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Rapsyn, a 43 kDa protein required to cluster nicotinic acetyl-
choline receptors (AChRs) at the neuromuscular junction, is
tightly associated with the postsynaptic membrane via an
N-terminal myristoylated site. Recent studies have shown that
some acylated proteins associate with the exocytic pathway to
become targeted to their correct destination. In this work, we
used Torpedo electrocyte to investigate the intracellular routing
of rapsyn compared to those of AChR and Na,K-ATPase, the
respective components of the innervated and noninnervated
membranes. We previously demonstrated that these latter two
proteins are sorted and targeted to plasma membrane via
distinct populations of post-Golgi vesicles (Camus et al., 1998).

Biochemical and immunoelectron microscopy analyses of var-
ious populations of post-Golgi vesicles immunopurified with
magnetic beads led us to identify post-Golgi transport vesicles
containing both rapsyn and AChR. These data suggest that
rapsyn, as for AChR, specifically follows the exocytic pathway.
Furthermore, immunogold-labeling experiments provided in
situ evidence that AChR and rapsyn are cotransported in the
same post-Golgi vesicles. Taken together, our observations
suggest that rapsyn and AChR are cotargeted to the postsyn-
aptic membrane.
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Rapid and efficient synaptic transmission at the neuromuscular
junction is provided by the accumulation of nicotinic acetylcho-
line receptors (nAChRs) at postsynaptic sites directly across the
presynaptic area of neurotransmitter release. The accumulation
and maintenance of high concentrations of AChRs at newly
formed synaptic sites of the neuromuscular junction involve sev-
eral levels of regulatory mechanisms, including transcriptional
regulation of the genes encoding the AChR subunits, clustering,
and stabilization of AChR via the cytoskeleton (for review, see
Sanes and Lichtman, 1999). The demonstration of a subneural
sarcoplasm housing a specialized Golgi apparatus (GA) (Jasmin
et al., 1989, 1995; Antony et al., 1995) and a local network of
stable microtubules (Jasmin et al., 1990) thereby illustrates the
compartmentalization of the exocytic pathway in innervated mus-
cle fibers and its specialization in the synaptic region (for review,
see Cartaud and Changeux, 1993). This implies that additional
post-translational regulatory mechanisms involving local synthe-
sis, sorting, and targeting must exist to ensure the proper supply
of AChRs at synaptic sites.

Sorting and targeting neosynthetized membrane proteins in the
secretory pathway participate in the genesis and maintenance of
specialized domains of the cell surface (Griffiths and Simons,
1986; Wandinger-Ness et al., 1990). In a recent work, we studied

the targeting of AChR to the postsynaptic membrane in Torpedo
electrocyte. In this study, two subpopulations of post-Golgi vesi-
cles (PGVs) enriched either in AChR or in Na,K-ATPase, the
two major components of the innervated and noninnervated
membrane domains, have been characterized suggesting an effi-
cient intra-Golgi sorting of these two proteins and a direct tar-
geting of AChR to the postsynaptic membrane via post-Golgi
vesicular transporters (Camus et al., 1998).

The accumulation of AChR in the postsynaptic membrane is a
complex process involving integral, cytoskeletal, and extracellular
matrix components. Among the proteins of the postsynaptic cy-
toskeleton, the myristoylated 43 kDa protein, rapsyn, is of par-
ticular interest. Knock-out mice and cotransfection experiments
have demonstrated that rapsyn is required for AChR clustering
(Froehner et al., 1990; Phillips et al., 1991a; Yu and Hall, 1994;
Gautam et al., 1995). As for other myristoylated proteins (Wilcox
et al., 1987), rapsyn is myristoylated on its N-terminal Gly during
translation (Musil et al., 1988). This modification confers mem-
brane targeting to rapsyn (Phillips et al., 1991b; Ramarao and
Cohen, 1998). Two possibilities can then be envisaged: as gener-
ally proposed, rapsyn could insert directly into the plasma mem-
brane after synthesis. Alternatively, as shown for other acylated
proteins (Liu et al., 1994; Gonzalo and Linder, 1998; Bijlmakers
and Marsh, 1999), rapsyn might initially be targeted to intracel-
lular membranes of the exocytic pathway and subsequently travel
to the cell surface.

