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SUMMARY
Forskolin treatment of cells expressing Torpedo acetylcholine receptors leads to enhanced assembly efficiency of
subunits, which correlates with increased phosphorylation
of the γ subunit. To determine the role of the two potential
protein kinase A sites of the γ subunit in receptor assembly,
cell lines expressing different mutant receptors were established. Mouse fibroblast cell lines stably expressing wildtype Torpedo acetylcholine receptor α, β, δ subunits plus
one of three γ subunit mutations (S353A, S354A, or
S353,354A) were established to identify the protein kinase
A phosphorylation sites of γ in vivo, and to determine if
increased phosphorylation of the γ subunit leads to
enhanced expression of receptors. We found that both
serines (353, 354) in γ are phosphorylated in vivo by protein
kinase A, however, phosphorylation of either or both of

these sites does not lead to increased assembly efficiency.
We established a cell line expressing α, β, and γ(S353,354A)
subunits only (no δ), and found that the presence of δ (or
its phosphorylation) is also not necessary for the observed
stimulation by forskolin. αβγ, αγ, and βγ associations were
stimulated by forskolin but αβ and αδ interactions were
not. These data imply that the presence of γ is necessary for
forskolin action. We postulate that forskolin may stimulate
acetylcholine receptor expression through a cellular
protein that is involved in the folding and/or assembly of
protein complexes, and that forskolin may regulate the
action of such a protein through phosphorylation.

INTRODUCTION

RNA, protein synthesis, polypeptide folding, post-translational
modifications, transport, and degradation. For a heterologous
multisubunit protein, regulation can also occur during
assembly, with both the incoming subunits and the assembly
intermediates being potential sites of regulation. One
mechanism of regulating a wide variety of cellular functions is
protein phosphorylation (for reviews see Edelman et al., 1987;
Sibley et al., 1987; Greengard, 1988; De Camilli et al., 1990;
Greengard et al., 1993). There is increasing evidence for the
regulation of function, expression and cellular distribution of
cell surface receptors and ion channels by phosphorylation
mechanisms. Such regulatory effects have been shown to be
involved in exocytosis, endocytosis, and/or recycling (e.g.
receptors for transferrin, asialoglycoprotein (ASGP), mannose
6-phosphate, epidermal growth factor (EGF), insulin; Klausner
et al., 1984; May et al., 1984; Fallon and Schwartz, 1986; Lin
et al., 1986; Braulke et al., 1990; Davidson et al., 1992;
Meresse and Hoflack, 1993), in functional modulation and
desensitization (e.g. AChR, GABAA, cystic fibrosis transmembrane conductance regulator (CFTR); Huganir et al.,
1986; Moss et al., 1992; Chang et al., 1993), and in assembly
(e.g. assembly of AChR subunits in cultured chick muscle
cells, connexin 43 in the assembly of gap junctional plaques;
Ross et al., 1987; Musil and Goodenough, 1991). In this paper,

The muscle-like nicotinic acetylcholine receptor (AChR) is
the best characterized member of the ligand-gated family of
ion channels, which also includes neuronal AChRs, GABAA
and glycine receptors (Claudio, 1989). The AChR is an
intrinsic membrane glycoprotein composed of four different
subunits with the stoichiometry α2βγδ (for reviews see
Claudio, 1989; Galzi et al., 1991; Karlin, 1991). Evidence
exists for the regulation of AChR expression at the level of
mRNA transcription by neural factors (Harris et al., 1988;
Horovitz et al., 1989; Falls et al., 1993), by muscle activity
(Klarsfeld and Changeux, 1985; Goldman et al., 1988;
Chahine et al., 1992; Dutton et al., 1993), by denervation
(Goldman et al., 1985; Shieh et al., 1987; Goldman and
Tamai, 1989; Tsay and Schmidt, 1989; Bambrick and Gordon,
1992; Brenner et al., 1992; Neville et al., 1992; Salmon and
Changeux, 1992), and by the neuropeptide calcitonin generelated peptide (CGRP) (Fontaine et al., 1987), which induces
increased cAMP levels. However, in none of these studies
does an increase in mRNA levels correlate tightly with
changes in AChR cell surface expression, suggesting that
there are additional sites of regulation.
Protein expression can be regulated at the level of DNA,
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we will investigate the role of phosphorylation in regulating
the assembly of AChR subunits.
We have shown previously that agents that increase intracellular levels of cAMP cause an increase in the number of cell
surface AChRs expressed either in muscle cells or in fibroblasts expressing Torpedo AChRs (All-11 cells) (Green et al.,
1991a). Similar enhancement in cell surface expression has
been observed for GABAA receptors expressed in Cα12 cells,
cells that produce ~ five times higher levels of the catalytic
subunit of protein kinase A (PKA) than wild-type cells (L929)
(Angelotti et al., 1994). The effect of forskolin on AChR
expression was shown to be post-translational and it correlated
with an increased stability of the partially assembled subunits
through heterologous subunit-subunit interactions (Green et
al., 1991a). Further, it was shown that forskolin increased
subunit assembly efficiencies two-fold with a corresponding
increase in cell surface AChRs (Ross et al., 1991). 32P labeling
experiments of All-11 cells indicated a parallel stimulation of
the γ subunit phosphorylation by forskolin. The time-course of
forskolin-stimulated phosphorylation preceded that of subunit
assembly and surface expression. The same stimulation was
observed in fibroblast cell lines transduced with Torpedo αβγ
and αγ subunit cDNAs. The results together indicated a strong
correlation between forskolin-enhanced AChR expression and
γ subunit phosphorylation (Green et al., 1991b).
Torpedo AChR can be phosphorylated in vitro or in vivo by
PKA (γ and δ), PKC (γ and δ) and tyrosine kinases (β, γ and
δ) (Yee and Huganir, 1987; Safran et al., 1990; Qu et al., 1990;
Schroeder et al., 1991; Wagner et al., 1991). Yee and Huganir
(1987) reported that γ subunit phosphorylated in vitro by PKA
was phosphorylated on a single consensus serine (353) site.
However, there are two consensus PKA sites (Ser-353, Ser354) in the sequence of the γ subunit. One question we will
address in this paper is can both sites be phosphorylated in
vivo. A second question is can increased phosphorylation of
the γ subunit lead to increased AChR assembly. For both
questions, three stable fibroblast cell lines were established:
wild-type Torpedo αβδ cDNAs plus γ cDNA point-mutated to
remove consensus phosphorylation sites Ser-353, Ser-354, or
both Ser-353 and Ser-354. Our results demonstrate that both
serines in γ are phosphorylated in vivo, however, phosphorylation of these sites does not lead to increased assembly efficiency of AChR subunits. Although the δ subunit is also phosphorylated by PKA, we show that it does not play a role in
stimulating the assembly of mutant receptors. Our results
strongly indicate that the presence of the γ subunit is necessary
for increased AChR assembly efficiency, although its phosphorylation is not. We suggest that the forskolin effect may be
mediated through a cellular protein that interacts with γ
subunits.

MATERIALS AND METHODS
Mutagenesis and cloning
A 318 bp fragment containing Ser-353 and -354 of the γ subunit
cDNA in pSV2 (pSV2γ) was subcloned into Bluescript KS+ vector
(Stratagene, La Jolla, CA), through unique SalI and ClaI sites; 24-30
bp oligonucleotides were made with mutations Ser353Ala(-1),
Ser354Ala(-2), and Ser353,354Ala(-3). In vitro mutagenesis (Taylor
et al., 1985) was carried out using an Amersham mutagenesis kit

