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Selective concentration and anchoring of ionotropic receptors
at the synapse is essential for neuronal signaling. Little is known
about the molecules that mediate receptor clustering in the
CNS. With use of the yeast two-hybrid system to screen a rat
brain cDNA library and by in vitro binding assays, we have
identified an interaction between NMDA receptor subunits 2A
and 2B (NR2A and NR2B) and three distinct members of the
PSD-95/SAP90 family of membrane-associated putative gua-
nylate kinases. The interaction is mediated by binding of the C
terminus of the NMDA receptor subunits to the first two PDZ
(also known as GLGF or DHR) domains of PSD-95/SAP90, an
abundant synaptic protein associated with the membrane cy-

toskeleton. PSD-95 is also known to bind and cluster Shaker-
type voltage-gated K* channels. Similarities between the C
termini of NR2 subunits and K* channels suggest a common
C-terminal binding motif for PDZ domains. These data suggest
that PDZ domains can function as modules for protein—protein
interactions. Members of the PSD-95 family might serve to
anchor NMDA receptors to the submembrane cytoskeleton and
aid in the assembly of signal transduction complexes at
postsynaptic sites.
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Synapses are specialized cell-cell junctions between neurons, and
they exhibit dynamic changes in both activity and morphology.
Although synaptic transmission has been studied in detail, and the
ultrastructural morphology of synapses has been well described,
little is known about the molecular organization of synapses,
especially in the CNS. Some abundant components of synapses
have been purified by biochemical approaches; examples include
actin, calcium/calmodulin dependent kinase II, and PSD-95/
SAP90 (Cho et al., 1992; Garner et al., 1993; Kistner et al., 1993).
The synaptic functions of these proteins are poorly understood,
however, and their interactions with other proteins remain
obscure.

Ionotropic neurotransmitter receptors (NTRs) are specifically
concentrated at postsynaptic sites, and different classes of postsyn-
aptic NTRs are segregated from each other in a manner that
aligns the appropriate NTR with the proper presynaptic terminal.
The molecular mechanisms underlying targeted clustering of
NTRs remain obscure, but NTRs presumably interact with pro-
teins that mediate aggregation and attachment to the neuronal
membrane cytoskeleton at postsynaptic sites.

Currently, few examples of such molecules are known. At the
neuromuscular junction, 43K/rapsyn and the dystrophin relative
utrophin are involved in acetylcholine-receptor clustering and
postsynaptic specialization (Froehner, 1993; Tinsley et al., 1994;
Gautam et al,, 1995). In the spinal cord, glycine receptors are
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clustered because of association with gephyrin, which may link
receptor subunits to tubulin (Kirsch et al., 1993).

NMDA receptors represent a major subclass of excitatory iono-
tropic NTRs in the mammalian brain and have been implicated in
mechanisms of activity-dependent synaptic plasticity (Bliss and
Collingridge, 1993) and visual cortical development (Constantine-
Paton et al., 1990), as well as excitotoxicity (Choi and Rothman,
1990). Currently, minimal data are available on proteins associ-
ated with these receptors in the brain. In the brain, NMDA
receptors probably exist largely as heteromultimers of the NMDA
receptor subunit NR1 complexed with members of the NR2
subfamily (Monyer et al., 1992; Ishii et al., 1993; Sheng et al,,
1994). The different NR2 subunits (NR2A-D) show distinct but
overlapping expression patterns in the brain and during develop-
ment (Watanabe et al., 1992; Laurie and Seeburg, 1994; Sheng et
al., 1994), and they confer distinct electrophysiological and phar-
macological features. NR2 subunits are much larger proteins than
NR1 and other glutamate receptor subunits, attributable to an
extensive C-terminal sequence of unknown function that is cur-
rently modeled to be intracellular (Hollmann et al., 1994; Wo and
Oswald, 1994; Bennett and Dingledine, 1995). In the NR2 sub-
units, this region exceeds 400 amino acids, whereas in the other
receptor subunits it typically consists of 50-100 amino acids
(Wisden and Seeburg, 1993).