In this work, we have investigated the intracellular routing of
rapsyn as compared to that of AChR or Na,K-ATPase in Torpedo
electrocyte. Our data bring evidence that rapsyn associates to
distal exocytic compartments (post-Golgi vesicles) and is specif-
ically cotargeted with AChR to the postsynaptic membrane.
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MATERIALS AND METHODS
Biological material. Torpedo marmorata were obtained from the Station
de Biologie Marine, Roscoff (Université Paris 6) and the Station de
Biologie Marine, Arcachon (Université Bordeaux I), France.

Antibodies. The following antibodies were used for immunopurifica-
tion, immunoblotting, and immunocytochemistry: guinea pig polyclonal
anti-AChR and rabbit anti-Na,K-ATPase antibodies directed respec-
tively against Torpedo AChR and Torpedo Na,K-ATPase pump have
been previously characterized (Camus et al., 1998). Rat monoclonal
antibodies directed against cytoplasmic epitopes of AChR a-subunit
(mAbs 111 and 155) were kindly provided by Dr. S. Tzartos (Tzartos and
Lindstrom, 1980). Monoclonal antibody directed against rapsyn (mAb
1234A) was generously provided by Dr. S. Froehner (Peng and Froehner,
1985). Monoclonal anti-phosphoserine antibodies were obtained respec-
tively from Upstate Biotechnology (Lake Placid, NY) and Sigma (St.
Louis, MO). Biotinylated goat anti-rabbit, goat anti-mouse, and sheep
anti-rat antibodies were purchased from Amersham.

Purification of AChR-rich plasma membranes and PGVs. AChR-rich
plasma membranes from fresh electric tissue were prepared according to
Saitoh and Changeux (1980). Crude PGVs were isolated following a
protocol adapted from Wandinger-Ness et al. (1990) for the purification
of PGVs in Madin–Darby canine kidney cells (Camus et al., 1998).
Antiproteases (1 mM leupeptin, 1 mM pepstatin, 0.2 mM PMSF, 0.5 mg/ml
aprotinin, and 0.8 mM benzamidin) were added throughout the purifica-
tion procedures. Crude PGVs and Golgi fractions were stored in liquid
nitrogen to await further investigation. To avoid a possible contamination
of crude PGVs or Golgi fractions by soluble rapsyn, which is present in
small quantity in the cytoplasm of the electrocytes, the fractions were
washed and pelleted by centrifugation at 250,000 3 g for 1 hr before
biochemical analyses.

Immunoisolation of post-Golg i vesicles. PGVs fractions were further
immunopurified according to their protein content using magnetic beads,
as described in Camus et al. (1998). To improve the efficiency of the
immunoabsorbants, biotinylated linker antibodies were used to fix anti-
Na,K-ATPase, mAbs 111 and 155 anti-a AChR subunit or mAb 1234A
anti-rapsyn antibodies to 2.8 mm diameter streptavidin-conjugated mag-
netic beads (Dynabeads M-280; Dynal AS, Oslo, Norway) according to
manufacturer’s instructions (typically 20 mg of IgGs/mg of beads). Im-
munopurification of PGVs was performed by incubation overnight at 4°C
of the crude PGV fraction (400 ml /mg of beads) in PGV buffer (1.2 mM
phosphate buffer, pH 7.4, containing (in mM): 280 KCl, 3 NaCl, 3.4
MgCl2, 1.8 CaCl2, 100 sucrose, and 5 glucose) supplemented with 5%
BSA in PBS and antiproteases to 1 ml final incubation volume. For
biochemical analysis by SDS-PAGE and Western blotting, beads were
directly resuspended in Laemmli buffer (Laemmli, 1970).

Cross-linking experiments. Cross-linking experiments were performed
according to the protocol described by Burden et al. (1983) using a
heterobifunctional cross-linking reagent, succinimidyl 4-( p-maleimido-
phenyl)butyrate (SMPB), that contains N-ethylmaleimide and
N-hydroxysuccinimide as reactive groups (0.12 nm between reactive
groups). Briefly, purified AChR-rich membranes, crude plasma mem-
branes, and crude PGVs were washed with 10 mM sodium phosphate
buffer, 1 mM EDTA, 1 mM EGTA, 0.3 mM PMSF, and 0.02% sodium
azide, pH 7.4, pelleted by centrifugation and resuspended in 10 mM
sodium phosphate buffer and 1 mM EDTA, pH 8.0, at a final concentra-
tion of 4 mg of protein/ml. SMPB in DMSO (2% v/v stock solution) was
added to the membranes at concentrations of 10 27 to 10 24 M and
incubated for 30 min at room temperature in the dark. Membranes were
then pelleted and washed in 10 mM sodium phosphate buffer, 1 mM
EDTA, pH 8, before solubilization in SDS-PAGE sample buffer. Forty
micrograms of membrane proteins were loaded in each lane. Analysis of
the cross-linked products were subsequently performed by Western blot-
ting followed by ECL detection.

