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Glutamate is the major excitatory neurotransmitter in the
mammalian brain. Glutamatergic synaptic transmission de-
pends on postsynaptic ion channels (ionotropic glutamate
receptors) that open in response to the binding of glutamate.
Of the ionotropic glutamate receptors, the N-methyl-D-
aspartate (NMDA) class has received particular attention
because it plays a role not only in synaptic transmission but also
in regulating synaptic plasticity. NMDA receptors are involved
in activity-dependent remodeling of synapses during brain
development (1). NMDA receptors also are required for a
form of activity-dependent enhancement of synaptic transmis-
sion known as long-term potentiation (LTP), which has been
intensively studied as a cellular correlate of memory formation
in the brain (2). The regulation of NMDA receptor activity is
thus of great significance for synaptic plasticity in both the
developing and mature nervous system.

Like many other neuronal ion channels, the activity of the
NMDA receptor-channel is subject to modulation by tyrosine
phosphorylation (3-5). In addition, NMDA receptor activa-
tion leads to tyrosine phosphorylation of other intracellular
proteins (6). Thus, NMDA receptors are regulated by, as well
as regulators of, protein tyrosine kinases (PTKs). What bio-
chemical mechanisms underlie the bidirectional interaction
between NMDA receptors and PTKs? The paper by Tezuka et
al. in this issue of the Proceedings (7) uncovers a specific
molecular link that helps to explain this relationship. They
provide biochemical and genetic evidence that Fyn (a Src
family PTK) directly phosphorylates the NMDA receptor.
More importantly, Tezuka et al. show that Fyn is indirectly
associated with the NMDA receptor via the binding of Fyn to
the NMDA receptor anchoring protein PSD-95. These findings
are the first to suggest that PSD-95 serves as a scaffold for
bringing together NMDA receptors and a family of nonrecep-
tor PTKs.

Many of the recent advances in our understanding of
glutamate receptor function and regulation stemmed from the
cloning of the glutamate receptor subunits. The molecular
cloning of NMDA receptors led to the identification of several
NMDA receptor subunits (8). The common subunit NR1
combines with different NR2 (NR2A-D) subunits to form
subtypes of NMDA receptors with distinct electrophysiological
and pharmacological properties. Like many other ligand-gated
ion channels, phosphorylation of the NMDA receptor can
modulate its channel behavior. In the case of the NMDA
receptor, phosphorylation of tyrosine seems to play a regula-
tory role in channel gating properties (4, 5). The NR2 subunits
of the NMDA receptor contain many tyrosine residues in their
cytoplasmic tails, and indeed, are among the most abundant
tyrosine-phosphorylated proteins at the synaptic junction (9,
10). By contrast, NR1 contains only one tyrosine residue in its
cytoplasmic tail and there is no evidence of NRI1 tyrosine
phosphorylation in vivo. The following questions arise: Which
PTKs phosphorylate the NMDA receptor NR2 subunits? How
is this kinase-substrate specificity determined? What is the
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physiological significance of tyrosine phosphorylation of NR2
subunits and how is it regulated?

To date, the Src family of nonreceptor PTKs has been most
closely scrutinized as potential enzymes responsible for
NMDA receptor tyrosine phosphorylation. This scrutiny is
partly for logistical reasons (these kinases have been inten-
sively studied and specific molecular probes are available), but
also because Src-type kinases are highly expressed in neurons,
and precedents for Src phosphorylation of ion channels and
neurotransmitter receptors are established (11, 12). Src family
PTKs (which include Fyn, Yes, Lck, and Lyn) share a common
domain structure, consisting of an N-terminal unique region
with a myristoylation site, followed by an SH2 domain, an SH3
domain, and the catalytic domain at the C terminus (see Fig.
1). Within this family, Src and Fyn have been most directly
implicated in tyrosine phosphorylation of NMDA receptors.

Salter and colleagues (5) showed in electrophysiological
experiments in neuronal culture that activated Src increases
NMDA receptor channel activity. In experiments that looked
more directly at phosphorylation, Kohr and Seeburg (4) found
that both Src and Fyn stimulated NMDA receptors expressed
in heterologous cells (4). This phenomenon was seen with
NMDA receptors containing the NR2A subunit but not the
NR2B subunit, which is surprising given that both NR2A and
NR2B are substrates of Fyn in vitro (13).

Previously, involvement of Src and Fyn in NMDA receptor
phosphorylation was inferred from experiments done in vitro,
in heterologous cells, or in neurons treated with pharmaco-
logical agents. Tezuka et al. (7) now provide important in vivo
evidence for a role of Fyn in NMDA receptor phosphorylation.
In Fyn knockout mice, the tyrosine phosphorylation content of
NR2A and NR2B was reduced but not abolished, suggesting
that Fyn is an important, though not exclusive, kinase that acts
on these substrates. It is unknown what happens to tyrosine
phosphorylation of NMDA receptors in Src or Yes mice
mutants. The relative contributions of Fyn, Src, and other
PTKs to NMDA receptor phosphorylation in vivo remains to
be resolved.

If NR2 subunits are physiological targets for Src/Fyn ty-
rosine kinases, what mechanism specifies this enzyme-
substrate relationship? An emerging principle in signal trans-
duction is that functionally interacting signaling proteins are
physically associated with each other, often by being bound to
a common anchoring or scaffold protein (14). Modulatory
enzymes and effector molecules often are intimately associ-
ated with ion channels and receptors. In keeping with this
theme, Src family PTKs can be coimmunoprecipitated with
NMDA receptors from neurons (5, 7), though the mechanism
underlying this association has been unclear. Tezuka et al. (7)
now offer a novel explanation: namely, Fyn is complexed with
NMDA receptors by binding to PSD-95.

