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INASE- AND RAPSYN-INDEPENDENT ACTIVITIES OF THE MUSCLE-
PECIFIC KINASE (MuSK)
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. A. BROMANN,1 H. ZHOU2 AND J. R. SANES*

epartment of Anatomy and Neurobiology, Washington University
edical School, 660 South Euclid, St. Louis, MO 63110, USA

bstract—The muscle-specific receptor tyrosine kinase
MuSK) is co-localized with nicotinic acetylcholine receptors
AChRs) in the postsynaptic membrane of the skeletal neu-
omuscular junction, and is required for all known aspects of
ostsynaptic differentiation. Studies in vitro have shown that
�-agrin, a nerve-derived proteoglycan, activates MuSK’s ki-
ase activity to promote clustering of AChRs and MuSK itself
ith a cytoplasmic, receptor-associated protein, rapsyn.
hese studies, however, have used soluble forms of agrin,
hereas agrin is cell- or matrix-attached in vivo. We show
ere that immobilized (particle- or cell-attached) agrin but not
oluble agrin is able to aggregate MuSK in the absence of
apsyn and that this aggregation does not require MuSK’s
inase activity but does require MuSK’s cytoplasmic domain.
oreover, immobilized agrin can promote clustering of
ChRs by a mechanism that requires MuSK and rapsyn but
oes not require MuSK’s kinase activity. These results imply
hat rapsyn and signaling components activated by MuSK
inase may be dispensable for some early aspects of
ostsynaptic differentiation. © 2004 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: acetylcholine receptor, agrin, neuromuscular
unction, postsynaptic.

onventional chemical synapses require a high density of
eurotransmitter receptors in the postsynaptic membrane

n order to function properly. Accordingly, there is intense
nterest in understanding how receptor aggregates are
ormed, maintained, and remodeled at synaptic sites.
hese mechanisms have been studied in detail at the
ertebrate skeletal neuromuscular junction, where the neu-
otransmitter is acetylcholine, and pentameric nicotinic
cetylcholine receptors (AChRs) are present at a density
f 10–20,000/�m2 directly beneath the nerve terminal.
ecently, two proteins have been identified that are not
nly colocalized with AChRs throughout synaptogenesis
ut also required for formation of these high-density ag-
regates: a transmembrane muscle-specific receptor ty-
osine kinase (MuSK), and a receptor associated protein
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ssociated with the cytoplasmic face of the synaptic mem-
rane (rapsyn) (Sanes and Lichtman, 1999b, 2001). It is
herefore important to understand how MuSK and rapsyn
nteract with each other and with AChRs.

Rapsyn is a 43 kDa myristylated protein that is present
t a 1:1 stoichiometry with AChRs, and may bind directly to
heir cytoplasmic loops (Burden et al., 1983; Bartoli et al.,
001). Coexpression of rapsyn with AChRs in heterolo-
ous cells leads to aggregation of the receptors, which are
iffusely distributed when expressed on their own (Froeh-
er et al. 1990; Phillips et al., 1991). Conversely, no
ChRs clusters form in muscles from mice with a targeted
utation of the rapsyn gene, or in myotubes cultured from

hese mutants, even though AChRs are present at approx-
mately normal levels (Gautam et al., 1995). Thus, rapsyn
s sufficient for AChR aggregation in non-muscle cells and
ecessary for AChR aggregation in myotubes.

Although AChRs and rapsyn cocluster in non-muscle
ells, they do not aggregate in myotubes unless MuSK is
lso present: no AChRs clusters form in muscles from
uSK�/� mutant mice, or in myotubes cultured from the
utants (DeChiara et al., 1996; Zhou et al., 1999; Herbst
nd Burden, 2000). Thus, MuSK may promote interactions
etween AChRs and rapsyn or it may remove some mus-
le-specific constraint that inhibits the interaction. In addi-
ion, MuSK and rapsyn can co-cluster when co-expressed
n heterologous cells (Gillespie et al., 1996; Apel et al.,
997), although this association is not required for MuSK-
ependent AChR clustering (Zhou et al., 1999). Thus,
uSK can both promote AChR-rapsyn clustering and as-

ociate with AChR/rapsyn clusters.
A key to neural control of postsynaptic differentiation is

ctivation of MuSK by a proteoglycan, agrin. Agrin was
solated by virtue of its ability to promote AChR clustering
n myotubes, and this effect was subsequently shown to
epend on inclusion of sequences encoded by alternative-

y-spliced exons called “Z” and to be mediated by MuSK. In
ivo, motoneurons express Z�-agrin but muscle cells do
ot; it is transported down motor axons and secreted into
he synaptic cleft, where it associates with the basal lamina
McMahan, 1990). Consistent with the idea that Z�-agrin is
nerve-derived organizer of synaptogenesis, mutant mice

acking all forms of agrin or lacking only the Z� forms
xhibit identical dramatic defects in AChR clustering (Gau-
am et al., 1996; Burgess et al., 1999).

