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At the neuromuscular junction, the acetylcholine receptor (AChR) is specifically clustered in the postsynaptic membrane via interactions
with rapsyn and other scaffolding proteins. However, it remains unclear where these proteins bind on the AChR and how the interactions
are regulated. Here, we define a phosphorylation-dependent binding site on the receptor that mediates agrin-induced clustering. Using
chimeric proteins in which CD4 is fused to the large intracellular loop of each of the AChR subunits we found that agrin induced clustering
of only chimeras containing the � subunit loop. By making deletions in the � loop we defined a 20 amino-acid sequence that is sufficient
for clustering. The sequence contains a conserved tyrosine (Y390) whose phosphorylation is induced by agrin and whose mutation
abolished clustering of � loop chimeras and their ability to inhibit agrin-induced clustering of the endogenous AChR. Phosphorylation of
the AChR � subunit is correlated with increased rapsyn/AChR binding, suggesting that the effect of �Y390 phosphorylation on clustering
is mediated by rapsyn. Indeed, we found that rapsyn associated with CD4-� loop chimeras in a phosphorylation-dependent manner, and
that agrin increased the ratio of rapsyn binding to wild type AChR but not to AChR-�3F/3F, which lacks � loop tyrosine phosphorylation
sites. Together, these findings suggest that agrin-induced phosphorylation of the � subunit motif increases the stoichiometry of rapsyn
binding to the AChR, thereby helping to stably cluster the receptor and anchor it at high density in the postsynaptic membrane.
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Introduction
Rapid signaling at neuronal synapses is mediated by ligand-gated
ion channels, which are concentrated in the postsynaptic mem-
brane beneath the nerve terminal. As the density of neurotrans-
mitter receptors is a key determinant of synaptic strength and
function, the specific localization of receptors is critical for syn-
apse formation, maintenance and plasticity. Receptor localiza-
tion is mediated by direct and indirect interactions with scaffold-
ing proteins that link the receptors to the postsynaptic
cytoskeleton, with these interactions being regulated by specific
trans-synaptic signals (Sheng and Pak, 2000; Sanes and Licht-
man, 2001). For example, at the developing neuromuscular junc-
tion, agrin, a motoneuron-derived factor, is required for stable
aggregation of acetylcholine receptor (AChR) at nascent synaptic
contacts, counter-acting the activity-driven dispersal of AChR

that eliminates aneural aggregates (Lin et al., 2005; Misgeld et al.,
2005). Indeed, in agrin-null mice, AChR aggregates are largely
eliminated by birth, resulting in perinatal lethality (Gautam et al.,
1996). Agrin localizes the AChR by signaling via the muscle-
specific kinase (MuSK) and components of its signaling pathway
have only recently been identified (Strochlic et al., 2005; Okada et
al., 2006). The mechanism by which MuSK signaling regulates
the interaction of the AChR with scaffolding proteins that localize
it in the postsynaptic membrane, however, remain unknown.

The muscle AChR is a pentamer of homologous subunits,
with the stoichiometry �(2), �, � and � (fetal) or � (adult) sub-
units. Each subunit has a large intracellular loop between the
third and fourth transmembrane domains that is the likely site for
regulated interactions with postsynaptic scaffolding proteins. In-
deed, we have shown previously that mutation of a tyrosine phos-
phorylation site in the long cytoplasmic loop of the � subunit
impairs agrin-induced cytoskeletal anchoring and aggregation of
mutant AChR in muscle cells (Borges and Ferns, 2001). More-
over, in mice lacking all tyrosines in the � subunit intracellular
loop, neuromuscular junctions are simplified and reduced in size
(Friese et al., 2007). The most prominent scaffolding protein is
rapsyn, which colocalizes precisely with the AChR at developing
neuromuscular junctions (Froehner et al., 1981; Burden, 1985;
Noakes et al., 1993) and at agrin-induced clusters in cultured
myotubes (Wallace, 1989). Rapsyn aggregates the AChR when
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they are coexpressed in heterologous cells (Froehner et al., 1990;
Phillips et al., 1991), and the AChR fails to cluster at neuromus-
cular synapses in rapsyn null mice (Gautam et al., 1995). How-
ever, neither the site of rapsyn binding by the AChR nor the
factors regulating binding to it are known. In addition, the tumor
suppressor APC plays a role in AChR clustering (Wang et al.,
2003), and other scaffolding and adaptor proteins may also bind
and help localize the AChR. To identify protein interaction do-
main(s) responsible for AChR localization, we have screened for
subunits and domains of the AChR that mediate receptor clus-
tering. Using chimeric proteins consisting of CD4 fused to each of
the AChR subunit intracellular loops, we identify a 20 amino acid
sequence in the � subunit loop that is sufficient for clustering. More-
over, we show that agrin-induced phosphorylation of this motif reg-
ulates rapsyn interaction with the AChR and receptor localization.

Materials and Methods
Cell culture and transfection. Sol8 and C2 mouse muscle cells were main-
tained in growth medium consisting of DMEM-HI, supplemented with
20% fetal bovine serum, 100U/ml penicillin-streptomycin, and 2 mM

L-glutamine. For immunostaining experiments, the cells were grown on
8-well chamber slides (Nalge Nunc Inc.), precoated with 0.1% Gelatin in
the case of Sol8 cells (w/v; Fisher Scientific), and the myoblasts were

transfected at �90% confluence using Fugene
(Roche). Cells were then incubated with fusion
medium (DMEM-HI supplemented with 5%
horse serum and 2 mM L-glutamine) to induce
formation of myotubes. For biochemical exper-
iments, cells were grown in 10 cm dishes and
transfected using the CaPO4 method. Immor-
talized muscle cell lines generated from wild
type and AChR-� 3F/3F mice carrying the
H-2Kb-tsA58 transgene were grown as de-
scribed previously (Friese et al., 2007).