(Amersham, IL). The mutants were analyzed and confirmed by DNA
sequencing. The mutant DNA fragments (318 bp) were cloned back
into pSV2(γ −318 bp) vectors and used for transfections. Cloning and
all manipulations were carried out using standard techniques
(Sambrook et al., 1989).
Cell lines
Cell lines were grown at 37°C in the presence of 5% CO2 and
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% calf serum (DMEM+CS). All-11 cells (mouse fibroblast L cells
cotransfected with Torpedo californica AChR α, β, γ, δ subunit
cDNAs) have been described previously (Claudio et al., 1987). Cell
lines expressing wild-type Torpedo α, β, δ + γ mutations -1, -2, -3
and a cell line expressing α, β + γ(-3) mutation were established by
lipofection (Felgner et al., 1987; Claudio, 1992). Each subunit cDNA
was engineered behind a SV40 promoter (pSV2 vectors) and cotransfected with thymidine kinase cDNA (ptk) into Ltk− cells. For lipofection, 50%-confluent 10 cm dishes of Ltk− cells were rinsed three
times with DMEM, and incubated at 37°C in 3 ml of DMEM containing 100 µl of DOTMA (N-[1-(2,3-dioleyloxy)propyl]-N,N,Ntrimethylammonium chloride; BRL, MD) plus 100 ng ptk and 2.5 µg
each of α, β, δ, and mutant γ cDNA. After 5 hours, 10 ml of
DMEM+CS was added and cells were grown until confluent. Cells
were split into DMEM+CS containing 15 µg/ml hypoxanthine, 1
µg/ml aminopterin, and 5 µg/ml thymidine (HAT). Subsequent steps
followed the same protocol as in Claudio et al., 1987. All-11, βγδ,
-1, -2, -3 and αβ(γ -3) cell lines are mouse fibroblast L cells stably
expressing wild-type Torpedo αβγδ, βγδ, αβδ + γ(S353A), αβδ +
γ(S354A), αβδ + γ(S353,354A) and αβ + γ(S353,354Α), respectively.
NIH3T3 cells expressing Torpedo αβ, αγ, αδ and αβγ have been
cotransfected with the neomycin resistance gene (pSV2-neo) and αβ,
αγ, and αβγ subunit cDNAs engineered into pSV2 vectors. To induce
expression in each of these cell lines, cells were grown at 37°C until
confluent, 20 mM sodium butyrate (NB) was added for 24-48 hours,
and then the cells were placed in an incubator maintained at 20°C for
the indicated time period.
125I-αBungarotoxin

(BuTx) binding
To measure cell surface AChRs, cells were rinsed twice with PBS +
0.6 mM CaCl2 and incubated at room temperature in PBS containing
5 nM 125I-BuTx (a peptide neurotoxin that binds specifically to
AChRs) (sp. act. 140-170 cpm/fmol; NEN Radiochemicals, MA), 0.6
mM CaCl2 and 0.1% BSA. Cultures were labeled for 2 hours on a
shaker table, washed three times with PBS, solubilized in 1% Triton
X-100, and radioactivity quantitated using a γ-counter. Nonspecific
binding, determined by measuring 125I-BuTx binding in the presence
of the competitive inhibitor carbamylcholine (10 mM), did not exceed
5% of total labeling. Total cellular levels of AChR or partial
complexes were determined by incubating cell lysates in 10 nM 125IBuTx from 6 hours to overnight at 4°C on a Labquake shaker,
followed by immunoprecipitation and quantitation with a γ-counter.
Labeling and immunoprecipitations
For 35S labeling, confluent 10 cm dishes of cells were treated with 20
mM NB containing medium for 24-48 hours at 37°C, washed twice
with PBS, incubated for 15 minutes at the labeling temperature (37
or 20°C) in methionine-free DMEM (JR Scientific, CA) and then
incubated in 2 ml methionine-free DMEM containing 300 µCi
[35S]methionine (Amersham Radiochemicals, IL) for the given time
and temperature. After labeling, cells were immediately lysed or
washed twice with DMEM and chased in 4 ml of DMEM+NB with
or without cycloheximide (10 µg/ml) at 20°C for the indicated time.
Before lysis, cells were washed twice with PBS, scraped, and the cells
pelleted by centrifugation at 5,000 g for 3 minutes. The remaining
steps were carried out at 4°C. Pellets were resuspended in 400-700 µl
of lysis buffer (LB) (150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH
7.4, 1% Triton X-100, 0.02% NaN3) containing fresh 2 mM phenyl-
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methylsulfonyl fluoride (PMSF) and 2 mM N-ethylmaleimide (NEM).
In some experiments, 1% Triton X-100 was replaced with 1% LPC
(1% Lubrol Px (Calbiochem, CA) + 183 µl (per 10 ml LB) of phosphatidyl choline (Sigma)), freshly made once a week. In 32P labeling
experiments, phosphatase inhibitors NaF (50 mM), pyrophosphate (5
mM) and vanadate (100 µM) were included in the lysis buffer, along
with the protease inhibitors. Cells were lysed overnight, and the
extracts clarified by centrifugation at 10,000 g for 10 minutes. Polyclonal or monoclonal antibodies (α-specific mAb 35 (American Type
Culture Collection, Rockville, MD), α-specific mAb 14, β-specific
mAb 148, or γ-specific mAb 168 (Tzartos and Lindstrom, 1980;
Gullick and Lindstrom, 1983; Wan and Lindstrom, 1985)) were added
to the supernatants and the samples were rocked overnight. Then 50
µl of Protein G-Sepharose (Pharmacia) or Protein A-Sepharose
(Sigma) (diluted 2× in PBS) was added, the samples were rocked a
minimum of 3 hours, and the resin was washed five times with lysis
buffer. After the final wash, 35 µl of gel-loading buffer (4% SDS,
20% glycerol, 0.125 M Tris, pH 6.8, 0.01% Bromophenol Blue) containing fresh 10 mM DTT was added to the pellets and incubated at
room temperature for 20 minutes. The resins were spun down and the
supernatants were loaded onto a 7.5% discontinuous SDS-polyacrylamide gel (Laemmli, 1970). Gels were fixed and stained for 30
minutes in 25% methanol and 10% acetic acid containing 0.3%
Coomassie Brilliant Blue, destained, and then soaked in Amplify
(Amersham, IL) for 30 minutes, dried on a gel dryer, and exposed to
film (Kodak X-Omat RP XRP-1, Parker Xray, CT) at −70°C with an
intensifying screen. Autoradiographs were analyzed and quantified by
scanning densitometry using a Bioimage/Visage system (Millipore).
For 32P labeling, cells were treated with DMEM+NB at 37°C for
24-36 hours and then treated with DMEM+100 µM forskolin (Calbiochem, CA) at 20°C for 25-30 hours. Cells were washed and
incubated in phosphate-free DMEM at 20°C for 15 minutes, and
labeled with 4 ml of phosphate-free DMEM containing
[32P]orthophosphate (1-2 mCi/10 cm dish, NEN) plus forskolin (100
µM) for 15-18 hours. Cells were lysed and processed as above.
Phosphoamino acid analysis
All-11 cells were 32P-labeled in the presence of forskolin (100 µM)
at 20°C, lysed in 1% Triton X-100 LB, and the unassembled subunits
were isolated by first running the cell lysate on a 5-20% linear sucrose
gradient and then collecting the 6 S peak (Green et al., 1991b). The
samples were run on an SDS gel, transferred to immobilon
membranes (Millipore, MA), the γ subunit band was excised and
subjected to partial acid hydrolysis at 110°C for 1 hour in 5.7 M HCl
(Kamps and Sefton, 1989). Phosphoamino acids were resolved by
two-dimensional electrophoresis on thin-layer cellulose plates (Stern
et al., 1991). Electrophoresis in the first dimension was at pH 1.9, and
at pH 3.5 in the second dimension. Non-labeled phosphoamino acid
standards mixed in with the samples were located by ninhydrin
staining.
In vitro phosphorylation by PKA
Ten confluent 10 cm dishes of All-11 cells were treated with or
without forskolin (100 µM) for 2 hours during the last two hours of
the 20°C incubation period. Cells were lysed in 225 µl of 1% Triton
X-100 LB in the presence of protease and phosphatase inhibitors. The
in vitro phosphorylation was performed by incubating 100 µl of cell
lysate with 1 µM purified catalytic subunit of PKA (Promega,WI), 25
µM ATP, and 25 µCi of [γ-32P]ATP (NEN) at 30°C for 3 hours in the
presence of the protease inhibitors, 2 mM PMSF and 2 mM NEM
(Yee and Huganir, 1987).
Phosphopeptide mapping
Cells labeled with [32P]orthophosphate were lysed in 1% Triton X100 LB, γ subunits were isolated by immunoprecipitation with mAb
168 (γ-specific mAb), the precipitates were run on a 7.5% gel, and the
γ subunit band was cut from the gel. Sample preparation for phos-

phopeptide mapping used the method of Lai et al. (1987). Gel pieces
were washed in 20 ml of 10% acetic acid/10% isopropanol for 12-24
hours, and then twice with 50% methanol for 12 hours. Gel pieces
were washed in deionized distilled water and dried in a Speedvac. Gel
pieces were then incubated in 500 µl of digestion buffer (50 mM
NH4CO3, 0.5 mM DTT, Phenol Red, 50 µg/ml thermolysin) for 24
hours at 37°C. The supernatant was dried in a Speedvac, washed
several times with water and dissolved in 5 µl of pH 3.5 running buffer
(1% pyridine, 10% acetic acid) plus 1 µl of a 1 µg/ml solution of basic
furisin in running buffer. The tubes were vortexed and spun in a
microfuge, the supernatant was spotted (1 µl at a time) on a thin-layer
nitrocellulose plate (Baker, NJ), and dried with a hair dryer after each
application. The sample was subjected to electrophoresis at 350 V for
75 minutes in the first dimension. The plates were allowed to dry
overnight and subjected to thin-layer ascending chromatography in
the second dimension. The plates were then dried and analyzed by
autoradiography.

