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ABSTRACT Postsynaptic membranes from the electric
organ of Torpedo californica, rich in the nicotinic acetylcholine
receptor, were shown to contain an endogenous tyrosine pro-
tein kinase. This endogenous kinase phosphorylated three ma-
jor proteins with molecular masses corresponding to 50 kDa,
60 kDa, and 65 kDa. The phosphorylation of these three pro-
teins occurred exclusively on tyrosine residues under the ex-
perimental conditions used and was abolished by 0.1% Noni-
det P-40 and stimulated by Mnf+. The 50-kDa, 60-kDa, and
65-kDa phosphoproteins were demonstrated to be the 13, v,
and 6 subunits, respectively, of the nicotinic acetylcholine re-
ceptor by purification of the phosphorylated receptor using
affinity chromatography. The endogenous tyrosine kinase spe-
cifically phosphorylated the 13, y, and 6 subunits rapidly to a
final stoichiometry of -0.5 mol of phosphate per mol of sub-
unit. Two-dimensional phosphopeptide mapping of the phos-
phorylated 13, y, and 6 subunits, after limit proteolysis with
trypsin or thermolysin, indicated that each subunit was phos-
phorylated on a single site. Locations are proposed for the
amino acid residues phosphorylated on the receptor by the ty-
rosine-specific protein kinase and by two other protein kinases
(cAMP-dependent protein kinase and protein kinase C) which
phosphorylate the receptor.

Protein phosphorylation has been widely accepted as one of
the principal regulatory mechanisms in the control of biologi-
cal processes (1). It has recently been suggested that phos-
phorylation of membrane receptors plays an important role
in the regulation of signal transduction systems. The nicotin-
ic acetylcholine receptor (2, 3), the 3-adrenergic receptor
(4), the epidermal growth factor (EGF) receptor (5), the insu-
lin receptor (6), and the platelet-derived growth factor
(PDGE) receptor (7) have been demonstrated to be phos-
phorylated by endogenous protein kinases. The nicotinic
acetylcholine receptor is phosphorylated on serine residues
(8, 9), whereas the EGF receptor, the insulin receptor, and
the PDGF receptor are phosphorylated on tyrosine (10-12),
serine, and threonine residues (13-15). In fact, it appears
that the EGF (5), insulin (16), and PDGF (7) receptors them-
selves are tyrosine-specific protein kinases that are stimulat-
ed by their respective physiological ligands.

In View of the potential physiological significance of phos-
phorylation of membrane receptors, we have carried out a
detailed investigation of the phosphorylation of the nicotinic
acetylcholine receptor (9, 17). This receptor, a neurotrans-
mitter-regulated ion channel, is one of the most well-charac-
terized membrane receptors and has served as a model sys-
tem for the investigation of the structure, function, and regu-
lation of membrane receptors (18). The purified receptor is a
255-kDa polypeptide complex, which consists of four sub-
units, a (40 kDa), /3 (50 kDa), y (60 kDa), and 8 (65 kDa), in a
stoichiometry of a2PY8 (19). This pentameric polypeptide

complex is functionally complete and displays all of the
known biological properties of the nicotinic receptor when it
is reconstituted into phospholipid vesicles (for review, see
ref. 20; refs. 21 and 22). The purified receptor, isolated in the
presence of phosphatase inhibitors, has been reported to
contain one phosphoserine on the a subunit, one phospho-
serine on the 83 subunit, two phosphosenines on the y sub-
unit, and five phosphoserines on the 8 subunit (8).

