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Abstract. Synapses are central stages for neurotrans-
mission. Neurotransmitters are released from the presy-
naptic membrane of one neuron, and bind to the
receptors accumulated at the postsynaptic membrane,
followed by the activation of the other neuron. The
strength of a synapse is modified depending on the
history of the previous neurotransmissions. This prop-
erty is called synaptic plasticity and is implicated in
learning and memory. Synapses contain not only the
components essential for neurotransmission but also the

signalling molecules involved in synaptic plasticity. The
elucidation of the molecular structures of synapses is
one of the key steps to understand the mechanism of
learning and memory. Recent studies have revealed
postsynaptic density (PSD)-95/synapse-associated pro-
tein (SAP) 90 as a core component in the architecture of
synapses. In this review, we summarize up-to-date in-
formation about PSD-95/SAP90 and its interacting
proteins, and the organization of synapses orchestrated
by PSD-95/SAP90.
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Introduction

Chemical synapses have two remarkable characteristics,
polarity and plasticity. The presynaptic and postsynap-
tic structures are largely different [1]. Synapse has the
machinery for neurotransmitter release at the presynap-
tic membrane and neurotransmitter receptors at the
postsynaptic membrane. The pre- and postsynaptic
membranes are separated by a synaptic cleft, and are
connected with glycoproteins, which may play a role in
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cell-cell recognition in synaptic formation. Neurotrans-
mitters are released from the presynaptic membrane
and received at the postsynaptic membrane. The pattern
of neuronal activity influences the properties of each
chemical synapse and modifies the efficiency of neuro-
transmission. The molecular mechanism underlying
synaptic plasticity is still unclear, and various molecules
are proposed to play roles in this process [2, 3]. These
molecules are linked to receptors and cell adhesion
molecules to construct chemical synapses.

Conceptually, several steps are required for a chemical
synapse to emerge from the complexity of myriad com-
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ponents (fig. 1). First, a group of specialized compo-
nents are assorted into functional units, and the compo-
nents of each functional unit are spatially arranged so
that they cross-talk efficiently (fig. 1A). Second, individ-
ual functional units interact with each other and form
homo- or heteromultiple units to amplify or modulate
signals (fig. 1B). Third, the whole set of components are
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Figure 1. Scaffolding proteins in steps toward the organization of
a synapse. (4) Various components are assembled into functional
units by scaffolding proteins which have distinct binding sites for
each component. (B) Functional units interact with each other to
form a larger unit. (C) Functional units are localized at a synapse.
SJ stands for a synaptic junction.
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targeted to specific sites where they should function (fig.
1C). Molecules which assign the components of sig-
nalling networks to their proper sites through these
steps are called scaffolding proteins [4]. Recent studies
have revealed a protein called postsynaptic density 95
(PSD)-95/synapse-associated protein (SAP) 90 as a scaf-
folding protein in chemical synapses [5—14]. In other
words, the study of PSD-95/SAP90 has contributed to
the emergence of the entity of scaffolding proteins, and
increased our knowledge of the organization not only of
chemical synapses but also of other junctions in multi-
cellular organisms.

