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Abstract The neuromuscular junction (NMJ) is the most
extensively studied model of neuronal synaptogenesis.
Acetylcholine receptor (AChR) clustering on the postsyn-
aptic membrane is a cardinal event in the differentiation of
NMIJs. AChR clustering and postsynaptic differentiation is
orchestrated by sophisticated interactions among three
proteins: the neuron-secreted proteoglycan agrin, the co-
receptor LRP4, and the muscle-specific receptor tyrosine
kinase MuSK. LRP4 and MuSK act as scaffolds for mul-
tiple binding partners, resulting in a complex and dynamic
network of interacting proteins that is required for AChR
clustering. In this review, we discuss the structural basis for
NMIJ postsynaptic differentiation mediated by the agrin—
LRP4-MuSK signaling pathway.
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Introduction

In vertebrates, innervation of muscle fibers by motor neu-
rons leads to the formation of neuromuscular junctions
(NMJs) composed of neuronal presynaptic and muscle
postsynaptic membranes. Owing to their size and accessi-
bility, NMJs serve as excellent models to study the
differentiation, stabilization, and maintenance of synapses.
Once established, NMlJs efficiently convert the electrical
impulses of the motor neuron into action potentials in the
juxtaposed muscle fiber, a process that depends on the
release of large quantities of acetylcholine (ACh) molecules
by the presynaptic motor neuron, as well as high-density
clustering of nicotinic ACh receptors (AChRs) on the
postsynaptic muscle membrane [1, 2]. During postnatal
development in mammals, the NMJ postsynaptic membrane
forms a “pretzel-like” structure and AChRs are concen-
trated at the crests of the numerous folds [3]. The estimated
density of the clustered AChRs is ~ 10,000—20,000/pm2,
which compares with only ~ 10/um? in membranes in
extrasynaptic regions [4, 5]. The process by which AChRs
form high-density clusters during NMJ development
involves an intricate network of signaling molecules and
communication between presynaptic motor neurons and
postsynaptic muscle fibers [6, 7]. Despite intense study, the
molecular mechanisms that regulate and stabilize AChR
clustering remain unclear.
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In the past three decades, a number of nerve-derived and
muscle-derived factors and signaling pathways that drive
differentiation of NMJs [7] have been identified. These
include transmembrane and cytoplasmic proteins, as well
as components of the extracellular basal lamina, which
co-cluster with AChRs during postsynaptic differentiation.
The synaptic basal lamina contains two major signaling
proteins, agrin and neuregulin, which are secreted by motor
neurons and play essential roles in NMJ formation and
maintenance [8, 9]. Other extracellular matrix proteins are
also implicated, including laminin, collagen IV/XIII, perl-
ecan, collagen Q, and biglycan [10-12]. On the muscle
membrane, muscle-specific kinase (MuSK) is the key
organizer and scaffold protein for recruitment of other
extracellular and intracellular factors [5, 13]. The integral
membrane protein LRP4 (low-density lipoprotein receptor-
related protein 4) forms a complex with MuSK and is also
critical to NMJ function [14—16]. Inside the muscle cells,
many signaling molecules, such as the adaptor proteins
Dok7, Tidl, and rapsyn, directly interact with the cyto-
plasmic domain of MuSK to form a multiprotein complex
required for AChR clustering [7, 17, 18]. Collectively, the
agrin—-LRP4-MuSK signaling pathway plays a crucial role
in NMJ development. Our understanding of the molecular
interactions by which this complex functions has increased
over the last decade, due in part to invaluable information
on the structures of the individual components, as well as
several protein—protein complexes. In this review, we
briefly summarize recent studies that have shed light on the
structures of the component proteins, and the roles played
by the signaling molecules in the formation and stabiliza-
tion of NMJs.

Agrin orchestrates AChR clustering

Agrin was first identified from the electric organ of the
torpedo ray by McMahan and colleagues [19, 20]. As a
large heparan sulfate proteoglycan, agrin has an estimated
molecular weight of ~400 kDa, almost twice the molec-
ular weight predicted from its amino acid composition [21].
Agrin is composed of a number of structural modules
common to other basal lamina proteins, including nine
follistatin-like (FS), two serine/threonine-rich, one laminin
B-like, four EGF-like, and three laminin G-like (LG)
domains. The N-terminus of agrin has alternative start sites
that generate two isoforms of different length and tissue
specificity. The short form of agrin has an N-terminal
transmembrane region and is mainly expressed in the brain,
whereas the long form, which lacks the transmembrane
region, is expressed at NMJs and in other tissues. In
addition, the C-terminus of agrin contains three conserved
alternative splicing sites, termed X, Y, and Z in mammals.
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In chickens, the mammalian Y and Z sites are termed A
and B, respectively. The A/Y site binds heparin and the
B/Z site is essential for the AChR-clustering activity of
agrin. The function of the X site is not yet known [22].