Postsynaptic membranes isolated from Torpedo califor-
nica contain endogenous protein kinases that phosphorylate
the nicotinic receptor (2, 3, 23) as well as protein phospha-
tases that dephosphorylate the receptor (24). These postsyn-
aptic membranes have been shown to contain three endoge-
nous protein kinases: a cAMP-dependent protein kinase (17,
25), a calcium/calmodulin-dependent protein kinase (17, 25,
26), and a calcium/phospholipid-dependent protein kinase
(protein kinase C) (9). The cAMP-dependent protein kinase
phosphorylates the 'y and 8 subunits of the receptor on serine
residues (9, 17, 25), whereas protein kinase C phosphory-
lates the 8 and a subunits of the receptor on serine residues
(ref. 9 and unpublished results). The calcium/calmodulin-de-
pendent protein kinase phosphorylates proteins that comi-
grate on NaDodSO4/polyacrylamide gels with the subunits
of the receptor (17, 25, 26), although these proteins have
been demonstrated to be distinct from the receptor subunits
(17, 25). We now report that isolated postsynaptic mem-
branes from T. californica also contain a very active tyrosine
protein kinase that phosphorylates the nicotinic acetylcho-
line receptor rapidly and specifically on the /3, y, and 8 sub-
units.

MATERIALS AND METHODS
Materials. Live T. californica were obtained from Winkler

Enterprises (San Pedro, CA). Nonidet P-40 (NP-40), oua-
bain, phosphotyrosine, phosphoserine, phosphothreonine,
benzamidine, cholic acid, TPCK-trypsin, and [5-valine]an-
giotension II were obtained from Sigma. Sodium vanadate
was obtained from Fisher. Leupeptin, antipain, and chyrno-
statin were obtained from Chemicon (Los Angeles, CA).
I251-labeled a-bungarotoxin and [y_32P]ATP were obtained
from New England Nuclear. The affinity resin was synthe-
sized (19) by reacting bromoacetylcholine (27) with reduced
Affi-Gel 401 (Bio-Rad). Protein Kinase Inhibitor (PKI), the
specific peptide inhibitor of cAMP-dependent protein ki-
nase, was purified from skeletal muscle by a modification of
the procedure of McPherson et al. (28).

Preparation of Postsynaptic Membranes. Postsynaptic
membranes were prepared from freshly dissected electric or-
gan of T. californica by the method of Sobel et al. (29), as
modified (21) with the following exceptions: (i) the minced
organs were homogenized four times, 30 sec each, in a War-
ing blender in 20 mM Tris HCl, pH 7.4/10 mM EGTA/5 mM

Abbreviations: NP-40, Nonidet P-40; EGF, epidermal growth fac-
tor; PDGF, platelet-derived growth factor; PKI, Protein Kinase In-
hibitor.
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EDTA/10 mM 2-mercaptoethanol/1 mM phenylmethylsul-
fonyl fluoride/10 mM benzamidine/10 Mg of pepstatin per
ml/10 lug of leupeptin per ml/10 g of antipain per ml/10 pg
of chymostatin per ml/10 units of Trasylol per ml; and (it) the
membranes were not sonicated before loading onto the dis-
continuous sucrose gradient. (Preparing membranes in the
presence of a high concentration of divalent cation chelators
and without sonication produces a membrane preparation
that is not tightly sealed and therefore does not require solu-
bilization by detergents to allow access of [y32P]ATP and
PKI to the protein kinases on the intracellular side of the
membranes [17, 30].) The material at the 37.5%/41.5%
(wt/wt) sucrose interface of the discontinuous gradient,
which had an a-bungarotoxin binding activity (31) of 1.5-2.0
nmol/mg of protein, was used for all experiments.
Phosphorylation Assays. Endogenous phosphorylation was