Identification of PSD-95/SAP90

Pioneering studies to identify the components of
synapses led to the discovery of a protein of an appar-
ent molecular weight of 90—95 kDa. Two groups named
it PSD-95 and SAP90 [5, 6]. The amino acid sequence is
highly homologous to the product of Drosophila discs-
large tumor suppressor gene (Dlg)-A [15]. PSD-95/
SAP90 and DIg-A contain three PSD-95/Dlg-A/Z0-1
(PDZ) domains, one src homology (SH) 3 domain and
one guanylate kinase (GK) domain. The PDZ domain
was originally recognized as repeats of about 90 amino
acids in PSD-95, Dlg-A and a tight junction protein,
Z0O-1, and named after these proteins [5, 6, 15—-17]. The
PDZ domain is a protein-interacting module [18—22].
The list of the PDZ domain-interacting proteins con-
tains receptors, channels, cell adhesion molecules and
signalling molecules, as discussed in the following sec-
tions. The SH3 domain is also a protein-interacting
module [23-25], and this domain binds to the proline-
rich sequence of the C-teminus of the kainate receptor
subunit, KA2 [26]. The GK domain is homologous to
yeast guanylate kinase [27]. The residues for the binding
of GMP are conserved in the GK domain of PSD-95/
SAP90, but the residues for the binding of adenosine
triphosphate (ATP) are missing [5, 6]. Consistently, the
GK domain of PSD-95/SAP90 has GMP-binding activ-
ity but lacks kinase activity [28]. The GK domain is
recognized in several membrane-associated proteins,
such as ZO-1, erythrocyte p55 and CASK//lin-2 [16, 17,
29-31]. These proteins are proposed to play roles in
the organization of the submembranous structures,
and are called membrane-associated guanylate kinases
(MAGUKSs) [32]. PSD-95/SAP90 is a synaptic MAG-
UK. Four isoforms of PSD-95/SAP90 have been re-
ported. PSD93/chapsyn-110 and SAP102 are neuronal
[33-37], while SAP97/hDLG is ubiquitously expressed
[38, 39]. All of these isoforms are localized at synapses.
Since Dlg-4, a fly homologue of PSD-95/SAP90,
is required for the development of the intact syn-
aptic structure [40, 41], PSD-95/SAP90 and its iso-
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Table 1. List of PSD-95/SAP90-interacting proteins.
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Interacting domains of PSD-95/SAP90

Name of proteins

Description of proteins

PDZ NR2A, B, C, D NMDA receptor subunits
GluR6 kainate receptor subunit
shaker type channels potassium channels
APC tumor suppressor; microtubule-associated protein
nNOS nitric oxide synthase
citron target of small GTP-binding protein, Rho
SynGAP GAP of small GTP-binding protein, Ras
MAGUIN-1 homologue of fly Raf-binding protein
CRIPT tubulin-binding protein
Fyn tyrosine kinase
neuroligin cell adhesion molecule; ligand for neurexin
SH3 KA2 kainate receptor subunit
Guanylate kinase GKAP/SAPAP/DAP function unknown
BEGAIN function unknown
SPAL GAP of small GTP-binding protein, Rapl
KA2 kainate receptor subunit
MAPIA microtubules-associated protein

forms are considered to be involved in the organiza-
tion of synapses. Table 1 contains the list of PSD-95/
SAP90-interacting proteins discussed in this review.

Interaction of PSD-95/SAP90 with receptors and
channels

Two groups first reported that PSD-95/SAP90 binds to
the cytoplasmic tails of N-methyl-D-aspartate (NMDA)
receptors and Shaker type K+ channels through the first
and second PDZ domains [42—44]. Receptors and chan-
nels form clusters in the presence of PSD-95/SAP90 in
transfected cells. An electrophysiological study has
shown that the number of functional K* channels is
increased in the presence of PSD-95/SAP90, which sup-
ports that the clustering of channels reflects a bona fide
effect of PSD-95/SAP90 [45]. The molecular mechanism
for the clustering is complex. Two molecules of recep-
tors may be paired via two PDZ domains each of
PSD-95/SAP90, although the stoichiometry of the inter-
action of PSD-95/SAP90 with receptors is not deter-
mined (fig. 2A). However, to form a cluster, these
receptors need to be further assembled. There are several
models for this process. PSD-95/SAP90 and PSD93/
chapsyn-110 form homo- and heteromultimers through
disulfide linkage at the N-terminus [46]. Thereby, the
receptors are accumulated via head-to-head multimer-
ization of PSD-95/SAP90 and its isoforms (fig. 2Ba).
The multimerization could also be mediated by the
interaction among PDZ domains (fig. 2Bb). The inter-
actions among PDZ domains have been recognized in
several PDZ domain-containing proteins, and this
mechanism may be more universal [33, 47]. Altern-