Together, these results have led to a model in which
he MuSK’s kinase activity provides a signal that pro-
otes rapsyn-dependent postsynaptic differentiation.
et, several results suggest that this view may be over-

implified. Although AChRs and several other postsyn-

ved.
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ptic components fail to aggregate in rapsyn�/� muscle,
subset of synaptic proteins, including MuSK, are clus-

ered at motoneuron-muscle contact sites in rapsyn�/�

utant mice (Gautam et al., 1995; Apel et al., 1997).
oreover, a transcriptional specialization of synapse-as-

ociated myonuclei, which leads to selective expression of
he AChR subunit gene, is abolished in MuSK�/� muscles
ut intact in rapsyn�/� muscles (Gautam et al., 1995,
996, 1999; DeChiara et al., 1996). We have therefore
uggested that the nerve can induce a rapsyn-indepen-
ent, MuSK-containing primary scaffold that can organize
ome aspects of postsynaptic differentiation and serve as

nucleation site for rapsyn-dependent recruitment of
ChRs (Apel et al., 1997; Zhou et al., 1999). Likewise,
lthough structure-function studies using MuSK�/� myo-

ubes have shown that MuSK kinase activity is indispens-
ble for AChR clustering in response to soluble Z�-agrin
Zhou et al., 1999; Herbst and Burden, 2000), no studies to
ate have assessed the requirement of kinase activity for
ormation of the primary scaffold. In fact, precedents exist
or kinase-independent activities of receptor tyrosine ki-
ases. Both kinase-dependent and -independent activities
ave been clearly demonstrated for eph kinases, which are
oncentrated at some central synapses (Birgbauer et al.,
000; Dalva et al., 2000; Kullander et al., 2001), and for the
. elegans ROR kinase, which is the closest nematode

elative of MuSK (Forrester et al., 1999). Finally, some
arly MuSK-dependent steps in postsynaptic differentia-
ion can occur in the absence of agrin, and may reflect
asal (ligand-independent) activity or the existence of an
lternative ligand (Lin et al., 2001; Yang et al., 2001).

In the present study, we used wild-type, mutant, and
ransfected myogenic cells to show that MuSK can aggre-
ate in the absence of rapsyn and its own kinase activity.
Note that throughout this paper, we use the term “kinase-
ndependent” to refer specifically to the kinase activity of

uSK itself and not to the activity of kinases that act
ownstream of MuSK or that may act on MuSK). We also
emonstrate that agrin’s ability to recruit MuSK depends
n the form in which it is presented: soluble agrin promotes
uSK aggregates only when the MuSK is active and only

n the presence of rapsyn, whereas immobilized or cell-
ttached agrin can aggregate MuSK in a rapsyn- and
inase-independent manner. Unexpectedly, immobilized
grin can also initiate MuSK-dependent AChR clustering
ithout activating MuSK kinase. Given the likelihood that
erve-derived agrin is matrix-associated rather than solu-
le in vivo, these results provide new insights into early
vents in synaptogenesis.

EXPERIMENTAL PROCEDURES

ell culture

rimary myoblasts were dissociated from limb muscles of embryonic
ay (E)18 rapsyn�/�, rapsyn�/� and rapsyn�/� mice, plated on
elatin-coated glass coverslips, and cultured in Dulbecco’s Mod-

fied Eagle medium (DMEM) containing 10% horse serum, 5%
ewborn calf serum, and penicillin/streptomycin. After 3 days in
ulture, cells were placed in DMEM containing 2% horse serum to

romote myoblast fusion. Motoneurons were isolated from E5 b
hick embryos by the method of Henderson et al. (1995) and
dded to the myotubes 5 days after initiation of fusion. The cocul-
ures were maintained in DMEM plus 2% horse serum for an
dditional 2 days.

Myogenic cell lines from wild-type (rapsyn�/�; R12) and
apsyn�/� (R11) mice were generated by M. Gautam and ob-
ained from C. Fuhrer (Fuhrer et al., 1999). They were cultured in
MEM containing 20% heat-inactivated fetal calf serum, 2 mM

-glutamine, antibiotics, Fungizone (Genentech, San Francisco,
A, USA), and 4 U/ml �-interferon (R & D Systems, Inc., Minne-
polis, MN). MuSK�/� cells were generated by and obtained from
. Glass (Regeneron, Tarrytown, NY, USA) (Sugiyama et al.,
997). They were cultured in DMEM containing 10% heat-inacti-
ated fetal calf serum, 2 mM L-glutamine, antibiotics, Fungizone,
nd 4 U/ml �-interferon as described previously (Zhou et al.,
999). Cells were maintained at 33 °C to maintain cell division. To

nduce differentiation into multinucleated myotubes, cells were
ransferred to DMEM containing 2% horse serum plus antibiotics
nd Fungizone but no interferon and maintained at 37 °C.