Agrin is expressed in various tissues including muscle,
brain, and cells of the immune system [21]. In mammals,
only the neuron-specific agrin contains an eight amino acid
insert (ELTNEIPA, Z8) at the Z site. The Z8 insert lies
within the C-terminal LG3 domain and is absolutely
required for agrin’s AChR-clustering activity [21-24],
although the exact mechanism for its involvement is
unclear. Both the Z8" and Z8 isoforms are expressed in
brain [25, 26], where agrin expression is highest during the
synaptogenic period of development. Agrin is also thought
to be involved in excitatory synapse development [27], but
its precise function in brain remains to be clarified.

The N-terminal domain

The N-terminal domain (NtA) of the secreted form of agrin
(SS-NtA) interacts with the coiled-coil region of laminin,
which localizes agrin to the synaptic basal lamina. Several
crystal structures of chicken agrin NtA have been pub-
lished [28-30], which all show identical core structures,
but different conformations of the extreme N-terminal
region.

The first crystal structure of chicken agrin NtA was
determined with protein expressed in E. coli [30]. The NtA
domain exhibits an OB (oligosaccharide/oligonucleotide
binding) fold with a central B-barrel core flanked by N- and
C-terminal o helices [30]. Interestingly, agrin NtA has
striking structural similarity to tissue inhibitor of metallo-
proteinases-1 (TIMP-1), despite their low sequence
identity. The first five N-terminal amino acids were dis-
ordered in the apo NtA. However, clear electron densities
were observed for residues Cys2-Arg5, as well as a
disulfide bond between Cys2 and Cys74, when NtA was
co-crystallized with a synthetic 20-residue peptide corre-
sponding to the NtA-binding site in the laminin y1 chain.
Although the functional role of this disulfide bond in NtA
is still unknown, disruption of the homologous disulfide
bond in TIMP-1 abolishes its function [31, 32]. In this
structure, no electron density was visible for the peptide
used in the co-crystallization, making it unclear whether it
was bound to NtA. Nevertheless, deletion of the N-terminal
residues of NtA did not affect its binding to laminin,
raising the possibility that another laminin-binding region
on NtA may compensate for the loss of the N-terminal
residues.

Several years after these studies, the same chicken NtA
fragment was expressed in HEK293 cells and crystallized
[29]. The most remarkable feature of the new structure was
the presence of highly structured N-terminal residues
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(Asnl—-Arg5) in the absence of the laminin peptide
(Fig. la), in contrast to the structure of the E. coli-
expressed protein. Moreover, the disulfide bridge between
Cys2 and Cys74 was also present in the HEK293-expressed
protein (Fig. 1a). Solid-phase binding assays of NtA with
its neighboring FS domain (NtA-FS) confirmed that NtA
binds to the y1 chain of laminin [29]. Furthermore, muta-
genesis-based mapping experiments revealed that Leull7
and Vall124 of NtA are critical for laminin binding [33]. A
more recent study using soft X-ray diffraction showed that
the most C-terminal cysteine residue (Cysl123) of NtA
forms an interdomain disulfide bridge with the adjacent FS
module, which may be critical for stabilization of the
overall structure of the full-length agrin [28].

The LG2 and LG3 domains

The C-terminal domain (LG1-3) of agrin is the most crit-
ical region for its AChR clustering function. In fact, the
95 kDa LG1-3 region is almost as potent as the full-length
agrin molecule in inducing AChR clustering in vitro [34].
Moreover, the 22 kDa C-terminal LG3 domain containing
the B/Z insert is sufficient to induce AChR clustering,
albeit with lower efficiency than the whole LG1-3 region
[34, 35]. In addition to the B/Z insert, extracellular calcium
is required for agrin function, which is believed to bind in
the LG3 domain. Extensive structural studies have been

Fig. 1 Crystal structures of agrin domains. a The structure of the
NtA domain is similar to tissue inhibitor of metalloproteinases-1
(TIMP-1). The five N-terminal residues, Asnl (N1), Cys2 (C2), Pro3
(P3), Glu4 (E4) and Arg5 (R5), are ordered in the recombinant protein
expressed in eukaryotic cells. All the amino acids in the figures are
labeled with single-letter code and shown in ball-and-stick format, in
which oxygen atoms are in red, nitrogen in blue, sulfur in yellow and
carbon in the same color as the peptide main chain. The disulfide
bond between C2 and C74, which was not observed in the protein
expressed in E. coli, may stabilize the N-terminal region of the
protein. The C-terminus of the domain is indicated by a single letter

performed on the LG3 domain to understand the function
of the B/Z insert and Ca*" in regulating AChR clustering
[36-39]. The structure of LG3 domain BO (lacking the B/Z
insert) was determined by NMR in the presence of Ca®"
[39], and the structures of the B8+ and B11+ (11 residues
insert) isoforms of LG3 were determined by X-ray crys-
tallography in the presence of Ca’" at 2.3 and 1.4 A,
respectively. For comparison, the LG3 B8+ structure was
also determined in the absence of Ca®* [39]. All forms of
the LG3 domain share an almost identical core structure, a
13-stranded P jellyroll fold, which is structurally homolo-
gous to the LG/LNS domains found in laminin, neurexin,
and sex hormone binding globulin protein. These LG/LNS
domains have a similar ligand-binding site that is remi-
niscent of the antigen binding sites in immunoglobulin
[40].