atively, an unidentified protein may function as a
linker between PSD-95/SAP90 molecules (fig. 2Bc).
The N-terminal cysteine residues of PSD-95/SAP90,
which are conserved in PSD93/chapsyn-110 and
SAP102, but not in SAP97/ hDLG, are palmitoylated,
similarly to erythrocyte p55, and this modification reg-
ulates the interaction of PSD-95/SAP90 with K+
channels [29, 48]. A recent study has revealed that
palmitoylation is essential for synaptic targeting of
PSD-95/SAP90 [49]. Phosphorylation of the C-terminal
residues of K* channels by protein kinase A also
modulates the interaction with PSD-95/SAP90 [50].
Recently, the association of PSD-95/SAP90 with
kainate receptor subunits, KA2 and GluR6, has been
identified [26]. PSD-95/SAP90 clusters kainate recep-
tors and causes incomplete desensitization in COS cells
expressing KA2 and GluR6, suggesting that PSD-95/
SAPI0 actually regulates the glutamate-mediated neu-
rotransmission in vivo. The study using the mutant
mice lacking PSD-95/SAP90 has clearly revealed that
PSD-95/SAP90 is involved in NMDA receptor-medi-
ated synaptic plasticity [51]. The assembly and localiza-
tion of NMDA receptors at synapses are unaffected,
and the activity of NMDA receptors does not show
major changes. The isoforms of PSD-95/SAP90 may
compensate the functions of PSD-95/SAP90 to some
extent. However, the NMDA receptor-mediated synap-
tic plasticity was significantly affected. These findings
suggest that the major function of PSD-95/SAP90 is to
link NMDA receptors to the signalling apparatus in-
volved in synaptic plasticity rather than to localize and
regulate NMDA receptors directly. The activities of
kainate receptors remain to be analyzed in mutant
mice.
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The localization of PSD-95/SAP90 and its isoforms is
complex. For example, PSD-95/SAP90 is localized at
the presynaptic membrane in cerebellum and at the
postsynaptic membrane in hippocampus [52]. In the
outer plexiform layer of retina, PSD-95/SAP90 and
PSD93/chapsyn-110 are localized at the presynaptic
membrane, whereas SAP102 is localized at the postsy-
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naptic membrane [53]. These findings raise the question
what kind of roles PSD-95/SAP90 and its isoforms play
at the presynaptic membrane. Several groups report
that NMDA receptors are distributed in presynaptic
axon terminals [54, 55]. PSD-95/SAP90 and its isoforms
may also interact with NMDA receptors at the presy-
naptic membrane.
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Figure 2. Conceptual model for the assembly of receptors at synaptic junctions. (4) Binding of receptors to PSD-95/SAP90. How many
molecules of receptors bind to one molecule of PSD-95/SAP90 needs to be determined. The figure simply describes the case in which
one molecule of a receptor binds to each PDZ domain. (B) The molecular models for the multimerization of PSD-95/SAP90. a.
PSD-95/SAP90 forms a disulfide-linkage at the N-terminus. b. PDZ domains interact with each other. c. Some linker protein may
mediate multimerization of PSD-95/SAP90. (C) Localization and fixation of the clusters of receptors at synapses. Cell adhesion
molecules localize PSD-95/SAP90 at synapses, and GKAP/SAPAP/DAP may link it to the Triton X-100-insoluble structures. SJ stands

for a synaptic junction.
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Interaction of PSD-95/SAP90 with cell adhesion
molecules

The first ligand identified for the third PDZ domain of
PSD-95/SAP90 is a neuronal cell adhesion molecule,
neuroligin [56]. Neuroligin is a heterophilic ligand of
neurexin, which is also a neuronal cell adhesion
molecule [57, 58]. The subcellular localization of neu-
roligin and neurexin, and the physiological significance
of the adhesion between the two molecules, is still
controversial, and is beyond the scope of this review.
However, neuroligin is enriched in the synaptic plasma
membrane (SPM) and postsynaptic density fractions,
and colocalized with NMDA receptors in rat hippocam-
pal neurons [59]. The binding of PSD-95/SAP90 to
neuroligin may localize PSD-95/SAP90 at synapses (fig.
2C, middle). Drosophila Dlg-A seems to work in a
similar manner. It binds both fasciclin II adhesion
molecule and Shaker type K* channels at synapses [60,
61]. Among other MAGUKSs, CASK//in-2 binds neu-
rexin and syndecan via its PDZ domain, and interacts
with Velis/rat lin-7s [31, 62—64]. Velis/rat lin-7s are also
PDZ domain-containing proteins and localized at cell-
cell junctions [64, 65]. They conceivably bind receptors,
because its Caenorhabditis elegans homologue /in-7 di-
rectly binds to EGF receptor-like let-23 protein [66].
Taken together, MAGUXKSs link the clusters of receptors
and channels to cell adhesion molecules to form the
submembranous structures.