measured under standard conditions by incubating 20-30 yg
of membrane protein in 20 mM Tris HCI, pH 7.4/10 mM
MgCl2/2 mM MnCl2/1 mM ouabain/1 mM sodium vana-
date/0.5 mM EGTA/0.5 mM EDTA/10 mM 2-mercapto-
ethanol/100 nM PKI/10 ,ug of leupeptin per ml/10 pg of anti-
pain per ml/50-200 ,uM [-32PIATP (103 cpm/pmol), in a
final volume of 100 ,ul. (Ouabain and sodium vanadate were
present in the assay mixture in order to inhibit endogenous
ATPases; however, substantial hydrolysis of ATP occurred
even in the presence of these substances.) The reaction was
initiated with [-32P]ATP and carried out for the indicated
times at 30°C. The reaction was stopped by the addition of 50
/, of 6% NaDodSO4/375 mM Tris HCl, pH 6.8/30o glycerol
(wt/vol)/15% 2-mercaptoethanol/0.05% bromphenol blue.
The samples were then subjected to electrophoresis on 10%
NaDodSO4/polyacrylamide gels as described by Laemmli
(32). The gels were stained with Coomassie blue, dried, and
subjected to autoradiography on Kodak X-Omat film. The
incorporation of 32p was quantitated by cutting out the ap-
propriate gel pieces and placing them directly in Liquiscint
and counting the radioactivity by liquid scintillation spec-
trophotometry.
Phosphoamino Acid Analysis. Appropriate dried gel pieces

were washed with 3 x 10 ml of 25% methanol/10% acetic
acid, followed by 2x 10 ml of 50% methanol. The gel pieces
were then Iyophilized and the phosphorylated proteins were
digested at 37°C for 20 hr in 1.0 ml of 50 mM NH4HCO3
containing 0.15 mg of trypsin. The gel pieces were removed
and rinsed with 0.5 ml of 50 mM NH4HCO3. The wash and
the digest, which together always contained >90% of the in-
corporated 32p, were combined, lyophilized, and resus-
pended in 6 M HCO and hydrolyzed under vacuum for 1.5 hr
at 105°C (33). The acid-hydrolyzed peptides were then dried
and resuspended in formic acid/acetic acid/H20, 1:10:89
(vol/vol), pH 1.9, and spotted 4 cm from the ends of 20 x 20
cm cellulose thin-layer plates (34). Phosphotyrosine, phos-
phoserine, and phosphothreonine standards (2 mg/ml) with a
trace of phenol red were also spotted at the origin of each
plate. Electrophoresis was carried out in the same pH 1.9
buffer at 500 V until the phenol red had moved 12 cm. The
plates were dried and subjected to electrophoresis at 500 V
in the second dimension in acetic acid/pyridine/H20,
19:1:89 (vol/vol), pH 3.5, until the phenol red had moved 6
cm. The cellulose plates were then dried, developed with 1%
ninhydrin in acetone to detect the internal phosphoamino
acid standards, and subjected to autoradiography to identify
the 32P-labeled phosphoamino acids.
Two-Dimensional Phosphopeptide Maps. Gel pieces con-

taining the various phosphorylated proteins were washed,
digested with trypsin (0.15 mg/ml) or thermolysin (0.3
mg/ml), and lyophilized as described above. The lyophilized
peptides were resuspended in pyridine/acetic acid/H20,
1:10:89 (vol/vol), pH 3.5, and spotted on 20 x 20 cm cellu-
lose thin-layer plates as described above. The cellulose

plates were subjected to electrophoresis until the phenol red
migrated 12 cm. The plates were dried and subjected to as-
cending chromatography in the second dimension in pyri-
dine/butanol/acetic acid/H20, 15:10:3:12 (vol/vol). The
plates were then dried and autoradiographed.

Protein Determinations. Protein was measured by a minor
modification of the procedure of Lowry et al. (35) with bo-
vine serum albumin as standard.

RESULTS
Endogenous Mn2+-Stimulated Protein Phosphorylation.

