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Thus far, five members including Dlg, SAP97/hDlg,
AP90/PSD-95, SAP102, and PSD-93/chapsyn110 which
elong to SAP family have been identified. Recent
tudies have revealed that these proteins play impor-
ant roles in the localization and function of glutamate
eceptors and K1 channels. Although most of them
ave been reported to be localized to the synapse, only
ne member, SAP97, is expressed also in the epithelial
ells. In this review, we have summarized structural
haracters of SAP family proteins and discuss their
unctions in neurons and epithelial cells. © 2000 Academic

ress

A family of synapse-associated proteins (SAPs) has
ecently emerged as a central player in the molecular
rganization of synapses. Members of SAP family in-
lude Dlg, SAP97/hDlg, SAP90/PSD-95, SAP102 and
SD-93/chapsyn110. They are also called MAGUK (for
embrane-associated guanylate kinase), which are

omposed of multiple sites of protein–protein interac-
ions, i.e., three PDZ (PSD-95/DLG/ZO1) domains, a
rc homology 3 (SH3) region, and a guanylate kinase
GK)-like sequence (Fig. 1B; 1, 2). The best character-
zed is the PDZ domain which binds with high affinity
o the carboxyl-terminal peptide motif X-T/S-X-V/I
tSXV-motif) in a number of proteins including the
R2 subunits of the NMDA receptor, the voltage-gated
nd inwardly rectifying K1 channels (1–3). This inter-
ction appears to mediate the clustering of ion chan-
els and receptors at specific synaptic sites.
SAPs are localized either to the pre- and/or postsyn-

ptic sides of excitatory or inhibitory synapses. Inter-
stingly, one family member, SAP97, is present also in
pithelial cells and localized at the lateral membrane
etween cells. In this review, we have summarized the

1 To whom correspondence should be addressed. Fax: 181-6-6879-
519. E-mail: ykurachi@pharma2.med.osaka-u.ac.jp.
1

uss their functions in neurons and epithelial cells.

YNAPSE

Glutamate receptor/channels are actually imbedded
n the postsynaptic density (PSD), an electron-dense
hickening which represents a fibrous specialization of
he submembrane cytoskeleton at the postsynaptic
embrane. The four types of glutamate (NMDA,
MPA, kainate and metabotropic glutamate) receptors
iffer in their subsynaptic distribution, i.e., metabo-
ropic glutamate receptors being located at the periph-
ry, whereas NMDA and AMPA receptor/channels are
n the central region of PSD (Fig. 1A; 4). This suggests
hat distinct mechanisms underlie the subsynaptic dis-
ribution of each glutamate receptor. Subunits of
MDA and kainate receptors were shown to bind to
AP family proteins (see below). AMPA (GluR2 and
luR3) and metabotropic glutamate (mGluR1 and
GluR5) receptor subunits bind to other anchoring
olecules (see Fig. 1A; 44).

MDA Receptor/Channels

SAP family proteins were reported to interact closely
ith the subunits of NMDA receptor/channels and to

nfluence their locations. The postsynaptic density pro-
ein, PSD-95 (also known as the synapse-associated
rotein 90 kDa, or SAP90) is a cytoskeleton-associated
rotein of ;95-kDa abundant in the postsynaptic syn-
ptosomal fraction (1, 5, 6). PSD-95 has been reported
o interact directly with the C-terminal domains of six
ifferent NMDA receptor/channels subunits (6)
NR1-3, NR1-4, NR2A, NR2B, NR2C and NR2D; where
R1 subtypes are represented according to the nomen-

lature of Ref. 7) and to influence their clustered dis-
ributions. Other members of the SAP family, i.e.,
SD-93, SAP102 and SAP97, were also shown to inter-
ct with the C-terminal end of NMDA receptor/
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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hannels (6, 8–10). Each member of SAP family shows
specific tissue distribution pattern. PSD-95, PSD-93

nd SAP102 are mainly distributed to PSD, while
AP97 exhibits presynaptic and axonal distributions

