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The Role of Palmitoylation in Functional Expression of
Nicotinic a7 Receptors

Renaldo C. Drisdel, Ehrine Manzana, and William N. Green
Department of Neurobiology, Pharmacology, and Physiology, University of Chicago, Chicago, Illinois 60637

Neuronal a-bungarotoxin receptors (BgtRs) are nicotinic receptors that require as yet unidentified post-translational modifications to
achieve functional expression. In this study, we examined the role of protein palmitoylation in BgtR expression. BgtR o7 subunits are
highly palmitoylated in neurons from brain and other cells capable of BgtR expression, such as pheochromocytoma 12 (PC12) cells. In
PC12 cells, a7 subunits are palmitoylated with a stoichiometry of approximately one palmitate per subunit, and inhibition of palmitoyl-
ation blocks BgtR expression. In cells incapable of BgtR expression, such as human embryonic kidney cells, a7 subunits are not signifi-
cantly palmitoylated. However, in these same cells, chimeric subunits with the N-terminal half of a7 fused to the C-terminal half of
serotonin-3A receptor («7/5-HT;, ) subunits form functional BgtRs that are palmitoylated to an extent similar to that of BgtR 7 subunits
in PC12 cells. Palmitoylation of PC12 and «7/5-HT5, BgtRs occurred during assembly in the endoplasmic reticulum (ER). In conclusion,
our data indicate a function for protein palmitoylation in which palmitoylation of assembling a7 subunits in the ER has a role in the

formation of functional BgtRs.
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Introduction

Ligand-gated ion channels (LGICs) are receptors that mediate
fast transmission at synapses. Memory and learning require syn-
aptic plasticity and restructuring, and recent studies indicate that
synaptic strength may be controlled by changes in the number
and density of LGICs. For example, in the CA1 region of the
hippocampus, long-term synaptic change involves post-
translational modifications and alterations in trafficking of func-
tional postsynaptic AMPA-type glutamate receptors (Barry and
Ziff, 2002; Malinow and Malenka, 2002; Sheng and Kim, 2002).
However, the molecular mechanisms that regulate LGIC expres-
sion at synapses remain essentially uncharacterized.

Nicotinic acetylcholine receptors (AChRs) are excitatory
LGICs activated by the neurotransmitter acetylcholine and found
in the peripheral nervous system and CNS as well as at the neu-
romuscular junction. Neuronal nicotinic receptors are composed
of different o (a2-10) and B (82—4) subunits and fall into two
basic pharmacological categories: (1) high-affinity nicotine bind-
ing receptors or (2) high-affinity a-bungarotoxin (Bgt) binding
receptors (BgtRs). High-affinity nicotine binding receptors are
predominantly a4f32-containing receptors in brain but also in-
clude a3- and a6-containing receptors (Picciotto et al., 2001).
BgtRs contain only a7 subunits (Drisdel and Green, 2000) and
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are unique among LGICs in that their expression is not cell au-
tonomous. Although expression of BgtRs occurs throughout the
nervous system (Sargent, 1993; McGehee and Role, 1995), and
even in non-neuronal cells such as keritinocytes (Arrendondo et
al., 2002), a7 subunits cannot form functional BgtRs in most
mammalian cells used for heterologous expression (Cooper and
Millar, 1997; Rangwala et al., 1997). In cultured cells such as
pheochromocytoma 12 (PC12) cells in which functional BgtR
expression occurs (Blumenthal et al., 1997; Rangwala et al.,
1997), a7 subunits are folded and processed into conformations
not achieved in cells in which no BgtR expression is observed,
such as human embryonic kidney (HEK) cells (Rakhilin et al.,
1999). In HEK cells, BgtR expression can be rescued by replacing
the transmembrane and cytoplasmic domains of &7 with those of
the serotonin-3A receptor subunit (a7/5-HT;, chimera) (Cor-
ringer et al., 1995). These subunits are processed much the same
as endogenous a7 subunits in PC12 cells and rat brain (Rakhilin
et al., 1999; Drisdel and Green, 2000) and therefore provide a
good model system in which to study the post-translational pro-
cessing required for BgtR expression.

In this study, we identified palmitoylation as a post-
translational modification involved in the functional expression
of BgtRs. Palmitoylation is a reversible, post-translational process
in which palmitate is covalently attached to cysteine residues.
Interest in palmitoylation has increased with the discovery of its
role in regulating the function and subcellular localization of
synaptic proteins and proteins involved in signal transduction
(El-Husseini and Bredt, 2002; Linder and Deschenes, 2003; Qan-
bar and Bouvier, 2003). Here, we make use of new, more sensitive
methods for labeling palmitoylation sites that allow the stoichi-
ometry of palmitoylation to be measured and for palmitoylation
of proteins purified from brain to be assayed (Drisdel and Green,
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2004). Evidence is presented for a novel function for protein
palmitoylation in which subunit palmitoylation occurs in the
endoplasmic reticulum (ER) during BgtR assembly, resulting in
the formation of functional receptors.

Materials and Methods

Subunit constructs, cell lines, and transfection. Hemagglutinin (HA)
epitope-tagged chick a7, mouse 5-HT} ,, and a7/5-HT};, subunit cDNAs
in a pMT3 expression vector (Swick et al., 1992) were described previ-
ously (Rakhilin et al., 1999). The human kidney epithelial cell line tsA201
(HEK cells) was maintained in DMEM supplemented with 10% calf
serum (Hyclone, Logan, UT). HEK cells were transiently transfected with
the subunit cDNA constructs using a calcium phosphate protocol (Eert-
moed etal., 1999). PC12 N21 cells, also referred to as PC12-C cells (PC12
cells) (Blumenthal et al., 1997), were a gift from Dr. Richard Burry (Ohio
State University, Columbus, OH). The cells were cultured in DMEM
containing 5% heat-inactivated horse serum and 10% fetal bovine serum
(Hyclone).

Metabolic labeling. Cell cultures were incubated in methionine-free
DMEM for 10-15 min and pulse labeled in methionine-free DMEM
containing 100 uCi/ml of 35S-methionine—cysteine (EXPE>°S>°S; NEN,
Boston, MA). Cells were washed with DMEM supplemented with 5 mm
unlabeled methionine and incubated at 37°C in culture medium for the
indicated chase periods. For *H-palmitate labeling, palmitic acid [10,
11-°H] (10 mCi/ml; American Radiolabeled Chemicals, St. Louis, MO)
in ethanol was concentrated under nitrogen at 4°C to a volume not to
exceed 5% in the labeling medium. DMEM containing 1% calf serum
was added to the vial, vortexed vigorously, and diluted to a final activity
of 100 uCi/ml. This labeling medium was added to cell cultures (1 ml per
6 cm plate) and incubated for 4 hr at 37°C.