The isolated postsynaptic membrane preparation from the
electric organ of T. californica contains seven major poly-
peptide bands with molecular masses corresponding to 40
kDa, 43 kDa, 50 kDa, 55 kDa, 60 kDa, 65 kDa, and 95 kDa.
Four of these polypeptide bands comigrate on NaDod-
S04/polyacrylamide gels with the a (40 kDa), ( (50 kDa), y
(60 kDa), and a (65 kDa) subunits of the nicotinic acetylcho-
line receptor, which comprises =25% of the membrane pro-
tein. Endogenous protein phosphorylation was examined in
this preparation using PKI to inhibit endogenous cAMP-de-
pendent protein kinase and EGTA to inhibit endogenous cal-
cium-dependent protein kinases (Fig. 1). In agreement with
our previous results (17), very little protein phosphorylation
was observed in the presence of the nonionic detergent NP-
40 (Fig. 1, lane 1). However, when the phosphorylation reac-
tion was carried out in the absence of NP-40, a detectable
phosphorylation of six proteins with molecular masses cor-
responding to 50 kDa, 55 kDa, 60 kDa, 65 kDa, 85 kDa, and
95 kDa was observed (Fig. 1, lane 2). Moreover, the phos-
phorylation of the 50-kDa, 60-kDa, and 65-kDa proteins was
markedly stimulated by the addition of 2 mM Mn2+ (Fig. 1,
lane 3). In the presence of Mn2 , the phosphorylation of the
50-kDa, 60-kDa, and 65-kDa proteins was completely inhib-
ited by low concentrations of each of several nonionic, ionic,
and zwitterionic detergents examined (data not shown). The
Mn2'-dependent phosphorylation of the 50-kDa, 60-kDa,
and 65-kDa proteins was not affected by the presence or ab-
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FIG. 1. Endogenous protein phosphorylation in membrane prep-
aration rich in the acetylcholine receptor. (Left) Protein stain;
(Right) autoradiogram. Endogenous phosphorylation was carried
out under standard conditions for 2.5 min with 50 /xM [y-32P]ATP in
the presence and absence of 0.1% NP-40 and Mn"+, as indicated.
Size markers are in kDa.
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FIG. 2. Phosphoamino acid analysis
of the 50-kDa, 60-kDa, and 65-kDa phos-
phoproteins phosphorylated by the en-

OISER dogenous Mn2+-stimulated protein ki-THRD nase. Endogenous phosphorylation was
carried out under standard conditions for
30 min with 50 MM y-132P]ATP. Two-di-
mensional thin-layer electrophoresis of

TYR the acid-hydrolyzed (33) phosphopro-
teins was carried out as described (34).
Circles indicate positions of standard
phosphothreonine (THR), phosphoser-
ine (SER), and phosphotyrosine (TYR).

sence ofPKI, EGTA, or trifluoroperazine nor was it affected
by cAMP, calcium, or phospholipid (data not shown).
Phosphoamino Acid Analysis. Since stimulation of protein

phosphorylation by Mn2+ is a known characteristic of tyro-
sine protein kinases (5-7), we analyzed the 50-kDa, 60-kDa,
and 65-kDa phosphoproteins for phosphoamino acid content
(33, 34). In the presence of PKI, EGTA, and Mn2+, all three
of these polypeptides are phosphorylated exclusively on ty-
rosine residues (Fig. 2).

Identification of the 50-kDa, 60-kDa, and 65-kDa Phospho-
proteins as Subunits of the Acetylcholine Receptor. The 50-
kDa, 60-kDa, and 65-kDa phosphoproteins comigrated on
NaDodSO4/polyacrylamide gels with the ,3, 'y, and sub-
units of the nicotinic acetylcholine receptor. We therefore
tested whether these phosphoproteins were the receptor
subunits. For this purpose, we incubated the membrane
preparation under standard phosphorylation conditions and
stopped the reaction under nondenaturing conditions (i.e.,
by the addition of EDTA and unlabeled ATP). The phos-

