared with the WT a4 o4 (Fig. 2C, bottom panels). Taken together, these data show
nAChR subunit, a4AC (183 = 20.9%, p = 0.0006), «4AAC that mutating the cysteines in the M3-M4 loop increase both
(206 = 28.4%, p = 0.001), and 4C273S (120 £ 16.4%, p = total and cell surface expression, whereas mutating the cysteine
0.006) all significantly increased a432 nAChR surface expres- in the M1-M2 loop decreases total protein expression but
sion (Fig. 24, n = 6). increases surface expression compared with WT a432 nAChR
Parallel plates of tsA 201 cells were transiently transfected levels.
with B2 and a4, a4AC, adAAC, or a4C273S nAChR subunits. 2-Bromopalmitate Decreases Surface Expression of a432
Samples were lysed, separated by SDS-PAGE, and analyzed by #nAChRs—The a4 nAChR subunit is palmitoylated in the
Western blotting with antibodies against FLAG (to detect a4), M1-M2 loop, and this mutation decreases total protein expres-
B2, or GAPDH to determine total steady-state protein expres- sion while increasing surface protein expression. To address
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FIGURE 2. Removal of cysteines from the a4 nAChR cytoplasmic loops
increases the surface expression of the receptor. A, tsA 201 cells were
transfected with untagged B2 and N-terminally FLAG-tagged a4, a4AC,
a4AAC, or a4C273S nAChR subunits. Cell surface expression of a4B2 was
measured using an enzyme-linked immunoassay using an mAb against the
extracellular domain of the 2 nAChR subunit (mAb 295). The absorbance
data were normalized, and the WT o482 nAChR was set to 100%, and data
were expressed as means = S.E. The «4ACB2, a4AACB2 and a4C273SB2 all
had significantly higher surface expression than a4p2. *, p < 0.05; **, p <
0.001 (n = 6). B, transiently transfected tsA 201 cells were lysed in 750 ul of 2%
Triton X-100 buffer. Soluble fractions (20 wl) were analyzed by SDS-PAGE and
Western blotting. Blots were cut horizontally so that the same blot could be
probed with either mouse monoclonal anti-FLAG antibody to detect the a4
nAChR, goat polyclonal anti-B2 antibody to detect the 32 nAChR or rabbit
polyclonal anti-GAPDH antibody. Lysate from untransfected (UT) cells was
run as a negative control. Molecular mass is in kDa along the left side of the
blot. C, single-plane confocal images of transiently transfected tsA 201 cells
were captured with a spinning disc confocal microscope. Top panel, to detect
o432 nAChR expression on the cell surface, fixed, non-permeabilized cells
were immunolabeled with mAb 295 followed by Alexa Fluor 594-conjugated
goat anti-rat secondary antibody. Bottom panel, cells in a parallel set of wells
were fixed, permeabilized, and immunolabeled with mAb 295 and Alexa
Fluor 594-conjugated goat anti-rat secondary antibody to detect total w432
nAChR expression. All of the images were taken for the same exposure time
with the same camera settings and processed identically. Scale bar, 10 pm.
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FIGURE 3. 2-Bromopalmitate significantly decreases the surface expres-
sion of a42 nAChRs. A, tsA 201 cells were transfected with untagged 32
and N-terminally FLAG-tagged a4, a4AC, a4AAC, or «4C273S nAChR sub-
units and incubated with 120 um 2-BP or DMSO (vehicle control) overnight at
30 °C. Cell surface expression of 432 was measured using an enzyme-linked
immunoassay using an mAb against the extracellular domain of the B2
nAChR subunit (mAb 295). The absorbance data were converted to expres-
sion ratios by dividing the 2-BP-treated cells by the DMSO-treated cells for
each construct (expressed as percentages). 2-BP significantly decreased the
surface expression of all of the constructs. The values are from three separate
experiments and expressed as the means = S.E. B, tsA 201 cells were tran-
siently transfected with untagged 82 nAChR and with N-terminally FLAG-
tagged a4, a4AC, a4AAC, or a4C273S. The constructs were incubated with
DMSO (vehicle control) (left blots, —) or with 120 um 2-BP (right blots, +). The
cells were lysed in 750 ul of 2% Triton X-100 buffer. Soluble fractions (20 wl)
were analyzed by SDS-PAGE and Western blotting. Blots were cut horizon-
tally, so that the same blot could be probed with either mouse monoclonal
anti-FLAG antibody (to detect the a4 nAChR) or rabbit polyclonal anti-GAPDH
antibody. Molecular mass is in kDa along the left side of the blot. UT,
untransfected.