Radiolabeled proteins were run on 4—8% SDS-PAGE and transferred
to nitrocellulose membranes or gels were fixed, treated with Amplify
(Amersham Biosciences, Arlington Heights, IL) for 30 min, dried, and
exposed to Kodak (Rochester, NY) XRP or BioMax film at —70°C with
intensifying screen. Membranes were dried and exposed to a Phosphor
Screen (Molecular Dynamics, Sunnyvale, CA) and scanned on a Phos-
phorImager. Quantification of band intensities was performed using Im-
ageQuant (Molecular Dynamicszcomx) software.

Solubilization, affinity purification, and glycosidase treatment. Rat brain
membranes were prepared as described previously (Drisdel and Green,
2000). Brain membrane preparations or cultured cells were solubilized in
lysis buffer (150 mm NaCl, 5 mm EDTA, 50 mm Tris, pH 7.4, 0.02%
NaN;) containing 1% Triton X-100 (TX100), 2 mm phenylmethylsulfo-
nyl fluoride, 10 pg/ml each of chymostatin, pepstatin, leupeptin, and
tosyl-lysine chloromethylketone, and 50 mm N-ethylmaleimide (NEM).
Lysates were clarified by centrifugation at 10,000 X g for 30 min at 4°C.
The supernatants were incubated with Sepharose 4B or Protein G Sepha-
rose (Amersham Biosciences) to remove nonspecifically bound proteins.
The beads were removed by centrifugation, and the supernatants were
rotated overnight with either saturating amounts of the anti-HA anti-
body (mAb 12CAS5) or a-Bgt-Sepharose. Bgt-Sepharose was prepared by
coupling Bgt to cyanogen bromide-activated Sepharose 4B (Amersham
Biosciences) according to the manufacturer’s protocol. The receptor-
antibody complex was precipitated with Protein G-Sepharose. For gly-
cosidase experiments, the affinity-purified proteins were treated with
1-5 U of endoglycosidase H (endoH) (Calbiochem, La Jolla, CA) at 30°C
for 36 hr.

2-Bromopalmitate treatment and '*’I-a-bungarotoxin binding. PC12
cells were cultured in 12 well plates. To measure the appearance of new
cell-surface receptors, pre-existing cell-surface BgtRs were blocked by
binding with unlabeled Bgt (10 nm). Cells were then rinsed twice with
DMEM and incubated at 37°C in 2 ml of culture medium containing the
indicated concentrations of 2-bromopalmitate (2-BP) (Aldrich Chemi-
cals, Milwaukee, WI). The cells were harvested at the indicated times,
after which '*’I-Bgt binding to newly inserted surface receptors was
performed in PBS for 1 hr in 4 nm '?°I-Bgt at room temperature. To
measure the formation of intracellular BgtRs at the different concentra-
tions of 2-BP, cell-surface BgtRs were again blocked by binding with
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unlabeled Bgt (10 nm), and cell-surface receptors were depleted from the
lysate with anti-Bgt antibodies. Lysates devoid of surface receptors were
incubated at 4°C overnight in the presence of 10 nm '*°I-Bgt and '*°I-
Bgt-bound intracellular BgtRs precipitated with concanavalin
A-Sepharose. To measure the turnover rate of cell-surface receptors,
intact cells were incubated with 125I—Bgt, as above. Plated cells were
washed twice with DMEM and incubated at 37°C in culture medium
containing the indicated concentrations of 2-BP. At different time
points, the culture medium was collected to assess the amount of radio-
label released caused by receptor internalization and degradation of '*°I-
Bgt. '*°I-Bgt counts were measured using a LKB-Wallac (Gaithersburg,
MD) 1470 automatic gamma counter. At the concentrations used, no
differences in morphology or cell number were observed for cells cul-
tured in the presence or absence of 2-BP.

*H-N-ethylmaleimide labeling to assay palmitoylation. Palmitoylated
proteins were labeled as described previously (Drisdel and Green, 2004).
Briefly, NEM [ethyl-1, 2-*H] (1 mCi/ml; NEN) supplied in pentane was
kept in a methanol-dry ice bath and diluted with absolute ethanol to a
final concentration of 5 um (0.25 mCi/ml). Affinity-purified protein
bound to protein G-Sepharose or Bgt-Sepharose was treated with 1 M
hydroxylamine, pH 7.4, for 1 hr at room temperature. Controls were
incubated in the presence of 1 M Tris, pH 7.4. Beads were washed twice
with lysis buffer containing 1% TX100, resuspended in 8 vol of the same
buffer containing 0.5 um *H-N-ethylmaleimide (*’H-NEM), and rotated
at room temperature for 3 hr. Samples were run on 4-8% SDS-PAGE
and transferred to nitrocellulose membranes. After blotting, membranes
were dried and exposed to a *H-specific Phosphor Screen for 4 d and
scanned on a PhosphorImager. Quantification of scans was performed
using ImageQuant software. Immunoblots were performed on the same
membranes or on samples prepared in parallel. Immunoblots were
probed with polyclonal goat anti-«7 or rabbit anti-HA antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA) and visualized with an enhanced
chemiluminescent kit (Amersham) using horseradish peroxidase-
conjugated secondary antibodies.

To measure the stoichiometry of palmitoylation, the specific activity of
the 0.5 um stock *H-NEM (cpm per picomol) was determined by scin-
tillation counting (LS6500; Beckman Instruments, Fullerton, CA). After
labeling, the total cpm of *H-NEM incorporated into each sample was
measured by scintillation counting, and the number of picomoles of
*H-NEM was determined using the specific activity of the stock solution.
These values were divided by the amount of BgtRs in each labeled sample,
which was estimated by the amount of '2°I-Bgt bound at a stoichiometry
of 4-5 pmol Bgt per pmol of receptor (~1 pmol per subunit) (Rangwala
et al., 1997). To estimate the amount of HA-tagged a7 or 5-HT;, sub-
units expressed in HEK cells, immunoblots with anti-HA antibodies
were quantified by densitometry and compared with immunoblots of a
known level of '*’I-Bgt-binding HA-tagged a7/5-HT;, subunits. To
quantify the amount of a7 subunits expressed in PC12 cells, immuno-
blots with anti-a7 antibodies were quantified by densitometry and com-
pared with blots of a known level of '*°I-Bgt binding 7 subunits.

