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Agrin induces both phosphorylation and aggregation
of nicotinic acetylcholine receptors (AChRs) when
added to myotubes in culture, apparently by binding
to a specific receptor on the myotube surface. One
such agrin receptor is o-dystroglycan, although binding
to o-dystroglycan appears not to mediate AChR
aggregation. To determine whether agrin-induced
AChR phosphorylation is mediated by o-dystroglycan
or by a different agrin receptor, fragments of recombin-
ant agrin that differ in affinity for a-dystroglycan were
examined for their ability to induce AChR phosphoryl-
ation and aggregation in mouse C2 myotubes. The
carboxy-terminal 95 kDa agrin fragment agrin-c95 5o,
which binds to a-dystroglycan with high affinity, failed
to induce AChR phosphorylation and aggregation. In
contrast, agrin-c95,4pg, which binds less strongly to
a-dystroglycan, induced both phosphorylation and
aggregation, as did a small 21 kDa fragment of agrin,
agrin-c21gg, that completely lacks the binding domain
for a-dystroglycan. We conclude that agrin-induced
AChR phosphorylation and aggregation are triggered
by an agrin receptor that is distinct from o-dystro-
glycan.

Keywords: acetylcholine receptor/agrin/dystroglycan/neuro-
muscular junction/protein tyrosine phosphorylation.

Introduction

An important step in the formation of the vertebrate
skeletal neuromuscular junction is the nerve-induced accu-
mulation of nicotinic acetylcholine receptors (AChRs),
acetylcholinesterase (AChE) and other components, in the
post-synaptic apparatus. Agrin, a protein originally isolated
from Torpedo electric organ, appears to play a crucial role
in this process (McMahan and Wallace, 1989; McMahan,
1990; Hall and Sanes, 1993). Agrin is synthesized by
motor neurons, is transported anterogradely along their
axons and is deposited in the synaptic basal lamina. When
added to myotubes in culture, agrin induces the formation
of specializations at which many components of the post-
synaptic apparatus accumulate, including AChRs and
AChE. Both nerve- and agrin-induced AChR aggregation
are blocked by anti-agrin antibodies (Reist et al., 1992).
These and other findings suggest that agrin is the neural
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signal that triggers the formation of post-synaptic specializ-
ations at developing neuromuscular junctions.

Agrin is a 400-600 kDa heparan sulfate proteoglycan
with a multi-domain structure (Denzer et al., 1995; Tsen
et al., 1995). Agrin’s AChR-aggregating activity is local-
ized to the 95 kDa carboxy-terminal portion of the protein,
which contains three domains homologous to the globular
(G) domains of the laminin o chain (Nitkin et al., 1987,
Sasaki et al., 1988; Tsim et al., 1992; Ferns et al., 1993;
Gesemann et al., 1995). Various isoforms of agrin result
as a consequence of alternative splicing within this region.
Inserts at two sites near the carboxy-terminal end, desig-
nated as A and B in chick and ray and y and z in rat,
appear to regulate the ability of agrin to induce AChR
aggregation (Rupp et al, 1991, 1992; Ferns and Hall,
1992; Ferns et al., 1992, 1993; McMahan et al., 1992;
Ruegg et al., 1992; Smith et al., 1992). Each of the splice
sites lies within or adjacent to a G-domain. For the A site,
the presence or absence of a four amino acid insert results
in A4 and AO variants, whereas for the B site there are
0, 8 and/or 11 amino acids inserted leading to BO, B8,
B11 and B19 isoforms (see Figure 1). In chick and rat,
agrin isoforms that contain amino acid inserts at the B
site always have the four amino acid insert at the A
site. Recombinant carboxy-terminal fragments of agrin
isoforms with inserts at both splice sites, such as A4BS,
A4B11 and A4B19 are capable of inducing AChR aggrega-
tion on cultured muscle cells. Motor neurons express high
levels of such isoforms (Tsim et al., 1992; Hoch et al.,
1993; Ma et al., 1994, 1995; Smith and O’Dowd, 1994).
Muscle cells, on the other hand, synthesize agrin isoforms
that lack inserts at one or both sites [AOBO, A4BO (Ruegg
et al., 1992; Hoch et al., 1993; Ma et al., 1994)]; such
isoforms are only weakly active or inactive in AChR
aggregation assays when added in a soluble form to
cultured myotubes (Ruegg et al., 1992; Gesemann et al.,
1995).

Previous work suggested that agrin- and nerve-induced
AChR aggregation is mediated by an increase in protein
tyrosine phosphorylation (Wallace et al., 1991; Qu and
Huganir, 1994; Meier et al., 1995). Thus, treatment of
cultured myotubes with agrin leads to the formation
of domains within myotubes that stain intensely with
antibodies to phosphotyrosine (Wallace et al., 1991; Meier
et al., 1995). Agrin-induced AChR aggregates co-localize
with such phosphotyrosine-enriched domains. Protein
kinase antagonists that inhibit agrin-induced tyrosine phos-
phorylation also block agrin-induced AChR aggregation
(Wallace, 1994). One component of the myotube mem-
brane that becomes phosphorylated on tyrosine residues
in agrin-treated myotubes is the AChR itself, most con-
spicuously the AChR B subunit (Wallace ef al., 1991; Qu
and Huganir, 1994; Meier et al., 1995). These and other
findings suggest that binding of agrin to a receptor on
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Fig. 1. Structural domains of chick agrin fragments. Simplified
representation of the carboxy-terminal part of full-length chick agrin.
Alternative splicing occurs at site A (0 or 4 amino acid insert) and site
B (0, 8 and/or 11 amino acid insert). Shaded boxes represent
epidermal growth factor (EGF)-like domains. The crosshatched box
indicates a Ser/Thr-rich domain. Laminin a-like G-domains are
indicated as G1, G2 and G3. In this study, recombinant fragments
corresponding to the 95 kDa C-terminal portion of agrin (c95), the
second laminin o-like domain (G2) and the third laminin o-like
domain (c21) were used (for more details, see Gesemann et al., 1995).