whether receptor depalmitoylation could stabilize the a432
nAChR at the cell surface, we blocked palmitoylation in cells
transiently transfected with the 82 subunit and either the WT
o4, adAC, a4AAC, or a4C273S. We examined cell surface
expression using the immunoassay described in Fig. 24 in the
absence or presence of 2-BP, a general palmitoylation inhibitor
(Fig. 3A). The cell surface expression levels of vehicle (DMSO)-
treated samples were set to 100%, and expression ratios for the
2-BP-treated samples were determined by dividing the absorb-
ance values of the 2-BP-treated samples by the absorbance val-
ues of the DMSO-treated samples (WT «a482, 23.9 £ 4.5%;
adAC, 352 £ 3.5%; a4AAC, 54.6 = 1.4%; a4C273S, 454 =
2.4%, n = 3 (Fig. 3A)). The ratios were subtracted from 100% to
determine the percent decrease in surface expression. All of the
constructs decreased after treatment with 2-BP. Wild-type
a4B2 decreased by 76.1 * 4.5%, a4AC by 64.8 = 3.5%, adAAC
by 45.4 * 1.4%, and a4C273S by 54.6 = 2.4%.

If palmitoylation of a4 was the only variable in the experi-
ment with 2-BP and if a4C273S affected expression only
through an effect on palmitoylation, then the expected result
with complete block of palmitoylation would be that 1) the
expression ratio of wt @432 nAChR would equal the expression
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ratio of a4AC because 2-BP would depalmitoylate both these
constructs. In addition, 2) «4C273S and a4AAC should not
decrease (i.e. the expression ratios = 1) because they are already
unable to be palmitoylated. Finally, 3) the a4C273S untreated
mutant would equal the 2-BP-treated WT «a4£2 nAChR
because removing the palmitoyl group in the WT a4 nAChR
subunit should make the two constructs equivalent. On the
other hand, if palmitoylation of the a4 nAChR was the only
variable in the experiment with 2-BP and if «4C273S intrinsi-
cally affected expression independent of palmitoylation, then 4)
the untreated a4C273S and a4AAC in the absence of 2-BP
would be significantly different from the surface expression for
a4ACand WT a4 B2 nAChR in the presence of 2-BP because an
effect other than palmitoylation is modulating the expression of
the constructs.

These data do not meet expectation 1 (WT «432 and a4AC
are significantly different, p = 0.013, n = 3), expectation 2 (both
a4AAC and 4C273S significantly decrease when treated with
2-BP), or expectation 3 (WT a42 decreases 76.1%, whereas
a4C273S increases to 120%), but they do meet expectation 4
(4C273S and a4AAC increase in the absence of 2-BP, whereas
a4AC and WT o432 nAChR decrease in the presence of 2-BP).
Thus, these data suggest that palmitoylation of ®4C273S is not
the only variable affecting protein expression and that the effect
of @4C273S may be independent of palmitoylation. Total pro-
tein expression was not affected by treatment with 2-BP, as
determined by analysis of parallel samples by Western blotting
(Fig. 3B).

Overall, these data show that 2-BP down-regulates a432
nAChR cell surface expression, consistent with previous ligand
binding data (13). These findings suggest that a4Cys*”® is
important for cell surface expression but do not allow us to
conclude that palmitoylation of a4Cys>”* is responsible for the
change in protein expression.

