variant expression appears to be develop-
mentally regulated, with the CI cassette-
containing splice variants exhibiting in-
creased expression levels around, and imme-
diately after, the time of birth, a time of
intense synaptogenesis in the mammalian
CNS (17). The role of NR2 subunits in the
subcellular localization of NMDA receptors
is unknown. The NR2 subunits contain large
COOH-terminal domains that are likely to
contain additional targeting sequences. Reg-
ulation of the cellular distribution, mem-
brane density, and cytoskeletal interactions
of NMDA receptors at the synapses may
prove to be important processes in both syn-
aptogenesis and in long-term alterations of
synaptic efficiency that underlie synaptic
plasticity.
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Domain Interaction Between NMDA
Receptor Subunits and the Postsynaptic
Density Protein PSD-95

Hans-Christian Kornau, Leslie T. Schenker, Mary B. Kennedy,
Peter H. Seeburg*

The N-methyl-D-aspartate (NMDA) receptor subserves synaptic glutamate-induced trans-
mission and plasticity in central neurons. The yeast two-hybrid system was used to show
that the cytoplasmic tails of NMDA receptor subunits interact with a prominent postsyn-
aptic density protein PSD-95. The second PDZ domain in PSD-95 binds to the seven-
amino acid, COOH-terminal domain containing the terminal tSXV motif (where S is serine,
X is any amino acid, and V is valine) common to NR2 subunits and certain NR1 splice
forms. Transcripts encoding PSD-95 are expressed in a pattern similar to that of NMDA
receptors, and the NR2B subunit co-localizes with PSD-95 in cultured rat hippocampal
neurons. The interaction of these proteins may affect the plasticity of excitatory synapses.

NMDA receptors comprise a family of
ionotropic glutamate receptors (1) with
properties that indicate they have a central
role in synaptic plasticity and memory for-
mation (2). These receptors are formed by
assembly of the principal subunit NR1 (3)
with different modulatory NR2 subunits

(NR2ZA-D) (4). A conspicuous structural
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feature of the NR2 subunits is their extend-
ed, intracellular COOH-terminal sequence
distal to the last transmembrane region (5),
which may anchor the receptors or assemble
a signal-transducing complex for the volt-
age-dependent Ca?" entry through the glu-
tamate-activated ion channel (6). Thus, we
set out to identify intracellular proteins that
bind to the NR2 subunits at synapses.

We used the two-hybrid system (7) to
identify such cellular targets for the COOH-
terminal domain of NR2 subunits. A bait
consisting of the yeast GAL4 DNA binding
domain (amino acids 1 to 147) fused to the
entire COOH-terminal domain (627 amino
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acids) of NR2A (8) was expressed from a
shuttle vector introduced into yeast strain
YPB2 (9). This strain was transformed with a
rat brain complementary DNA (cDNA) ex-
pression library (10) constructed in plasmid
pGAD (9) to produce proteins tagged on the
NH,-terminus with the GAL4 activation
domain. Library clones activating the ex-
pression of both the selection marker HIS3
and the LacZ reporter gene were sequenced.
Our screen identified a plasmid (pGAD-
PSD) with nearly the entire coding region
(10) for the prominent postsynaptic density
protein PSD-95 (11, 12).

To determine whether other NR2 sub-
units also interact with PSD-95, we con-
structed baits consisting of COOH-terminal
NR2 sequences tagged with the GAL4
DNA binding domain. These were tested
for reporter gene activation after cotrans-
fection of yeast with pGAD-PSD. We
found that COOH-terminal sequences of
NR2B (Fig. 1A) and NR2D (8) also inter-
acted with PSD-95. Dissection of the
COOH-terminal NR2B sequences (Fig.
1A) revealed that activation of reporter
genes depended on the presence of the sev-
en amino acids at the COOH-terminus.
Indeed, a bait constructed from synthetic
DNA encoding only the COOH-terminal
seven residues (8) showed activity, identi-
fying these residues as those that mediate
the interaction of NR2B with PSD-95.
These residues are conserved (Fig. 1A) in
the otherwise divergent cytoplasmic tails of
the NR2 subunits (4). A similar sequence
(PSVSTVV) (13) occurs at the COOH-
termini of NR1 splice forms NR1-3 and
NR1-4 (14), which also interacted with
PSD-95. Thus, it appears that the COOH-
terminal domains, characterized by a se-
quence that we termed the tSXV motif
(15), confer on NMDA receptors the ability
to interact with PSD-95.