the myotube surface activates a protein tyrosine kinase,
resulting in a localized increase in protein tyrosine
phosphorylation of AChRs and perhaps other proteins as
well. If one consequence of this increase in tyrosine
phosphorylation were that AChRs became attached to the
cytoskeleton, then AChRs would accumulate near the
site of the activated kinase, thereby creating a receptor
aggregate (Meier et al., 1995; Wallace, 1995).

A crucial step in testing such a hypothesis is the
identification of the agrin receptor. Motivated by the
observation that binding of laminin to o-dystroglycan is
mediated by G-domains for which homologs exist in
agrin, several laboratories have shown that agrin binds to
a-dystroglycan, a component of the dystrophin-associated
glycoprotein complex (for reviews, see Matsumura and
Campbell, 1994; Tinsley et al., 1994). This observation led
to the hypothesis that binding of agrin to o-dystroglycan
triggers the formation of AChR aggregates (Bowe et al.,
1994; Campanelli et al., 1994; Gee et al., 1994; Sugiyama
et al., 1994). However sorne experimental results appear
inconsistent with this hypothesis: (i) Agrin isoforms that
are inactive in AChR aggregation assays bind to
o-dystroglycan with an affinity that is similar to or higher
than that of isoforms with AChR-aggregating activity
(Sugiyama et al., 1994; Gesemann et al., 1996). (ii) Excess
amounts of the inactive agrin isoform c95,0g7 do not
block agrin-induced AChR aggregation, but cause only a
slight shift in the dose-response curve (Gesemann et al.,
1996). (iii) Experiments using mAb ITH6, which blocks
binding of agrin to a-dystroglycan, give conflicting results.
While Gee et al. (1994) reported that mAb ITH6 inhibited
agrin-induced AChR aggregation, Sugiyama et al. (1994)
and Cohen et al. (1995) saw little or no effect on agrin-
or nerve-induced receptor aggregation. Campanelli et al.
(1994) found that mAb IIH6 influenced the size but not
the number of agrin-induced receptor patches. (iv) Recent

2626

studies using recombinant agrin show that a 21 kDa
fragment, comprising the B splice site with the eight
amino acid insert and the most carboxy-terminal G-domain
(c21gg, see Figure 1), does not bind to o.-dystroglycan but
is sufficient to induce AChR aggregation on cultured
myotubes (Gesemann et al., 1995, 1996). This led to the
conclusion that binding to o-dystroglycan is not required
for agrin-induced AChR aggregation (Gesemann et al.,
1995, 1996). Here we report that in mouse C2 myotubes
the ability of different agrin fragments and isoforms to
induce AChR phosphorylation varied in parallel with their
ability to induce AChR aggregation rather than with their
ability to bind to a-dystroglycan. Isoforms that lack inserts
at the A and B splice sites and bind with high affinity to
o-dystroglycan caused neither AChR phosphorylation nor
aggregation, while the small c21gg fragment, which does
not bind to o-dystroglycan, induced both AChR phos-
phorylation and aggregation. These findings support the
hypothesis that the functional agrin receptor triggers both
phosphorylation and aggregation and is distinct from
a-dystroglycan.

Results

Agrin induces aggregation of AChRs on vertebrate skeletal
myotubes and causes phosphorylation of the AChR P
subunit. Agrin also binds to o.-dystroglycan, although such
binding does not appear to mediate AChR aggregation
(Gesemann et al., 1996). As a step towards identifying
the agrin receptor mediating AChR phosphorylation, we
have compared directly and quantitatively the ability
of agrin fragments that differ in their affinity for o-
dystroglycan to induce AChR aggregation and phospho-
rylation.

Binding to a-dystroglycan is not sufficient for
induction of AChR phosphorylation

To study changes in the phosphorylation of AChR
subunits, cultured C2 myotubes were incubated overnight
with medium containing [*’PJorthophosphate and treated
for 4 h with various isoforms of agrin. AChRs were
purified, the subunits separated by SDS-PAGE and the
incorporation of radioactive phosphate measured by auto-
radiography. As illustrated in Figure 2, 85 pM of the
recombinant agrin isoform c95,4p5, Which is known to
induce receptor aggregation, increased phosphorylation of
the AChR B subunit to the same extent as was observed
with saturating amounts of Torpedo agrin (Meier et al.,
1995). In contrast, 85 pM ¢9540po, an agrin isoform that
is inactive in AChR aggregation assays but, like c9544ps,
binds to o-dystroglycan (Sugiyama et al., 1994; Gesemann
etal., 1996), did not increase AChR [ subunit phosphoryla-
tion over control levels. Likewise, laminin-1, another
ligand for a-dystroglycan (Gee et al., 1994; Yamada et al.,
1994; Gesemann et al., 1996) did not induce B subunit
phosphorylation, at concentrations as high as 200 nM
(data not shown). Thus, binding of agrin or laminin-1 to
o-dystroglycan is not sufficient for the induction of
phosphorylation of the AChR B subunit.