Chinese hamster ovary (CHO) cells that stably express Z� or
� forms of full-length agrin (a gift of Dr. Richard Scheller (Gibco

nvitrogen, Carlsbad, CA, USA); Ferns et al., 1993) were cultured
n DMEM containing 10% fetal calf serum, 400 �g/ml G418 (In-
itrogen, Carlsbad, CA, USA), and antibiotics, then resuspended
nd added to myotube cultures. In some cases, CHO cells were
tained live with 10 �M Cyto-Tracker Blue Reagent (Molecular
robes, Eugene, OR, USA) prior to coculturing with myotubes.

Myogenic cells were transfected as myoblasts with Fugene6
eagent (Roche Molecular Biochemicals, Indianapolis, IN, USA),
sually 2 days before initiating fusion. Constructs were generated
y standard recombinant DNA techniques using the MuSK mu-
ants described by Zhou et al. (1999) as a starting point.

oupling agrin to polystyrene latex beads

ecombinant approximately 50 kDa carboxy-terminal fragments
f Z�- or Z�-agrin were purified as described previously (Burgess
t al., 2002). Polystyrene latex beads (Polysciences, Warrington,
A, USA) were washed once with 100% ethanol and twice with
.1 M borate buffer (pH 8.5), coated at room temperature with
00 �g/ml agrin or bovine serum albumin (BSA) and then blocked
ith 10 mg/ml BSA. The coated beads were resuspended in
MEM containing 2% horse serum and applied to myotubes. After
n incubation period of 16–20 h, cultures were fixed and stained.

mmunohistochemistry

ultures were fixed for 20 min at room temperature in 2% parafor-
aldehyde in phosphate-buffered saline (PBS). Nonspecific binding

ites were blocked by overnight incubation in 4% BSA in PBS at 4 °C.
ultures were then incubated sequentially with primary antisera in
% BSA in PBS (2 h at room temperature) followed by fluorescently

abeled secondary antisera in PBS (1 hour at room temperature).
ChRs were labeled with 0.1 �M rhodamine-conjugated �-bungaro-

oxin (BTX). Antisera to rapsyn, agrin and MuSK were described
reviously (Apel et al., 1997; Zhou et al., 1999), and anti-green
uorescent protein (GFP) was purchased from Calbiochem (San
iego, CA, USA). All results presented were obtained in at least two
eparate experiments, and except when specified reported clustering
r co-clustering was observed at the majority of bead–cell or cell–cell
ontact sites.

RESULTS

eurons induce rapsyn-independent MuSK
ggregation in myotubes

yotubes synthesize AChRs in rapsyn�/� mutant mice,

ut no AChR clusters form. In contrast, MuSK does aggre-
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ate at sites of neurite-myotube contact in these mutants
Gautam et al., 1995; Apel et al., 1997). These results
uggested that motor axons can organize a rapsyn-inde-
endent, MuSK-containing primary scaffold. However, we
ere not able to exclude other possibilities; for example
uSK clusters might form spontaneously and be prefer-
ntially innervated by ingrowing axons, or MuSK might be
ssociated with the axon itself. We therefore began the
resent study by seeking direct evidence for nerve-
ependent but rapsyn-independent clustering of MuSK in
yotubes. To this end, we cocultured purified chick spinal
otoneurons with myotubes formed from myogenic cell

ines derived from rapsyn�/� and rapsyn�/� mice (Fuhrer
t al., 1999). To enhance our ability to detect low levels of
uSK, and to be sure that we were assaying muscle-
ssociated MuSK, we transfected the myoblasts with an
xpression vector encoding a GFP-MuSK fusion protein.
ollowing transfection, myoblasts were fused to form myo-

ubes, embryonic motoneurons were added, and neurites
ere visualized with an antibody to NCAM that recognizes
vian but not murine antigen (Lemmon et al., 1982).

Consistent with previous results, some ovoid patches
ich in AChR and MuSK formed in uninnervated rapsyn�/�

yotubes, and additional clusters formed at sites where
eurites contacted the myotubes (Fig. 1a,c, and data not
hown). At sites where neurites contacted rapsyn�/� myo-
ubes, in contrast, MuSK aggregated in many (although not
ll) instances (Fig. 1d�) but AChRs never did (Fig. 1b�). We
elieve that these clusters were nerve-induced for two
easons. First, they were elongated and precisely matched
he contour of the neurite. Second, no clusters of AChRs or
uSK were ever observed on uninnervated rapsyn�/�

yotubes (Fig. 1e�, and data not shown). To test whether
he inability of rapsyn�/� myotubes to cluster AChRs was

direct consequence of rapsyn deficiency, we re-
ntroduced rapsyn by transfection. AChRs and MuSK co-
lustered in the transfected myotubes (data not shown).
hus, motoneurons can induce formation of MuSK aggre-
ates in the absence of rapsyn.

