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To muster a cluster: Anchoring neurotransmitter receptors at synapses
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Synapse formation is a complex process requiring a high degree
of coordination between presynaptic and postsynaptic cells.
Speed and reliability of synaptic transmission demand that the
appropriate neurotransmitter receptors be highly concentrated in
the postsynaptic membrane precisely beneath transmitter release
sites in the presynaptic cell. In the central nervous system, a single
neuron may receive thousands of synaptic contacts from other
neurons releasing a variety of neurotransmitters. Thus, neurons
must possess the ability not only to cluster, but also to sort, the
proper transmitter receptors to the correct synaptic site. Under-
standing, on a molecular level, how such specializations develop
is a major goal of neurobiological research. This commentary will
focus on the synaptic clustering and anchoring of neurotransmit-
ter receptors through their association with a variety of cytoplas-
mic proteins.

Many details of the mechanisms of synaptogenesis have
been gleaned from studies of the neuromuscular junction.
Muscle nicotinic acetylcholine receptors (AChRs) are tightly
clustered in the postsynaptic region of the muscle, reaching a
density that approaches 10,000 receptors per square micro-
meter (1). The remarkable nature of this specialization is
underscored by the fact that greater than 90% of AChRs in
muscle are localized at the postsynaptic membrane, a region
that accounts for less than 0.01% of the muscle surface. The
cytoplasmic peripheral membrane protein rapsyn (43-kDa
protein) plays an essential role in the AChR clustering process.
Rapsyn originally was discovered as a major component of
AChR-rich postsynaptic membrane preparations from Tor-
pedo electric organ (2). In vivo, rapsyn and the AChR are
coextensively distributed at the crests of the postsynaptic folds
(3). When expressed in heterologous cells, recombinant rapsyn
forms membrane clusters and is capable of recruiting AChRs
to these clusters (4, 5). Definitive evidence for a critical role for
rapsyn in AChR clustering came from the disruption of the
rapsyn gene in mice (6). The lack of rapsyn abolishes AChR
clustering at the synapse. Other postsynaptic proteins, includ-
ing syntrophin, utrophin, and the dystroglycans, also fail to
become localized postsynaptically in rapsyn-deficient mice,
indicating that rapsyn is essential for organizing many com-
ponents of the postsynaptic apparatus. Subtle, but important,
presynaptic abnormalities in these mice suggest that retrograde
signaling mechanisms also depend on rapsyn.

Twenty years after rapsyn’s discovery (2), however, the
molecular mechanisms by which it forms self-clusters, associ-
ates with the AChR, and recruits other proteins to the
postsynaptic cytoskeletal specialization, still remain a mystery.
Although it generally is believed that rapsyn directly associates
with cytoplasmic domains of the AChR subunits, biochemical
proof is lacking. Rapsyn has proven to be notoriously difficult
to deal with; conventional biochemical techniques, such as
immunoaffinity purifications and protein blot overlays, have
failed to reveal any binding partners for rapsyn. Even yeast
two-hybrid screens have been largely unsuccessful. In this issue
of the Proceedings, Ramarao and Cohen (7) have instead used

a heterologous expression system to address the mechanisms
of AChR clustering by rapsyn.

Significant insight into rapsyn’s domain organization was
gained recently by the recognition that the first 75% of the protein
is composed of eight tandem tetratricopeptide repeats (TPRs)
(8). TPRs are 34-aa repeats predicted to form amphipathic
a-helices, which mediate protein–protein interactions (9). The
TPR domains in rapsyn are flanked by an N-terminal myristoyl-
ation site (10) and a C-terminal cysteine-rich region that con-
forms to a zinc ring finger motif (11, 12). Immediately following
the zinc finger is a consensus site for serine phosphorylation. With
knowledge of rapsyn’s domain organization, Ramarao and Cohen
(7) created chimeric proteins containing various domains of
rapsyn fused to green fluorescent protein (GFP) and coexpressed
these along with the AChR in nonmuscle cells. The myristoylated
N terminus was sufficient to target GFP to the plasma membrane,
consistent with previous reports that mutation of an N-terminal
glycine disrupts targeting of rapsyn to the membrane (13).
Interestingly, whereas two TPR domains were sufficient to me-
diate rapsyn self-clustering, the presence of even seven TPRs was
insufficient to recruit AChRs to these clusters. AChR clustering
appears to depend, instead, on a previously unrecognized puta-
tive coiled-coil motif found within, and extending beyond, TPR8.
These data indicate that membrane targeting, self-association,
and AChR clustering are separable events mediated by distinct
domains of rapsyn (summarized in Fig. 1).