1 2 3 4 1 3 4

_ _ -

phorylated membrane preparation was then extracted with
1% sodium cholate as described (21). The detergent extract,
which contained 70-80% of the membrane protein and 70-
80% of the acetylcholine receptor, was then incubated with
an acetylcholine affinity resin in order to purify the nicotinic
acetylcholine receptor (21). Under these conditions, -70%
of the receptor in the extract is adsorbed to the affinity resin.
The resin was then washed and the purified receptor was
eluted with carbamoylcholine. When the different fractions
from the purification were analyzed by NaDodSO4/poly-
acrylamide gel electrophoresis for phosphoprotein content,
the 50-kDa, 60-kDa, and 65-kDa phosphoproteins were
found to copurify with the nicotinic acetylcholine receptor,
indicating that these phosphoproteins were the (3, y, and 8
subunits of the receptor (Fig. 3). In contrast, the 55-kDa, 85-
kDa, and 95-kDa phosphoproteins did not bind to the affinity
resin.

Rate and Stoichiometry of Phosphorylation of 13, 'y, and 8

Subunits of the Acetylcholine Receptor. The three subunits
were phosphorylated by the endogenous tyrosine kinase at
roughly similar rates, although the initial rate of phosphoryl-
ation of the subunit was always slightly faster than that of
the 83 and y subunits (Fig. 4). The phosphorylation of the f3,

y, and 6 subunits by the endogenous tyrosine kinase was five
to six times faster than the rate of phosphorylation of the y
and subunits by the endogenous cAMP-dependent protein
kinase (data not shown). The phosphorylation of the sub-
units by the tyrosine kinase leveled off at a final stoichiom-
etry of 0.40-0.53 mol of phosphate per mol of subunit after
60 min (Fig. 4). This plateau is attributable at least in part to
the inactivation of the endogenous tyrosine kinase by the ex-
tended period of incubation of the membrane preparation at
30°C (not shown).

FIG. 3. Copurification of the 50-kDa, 60-kDa, and 65-kDa phos-
phoproteins with the ,B, y, and 8 subunits of the nicotinic acetylcho-
line receptor. (Left) Protein stain; (Right) autoradiogram. Endoge-
nous phosphorylation was carried out under standard conditions,
except that 1.5 mg of membrane protein was phosphorylated for 30
min at 30°C in the presence of 100 mM NaCl/50 mM KCl/100 iM
[Y-32P]ATP in a final volume of 0.5 ml. The reaction was stopped by
the addition of 50 Ml of 0.20 M EDTA/10 mM ATP and the mixture
was placed on ice. The phosphorylated membranes were extracted
with 1% sodium cholate and purified on a 0.25-ml acetylcholine af-
finity column (21). Aliquots of phosphorylated membranes (lanes 1),
cholate extract applied to the affinity resin (lanes 2), flow-through
from the affinity resin (lanes 3), and purified acetylcholine receptor
(lanes 4) were analyzed for phosphoprotein content by NaDod-
S04/polyacrylamide gel electrophoresis and autoradiography.
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FIG. 4. Time course of endogenous tyrosine phosphorylation of
the /3, y, and 6 subunits of the acetylcholine receptor. Endogenous
phosphorylation was carried out for the indicated times under stan-
dard conditions with 200 MM [Y_32P]ATP. The final stoichiometry of
phosphorylation of the ,3, y, and 6 subunits was 0.4, 0.45, and 0.53
mol of phosphate per mol of subunit, respectively.
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FIG. 5. Two-dimensional tryptic phosphopeptide maps of the 83,
y, and 8 subunits of the acetylcholine receptor phosphorylated by
endogenous tyrosine protein kinase. Endogenous phosphorylation
was carried out under standard conditions with 100 ,uM [y32P]ATP.
The final stoichiometry of the phosphorylation of the 13, y, and
subunits was 0.3-0.5 mol of phosphate per mol of receptor.

Phosphopeptide Maps of the Phosphorylated (3, A, and 6

Subunits of the Acetylcholine Receptor. When the phosphory-
lated y, and subunits were subjected to limit digestion
with trypsin and the resultant phosphopeptides analyzed by
two-dimensional thin-layer chromatography, each subunit
yielded a single phosphopeptide (Fig. 5). The phosphopep-
tides from the y, and subunits had similar but not identi-
cal mobilities in the two dimensions. Thermolysin digestion
of the phosphorylated subunits also produced a single dis-
tinct phosphopeptide for each subunit (data not shown).