SDS-PAGE and Western blotting. Proteins from the various membrane
preparations were separated on 8 or 10% SDS-PAGE in a slab cell (Mini
protean II; Bio-Rad, Richmond, CA). In all experiments, heating of the
sample buffer was omitted to prevent aggregation of Na,K-ATPase and
dephosphorylation of the AChR. After separation, proteins were elec-
trotransfered onto nitrocellulose paper (Schleicher & Schuell, Dassel,
Germany) according to Towbin et al. (1979). Immunoblot experiments
were performed as described elsewhere (Cartaud et al., 1993). For
phosphoserine detection, skimmed milk in the blocking solutions was
replaced by 3% gelatin. Detection of the signal was achieved with a
chemiluminescent reaction (ECL; Amersham) using x-ray films (Fuji
Photo Film Company, Tokyo, Japan). Antibody dilutions were 1:3000 for

anti-a AChR subunit, 1:10,000 for anti-rapsyn, 1:40,000 for anti-Na,K-
ATPase, and 1:10,000 for anti-phosphoserine.

Electron microscopy and immunocytochemistry. For immunolabeling,
columns of electrocytes were dissected and immediately incubated at
room temperature in a microtubule-stabilizing buffer [100 mM (N-
morpholino)-ethanosulfonic acid, pH 6.4, 1 mM EGTA, 1 mM GTP, 0.5
mM MgCl2, and 10 mM taxol; Schiff et al., 1979] for 60 min. Subsequently,
electric tissue was fixed with 3% paraformaldehyde and 0,05% glutaral-
dehyde in 0.1 M phosphate buffer, pH 7.4, at 4°C, impregnated with 25%
sucrose (w/v) and rapidly frozen in melting Freon R-22 cooled by liquid
nitrogen. Frozen sections (4 mm) were obtained by cutting the columns in
a cryostat (SLEE, London, UK) at 224°C. For optimal visualization of
cell polarity, transversally oriented sections of electric tissue were se-
lected. Sections were recovered onto ovalbumine-coated glass slides,
air-dried, and stored at 270°C until further processing.

Immunogold experiments on electric tissue were performed using a
pre-embedding labeling technique (Kordeli et al., 1986; Camus et al.,
1998). After preincubation in PBS containing 4% BSA and 1% fish
gelatin, cryostat sections were incubated for 1 hr at room temperature
with the first antibody (anti-a AChR subunit, mAbs 111 and 155, 1:100
and/or anti-rapsyn 1:200) in PBS containing 0.4% BSA and 0.1% fish
gelatin. After thorough washing, sections were incubated with goat
anti-rat IgGs conjugated to 6 nm colloidal gold particles and/or goat
anti-mouse IgGs conjugated to 12 nm colloidal gold particles (AuroProbe
EM; Amersham). In these experimental conditions, a very low back-
ground signal was observed with secondary antibodies alone. Subse-
quently, sections were fixed for 45 min with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4, containing 0.1% tannic acid, post-fixed for 45
min with 1% osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in
a series of ethanol solutions, and embedded in epoxy resin. Serial thin
sections (silver to gold) were directly observed in the EM without further
staining. For EM immunodetection of antigens in PGVs, Dynabeads
were processed as cryosections, pelleted, fixed, and embedded. Thin
sections were stained with 5% uranyl acetate and 1% lead citrate. All
sections were observed with a Philips CM12 electron microscope oper-
ating at 60 or 80 keV. Micrographs were taken on Kodak (Eastman
Kodak, Rochester, NY) EM 4489 electron microscope films.