mmobilized agrin promotes rapsyn-independent
ggregation of MuSK

hat agents might motoneurons use to aggregate MuSK?
n obvious candidate is agrin, based on its abilities to
ctivate MuSK and to cluster AChRs. To test this possibil-

ty, we cocultured GFP-MuSK-expressing myogenic cells
ith CHO cells that expressed a membrane-tethered (SN)

orm of Z�-agrin (Burgess et al., 2000). AChRs and MuSK
oclustered at sites where Z�-agrin-expressing CHO cells
ontacted rapsyn�/� myotubes (Fig. 2a). In contrast,
uSK regularly clustered at sites where Z�-agrin-express-

ng CHO cells contacted rapsyn�/� myotubes, whereas
ChR clusters were never detected at these sites (Fig. 2b).
imilar results were obtained in primary myotubes, formed
y fusion of myoblasts dissociated from rapsyn�/� and
apsyn�/� mice. In this case, we stained endogenous
uSK (Fig. 2c� and d�). No clusters of AChRs or MuSK

ormed at sites where nontransfected CHO cells contacted
�/� �/�
apsyn or rapsyn myotubes derived from either pri- n
ary myoblasts or cell lines (data not shown). Thus, the
bility of agrin to cluster MuSK is not secondary to its ability
o cluster AChRs, and motoneurons may use agrin to
luster MuSK.

As noted in the introduction, MuSK is specifically
ctivated by agrin isoforms that include peptides en-
oded by the alternatively spliced Z exons (Z�-agrin).
owever, isoforms lacking these exons (Z�-agrin) are ac-

ive in some assays (Ferns et al., 1993), especially when it
s substrate-associated (Jones et al., 1996). We therefore
ompared the ability of CHO cells expressing Z�- and
�-agrin to cluster MuSK. Both CHO cell lines expressed
grin at similar levels as assessed by immunostaining with
nti-agrin (data not shown). In contrast to results with cells
xpressing Z�-agrin (Fig. 2), cells expressing Z�-agrin
ere unable to cluster either AChR or MuSK, whether or

ig. 1. Rapsyn-independent clustering of MuSK by motor neurites.
yogenic cell lines derived from wild type (rap�/�; a, c) or rapsyn
utant (rap�/�; b, d, e) mice were transfected with GFP-tagged MuSK

hen differentiated into myotubes, to which motoneurons were added.
he motoneurons were visualized using avian-specific anti-NCAM
a–e), and myotubes were stained with BTX, to visualize AChRs (a�
nd b�), or with anti-GFP, to visualize MuSK (c�, d�, and e�). Neurites
luster AChR and MuSK at sites of contact with myotubes expressing
apsyn; in contrast, they cluster MuSK but not AChRs at sites of
ontact with myotubes lacking rapsyn. In rapsyn�/� myotubes, MuSK

s not clustered in neurite-free areas (e, e�). Dashed lines indicate
orders of myotubes.
ot the myotubes expressed rapsyn (Fig. 3a and b).
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The ability of cell-associated agrin to cluster MuSK
ight depend on its association with endogenous compo-
ents of CHO, or might reflect a requirement for immobi-

ization and multimerization. To distinguish between these
lternatives, we incubated rapsyn�/� and rapsyn�/� myo-
ubes with polystyrene beads that had been coated with
urified recombinant agrin fragments. The fragments com-
rised the carboxy-terminal approximately 50 kDa of agrin,
ither with or without the Z-exon-encoded peptide. The
-containing fragment has been shown to activate MuSK
nd promote AChR clustering nearly as effectively as full-

ength agrin, but it lacks sites that bind to other receptors
uch as FGF, NCAM and at least some integrins (Gese-
ann et al., 1995; Burgess et al., 2002). Staining with
nti-agrin showed that Z�- and Z�-agrin were present at
imilar levels on the beads (Fig. 3h and data not shown).
he Z�-agrin-coated beads induced clusters of AChRs
nd MuSK at sites where they contacted control myotubes
Fig. 3h� and data not shown), and clustered MuSK but not
ChRs in rapsyn�/� myotubes (Fig. 3c and d). In contrast,

�

ig. 2. Rapsyn-independent clustering of MuSK by cell-attached agrin
apsyn mutant (rap�/�) mice were cocultured with CHO cells express
ere labeled with BTX (a–d). MuSK was labeled with either anti-GF
isualized either with Cyto-Tracker Blue (a� and b�) or by backgroun
�-agrin induce coclustering of AChRs (a and c) and MuSK (a� and c�
ith Z�-agrin-expressing CHO cells (a� and c�). In myotubes lacking ra

b and d) at CHO cell-myotube contact sites (b� and d�).
eads coated with Z -agrin clustered neither MuSK nor a
ChRs in control or rapsyn�/� myotubes (Fig. 3e and data
ot shown). These results show not only that purified agrin
an cluster MuSK in the absence of rapsyn, but also that
he small fragment capable of activating MuSK is also
ufficient to cluster MuSK.