The neuron-specific B inserts lie between the L2 and 3
loops of agrin LG3. A recent circular dichroism study of
agrin constructs containing mutated Z8 residues showed
the Z8 asparagine residue to be crucial for functional
activity [36]. However, none of the B insert amino acids
were visible in the agrin crystal structures, suggesting the
inserts may adopt flexible conformations that require sta-
bilization by a binding partner [39]. The Ca®"-binding site
is located on the rim of the B jellyroll, close to the B insert
(Fig. 1b). The Ca’" jon is coordinated by the side chains of
Aspl817 and Aspl886 together with the backbone

C. b The LG2 domain (in red) containing a 4-amino acid splice insert
at the A/Y site is superimposed with the LG3 domain (in yellow)
containing an 8-amino acid splice insert at the B/Z site. LG2 and LG3
both adopt a 13-stranded PB-jellyroll fold structure. The insert at the
A/Y site of the LG2 domain (A/Y insert, red dash line) and the insert
at the B/Z site of the LG3 domain (B/Z insert, yellow dash line) are
disordered in the absence of a binding partner. Genetic mutation of
Vall727 (V1727) on the LG2 domain decreases the AChR clustering
activity of agrin. The Ca®" (green sphere) bound in the LG3 domain
is also important for agrin function. The N- and C-termini of the LG3
domain are indicated by N and C, respectively
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carbonyl oxygens of Leul834 and GIn1884, which are
structurally conserved in agrin and laminin [39]. The
importance of Ca>* for agrin function is revealed by the
fact that mutation of either of the two Ca*" coordinating
Asp residues in rat agrin inhibits its AChR clustering
activity [37, 39]. The proximity of the B insert and the
bound Ca®" also suggests the potential for crosstalk.

The role of the LG2 domain of agrin in synaptogenesis
may be related to its association with o-dystroglycan,
heparin, and integrins [34, 41]. The A/Y site in the LG2
domain is known to be important for heparin binding and
contains a four amino acid splice insert. However, the
KSRK peptide of the mouse agrin Y insert does not itself
bind heparin. Interestingly, neural agrin isoforms that
contain the insert at the B/Z site also contain the insert at
the A/Y site, suggesting there may be a coordinated
splicing mechanism in vivo [22, 42]. A crystal structure of
the mouse agrin LG2 domain has recently been deposited
in PDB by New York SGX Research Center for Structural
Genomics (PDB code: 3PVE, unpublished). The structure
reveals a 13-stranded B jellyroll fold that is highly similar
to the LG3 domain (Fig. 1b) [40, 43]. The KSRK Y insert
connecting the B2-3 strands is not observed in the LG2
structure, which is reminiscent of the LG3 structure in
which the B/Z inserts were also invisible. These obser-
vations suggest that the A/Y insert loop is involved in
binding to another molecule(s), heparin for example,
which stabilizes the loop [44, 45]. Remarkably, a single
V1727F mutation within the LG2 domain of human agrin
causes severe congenital myasthenic syndrome in humans,
attesting to the importance of this domain [46]. This was
confirmed by functional analyses showing that agrin-
V1727F had reduced AChR clustering activity compared
with the wild-type molecule. When modeled on the
structure of mouse LG2 domain, Vall727 is located close
to the A/Y site. Thus, replacement of this valine with the
bulky phenylalanine may disrupt the B sandwich structure
of LG2 and impair the native conformation of agrin
(Fig. 1b) [46].

MuSK is the key organizer at the postsynaptic
membrane

Muscle specific kinase (MuSK) is member of the receptor
tyrosine kinase (RTK) superfamily. RTK proteins are
composed of an extracellular ligand-binding region, a single
transmembrane-spanning domain, and an intracellular
region that harbors the kinase domain. There are four major
RTK activation mechanisms, as summarized by Lemmon
and Schlessinger [47]. All four require direct binding of
a ligand to RTK and dimerization of the RTK, which
induces trans-autophosphorylation of the intracellular kinase

@ Springer

domains. The activated RTKs then recruit other proteins to
initiate a signaling cascade [47].

Autophosphorylation of MuSK and subsequent cluster-
ing of AChR on the postsynaptic membrane can be
activated by antibodies that induce dimerization of MuSK,
which suggests that the molecular mechanism of MuSK
activation is similar to other RTKs [48, 49]. However,
although there is considerable evidence that agrin is a ligand
for MuSK, the two molecules do not directly interact [50,
51]. These observations implicated an intermediate protein
that physically linked agrin and MuSK, which was later
identified to be LRP4 [14-16]. Therefore, activation of
MuSK requires not only a soluble agrin ligand, but also the
involvement of the obligate co-receptor LPR4, making
MuSK a unique member of the RTK family [47].