Fluorescence microscopy. Transfected cells and PC12 cells were grown
on coverslips and fixed in 4% paraformaldehyde. Cells were permeabil-
ized with 0.1% TX100 and blocked with tris buffered saline (TBS) sup-
plemented with 2 mg/ml BSA (TBS/BSA). Primary and secondary anti-
bodies, as well as biotinylated Bgt (btn-Bgt) (Molecular Probes, Eugene,
OR), streptavidin 488 (strep488) (Molecular Probes), and tetramethyl-
rhodamine-labeled Bgt (TMR-Bgt) (Molecular Probes), were diluted in
TBS/BSA. Cells were dually stained with TMR-Bgt or btn-Bgt (300 nm) to
visualize BgtRs and a mouse monoclonal anti-KDEL antibody (1:100)
(Stressgen Biotechnologies, San Diego, CA) to stain ER compartments.
The secondary fluoroscein isothiocyanate-labeled goat anti-mouse
(Molecular Probes) and strep488 were used at 1:500. Specimens were
mounted in Vectashield (Vector Laboratories, Burlingame, CA) and
scanned on an IX70 Olympus (Melville, NY) Fluoview 200 laser-
scanning confocal microscope using a 60X planApo (numerical aperture,
1.4; oil) objective. Images were analyzed using NIH Image J software
(National Institutes of Health, Bethesda, MD).
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Figure 1.  Palmitoylation of a7 subunits in different cell types. a, 7 subunits expressed in

PC12 cells (lanes 1and 2), rat brain (lanes 3 and 4), or HEK cells (lanes 5 and 6) were purified and
palmitoylation was assayed by labeling with *H-NEM. o7 subunits in PC12 cells and rat brain,
which form functional BgtRs, were purified with Bgt-Sepharose and were palmitoylated as
assayed by *H-NEM labeling. o7 subunitsin HEK cells, which do not form functional BgtRs, were
purified with anti-HA antibodies and showed almost nondetectable levels of palmitoylation, as
assayed by *H-NEM labeling. As shown previously (Rakhilin et al., 1999; Drisdel and Green,
2000), «7 subunits in BgtRs migrated as a doublet centered at 55 kDa (g, b, lanes 1 and 3),
whereas &7 subunits expressed in HEK cells migrated as a single band at 55 kDa. No *H-NEM
labeling was detected without hydroxylamine treatment (— hydroxylamine; lanes 2, 4, and 6),
demonstrating the specificity of the H-NEM labeling. b, &7 subunit expression in PC12 cells
(lanes 1 and 2), rat brain (lanes 3 and 4), or HEK cells (lanes 5 and 6) was monitored using
immunoblot analysis. The subunits were purified as in a, and immunoblots were stained with
anti-ae7 (lanes 1-4) or anti-HA antibodies (lanes 5 and 6). The addition of excess unconjugated
Bgt completely blocked receptor binding to the Bgt-Sepharose (lanes 2 and 4). Based on '%°|-
Bgt binding, approximately equal amounts (1-2 pmol) of PC12 or rat brain «7 receptor were
loaded in each lane. For a7 subunits in HEK cells, subunits from one confluent 6 cm plate were
loaded in each lane.

Results

BgtR a7 subunits are palmitoylated

To investigate whether palmitoylation has a role in BgtR expres-
sion, we compared the palmitoylation of endogenous a7 sub-
units from PC12 cells, in which a7 subunits assemble into BgtRs,
to that of a7 subunits expressed heterologously in the HEK cells,
in which BgtRs do not form. Using a PC12 cell variant that ex-
presses relatively large numbers of BgtRs (Rangwala et al., 1997),
attempts to metabolically label BgtRs with *H-palmitate were
inconclusive (data not shown). We have recently developed al-
ternative assays of protein palmitoylation based on hydroxyl-
amine cleavage of the thioester bond between the fatty acid and
cysteine side chain followed by reaction of the newly generated
free sulfhydryl with sulthydryl-specific reagents, such as *H-
NEM. These techniques are significantly more sensitive than
metabolic labeling with *H-palmitate and can be used quantita-
tively to measure levels of protein palmitoylation (Drisdel and
Green, 2004). PCI12 cells were solubilized in the presence of un-
labeled NEM to alkylate preexisting sulthydryls. BgtRs were then
purified with Bgt-Sepharose affinity resin, treated with hydroxyl-
amine, and subsequently labeled with *H-NEM. As shown in
Figure 1, "H-NEM-labeled BgtRs migrated as two closely spaced
bands centered at 55 kDa (Fig. 1a, lane 1). These two bands
comigrated with a7 subunit doublet bands detected by anti-a7
antibody on immunoblots of PC12 BgtRs (Fig. 1b, lane 1). Sam-
ples that were not treated with hydroxylamine were not labeled
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Table 1. Estimated stoichiometry of palmitoylation

Picomoles of *H-NEM per picomoles of subunit

Whole cell
BgtR a7 subunits in PC12 cells 1.0 +0.1°
7 subunits in HEK cells 0.015°

5-HT,, subunits in HEK cells 1.2°

a7/5-HT,, subunits in HEK cells 14 +0.1%¢
Subcellular fractions in PC12 cells

Cell-surface BgtR o7 subunits 0

Intracellular BgtR o7 subunits 2.5

Unassembled o7 subunits 0.6°
Subcellular fractions in HEK cells

Cell-surface BgtR a7/5-HTs, subunits ~ 0.15 = 0.03°

Intracellular BgtR ae7/5-HT,, subunits 2.2 = 0.3¢

Unassembled o7/5-HTs, subunits 0.36 = 0.04°

“Average = SD; n = 3-4.

®Average of n = 2. Units: picomoles of *H-NEM were determined by scintillation counting. Picomoles of subunits for
BgtRs are equal to picomoles of '>*I-Bgt bound at a stoichiometry of 4—5 pmol Bgt per pmol of receptor (Rangwala
et al., 1997). To estimate the number of picomoles of subunits for o7, unassembled o7/5-HTs,, and 5-HT;,
subunits in HEK cells, immunoblots of these subunits were quantified by densitometry and compared with blots of
a known level of '2*I-Bgt-bound ac7/5-HT,, subunits. To estimate the number of picomoles of unassembled o7
subunits in PC12 cells, immunoblots of these subunits were quantified by densitometry and compared with blots of
aknown level of '%*I-Bgt-bound a7 subunits.

“Measured 12 hr after transfection (Drisdel and Green, 2004).

with *H-NEM (Fig. 1a, lane 2), indicating that >H-NEM is spe-
cifically labeling palmitoylation sites on a7 subunits.