DISCUSSION
The results presented here demonstrate that postsynaptic
membranes rich in the nicotinic acetylcholine receptor con-
tain an endogenous tyrosine protein kinase that specifically
phosphorylates the y, and 8 subunits of the receptor. The

6-SUBUNIT

358 P P P 378
ARG-ARG-SER-SER-SER-VAL-GLY-TYR- LE-SER-LYS-ALA-GLN-GLU-TYR-PHE-ASN- LE-LYS-SER-ARG

Y-SUBUNIT

350 P P 370
ARG-ARG-ARG-SER-SER-PHE-GLY- I LE-MET- ILE-LYS-ALA-GLU-GLU-TYR- ILE-LEU-LYS-LYS-PR0-ARG

-8SUBUNIT
340 P 360
SER-PRO-ASP-SER-LYS-PRO-THR- LE- ILE-SER-ARG-ALA-ASP-ASP-GLU-TYR-PHE- ILE-ARG-LYS-PRO

a-SUBUNIT

314 P 334
LYS- LE-PHE- ILE-ASP-THR- ILE-PRO-ASN-VAL-MET-PHE-PHE-SER-THR-MET-LYS-ARG-ALA-SER-LYS

FIG. 6. Proposed locations of the phosphorylated amino acid
residues on the a, y, and subunits of the nicotinic acetylcholine
receptor. The kinases and their proposed phosphorylation sites are

tyrosine-specific protein kinase (,-subunit, Tyr-355; y-subunit, Tyr-
364; 8-subunit, Tyr-372), cAMP-dependent protein kinase (y-sub-
unit, Ser-354; 8-subunit, Ser-361), and protein kinase C (a-subunit,
Ser-333; 8-subunit, Ser-377). The numbering of the amino acids is
according to Noda et al. (37, 39, 40).

phosphorylation of these subunits by the tyrosine kinase is
stimulated by Mn2+, a characteristic of other tyrosine ki-
nases (5-7). The tyrosine kinase appears to be the most ac-
tive protein kinase in the postsynaptic membrane prepara-
tion and phosphorylates each of the three subunits on a sin-
gle site to a high stoichiometry. The phosphorylation of the
receptor subunits by the tyrosine kinase is inhibited by low
concentrations of the nonionic detergent NP-40 and all other
detergents examined. This inhibition appears to be due to a
specific effect on the ability of the receptor to serve as a
substrate, since tyrosine phosphorylation by the postsynap-
tic membranes of exogenous substrates such as [5-valinejan-
giotensin 11 (36) is activated rather than inhibited by NP-40
(data not shown). In agreement with this interpretation, it
has been reported that other membrane-associated tyrosine
kinases are generally unaffected or activated by nonionic de-
tergents (5-7).
The identity of the endogenous tyrosine kinase responsi-

ble for phosphorylation of the f3, y, and 8 subunits of the
nicotinic acetylcholine receptor has not yet been deter-
mined. The phosphorylation does not appear to be regulated
by insulin, EGF, or PDGF (data not shown) and, therefore,
is probably not mediated through a receptor for one of these
ligands. A431 cell membranes, which are extremely rich in
the EGF receptor (5), do specifically phosphorylate purified
acetylcholine receptor on the 3, y, and 8 subunits in an EGF-
stimulated manner (data not shown). Moreover, purified
pp6)src ofRous sarcoma virus specifically phosphorylates the
(3, y, and 8 subunits of purified acetylcholine receptor (un-
published results in collaboration with D. Anthony, L. Ru-
bin, and A. Goldberg). However, we have no evidence that
the endogenous tyrosine kinase is the EGF receptor or a nor-
mal cellular pp60src homologue. It remains to be determined
whether the nicotonic acetylcholine receptor, by analogy
with the insulin receptor, the EGF receptor, and the PDGF
receptor, is itself a tyrosine kinase.
We have previously demonstrated that postsynaptic mem-