11). In rat brain, PSD-93 was coimmunoprecipitated
ith PSD-95 and showed a somatodendritic expression
attern that overlapped partly with PSD-95. These
ata suggest that PSD-93, but not SAP97, and PSD-95
ay interact at postsynaptic sites to form a complex for

he clustering of NMDA receptors (8).
These data also suggest that the specific interaction of
MDA receptor/channels with PDZ domain-containing
roteins is important for determining the localization of
he receptors to PSD (Fig. 1A). In order to ascertain
hether this is true, the genes encoding NR2 subunits

hat lack their C-terminal domain were expressed in
ice (12, 13). Specific phenotypes, which are similar to

hose observed when the gene encoding the entire sub-
nit is deleted, were observed for both mutants. Sprengel
t al. (13) suggested that a disturbed recruitment of the
ignal-transducing machinery is the main cause for the
henotypes. On the other hand, Mori et al. (12) visualized
hat the mutated NR2B subunits are not clustered and
istribute to not only PSD but also in nonsynaptic re-
ions. These data further support a role for PDZ domain-
ontaining proteins in the maintenance of receptor clus-
ers and the anchoring of these clusters in the
ubsynaptic scaffolds.

FIG. 1. Glutamate receptors in postsynaptic density (A) and the s
MPA receptors, and metabotropic glutamate (mGlu) receptors are
omers, respectively. Subsynaptic segregation of receptors is illustra
hereas mGlu receptor is located at the periphery. (B) I1: Insert 1,
2

ainate Receptor/Channels

Two subunits of kainate receptor, GluR6 and KA2,
ere reported to interact with PSD-95 and SAP102

14) in SAP family. Similar to NMDA receptors, GluR6
lustering is mediated by its interaction with the PDZ
omain of PSD-95. In contrast, the clustering of KA2 is
aused by its interaction with the SH3 and GK do-
ains of PSD-95 (see Protein–Protein Interaction of
DZ, SH3, and GK). These data suggest that NMDA
nd kainate receptor/channels may cluster at postsyn-
ptic sites by interacting with PSD-95 and SAP102.

caffolding Functions of SAP

Various proteins that are involved in the intracellular
ignaling stimulated by glutamate-receptor activation,
ncluding nitric oxide synthase and synaptic Ras-
TPase-activating protein (SynGAP), also interact with
AP family proteins (Figs. 2A and 2B; 15, 16, 17). Addi-
ional organizer proteins, such as guanylate-kinase-
ssociated protein (GKAP/SAPAP/DAP), which binds to
he GK domain of PDZ-containing proteins, could further
ontribute to form a complex protein scaffold (18–20). It
s possible that the PDZ domain-containing proteins are,
herefore, not only involved in the maintenance of the
eceptor “constellation” at synapses but might also facil-
tate an efficient signaling by keeping key enzymes in
lose proximity (Figs. 2A and 2B).

cture of SAP family proteins (B). (A) Postsynaptic NMDA receptors,
wn to bind to specific PDZ domains of PSD-95, GRIP and ABP, and
: NMDA and AMPA receptors are located the central of the synapse,
Insert 3, GK: Guanylate kinase-like domain.
tru
sho
ted
I3:
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NTERACTION OF SAPs AND K1 CHANNELS

oltage-Gated K1 Channels

The SAP family proteins interact also with subunits
f several voltage-dependent K1 (KV) channels (2, 21).
he voltage-dependent K1 channels are concentrated
t specific microdomains of the neural membrane, in-
luding presynaptic terminals, nodes of Ranvier, and
endrites, where they regulate local membrane excit-
bility. Evidence has been obtained that cell-surface
lustering of Shaker type-K1 channels, such as KV1.4,
s mediated by SAP family of membrane- and