PSD-95 is a PDZ domain-containing protein that binds to
the conserved C-terminal sequence (—ESDV) found on the
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Fic. 1. A model for Fyn association with the NMDA receptor/PSD-95 complex. The NMDA receptor is represented as a tetramer of NR1 and
NR2 subunits. NR2 subunit C-terminal tails interact with PDZ2 of PSD-95. Fyn binds to PDZ3 of PSD-95 possibly via its SH2 domain. Fyn also
is associated with the membrane via its myristoylated N terminus. N-terminal palmitoylation of PSD-95 is not shown. PDZ domains of PSD-95

are shown numbered and in red.

cytoplasmic tails of NMDA receptor NR2 subunits (15, 16).
This interaction may be important for the clustering of NMDA
receptors in the postsynaptic membrane (reviewed in refs.
17-19). NR2 proteins bind specifically to the first two PDZ
domains (PDZ1 and PDZ2) of PSD-95, but not to PDZ3 (see
Fig. 1). A variety of cytoskeletal linker proteins and cytoplas-
mic signaling proteins (including neuronal NO synthase and
the ras GTPase activating protein SynGAP) also bind to
PSD-95 via its PDZ and guanylate kinase domains (20-24). In
this way, the multidomain PSD-95 molecule connects NMDA
receptors to a variety of intracellular signaling proteins and
anchors the whole complex to the postsynaptic density (re-
viewed in ref. 25). In a major advance, Tezuka et al. (7) report
that Fyn forms a complex with PSD-95 when coexpressed in
heterologous cells. Interestingly, Fyn association with PSD-95
depends on a region of PSD-95 that includes PDZ3; thus Fyn
and NMDA receptors bind to different domains of PSD-95.
Consistent with this model, PSD-95 can support a ternary
complex containing NR2A and Fyn. Most importantly,
PSD-95 stimulates the tyrosine phosphorylation of NR2A by
Fyn, presumably by bringing kinase and substrate in close
proximity.

Tezuka et al. (7) also performed deletion analysis of Fyn in
heterologous cells to determine how it binds to PSD-95. The
SH2 domain of Fyn appears to mediate association with
PSD-95, but rather atypically for SH2 domains, this interaction
does not depend on tyrosine phosphorylation of PSD-95. As
mentioned above, Fyn appears to bind to the third PDZ
domain of PSD-95. PDZ domains typically bind to C-terminal
peptides or other PDZ domains (20, 26, 27). Thus the reported
mode of Fyn-PSD-95 association is a curious one indeed,
involving an unprecedented SH2-PDZ interaction that is also
independent of tyrosine phosphorylation. In view of the
unusual nature of this protein—protein interaction, more work
needs to be done with purified recombinant proteins to
confirm that the Fyn-PSD-95 interaction is truly direct. The
apparent SH2-PDZ3 binding mode needs to be tested in
greater depth. The lack of such details not withstanding,
Tezuka et al. (7) provide the first report of a PTK binding to

the PSD-95 scaffold. This finding is an important new addition
to the NMDA receptor-associated PSD-95-based complex,
which already contains proteins involved in NO synthesis, ras
signaling, tumor suppression, and cytoskeletal attachment.

The interaction uncovered by Tezuka et al. (7) brings Fyn
(and probably other members of the Src family) into the thick
of the action at the postsynaptic membrane. Their biochemical
results support earlier genetic and pharmacological evidence
suggesting an important role for nonreceptor PTKs in the
regulation of synaptic transmission and plasticity. NMDA
receptors are stimulated by tyrosine phosphorylation and by
activated Src (4, 5). LTP is associated with Src activation (28)
and increased tyrosine phosphorylation of NR2B (29, 30), and
is inhibited by tyrosine kinase inhibitors (31). Recent obser-
vations suggest that the potentiation of NMDA receptor
activity by Src family kinases actually may mediate the induc-
tion of LTP (ref. 28, reviewed in ref. 32). Which member(s) of
the Src family are of major importance in postsynaptic func-
tion? This question is a difficult one to approach except by
genetics, though there are caveats in the interpretation of
complex mouse knockout phenotypes. The current picture is
that mice deficient for Fyn show an impairment of LTP and
spatial memory (33), lending further support to Fyn’s impor-
tance in synaptic function. On the other hand, Src and Yes
knockout mice show no detectable difference in LTP com-
pared with wild type (33). Nevertheless, probably multiple
tyrosine kinases are involved in NMDA receptor modulation
and synaptic function, as evidenced by the residual NR2A
phosphorylation in Fyn-deficient mice, and by the coimmu-
noprecipitation of Fyn, Src, Yes, and Lyn with NMDA recep-
tors from brain extracts (7).

The work of Tezuka et al. (7) raises interesting questions.
How does the binding to PSD-95 affect the kinase activity of
Fyn? Binding of PSD-95 to the SH2 domain might be predicted
to “open up” the structure of Fyn, resulting in activation of the
kinase (34, 35). What regulates the activity of Src family PTKs
at postsynaptic sites? Could NMDA receptor activation itself
stimulate the associated PTKs? Do other members of the Src
family exploit similar binding mechanisms to associate with the
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PSD-95 complex? Src family PTKs and PSD-95 undergo
N-terminal myristoylation and palmitoylation, respectively
(36). Are these fatty acid modifications important for the
association of kinase and PSD-95 at the postsynaptic mem-
brane? Pursuing these questions will provide further insights
into the molecular and functional organization of postsynaptic
signaling complexes. They also should uncover new clues about
the physiological significance of tyrosine phosphorylation of
NMDA receptors, the function of which remains elusive.
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