In parallel, we assayed the palmitoylation of HA epitope-
tagged a7 subunits expressed in HEK cells in which the a7 sub-
units fail to assemble into functional BgtRs. Based on immuno-
blot analysis, @7 subunit expression in these cells (Fig. 1, lane 5)
was much higher than BgtR a7 levels obtained in PC12 cells (Fig.
1b, lane 1). However, the level of *H-NEM incorporated into a7
subunits in HEK cells was significantly less than that incorpo-
rated into PC12 BgtR subunits (Fig. 1a, compare lanes 1 and 5).
In PC12 cells, the a7 subunits had a stoichiometry of 1.0 pmol
palmitate per pmol subunit, whereas the stoichiometry of a7
subunits in HEK cells was 0.015 pmol palmitate per pmol sub-
unit, 67-fold less than in the PC12 cells (Table 1).

Using our techniques to assay protein palmitoylation, we were
also able to assay the palmitoylation of BgtRs purified from rat
brain. Live cells are required for the most common assay of pal-
mitoylation, metabolically labeling with *H- or '**I-palmitate.
Consequently, only two proteins, myelin proteolipids (Bizzozero
et al., 2002) and synaptosomal protein of 25 kDa (SNAP-25)
(Drisdel and Green, 2004), have been shown to be palmitoylated
in vivo in brain. Rat brain membranes were solubilized in the
presence of unlabeled NEM. BgtRs were then purified from brain
lysates with Bgt-Sepharose affinity resin, treated with hydroxyl-
amine, and labeled with *H-NEM. *H-NEM specifically labeled
brain BgtR palmitoylation sites (Fig. 14, lane 3) because no label-
ing was observed in samples that were not treated with hydrox-
ylamine (Fig. 1a, lane 4). Rat brain BgtRs are composed of a7
subunits (Drisdel and Green, 2000), and both the *H-NEM-
labeled protein and immunoblot analysis using anti-«7 antibod-
ies (Fig. 1b,lanes 3) show the same doublet pattern and molecular
weight observed with the a7 subunits purified from PC12 cells
(Fig. 1a,b, lane 1).

Inhibition of palmitoylation blocks BgtR formation

To further address whether a7 subunit palmitoylation has a role
in BgtR expression, we tested the effect of blocking palmitoyl-
ation in PCI2 cells. a7 subunit palmitoylation was blocked by
application of 2-BP, which is a specific inhibitor of protein pal-
mitoylation (Coleman et al., 1992; Webb et al., 2000; El-Husseini



Drisdel et al. » Nicotinic 7 Receptor Palmitoylation

a b
°
s
2
minus plus "
kDa 2-BP 2-BP @
66— g
3
E
45— "
1 2
c
100
°
5
280
B 1
260 e 1
€ aof
£
5
g 20
¢ N RS PRy P ) TR N B R
ool.l..l...s.l.l.,l. q.o.l.l.l.qsl.,l.L 125044LL125 0 5 10 15 20

Time (hrs) Ting (hes)

Figure2. Theinhibitor of palmitoylation, 2-BP, blocks ce7 subunit palmitoylation and BgtR
expression in PC12 cells. a, 2-BP blocks o7 subunit palmitoylation. Palmitoylation of a7 sub-
units from PC12 cells was assayed using *H-NEM labeling, as in Figure 1a. PC12 cells were
treated without (lane 1) and with 120 m 2-BP (lane 2). b, 2-BP blocks the arrival of new BgtRs
atthe PC12 plasma membrane. BgtR surface expression was measured by '>*I-Bgt binding after
treating PC12 cells with the indicated concentrations of 2-BP. ¢, 2-BP did not affect turnover of
PC12 surface BgtRs. Turnover was measured from the rate of "I released after internalization
and degradation of '°I-Bgt-hound receptors after treating PC12 cells with the indicated con-
centrations of 2-BP. d, 2-BP blocks formation of new intracellular Bgt binding sites measured by
123]-Bgt hinding after treating PC12 cells with the indicated concentrations of 2-BP. Fach point
inb, ¢, and d represents the mean = SD (n = 3).

et al., 2002). The degree to which 2-BP treatment blocked a7
subunit palmitoylation was assayed by using our *H-NEM
method of labeling palmitoylation sites. Within the error of our
measurements, incubation of PC12 cells with 120 um 2-BP totally
inhibited @7 subunit palmitoylation, as determined by *H-NEM
labeling (Fig. 2a).

Several different assays were performed to test the effects of
blocking 7 subunit palmitoylation in PC12 cells. First, we tested
whether inhibition of a7 subunit palmitoylation altered the ar-
rival of BgtRs at the cell surface. To monitor surface receptor
expression, pre-existing receptors were blocked with unlabeled
Bgt. Newly inserted BgtRs were detected by binding with '*°I-Bgt
to the intact cells. BgtR arrival was determined in the absence and
presence of different concentrations of 2-BP (Fig. 2b). In the
absence of 2-BP, there was a linear rise in the number of BgtRs
inserted over 18 hr. The arrival of surface BgtRs was slowed by
treating the cells with increasing concentrations of 2-BP from 60
to 180 uM and appeared to be completely blocked at 180 uMm.
However, there was a delay of 3 hr after 2-BP was applied before
the treatment affected BgtR insertion. Because Bgt arrival at the
surface was monitored over 18 hr, it is possible that an increase in
the surface BgtR turnover rate is contributing to the effect of
2-BP. To test this possibility, the rate of surface BgtR turnover
was directly measured over 24 hr and did not significantly change
with treatment at the same 2-BP concentrations (Fig. 2¢).

To assay whether block of a7 subunit palmitoylation is alter-
ing the transport of assembled BgtRs to the cell surface, we mon-
itored the effects of 2-BP on intracellular BgtRs. Intracellular
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BgtRs were assayed by first binding surface BgtRs on the intact
cells with unlabeled Bgt. The cells were solubilized, and surface
receptors were removed by immunoprecipitation with anti-Bgt
antibodies. The intracellular pool of BgtRs were then bound with
'25]_Bgt and precipitated with concanavalin A Sepharose. If 2-BP
treatment only caused a block of BgtR transport to the surface or
incorporation into the plasma membrane, we would expect in-
creased accumulation of intracellular BgtRs to occur during 2-BP
treatment. In fact, we observed the opposite effect. As shown in
Figure 2d, we measured a progressive loss of new intracellular Bgt
binding sites with increasing 2-BP concentrations, and with the
application of 180 uM 2-BP, there was an overall decrease in
intracellular BgtRs after 18 hr (Fig. 2d) compared with the ap-
proximately threefold increase observed in the absence of 2-BP.
The effects of 2-BP on the rise of intracellular Bgt binding sites
suggests that «7 subunit palmitoylation has a role in the forma-
tion of new BgtRs in the cells, a process that precedes transport of
intracellular BgtRs to the cell surface. Such a mechanism can
explain the ~3 hr delay observed in the 2-BP block of BgtR sur-
face expression, because the formation of new BgtRs takes 2—3 hr
to complete, as shown in Figure 5c.