The kinase domain

The MuSK kinase domain shares homology with serine/
threonine kinases [52, 53]. The domain comprises an
N-terminal lobe with a five-stranded [B-sheet and a C-ter-
minal lobe mainly composed of o helices (Fig. 2a). The
active site is located in the cleft between the N-terminal
and C-terminal lobes, and substrates bind mainly at the
C-terminal lobe. The activity of the MuSK kinase domain
appears to be regulated both by the activation loop
(A-loop) and the juxtamembrane region. Prior to substrate
binding, the A-loop partially occupies the active site cleft,
and Tyr754 on this loop is positioned as a pseudo-substrate
to suppress spontaneous autophosphorylation (Fig. 2a).
Therefore, the A-loop simultaneously obstructs ATP and
substrate binding. This dual inhibitory role of the A-loop is
also observed in the kinase domain of insulin receptor
kinase (IRK), which shows high structural similarity with
MuSK (Fig. 2a).

The juxtamembrane region of MuSK contains an NPXY
(X represents any amino acid) motif, which is bound by a
PTB (phosphotyrosine binding) domain in the substrate
[54, 55]. Residue Tyr553 within the NPXY motif, which is
disordered in the crystal structure, is also important for
regulation of MuSK kinase activity. Upon agrin-induced
activation of MuSK, Tyr754 and Tyr553 are thought to be
autophosphorylated first [52], followed by the remaining
two tyrosines in the A-loop (Tyr750 and Tyr755), which
dramatically increases the kinase catalytic efficiency.
Phosphorylation of Tyr553 in the juxtamembrane region
allows binding of PTB domain-containing proteins, for
example, the adaptor protein Dok7 [52].

Ligand-induced activation of MuSK creates a positive-
feedback loop that induces further MuSK clustering [56].
This finding is consistent with the observation that over-
expression of ectopic MuSK induces agrin-independent
autophosphorylation and non-synaptic AChR clustering
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Fig. 2 Crystal structures of MuSK domains. a The apo MuSK kinase
domain (in green and magenta) is superimposed with the ATP (yellow
spheres)-bound insulin receptor kinase domain (in gray and yellow).
The A-loops of MuSK (in magenta) and IRK (in yellow) are located
in a similar position. Tyr754 (Y754) on the MuSK A-loop partially
occupies the active site of the enzyme, suggesting this residue has an
autoinhibitory function. The other two tyrosine residues, Y750 and
Y755, are phosphorylated upon the activation of the protein. The
N-terminal juxtamembrane region of MuSK is disordered (indicated
by the green dash line) in the crystal structure. Tyr553 (Y553) within
the juxtamembrane is positioned close to the active site of the kinase
domain. b The two N-terminal Ig-like domains (Igl-Ig2) of MuSK
form a linear rod, which dimerizes in the crystal asymmetric unit at an
angle of ~60° (the two protomers are colored in blue and magenta).
The hydrophobic residues Met48 (M48) and Leu83 (L83), on the

[57, 58]. Thus, the combined inhibition of MuSK kinase
activity by the A-loop and juxtamembrane region is crucial
to control ligand-independent activation and to maintain a
basal activation state.

The Ig-like 1 and 2 domains

The ectodomain of MuSK is composed of three consecu-
tive immunoglobulin-like (Ig-like) domains followed by a

dimer interface, and 11e96 (/96) on the opposite side of the dimer
interface (all shown in spheres), are important for agrin-induced
AChR clustering. The N- and C-termini are labeled as N and C,
respectively. ¢ The Fz-CRD of MuSK was crystallized as an
asymmetric dimer with either a “closed” (in yellow) or “open” (in
green) conformation near the C-terminus. d The two protomers of the
dimerized MuSK Fz-CRD (in cyan) are superimposed well with Fz8
(in magenta) of the Wnt8-Fz8 complex, shown in walleye stereo.
Wnt8 and its palmitoleic acid (spheres) are shown in red. The
variable C-terminal region of the MuSK Fz-CRD is shown with the
same color scheme as in panel ¢ and highlighted by a black dashed
ellipse. In contrast to the open conformation, the closed conformation
of the o helix clashes with the superimposed Wnt8, indicating that
only the open conformation favors Wnt interaction

cysteine-rich domain (CRD) that is homologous to the
CRD of Wnt-interacting Frizzled proteins. Ig-like domains
are common in other RTKs and generally serve as ligand-
binding sites [59]. The crystal structure of the first two
Ig-like domains of MuSK (Igl-2), which are mainly
responsible for agrin-induced AChR clustering, has been
determined at 2.2 A resolution [60-62]. Igl and Ig2 are
highly similar and aligned in a linear manner (Fig. 2b);
there is no obvious linker region between the domains and
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consequently they form a semi-rigid rod-like structure.
Interestingly, the domain—domain connections between Ig2
and Ig3 are similar to those between Igl and Ig2. Thus, the
third Ig-like domain of MuSK, although not included in the
crystal structure, may be connected to Igl and Ig2 in a
similarly rigid manner.