Interacting molecules with the GK domain of
PSD-95/SAP90

Three groups independently reported the proteins inter-
acting with the GK domain of PSD-95/SAP90 and
named them guanylate Kkinase-associated protein
(GKAP)/SAP90/PSD-95-associated protein (SAPAP)/
DLG-associated protein (DAP) [67—70]. This family of
proteins is composed of at least four isoforms with one
minor variant. The sequences of GKAP/SAPAP/DAP
do not show any significant homology to known
proteins. The sequences of GKAP/SAPAP/DAP are
divided into three portions. In the middle portion, there
are five repeats of 14 amino acids. These repeats bind to
the GK domain of PSD-95/SAP90, although it is not
clear which repeats are essential for the binding. These
repeats are followed by one proline-rich domain with an
SH3 domain binding motif. This domain does not bind
to the SH3 domain of PSD-95/SAP90, and there may
be unidentified SH3 domain-containing ligands. The
N-terminal portion is highly insoluble and resistant to
Triton X-100 extraction, whereas the C-terminal por-
tion is soluble. These characters suggest that GKAP/
SAPAP/DAP is attached to Triton X-100-insoluble
structures via the N-terminal portion and exposes the
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C-terminal portion to the cytosol, and that PSD-95/
SAPI0 interacts with GKAP/SAPAP/DAP through the
hinge between the N- and C-terminal portions. PSD-95/
SAPI0 is Triton X-100-soluble when expressed in CHO
cells, but becomes Triton X-100-insoluble when coex-
pressed with GKAP/SAPAP/DAP [71]. NMDA recep-
tors also become Triton X-100-insoluble when
coexpressed with PSD-95/SAP90 and GKAP/SAPAP/
DAP [K., Hirao, unpublished observation], suggesting
that the interaction of PSD-95/SAP90 with GKAP/SA-
PAP/DAP may mediate fixation of the clusters of recep-
tors to the cytoskeleton or detergent-resistant
membranes (fig. 2C, right). The truncated form of PSD-
95/SAP90 containing only the first and second PDZ
domains is not localized at synapses in mutant mice
[51], suggesting the significance of the interaction of
GKAP/SAPAP/DAP with the GK domain as well as
the binding of neuroligin with the third PDZ domain
for the localization of PSD-95/SAP90 at synapses.
Recent studies have revealed that there are four addi-
tional proteins that interact with the GK domain. SPA-
1-like protein (SPAL) is homologous to SPA-1 protein,
which may be a GTPase activating protein for small
GTP-binding proteins [71, 72]. We will discuss this
protein later. Brain-enriched guanylate kinase-interact-
ing protein (BEGAIN) is neuronal, and enriched in the
PSD fraction [71]. BEGAIN is recruited by GKAP/SA-
PAP/DAP into the Triton X-100-insoluble fraction in
the presence of PSD-95/SAP90, suggesting that BE-
GAIN forms a complex with PSD-95/SAP90 and
GKAP/SAPAP/DAP. Microtubule-associated protein
1A (MAPI1A) is also a GK domain-interacting molecule
[73]. This interaction is inhibited by the PDZ domains
intramolecularly, and is restored when the PDZ do-
mains are occupied by the ligands. Kainate receptor
subunit KA2 binds to not only the SH3 domain but
also the GK domain [26]. The activity of the receptor
formed by GluR6 and KA?2 is modified by the binding
of KA2 to the GK domain. The receptor composed of
GluR6 alone binds to the first PDZ domain, forms
clusters and shows decreased desensitization in the pres-
ence of PSD-95/SAP90. KA2 itself does not form a
functional receptor, but the GluR6/K A2 receptor shows
decreased desensitization in the presence of PSD-95/
SAPI0 to a higher extent than the GluR6 receptor does.
This means that the SH3 and GK domains also regulate
the glutamate receptor activity. The binding to KA2
may directly change the conformation of KA2, and
affect the heteromeric complex formation with GIuR®6.
Or the binding of KA2 to the SH3 and GK domains
may turn off the intramolecular interaction between the
PDZ and GK domains, and enhance the effect of the
PDZ domain on GluR6. Since several molecules inter-
act with the GK domain as described above, it may be
necessary to interpret the regulation by the GK domain
in multiple contexts.
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Figure 3. PSD-95/SAP90 and the cytoskeleton. (4) APC is a
tumor suppressor and interacts with the PDZ domains of PSD-95/
SAP90. MAPIA binds to the GK domain of PSD-95/SAP90.
APC and MAPIA are associated with the microtubules, and
CRIPT binds to tubulins. PIN is a component of dynein motors,
which are associated with microtubules. (B) Molecules related to
the regulation of microfilaments. Rho is known to regulate mi-
crofilaments. Citron-N is a target of Rho, and may be implicated
in the regulation of microfilaments. Citron-N is a major compo-
nent of PSD and interacts with the PDZ domains of PSD-95/
SAP90. Microfilaments bind to NMDA receptors and regulate
their activities.