So, how do TPR domains mediate rapsyn self-clustering?
TPRs are predicted to interact with other TPRs via a ‘‘knob
and hole’’ mechanism, in which a bulky side-chain amino acid
from one TPR (the knob) fits into a pocket created by the
arrangement of a small uncharged amino acid in between two
bulky amino acids (the hole) (9). In this manner, a TPR
domain in one rapsyn molecule could contribute the hole into
which a knob of the TPR from another rapsyn molecule could
fit. Given the presence of eight tandem TPRs in rapsyn, a
cluster of rapsyn molecules could readily be formed. It will be
important to determine whether specific TPRs in rapsyn are
necessary for self-association or whether the presence of any
two (or perhaps even one) is sufficient to mediate this function.

Mutations in rapsyn that disrupt the propensity to form a
coiled-coil structure abolish AChR clustering without affecting
rapsyn self-association, suggesting that this structural motif is
functionally important in mediating receptor clustering. Interest-
ingly, Ramarao and Cohen (7) point out that there are stretches of
14–20 amino acids within the cytoplasmic loops of the AChR
subunits predicted to form a-helices and possibly coiled-coil
structures. In the simplest model, then, rapsyn may promote
clustering via a direct coiled-coil-mediated interaction with the
AChR.

Rapsyn is likely to interact with other postsynaptic proteins.
When expressed in nonmuscle cells, rapsyn promotes the clus-
tering of the muscle-specific receptor tyrosine kinase MuSK, a
critical component of the agrin-induced AChR clustering path-
way (14, 15). Curiously, rapsyn-induced MuSK clustering requires
the ectodomain, but not the cytoplasmic domain of MuSK,
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implicating the existence of an unidentified transmembrane
protein (termed RATL for rapsyn-associated transmembrane
linker), which links MuSK extracellularly to rapsyn cytoplasmi-
cally (15, 16). Rapsyn also is able to cluster the transmembrane
protein b-dystroglycan in heterologous expression systems, sug-
gesting a potential connection between rapsyn and the dystro-
phinyutrophin protein complex at the postsynaptic membrane
(17). One possibility is that RATL andyor b-dystroglycan may
interact with rapsyn via TPR domains uninvolved in rapsyn
self-association, because TPR domains also appear to be involved
in protein associations with non-TPR-containing proteins. The
zinc ring finger domain is also likely to mediate protein interac-
tions with rapsyn. The observation that mutations in this domain
alter cluster size without disrupting rapsyn’s ability to cluster
AChRs is consistent with a role for this domain in linking rapsyn
to other postsynaptic proteins (11).

The nicotinic AChR is the prototypic member of the family of
ligand-gated ion channels, which also includes glycine receptors
(GlyR), g-aminobutyric acid receptors (GABAAR), and both
NMDA (N-methyl-D-aspartate)- and AMPA (a-amino-3-
hydroxyl-5-methyl-4-isoxazolepropionic acid)-type glutamate re-
ceptors (GluR). Like AChRs at the neuromuscular junction,
ionotropic glutamate receptors mediate excitatory electrical sig-
naling at central synapses, whereas glycine and GABAA receptors
underlie signaling at their respective inhibitory synapses. Given
the homology between members of this receptor family, an
expectation has been that they also may be clustered by rapsyn or
proteins homologous to rapsyn. In fact, it recently has been
reported that rapsyn is capable of clustering GABAA receptors
when coexpressed in heterologous cells (18). It will be interesting

to determine whether this clustering depends on rapsyn’s coiled-
coil motif as it does for AChR clustering. That rapsyn induces
GABAA receptor clustering, coupled with recent reports that
rapsyn is expressed in neurons, suggests that it may play a broader
role in clustering ionotropic receptors at central synapses (18, 19).
On the other hand, channel-associated clustering proteins now
have been identified for glycine and glutamate receptors, and
these appear to share no similarity with rapsyn in terms of
sequence, structure, or mode of clustering.

Gephyrin, a 93-kDa protein, originally was identified as a
peripheral membrane protein that copurifies with the glycine
receptor by affinity chromatography (20, 21). When neurons
are depleted of gephyrin by treatment with antisense oligo-
nucleotides, glycine receptor clusters fail to form, implicating
an essential role for gephyrin in clustering glycine receptors at
synapses (22). Recently gephyrin was shown to bind directly to
a sequence in the cytoplasmic loop of the b subunit of the
glycine receptor (23). Gephyrin also associates with polymer-
ized tubulin (24) and may interact with microfilaments (25). So
gephyrin may provide a link between glycine receptors and the
cytoskeleton, thereby anchoring glycine receptors at synaptic
sites (25). It is interesting to note that clusters of gephyrin have
been identified at GABAergic synapses in hippocampal neu-
rons, raising the possibility that gephyrin also may play a role
in the synaptic anchoring of GABA receptors (26). In fact, the
cloning of gephyrin revealed that several forms of gephyrin are
produced by alternative splicing at sites near the N terminus of
the protein. Thus, a reasonable model is that this part of
gephyrin interacts with either glycine receptors or other pro-
teins, such as GABA receptors, depending on the spliced form

Table 1. Summary of mechanisms involved in clustering ligand-gated ion channels

Neurotransmitter
receptor

Subunit
composition

Clustering
protein

Mode of
interaction

Cytoskeletal
attachment

AChR a, b, gy«, and d Rapsyn Coiled-coil region of rapsyn required for
heterologous clustering of AChR

Actin via
b-dystroglycany
utrophin?