PSD-95 (11) is a multidomain protein
with three PDZ repeats (16), a Src homology
(SH3) domain, and a 190—amino acid se-
quence having homology to yeast guanylate
kinase. To identify which part of PSD-95
interacts with the tSXV domain, we con-
structed a library of fusion proteins of the
GAL4 activation domain with ~500-bp
DNA fragments randomly generated by son-
ication of pGAD-PSD (17). This tagged
fragment library was transfected into yeast
together with a vector encoding the tSXV
sequence of NR2B appended to the GAL4
DNA binding domain, and yeast colonies
were selected by histidine starvation. DNA
from nine selected colonies was amplified by
the polymerase chain reaction (PCR) with
plasmid-specific primers, and the amplified
DNAs were sequenced. All sequences shared
the entire PDZ2 coding region (Fig. 1B),
which indicates selectivity of the NR2B
tSXV motif for PDZ2 as well as a require-
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Fig. 1. Interaction of NMDA recep- A

tor NR2 subunits (4) and PSD-95 ¢ NN — W {coon
(76). (A) The NR2 subunits containa SiC
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quence and length, as denoted by
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GAL4 DNA binding domain (8), 1SXV
specified by amino acid (aa) num- B
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of the immature polypeptide as the ~ NHz___ SN W "7 T 1] COOH

first residue. The ability of these fu-
sion proteins to activate the selec-
tion marker HIS3 and the reporter
gene LacZ upon cotransfection
with pGAD-PSD in yeast is listed on
the right. Low levels of activity that
could not be traced to a particular
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sequence are indicated by (+). Strong activation required the COOH-terminal seven amino acids con-
taining the tSXV motif (15), which are shown for NR2A-D in the single-letter code (713), with the asterisk
denoting the stop codon. (B) The tSXV domain of NR2B interacts with the second PDZ domain in
PSD-95. The map of PSD-95 specifies the three PDZ domains, an SH3 domain, and the guanylate kinase
region (GuK). Randomly generated PSD-95 sequences interacting in the yeast two-hybrid system with
the COOH-terminal tSXV sequence of NR2B (77) are aligned to the domain map and identified by amino
acid numbers. All selected clones shared the PDZ2 coding sequence (shaded).

Fig. 2. In vitro and cellular binding A
of NR2B COOH-terminal se- &
quences to PSD-95. (A) GST fu- ey,
sion proteins (78), resolved by FFEF
SDS-polyacrylamide gel electro- 84-
phoresis and stained with Coo-  s53-
massie blue. Molecular size mark-  35-
ers are indicated on the left in kilo- ~ 29- w -

daltons. DNAs encoding the g
COOH-terminal 49 and 9 amino
acids of NR2B were inserted into
pGEX-2T (Pharmacia) in-frame
with the GST moiety. The fusion

B > o C
FTIL L >
g §§§‘.§" k\\rb{?{?
& & AR S & FE

tSXV-peptide

proteins expressed in Escherichia coli DH5a after induction by isopropyl-p-D-thiogalactopyranoside were
purified on glutathione-Sepharose beads (78). (B) Immunoblots (20) of PSD-95 recovered by interaction
with GST, GST-NR2B49, and GST-NR2B9 bound to glutathione-Sepharose beads from cytoplasmic
extracts of HEK 293 cells expressing PSD-95 (19) (extract 1). The first lane contains 1/20 of the amount
of extract 1 used in affinity precipitations. Where indicated, a 100-fold excess of a tSXV motif containing
peptide was present during incubation. (C) Co-immunoprecipitation of the COOH tail of NR2B and
PSD-95 from co-transfected HEK 293 cells (2 7). Shown are immunoblots (20) detecting PSD-95 in NR2B
immunoprecipitates (IP) of extract 1 (containing only PSD-95) and extract 2 (containing recombinantly
expressed PSD-95 and a 397-residue NR2B COOH-terminal sequence). Equal amounts of extracts were
analyzed in parallel to confirm the similar concentrations of PSD-95 (extract 1 and extract 2). Molecular
size markers (in kilodaltons) are shown for both (B) and (C).