brane preparations contain an endogenous cAMP-dependent
protein kinase that specifically phosphorylates the y and 8
subunits of the receptor (17) and an endogenous calcium/
phospholipid-dependent protein kinase (protein kinase C)
that specifically phosphorylates the 8 and a subunits of the
receptor (ref. 9 and unpublished results). The complete ami-
no acid sequence of all four subunits of the receptor has been
deduced from the cDNA sequence (37-40). Therefore, we
have examined the sequences of the various subunits for
possible phosphorylation sites for the three protein kinases,
taking the following into account: (i) the specificity of the
three protein kinases for the subunits of the receptor; (ii)
peptide maps of the subunits phosphorylated by the three
kinases using proteases and CNBr; and (iii) the known pri-
mary amino acid sequence preferences of tyrosine-specific
protein kinases (41) and cAMP-dependent protein kinase
(42). The proposed locations of the various phosphorylation
sites in the primary amino acid sequence of the a, /3, y, and 8
subunits of the nicotinic receptor are shown in Fig. 6. All
three of the tyrosine residues proposed as phosphorylation
sites for the tyrosine-specific kinases are preceded by glu-
tamic and/or aspartic acid residues; acidic amino acid resi-
dues preceding the phosphorylated tyrosine residue are
characteristic of known tyrosine phosphorylation sites (41).
The two serine residues proposed as phosphorylation sites
for cAMP-dependent protein kinase are preceded by three (y
subunit) and two (8 subunit) arginine residues; basic amino
acids preceding the phosphorylated serine residue are char-
acteristic of the known phosphorylation sites for the cAMP-
dependent protein kinase (42). These proposed phosphoryl-
ation sites, as well as the two phosphorylation sites proposed
for protein kinase C (Fig. 6), will have to be confirmed by
sequencing the isolated phosphopeptides.

Biochemistry: Huganir et aL
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Although it has been demonstrated that the nicotinic ace-
tylcholine receptor is multiply phosphorylated in vitro by
three protein kinases endogenous to the postsynaptic mem-
brane (refs. 9 and 17; and this paper), it is not known what
effect(s) these phosphorylation events have on the function
of the receptor. Characteristics of the nicotinic receptor such
as ion channel properties, isoelectric point, antigenic proper-
ties, metabolic stability, and receptor clustering at the neuro-
muscular junction are known to change during development
(18). It has been suggested that these changes may be due to
post-translational modifications such as phosphorylation
(see ref. 18). It has been reported recently that chicken myo-
tubes transformed with Rous sarcoma virus do not cluster
acetylcholine receptors even in the presence of active clus-
tering factors (43). This inhibition of receptor clustering ap-
pears to be mediated by the src gene product pp6Osrc (43),
which is a tyrosine protein kinase. It is possible that phos-
phorylation of the 1, y, and 8 subunits of the nicotinic recep-
tor by pp6Osrc contributes to the observed inhibition of re-
ceptor clustering in the transformed cells.
The phosphorylation sites proposed in this paper are locat-

ed within 20 amino acids on a conserved region of each of the
subunits. If the proposed phosphorylation sites are correct,
it would suggest that phosphorylation of the acetylcholine
receptor by these three protein kinases may be involved in
regulating a common property of the receptor. These pro-
posed phosphorylation sites are located on the major intra-
cellular loop in theoretical models of the structure of the re-
ceptor subunits (38, 40, 44, 45). Thus, phosphorylation of
these areas of the subunits might regulate the interaction of
the subunits with cytoskeletal elements and thereby affect
receptor clustering. Alternatively, phosphorylation of these
areas, which are adjacent to a membrane-spanning region
thought to form the ion channel of the receptor (44, 45),
might regulate the receptor ion channel properties.
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