Compared with Ig-like domains in other RTKs, the Igl
domain of MuSK contains an additional disulfide bond that
is critical for correct protein folding [62]. As shown in
Fig. 2b, MuSK Igl-2 was crystallized as a dimer in an
asymmetric unit. The dimer interface is solely formed by
the Igl domains and the two protomers are aligned at an
angle of ~60°. The dimer interface is primarily hydro-
phobic, and significantly, the two hydrophobic residues in
the interface, Met48 and Leu83 (shown in sphere in
Fig. 2b), were shown to be critical for agrin-induced MuSK
activation [62]. Mutation of Met48 or Leu83 did not affect
expression of the mutant proteins, but severely reduced
agrin-induced MuSK activation. The formation of this
dimer interface is thus crucial to MuSK function. One
possibility is that Igl homodimerization may be involved
in dimerization of MuSK in vivo. Alternatively, the dimer
interface may be involved in critical interactions of MuSK
with other proteins. Now that LRP4 has been identified as
an obligate MuSK binding partner; it will be interesting to
determine whether this region of Igl is involved in the
binding of MuSK and LRP4.

Interestingly, another hydrophobic residue, 11e96 (in
sphere, Fig. 2b), which is located on the opposite site of the
Ig1 dimer interface, was found to be functionally required,
as mutation of this residue completely abolished agrin-
induced MuSK activation [62]. In the homologous Trk
receptor, ligand (NGF) binding is mediated by hydrophobic
residues around the equivalent position of MuSK Ile96
[63]. Therefore, it is possible that the Ile96-containing
region in the MuSK Igl domain might be involved in LRP4
binding.

The Frizzled-like CRD

The region following the third Ig-like domain of MuSK
was initially thought to be a C6 box plus a fourth Ig-like
domain [64]. However, it was later identified as a Frizzled-
like CRD (Fz-CRD), which is homologous to the CRD of
the Frizzled proteins that serve as receptors in the Wnt
signaling pathway [65, 66]. Because Wnt signaling plays
an important role in NMJ synaptogenesis, this finding
raised the possibility that MuSK might bind Wnt proteins
through the CRD. Notably, the Fz-CRD is also found in
other RTKs engaged in Wnt signaling, including Rorl and
Ror2 [66].

The MuSK CRD appears to be dispensable for agrin-
induced MuSK activation and AChR clustering, but may be
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involved in agrin-independent associations with other
postsynaptic components. For example, Wntl1r has been
shown to interact with MuSK Fz-CRD and to regulate the
neuron-independent pre-patterning of AChRs on postsyn-
aptic muscle membranes [67, 68]. Wnt4 also interacts with
MuSK Fz-CRD and increases MuSK phosphorylation [69].
Importantly, Wnt9a, Wnt9b, Wntl10b, Wntl1, and Wnt16
all stimulate agrin-independent AChR clustering by directly
interacting with MuSK Fz-CRD in a LRP4-dependent
manner, suggesting the existence of a novel Wnt signaling
pathway involving both MuSK and LRP4 [70].

The crystal structure of the MuSK Fz-CRD was deter-
mined at 2.1 A resolution and found to be highly similar to
the CRDs of Wnt receptor Frizzled-8 (Fz8) and secreted
Frizzled-related protein-3 protein (sFRP3) [71, 72]. Inter-
estingly, the structure shows two MuSK CRD molecules in
a crystallographic asymmetric unit that adopt different
conformations at their C-termini (residues 410-430),
resulting in asymmetric dimeric packing (Fig. 2c). The
interaction between the two CRD copies is mainly hydro-
phobic. In the case of Fz8 and sFRP3, their CRDs were
monomers in solution, but they crystallized as dimers [72].
Other functional studies indicated that Xenopus laevis
Frizzled-3 formed CRD-dependent homodimers [73], and
that Ror2 CRD formed heterodimers with Frizzled-2 and
Frizzled-5 in response to different stimuli [74]. Thus, the
Fz-CRD might be involved in dimerization of MuSK on
the cell surface in a manner similar to that observed in the
crystal structure.

The MuSK CRD structure deviates from that of Fz8
CRD mainly at the C-terminal end, where the two copies of
MuSK CRD in the asymmetric unit are structurally dif-
ferent (Fig. 2c). In one protomer, residues 410-431 form a
well-ordered o helix that folds tightly against the core
structure of the molecule (the “closed” conformation in
Fig. 2c), while in the second protomer, the same sequence
element extends into a much looser loop-like structure
(“open” conformation). The Wnt8 binding site on Fz8
CRD was proposed to include the loop connecting the
B1-B2 strands, the loop connecting the a3—o4 helices, and
the C-terminal tail [72]. Indeed, a recent structural study
revealed that Wnt8 clamps the two sides of Fz8 CRD
simultaneously [75]. A structural comparison shows that
the overall structure of the MuSK Fz-CRD superimposes
well with Fz8 CRD in the Wnt8-Fz8 complex (Fig. 2d).
The two potential Wnt binding sites on the MuSK CRD are
structurally conserved with those of Fz8 CRD. Close
examination of the Wnt binding sites of Fz8 CRD indicates
that only the MuSK Fz-CRD with the “open” conforma-
tion is compatible with Wnt binding. By contrast, the
“closed” conformation of MuSK CRD does not allow
binding of Wnt8 and its palmitoleic acid (Fig. 2d). Further
studies are needed to verify whether the observed
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conformations of MuSK CRD might represent physiolog-
ical conformational changes induced by Wnt or other
regulatory proteins.