In this study, we have used the yeast two-hybrid system to
screen for proteins interacting with NMDA receptors. We report
here that subunits NR2A and NR2B bind to multiple members of
the same PSD-95/SAP90 family of peripheral membrane proteins
that bind and cluster Shaker-type K* channels (Kim et al., 1995).
This interaction is mediated by the cytoplasmic tails of NR2A and
NR2B, which contain a C-terminal binding motif virtually identi-
cal to that found in the K* channel subunits.
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MATERIALS AND METHODS

Yeast two-hybrid system. Yeast two-hybrid screening was performed using
the 140 yeast strain harboring the reporter genes HIS3 and
B-galactosidase (B-gal) under the control of upstream lexA binding sites
(Bartel et al., 1993; Hollenberg et al., 1995; Kim et al., 1995). One
hundred milliliters of liquid yeast culture (ODyg,, = 0.25) were trans-
formed with 50 g of both the bait DNA and the ¢cDNA library and 2 mg
of salmon sperm carrier DNA by the lithium acetate method with di-
methyl sulfoxide (10% final concentration) (Hill et al., 1991; Hollenberg
et al., 1995). After transformation, the yeast was grown for 2 hr in
complete yeast medium to allow expression of the HIS3 reporter gene
before plating on his“leu"trp ™ plates in the presence of 2.5 mm 3-amino-
triazole. The baits consisted of the C-terminal 116 (residues 13491464,
termed NR2A1349¢) or 122 (residues 1361-1482, termed NR2B1361c)
amino acids of rat NR2A and NR2B, respectively, obtained by PCR using
specific primers and subcloned in frame with the lexA DNA binding
domain into vector pBHA. A shorter lexA fusion construct of NR2B
(residues 1453-1482, NR2B1453c) containing just the last 30 amino acids
of NR2B was also prepared. The baits were used to screen a rat brain
c¢DNA library (Clontech Laboratories, Palo Alto, CA) constructed in a
GAL4 activation domain containing vector pGAD10. DNA of positive
interacting clones as assayed by B-gal staining was isolated from yeast
colonies and transformed into MH4 bacteria by electroporation, isolated
from the bacteria, and sequenced.

Domain analysis of the interaction. For the domain analysis, different
regions of PSD-95/SAP90 were amplified by PCR using specific primers
and were fused in frame with the GAL4 activation domain in the EcoRI
site of the pGAD10 vector. These constructs were assayed for interaction
with the lexA-NR2 constructs by cotransformation into L40 ycast and
assay of the two reporter genes, B-gal and HIS3. B-Gal activity was
quantitated after 2 d growth on leu"trp~ plates as the time taken for
colonies to turn blue in X-gal filter assays (Bartel et al.,, 1993) at room
temperature. HIS3 activity was measured as percentage growth on
his"leu” trp~ plates in the presence of 2.5 mM 3-amino-triazolc. We
found excellent quantitative correlation between HIS3 and B-gal activity
as measured above, as well as with B-gal measured by a liquid culture
o-nitrophenyl-B-galactosidase (ONPG) chromagenic assay (Bartel et al.,
1993) (data not shown). We found that the X-gal filter assay and His
prototrophy (quantitated as above) were much more sensitive than the
ONPG assay, in which weak two-hybrid interactions were impossible to
distinguish from background.