Interaction of PSD-95/SAP90 with the cytoskeleton

The high density of the PSD is due to the accumula-
tion of the cytoskeleton. The cytoskeleton maintains
the prominent shape of neurons, is involved in the
transport of membrane components and compartmen-
talizes the surface membranes of neurons [l]. As in
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other cells, there are three types of filamentous
proteins in neurons. They are microfilaments, micro-
tubules and neurofilaments. Several lines of evidence
support that PSD-95/SAP90 is associated with micro-
tubules (fig. 3A). CRIPT, which has been identified as
a protein binding to the third PDZ domain of PSD-
95/SAP90, interacts with tubulin [74]. Adenomatous
polyposis coli gene product (APC), a ligand for the
first and second PDZ domains, is also linked to mi-
crotubules, whether directly or by EB1, an APC-bind-
ing protein which is associated with microtubules
[75-78]. As described in the previous section, MAPIA
interacts with the GK domain of PSD93/chapsyn-110
[73]. Furthermore, neuronal nitric oxide synthase
(nNOS) binds to PSD-95/SAP90 through its N-termi-
nal PDZ domain and a protein inhibitor of nNOS
(PIN) through the distinct domain [33, 79]. PIN is a
component of dynein, a retrograde motor on micro-
tubules [80]. Whether PIN and PSD-95/SAP90 bind
simultaneously to nNOS is not concluded. However,
all these findings support that PSD-95/SAP90 is asso-
ciated with microtubules. Microtubules are dynamic
polymers of tubulin and have an intrinsic polarity
[81]. They transport some proteins toward the minus
ends and others toward the plus ends, and are in-
volved in protein sorting to specific membrane do-
mains. The association of PSD-95/SAP90 with
microtubules may facilitate the assembly of junctional
components, which are transported on microtubules,
and maintain cell polarity.

Recently, two groups have identified a protein impli-
cated in the organization of microfilaments as a con-
stituent of the PSD and a ligand to the PDZ domains
of PSD-95/SAP90 [82, 83] (fig. 3B). This protein, cit-
ron, is one of the target proteins of a small GTP-
binding protein, Rho [84]. The regulatory effect of
Rho on stress fiber formation is well established [85].
Dendritic spines contain high concentrations of actin,
and a sophisticated study using green fluorescent
protein (GFP)-tagged actin indicates that actin shows
dynamic motility in dendrites [86, 87]. Several actin-
binding or -associated proteins, such as neurabin-II/
spinophilin, drebrin and synaptopondin, are enriched
in dendrites [88—91]. The interaction of actin and
NMDA receptors has been intensively studied [92-—
95]. Furthermore, the f isoform of Ca?* /calmodulin-
dependent kinase binds to F-actin and targets the o«
isoform to the cytoskeleton [96]. Based on these find-
ings, actin is considered to play roles in synaptic plas-
ticity. How citron mediates the regulation of
microfilaments by Rho is not yet clear, but PSD-95/
SAP90 may be involved in actin-based synaptic plas-
ticity via interaction with citron.
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PSD-95/SAP90 and the molecules involved in NO
signalling