ment for the complete PDZ domain. This
selectivity was maintained when the three
PDZ domains were expressed separately (17).
Furthermore, the NR2B tSXV motif failed to
bind to the single PDZ domain of neuronal
nitric oxide synthase (11). Selective interac-
tion with PDZ2 was also observed for the
tSXV domains of NR2A, NR2C/D, and
NR1-3/4 (8), which indicates that all
NMDA receptor subtypes (4) can bind PSD-
95 by means of PDZ2 in spite of the se-
quence variation in their tSXV motifs.
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We sought independent evidence for the
interaction of NR2B COOH-terminal se-
quences with PSD-95. Fusion proteins of
glutathione-S-transferase (GST) coupled
with the COOH-terminal 49 residues or 9
NR2B residues were bound to glutathione-
coupled Sepharose beads (18) (Fig. 2A) and
were incubated with HEK 293 cell extracts
containing full-length recombinant PSD-95
(19). Protein bound to the GST-NR2B fu-
sion proteins was resolved on SDS-poly-
acrylamide gels and probed with a mono-
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Fig. 3. Co-localization of PSD-95 and NMDA
receptor subunits in hippocampal cultures and
co-expression of PSD-95 and NMDA receptor
subunits in the brain. (A) Double image of a hip-
pocampal neuron fluorescently labeled (23) with
antibodies against both NR2B (green channel)
and PSD-95 (red channel). Yellow indicates
overlapping fluorescence. Pixels darker than
82% K (where K designates black in the CYMK
color system) were changed to white to improve
contrast. Bar equals 10 um. (B and C) Enlarged
single images of the labeling patterns of antibody
to PSD-95 (B) and antibody to NR2B (C) from the
boxed region in (A). Note the close registration of
brightly labeled spots along dendrites. Bar
equals 5 um. (D and E) In situ hybridization (24)
in horizontal sections of rat brain (P30) for tran-
scripts encoding PSD-95 (D) and NR1 (E), the
principal subunit present in all native NMDA re-
ceptor channels (3, 4). OB, olfactory bulb; Cx,
cortex; Hi, hippocampus; Cb, cerebellum.

clonal antibody to PSD-95 (20). Both
GST-NR2B fusion proteins bound PSD-95
to the same extent, whereas no PSD-95 was
recovered by GST alone (Fig. 2B). Further-
more, the presence of a synthetic peptide
containing the tSXV domain of NR2B pre-
vented PSD-95 binding to the GST-NR2B
fusion proteins (Fig. 2B), whereas no inter-
ference was observed with a control peptide
(19). We also found that the NR2B-PSD-
95 complex could be immunoprecipitated

Table 1. Different receptor and channel proteins carry a tSXV motif (13). Entries were retrieved from the
SwissProt R30 database by a search with Inherit Analysis (Perkin-Elmer) and S/TXV* (15) as a query.

Protein Accession no. tSXV sequence
Glutamate receptors
NMDAR2B (rat) Q00960 SSIESDV
NMDAR1-3/4 (rat) P35439 PSVSTVV
GIuR (Lymnaea) P26591 SNTHTEV
K* channels
Shaker A/B (Drosophila) P08510/11 VSIETDV
RCK1 (rat)* P10499 SKLLTDV
Na* channels
o subunit, electric organ (eel) P02719 VVRESIV
a subunit, cardiac muscle (rat) P15389 RDRESIV
o subunit, skeletal muscle (rat) P15390 GVKESLV
G protein—coupled receptors
B, adrenoreceptor (rat) P18090 FSSESKV
Serotonin receptor 2A (rat) P14842 NEKVSCV
Serotonin receptor 2C (rat) P0O8909 SERISSV
VIP receptor (rat) P30083 QAEVSLV
CRF receptor (rat) P35353 IKQSTAV
Mas (rat) P12526 VSIETVV
Other receptors
Toll (Drosophila) P08953 NAKQSDV
Fas (human) P25445 NEIQSLV
NGF receptor, p75 (rat) PO7174 STATSPV
Fasciclin Il (Drosophila) P34082 IGKNSAV
NR-CAM (chicken) P35331 NAMNSFV
V-CAM (rat) P29534 EAQKSKV

*RCK?2 to 5 also carry tSXV sequences.

from extracts of HEK 293 cells cotrans-
fected with expression vectors for PSD-95
and the COOH-terminal region of NR2B
(21), which indicates formation of the bi-
nary complex in a cellular environment
(Fig. 2C).