5-HT;, and a7/5-HT;, subunits are palmitoylated in

HEK cells

To determine in more detail how a7 subunit palmitoylation af-
fects BgtR biogenesis, we required higher levels of BgtR expres-
sion than could be achieved practically using the PC12 cells. As an
alternative, we expressed chimeric subunits consisting of the
N-terminal half of a7 fused to the C-terminal half of 5-HT;,
receptor subunits. Unlike «7 subunits, «7/5-HT;, subunits as-
semble into functional BgtRs in HEK cells and do so at levels 30-
to 50-fold higher than &7 subunits in PC12 cells (Rangwala et al.,
1997). Furthermore, the processing and assembly of o7/5-HT5,
subunits expressed in HEK cells appears to be similar to that of
the endogenous a7 subunits expressed in PC12 cells and rat brain
(Rakhilin et al., 1999; Drisdel and Green, 2000). Because of the
high levels of expression in HEK cells, we were able to perform
metabolic labeling of HA epitope-tagged a7/5-HT;, subunits
with *H-palmitate (Fig. 3a, lane 2). At similar levels of expression
(Fig. 3a, compare lanes 4 and 5), we were unable to label a7
subunits with *H-palmitate (Fig. 34, lane 1). Hydroxylamine
treatment removed *H-palmitate from a7/5-HT;, subunits (Fig.
3a, compare lanes 2 and 3), demonstrating that palmitoylation is
occurring via a thioester bond between palmitate and «7/5-HT;,
cysteine residues.

To determine the stoichiometry of palmitoylation, we labeled
Bgt-Sepharose-purified a7/5-HT; , subunits with *H-NEM after
hydroxylamine treatment (Fig. 3b, lane 1), and the amount of
*H-NEM specifically incorporated was determined. In parallel,
the amount of '*’I-Bgt binding to the same sized sample was
measured. Combining both measurements, we estimated that the
a7/5-HT;, subunits are palmitoylated with a stoichiometry of
1.4 pmol palmitate per pmol subunit (Table 1). As with the 2-BP
data, these results show a strong correlation between subunit
palmitoylation and the ability to express functional BgtRs. a7/5-
HT,;, subunits, which form functional BgtRs in HEK cells, are
highly palmitoylated at levels comparable with «7 subunits ex-
pressed in PC12 cells, whereas a7 subunits expressed in the same
cells are not significantly palmitoylated and do not form func-
tional BgtRs.

Similar experiments were performed to assay whether 5-HT;
subunits expressed in HEK cells are palmitoylated. 5-HT;, recep-
tors are members of the same molecular family as nicotinic re-
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Figure3. The palmitoylation of a7, a7/5-HT;, , and 5-HT; , subunits expressed in HEK cells.

a, The palmitoylation of o7 and a7/5-HT,, subunits assayed by metabolic labeling with *H-
palmitate (lanes 1and 2). Treatment of *H-palmitate-labeled ct7/5-HT,, subunits with hydrox-
ylamine cleaved all 3H—pa|mitate from the subunits (lane 3). In parallel, a7/5-HT,, and &7
subunit synthesis was measured by 3*S-labeling (lanes 4 and 5). No labeling was observed in
untransfected cells (lane 6). o7/5-HT, and o7 were precipitated with Bgt-Sepharose affinity
resin or anti-HA antibodies, respectively. b, The palmitoylation of 7/5-HT;, and 5-HT;, sub-
units assayed by *H-NEM labeling (lanes 1 and 3). No *H-NEM labeling was observed in the
absence of hydroxylamine treatment (lanes 2 and 4), which is required for specific *H-NEM
labeling of palmitoylation sites. Expression levels of a7/5-HT;, and 5-HT;,, subunits were as-
sessed by immunoblot analysis (lanes 5 and 6). *H-NEM labeled 5-HT,, subunits at levels ap-
proximately equal to that of o¢7/5-HT;, subunits, accounting for differences in expression.

ceptors with a similar subunit membrane topology and a pen-
tameric structure (Maricq et al, 1991) and like «7/5-HT;,
subunits, can assemble into functional receptors in HEK cells.
HA-tagged 5-HT;, subunits were immunoprecipitated with
anti-HA antibodies and treated with hydroxylamine. The palmi-
toylation sites were labeled with *H-NEM (Fig. 3b, lane 3), and
the amount of *H-NEM incorporated was determined by scintil-
lation counting. Without hydroxylamine treatment, no *H-NEM
labeling was observed (Fig. 30, lane 4). Using anti-HA antibodies,
the amount of 5-HT};, subunit protein present was estimated by
quantifying immunoblot bands relative to that of the «7/5-HT;,
subunits (Fig. 3b, lanes 5 and 6). The amount of «7/5-HT;, was
measured using '*°I-Bgt binding from which the stoichiometry
of 5-HT};, subunit palmitoylation was estimated to be 1.2 pmol
palmitate per pmol subunit (Table 1). Thus, for a7, a7/5-HT;,,
and 5-HTj;, subunits, functional receptor expression correlated
with subunit palmitoylation at a stoichiometry of approximately
one palmitate per subunit, whereas subunits that did not assemble
into functional receptors palmitoylated at levels ~100-fold less.

Palmitoylation occurs during BgtR assembly in the ER

We performed additional experiments on «7/5-HT;, subunits
from HEK cells and a7 subunits from PC12 cells to determine
whether palmitoylation is occurring during BgtR assembly. Both
subunits are transformed during assembly from a state in which
free sulthydryl groups on cysteine residues are reactive to a state
in which the cysteines are nonreactive (Rakhilin et al., 1999). This
cysteine state change can be assayed by solubilizing the subunits
without NEM treatment to alkylate free sulthydryls and analyzing
the subunits on nonreducing SDS-PAGE. Under these condi-
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tions, subunits with reactive free sulfhydryls crosslink with each
other and other proteins into high molecular weight aggregates,
whereas subunits with nonreactive cysteines remain as mono-
mers or disulfide-bonded dimers, trimers, tetramers, or pentam-
ers. The two states of the a7/5-HT;, subunits are displayed on
nonreducing gels in Figure 4a (lane 2) in which all **S-methione—
cysteine metabolically labeled subunits were immunoprecipi-
tated with anti-HA antibodies. Subunits in the reactive state mi-
grate as the aggregates at the top of the gel and in the nonreactive
state as the single subunits and disulfide-linked multimers. PC12
cell a7 subunits showed the same behavior as the a7/5-HT;,
subunits, although not as well resolved, migrating as aggregates
or disulfide-linked multimers on nonreducing gels (Fig. 4b, lane
2). We have shown previously that the subunit aggregates are
precursors that are transformed into single subunits or disulfide-
linked multimers (dimers to pentamers) during receptor assem-
bly when the subunits form Bgt binding sites (Rakhilin et al.,
1999). As shown in Figure 4, a and b, only single subunits or
disulfide-linked multimers are precipitated when we specifically
select for the Bgt-binding subunits with Bgt-Sepharose. This
transformation between states is observed for a7/5-HT};, sub-
units and a7 subunits in PC12 cells but not for a7 subunits in
HEK cells (Rakhilin et al., 1999; Drisdel and Green, 2000). The
cysteine state change, therefore, correlates with the formation of
functional BgtRs during assembly. If *H-NEM labeling of palmi-
toylation sites is performed on «7/5-HT;, or &7 subunits, the
aggregates, precursors of Bgt-binding subunits, are not palmitoy-
lated, whereas the Bgt-binding subunits are palmitoylated (Fig.
4a,b, lanes 3 and 4).