CD4-subunit loop constructs. To generate
CD4-subunit loop chimeras, a BglII site was in-
troduced by site directed mutagenesis at the end
of the transmembrane domain of mouse CD4.
The intracellular domain of CD4 was then ex-
cised and PCR fragments comprising each of
the AChR subunit loops were ligated into this
site. To generate CD4ct-� loop fragments, a Bg-
lII site was introduced at the COOH end of the
CD4 intracellular domain and PCR fragments
comprising segments of � loop were ligated
into this site. This CD4 tail spacer was used to
position the short � loop sequences further
from plasma membrane. PCR based mutagen-
esis was performed to replace the �-subunit
loop tyrosine-390 residue with a phenylalanine
(Y390F) using the QuickChange kit (Strat-
agene). All of the CD4/loop chimeras were con-
structed in a pUC-CD4 vector and then sub-
cloned into the mammalian expression vector
pcDNA3 and confirmed by sequencing.

Immunostaining and clustering assay. For im-
munostaining of transfected Sol8 and C2 mus-
cle cells, surface AChR and CD4 chimeras were
detected by incubating live myotubes with Alexa
594-conjugated �-bungarotoxin (Invitrogen-
Molecular Probes) and anti-CD4 antibody
H129.19 (BD Biosciences-PharMingen) for 15
min. After washing, the myotubes were fixed with
2% paraformaldehyde for 20 min, blocked with
serum, and then incubated with Alexa 488-
conjugated anti-rat secondary antibody. Identical
results were obtained using either Sol8 or C2 myo-
tubes, and when the transfected cultures were

fixed before antibody labeling. The labeled culture slides were viewed with a
Zeiss Axioplan 2 IE fluorescence microscope and Plan-Apo 63�oil objective
(NA 1.40), and digital images acquired using an Axiocam MRM camera and
Axiovision software. In some experiments, we also used a Nikon Eclipse
E600 microscope, CFI Plan Apo 60� oil objective (NA 1.4), and Optronics
camera. To quantify agrin-induced clustering of CD4-subunit loops, we
selected random fields and then scored all CD4-positive myotubes according
to whether or not they had surface CD4 clusters colocalizing with AChR
clusters. The counts were made from 3 to 6 experiments for each CD4-AChR
subunit loop chimeric protein.

For the competition experiment, we used C2 myotube cultures and
quantified agrin-induced clustering by selecting random fields and then
counting the number of AChR clusters in 125 �m segments of all CD4-
positive myotubes. All transfected cultures were coded and counted
blind. The number of clusters per myotube segment was normalized to
that in CD4 expressing myotubes for each experiment and data collected
from 8 independent experiments.

Protein extraction, immunoprecipitation and Western blotting. To assay
expression of CD4 chimeras by Western blotting, transfected muscle cells
were washed, scraped off and pelleted in ice-cold PBS. They were then
re-suspended in extraction buffer (0.5% Triton X-100, 25 mM Tris, 25
mM glycine, 150 mM NaCl, 5 mM EDTA and the protease inhibitors
PMSF, benzamidine, N-ethylmaleimide, and Na2S4O6) and incubated
for 10 min on ice, after which the insoluble proteins were pelleted by

Figure 1. CD4 chimeras containing the � subunit intracellular loop cocluster with the AChR. A, Schematic showing construc-
tion of chimeric proteins, in which the CD4 extracellular and transmembrane domains were fused with the major intracellular (IC)
loop of each AChR subunit. B, CD4-subunit loops were expressed transiently in Sol8 myotubes and then immunoprecipitated from
cell extracts and immunoblotted with an antibody to the CD4 extracellular domain. All CD4-subunit loop chimeras were robustly
expressed. C, Sol8 myotubes transfected with CD4-subunit loop chimeras were treated with agrin for 16 h, and then immuno-
stained for surface CD4 and AChR. Only CD4-� loop coclustered with the AChR in response to agrin treatment (arrows). CD4 and all
other CD4-subunit loops remained diffusely distributed on the myotube surface (CD4-� and � loops are not shown, but see Table
1). CD4-�CT denotes an additional chimera that includes the IC loop, fourth transmembrane domain and C terminus, which also
failed to cluster. Scale bar, 20 �m.
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centrifugation at 13,000 rpm for 5 min. The CD4 chimeras were immu-
noprecipitated from the soluble fraction with monoclonal antibody
GK1.5 (BD Biosciences-PharMingen) chemically cross-linked to protein
G-agarose (Invitrogen). After resuspending and boiling in 2� protein
loading buffer (SDS, glycerol, 10% �-mercaptoethanol and bromphenol
blue), the samples were separated on 10% polyacrylamide gels and im-
munoblotted with monoclonal antibody H129.19 against CD4, followed
by HRP-conjugated anti-rat secondary antibody (Amersham) and visu-
alization with enhanced chemiluminescence. Expression of CD4 � loop
fragments was also assayed in some cases by immunoblotting with
mAb124, which recognizes an epitope in the � subunit loop Y390 region.
To assay phosphorylation of CD4-� loop chimeras, we immunoblotted
with a rabbit polyclonal antibody specific for phosphorylated �-subunit
Y390 residue (JH-1360) (Gillespie et al., 1996).