RESULTS
Rapsyn is specifically associated with
AChR-containing PGVs
In a previous study, we have shown that AChR and Na,K-ATPase
are associated respectively with discrete membrane compart-
ments of the exocytic pathway (PGVs) of the electrocyte. In a first
attempt to unravel the targeting of rapsyn, we looked for its
presence in the exocytic pathway. We isolated crude PGVs and
crude Golgi using sucrose equilibrium gradient centrifugation
(Camus et al., 1998). PGVs with a buoyant density of 1.08–1.10,
a mean diameter of 80–100 nm, and Golgi membranes (buoyant
density of 1.11–1.15) were collected from the same gradient. The
respective content in rapsyn and AChR of the crude vesicles as
well as that of the crude Golgi fraction were analyzed by Western
blotting after SDS-PAGE and compared to that of AChR-rich
plasma membranes. As seen in Figure 1, rapsyn was immunode-
tected both in GA and PGVs. In the Torpedo postsynaptic mem-
brane, equal amounts of AChR a-subunit and rapsyn have been
detected (LaRochelle and Froehner, 1986). In our experimental
conditions, rapsyn detection was more efficient than that of AChR
by a factor of 2 or 3 (Fig. 1, legend). In the Golgi fraction, rapsyn
was usually detected at a very low level (Fig. 1), whereas crude
PGVs disclose rapsyn/AChR ratio close to that found in postsyn-
aptic membranes. These observations suggest that rapsyn is as-
sociated with intracellular compartments of the exocytic pathway.

As previously shown, AChR and Na,K-ATPase are present in
distinct populations of PGVs, supporting the notion that these
two proteins are intracellularly sorted within the trans-Golgi
network (Camus et al., 1998). As a consequence, it is conceivable
that if rapsyn is associated with the secretory pathway, it will take
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a specific route to the postsynaptic membrane. To test this hy-
pothesis, distinct populations of PGVs were purified, using im-
munomagnetic beads, on the basis of their content in AChR,
rapsyn, and Na,K-ATPase. The protein content of each popula-
tion was determined using Western blotting experiments and
taking into account the rapsyn/AChR ratio established for the
postsynaptic membranes fraction (Fig. 1, legend). As previously
shown by Camus et al. (1998), PGVs isolated with anti-Na,K-
ATPase (VA) and with anti-AChR (VR) were enriched in Na,K-
ATPase and AChR, respectively (Fig. 1). Rapsyn was only de-
tected in VR, although in low and variable amounts. VA were
devoid of rapsyn (Fig. 1). These data suggested a cotransport of
rapsyn and AChR in the same post-Golgi vesicles. To confirm this
cotransport, we isolated a population of PGVs using magnetic
beads coated with anti-rapsyn antibodies (V43). Western blotting
analysis revealed that these PGVs contained large, although gen-
erally lower, amount (30–50%) of rapsyn compared to AChR
a-subunit, as compared to postsynaptic membranes and crude
PGV fraction (Fig. 1). Interestingly, only traces of Na,K-ATPase
were detected in V43, this finding strengthening our current
hypothesis of a separate intracellular routing of synaptic proteins
versus proteins of the noninnervated membrane. Rapsyn being
tightly associated with the innervated membrane, it is therefore
unlikely that the presence of rapsyn in PGVs results from its
redistribution during the purification procedures. The observa-

tion that rapsyn was consistently detected at low levels in VR,
whereas V43 usually contained both AChR and rapsyn, is puz-
zling. This led us to assume that several subpopulations of AChR-
rich PGVs carrying variable amounts of rapsyn do exist. One
could suppose that the epitopes on the cytoplasmic moeity of
AChRs, recognized by mabs 111 and 155 used for immunopuri-
fication of VR fraction, are masked in the PGVs containing larger
amount of rapsyn. Consequently, VRs with a low content of
rapsyn were selected. PGVs with increasing rapsyn content would
result from a gradient of maturation of AChR-containing PGVs
to which rapsyn molecules would bind, after their budding from
the trans-Golgi network. The observation that Golgi fractions
usually contained a low amount of rapsyn (Fig. 1) does agree with
this hypothesis.