Fusion proteins and in vitro binding. Filter overlay assays were per-
formed as in Li et al. (1992). The C-terminal tails of NR1 (residues
832-938; original splice variant cloned by Moriyoshi et al., 1991), NR2A
(residues 1349-1464), NR2B (residues 1361-1482), NR2B (residues
1453-1482), Kv4.2 (residues 409-548), and Kvl.4 (residues 568-655)
were subcloned into glutathione-S-transferase (GST)-fusion vector
pGEX-4T-1 (Pharmacia, Uppsala, Sweden). GST-fusion proteins were
prepared as crude bacterial lysates, separated by SDS-PAGE, transferred
to nitrocellulose, and incubated with 0.5 pg/ml H,-PSD-95 [hexahistidine-
tagged fusion protein of PSD-95 (Kim et al., 1995)]. This fusion protein
contains amino acid residues 41-355 of PSD-95 and includes the first two
PDZ domains. It was purified by Ni-NTA resin column chromatography.
Bound H¢-PSD-95 was detected by mouse monoclonal anti-T7.Tag anti-
bodies (Novagen, Madison, WI) directed against an epitope tag in the
hexahistidine leader sequence. The blots were then stripped and re-
probed with 0.5 pg/ml anti-GST antibodies (Santa Cruz Biotcchnology,
Santa Cruz, CA) to show the position and relative abundance of the
GST-fusion proteins in each lane. HRP-conjugated secondary antibodies
and enhanced chemiluminescence (Amersham, Arlington Heights, IL)
were used to visualize the bands.

RESULTS

Two-hybrid screen with NR2A and NR2B

C-terminal tail

The full-length C-terminal tails of NR2A and NR2B starting from
the end of putative transmembrane domain IV (residues 836 and
837, respectively) (Ishii et al., 1993) proved to be not useful
“baits” for two-hybrid screening because of significant activation
of the reporter genes by these fusion constructs alone. Because of
especially high sequence conservation at the C terminus between
all members of the NR2 subfamily (see Fig. 54), we chose to use
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Figure 1. Results of ycast two-hybrid screen with NR2A and NR2B
C-tcrminal baits. The NR2-interacting clones arc aligned as fragments of
known proteins. 4, Clones isolated from a screen with NR2A1349¢c. All
clones are fragments of either PSD-95/SAP90 or SAP97. B, Clones iso-
lated from a screen with NR2B1361¢. Clones 2B.1 and 2B.2 are fragments
of PSD-95/SAP90 and arc identical to clones 2A.1 and 2A.2 of the screen
with NR2A. A schematic representation of the full PSD-95 and SAP97
proteins is shown above the clones, with the PDZ (black), SH3 (stippled),
and putative guanylate kinase domains (hatched) (Cho et al., 1992; Miiller
et al, 1995) shown as boxes. The white box in SAP97 represents an
alternative splice variant (Miiller et al., 1995). Small numbers refer to
amino acid residues, and bold numbers in parentheses indicate the number
of times each clone was isolated.

as baits only the C-terminal 116 (NR2A1349c) or 122
(NR2B1361c) amino acids of NR2A and NR2B, respectively.

Approximately 500,000 clones of a rat brain cDNA library were
screened with NR2A1349c as bait, yielding five distinct positive-
interacting cDNAs, some of which were isolated multiple times (Fig.
1A4). Clones 2A.1, 2A.2, 2A.3, and 2A4 are distinct overlapping
cDNA fragments of PSD-95/SAP90, an abundant membrane-
associated synaptic protein of previously unknown function (Cho et
al., 1992; Kistner ct al., 1993). Clone 2A.5 was a cDNA fragment of
SAP97 (Miiller et al., 1995), a relative of PSD-95 with similar se-
quence and organization (Fig. 14). Both PSD-95 and SAP97 are
homologous to the Drosophila tumor suppressor gene lethal (1)
disks-large (dlg) (Woods and Bryant, 1989). The strength of binding
to these clones with NR2A as assayed by activity of 8-gal and HIS3
reporter genes was similar for all isolated clones of PSD-95/SAP90
and SAP97. These two-hybrid interactions are specific; none of the
PSD-95 or SAP97 clones interact with the C-terminal tails of NR1
(splice variant cloned by Moriyoshi et al., 1991) or the voltage-gated
K" channel subunit Kv4.2.