For the competition experiments, we immunoprecipitated the CD4-
chimeras (CD4-�370 – 406, and CD4ct-�382– 401) as described above
and then sequentially isolated the AChR using biotinylated
�-bungarotoxin and streptavidin-agarose (Invitrogen). The isolates were
then immunoblotted with antibodies to the �-subunit Y390 region
(mAb124) and to CD4. Blotting with mAb124 showed the relative expres-
sion of the chimeric constructs to that of the endogenous AChR � subunit.

To assay rapsyn association with AChR, surface AChR was labeled
with biotinylated �-BuTX and isolated from cell extracts using avidin
beads (Invitrogen-Molecular Probes). To detect coimmunoprecipitated
rapsyn, we immunoblotted with polyclonal antibody B6766, and the
blots were reprobed with phospho-specific �Y390 antibody (JH-1360)
and with anti-AChR � subunit antibody (mAb210). In some experi-
ments, phosphorylated AChR was selectively immunoprecipitated using
phospho-specific �Y390 antibody (JH-1360) chemically cross-linked to
Protein G agarose beads and the remaining surface AChR was isolated
using biotinylated �-BuTX. Both isolates were then immunoblotted with
anti-rapsyn antibody B6766, anti-phosphotyrosine antibodies 4G10 and
PY20, and anti-AChR � subunit antibody mAb210. In a reverse ap-
proach, rapsyn was immunoprecipitated with polyclonal anti-rapsyn an-
tibodies B5668 and B6766 (generated against amino-acids 133–153 and
402– 412 of rapsyn, respectively) (Lee et al., 2008), and associated AChR
was detected by immunoblotting with anti-AChR � subunit antibody
(mAb210). To assay rapsyn association with the �382– 401 motif, C2
muscle cells stably expressing CD4ct-�382– 401 Y390 or Y390F were
treated with agrin or agrin (500 pM) plus pervanadate (0.2 mM) for 1 h.
After detergent extraction, the CD4 chimeras were immunoprecipitated
and immunoblotted for rapsyn as described above. The blots were re-
probed with mAb124 to detect the � subunit motif and with JH-1360 to
detect phosphorylated Y390. We also sequentially isolated AChR from
the same lysates to confirm receptor levels (mAb210) and �-subunit
phosphorylation (JH-1360).

The intensity of the Western blot signals was quantified using Image-
Gauge V4.22 software (FujiFilm). To average several experiments, the
integrated intensity of bands was expressed as a percentage of the value
obtained in wild type, untreated cells. In experiments assaying rapsyn/AChR
association, the data were also normalized to the level of AChR or rapsyn that
was immunoprecipitated. Averages were calculated from 6 independent ex-
periments and statistical significance determined using the Student’s t test.

Rapsyn overlay blots. GST-fusion proteins were constructed in
pGEX4T3 consisting of GST, the CD4 tail linker (ct) and �382– 401 Y390
or Y390F. These constructs were expressed in the TKB1 bacterial strain,
which is a BL21 derivative with an inducible tyrosine kinase expressed
under a tryptophan promoter. GST and GST-rapsyn were expressed in
the BL21 strain. Fusion proteins were extracted in Sarkosyl and isolated
on glutathione beads (as described by Frangioni and Neel, 1993), and
protein concentrations were determined on Coomassie-stained gels us-
ing BSA standards. For overlays, �3 �g of each fusion protein were
separated on 10% SDS-PAGE gels, transferred onto PVDF membrane
and incubated with 5 �g of GST-rapsyn in Tris buffer containing 4%
Blotto and 0.1% Triton X-100. Bound probe was then detected by im-
munoblotting with polyclonal anti-rapsyn antibody B5668. In blocking
experiments, the GST-rapsyn probe was incubated together with 25 �g of
soluble GSTct�382– 401 Y390 or Y390F. To estimate the level of
GSTct�382– 401 Y390 phosphorylation, we immunoprecipitated with

phospho-�Y390 antibody and then compared the amount of immuno-
precipitated versus residual fusion protein by immunoblotting with anti-
GST antibody; this indicated that �25–50% is phosphorylated.

Results
Identification of AChR subunit intracellular loop domains
sufficient for clustering
Direct and indirect interactions with scaffolding proteins are
thought to localize the AChR in the postsynaptic muscle mem-
brane (Banks et al., 2003); however, the relevant binding sites that
mediate such interactions and the factors that regulate binding
are poorly defined. To identify the domains in the AChR that
mediate its synaptic localization, we generated chimeric con-
structs in which the CD4 extracellular and transmembrane do-
mains were fused with the major intracellular loops of each of the
AChR subunits (Fig. 1A). This allowed surface expression and
enabled us to test each subunit loop individually and determine
whether it contains motifs involved in agrin-induced clustering
of the receptor. To first confirm expression, the CD4-subunit
chimeras were expressed in Sol8 myotubes by transient transfec-
tion and then immunoprecipitated and immunoblotted using an
antibody to the CD4 extracellular domain (Fig. 1B). We found
that all of the CD4-loop chimeras were robustly expressed and
were of the expected molecular weights. Moreover, reprobing
with antibodies to the AChR � or � subunits demonstrated that,
as expected, the CD4-loop chimeras did not assemble together
with endogenously expressed receptor subunits (see below).