The precipitation and >H-NEM labeling of «7/5-HT;, and a7
subunits in Figure 4, a and b, did not distinguish between newly
assembled, intracellular BgtRs and assembled BgtRs at the cell
surface. Different cellular pools of a7/5-HT;, subunits were pu-
rified to test whether we observed differences in palmitoylation of
these subunits pools. To isolate cell-surface BgtRs, intact cells
were bound with a saturating concentration of Bgt, solubilized,
and receptors were immunoprecipitated with anti-Bgt antibod-
ies. The solubilized pool of subunits depleted of surface receptors
was then treated with excess Bgt-Sepharose to isolate intracellular
Bgt-binding subunits. Finally, the remaining subunits, predom-
inantly unassembled, were precipitated with anti-HA or anti-a7
antibodies. Subunits isolated from each pool were treated with
hydroxylamine and labeled with *H-NEM (Fig. 4c,d, lanes 1-3).
We observed significant differences in the level of palmitoylation
between the different subunit pools. The palmitoylation sites of
the intracellular BgtRs were most highly labeled by *H-NEM
(Fig. 4c¢,d, lane 2). On average, the stoichiometry of palmitoyl-
ation of intracellular PC12 BgtRs was 2.6 pmol *H-NEM/pmol
subunit and 2.2 pmol *H-NEM/pmol subunit for a7/5-HT;,
BgtRs (Table 1), which indicates that two to three different cysteine
residues on intracellular, Bgt-binding subunits are palmitoylated.

Although the intracellular BgtRs, which are predominantly
precursors of surface BgtRs, were highly palmitoylated, surface
BgtRs were palmitoylated much less (Fig. 4¢,d, lane 1). The stoi-
chiometry of palmitoylation of surface PC12 BgtRs was below the
limits of resolution and 0.15 pmol *H-NEM/pmol subunit for
a7/5-HT;, BgtRs (Table 1), 14-fold lower than for intracellular
receptors. These results indicate that highly palmitoylated, newly
assembled BgtRs are depalmitoylated during transport to and/or
soon after arrival at the cell surface. We also analyzed the palmi-
toylation of the intracellular subunits that had not formed Bgt
binding sites and are predominantly unassembled subunits. The
stoichiometry of their palmitoylation was 0.5 pmol *H-NEM/
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Figure 4.  Palmitoylation occurs during assembly of c7/5-HTs, subunits. a, «7/5-HTs, subunits were pulse labeled with

355-methionine (met)- cysteine (cys) for 1 hr and then chased for 1 hr and analyzed on nonreducing SDS-PAGE (lanes 1and 2).
When Bgt-binding subunits were precipitated with Bgt-Sepharose (Seph) (lane 1), a ladder of 7/5-HT,, subunits (single sub-
units and disulfide-bonded multimers) was observed. When all subunits were precipitated with anti-HA antibodies (lane 2), an
additional set of subunits was observed that migrated as aggregates and were the subunit precursors of the Bgt-binding subunits.
When the palmitoylation sites on a7/5-HT,, subunits were *H-NEM labeled and the subunits were precipitated with either
Bgt-Sepharose (lane 3) or anti-HA antibodies (lane 4), only the ladder of subunits was observed, which are predominately the
Bgt-binding subunits. Aggregates, which are the precursors of the Bgt-binding subunits, were not labeled (lane 4). b, PC12 BgtRs
precipitated with Bgt-Sepharose and immunoblotted with anti-«7 antibodies migrate as a ladder of single subunits and
disulfide-linked multimers (lane 1). Concanavalin A (ConA)-agarose precipitation of &7 subunits followed by immunoblotting
with anti-«:7 antibodies shows subunits that migrate as a ladder as well as disulfide bonded aggregates (lane 2). When a7
subunits from PC12 cells were precipitated with Bgt-Sepharose (lane 3) or anti-«7 antibodies (lane 4) and labeled with 3H-NEM,
only a ladder of single subunits and disulfide-linked multimers was observed. Arrows on the right indicate the position of
a7/5-HT;, and o7 subunit single subunits, disulfide-linked dimers, trimers, tetramers, and pentamers. ¢, d, Palmitoylation of
different cellular pools. We performed three sequential precipitations to isolate cell-surface BgtRs (lane 1), intracellular BgtRs
(Iane 2), and unassembled subunits (lane 3) from c:7/5-HT; ,-expressing cells ( ¢) or PC12 cells ( ), after which the subunits in the
different pools were labeled with *H-NEM to assay palmitoylation. In parallel, a combination of immunoblot analysis and '**|-Bgt
binding was used to estimate subunit levelsin each pool. Lanes 4, 5, and 6 representimmunoblots of cell surface, intracellular, and
unassembled subunits, respectively, stained with anti-HA antibodies or anti-c:7 antibodies. Estimates of the surface and intra-
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consistent with intracellular BgtRs existing
predominantly in or closely associated with
the ER in the cells.

To further test whether intracellular
BgtRs are found in the ER, we assayed the
endoH sensitivity of BgtRs. EndoH cleaves
the oligosaccharide chains of ER proteins
but not after oligosaccharide trimming in
the Golgi. Cells expressing «7/5-HT;,
subunits were metabolically labeled and
chased to monitor BgtR expression. Intra-
cellular BgtRs were separated from surface
BgtRs as in Figure 4c. Surface BgtRs were
resistant to endoH cleavage (data not
shown). In contrast, intracellular BgtRs
were cleaved by endoH as shown in Figure
5c. Initially, all intracellular BgtRs were
cleaved, and with time an increasing per-
centage of the subunits became endoH re-
sistant, consistent with Bgt binding site
formation in the ER followed by transport
to the surface through the Golgi apparatus.