FIG. 2. Scaffolding functions of SDP-95/SAP90 (A and B) and SAP
ynGAP at postsynaptic densities keeps the steady-state level of act
f Ras-GTP to Ras-GDP. Activation of NMDA receptors produces
aMKII then phosphorylates and inactivates SynGAP, releasing the
ctivation of the MAP kinase cascade. In this manner, activation of
o formation of Ras-GTP. Such potentiation would constitute yet
eceptor. SAPAP is tightly attached to the membrane and interacts w
f neuroligin binds to neurexin, whose cytoplasmic domain interact
MDA receptors are coupled to nNOS through a PSD-95. These in

ituated close to NMDA receptor-modulated calcium influx. Bindin
omplexes, leading to decreased access to NMDA receptor-gated Ca21

he cortical cytoskeletons which compose the adherens junction. SAP
-cadherin, and a-, b-catenin, although it is not known whether SA
3

ytoskeleton-associated proteins. This occurs through
irect and specific binding of the C-terminal cytoplas-
ic tails of K1 channel subunits to first and/or second
DZ domains of PSD-95 protein (Table 1).

nwardly Rectifying and Two-Pore K1 Channels

In addition to promoting clustering of NMDA recep-
ors and voltage-dependent K1 channels, PSD-95 also
inds inwardly rectifying K1 channels, including
ir2.1, Kir2.3 and Kir4.1 (Table 1). In situ mRNA
nalysis demonstrated that both Kir2.3 and PSD-95

in epithelial cell (C). (A) Scaffolding of MAP kinase signaling. Active
Ras low near the synapse because of its rapid catalyzing hydrolysis
influx of Ca21 that activates CaMKII at the postsynaptic density.
ke on the accumulation of active Ras-GTP and leading to increased
NMDA receptor may potentiate the action of any signal that leads
ther form of coincidence detection by the NMDA-type glutamate
the GK domains of PSD-95 and S-SCAM. The extracellular domain
ith the PDZ domain of CASK. (B) Scaffolding of nNOS signalling.
actions are mediated by PDZ domains. In this complex, nNOS is
f CAPON results in a reduction of NMDA receptor/PSD-95/nNOS
ux and a catalytically inactive enzyme. (C) SAP97 is associated with
was reported to be associated with, but not directly bind to, F-actin,

is associated with l-afadin, nectin, ponsin, and vinculin.
97
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re specifically enriched and colocalized in granule
ells of the dentate gyrus region of the hippocampus
22). PSD-95 and Kir2.3 were actually coimmunopre-
ipitated from hippocampal synaptic membranes (22).
hese data suggest that Kir2.3 and PSD-95 bound to

orm a protein complex in neurons of CNS.
The neuronal G-protein gated K1 (KG) channels are

eterotetramers of Kir3.1/GIRK1 and Kir3.2/GIRK2.
n substantia nigra (SN), however, KG channels are
omposed of only Kir3.2 subunits. An immunological
tudy showed that Kir3.2 is localized specifically at the
ostsynaptic membrane on the dendrites of dopaminer-
ic neurons (23). Biochemical studies showed that at
east some of the KG channels in SN are composed of
he splicing variants, Kir3.2a/GIRK2a and Kir3.2c/
IRK2c. Kir3.2c, but not Kir3.2a, possesses the PDZ
omain-interacting motif (2ESKV) in the C-terminal
omain (Table 1). The heterologously expressed KG

hannels composed of Kir3.2a and Kir3.2c or Kir3.2a
lone are activated by G-protein stimulation, while
xpression of Kir3.2c alone is not. These data suggest
hat the Kir3.2 splicing variants play distinct roles in

Proteins That Ca

E-T

NMDA receptors NR1–3a

NR1–4a

NR2A
NR2B
NR2C
NR2D-2

Glutamate receptors GluR6
Voltage-gated K1 channels Kv1.4

Kv1.5

Inwardly rectifying K1 channels IRK1/Kir2.1
IRK2/Kir2.2
IRK3/Kir2.3
GIRK2C/Kir3

K1 channels with two-pore domains

G-protein-coupled receptors b1 receptor

b2 receptor
P2Y1

Transportor CFTR
Others

Note. Various kinds of proteins can bind to the PDZ domains of an
STR2; somatostatin receptor 2, CFTR; cystic fibrosis transmembra
KCa; protein kinase Ca, see the text for other abbreviations.