RESULTS
The γ subunit is phosphorylated only on serine
residues
In previous studies, we reported that forskolin and other
cAMP-activators induced a two- to three-fold increase in cell
surface AChRs for both Torpedo AChRs expressed in AChRfibroblasts and endogenous rat AChRs expressed in rat L6
muscle cells. For both systems, the forskolin effect was shown
to be mediated through a post-translational mechanism (Green
et al., 1991a). Further analysis demonstrated that the stimulation occurs at the level of subunit assembly (Ross et al., 1991)
and it correlated with an increase in phosphorylation of the γ
subunit (Green et al., 1991b). These observations led to the
hypothesis that AChR subunit assembly may be regulated by
phosphorylation of the γ subunit. To further investigate this
correlation, we first characterized the phosphorylation sites of
the γ subunit.
In order to obtain maximum expression of AChRs in All-11
cells (Torpedo AChR-fibroblasts), a temperature-shift protocol
was followed. Confluent dishes of cells were incubated in 20
mM NB medium at 37°C for 24-48 hours (to enhance subunit
synthesis), and then shifted to 20°C for 48-72 hours (to allow
assembly of AChR subunits (Claudio et al., 1987; Paulson and
Claudio, 1990). Forskolin treatment was carried out during the
20°C incubation period. To identify the phosphoamino acid
residues of the γ subunit, confluent dishes of All-11 cells were
labeled with [32P]orthophosphate in the presence of 100 µM
forskolin. Unassembled subunits were isolated by running the
cell lysate on a sucrose gradient and immunoprecipitating
fractions with mAb 168, an antibody directed against the γ
subunit. Immunoprecipitates were run on SDS-polyacrylamide
gels and purified γ subunit was subjected to partial acid hydrolysis (see Materials and Methods). Phosphoamino acids were
resolved by two-dimensional electrophoresis on thin-layer
cellulose plates and analyzed by autoradiography (Fig. 1). The
results indicate that γ is phosphorylated only on serine residues.
Forskolin pre-treatment of All-11 cells blocks in vitro
phosphorylation by PKA
To determine if the in vivo phosphorylation of the γ subunit is
mediated through PKA, confluent dishes of All-11 cells were
treated with NB at 37°C and then shifted to 20°C in the absence
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Fig. 1. Phosphoamino acid analysis of the γ subunit. Confluent 10 cm
dishes of All-11 cells were incubated in growth medium containing
20 mM NB for 28 hours at 37°C. The cells were treated with
forskolin (100 µM) at 20°C for 26 hours and labeled with
[32P]orthophosphate (2 mCi/10 cm dish) plus forskolin for 18 hours.
Unassembled γ subunits were isolated as described in Materials and
Methods and subjected to phosphoamino acid analysis.
Electrophoresis in the first dimension was at pH 1.9 (anode at the
left), and at pH 3.5 in the second dimension (anode at the top). Ser,
Thr, and Tyr mark the positions of the serine, threonine and tyrosine
standards, respectively, and ori marks the position of the origin.

Fig. 2. In vitro phosphorylation of control
and forskolin-treated cell lysates by PKA.
Confluent 10 cm dishes of All-11 cells were
incubated in 20 mM NB medium at 37°C
for 24 hours and shifted to 20°C for 48
hours in the absence (C lane) or presence (F
lane) of forskolin (100 µM). Equal amounts
of cell lysates were phosphorylated in vitro
by 1 µM catalytic subunit of PKA in the
presence of [γ-32P]ATP. Assembled
subunits were immunodepleted from the
lysate using mAb 35, then unassembled γ
subunits were isolated by mAb 168 immunoprecipitation and run on
a 7.5% SDS-polyacrylamide gel.

or presence of forskolin. Cells were lysed and equal amounts
of control and forskolin-treated membrane extracts were phosphorylated in vitro in the presence of 1 µM catalytic subunit
of PKA and 25 µM [γ-32P]ATP at 30°C. Assembled subunits
were immunodepleted from the lysate using mAb 35 (an
antibody directed against the α subunit). Unassembled γ
subunits could then be isolated with γ-specific mAb 168 and
analyzed by SDS-PAGE autoradiography (Fig. 2). In vitro
PKA phosphorylation was higher in control samples (lane C)
compared with forskolin-treated (lane F) samples. The 32Plabeled γ subunit bands were cut from the gel, dissolved, and
counted in order to measure the number of moles of 32P incorporated into subunits: 0.23 pmol of 32P were incorporated
under control conditions and 0.11 pmol were incorporated
under forskolin-treated conditions. The amount of subunit
present in the control and forskolin-treated cells was quantitated by parallel [35S]methionine labeling experiments, and the
total number of unassembled γ subunits was determined to be
0.40 pmol under control conditions and 0.70 pmol under
forskolin-treated conditions. When 32P incorporation was

C

Fig. 3. Phosphopeptide mapping of γ subunit. Confluent 10 cm
dishes of All-11 cells were incubated in 20 mM NB medium for 24
hours and shifted to 20°C for 26 hours in the absence or presence of
forskolin (100 µM). Cells were then labeled with
[32P]orthophosphate (2 mCi/dish) plus or minus forskolin (100 µM)
for 18 hours at 20°C. Cells were lysed in 1% Triton X-100 lysis
buffer, assembled subunits were immunodepleted from the lysate
using mAb 35, then unassembled γ subunits were isolated by mAb
168 immunoprecipitation and processed for phosphopeptide mapping
as described in Materials and Methods. The peptides were subjected
to electrophoresis at pH 3.5 in the first dimension (cathode at the left)
and thin-layer chromatography in the second dimension (pH 13.5).
(A) partial amino acid sequence of γ subunit (residues 350-357) (B)
forskolin-treated (C) control-treated.

corrected for the amount of subunit present, we calculated that
0.57 pmol of 32P per mol of subunit were incorporated under
control conditions and 0.15 pmol of 32P per mol of subunit
were incorporated under forskolin-treated conditions. These
results indicate that in vivo, forskolin-treated samples are phosphorylated at the same sites as those that are phosphorylated
in vitro by PKA and therefore suggest that, upon forskolin
treatment, PKA is the kinase responsible for phosphorylation
of the γ subunit in vivo.
PKA phosphorylates γ on multiple sites
The γ subunit has two consensus PKA phosphorylation sites at
Ser-353 and Ser-354 (Fig. 3A). Yee and Huganir (1987)
reported that when membranes from Torpedo electric organs
were phosphorylated in vitro by the catalytic subunit of PKA,
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only Ser-353 was phosphorylated. In All-11 cells, forskolin
and cAMP analogs stimulated the phosphorylation of the γ
subunit. To identify the site(s) that is stimulated by forskolin,
All-11 cells were labeled with [32P]orthophosphate at 20°C in
the presence or absence of forskolin, cells were lysed,
membrane extracts were immunoprecipitated with mAb 168,
and samples were subjected to SDS-PAGE autoradiography.
The purified γ gel bands were processed for digestion with thermolysin and the resulting peptides were analyzed by phosphopeptide mapping, followed by autoradiography (Fig. 3B,C).
Control samples (Fig. 3C) migrated predominantly as a single
spot whereas the forskolin-treated samples (Fig. 3B) showed
two major spots. The pattern shown in Fig. 3B is consistent
with a multiply phosphorylated single peptide (Boyle et al.,
1991), and thus suggested that the γ subunit was phosphorylated at more than one site.
Ser-353 and Ser-354 mutants assemble properly
In order to determine if Ser-353 and Ser-354 can both be phosphorylated by PKA, and if the phosphorylation of the γ subunit
can regulate AChR assembly, these two serines were singly or
doubly mutated to alanines by in vitro site-directed mutagenesis. Mouse L fibroblasts stably expressing Torpedo αβδ and
mutant γ subunits were identified by screening cell lines with
125I-BuTx. The cell lines containing Ser353Ala, Ser354Ala,
and Ser353,354Ala are referred to as -1, -2, -3, respectively.
Clonal isolate number 1 (for -1), 14 (for -2) and 16 (for -3)
were selected for further characterization and they expressed
~8, 10 and 30 fmols of surface 125I-BuTx sites per 60 mm
dish, respectively (All-11 cells express ~55 fmols/60 mm
dish).
Torpedo αβγ subunits will assemble and form a functional
complex which is expressed on the surface of fibroblasts
(Green et al., 1991b). To determine if each mutant cell line
contained all four subunits and if the subunits assembled
properly, All-11, -1, -2, and -3 cells were pulse-labeled at 37°C
for 1 hour with [35S]methionine, then chased at 20°C for 48
hours. Cells were lysed, membrane extracts were immunoprecipitated with mAb 14 (anti-α) or mAb 168 (anti-γ), and
immunoprecipitates were analyzed by SDS-PAGE autoradiography (Fig. 4). As shown, all four subunits were expressed in
each cell line and the subunits assembled into complexes that
could be immunoprecipitated with anti-α or anti-γ specific antibodies.
Both serines can be phosphorylated by PKA
In order to determine whether serines 353 and 354 are both
phosphorylated by PKA in the presence of forskolin, All-11
and mutant AChR cells were labeled with [32P]orthophosphate
in the presence of forskolin at 20°C. Cells were lysed,
membrane extracts immunoprecipitated with mAb 168, and
immunoprecipitates analyzed by SDS-PAGE autoradiography
(Fig. 5). Both -1 and -2 AChR mutants were phosphorylated
on γ but the -3 AChR mutant did not show any 32P incorporation. The observation that -1 and -2 were both phosphorylated
demonstrates that either Ser-353 or Ser-354 can be phosphorylated. The observation that -3 was not phosphorylated,
demonstrates that Ser-353 and Ser-354 are the only sites in γ
that can be phosphorylated by PKA.
The γ gel bands from -1 and -2 were subjected to phosphopeptide mapping. The peptide maps (Fig. 6) showed single