Using NR2B1361c as bait, ~1,000,000 clones of the same
library were screened, yielding two distinct strongly interacting
clones (Fig. 1B). These two clones, 2B.1 and 2B.2, were fragments
of PSD-95 and were identical to clones 2A.1 and 2A.2 from the
NR2A screen. Clone 2B.1 was isolated three times. Alignment of
the PSD-95 and SAP97 fragments isolated in both screens reveals
an overlap in the N-terminal region of these proteins, which
contains three PDZ domains, also known as GLGF or DHR
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Interaction of NR2A and NR2B with multiplc members of the PSD-95 family. Clones 2A.1-2A 4 are the same as in Figure 14. The hdlg clone

(the human homolog of rat SAP97) and clone 5 were isolated from a screen of a human brain cDNA library with the C terminus of the K* channel Kv1.4
(Kim et al., 1995). The PDZ, SH3, and guanylate kinase domains are represented as boxes as in Figure 1. Strength of interaction was tested for NR2A1349¢
(NR2A C-terminal residues 1349-1464), NR2B1361c (NR2B C-terminal residues 1361-1482), and NR2B1453¢ (NR2B C-terminal residues 1453-1482)
in the yeast two-hybrid system and measured as the degree of activation of the two reporter genes, HIS3 and B-gal. HIS3 activity (measured by percentage
growth of colonies on histidine-lacking medium): +++ (>60%), ++ (30-60%), + (10-30%), — (no significant growth); B-Gal (time taken for colonies
to turn blue in X-gal filter lift assays (Bartel et al., 1993): +++ (<25 min), ++ (25-50 min), + (50-100 min), — (no significant B-gal activity).

domains (Cho et al., 1992; Kistner ct al., 1993; Miiller ct al., 1995).
These domains have been described in many membrane-
associated proteins (including PSD-95, Discs-large, and the tight
junction protein ZO-1). Remarkably, all the PSD-95 clones and
the SAP97 clone contain the second PDZ repeat (PDZ2) in its
entirety, with the exception of clone 2A.3, which is lacking what is
thought to be the last seven amino acids of that domain (Cho et
al., 1992; Miiller et al., 1995).

Interactions of NR2A and NR2B with multiple members
of the PSD-95 family
We attribute the fact that the NR2B screen isolated only the two
most common PSD-95 cDNA fragments from the NR2A screen to
a lower screening efficiency of the former screen (Fig. 1). In
keeping with this, NR2B1361c was able to interact with all the
PSD-95 and SAP97 clones isolated by the NR2A bait with ap-
proximately equal affinities, as measured by the yeast two-hybrid
system (Fig. 2). A shorter C-terminal bait (NR2B1453c) contain-
ing just the last 30 amino acids of NR2B behaved nearly identi-
cally to NR2B1361c, indicating that the site of interaction is
contained within the C-terminal 30 amino acids (Fig. 2).
Recently, it was demonstrated that the Shaker-type K™ channel
subunits can bind not only to PSD-95 but also to hdlg, the human
homolog of SAP97 (Lue et al., 1994) and a novel, related gene
termed “clone 5” (Kim et al., 1995). These K" channel interacting
clones were isolated from a human brain cDNA library using the
C terminus of the K* channel subunit Kv1.4 as bait (Kim et al.,
1995). To test whether NR2 subunits and Shaker-type subunits
display differential specificity in their interaction with PSD-95 and
its relatives, the human ¢DNAs isolated from the Kv1.4 screen
were also tested for interaction with the NR2A and NR2B bait
constructs. Figure 2 shows that NR2A1349¢c, NR2B1361c, and
NR2B1453c¢ were able to bind efficiently not only PSD-95 but also
hdlg and clone 5. To date we have detected no difference in the
specificity of binding between NR2 and Shaker-type subunits to
the three different members of the PSD-95 family (PSD-95/
SAP90, hdlg/SAP97, and clone 5). Binding affinity was similar for

NR2B1361c and NR2B1453c, indicating that the C-terminal 30
amino acids are sufficient for intcraction.

For both NR2A and NR2B, the interaction seemed to be
weaker, as judged by reporter gene activity with clone 2A.3, which
lacks the seven C-terminal amino acids of PDZ2 of PSD-95, and
with clone 2A.4, which lacks the entire PDZ1, than with clones
2A.1 and 2A.2, which contain both PDZ1 and PDZ2.