a NR1 subtypes are represented according to the nomenclature of
4

he control of function and localization of some of the
G channels in dopaminergic neurons of SN.
In addition, it was also found that a cardiac two-pore

1 channel (cTBAK) possesses the C-terminal domain
nteracting with PSD-95 family proteins (Table 1; 24).
herefore, many other K1 channels might also be un-
er control of SAP family proteins in various organs.

ROTEIN–PROTEIN INTERACTION OF PDZ, SH3,
ND GK

SAP family proteins are also called MAGUK and char-
cterized by the existence of Src 3 homology (SH3) and
uanylate kinase-like (GK) domains in the C-terminal
egion in addition to the presence of PDZ domains (Fig.
B; 1, 2). PDZ domains are viewed as a module of protein-
inding sites which recognizes a short consensus peptide
equence of large proteins. This is responsible for a cer-
ain type of specific protein–protein association (2). PDZ
omains are composed of ;90 amino acid residues. Three
epeats of PDZ domains exist in the N-terminal half of

a T/SXV Motif

V motif Hydrophobic-T/SXV motif

-STVV
-STVV
-ESDV
-ESDV
-ESDV
-ESDV
-ETMA
-ETDV Kv1.1 -LTDV
-ETDV Kv1.2 -LTDV

Kv1.3 -FTDV
Kv1.6 -LTEV
Kv3.2b -PSIL
Kv3.3b -PSIL
Kv4.1 -ISSL
Kv4.2 -VSAL
Kv4.3 -VSAL

-ESEI KAB-2/Kir4.1 -ISNV
-ESEI
-ESRI
-ESKV

cTBAK-1 -RSSV
(TASK-1)

-ETVV 5HT2A -VSCV
5HT2C -ISSV

-DSLL VIP -VSLV
-DTSL SSTR2 -QTSI
-DTRL

GRK6 -PTRL
PKCa -QSAV

oring proteins via a T/SXV motif in their C-termini. Abbreviations:
conductance regulator, GRK6; G protein-coupled receptor kinase 6,

f. 7.
rry

/SX

.2c

ch
ne

Re
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hapsyn110 and SAP102). The PDZ domain is also called
he Dlg homologous region (DHR) or the GLGF repeat,
ecause most of the initially identified PDZ domains con-
ain Gly-Leu-Gly-Phe in the sequences. The C-terminal
egions of the NR2 subunits of the NMDA receptor,
haker type K1 channels and Kir channels possess four
ighly conserved amino acids (-(E)S/TXV- motif) that are
pecifically recognized by the PDZ domains in SAP family
roteins (1–3). X-ray crystallography has revealed that
he third PDZ domain of PSD-95 is composed of six b
heets and two a helices. The C-terminal peptide (-TDV
nd -QTSV) binds to the groove between the second b
heet and the second a helix, and a carboxylate binding
oop provided by GLGF (3, 25).

The ability of PDZ domains to function as indepen-
ent modules for protein–protein interaction suggests
hat PDZ domain-containing polypeptides may be
idely involved in the organization of proteins at the

pecialized domains of membrane (26, 27). While
haker, Kir and NR2 proteins do not cluster when
xpressed alone, coexpression of them with PSD-95,
AP97, or PSD-93 results in the coclustering of chan-
el and anchoring proteins (8, 21, 27, 28). This empha-
izes the importance of SAP family proteins in direct-
ng the distribution of NMDA, voltage-dependent K1