Both the NMDA receptor NR2B sub-
unit and PSD-95 are highly enriched in the
postsynaptic density fraction from rat brain
(11, 22). They were found to co-localize
when cultured hippocampal neurons were
double-labeled with antibodies (20, 23) for
each protein (Fig. 3, A through C). Both
proteins were concentrated along dendrites
at putative synaptic sites in dense clusters
that had virtually identical shape and size.
Furthermore, in situ hybridization in rat
brain (24) demonstrated that PSD-95 tran-
scripts are highly expressed in most neuro-
nal populations (Fig. 3D), as are transcripts
for NMDA receptors (3, 4) (Fig. 3E). Thus,
these proteins have the potential to interact
in most, if not all, central glutamatergic
synapses. We postulate that partnership be-
tween PSD-95 and NMDA receptors is im-
portant in the assembly of multiprotein
complexes involved in NMDA receptor—
mediated synaptic plasticity (2).

Our data identify the tSXV and PDZ
domains as modular protein binding ‘inter-
faces. The PDZ domain occurs singly or mul-
tiply in a family of intracellular proteins,
most of which are localized at specialized
sites of cell-to-cell contact, including synap-
tic sites as well as septate and tight junctions
(16). It appears that this domain serves in
the assembly of submembranous protein
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complexes with diverse functions. A data-
base search retrieved numerous other recep-
tors and channel proteins with a tSXV motif
(Table 1). Although interaction of these
with proteins carrying PDZ domains remains
speculative at this time, members of a volt-
age-gated K™ channel family present a likely
case, reminiscent of that documented here
for NMDA receptors. Rat RCK subunits en-
coded by distinct genes (25) terminate in
similar tSXV sequences, and splice variants
of the homologous Drosophila Shaker gene
(26) with divergent COOH-terminal se-
quences converge in an identical tSXV se-
quence. We propose that tSXV-PDZ domain
interactions play a general role in connect-
ing receptors and channels to signal trans-
duction machineries (27).
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code), with (S, T)XV* as a query. This terminal con-
sensus was designated as the tSXV motif, and S and
T invariance is compatible with phosphorylation.
PDZ domains span approximately 90 residues and
were first defined as a series of repeats in PSD-95
(GLGF repeats) (11, 13). The PDZ domain is present
in several homologous proteins, including discs
large, a Drosophila septate junction protein [D. F.
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Woods and P. J. Bryant, Cell 66, 451 (1991)]; Z01, a
mammalian tight junction protein [M. Itoh et al., J.
Cell Biol. 121, 491 (1993)]; h-dig [R. A. Lue, S. M.
Marfatia, D. Branton, A. H. Chishti, Proc. Natl. Acad.
Sci. U.S.A. 91,9818 (1994)]; SAP-97, the rat version
of h-dig [M. Muller et al., J. Neurosci. 15, 2354
(1994)]; as well as in a number of signal transduction
molecules of undetermined subcellular location [C.
F. Ponting and C. Phillips, Trends Biochem. Sci. 20,
102 (1995)], including nitric oxide synthase (77). Also
referred to as a DHR domain (discs large homology
region), it has now been named a PDZ domain (PSD-
95, discs large, Z01).

pGAD-PSD with a mutated Eco Rl site was sonicat-
ed to an average size of 500 bp, and blunt-ended
DNA fragments were cloned into the Eco RV site of
pBS-SK~. The inserts of 10,000 recombinant plas-
mids retrieved by Eco RI-Sal | digestion were direc-
tionally cloned into pGAD. The resulting library was
transformed into yeast strain YPB2 carrying pGBT-
tSXV of NR2B. Transformants selected for HIS3 ex-
pression were picked after 5 days, and cloned DNA
sequences were amplified by PCR with primers
GAL4 AD3"  (5'-AAGAGATCCTAGAACTAGTG-
GATC-3') and T7 (5'-CGTAATACGACTCACTAT-
AGGGCG-3') flanking the multicloning site of pGAD.
The sequences of the purified amplified DNAs were
aligned to PSD-95. The individual PDZ domains in
PSD-95 and neuronal nitric oxide synthase (77),
PCR-amplified and cloned in pGAD, were tested for
reporter gene activation in YPB2 co-transformed
with pGBT-cloned tSXV domains from the different
NMDA receptor subunits (8).