To assay agrin-induced clustering of the CD4-subunit chime-
ras, transfected cultures were treated with z� agrin (�200 pM for
16 h) and immunostained for surface CD4 and AChR. When
chimeric proteins corresponding to each of the subunits were
examined, only those containing the intracellular loop of the �
subunit loop were observed to cluster. The CD4-� subunit pro-
tein aggregated together with the endogenous AChR in �70% of
expressing myotubes (Fig. 1C; Table 1). In contrast, CD4 and
CD4-�,�,�,� loops all remained diffusely distributed on the myo-

Table 1. Quantification of agrin-induced clustering of CD4-subunit loops and �
loop fragments

CD4-chimera
No. of
experiments

No. of
myotubes counted

% myotubes
with clusters

CD4 5 80 1
CD4�

� loop 5 88 0
� loop 6 94 73
� loop 3 57 0
� loop 5 63 3
� loop 5 75 0
�333– 406 6 117 74
�407– 469 5 84 2
�333– 406/� 6 111 77
�370 – 406 3 60 45
� loop Y390F 6 100 1
�333– 406 Y390F 3 57 2
�333– 406/� Y390F 3 53 0
�370 – 406 Y390F 3 60 3

CD4ct�
�382– 401 3 60 88
�382– 401 Y390F 3 60 15
�385–396 3 60 5
�385– 404 3 60 22

CD4-chimera-positivemyotubeswereidentifiedinrandomfieldsandscoredforthepresenceorabsenceofCD4clustersthat
colocalized with AChR clusters. Agrin induced robust clustering of CD4-� loop chimeras encompassing amino acids 382–
401, with 45– 88% of the expressing myotubes having clusters. Mutation of Y390 abolished clustering of these constructs,
and all other CD4-loops showed background or weak colocalization with AChR clusters.
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tube surface despite normal clustering of the endogenous AChR.
In addition, we tested a CD4-� loop chimera that included the
fourth transmembrane domain and C terminus (CD4-�CT) and
found that it also failed to cluster in response to agrin treatment
(Fig. 1C; Table 1). Thus, in this screen, we find that the long
cytoplasmic loop of the � subunit loop is sufficient to confer
agrin-induced clustering, suggesting that motifs specific for this
subunit contribute to AChR localization.

We next defined the region of the � subunit loop that medi-
ates clustering by making further deletions or substitutions. First,
we tested CD4-chimeras containing the first (amino acids 333–
406) or second halves (aa 407– 469) of the � loop (Fig. 2). We
found that agrin induced robust clustering of CD4-�333– 406 (in
�75% of expressing myotubes), compared with essentially no
clustering of CD4-�407– 469 (Fig. 2A; Table 1). Identical results
were obtained when we substituted �333– 406 and �407– 469
into the corresponding region of � loop; only CD4-�333– 406/�
coclustered with the endogenous AChR (Fig. 2A). We then tested
CD4 chimeras with further deletions within the 333– 406 region
and found clustering of CD4-�370 – 406 but no detectable clus-
tering of smaller fragments fused directly to the CD4 transmem-
brane domain.

In a second series of chimeric con-
structs, � loop fragments were fused at the
end of the CD4 intracellular tail, position-
ing the fragments at a more natural dis-
tance from the plasma membrane (�40
aa). Testing of a number of � loop deletion
fragments (data not shown) identified a
minimal � loop sequence sufficient for
clustering (amino acids 382– 401). In
myotubes expressing low to moderate lev-
els of CD4ct-�382– 401, this chimera clus-
tered efficiently and colocalized precisely
with the AChR in thin optical sections
(Figs. 2B,C; Table 1). Chimeras with fur-
ther deletions such as �385–396 clustered
only weakly in a few myotubes and addi-
tional deletions abolished clustering. To-
gether, these findings identify a 20 amino-
acid sequence in the � subunit loop that is
sufficient for agrin-induced clustering (Fig.
2D).

Regulation of clustering
by phosphorylation
Interestingly, the minimal � loop cluster-
ing “motif” contains a conserved tyrosine
residue (Y390) that is phosphorylated in
the AChR after agrin treatment (Wallace et
al., 1991) and mutation of this site impairs
agrin-induced clustering and anchoring of
the AChR (Borges and Ferns, 2001). To
test for phosphorylation of this site in the
CD4-� loop chimeras, they were immu-
noprecipitated from extracts of control
and agrin-treated myotubes, and then im-
munoblotted with �Y390 phospho-
specific antibody (Gillespie et al., 1996).
We observed agrin-induced phosphoryla-
tion of CD4-� loop, �333– 406 and �333–
406/� within 1 h of agrin treatment (Fig.
3A), before discernable receptor aggrega-

tion. We next tested whether phosphorylation was required for
clustering by mutating tyrosine 390 to phenylalanine (Y390F);
this eliminated phosphorylation without affecting the expression
levels of the chimera (Fig. 3B). Intriguingly, mutation of Y390
abolished agrin-induced clustering of all 3 chimeras (CD4-�
loop, �333– 406, �333– 406/�), which remained diffusely distrib-
uted despite extensive clustering of the endogenous AChR (Fig.
3C; Table 1). These findings demonstrate that agrin-induced
phosphorylation of Y390 is essential for clustering of the isolated
� loop region. Although the � subunit loop contains a similar
tyrosine (Wagner et al., 1991) that is also phosphorylated by agrin
(Mittaud et al., 2001; Mohamed et al., 2001), we found no clus-
tering of CD4-� loop and only weak clustering of CD4ct-�385–
404, a fragment analogous to �382– 401 (Table 1). Similarly, we
did not detect clustering of a CD4-� loop construct where we
introduced a tyrosine residue at this position (data not shown).
This suggests that additional, flanking sequences in the � loop are
required for phosphorylation-dependent aggregation.