The morphological analysis by EM of VR and V43 reveals that
these fractions correspond to uncoated vesicles (Fig. 2A,B).
These vesicles have a diameter of 100 6 20 nm, a size similar to
that of the PGVs previously characterized (Camus et al., 1998).
Immunogold labeling of these PGVs was undertaken to confirm
that AChR and rapsyn were indeed comprised in the same
vesicles. Approximately 25% of VRs were labeled with anti-
rapsyn antibodies, a value consistent with the low content of
rapsyn in VR. Conversely, a large proportion (.50%) of V43s
were labeled with anti-AChR antibodies (Fig. 2C), this confirm-
ing that rapsyn and AChR are present together in the same
vesicles. However, the immunogold labeling of AChR in V43
concerns roughly half of the vesicles, a value lower than that
expected given the rapsyn/AChR ratio biochemically detected in
these vesicles. The underestimation of AChR content in these
vesicles may be accounted for, as suggested above, by the partial
masking of epitopes corresponding to mAbs 111 and 155 at the
cytoplasmic domain of AChR caused by the presence of rapsyn.

Biochemical characterization of rapsyn and AChR
in PGVs
In purified AChR-rich membranes, cross-linking experiments
using the heterobifunctional cross-linking reagent SMPB have
shown a close proximity between the AChR b-subunit and
rapsyn, suggesting a direct interaction between these two proteins
(Burden et al., 1983). We have used this cross-linking procedure
to investigate the possible interaction between AChR and rapsyn
in PGVs. At variance with our observation on purified AChR-
rich plasma membranes, we did not observe any cross-link prod-
uct between rapsyn and AChR in PGVs (data not shown). In
similar experiments with crude Torpedo plasma membranes, we
did not obtain any cross-linking between AChR and rapsyn,
indicating that the detection of a cross-link product, even in the
case of the plasma membrane, depends on unknown factors, such
as the presence of contaminating membranes, the relative con-
centration of cross-linking agent, etc. No conclusion can be drawn
from these experiments concerning the interaction between
AChR and rapsyn in PGVs. However, the partial masking of
AChR by rapsyn provided by the immunopurification experi-
ments (see above), suggests that these two proteins are in close
proximity in PGVs.

Given the critical role of protein phosphorylation in mem-
brane–cytoskeleton interactions and, in particular, in rapsyn-
dependent aggregation of AChRs triggered by agrin, a nerve-
derived extracellular matrix glycoprotein, we have investigated
the phosphorylation of rapsyn during its intracellular trafficking.
This was achieved by Western blotting experiments using anti-
phosphoserine antibodies. In postsynaptic membrane, rapsyn is

Figure 1. Western blot detection of rapsyn, AChR, and Na,K-ATPase in
exocytic compartments of Torpedo electrocyte. The protein content of the
Golgi fraction (GA), crude PGVs, and immunopurified PGV fractions
(VA, VR, and V43) was analyzed by immunoblotting after SDS-PAGE
using polyclonal anti-Na,K-ATPase and anti-AChR antibodies, and mAb
1234 anti-rapsyn, and compared to Torpedo postsynaptic membranes
(Mb). The relative intensities of the AChR (a-subunit) and Na,
K-ATPase (a-subunit) bands were roughly equivalent in postsynaptic
membranes, Golgi, and crude PGV fractions. Compared with the crude
PGV fraction, VA and VR were enriched in Na,K-ATPase and AChR,
respectively (Camus et al., 1998). Immunodetection of rapsyn in postsyn-
aptic membrane fraction appears more efficient than AChR immunode-
tection by a factor 2 or 3, taking into account the 1:1 stoichiometry
between these two molecules (LaRochelle and Froehner, 1986). Rapsyn/
AChR ratio was equivalent in postsynaptic membranes and crude PGV
fractions. A much lower amount of rapsyn was detected in the Golgi
fraction. Rapsyn was absent from VA fraction. VR contained variable but
always low amounts of rapsyn, whereas V43 displayed amounts of rapsyn
ranging from 30 to 50% of AChR.
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phosphorylated on serine residues, as previously reported (Hu-
ganir et al., 1984; Hill et al., 1991, but see Balasubramanian and
Huganir, 1999). In PGVs, phosphorylation of rapsyn on serine
residues was not detected (Fig. 3). This result, taken together with
our previous data on AChR phosphorylation showing that the b
and d subunits of AChR in PGVs are not phosphorylated on
tyrosine residues (Camus et al., 1998), indicates that the phos-
phorylation of rapsyn on serine residues and AChR on tyrosine
residues specifically occurs at the plasma membrane, likely as a
result of innervation (Camus et al., 1999).