LRP4 mediates the agrin—-MuSK interaction

LRP4 (also known as MEGF?7) is a member of the LDLR
family of single-spanning transmembrane proteins com-
posed of similar structural modules [76, 77]. LRP4 has a
short intracellular C-terminal domain and a large and
complex ectodomain composed of eight LDLa (LDL class
A) repeats at the N-terminus followed by four homologous
YWTD motif-containing B-propeller domains, which are
separated by EGF-like modules. Although LDLR proteins
were originally thought only to transport lipids or lipo-
proteins during cell metabolism [78, 79], it is now clear
that these proteins play significant roles in cell signaling
and are critically involved in a number of cellular func-
tions. LRP4 was known to be important in limb
development and Wnt signaling [80, 81], but its role in
NM]J development was first suggested by the absence of
AChR clustering in LRP4 null mice [16]. Subsequently, the
critical involvement of LRP4 in NMIJ development was
shown to be mediated through its interactions with both
agrin and MuSK.

The binding of agrin and LRP4 is a key step in MuSK
activation and initiation of downstream signaling. A sys-
tematic truncation study mapped the minimum agrin-binding
domain of LRP4 to its first B-propeller domain [82]. The
crystal structure of a complex between neural agrin LG3
(containing the Z8 insert) and the LRP4 1-propeller domain
flanked by EGF modules has been determined at 2.85 A
resolution [82]. The complex structure clearly shows that the

(b)

agrin Z8 insert forms a loop projecting to the binding surface
of the LRP4 B1 propeller (Fig. 3a). Because the same loop
was disordered in the chicken apo agrin LG3 domain
(Fig. 1b), it seems clear that the rigidification of the Z8 loop
results from an induced-fit interaction between agrin and
LRP4. Strikingly, only two residues, Asn1783 and Ile1785,
on the tip of the Z8 insert loop are directly engaged in the
interaction with LRP4 (Fig. 3a). Agrin Asnl1783 forms
multiple hydrogen bonds with LRP4, and Ile1785 is buried in
a hydrophobic pocket. Notably, mutation of either residue
abolished the agrin—-LLRP4 interaction and subsequent AChR
clustering [82].

We compared the agrin—-LRP4 structure with other
homologous structures composed of a YWTD motif-con-
taining fB-propeller domain and its ligand. Unexpectedly, we
found a conserved NXI/V motif (where X is any amino acid)
located in the receptor-interacting loop, which may represent
a universal binding motif for such ligands [83]. Examples of
the ligands are laminin, SOST (Sclerostin), Wise, and Dkk1
(Dickkopf 1) [83, 84]. Intriguingly, SOST, Wise, and Dkk1
were found to be ligands of LRP4, in addition to their known
binding to LRP5/6 [85, 86]. Moreover, these proteins may
bind to the third B-propeller domain of LRP4 [86], suggesting
that the agrin pathway and Wnt pathway may converge at
LRP4 during NMJ development. It will be of interest to
determine how the different B-propeller domains (i.e. f1 and
3) of LRP4 are involved in binding distinct ligands through a
similar mechanism, and to uncover how these protein inter-
actions integrate the two signaling pathways that are essential
for NMJ development and maintenance.

Agrin and LRP4 formed a 2:2 hetero-tetramer in a non-
crystallographic asymmetric unit (Fig. 3b), and this 2:2
stoichiometry was also observed in solution [82]. In addi-
tion to the Z8 loop-mediated binary complex interface

Fig. 3 Structure of the agrin-LRP4 complex. a The binary complex
of agrin—-LRP4 is mediated by the neuron-specific Z8 alternative
splice insert (in cyan and in red dashed circle). Asn1783 (N1783) and
11e1785 (11785) on the tip of the Z8 insert loop are directly engaged in
binding to LRP4. b The binary complex that is held together by the

78 interface (red dashed circles) forms a homodimer mediated by an
agrin—agrin interface (red dashed square) and two additional agrin—
LRP4 interfaces (red dashed ellipses). The two agrin—-LRP4 binary
complexes are shown in ribbons and surface representations,
respectively
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(termed the Z8 interface), the hetero-tetrameric complex is
held together by two additional interfaces. One is between
agrin and LRP4 (the agrin—-LRP4 interface) and the other is
between two agrin molecules (the agrin—agrin interface)
(Fig. 3b). Interestingly, the two LRP4 molecules do not
directly interact. The dimerization of the agrin—-LRP4 het-
erodimer suggests a mechanism for MuSK activation
through agrin—-LRP4-induced dimerization. Structure-based
mutagenesis and complementary functional studies con-
firmed that the agrin-LRP4 binary complex is necessary
but not sufficient for the physiological function of agrin.
Rather, dimerization of the binary complex is required for
activation of MuSK and agrin-induced AChR clustering,
suggesting that the tetrameric architecture of agrin and
LRP4 is physiologically relevant.