If protein interactions with the � loop Y390 region are impor-
tant for AChR clustering, then overexpression of CD4-� loop
chimeras should inhibit clustering of the endogenous AChR by
competing for the requisite binding protein. To test this, we

Figure 2. A 20 amino acid motif in the � subunit loop is sufficient for clustering. A, CD4-� loop chimeras were generated with
either the first (amino acids 333– 406) or second halves (407– 469) of the loop fused after the CD4 transmembrane domain, and
with �333– 406 or 407– 469 substituted into the corresponding region of � loop. Agrin induced clustering of CD4-�333– 406
and -�333– 406/� (arrows) but not -�407– 469 or �/�407– 469 chimeras. CD4-�370 – 406 also clustered. B, CD4-chimeras
were also generated with � loop fragments fused after the CD4 intracellular tail (CD4ct-). Progressive deletions identified a
minimal construct (CD4ct-�382– 401) that clustered efficiently. Scale bar, 20 �m. C, CD4ct-�382– 401 colocalized precisely with
the AChR in thin optical sections (Apotome slice �0.9 �m). Scale bar, 20 �m. D, Schematic showing � loop structure and CD4-�
loop chimeras found to be sufficient for clustering. Y390 denotes a conserved tyrosine phosphorylation site and the thickened line
represents the predicted �-helix.
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transfected myotubes with CD4-�370 –
406 and CD4ct-�382– 401 containing
Y390 or Y390F mutations. We selected
these chimeras because they were ex-
pressed at higher levels than CD4-� loop
or �333– 406 and encompass just the re-
gion sufficient for aggregation. To first as-
say their expression levels, we sequentially
isolated CD4 � loop chimeras and then
AChR from myotube extracts and immu-
noblotted with antibodies to CD4 and the
� subunit loop Y390 region (mAb124)
(Fig. 4A). Quantification of the mAb124
immunoblots showed that the CD4-�
loop chimeras were expressed at levels
�2.5–5 times that of AChR containing en-
dogenous � subunit (Fig. 4B). We then
assayed agrin-induced AChR clustering
and found that cluster number was de-
creased �25% in myotubes expressing
CD4-�370 – 406 and CD4ct-�382– 401,
compared with control myotubes express-
ing CD4 (Figs. 4C,D) (p � 0.01, Student’s t
test, n � 8). This 25% reduction is an av-
erage of all transfected myotubes regard-
less of expression level; however in myo-
tubes with high levels of CD4-�
expression, the decrease was more pro-
nounced and the remaining AChR aggre-
gates were sometimes small and frag-
mented (see highly expressing myotubes
in Figs. 2B, 4C). Moreover, the reduction is
consistent with the moderate 2.5–5-fold
overexpression and the fact that only phosphorylated CD4-�
loop chimeras can be expected to compete with the AChR. In-
deed, no inhibition of AChR clustering was observed in myotubes
expressing Y390F versions of CD4-�370 – 406 and CD4ct-�382–
401, which do not cluster (Fig. 4C,D). Agrin-induced AChR clus-
tering is inhibited therefore only by � loop fragments that aggre-
gate, indicating that this region normally contributes to
clustering of the AChR.

Phosphorylation of � loop motif regulates rapsyn association
Our findings suggest that agrin-regulated, phosphorylation-
dependent protein interactions with the � subunit loop help me-
diate receptor clustering. One candidate interacting protein is
rapsyn, because it is essential for receptor clustering and its inter-
action with the AChR is increased by agrin (Moransard et al.,
2003). To investigate whether rapsyn might bind the phosphor-
ylated � subunit, we first treated cultured C2 myotubes with z�
agrin for one h, isolated surface AChR, and then assayed � sub-
unit phosphorylation and rapsyn association by Western blot
analysis. Even at this early time point before receptor aggregation,
we found that agrin increased the amount of rapsyn coimmuno-
precipitated with surface AChR, along with � subunit phosphor-
ylation (Fig. 5A), indicating that the events are closely correlated.
We then examined whether rapsyn is preferentially associated
with phosphorylated AChR, by immunoprecipitating AChR us-
ing �Y390 phospho-specific antibody and immunoblotting for
rapsyn (Fig. 5B). We found that AChR immunoprecipitated with
�Y390 phospho-specific antibody had higher levels of associated
rapsyn than the remaining surface AChR isolated using biotinylated
BuTX. Because approximately one-half of the total AChR was im-

munoprecipitated with phospho-� antibody, this finding shows that
more rapsyn is associated with AChR containing phosphorylated �
subunit compared with nonphosphorylated � subunit (2.3 � 0.6-
fold; mean � SEM, n � 5).

The findings above show that clustering of CD4-� loop is
dependent on Y390 phosphorylation and that rapsyn/AChR
binding correlates with � Y390 phosphorylation. Consequently,
we tested whether phosphorylation regulates rapsyn association
with the � loop motif in muscle cells. C2 myotubes expressing
CD4-�382– 401 Y390 or Y390F were treated with agrin (500 pM)
and pervanadate (0.2 mM) for 1 h to induce phosphorylation, and
the CD4 chimeras were then immunoprecipitated from cell ex-
tracts and immunoblotted for associated rapsyn. We found that
rapsyn coimmunoprecipitated with CD4-�382– 401 after agrin/
pervanadate treatment (Fig. 6A), which induced robust phosphor-
ylation of Y390. In contrast, no rapsyn associated with CD4-�382–
401 Y390F chimera, which was expressed at similar levels. Thus,
rapsyn binding to the � loop motif requires Y390 phosphorylation.