In situ localization of rapsyn/AChR carriers vesicles
In a previous study, we have followed the vesicular trafficking of
AChR in the electrocyte by immunogold labeling. Here, we
examined the localization of rapsyn in the exocytic pathway.
Immunogold labeling experiments were performed on electric
tissue fixed after stabilization of the microtubular network. Pre-
vious work from our laboratory provided evidence that in these
experimental conditions, AChR carriers were observed in the
subneural cytoplasm, close to the troughs of the postsynaptic
membrane (Camus et al., 1998). Electron microscopy analysis of
immunogold-labeled sections using rapsyn antibody reveals that
rapsyn immunoreactivity is associated not only with the postsyn-
aptic membrane but also with uncoated vesicles (Fig. 4), some-
times associated with microtubules (Fig. 4B,C). Double-labeling
experiment demonstrated the colocalization of AChR and rapsyn
in these vesicles (Fig. 4D–F). These observations support the
notion that rapsyn initially associates with AChR transport vesi-
cles during their intracellular routing and that the two proteins
are subsequently cotargeted to the postsynaptic membrane. Fur-
ther evidence suggests the contribution of the microtubular net-
work in the targeting of AChR/rapsyn transport vesicles to the
postsynaptic membrane (Bignami et al., 1998).

DISCUSSION
Several lines of evidence indicate that rapsyn is critically involved
in the clustering of AChR at the neuromuscular junction. Rapsyn
can induce the clustering of AChR when the two proteins are
coexpressed in heterologous cell systems (Froehner et al., 1990;
Phillips et al., 1991a; Yu and Hall, 1994; Ramarao and Cohen,
1998). Rapsyn gene invalidation in mice resulted in failure to

Figure 2. EM analysis and immunogold labeling of VR and V43. After
immunopurification on magnetic beads, VR and V43 were directly pro-
cessed for EM without desorption of the vesicles. VR ( A) and V43 ( B)
vesicles (arrows) appeared uncoated and had a relatively homogeneous
size (100 6 20 nm, mean diameter 6 SD). Immunogold labeling of V43
with anti-AChR antibodies (C) disclosed that most of V43 contains
AChR. These PGVs thus contain both proteins. A, B, 35,0003; C,
50,0003.

Figure 3. Analysis of rapsyn serine phosphorylation in the exocytic
pathway. Serine phosphorylation of rapsyn in plasma membrane and PGV
fractions was detected by Western blotting using monoclonal anti-rapsyn
and anti-phosphoserine antibodies. At variance with postsynaptic mem-
brane in which rapsyn was phosphorylated on serine residues (arrow),
rapsyn in PGV was not phosphorylated. Phosphoserine immunodetection
in PGVs was overexposed to ascertain that no band was detected in the 43
kDa region of the blot.
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cluster AChR and other postsynaptic components at the neuro-
muscular junction (Gautam et al., 1995). Analysis of these mice
further disclosed that rapsyn is involved in the agrin signaling
pathway downstream of MuSK, the muscle-specific receptor ty-

rosine kinase at the synapse. There, rapsyn acts probably as a
relay in the cascade of tyrosine phosphorylation ultimately lead-
ing to AChR phosphorylation and clustering (Gillepsie et al.,
1996; Apel et al., 1997). Its strict colocalization and its 1:1 stoi-

Figure 4. In situ localization of rapsyn and AChR carriers in Torpedo electrocytes at the EM level. These experiments were performed in Torpedo
electrocytes after fixation at room temperature and in the presence of Taxol to preserve the microtubular network. A, Immunolabeling of rapsyn (12 nm
gold particles) was associated with the postsynaptic membrane (open arrows) and was also found in association with numerous uncoated vesicles
accumulated close to the innervated membrane folds (arrows). Occasionally, some vesicles were observed in association with microtubules (B, C). D,
Simultaneous detection of rapsyn and AChR in vesicular carriers was achieved using second antibodies conjugated to 12 or 6 nm gold particles,
respectively. Colocalization of rapsyn and AChR was obvious in the postsynaptic membrane (open arrows) and was also observed in cytoplasmic vesicles
(details in E and F ). NE, Nerve ending; MT, microtubule; V, vesicle. A, D, 40,0003; B, C, 50,0003; E, F, 55,0003.
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chiometry with AChR further suggest that the two proteins are
associated in the postsynaptic membrane. However, little is
known about their interaction in the process of AChR clustering
in the postsynaptic membrane. The current hypothesis is that
soluble rapsyn associates with AChRs at the plasma membrane.
Recent studies showed, however, that some acylated proteins
associate initially with membranes in the exocytic pathway before
subsequent targeting to the cell surface. Then, it is worth under-
standing the membrane targeting of rapsyn compared to that of
AChR.