Synaptic plasticity is assumed to be a mechanism under-
lying learning and memory, and mediated by various
signalling molecules. Nitric oxide (NO) is also involved
in synaptic plasticity [97-99]. PSD-95/SAP90 interacts
with several components related to the NO synthesis
(fig. 4). In neurons, NO is generated from arginine by
nNOS. nNOS is a calmodulin-dependent enzyme and
activated when Ca?* enters through NMDA receptors
[97-99]. nNOS has one PDZ domain at the N-terminus,
and binds to PSD-95/SAP90 via this domain [33]. The
localization of nNOS in the vicinity of NMDA recep-
tors by PSD-95/SAP90 means that NO can quickly be
produced in response to Ca>* entry through NMDA
receptors. nNOS has another PDZ domain-binding lig-
and, called CAPON [100]. CAPON inhibits the complex
formation of PSD-95/SAP90 and nNOS. The mecha-
nism by which nNOS selects its binding partner between
CAPON and PSD-95/SAP90 is unknown. Because CA-
PON has a phosphotyrosine-binding domain [23-25],
some phosphotyrosine-containing protein may increase
or decrease the affinity of CAPON for nNOS, and
decrease or increase the population of nNOS associated
with NMDA receptors at the PSD.

PSD-95/SAP90 and mitogen-activated protein kinase
cascade

Mitogen-activated protein kinase (MAPK) is involved
in various biological events, and several lines of evi-

Receptor

I

@ — |

* CAPON

l
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Figure 4. PSD-95/SAP90 and NO signaling. NO is synthesized by
nNOS. nNOS is a calmodulin-dependent enzyme and binds to
PSD-95/SAP90 via the PDZ-PDZ interaction. CAPON binds to
nNOS via its PDZ domain-binding motif and competes with
PSD-95/SAP90. CAPON also has a PTB domain. Calmodulin
binds to the NMDA receptors.
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Figure 5. PSD-95/SAP90 and the MAPK cascade. SynGAP and
SPAL are GTPase-activating proteins for Ras and Rapl, and
bind to the PDZ and the GK domains of PSD-95/SAP90, respec-
tively. MAGUIN-1 binds to the PDZ domains of PSD-95/SAP90
and may bind Raf kinase. The activity of Raf kinase is regulated
by Ras and Rapl. Raf activates MEK, which subsequently acti-
vates MAPK. MAPK phosphorylates a transcriptional factor and
induces synaptic plasticity.

dence have shown that MAPK is also required for
synaptic plasticity. PSD-95/SAP90 binds at least three
components of the MAPK cascade (fig. 5). MAPK is
activated in response to LTP-inducing high frequency
stimulation, and MAPK inhibitor blocks LTP in the
hippocampus [101-103]. MAPK is phosphorylated and
translocated into the nuclei of presynaptic cells and is
necessary for long-term facilitation in Aplysia [104].
MAPK phosphorylates one of the ternary complex fac-
tors (TCFs), Elk-1, and induces immediate early gene
transcription after the Ca?* entry via NMDA receptors
[105]. The activity of MAPK in neurons is regulated by
a small GTP-binding protein, Ras, in a Ca>*-depen-
dent manner [106, 107]. The GTP-bound active Ras
binds to and stimulates a serine/threonine kinase, c-Raf,
which activates MAPK/ERK kinase (MEK), an activa-
tor of MAPK [108, 109]. The deletion of the neuron-
specific Ras guanine nucleotide exchange factor,
Ras-GRF, impairs memory consolidation in mice,
which supports the implication of Ras in synaptic plas-
ticity [110]. Ras-GRF has a calmodulin-binding 1Q mo-
tif and is activated by Ca?* influx [111]. Protein
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tyrosine kinase PYK2 also confers Ca’*-dependent
regulation of intracellular Ca?* partly through
protein kinase C, and phosphorylates the adaptor
protein Shc to facilitate the complex formation of Shc
and Grb2 coupled with the Ras guanine nucleotide
exchange factor SOS. The third regulation has been
revealed by the identification of a neuronal Ras
guanosine triphosphatase (GTPase)-activating protein,
synGAP, which is a ligand of the PDZ domains of
PSD-95/SAP90 [113, 114]. SynGAP is downregulated
by Ca?*/calmodulin-dependent kinase phosphoryla-
tion so that the GTP-bound active Ras is increased at
high concentrations of Ca?*. SynGAP also has a C,
domain, and its activity may be directly modified by
Ca?*. Finally, a recent paper has reported that Ras is
directly activated by NO synthesized after the activa-
tion of NMDA receptors [115]. Ras is regulated
through multifold pathways and mediates NMDA re-
ceptor-dependent MAPK activation. A small GTP-
binding protein, Rapl, has an effector domain with
the same amino acids as that of Ras. Rapl competes
with Ras in MAPK cascade by trapping the effectors
of Ras [116, 117]. In contrast, Rapl activates B-Raf
and sustains the activity of MAPK, which is initially
enhanced by Ras [118-120]. The cross-talk between
the signalling pathways of Ras and Rapl may be
more complicated than initially anticipated [121, 122],
but in any event, the MAPK cascade is regulated by
Rapl. The GK domain of PSD-95/SAP90 binds
SPAL, which is homologous to Rapl GAP [71, 72].
Actually, SPAL has Rapl GAP activity [T. Akiyama,
personal communication]. Thus, PSD-95/SAP90 binds
two different GAP proteins via the PDZ and GK do-
mains. Recently we identified a novel ligand for the
PDZ domain of PSD-95/SAP90 and called it mem-
brane-associated guanylate kinase-interacting protein
(MAGUIN) [123]. MAGUIN has a characteristic
molecular structure composed of a sterile o motif
(SAM), a PDZ and a pleckstrin-homology (PH) do-
main, and is attached to the membrane through the
PH domain. During our study, Drosophila connector
enhancer of ksr (cnk) protein, which is required for
the Ras signalling pathway in Drosophila eye forma-
tion, has been identified as a Raf-binding protein
[124]. The molecular organization of CNK is similar
to that of MAGUIN. Conceivably, MAGUIN may
bind Raf and recruit it to the PSD, although the fur-
ther biochemical characterization of MAGUIN is es-
sential. The identification of MAGUIN with synGAP
and SPAL suggests that PSD-95/SAP90 organizes
components of the MAPK cascade. Whether PSD-95/
SAP90 affects the activation of MAPK remains to be
clarified.
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PSD-95/SAP90 and tyrosine kinase