nd Kir channels.
The possible mechanisms of membrane protein clus-

ering by PSD-95 have been considered as follows. It
as recently shown that third and fifth cysteines at the
-terminus of PSD-95 are palmitoylated, which is in-
ispensable for its clustering and targeting (29) al-
hough it was proposed that PSD-95 formed a dimer,
ue to a head-to-head linkage that is mediated by
isulfide bonds between the conserved N-terminal re-
ions (30). The third PDZ domain of PSD-95 interacts
ith neuroligin which is a neuronal cell adhesion mol-
cule (31). These findings suggest that PSD-95 assem-
les receptors and channels, and then fixes them at the
pecialized membrane domain through its interaction
ith cell adhesion molecules.
Recent studies have revealed that although it has no

uanylate kinase activity (32), the GK domain of SAP
amily also acts as an anchoring domain to GKAP/
APAP/DAP (18–20), MAP1A (33), BEGAIN (34), and
A2 subunit of kainate receptor/channel (14) (KA2

ubunit also binds to SH3 domain of PSD-95, SAP102,
s described under Kainate Receptor/Channels).
KAP/SAPAP/DAP also binds to a synaptic protein
amed S-SCAM (35).

PITHELIAL CELLS

ocalization of SAP in Epithelial Cells

One member of SAP family, SAP97, is present in
pithelial cells of such tissues as choroidal plexus and
5

t cell–cell adhesion sites (Fig. 2C). In Drosophila, it
as shown that mutations of Dlg result in loss of
pical–basolateral epithelial cell polarity and intercel-
ular adhesion of epithelial cells within imaginal discs
36). These results suggest that SAP97/hDlg plays an
mportant role in the determining of cell polarity and
ell–cell adhesion of epithelial cells.
SAP97 was reported to be associated with the corti-

al cytoskeleton (F-actin, E-cadherin, and a- and
-catenin) at cell–cell contact sites in epithelial
ACO-2 cells and fibroblast L-cells (37). SAP97 binds

he erythrocyte cytoskeletal protein 4.1 via I3 localized
etween SH3 and GK domains (see Fig. 1B) and also a
egion between PDZ1 and PDZ2 (38, 39). Although
hese data led to the hypothesis that these interactions
re important for the subcellular targeting of SAP97 in
pithelial cells (39), it was firmly shown that the first
5 amino acid residues (S97N1–65) in SAP97 direct the
elective subcellular localization (40). The amino acid
omologous region with S97N1–65 is absent from
SD-95 and SAP102. This might be the reason why
SD-95 and SAP102 located in the cytoplasm but not
t the lateral membrane, when expressed in CACO-2
ells (40). The region of S97N1–65 is also required for the
ttachment of SAP97 to the cortical cytoskeleton (40).
hese results indicate that S97N1–65 appears to per-

orm a primary role in the attachment of SAP97 to the
ortical cytoskeleton and in the selective localization at
he lateral membrane (Fig. 2C).

AP and Inwardly Rectifying K1 Channel, Kir4.1

Kir4.1, a glial cell inwardly rectifying K1 channel
41), binds to PSD-95 and SAP97, and is colocalized
ith SAP97 in retinal Müller cells (28) and possibly in

enal tubular epithelium and in the marginal cells of
ochlear stria vascularis (42, 43). This anchoring pro-
ein seems not only to cluster Kir4.1 on the cell mem-
rane, but also to stimulate the channel current by
ncreasing the functional channel number in the cell

embrane (28).

ONCLUSION

Three main roles of the SAP family in the regulation of
MDA and kainate receptor/channels, and ion channels

unction have been recognized: (1) targeted distribution
f receptor and channel proteins within specialized do-
ains of the plasma membranes, (2) scaffolding of func-

ional molecules, and (3) modulation of ion channel activ-
ty. Structural interactions between the cytoskeleton and
AP proteins may determine the highly specialized dis-
ribution of receptors and ion channel proteins within
ertain domains of plasma membrane. Such domain-
ependent distribution and anchoring of receptors and
hannels are required for proper intra- and intercellular
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ivity modulating of receptor and channel by SAP family
roteins should be further investigated.
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