Specific interactions of NR2A and NR2B with the first
two PDZ repeats of PSD-95

Strikingly, all cDNAs of PSD-95 family members isolated by the
NR2A and NR2B two-hybrid screens contain the second PDZ
domain (PDZ2). To investigate further the role of the different
domains, we made constructs of these repeats individually (PDZ1,
PDZ2, PDZ3) and in combination (PDZ1-2 and PDZ1-2-3) and
assayed their interaction with NR2A and NR2B in the yeast
two-hybrid system. Both NR2B constructs (NR2B1361c and
NR2B1453c) bound much more efficiently to PDZ2 than to
PDZ1, as quantitated by the two-hybrid system (Fig. 3). NR2A,
however, showed interaction almost as strong with PDZ]1 as with
PDZ2. Neither NR2A nor NR2B showed detectable binding to
PDZ3. This is consistent with the close amino acid sequence
identity between PDZ1 and PDZ2 and their relative divergence
from PDZ3 at the sequence level (Fig. 5B). Deletion of nine
amino acids from the N terminus of PDZ2 (PDZ2A160-168)
abolished interaction with both NR2A and NR2B.

The combination of PDZ1 and PDZ2 (PDZ1-2) did not seem
to increase the strength of interaction with NR2A or NR2B over
that of PDZ?2 alone. This lack of cooperativity of binding of PDZ1
and PDZ2 to NR2 subunits is in apparent contrast to PDZ1-2
binding to the K* channel subunit Kv1.4, which is much stronger
than with either PDZ1 or PDZ2 alone (Kim et al., 1995). This may
reflect a higher affinity of NR2 binding to PDZ2 compared with
Kv1.4, in conjunction with an upper limitation in the linearity of
the two-hybrid assay quantitation.
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Figure 3. Mapping of the domains of PSD-95, which can bind to NR2A and NR2B. LexA fusion constructs of the different PDZ domains were made
and compared with clone 2A.2 in their interaction with the C termini of NR2A and NR2B. The strength of interaction was measured as activity of reporter
genes HIS3 and B-gal, quantitated as in Figure 2. PDZ(A160-168) lacks the N-terminal nine amino acids of PDZ2. The PDZ, SH3, and guanylate kinase

domains are represented as boxes as in Figure 1.

In vitro binding of NR2A and NR2B to PSD-95

To obtain independent confirmation of a direct interaction be-
tween NR2 subunits and PSD-95, we performed in vitro binding
assays with bacterial fusion proteins. In agreement with previous
results (Kim et al., 1995), a hexahistidine-tagged fusion protein of
PSD-95 consisting of amino acid residues 41-355 (containing the
first two PDZ repeats) bound in the filter overlay assay to the C
terminus of the Shaker-type K* channel subunit Kvl.4. PSD-95
also specifically bound to both the NR2Ac and the NR2Bc fusion-
proteins, including NR2B1453¢ (Fig. 4, top). No binding was
detectable, however, to the GST-protein alone, the Shal-type K™
channel Kv4.2 (Chandy and Gutman, 1995), or the C terminus of
NR1 (original splice variant cloned by Moriyoshi et al., 1991). The
position and similar abundance of GST-fusion proteins in all lanes
was verified by probing the nitrocellulose with an anti-GST anti-
body (Fig. 4, bottom). The results of the overlay assay correlate
exactly with the yeast two-hybrid assays and confirm a direct
binding between PSD-95 and the C termini of NR2A and NR2B.