Tyrosine kinase is also involved in synaptic plasticity
[125]. NMDA receptors are phosphorylated and regu-
lated by tyrosine kinase, and the phosphorylation of
NMDA receptors correlates with long-term potentia-
tion [126—128]. The mutant mice of tyrosine kinase

fyn show the impairment of learning and memory,

and are rescued by the introduction of fyn transgene
[129, 130]. PSD-95/SAP90 forms a complex with
NMDA receptors and fyn [131]. In the case of NO
synthesis and the MAPK cascade, we do not have the
evidence that PSD-95/SAP90 actually improves the
efficiency of signaling by binding the components of
these pathways. The complex formation of fyn and
NMDA receptors via PSD-95/SAP90 facilitates the
phosphorylation of NMDA receptors by fyn [131].

Conclusion

The list of proteins interacting with PSD-95/SAP90 is
already large and still increasing. These proteins are
classified into three groups. Cell surface proteins are
the first identified group, including receptors, channels
and cell adhesion molecules. PSD-95/SAP90 binds re-
ceptors, channels and cell adhesion molecules to form
a kind of roof structure of the postsynaptic mem-
brane. The second group contains molecules linked to
the cytoskeleton and detergent-insoluble membrane,
such as MAP1A, CRIPT and presumably GKAP/SA-
PAP/DAP. Finally, the signaling molecules involved
in synaptic plasticity are organized around PSD-95/
SAP90, so that they can cross-talk efficiently. The
study of mutant mice lacking PSD-95/SAP90 indicates
that the major function of PSD-95/SAP90 is the link-
age of the NMDA receptors to the signaling
molecules of synaptic plasticity [51]. In this review, we
focus on PSD-95/SAP90. However, synapses have
other PDZ domain-containing proteins which are im-
plicated in the organization of synapses. Glutamate
receptor-interacting protein (GRIP) and AMPA recep-
tor-binding protein (ABP) have seven and six PDZ
domains, respectively, and both bind AMPA receptors
[47, 132]. Proteins interacting with C kinase (PICK1)
are also involved in the clustering of AMPA receptors
[133]. Synaptic scaffolding molecule (S-SCAM) has six
PDZ domains and interacts with NMDA receptors
and neuroligin [134]. Channel-interacting PDZ domain
protein (CIPP) is reported to interact with K+ chan-
nel, NMDA receptors, neuroligin and neurexin [135].
PSD-95/SAP90 may cooperate with these PDZ do-
main-containing proteins to provide scaffolds for the
components of synapses.
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