Fig. 4. Mutant AChRs assemble properly. Confluent 10 cm dishes of
All-11 (1 dish/lane), -1 (S353A, 2 dishes/lane), -2 (S354A, 2
dishes/lane), -3 (S353,354A, 1 dish/lane) were incubated in 20 mM
NB medium for 40 hours at 37°C. They were then labeled with
[35S]methionine (0.3 mCi/dish) at 37°C for 1 hour and chased in NB
medium at 20°C for 24 hours. Cells were lysed in 1% Triton X-100
lysis buffer and assembled receptors were immunoprecipitated with
mAb 14 or mAb 168. Immunoprecipitates were analyzed by SDSPAGE autoradiography. The number in parentheses below each cell
line is the clonal isolate number.

Fig. 5. Both serines in γ are phosphorylated.
Confluent 10 cm dishes of All-11, 1(S353A), -2(S354A), -3(S353,354A) cells
were incubated in 20 mM NB medium at
37°C for 24 hours. Cells were shifted to
20°C in the presence of forskolin (100 µM)
for 31 hours and then they were labeled with
[32P]orthophosphate (1 mCi/dish) for 13
hours at 20°C. Cells were lysed in 1%
Triton X-100 lysis buffer, subunits were
denatured in 1% SDS, renatured in 5%
Triton X-100, immunoprecipitated with
mAb 168, and analyzed by SDS-PAGE
autoradiography.

spots for both mutants. During ascending chromatography, the
mutant phosphopeptides migrate with a similar Rf value, indicating that they are singly phosphorylated forms of the same
peptide. As shown in Fig. 3B, two spots were observed on the
phosphopeptide map of wild-type γ. Such a pattern of
migration is indicative of similarly sized peptides being singly
and doubly phosphorylated. During electrophoresis in the first
dimension, both peptides migrate towards the cathode showing
that they are basic. The doubly phosphorylated peptide (PP)
migrates more slowly toward the cathode due to its one extra
negative charge. During ascending chromatography in the
second dimension, the singly phosphorylated peptide (P)
migrates faster since it has 1 Ser + 1 phosphoserine compared
to the doubly phosphorylated peptide which has 2 phosphoserines. This difference makes the doubly phosphorylated
peptide less hydrophobic and therefore it migrates slower
during chromatography. The results from Figs 3 and 6 demonstrate that the γ subunit can be phosphorylated on Ser-353, Ser-

1646 S. P. Jayawickreme, W. N. Green and T. Claudio

Fig. 6. Singly mutated γ subunits run as single phosphopeptides.
Phosphorylated γ subunit bands (Fig. 5) of -1(S353A) and -2(S354A)
cells were processed for phosphopeptide mapping as described in
Materials and Methods. The peptides were subjected to
electrophoresis at pH 3.5 in the first dimension (cathode at the left)
and thin-layer chromatography in the second dimension (pH 13.5).

354, or both, in vivo. They also show that the phosphorylation
of one site does not prohibit the other site from being phosphorylated.
Forskolin stimulates mutant AChR assembly
We have shown previously that forskolin stimulated the
assembly of wild-type AChRs in All-11 cells, and this stimulation correlated with an increase in γ subunit phosphorylation.
To determine if phosphorylation of Ser-353, Ser-354, or both
led to enhanced assembly efficiencies, All-11 and all three
mutant AChR-expressing cells were treated with NB at 37°C,
then shifted to 20°C for 48 hours in the presence or absence of
forskolin. The expression of surface AChRs was measured by
125I-BuTx binding and the ratios of forskolin-treated to control
cells are given in Table 1. As shown, forskolin stimulated the
assembly of all three mutants to the same extent as it stimulated the assembly of All-11 AChRs. These results clearly
demonstrate that either or both PKA sites on γ can be phosphorylated, however, phosphorylation of the sites appears not
to result in enhanced assembly efficiency of the subunits since
the double mutant also showed enhanced expression. It is
possible that when the PKA sites are removed from γ, phosphorylation of PKA sites on δ substitute for, and fulfill the role
of, phosphorylated γ.
Does δ play a role in stimulating assembly?
Previously, we reported that γ and δ are both phosphorylated
by PKA although the effect of forskolin on unassembled δ
subunit phosphorylation was less pronounced than it was on γ
(Green et al., 1991b). However, because δ is the only subunit
Table 1. Ratio of [125I]BuTx counts (forskolin/control)
Cell line

Ratio (forskolin/control)*

All-11
-1
-2
-3
αβγ(-3)

1.9±0.1 (4)
1.9±0.1 (4)
2.2±0.1 (2)
2.0±0.2 (2)
1.7±0.1 (2)

*Numbers in parentheses represent the number of experiments from which
the means ± s.d. were calculated. Each experiment was carried out in
triplicate.

other than γ that is phosphorylated by PKA, and because γ and
δ are 49% identical and thereby possibly capable of substituting for one another, we wished to test the effect of forskolin
on AChRs lacking a δ subunit in order to observe directly the
effect of γ in regulating assembly. We showed previously that
fibroblasts expressing wild-type Torpedo α, β, and γ subunits
form αβγ complexes that are expressed on the cell surface, the
complexes bind BuTx, and their expression is stimulated by
forskolin treatment (Green et al., 1991b). Thus to test directly
the role of γ phosphorylation, we established a cell line
expressing α, β, and the γ double mutant, αβ(γ -3). The αβ(γ
-3) cell line expressed all three subunits; the subunits
assembled into complexes that were expressed on the cell
surface, and they bound BuTx (~20 fmols per 60 mm dish). To
test their response to forskolin, confluent dishes of cells were
treated with NB at 37°C, shifted to 20°C in the presence or
absence of forskolin, and cell surface expression was assayed
by 125I-BuTx binding. We found that expression of αβ(γ -3)
complexes was also stimulated in the presence of forskolin
(Table 1). These results strongly suggest that stimulation of
AChR assembly by forskolin is not mediated by PKA phosphorylation of γ or δ subunits.
Is the forskolin stimulation γ-specific?
The above results demonstrate that forskolin stimulates the
assembly of AChR subunits, and further, that the mechanism
of action is not through direct PKA phosphorylation of
subunits. The forskolin effect is thus indirect, but does it act
specifically through one or more subunits? Previously, we
reported that α-γ associations in αγ-expressing cells were stimulated by forskolin treatment whereas α-δ associations in αδ
cells were not stimulated by this treatment (Green et al.,
1991b). These and other results supported the observed correlation between an increase in γ subunit phosphorylation and an
increase in assembly efficiency. In a more recent study (Green
and Claudio, 1993) designed to delineate the order of subunit
assembly, we have been able to isolate AChR assembly intermediates in cells expressing the full complement of subunits
and found that an αβγ intermediate is formed very rapidly (<5
minutes after polypeptide synthesis). We demonstrate in that
study that δ subunits do not add to these complexes until ~6
hours and that αδ associations do not occur in cells capable of
expressing fully functional AChR complexes. Based on several
lines of experimentation, we proposed that there is not a unique
dimer precursor to αβγ trimers, but rather, αβ, αγ, and βγ all
serve as precursors to trimers.
Thus, to address the questions of whether single or multiple
subunits are the indirect targets of the forskolin effect, and to
identify the subunit(s), we investigated the effect of forskolin
on αβ, αγ, and βγ complexes using cells expressing αβ, αγ,
and βγδ, respectively. Because the steady-state combination of
α and δ subunits binds BuTx, the αδ cell line was also tested
for modulation by forskolin. Two methods were used to detect
interactions between subunits: (1) label α-containing cell lines
with 125I-BuTx, forskolin-treat cells, immunoprecipitate with
an antibody directed against the non-α subunit, and quantitate
the 125I-BuTx co-precipitated by counting in a γ-counter; or (2)
label cells with [35S]methionine, forskolin-treat cells, immunoprecipitate, run the immunoprecipitates on SDS gels, treat for
fluorography, and quantitate by scanning the band of the coprecipitated subunit. As shown in Table 2, both coprecipitation
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Table 2. Forskolin treatment on partial subunit complexes
Assembly
intermediates
αβ
αγ
βγ
αδ