As demonstrated previously, Torpedo agrin not only
induces AChR B subunit phosphorylation but also causes
phosphorylation of AChR 7y and § subunits (Meier et al.,
1995). A comparable increase in AChR 7y and § subunit
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Fig. 2. Agrin isoforms differ in their ability to induce AChR
phosphorylation. (a) C2 myotube cultures were labeled overnight with
[32P)orthophosphate, treated for 4 h with agrin and the AChRs isolated
and analyzed by SDS-PAGE and autoradiography. AChR f, y and &
subunits were identified according to their M as described (Meier

et al., 1995). Compared with control cultures (con), addition of 4 U of
Torpedo agrin (CE) and 85 pM c9544ps (A4B8) induced
phosphorylation of the AChR P subunit. No such increased level of
phosphorylation was induced with 85 pM ¢95,0g9 (AOBO).

(b) Quantitative analysis of agrin-induced changes in AChR B subunit
phosphorylation. The level of incorporation of [*2Plorthophosphate
into AChR P subunits was measured by densitometric analysis of
autoradiograms. Data from different experiments were combined by
normalizing the results of each experiment to the & subunit of control
myotubes in normal medium (=1000; see Meier et al., 1995).
Compared with controls (con), Torpedo agrin (CE) and recombinant
¢95a4p3 agrin, but not c950po, significantly increased phosphorylation
of the AChR B subunit. Data are mean = SEM, N = 14-18. *Differs
significantly from control cultures, P<<0.05 (one-way ANOVA, Tukey—
Kramer HSD test).

phosphorylation was observed with c954gs, but not with
c95080 (data not shown). Phosphorylation of AChR y
and & subunits occurs predominantly on serine residues,
with little change in phosphotyrosine content (Meier et al.,
1995). Agrin-induced protein serine phosphorylation of
the Y and & subunits is not required for AChR aggregation
(Wallace et al., 1991); therefore, we restricted our analyses
to changes of AChR P subunit phosphorylation.

AChR-aggregating activity of agrin isoforms
parallels their potency for inducing
phosphorylation

As a step towards determining if both AChR aggregation
and phosphorylation are triggered by the same agrin
receptor, we measured the extent of AChR aggregation
and phosphorylation as a function of concentration for the
€95 448 €95a4p11 and c95,0po agrin isoforms. Previous
receptor aggregation assays on chick myotubes had demon-
strated that c95 455 Was the most active isoform, ¢95 411
was ~140-fold less active and c95,09 Was completely

Agrin-induced AChR phosphorylation and aggregation
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Fig. 3. The relative potency of agrin isoforms is similar in AChR
aggregation and phosphorylation assays. (A) Dose-response curve for
AChR aggregation. Activity is expressed as the percentage of the cell
surface area occupied by AChR clusters following an overnight
incubation with the indicated c95 agrin isoform. Each data point
represents the mean = SEM of 20 myotube segments analysed. The
half-maximal response for c95,4pg (A4B8) was ~100 pM and for
c95a4p11 (A4B11) was ~4 nM. No AChR-aggregating activity was
observed for 95,00 (AOBO) at concentrations up to 200 nM. The
dotted line represents the percentage area occupied by AChR
aggregates in control cultures [mean: 0.38 = 0.11 (SEM); N = 20].
(B) Dose-response curve for AChR B subunit phosphorylation. The
level of B subunit phosphor¥|ation was determined by densitometric
analysis after separation of 2P-labeled AChR subunits from cultures
incubated with agrin isoforms for 4 h. Half-maximal responses were
reached at ~4 pM for c95,4pg and ~50 pM for c9541). Each data
point represents the mean * SEM with N = 3-10 for c¢95x4gs,

N = 3-6 for ¢954g;; and N = 7 and 18 for c95,0p¢. The dotted line
represents the level of B subunit phosphorylation in control cultures
[mean: 152.0 = 5.4 (SEM); N = 47].

inactive (Gesemann et al., 1995). These isoforms had the
same relative potency on mouse C2 cells (Figure 3A).
The concentration of ¢9544p5 that induced half-maximal
receptor aggregation was ~100 pM, while ¢95,4p,; had a
half-maximal response at ~4 nM and c95,0g¢ failed to
induce aggregation at concentrations as high as 200 nM.
When assayed for their ability to induce phosphorylation
of the AChR B subunit (Figure 3B), these isoforms again
had the same order of potency; c95,4ps reached a half-
maximal response at ~4 pM, c9544p1; at ~50 pM and
€95 A00 had no effect at concentrations as high as 200 nM.
The finding that the ability of different agrin isoforms to
induce AChR phosphorylation varied in parallel with
their AChR-aggregating activity is consistent with the
hypothesis that the same agrin receptor mediates both
effects.