Cysteine Modifications Do Not Significantly Alter «4p2
nAChR EC., or Ligand Binding Affinity—To determine
whether the cysteine-to-serine amino acid replacement affects
the EC,, of activation of the receptor, we compared the activa-
tion of WT to mutant receptors using a fluorescent assay that
measures changes in intracellular calcium. The concentration
response effects of epibatidine on WT or cysteine mutants
show only relatively small differences in EC;, values (Fig. 4).
The EC,, for the WT o4, a4AC, a4AAC, and a4C273S are 25.2,
16.2, 23.7, and 20.2 nu, respectively (Table 1). These EC,, val-
ues are well within the published range for rat 432 nAChR
functional data (18). There are no significant differences in
EC,, values between the WT and mutant receptors, as deter-
mined by one-way ANOVA analysis.

We also compared the relative binding affinities of the recep-
tors for nicotine in a competitive inhibition assay (Fig. 5). The
K; values were determined using a published K, of 0.015 nm
(17). No significant differences in the K; values between o4 and
ad-mutant containing receptors were seen (determined by
one-way ANOVA), indicating that the intracellular cysteines
do not affect ligand-binding affinity of surface receptors (Table
1). Thus, changes in the loop via cysteine mutations do not
appear to significantly affect the EC,, or ligand-binding affinity
of the o432 nAChR.
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FIGURE 4. There is no significant change in the EC, for ®4 nAChR cysteine
mutants. Cultured tsA 201 cells expressing the various a4 constructs plus 32
were loaded with calcium5 NW dye for 60 min, stimulated with either 1, 3, 10,
30, 100, 300, or 1000 nm epibatidine, and intracellular calcium was measured
via fluorescence. Results are expressed as percentage of epibatidine peak
fluorescence levels after subtracting basal fluorescence. Values represent
means = S.E.,n = 4for a4 and a4AC; n = 3 for a4AAC and «4C273S. The data
were fitted to a normalized dose-response curve using the equation Y =
100/(1 + 10((log EC5, — X)-HS), where Y is the percentage of the maximal
effect at a given concentration (X), and HS is the Hill slope (Hill slope = 1).

TABLE 1

EC,, values and ligand binding affinities for various 432 nAChR con-
structs

The experimental results from Figs. 4 and 5 are compiled in this table. EC, values
were derived from the equation: ¥’ = 100/(1 + 10((log EC;, — X)-HS), where Y'is the
percentage of the maximal effect at a given concentration (X), and HS is the Hill
slope (Hill slope = 1). K; values were derived from the one site — fit K; equation in
Prism 5 using a published K, of 0.015 nm (17).

Ligand binding
Functional potency affinity
nAChR subtype EC,, n K; n
nM nM
adB2 25.2 £ 6.1¢ 4 0.87 = 0.16 6
a4ACB2 162 + 4.2 4 0.72 £0.11 5
adAACB2 23.7 =51 3 0.96 = 0.16 3
a4C2735B2 20.2 = 4.4 3 1.0 £0.16 3

a

n = the number of independent experiments that were performed for each
construct.

® Data are expressed as means = S.E. There are no significant differences between
the groups for EC;, or K}, as determined by one-way ANOVA.