In a recent work, we have shown that the newly synthetized
AChRs are directly delivered to the postsynaptic membrane by a
mechanism involving intracellular sorting, probably within the
Golgi apparatus, followed by a vesicular transport to the postsyn-
aptic membrane (Camus et al., 1998). In the present work, we
show that AChR and rapsyn are found in the same ratio in the
crude post-Golgi vesicles as in the postsynaptic membrane. This
led us to postulate that these two molecules might be associated
early in the exocytic pathway and share the same vesicular carri-
ers en route to the postsynaptic membrane. Isolation and charac-
terization of PGVs containing both AChR and rapsyn and lack-
ing in Na,K-ATPase indeed confirm that these proteins are
cotransported in a distinct population of post-Golgi vesicles.

Our data also point to the existence of several subpopulations
of AChR-rich vesicles containing variable amounts of rapsyn.
Golgi fractions purified from Torpedo electrocytes usually dis-
played a low rapsyn content, indicating a possible association of
rapsyn at an early step in the exocytic pathway. Alternatively,
PGV subpopulations containing variable amounts of rapsyn may
result from a gradient of maturation of AChR-containing PGVs
to which rapsyn molecules bind, after their budding from the
trans-Golgi network. This could be accounted for by coat proteins
necessary for the budding of PGVs from the trans-Golgi network,
assuming that the association of rapsyn at the cytoplasmic surface
occurs more efficiently after uncoating.

These observations are in agreement with recent findings show-
ing that some acylated proteins associate initially with mem-
branes in the exocytic pathway, before their subsequent target-
ing to the plasma membrane. The acylation of the Src-related
tyrosine kinase p56 Lck (Bijlmakers and Marsh, 1999), of the
neurospecific calmodulin-binding protein growth-associated
protein 43 (GAP43) (Liu et al., 1994) and of the soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) protein synaptosome-associated protein (SNAP25)
(Gonzalo and Linder, 1998), is required not only for their
association with subcellular compartments but also for targeting
to their proper destination. Moreover, the targeting and/or pal-
mitoylation of these proteins to the cell surface is prevented by
brefeldin A, indicating that intracellular trafficking of these acy-
lated proteins depends on a functional secretory pathway (Liu et
al., 1994; Gonzalo and Linder, 1998; Bijlmakers and Marsh,
1999). It has further been proposed that palmitoylation, which
occurs early in the exocytic pathway, is a sorting signal involved in
the specific association of GAP43 and SNAP25 with rapid trans-
port vesicles after budding from trans-Golgi network (Liu et al.,
1994; Gonzalo and Linder, 1998). Until now, there is no evidence
that myristoylation contributes to the specific association of pro-
teins with transport vesicles, but the present study suggests such a
contribution of rapsyn myristoylation in its own targeting in the
exocytic pathway. This hypothesis is strengthened by the obser-
vation that targeting of rapsyn to the cell surface occurs normally
when the N-terminal site of myristoylation is replaced by the site

of palmitoylation of GAP43 (Ramarao and Cohen, 1998). The
role of brefeldin A in the intracellular trafficking of rapsyn in
transfected cells is presently studied in our laboratory.

In vitro experiments have shown that purified Torpedo rapsyn
binds tightly to pure liposomes of various composition (Porter
and Froehner, 1985). This interaction with lipids cannot, how-
ever, explain the coextensive distribution of rapsyn with AChR in
situ. Indeed, our observations show that rapsyn does not associate
with Na,K-ATPase-containing PGVs (VA), indicating that a spe-
cific step is required for the proper targeting of rapsyn to AChR-
containing PGVs. The specific association of rapsyn with AChR-
transport vesicles raises the hypothesis of their interaction during
vesicular transport. Our investigation of the topography of rapsyn
versus AChR using a cross-linking experiment did not succeed in
demonstrating a close proximity between these two partners
either in crude PGVs or crude plasma membranes, as opposed to
purified AChR-rich membranes. However, the failure to detect
any cross-link product should not be taken for an absence of
interaction between AChR and rapsyn. More favorable condi-
tions for cross-linking experiments, such as with immunopurified
vesicles (V43), would be worth testing. Such experiments are
unfortunately unrealistic because they require prohibitive
amounts of material.