D. B. Smith and K. S. Johnson, Gene 67, 31 (1988).
The cloned full-length cDNA of PSD-95 in a eukaryotic
expression vector [T. J. Schall et al., Cell 61, 361
(1990)] was transfected into HEK 293 cells. After 48
hours, the cells were resuspended in phosphate-buff-
ered saline (PBS) and lysed by Ultraturrax (15 s, 4°C),
and membranes and nuclei were pelleted (1 hour,
100,0009). Aliquots of the supernatant (extract 1)
containing 150 pg of protein were diluted with PBS to
a final volume of 300 pl and incubated (1 hour, 37°C)
with glutathione-Sepharose beads saturated with
GST fusion protein or GST, in the presence or ab-
sence of 0.5 mM tSXV peptide (KLSSIESDV) (13) or
control peptide (CSKDTMEKSESL) (73). The beads
were washed three times with 1 ml of PBS and 0.1%
Triton X-100, and bound protein was resolved by
SDS—polyacrylamide gel electrophoresis [U. K. Laem-
mli, Nature 227, 680 (1970)]. Nitrocellulose blots of
gels were probed (12 hours, 4°C) with monoclonal
antibody 7E3-1B8 (1:500) (19) to PSD-95.

Mouse monoclonal antibodies 7E3-1B8 (used for
immunoblots) and 6G6-1C9 (used for immunohisto-
chemistry) were selected [G. Kéhler and C. Milstein,
Nature 256, 495 (1975)] after immunization with re-
combinant PSD-95 protein (77). They recognize the
same doublet of proteins on protein immunoblots of
brain homogenates as that recognized by an affinity-
purified rabbit antiserum to PSD-95. Mouse mono-
clonal antibody 1B3.3B6 (Boehringer Mannheim)
was isolated after immunization against NR2B resi-
dues 1325 to 1461 (D. J. Laurie, |. Bartke, K. Nau-
joks, P. H. Seeburg, unpublished results). Rabbit
antiserum to the COOH-terminus of NR2B was pre-
pared by immunization with a fusion protein between
GST and NR2B residues 1149 to 1482. This serum
(1:2000) recognizes a single, 180-kD band on pro-
tein immunoblots of rat brain homogenates.

HEK 298 cells were co-transfected with vectors for
full-length PSD-95 and a 397-residue NR2B
polypeptide of the COOH-terminus. Cytoplasmic ex-
tracts from these cells (extract 2) and from cells ex-
pressing PSD-95 (extract 1) were diluted in PBS. The
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NR2B antibody 1B3.3B6 (1:50) (20) was added to
both extracts (2 hours, 4°C). Incubation was contin-
ued for 5 hours in the presence of protein A-Sepha-
rose beads; beads were washed, and bound protein
was resolved by SDS gel electrophoresis. Gel blots
were analyzed for PSD-95 with a monoclonal anti-
body (20).
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bined and displayed with Photoshop software. Im-
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versed showed the same co-localization. Preab-
sorption of the primary antibodies with their respec-
tive antigen proteins (20) eliminated the bright
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the cultures labeled with preabsorbed antibody to
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dendritic shafts is partially nonspecific. Images re-
corded after incubation of cultures with secondary
antibodies alone resembled images obtained with
preabsorbed primary antiserum.
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Hunt, Molecular Neurobiology: A Practical Approach,
J. Chad and H. Wheat, Eds. (IRL Press, Oxford,
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tions used. The pattern for the principal subunit NR1
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and P. H. Seeburg, J. Neurosci. 14, 3180 (1994)]
resembles that of the combined NR2 subunit expres-
sion (4).
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