Cysteine Modifications Do Not Alter o432 nAChR Targeting
in Neurons—W e have shown previously that «482 nAChRs co-
target with neurexin-18 to presynaptic terminals in rat hip-
pocampal neuron cultures (15). Here, we tested whether the
unpalmitoylated «4C273S subunit affected the targeting of the
482 nAChRs to synaptic terminals. Rat hippocampal neurons
were transfected with neurexin-13-VSV (nrx1p), B2 nAChR
subunit, and WT a4 or a4C273S nAChR subunit cDNAs and
then were cocultured with tsA 201 cells transfected with neu-
roligin-1-HA. As reported previously, the WT o482 nAChR
does not accumulate at synaptic junctions (Fig. 6A). However,
when it is coexpressed with neurexin-1, the «482 nAChR co-
targets with neurexin-1f3 to presynaptic terminals at junctions
formed between neurexin-18 and neuroligin-1-HA (Fig. 6B).
a4C273SB2 nAChRs also target to presynaptic terminals (Fig.
6C), suggesting that the C273S mutation is not important for
a42 nAChR targeting to presynaptic terminals.
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FIGURE 5. Cysteine mutations in the «4 nAChR subunit do not affect «4 32
nAChR ligand binding affinity. Cultured tsA 201 cells expressing the various
a4 constructs plus 32 were fixed with paraformaldehyde, permeabilized, and
incubated with 400 pm epibatidine in the presence or absence of 10, 30, 100,
300, or 1000 nm nicotine overnight at 4 °C. After several washes, the amount
of bound epibatidine was quantified by scintillation counting. The data
shown was normalized to the amount bound in the absence of nicotine and
represent the mean = S.E.,, n = 6 for a4; n = 5 for 4AC; n = 3 for t4AACand
«a4C273S. Curves were fitted to a one-site competitive binding using a K; =
0.015 nm, using the equation Y = 100/(1 + 10((log IC5, — X)-HS), where Yis the
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percentage of the maximal effect at a given concentration (X), and HS is the
Hill Slope (Hill slope = 1).
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FIGURE 6. Palmitoylation of the a4 nAChR subunit does not affect the
targeting of the receptor to presynaptic terminals. Single plane images of
neurons that were transfected at 10 DIV, coplated with tsA 201 cells at 12 DIV
and fixed, permeabilized, and immunostained at 14 DIV. A, neurons express-
ing a4B2 nAChRs were coplated with tsA 201 cells expressing neuroligin-
1-HA (nlg1). B, neurons expressing o482 nAChRs and neurexin-18 VSV
(nrx1B) were coplated with tsA 201 cells expressing neuroligin-1-HA. C, neu-
rons expressing «4C273SB2 nAChRs and neurexin-18 were coplated with tsA
201 cells expressing neuroligin-1-HA. @432 nAChR and neurexin-13-express-
ing cocultures exhibit enhanced targeting of a4B2 nAChRs to synapses
(arrows). Antibody combinations were as follows: anti-82 nAChR (mAb 295,
B2), anti-VSV-G (nrx1), and anti-HA (nlg 1) antibodies. Scale bar, 10 um.

DISCUSSION

Palmitoylation is a post-translational modification that plays
a significant role in the trafficking and function of many neuro-
nal receptors. Previously, it has been reported that nAChRs are
palmitoylated (13), but the specific palmitoylation sites have
not been determined. Our study is the first to identify the site of
palmitoylation on the a4 nAChR subunit as the sole intracellu-
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FIGURE 7. The position of the palmitoylated cysteine likely allows ready
access by the hydrophobic palmitoyl moiety to the hydrophilic cytoplas-
mic space and ion permeation path but does not allow ready access to
the lipid bilayer. A, the primary sequence comparison for a4, 82, and a Cys-
loop receptor from C. elegans (19) shows the residues of and adjacent to the
M1-M2 loop. The palmitoylated cysteine of a4 and homologous cysteine of
B2 are underlined. The spatial position of «4Cys®’? in Bis based on this primary
sequence homology and the x-ray crystal structure of the receptor from C.
elegans (Protein Data Bank code 3RHW). B, as seen from the cytoplasmic side
of the receptor from C. elegans, the likely position of a4Cys®”? is adjacent to
the transmembrane domains, the cytoplasmic space, and the ion permeation
path at the center of the figure. Only the main chains of the subunits are
displayed except for the homologous position of €4Cys?’3, which s displayed
as a space-filling model of Cys at the distal end of the M1-M2 loop of the green
chain. M1 is at the 9 o'clock position of the green chain, M2 is at 6 o'clock, and
M3 is at 3 o’clock.

lar cysteine in the M1-M2 cytoplasmic loop. Additionally, we
found that this mutant decreases total protein levels but
increases expression levels at the cell surface compared with the
WT a4 nAChR. Surface expression also was increased in the
mutant lacking all of the cysteines in the M3-M4 loop, but no
palmitoylation sites were identified in this loop. Additionally,
intracellular cysteines do not affect «432 nAChR ligand-bind-
ing affinity or localization to presynaptic terminals. Taken
together, our findings suggest that cysteine residues, especially
Cys>’3, play a prominent role in receptor trafficking to the cell
surface rather than in synaptic targeting or function.