The ability of immobilized agrin to cluster MuSK led
s to reexamine the ability of soluble agrin to cluster
uSK. We showed previously that soluble agrin was
nable to cluster AChRs on rapsyn�/� myotubes (Gau-

am et al., 1995), but we had not considered the possibility
hat the agrin might have clustered MuSK. We therefore
reated rapsyn�/� and rapsyn�/� myotubes with an ap-
roximately 50 kDa carboxy-terminal fragment of agrin
ontaining the Z exon. As expected, this treatment was
ighly effective in promoting formation of AChR-MuSK
oclusters on control myotubes (Fig. 3f). Agrin was com-
letely ineffective, however, in clustering MuSK or AChRs
n rapsyn�/� myotubes (Fig. 3g). Thus, while both soluble
nd also immobilized Z�-agrin can cluster MuSK in the
resence of rapsyn, only the latter can do so in its

ic cell lines and primary myoblasts from control (rap�/� or rap�/�) and
rin. Cell lines were transfected with GFP-MuSK as in Fig. 1. AChRs
b�) or anti-MuSK (c� and d�). CHO cells expressing Z�-agrin were

cence seen with long exposures (c� and d�). CHO cells expressing
ubes expressing rapsyn. These clusters occur only at sites of contact
-agrin-expressing CHO cells cluster MuSK (b� and d�) but not AChRs
. Myogen
ing Z�-ag
P (a� and
d fluores
) in myot
psyn, Z�
bsence.
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inase-independent aggregation of MuSK

wo results have shown that the kinase activity of MuSK is
equired for responsiveness to soluble agrin: a MuSK point
utant that lacks kinase activity (MuSKK608A) inhibits
grin’s ability to cluster AChRs when expressed in control
yotubes (Glass et al., 1997), and fails to restore AChR

lustering activity when expressed in MuSK�/� myotubes

ig. 3. Rapsyn-independent clustering of MuSK by agrin requires the
inserts and immobilization. Primary myotubes of the indicated ge-

otypes were cocultured with CHO cells expressing Z�- grin (a and b),
eads coated with Z�-agrin (c, d, and h), beads coated with Z�- agrin
e), or soluble Z�-agrin (f and g). AChRs were labeled with BTX (a–g
nd h�), MuSK was labeled with anti-MuSK (a�–g�), and beads were

abeled with anti-agrin (h). CHO cells expressing Z�-agrin cluster
either AChRs (a and b) nor MuSK (a� and b�) whether or not rapsyn

s expressed. Beads coated with Z�-agrin cluster AChRs in myotubes
hat express rapsyn (h�). In myotubes that lack rapsyn, Z�-agrin-
oated beads cluster MuSK (d) but not AChRs (c). Z�-agrin-coated
eads cluster neither AChRs (e) nor MuSK (e�). Soluble Z�-agrin

nduces coclustering of AChRs (f) and MuSK (f�) in myotubes that
xpress rapsyn, but not in myotubes that do not express rapsyn (g and
�). Arrows mark CHO cell-myotube contact sites in a and b and
ead-myotube contact sites in c–e and h.
Zhou et al., 1999; Herbst and Burden, 2000). Moreover, d
uSKK608A does not aggregate in response to soluble
grin (Zhou et al., 1999). However, results presented
bove show that immobilized and soluble agrin cluster
uSK in different ways. We therefore considered the pos-

ibility that formation of MuSK clusters by immobilized
grin might not require kinase activity.

To test this possibility, we constructed a GFP-
uSKK608A derivative and introduced either it or the wild-

ype GFP-MuSK described above into MuSK�/� myo-
ubes. Transfected cells were then cocultured with CHO
ells expressing membrane associated full-length Z�-
grin. As expected, GFP-MuSK formed many clusters fol-

owing treatment with soluble agrin, and aggregated at
ites where myotubes were contacted by Z�-agrin-ex-
ressing CHO cells (Fig. 4a�–c� and Zhou et al., 1999). In
ontrast, GFP-MuSKK608A formed no clusters in cells
reated with soluble agrin but consistently aggregated at
ites of contact with Z�-agrin-expressing cells (Fig. 4d�, e�
nd data not shown). The effect of the agrin-expressing
ells was specific, as demonstrated by the inability of CHO
ells that expressed Z�-agrin to cluster either GFP-MuSK
r GFP-MuSKK608A (Fig. 4f� and data not shown). Thus,
uSK aggregation in response to cell-attached agrin is