A 21 kDa agrin fragment that lacks the binding
domain for a-dystroglycan is sufficient to induce
AChR aggregation and phosphorylation

As previously shown, a short ~21 kDa agrin fragment,
comprising the third G-domain (G3) and the B splice site
(c21gs, see Figure 1), induces AChR aggregation on chick
myotubes (Gesemann et al., 1995). To determine whether
the third G-domain is sufficient to induce AChR phos-
phorylation and whether this effect is splice site dependent,
we compared the ability of c21g¢ and c21g agrin fragments
to induce AChR aggregation and 8 subunit phosphoryl-
ation. Additionally, since agrin-induced AChR aggregation
is inhibited by heparin (Wallace, 1990) and the second
G-domain (G2) contains the heparin binding site
(Gesemann et al., 1996), we also tested individual second
G-domain (G2) agrin fragments, with or without amino
acid inserts (G240 and G2,,), for their effect on AChR
aggregation and phosphorylation.
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Fig. 4. AChR aggregation and phosphorylation by individual agrin
G-domains. (a) AChR aggregates induced by agrin fragments.
Fluorescence micrographs of segments of cultured C2 myotubes
labeled with rhodamine-a-bungarotoxin. Overnight incubation with
20 nM ¢95,4p5 (A4B8), 20 nM c21gg (B8) or 200 nM c21g, (BO).
Bar: 40 pm. (b) Quantitative analysis of AChR-aggregating activity.
For each fragment, the percentage of myotube surface area occupied
by AChR aggregates was determined after overnight incubation with
400 nM GZA() (AO), GZA4 (A4), CleO (BO) or c2133 (BS) and
compared with effects induced by 2 nM c95,4p5 (A4B8) and with
control cultures (con). Of the 21 kDa fragments, only c21pg caused a
significant increase in AChR aggregation. (c¢) AChR B subunit
S)hosphory]ation induced by agrin fragments. Autoradiography of
2P-_labeled AChR subunits isolated after a 4 h incubation with
200 nM of the short agrin fragments (G249, G244, 2150, c21pg) or
200 pM ¢95z4pg. (d) Quantitative analysis of AChR B subunit
phosphorylation. C2 myotubes were incubated for 4 h with 200 nM of
each of the short agrin fragments and the extent of phosphorylation of
the B subunit compared with that obtained with 200 pM c95,4p3 and
controls. The only 21 kDa fragment that significantly increased
B subunit phosphorylation was c21gg. There is no significant
difference in the extent of B subunit phosphorylation induced by c21pg
and c95,4p3 (mean = SEM; N = 6-12). *Differs significantly from
control cultures, P<0.05 (one-way ANOVA, Tukey—Kramer HSD
test).

As shown in Figure 4, the second G-domain was
inactive in AChR aggregation and phosphorylation assays,
regardless of the presence or absence of amino acid inserts
at the A splice site. In contrast, the fragment containing
the third G-domain induced both aggregation and phos-
phorylation, provided it contained an insert at the B
splice site (c21gg). The c21pg fragment does not bind to
o-dystroglycan (Gesemann et al., 1996). Thus, an agrin
fragment that does not bind to a-dystroglycan induces
both AChR phosphorylation and aggregation.

Next we compared the dose-response relationship for
the formation of AChR aggregates and induction of 3
subunit phosphorylation for c2lpg (Figure 5). Half-
maximal receptor aggregation was reached at ~4 nM,
whereas half-maximal B subunit phosphorylation occurred
at ~300 pM. Thus, as was the case for c95 constructs,
half-maximal phosphorylation occurred at a lower concen-
tration of agrin than half-maximal receptor aggregation
(see Discussion).

The c21gg agrin fragment induces tyrosine
phosphorylation of the AChR B subunit

Results of previous experiments indicate that agrin causes
conspicuous changes in the phosphotyrosine content of
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Fig. 5. Dose dependence of c21gg-induced AChR aggregation and

B subunit phosphorylation. Open symbols: AChR aggregation. Each
data point represents the mean + SEM of 20 myotube segments. The
half-maximal response was reached at ~4 nM. Closed symbols: AChR
B subunit phosphorylation. Data, expressed as the mean = SEM

(N = 5-7), represent the level of B subunit phosphorylation induced
by c21pg as determined by densitometric analysis. The half-maximal
response was reached at ~300 pM.
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Fig. 6. The c21pg agrin fragment induces tyrosine phosphorylation of
the AChR P subunit. Myotubes were labeled with [32P]inorganic
phosphate, treated with agrin isoforms, AChRs isolated and the
phosphotyrosine content of the B subunit estimated. The results of
each experiment were normalized to the phosphotyrosine content of
B subunits from control cultures (=100%). Data are expressed as the
mean = SEM; N = 7 for control (con) and c9554p3 (A4B8), N = 6
for c21pg (B8). *Differs significantly from control, P<0.05 (one-way
ANOVA, Tukey—Kramer HSD test).

AChR f subunits (Wallace et al., 1991; Qu and Huganir,
1994; Meier et al., 1995) and that protein tyrosine phos-
phorylation is required for agrin-induced AChR aggrega-
tion (Wallace, 1994, 1995). To determine whether c21gg
induces tyrosine phosphorylation of the AChR B subunit,
mouse C2 myotubes were incubated in medium containing
[**Plinorganic phosphate and were treated with either
c2lgg or ¢95,483. AChRs were isolated, the subunits
separated by SDS-PAGE and the phosphotyrosine content
of the B subunit examined by selective hydrolysis of
phosphoserine residues with 1 M KOH (see Materials and
methods; Cooper and Hunter, 1981). As illustrated in
Figure 6, c21pg as well as ¢95 5455 agrin isoforms induced
tyrosine phosphorylation of the AChR B subunit. Thus,
as previously shown for Torpedo agrin, recombinant chick



agrin fragments, including c21gg, trigger tyrosine phos-
phorylation of the AChR [ subunit.