[125I]BuTx Counts*
(forskolin/control)

[35S]Methionine†
(forskolin/control)

1.2±0.1 (2)
1.8±0.2 (2)
−
0.8±0.2 (2)

1.0
1.9
1.8
n.d.

*Numbers in parentheses indicate the number of experiments from which
the means ± s.d. were calculated. Each experiment was carried out in
triplicate.
Confluent 10 cm dishes of cells were incubated at 37°C in 20 mM NB
media for 24 hours. Cells were shifted to 20°C for 48 hours, lysed in 1% LPC
lysis buffer, labeled with [125I]BuTx, immunoprecipitated with antibodies
specific to the non-α subunit, and quantitated using a γ-counter.
†Values represent the average of duplicates.
Confluent 10 cm dishes of cells were incubated at 37°C in 20 mM NB
media for 24 hours, labeled with [35S]methionine, chased at 20°C for 48
hours, lysed in 1% LPC lysis buffer, immunoprecipitated and analyzed by
SDS-PAGE autoradiography. For αβ, αγ, and βγ intermediates,
[35S]methionine ratios were obtained by scanning α, α, and β bands
coimmunoprecipitated with anti -β, -γ, and -γ specific antibodies,
respectively.
n.d. not determined.

DMEM, one dish of cells was lysed immediately, and the
remaining dishes were chased in DMEM containing (10 µg/ml)
cycloheximide ± forskolin. After 1, 3, 6, 10 and 26 hours of
chase at 20°C, control and forskolin-treated dishes of cells
were lysed in 1% LPC buffer. Membrane extracts were
incubated with 10 nM 125I-BuTx and immunoprecipitated with
mAb 168. Immunoprecipitates were analyzed by 125I counting
followed by SDS-PAGE autoradiography (Fig. 7A). Several
conclusions can be drawn from this experiment. The assembly
efficiency of subunits synthesized at 20°C is enhanced by
forskolin treatment. Thus the secondary forskolin effect on γ
subunits does not appear to be a mechanism by which the cell
can salvage misfolded polypeptides at 37°C and shape them
into assembly competent polypeptides. It still may be that the
secondary effect is helping to shape the γ subunit, but it does
not appear to be a temperature artifact. The forskolin effect is
visible as early as 3 hours (Fig. 7A(lanes 4,5),B,C) and since
AChR complexes are not formed before ~6 hours (Ross et al.,
1991), these results further support our previous findings that
forskolin stimulation occurs at the level of subunit assembly.

A
of 125I-BuTx-α subunits or coprecipitation of [35S]methioninelabeled subunits, gave similar results. Using either or both
methods, the data in Table 2 demonstrate that only complexes
composed of γ subunits respond to forskolin treatment. Our
conclusion from this series of studies is that the γ subunit is a
specific, and indirect target of forskolin treatment.
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Is the forskolin stimulation temperature-dependent?
We have shown that assembly of Torpedo AChR subunits is
temperature-sensitive and that although subunits are synthesized at 37°C, they do not assemble unless the temperature is
lowered ~10°C (Claudio et al., 1987; Paulson and Claudio,
1990). To test if subunits fully synthesized at 37°C could
assemble when the temperature was lowered to 20°C, we
labeled All-11 cells with [35S]methionine for 30 minutes at
37°C, rinsed at 37°C, and incubated them an additional 1 hour
at 37°C before shifting to 20°C for 30 hours. This protocol
allows sufficient time for labeled subunits to be fully synthesized before assembly is attempted. Using such a protocol, we
found that subunits fully synthesized at 37°C then shifted to a
permissive temperature, assemble with the same efficiency
(20-35%) as those synthesized at 20°C (Jayawickreme, 1993).
The experiments described up to this point (and in previous
papers on the forskolin effect from our laboratory) have all
used a protocol in which the cells were labeled at 37°C and
then shifted to 20°C in the presence or absence of forskolin.
Thus the forskolin effect has been on subunits partially or fully
synthesized at 37°C. Now that we have shown that the
forskolin effect is not through direct phosphorylation of the γ
subunit, could the secondary effect we are observing on γ
subunits be due to a temperature artifact, such as a 37°C
misfolded γ polypeptide being reshaped to a 20°C assemblycompetent conformation? To test this idea, we asked if
forskolin had the same stimulatory effect on subunits synthesized at 20°C as it did on subunits synthesized at 37°C.
Confluent dishes of αβγ cells were incubated at 37°C in NB
for 24 hours, shifted to 20°C, then pulse labeled at 20°C for 1
hour with [35S]methionine. Cells were washed twice with
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Fig. 7. Forskolin stimulates association of subunits synthesized at
20°C. Confluent 10 cm dishes of αβγ-expressing cells were
incubated in 20 mM NB at 37°C for 24 hours. Cells were placed at
20°C and labeled with [35S]methionine (0.3 mCi/dish) for 1 hour,
then they were immediately lysed in 1% LPC lysis buffer or chased
in 10 µg/ml cycloheximide containing 20 mM NB medium in the
presence (lanes 3, 5, 7, 9, 11) or absence (1, 2, 4, 6, 8, 10) of
forskolin (100 µM). Cells were lysed at the indicated times, lysates
were labeled with 10 nM 125I-BuTx, immunoprecipitated with mAb
168, counted in a γ-counter and analyzed by SDS-PAGE
autoradiography. (A) SDS-PAGE analysis (B) 125I-BuTx counts of
control (h) and forskolin-treated (j) samples. (C) Ratio of 125IBuTx counts of forskolin and control-treated samples (h).
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The increased efficiency of assembly observed indicates a
decreased rate of degradation or an increased rate of association of AChR subunits during assembly.
DISCUSSION
In this study we show that upon forskolin treatment of All-11
cells γ subunits are phosphorylated only on serine residues.
Forskolin pretreatment of All-11 cells blocked in vitro phosphorylation of the γ subunit by PKA. We also found that both
serines (353, 354) in γ are phosphorylated in vivo. In earlier
studies, membranes were isolated from Torpedo electric organ,
and phosphorylated in vitro by the catalytic subunit of PKA
(Yee and Huganir, 1987). Peptide maps of this material showed
a single spot, and subtractive manual Edman degradation
showed Ser-353 as the site of phosphorylation. However, due
to the qualitative nature of their determination, Yee and
Huganir could not rule out the possibility that Ser-354 was also
phosphorylated. The reason they observed a single spot on
phosphopeptide maps and we observe two spots, could be due
to variations in the purity or the specific activity of the catalytic
subunit of PKA. Another possibility is that the AChRs they
isolated from postsynaptic membranes were already phosphorylated on a single site. Thus, during in vitro phosphorylation,
only the second site could be phosphorylated, which would
give doubly phosphorylated peptides which would run as a
single spot.
Our finding that the double mutant was not phosphorylated
by forskolin treatment confirms that there are only two PKA
sites on the γ subunit. All three mutant cell lines expressed
receptors on the cell surface. The amount of AChR expression
paralleled the total amount of polypeptide synthesized in the
cells (data not shown). Furthermore, the mutant assembled
receptors were shown to contain all four subunits. Together,
these results indicate that the mutations did not affect AChR
assembly or transport. However, despite the removal of phosphorylation sites of γ, AChR expression could still be stimulated by forskolin. To test the hypothesis that phosphorylation
of the δ subunit can fulfill the role of γ in mutant AChRs, we
established the cell line αβ(γ -3). The observation that
forskolin could stimulate the assembly of αβ(γ -3) complexes
strongly suggests that forskolin action on subunit assembly
does not require PKA phosphorylation of any of the subunits.
However, the observation that in cells expressing different
combinations of subunits (αβ, αγ, αδ, βγ), only those cells
expressing a γ subunit demonstrated increased associations in
the presence of forskolin, strongly suggests that forskolin
action requires the presence of the γ subunit.
We know that forskolin acts post-translationally (Green et
al., 1991a; Ross et al., 1991; this study), and that it stimulates
subunit assembly (which occurs in the ER; Ross et al., 1991).
As shown in Fig. 7A, αβγ subunits are already associated with
one another at 0 hours chase (1 hour label at 20°C) but the
forskolin effect is not obvious until ~3-6 hours of chase. We
showed in another study that αβγ associates within ~5 minutes
of synthesis and that δ subunits do not add to the complex until
~6 hours (Green and Claudio, 1993). The major transformations subunits appear to undergo during this 5 minute to 6 hour
period are folding and assembly. Because of the acute temperature sensitivity of Torpedo subunits, we investigated the