On the postsynaptic membrane of the NMJ, LRP4 is
thought to bind constitutively to MuSK, and the interaction is
allosterically strengthened in the presence of agrin [14, 87].
Only the ectodomains of LRP4 and MuSK mediate this
interaction [87, 88]. Recent studies using protein deletion
mutants have indicated that the C-terminal moiety of LDLa
repeats and the third B-propeller domain of LRP4 might be
critical for binding of MuSK, whereas the fourth B-propeller
may be dispensable [87]. Further studies are needed to fine map
the interacting domains in LRP4 and MuSK, as well as to
characterize the structural interplay among agrin, LRP4, and
MuSK.

Dok7 is a MuSK adaptor protein

Downstream-of-kinase or docking-protein 7 (Dok7) belongs
to a family of cytoplasmic signaling adaptor proteins that

(a)

v,
~=
s

PTB

Fig. 4 Structures of MuSK adaptor proteins. a The N-terminal region
of Dok7, containing a PH and a PTB domain, was co-crystallized with
a 13-amino acid peptide of the MuSK juxtamembrane region (in
orange), which contained a phosphotyrosine Y553 (pTyr553). The
orientation of the MuSK peptide is indicated by its N- and C-termini.
The pTyr553 peptide is bound in the phosphopeptide-binding groove
of the Dok7 PTB domain. The Dok7-peptide complex forms a dimer
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includes Dok1-7 and insulin receptor substrates 1-4
(IRS1-4) [89, 90]. Dok7 has an N-terminal pleckstrin
homology (PH) domain, a PTB domain, and an extended
C-terminal region with multiple sites of tyrosine phos-
phorylation. Dok7 is required for agrin-induced MuSK
activation and AChR clustering. Agrin fails to induce
MuSK autophosphorylation or AChR clustering in Dok7-
deficient mice, which could be rescued by exogenous
expression of Dok7 [91, 92]. Genetic mutation of Dok7
causes congenital myasthenic syndromes, presumably due
to impairment of the MuSK-Dok7 interaction [93, 94].
There are at least two explanations for the requirement for
Dok7 in agrin-induced MuSK activation. First, Dok7 may
be required for agrin function, either as an effector through
an unknown intermediate or in concert with agrin to activate
MuSK. Alternatively, Dok7 may serve as an adaptor or co-
factor of MuSK and have no direct relationship with agrin.
For instance, Dok7 binding to MuSK may affect its con-
formation in a manner that facilitates autophosphorylation.

The PH domain of Dok7 binds to membrane phospho-
inositides and localizes the protein to the plasma membrane
[95], whereas the PTB domain binds to the phosphorylated
Tyr553 residue in the NPXY motif of the MuSK juxta-
membrane region [92]. The N-terminal PH-PTB region of
Dok7 (residue 1-220) has been co-crystallized with a
13-residue MuSK peptide containing pTyr553 [95]. Both
the PH and PTB domains of Dok7 adopt a core 7-stranded
B sandwich structure with a C-terminal o helix (Fig. 4a).
The two domains are connected with an extensive buried
surface, which contrasts with the small interface shared by
the tandem PH-PTB domains of IRS1 [96]. The MuSK-
pTry553 peptide was located in the phosphopeptide-bind-
ing groove of the PTB domain, where the phosphate group

(b)

in the crystal asymmetric unit. The dimerized Dok7 fragments are
colored in green and cyan, respectively. b The NMR structure of
human Tidl shows a 4-helix fold, highly similar to other Dnal
domains in the HSP40 family. The conserved HPD tripeptide motif
(in red) between the second and third helices may be critical for the
AChHR clustering function of Tid1l
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of pTry553 was stabilized by multiple PTB domain resi-
dues (Fig. 4a). This finding is consistent with a previous
predication that the pTry553 residue of MuSK might serve
as a protein binding site [52].

The most striking feature of the Dok7-MuSK complex
is that it forms a dimer in the crystal asymmetric unit, with
face-to-face alignment of the two phosphopeptides [95]
(Fig. 4a). The major protein—protein interaction between
the two protomers occurs within the PH domain of Dok7,
suggesting that, in addition to membrane association, the
PH domain may mediate Dok7 dimerization [95]. Based on
the structure, Dok7-MuSK is predicated to interact as a 2:2
complex, which is consistent with the behavior of the
proteins in solution. This arrangement allows the two PH
domains of Dok7 to be oriented for phosphoinositide
binding while the PTB domains interact with the juxta-
membrane region of MuSK. Mutagenesis of key residues
on the dimer interface and the Dok7-MuSK interface have
also confirmed that dimerization of the two proteins is
critical for MuSK autophosphorylation and activation.