Discussion

The results reported here demonstrate that, when added to
C2 myotubes in culture, the c21gg fragment of recombinant
agrin, which does not bind to a-dystroglycan, causes
AChR aggregation and tyrosine phosphorylation of the
AChR [ subunit. On the other hand, the ¢95 (g, fragment
of recombinant agrin, which binds with high affinity to
a-dystroglycan, does not induce either AChR aggregation
or phosphorylation. We conclude that agrin-induced AChR
phosphorylation and aggregation are triggered by a muscle
surface agrin receptor that is distinct from o-dystroglycan.

Role of a-dystroglycan in mediating the effects of
agrin

The changes in AChR distribution and phosphorylation
induced by the agrin fragment c21gg, which does not bind
to a-dystroglycan, are qualitatively indistinguishable from
those induced by longer agrin fragments, such as c¢954ps,
that do bind to o-dystrogylcan. This indicates that binding
of agrin to a-dystroglycan is not required for AChR
phosphorylation or aggregation. However, o-dystroglycan
does accumulate at agrin- and nerve-induced specializ-
ations and may well play a role in their formation and/or
stabilization (Phillips et al., 1993; Campanelli et al., 1994;
Cohen et al., 1995). For example, Sugiyama et al. (1994)
suggested that binding of agrin to a-dystroglycan might
act to increase the effective concentration of agrin in the
vicinity of developing aggregates, thereby facilitating its
interaction with the agrin receptor that mediates AChR
phosphorylation and aggregation. Indeed, Gesemann et al.
(1996) provide evidence that binding to o-dystroglycan
reduces the concentration of agrin required for a half-
maximal response by a factor of 2. Alternatively,
a-dystroglycan, as well as other components of the dystro-
phin—utrophin complex, might be required for the inter-
action of AChRs with the cytoskeleton that is thought to
mediate the immobilization of AChRs at sites of aggregate
formation (Froehner, 1993; Apel and Merlie, 1995; Apel
et al., 1995; Cohen et al., 1995). Thus, agrin-induced
increases in protein tyrosine phosphorylation might alter
the interactions between AChRs, the 43 kDa receptor-
associated protein (rapsyn; Froehner, 1993) and proteins
of the dystrophin—utrophin complex such that all of these
components become tethered together to the underlying
cytoskeleton. In fact, recent experiments using mutant
mice with a targeted disruption of the Rapsn gene directly
demonstrated the importance of rapsyn for the formation
of AChR aggregates (Gautam et al., 1995).

On the other hand, interaction of agrin with o.-dystrogly-
can might play a role unrelated to AChR aggregation,
both at synaptic sites and elsewhere. In muscle for example,
myofibers synthesize agrin isoforms, lacking inserts at one
or both A and B splice sites, that bind to o-dystroglycan but
do not induce AChR aggregation. o-Dystroglycan, in turn,
is found in extrasynaptic regions of muscle fibers (Cohen
et al., 1995). Whether or not agrin interacts with
a-dystroglycan at such sites and, if so, what the functional
consequences of such an interaction might be, remain to
be determined.

Agrin-induced AChR phosphorylation and aggregation

Agrin-induced AChR aggregation and
phosphorylation

Recombinant agrin fragments that induced AChR aggrega-
tion also caused AChR phosphorylation, while fragments
that did not induce aggregation did not cause receptor
phosphorylation. In particular, we found that the small
recombinant chick agrin fragment c21pg induced both
tyrosine phosphorylation of the AChR [ subunit and AChR
aggregation. Thus, based on the constructs described in
this report, the domains within agrin that mediate AChR
aggregation could not be separated from those that cause
phosphorylation; the third G-domain containing an insert
at the B splice site is both necessary and sufficient to
induce AChR phosphorylation and aggregation. These
findings provide support for the hypothesis that the same
agrin receptor triggers both AChR phosphorylation and
aggregation.

Dose dependence of agrin-induced AChR
aggregation and phosphorylation

In previous experiments on chick myotubes, AChR
aggregation and tyrosine phosphorylation were found to
depend in the same manner on agrin concentration
(Wallace, 1992), as would be expected if the combination
of agrin with a receptor on the myotube surface triggered
an increase in tyrosine phosphorylation that caused AChR
aggregation. In the current study on C2 myotubes, how-
ever, agrin-induced AChR phosphorylation reached half-
maximal levels at a concentration of agrin that was at
least 10-fold lower than that necessary to induce half-
maximal AChR aggregation. The apparent discrepancy
may result from the manner in which AChR aggregation
was measured. In the present study, the extent of receptor
aggregation was determined by estimating the fraction of
the C2 cell surface covered by receptor aggregates. For
this analysis, small aggregates (<4 um in their longest
axis) were ignored, and the density of receptors within
aggregates was not taken into account. Thus, relatively
small, low density aggregates, such as might be produced
by low concentrations of agrin, would not contribute to
the measured extent of aggregation, artifactually shifting
the dose-response curve for aggregation to higher agrin
concentrations.