inase-independent.
To ask whether MuSK can aggregate in the absence of

oth kinase activity and rapsyn, we transfected GFP-
uSKK608A into the rapsyn�/� and rapsyn�/� cell lines.
FP-MuSKK608A almost always clustered at CHO cell-
yotube contact sites in both genotypes (Fig. 4g� and h�).
lthough wild-type MuSK was present in these cells, its

evels were much lower than those of GFP-MuSKK608A, as
ssessed by immunostaining with anti-MuSK antibodies,
o if MuSK dimerization is required for activity (Xie et al.,
997; Till et al., 2002), most dimers would contain at least
ne inactive subunit and therefore be inactive. Moreover,
e selectively monitored aggregation of mutant MuSK by
sing the GFP tag. Therefore, although we cannot exclude
he possibility that low levels of kinase-active MuSK are
equired for rapsyn-independent aggregation to occur, we
onclude that inactive MuSK can be aggregated in the
bsence of rapsyn.

inase-independent ability of MuSK to cluster
ChRs

lthough immobilized Z�-agrin clustered GFP-MuSKK608A

o a similar extent in MuSK�/� and rapsyn�/� cells, its
ffects on these two cell types differed in a critical and
nexpected way: no AChRs were detectable at sites of
igh GFP-MuSKK608A density in rapsyn�/� myotubes (Fig.
h), but AChRs colocalized to a significant degree with
FP-MuSKK608A in MuSK�/� myotubes (Fig. 4d and e).
he density of AChRs was consistently lower in MuSK�/�

yotubes transfected with GFP-MuSKK608A than in myo-
ubes transfected with GFP-MuSK, consistent with the
nown effects of the K608A mutation (compare Figs. 4b,c
ith 4d,e). Thus, once MuSKK608A is clustered, it can
romote limited clustering of AChRs in a rapsyn-depen-

ent but kinase-independent manner.
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Because these results were surprising, we performed a
et of control experiments. First, we confirmed that soluble
grin was completely unable to promote clustering of
ChRs via MuSKK608A (data not shown; see Zhou et al.,
999). Second, we showed that clustering of AChRs, like

�

ig. 4. Kinase-independent clustering of MuSK and AChRs by cell-
ttached agrin. Control (rap�/�), MuSK�/�, and rapsyn�/� myogenic
ell lines were transfected with GFP-tagged active or kinase-dead
uSK (MuSKK608A), then fused to form myotubes, which were cocul-

ured with CHO cells expressing Z�-agrin. AChRs and MuSK were
abeled with BTX (a–h) and anti-GFP (a�–h�), respectively. In

uSK�/� myotubes, AChRs fail to cluster at sites of contact with CHO
ells expressing Z�-agrin (a), and MuSK itself is not detectable (a�).
hen MuSK is reintroduced into these myotubes, both AChRs (b and

) and MuSK (b� and c�) cocluster at sites of contact with CHO cells
xpressing Z�-agrin. Kinase-dead MuSK (d� and e�) and AChRs (d
nd e) also cocluster at contact sites. Neither AChRs (f) nor MuSK (f�)
luster at sites of contact with CHO cells expressing Z�-agrin. In
ontrol (rap�/�) myotubes, both AChRs (g) and kinase-dead mutant
uSK (g�) cocluster at sites of contact with CHO cells expressing

�-agrin. In rapsyn-deficient myotubes, kinase-dead MuSK (h�) but
ot AChRs (h) cluster at these sites. Areas bracketed in b and d are
hown at higher magnification in c and e, respectively.
lustering of MuSK, was a specific response to Z -agrin, t
s neither wild-type CHO cells nor CHO cells expressing
�-agrin promoted AChR clustering (Fig. 4f and data not
hown). Third, to test whether the AChR clusters were

ocalized to CHO cell-myotube contact sites, we double-
tained cultures with BTX plus an antibody to agrin. As
hown in Fig. 5, the AChR aggregates corresponded pre-
isely to sites at which agrin-rich processes contacted
yotubes. Thus, MuSK is able to recruit AChRs to a

imited extent by a kinase-independent mechanism.

equirement of MuSK cytoplasmic domain for MuSK
lustering

he cytoplasmic domain of MuSK bears several sites that
ight play roles in its aggregation by immobilized agrin.
ne is a putative binding site for PTB class proteins

550NPXY553), which has been shown to be essential for
uSK kinase activity and for MuSK’s ability to promote
ChR clustering in response to soluble agrin (Zhou et al.,
999; Herbst and Burden, 2000). Another is a carboxy-
erminal tripeptide (VGV) that binds PDZ domain proteins,
uch as MAGI-1c and PICK1 (O’Brien et al., 1998; Torres
t al., 1998; Xia et al., 1999; Strochlic et al., 2001). This
ite is inessential for activation of MuSK by agrin but was
f interest because PDZ proteins have been implicated in
orming kinase- and receptor-rich aggregates at neuron–
euron synapses (Garner et al., 2000; Sheng and Sala,
001). Third is a putative phosphatidylinositol-3-kinase
PI3-K) binding site (Y831), which has been implicated in
eceptor clustering at inhibitory synapses (Kneussel and
etz, 2000).