Our study demonstrates that the a4 nAChR subunit under-
goes palmitoylation and identifies the specific amino acid at
position 273. This cysteine is located near the distal end of the
short (about six residues) M1-M2 loop in certain nAChRs and
is highly conserved across species and subunits, including 2,
a3, a4, a6, B2, and B4 nAChR subunits and the 5SHT3B subunit.
Proposed physical mechanisms by which palmitoylation could
exert its effects in membrane proteins include increasing the
hydrophobic length of a transmembrane domain, associating
with the lipid bilayer, and tilting of a transmembrane domain
(4). The position of a4Cys>’® at the distal end of the M1-M2
loop based on homology modeling with a Cys loop channel
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from Caenorhabditis elegans (19) is closer to hydrophilic spaces
of the cytoplasm and the ion permeation path than to the
hydrophobic core of the membrane bilayer (Fig. 7). Access by
the hydrophobic palmitoyl group on a4Cys*”® to a preferred
hydrophobic environment of the membrane bilayer or within
the transmembrane domains of the nAChR subunits likely
would distort the closely packed transmembrane domains. The
position of @4Cys*’® adjacent to the start of M2 suggests that
more than one of the proposed physical mechanisms of palmi-
toylation effects might be relevant for o432 nAChRs.

The C273S mutation leads to an increase in surface expres-
sion, but when the cells are treated with 2-BP, there is a
decrease in «432 nAChR cell surface expression. Why is there a
discrepancy between the depalmitoylated mutant and using
a palmitoylation inhibitor? 2-BP is a general palmitoylation
inhibitor, so it inhibits the palmitoylation of many proteins
in the cell beyond a4 nAChR subunits. A reasonable conclusion
from the failure of expectations 1, 2, and 3 is that palmitoylation
of a4Cys*”® was not the only variable in the experiments with
2-BP, making the results impossible to interpret strictly in
terms of palmitoylation of @4Cys>”®. Additionally, 2-BP inhibits
palmitoylation by an unknown mechanism of action and has
been shown to have pleiotropic effects on other cellular func-
tions including cellular metabolism (20). This generalized effect
of 2-BP might impair the function of other proteins that traffic
nAChRs to the cell surface. Alternatively, Cys*”® may regulate
cell surface stability independent of palmitoylation. Therefore,
we are unable to say unequivocally that palmitoylation is nec-
essary for the surface expression of a482 nAChRs.

It is interesting to note that the cysteine that is palmitoylated
in our study has been suggested to undergo reactive oxygen
species-regulated use-dependent inactivation in the «a3p4
nAChR (14). The authors propose that use-dependent inacti-
vation of the a384 nAChR occurs after the receptors have been
repeatedly exposed to agonist over time due to mild elevations
in reactive oxygen species (14, 21, 22). Receptor use can also
enhance the depalmitoylation of proteins (23—27). Although we
observed similar EC,, and ligand-binding affinities between
WT and mutant receptors, we have not examined whether use-
dependent inactivation and depalmitoylation of the M1-M2
cysteine residue are linked. Future studies are necessary to
address this question.

Our work provides two possible models for the cell surface
trafficking of the @432 nAChR. Compared with the wt a4
nAChR subunit, the ®4AC mutant has increased surface and
total protein expression, suggesting that the increased surface
expression is due to increased overall protein expression. The
a4C273S mutant has decreased total protein expression com-
pared with WT, but it still increases receptor expression at the
cell membrane. «4AAC has increased surface expression but no
change in total protein expression. These findings imply that
the mutation of Cys*”? to a serine either allows the receptor to
pass through the secretory pathway more efficiently or impairs
the internalization of the receptor, resulting in accumulation at
the cell membrane. Further studies are necessary to determine
which of these conclusions is correct, or if there is another
explanation.
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Changes in nAChRs expression levels are associated with
many neurological diseases and disabilities, including nicotine
addiction, autism, Alzheimer disease, Parkinson disease,
schizophrenia, and diabetic neuropathies. Here, we have dis-
covered a novel site of palmitoylation on the o432 nAChR and
determined that cysteine residues modulate nAChR trafficking
to the cell surface. Our findings add to the literature on nAChR
trafficking and may lead to new therapeutic strategies for alter-
ing nAChR cell surface expression in nAChR-associated dis-
eases in the future.
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