Of course, other explanations cannot be ruled out. If
aggregation were a cooperative process, requiring the
interaction of several phosphorylated receptors for
example, this would also tend to create a difference in the
dose-response curves for aggregation and phosphoryl-
ation. Another possibility might be that proteins other
than AChRs must become phosphorylated to a certain
level before aggregation can occur.

Regardless of the relationship between AChR phos-
phorylation and aggregate formation, the results reported
here demonstrate that both agrin-induced AChR phos-
phorylation and aggregation are mediated by a receptor
that is distinct from o-dystroglycan.

Materials and methods

Agrin constructs and expression

The recombinant chick agrin fragments used in this study were described
by Gesemann et al. (1996). Fragments comprising the second G-domain
with or without the four amino acid insert at the A splice site are
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designated as G2,4 and G2, respectively, whereas fragments composed
of the third G-domain and the associated B splice site are designated
c21gg and c21gg (Gesemann et al., 1995, 1996). Partially purified agrin
from Torpedo electric organ (Cibacron pool) was prepared as described
earlier (Nitkin et al., 1987) and used at a saturating dose (4 U).

Cell cultures and aggregation assays

C2C12 cells (Yaffe and Saxel, 1977; Blau et al., 1983) were grown in
35 mm tissue culture dishes in proliferation medium until they reached
confluence. Cells subsequently were changed to differentiation medium
as described earlier (Gesemann et al., 1995; Meier et al., 1995). After
4-6 days, cells had fused and were used for AChR aggregation and
phosphorylation assays. For aggregation assays, cultures were incubated
with agrin isoforms for 16 h. AChRs were labeled with 4X10% M
rhodamine-a-bungarotoxin (Molecular Probes, Eugene, OR) and AChR
aggregation was determined by estimating the fraction of the C2 cell
surface covered by receptor aggregates. Only AChR aggregates with a
longer axis of at least 4 pm were included in the counting (see Gesemann
et al., 1995 for details).

Measurement of AChR phosphorylation

AChR phosphorylation was assayed as previously described (Meier
et al., 1995) with minor modifications. Briefly, C2 cultures were rinsed
with MEM without sodium phosphate (GIBCO BRL) supplemented with
I mg/ml bovine serum albumin (RIA grade, Sigma Chemical Co.),
20 pg/ml conalbumin (type II, Sigma Chemical Co.), 100 U/ml penicillin
and 100 pg/ml streptomycin, followed by a 16 h incubation in the same
medium containing 0.25 mCi/ml [32P]orthophosphate ([>2P]H;PO, in
H,0, ICN Biomedicals Inc., Costa Mesa, CA). Agrin isoforms were
added to this culture medium at the designated concentrations during
the last 4 h of incubation. AChRs were labeled with biotinylated
a-bungarotoxin (Wallace et al., 1991; Meier et al., 1995) and toxin-
AChR complexes were solubilized by incubation for 10 min on ice in
extraction buffer [20 mM sodium phosphate buffer, pH 7.4, supplemented
with 5 mM EDTA, 5 mM EGTA, 50 mM sodium fluoride, 40 mM
sodium pyrophosphate, 10 mM sodium molybdate, 1 mM sodium
orthovanadate, 5 pg/ml aprotinin, 5 ug/ml leupeptin, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 1% (w/v) Triton X-100 and 0.25% (w/v)
deoxycholate). Extracts were cleared and toxin~AChR complexes purified
on streptavidin-conjugated agarose beads. Bead complexes were washed
thoroughly and eluted into SDS sample buffer at room temperature.
AChHR subunits were separated by SDS-PAGE on 7.5% gels. Gels were
fixed, dried and exposed to pre-flashed autoradiography film (Hyperfilm-
MP, Amersham, Arlington Heights, IL) and autoradiograms analyzed by
densitometry as previously described (Wallace, 1994). AChR B, v and &
subunits were identified by their position relative to pre-stained molecular
weight markers and by criteria described previously (Meier et al., 1995).
For all densitometric analyses, data from different experiments were
combined by normalizing the results of each experiment to the 8 subunit
of control myotubes in normal medium (=1000).

Assay for tyrosine phosphorylation

To estimate the level of tyrosine phosphorylation of AChR B subunits,
isolated subunits were treated with base. Briefly, 32P-labeled AChR B
subunits were identified on SDS-polyacrylamide gels, gel pieces cut out
and total 32P incorporation determined by measuring Cerenkov radiation.
Gel slices were treated with 1 M KOH at 60°C for 90 min to hydrolyze
[*?P]PO, from serine residues, washed and counted again. Alkali
hydrolysis reduced the amount of radioactive phosphate in AChR
subunits isolated from control cultures by 76% (SEM: + 2.8; N = 7),
for c954pg-treated subunits by 55% (SEM: *= 3.0; N = 7) and for
c2lgg-treated subunits by 52% (SEM: * 8.8; N = 6). The AChR B
subunit contains phosphotyrosine and phosphoserine, but no detectable
phosphothreonine (Qu and Huganir, 1994; Meier et al., 1995). Since
base treatment hydrolyzes >90% of phosphoserine residues while ~40%
of phosphotyrosine residues attached to proteins are recovered, we
conclude that the radioactivity still associated with base-treated B subunits
is due predominantly to phosphotyrosine (Cooper and Hunter, 1981).
Similar results were obtained using anti-phosphotyrosine antibodies on
Western blots (data not shown).