Discussion

Compared with other protein post-
translational modifications, studies of pal-
mitoylation are still in their infancy. The
mechanisms by which proteins are palmi-
toylated are now being worked out, and a
relatively small but growing number of
proteins have been identified as palmitoy-
lated. For cytoplasmic proteins, the pro-
cess of palmitoylation, in large part, regu-
lates associations with cell membranes.
However, functions of palmitoylation are
not well established for integral membrane
proteins such as BgtRs. In this paper, we

cellular Bgt-binding pools were obtained by '°|-Bgt binding (data not shown).

pmol subunit for PC12 @7 subunits and 0.36 pmol *H-NEM/
pmol subunit for «7/5-HT;, subunits (Table 1), or five- to six-
fold less that of the intracellular BgtRs. This result reinforces the
idea that a7 and a7/5-HT;, subunits are not palmitoylated im-
mediately after their synthesis but are palmitoylated during as-
sembly as Bgt binding sites are formed on the subunits.

To address where in the cells palmitoylation of intracellular
BgtRs is occurring, experiments were performed to identify the
location of intracellular BgtRs. PC12 cells (Fig. 5a) and cells ex-
pressing a7/5-HT5, subunits (Fig. 5b) were fixed, permeabilized,
and stained with fluorescent-labeled Bgt. Displayed in Figure 5, a
and b, are confocal microscopy images of two different sets of
cells that typified the Bgt staining. In PC12 cells, BgtRs showed a
punctate staining pattern throughout the cell (Fig. 5ai,iv). Stain-
ing with anti-KDEL to mark the ER was more extensive than the
BgtR staining (Fig. 5aii,v), but all of the BgtR staining colocalized
with the anti-KDEL staining as shown by merged images (Fig.
5aiii,vi). Similar results were obtained with cells expressing a7/5-
HT;, subunits. More prominent rim staining of surface BgtRs
was obtained in these cells (Fig. 5bi,iv) compared with the PC12
cells, which did not colocalize with anti-KDEL staining of the ER
(Fig. 5aiii,vi). However, intracellular fluorescent-Bgt staining
prominent in a perinuclear ring and as discrete puncta throughout
the cell did colocalize with anti-KDEL (Fig. 5biii,vi). The results are

describe a novel function for protein pal-

mitoylation: the regulation of BgtR ex-

pression during assembly in the ER. We
made use of techniques developed recently in our laboratory that
are more sensitive than other assays for palmitoylation (Drisdel
and Green, 2004). Using these techniques, we measured the stoi-
chiometry of palmitoylation of different LGIC subunits and as-
sayed palmitoylation of BgtRs purified from rat brain, demon-
strating for the first time the palmitoylation of a neurotransmitter
receptor from brain. Other LGICs were previously found to be
palmitoylated, muscle nicotinic AChRs in the BC;HI1 cells (Olsen
etal., 1984), glutamate receptor 6 subunits expressed in HEK and
Sf9 cells (Pickering et al., 1995), and most recently, GABA, re-
ceptors expressed in HEK cells (Keller et al., 2004). It is likely that
the palmitoylation of other LGICs will be characterized with the
application of more sensitive techniques. With the recent evi-
dence that LGIC assembly and trafficking are key processes un-
derlying long-lasting changes in synaptic strength (Barry and
Ziff, 2002; Malinow and Malenka, 2002; Sheng and Kim, 2002),
the palmitoylation of LGIC subunits may have a role in regulating
these processes.

Using the new techniques to assay palmitoylation, we ad-
dressed at what point in BgtR biogenesis a7 subunits are palmi-
toylated and where in the cell palmitoylation occurs. By isolating
different subcellular pools of a7/5-HT;, and a7 subunits, we
found that early subunit precursors (subunit aggregates) are not
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palmitoylated, and that the pool of unas- @

sembled subunits and/or assembling sub-

units that have not yet formed Bgt binding

sites are poorly palmitoylated (Table 1). In

contrast, intracellular BgtRs are highly

palmitoylated, and inhibition of a7 sub-

unit palmitoylation in PC12 cells blocks

formation of new Bgt binding sites. These

results, together with our evidence that in-

tracellular BgtRs subunits are located in

the ER, indicate that palmitoylation of the

a7 subunit occurs during receptor assem-

bly in the ER and that it has a role in for-

mation of functional BgtRs. This conclu-

sion is consistent with what is known

about the formation of Bgt binding sites

on muscle-type nicotinic receptors, which

are highly homologous to a7 receptors in b

both sequence and structure (Karlin,

2002). For the muscle-type nicotinic re-

ceptors, formation of Bgt binding sites oc-

curs during the assembly of the receptor in

the ER and is preceded by a series of fold-

ing and processing events that appear to be

required for the subunits to achieve Bgt-

binding conformation (Green and Millar,

1995). The formation of Bgt binding sites

on a7/5-HT;, subunits occurs with simi-

lar kinetics and requires some of the same

processing events (Rakhilin et al., 1999).
We have not tested directly whether

palmitoylation is affecting recycling of

surface receptors. Presently, it is not

known whether surface BgtRs recycle.

Studies have found no evidence that mus- ké.sa_’,
cle nicotinic receptors recycle (Gardner
and Fambrough, 1979), but that does not
exclude the possibility that neuronal BgtRs
do. However, several findings in this 45 —
manuscript suggest that receptor palmi-
toylation does not significantly regulate ~ endoH &
BgtR recycling if it is occurring. First, un- Chase.
labeled Bgt was used to mask BgtRs already ~ time (min)
at the cell surface from the binding of '*°I-

Figure5.

Bgt. As a result, the increase of '**I-Bgt
surface binding in Figure 2b is predomi-
nantly a measure of the insertion of newly
assembled receptors, because most sur-
face, and thus recycled, receptors were
bound by unlabeled Bgt. Therefore, BgtR
recycling does not appear to contribute
significantly to the block of '*°I-Bgt sur-
face binding by 2-BP. Second, if bromopalmitate blocks recy-
cling, it must be blocking the process of endocytosis or subse-
quent steps before or during reinsertion of recycled BgtRs. If
endocytosis were blocked by 2-BP, the rate of surface BgtR deg-
radation would be expected to be reduced. Such a reduction in
the degradation rate does not occur. If reinsertion were blocked,
then the number of intracellular Bgt binding sites would be ex-
pected to rise. In fact, we observed the opposite effect, a decrease
in intracellular Bgt binding, consistent with a block of BgtR as-
sembly. Finally, if significant BgtR recycling were occurring, we
would expect to see a sizeable pool of intracellular BgtR in endo-

and autoradiography.
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Intracellular BgtRs are predominantly in the ER. a, Permeabilized PC12 cells were stained with btn-Bgt and strep488
(green; i, iv). Cells were stained with anti-KDEL antibody (red; ii, v), which is specific for ER-resident proteins. Merged images of
btn-Bgt and anti-KDEL staining (iii, vi). b, Permeabilized cells expressing cc7/5-HT;, subunits were stained with TMR-Bgt (red),
which labels BgtRs at the plasma membrane and intracellular compartments (i, iv). ER staining with anti-KDEL (green; i, v).
Merged images of the TMR-Bgt and anti-KDEL antibody staining (iii, vi). ¢, ac7/5-HT; -expressing cells were pulse labeled for 15
minand chased for the indicated times. Purified intracellular receptors were treated with or without endoH followed by SDS-PAGE

somes. This does not appear to be the case because most intracel-
lular BgtRs appear to be in the ER.