forskolin effect at assembly-permissive and non-permissive
temperatures. We showed that subunits labeled at 37°C and
fully synthesized at this temperature will assemble when
shifted to 20°C (Jayawickreme, 1993), that subunits labeled at
20°C will assemble at 20°C, and that both respond similarly to
forskolin treatment. Thus the forskolin effect is not temperature-dependent and it appears not to be a mechanism for
reshaping temperature-induced misfolded polypeptides.
A number of proteins appear to be regulated post-translationally by phosphorylation. It was found that phosphorylation
of Thr-654 of the EGF receptor is necessary for ligand-independent internalization triggered by phorbol esters. However,
site-specific mutagenesis of the phorbol ester-stimulated phosphorylation site in the EGF receptor (Thr-654) did not hinder
constitutive or ligand-induced internalization (Lin et al., 1986).
Similarly, phorbol ester-induced internalization of the T-cell
surface antigen CD4 depends directly on the three serines that
are phosphorylated by protein kinase C (Shin et al., 1990).
However, in many other cases, such modulations appear not to
be due to direct phosphorylation effects. Mutation of the
unique phosphorylation site of the transferrin receptor, Ser-24,
did not alter ligand uptake or receptor recycling, and further,
its redistribution (up regulation of cell surface receptors) upon
phorbol ester treatment was independent of phosphorylation at
Ser-24 (Davis and Meisner, 1987; McGraw et al., 1988). It was
suggested that the effect of phorbol esters may result from a
more general perturbation of membrane trafficking. Similarly,
phorbol esters induced hyperphosphorylation of human ASGP,
and altered its intracellular redistribution (down-regulation of
cell surface receptors). However, mutation of all five cytoplasmic serine residues in the ASGP receptor subunits did not
affect the redistribution of ASGP receptors by phorbol esters.
It was suggested that ASGP receptor redistribution was more
likely an indirect effect on membrane traffic (Geffen et al.,
1991; Geffen and Spiess, 1992). Similarly, mutation of two
cytoplasmic serine residues to alanines of the human mannose
6-phosphate receptor did not alter its steady-state cellular distribution or its cycling and transport functions (Hemer et al.,
1993).
Several PKA activators have been shown to regulate or
modulate ion channel function and other properties. In the case
of CFTR, the activity of the channel was proposed to be
regulated by phosphorylation-dephosphorylation of a cluster of
PKA sites present in the regulatory domain (Cheng et al., 1991;
Rich et al., 1991; Tabcharani et al., 1991). However, when all
ten consensus PKA sites were mutated to alanines, the channel
activity was still regulated by PKA. It was proposed that phosphorylation on cryptic PKA sites may be responsible for the
observed regulation of channel activity by PKA stimulation.
However, there was no significant 32P incorporation into the
mutant CFTR protein upon in vivo labeling with
[32P]orthophosphate (Chang et al., 1993). Another example
where channel modulation by PKA was observed is the slowly
activating K+ channel (minK protein). It is an interesting
example since this channel, although it does not contain
consensus PKA sites, is modulated by PKA (Blumenthal and
Kaczmarek, 1992). It was proposed that the observed modulation by PKA is an indirect phosphorylation mechanism that
might involve a protein intrinsic to the functional channel (Blumenthal, 1993). Supporting these observations is the evidence
that the regulatory subunit of PKA has been localized to sub-
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cellular compartments active in endocytosis and recycling of
membrane receptors (Griffiths et al., 1990).
It appears that in several of the above examples discussed,
the observed effects due to stimulation of kinases were still
observed when the consensus phosphorylation sites were
removed from the putative target proteins. A plausible explanation for these observations is the involvement of an ancilliary protein(s). The enhanced assembly of AChR caused by
forskolin did not appear to require PKA phosphorylation of any
of the subunits but rather, it appeared to act through an indirect
phosphorylation mechanism. The observed forskolin effect
was at the level of subunit assembly, and since AChR assembly
occurs sequentially with multiple steps (Green and Claudio,
1993), the effector could be a protein assisting at the level of
folding or assembly.
It is evident from a variety of studies that folding in the cell
is assisted by at least two classes of proteins. The first class
includes conventional enzymes that catalyze specific isomerization steps that may otherwise limit the rate of folding of
some proteins. Examples for this class include protein disulfide
isomerase (PDI) (Freedman, 1989) and peptidyl prolyl cistrans isomerase (PPIase) (Lang et al., 1987) etc. The second
class of proteins ‘chaperones’ stabilize unfolded or partially
folded structures and prevent the formation of inappropriate
intra- or interchain interactions. The endoplasmic reticulum
(ER) of eucaryotic cells contain BiP (immunoglobulin heavy
chain binding protein, Bole et al., 1986), grp94 (Lee et al.,
1984) and other uncharacterized proteins (reviewed by Gething
and Sambrook, 1992). We are currently investigating the associations of these and other unidentified proteins, with AChR
subunits during assembly. Folding and assembly events in the
ER have only begun to be understood; the cellular proteins
involved are still being identified, the modes of interaction of
these proteins are not known, and the functions of already identified proteins such as BiP are still not well defined. Identification of cellular proteins involved in the assembly of AChR
subunits may contribute to our understanding of the components involved in the regulation and modulation of heterologous subunit folding and assembly.
We thank Dr Carolyn Slayman, Dr Amy Chang, and Kenneth Allen
for help in using their phosphopeptide mapping apparatus, Dr David
Stern and Lakshmi Bangalore for help with using their phosphoamino
acid analysis apparatus, Denise Roush for initial assistance with in
vitro phosphorylations, Dr Anthony F. Ross and Deborah Hayden for
characterizing the αβ, αγ, αδ, αβγ cell lines, Amy Fluet for establishing the L-βγδ cell line and reading the manuscript, Deborah
Hayden for assistance with establishing the mutant cell lines and Dr
Socrates Tzartos of the Helenic Pasteur Institute, Athens for mAbs
14, 148 and 168. This work was supported by National Institutes of
Health grants NS21714 and HL38156 to T. Claudio.

REFERENCES
Angelotti, T. P., Uhler, M. D. and Macdonald, R. L. (1994). Enhancement of
recombinant γ-aminobutyric acidA receptor currents by chronic activation of
cAMP-dependent protein kinase. Mol. Pharmacol. (in press).
Bambrick, L. L. and Gordon, T. (1992). Neural regulation of acteylcholine
receptors in rat neonatal muscle. J. Physiol. 449, 479-492.
Bergman, L. W. and Kuehl, M. (1979). Formation of an intrachain disulphide
bond on nascent immunoglobulin light chains. J. Biol. Chem. 254, 88698876.