DISCUSSION

NR2A and NR2B bind to multiple members of the PSD-
95 family via their C termini

Using the yeast two-hybrid system and in vitro binding of recom-
binant proteins, we have identified the brain-specific protein PSD-
95/SAP90 (Cho et al., 1992; Kistner et al., 1993) as a protein that
can bind directly and specifically to the C terminus of NMDA
receptor subunits NR2ZA and NR2B. During the preparation of
the manuscript, Kornau et al. (1995) also identified PSD-95 as a
binding partner of NR2 subunits by the yeast two-hybrid system.
In addition, we provide evidence that other members of the
PSD-95 gene family, such as SAP-97/hdlg (Miiller et al., 1995) and
a close relative, clone 5 (Kim et al., 1995), can also interact with
NR2A and NR2B, and with apparently equal affinity. The inter-
action is mediated by the N-terminal two PDZ repeats, PDZ1 and
PDZ2, which are highly conserved (80-90% identity) in their
amino acid sequence between all members of this family and
which also bind the C terminus of the Shaker family of voltage-
gated K™ channels (Kim et al., 1995).

Our results are particularly intriguing because members of the
PSD-95 family are close mammalian homologs of the Drosophila
tumor suppressor gene dlg (Woods and Bryant, 1989, 1991), which
is localized at type I glutamatergic synapses in both pre- and
postsynaptic membranes in the Drosophila nervous system (Lahey
et al., 1994). Mutations in the dlg gene disrupt synaptic morphol-
ogy, particularly in the subsynaptic reticulum (Lahey et al., 1994).
Those results, taken together with direct binding of NMDA re-
ceptor proteins, suggest a role for the PSD-95 family of proteins
in the formation and/or maintenance of normal synaptic structure.

C-terminal similarities between NMDA and K* channel
subunits define a PDZ domain binding motif

An important conclusion of this study is that NR2 subunits can
bind to the same PSD-95 family proteins as do Shaker-type K™
channel proteins. An alignment of known NR2 subunits with
Kvl.4 and the Drosophila ShakerA (ShA) and ShakerB (ShB)
channel proteins (Schwarz et al., 1988) shows that these channels
share a remarkable similarity in their amino acid sequence at the
very C-terminal end (E-S/T-D/E-V) (Fig. 54). Furthermore, the
cytosolic C terminus of the cell surface receptor Fas, which is
capable of direct interaction with a PDZ repeat of the tyrosine
phosphatase FAP-1/PTP-BAS (Maekawa et al., 1994; Sato et al,,
1995), also shows a related C-terminal sequence (QSLV). Our
findings thus support mutational studies of the Kv1.4 C terminus,
which indicate that the interaction with PSD-95 is specified by the
sequence of the last four amino acids of Shaker-type proteins
(Kim et al., 1995). No more than the last 30 amino acids of NR2B
are required to interact with PSD-95 in the two-hybrid system
(Figs. 2, 3) and in an ir vitro overlay assay (Fig. 4). On the basis of
sequence similarities and recent data from Kornau et al. (1995), it
seems reasonable to assume that the interaction in the case of
NR2 subunits also involves the C-terminal four amino acids.
Mutational studies of Kv1.4 (Kim et al., 1995, and data not shown)
indicate that a glutamate or glutamine in the —4 position, a
threonine or serine in the —3 position, and a valine in the —1
position are of particular importance for interaction with PSD-95.
In particular, a mutational change from the wild-type Kvl.4 C
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Figure 4. Filter overlay assay showing in vitre binding of PSD-95 to

NR2A and NR2B C-terminal sequences. GST-fusion proteins of various
channel subunits were prepared as crude bacterial lysates, separated by
SDS-PAGE, and transferred to nitrocellulose. Top, Overlay of the filter
with H,-PSD-95 (hexahistidine-labeled fusion protein of PSD-95), dem-
onstrating binding to C-terminal fusion proteins NR2A1349c,
NR2B1361c, NR2B1453c, and Kvl.4c but not to NRIc, Kv4.2c, or GST
alone. Bottom, The same filter was stripped and reprobed with anti-GST
antibody, showing the relative position and abundance of fusion proteins
in all lanes. Lower bands in each lane are proteolytic fragments of the
GST-fusion proteins. Numbers at left indicate positions of molecular
weight markers (in kDa).

terminus (ETDV) to ESDV (the C-terminal sequence of NR2A
and 2B) preserves Kv1.4 binding to PSD-95 (Kim et al., 1993).
Much like Kv1.4, NR2B seems to show a strong preference for
PDZ2 over PDZI1 (Fig. 3). In contrast, NR2A seems to show
comparable affinity for either PDZ-repeat. This suggests that
the amino acids upstream of the C-terminal motif may play a
modulatory role in defining the strength and specificity of the
interaction.