To assess the requirement for PTB-binding proteins,
e generated a GFP-MuSKY553F mutant. To assess re-
uirements for PDZ proteins and PI3-K, we mutated their
inding sites in the context of a kinase-dead MuSK; that is,
e generated GFP-MuSKK608A,�PDZ, and GFP-
uSKK608A,Y831F double mutants. Such double mutants
ere required because we knew that wild-type (kinase-
ctive) MuSK would promote formation of AChR/rapsyn
o-clusters, and associate with those clusters. In the pres-
nce of these large aggregates, a defect in the kinase-

ndependent pathway would probably not be detected. In
ontrast, we wanted to know whether the kinase-indepen-
ent pathway required association of MuSK with cytoplas-
ic proteins.

All three of these GFP-MuSK mutants were introduced
nto MuSK�/� myotubes, which were then cocultured with
HO cells expressing Z�-agrin. In all cases, both MuSK
nd AChR clustered at sites of CHO cell-myotube contact
Fig. 6a,b, and b� ); the incidence of co-clustering was not
etectably different from that seen with GFP-MuSKK608A.
hese results suggest that MuSK need not recruit PDZ
roteins, PTB proteins or PI3-K in order to aggregate.

In view of these results, we asked whether the entire
uSK cytoplasmic domain was dispensable for MuSK ag-
regation. For this purpose, we generated a series of
FP-MuSK truncation mutants that lacked the carboxy

erminal 20 (GFP-MuSKK608A,�C1) or 70 (GFP-
uSKK608A,�C2) amino acids of the cytoplasmic domain or

�cyto
he entire cytoplasmic domain (GFP-MuSK ). The first
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wo of these mutants were also rendered kinase dead by
nclusion of the K608A mutation for the reason presented
bove. All three mutants were transported to the cell sur-
ace in transfected MuSK�/� cells and all coclustered with
apsyn in cotransfected QT6 fibroblasts (data not shown;
ote that the cytoplasmic domain is dispensable for inter-
ction of MuSK with rapsyn; Apel et al., 1997; Zhou et al.,
999). GFP-MuSKK608A,�C1 clustered at sites of contact
ith Z�-agrin-expressing CHO cells and also promoted
lustering of AChRs at these sites (Fig. 6a). In contrast, no
lusters of GFP-MuSKK608A,�C2, GFP-MuSK�cyto, or
ChRs were detectable (Fig. 6a and c). Taken together,

hese data demonstrate that the MuSK cytoplasmic do-
ain is required for MuSK aggregation, and suggest the
resence of critical sites in the carboxy-terminal third of the
ytoplasmic domain.

DISCUSSION

tudies in vivo and in vitro have led to the view that agrin,
cting either in soluble form or as if it were soluble, acti-
ates the kinase activity of MuSK to initiate a signal trans-
uction cascade that leads rapsyn to cluster postsynaptic
roteins, including AChRs (Sanes and Lichtman, 1999b,
001). Here, we have used cultured muscle cells to test the
ffects of agrin on MuSK and AChRs. Although nothing we
ound throws the main features of the model into question,
e are led to suggest that it is incomplete in significant

espects. Our main results are: (1) neurites can induce
lustering of MuSK in the absence of rapsyn, but induce
lustering of AChRs only in the presence of rapsyn; (2) the

ig. 5. Kinase-independent clustering of AChRs at sites of contact w
�-agrin-expressing cells as in Fig. 4. Cultures were then labeled wit
r kinase-dead MuSK, AChR clusters form precisely at sites of contac
f wild-type than mutant MuSK.
bility of neurites to form this rapsyn-independent “primary a
caffold” is mimicked by cell-attached agrin; (3) cell-at-
ached agrin can also cluster MuSK in the absence of
uSK’s kinase activity; (4) cell-attached agrin can cluster
ChRs to a limited extent by a process that is MuSK-
ependent but does not require MuSK’s kinase activity; (5)
grin’s ability to recruit MuSK depends on the form in
hich it is presented: whereas immobilized or cell-attached
grin can aggregate MuSK in a rapsyn- and kinase-inde-
endent manner, soluble agrin promotes MuSK aggre-
ates only when the MuSK is active and only in the pres-
nce of rapsyn.