Blumenthal, E. M. and Kaczmarek, L. K. (1992). Modulation by cAMP of a
slowly activating potassium channel expressed in Xenopus oocytes. J.
Neurosci. 12, 290-295.
Blumenthal, E. M. (1993). Characterization of the minK protein and its
modulation by the cAMP dependent protein kinase. PhD thesis, Yale
University, New Haven, CT.
Bole, D. G., Hendershot, L. M. and Kearney, J. F. (1986). Posttranslational
association of immunoglobulin heavy chain binding protein with nascent
heavy chains in nonsecreting and secreting hybridomas. J. Cell Biol. 102,
1558-1566.
Boyle, W. J., Geer, P. V. and Hunter, T. (1991). Phosphopeptide mapping
and phosphoamino acid analysis by two-dimensional separation on thin layer
cellulose plates. Meth. Enzymol. 201, 110-149.
Braulke, T., Tippmer, S., Chao, H. J. and Vonfigura, K. (1990). Regulation
of mannose 6-phosphate/insulin-like growth factor II receptor distribution
by activators and inhibitors of protein kinase C. Eur. J. Biochem. 189, 609616.
Brenner, H. R., Herczeg, A. and Slater, C. R. (1992). Synapse-specific gene
expression of acetylcholine receptor genes and their products at original
synaptic sites in rat soleus muscle fibres regenerating in the absence of
innervation. Development 116, 41-53.
Chahine, K. G., Walke, W. and Goldman, D. (1992). A 102 base pair
sequence of the nicotinic acetylcholine receptor delta-subunit gene confers
regulation by muscle electrical activity. Development 115, 213-219.
Chang, X.-B., Tabcharani, J. A., Hou, Y.-X., Jensen, T. J., Kartner, N.,
Alon, N., Hanrahan, J. W. and Riordan, J. R. (1993). Protein kinase A
(PKA) still activates CFTR chloride channel after mutagenesis of all 10 PKA
consensus phosphorylation sites. J. Biol. Chem. 268, 11304-11311.
Cheng, S. H., Rich, D. P., Marshall, J., Gregory, R. J., Welsh, M. J.
and Smith, A. E. (1991). Phosphorylation of the R domain by cAMPdependent protein kinase regulates the CFTR chloride channel. Cell 66,
1027-1036.
Claudio, T., Green, W. N., Hartman, D. S., Hayden, D., Paulson, H. L.,
Sigworth, F. J., Sine, S. M. and Swedlund, A. (1987). Genetic
reconstitution of functional acetylcholine receptor channels in mouse
fibroblasts. Science 238, 1688-1694.
Claudio, T. (1989). Molecular genetics of acetylcholine receptor-channels. In
Frontiers in Molecular Biology, Molecular Neurobiology (ed. D. Glover and
D. Hames), pp. 9-88. IRL, London.
Claudio, T. (1992). Stable expression of heterologous multisubunit protein
complexes established by calcium phosphate or lipid mediated
cotransfection. Meth. Enzymol. 207, 391-408.
Davidson, H. W., McGowan, C. H. and Balch, W. E. (1992). Evidence for the
regulation of exocytic transport by protein phosphorylation. J. Cell Biol. 116,
1343-1355.
Davis, R. J. and Meisner, H. (1987). Regulation of transferrin receptor cycling
by protein kinase C is independent of receptor phosphorylation at serine 24 in
Swiss 3T3 fibroblasts. J. Biol. Chem. 262, 16041-16047.
De Camilli, P., Benfenati, F., Valtorta, F. and Greengard, P. (1990). The
synapsins. Annu. Rev. Cell Biol. 6, 433-460.
Dutton, E. K., Simon, A. M. and Burden, S. J. (1993). Regulation of an
acetylcholine receptor lacZ transgene by muscle innervation. Neuroreport 3,
973-976.
Edelman, A. M., Blumenthal, D. K. and Krebs, E. G. (1987). Protein
serine/threonine kinases. Annu. Rev. Biochem. 56, 567-613.
Fallon, R. J. and Schwartz, A. L. (1986). Regulation by phorbol esters of
asialoglycoprotein and transferrin receptor distribution and ligand affinity in
a hepatoma cell line. J. Biol. Chem. 261, 15081-15089.
Falls, D. L., Rosen, K. M., Corfas, G., Lane, W. S. and Fischbach, G. D.
(1993). ARIA, a protein that stimulates acetylcholine receptor synthesis, is a
member of the NEU ligand family. Cell 72, 801-815.
Felgner, P. L., Gadek, T. R., Holm, M., Roman, R., Chan, H. W., Wenz, M.,
Northrop, J. P., Ringold, G. M. and Danielson, M. (1987). Lipofection: A
highly efficient, lipid mediated DNA-transfection procedure. Proc. Nat.
Acad. Sci. USA 84, 7413-7417.
Fontaine, B., Klarsfeld, A. and Changeux, J. P. (1987). Calcitonin generelated peptide and muscle activity regulate acetylcholine receptor alphasubunit mRNA levels by distinct intracellular pathways. J. Cell Biol. 105,
1337-1342.
Freedman, R. B. (1989). Protein disulphide isomerase: multiple roles in the
modification of nascent secretory proteins. Cell 57, 1069-1072.
Galzi, J. L., Revah, F., Bessis, A. and Changeux, J. P. (1991). Functional
architechture of the nicotinic acetylcholine receptor: from electric organ to
brain. Annu. Rev. Pharm. Toxicol. 31, 37-72.

1650 S. P. Jayawickreme, W. N. Green and T. Claudio
Geffen, I., Fuhrer, C. and Spiess, M. (1991). Endocytosis by the
asialoglycoprotein receptor is independent of cytoplasmic serine residues.
Proc. Nat. Acad. Sci. USA 88, 8425-8429.
Geffen, I. and Spiess, M. (1992). Phorbol ester-induced redistribution of the
ASGP receptor is independent of receptor phosphorylation. FEBS Letts 305,
209-212.
Gething, M. J. and Sambrook, J. (1992). Protein folding in the cell. Cell 355,
33-45.
Goldman, D., Boulter, J., Heinemann, S. and Patrick, J. (1985). Muscle
denervation increases the levels of two mRNAs coding for the acetylcholine
receptor alpha subunit. J. Neurosci. 5, 2553-2558.
Goldman, D., Brenner, H. R. and Heinemann, S. (1988). Acetylcholine
receptor α-, β-, γ-, and δ-subunit RNA levels are regulated by muscle
activity. Neuron 1, 329-333.
Goldman, D. and Tamai, K. (1989). Coordinate regulation of RNAs encoding
two isoforms of the rat muscle nicotinic acetylcholine receptor beta-subunit.
Nucl. Acid Res. 17, 3049-3056.
Green, W. N., Ross, A. F. and Claudio, T. (1991a). cAMP stimulation of
acetylcholine receptor expression is mediated through posttranslational
modifications. Proc. Nat. Acad. Sci. USA 88, 854-58.
Green, W. N., Ross, A. F. and Claudio, T. (1991b). Acetylcholine receptor
assembly is stimulated by phosphorylation of its gamma subunit. Neuron 7,
659-666.
Green, W. N. and Claudio, T. (1993). Acetylcholine receptor assembly:
subunit folding and oligomerization occur sequentially. Cell 74, 57-69.
Greengard, P. (1988). Neuronal phosphoproteins: mediators of signal
transduction. Mol. Neurobiol. 1, 81-117.
Greengard, P., Valtorta, F., Czernik, A. J. and Benfenati, F. (1993).
Synaptic vesicle phosphoproteins and regulation of synaptic function.
Science 259, 780-785.
Griffiths, G., Hollinshead, R., Hemmings, B. A. and Nigg, E. A. (1990).
Ultrastructural localization of the regulatory (RII) subunit of cyclic AMPdependent protein kinase to subcellular compartments active in endocytosis
and recycling of membrane receptors. J. Cell Sci. 96, 691-703.
Gullick, W. J. and Lindstrom, J. M. (1983). Mapping the binding of
monoclonal antibodies to the acetylcholine receptor from Torpedo
Californica. Biochemistry 22, 3312-3320.
Harris, D. A., Falls, D. L., Dill-Devor, R. M. and Fischbach, G. D. (1988).
Acetylcholine receptor-inducing factor from chicken brains increases the
level of mRNA encoding the receptor α subunit. Proc. Nat. Acad. Sci. 85,
1983-1987.
Hemer, F., Korner, C. and Braulke, T. (1993). Phosphorylation of the human
46-kDa mannose 6-phosphate receptor in the cytoplasmic domain at serine
56. J. Biol. Chem. 268, 17108-17113.
Horovitz, O., Knaak, D., Podleski, T. R. and Salpeter, M. M. (1989).
Acetylcholine receptor α-subunit mRNA is increased by ascorbic acid in
cloned L5 muscle cells: northern blot analysis and in situ hybridization. J.
Cell Biol. 108, 1823-1832.
Huganir, R. L., Deleour, A. H., Greengard, P. and Hess, G. P. (1986).
Phosphorylation of the nicotinic acetylcholine receptor regulates its rate of
desensitization. Nature 321, 774-776.
Jayawickreme, S. (1993). Regulation of nicotinic acetylcholine receptor
assembly by cAMP. PhD thesis, Yale University, New Haven, CT.
Kamps, M. P. and Sefton, B. M. (1989). Acid and base hydrolysis of
phosphoproteins bound to immobilon facilitates analysis of phosphoamino
acids in gel-fractionated proteins. Anal. Biochem. 176, 22-27.
Karlin, A. (1991). Explorations of the nicotinic acetylcholine receptor. In The
Harvey lectures, series 85. pp. 71-107. Wiley-Liss, Inc.
Klarsfeld, A. and Changeaux, J. P. (1985). Activity regulates the levels of
acetylcholine receptor α-subunit mRNA in cultured chicken myotubes.
Proc. Nat. Acad. Sci. USA 82, 4558-4562.
Klausner, R. D., Harford, J. and van Renswoude, J. (1984). Rapid
internalization of the transferrin receptor in K562 cells is triggered by ligand
binding or treatment with a phorbol ester. Proc. Nat. Acad. Sci. USA 81,
3005-3009.
Laemmli (1970). Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227, 680-685.
Lai, Y., Nairn, C., Gorelick, F. and Greengard, P. (1987). Ca2+/calmodulindependent protein kinase II: identification of autophosphorylation sites
responsible for generation of Ca2+/calmodulin-independence. Proc. Nat.
Acad. Sci. USA 84, 5710-5714.
Lang, K., Schmid, F. X. and Fischer, G. (1987). Catalysis of protein folding
by prolyl isomerase. Nature 329, 268-270.
Lee, A. S., Bell, J. and Ting, J. (1984). Biochemical characterization of the 94-