Next, we expressed GST-ct�382– 401 fusion proteins in bac-
teria containing an inducible tyrosine kinase and the purified
proteins were used in overlay blots that were probed with GST-
rapsyn (Fig. 6B). We found that rapsyn bound both GST-
ct�382– 401 Y390 and Y390F but not to GST or GST-ct controls.
Binding of the rapsyn probe was blocked by excess soluble GST-
ct�382– 401 and Coomassie staining confirmed that all GST and
GST-fusion proteins were present at similar levels. This confirms
that rapsyn binds the �382– 401 motif, although their interaction
was not phosphorylation-dependent in this assay (Y390F � 92 �
4% of binding to �382– 401 WT; mean � SEM, n � 5). One
possible explanation stems from our immunoprecipitation ex-

Figure 3. Agrin-induced clustering of CD4-� loop chimeras is phosphorylation-dependent. A, CD4-� loop constructs were
immunoprecipitated from extracts of control and agrin-treated Sol8 myotubes (C-Ag4,8, 1 nM, �1 h) and immunoblotted with a
phospho-specific antibody to Y390. Agrin induced phosphorylation of CD4-�, �333– 406 and �333– 406/�. Reprobing with
mAb124 to the � loop confirmed similar levels of chimeric proteins in each of the immunoprecipitations. B, CD4-�333– 406 and
CD4-�333– 406 Y390F were immunoprecipitated from myotube extracts and immunoblotted with Y390 phospho-specific anti-
body. Mutation of Y390 (to F) eliminated basal and agrin-induced phosphorylation, without affecting expression levels shown by
reprobing with antibody to CD4. C, Agrin-induced clustering of CD4-� loop, �333– 406 and �333– 406/� was abolished by
Y390F mutation. Scale bar, 20 �m.
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periments with �Y390 phospho-specific antibody, which indi-
cate that the Y390 epitope is not blocked by rapsyn. Thus, phos-
phorylation may induce a conformational change that facilitates
rapsyn binding to adjacent amino acids on the loop, and this may
not be apparent in overlay blots in which most protein is dena-
tured and the rapsyn binding site is already exposed. We cannot
discount the possibility, however, that another protein mediates the
phosphorylation-dependent interaction of rapsyn with the �382–
401 motif.

Finally, to investigate further whether � subunit phosphory-
lation regulates rapsyn association with the AChR, we used mus-
cle cell lines derived from wild type and AChR-� 3F/3F mice, which
have targeted mutations in the three intracellular tyrosines in the
� subunit (Friese et al., 2007). The AChR-� 3F/3F mice lack �

subunit phosphorylation and have neuro-
muscular junctions that are simplified and
reduced in size, with decreased levels of
AChR. After treating wild type and AChR-
� 3F/3F myotubes with agrin for 1 h, surface
AChR labeled with biotin-conjugated
�-bungarotoxin was isolated from cell ex-
tracts and immunoblotted for associated
rapsyn (Fig. 7A). Interestingly, signifi-
cantly less rapsyn was associated with
AChR in AChR-� 3F/3F myotubes com-
pared with wild type, in both untreated
and agrin-treated conditions ( p � 0.05
and 0.001, n � 6, ANOVA with Tukey
post-test). Moreover, agrin treatment
did not increase rapsyn/AChR associa-
tion significantly in AChR-� 3F/3F myo-
tubes, as it did in wild-type myotubes
(�1.8-fold, p � 0.01, n � 6, ANOVA
with Tukey post-test) (Fig. 7B). Thus,
phosphorylation of the � subunit loop is
required for the agrin-regulated increase
in rapsyn/AChR association but not for
constitutive rapsyn/AChR association.

Potentially, � subunit phosphorylation
could regulate rapsyn interaction by in-
creasing the number, affinity or stoichi-
ometry of rapsyn/AChR complexes. To
begin to distinguish these possibilities, we
immunoprecipitated rapsyn and immu-
noblotted for associated AChR (Fig. 7C).
In both wild type and AChR-� 3F/3F myo-
tubes, agrin did not increase the amount of
AChR associated with immunoprecipitated
rapsyn (differences not significant, n � 6,
ANOVA with Tukey post-test) (Fig. 7D).
Together, these findings suggest that agrin
primarily increases the amount of rapsyn
bound to each AChR (which would be evi-
dent only in AChR pulldowns), rather than
the number or affinity of rapsyn/AChR
complexes (which would be evident in both
AChR and rapsyn pulldowns).

Discussion
Our findings identify a novel motif in the
long intracellular loop of the AChR � sub-
unit that is sufficient for targeting to
postsynaptic AChR clusters. In our screen,
the � loop sequence was the sole region of

the AChR sufficient for postsynaptic localization and its addition
to CD4 or substitution into � loop resulted in efficient agrin-
induced clustering. The � loop “clustering” domain is centered
on a tyrosine residue (Y390) and surrounding sequence of �20 aa
that is highly conserved between species (Fig. 8A). Moreover, �
Y390 is phosphorylated in synaptic AChR and is a known site of
agrin-induced phosphorylation (Wallace et al., 1991; Borges and
Ferns, 2001). Consistent with this, we found that agrin induced
Y390 phosphorylation in CD4-� loop chimeras, and that muta-
tion of Y390F abolished aggregation; thus, protein interactions
with this � loop region are phosphorylation-dependent. Interest-
ingly, we found that � loop did not cluster significantly despite
containing a similar tyrosine residue that is also phosphorylated