The dimerization of the Dok7-MuSK complex raises the
possibility that Dok7 alone may be able to dimerize and
activate MuSK intracellularly. However, it is unclear
whether such a mechanism would have physiological rel-
evance. It is possible that Dok7-triggered MuSK activation,
which would be independent of agrin binding, could
facilitate the pre-patterning of MuSK and AChRs [58].
Alternatively, Dok7 may simply be required to overcome
the strong autoinhibition of MuSK once agrin is bound.
These scenarios assume that the juxtamembrane Tyr553 in
MuSK is already phosphorylated to allow Dok7 associa-
tion; however, the exact mechanism by which Tyr553 is
phosphorylated is not yet clear.

Tidl is another MuSK adaptor protein

A rat homolog of Drosophila tumorous imaginal disc 1
(Tid1) was identified recently as an effector of the agrin—
MuSK pathway [97]. Tid1 is constitutively associated with
the juxtamembrane region of MuSK and is required for
MuSK-Dok7 signaling. Although Tidl is not directly
involved in agrin-dependent activation of MuSK, it could
play a role downstream of MuSK activation. For example,
Tid1 regulates the activity of GTPases Rac and Rho, and
induces tyrosine phosphorylation of the AChR B subunits
necessary for interactions with the adaptor protein rapsyn,
which directly anchors AChR clusters to the synaptic sites
[97]. Therefore, Tidl seems to bridge the gap between
MuSK and rapsyn.

Tid1 is a member of the heat shock protein 40 (HSP40)
family; these proteins contain a Dnal domain that interacts
with and activates HSP70 [98, 99]. The Dnal domain of

Tid1 thus brings heat shock proteins into the agrin—-LRP4—
Dok7-Tidl signaling complex. An NMR structure of the
human Tidl DnaJ domain is available in the Protein Data
Bank (PDB code 2DN9, unpublished), which shows a
4-helix architecture that is highly conserved among the
Dnal-containing chaperones (Fig. 4b) [100, 101]. A turn
connecting the second and third helices contains a histi-
dine-proline-aspartate (HPD) tripeptide motif, which is
conserved in the HSP40 family and is essential for inter-
action with HSP70 [102]. A mutation within the HPD motif
of the human Tidl Dnal domain, H121Q, prevents acti-
vation of HSP70 [103]. Interestingly, the same mutation in
rat Tidl failed to rescue Tidl shRNA inhibition of AChR
clustering, suggesting the Tidl DnaJ domain may regulate
AChR clustering by mediating the activation of HSP70
[97]. Tt should be noted that the discovery of the Tidl’s
interaction with MuSK and Dok7 was based on the cul-
tured C2C12 myotubes. In vivo evidence is required to
confirm the functional role of the MuSK-Dok7-Tidl
complex in NMJ differentiation.

Future perspectives

Agrin, LRP4, and MuSK are all large, complex proteins
with multiple modular domains. Although the structures of
several individual domains or relatively short fragments are
now available, structures of larger fragments encompassing
multiple domains are still needed to extrapolate in vitro
structural findings to an in vivo system. Moreover, future
investigations should focus on protein—protein interactions
not only among agrin, LRP4, and MuSK, but also with
their various binding partners.

Solving the structure of the agrin—-LRP4-MuSK com-
plex will be a major challenge that will reveal how MuSK
is activated by the ligand—co-receptor complex, and create
a new paradigm for RTK activation. Similarly, structural
studies of the interaction of Wnt proteins with LRP4 and
MuSK will contribute to our understanding of the role of
Wnt signaling in NMJ development. Inside the muscle
cells, we do not yet know how Tidl is constitutively
associated with the juxtamembrane region of MuSK, how
this interaction is coordinated with the Dok7-MuSK
complex, and whether other signaling proteins may be
involved.

Rapsyn directly anchors AChR clusters to the synaptic
sites, and thus is an important component of the agrin-
induced signaling cascade [104-106]. The structure of
rapsyn, which contains various domains for membrane
targeting, AChR interaction, self-association, and MuSK
binding, may reveal how it functions at the NMIJ. Across
the postsynaptic membrane, the activated multiprotein
complex, agrin-LRP4-MuSK-Dok7-Tidl, is presumably
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responsible for localizing rapsyn to the synaptic sites.
Rapsyn may interact with the intracellular region of MuSK
directly or with the ectodomain of MuSK through a puta-
tive transmembrane component, RATL (rapsyn-associated
transmembrane linker). Structural and biochemical studies
of the MuSK-rapsyn association will contribute to our
understanding of the events occurring between agrin-
induced MuSK activation and AChR clustering.
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