and 78-kilodalton glucose-regulated proteins in hamster fibroblasts. J. Biol.
Chem. 259, 4616-4621.
Lin, C., Chen, W. S., Lazar, C. S., Carpenter, C. D., Gill, G. N., Evans, R.
M. and Rosenfield, M. G. (1986). Protein kinase C phosphorylation at Thr
654 of the unoccupied EGF receptor and EGF binding regulate functional
receptor loss by independent mechanisms. Cell 44, 839-848.
May, W. S., Jacobs, S. and Cuatrecasas, P. (1984). Association of phorbol
ester-induced hyperphosphorylation and reversible regulation of transferrin
membrane receptor in HL60 cells. Proc. Nat. Acad. Sci. USA 81, 2016-2020.
McGraw, T. E., Dunn, K. W. and Maxfield, F. R. (1988). Phorbol-ester
treatment increases the exocytic rate of the transferrin receptor recycling
pathway independent of serine-24 phosphorylation. J. Cell Biol. 106, 10611066.
Meresse, S. and Hoflack, B. (1993). Phosphorylation of the cationindependent mannose 6-phosphate receptor is closely associated with its exit
from the trans-Golgi network. J. Cell Biol. 120, 67-75.
Moss, S. J., Smart, T. G., Blackstone, C. D. and Huganir, R. L. (1992).
Functional modulation of GABAA receptors by cAMP-dependent protein
phosphorylation. Science 257, 661-665.
Musil, L. S. and Goodenough, D. A. (1991). Biochemical analysis of
connexin-43 intracellular transport, phosphorylation, and assembly into gap
junctional plaques. J. Cell Biol. 115, 1357-1374.
Neville, C. M., Schmidt, M. and Schmidt, J. (1992). Response of myogenic
determination factors to cessation and resumption of electrical activity in
skeletal muscle - A possible role for myogenin in denervation
supersensitivity. Cell. Mol. Neurobiol. 12, 511-527.
Paulson, H. and Claudio, T. (1990). Temperature-sensitive expression of allTorpedo and Torpedo-rat hybrid AChR in mammalian muscle cells. J. Cell
Biol. 110, 1705-1717.
Qu, Z., Moritz, E. and Huganir, R. L. (1990). Regulation of tyrosine
phosphorylation of the nicotinic acetylcholine receptor at the neuromuscular
junction. Neuron 4, 367-378.
Rich, D. P., Gregory, R. J., Anderson, M. P., Manavalan, P., Smith, A. E.
and Welsh, M. J. (1991). Effect of deleting the R domain of CFTRgenerated chloride channel. Science 253, 205-207.
Ross, A. F., Rapuano, M., Schmidt, J. H. and Prives, J. M. (1987).
Phosphorylation and assembly of nicotinic acetylcholine receptor from
cultured chick muscle cells. J. Biol. Chem. 262, 14640-14647.
Ross, A. F., Green, W. N., Hartman, D. S. and Claudio, T. (1991). Efficiency
of acetylcholine receptor subunit assembly and its regulation by cAMP. J.
Cell Biol. 113, 623-636.
Safran, A., Provenzano, C., Sagi, E. R. and Fuchs, S. (1990).
Phosphorylation of membrane-bound acetylcholine receptor by protein
kinase C: characterization and subunit specificity. Biochemistry 29, 67306734.
Salmon, A. M. and Changeux, J. P. (1992). Regulation of an acetylcholine
receptor lacZ transgene by muscle innervation. Neuroreport 3, 973-976.
Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York.
Schroeder, W., Meyer, H. E., Buchner, K., Bayer, H. and Hucho, F. (1991).
Phosphorylation sites of the nicotinic acetylcholine receptor. A novel site
detected in position delta S362. Biochemistry 30, 3583-3588.
Shieh, B. H., Ballivet, M. and J. Schmidt, J. (1987). Quantitation of an alpha
subunit splicing intermediate: evidence for transcriptional activation in the
control of acetylcholine receptor expression in denervated chick skeletal
muscle. J. Cell Biol. 104, 1337-1341.
Shin, J., Doyle, C., Yang, Z., Kappes, D. and Strominger, J. L. (1990).
Structural features of the cytoplasmic region of CD4 required for
internalization. EMBO J. 9, 425-434.
Sibley, D. R., Benovic, J. L., Caron, M. G. and Lefkovitz, R. J. (1987).
Regulation of transmembrane signalling by receptor phosphorylation. Cell
48, 913-922.
Stern, D. F., Zheng, P., Beidler, D. R. and Zerillo, C. (1991). Spk1, a new
kinase from Saccharomyces cerevisae, phosphorylates proteins on serine,
threonine and tyrosine. Mol. Cell Biol. 11, 987-1001.
Tabcharani, J. A., Chang, X.-B., Riordan, J. R. and Hanrahan, J. W.
(1991). Phosphorylation regulated Cl− channel in CHO cells stably
expressing the cystic fibrosis gene. Nature 352, 628-631.
Taylor, J. W., Ott, J. and Eckstein, F. (1985). The rapid generation of
oligonucleotide directed mutations at high frequency using phosphorothioate
modified DNA. Nucl. Acid Res. 13, 8765-8785.
Tsay, H.-J. and Schmidt, J. (1989). Skeletal muscle denervation activates
acetylcholine receptor genes. J. Cell Biol. 108, 1523-1526.

Regulation of AChR assembly by PKA 1651
Tzartos, S. J. and Lindstrom, J. M. (1980). Monoclonal antibodies used to
probe acetylcholine receptor structure: localization of the main immunogenic
region and detection of similarities between subunits. Proc. Nat. Acad. Sci.
USA 77, 755-759.
Wagner, K., Edson, K., Heginbotham, L., Post, M., Huganir, R. L. and
Czernik, A. J. (1991). Determination of the tyrosine phosphorylation sites of
the nicotinic acetylcholine receptor. J. Biol. Chem. 266, 23784-23789.
Wan, K. K. and Lindstrom, J. M. (1985). Effects of monoclonal antibodies on

the function of acetylcholine receptors purified from Torpedo Californica
and reconstituted into vesicles. Biochemistry 24, 1212-1221.
Yee, G. H. and Huganir, R. L. (1987). Determination of the sites of cAMPdependent phosphorylation on the nicotinic acetylcholine receptor. J. Biol.
Chem. 262, 16748-16753.
(Received 9 December 1993 - Accepted 1 March 1994)