Acknowledgments

We would like to thank Donna Kautzman-Eades and Beat Schumacher
for excellent technical assistance and G.M.Perez and Dr J.Caldwell for
comments on an earlier version of the manuscript. This work was

2630

supported by a Long-Term Fellowship (LT-238/94) from the Human
Frontier Science Program Organisation (T.M.). by the Swiss National
Science Foundation (31-33697.92) and the Schweizerische Stiftung fiir
die Erforschung der Muskelkrankheiten (M.A.R.) and by the National
Institutes of Health Grant NS29673 (B.G.W.).

References

Apel,E.D. and Merlie,J.P. (1995) Assembly of the postsynaptic apparatus.
Curr. Opin. Neurobiol., §, 62-67.

ApelLE.D., Roberds,S.L., Campbell, K.P. and Merlie J.P. (1995) Rapsyn
may function as a link between the acetylcholine receptor and the
agrin-binding dystrophin-associated glycoprotein complex. Neuron,
15, 115-126.

Blau,H.M., Chiu,C.-P. and Webster,C. (1983) Cytoplasmic activation of
human nuclear genes in stable heterokaryons. Cell, 32, 1171-1180.
Bowe M.A.,, DeystK.A., LeszykJ.D. and FallonJ.R. (1994)
Identification and purification of an agrin receptor from Torpedo
postsynaptic membranes: a heteromeric complex related to the

dystroglycans. Neuron, 12, 1173-1180.

Campanelli,J.T., Roberds,S.L., Campbell K.P. and Scheller,R.H. (1994)
A role for dystrophin-associated glycoproteins and utrophin in agrin-
induced AChR clustering. Cell, 77, 663-674.

CohenM.W.,  Jacobson,C., Godfrey,E.W., Campbell K.P. and
Carbonetto,S. (1995) Distribution of a-dystroglycan during embryonic
nerve-muscle synaptogenesis. J. Cell Biol., 129, 1093-1101.

Cooper,J.A. and Hunter,T. (1981) Changes in protein phosphorylation
in Rous sarcoma virus-transformed chicken embryo cells. Mol. Cell.
Biol., 1, 165-178.

Denzer,A.]., Gesemann,M., Schumacher,B. and Ruegg, M.A. (1995) An
amino terminal extension is required for the secretion of agrin and its
binding to extracellular matrix. J. Cell Biol., 131, 1547-1560.

Ferns,M.J. and Hall,Z.W. (1992) How many agrins does it take to make
a synapse? Cell, 70, 1-3.

Ferns,M.J., Hoch,W., Campanelli,J.T., Rupp,F., Hall,Z.W. and Scheller,
R.H. (1992) RNA splicing regulates agrin-mediated acetylcholine
receptor clustering activity on cultured myotubes. Neuron, 8, 1079-
1086.

Ferns,M.J., CampanelliJ.T., Hoch,W., Scheller,R.H. and Hall,Z.W.
(1993) The ability of agrin to cluster AChRs depends on alternative
splicing and on cell surface proteoglycans. Neuron, 11, 491-502.

Froehner,S.C. (1993) Regulation of ion channel distribution at synapses.
Annu. Rev. Neurosci., 16, 347-368.

Gautam,M., Noakes,P.G., Mudd,J., Nichol,M., Chu,G.C., Sanes,J.R. and
Merlie,J.P. (1995) Failure of postsynaptic specialization to develop
at neuromuscular junctions of rapsyn-deficient mice. Nature, 377,
232-236.

Gee,S.H., Montanaro,F., Lindenbaum,M.H. and Carbonetto,S. (1994)
Dystroglycan-c, a dystrophin-associated glycoprotein, is a functional
agrin receptor. Cell, 77, 675-686.

Gesemann, M., Denzer,AJ. and RueggM.A. (1995) Acetylcholine
receptor-aggregating activity of agrin isoforms and mapping of the
active site. J. Cell Biol., 128, 625-636.

Gesemann,M., Cavalli,V., Denzer,A.J., Brancaccio,A., Schumacher,B.
and Ruegg,M.A. (1996) Alternative splicing of agrin alters its binding
to heparin, dystroglycan and the putative agrin receptor. Neuron,
in press.

Hall,Z.W. and Sanes,J.R. (1993) Synaptic structure and development:
the neuromuscular junction. Neuron, 10 (Suppl.), 99-121.

Hoch,W., Ferns,M., Campanelli,J.T., Hall,Z.W. and Scheller,R.H. (1993)
Developmental regulation of highly active alternative spliced forms
of agrin. Neuron, 11, 479-490.

Ma,E., Morgan,R. and Godfrey,E.W. (1994) Distribution of agrin mRNAs
in the chick embryo nervous system. J. Neurosci., 14, 2943-2952.
Ma.E., Morgan,R. and Godfrey,E.W. (1995) Agrin mRNA variants are
differentially regulated in developing chick embryo spinal cord and

sensory ganglia. J. Neurobiol., 26, 585-597.

Matsumura,K. and Campbell,K.P. (1994) Dystrophin-glycoprotein
complex: .its role in the molecular pathogenesis of muscular
dystrophies. Muscle and Nerve, 17, 2-15.

McMahan,U.J. (1990) The agrin hypothesis. Cold Spring Harbor Symp.
Quant. Biol., 55, 407418.