NMDA receptor interaction with PSD-95 family
proteins in vivo

PSD-95/SAP90 and SAP97 are widely expressed in the brain but
show differential subcellular distribution in neurons. PSD-95/
SAP90 was purified as a major component of the postsynaptic
density (Cho et al, 1992) but is also present in presynaptic
locations (Kistner et al., 1993). SAP97, like PSD-95, seems to be
tightly associated with the membrane cytoskeleton but is found
predominantly in axons and glutamatergic terminals (Miller et
al., 1995). The expression pattern and subcellular distribution of
clone 5, a novel third member of the PSD-95 family (Kim et al.,
19953), is as yet unknown. NMDA receptors are also ubiquitously
expressed in neurons and are predominantly postsynaptic. Recent
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Figure 5. A, Similar C-terminal amino acid sequences of different chan-
nel and receptor subunits. The Kvl.4 sequence is from Stithmer et al.
(1989). The ShA/B are Drosophila Shaker-type K™ channels (Schwarz et
al., 1988), which also interact with PSD-95 (M. Niethammer, unpublished
observations). Fas is a cell-surface receptor capable of interaction with the
third PDZ repeat of FAP-1/PTP-BAS (Itoh et al., 1991; Sato et al., 1995).
The NR2 sequences are taken from Monyer et al. (1992). A common
C-terminal sequence (E-S/T-D/E-V) is found in Shaker-type K* channels
and NR2 subunits that bind to PSD-95 family proteins. B, Alignment of
PDZ domains 1-3 of PSD-95 (Cho et al., 1992; Kistner et al., 1993) and
PDZ3 (FAP3) of FAP-1/PTP-BAS (Maeckawa et al., 1994), demonstrating
similarities unique to PDZ1 and PDZ2 of PSD-95 and FAP3 of FAP-1 but
not to PDZ3 of PSD-95, especially in the N-terminal part, which is
important for the interaction between NR2 subunits and PDZ2 of PSD-95
(Fig. 3). Identical amino acid residues are boxed in black, and conserved
changes are shaded gray. The sequences were aligned using the Wisconsin
Sequence Analysis Package program (GCG, Madison, WI).

immunoelectron microscopy studies, however, have consistently
shown a fraction of NMDA receptors to be present in axons and
glutamatergic terminals (Aoki et al., 1994; Liu et al., 1994). Thus
there is extensive overlap in cellular and subcellular distribution
of NMDA receptors and PSD-95-type proteins in the nervous
system, consistent with the direct association of these proteins in
vivo. This is supported further by double immunofluorescence
punctate colocalization of NMDA receptors and PSD-95 in cul-
tured hippocampal neurons (Kornau et al., 1995). We have at-
tempted to demonstrate biochemical association of NMDA re-
ceptor subunits and PSD-95 by coimmunoprecipitation from brain
membranes, but without success. We found PSD-95 to be highly
insoluble except in harsh detergents, which seem to disrupt the
receptor-PSD-95 complex (E. Kim, unpublished observations).
Nevertheless, taken together, the data from yecast two-hybrid, in
vitro binding, and immunolocalization experiments suggest that
NMDA receptor localization to both postsynaptic and presynaptic
sites may be mediated by the direct binding of NR2 subunits to
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PSD-95 and SAPY7 and potentially to other members of this
family.

Although our studies demonstrate similar affinities of binding
of NR2 subunits with PSD-95/SAP90, SAP97/hdlg, and clone 5, it
remains to be determined whether NMDA receptors interact
differentially in vivo with the various members of this family. This
important question is complicated further by the existence of
multiple splice variants of SAP97/hdlg (Lue et al., 1994; Miiller et
al., 1995), each of which could have distinguishable functions.