GlyR a and b Gephyrin Binding to gephyrin requires intracellular
loop in b subunit of GlyR

Tubulin
Microfilament?

GABAAR a, b, and g Rapsyn? ? ?
Gephyrin?

GluR-NMDA NR1 and NR2 A–D PSD-95 family
members

PDZ domains of PSD-95 family
members bind to C-terminal SXV
sequences in NR2 subunits and induce
clustering in heterologous cells

C0 cassette of NR1
binds a-actinin (37)

C1 cassette binds
neurofilament (38)
and yotiao (39)

GluR-AMPA GluR 1–4 GRIP PDZ domains in GRIP bind to
C-terminal SKVI sequence in GluR
subunits

?

FIG. 1. Structural domains of rapsyn. The N-terminal myristoylation site (Myr) targets rapsyn to the plasma membrane. The first two TPR domains
are sufficient to mediate rapsyn self-clustering. Whether other TPR domains also can serve this function remains to be determined. The ability of rapsyn
to promote AChR clustering appears to depend on a putative coiled-coil motif. TPR domains not involved in rapsyn self-association as well as the zinc
ring finger (RING) domain are likely to be sites of interaction with other postsynaptic proteins. The function of the phosphorylation site (P) is unknown.
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expressed, and that linkage to the microtubule-based cytoskel-
eton occurs through other parts of the molecule (27).

In contrast to rapsyn and gephyrin, which both were identified
during biochemical preparations of their respective receptors,
glutamate receptor-associated proteins recently have been iso-
lated by using the yeast two-hybrid method. This approach has
identified an important role for PDZ domain-containing proteins
in the anchoring and clustering of glutamate receptors at synaptic
sites in neurons. Like SH2 and SH3 domains, PDZ domains
(named for the three proteins in which they were first found:
PSD-95, discs large and ZO-1) are protein interaction modules.
The role of PDZ proteins in clustering ion channels has been
extensively reviewed elsewhere (28–32).

By using the cytoplasmic tails of NMDA receptor subunits
as baits to screen brain cDNA libraries, an interaction was
identified between an SyTXV motif at the extreme C terminus
of NR2 subunits and members of the PSD-95 family of proteins
(33–35). When coexpressed in heterologous cells, PSD-95 and
its relative chapsyn-110 promote the clustering of NMDA
receptors, in a manner analogous to rapsyn’s clustering of
AChRs (36). Unlike rapsyn, however, PSD-95 and chapsyn-110
do not form membrane clusters when expressed alone.
Whereas anchoring of the AChR at the synapse presumably
occurs via interactions between rapsyn and the cytoskeleton,
the NR1 subunits of NMDA receptors themselves appear to
mediate direct associations with cytoskeletal elements (37–
39). Interestingly, interaction between NR1 subunits and the
cytoskeleton may be regulated by alternative splicing, protein
phosphorylation, andyor calciumycalmodulin binding (37, 40).

By using a similar yeast two-hybrid approach as that taken
with NMDA-type receptors, an AMPA receptor-associated
protein recently was isolated (41). Although unrelated to the
PSD-95 family, this protein, named GRIP (for glutamate
receptor interacting protein), binds to C-terminal sequences of
AMPA receptor subunits (SVKI) via its PDZ domains. GRIP
is composed of seven PDZ domains; the fourth and fifth are
involved in binding AMPA receptor subunits. The remaining
PDZ domains presumably mediate interactions with other
cytoskeletal andyor signaling proteins. GRIP colocalizes with
AMPA receptors in cultured neurons and overexpression of
the C terminus of the GluR2 subunit dramatically decreases
the number of synaptic clusters of AMPA receptors. This
experiment suggests that an interaction between the tail of
AMPA receptor subunits and a synaptic protein, such as
GRIP, is critical in clustering AMPA receptors.

These examples (summarized in Table 1) reveal a commonality
in the mechanisms that cluster transmitter receptors at syn-
apses—the involvement of a protein that interacts with cytoplas-
mic domains of the receptors. In fact, accumulating evidence
suggests that these proteins may do much more than just cluster
their respective receptors. The presence of multiple sites for
protein interactions (PDZ domains, TPRs, etc.) implies that
proteins such as rapsyn or PSD-95 may direct the assembly of
multifunctional complexes at sites where high densities of ligand-
gated channels accumulate. In some cases, the cytoplasmic pro-
tein machinery may respond directly to ions entering through the
channel. For example, the linkage of nitric oxide synthase to
NMDA receptors by PSD-95 (42) suggests a mechanism by which
calcium entering a neuron at the synapse could produce nitric
oxide for retrograde signaling. Thus, as more proteins that
interact with rapsyn, gephyrin, PSD-95, and GRIP are identified,
our understanding of the complexity of synaptically mediated
biochemical events is certain to grow.
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