Figure 4. Overexpression of CD4-� loop chimeras inhibits agrin-induced clustering of the endogenous AChR. A, CD4-� loop
chimeras and AChR were sequentially isolated from extracts of transfected Sol8 myotubes using anti-CD4 antibody (CD4 IP) and
biotinylated �-bungarotoxin (BuTX) respectively. Levels were then compared by immunoblotting with antibodies to CD4 and the
� loop (mAb124). B, Quantification of the mAb124 immunoblots shows that the CD4-� loop constructs were expressed at levels
�2.5–5 times that of the endogenous AChR, and that mutation of Y390 did not affect expression. Reprobing with antibody to the
AChR � subunit also demonstrates that the CD4-� loop chimeras do not directly associate with AChR or assemble with the other
receptor subunits. C, Immunostaining for surface CD4 (green) and AChR (red) shows that compared with control (CD4 expressing)
myotubes, the number of agrin-induced AChR clusters is reduced in myotubes overexpressing CD4ct-�382– 401. In addition, the
remaining AChR clusters were sometimes fragmented and less intensely stained (arrows) compared with those in untransfected or CD4
expressing myotubes (arrowheads). Scale bar, 20 �m. D, Quantification of the number of agrin-induced AChR clusters in myotubes
overexpressing CD4 or CD4-� loop chimeras. Compared with CD4-expressing control myotubes, the number of AChR clusters was signif-
icantlyreduced(�25%)inmyotubesexpressingCD4-�370 – 406andCD4ct-�382– 401( p�0.01,Student’s t test, n�8). Incontrast,
no inhibition occurred in myotubes expressing �370 – 406 and �382– 401 with Y390F mutations.
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in synaptic AChR. Thus, although agrin
induces phosphorylation of both subunits
(Wallace et al., 1991; Ferns et al., 1996;
Borges and Ferns, 2001, Mittaud et al.,
2001; Mohamed et al., 2001), our findings
suggest that � and � phosphorylation is
functionally distinct. Although � subunit
phosphorylation is clearly implicated in
AChR localization, � loop phosphoryla-
tion is likely involved in some other aspect
of channel function such as recruiting adap-
tor or signaling proteins.

As the � loop motif is sufficient for
clustering of chimeric proteins and muta-
tion of � Y390 impairs clustering of intact
AChR (Borges and Ferns, 2001), phos-
phorylation must regulate protein interac-
tions involved in AChR localization.
Somewhat unexpectedly, our findings dem-
onstrate that the � loop motif forms a regu-
lated binding site for rapsyn. First, we found
that agrin increased rapsyn/AChR associa-
tion in parallel with � subunit phosphoryla-
tion, and that rapsyn was preferentially asso-
ciated with phosphorylated AChR. Second,
rapsyn bound the � loop Y390 region (20 aa)
in overlay blots, although binding was not
phosphorylation-dependent in this assay.
One possible explanation is that Y390 phos-
phorylation induces a conformational
change (Phan-Chan-Du et al., 2003) that
promotes rapsyn binding to adjacent resi-
dues and this is probably not apparent in
overlay blots because most protein is dena-
tured. Alternatively, another muscle pro-
tein might form a tertiary complex with
rapsyn and the � loop and mediate their
phosphorylation-dependent interac-
tion. Third, in coimmunoprecipitation
experiments from muscle cells, rapsyn
associated with CD4-�382– 401 in a
strictly phosphorylation-dependent man-
ner. Fourth, agrin increased rapsyn binding
to wild type AChR but not to AChR-�3F/3F

that lacks � phosphorylation. Together, this
provides strong evidence that agrin-induced
phosphorylation regulates rapsyn binding to
the � loop Y390 region.

In addition to regulated binding to �
loop, rapsyn clearly binds other site(s) on
the AChR. Rapsyn still coimmunoprecipi-
tates with AChR-� 3F/3F, although in lower
amounts than with wild type AChR, and
colocalizes with AChR at the NMJ of
AChR-� 3F/3F mice (Friese et al., 2007).
Consistent with this, previous studies have
shown that rapsyn interacts with all AChR
subunits in heterologous cells (Maimone
and Merlie, 1993; Huebsch and Maimone,
2003), and we found that this interaction
occurs via the �-helical domain in the
large intracellular loop and is agrin-
independent (Y. Lee, J. Rudell, and M.

Figure 5. Rapsyn is preferentially associated with phosphorylated AChR. A, Surface AChR were isolated from control and
agrin-treated Sol8 myotubes using biotinylated �-bungarotoxin (BuTX) and immunoblotted with �Y390 phospho-specific an-
tibody, anti-� subunit antibody (mAb210) and anti-rapsyn antibody (B6766). Agrin treatment for 1 h (C-Ag4,8, 200 pM) increased
both the amount of rapsyn that coimmunoprecipitated with the AChR and � subunit phosphorylation. B, Phosphorylated AChR
was immunoprecipitated with phospho-�Y390 antibody, and then residual surface AChR was isolated using biotinylated
�-BuTX. Immunoblotting with anti-PY antibodies shows that most AChR containing phosphorylated � subunit was immunopre-
cipitated with phospho-specific �Y390 antibody, and reprobing with mAb210 shows that �1/2 of the total surface receptor is
phosphorylated. Immunoblotting for rapsyn indicates that more rapsyn is associated with phosphorylated than nonphosphory-
lated AChR.