McMahan,U.J. and Wallace,B.G. (1989) Molecules in basal lamina that
direct the formation of synaptic specializations at neuromuscular
junctions. Dev. Neurosci., 11, 227-247.



McMahanUJ.. HortonS.E.. WerleMJ., Honig,L.S., Kroger.S.,
Ruegg.M.A. and Escher,G. (1992) Agrin isoforms and their role in
synaptogenesis. Curr. Opin. Cell Biol., 4, 869-874.

Meier.T., Perez.G.M. and Wallace,B.G. (1995) Immobilization of
nicotinic acetylcholine receptors in mouse C2 myotubes by agrin-
induced protein tyrosine phosphorylation. J. Cell Biol., 131, 441-451.

Nitkin,R.M.,  SmithM.A., Magill,C., FallonJ.R., YaoY-M.M.,
Wallace,B.G and McMahan,U.J. (1987) Identification of agrin, a
synaptic organizing protein from Torpedo electric organ. J. Cell Biol.,
105, 2471-2478.

Phillips,W.D., Noakes,P.G., Roberds.S.L.. Campbell,K.P. and Merlie,J.P.
(1993) Clustering and immobilization of acetylcholine receptors by
the 43-kD protein: a possible role for dystrophin-related protein.
J. Cell Biol., 123, 729-740.

Qu.Z. and Huganir,R.L. (1994) Comparison of innervation and agrin-
induced tyrosine phosphorylation of the nicotinic acetylcholine
receptor. J. Neurosci., 14, 6834-6841.

Reist,N., Werle,M.J. and McMahan,U.J. (1992) Agrin released by motor
neurons induces the aggregation of AChRs at neuromuscular junctions.
Neuron, 8, 865-868.

Ruegg M.A., Tsim K.WK., HortonS.E., KrogerS., Escher,G.,
Gensch,E.M. and McMahan,U.J. (1992) The agrin gene codes for a
family of basal lamina proteins that differ in function and distribution.
Neuron, 8, 691-699.

Rupp,F., Payan,D.G., Magill-Solc,C., Cowan,D.M. and Scheller,R.H.
(1991) Structure and expression of a rat agrin. Neuron, 6, 811-823.
Rupp,F, Ozcelik, TH., LinialM., Peterson,K., Franke,U. and
Scheller,R.H. (1992) Structure and chromosomal location of the

mammalian agrin gene. J. Neurosci., 12, 3535-3544.

Sasaki,M., Kleinman,H., Huber,H., Deutzmann,R. and Yamada,Y. (1988)
Laminin, a multidomain protein. The A-chain has a unique domain
and homology with the basement membrane proteoglycan and the
laminin B chains. J. Biol. Chem., 263, 16536-16544.

Smith,M.A. and O’Dowd,D.K. (1994) Cell-specific regulation of agrin
RNA splicing in the chick ciliary ganglion. Neuron, 12, 795-804.
Smith M.A., Magill-Solc,C., Rupp,F, Yao,Y.-M.M., SchillingJ.W.,
Snow,l. and McMahan,U.J. (1992) Isolation and characterization of
an agrin homologue in the marine ray. Mol. Cell. Neurosci., 3,406-417.

Sugiyama,J., Bowen,D.C. and Hall,ZW. (1994) Dystroglycan binds
nerve and muscle agrin. Neuron, 13, 103-115.

Tinsley,J.M., Blake,D.J., Zuellig,R.A. and Davies,K.E. (1994) Increasing
complexity of the dystrophin-associated protein complex. Proc. Natl
Acad. Sci USA., 91, 8307-8313.

Tsen,G., Halfter,W., Kroger,S. and Cole,G.J. (1995) Agrin is a heparan
sulfate proteoglycan. J. Biol. Chem., 270, 3392-3399.

Tsim,K.W.K., Ruegg,M.A., Escher,G., Kroger,S. and McMahan,U.J.
(1992) cDNA that encodes active agrin. Neuron, 8, 677-689.

Wallace,B.G. (1990) Inhibition of agrin-induced acetylcholine-receptor
aggregation by heparin, heparan sulfate, and other polyanions. J.
Neurosci., 10, 3576-3582.

Wallace,B.G. (1992) Mechanisms of agrin-induced acetylcholine receptor
aggregation. J. Neurobiol., 23, 592-604.

Wallace,B.G. (1994) Staurosporine inhibits agrin-induced acetylcholine
receptor phosphorylation and aggregation. J. Cell Biol., 125, 661-668.

Wallace,B.G. (1995) Regulation of the interaction of nicotinic
acetylcholine receptors with the cytoskeleton by agrin-activated protein
tyrosine kinase. J. Cell Biol., 128, 1121-1129.

Wallace,B.G., Qu,Z. and Huganir,R.L. (1991) Agrin induces phosphoryl-
ation of the nicotinic acetylcholine receptor. Neuron, 6, 869-878.

Yaffe,D. and Saxel,0. (1977) Serial passaging and differentiation of
myogenic cells isolated from dystrophic mouse muscle. Nature, 270,
725-7217.

Yamada,H., Shimizu,T., Tanaka,T., Campbell,K.P. and Matsumura,K.
(1994) Dystroglycan is a binding protein of laminin and merosin in
peripheral nerve. FEBS Lett., 352, 49-53.

Received on January 4, 1996; revised on February 21, 1996

Agrin-induced AChR phosphorylation and aggregation

2631