The different activities of soluble and immobilized agrin
re relevant in relating results obtained from cultured myo-
ubes to mechanisms of postsynaptic differentiation. In
ost studies of agrin in vitro, recombinant fragments have
een applied in soluble form, and their effects on MuSK
ctivation or AChR clustering assessed. It was natural to
resume that nerve-derived agrin acts in the same way as
ecombinant agrin. Yet in vivo, it is likely that nerve-derived
grin is immobilized, either in the membrane or the extra-
ellular matrix, and it is therefore noteworthy that immobi-

ized but not soluble agrin can aggregate MuSK in the
bsence of kinase activity or rapsyn and even aggregate
ChRs in the absence of kinase activity. We do not know
hether agrin uses ancillary receptors or active signaling

o cause this aggregation; the simplest possibility is that it
cts by a direct binding or lectin-like mechanism. Whatever
he mechanism, the implication is that agrin might be able
o use a subset of the full complement of downstream
ignaling components to initiate some aspects of postsyn-

rin. MuSK�/� myoblasts were transfected, fused, and cocultured with
in (a and b) and BTX (a� and b�). In the presence of either wild-type
in-rich processes, but the density of AChRs is higher in the presence
ith Z�-ag
h anti-agr
t with agr
ptic differentiation. That is, not only rapsyn but also sub-
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trates of MuSK might be dispensable. Moreover, in that
ostsynaptic differentiation is more profoundly blocked in
uSK�/� mice than in agrin�/� mice (DeChiara et al.,
996; Gautam et al., 1996, 1999; Lin et al., 2001), it will be

nteresting to consider the possibility that some aspects of
ostsynaptic differentiation may depend on ligands that act
rimarily by aggregating rather than activating MuSK.

The existence of rapsyn-independent and -dependent
spects of postsynaptic differentiation supports the idea

hat MuSK is at the apex of several signaling pathways that
ogether promote postsynaptic differentiation. Aggregation
f AChRs and several cytoskeletal and membrane com-
onents clearly requires rapsyn. On the other hand, we
ave previously shown that aggregation of MuSK as well
s clustering of at least two components of the synaptic
left (acetylcholinesterase and laminin 	2) occurs in the
bsence of rapsyn in vivo (Gautam et al., 1995; Apel et al.,

ig. 6. Clustering of MuSK and AChRs requires the cytoplasmic dom
uSK�/� myotubes, which were then cocultured with Z�-agrin-express
nti-GFP (b� and c�). In the context of kinase-dead MuSK, mutation
ontaining proteins, or phosphahdylinositol-3-kinase had no effect on
mino acids of the cytoplasmic domain abrogated the ability of MuSK
997). Now that some of these rapsyn-independent events c
an be mimicked in vitro, it should be possible to analyze
heir mechanisms. Moreover, transcriptional specialization
f synapse-associated nuclei in vivo requires MuSK but
ot rapsyn (Gautam et al., 1995, 1995, 1999; DeChiara et
l., 1996). In early studies, agrin did not appear to promote
ranscription in vitro, but recent studies have shown that
nder appropriate conditions such effects can be demon-
trated (Jones et al., 1996; Gramolini et al., 1998; Meier et
l., 1998). In these studies, the requirement for rapsyn has
ot yet been tested. Of particular interest is a recent study
y Lacazette et al. (2003), who show that agrin can affect
ranscription by two separate signaling pathways; it is in-
eresting to speculate that one is rapsyn-dependent and
he other not.

The existence of distinct kinase-independent and -de-
endent mechanisms for AChR clustering is also of inter-
st in considering a major difference between neuromus-

uSK. GFP-tagged mutant MuSK constructs in a were expressed in
. AChRs were labeled with BTX (b and c), and MuSK was labeled with
ive binding sites for PTB domain-containing proteins, PDZ domain-
g of either AChRs or MuSKs (a and b). In contrast, deletion of �70
r or to promote clustering of AChRs (a and c�).
ain of M
ing cells
of putat
clusterin
ular junctions and central synapses: receptor density is
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uch higher in the former. Current estimates for the den-
ity of receptors at inhibitory (GABAergic) and excitatory
glutamatergic) central synapses are in the range of 200–
200/�m2 (Nusser et al., 1997; Nusser, 1999; Franks et
l., 2002) whereas AChRs achieve a density of 10–
0,000/�m2 at the adult neuromuscular junction (Sanes
nd Lichtman, 1999b). This difference might imply that
echanisms for receptor accumulation at the neuromus-

ular junction differ fundamentally from those at central
ynapses, but we now speculate that receptor accumula-
ion at all of these synapses may be more similar than has
een believed. In all cases, a contact-mediated, kinase-

ndependent scaffold achieves a moderate receptor den-
ity. At the neuromuscular junction, a MuSK kinase-
ependent catalytic mechanism is critical for increasing the
ensity of receptors and the size of the synapse. This need
ot be a temporally distinct stage, in that wild type MuSK
an simultaneously mediate both mechanisms. Likewise,
entral synapses use kinase-dependent mechanisms to
ncrease receptor density, but these processes are tempo-
ally distinct from those of early synaptogenesis, and are
enerally associated with synaptic plasticity (for example,

ong-term potentiation; Sanes and Lichtman, 1999a). From
his perspective, the neuromuscular junction could be
iewed as always being maximally potentiated.
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