Our results with the a7/5-HT;, subunits and «7 subunits
from PC12 cells provide some of the first evidence that proteins
can be palmitoylated at or in the ER. Previous studies investigat-
ing where certain proteins, such as viral glycoproteins, SNAP-25,
and GAP-43, are palmitoylated in cells have concluded that pal-
mitoylation occurs at the plasma membrane and along the secre-
tory pathway with the exception of the ER (Bijlmakers and
Marsh, 2003). Evidence indicating that palmitoylation can also
occur in the ER is the discovery of two ER-localized proteins in
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Figure6. Amodel of a7 subunit palmitoylation during BgtR assembly. a, In cells capable of
o7 BgtR expression (PC12 cells, neurons), a7 subunits begin in a conformation in which the
cysteines (C) at potential palmitoylation sites are inaccessible to palmitoylation. In step 1, a7
subunits undergo aninitial folding and processing step that changes the conformation of these
cysteines so that they become accessible to palmitoylation. In step 2, the cysteines are palmi-
toylated, which allows the subsequent assembly events that result in functional BgtRs (steps
3-5). After release from the ER and transport to the plasma membrane (step 6), BgtRs are
depalmitoylated, which does not appear to affect receptor function. b, In cells incapable of a7
BgtR expression (HEK cells), step T does not occur because of the absence of the enzymes that
mediate the necessary folding and processing. Without the conformational change of step 1,
o7 subunits are not palmitoylated and functional, and Bgt-binding receptors are not assem-
bled. ¢, In HEK cells, «:7/5-HTs, subunits begin in a conformation in which the cysteines at
potential palmitoylation sites are accessible to palmitoylation and do not have to undergo step
1for the cysteines to be palmitoylated. Palmitoylation of c7/5-HT; , subunits allows the rest of
the steps of BgtR assembly to occur.
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yeast, Erf4p and Erf2p, which function as palmitoyltransferases.
The two proteins form a complex that appears to palmitoylate a
yeast homolog of Ras (Zhao et al., 2002).

BgtRs composed of a7 subunits are unique among LGICs and
other ion channels in that the correct complement of subunits is
not sufficient to achieve functional receptor expression. Addi-
tional subunit processing is required for functional expression,
and it only occurs in certain neurons and specialized cells. Here,
we found that palmitoylation of «7 subunits is part of the pro-
cessing of these subunits that results in BgtR functional expres-
sion. However, protein palmitoylation occurs in most, if not all,
cells, and our results, therefore, do not provide an explanation for
why BgtR functional expression only occurs in certain cells. In
HEK cells, which are incapable of BgtR expression, a7 subunits
were not significantly palmitoylated. Yet palmitoylation of a7/5-
HT,, chimeras and 5-HT} , subunits does occur in HEK cells and
at stoichiometries similar to the palmitoylation of a7 subunits in
PC12 cells, which are permissive for BgtR expression. Thus, there
is no defect that prevents protein palmitoylation in the nonper-
missive HEK cells. Instead, additional processing events deter-
mine whether a7 subunit palmitoylation occurs.

A model based on our data describing when and where palmi-
toylation of a7 is occurring and the role it plays in BgtR expres-
sion in specialized cells is shown in Figure 6. The a7 subunits,
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whether expressed in cells competent for BgtR expression (Fig.
6a) or in cells incapable of BgtR expression (Fig. 6b), begin as
nonpalmitoylated, unassembled subunits just after synthesis at
the ER membrane. Similarly, the a7/5-HT};, chimeric subunits
expressed in cells incapable of BgtR expression (Fig. 6¢) begin as
nonpalmitoylated, unassembled subunits. The initial step, al-
though not directly involved in the palmitoylation of a7 sub-
units, is required before subunits can be palmitoylated. We envi-
sion this step as a conformational change that alters cysteines at
sites of palmitoylation such that the cysteines change from inac-
cessible to accessible to the enzymes that catalyze palmitoylation.
It is this initial processing of &7 subunits that occurs in permissive
cells, such as PC12 cells (Fig. 6a), but not other cells, such as HEK
cells (Fig. 6b). HEK cells lack the ER enzymes or chaperone pro-
teins that mediate this processing. However, a7/5-HT;, chime-
ras in HEK cells readily achieve a conformation allowing palmi-
toylation without the need for additional enzymes or chaperones
(Fig. 6¢). With the completion of step 1, palmitoylation can pro-
ceed (step 2). It is unknown whether the palmitoylation occurs
when the subunits are unassembled as shown in the figure or on
assembled intermediates such as shown in the next step of the
model. After their palmitoylation, the subunits continue to as-
semble and mature. Based on studies of the muscle AChR assem-
bly (Green and Wanamaker, 1998), we assume that Bgt-binding
sites form on subunit trimers during assembly as shown in the
model. Different conformations of the subunits result during
assembly of BgtRs (Rakhilin et al., 1999), as indicated by differ-
ently shaded subunits.

In summary, functional expression of BgtRs is regulated by
palmitoylation of a7 subunits during their assembly in the ER,
and palmitoylation of «7 subunits is itself regulated by other
post-translational processes. Whereas newly assembled BgtRs in
the ER are highly palmitoylated, BgtRs at the plasma membrane
are palmitoylated much less. BgtRs, therefore, undergo a process
of depalmitoylation after their departure from the ER (Fig. 6a).
Because surface BgtRs are functional, it would appear that palmi-
toylation in the ER is required to produce functional receptors
but not necessary for function once the receptors are released
from the ER. Note that subunit depalmitoylation was observed in
HEK cells and PCI12 cells. In chick ciliary ganglion neurons in
which BgtRs are found clustered in lipid rafts (Shoop et al., 1999;
Bruses etal., 2001), palmitoylation of &7 subunits might be main-
tained and function in BgtR trafficking and insertion into lipid
rafts, as has been found with other palmitoylated membrane
proteins.
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