After nerve signaling by agrin, tyrosine phosphorylation plays

Figure 5. Models of targeting pathways for rapsyn and AChR to the
postsynaptic membrane. After synthesis and acylation in the cytoplasm,
rapsyn may take two alternative ways to become targeted to the synapse.
Either rapsyn is directly inserted in the postsynaptic membrane indepen-
dently of AChR, targeted via vesicular transporters (A), or rapsyn is
initially recruited in the exocytic pathway and subsequently cotargeted
with AChR (B), as suggested in our present work. In B, AChR and rapsyn
may already associate in vesicles. In both models, rapsyn is inserted
selectively in AChR-containing membranes. Tyrosine phosphorylation of
the AChRs and serine phosphorylation of rapsyn occurring in the
postsynaptic membrane are indicated.
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a critical role in the localization of the AChR at the synapse. The
AChR from adult Torpedo is highly tyrosine-phosphorylated on
its b and d-subunits (Huganir et al., 1984; Hopfield et al., 1988),
and phosphotyrosine immunoreactivity colocalizes with AChR at
the mature fish, avian, and mammalian neuromuscular junctions
(Qu et al., 1990; Qu and Huganir, 1994; Camus et al., 1999).
Tyrosine phosphorylation of the b-subunit correlates with AChR
clustering in agrin-induced myotubes (Wallace et al., 1991; Qu
and Huganir, 1994; Meier et al., 1995). Furthermore, treatment of
the myotubes with tyrosine protein kinase inhibitors prevents
both spontaneous and agrin-induced AChR clustering (Wallace,
1994, 1995; Ferns et al., 1996). The analysis of serine phosphor-
ylation of rapsyn in PGVs show that it is not phosphorylated in
exocytic compartments, rapsyn becoming phosphorylated only
after its insertion in the postsynaptic membrane. Interestingly,
this latter observation is coherent with our previous report on the
absence of tyrosine phosphorylation of the AChR b-subunit in
exocytic compartments (Camus et al., 1998). Protein phosphory-
lation is known to modulate interactions between membrane
components and the cytoskeleton, in particular tyrosine phos-
phorylation is believed to immobilize AChR in postsynaptic
membrane probably via interactions with the cytoskeleton (Wal-
lace, 1995). Considering the fact that rapsyn and AChR are found
simultaneously in PGVs and are not phosphorylated before their
integration in the plasma membrane, we hypothesize that AChR
and rapsyn phosphorylation are involved in the regulation of their
clustering in the postsynaptic membrane (Fig. 5). In this model,
we propose that the AChR/rapsyn pair is first targeted to the
plasma membrane and that protein phosphorylation regulates its
assembly within the postsynaptic complex. Immunolocalization
experiments of phosphorylated AChR in adult Torpedo electro-
cyte disclosed a mosaic structure with phosphorylated AChRs
localized in the postsynaptic membrane just beneath the nerve
terminal, and nonphosphorylated AChRs in the troughs of the
postsynaptic membrane (Camus et al., 1999). Conversely, rapsyn
is present throughout the postsynaptic membrane. These obser-
vations are consistent with the notion that post-Golgi vesicles
preferentially dock and fuse at the tip of the troughs (Jasmin et
al., 1991) of the postsynaptic membrane. In these regions, non-
phosphorylated AChR and rapsyn colocalize, whereas AChR
phosphorylation occurs in the juxtaneural regions of the postsyn-
aptic membrane, probably as a result from nerve signaling.

The clustering and stabilization of neurotransmitter receptors
at synaptic sites share common features: the involvement of
extrinsic proteins that interact with cytoplasmic loops of the
receptors: rapsyn for AChR, gephyrin for glycine, and GABAA
receptors (Meyer et al., 1995; Essrich, 1998), and PDZ domain-
containing proteins PSD-95, GRIP, and Homer for NMDA,
AMPA, and metabotropic glutamate receptor, respectively (for
review, see Sheng, 1997; Colledge and Froehner, 1998). These
proteins are believed to mediate the anchoring of their compan-
ion receptor to postsynaptic membrane via an interaction with the
cytoskeleton. Our present work suggests an additional dynamic
role of this class of proteins in the targeting of neurotransmitter
receptors along the biosynthetic pathway.
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