Figure 6. Rapsyn binds � loop 382– 401 in a phosphorylation-dependent manner. A, CD4ct-�382– 401 chimeras were
immunoprecipitated from extracts of control or agrin plus pervanadate-treated myotubes (500 pM agrin, 0.2 mM pervanadate; 1 h)
and immunoblotted with anti-rapsyn antibody (B5668). Rapsyn associated with wild-type CD4ct-�382– 401 only after agrin plus
pervanadate treatment that induced robust phosphorylation of Y390. No rapsyn associated with Y390F CD4ct-�382– 401 that
was expressed at similar levels but lacked phosphorylation (n � 4). Sequential isolation and immunoblotting of the AChR showed
that agrin plus pervanadate induced significantly greater � subunit phosphorylation than agrin alone. B, GST fusion proteins
immobilized on membranes were probed with 5 �g/ml GST-rapsyn and bound protein detected by immunoblotting with anti-
rapsyn antibody (B5668). Rapsyn bound specifically to GSTct-�382– 401 Y390 and Y390F but not to GST or GSTct controls, and
binding was eliminated by incubating the GST-rapsyn probe together with 25 �g/ml soluble GSTct-�382– 401. Coomassie
staining shows that all fusion proteins were present at similar levels (n � 5).
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Ferns, submitted). We propose, therefore, that rapysn binds at
two distinct sites on the AChR: constitutive binding to the
�-helical domain of one or more subunit loops and regulated
binding to the � subunit loop Y390 region.

How does regulated rapsyn binding to the AChR � subunit
loop contribute to AChR localization and what is its function? A
possible molecular mechanism is suggested by two key findings.
First, we found that more rapsyn was associated with phosphor-
ylated than nonphosphorylated AChR and that less rapsyn was
associated with AChR-� 3F/3F versus wild type AChR. Second, we
found that agrin increased the amount of rapsyn coisolated with
AChR by 1.8-fold, but the amount of AChR coimmunoprecipi-
tated with rapsyn by only 1.2-fold. These findings are most con-
sistent with phosphorylation increasing the ratio of rapsyn to
AChR, so that in addition to one molecule of rapsyn bound con-
stitutively to the receptor, a second molecule of rapsyn becomes
bound to the phosphorylated � loop. Indeed, estimates of the
stoichiometry of rapsyn to AChR in Torpedo synaptic mem-
branes range from 1:1–2:1 (Sealock, 1982; LaRochelle and Froe-
hner, 1986), and a 4.6 Angstrom structure of AChR/rapsyn com-
plexes derived from electron images of Torpedo membranes
shows a twofold symmetry for rapsyn (Miyazawa et al., 1999),
implying 2 rapsyn molecules associate with a single AChR. Recent
studies on the developing rodent NMJ also demonstrate that the
rapsyn to AChR ratio increases during development (Gervásio et
al., 2007), and that rapsyn overexpression can increase rapsyn
levels even at adult synapses (Gervasio and Phillips, 2005).
Rapsyn turnover is also faster than AChRs, allowing for regulated

and dynamic binding to the receptor (Bru-
neau and Akaaboune, 2007). Together,
these findings suggest a model in which
agrin-induced phosphorylation of the �
subunit increases the number of rapsyn
molecules binding each AChR (see Fig.
8B). One consequence could be to in-
crease AChR packing density and stability,
as reported for rapsyn overexpression at
developing rat NMJs (Gervásio et al.,
2007). Another possibility is that addi-
tional rapsyn binding might anchor AChR
more stably to the postsynaptic cytoskele-
ton (Fig. 8B), as we have shown previously
that mutation of � Y390 decreases linkage
of AChR to the detergent-resistant cy-
toskeleton and impairs its aggregation in
muscle cells (Borges and Ferns, 2001).
Thus, in AChR-� 3F/3F mice that lack �
subunit phosphorylation, AChR is pre-
sumably localized at the NMJ because one
molecule of rapsyn can bind to AChRs in-
dependent of � subunit phosphorylation.
Failure of a second molecule of rapsyn to
bind mutant AChRs may impair anchor-
ing and stability of the receptor, however,
leading to the decreased density and num-
ber of AChRs and other defects in synaptic
maturation (Friese et al., 2007).

In summary, our findings identify a
motif in the � subunit intracellular loop
that is sufficient for clustering and show
that phosphorylation of this motif induces
more rapsyn binding to each AChR. We
propose, therefore, that rapsyn interacts

both in a regulated and constitutive manner with the AChR, with
each mode of interaction having distinct functions that combine
to localize the AChR at appropriate levels at the NMJ.
Phosphorylation-dependent binding of rapsyn also provides a
mechanism to regulate AChR localization at developing and ma-
ture NMJs. During initial synaptogenesis, agrin-induced binding
of additional rapsyn to the � subunit loop could selectively sta-
bilize innervated AChR clusters, and at mature synapses, it could
regulate AChR stability and thus modulate synaptic strength.
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Figure 8. Working model for how agrin-induced phosphorylation of AChR � subunit regulates rapsyn association and receptor
localization. A, Alignment showing that the � subunit motif sufficient for clustering is highly conserved between species. B, Our
data together with previous findings suggest a model in which AChR localization involves both constitutive and regulated
interactions with rapsyn. In uninnervated muscle, rapsyn (R) is constitutively associated with the AChR, interacting with the
helical domain (H) of one or more subunit loops. On innervation, agrin-induced phosphorylation of the AChR � subunit (�P)
induces binding of additional rapsyn to the � 382– 401 motif. This increase in stoichiometry may increase the efficiency of AChR
clustering and also anchor and stabilize the receptor via interactions with dystroglycan (DG) or cytoskeletal proteins. Both forms
of rapsyn binding contribute to localizing the AChR at high density in the postsynaptic membrane.
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