Implications for synaptic organization and signaling

In addition to containing three PDZ domains, PSD-95, SAP97,
and clone 5 share a common overall protein structure, which
includes an SH3 domain and a putative guanylate kinase domain
in the C-terminal half of these proteins. SH3 domains are known
to be sites of protein—protein interaction and are found in many
signal transduction and cytoskeleton-associated proteins (Pawson,
1995). The proteins that bind to the SH3 domain of PSD-95-like
proteins are unknown, but interactions at this site conceivably
could allow recruitment of various signaling molecules to the
postsynaptic region, directly subjacent to the NMDA receptor
channels. This is of special interest because activation of NMDA
receptors has been correlated with numerous downstream phos-
phorylation events, including activation of tyrosine kinases (Bad-
ing and Greenberg, 1991).

The function of the guanylate kinasc region is unknown, and
guanylate kinase activity of this domain has yet to be demon-
strated (Koonin et al., 1992; Kistner et al., 1995). The guanylate
kinase domain does bind GMP, however (Kistner et al., 1995),
suggesting a potential role of PSD-95 in synaptic guanine nucle-
otide metabolism. Thus, the function of PSD-95 and its relatives
may be not only to localize NMDA receptors at synaptic sites but
also to form the scaffold of a multiprotein signaling complex
immediately beneath the synaptic membrane.

PSD-95 family proteins interact with multiple

ion channels

The N-terminal two PDZ domains of PSD-95 can interact specif-
ically with at least two groups of integral membrane ion channels:
Shaker subfamily K" channels and NMDA receptor subunits of
the NR2 subfamily. This degeneracy of binding is not surprising
because PSD-95 and its relatives represent abundant proteins of
the brain, whereas ion channel proteins are relatively rare. Other
binding partners of PSD-95 probably remain to be discovered, not
only at the PDZ3 site (no ligand yet known) but also additionally
at the PDZ1 and PDZ2 domains. PSD-95-like proteins may have
a general function of clustering and immobilizing ion channels in
neuronal membranes and of nucleating multiprotein signaling
complexes in close proximity to them.

Other proteins containing PDZ domains
We have shown in this study that PDZ domains can function as
independent modules for protein—-protein interaction. Further-
more, despite the overall sequence similarity, different PDZ do-
mains have distinct binding specificities. For instance, NR2A and
NR2B bind to PDZ1 and PDZ2 but not to PDZ3 or the PDZ
domain from syntrophin (E. Kim, unpublished observations). In
this sense, and because they seem to recognize short-peptide
binding motifs, PDZ domains seem to function analogously to the
well-known SH2 and SH3 protein-interaction modules (Pawson,
1995).

PDZ domains are found in various proteins in addition to
dlg, PSD-95, SAP97, and clone 5. These include the tight-

Niethammer et al. ¢« NMDA Receptor Interactions with PSD-95 Family Proteins

junction proteins ZO-1 (Willott et al., 1993) and ZO-2 (Jesaitis
and Goodenough, 1994), the dystrophin-associated protein syn-
trophin (Adams et al., 1993), and the neuronal isoform-of nitric
oxide synthase (nNOS) (Nakane et al., 1993), as well as pro-
teins involved in developmental signaling in Drosophila, such as
dishevelled (Theisen et al., 1994) and canoe (Miyamoto et al,,
1995). In general, these proteins are localized at the inner
surface of the cell membrane, particularly at sites of membrane
specialization [e.g., ZO-1 at tight junctions and syntrophin and
nNOS at the neuromuscular junction (Adams et al., 1993;
Willott et al., 1993; Hecker et al., 1994; Kobzik et al., 1994)],
but their functions are unknown. The demonstration that a
synapse-associated family of PDZ-containing proteins (typified
by PSD-95) interacts directly with membrane ion channels
suggests that the roles of other PDZ-containing proteins also
may be to organize specific protein complexes at functionally
specialized sites at the cell surface.
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